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Abstract

This thesis describes the development of the Paterno-Buichi reaction between aliphatic

ketones and maleic acid derivatives.

Chapter 1 discusses the current literature around oxetanes, and methods for their
synthesis, particularly via the Paternd-Bulchi reaction. The potential and importance of
oxetane rings is highlighted, alongside current scope limitations of the Paterno-Buchi

reaction.

Chapter 2 investigates the Paterno-Blchi reaction between acetone and maleic
anhydride to yield an oxetane product that requires further transformations to allow
complete purification. A series of transformation reactions was developed to easily and
diversely functionalize the formed oxetane products. A side product formed through
dimerization of maleic anhydride was successfully removed after the reaction was

complete.

Chapter 3 expands on the scope of the Paternd-Blichi reaction by using cyclic ketones
in the reaction with maleic anhydride to form a series of spirocyclic oxetanes. The initial
reaction conditions were based on work presented in Chapter 2 and these conditions
were optimized; the dimerization of maleic anhydride was successfully supressed with
p-xylene, further increasing the isolated yield of the oxetane product. Different cyclic
ketones were used in the Paterno-Buchi reaction, creating a library of oxetane-containing

spirocycles.

Chapter 4 includes mechanistic studies performed alongside the formation of oxetanes,
such as the use of molecular oxygen in order to quench potential triplet excited states in
the reaction mixture. UV-vis spectra of starting materials and reagents were collected,
and the different absorption range of maleimide compared to maleic anhydride allowed
for distinguishing between different possible reaction pathways of the Paterno-Biichi

reaction.

Chapter 5 shows a series of different electron-poor alkenes tested in the Paterno-Biichi

reaction, giving mixed results.

Chapter 6 provides overall conclusions, highlighting the expansion of the scope of the
Paterno-Buchi reaction, as well as highlighting difficulties in establishing a full
mechanistic picture for photochemical reactions. Additionally, ideas for further work are

discussed.

Chapter 7 provides the full experimental details and characterization of the novel

compounds that have been reported in this thesis (including X-ray crystal structures).
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Chapter 1 Literature review

1.1 Oxetanes

1.1.1 Introduction

Oxetanes are four-membered cyclic ethers. Due to their small size and polarity, they can
often be used as replacement groups for ketones in drugs, which can be metabolically
vulnerable, making them very popular in medicinal chemistry. Some examples of natural
products and drugs containing oxetanes are shown in Figure 1-1. One of the best known
is oxetanocin A, which was first isolated from soil bacteria Bacillus megaterium and
inhibits the in vivo replication of human immunodeficiency virus (HIV).! Other oxetane-
containing natural compounds include mitrephorone A? and maoecrystal I,®> which have
cytotoxic properties. Another widely known compound containing an oxetane ring is
paclitaxel (Taxol),* which is used in cancer chemotherapy, and was first isolated in 1971
from stem bark of the wester yew. Some studies suggest that the biological activity of

paclitaxol is reliant on the oxetane ring.>®

O /=N
rQ—N
HO :
N\
OH
Oxetanocin A Mitrephorone A Maoecrystal | 0O O

Paclitaxel
Figure 1-1 Examples of natural products and pharmaceuticals containing oxetane rings.

1.1.2 Structure and properties of oxetanes

The first crystal structure of the non-substituted oxetane ring was measured in 1984,’
giving more insight to the structure and potential properties of these heterocycles (Figure
1-2). The bond lengths and angles (measured at 90 and 140 K) indicate an almost perfect
square geometry. Due to statistical errors at 140 K, the results obtained at 90 K were

used to discuss the properties of the oxetane.

7.

e A =90.18°

6 B=91.99°
PN C=84.79°
NN D =~110°

Figure 1-2 Bond lengths and angles based on the first crystal structure of an oxetane ring.

Oxetane has relatively high ring strain compared to other cyclic ethers due to the small
size of the ring (Figure 1-3, A). Ring strain is mainly caused by the sp? hybridised atoms

preferring 109.5° bond angles, meaning the smaller the ring, the higher the strain, since



within small rings the bond angles are constrained to be smaller than the ideal 109.5°.
Additionally, there is a small contribution to the ring strain if a heteroatom is present in
the ring. The ring strain increases due to the angle of the molecular orbitals (decreasing
from the ideal 109.5°) meaning there is a large difference between ring strain of 5- and
4-membered rings, as the angle changes drastically from ~108° to ~90° in 5- and 4-
membered rings respectively.® Oxetanes are almost flat in contrast to cyclobutane; this
is due to the oxygen atom that replaces the CH2 group, with a much smaller pucker angle
compared to cyclobutane (Figure 1-3, B). The puckering of rings takes place to avoid
eclipsing strain (torsional strain) between atoms/groups. The general structure and
orientation of the molecular orbitals on an oxetane ring makes it very similar in structure
to a carbonyl group (Figure 1-3, C). The resemblance of the oxetane ring to a carbonyl
group (with its lone pairs and similar size) has made the oxetane ring popular in recent
years as a potential replacement group.® Additionally, oxetane has the highest hydrogen

bonding ability compared to aliphatic aldehydes esters and ketones.°

1 A: Relative ring strain |
! ' B: Pucker angles

A
> O O 3 <7
27.5 26.5 6.2 0 § 107 W 350,/
H H 8 ] )
NH N =
[>NH D < 7 Q ; ! C: Similarity of oxetane ring to cabonyl:
@ !
26.7 25.2 58 0 s Q © Q o
o o 3 Q T A 21A ©
o) (g 1.2 . gg
[>O I__, \ / Q 23 R)J\R R R
o
26.3 25.4 5.4 0 5 « size of the group

- ‘ * position of the lone pairs

__________________________________________________

Figure 1-3 A: Comparison of the relative ring strains of different rings (kcal mol™)*; B: comparison of the
pucker angle between an oxetane and cyclobutene ring; C: comparison of the structures of carbonyl group and
oxetane ring.

A recent review from 202212 compared the current rings used in clinical trials and drugs,
showing that although the oxetane ring was not in the top 100 “Most Frequently Used
Ring Systems from Small Molecule Drugs”, it was second in the top 100 new ring
systems used in clinical trial compounds, highlighting its increased popularity. Overall, in
recent years the popularity of small aliphatic rings increased,®®* in part due to the
population of a new metric to assess pharmaceutical compounds, which describes the
ratio between aromatic atoms and sp3 atoms (Ar-sp3).1® This has started the movement

away from the “flatland”,*® and with small aliphatic rings this ratio can be easily improved.

The pharmaceutical industry uses small rings, as in some cases they can improve
properties for of a potential drug molecule. Small rings have a series of advantages due

their properties: small size, rigidity and their 3-D structure, these properties lead to



favourable physiochemical properties. In general, the small size of the molecule can help
with metabolism and solubility, while the rigid structure helps with specific 3-D
requirements, this can improve interactions with biological sites e.g. enzymes active
sites. As well as providing specific vectors allowing for effective H-bonding (and other
interactions) to take place.®® Overall, there is a real interest in synthesis of oxetane-

containing compounds to be used as building blocks for potential drugs.’

1.1.3 Oxetanerings in natural products and pharmaceuticals

4-Membered heterocycles including oxetane, azetidine and thietane rings are important
in many natural products and drugs. Examples of azetidine- and thietane-containing
molecules are shown in Figure 1-4.181° 4-Membered heterocycles have been identified
to have many desirable properties and biological activities; compounds containing
oxetanes, azetidines and thietanes have been used as therapeutic agents due to their

unique 3-D structures.?

H
e

N CO5H

0 0 HJ\/ \H/k/ .

H,oN N = O

H
Azelnipidine Alitame
(antihypertensive calcium channel blocker) (sweetener)

Figure 1-4 Examples of azetidine and thietane rings.

Medicinal chemists uses a series of properties to characterize potential drug molecules,

with the five most common properties are summarized below:

e Lipophilicity (logP/logD) is a measurement of the interaction between the
molecule and a lipid; measured by distribution of a molecule in oily vs aqueous
phase (octanol and water is used most commonly).?!

¢ Metabolic stability tests the stability of the molecule in different biological
assays to show the behaviour of the molecule under biological conditions; low
metabolic stability is usually undesirable.??

e pKa, is acid-base dissociation constant often used in medicinal chemistry to
indicate the ionization states of the molecule under different pH.

e solubility of the molecule in different mediums, often water (umol L?).

e Ar-sp3 shows the ratio between aromatic and sp3 atoms in the molecule.*®

It is important to note that whilst medicinal/pharmaceutical chemists use these properties
as guidance in order to find a good potential drug, there is not a “perfect value” for these

properties as they will depend on the type of drug and often the properties must be



balanced. This section will focus on uses and examples of oxetane-containing

compounds, highlighting the effect of the oxetane ring on the properties of the molecules.

One of the most popular compounds that contains an oxetane ring is Taxol. Taxol is an
anti-cancer drug derived from the wester yew tree.* Over the years, extensive studies of
Taxol took place to understand its reactivity; in 2000 Snyder et.al.®> published a study
discussing the importance of the oxetane ring for the biological activity of Taxol. As
shown in Figure 1-5, the investigation focused on the changes to the oxetane ring, as
well as small changes to the side chain and the highlighted ester groups. The changes

to the oxetane group were:

1) replacing oxygen with a different atom,

2) replacing the oxetane ring with an epoxide,

3) removal or cleavage of the ring.
The effects of these changes are summarized in Figure 1-5, by comparing the
effectiveness of the derivative of Taxol to the original molecule. The oxetane ring in Taxol
is involved in hydrogen bonding, which has an effect on solvation of the molecule, and
the oxetane ring also adds to the rigidity of the core of the molecule. When the oxetane
ring is present, these properties are well balanced, allowing for the effective drug. The
oxetane ring suspected to be involved in H-bonding as well as adding to rigidity of the
molecule core. Replacing oxygen with NH leads to over-effective solvation of the
molecule, leading to ineffective migration of the drug into protein binding pockets (it
cannot access cells guarded by the hydrophobic membrane bilayer). When the oxygen
atom was replaced with sulfur or a CH, group the hydrogen bonding was affected,
making the molecules 6-9 and 40 times less effective respectively than the oxetane
analogue. Replacement of the oxetane ring with an epoxide did not have a large effect
on the properties, as the hydrogen bonding was still possible, and the rigidity of the core
molecule was not affected. However, cleaving the oxetane ring resulted in a large
decrease in reactivity (by 20 times).Z The analysis focused on the effect the oxetane
ring has on the overall properties, concluding that the oxetane ring in Taxol provides: “a
positive contribution to the bioactivity in terms of both hydrogen atom bonding and ring

rigidification”.



rigid core

Ph)J\NH (0]
Ph/\;)J\O\\\‘ B : oxetane ring
OH HO O xco
Taxol
1. replacing oxygen with 2. replacing the oxetane 3. cleavage of the ring
a different atom ring with epoxide

X = NH, 8x less effective similar properties 20x less effective
X =8 6-9x less effective
X = CH, 40x less effective
Figure 1-5 Structure of Taxol and the effects of changing the oxetane ring on the effectiveness of the drug.

In recent years, oxetane rings have been used as replacement groups for carbonyl
groups or gem-dimethyl groups.®?* Carreira and co-workers have reported a series of
different studies that used oxetanes as replacement groups and compared their
properties.?>?7 In particular, Carriera showed the potential of spirocyclic oxetanes as
replacements for heterocyclic derivatives, where a series of oxetane-containing
spirocycles were synthesised and compared to the 4-piperidinone derivative (Figure
1-6).28 The properties of the oxetane containing compounds were different to the 4-
piperidinone derivative, as in general oxetanes decreased the solubility and increased
the lipophilicity, while the metabolic stability was improved only in some cases. As
mentioned above, these biological properties are all connected and a balance is required
for an efficient drug; overall oxetane rings do have an effect on the properties, which in
most cases can be considered positive (or neutral), however it has to be considered on

case-to-case basis.

o\
. N
R
. 1 R= O
Solubility (ug mL™") 4000 1400 730 24000 >
K, 75 8.3 8.1 8.0 g
1.2 1.0 -0.1 0.5

logD
Figure 1-6 Biological properties showing the effects of oxetane ring as a replacement of a carbonyl group.

These oxetane-containing spirocycles were synthesised from oxetane precursors, which

were reacted under different reaction conditions in order to form the final spirocyclic

oxetanes. Scheme 1-1 shows the synthetic pathway for the 5- and 6-membered



spirocyclic oxetanes, generated from the same precursor via two routes. In the majority
of cases the reaction yields were good, although each ring size necessitated a new
synthetic pathway, thus the synthesis of libraries of spirocyclic oxetanes is rather labour-
intensive. Therefore, there is a still need for new methodology capable of forming large
libraries of oxetane-containing spirocycles from simple building blocks that can be easily
derivatized.

1) NaH (2.5 eq),

TBAT (0.3 eq)
MeNO, (5 eq) 6 0

DMU (cat) ! BN ~
0 . - o)
___0°%tort,4h Y E (3.2€eq) R
O,N CO, Et | COFtL B, ovemight MeO,C CO,Et
S | oxetane | 2)NaCl, DMSO, T e, 2
| precursor ! 160°C,2h
1) LIAIH, (3.8 eq),
DIBAL-H (2 eq) Et,0, 3 h, 0°C
toluene, -78 °C, 2) MsCl (3 eq),
10 min NEt; (4 eq),
DCM, 1 h
1) Pd(OH),/C (20 w%), o
MeOH, Hyg), r.t., O RNH; (10 eq), O
overnight 40°C,1.5h
; NO, 2)NaHB(OAc); (2.5
(0] eq), DCM, rt., 7 h N, N MsO OMs
(0] R !
I R
O 53% 38%
< (1.2eq) |(3steps) (3 steps)
(0] oxetane-containing
spirocycles

Scheme 1-1 Formation of spirocyclic oxetanes.

A recent investigation into the effects of the oxetane ring compared to different biological
motifs has been reported by Bull and Mousseau and their co-workers.?* The study
incorporated 3,3-diaryoxetanes into different drug-like molecules and compared the
properties to analogous ketones and other alkyl groups (gem-dimethyl, cyclobutane).
Similarly, to previous studies in the area, the presence of the oxetane ring on the drug-
like molecule changed some of its properties, as summarized in Figure 1-7. Research
so far has shown changes to the biological properties when oxetane is used as a
replacement group, importantly these properties are still within the desired/accepted

ranges.

O
» 5 e
L o AL
N (0) oxetane motif properties summary:
« stable in range of pH (similar stability to other motifs)
« lipophilicity compared to ketones was not uniform -
increase or decrease in logD depending on example

« lipophilicity improved compared to carbon-linkers

Figure 1-7 Effect of using oxetane compared to ketone or other alkyl groups.

example of a drug-like
molecule used in the study



To summarize, 4-membered heterocycles are important in various areas of chemistry,
from natural products and drugs to sweeteners. Oxetane rings specifically are important
as part of pharmaceutical molecules such as Taxol, where the oxetane ring contributes
to the biological activity of the drug. Additionally, in recent years oxetane rings have been
used as replacement groups in drug molecules. The effects of the oxetane ring on the
drug-like molecules have so far been satisfactory, although often new synthetic
approaches are required for each new oxetane target, meaning that there is still a need
for new synthetic approaches that can synthesize large libraries of oxetanes, ideally

through diversification of common intermediates.

1.1.4 Synthesis of oxetane rings

Synthesis of oxetane rings (Scheme 1-2) summarizes the possible ways to form oxetane
rings. The first two reactions form oxetanes under basic conditions by forming either a
C-O ora C-C bond (reactions 1 and 2). Alternatively, the 4-membered ring can be formed
by either expanding an epoxide ring (reaction 3) or contracting a 5-membered ring
(reaction 4). Finally, photochemical access to the oxetane ring is given by the Paterno-
Bichi reaction between a ketone/aldehyde and an alkene (reaction 5). Each of these
reactions have their advantages and disadvantages, and the ground state reactions
(reaction 1-4) will be briefly discussed next, while the main focus will be given to the

Paterno-Bichi reaction, which is examined in detail in section 1.3.
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R LG H

LG

R O

?)—R 3) ring expansion j:i 4) ring contraction Bno/\go
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Scheme 1-2 Possible ways for formation of oxetane ring.
The Williamson etherification is a common way to form a C-O bond to produce ethers,
and the use of this methodology to yield an oxetane ring was reported in 1959 (Scheme
1-3).2° While the reaction gave the desired oxetane, a major downside to the reaction
was the side reaction, a Grob fragmentation, which is a 1,2-elimination reaction of
starting material, producing an alkene and carbon monoxide. Optimization of the reaction
conditions, including testing different bases, solvents, as well as changing the starting

material by adding a cyclopentane ring, meant a new oxetane was formed in 68% yield.
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Scheme 1-3 Williamsons etherification reaction.

Over the years, the reaction has been expanded on and allowed the formation of many
oxetanes under similar, basic conditions. The Williamson etherification is one of the most
common ways of making oxetane rings, as the reaction conditions are straightforward.
However, the reaction is substrate-dependent. The starting material requires the alcohol
and leaving group to be in a 1,3-relationship with respect to each other. Additionally, the
side decomposition reaction shown in Scheme 1-3 (Grob fragmentation) often lowers the
percentage Yield of the reaction, and for more highly substituted substrates, cyclisation
becomes difficult. Nonetheless, the Williamson etherification is often used in the
synthesis of complex oxetane-containing structures.®>3! For example, the oxetane
forming step in the synthesis of oxetanocin gave the desired oxetane-containing product
in 84% yield (Scheme 1-4),% highlighting the success of optimising the Williamson
etherification over the years, especially as the oxetane ring closing step is only the eighth
step of the synthesis out of 21 steps. Overall, Williamson etherification is very common
way of forming oxetanes, it is broadly applied in synthesis, however it is substrate
dependent, often requiring synthesis of a precursor. Formation of oxetane rings from

readily available materials is rare, which decreases the possible scope.
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Scheme 1-4 Williamson etherification as key step in the synthesis of oxetanocin.

In contrast, forming of the oxetane ring by formation of the C-C bond is much less
common than the Williamson etherification. An example of C-C bond formation of an
oxetane ring is shown in Scheme 1-5, which involves ring opening of an epoxide after
lithiation of the starting material at the allylic position. Upon optimization, the reaction
yielded 86% of the desired oxetane, however, the starting material must be the trans
isomer, as the cis isomer yielded 2-cyclohexanol instead, through elimination of the side
chain. The C-C bond forming method is much less common, and similarly to the

Williamson etherification, is often substrate specific. As both approaches involve



cyclisation processes, usually through Sn2 reaction, these approaches can fail when
applied to highly substituted substrates, especially when substitution at the 2- and 4-

positions is required.

H
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cis L trans Oj)
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Scheme 1-5 Formation of oxetane ring via C-C bond formation.

Ring expansion and contraction methods of oxetane formation involve breaking a C-O
bond followed by either insertion or removal of a C-R group respectively. For example,
Fitton and co-workers®® described a reaction between monosubstituted epoxides and
trimethylsulfoxonium ylide, which produced six different oxetanes (Scheme 1-6, A) in
good yields. Next, the oxetanes underwent a series of further functionalisation in order
to further expand the scope (Scheme 1-6, B). Epoxidation and bromination of a terminal
alkene worked well, however not all modifications were successful. For example,
oxetane-2-carbaldehyde was not isolated from the attempted deprotection of the acetal-
protected oxetane, which could be due to the use of concentrated sulfuric acid in the
reaction. Overall, these reactions show oxetanes can tolerate a variety of different

transformations as long as acidic conditions are kept to minimum or ideally avoided.
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Scheme 1-6 Formation of oxetane ring by expanding an epoxide ring.

not isolated

Contraction of 5-membered rings is possible, by using sugar derivatives as starting
materials. For example, Fleet and co-workers®* used a-triflates of y-lactones to form a

series of oxetanes by contracting the ring with potassium carbonate (Scheme 1-7). In



the case of isomers A and B, the reaction yields the same oxetane in 70-73% vyield.
Investigations into the stereochemical outcome of the ring contraction revealed that the
Sn2 ring closure of the trans isomer is much quicker then Sy2 formation of the oxetane
with the cis isomer, as there are two bulky groups too close together (at C(2) and C(3)).
However, it was shown that changing the group on C(3) to Me or CH,OBn allowed for

the cis configuration (of the two groups) on the oxetane ring.®

O _o
BnO
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or — > g S
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B
o o ! o
! ﬁ@‘Conei /><>"'002Me
' ! BnO N
,BnO z ' =
. OBn : OBn
' i not isolated
\ 70-73% ]

Scheme 1-7 Formation of oxetane ring by contracting a 5-member ring (cis/trans refers to the relationship
between OBn and OTf groups).

Formation of the oxetane via expanding or contracting the ring can often give a good
yield, however a specific precursor is needed, lowering the possible reaction scope of
the reaction. Both reactions discussed above only had a handful of oxetanes formed via

each method.

1.1.5 Reactions of oxetane rings

Oxetanes can undergo ring opening reactions in the presence of either Lewis or
Brgnsted acid,*® and this can make further transformations of oxetane containing
compounds difficult. Scheme 1-8 summarizes the ring opening of the oxetane rings
under different conditions, including Lewis acid (Reaction A),3” Bronsted acid (Reaction
B)3® and also non-acidic conditions (Reactions C),*® showing potential lack of stability of
some oxetane rings to various environments. These reactions can give interesting
products, however if the aim is to form and maintain the oxetane ring in the molecule,

acidic conditions should be in general avoided.
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Scheme 1-8 Examples of ring-opening reactions of oxetane ring.

To summarize, there are a variety of ground state methods that form a wide range of
oxetanes. However, as seen above, many reactions are substrate dependent and often
require a lengthy synthesis of the starting material, which can lead to smaller libraries of
oxetanes and/or inefficient syntheses. Many of these reactions, especially the
Williamson etherification, are well established and are used reliably in the synthesis of
natural products and pharmaceuticals. However, as discussed, side reactions can take
place, reducing the yield of the desired oxetane. Moreover, further functionalization of
oxetanes can prove difficult due to the vulnerability of the oxetane ring to acidic
conditions. An alternative to these ground state methods is the photochemical [2+2]
cycloaddition of a ketone/aldehyde with an alkene — the Paterno-Buchi reaction - in which
the oxetane ring is created by the formation of two bonds at the same time (C-C and C-
0). In principle, this approach is very attractive, as rapid formation of an oxetane ring is
possible from simple starting materials. Next, the use of photochemistry in organic
chemistry will be discussed (section 1.2), followed by the Paternd-Blichi reaction (section
1.3).

1.2 Photochemistry

1.2.1 Introduction to organic photochemistry

Photosynthesis is perhaps the most known chemical reaction, in which sunlight is used
to form O, from CO.. Nature has evolved so that most reactions take place within the
UV-vis (ultraviolet-visible) range (200-700 nm), meaning that the wavelength of light is
specific to the reaction/reagents. Synthetic photochemistry began in the mid-19%
century*® when synthetic dyes were becoming popular, but there was a complete lack of

understanding of these photochemical reactions due to their complexity.

Organic photochemistry started similarly, by using sunlight as the source of energy. The
first synthetic photoreaction was reported by Trommsdorff in 1834, where crystals of
alfa-santonin “burst” and turned yellow when exposed to sunlight (Scheme 1-9).

However, it took many more years to fully understand the reaction. In 2007, the accepted
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reaction pathway via ring expansion/contraction was at last elucidated and the reaction
was fully “solved”,*? following two cyclization steps to give the final santonin dimer
product. The changes in the crystal structures were followed while a-santonin was

exposed to UV irradiation for 24, 50 and 200 hours, resulting in the formation of the final

product.
O = et
(0]
alfa-santonin O 9
ring O
hv | expansion/
contraction

09
2n+2n 6]
O

santonin dimer
product

4n+2n

Scheme 1-9 Reaction of the crystals of a-santonin “bursting” and turning yellow.

Photochemical reactions use excited state molecules, allowing for new/different
transformations compared to the ground-state chemistry. To fully understand
photochemical reactions, it is important to understand the “movement” of the molecules

between their excited states, which can be best summarized with a Jablonski diagram.

1.2.2 Jablonski diagram

A Jablonski diagram (Figure 1-8) is a state diagram, describing the energy levels and
photophysical processes of a molecule. Molecular electronic states start with So, which
is the singlet ground state. It is followed by excited states (Sns0) and in some cases
molecules can also access their triplet states (Tn-0) Via intersystem crossing (ISC).*
There are a series of different processes which allow the molecule to access different
states. By absorbing light, the molecule can access singlet excited states (Sn>0). Next,
internal conversion (IC) is a fast radiationless transition that is takes place between
electronic states of the same multiplicity (e.g. Sz = Si). Intersystem crossing (ISC) is
also a radiationless transition between states of different multiplicity (e.g. S1 2> Ta).
Emission of radiation from the excited singlet state back to singlet ground state is called
fluorescence (S1 2> So), while phosphorescence is the emission from (typically) the first
triplet excited state to the singlet ground state (T:1 = So). In this case the multiplicity

changes, which is why it is typically a slower process than fluorescence.
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Figure 1-8 Jablonski diagram

Photophysical processes result in changes in bond lengths and angles between different
electronic states because of changes to the occupancy of bonding and antibonding
orbitals responsible for the molecule’s structure. There are two types of photophysical
processes: radiative and radiationless transitions. Radiative transitions absorb/emit a
photon, while radiationless transitions are not related to absorption and/or emission. The
general time scale of the different photophysical process is shown in Table 1-1. How fast

a molecule can access and leave each state will influence the lifetime of that particular

state.
Photophysical process Time scale (1=1/Kprocess)S
Absorption 10-15

Internal conversion 10-12-10-6

Intersystem crossing (S>T) 10-12-10-¢

Intersystem crossing (T—>S) 10-9-10t
Vibrational relaxation 10-13-10-12

Fluorescence 10-°-107

Phosphorescence 106-10-3

Table 1-1 Relative lifetimes of photophysical processes.*

Photochemistry enables access to excited states, allowing for different reactions to take
place compared to ground state chemistry. The most common example of the difference
in ground state versus excited state chemistry is the [2+2] cycloaddition reaction between
two alkenes, which is allowed under photochemical conditions, but forbidden in the
ground state. In the ground state, there is not good overlap of the HOMO (highest
occupied molecular orbital) and the LUMO (lowest unoccupied molecular orbital) of the
two alkenes. Scheme 1-10 illustrates how by absorbing light the alkene’s HOMO
changes and can overlap efficiently with a LUMO of another alkene, allowing formation

of 4-membered ring.
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Scheme 1-10 Summary of the [2+2] cycloaddition reaction between two alkenes under ground state and excited
state conditions.

Of particular relevance to this work is the Paterno-Blchi reaction, which is a [2+2]
photoaddition reaction between a carbonyl compound and an alkene to form an oxetane
ring (Scheme 1-11).** The reaction usually uses the excited state of the aldehyde (or
ketone) compound, which reacts with a ground state alkene, and this reaction will be

discussed in more detail in the next sections.

0 0 0
i ([ CE, iy ] P | s
' R
R R R R
aromatic  electron excited  ground
aldehyde rich alkene state state

Scheme 1-11 Paterno-Bichi reaction.

Excited states of molecules are easiest reached by direct irradiation of the molecule,
however in some cases that might not be efficient or beneficial to the reaction.
Photochemical reactions can take place via singlet or triplet excited state pathways, and
often both pathways are possible, which could yield the same or different final product.
The next section discusses triplet-triplet energy transfer (TTET), which is the transfer of

energy between two molecules.

1.2.3 Triplet-triplet energy transfer (TTET)

In some reactions, selectively accessing either the singlet or the triplet excited state
selectively is beneficial. For example, in some cases a triplet excited state pathway would
yield the desired product but the ISC of the required reagent is slow, or the Si1 energy is
high, requiring high-energy irradiation, which can be dangerous. In those cases, the use
of a triplet sensitizer can be very beneficial, as a triplet sensitizer can transfer its energy
to the reagent, generating the triplet excited state of the reagent directly. Alternatively,
an unwanted side reaction could take place via a triplet excited state; in this instance a
triplet quencher can be used, which accepts the energy from the triplet excited state of
the reagent (blocking the unwanted side reaction). Triplet sensitization and triplet

guenching are examples of triplet-triplet energy transfers (TTET).

TTET is described by Equation 1-1 and the Dexter mechanism (Figure 1-9),%° and is
assumed to take place between the lowest triplet states (Ti). Figure 1-9 shows that
during an energy transfer the donor molecule, D, transfers energy to a neighbouring

molecule/acceptor, A. The Dexter mechanism involves a simultaneous exchange of
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electrons between the molecular orbitals of the donor and acceptor. For the exchange to
take place the relative energy levels need to be similar, and the two molecules need to

be physically close together (<10A) if the transfer is intermolecular.

D* +A- D +3A°

Equation 1-1

N
- -
bt
3D A D A
Figure 1-9 Dexter mechanism.

Triplet-triplet energy transfer can be very helpful in photochemistry, allowing access to
triplet states of reagents that have a high-energy singlet excited state (S:) (and therefore
would need high energy light to undergo excitation) or have a slow/non-existent 1ISC.46
Triplet sensitization is irradiation of a donor molecule to access the triplet state of a
reagent/acceptor directly without going via the singlet excited state, and it has been used
in many different organic reactions.*’ Triplet sensitization and quenching can be easily
compared using an energy level diagram (Figure 1-10). For an efficient triplet
sensitization reaction there are a few things to consider, in particular, that the triplet
energy of the triplet sensitizer (donor) needs to be higher than triplet energy of the
reagent (acceptor), as well as the orbital overlap of the donor and acceptor must be
good. The opposite process to triplet sensitization is triplet quenching. Triplet quenchers
often have a range of triplet states with different energies allowing them to efficiently
accept triplet energy from the reagent molecule. The most common examples of triplet

sensitizer and triplet quencher are acetone*®° and molecular oxygen respectively.505!

Triplet sensitization : Triplet quenching
triplet sensitizer reagent S, !
(donor) (acceptor) high energy reagent
inefficient (donor)
Sy ISC S, )
triplet qunecher
efficinet ISC \ (acceptor)
T T
1 hu 21
TTET - TTET -
triplet triplet
hv sensitization T4 ! hv qunching \———
reaction ! — Tn<1
phosphorescence

Figure 1-10 Energy diagram showing how triplet sensitization and triplet quenching operate.
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1.2.3.1 Triplet sensitization

Triplet sensitization is common in organic photoreactions, and over the years various
families of different triplet sensitizers have been developed, tested and used in different
reactions. In order for the triplet sensitizer to be effective different properties should be

considered:

o efficient ISC, which can be achieved by containing a heavy atom (eg. Ir, Pt, Ru,
Os, | and Br etc.)%?

e Strong absorption at the wavelength the triplet sensitizer is used

e The molecular orbitals of triplet sensitizer must overlap well with the molecular
orbitals of the reagent.

The three general families of triplet sensitizers are:

1) Transition metal complexes

2) lodo- and bromo- substituted organic chromophores

3) Heavy-atom free molecules (eg. Benzophenone, thioxanthone (THX))
A recent transition metal complex example from 2021 used iridium-based
photosensitizers in a thia-Paterno-Buichi reaction (Scheme 1-12).5 The reaction took
place between a maleimide and thioester, and upon testing different types of
photosensitisers the product formation was optimized to give 55-95% of the desired
mixture of products, with varying diastereoselectivity. It is important to mention that a
series of other common sensitizers were tested in the reaction, such as benzophenone
and thioxanthone (THX), however in both cases the yield of the reaction was much lower
(<12%). During optimization, ten similar Ir photosensitizers were tested, where the ligand
in blue varied, all showing excellent yields (71-93%) and small variations of the d.r.
(1.3:1to01.8:1). This reaction shows that using the right triplet sensitizer can have a
greatly positive effect on the reaction outcome, however it often requires synthesis of a
library of different sensitizers, as not all of these iridium complexes are readily available

and small changes to only one of the ligands can have an effect on the final yield.

Ir photocatalyst

* Ir(ppy)s - 0%
* benzophenone - traces

: 2 R3 R2 R3
| R} o
E — 405 nm, S “a X S o X !
' OAO JSJ\ . Ir photocatalyst H H+H H '
! N + o R (0.5 mol%) !
! R’ R® X o) 00 X
' CH3CN, N N !
5 rt,1h R R :
55-95% '
Other triplet sensitizers used in this reaction: 1:1to2.4:1d.r. E
* THX -12% 28 examples '

Scheme 1-12 thia-Paterno-Blichi reaction with the use of Ir photocatalysts as a triplet sensitizer.
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The addition of a heavy atom can help with the efficiency of ISC. This effect is well
illustrated by a series of triplet sensitizers derived from BODIPY reported by Zhao and
co-workers.> The series of chromophores was designed and synthesised, and additional
DFT calculations were performed to show the HOMO and LUMO orbitals of the potential
triplet sensitizers, as well as to predict the triplet energy levels of the compounds. In
theory, it can be very efficient to predict properties of compounds with the use of
computational methods as it can allow for much faster and broader studies however,
computational methods often must be designed for the specific system, rather than for a
broad range of substrates. Four selected chromophores and their properties are shown
in Table 1-2. “Unfunctionalized” BODIPY (Table 1-2, entry 1) shows a much lower
guantum vyield (of ISC) and lifetime of the triplet excited state compared to the other
substrates (Table 1-2, entries 24), therefore indicating the clear effect of attaching a
heavy atom (in this case iodine). Upon addition of one iodine atom (Table 1-2, entry 1 vs
2), both the lifetime of the triplet excited state (from 0.02 to 66) and the quantum yield of
ISC (from 0.228 to 0.964) drastically increases. There is little to no difference between
having one or two iodine atoms attached (Table 1-2, entry 2 and 3) as the two substrates
show very similar values across all properties. Lastly, attachment of an additional
conjugated group (Table 1-2, entry 4) lowered the lifetime of the triplet excited state and
decreased its energy level, however the absorption was raised to over 600 nm. The
family of BODIPY-based triplet sensitizers are all metal-free and exhibit long triplet
excited state lifetimes. A small draw back to these sensitizers is the relatively low triplet
excited energy, as this will limit the possible reagents that can be sensitized by these

chromophores.
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Entry Structure Aabs®  Aem (Ek(;';? ®Disc rr
(nm) (nm) % (ks)
mol1)
35.0
1 503 515 (37.1)2 0.228 0.02
2 510 532 34.9 0.964 66
3 529 552 34.6 0.973 57
4 629 706 26.6 0.905 4
N—
/

Table 1-2 Comparison of properties of different chromophores. a = experimental value. Aabs = absorption
wavelength (in MeCN, 1 x 10-5 M). Aem = emission wavelength; E(T1) = triplet energy in kcal mol-1 (predicted by
DFT); ®ISC = quantum yield of ISC (in MeCN); rT (us) = lifetime of the triplet excited state (measured by
transient absorption 1.5 x 10-5 M, MeCN)

The final example of triplet sensitizers that will be discussed are derived from THX
(Figure 1-11).% Booker-Milburn and co-workers reported a series of THX-derived
compounds that can absorb light from UV to visible ranges. In total, eleven substituted
THX derivatives were reported, with absorption between 415 and 354 nm. The triplet
energies of all were predicted computationally, followed by experimental measurements,
showing pleasingly close values between the two methods. Subsequently, the triplet
sensitizers were used in a series of different photochemical reactions, showing pleasing
results as triplet sensitization took place allowing for a series of different [2+2]
cycloadditions reactions. Reactions were completed in NMR tubes to rapidly screen
different triplet sensitizers. In general, triplet sensitizers with a triplet energy above 62.3
kcal molt (THX_a,b,c vs d) worked well in the [2+2] cycloaddition reaction (66-73% vs
4%). To summarize, Booker-Milburn showed the importance and potential of designing
the possible triplet sensitizers computationally before undertaking unnecessary
synthesis. Additionally, the family of the triplet sensitizers created had a higher triplet
energy compared to previously discussed triplet sensitizers, allowing for sensitizations

of molecules with higher triplet energies.

18



Examples of THX derivitives: o e}
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THX_b THX c OMe
abs: 362 nm abs: 385 nm O
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Figure 1-11 Summary of the THX triplet sensitizers and the [2+2] photocycloaddition in which they were used.

Triplet sensitizers can be a great tool in photochemistry, leading to faster and cleaner
reactions. However, matching a reaction with a triplet sensitizer can be difficult, as the
triplet energies and molecular orbitals of the reagent and triplet sensitizer must match
correctly. In general, there is a wider choice if the triplet energy of the reagent is lower.
It is important to remember though that some reactions do not take place via the triplet
excited state, indeed there are many reactions that proceed via the singlet excited
state.®® However, it can be very difficult to establish a full mechanistic picture for
photochemical reactions, as there are many different physical properties that need to be
considered. Next, a series of different methods that are used to investigate

photoreactions is discussed.

1.2.4 Practical approach to photochemical reactions

Photochemistry gives access to new reactions and transformations, but it is important to
remember that there are also new side reactions that can take place, reducing the yield
of the desired reaction. This section focuses on practical approaches to photochemical
reactions such as choosing reagents and potential mechanistic studies. Understanding
photochemical reactions can involve photophysical studies, which can be aided by the

study of by absorption and emission spectra.

Choosing photochemical reagents can be difficult, as a series of properties must be
considered. When exciting molecules with light, it is pivotal to understand what energy
of light is required as well as what energy can be emitted back by the molecule.
Photophysical properties can be measured and are often used in mechanistic studies of
photochemical reactions. Initially, the absorption spectrum of the reactant(s) must be
measured, this can be done with the UV-vis measurement (Figure 1-12A). The collected

UV-vis spectrum shows which wavelengths of light are absorbed by a molecule,
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additionally the electronic transitions responsible for absorbing the energy can be
assigned. The relative energies of the possible transitions are shown in Figure 1-12_B.
For example, -1 is a common transition that has a higher energy (lower wavelength)
than an n-1* transition, as the energy gap between the 1 and * orbitals is greater than

that between the n and 1* orbitals.>"%8

A. Example of UV-vis spectrum B. Example of UV-vis
4 transitions
to ™ o
* y
3 n
8 m
o
S o
[%]
Qo
<

Wavelength (nm)

Figure 1-12 Example of a UV-vis and transitions.

One of the most common properties related to the UV-vis spectrum is molar absorptivity
(e), which can be described with Beer-Lambert law (Equation 1-2), which assumes that
the absorbance (A) and the concentration (c) of the sample are proportional (with [ =
length of the light path).57

A= €lc

Equation 1-2 Beer-Lambert law.

Next, emission spectra can be used to detect any emissions taking place from the excited
molecule. During an emission experiment the molecule is excited by using the exact
wavelength needed (often based on its absorption spectrum) followed by perpendicular
detection of emission (fluorescence or phosphorescence), allowing for measuring the
energies of the excited states. Triplet lifetimes is a common method of investigation into
photochemical reactions as they indicate the stability of the triplet excited state.
Additionally, the effect of different additives on reagent(s) can be measured by tracking
the lifetimes of triplet excited states. For example, triplet-triplet energy transfer can be

indicated by triplet lifetime experiments, as the value of the triplet lifetime will change.

Overall, photochemistry can be very useful tool in organic chemistry as extra
transformations are allowed compared to those possible in the ground state. As it is of
particular relevance to this work, next the Paterno-Bichi reaction will be discussed,
highlighting the scope of the reaction and showing how different photochemical tools are

used in order to understand and optimize reactions.
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1.3 Paterno-Bilichi reaction

1.3.1 History of Paterno-Buchi reaction

The Paterno-Blichi reaction is a photochemical [2+2] cycloaddition reaction to generate
oxetanes by formation of the C-O and C-C bond in the same reaction. The traditional
Paterno-Blichi reaction requires the excited state of a carbonyl compound (usually an
aldehyde or a ketone) reacting with the ground state of an alkene, which can limit the
scope of the reaction as electron-rich alkenes and aromatic carbonyls are usually
required (Scheme 1-13). However, recent studies showed the possibility of a
“transposed” Paternd-Buchi reaction, which takes place between the ground state

carbonyl compound and the excited state alkene.

*

o) 0 o)
J + l —he J + l _— LR
' R'
R R R R
aromatic  electron excited  ground
carbonyl rich alkene state state

Scheme 1-13 General reaction scheme for the traditional Paternd-Biichi reaction.

Paternd and Chieffi first reported what is now known as the Paternd-Blichi reaction in
1909, while Buchi and co-workers later investigated the oxetanes formed.®® The
contributions of each team to the reaction is summarized by Scheme 1-14. The Paterno-
Buchi reaction was discovered by exposing a solution containing a tri- or tetra-substituted
olefin and an aldehyde (or ketone; benzaldehyde used in Scheme 1-14 to illustrate the
reaction) to sunlight for 109 days, however the structures of the products were not
confirmed at the time. In 1954, Blchi further investigated the reaction and attempted to
identify the structures of the products by performing reactions on the formed oxetanes.
Depending on the regioselectivity of the oxetane formation, a series of different small
molecules can be generated (Scheme 1-14, green box). Cleaving along the a axis of
oxetane A or B will give the same products, however if the ring was cleaved along the b
axis, a different set of products was expected, implying oxetane A was formed during the
Paterno-Bulichi reaction. Control reactions were performed on similar molecules to
ensure acetone is not lost during the process Scheme 1-14 (control reaction). Thus, the
diol was placed under the same reaction conditions and resulted in the formation and
isolation of acetone. Over the years, the Paterno-Biichi reaction was expanded, however
in general, the vast majority of the examples focused on the use of aromatic

ketones/aldehydes which limits the range of oxetanes that can be formed in the reaction.
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Scheme 1-14 Summary of the beginnings of the Paterno-Biichi reaction .5

1.3.2 Mechanism of the Paterno-Buchi reaction

The general reaction mechanism for the Paterno-Bichi is summarized in Scheme 1-15.
There are different pathways through which the oxetane can be reached, however in the
majority of cases the reaction takes place between an excited state carbonyl compound
and a ground state alkene. There are two main possible pathways taking place - singlet
and triplet pathway - both pathways give the desired product, however the multiplicity
can have an effect on the scope, regio- and stereoselectivity of the final product.®*-52 The
singlet pathway takes place via formation of a singlet exciplex, which can either form the
oxetane ring in one step or form a 1,4-singlet biradical species, which subsequently
reacts to give the final oxetane product. The triplet pathway requires that the carbonyl
compound can undergo an efficient ISC process. Next, formation of a triplet exciplex
intermediate occurs, which can react with the alkene to give one of two 1,4-triplet
biradical species. In general, electron-rich alkenes will prefer to react with the oxygen
first, as the oxygen is very electron-deficient, while electron-poor alkenes can attack
either the carbon or the oxygen atom. Nonetheless, the final photoproduct of all of these
pathways is the same if the alkene is symmetrical. The 1,4-triplet biradical cannot form
the oxetane ring directly as the electron spin forbids bond formation, therefore another
ISC process must take place forming the 1,4-singlet biradical, which can form the final
oxetane. The effect of the starting materials on the mechanism and the outcome of the
reaction will be discussed next, as part of the discussion on the reaction scope (section
1.3.3).
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Scheme 1-15 General mechanism for Paternd-Biichi reaction

1.3.3 Scope of the Paterno-Buchi reaction

The vast majority of the Paterno-Blchi reactions in the literature use an aromatic
carbonyl compound and an electron rich alkene to form oxetanes. Scheme 1-16 and
Scheme 1-17 show a series of different Paterno-Biichi reaction (reactions A-E) that use
benzaldehyde as the carbonyl compound, which can react with different alkenes (and

alkynes) to yield oxetanes.

Reaction A% was attempted in order to investigate stereoselectivity of the Paterno-Biichi
reaction. The major oxetane product was isolated in 25% yield. The alkene (E-1-
phenylpropene) was irradiated in the presence of benzaldehyde (1:1) to give a mixture
of products (Scheme 1-16, Reaction A). The alkene used in the reaction underwent
double bond isomerization to yield the Z alkene in 10% yield, which can further undergo
Paterno-Buchi reaction, adding to the mixture of isomers. Other oxetane products gave
a combined yield of 3%, showing good selectivity for the major product. Reaction B®
uses an alkyne to form an oxetene, which rapidly undergoes a fragmentation to give an
enone product (Scheme 1-16, Reaction B). Unfortunately, the formed oxetene can only
be trapped at very low temperatures and is generally unstable, however it can undergo
an additional Paterno-Buchi reaction to generate a fused bis-oxetane product (yield not

reported).

Reactions C, D and E use cyclic alkenes, meaning that the double bond cannot undergo
isomerization (as was observed as an energy-wasting process in Reaction A, which also
contributes to the loss of stereoselectivity). Reaction C% shows poor regioselectivity as

it yields a mixture of two products, each in significant amounts. The alkene is based on
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an L-ascorbic acid derivative, containing a chiral centre, which undergoes a Paterno-
Buchi reaction with benzaldehyde (and other aromatic carbonyl compounds) to give the
desired oxetane in good yield (57% of the major regioisomer was collected). In total, only
five examples of these novel oxetanes were isolated, and whilst additional
transformations involving cleavage of the oxetane ring worked well, attempted removal

of the benzyl group only yielded starting material.
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Scheme 1-16 Examples of Paterno-Buichi reaction between benzyladehyde and varied alkenes (and alkyne).

Reactions D and E (Scheme 1-17) can show opposite result based on the alkene used,
in the case of reaction D, high endo selectivity®"® is observed as well as head-to-tail
arrangement of the two fused rings, while reaction E shows a head-to-head arrangement
of the fused rings and high exo selectivity.®® Reaction D takes place head-to-tail due to
stabilizing effect of the oxygen on the intermediate biradical, while the endo selectivity is
due to the sterics, as shown the radical resulting in an exo product has unfavourable
steric interactions. The most stable and most likely radical intermediate is shown in
Scheme 1-17.

Reaction E takes place between furan and benzaldehyde. Furans (and their derivatives)
are commonly used in the Paterno-Blchi reactions, yielding oxetane-containing bicyclic
molecules. The stability of the biradical intermediate formed is responsible for the
regioselectivity observed the head-to-tail radical intermediate is less stable by 16.5 kcal
mol? ° than the head-to-head radical intermediate, which benefits from allylic
stabilization. To summarize, whilst the scope of the Paterno-Blichi reaction is relatively
broad when benzaldehyde (or a similar aromatic carbonyl compound) is used in the
reaction, this requirement for an aromatic carbonyl compound does restrict the diversity

of oxetane products that can be generated using this approach.
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Scheme 1-17 Examples of Paterno-Biichi reaction between benzyladehyde and varied alkenes.

1.3.3.1 Visible light Paterno-Blichi reaction

More recently in 2020, a visible light Paterno-Buchi reaction was reported by Dell’Amico
and co-workers.”* Upon optimization the reaction took place at 405 or 465 nm, using
indoles reacting with aromatic ketones; 35 examples of novel oxetanes were isolated in
22 to 98% yield (Scheme 1-18). The mechanism was theorized to go via the singlet
excited state of the ketone, which next underwent efficient ISC in order to reach its triplet
excited state. The reaction mechanism was confirmed by performing a reaction with (1,4-
diazabicyclo[2,2,2]octane (DABCO), which efficiency quenches the triplet excited states
of the ketones used in the reaction.

X \
| ! R3 405 or 465 nm -\ X
\ + R Z 5
R? PhMe or acetone g

N 0 rt, 16 h N R2
PG PG
1eq 1eq 22-98%
d.r. >20:1

Selected examples:

Ph HO
Ph
\':Ph\oph S
N Me N Me
Boc Boc
98% 96% (1.2 g)

Scheme 1-18 Visible light Paterno-Bulchi between indol and aromatic ketone.

Importantly, the reactions involve dearomatization of the indole ring, in order to access
oxetanes with a higher proportion of sp® atoms, as that is of interest in the pharmaceutical
industry. The same reaction conditions were used, and eight oxetanes were isolated
(selected examples in Scheme 1-19 A); in some cases, the d.r. decreased but
percentage isolated yields were comparable with the reaction shown in Scheme 1-18.
Although the reaction worked with the selected indoles, in some cases these required

synthesis. Additionally, expanding the reaction to benzofuran or benzothiophene did not
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work well, showing 0 and 13% NMR yield respectively. Lastly, the reaction was even
further expanded by using 3-benzyloxindole precursor (Scheme 1-19 B) to form silyl
enol ethers which underwent Paterno-Bichi reaction with benzophenone.”? A
microfluidic system was designed in order to form the silyl enol from the precursor,
followed by reacting it in the Paterno-Biichi reaction with benzophenone. Microfluidics
use micro-channels allowing for efficient light penetration required for the reaction,
although not all reactions can use this method as any precipitate formation could block
the channels. Nevertheless, the reaction of oxindole enol ethers with benzophenone
gave satisfying results. The reaction gave the isolated oxetane in good yield, and over a
gram of desired product could be isolated by running the microfluidic system for over 19
hours.

A: Selected examples of oxetanes formed from dearomatized indoles and benzophenone.
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Scheme 1-19 A: Selected examples of oxetanes formed from dearomatize indoles and benzophenone. B:
Microfluidic method for two-step synthesis of oxetane from silyl enol ether and benzophenone.

Overall, these reactions showed how limiting Paternd-Blichi reaction can be as changing
either of the reagents often results in failure of the reaction. Additionally, although the
indoles used were partially dearomatized, the ketone used in the reaction was not. This
exposes a gap in the possible scope of the Paterno-Biichi reaction - use of non-aromatic

ketones/aldehydes are very rare.

1.3.3.2 aza-Paterno-Bulichi reactions
There are also versions of Paterno-Bichi reactions that make other 4-membered
heterocyclic rings. For example, a thia-Paterno-Biichi reaction has already been shown

in Scheme 1-12. The Paterno-Bichi reaction was also expanded to making azetidines
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from an alkene and imine.” Schindler and co-workers have reported a series of different
visible light [2+2] cycloadditions which form azetidine or azetine rings.”*" In 2022,
Schindler and co-workers reported an intramolecular visible light aza-Paternd-Buchi
reaction (Scheme 1-20);® similarly to the other reported reactions, the 4-membered ring
was formed with the used of visible light and an iridium photocatalyst, and the reaction
was tested with 20 different photocatalysts with triplet energy ranges between
55-61 kcal mol™. The proposed reaction mechanism took place by using the iridium
catalyst to transfer energy to the imine from ftriplet state of the catalyst, which then
undergoes C-C bond formation to form a 1,4-biradical species which finally undergoes
ISC to allow the final C-N bond formation to yield the desired product. Overall, the
reaction worked well, giving highly functionalized azetidines, however the reaction relied
on the triplet-triplet energy transfer, which was most efficient with the use of a specific

iridium catalyst; a control reaction with no photocatalyst showed lack of reaction.

1) C-C bond
N-O N-O formation

C-N bond
fomration
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Scheme 1-20 Visible light aza-Paterno-Buichi reaction.

Use of visible light in photochemistry can be useful, however it can limit which reagents
can be used, as they need to absorb visible light in order to reach their excited state, this
often leads to very aromatic systems. Alternatively, rare metal catalysts or other
photocatalyst are used in order to transfer the triplet energy, this can be difficult as the
reagent and triplet sensitizer must match well in terms of triplet energies and molecular

orbital overall, which can often limit scope of the reactions.

1.3.3.3 “Transposed” Paterno-Blichi reaction

Mechanistically, Paterno-Buichi reactions generally take place via the excited state of a
ketone/aldehyde reacting with a ground state alkene. In 2017, a “transposed” Paterno-
Buichi reaction was reported,’” which took place via the excited state of the alkene in the
intramolecular Paterno-Blichi reaction (Scheme 1-21). The starting enamides were
formed in up to four steps, with the Paterno-Biichi reaction using acetone (or xanthone)
to access the triplet excited state of the alkene. Under direct irradiation the reaction took

place via the classic pathway, i.e. the excited state of the ketone reacting with the ground
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state of the alkene. Alternatively, the enamide alkene triplet excited state was reached
via triplet energy transfer, supported by photophysical and computational studies. A
series of photophysical studies was performed on the reagents used in the
photochemical reactions as well as on a series of control compounds. For example, the
carbonyl group was removed and replaced with an alkyl chain; this allowed for accurate
measurement of the triplet energy and triplet lifetime of the enamide unit (Scheme 1-21,
control reagent). It was established that the triplet excited state of the xanthone can be
guenched by the starting material as well as by the control reagent, meaning the enamide
unit can accept the energy from xanthone and access its triplet excited state. This implied
that a triplet excited alkene pathway can also be responsible for formation of the product.
However, it is important to remember the same product is reached via direct irradiation
of the carbonyl group on the starting material. This is an important example, as it both
expands on the possibilities of the Paterno-Blchi reaction by implementing an alkene
excited state pathway, and also shows that photochemical reactions can yield the same

products via very different reaction pathways.
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Scheme 1-21 Summary of the Paterno-Biichi reaction pathway via excited state of carbonyl or alkene
(“transposed” Paterno-Biichi reaction).

1.3.3.4 Paterno-Bichi reaction of aliphatic ketones and electron-poor alkenes

In 1967,” Turro and Wriede reported a Paterno-Blichi reaction between alkyl ketones
and electron-poor alkenes, which was followed in 1969,”° with a Paterno-Biichi reaction
between acetone and maleic anhydride. The paper focused mainly on the reactions of
1,2-dicyanoethylene with aliphatic ketones, although the use of maleic anhydride as an
alkene was also briefly mentioned. Although reaction with maleic anhydride yielded the
desired oxetane, competing side reactions of maleic anhydride led to abandoning the
reaction, as it was thought that the reaction did not hold much potential for the synthesis
of oxetanes. There were a total of three reactions taking place during irradiation of maleic

anhydride in acetone (Scheme 1-22):
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1) The desired Paterno-Buchi reaction

2) Dimerization of maleic anhydride

3) Polymerization of maleic anhydride
The Paterno-Biichi reaction takes place between an aliphatic ketone (acetone or cyclic
ketones) and an electron poor alkene (maleic anhydride), which is a combination of
reagents rarely seen in the Paterno-Bulchi reaction due to a variety of potential side
reactions of both the alkene and the ketone. As mentioned before, acetone is a known
triplet sensitizer, therefore it is difficult to establish the reaction mechanism for this
reaction, and although the reaction between 1,2-dicyanoethylene with alkyl ketones®
was further mechanistically investigated, the corresponding reaction with maleic
anhydride was not pursued further, despite the interesting nature of the bicyclic oxetane

product formed.

2. Dimerization 1. Paterno-Blichi
O\ 0 reaction reaction o
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Scheme 1-22 Photochemical reactions taking place during irradiation of maleic anhydride in acetone:
dimerization of maleic anhydride polymerization and Paterno-Biichi reaction.

In 2019, Schmidt and co-workers®! published a [2+2] carbonyl-olefin photocycloaddition
between cyclic aliphatic ketones and norbornene in the presence of copper catalyst. Nine
oxetane were reported in up to 76% isolated yield. Importantly, NMR yields were much
higher for most of the examples than the isolated yields, and the loss of product was
attributed to oxetane degradation on silica during purification. The reaction gave access
to oxetane containing spirocycles, however it was limiting as the reaction only worked
for norbornene reacting with a small library of ketones; 22 other alkenes and 28 other
carbonyl compounds were tested in the reaction, showing traces or no oxetane forming.
Importantly, a TpCu(Norb) complex was reported to be formed, which was the basis of
the mechanism for the reaction, the TpCu(Norb) complex allowed for triplet energy
transfer to norbornene which then reacted with the ketone forming the oxetane product.
This reaction avoided direct irradiation of the carbonyl compound, which can lead to side
reactions and often requires high energies. However, the scope of the reaction was very

limiting, as only a handful of the tested reagents gave the desired oxetane.
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Scheme 1-23 [2+2] carbonyl-olefin photocycloaddition between cyclic aliphatic ketone and norbornene in the
presence of copper catalyst.

When a side reaction decreases the possible yield of the desired reaction, the side
reaction can be avoided by using specific reagents, or supressed. Aliphatic ketones are
particularly prone to break down photochemically upon irradiation, which needs to be
considered when they are chosen as a reagent for a photochemical reaction. Ketones
can undergo Norrish type I, Il and Norrish-Yang reactions (Scheme 1-24), and although
those reactions are relatively simple, they are generally undesired as they lead to
fragmentation, and can give rise to mixture of products, lowering the possible yield of the
desired product. Norrish type | occurs when the C-C bond alpha to the carbonyl is
cleaved. This forms two free radicals. Then, a series of elimination, recombination and
disproportionation reactions take place to give a variety of products. Norrish type Il and
Norrish-Yang cyclization start with a 1,5-hydrogen atom transfer, followed by elimination

or cyclization reaction respectively.??
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Scheme 1-24 Side reactions of carbonyls.

The relevant side reactions of alkenes have been mentioned before, particularly the

isomerization of the C=C bond, although this can be avoided by using cyclic alkenes. As
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shown in the case of maleic anhydride, dimerization (and polymerization) of alkenes can
take place upon irradiation, and often decreases the yield of the desired product if these

processes are not desired.

To summarize, Paterno-Blchi reactions give 4-membered heterocycles — usually
oxetanes in the strict sense, although variations that generate azetidines and thietanes
are also known. Classical Paterno-Bichi reactions involve the formation of the oxetane
ring from a carbonyl compound (in its excited state) and an alkene (in its ground state).
The scope of the reaction is reasonably broad, with many different oxetanes being
formed from the reaction of aromatic carbonyl compounds with electron rich alkenes.
However, the use of aliphatic carbonyl compounds and electron poor alkenes is much
less common. A handful of electron-poor alkenes have been used in the Paterno-Biichi
reaction — in some cases showing a different mechanism (“transposed” Paternd-Biichi
reaction via the excited state of the alkene). In particular, Turro and Wriede
demonstrated that a Paterno-Blchi reaction is possible between acetone and maleic
anhydride, but the reaction was abandoned due to the side reactions taking place, and
the synthetic potential of the reaction and of the interesting oxetane products generated

has therefore not been established.

1.4 Conclusions

Oxetanes are important motifs in pharmaceutical and medicinal chemistry, as they show
potential as replacement groups for metabolically vulnerable groups such as ketones.
Additionally, oxetane-containing drugs and natural products are valuable compounds,

and often their properties can be affected by the presence of the oxetane ring.

The formation of oxetane rings is possible via ground state chemistry, with four main
methods of forming the 4-membered ring. Some of these reactions, like the Williamson
etherification, are very well established and often used in synthetic pathways, but usually
a specific starting material must be used in order to form the desired oxetane.
Additionally, formation of spirocyclic oxetanes (which are particularly interesting from a
medicinal chemistry perspective) using this approach often requires many steps.
Conversely, the Paterno-Bichi reaction allows for rapid formation of oxetanes as two
bonds are formed during the reaction (C-C and C-O). Paterno-Biichi reactions take place
between a carbonyl compound and an alkene, and although the scope of the reaction is
good, as many different aromatic carbonyl compounds and electron-rich alkenes can be
used in the reaction, the main limitation of the Paterno-Biichi is that it is often limited to
aromatic ketones/aldehydes, as their excited states are easier to reach, and they do not

undergo photochemical fragmentation reactions. Using aliphatic ketones/aldehydes is
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not very common in the Paterno-Blchi reaction, mainly because they also undergo
photochemical fragmentation reactions upon irradiation, which can compete with a
desired Paterno-Bichi reaction. However, the use of such aliphatic ketones/aldehydes
would open up access to novel libraries of oxetanes. Rare “transposed” Paterno-Blichi
reactions show that the Paterno-Biichi reaction might not always need the excited state
of the carbonyl compound to form the oxetane ring. Turro and Wriede’s reaction between
acetone and maleic anhydride shows a very “non-standard” Paterno-Biichi reaction that
employs an aliphatic ketone and an electron-deficient alkene, however due to the
competing side reactions the investigation into the reaction was incomplete.
Nevertheless, the successful expansion of the Paterno-Buichi reaction between aliphatic

carbonyl compounds and electron poor alkenes would give access to new oxetanes.

1.5 Aims of the project

The overarching aim of the project is expanding the scope of the Paternd-Buichi reaction
by using aliphatic ketones and electron poor alkenes to give a series of novel oxetanes.
Specifically, the project will focus on the reaction of maleic anhydride with aliphatic
ketones, to produce bicyclic products that could then be derivatised through nucleophilic

ring-opening of the anhydride ring.
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This reagent pairing is uncommon in Paterno-Blchi reactions, as discussed above, but

Scheme 1-25 Summary of project aims.

would allow access to functionalised oxetanes that cannot be accessed using existing

methods.

Firstly, the Paterno-Blichi reaction between acetone and maleic anhydride will be
optimized in both batch and flow. The optimization studies will aim to increase the
selectivity for oxetane products, to allow isolation of pure oxetane products, and where

possible, to suppress the competing side reactions of the maleic anhydride.

Next, the reaction between cyclic aliphatic ketones and maleic anhydride will be
investigated, aiming to generate a library of currently inaccessible spirocyclic oxetane
products. These reactions are expected to be more complex than those employing

acetone, as the aliphatic ketone can no longer be used as both reagent and solvent, so
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further optimization of the reaction is expected. The optimized methodology will then be

applied to other electron-deficient alkenes to establish the scope of the reaction.

Throughout, relevant mechanistic studies will be carried out to aid in understanding the

reactions, which will be crucial for the successful development of the methodology.
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Chapter 2 Paterno-Blchi reaction between maleic
anhydride and acetone

2.1 Introduction and Chapter Aims

This chapter describes the investigations into the Paterno-Buchi reaction between maleic
anhydride (1) and acetone (2), first reported by Turro in 1969 (Scheme 2-1).”° Turro
tested reactions between different aliphatic ketones and maleic anhydride, but due to
competing side reactions (dimerization and polymerization of maleic anhydride) the
reactions were not fully investigated and were thought to be synthetically unpromising. If
optimized, the reaction could give rapid access to novel oxetanes, formed from aliphatic
ketones and electron deficient alkenes, a combination that is uncommon for Paterno-
Buichi reactions.*48384 The literature review (Chapter 1) discusses the photochemistry of
aliphatic ketones and activated alkenes and summarizes the possible side reactions
leading to the complex mixture of products. To recap, the simple starting materials used
in the reaction can give rise to a very complex mixture of products via different
photochemical pathways. Additionally, the focus on maleic anhydride will generate
oxetane products 3 with an adjacent anhydride ring, which will allow for further
functionalization reactions through nucleophilic ring-opening reactions, facilitating

access to a wide range of oxetane products.

f Reactions reported by Turro in 1969:
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Scheme 2-1 Summary of previous work done by Turro in 1969 and aims of the work reported in this chapter.

Establishing all the reaction pathways taking place can be very complex and requires an
in depth understanding of each individual reaction taking place. It is important to mention
that acetone is a known triplet sensitizer and can influence photochemical reactions by
triplet energy transfer, adding to the complexity of the possible reaction mechanism
(Chapter 1). The main aim of this chapter was to establish a practical reaction protocol

for the Paterno—Buchi reaction between an aliphatic ketone and maleic anhydride, as
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well as the subsequent functionalization reactions. The mechanism of the reaction was

difficult to establish and a detailed investigation is discussed in Chapters 3 and 4.

2.2 Optimization of the Paterno-Buchi reaction

The optimisation of the Paterno—Biichi reaction focused on the concentration of the
reaction mixture (with respect to maleic anhydride), the number of equivalents of the
ketone reagent, and the reaction time. Photochemical reactions are often run very dilute,
since it can be difficult for light to penetrate well into more concentrated solutions, and
this can make scaling up the reactions challenging. Detailed set-up of batch and flow
photoreactions that is relevant to this reaction is described in section 2.2.1. - set up and
general information. Due to the likely issues with scale up of the reaction, the
performance of a flow photoreactor was compared to that of a batch photoreactor. The
first reaction tested involved the Paterno-Blchi reaction between maleic anhydride and
acetone to give oxetane 3 and dimer 4 (Scheme 2-2). Both of these products are a result
of [2+2] cycloaddition reactions — the formation of 3 involves [2+2] photocycloaddition of
maleic anhydride with acetone, whilst the generation of 4 involves the dimerization of
maleic anhydride. It is important to add that the polymerization reaction of maleic
anhydride also likely takes place during irradiation, however it was not observed during
the reaction by *H NMR. Polymers are much heavier and the signals in their *H NMR
spectra are often broad, and in this case it was not possible to observe polymer formation

via 'H NMR spectroscopy.
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Scheme 2-2: Possible products of the Paterno-Biichi reaction between maleic anhydride (1) and acetone (2),
and dimerization reaction of maleic anhydride (1).

2.2.1 Set-up and general information

All batch reaction were run in a Rayonet RPR-100 batch photoreactor, which are efficient
and common reactors for organic photochemistry. The reactor allows for a number of
parallel reactions to be performed at the same time, allowing for rapid reaction scoping.
The reaction vessels were Pyrex/Duran glass tubes, which allowed for light to be
transmitted through the glass (>285 nm). The lamps predominantly used in this project
were 300 and 350 nm, although the lamps emit a range of light around the specified
wavelength - emission spectra in Figure 2-1 show the wavelengths emitted by the 300
and 350 nm lamps. Rayonet batch photoreactors allow for relatively large-scale

reactions, however, to further increase the reaction scale as well as decrease the
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reaction time, optimization of photochemical reactions under flow conditions was
performed. A Vapourtec UV-150 photochemical reactor was used for the flow reactions,
equipped with a mercury lamp with filter to cut off wavelengths below 300 nm. Although
a flow reactor can allow for a continuous photochemical reaction to take place, practically
it is often challenging as the cooling system can easily fail, leading to overheating of the
reactor and reaction mixture. Reactions were tested under both batch and flow
conditions, with the following sections discussing the advantages and disadvantages of
both set-ups.

RPR - 3500A° LAMPS AS USED IN THE
RAYONET REACTOR
Wants of “Blac

k Light™ - approx. 24 watts - about
)

RPR - 3000A° LAMPS AS USED IN THE
RAYON! EACTOR

Watts of Mtraviolet — 21 watls approx
The tha py
quanta/m

MILUMTRON BAND

VAVELENGTH MILLIMICRON!

Figure 2-1 The emission spectra of the lamps used during the project, 300 nm lamps on the left, and 350 nm
lamps on the right.

The reactions were tracked by *H NMR spectroscopy with solvent suppression, in which
the largest signal (from the non-deuterated solvent employed) is suppressed, allowing
straightforward analysis of the contents of the sample (the method can also be modified
to use solvents that exhibit more than one *H NMR signal, by suppressing a defined
number of signals). This sampling method is very effective, as it does not require
deuterated solvents, and the reaction components can be directly observed without
isolation from the solution, which is particularly useful for the observation of intermediates
that are unstable out of solution. In this case, a 0.5 mL sample was taken out of the

reaction flask and analysed by *H NMR spectroscopy.

2.2.2 Batch reaction Paterno-Bichi reaction

Firstly, the Paterno—Bichi reaction was performed between maleic anhydride and
acetone, with acetone used in excess as the solvent, in a batch photoreactor, irradiating
with 300 nm lamps. Two products were observed in the reaction: 3, which is the desired
product, and dimer 4, which is an undesired side product. In addition, polymerization of
maleic anhydride is likely to occur (as noted in the seminal work by Turro), but this
polymer was not clearly visible by 'H NMR spectroscopy, and no attempt was made to
quantify any polymeric material formed. The reaction progress was followed by *H NMR

spectroscopy with solvent suppression; and irradiation was continued until all of the
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maleic anhydride was consumed. The resulting *H NMR spectra were used to calculate
the conversion of the maleic anhydride into 3 and 4 (Figure 2-2), the calculations only
include the observed three reagents: 1, 3 and 4. Additionally, the anhydride ring was
observed to be sensitive to water in the air, undergoing a nucleophilic ring opening to
give the corresponding diacid, and this reaction was especially prominent during longer
reaction times, traces of the diacid were not included in the calculations of the percentage
of the reagents in the reaction mixture. By following the reaction by 'H NMR
spectroscopy, the formed product remained in solution, thus minimising its exposure to

air, which decreased the undesired and uncontrolled ring opening of anhydride by water.

The concentration of the maleic anhydride was varied to observe its effect on the rate of
conversion into 3 and 4. Different reaction concentrations were tracked at different
reactions times by *H NMR spectroscopy (solvent suppression, in acetone) to assess
the content of the reaction mixture, and the results are shown in Table 2-1. Reactions
run at lower concentrations (up to 0.10 M) were completed in under 6 hours (Figure 2-2,
Entries 1-4). The more concentrated reactions took more time (as expected, due to less
efficient light penetration) showing <8% of maleic anhydride still present after 24 hours
of irradiation for concentrations in the range 0.12-0.20 M (Table 2-1, Entries 5-9).
Substrate concentrations of 0.50 and 1.00 M were also tested (Table 2-1, Entries 10 and
11), but were stopped before full conversion, due to crystals of dimer 4 forming on the
side of the reaction tube, which made effective irradiation impossible, drastically slowing
reaction progress. In addition, the precipitated dimer 4 in these runs resulted in a less
accurate estimation of the proportion of oxetane 3 and dimer 4, as not all of the dimer 4
was in the solution, thus analysis by *H NMR spectroscopy underestimates the amount
of dimer formed. Interestingly, the overall trend linking the concentration of maleic
anhydride and the formation of the two products was counter intuitive. It was expected
that as the concentration of the maleic anhydride increases, the amount of the formed
dimer 4 will also increase, as there is a higher likelihood of the two maleic anhydride
molecules reacting together. However, this was not the case, as the general trend
showed that as the concentration of the maleic anhydride increases, less of the
unwanted dimer 4 is formed compared to the desired oxetane 3 product, as shown in
Table 2-1 (best seen by comparing the reaction composition at 2 h reaction time). This
trend is currently not fully understood and cannot simply be attributed to dimer 4
precipitating from solution, as this trend was still observed even at intermediate

concentrations, when no precipitation occurred.
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% of reagents in the reaction mixture at different reaction times
Entry | [1] 1lh 2h 3h 4 h 5h 6 h 24 h 48 h 72 h
3 4 1/3 4 1|3 4 1|3 4 1|3 4 1|13 4 1|3 4 1|3 4 1|3 4 1
(%) (%) (%) (%) (%) (%)](%) (%) (%)[(%) (%) (%)[(%) (%) (%)|(%) (%) (%)]|(%) (%) (%)|(%) (%) (%) (%) (%) (%)
1 |0.04/16 24 60|36 64 O
2 |0.06/13 13 75|23 23 53|29 40 31 40 56 4 |38 62 O
3 10.08/11 8 81|20 16 65|26 24 50 43 48 9 |48 52 O
4 10.10{10 6 84|19 13 67|26 21 53 42 42 17|48 52 O
5 10.12110 5 85|19 11 70|26 16 58 42 33 25|53 42 5 |59 41 O
6 |[0.14 13 7 80 26 13 62 40 20 40|77 23 O
7 |0.16 10 5 85 20 8 73 29 12 59|71 21 7
8 10.18 10 4 86 19 8 74 29 11 60|71 21 7
9 10.20 10 4 86 19 6 75 30 9 61|77 15 8
102 |0.50 5 2 93 16 5 79 16 5 79|67 7 27|89 11 O
112 |1.00 4 1 95 10 3 87 10 3 87|29 3 68|60 5 36|95 5 O

Table 2-1 Results of the effect of the concentration on the Paternd—Buchi and dimerization reaction. The table shows the percentage of the reagents in the reaction mixture based on
1H NMR analysis (solvent suppression, acetone, 400 MHz), the integrations are showed in detail Figure 2-2. All of the reaction were run at 10 mL scale, with 0.5 mL of solution taken out
of the reaction for testing. a = *H NMR analysis performed two weeks later due to NMR fault.



The conversions presented in Table 2-1 were calculated by integrating the relevant
signals after analysis of aliquots of the reaction by *H NMR spectroscopy with solvent
suppression (an internal standard was not used — see section 3.2.3 for more detail).
Maleic anhydride exhibits a singlet at 7.76 ppm (H”) in acetone, and as shown by the
spectra (Figure 2-2), the amount of the maleic anhydride decreases as the amount of 3
and 4 increases. Protons H® and H® from oxetane 3 appear as two very characteristic
doublets, whilst all of the C-H signals in dimer 4 are equivalent and therefore appear as
a singlet (HP). The percentage of reagents in the reaction mixture was used to assess

the progress of the reaction was calculated based on *H NMR.
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Figure 2-2 Examples of 'H NMR spectra of aliquots taken from the Paterno-Blichi reaction of maleic anhydride
(with acetone (spectrarecorded at 400 MHz in acetone with solvent suppression; [maleic anhydride = 0.06 M)

These initial studies confirmed the results first published by Turro and Wriede, and
allowed the development of an effective method for the observation of the progress of
the reaction using 'H NMR spectroscopy. In addition, some potential issues were
identified, which would need to be taken into account upon optimisation for effective
scale-up. In particular, dimer 4 is an undesired side product, which is highly crystalline,
and which precipitates readily from acetone even at relatively dilute concentrations. The
presence of the dimer 4 complicates the analysis of the reaction, limits the yield of the

desired oxetane 3 product and slows the reaction progress. It was hoped that running
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the process in a flow reactor might allow for more straightforward Paterno—Buichi

reaction, and these studies are discussed in the next section.

2.2.3 Flow reaction Paterno—Bluichi reaction

Due to the very low concentrations generally involved in photochemical reactions, flow
reactors are often used to facilitate scaling up a reaction. The main risk of using a flow
reactor for this reaction is the possible formation and crystallization of dimer 4, which
could clog the tubes and block the reactor. To start with, three concentrations of maleic
anhydride were chosen to find the optimal concentration and flow rate for the reaction
(Scheme 2-3, Figure 2-3). Pleasingly, the time required for complete consumption of
maleic anhydride was decreased upon changing from the batch reactor to the flow
reactor, and this allowed the rapid formation of a large amount of 3 to be used in further
reactions. Reactions of different concentrations showed the same general trend in
decrease of the consumption of starting material with increased flow rate. Flow
photoreaction of maleic anhydride at 0.16 M required at least 30 minutes irradiation time
in the flow photoreactor for full consumption of maleic anhydride (which is equal to flow
rate of 0.333 mL min in a 10 mL column). At faster flow rates the consumption of maleic
anhydride decreased, to 66% at 0.500 mL min™ (20 min irradiation time). Ideal flow rates
for each concentration and percentage of dimer 4 and oxetane 3 present during testing

flow rates are described in Table 2-2, and in each case ~10 mL of solute was collected.
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Scheme 2-3 Paternd-Biichi reaction between acetone and maleic anhydride (1) under flow condtions.

Paterno-Buchi reaction under flow conditions
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Figure 2-3 Consumption of maleic anhydride (1) in flow reactions at different flow rates and concentrations
(0.16 M, 0.1M and 0.06 M with respect to maleic anhydride (1)). Flow column volume = 10 mL.

. Flow rate Exposure
Entry [1] in acetone (mL/min) timz (min) 3(%) 4 (%)
1 0.16 0.333 30 68 32
2 0.10 0.625 16 52 48
3 0.06 1.000 10 47 53

Table 2-2 Optimized flow rates and exposure times for full consumption of maleic anhydride (1) at different
concentrations of maleic anhydride (1), as well as percentage of oxetane 3 and dimer 4 in the reaction mixture
based on *H NMR (solvent suppression, acetone, 400 MHz).

Again, the composition of the reaction mixture was tracked at different stages, showing
the consumption of maleic anhydride and formation desired oxetane 3 and dimer 4.
Reaction at 0.06 M (Table 2-3) requires only 10 minutes of the exposure time which is a
great decrease from the 6 hours needed when reaction is performed under batch
conditions (Table 2-1). Additionally, Table 2-3 entries 1-3 show that flow rate has no
effect on the ratio of the formed oxetane and dimer. Table 2-4 and Table 2-5 show the

results for the 0.1 and 0.16 M flow reactions respectively, and the other concentrations
followed the same trend.
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Entry  Flow rate (um minl) Exposure time (min) 3 (%) 4 (%) 1 (%)

1 500 20 45 55 0
2 667 15 48 52 0
3 1000 10 46 54 0
4 1500 7.5 31 33 36
5 2000 5 20 15 65

Table 2-3 Results of Paterno—Bichi reaction between acetone and maleic anhydride (1) under flow conditions at
0.06 M. Percentage of the reaction mixture based on *H NMR (solvent suppression, acetone, 400 MHz).

Entry Flow rate (um miN-1) Exposure time (min) 3 (%) 4 (%) 1 (%)

1 250 40 58 42 0
2 500 20 54 46 0
3 556 18 53 47 0
4 625 16 53 47 0
5 714 14 47 39 14
6 833 12 38 28 34
7 833 12 42 33 25
8 1000 10 34 19 47
9 2000 5 24 13 63

Table 2-4 Results of Paterndo-Bichi reaction between acetone and maleic anhydride (1) under flow conditions at
0.10 M. Percentage of the reaction mixture based on *H NMR (solvent suppression, acetone, 400 MHz).

Entry Flow ratel)(pm miN- Exposure time (min) 3 (%) 4 (%) 1 (%)
1 167 60 31 69 0
2 250 40 33 67 0
3 333 30 35 65 0
4 400 25 29 65 6
5 416 24 25 53 22
6 450 22 25 54 21
7 500 20 22 44 34

Table 2-5 Results of Paterno—Bichi reaction between acetone and maleic anhydride (1) under flow conditions at
0.16 M. Percentage of the reaction mixture based on *H NMR (solvent suppression, acetone, 400 MHz).

In the case of this reaction, the flow photoreactor worked very well, greatly decreasing

the time necessary for the reaction to reach completion. Table 2-6 compares the results

of reactions with different concentrations of maleic anhydride in acetone, showing the

rate of formation of oxetane 3 in mmol per hour (mmol/h). The flow reactions can easily

produce over 1 mmol/h, compared to batch reaction, which even at 200 mL scale cannot
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reach 1 mmol/h, with the best batch result given by a 0.1 M concentration of maleic

anhydride, leading to 0.2 mmol/h output.

O
\,,
v (300 nm) "
)J\ °
batch vs flow /““
4 (e}

Entry [1] in Flow output Batch output - 200 mL
acetone (2) (mmol/h) reaction (mmol/h)
1 0.16 2.2 0.1
2 0.10 1.4 0.2
3 0.06 1.1 0.1

Table 2-6 Comparison of Paterno—Buchi reaction under batch and flow conditions. mmol/h calculated based
on the full conversion reactions adjusting for the formation of the dimer 4.

Although the switch from batch to flow did allow a significant increase in the productivity
of the reaction, it was still necessary to use relatively low concentrations of maleic
anhydride, and even then, very slow flow rates were required for full consumption of
maleic anhydride. These factors limit the amount of material that can be processed, and
the flow reactor would need to be run for a considerable time to produce multigram
quantities of oxetane products, whilst also requiring large volumes of acetone. In
addition, so far acetone has been used as both the reagent and as the solvent, so is
present in great excess compared to maleic anhydride. With the ultimate aim of a
process suitable for multigram-scale, and compatible with other ketones (some of which
will be solids and/or expensive), the use of the ketone reagent as the solvent would not
be viable, and the next section describes attempts to reduce the equivalents of the
ketone required for successful reaction, whilst also moving away from acetone as a

solvent.

2.2.4 Reducing the amount of acetone under batch and flow conditions

By changing the reaction solvent to acetonitrile, different numbers of equivalents of
acetone could be tested, the goal of these reactions being to find the lowest loading of
acetone needed for successful reaction. Starting in the batch reactor, five parallel
reactions were followed by H NMR spectroscopy with solvent suppression (using
acetonitrile as solvent), and stopped after 30 hours. Reactions with 10-20 equivalents of
acetone went to completion in that time (Table 2-7, Entries 3-5). Fewer equivalents of
acetone (1 and 5 equivalents) did not reach completion after 30 h (Table 2-7, entries 1
and 2). In the case of one equivalent of acetone, none of the desired product 3 was
observed, while using five equivalents, 7% of the maleic anhydride was still left after 30

hours of irradiation. Comparing these results to reactions that use acetone as solvent

-43-



(Table 2-7, Entry 6) is very useful — it shows that only 10 equivalents of the carbonyl

compound are needed for the reaction to be fully completed after 30 hours of irradiation.

_ hv(300nm)
)J\ MeCN

XX eq
(0.10 M)
Entry 2 (eq) 3 (%) 4 (%) 1 (%) Reamza; time
1 1 0 45 55 30
2 5 40 53 7 30
3 10 51 49 0 30
4 15 56 44 0 30
5 20 57 43 0 30
62 Excess 59 41 0 6

Table 2-7 Results of optimization of the Paterndo-Biichi reaction between acetone (2) and maleic anhydride (1) in
acetonitrile. a = reaction in acetone. Detailed results in Chapter 6.

Again, to reduce the time of the reaction, the flow reactor was used. 5 equivalents of
acetone were necessary for the reaction to be completed after 40 minutes irradiation
time, (Figure 2-4). The reaction with 10 and 20 equivalents of acetone were both
completed after 30 minutes of exposure (equivalent to flow rate of 333 pL/min). The three
graphs show the consumption of maleic anhydride (blue line) as well as percentage of
the oxetane 3 present in the reaction mixture (compared to dimer 4 and maleic

anhydride, green line).
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Scheme 2-4 Results of optimization of the Paterno—Biichi reaction between acetone (2) and malelc anhydride
(1) in acetonitrlie under flow condtions.
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Figure 2-4 Percentage of consumption of maleic anhydride (1) in the flow reaction and percentage of oxetane 3
present in the reaction mixture.

Overall, the initial optimization of the Paterno-Bichi reaction between acetone and
maleic anhydride was successful. The reaction was translated from batch to flow
conditions, which greatly improved the reaction time from 48 h to 30 minutes
(concentration of maleic anhydride = 0.16 M). To summarize, the oxetane product 3 was
isolated in 35-60 % yield (depending on batch/flow and reaction size), and the calculation
of the ratio of 3 to 4 was based on 'H NMR spectroscopy. To obtain pure oxetane
product, 3, separation of the dimer 4 from the oxetane 3 was required, but
chromatography of oxetane-anhydride 3 was unlikely to be successful. Thus, removal of
the dimer 4 was attempted through (re)crystallization processes, which are described in

the next section.

2.2.5 Removal of the dimer 4

Dimer 4, the undesired side product formed in the reaction, is highly crystalline, and can
be partially removed from the crude product mixture by crystallization, increasing the
purity of the oxetane 3 to over 85 %. After the reaction was completed and all maleic
anhydride was consumed, the solvent was removed, and while the solvent was
evaporating, crystals of the dimer 4 would crash out of the solution. This allowed for
simple removal of the dimer 4 by filtering it out of the reaction mixture. The drawback to
this reaction protocol was the ring opening of the anhydride ring, which took place when
3 is exposed to air for too long (Figure 2-5). Both compounds are very similar, however
they can be easily distinguished using *H NMR spectroscopy, by comparison of the
coupling constants between protons A and B in each case — the coupling constant in 5

being much larger than that in 3.
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Figure 2-5 Reaction of 3 with water and comparasion of J values of H* and H® of 3 and 5.

For example, a large scale flow reaction, with reaction time of 2 hours, for 40 mL of
photolysate solution yielded 681 milligrams (65% yield) of oxetane 5 (contaminated with
5% of 4) after the crystallization protocol. Tracking the reaction by *H NMR spectroscopy
shows that over 75% of the anhydride opened before the recrystallization, and the final
25 % of anhydride was opened during recrystallization. However, the partial purification
of the oxetane 3 was still possible by crystallization of 4 — the reaction mixture was initially
contaminated with 22% of the dimer 4 (meaning 44% of the available maleic anhydride

was converted into this undesired side product).

The issue of ring opening of the anhydride was not observed during the optimization
reactions, as these reactions were not exposed to air for extended periods. Overall,
during the reaction and purification a compromise must be reached — more dimer 4 can
be removed if more solvent is removed (thus crystallization and filtration is slower), but
this leads to exposure to air (and water) resulting in the opening of the anhydride ring.
As retaining the anhydride ring intact was a priority (so that two different functional
groups could be formed from the anhydride ring through intentional ring-opening with a
variety of nucleophiles), the competing ring-opening with water led to difficulties in
obtaining pure oxetane products, and a loss of control of the ring-opening reaction. Quick
and efficient recrystallization was key to the purification of oxetane 3, as well as
performing subsequent functionalization reactions immediately after purified oxetane 3
was collected. Ideally, the Paterno—Blichi and subsequent ring opening reaction should
be run in the telescoped fashion, to reduce exposure of the cycloadduct 3 to air, and

more easily isolate pure oxetane products.

2.3 Nucleophilic ring-opening of the anhydride

There are a variety of methods for the symmetric and asymmetric ring opening of
anhydride rings. The first ring-opening reactions investigated in this project have a
common goal of forming two ester groups from the anhydride ring (Scheme 2-5). Starting
from 3, there are three possible pathways to make two esters. Firstly, a dicarboxylic acid
(5) can be formed through nucleophilic attack by water, and then alkylation or
esterification of the resulting carboxylic acids (Scheme 2-5, Pathway A) to form the final

product 6. Secondly, 7 or 7’ could be formed from the anhydride ring through ring-
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opening with an alcohol (Scheme 2-5, Pathway B), followed by esterification of the
resulting carboxylic acid to give 8 and/or 8’. Although the pathway B could lead to mixture
of products, it could give rise to two different ester groups on the oxetane ring, greatly

improving the further functionalization possibilities.
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Scheme 2-5 Possible reaction pathways for opening of the anhydride ring on 3.

® O

The advantage of the second approach is the possibility of forming two different ester
groups by employing different alcohols in the two steps, whereas the first approach would
result in two identical ester groups (6). Two different ester groups (8/8’) would be
advantageous if they could subsequently be derivatized independently of each other, but
the anhydride ring in 3 can potentially be opened at either of the carbonyl groups, which
could lead to mixture of products 7 and 7° (and therefore 8/8’) if this ring-opening process
is not selective. At the outset, it was not clear which of the carbonyl groups would be
most reactive to nucleophilic attack, thus ring-opening was attempted with water and
series of alcohols. All of the yields presented in this section are based on 3, which as
described above, usually contained a small amount of dimer 4, as complete purification

of 3 was not possible.

Initial reactions were performed on partially purified 3, as the purification method was still
in development at this stage, and the ratio of 3 and 4 in the starting material is stated for
each reaction. Starting with pathway A, water was used to open the anhydride ring on 3
and form 5, which contains two carboxylic acids. This reaction worked well, and after
heating the reaction mixture at 40 °C for 24 hours, full conversion of the starting materials
3 and 4 was observed (Scheme 2-6). An excess of water was used to ensure full
conversion of both starting materials (i.e. dimer 4 contains two anhydride rings and will
also react under the chosen reaction conditions, consuming twice as much water per
molecule as oxetane 3). Dicarboxylic acid 5 could not be obtained in pure form, therefore
esterification of the carboxylic acids was necessary to allow chromatographic

purification.
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Scheme 2-6 Ring opening of anhydride ring on oxetane 3 with water.

Several methods were considered to perform esterification on 5. Due to concerns about
the acid-sensitivity of 5, basic conditions were first tested, using potassium carbonate
with benzyl bromide as the alkylating agent (Scheme 2-7_A). However, no reaction was
observed after 48 hours, and analysis by *H NMR spectroscopy only showed left over
benzyl bromide. Next, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in
conjunction with hydroxybenzotriazole (HOBt) was used with methanol in an attempt to
form 6b (Scheme 2-7_B). The reaction took 72 h and gave only 8% yield of the oxetane
6b, starting from a 1:1 mixture of 3 and 4. The reaction required a higher number of
equivalents of the EDC and HOBt as there were more than one carboxylic acid group
present on the starting materials. Based on the *H NMR spectrum of the crude product,
very little diacid 5 remained at the end of the reaction, as the characteristic pair of
doublets was very small compared to other signals. Additionally, more equivalents of the
EDC and potentially of HOBt should have been used, due to the four carboxylic acids
present on dimer 4b compared to the two on oxetane 5. Nevertheless, this approach

allowed the isolation of pure oxetane 6b, and full spectroscopic characterisation.
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Scheme 2-7 Reaction conditions for esterification of 5.

Finally, trimethylsilyldiazomethane (TMSCHN,) was used as the esterification agent.
TMSCHN: is a very strong methylating agent and the reaction is instantaneous (Table
2-8). These reactions were performed on partially purified 5 (5: 4b, 1 : 0.18). The reaction
gave a best yield of 40% (over the one step) with two equivalents of TMSCHN, (Table
2-8, entry 3) used. The downside of these reaction conditions was the formation of 9,

which indicated breakdown of the oxetane ring. However, as 9 was not observed in the
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H NMR spectrum of the crude product, it is speculated that the acidity of the silica gel
used during column chromatography could have caused the breakdown of the oxetane

6b. Dimer 4d was only observed in traces in these reactions.

o TMSCHN2
OH MeOH,
r.t., 10 min.
Entry Eq. of Yield of 6b (%)  Yield of 9 (%) Purity of 6b (%)
TMSCHN;
1 3 36 15 100
2 25 35 5 90
3 2 40 4 90

Table 2-8 Results of optimization reaction of esterification reaction of 5 with the TMSCHN..

Next, the anhydride ring was opened with series of alcohols. Methanol was omitted as
the goal was formation of two different ester groups. Different alcohols were used as
both reagents and solvent. Thus, the solution of 3 (after the Paterno-Blichi step) was
partially concentrated and 10 mL of alcohol was added. Ethanol was the first successful
alcohol to open the anhydride ring and gave a single isomer of the product, either 7a or
72’ (Scheme 2-8), with the *H NMR spectrum of the crude product showing a very clean
regioselective ring opening of the anhydride. It was proposed that the regioselectivity
could be due to two reasons: 1) the two methyl groups blocking the approach of the
nucleophile to carbonyl B of the anhydride and/or 2) the oxygen in the oxetane ring could
make carbonyl A more reactive towards nucleophilic attack. In both of these cases,
attack of the nucleophile at the carbonyl group adjacent to the oxetane oxygen would be

favoured, which would give 7a.

(0] o]
(e]
OEt OH
EtOH (0] o]
0 A —_— or
S rt., 24 h OH OEt
(0] (0]

(o]

3
Scheme 2-8 Opening of the anhydride ring with ethanol.

To find out which regioisomer was formed in the reaction, the ring-opened product was
first esterified using trimethylsilyldiazomethane, and the resulting diester 8a was
analysed by 'H-'H correlation spectroscopy (COSY) NMR (Figure 2-6). A clear
correlation was observed between proton A and protons B, as well as a lack of correlation
between proton C and protons B, which suggested that the isomer formed is 8a, resulting
from initial ring-opening at the carbonyl group adjacent to the oxetane oxygen, as

expected based on steric and electronic reasoning. Unfortunately, it was not possible to
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obtain a suitable crystal of the product for X-ray analysis, so definitive proof for the

regioselectivity of the ring-opening could not be obtained in this example.

TMSCHN, (2 eq)

7aor7a’ > E
MeOH, 10 min, r.t. .

I

3.5
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Figure 2-6 'H — *H COSY NMR spectra of oxetane 8a.

Next, two more alcohols (isopropanol and N-butanol) were tested in the ring-opening,
forming isopropyl and butyl ester groups respectively. After stirring for 48 hours at room
temperature both reactions reached 100 % conversion of 3 (Scheme 2-9). Next, the
carboxylic acid underwent methylation reaction with TMSCHN_, however in both cases
the reaction did not reach completion. Nevertheless, the resulting two new oxetanes
were purified to give 8b in 12% yield, and 8c in 12% vyield. In both cases, the reaction
did not convert 7b and 7c fully, as traces starting materials were also isolated at the end
of the methylation reaction. Potentially, higher conversions/yields could be achieved by

increasing the number of equivalents of TMSCHN..
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Scheme 2-9 Opening of the anhydride ring with isopropanol and N-butanol, followed by methylation reaction to
give two isolated oxetanes: 8b and 8c. Purity of 3 =93 %

Fortunately, it was possible to grow a crystal of 7b suitable for X-ray analysis (Figure
2-7), which clearly demonstrates that the ring-opening of the anhydride occurs at the
carbonyl group adjacent to the oxetane oxygen, and that the ester and carboxylic acid
groups remain positioned cis relative to each other after the ring-opening reaction. This
was the only crystal structure that was collected in this series of oxetanes, but it is likely

that the same regioselectivity operated when using the other alcohols.

Figure 2-7