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Abstract

Abstract

Phosphite Ozonides as Singlet Oxygen Sources in Organic Synthesis and the
Preparation of Novel Endoperoxide-Containing Antimalarials

The reactions of singlet oxygen are of interest due to both the peroxide products
themselves and the plethora of compounds that can be prepared from them. Chapter 1
reviews the reactions of singlet oxygen and of organic peroxides. We are particularly
interested in using singlet oxygen to prepare endoperoxide-containing antimalarials. The
most widely used method for its generation is dye-sensitised photo-excitation of triplet
molecular oxygen but it suffers from several disadvantages that has ultimately led to a
search for alternatives. One such strategy involves the use of phosphite ozonides (or
phosphite ozone adducts, POAs) that are readily prepared from a phosphite and ozone at
low temperature and they are the subject of Chapter 2.

We have employed phosphite ozonides in the three typical reactions of singlet oxygen
([4+2], [2+2] cycloadditions and the ene reaction) and have demonstrated that good
yields of organic peroxides can be obtained using this methodology. We have also
applied them with varying degrees of success to the syntheses of endoperoxide-
containing antimalarials. Chapter 2 also describes the preparation of a resin-bound
phosphite that has been used successfully for the synthesis of a potent antimalarial 1,2,4-
trioxane.

The mechanism of action of endoperoxide-containing antimalarials has not been fully
elucidated and yet an understanding of the way that they cause parasite death would
allow rational design of this important class of drugs. Considering the devastating effects
of malaria particularly in the developing world and the increasing resistance of the
malaria parasite to traditional antimalarials, new treatments are urgently needed. To this
end we have designed and prepared a series of endoperoxides that we hope will lead to
increased understanding of their pharmacology. Their syntheses and biological testing
are the subject of Chapters 3 and 4.

It is known that these drugs undergo iron catalysed degradation in vivo to afford one or
more transient cytotoxic species but, while most workers believe that the biologically
active species is derived from reductive cleavage of the peroxide bond by iron (II), it has
been argued that iron (III) could lead to heterolytic cleavage of the C-O bond affording a
hydroperoxide that could cause the parasite’s death by oxidative damage to vital
intracellular constituents. In Chapter 3, a series of compounds were designed so that they
could undergo facile heterolytic cleavage and were prepared and tested for their
antimalarial activity. While further investigations are ongoing, the intial results of
biological testing have shown that these compounds have little antimalarial potency.

Until recently it was generally accepted that the receptor for endoperoxide-containing
antimalarial drugs was heme, however there is growing evidence that they may actually
target parasitic enzymes. Chapter 4 describes the preparation of enantio-enriched
antimalarial 1,2, 4-trioxanes currently undergoing evaluation in order to assess the role of
chirality for antimalarial activity. Since heme is achiral we would not expect to observe a
difference in activity between two enantiomers, however if enzymes (or other functional
proteins) were involved we would predict that chirality of the trioxanes would be
important.
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1.0 Introduction

The recognition of singlet molecular oxygen as the active species in many photophysical
processes and photobiological processes as well as in dye-sensitized photooxygenations
has sparked an ever-increasing interest in this area of chemistry. The many peroxide
products available by photooxygenation, and the myriad of compounds that are
accessible from them by subsequent transformations, continues to inspire active research
by synthetic chemists. The most efficient method for generation of singlet oxygen is
widely considered to be dye-sensitized photo-excitation of triplet molecular oxygen but
perceived disadvantages of this methodology, such as complicating effects of radiation
on products and reactants, has ultimately led to the search for an effective reagent based
approach for its generation. One such strategy involves the attack of ozone on the
phosphorus of a phosphite at low temperature to afford a 1:1 adduct that decomposes to
evolve singlet oxygen upon thermolysis, an area discussed in detail in Chapter 2.
Chapter 1 reviews the reactions of singlet oxygen, its formation and introduces its use
for the synthesis of biologically active compounds, particularly 1,2,4-trioxanes and

endoperoxides as potential antimalarial drugs which are the subject of Chapters 3 and 4.

1.1 Historical Background

Lewis' first predicted an excited species of molecular oxygen in which all the electrons
were spin-paired; they are represented by (b) and (c) in Figure 1, where (a) represents
the paramagnetic ground state.

20:0:  0:0:  20:0s
bt it $ o

(@) (b) (©)
Figure 1

Mulliken”” first detected a singlet species of oxygen in 1928 while he was studying the
effect of excited states of molecules on the absorption of light through the Earth’s
atmosphere. Interpretation of the atmospheric absorption bands led him to predict the
existence of two excited energy states of molecular oxygen that he described as having
the same electronic configuration and as being metastable, since transition to the ground

state violated the selection rules. One atmospheric absorption band was assigned to the
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forbidden transition between the sigma triplet ground state and the sigma singlet state.
The delta singlet state was not observed spectroscopically until 1933 by Ellis and Kneser
although Mulliken predicted it lay approximately halfway between the two sigma states.
These states are represented in Figure 2b, Section 1.3.

Until relatively recently the delta singlet state of molecular oxygen was believed to be a
very short-lived species under normal conditions (atmospheric pressure and room
temperature) and was thought to have a significant role only in atmospheric physics.
Indeed, until 1963 very little was published on the subject and less still by synthetic
chemists who believed that it was not sufficiently stable to be the active species in
photooxygenation reactions. However, in 1964 singlet oxygen was ‘rediscovered’ by
Corey and Taylor® and by Foote and Wexler’ in their photoinduced reactions of oxygen
with olefins possessing allylic hydrogens.

Prior to 1964, l(autsky‘s‘? was the sole advocate of a “metastable, reactive state” of
oxygen as a reactive intermediate in photooxygenation. While studying the
photoluminescence of organic dyes he had invoked the species to explain the lack of
fluorescence of some dyes (that were usually excited by irradiation) in the presence of
oxygen proposing that the energy absorbed by the dyes was transferred to oxygen thus
exciting it to a higher energy level. He was also able to show that some materials not
oxidised under normal conditions were oxidised in the presence of oxygen; light and a
fluorescent dye and named the process “photosensitized oxidation”. By careful
experimentation he was able to demonstrate that the excited oxygen had a relatively long
lifetime since, although in close proximity to the acceptor, the two were spatially
separated. Others continued to prefer an alternative explanation in which the reactive
intermediate was formed by the binding of oxygen with the sensitizer (vide supra) or
that the mechanism for these reactions involved atomic oxygen and ozone. Kautsky
himself felt that the latter could not be true because the energy provided by his light
source was insufficient to cleave the oxygen molecule into its component atoms.
Schonberg® in 1935 and Schenck’ in 1953 were among those who rejected the
involvement of singlet oxygen in photooxygenations. These authors proposed the
‘moloxide’ mechanism (for both direct photooxygenation of aromatic hydrocarbons and

dye-sensitized photooxygenations) in which the reactive intermediate was an unstable
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complex between the oxygen and a sensitizer. They suggested that the sensitizer was
excited to a metastable state with biradical character by absorption of light, followed by
reaction with oxygen to form a labile ‘moloxide’ complex 1. The intermediate was then

able to transfer oxygen to an acceptor with concomitant regeneration of the sensitizer
(Scheme 1).

Ph Ph Ph Ph
Ph Ph
o—o'
Ph Ph Ph Ph
—Q<C
- Ph S J Ph
1 "0y
Scheme 1

The involvement of singlet oxygen as the reactive species has since been unequivocally
established. In 1927, Mallet had first reported a red chemiluminescence associated with
the reaction of sodium hypochlorite and hydrogen peroxide although it was Kasha and
Khan® in 1963 who attributed it to emission from electronically excited oxygen and

Ogryzlo and co-workers'® who correctly assigned the emission bands detected. Foote

1,12
and co-workers”'

were among several groups that reported that products formed
using the chemically generated singlet oxygen were identical to those produced by
photooxygenation, proving the intermediacy of the species in reactions. The

investigation and exploitation of singlet oxygen began. Today, if you were to type the
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words ‘singlet oxygen’ into a database such as the ‘Web of Science’ the result would be

a list of more than 1900 publications since 1983 and over 100 for the last year alone.

1.2 Delta Singlet Oxygen ('Ag)

Synthetically useful singlet molecular oxygen (IAE) is the first excited state of molecular
oxygen 92.4 kJ mol" above the triplet ground state (’Zy) and referred to simply as
singlet oxygen from hereon in. Its utility arises from its metastability, since relaxation
to the ground state violates the selection rules as the transition is spin-disallowed.
Estimations of the lifetime of singlet oxygen vary from 45 to 65 minutes in the gas
phase, although at atmospheric pressure it is greatly reduced due to relaxation via
collisions with other molecules.”? In solution the lifetime becomes shorter still and is in
the order of milliseconds (10? to 10° seconds) though highly solvent dependent
however, this is still sufficiently long-lived for synthetic purposes. There is a second
excited singlet state (the sigma singlet state ('Z,")) that is 159.6 kJ mol” above the
ground state but it is relatively short-lived and relaxes rapidly to the first excited singlet
state ('Ag) by a spin-allowed transition (Figure 2b).

Figure 2a and 2b provide an adequate description of molecular oxygen for the purposes
of the following discussion. Figure 2a is a molecular orbital diagram of molecular
oxygen and shows occupancy of the orbitals until the highest occupied molecular
orbitals (HOMOs) and Figure 2b shows the occupancy of the m* and the m,*
antibonding orbitals (the HOMOs) in all three of the lowest energy states of molecular
oxygen. In the ground state there is an electron in each of the two degenerate orbitals
and they have parallel spins (hence triplet) accounting for its paramagnetism. In the
singlet states the electrons have antiparallel spins (singlet) and quantum mechanical
pertubation theory calculations have shown that the singlet oxygen which has a high
reactivity relative to the ground state is the one in which both the electrons occupy the

same 7,* orbital.
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HOMOs
2pmy*, 2pm*
Figure 2b
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Figure 2a: Molecular Orbital Diagram of Molecular Oxygen Showing Occupancy of
Orbitals until the Highest Occupied Molecular Orbitals

& : TR R
A 4} _________ 159.6kJ mol”
-1
3}:3_ 1 4 92.4/kJ mol

Figure 2b: The Highest Occupied Molecular Orbitals (2pmt,* and 2pn,*) of the Ground

State and First Two Excited States of Molecular Oxygen'*
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1.3 Mechanism of Dye-Sensitized Photooxygenation
The quantum mechanical aspects of singlet oxygen formation by a dye-sensitized
photochemical process will not be discussed here. A qualitative description is given
below.
The first step in dye-sensitized photooxygenation involves absorption of a quantum of
energy (light) by the ground state triplet sensitizer to give an excited singlet sensitizer
molecule; rapid intersystem crossing generates the excited triplet state of the sensitizer
(equation 1), which then undergoes energy transfer with another molecule. Dyes
commonly employed are Rose Bengal 2, methylene blue 3 and tetraphenylporphyrin 4.
There are then two paths available to the excited sensitizer: it can interact with a
molecule of the substrate in a Type I process or with molecular oxygen in a Type II
process (Figure 3).

hv ISC 3

Sensitizer ———— 1(Sensitizer*)—-- Sensitizer®) eqn 1

Collision with the substrate in a Type I process may be by hydrogen atom abstraction or
by electron transfer and results in formation of an excited substrate molecule, which can
then go on to react with molecular oxygen and afford the products. This process results
in degradation of the sensitizer dye and is generally not desired. In a Type II process the
molecular oxygen is excited by collision with the excited sensitizer to afford singlet
oxygen, which reacts with the substrate while the sensitizer is returned to the ground

state.
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The reaction conditions can be manipulated to favour a Type II process over a Type I
process, for example: use of high concentrations of oxygen, low concentrations of the
substrate and by choice of a solvent in which the lifetime of singlet oxygen is relatively
long (such as halogenated solvents and benzene)."’

The disadvantages of dye-sensitized photooxygenations often arise from unwanted side-
reactions such as the generation of radical species and therefore radical derived by-
products, also resulting in dye-degradation. Careful control of the conditions may
optimise yields, for example performing the reactions at low temperature, using
deuterated or halogenated solvents and by employing a light source with a low intensity

in the ultra violet region."”
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SENSITIZER

(/,»—hv
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' 2
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TYPE | TYPE Il
Figure 3"

1.4 Chemical Generation of Singlet Oxygen'®

There are two preparatively useful methods for the generation of singlet oxygen and
these will be described below. Although there are several other possible ways
(including  bromine-hydrogen peroxide, decomposition of superoxides and
decomposition of transition metal-oxygen complexes) these suffer from a synthetic
perspective because they result in formation of by-products or very low yields of singlet

oxygen.

1.4.1 Hydrogen peroxide- Hypochlorite System
A weak, red chemiluminescence associated with this reaction was first reported by

Mallet in 1927 and attributed to electronically excited oxygen by Kasha and Khan'’ in

511,12

1963. Foote and co-workers (among others) went on to demonstrate that the
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products and product distributions generated using this system were very similar to those
obtained by photooxygenation, although with unreactive substrates serious side reactions
were observed due to competing free-radical reactions. Gollnick and Schenck'®
observed that oxygenation of a-pinene gave different products to photooxygenation,
except in the presence of a radical inhibitor 2,6-di-fert-butyl phenol.

The calculated yield for the generation of singlet oxygen using this system is 75 %' and
the yields of oxygenated products are also reasonable, even when compared with

photooxygenation. The proposed mechanism for the generation is shown below (2)-(5):

ClOO +  H0, —% HOCI + HOO )
HOO® +  HOCI —p. HOOCL % YHO 3)
HOOCI + HO — HO + CloO @)
ciooc —» '0, IR o | 5)

This method is solvent limited since the reactions must be performed in aqueous-
alcoholic, strongly alkaline media. Good yields are obtained using methanol, ethanol

and a mixture of methanol and tert-butylalcohol (1:1).

1.4.2 Phosphite Ozonides

The treatment of a solution of a phosphite with ozone generates a 1:1 adduct that is
stable at low temperature but on warming is a useful source of singlet oxygen. Our
group, in collaboration with Prof. G. H. Posner, has investigated the use of these
ozonides for the synthesis of endoperoxides and antimalarial 1,2,4-trioxanes; a detailed

discussion follows in Chapter 2.

1.5 The Reactions of Singlet Oxygen

Two types of reactions of singlet oxygen feature most prominently in the literature.
These are its cycloaddition reactions with olefins (formally [4+2] and [2+2]) and the
Schenck ‘ene’ reaction (or singlet oxygen ene reaction but referred to simply as the ene

reaction from here). The mechanisms of these reactions have been the subject of much
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research and are discussed only briefly below, although a full account is available in the

reviews by Clennan'>'"’

. 2 . .
and Frimer® and the references therein. Proposed mechanisms
include: concerted cycloadditions or stepwise processes via perepoxide, biradical or

zwitterionic intermediates or via an ‘exciplex’ (Figure 4).

e IR

oD 0 O 0,
A ®H °>_LV T
perepoxide zwitterionic biradical exciplex

Figure 4: Possible Intermediates of Olefin Photooxygenation

1.5.1 [ A4st22] Cycloadditions
The ‘formal’ [4s+:2;] cycloaddition reaction of singlet oxygen with 1,3-dienes affords
unsaturated endoperoxides (Scheme 2). It is analogous to the Diels-Alder reaction with

singlet oxygen acting as the dienophile.

5
Scheme 2
Ph E.h
Ph Ph :
VY 0, 0
@]
PR SN P I
Ph
Scheme 3

Calculations by Dewar and Thiel*' have suggested that the addition of singlet oxygen to

a diene is a two-step process that proceeds initially via a perepoxide transition state

10
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(Figure 4). The MINDO/3 calculations have been criticised by other authors®>* since
they underestimated the value heat of formation of an epoxide therefore probably
underestimated the heat of formation of a perepoxide.

Clennan'® observed that a two step process via biradical or zwitterionic intermediates
was unlikely given the high stereospecificity reported for these reactions; for example
photooxygenations of 1,1’-dicyclohexenyl 5 and s-cis fixed diene 6 in which single
diastereomers are formed (Schemes 2 and 3). He concluded that the observed specificity
could occur in a stepwise fashion only if the rate of rotation in the intermediates was
very slow compared to the rate of product formation. In addition, involvement of a
biradical would be expected to induce isomerization of the diene but this has not been
reported.

Clennan"® preferred a mechanism that initially involved reversible formation of an
‘exciplex’ (Figure 4) between singlet oxygen and the diene, which would collapse to
afford the endoperoxide. The rate constants for these reactions were shown to be much
higher than the ‘normal’ Diels-Alder reaction with energies of activation typically very

%2 Gorman®® suggested that these low activation barriers

low and sometimes negative.
indicated reversible formation of the exciplex.

There is considerable debate but until recently it was generally held that the mechanism
is a concerted process with a delocalised 67-electron transition structure, which is a
satisfactory description for the following discussion. The energetically low lying p-
orbitals on oxygen (compared to carbon) result in a m-molecular orbital for singlet
oxygen which has a much lower LUMO and HOMO than ethene, hence it is a very good
dienophile. The reaction works well for a vast number substrates and is extremely

tolerant of a variety of functional groups and heteroatoms occurring with cyclic, acyclic

and aromatic 1,3 dienes.

1.5.2 [2.+x25] Cycloadditions
The reaction of singlet oxygen with electron-rich olefins or olefins without f-hydrogen
atoms, formally a [r2,+:2s] cycloaddition, affords 1,2-dioxetanes which are four

membered cyclic peroxides (Scheme 4).

11
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Rose Bengal
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Scheme 4

Probably due to the relative instability of these products, which decompose thermally,
photochemically and chemically with chemiluminescence,”’ it was the last of the three
reactions to be discovered. Interest in dioxetanes initially centred round their
chemiluminescent reactions and there is now evidence they have a role in
bioluminescent processes.”’ However, some dioxetanes are stable crystalline compounds
that can be isolated at room temperature.

The formation of dioxetanes has been shown to have a higher energy of activation than
endoperoxides and allylic hydroperoxides and appears only to occur when other paths
are inaccessible. An exception is observed in the case of electron-rich olefins; the
[2a+225] cycloaddition product may be formed even when B-hydrogen atoms are
available, although the ‘ene’ product is often formed competitively.

The concerted [x2,112;] cycloaddition is a formally ‘allowed’ process and was proposed
as the mechanism of dioxetane formation by Kearns® and then Bartlett and Schaap,”’
who observed that the stereochemical integrity of cis- and trans- diethoxyethylene was
maintained in the products. He also felt that the lack of solvent effects on the reaction
were indicative of a concerted process, particularly since the [4+:2] cycloaddition
reaction (assumed to be a concerted process) was also unaffected by solvent polarity.
However, Clennan'® has since reported that 1,4-dimethoxy and 1,4-di-tert-butoxy-1,3-
butadienes are isomerised during photooxygenation (Scheme 5); good evidence for

‘open’ intermediates.
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Scheme 5

Calculations by Dewar and Thiel®' indicated that the mechanism operating might be to
some extent substrate dependent. Their MINDO/3 calculations predicted that a
perepoxide intermediate (non-polar and reactant-like, Figure 4) was formed in the case
of normal olefins, but for electron-rich olefins such as dihydropyran and vinyl enamine a
relatively polar, zwitterionic intermediate (Figure 4) was formed.

The involvement of a polar or a zwitterionic intermediate in these reactions is well
supported experimentally, particularly for electron-rich olefins. Firstly, the
intermediates of these reactions have been intercepted by nucleophiles during
photooxygenation and secondly, skeletal rearrangements have been reported and unusual
solvent effects have been observed.

Jefford®® has reported that the photooxygenation of some olefins in inert solvents
afforded only the dioxetane whereas in methanol an addition product was observed

(Scheme 6).
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The dioxetane was inert to solvolysis in methanol under normal conditions suggesting
that a polar intermediate was intercepted during photooxygenation. The nucleophilic
nature of the intermediate was also illustrated by 1,2,4-trioxane formation when

acetaldehyde was employed as the solvent (Scheme 7).

0,, RB, hv
CH3CHO O
o\go
OMe

OMe Me
13 %

Scheme 7
McCapra and Beheshi*® reported that the photooxygenation of 7 afforded the unusual

dioxalone product 8 in addition to the dioxetane. It was proposed that the dioxalone was

formed by a Wagner-Meerwein rearrangement of a polar intermediate (Scheme 8).
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Asveld and Kellog“ have reported that photooxygenation of cyclohexyl methyl enol
ether 9 gave both the ene product (an allylic hydroperoxide) and the dioxetane in

varying yields of the dioxetane (3 to 50 %) dependent upon the polarity of the solvent
(Scheme 9).

OMe 14 0—0 OOH
e 2
e Vs, + <
< > Q_k 'OMe Q_(@Me
H H

o 3-50 %
Scheme 9

More polar solvents resulted in a higher yield of the dioxetane suggestive of stabilisation
of a polar, zwitterionic intermediate by the solvent. The MINDO/3 calculations of
Dewar and Thiel®' for dihydropyran indicated that the polarity of the solvent would
effect the product distribution since the ene product should be formed via a less polar
perepoxide intermediate while polar solvents would favour a open polar intermediate
leading to the dioxetane. Dioxetane formation in this case has been observed to vary
over a 59-fold range dependent upon the solvent polarity.*>

In summary, most experimental evidence favours the formation of an open polar

intermediate as the mechanism of the formal [;2,+52;] cycloaddition reaction of singlet
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oxygen with electron rich olefins. A perepoxide mechanism should not be ignored
however, particularly in the case of other olefins. However, it is not necessary to
distinguish between the two for the purpose of the following discussion, and since the

olefins employed by us were electron-rich enol ethers a zwitterionic intermediate is

assumed.

1.5.3 The Ene Reaction

In the singlet oxygen ene reaction an allylic hydroperoxide is formed by attack of singlet

oxygen on an olefin followed by abstraction of an allylic hydrogen and migration of a C-
C double bond, (Scheme 10).

102
+
O,H O,H
9:1

Scheme 10

The process is highly suprafacial with the C-H bond broken on the same face of the
molecule as the attack of singlet oxygen perpendicular to the plane of the double bond.
This reaction is also highly regiospecific and many groups have examined this aspect of
the reaction; Clennan'’ has reviewed the key features.

In 1953, Schenck™ reported that dye-sensitized photooxygenation of alkyl substituted
olefins afforded an allylic hydroperoxide as the product, in which the double bond had
shifted position. Nickon and Bagli®* stated that the reaction was stereospecific when
they reported only formation of the B-epimer in the photooxygenation of cholestines,
which led them to propose a cyclic mechanism for this type of reaction (Scheme 11),
though they did not speculate whether the reaction was a concerted process. Gollnick

and Schenck'® were the first to suggest that the process was concerted.

B — 1

i O

" 0 T
Scheme 11
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The concerted mechanism was attractive because it appeared to explain the
stereochemical consequences and, in addition, the absence of radical involvement and
the lack of solvent and substituent effects. However, more recent experimental evidence
favours a stepwise mechanism.

The stereointegrity of the starting olefin was shown to be maintained in the product
(Scheme 12)"° therefore it was concluded that a radical mechanism was unlikely to be
involved. Moreover, the lack of Markovnikov directing effects suggested that a
zwitterionic intermediate was also doubtful; since singlet oxygen is electrophilic a
propensity to add to the end of the double bond in such a way to generate the most stable

carbocation should occur but was not observed experimentally.

Meﬁ," /

Scheme 12

However, Kopecky and Reich®® first proposed the intermediacy of a perepoxide
intermediate (Figure 4). They postulated that formation of the intermediate was
followed by rearrangement of the double bond with concurrent proton shift. MINDO/3
calculations by Dewar and Thiel®' suggested a very short-lived perepoxide intermediate
that occupied very shallow minima on the potential energy surface, unlikely to be

detected experimentally non-polar and reactant-like in nature. Indeed, Inagaki and
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