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Abstract 

The total synthesis of six naturally occuring enantiomerically pure oxygen 

containing mycolic acids was achieved. The specific mycolic acids synthesized were 

cis-cyclopropane methoxy-mycolic acid (I) and a-methyl trans-cyclopropane 

methoxy-mycolic acid (II) of Mycobacterium tuberculosis; and the protected S-a- 

methyl trans-alkene keto-mycolic acid (III), R-a-methyl trans-alkene keto-mycolic 

acid (IV), R, R a-methyl trans-alkene hydroxy-mycolic acid (V) and S, S a-methyl 

trans-alkene hydroxy-mycolic acid (VI) of Mycobacterium marinum. Novel routes 

in the preparation of the first synthetic a-methyl trans-alkene mycolic acids are 

discussed, utilising methods such as the modified Julia-Kocienski olefination, the 

Horner-Wadsworth-Emmons reaction and the Michael addition. 
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Chapter 1- Introduction 

1.1 - Tuberculosis 

1.1.1 -History 
Tuberculosis (TB) is a disease which kills around 3 million people annually, 

and is thought to have killed more people than any other microbial pathogen. 1.2 TB 

is caused by Mycobacterium tuberculosis (M. Th), also there are variants originating 

from Africa including Mycobacterium africanium, Mycobacterium canettii and 

Mycobacterium bovis, which are all thought to have an ancestral link. 3-5 The genus 

Mycobacterium is estimated at being more than one hundred and fifty million years 

old and M. Tb, three million years old 3,6 

It is believed that TB first infected hominoids in East Africa, but there is very 

little archaeological evidence from this period. Early Africa hominoids began to 

leave Africa around 1.7 million years ago and it is thought that they took their 

diseases, including TB, with them. Analysis of Egyptian mummies more than 5000 

years old shows evidence of the disease and, in early Egyptian art, the depiction of 

deformities in figures as a result of contracting TB also supports this theory. ' There 

is evidence which shows the presence of TB in India 3300 years ago and China 2300 

years ago. 8' 9 It is thought that TB was established in the Americas before the arrival 

of European explorers, with similar evidence to that found in Egypt. lo, II 

TB was also well documented in ancient Greece, where it was called phthisis 

and a treatment was devised by physician Clarissimus Galen of fresh air, milk and 

sea voyages. Throughout the middle ages there is widespread archaeological 

evidence of TB. " TB was responsible for many deaths throughout the ages and it 

was not until 1819 when a group of French physicians, the most notable being Rene 

Theophile Hyacinthe Laennec who wrote D'Ausculation Mediate, outlined the 

physical signs of TB and its pathology. 12 During Laennec's era death rates in many 

major European and American cities had reached 800-1000 in 100,000 deaths per 

year. 13,14 

Over the next 50 years there were no advances in the knowledge of TB, until 

1882 when Hermann Heinrich and Robert Koch gave their famous presentation on 

the tubercle bacillus and on their work to postulate the link between a microbe and 
disease. More commonly known as the Koch-Henle postulates, to this day they are 
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still the standard explanation for how an infectious disease arises. 15 Koch was 

awarded the 1905 Nobel Prize in Medicine and Physiology for his work with TB. In 

1890 Koch isolated a substance from tubercle bacilli which rendered the bacteria 

harmless. He named it tuberculin and in a demonstration he injected himself with 

tuberculin. He developed a fever and his body temperature was recorded at 39.6 °C, 

though he never developed TB. 16 After several years of research it was concluded 

that a positive reaction to tuberculin was caused by latent TB. Over the next 50 years 

more extensive research into tuberculin and latent TB showed that it was common 

for a large number of the population to be carriers of latent TB 
. 
17,18 Since Koch's 

work a reliable vaccine has never been developed because TB immunity differs from 

immunity to many more common microbial diseases. Artificial TB immunity is 

regarded as passive immunity, where it is acquired either via the transfer of 

antibodies or activated T-cells, with the affects lasting only a few months, whereas 

the counter is active immunity, which can be life-long immunity. 

It was not until 1921 that Albert Calmette and Camelle Guerin developed a 

vaccine from Mycobacterium bovis called Bacillus Calmette-Guerin (BCG). 19 

Acceptance of the vaccine was slow as many people did not believe it to be safe as it 

was based on live TB bacteria. The use of the vaccine took a significant blow in 

1930, when there was a case in Lübeck, Germany where 240 infants under 10 days 

old were vaccinated and almost all developed TB, with 76 recorded deaths. 20-22 it 

was later discovered that the BCG sample used had been contaminated with a 

virulent strain, however this dealt massive damage to the acceptance of the vaccine 

and legal action was taken against the developers. 23 In the 1940's BCG had become 

more widespread being used in Scandinavia, France, Spain, Russia, Latin America 

and some Eastern European countries. 4,24,25 Swedish Professor Arvid Wallgren was 

one of the biggest supporters of the vaccine, and argued the case for the vaccine's 

use in Germany. After the incidents in Lübeck, the BCG vaccine had been banned in 

Germany and Wallgren highlighted the fact that prior to the tragedy regular 

vaccinations of infants in Gothenburg had reduced the mortality rate from 4 in 1000 

to 1 in 1000.26 However, in spite of the efforts of Wallgren and others, the vaccine 

was not accepted in Britain and the United States, with the Director of the Public 

Health Laboratory Service, Sir Graham Wilson, pointing out flaws in the evidence 
backing BCG in 1947 27 In 1950 the opinion remained in the US that BCG was only 
needed in highly exposed or war-torn countries and as an emergency measure. 21 The 
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decision whether or not to use to BCG vaccination was dependent upon how the 

evidence was interpreted as the data was insufficiently clear to fully accept or reject 

the vaccine . 
20 However outside of Western Europe and North America, the largest 

vaccination effort ever was undertaken by the WHO and UNICEF, who decided to 

support BCG28 During the ninth UNICEF-WHO meeting in 1956 it was discussed 

whether the BCG vaccination efforts were actually effective and the chairman 

Professor Debre requested studies of the efficacy of BCG in underdeveloped areas. 29 

By 1959 a report was readied which indicated that the value of the BCG vaccination 

was not clear. This may be interpreted as an admission that the degree of protection 

provided by the vaccination may not have justified such a large scale application of 
BCG 30 The report included evidence from the first trials conducted by Aronson and 
Palmer on a population of 3000 North American Indians in 1936 which showed a 

reduction in mortality of 75 % over 15 years. Another study carried out in Britain on 

50,000 infants showed similar success, although only in its fourth year in 1959. In 

contrast there were results from two trials carried out by the US Public Health 

Services on 200,000 Puerto Rican under 19's and on 65,000 individuals from two 

US communities in Georgia and Alabama, with protective success rates of 31 % and 
36 %, respectively. The WHO suggested that the vaccine used in the trials which 

showed a low protective rate may have lacked potency and also that some 
individuals included in the survey may have had a low sensitivity to the vaccine. It 

was suggested that people with a low sensitivity were "associated with a 

considerable resistance to tuberculosis" and hence obscured the true protective 

properties of the vaccine. 30 Several more reports were carried out over the next five 

years to justify the use of BCG, however in 1963 the WHO proposed a large-scale 

trial in India with the justification that, although there were many anti-TB drugs 

available, none had been able to establish themselves and that BCG offered a cost 

effective method of dealing with TB 31 In 1968 the trial in India, being carried out by 

the Indian Council of Medical Research in conjunction with the US Public Health 

Services and WHO, began. The trial was conducted over nine years on 360,000 

people in the Chingleput district of southern India. The results were published in 

1977 and to the surprise of the WHO they indicated that BCG showed no protective 

effects. 32 However the WHO did not abandon its policies regarding the BCG 

vaccine, but stated that several factors must be considered including the 

environmental and immunological characteristics of the population studied. 33 After 
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the Chingleput trial the WHO continued to back the use of BCG as a vaccine stating 

that "although BCG was not very effective from the epidemiological point of view, it 

was invaluable from the clinical standpoint for the prevention of severe and fatal 

forms of TB in children". 34 

Like many other infectious diseases TB has surged in great epidemics and 

then receded, where epidemics have been recorded during the 18th and 19`h centuries 

in Europe and North America. During the early to mid 19th century there was a 

noticeable decline in TB cases in Europe and North America; there are many 

hypotheses for this but none of them can fully explain the decline. However 

elsewhere the TB epidemic continued, particularly in areas where AIDS is 

prominent. 5 In the late 19th and early 20th centuries physicians were using a 

technique called surgical collapse therapy to treat TB, where the infected lung of a 

patient was collapsed and then sterilized, with a fairly good success rate. ' 2,36 It was 

thought that around 30 years ago that it was no longer a threat and that it was close to 

eradication, however between the early 1980's and late 1990's TB resurfaced. In 

1995 more people died from TB than in any other year. 37 The reoccurrence of the 

disease is believed to be due to numerous factors, which include the emergence of 

drug-resistant strains of mycobacteria, poor drug compliance and the ease of 
infection of victims of the AIDS epidemic. 38 

1.1.2 -Detection 

TB was first detected in the 1930's via radiographic fluoroscopy, where 
initially a patient stood so that an X-ray image was transmitted onto a fluorescent 

screen without the use of film. As this method is very dangerous the use of film and 

then later tomography was implemented. 39 At the end of the century computerized 

axial tomography and nuclear magnetic resonance tomography was being used to 

distinguish between TB and cancer lesions in the chest. However as pulmonary 
lesions develop very quickly such screening methods would be needed to be carried 

out more frequently than would be considered practical 40 

Until the 1950's diagnosis via bacteriology was carried out using a direct 

smear Ziehl-Neelsen method. Although a direct smear method is rapid and highly 

specific it has a low sensitivity. Fluorescent microscopy slowly replaced the direct 

smear method as it is five times more rapid and more sensetive. 41,41,42 From the 1950's 

onwards many bacteriologists adopted methods using cultures, with many favouring 
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a Lowenstein-Jensen medium; however a lyophilized liquid medium was later 

favoured over the Lowerstein-Jensen medium, as it was simpler to prepare and gave 

better results. 3 In 1977 an automated method using a liquid medium containing 

radioactive palmitic acid was adopted, although it was deemed too expensive for 

developing countries and other methods using non-radioactive compounds are now 

preferred 44 

1.1.3 - Current Treatments 

Mycobacteria are problematic as they are resilient to most commonly used 

antibiotics and chemotherapeutic agents. The two classes of antibiotics which are 

most effective against TB are aminoglycosides, comprised of sugar and amino 

groups, and rifampcins, which are obtained either naturally from the bacterium 

Amycolatopsis mediterranei, or produced artificially. The first antibiotic to be used 

was streptomycin in 1946 and by 1955 many Western doctors had adopted the 

strategy of combining streptomycin (1) with p-aminosalicylic acid (2) and isoniazid 

(3) (See Fig. 1). 45 

TNH 

H2N 

N 

NH2 

N 

(3) 

Fig 1: Streptomycin (1), p-aminosalicylic acid (2) and isoniazid (3). 
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Mycobacteria are also resilient to many chemical disinfectants, which makes 

prevention of transmission in a high density population area very difficult. ' The use 

of chemotherapy to treat TB is highly effective and as a result the number of cases of 

TB has dropped in developed countries. However in underdeveloped countries, 

where the disease is most prominent, there is poor compliance with the six-month, 

multi-drug course. 6 In 1994 the WHO developed a short-course chemotherapy 

(SCC) treatment for TB, now called Directly Observed Therapy, Short-course 

(DOTS) where a patient is put into a programme where the administration of 

medication is supervised. 7 The drugs used in this scheme firstly involve a two 

month course of either: streptomycin (1), isoniazid (3), rifampcin (4) and 

pyrazinamide (5) or: isoniazid (3), rifampcin (4), pyrazinamide (5) and ethambutol 

(6) (See Fig. 2). This is followed by a four month course of isoniazid (3) and 

rifampcin (4). 45 

i 
ý, ý 

O NH2 

N 
IN 

(5) 

(4) 

OH 

HN 

NH 

HO 

(6) 

Fig. 2: Rifampcin (4), pyrazinamide (5) and ethambutol (6)! s 
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However it has been reported that some patients who follow this regimen 

have suffered side effects, the most serious of which is hepatotoxicity, chemical- 

induced liver damage, to isoniazid recorded at an average of 0.92 %, with a fatality 

rate recorded at 4.7 %, with occurrence higher in older patients. Other serious 

adverse effects include dermatological, gastrointestinal, hypersensitivity, 

neurological, haematological and renal reactions. 8 For these reasons some patients 

do not finish the regimen and as a result the slow growing bacteria are not 

eradicated; this is problematic as the patient may not be fully cured. 

In 1993 the WHO announced a global health emergency with regards to TB. 

The WHO have developed the Stop TB Partnership which aims to target the areas 

where current TB rates are worsening and to halve the mortality and prevalence rate 

by 2015, the result of this would be to save an estimated 14 million lives. 9 

1.1.4 - Immunology and HIV co-infection 

M. Th is known to remain within the granuloma of the host's organs. 

Granuloma are a collection of cells which are responsible for immunity, including 

macrophages and lymphocytes. T cells are the lymphocytes which play a primary 

role in immunity within a host. 50 Another type of immune cell, which plays a role in 

the modulation of immunity, are the dendritic cell, which are responsible for 

capturing and processing antigens S1 The method of processing antigens that the 

dendritic cell undertakes is to produce T cells, which in turn induces production of a 

cytokine called Interleukin-12.51 Interleukin-12 is key in controlling the infection 

caused by M. Tb, where evidence of this has been observed in mice. 52 

With regards to a co-infection of HIV, mainly in Africa and Asia, there has 

been an increase in the number of cases where HIV-infected patients are developing 

TB. 53 HIV is a retrovirus that infects the immune system of humans, where it impairs 

the host's ability to combat disease. 54 In relation to TB infection, HIV decreases the 

production of T-lymphocytes, which leads to a reduction in Interleukin-12 and hence 

a high risk of infection by M. 7, b. 55 56 It has also been documented that patients who 
have contracted TB have an increased susceptibility to HIV, which is associated with 

proinflammatory cytokine production by TB granulomas. s' 
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1.1.5 - Multi-drug resistance 

The two most important drugs in the DOTS strategy are isoniazid and 

rifampcin, and when a patient becomes resistant to them they are known as having 

multidrug-resistant tuberculosis (MDR-TB) 45,58 MDR-TB can occur during the 

treatment for fully sensitive TB, if a patient misses a dose, a patient does not 

complete the course or if the doctor administers the wrong treatment. 58 MDR-TB 

positive patients are unlikely to transmit MDR-TB to a healthy person, however an 

immunosuppressed patient is at an increased risk of contracting MDR-TB. 59 The 

treatment of MDR-TB is a long course of second-line drugs, which are more 

expensive and have far more severe side effects in comparison to first-line drugs 60 

If a patient with MDR-TB becomes resistant to second-line drugs, then they 

are known to have developed extensively drug-resistant tuberculosis (XDR-TB). 

XDR-TB is very similar to MDR-TB in that transmission between patients is the 

same and that it arises in a similar fashion. However two differences are in the 

treatment and mortality rate. 1 The treatment of XDR-TB is an extensive two year 

course of chemotherapy, however like MDR-TB treatments can vary from patient to 

patient, depending on which drugs they have become resistant to. The mortality rate 

for patients having XDR-TB in comparison to MDR-TB is much higher. In 2006,53 

South African patients were confirmed to have XDR-TB where 52 died 62 

1.1.6 - Symptoms 

TB is similar to a common cold in that it is transferred through the air, where 

an infectious person will propel TB bacilli through the air in a cough, their spit or a 

sneeze, where only a small number of bacilli need to be inhaled by a person for them 

to contract an infection. 3 A. Baydur documented the symptoms of tuberculosis, 

including chronic coughing, fever, weight loss and hemoptysis (expectoration of 
blood), in a study of 62 patients. TM It has been reported by C. B. Holmes et al. that 

there are more men infected with TB, but more women sufferers of TB and as a 

results more deaths in women 65 A study conducted by N. H. Long et al. shows that 

men are more at risk of experiencing symptoms of TB. Cough (women 90.7 %, men 
94.7 sputum expectoration (women 83.6 %, men 89.9 %) and hemoptysis 

(women 27.8%, men 34.9 %) are all more prevalent in men. 6A reasonable 

explanation for this is that the development of lung lesions in women is less 
















































































































































































































































































































































































































































































































































