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ABSTRACT

A series of 1,2,4-trioxanes has been synthesised by the mercury(ll)- 
mediated cyclisation of allylic hemiperoxyacetals obtained by the addition of 
allylic hydroperoxides to aldehydes and ketones. The methodology has been 

extended by variation of the carbonyl compound, the allylic hydroperoxide and 

the mercury(ll) salt.

Allylic hydroperoxides CH2 :C(Ph)CH(0 0 H)CH2 0 X (X=H, CONHPh  

and Ac), obtained from the regiospecific photooxygenation of the 

corresponding allylic alcohol and derivatives CH3 C(Ph):CHCH2 0 X, gave 

hemiperoxyacetals with aldehydes and ketones which upon cyclisation with 

mercury(ll) trifluoroacetate then reduction with sodium borohydride 

diastereoselectively afforded 1 ,2,4-trioxanes with XOCH2 substituents at C-6 .
p-Mercuriated allylic hydroperoxides from the hydroperoxymercuriation 

of conjugated dienes reacted with propanal to form hemiperoxyacetals and 

subsequent reaction with mercury(ll) acetate followed by anion exchange 

gave b/s-mercuriated 1,2,4-trioxanes.
The synthesis of 1,2,4-trioxanes from 2,3-dimethylbut-1 -en-3-yl 

hydroperoxide was extended to the use of dicarbonyl compounds. This 

afforded peroxides with a 3,3-spirocycloalkyl substituent and a 3-phenyl 
substituent, each with additional functionality in the form of the second 

carbonyl group. These 1,2,4-trioxanes were modified by carrying out 
reduction and condensation reactions at the remaining carbonyl group. The 

3,3-spirocycloalkyl-1,2,4-trioxanes were not conformationally locked but 
peroxide ring inversion was frozen out at -59 °C.

Carbohydrate molecules were fused directly onto the 1,2,4-trioxane 

structure by using the mercury(ll)-mediated cyclisation of hemiperoxyacetals 

derived from carbohydrate-aldehydes with 2,3-dim ethylbut-1-en-3-yl 
hydroperoxide.

An attempt was made to combine two antimalarial components (the
1,2,4-trioxane structure and cinchonine) to see if the resultant compounds 

would exhibit synergistic effects on activity. Our approach was to oxidise the 

3-vinyl group of cinchonine to the aldehyde level. However, the cinchonine- 
aldehyde failed to afford 1,2,4-trioxanes under our cyclooxymercuriation 

conditions.
Many of the 1,2,4-trioxanes were tested in vitro against the human 

malaria parasite P. falciparum and displayed significant and wide-ranging 

activity.
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COSY Correlated Spectroscopy

DOG dicyclohexylcarbodiimide
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Chapter 1 - Introduction

1.0 INTRODUCTION

1.1 Malaria: The problem

Malaria is one of the most serious and complex health problems 

facing humanity in the 20th century. It is an infectious disease transmitted by 

mosquitoes. In humans malaria is caused by four species of protozoan 

parasites of the genus Plasmodium: P. vivax, P. ovale, P. malarias and P. 

falciparum . The latter is the most severe form of malaria, often leading to 

coma and death within a few days; it is the most common malaria parasite in 

Africa.

World-wide distribution of malaria
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Central America
Increased infections 
due to agricultural 

.̂  development and 
nsecticido resistance
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500 000 cases per year 
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'  m m

■■A . _ .
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Epidemics 

in Highlands 
• due to drought.

famine and 
resettlement scheme§ti

Regions affected by malaria are shown in red.

figure 1
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An estimated 1.9 billion people, nearly 40 percent of the world’s 

population are affected by malaria. Previously widespread, the disease is 

now confined to about 100 countries in the poorer tropical areas of Africa, 

Asia and Latin America (fig. 1). Approximately 300 million of the world’s 

people are infected by the disease and between 2-3 million people die from 

it every year. In Africa alone 1 million people, mainly infants and children, 

die annually from malaria.^

1.2  The Mosquito

More than 2,500 species of mosquitoes are known world-wide, of 

these only a sub-group of 50 to 60 species belonging to the genus 

Anopheles are capable of transmitting malaria. Male Anopheles feed on 

fruit juices and do not transmit malaria. Female Anopheles need a blood 

meal before laying their eggs. They can survive for a month under 

favourable conditions of high humidity and moderate temperatures.^ That is 

sufficient time for the malaria parasite to mature and for the Anopheles to 

take another blood meal and thus transmit the parasite to a second human 

host.

1.3 The life cvcle of Plasmodium

The life cycle of Plasmodium (the malaria parasite) is extremely 

complex (fig. 2 ). It is a sequence of four phases : one sexual without 

reproduction, and three asexual with reproduction. The sexual and first 

asexual phase occur only in Anopheles mosquitoes. The second and third 

asexual phase occurs in the liver and blood respectively. In the third asexual 

phase some parasites become sex-cells called gametocytes, which start a 

new cycle if taken into an Anopheles.
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Sporozoites
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The life cycle of the malaria parasite.^

figure 2

Fertilisation : the sexual phase, occurs in the gut of a mosquito.

Sporogony : the first asexual phase, occurs in the stomach wall

Hepatic schizogony : the second asexual phase, occurs in the liver.

iv. Erythrocytic schizogony, the third asexual phase, occurs in the 

erythrocytes.
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Phase i. Fertilisation.

A female Anopheles  sucks blood from an infected person. 

Gametocytes escape from red blood cells to free female or macro 

gametocytes and male or micro gametocytes. Fertilisation occurs within a 

few minutes of the micro gametocytes release and the nuclei fuse forming a 

zygote. This transforms into an ookinete, which bores into the stomach wall 

and becomes an oocyst.

Phase ii. Sporogony.

The oocyst matures and begins a process of internal division to 

produce thousands of worm-shaped sporozoites. The cyst bursts and the 

free sporozoites migrate through the body of the mosquito and invade her 

salivary glands.

Phase iii. Hepatic schizogony.

The infected Anopheles mosquito is attracted to her prey and in 

taking her blood meal the mosquito releases into the capillary bed of the 

skin saliva containing sporozoites. Within a few minutes they are in the liver, 

invading the liver cells. In a liver cell the sporozoites soon become hepatic 

trophozoites. These grow, divide internally to become the multinucleated 

hepatic schizont which then transform into thousands of invasive merozoites. 

The infected liver cells burst apart releasing merozoites into the blood. In P. 

wVaxsome sporozoites become hypnozoites which lie dormant in liver cells, 

to develop months or years later and cause the illness to relapse.

Phase iv. Erythrocytic schizogony.

In the blood the merozoites invade the host’s erythrocyte within a few 

minutes of their release. These grow and divide into more merozoites. When 

the mature red cell bursts, merozoites are released and the cycle starts

4
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again. As the disease progresses some merozoites develop into micro- and 

macro gametocytes which circulate but only develop further if they are taken 

up by an Anopheles mosquito.^

1.4  Malaria control

Malaria control has relied heavily on the provision of antimalarial 

drugs, environmental sanitation, and on the application of insecticides. In 

1955, the World Health Organization (WHO) adopted a policy to eradicate 

malaria world-wide. The malaria parasite is transmitted to the host by the 

bite of an infected mosquito. If the mosquito could be killed, strategists 

reasoned, the transmission of the parasite could be eliminated. The 

insecticide DDT (1,1,1-trichloro-2,2-bis[/>chlorophenyl]ethane) was widely 

used for house-spraying in an attempt to eradicate malaria during this 

period. By 1969 it became evident that the W HO’s eradication programme 

had failed because mosquitoes developed resistance to the insecticide.

1.4.1 Malaria vaccines

Protective immunity can be induced in humans or experimental 

animals by repeated natural infection, by passive transfer of immune serum 

or cells, by immunisation with radiation -attenuated parasites, or by 

immunisation with vaccines. A cheap, easily administered vaccine would be 

invaluable in the control and eradication of malaria. Unfortunately, such a 

vaccine is still a distant goal because of the complex life cycle of the parasite 

(fig. 2 ), each stage of which looks different to the human immune system.
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There are three main approaches to a vaccine against malaria :

i. Vaccination against sporozoites.

ii. Vaccination against merozoites.

iii. Vaccination against gametocytes.

Theoretically an antisporozoite vaccine should prevent the growth of 

mature parasites, and block transmission. Vaccines against sporozoites 

would not protect from merozoites for example in donated blood. 

Vaccination against merozoites would not prevent infection completely, but it 

would limit the disease making it unlikely."* Immunisation using gamete 

products raises the interesting prospect of an ‘altruist’s vaccine’, an 

immunisation accepted for no benefit to the individual, but to prevent 

transmission and so protect others.

Manuel Patarroyo of the National University of Colombia has 

developed a synthetic vaccine SPf6 6  which offers immunity against the most 

lethal form of malaria, P. falciparum. The synthetic peptide vaccine, based 

on three merozoite protein segments and one segment from the sporozoite 

protein has been tested on some 20 000 p e o p le .S P f6 6  has been at the 

heart of a row involving the Medical Research Council who claim that too 

little information was provided about the vaccine, and Patarroyo’s early trials 

lacked controls. Recent results have been obtained for a phase III field trial 

of the SPf6 6  vaccine.4 These results show the vaccine to have a crude 

protective efficiency of 38.8% against P. falciparum malaria. Children aged 

1-4 years and adults older than 45 years received the highest levels of 

protection from the vaccine (77% and 67% respectively). The estimated 

protective efficiency against a second episode of P. falciparum malaria was



Chapter 1 - Introduction

50%. As G.T. Keusch M.D states: “The results of a well -designed,

controlled, and objective field trials have long been awaited, but after all has 

been said and done, they are disappointing. This is not the malaria vaccine 

we need, unless other studies that are being conducted under W HO  

auspices prove to be better.”̂

The ideal antimalarial vaccine should consist only of those parasite 

antigens which induce acquired resistance and be free of contaminating 

host materials such as red cell antigens or agents such as viruses, and a 

single immunizing dose should give lasting protection to people of all ages. 

Such a vaccine is a long way on the horizon.

1 .4 .2  Antimalarial drugs

No antimalarial drug is effective against all stages of the malaria 

parasite found in the vertebrate host. The choice of antimalarial drug for use 

in man will depend on whether it is for prophylactic purposes (i.e. to prevent 

or suppress clinical malaria, referred to as prophylactics) or curative 

purposes (i.e. to treat an attack of malaria and/ or eliminate tissue stages). It 

will also depend on the species of malaria to be treated. Antimalarials are 

divided into four categories according to the stage in the life cycle they 

attack. Sporozoites are resistant to all antimalarials. The prophylactics kill 

the early liver stages and prevent erthyrocytic infections. Drugs which kill all 

exo-erythrocytic forms are called tissue schizontocides. A few antimalarials 

when taken up in a blood meal by the mosquito will inhibit the development 

of the oocyst and thus prevent the production of sporozoites. The commonly 

used antimalarials are described briefly overleaf, and table 1 (page 1 1 ) 

summarizes their main characteristics.
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MeO

CH=CH2

HO--CH
/ C 2 H5

CHCH2CH2CH2N^

OMe

ÇH3

HN —  CHCH2CH2CH2N^
C2H5

C2H5

Quinine

In the early 17th century Jesuit missionaries in South America 

learned of the medicinal value of cinchona bark to treat and cure fevers 

including malaria.^ The antimalarial component isolated from this bark was 

the alkaloid quinine (1). Quinine is now only used for the emergency 

treatment of falciparum  malaria which fails to respond to chloroquine. 

Quinine is a blood schizonticide, and in the case of P. wVaxand P. malariae 

also acts as a gametocide. The mechanism of action of quinine is not known, 

neither is it known whether this drug, and others that contain a quinoline 

nucleus, share a common mechanism. This topic is discussed in greater 

depth for chloroquine (3) on which most research has been focused.

Mepacrine

Mepacrine (2) is a 9-aminoacridine. It was developed as a synthetic 

alternative to quinine but is now considered obsolete. It is a blood



Chapter 1 - Introduction

schizonticide however, one disadvantage is that it turns the recipient's skin 

bright yellow!

Chloroquine

Chloroquine (3), a 4-aminoquinoline was developed during World 

War II. It is an excellent blood schizonticide and in the case of P. vivax, P. 

Ovale and P. malariae a gametocide. It is used for prophylatic and curative 

purposes. The mechanism of action of chloroquine on the malaria parasite 

has recently been elucidated.^ The parasites digest the host cell’s 

haemoglobin to obtain essential amino acids. However, the digestion 

releases large amounts of soluble heme (fig 3) an iron porhyrin that is toxic 

to the parasite. To avoid destruction the parasites polymerise the heme into 

an innocuous, insoluble material called haemozin or malaria pigment, which 

accumulates in the parasite’s food vacuole. Chloroquine forms molecular 

complexes with malaria pigment, causing it to form clumps within the cell 

and inhibit the enzyme that polymerises (and detoxifies) heme.^

figure 3

Heme (occurs in the protein complex haemoglobin)
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Primaquine

Primaquine (4) replaced the related pamaquine (5) which was one 

of the first synthetic antimalarials. Both are 8 -aminoquinolines and act as 

sporozonticides. Both are however toxic to the host.

MeO
MeO

HCH2CH2CH2NH2
I

CH3

HCH2CH2CH2N<
C2H5

C2H5

Proguanil

P roguanil ( 6 ) a biguanide, and pyrim etham ine (7 ) a 

diaminopyrimidine have similar mechanistic activities. Both destroy the early 

tissue stages, especially of P. falciparum, and thus are used as casual 

prophylactics. They are also slow acting schizonticides. Both have 

unpleasant side effects. Because of their mode of action they are known as 

anti-folic drugs, they inactivate the enzyme dihydrofolate reductase and so 

block the precursors vital for making the parasites DNA.

NH n h -CH

Cl NH-C
NH NH

NH2

01

Sulfones

Sulfones like dapsone (an anti-leprosy agent) and sulfonamides (e.g. 

sulfadiazine), show antimalarial activity as blood schizonticides and are

10
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often administered in conjunction with other blood schizonticides, usually 

pyrimethamine.3

The main groups of antimalarial drugs and some of their characteristics.^

Group Compound
types

Stage of life
cycle
affected

Action on 
cells

Action on
malarial
pigment

1 Chloroquine
Mepacrine
4-
aminoquinolines

All asexual 
stages

Rapid coarse 
clumping

2 Quinine
Melfloquine
Primaquine
8-
aminoquinolines

All stages 
except mature 
gametocytes of 
P. falciparum (but 
Primaquine active)

.Degeneration 
of nuclei 
.Vacuolation of 
cytoplasm

Slow, fine 
clumping

3 Antifolates;
Proguanil
Pyrimethamine
Sulfonamides

Schizogony Maturation arrest 
producing large 
non-viable 
parasites

4 Sequiterpenes:
Artemisinin

Schizogony - Rapid radical 
destruction

1.5 Drug resistant malaria
Table 1

Drug resistant malaria has been defined by WHO as “the ability of a 

malaria parasite to multiply or to survive in the presence of normal or above 

normal (i.e. up to maximum tolerated dose) concentration of an antimalarial." 

Resistance to the anti-folate drugs, such as pyrimethamine and proguanil, 

has been reported in all four species of human malaria's since 1958.^ 

Resistance to these casual prophylactics did not cause great alarm as they 

were not usually used for treating acute malaria. Resistance to the drug of 

choice for acute malaria, chloroquine, was first observed in Colombia in 

1961 but is now widespread in the poorer tropical areas of Africa, Asia and 

Latin America. These chloroquine-resistant strains were frequently also 

resistant to quinine, which could usually be used to treat resistant P. 

falciparum .^  Resistance to newer drugs like the quinolinemethanols

11
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melfloquine and halfanotrine has also been reported.® Drug-resistant strains 

are thought to arise as a result of mutation and frequent use of the drug in 

question. Dissemination of resistance occurs from genetic recombination 

between strains. Thus the need for new antimalarial drugs has become 

imperative.

1.6 A promising new antimalarial drug

For centuries the herb qinghao, artemisia annua L  (annual 

wormwood, or sweet wormwood) a weed I ike plant, has been used by the 

Chinese as a treatment against fever and malaria.^ ® In 1972 the 

government of the People’s Republic of China led an extensive search for 

new antimalarial drugs from indigenous plants which led to the isolation of 

the active compound present in 1% yield in artemisia annua L  This 

compound was named qinghaosu or artemisinin (8 ). It is a sesquiterpene 

and the lactone ring has a trans configuration. The structure of artemisinin, 

as well as its relative configuration, was determined unambiguously by 

chemical characterisation as well as various spectroscopic and X-ray 

diffraction studies.^ The most unusual feature of its chemical structure is the 

endoperoxy moiety (1,2,4-trioxane ring), which is a rare feature in natural 

products. The only other known naturally occurring 1,2,4-trioxane is 

Caniojane which was isolated from the root of Jatropha grossidentataJ  

There is no reported evidence that 9 has any biological activity.

O a

12
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The first clinical studies conducted on artemisinin in China in 1972 

showed excellent activity against both P. falciparum and P. vivax malaria. 

Artemisinin was seen to elicit shorter parasite clearance times than 

chloroquine and more rapid symptomatic response.^’"*® It was effective 

against 143 cases of chloroquine-resistant infections and produced rapid 

recovery in 141 cases of cerebral malaria.^

Artemisinin is essentially water insoluble, its formulations were 

suspended in oil or in water for intramuscular injection, and were prepared 

as tablets and suppositories. In attempts to synthesise more soluble and 

potent antimalarial analogues of artemisinin, dihydroartemisinin ( 1 0 ) was 

obtained by the borohydride reduction of artemisinin. Ethérification or 

estérification of dihydroartemisinin produce derivatives artemether (11) and 

artesunate (1 2 ) with improved antimalarial properties.^^

H

OR

10R=H

11 R=Me
12 R=C0CH2CH2C02'Na+
13 R=0CH2C6H4C02H
14 R=Et

Research is underway to develop artemisinin related compounds, 

including artelinic acid (13) and arteether (1 4 ). 12 Acid 13 is water soluble 

and is effective in rodent malaria; an intramuscular formulation of 14, the 

ethyl ether, is undergoing phase I clinical trials.

13
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The plant yingzhao Artabotrys Uncinatus is another traditional 

Chinese herbal medicine used for treating malaria. The active compound 

present in yingzhao was named yingzhaosu (15). Isolated at the same time 

as artemisinin, 15 is a 2,3-dioxabicyclo[3.3.1.]nonane. The antimalarial 

activity of 15 and its synthetic analogues has only recently been 

investigated. The best antimalarial activity was observed for the analogues 

having a keto group within the ring system and an aliphatic or aromatic 

lipophilic tail as ring substituent. The optimised analogues possessed 

activity comparable to artemisinin.13 The most promising analogue is 

arteflene (16) which in preclinical studies using P. falciparum  and P. 

berghei models has shown activity against a variety of drug resistant 

isolates and lines. Initial human studies in healthy volunteers have shown 

the drug to be a well-tolerated treatment for mild P. falciparum malaria. 14

OH
CF;

OH

15 16

Artemisinin however, remains the lead compound in the development 

of new antimalarial drugs because of its activity against both chloroquine- 

resistant and potentially fatal cerebral malaria.^

14
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The action of artemisinin on the malarial parasite appears to be 

completely different from that of the quinoline and anti-folate drugs, this may 

well be why artemisinin is effective against parasites that have become 

chloroquine-resistant. It has been suggested that the membrane system of 

the parasite is the main site of action of artemisinin, because changes of the 

ultrastructure of parasite membranes after exposure to the drug have been 

o b s e r v e d . A r t e m i s i n i n ,  dihydroartemisinin and artemether have an 

inhibitory effect in vitro on the protein synthesis in P. falciparum-\niec\e6 

human erythrocytes. The parasiticidal effect of artemisinin and related 

compounds is thought to result from hemin-catalysed reduction of the 

trioxane unit into one or more cytotoxic radical species (scheme 1 ).^®’

scheme 1

The hem in-rich internal environment of malarial parasites is believed 

to be responsible for the selective toxicity of artemisinin and related 

compounds toward these parasites. Using an oxygen-18-labelled trioxane""6  

and some mechanism-based synthetic analogues'll Posner et ai. have 

shown that a carbon centred radical, formed from an oxy radical via an 

intramolecular 1,5-hydrogen atom shift, is important for antimalarial 

activity."18.19 Evidence supporting the intermediacy of a high-valent, non

heme, iron-oxo species with characteristics that resemble those of 

monoxygenase metalloenzymes known to cause oxidative damage to 

biological macromolecules has more recently been reported.17 it is 

proposed that such a high-valent iron-oxo species is formed via hemolytic

15
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oxygen-carbon bond scission from a p-ferryloxyethyl radical and that a 

highly electrophlic epoxide (e.g., 2 0  scheme 2 ), a potent alkylating agent is 

also formed.

H I

Fe(ll)

0

8

Fe(lll)q^ ;

" V -
H f

J0 ____
£
5 ,

0

21

Fe(lll)qr

p-sassion

Rebound 
epoxidation 

by 
Fe(IV)=0

-Fe(ll)

Fe(IV)=0 ^  Fe lll)-0

scheme 2

The crucial structure in artemisinin which gives it its antimalarial 

activity is the 1,2,4-trioxane moiety. Other parts of the molecule have been 

modified without loss of antimalarial activity. In compounds related to 

artemisinin the possession of a peroxide bridge alone is not of itself 

sufficient condition for antimalarial activity.2 0  Artemisinin has opened up 

broad perspectives for new antimalarials and stimulated the development of 

new synthetic routes towards 1,2,4-trioxanes.

16
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1.7 Biosynthesis of artemisinin.

There are currently approximately 18 known sesquiterpenes from 

artemisia annua L, almost all of which belong to the cadinane class. The 

three predominant sesquiterpene lactones: artemisinin (8 ), arteanniun B 

(23) and arteannuic acid (49) are all structured on the cadinane skeleton. 

In 1993 Brown isolated the novel secocadinone (21) and the cadinanolide 

(22) (as 2 diasteroisomers) from the aerial parts of A  a n n u a .21 Their 

structures were determined by 1H and i^C NMR spectroscopy.

HO'
HO

21 22

23 49

The isolation of 21 is of particular interest because it is an example of one 

of only a handful of 4,5-secocadinanes reported in the literature of which 

artemisinin (8 ) is itself a m e m b e r .22 Brown has postulated a biosynthetic 

route leading from the enol tautomer of the aldehyde group in 2 1 , via 

oxygenation at the enolic double bond, and subsequent rearrangement, to 

give the 1,2,4-trioxane system of artemistine (24) (a dehydro-analogue of

17
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artemisinin and possible biological precursor). Brown's hypothesis receives 

the strongest support from recent partial or total s y n t h e s i s 2 3 - 3 0 , 3 i , 3 3  o f  

artemisinin where in each case the vital 1,2,4-trioxane system has been 

formed through oxygenation of a formal equivalent of 2 1  (see section 1 .8 ).

Little is known about the biosynthesis of 8 , however there is some 

evidence that it arises from arteannuin B (23).2i Compound 23 is probably 

the second most plentiful sesquiterpene in A. annua. Brown proposes that 

the epoxide ring of arteannuin B is first cleaved to the dihydroxycadinanolide 

(22), which then undergoes G rob fragmentation to yield the enol form of 21. 

Compound 21 (possibly as the enolic lactone) then undergoes enzymic 

oxygenation at the enolic double bond and the resulting strained peroxide 

rearranges to the tetracyclic system of artemisitine (24). Reduction of the 

double bond yields artemisinin (8 ) (scheme 3).

1 8
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H

COgH

COgH

8 O
scheme 3
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1 .8  Total /  partial synthesis of artemisinin.

The first total synthesis of artemisinin was reported in 1983 by G. 

Schmid and W. H o fh e in z .2 3  (-)-lsopulegol (25) (scheme 4) was converted 

into benzyloxy menthone 26 after several steps in 58% yield.

MeO

HOOC
OCHgPh

O

HOQ
MeO.

MeO

HOOC

8

28

scheme 4

Compound 26 was elaborated into the enol ether 27 after a further 5 steps. 

When 27 was reacted with singlet oxygen (methylene blue, methanol, -78 

°C), an ene reaction led to the purported hydroperoxide intermediate 28. 

Treatment of 28 with formic acid in dichloromethane for 24 hours at 0 °C 

gave artemisinin (8 ) in 30% yield.

2 0
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Zhou et al. 24 also used a similar approach to the synthesis of 

artemisinin (8). They started with (+)-citronellal (29) and the intermediate 

enol ether 30 was prepared in 18 steps. Singlet oxygenation of 30 and  

further treatment with 70% perchloric acid gave 8 in 28% yield (scheme 5).

O

OHC

29

MeO

30

O2 , hv

H

rose bengal 
MeOH

MeO
70% HCIO4

MeOgC

31

scheme 5

8
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Avery et a/.25,26,27 used the p-ketosulfoDCidc32 as their starting 

material and converted it in several steps to vinylsilane 33.

O
O

SOPh

32
HOOC

33

a

HOOC

34a

O

HOQ

OHC

HOOC

-HoO
8

34b

a. O3 , MeOH, -78 °C 
b CF3COOH, CHCI3, HgO

scheme 6

Vinylsilane 33 on reaction with ozone formed the transient 

siloxydioxetane 34a. Treatment of 34a with trifluoroacetic acid caused ring 

opening to labile a-hydroperoxyaldehyde 34b which undergoes further 

selective cyclisation to give 8  (37% yield). This approach was also used to 

synthesise various derivatives of a r t e m i s i n i n ^ s . z s  (scheme 6 ).

Ravindranathan efa/.^o have reported a stereoselective synthesis of 

artemisinin (8) starting with (+)-isolimenene (36) which can easily be 

derived from (+)-car-3-ene (35) (scheme 7). The intermediate 37 underwent 

a Diels-Alder reaction to give 38. The ether 38 was converted into

2 2
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compound 39 in several steps. The enol ether 39 can be elaborated into 

artemisinin (8 ) as reported e a r l ie r .2 4

35
37

38

H
O

39

8

scheme 7

Ravindranathan et a/.^i have more recently provided a new approach 

to the total synthesis of 8 . Starting from (-)-menthol (40) they synthesised 

the two precursors 46 and artemisol (48) (scheme 8 ). The base or acid 

induced ring opening of 44 yields the precursors 46 or 48. The synthesis of 

4 6  or 48 constitutes a formal synthesis of artemisinin ( 8 ), since the 

synthesis of 8  from 46 has already been reported by Zhou et al. 24 and 8  

from 48 by W u .Y ^ ^  and J u n g .3 3
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H H

HO'

40

MG'
HO

41

AcO'
HO

42
H

AcO’

IV

45

Reagents
i A%0, Py, RT, 9 h
ii LTA, b, CeHi2 , hv, reflux, 2  h; 

then Zn-dust, AcOH, A, 4 h
iii a) KOH, EtOH, HgO, RT, 4h

b) PCC, NaOAc, CtiClg, RT, 1 h
iv a) NaH, DMF, - 1 0  ®C, 45 min

b) PhCHaBr in DMF, - 1 0  <̂ C, 3 h 
V Ref 24
Vi Ref 32 & Ref 33

H

44

H

BnO.

46

V

H

HO.

47

8

VI

HO.

48

scheme 8
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Arteannuic acid (49) is a relatively abundant constituent of artemisia 

a n n u a l  Despite there not being a total synthesis, there is a method 

described by Wu and Ye^^ for the conversion of 49 into artemisinin (8). The 

photooxidation of a cyclic enol ether 50 in the presence of methylene blue 

followed by treatment with trimethylsilyltrifluoromethanesulfonate and 

regeneration of the carbonyl group at the 2 -position by oxidation with 

ruthenium chloride-sodium periodate affords 8  in 96% yield (scheme 9).

HOsC

49
H

50 51

IV

i a, CHoNo
b, NiCig.BHpO, NaBH,
c, UAIH4
d, O3 / MeOH-CHgClg 
0 , IVlGgS
f, xylene, p-iyieCgH^SOaH

ii Op, Sodium lamp. Methylene Blue 
CMpClp, -70 °C

iii TfOTiyfe
IV RuClg-NalO^ / MeCN-l-^0 -CCl4

scheme 9

Roth and Acton^4 converted arteannuic acid (49) into artemisinin (8) 

in 2  steps via reduction of the exocyclic methylene group and 

photooxidation of the resulting dihydroartemisinic acid (52) (scheme 1 0 ). It 

has been suggested that photooxygenation proceeds via the allylic 

hydrogen peroxide 53 as shown in scheme 10.

2 5
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NaBH
49 > -

On, MBNiCI
HOG

HOOC
5352

air, TFA

Pet. ether HOO

HOOC

54

HOQ

HOOC

55

O

HOQ
►

OHC

HOOC

34b

8

scheme 10

Lansbury et al. ^5 have recently converted arteannuic acid (49) and 

arteannuin B 10 (2 3 ) into the lactone intermediate 59 (schem e 11). 

Examinations of protocols for converting 56 to 57 led Lansbury et al. to the 

Sharpless procedure using 2 :1  n-butyllithium/tungsten hexachloride in THF. 

Surprisingly, lactone 59 was isolated instead in 60% yield, presumably by 

Lewis-acid-mediated isomérisation of the more strained 57, since some 

un reacted epoxide 56 was recovered. Artemisinin (8) was also recovered 

by the allylic oxidation of 11-R-dihydroarteannuic acid (58) with Cr0 3 -3 ,5 - 

dimethylpyrazole in dichloromethane at -20 °C, followed by singlet 

oxygenation in CD3 OD at -78 °C, with rose bengal as photosensitiser and

2 6
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warming the intermediate to room temperature in the presence of acid 

(scheme 1 1 ).

H I

57

49 R= 

58 R=

Ref 37
,CK

23 R= CHg

56
Ref 36

H

O MeO

OMe

CD 3OD, -78°C  
Rose Bengal

A, camphorsuiphonic acid

8

60

scheme 11
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Haynes et al. ^ 8  have described how the photooxygenation of

arteannuic acid (4 9 )  and its dihydroanalogue 52 provide allylic

hydroperoxides 61 and 62. These hydroperoxides are converted either

indirectly via the corresponding esters, or directly into artemisitene (24) and

artemisinin ( 8 ). Treatment with a catalytic amount of copper(ll)

trifluoromethanesulphonate with or without an iron(fll) co-catalyst in

dichlorom ethane-acetonitrile under oxygen yields 24  and 8 . The

mechanism of these transformations is described in scheme 1 2 .

h i  H f

+ Cu+ + H'

COglVIeCOoMe

H = H =Cu\H

COoMe
w o' COgMe o ' COglVIe

P-TsOH
24

52

H

'COpMe
H 
62

scheme 12

8
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Liu et al. 39 used a Diels-Alder approach to the total synthesis of 

artemisinin (8 ). Their synthesis begins with the zinc chloride catalysed 

Diels-Alder addition of (+)-enone ester 63, readily prepared from (-)-p- 

pinene over three steps, to isoprene (scheme 13). After fourteen steps a 

mixture of two inseparable regioisomers 65 and 6 6  was obtained in 70%  

yield. Photooxygenation of the mixture of compounds 65 and 6 6 , followed 

by treatment of the crude product with trifluoroacetic acid in pet. ether in the 

presence of oxygen, gave 8  in 30% yield.

COoCHo
CO2CH3

63

(9:5)

CO2CH;

66

1 .0 2 , Methylene Blue 
hv, CH2CI,, 2 0  °C 

 ^  8

2. CF3CO2H, O2 
pet. ether, 2 0  °C

scheme 13

Because of their complexity, the total synthesis of artemisinin to date 

do not appear to be practical or affordable sources of artemisinin. Hence 

there has been much interest in the synthesis of 1,2,4-trioxane analogues.

2 9
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1 .9  Existing methods for the preparation of 1,2.4-trioxanes.

Existing routes for the synthesis of 1,2,4-trioxanes fall into five main 

categories.

i. Dehydration of peroxydiols

HgO

H o ^ Z r o

b

b

OH
I

.0
HO'

H O ^  ^ O

i > "

The first preparation of a 1,2,4,-trioxane was reported by Payne et 

a/40 in 1957. The method involved the tungstic acid catalysed condensation 

of a p-hydroperoxy alcohol 67 with a ketone (scheme 14).

H2O2 , H2WO4
O

OH

OOH

67

Me2C0

-HoO

scheme 14
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This route was unattractive because the ring opening of the epoxide 

required 90% hydrogen peroxide.

Adam et al. reported a similar approach to the synthesis of 1,2,4- 

trioxanes. His method involved treatment of the p-hydroperoxy alcohol with 

acetone in the presence of copper sulfate to furnish 1,2,4-trioxanes in 50%  

yield (scheme 15).

O
CuSOH2O2

EtoO

scheme 15

Subramanyam and co w o r k e r s ^ z  treated the epoxide 6 8  with 98%  

hydrogen peroxide to yield the p-hydroxy hydroperoxide 69, which when 

reacted with benzaldehyde gave trioxane 70 (scheme 16).

Ph

Ph H HO OH
I benzaldehyde y

P h ^ ^ H  

68 69

scheme 16
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McCullough et al. 43 reported a similar approach to the synthesis of

1,2,4-trioxane 72 in 10-15% yield starting from the epoxide 71. Treatment of 

71 with 98%  hydrogen peroxide furnished the p-hydroxy hydroperoxide, 

which when treated with indan-2-one gave the dispiro-trioxane 72 (scheme 

17).

O ^ ^ O C ^ O Q O D
71 72

(i) HgOg, EtgO, H+, 0°C
(ii) indan-2-one, H"̂ , EtgO, 0°C

scheme 17

An alternative synthesis of p-hydroperoxy alcohols was reported by 

S i n g h . 44 Here, singlet oxygenation of allylic alcohols 73 afforded allylic 

hydroperoxides 74. Compound 74 was condensed with aldehydes and 

ketones to give 1,2,4-trioxanes 75 in 34-74%  yield which showed 

antimalarial activity against P. berghei^^ (scheme 18).

X=H, Me, OMe, F, Cl 

73

OH

O — OH
X

74

0—0

(i) ’ O2, EtOH, 0-10 °C, 10-16 h
(ii) RR'CO

scheme 18

(ii)
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Allylic hydroperoxides of the type 74 are reported to undergo an acid 

catalysed tandem fragmentation-condensation reaction to give 3,6-bis(a- 

arylvinyl)-1,2,4-trioxanes 76 in 20-30% yields (scheme 19)46

O — H

À
74

Ar^ ^

scheme 19

0—0

Ar

76

The dehydration route to 1,2,4-trioxanes can alternatively be 

achieved by changing the order of addition of the three basic components 

(epoxide, hydroperoxide and carbonyl compound) i.e. by synthesising a - 

hydroperoxy alcohols and treating them with epoxides to afford similar 

intermediates. The reaction has been investigated by Nojima et al. 47,48 on  

taking a hydroperoxide and treating with an epoxide, tungstic anhydride and 

catalytic amounts of chlorosulphonic acid it afforded the corresponding

1,2,4-trioxanes in 7-63% yield (scheme 20).

PhCH— 0 0 — CHPh
I

HO OH

WO. PhCH— OC^— CHPh 
I I

HO CHgOH

CISO3H

0 —  0

scheme 20

The initial step involved the tungstic anhydride mediated ring opening 

of the epoxide to furnish an a,P'-dihydroxy peroxide and a ketone. Acid 

catalysed dehydration of the diol led to trioxanes formed as single 

diastereomers.
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ii Trapping of Paterno-Buchi triplet 1.4-diradicals bv molecular oxygen.

The application of the trapping of Paterno-Buchi diradicals by 

molecular oxygen for the synthesis of 1,2,4-trioxanes has been well studied 

by Wilson et al. 49

hv

ISC

X

R l  R 2

O
79

R3

ISC

R3

O. .0

O
81

scheme 21

Irradiation of quinone 77 with an argon ion laser gave a singlet 

biradical which underwent inter-system crossing (ISC) to the triplet state 78. 

The triplet biradical 78 could now add to an alkene to form the preoxetane 

biradical 79 . The preoxetane biradical subsequently underwent inter

system crossing to the oxetane 80. Alternatively, the preoxetane biradical

3 4
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could be trapped by triplet molecular oxygen leading to 1,2,4-trioxane 81 in 

approximately 50% yield (scheme 21).

Maruyama et a/.^o used a similar approach to the synthesis of bicyclic

1,2,4-trioxanes starting from alkenoyl-1,4-quinones (scheme 22).

O

O—

scheme 22

This method has also been applied to the synthesis of other bicyclic

1,2,4-trioxanes 82 (scheme 2 3 ) , and artemisinin-like lactones 8 3 

(scheme 2 4 ).S2

Q
a R=R=Ph 

b R + R = / ^ 0

9. Ar-ion laser
CCI4 (-5°C)

ISC

82

scheme 23
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O R*^ ^
83

R

scheme 24

iii Singlet oxygenation of g-pyrans.

'Oc

The singlet oxygenation of an a-pyran provides a Diels-Alder 

approach to the synthesis of trioxanes. The method is restricted to the 

preparation of bicyclic unsaturated structures. Only one example of this 

method is found in the literature which is provided by the total synthesis of 

(±)-forskolin (84) (scheme 2 5 ).53 The enol acetate 85 was irradiated (GE 

sunlamp) in the presence of 2 % of methylene blue in 0 2 -sa tu ra ted  

chloroform at 1 0  °C for 4-5 h; the resulting photocyclisation to pyran 8 6  and 

subsequent 4+2 addition of singlet oxygen, formed 1,2,4-trioxane 87 in 55- 

63%  yield. This key step formed the C ring of the forskolin system 

stereoselectively.

3 6
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AcO.COR

OTBMSGE sunlamp

2% methylene blue 
in Go-saturated CHOI. 
10°C4-5h.

R=CH=C(0 Ac)CH2CH2 0 TBMS

AcO.

OTBMS

87

Forskolin, a diterpenoid, 
is an activator of adenylate 
cyclase which is known 
to have several 
physiological effects.

HO

OH

OAc

OH

84

scheme 25
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iv Ring expansion of an ozonide (1.2.4-trioxolane).

0—0 -X

O " "OR

An alternative approach to 1,2,4-trioxanes was carried out by 

B unnelle et al. 54 This method involved the cationic ring expansion of an 

ozonide, accompanied by 1 ,2 -migration of the peroxide, triggered by 

ionisation of the leaving group.

TMS

O

88
O

NaHCOg

CH3CN

89

scheme 26

Treatment of ozonide 8 8  with mild base in acetonitrile led to the 

rearranged 1,2,4-trioxane 89 in up to 90% yield (scheme 26). Favourable 

circumstances for the proposed rearrangement required the leaving triflate 

group and peroxy groups to be antiperiplanar. The isomer of 8 8  with an 

equatorial triflate group did not rearrange.
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Trapping of zwitterions and p-hydroperoxy carbocations with 

aldehydes and ketones, and electrohile-mediated cvclisation of 

unsaturated hemiperoxvacetals.

Trapping of zwitterions and p-hydroperoxy carbocations.

o

+
0
1

.0

o s ;

This route was discovered by Jefford et ai. 55,56 whilst seeking 

evidence for zwitterionic intermediates in the singlet oxygenation of alkenes. 

The reaction is restricted to electron-rich olefins, such as enol ethers, which 

cannot undergo the 'ene' reaction to form hydroperoxides but react with 

singlet oxygen to give 1,2-dioxetanes. In contrast when acetaldehyde is 

used as solvent, the corresponding 1,2,4-trioxane 90 is furnished in 13% 

yield (scheme 27).

0-0
 ►
MeCHO,
-78°COMe OMe

scheme 27

It was subsequently discovered that 1,4-endoperoxides 91 or 1,2 - 

dioxetanes 93 could be used as masked forms of the protonated zwitterion,

i.e. p-hydroperoxy carbocations e.g. 92 which could participate in the same 

type of reactions (scheme 28 and 2 9 ).57-63

3 9
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OMe

H+

OMe
91

OMe OMeOMe

MeO' OOH MeO'MeO

OHHO

OMe

MeO

Me

scheme 28
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OMe

O2 , hv, rose bengal 

CHgClg, -78 °C

MeO

93

MeO.

0-0

Amberlyst-15

Me0-0Me

scheme 29

McPhail et a/.®^ reported the stereoselective synthesis of 

desethanoqinghasou (95) using the 1,2-dioxetane 94 as a masked source 

of the p-hydroperoxy carbocation (scheme 30).

MeO. O2 , rose bengal 

MeOH, hv, -70 to -78 °C
MeO
MeO^O

MeCHO

scheme 30
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Recent work by Posner et al. 65,66 involved the synthesis of 1,2- 

dioxetane 97 from methyl enol ether 96 following treatment with triethylsilyl 

hydrotrioxide. Subsequent structural rearrangement of 97 with tert- 

butyldimethylsilyl trifluoromethane sulfonate afforded 1,2,4-trioxane 98 

(scheme 31).

MeO.

EtaSiOOOH 

■78 °C, CH2CI2

96 OMe

scheme 31

OMe
98

4 2



Chapter 1 - Introduction

Electrophile-mediated cvclisation of unsaturated hemiperoxyacetals.

O' *o HO'

HX
.0

0
1

,0

X=C, N. O

An alternative approach is to provide the incipient carbocation by an 

addition process. Reactions of this type where X = 0  are frequently involved 

in the final stage of the total synthesis of artemisinin (see section 1 .6 ). 

Yamam oto et provide an example of intramolecular electrophilic 

addition (X=NR) in the synthesis of 5-arylamino-1,2,4-trioxanes. Arylamines, 

e.g. aniline, toluidines, xylidines or mesitylamines were condensed with 

aldehydes in the presence of atmospheric oxygen to provide the 

corresponding Py-unsaturated hydroperoxide. Cyclisation with the precursor 

aldehyde furnished 5-arylamino-1,2,4-trioxanes (scheme 32).

NHj
I
Ar

Me H
-

h ' '  \ h o

-H ,0

Me
R.

I
Ar

Me
H

Op, MeCHR-CHO

HNH

Me

R

scheme 32

Reactions of the type where X=C in the electrophile-mediated 

cyclisation of unsaturated hemiperoxyacetals were investigated by 

Bloodworth and Shah with the aim of developing a new synthetic route to

1,2,4-trioxanes (scheme 3 3 ) . ^ 8
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R

OH

99

+  RCHO

HO

R

ii. aq. KBr

HgBr

O" "O
NaBH4 , OH' I |

O

R 100 101

1 0 2

scheme 33

Starting from the allylic hydroperoxide 99 and an aldehyde, it was 

found that cyclisation of hemiperoxyacetal 1 0 0  with mercury(ll) acetate 

afforded several 1,2,4-trioxanes 101 which were readily demercurated to 

yield the 5,5,6,6-tetramethyl-1,2,4-trioxane derivative 102.

During an investigation of the applicability of the method to other 

hydroperoxides, it was found that hemiperoxyacetals derived from 1 - 

phenylprop-2-enyl hydroperoxide (103) afford 3,5,6-trisubstituted 1,2,4- 

trioxanes 106 with high diastereoselectivity whereas those derived from 3- 

phenylprop-2-enyl hydroperoxide (104) yield only 3-phenyl-4-mercurio-1,2- 

dioxolane (105) (scheme 34).®9
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HgOAc

0 ^ 0

105

R

103 PhAcOHg

106

scheme 34

Davies and Cai^o have duplicated Bloodworth's^S-^Q route to 1,2,4- 

trioxanes using tin(IV) as a hydrogen equivalent throughout (scheme 35).

Sn,

^  R 1  ^ ^ R 1

I I ' 0 2 JL .0 2

" T l
I J f ]  \

R 3  R 2 R 3  R 2

4 L J  J,

► Sn
MeCHO

A

Me

Hg(0 Ac)2
X

^  Y NaBH4 , OH
R1

R3

Me

I
o

AcOHg R 2

scheme 35
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Recent work by Bloodworth and Shah^i has shown that 

hemiperoxyacetals 100 undergo cyclisation with NIS or NBS to afford the 

corresponding 3-alkyl-5-halogenomethyl-5,6,6-trimethyl-1,2,4-trioxanes 107 

in 20-65%  yield (scheme 36).

O

R

JL
HO" "O

n

A .

1 0 0

X— N

X=l, Br

R

X

107

scheme 36
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1.9.1 Limitations to synthetic methods to 1.2.4-trioxanes

The synthetic methods for 1 ,2,4-trioxanes that have been discussed 

all have their limitations. The methods involving the dehydration of 

peroxydiols40-43 prepared by the reaction of epoxides with 98% hydrogen 

peroxide is somewhat hazardous. Singh's singlet oxygenation method^4 is 

limited to the synthesis of 6-(a-arylvinyl)-1,2,4-trioxane derivatives. The 

trapping of Paterno-Buchi triplet 1,4-diradicals by molecular oxygen requires 

complex and expensive equipment. The singlet oxygenation of an a-pyran^3 

is restricted to the preparation of bicyclic unsaturated structures, and is the 

only example to date. The cationic ring expansion of an ozonide^^ to a

1,2,4-trioxane is restricted to the one example found in the literature and 

structural constraints are required for the desired rearrangement to occur.

Jefford's55-63 method for the synthesis of 1,2,4-trioxanes is the most 

thoroughly investigated. A wide range of 1,2,4-trioxanes in fair to high yield 

has been published. However, Jefford's method is limited by the fact that 

bicyclic endoperoxides (or their equivalent) are used as the starting 

materials, and thus the 1,2,4-trioxanes generated all have fused ring 

systems. P o s n e r ' s ^ s . e e  and McPhail's^^ approaches to 1,2,4-trioxanes are 

also constrained by the ability to form fused ring 1,2,4-trioxanes. The 

autoxidation of imines®^ is restricted to the synthesis of 5-arylamino-1,2,4- 

trioxanes.

The new synthesis developed by Bloodworth and co workers^s,69,71 

should prove to be a less restrictive methodology for 1,2,4-trioxane 

synthesis, as it lacks many of the limitations mentioned above. It was thus 

decided to investigate further the applicability of this method as a potential 

general route to 1,2,4-trioxanes.
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1 .9 .2  Aims of thesis

The main objectives of the proposed research were as follows.

1 . To extend the principle outlined in scheme 33 by the following.

a. Varying the aldehyde or ketone. This would facilitate an

examination of the effect upon antimalarial activity in relation to

(i) lipophilicity; using long chain aliphatic aldehydes and 

ketones,

(ii) hydrophilicity; using aldehydes and ketones 

incorporating carbohydrate groups, and

(iii) spiro structures; enhanced activities have been found 

for other spiro analogues.

b. Varying the allylic hydroperoxide.

c. Varying the electrophile.

2. To assess the antimalarial activity of the new 1,2,4-trioxanes 

thereby afforded and to correlate this with molecular structure.

3. To investigate the chemical reactions of the new 1,2,4- 

trioxanes with particular interest in the retention of the trioxane 

moiety.

Chapters 2  and 3 will investigate variation of the allylic hydroperoxide 

and the mercury(ll) salt, chapters 4 and 5 variation of the carbonyl 

compound and the chemical reactions of the new trioxanes. Finally, chapter 

6  will investigate the antimalarial activity of these 1,2,4-trioxanes.

4 8
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2.0 SYNTHESIS OF 6-HYDR0XYMETHYL-1,2,4- 
TRIOXANES AND DERIVATIVES VIA INTRAMOLECULAR

OXYMERCURIATION

2.1 Introduction

Numerous approaches to the total synthesis of artemisinin and 

analogue s y n t h e s e s 2 4 - 3 9  have not clearly defined structural requirements 

for biological activity. The peroxy group is definitely an essential feature for 

the antimalarial activity of artemisinin^, as shown from the lack of activity for 

11-deoxyartemisinin (108). Recent studies on cyclic peroxides and 

tetrahydrobenzopyran-derived 1,2,4-trioxanes have also demonstrated that 

neither the peroxide function nor the 1,2,4-trioxane ring alone are sufficient 

to confer significant antimalarial activity.^z Rational design and synthesis of 

structurally simpler analogues of artemisinin have led to various 1,2,4- 

trioxanes with varying degrees of antimalarial activity.

O

108

4 9



Chapter2 -Introduction

Previously described work by Posner et a/.65 (section 1.9, scheme 

31), shows how triethylsilyl hydrotrioxide (EtaSiOOOH) was successfully 

applied to a short synthesis of tricyclic trioxanes. Trioxanes 109,110, and 

111 are typical examples of trioxanes derived by this method. Biological in 

vitro testing for antimalarial activity against P. falciparum showed 110 and 

111 to be more potent than 109, however all compounds have substantial 

and promising antimalarial activity."72

H

OMe OMe

109 110 111

Posner at aiJ^  have more recently reported the synthesis of a series 

of trioxane benzylic ethers 112. All of these trioxanes compare favourably in 

antimalarial activity with artemisinin in vitro against P. falciparum.

H

112

OROMe

Mel

R =

R =

R =

OH

OH F

OH;

OH;

OH:

«
- 0 7

Me
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Other work by Posner and c o -w o r k e r s ^ e  led to the synthesis of 

trioxane alcohol 113 and its conversion into a series of ester and ether 

derivatives as described in scheme 37. Compounds showed in vitro activity 

against P. falciparum. As a group, trioxane ethers 118 ranged from good 

(methyl ether) to outstanding antimalarial activity (the remaining ethers), 

substantially exceeding artemisinin in antimalarial potency. Trioxane  

sulfonates had comparable potency to artemisinin. As a group trioxane 

phosphates were all more potent than artemisinin, with diphenyl phosphate 

between 2-7 times more potent than artemisinin. The trioxane carbamates 

were also all more potent than artemisinin, with diphenyl carbamate 

between 4-7  times more potent than artemisinin. Finally, trioxane 

carboxylates ranged from much less potent to 3 times more potent than 

artemisinin. The parent trioxane alcohol 113 was found to be considerably 

less potent than artemisinin.

H

OMe

OH

113
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MeO.

OH

OMe

57%

H

n= 1,2
X= Cl, OH 
Y= C, S. P 
Z= O, S
R= aryl, (alkylO)2 , 

(aryiO)2 , N(alkyl)2 , 
N(aryl)2

R-X
X = Ci, Br, I 
R = Me, aiiyl, benzyl, 

CHg
CHa-yJyCHs

0-N

R. .0  114-117

Zn

Trioxane Esters Trioxane Ethers

scheme 37
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Jef ford et a i 6 0 ,6 i aigo focused on simplification of the artemisinin (8)

ring system from tetra- to tricyclic. Two sets of tricyclic 1,2,4-trioxanes

containing the ABC (119 , 120 ) and ACD (1 2 1 -1 2 4 ) ring portions of

artemisinin (8 ) were synthesised. Successive photooxygenation of

appropriate enol-ether precursors to 1,2-dioxetanes and inter- and

intramolecular reaction with a carbonyl compound or oxo-substituted side

chain afforded the corresponding trioxanes (see section 1.8, scheme 29).
R

Me
Me

Me'

Me0-0

121

Ph0-0

123

Me—y  V

119 R= Me
120 R= -(CHg)^-

MeO

Me0-0

122

MeO

0-0

124

Ph

The antimalarial activity of these trioxanes was evaluated in vitro 

against chloroquine-sensitive and chloroquine-resistant P. falciparum  

parasites. Trioxanes 120 and 121 were found to be as active as artemisinin 

(8 ). Results showed that neither the lactone function nor rings B and D of 8  

were essential for activity. The Ph-substituted 'exo'-methoxy trioxane 124  

was found to be superior in activity to its Me homologue 122. In light of
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these findings Posner proposed that a Ph substituent attached to the 

trioxane ring is beneficial for activity.

Previously discussed work by Jef ford etalP^  (section 1.8, scheme 28) 

described the synthesis of dihydronaphtho[1,2,4]trioxanes (125)-(127) and 

the elaboration of 126 and 127 into carbamate and ester derivatives. The 

resulting trioxanes were tested for their antimalarial activity against the 

sensitive N strain of P. berghei in mice. The trioxanes displayed no high 

antimalarial activity.

Ma

Me

R

R' R

125a CHa H

125b H C H 3

126a C H 2 O H H

126b H C H 2OH

127a (CH2 )6 ÛH H

127b H (CH2 )6ÛH

Our approach was to try to extend the new synthesis developed by 

Bloodworth and co -w orkers® ® >® 9 (see section 1.9, scheme 33 and 34) by 

applying the mercury(ll)-mediated cyclisation to the hemiperoxyacetals 128 

(scheme 38).
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r
HO

OH

128

HgXg

HgX OH

129

scheme 38

Subsequent conversion of 129 into esters and ethers would provide 

an extensive range of novel 1,2,4-trioxanes of considerable structural 

diversity. Encouraged by Posner'sG6 ,7 3 ,7 4  and J e ffo rd 's ^ o .G i findings of high 

antimalarial activity for their simplified 1,2,4-trioxane analogues, we hoped 

that our new 1,2,4-trioxanes would also display enhanced antimalarial 

activity.

The synthesis of our starting p-hydroxyhydroperoxide 131 was 

reported by S in g h .4 4  jh©  regiospecific photooxygenation of allylic alcohol 

130 provided p-hydroxyhydroperoxide 131 which was condensed with 

aldehydes and ketones to give 6-a-arylvinyl-1,2,4-trioxanes 132 as 

described in scheme 3 9 .^ 4

HO

^Oa, EtOH, 0-10 
10-16 h------------ ^

W R2

X
O  R ^ R ^ C O

131 

scheme 39

Application of the cyclooxymercuriation method (scheme 40), to 

hydroperoxide 131 allowed us to obtain novel 1,2,4-trioxanes 135 with 

different exocyclic functionality to that shown in compounds 132.
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2 .2  Results and Discussion

2.2.1 An intramoiecuiar oxymercuriation route to 1.2.4-trioxanes

We applied the principle of intramolecular oxymercuriation to the 

synthesis of 1,2,4-trioxanes 135 (scheme 40)7^

R

V '
Ph OH i HO O II

I — ^  Ph I

R

O III Ph

•  CH2CI2
i. Hg(0 2 CCF2)2

ii. KBr
V. NaBH^, NaOH

scheme 40

The phosphorus oxychloride dehydration of the Reformatsky alcohol 

from acetophenone and ethyl bromoacetate led to a mixture of ethyl 3- 

phenylbut-2-enoate (136) and ethyl 3-phenylbut-3-enoate (137) in a 3:1 

ratio respectively (scheme 41).
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“O r ” ' + 1

CHg 
H3O+ I
 ^  Ph— C — CH2CP2Et

OH

FOCI.

H CHgCOgEt CH3  COgEt

M  + >=<
H Ph Ph H

1
70%

137 136

scheme 41

It has been reported that the acid-catalysed dehydration of p- 

hydroxyesters usually leads to a mixture of a ,p  and p,y - unsaturated 

esters/5  The a,p - unsaturated ester is the chief product when an aryl group 

is attached to the p- carbon atom as demonstrated in scheme 41. We 

reasoned that the Hofmann elimination product 137 should be isomerised 

to the Zaitsev elimination product 136 under acid conditions (equation 1). 

However, treatment of a mixture of 136 and 137 with trifluoroacetic acid 

failed to afford any alteration to the isomer distribution.

H

> = <
H Ph

137

CH2C02B^+

Ph— C — CH2 CC  ̂Et 

CM,

CH3 CO2B

H
Ph H

136

equation 1
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The lithium aluminium hydride reduction of the 3:1 mixture of a,p and 

P,Y - unsaturated esters 136 and 137 afforded the corresponding (E )-3 - 

phenylbut-2-en-1-ol (130) and 3-phenylbut-3-en-1-ol (138) in up to 100%  

yield (scheme 42).

CH3 COgEt H CHgCOgEt UAIH4

H  —

+
Ph' H H Ph

W  ■ *  > = (

I F

136 137 130 138

scheme 42

Subsequent photooxygenation of the mixture of 130 and 138 gave  

3-phenyl-2-hydroperoxybut-3-en-1-ol (131) and un reacted 138 which was 

readily removed by chromatography (scheme 43). Modified reaction 

conditions (tetraphenylporphine sensitiser, dichloromethane, 400 W sodium 

lamp) allowed us to obtain 131 in higher yield (6 6 %) and shorter reaction 

time than those reported by S in g h .4 4

HO OH
TPP

CHoCI

131

scheme 43

The photooxygenation of allylic alcohols proceeds with regio- and 

diastereoselectivity which is attributed to co-ordination of the hydroxyl 

functionality with the incoming 1O 2 . Adam and Nestler^G propose that the
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hydroxyl- directed regio- and diastereoselective ene reaction of singlet 

oxygen with chiral allylic alcohols is achieved through OH group interaction 

with its nucleophilic oxygen atom and the electrophilic '•0 2 - Once this 

diastereofacial control has occurred, the OH group through H-bonding 

interacts with the negatively charged terminal oxygen atom of the 

subsequently formed perepoxide transition state and further stabilises the 

aggregate (see figure 4).

■q

4

perepoxide transition state 
figure 4

Stereoselective control appears to derive from the initial attraction 

between the electrophilic 1O 2 and the nucleophilic oxygen atom of the OH 

group in the exciplex. In addition, for the case of the allylic alcohol 130, 

unsaturation in the phenyl group acts to force geminal addition and thus to 

provide the desired regiospecificity of this reaction.

The usual conditions (mercury(ll) acetate, perchloric acid 

c a t a l y s t ) G 8 , 6 9  for cyclooxymercuriation of hemiperoxyacetals derived from 

allylic hydroperoxides failed when applied to a mixture of 131 and propanal 

even after 12 h of reaction time. The starting hydroperoxide 131 w as  

recovered in 75% yield as determined by ^H NMR spectroscopy directly on 

the filtered crude reaction mixture after evaporation of the solvent. We were 

unable to identify the other products.

Overman and Campbell^^ generated hemiacetal 140 from the 

reaction of cyclohex-2-en-1-ol (139) with chloral. Treatment of 140 with 

m ercury(ll) trifluoroacetate for an essential 48 hrs followed by
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Chapter 2  -  Discussion

demercuriation with alkaline sodium borohydride afforded the cyclic chloral 

adduct 142 in 62% yield (scheme 44).

139

H CCI3

140

. 2 CCI3CHO, THF
i. Hg(0 2 CCF3)2
ii.NaBH^, NaOH

CCI;

141

H
CCI

iii

142

scheme 44

The mechanism for the hemiacetal cyclisation reaction proposed by 

Overman is decribed in scheme 45. Addition of mercury(ll) trifluoroacetate to 

hemiacetal 140 initially forms the reversible adducts 144 and 145. 

However, intramolecular capture at 0 -2  of the intermediate mercurinium ion 

143, by the hydroxyl group to afford 141 is thermodynamically favoured 

and can ultimately dominate.
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H CCI3

OH

140
X=0 2 CCF3

CCIs 

1
O ^ ^ O H

HgX;

143

CCI:CCI

OHOH

HgX

+
HgX

145144

H
CCI:

Hg0 2 CCF 3

141

scheme 45

Mercury(ll) trifluoroacteate was chosen over mercury(ll) acetate 

because of its greater solubility in organic solvents. Mercury(ll) 

trifluoroacetate is also known to promote the addition of nucleophiles to 

carbon-carbon double bonds.7 8 7 9

W e decided to apply modified O v e r m a n 's ^ ^  conditions to our 

hemiperoxyacetals 133 (scheme 46). Treatment of 133 with mercury(ll) 

trifluoroacetate gave after anion exchange, a 41% yield of a 2:3:3 mixture of 

three compounds which were identified by NMR spectroscopy as two 

diastereoisom ers of the desired 1,2,4-trioxane 134 and a single 

diastereoisomer of the 1,3-dioxane 146 (scheme 46). These compounds 

could not be separated by column chromatography.
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Et

OHPh
i. EtCHO 

Hg(CfeCCF3)2 PhG

ii. KBr
HgBrOH OH

131 134

Chapter 2  - Discussion 

Et

HgBr C 

146

scheme 46

As 1,2,4-trioxane 134 and 1,3-dioxane 146 contain three chiral 
Pairs op

centres, four^diastereoisomers for each are possible. The major 1,2,4- 

trioxane isomer 134a was shown (see section 2.2.4) to have the CH2 HgBr 

group lying in the axial position (little steric discrimination can be expected 

between the CH2 HgBr and phenyl group). The other ring substituents lie in 

the equatorial position (fig. 5).

H

H CHgHgBr

134a

figure 5

Reductive demercuriation of the mixture of 1,2,4-trioxanes 134 and

1,3-dioxane 146 with basic sodium borohydride afforded after column 

chromatography, 1,2,4-trioxane 147 (two diastereoisomers, 147a major) 

and 1,3-dioxane 148 in a 2:3:3 ratio respectively (scheme 50).
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134

Ph

HgBr OOH
OH

147146

Chapter 2  - Discussion

Et

+

OH

148

scheme 50

Further purification by HPLC was necessary to isolate the separate 

compounds 147 and 148. The stereochemistry of the major 1,2,4-trioxane 

alcohol 147a (see section 2.2.4) was consistent with results obtained from 

the parent organomercurial 134a. In both 1,2,4-trioxane alcohol isomers 

147a and 147b the bulky groups at 0 -3  and 0 -6  are equatorial in the 

favoured conformation (fig. 6 ). Interestingly, the OH proton shows coupling to 

one of the methylene protons attached to 0 -6  in isomer 147b.

H Me

Et
O

H

Ph

O

H

147a 147b

figure 6

1,3-Dioxane 148 was shown (see section 2.2.4) to have both the OH 

group and phenyl group lying in the axial position, the ethyl group lies in the 

equatorial position as shown in fig. 7.

63



H

Chapter 2  - Discussion

Ph

Mei
Et

OH

148 

figure 7

2 .2.2 Estérification of organomercurial 1.2.4-trioxanes

Having formed 1,2,4-trioxane alcohol 134 we wondered if we could 

prepare chemically modified derivatives easily, without destruction of the 

essential trioxane system. Jef ford et al.^^ (see section 2.1) reported the 

synthesis of dihydronaphtho[1,2,4]trioxane (126b) and its conversion into 

carbam ate derivatives. 1 ,2 ,4-Trioxane 126b was treated with 4- 

methoxyphenyl and 3,4-dichlorophenyl isocyanates using dibutyltin 

dilaurate as a catalyst (scheme 51).

R -N=C=0

dibutyltin dilaurate

CHgOCONHR

n=1 R= 4 -MeOC6H4 

n= 6  R= 3 ,4 -Cl2C6H3

scheme 51

Posner et al.^^ (see section 2.1, scheme 37) reported the synthesis of 

trioxane alcohol 113 and its conversion into carbamate derivatives 114.
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Et
I
3

p h ^ l  Ai
'6 /r

HgBr
^OH

OH

113
II
o

114

134

R= (alkyOgN, (aryOgN

Jefford’s trioxane alcohol 126b has the alcohol group at 0-3 , i.e. C^- 

(C H 2 )nOH (n=1 ), whilst Posner’s trioxane alcohol 113 has the alcohol 

group at 0 -6 , i.e. C®-C-(CH 2 )nOH (n=2 ). Our trioxane alcohol 134 is a 

structurally simpler analogue of Posner’s trioxane alcohol 113, i.e. C®- 

(CH2 )nOH (n=1 ). Posner’s trioxane carbamate ester 114 was reported to be 

7 times more potent than artemisinin in vitro and more active than its parent 

trioxane 113. To this end we hoped that conversion of our trioxane alcohol 

134 into carbamate ester derivatives would also result in enhanced activity. 

Therefore a mixture of 1,2,4-trioxane alcohol 134 and 1,3-dioxane 146 was 

gently refluxed in benzene for 3 days with phenyl isocyanate to afford the 

corresponding carbamate esters (overall yield 43%). Two diastereoisomers 

of 1,2,4-trioxane carbamate ester 149 and a single diastereoisomer of 1,3- 

dioxane 150 were obtained (scheme 52).

6 5



Chapter 2  -  Discussion

f  f  I*
O '^ O  0 ^ 0  0 - ^ 0  9  9

I I Ph-N=C=rPh

HgBr
OH

benzene
I I 72 h , ,
HgBr OGH HgBr L

-  ”A . ‘  • - r V
HgBr OOCONHPh 

OCONHPh

134 146 149 150

scheme 52

Column chromatography afforded three fractions (overall yield 43%). 

The first contained only the 1,3-dioxane carbamate ester (150 ; 3%). The 

second fraction was a mixture of the two diastereoisomers of 1,2,4-trioxane 

carbamate ester (149; 16%) with 149a as the major component. The third 

fraction contained only the major isomer (149a; 24%) which was shown to 

have consistent stereochemistry (fig. 8 ) with that of the major 1,2,4-trioxane 

alcohol isomer 134a.

CHpOCONHPh
O

H

Et

149a 

figure 8

Reductive demercuriation of the major 1,2,4-trioxane carbamate ester 

isomer 149a with basic sodium borohydride, afforded the mercury-free

1,2,4-trioxane carbamate ester 151 in 45% yield (scheme 53).
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Ph

HgBr OCONHPhOCONHPh

149a

scheme 53

2 .2 .3 Other hydroperoxides

Clearly the alcohol group of the p-hydroxyhydroperoxide competes 

with the hydroperoxide group for addition to the aldehyde and 

cyclooxymercuriation of the resultant hemiacetal gives rise to the undesired

1,3-dioxane 148 (scheme 54).

148

scheme 54

O — OH

+ EtCHO HO
OH

131

OHOH

147
EtEt

HO
Ph,

OHOOH
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To avoid this, while at the same time introducing a group which might 

enhance antimalarial activity,6 6  we converted the allylic alcohol 130 into the 

corresponding A/-phenylcarbamate 152. Treatment of a 3:1 mixture of 

alcohol 130 and 138 with phenyl isocyanate and a catalytic amount of 

pyridine, after stirring with heat for 0.5 h gave the corresponding carbamate 

esters 152 and 153 in good yield. Subsequent photooxygenation of the 

mixture of 152 and 153 gave 2-hydroperoxy-3-phenylbut-3-enyl N  

-phenylcarbamate (154) and un reacted 153 which was readily removed by 

chromatography (scheme 55).

PhN=C=0  

‘OH

130 138 Ph OH

OCONHPh

Ph^ OCONHPh 70% OCONHPh

153 154

scheme 55

As far as we are aware the photooxygenation of allylic carbamates 

has not been reported before, but our results indicate that the carbamate 

group is just as effective here as the hydroxyl group in directing the incoming 

singlet oxygen regiospecifically to the nearest carbon atom of the double 

bond. Adam and Nestler report that trialkylsilyoxyl, methoxyl and acetoxyl 

are markedly less regioselective than the hydroxyl group in related 

photooxygenations.76
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Cyclooxymercuriation of 154 under parallel conditions to those used 

for the parent p-hydroxyhydroperoxide 131 gave the N  -phenylcarbamate 

analogue 149 of 1,2,4-trioxane 134. No side products were now formed 

and three diastereoisomers of 149 were detected in the ratio of 3:3:1 

(scheme 56).

Et

Ph OH
I I i. EtCHO

Hg(C^CCF3)2 Ph

1 ii. KBr ,
^O C O N H Ph HgBr

OCONHPh

154 149

scheme 56

Column chromatography afforded three fractions (overall yield 54%). 

The first contained only the minor isomer (149c; 2 %) which was shown (see 

section 2.2.4) to have the stereochemistry outlined in fig. 9.

h3 Ph

CHgOCONHPh

149c 

figure 9

The second fraction was a mixture of all three isomers, with 149c as 

the minor component. The third fraction was a 1:1 mixture of two isomers. 

These two isomers had the same configurations as those of the 

diastereoisomers of 134 {cf. 147a and 147b).
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The hemiperoxyacetal formation, intramolecular oxymercuriation 

(schem e 56) and reductive demercuriation could be carried out 

consecutively in the same reaction vessel. In this ‘one-pot’ procedure, the 

anion exchange was omitted and the solution was washed with 5% aqueous 

sodium bicarbonate before commencing with the sodium borohydride 

reduction. The ‘one-pot’ procedure for cyclohexanone involved using 

ethanolic rather than aqueous sodium borohydride for the reduction. In this 

way the un reacted ketone present was converted into cyclohexanol, which 

allowed the purification of 156 to be far easier by column chromatography. 

The ‘one-pot’ method is fast and convenient as it avoids handling the 

intermediate mercurials (scheme 57).

0

1

OCONHPh
J CHgClg

OH
O i. Hg(02CCFj)2 

A ii. NaBH., OH'

HO
Ph

Ph OCONHPh
OCONHPh

154 155

scheme 57

The pure compounds were isolated in yields of about 37% table 2 shows 

product and yields.

Compound R1 R2 Yield%

1 56a Pr H 37

156b -(CH2 )s- 36

As with the ethyl analogue 1 5 1 , 1 5 6 a  was obtained as three  

diastereoisom ers. The spiro compound 156b was prepared from
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cyclohexanone showing that the method works with ketones as well as 

aldehydes.

Parallel chemistry was carried out with the related allylic acetate 157.

1,2,4-trioxane 159 (three diastereoisomers in the ratio 3:2:2) was isolated in 

a yield of 35% from the derived hydroperoxide 158 (scheme 58).

Et

OH GAc

AcOH,

DCC, DMAP

Ph Ph

130 157

'Oc
pAc OH j EtCHO o

Q  ii. Hg(02CCF3)2 Ph 

ill. NaBH4, OH'

158

OAc

scheme 58

Th e organom ercury(ll) brom ide 160 derived from the 

cyclooxymercuriation of 158 with cyclohexanone, was obtained as a pair of 

diastereoisomers after anion exchange with potassium bromide (scheme 

59).

OAc OH . cyclohexanone 

. Hg(02CCF3)2 Ph

I. KBr

HgBr
OAc

14%

158 160

scheme 59
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2.2.4 General NMR features consistent with proposed 

structures

The assignment of the stereochemistries of the 1,2,4-trioxanes was 

largely done through NMR studies. The presence of the 1,2,4-trioxane 

ring in all new 1,2,4-trioxane compounds was confirmed by the NMR 

signals observed for the ring-carbon atoms at Ô 100-104 (C-3), 6  81-90 (C- 

6 ), and 8  74-80 (C-5), and by the '•H NMR signals of appropriate multiplicity 

observed for the C-3(H) proton at 8  5.1-5.9 ppm. Characteristic signals were 

observed for C-6 (H) at 8 h  4.3-5.0 (X pattern of an ABX), and for the CH2 OX  

(X=H, CONHPh, COMe) group at 8 c  59-67 and 8 h  3.4-4.9 (AB pattern of an 

ABX).

The spectra of the organomercurials, additionally showed 

characteristic signals for the CHaHgBr group at 8c 35-49 and 8h 2.1-3.1 (AB 

pattern).

2.2.4.1 NMR studies and determination of stereochemistry

If a Singh-type condensation reaction had occurred under our 

intramolecular oxymercuriation conditions (scheme 18), we would have 

expected to observe the addition of mercury(ll) trifluoroacetate across the 

double bond of the 1,2,4-trioxane product to give 1,2,4-trioxane 1 6 3  

(scheme 60). However the IR spectrum of the product failed to show the 

incorporation of a trifluoroacetate group.
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Et

0-0

Ph

OH
OH

O^^^^O i- Hg(02CCF3)2
Et-

CH2CIî O ii. KBr

161 162 

scheme 60

O2CCF3

163

To determine the stereochemistry of 134 and other 1,2,4-trioxanes, 

nuclear Overhauser effect (NOE) measurements were made. The principle 

of NOE is that two protons which are close in space will interact, such that 

saturation of the signal due to one proton will cause a rapid relaxation of the 

other proton resulting in an increased signal strength for the second proton. 

Previous results^s.GQ show that in all cases, the major isomer formed in the 

trioxane synthesis must have an axial proton at H^, i.e. the alkyl group on C- 

3 is in an equatorial position. It can be safely assumed that in 1 ,2,4-trioxane 

134 the major isomer has the bulky ethyl group on C-3 lying in an 

equatorial position by analogy. We know that is axial, and therefore any 

proton on 0 -5  exhibiting an NOE to must also be axial or part of an axial 

group (fig. 10). The results of the NOE experiments are summarised in table

3.

NOE

Et CHpOH
O

H

134a

figure 10

Ph

HgBr
OH

134
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Chapter 2  - Discussion

Table 3: NOE measurements

Compound H' HO

134a H3 CHAHBRgBr downfield 

(AB signal), CH 2 C H 3  

on C-3.

134a CH^HBHgBr downfield 

(AB signal)

C H  A H B H g B r, H3, 

CH 2 OH
H' = proton irradiated H°=

The structural as 

NMR decoupling experin 

4.

Table 4: NMR decoup

)roton observed

signment of 134a was further established by Cl

ients, the results of which are summarised in tabk

ed measurements

Compound H' HO

132a H3 CH 3 CH 2

132a CH2 OH H6

H' = proton irradiated H°= proton observed

The results show that the major isomer 134a must have an axial 

CHaHgBr group as there is an enhancement observed between and one 

proton of the CHaHgBr group thereby suggesting restricted rotation about 

the CH2 HgBr group. An NOE observed between the protons of the CH2 OH 

group and one proton of the CH2 HgBr group confirmed that the bulky 

CH2 OH group lies in an equatorial position as expected.

C om pounds 147a,  147b, 149a 149b and 149c w ere also 

subjected to NOE measurements. The ethyl group attached to C-3 was 

again presumed to lie in the equatorial position so had to be axial, and 

thus any proton on C-5 exhibiting an NOE to must also be axial or part of 

an axial group. The results (table 5) show that in the major 1,2,4-trioxane

7 4
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isomer 149a (fig. 11), the CHaHgBr group must lie in the axial position as 

there is a key NOE measurement between and one proton of the axial 

C H 2 HgBr group on C-5. In the minor isomer 149b (fig. 1 2 ), the CH2 HgBr 

group must therefore lie in the equatorial position. This was confirmed by 

irradiation of the phenyl group signal which resulted in an enhancement at 

H3. In both the major 147a (fig. 11) and minor 147b (fig. 12) 1,2,4-trioxane 

isomers, the bulky substituent at 0 -6  lies in the equatorial position. This was 

confirmed by the irradiation of the Me on C-5 signal in both isomers (fig. 11 & 

1 2 ), which resulted in an enhancement of the protons of the methylene 

group at C-6 . NOE results showed that the 1,2,4-trioxane 149c (fig. 9) must 

have an axial phenyl group as there is an enhancement observed between 

H3 and the protons of the axial phenyl group on C-5. The bulky carbamate 

group is forced to lie in an axial position, this was concluded from an 

enhancement observed between the phenyl group at C-5 and H® at C - 6  

(see table 5).

H3 Ph

Et Et CHgOY

147a X = H , Y = H  147b X= H, Y = H
149a X= HgBr, Y=CONHPh 149b X= HgBr, Y=CONHPh

figure 11 figure 12

H3 Ph

■CH2HgBr 
E l "  \ ^ n  \

CHgOCONHPh

149c 
figure 9
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Table 5: NOE measurements

Compound HO

147a Me on C-5 H3, Ph on C-5, CH2 OH  

on C - 6  (fig. 11 )

147b H3

Me on C-5

Ph on C-5, CH2 C H 3  on 

C-3.

Ph, C H 2 OH upfield  

(one proton) (fig. 1 2 )

149a H3 CH^H^HgBr downfield 

(one proton), CH 2 C H 3  

on C-3 (fig. 11)

149b Ph on C-5 H 3 , C H 2 H g B r ,  

C H 20C 0N H Ph

149c H3

Ph on C-5

C H 2 C H 3  on C-3, Ph on 

C-5.

H3, CH 2 HgBr, (fig.

9)

H' = proton irradiated H°= proton observed

2.2.4.2 Stereochemistry of 1.3-dioxane 148

As with the 1,2,4-trioxanes previously discussed, it was reasonably 

assumed that the ethyl group on C -2  lies in an equatorial position (fig. 13).

Me,
Et

OH

m

148 

figure 13

7 6



Chapter 2  - Discussion 

The small coupling constants Jam 2.25 Hz, and Jpm TOO Hz implies that 

is equatorial and thus requires the OH group to be axial. NOE  

measurements on 148 are summarised in table 6 . The results show that the 

phenyl group must lie in the axial position as there is a key NOE  

measurement between H^ and the protons of the phenyl group on 0-4.

Compound H' HO

148 H2

Hm

Ph, Ha, C H 2 C H 3  on C -2  

Ph, Ha, OH
H' = proton irradiated H°= proton observed

2.3  Conclusion

The regiospecific photoxygenation of allylic alcohol 130 provided the 

starting p-hydroxyhydroperoxide 131 which was reacted with propanal to 

form hemiperoxyacetals 133 (scheme 40). Subsequent reaction with 

mercury(ll) trifluoroacetate resulted in 41% yield of 1,2,4-trioxane 134 and

1,3-dioxane 146 after anion exchange with potassium bromide. The 

alkaline sodium borohydride reductions of 134 and 146 to 147 and 148 

allowed the separation of the two compounds (two diastereoisomers of

1,2,4-trioxane 147 and one diastereoisomer of 1,3-dioxane 148 by HPLC.

NOE measurements on the 1,2,4-trioxanes 147a and 147b  

confirmed that in both isomers the bulky substituents at C-3 and C - 6  were 

equatorial. In the major diastereoisomer 149a the CH2 HgBr group was 

axial, whereas in the minor isomer 149b it was in the equatorial position. 

Estérification of compounds 132 and 146 m ade availab le  the 

corresponding 1,2,4-trioxane carbamate esters 149 and 150 in fair yields 

(43%). Reductive demercuriation of 1,2,4-trioxane carbamate ester 149a
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with basic sodium borohydride, afforded the mercury-free 1,2,4-trioxane 

carbamate ester 151 in fair yield (45%). Consistent NOE results were 

obtained for the 1,2,4-trioxane derivatives 147 and 149 and the parent 

organomercurials 134.

The singlet oxygenation of allylic carbamate 152 and allylic acetate 

157 afforded the corresponding p-O-protected hydroperoxide in good yields 

(70%). The p-carbamate 154 and p-acetate 158 hydroperoxides eliminate 

the problems of hemiacetal formation in our cyclooxymercuriation-based 

trioxane synthesis. Mercury(ll) trifluoroacetate-mediated cyclisation of 

hemiperoxyacetals derived from these allylic hydroperoxides yield 1,2,4- 

trioxanes with a-oxylalkyl substituents at C-6 .
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EXPERIMENTAL

Materials and methods.

All solvents were reagent grade. Diethyl ether and benzene were dried over 

sodium wire. Dichloromethane was dried by distillation from calcium hydride, 

m  and NMR spectra were recorded in deuteriochloroform solutions with 

a Varian AX-400 (400 MHz) spectrometer unless reported otherwise. 

Chemical shifts are reported in 6 -values relative to chloroform. All infrared 

spectra were recorded as thin films between sodium chloride plates using a 

Perkin Elmer 983 spectrometer. Optical rotations were measured on a Perkin 

Elmer 141 polarimeter. Melting points were measured on a Reichert micro 

hot stage apparatus and are uncorrected. Microanalyses were performed on 

a Perkin Elmer 2400 CNN Elemental Analyser by the Microanalytical 

Laboratory at University College London. High-resolution mass spectra were 

measured at a) the London School of Pharmacy on a V.G. 7070H or VG-ZAB 

instrument with a Finnigan Incos II data system or b) the Mass spectrometry 

section at University College London on a VG ZAB-2 F mass spectrometer. 

High pressure liquid chromatography (HPLC) was performed on a Gilson 

analytical chromatograph equipped with Gilson 303 and 305 pump systems, 

a Gilson 811b dynamic mixer, a Gilson 805s manometric module, and a 

Gilson 115 u.v. absorbance detector set at 254 nm. Column chromatography 

was performed on silica gel 60 (70-230 mesh, ‘Merck 7734'). Thin layer 

chromatography (TLC) was performed on silica gel 60 F 254 aluminium 

backed plates (‘Merck 5554’). For general work, the plates were visualised 

using an acidic solution of p-anisaldehyde in ethanol. To test for peroxides, 

an acidic solution of iron(ll) thiocyanate was used®® - peroxides gave a blood 

red spot. Organomercurials were visualised using a 0.3%  solution of 

dithizone in chloroform, a yellow spot indicated a positive test.
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Ethyl 3-phenylbut-2-enoate.

136

Prepared according to the method of Johnson & Kon.^i

In a clean, dry, 500 ml, 3-necked flask, fitted with a mechanical stirrer, a 250 

ml separatory funnel, a reflux condenser (Note 1), the upper end of which 

was protected by a calcium chloride drying tube, was placed powdered zinc 

(35 g; 0.5 mole) (Note 2). A solution of ethyl bromoacetate (56.4 ml; 85 g; 0.5 

mole) (Note 3) and acetophenone (57.8 ml; 60 g; 0.5 mole) in dry benzene 

(100 ml) was placed in the separatory funnel. About 10 ml of this solution was 

added to the zinc, and the flask warmed until the reaction started (Note 4). 

The mixture was then stirred and the rest of the solution added at such a rate 

that the reaction mixture refluxed gently; care was taken that the reaction 

mixture did not become too vigorous. The addition took about 1 h. The 

reaction was then refluxed for 1.5 h on a steam bath. The crude benzene 

solution of the hydroxyester was washed with dil. sulfuric acid (20%) (3x100 

ml) to decompose the zinc compound. The ester was then refluxed with 

phosphorus oxychloride (3 ml) for 1.5 h. The benzene solution was washed 

with water (2 x 1 0 0  ml), dried over anhydrous calcium chloride and distilled 

under reduced pressure to yield ( 6 8  g; 70%) of a 3:1:1 mixture of ethyl 3- 

phenylbut-2-enoate, ethyl 3-phenylbut-3-enoate and acetophenone as a 

yellow oil. Approx. yield of ethyl 3-phenylbut-2-enoate (54.4 g; 60%).
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For 3:1:1 mixture: 

b.p. 120-123 °C (6  mm).

IR (neat film) 3085 (m), 2981 (s), 2360 (s), 1735 (s), 1712 (s), 1686 (s), 1628 

(s), 1495 (m), 1446 (m), 1366 (m), 1266 (s), 117 (s), 1030 (s), 905 (w), 765 

(m), 600 (s) cm 'i.

Selected data for ethyl 3-phenylbut-2-enoate:

Lit. b.p. 142-145 °C (16 mm); yield (51-68%).81

1R NMR (400 MHz, CDCI3 ): ô 7.46 (m, 5H, CeHs); 6.17 (q. J=1 .32  Hz, 1H, 

CH=C); 4.24 (q, J=7 .13  Hz, 2 H, OCH2 CH 3 ); 2.60 (d, J=1.32  Hz, 3H, CH 3 );

1.34 (t, J=7 .13  Hz, 3H, OCH2CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ): 6  155.56 (C =0); 141.22 (PhC=CH); 129.02, 

128.53, 128.35, 126.34 (aromatics); 117.20(C=CH); 59.89 (O C H 2 C H 3 );

17.99 (CH3  C); 14.40 (OCH2 CH3 ) ppm.

Notes

1. An efficient reflux condenser was necessary to prevent loss of solvent. The 

same precautions as to cleanliness of the apparatus and the absence of 

moisture should be observed in carrying out the Reformatsky reaction as in 

the reactions involving the Grignard reagent.

2. The zinc dust was purified by washing it rapidly with dilute sodium 

hydroxide solution, water, dil. acetic acid, water, alcohol, acetone and ether. It 

was then dried in a vacuum oven at 100 °C.

3. Ethyl bromoacetate is a powerful lachryamator, and care should be 

exercised when handling it. A 10% solution of ammonium hydroxide should 

be kept available to neutralise any of the bromoester which may be spilled.

4. It is essential that the reaction start before any additional ethyl 

bromoacetate and acetophenone are added.
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Trans 3-Dhenvlbut-2-en-1-ol.

OH

130

Prepared according to the method of E.E. Royals & E.R. Covington.®^

Lithium aluminium hydride (7.5 g; 0.2 mole) was suspended in dry diethyl 

ether (400 ml) in a 2-litre round-bottomed flask equipped with a mechanical 

stirrer, pressure-equalising dropping funnel, and calcium chloride guard 

tube. The reaction vessel was cooled in an isopropyl ice bath. A solution of 

ethyl 3-phenylbut-2-enoate prepared as previously described (19 g; 0.1 mole 

allowing for impurities) in diethyl ether (50 ml) was added dropwise at such a 

rate to maintain the temperature at -10 °C. After addition was complete, 

stirring was continued for 2  h at - 1 0  °C, and the mixture was then allowed to 

stand at room temperature overnight. The reaction mixture was cooled in an 

ice-salt bath, and the excess hydride destroyed by the careful addition of 

water dropwise until the initial vigorous reaction was complete (CAUTION!). 

Finally an additional 100 ml of water was rapidly added. The mixture was 

stirred with 500 ml of 20%  cold sulfuric acid until solution of the precipitated 

salts was complete. The ethereal layer was separated off, and the aqueous 

layer was extracted with diethyl ether ( 1 0 0  ml), saturated with sodium 

chloride, and extracted again with diethyl ether (100 ml). The ether extracts 

were combined with the original ethereal layer, then washed with water ( 2 0 0  

ml), 2.5% (w/v) potassium carbonate solution (2x100 ml), water (3x100 ml).

8 2



Chapter 2  - Experimental

and then dried over anhydrous sodium sulfate. The ether was removed at the 

rotary evaporator to afford the crude product as a 3:1:1 mixture of 3- 

phenylbut-2-en-1-ol, 1-phenylethanol, and 3-phenylbut-3-en-1-ol as a yellow 

oil; yield (100%; 16.03g). Approx. yield of 3-phenylbut-2-en-1-ol present in 

crude (9.62 g; 65%).

For a 3:1:1 mixture:

IR (neat film) 3406 (s), 3058 (w), 2972 (w), 2927 (w), 2871 (w), 1644 (w), 

1599 (m), 1493 (s), 1446 (s), 1368 (m), 1279 (m), 1204 (w), 1075 (s), 1027 

(s), 900 (m), 759 (s), 699 (s) cm’i.

Selected data for 3-phenylbut-2-en-1 -ol: Lit. b.p. 128-131 °C (product was 

not distilled but used as crude).

1R NMR (400 MHz, CDCI3 ): 5 7.26-7.45 (m, 5H, CgHg); 5.98 (t, J=6 .53  Hz, 

1H); 4.35 (d, J =6.67 Hz, 2H, CHgOH); 2.20 (brs, 1H, OH) 2.09 (s, 3H, CH 3 ) 

ppm.

13C NMR (100 MHz, CDCI3 ): ô 142.91 (PhC=C); 128.52, 128.32, 127.31, 

125.81 (aromatics); 114.58 (C=CH); 59.88 (CHgOH); 16.06 (CH3 ) ppm.

3-Phenvl-2-hvdroperoxybut-3-en-1-ol.

OOH

OH

131

A solution of crude 3-phenylbut-2-en-1 -ol (130) prepared as described 

above (9.0 g; 60 mmol allowing for impurities) and tetraphenylporphine (0.05 

g; 5x10'^ mole) in dichloromethane (400 ml) was irradiated internally with a 

400 W sodium lamp in an immersion cell through which oxygen was passed.
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After 3 h the lamp was switched off. The dichloromethane solvent was 

removed under reduced pressure to afford the crude product. Purification 

was achieved by column chromatography (Si0 2 ; CH 2 CI2 ) to remove the

un reacted 1-phenylethanol (R f 0.70) and 3-phenylbut-3-en-1-ol (R f 0.3); the 

column was then eluted with (1:5 MeOH, CH2 CI2 ) to yield the hydroperoxide 

as a white solid. Crystallised from hexane/ CH2 CI2 . Yield 6 .2 2  g; (6 6 % based 

on 3-phenylbut-2-en-1 -ol present in crude), 

m.p. 77-84 °C; Lit.44 m.p. 78-82 °C

IR (nujol mull) 3190 (m), 2360 (w), 1960 (w), 1892 (w), 1866 (w), 1264 (m), 

1571 (w), 1495 (w), 1210 (w), 1126 (w), 1085 (w), 1035 (s), 1025 (m), 933 (s), 

831 (m), 781 (m) cm'T

NMR (400 MHz, CDCI3 ): 6  8.90 (brs, 1H, OOH); 7.46-7.26 (m, 5H, CqH^)]

5.54 (d, J=0 .97  Hz, 1H, C=CH2 ); 5.43 (d, J =0.97 Hz, 1H, C=CH2 ); 5.09 X of 

ABX (dd, J ^ = 3 .2 9  Hz, J^^=7.52 Hz, 1H, CHOOH); 3.69-3.80 AB of ABX 

=3.29 Hz, J^^=7.52 Hz, =12.50 Hz, 2H, CH2 OH); 1.60 (s, 1H, OH) ppm. 

130 NMR (100 MHz, CDCI3 ): 6  128.63, 128.59, 128.20, 126.62 (aromatics); 

144.23 (PhC=C); 115.78 (C=CH2 ); 87.99 (HCOOH); 63.48 (CH2 OH) ppm.

Lit. NMR44 (CDCI3 ): 6  7.2-7.5 (m, 5H, aromatics); 5.34-5.42 (2s, 2H, 4 -H2 );

5.00 (dd, J = 7  Hz, J = 5  Hz, 1H, 2-H); 3.65 (m, 2H, I-H 2 ) ppm. LRMS (FAB, 

MNOBA matrix) for C 10H13O3  (M+H)+, Found: 181. Calcd: 181.

8 4



Chapter 2  - Experknert̂

5-Bromomercuriomethyl-3-ethyl-6-hydroxymethyl-5-phenvl-1.2.4-trioxane 

(134) and 4-brom Q m ercuriom ethvl-2-ethyl-5-hydroperoxy-4-phenyl-1.3- 

dioxane (146).

0 ^ 0

" A
1
HgBr

^ O H
134

r
r
HgBr OOH

To an ice-cold solution of p-hydroxyhydroperoxide 131 (0.9 g; 3.4 mmol) in 

dichloromethane (20 ml) was added propanal (0.41 g; 7 mmol). After 3 h 

stirring at room temperature mercury(ll) trifluoroacetate (1.45 g; 3.4 mmol) 

was added, and the mixture stirred for a further 30 min. Sodium bicarbonate 

solution (5% w/v, 5 ml) was added to wash out the trifluoroacetic acid formed 

during the reaction. The organic and the aqueous layers were separated, 

and the aqueous layer extracted with dichloromethane (3x5 ml). Potassium 

bromide (0.56 g; 5 mmol) in water (10 ml) was stirred vigorously with the 

combined organic solutions for 30 min. The aqueous layer was separated off 

and extracted with more dichloromethane (3x5 ml). The combined organic 

extracts were dried over IVIgSO^, filtered, and the solvent was removed under

reduced pressure. Purification was achieved by column chromatography 

(SiOg: 1:5 MeOH, CH2 CI2 ) to afford a mixture of 3 compounds (R f 0 .6 ) as a

yellow solid. Separate compounds were not isolated at this intermediate 

stage but identified by NMR spectroscopy as two diastereoisomers of 1,2,4- 

trioxane 134, and a one diastereoisomer of the isomeric 1,3-dioxane 146 in 

a 2:3:3 ratio respectively. Yield (1.05 g; 41%). m.p. 124-128 °C.
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Analytical Calcd. for C 13 H 17 BrHg0 4 : C, 30.16; H, 3.31. Found: 0 , 30.32 H, 

3.37.

The NMR spectra are complex due to overlapping signals of the three 

compounds, particularly in the region 5 7-7.5 and 1-2.4 ppm.

Selected data for 5-bromomercuriomethyl-3-ethyl-6-hydroxymethyl-5-phenyl- 

1,2,4-trioxane 134:

1H NMR (400 MHz, CDCI3 ): 6  7.09-7.43 (m, 5H, CqH^); (5.52 [t, J=5.05  Hz] &

5.12 [t, J = 5 .34  Hz], 1H, C-3[H]); 4.45-4.71 (complex multiplet, 1H, C-6 [H]); 

3.71-4.33 (complex multiplet, 2H, CH2 OH); 3.09 & 2.58 AB (J =12.89 Hz) and 

2.24, 2.17 (J =11.55 Hz, 2H, CH2 HgBr); 1.09-2.38 (m, 2H, CH2 CH 3 ); 0.75- 

0.94 (m, 3H, CH2 CH3 ) ppm.

NOE and 1H decoupling experiments were performed on the major 1,2,4- 

trioxane isomer 134a.

NOE: Saturation of the signal at Ô 5.52 ppm gave an enhancement of the 

signal for the neighbouring methylene group at ô 1.09-2.38 ppm, and 

additionally caused an enhancement of the doublet (one proton of the 

CHAHBHgBr group, downfield AB) at Ô 3.09 ppm.

Saturation of the signal for the downfield AB, CHAH^ngBr at 5 3.09 ppm 

gave an enhancement of the signal for C -3(H ) at 5 5.52 ppm and 

C HA H ^ngBr at Ô 2.58 ppm. Saturation of the signal also caused a slight 

enhancement for the multiplet (CH2OH) at Ô 3.71-4.33 ppm.

1H Decoupled NMR (400 MHz, CDCI3 ): Irradiation of the signal at 5 5.52 ppm 

causes a change in the signal for the neighbouring methylene group at 5 

1.09-2.38 ppm. Irradiation of the signal for CH 2 OH at 5 4.3 ppm causes a 

change in the signal for the multiplet (C-6 [H]) at 5 4.45-4.71 ppm.
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For a mixture of major 134a and minor 134b 1,2,4-trioxane isomers;

13C NMR (100 MHz, CDCI3 ): ô The aromatic signals in the region 123.62-

129.72 are too complex to assign; 101.06 and 1 0 0 .2  (C-3); 90.26 and 82.89 

(C-6 ); 78.47 and 78.36 (C-5); 60.26 and 59.27 (CH2 OH); 48.46 and 37.59 

(CH2 HgBr); 25.69 and 25.55 (CH2 CH3 ); 8.21 and 7.99 (CH2CH 3 ) ppm.

Selected data for 4-Bromomercuriomethyl-2-ethyl-5-hydroperoxy-4-phenyl- 

1,3-dioxane 146:

The NMR spectra are complex due to overlapping signals from the two 

diastereoisomers of 1,2,4-trioxane 134, but the signals due to C-2(H) and 

OOH can be picked out. NMR (400 MHz, CDCI3 ): 6  9.90 (brs, 1 H, OOH); 

4.69 (t, J =5.6 Hz; 1H, C-2[H]) ppm.

13C NMR (100 MHz, CDCI3 ): 5 The aromatic signals in the region 123.62-

129.72 are too complex to assign; 98.67 (C-2 ); 78.47 (C-4); 68.53 (C-6 ); 

66.71 (C-5); 48.93 (CH2 HgBr); 25.48 (CH2 CH3 ); 8.37 (CH3 ) ppm.

3-Ethyl-6-hydroxymethyl-5-methyl-5-phenyl-1.2.4-trioxane.

Ph

OH
147

The mixture of mercurated 1,2,4-trioxane 134 and mercurated 1,3-dioxane 

146 prepared as described above (0.58 g; 1.12 mmol) was dissolved in 

dichloromethane (10 ml) and cooled in ice with stirring. A cooled solution of
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sodium borohydride (41 mg; 1.1 mmol) in 2 M NaOH (5 ml) was added 

dropwise to the solution, a black ppt. was observed. The mixture was stirred 

for a further 15 min and then allowed to warm to room temperature before 

being filtered through phase separating paper. The aqueous layer was 

extracted with dichloromethane (3x5 ml). The combined extracts were dried 

over IVIgSO^, filtered, and the solvent was removed under reduced pressure.

Purification was achieved by column chromatography (Si0 2 , 1:10 EtOH/ 

C H 2 CI2 ) to afford the product as a brown oil. Yield (71 mg; 26%). Further

purification was achieved by HPLC (lichrosorb silica gel, 5 p.m, 1 0 % ethyl 

acetate, 90% hexane). Two diastereoisomers of 1,2,4-trioxane 147, and one 

diastereoisomer of 1,3-dioxane 148 were recovered in a ratio of approx. 

2:3:3 respectively.

Maior isomer

Me

CHoOH

147a

A colourless oil.

1H NMR (400 MHz, CDCI3 ): ô 7.31-7.56 (m, 5H, CqH^)] 5.64 (t, J =5.06 Hz,

1 H, C-3[H]); 4.46 (dd, J =4.36, 6.52 Hz; 1H, C-6 IH]); 3.42 (apparent broad d, 

2H, J =6.54 Hz; CH2 OH); 1.66-1.71 (m, 2H, CH2 C H 3 ); 1.52 (brs. 1H, OH); 

1.65 (s, 3H, CH3 ); 0.99 (t, J=6.91 Hz, 3H, CH2 CH3 ) ppm. (See page 110).

NOE : Saturation of the methyl signal at 5 1.65 ppm gave an enhancement of 

the signals for the neighbouring phenyl group at 5 7.31-7.56 ppm, the C-3(H)
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signal at S 5.64 ppm, and additionally caused an enhancement of the signal 

for the CH2 OH protons at Ô 3.42 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 141.46, 128.47, 128.23, 126.37 (aromatics); 

99.84 (C-3); 89.10 (C-6 ); 75.18 (C-5); 59.44 (CH 2 OH); 25.72 (CH 3 ); 15.15 

(CH2 CH 3 ); 7.89 (CH2 CH 3 ) ppm. (See page 111).

Minor isomer

Ph

Me

147b

A colourless oil.

1H NMR (400 MHz, CDCI3 ): 6  7.29-7.41 (m, 5H, CgHg); 5.15 (t, J =5.34 Hz, 

1H, C-3[H]); 4.59 (dd, J=4.09, 9.14 Hz; 1H, C - 6  [H]); 4.45 (dd, Jax=9.14 Hz; 

J a b = 9 .& 5  Hz; 1H, CH2 OH); 3.90 (broad dt, =4.09, Jab  = 9 .8 5  Hz; Jam =9.85 

Hz; 1H, CH2 OH); 2.15 (d, J=9.85 Hz, 1 H, OH); 1.57-1.60 (m, 2H, CHgCHg); 

1.32 (s, 3H, CH3 ); 0.99 (t, J=7 .58  Hz, 3H, CHgCHg) ppm.

NOE : Saturation of the signal C-3(H) at 5 5.15 ppm gave an enhancement of 

the signal for the neighbouring methylene group at 8  1.57-1.60 ppm, and 

additionally caused an enhancement of the phenyl group signal at 8  7 .29- 

7.41 ppm.

Saturation of the methyl signal at 8  1.32 gave an enhancement of the signal 

in part of the phenyl group at 8  7.35 ppm and one proton of the CH2OH group 

at 8  3.90 ppm.
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13C NMR ( 1 0 0  MHz, CDCI3 ): 5 141.52, 128.77, 128.72, 125.69 (aromatics); 

100.91 (C-3); 81.23 (C-6 ); 76.58 (C-5); 59.26 (CH2OH); 27.51 (CH3); 25.45 

(CH2CH3); 8.23 (CH2CH3) ppm.

HRMS (El) for C 14H 18O4  ( a mixture of both diastereoisomers) (M+),

Calcd : 250.1205, Found : 250.1202.

Insufficient sample obtained for C&H analysis.

2-Ethvl-5-hvdroxv-4-methvl-4-phenvl-1.3-dioxane.

Ph

Me

148 OH

A colourless oil.

C - 6  (H^Hb) (AB), C-5 (H"^) (M), OH (X), constitute an ABMX spin system.

1H NMR (400 MHz, CDCI3 ): 5 7.32-7.48 (m, 5H, CgHg); 4.63 (t, J=5 .5  Hz, 1 H, 

C-2[H]); 4.04 (ddd, Jg^=2.25 Hz, J^^=1.00 Hz; =11.88 Hz; 1H, H^); 3.89 

(dd, Jam =2-25 Hz, ^^^=11.63 Hz, 1H, H^); 3.84 (dd, J^^=1.00 Hz, Jg^=11.6 

Hz, 1H, Hb); 2.94 (d, =11.88 Hz, 1H, OH); 1.66 (m, 2H, CHgCHg); 1.46 (s,

3H, CH 3 ); 0.99 (t, 3H, J=7 .6  Hz, CHgCHg) ppm.

The signal for OH at Ô 2.94 ppm was removed with a D2 O shake.

NOE: Saturation of the signal for C-2[H] at 5 4.63 ppm gave an enhancement 

of the signal for the neighbouring methylene group at Ô 1 .6 6  ppm, the phenyl 

group signal at Ô 7.32-7.48 ppm and additionally caused an enhancement of 

the dd, (H^) at 5 3.89 ppm.
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Saturation of the signal for (H"^) at ô 4.04 ppm gave an enhancement of the 

signals for the phenyl group at Ô 7.32-7.48 ppm, (H®) at 5 3.89 ppm, and OH 

at S 2.94 ppm.

13c NMR ( 1 0 0  MHz, CDCI3 ): 6  143.17, 128.90, 127.12, 125.40 (aromatics); 

98.11 (C-2 ); 79.61 (C-4); 68.63 (C-6 ); 66.97 (C-5); 29.56 (CH 2 C H 3 ); 28.00  

(CH 3 ); 8.37 (CH2 CH3 ) ppm.

HRMS (El) for C 13H18O3  (M+), Calcd : 222.1256, Found : 222.1259. 

Insufficient sample obtained for C&H analysis.

5-Bromomercuriomethyl-3-ethyl-5-phenyl-6-A/-phenvlcarbamoyloxymethyl-

1.2.4-trioxane.

Method 1

149

HgBr
OCONHPh

A mixture of 5-bromomercuriomethyl-3-ethyl-6-hydroxymethyl-5-phenyl-

1,2,4-trioxane 134 and 4-bromomercuriomethyl-2-ethyl-5-hydroperoxy-4- 

phenyl-1,3-dioxane 146 (1.0 g; 1.94 mmol) prepared as described earlier ( 

page 85) was heated to 80 °C with phenyl isocyanate (0 .2 1  ml; 1.94 mmol) in 

benzene (100 ml), and allowed to reflux gently for 3 days. The solvent was 

then removed at the rotary evaporator to afford the crude product. Purification 

was achieved by column chromatography (SiOg, 1 0 :1  hexane/ EtOAc ).

Three fractions were collected. The first fraction was a single isomer of the 

1,3-dioxane 150 yield (29 mg; 3%). R f 0.5 5:1 hexane/ EtOAc, yellow oil.
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r
r
HgBr OOCONHPh

For 150 :

1H NMR (400 MHz, CDCI3 ): 5 7.11-7.50 (m, 1 0 H. aromatics); 5.47 (brs, 1H, 

NH); 4.75 ( t, J = 5 .1 9  Hz, 1H, C-2 [H]); 4.06 X of ABX (dd, Jg^=1.68 Hz, 

=12.85 Hz; 1H, C-5 [H]); 3.80 AB of ABX (^^^=1.68 Hz, =12.85 Hz, 

Jg l,= -i0 .39  Hz, C-GICHg]); 2.19 (s, 2H, CHgHgBr); 1.73-1.79 (m, 2 H, 

CH 2CH3 ); 0.99 (t, J=7.55  Hz, 3H, CHgCHg) ppm.

13c NMR (100 MHz, CDCI3 ): 8  0 = 0  (no signal observed); 143.98, 129.52, 

129.35, 129.11, 125.63, 122.56, 118.52, 118.39 (aromatics); 99.73 (0-2); 

82.03 (0-4); 68.29 (0-6); 65.52 (0-5); 48.57 (CH 2 HgBr); 29.13 (C H 2 OH3 ); 

8.27 (OH2CH 3 ) ppm.

HRMS (FAB, MNOBA matrix) for 02oH23BrHgNOs (M-hH)+, Oalcd : 638.0466  

Found : 638.0466

Fraction 2  was a mixture of two Isomers of 1,2,4-trloxane 149 In tfie ratio 2:1 

yield (0.18 g; 16%). R j 0.45 5:1 fiexane/ EtOAc, yellow solid, m.p. 72-75 °0

Malor Isomer 149a.

1H NMR (400 MHz, ODOI3 ): 5 7.06-7.65 (m, 10H, aromatics); 6.59 (brs, 1H, 

NH); 5.70 (t, J=5.21 Hz, 1H, 0-3[H]); 4.66 X of ABX (dd, Jg^=2.60 Hz,

J,bx= 8  60 Hz, 1H, 0-6[H]); 4.00-4.08 AB of ABX (Jg^=2.60 Hz, J^^=8.60 Hz,

J a b  = 9 . 7 4  Hz, 2H, 0 H 2 0 0 0 NHPfl); 2.62, 3.12 AB { J  =12.82 Hz, 2H, 

OHgHgBr); 1.74-1.79 (m, 2 H, OHgOHg); 1.05 (t, J  = 7 . 5 5  Hz, 3H, OHgOHg)

ppm.
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NOE: Saturation of the C-3[H] signal at 5 5.70 ppm gave an enhancement of 

the signals for the neighbouring ethyl group, and additionally caused an 

enhancement of the signal for one of the CH2 HgBr protons at 5 2.62 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 C = 0  (not observed); 141.19, 129.40, 129.21,

129.12, 125.92, 123.83, 118.79, 118.69 (aromatics); 100.07 (C-3); 87.24 (C- 

6 ); 78.16 (C-5); 60.80 (CHgOCONHPh); 37.26 (CHgHgBr); 25.63 (CHgCHg); 

8.14 (CH2CH 3 ) ppm.

Minor isomer 149b.

1H NMR (400 MHz, CDCI3 ): 5 7.06-7.65 (m, 1 0 H, aromatics); 6.90 (brs, 1 H, 

NH); 5.31 (t, J  =5.35 Hz, 1H, C-3[H]); 4.95 X of ABX (dd, Jg^=3.47 Hz, J^x 

=10.37Hz, 1H, C-6 [H]); 4.81-4.87 AB of ABX {Jqx=3A7 Hz ,J^^=10.37 Hz ,

Jab =11.94 Hz, CHgOCONHPh); 2.25, 2.23 AB (J =11.51 Hz, 2H, CHgHgBr); 

1.65-1.70 (m, 2H, CHgCHg); 1.03 (t, J=7.61 Hz, 3H, CHgCHg) ppm.

13c NMR (100 MHz, CDCI3 ): 5 0 = 0  (not observed); 118.67-144 (aromatics,

too complex to assign); 101.18 (0-3); 81.01 (0-6); 78.55 (0-5); 62.34  

(CHgOOONHPh); 48.84 (CHgHgBr); 25.52 (CHgOHg); 8.01 (OHgCHg) ppm.

NOE : Saturation of the signal for the phenyl group at 5 7.06-7.65 ppm gave 

an enhancement of the signal for 0-3(H) at 5 5.31 ppm, one of the AB signals 

for the 0 H2 HgBr group at 5 2.25 ppm and also the AB signals of the ABX for 

0 H2 0 0 0 NHPh at 5 4.81-4.87 ppm.

IR (nujol mull), (OOONHPh) 1710 (w) and (NHPh) 1598 (w) cm-i.

Analytical Oalcd. for O20  H2 2 BrHgNOs (mixture of major 149a & minor 149b 

isomers):

0 , 37.72; H, 3.48; N, 2.20. Found: 0 , 37.56; H, 3.74; N, 2.45.
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Fraction 3 was a single isomer of trioxane 149 also present as the major 

isomer in fraction 2 . Yield (0.26 g; 23.5%) R f 0.43 5:1 hexane/ EtOAc, white

solid m.p. 72-73 °C. LRMS (FAB, MNOBA matrix) for C2 oH2 3 B rH gN 0 5 , 

(M+H)+, Calcd : 638.05 Found : 637.99.

Analytical Calcd. for C20  H2 2 BrHgN0 5 : C, 37.72; H, 3.48; N, 2.20. Found: C, 

38.32; H, 3.92; N, 1.86.

Method 2.

2-Hydroperoxy-3-phenylbut-3-enylA/-phenylcarbamate (154) (0.79 g; 2.6  

mmol) in dichloromethane (20 ml) was cooled in ice with stirring. Propanal 

(0.35 g; 6  mmol) was added to the reaction vessel and the mixture allowed to 

warm to room temp. Stirring was continued for 3.5 h. Mercury(ll) 

trifluoroacetate (1.19 g; 2.6 mmol) was then added and the mixture stirred for 

a further 1 h. Sodium bicarbonate solution (5% w/v) (5 ml) was added to 

wash out the trifluoroacetic acid formed during the reaction. The organic and 

the aqueous layers were separated, and the aqueous layer extracted with 

dichloromethane (3x5 ml). Potassium bromide (0.48 g; 4 mmol) in water (10 

ml) was stirred vigorously with the organic layer and combined organic 

extracts for 30 min. The aqueous layer was then separated off and extracted 

with more dichloromethane (3x5 ml). The combined organic extracts were 

dried (MgSO^), filtered, and the solvent was removed under reduced

pressure to afford the crude product. Purification was achieved by column 

chromatography (SiOg; CHgClg) to afford 3 fractions.

The first fraction (fraction 1 ) was one isomer of the 1,2,4-trioxane (149; 

149c) Yield (36 mg; 2%) R f 0.5, yellow oil.

1R NMR (400 MHz, CDCI3 ): 5 7.09-7.44 (m. 1 0 H, aromatics); 6.95 (brs, 1 H, 

NH); 5.42 (t, J =4.84 Hz, 1H, C-3[H]); 4.83-4.86 AB of ABX (Jg^=8.71 Hz,J^^ 

=12.64 Hz, Jab =11.04 Hz, CH2 0 C0 NHPh); 4.20 X of ABX (dd, =8.71 Hz,
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=12.64 Hz; 1H, C -6 [H]); 2.52 (brs, 2H, CHgHgBr); 1.61-1.69 (m, 2H, 

CHgCHg); 0.99 (t, J =7.78 Hz, 3H, CHgCHg) ppm.

NOE : Saturation of the signal C-3(H) at 6  5.42 ppm gave an enhancement of 

the signals for the neighbouring ethyl group, and additionally caused an 

enhancement of the signal for the phenyl group at 5 7.09-7.44 ppm.

Saturation of the signal for the phenyl group at 5 7.09-7.44 ppm gave an 

enhancement of the signal for C-3(H) at 8  5.42 ppm, the singlet for CHgHgBr 

at 8  2.52 ppm and also the doublet of doublets for C-6 (H) at 8  4.20 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 8  C =0  (not observed); 141.02, 139.35, 129.24,

129.11, 128.36, 126.50, 124.04, 118.96 (aromatics); 101.67 (C-3); 91.22 (0- 

6 ); 79.67 (0-5); 62.72 (CHgOCONHPh); 48.34 (CHgHgBr); 25.39 (CHgCH^);

8.10 (CHgCHg) ppm.

IR (neat film) 1711 (s), 1598 (s), 1525 (s), 1314 (w), 1216 (m), 1071 (w) cm -\ 

Analytical Calcd. for C20  H2 2 BrHgNOs: C, 37.72; H, 3.48; N, 2.20. Found: C, 

38.05; H, 3.46; N, 1.99.

Fraction 2 (24.2 mg; 14%), a yellow oil (R f 0.45) was a mixture of 3 isomers 

of 1 ,2,4-trioxane 149 in the ratio 2 :2 :1 . Signals in the spectra for the minor 

isomer correspond to signals found in spectra for fraction 1 i.e. 149c (see 

previous page for data).

The third fraction (63.2 mg; 38%) was a mixture of 2 isomers present in a 1:1 

ratio. One of these isomers (A) correspond to the spectral data given for the 

major isomer 149a obtained from method 1 . Spectral data for the other 

isomer (B) correspond to data given for the minor isomer 149b also obtained 

from method 1. Further purification of fraction 3 was achieved by HPLC
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(nuclesil silica gel, 5 |im, 18% ethyl acetate, 82% hexane) to afford the two 

separate diastereoisomers 149a and 149b.

For 149a:

1H NMR (400 MHz, CDCI3 ) & 1^0 NMR ( 1 0 0  MHz, CDCI3 ) and analytical see 

data given for major isomer 1,2,4-trioxane 149a.

For 149b:

1H NMR (400 MHz, CDCI3 ) & i^C NMR (100 MHz, CDCI3 ) see data given for 

minor isomer 1,2,4-trioxane 149b).

Analytical Calcd. for C20  H2 2 BrHgNOs: C, 37.72; H, 3.48; N, 2.20. Found: 0 , 

45.67; H, 4.93; N, 1.93. Recalculated for the presence of 1:1 hexane/ EtOAc : 

Analytical Calcd. for C30  H34  OyBrHgN: C, 44.98; H, 4.28; N, 1.75. Found: C, 

45.67; H, 4.93; N, 1.93.

3-Ethvl-5-methvl-5-phenvl-6-A/ -phenvlcarbamoyloxvmethvl-1.2.4-trioxane.

151 OCONHPh

The mercurated 1,2,4-trioxane carbamate 149a (major isomer) (0.253 g; 

4x10"^ moles) was dissolved in dichloromethane (20 ml) with stirring. An ice- 

cooled solution of sodium borohydride (14 mg; 4x10"^ mole) in NaOH (2 M; 2 

ml) was added dropwise to the reaction mixture, a black ppt. was observed. 

The mixture was stirred for 15 min at ice temperature, then allowed to warm 

to room temperature (15 min). The reaction mixture was then filtered through 

a sintered funnel (silica 0.5 g; Celite 0.5 g). The aqueous layer was
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separated off and extracted with dichloromethane (2x10 ml). The combined 

organic extracts were dried over IVIgSO^, filtered, and the solvent was

removed at the rotary evaporator to yield the crude product as a brown oil. 

Purification was achieved by column chromatography with 3:5 EtOAc/ 

hexane as eluant. Yield 65 mg; 45%, R f 0.5. The product was a brown oil.

1H NMR (400 MHz, CDCI3 ): 5 7.05-7.63 (m, 1 0 H, aromatics); 6.62 (brs,1 H,

NH); 5.69 (t, J=5.06H z,1H , C-3[H]); 4.6 (dd,J=3.55, 7.65 Hz, 1H, C-6[H1);

3.99 (m, 2H, CHgOCONHPh); 1.76 (s, 3H, CH3 ); 1.63-1.76 (m, 2H, CHgCHg); 

1 .0 2  (t, 3H, J=7 .58  Hz, CHgCHg) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) 8  0 = 0  (not observed); 141.13, 129.24, 129.08,

128.64, 128.49, 126.47, 123.67, 118.63 (aromatics); 99.92 (C-3); 85.92 (0-6); 

75.16 (0-5); 61.06 (CHgOOONHPh); 25.75 (CH 3 ); 15.04 (C H 2 O H 3 ); 7.94  

(OH2 C H 3 ) ppm.

IR (nujol mull) 1708 (m), 1600 (m), 1528 (m), 1371 (w), 1215 (m), 1072 (m), 

964 (w) cm-1.

Analytical Oalcd. for O20  H2 3 NO5 : 0 , 67.21; H, 6.49; N, 3.92. Found: O, 67.56; 

H, 6.07; N, 3.78.

Synthesis of 3-phenylbut-2-enyl N  -phenylcarbamate.

OCONHPh

To a dry flask was added crude 3-phenylbut-2-en-1-ol (130) (11.85 g; 0.08  

moles) as a 3:1:1 mixture containing 3-phenylbut-3-en-1-ol and 1-phenyl 

ethanol respectively. Phenyl isocyanate p .7 7 g; 6 .97 ml; 0 .08 moles) and a 

catalytic amount of pyridine (1 drop) was added to the reaction vessel. After
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5-10 min the reaction mixture became warm and was cooled in a water bath 

with stirring until the reaction appeared complete ca. 0.5 h. The contents 

were then heated to 60-80 °C for 0.5 h. The crude product was purified by 

column chromatography (SiOg: 1 0 :1  hexane/ EtOAc ), to yield the pure

carbamate as a 3:1 mixture of ap and py -unsaturated carbamate esters 

respectively. The product was a yellow oil, yield (16.35 g; 76% ) R f 0.48 (not

isolated entirely pure).

For ap unsaturated carbamate ester 152:

1R NMR (400 MHz, C D C I3 ) :  5 7.05-7.47 (m, 1 0 H, aromatics); 6.81 (brs, 1 H, 

NH); 5.97 (t, J=7.02  Hz, 1H); 4.90 (d, J =7.02 Hz, 2H. CHgOCONHPh); 2.17 

(s, 3H, C H 3 )  ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 0 = 0  (not observed); 142.90 (PhC =C); 

118.79-140.38 (aromatics, too complex to assign due to overlapping signals 

from Py unsaturated carbam ate ester ); 114.58 (C =C H ); 63 .90  

(CHgOCONHPh); 17.04 (CH3 ) ppm.

For the mixture of ap and py unsaturated carbamate esters:

IR (nujol mull) 1708 (m), 1600 (m), 1528 (m), 1317 (w), 1215 (m), 1072 (m), 

964 (w) cm-1.

LRMS (FAB 3-Nitrobenzyl alcohol matrix) for C 1 7 H 1 8 NO 2 , (M+H)+, Calcd: 

268. Found: 268

Analytical Calcd. for C 1 7H1 7 NO2 : C, 76.38; H, 6.41; N, 5.24. Found: C, 75.30; 

H, 6.50; N, 5.20.
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2-Hydroperoxy-3-phenylbut-3-enyl N  -phenylcarbamate.

OOH

OCONHPh

154

A solution of the mixture of aP & py unsaturated carbamate esters 152 and 

153 (8.18 g; 61 mmol) prepared as described above and ca. 2 mg of 

tetraphenylporphine in 400 ml of dichloromethane was irradiated internally 

with a 400 W sodium lamp in an immersion cell through which oxygen was 

passed. After 5 h the lamp was switched off. (The course of the reaction was 

previously monitored on a 4 mmol scale using a gas burette to measure the 

uptake of oxygen; after 4 mmol of oxygen had been absorbed the reaction 

was stopped). The solvent was removed under reduced pressure. 

Purification was achieved by column chromatography on silica gel eluting 

with CHgClg to afford the hydroperoxide as a brown oil. Yield (5.40 g; 70%) 

R f 0.25.

1H NMR (400 MHz, CDCI3 ): Ô 9.70 (brs, 1H, OOH); 7.09-7.44 (m, ION, 

aromatics); 6.72 (brs, 1H, NH); 5.54 (s,1H, C=CH 2 ); 5.43 (s, 1H, C=CH 2 );

5.10 X of ABX (dd, 1H, J ^ = 2 .9 5  Hz, J^^=5.55 Hz; 1H, HCOOH); 4.22-4.70  

AB of ABX (Jg^=2.95 Hz; J^^=5.55 Hz; J^^=^2.5Q Hz, 2H, CH2 0 C 0 NHPh) 

ppm.

130 NMR (100 MHz, CDCI3 ): 5 0 = 0  (not observed); 143.46 (PhC=C); 129.15,

128.64, 128.54, 128.48, 128.16, 126.72, 124.09, 124.05 (aromatics); 116.49 

(C=CH2 ); 84.24 (COOH); 62.65 (CH2 0 C0 NHPh) ppm.
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IR (neat film) 3353 (s), 3066 (w), 2963 (w). 1707 (s), 1595 (s), 1507 (w), 1502 

(S), 1492 (m), 1441 (s), 1409 (w), 1312 (s), 1230 (s), 1071 (s), 1030 (s), 1025 

(s), 912 (m), 738 (s), 686 (s) cm'i.

HRMS (El), (M+), Calcd. for C 1 7 H 1 7 N O 4 : 299.1158. Found: 299.1154. 

Analytical Calcd. for C 17H17NO4 : C, 6 8 .2 2 ; H, 5.72; N, 4.68. Found: C, 68.35; 

H, 5.66; N, 3.95.

One pot synthesis of 3-alkvl-5-phenyl-6-/V -phenylcarbamoyloxymethyl-1.2.4- 

trioxanes.

In a typical procedure, 2 -h ydroperoxy-3 -p heny lbu t-3 -eny l N  

-phenylcarbamate (154) (0.71 g; 2 mmol) in dichloromethane (20 ml) was 

cooled in ice with stirring. The aldehyde or ketone (4 mmol) was added to the 

reaction vessel and the mixture allowed to warm to room temp. Stirring was 

continued for 3.5 h. Mercury(ll) trifluoroacetate (0.92 g; 2 mmol) was then 

added, and the mixture stirred for a further 1 h. Sodium bicarbonate solution 

(5% w/v, 5 ml) was added to wash out the trifluoroacetic acid formed during 

the reaction. The organic and the aqueous layers were separated, and the 

aqueous layer extracted with dichloromethane (3x5 ml). The combined 

organic solutions were cooled in ice with stirring. An ice-cooled solution of 

sodium borohydride (74 mg; 2 mmol) in 2 M NaOH (2 ml) was added 

dropwise to the reaction mixture, a black ppt. was observed. The reaction 

was stirred for 15 min at ice temperature, then allowed to warm to room 

temperature (15 min). The reaction mixture was then filtered through a 

sintered funnel (silica 0.5 g; Celite 0.5 g). The aqueous layer was separated 

off and extracted with dichloromethane (2x10 ml). The combined organic 

solutions were dried over MgSO^, filtered, and the solvent removed at the

rotary evaporator to yield the crude product.

1 0 0



Chapter 2  - Experiments

5 -Methyl-5 -phenyl-6 -A/ -phenylcarbamoyloxymethvl-3-propyl-1.2.4-trioxane.

156a OCONHPh

The reaction was carried out using 2  eq. of the aldehyde butanal. Purification 

was achieved by column chromatography (Si0 2 : CH2 CI2 ) to afford the 1,2,4-

trioxane 156a as 3 diastereoisomers in a 3:3:1 ratio. The product was a 

yellow oil, yield (0.33 g; 37%), R 1 0.63. For mixture of 3 diastereoisomers:

1H NMR (400 MHz, CDCI3 ): 8  7.05-7.99 (m, 1 0 H, aromatics); (6.90, 6.85 & 

6.63 [brs,1 H, NH]); (5.75 [t, J=5.75 Hz], 5.31 [t, J=5.06Hz] & 5.26 [t, J= 5 .06  

Hz], 1H, C-3[H]); (4.89 X of ABX [m, signal obscured by other isomer, C-6{H1], 

4.82 [dd,Jax=1-86 Hz, Jbx=8.37 Hz] & 4.64 [dd, Jax =3.22Hz, Jbx=7.93 Hz], 

1H, C-6IH1}; (4.89 [s, 2H, CH2 0 C0 NHPh] & 4.53, 4.30 AB of ABX [Jax =1.86

Hz, Jbx=8.37 Hz, Jab =12.88 Hz] & 4.00 AB of ABX [Jax =3.22 Hz, Jbx =7.93  

Hz, Jab =9.89 Hz], 2H, CH 2 0 C0 NHPh); (2.63, 1.71, & 1.43 [s, 3H, CH 3 ]); 

1.01-1.75 (m, [signals for all isomers overlap], 4H, (CH2 )2CHg); (0.96 [t, 3H, J 

=7.35 Hz], 0.92 [t, 3H, J=7.26 Hz] & 0.84 [t, J=7.34 Hz], 3H, CH2 CH3 ) ppm.

NMR (100 MHz, CDCI3 ): 5 0 = 0  (not observed); the aromatic signals in 

the region 118.55-133.17 are too complex to assign; 100.15, 100.05 & 99.03 

(0-3); 88.98, 85.88 & 79.05 (0-6), 75.43, 75.17 & 75.15 (0-5); 62.69, 61.78 & 

61.06 (CH 2 0 0 0 NHPh); 34.39, 34.24 & 34.04 (CH3 ); 28.10, 26.51 & 26.43  

(C H 2 O H 2 O H 3 ); 17.05, 17.00 & 15.06 (OH2 C H 2 OH 3 ); 14.03, 14.00 & 13.89 

(OH2 C H 3 ) ppm.
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IR (neat film) 3325 (s). 3059 (w), 2961 (s), 2933 (m). 1732 (s), 1600 (s), 1538 

(s), 1501 (s), 1445 (s), 1378 (w), 1314 (s), 1221 (s), 1085 (m), 1058 (m), 1029 

(m), 971 (w), 756 (s), 699 (s) cm-1.

Analytical Calcd. for C2 1 H2 5 NO5 : C, 67.91; H, 6.78; N, 3.77. Found: C, 67.61; 

H, 6.87; N. 3.74.

5-Methvl-5-Dhenvl-6-A/ -phenvlcarbamoyloxymethvl-1.2.4-trioxane-3-spiro-4'- 

cyclohexane.

156b OCONHPh

The reaction was carried out using 2 eq. of the ketone cyclohexanone. In 

addition, ethanol (5 ml) was added to the ice-cooled solution of sodium 

borohydride (74 mg; 2 mmol) in 2 M NaOH (2 ml). Purification was achieved 

by column chromatography (Si0 2 , CH2 CI2 ),

R f 0.43, yield (0.70 g; 36%). The product (a yellow oil) was formed as a 

single diastereoisomer.

1H NMR (400 MHz, CDCI3 ): 6  7.05-7.58 (m, 1 0 H, aromatics); 6.72 (brs, 1H,

NH); 4.68 X of ABX (dd, J=5 .15 , 6.77 Hz, 1H, C-6IH1); 4.25 AB of ABX 

(appearing as a broad doublet, J=5.2^ Hz, 2 H, CHgOCONHPh); 1.72 (s, 3H, 

CH3 ); 1.50-1.88 {broad multiplet, 10H, (CH2 )s} ppm.

130 NMR (100 MHz, CDCI3 ) 5 0 = 0  (not observed); 129.29, 129.07, 128.59, 

128.46, 127.95, 126.43, 124.70, 118.62 (aromatics); 103.51 (0-3); 81.92 (0-
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6 ); 74.38 (C-5); 61.24 (CHgOCONHPh); 34.94 (CHg); 29.47, 23.03 & 22.31 

(cyclohexyl) ppm.

IR (neat film) 3323 (s), 3059 (s), 3936 (s), 2860 (w), 2360 (w), 1951 (w), 1732 

(s), 1600 (s), 1537 (s), 1502 (s), 1444 (s), 1314 (m), 1221 (s), 1133 (w). 1085 

(s), 1029 (m), 754 (s), 697 (s) cm -\

Analytical Calcd. for C2 3 H2 7 NO5 : C, 69.50; H, 6.85; N, 3.52. Found: C, 69.43; 

H, 6.72; N, 3.47.

(E)- 3-phenylbut-2-enyl acetate.

OAc

Acetic acid (0.60 g; 6  mmol), DMAP (cat.) (45 mg; 3.5x10'^ mole) and a 

solution of 3-phenylbut-2-en-1-ol (130) as a 3:1:1 mixture containing 3- 

phenylbut-3-en-1-ol and 1-phenylethanol respectively (1.47 g; 10 mmol) in 

dry dichloromethane ( 2 0  ml) was placed in a 2 -necked round- bottomed flask 

fitted with a dropping funnel and a calcium chloride drying tube. The reaction 

mixture was stirred at 0  °C for 10 min before the dropwise addition of DCC  

(0.08 g; 10 mmol) in dry dichloromethane (4 ml). Stirring was continued for a 

further 5 min at 0 °C and then at room temp, for 3 h. A white ppt of DCU was 

filtered off. The organic layer was diluted with more dichloromethane (15 ml), 

then washed with a saturated solution of citric acid (2x15 ml), sodium 

bicarbonate (2x15 ml) and water (1x10 ml). The organic layer was then dried 

over MgS0 4 , filtered, and the solvent was removed at the rotary evaporator to 

afford the crude product. Purification was achieved by column
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chromatography (S1O2 , 10 :1  hexane/ EtOAc, R f 0.46), to yield the pure ester 

as a 3:1 mixture of ag and py unsaturated esters. The product was a yellow 

oil, yield (0.90 g; 45%).

For ('E>phenylbut-2-enyl acetate:

1R NMR (400 MHz, CDCI3 ): 5 7.26-7.44 (m, 5H, CeHs); 5.91 (t, J = 6 .9 7  

Hz,1H, C=CH); 4.79 (d, J =6.97 Hz, 2H, CHgOAc); 2.12 (s, 3H, O2 C C H 3 );

2 .1 0  (s, 3H, HC=CCH3 ) ppm.

13C NMR (100 MHz, CDCI3 ): 5 171.16 (0 = 0 ); 142.90 (PhC=C); 140.21, 

128.43, 127.54, 120.90 (aromatics), 121.37 (C=CH); 61.74 (CHgOAc); 21.08 

(O2 CCH 3 ), 16.25 (CH3 ) ppm.

For the mixture of ap and py unsaturated esters:

IR (neat film) 3449 (s), 3060 (w), 3028 (w), 2935 (w), 1738 (s), 1600 (w), 1495 

(m), 1448 (s), 1369 (s), 1241 (s), 1045 (m), 763 (m), 701 (s) cm'T 

LRMS (EIMS) for C 12H14 O2 (M)+, Calcd. 190. Found: 190.

Analytical Calcd. for C 12H1 4 O2 : C, 75.76; H, 7.42. Found: C, 76.15; H, 7.01.

2-Hydroperoxy-3-phenylbut-3-enyl acetate.

OOH

OAc

158

A solution of the 3:1 mixture of the ap and py un saturated esters (0.94 g; 5 

mmol) prepared as described, and ca. 2 mg of tetraphenylporphine in 400 ml 

of dichloromethane was irradiated with a sodium lamp while a stream of 

oxygen gas was passed continuously through the reaction mixture for 5  h. 

The solvent was removed under reduced pressure. Purification was achieved
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by column chromatography on silica gel eluting with CHgClg to afford a pure 

sample of the hydroperoxide as a yellow oil. Yield (0.76 g; 70%) R , 0.25.

1H NMR (400 MHz, CDCia): 8  9.09 (brs, 1 H, OOH); 7.27-7.43 (m, 5H, CeHs);

5.54 (s,1H, C=GH2 ); 5.42 (s, 1H, C=CH2 ); 5.08 X of ABX (dd, Jg^=3.09 Hz, 

Jtjx=5.97 Hz, 1H, HCOOH); 4.19-4.46 AB of ABX (Vg^=3.09Hz, Jt,x=5.97 Hz, 

Hz, 2H, CH2 OAC), 2.11 (s, 3H, CH3 ) ppm.

130 NMR (100 MHz, CDCI3 ): 8  172.13 (C =0); 143.74 (PhC=C); 139.08, 

128.99, 128.50, 126.79 (aromatics); 116.45 (C=CH2 ); 84.24 (COOH); 62.94  

(CH2 OAC); 20.78 (CH3 ) ppm.

IR (neat film) 3458 (s), 2957 (w), 1738 (s), 1600 (w), 1495 (w), 1449 (m), 703 

(m) cm-1 .

LRMS (El) for C12H14 O4 (M)+, Calcd. 2 2 2 . Found: 2 2 2 .

Analytical Calcd. for C 1 2H14 O4 : C, 64.85; H, 6.35. Found: C, 64.46; H, 6.36.
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6-Acetoxymethyl-5-bromomercuriomethyl-5-phenyl-1.2.4-trioxane-3-spiro-4'-

cyclohexane.

Ph

HgBr

Hydroperoxide 158 (0.22 g; 1 mmol) in dichloromethane (20 ml) was cooled 

in ice with stirring. Cyclohexanone (0 . 2 0  g; 2  mmol) was added to the 

reaction vessel and the mixture allowed to warm to room temp. Stirring was 

continued for 3.5 h. Mercury(ll) trifluoroacetate (0.426 g; 1 mmol) was then 

added and the mixture stirred for a further 1 h. Sodium bicarbonate solution 

(5% w/v, 5 ml) was added to wash out the trifluoroacetic acid formed during 

the reaction. The organic and the aqueous layers were separated, and the 

aqueous layer extracted with dichloromethane (3x5 ml). Potassium bromide 

(0.24 g; 2 mmol) in water (10 ml) was stirred vigorously with the combined 

organic layer and organic extracts for 30 min. The aqueous layer was then 

separated off and extracted with more dichloromethane (3x5 ml). The 

combined organic solutions were dried over IVIgSO^, filtered, and the solvent

was removed under reduced pressure to afford the crude product. 

Purification was achieved by column chromatography (SiOg: 1 0 :1  hexane/

EtOAc) to afford two diastereoisomers of trioxane 160 in a 2 :1  ratio as 

colourless oil. Yield (83 mg; 14%).
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Major isomer.

1H NMR (400 MHz, CDCI3 ): 5 7.27-7.58 (m, 5H, CeHs): 4.66 X of ABX (dd, 

Ja^=3.58 Hz. J(,^=8.00 Hz; 1 H, C-6 [H]); 4.16 AB of ABX (,Jg^=3.58

=8.00 Hz, Jab =12.36 Hz, 2H, CH 2 OA0 ); 2.03, 2.15 AB (J =13.29 Hz, 2H, 

CHgHgBr); 2.03 (s, 3H, O2 CCH3 ); 1.58-1.99 (bm, 10H, (CHgjs) ppm.

130 NMR ( 1 0 0  MHz, CDCI3 ): 5 170.77 (0=0 ); 129.12, 129.01, 128.94, 125.85 

(aromatics); 103.87 (0-3); 85.4 (0-6); 77.77 (0-5); 60.61 (CHgOAc); 44.53  

(O2 OCH3 ); 35.11 (CHgHgBr); 25.11, 23.44, 22.66 (cyciohexyi) ppm.

Minor isomer.

Tfie minor isomer signais for the aromatic and the cyciohexyi protons and 

carbons are obscured by those for the major isomer, but the foiiowing signais 

can be picked out:

1H NMR (400 MHz, 0 D0 i3 ): 5 4.40 X of ABX (dd, =3.99 Hz,Jj,x=8-99 Hz, 

1H, 0-6[H]); 4.15, 3.74 AB of ABX (Jg^=3.99 Hz, J(,^=8.99 Hz, Jab=12.01 Hz, 

2H, OH2OAC); 2.87, 2.53 AB (J =12.22 Hz, 2H, OHgHgBr) ppm.

130 NMR (100 MHz, ODOI3 ): 5 170.65 (0 = 0 ); 103.41 (0-3); 81.53 (0-6);

77.34 (0-5); 66.69 (CHgOAc); 44.35 ( O2 OCH3 ); 35.98 (CHgHgBr) ppm.

For a mixture of major and minor diastereoisomers;

Anaiyticai Oaicd. for O i7 H2 2 BrHgOs: 0 , 34.79; H, 3.78. Found: 0 , 34.11; H, 

3.49.
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6 -Acetoxvmethyl-3-ethyl-5-methyl-5-phenyl-1.2.4-trioxane.

159
OAc

Hydroperoxide 158 (0 .19 g; 8.82x10-4 moles) prepared as previously 

described in dichloromethane ( 2 0  ml) was cooled in ice with stirring. 

Propanal (0 .10 g; 1.76 mmol) was added to the reaction vessel and the 

mixture allowed to warm to room temp. Stirring was continued for 3.5 h. 

Mercury(ll) trifluoroacetate (0.38 g; 8.82x10-4 moles) was then added, and the 

mixture stirred for a further 1 h. Sodium bicarbonate solution (5%  w/v, 5 ml) 

was added to wash out the trifluoroacetic acid formed during the reaction. 

The organic and the aqueous layers were separated, and the aqueous layer 

extracted with dichloromethane (3x5 ml). The combined organic extracts 

were cooled in ice with stirring. An ice-cooled solution of sodium borohydride 

(32.6 mg; 2.8x10-4 moles) in 2 M NaOH (2 ml) was added dropwise to the 

reaction mixture, a black ppt. was observed. The reaction was stirred for 15 

min at ice temperature, then allowed to come to room temperature (15 min). 

The reaction mixture was filtered through a sintered funnel (silica 0.5 g; Celite 

0 .5  g). The aqueous layer was separated off and extracted with 

dichloromethane (2x10 ml). The organic layer was combined with the organic 

extracts, dried over IVIgSO^, filtered, and the solvent was removed at the

rotary evaporator to yield the crude product. Purification was achieved by 

column chromatography (Si0 2 , 5:1 hexane/ EtOAc) to yield the pure 1,2,4-
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trioxane (a colourless oil) as a mixture of three diastereoisomers In the ratio 

of 2 :1 :1 . Yield (85 mg; 35%).

For the major Isomer:

1H NMR (400 MHz, CDCI3 ): 5 7.27-7.72 (m, 5H, aromatics); 5.67 (t, J = 4 .99

Hz,1H, C-3[H]); 4.78 X of ABX (dd, Jax =4.99 Hz, Jbx=GA^ Hz, 1H, C-6[H1); 

4.18-4.27 AB of ABX (Jax =4.99 Hz, Jbx =6.41,Jab =10.84 Hz, 2 H, CH^OAc);

2.12 (S, 3H, O2CCH3); 1.98 (S, 3H, CH3); 1.25-1.67 (m, 2H, CH2CH3); 0.93 

(t, J=7.49  Hz, 1H, CH2 CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ): 6  C = 0  (not observed); 141.16-125.79

(aromatics, signals too complex to assign); 1 0 0 .8 6  (C-3); 85.67 (0-6); 76.66 

(C-5); 62.12 (C H 2 OAC); 38.76 (O2 C C H 3 ); 28.96 (C H 3 ); 25.72 (C H 2 C H 3 );

10.99 (CH2C H 3 ) ppm.

Minor Isomers.

The minor Isomers' signals for the aromatic protons and carbons and the 

ethyl protons are obscured by those for the major Isomer, but the following 

signals can be picked out:

1H NMR (400 MHz, CDCI3) 5 (5.22 (t, J=5.37 Hz,1H) & 5.17 (t, J=5 .37  Hz,1H, 

C-3[H]); X of ABX (4.60 [d d ,J a x  =2.64 Hz, Jbx =8.58 Hz] & 4.32 [d d ,J a x  =2.12 

Hz, Jbx =13.01 Hz], 1H, C-6 {H lii 4.74-4.82 AB of ABX (Jax =2.64 Hz, Jbx 

=8.62 Hz, Jab=7.46 Hz), & 3.83-3,93 AB of ABX (Jax =2.12 Hz, Jbx =13.01 Hz, 

Jab=17.34 Hz, 2 H, CHgOAc); 2.16 & 2.12 (3H, O 2 C C H 3 ); 1.67 & 1.40 (3H,

CH 3 ) ppm.

13C NMR (100 MHz, CDCI3 ): 5 C = 0  (not observed); 100.96 & 99.79 (C-3); 

88.62 & 78.83 (C-6 ); 76.66 & 75.19 (C-5); 62.08 & 61.52 (CH2 OAC); 30.39 & 

29.73 (O2CCH3 ); 25.77 & 23.77 (CHgCHg); 28.09 & 29.73 (CH3 ); 14.97 & 

7.98 (CH2 CH3 ) ppm. For a mixture of major and minor Isomers:

HRMS (El) for C 15H20  O 5  (M)+, Calcd. 280.1311 Found: 280.1295  

Analytical Calcd. for C 1 5 H20O5 : C, 64.27; H, 7.19 Found: C, 64.57; H, 7.01.
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Chapters -  Introduction

3.0 FURTHER VARIATION OF THE ALLYLIC 
HYDROPEROXIDE IN THE SYNTHESIS OF 1,2,4-

TRIOXANES

3.1 Introduction

In chapter 2 we showed how the regiospecific photooxygenation of 

allylic alcohol, carbamate, and acetate 130, 152 and 157 respectively 

afforded the corresponding p-O -protected hydroperoxides 164. 

Hydroperoxides 164 were treated with aldehydes and ketones to form 

hem iperoxyaceta ls  which underw ent subsequent m ercury(ll) 

trifluoroacetate-mediated cyclisation to afford 1,2,4-trioxanes with a-oxylalkyl 

substituents at C-6. Reductive-demercuriation with basic sodium 

borohydride gave the mercury-free 1,2,4-trioxanes 165 as shown in scheme 

61.

Y
o +

Ph OH

OX
164

ii. NaBH4 , NaOH

OX
165

X= H, CONHPh, Ac

scheme 61
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It has previously been discussed in chapter 1 how hemiperoxyacetals 

derived from 2,3-dimethylbut-1-en-3-yl hydroperoxide (99 ) underwent 

cyclisation with mercury(ll) acetate and subsequent demercuriation to afford 

5,5,6,6-tetramethyl-1,2,4-trioxane derivatives 102 scheme 62.

"y "’
^  + R

OOH y
i. Hg(0Ac)2. H+ 0 ^ 0

ii. NaBH^, NaOH

99 102

scheme 62

It has also been shown how hemiperoxyacetals 167 derived from 

cyclohexenyl hydroperoxide (166) when treated with mercury(ll) 

trifluoroacetate afforded the cis-fused 1,2,4-trioxanes 168 (scheme 63).83

OOH

166

HgBr

HO

O0—0

167

. 2R C H 0, CHgClg h r I  Pt®
i. Hg(02CCF3)2, 48 h
ii. KBr (aq)

scheme 63

Although not reported here in detail, we found that the mercury(ll) 

trifluoroacetate reaction could not be extended to 5-, 7-, or 8-membered ring 

systems. Hem iperoxyacetals 169, 170 and 171 were treated with

1 1 3



OiEpterS - Introduction

mercury(ll) trifluoroacetate for up to 60 h. However, no trioxane formation 

was observed although trifluoroacetate incorporation was detected by infra 

red spectroscopy.

HO

R
— O

170

R

171

Chapter 1 scheme 34^9 describes how hemiperoxyacetals derived 

from 1-phenylprop-2-enyl hydroperoxide (103) afforded 3,5,6-trisubstituted

1,2,4-trioxanes (106) with high diastereoselectivity, whereas those derived 

from 3-phenylprop-2-enyl hydroperoxide (104) yielded only 3-phenyl-4- 

mercurio-1,2-dioxolane (105) (scheme 34).69

Investigations on other similarly substituted hydroperoxides 172 (R= 

t-Bu, iPr), and 174 (R= 'Pr) gave parallel results (scheme 6 4 ).84

HgBr
i. 'PrCHO, H+ f
ii. Hg(0Ac)2, H+

0—0 

173

'Pr

III aq. KBr
172

OOH i . ‘PrCHO, H"  ̂ I
' ii. Hg(0Ac)2. H+ o " ^ 0

R"  ̂ iii aq. KBr

174 I T
HgBr R 

175

scheme 64

114
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These observations were rationalised by considering the 

delocalisation of the positive charge on the intermediate mercurinium ion 

(scheme 65).

PATH A 

OOH

PATH B

R OOH

174 + 'PrCHO, Hg(0 Ac)2

-O A c

172

OAc

k
R

HO

'Pr
/ 03

OAc

\ 7 %

R

HO

176
4 . -
'Pr

5

I
04

177

schem e 65

1,2,4-Trioxane formation (path A) is preferred if the positive charge in 

the intermediate mercurinium ion is located mainly on C-6 . Attack of 0-1  

results in a favourable 6 -exo cyclisation. In path B (1,2-dioxolane formation) 

the positive charge between C - 6  and 0 -7  is more evenly distributed 

because of the greater symmetry of the mercurinium ion. Attack of 0 -3  on 0 -  

7 now competes with attack of 0-1 on C - 6  and the normally disfavoured 5- 

endo ring closure is preferred due to the greater nucleophilicity of 0 -3  (the 

"a-effect")85 compared to 0 - 1 .

Thus, 1,2,4-trioxane formation is preferred if there is greater 

substitution on C - 6  than on 0-7. To test this theory, ("E)-2 -methylbut-2 -en -1 -yl 

hydroperoxide (178) was synthesised and was found, as predicted to give a

1,2,4-trioxane 179 (scheme 66).84
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ii. Hg(0 Ac)2 , H+ Q - ^ O

iii aq. KBr q

Chapters -  Int/eduction

R

178 HgBr 1 7 9

55%

R = 'Pr

scheme 6 6

It was decided to investigate the generality of this reaction (scheme 

6 6 ) with other carbonyl compounds. In addition it was decided to investigate 

the cyclooxymercuriation of the (Zj-stereoisomer, hydroperoxide 1 80  

(scheme 67).

R

OOH

180

i. RCHO, H+ I

ii. Hg(0 Ac)2 , H+ 0 - ^ 0  

iii aq. KBr ^

HgBr 179

scheme 67

Another approach to the synthesis of new allylic hydroperoxides to 

test the 1 ,2 ,4 -tr io x a n e  synthesis was to try to extend  

hydroperoxymercuriation to conjugated dienes.
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3.1.1 Hydroperoxymercuriation

A versatile method of preparing dialkyl peroxides is the alkyl 

peroxymercuriation (equation 2, R^= alkyl; X= H or F) of alkenes. This is 

particularly useful when coupled with demercuriation.®®

R^R^C=CHR® + R^OOH + Hg(02CCX3)2

R^RX(00R‘')CH(Hg02CCX3)R® + HO2CCX3

equation 2

This method can withstand a wide range of functional groups in the 

alkene, and may be extended to prepare cyclic and bicyclic peroxides. In 

com parison, very few studies have been carried out on 

hydroperoxym ercuriation (equation 2, R^= H). Until recently the 

hydroperoxymercurials which have been fully characterised, involved the 

use of concentrated (55-90%) or anhydrous hydrogen peroxide. 87,88,89

Schm itz and co-workers®® reported the preparation of 

hydroperoxymercurials 181 and 182 from cyclohexene and styrene 

respectively by using mercury(ll) acetate in 55%  aqueous hydrogen 

peroxide.

.%VxHgOAc OOH

HgOAc

182

'OOH

181

figure 13

Sokolov®® reported the preparation of seven hydroperoxymercurials 

(fig. 14) including 181 and the organomercury chloride analogues of 181
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and 182, by using mercury(ll) acetate in 60-90%  aqueous hydrogen 

peroxide with subsequent anion exchange where appropriate.

OOH

183

J \ ^ _ H g O A c

186

figure 14

B loodw orth  and Loveitt®^ reported the synthesis of 

hydroperoxymercurials by using mercury(li) trifluoroacetate and 78-87%  

hydrogen peroxide in dichloromethane. One disadvantage of this method is 

that products were obtained as mixtures with the corresponding b/s-p- 

mercurioalkyl peroxide (equation 3).

R^R^C=CH2 + H2O2 + Hg(G2CGf|)2

R^R^C(OOH )CH2Hg02CCF3 + (F3CC02HgCH2CR^R^0-)2

Aikene R2

Ethene H H

Propene Me H

Phenylethene Ph H

2-Methylpropene Me Me

2-Phenylpropene Me Ph

equation 3

Bloodworth and Spencer®® reported the characterisation of eight new 

hydroperoxymercurials. Eleven representative alkenes 187, were found to
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react with an equimolar amount of mercury(li) acetate in an eight fold excess 

of the less hazardous 30%  hydrogen peroxide to afford the 

hydroperoxymercurials 188 or a mixture of the hydroperoxymercurial and 

the corresponding hydroxymercurial 189, which could be separated by 

column chromatography (SI02, CH2CI2 ) (equation 4).

187 30% HgOg KBr

R^R^C(OOH)CH(HgBr)R^ + R^R^C(OH)CH(HgBr)R^
188 189

Alkene (187) Product (188) 

% Yleld

Hex-1-ene 24

Styrene a

4-Methylpent-1-ene 79

a-Methylstyrene 86

(Zj-But-2-ene 15

Cyclopentene 10

Cyclohexene a

(E)-Hex-S-ene 11

1 -Methylcyclohexene 82

a. Not purified: R^R^C(00H)CH(HgX)R3 is known.

equation 4

Finally Bloodworth et a/.^i have reported the synthesis of alkyl 

hydroperoxides by hydroperoxymercuriation and reduction. Conversion of 

the hydroperoxymercurials 190 into the 2-methoxyprop-2-yl derivatives
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191, protects the peroxide linkage during the sodium borohydride reduction. 

The alkyl hydroperoxides 193 are subsequently afforded by deprotection 

(scheme 68).

R^R^C=CHR® R^R^C(OOH )CH(HgBr)R®
190

R’ R^CCOOCMegOMe )CH(HgBr)R^ 
191

— ----------^  R^R^C(00H)CH2R®

Reagents:
193

. H2O2 , Hg(OAc)2 , then KBr
i. MeC(OMe)=CH2 , Cat. py^HO'Ts
ii. NaBH4 , NaOH 
V. AcOH, H2O

R^R^C(00CM e20M e )CH2R® 
192

Compound

193

R1 R2 R3

a Ph H H

b 2-MeC6H4 H H

c 4-MeCeH4 H H

d 4-MeOC6H4 H H

e Bu H H

f Ph Me H

g H -(CH2)4-

h H -(CH2)3CHMe-

schem e 68

We decided to see if this promising method using commercially 

available, and less hazardous solutions of hydrogen peroxide could be 

extended to a range of representative 1,3-butadienes thereby affording a 

new synthetic approach to allylic hydroperoxides 198 (scheme 69).
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i
CH2=CR’ -CR^=CH2 — ►  BrHgCH2C(00H)R’ -CR^=CH; 

194 195

BrHgCH2C(00CMe20Me)R -̂CR^=CH2—!î̂ -^CH3C(OOCM02OMe)R^-CR^=CH2

IV

196 197

» .  CH3C(00H)R^-CR^=CH2 
198

Reagents: i. H2O2 , Hg(0Ac)2, then KBr
ii. MeC(OMe)=CH2 , Cat. py^HO Ts
iii. NaBH4 , NaOH
iv. AcOH, H2O

schem e 69

If, this method proved successful, further work would be carried out 

applying the principle of intramolecular oxymercunation to the synthesis of 

1,2,4-trioxanes 201 from the newly derived allylic hydroperoxides 198  

(scheme 70).
? R

OH HO O AO "O
p  RCHO, H+ ^  p  i. Hg(0Ac)2,H^ ^

CH2CI2 HgBr
ii. aq. KBr

Ri

198 199

R

200

201

scheme 70
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3 .2  Results and discussion

3.2.1 Reduction of p-hydroperoxymercuriais

The synthesis of alkyl hydroperoxides by hydroperoxymercuriation 

and reduction involved protection of the peroxide linkage during the sodium 

borohydride reduction (scheme 68). This method of Bloodworth et a/.9i 

would be far easier to carry out, and involve more readily available reagents 

if the protection of the peroxide linkage during borohydride reduction was 

unnecessary.

An example of a sodium borohydride reduction by Porter et a/.92 in 

which an organomercurial was reduced in the presence of oxygen in a pH 7 

buffer to afford a mixture of hydroperoxides (scheme 71), suggested that 

hydroperoxymercurials might be capable of withstanding such conditions.

NaBH4 , 0 2

HgBr 203
202

OOH 0 -0  0 -0

204
44%

205 OOH
28% 206

R^= (CH2)4Me , R^= -CH=CH-(CH2)yC02lVle
197co

scheme 71
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Spencer93,94 investigated the reduction of 1-bromomercurio-2- 

hydroperoxy-2-(4-methylphenyl)ethane (207) under Porter's conditions'^ 

but produced the corresponding alcohol (scheme 72).

Me CH-CH2HgBr

OOH

CH-CHMe
pH 7

OH

208207

schem e 72

A further attempt on the reduction of the organomercurial 209 using 

the milder reducing agent of tetra-n-butylammonium borohydride^^ again 

produced the corresponding alcohol 210 (scheme 73).

BU4NBH4
CH-CHgHgBr ----------------------►

CHgClg, -20 °C
CH-CH

210

schem e 73

In view of the limited number of examples of reduction of p- 

hydroperoxymercurials, it was deemed necessary to carry out further 

investigations to establish whether protection of the hydroperoxide group 

was imperative. The aqueous layer during the work up of the following 

reactions was carefully monitored by TLC for any signs of product since 

basic sodium borohydride reduction could produce the sodium salt of the 

hydroperoxide, which would reside in that layer. Not surprisingly, the 

reduction of 1-bromomercurio-2-hydroperoxy-2-phenylethane (209) in a 

two phase mixture of dichloromethane and ethanolic aqueous sodium 

hydroxide solution afforded the corresponding alcohol 210 (scheme 74).
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/ = \  NaBH4 / = \
&  CH-CHgHgBr ►  ^  yy— CH-CH3

i o ,  NaOH.EtOH

209

scheme 74

Similarly, reduction of 209 in dichloromethane added dropwise to a 

fresh solution of sodium borohydride in 2.5 M sodium hydroxide again 

afforded the corresponding alcohol 210 (scheme 75).

NaBH4
CH-CHgHgBr -----------------------►  /> — CH-CHj

NaOH. CH2CI2  ___ _
Q°C

209

scheme 75

!

2 1 0

Under Porter's conditions'^ 209 afforded styrene (211) in 70%  yield 

(scheme 76).

NaBH4, 0 2  / =

209

scheme 76

Reduction of the hydroperoxymercurial to the corresponding alcohol 

can be envisaged to occur via three possible intermediates as shown in 

scheme 77 :

i. a peroxy boron compound

ii. an epoxide

iii. a ketone.
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I ^  y - - |  -H2 I Q  T
-C-O-O-H T h - B —H  Ph-C-D-Q-B-HPh
CHjX H CHjX

I .  H *  H

Ph-C-0 + HOBH2  ^  Ph-C-OH

CHgX CHgX

I BH4 y r \  -O H
Ph-Ç-G-0-H  ►  Ph-C-OcO-H  ^  -----

CHjX "

B H / y
Ph-C-OH

I
CH3

H O ^  H -HgO n BH4- V
Ph-C-O-^-H ---------^  Ph-C-CH2X  ► Ph-C-OH

CHgX (^HgX

schem e 77

Reduction via the epoxide is unlikely because sodium borohydride 

reductions of epoxides occurs slowly.^s if the reaction proceeds via the 

ketone, we would expect a tertiary hydroperoxymercurial to afford the 

corresponding alkyl hydroperoxide since the base-induced carbonyl-forming 

element is not now possible; this is an area in my view worthwhile 

investigating. In any case, sodium borohydride was found to reduce the 

hydroperoxide linkage to alcohol under the same conditions that 

demercuriation took place. Thus, to prevent this occurring it was decided to 

return to protection of the hydroperoxide group under Bloodworth's 

conditions.^"*
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3.2.2 Reduction of protected ^-hydroperoxymercurials derived 

from coniuoated dienes

When isoprene (212) (10 mmol) was stirred for 45 min with a 

suspension of mercury(ll) acetate (10 mmol) in 30% hydrogen peroxide (10 

ml; 90 mmol) a product was isolated which, after anion exchange with 

aqueous potassium bromide, consisted of hydroperoxymercurials 213 and 

214 in a 10:1 ratio respectively (scheme 78).

I Hg(0Ac)2 aq

30% HgOg KBr

212

HgBr

+

OOH
214

8%

scheme 78

The low yield obtained was shown to be largely due to the water 

solubility of the product. Thus, when the organomercury acetate 215 and 

216 were isolated by liquid-liquid extraction in similar ratios with refluxing 

dichloromethane, the yield was increased to 44%.

AcOHg

HgOAc

OOH
216

In a further attempt to increase the yield of the hydroperoxymercurial 

213, perchloric acid catalysed hydroperoxymercuriations were carried out 

as shown in scheme 79. Products were now isolated in the same ratio to that 

without perchloric acid (scheme 78) but increased overall yield of 23%.
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. THF
i. Hg(0 Ac)2 ,H^ aq

ii. 30% HgOg KBr
BrHg

212

HgBr

+

OOH
214

23%

scheme 79

The p-hydroperoxyorganomercurial 217 was prepared in 39% yield 

by treating 2,3-dimethylbuta-1,3-diene (216) under similar conditions 

(scheme 80).

THF
Hg(0 Ac)2 ,H^ aq 

->■

216

30% H2O2 KBr

scheme 80

BrHg

The 2-methoxyprop-2-yl derivatives 2 1 8 ,2 1 9  and 220 were 

prepared by treating the p-hydroperoxyorganomercurial with 2-methoxy 

propene (1.5 eq.) and a catalytic amount of pyridium p-toluene sulfonate as 

described by Dussalt and Sahli^G, and Bloodworth et a/.^i The pure 2- 

methoxyprop-2-yl derivatives were isolated as colourless oils.
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218

HgBr

BrHg

219

BrHg

OOCMegOMe

220

Repeated attempts at reductive demercuriation of the 2-methoxyprop- 

2-yl derivatives 218, 219, and 220 with basic sodium borohydride resulted 

in the isolation of a low yield of impure epoxide (e.g. scheme 81), together 

with other unidentified products.

BrHg NaBH.
NaOH 

GGCGMe(Me)2

218

scheme 81

G 

221

7

It has previously been reported that care must be taken with the 

reductive demercuriation step, particularly for compounds derived from 

disubstituted ethenes otherwise extensive formation of epoxide occurs.9i.97 

Even under modified conditioners we failed to isolate any demercuriated 2- 

methoxyprop-2-yl derivatives, and in light of these findings it was decided to 

abandon this line of research.
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3.2.3 Formation of d/s-mercuriated 1.2.4-trioxanes

Having successfully synthesised hydroperoxymercurials 222 (see 

section 3.2.2) we investigated whether we could incorporate them into the 

intramolecular oxymercu nation route to 1,2,4-trioxanes 224 (scheme 82).

222

OH

O
NaBH

> -
NaOH

HgBr
HgBr HgBr

223 224

scheme 82

The hydroperoxymercurial 222 (6.5 mmol) and propanal (14 mmol) 

were stirred in dichloromethane with trifluoroacetic acid catalyst for 30 min 

before treatment with mercury(ll) acetate (6.5 mmol) and perchloric acid 

catalyst. The oxymercuriations were completed in 1h. The organomercury(ll) 

bromides 223, were each obtained as a mixture of three diastereoisomers 

after anion exchange with potassium bromide. Isolation by simple column 

chromatography (Si02, CH2 CI2 ) gave the pure compounds. Table 7 shows 

products and yields.

Table 7: Yields for 1.2.4l-trloxanes derived from propanal

Compound Parent

hyroperoxide

R1 R2 203 (%Yield)

223a 217 CH3 CH 3 31

223b 213 H CH 3 29
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No evidence was found in the NMR spectra for the formation of 

trioxane 223c (R1 = C H 3 , R2=H) derived from reaction of the minor 

hydroperoxymercurial 214. Trioxane 223c would have had much in 

common with those described earlier in chapter 2. The key NMR features of 

the mercuhated trioxanes would be very similar. We would have expected 

the C-6(H) in compound 223c to appear at a similar chemical shift i.e. ôh 

4.54 ppm as those observed for C-6(H) for trioxanes described in chapter 2. 

Thus, since no X patterns of an ABX for C-6(H) were observed at this 

chemical shift it was reasonably presumed that there was no formation of 

trioxane 223c (R1=CH3, R2=H).

At this point we realised that reductive demercuriation of 223 with 

basic sodium borohydride would probably afford poor yields of 1,2,4- 

trioxane 224. The reduction of p-bromoperoxides (RBr) by tin hydride occurs 

via the formation of a secondary peroxyalkyl radical intermediate ( 'CCOOR), 

which is also common to the reduction of p-bromomercurio peroxides 

(RHgBr) by sodium borohydride. Previous work by Bloodworth et al. 99 

described the rate constants for the formation of oxiranes by y-scission in 

secondary p-f-butyIperoxyalkyI radicals. The reaction proceeds as described 

in scheme 83, so that y-scission, or intramolecular hemolytic substitution at 

oxygen, competes with reduction of the radical by the tin hydride.
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O
R^R^C— -CHR3 + OBu^ 

OXIRANE 
226

k

R^R^C(OOBu^)CH(Br)R^ R^R^C(OOBu^)CHR^

225 I^SBugSnH

R^R^C(00Bu^)CH2R^
PEROXIDE

227

scheme 83

In addition, work by Porter et al. 1 0 0 ,1 0 1  for radicals derived from 

cyclic peroxides provides a basis for comment upon the influence of 

structure on rates of intramolecular hemolytic substitution at oxygen (y- 

scission) in p-peroxyalkyl radicals. It has been suggested that the transition 

state for the intramolecular hemolytic substitution at oxygen (scheme 84) 

requires two conformational criteria to be fulfilled (scheme 85).

I  «
.C-C-O-OR ----------► /  \  + . OR

a  p Y 5 C -C p

schem e 84

OR

Ca

G \ 0 0 R

Æ

scheme 85
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Firstly, the torsion angle 0 between the Ca-Cp bond and the Oy-  O0

bond should be close to 180 ° in order to allow the back-side approach of 

the radical (Ca ) to the reaction centre (Oy), with a colinear arrangement of 

C a , Oy, and O 0  in the transition state. Secondly, the torsion angle 0  

between the axis of the singly occupied p -orbital on C a, and the Cp-Oy

bond should be close to 0 ° to allow effective interaction between the p 

-orbital and the a  and a* orbitals of the Oy - O5  bond which is to break. The

first criterion (0) was demonstrated by Porter's work with cyclic peroxides 

228 and 229 generated from the corresponding p-bromoperoxides by the 

tin hydride reaction.

-3

Radical 
y  y  mol dm ®

228 0.012® 2 .4 x 1 0 " 6

<10®® < 2 0  < 5X 10
229 A O ' - O

® Deduced from

divided by rate constant for y-scission in (CH 2 (OOBu*)C H2

Thus, in the stereochemically rigid radicals 228 and 229, l?o for the 

equatorial isomer 228 is 3 orders of magnitude greater than l?o for the axial 

isomer. When the p-bromomercurio peroxides 2 3 0  and 2 3 4  were 

independently subjected to demercuriation with basic sodium borohydride, 

the equatorial isomer 228 led to a 50 : 50 mixture of peroxide 231 and 

epoxy alcohol 233. In contrast, the axial isomer 229 led cleanly to peroxide 

235 with no epoxy alcohol being observed (scheme 86).

1 3 2



Chapters - Discussion

HgBr
230

228 231

232

OH

233

234
HgBr

' S '

229 235

scheme 8 6

W e thus envisaged two possible outcomes for the reductive 

demercuriation of 1,2,4-trioxane 223 (scheme 87) depending upon whether 

the CHaHgBr group at C-6 was equatorial or axial (also assuming that 

equatorial Et at C-3 is preferred).
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Et

0 ^ 0

238

I
R 2 \ h

H

H

Et----- — OH

Et S 2tv fast

1̂  w slow 
223x R2 g C

h

■ VR' \  R2
237

Et•A-o±°
236a

EtCHO

Ri \  R̂
239

H

Et
y-scission

slow

223y

H

Et

236b

scheme 87
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Interestingly, reductive demercuriation of 223a with basic sodium 

borohydride resulted in only partial demercuriation of the b/s-mercuriated

1,2,4-trioxane, affording 240 in 29% yield (scheme 88).

NaBH
> -

NaOH

HgBr HgBrHgBr

223a 240

scheme 88

3.2.4 NMR studies and determination of stereochemistry

The b/s-mercuriated 1,2,4-trioxanes had much in common with the 

earlier mono-mercuriated compounds (chapter 2). The key NMR features 

were very similar. The 1H NMR spectrum of the trioxane 223b derived from 

4-brom om ercurio-3-hydroperoxy-3-m ethylbut-1-ene (213) showed the 

characteristic C-3 proton signal (triplet) at Ôh 4.79 - 5.28 ppm. Characteristic 

signals were observed for C-5(H) Ôh 3.89 - 4.06 ppm (X pattern of an ABX). 

In addition, characteristic signals were observed for the C-5(CH2HgBr) 

group at ôh 1.52 -2.18 ppm (AB pattern) of an ABX and at ôc 35.01 - 41.17 

in the i^C NMR.

Spectra for the mercuriated trioxane 223a derived from 4- 

bromomercurio-3-hydroperoxy-2,3-dimethylbut-1-ene (217) also showed 

the characteristic C-3(H) proton signal (triplet) at ôh 5.34 - 5.49 ppm. NOE 

results (see later) suggests that there is restricted rotation about the 

BrHgCHg-ring bond, probably as a result of steric effects. The ring-carbon 

signals in the NMR spectra appeared at ôc 100.71 - 107.21 (C-3), ô
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84.32 - 87.13 (C-6) and 6 76.60 - 82.52 (0-5) ppm. The trioxanes 223 were 

each formed as three diastereoisomers (four are theoretically possible). 

Compound 223a was further purified by HPLC, thereby allowing the 

separate isolation of the three diastereoisomers. To determine the 

stereochemistry of 223a and 223b NOE measurements were made (see 

section 2.2.4.1). As with previous NOE measurements, the R group attached 

to C-3 was assumed to lie in the equatorial position so had to be axial, 

thus any proton exhibiting an NOE to from C-5 must also be axial or part 

of an axial group. Table 8 shows the results obtained.

Table 8: NOE measurements.

Isomers HO

M^or 223a C-3(H) C-5 (CH3 ), CH2CH3

C-5(CH3) C-6(CH3). 

C-5(CHAHBHgBr) one 

proton downfield, C-3(H)

Major 223b C-3(H) C-5( H), CH2 CH3

C-5(H) C-6 (CH3 ), C-3(H) 

C-5(CH*HBHgBr) one 

proton downfield, C-3(H)

Middle 223a C-3(H) C-5 (CH3 ), CH2CH3

Middle 223b C-3(H) C-5(CH), CH2 CH3

Minor 223a C-6 (H) C-6 (CHAHBHgBr), 

one proton downfield, C- 

5(CH3)

H'= proton irradiated H°=proton observed
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H3 H3

CH, CH;

minor
CHgHgBr

Major Middle

R = h . c h 3 r = h . c h 3
figure 15 figure 16 figure 17

The results (table 8 ) show that in the major isomer (fig. 15), the 

C H 2 HgBr group at C-5 must lie in the equatorial position as there is a key 

NOE measurement between and the protons of the axial methyl group on 

C-5 and C-5(H) for compounds 223a and 223b respectively. This was 

confirmed by irradiation of the methyl group signal on C-5 (compound 

223a) and C-5(H) (compound 223b) which resulted in an enhancement at 

H3; in addition enhancements were observed for the signal for C- 

5 (C H 2 HgBr) (one proton, downfield thereby suggesting restricted rotation 

about the BrHgCH2 -ring bond) and the methyl group at C - 6  which must 

therefore lie in the equatorial position. Thus for the middle isomer (fig. 16) the 

C -6 (C H 2 HgBr) group must lie in the equatorial position since key NOE 

measurements between and the protons of the axial methyl group on C- 

5 (C H 3 ) and C-5(H) for compounds 223a and 223b respectively are 

observed. For the minor isomer (fig. 17) it was deduced from the chemical 

shifts for the methyl signals that one methyl group must lie in the axial 

position (downfield signal). It was reasonably assumed from similar 

chemical shift arguments that only one CH2 HgBr must lie in the equatorial 

position (upfield signal). Thus the minor isomer was predicted to have the 

stereochemistry outlined in fig. 17 since the alternative stereochemistry 

would lead to that already seen for the major isomer (fig. 15). As predicted 

irradiation of the axial methyl signal at C - 6  caused an enhancement of one
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proton (downfield) of the CH2 HgBr group on C-6 and additionally caused an 

enhancement of the methyl group signal on C-5, thereby confirming that the 

minor isomer had the stereochemistry outlined in fig.17.

To obtain further evidence for the stereochemistry of the middle 

isomer (fig. 16) COSY (Correlated Spectroscopy) experiments were carried 

out. The principle of COSY is that with appropriate pulse sequences it is 

possible, in a single rather than extended experiment to reveal all the 

coupling relationships in a molecule. This is then presented in a three 

dimensional plot, usually as a contour map. The result is called a COSY  

spectrum.

Fig. 18 shows the conventional 1H spectrum of 223a (fig. 17, R ‘> = 

r 2=c H3) and a COSY plot in the contour form for the same molecule. The 

lines are contours from the third dimension, representing intensity. The 

conventional spectrum can be seen along the diagonal marked with a line, 

and the cross-peaks identify nuclei that are coupled to each other. Thus the 

signal from at the bottom left of the diagonal has a cross-peak connecting 

it to the signal from the methylene group of the ethyl group at 5 1.5 ppm. The 

AB signals from the C-5 and C-6 CHaHgBr group were resolved from the 

COSY spectrum in a similar manner (fig. 19). Thus a doublet at 5 2.13 ppm 

was found to be coupled with a doublet at 5 2.32 ppm constituting an AB. 

Similarly, a doublet at 5 1.97 ppm was found to be coupled with a doublet at 

5 2.07 ppm constituting another AB. Finally, the methylene group of the ethyl 

group at the bottom left of the diagonal has a cross-peak connecting it to the 

signal from the methyl group of the same ethyl group at 5 0.95 ppm as 

shown in fig. 20, indicating coupling between the two types of proton.
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3.3.1 Other hydroperoxides

fE>2 -M 0 thylbut-2 -en-1 -yl hydroperoxide (178) was synthesised from 

Tiglic acid using the route described by Tallant^^ (scheme 89).

COgH
LiAIH.

EtoO

OH

241
242

/
OGH

PBr.

HgOg, KOH /  
' — / = \

Br

178

aq. MeOH

schem e 89

243

We found that we were able to isolate the hydroperoxide 178 in 

comparable yields to those reported by Tallant^^ (table 9).

Table 9: A comparison of % yields

Compound
% Yield 

A B

242 62 48

243 6 6  79

178 54 49

A: Results b y la lla n t^  

B: Our results.
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As reported,84 it was evident from ‘•H and 13c NMR spectra of 178, 

that the product was contaminated with a small amount of the isomeric 2 - 

methylbut-1-en-3-yl hydroperoxide (245).

y r

245

Hydroperoxide 245 could be formed from the isomeric bromide 244  

present by an Sn2  attack, from Sn2 ' substitution on 243 or by the allylic 

rearrangement of 178 itself.182 jh e  presence of hydroperoxide 180 could 

not be ruled out because the very close similarity with 178 would result in 

the two hydroperoxides having very similar spectra. Hydroperoxide 180 

could arise from Sn2 ' substitution on 244, or by the rearrangement of 

245,103 which could be expected to afford both 178 and 180 (scheme 90).

OH
PBr.

Br K
242

\ _ r
245

243 244
HgOg, KOH 
aq. MeOH

OGH

/ =
+ +

OGH

180

scheme 90
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Hydroperoxide 178 was treated with aldehyde followed by mercury(ll) 

acetate using the usual cyclooxymercuriation c o n d i t io n s 6 8 ,6 9  (scheme 91).

OOH  ̂ R
i. RCHO, H+

A .ii. Hg(0 Ac)2 , 

iii aq. KBr

HgBr 179

R= Me, Et 

scheme 91

With ethanal (R =Me) and propanal (R =Et), the cyclooxymercuriations 

behaved like that reported®^ for R = 'Pr (scheme 6 6 ). However, when R was 

= f-Bu or aryl and when the ketone adamantanone was used in place of the 

aldehyde, the recovered product was not the expected 1,2,4-trioxane as no 

characteristic signals were observed in the i^C NMR for the ring-carbon 

atoms at 6  94 - 99 (C-3), 80 -84 (C-6 ) and 75 -79 (C-5) ppm. Similarly, in the 

1R NMR no characteristic signals were observed of appropriate multiplicity 

for the CHR proton at Ô 5.0 - 5.5 (R = alkyl) or 6.3 - 6 .8  (R = aryl) ppm.

The question now arose as to why the two sets of carbonyl 

compounds, isopropanal, ethanal, and propanal on the one hand and 

trimethylacetaldehyde, benzaldehyde and adamantanone on the other 

behaved differently. NMR studies confirmed that the degree of 

hemiperoxyacetal formation is comparable for both sets (both exist as ca. 

75% hemiperoxyacetal and 25% hydroperoxide in a CD CI3  solution when 

R= alkyl), so this cannot be the cause. Instead we propose that steric 

crowding of the OH nucleophile inhibits attack on the more crowded 

mercurinium ion. Spectral analysis showed that when R is large, we 

recovered mainly the unreacted hydroperoxide 178 and carbonyl 

compound.
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As 179 contains three chiral centres, we have the following possible 

diastereoisomers 179%, 179y*, 179% and 179w*-

BrHg,̂

X
O BrHg

179»*

O'

BrHg,.

O

O BrHg

179, 179».*

The oxymercuriation step is normally a stereospecific anti-addition to 

the double bond, thus the stereochemistry at the carbon attached to mercury 

should be fixed relative to the stereochemistry at C-5, i.e. 1 7 9 y *  and 1 7 9 w *  

should not be formed. However, ‘•H and NMR spectra confirmed the 

presence of five isomers, although the signals from some isomers were very 

weak and difficult to pick out (see experimental section).

The formation of 1 7 9 y *  and 179w * from 178 would require a non- 

stereospecific oxymercuriation step. Despite exam ples of syn 

methoxymercuriation and acetoxymercuriation appearing in the literature‘s 

for which an explanation involving the collapse of a solvated mercurinium 

ion has been put f o r w a r d ' s such observations have only been made with 

strained alkenes (e.g. norbornene) and there is no evidence that syn- 

addition occurs in the cyclooxymercuriation of simple acyclic species. A 

more feasible explanation is the contamination of 178 with its double bond 

isomer 245 arising from mechanisms described earlier (scheme 90).

To try to verify that the stereochemistry of trioxanes derived from 

hydroperoxide 180 corresponds to 1 7 9 y * and 1 7 9 w *. we set out to 

synthesise it from Angelic acid (248) (scheme 92).‘•o®
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82%
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MeOH
/  COgH 

247
11%

scheme 92

By analogy with Tiglic acid, Angelic acid should afford (Z)-2- 

methylbut-2 -en-1 -yl hydroperoxide (180) using the route shown in scheme 

93.

248

UAIH4

EtoO

OH

249

180

HgOg, KOH
M ----------------

OOH MeOH

PBr.

Br

250

scheme 93

Owing to persistently low yields of p-bromoangelic acid (247) being 

obtained, it was unrealistic to imagine that we could complete the synthesis 

to Angelic acid (248) and obtain enough starting material to synthesise (Z)- 

2-methylbut-2-en-1-yl hydroperoxide (180). J. Cason and M. Kalm^o^ also 

report that repeated attempts to convert 246 into 247 (scheme 92) failed to
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raise the yield more than about 1/3 (to ca. 20%) of that reported by the 

previous workers, Buckles and IVIockJOG Thus at this point it was decided to 

discontinue this line of research.

3.3.2 Conclusion

The hydroperoxymercuriation of conjugated dienes provided g- 

hydroperoxymercurials 213 and 217 in low to fair yield. The low yield 

obtained was shown to be largely due to the water solubility of the product. 

We converted the p-hydroperoxymercurials into the corresponding 2- 

methoxyprop-2 -yl derivatives with the aim of protecting the peroxide linkage 

during the subsequent sodium borohydride reduction. However, repeated 

attempts at reductive demercuriation resulted only in the isolation of 

epoxide.

The p-hydroperoxymercurials 213 and 217 were treated with 

propanal to form hemiperoxyacetals. Subsequent reaction with mercury(ll) 

acetate followed by anion exchange with potassium bromide gave the bis- 

mercuriated 1,2,4-trioxanes 223 (scheme 82) as a mixture of three 

diastereoisomers. The alkaline sodium borohydride reduction of the bis- 

mercuriated 1,2,4-trioxane 223a resulted in only partial demercuriation to 

give mono-mercuriated 1,2,4-trioxane 240.

CEj-2-Methylbut-2-en-1-yl hydroperoxide (178) was treated with 

propanal and with ethanal followed by mercury(ll) acetate using the 

cyclooxymercuriation conditions outlined in scheme 91 to afford 1,2,4- 

trioxanes 179. However, the reaction could not be extended to the use of 

the aldehydes trimethylacetaldehyde and benzaldehyde, or the ketone 

adamantanone. We were unable to synthesis (Z)-2-m ethylbut-2-en-1-yl 

hydroperoxide (180) owing to the low yield obtained of intermediate 248 

(scheme 92).
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3.4 EXPERIMENTAL

For details of instruments, conditions for spectroscopy and general 

experimental, see section 2.4.

4-Bromomercurio-3-hydroperoxy-3-methylbut-1-ene

Method 1

Isoprene (0.68 g; 10 mmol) was added to a magnetically stirred suspension 

of mercury(ll) acetate (3.19 g; 10 mmol) in 30% aqueous hydrogen peroxide 

(10 ml; ca. 90 mmol). The mixture was stirred for 45 min and then extracted 

with dichloromethane (3x10 ml). The combined organic extracts were stirred 

vigorously with aqueous potassium bromide (1.31 g; 11 mmol) in water (10 

ml) for 30 min. The organic phase was separated off, and the aqueous layer 

extracted with more dichloromethane (2x10 ml). The combined organic 

solutions were dried over MgS0 4 , filtered, and the solvent removed under 

reduced pressure to afford the crude product. The pure 

hydroperoxymercurial was isolated by column chromatography (SiOa, 

CH2CI2 ) as a colourless oil. R f 0.25, yield: (290 mg; 8 %).
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M ethod 2

Isoprene (0.68 g; 10 mmol) in THF (6  ml) was added to a magnetically stirred 

suspension of mercury(ll) acetate (3.19 g; 10 mmol) in 30%  aqueous 

hydrogen peroxide (10 ml; ca. 90 mmol) with 20 drops of 60% perchloric 

acid . The temperature was kept below 10 °C by cooling in an ice-salt bath 

and the mixture was stirred for 30 min. The solution was saturated with 

ammonium sulfate and then extracted with dichloromethane (3x10 ml). The 

combined extracts were stirred vigorously with aqueous potassium bromide 

(1.31 g; 11 mmol) in water (10 ml) for 30 min. The organic phase was 

separated off, and the aqueous layer extracted with more dichloromethane 

(2x10 ml). The combined organic solutions were dried over MgS0 4 , filtered, 

and the solvent removed under reduced pressure to afford the crude 

product. The pure hydroperoxymercurial was isolated by column 

chromatography (Si0 2 , CH2CI2 ) as a colourless oil. R f 0.25, yield: (859 mg; 

23%).

For 4-Bromomercurio-3-hydroperoxy-3-methylbut-1-ene (213):

1H NMR (400 MHz, CDCI3 ): 5 7.65 (brs, 1 H, OOH); 5.98 (dd, J =10.90, 17.92

Hz, 1 H) 5.28 (d, J =17.92 Hz, 1 H, CH2 trans); 5.23 (d, J =10.90 Hz, 1 H,

C H 2  cis); 2.15, 2.25 AB (J=12.00 Hz, 2 H, CH 2 HgBr); 1.46 (s, 3H, C H 3 ) ppm. 

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 142.47 (H C =C H 2 ); 115.74 (H C =C H 2 ); 85.64 

(COOH); 44.37 (CH2 HgBr); 25.97 (CH 3 ) ppm.

The products obtained from method 1 and method 2 each contained about 

10% of the isomeric 4-bromomercurio-3-hydroperoxy-2-methylbut-1-ene 

(2 1 4 ).

HgBr

OOH
214
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For 4-bromomercurio-3-hydroperoxy-2-methylbut-1-ene (214):

1H NMR (400 MHz, CDCI3 ): ô 8.02 (brs, 1H, OOH); 5.12 (brs, 1H, C=CH 2 ) 

5.05 (brs, 1H, C=CH2 ); 4.89 (dd, J=3.58, 10.97 Hz, 1H); 2.39, 2.51 ABX (Jax 

=3.58 Hz, Jbx =10.97 Hz, Jab = 12.00 Hz, 2 H, CH2 HgBr); 1.78 (s, 3H, CH3 ) 

ppm.

130 NMR (100 MHz, CDCI3 ): 6  145.66 (HC=CH2 ); 113.87 (HC=CH2 ); 87.37  

(COOH); 37.38 (CH2 HgBr); 17.95 (CH3 ) ppm.

For mixture of isomers:

Analytical calcd. for C5 HgBrHg0 2 : C, 15.74; H, 2.38. Found: 0 , 16.21; H, 

2.36.

4-Bromomercurio-3-hydroperoxy-2.3-dimethylbut-1-ene

HgBr

OOH
217

2,3-Dimethylbuta-1,3-diene (0.82 g; 10 mmol) in THF (6  ml) was added to a 

magnetically stirred suspension of mercury(ll) acetate (3.19 g; 10 mmol) in 

30% aqueous hydrogen peroxide (10 ml; ca. 90 mmol) with 20 drops of 60%  

perchloric acid. The temperature was kept below 1 0  °C by cooling in an ice- 

salt bath and the mixture stirred for 30 min. The solution was saturated with 

ammonium sulfate and then extracted with dichloromethane (3x10 ml). The 

combined extracts were stirred vigorously with aqueous potassium bromide 

(1.31 g; 11 mmol) in water (10 ml) for 30 min. The organic phase was 

separated off, and the aqueous layer extracted with more dichloromethane 

(2x10 ml). The combined organic solutions were dried over MgS0 4 , filtered, 

and the solvent was removed under reduced pressure to afford the crude 

product. The pure hydroperoxymercurial was isolated by column
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c h r o m a to g r a p h y  ( S i0 2 , C H 2 C I2 ) a s  a  c o lo u r le s s  o il. R  f 0 .4 ;  y ie ld :  ( 1 . 5 5  g; 

3 9 % ) .

1 R  N M R  ( 4 0 0  M H z ,  C D C I3 ): 5  8 .5 0  (b rs , 1 H , O O H ) ;  5 .0 8  (d , J = 1 . 4 8  H z , 1 H ,  

C = C H 2 ); 4 .9 9  (d , J = 1 . 4 8  H z , 1 H , C = C H 2 ); 2 .2 0 ,  2 .4 0  A B  ( J  = 1 2 .0 1  H z ,  2 H , 

C H 2 H g B r);  1 .8 7  (s , 3 H , C H 3 C O O H ) ;  1 .4 9  (s , 3 H ,  C H 3 ) p p m .

1 3 0  N M R  ( 1 0 0  M H z ,  C D C I3 ): Ô 1 4 9 .3 4  ( C = C H 2 ); 1 1 2 .2 9  ( C = C H 2 ); 8 7 .1 7

( C O O H ) ;  4 3 .3 7  ( C H 2 H g B r);  2 6 .1 1  ( C H 3 C O O H ) ;  1 9 .2 0  ( C H 3 ) p p m .

A n a ly t ic a l c a lc d . fo r  C 6 H n B r H g 0 2 : C ,  1 8 .2 1 ;  H , 2 .8 0 .  F o u n d : 0 ,  1 8 .0 2 ;  H , 

2 .5 7 .

P ro te c t io n  o f o r g a n o m e r c u r ia l 213 & 217 w ith  2 -m e th o x y p r o p e n e .

T o  a  s o lu t io n  o f  4 - b r o m o m e r c u r io - 3 - h y d r o p e r o x y - 2 ,3 - d im e t h y lb u t - 1 - e n e

(217) ( 2 . 7 8  g ; 7  m m o l)  o r  4 - b r o m o m e r c u r io - 3 - h y d r o p e r o x y - 3 - m e t h y lb u t - 1 -  

e n e  (213) ( 2 . 6 7  g ; 7  m m o l)  in  d ic h lo r o m e t h a n e  ( 2 0  m l)  w a s  a d d e d  2 -  

m e t h o x y p r o p e n e  ( 1 .0 0  g; 1 4  m m o l)  a n d  p y r id in iu m  p - t o lu e n e s u l f o n a t e  (5  

m g ) . T h e  m ix tu re  w a s  s t ir re d  fo r  4 0  m in  b e fo r e  r e m o v in g  th e  s o lv e n t  a t  th e  

r o ta r y  e v a p o r a to r .  C o lu m n  c h r o m a to g r a p h y  ( S i0 2 , C H 2 C I 2 ) a f f o r d e d  th e  

p u r e  2 -m e th o x y p r o p -2 -y l d e r iv a t iv e  a s  a  c o lo u r le s s  o il.

4 -B r o m o m e r c u r io - 3 - m e t h y l - 3 - ( 2 - m e t h o x y p r o p - 2 - y lp e r o x y ) b u t - 1 - e n e

OOCMeoOMe

T h is  w a s  s y n th e s is e d  fro m  4 - b r o m o m e r c u r io -3 -h y d r o p e r o x y - 3 -m e th y lb u t - 1 -  

e n e  p r e p a r e d  a s  p r e v io u s ly  d e s c r ib e d . T h e  p ro d u c t  w a s  a  1 0 :1  m ix tu r e  o f  

th e  is o m e r s  218 a n d  219. Rf 0 .4 3 .  Y ie ld :  ( 0 .5 0  g; 2 9 % )  fro m  s ta r t in g  d ie n e .
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F o r  4 - b r o m o m e r c u r i o - 3 - m e t h y l - 3 - ( 2 - m e t h o x y p r o p - 2 - y l p e r o x y ) b u t - 1 - e n e

(218) :

1 H  N M R  ( 4 0 0  M H z ,  C D C I3 ) :  5  6 .0 5  (d d , J = 1 0 .9 2 ,  1 7 .6 0  H z ,  1 H , ); 5 .2 4  (b d , J 

= 1 7 . 6 0  H z ,  1 H , C = C H 2 tr a n s ) ;  5 .1 2  (b d , J  = 1 0 . 9 2  H z , 1 H , C = C H 2 c is ) ;  3 .2 8  (s , 

3 H ,  O C H 3 ) ;  2 .1 4 ,  2 . 2 6  A B  ( J  = 1 2 . 0 0  H z ,  2 H , C H 2 H g B r ) ;  1 .4 1  (s , 3 H ,  C H 3 ) :  

1 .4 0  (s , 3 H ,  C H 3 ) :  1 .3 9  (s , 3 H ,  C H 3 )  p p m .

1 3 C  N M R  ( 1 0 0  M H z ,  C D C I3 ): 5  1 4 3 .7 1  ( H C = C H 2 ): 1 1 4 .1 1  ( H C = C H 2 ) ;  

1 0 4 .6 1  ( 0 0 C M e 2 0 M e ) :  8 3 .9 7  ( C O O ) ;  4 9 . 7 0  ( O C H 3 ): 4 3 .7 4  ( C H 2 H g B r ) ;  

2 6 .1 1 ,  2 3 .1 5 ,  2 3 . 1 0  ( C H 3 ) p p m .

F o r  4 - b r o m o m e r c u r i o - 2 - m e t h y l - 3 - ( 2 - m e t h o x y p r o p - 2 - y l p e r o x y ) b u t - 1 - e n e  

(219):

1 H  N M R  (400 M H z ,  C D C I3 ) :  5 5.04 (brs, 1H, C = C H 2 ) ;  4.93 (brs, 1 H ,  

G = G H 2 ) ;  4.75 (dd, Jax = 3 . 5 3  H z ,  Jabx =10.69 H z , 1 H ); 3.27 (s, 3 H ,  O G H 3 ) ;  

2.35 2.50 A B X  (Jax =3.53 H z , Jtx =10.69 H z , Jat=12.00 H z , 2H, G H 2 H g B r ) ;

1.78 (S, 3 H ,  G H 3 );  1.45 (S, 3 H ,  G H 3 );  1.37 (s, 3 H , G H 3 )  ppm.

1 3 G  N M R  ( 1 0 0  M H z ,  G D G I3 ): 8  1 4 6 .0 1  ( C = G H 2 ); 1 1 3 .1 7  ( G = C H 2 ) |  1 0 4 .9 5  

( 0 0 C M e 2 0 M e ) ;  8 4 . 7 4  ( C O O ) ;  4 9 .7 5  ( O C H 3 ); 3 7 . 7 9  ( C H 2 H g B r ) ;  2 7 . 9 2 ,  

2 6 .2 3 ,  1 8 .0 3  ( C H 3 ) p p m .

F o r  a  m ix tu r e  o f  2 1 8  a n d  2 1 9 :

A n a ly t ic a l  c a lc d . fo r  G g H i 7 B r H g 0 3 : G , 2 3 .8 2 ;  H , 3 .7 8 .  F o u n d : G , 2 3 .4 7 ;  H , 

3 .5 9 .
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4-Bromomercurio-2.3-dimethyl-3-(2-methoxyprop-2-ylperoxy)but-1-ene

OOCMeoOMe

This was synthesised from 4-b rom om ercurio -3 -hydroperoxy-2 ,3 - 

dimethylbut-1-ene 217. Rf 0.63. Yield: (1.51 g; 32%) from starting diene.

1H NMR (400 MHz, CDCI3 ): 5 4.99 (d, J  =0.84 Hz, 1 H, C =C H 2 ); 4.86 (d, J  

=0.84 Hz, 1 H, C =C H 2 ); 3.27 (s, 3H, O C H 3 ); 2 .1 2 , 2.34 AB (J =12.04 Hz, 2 H, 

C H 2 HgBr); 1.81 (s, 3H, C H 3 ); 1.41 (s, 3H, C H 3 ); 1.39 (s, 3H, C H 3 ); 1.38 (s, 

3H, C H 3 ) ppm.

130 NMR ( 1 0 0  MHz, CDCI3 ): 5 150.42 (C=CH2 ); 111.54 (C=CH 2 ); 104.52 

(0 0 C M e 2 0 Me); 85.45 (COO); 49.66 (OCH 3 ); 43.77 (CH 2 HgBr); 26.82 

(CH3 ), 23.12, 23.03 (MeOCCH3 ); 18.93 (CH3 C=CH2 ) ppm.

Analytical calcd. for C ioH igBrHg 0 3 : 0, 25.68; H, 4.09. Found: 0, 25.91; H, 

4.50.

Attempted demercuriation of 2-methoxyprop-2-vlperoxv derivatives

Sodium hydroxide (2.5 M; 1 ml) was added to a solution of the 2- 

m e th o x y p ro p -2 -y lp e ro x y  d e r iv a tiv e  2 1 8  or 2 2 0  (5 mmol) in 

dichloromethane tIO  ml). This mixture was added dropwise to an ice-cold 

solution of sodium borohydride (0.19 g; 5 mmol) in sodium hydroxide (2.5 M; 

4 ml) using a Pasteur pipette. After the addition was complete the mixture 

was stirred for 45 min, then filtered through a sintered glass funnel. The 

residue was washed with water ( 1 0  ml) and the solution diluted with more 

dichloromethane (10 ml). The organic phase was separated off, and the 

aqueous layer extracted with more dichloromethane (2x10 ml). The
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combined organic extracts were dried over MgS0 4 , filtered, and the solvent 

was removed under reduced pressure to afford the corresponding crude 

epoxide.

Synthesis of b/s-mercurated 1.2.4-trioxanes

In a typical procedure, the hydroperoxide 213 or 217  (6.5 mmol) and 

propanal (0.82 g; 14 mmol) were stirred in dichloromethane (20 ml) with 3 

drops of trifluoroacetic acid for 30 min. Mercury(ll) acetate (2.23 g; 7 mmol) 

was then added along with 2  drops of 60% perchloric acid and stirring 

continued for a further 1 h. Sodium bicarbonate solution (5% w/v; 5 ml) was 

added to wash out the acetic acid formed during the reaction. The organic 

and the aqueous layers were separated, and the aqueous layer extracted 

with dichloromethane (3x5 ml). Potassium bromide (0.56 g; 5 mmol) in water 

(10 ml) was stirred vigorously with the combined organic solutions for 30 

min. The aqueous layer was separated off and extracted with more 

dichloromethane (3x5 ml). The combined organic solutions were dried over 

M g S 0 4 , fllfsred, and the solvent removed under reduced pressure.

Purification was achieved by column chromatography (SiOa, CH 2 CI2 ).
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5.6-Di(bromQmercuriomethyl)-3-ethyl-5.6-dimethyl-1.2.4-trioxane

HgBr

This was synthesised from 4-brom om ercurio-3-hydroperoxy-2,3,- 

dimethylbut-1-ene ( 2 1 7 ) .  R f 0.67, yield: (1.47 g; 31%). The product was a 

white solid formed as a mixture of three isomers in a 17:12:1 ratio. Further 

purification was achieved by HPLC (lichrosorb silica gel, 5 p.m, 18% ethyl 

acetate, 82% hexane).

For a mixture of three isomers: 

m.p. 52-55 °C.

Analytical calcd. for CgHi6 Br2 Hg2 0 3 : C, 14.74; H, 2 .2 0 . Found: C, 14.28; H, 

2 .1 0 .

For maior isomer :

CM
.CM

1H NMR (400 MHz, CDCI3 ): 6  5.49 (t, J=5.35 Hz, 1H, C-3 [H]); 2.04, 2.12 AB 

(J  =11.58 Hz, 2H, C-5 [CH2 HgBr]); 2.26, 2.52 AB (J =11.73 Hz, 2H, C-
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6 [CH2 HgBr]); 1.56-1.73 (m, 2 H, CH2 CH3 ): 1.54 (s, 3H, C-5 [CH3 ]): 1.25 (s, 

3H, C-6 [CH3 ]): 0.96 (t, J=7.55 Hz, 3H, CH2 CH3 ) ppm.

NOE : Saturation of the signal for C-3(H) at ô 5.49 ppm caused an 

enhancement of the signal for the methyl group at Ô 1.54 ppm, and 

additionally caused an enhancement of the signal for the methylene protons 

of the neighbouring ethyl group in the region of 5 1.56-1.73 ppm.

Saturation of the methyl signal at Ô 1.54 ppm caused an enhancement of a 

triplet C-3(H) at Ô 5.49 ppm, a methyl group signal at S 1.25 ppm and one 

proton (downfield) for the CH2 HgBr group at Ô 2 .1 2  ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 100.71 (C-3); 87.13 (0-6); 78.79 (0-5); 45.56 

(CHaHgBr); 40.49 (CHaHgBr); 25.63 (CH2 OH3 ); 25.01, 23.92, (CH3 ); 8.24 

(OH2 CH3 ) ppm.

For middle isomer:

H

CHjHgBr
Et^ /

'CHjHgBr
CH3

1H NMR (400 MHz, ODOI3 ): 5 5.34 (t, J=5.18 Hz, 1H, 0-3[H]); 2.13, 2.32 AB 

(J  =11.33 Hz, 2H, 0 -5 [0 H 2 HgBr]); 1.97, 2.07 AB (J =11.84 Hz, 2H, 0 -  

6 [OH2 HgBr]); 1.65 (s, 3H, 0 -6 [0 H3 ]); 1.58 (s, 3H, 0 -5 [0 H3 ]); 1.57-1.63 (m, 

2 H, OH2 OH3 ); 0.95 (t, J=7.55 Hz, 3H, OH2OH3 ) ppm.
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NOE : Saturation of the signal for C-3(H) at Ô 5.34 ppm caused an 

enhancement of the signal for the methyl group at ô 1.58 ppm, and 

additionally caused an enhancement of the signal for the methylene protons 

of the neighbouring ethyl group at 5 1.57-1.63 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 6  99.81 (C-3); 86.45 (0-6); 79.43 (C-5); 45.83  

(CHaHgBr); 40.46 (CHaHgBr); 25.27 (CH2 CH 3 ); 24.97, 24.30, (CH 3 ); 7.89  

(CH2 C H 3 ) ppm.

For minor isomer:

CH2HgBr
O-

CH
CH

1H NMR (400 MHz, CDCI3 ): 5 5.44 (t, J=5.27 Hz, 1 H, C-3[H]); 2.34, 3.06 AB 

(J  =11.89 Hz, 2H, C-5 [CH2 HgBr]); 1.95, 2.12 AB (J =11.78 Hz, 2 H, C- 

6 [CH 2 HgBr]); 1.54-1.69 (m, 2 H, CH 2 C H 3 ); 1.64 (s, 3H, CH 3 ); 1.36 (s, 3H, 

CH3 ); 0.99 (t, J=7.55  Hz, 3H, CH2CH3 ) ppm.

Saturation of the axial methyl signal at 5 1.64 ppm caused an enhancement 

of one proton of the C-6 (CH2 HgBr) group at 5 2.12 ppm, and additionally 

caused an enhancement of a methyl group signal at 5 1.36 ppm.

13c NMR ( 1 0 0  MHz, CDCI3 ): 5 100.71 (C-3); 77.29 (C-6 ); 76.60 (C-5); 40.49 

(C H 2 HgBr); 33.59 (CH2 HgBr); 25.63 (CH2 CH 3 ); 25.03, 23.92, (CH3 ); 8.25 

(CH 2CH 3 ) ppm.
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5.6-Di(bromomercuriomethyl)-3-ethyl-6-methyl-1.2.4-trioxane

HgBr
HgBr

223b

This was synthesised from 4-bromomercurio-3-hydroperoxy-3-methylbut-1- 

ene (213). Yield: (1.29 g; 29%). The product was a white solid, m.p. 48-52 

°C. The crude product shows three triplets in the NMR at 5 5.28, 5.18, &

4.79 ppm in a 21:14:1 ratio respectively. Column chromatography afforded 

three fractions. The first fraction contained only the major isomer of the 

product, while about 50% of the second fraction was the major isomer, the 

other 50% being the middle isomer. The third fraction was essentially the 

middle isomer (ratio of middle:minor isomer = 14:1; Yield: 5%).

Fraction 1:

Et
jCH2HgBr 

major isomer CHgHgBr

R f 0.60, yield: (8 %). This contained only the major isomer.

1R NMR (400 MHz, CDCI3 ): Ô 5.28 (t, J=5.77  Hz, 1H, C-3[H]); 4.06 X of ABX

(Jax =4.21, Jbx =10.89 Hz, 1H, C-5[H]); 1.92, 2.14 AB of ABX (Jax =4.21, Jbx 

=10.89, Jab=12.04 Hz, 2H, C-5 [CH2 HgBr]); 1.96, 2.14 AB (J =12.63 Hz, 2H, 

C -6 [CH 2 HgBr]); 1.59-1.79 (m, 2 H, C H 2 C H 3 ); 1.27 (s, 3H, C H 3 ); 0.99 (t, J 

=7.55 Hz, 3H, CH2 CH3 ) ppm.
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NOE : Saturation of the signal for C-3(H) at Ô 5.28 ppm caused an 

enhancement of a doublet of doublets for C-5(H) at 5 4.06 ppm, and 

additionally caused an enhancement of the signal for the methylene protons 

of the neighbouring ethyl group in the region of ô 1.59-1.79 ppm.

Saturation of the signal for C-5(H) at Ô 4.06 ppm caused an enhancement of 

a triplet for C-3(H) at 5 5.28 ppm, one proton (upfield) for the C-5 (CH2 HgBr) 

group at Ô 2.14 ppm, and additionally caused an enhancement of the signal 

for the methyl signal at 6  1.27 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 6  107.21 (C-3); 85.04 (0-6); 80.69 (C-5); 35.01 

(CHgHgBr); 34.41 (CHaHgBr); 25.47 (C H 2 C H 3 ); 24.95 (C H 3 ); 8.40 

(CH2 CH3 ) ppm.

Fraction 2:

Et

Ï  "
PHgHgBr

isnmormiddle isomer
CH3

Yield: (16%). This contained a mixture of the major isomer (see above) and 

middle isomer. For middle isomer:

1H NMR (400 MHz, CDCI3 ): 5 5.18 (t, J=5.77 Hz, 1 H, C-3[H]); 3.89 X of ABX 

{Jax =4.44, Jbx =10.28 Hz, 1 H, C-5[H]); 2.00, 2.20 AB of ABX (Jax =4.44, Jbx 

=10.28, Jab=^^.92 Hz, 2H, C-5 [CH2 HgBr]); 1.52, 2.18 AB 

(J =12.29 Hz, 2 H, CH2 HgBr); 1.60-1.70 (m, 2 H, CH2 CH3 ); 1.59 (s, 3H, CH3 );

0.96 (t, J=7.61 Hz, 3H, CH2 CH3 ) ppm.

NOE : Saturation of the signal for C-3(H) at 5 5.18 ppm gave an 

enhancement of the doublet of doublets for C-5(H) at 5 3.89 ppm, and
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additionally caused an enhancement of the signal for the methylene protons 

of the neighbouring ethyl group at Ô 1.60-1.70 ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 8  106.05 (C-3); 84.32 (C-6 ); 82.52 (C-5); 41.17 

(CHaHgBr); 35.61 (CHaHgBr); 25.10 (C H 2 C H 3 ); 2 0 . 0 2  (C H 3 ); 8.37  

(CH 2 CH 3 ) ppm.

For a mixture of major and middle isomers:

Analytical calcd. for C8 H i4 Br2 Hg2 0 3 : C, 13.36; H, 1.96. Found: C, 13.70; H, 

1.74.

Demercuriation of 5.6-difbromomercuriomethyl)-3-ethyl-5.6-dimethyl-1.2.4- 

trioxane

HgBr

240

5 ,6-Di(bromomercuriomethyl)-3-ethyl-5,6 -dim ethyl-1,2 ,4-trioxane 2 2 3 a  

(1.83 g; 2.5 mmol) was dissolved in dichloromethane (15 ml) and the 

reaction vessel cooled in an ice-salt bath. An ice-cold solution of sodium 

borohydride (0.19 g; 10 mmol) in sodium hydroxide (2.5 M; 5 ml) was added 

dropwise to the reaction vessel with stirring. After the addition was complete 

the mixture was stirred for 45 min, then filtered through a sintered glass 

funnel (silica 0.5 g; Celite 0.5 g). The residue was washed with water (10 ml) 

and the solution diluted with more dichloromethane (10 ml). The organic 

phase was separated off, and the aqueous layer extracted with more
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dichloromethane (2x10 ml). The combined organic solutions were dried over 

M gS0 4 , filtered, and the solvent was removed under reduced pressure to 

afford the crude product. Column chromatography (SiOa, CH2 CI2 ) R f 0.56  

gave mainly 6-bromomercuriomethyl-3-ethyl-5,5,6-trimethyl-1,2,4-trioxane 

240. Yield (0.324 g; 29%). Not pure; impurities could not be identified.

For 6-bromomercuriomethyl-3-ethyl-5,5,6-trimethyl-1,2,4-trioxane (240):

1H NMR (400 MHz, CDCI3 ): 5 5.51 (t, J=5.33  Hz, 1 H, C-3[H]); 1.93, 2.26 AB 

(J =12.00 Hz, 2 H, CH 2 HgBr); 1.78-1.62 (m, 2 H, C H 2 C H 3 ); 1.45 (s, 3H, 

CH3 ); 1.28 (s. 3H, CH3 ); 1 .2 0  (s, 3H, CH3 ); 0.97 (t, J=7.57  Hz, 3H, CH2CH 3 ) 

ppm.

130 NMR ( 1 0 0  MHz, CDCI3 ): 5 100.71 (C-3); 87.16 (C-6 ); 78.63 (C-5); 40.17 

(C H 2 HgBr); 25.72 (C H 2 C H 3 ); 25.00, 23.98, 23.87 (C H 3 ); 8.25 (C H 2 C H 3 ) 

ppm.

LRMS (FAB MNOBA matrix) for C g H i8 BrHg0 3 , (M+H)+, calcd: 454.73  

Found: 454.92
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3.4.1 Syntheses of other 1.2.4-trioxanes 

("E)-2-Methylbut-2-en-1 -oP 08

= T

Lithium aluminium hydride (4.75 g; 0.125 mol) was suspended in dry diethyl 

ether (180 ml) in a 1 litre 3-necked round-bottomed flask equipped with a 

mechanical stirrer, pressure-equalising dropping funnel, reflux condenser 

and calcium chloride guard tube. Tiglic acid (10.01 g; 0.10 mol) in dry diethyl 

ether (150 ml) was added at such a rate as to maintain a gentle reflux. On 

completion of the addition, the mixture was stirred for a further 15 min. The 

flask was then cooled in ice, and excess hydride was destroyed by the 

careful addition of water (50 ml) (CAUTION!). The ice salt bath was 

removed, and the mixture was stirred until the precipitate had turned 

completely white. 10% Sulfuric acid (150 ml) was then added slowly and the 

stirring continued until all the precipitate had dissolved. The ethereal layer 

was separated off, and the aqueous layer was extracted with diethyl ether 

(2x50 ml). The combined organic layers were washed with saturated sodium 

bicarbonate solution (50 ml), dried over MgS0 4 , filtered, and the solvent was 

removed under reduced pressure. Distillation of the crude product afforded 

the alcohol as a colourless liquid (4.17 g; 48%). b.p. 137-138 °C (L it.i0 8  ; 

137-138 °C).

1H NMR (400 MHz, CDCI3 ): 65 .44  (m, IN); 3.92 (s, 2H, CH2 OH); 2.10 (brs, 

1H, OH); 1.60 (d, J=0.88 Hz, 3H, CH3 ); 1.55 (d, J=9.52 Hz, 3H, CH3 ) ppm.
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13C NMR ( 1 0 0  MHz, CDCI3 ): ô 135.40 (HC=C); 121.03 (HC=C); 68.54  

(CH2 OH); 13.57, 12.98 (CH3 ) ppm.

fE)-1-Bromo-2-methvlbut-2-enei09

243

A mixture of 2-methylbut-2-en-1-ol (4.31 g; 50 mmol) and pyridine (0.5 ml) 

was cooled in an isopropyl alcohol dry ice-bath and phosphorous tribromide 

(6.84 g; 25 mmol; 2.4 ml) was added slowly. After the addition was complete 

the reaction mixture was allowed to warm to room temp, and stirred 

overnight. Diethyl ether (15 ml) and water (15 ml) were then added and the 

organic phase was separated off, and the aqueous phase extracted with 

diethyl ether (2x10 ml). The combined ethereal solutions were washed with 

1 0 % (w/v) sodium hydroxide solution ( 1 0  ml), water ( 1 0  ml), and dried over 

M g S 0 4 . The solvent was removed under reduced pressure to afford a 

colourless liquid. Yield (7.15 g; 79%). The product was essentially pure by 

1H NMR and was used without further purification.

1H NMR (400 MHz, CDCI3 ): 5 5.66 (q, J = 6.28 Hz, 1H); 3.96 (s, 2H, CHaBr); 

1.73 (s, 3H, CH3 ); 1.63 (d, J=6.28  Hz, 3H, CH3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 5 133.52 (HC=C); 127.34 (HC=C); 42.35  

(CH2 Br); 14.02, 13.85 (CH3 ) ppm.
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Æ^2-Methylbut-2-en-1 -yl hydroperoxide.Q̂

= T

fE>1-Bromo-2-methylbut-2-ene (243) (2.98 g; 20 mmol) was dissolved in 

methanol (70 ml) and the reaction vessel cooled in ice with stirring. 

Hydrogen peroxide (30% w/v; 15 ml, 130 mmol) was slowly added followed 

by a solution of potassium hydroxide (1.36 g; 24 mmol) in water (5 ml). The 

reaction mixture was allowed to stir at room temperature for 48 h. Water (150 

ml) was added, and the solution saturated with ammonium sulfate and 

extracted with dichloromethane (4x50 ml). The combined organic layers 

were washed with water (2x50 ml), dried over MgS0 4 , and the solvent was 

removed under reduced pressure to yield the crude hydroperoxide. This 

material was dissolved in diethyl ether (20 ml) and cooled to -30 °C. This 

solution was shaken vigorously with a solution of potassium hydroxide (2.50 

g; 45 mmol) in water (4 ml) also pre-cooled to -30 °C. The ethereal layer 

was decanted off, and the thick white precipitate dissolved in water and 

cooled in ice. This was immediately acidified by the dropwise addition of an 

ice-cold solution of acetic acid (3.00 ml; 52 mmol) in diethyl ether (20 ml). 

After stirring vigorously for 5 min, the organic layer was separated off, 

washed with saturated sodium bicarbonate solution (10 ml), dried over 

MgS0 4  and the solvent removed under reduced pressure to yield the pure 

hydroperoxide. Yield: (49%; I.OOg)

1H  NMR (400 MHz, C D C I3 ) :  5 8.15 (brs, 1H, O O H ) ;  5.56 (q, J=6 .66  Hz, 1H , 

HC=); 4.34 (s, 2H, C H 2 O O H ) ;  1.67 (s, 3H, C H 3 ) ;  1.61 (d, J =6.66 Hz, 3H, 

C H 3 )  ppm.
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13C NMR ( 1 0 0  MHz, CDCI3 ): 6  131.24 (HC=C); 126.05 (HC=C); 82.96  

(CH2 OOH); 13.65, 13.33 (CH3 ) ppm.

Synthesis of mercurated 1.2.4-trioxanes from 1 7 8

In a typical procedure, the hydroperoxide 1 7 8  (0.102 g; 1 mmol) and 

aldehyde (2 mmol) were stirred in dichloromethane (10 ml) with a drop of 

trifluoroacetic acid for 30 min. Mercury(ll) acetate (0.319 g; 1 mmol) was then 

added along with two drops of perchloric acid, and stirring was continued for 

2 h. Sodium bicarbonate solution (5% w/v; 5 ml) was added to wash out the 

acetic acid formed during the reaction. The organic and the aqueous layers 

were separated, and the aqueous layer extracted with dichloromethane (3x5 

ml). Potassium bromide (0.28 g; 2.5 mmol) in water (10 ml) was stirred 

vigorously with the combined organic solutions for 30 min. The aqueous 

layer was separated off and extracted with dichloromethane (3x5 ml). The 

combined organic solutions were dried over MgSO^, filtered, and the solvent

was removed under reduced pressure. Purification was achieved by column 

chromatography (SiOa, CH2CI2 ).
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5-(1-Bromomercurioethyl)-3.5-dimethyl-1.2.4-trioxane

HgBr 
179; R = Me

The reaction was carried out using 2 eq. of acetaidehyde. The crude product 

showed three quartets in the ‘•H NMR at 5 5.62, 5.61 and 5.45 ppm in the 

ratio 5 :2 :1  respectively. Column chromatography afforded two fractions.

Fraction 1:

This contained a mixture of the major isomer and minor isomer in a 7:3 ratio. 

Yield: (60 mg; 13%), R f 0.8. The product was a colourless oil.

For major isomer:

1R NMR (400 MHz, CDCI3 ): 6  5.61 (q, J=5.29  Hz, 1H, C-3[H]); 4.30 (dd, 

J=1.02, 12.37 Hz, 1H, C-6 [H]); 3.83 (d, J=12.37 Hz, 1H, C-6 [H]); 2.82 (q, 

J=7.76  Hz, 1 H, C-5[CHHgBr]); 1.47 (d, J = 1 .0 2  Hz, 3H, C-5 [CH3 ]); 1.39 (d, 

J=7.76 Hz, 3H, C-5 [CH3 CHHgBr]); 1.23 (d, J=5.29  Hz, 3H, G-3 [CH3 ]) ppm. 

130 NMR (100 MHz, CDCI3 ): 6  96.19 (0-3); 78.79 (0-6); 74.81 (0-5); 60.84  

(CHHgBr); 20.91, 18.48 (CH3 ); 14.46 (CH3 0 H[HgBrj) ppm.

For minor isomer:

1H NMR (400 MHz, ODOI3 ): 6  5.62 (q, J=5.28 Hz, 1H, 0-3[H]); 4.12 (dd, 

J=1.04, 12.33 Hz, 1H, 0-6[H]); 3.81 (d, J =12.23 Hz, 1H, 0-6[H]); 2.72 (q.

1 6 6



C hapters-B ipem ental

J= 7 .64  Hz, IN , C-5[CHHgBr]); 1.45 (d, J=1 .04  Hz. 3H, C-5[CH3]); 1.40 (d, 

J = 7 .64  Hz, 3H, C-5[CH3CHHgBr]); 1.22 (d, J =5.28 Hz, 3H, C H 3 CH[Hg]) 

ppm.

13C NMR (100 MHz, CDCI3 ): 5 96.12 (C-3); 79.89 (C-6); 75.07 (C-5); 60.70 

(CHHgBr); 20.38, 18.45 (CH3 ); 15.09 (CH3 CH[HgBr]) ppm.

For major and minor isomer:

Analytical calcd. for C yH i3 BrHg0 3 : C, 19.80; H, 2.85. Found; C, 20.39; H, 

2.89.

Fraction 2:

Yield: (70 mg; 15%); R f 0.55. Clear oil. The product showed 5 quartets in the 

1 H NMR at Ô 5.71, 5.62, 5.61, 5.55 & 5.45 ppm in a 1:9:3:2:3 ratio 

respectively. The product contained same isomers as fraction 1 plus signals 

from additional products. The spectra was too complex to assign due to 

overlapping signals.

5-(1-Bromomercurioethyl)-3-ethyl-5-methyl-1.2.4-trioxane

179; R =Et

HgBr

The reaction was carried out using 2 eq. of propanal. Yield: (127 mg; 28%). 

The crude product shows two triplets in the ^H NMR at Ô 5.44 and Ô 5.42 

ppm in a 4:1 ratio respectively. Chromatography afforded two fractions.
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Fraction 1:

Colourless oil. R f 0.75. This fraction contained two isomers in a 3:1 ratio. ''' 

Isolated spectroscopically pure but not anaiyticaiiy pure.

Maior isomer:

1H NMR (400 MHz, CDCI3 ): 85.44 (t, J=5.20 Hz, 1H, G-3[H]); 4.30 (dd, 

J=1.02, 12.37 Hz, 1H, C-6 [H]); 3.85 (d, J=12.37 Hz, 1H, G-6 [H]); 2.83 (q, 

J=7 .76  Hz, 1 H, G-5[GHHgBr]); 1.54-1.76 (m, 2H, GH2 GH3 ): 1.47 (d, J = 1 .0 2  

Hz, 3H, G-5 [GH3]): 1.40 (d, J=7.76  Hz, 3H, G-5 [GH3 GHHgBr]); 0,94 (t, 

J=7 .55  Hz, 1H, GH2 GH3 ) ppm.

13G NMR (100 MHz, GDGI3 ): 5 99.71 (G-3); 79.00 (G-B); 74.68 (G-5); 60.89 

(CHHgBr): 25.85 (CH2 GH3 ); 20.80 (G-5 [CH3 ]); 14.44 (CH3 GH[HgBr]); 7.78 

(GH2C H 3 ) ppm.

Minor isomer:

1H NMR (400 MHz, GDGI3 ): 85.42 (t, J=5.35  Hz, 1H, G-3[H]); 4.13 (dd, 

J=1.04, 12.23 Hz, 1H, G-6 [H]); 3.80 (d, J  =12.23 Hz, 1 H, G-6 [H]); 2.73 (q, 

J=7 .62  Hz, 1 H, G-5[GHHgBr])i 1.54-1.76 (m, 2 H, GH2GH3 ); 1.43 (d, J=7 .62  

Hz, 3H, G-5 [GH3GHHgBr]); 1.41 (d, J=1.04 Hz, 3H, G-5 [GH3 ]); 0,94 (t, 

J=7 .60  Hz, 1 H, GH2GH3 ) ppm.

13G NMR (100 MHz, GDGl3 ): 8  99.44 (G-3); 80.12 (G-6 ); 74.95 (G-5); 60.72 

(CHHgBr); 25.70 (CH2 GH3 ); 20.31 (G-5 [CH3 ]); 15.10 (CH3 GH[HgBr]); 7.97 

(GH2CH 3 ) ppm.

For a mixture of major and minor isomers:

Analytical caicd. for G8 HisBrHg0 3 : G, 21.85; H, 3.44. Found: G, 20.98; H, 

3.03.

Fraction 2: Yield: (7%); R f 0.38, clear oil. The product shows 5 triplets in the 

1H NMR at 8  5.26, 5.32, 5.04, 4.95, 4.85 ppm in a 1:1:1:1:1 ratio respectively. 

The spectrum was too complex to assign due to overlapping signals.
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2.3-Dibromo-2-methylbutanoic acid'̂

A mixture of tiglic acid (50 g; 0.50 mol) anhydrous carbon tetrachloride (200 

ml) (note 1), and bromine (80 g; 0.5 mol) was allowed to stand over night. 

The mixture was then boiled under reflux until the solution was light orange 

(ca. 3 h).The solvent was then removed at a rotary evaporator and the solid 

residue was recrystallised from pet. spirits 80-100 °C to yield (158 g; 82% ) 

of 2,3-dibromo-2-methylbutanoic acid. m.p. 84-87 °C; Lit.'*^® 82-88 °C.

1H NMR (60 MHz, C D C I3 ) :  5.0 (q, IN); 2.2 (d, 3H, C H 3 ) ;  2.0 (s, 3H, C H 3 )  

ppm.

Notes:

1. Carbon tetrachloride was dried by distilling and discarding the first 10% of 

distillate.

p-Bromoangelic acidi 06

COoH

To a solution of 2,3-dibromo-2-methylbutanoic acid (32.55 g; 0.125 mol) in 

methanol (40 ml) was added slowly 175 g of 25% w/v solution of potassium 

hydroxide in methanol. Anhydrous potassium carbonate was added to 

suppress decarboxylation. The temperature was raised to 55 °C where it
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was held for 2 h. Excess potassium hydroxide was removed by bubbling 

carbon dioxide through the reaction mixture. The mixture was filtered while 

warm and the filtered salt washed with warm methanol (200 ml). The warm 

methanol solutions were combined and the solvent was removed under 

reduced pressure. The residue was dissolved in water (25 ml) and acidified 

to Congo red with concentrated hydrochloric acid. The product was filtered, 

dried and crystallised from pet. spirits 60-80 °C to yield (2.39 g; 11%) of p- 

bromoangelic acid. m.p. 90-95 °C; Lit.̂ OG m.p 92-94.5 °C.
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4.0 APPLICATION OF DICARBONYL COMPOUNDS TO 

THE PREPARATION OF 1,2,4-TRIOXANES.

4.1 Introduction

In search of novel compounds that would be effective against 

polyresistant P. falciparum, Peters ef a / / i o - i i 2 have studied the blood 

schizontocidal action in rodent malarial models, of several series of 1,2,4- 

trioxanes. The preparation procedures by Jefford^i ,62 have been described 

earlier in chapters 1 and 2. Significant activity was found in a number of cis- 

fused cyclopenteno derivatives. The most potent compound of these series 

was c/s-(±)-4a, 7a-dihydro-6,7a-di(p-fluorophenyl)spiro[cyclopentane-3,3‘- 

7H-cyclopenta-1,2,4-trioxin], otherwise known as Fenozan-50F (fig. 21), 

which had about 1/30th of the activity of arteether (1 4 ) against drug- 

sensitive P. berghei N strain in the mouse.

F

figure 21

The in vitro testing results of these series provide a clue to structure-activity 

relationship. A high level of blood schizontocidal activity is displayed by a 

number of fenozans of different structural types. The most active compounds 

have been the 3,3-spirocyclopentane or 3,3-spirohydropyran derivatives. 

Activity is also enhanced by the p-fluorophenyl substituent and the
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cyclopentenone entity. It was also found that enlarging the 3 ,3- 

spirocyclopentane ring to the cyclohexane ring diminished the activity, but 

that the activity returned when an oxygen atom was contained within the 

ring, namely in the form of the 3,3-spirohydropyran function.

In light of these finding our approach has been to use our synthetic 

method for 1,2,4-trioxanes to incorporate the 3,3-spirocycloalkyl substituent 

and the 3-phenyl substituent with additional functionality, namely in the form 

of the carbonyl group, thereby rendering the 1,2,4-trioxane amenable to 

chemical modification. This would establish specific chemical reactions that 

may take place with retention of the trioxane moiety, and this information 

could be used to provide scope for a new synthetic route to 1,2,4-trioxanes, 

as well as provide an extensive range of novel 1,2,4-trioxanes of 

considerable structural diversity.

Thus, the basis of the synthesis of these new 1,2,4-trioxanes, i.e. the 

mercury(ll)-mediated cyclisation of hemiperoxyacetals derived from 

appropriate dicarbonyl compounds, is shown in scheme 94.

►
HO

HgOAc

R^=r 2= -(CH2)2C0(CH2)2- 
r1=H , R^=4-HCOCeH4

scheme 94
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4 .2  Results and Discussion

4.2.1 The synthesis of 1.2.4-trioxanes with carbonyl groups in the 

3-substituent

An extension of the intramolecular oxymercuriation route to 1,2,4-

trioxanes is the use of dialdehydes and diketones instead of aldehydes and

ketones in the first step (scheme 95 & 96).

O Q Ÿ\ O

99
AcOHg 

251 252
scheme 95

253
36%

HgOAc

O'" n u  HO O  H3(OAc)2 O O

V  V  ' TV
/ \  /  \  AcOHg

99 254 255 AcOHg

NaBH.

O H'

o o

258 44% 257

scheme 96
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5,5,6,6-Tetram ethyl-1,2,4-thoxane-3-spirocyclohexan-4'-one (253) was 

prepared as shown in scheme 95. Similarly, 3-(4-formylphenyl)-5,5,6,6- 

tetramethyl-1,2,4-trioxane (257) and ^A-bis (5,5,6,6-tetram ethyl-1,2,4- 

trioxan-3-yl)benzene (258) were prepared as shown in scheme 96. 

Hemiperoxyacetal 251 or 254 derived from allylic hydroperoxide 99 and 

cyclohexane-1,4-dione or terephthaldehyde, was treated in situ with 

mercury(ll) acetate and perchloric acid catalyst. The oxymercuriation (10 

mmol) scale was complete in 1 h. Aqueous sodium borohydride reduction 

gave the mercury-free trioxanes 253, 257 and 258 which were purified by 

column chromatography. Further purification by HPLC was needed to 

separate trioxanes 257 and 258 which were formed in a 2:1 ratio 

respectively.

The low yields for the aromatic 1,2,4-trioxanes 257, 258 and 260 

may be due to a very low extent of hemiperoxyacetal formation. T h e  

generally low reactivity of aromatic aldehydes with 99 can be attributed to 

resonance stabilisation (fig. 22).

O *  o  ?  ,___ , M O '  O

etc.

figure 22

The electron-withdrawing effect of the 4-formyl substituent on the aryl 

group will also act to reduce the nucleophilicity of the internal nucleophile 

(-0H ) in 254 (fig. 23), thus making trioxane formation by intramolecular 

oxymercuriation less favourable.

1 7 4



Chapter 4Viscussion

254

figure 23

4.2.2 Modification of the carbonyl group in the 3-substituent

Trioxane 253 was obtained under the usual demercuriation 

conditions of aqueous sodium borohydride reduction, but reduction of 253 

with sodium borohydride in ethanol gave 5,5,6,6-tetramethyl-1,2,4-trioxane- 

3-spirocyclohexan-4'-ol (259a) and (259b) in 58% yield (scheme 97).

O
OH

O NaBH., OH'

Eton

253 259a

OH

+

259b

scheme 97
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Two isomers 259a and 259b in a 2:1 ratio were observed in the 

NMR spectrum (see section 4.2.3).

Similarly, 3 -(4-hydroxym ethylphenyl)-5,5 ,6,6-tetram ethyl-1,2,4- 

trioxane (260) was prepared in 20% yield using the 'one-pot' method 

shown in scheme 98 which incorporates sodium borohydride reduction in 

ethanol.

OH

99

O OH

^  NaBH4, OH' 

I
O
I Eton

AcOHg

260255

scheme 98

Trioxane-alcohols 259 and 260 were each refluxed with phenyl 

isocyanate in benzene for 16 h to give the corresponding A/- phenyl 

carbamates 261 and 262 in 96 and 74% yield respectively (scheme 99). 

Two isomers of trioxane 261 were obtained in a 2:1 ratio consistent with the 

composition of the parent trioxane alcohol 259.
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OH

A

X

OCONHPh

259

260

PhN=C=0  
 ►
Benzene 16 h O

A

261

OCONHPh

PhN=C=0

Benzene 16 h

262

scheme 99

The semicarbazone derivatives 263 and 264 of trioxanes 253 and 

257  respectively, were prepared in fair yields by reaction with 

semicarbazide hydrochloride (scheme 100).
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O

A
o X

+ H2NNHCONH2

253

c=o
I
NH

X
263
62%

H2N

+  H 2 N N H C O N H 2

257

C=0

264
40%

scheme 100

Trioxane-ketone 253 was also refluxed with 4-nitrophenylhydrazine 

to yield the 4-nitrophenylhydrazone 1,2,4-trioxane 265 in 83% yield after 

recrystallisation (scheme 101).
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253

OgN NHNH,

EtOH, H+

scheme 101

Chapter 4Discus^on 

NOo

A

NH

X
O

265

In an attempt to change the carbonyl into an alkenyl group, trioxane- 

ketone 253  was subjected to a Wittig reaction (scheme 102). It was 

envisaged that the new 1,2,4-trioxane 266 could then be exploited by 

carrying out further chemical reactions to provide another range of novel

1,2,4-trioxanes.

D M 3 0
PhgPMeBr + NaH

253

o X

266

+ Ph3P=0

scheme 102
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However, spectra of the crude material showed that the major product 

recovered was the starting trioxane-ketone 253. The crude also contained 

another 1,2,4-trioxane as observed in the NMR spectrum by the 

presence of additional ring carbon signals at ô 101.82 (C-3), 81.95 (0-6) and

75.83 (0-5) ppm. However, no signals in either the ‘•H or i^C NMR spectrum 

were observed for unsaturation, thus it was concluded that formation of 

trioxane 266 had not occurred under these conditions.

4 .2 .3  NMR studies and determination of stereochemistry

Because 1,2,4-trioxane compounds synthesised from ketones in 

which R^=Rg, are no longer confomationally locked they can undergo ring

inversion (fig 24).

AG'
Ri R2

figure 24

{Where R^=Rg and AG^= barrier to inversion}

The barriers to ring inversion in these ketone-derived 1,2,4-trioxanes can be 

determined from dynamic NMR studies of their conformational mobility.

Dynamic NMR determination of barriers to chair-chair interconversion 

in some tetra- and hexa-substituted 1,2,4-trioxanes and 1,3-dioxanes has 

been reported."*''^ A comparison of ring inversion barriers of trioxanes 267 

and equivalently substituted dioxanes 268
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' ' o  C?

6 5
267 268

show that higher ring inversion barriers are found for 1,2,4-trioxanes (e.g.

267 5,5,6,6-Me4-3,3(-CH2-)5 116  kca|mol‘'') rather than for 1,3-dioxanes j  O' 

(e.g. 268 4,4-Me2 8.6 kcalmol"'')-

The NMR behaviour of compound 267 where R i=R 2 at C-3 is typical.

At -48 °C separate signals are seen in both the iR  and i^C NMR spectra, 

showing that the interchange of axial and equatorial groups by ring 

inversion is slow on the NMR timescale. As the temperature is raised to +20 

°C signals broaden showing that the interchange of axial and equatorial 

groups by ring inversion is now fast on the NMR timescale.

5.5.6.6-Tetramethyl-1.2.4-trioxane-3-SDirocyclohexan-4'-one (253)

The conformations observed at -59 °C can be represented by 

structures 253a and 253b in which the cyclohexanone ring is shown as the 

time-averaged planar structure since the inversion barrier in cyclohexanone 

is very low.

V

O

2 '

01

T
253a 253b

It has been r e p o r t e d " ' to be 4 kcal mol""' compared with 10 kcal mol""' for 

cyclohexane"'"'5 and ca 11.6 kcal mol""' for hexaalkyl-1,2,4-trioxanes."'"'3
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Because 253b is the mirror image of 253a, the chemical shifts will 

be identical and thus the numerical pairs (x and x', each of which are axial/ 

equatorial w.r.t. the 1,2,4-trioxane chair) will also be averaged when the

1,2,4-trioxane ring inversion is fast enough, as at +20 °C. Thus, at +20 °C 

inversion in both rings is fast, however at -59 °C inversion in the 1,2,4- 

trioxane ring is frozen out whilst that in the cyclohexanone ring remains fast.

At low temperature (-59 °C) (see page 208) separate signals were 

observed for each methyl group (four singlets at 5 1.38, 1.31, 1.02 and 0.99 

ppm) in the '*H NMR spectrum, showing that the interchange of axial and 

equatorial methyl groups by ring inversion is slow on the NMR timescale. In 

principle we could expect to observe eight signals for the eight types of 

methylene protons, but some of these overlapped. At +20 °C the 1,2,4- 

trioxane ring inversion is now fast and this results in the averaging of signal 

pairs so that halving of the number of absorptions is expected. In fact, as with 

other related 1,2,4-trioxanes‘>‘*3, the four methyl groups coincidentally 

average to the same chemical shift and a single methyl peak was observed; 

the methylene region was simplified (see page 207).

In the 13c NMR spectrum at -59 °C (see page 210), separate signals 

were observed for each carbon atom ( four methyls at 6 26.35, 25.33, 22.12 

and 21.30, four methylenes at Ô 37.59, 37.09, 35.19 and 31.98 and a 

carbonyl at 5 211.19 ppm). At +20 °C the fast inversion in the 1,2,4-trioxane 

averages pairs of signals for the methyl and methylene carbons and two 

absorptions for each were observed (see page 209), one methylene signal 

was much broader than the other because the chemical shift difference of 

the two signals being averaged was substantially different ( ca. 3.2 ppm) and 

markedly bigger than those for the other pairs (ca. 0.5-1.0 ppm).
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5.5.6.6-Tetramethyl-1.2.4-trioxane-3-spirocyclohexan-4'-ol (259)

V

H

For a single configuration with 
slow 1,2,4-trioxane inversion 
and fast cyclohexanol inversion.

slow

OH

2 '

O1

r

But also 259

slow

figure 25

For 5,5,6,6-Tetramethyl-1,2,4-trioxane-3-spirocyclohexan-4'-ol there 

are two configurational diasteroisomers corresponding to OH syn to O and 

OH syn to 0 0  (259a and 259b) as observed in a 2:1 ratio in the ^H NMR. It 

follows that for any configuration there are four possible conformations 

corresponding to the alternative chairs for each ring (fig. 25). Thus we can 

predict the NMR spectrum for a single configuration under conditions of 

slow or fast inversion in each ring. If we have slow inversion in both rings, 

then every carbon atom is unique and equatorial OH and axial OH 

conformations might be observed (in cyclohexanol the equatorial 

conformation represents 80% of the equilibrium mixture). Hence 24 signals 

are possible (12 carbon atoms; two distinguishable conformations). If we 

have slow inversion in the 1,2,4-trioxane ring and fast inversion in the 

cyclohexanol ring (the barrier in the heterocycle is likely to be the larger of 

the two); this will have the effect of averaging the structure of the
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cyclohexanol so that the situation becomes parallel to that for the 

cyclohexanone compound 253 described earlier. If we have fast inversion 

in both rings the situation is again parallel to the cyclohexanone compound 

253 and the number of signals is expected to be reduced to eight due to 

averaging of pairs of methyls and methylenes.

In the following spectra we are looking at both configurations 259a 

and 259b. But, because the signals for the major isomer were more easy to 

pick out, (many signals for the minor isomer overlapped) only the signals for 

the major isomer are reported here. It was reasonably assumed that the 

minor isomer behaved in a similar manner. At low temperature inversion in 

the 1,2,4-trioxane ring is frozen out whilst that in the cyclohexanol ring 

remains fast and separate signals were observed for each methyl group 

(four singlets at 5 1.51, 1.47, 1.31 and 1.02 ppm) in the ‘•H NMR spectrum 

(see page 212). Again, in principle the same is expected for each methylene 

proton (i.e. eight signals), but most of these overlapped resulting in broad 

signals observed in the region 5 1.82-2.20 ppm. The signal expected for the 

methine proton of the cyclohexanol ring appeared as a broad singlet at ô 

3.65 ppm. At +20 °C the 1,2,4-trioxane ring inversion and cyclohexanol ring 

inversion are fast and this results in the averaging of signal pairs so that 

halving of the number of absorptions is expected. As seen for compound 

253, the four methyl groups coincidentally average to the same chemical 

shift and a single methyl peak was observed (see page 211).

In the 13c NMR spectrum at -59 °C (see page 214), separate signals 

were observed for each carbon atom ( four methyls at 5 26.55, 25.98, 22.18 

and 21.44, three trioxane ring carbons at 6 101.35, 82.07 and 75.16, four 

methylenes at Ô 34.78, 32.01, 31.80 and 31.28 and one COM at Ô 69.73  

ppm). At +20 °C the fast inversion in the 1,2,4-trioxane averages pairs of 

signals for the methyl and methylene carbons and two absorptions for each 

were observed (see page 213).
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5.5.6.6-Tetramethyl-1.2.4-trioxane-3-spirocyclohexan-4'-ol N- 

phenylcarbamate (261)

The situation for the derived A/-phenylcarbamate 261 is similar to that 

already discussed for the parent 5,5,6,6-tetram ethyl-1,2,4-trioxane-3- 

spirocyclohexan-4'-ol (259). However the situation was complicated by the 

restricted rotation about the amide bond giving rise to a doubling of the 

number of isomers corresponding to the phenyl syn or anti to the carbonyl 

oxygen (scheme 103).

O-

Ph

schem e 103

Two isomers were observed in the NMR spectrum at +20 °C in a 

2:1 ratio corresponding to that observed for the parent-trioxane alcohol 259. 

As before, we are looking at both diastereoisomers but, because the signals 

for the major isomer were more easy to pick out, (many signals for the minor 

isomer overlapped) only the signals for the major isomer are reported here. 

It was reasonably assumed that the minor isomer behaved in a similar 

manner. At low temperature inversion in the 1,2,4-trioxane ring is frozen out 

whilst that in the cyclohexanol /V-phenylcarbamate ring remains fast and 

separate signals were observed for each methyl group (four singlets at ô

1.14, 1.18, 1.47 and 1.55 ppm) in the ‘•H NMR spectrum. Eight signals could
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be expected for each methylene proton, but most of these overlapped 

resulting in broad signals in the region 6 1.65-2.05 ppm. The signal 

expected for the methine proton (CHOCONHPh) appeared as a broad 

singlet at 5 4.81 ppm. At +20 °C the 1,2,4-trioxane and cyclohexanol N- 

phenylcarbamate ring inversions are fast and this results in the averaging of 

signal pairs so that halving of the number of absorptions is expected. The 

four methyl groups coincidentally average to the same chemical shift and a 

single methyl peak was observed.

In the NMR spectrum at -59 °C, separate signals for each atom 

(four methyls at Ô 26.52, 22.31, 21.42 and 21.41, three trioxane ring carbons 

at 5 100.96, 81.89 and 74.98, the methylene carbons appeared as broad 

signals in the region 24.21- 36.01, one COCONHPh at Ô 72.04 and one C = 0  

at 5 153.53 ppm). At +20 °C the fast inversion averages pairs of signals for 

the methyl and methylene carbons and two absorptions for each were 

observed.

5.5.6.6-Tetramethyl-1.2.4-trioxane-3-spirocyclohexan-4'-one 4-nitrophenyl- 

hydrazone (265).

It is expected that the cyclohexanone-hydrazone ring inversion will 

be fast even at -59 °C (supported by the known inversion barrier of 5.6 kcal 

mol""' for 0-methyl cyclohexanone oxime)."'"'® However, the situation will 

only parallel that of the parent 5,5,6,6,-tetram ethyl-1,2,4-trioxane-3- 

spirocyclohexan-4'-one (253) if inversion at the imino nitrogen is also fast 

so that a time-averaged symmetrical group is produced to mimic the oxygen 

atom in compound (253). This is not expected to be the case (although no 

N-inversion barriers appear to have been reported for hydrazones, the 

barrier is high in imines)"'"'^ and our observations (below) confirm this. Thus,
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we can reasonably expect compound 265 to have been obtained as a 

mixture of E and Z diasteroisomers and the conformations expected to be 

observed at -59 °C can be represented by structures 265a/265b and 

265c/265d (where Ar =4-nitrophenyl) (fig.26).
NHAr
I
N

2

N
NHAr

3'

OT

2'

265a 265b

inversion

2

N
I
NHAr265c

N-inversion

NHArS'

O1

2'

265d 

figure 26

The spectra are expected to be simplified by the fact that the cross 

pairs 265a/265d  and 265b/265c are mirror images and thus have 

identical chemical shifts. Hence 1,2,4-trioxane ring inversion ensures that 

the E and Z diastereoisomers have the same spectra, so that in reality it is 

impossible to decipher whether or not both diastereoisomers are present!

As expected the spectra were more complicated than those seen for 

compound 253, except that identical behaviour to 253 was observed for the 

methyl groups which showed overlap-induced simplification in the 1H NMR 

at 4- 20 °C (see page 215). One interesting observation was that whereas the 

aromatic protons appeared as two sharp doublets at 4-20 °C, at -59 °C (see 

page 216) the doublets were differentially broadened, with broadening 

much more pronounced in the upfield doublet. We interpret this as the
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intervention of another dynamic process, namely rotation about the N-aryl 

bond, which is occurring at an intermediate rate at the lower temperature, 

restricted rotation about the N-aryl bond is readily understood in terms of 

partial double bond character arising from conjugation of the lone pair with 

the electron-withdrawing ring (scheme 104).

-I

scheme 104

The protons ortho to the amino group (i.e. upfield) are expected to 

show larger chemical shift differences as a result of restricted rotation than 

those ortho to the nitro group, consistent with the differential broadening 

observed.

At -59 °C, separate signals were observed in the NMR spectrum 

for every methylene of the diastereoisomeric conformations 265a/265d  

and 265b/265c (i.e. eight signals at 6 35.97, 34.45, 33.13, 31.65, 31.40, 

30.73, 22.14 and 21.40 ppm). In principle, eight signals should be similarly 

observed for the methyl groups but because of overlap only five signals 

were resolved. At +20 °C, the fast inversion averages appropriate pairs (x 

and x') of signal pairs and four methylene absorptions were obtained; again 

overlap reduced the number of methyl signals and two rather than the 

theoretical four were observed. Two methylene signals were much broader 

than the others because of the larger chemical shift differences of the signals 

being averaged and indicating the similarity of behaviour to that of 

compound 253. As four methylene signals were seen at +20 °C this 

confirms that imine N-inversion is slow even at this temperature, otherwise 

only two methylene signals would have resulted {cf. compound 253).
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5.5.6.6-Tetramethyl-1.2.4-trioxane-3-spirocyclohexan-4'-one semicarbazone 

( 2 g 3 ) .

The situation for the derived semicarbazone 263 is similar to that 

already discussed for the derived 4-nitrophenyl hydrazone 265. Thus, using 

identical arguments we can predict compound 263 to have been obtained 

as a mixture of E and Z diastereoisomers, and the conformations expected to 

be observed at -59 °C to be represented by structures 263a/263b and 

263c/263d (fig. 27). Again cross pairs 263a/263d and 263b/263c are 

mirror images and thus have identical chemical shifts. Hence 1,2,4-trioxane 

ring inversion ensures that the E and Z diastereoisomers have the same 

spectra.

2

NHCONK
N

263a

X -
inversion

2

N
I
NHCONH263c

263b

NHCONH,
I
N

N-inversion

NHCONH3'

OT

2 '

263d

figure 27

1 8 9



Chapter 4{Xsajssion

As expected the spectra were similar to those observed for compound 

264, where the methyl groups showed overlap-induced simplification in the 

NMR at +20 °C. Another interesting observation was that whereas the 

N H 2  protons appeared as two broad singlets at +20 °C, at -59 °C the two 

singlets curiously gave a single broad peak at Ô 6.13 ppm. Other dynamic 

processes, namely rotation about N-CONH 2 bond and C-NH2  bond or 

restricted rotation arising through partial double bond character from 

conjugation of the lone pair with the electron-withdrawing carbonyl group 

(scheme 105) can explain the observation of the NH2 protons as two broad 

singlets at 20 °C.

N = C  
/  \

H NH,

■C— N

and

also

\ = N v  NH, 
/ N = C

H

?
.C = N\

H

scheme 105

In principle at -59 °C separate signals should be observed for every 

methylene and methyl of the diastereoisomeric conformations 263a/263d 

and 263b/263c in the NMR spectra (i.e. eight signals for the methylene 

and eight signals for the methyl carbons) only seven signals were resolved 

for the methylenes and four for the methyls respectively. At +20 °C the fast

1,2,4-trioxane ring inversion averages appropriate pairs (x and x') of 

signals and 4 methylene absorptions were obtained; again overlap reduced 

the number of methyl signals and two rather than the theoretical four
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were observed. Two methylene signals were much broader than the others 

because of the larger chemical shift differences of the signals being 

averaged and indicating a similarity of behaviour to that of compound 265. 

That four rather than two methylene signals were seen at +20 °C, as for 

compound 265, again confirms that imine N-inversion is slow even at this 

temperature.

4 .3  Conclusion

Our synthetic method for 1,2,4-trioxanes was used to incorporate the

3,3-spirocycloalkyl substituent (compound 243) and the 3-phenyl 

substituent (compound 257) with additional functionality, namely in the form 

of the carbonyl group. These 1,2,4-trioxanes were amenable to chemical 

modification. Treatment with semicarbazide hydrochloride gave the 

corresponding semicarbazone derivatives 263 and 264. Alternatively, 

treatment of trioxane-ketone 253 with 4-nitrophenyl hydrazine gave the 4- 

nitrophenyl hydrazone derivative 265 in good yield. Sodium borohydide 

reduction in ethanol of trioxanes 243 and 257 afforded the corresponding 

trioxane-alcohols 259 and 260. Subsequent treatment with phenyl 

isocyanate gave the appropriate /V-phenyl carbamate derivatives 250 and 

262. The b/s-1,2,4-trioxane 258 was also prepared under the normal 

cyclooxymercuriation conditions (scheme 96).

The 3,3-spirocycloalkyl-1,2,4-trioxanes were not conformationally 

locked and could undergo ring inversion. At +20 °C inversion in both rings 

were fast. At -59 °C inversion in the 1,2,4-trioxane ring was frozen out whilst 

that in the 3,3-spirocycloalkyl substituent remained fast.
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4.4 EXPERIMENTAL

For details of instruments, conditions for spectroscopy and general 

experimental, see section 2.4.

2,3-Dimethylbut-1-en-3-yl hydroperoxide (9 9 )1

This was prepared from 2,3-dimethylbut-2-ene (16 g; 0.2 mol) according to 

the modified method of Shah.83 Yield : (20.99 g; 95%).

1H NMR (400 MHz, CDCI3 ): 5 9.02 (brs, 1H, OOH); 4.85 (s. 1H, C = C H 2 ); 

4.81 (s, 1H, C =C H 2 ); 1.23 (s, 3H, CH 3 ); 1.21 (s, 6H, [CH3 ]2 ) Ppm.

13C NMR (100 MHz, CDCI3 ) : ô 148.29 (C =C H 2 ); 111.66 (C=CH 2 ); 81.60  

(COOH); 23.93 (2 CH3 ); 18.55 (CH2 =CCH3 ) ppm.

One pot synthesis of 1.2.4-trioxanes derived from dicarbonyl compounds.

In a typical procedure, 2,3-dimethylbut-1 -en-3-yl hydroperoxide (10 mmol; 

1.18 g) in dichloromethane (15 ml) was treated with cyclohexane-1,4-dione 

or terephthaldehyde (20 mmol) and catalytic trifluoroacetic acid (3 drops). 

The mixture was stirred for 15 min before adding mercury(ll) acetate (10 

mmol; 3.18 g) and then 6 mol% perchloric acid catalyst (6 drops). The 

reaction mixture was stirred for a further 45 min-lh until most of the solid 

mercury(ll) acetate had dissolved. The mixture was then washed with 5%  

(w/v) sodium bicarbonate solution (10 ml). The organic and aqueous layers 

were separated and the aqueous layer was extracted with dichloromethane 

(2x10 ml). The organic layer and extracts were combined and cooled at ice 

temperature. A cooled solution of sodium borohydride (10 mmol; 0.38 g) in 2 

M sodium hydroxide (5 ml) was added dropwise with stirring and a black 

precipitate was observed. The mixture was stirred for a further 20-30 min,
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before filtering through phase separation paper. The aqueous layer was 

extracted with dichloromethane (2x20 ml). The organic layer and extracts 

were combined and dried (IVIgSO^). Removal of the solvent was carried out

under reduced pressure.

2,3-Dimethylbut-1-en-3-yl hydroperoxide (99) and cyclohexane-1,4-dione

5,5,6,6-Tetram ethyl-1,2,4-trioxane-3-spirocyclohexan-4'-one

A

Purification was achieved by simple column chromatography (Si0 2 , hexane 

/EtOAc, 5:1; 0.4). The pure product was a white solid, yield: (0.82 g; 36%)

m.p 169-173 °C

1R NMR (400 MHz, CDCI3 ) at + 2 0  °C (see page 207): 6  2.44 (m, 4M, 

methylenes of C-3 substituent); 2 .36 (brs, 2 H, methylenes of C-3  

substituent); 2.13 (brs, 2 H, methylenes of C-3 substituent); 1.30 (s, 12H, 05- 

M 0 2  and C6 -M e2 ) ppm.

1H NMR (400 MHz, CDCI3 ) at -5 9  °C (see page 208): 6  2.62 (m, 1H, 

methylenes of C-3 substituent); 2.32 (m, 4H, methylenes of C-3 substituent);

2.03 (m, 1 H, methylenes of C-3 substituent); 1.87 (m, 2 H, methylenes of C-3 

substituent); 1.38, 1.31, 1.02, 0.99 (each s, 3H, CH3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) at + 2 0  °C (see page 209): 6  210.52 (C = 0 ); 

100.47 (C-3); 82.18 (C-6 ); 75.43 (C-5); 37.07 broad, 33.97 very broad
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(methylenes of C-3 substituent); 25.57 and 21.65 (40, C5 -M 0 2  and 06 - 

MOg) ppm.

130 NMR ( 1 0 0  MHz, ODOI3 ) at -5 9  °0  (see page 2 1 0 ): S 211.91 (C = 0 );  

100.29 (0-3); 82.29 (0-6); 75.46 (0-5); 37.59, 37.09, 35.19 and 31.98 (40, 

methylenes of 0 -3  substituent); 26.35, 25.33, 22.12 and 21.30 (CH3 ) ppm. 

LRMS(FAB, MNOBA matrix) for O1 2 H2 1 O 4 , (M+H+), Oalcd : 229, Found : 

229.

Analytical oalcd. for O12H2 0O4 : 0 , 63.18; H, 8.56. Found; 0 , 63.14; H, 8.83.

2,3-Dimethylbut-1-en-3-yl hydroperoxide (99) and terephthaldehyde.

3-(4-form ylphenyl)-5,5,6,6-tetram ethyl-1,2,4-trioxane (257) and

1,4 Pis(5,5,6,6-tetram ethyl-1,2,4-trioxan-3-yl)benzene (258)

01 ^ 01

257

0 -00—0
258

The reaction was carried out under a nitrogen atmosphere. The product 

isolated by column chromatography (SiOg, hexane /EtOAc, 1 0 :1 ) was a

mixture of the two trioxanes 257 and 258 in a 2:1 ratio respectively. 

Combined yield: (1.54 g; 44%). Further purification was achieved by HPLO 

(lichrosorb silica gel, 5 pm, 15% ethyl acetate, 85% hexane).
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For 3-(4-formylphenyl)-5,5,6,6-tetramethyl-1,2,4-trioxane (257);

White solid, m.p. 197 - 200 °C. Not isolated entirely pure, product contained 

trace amounts of t>/s-1,2,4-trioxane (2 5 8 ).

1H NMR (400 MHz, CDCI3 ) : 5 10.01 (s, 1 H, CHO); 7.87 (d, J =  8.41 Hz, 2 H, 

C6 H4 ); 7.65 (d, J =  8.41 Hz, 2H, C6 H4 ); 6.41 (s, 1 H, C-3[H]); 1.59, 1.51, 1.26 

and 1.09 (each s, 3H, CH 3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) : 5 191.92 (CHO); 141.10, 137.23, 130.15 and

127.83 (aromatics); 97.56 (C-3); 82.72 (0-6); 76.53 (0-5); 24.68, 21.56, 

21.19 and 20.11 (CH3 ) ppm.

IR (nujol mull) 1686 (s), 1158 (m), 1077(m) cm "\

HRMS (El) for O 14H 18O4 , (M+), Oalcd : 250.1205. Found : 250.1210. 

Analytical calcd. for O14H18O4 : 0 , 67.18; H, 7.25. Found: 0 , 64.93; H, 7.78.

For 1,4 b/s(5,5,6,6-tetramethyl-1,2,4-trioxan-3-yl)benzene (258):

White solid, m.p. 180 -182 °0.

1H NMR (400 MHz, ODOI3 ) : Ô 7.42 (s, 4H, O6 H4 ); 6.41 (s, 2 H, 2[0-3{H}]); 

1.58, 1.51, 1.25 and 1.09 (each s, 6 H, 2 [0 H3 ]) ppm.

130 NMR ( 1 0 0  MHz, ODOI3 ) : 5 136.65 and 127.19 (aromatics); 98.14 (20- 

3); 82.41 (2 0 -6 ); 76.19 (20-5); 24.71, 21.56, 2 1 . 2 0  and 2 0 . 1 2  (2 CH3 ) ppm.

IR (nujol mull) 1305 (w), 1 2 1 2  (w), 1020 (w), 992 (s), 905 (w), 871 (w), 810 

(s) cm-1 .

HRMS (FAB MNOBA matrix) for O2 0 H3 1O6 , (M+H+), Oalcd : 367.2121 

Found : 367.2125.

Analytical calcd. for O2 0 H3 0O6 : 0 , 65.55; H, 8.25. Found: 0 , 65.50; H, 8.46.
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5,5,6,6-Tetram ethyl-1,2,4-trioxane-3-spirocyclohexan-4'-o l

OH

259

5,5,6,6-TetramethyI-1,2,4-trioxane-3-spirocyclohexan-4'-one (5 mmol; 1.06 

g) in dichloromethane (15 ml) was cooled (ice). A cooled solution of sodium 

borohydride (5 mmol; 0.19 g) in ethanol (10 ml) and 2 M sodium hydroxide 

(5 ml) was added dropwise with stirring. The mixture was stirred for a further 

20-30 min, before separating the organic and aqueous layers. The aqueous 

layer was extracted with dichloromethane (2x20 ml). The organic layer and 

extracts were combined and dried (IVIgSO^). Removal of the solvent was

carried out under reduced pressure. Purification by simple column 

chromatography (SiOg, hexane/ EtOAc 5:1; Rf 0.38) gave the product as

white crystals (0.62 g; 58%). Recrystallised from pentane, m.p. 115 -118 °C. 

Two isomers were observed in a 2:1 ratio.

For major Isomer:

1R NMR (400 MHz, CDCI3 ) at + 2 0  °C (see page 2 1 1 ): 5 3.78 (m, 1 H,

CHON); 2.20 (brs, OH); 1.77-1.82 (m ,4H , methylenes of C-3 substituent); 

1.42-1.64 (m ,fH , methylenes of C-3 substituent); 1.20 (s, 12H, C5 -M 0 2  and 

CO-MOg) ppm.

NMR (400 MHz, CDCI3 ) at -59 °C (see page 2 1 2 ): 5 3.65 (brs, 1 H, 

CHO H); 2.28 (brs, OH); 1.82-2.20 (broad m, 8 H, methylenes of C-3  

substituent); 1.51, 1.47, 1.13, 1.02 (each s, 3H, CH3 ) ppm.
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13C NMR (100 MHz, CDCI3 ) at +20 °C (see page 213): Ô 101.57 (C-3); 82.34

(0-6); 75.83 (0-5); 69.36 (COM); 32.05 broad, and 33.52 (very broad each 

2 0 , methylenes of 0 -3  substituent); 23.00 and 20.98 (each 2 0 , 05-Meg and 

OO-Meg) ppm.

130 NMR ( 1 0 0  MHz, ODOI3 ) at -59 °0  (see page 214): Ô 101.35 (0-3); 82.07 

(0-6); 75.16 (0-5); 69.73 (OOH); 34.78, 32.01, 31.80 and 31.28 ( br, 

methylenes of 0 -3  substituent); 26.55, 25.98, 22.18 and 21.44 (CH3 ) ppm. 

Minor isomer signals overlap with major isomer signals or are too weak to 

assign except:

1H NMR (400 MHz, ODOI3 ) at +20 °0: 5 3.83 (m, 1 H, OHOH) ppm.

For mixture:

IR (nujol mull) 3241 (s), 2361 (w), 1297 (m), 1244 (m), 979 (m), 957 (s), 947 

(m), 878 (m) cm-i.

HRM S(FAB), for 0 i 2 H 2 2 O 4 Na, (M +Na+), Oalcd : 253.1418. Found : 

253.1426.

Analytical calcd. for O12H2 2O4 : 0 , 62.58; H, 9.63. Found: 0 , 60.93; H, 9.42. 

Satisfactory elemental analysis was obtained for the /V-phenyl carbamate 

derivative 262 (see page 2 0 1 ).
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3-(-4-Hydroxym ethylphenyl)-5,5,6,6-tetram ethyl-1,2,4-trioxane
OH

2,3-D im eth ylbu t-1 -en -3 -y l hydroperoxide (12 mmol; 1.42 g) in 

dichloromethane (15 ml) under a nitrogen atmosphere was treated with 

terephthaldehyde (20 mmol; 1.62 g) and catalytic trifluoroacetic acid (3 

drops). The mixture was stirred for 15 min before adding mercury(ll) acetate 

(12 mmol; 3.82 g) and then 6 mol% perchloric acid catalyst (6 drops). The 

reaction mixture was stirred for a further 45 min-lh until most of the solid 

mercury(ll) acetate had dissolved. The mixture was then washed with 5%  

(w/v) sodium bicarbonate solution (10 ml). The organic and aqueous layers 

were separated and the aqueous layer was extracted with dichloromethane 

(2x10 ml). The organic layer and extracts were combined and cooled (ice). A 

cooled solution of sodium borohydride (12 mmol; 0.44 g) in 2 M sodium 

hydroxide (5 ml) and ethanol (10 ml) was added dropwise with stirring and a 

black precipitate was observed. The mixture was stirred for a further 20-30 

min, before filtering through phase separation paper. The aqueous layer 

was extracted with dichloromethane (2x20 ml). The organic layer and 

extracts were combined and dried (IVIgSO^). Removal of the solvent was

carried out under reduced pressure. Purification by simple column 

chromatography (SiOg, hexane/ EtOAc 10:1; Rf 0, then eluted with EtOAc),

gave the product as a yellow oil (0.65 g; 20%).
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1H NMR (400 MHz, CDCI3 ) : 5 7.45 (d, J =  7.94 Hz, 2 H, C6 H4 ); 7.35 (d, J = 

7.94 Hz, 2 H, C 6 H4 ); 6.37 (s, 1 H, C-3[H]); 4.66 (s, 2H, CH2OH); 2.00 (brs, 1H, 

OH); 1.62, 1.52, 1.27 and 1.10 (each s, 3H, CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ) : 5 142.64, 134.49, 127.41 and 126.85

(aromatics); 98.49 (C-3); 82.40 (C-6 ); 76.25 (C-5); 64.92 (CH2 OH); 24.73, 

21.59, 2 1 . 2 1  and 2 0 . 1 2  (CH3 ) ppm.

IR (nujol mull) 3406 (s), 2982 (s), 2930 (s), 1618 (m), 1515 (m), 1423 (s), 

1376 (s), 1327 (m), 1305 (w), 1268 (w), 1209 (m), 1151 (s), 1069 (s), 1012 

(s), 939 (m), 905 (m), 872 (m), 809 (s), 737 (s) cm -\

HRMS (El) for C 14H2 0O4 , (M+), Calcd : 252.1440. Found : 252.1443. 

Analytical calcd. for C 1 4H2 0O4 : C, 66.65; H, 7.99. Found: C, 65.02; H, 7.88. 

Satisfactory elemental analysis was obtained for the N-phenyl carbamate 

derivative (see page 2 0 2 ).

5,5 ,6 ,6 -Tetram eth y l-1 ,2 ,4 -trio xane-3 -sp iro cyc lo hexan-4 '-o l N 
-phenylcarbam ate

OCONHPh

261

5,5,6,6-Tetramethyl-1,2,4-trioxane-3-spirocyclohexan-4'-ol (9.34x10"^ mole; 

0.214 g) and phenyl isocyanate (9.34x10"^ mole; 88.9 mg; 0.08 ml) in 

benzene (50 ml) were heated to 80 °C and gently refluxed with an attached 

drying tube for 16 h. Removal of the solvent was carried out under reduced
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pressure. Purification by simple column chromatography (Si02, hexane/ 

EtOAc 10:1, R f 0.3) followed by recrystallisation from light petroleum 30-40 

°C / methanol gave the pure product as a white solid (0.312 g; 96%), m.p 

108-110 °C. The product contained two isomers in a 2:1 ratio.

For major isomer:

1H NMR (400 MHz, CDCI3 ) at +20 °C: Ô 7.40 (brs, 2H, CeHs); 7.25-7.30 (m, 

2H, CeHs); 7.01-7.06 (m, IN , CeHs); 7.03 (brs, 1H, NH); 4.81 (brs, 1H, 

CHOCONHPh); 1.70-2.25 (m, 8H, methylenes of C-3 substituent); 1.27(s, 

12H, C5-Me2 and G6 -M 0 2 ) ppm.

iR  NMR (400 MHz, CDCI3 ) at -59 °C: Ô 7.62 (brs, 1H, NH); 7.52-7.54 (broad 

m, 2H, CeHs); 7.34-7.38 (broad m, 2H, CeHs); 7.12 (m, 1H, CeHs); 4.81 (brs, 

1H, CHOCONHPh); 1.65-2.05 (broad m, 8H, methylenes of C-3 substituent);

1.14, 1.18, 1.47, 1.55 (each s, 3H, CH3 ) ppm.

13c NMR (100 MHz, CDCI3 ) at +20 °C: 5 153.28 (C =0); 138.17, 128.99, 

123.25, and 118.67 (aromatics); 100.96 (C-3); 81.89 (C-6); 74.98 (C-5); 

71.80 (broad COCONHPh); 31.93 and 27.85 (each 2C, methylenes of C-3 

substituent); 21.69 and 25.92 (broad, each 2C, C5-Me2 and C6 -Me2 ) ppm. 

13C NMR (100 MHz, CDCI3 ) at -59 °C: Ô 153.53 (C =0); 138.32, 129.32, 

123.28 and 118.39 (aromatics); 101.22 (C-3); 82.28 (C-6); 75.37 (C-5);

72.04 (broad, COCONHPh); 24.21-36.01 (broad, methylenes of C-3  

substituent); 26.52, 22.31, 21.42, 21.41(CH3) ppm.

For minor isomer: minor isomer signals overlap with major isomer signals, or 

too weak to assign except:

1H NMR (400 MHz, CDCI3 ) at +20 °C: Ô 4.90 (brs, 1H, CHOCONHPh) ppm. 

1H NMR (400 MHz, CDCI3 ) at - 59 °C: 5 5.05 (brs, 1H, CHOCONHPh) ppm. 

13C NMR (100 MHz, CDCI3 ) at +20 °C: 101.18 (C-3) ppm.

13C NMR (100 MHz, CDCI3 ) at -59 °C: 5 153.44 (0=0 ); 101.32 (C-3) ppm.

2 0 0
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For mixture;

LRMS (FAB MNOBA matrix) for C 1 9 H2 8 NO5 (M+H+), Calcd : 349. Found : 

349. IR (nujol mull) 3331 (s), 1943 (w), 1864 (w), 1697 (s), 1600 (s), 1536 (s), 

1500 (m), 1443 (s), 1227 (s), 1088 (s), 1026 (s), 997 (m), 949 (s), 835 (m), 

774 (m ),737(s )cm -i.

Analytical calcd. for C 1 9H2 7 NO5 : 0 , 65.31; H, 7.79; N, 4.01. Found: C, 65.16; 

H, 7.81; N, 3.90.

3-(4-hydroxym ethylphenyl)-5,5,6,6-tetram ethyl-1,2,4-trioxane N~ 
phenylcarbam ate

OCONHPh

262

3-(4-Hydroxymethylphenyl)-5,5,6,6-tetramethyl-1,2,4-trioxane (1.3 mmol; 

0.326 g) and phenyl isocyanate (1.3 mmol; 0.155 g; 0.141 ml) in benzene 

(50 ml) were heated to 80 °C and gently refluxed with an attached drying 

tube for 16 h. Removal of the solvent was carried out under reduced 

pressure. Purification by simple column chromatography (Si0 2 , Et2 0 , R ^

0.8) gave the pure product as a yellow oil, yield (0.334 g; 74%).

1R NMR (400 MHz, CDCI3 ) : 5 7.52 (d, J =  8.26 Hz, 2H, aromatics); 7.40 (d, J 

= 8.26 Hz, 2H, aromatics); 7.29 - 7.39 (m, 4H, aromatics); 7.03 (t, J =  7.36 

Hz, 1H, aromatic); 6.75 (brs, 1H, NH); 6.39 (s, 1H, C-3[H]); 5.20 (s, 2H, 

CH2 0 C0 NHPh); 1.63, 1.53, 1.28 and 1 .1 1  (each s, 3H, CH3 ) ppm.

201
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13C NMR ( 1 0 0  MHz, CDCI3 ) : ô (C =0 not observed); 137.75, 135.27, 129.09 

128.27, 127.47, 122.32, 123.59 and 118.77 (aromatics); 98.32 (C-3); 82.47  

(C-6 ); 76.28 (C-5); 66.56 (CH2 0 C0 NHPh); 24.73, 21.61, 21.22 and 20.14  

(CH3 ) ppm.

IR (nujol mull) 2925 (s), 2360 (m), 2937 (w), 1939 (w), 1861 (w), 1731 (s), 

1600 (s), 1459 (s), 1376 (s), 1154 (w), 1071 (w), 939 (m), 905 (m) cm-l. 

Analytical calcd. for C2 1 H2 5 NO5 : C, 67.91; H, 6.78; N, 3.77. Found: C, 67.89; 

H, 6.82; N, 4.12

5,5,6,6-Tetram ethyl-1,2,4-trioxane-3-spirocyclohexan-4'-one

sem icarbazone

NHCONK

263

Semicarbazide hydrochloride (1 .8  mmol, 0 .2  g) and recrystallised sodium 

acetate (3.7 mmol, 0.3 g) were dissolved in water (2  ml). This mixture was 

added to 5,5,6,6-tetram ethyl-1,2,4-trioxane-3-spirocyclohexan-4'-one  

(4.4x10-4 moles, 0 . 1 0  g) and shaken; methanol was added dropwise until 

the turbid mixture became clear. The mixture was shaken for 10 min and left 

standing to yield a white solid (0.078 g; 62%).

1H NMR (400 MHz, CDCI3 ) at + 2 0  °C: 5 8 .2 2  (brs, 1 H, NH); 6 .0  and 5 .0

(vbrs, 2 H, NH2 ); 1.72 -2.45 (m, 8 H, methylenes of C-3 substituent); 1.27(s, 

12H, C5 -M 0 2  and C6 -M 0 2 ) ppm.
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1H NMR (400 MHz. CDCI3 ) at - 59 °C: Ô 9.7 and 9.5 (brs, 1 H, NH); 6.13 (brs, 

2 H, NH2 ); 1.16 -2.56 (m, 8 H, methylenes of C-3 substituent); 1.45, 1.39, 

1.08, 1.07 (each s, 3H, CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ) at + 2 0  °C: 5 159.45 (C =0); 151.95 (C=N); 

101.24 (0-3); 82.05 (0-6); 75.27 (0-5); 35.0 and 36.0 (broad, 2 0 , 

methylenes of 0 -3  substituent); 25.85 and 22.03 (20, methylenes of 0 -3  

substituent); 21.68 and 21.65 ( each 20, 05-MG2 and O6 -M 0 2 ) ppm.

130 NMR ( 1 0 0  MHz, ODOI3 ) at - 59 °0: Ô 159.45 (C =0); 151.95 (C =N); 

101.20 (0-3); 82.19 (0-6); 75.33 (0-5); 35.94, 34.51, 33.06, 31.79, 31.74  

31.36 and 30.77 (7 methylenes of 0 -3  substituent detected); 26.49, 25.54, 

22.21 and 21.39 (CH3 ) ppm.

IR (Nujol mull) 1693 (s), 1566 (s), 1285 (m), 1229 (w), 1154 (s), 977 (w), 924 

(m), 772 (m) cm-i.

L R M S ( F A B ,  M N O B A  m a tr ix ) , fo r  0 3̂ H2 4 N3 0 ,̂ ( M + H + ) ,  O a lc d  ; 286. F o u n d  : 

286. A n a ly t ic a l c a lc d . fo r  O 1 3 H 2 3 N 3 O 4 : 0 , 54.72; H, 8,12; N, 14.73. F o u n d :  

0, 54.26; H, 8.19; N, 14.20.
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3-(4-Form ylphenyl)-5,5,6,6-tetram ethyl-1,2,4-trioxane  

sem icarbazone

0-0 N-NHCONH

264

Semicarbazide hydrochloride (9 mmol, 1.0 g) and recrystallised sodium 

acetate (18.5 mmol, 1.5 g) were dissolved in water (2 ml). This mixture was 

added to 3-(4-formylphenyl)-5,5,6,6-tetramethyl-1,2,4-trioxane (2.3 mmol; 

0.53 g) and shaken; methanol was added dropwise until the turbid mixture 

became clear. The mixture was shaken for 10 min and left standing to yield a 

white solid (0.258 g; 40%). Recrystallised from ethanol/water.

1H NMR (400 MHz, CDCI3 ) : Ô 10.33 (s, 1H, HC=N); 7.61 (d, J =  8.29 Hz, 2H, 

C6 H4 ); 7.55 (d, J =  8.29 Hz, 2 H, C6 H4 ); 7.70 (brs, 1H, NH); 6.37 (s, 1H, C- 

3[H]); 6.10 and 6.37 (vbrs, 2H, NHg) 1.61, 1.52, 1.27 and 1.10 (each s, 3H, 

CH 3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) : 8  (C =0  not observed); 158.35 (C=N); 141.50, 

136.42, 127.55, 126.86 (aromatics); 98.21 (C-3); 82.50 (C-6 ); 76.33 (C-5 ); 

24.71, 21.60, 21.21 and 20.11 (CH3 ) ppm.

HRMS(EI) for C 1 5H2 1 N3 O4 , (M+), Calcd : 307.1532. Found : 307.1536.
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5,5,6,6-Tetram ethyl-1,2,4-trioxane-3-spirocyclohexan-4'-one 4- 

nitrophenylhydrazone

NO

NH

265

A mixture of 5 ,5 ,6 ,6 -tetramethyl-1 ,2 ,4 -trjoxane-3 -spirocyclohexan-4 '-on0  

(4 .4x10 “̂  moles; 0.1 g), p-nitrophenyihydrazine ( 6 . 5 x 1 moles; 0.1 g), 

ethanol ( 8  ml) and glacial acetic acid (1 drop) was refluxed for 10 min. The 

solvent was removed under reduced pressure. Purification by simple 

column chromatography (SiOg, hexane/ EtOAc 1:1 R f 0 .6 ) gave the product

as orange/ brown crystals. Recrystallisation from glacial acetic acid afforded 

the product as orange/ brown crystals, yield (0.13 g; 83%). Not isolated 

analytically pure. m.p. 167-174 °C.

IR  NMR (400 MHz, CDCI3 ) + 2 0  °C (see page 215): Ô 8.08 (d, 2 H, J = 9 .0  Hz, 

aromatic); 7.82 (brs, 1H, NH); 7.02 (d, 2H, J =9.0 Hz, aromatic); 1.92 - 2.52 

(m, 8 H, methylenes of C-3 substituent); 1.27 (s, 12H, C5 -M 0 2  and CO-MOg)

ppm.

1H NMR (400 MHz, CDCI3 ) -59 °C (see page 216): 8  8.26 (brs, 1H, NH); 

8.08 (d, J =  8.42 Hz, 2H, aromatic); 7.0-7.6 (brs, 2H, aromatic); 1.83-2.65 (m,

2 0 5
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8 H, methylenes of C-3 substituent); 1.07, 1.08, 1.41, 1.47(each s, 3H, CH 3 ) 

ppm.

13Q NMR (100 MHz, CDCI3 ) at + 20  °C: Ô 152.09 (C=N); 150.69(C -N ); 

139.56(C-N02); 126.19 and 111.54 (aromatics); 101.34 (C-3); 82.12 (C-6 );

75.32 (C-5); 21.66 and 30.76 broad (each 2C, C-3 substituent); 34.5 and 

32.5 very broad (each 2C, C-3 substituent); 21.61 and 25.85 (broad, each 

2 C, C5-Meg and C6 -Me2 ) ppm.

13C NMR (100 MHz, CDCI3 ) at -5 9  °C: 5 152.41 (C=N); 150.49(C -N ); 

138.77 (C-NO 2 ); 126.78 and 111.34 (aromatics); 101.34 (C-3); 82.48 (C-6 );

75.52 (C-5); 35.97, 34.45, 33.13, 31.65, 31.40, 30.73, 22.14 and 21.40  

(methylenes of C-3 substitutent), 26.44, 25.69, 2 2 . 2 2  , 21.59 and 21.40  

(CH3 ) ppm.
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Chapter 5-Introduction

5.0 FURTHER VARIATION OF THE CARBONYL 

COMPOUND IN THE SYNTHESIS OF 1,2,4-TRIOXANES

5.1 Introduction

In chapter 4 we reported the successful extension of Bloodworth and 

Shah's synthesis of 1,2,4-trioxanes to the dicarbonyl compounds 

cyclohexane-1,4-dione and terephthaldehyde. Several novel compounds 

were then prepared by reactions at the carbonyl groups remaining in the 

initially formed 1,2,4-trioxanes. In this chapter we describe our attempts to 

extend the method further, in particular to the synthesis of 1,2,4-trioxanes 

fused to sugars and to cinchona alkaloids.

5.1.1 1.2.4-Trloxanes containing sugar units

Artemisinin (8) has its failings as an antimalarial agent. It has poor 

efficacy by oral administration, a high rate of recrudescence in treated 

patients, and is poorly soluble in water and in oils.^ This has stimulated 

studies aimed at the preparation of more soluble analogues. On this basis, 

we decided to try to combine in one compound the crucial 1,2,4-trioxane 

structure with that of a sugar moiety to see how the introduction of the 

hydrophilic sugar entity would affect solubility and antimalarial activity. At the 

time this work was carried out we were unaware of the reported antimalarial 

activity of new dihydroartemisinin derivatives that were sugar analogues,'*'*^

and glucuronides.‘*20

A. Lin and c o- wo rk er s ' * re por t ed  the synthesis of a series of 

dihydroartemisinin (10) derivatives containing a sugar moiety. Treatment of 

intermediate 2 66  with 2 6 8  and a catalytic amount of trimethylsilyl

2 1 7
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trifluoromethanesulfonate in CH 2 CI2 at -78 °C under nitrogen yielded the

acetylated sugar-dihydroartemisinin derivatives 270.
CH3 

H I

CH:►
pyridine

-  O

269
CH2OAC

OAc

CH2OAC

CHoONa
OAc

270 a R=

OH
THF AcO"̂  N /

OAc

268

CHaOAc

OAo

CHjOAc

ÇH3 
H I

270
BaO/ MeOH

CH3

0-SUGAR

AcO
270 bR= ÔAc

OAc
0 — 1

270 c R= o —

270 d R— cHjOAc
CH,OAc H

Ac(
OAc

271 a D-glucose
271 b D-galactose
271 c 5,6-isopropylidene-D-giucose
271 d D-cellobiose

scheme 106

2 1 8



Chapt&’S-lntroductbn

It has been suggested that the most likely mechanism of the reaction 

involves the formation of the oxonium ion 2 6 9  as the reactive intermediate 

which is attacked by the hydroxy function of 2 6 8  to give the observed 

product 2 7 0 .  The deprotection of the acetylated compounds 2 7 0  was 

achieved with barium oxide in methanol, giving the dihydroartemisinin-sugar 

derivatives 2 7 1  in 50-85% yield (scheme 106).
Ag2C0g 
Benzene 
r.t., 72 hCOOMe

273, 274, 275
uaii\, 1̂ 2
dry (mol. sieves)OAc

AcO
272

CHCH

CH CH CH
"III • HI

CH CH CHCOOMe' COOMe COOMe

OAc OAc V ’ OAc

AcO AcOAcO
OAc OAcOAc

273 major qj_| 274 minor 275 minor
CHo

wOCH CH

i. KOH, r.t., 2.5 h

CHCOOMe CHCOOHii. AcOH, pH=4

OAc OH

AcO HO
OAc OH

273 276

scheme 107
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Ramu and B a k e r ''20  have recently reported the synthesis of the 

giucuronide tri-OAc ester derivatives of dihydroartemisinin 273-275 using 

the classical K o e n i g s - K n o r r ' ' 2 ' i - i 2 3  reaction. Dihydroartemisinin (10) was 

condensed with the pyranogyl-bromide 272 in the presence of AgaCOs as a 

catalyst at room temperature in benzene as a solvent, and subsequent 

deprotection afforded 276 (scheme 107). The in vitro antimalarial activity of 

these compounds increased with increasing lipophilicity.

Unlike these derivatives, our approach was designed to afford 

compounds with the sugar moiety attached directly to the 1,2,4-trioxane ring 

(scheme 108).

Sugar
Sugar

H O ^ O  °  °
I -----------------►

Sugar

OH

HgOAc

scheme 108

5.1 .2  Antimalarial activity of cinchona alkaloids

The spread of chloroquine resistance in P. falciparium has re

established quinine as an indispensable therapeutic antimalarial. Although 

quinine has been the specific antimalarial cinchona alkaloid for many years, 

other alkaloid components of the bark also have significant antimalarial 

activity. Quinidine, for example, has been found to be effective in Thailand 

against malarial refractory to q u in in e ." '24

There are four major alkaloids of cinchona bark: laevorotatory (-) 

quinine and cinchonidine, and dextrorotatory (+) quinidine and cinchonine. 

These alkaloids have a quinoline heterocyclic nucleus and attached para to

2 2 0
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the aromatic nitrogen by a hydroxymethylene bridge, the tertiary amino 

aliphatic ring system, quinuclidine. A vinyl group in the 3 position is held in 

the quinuclidine ring and the quinoline ring may (quinine, quinidine) or may 

not (cinchonidine, cinchonine) bear a methoxy group in the 6' position (fig. 

28). Despite the structure having four asymmetric carbon atoms (Nos. 3, 4, 8 

& 9), C3 and C4 in the quinuclidine ring of the natural alkaloids always have 

the same configuration. Consequently only four configurations are possible 

for the combination of 0 8  and 09  i.e. (i) 8R, 9R as in 9-epiquinidine or 9- 

epicinchonine, (ii) 8S, 9S as in 9-epiquinine or 9-epicinchonidine, (iii) 8S, 

9R as in quinine or cinchonidine, and (iv) 8R, 9S as in quinidine and 

cinchonine. Antimalarial activity is low or completely lost in the “epi" 

compounds but is high for all four compounds with the 8S 9R or 8R 9S 

configurations. It is also noteworthy that activity is lost if the hydroxy group on 

0 9  is absent (quinidinone) (fig. 29) or if the quinuclidine ring is broken at 0 8  

(quinicine) (fig. 2 9 ).‘*24

quinine (8S, 9R) 
(-)

quinidine (8R, 9S) 
(+)

OH
HO

MeO, MeO,

figure 28
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MeO,

quinidinone quinicine

figure 29

Table 11. Competitive inhibition of chloroquine-induced pigment clumping (ClPC) by 
cinchona alkaloids and melfloquine. The table compares the Ki of drugs in CIRC in vitro (pM) 
and the antimalarial activity [ED90 (oral, mg/Kg/day X  4) in vivo] (P. bergheï)^^^Q-lndex=EDgo 
of drug /  EDgp of quinine.

DRUG Ki Q-index ED 90 Q-index

Melfloquine 0.004 102.5 8.5 19.8

Quinine 0.41 1.0 168 1.0

Cichonidine 0.67 0.6 Not Detected

Quinidine 0.10 4.1 200 0.84

Cinhonine 0.24 1.7 83 2.0

9-Epiquinine >100 <0.004 inactive -

Table 11 results show that the (+) diastereoisomers quinidine and 

cinchonine are more active in vitro than the (-) diastereoisomers quinine and 

cinchonidine. The superiority of quinidine is not maintained in the in vivo 

mouse system here, but that of cinchonine is.

The activity of artemisinin (8) in combination with some commonly 

used antimalarial drugs in vitro against chloroquine-sensitive and 

chloroquine-resistant strains of P. falciparum has been tested by Chwaira 

and Warhurst.125 Melfloquine showed a synergistic effect with (8) against 

all strains, whereas the action of primaquine was only potentiated in the

2 2 2
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resistant line. One of the most effective regimes in the current treatment of 

uncomplicated malaria employs oral artesunate in a 3 to 5-day course 

together with melfloquine; this combination is providing cure rates in 

Thailand of nearly 100%.'*2

In light of these finding, we decided to try to combine in one molecule 

the 1,2,4-trioxane moiety with that of cinchonine to see if the resultant 

compound would result in enhanced antimalarial activity. We envisaged that 

if we could oxidise the 3-vinyl group of cinchonine to the aldehyde level we 

could then once again apply the Bloodworth and Shah oxymercuriation 

method to afford the desired compounds (scheme 109).

Cinchonine Cinchonine

anOionln. |0 |  OncBonM hO ^ o  (■)Hg(OAo)j n ^ O

J  —  J  "  ' '

scheme 109

.0 (ii)NaBH4,0H- JL n

5 .1 .3  Simple 1.2.4-trioxanes from new carbonyl 

compounds

As discussed earlier in this introduction (section 5.1.1), the poor 

solubility of artemisinin (8) in water and oils,^ has stimulated studies aimed 

at the preparation of more soluble analogues. W e reasoned that 

incorporation of a long aliphatic chain in the aldehyde of our 1,2,4-trioxane 

synthesis would enhance lipophilicity. Decanal was chosen as the starting 

aldehyde to generate the hemiperoxyacetals 277 in the synthesis of 1,2,4- 

trioxane 279 (scheme 110).
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Peters efa/.'*‘•0-112  found significant antimalarial activity for a number 

of Jefford'sOi 0 2  c/s-fused cyclopenteno derivatives (see chapter 4, section 

4.1); the most active compounds were the 3,3-spirocyclopentane or 3,3- 

spirohydropyran derivatives. In light of these finding our approach has been 

to introduce the 3,3-spirocyclopentane substituent into our simple 1,2,4- 

trioxanes by using cyclopentanone as the carbonyl compound in the 

intramolecular oxymercuriation of the derived hemiperoxyacetal 2 7 8  

(scheme 110).

R2

Hg(0Ac)2 I I
I ----------------- ► A .

HgOAc
R^=H, Ff =(CH2)gCH3 277 279

R -̂R  ̂= -(CH2)4- 278 280

scheme 110
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5.2 Results and Discussion

5.2.1 The synthesis of some 1.2.4-trloxanes fused to 

sugars

We applied the principle of intramolecular oxymercuriation to the 

synthesis of sugar-1,2,4-trioxanes (scheme 111).

Sugar

OH HO

+  Sugar -CHO

99

Sugar

scheme 111

Two starting carbohydrate-aldehydes were synthesised, diacetonide 

aldehyde 2 8 1 1 ^ 6  and 1,2:3,4-Di-0-isopropylidine-a-D-galactohexodialdo- 

1,5-pyranose 282127 (fjg. 3 0 ).

X

281

CHO

282

figure 30

2 2 5



Chapter 5Viscussion

5 .2 .1.1 Aldehyde 281 & derived 1.2.4-trioxanes

Diacetonide aldehyde 281 was synthesised from commercial 2- 

deoxy-D-glucose 283 (scheme 112). Treatment of 2-deoxy-D-glucose with 

ethanethiol in the presence of concentrated hydrochloric acid gave the 

tetrahydroxy dithioacetal 284. Reaction of the tetrol 284 with 2,2- 

dimethoxypropane in the presence of a catalytic amount of p-toluenesulfonic 

acid afforded the dithioacetal 285. Conversion of the dithioacetal 285 into 

the diacetonide aldehyde 281 has been reported'^^e to occur upon 

treatment with A/-chlorosuccinimide (NOS) and silver nitrate. However under 

these conditions we found no evidence for the formation of 281 but isolated 

a product that was identified by NMR and mass spectrometry as N- 

thioethoxy succinimide (286).
HO OH

CHgOH

H O '
88%

HO
284

HO— ^ - ^ ^ ^ - W O H  «0/O i ------V T  90%

283

oX oX

285

86%

281
Reagents:
. EtSH, HOI, 1 h
i. (CH3 )2C(0 CH3)2 , P ISA , CH3CN, r.t. 10 min.
ii. HgCl2 , CaC03, CH3CN/ H2O, 4:1,2 h.

scheme 112
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The reaction was envisaged to proceed through an electrophilic 

attack of the silver ion on NCS (scheme 113) so that formation of compound 

286 is consistent with the desired deprotection and the absence of 281 is 

puzzling.

N CL

SEt

R-CHpCH

 Ag+

j i s O  .xCHgR

/. H 
HgO

SEt
O

A HjQ H
N SEt +

/  \
EtS CHgR

O
286 I

H2Ô ^  ^  + EtSH

^ ^ S ^ C H ^ R  H ^ C H ^ R
I
Et

scheme 113

However, by using the method of Corey et the dithioacetal 285 

was smoothly converted by hydrolysis (using 4 equivalents of mercury(ll) 

chloride in aqueous acetonitrile for 2 h at room temperature) to acetonide 

aldehyde 281. 2,3-Dimethylbut-1-en-3-yl hydroperoxide (99) was treated 

with aldehyde 281 followed by mercury(ll) acetate using the 

cyclooxymercuriation conditions shown in scheme 114. Subsequent
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aqueous sodium borohydride reduction of the mercuriated sugar 1,2,4- 

trioxane gave a mixture of three compounds 287, 288, 289 (scheme 114) 

which were readily separated by column chromatography.

i. Hg(0Ac)2 
99 + 281  >

ii. NaBH4, OH

X

X

HO OH

X
288
16%

289
5%

scheme 114

The major component (20%) was shown to be the expected 1,2,4- 

trioxane 287. The second component (16%) was identified as the partially 

deprotected analogue 288. The third component (5%) was shown to have 

the structure 289, identical to 287 except for the presence of an OH group 

on one of the methyls at 0 -5  of the 1,2,4-trioxane ring.

Several lines of evidence have established that the production of 

alcohols by sodium borohydride demercuriation of alkylmercury(ll) halides in 

the presence of oxygen proceeds by intermediate free radicals. 1^9 A 

reaction sequence (over leaf) can be envisaged for the conversion of 

alkylmercury(ll) halides to alcohols by borohydride ion and that for
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aikylmercury(ll) acetates in this case is expected to be similar. In these 

equations "BH" represents a borohydride of unspecified structure.

RHgBr

RHgH 

R + O 2

■BH'

ROO' + RHgH

ROO'

ROOH

'BH'

'BH'

RHgH

R"

ROO"

ROOH + R" + Hg(0)

ROOH

ROH

equation 5

equation 6

equation 7

equation 8

equation 9 

equation 10

Thus, compound 289 can be seen to be formed from the trapping of 

oxygen by radical 291 followed by borohydride reduction of the resulting 

hydroperoxide 292 (scheme 115).

AcOHg
290

NaBH

291

(i) O2

(ii) H donar
NaBH

> -
OH'

HOO HO

292 289

scheme 115
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5 .2 .1 .2  Aldehyde 282 & derived 1.2.4-trioxanes

1,2:3,4-Di-0-isopropylidine-a-D-galacto-hexodialdo-1,5-pyranose 

(282) was prepared in ca. 44%  yield starting from the commercially 

available D-galactose (293)J27 Acétonation of D-galatose by a modified 

procedure (treatment of 293 with 2,2,dimethoxypropane (DMP) in the 

presence of a catalytic amount of p-toluenesulfonic acid) gave 1,2:3,4-di-0- 

isopropylidine-a-D-galactopyranose (294) as a syrup after distillation. The 

product contained a small amount of impurity which has been identified 

p r e v i o u s l y i 2 7  as 1,2:3,4-di-0-isopropylidine-p-L-arabinopyranose arising 

from the prescence of L-arabinose in the commercial D-galactose.

Oxidation of the impure acetal 294 with the Pfitzner-Moffatt reagent 

gave the crude aldehyde 282 as a syrup (scheme 116).

HO
I CHgOH

d m p  

p t s a  ^
^  I Acetone 

OH

293

CHgOH
O DMSG, benzene 

-----------------
pyridine, H 

O DCC

294 282

scheme 116

The crude aldehyde 282 proved difficult to purify owing to the 

impurities carried through the reaction sequence, but, this did not affect the 

isolation of the pure sugar-1,2 ,4-trioxane 295 derived from this aldehyde 

(scheme 117).
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CHO

282

OH

99 295

scheme 117

Trioxane 295 was isolated by column chromatography in 32% yield 

as two diastereoisomers in a 1:1 ratio. Further purification by HPLC gave the 

separate diastereoisomers, which arise from the alternative configuration at 

C-3 of the trioxane ring.

Work by Jefford ef a/.^^o suggests that 1,2,4-trioxanes can be used as 

acid-insensitive carbonyl protecting groups. Thus, selective removal of the 

acetal group of 296 was realised by the action of aqueous sulfuric acid, 

furnishing the trioxane ketone 297 in 85% yield (scheme 118).

aq. H2SO4

Me^ z
z

296 297

scheme 118

2 31



Chapter 5-Discussion

In a similar way we hoped to remove the acetal groups from our 

sugar-trioxane 2 9 5  whilst leaving the 1,2,4-trioxane ring intact. However, 

several attempts to deprotect 2 9 5  were u n s u c c e s s fu l^i (equation 11-14). 

In each case the spectrum of the crude material showed that the recovered 

product was not the expected 1,2,4-trioxane, as no characteristic signals 

were observed in the i^C NMR for the ring-carbon nuclei at Ô 96-97 (C-3), 

82-83 (0-6) and 75-76 (0-5) ppm. Similarly, in the '*H NMR no characteristic 

doublets were observed for the 1,2,4-trioxane 0 -3  proton at Ô 5.5-5.7 ppm.

2 9 5

aq. AcOH HO
equation 11

HO OHOH

2 9 8

2 9 5
aq. H2SO4

Oat. I2 , MeOH . .

a t .2 4 h  —

2 9 8

2 9 8

equation 12

equation 13

MeOH, H + . y
2 9 5  -------------- --------

48 h
2 9 8 equation 14

Furthermore, work by Lin ef a /.ii9  (see section 5.1.1) and our own 

results (see chapter 6 ) indicate that the deprotected sugar-trioxanes are 

substantially less active than the protected sugar-trioxanes when tested in 

vitro against P. falciparium. In light of these findings it was decided to 

discontinue this line of research.
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5 .2 .2  An approach to the synthesis of 1.2.4-trioxanes fused 

to cinchonine

We decided to combine in one compound the crucial 1,2,4-trioxane 

structure with that of cinchonine to see if the resultant antimalarial 

compounds would exhibit enhanced activity. To this end cinchonine- 

aldehyde 300 was synthesised (scheme 119). Owing to the importance to 

antimalarial activity of the C8-C9 area in cinchona alkaloids (see section 

5.1.2), it was felt necessary to protect the hydroxy group by acylation before 

the subsequent oxidative cleavage of the vinyl group. Cinchonine was 

refluxed overnight with acetyl chloride in dry toluene over anhydrous 

potassium carbonate to afford cinchonine acetate 299 in 75% yield. An 

osmium tetroxide-catalysed periodate oxidation was chosen to cleave the 

vinyl group since this technique has the advantage of not proceeding 

beyond the aldehydic oxidation state.'•26 Treatment of 299 with 5 mole% 

osimum tetroxide in THF/ water followed by sodium periodate gave the 

aldehyde 300 . Catalytic amounts of osmium tetroxide were sufficient 

because periodate oxidises osmium in its lower valence forms to the 

tetroxide, thus regenerating the hydroxylating agent. Thus, this combination 

of two well-known reactions, namely osmium tetroxide hydroxylation of an 

olefin and periodate cleavage of a 1 ,2 -glycol, permits the use of relatively 

small amounts of the very expensive and poisonous hydroxylating agent.
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C H 3 C O C I

OSO4 , NalO^ 

58%

75%

C H X O O

CH3COO rC rC “
299

scheme 119

Treatment of 300 with hydroperoxide 99 and catalytic trifluoroacetic 

acid (one drop) generated the corresponding hemiperoxyacetal in 45% yield 

as determined from NMR spectroscopy. Subsequent treatment with 

mercury(ll) acetate (scheme 1 2 0 ) gave a yellow precipitate which was not 

the hoped for 1,2,4-trioxane 301. We were unable to identify the product 

with certainity, but it was assumed that the quinuclidine nitrogen, or both the 

quinuclidine and quinoline nitrogens had participated in the formation of a 

metal complex with the mercury(ll) salt. Some supporting evidence was the 

observation of possible Hg-N stretching absorptions at ca. 650 cm-i in the 

IR spectrum.
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K

CH3COO 
H

K

''''OOCH; 

Hg(0Ac)2, H+

N‘

OOH

HgOAc

301

scheme 120

The reaction of mercury(ll) acetate on the vinyl group of cinchona 

alkaloids is reported to give rise to easily isolable mercury derivatives.32 

However, when we treated the cinchonine acetate 2 9 9  in dichloromethane 

solvent with mercury(ll) acetate and washed the organic solution with 5%  

aqueous sodium bicarbonate solution, the NMR spectrum of the 

recovered material showed very broad signals in both the quinuclidine and 

quinoline region (1 .4-3.4 and 7.S-8.9 ppm respectively). Sharp signals were 

observed for the un reacted vinyl group at 5 5.99 ppm (H C=C H 2 ) and 5.08, 

5.04 (HC=CH 2 ) ppm. We interpret these results in terms of the mercury(ll) 

salt complexing to the nitrogens of both the quinuclidine and quinoline rings 

being preferred to attack on the vinyl group (scheme 1 2 1 ).
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CH3COO
CH.COO

Hg(0Ac)2 

---------------- ►

H

302

Hg(0Ac)2

Hg(0Ac)2

scheme 121

Reduction of the complex 302 with aqueous sodium borohydride 

regenerated 299 (scheme 1 2 2 ) as deduced from the formation of metallic 

mercury and ‘•H NMR spectrum of the crude product where all signals were 

now sharp again.

CH3C00 CH3C00

NaBH^ 

Hg(0Ac)2 OH’ ^

299

Hg(0Ac)2

scheme 122

In light of these findings it was decided to treat aldehyde 300 with 

one equivalent of hydroperoxide 99 followed by three equivalents of 

mercury(ll) acetate. The idea was that no more than two equivalents of 

mercury(ll) acetate could be complexed by the nitrogen atoms of 300, 

leaving one equivalent to mediate the desired cyclooxymercuriation. The 

complexed mercury(ll) acetate would be removed along with the mercurio
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substituent of the 1,2,4-trioxane upon borohydride reduction. The resulting 

solution was washed with 5% aqueous sodium bicarbonate after stirring for 

1 h and before commencing the aqueous sodium borohydride reduction 

(scheme 123).

CHgCOO 

H

K

i. 3 Hg(0 Ac)2 , H+

H ^ ii. 3 NaBH4 , OH'
OOH

'''^OOCH,

303

scheme 123

Spectra of the crude product showed that the recovered material was 

mainly a mixture of un reacted aldehyde 300, hydroperoxide 99 and other 

minor unidentifiable impurities. It was decided to abandon this line of 

research.

5 .2 .3  Other carbonyl compounds in the synthesis of 1.2.4- 

trioxanes

The intermediate hemiperoxyacetals 304 & 306 generated from the 

treatment of hydroperoxide 99 with a) decanal and b) cyclopentanone, were 

treated in situ with mercury(ll) acetate and perchloric acid catalyst. The 

solution was washed with 5% aqueous sodium bicarbonate solution before
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commencing the sodium borohydride reduction to afford the 1,2,4-trioxanes 

305 & 307 (schemes 124 & 125). The procedure for the cyclopentanone 

involved using ethanolic rather than aqueous sodium borohydride in the 

reduction step. In this way the un reacted ketone present was converted into 

cyclopentanol, which was readily separated from the 1,2,4-trioxane by 

simple column chromatography.

O

R2

99

OH ----------
+ I CHoCU 

O

HO

R2

_ i. Hg(0Ac)2. H+
?   "^  ii. NaBH^ , OH

304

Rl R2

c K
I

,0

305
11%

R^=H, (f=(CH2)8CH3

scheme 124

o

. A R2

OH
+ I 

O

99

CH2CI;

R1 R2

H O ^ O  ' Hg(0Ac)2,

^  ii. NaBH^ , OH '

> 7 ^
306

RÎ R2

o X
I

,0

307
65%

r U  r 2 = -(CH2)4-

scheme 125
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5 .3  Conclusion

It proved possible to fuse carbohydrate molecules directly onto the 

1,2,4-trioxane structure by using the mercury(ll)-mediated cyclisation of 

hemiperoxyacetals derived from carbohydrate-aldehydes 281 and 282 with 

hydroperoxide 99 affording sugar-trioxanes 287 and 295. Attempts to 

deprotect these sugar-1,2,4-trioxanes using literature procedures were 

unsuccessful. However, the cyclooxymercuriation conditions themselves 

(scheme 114) led to the partial deprotection of 287 to give sugar-1,2,4- 

trioxane 288. The sugar-trioxane alcohol 289 was also formed in low yield 

by reduction of the hydroperoxide formed by trapping of oxygen by the 

sugar-trioxane radical 291 generated in the demercuriation step.

Cinchonine-aldehyde 300 was synthesised in fair yield but failed to 

afford 1,2,4-trioxanes under our cyclooxymercuriation conditions (schemes 

120 & 123).

Finally, we were able to incorporate a long aliphatic chain and 

spirocyclopentane moiety into the 1,2,4-trioxane structure by using the 

mercury(ll)-mediated cyclisation of hemiperoxyacetals derived from decanal 

and cyclopentanone with hydroperoxide 99.
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5 . 4 EXPERIMENTAL

For details of instruments, conditions for spectroscopy and general 

experimental, see section 2.4.

2-Deoxy-D-glucose diethylthioacetatal

HO OH

HO
2 8 4

Prepared according to the method of Rokach and W a n g .  1 2 6

2-Deoxy-D-glucose (1.0 g; 6.1 mmol) was added to a mixture of ethanethiol 

(6.96 g; 0.11 mole) and concentrated hydrochloric acid (8.3 ml) and stirred at 

room temperature for 1 h. A white precipitate was observed. Ethyl acetate 

( 2 0  ml) was added to the reaction mixture and the precipitate filtered off 

under suction. The product was a white solid m.p. 139-142 °C. Yield: (1.46 g; 

88%).

1R NMR (400 MHz, DMSO): Ô 4.42 (s, 4M, OH); 3.74 (m, 1 H, CHOH); 3.58 

(m, 1 H, CHOH); 3.30 (m, 1 H, CHOH); 3.20 (m, 1 H, CH[SEt]2 ); 2.63 (m, 2 H, 

CH 2 OH); 2.34 (m, 4H, [SCH2 CH3 ]2 ); 1 65  and 1.30 (m, 2H, CH2 CH[SEt]2 ); 

0.75 and 0.77 (each t, J = 8 .2 1  Hz, 3H, CH3 ) ppm.

130 NMR (100 MHz, DMSO): Ô 72.98, 71.25, 67.34, (COH); 63.30 (CH2 OH);

39.55 (SCS); 23.31 (SCH2 CH3 ); 22.71 (CH2 CH[SEt]2 ); 14.10 (CH3 ) ppm. 

LRMS (FAB MNOBA matrix) for C 1 0 H2 3 O4 S2 , (M+H)+, Calcd: 271. Found: 

271.
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SCH^CH;

2 8 5

Prepared according to the modified method of Rokach and W a n g J  26 

Thioacetal 2 8 4  (0.60 g; 2.2 mmol) was stirred with dimethoxypropane (5.0 g; 

38 mmol) and p-toluenesulfonic acid (0.04 g; 0.2 mmol) in acetonitrile (15 

ml) for 10 min. Anhydrous sodium carbonate (1.0 g; 9.4 mmol) was added to 

the reaction mixture which was stirred for a further 2 0  min before filtering. 

The solvent was removed under reduced pressure and the crude material 

purified by column chromatography (SiOa, EtOAc/ hexane 2 :1  R f 0.50) to 

afford the product as a clear oil. Yield: (0.70 g; 90%).

1H NMR (400 MHz, CDCI3 ): ô 4.34-4.29 (m, 1 H, CHO); 4.13-4.02 (m, 2 H, 

CHO); 3.87 (dd, J =5.05, 8.33 Hz, 1H, CHO); 3.55 (t, J=7 .83  Hz, 1H, CHO); 

2.74-2.57 (m, 4H, [SCHaCHaJa); 2.14-2.07 (m, 1H, H2); 2.03-1.97 (m, 1H, 

H2'); 1.39.1.38, 1.36 and 1.33 (each s, 3H, CH 3 ); 1.25 and 1.27 (each t, J 

=7.44 Hz, 3H, [SCH2 CH3 ]) ppm.

13C NMR (100 MHz, CDCI3 ): 6 109.57 and 109.16 (OCO); 81.14 (H C O );

76.97 and 76.69 (HCO); 67.79 (H 2 CO); 48.16 (SOS); 40.23 (CH2 C[SEt]2 ); 

27.31 and 26.96 (SCH2 CH3 )2 ; 26.74, 25.28, 24.55, 23.23 (C H 3 ); 14.48 and 

14.46 (CH 2 C H 3 ) ppm.

IR (neat film) 3406 (s), 2258 (w), 2130 (w), 1706 (w), 1653 (m), 1362 (w), 

1189 (w), 1046 (m), 1025 (s), 996 (s) cm'T
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281

Prepared according to the modified method of Rokach and W an g .126  

Mercury(ll) chloride (1.04 g; 3.8 mmol) in 4:1 acetonitrile: water (3 ml) was 

added to a solution of the acetonide dithioacetal 2 8 5  (0.35 g; 1 mmol) in 

acetonitrile (4 ml) containing powdered calcium carbonate (0.25 g; 2.5 

mmol). The mixture was stirred under a nitrogen atmosphere for 2 h before 

the addition of sodium carbonate (0.11 g; 1 mmol). The mixture was then 

filtered through Celite using chloroform (20 ml) to wash the filter cake. The 

filtrate was washed with brine (5 ml) and the organic and aqueous layers 

separated. The aqueous layer was extracted with dichloromethane (3x10 

ml) and the combined organic layer and extracts dried over a mixture of 

anhydrous sodium carbonate and MgS0 4 . The solvent was removed at the 

rotary evaporator and column chromatography (Si02, hexane/ EtOAc 2:1 R f 

0.63) afforded the aldehyde as a yellow oil. Yield (0.21 g; 86%). Not isolated 

entirely pure. For diacetonide aldehyde 2 8 1 :

NMR (400 MHz, CDCI3 ): 6 9.76 (t, J =2.35 Hz, 1H, CH1Q); 4.35 (dt, J 

=3.42, 8.35 Hz, 1H, H^); 4.12 (dd, J =6.06, 8.41 Hz, 1H, H^'); 4.05 (ddd, J 

=4.77, 6.06, 8.41 Hz, 1H, H^); 3.89 (dd, J=4.77, 8.35 Hz, 1H, H^); 3.52 (t, J 

=8.41 Hz, 1H, H6); 2.80-3.38 (ddd, J=2.35, 3.42, 16.62 Hz, 1H, H^ ); 2.59-
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2.67 (ddd, J =2.35, 3.42, 16.62 Hz, 1H, H2); 1.34, 1.33, 1.31, 1.28 (each s, 

3H, CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ): 6  200.05 (CHO); 109.77 and 109.68 (0 0 0 ) ;  

80.73, 76.95, and 75.24 (HCO); 67.83 (CH2 O); 47.04 (CH2 ); 27.04, 26.83, 

26.67, 25.12 (CH3 ) ppm.

3-Sugar-5.5.6.6-tetramethyl-1 .2.4-trioxanes

2,3-D im ethylbut-1-en-3-y l hydroperoxide (0 .20  g; 1.7 mmol) in 

dichloromethane (15 ml) was treated with diacetonide aldehyde 281 (0.42  

g; 1.7 mmol) and catalytic trifluoroacetic acid (2  drops). The mixture was 

stirred for 15 min before adding mercury(ll) acetate (1.7 mmol; 0.54 g) and 

then 6  mol% perchloric acid catalyst (3 drops). The reaction mixture was 

stirred for a further 45 min-1 h until most of the solid mercury(ll) acetate had 

dissolved. The mixture was then washed with 5% (w/v) sodium bicarbonate 

solution (10 ml). The organic and aqueous layers were separated and the 

aqueous layer was extracted with dichloromethane (2x10 ml). The organic 

layer and extracts were combined and cooled at ice temperature with 

stirring. A cooled solution of sodium borohydride (10 mmol; 0.38 g) in 2 M 

sodium hydroxide (5 ml) was added dropwise and a black precipitate was 

observed. The mixture was stirred for a further 20-30 min, before filtering 

through phase separation paper. The aqueous layer was extracted with 

dichloromethane (2 x2 0  ml) and the combined organic layer and extracts 

dried (MgSO^). Removal of the solvent was carried out under reduced

pressure. Purification was achieved by column chromatography (SiOa, 2 :1  

hexane/ EtOAc, ); four fractions were collected (overall yield 268 mg).
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Fraction 1

Yellow oil, yield: (124 mg; 20%), R f 0.88. This fraction contained two 

diastereoisomers of the trioxane 2 8 7  in a 1:1 ratio.

2 8 7

For a mixture of the two diastereoisomers:

1H NMR (400 MHz, CDCI3 ): 6  5.65 (m, 1 H, C-3[H]); 4.09 (m, 1 H, H3); 3.90-

4.08 (m, 3H, h5, H6 '); 3.57 (t, J =7.44 Hz) and 3.53 (t, J  =7.85 Hz, 1H,

H 6); 2.02 (m, 1H, H 2 ‘); 1.96 (m, 1H, H2); 1.49, 1.39, 1.38, 1.36, 1.32, 1.31, 

1.14 and 1.00 (each s, 3H, CH3 ) ppm.

13C NMR (100 MHz, CDCI3 ): Ô 109.69, 109.67 and 109.03, 109.01 (each 

acetonide OCO); 96.48 and 96.18 (each 0-3); 82.35 and 81.16 (each 0-6); 

75.89 and 75.76 (each 0-5); 81.13, 76.78, 76.75, 67.54 and 75.51, 75.34 

(two other signals overlap, each CO); 36.57 and 36.06 (each CHg); 27.33, 

26.93, 26.72, 25.32, 24.69, 21.47, 21.12, 20.30 and 27.29, 27.01, 25.37, 

24.66, 21.43, 21.09, 20.23 (one other signal overlaps, each CH3) ppm.

IR (neat film) 2985 (s), 2936 (s), 2360 (w), 1456 (m), 1372 (s), 1215 (s), 1156 

(s), 1083 (s), 937 (w), 847 (m) cm'T

Analytical Oalcd. for O18H3 2O7 : 0 , 59.98; H, 8.95. Found: 0 , 60.12; H, 8.89 

Fraction 2

Yellow oil, yield: (26 mg; 8 %) R f 0.85. This fraction contained a mixture of 

the diacetonide alcohol 2 8 9 , diacetonide aldehyde 2 8 1 , and mixture of the 

two diastereoisomers of trioxane 2 8 7  isolated from fraction 1 in a 6:2:1 ratio 

respectively.
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Fraction 3

Yellow oil, yield: (30 mg; 5%). This fraction contained only the trioxane 

alcohol 289 as a single diastereoisomer.

2 8 9 HO

1H NMR (400 MHz, CDCI3 ): 5 5.65 (m, 1 H, C-3[H]); 4.13 (m, 1 H, H3); 3.90- 

4.09 (m, 3H, h 5 ,h 6 ‘); 3.56 (t, J =8.08 Hz, 1H, H^); 3.39-3.62 (m, 2H,

C H 2 OH); 2.04 (m, 1H, H2 ); 1.97 (m, 1H, H2); 1.49, 1.46, 1.43, 1.41, 1.37, 

1.33, 1.05 (each s, 3H, CH3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 6  109.70, 109.13 (OCO); 96.20 (C-3); 81.29 (0- 

6 ); 76.84 (0-5); 81.10, 76.79 and 75.76 (CHO); 67.68 and 6 6 . 8 6  (C H 2 O); 

36.20 (CH2 C-3 ); 27.34, 26.96, 26.68, 25.21, 21.64, 21.61 and 21.58 (CH3 ) 

ppm.

IR (neat film) 3492 (s), 2986 (s), 2936 (s), 2360 (w), 1456 (m), 1372 (s), 1216 

(s), 1155 (m), 1083 (s), 846 (m) cm'T

HRMS (FAB MNOBA matrix) for C 1 8H33O 8 , (M+H)+, Oalcd: 377.2175 Found: 

377.2178

Analytical Oalcd. for O1 8H3 2 O8 : 0 , 57.43; H, 8.57. Found: 0 , 57.69; H, 8.28
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Fraction 4

This fraction contained two diastereoisomers in a 2:1 ratio of the partially 

deprotected sugar 1,2,4-trioxane 2 8 8 . The product was a yellow oil, yield: 

( 8 8  mg; 16%).

HO OH

2 8 8

For a mixture of the two diastereoisomers:

1H NMR (400 MHz, CDCI3 ): 5 5.65 (m, 1 H, C-3[H]); 4.08 (m, 1 H, H^); 3.63- 

3.76 (m, 3H, h 4 , h 5 , h6'); 3.12 (m, 1H, H6); 2.64 (brs, 2H, OH); 1.81-2.03  

(m, 2H, H2, HZ'); 1.48. 1.39, 1.38, 1.35, 1.14, 1.00 (each s, 3H, CH3 ) ppm. 

13C NMR ( 1 0 0  MHz, CDCI3 ): 8  109.05 and 108.97 (each OCO); 96.63 and 

96.22 (each 0-3); 82.49 and 82.48 (each 0-6); 75.84 and 75.75 (each 0-5); 

80.97, 75.12 and 73.65 and 80.69, 74.74 and 72.49 (each CHO); 63.94 and 

63.52 (each CH 2 OH); 36.78 and 36.39 (each CH 2O-3 ); 27.21, 27.02, 24.59, 

21.40, 21.09, 20.22 and 27.25, 26.95, 21.46, (three other signals overlap, 

each CH 3 ) ppm.

HRMS (FAB MNOBA matrix) for O i5 H2 s0 7 Na, (M+Na)+, Oalcd: 343.1733  

Found: 343.1742

Analytical Oalcd. for O1 5H2 8 O7 : 0 , 56.23; H, 8.81. Found: 0 , 56.25; H, 8.89.
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1.2:3.4-Di-Q-isopropylidene-a-D-galactopyranose

2 9 4

D-Galactose (20 g; 0.11 mole) was stirred with dimethoxypropane (91.6 g; 

0.88 moles, 108 ml) and p-toluenesulfonic acid (1.1 g; 5 mole%) in acetone 

(100 ml) for 72 h. Anhydrous sodium carbonate (25 g; 0.24 moles) was 

added and the mixture stirred for a further 15 min before filtering. The solvent 

was removed under reduced pressure to afford the crude product as a 

yellow syrup. This material was fractionally distilled and the product with b.p. 

130 °C at 0.1 mmHg was collected. The product was a colourless syrup, 

yield (24.83 g; 86%). The product contained a small portion (<14%) of a side

product, namely 1,2:5,6-di-0-isopropylidene-p-/.-arabino-pyranose.'* 27

Lit.127 b.p. 128-129 °C /  0.8 torr (for pure 2 9 4 ).

Selected data for 1,2:3,4-di-0-isopropylidene-a-D-galactopyranose;

1H NMR (200 MHz, C D C I3 ) :  5 5.6 (d, J =4.92 Hz; 1H, H^); 4.6, 4.3, 4.1 and

3.8 (m, 6H); 2.5 (brs, 1H, OH); 1.3, 1.4, 1.5, and 1.6 (each s, 3H, C H 3 )  ppm. 

IR (neat film) 3483(s), 2988 (s), 2938 (s), 1457 (m), 1372 (s), 1255 (s), 1213 

(s), 1072 (s), 1002 (s), 852 (m) cm-l.

LRMS (FAB MNOBA matrix) for C 12H2 1O6 , (M+H)+, Oalcd: 261. Found 261.
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1.2:3.4-Di-0-isopropvlidine-a-D-aalacto-hexodialdo-1.5-Dvranose

CHO

2 8 2

Prepared according to the method of D. Harton ef

To a solution of 1,2:3,4-di-0-isopropylidene-a-D-galactopyranose 2 9 4  (7.0  

g; 0.027 mol) in dimethyl sulfoxide (24.5 ml) and benzene (7 ml) were added 

pyridine (1 .4  ml), phosphoric acid (0 .7  ml) and N, N '- 

dicyclohexylcarbodiimide (17.5 g; 0.085 mole). The mixture was stirred at 

room temperature for 5 h and then filtered to remove the A/,A/'-dicyclohexyl 

urea. A solution of oxalic acid (14 g; 0.15 mole) in methanol (35 ml) was 

added to the filtrate and the resulting suspension stirred for 1 h at room 

temperature before filtering. The filtrate was washed with saturated sodium 

bicarbonate solution (3x50 ml) and the aqueous extracts extracted with ethyl 

acetate (4x100 ml). The combined organic extracts were washed with 

CUSO4  (10% solution, 20 ml). The organic phase was dried over MgS0 4 , 

filtered, and the solvent removed under reduced pressure. The residual 

syrup was dissolved in acetone ( 1 0 0  ml), whereupon a small amount of 

/V,/V-dicyclohexyl urea crystallised out. The mixture was filtered, the filtrate 

removed at the rotary evaporator, and the resultant syrup was treated twice 

more in the same way, to give the crude syrupy aldehyde. Purification was 

achieved by column chromatography (SiOa, 7:1:1:1  benzene/ M eOH/ 

acetone/ chloroform, R f 0.30) to afford the aldehyde as a clear oil, yield (2.30 

g; 44%). Isolated spectroscopically pure but not analytically pure.
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Selected data for 1,2:3,4-di-0-isopropylidine-a-D-galacto-hexodialdo-1,5- 

pyranose:

1H NMR (400 MHz, CDCI3 ): 5 9.62 (brs, 1 H, CHO); 5.66 (d, J=4.91 Hz, 1 H, 

Hi); 4.63 (dd, J=2.48  Hz, 7.76 Hz, 1H, H^); 4.61 (dd, J=2.12, 7.76 Hz, 1H, 

H4); 4.38 (dd, J=2.48, 4.91 Hz, 1H, H2); 4.19 (broad d, J=2 .12  Hz, 1H, H5);

1.51, 1.44, 1.35 and 1.32 (each s, 3H, CH3 ) ppm.

13Q NMR (100 MHz, CDCI3 ); ô 200.29 (CHO); 110.02 and 109.04  

(O CM eaO ); 96.22 (C i), 73.19, 71.70, 70.46 and 70.36 (C2 -C 5 ); 26.00, 

25.79, 24.80 and 24.23 (CH3 ) ppm.

L i t .  1 2 7  (60 MHz, CDCI3): Ô 9.6 (s, 1H, HG); 5 .6  (d, J=4 .8  Hz, 1H, H i); 3.4-4.6 

(m, 4H, H2-HG); 1.44 and 1.37 (each s, 6 H, CM 0 2 ) ppm.

3-Suqar-5.5.6.6-tetramethvl-1.2.4- trioxane 2 9 5

2 9 5

2 ,3 -D im eth y lbu t-1 -en -3 -y l hydroperoxide (0 .58  g; 5 mmol) in 

dichloromethane (15 ml) was treated with 1,2:3,4-di-0-isopropylidine-a-D- 

galacto-hexodialdo-1,5-pyranose 2 8 2  (0.97 g; 5 mmol) and catalytic 

trifluoroacetic acid (3 drops). The mixture was stirred for 15 min before 

adding mercury(ll) acetate (1.59 g; 5 mmol) and then 6  mol% perchloric acid 

catalyst (3 drops). The reaction mixture was stirred for a further 45 min-1  h 

until most of the solid mercury(ll) acetate had dissolved. The mixture was 

then washed with 5% (w/v) sodium bicarbonate solution (10 ml). The organic
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and aqueous layers were separated and the aqueous layer extracted with 

dichloromethane (2x10 ml). The organic layer and extracts were combined 

and cooled at ice temperature with stirring. A cooled solution of sodium 

borohydride (0.19 g; 5 mmol) in 2 M sodium hydroxide (5 ml) was added 

dropwise and a black precipitate was observed. The mixture was stirred for a 

further 20-30 min, before filtering through phase separation paper. The 

aqueous layer was extracted with dichloromethane (2 x2 0  ml). The combined 

organic layer and extracts were dried (IVIgSO^). Removal of the solvent was

carried out under reduced pressure. Purification was achieved by column 

chromatography (Si0 2 , 1:1 hexane/ EtOAc, R f 0.5), yield (597 mg; 32%) 

affording 2 diasteroisomers of trioxane 295 in a 1:1 ratio. Further purification 

to isolate the separate diastereoisomers was achieved by HPLC (licrosorb 

silica gel, 5 pm, 10% ethyl acetate, 90% hexane).

isomer 1

White solid m.p. 126-128 °C.

1R NMR (400 MHz, CDCI3 ): 6  5.60 (d, J =7.04 Hz, 1 H, H i); 5.56 (d, J =4.97  

Hz, 1H, C-3[H]); 4.55 (dd, J=2.35, 7.97 Hz, 1H, H^); 4.27 (dd, J=2 .35  Hz,

4.97 Hz, 1H, H5); 4.24 (dd, J=1.69, 7.97 Hz, 1H, H^); 3.71 (dd, J=1.69, 7.04 

Hz, 1H, H2); 1.54, 1.49, 1.46, 1.42, 1.33, 1.32, 1.18 and 1.02 (each s, 3H, 

C H 3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): Ô 109.42 and 108.75 (OCMeaO); 96.51 and 

96.28 (C-3 and Or); 83.03 (0-6); 75.53 (C-5); 70.72, 70.22, 70.00 and 67.57 

(C 2 -C 5 O; 26.12, 25.94, 25.02, 24.56, 24.17, 21.38, 21.13 and 19.93 (CH3 ) 

ppm. (Prime numbers refer to the sugar ring carbons).

HRMS (FAB MNOBA matrix) for C 18H31O 8 , (M+H)+, Oalcd: 375.2019 Found: 

375.2018

Analytical Oalcd. for O1 8H3 0O8 : 0 , 57.74; H, 8.08. Found: 0 , 57.42; H, 8.05
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Isomer 2 

Clear oil.

1H NMR (400 MHz, CDCI3 ): 6  5.61 (d, J =7.58 Hz, 1H, H i); 5.51 (d, J =5.00  

Hz, 1H, C-3[H]); 4.57 (dd. J=2A 7, 7.90 Hz, 1H, H^); 4.35 (dd, J=1 .79 , 7.90 

Hz, 1H, H3); 4.27 (dd, V =2.47, 5.00 Hz, 1H, H^); 3.69 (dd, J=1 .79 , 7.58 Hz, 

1 H, H2); 1.52, 1.48, 1.44, 1.39, 1.32, 1.30, 1.15 and 1 .0 0  (each s, 3H, CH 3 ) 

ppm. (See page 257).

130 NMR (100 MHz, CDCI3 ); Ô 109.36 and 108.76 (OCMeaO); 96.57 and 

96.19 (0-3  and Or); 82.57 (0 -6 ); 75.66 (0-5); 70.58, 70.53, 70.28 and 67.66 

(O2-O5O; 26.15, 26.04, 24.99, 24.72, 24.47, 21.37, 2 1 .1 2  and 19.91 (CH3 ) 

ppm. (Prime numbers refer to the sugar ring carbons). (See page 258). 

HRMS (FAB MNOBA matrix) for O1 8H31O 8 , (M+H)+, Oalcd: 375.2019 Found: 

375.2020

3-N onyl-5 ,5 ,6 ,6-tetram ethyM ,2,4-trioxane

305

2,3-D im ethylbut-1-en -3-y l hydroperoxide (1 .16  g; 10 mmol) in 

dichloromethane (15 ml) was treated with decanal (1.56 g; 10 mmol) and 

catalytic trifluoroacetic acid (3 drops). The mixture was stirred for 15 min 

before adding mercury(ll) acetate (3.18 g; 10 mmol) and then 6  mol% 

perchloric acid catalyst ( 6  drops). The reaction mixture was stirred for a 

further 45 min-1 h until most of the solid mercury(ll) acetate had dissolved. 

The mixture was then washed with 5% (w/v) sodium bicarbonate solution
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(10 ml). The organic and aqueous layers were separated and the aqueous 

layer extracted with dichloromethane (2x10 ml). The combined organic layer 

and extracts were cooled at ice temperature with stirring. A cooled solution 

of sodium borohydride (0.38 g; 10 mmol) in 2 M sodium hydroxide (5 ml) was 

added dropwise and a black precipitate was observed. The mixture was 

stirred for a further 20-30 min, before filtering through phase separation 

paper. The aqueous layer was extracted with dichloromethane (2x20 ml). 

The combined organic layer and extracts were dried (IVIgSO^). Removal of

the solvent was carried out under reduced pressure. Purification by column 

chromatography (SiOa, 10:1 hexane/ EtOAc, R f 0.75) gave the product as a 

clear oil. Yield (1.78 g; 65%).

1R NMR (400 MHz, CDCI3 ): ô 5.28 (t, J=5.12  Hz, 1H, C-3[H]); 1.48-1.57 (m, 

2 H, C H 2 ); 1.23 (brs, 14 H, [CHa]?); 1.46, 1.35, 1 .2 1  and 0.99 (each s, 3H, 

CH3 ); 0.85 (t, J = 6 .8 8  Hz, 3H, CH2CH3 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ): 6  98.66 (C-3); 82.11 (0-6); 75.07 (0-5); 32.45, 

31.89, 29.50, 29.47, 29.30, 29.24, 24.69, 23.70 (CH2); 22.69, 21.41, 2 1 .1 2 , 

20.18 (CH3); 14.12 (OH2CH3) ppm.

IR (neat film) 2925 (s), 2855 (m), 1467 (m), 1388 (m), 1156 (s), 1102 (m), 

cm’T

LRMS (FAB MNOBA matrix) for O1 6 H3 3 O 3 , (M+H)+, Oalcd: 273.3 Found:

273.3

Analytical Oalcd. for O1 6 H 3 2 O 3  : 0 , 70.54; H, 11.84. Found: 0 , 70.92; H,

11.73
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5,5,6,6-tetram ethyl-1,2,4-trioxane-3-spiro-4'-cyclopentane

307

The procedure was as for 305 but modified by using an ethanolic sodium 

borohydride reduction i.e. a cooled solution of sodium borohydride (0.38 g; 

10 mmol) in ethanol (10 ml) and 2 M sodium hydroxide (5 ml) replaced the 

aqueous sodium borohydride. Column chromatography (SiOa, CH2 CI2 , R f 

0.75) afforded the product as a clear oil. Yield (0.22 g; 11%).

1H NMR (400 MHz, CDCI3 ) at +20 °C: 5 1.69 and 1.61 (each brs, 4M, 

methylenes of C-3 substituent); 1 .2 2  (s, 1 2 H, CS-Meg and C6 -M 0 2 ) ppm.

1H NMR (400 MHz, CDCI3 ) at - 59 °C; 5 2.52 (m, 1 H, methylenes of C-3 

substituent); 1.66-1.77 (m, 3H, methylenes of C-3 substituent); 1.49-1.60 (m, 

4H, methylenes of C-3 substituent); 1.43, 1.33, 1.07, 1.01 (each s, 3H, CH3 ) 

ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) at + 2 0  °C: 5 112.82 (C-3); 81.59 (C-6 ); 75.02

(C-5); 37.78 broad and 33.90 very broad (each 2 C, methylenes of C-3 

substituent); 25.50 and 21.52 (each 2 C, C5 -M 0 2  and C6 -M 0 2 ) ppm.

13C NMR ( 1 0 0  MHz, CDCI3 ) a t -5 9  °C: 5 113.07 (C-3); 81.86 (C-6 ); 75.27 

(C-5); 38.52, 36.44, 25.72 and 25.40 (methylenes of C-3 substituent); 24.51, 

22.13, 21.92 and 21.37 (CH3 ) ppm.

HRMS(EI) for C 11H2 0 O3 , (M)+, Calcd : 200.1412, Found : 200.1414. 

Analytical calcd. for C 11H2 0O3 : C, 65.97; H, 10.07. Found: C, 65.95; H, 9.81
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2 9 9

H2‘

In a round-bottomed flask with attached condenser and calcium chloride 

drying tube was placed cinchonine (10.07 g; 0.03 mole), acetyl chloride 

(2.67 g; 0.03 mole) and anhydrous potassium carbonate (9.34 g; 0.07 mole) 

in dry toluene (100 ml). The mixture was allowed to reflux overnight then 

filtered and the solvent removed under reduced pressure. Purification was 

achieved by column chromatography (Si02, EtOAc, R f 0.43) to afford the 

pure product as a yellow oil. Yield (5.37 g; 75%). [a]o (+) 82.5 ° (C  =1, 

CH 2 CI2 ).

1H NMR (400 MHz, CDCI3 ) : 5 8.84 (d, J=4.52 Hz, 1H, H2'); 8.16 (d, J =8.99 

Hz, 1H, H 5 '); 8.08 (d, J=8 .99  Hz, 1H, H»'); 7.67 (m, 1H, H6'); 7.55 (m, 1H, 

H 7‘); 7.35 (d, J=4 .52  Hz, 1H, H3'); 6.52 (d, J=7 .30  Hz, 1H, H9); 5.99 (m, 1H, 

H10); 5.08 (d, J  =10.39 Hz, 1H, H llb ); 5 .0 4  (d, J=11 .23  Hz, 1H, H11=); 3.38 

(q, J=8 .14  Hz, 1H), 2.85 (d, J=9.61 Hz, 2H); 2.67-2.85 (m, 2H); 2.08 (s, 3H, 

CH 3 C O 2 ); 1.75 (m, 2H), 1.42-1.52 (m, 4H) ppm.

13C NMR (100 MHz, CDCI3 ) : 6 169.94 (CH3 C O 2 ): 148.49 (C2'); 123.49 

(C3'); 149.89 (C4')| 126.04 (C5‘): 126.86 (C6'); 129.21 (C7')| 130.37 (C8');
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118.55 (C9'): 145.52 (CIO'); 140.29 {CIO); 114.89 (O il) ;  49.84 (02); 39.78 

(03); 27.84 (04); 26.39 (05); 49.02 (06); 23.64 (07); 59.45 (08); 73.82 (09); 

21.15 (CH3 OO2 ) ppm.

LRMS(FAB MNOBA matrix) for C2 1 H2 5 N 2O 2 , (M+H)+, Calcd: 337 Found; 

337.

Analytical calcd. for C2 1 H 2 4 N 2 O 2 : C, 74.75; H, 7.47; N, 8.30. Found: C, 

74.40; H, 7.43; N, 7.96

Synthesis of cinchonine aldehyde 300 from cinchonine acetate

300

H2'

The alkene 299 (2.5 g; 7.5 mmol) and osmium tetroxide (CAUTION!) (3.8 

mg; 1.5x10-5 mole; 0.2 mole%) was stirred at 0 °C for 0.5 h in 3:1 THF-H2 O 

(20 ml). Sodium periodate (4.81 g; 22.5 mmol) was added and the reaction 

mixture changed from dark brown to tan in colour. The mixture was stirred at 

23 °C for a further 1.5 h before the addition of water (100 ml). The mixture 

was then extracted with ethyl acetate (5x20 ml) and the combined extracts 

dried (MgS0 4 ), filtered, and the solvent removed under reduced pressure to
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afford the crude product. Purification was achieved by column 

chromatography (Si02, THF, R f 0.5) to afford the product as a white foam. 

Yield (1.45 g; 58%). Isolated spectroscopically pure but not analytically pure. 

1H NMR (400 MHz, CDCI3 ) : ô 9.84 (s, 1 H, CHO); 8.85 (d, J= 4 .49  Hz, 1 H, 

H2'); 8.21 (d, J=8 .13  Hz, 1H, H5'); 8.11 (d, J=8.13  Hz, 1H, H»'); 7.71 (m, 1H, 

HG'); 7.60 (m, 1H, H?'); 7.33 (d, J =4.49 Hz, 1H, H3'); 6.55 (d, J  =6.35 Hz, 

1 H, H9); 3.62 (ddd, J=2.43, 4.82, 9.44 Hz, 1H), 3 .2 1  (dd, J =8.72, 15.83 Hz, 

1 H); 2.82 (m, 1 H); 2.76 (m, 2 H); 2.44 (m, 2 H); 2.13 (s, 3H, CH3 CO2 ); 1.62 (m, 

4H) ppm.

13C NMR (100 MHz, CDCI3 ) : 5 169.70 (CH3 C O 2 ); 148.12 (C2 ')| 123.19 

(C3')| 149.84 (C4'); 125.74 (C5')| 126.85 (C6 '); 129.15 (C7')| 130.35 (C 8 '); 

118.07 (C9‘); 145.26 (CIO'); 203.26 (CIO); 50.38 (C2); 42.34 (C3); 30.25  

(C4); 25.82 (C5); 48.91 (C6 ); 24.40 (C7); 58.89 (C8 ); 73.73 (C9); 23.36  

(CH3 CO 2 ) ppm.

IR (neat film) 2936 (s), 2871 (m), 2339 (m), 2816 (m), 1918 (w), 1868 (w), 

1829 (w), 1744 (s), 1706 (s), 1598 (m), 1567 (m), 1455 (m), 1706 (s), 1598 

(m), 1567 (m), 1455 (m), 1367 (m), 1219 (m) c m '\

HRMS(FAB MNOBA matrix) for C2oH2 2 N2 0 3 Na, (M+Na)+, Caicd: 361.1528  

Found: 361.1528.

Analytical caicd. for C 2 0 H 2 2 N2 O 3 : C, 70.99; H, 6.55; N, 8.28. Found: C, 

65.97; H, 7.05; N, 8.90
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6.0 ANTIMALARIAL ACTIVITY OF SOME 1,2,4-

TRIOXANES

6.1 Introduction

The effectiveness of a potential antimalarial drug is determined 

initially by in vitro tests. The inhibitory concentrations (IC 5 0 ) (see 

experimental section) determined in these assays provide a measure of the 

efficacy of a particular compound with respect to a panel of conventional 

drugs. The most potent compounds are the ones which have the smallest 

IC5 0  values. Because in vivo tests are much more expensive than in vitro 

tests, only very promising new compounds are further tested in this manner. 

The curative activities of test compounds in vivo are determined in a test 

where animals (usually mice) are infected with the appropriate strain or 

clone understudy. Mice infected with P. berghei parasitized cells are a good 

model for effectiveness against human malaria.

It is valuable to tabulate here the reported in vitro activities of 

artemisinin, its derivatives and simpler structural analogues. In this way a 

direct comparison can be made between the IC5 0  values found for 26  

synthetic trioxanes (see section 6.2) and those reported in the literature. The 

following compounds were tested in vitro against two clones of human 

malaria, F. falciparum W-2 (Indochina clone) and D-6 (Sierra Leone I clone). 

The ICso's are shown in Table 11 with compound structures shown on 

pages 261 - 262. The former clone is a strain that is resistant to chloroquine, 

pyrimethamine, sulfadoxine, and quinine and the latter to mefloquine.
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Table 11. /n antimalarial activity against P. falciparum.^^
COMPOUND S T R A I N Ref.

W-2 [C50 ng/ml D-6 IC50 ng/ml
artemisinin 8 0.90 (1.00) 1.00 (1.00) 133 & 135
artemether 11 0.52 0.43 133
dihydroartemisinin 10 0.28 0.17 133 & 135
chloroquinine 3 43.60 3.1 134
3 0 8 0.36-3.54 0.67-4.65 133
3 0 9 0.43 0.83 134
3 1 0 0.071-2.11 0.36-2.70 134
3 1 1 4.42-5.32 15.04-36.47 134
3 1 2 (0.001-12.26) (0.001-6.42) 135
3 1 3 0.05-1.92 (0 .5 3 - 2 0 .74- r 0.25-3.05 (0.75-9.34)* 136
3 1 4 1.23-2.54 (0.40-0.82)* 2.86-5.77 (0 .40-0.81)* 136
3 1 5 8 .12-152 (8.0-242) 4.06-119 (2.0-63) 137
3 1 6 2.3 (2.3) 2.1J1.1) 137
3 1 7 8.6 (8.6) 10.0 (5.2) 137
3 1 8 278 (290) 319 (169) 137
3 1 9 7.4 (7.6) 7.3 (3.8) 137
3 2 0 564 (429) 789 (305j 137
3 2 1 67 (44) 77 (26) 137
3 2 2 4.0 (3.7) 2.0 (0.9) 137
3 2 3 0.16-0.59 0.34-1.11 138
3 2 4 (0.1)* (0 .1 )* 139
3 2 5 (0 .4)* (0 .6 )* 139
3 2 6 (0.06-0.30)* (0 .08-0.2)* 139
3 2 7 255-6000G 120
3 2 8 0.19-171 1.43-710 119
3 2 9 2.01 2.07 61
3 3 0 9.6-40.5 b 6 0
3 3 1 (0>0fe) (o .z o ) 1 4 0
3 3 2 2.86-222.46 44
3 3 3 <0.2-3.1 <0.5-11.1 66
3 3 4 <0.1-0.4 0.5-1.1 66
3 3 5 0.4-6.2 1.1-8.2 66
3 3 6 0.2-85 1.1-10 65,66,73
3 3 7 (0.06-0.75) (0.07-1.08) 140

a Numbers in brackets are the rel. activity of artemisinin which equals IC50 of 

analogues divided by IC50 of artemisinin.

b The Kanachanaburi K1 strain IC50 ng/ml (resistant to chloroquine, 

pyrimethamine and sulfadoxine); c IC5 0  FCR-3 strain (resistant to 

chloroquine) = 6.8-42.6 ng/ml.

*  The artemisinin index which equals IC50  of artemisinin divided by IC50 of 

analogues.
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The structure-activity relationship of a series of test compounds is 

used to provide a coherent rationale for the design of new compounds of 

even greater potency. However, an understanding of the molecular 

mechanism of action would provide the most powerful basis for designing 

new drugs. Although we did not investigate this directly it is valuable to 

discuss here the recent developments in the field.

6.1.1 Molecular mechanism of antimalarial activity of 

artemisinin and simpler analogues

Studies undertaken by Meshnick to define the mode of action of 

artemisinin suggest that the molecular mechanism involves hem in.i4 i-i44  

Plasmodia digest between 25-75% of the host erythrocyte hemoglobin. They 

utilize amino acids obtained from this digestion, but do not appear to 

catabolise or utilize the resulting hemin. Instead, they accumulate it as 

hemozin and this hemin-rich internal environment of the parasite may make 

them especially susceptible to artemisinin. The in vitro reaction between 

artemisinin and hemin appears to generate organic free radicals by a 

hem in-catalysed reduction. These oxidants are short-lived but can cause 

significant parasite damage. The apparent mechanism of action and toxicity 

of artemisinin is as follows:

Fe
artemisinin ► R ■ -------- ► Free radical damage^— ► ceil death

*(lipid peroxidation, protein oxidation, alkylation of heme & proteins etc.)

where R ■ is a free radical or a mixture of free radicals. Other evidence 

consistent with this mechanism includes the observation that the
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endoperoxide bridge is necessary for biological activity,20  that free radical 

scavengers and iron chelators antagonize the drug,‘•43 and that iron salts 

catalyse the decomposition of artemisinin analogues/6

Posner and co-workers'*® reported the cleavage reactions of oxygen- 

18 labelled trioxane 338. Trioxane tosylate 338 was treated separately with 

two different sources of ferrous ions. lron(ll)-induced cleavage of the 

peroxide bond in trioxane 338 led to radical intermediates 339a and 339b 

in a 2:1 ratio respectively. Carbon-carbon bond cleavage of 339a initially 

formed labile ring-contracted tetrahydrofuran acetal 340 with ‘*®0 located in 

the acetoxy group (as shown in scheme 126) and then produced stable 

electrophilic terahydrofuran aldehyde 341 lacking i®0. 1,5-Hydrogen atom 

abstraction in radical intermediate 339b led to stable dioxolane alcohol 

343 as a mixture of two diastereoisomers.

C-C cleavage 
 ►Fe"h

MeO MeOFe(ll)

OTsOTs OTs
341339a 340

MeO
338

1,5-hydrogen shift
HOFe(ll)

HQ

MeOMeO MeO

OTsOTs OTs339b

OTs H

18,{where *0 = 0} 342

scheme 126

343
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As previously discussed (chapter 1), other studies by Posner"'^ give 

supporting evidence that cleavage of the oxygen-oxygen bond of structures 

such as artemisinin (scheme 127) by Fe(ll) leads to an intermediate oxygen- 

centred radical e.g. 17. This is converted into a carbon-centred radical e.g. 

18 by 1,5-hydrogen transfer. 1®-19 The parasiticidal activity is thought to be a 

result of the deadly carbon-centred radical,'’  ̂ or epoxide e.g. 20 generated 

from the carbon-centred radical via p-scission and subsequent rebound 

epoxidation by the iron-oxo species which may itself be a potent agent.

H I

Fe(ll)

0

8

Fe(lli)Q
H ?

Fe(lll)0^ A

-scission

Rebound 
epoxidation 

by 
Fe(IV)=0

Fe(lll -O •Fe(IV)=0

schem e 127

Bloodworth and Shahi^s have investigated the reaction of some 

simple 1,2,4-trioxanes with iron(ll) sulfate. Treatment of five trioxanes 344
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with Iron(ll) sulfate in aqueous acetonitrile under nitrogen for 12-72 h cleanly 

led to the 2,3-dimethylbutan-2,3-diol monoesters 345 (scheme 128).

R

A .
R

344

FeSO,

,0H

345

R = Me, Pr, Bu’, 2 -NO2C6H4 , 4 -CICgH4 

scheme 128

R R R

344

F ."  o A o - , ^ „  “

T i e T '  (■ 1e)

345 

scheme 129

The reactions were rationalised in terms of electron transfer from Fe" 

to 344 resulting in the formation of an oxyl radical anion followed by 1,5- 

hydrogen transfer and back oxidation by Fe(lll) (scheme 129). The results 

therefore support Posner's theory in as much as they provide further 

evidence that 1,5-hydrogen transfer can occur in reactions of 1,2,4-trioxanes 

with Fe(ll) species.

Jefford ef a/.6Ti46 rationalise the mode of action of 1,2,4-trioxane

346 on the intraerythrocytic parasite in terms of its ability to adopt a twist 

conformation so that it can efficiently complex with the ferrous ion of heme

347 (scheme 130). Subsequent single-electron transfer (SET) to the 0 - 0  a* 

orbital results in the cleavage of the trioxane ring to form radical anion 348.
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p-Scission in the associated radical 350 affords 351 , which is thought to 

disable the parasite by lethal alkylation.

Ph

0—0 Ph 
i  Me _346 Ph

Me348
SET

-0 0 0  Me.
-0 0 0  Me.

N—Fe—N
Me

Me+ /
N— Fe— N

-000
-000Me

Me347
349

Ph PhH H

,iilV

Ph Ph
Me Me

-0 0 0  Me. -0 0 0  Me.

Me Me
N— Fe— N N— Fe— N

-000 -000
351

MeMe

scheme 130
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Posner's theory for the molecular mechanism of action of artemisinin, 

its derivatives, and simpler structural analogues by 1,5-hydrogen transfer 

and Jefford's theory (p-scission), both suggest that a carbon-centered 

radical is the lethal alkylating agent responsible for parasiticidal activty. 

However, it is unclear why a carbon-centred radical (R-) should alkylate. It 

can be speculated here that the carbon-centred radical is oxidised by an 

iron(lll) species to generate a carbon cation which functions as the alkylating 

agent (scheme 131).

Fe'" Fe"

R ■ ^  >■ R +
(- 1e)

scheme 131

6 .2  Results and discussion

A series of twenty-six 1,2,4-trioxanes (including six compounds 

prepared by previous co-workers of Dr Bloodworth, but included here for 

further insight into structure-activity relationships), were tested in vitro 

against human malaria parasite, P. falciparum. The K1 chloroquine-resistant 

strain was used and IC5 0  values were based on the concentration of the 

drug which gave 50% inhibition of the incorporation of [G ^-H ] into 

parasitized cells (see experimental section). The IC5 0  values are reported in 

ncUiCLgram/ ml in order of decreasing activity (table 12). Since the relative 

molecular mass for each tested trioxane is similar, conversion of the IC5 0  

values into nanamolar quantities has little effect upon the order of efficacy. 

All tests were performed in duplicate and most measurements were 

performed 2-3 times. Separate batches of drug were used in some 

determinations (see table 12) and the arithmetic mean is shown.
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Table 12. Antimalarial activity (in vitro) of some new 1.2.4-trioxanes^
COMPOUND TEST ICso ng/ml MEAN Ref.

351 2 1.28 83
352 2 2.65 84

156b 4.1 9.70
4.2 1.01 4.58 147
4.3 3.03

250 4.1 21
4.2 44 33 147
4.3 78

354 2 33.7 148
355 2 121 258 147

394
243 4.1 119 147

4.2 151 266
4.3 529

296b 4.1 66
4.2 0.098 345 147
4.3 969

356 1 374 84
287 5 573 147
248 4.1 54.5

4.2 293 629 147
4.3 1540

252 4.1 420
4.2 1522 857 147
4.3 630

357 1 1515 84
280 5 1568 147
358 3 1490 1930 149

2375
156a 4.1 3400 3630 147

4.2 3851
247 4.1 5040 4590 147

4.2 4150
296a 5 6340 147
249 4.1 6140 6420 147

4.2 6703
159 4.1 3600 6560 147

4.2 9520
359 3 13260 11455 149

9650
151 4.1 6300 13475 147

4.2 20650
360 1 18 360* 84

246 4.1 11390 19840 147
4.2 28290
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Table 12 (Continued)
C O M P O U N D T E S T ICso ng/m l M E A N R ef

281 5 25540 147
25 1 4.1 64200 70320 147

4.2 76440

a Tests 1 to 4.2 used ethanol solvent, 4.2 to 5 used dichloromethane 

solvent, b a second test indicated the compound to be inactive at a 

concentration of 50 000 ng/ml.
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Compounds presented (left to right) in order of decreasing activity as shown 

in table 12.

X ,o o
Ô

O CONHPh

O  O G O

Ph-

NÜ2

351
F

354 OH

^  OCO NHPh /  / \  /  / \
352 156b

A j r  Ç I..X
t "  ^

355 248

hT
I

NHCONH2

o o
OCO NHPh

280
156a

0 —0

O CO M e

OCONHPh

359
O CONHPh
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The in vitro results (table 12) show that the synthetic trioxanes are 

endowed with antimalarial activity. The most striking result was the superior 

efficacy observed for the spiro derivatives. Six of the top twelve compounds 

are spiro (352, 156b, 250, 243, 248, and 252). This dramatic effect is 

stressed by comparing the trioxane carbamate series 1 5 6 b  (3,3- 

spirocyclohexane) - 156a (3-Pr), - 151 (3-Et), (where other substituents are 

constant). Spiro trioxane 156b is approx. 800-fold more active than the 3- 

propyl-1,2,4-trioxane 156a, and 3000-fold more active than the 3-ethyl-

1.2.4-trioxane 151. These results are in line with those found by Peters et 

a / 1 1 0 - 1 1 2  where significantly enhanced antimalarial activity was displayed 

for J e f f o r d ' s ® T 6 2  3 ,3-spiro-1,2,4-trioxane derivatives. It was therefore 

particularly disappointing to find that our simple 3,3-spirocyclopentane 1,2,4- 

trioxane 296a showed only very modest activity. Although the simple 3- 

nonyl compound 296b displayed great antimalarial potency in one test, 

other measurements differed so much (see table 12) that no sound 

conclusion can be drawn from this set of results.

The substituent effects in the series of ten 3-aryl-5,5,6,6-tetramethyl-

1.2.4-trioxanes are of particular interest because they display significant and 

wide-ranging antimalarial activity (3 -NO2 C6 H4 - 1 ,2,4-trioxane 354 is approx. 

2100-fold more active than 4-PhNHC02CH2C6H4-1,2,4-trioxane 251).

The trioxane carbamate ester 250 possesses a 19-fold superior 

activity to that of the parent trioxane alcohol 248. In contrast, derivatisation 

of alcohol 249 into carbamate ester 251 resulted in an 11-fold reduction in 

antimalarial activity. These results reflect similar observations of contrasting 

effects upon antimalarial activity of the introduction of the carbamate group 

into the 1,2,4-trioxanes s y s t e m . ^2,66

The sugar 1,2,4-trioxanes 287 and 280 had similar antimalarial 

potency. The partially deprotected sugar 1,2,4-trioxane 281 had antimalarial 

activity that was reduced by 16-fold. These results reflect similar
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observations found by Lin ef i.e. that unprotected sugar trioxanes

were substantially less active than their acetylated sugar trioxane 

counterparts.

In light of these findings, the high antimalarial activity found for the

3,3,5-trimethyl-6-phenyl-1,2,4-trioxanes needs to be checked, and related 

examples prepared and tested. The question of the effect of a long alkyl 

chain at C-3 (compound 296b) compared to a short chain (compound 360) 

where lower activity was observed needs to be resolved.

6 .3  C o n c lu s io n

The present study shows that many of the synthetic trioxanes 

obtained via the mercury(ll)-mediated cyclisation of hemiperoxyacetals 

derived from carbonyl compounds and appropriate hydroperoxides display 

significant and wide-ranging antimalarial activity. The main structure-activity 

conclusion is that the introduction of a 3,3-spiro substituent greatly enhances 

activity as previously found for a very different series of com pounds.iio-ii2

The obvious question is whether any of our activities can be linked to 

the recent suggestions of molecular mechanism of action. Since our most 

striking result, was the superior efficacy observed for the 3,3-spiro trioxanes, 

our findings support J e f f o r d ' s ® T i 4 6  rationalisation of the mode of action of 

such compounds. A parallel process for compound 156b is shown in 

scheme 132 with the additional suggestion that the carbon-centered radical 

is oxidised by an iron(lll) species to generate a carbocation to act as the 

lethal alkylating agent.
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Ph

SET

HEME

Ph

O H

HEME HEME

O H

HEME

schem e 132

Clearly other mechanisms must be at work for the non-spiro 1,2,4- 

trioxanes, but none obviously lend themselves to the Posner mechanism 

(earlier). It seems likely that several mechanisms operate at the molecular 

level.
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6.4 EXPERIMENTAL

6.4.1 In vitro antimarial activity

The in vitro antimalarial testing was carried out by Dr Warhurst and Dr 

Kirby of the London School of Hygiene and Tropical Medicine. I am grateful to 

them and to the UCL Graduate School which provided funding for this work.

Ethanolic extracts of the 1,2,4-trioxanes were tested in vitro against P . 

falciparium K1 strain using the method of Desjardins et a/.i50 The 

effectiveness of the sample in inhibiting nucleic-acid synthesis as measured 

by the incorporation of [G^-H] tritiated hypoxanthine in the strain was 

determined. The Kanachanaburi K1 strain (resistant to chloroquine, 

pyrimethamine and s u lfa d o x in e )i5 i cultured in human blood was employed 

using the simplified procedure of Osisanya et a/. 152 Determination of 50%  

inhibitory concentrations (IC5 0 ) were determined on the basis of 10-fold 

dilutions followed by 2-fold dilutions within selected ranges of concentrations 

(the ethanol concentration for tested dilutions being not more than 0.1%). To 

each well was added human blood cells (0+, 5% haematocrit) containing 1% 

parasitaemia. Dilutions producing 1% parasitaemia with uninfected washed 

red blood cells were also made. Two series of controls were carried out, one 

with the undrugged parasitized blood and a second with uninfected red blood 

cells. Duplicate rows of drug dilutions were prepared. After the incubation in a 

ca. 3% O 2 , 4% CO2 and 93% N2 gas phase for 18 h at 37 °C, 5 pi [G^-H] 

hypoxanthine was added to each well and the incubation continued at 37 °C 

for a further 18-25 h. The cells were harvested by filtration on paper discs 

lysed with distilled water and then washed with saline on filter pump at room 

temperature. The radioactivity of the dried discs was counted in Packard 

toluene scintillator. Efficiency was determined as follows, cpm (counts per 

minute) after subtraction of background were converted to dpm
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(disintegrations per minute) using an external standard and the % inhibition 

was calculated from the equation:

dpm A - dpm B
% Inhibition = 1 0 0 --------------------------------------------------------------- X 100

dpm infected blood - dpm uninfected blood

A = infected blood & trioxane extracts, B = uninfected blood.

Log concentration-inhibition curves were plotted using probits of % inhibition 

(compared to undrugged infected controls) as ordinate, and 50% inhibitory 

concentrations were read off.
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