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Abstract

There is an increasing drive to perform chemical synthesis in a greener and more
environmentally friendly way, particularly on an industrial scale. Usually, this can be
achieved by designing new routes to higher value chemicals, by using low hazardous
solvents and avoiding the emission of high quantities of waste in an existing process.
This Thesis mainly describes the progress towards the applications of dense carbon
dioxide as a solvent for conducting the continuous flow reaction with photochemically
generated singlet oxygen in a multistep synthesis process. This method helps to
achieve a green and efficient way to produce versatile chemicals on a relatively large
scale to meet the demand for the production of personalised pharmaceuticals.

Chapter 1 provides the new challenges in the chemical and pharmaceutical
industry and the applications of continuous flow photochemistry in dense carbon
dioxide to meet the demand for the new challenges in Pharma, as well as singlet
oxygen, including a review of its known reactions. A brief introduction to green
chemistry is also included. Chapter 2 describes the batch and flow reactors that are
used to carry out the high-pressure experiments discussed in this Thesis.

The experimental results are discussed in three chapters: Chapter 3, Chapter 4,
and Chapter 5. Chapter 3 describes the four versatile compounds, (1R, 3S)-
cyclopent-4-ene-1,3-diol, 4-hydroxy-2-cyclopentenone, 4,5-epoxy-cis-2-pentenal,
and furfuryl alcohol, were successfully synthesised from a single feedstock,
cyclopentadiene, in the high-pressure continuous flow reactor on a relatively larger
scale, which successfully combines the photochemistry with thermal chemistry. These
experiments include the reaction conducted in dense carbon dioxide, in traditional
solvents at atmospheric pressure and in a vortex reactor, with in-line analysis by FT-
IR and NMR for the kinetics study of photo-oxidation of cyclopentadiene in

supercritical carbon dioxide also being discussed in this chapter. Chapter 4 presents



the photo-oxidation of fulvenes to synthesise the unsaturated caprolactone in a daisy-
chained high-pressure flow reactor. This method provides a new route to introducing
oxygen functional group into a hydrocarbon compound. The valorisation of these
lactones by hydrogenation or photochemistry processes is also discussed. Chapter 5
describes the continuous flow synthesis of 1,2,4-trioxane chemicals in supercritical
carbon dioxide. Dearomatisation of para-alkyl phenols with singlet oxygen is a key
step in this synthesis followed by the cyclisation of peroxides with aldehydes with the
help of solid acid catalysts. This Chapter also presents the multistep processes were
adapted and optimised for the scale-up of a series of synthetic 1,2,4-trioxanes in the
high-pressure continuous flow reactor.

Finally, Chapter 6 summarises the work described in this Thesis and
demonstrates the progress has been successfully achieved in a continuous high-
pressure flow carbon dioxide reactor. A summary of potential research directions for

further study is also discussed.
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 The chemical and pharmaceutical industry

1.1.1 Chemical Industry

The chemical industry plays a key role in converting raw materials into desirable
products that we use in our daily life and is one of the largest manufacturing industries
in all developed and emerging countries.” These chemical products, divided into basic
chemicals, speciality chemicals and consumer chemicals, have an impact on several
facets of our life such as healthcare, hygiene, food, decor, agriculture, environment

and transportation and so on.? (see Table 1-1)

Table 1-1 Chemical products in the industry value chain.

Categories  Basic Chemicals Speciality Chemicals Consumer Chemicals

methanol, ethane, » . pharma
additives, pigments, . _
Examples polycarbonate, , _ intermediates,
. dispersions
ammonia flavours& fragrances
L. foils, fertiliser, coatings, inks, herbicides, food and
Applications i .
plastic bottles colourants nutrition

For example, chemicals are important in our food. Flavours, taste enhancers and
preservatives all help the food to be palatable and increase their shelf life. This helps
distribute food to different parts of the world because the preservatives maintain the
quality of the food. The chemistry industry is also an essential partner for
communication and automotive industry, for example, the use of screens and

batteries in cell phones, as well as tyres and coatings on cars. Parallel to this, it is the



essential role in the medical professions particularly in the production of a wide range
of pharmaceuticals.

The chemical industry is not only important from a scientific and societal
perspective, but also from a business point of view that it continues to be a vital
contributor to the global Gross Domestic Product (GDP). In 2018, it was estimated
that sales of chemicals amounted to $3500 billion worldwide.® This means every man,
woman and child in the world, averagely uses $500 worth of chemicals per year. The
UK is one of the world’s top countries with global chemicals and pharmaceutical
industries. In the same year, the chemical and pharmaceutical businesses in the UK
give over £15 billion a year Added Value to the UK’s GDP. In the UK, the exports of
chemicals were £40.7 billion, which together accounted for ca. 20 % of all UK

manufactured exports in 2014.4

1.1.2 New Challenging in Pharma

The pharmaceutical industry is responsible for the development, production and
marketing of medication. The industry has already contributed to significant
improvements in patient well-being and today’s European citizens can expect to live
up to 30 years longer than they did a century ago.® Thus, its huge importance as a
global sector is irrefutable. In 2014, total pharmaceutical revenues worldwide had
exceeded 1000 billion U.S. dollars for the first time, which increased to 1,143 billion
U.S. dollars in 2017.% As is shown above, the exports of pharmaceutical industries
account for 46 % sales of all UK chemical industries in 2014.° The pharmaceutical
industry plays a critical role in producing Active Pharmaceutical Ingredients (APIs) for
the drugs and medicine.

Recently, the term “Industrie 4.0” was coined by the German federal government
in a political scenario to advocate the computerisation of manufacturing.” It represents
the fourth industrial revolution on the way to the internet of things, data, and service

connected in a cyber-physical network. One of the key benefits of Industrie 4.0 is that

2



Chapter 1 Introduction

it can solve the issues associated with the increasing need of individualised products
by enabling the flexible pre-configuration with the help of the smart technology so that
the productivity can be dramatically improved.

This “Industrie 4.0” brought the “Pharma 4.0” to us in the viewing of the current
state of pharmaceutical manufacturing. “Pharma 4.0 has more challenges
associated with pharmaceutical manufacturing and quality compared to decades
ago.® One of the reasons is that there is a shift from a “one drug fits all” approach
towards more individualised therapies. Thus, one of the aims of “Pharma 4.0” is
producing personalised medicine with specialised drugs for smaller targeted patient
groups to improve the effectiveness of treatments.® During this process, a more
sustainable and efficient pharmaceutical supply chain should be employed to meet
the demand for the future operations and management in the full life cycle.'® Instead
of producing large amounts of the same medicine in a fixed specification, more
flexible, efficient, interchangeable equipment and patient-centred suppliers for
individulised medicine should be involved, such as using continuous flow process
replacing batch-based mass production, as well as reducing the waste and pollution
in different stages."” Moreover, photochemistry is known as an efficient method to
access chemicals that are difficult to obtain by traditional methods.? All these aspects
should be performed under the traditional consideration criteria, such as cost, quality,

risk assessment, etc.’®

1.2 Photochemistry

Sunlight is a readily available source of energy and is green, efficient, renewable
and sustainable. But up until recently, it has not been fully utilised to produce
industrially relevant chemicals.'*'® Therefore, many researchers have thought out
new ideas to utilise solar energy to catalyse chemical reactions,'®'” giving access to

reaction pathways that are not possible under thermal conditions, or require a
3



relatively harsh condition. A good example is the photo-oxidation of
1,5- dihydroxynaphthalene to juglone (Scheme 1-1). Harsh and toxic oxidants such
as iodic or chromic acids were used in the traditional synthesis for the production of
juglone from 1,5-dihydroxynaphthalene.'® Under photochemical conditions, the
reaction occurred without using iodic acid, and water is the only side product during

this photochemical process. %2

2 equiv. lodic acid

OH . O
Traditional

OH
D¢ X = 1)

HO
OH OH
1,5-Dihydroxy- 3 Jualone
naphthalene PS: Photosensitiser g

Scheme 1-1 Comparison of traditional and photochemical methods to prepare juglone
from 1,5-dihydroxynaphthalene.

The utilisation of photochemistry provides a green and efficient process for
chemistry.?' The first reported photochemical reaction, dates back to the work of
Giacomo Ciamician a century ago (Figure 1-1).2223 He proposed that photochemistry
could offer a “cleaner” path for chemical synthesis since a clean reagent such as light
is used instead of aggressive chemical reagents or elevated temperature.?42

A photochemical reaction occurs when an atom or molecule absorbs “light”
(Grotthuss-Draper law, also called the Principle of Photochemical Activation) at
optical frequencies. Furthermore, one photon of light can only activate one molecule
(Stark-Einstein law?®). In the past few years, visible light has emerged as an initiator
for the photochemical reaction of small molecules, using organic dyes to harvest
visible light photons and convert this energy to an electrochemical potential, thus
facilitating subsequent energy transfer or single electron transfer with organic

substrates.?”?° Photons are clean reagents, without residues left after participating



Chapter 1 Introduction

reactions, improving the atom economy. The absorption of photons is crucial to carry

out photochemical reactions.

|

Y
TTLLLALALLM
L4

'1(.a g

v
-t

H i

Figure 1-1 Giacomo Ciamician was surveying his collection of tubes and flasks being
exposed to the sun on the roof of his laboratory. (Courtesy, Margherita Venturi),
images are taken from ref.?

However, not every photon will activate the transformation of one molecule of the
relevant material, since excited states can decay to their ground state by radiative or
nonradiative processes (e.g. heating). The efficiency of a photochemical process can

be qualified by its quantum yield, as presented below:

_ number of molecules of product formed

number of photons absorbed by reactive medium

The quantum yield is located between 0 and 1 for nonchain mechanisms.*

One more important “green” role for photochemistry is in improving the atom
economy and efficiency. An excellent example of this is the avoidance of
stoichiometric amounts of oxidants such as chromium oxide, used in the oxidation
reactions. The fragrance chemical, rose oxide, has been synthesised from citronellol

by a route involving singlet oxygen photochemically generated, using a



photosensitiser such as Rose Bengal under visible light (Scheme 1-2).3'*2 More

details of photo-oxidation with singlet oxygen will be discussed in Section1.4.

hV, 02

OH
| OH HOO OH O |

OOH

Citronellol Rose oxide

Scheme 1-2 Synthesis of rose oxide in the photochemical process using 'O, as
oxidant.

Other than the synthesis of rose oxide from citronellol with singlet oxygen,
another important example of this efficient singlet oxygen oxidation to produce APls
is the well-known preparation of ascaridole from a-terpinene, as shown in Scheme
1-3. Ascaridole was a natural compound found in a Peruvian plant, which can be used
as APlIs in anthelmintic' drugs.3® However, attempts to synthesis ascaridole was not
successful in the 1910s until Schenck and Ziegler in 1944 discovered that light can

activate a-terpinene to this valuable ascaridole in the presence of oxygen and

=

Scheme 1-3 Synthesis of ascaridole from a-terpinene with singlet oxygen.

chlorophyll.3*

Artemisinin was extracted in 1972 in a Chinese plant Artemisia annua (ginghao,

sweet wormwood) and used as a main antimalarial drug.®>%¢ A key step of the

i Anthelmintic drugs are a group of antiparasitic drugs that expel parasitic worms and
other internal parasites from the body by either stunning or killing them and without causing

significant damage to the host.
6



Chapter 1 Introduction

chemical method for the synthesis of artemisinin was the singlet oxygen reaction of

dihydroartemisinic acid,>-*® as shown in Scheme 1-4.

e N

< NCo,H

Dihydroartemisinic acid Artemisinin

Scheme 1-4 Synthesis of Artemisinin via singlet oxygen reacting with
dihydroartemisinic acid.

Moreover, a photoinitiated process has potential advantages even when
compared to the reaction initiated by using catalysts. Since the energy for the reaction
is more directed, reaction temperatures are usually lower, which can give higher
selectivity, reducing side products from competing pathways. A critical feature of all
light-promoted transformations is the involvement of electronically excited states,
generated upon absorption of photons. This generates transient reactive
intermediates and alters the reactivity of chemical compounds.40-41

Another “green” credential of photochemistry is that the photochemical method
provides a new process leading to products that would be difficult to achieve by other
traditional routes, such as the production of vitamin D3 in the industrial photochemical
process (Scheme 1-5). This process involves a photochemical electrocyclic ring
opening of 7-dehydrocholesterol followed by a thermal 1,7-hydride shift, and there is

no viable alternative thermal process.



300 nm heat
F L e S
9G _ g
HO HO HO

7-dehydrocholesterol pre vitamin D3 Vitamin D3

Scheme 1-5 Vitamin D3 synthesis using a photochemically method in the first step.

Over the time of this PhD, there has been an ever increasing interest in organic
photochemistry, as demonstrated by the number of recent reviews.?" 4246 Although
academic research on photochemistry dates back many years, its applications in
industry have been limited, as a result of there being significant unsolved engineering
problems. Reactor fouling is a common problem in chemical manufacturing. Moreover,
in photochemical processes even small amounts of fouling on the window or reactor
wall, through which the light has to pass, can completely prevent the reaction
occurring because phochemical reactions are driven by the absorption of photons. In
addition, since the power of transmitted light drops off as the square of the distance
from the light, the reactants must be as close as possible to the light source.*” This
has practical implications for the special design of industrial reactors to access light
as efficiently as possible. The most likely problem to hinder the application in large
scale is that light penetration is not efficient in traditional batch reactors. The large
volume of batch reactor leads to insufficient light penetrating through the reaction
mixture due to the increased path length, as shown in Beer-Lambert Law (Eq Chapter
1.1).

I
A= lOglOT = l0g1070 = ecl (Chapter 11)

This equation shows that the correlation between light absorption (A) and the
molar extinction coefficient (€) of the light absorbing molecules, their concentrations
(c) and the path length of light penetration (I). T represents transmittance, and I and

I, represents the transmitted light intensity and incident light intensity, respectively.
8



Chapter 1 Introduction

According to the key parameters for photochemistry, continuous flow photochemical
reactors have many advantages over batch reactors when used in industry. These

will be discussed as follows.

1.3 Continuous flow photochemistry

Some aspects of the chemistry involved with the design of the “greener” routes
and products have been discussed along with the photochemical technique and
preventing waste as well as improving the atom economy. Most of them are focused
on what chemists can do, but engineering also makes a big step for “greener”
chemistry and Pharma 4.0.

Increasing the productivity of chemical reactions to industrial scale has proven to
be a great challenge for chemists and chemical engineers since scale-up from the
laboratory is not always straightforward. The reactions that may appear to be a green
and efficient on the bench may not result in a green and safe process in the industry
without appropriate development, such as the correct choice of the reactor and other
necessary equipment. Chemical processes can be divided into two types, batch and
continuous flow process. Continuous photochemistry has many advantages over the
traditional batch reactors.

Firstly, photochemical flow reactors can improve the efficiency of irradiating the
reaction mixture. As discussed in Section 1.2, photochemical reactions are driven by
the absorption of photons. It is important that a homogeneous energy distribution
inside a photoreactor leads to high yields and high selectivities. The Beer-Lambert
Law implications (Eq Chapter 1.1) are well-known that the irradiation distribution will
not be uniform in a reactor due to the absorption effects. To obtain a good irradiation
distribution and thus maximise the efficiency of the photochemical process, it is better

to use a small reactor to achieve uniform light penetration.*®



In this case, photochemical flow reactors also provide more reliable scale-up.
Scale-up of photochemistry in the industry is problematic due to the Beer-Lambert
limitation of photon transfer, even in a large laboratory scale. The advantages of
photochemical synthesis on a small scale are difficult to be fully employed on a larger
scale when using a traditional dimension-enlarging strategy. This results in
applications of photochemical transformations in the pharmaceutical and fine
chemical industry being severally impeded.*®*® The diameter of photoreactor should
be as small as possible to achieve better light penetration. Therefore, microreactor
technology is prevalent for the scale-up of photochemical productions.®'-5® Essential
strategies are mainly focused on two kinds of micro-photoreactors: (1) longer the
irradiation time by numbering-up (2) increasing the throughout by increasing the flow
rates.’*% The numbering-up flow micro-photoreactor provides a chance to do library
synthesis (Figure 1-2),% but the productivity is difficult to reach very large scale due

to the size of microreactor.

hv, PS, microflow
pr———

AN — 2
6]l —= o R
i OH
(6]
\ —

up to 10 reactions in parallel

8
.
T
I

L
gl

;

Figure 1-2 Mulitimicrocapillary flow reactor for the synthesis of furanone derivatives:
(a) collection flasks; (b) FEP microcapillaries; (c) 10 syringe pump. “PS” represents
photosensitisers.

Moreover, continuous flow reactions are much safer than batch reactions
because the quantity of reaction occurring at any time is minimised. Smaller reactor
volumes can usually be used in continuous flow processes to improve reaction
selectivity and reproducibility while maintaining high throughput. These benefits are

often attributed to the enhanced mass-, heat- and photon-transfer phenomena
10



Chapter 1 Introduction

observed in microchannels, which offers a high reproducibility of the reaction.®’
Usually, smaller flow reactors can be operated under pressure and without an air
chamber, and so volatile gases of toxic and explosive nature (e.g. Hydrogen
azide(HN3)%® and hydrogen cyanide®®) can be kept in solution during the reaction, both
increasing the reaction rate and in some cases preventing gases reaching a lower
explosion concentration. Furthermore, the hazardous reagents can be treated in-line
if necessary rather than requiring extra risky disposal procedure; and once
neutralisation has been done can be disposed of following the standard procedures.5%
61 Researchers at AstraZeneca reported the facile, fast, and safe process
development of bromination and nitration reactions using a Syrris microreactor
continuous reactor (Scheme 1-6).%2 Due to the increased safety, reaction conditions
which are impossible to carry out in a batch reactor can be carried out in the flow. This
safety assessment is especially true for photochemical reactions with singlet oxygen,

due to the potentially explosive character of O, storage and handling on a large scale.

H HySO4 (15 equiv.) H

Br
J~N", NBSIDMF NS HNOg (13 equiv) N
_ /N7 \ — \ /)
N Z Microreactor s Microreactor

—\+
70°C/30 s 65 °C/ 90 min ON=O
60 g/h 0.82 g/h

Bromination Nitration

Scheme 1-6 Nitration and Bromination in Microreactor at AstraZeneca. NBS
represents N-bromosuccinimide.®?

Fast heat exchange and mass transfer in photochemical reactions are important
to keep the reaction temperature inside the reactor stable and to avoid by-product
formation by thermal pathways, as well as good selectivity with minimum
concentration gradient.®® For photochemical processes, the reaction temperature can
increase due to heating from the light source and exothermic reaction, e.g. singlet

oxidation reactions.

11



Continuous flow process also can enable much faster reaction optimisation,
thereby reducing costs and saving chemists’ valuable time. The reasons are that the
conditions in a continuous flow chemistry reactor are usually easy to vary; such as
reaction time by varying the total flow rate, the reaction temperature due to good mass
transfer, the concentration by varying the flow rate ratio of reagents being pumped.
This merit is in accordance with the Pharma 4.0, pursuing the aim of individualised
drugs production, and as a result large numbers of reactions need to be optimised.
Readily employing in-line analysis in the flow system to give the timely feedback and
results can be realised much more accessible than in batch reactor.

Moreover, immobilised catalysts can be used in continuous flow reactors,?' the
reactors are filled with supported catalyst before the other chemicals are pumped
through because immobilisation of photocatalysts on the wall of reactors is an
interesting way of recycling the catalyst to increase the economic viability of the
photocatalytic process.? These photocatalysts can be irradiated from the front and
back sides of the reactor.®® Another advantage of continuous flow over a traditional
batch process is that multi-step reactions can be conducted in a continuous sequence

because the reagents required for subsequent steps can be added downstream.%6-¢7

1.4 Singlet oxygen

1.4.1 Origin of singlet oxygen

Multiple oxygen atom sources for photo-oxidation are present, but molecular
oxygen is an attractive oxidant because of its atom efficiency, reduced cost and
sustainable nature.®® The chemistry of singlet oxygen ('O2) has been of considerable
interest®®-7° because of its importance in atmospheric, biological,”" and photodynamic

therapy (PDT) of cancer,’? and particularly its use as a reagent in organic chemistry.

12



Chapter 1 Introduction

The history of research on photo-oxidation involving 'O, dates back to the 19"
century. In the late 18™ century, a biologist discovered that dyes and oxygen, with the
help of light, are toxic to some organisms due to photochemical process via an
unknown mechanism.”>"* |t was not until 1924 that Lewis proposed that ground state
molecular oxygen was a triplet diradical species.”

The properties and behaviour of oxygen reflect its unique electronic structure.
Molecular oxygen orbital descriptions of different states were provided in the late
1920s, as shown in Figure 1-3.® Unlike many other homonuclear molecules,
molecular oxygen'’s electronic ground state, 30, or O, (%), is a spin triplet state. One
of the molecular oxygen’s excited electronic states, O, ('Aq), is a spin singlet state,

called “singlet oxygen or '0,".%% 77-78

3 1
02 02
a5 = Op.—
2p Orbitalsh-+ 4 e T
T'x ro m, Trx‘ﬁ- % Ty
O'p“‘_l op\lld" ’
oL 5.~
2s Orbitalsh 4 4 .
“*-0-‘\.1 ) - oAl -
s T Spin-forbidden s T
3 - _____ s 1
Zg [SpSppiainigs Sy, L] Ag

Figure 1-3 The molecular orbital diagrams for ground state molecular oxygen, 30, or
02 (°3,), and its excited singlet states, "0, or O, ("Ag).”""8

Electronic configurations of these states differ only by the structure of the m—
antibonding orbitals. Two electrons with parallel spin occupied in two separate m—
antibonding orbitals in molecular oxygen ground state; in O, ('Aq) state, the two
electrons occupied a single TT—antibonding orbital with antiparallel spins.”® 7®

However, the transition from the O ('Ay) state (95 kJ/mol) to the O, (3%,) state

(ground state) is spin forbidden, thus the O ('A) is a relatively long-lived species.®°
13



As shown in Figure 1-4, the second excited state of oxygen, O ('Z,) state (157 kJ/mol)
is short-lived due to a spin-allowed transition to the O, ('A,) state, and there are two
electrons with antiparallel spins occupied in two separate m—antibonding orbitals in
the O, ('Z,) state. This difference in stability between O ('Ay) state and O (') state
is confirmed by the radiative lifetimes of O ('Zg) to O2 ('Ag), which are 2700 seconds
and 7-12 seconds in the gas phase,® and 10-10- seconds and 10""'-10° seconds
in solution.® O, ('Zy) rapidly decays into O, ('Ag) because of collisions between
oxygen and solvent molecules.®? These results provide the evidence for identifying
the excited species involved in the photo-oxidation being O, ('Ag) rather than

02 (129)_83-84

5(3(7;?5) Orbital Assignment  State
157 @ @ 'y,
fast Excited states
95 ) @ Q 1Ag
slow
0 : @ @ %y Ground state

Figure 1-4 Primitive representations of molecular oxygen lowest singlet and triplet
states.”®

It was not until the 1960s that the idea that O, ('A) is an intermediate involved in
the photo-oxidation was widely accepted, when Kautsky and Schenck reported a
short-lived sensitizer-oxygen adduct ('Sensistiser-O0’) of the 'O, “ene” reaction of
alkenes to give an allylic hydroperoxides® and Kasha and Khan detected the red
chemiluminescence of 'O, in NaOCI-H.0- systems and attributed this to the emission
of pairs of 'O, molecules.?¢88 Kautsky’s idea of a dye-sensitised photochemical route
to O, ('Ag) was demonstrated in 1964.8%% Finally, singlet oxygen luminescence was
established in the gas and condensed phases, where 'O, decays to 20, + hv at

1268 nm.2"-93
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Chapter 1 Introduction

1.4.2 Generation of singlet oxygen

Mechanism of 0, generation

As mentioned above, transitions between one of these excited states and the
ground state are forbidden due to electric-dipole selection rules.®* This forbidden
characteristic usually prohibits the direct generation of 'O, from molecular oxygen to
react with chemical acceptors.%>%

As shown in Scheme 1-7, 0, usually can be generated via two independent
routes: (1) a photochemical method in dye-sensitised photo-oxidation, and (2) a

chemical method involving NaOCI and H,O,.87: 899

e N

Intersystem 3
hv Crossing O,
(1) Sens —— 'Sens ——— 3%Sens ——— Sens + 10,

(singlet) (triplet)

(2) Hx02 + NaOCI —— '0,+ HO + NaCl

Scheme 1-7 Two general methods to generate 'O2; “Sens” means photosensitiser; (1)
A photochemical route to generate 'Oa; (2) A chemical route to generate "O..

The photochemical generation of 'O,, namely photosensitisation as it is termed
nowadays, is the most prevalent.” ° Photosensitised generation is a simple and
controllable method for the production of 'O. As shown in Scheme 1-8, this method
requires only oxygen, light of an appropriate wavelength, and a photosensitiser being
capable of absorbing that light and exciting the molecular oxygen to its singlet state.
Photosensitiser excitation is generally initiated via a one-photon transition (hv) from
the ground state, So, to a singlet excited state S,. Relaxation of the S, state yields the
lowest excited singlet state of the photosensitiser, its first singlet excited state, S;.
Then, the S state of photosensitiser will pass to its triplet state (T1) via an intersystem

crossing (ISC) process.

15



0, is generated via an energy transfer process during a collision of the excited
sensitiser (T1 state) with molecular oxygen, namely generated in the process of
relaxation of the photosensitiser from its T1 state to the S, state, transferring the
remaining energy to 0, as shown in Scheme 1-8. Each photosensitiser molecule
can typically produce 103-10° moles of 'O, before being degraded through photo

bleaching or by some other process (refer to Section 1.4.4).7®

= \lolecular oxygen
= Photosensitiser

SN ——
Se
Absorption T,
Energy of —

State Singlet
Oxygen

So — T

0

Photosensitiser Molecular oxygen

Scheme 1-8 A Jablonski diagram describing the generation of the photosensitiser
excited states and the reactive dioxygen species for Type Il photo-oxidation.”

Apart from the generation of 'O, in this photochemical process, other reactive
species also can be generated. Therefore, there are two understood modes of
photosensitised oxidations: Type | and Type Il (Scheme 1-9), which were firstly
proposed by Foote.?® The distinction between Type | and Type || modes depends on
the nature of the intermediates produced.®® In both cases, the photosensitiser in its
ground state, So, absorbs light and is excited to the Si. Intersystem crossing
generates the sensitiser triplet state, T+. The lifetime of the T+ state is longer (us) than
that of the S+ state (ns) allowing the triplet state to further react in one of the two ways,

namely Type | and Type Il mechanisms.
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Type |
=

hv
Sens —Sens*—

Type Il
e

Radicals or
Radical lons

19 Substrate ~ Oxygenated

2

—» Oxygenated (Electron Transfer)

Products

(Energy Transfer)
Products

Scheme 1-9 The methods of Type | and Type Il for the photosensitised oxidation.
Sens means photosensitiser.

In the case of Type | mechanism, the excited state T1 photosensitiser reacts with
an organic substrate through an electron transfer, yielding free radicals. These
radicals can react with oxygen to form active oxygen species such as the superoxide
radical anion, ®° as shown in Figure 1-5. While in a Type |l mechanism,*® the T, state
of the photosensitiser activates ground state molecular oxygen to 'O, via energy
transfer, which has been explained above. Thus the spin restriction is removed,

increasing the oxidising ability of 'O, compared to ground state O,.

TR i
o A 4
o

O~
Superoxide
radical anion

0,72

Peroxide ion

Figure 1-5 Molecular orbital diagrams from the superoxide radical anion 0, and the
peroxide ion 032

There are three main factors which lead to the 'O, generation as the dominant
mechanism of the photosensitisation.'® Firstly, molecular oxygen has an uncommon
electronic structure with two low excited singlet states and is a small molecule with a
high diffusion coefficient. Secondly, the lowest triplet state of many photosensitisers
has sufficient energy to excite oxygen to its singlet states in spin-allowed transitions.

Finally, the concentration of oxygen in the atmosphere is high.

17



Photosensitisers

An appropriate photosensitiser is also very important for the efficient production
of singlet oxygen. An ideal photosensitiser should be, therefore, thermally and
photochemically stable, and have a solvent-independence. They usually include a
high extinction coefficient at the required wavelength of light and high quantum yield
for the production of a triplet state with a lifetime, sufficiently long to generate the O
('Ag) state. AlImost all families of dyes can be used for generating 'O, upon irradiation
by light with suitable wavelength. There are some commonly used and commercial
photosensitisers listed in Scheme 1-10, such as rose bengal, methylene blue,
tetraphenylporphyrin, and 9,10-dicyanoanthrane. The triplet state energies for these
photosensitisers are higher than the 'O, state energy (94.2 kJ/mol) to excite the

ground state molecular oxygen.

o = U

Tetraphenyl Porphyrin

e e e e e e e e e e e e e e e e e e e e e e e e e e e e o=

9,10-dicyanoanthrane (CgH3)=1.66

@102[
(CH5CN)=2.03

(CH30H)=0.8
@102{ ®'0, (CgHg)=0.66

l (H,0)=0.76

, C L 1D |
: CN b N :
| ;1 oor KI |
NOOGURI s o’y
| | |
I CN Co Methylene Blue

®'0, (CH30H)=0.51

__________________________________________________

Scheme 1-10 Four commercially available photosensitisers.
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There are other chemical methods generating singlet oxygen, such as two
oxidants system (NaOCI and H;0,)'%""'9? and chemical decompositions typically via
decomposition of either phosphite ozonides'® or an endoperoxide.’®1% Chemical
methods are useful for providing a well-defined quantity of 'O but they often need
stoichiometric, or more than stoichiometric quantities, of precursors whose
byproducts need to be separated from the reaction mixtures, making the process
more expensive and laborious. In addition, the procedure for NaOCl and H>O2 cannot
be used for substrates that react with hydrogen peroxide or cannot tolerate water or
alcohol as solvents.?

For the work discussed in this Thesis, 'O, has only been generated via a
photochemical method since it provides a clean and efficient route to obtain 'O, and

is readily scalable in a continuous flow reactor.

1.4.3 Reactivity of Singlet Oxygen

As explained above, the ground state of molecular oxygen is a triplet state with
two parallel spins. Its reaction with closed-shell singlet organic molecules is spin
forbidden. By contrast, 'O, is in a singlet state and is highly electrophilic due to its
vacant molecular orbital, and is known to participate in a number of different reaction
types with unsaturated molecules.®® % The majority of the 'O, reactions with olefins
can be divided into three major pathways: (i) conjugated dienes react preferably by
[4+2] cycloaddition to form endoperoxides;'-1% (ii) unactivated olefins with allylic
hydrogen atom undergoes ene-type reaction to form allylic hydroperoxides; ' (iii)
electron-rich olefins preferably give 1,2-dioxetanes by the [2+2] cycloaddition.™

(Scheme 1-11)
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i Endoperoxides

(C) [2+2]
RX
(B) Ene \—
0-0 RX
(M ]
— 0-0
Allylic hydroperoxide Dioxetane

Scheme 1-11 The main reactions of singlet oxygen with alkene compounds.

[4+2] Cycloaddition

In 1928, the first photo-oxygenation by 'O, was discovered, the [4+2]
cycloaddition of ergosterol, when a bridged peroxide compound was isolated

(Scheme 1-12).56 112

Scheme 1-12 The first photo-oxidation of ergosterol to a bridged peroxide using a
photochemicaly way producing '0,.%°

Since then, numerous examples of Diels-Alder-type additions of 'O, have been
reported.®* 198 113-115 10, reacts with electron rich s-cis dienes to form endoperoxides
in a process analogous to the Diels-Alder reaction. A well-known example for [4+2]
cycloaddition is the photo-oxidation of a—terpinene to ascaridole, as already shown in

Scheme 1-3 above.?*
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1,3-butadienes undergo [4+2] cycloadditions with singlet oxygen have been
classified into five different categories: nonhomoannular 1,3-dienes, homoannular
aliphatic dienes, alkenyl arenes, heterocyclic 1,3-dienes and nonheterocyclic
aromatic dienes.'"®

Non-homoannular 1,3-dienes are acyclic dienes which react to form monocyclic
endoperoxides. These dienes often contain aliphatic, aromatic, or heteroatom
substituents. As shown in Scheme 1-13, 1,3-diene is a nonhomoannular diene

bearing a trimethylsiloxyl group which functions as an inherent carbonyl."7-118

OCH3
/< H /H20 ﬁ
B ————
Me3SiO Me3SiO

Scheme 1-13 An example of [4+2] cycloaddition of non-homoannular 1,3-diene with
1 117
O..

Homo-annular aliphatic dienes have both double bonds endocyclic in the same
aliphatic ring and react with 'O to give bicyclic rather than monocyclic endoperoxides.
For example, cyclopentadiene reacts with 0, to form 2,3-
dioxabicyclo[2.2.1]endoperoxide (Scheme 1-14), which is the reactive motif of

prostaglandin endoperoxide. 121

|
(0]

Cyclopentadiene Endoperoxide

Scheme 1-14 Homo-annular aliphatic dienes react with 'O, to give bicyclic
endoperoxides.’®

Alkenyl arenes are also acyclic dienes but in which one of the conjugated double
bonds is also part of an aromatic system (Scheme 1-15). The aromatic part can be

phenyl, naphthyl, or heteroaromatic such as furyl.'?2124
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Scheme 1-15 Photo-oxidation of alkenyl arenes in an aromatic system with "Os,.

Heterocyclic 1,3-dienes can either be aromatic such as furans (Scheme

1-16)'25127 or nonaromatic such as pyran.'®

o_ R" hv,"0,

Scheme 1-16 Photo-oxidation of furan with 'O, via [4+2] cycloaddition.'?’

The final 1,3-diene category is non-heterocyclic aromatic dienes as
exemplified by the photo-oxidation of 9,10-diphenylanthracene,' as shown in
Scheme 1-17. Mononuclear aromatics must be heavily substituted to react, such as

hexamethylbenzene.°

e N

Ph Ph
hv, 10,
—_—
Ph Ph

Scheme 1-17 Photo-oxidation of non-heterocyclic aromatic diene, 9,10-
diphenylanthracene.’®

The synthetic importance of 1,3-dienes reacting with singlet oxygen via [4+2]
cycloaddition results from the number of versatile transformations that can be done
from endoperoxides, ! and some of these transformations are present in Figure 1-6.

These secondary transformation products can be used in active pharmaceutical
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ingredients,’”® '32134such as prostangladins'® and artemisinin3® 135137 synthesis of

natural products,* and in bioscience. 2! 138

7 N\

102

PhgP CoTPP @
- — >
0

L'AL"V \ieracid
Pd/H
(@]
* G o

Figure 1-6 Some synthetic transformations of endoperoxides.™’

Mechanisms of the [4+2] cycloaddition with singlet oxygen

In terms of the versatile [4+2] cycloaddition, a concerted reaction mechanism was
initially postulated analogous to the classical Diels-Alder reaction.’*® However, further
studies including computational calculations™® and kinetic isotope effects on the
stereochemical,™' as well as the evidence for the formation of an exciplex
intermediate’? have been performed to give a more accurate description for the
mechanism of [4+2] cycloaddition with 'O, as shown in Scheme 1-18. Moreover, this
intermediate with a loose structure is consistent with the observation that many [4+2]

cycloadditions with singlet oxygen occur stereospecifically.'#?

Scheme 1-18 An exciplex intermediate formed in the [4+2] cycloaddition with 'O,."*"
142, 144
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Ene reaction

The singlet oxygen ene reaction (Scheme 1-19) was first reported in the 1940s
by Schenck to produce an allylic hydroperoxide,** formed by the addition of oxygen
to a carbon of the alkene substrate and abstraction of hydrogen from a distal allylic

carbon.

H
Ho hv, 10, HOO

_— R

HeC  H H CHsH

Scheme 1-19 An ene reaction performed in the 1940s by Schenck.**

These allylic hydroperoxides can also be readily reduced to synthetically
important alcohols, 24 133.145-146 due to its controllable stereo- and regiochemistry. This
control depends on four main factors: (A) mechanistic constraints;'’” (B) hydrogen
bonding;'*® (C) electronic perturbations;'4%1%0 (D) steric perturbations.’' These high
stereo-controlling effects have been further investigated recently in Griesbeck’s

group.'s?

><_:/ >:$r<e_active /—\ \ \:COH

R .
. unreactive .
unreactive unreactive

(A) (B) (©) (D)

Scheme 1-20 Singlet oxygen ene regiodirecting effects: (A) "cis"-site selectivity; (B)
gem-selectivity, R is electron withdrawing group; (C) “Large-group non-bonding”
effect and “S” means small group; (D) allylic alcohol directing effect.’

The diastereoselective ene reaction with singlet oxygen is the first step of multi-
step processes and introduces a tertiary hydroperoxide motif via an exo-selective
attack of 'O, onto the alkene bond of an artemisinic acid derivative,®® 53 as shown in
previous Scheme 1-4. Further oxidative transformations including Hock cleavage and
enol oxidation by molecular oxygen followed.'** More details of ene reactions are

discussed in Dr. Jessica Hall's Thesis.'%®
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[2+2] Cycloaddition

[2+2] cycloadditions of singlet oxygen react with electron-rich alkenes to give
dioxetanes. These alkenes can also undergo both ene and [4+2] cycloaddition in
some cases.'® In most cases, the singlet oxygen ene reaction is predominant.
However, there are three main cases where [2+2] cycloaddition are prevailing to form
dioxetanes. The first one is that no allylic hydrogen is available;'’ also, the allylic
hydrogens are not optimally positioned perpendicular to the m—m system in the
alkene,'® as well as singlet oxygen is driven by an allylic heteroatom to a side without
available allylic hydrogen.'® The [2+2] cycloaddition of singlet oxygen coupled with
thermal decomposition of dioxetane is a useful method to oxidatively cleave a carbon-

carbon double bonds (Scheme 1-21).160-161

(0]

N\
0 (@)
)\ hv, '0, >S/ - actone \w
Tty - . N
O ) ()
Scheme 1-21 [2+2] cycloaddition of 'O, coupling with a thermal reaction to cleave
carbon-carbon double bond."®

The reaction rate of these types of chemical reactions usually depends on the
competitive singlet oxygen deactivation routes. These deactivation routes include
nonradiative electronic-to-vibrational energy transfer to solvent and physical
quenching which occurs in the presence of an added quencher, an impurity or the
substrate itself.82 192 10, also can decay via a radiative channel in solution but its rate

is very slow compared to other deactivation methods.'®
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1.4.4 The lifetime of Singlet Oxygen

The lifetime of 'O, is determined by the relaxation rates to the ground electronic
state of oxygen, O. (3).22 One of the major breakthroughs in the singlet oxygen
scientific community was the development of methods to directly detect rates of the
'0, decay by its characteristic phosphorescence emission at 1275 nm by time-
resolved experiments.'®* This technique allow one to detect the accurate 'O, decay
rate constant (ka) or its reciprocal parameter, the 1O, lifetime (za ) in different media.
The results reveal that the 'O, decay kinetics are highly dependent on the
environment where it is located.'®® The ka can be expressed as below:

Ka =12t = Ka,r + Ka nr + Ka R
Where ka, r is the rate constant for chemical reaction quenching of 'Oz, ka nr is the
rate constant for the nonradiative 'O, deactivation and ka r is the rate constant for the
radiative '0, deactivation. We should recognise that the inequality ka, nr > Ka, r iS

applicable for most solvents of practical consequence.®?

Radiative deactivation of singlet oxygen

The purely radiative lifetime of 'Oy is relatively long, approximately 2700 s as it is
a forbidden electric dipole process in terms of spin, parity and angular momentum. %6
However, it varies from microseconds in the gas phase to only a few nanoseconds in
solution.'® 187 The solvent has an effect on the lifetime of 'O, and it has been
observed that there is a reasonable correlation between ka r and the solvent
polarisability expressed as a function of the solvent refractive index, where Kka, r

increased with the polarisability of the solvent.'®”

Nonradiative deactivation of singlet oxygen

Other than the chemical reactions, there are three pathways of interaction leading
to the nonradiative deactivations of '0,:'%® (a) charge-transfer quenching,'®®'7° (b)

electronic to vibrational energy transfer'”™'72 and (c) electronic energy transfer to
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solutes' molecules such as carotenoids.'”*'"* In homogenous solution, the factor that
electronic to vibrational energy transfer is mainly responsible for the lifetime of '0,.82
In order to undergo electronic to vibrational energy-transfer deactivation, 'O, must
transfer its energy to a vibrational mode of the solvent. The better that energy of this
vibrational mode matches with that of the 'O, deactivation energy, and the faster that
this process will occur. The deactivation of 'Oz is favoured in O-H containing solvents,
e.g. H2O, whereas it is clearly reduced in C-H and C-F comprising solvents, as shown
in Table 1-2.'° Similarly, the lifetimes are considerably increased in deuterated
solvents because of a poor match with the 'O, vibrational deactivation.

Table 1-2 Rate constants for the electronic to vibrational energy transfer of 'O, to
different X-Y bonds in solutions.’”®

X-Y Ka, N, M1ST X-Y Ka, nr, M1ST
O-H 2900 0-D 132
N-H 1530 C-Cl 0.181
C-H 309 C-F 0.049

The lifetime of singlet oxygen in different solvents

The lifetime of 'O, depends considerably on its environment; in particular, it
varies from solvent to solvent as described above. It has been widely studied and
described over the last 20-30 years. A large number of ta have been reported (Table
1-3 overleaf), which have been collected in extensive reviews,8 165 168, 177-180

The effect of solvent on the lifetime of 'O, is important in determining the
efficiency of reactions. The lifetimes of 'O in CCls, CS; and CsFs are relatively long
compared to other solvents (Table 1-3 overleaf). However, these solvents are not
recommended for use in the pharmaceutical manufacturing since they have a serious

effect on human health and environment.''-'8 | ooking for alternative solvents is an

i In particular, it protects the organism from photo-oxidative damage and are accessory

light-harvesting pigments in the antenna systems.
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urgent goal to develop a better route to perform these reactions efficiently and

environmentally.

Table 1-3 Lifetime of singlet oxygen in various solvents.8? 165 168 177-180

Solvent /S
H20 3.3x0.5
D0 66+2

CH3OH 9.9+0.5

CH30D 240+10

(CH3)2CO 50.5+4
CHClI> 101+39
CHCls 235130
CDCls 650+150

CCly 73000+£14000

CHs:CN 66.7£13.5

Pentane 2916
THF 23+2.6

Cyclohexane 21+4
CS; 37000+8000
CsFs 1200048000
CeHs 32+3.3
CsDs 665+95

Toluene 27+2

1.5 Dense CO: as an alternative solvent

1.5.1 The choice of alternative solvents

Solvents have played a key role in many chemical processes,'®*'8 which are
frequently used to enable homogeneous reactions, speeding up reactions through
improving mixing and heat transfer. Particularly, in terms of singlet oxygen reactions,
solvents affect the lifetime of 'O, seriously. Deuterated and halogenated solvents give
the longest 'O lifetime, but they are expensive and often harmful to aquatic
organisms and human health.'® Therefore, the correct choice of solvent is significant

in chemical processes.'® Solvents often have an important effect on the cost,
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environment and safety of chemical and pharmaceutical industries as well. The
number of solvents used, in many chemical reactions as well as separation processes,
exceed the total of feedstocks, reagents and products used in the reaction.'® They
typically make up more than 80 % of the material used for APIs manufacture'® and
account for 50 % of the post-treatment green-house gas emissions.'8°

Volatile Organic Compounds (VOCs) frequently used as solvents, usually with
low molecular weight and high volatility have the potential for greater exposure, more
risks, and also some of them with toxic,'® resulting in environmental issues when
they are released into the environment. They can cause a number of adverse health
effects because of their ability to form low-level ozone and smog through free-radical
air oxidation processes.'’

Total elimination of volatile organic solvents from the chemical manufacturing
processes is desirable but there may be other problems, such as poor heat and mass
transfer and/or viscosity limitations. These would result in more energy or organic
solvents being used in the subsequent purification steps. Therefore, some common
alternatives solvents to substitute VOCs have been proposed, such as water-based

processes, ionic liquids, fluorous biphasic solvents and supercritical fluids.92-1%

1.5.2 Supercritical carbon dioxide

A supercritical fluid (SCF) can be defined as a compound that is above its critical
pressure (P.), and its critical temperature (T¢), asshownin Figure 1-7. SCFs possess
properties of both liquids and gases.'®” They can diffuse through solids like a gas, and
dissolve materials like a liquid. In addition, close to the critical point, small changes in
pressure or temperature lead to large changes in density, so that many properties of
a supercritical fluid can be tunable. SCFs possess most of the properties of a gas and
a liquid, such as low viscosity, high diffusivity and relatively high density, which allow

them to be applied as suitable solvents.'%
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Figure 1-7 Pressure-temperature phase diagram of carbon dioxide.

The critical parameters (P; = 73.9 bar and T, =304.25 K) of supercritical CO>
(scCO-) are mild and are easy to achieve in the lab or in industry. scCO; has the
general advantages of supercritical fluids, as well as additional attractive properties
in terms of its high abundance and low toxicity. Also, scCO- is non-flammable and
thermodynamically stable for a variety of processes including oxidations using
molecular oxygen,'®® which can be fully miscible in scC0O.2% This avoids the mass
transfer limitations typically observed in biphasic systems.

In addition, the lifetime of 'O, in scCO,, 5100 ps at 314 K and 147 bar, is longer
than in most of the traditional organic solvents.?* Worral also reported that the lifetime
of 'Oz in CO, was a function of temperature and pressure, as shown in Figure 1-8. It
shows that there was no sudden change in the lifetime of 'O, for the transition

between liquid and supercritical CO..
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Figure 1-8 The dependence of the rate constant for the decay of 'O, on temperature
and pressure in supercritical CO,, reproduced from Ref 201.

In terms of photosensitiser, mainly  TPFPP, 5,10,15,20-tetrakis
(pentafluorophenyl) porphyrin (Scheme 1-22), was used for the generation of 'O,
throughout this Thesis. It is a fluorinated analogue of the more traditionally used
tetraphenylporphyrin (TPP), as described in Scheme 1-10. Unlike TPP, this
fluorinated photosensitiser, TPFPP, has been shown?*? to be soluble in scCOx,
which is pivotal for an efficient generation of 'O, as well as for scaling-up in a
continuous flow CO- reactor.

Based on this work, our group at the University of Nottingham has made use of
the relatively long lifetime of 'O, in scCO, to perform the photo-oxidation of a-
terpinene in both batch and flow reactors, using scCO; as the solvent (Scheme 1-3
above).?® Following the successful results of the batch process, Bourne and Han
developed a continuous flow reactor with high turnover frequency when using either
homogeneous or heterogeneous photosensitisers.?%42%5 Later, Bourne and Hall
further developed and redesigned the sapphire tube to achieve better light

irradiation.?% The details?°? of the redesigned apparatus will be discussed in
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Scheme 1-22 The structure of 5,10,15,20-Tetrakis (pentafluorophenyl) porphyrin,
TPFPP, as a scCOgz-soluble photosensitiser.

Chapter 2. Hall synthesised a number of potentially antimalarial trioxanes (Scheme
1-23 (c)) via photo-oxidation of allylic alcohol to its hydroperoxides (b) in scCO3, which
represents the key step in the antimalarial trioxane synthesis process.?”® These
hydroperoxides can be further reacted with cyclic ketones, catalysed by BF3-Et;0, to
yield potentially antimalarial trioxanes after 12 hours in CH2Cl,. Since CH2Cl. is not a
“green” solvent, a solvent-free flow system, using a packed bed of silica/BF3 instead
of BF3-Et:0 in a batch reactor, was employed for the hydroperoxides transformation
to trioxanes, as shown in Scheme 1-23. Unfortunately, the BF3; leached into the

solution and the conversion dropped off after 20 min.

H-transfer | __ |

— reduction ! '

. HO :

| (a)

| l hv, 10, |

o) E H |

O Oﬁ : 0 !
X 0~ =5 |
_ BF3- Et,0 ! !
0-0 S |
(c)Trioxane E(b) Hydroperoxide

Scheme 1-23 Synthetic route to spirobicyclic trioxanes in scCO,, with Lewis acid,
highlighting the photo-oxidation step.?®

32
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In terms of clean technology, scCO; has another advantage. Upon pressure
release, CO- returns to its gaseous state allowing facile product separation and
purification, leading to reduced costs associated with product clean-up.2’” As a result
of its tunable solvent properties, scCO; has been used as a clean extraction medium
for a variety of natural products.?® In particular, it is used on an industrial scale as a
replacement for dichloromethane in the decaffeination of coffee.?*®

There have been successful industrial-scale hydrogenation processes in scCOs.
One was using a multi-purpose plant built by Thomas Swan & Co. Ltd. in collaboration
with the Clean Technolgy group at Nottingham.?'° The Thomas Swan plant was a
technical success in the hydrogenation of isophorone, as shown in Scheme 1-24. The
product trimethylcyclohexanone (TMCH) was obtained sufficiently pure that it could
be sold without any downstream purification. The success of this led to increased

interest in scCO- as a solvent in the production of many chemicals.

(0]
Pd/Support
Ho, SCC02

isophorone TMCH

Scheme 1-24 Hydrogenation of isophorone to TMCH, one of the few reactions to be
carried out on a commercial scale in scCO,.2"

The use of scCO, as a safer solvent, with enhanced solubility of O, and better
mass transfer, as well as relatively long lifetime of singlet oxygen, has led to good
results. However, the suitability for scaling-up remains to be demonstrated, as most
of the research in photo-oxidation was performed on small scales. In addition, daisy-
chaining of reactions has not been studied yet. Hence, this Thesis aims to establish
whether multistep experiments are worth scaling up and being further explored for
the transformations of products obtained in photo-oxidation step, in order to determine

scalability and opportunity for daisy-chaining.
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1.6 Green chemistry and sustainable chemistry

As previously stated in the discussion of photo-oxidation with 'O in continuous
CO; systems, both “green” and “sustainable” chemistry methods should be employed
in the full life cycle of chemicals, including the feedstocks, synthesis, purification,
utilisation and “end of life”. As shown in Figure 1-9, green chemistry attempts to solve
the issues about the chemicals themselves and their technical problems, whereas
sustainable chemistry is related to social, economic and other aspects of
manufacturing and applications of the chemicals.?'1-212

A new approach to sustainability: “A Moore’s Law for Chemistry (MLFC)” was
proposed recently by Mike George, Martyn Poliakoff and Pete Licence.?"® The
concept of “MLFC” is that sustainable chemists should endeavour to produce a given
effect by a factor of two by reducing the amount of a chemical demanded over a fixed

period, and this process should be repeated in a number of cycles.

Figure 1-9 The relationship between green chemistry and sustainable chemistry.

The term, “Green Chemistry”, which was coined by Anastas in the late 1990s, is
familiar to most of us.?'* It involves “reducing or eliminating the use or generation of

a hazardous substance in the design, manufacture and application of chemical
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Chapter 1 Introduction

products”.?*> Nowadays, environmentally benign processes have been developed?'®-
218 increasingly following on the well-known twelve principles of green chemistry in
order to counter the negative effects of chemical manufacturing on our environment.
In the last two decades, green chemistry has become perceived as both a culture and
a methodology for accessing sustainability.?'® The concept of green chemistry is used
not only in the final reaction product but also applied to the whole life cycle of the
products. It can be grouped into seven “fundamental aspects” below (Figure 1-10).2'

Waste: It is better to prevent waste than to treat it after it has been created. The
Environmental Factor (E-factor) is a useful metric to measure the amount of waste
generated in a process.?? It has been intensively used in academic labs and industry.
E-factor is defined by a weight ratio, which is the weight of generated waste to the

final product achieved (Chapter 1.2).

Weight (total waste)

E-factor=
acto Wieght (final products)

(Chapter 1.2)

Raw

materials Solvent

Hazards
Processes

Reaction —— Waste

Final products

Figure 1-10 Seven fundamental aspects combined from 12 principles of green
chemistry, adapted from Ref?’®.

Raw materials: Araw material or feedstock should be renewable instead of being
derived from depleting petroleum feedstock or natural gas, and also they can be

maximised into the final products.?"
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Solvents and Auxiliaries: The auxiliaries (solvents or purification solutions)
should be used as less as possible and, when used, should be innocuous to human
health and the environment.

Final products: Chemical products with atom efficiency should be designed to
keep the efficacy of the function while reducing toxicity and should be degradable at
the end of the function without harming the environment.?21-222

Reactions: Synthesis methodologies should be designed to use and generate
compounds with the least toxicity to creatures at any time, and also working under
the basis of atom economy to have a better efficiency.?'® 222> Moreover, catalysts
should be used and as selective as possible, rather than using stoichiometric
reagents.

Processes: Energy consumption should be minimised in all processes; if
possible, experiments should be performed at ambient temperature and pressure.

Hazards and Toxicity: The raw materials/feedstocks and final products should
be non-toxic, and have no impact on human health and safety as well as the
environment, they should be non-toxic. The final product’s hazard and toxicity should
be assessed. A hazard is defined as the ability of any agent that is detrimental to both
human health and the environment. Both hazard and exposure can be used for
defining the risk, which is crudely defined as in Figure 1-11.

Risk = Hazard x Exposure
Figure 1-11 Risk is a function of hazard and exposure.??*

The Twelve Principles of Green Chemistry have played a crucial role in the
development of this discipline and explaining its aims. It has been further extended
by Neil Winterton??® with his twelve more green chemistry and Paul Anastas and Julie
Zimmerman'’s principles of green engineering.?'". In 2005, Poliakoff and co-workers
proposed much simpler statements of these 12 principles, the acronym of which is
“PRODUCTIVELY”,?% and which can be presented in a single slide, conveying similar

meaning.
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Chapter 1 Introduction

With a brief introduction of prior knowledge, based on continuous flow
photochemistry as well as alternative solvents, the principal aim of this Thesis is to
use a green reagent, singlet oxygen, and green solvent, supercritical CO, to scale
up synthesis of a number of higher value products in an efficient method. To do so,
this would involve flow photochemistry as well. This is a promising methodology for
fulfilling the new challenges in the pharmaceutical industry: to produce small
quanlities amount of personalised drugs suited to each individual, rather than making

a large amount of more general drugs.
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Thesis aims

From the brief overview given above, it can be seen that pharmaceutical
industries play a pivotal role in our daily life, but with new challenges constantly arising
as the demand for personalised medicines increases.

The overall aims of the work discussed in this Thesis are to explore a green
methodology for a relatively large-scale synthesis of individualised, valuable
medicine-related compounds in a multistep, high-pressure continuous flow
photoreactor. 'O, is used as a green reagent, and dense CO as green solvent.
Therefore, reactions combining 'O, and CO.in a continuous flow reactor to prepare
medicinal chemicals were investigated in this Thesis. To explore and produce more
different valuable medicinal chemicals, the main goals of the work described are:

1. To improve and rebuild a safer high-pressure continuous flow photo-

oxidation reactor in order to perform multistep experiments.

2. To investigate the synthesis of a range of valuable products from a single

feedstock in a new daisy-chained reactor, such as from combining the

photoreactor and thermal reactor in series.

3. To investigate the principle of how to efficiently perform a multistep

experiment to realise high reaction yields and productivities, such as synthesis of

a range of individualised chemicals.

4. To explore a green photochemical route as an alternative to the traditional,

harsh method (using stoichiometric reagents to obtain high efficiency), reactions

such as the dearomatisation of phenols via photo-oxidation.

5. To investigate the heterogeneous catalyst in continuous fixed-bed thermal

reactor daisy-chaining with photoreactor in order to conduct a sequence of steps

to give a target molecule, such as the synthesis of 1,2,4-trioxanes following

dearomatisation of phenols.
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Chapter 2 Experimental

Chapter 2. Experimental

This Chapter describes details of the experimental equipment, procedures, and
analytic techniques used in the Thesis. The continuous flow setup and operating
procedures are presented in Section 2.1, as well as a high-pressure batch reactor for
FT-IR monitoring is shown in Section 2.1.1. This equipment was used for high-
pressure experiments. Therefore appropriate training is required before any
experiments were conducted in these high-pressure rigs. Details about the analytical
techniques are given in Section 2.2. This is followed by a description of the materials

used throughout this Thesis.

2.1 High-pressure apparatus

High-pressure reaction systems in scCO; have been designed, built and utilised
at the University of Nottingham for nearly 20 years.??” More recently, a method was
developed for allowing known amounts of required gases to be dosed into the
supercritical fluid stream at high pressure.??

Batch and continuous flow reactor systems with 'O, in scCO. have been built by
generations of researcher,?93-205 229 gnd further details are provided in this section.
These sapphire tube reactors for continuous flow systems were further improved by
Bellamy in later years.'®> 222 The work presented in this Thesis aims to expand the
existing technologies and the author developed and rebuilt them to adapt them for

the current project.
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The batch and continuous flow reactor systems use a Jasco CO» pump to
compress CO, to supercritical or liquid CO,. High—-performance liquid
chromatography (HPLC) pumps are used to deliver liquids into the reactors at set
volumetric flow rates. Oxygen is dosed using a Rheodyne™ dosage unit and mixed
with CO.. All the chemicals and gases are mixed in a pre-heater before reaching the
reactor. The pressure is controlled using a back pressure regulator (BPR). The

diagrams are shown in Section 2.1.1 and Section 2.1.2.

2.1.1 Batch high-pressure rig for monitoring by FT-IR

The small scale batch photo-oxidation rig is mainly made up of two parts
illustrated in Figure 2-1: a continuous flow section for the preparation of a CO./O;
mixture and the batch cell (described in detail later). The CO, and Oz are mixed in the
static mixer (typically 40 °C). The BPR is used to control the desired system pressure.
(120 bar)

After an equilibration period and the cell reaching the required temperature, the
gas mixture is allowed to slowly (at the rate of 3-5 psi/s) fill the batch cell which has
been preloaded with the substrate and the photosensitiser. Gradual filling of the cell
was achieved by opening V6 and V7 slowly. Once the desired pressure had been
reached, the cell was isolated from the rest of the rig between V6 and V7. Photolysis
and further analysis of the reaction were performed as described at the end of this
section.

High-Pressure Batch Cell

A high-pressure cell is used for the small scale photo-oxidation in scCO», which
was specially designed at Nottingham and built to be easily dismantled and

reassembled. The cell was initially used for Fourier Transform Infrared Spectroscopy
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Figure 2-1 This high-pressure batch system is for small scale photo-oxidation with
0, in scCO; and used for the FT-IR monitoring. The rig consists of two parts: one is
for the mixing of CO and Oy; another part is for the photo-oxidation in the batch cell.
M1: static mixer; Cell: batch photo-oxidation cell, the temperature of temperature is
controlled using an external heating block. Compressed CO: is pumped using a
Jasco™ PU-1580-CO: unit, Oz is delivered directly from an O; cylinder via a dosage
unit, see Section 2.1.3 for further details. The cell (see below for details) should be
heated to the desired temperature and filled with reaction solution before filling CO;
and Oz mixer. CO, and Oz mixed well in the static mixer and then feed into the cell,
which has temperature and pressure monitors.
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(FT-IR) and Raman spectroscopy in supercritical fluids.?*® The cell is made of
stainless steel, and consists of a body and a window holder, as shown in Figure 2-2.
Calcium fluoride windows (CaF, window, 0.6 inches diameter, 0.4 inches thickness)
are glued into the window holder. The path length of the cell can be changed by using
different window holders, which vary the depth of the window in the holder. The port
used to fill the cell with substrate also holds an internal thermocouple. There was a
Polytetrafluoroethylene (PTFE) spacer between the inside surface of the holder and
the inside of the body, which come in two sizes, narrow or wide thickness according
to the position of the safety pressure release hole under the batch cell. The position
of the PTFE spacer is very important to be used to exclude different reasons for
leaking. If it has been used for a long time since the batch cell has not been used, the

next user should change a new spacer.

T

g
)

(a) (b)

Figure 2-2 (a) External 3D view and (b) cross-section view of a stainless steel
high-pressure batch cell. P: the pipe connecting to the other part of system; T: internal
thermocouple; H: the stainless steel window holder; W: CaF. window which can be
irradiated using UV/Visible light and is also transparent to IR; O-rings: PTFE spacer;
N: screw rut; B: stainless steel body; This figure is reproduced from ref % 2%,

The cell is suitable for white LED light because of the CaF2 window and can be
used for reaction monitoring by FTIR. An external aluminium heating block (controlled
via a Tempatron TC4800 temperature controller) surrounds the batch cell, and the

temperature is typically maintained at 40 °C before the introduction of chemicals.
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White LED light for batch photo-oxidation

The batch cell was irradiated by a single white light emitting diode (LED array)
(1000 lumen, OSTAR; part code: LEUWE3B-PZQZ-4C8F), which is made of a cluster
of six individual diodes, shown in Figure 2-3. These LED sets are mounted on an
aluminium block with a cooling fan at the back. The size of light source is the same

as the aperture of the batch cell, ensuring efficient irradiation can be achieved.

=

Figure 2-3 Photograph of LED units for high-pressure batch photo-oxidation.

2.1.2 General diagram for high-pressure continuous flow reactor

This high-pressure continuous flow equipment (Figure 2-4) was built for the
photo-oxidation in CO.. Details about the pumps, connecting tubes, mixers, sapphire
tube reactor (new design in Jessica Hall's PhD thesis,'*® see more details later in

Figure 2-6), cooling bath and BPR are described in Section 2.1.3. Compressed
CO2 and O are mixed in the first static mixer, M1, and then the organic stream is
added, and mixed with the gases in the second mixer, M2, the temperatures for the
two mixers are typically at approximately 40 °C. The fluid entered into the sapphire
tube in an up-flow method, irradiated with visible light (three 5 x LEDs mounted on an
aluminium blocks) controlled by a LED controller, details shown in Figure 2-8. Due to

the heat generated by the LED lights, a secondary cooling bath is used to pump
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Figure 2-4 This rig is used for continuous flow high pressure photo-oxidation with 'O, in scCO.. M1 and M2 are static mixers, and M1 is use for
mixing CO2 and O». Then the organic substrate is mixed in the second mixer, M2. LED arrays are positioned around the sapphire tube reactor.
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between the sapphire tube and Lexan™ tube to ensure that the desired temperature
is set for the reactor, typically approximately 40 °C is maintained. The water removes
excess heat from the system during irradiation such that the LEDs can be positioned
as close as possible to the sapphire tube reactor for the more efficient irradiation. The
system pressure is controlled by a BPR located after the sapphire tube reactor. Once
the reaction mixture passes the BPR, the products can be collected for further
analysis. The high-pressure apparatus was assembled and installed with isolatable
components, so it can be readily modified to adapt to different photo-oxidation
experiments. Any changes are explained in the relevant chapters. A photograph of
the high-pressure continuous flow reactor is shown in Figure 2-5. The maximum

temperature rating for the apparatus is 121 °C, and the maximum pressure rating for

the apparatus at 121 °C is 200 bar.

Figure 2-5 A photography of the high-pressure continuous flow reactor, which shows
the real setup in Figure 2-4.
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A standard operating procedure for the use of the continuous flow setup is given

at the end of this section.

Sapphire Tube Reactor

A new sapphire tube reactor has been designed and constructed in our group to
increase the efficiency of high-pressure continuous flow reactor, as shown in Figure
2-6. The design consists of a sapphire tube held between two stainless steel plates
with connections to the high-pressure apparatus. A Lexan™ (polycarbonate, 18 mm
0.d., 2 mm wall thickness and 95 mm in length) tube surrounds the sapphire tube and
is sealed at either end with EPDM O-rings. Water or a water/glycol mixture is
circulated into the minimal space (ca. 2 mm) between the Lexan™ and sapphire tubes
using connectors at either end. The stainless steel struts hold the two plates together,
at either end of the reactor, can be exchanged to give longer struts and hence a longer
sapphire/Lexan combination can be incorporated. Only EPDM O-rings can be used
to seal the sapphire tube for the current photo-oxidation experiments.

The LEDs are placed close to the sapphire tube for maximum irradiation. The
positions of LEDs are secured in pre-formed grooves to ensure that conditions are
consistent for each experiment. This reactor is also able to be readily modified for the
incorporation of longer sapphire tubes; different reactors are used in different

chapters, which are detailed as required.

46



Chapter 2 Experimental

— -

I EPDM

7 : O-ri

FH H -ring

i

v + * ! Lexan™

= iR Sapphire

o ) § - EPDM
o O-ring
i

(a) (b) (c)

Figure 2-6 (a) Schematic of Sapphire tube reactor (Saint-Gobain Crystals, 10 mm o.d.,
1 mm wall thickness, 120 mm long);"*® (b) Photograph of the stand-alone reactor. The
body of the reactor is constructed from 316 stainless steel and is machined at the
University of Nottingham. Red Flow = direction of high pressure fluid stream,; Blue
Flow = direction of coolant for LED arrays. The other ports at the top and bottom of
the reactor are for thermocouples to monitor the internal reactor temperature.
Grooves are cut into the stainless steel base of the reactor to hold the LED units in
place being described later, and these are secured using a grub screw at the top. (c)
Photograph of the longer sapphire tube reactor by switching the struts holding the top
and bottom plates together, it's same with Reactor (b) except with difference length
of the reactor (Saint-Gobain Crystals, 10 mm o.d., 1 mm wall thickness, 240 mm long).

Sapphire Tube Reactor Installing Tool

The sapphire tube is fragile and at risk of cracking if overtightened against the
stainless steel frame, particularly in the case that the sapphire tube is not in the correct
orientation. Therefore, there is a special tool newly designed at the workshop in The
University of Nottingham, as shown in Figure 2-7 overleaf. This tool can be screwed

into either the top or bottom plates to allow the sapphire tube to be positioned correctly
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before tightening both sides. When fixing either side of the sapphire tube with the help

of the tool, we can remove the tool and then mount the other fittings as normal.

Figure 2-7 Diagrams for the sapphire tube installing tool. (a) Bird’s-eyeview of the tool;
(b) cross-section drawn of the tool; (c) front view of the tool; (d) a photograph of the
tool.

Liquid Cooled LED Unit

White light LEDs (5xCitizen Electronics Co. Ltd 1000 lumen) were used to
irradiate with visible light to a particular photochemical reaction with photosensitiser,
shown in Figure 2-8. In the blocks, there are channels built for the coolant (typically
glycerol: water (v/v) = 1:1, at 35 °C). All three LED units can be controlled by a single
controller box, and the brightness can be varied through a variable resistor connected
to a control knob. Different LEDs were employed in Chapter 5, which has been
described later. The LED chips set are covered by waterproof glue in case of
condensation when the temperature of the coolant is below 0 °C. Usually, three sets

of LED blocks are provided for all the continuous high-pressure flow
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Figure 2-8 (a) A schematic and (b) A photograph of the LED unit which are designed
for the sapphire tube reactor. Blue arrows represent the direction of the coolant.
Dashed blue lines show the channel for the coolant in the aluminium heating blocks.
The image is reproduced from ref.’.

sapphire tube reactor (Saint-Gobain Crystals, 10 mm o.d., 1 mm wall thickness,
120 mm long), and six sets for 240 mm long reactor and twelve sets for 480 mm

length reactor.

2.1.3 Devices used for high-pressure equipment

Both the batch and high-pressure flow equipemnt utilised in this Thesis are
connected by a series of tubes, connecting parts, valves, pumps, Rheodyne and a
BPR. The temperature monitors and controllers, pressure transducers and monitors,
Picolog, trip box, cooling bath and LED light are also used for the rigs working properly.
The sapphire tube reactors and different stainless steel tubes are included as well.

For convenience, the details for some components are presented as follows.

Connecting Tubing and Valves

Swagelok® fittings are used to connect the 316 stainless steel tubing in both
systems. Currently, these fittings are mainly used to connect 1/16” pipe, which all are

stainless steel tubes provided by Swagelok®. The temperature and pressure ratings
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of Swagelok tubings are dependent on the tubing diameter and wall thickness. Unless
stated otherwise, the High Pressure Equipment Company (HiP 15-11 AFI) or Scientific
System, Inc (SSI, flat valves) were used as the manual valves. Both HiP and SSI
valves were connected in a way that the fluid flowed in from the bottom inlet and
flowed out from the top outlet. For the tubing being used for delivering oxygen, check
valves should be installed properly to avoid the organic stream flowing back to the

oxygen stream and oxygen cylinder.

HPLC Pumps and CO; Pump

Compressed CO; is fed into the reactor system using a Jasco™ PU-1580-CO;
pump where it is cooled to ca. -7 °C to ensure that the CO. is compressed in the liquid
state before being pumped into the pre-heater and reactor. The efficiency of the CO;
pump should be tested regularly using a mass flow meter. It is very important to know
the precise flow rate of CO; to keep the desired amount of molecular oxygen in the
photo-oxidation reactor because the concentration of oxygen is pivotal in oxidation
reactions. Before conducting any experiments, the dense CO, was pressurised
against a closed valve, to a higher pressure than the desired one and to ensure it
worked correctly. At any time, the CO, pump is filled with CO- to reduce frequently
warming and cooling cycles; when not in use, the CO2 pump should be isolated from
other parts of the system using a HiP/SSI valve. The over-pressure of the CO2 pump
is typically set at ca. 200 bar.

Liquids are pumped into the system using Jasco™ PU-980 high-performance
liquid chromatography (HPLC) pumps. The efficiency of the organic pumps should be
tested regularly by recording the amount of time required to fill a volumetric flask at a
specific flow rate. Before every experiment, the pump is pressurised to a higher
pressure than the system pressure to ensure it can work at the desired pressure. The

HPLC over-pressure of the pump is typically set at ca. 200 bar.
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Rheodyne®-Oxygen Dosage Unit

For safe operation, the concentration of Oz in the CO2 should be kept below ca.
8 mol % in CO- system to ensure that being under its flammability point.?*' Therefore,
each photo-oxidation rig is equipped with an oxygen dosing unit which delivers the
oxygen at cylinder pressure into the system, via the pressure difference. The cylinder
pressure of oxygen is always higher than the system pressure to block any backflow
of organic material into the oxygen cylinder. One check valve is located between the
oxygen cylinder and Rheodyne®, and another is located between static mixer 1 and
Rheodyne®, which further prevent organic material from flowing back into the oxygen
stream. During initial experiments, the O» source for the continuous flow rig was
equipped with a dosage unit, coupled to a source of compressed air, as shown in Han
Xue’s PhD thesis.?®? However, because of its instability for providing desired amount
of oxygen, another dosage unit was used. This unit is equipped with a six-port HPLC
(modified Rheodyne® 7000L or a Vici® equivalent) switching valve,'® shown in Figure
2-9. This unit has two small sample loops, which contain oxygen at cylinder pressure.
The 3-slot rotor seal has two positions to join pairs of ports together so that, at any
one position, one of the loops is filled with oxygen from the O- cylinder, while, another
loop is providing Oz to the system due to the pressure gradient and then is empty.
The rotor position is then switched such that the 3-slot rotor joins with another empty
sample loop and this process is repeated. The concentration of O in the CO, stream
can be varied by adjusting the volume of the sample loops (ca. <300 pL) and the
value of pressure difference, such that the switching time is around 4-14 seconds. If
the switching rate is too slow, the diffusion of O, will result in uneven mixing with other
materials. On the contrary, if the switching rate is too fast, then insufficient O, diffusion
from the loop into the system may lead to a lower O, concentration than the required

amount.233
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Figure 2-9 A basic schematic of the inside of the O, dosage unit used for supplying
O to high pressure photo-oxidation systems.

Mixing chambers and pre-heaters

The standard mixing chamber consists of a stainless steel tube ((1/4” 0.d., 0.049”
wall thickness, 3.1” in length) loaded with sand, which is used for mixing Oz and CO.,
or with organic materials. In the high-pressure batch system, there is just one mixer
for the mixing of Oz and COg, but in the case of high-pressure continuous flow reactor,
there are two, one mixer for mixing gases and another for mixing the organic materials
and the gases. The pre-heaters are heated to ca. 40 °C and maintained by the
aluminium heating blocks placed around the stainless steel tubes (heating cartridge

inside).

Temperature and Pressure monitors

Both temperature monitor and temperature controllers are used for keeping the
desired temperature of the operating system. The temperature of the heating blocks
were controlled by temperature controllers by receiving the temperature signal from
the temperature monitors, shown in Figure 2-1 and Figure 2-4. This internal and
external temperatureswere measured by thermocouples (Type-K). These units were

connected to a trip box. The setting values of heating controllers are typically 10 'C
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higher than the set number on the heating monitor. The temperature of photoreactor
was kept stable by a cooling bath.

Pressure monitors should be calibrated frequently at atmospheric pressure,
especially when turning them on. Two pressure monitors were installed on the high-
pressure continuous flow rig. One pressure monitor box was used for monitoring the
system pressure and another for the oxygen pressure. The system over-pressure is
set approximately 20 bar higher than the desired system pressure (120 bar) and the
low-pressure oxygen trip is set at least approximately 20 bar higher than the desired
system pressure to prevent back-flow into the oxygen cylinder. The oxygen over-

pressure trip values are typical ca. 20 bar higher than the projected value (180 bar).

BPR

The system pressure is controlled by a Jasco™ BP-1580-81 back pressure
regulator (BPR), and the temperature can be adjusted at the point of depressurisation

to assist in blockage prevention.

Picologger

Useful data, i.e. system pressure, mixers temperature and reactor temperature,
was recorded on the rigged computer using a Pico® Technology TC-08 Picologger
via Pico software. The picolog is important during continuous flow experiments or
injecting the batch cell with gases mixtures as it can indicate the time of a system trip,

a variation of pressure and temperature, and enable identification of the cause.

Trip box and emergency shutdown button

The high-pressure apparatus should be tripped in the event of an over-pressure
or over-temperature, and the reactor system shut down in case of potential risks. The
rigs also can be shut down in an emergency situation by manually pressing the red

shutdown button on the trip box. Trips setting rules are described in the relevant
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sections. The power of the trip box for high-pressure continuous flow rig was 3000 W;
an extra trip box was installed for the high-pressure batch cell during the FTIR
monitoring. Prior to each experiment, the trip should be tested. When the trip is
initiated, the organic pumps, heating controllers, light sources, and oxygen dosage
unit should switch off, but the CO, pump, BPR and cooling bath, as well as
temperature and pressure monitors, should remain on. The remaining CO, pump can
remove the blockages in time and dilute the oxygen in the system, eventually
removing the rest of the oxygen from the rig. The BPR is open when the trip is initiated,
which can be fully open and vent the remaining solution from the rig. The trip box
should be reset once the problems have been solved, returing the rig back to working

condition.

2.2 Analytic techniques

2.2.1 Auto-sample Flash Chromatography

Thin layer chromatography (TLC) using pre-coated glass plates from AnalTech
covered with 0.20 mm silica gel with fluorescent indicator visualised upon UV
irradiation (A = 254 nm) or KMnOyj stain, was used for reaction monitoring and product
detection.

For the purification of new compounds, flash chromatography was used for some
compounds, using cyclohexane/EtOAc or n-pentane/EtOAc as eluent solvents. Two
methods were used, flash chromatography and auto-sampler flash chromatography.
The auto-sampler flash chromatography machine was purchased from TELEDYNE
ISCO (P/N 69-3873-244). The procedure for the auto-sampler column as follows:
firstly, two different eluent solvents as chosen were primed to the system; then a dry
pre-loaded solid load cartridge with silica was placed into the solid sample position; a

desired RediSep Rf Gold® silica gel column was loaded on to the system; a new
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method was created, then running the separation. Different fractions were obtained.

Further identification was made after removing the solvents.

2.2.2 General Practices

Proton nuclear magnetic resonance ("H NMR) spectra and proton-decoupled
carbon nuclear magnetic resonance (*C / '"H NMR) spectra were recorded at 25 °C
(unless stated otherwise) on Bruker AV-400 (400 MHz), AV (lll) 400 (400 MHz) or AV
(111) 500 (500 MHz) spectrometers at the University of Nottingham nuclear magnetic
resonance facility. Chemical shifts for proton are reported in parts per million
downfield from tetramethylsilane and are referenced to the residual proton in the NMR
solvent according to values reported in the literature.?®*

Chemical shifts for carbon are reported in parts per million (ppm) downfield from
tetramethylsilane and are referenced to the carbon resonances of the solvent. The
solvent peak was referenced to 3.31 ppm for 'H and 49.00 ppm for 3C in CD3;0D, or
7.26 ppm for 'H and 77.16 ppm for '*C in CDCls. All the NMR samples were performed
at room temperature.

Data are represented as follows: chemical shift, integration, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet doublet, ddd = doublet doublet
doublet, dt = doublet triplet, tdt = triplet doublet triplet, m = multiplet), coupling
constants in Hertz (Hz). In the case of compounds containing fluorine atoms, it should
be noted that *C NMR experiments were obtained without '°F decoupling. NMR
spectra were processed with MestReNova Software.

All samples for mass spectrometry were recorded on an EI-GC machine, using

MeCN as a solvent.

2.2.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The infrared region of the electromagnetic spectrum extends from 14,000 cm™ to

10 cm™. The mid-infrared region (4,000 cm™ to 400 cm™") is the region most interest
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to chemists. The spectrum corresponds to vibrational energy changes within the
molecules. Therefore, it can be used to identifying certain functional groups in a
particular sample and can monitor the changes during the progress of a chemical
reaction.?3®

The design of the high pressure batch photo-oxidation cell is described in
Section 2.1.1. In this batch reaction, we assume that once irradiation is ceased, the
reaction stops. This can be done because the 'O, used in this reaction is very reactive,
and the intermediates that are formed are assumed to be long-lived enough to be
observed. As such, the FT-IR absorption spectrum for monitoring of the reaction
kinetics can be obtained by irradiating the solution for a certain time and then
recording the FTIR spectrum. In this work, spectra were recorded by placing the cell
into Avatar 370 FTIR spectrometer with a dry air purge. The scan rate is 32, the
resolution is 4, and the path length of the cell is 1 mm. A DTGS detector was used,
and data processing was performed with Omnic (Version 6.1a) software. Typically, a
background at pressure or the solution itself as background were collected before

recording the spectra at different times.

2.3 Materials

All the reagents and solvents used in this Thesis were obtained from commercial
suppliers and used without additional purification unless stated otherwise. The CO;
was supplied by BOC Gases (99.8 %, food grade). The niobium pentoxide hydrate
(Nb205-nH20) and niobium phosphate (NbzOxPs) (w = 0.98) were supplied by

Companhia Brasileira de Metalurgia e Mineragéo in Brazil.
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Chapter 3. Scale-up of Selective

Production from Photo-oxidation of

Cyclopentadiene in CO>

As discussed in Chapter 1, an idea of a green chemical process would involve
sustainable reagents or at least ‘green’ solvents, which are environmental-friendly,
resulting in less pollution to the environment.?'* 2% The application of dense CO, as
a reaction medium satisfies this objective up to a point: the solvent is readily removed
from the reaction by simply releasing the pressure and it is not detrimental to nature,
apart from consider allows of climate change. Organic synthesis in dense CO; has
been studied widely in the past. Dense CO: is an ideal reaction medium for oxidation
because its total inertness towards oxidation offers safety. It also provides high
concentrations of the oxidant and reduces mass transfer limitations. It is also suited
to flow processes, which are attractive in the industry for scaling up and can be
performed in a relatively small volume to avoid the build-up of hazardous chemicals.

This Chapter describes how four potentially valuable chemicals can be
synthesised from a single feedstock, cyclopentadiene, on a relatively large scale in
high-pressure continuous flow system, using dense CO, as a solvent.?” Section 3.1
presents a brief introduction to photo-oxidation with singlet oxygen in a continuous

flow reactor, as well as the oxidation of cyclopentadiene in traditional solvents. Then,
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Section 3.2 describes the concept of the valorisation of cyclopentadiene in a daisy-
chained mode. Section 3.3 presents the initial results obtained by monitoring of photo-
oxidation of cyclopentadiene with FT-IR and NMR. Section 3.4 describes the high-
pressure continuous flow daisy-chain setup. This includes the first step of daisy-chain
reactions, accessing the endoperoxides from cyclopentadiene reacting with singlet
oxygen after irradiation with visible light.

Section 3.5 outlines that endoperoxide (3.2) is produced from the photo-oxidation
of 3.1. It can react with different quenching reagents to synthesise 1,3-diol (3.3) and
cyclopentanone (3.4) in liquid COg, respectively. Section 3.6 describes the synthesis
of aldehyde (3.5) and furfuryl alcohol (3.6) in supercritical CO.. Here, the aldehyde
(3.5) was formed from intermediate (3.2) at 40 °C with a quantitative yield. Furfuryl
alcohol (3.6), which was produced via a daisy chained reaction (photo-oxidation of
3.1, thermal isomerisation of 3.2, following the acid cyclisation step of 3.5), are
discussed in Section 3.6 as well. Later on, Section 3.7 discusses the effect of CO, on
the daisy-chained reactions of cyclopentadiene to synthesise four different products.
This section also includes the comparison of the productivities of these compounds
in a flow reactor with results obtained in batch reactors using traditional solvents.

Finally, the conclusion and high-pressure reactor information are presented in
Section 3.8 and Section 3.9. Moreover, the optimisation experiments for producing

compound (3.4) and (3.6) are described in Section 3.9.

3.1 Introduction

3.1.1 Continuous flow process with photochemistry

The implementation of more sustainable processes for the production of
chemicals or active pharmaceutical intermediates recently has received growing

attention.?'2 23¢-23% Reducing environmental impact has become one aim to achieve
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that goal by controlling reaction conditions as well as reducing the use of hazardous
compounds. Therefore, green chemistry combined with the use of continuous
systems has allowed several issues' to be tackled?*®-?* and parameters to be varied
to reach high productivity and efficiency.?45-246

Continuous flow reactors have an inherently smaller volume than the
corresponding batch reactor for a given rate, which can be allowed to operate above
ambient conditions more safely than batch processes. In addition to this, reactions
can be more finely tuned in continuous flow than in batch mode because flow reactors
can be employed under a wider variety of conditions than in batch reactors. Flow
systems allow chemists to work with minimum quantities of hazardous materials
inside the reactor at any given instant, reducing exposure risks for the chemists, and
scale-up will be possible for the products.?*’-?4¢ A more detailed discussion of the
advantages of flow reactors has been given in Section 1.3.

As discussed in Section 1.4, oxygenation of compounds is synthetically
interesting and industrially important.®> Molecular oxygen is a widely available,
inexpensive and environmentally friendly reactant and is considered as a highly
attractive oxidant. The photochemical generation of singlet oxygen ('0.), a relatively
reactive species, from molecular oxygen, has gained interest in contemporary organic
synthesis over the last decade,*? 2*° providing a green and sustainable route to
access higher oxidation state chemicals with high atom efficiency. 'O, can then
undergo a variety of useful reactions, mainly [4+2] cycloadditions with alkenes and
similar systems. From a green chemistry aspect, the route to 'O, using low energy
visible light with an appropriate catalytic photosensitiser (xanthones, anthracene or
porphyrins) is the most convenient and cleanest process.?® 'O, reacts with 1,3-
dienes via a [4+2] photocycloaddition process to form endoperoxides. A highly active

species easily converted into higher value compounds.?' However, due to the highly

i Such as better light penetration in photochemistry and avoiding the build-up of

hazardous chemicals, further details have been discussed in Section 1.3.
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reactive nature of 'O, the choice of suitable solvents for the scale-up of such photo-
oxidation is limited as they are required to be non-flammable and inefficient 'O,
quenchers.®? Thus new approaches are demanded so that photo-oxidation with 'O,
can be realised with its full potential in Green Chemistry.

The problems can be partially mitigated by using supercritical CO, (scCO;) or
liquid CO2 (ligCO2) in continuous flow processes as an alternative solvent to
traditional organic solvents. scCO. provides many attractive properties for oxidation
as it is fully-oxidised, non-flammable and non-toxic. Using inert supercritical gases as
reaction solvents is a greener alternative to using traditional, flammable or toxic
solvents.?52 209 Moreover, gaseous O is entirely miscible with CO>, which has a lower
viscosity, and higher diffusivity than more conventional solvents.?®® Also,
photophysical experiments have demonstrated that 'O, can be effectively generated
in scCO; with an extended lifetime compared to many traditional solvents.?2°: 254-256
Further details of using CO- as a solvent are discussed in Section 1.5.

Our group has developed the use of scCO,, as an alternative solvent, enabling
photo-oxidation to be carried out safely in a non-flammable and non-toxic solvent.?0%
25 Reactions include etherification?®” and acid-catalysed alkylation,?®® as well as
hydrogenation,?*® which was successfully scaled up to 1000 tons/yr.?° The photo-
oxidation of a-terpinene with 'Oz in scCO- has been conducted from a small volume
batch reactor to a larger flow reactor, with excellent space-time yield.?** Recently, the
photochemical synthesis of artemisinin was published in the strategy combining liquid

CO; and a dual-functional solid acid/photosensitiser.*®

3.1.2 Oxidation of 3.1 in a traditional solvent

In 2010, our group studied the hydrogenation of furfural in scCQO,.2%" It has been
demonstrated that the principle of real-time switching between multiple products with
a tandem flow-reactor setup to generate five products from a single feedstock is

possible. This work inspired us to apply the ‘vending machine’ concept to the photo-
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oxidation of cyclopentadiene (3.1) with 'O in CO; to obtain a number of products
selectively.

The photochemical oxidation of 3.1 is a relatively well-known reaction. It
proceeds via a [4+2] cycloaddition reaction of 'O, as shown in Scheme 3-1.252 These
reactions have been discussed in literature, concerning the generation of the
endoperoxide, 3-dioxabicyclo[2.2.1]hept-5-ene (3.2), after irradiation by visible light
at a low temperature i.e. -20 to -130 °C.?%3 Compound 3.2 is a key intermediate for
the production of the meso-cyclopent-4-ene-1,3-diol (3.3), a precursor for the
synthesis of prostaglandins.?42° Compound 3.3 also has been recognised as a
significant motif of clavulones'controlling a number of significant physiological

processes,?%® such as remarkable anticancer activity.2¢”

hV, 02 E E

@ Photocatalyst @ reducing @ . :
20t0-130°C | 52§ agent ~ HO™ “OH |

| o !

3.1 3.2 3.3 | HO w :
\__Anexample of clavulone !

Scheme 3-1. Synthesis of (1R, 3S)-cyclopent-4-ene-1,3-diol (3.3) in the literature.?®?

However, in order to isolate the endoperoxide (3.2), the irradiation and work-up
had to be carried out at ca. -100 °C due to the instability of the endoperoxide (3.2)
(decomposed at ca. -30 °C).?%® Such demanding reaction conditions are difficult to
implement for larger preparative purpose. The lifetime of 'O, is short-lived in most
organic solvents, except in halogenated solvents.?? Therefore the one-step synthesis
of 3.3 by photo-oxidation of compound 3.1 has been modified?¢®?7° to use CH.ClI or
CCl, as a solvent, which increases the lifetime of 'O, although this is at the expense
of the 3" (Less hazardous chemical syntheses) and the 5" (Safer solvents and
auxiliaries) principle of Green Chemistry.??® Jahnisch and Ehrich et al. reported a

falling-film microreactor for the photo-oxidation of 3.1, the yield of product 3.3 was

i Isolated from the Okinawa soft corals Calvularia viridis Quoy and Gaimard.
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only 20 % after reduction with thiourea.?” Moreover, a low concentration, e.g. 0.01M,
was required under the optimised reaction conditions, which therefore results in low
productivity. These conditions were necessary due to the rather unstable nature of
explosive endoperoxide intermediate 3.2, requiring a dilute solution and the relatively
long lifetime of 'O, in halogenated solvents, e.g. CH.Cl, or CCls. However, it is no
longer acceptable to use such solvents from an environmental standpoint, by EU
Directives 1999/45/EC.?"?> To meet these demands, it is believed that a greener and

safer process should be employed.

3.2 Experimental Strategy

Production of product 3.3 prompts us to try different quenching reagents to treat
active intermediate 3.2 in order to produce valuable chemicals following a daisy-chain
reaction. We demonstrated this concept using 3.1 as a single feedstock. This photo-
oxidation of 3.1 was catalysed by 5,10,15,20-tetrakis-(pentafluorophenyl)porphyrin
(TPFPP), a highly fluorinated analogue of meso-tetraphenylporphyrin (TPP), the CO--
soluble homogeneous photosensitiser.20% 203

Interestingly, apart from the synthesis of 3.3 from 3.1, intermediate 3.2 can
undergo facile transformations upon treatment under a variety of conditions. 4-
hydroxy-2-cyclopentenone, HCP, 3.4 was allegedly formed when the photo-oxidation
of 3.1 was carried out in dilute alkaline alcoholic solutions at atmospheric pressure
and room temperature.?”® Additionally, active 4, 5-epoxy-cis-2-pentenal, (3.5) (shown
in Scheme 3-2) obtained from the thermal isomerisation of 3.2, can be produced at
an appropriate temperature, further treatment of an aqueous solution of 3.5 with

H.SO. yielded furfuryl alcohol, FA, 3.6.2™
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Scheme 3-2. Compounds of interest in the different treatment after the photo-
oxidation of 3.1: Cyclopentadiene, 3.1, 2, 3-dioxabicyclo[2.2.1]hept-5-ene, (3.2),
meso-cyclopent-4-ene-1,3-diol, (3.3), 4-hydroxy-2-cyclopentenone, (3.4), 4,5-epoxy-
cis-2-pentenal, (3.5), and furfuryl alcohol, (3.6).

Other than the production of the diol 3.3 from 3.1, the other compounds
mentioned above have been relatively less studied. The enantiomers of 3.4 are
attractive to organic chemists due to their interesting features, possessing three
different functional groups on a small cyclopentyl molecule. They have been the key
starting materials for a variety of applications, most notably in one of the popular
routes to prostaglandins.?”°>?® They are derived enzymatically from the fatty acid,
arachidonic acid.?’”” Compound 3.5 has a unique structure comprising of different
active sites (such as, a,B-conjugated ketone and a terminal epoxide), susceptible to
undergoing a reaction to useful compounds, such as furfuryl alcohol, FA, 3.6, a
versatile compound being used as a fuel.

We adopted a two stage strategy. First, kinetic studies were conducted in the
batch using FT-IR and NMR. Then, the production of these chemicals was scaled-up

in the high-pressure continuous flow setup.
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3.3 Investigating the reaction of Cyclopentadiene with '0;

3.1 is very easily dimerised at room temperature, and it was freshly prepared
before each experiment. It was obtained by the distillation of dicyclopentadiene at

170 °C, being collected in a flask cooled by an ice bath.
3.3.1 FT-IR monitoring in a high-pressure batch cell

An investigation by FT-IR in-situ analysis in a high-pressure batch cell was carried
out. The experimental details were described in Chapter 2. The small scale batch
photo-oxidation rig is made up of two parts (Figure 3-1): a continuous flow section for
the preparation of the CO,/O, mixture and the batch cell illustrated in Figure 3-1. The

system pressure was maintained at 120 bar, the volume of the multi-purpose

-

COz Qs

BPR

Figure 3-1 Schematic of high-pressure batch cell. The rig consists of two parts: one
is for the mixing of CO, and Oy, another part is for the photo-oxidation in the batch
cell. M1: static mixer; Cell: batch photo-oxidation cell which is temperature controlled
using an external heating block. The cell would be positioned as a normal sample
loaded in the FT - IR after disconnecting between V1 and V2.

64



Chapter 3 Scale-up of Selective Production from Photo-oxidation of
Cyclopentadiene in CO-

photochemical and spectroscopic cell was 0.78 mL, with CaF, windows and the path
length was 1 mm. The cell was filled with CO2 and O2 such that the molar ratio of O2
to the substrate was 5:1, and TPFPP was dissolved in 3.1 with a concentration of
4 mg/mL, at 40 °C. 15 pL of the mixture of TPFPP and 3.1 was fed into the cell and
then filled with CO; and O, by opening V1 and V2 until the cell reached the desired
pressure reading from the pressure monitor, P. Finally, the cell was disconnected
between V1 and V2 before closing V1 and V2. This design was based on the
apparatus used previously for the photo-oxidation of a-terpinene in scC0,.2%% 278 The
high-pressure mixture was then irradiated for the time indicated, FT-IR spectra were
recorded after each interval of photolysis, before depressurisation.

Since the intermediate 3.2 is unstable and is difficult to isolate at room
temperature, an investigation of in-situ FT-IR analysis of photo-oxidation of 3.1 to 3.2
was conducted in the batch cell.

The cell was maintained at 40 °C during the experiments by using aluminium
heating blocks. Firstly, the spectrum of 3.1 was recorded in the high-pressure batch
cell. 8 pL 3.1 was injected into the cell using an syringe (SGE 10R-S-0.63, 10 pL), the
cell was then filled with CO, to 120 bar at 40 °C. The spectrum was shown in Figure
3-2. The peak at 1369 cm™ represents the C-H bond bending, which is an intensive
peak due to two C-H bonds. The represented peaks at 2896-3100 cm™ are assigned

to C=C bond vibration and C-H bond symmetrical stretching.
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Figure 3-2 FTIR spectrum of 3.1 recorded in the high-pressure batch cell. 8uL 3.1
was injected into the batch cell using an syringe (SGE 10R-S-0.63 10uL). The cell
was then filled with CO; to 120 bar at 40 °C.
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Figure 3-3 FT-IR spectrum of 4, 5-epoxy-cis-2-pentenal (3.5) recorded in a high-
pressure batch cell. 8uL (3.5) was injected into the batch cell using an syringe (SGE
10R-S-0.63 10uL). The cell was then filled with CO; to 120 bar at 40 °C.

66



Chapter 3 Scale-up of Selective Production from Photo-oxidation of
Cyclopentadiene in CO-

Then the spectrum of product, 5-epoxy-cis-2-pentenal (3.5) were recorded as well
under the same condition with that of 3.1, which is shown in Figure 3-3. The peaks of
1697 cm™, 1616 cm™ and 1240 cm™ were assigned to the carbonyl group, C-H bond
bending and epoxide group of product 3.5, respectively.?’® The peaks of ca. 3000 cm"’
were assigned to C-H bond of an aldehyde group, with C-H bond stretching.

Then, the spectrum of photo-oxidation of 3.1 with singlet oxygen using CO; as a

solvent was recorded in the batch cell. Freshly prepared solution of TPFPP solublising
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Figure 3-4 FT-IR monitoring of reaction of 3.1 with O in scCO, at 40 °C using TPFPP
at 120 bar during irradiation (300 W xenon lamp with a filter to cut out UV irradiation).
(a) From the start of the reaction to 7 min, shows the spectra from 1650 cm™ to 1320
cm’’; (b) At the same time range, zoom in the Red part in (a); (c) From 9 min to 19
min, the 1650 cm-" to 1320 cm™ region; (d) The enlarged Green region of (c) from
1630 cm’” to 1600 cm';(e) The enlarged Blue region of (c) from 1380cm-" to 1320
cm’. For a schematic of the reactor, please see the previous publication in our
group.?®
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in 3.1 was filled in the cell as described above, following feeding the CO,/O, to 120 bar
at 40 °C, irradiated by a single white LED array (1000 lumen, OSTAR, part code:
LEUWE3B-PZQZ-4C8F) every 20 seconds after disconnecting between V1 and V2.
Figure 3-4 shows that quantitative conversion of 3.1 to 3.2 and 3.5 can be observed
using TPFPP as photosensitiser with 6.8 % O, in scCO, during the irradiation for
19 min. The reaction was confirmed using FT-IR spectroscopy, and the peak height
at 1369 cm* was assigned to the v(C-H) bending of the starting material, 3.1. It was
observed to decrease as the photolysis time increased. Additionally, the peaks at
1616 cm™ and 1330 cm? increased in size and can be assigned to the aldehyde
v(CO) cis-CH=CH of product 3.5 and C-H of intermediate 3.2, respectively. These
results are consistent with the spectra of 3.1 and 3.5 recorded in scCO; (See Figure
3-2 and Figure 3-3). Based on the assignment preceding, the peak height at 1616cm*
and 1330 cm™? grew in size from 0 to 7 min photolysis time, until 3.1 was close to

complete conversion, seen from the decay of the peak at 1369 cm™2,
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Figure 3-5 Spectra were recorded at 20 s intervals showing: (3.1), loss of starting
material (1369 cm™); (3.2), endoperoxide (1330 cm™) and (3.5), epoxyaldehyde
(1616 cm™).
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Upon more extended irradiation period from 9 min to 19 min, the peak height at
1616 cm™" increased in size, but the peak height at 1330 cm™ decreased, although
there was no starting material left during this period. Due to this, it can be inferred
that intermediate 3.2 was converted to 3.5 at 40 °C. The kinetics of photo-oxidation
of 3.1 to 3.2 was followed using the intensity of the 1369 cm™' (3.1) and 1330 cm™(3.2)
bands, Figure 3-4.

The reaction was found to proceed with zero order kinetics (See Experimental
Section 3.9.2) under these conditions and the rate constant was 0.00251 mol'-L-s™

as fitting line showing in Figure 3-5. The monitoring of the reaction demonstrated that:
(1) Product 3.2 and 3.5 were produced under these conditions (120 bar, 40 °C); (ii

) 3.2 can be detected before decaying into 3.5, which is in agreement with the

observation from the nuclear magnetic resonance (NMR) results in the next section.

3.3.2 NMR monitoring in atmospheric pressure

After the monitoring of photo-oxidation of 3.1 using scCO, as a solvent in the
batch cell by FT-IR, we can know the kinetics for the photo-oxidation of 3.1 to 3.2.
Now, the isomerisation of 3.2 to 3.5 was monitored by NMR at 20 °C, atmospheric
pressure. The photo-oxidation of 3.1 to 3.2 was conducted in a thick NMR tube
at -78 °C, to monitor the reaction rate of 3.2 isomerising to 3.5 during this process.
CDCI; was used as the solvent, the concentration of 3.1 in CDCI; was 2.6 mM, with
TPFPP (4 mg/mL of 3.1), and oxygen was provided by a balloon filled with pure
oxygen. The tube, then, was transferred to NMR machine carefully after a time period
of 1 h irradiation. The spectra have been recorded for 5 h, shown in Figure 3-6.
Chemical shifts at 10.18~10.22 ppm and 5.29~5.32 ppm represent compound 3.5
and 3.2, respectively. The concentration of 3.5 increases as that of 3.2 decreases.
The results show that this thermal isomerisation was the first order reaction (See

Experimental Section 3.9.2), and the half-life is a couple of hours at 20 °C. These
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results helped decide the appropriate volume of the thermal isomerisation reactor to

provide the desired residence time in the flow process.
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C' = B+F*exp(-t*G)
B=3.872; F=-3.384; G=0.00008959;
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Figure 3-6 Results for the monitoring of intermediate 3.2 to product 3.5 by NMR (500 MHz) within 5 h. Compound 3.2 was prepared freshly before
monitoring, the concentration was 2.6 mM in CDCI3, at 20 °C. The traces, (a) and (b), represented the peaks changing at 610.18~10.22 ppm

(3.5) and 6 5.29~5.32 ppm (3.2), respectively.
71



3.4 Development of Daisy-Chain in Flow

Following the small-scale batch reactions and the monitoring experiments in the
high-pressure spectroscopic cell, these results suggested that it might be possible to
synthesise products 3.3, 3.4, 3.5 and 3.6 after the photo-oxidation of 3.1 in scCO: in
a scaled-up daisy-chain continuous flow setup. The reason is that the important
endoperoxide intermediate 3.2 was found to have a lifetime of the order of several
minutes, in scCO, under a range of conditions at a temperature as high as 40 °C. A
schematic diagram of the reactor system for continuous photo reactions is shown in
Figure 3-7.

A key engineering challenge for safe operation is to ensure efficient mixing
because the organic substrate is flammable, even if the CO, solvent is not itself
flammable. It can be seen from Figure 3-7 that we premix the Oz and CO, and pass
them through a static mixer (a stainless steel tube, filled with sand) before they
contact the organic stream containing starting material 3.1. The combined streams
are then passed through a second static mixer before entering the photo-reactor. This
strategy has previously been successfully used for catalytic thermal oxidation.?®° After
the photo-reactor, different arrangements of additional reactors and mixers, as well
as a quenching reagent feed, can be employed depending on the desired product
(different configurations are shown in Figure 3-7 with dashed lines). Three sets of
LED lights were used in the high-pressure experiments of this chapter, and the details
about the LED have been discussed in Chapter 2.

Initially, the photo-oxidation of 3.1 was carried out in the continuous flow photo-
reactor where complete consumption of the starting material was achieved over a
range of conditions (Table 3-1). Under both liquid CO, and supercritical conditions

(Table 3-1, entries 4-6), complete conversion of 3.1 was observed. The products were
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a mixture of 3.2 and 3.5, however, which were often obtained in different ratios due

to the unstable nature of 3.2 above -30 °C.

oo @ + o

Y

2 O, Dosing

Pum
P Rheodyne A

Static
Mixer 1

Thermal
Reactor :

[2] [%2]
i 0 :
- - . __Reagent
OrganiC ; \\‘:::“/ Feed
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' Pump 2

Static A
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Back Pressure l
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Figure 3-7 Simplified schematic of the high pressure continuous flow setup. CO; is
delivered from a chilled CO, pump and O is dosed at a known rate via a Rheodyne
dosage unit. Static mixer 1 consists of a stainless steel tubular reactor filled with sand
and provides mixing for the CO, and O,. Static mixer 2, which is also a steel tube
filled with sand provides mixing for the organic feed and the gases. Organic pump 1
is used to pump a mixture of 1 and photosensitizer. The mixture is then passed into
a high pressure sapphire tube reactor, which is irradiated by LEDs in an upward flow.
The sapphire tube is filled with glass balls (6 mm diameter) to provide mixing. After
the photoreactor is a thermal reactor which consists of 4 x tubular reactors (1/4” O.D.
0.049” wall thickness, 150 mm length) filled with glass beads (710-1180 um) in series
which could be heated with an aluminium heating jacketed.?** %" A second organic
pump is added either before (shown in blue) or after (shown in red) the thermal reactor
depending on the reaction and in some cases a third static mixer is added in (shown
in red). (A full diagram of each set-up is shown in the experimental).
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Table 3-1 Optimisation of the photo-oxidation of cyclopentadiene in the high-pressure
continuous flow reactor.?

D hV, 02 O\o O
+ —0
Solvents, 120 bar A\:/7

3.1 3.2 3.5
Flow Rate
. 02
TPFPP (mL/min) Temp. Conv.
Entry Solvent molar b
(mol %) cC) (%)

CO; 3.1 ratio

1 scCO; 0.002 1 0.05 2:1 40 33

2 scCO; 0.002 1 0.3 2:1 40 -¢

3d liqCO- 0.002 0.5 0.1 0.1:1 0 10

4 ligCO- 0.008 0.5 0.05 2:1 0 >99

5 scCO; 0.008 0.25 0.05 1:1 40 >99
MeOH/

6° 0.008 0.25 1 2:1 40 >99
scCOq

[a]: All the experiments were carried out at 120 bar unless stated otherwise. Three
sets of white light LEDs were used for these experiments, and the details about
LEDs have been talked in Chapter 2. [b]: Conversions of 3.1 were calculated by 'H
NMR Spectroscopy using biphenyl as an internal standard. [c]: At this flow rate,
blockages in the system occurred. [d]: System pressure was 1 bar. [e]: 3.1 was
pumped as a solution in MeOH (0.1 M).

To ensure that all of the endoperoxide 3.2 was converted to the Z-aldehyde 3.5,
a simple thermal reactor was added downstream after the photoreactor. This reactor
consisted of 4 x tubular reactors in series which were filled with glass beads and
heated to 40 °C to promote the isomerisation of 3.2 to 3.5. The optimal conditions
from the photo-oxidation (Table 3-1, entry 5) were run with this additional reactor,

which gave quantitative conversion to the aldehyde 3.5.
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3.5 Synthesis of products in liquid CO:

3.5.1 Production of Cyclopent-4-ene-1,3-diol

Cleavage of the O-O bond of an endo-peroxide to yield a syn-diol, which is an
attractive motif present in a range of prostaglandins,?’s is often facilitated using
thiourea as a reducing agent.282 In 2003, the production of 3.3 from 3.1 had been
studied,?®® a biphasic system was used for quenching the intermediate 3.2 directly
with thiourea during the photo-oxidation process in CH2Cl,/H20, a good vyield of 3.3
was obtained. The results of the photo-oxidation of 3.1 to 3.3 in batch reactor using
methanol as solvent at 1 atm, 0 °C showed that the yield of 3.3 was 61 % after 2 h

irradiation, with full conversion.

Synthesis of diol 3.3 in liqCO-

In order to synthesise 3.3 following the photo-oxidation of 3.1 in the continuous
CO. photo-reactor, an additional reagent stream was added downstream of the
photoreactor (See Figure 3-7, with an organic pump 2 in the blue configuration). A
number of parameters were investigated in this continuous flow reactor, the substrate,
3.1, that TPFPP dissolving well in it was mixed with CO2 and O (7.6 mol%), irradiated
by LED light, then treated by different quenching solution to obtain various products
after flowing out from BPR. The results shown in Table 3-2 demonstrate that all the
concentrations of TPFPP, 3.1 and O, solvent have effects on the yield of 3.3. The
photo-oxidation was examined at 40 °C, 120 bar (Table 3-2, entries 1 - 2), to be sure
that CO. was in a supercritical condition (critical point of CO,: 31 °C, 73.8 bar),?8® but
the elevated temperature required for the supercritical conditions resulted in
inconsistent yields throughout the experiments as the endoperoxide 3.2 can
decompose to 3.5 at the high temperatures before it could react with thiourea.
Lowering the temperature to 0 °C to increase the lifetime of the endoperoxide 3.2
(Table 3-2, entries 3-4) meant operating in ligCO., but, under these conditions, a slight
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increase in the yield of the diol 3.3 was observed. Diluting 3.1 by the addition of a co-
solvent proved to be successful in increasing the yield of 3.3, in both scCO, and
ligCO, (Table 3-2, entries 5-7). Using THF as solvent proved slightly detrimental

compared to MeOH as the lower solubility of thiourea occasionally led to blockages.

Table 3-2 Synthesis of diol (3.3) from 3.1 in a continuous flow reactor.?

O.
@ '0, E O | thiourea HO/,,Q‘\\OH

3.1 3.2 3.3
TPEPP: Flow Rate (mL-min‘) Yield®
Entry  Solvent co- CPD of 3.3
solvent
(mol %)  CO, 3.1 Thiourea (%)
1 scCO, - 0.002 1 0.2 1 22
2 scCO, MeOH  0.008 1 1(0.1M) 1 60
3 liqCO, - 0.002 1 0.2 2 33
4 liqCO, - 0.002 0.5 0.05 2 30
5 - MeOH  0.008 0.5  1(0.1M) 0.5 91°
6 igCO,  MeOH 0.008 05  1(0.1M) 0.5 94¢
7 ligCO, THF 0.008 0.5 0.1(0.1M) 0.8 80°

[a]: All experiments were conducted at 120 bar unless otherwise stated. Three sets
of LED light were involved, and the details have been discussed in Chapter 2.
Thiourea (1 M) was dissolved well in methanol before pumping into the system.
ligCO.: Liquid CO,. TPFPP was dissolved well in substrate 3.1 before pumping. [b]:
Yield was calculated by H NMR, biphenyl as an internal standard. [c]: Full
conversion. The amount of thiourea was in excess than the required amount of
guenching (3.2). Entry 1: The molar ratio of O, to 3.1 was 1:1; entries 2 to 7: The
molar ration of O, to 3.1 was 2:1. The temperature for photoreactor was 40 °C
(entries 1 and 2); was 0 °C (entries 3 to 7).

76



Chapter 3 Scale-up of Selective Production from Photo-oxidation of
Cyclopentadiene in CO-

Synthesis of 3.3 in Vortex Reactor

The synthesis of diol (3.3) was conducted in a Vortex reactor®® working at
atmospheric pressure to compare with the results in a high-pressure continuous flow
reactor. This reactor was designed in our group (Figure 3-8), which uses a shaft
rapidly rotating to generate Taylor vortices for continuous flow thermal and
photochemical reactions. For reactions with oxygen, the reactor offers an alternative
to traditional setups as it efficiently draws in air from the lab without the need
specifically to pressurise with oxygen, the further details can be found in the previous

publication.5®

Qi .& ’ K Reactant
C2ML o
T'f' N ”

" Rotating
cylinder

Coolant
IN__ |
- -
- | R
(a) (b)

Figure 3-8 Vortex Reactor (a): Showing the LEDs and mirror blocks mounted placed
around the reactor. (b): A cross-section (not to scale) of the reactor showing the
delivery and removal of reagents and the intake of oxygen.®

One of the differences between a high-pressure sapphire tube reactor and a
vortex reactor is that the vortex reactor is surrounded by LED lights, holding a shaft

in the middle. The shaft can spin at a very high speed to form Taylor vortices, oxygen
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in the air will be trapped to react with the substrate (3.1), and then products would be
pumped out. The volume of the vortex reactor was 8 mL.

Figure 3-9 shows that the yields of 3.3 are dependent on the flow rates, the
concentrations of 3.1 as well as the orders of adding thiourea. The spin rate of cylinder
maintained at 4000 r/min, and the photo-oxidation intermediate 3.2 reduced by
thiourea solution after flowing out of MasterFlex pump, unless otherwise stated. The
yield of 3.3 decreased on increasing both the concentration of 3.1 from 0.05 M to
0.2 M and the flow rate from 0.5 mL/min to 1.5 mL/min, since the residence time is
reduced in the photoreactor when increasing the flow rate. The yield of 3.3 peaked at
98 % when the concentration was 0.05 M at the flow rate of 0.5 mL/min. However,

the yield decreased when adding thiourea into the starting material at the beginning.

D Oy,hv, 1 atm, N Thiourea, 1M HO
MeOH, 5 °C @ MeOH o
3.1 TPFPP 3.2 3.3

100

90

80

70

60

50

Yield for diol (3.3)(%)

40 -

30

20 T T T T T T T T T T T
0.4 0.6 0.8 1.0 1.2 14 1.6

Flow Rate (ml/min)

Figure 3-9 Synthesis of diol (3.3) in the vortex reactor. Treating endoperoxide (3.2)
with thiourea after photoreactor, unless other stated. [a]: Adding thiourea into the
starting material solution (1.2 M).
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These resulted from less light penetration due to the fouling around the reactor, as
sulfur was produced from the reacting of endoperoxide 3.2 with thiourea.

The productivity is the highest at 4.26 mmol/h under the conditions of 0.1 M,
1.0 mL/min although the highest yield was obtained at the state of 0.05 M, 0.5 mL/min,
and the productivity at the latter condition is 1.47 mmol/h. The reason is that there is

inadequate oxygen to react at a high concentration and high flow rate.
3.5.2 Production of 4-hydroxycyclopent-2-en-1-one in CO2

Treatment of endoperoxides with a base leads to the formation of an a, B-
unsaturated carbonyl moiety containing an attached hydroxyl group (Scheme 3-3).
This type of reaction has been demonstrated enantioselectively using cobalt
complexes via Kornblum-DelaMare rearrangement?*, and more recently with chiral

cinchona alkaloid derived organocatalysts.28%-2%¢
H+
D
(G — Do
H
3.2 3.4, HCP

Scheme 3-3 Treatment of endoperoxides with base and the resultant product 3.4.

Initial treatment of 3.2 with a strong base such as NaOH yielded mainly a
polymeric material, which is unsurprising given that the product is a Michael acceptor
with a nucleophilic hydroxyl group (Table 3-3, entry 1). To prevent decomposition of
3.4 by the basic catalyst, a heterogeneous catalyst Amberlite (IR 120 Na* form) was
employed, which contains a mildly basic sulfonate group. Also having the catalyst
immobilised prevents further reaction of 3.4. While this catalyst is commonly used as
an ion exchange resin, it presented moderate activity for this transformation. However,
the system quickly blocked due to the build-up of polymeric compounds on the fixed
catalyst bed when ligCO, was used as a solvent, since this polymeric material was

insoluble in ligCO; (Table 3-3, entry 2). Repeating the experiments using a polar co-
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solvent (methanol) removed the build-up of the polymeric material, but gave an only
moderate yield of only 18 % of 3.4 after the reactor. More positive results were
obtained when switching to a homogeneous base, trimethylamine (TEA). TEA
solution was fed in downstream of the photo-reactor (see Figure 3-7, organic pump 2
in the blue configuration) and was passed through a reactor at ambient temperature
(Figure 3-7, static mixer 3) which was loaded with glass beads (710-1180 pm). An
excellent yield of 3.4, 81 % was obtained when a concentration of 0.8 M TEAin MeOH
was employed, delivered at a flow rate of 0.5 mL/min when pure 3.1 was pumped by

organic pump 1 at a flow rate of 0.05 mL/min (Table 3-3, entry 4).

Table 3-3 Synthesis of HCP (3.4) from 3.1 in liqCO..?

O.
@ '0, E O Base Hogo
—_— _—
3.1 3.2

3.4, HCP

Flow Rate (OP2, 3.1 ‘Yield for HCP,

Entr Solvent Catalyst .
y y mL/min) 3.4
NaOH (aq, _
1 MeOH 1 0.1 M Polymer + diol
0.01 M)
Amberlite IR 120
2d liqCO:2 + - NeatP Blockage
Na™ form
Amberlite IR 120
3d MeOH + - 0.1M 18%
Na™ form
4¢ liqCO:2 TEA (0.8 M) 0.2 Neat® 81%
5 MeOH TEA (0.5 M) 0.5 0.1M 84%

[a]: All of these experiments were conducted under the condition: the ratio of O, to
3.1 was 2:1, the concentration of TPFPP was 0.008 % mol of 3.1, CO; flow rate:
0.5 mL-min™', organic pump 1 flow rate: 0.05 mL-min* (ligCO; as solvent), 1 mL-min’
(MeOH used as solvent), the temperature of photo-reactor was 0 °C, three sets of
white light LEDs were employed; [b]: Neat: Only TPFPP was dissolved well in 3.1, no
co-solvent was used; [c]: Yields were calculated by "H NMR spectroscopy, mesitylene
as internal standard; [d]: 1 g Amberlite IR 120 Na+ form catalyst was loaded in the
thermal reactor before experiment starting. [e]: Optimisation reactions are referred to
Section 3.9.
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Increasing the flow rate, and hence the concentration of base, led to a reduction
in yield of 3.4, possibly as the results of the combination of decreasing the residence
time in the reactor and a higher flow rate of polymerisation of the product. Diluting 3.1
in methanol (0.1 M), further increasing the yield to 84 % when reacting 0.5 M TEA
solution at a flow rate of 0.5 mL/min (Table 3-3, entry 5). (see Table 3-7, Table 3-8,
Table 3-9, Table 3-10 in Section 3.9) The crude solution was neutralised by HCI
aqueous solution (1 M) and extracted by diethyl ether after removing MeOH.
Following on, the remaining water phase isolated from the previous extraction was
extracted by EtOAc (50 mL, 3 times), a yellow oil product HCP was obtained after

concentrating EtOAc phase.

3.6 Synthesis of products in supercritical CO:

The production of 3.5 and 3.6 from 3.1 will be discussed here. As mentioned
above, 3.5 and 3.6 are versatile compounds for organic synthesis. Compound 3.5

was obtained from the thermal isomerisation of endoperoxide 3.2.
3.6.1 Production of cis-3-(oxiran-2-yl)acrylaldehyde (3.5) in scCO2

A quantitative yield of 3.5 was achieved in the continuous flow reactor, shown in
Figure 3-7 when using scCO; as a solvent. The temperature of both the photoreactor
and the thermal reactor was 40 °C, at 120 bar, three sets of white light LEDs were
used for the photoreactor, which are presented in Table 3-4. This yield is much higher
than that obtained in the published work ("H NMR yield: 65 %),?®’ also very promising

for the production of 3.6 in the next step.
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Table 3-4 The synthesis of 3.5 in scCO,.?

hv,05,, scCO, 40 °C

o]
— A\_/CHO
3.5

)4

[ .
TPFPP, 40 °C

3.1 120 bar 3.2
TPFPP: i
CO.(mL-min®)  o,31 71 “Yield
Solvent CPD o
(mol %)  CO: 3.1 (mol)  /(°C) of 3.5

scCO2 0.008 0.25 0.05 11 40 >99%

[a]: This reaction was conducted at 40 °C, 120 bar, using scCO; as a solvent.
[b]: Both the temperature of photo-reactor and thermal reactor were 40 °C;

[c]: Yields were calculated by 'H NMR spectroscopy, mesitylene was used
as an internal standard.

3.6.2 Production of furfuryl alcohol (3.6) in scCO:2

Later on, the use of an acid catalyst instead of a basic catalyst was investigated
in this high-pressure continuous flow reactor. In this case, the intermediate 3.2 was
not reacted. However, the aldehyde 3.5, produced from the thermal reaction of 3.2,
reacted instead. Furfuryl alcohol 3.6 was observed as the primary product in the initial
batch experiments (Table 3-11 in Experimental Section 3.9). Presumably, this was
formed via an acid-catalysed opening of the epoxide by the aldehyde, which
undergoes subsequent rearrangement to yield 3.6 (Scheme 3-4). Product 3.6 is
traditionally produced from the hydrogenation of furfural at high temperature (more
than 200 °C) and catalysed by a metal catalyst, e.g. Pd.?%

Two different strategies were used for the conversion of 3.1 to 3.6 through photo-
oxidation, thermal isomerisation and acid catalysed cyclisation (Figure 3-10). The first
step was the photo-oxidation with singlet oxygen using visible light (white light LEDs)
to produce endoperoxide 3.2, followed by step 2: thermal isomerisation giving the

product 3.5, then going through step 3: acid catalysed cyclisation to the ending
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No H* %% A O
Reaction vo
3.2 3.5

/H H+
via: <O<+i_/\70
=/ HO 0
W
3.6

Scheme 3-4 Reaction of 3.2 and 3.3 conducted under acidic conditions and proposed
intermediate for the formation of 3.6.

product, 3.6. The first strategy was a daisy-chain reaction with three reactors:
photoreactor, thermal reactor (see Figure 3-7, Thermal reactor) and acid cyclisation
reactor (see Figure 3-7, Static mixer 3). Strategy 2 was a “one-pot” reaction from CPD
using a dual-functional acid-photocatalyst packed in a sapphire tube reactor. This
dual-catalyst has been prepared by anchoring a meso-tetraphenylporphyrin (TPP)
onto the sulfonated cross-linked polystyrene ion-exchange resin Amberlyst-15 (Amb-
15) providing both Brensted acidic and photo-catalytic functions to convert 3.1 into
3.6 in one step.

Initially, photosensitisers supported on solid acid catalyst (a dual-functional
catalyst) were investigated since this approach had proved successful before.3® 229 |n
the reaction with 3.1, the photosensitisers quickly bleached when using TPP
supported on Amberlyst-15 because when the photoreactor was irradiated, the outer
layer of the catalyst bleached rapidly and the mixture yielded only a trace of the
product (Figure 3-22). A longer path reactor would be required to increase the

residence time in photoreactor that provides more mixing.5® 28°
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Figure 3-10 Ouitline of two strategies for the synthesis of furfuryl alcohol (3.6).

As explained in strategy 1, a tubular reactor filled with a heterogeneous acid
catalyst was added downstream of the thermal reactor; this set-up facilitated complete
conversion of 3.1 to 3.5 before reacting with the acid catalyst (see Figure 1, organic
pump 2 and static mixer 3 in red configuration). Amberlyst-15 gave a poor yield for
3.6 while switching to the more acidic niobium phosphate (NbOPQ4), and niobium
oxide (NbOs) gave minor improvements in yield. Exchange of the solid acid catalyst
reactor with a tubular reactor filled with glass beads for mixing allowed switching to a
homogeneous acid and the addition of trifluoroacetic acid (TFA) feed gave an
excellent yield of the furfuryl alcohol 3.6, 85% (Table 3-5). PhMe, rather than methanol
diluted TFA was used above, as 3.5 can be converted to its acetal form compound
under the acidic condition in the presence of a protic solvent, methanol. In some
cases, prolonged exposure time to TFA led to further reaction of 3.6 to form the

trifluoroacetate ester of 3.6. (Section 3.9.7)
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Table 3-5 Production of 3.6 from CPD in the continuous flow reactor.

o

H
[)-© %0 4 o e 0
31 3.2 3.5 3.6

OP1 Flow Rate

Entry Solvent (mLimin)® Acid Catalyst® Yield of 3.6
1 scCO, 0.05 Amberlyst-15 24%
scCO, 0.05 NbsO20Ps 34%
3 scCO, 0.05 Nb20s 30%
4¢ scCO, 0.05 TFA 85%

[a]: Conditions: system pressure: 120 bar, both the photo-oxidation and thermal
isomerisation temperature: 40 °C, TPFPP (0.008 mol % of 3.1), the ratio of O to
3.1 was 1:1, CO; flow rate was 0.25 mL-min™, three sets of white light LEDs were
used in these experiments, unless otherwise stated. [b]: Flow Rate of Organic
Pump 1; [c]: 1 g solid catalysts were loaded in static mixer 3 (Figure 3-7) before
starting experiment; [d]: Yields were calculated from 'H NMR spectroscopy with
mesitylene as internal standard; [e]: Liquid TFA (60 mM) in PhMe was pumped by
organic pump 2 at a flow rate of 0.5 mL-min™".

3.7 The effect of CO2 on the synthesis

All these four products 3.3 - 3.6 can be synthesised in both traditional solvents
and scCO: or liquid CO, with different productivities. As we know, CO; is in a full
oxidised mode and non-flammable, which provides the advantage to be used as a
solvent, especially for the dangerous oxidation reaction as well as endoperoxide

exiting condition, CO- provides a much safer route for these reactions.
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Figure 3-11 A summary of the best yields achieved in CO: for the synthesis of
products (3.3), (3.4), (3.5) and (3.6) using the apparatus shown in Figure 3-7. The
temperatures are indicated. PR1 was loaded with glass beads (Diameter: 6 mm), and
R2 was empty unless otherwise stated. R2 was a thermal isomerisation reactor, which
was employed in process (C) and (D). As indicated in the diagram, different quenching
reagents were introduced before reactor 3 (R3), not in process (C). R3 was at room
temperature, and R2 was at 40 °C.

Figure 3-11 shows the optimum results obtained in CO2, and all the photo-
oxidation steps in the above reactions were catalysed by 0.008 mol % TPFPP,
followed by the quenching step: catalysed by thiourea in the process (A), TEA in the
process (B) and TFA in the process (D), respectively. All the four compounds, 3.3 to
3.6, could be produced in high yield (>80% for all products) by merely tuning the

temperature of reactors and the reagents pumped from organic pump 2. In contrast
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Table 3-6 The comparison of productivity in organic solvent and CO,.?

Conc. Of OP 1 Folw Productivity (mmol/h)?
Entry Product 3.1b Rate® Ino . Ivent
. (mL/min) n Organic solven In CO,
1 (3.3) 0.1 M 0.1 3.06° 5.94f
2 (3.4) Neat 0.05 5 30.9
3 (3.5) Neat 0.05 0.65¢ 36.3
4 (3.6) Neat 0.05 1.2 31.6

[a]: All these data were obtained in the work unless otherwise stated; the system
pressure was 120 bar, the concentration of TPFPP was 0.008 mol %;
[b]: Concentration of 3.1 in co-solvent; [c]: Flow Rate of Organic Pump 1;
[d]: Productivity=Concentration of Substrate x Flow rate of organic pump 1 x Yield/
Reaction Time (h); Pure: no co-solvent used; [e]: Data was reproduced from Ref42.
[f]l: Methanol was used as co-solvent; [g]: Data was printed from Ref 287.

to the reaction carried out in batch reaction or traditional organic solvents, the photo-
oxidation of 3.1 and the quenching step in COz exhibit higher productivity (

Table 3-6), providing photo-oxidation step in CO_ with higher 'O; lifetime, compared
to other solvents screened (MeOH, PhMe). These allowed a higher concentration of
feedstock in our continuous CO; system. Additionally, the productions of 3.3 and 3.6
were solvent dependent, as 3.3 was preferably prepared in polar solvents, such as
methanol, due to the solubility of thiourea. Instead, 3.6 was preferentially formed in
aprotic solvents, such as PhMe, as the side reaction was hinderred. It is challenging
to find an appropriate polar aprotic solvent, that is, greener as well as having a long
lifetime with 'O,, however, CO. can be employed as the efficient solvent in both polar

and aprotic conditions.
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3.8 Conclusion

In this Chapter, four important compounds, meso-cyclopent-4-ene-1,3-diol (3.3),
4-hydroxy-2-cyclopentenone (3.4), 5-epoxy-cis-2-pentenal (3.5) and furfuryl alcohol
(3.6), were successfully synthesised from a single feedstock, cyclopentadiene in the
continuous flow reactor. The kinetics of photo-oxidation of (3.1) were monitored by
FT-IR and NMR. Both good yields and productivities were achieved by merely tuning
the quenching reagents or reaction temperature. The productivities using supercritical
or liquid CO: as solvents are higher than that in the traditional solvents, methanol,
PhMe or THF. The yield of 3.3 and 3.4 is 94 % and 81 % in liquid COg, respectively.
The yield of 3.5 was more than 99% in scCO,, with ca. 50 times more productivity
than that using methanol instead of scCO..

In the future, a thermal reactor could be added before the photoreactor to realise
the cracking of dicyclopentadiene to 3.1 directly, due to its easy dimerisation to its
dimer at room temperature, there will be no extra distillation required before the
reaction, and useful products can be produced from cheap dicyclopentadiene.
Moreover, more functionalised cyclopentadiene derivatives will be explored in the
high-pressure continuous flow reactor using CO; as a solvent. Investigating the chiral
base for the production of HCP (3.4) enantiomers is also worth doing since there is
the possibility of building a chiral centre in compound 3.4, which is a valuable motif
for prostaglandins and antibiotics. Product 3.5 is also a good imine precursor with an

amine to synthesise pyrrole derivatives.
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3.9 Experimental

3.9.1 General information

TPFPP, thiourea, Amberlyst-15, triethylamine (TEA), 2,2,2-trifluoroacetic acid
(TFA) were purchased from Sigma Aldrich and used as received. Dicyclopentadiene
was purchased from Sigma Aldrich and distilled using standard distillation setup. Pure
cyclopentadiene distilled from dicyclopentadiene was stored at -20 °C.?®° Desired
amount of TPFPP was dissolved in 3.1 before pumping into the system. During the
reaction, starting material with TPFPP and internal standard were kept in the ice bath.
Biphenyl or mesitylene was used as an internal standard for quantification. IR spectra

were recorded on an Avatar 320 FT-IR spectrometer.

Procedures for Batch reactions

Freshly distilled cyclopentadiene(1 mL, 12 mmol), TPFPP (1 mg, 0.001 mmol)
and biphenyl (10 mol % or 1 equiv.) were dissolved in methanol (60 mL, 0.1 M). The
flask was placed in an ice bath to reach 0 °C, and a condenser was adapted, then
irradiated with LED lights while 0.1 bar oxygen was bubbled through the solution. The
progress of the reaction was checked by "H NMR spectroscopy, and the yields of the
various products were obtained from the integration against the standard internal

signals.
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3.9.2 Determination of FTIR kinetics and NMR kinetics

FT-IR monitoring

As specified in Section 3.3.1, 15 pL 3.1 solution solubilising TPFPP (4 mg/mL)
was injected into 0.78 mL cell, then filling with CO2 and O,. The molar ratio of CO-:
O2: 3.1 was 91.8 %: 6.81 %: 1.36 %. In this photooxidation process, 'O, was formed
from TPFPP and O acitivated by LED light.

Although the data are not particularly good, the figure below is consistent with a
zero order reaction because the rate does not change significantly over quite a long
period of time (e.g. the rate only depends on the intensity of the light). This has been

seen previously with a-terpinene.?%3

hv,0,, scCO, o)
40°C
— > . A\_/CHO
TPFPP, 40 °C 0 —
3.1 120 bar 3.2 3.5
15 15
= 1330cm’ a4
= 1616cm™ ]
1.2 A - 13690“’14 ..l 112
L 4
- J10
0.9 109
£ do8
2 ]
=
0.6 06
]
. loa
] -1 0.
0.3 ."-,as
..-' '. Ho2
= LE N ERETLLL
0.0 0.0

T T T T T T
1000 2000 3000 4000 5000 6000
Time (Sec)

According to the decreasing of concentration of starting material 3.1 on the FT-

IR spectrum, we can obtain the reaction rate for the photo-oxidation of 3.1 is :

d[3.1]

= 0.00251
dt

Therefore, the photo-oxidation of 3.1 under this condition was a zero order

reaction, and the rate constant is 0.00251 (mol'-L-s™).
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NMR Monitoting

The isomerisation of 3.2 to 3.5 was monitored by NMR at 20 °C, atmospheric
pressure. The photo-oxidation of 3.1 to 3.2 was conducted in a thick NMR tube
at -78 °C, to monitor the reaction rate of 3.2 isomerising to 3.5 during this process.
CDCI; was used as the solvent, the concentration of 3.1 in CDCl3; was 2.6 mM, with
TPFPP (4 mg/mL of 3.1), and oxygen was provided by a balloon filled with pure
oxygen. The tube, then, was transferred to NMR machine carefully after a time period
of 1 hirradiation. The spectra have been recorded for 5 h, shown in Figure 3-6.

Based on the NMR spectrum in Section 3.3.2, the fitting equation was obtained
according to the increasing concentration of 3.5:

Y=3.872 — 3.384exp (-8.96*10°°t)

So, the rate constant is 3.384 s, this is a first-order reaction. The rate law is:

d[ 3.5]

T =896 1073([3.2], — [3.2])

3.9.3 High-Pressure Rig operation

The high pressure continuous flow rig was built for the photo-oxidation using
HPLC pumps, connecting tubes, mixers, sapphire tube reactor, cooling bath and BPR
(Back Pressure Regulator). Compressed CO, and O» are mixed in the first static mixer,
and then the organic stream is added, and mixed with the gases in the second mixer,
the temperature in the two mixers were typically at 40 ‘C. The fluid entered into the
sapphire tube in an up-flow method, irradiated with visible light by three 5 x LEDs
mounted on an aluminium blocks controlled by a LED controller. Due to the heat
generated by the LED lights. A secondary cooling bath is used to pump around the
sapphire tube to ensure that the desired temperature was set in the reactor, typically
at ca. 40 °C was maintained. The water removed excess heat from the system during
irradiation such that the LEDs can be positioned as close as possible to the sapphire

and internal high-pressure stream for the high efficient irradiation. The system
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pressure was controlled by a BPR located after the sapphire tube reactor. Once the
reaction mixture passes the BPR, the products can be collected for further analysis.
The general operation was stated below. CO; was delivered from a chilled CO-
pump, and Oz was dosed at a known rate via a Rheodyne dosage unit. M1 and M2
(78 mm, Yainch O. D., SS316 tubes at 40 °C) represent the mixers loaded with sands.
The CO; and O; were passed through M1 and then mixed with organic solution
pumped by organic pump 1 in the mixer 2, M2; OP1 and OP2 represent the Jasco™
organic pump 1 and Jasco™ organic pump 2, respectively. OP2 was used to pump
variable reagents for different products. Then, the mixture going through preheater 2
and/or reactor 3 were flowed out continuously via a Jasco™ BP-1580-81 back
pressure regulator, BPR, before irradiated in a high-pressure sapphire tube reactor,
Photoreactor 1 (Saint-Gobain Crystals, 10 mm 0.d., 1 mm wall thickness, 120 mm
long), which were collected in a vessel and then analysed by '"H NMR. LED lights:
5xCitizen Electronics Co. Ltd 1000 lumen). Reactor 2 was four 156 mm 4 inch SS316
tubes. 40 °C. Reactor 3 was 156 mm % inch SS316 tubes, room temperature. The
total pressure was 120 bar unless otherwise stated. Solid catalysts were loaded in
Reactor 3 before starting the reaction. All continuous flow experiments were carried
out in this rig unless otherwise stated. The set-up was slightly different when different
products were produced. Product 3.3 and 3.4 were synthesised in rig 1, shown in
Figure 3-12, product 3.5 was produced in rig 2, shown in Figure 3-13, and product

3.6 was synthesised in rig 3, shown in Figure 3-14.
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3832 [ j
V5 vi T 2 V3 \ 7 >~ /) T !

Return Check T\
valve 2 O, Dosing

L System

CO, Pump 7 7
Thermal
Reactor

yceroll:1

CO; Cyclinder 3667 3666 -
O, Cylinder
Trip Box |——— -
i A
I
|
Lo , 5822
Products
HPLC Pump 2
5587 _%_
va Acid Sol.
i
777777777 i LED Light
HPLC| Pump 1 ) ( 9
© ) C Variable
Cooling
RSUbstfﬁl_tel D d Bath:H,O/Gl
eservoir ) (

=" photor
Photoreactor 1

|:| Pressure Monitor <T Temperature
Heating Non-return Check Valve
- Picologger T
Temperature
Pressure transducer Monitor % Valve

Thermocouple

1/16" Stainless Steel Pipe M1 and M2: Mixers

—— Electric Power Cable (From Trip) ———— Data Cable(To Trip)

Figure 3-12 Diagram of rig 1 for the synthesis of products 3.3 (pumping thiourea from
organic pump 2) and 3.4 (pumping TEA from organic pump 2). An extra organic pump
2 and thermal reactor (one tubular reactor, 1566 mm in length) were added based on
the general diagram in the Experimental (Figure 2-4).
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Figure 3-13 Diagram of rig 2 for the synthesis of product 3.5. An extra thermal reactor
(4x tubular reactor, 156 mm in length) was added between photoreactor and BPR.
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Figure 3-14 Diagram of rig 3 for the synthesis of product 3.6. Two more tubular
reactors and one extra organic pump was added between photoreactor and BPR
based on the general diagram in Chapter 2 (Figure 2-4).
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3.9.4 Characterisation of NMR data

4 2,3-dioxabicyclo[2.2.1]hept-5-ene (3.2)
1 O\
E , © H NMR (300 MHz, Chloroform-d) 5 6.47 (t, J = 2.1 Hz, 2H, H2 +
2

H2)), 5.27 (m,, 2H, H1 + H1’), 2.10 (t, J = 1.7 Hz, 2H, 2xH3).

Meso-cyclopent-4-ene-1,3-diol(3.3)
"H NMR (300 MHz, Chloroform-d) & 6.01 (s, 2H, H2 +
5 H 4 H2),4.66(m,2H H1+HT),2.72(d, J=14.3,7.2Hz, 1H,
H.. 2 1 OH
& Hov : H5), 1.55 (d, J = 14.3, 3.7 Hz, 1H, H6).
(R
2 3C NMR (300 MHz, Chloroform-d) & 136.7 (C2 + C2),
75.2 (C1 + C1’), 44.0 (C3). The data is agreement with

the literature.?%®

4-hydroxycyclopent-2-en-1-one (3.4)
"H NMR (300 MHz, Chloroform-d) & 6.47 (t, J = 2.1 Hz, 2H,
s ! H2 + H3), 5.27 (m,, 2H, H4), 2.10 (t, J = 1.7 Hz, 2H, 2xH5).
! H04<j2 13C NMR (300 MHz, Chloroform-d) & 207.5 (C1), 163.1 (C2),
135.1 (C3), 70.5 (C4), 44.4 (C5). The data is agreement with

commercially obtained samples.

(2)-3-(oxiran-2-yl)acrylaldehyde (3.5)

"H NMR (300 MHz, Chloroform-d) 5 10.17 (d, J = 6.6 Hz,

6 1 /O
H O
4 1H, H1), 6.24 — 6.05 (m, 2H, H2 + H3), 4.23 — 4.11 (m, 1H,
H 72
6

5 H4), 3.16 (dd, J = 5.4, 4.2 Hz, 1H, H6), 2.77 (dd, J = 5.4,
2.5 Hz, 2H, H6').
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13C NMR (101 MHz, Chloroform-d) 5 190.2 (C1), 148.0
(C2), 133.2 (C3), 48.9 (C5), 47.5 (C4).The data is

agreement with the literature.?®"

furan-2-ylmethanol (3.6)

2, 'H NMR (400 MHz, CDCl3) & 7.40 (dd, J = 1.9, 0.7 Hz, 1H,
1 &OH 7 H1), 6.34 (dd, J = 3.2, 1.9 Hz, 1H, H2), 6.29 (dd, J = 3.2, 0.7

O 4

5 6 Hz, 1H, H3), 4.61 (d, J = 5.0 Hz, 2H, 2xHG6). The data is

agreement with commercially obtained samples.
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3.9.5 Representative 'H and *C NMR spectra
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Figure 3-15"H NMR of mixture 3.2 and 3.5 in CDCls.
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Figure 3-16 "H NMR of compound 3.5 in CDCls.
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Figure 3-18 3*C NMR of compound 3.3 in CDCI3.
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3.9.6 Optimisation of HCP

Table 3-7 The NMR yield of HCP dependent on the concentration of TEA and flow
rate. The molar ratio of O to 3.1 was 1:1.

@ hv, 0, 120 bar |20 | TEA O o +HO\©¢O
scCO, 0°C @ MeOH u\:ﬁ

3.1 O,: CPD=1:1 3.2 3.5 HCP, 3.4

TEA  CO2FR Org. Pump Org. Pump Yield (%)

Entry . . .

Conc. (ml:min?) 1(ml-min®) 2(ml-min") pep 32 35
1 0.15M 0.25 0.05 1 3 33 7
2 0.15M 0.25 0.05 0.5 44 1 7
3 0.15M 0.25 0.05 0.3 41 1 20
4 0.15M 0.25 0.05 0.2 25 14 13
5 0.15M 0.25 0.05 0.1 38 <1 24
6 0.15M 0.5 0.05 0.1 33 <1 44
7 0.3 M 0.25 0.05 0.5 37 3 10
8 0.3 M 0.25 0.05 0.8 53 1 15
9 0.6 M 0.5 0.05 0.3 43 0 22
10 0.6 M 0.5 0.05 0.5 62 <1 7
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Table 3-8 The NMR yield of HCP dependent on the concentration of TEA. The molar
ratio of Oz to 3.1 was 1:1.

Entry TEA CO,FR Org. Pump Org. Pump Yield (%)
Conc. (mL/min) 1(mL/min)  2(mL/min) pcp 3.2 35
1 0.6 M 0.5 0.05 1.0 62 0 21
2 0.6 M 0.5 0.05 0.8 48 0 8
3 0.6 M 0.5 0.05 0.5 56 0 7
4 0.6 M 0.5 0.05 0.3 56 0 11
5 0.8M 0.5 0.05 0.3 56 0 9
6 0.8M 0.5 0.05 0.5 49 0 6
7 0.8M 0.5 0.05 0.8 47 0 5
8 0.8M 0.5 0.05 1.0 47 0 10
9 1.0M 0.5 0.05 1 48 0 19
10 1.0M 0.5 0.05 1.2 46 0 5
11 1.0M 0.5 0.05 0.8 42 0 1
12 1.0M 0.5 0.05 0.5 43 0 3

Table 3-9 The NMR yield of HCP dependent on the concentration of TEA. The molar
ratio of Oz to 3.1 was 2:1.

Entry (Et),N CO-Z Org. Pgmp Org. Pu_mp vield (%)
Conc. (ml-min?t)  1(ml-mint) 2(ml-min?) HCP 3.2 35
1 0.6 M 0.5 0.05 0.3 54 <1 10
2 0.6 M 0.5 0.05 0.5 49 <1 8
3 0.6 M 0.5 0.05 0.8 47 <1
4 0.6 M 0.5 0.05 1 42 <1
5 0.6 M 0.5 0.05 1.2 48 <1 1
6 0.8 M 0.5 0.05 0.1 66 0 16
7 0.8 M 0.5 0.05 0.3 52 0 4
8 0.8 M 0.5 0.05 0.5 50 0 9
9 0.8 M 0.5 0.05 0.8 42 0 6
10 0.8 M 0.5 0.05 45 0 6
11 10M 0.5 0.05 42 0 1
12 1.0M 0.5 0.05 0.8 47 0 8
13 1.0M 0.5 0.05 0.5 45 0 1
14 1.0M 0.5 0.05 0.3 52 0 8
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Table 3-10 The NMR yield of HCP dependent on the concentration of TEA. The molar
ratio of Oz to 3.1 was 2:1.

CO, FR Org. Pump  Org. Pump Yield (%)

Entry TEA Conc.
y (mi/min)  1(mlmin)  2(mi/min) pep 32 35

1 No 0.5 0.05 - 0 86 14
2 0.8 M 0.5 0.05 0.2 81 0 <1
3 1.0M 0.5 0.05 0.1 58 0 12
4 1.0M 0.5 0.05 0.2 78 0 3
5 1.0M 0.5 0.05 0.25 58 0 6
6 15M 0.5 0.05 0.1 53 0 8
7 15M 0.5 0.05 0.2 51 0 5
8 1.5M 0.5 0.05 0.3 62 0 4
9 12M 0.5 0.05 0.3 48 0 2
10 12M 0.5 0.05 0.2 55 0 2
11 1.2M 0.5 0.05 0.1 62 0 3

3.9.7 Acid catalysts screening for the production of 3.6

Procedure for the solid acid catalyst screen: 3.5 was used as starting material
(17 mg, 0.17 mmol) added in a flask with 1 mL concentrated H>SO4 (Entry 1) or 17
mg solid acid catalyst (Entry 2 to Entry 6), 5 mL H>O as solvent, stirring 2 hours, room

temperature. The results are depicted in Table 3-11.
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Table 3-11 Screen of various solid acid catalysts to produce FA in batch conditions.

ﬁ\zf o _Acid @/\OH
3.5

3.6: FA
Selectivity
Entry Acid Catalyst Substrate FA:
FA (3.6) HCP(3.4)

HCP
1 0.01%Wt H2SO4 3.5 - major trace
2 Amb-15 35 31 - -
3 NbP 3.5 - major trace
4 NbO 3.5 - trace trace
5 TPP@AmMb-15 3.5 1:3 - -

aTetrahedron, 1971, 27, 2631-2637; Full conversion was achieved in all
experiments.

Sapphire Tube reactor

Flow Direction

LED Light

Figure 3-22 Synthesis of 3.6 in Strategy 2. This picture shows that the LED light only
stayed on the outer layer of packed TPP supported Amberlyst-15, which was difficult

to penetrate into the inner part of TPP supported Amberlyst-15. This explains why this
photo-oxidation of 3.1 was not efficient.
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Cyclopentadiene in CO-

Study for the byproduct

‘difurfuryl ether (2,2'-(oxybis(methylene))difuran)’ or ‘furan-2-ylmethyl
2,2, 2-trifluoroacetate’?

o ° Wi
VA 2w

F
2,2'-(oxybis(methylene))difuran furan-2-ylmethyl 2,2,2-trifluoroacetate

(a) (b)
Scheme 3-5 Scheme of possible by-product in the synthesis of 3.6

The 2D NMR results (Figure 3-23) showed that: the left black parts of compound
(a) (Scheme 3-5) exists, and further investigation should be done to confirm the right
red part. 'H NMR (400 MHz, Chloroform-d) & 7.50 (dd, J = 1.9, 0.8 Hz, 1H), 6.57 (d,
J = 3.2 Hz, 1H), 6.43 (dd, J = 3.3, 1.8 Hz, 1H), 5.34 (s, 2H); or '"H NMR (400 MHz,
Chloroform-d) 6 7.50 (dd, J = 1.9, 0.8 Hz, 2H), 6.57 (d, J = 3.2 Hz, 2H), 6.43 (dd, J =
3.3, 1.8 Hz, 2H), 5.34 (s, 4H). *C NMR (400 MHz, Chloroform-d) 6=157.6, 144.3,

112.6, 110.6, 60.5.2™
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Figure 3-23 NMR resuilts for the analysis of by-product in crude solution.

So, for the identification of the by-product, normally, first, we can use GC-MS to
confirm it, but the proper concentration of sample for GC-MS should be prepared.
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Cyclopentadiene in CO-

Second, we ran the 'F NMR (Proton decoupled) to see the fluorinated by-product.
The result was shown in Figure 3-24. When further to convert furfuryl alcohol to the
by-product, we found furfuryl alcohol always existed. It might be an equilibrium
reaction happened, as shown in Scheme 3-6. If H,O was removed during this reaction
when enough dry molecular sieve with micropore in the surface added, furfuryl alcohol
should disappear at last, and pure by-product can be obtained to do further analysis

and confirmation.

w_lin.LW110-0.75 M-2 days later.1.fid

Slot No. 46 Sample ID LW110-0.75 M-2 days later SupervisorID georg Lab Phone No. x UserID w_lin 250 3400

200 3200
150 3000
100 2800
50 2600

0 2400

. . . . .
7475 -74.80 -74.85 -74.90 -74.95 [ 2200
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Figure 3-24 "°F NMR (proton decoupled) results in CDCls of by-product in the process
of synthesis of 3.6.

(0]
o TFA O F
MOH E)/\ONF + H,0

Toluene F

Scheme 3-6 A possible equilibrium for the by-product when 0.1 mmol of furfuryl
alcohol was added into 10 mL Toulene with 0.5 M TFA stirring for overnight.

The results for the reaction with molecule sieve demonstrated that the unknown
by-product should include a fluorine atom, but cannot be detected by 2D NMR, which

is hard to confirm the trifluoroacetate group. It is still mystery that the by-product is
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difurfuryl ether (2,2'-(oxybis(methylene))difuran) or furan-2-ylmethyl 2,2,2-
trifluoroacetate. Therefore, FTIR is more sensitive to the ester group and ether group
and was used to analyse the by-product further. The spectrum was shown in

Figure 3-25, which showed that the ester group was existing in this by-product.
The ether group was included as well. Combining the NMR and FT-IR results, we can

confirm that the by-product is furan-2-ylmethyl 2,2,2-trifluoroacetate.

1.0
| —?iAproduct o
E
0.8 - @/\O&F
| F
0.6

1782 cm ' Ester

Absorbance (%)

2000 1800 1600 1400 1200 1000

Wavenumber (cm’')

Figure 3-25 FT-IR spectrum recorded as a thin film. The pathlength was 200 um.
By-product was dissolved in Heptane.
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Chapter 4 Synthesis of Unsaturated lactones from the Photo-oxidation of Fulvenes

Chapter 4. Synthesis of Unsaturated

lactones from the Photo-oxidation of

Fulvenes

In this Chapter, a new route is proposed to synthesise a range of unsaturated
caprolactones in our high-pressure continuous flow photoreactor using supercritical
COg; as a solvent. Caprolactones are mainly used as a monomer for the manufacture
of specialised polymers, and its market demand is beyond 60 kilotons annually.°? |t
is mostly synthesised in industry by the Baeyer-Villiger oxidation of cyclohexanone
with an equivalent of peracetic acid.

An introduction to the background of fulvenes and lactones is presented in
Section 4.1, including a description of typical Bayer-Villiger oxidation procedure for
the synthesis of lactones. Section 4.2 explains the process development for the
photo-oxidation of fulvenes, synthesised from cyclopentadiene with aldehydes or
ketones, to access lactones.

Section 4.3 presents initial results obtained from the photo-oxidation of 6,6-
dimethylfulvene (4.1a) leading to the caprolactone (4.2a). These results include the
optimisation for the synthesis of 4.2a, dependence on the co-solvent and flow rate of
COg, as well as other competing pathways in this process. Section 4.4 investigates

the scope of fulvenes with different functional groups. The presence of functional
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groups on the fulvenes including alkyl groups, sterically bulky groups, aromatic
groups as well as other electron donating groups and electron withdrawing groups
affect the photo-oxidation step of this reaction, hence gave different yields of the
corresponding lactones. One of the lactones obtained contained a spiro centre. Ways
to add further value to some of these lactones are explored in Section 4.5.2. These
consist of the valorisation of product lactones via hydrogenation or additional
photochemistry.

It should be noted that the experiments described in this Chapter were carried
out in collaboration with Dr Darren S. Lee and Dr Hamza Boufroura. Most of the work
in this Chapter has been published.?®® The role of the author was to carry out all the
high-pressure photo-oxidation reactions and the UV reactions for further value

investigations. The batch and flow procedures are described in Section 4.7.

4.1 Background

4.1.1 Properties of Fulvenes

Fulvenes constitute an important class of organic compounds that present a
unique tr-electron system due to their cyclic cross-conjugated structure (Scheme
4-1), °*in which the R" and R? may be alkyl, hydrogen, aryl or other groups. Fulvene

itself is an unsubstituted compound, CsHs, where R' = R2 = H.

Scheme 4-1 Generalised structure of fulvenes.

Fulvene is an isomer of benzene but has very different colour and reactivity. The

history of fulvenes began with the discovery of pentafulvenes at the beginning of the
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20" century by a German chemist, Johannes Thiele.?®®> Fulvenes are mainly
synthesised via two different methods: (a) by condensation of cyclopentadiene with
carbonyl compounds in the presence of a small amount of base, proposed by
Thiele;>*® and (b) by use of Grignard reagents (RMgX) to catalyse the reaction of an
aldehyde with cyclopentadiene.?®” In method a, the base acts both as a deprotonating
agent and also as a catalyst in the dehydration step. The reaction is fast and easily
monitored by the appearance of a yellow to red colour. Method b gives products which
are somewhat easier to purify than Thiele’s method, but the yields are considerably
lower.2%8

Fulvenes are of general synthetic interest and are recognised as valuable
synthons for the construction of a wide range of compounds 32 2%4.299-301 hecause they
display multiple cycloaddition profiles. All the fulvenes are intensely coloured and their

colour is due to “cross-conjugation” since the aromatic isomer itself is colourless.3?
The most prominent feature of fulvenes is the relatively high polarisation of the
exocyclic olefin and the resulting electropositive character at the exocyclic carbon
atom. In terms of their bonding and reactivity, fulvenes occupy a position intermediate
between open-chain olefinic molecules and delocalized aromatic systems.303-304
Fulvenes can undergo many different reactions, such as Diels-Alder reactions,3%

hydrogenations,?®® the addition of halogens and oxygen®” as well as

polymerisation.3®

4.1.2 Caprolactones

Lactones have found broad application as critical molecules for the synthesis of
important bioactive compounds, natural products and polymers; and represent a

valuable family of synthons for various organic transformations.?®® They are a

i Cross-conjugation is a special type of conjugation in a molecule, when in a set of three
Pi bonds only two pi-bonds interact with each other by conjugation, the third one is exclude

from interaction.
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common structural motif within the chemical compounds that are used for
transmission of information (semiochemicals) in different creatures, such as insects®'°
or bacteria.®"" For example, 40 of the 436 structures listed in a recent review on insect
pheromones are lactones.®'® Lactones are also found in a family of flavours and
fragrances leading to an increasing demand for these substances.3'313

Aliphatic polyesters are a group of remarkably biocompatible and biodegradable
polymers and are widely used in biomedical applications.?'* To date, the 7-membered
ring monomer e—caprolactone has been the most widely studied lactone in enzymatic
polymerisation.®’® One of the reasons that these polymers have been received
considerable attention is its good biodegradability, biocompatibility and thermoplastic
properties. They have been investigated extensively in many groups, such as Shiro®'¢-
318, Zhao®'®, Matsumura®?®, Spinella®?!, Meijer®??, Heise3?*-3%4  Katja®?®. Hence, it is
important to consider how the monomer ¢ - caprolactone is being synthesised.

Since the Baeyer-Villiger reaction (B-V reaction) was first reported in 1899, it has
been a useful method for converting ketones (readily available building blocks in
organic chemistry) into higher value and complex esters or lactones.?? In this early
work, Caro’s acid (H>.SOs) was used to provide the oxygen for the oxidation of
menthone to the corresponding lactone (Scheme 4-2). This Caro’s acid version of the
Baeyer-Villiger reaction is highly attractive for practical applications because the
catalytic transformation simplifies the processing conditions while using minimal
reactants as well as producing fewer pollutants. Further benefits were expected by
the use of current, more sustainable oxidants, which mainly consist of organic
peracids (such as 3-chloroperbenzoic acid and peracetic acid),3?-28 bis(trimethylsilyl)
peroxide®?® and hydrogen peroxide®%33'. Due to the high cost and sensitivity,
instability and potential explosiveness, the applications of these peracids were difficult
to extend.3*? Various heterogeneous®¥33** or homogeneous®®33% catalytic system

have been reported in recent years. For example, Corma and co-workers developed
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H,SOg e}
(6]
: © B-V reaction H
PN PN
menthone caprolactone

Scheme 4-2 Oxidation of menthone with Caro's acid (Baeyer-Villiger reaction).3%°

an efficient and stable Sn-zeolite beta catalyst for the Baeyer-Villiger oxidation of
saturated as well as unsaturated ketones by hydrogen peroxide, which showed good
catalytic performance.®* In addition to the catalyst, the use of solvent could also play
an important role in Baeyer-Villiger oxidation,° such as the use of perfluorinated
alcoholic solvents like 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) in the absence of
catalysts allowed electrophilic activation of hydrogen H;O, toward epoxidation of
alkenes and the Baeyer-Villiger oxidation of ketones.

Molecular oxygen has also been employed in the production of lactones, and in
this case, the sacrificial agents are required, such as aldehydes that are converted to
acids after the reaction. Both Li’s and Ishii’s groups have studied the oxidation of a
mixture of cyclohexanol and cyclohexanone to caprolactone with molecular oxygen
using Ce(NH.)2(NOs)s as a catalyst.33* 31 In this conversion, the sacrificial agent is
cyclohexanol, which it is oxidised with O to cyclohexanone, with hydrogen peroxide
produced, then into caprolactone rather than byproducts. It was found that the cerium
could perform both as a good radical initiator and an activator for the hydrogen

peroxide in the oxidation step for the production of caprolactone (Figure 4-1).
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Cycle A, H,O, production Cycle B, H,0, utilisation

CAN
2 x HpOp,——> 2Ce-OOH

o]
; ZCe-OH/ ;

/
(6]
0 CAN/HHA <:><0‘0><:>
CANHHA
2 0-0

0-0 H,0
Side reaction <:>< —_— OH

0-0 HHA

Figure 4-1 Proposed mechanism of aerobic oxidation of a mixture of cyclohexanol
and cyclohexanone to caprolactone catalysed by NHPI and CAN.**" CAN represents
Ceric ammonium nitrate.

Most production methods for e-caprolactone have applied the principles of the
Baeyer-Villiger reaction, which requires the use of organic peracids or organometallic
catalysts. It also has a high economic and environmental cost, together with a high
risk of explosion due to the need for organic solvents and unstable reagents. As the
demand for sustainable chemistry increases, an alternative method for the production
of caprolactone is worth developing. The transformation of fulvenes to unsaturated
lactones has been reported by Genf and co-workers, using a photochemical method
on a small scale.3#?

Hence, the application of this methodology to the synthesis of caprolactones is

proposed as a greener/sustainable alternative route.
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4.2 Process development from Cyclopentadiene to Fulvene

Fulvenes are composed of one conjugated odd-numbered ring and an exocyclic
cross-conjugated double bond (Scheme 4-3). The structure of these molecules has
many similarities to that of cyclopentadiene, the photo-oxidation of which has been
successfully investigated in high-pressure continuous flow CO; reactor, as described
in Chapter 3. In fact, fulvenes were first observed by Thiele when he was investigating
the reactivity of cyclopentadienes.?*® He found that cyclopentadiene is reactive
towards condensation with aldehydes and ketones with the help of a base (Scheme
4-3).2% 344 This condensation reaction between cyclopentadiene and aldehydes or
ketones is still, more than 100 years later, the most popular used procedure for the

preparation of fulvenes and has also been used in the work presented in this chapter.

0 Base R’ l R
I+ Ly —
R R -H,0
Cyclopentadiene Fulvene, 4.1

Scheme 4-3 General scheme for the synthesis of 6,6-disubstituted fulvenes.

The structure of fulvenes (Scheme 4-3, 4.1) are closely related to
cyclopentadiene, and hence the photo-oxidation of such derivatives also leads to
unstable peroxide intermediates, as shown in Scheme 4-4. The endoperoxides of
fulvene derivatives decompose via a radical based opening of the peroxide to form a
Z-enal containing an epoxide moiety (ll), much like what is seen for cyclopentadiene
(Scheme 4-4). The additional functional group of fulvenes leads to further
transformation products (lll), the arrangement of which ultimately yields a 7-
membered lactone containing a Z, Z-diene (4.2), which is a structure of

caprolactone.3#?
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Scheme 4-4 The photo-oxidation and thermal degradation products of a)
cyclopentadiene and b) fulvenes.

Previous reports of these reactions and the decomposition products have
primarily been conducted on a small or analytical scale. In 1972, Uda and co-workers
investigated the photosensitised oxidation of 6, 6-disubstituted fulvenes irradiated at
room temperature, using benzene as solvent for 8 hours, forming a 7-membered ring
containing compound, 2(3H)-oxepinone derivative (19 %), shown in Scheme 4-5.345
Studies into solvent dependence in the photochemical oxidation of 6,6-

dimethylfulvene were also performed in the same group.3*® They observed that the

R! 1 R2 3 R2
R
/ R? 1.10 o isomerisation ¥ o
-2 on silica gel
—— | o —//m— || o
2. decomposition _ __
Fulvene 2(3H)-oxepinone 2(3H)-oxepinone

Scheme 4-5 Photo-oxidations of 6,6-disubstituted fulvenes have been studied

previously.**’
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synthesis of productive 2(3H)-oxepinone via an allene oxide intermediate, was more
effective when directly irradiated by UV in benzene, carbon disulfide, chloroform or
acetone, than in methanol, and among the solvents used acetone seems to be the
most suitable solvent for the preparation of the oxepinone. However, as acetone is
highly reactive with the intermediated endoperoxides (1), this can also yield unstable
trimer forms as studied previously.®*” Treatment of these fulvenes (300 mg scale) in
alkaline methanol solution yielded furan derivatives after irradiation with a high-
pressure mercury lamp for 20 hours.3#834° |nterestingly, it has been observed that a
monosubstituted 2(3H)-oxepinone, synthesised from the reaction a 6-
monosubstituted fulevene, can isomerise to 2(7H)-oxepinone during the purification

on silica gel (Scheme 4-6).3°

R2

H 2 (0]
R? . HORY 0 | isomerisation Y

/ 1.°0 on silica gel o
o o N

2. decomposition _ H

H
Fulvene 2(3H)-oxepinone 2(7H)-oxepinone

\ J

Scheme 4-6 Photo-oxidation of 6-monosubstituted fulvenes and purification.>®°

Previously studied photo-oxidation of fulvenes into 2(3H)-oxepinone and
subsequent rearrangement to 2(7H)-oxepinone, the most notable feature common to
fulvene endoperoxides is the fact that the rupture of the labile O-O bond leads to
reactive intermediates such as allene oxides and cyclopropanones (Scheme 4-4).
The latter had been implicated as likely precursors of oxepinones via
electrocyclisation of the transient cyclopropane derivatives; the proposed mechanism
was verified by trapping experiments with cyclic 1,2-dienes.?*'3% Recently, an
unusual hydroxyl effect on fulvene endoperoxide decomposition was observed in the

presence of a hydroxyl group on an alkyl or aryl group attached to the fulvene
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exocyclic double bond.*** As well as yielding oxepinone, furan was formed as an

unexpected second product. (Scheme 4-7)

HO
)y OH Oy, hv, TPP . o . /=0  CHO

CH,Cl,, -78°C-RT

Scheme 4-7 photo-oxidation of fulvene with a hydroxyl group leading to oxepinone
and furan. RT: Room Temperature.

Continuous flow reaction offers several advantages when generating compounds
that are either highly reactive or unstable.?*® Reactors and systems can easily be
engineered to allow for the addition of quench streams or reagent feeds, meaning
that unstable intermediates can quickly be reacted to form more stable compounds,
and more efficient for scaling up. Furthermore, parameters such as temperature and
pressure can be monitored at multiple points throughout the system to match with the
necessity of the desired experiment. In this project, our high-pressure continuous
photoreactor was employed to the photo-oxidation of fulvenes to exploit this relatively
underutilised transformation enabling the production of potentially scalable quantities

of these useful synthetic building blocks.

4.3 Optimisation of the photo-oxidation of 6,6-dimethyl

fulvene

The high-pressure equipment used in this study has been presented in
Section 3.4, and the same setup was used for the production of epoxyaldehyde (3.5).

A simplified diagram of this setup is shown in Figure 4-2.
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Figure 4-2 Simplified schematic of high pressure continuous flow setup.?*®> CO; is
delivered from a chilled CO,; pump and O; is dosed at a known rate via a Rheodyne
dosage unit. The gases are then mixed in a stainless steel tubular reactor filled with
sand (Static Mixer 1) before the organic reagents are introduced and the components
remixed (Static Mixer 2; consisting of a stainless steel tube filled with sand). Organic
Pump 1 is an HPLC pump which delivers a solution of photosensitiser and fulvene.
The photoreactor consists of an upward flow sapphire tube which is filled with glass
balls (6 mm diameter) and is irradiated from the outside using white light LEDs.
Downstream of the photoreactor is a Thermal Reactor, consisting of four stainless
steel tubular reactors linked in series and housed in an aluminium heating block. The
Back Pressure Regulator is used to maintain the system pressure and to release the
reaction mixture continuously. Further details are provided in the experimental
Section 4.7.

The investigation began with 6,6-dimethylfulvene 4.1a as the model substrate
because this fulvene is a liquid at ambient temperature and can be synthesised
quickly on a large scale from acetone and cyclopentadiene.**3% The conditions
which have been explored in Chapter 3 for the photo-oxidation of cyclopentadiene
were used as a starting point.2*” The COz-soluble photosensitiser TPFPP was chosen
as the catalyst for the reaction as it had been successfully applied in the previous

system.?%® As 4.1a is quite a viscous oil, a co-solvent was utilised so that the mixture
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could be pumped with minimal blockages; initially, methanol was chosen. The first
reaction was conducted at 120 bar and 40 °C, and the flow rates of the CO, and
organic pump 1 were 0.25 mL/min and 0.1 mL/min, respectively; the concentration of
4.1a in methanol was 0.1 M. The photo-oxidation of 4.1a and subsequent
decomposition of the endoperoxide in methanol led to a full conversion of the fulvene
and a mixture of products with the expected lactone 4.2a as the major product

Scheme 4-8.
0
J 10,, scCO, o © / O
A > N/ OH OH
4.1a 4.2a 4.3a 4.4a

Scheme 4-8 Photo-oxidation of 4.1a in supercritical CO,.

As highlighted in Table 4-1, different products ratios of 4.2a: 4.3a: 4.4a could be
obtained merely by changing the parameters of the flow reactor. A possible
explanation for these products is presented below. Increasing the concentration of
4.1a from 0.1 M to 1.0 M resulted in a slight drop in conversion (94 %) and decreased
amount of 4.2a (Table 4-1, entry 2). The yield of 4.2a and 4.4a dropped with
decreasing temperature of the photoreactor and thermal reactor from 40 °C to 20 °C,
but the yield of 4.3a increased slightly (Table 4-1, entry 3). Diluting the reaction
mixture by increasing the CO; flow rate (hence lowering the concentration of 4.1a in
the reactor as the organic flow rate remained constant) increased the yield of 4.2a to
52 % and 55 % at 0.5 mL/min and 0.75 mL/min of CO., respectively (Table 4-1,
entries 4-5). Reducing the concentration of 4.1a in methanol also improved the yield
and selectivity towards 4.2a (Table 4-1, entry 6). Replacing methanol with the aprotic
solvent EtOAc appeared to inhibit the formation of 4.3a and also led to a slight
increase in the yield of 4.2a (Table 4-1, entry 7). Increasing the temperature of the
thermal reactor to 80 °C provided a further increase in the yield of 4.2a to 66 % (Table

4-1, entry 8).
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Table 4-1 Conditions in high-pressure continuous flow reactor affecting the ratio of
formation of 4.2a, 4.3a and 4.4a from 4.1a.?

Entry Conc. CO;Flow Rate Temp. Co- Yield (%)
(M) (mL/min) (°C)> solvent 454 433 4.4a
1 0.1 0.25 40/40 MeOH 37 14 49
2°¢ 1.0 0.25 40/40 MeOH 28 13 35
3 0.1 0.25 20/20 MeOH 34 17 34
4 0.1 0.5 40/40 MeOH 52 10 33
5 0.1 0.75 40/40 MeOH 55 8 22
6 0.05 0.5 40/40 MeOH 76 22 <1
7 0.1 0.75 40/40 EtOAC 57 - 18
8 0.1 0.75 40/80 EtOAC 66 - 14
9d 0.25 0.75 40/40 EtOAC 44 4 <1

[a]: 0.1 mol-% TPFPP as a catalyst, the flow rate of the organic pump was
0.1 mL/min; system pressure was 120 bar; and the switching time of Rheodyne
for oxygen was 15.9 seconds, conversion >99%, conversion and yield were
measured by 'H NMR using mesitylene as an internal standard, unless
otherwise noted. [b]: Photoreactor/Thermal reactor temperatures.
[c]: Conversion = 94%. [d]: Starting mixture contained 1 equivalent TEA;
conversion was 81 %.

The formation of 4.4a as a ca. 1:1 mixture of diastereoisomers was observed in
all reactions starting from 4.1a regardless of the solvent choice. This results suggest
that the formation of 4.4a is not an intermolecular process interacting with solvents.
Instead, 4.4a is likely to be formed from a competing rearrangement facilitated by an
intramolecular hydrogen proton transfer (Scheme 4-9). Decomposition of
endoperoxide | leads to the bi-radical intermediate IV and V which can then proceed
through one of two competing pathways. Pathway A is dominant, with the formation
of allene oxide Il and cyclopropanone lll via cleavage of C-C bond in the cyclopentane
ring (Scheme 4-9, shown in red arrows), and leads to the ultimately to the formation
of lactone 4.2a. Pathway C (Scheme 4-9, shown in black arrows) proceeds via
abstraction of an allylic hydrogen atom and rearrangement to form the bicyclic
epoxide intermediate VI which should be produced as a single diastereoisomer based

on the stereochemistry setup by addition of singlet oxygen. Recently, a similar 1,7-
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hydrogen atom transfer (HAT) mechanism and the isolation of compounds similar to
VI have been reported for oxygenated fulvene derivatives.*** Intermediate VI was
neither isolated nor observed by 'H NMR in any of these experiments. In this case,
the formation of 4.4a from VI probably proceeds via a hydrogen transfer mechanism
that racemises the quaternary chiral centre. A possible cause for the loss of one of
the chiral centres is that this hydrogen atom transfer event proceeds primarily via an
intermolecular process, perhaps involving a second molecule of V (or involving
methanol if it is used as the solvent) acting as a hydrogen atom donor/acceptor. It is
possible that the conversion of V to VI is reversible because, when the reaction was
diluted with CO_ and an aprotic co-solvent used, selectivity towards the major product
4.2a was increased and towards 4.4a decreased. In this case, it is likely that the
conversion of VI to 4.4a is impeded. Further experiments to clarify this mechanism

are currently in progress.

(0] OH
Possible formation of
41a 4.3a from intermediate | 4.3a
1
Pathway C
y/ o, o) 0 \\
A H 1,5-HAT \
— —_— —_—
8 0 : OH
| v \") VI
Pathway A l
i (0] (0]
(@)
- = =
N\ / OH
4.2a i I 4.4a

Scheme 4-9 Proposed competing mechanistic pathways for the formation of 4.2a
(Pathway A), 4.3a (Pathway B) and 4.4a (Pathway C) from 4.1a, HAT represents
Hydrogen Atom Transfer.
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As observed in Table 4-1, product 4.2a was the major product under most
conditions (Table 4-1, entries 1 and 4-9). Minor product 4.3a is a motif that is often
achieved after treating a cyclic endoperoxide with a catalytic base.®*” Indeed the
corresponding hydroxyenone is formed when the endoperoxide of cyclopentadiene is
treated with trimethylamine (Section 3.5). In the case of 4.1a, however, there is no
base added but, it is possible, that methanol can act as a facilitator of hydrogen
transfer because of the increased reactivity of the fulvene endoperoxide (I) compared
to that of cyclopentadiene. When methanol was replaced with an aprotic solvent such
as ethyl acetate or toluene, the formation of 4.3a was suppressed to a level that was
not detectable in the crude products, suggesting that a protic solvent such as
methanol plays a key role in the formation of 4.3a. Treatment with the stronger base,
triethylamine (TEA, 0.25 M; 1 equivalent) in an attempt to alter selectivity towards
4.3a resulted in a loss of efficiency for the photo-oxidation (Table 4-1, entry 9).
However, 4.2a was still observed as a primary product. It is possible that the TEA, as
it is a strong electron donor, could inhibit the formation of '0,,%*® therefore, reducing
the efficiency of photo-oxidation step, and leading to a loss of the final product 4.2a.
It is also possible that the formation of 4.3a does not proceed via a base catalysed
process and instead through a bi-radical intermediate (IV, Pathway B, Scheme 4-9)

where a hydrogen abstraction mechanism involving methanol produces 4.3a.

4.4 The scope of different fulvene derivatives

Given that there are several competing pathways when reacting 4.1a with 'O,,
moving to a substrate that lacks an easily removed allylic hydrogen atom should
inhibit this competing pathway and selectively give only the lactone product. These
reactions were generally carried out in the aprotic solvent, ethyl acetate, so the

formation of 4.3a derivatives was not expected.
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Scheme 4-10 Substrate scope using the high-pressure photoreactor with 'O, in
scCO2 and the products formed. Yields were determined by '"H NMR using mesitylene
as an internal standard. Unless otherwise stated these experiments were carried out
in high-pressure continuous flow reactor with scCO:2 as solvent and with EtOAc as
co-solvent; the concentration of substrate in EtOAc was 0.1 M; 120 bar, 40 °C; the
flow rate of CO, pump and organic pump 1 was 0.25 mL/min and 0.1 mL/min,
respectively; the switching time of Rheodyne for oxygen was 15.9 seconds.

Therefore, several fulvenes with different substituted groups were synthesised
and subjected to the high-pressure flow reactor (120 bar, 40 °C) to investigate their
reactivity (Scheme 4-10). Further details of the conditions used can be found in the
experimental section 4.7.2 at the end of this chapter. Using a similar substrate to 4.1a,
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the cyclohexyl derivative 4.1b formed bicyclic lactone 4.2b containing a spiro centre
as the major product and also gave the hydroxyenone 4.4b (up to 48 % by NMR) as
a competing product. Unfortunately, 4.4b could not be isolated in all cases and
appeared to decompose in the presence of SiO; or Al,O3 during purification.

Fulvene 4.1¢ which has a more hindered allylic proton yielded the lactone (4.2c)
exclusively in EtOAc and no competing products were observed, suggesting that the
hydrogen abstraction pathway was suppressed as explained in Scheme 4-9, since a
bulky group with one allylic group was attached to the exocyclic double bond.

When substrates containing aromatic groups were used, the products formed
from the photo-oxidation were dependent on the electron density of the aromatic
group. For example, when the fulvene 4.1d, which does not contain an allylic proton
next to the exocyclic bond, was reached a peak yield of 70 % of lactone 4.2d was
obtained. When an aromatic substrate containing an electron withdrawing group (4.1e)
was subjected to the reaction at the same condition, the conversion of the fulvene
remained high; however, the overall yield of the lactone suffered (37 % for 4.2e) and
no side products can be observed.

Furthermore, for a substrate containing an electron donating group (4.1f) the
reaction was complicated by the formation of a polymeric mixture which fouled the
photoreactor and resulted in blockages when EtOAc was used as co-solvent (Scheme
4-11). These blockages could be prevented by using a 1:1 (viv) mixture of
EtOAc/MeOH; however, useful yields of 4.2f could not be obtained (<12 %) and the

product could not be isolated by column chromatography on silica gel or Al2Os.
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Scheme 4-11 Reactions of the substrate containing electron donating group (4.1f-g).
Unless otherwise stated these experiments were carried out in high-pressure
continuous flow reactor with scCO, as solvent and with EtOAc as co-solvent; the
concentration of substrate in EtOAc was 0.1 M; 120 bar, 40 °C; the flow rate of CO,
pump and organic pump 1 was 0.25 mL/min and 0.1 mL/min, respectively; the
switching time of Rheodyne for oxygen was 15.9 seconds.

Another substrate with an electron donating group (4.1g) was reacted in the flow
reactor in scCO2, with complete conversion of the starting material. However, much
like substrate 4.1f, the reaction again resulted in the formation of large quantities of
polymeric material in the photoreactor with a low yield of 4.2g, along with ca. 20 %
yield of 2-coumaranone (4.5g) (Scheme 4-11). The production of 4.5g from fulvene
4.1g is not surprising as Erden and Gronet have demonstrated that fulvenes
containing aromatic hydroxyl groups can be used to obtain 4.5g via photo-oxidation
and decomposition.>** The proposed mechanism for the formation of 2-coumaranone

4.5¢g is shown in Scheme 4-12 for convenience.
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Scheme 4-12 Mechanism for the formation of 4.5g from photo-oxidation of 4.1g.%*

Supercritical CO- is relatively non-polar in terms of its properties as a solvent;
therefore it is possible that, for some of the substrates containing more polar
heteroatomic functional groups (4.1e-g), probably the products or intermediates
formed in the photoreactor are less soluble or even insoluble in supercritical CO» and
are precipitating within the photoreactor, hence leading to blockages. No definite
identification of the solid material from the photoreactor fouling and blockages could
be obtained when the analysis was attempted.

For all products of type 2 (4.2c-e) that were derived from fulvenes (4.1c-e), i.e.
containing an H-atom at the 3-position, prolonged exposure to silica or alumina led to
isomerisation of the diene to form conjugation with the carbonyl (from 2(3H)-
oxepinone to 2(7H)-oxepinone) as described in Scheme 4-6. However, flash
chromatography on a short timescale could be used to purify these compounds before

significant isomerisation occurred (<10%).
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4.5 The investigation into methods to add further value to the

caprolactones

A range of unsaturated caprolactones were successfully synthesised in the
supercritical CO, system, using EtOAc as co-solvent. Caprolactones have wide
applications in the synthesis of bioactive materials, natural products and are also used
as monomers for the manufacture of specialty polymers,?®? 3°° which have been
discussed in Section 4.1.2. In addition, unsaturated compounds are generally more
reactive than saturated compounds and were used broadly in chemical synthesis;3*
360 and are very useful in organic synthesis, as the diene group often can be used for
the hydrogenation,*" Diels-Alder reactions,¢? UV reaction®? and so on. In an attempt
to increase the synthetic usefulness of these unsaturated caprolactones, further

variable reactions were carried out in this section.
4.5.1 Hydrogenation of lactone

To briefly test the reactivity of the lactones 4.2, small scale reactions were carried
out as batch reactions. Hydrogenation of the lactones 4.2c gave saturated 7-
membered rings, which have potential value as functionalised polycaprolactone
monomers.*43¢7 Taking 4.2c as an example and submitting it to a palladium on
carbon catalyst (Pd/C) in EtOAc under an atmosphere of H; yielded pure 4.6, which
can be isolated without any further purification (Scheme 4-13).

Hydrogenation reactions in scCO. have been reported extensively by our group
including in continuous flow.2 261. 368-370 However the coupling of a supercritical
photo-oxidation reactor with supercritical hydrogenation reactor presents several
challenges, not least the possibility of having high-pressure mixtures of Hz and O,.

Nevertheless, we aim to explore the streaming of this process in the future.
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H,, Pd/C
/ RT, EtOAc

4.2c 4.6 >99%

Scheme 4-13 Quantitative hydrogenation of 4.2c to 4.6.

452 Further reactions

Submitting 4.2c to another exposure to singlet oxygen did not yield any further
reaction. This supports the apparent stability of the unsaturated lactones to further
photo-oxidation observed in the first run through the photoreactor because no further
oxidation products were observed in any of the continuous flow experiments. Further
explanation would be required to determine the reason for the stability of 4.2¢ with

singlet oxygen.

a) Previous work:

0 (0]
hv, Hg lamp
_ . 0
Acetone
Y/
4.2a oxabicyclo-heptenone
b) This work: ( o )

o hv, excimer lamp /\/\/O
NS

N //' MeCN (0.06 M) O

(+ CO)
4.2b 4.7
Lamp Time Yield
282 nm 70 min 15 %
222 nm 90 min 80 %

Scheme 4-14 a) Compound 4.2a was irradiated by high-pressure mercury in
acetone;*’’ b) Submitting 4.2b into batch UV reaction to form 4.7, the yield of product
4.7 depends on the choice of lamp and irradiation time.
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When the UV reactivity of lactone 4.2b was investigated interestingly, a new
compound 4.7 was observed, as shown in Scheme 4-14 (b). This compound was
observed when lactone 4.2b (1.5 mmol, 0.05 M in acetonitrile) was irradiated in a
batch excimer lamp reactor, irradiated by an excimer lamp (282 nm or 222 nm).32
This contrasts with the results of a previous paper in 1984,3"" where when 4.2a as a
solution in acetone was subjected to irradiation by a high-pressure mercury lamp, an
oxabicyclo-heptanone compound was obtained (Scheme 4-14 (a)).3”' One possible
reason for the observed difference in reactivity is that the excimer lamps used in this
investigation procedure light at discrete wavelengths (282 nm or 222 nm), which may
activate different functional groups within the molecule, than those activated by the
broad wavelengths emitted by a mercury lamp. Despite the difference in observed
reactivity, this photochemical reaction is highly promising as it provides a potential
procedure for synthesising conjugated aldehydes in a single step.3"3

Diels-Alder reactions of lactone 4.2a with 1,4-benzoquinone in toluene did not
proceed with the diene when stirred at room temperature for 16 h. Heating the mixture
at reflux for 24 h gave no conversion, and the starting materials were obtained
unchanged.

The ring-opening polymerisation of 4.2c in toluene, using benzyl alcohol as the
initiator and tin(ll)-2-2ethylhexanoate as the catalyst at 110 °C for 24 hours, was
examined and no polymers were observed by NMR or Size Exclusion
Chromatography; some oligomers may have formed, but the conversion was very low.

This experiment was in collaboration with Dr Andrea Hufendiek.

4.6 Conclusions and further work

A high-pressure continuous flow photoreactor was employed to carry out the
photo-oxidation of fulvenes. By using the continuous flow reactor and scCO; as an

inert solvent, photo-oxidation of different fulvene derivatives was achieved in good
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yields. Coupling a thermal reactor to the photoreactor allowed for the efficient
transformation of the reactive endoperoxides formed by reaction with singlet oxygen
to e-caprolactone derivatives, instead of involving H2SOs in traditional Baeyer-Villiger
reaction. These e-caprolactones are promising as monomer precusors to polymers,
which may be biodegradable.

The model substrate 6, 6-dimethylfulvene (4.1a) presented interesting reactivity,
forming several different compounds via competing pathways. The ratios of variable
products from 4.1a depended on both the choice of co-solvent and the flow rate of
CO.. Other substrates, which lacked the allylic hydrogen atoms of the model substrate
gave the desired caprolactone exclusively as the major product. The projected
productivities for all of these caprolactones were up to grams per day, as much as
with 9 grams for 4.2a. However, processing issues such as reactor fouling and
blockages occurred when substrates with more polar functional groups were
employed.

Further exploring the usefulness of the synthesised lactones, some interesting
products were obtained. One lactone (4.1b) was hydrogenated using Pd/C,
demonstrating a potentially useful route to functionalised caprolactone derivatives.
Moreover, synthesis of a conjugated aldehyde was achieved via UV initiated reaction
of lactone 4.2b in an excimer lamp reactor with different lamps; and this is good for
the further investigating new and facile methods for the synthesis of conjugated
aldehydes.

Further investigating the UV and visible properties of these caprolactones should
be done in the future to explore more interesting reactions initiated by light. Scale-up
can be studied by the larger the volume of the photoreactor. Also, polymerisation
should be explored further using these unsaturated caprolactones or reduced

caprolactones as starting materials.
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4.7 Experimental

4.7.1 Synthesis of different fulvene derivatives

Typical procedure A to synthesise fulvenes 4.1b and 4.1c:

To a solution of aldehyde or ketone (1 equiv.) and freshly distilled cyclopentadiene
(2.5 equiv.) in methanol (1 mol-L"") was added dropwise under stirring pyrrolidine
(1.5 equiv.). The mixture was then stirred under argon at room temperature. After
completion, determined by TLC analysis, acetic acid (1.6 equiv.) was added to the
yellow solution. The reaction mixture was diluted with diethyl ether and water. The
aqueous layer was washed with diethyl ether and the combined organics were
washed with water, brine, dried over MgSO4 and concentrated under reduced

pressure to afford the desired product.
Typical procedure B to synthesise fulvenes 4.1d - 4.1f:

To a solution of aldehyde or ketone (1 equiv.) and cyclopentadiene (1.2 equiv.) in
MeOH/H20 (4/1) pyrrolidine (10 mol %) was added dropwise. The reaction mixture
was then stirred under argon atmosphere until completion. The mixture was
transferred to an ice-cold mixture of brine solution and 10 mol% acetic acid and then
diluted with dichloromethane. The aqueous layer was extracted with methylene
chloride. The combined organic layers were dried over MgSOs, filtered, and
concentrated under reduced pressure. The crude product was purified by flash
chromatography on silica gel eluting with the corresponding solvent mixture to afford

the desired product.
4.7.2 High pressure setup using CO: as a solvent

The high pressure continuous flow rig for photo-oxidation was built using HPLC
pumps, connecting tubes, mixers, sapphire tube reactor and cooling baths.
Temperatures were controlled via cooling baths and heaters, monitored by
thermocouples, and system pressure was set and controlled by a back-pressure

regulator. System pressure, CO, pressure and O, pressure were monitored by the
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pressure transducer. All continuous flow experiments described in this paper were
carried out using the rig described below. The rig diagram is shown in Figure 4-3.
Further details of this setup can be found in Chapter 2.

Compressed CO; was delivered from a chilled CO, pump (JascoTM PU-1580-
COz pump), and O, was dosed at a known rate via a Rheodyne dosage unit.

Mixers M1 and M2 (78 mm, %2 inch O. D., SS316 tubes) were loaded with one
gram of sand each. CO; and O, were mixed in the first static mixer M1, and then the
organic stream was added by OP1 (organic pump 1, JascoTM PU-980 HPLC pump)
into the gases mixture before entering into the second mixer M2.

The fluid mixture then entered into the high-pressure sapphire tube reactor
(Saint-Gobain Crystals, 10 mm O.D., 1 mm wall thickness, 120 mm long; loaded with
17 glass beads, 6 mm O. D.) following an up-flow method. The sapphire tube was
irradiated with visible light by LEDs, which were controlled by a LED controller. LED
lights were composed of three banks of liquid-cooled LED aluminium blocks each
containing five chips (Citizen Electronics Co. Ltd) irradiating for 1000 lumen per chip.
The blocks were cooled with a chiller. Due to the heat generated by the LED lights, a
secondary cooling bath was used to pump coolant around the sapphire tube to ensure
the desired temperature in the reactor. Thus, LEDs can be positioned as close as
possible to the sapphire tube, without increasing the reaction temperature, assuring
high efficient irradiation.

The startup procedure and shut-down procedure for this setup were described in

Chapter 2.

The general conditions for the scope of different fulvene derivatives

in the high-pressure setup

All the experiments for the investigation of the scope were conducted at this high-
pressure setup, at 120 bar in supercritical, using EtOAc as co-solvent unless

otherwise stated. The temperatures of a photoreactor and the thermal reactor was
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kept at 40 °C, maintained by cooling baths and heaters. The concentrations of each
substrate in co-solvent was 0.1 M, and 0.1 mol % of TPFPP to the substrate was
employed. The switching time for the oxygen introducing was 15.9 seconds unless
otherwise stated. The starting solution was dissolved well before being introduced

into the system. More operating procedure details are presented in Chapter 2.
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Figure 4-3 Diagram of the rig for the synthesis of products 4.2a-4.2g from 4.1a-4.1g.
An extra thermal reactor (1/4” O.D. 0.049” wall thickness, 150 mm length) was added
downstream of photoreactor.
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4.7.3 Procedures for further value studies

UV reaction of 4.2b in batch excimer lamp reactor

A solution of caprolactone 4.2b (1.5 mmol) dissolved in MeCN (0.05 M) was
added into the batch excimer lamp reactor. The temperature for the photoreactor was
kept at 20-22 °C by a circulating cooling bath (10 °C). The reaction mixture was
irradiated by excimer lamp (282 nm or 222 nm) for the desired time. The conjugated
aldehyde product was obtained and analysed after column chromatography. This
reaction was carried out with the help of Amy Flinn, a PhD student (a year below me)
in the research group.

Both photo-oxidation of 4.2a and 4.2b

Lactone and TPFPP were dissolved in 5 mL EtOAc (0.05 mol-L"), and then
irradiated by LED light. Oxygen was provided via a balloon; no reaction occurred even
after irradiation with the visible light for 4 h at -70 °C. After increasing the irradiation
reaction temperature to 25 °C, a tiny amount of decomposition of the lactone was

observed after irradiation for 10 h, but most of the starting material was unreacted.

4 7.4 Characterisation

5-(Propan-2-ylidene)cyclopenta-1,3-diene3®® (4.1a)
To a solution of cyclopentadiene (33 g, 0.5 mol) and acetone (14.7 mL,

0.20 mol) in methanol (500 mL) under argon atmosphere was added

dropwise pyrrolidine (51 mL, 0.60 mol) at room temperature. After 1 h,
acetic acid (18.8 mL, 0.32 mol) was added and stirred for 10 minutes.
The mixture was poured on cold water, and diethyl ether was added. The
aqueous layer was extracted twice with diethyl ether, and the organic layer was
washed with cold water, dried over MgSOQy, filtered and concentrated under
reduced pressure to afford 4.1a as a yellow oil (48.9 g, 0.46 mol). The desired
product was then used without any further purification. The isolated yield was

92 %.
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"H NMR (400 MHz, CD30D) & = 6.43-6.59 (m, 2H, H2 + H2’), 6.30-6.46 (m, 2H,
H1 + H1’), 2.19 (s, 6H, 2x CH3).

3C NMR (400 MHz, CD30D) & = 149.8 (C4), 144.0 (C3), 131.3 (C1 + C1), 121.5
(C2 + C2), 22.9 (C5 + C5).

HRMS (ESI): for CgH1o, [M+]* calculated m/z = 106.0777, found m/z = 106.0772.
Cyclopenta-2,4-dien-1-ylidenecyclohexane (4.1b)

Cyclopenta-2,4-dien-1-ylidenecyclohexane (4.1b) was obtained
using the typical procedure A using cyclohexanone (5.3 mL, 50.9

mmol), cyclopentadiene (12.2 mL, 127.25 mmol), pyrrolidine (7 mL,

76.35 mmol), methanol (127 mL) and acetic acid (4.7 mL). The isolated
yield was 80 %.

'"H NMR (400 MHz, CDs0D) & = 6.56 — 6.52 (m, 2H, H2 + H2’), 6.45 — 6.39 (m,
2H, H1 + H1’), 2.66 (dd, J=6.9, 5.0 Hz, 4H, 2xH5 + 2xH5’), 1.79 — 1.66 (m, 6H, 2xH6
+ 2xHB’ + 2xH7).

3C NMR (101 MHz, CDs0OD) & = 157.8 (C4), 141.0 (C3), 131.5 (C1 + C1°), 120.9
(C2 + C2'), 34.5 (C5 + C5), 30.0 (C6 + C6"), 27.6 (C7).

HRMS (ESI): for C11H14, [M+]* calculated m/z = 146.1090, found m/z = 146.1095.

(Cyclopenta-2,4-dien-1-ylidenemethyl)cyclohexane®#* (4.1c)
(Cyclopenta-2,4-dien-1-ylidenemethyl)cyclohexane (1¢) was
obtained using typical procedure A using
cyclohexanecarboxyaladehyde (2.2 mL, 17.8 mmol),
cyclopentadiene (3.7 mL, 44.6 mmol), methanol (17.8 mL),
pyrrolidine (2.2 mL, 26.7 mmol), acetic acid (1.6 mL, 28.48 mmol).

Isolated yield was 85 %.

'H NMR (400 MHz, CD3OD) 6 6.52 —6.47 (m, 2H, H3 + H4),
6.40 (m, 1H, H1), 6.22 (m, 1H, H2), 6.15 (m, 1H, H6), 2.71 (m, 1H, H7), 1.84 — 1.67

(m, 4H, 2xH8 +2xH8'’), 1.49 — 1.22 (m, 6H, 2xH9 + 2xH9’ +2xH9”).
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3C NMR (101 MHz, CDs;0D) 5 148.3 (C5), 145.8 (C6), 133.8 (C4), 131.4 (C1),
126.9 (C2), 120.1 (C3), 41.2 (C7), 34.3 (C8 + C8'), 26.9 (C9 + C9'), 26.6 (C9").

HRMS (ESI): for C12H+6, [M+]" calculated m/z = 160.1247, found m/z = 160.1243.
Cyclopenta-2,4-dien-1-ylidenemethyl)benzene3% (4.1d)

Cyclopenta-2,4-dien-1-ylidenemethyl)benzene  (1d) was
obtained using typical procedure B using benzaldehyde (1.9 mL,
18.8 mmol), cyclopentadiene (1.9 mL, 22.6 mmol), pyrrolidine (240
ML, 1.8 mmol), methanol (15 mL) and water (3.8 mL). Isolated yield

was 90 %.

'"H NMR (400 MHz, CDsOD) & = 7.65 — 7.59 (m, 2H, H8 + H8),
7.46 —7.35 (m, 3H, H9 + H9’ + H10), 7.24 (s, 1H, H6), 6.72 — 6.62 (m, 2H, H3 + H4),
6.47 (m, 1H, H1), 6.32 (m, 1H, H2).
3C NMR (101 MHz, CDs0D) & = 146.8 (C5), 138.8 (C6), 136.4 (C7), 131.7 (C8
+ C8), 131.5 (C4), 130.1 (C1), 129.8 (C9 + C9' + C10), 128.4 (C2), 121.1 (C3).
HRMS (ESI): for C12H+o, [M+]*, calculated m/z = 154.0777, found m/z =

154.0773.

1-(cyclopenta-2,4-dien-1-ylidenemethyl)-4-(trifluoromethyl)benzene 3° (4.1e)

1-(cyclopenta-2,4-dien-1-ylidenemethyl)-4-(trifluoromethyl)benzene (1e) was
obtained using typical procedure B. using 4-
(trifluoromethyl)benzaldehyde (3.9 mL, 28.7 mmol),
cyclopentadiene (3.1 mL, 34.5 mmol), pyrrolidine (375 yL, 2.87
mmol), methanol (28.7 mL) and molecular sieve 3A (8.6 g).

Isolated yield was 40 %.

"H NMR (500 MHz, CDs0D) & = 7.80 — 7.70 (m, 4H, H8 +
H8' + HY + HY"), 7.27 (s, 1H, H6), 6.69 — 6.64 (m, 2H, H3 + H4), 6.51 (m, 1H, H1),
6.33 (m, 1H, H2).
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3C NMR (126 MHz, CDs;0D) & = 148.7 (C5), 141.9 (C6), 137.5 (C4 + C1), 136.4
(C3 +C2), 132.6 (C8 + C8), 132.0 (C9 + C9'), 128.3 (C2), 126.6 (C11, q, J°F = 4.01
Hz), 121.0 (C10).

F NMR (376.4 MHz, CDs0D) & = -62.72.

HRMS (ESI): for CisHg F3, [M - H] calculated m/z = 221.0584, found m/z =
221.0584.

1-(Cyclopenta-2,4-dien-1-ylidenemethyl)-4-methoxybenzene3*® (4.1f)

1-(Cyclopenta-2,4-dien-1-ylidenemethyl)-4-methoxybenzene (4.1f) was obtained
using typical procedure B. Isolated yield was 95 %.

2 H NMR (400 MHz, CDs0OD) & = 7.65 — 7.58 (m, 2H, H8 +
11 H8), 7.16 (d, J = 1.4 Hz, 1H, H6), 7.03 — 6.97 (m, 2H, H9 +

H9), 6.75 — 6.72 (m, 1H, H2), 6.62 (m, 1H, H1), 6.42 (m, 1H,

H4), 6.29 (d, J = 5.1, 1H, H3), 3.86 (s, 3H, CH3).
3C NMR (101 MHz, CDs0D) 5 = 162.4 (C10), 138.8 (C5), 135.8 (C6), 133.5 (C8
+ C8'), 130.9 (C1), 130.3 (C4), 128.6 (C3), 120.7 (C2), 115.4 (C9 + C9'), 55.8 (CH3).
HRMS (ESI): for Ci3H120, [M + HJ]* calculated m/z = 185.0961, found m/z =

185.1025.

3,3-Dimethyloxepin-2(3H)-one?*? (4.2a)
8 e Organic concentration solution feedstock: 0.05 mol/L

CO: Flow rate: 0.5 mL/min; [4.1a/O2/MeOH/CO-] molar ratio:
9 5
760 (0.0314 /3.14 / 7.76 / 89.07) Yield for 4.2a: 62%
1 \ / 4
D e Organic concentration solution feedstock: 0.1 mol/L
CO: Flow rate: 0.75 mL/min [4.1a/O2/EtOAc/CO,] molar ratio:
(0.044 /2.20/ 4.53 /93.23) Yield for 4.2a: 75%;

Isolated using flash chromatography with cyclohexane/EtOAc (8:2) as the eluent.
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'H NMR (400 MHz, CDs0D) d = 6.53 (d, J = 7.0 Hz, 1H, H4), 6.12 (dd, J = 10.2,
6.2 Hz, 1H, H2), 5.81 (dd, J = 7.0, 6.2 Hz, 1H, H3), 5.58 (dd, J = 10.2 Hz, 1H, H1),
1.35 (s, 6H, 2xCH3).

13C NMR (400 MHz, CDs0D) & = 170.3 (C6), 141.6 (C4), 135.1 (C1), 126.1 (C2),
110.1 (C3), 46.3 (C7), 22.9 (C9 + C9").

HRMS (ESI): for CgH1O2, [M + H]* calculated m/z = 139.0754, found m/z =
139.0755.

8-Oxaspiro[5.6]dodeca-9,11-dien-7-one (4.2b)
¢ Organic concentration solution feedstock: 0.1 mol/L
[4.1b/O2/ EtOAc /CO,] molar ratio: (0.044 / 2.20 / 4.53 / 93.23)

in mol%. Yield obtained for 4.2b: 66 %

Isolated using flash chromatography with pentane/EtOAc (95:5)
as the eluent.

'H NMR (400 MHz, CDs;0D) & = 6.51 (d, J = 6.9 Hz, 1H, H4), 6.15 (dd, J = 10.3,
6.2 Hz, 1H, H2), 5.78 (dd, J = 6.9, 6.2 Hz, 1H, H3), 5.50 (dd, J = 10.3, 0.7 Hz, 1H,
H1), 1.93 (m, 2H, 2xH9), 1.74 (m, 2H, 2xH9’ ), 1.59 — 1.49 (m, 6H, 2x(H10 + H10" +
H11)).

13C NMR (101 MHz, CD3;0D) & = 168.3 (C6), 141.5 (C4), 133.3 (C1), 125.8 (C2),
109.4 (C3), 51.4 (C7), 31.6 (C9 + C9'), 26.8 (C10 + C10°), 23.8 (C11).

HRMS (ESI): for C11H14O>, [M + H]* calculated m/z = 179.1067, found m/z =
179.1060.

3-Cyclohexyloxepin-2(3H)-one (4.2c)

¢ Organic concentration solution feedstock: 0.1 mol/L
[4.1c/O2/EtOACc/CO2] molar ratio: (0.044 /2.20 / 4.53 / 93.23)

in mol%. Yield obtained for 4.2b: 64 %

¢ Organic concentration solution feedstock: 0.25 mol/L
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[4.1¢/0O2/EtOAc/CO2] molar ratio: (93.11/2.20/4.58 / 0.1099) in mol%. Yield obtained
for 4.2b: 66%

Isolated using flash chromatography with cyclohexane/EtOAc (9:1) as the eluent.

"H NMR (400 MHz, CDs0OD) 5 = 6.68 (d, J = 6.4 Hz, 1H, H4), 6.29 (dd, J = 9.4,
5.1, 2.1 Hz, 1H, H2), 6.02 (ddd, J = 6.4, 5.1, 1.1 Hz, 1H, H1), 5.72 (dd, J = 9.4, 5.6,
0.6 Hz, 1H, H3), 2.33 — 2.28 (m, 1H, H7), 2.12 — 2.01 (m, 1H, H9), 1.87 — 1.71 (m,
4H, 2xH10 + 2xH10’), 1.48 — 1.30 (m, 4H, 2xH11 + 2xH11’), 1.03 (m, 2H, 2xH12).

3C NMR (101 MHz, CDs0D) 6 = 166.9 (C6), 141.5 (C4), 128.1 (C1), 126.7 (C2),
113.26 (C3), 53.2 (C7), 37.9 (C8), 32.5 (C10), 31.2 (C10'), 27.5 (C11), 27.2 (C119),
27.0 (C12).

HRMS (ESI): for C12H102, [M + H]" calculated m/z = 193.1229, found m/z =

193.1220.

3-Phenyloxepin-2(3H)-one**° (4.2d)

e Organic concentration solution feedstock: 0.25 mol/L
[4.1d/O2/EtOACc/CO2] (in mol%) molar ratio (0.1099/ 2.20 / 4.58

1 o° 193.11) in mol%. Yield obtained for 4.2d: 70 %

Isolated using flash chromatography with pentane/EtOAc (95:5)

as the eluent.

"H NMR (400 MHz, CDs0D) & = 7.45 — 7.38 (m, 5H, H attached
benzene group), 6.78 (d, J = 6.8 Hz, 1H, H4), 6.38 (dd, J = 9.3, 5.2 Hz, 1H, H2), 6.11
(dd, J = 6.8, 5.2 Hz, 1H, H3), 5.97 (dd, J = 9.3, 5.2, Hz, 1H, H1), 3.90 (m, 1H, H7).
3C NMR data and tentative assignment (101 MHz, CD;0D) & = 167.8 (C6), 142.1
(C4), 137.9 (C1), 132.9 (C8), 130.4 (C10 + C10),129.6 (C11 + C11), 128.7 (C12),
126.9 (C2), 113.7 (C3), 53.0 (C7).
HRMS (ESI): for Ci2H1002, [M+]* calculated m/z = 186.0681, found m/z =

186.0629.
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3-Phenyloxepin-2(7H)-one (4.2d’)

Isolated using flash chromatography on SiO2 with
pentane/EtOAc (95:5) as the eluent. Isolated yield was 20 %.

'H NMR (400 MHz, CD3s0D) 6 = 7.57 — 7.53 (m, 2H, H10 + H10’),
7.41 -7.35(m, 3H, H11 + H11" + H12), 7.05 (d, J = 5.6 Hz, 1H, H1),

6.71 (dd, J = 10.0, 5.6 Hz, 1H, H2), 6.57 (dt, J = 10.0, 6.2 Hz, 1H,

H3), 4.64 (d, J = 6.2 Hz, 2H, CH2).
3C NMR (101 MHz, CDsOD) & = 171.5 (C6), 139.8 (C8), 139.2 (C1), 134.7 (C7),
134.3 (C2), 132.9 (C3), 129.6 (C12), 129.5 (C10 + C10), 129.2 (C11 + C11°), 63.6
(C4).
HRMS (ESI): for C12H1002, [M + H]* calculated m/z = 187.0759, found m/z =

187.0755.

3-(4-(Trifluoromethyl) phenyl)oxepin-2(3H)-one (4.2¢e)

13 ¢ Organic concentration solution feedstock: 0.1 mol/L
FsC

[4.1e/O2/EtOAc/CO2] molar ratio (0.044/2.20/4.53 / 93.23) in
mol%. Yield obtained for 4.2e: 37 %
0O Isolated using flash chromatography with pentane/EtOAc
O 5 (95:5) as the eluent.
4 'H NMR (400 MHz, CDs0OD) & = 7.75 — 7.59 (m, 4H, H
attached benzene group), 6.81 (d, J =2.2 Hz, 1H, H4), 6.42 (ddd, J=9.4, 5.2, 2.2 Hz,
1H, H2), 6.14 (dd, J = 5.2, 1.1 Hz, 1H, H3), 5.98 (dd, J = 9.4, 5.2 Hz, 1H, H1), 4.09 —
4.01 (m, 1H, H7).

3C NMR data and tentative assignment (101 MHz, CD3OD) & = 167.2 (C6), 142.2
(C4), 136.1 (C9), 134.3 (C10), 133.9 (C10°), 131.3 (C11 + C11), 130.0 (C1), 129.0
(C2), 127.3 (C12), 126.3 (C13, J°F=3.86 Hz, 113.8 (C3), 52.6 (C7).

19F NMR (376.4 MHz, CDsOD) & = -64.03.
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HRMS (ESI): for Ci3HoF302,[M+H]*calculated m/z = 255.0627, found m/z =

255.0641.

4-Hydroxy-5-(propan-2-ylidene)cyclopent-2-enone®*® (4.3) and 4-Hydroxy-5-
(prop-1-en-2-yl)cyclopent-2-enone®* (4.4a and 4.4a’)
4-Hydroxy-5-(prop-1-en-2-yl)cyclopent-2-

| Y
¢} OH OigJOH enone (4.3a) and 4-hydroxy-5-(propan-2-

(4.32) (4.42) and (4.42) ylidene)cyclopent-2 enone (4.4a) and (4.4a’)

were isolated as an inseparable mixture by flash

chromatography (using pentane/EtOAc 9:1 as the eluent). Each peak was assigned

and the data was in accordance with the literature referred above. NMR vyield of 4.4a
and 4.4a’ was 49 %.

"H NMR (400 MHz, CDs;0OD) & = 7.69 (dd, J = 5.8, 2.4 Hz, 1H, 4.4a), 7.65 (dd, J
=5.8, 2.4 Hz, 1H, 4.42’), 7.39 (dd, J=6.0, 2.5 Hz, 1H, 4.3a), 6.27 (dd, J = 5.7, 1.5
Hz, 1H, 4.4a), 6.25 (dd, J = 4.5, 1 Hz, 1H, 4.3a), 6.21 (dd, J=5.7, 1.5 Hz, 1H, 4.4a’),
5.18 (d, J=2.4 Hz, 1H, 4.3a), 5.03 (ddd, J=6.2, 2.4, 1.4 Hz, 1H, 4.4a’), 4.99 (ddd, J
=6.2,2.4, 1.4 Hz, 1H, 4.4a), 5.03 (q, J = 1.6 Hz, 1H, 4.4a’), 4.99 (q, J = 1.6 Hz, 1H,
4.4a),4.84 —4.81 (m, 1H, 4.4a and 4.4a’), 3.26 (dd, J=6.3, 0.7 Hz, 1H, 4.4a), 2.88
(dd, J=6.3,0.7 Hz, 1H, 4.4a’) 2.29 (s, 3H, 4.3a), 2.08 (s, 3H, 4.3a), 1.69 (dd, J= 1.5,
0.9 Hz, 3H, 4.4a), 1.68 (dd, J = 1.5, 0.9 Hz, 3H, 4.4a’).

3C NMR (101 MHz, CDs0OD) & = 210.3 (4.4a), 208.1 (4.4a’) 198.1 (4.3a), 166.0
(4.4a), 165.2 (4.4a’), 158.4 (4.3a), 152.4 (4.3a), 141.8 (4.4a), 137.55 (4.4a), 135.2
(4.4a), 134.6 (4.4a’), 132.8 (4.3a), 116.8 (4.4a), 115.6 (4.4a’), 76.1 (4.3a), 73.2 (4.4a’),
73.1 (4.4a) 72.0 (4.3a), 64.9 (4.3a), 59.8 (4.4a), 23.8 (4.4a’), 22.5 (4.4a), 20.4 (4.3a),

20.4 (4.3a).

HRMS (ESI): for CgH1002, [M + H]* calculated m/z = 139.0759, found m/z =
139.0755.
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3-Cyclohexyloxepan-2-one (4.6)
A solution of 3-cyclohexyloxepin-2(3H)-one (4.2c) (30 mg,

0.16 mmol) in 2 mL of EtOAc was hydrogenated over 5% Pd/C
(34 mg) at atmospheric pressure for 3 h. After filtration through a
pad of silica and evaporation, the desired product was obtained

as an oil in a quantitative yield.

H NMR data and tentative assignment (400 MHz, CD;0D) &
443 -4.19 (m, 2H, 2xH4), 2.56 (m, 1H. H7), 2.00 — 1.86 (m, 4H, 2xH9 + 2xH9’), 1.81

—1.62 (m, 6H, 2xH1 + 2xH2 + 2xH3), 1.41 —1.14 (m, 6H, 2xH10 + 2xH10’ + 2xH11).

13C NMR data and tentative assignment (101 MHz, CD3;OD) & = 180.0 (C6), 69.5
(C4),40.4 (C7),32.0 (C1),29.9 (C8), 28.8 (C2), 27.7 (C3), 27.6 (C9 + C9), 27.5 (C10
+ C10°), 27.0 (C11).

HRMS (ESI): for C12H20-, [M + H]* calculated m/z = 197.1536, found m/z =

197.1537.

(E)-4-Cyclohexylidenebut-2-enal (4.7)

6 "H NMR yield was 80 %.
1 5
8 10 "H NMR (400 MHz, CD;0D) 8 9.52 (d, J = 8.1
2 N N
3 7 5 0, Hz, 1H, H10), 7.70 (dd, J = 14.9, 11.6 Hz, 1H, H8),

6.17 (dq, J = 11.6, 1.1 Hz, 1H, H7), 6.09 (dd, J =
14.9, 8.1 Hz, 1H, H9), 2.58 — 2.45 (m, 2H, 2xH5), 2.37 — 2.27 (m, 2H, 2xH3), 1.73 —
1.61 (m, 6H, 2xH2 + 2xH6 + 2xH1).
3C NMR data and tentative assignment (101 MHz, CDs;OD) & = 196.6 (C10),
159.5 (C4), 150.7 (C8), 131.0 (C9), 122.3 (C7), 39.0 (C5), 30.9 (C3), 29.9 (C2), 29.3
(C6), 27.5 (C1). Isolated yield: 20 % for 45 mg.
HRMS (ESI): for C1oH140O, [M + H]* calculated m/z = 151.1117, found m/z =

151.112.
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Chapter 5. Flow Approaches for

Dearomatisation of Phenols with '0;

This Chapter describes the experiments performed in an attempt to realise an
efficient and green continuous flow process for the dearomatisation of phenol
derivatives and the synthesis of simple 1,2,4-trioxanes. The 4-alkyl-4-hydroperoxy-
2,5-cyclo-hexadienones (p-peroxyquinols) and 4-alkyl-4-hydroxy-2,5-
cyclohexadienones (p-quinols) are the dearomatisation products via photo-oxidation
of para-phenol derivatives. The core structure of these products and further producing
1,2,4-trioxanes are presented in Scheme 5-1. The dearomatisation of para-alkyl
phenols to p-peroxyquinols and p-quinols is of huge interest due to the presence of
such derivatives in some natural products,343%7® being valuable building blocks in
organic synthesis®’® as well as novel therapeutic agents®’, taking natural products in

Scheme 5-2 as an example. Many 1,2,4-trioxanes have demonstrated excellent

0O O 2 1
R4 Rs R4 Rs R3 6 Re
>4 5 <
Rz Rs
Ry R4 Ry R4 I\R4
Ry OOH Ry OH Rs
p-peroxyquinol p-quinol 1,2,4-trioxane

Scheme 5-1 The core structures are presented in some antimalarial and anticancer
medicine, which are the focus of the work presented in this chapter.
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antimalarial activity, such as natural product artemisinin in Scheme 5-2, which has
been discussed previously in our group.®® Herein, the methods for dearomatisation of
para-alkyl phenol derivatives and a continuous daisy-chain process for the synthesis
of 1,2,4-trioxane are focused on in this Chapter, such that a readily scalable process

could be achieved.

.

OH
Glutinosin C Frondpsin C Artemisinin, ART
p-Peroxyquinol (p-Quinol)

Scheme 5-2 Examples of natural p-peroxyquinol and p-quinol structures. Artemisinin
is the example for the natural product antimalarial bearing a 1,2,4-trioxane
pharmacophore.

An introduction to the dearomatisation of para-phenol derivatives is presented in
Section 5.1, which includes the importance of dearomatisation of para-phenols with
singlet oxygen ('O;) and the demand for the synthesis of 1,2,4-trioxanes compounds.

Starting with dearomatisation of p-cresol (5.1a) in the batch reaction in
Section 5.2, followed by being scaled up experiments in high pressure continuous
flow CO; system using methanol as co-solvent in Section 5.3 and the optimisation
experiments are discussed. A scope of para-phenol derivatives with different
functional groups with 'O, is conducted in the optimised condition of 5.1a.

The subsequent daisy-chain cyclisation of photo-oxidation products with an
aldehyde to synthesise 1,2,4-trioxane are discussed in Section 5.4, which
demonstrated that acetal compounds were produced in protic solvent methanol and
CO; system in the presence of acid. The alternative aprotic solvent ethyl acetate
(EtOAC) as co-solvent is discussed for dearomatisation and cyclisation in Section 5.5

and Section 5.6. Finally, the effect of hexafluoro-2-propanol (HFIP) on the
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dearomatisation and cyclisation with aldehyde catalysing by Amberlyst-15 are
depicted in high pressure EtOAc and CO; system. Conclusions and future work for

this Chapter are presented in Section 5.9.

5.1 Background

Phenol and its derivatives are pervasive in natural products, bioactive molecules
and lignin, and also the most frequently utilised substrates for dearomatisation en
route to exploiting their potential fully for complex natural products."338° Phenols are
the typical aromatic starting materials that have served over the years for the
development of dearomatisation protocols. Thus, numerous methodological tactics
have been implemented to accomplish this chemical task by relying on oxygenation,

reduction, and cycloaddition reactions, and so on.381-382
5.1.1 General aspects of phenols

Phenols constitute an essential class of antioxidants that inhibit the oxidative
degradation of organic materials. They also can be considered as the enol of
cyclohexadienones, which are more acidic than aliphatic alcohols. With oxidising
agents, a free radical could be readily formed from phenols, which can be oxidised to
form dihydroxybenzenes and quinones.®?® The intriguing chemical properties have
captured the attention of chemists from both industry and academia for centuries.
Phenols are sensitive towards oxidation, because they are a class of electron-rich
arenes containing a hydroxyl group bonded directly to the aromatic ring with an
electronic subsystem that consists of 50 electrons. Due to that, phenols usually react
further in three modes. They are susceptible to one-electron oxidation into delocalized
phenoxy radical species, and can also be transformed into cationic electrophiles of
the phenoxenium type or their equivalents by two-electron oxidation or activation

through the use of “phenolophile” metal - or halogen-based reagents. Their non-
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aromatic cyclohexadienones tautomers can also be stabilised through the formation
of transition metal - arene complexes, which can then render them prone to
cycloaddition and nucleophilic addition processes. Depending on their substitution
pattern and functionalities, these phenols can be dearomatised into various reactive
species such as quinones, quinone methides, and other quinone or quinol
compounds (Figure 5-1).384-38 |n particular, it provides an efficient way via oxidation
with phenolophile reagents to construct highly functionalised cyclohexadienones,
which often appear in diverse biologically active natural products and

pharmaceuticals.3®’

one-electron oxidation @ 0 O , O O :

-H* -e . O :

H o phenoxy radicals quinones O |
l e

z fmm e ,

o o} 0 5 :

phenols ! '

-H - ® ' :

| -Hi-2e LN, 7 E |

two-electron oxidation ' '

Phenoxenium ions ® i '

t_quinone methides _

1 - M/XLp4 . R,R2=0-orC- |

- based substituents i

Laa XM g 0 o :

ML, or XL, M/XLn-1 : :

oxidative activation .

with "phenolophile" reagents M/XL.. 41 R ;

n1: quinone monoketals,

M = Metal, L = ligand, X = halogen, Z = various substituents \______Quinols :

Figure 5-1 Various facets of the dearomatisation of phenols, reprinted from reference
388

In this Chapter, one type of the dearomatisation product from para-substituted
phenols, p-peroxyquinols, are attractive synthetic targets, given their widespread
abundance in nature, with many displaying potent antimalarial and antimicrobial

properties,®9392 as well as being valuable building blocks in organic synthesis.3%
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Although natural products with peroxy functional group are abundant,3** there are
only a few natural derivatives with 4-hydroxy-2,5-cyclohexadienones structure.3%
Cyclisation 1,2,4-trioxane compounds from p-peroxyquinol can also have antimalarial
activity.3%

However, how to make them dearomatise efficiently and greenly has been a
challenge for chemists for dozens of decades. The synthesis of p-peroxyquinols®®’ is
usually achieved by the reaction of para-substituted phenols with singlet oxygen,3%®
3% jrradiated by ultraviolet light (UV) in the presence of photosensitisers.’® In addition,
various oxidising systems based on heavy metals,*%4%! hypervalent iodine species*®*
403 and other halogenated organic reagents,** as well as an oxone catalytic

system,%%5406 have been developed to mediate the dearomatisation of para-

substituted phenols.

5.1.2 Oxidation of p-alkyl phenol derivatives with transition-metal

catalyst

Several strategies have been developed for accessing singlet oxygen involving
the use of transition-metal ions in the presence of H,O, or '‘BUOOH. In 1966,
ruthenium-catalysed selective oxidative dearomatisation of p-substituted phenols into
4-(tert-butylperoxy)cyclohexadienones without substituents at the 2- or 6-positions in
the presence of 'BUOOH was firstly put forward by Murahashi’s group; the products
can be further reacted to produce 2-substituted quinones under acid conditions.’® In
2011, the same group investigated the mechanism of this selective oxidation.*?” The
mechanism is shown in Figure 5-2. Immediately afterwards, Doyle and co-workers
reported the oxidation of phenols by treatment with 70 % aqueous fert-butyl
hydroperoxide and dirhodium caprolactamate (Rhz(cap)s) as the catalyst.*°® Using
'BUuOOH as an oxidant for the oxidation of 2,4,6-trialkyl substituted phenols to 4-t-
butylperoxy-2,5-cyclohexadiene-1-ones was achieved in the presence of

heteropolyacids (HsPMo12040-nH20) in Takehira’s group.4®®
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Figure 5-2 Proposed mechanism for ruthenium-catalysed selective oxidation of
phenols.

Moreover, Matsuura’s group showed that di-(3 - salicyclideneaminopropyl)
aminecobalt(ll)) could be used for selective catalytic autoxidation of 4-alkyl-2,6-di-t-
butyl phenol to introduce oxygen at the p-position to give the corresponding p-

peroxyquinol in good yield (Figure 5-3).41°

4-methyll-4-hydroperoxy-2,5-cyclo

4-methyl-2,6-di-t-butylphenols -hexadienones (p-peroxyquinols)

Figure 5-3 Selective oxidation at the p-position of p-substituted phenol with Co
complex.

In the 1970s, following from the transition-metal catalysation of p-substituted
phenols in Matsuura’s group, Cr (VI),*" K3CrOg,*'? Ce (IV)-H20, system,*'3 catalysts
were prepared for activating the oxidation of p-phenols via singlet oxygen. Another
molybdate-exchanged (Mg, Al) layered doubled hydroxides catalyst, was introduced
to generate singlet oxygen in the presence of H.O-, which can then perform selective

oxygenations.*'* Based on this work, Jacobs and co-workers investigated the
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bromide-assisted oxidation of p-alkyl phenols to p-quinols over WOQ.?-exchanged
layered double hydroxides in the presence of H2O. They designed a one-pot metal-
catalysed procedure for the high chemoselectivity for the desired quinol products to
be reached.***

A copper-catalysed intermolecular asymmetric propargylic dearomatisation of
para-substituted phenol derivatives has been realised.*’ Under catalysis of
decorated (CF3SO3Cu),-C¢Hs, the dearomatisation reaction proceeded smoothly with
excellent regioselectitives to produce a variety of optically active cyclohexadienones
derivatives. Porco and co-workers developed another copper catalysed oxidative
dearomatisation of phenols in the synthesis of bicyclo[2.2.2]octenones.*'® This
reaction was dearomatisation to generate quaternary o-quinols in moderate yields but
limited to 2-methyl-5-substituted phenols. When it was employed on 4-substituted
phenols, it afforded dimeric structures.*'” Afterwards, Rooney and co-workers studied
the phenol photo-oxidation catalysed by photosensitiser palladium@TiO: in a Taylor
flow system.#'8 In 2018, Cu-ZSM-5 and Fe-Cu-kaolinite catalysts were also prepared
for photochemical degradation of p-substituted phenols for the treatment of
wastewater, sludge, and bottom sediments.*'°42° Moreover, some different groups
have also been studying the dearomatisation reactions of naphthol derivatives
catalysed by iridium(Il),42-422 palladium(0),*>® and scandium(lll).#?*

Most of the transition-metal catalytic reactions for the selective dearomatisation
of p-substituted phenol derivatives involved the presence of H.O, or '‘BUOOH. As in

ruthenium(lll) catalytic system, '‘BuOOH was used as co-oxidant.

5.1.3 Photosensitised dearomatisation of p-substituted phenols

The dearomatisation of phenols has been largely investigated with a transition-
metal catalyst or hypervalent iodine catalysts as described above. lodane-mediated
catalysis are usually performed with stoichiometric amounts of iodane reagents, but

also the catalytic use of transition-metal compounds together with a simpler terminal
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oxidant is possible. Alternative methods using other oxidants have also been reported,
such as using the singlet oxygen ('O.), generated from the oxong*054%: 425 or
photochemically in the presence of photosensitiser.426427

Carrefio and co-workers developed an efficient method for the selective oxidative
dearomatisation of p-alkyl phenols to access p-peroxyquinols and p-quinols using
oxone as a source of '0,%® They proposed a mechanism for the formation of p-
peroxyquinols and presented evidence that 'O, is the reactive species from
oxone. (Scheme 5-3)*? This proved to be an interesting way for the synthesis of (+)-
cleroindicin D (Scheme 5-3).4% In 2012, this method was also used successfully for
the total synthesis of natural p-quinol cochinchinenone, and the oxone-mediated
oxidative dearomatisation of the corresponding ketone-containing p-substituted

phenol was the key step in this synthesis.3%

base
oxone H—O> HOOSO; + '00SO; —> 0, + HOSO; *+ "0OSOj5
2

(0]
O
= oxone/NaHCO4 o\ OH H,O R
CH3CN/H,0 /
R

OH

Alkyl Alkyl” OOH
(0] ~
(@] (0]
OH
N \\‘H
HO"
Ho | P 0 o~ OH

Cleroindicin D Cochinchinenone

Scheme 5-3 Mechanism for the formation of p-peroxyquinols and generation of 'O;
from oxone and the structures for cleroindicin D and cochinchinenone.

In 1965, Matsuura’s group proposed the first photo-induced oxidation of p-
phenols under the catalysis of photosensitisers.**' His group examined the
photochemical oxidation of hindered phenol, 2, 6-di-t-butyl-phenol using various

photosensitisers, such as eosin Y, erythrosine, methylene blue, chlorophyllin, and
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methyl orange. This difficult strategy was based on the mechanistic studies of
Zwicker’s group**? and irradiation of phenols with ultraviolet light or visible light to form
phenoxy radicals.**® Sedee and co-workers in 1983 found that a bicyclic or steroidal
phenol could be irradiated with visible light to form the corresponding hydroperoxide
in the presence of methylene blue.*3

Strategies also have been developed for accessing natural product phenols from
'02 under irradiation. An approach reported in 2014 used the TPP-sensitised
photo - oxidation of phenol Scheme 5-4(a), which led to its dearomatisation (Scheme
5-4)%%_Singlet oxygen was added selectively access hydroxyperoxy quinol (Scheme
5-4(b)), then further leading to model compound (Scheme 5-4(c)), which has a [5-7-6]

tricyclic core, similar to that for the natural product prostratin, Scheme 5-4(d).

OH 0, hv, TPP
CHCI, 0 °C

prostratin

(d) (c)

Scheme 5-4 Synthesis of Tigliane and Daphnane-type compounds.

A 2018 report described how the non-planar tetracyclic p-peroxyquinols, p-
quinols, and a pentacyclic double peroxide, showing anticancer properties, were
synthesised from the corresponding phenols under the wavelength-controlled
irradiation (Blue LEDs) with air in acetone in the absence of an external

photosensitiser,**®* as well as the methods used for the dearomatisation of phenol
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derivatives, ozone or biocatalytic enzymes, also mediate the dearomatisation of para-

alkyl phenol derivatives.

The well-known investigation of dearomatisation of p-phenols has been
extensively studied in different mechanisms, like the transition-metal catalytic system,
hypervalent iodine-mediated dearomatisation, as well as oxone and photooxidation
in the presence of photosensitisers, described in Section 5.1. Most of them have
promoted the application of phenols and can achieve the dearomatisation of phenols

to access the different core structure of natural products, as well as for other reactions.

For the work described in this Chapter, the main aim was to develop a green and
continuous flow process for the effective dearomatisation of p-phenols family. Herein,
photo-oxidation of dearomatisation of p-phenols will be investigated in the high
pressure liquid and supercritical CO; system, since the advantages of dense CO>
being used as a solvent as well as the continuous flow reactor have been discussed

in Chapter 1 and Section 3.1.

5.2 Photo-oxidation of p-cresol in Batch

Before performing the experiments in the high-pressure system with large scale,
starting with the dearomatisation of p-cresol in a small batch reactor, different
traditional solvents were screened. In all the batch experiments, the desired amount
of 5.1a and photosensitiser were dissolving in the required solvent, and oxygen was
provided by a balloon filled with pure oxygen at 1 atm; then irradiated by LED light.
The LED light source used for the batch experiments in this Chapter is one aluminium
block (5 x Citizen Electronics Co. Ltd 1000 lumen white light LED arrays (CL-L233-

C13N1-C)) with fan cooled.
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5.2.1 Screening of different organic solvents

Both the photosensitisers, Rose Bengal and TPFPP (5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin), can promote the production of peroxide in the
traditional organic solvents. This reaction was catalysed by CO;-soluble TPFPP,
which is an efficient photosensitiser having been used in our previous work.?” The
results demonstrated that polar and protic solvent, like methanol, increased the yield
of peroxide 5.2a to 81% after irradiation by batch LED light in 5 hours, compared to
aprotic solvents, such as acetonitrile or EtOAc (Table 5-1).

Table 5-1 Screen the solvents for the photo-oxidation of p-cresol in conventional
solvents at 1 atm pressure.?

OH @]
hv, PS, O,
Solvent, 23-25 °C
1 atm OOH
5.1a 5.2a
Photosensitiser Reaction Yield of
Entry Solvent .
(mol %) Time 5.2a (%)°
(U MeOH Rose Bengal (1 mol%) 5h 64
2 MeOH TPFPP (0.1 mol%) 5h 81
3 MeCN TPFPP (0.1 mol%) 5h 32
4 MeCN/H20 (1:1) TPFPP (0.1 mol%) 5h 79
5 EtOAc/MeOH (1:1) TPFPP (0.1 mol%) 4h 41
6 EtOAc/MeOH (1:1) TPFPP (0.1 mol%) 5h 48
7 EtOH TPFPP (0.1 mol%) 5h 39
8 EtOH/H20 (8:2) TPFPP (0.1 mol%) 5h 48

[a]: All the experiments were running in a 1 mmol scale p-cresol (5.1a) (0.067 M),
at room temperature and atmospheric pressure, unless otherwise stated. [b]:
Conducting the reaction according to the literature.**” [c] Yield was calculated
from "H NMR spectroscopy using biphenyl as internal standard.
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5.2.2 The screen of different co-catalysts

Since protic solvents appeared beneficial for the production of peroxide,

triethylamine (TEA, 5 mol%) or acetic acid (5 mol%) were added to investigate their

effect on this [4+2] cycloaddition reaction. The yield of 5.2a was 68 % in growth in the

presence of TEA (Table 5-2, entry 1), but the presence of acetic acid inhibited the

photo-oxidation step (Table 5-2, entry 4), the yield of 5.2a was reduced to 47 % in 5 h.

Table 5-2 The effect of co-catalysts on the dearomatisation of 5.1a in conventional
solvent at 1 atm pressure.?

OH O 0]
hV, PS, 02
> +
Solvent, 23-25 °C
1 atm OOH OH
5.1a 5.2a 5.2aa
- . Yield of
Photosensitiser Co- Yield of
Entry Solvent 5.2aa
(mol %) catalyst® 5.2a (%)
(%)°
1 EtOAc/ TPFPP (0.1 mol%) TEA 61 2
2 MeOH(1:1)  TPFPP (0.1 mol%) TEA 68 2
3 MeOH TPFPP (0.05 mol%) - 70 -
4 MeOH TPFPP (0.05 mol%) AcOH 47 -
5 MeOH  TPFPP (0.05mol%)  AcOH nd

[a]: All the experiments were running in a 1 mmol scale p-cresol, 5.1a (0.067 M) for
5 hours, at room temperature and atmospheric pressure, unless otherwise stated.
[b]: Using 5.2a as a starting material.[c]: 0.5 equivalent for each co-catalyst. [d]: No
5.1a was detected. [e] Yield was calculated from 'H NMR spectroscopy using
biphenyl as internal standard.

However, the addition of TEA also triggered the side reaction to produce a trace

amount of 5.2aa (Table 5-2, entry 1). When using 5.2a as starting material catalysed

by acetic acid, no 5.1a was detected after stirring for 5 h (Table 5-2, entry 5). This

demonstrated that the dearomatisation of 5.2a was not a reversible reaction in the
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presence of acetic acid. The inhibition effect of acetic acid was probably due to the

decomposition.

5.3 Dearomatisation of p-cresol in high pressure setup

5.3.1 High Pressure Setup

After testing the photo-oxidation of 5.1a in batch on a small scale, and a good
result was obtained, the high-pressure rig was employed for this reaction.?®”- 2% |t
should only be used with the proper safety training, especially for reactions to produce
peroxides which are potentially explosive. A simplified schematic for high-pressure

setup is shown in Figure 5-4 as below.

To investigate the miscibility of highly polar phenol derivatives in nonpolar
supercritical CO2, a very brief phase behaviour study was carried out with
collaboration with Dr Jie Ke in the high-pressure rig within the sapphire tube reactor,
and the results are shown in Experimental Section 5.10. A co-solvent is necessary to
solubilise the model substrate, p-cresol, since it is solid at room temperature.
According to the results obtained from the batch reaction conducted in traditional
solvents, methanol was the most suitable solvent for the production of peroxide.
Hence, methanol was chosen as the co-solvent to make a homogenous 5.1a solution
for being pumped into the CO, stream. Investigating different conditions provided the
results that the solution of 5.1a, methanol, and CO> was homogeneous. (Further
details are presented in Section 5.10.3) It reduces the potential safety risks caused

by the large concentration of oxygen in the organic phase.
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Figure 5-4 Simplified diagram for high pressure continuous flow setup. CO: is
supplied from a chilled CO2 pump and O; is dosaged at a known amount via a
Rheodyne Dosage Unit. Static mixer 1 consists of a stainless steel tubular reactor
loaded with sand to promote the mixing of CO: and O, The reagents and
photosensitiser are pumped by organic pump 1 and then mixing with gases in static
mixer 2, which is also a stainless steel tube filled with sand. The mixture is then flowed
upwards through a high-pressure sapphire tube reactor which filled with glass beads
for mixing, irradiated by LED lights. Downstream of the photoreactor is a thermal
reactor. This thermal reactor consists of a stainless steel tubular reactor loaded with
a solid catalyst and a heating block. A second organic pump is added before the
thermal reactor (shown in red). The thermal reactor and second pump are added
depending on the reaction. The mixture passes through the back pressure regulator
before further analysis is carried out. (A full diagram of each set-up and the
information about the LED light set are provided in the Experimental section 5.10).

5.3.2 Oxidation of p-alkyl phenol derivatives by hypervalent iodine

Transition-metal catalysed dearomatisation has been developed in the past few
years employing electron transfer. Hypervalent iodine reagents also can be used as
oxidants in organic synthesis, and their chemical properties in many aspects are
similar to the derivative of heavy metals.*3® However, hypervalent iodine as oxidant is

much more attractive in the dearomatisation of para-substituted phenols and is

162



Chapter 5 Flow Approaches for Dearomatisation of Phenols with 0.

regarded as of low toxicity, in contrast to many metal oxidants.**®* Moreover, iodine
compounds are mild, stable, ready availability, easy to handle and eco-compatible
reagents, advantageously competing with heavy metals. As such, it is not surprising
that iodine catalysis has attracted the interest of the synthetic community in the field
of asymmetric synthesis with the aim of developing greener and more environmentally
benign chemistry, as well as being popular in the field of the dearomatisation oxidation
reaction of phenols.*4

In pioneering work, Siegel and Antony described the first oxidative
dearomatisation of para-substituted phenols mediated by iodoarene diacetates.*4'
Hypervalent iodine(lll) and iodine(V) reagents (i.e., A*-iodanes and A%-iodanes,
respectively) such as phenyliodoso diacetate (PIDA), and
[bis(trifluoroacetoxy)iodo]benzene (BTI), and 2-iodoxybenzoic acid (IBX) have been
extensively employed in phenolic coupling-mediated product synthesis by White*+?
and Schwartz,*® and further ground-breaking developments by Kita,*** Lewis,**
Quideau,*% and Pelter*’.

A possible approach to extend the application of hypervalent iodine to aromatic
derivatives involved the formation of an electrophilic intermediate from the
corresponding aromatic ring. The phenolic intermediate then was transferred into
cyclohexa-2,4 or -2,5-dienones catalysed by a mild and environmentally acceptable
iodane (Scheme 5-5).38' 448 Sych transformations rely on the electrophilic character
of the hypervalent iodine centre and conceptually impose a switch to phenols from
being nucleophiles to being electrophiles. This ‘phenolic umpolung’, also more
generally referred to as ‘aromatic ring umpolung’ has been developed in the work of
Kita,444 449-450 then facilitates attack of nucleophiles at the orth- or para-carbon centres
of the starting phenol thus oxidatively active. Kita and co-workers have shown that
phenols*" 42can be activated under the influence of hypervalent iodine reagents
such as A3-iodane or A*-iodane leading to “E” (Scheme 5-5 (I)). The electrophilic

species “E” tends to react at the 4-position (e.g. Reaction mode b), at least with
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heteronucleophiles. Reaction mode a generally occurs best in solvents such as
trifluoroethanol (TFE) or hexafluoroisopropanol (HFIP), just as demonstrated by
Kita*534%4 and Canesi's**® group. In 2010, Canesi and co-workers employed the
strategy of “aromatic ring umpolung” to access the main core structure of natural

products, such as panacene and psorofebrin (Scheme 5-5 (I1)).4%¢

)

Pathway a Pathway b
OH o] o]
lodane ? Nu
- - . and/or
phenlollc . R R K Nu
umpolung Cyclohexa- Cyclohexa-
Nu E 2,4-dienone 2,5-dienone

(I

~LoH
H o :
H O H O H OH -
Al M Jw LI

Br
(0] OMe
Core structure Panacene Psorofebrin

Scheme 5-5 Investigating (l)lodane-mediated (oxygenation) dearomatisation of
phenols into cyclohexadienone; (Il) Structures of panacene and psorofebrin.

Quideau and co-workers also investigated the formation of orthoquinone
monoketals from para-substituted phenols and a chiral ethanol unit O-tethered to the
ortho position of this phenol.**! In this condition, although PIDA (A*-iodane) was used
as oxidant in the presence of 2,2,2-trifluoroethanol(TEE) at -35 °C, the active site was
at the ortho-position, and the substituent at the para-position was supposed to prevent
or at least retard the self-dimerisation of the dearomatised species through [4+2]
cycloaddition events.**"4%8 In 2016, Alaniz and co-workers developed a one-pot
synthesis of anilines and nitrosobenzene from phenols, which were oxidised by
phenyliodoso diacetate (PIDA) in methanol; this strategy can be a green method to
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access anilines instead of the use of toxic thallium (Ill) nitrate.*>°4¢° As well as the
single oxidant A3- or A°-iodane, oxone also can be used a co-oxidant. For example.
Yakura and co-workers investigated oxone oxidised the iodoarene to tri- or
pentavalent iodine species, which then oxidised para-alkoxyphenol to yield p-
quinone.*¢!

The asymmetric dearomatisation of phenol derivatives by hypervalent iodine
catalysts is of particular interest for the synthetic community as it can be a pivotal step
in the total synthesis of natural products.*¢? In 2013, Harned’s group prepared a new
aryl iodine reagent (Scheme 5-6 ¢) starting from 8-iodotetralone and tartaric acid. The
combination of 10 mol% of catalyst (Scheme 5-6 ¢) and 2.2 equivalent of 3-
chloroperbenzoic acid (m - CPBA) could promote the conversion of phenols to the
corresponding 2,5-cyclohexadienones, Scheme 5-6 b, in moderate to good yields.*¢3
The same group recently studied the mechanism of iodine(lll)-mediated oxidative
dearomatisation of phenols by DFT. They shed light on the nature of phenol oxidation
by iodine(lll) reagents and external nucleophiles. Their results showed that the
intermediate proceeded through a phenoxenium ion as shown in Scheme 5-7.403
Asymmetric iodine-mediated catalysis has been used extensively by Singh#®?,

Fujita®®*, and Claraz’s group?t®.

AN ¢ (10 mol %)

21 = 211
R m-CPBA 22eq) R U | o_ 0
R MeCN/H50 9:1 R OH
20-79% vyield
6-60% ee Chiral aryl iodine catalyst

a b c

Scheme 5-6 Asymmetric iodine catalysis-mediated dearomatisation of phenols by
m - CPBA.
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Scheme 5-7 Suggesting mechanism of iodine(lll) - mediated dearomatisation of
phenols

The hypervalent iodine(lll) and iodine(V) reagents have been extensively
employed in the dearomatisation of phenols to access the core structure of many
natural products. Also, the mechanism of iodine-mediated catalysis of phenols has
been explored. It was observed that the regioselectivity was largely dependent on the
nature of the iodine catalytic system. The conclusion is that iodine-mediated catalysts
can be used for the asymmetric synthesis to achieve the enantioselective oxidative

products, but only the moderate yields and enantioselectivities were obtained.

5.3.3 The yield of peroxide dependence on the co-catalysts

As the effect of a base catalyst on the photo-oxidation of 5.1a has been explored
in batch experiments, the results appeared that different base catalysts could be used
to increase the yield of peroxide 5.2a. Starting with the photo-oxidation of 5.1a in high-
pressure sapphire tube reactor (10 mm o.d., 120 mm length), methanol was used as
co-solvent and TPFPP as photosensitiser. These experiments were conducted at
40 °C, 120 bar, the concentration of 5.1a in co-solvent was 0.1 M, with the ratio of
TPFPP to 5.1a, 0.1 mol %. An example of these numbers for the molar composition
and flow rate were depicted in Table 5-3.
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Table 5-3 An example of required parameters to conduct a photo-oxidation
experiment in a high-pressure system, specifically in the case of p-cresol (5.1a) to
peroxide (5.2a), using methanol as co-solvent and TPFPP as photosensitiser. For this
particular experiment, the ratio of TPFPP to p-cresol was 0.1 mol %, the concentration
of 5.1a in methanol was 0.1 M.

Parameter Value Unit
Volume rate of 5.1a solution 0.1 mL/min
Volume Rate of CO; 0.37 mL/min
Percentage of O, in CO; 3.96 mol %
O2 Cylinder Pressure 180 Bar
System Pressure 120 Bar
Sample Loop Volume 50 uL
Required Switch Rate of Dosage Unit 13.3 seconds
O2: 5.1a Ratio 20:1 mol: mol

The experimental results are presented in Table 5-4. Firstly, this experiment was
performed without co-catalyst in methanol and COg; the yield of 5.2a was 35% when
the residence time in the photoreactor was 7 min (Table 5-4, entry 1). Instead of
methanol, EtOAc was used as co-solvent, and no peroxide was observed in this
condition (Table 5-4, entry 2). Therefore, compared to the photo-oxidation of
cyclopentadiene and fulvenes in Chapter 3 and Chapter 4, the reaction rate of
dearomatic oxidation of phenol derivatives was significantly slower. This results from
the 1r-system in the phenol aromatic compounds, which is quite stable and not easy
to break. To increase the residence time for the photo-oxidation step, a double-sized
volume of photoreactor (10 mm o.d., 240 mm length) was utilised, see details in
Section 5.10.2. Different organic and inorganic base catalysts, such as TEA, DBU
and K2COs were screened. The highest peroxide yield of 82% was obtained in the
presence of 5 mol% of DBU compared to TEA and K2COs as co-catalysts (Table 5-4,
entries 4-6) when the residence time was 26 minutes. The reason is that pKa of DBU
is higher than TEA and K>COs. The yield of 5.2a was up to 72% even without a base

catalyst (Table 5-4, entry 7). In contrast, the presence of base catalysts promotes the
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Table 5-4 The yields of 5.2a and 5.2aa dependence on co-catalysts in high-pressure

CO; system.?
OH O (0]
hv, TPFPP, O,
+
MeOH, 40 °C
120 bar, CO, OOH OH
5.1a 5.2a 5.2aa
Org. CO; Residence Yield Yield
Entry Co-catalyst pump pump . ' of of
. . time (min)
(mL/min) (mL/min) 5.2a 5.2aa
1P ) 0.05 0.37 7 35% -
2b¢c ) 0.05 0.37 7 0 -
3d TEA (5 mol%) 0.05 0.15 26 77% -
4 TEA (5 mol%) 0.05 0.15 26 77% 3%
5 DBU (5 mol%) 0.05 0.15 26 82% 5%
6 K2CO3 (5 mol%) 0.05 0.15 26 76% 8%
7 - 0.05 0.15 26 72% -
8 DBU (20 mol%) 0.05 0.15 26 81% 9%
9 DBU (20 mol%) 0.1 0.45 13 73% 12%
10 DBU ( 20 mol%) 0.15 0.45 9 53% 13%

[a]: All the experiments were performed using methanol as co-solvent, the
concentration of 5.1a in co-solvent was 0.1 M, and the concentration of TPFPP was
0.1 mol% of 5.1a unless otherwise stated. [b]: This experiment was conducted in
the previous photoreactor (10 mm o. d., 120 mm long). [c]: This experiment was
performed in EtOAc. [d]: H20 (12.5 mol%) was added. The yield was calculated by
"H NMR spectroscopy using biphenyl as internal standard.

producing of side-product 5.2aa, the yield of which increased with the increasing
amount of base catalysts (Table 5-4, entries 4-10). Increasing the flow rate of the

organic pump and CO. pump in the presence of 20 mol% of DBU, the yield of
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peroxide 5.2a diminished from 81% to 53%, since the residence time reduced from

26 min to 9 min.

5.3.4 The effect of concentration of p-cresol in MeOH

After screening different inorganic and organic base catalysts, increasing the
concentration of substrate in methanol from 0.1 M to 2.0 M, keeping the ratio of
TPFPP to 5.1a at 0.1 mol% and using 5 mol% DBU as co-catalyst, the yield of 5.2a
ranged from 82 % to 91 % when the residence time was 26 min. In this process, the
yield of 5.2aa stayed at 5-6 % (Table 5-5, entries 1-4). The yield of 5.2a increased
with increasing concentration of 5.1a since the production of 5.2a from 5.1a was a
second-order reaction. It reduced to 77% when the residence time was 13 min by
doubling the flow rate of the organic pump and CO; pump. However, it decomposed
to 45 % in the presence of DBU overnight with polymerisation occurring,*® with the
yield of 5.2aa increasing from 10 % to 20 % (Table 5-5, entries 5-6).

Since 5.2a was not stable in the DBU solution, the yield of 5.2a was up to 91 %
without the co-catalyst DBU at 2.0 M (Table 5-5, entry 7), and the yield of by-product
5.2aa reduced from 6 % to 1 %. The results demonstrated that a high concentration
of DBU was not suitable for the synthesis of peroxide 5.2a from 5.1a as 5.2a
polymerised with the help of DBU. Increasing the concentration of 5.1a to 3.0 M gave
96 % of peroxide 5.2a and 94 % even at 5.0 M (Table 5-5, entries 8 and 10). If
reducing the residence time form 26 min to 13 min, the yield of 5.2a was still 78 % at
3.0 M, but the BPR blocked when using 0.2 mL/min flow rate of CO. (Table 5-5, entry
9 and 10). The blockages were caused by the massive evaporation of methanol with

a large amount of CO; releasing after BPR.
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Table 5-5 Yields of peroxide 5.2a dependence on the concentration of 5.1a and
residence time.?

OH 0] O
hv, TPFPP, O,
> +
MeOH, 40 °C
120 bar, CO, OOH OH
5.1a 5.2a 5.2aa
Organic. CO. . dv dYield
Entr Conc. um um Residence Yield of
y (M) P p P p time (min) of 5.2a
(ml/min) (ml/min) 5.2aa
1 0.1 0.05 0.15 26 82 % 5%
2 0.5 0.05 0.15 26 91 % 5%
3 1.0 0.05 0.15 26 90 % 5%
4 2.0 0.05 0.15 26 87 % 6 %
5 2.0 0.1 0.3 13 77 % 10 %
6° 2.0 0.1 0.3 13 45 % 20 %
7 2.0 0.05 0.15 26 91 % 1%
8 3.0 0.05 0.15 26 96 % <1 %
9 3.0 0.05 0.3 15 Blocked
10 3.0 0.1 0.3 13 78 % <1 %
11° 5.0 0.05 0.15 26 94 % -

[a]: Full conversion for entry 4. [b]: Analysis was carried out after leaving the sample
of room temperature overnight. [c]: The BPR blocked after running for 4 hours. The
concentration of TPFPP was 0.1 mol % of 5.1a (entries 1-7) and 0.05 mol % of 5.1a
(entries 8-11). Entries 1 - 6: with 5 mol % DBU; entries 7-11: without co-catalyst. [d]
Yield was calculated from "H NMR spectroscopy using biphenyl as internal standard.
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Figure 5-5 Molecular structure of 5.2a with anisotropic displacement ellipsoids set at
50% probability, single-crystal X-ray structure obtained from a crystal formed in the
crude (i), hydrogen bonding for the single crystal (ii). Selected bond lengths (A) and
angles (°) for 5.2a. 5.2a: C(1)-C(2) 1.473(2); C(2)-C(3) 1.335(2); C(3)-C(4) 1.498(2);
0(9)-0(10) 2.795(1); O(9)-H-O(10) 167(2); C(2)-C(3)-C(4) 123.49 (12); C(3)-C(2)-C(1)
120.71(12). Other relevant bond length and angles are provided in Appendix.

The absolute structure of 5.2a was confirmed by X-ray crystallography, shown in
Figure 5-5. The crystal was obtained directly from the crude after the BPR when the
co-solvent was evaporated in the atmosphere. The structure in Figure 5-5 (i) is the
single-crystal confirmed by X-ray crystallography. Interesting, this p-peroxyquinol was
crystalised with two hydrogen bonds between two molecules as depicted in Figure
5-5 (ii). Both the distances of hydrogen bond from H to O3 is 1.96 (2) A; further details

are shown in the Experimental Section 5.10 at the end of this chapter.

171



5.3.5 The scope of different phenol derivatives

With the optimal dearomatisation of p-cresol conditions in hand, we examined
different phenol derivatives in this high-pressure setup. The yield and productivity in
two different conditions are shown in Table 5-6. When increasing the flow rate of the
organic pump and CO, pump, high productivities of 5.2a-5.2e were obtained at the
cost of yield to some extent. 96 % yield and 29 g/day of productivity of 5.2a were
achieved under these conditions as specified in the table that the flow rate of the
organic pump was 0.05 mL/min and the flow rate of CO.was 0.15 mL/min. However,
projected productivity of 5.2a was 47 g/day at 0.1 mL/min of organic pump and
0.3 mL/min CO. pump flow rate because the yield of 5.2a was reduced by only 18 %
even with twice flow rate (Table 5-6, entry 1).The recovery of the product 5.2a was
92 %, which has been examined by NMR and HPLC. Excellent yields were obtained
for substrate 5.1a-5.1d, which were higher than 90 % under condition A (Table 5-6,
entries 1-4). In particular, for substrate 5.1d, near quantitative yield was achieved
under conditions A, and the projected productivity was up to 67 g/day under condition
B. This is very promising for scaling up.

When employing the phenol derivative, 2-methoxy-4-ethylphenol (5.1e), with
methoxy group attached in the ortho-position, the yield for 5.2e was 85 % with
residence time 26 min under condition A. The yield dropped to only 34 % if
decreasing the residence time to 13 min under condition B. This resulted from that
the methoxy group was an electron donating group, which would affect the electron
distribution in the beneze ring. This changed the way of photocycloaddition

intermediate after [4+2] isomerisation to peroxide.
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Table 5-6 Scope of different phenol derivatives.?

OH O
R hv, TPFPP, O, R’
MeOH, 40 °C
R? 120 bar, CO, R2 OOH
1a-1e 2a-2e
. Productivity
. Yield of
Substrate Product Condi of product
Entry . product
(5.1a-5.1e) (5.2a-5.2¢) -tion 5.2a-5.2e
5.2a-5.2¢
(/Day)
1 o :C><)OH A 96 % 29g
B 78 % 47 g
2 :@ﬁOOH A 93 % 3149
O
B 83 % 559
ooH A 94 % 319
B 83 % 559

Q A >99 % 39g
o 0

OOH B 86 % 67 g
A 85 % 349

@ﬁg"' B 34 % 27 g

[a]: Concentration of phenol derivatives in methanol was 3.0 M; concentration of
TPFPP was 0.05mol % of substrate; Condition A: organic pump flow rate:
0.05 mL/min; CO2 pump flow rate: 0.15 mL/min; residence time: 26 min; Condition B:
organic pump flow rate: 0.1 ml/min; CO, pump flow rate:0.3 ml/min; residence time:
13 min.

o
o

s
o
e
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Figure 5-6 Molecular structure of 5.2b and 5.2d with anisotropic displacement ellipsoids set at 50% probability. Structures of (a) and (b) are the
single crystal and two units for chain-peroxide 5.2b. Structures of (c) and (d) are the single crystal and two units for chain-peroxide 5.2d. Selected
bond lengths (A) and angles (°) for 5.2b and 5.2d. 5.2b: C(1)-C(2) 1.495 (2); C(2)-C(3) 1.330(2); C(3)-C(4) 1.465(2); C(1)-C(2)-C(3) 122.82(11);
C(2)-C(3)-C(4) 121.14(11). 5.2d: C(1)-C(2) 1.466(2); C(2)-C(3) 1.329(2); C(3)-C(4) 1.497(1); O(13)-O(11) 2.747(1); O(13)-H-O(11) 167.5(16);
C(1)-C(2)-C(3) 120.92(10); C(2)-C(3)-C(4) 123.10(10) Relevant bond length and angles are provided in Appendix.
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The solvent was left to evaporate at room temperature and atmosphere, yielding
single crystals for both 5.2b and 5.2d. The structures of 5.2b and 5.2d were shown
in Figure 5-6. Unlike crystal 5.2a, which forms dimers between two molecules (Figure
5-5), these compounds (5.2b and 5.2d) form long H-bonded chains. The interaction
of these both 5.2b and 5.2d are hydrogen bonding, which appeared in crystal 5.2a as
well. However, the interaction of molecular 5.2b, 5.2d are bonded by only a single
interaction hydrogen bond. The distance of hydrogen bond from H1 to O3 (Figure 5-6

(b)) and H1 to O11 (Figure 5-6 (d)) are 1.86(2) A and 1.88(2) A, respectively.

5.4 The application of p-peroxyquinol

5.4.1 Access to 1,2,4-trioxane

Phenols are the most frequently utilised substrates for dearomatisation to access
complex molecules. A number of dearomatisation strategies have been used by
organic chemists to construct fused, bridged and spiro structures.*®’” One of the
products, cyclohex-2,5-dione, can be obtained from the dearomative oxidation of p-
phenols, which are considered as good electrophilic substrates in various reactions,
such as the Diels-Alder reaction,*¢84%° reductions, [3+2] cyclization and Michael
addition, which been found widespread use in the chemical synthesis of natural
products.'® 470472 Additionally, the groups of Feringa,*”® Hayashi,*’* and Rovis*®
have developed catalytic desymmetrization methods to convert the
cyclohexadienones motif into useful enantioenriched molecules.%”

Urbano and co-workers developed an acidic - basic tandem catalytic process on
p - peroxyquinols with hydroxyl alkyl chains at C - 4 allowed the one-pot synthesis of
hydrobenzofuran and hydrobenzopyran tricyclic epoxides.**® This provides the

strategy for the first synthesis and structural revision of natural product cleroindicin D
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(Scheme 5-8). p-quinol can be accessed from reduced p-peroxyquinol, and Carrefo
and co-workers explored the Morita-Baylis-Hillman reaction of p-methylquinols with
activated aromatic aldehydes to obtain three different products, including a fused 1,3-

dioxolane.®"®

0
i. cat. p-TsOH oy
OH . cat. triton B '
HOO HO'

h
R=H, Me

p-peroxyquinol

Cleroindicin D
hydrobenzofurans (n=1)

Hydrobenzopyrans (n=2)

(Revised structure)

\ J

Scheme 5-8 One-pot synthesis of hydrobenzofuran and hydrobenzopyran from
p-peroxyquinol.**

Besides the application of p-peroxyquinol mentioned above, another strategy is
to access 1,2,4-trioxane compounds via Michael addition, which is the core structure
of some antimalarial reagents.” The acetalisation/oxa-Michael cascade was first
proposed by Jefford.4”® It is well-known that malaria continues to be a major lethal
infectious disease of human beings, affecting around 219 million people and causing
approximately 435,000 deaths globally in 2017.4” The naturally occurring
sesquiterpene lactone peroxide artemisinin (ginghaosu), which contains a 1,2,4-
trioxane subunit, serves as the natural active principle and model compound.*’®

Artemisinin is mainly extracted from a Chinese plant, Artemisia annua (Scheme
5-9), and supply does not always meet demand, so supplementing this with a semi-
synthetic manufacturing process from more abundant biosynthetic precursors is a
promising way.*’® A green and continuous process for dihydroartemisinic acid (DHAA)
transformation to artemisinin (ART) was developed in our group in 2015, liquid CO;
offers possibilities due to its inertness towards oxidation, which is the main step for
the synthesis of artemisinin.®® The use of aqueous mixtures and utilisation of

Amberlyst-15 supported photosensitiser also provided opportunities for solvent
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manipulation. These approaches proposed in this work hold promise for rapid
implementation on a large scale (Scheme 5-9).

H :

7 [CO, + 0,]

|

s B

v COoH s 15

5] on
DHAA + < % -
[ co-solvent | 3 5 H =

5 8 ;
2 Lz

Fi

[CO, + Oy <——l-—>

BPR

ART +|co-solvent |

Scheme 5-9 One strateqgy for the one-pot semi-synthesis of artemisinin in liquid CO:
(Left). The Chinese plant: Artemisia annua (Right).*

However, artemisinin-based combination therapies (ACTs) such as
artemether/lumefantrine/amodiaquine recommended by WHO for the treatment of
malaria have been reported to develop resistance in South-East Asia.*®° Recently,
more different novel 1,2,4-trioxane compounds have been synthesised to be potent
antimalarial agents.*81-483

Given the antimalarial properties of 1,2,4-trioxane compounds, it remains worth
exploring newer scalable methods for the production of 1,2,4-trioxane chemicals.
Herein, a green and scaled up process was investigated in the high-pressure
continuous flow system using CO: as a solvent, which followed the step of

dearomatisation of p-phenols under the irradiation in a daisy-chain.

5.4.2 The reactivity of p-peroxyquinol with an aldehyde in methanol

In the next experiment, a daisy-chained reaction to synthesise a 1,2,4-trioxane in
methanol is proposed: step 1: dearomatisation of phenol derivatives; step 2:
cyclisation of p-peroxyquinol with cyclohexanecarboxaldehyde 5.7 under acid

conditions. Herein, the concentration of aldehyde 5.7 was 1.2 M in EtOAc, which was
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pumped by an extra organic pump. Unfortunately, 1,2,4- trioxane 5.3a cannot be
synthesised using the mentioned method, due to the protic solvent employed. Instead
of 1,2,4-trioxane 5.3a, acetal 5.3aa was obtained, since methanol was reactive with
an aldehyde under acidic conditions. This is also in accordance with the results in the

literature, which used the aprotic solvent, CH,Cl*3® (Figure 5-7).

0]
MeOH 002 Amb 15
50 °C
5.2a

5. 3aa

Figure 5-7 The reactivity of peroxide with aldehyde 5.7 in methanol

5.5 Dearomatisation of 5.1a using EtOAc as co-solvent

Therefore, in order to synthesise a 1,2,4-trioxane 5.3a via the dearomatisation of
phenol derivatives, aprotic solvent, EtOAc, was employed instead of the protic solvent,
methanol. EtOAc was chosen as the co-solvent with supercritical CO; to conduct the
dearomatisation of p-cresol, because it is green and sustainable, easily removed, and
the lifetime of singlet oxygen in EtOAc is acceptable.'® The results in Table 5-7
demonstrates that p-peroxyquinol 5.2a could be obtained in a reasonable yield.
During this process, polymerisation was also observed when high concentrations
(2.0 M and 3.0 M) of 5.1a were used, probably because of the absence of protic

solvent; only ca. 54 % yield of 5.2a was obtained (Table 5-7, entries 2 and 5).
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However, the yield of 5.2a was approaching 68 %, when a 1.0 M concentration of
5.1a in EtOAc was used (Table 5-7, entry 4). The conversion was less than 100 % in

all cases as shown in Table 5-7.

Table 5-7 Results of dearomatisation of 5.1a using EtOAc as co-solvent.?

OH (0]

hv, TPFPP, O,

EtOAc, 40 °C

120 bar, CO, OOH
5.1a 5.2a

Concentration (M) Residence Conversion of

Entry o1 N Time (min)? 51a Yield of 5.2a
1 3.0 0.05 mol% 21 80 % 41 %
2 3.0 0.05 mol% 35 94 % 54 %
3 1.0 0.1 mol% 21 41 % 41 %
4 1.0 0.1 mol% 35 72 % 68 %
5 20 0.1 mol% 21 88 % 51 %

[a]: All experiments were conducted at 40 °C and 120 bar, using CO» and EtOAc as
solvents, the flow rate of organic pump 1 was 0.05 mL/min, the flow rate of CO, was
0.1 - 0.2 mL/min. The photoreactor was 10 mm O. D., 120 mm length, filled with
glass beads (6 mm O. D.), the yield and conversion were calculated from 'H NMR
spectroscopy, using biphenyl as internal standard. [b]: The concentration of 5.1a in
EtOAc. [c]: The ratio of TPFPP to 5.1a. [d]: Residence Time of photo-oxidation step
in the photoreactor.

Since the conversion was less than 100 %, we investigated whether increasing
the amount of TPFPP could increase the conversion of 5.1a and yield of 5.2a when
the flow rate of the organic pump 1 and CO, pump was 0.05 mL/min and 0.3 mL/min,
respectively, as shown in Figure 5-8. The yield of 5.2a increased from 41 % to 69 %
when increasing the ratio of TPFPP to 5.1a from 0.1 mol % to 0.3 mol %. Since the
generation of 'O, dependent on the amount of photosensitiser, TPFPP, more 'O, can

be produced with more TPFPP, at some point, as explained in the Introduction.
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Yield of 5.2a dependence on the

80% 4 amount of TPFPP
0.69
70% 0.64
©
N
w5 60%
I
3 50%
> 0.4
40% >
0.05 0.15 0.25

Ratio of TPFPP to p-cresol (mol %)

Figure 5-8 Showing how the yield of 5.2a depends on the amount of TPFPP in EtOAc
and CO.. These experiments were conducted in the setup shown in Figure 5-4. The
system pressure was 120 bar. The photoreactor (40 °C) was 10 mm O. D., 240 mm
length, filled with glass beads (6 mm O. D.), the flow rate of organic pump 1 was
0.05 mL/min, the flow rate of CO2 pump was 0.3 mL/min. The concentration of 5.1a
in EtOAc was 1.0 M, the residence time was 15 min, The switching time of Rheodyne
for oxygen was 15.9 seconds; using biphenyl as an internal standard.

5.6 The reactivity of p-peroxyquinol 5.2a with an aldehyde in
EtOAc

5.6.1 The reactivity of 5.2a using EtOAc as co-solvent

In the following section, we describe experiments using 0.3 mol% TPFPP. A61 %
yield of 1,2,4-trioxane 5.3a was obtained when the thermal reactor was held at 50 °C,
pumping 1.2 M aldehyde 5.7 via organic pump 2, see Figure 5-4. This example is
described in Table 5-8. During this process, the yield of the cyclisation step was up to
88 %, and no peroxide 5.2a was observed after passing through the thermal reactor,
giving 61 % of overall yield for 1,2,4-trioxane 5.3a yield.

To further increase the conversion of 5.1a in EtOAc and CO; system, the CO:
flow rate was reduced from 0.3 mL/min to 0.2 mL/min to increase the residence time

in the photoreactor from 15 min to 26 min. The conversion changed from 69 % to
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75 %, with a 72 % overall yield of 5.3a. When 2 equivalents of fert-butanol (acting as
protic solvent) were employed with EtOAc solution, the conversion of 5.1a increased
further to 86 % at 0.05 mL/min for organic pump 1, 0.15 mL/min for CO2 pump. The

overall yield for 5.3a was up to 78 %.

Table 5-8 Summary of the synthesis of 5.3a in high-pressure EtOAc and CO, system.?

OH
hv, TPFPP, O, Amberlyst-15
ethyl acetate, 40 °C
120 bar, COZ OOH / \
5.1a 5.2a 5.7 5. 3a
Temperature (°C) Concentration (M)® Flow Rate (mL/min)

Photo- | Thermal Organic Organic
reactor | Reactor 3.1a 5.7 Co: pump 1 pump 2
40 50 1.0 1.2 0.3 0.05 0.05
Residence Time Ratio of Svat Cvelisat Overall

stem clisation
Photo- | Thermal | TPFPP y Conversion y i Yield of
Pressure Yield
reactor | Reactor | to0 5.1a 5.3a
. . 0.3 mol
15 min 2.7 min o 120 bar 69 % 88 % 61 %
(0]

[a]: Thermal Reactor was loaded with 1 g Amberlyst-15, yield was calculated from
'"H NMR, using biphenyl as an internal standard. The switching time of Rheodyne
for oxygen was 15.9 seconds. [b]: represents the concentration in EtOAc.

However, the addition of tert-butanol also promoted the yield of the reduced by-
product, 4-hydroxy-4-methylcyclohexa-2,5-dien-1-one (5.2aa). When we employed
more powerful LED lights (8000 lumens for each chip, 3 chips for each LED), one
powerful LED and five normal LED (1000 lumens for each chip, each LED with 5 chips)
at the same time to irradiate the photoreactor, the conversion of 5.1a was 89 %. The
residence time was 9 min in the photo-oxidation step, with 64 % overall yield of 5.3a,

the flow rates of organic pump 1 and CO; pump were held at 0.1 mL/min, 0.45 mL/min,
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respectively. Others conditions also were tested, but polymerisation was observed

when employing a longer residence time, 26 min as previously shown in Table 5-1.

Table 5-9 The results of photo-oxidation of 5.1a with powerful LED light.?

Flow Rate (mL/min) Residence . Yield of
Entry b Conversion®

Org. Pump1 CO2; Pump Time 5.2a°
1 0.05 0.15 26 min 97 % 58%
2 0.05 0.3 15 min 97 % 35 %
3 0.1 0.45 9 min 89 % 69 %
4 0.1 0.6 7 min 89 % 54 %
5 0.15 0.52 8 min 89 % 80 %

[a]: All experiments were performed at 40 °C, 120 bar. The concentration of TPFPP
to 5.1a was 0.3 mol %. The switching time of Rheodyne for oxygen was
15.9 seconds. [b]: represents Residence Time in the photoreactor. [c]: Yield was
calculated by '"H NMR spectroscopy, using biphenyl as an internal standard.

The stereochemistry of the structure of 5.3a was firstly identified by single-crystal
X-ray (Figure 5-9 (a)). This crystal was obtained directly after BPR without further
purification, which is matching with some of 12 Principles of “Green Chemistry”, such
as preventing waste than to treat it after it is formed, and without unnecessary
derivatisation, as well as catalytic reagents used instead of stoichiometric reagents.
4.2 grams of crystalline product can also be obtained if recrystallised in diethyl ether

(Figure 5-9 (b)).
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Figure 5-9 (a) Molecular structure of 5.3a with anisotropic displacement ellipsoids set
at 50% probability. Selected bond lengths (A) and angles (°) for 5.3a. 5.3a: C(1)-C(2)
1.501(6); C(2)-C(3) 1.335(6); C(3)-C(4) 1.471(7); C(1)-O(1) 1.455(5); O(1)-O(2)
1.467(4); O(2)-C(8) 1.426(5); C(1)-C(2)-C(3) 122.6(4); C(2)-C(3)-C(4) 121.6(4); C(1)-
O(1)-0(2) 107.4(3); C(8)-O(4)-C(6) 110.6(3); other relevant bond lengths and angles
are put in the Appendix. (b) 4.2 grams of 5.3a were recrystallised from the crude in
diethyl ether.

5.6.2 The reactivity of 5.2a using MeCN/ EtOAc as co-solvent

When employing a mixture of acetonitrile/ethyl acetate (MeCN/EtOAc) as co-
solvent, the system pressure was 120 bar, and the temperature of photoreactor was
40 °C, as shown in Table 5-10. The conversion of 5.1a was 73 %, giving an overall
62 % yield of 5.2a when the residence time in the photoreactor was 26 min. EtOAc
was used in a 1:1 volume ratio with MeCN as EtOAc is known to solubilise TPFPP
(0.3 mol% of 5.2a) in MeCN/CO, system. Unfortunately, 1,2,4-trioxane 5.3a was not

observed in the mixture of MeCN/EtOAc as co-solvents when pumping compound 5.7
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(1.2 M, 0.05 mL/min) under acid conditions, with the temperature of thermal reactor

held at 50 °C.

Table 5-10 Results of the dearomatisation of 5.1a when employing MeCN/EtOAc as
co-solvent.?

Flow Rate (mL/min) Residence ) Yield of
Entry b Conversion®
Org. Pump1 COz Pump Time 5.2a°
1 0.05 0.15 26 min 73 % 62 %
2 0.05 0.3 15 min 51 % 37 %
3 0.05 0.15 26 min 73 % 28 %

[a]: The mixture of Acetonitrile/EtOAc (v/v=1:1) was used as co-solvent to dissolve
the starting material 5.1a, 1.0 M; the system pressure was 120 bar and the
temperature was 40 °C in photoreactor; the switching time of Rheodyne for oxygen
was 15.9 seconds unless otherwise stated. [b]: Residence Time in Photoreactor,
[c]: Yield was calculated from 'H NMR spectroscopy, using biphenyl as an internal
standard. [d]: Pumping 1.2 M compound 5.7 in EtOAc with one more organic pump
at 0.05 mL/min, the thermal reactor (50 °C) loaded with 1.0 g Amberlyst-15, the
residence time in the thermal reactor was 4 min. [d]: No 1,2,4-trioxane 5.3a was
observed, but the yield of 5.2a reduced to 28 %.

5.6.3 The reactivity of 5.2a dependent on the residence time

Given the results of screening the amount of TPFPP, different co-solvents,
with/without the tert-butanol, all of these parameters affect the dearomatisation of
5.1a and synthesis of 5.3a in this high-pressure setup (Figure 5-4). Then, longer
residence time for the photo-oxidation step of 5.1a in EtOAc via increasing the length
of the sapphire tube photoreactor was considered, and the results are shown in Table
5-11. Firstly, employing different flow rates of CO, pump, keeping the flow rate of
organic pump 1 at 0.05 mL/min, the yield of 5.2a peaked at 95 %, with near full
conversion when the residence time in the photoreactor was 52 min in the more
extended photoreactor (40 °C, 120 bar) (Figure 5-17, Table 5-11, entries 1 and 2).
The conversion of 5.1a and the yield of 5.2a decreased as shortening the residence

time in the photoreactor, via changing the flow rates of organic pump 1 and CO; pump
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(Table 5-11, entries 1 - 4). An 84 % overall yield of 1,2,4-trioxane 5.3a was obtained
when introducing the1.2 M concentration compound 5.7 between the photoreactor

and the thermal

Table 5-11 Investigating the effect of more extended Photoreactor on the
dearomatisation of 5.1a.?

Flow rate (mL/min) . Yield Overall
Residence . .
Entry Org. CO; Time® Conversion® of Yield of
Pump 1 Pump 5.2a 5.3a
1 0.05 0.15 52 min >99 % 95 % -
2 0.05 0.3 30 min 95 % 87 % -
3 0.1 0.3 26 min 79 % 74 % -
4 0.1 0.45 19 min 59 % 52 % -
54 0.05 0.15 52 min® >99 % 3 % 84 %
6 0.05 0.3 30 min® 95 % 6 % 74 %
74 0.1 0.3 26 min® 79 % <1 % 74 %

[a]: The concentration of 5.1a was 1.0 M in EtOAc, and the system pressure was
120 bar, as well as the temperature of photoreactor was 40 °C. The switching time
of Rheodyne for oxygen was 15.9 seconds unless otherwise stated. Yield was
calculated by 'H NMR spectroscopy using biphenyl as internal stardand. [b]:
Residence Time in Photoreactor(10 mm O. D., 480 mm length, loaded with glass
balls, 6 mm O. D.).[c]: Conv.: Conversion of 5.1a. [d]: Pumping compound 5.7 (1.2
M in EtOAc) at 0.05 mL/min between the photoreactor and the thermal reactor by
organic pump 2, the flow rate of organic pump 2 was the same as organic pump 1.
The temperature of the thermal reactor (loaded with 1g Amberlyst-15) was 50 °C.
[e]: The residence time in the thermal reactor for entries 5, 6, 7 was 3.2 min, 2.0 min,
1.6 min, respectively.

reactor (50 °C) at 0.05 mL/min (Table 5-11, entry 5). When increasing the flow rate of
CO; pump from 0.15 mL/min to 0.3 mL/min, the overall yield of 5.3a decreased from
84 % to 74 %. Under these two conditions, 3 - 6 % of 5.2a was unreacted; the
cyclisation yield decreased from 84 % to 78 %. When doubling the flow rate of organic
pump 1 from 0.05 mL/min to 0.1 mL/min, 74 % overall yield was obtained, with

27 g/day projected productivity of 5.3a (Table 5-11, entry 7).
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Instead of using aldehyde 5.7, freshly prepared imine 1-cyclohexyl-N-

isopropylmethanimine*®* (compound 5.8, 1.2 M in EtOAc) was introduced into the rig

between the photoreactor and the thermal reactor at 0.05-0.1 mL/min, giving 10 % of

tentively asiigned 3-cyclohexyl-4-isopropyl-8a-methyl-3,4,4a,8a-tetrahydrobenzo [e]

[1,2,4]dioxazin-6 (5H)-one (compound N-3a), and peroxide 5.2a was unreacted

(Table 5-12), the procedures are described in the Experimental section at the end of

this Chapter. The compound N-3a will be further explored in the future. This low yield

of N-3a was probably the result of the acid catalyst Amberlyst-15 being neutralized

by the basic imine preventing catalysis of peroxide 5.2a to dioxazinone N-3a.

Table 5-12 Testing the reactivity of peroxide 5.2a with imine 5.8 in the high-pressure

system.?
OH 0 o
hv, '0, Amberlyst-15 J\
EtOAc, CO, Né\O )N\
ON
OOH e Cy
5.1a 5.2a 5.8 N-3a
Flow rate (mL/min) . Yield  Overall
Ent Residence Conversion® of Yield of
y Org. CO; Time® 5.2 N3
Pump 1 Pump -<a ~oa
1d 0.05 0.1 69 min® 95 % 73 % 9 %
24 0.1 0.2 35 min® 79 % 66 % 10 %

[a]: The concentration of 5.1a was in ethyl acetate was 1.0 M and the system
pressure was 120 bar, as well as the temperature of photoreactor was 40 °C. The
switching time of Rheodyne for oxygen was 15.9 seconds unless otherwise stated.
The yield was determined according to "H NMR spectroscopy using biphenyl as
internal standard. [b]: Residence Time in Photoreactor (10 mm O. D., 480 mm
length, loaded with glass balls, 6 mm O. D.). [c]: Conversion of 5.1a. [d]: Pumping
compound 5.8 (1.2 M, freshly prepared) at 0.05 mL/min after the photoreactor, the
temperature of the thermal reactor (loaded with 1g Amberlyst-15) was 50 °C. [e]:
The residence time in the thermal reactor for entries 1 and 2 was 4 min and 2.3

min, respectively.
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5.6.4 The scope of different substrates using EtOAc as co-solvent

With the conditions to investigate the substrate 5.1a in hand, 5.1b was examined
with these parameters as shown in Table 5-13.

A similar trend was observed as for substrate 5.1a; higher conversion of 5.1b and
higher yield of 5.2b were observed when increasing the irradiation time in the
photoreactor from 26 min to 52 min (Table 5-13, entries 1 and 2). 5.1b, with an ethyl
group in the para-position, was less reactive towards singlet oxygen than 5.1a under

Table 5-13 Synthesis of 5.2b and 5.3b using EtOAc as co-solvent in the high-pressure
CO; setup-4.?

OH 0 o
hv, TPFPP, O, Amberlyst-15
EtOAc, 40 °C O\/ -0
120 bar, CO O "
ar. 2 OOH /O O\o) /Cy
5.1b 5.2b 5.7 5.3b
Flow rate (mL/min) . Yield Overall
Residence . -
Entry Org. Pump CO; Times Conversion® of Yield of
1 Pump 5.2bf 5.3bf
1 0.05 0.15 52 min 84 % 83 % -
2 0.1 0.3 26 min 71 % 71% -
3¢ 0.05 0.15 52 min¢ 84 % 0 34 %
4¢ 0.1 0.3 26 min® 71 % 0 41 %

[a]: The concentration of 5.1b in EtOAc was 1.0 M and the system pressure was
120 bar, as well as the temperature of photoreactor was 40 °C. The switching time
of Rheodyne for oxygen was 15.9 seconds unless otherwise stated. [b]: Residence
Time in photoreactor(10 mm O. D., 480 mm length, loaded with glass balls, 6 mm
O. D.). [c]: Conversion of 5.1b. [d]: Pumping compound 5.7 (1.2 M) at 0.05-
0.1 mL/min between the photoreactor and thermal reactor by organic pump 2, the
flow rate of the organic pump 2 was the same as organic pump 1. The temperature
of the thermal reactor (loaded with 1g Amberlyst-15) was 50 °C. [e]: The residence
time in the thermal reactor for entries 3 and 4 was 3.2 min and 1.6 min, respectively.
[fl: Yield was calculated by '"H NMR spectroscopy using biphenyl as internal
standard.
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the same conditions; the conversion of 5.1b was 84 % when the radiation time was

52 min (Table 5-13, entry 1), while for 5.1a was 99 % (Table 5-11, entry 1).

The selectivity for 5.2b was near 100 % at different irradiation times in the
photoreactor. After the photoreactor, compound 5.7 (1.2 M, 0.05 mL/min) was
pumped from organic pump 2into the process before the thermal reactor, giving a
yield for the cyclisation step, forming 5.3b, of 41 %. This cyclisation step was
catalysed by Amberlyst-15 in the thermal reactor (50 °C), as shown in Table 5-13,
entry 3. A cyclisation step yield of 58 % (overall yield was 41 %) was obtained when
increasing the flow rate of pumps (Table 5-13, entry 4). That a higher overall yield of
5.3b was obtained with higher flow rates of both pumps was different from the
synthesis of 5.3a from substrate 5.1a (Table 5-11, entries 5 and 7).

Both conditions A and B (at 120 bar and 40 °C, Table 5-14), having been tested
on substrate 5.1a and 5.1b, were employed on further para-phenol derivatives with
different functional groups. The difference between conditions A and conditions B are
the flow rates. The flow rates of organic pump 1, 2 and CO, pump was 0.05 mL/min,
0.05 mL/min, 0.15 mL/min, respectively, under conditions A; and 0.1 mL/min,
0.1 mL/min, 0.3 mL/min, respectively, under conditions B. When investigating the
reactivity of 5, 6, 7, 8-tetrahydro-2-2-naphthol, 5.1¢, under conditions A as mentioned
in Table 5-14, entry 1, only 21 % of peroxide 5.2c was observed, but with the full
conversion. This naphthol 5.1c may be overoxidised in the more extended
photoreactor since the rate constant was higher for dearomatisation of naphthol
derivatives with singlet oxygen than p-cresol 5.1a with singlet oxygen under the same
conditions.'®® Reducing the reaction time in the photoreactor by increasing the flow
rate of the organic pump and CO; pump to 0.1 mL/min, 0.3 mL/min, respectively,

under conditions B, the yield of 5.2c was 47 % (Table 5-14, entry 2).
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Table 5-14 Scope of dearomatisation of 5.1a using EtOAc as co-solvent in high-
pressure setup-4.2

O

OH ]
R hv, TPFPP, 0, R Amberlyst-15 R@
EtOAc, 40 °C o)
120 bar, CO RS
R? an = R? OOH O 00 ey
5.1c-5.1e 5.2c-5.2¢ 5.7 5.2c-5.2¢e
1c: R'=Me, R%=Me
1d: R'=H, R?>=(CH,),
1e: R'=OMe, R2=Et
. Overall
o Y Yield of .
Entry  Substrate Condition Conversion . Yield of
Peroxide® )
trioxane®
OH A >99 % 21 % 4 %
1
5.1c B >99 % 47 % 9%
:< A 96 % 41 % 55%
2 OH
5.1d B 95 % 88 % 53%
OMe
3 /—GOH A >99% 16 % 5 %
5.1e

[a]: The concentration of substrate was 1.0 M in EtOAc fed by organic pump 1,
compound 5.7 (1.2 M) was introduced into the rig by organic pump 2 between
photoreactor (10 mm O. D., 480 mm length, loaded with glass balls, 6 mm O. D.) and
thermal reactor, and thermal reactor was loaded with 1.0 g Amberlys-15, 50 °C.
Condition A: Flow rate of organic pump 1, 2 and CO, pump was 0.05 mL/min,
0.05 mL/min, 0.15 mL/min; respectively; condition B: Flow rate of organic pump 1, 2
and CO2 pump was 0.1 mL/min, 0.1 mL/min, 0.3 mL/min, respectively; the switching
time of Rheodyne for oxygen was 15.9 seconds unless otherwise stated. [b]:
Conversion of the substrate. [c]: Yield was calculated from 'H NMR spectroscopy,
using biphenyl as an internal standard.
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Peroxide 5.2c reacted with compound 5.7 in the daisy chained reactor to
synthesise 1,2,4-trioxane motif, at a yield of just 9 % 5.3¢c being observed under
conditions B. This is thought to be because the 6-membered ring attached on the
para- and meta-position hindered the formation of trioxane 5.3c. Moreover, substrates
5.1d and 5.1e were used for synthesising 1,2,4-trioxanes with different functional
groups. A moderate yield of 5.3d was obtained, but with a quite low yield of 5.3e being
observed, since the yield of 5.2e was not promising, merely 16 % (Table 5-14)

As described in Table 5-13, the overall yield for 5.3b was 34 % and 41 %,
respectively (Table 5-13, entries 3 and 4); with the cyclisation step yields were 40 %
and 58 % respectively. Surprisingly, these results were in contrast to the yields of
cyclisation step for the model substrate 5.1a. We suspected that both the amount of
loaded catalyst (Amberlyst-15) and the temperature for the cyclisation step affect this.

Overall yield dependence on the amount of catalyst

a

2

>
T

45% |

40%

overall Yield of 5.3b
w
<
>

30% 1 1 1 1 1 1 :I
0.4 0.5 0.6 0.7 0.8 0.9 1 11

The amount of Amberlyst-15 (g)

Figure 5-10 Yield of 1,2,4-trioxane 5.3a depends on the amount of Amberlyst-15. The
concentration of substrate was 1.0 M in EtOAc pumped by organic pump 1
(0.05 mL/min), and compound 5.7 (1.2 M) was introduced into the rig by organic pump
2 (0.05 mL/min) between photoreactor (40 °C, 10 mm O. D., 480 mm length, loaded
with glass balls, 6 mm O. D.) and thermal reactor (1/4 inch O. D., 156 mm); and the
temperature of the thermal reactor was 50 °C. The flow rate of CO, was 0.15 mL/min.
Up flow was used for the thermal reactor, 0.5 g, 0.75 g, and 1 g Amberlyst-15 was
loaded in the bottom, respectively and glass balls (1.5 -2 mm) were loaded at the top
of the tubular thermal reactor in Figure 5-4 unless otherwise stated.
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Therefore, different amounts of Amberlyst-15 were pre-loaded at the bottom of
the tubular thermal reactor, with the remaining filled with glass beads (1.5 -2 mm) at
the top. At 50 °C, the overall yield of 1,2,4-trioxane 5.3b was 45 %, 50 %, and 34 %
when increasing the amount of Amberlyst-15 from 0.5 g to 0.75 g and 1.0 g (Figure
5-10). The best yield was obtained with 0.75 g Amberlyst-15 (50 °C). Then, we
observed that the yield of 5.3b increased to 53 % when decreasing the temperature
of the thermal reactor from 50 C to 40 °C (0.75 g Amberlyst-15 pre-loaded). The yield
for 5.3b increased further to 62 % when pre-loading the 0.75 g Amberlyst-15 at the
top, filled with glass beads (1.5 -2 mm) in the bottom, providing for pre-mixing the
peroxide 5.2b with aldehyde 5.7 to form an intermediate compound 5.12 before
obtaining the desired 1,2,4- trioxane 5.3b.via Michael addition (Figure 5-11). This
presumably reduces the decomposition of 5.2b when interacting with acid

Amberlyst - 15 in the thermal reactor.

-~ _ 0

o

O\
Amb-15 (0.75 g)
¥ > OH
40 °C o.
O. O
or )\O
5.2b 57 B 512 -

Figure 5-11 The formation of intermediate 5.12 in the high-pressure setup-4.

Next, the effect of temperature on the cyclisation step was investigated. 0.75 g
Amberlyst - 15 was loaded in the thermal reactor, keeping the flow rate of organic
pump 1 (1.0 M 5.1b solution in EtOAc), organic pump 2 (1.2 M compound 5.7 in
EtOAc) and CO; pump at the 0.05 mL/min, 0.05 mL/min and 0.15 mL/min,
respectively; results are presented in Figure 5-12. The yield of 5.3b peaked at 62 %
when the temperature of the cyclisation step was 40 °C, and it decreased to 27 % by

increasing the temperature to 60 °C. This illustrated that the temperature also affected
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the synthesis of trioxane 5.3b. A better yield of 5.3b was obtained at 40 °C than other

temperatures studied when 0.75 g Amberlyst-15 was used.

Yield of 5.3b dependence on the temperature

60%
50%
40% |
30% |
20% |
10% |

O% 1 1 1
30 40 50 60
Temp. of Thermal Reactor (°C)

Yield of 5.3b

v

Figure 5-12 Yield of 5.3b dependence on the temperature of the thermal reactor. The
concentration of substrate was 1.0 M in EtOAc fed by organic pump 1 (0.05 mL/min),
compound 5.7 (1.2 M) was introduced into the rig by organic pump 2 (0.05 mL/min)
between photoreactor (40 °C, 10 mm O. D., 480 mm length, loaded with glass balls,
6 mm O. D.) and thermal reactor. The flow rate of CO, was 0.1 mL/min. 0.75 g
Amberlyst-15 was loaded at the top of the tubular reactor (1/4 inch O. D., 1566 mm),
glass balls (1.5 -2 mm) were loaded in the bottom.

@]
OH
0.75 g Amb-15
hV, TPFPP, 02 30_40 oC
o - "’O

EtOAc, 40 °C Compound 5.7 = )
120 bar, CO, OOH 12 M O\O "’Cy

5.1a 5.2a ) 5.3a

1.0M

Figure 5-13 Investigating the synthesis of trioxane 5.3a when catalysed by 0.75 g
Amberlyst - 15 at 40 °C. The concentration of 1a in EtOAc was 1.0 M (0.05 mL/min);
the flow rate of CO, was 0.1 mL/min. Compound 5.7 (1.2 M in EtOAc) was introduced
into the rig by organic pump 2 (0.05 mL/min) after photoreactor (10 mm O. D.,
480 mm length, loaded with glass balls, 6 mm O. D.). 0.75 g Amb-15 was loaded at
the top of the tubular reactor (1/4 inch O. D., 156 mm), glass balls (1.5 -2 mm) were
loaded in the bottom.
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With this information about the dearomatisation of p-phenol derivatives in hand,
an excellent yield 88 - 89 % for the 1,2,4-trioxane 5.3a was obtained when using
0.75 g Amberlyst - 15 and 30 - 40 °C for the thermal reactor, as shown in Figure 5-13.
The reason was that substrate 5.1a has smaller spatial hindrance compared to 4-
ethylphenol 5.1b and 5,6,7,8-tetrahydro-2-naphthol 5.1c¢ in the para - position, which
would affect the 1,2,4-trioxane compound formation with an aldehyde in the presence

of acid.

5.7 The effect of HFIP on the dearomatisation of 5.1b

To increase the efficiency of dearomatisation and the yield of 1,2,4-trioxane
compounds, a different protic solvent Hexafluoro-2-propanol (HFIP), besides tert-
butanol, was added into the reaction to be investigated. HFIP is a protic solvent with
lower pKa than methanol and tert-butanol. The two trifluoromethyl groups make HFIP
less-nucleophilic.*®® Since an excellent yield and productivity for 5.3a from 5.1a had
been achieved in the EtOAc and CO; system; substrate 5.1b was taken as an
example.

To further increase the conversion of 5.1b to access higher yield of 5.2b,
eventually, to obtain a better yield for 5.3b, we introduced HFIP into the
dearomatisation system. 2 equivalents HFIP were added into the starting 5.1b
solution (1.0 M); surprisingly, full conversion of 5.1b was obtained in the mixture of
CO,, EtOAc and 2 equivalent HFIP. Moreover, a quantitative yield of 5.2b was
observed with the addition of 2 equivalents HFIP, although no 5.3b was observed
without Amberlyst — 15 (Table 5-15, entry 1). Compared to the experiment without
HFIP, the conversion and the yield increased from 83% (Table 5-13, entry 1 and Table
5-15, entry 1) to 99 % when the residence time in the photoreactor was prolonged
from 26 min to 52 min. Compound 5.7 (1.2 M in EtOAc) was pumped at 0.05 mL/min

to mix with photo-oxidation product, catalysed by 0.75 g Amberlyst-15 in the thermal
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reactor, giving a 71 % yield of 5.3b at 30 °C, which was higher than 61 % at 40 °C
without HFIP (Table 5-15, entries 2 and 3). This is probably due to a synergistic effect
between the acidity*®® of HFIP and Amberlyst - 15 in the cyclisation step to promote

the synthesis of 5.3b.

Table 5-15 The effect of HFIP on the dearomatisation of 5.1b?

OH 0] Q
hv, TPFPP, O, 0.75 g Amb -15
HFIP+EtOAc, 40 °C e
120 bar, CO, OOH Ovo é\o)"’Cy
5.1b 5.2b 5.7 5.3b
Flow rate (mL/min) Yield Overall
Temp® .
Entry HFIP o of Yield of
Org. Pump 1/2 COz; Pump (°C) 5.9b 5.3b
1¢ 0.05/0.05 0.1 2 equiv. 40 >99% 0
2 0.05/0.05 0.1 2 equiv. 30 2% 71%
3 0.05/0.05 0.1 2 equiv. 40 2% 61%
4 0.05/0.05 0.1 1 equiv. 30 8% 60%
5 0.05/0.05 0.1 1 equiv. 40 4% 55%

[a]: The concentration of 5.1b in EtOAc and HFIP was 1.0 M. Photo reactor was
10 mm O. D., 480 mm length, loaded with glass balls (6 mm O. D). [b]: Temp.: The
temperature for the thermal reactor (loaded with 0.75 g Amberlyst-15), yields were
calculated from 'HMR spectroscopy using biphenyl as internal standard, unless
otherwise stated. [c]: Without pre-loading Amb - 15 in the thermal reactor, instead
of glass balls (1.5 - 2 mm). Compound 5.7 (1.2 M) was pumped at 0.05 mL/min
after the photoreactor by organic pump 2. Full conversion for all these entries.

However, we still obtained the full conversion of 5.1b by adding 1 equivalent of
HFIP, but only 60 % of the overall yield of 5.3b was observed at 30 °C, catalysed by
0.75 g Amberlyst-15 (Table 5-15, entry 4), compared to 71 % (2 equivalents of HFIP).
Moreover, the decreased yield of 55 % of 5.3b was obtained when the temperature
of the thermal step was raised to 40 °C (Table 5-15, entry 5). These results
demonstrate that the addition of HFIP could promote the dearomatisation of 5.1b in

the mixture of EtOAc and supercritical CO. system. Meanwhile, it can also have a
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synergistic effect with Amberlyst-15 for the production of 5.3b at 30 °C in the high-
pressure CO, system.

From the results obtained in Table 5-13 and Table 5-15, both methods, adding
HFIP and prolonging the residence time, can increase the conversion of 5.1b to
access p-peroxyquinol 5.2b. Another experiment for the photo-oxidation of 5.1a was
conducted in a shorter photoreactor (240 mm length) with 2 equivalents HFIP; other
conditions were as same as the experiment (480 mm length for photoreactor, without
HFIP) in Figure 5-13. Surprisingly, the yield of 5.3a was similar to the experiment in
Figure 5-13, but with 26 min residence time in this photoreactor. Using fewer LEDs
for shorter photoreactor (240 mm length) reduces energy consumption comparing to

more LEDs used in longer photoreactor (480 mm length).

5.8 The scope of different aldehydes reacting with 5.2a

In a strategy for the synthesis 1,2,4-trioxanes from p-phenol derivatives, different
aldehydes, 5.9, 5.10,5.11 reacting with 5.2a, were explored for the scope of this library
synthesis in the high-pressure system (Figure 5-4). These experiments were carried
out in collaboration with PhD student Bruna Lacerda Da Silva Abreu, and results are
shown in Table 5-16.

Aldehydes containing different alkyl, aromatic and hindered aliphatic groups were
investigated. When the system was 120 bar, and the temperatures of the photoreactor
and thermal reactor were 40 °C, aldehydes containing alkyl and aliphatic groups were
tolerated, reacting with 5.2a to afford most 1,2,4-trioxanes with excellent yields.
(Figure 5-13 and Table 5-16, entry 2). The yield of 5.5a was 92 % when 5.2a was
reacting with alkyl aldehyde 5.10 (1.2 M in EtOAc). Aromatic aldehydes also can
participate in the reaction, but with decreased yields (Table 5-16, entries 1 and 3).

The reduction in vyield for electron-rich aryl aldehydes may be the result of a
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thermodynamically less favourable peroxy hemiacetal formation,*®” as well as the

polymerisation of the aldehydes.

Table 5-16 Scope of different aldehydes (5.9, 5.10, 5.11) with p-peroxyquinol 5.2a in
high-pressure setup-2.?

OH 0 . Q
~_R
hv,1Og he -
EtOAc, CO, Amberlyst-15 "0
40 °C 0.
HFIP OOH 0 SN
5.1a 5.2a 5.4a-5.6a
Entry Aldehyde (5.9- Products (5.4a-5.6a)" Yield®
5.11)
1 :: :: ( Z _C

o Q 92 %

ot
e
3 @J /@ EO/ 20 %

[a]: All experiments were carried out at 120 bar, 40 °C (photoreactor). The
concentration of 5.1a was 1.0 M in EtOAc, with adding 2 equivalent HFIP.
Residence time in the photoreactor (10 mm O.D., 240 mm length, loaded with glass
balls, 6 mm O.D.) was 26 min. The flow rate of organic pump 1 and CO- pump was
0.05 mL/min and 0.15 mL/min, respectively. Reagents 5.9, 5.10, 5.11 solutions
(1.2 M, freshly prepared in EtOAc, respectively) was pumped by organic pump 2 at
a flow rate of 0.05 mL/min between the photoreactor and thermal reactor,
respectively. The temperature of the thermal reactor (loaded with 0.75 g Amberlyst-
15 and 0.87 g glass beads, 1.5-2 mm 0O.D.), the residence time in the thermal
reactor was 3.2 min. [b]: Yield was calculated by "H NMR, using biphenyl as an
internal standard. [c]: Product 5.4a formed in small amounts but the yield could not
be fully quantified due to problems with the internal standard.
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5.9 Conclusion and Future work

In summary, the photoinitiated dearomatisation of p-phenol derivatives with
singlet oxygen and the synthesis of 1,2,4-trioxane compounds from p-phenol
derivatives via photo-oxidation products have been successfully conducted and
scaled up in high-pressure continuous flow CO, systems. This methodology is much
greener than in the traditional methods with oxone or hypervalent iodine catalysts,
including greener reagent (singlet oxygen), greener solvent (supercritical CO,) as well
as using the continuous flow reactor.

Taking p-cresol (5.1a) as a model substrate, phase behaviour studies
demonstrated that the polar substrate 5.1a was highly soluble in a high-pressure CO
system when using methanol as co-solvent. A quantitative yield of the p-peroxyquinol
5.2a was obtained in methanol and CO; system when the residence time in the
photoreactor was 26 min. The reactivity of dearomatisation of phenol derivatives in
the CO; system was lower than the photo-oxidation of cyclopentadiene and fulvene
in the CO; system as discussed inChapter 3 and Chapter 4.237-2% However, it is much
higher than the literature work, and the projected productivity of 5.2a was scaled up
to 47 g/day when the concentration of 5.2a in methanol was 3.0 M, with a space time
yield of 753 g-L'-h", comparing to the 1.9 g/day in the previous work.*&

Five different para-substituted phenol derivatives, with alkyl groups/aromatic
groups bulky groups, were investigated in the high-pressure system using methanol
as co-solvent, 67 g/day projected productivity was successfully obtained from 5,6,7,8-
Tetrahydro-2-naphthol (5.1d). (See Table 5-6)

When using EtOAc as co-solvent instead of methanol, the reaction rate for
dearomatisation of p-cresol 5.1a was lower than that utilising methanol as co-solvent.
Changing the concentration of photosensitiser, photo-oxidation time, adding protic
solvent tetra-butanol/HFIP, a good yield for p-peroxyquinols 5.2a — 5.2e was obtained.

Furthermore, 1,2,4-trioxane compound 5.3a — 5.3e and 5.4a — 5.6a were successfully
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and efficiently synthesised catalysed by solid catalyst Amberlyst-15, by varying the
para-phenol substrates and different aldehydes, respectively. The overall yield of 5.3a
was up to 90 % in the daisy-chain EtOAc and CO, system, when the concentration of
5.1a in EtOAc solution was 1.0 M, and 4.2 gram crystalline 5.3a was obtained in
8 hours.

The good productivities for p-peroxyquinol and 1,2,4-trioxane are very promising
to be applied for further scale-up, which is very important for the building of
antimalarial and anticancer drugs.®’

In the future, more p-phenol derivatives with different functional groups, such as
para-substituted with bulky groups, electron withdrawing groups, will be explored in
the high-pressure CO- system to access more valuable and antimalarial compounds.
Furthermore, the antimalarial activity of 1,2,4-trioxanes probably should be tested in

vitro.

5.10Experimental data

5.10.1 Procedure for batch reaction

In a round bottle flask, 1 mmol of p-cresol (5.1a) was dissolved in the desired
solvent to prepare 0.067 M of the solution. To this solution, 0.05-0.1 mol % of TPFPP
to 5.1a was added. Oxygen was provided from a balloon loaded with pure oxygen at
atmospheric pressure. This solution was irradiated by white LED light at room
temperature for a time period of 4-5 hours. The crude was purified with eluent
(Cyclohexane/EtOAc) by autosampler Flash Chromatography after removing the
solvent. For the reaction with co-catalyst, 0.5 equivalent co-catalyst was added into

the solution before irradiation.
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5.10.2 Procedure for the high-pressure setup

The high pressure rig was described in Figure 5-14 to Figure 5-17. The details
for the high-pressure rig were described in the Experimental Section 2.1.2.

The fluid mixture then entered into the high-pressure sapphire tube reactor
(Saint-Gobain Crystals, 10 mm O.D., 1 mm wall thickness, 120-480 mm long; loaded
with glass beads, 6 mm O. D.) following an up-flow method. The sapphire tube was
irradiated with white light by LEDs, which were controlled by a LED controller. The
LED lights consisted of three banks of water-cooled LED aluminium blocks each
containing five chips (Citizen Electronics Co. Ltd) irradiating for 1000/8000 lumen per
chip. The blocks were cooled with chillers. Due to the heat generated by the LED
lights, a secondary cooling bath was used to pump coolant around the sapphire tube
to ensure the desired temperature (40 °C) in the reactor. Thus, LEDs can be
positioned as close as possible to the sapphire tube assuring highly efficient
irradiation. Photoreactor 1 refers to the association of the sapphire tube, LEDs and
aluminium blocks.

Procedure for the synthesis of p-peroxyquinol derivatives: The desired
concentration of starting material was pumped into the rig by organic pump 1 at the
desired flow rate; a second pump delivered more solvent after the photoreactor to
avoid the blockage in the BPR. The p-peroxyquinol derivatives crude could be
collected after BPR, ready to be purified and identified.

Procedure for the synthesis of 1,2,4-trioxane derivatives: As described in the
procedure for the synthesis of p-peroxyquinol derivatives, instead of pumping the pure
solvent from the second pump, the desired aldehyde dissolved in the solvent was

pumped at the same flow rate as organic pump 1.
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Figure 5-14 The diagram of the high-pressure rig for the synthesis of products-setup-1. This is a general high-pressure continuous flow reactor
using CO- as a solvent. CO, and O, were mixed in M1, then the organic solution was introduced by organic pump 1 meeting the gases in the
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second mixer M2. A second organic pump was used to pump more solvent to avoid the blockage in the BPR. The solution was irradiated by white
LEDs in the photoreactor (Saint-Gobain Crystals, 10 mm O.D., 1 mm wall thickness, 240 mm long) before flowing out from BPR. Non-return
check valves were used to prevent the organic stream from large amount of oxygen. Pressure and temperature monitors were connected to the
Piclogger. Trip box was installed in case of an emergency.
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Figure 5-15 The diagram of the high-pressure rig for the synthesis of products-setup-2. The difference between setup-2 and setup-1 was that a
thermal reactor (78 mm, Y2 inch O. D., SS316 tubes) was added between photoreactor and BPR, for the cyclisation of p-peroxylquinol derivatives
with different aldehydes.

202



Chapter 5 Flow Approaches for Dearomatisation of Phenols with 'O,

3832 | |

V5 V3

Pressure Monitor

Non-return
Check Valve

0O, Dosing

L System 4281

Temperature
controller

€O, Pump Temperature

Monitor

Picologger

Non-return Check Valve

CO; Cyclinder 3667 3666 —~—{ 4282
. O, Cylinder I—
Trip Box
7777777 B BPR Pressure transducer

i

i

| 1/16" Stainless Steel Pipe

i
[N )

——— Electric Power Cable (From Trip)

Products
5585 ———— Data Cable(To Trip)
5587 *%u
Va4 Thermocouple
§v<] Valve
3669,
HPLC| Pump 1

Substrate
Reservoir

LED Light .
HPLC Pump 2 M1 and M2: Mixers
- T:::—- P ﬂ Sapphire Tube Photo reactor 1: 10 mm O. D., 240 mm length
— —
A\ { Sapphire Tube Photo reactor 2: 10 mm O. D., 120 mm length
Y
—/

Reagent Sapphire Tube Photo reactor 3: 10 mm O. D., 120 mm length

— N—/
Sapphire Tube Sapphire Tube Sapphire Tube
Photo reactor 1 Photo reactor 2 Photo reactor 3

Figure 5-16 The diagram of the high-pressure rig for the synthesis of products-setup-3. The difference between setup-3 and setup-1 was that two
extra photoreactors (Saint-Gobain Crystals, 10 mm O.D., 1 mm wall thickness, 120 mm long) were connected with previous photoreactor 1 in
series to extend the irradiation time in the photoreactor.
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Figure 5-17 The diagram of the high-pressure rig for the synthesis of products-setup-4. The difference between setup-4 and setup-1 was that a
thermal reactor and two photoreactors were connected in series as shown in the diagram to obtain longer irradiation time and cyclisation of p-

peroxylquinol derivatives with different aldehydes.

204



Chapter 5 Flow Approaches for Dearomatisation of Phenols with 0.

5.10.3 Phase Behaviour study

In order to mimic the conditions in the process of dearomatisation, the phase
behaviour was studied in the high-pressure continuous flow reactor (Figure 5-4),
without irradiation by LED light, at 120 bar and 40 °C when the sapphire tube (240 mm
length, 10 mm O. D.) was loaded with glass beads as the same as in the reaction
state. The results are shown in Table 5-17.

Firstly, CO2/methanol system was studied, 62 % of CO, and 38 % of methanol
were miscible well, the molar ratio of the substrate (p-cresol) to oxygen was 1:1. Only
a single phase would be observed (entry 1). Then, pumping the p-cresol solution at
3.9 %, CO, (59.6 %) and methanol (36.5 %), under this condition, the equivalent
concentration of p-cresol in methanol was 3.0 M, p - cresol, CO2 and methanol were
still in a single phase (entry 2). However, if we introduced oxygen (3.8 %) and p-cresol
(3.8 %), two phases ( for example in Figure 5-18) were observed for these
components (CO2, methanol, oxygen and p-cresol) (entries 3-4).

Then, decreasing the mole fraction of oxygen in CO2/methanol from 3.8 % to
2.0 %, we found a single phase occurred under the conditions with 2.0 % of oxygen,
even adding 2 % of p-cresol.(entries 5-8) During of all these processes, p-cresol was
soluble very well in methanol and CO, system. However, two phases were observed
when the mole fraction of oxygen was higher than 2.7 %. This problem was avoided

since the oxygen was consuming, even starting with high oxygen concentration.

205



Table 5-17 The results for phase behaviour studies in the CO, system (Figure 5-15).

Equivalent Concentration of

Mole fraction of each component %

Entry 5.1ain MeOH, OZ:Subzl:l Pha§e Pressure Temperature
behaviour (bar) (°C)
(mol:mol) CO, MeOH O  Substrate

1 - 62.0 38 0 0 A single phase 120 40
2 3.0M 59.6 36.5 0 3.9 A single phase 120 40
3 3.0M 59.6 36.5 3.9 0 Two phases?® 120 40
4 3.0M 57.3 35.1 3.8 3.8 Two phases?® 120 40
5 25M 60.3 36.3 3.3 0 Two phases? 120 40
6 20M 61.1 36.2 2.7 0 Two phases? 120 40
7 15M 62 36 2 0 A single phase 120 40
8 1.5M 60.7 35.3 2 2 A single phase 120 40

[a]: "Two phases" means some bubbles would be observed in the up-flow sapphire tube reactor.
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Phase behaviour studies

(a)
Figure 5-18 An example of two phases under the condition of Table 5-17, entry 4. (a)

A bubble is flowing upwards as the time evolves from left to right; (b)Magnified picture
to show the bubble.
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5.10.4 NMR Data

4-hydroperoxy-4-methylcyclohexa-2,5-dien-1-one (5.2a)
0 "H NMR (400 MHz, Chloroform-d) & 8.34 (s, 1H, -OOH), 6.94 — 6.87
4
1 (M, 2H, H2 + H2’), 6.33 — 6.26 (M, 2H, H1 + H1"), 1.42 (s, 3H, CH3).

o 13C NMR (101 MHz, Chloroform-d) & = 185.5 (C4), 149.7 (C2+ C2'),

® 130.5(C1 + C1Y), 78.7 (C3), 22.9 (C5).

HRMS (ESI): for C7HsO3, [M]* calculated m/z = 140.0473, found m/z = 140.0472.
4-ethyl-4-hydroperoxycyclohexa-2,5-dien-1-one (5.2b)*®3
O "H NMR (400 MHz, Chloroform-d) & 8.75 (s, 1H, -OOH), 6.96 — 6.75 (m,

11' 2H, H2 + H2"), 6.39 — 6.30 (m, 2H, H1 + H1%), 1.74 (q, J = 7.6 Hz, 2H,

2
CH2), 0.85 (t, J = 7.6 Hz, 3H, CH3).

5( OOH

. | ™C NMR (101 MHz, Chioroform-d) = 186.2 (C4), 149.4 (C2 + C2)),

131.4 (C1 + C1°), 82.4 (C3), 29.0 (C5), 7.9 (CB).

HRMS (ESI): for CgH1003, [M-H]" calculated m/z = 153.0557, found m/z =
153.0551.

3-cyclohexyl-8a-ethyl-4a,8a-dihydrobenzol[e][1,2,4]trioxin-6(5H)-one (5.3b)

"H NMR (400 MHz, Chloroform-d) & 6.90 (d, J = 10.4,
1H, H2), 6.10 (d, J = 10.4 Hz, 1H, H1), 4.99 (d, J = 5.5 Hz,
1H, H12), 4.18 (q, J = 2.9 Hz, 1H, H4), 2.68 (m, 2H, 2xH5),
1.79 (m, 1H, H14), 1.74 — 1.57 (m, 8H, 2xH15 + 2xH19 +
2xH16 + 2xH18), 1.49 (m, 2H, 2xH8), 1.17 — 1.04 (m, 2H,
2xH17), 1.00 (t, J = 7.6 Hz, 3H, CH3).

13C NMR (101 MHz, Chloroform-d) & = 195.5 (C6), 150.9

(C2), 130.0 (C1), 106.6 (C12), 80.0 (C4), 75.3 (C3), 41.0 (C5), 40.5 (C14), 28.8 (C8),

27.0 (C15 + C19), 26.3 (C17), 25.7 (C16 + C18), 7.3 (C9).

HRMS (ESI): for CisH2204, [M+H]* calculated m/z = 267.1596, found m/z =
267.1574.
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3-cyclohexyl-8a-methyl-4a, 8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one (5.3a)*®3

0 "H NMR (400 MHz, Chloroform-d) & 6.84 (d, J = 10.3,
] 5 1H, H2), 6.07 (dd, J = 10.3, Hz, 1H, H1), 5.02 (d, J=5.4
4 Hz, 1H, H11), 414 (q, J = 3.0 Hz, 1H, H4), 2.70 (m,
NS 12

8" = )11 18 2H, 2xH5), 1.74 — 1.58 (m, 5H, H13 + 2xH14 + 2xH18),

90\0 ey 17
10 1.33 (s, 3H, CH3), 1.22 — 0.98 (m, 6H, 2xH15 + 2xH16 +

14 16

15 2xH17).

13C NMR (101 MHz, Chloroform-d) & = 195.3 (C6), 151.3 (C2), 129.7 (C1), 106.7
(C11), 78.0 (C4), 76.5 (C3), 41.2 (C5), 40.5 (C13), 27.1 (C14), 27.0 (C18), 26.3 (C16),

25.8 (C15 + C17), 20.7 (C8).

HRMS (ESI): for C14H2004, [M+Na]* calculated m/z = 275.1254, found m/z =
275.1254.

4-hydroperoxy-2,4-dimethylcyclohexa-2,5-dien-1-one (5.2c)*?®

z H NMR (400 MHz, Chloroform-d) 5 8.16 (s, 1H, -OOH), 6.87 (d,
1 5 J =10.0 Hz, 1H, H4), 6.66 (q, 1.5 Hz, 1H, H2), 6.28 (d, J = 10.0 Hz,
I

4 1H, H5), 1.92 (s, 3H, H8 (CH3)), 1.40 (s, 3H, H9 (CH3)).

g 1CgOH 3C NMR (101 MHz, Chloroform-d) & = 186.3 (C6), 149.4 (C4),
144.8 (C2), 137.2 (C1), 130.2 (C5), 79.0 (C3), 23.0 (C8), 15.9 (C9).
HRMS (ESI): for CgH1003, [M-H] calculated m/z = 153.0557, found m/z =
153.0541.

4a-hydroperoxy-5,6,7,8-tetrahydronaphthalen-2(4aH)-one (5.2d)*%

0 white solid, 'H NMR (400 MHz, Chloroform-d) & 7.85 (s, 1H, -

2
HOO
12

15 OOH), 6.81 (d, J = 9.9 Hz, 1H, H2), 6.31 (d, J = 9.9 Hz, 1H, H1),

10 6.19 (s, 1H, H5), 2.70 — 2.59 (m, 1H, 2xH7), 2.24 — 2.00 (m, 2H,
2xH10), 2.09 — 2.00 (m, 2H, 2xH9), 1.52 — 1.34 (m, 2H, 2xH8).

13C NMR (101 MHz, Chloroform-d) & = 186.5 (C6), 161.4 (C4), 149.2 (C2), 131.1

(C1), 126.4 (C5), 79.8 (C3), 37.0 (C7), 32.4 (C10), 28.0 (C8), 20.6 (C9).

HRMS (ESI): for CioH1203, [M+H]* calculated m/z = 181.0859, found m/z =
181.0855.
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3-cyclohexyl-4a,5,8,9,10,11-hexahydro-6H-naphtho[1,8a-e][1,2,4]trioxin-6-one
(5.3d)

Yellow oil, '"H NMR (400 MHz, Chloroform-d) & 5.99
(t, J=1.3Hz, 1H, H1),5.02 (d, J = 5.5 Hz, 1H, H13), 4.04
(t, = 3.0 Hz, 1H, H4), 2.73 — 2.58 (m, 2H, 2xH5), 2.29

(m, 1H, H15), 2.12 — 1.90 (m, 2H, 2xH10), 1.71 — 1.65

19 (M, 6H, 2H7 + 2H8 + 2H9), 1.42-1.40 (m, 8H, 2xH16 +

18 2xH17 + 2xH19 + 2xH20), 1.32 — 1.22 (m, 2H, 2xH18).

17

3C NMR (101 MHz, Chloroform-d) & = 195.8 (C6),

163.6 (C2), 125.1 (C1), 106.2 (C13), 79.2 (C4), 75.5 (C3), 42.1 (C15), 40.5 (C5), 34.7

(C10), 32.2 (C7),29.7 (C8), 29.0 (C9), 27.1 (C16 + C20), 26.3 (C17), 25.7 (C19), 20.2
(C18).

HRMS (ESI): for Ci7H2:404, [M+H]* calculated m/z = 293.1747, found m/z =

293.1749.

8a-methyl-3-phenyl-4a, 8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one (5.4a)
18 White solid, , '"H NMR (400 MHz, Chloroform-d) 5= 7.43

1H, H2), 6.22 (s, 1H, H9), 6.17 (d, J = 10.4 Hz, 1H, H1),

774 o, X 4.41 =
70507 13 441(a, J =29 Hz, 1H, H4), 2.79 (m, 2H, 2xH5), 1.44 (s,
8 3H, CH3).

13C NMR (101 MHz, Chloroform-d) & = 195.0 (C6),

1 @ 5 —7.33 (m, 5H, Hs on benzene group), 6.95 (d, J = 10.4 Hz,
0 10

151.2 (C2), 133.6 (C11), 130.4 (C14), 129.9 (C1), 128.6 (C12 + C12), 127.3 (C13 +
C13°), 103.8 (C9), 78.1 (C4), 77.1 (C3), 41.2 (C5), 20.8 (C17).
HRMS (ESI): for C14H1404, [M+Na]* calculated m/z = 269.0784, found m/z =

269.0783.
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3-isopropyl-8a-methyl-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one (5.5a)*%
1 White solid, '"H NMR (400 MHz, Chloroform-d) 5= 6.84

O
1 5 (d, J=10.4 Hz, 1H, H2), 6.06 (d, J = 10.4 Hz, 1H, H1), 5.00
O o (d, J = 5.1 Hz, 1H, H9), 4.15 (q, J = 2.9 Hz, 1H, H4), 2.78 —
2 "/
” O
13 (:) ﬂ 120 2.64 (m, 2H, 2xH5), 1.76 (m, 1H, H11), 1.33 (s, 3H, H13
7 ¥~ vy
@)

ﬁ (CH3)), 0.88 (d, J = 6.9 Hz, 6H, H12 (CH3) + H12 (CH3)).
12 13C NMR (101 MHz, Chloroform-d) & = 195.3 (C6), 151.2
(C2), 129.7 (C1), 107.2 (C9), 77.9 (C4), 76.5 (C3), 41.1 (C5), 31.0 (C11), 20.7 (C13),
16.7 (C12 + C12°).

HRMS (ESI): for C11H1604, [M+Na]® calculated m/z = 235.0941,found m/z =
235.0934.

8a-methyl-3-(p-tolyl)-4a,8a-dihydrobenzo[e][1,2,4]trioxin-6(5H)-one (5.6a)
17

0 White solid, "H NMR (400 MHz, Chloroform-d) 8=
1 5 7.29 (d, J = 8.2 Hz, 2H, H12 + H12'), 7.16 (d, J = 7.9
, ,,/ 10 Hz, 2H, H13 + H13"), 6.94 (d, J = 10.3 Hz, 1H, H2), 6.18
16 5\ )9,//11 12 (s, 1H, H9), 6.16 (d, J = 10.3 Hz, 1H, H1), 4.39 (q, J =

13'
7079
8 ©< 2.9Hz, 1H, H4),2.88-2.75 (m, 2H, 2xH5), 2.34 (s, 3H,
12

13 5 H15 (CH3)), 1.43 (s, 3H, H16 (CH3)).
13C NMR (101 MHz, Chloroform-d) & = 195.0 (C6), 151.3 (C2), 140.5 (C11), 130.8
(C14), 129.9 (C1), 129.3 (C12 + C12°), 127.2 (C13 + C13"), 103.8 (C9), 80.0 (C4),
77.1 (C3), 41.2 (C5), 21.5 (C15), 20.8 (C16).
HRMS (ESI): for CisH1604, [M+Na]* calculated m/z = 283.0941,found m/z =

283.0942.
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4-ethyl-4-hydroperoxy-2-methoxycyclohexa-2,5-dien-1-one (5.2¢)
12 Yellow solid, 'TH NMR (400 MHz, Chloroform-d) & 8.23 (s,

1H, -OOH), 6.85 (d, J = 10.0 Hz, 1H, H2), 6.35 (d, J = 10.0 Hz,

1H, H1), 5.66 (s, 1H, H4), 3.70 (s, 3H, H12 (CH3)), 1.79 (q, J

=7.7 Hz, 2H, 2xH8), 0.87 (t, J = 7.6 Hz, 3H, 3xH9).
OOH
8 10 3C NMR (101 MHz, Chloroform-d) & = 181.3 (C6), 152.9
(C2), 149.6 (C4), 130.5 (C1), 114.5 (C5), 84.2 (C3), 55.2 (C12), 29.9 (C8), 8.1 (C9).
HRMS (ESI): for CoH1204, [M+H]* calculated m/z = 185.0808, found m/z =

185.0800.
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Chapter 6. Conclusion and Future

Work

Chapter 1 outlined the aims of this Thesis, and the aims are repeated as follows

for convenience. The goals of this work were:

1.

To improve and rebuild a safer high-pressure continuous flow photo-oxidation
reactor in order to perform multistep experiments.

To investigate the synthesis of a range of valuable products from a single
feedstock in a new daisy-chained reactor, such as from combining the
photoreactor and thermal reactor in series.

To investigate the principle of how to efficiently perform a multistep
experiment to realise high reaction yields and productivities, such as
synthesis of a range of individualised chemicals.

To explore a green photochemical route as an alternative to the traditional,
harsh method (using stoichiometric reagents to obtain high efficiency), such
as the dearomatisation of phenols via photo-oxidation.

To investigate the heterogeneous catalyst in continuous fixed-bed thermal
reactor daisy-chaining with photoreactor in order to conduct a sequence of
steps to give a target molecule, such as the synthesis of 1,2,4-trioxanes

following dearomatisation of phenols.
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In this Chapter, the progress towards meeting each of these aims is discussed.
For each aim, the underlying rationale is discussed together with the progress
conducted to meet the relevant aim, conclusions which can be drawn from the work

presented. In addition, possible future work is proposed.

6.1 Aim1and Aim 3

Aim 1 and Aim 3, repeated as follows, were closely related to each other, as the
development of Aim 1 is for realising Aim 3. Both of them were fulfilled in the Thesis.

“Aim 1: To improve and rebuild a safer high-pressure continuous flow photo-

oxidation reactor in order to perform multistep experiments.”

“Aim 3: To investigate the principle of how to efficiently perform a multistep

experiment to realise high reaction yields and productivities, such as synthesis of

a range of individualised chemicals.”

6.1.1 Rationale

The high-pressure photo-oxidation in scCO2 has been studied in the Clean
Technology Group since 2008,2% and then it was adapted to continuous flow reactor.
Consequently, although Dr Bellamy developed it in the current photoreactor with high
light penetration and better temperature control,°? it has been limited only for the
oxidation step in the sapphire tube reactor and relatively fast photo-oxidation
reactions. The previous high-pressure continuous photo-oxidation setup was working
safely, but without a check valve to avoid the mixture of oxygen and organic stream
returning back to the pure oxygen stream, even back to the oxygen cylinder, which is
a potential risk.

In order to conduct more interesting photo-oxidation and multistep reactions

safely in a daisy-chained mode in the high-pressure continuous flow CO; system, a
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high-pressure equipment with appropriate check valve which can be used for

multistep reactions was the ultimate goal.

6.1.2 Progress

Chapter 2 describes the new high-pressure continuous flow CO» equipment
(Figure 2-4) for general multistep reactions in a daisy-chained mode. Two more check
valves were added into the system, as shown in Figure 2-4. These check valves can
avoid the mixture of organic and oxygen stream going back to the pure oxygen stream
when an emergency occurred. A sapphire tube reactor coupled with a thermal reactor,
besides other components, having been discussed in Chapter 2.

Both the sapphire tube reactor and the thermal reactor can be easily modified to
adapt to relevant multistep experiments. Chapter 3 describes four higher value
compounds being produced from a single feedstock, 3.1, in this newly designed
equipment by coupling the sapphire photoreactor with a stainless steel thermal
reactor. It also includes the modification of thermal reactor to yield compound 3.5 by
using a thermal reactor consisting of 4 normal size tubular stainless steel tubes in
series to obtain an excellent yield for 3.5, and the simplified diagrams were shown in
Section 3.9.3. Chapter 4 demonstrated the synthesis of caprolactone in this daisy-
chained mode equipment by the combination of a photoreactor and thermal reactors,
as shown in Figure 4-3. Chapter 5 further proved the advantages of the high-pressure
continuous flow CO; setup used for multistep reactions. The dearomatisation of para-
phenols and cyclisation of the products which were obtained in the photoreactor were
performed in the photoreactor and thermal reactor in series. Since the reaction rate
for dearomatisation of phenols by using 'O; is much slower than that of
cyclopentadiene and fulvene, an elongated sapphire tube reactor was used for the
dearomatisation step of phenols in order to obtain relatively more light radiation and

longer residence time in the photoreactor (240 mm in length, 2 x that of the reactors
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previously described or three sapphire tube reactors in series), as shown in Figure
5-14.

As in the discussion of all these reactive systems, good yields and productivities
are important for the scaling up in industry. In our current multistep equipment, 99 %
yield of 3.5 was obtained by tuning the parameters properly and the productivity
achieved was approximately 50 times higher compared to the literary work; 4.2 g of
crystal 5.3a was obtained in 8 hours.

Through the three reaction systems, four products obtained from
cyclopentadiene, caprolactones obtained from fulvenes and dearomatisation of
phenol to further obtain 1,2,4-trioxane compounds, the developed high-pressure
continuous flow COz equipment for multistep reactions was shown to be working very
well. The appropriate reaction conditions for both photo-oxidation and thermal step
are realised in the current system, allowing to obtain relatively high yield and

productivity.

6.1.3 Further directions

The high-pressure continuous flow CO. setup can be further modified to adapt
more challenging experiments, such as installing several thermal reactors in parallel
loading same or different solid catalysts to meet the demand for the catalyst
deactivation during the experiment.

It is possible to install an online analysis to realise self-optimisation for meeting
the production of numbers of individualised products to better fulfil the new challenges

in Pharma.
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6.2 Aim 2

“To investigate the synthesis of a range of valuable products from a single
feedstock in a new daisy-chained reactor, such as from combining the photoreactor

and thermal reactor in series.”

6.2.1 Rationale

Photo-oxidation of cyclopentadiene (3.1, presented in Chapter 3) with 'O, after
irradiation by visible light to product 3.3 usually occurred under harsh conditions (-
20~-130 °C) and on a small scale (0.01 mmol), since the intermediate 3.2 is highly
reactive with a potential for explosion when large amounts of 3.2 gatherings in a batch
reactor. This reaction usually was conducted in organic solvents, such as CHxCl, or
CCly4, because these solvents provide a relatively long lifetime for reactive 'Oz, though
they are not environmental-friendly. The use of these solvents resulted in the scaling
up of experiments involving this photo-oxidation of 3.1 having been limited. In addition,
four higher value products, 3.3 - 3.6, can be formed from the photo-oxidation of 3.1
via facile transformations of active intermediate 3.2 upon treatment under a variety of
conditions.

As shown in Scheme 3-2, product 3.3 can be obtained by reduction of
intermediate 3.2 from the photo-oxidation of 3.1, while 3.4 can be formed when the
photo-oxidation was carried out in dilute alkaline alcoholic solutions at atmospheric
pressure and room temperature. Both products 3.3 and 3.4 are attractive to organic
chemists since they can be used as starting materials for a variety of applications,
most notably in one of the popular routes to prostaglandins. Whereas, active aldehyde
3.5 was made via thermal isomerisation of intermediate 3.2 at an appropriate
temperature and has a unique structure comprising two active sites (a,B-conjugated
ketone and a terminal epoxide) susceptible to undergo a reaction when subjected to

agents to useful compounds, such as, 3.6, a versatile compound being used as a fuel.
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Other than the production of 3.3 from 3.1 on a small scale in organic solutions,
the other products mentioned above have been relatively less studied. Due to the
highly reactive nature of '0,, the choice of suitable solvents for the scale-up of such
photo-oxidation is limited as they are required to be non-flammable and inefficient 'O,
quenchers. Dense CO- provides many attractive properties for oxidation as it is fully-
oxidised, non-flammable and non-toxic. Using inert supercritical fluids as reaction
solvents is a greener alternative to using traditional, flammable and toxic solvents.
Moreover, oxygen is entirely miscible with CO2 and 'O has a relatively longer lifetime
in scCO:a.

Continuous flow reactors are relatively smaller compared to batch reactors for
scaling up, only small amounts of chemicals react at any given instant, which can
avoid a large amount of potentially hazardous compounds gathering, more
advantages have been discussed in Section 1.3.

Also, photo-oxidation of fulvenes to access caprolactones are underdeveloped,
even though caprolactones have found broad applications as critical molecules for
the synthesis of important bioactive compounds, natural products and polymers and
have been the most widely studied lactones in enzymatic polymerisation for the
synthesis of biocompatible and biodegradable polymers. The e-caprolactone is
usually synthesised via Baeyer-Villiger reaction with Caro’s acid or organic peracids,
which has a high economic and environmental cost, together with a high risk of
explosion due to the need for organic solvents and unstable reagents.

Therefore, these valuable products can be synthesised efficiently in the multistep
continuous flow CO. setup in a daisy-chained mode. For the synthesis of
caprolactones, a co-solvent is required either for pumping the starting material, such
as fulvenes in Chapter 4 or for avoiding the blockages during the process because
the fuleves are viscous or solid at room temperature. However, a co-solvent has been
considered to be green and, in the case of synthetic 3.6, a reagent required for the

final step is suitable for this purpose.
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6.2.2 Progress

Synthesis of four products from a single feedstock, cyclopentadiene

Firstly, the photo-oxidation of 3.1 was monitored by FT-IR in a high-pressure
batch cell, using scCO; as a solvent. The freshly prepared solution of TPFPP
solubilising in 3.1, and then feeding CO./O, mixture, was irradiated by visible light
every 20 seconds, at 120 bar and 40 °C. The reaction was confirmed by FT-IR
spectroscopy recorded in 19 min. Three compounds, 3.1, 3.2 and 3.3 were observed
from the spectra of the mixture by comparison with the spectra recorded of the
corresponding pure compound of 3.1 and 3.5, respectively, because pure 3.2 only
can be isolated at -100 °C. Based on the assignment of characteristic peaks of
1369 cm™ (3.1), 1330 cm™ (3.2) and 1616 cm™' (3.5), these peaks in size varied upon
the photolysis time. After 19 min irradiation, the results showed that the photo-
oxidation of 3.1 to 3.2 proceed with zero-order kinetics under these conditions. We
can further demonstrate that: ( i ) Product 3.2 and 3.5 were produced under these
conditions (120 bar, 40 °C); (ii ) 3.2 can be detected before decaying into 3.5.

Then, the isomerisation of 3.2 to 3.5 was monitored by NMR for 5 hours at 20 °C,
atmospheric pressure. Chemical shifts at 10.18~10.22 ppm and 5.29~5.32 ppm
represent compound 3.5 and 3.2, respectively. The concentration of 3.5 increased as
that of 3.2 decreased. The results proved that this thermal isomerisation was the first-
order reaction, and the half-life is a couple of hours at 20 °C.

Following the small-scale batch reactions and monitoring by FT-IR and NMR,
these results suggested that it might be used for the production of 3.3, 3.4, 3.5, 3.6
after the photo-oxidation of 3.1 in scCO- in a scaled-up daisy-chain continuous flow
setup. The photo-oxidation of 3.1 with 'O, was optimised by varying the temperature
of photoreactor, the flow rates of CO, pump and organic pump, the concentrations of
3.1 and TPFPP or using methanol as co-solvent. Full conversion of 3.1 were obtained

under both in liquid CO- (0 °C) and scCO- (40 °C) with or without co-solvent. However,
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intermediate 3.2 was much more stable in liquid CO; than in scCO.. Treatment of 3.2
by introducing a thiourea solution (1.0 M in methanol) downstream of photoreactor
(0 °C), 94 % of 3.3 was obtained, with 5.94 mmol/h productivity when the thermal
reactor was kept at room temperature, while the highest productivity of 3.3 in vortex
reactor was 4.26 mmol/h. Both the productivities in high-pressure daisy-chained CO
setup and vortex reactor are higher than the literature work (3.06 mmol/h).

Treatment of endoperoxides 3.2 with a base leads to the formation of an a, B-
unsaturated carbonyl moiety containing an attached hydroxyl group, HCP (3.4).
Different base catalyst (NaOH solution (0.1 M), solid catalyst Amberlite IR 120 Na*
form and TEA solution (0.8 M)) were tested, yielding 81 % of 3.4 when pumping neat
3.1 into the system and catalysed by TEA in the thermal reactor, with a productivity of
30.9 mmol/h, much higher than the previous work (5.0 mmol/h).

A quantitative yield of 3.5 was achieved in continuous flow daisy-chained reactor
(Figure 3-13) using scCO: as a solvent, and the temperature was 40 °C for both
photoreactor and thermal reactor. The productivity of 3.5 reached 36.3 mmol/h,
almost 50 times compared to the published work. Further treatment of 3.5 by acid
catalyst yielded 85 % of 3.6 when introducing TFA solution (50 mM) downstream of
thermal reactor 1 (Figure 3-14), with productivity of 31.6 mmol/h, which is 26 times

higher than that of in the previous work.

Synthesis of caprolactones from fulvenes

In terms of the synthesis of caprolactones form fulvenes, starting with 6,6-
dimethyl fulvene (4.1a), the photo-oxidation of 4.1a and thermal isomerisations were
optimised in the high-pressure scCO- system using either ethyl acetate or methanol
as co-solvent by varying the concentration of 4.1a, the flow rates of CO, and organic
pump and temperature of the thermal reactor. Different products ratios of 4.2a: 4.3a:
4.4a could be obtained merely by changing the parameters of the flow reactor, but

with caprolactone 4.2a (76 % yield) as the major product by increasing the CO, flow
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rate to 0.75 mL/min (hence lowering the concentration of 4.1a in the reactor as the
organic flow rate remained constant).

With the optimised conditions in hand, we surveyed several different
functionalised fulvenes (4.1a-4.1g) as starting materials to access a variety of
caprolactone derivatives and obtained good vyields for most of the caprolactones
(4.2a-4.2g). The reactivity of fulvenes with 'O, depends on the substitutents attached
to the fulvene, either electron withdrawing groups or electron donating groups, even
with easily removed allylic hydrogen atoms or hydroxyl groups. For example, an
unexpected product 4.5g was obtained when fulvene with a hydroxyl group subjected
to the experiment.

Some of these caprolactone have been demonstrated that they can be used for
the further reaction to add value on them, such as quantitative hydrogenation yield of
4.6 from 4.2c was obtained in a small batch reactor.

These results demonstrated that a variety of valuable products were scaled-up
in the high-pressure continuous flow daisy-chained reactors, using dense CO, as

solvent via safe and green routes.

6.2.3 Future Directions

This has been studied in Chapter 3 has provided a starting point for the green
continuous flow synthesis of a variety of higher value chemicals in multistep
equipment to meet the demand for more personalised drugs in the future. It also can
be further developed by adding value to the current products.

In terms of the choice of starting material, cyclopentadiene derivatives should be
investigated to scale up the practicality of the daisy-chained mode equipment. A
thermal reactor could be added before upstream of the photoreactor to realise the
cracking of dicyclopentadiene to 3.1 directly monitored by self-optimisation, due to its
easy dimerisation to its dimer at room temperature, there will be no extra distillation

required before the reaction, and useful products can be produced from cheap
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dicyclopentadiene. Moreover, more functionalised cyclopentadiene derivatives will be
explored in the high-pressure continuous flow reactor using CO- as a solvent, such
as 1,2,3,4-Tetramethyl-1,3-cyclopentadiene or 1,2,3,4-Tetraphenyl-1,3-
cyclopentadiene.

The enantiomer of 3.4 is attractive to organic chemists and is also an important
precursor for the synthesis of prostaglandin. Synthesis of chiral base catalyst should
be explored for the transformation of endoperoxide 3.2 to chiral 3.4. These possible
chiral bases can be synthesised from, such as quinine derivatives and cinchonidine
derivatives.

Inspired by the production of furfuryl alcohol, 3.6, from aldehyde 3.5, the
synthesis of pyrrole derivatives should be explored from aldehyde 3.5, since they are
components of more complex macrocycles, including porphyrin and chlorophyll. This
can start with the synthesis of imine from aldehyde 3.5 reacting with an amine, such
as n-butylamine, and then further treated with an acid to access pyrroles.

In terms of the utilization of caprolactone, further polymerisation should be
performed to synthesise polymers which might be biodegradable. Since all the
lactones we obtained are unsaturated lactones, some of them can be hydrogenated
successfully in a batch reactor. We should explore coupling the setup for the synthesis
of caprolactone from fulvenes with hydrogenation step via hydrogen atom transfer by
reacting with hydrogen donating alcohols rather than using hydrogen since hydrogen

and oxygen are not allowed to be provided in the same setup.

6.3 Aim4

“To explore a green photochemical route as an alternative to the traditional, harsh
method (using stoichiometric reagents to obtain high efficiency), reactions such as

the dearomatisation of phenols via photo-oxidation.”
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6.3.1 Rationale

Phenol and its derivatives are pervasive in natural products, bioactive molecules
and, the most frequently utilised, substrates for the synthetic complex natural
products via dearomatisation with 'O.. These dearomative routes include the
oxidation of phenols catalysed by transition-metal catalysts with the help of H.O; or
'BUOOH, or conducted in the presence of oxone as well as photosensitised
dearomatisation, which have been discussed in Chapter 5.

Under the conditions with transition-metal catalyst, often, Ruthenium- or
Rhodium-based catalysts, Cr (VI), KsCrQOs, and Ce (IV) have been investigated, in the
presence of H,O, or BuOOH. The latter was used as co-oxidant, which usually were
added in a stoichiometric, or more than stoichiometric quantities, of precursors.
Unfortunately, byproducts from this process need to be separated from the reaction
mixtures, making the process laborious and expensive. These problems have also
been faced in the oxone oxidation system. In addition, the procedure involved with
H202 cannot be used for substrates that react with H2O2 or cannot tolerate water or
alcohol as solvents. Although dearomatisation with 'O, was photosensitised under
visible light, most of them were conducted in a chlorinated solvent on a minimal scale,
this limited its applications in industry, which have been described in Chapter 1.

The dearomatisation of phenol derivatives with 'O, should be conducted in a
greener and more efficient way to avoid or reduce the production of byproducts as
well as scale up the amount of dearomative products for further value added in a

photochemically continuous flow reactor.

6.3.2 Progress

In the case of the dearomatisation of phenol derivatives, the photo-oxidation of
p-presol (5.1a) was initially investigated in the CO2 system. First, a suitable solvent
was required to allow for the pumping of the solid substrate 5.1a into the photoreactor

and to be sure the mixture system was homogeneous. It was found that both
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methanol and ethyl acetate are suitable for this purpose, and methanol improves the
process of dearomatisation from a reaction rate aspect, although ethyl acetate is
preferable from a green chemistry standpoint and a further daisy-chained reactions,
which have been discussed in Chapter 5 for the Aim 5.

Subsequently, the dependence of 5.1a reacting with '0. is based on: co-catalysts,
the concentrations of 5.1a, the flow rates of CO, pump and organic pumps. These
were investigated in the high-pressure continuous flow photoreactor using scCO; as
a solvent and methanol as a co-solvent. This photo-oxidation was photosensitised by
TPFPP. This is the same photosensitiser used in the photo-oxidation of
cyclopentadiene and fulvenes. The vyield of peroxyquinol 5.2a reached 82 % when
5 mol % of DBU was added, and the concentration of 5.1a was kept at 0.1 M, but the
decomposition of 5.2a occurred in the presence of 20 mol % DBU. Following this, the
concentration of 5.1a in methanol was varied from 0.1 M to 5.0 M, with an increasing
yield of 5.2a to 96 % even without the addition of base co-catalyst, since the molar
ratio of 5.1a in the scCO, system increased. Next, para-phenols with different
functional groups (5.1a-5.1e) were investigated under the optimised condition of
substrate 5.1a. The yield of these peroxyquinol derivatives (5.2a-5.2e) ranged from
85-96 % when the residence time in the photoreactor was 26 min, with relatively high
productivity of 67 g/day for 5.2d when the irradiation time was 13 min as specified in
Table 5-6.

The photo-oxidation of phenol derivatives with 'O, under irradiation by visible
light in the high-pressure CO2 system provides a promising route to scale up the
production of peroxyquinol derivatives for further synthesis of natural products in a

greener mode.

6.3.3 Future Directions

In the future, variable para-phenol derivatives with different functional groups,

such as para-substituted with bulky groups, electron withdrawing groups, will be
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explored in the high-pressure CO;, system to discover the effect of substitutes
attached to the aromatic structure of phenols. This can give a chance to explore more
motifs for the synthesis of chemicals with the antimalarial property. First year PhD
student Bruna Lacerda Da Silva Abreu is currently investigating the dearomatisation
of phenols with different functional groups in this high-pressure continuous flow CO,

setup, and the author would like to wish her the best of success in this project.

6.4 Aim5

“To investigate the heterogeneous catalyst in continuous fixed-bed thermal
reactor daisy-chaining with photoreactor in order to conduct a sequence of steps to
give a target molecule, such as the synthesis of 1,2,4-trioxanes following

dearomatisation of phenols.”

6.4.1 Rationale

One of the applications of p-peroxyquinol is to access 1,2,4-trioxane chemicals
via Michael addition, which is the core structure of some antimalarial reagents. It is
well-known that malaria continues to be a major lethal infectious disease of human
beings. Artemisinin serves as the natural active principle and model compound, which
contains a 1,2,4-trioxane subunit. It is mainly extracted from a Chinese plant, but the
supply does not always meet the demand, with a semi-synthetic process from more
abundant biosynthetic precursors emerged. However, artemisinin-based combination
therapies (ACTs, in Chapter 5) such as artemether/lumefantrine/amodiaquine
recommended by WHO for the treatment of malaria have been reported to develop
resistance in South-East Asia. Recently, different novel 1,2,4-trioxane compounds
have been synthesised to be potent antimalarial agents. A greener and more
sustainable process should be explored to scale up the production of 1,2,4-trioxane

chemicals with potential antimalarial activity. Compared to the liquid catalyst, solid
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catalysts have many advantages. Often, the heterogeneous catalysts are stable,
reusable and can be used as in the fixed beds, as well as produce fewer waste
materials with an easy separation. Amberlyst-15 was frequently used due to its high
acidity and low cost. It is a good choice to use Ambelyst-15 instead of some

homogenous acid to achieve good productivity in industry.

6.4.2 Progress

Following on the dearomatisation of phenol derivatives (Chapter 5) in the high-
pressure continuous CO, system using methanol as co-solvent, a daisy-chained
reaction to synthesise 1,2,4-trioxane chemicals using methanol as co-solvent was
proposed. The first step of photo-oxidation of phenols with 'O, occurred in the
photoreactor, and a cyclisation of p-peroxyquinol with cyclohexanecarboxaldehyde
5.7 occurred downstream of photo-oxidation solutions catalysed by pre-loaded
Amberlyst-15 in the thermal reactor. The first attempt to prepare 1,2,4-trioxane 5.3a
was not successful since the protic solvent methanol was employed, resulting in
acetal compound 5.3aa produced instead of 5.3a under acid conditions. This is also
consistent with the results in the literature, which used aprotic solvent, CH-Cl, as the
solvent.

EtOAc was as an alternative co-solvent instead of methanol to avoid the
production of 5.3aa. Since the optimisation of photo-oxidation of 5.1a was performed
in this high-pressure CO using methanol as solvent, we attempted to do optimisation
of photo-oxidation of 5.1a with 'O, using EtOAc as co-solvent by varying the
concentration of 5.1a in EtOAc, the concentration of TPFPP, the flow rates of CO:
pump and organic pumps, the temperatures of thermal reactor and the power of LED
lights. The yield of 5.2a in EtOAc was lower than that in methanol unless increasing
the residence time in the photoreactor from 26 min to 52 min by prolonging the size
of photoreactor. An 84 % vyield 5.3a was obtained when pre-loading 1.0g

Amberlyst-15 in the thermal reactor (40 °C) (Figure 5-4).
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To further increase the reaction rate in the photoreactor when using EtOAc as co-
solvent, the addition of another protic solvent Hexafluoro-2-propanol (HFIP) was
investigated, since HFIP is a protic solvent with lower pKa than methanol. Since the
yield of 5.2a was 95 % in EtOAc without HFIP, 4-ethylphenol (5.1b) was used as the
model substrate to study the effect of HFIP on both photo-oxidation and thermal
cyclisation. The initial attempt was conducted with 2 equivalent of HFIP in the EtOAc
solution, without thermal reactor, and the results showed that the yield of 5.2b indeed
increased from 83 % to 99 %. When coupling the photoreactor and thermal reactor,
the yield of 5.3b was 71 %.

The pre-loaded Amberlyst -15 was continually used for the different
p-peroxyquinol derivatives with variable aldehyde, 5.7, 5.9. 5.10, 5.11, the yields of
1,2,4-trioxane (5.3a-5.6a, 5.3b-5.3e) ranged from 20 % to 92 % even without further
optimisation for all synthetic 1,2,4-trioxanes. The products 1,2,4-trioxane can be
crystallised by collecting after the BPR; it reduced the cost for the further separation

with a solid acid catalyst. 4.2 g crystalline 5.3a was obtained in 8 hours.

6.4.3 Future directions

In the future, more p-phenol derivatives with different functional groups, such as
para-substituted with bulky groups, electron withdrawing groups, will be explored in
the high-pressure CO, system to access more valuable and antimalarial compounds.
Furthermore, the antimalarial activity of 1,2,4-trioxanes probably should be tested in

vitro.

6.5 Final Words

Although much progress has been made towards the development of high-
pressure continuous flow photo-oxidation process in dense CO,, as well as of scaling

up the synthesis of some more challenging organic compounds, there is still a long
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way to go in terms of further investigation of this process on a larger scale. This
process also provides an idea, in some extent, to fulfil the demand for the production
of personalised drugs in the pharmaceutical industry. | would like to wish first year
PhD student Bruna Abreu who continues this research the best of luck and hope to

see some of these ideas to be applied to industrial processes in the not too distant

future.

MEAK, LHA, BEAHE.
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Appendix

Appendix

Standard Operation Procedure for Batch cell Reaction in
CO;

Below are the procedures used to perform photo-oxidation batch reactions in CO;
and COz-based solvent mixture. The start-up procedure, shutdown procedure and
rest conditions are included. More details about the components are described in
Section 2.1.3.

After checking O: cylinder pressure
(Should be high enough for the desired reaction condition):

e Start-up procedure:

1. Use the Excel spreadsheet file in the Appendix to calculate the required pump
flow rates, Rheodyne switching time and sample loop sizes for the reaction to be
performed.

2. Ensure that all valves, except valve V5, are closed; set the BPR to the required
pressure (e.g. 140 bar).

3. Check that the CO, pump is flowing correctly and can pressurise against a closed
valve V5 (i.e. check that the valves are working correctly).

4. Ensure that the CO, pump (4272) shows adequate bottle pressure (i.e. > 45 bar),
then open V1 and allow the CO2 pump (at 2 ml/min) to fill the system to the desired
pressure. The reading on the system pressure monitor (5358) should increase.

5. Flush the system with CO- for no less than 30 minutes at this pressure.
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6. Ensure that all thermocouples are correctly attached, that all pressure
transducers are calibrated and working, and that the pressure and temperature trips
are working and set correctly (including pumps).

7. Attach the correct sample loops to the Rheodyne dosing unit (5700).

8. Start the Picologger recording on the PC.

9. Set the trip of system pressure (5358) and oxygen pressure (5091).

10. Increase the BPR (4272) setting to hold the desired reaction pressure.

11. After 30 minutes, set the CO, pump (4385) to the desired flow rate for the reaction.
12. Set the mixer heater A (2714).

13. Allow the system time to reach the desired temperature.

14. Set the correct switching time on the Rheodyne dosing unit (5224) (switching
time should be around 4-14 seconds, which can be reached using an appropriate
sample loop).

15. Start the Rheodyne dosing unit (5224), and open valve V3 to allow oxygen to
enter the system.

16. While the system is flushing with CO2, remove the thermocouple and load
materials via injection to be photo-oxidised, including photosensitiser and any co-
solvent into the batch cell using an appropriately sized Hamilton Syringe.

17. Replace the thermocouple and reseal the batch cell.

18. Allow the system to equilibrate with CO2/O, mixture for 30 minutes fully. Then it
is possible to charge the photochemical batch cell slowly with CO2/O, mixture. Ensure
that V7 and V8 are closed and partially open V6. Carefully open V7 such that the
CO,/O2 mixture flow into the batch cell at a rate of approximately 3-5 psi/s. Once the
desired pressure is reached, V6 and V7 are closed, and leaving for about 10 minutes
to ensure that the batch cell system pressure is stable, without leakage, by observing

the stability of the internal cell pressure and testing with Snoop liquid leak detector.

19. The rig is now under starting conditions. Switch on the chosen light source.

The O2 dosage unit can be switched off, V3 and V4 should be closed, and the CO;
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flow should be maintained for ca. 30 minutes to flush Oz from the system. Ensure V6
and V7 are closed, and the batch cell now can be disconnected between V6 and V7

from the rest of the system for further analysis.

e Shutdown procedure:
1. Switch off the light source.
2. Ensure Rheodyne dosing unit (5224), valve V3, V4 and O cylinder are closed.
3. After 10 minutes, turn off mixer heater A (2714).
4. Allow the system to flush with CO> for ca. 30 minutes.
5. Close valve V1 and stop the CO, pump (4385).
6. Release the pressure slowly by reducing the set pressure at the BPR (4272) to
atmospheric pressure in 20 bar increments, allowing approximately 10 seconds in
each setting number.
7. Depressurise the cell carefully by slowly opening V8 and venting the contents
into a container for further analysis (such as for analysis by NMR).
8. The cell should then be flushed with a non-halogenated solvent (e.g. 2-propanol)
for approximately 30 minutes (at 1 mL/min) by connecting it to an extra HPLC pump
(5822). After this procedure, the cell is connected between the CO, pump and BPR,
and flushed with CO; at pressure (e.g. 140 bar) for approximately 1 hour to ensure
that no potentially flammable solvent remains before the next oxidation experiment to
perform.
9. Ensure that the system pressure has reached atmospheric pressure before

leaving the rig unattended.

Rest Conditions

When not in use the rig was left in a rest state, as described below:
e All the pumps are stopped.

e All heating and cooling are ceased.
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e All light sources are turned off.

e \Valves V1, V3, V4, V6, V7 and V8 are closed, valves V2 and V5 are open.
e The Rheodyne dosing unit (5224) are turned off.

o All other units left on, particularly the BPR (4272), CO2 pump (4385) and

system pressure (5358)/temperature monitors (2717).

Standard Operating Procedure for Flow photo-oxidation

Below is the procedure used to perform photo-oxidation reactions in CO; and
CO2-based solvent mixture. The start-up procedure and shutdown procedure are
included. More details about the components are described in Section 2.1.

After checking O: cylinder pressure
(Should be high enough for the desired reaction condition):

e Start-up procedure:

1. Use the Excel spreadsheet file in the Appendix to calculate the required pump
flow rates, Rheodyne switching time and sample loop sizes for the reaction to be
performed.

2. Ensure that all thermocouples are correctly attached, that all pressure
transducers are calibrated and working, and that the pressure and temperature trips
are working and set correctly (including pumps).

3. Attach the correct sample loops to the Rheodyne dosing unit (4710).

4. Start the Picologger recording on the PC.

5. Set the trip of system pressure (2720) and oxygen pressure (4281).

6. Setthe BPR (3835) to hold 60 bar.

7. Setthe CO; pump (3832) to 5 ml/min.

8. Open valve V1 to allow CO; to enter the system. The reading on the system
pressure monitor (2720) should increase.

9. Start the CO2 pump (3832).
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10. Increase the BPR (3835) setting to hold at the desired reaction pressure, typically
at 120 bar.

11. Allow the system time to reach the required pressure.

12. Set the CO, pump (3832) to the desired flow rate for the reaction.

13. Allow the system time to settle.

14. Set the mixer heaters (2714) and (3669), and two cooling bath to the desired
temperatures.

15. Allow the system to reach the setting temperatures.

16. Set the correct switching time on the Rheodyne dosing unit (4710) (switching
time should be around 4-14 seconds, which can be reached by using an appropriate
sample loop).

17. Start the Rheodyne dosing unit (4710), and open valve V2 and V3 to allow
oxygen to enter the system.

18. Allow the system to equilibrate.

19. Make a solution of any reagents and co-solvents and use it to prime HPLC
pump 1 (5587).

20. Start the chosen light source.

21. Set HPLC pump (5587) to the required flow rate.

22. Start HPLC pump (5587) then soon afterwards open valve V4 to allow organic
material to enter the rig.

23. Allow the system to equilibrate.

24. The rig is now under starting conditions.

Shutdown procedure:

1. Switch off the light source.
2. Close valve V4 then stop HPLC pump (5587).
3. Close valve V2 and V3 then turn off the Rheodyne dosing unit (4710).

4. After 10 minutes, turn off mixer heaters (2714) and (3669), and cooling bath.
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5. Allow the system to flush with CO2 and cool the temperature to room
temperature.

6. Close valve V1 and stop the CO; pump (3832).

7. Release the pressure slowly by reducing the set pressure at the BPR (3835) to
atmospheric pressure in 20 bar increments, allowing approximately 10 seconds in

each setting pressure.

Emergency shutdown 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 (3667). This will turn off
the heaters (2714) and (3669), the substrate pump (5587) and the Rheodyne dosing
unit (4710).
2. Close valves V3 and V4. The CO; (3832)) will stay on to aid with flushing and
cooling the system. These pumps will trip independently if the pressure exceeds their
set values.
3. The system must be allowed to cool for as long as is necessary. Do not remove
the blast shield or attempt to release the pressure before the temperature readings
are both below 40 °C.
4. Release the pressure slowly by reducing the set pressure at the BPR (3835) in
20 bar increments, allowing approximately 10 seconds in each setting pressure.
5. If a blockage has occurred, sections of the rig may still be under pressure. Undo
any connections very carefully and with the fume hood sash as low as is practical.
6. When the pressure and temperature hazards have been dealt with, press the

square reset button on the side of the trip box (3667) to allow full power back to the

rig.
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Crystal Data

Experimental

Single crystals of C;HsO3 [2a] were slow evaporation from ethyl acetate. A
suitable crystal was selected and in a fomblin on a micromount on a XtalLAB PRO
MMO0O07, PILATUS3 R 200K diffractometer. The crystal was kept at 120(2) K during
data collection. Using Olex2,' the structure was solved with the olex2.solve structure
solution program using Charge Flipping and refined with the olex2.refine refinement
package using Gauss-Newton minimisation.

Crystal data (2a)

Crystal Data for C7HsOs (M =140.13 g/mol): monoclinic, space group P2+/c (no.
14),a= 10.1442(5) A, b= 10.4033(5) A, c= 6.3880(3) A, 8= 104.154(5)°, V =

653.68(6) A3, Z = 4, T=120(2) K, u(CuKa) = 0.946 mm",Dcalc = 1.424 glcm?, 2408

iDolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J.
Appl. Cryst. 42, 339-341.
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reflections measured (8.99° < 20 < 145.826°), 1257 unique (Rint = 0.0217, Rsigma =
0.0277) which were used in all calculations. The final Ry was 0.0376 (I > 20(l))

and wR> was 0.1053 (all data).

Table 2a-1 Crystal data and structure refinement for 2a.

Empirical formula C7HgO3

Formula weight 140.13
Temperature/K 120(2)

Crystal system monoclinic

Space group P2i/c

alA 10.1442(5)

b/A 10.4033(5)

c/A 6.3880(3)

a/° 90

/e 104.154(5)

v/° 90

Volume/A3 653.68(6)

Z 4

pcalcg/Cm3 1.424

w/mm? 0.946

F(000) 296.0

Crystal size/mm? 0.221 x 0.173 x 0.102
Radiation CuKoa (A =1.54184)
20 range for data collection/°8.99 to 145.826
Index ranges -8<h<12,-11<k<12,-7<1<7
Reflections collected 2408

Independent reflections 1257 [Rint = 0.0217, Rsigma = 0.0277]
Data/restraints/parameters  1257/1/95

Goodness-of-fit on F? 1.095

Final R indexes [[>=2c (I)] R1=0.0376, wR2 = 0.1021

Final R indexes [all data] R1 =0.0409, wR2 = 0.1053

Largest diff. peak/hole / e A2 0.27/-0.24

Table 2a-2 Fractional Atomic Coordinates (x10°) and Equivalent Isotropic
Displacement Parameters (A?x10°) for HBMWGB. U, is defined as 1/3 of of the trace
of the orthogonalised U, tensor.
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Atom x y z U(eq)
C1 3960.4 (13) 5787.8 (13) 2232(2) 19.8(3)
C2 2768.2 (14) 6475.7 (13) 2601(2) 22.2(3)
C3 1838.9 (13) 5861.5 (13) 3387(2) 20.8(3)
C4 1875.2 (13) 44445 (13) 3816(2) 19.9(3)
C5 3154.3 (13) 3810.6 (13) 3560(2) 19.4(3)
C6 4088.2 (13) 4413.3 (13) 2771(2) 20.0(3)
C7 644.8 (14) 3782.8 (14) 2342(2) 26.8(3)
08 1688.7 (9) 4191.0 (10) 5957.7(15) 22.8(3)
09 2681.0 (10) 4954.1 (10) 7515.7(16) 25.4 (3)
010 4842.1 (10) 6361.6 (10) 1564.1(16) 24.6 (3)

Table 2a-3 Anisotropic Displacement Parameters (A?x10°) for 2a. The Anisotropic
displacement factor exponent takes the form: -2m2[h2a*2U11+2hka*b*U12+...].

Atom Un U2 Uss Uz Uis Uiz
C1 21.4(6) 25.3(7) 12.3(6) -02(5)  3.3(5) -1.2(5)
Cc2 26.0(7) 21.6(6) 18.4(6) 1.4(5)  4.2(5) 2.2(5)

C3 20.6(6) 23.3(7) 18.1(6) -1.2(5)  43(5)  4.2(5)
C4 20.8(6) 23.5(7) 16.4(6)  0.6(5) 6.4(5) -0.1(5)
C5 22.0(6) 20.4(6) 157(6) -0.9(5)  4.2(5) 1.5(5)
Cé 19.8(6)  24.6(7)  15.7(6) -1.8(5)  4.4(5) 2.3(5)
c7 21.9(7)  29.2(7) 282(7) -46(6)  4.3(5) -1.5(6)
08 225(5) 287(5) 187(5)  0.5(4) 8.0(4) -3.2(4)
09 253(5)  31.1(5)  18.9(5) -3.2(4)  3.7(4) 1.7(4)
010 24.4(5)  30.3(5) 20.1(5)  3.2(4) 7.3(4) -3.1(4)
Table 2a-4 Bond Lengths for 2a.

Atom Atom  Length/A Atom Atom  Length/A
C1 C2 1.4729(19) C4 C5 1.4997(18)
C1 o 1.4691(18) c4 c7 1.5307(19)
C1 010 1.2351(16) C4 08 1.4506(16)
C2 C3 1.335(2) C5 C6 1.3333(19)
C3 C4 1.4981(18) 08 09 1.4643(14)
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Table 2a-5 Bond Angles for 2a.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/’
C6 C1 C2 117.67(11) C5 C4 C7 109.41(11)
010 C1 C2 120.85(12) 08 C4 C3 110.37(11)
010 C1 C6 121.43(12) 08 C4 C5 109.80(11)
C3 C2 C1 120.71(12) 08 C4 C7 102.91(10)
C2 C3 C4 123.49(12) C6 C5 C4 123.23(12)
C3 C4 C5 113.33(11) C5 C6 C1 121.07(12)
C3 C4 Cc7 110.51(11) C4 08 09 108.42(9)
Table 2a-6 Hydrogen Bonds for 2a.
D H A d(D-H)/A d(H-A))A d(D-A)JA  D-H-Ar°
09 H9 0101 0.848(16) 1.960(16) 2.7946(14) 167(2)

Table 2a-7 Hydrogen Atom Coordinates (Ax104) and Isotropic Displacement
Parameters (A?x10°) for 2a.

Atom x y z U(eq)
H2 2659.53 7366.22 22751 27
H3 1115.92 6348.78 3691.89 25
H5 3306.7 2936.53 3980.07 23
H6 4848.56 3946.29 2554.15 24

H7A 656.98 2865.69 2697.35 40
H7B 682.36 3886.36 833.28 40
H7C -192.73 4172.54 2553.39 40
H9 3362(18) 4454(19) 7810(30) 38
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Appendix

Crystal (2b)

Experimental

Single crystals of CgH10O3 [2b] were Slow evaporation from ethyl acetate. A
suitable crystal was selected and in a fomblin film on a micromount on a XtalLAB
PRO MMO007, PILATUS3 R 200Kdiffractometer. The crystal was kept at 120(2) K
during data collection. Using Olex2', the structure was solved with the ShelXS'
structure solution program using Direct Methods and refined with the ShelXL

refinement package using Least Squares minimisation.
Crystal Data

Crystal Data for CgH1003 (M =154.16 g/mol): orthorhombic, space group Pbca
(no. 61),a= 7.13195(11) A, b = 11.8244(2) A, c = 18.2107(3) A, V =

i Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.
i Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.

i Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
271



1535.72(5) A%, Z = 8, T = 120(2) K, y(CuKa)= 0.853 mm™, Dcalc = 1.334 g/cm?,
8253 reflections measured (9.714° < 20 < 155.514°), 1614 unique (Rint = 0.0269,
Rsigma = 0.0160) which were used in all calculations. The final R was 0.0381 (I > 2o(1))

and wR> was 0.1031 (all data).

Table 2b-1 Crystal data and structure refinement for 2b.

Empirical formula CsH1003

Formula weight 154.16
Temperature/K 120(2)

Crystal system orthorhombic
Space group Pbca

alA 7.13195(11)

b/A 11.8244(2)

c/A 18.2107(3)

a/° 90

B/° 90

v/° 90

Volume/A3 1535.72(5)

Z 8

pcalcg/Cm3 1.334

w/mm? 0.853

F(000) 656.0

Crystal size/mm?® 0.317 x 0.105 x 0.049
Radiation CuKa (A =1.54184)
20 range for data collection/°9.714 to 155.514
Index ranges -4<h<9,-13<k<14,-22<1<23
Reflections collected 8253

Independent reflections 1614 [Rint = 0.0269, Rsigma = 0.0160]
Data/restraints/parameters ~ 1614/0/105

Goodness-of-fit on F? 1.076

Final R indexes [I>=2c (I)] R:=0.0381, wR2> = 0.1021

Final R indexes [all data] R1=0.0393, wR> = 0.1031

Largest diff. peak/hole / e A©0.27/-0.18
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Table 2b-2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A?x10°) for 2b. Ueq is defined as 1/3 of of the trace of the
orthogonalised U,, tensor.

Atom X y z U(eq)
o1 588.8(14) 597.3(7) 4032.9(5) 31.1(2)
03 144.5(14) -3337.9(8) 2648.6(5) 36.8(3)
02 -1232.9(15) 660.5(8) 3662.9(6) 35.3(3)
C5 1452.0(17) -1504.2(10) 2680.7(7) 26.4(3)
C1 1387.8(18) -496.5(9) 3877.3(7) 23.9(3)
C4 442.7(17) -2462.3(10) 3000.3(7) 25.7(3)
C6 1851.4(17) -592.6(10) 3079.1(7) 25.5(3)
C3 -257.1(17) -2336.0(10) 3752.4(7) 25.8(3)
Cc2 127.4(17) -1417.5(10) 4146.4(7) 24.5(3)
C7 3204(2) -470.2(10) 4342.7(8) 32.6(3)
Cc8 4323(2) -1561.2(12) 4310.5(8) 35.1(3)

Table 2b-3 Anisotropic Displacement Parameters (A?x10°) for 2a. The Anisotropic
displacement factor exponent takes the form: -2m[h’a*?U1+2hka*b*Uqa+.. .

Atom Un U2 Uss Uzs Uis Uiz
01 427(5)  204(4)  30.3(5)  -38@3)  -5.7(4) 7.4(4)
03  402(5)  282(5)  41.96) -152(4)  -9.2(4) 3.4(4)
02 37.1(5)  336(5)  351()  424)  -04@4)  125(4)
C5  252(6)  31.3(6)  22.86)  -2.3(4)  1.1(5) 6.0(5)
C1  305(6) 16.4(5)  250(6)  -1.2(4)  -1.05)  2.2(4)
C4  234(6)  235(6)  30.36)  -615)  -63(5)  4.7(5
C6 257(6)  238(6)  27.0(6) 4.2(5) 2.7(5) 1.2(5)
C3  252(6)  222(6)  29.9(6) 29(5)  -115)  -1.2(5)
C2  269(6)  236(6)  23.2(6) 1.3(4) 2.0(5) 3.1(5)
C7  35.9(7)  251(6)  36.9(7)  -1.2()  -9.4(6)  -3.6(5)
c8  338(7)  386(7)  331(7)  -0.36)  -7.36)  6.0(6)
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Table 2b-4 Bond Lengths for 2b.

Atom  Atom Length/A Atom  Atom Length/A
O1 02 1.4654(14) Ci Cc2 1.4947(17)
o1 c1 1.4415(13) C1 C7 1.5481(18)
03 C4 1.2359(15) C4 C3 1.4654(18)
C5 C4 1.4629(18) C3 C2 1.3302(17)
C5 C6 1.3302(17) C7 C8 1.5180(18)
c1 C6 1.4949(17)

Table 2b-5 Bond Angles for 2b.
Atom Atom Atom  Angle/” Atom Atom Atom Angle/’

Cl O1 02 107.81(8) 03 C4 C5 121.82(12)

C6 C5 C4 121.06(11) 03 C4 C3 120.74(12)

O1 Cl1 C6 110.29(9) C5 C4 C3 117.42(10)

Ol C1 C2 110.58(10) C5 C6 Ci1 122.99(11)

01 Cl1 C7 101.83(9) C2 C3 C4 121.14(11)

C6 Cl1 C7 110.41(11) C3 C2 Cl1 122.82(11)

C2 Cl1 C6 113.35(10) C8 C7 C1 113.68(10)

C2 Cl1 C7 109.77(10)
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Table 2b-6 Hydrogen Atom Coordinates (Ax10°) and Isotropic Displacement
Parameters (A?x10°) for 2b.

Atom x y z U(eq)
H5 1820.19 -1532.98 2191.18 32
H6 2446.09 12.55 2850.75 31
H3 -982.62 -2907.79 3957.88 31

H2A -411.06 -1345.24 4609.11 29
H7A 3988.85 146.06 4172.14 39
H7B 2875.01 -316.84 4849.81 39
H8A 4610.56 -1737.22 3808.4 53
H8B 3598.7 -2164.47 4520.49 53
H8C 5466.44 -1471.96 4582.38 53
H2 -860(30) 1035(17) 3248(13) 63(6)
Crystal (2c)

Experimental

Single crystals of C10H1203 [2¢] were slow evaporation of a methanol solution. A
suitable crystal was selected and in a fomblin film on a micromount on a SuperNova,
Atlas S2 diffractometer. The crystal was kept at 120(2) K during data collection. Using
Olex2!, the structure was solved with the olex2.solve' structure solution program
using Charge Flipping and refined with the ShelXL™ refinement package using Least

Squares minimisation.
Crystal structure determination of 2c

Crystal Data for CgH1003 (M =154.16 g/mol): orthorhombic, space group Pbca
(no. 61),a= 7.13195(11) A, b = 11.8244(2) A, c = 18.2107(3) A, V =

1535.72(5) A%, Z = 8, T = 120(2) K, y(CuKa)= 0.853 mm™, Dcalc = 1.334 g/cm?,

i Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.
i Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.

i Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
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8253 reflections measured (9.714° < 20 < 155.514°), 1614 unique (Rint = 0.0269,

Rsigma = 0.0160) which were used in all calculations. The final Ry was 0.0381 (I > 20(l))

and wR> was 0.1031 (all data).

o013

Table 2c-1 Crystal data and structure refinement for 2c.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
p/e
y/°
Volume/A3

Z
276

C10H1203
180.20
120(2)
monoclinic
P21/n
8.29297(16)
7.41007(12)
14.8813(3)
90
105.2902(19)
90
882.11(3)
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Pcalcg/ cm?®
wmm'*
F(000)

Crystal size/mm?®

Radiation

1.357

0.825

384.0

0.321 x 0.205 x 0.111
CuKo (L = 1.54184)

20 range for data collection/°11.152 to 148.578
Index ranges
Reflections collected

Independent reflections
Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (1)]
Final R indexes [all data]

-10<h<10,-9<k<8,-18<1<18
9460

1783 [Rint = 0.0210, Rsigma = 0.0138]
1783/0/121

1.037

R1 = 0.0329, WR; = 0.0865

R1 = 0.0346, WR; = 0.0879

Largest diff. peak/hole / e A2 0.28/-0.20

Table 2c-2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A?x10°) for 2¢. Ueq is defined as 1/3 of of the trace of the

orthogonalised U, tensor.

Atom X y z U(eq)
C1 2833.6(13) 4979.1(15) 3496.4(7) 18.7(2)
C2 3899.8(13) 6394.1(14) 3271.0(7) 19.6(2)
C3 5414.3(13) 6011.2(14) 3179.6(7) 18.9(2)
C4 6173.0(12) 4167.7(14) 3343.7(7) 16.3(2)
C5 7865.7(13) 4270.8(15) 4083.5(8) 20.1(2)
C6 8693.3(13) 2426.8(16) 4316.5(8) 23.8(3)
Cc7 7531.0(14) 1081.3(16) 4601.8(8) 24.5(3)
Cc8 5862.2(14) 937.7(14) 3847.5(8) 20.6(2)
C9 5080.9(13) 2766.8(14) 3633.9(7) 16.3(2)
C10 3558.3(13) 3181.2(14) 3718.7(7) 18.2(2)
o1 1365.3(10) 5281.2(12) 3491.2(6) 25.7(2)
012 6616.1(9) 3572.4(11) 2513.5(5) 20.1(2)
013 5104.8(10) 3631.2(12) 1736.0(5) 24.8(2)
C1 2833.6(13) 4979.1(15) 3496.4(7) 18.7(2)
C2 3899.8(13) 6394.1(14) 3271.0(7) 19.6(2)
C3 5414.3(13) 6011.2(14) 3179.6(7) 18.9(2)
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Table 2c-3 Anisotropic Displacement Parameters (A*x10°) for 2¢. The Anisotropic
displacement factor exponent takes the form: -2m[h’a*?Un+2hka*b*Us2+. . ].

Atom Un Uz Uss Uzs Uis Ui
c1  17.7(5) 22.6(5) 15.9(5) 0.6(4)  4.5(4) 1.4(4)
c2  21.7(5) 16.1(5) 19.9(5) 0.6(4) 3.9(4) 1.5(4)
C3  21.1(5) 17.0(5) 19.0(5) 0.6(4) 6.04)  -3.4(4)
C4  156(5) 17.7(5) 16.7(5) 124) 6.2(4) -1.2(4)
C5  16.3(5) 23.0(5) 20.6(5) 26(4)  4.04)  -3.1(4)
C6  16.6(5) 28.5(6) 24.6(5) 0.2(5) 2.4(4) 2.9(4)
C7  23.5(6) 23.5(6) 25.1(6) 4.3(4) 4.0(5) 5.3(4)
c8  21.1(5) 15.9(5) 24.9(5) 1.0(4) 6.4(4) 0.6(4)
co  17.7(5) 16.1(5) 14.7(5) 0.6(4)  32(4)  -1.7(4)
c10  17.7(5) 18.9(5) 18.8(5) 1.4(4) 59(4)  -2.4(4)
o1 17.8(4) 29.8(4) 31.2(4) 3.4(3) 9.5(3) 5.1(3)

012  17.6(4) 25.9(4) 17.3(4) 27(3)  553) -1.2(3)
013 27.3(4) 26.2(4) 17.4(4) 09(3) -063) -4.003)
Table 2c-4 Bond Lengths for 2c.
Atom  Atom Length/A Atom Atom Length/A
C1 C2 1.4663(15) C4 012  1.4475(12)
C1 C10 1.4631(15) c5  C6 1.5274(16)
C1 on 1.2360(13) C6 c7 1.5230(16)
C2 C3 1.3291(16) Cc7 C8 1.5386(15)
C3 C4 1.4969(14) C8 C9 1.4998(14)
C4 Cc5 1.5405(14) CO €10  1.3373(15)
C4 C9 1.5135(14) 012 013  1.4651(10)

278



Appendix

Table 2¢c-5 Bond Angles for 2c.

Atom Atom Atom  Angle/* Atom Atom Atom Anglel’
C10 C1 C2 117.80(9) 012 C4 C9 109.89(8)
O11 C1 C2 121.43(10) C6 C5 C4 112.83(9)
011 C1 C10 120.76(10) C7 C6 C5 111.68(9)
C3 C2 C1 120.92(10) C6 C7 C8 110.82(9)
C2 C3 C4 123.10(10) C9 C8 C7 110.32(9)
C3 C4 C5 109.63(8) Cc8 C9 C4 115.01(9)
C3 C4 C9 114.52(9) C10 C9 C4 121.36(9)
C9 C4 C5 109.34(8) Cc10 C9 Cc8 123.60(10)
012 C4 C3 109.23(8) cC9 C10 C1 121.97(10)
012 C4 C5 103.68(8) C4 012 013 107.95(7)
Table 2c-6 Torsion Angles for 2c.
A B C D Angle/ A B C D Angle/
C1t C2 C3 4 -3.20(16) C5 C6 C7 C8 54.94(12)
C2 C1 C10 (9 -6.53(15) C6 C7 C8 C9 -54.87(12)
C2 C3 C4 C5 -123.93(11) cC7 C8 C9 C4 55.87(12)
C2 C3 C4 (9 -0.62(15) C7 C8 Co9 C10 -121.92(11)
C2 C3 C4 012 123.10(11) C8 C9 C10 1 -179.51(9)
C3 C4 C5 Ce6 177.92(9) C9 C4 C5 Cc6 51.61(11)
C3 C4 C9 cC8 -177.02(8) C9 C4 012 013 69.67(10)
C3 C4 C9 cC10 0.82(14) c10 C1 C2 C3 6.67(15)
C3 C4 012 013 -56.74(10) OM11 C1 C2 C3 -172.64(10)
C4 C5 C6 C7 -54.20(12) OM11 C1 C10 C9 172.79(10)
C4 C9 C10 C1 2.83(15) 012 C4 C5 C6 -65.55(11)
C5 C4 C9 cC8 -53.56(11) 012 C4 C9 C8 59.62(11)
C5 C4 C9 C10 124.29(10) ©O12 cC4 C9 C10 -122.54(10)
C5 C4 012 013 -173.55(7)
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Table 2c-7 Hydrogen Bonds for 2c.

D H A d(D-HYA  d(H-AYA  d(D-AYA  D-H-AP
013  H13 0111  0.883(18) 1.878(18) 2.7470(12) 167.5(16)

Table 2c¢c-8 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10°) for 2c.

Atom x y z U(eq)
H2 3502.5 7601.36 3189.24 23
H3 6044.94 6951.94 3001.79 23

H5A 8625.63 5071.82 3853.66 24
H5B 7693.13 4813.63 4658.91 24
HB6A 9016.91 1957.21 3766.02 29
H6B 9722.95 2560.53 4830.81 29
H7A 7317.1 1471.74 5196.17 29
H7B 8074.06 -118.55 4701.68 29
H8A 6058.25 408.58 3274.59 25
H8B 5092.77 131.33 4066.56 25
H10 2928.43 2281.18 3929.57 22
H13 4740(20) 2510(30) 1743(11) 37
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Crystal (3a)

Experimental

Single crystals of C14H2004 [3a] were recrystallised in diethyl ether. A suitable crystal
was selected and loaded on a SuperNova, Titan S2 diffractometer. The crystal was kept
at 120(2) K during data collection. Using Olex2, the structure was solved with the
ShelXT" structure solution program using Intrinsic Phasing and refined with the
ShelXL" refinement package using Least Squares minimisation.

Crystal structure determination of 3a

Crystal Data for C14H2004 (M =252.30 g/mol): monoclinic, space group P2i/c (no.
14), a= 5.8033(5) A, b= 38.0676(19) A, c = 6.4898(5) A, B= 115.253(10)°, V =
1296.70(16) A%, Z= 4, T= 120(2) K, u(CuKa)= 0.767 mm-', Dcalc = 1.292 g/cm?,
16445 reflections measured (4.642° < 20 < 135.918°), 2323 unique (Rint = 0.0786,
Rsigma = 0.0361) which were used in all calculations. The final Ry was 0.1103 (I > 20(l))

and wR> was 0.2938 (all data).

i Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.
i Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

i Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
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Table 3a-1 Crystal data and structure refinement for 3a.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

y/°
Volume/A3
Z
peaicg/cm®
w/mm?

F(000)

Crystal size/mm?
Radiation

C14H2004

252.30

120(2)

monoclinic

P21/c

5.8033(5)
38.0676(19)
6.4898(5)

90.0

115.253(10)

90.0

1296.70(16)

4

1.292

0.767

544.0

0.573 x 0.129 x 0.026
CuKa (A= 1.54184)

20 range for data collection/°4.642 to 135.918

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (1)]

Final R indexes [all data]

-6<h<6,-45<k<45,-6<1<7
16445

2323 [Rint = 0.0786, Reigma = 0.0361]
2323/0/164

1.137

R: = 0.1103, wR2 = 0.2895

R: = 0.1164, WR2 = 0.2938

Largest diff. peak/hole / e A= 0.64/-0.42

Table 3a-2 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic
Displacement Parameters (A?x10°) for 3a. U, is defined as 1/3 of of the trace of the

orthogonalised U,, tensor.

Atom X

y z U(eq)

o1 5021(6)
282
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02
03
04
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14

3991(6)
10561(7)
7874(6)
6850(8)
5545(9)
6724(9)
9404(9)
10736(8)
8954(8)
7843(9)
6030(8)
4870(8)
3045(10)
1827(11)
3838(11)
5635(10)
6880(10)

3691.2(8)
2652.5(9)
3621.8(8)

3281.4(12

2986.6(12

2790.6(12

2851.9(13

3164.6(12

3444.4(12

3166.4(13

3870.6(12

4056.8(12

4342.0(14

4540.9(16

4696.7(14

4410.1(14

(

)
)
)
)
)
)
)
)
)
)
)
)
)
4216.7(14)

28.6(8)
36.3(9)
26.7(8)

24.1(10)

27.6(10)

28.6(10)
30.4(11)
30.3(11)

26.1(10)
30.6(11)

24.8(10)

26.1(10)

36.1

46.7

40.9(13)

36.5(12)
34.6(11)

12)

(
(
(15)
(
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Table 3a-3 Anisotropic Displacement Parameters (A*x10°) for 3a. The Anisotropic
displacement factor exponent takes the form: -2m[h’a*?Un+2hka*b*Us2+. . ].

Atom Un U2, Uss U2z Uiz U
01 265(17) 447(19) 12.8(15) -17(12)  59(13)  6.2(13)
02 17.2(15)  46.9(19)  17.7(15) -6.5(13)  3.6(12)  1.0(13)

03  33.7(19) 50(2) 20.7(18)  5.1(14) 7.3(15) 4.1(15)
04 19.0(16)  43.8(18)  12.6(15) -1.5(12)  2.4(12) 2.3(12)
C1 15(2) 42(2) 10(2) -1.5(16)  0.3(17) 1.2(17)
c2 20(2) 44(3) 18(2) -4.8(17)  8.0(18)  -0.9(18)
c3 25(2) 41(3) 17(2) 1.1(17)  6.1(19) 0.0(18)
c4 3003 41(3) 19(2) -2.9(18) 10(2) 3.0(19)
C5 16(2) 46(3) 21(2) 2.2(18)  -0.2(18)  1.9(18)
C6 21(2) 40(2) 16(2) 2.6(17)  6.1(18)  -2.4(18)
c7 27(2) 47(3) 20(2) 2.7(18)  11.9(19)  0.5(19)
c8 17(2) 39(2) 12(2) -1.9(16)  0.3(16)  -0.9(17)
c9 20(2) 39(2) 19(2) 2.6(17)  7.918)  -1.7(17)
C10  35(3) 49(3) 18(2) -4.7(19) 5(2) 9(2)
C1l  39(3) 66(4) 28(3) -12(2) 7(2) 15(3)
C12  48(3) 46(3) 23(3) -6(2) 10(2) 6(2)
C13  39(3) 51(3) 17(2) -3.5(19) 10(2) 4(2)
Cl4  34(3) 50(3) 14(2) -5.0(19) 5(2) 2(2)
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Table 3a-4 Bond Lengths for 3a.

Atom  Atom Length/A Atom Atom Length/A
o1 02 1.467(4) C3 C4 1.471(7)
o1 C1 1.455(5) C4 C5 1.506(7)
02 cs 1.426(5) c5  C6 1.520(6)
03 C4 1.230(6) c8  C9 1.515(6)
04 c6 1.439(5) co  c10 1.529(6)
04 cs 1.416(5) co  Cl4 1.529(6)
C1 C2 1.501(6) C10 C11 1.526(7)
C1 Ccé 1.529(6) C11 C12 1.528(7)
C1 c7 1.522(6) c12  C13 1.522(7)
c2 c3 1.335(6) C13  C14 1.523(7)

Table 3a-5 Bond Angles for 3a.

Atom Atom Atom  Angle/’ Atom Atom Atom  Angle/
Cl 01 02 107.4(3) 04 C6 C1 110.4(3)
C8 02 01 106.6(3) 04 C6 C5 106.7(3)
C8 04 C6 110.6(3) C5 C6 C1 111.2(4)
01 C1 C2 110.1(3 02 cs8 C9 106.3(3)
Ol C1 C6 108.4(3) 04 Cc8 02 109.0(3)
O1 Ci1 C7 103.1(3) 04 Cc8 C9 110.9(3)
C2 Cl1 C6 111.3(3) Cc8 C9 C10 109.3(4)
C2 Cl1 C7 111.94) Ccs8 Co9 Cl14 112.6(4)
C7 Cl1 C6 111.7(4) Cl4 C9 C10 110.1(4)
C3 C2 Cl1 1226(4) Cll1 C10 C9 111.7(4)
C2 C3 C4 121.6(4) Ci10 Ci11 cCi12 111.6(5
03 C4 C3 121.7(4) Ci13 Cl2 Ci11 110.2(4)
03 C4 C5 120.2(4) Cl2 C13 Ci14 111.6(4)
C3 C4 C5 118.1(4) C13 Cl14 (9 111.0(4)
C4 C5 C6 114.3(4)
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Table 3a-6 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10°) for 3a.

Atom x y z U(eq)
H2 3813.36 2937.58 1442.95 33
H3 5809.43 2607.19 4594.49 34

H5A 11852.89 3081.97 4739.64 36
H5B 11838.18 3272.42 6928.03 36
H6 9948.77 3615.72 3452.55 31
H7A 6416.43 3085.72 -1316.87 46
H7B 9066.33 2974.33 724 46
H7C 8684.49 3365.1 -276.92 46
H8 6817.45 4045.29 3258.24 30
H9 3864.28 3881.35 5736.85 31

H10A 3988.69 4509.44 3333.94 43

H10B 1691.25 4232.74 2493.26 43

H11A 720.93 4378.98 5548.76 56

H11B 745.74 4732.16 4217.65 56

H12A 4819.73 4879.29 7018.01 49

H12B 2992.49 4808.66 8256.89 49

H13A 4672.07 4240.28 9306.05 44

H13B 6974.2 4516.33 10205.36 44

H14A 7992.68 4028.05 8468.94 42

H14B 7955.1 4382.29 7121.6 42
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NMR Data (Chapter 4)
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Figure 5 - 12 "*C NMR of 5.2d in CDCl;.
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Figure 5 - 14 "*C NMR of 5.3d in CDCl;.
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Excel spreadsheet for data caculations

Key:

Data to be Altered Readily

Numbers to Check Manually

Numbers to be Recorded

Switch Rate

Warning

Calculated values - do not edit

0.075
0.225

Parameter Value Units Notes
CO2
mLmin-
Desired Flow Rate 0.15 ?
Pump Efficency 0.89 %
mLmin-
Set Flow Rate 0.17 1
Assumes Pump at -7C and 55 Bar pressure
Density at pump pressure 0.98391 | gcm3 in cyclinder
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Publications

e  “Combining engineering and chemistry for the selective continuous
production of four different oxygenated compounds by photo-oxidation of
cyclopentadiene using liquid and supercritical CO; as solvents,” L. Wu, Z.
Abada, D. Lee, M. Poliakoff,* M. George,* Tetrahedron, 2018, 74, 3107.

¢ “Photo-oxidation of fulvenes in a continuous flow photoreactor using carbon
dioxide as a solvent,” L. Wu, D. Lee,* H. Boufroura, M. Poliakoff,* M. George,*

ChemPhotoChem, 2018, 2, 580. (Cover paper)
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