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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 frans-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.

OMe OH O
CH3(CH2)17 W A ’ M
\ 7
(CHa)1e “NeHy 7 5_ OH
(CHZ)2aCH3

cis-cyclopropane methoxymycolic acid ()

OH O
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e

O = OAc O
:
CH;(CHJ)47 ' : U\
(CH2)15/\/\(CH2)17 . OMe
(-EHz)mCHa

Protected S-a-methyl trans-alkene keto-mycolic acid (I1T)
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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. " ’TB

is caused by Mycobacterium tuberculosis (M.Tb), also there are variants originating
from Africa including Mycobacterium africanium, Mycobacterium canettii and
Mycobacterium bovis, which are all thought to have an ancestral link.>” The genus
Mycobacterium is estimated at being more than one hundred and fifty million years
old and M.Tb, three million years old.>®

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.”” It is thought that TB was established in the Americas before the arrival

of European explorers, with similar evidence to that found in Egypt.'* "

TB was also well documented in ancient Greece, where 1t 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.'? 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



still the standard explanation for how an infectious disease arises.”> Koch was
awarded the 1905 Nobel Prize in Medicine and Physiology for his work with TB. In
1890 Koch 1isolated 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.'® 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.'” '* 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 Guérin developed a
vaccine from Mpycobacterium bovis called Bacillus Calmette-Guérin (BCG)."”
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 Liibeck, Germany where 240 infants under 10 days
old were vaccinated and almost all developed TB, with 76 recorded deaths.?*% 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.” In the 1940’s BCG had become
more widespread being used in Scandinavia, France, Spain, Russia, Latin America
and some Eastern European countries.** *> 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 Liibeck, 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.°° However, in spite of the efforts of Wallgren and others, the vaccine
was not aécepted 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.%’ 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.”' The



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.”” However outside of Western Europe and North America, the largest
vaccination effort ever was undertaken by the WHO and UNICEF, who decided to
support BCG.*® During the ninth UNICEF-WHO meeting in 1956 it was discussed
whether the BCG vaccination efforts were actually effective and the chairman

Professor Debré requested studies of the efficacy of BCG in underdeveloped areas.”’

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.” 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.”® 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
tnal 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.’! 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.” 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.”” After



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”.>*

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

then receded, where epidemics have been recorded during the 18™ and 19" centuries
in Europe and North America.” During the early to mid 19" 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.” In the late 19" and early 20" 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.” *® 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.”’ 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.”®

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 irnpleme:nted..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.*

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.*!" 2 From the 1950’s

onwards many bacteriologists adopted methods using cultures, with many favouring



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.*’ 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.*?

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).*°
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Fig 1: Streptomycin (1), p-aminosalicylic acid (2) and isoniazid (3).



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 countnes,
where the disease is most prominent, there is poor compliance with the six-month,
multi-drug course.”® 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.'’ 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).%

H &),
N

HO

UL

(4)

(6)

Fig. 2: Rifampcin (4), pyrazinamide (5) and ethambutol (6).9




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.*® For these reasons some patients
do not fimsh 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.*

1.1.4 - Immunology and HIV co-infection

M.Tb 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.>® Another type of immune cell, which plays a role in
the modulation of immunity, are the dendntic cell, which are responsible for

capturing and processing antigens.”' 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.>" Interleukin-12 is key in controlling the infection
caused by M. Th, where evidence of this has been observed in mice.>>

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.> HIV is a retrovirus that infects the immune system of humans, where it Impairs
the host’s ability to combat disease.>® 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.75.”> *° 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.®’



1.1.5 = Multi-drug resistance
The two most important drugs in the DOTS strategy are isoniazid and

rifampcin, and when a patient becomes reststant to them they are known as having
multidrug-resistant tuberculosis (MDR-TB).*> >* 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.”> 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. >’ 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.”

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.’’ 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.®?

1.1.6 - Symptoms

TB 1s 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.>’ A. Baydur documented the symptoms of tuberculosis,
including chronic coughing, fever, weight loss and hemoptysis (expectoration of
blood), in a study of 62 patients.** 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.®® 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 349 %) are all more prevalent in men® A reasonable

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




advanced in comparison to men, and that men have a stronger hypersensitivity to

- 66-68
mycobacteria than women.

1.2 — Mycobacteria

1.2.1 — Mycobacterium tuberculosis

M.Tb occurs as a rod-shaped bacillus, roughly 1-4 x 0.3-0.6 pm in size (Se€
Fig. 3), which divides aerobically every 16 to 20 hours.' This rate of division is very

slow in comparison to other bacteria, such as Escherichia coli where division occurs

= ! 69
1N minutes.

Fig. 3: Scanning electron micrograph of Mycobacterium tuberculosis”

M.Tb is classified as a Gram-positive bacterium, due to the high lipid content in its
cell wall, M.Th only gives very weak results in a Gram stain test." M.Tb is
empirically classified as an acid-fast Gram positive bacterium, where they are
resistant to decolourisation by acids in staining procedures. Mycoacteria have a cell
wall high in lipid content, and as a result they have poor absorption and high
retention of standard Gram stains, therefore alternative methods must be used.”
M.Th can be observed using a fluorescent microscope with a Ziehl-Neelsen stain
(See Fig. 4). M. Tb 1s usually found within moist conditions, however it can also be

classified as a Xerophile, as it can survive for several weeks in a dry state.



Fig. 4: Red tubercle bacillus in a sputum Sy.‘ampla.i72

1.2.2 — Other relevant mycobacteria

M.Tb is related to other pathogenic mycobacteria, with some responsible for
causing tuberculosis in other species of animal and some causing other non-
tuberculosis diseases in humans.”> Of the tuberculosis causing mycobacteria one of

the more well known is Mycobacterium bovis, responsible for tuberculosis in cattle,

which is of concern as there is evidence that M. bovis 1s transterable to humans via

1.74

an infected cow’s milk or via an aerosol.”” Mycobacterium africanum 1s most

commonly found in West Africa, with similar symptoms to M.7b being observed.”
' Mycobacterium microti is the causative agent behind tuberculosis in small mice
and voles, but occurrence in humans of M. microti 1s very limited.”” Mycobacterium

marinum infects around 150 species of fish with tuberculosis; J.D. Aronson first

isolated the mycobacteria in 1926 from a salt water fish. Tuberculosis is rarely
caused by M. marinum in humans, however some skin infections occurring after

contact with contaminated water sources.”” Mycobacterium avium is responsible for
tuberculosis in birds, however it has been reported to cause inflammation of the

lymph nodes, lymphadenitis, in children.” Of the non-tuberculosis mycobacteria,
Mpycobacterium leprae 1s responsible for the infamous disease leprosy (a.k.a

Hansen’s disease).”” Mycobacterium scrofulaceum and Mycobacterium canettii also

cause lymphadenitis in children." ®' Mycobacterium kansasii is considered not to be

dangerous to healthy individuals, however it has been found in immunocompromised

1

patients.” Another non-tuberculosis mycobacterium of particular interest is

Mycobacterium ulcerans, responsible for causing skin diseases associated with the
Buruli ulcer (See Fig. 5).*
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Fig. 5: Buruli ulcer®

1.2.3 — Mycobacterial cell envelopes

M.Tb can withstand mild disinfectants, hence prevention of transmission
becomes very problematic.' This resilience to disinfectants is believed to be due to
M.Tbh having an impermeable, hydrophobic cell wall." ** The hydrophobicity is due
to the complex structure of the cell envelope of mycobacteria, which can be broken
down into three main units, the plasma membrane, the cell wall and the capsule
layer.” ** The plasma membrane of a Mycobacterium is consistent with other

organisms, however the cell wall, the capsule layer and its linkages differ. The cell

wall i1s comprised of an N-glycolated peptidoglycan linked to a polysaccharide side
chain, D-arabino-D-galactan, which 1s esterified with mycolic acids, giving the
mycolyl-arabinogalactan-peptidoglycan complex. The capsule contains noteworthy

quantities of genus/species specific lipids, which form an outer membrane (See Fig.
6).! 8587
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Fig. 6: Cell envelope of M.ThH*

Mycobacteria are documented as having a thick waxy coating, which is due
to a high content of lipid unique to mycobacteria. It was originally believed that this
high lipid content was responsible for the low permeability of mycobacteria.*®

Although the arrangement of the major constituents to the cell envelope is not fully

understood, P. Draper noted that the capsule layer distinctly separates the pathogenic
Mycobacterium from any external organisms.””

The cell envelope’s high lipid content is well documented and unique to
mycobacteria, occurring in the form of methyl branched fatty acids, trehalose
dimycolate (TDM), as well as many others."” ** **°! The mycolic acids are bound
directly to the arabinogalactan layer of the cell envelope via the carboxylic acid
functional group (7) (See Fig. 7), arranging to form a mono-layer which contributes
to the protection and hydrophobicity of mycobacteria.” ** These mycolic acids can

contribute around 40% of the overall weight of the mycobacterial cell envelope.'

12
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Fig. 7: One class of arabinogalactan bound mycolic acid

TDM, or “cord factor”, is an interesting lipid component of the cell envelope,
consisting of two mycolic acids esterified to trehalose at the 6 and 6’ positions (8)
(See Fig. 8).”% Cord factors differ from mycolic acids in that they are not bound to
the arabinogalactan layer of the cell envelope, and as a result are readily extracted

from the cell wall with an appropriate solvent, giving them the classification as a
“free lipid”.”

M

CH4(CH,) A(CH )A(CH )

Fig. 8: A typical cord factor

Cord factors have shown to exhibit properties that increase resistance to the

influenza  virus, Salmonella typhi (typhoid) and Salmonella typhimurium

(gastroenteritis).”> > Synthetic cord factors prepared by M. Maza-Iglesias et al. have

shown optimised performance compared to an M, Tb extract.”> %



1.3~ Asthma

Asthma is a chronic disorder of the airway, where narrowing of the airway

occurs and breathing becomes extremely difficult. It is recorded in literature that

dates back to the time of the ancient Greeks, around 100 A.D..”” In 1698 Sir John
Floyer described the disorder:

“When the Muscles labour much for Inspiration and Expiration thro' some

Obstruction, or Compression of the Bronchia, etc. we properly call this a Difficulty

of Breath: but if this Difficulty be by the Constriction of the Bronchia, 'tis properly

the Periodic Asthma: And if the Constriction be great, it is with Wheezing; but if

less, the Wheezing is not so evident.” °* >

His explanation is consistent with the symptoms of an asthma attack as

recognised today. The main symptoms used today to judge the severity of an attack

include alertness, breathlessness and wheezing.'”” '"! The origins of an “attack” are
from one or more triggers, including exertion, change in air temperature,

environmental allergens such as dust, or stress. Attacks are more common in children

and can be brought on by a related infection, such as a common cold.'* !> During
an asthma attack an environmental stimulant will react with the airway, leading to an

immune response in the airway, restricting the airway and producing excess mucus.

Hence an asthma attack is a result of the body’s immune response, trying to prevent
an external organism entering the body. This immune response is triggered because
the patient has an inflamed airway and is hypersensitive to specific environmental
triggers.'** The cause of asthma is believe to be due to genetic and environmental
factors.'”> Exposure to tobacco smoke, air pollution from automobiles and high
levels of ozone are all factors that have been suggested to increase asthma
prevalence.'® It has been suggested that there are 25 genes which are associated with

asthma,'?® however research in these areas is ongoing.

Asthma symptoms are not cured, but are relieved; in 1905 this was done
using an alkaloid known as daturine, from Jimson Weed (Datura stramonium). A
tincture of Jimson Weed leaf was made and taken orally, the result of the alkaloid
was smoothening of the muscles in the airway.'”’ Today similar alkaloids,

salbutamol, levosalbutamol and terbutaline, are administered via a metered-dose
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inhaler (MDI). The biggest selling asthma therapeutic sold today is fluticasone
propionate, available commercially as either Advair or Seretide.'’” ' Several
treatments for asthma have been used during the history of medicine, one of the
more interesting methods was the use of asthma cigarettes (See Fig. 9), which were
cigarettes comprised of dried Jimson Weed which the patient smoked either by itselt
or mixed with conventional tobacco. They were commercially available, however, at

a time when smoking tobacco was considered of benefit, the possible side-eftects

may not have been fully understood.'"" " '"°

Fig. 9: Asthma cigarettes

J. Korf et al. documented evidence that a mycobactenal cell envelope extract

provides therapeutic affects toward asthma.''” ' They discussed the immune
response to a direct application of mycolic acid, incorporated into a liposome to
overcome hydrophobicity issues, and TDM to the airway of a mouse. The study
shows the result of application of a lipsome control (L), mycolic acid-liposome

(MA-L), TDM-liposome (TDM-L) and heat-killed M.7h. They show that the MA-L,

TDM-L and M.Th all elicit an immune response in the form of cholesterol rich-

foamy macrophages, in varying degrees (See Fig. 10).'"




Fig. 10: Foamy macrophages'"

The foamy cells produced have shown the potential to prevent experimentally
induced asthma in mice.''® '"> Therefore the preparation of synthetic mycolic acids

and cord factors (TDM) is of particular interest to provide more information into this

IMmune response.

1.4 - Mycolic Acids

1.4.1 - Background

The lipid content of the M.7b cell wall was first reported by R.J. Anderson,
where he discovered that the cell wall of the tubercle bacilli had a high lipid content
of around 40 %."''® """ Anderson et al. characterised the lipids they found as being

“hydroxyl acid of very high molecular weight” and they contained complex mixtures

with different compositions. They proposed the name of “Mycolic Acid” and
calculated empirical formulae from its composition as CggH 7204 or CggH 7604 They
also described the methods used to isolate “Mycolic Acid”, via saponification of the
wax extract from the cell. Anderson et al. also elucidated structural details, reporting
one COOH, one OH and OMe, and that pyrolysis under vacuum at 300 °C yields
hexacosanoic aicd.''® Mycolic acids were also found in other mycobacterial strains
including bovine and avian, showing similar characteristics with regards to the
hydroxyl group and pyrolysis products..l "9-122 ater work carried out by J. Asselineau
and E. Lederer confirmed the position of the hydroxyl group first reported by

Anderson et al. to be in the B-position to the carboxylic acid, with a pyrolysis

reaction of mycolic acid (See Fig. 11).'*
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OH

Fig. 11: Pyrolysis of a mycolic acid'>

However when Asselineau and Lederer carried out this pyrolysis they
reported no aldehyde formation, but a mixture of methbxy-free compounds. They
then set about confirming the above structure, heating mycolic acid with acetic
anhydride and 10 % potassium hydrogen sulphate to hydrolyse the B-hydroxyl group
to give the a,B-unsaturated anhydro-mycolic acid (9). Ozonolysis of (9) results in

oxo-hexacosanoic acid, and further oxidation gives pentacosanoic acid (10) (See Fig.

12).123

OH O O
A020 \
R % o%knHso, "
(CH,)>2CH,4 (CH2)23CH;
%)
O;
O 0
CH3(CHy)22 \/“\ [0] 0

(CH2)23CH;

Fig. 12: Asselineau and Lederer’s determination of mycolic acids'>

The work carried out by J. Asselineau and E. Lederer enabled them to define

mycolic acids as high-molecular weight B-hydroxy fatty acids with a long chain in

the a-position.'**
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With the use of advanced spectroscopic techniques, in the 1960’s D.E.
Minnikin and N. Polgar worked on the structural determination of mycolic acids.'**
'8 Using analytical techniques such as chromatography, to separate the
mycobacterial extract, infra-red, '"H NMR, optical rotation, ultra-violet and low-
resolution mass spectrometry they were able to derive four main functionalities.
With this addition to the a-alkyl B-hydroxy fatty acid functionality discovered by

Asselineau and Lederer, full structures of mycolic acids were hypothesised. The four

functional groups proposed were keto, methoxy, cis-cyclopropane and trans-

cyclopropane groups, occurring in various configurations at distal and proximal

124,

positions.'** '*7 Work has since been carried out confirming these findings and also

classifying further functionalities, including cis and trans olefins and epoxy
groups.'*” The structure of a mycolic acid can be separated into two main fragments,
the branched hydroxy acid and the meromycolate. The branched hydroxy acid
contains the a-alkyl B-hydroxy fatty acid functionality and the other functionality

discussed by Minnikin and Polgar is found within meromycolate (See Fig. 13).

OH O
[X] [Y] [X] = Distal position
CH3(CH2)./ \(CHz),,/ \(CH2)c OH| [Y]=Proximal position
(CH,)4CH,
Meromycolate Branched
hydroxy acid

Fig. 13: Generic mycolic acid

It has been reported that mycolic acids are esterified to the arabinogalactan
within the mycobacterial cell envelope,”™ *° and that the meromycolate chains are
aligned parallel to each other, with the methyl groups arranged so that they are
 towards the surface.”**® The stacking of the long hydrocarbon chains is affected by

the functional group present at the distal and proximal position, as they vary in type,

stereochemistry and spacing.'® As the functionality of these positions appears to

play an important role in the mycobacterial cell envelope, the resultant mycolic acids
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have been catalogued by their functionality. Type-1 mycolates contain no olefin,

Type-2 include all ¢rans olefin mycolates and Type-3 have only cis olefins (See Fig.
14).129: 130

Type-1 mycolate

[X] [Y]
. : Me
czs : o cis
Me : : Me
- Me :
(rans - O trans .~ .

f"
-

l
L
"
.
§
»
9
’
|
]
L
"
|
&
’
L
L]
’
¥
¢
L
L
¥
"
"
4
"
¢

e, _ClS Cis .-~
. v”\7‘
Type-2
[X] mycolate  [y)]
“"-‘ CfS ;""E Me
OMe E frans -~ *
‘i‘ ‘I‘“ E M
: Cis
Me O i trans e
“oy Hu‘ é ';" n
Me |

Type-3
X] mycolate [Y]

e, CIS .
/( 3\ cis

4
d
4
’
#
1 .
4
L
4
4
’
--.-..-.-.-.--.----. [ X N R R B - %

Fig. 14: General functionality of the major mycobacterial mycolic acids'?®



Other oxygenated mycolic acids have been discovered in mycobacteria,
where they vary at the distal position [X]. They are, e.g., epoxy-mycolic acids of
Mycobacterium fortuitum, wax ester-mycolic acids of Mycobacterium aurum,

hydroxy-mycolic acids of Mpycobacterium bovis, ®-carboxy-mycolic acids of

Mpycobacterium phlei and ®-1-methoxy-mycolic acids of Mycobacterium alvei (See
Fig. 15).131-13¢

Me O
: )k
CH3(CH,), CH3(CH,), O (CH2)oR
CH2)R
epoxy-MA (“Hak wax ester-MA
OH
O OMe
CHS(CHz)a
(CHo)R
HO (CHZ)aR (CH,),R
hydroxy-MA o-carboxy-MA o-1-methoxy-MA
OH O

- v
" SSS\(CHZ)( ~

(CH,)S OH

(CH2)4dCHs

Fig. 15: Other oxygenated mycolic acids

Mixtures in the chain lengths in mycolic acids also occur, as a result this

gives rise to a far greater quantity of different mycolic acids. In the M.7b cell

envelope there are believed to be over 500 different mycolic acids present.'*’
Separation of individual mycolic acids is highly problematic due to the variation in
chain lengths, however M. Watanabe et al. carried out column chromatography to

separate the a-mycolate, methoxymycolate and ketomycolate cell envelope
components, eluting with diethyl ether/hexane (6:100). This enabled them to compile

a catalogue of mycobacteria with ratios of the different mycolic acids present.
Watanabe et al, utilised '"H NMR and MALDI-TOF spectroscopy to catalogue the

difterent ratios of functional classes in each Mycobacterium and collision-induced

dissociation mass spectrometry (CID-MS) to determine the exact positioning of the
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functional groups in each meromycolate chain.'*” *° They discussed the separation
and characterisation of meromycolic acids prepared from methyl mycolates as
described by J. Krembel and A.H. Etémadi.””® They also used the pyrolysis of
mycolic acid methyl esters, at around 300 °C, to give meromycolaldehydes and

carboxylic acid methyl esters, and subsequent oxidation of the meromycolaldehydes

with silver oxide to give the corresponding meromycolic acids (See Fig. 16).

H
L N 0 CO
< /I‘k *
OMe R H 7 OMe

(CHz)nCH:l

(CHZ)nc H3

R = meromycolate

Fig. 16: Meromycolic acid preparation

Analysis of the meromycolic acid was carried out by Watanabe et al., utilised

CID-MS as meromycolic acids have a stable charged region. This is due to a
carboxylate anion being at the end of the meromycolate chain, which enabled
Watanabe et al. to gather information on the positions of the meromycolate
functional groups, hence allowing them to determine a series of chain lengths for
each mycolate present.'”® Of the ten mycobacteria that Watanabe et al. studied they
catalogued over 50 different mycolic acids present, including a-mycolates (See Fig.

17), methoxymycolates (See Fig. 18) and ketomycolates (See Fig.19).
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(CH2)4CH,
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19-14-11(13)-23 M. tuberculosis, M. bovis, M. bovis BCG, M. microti
17-14-17-21 M. kansasii, MAC, M. scrofulacem
17-14-13.21 M. marinum
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17-14-18-21 M. kansasii, MAC

OH O
/_/]\ (CH2)c OH
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Fig.17: Major a-mycolates'*®
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15-14-19-23 M. tuberculosis H37Ra
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Fig. 18: Major methoxymycolates'®
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Fig. 19: Major ketomycolates'*

24



Mycolic acids occur within all mycobacteria, in varying combinations of
functionality type and chain length.'”” '* Therefore during diagnosis of
mycobacterial disease mycolic acids can be useful in predicting if the disease is
tubercular or non-tubercular. Methods have been developed using HPLC to identify
characteristic mycolic acids specific to one Mycobacterium.'**'*! |

Minnikin®® and Draper®’ both noted that mycolic acids are directly esterified
to the arabinogalactan layer with the cell envelope, with the meromycolate chains
possibly in a linear conformation facing outward toward the outer surface of the cell.
The configuration of the mycolic acid chains are now believed to be able to assume a

folded form, with the four alkyl chains occurring parallel to each other (See Fig.
20).142-145

(\/\/\/V\/\/W [X] L pOSition
m\/\/\/\/\/\/\/\/\' [Y] = Proximal Position

HO [X]

Fig. 20: Mycolic acid folding conformation

Villeneuve et al. and Hasegawa et al. both discussed the changes which occur
in configuration of the alkyl chains when put under varying temperatures and
pressure.'*'* This suggests that at low temperature and pressure the folding
configuration observed above (Fig. 20) is retained, however as temperature and
pressure 1s increased this linearity is lost. E.P. Grant et al. also suggested that the
alkyl chains of oxygenated mycolic acids line up in a linear fashion.!*® The rationale
behind this is that this folding configuration would cause the oxygenated groups to

form an epitope, acting as a site for recognition within the immune system.

Significant work has been carried out to determine the absolute
stereochemistry in mycolic acids, however this work is ongoing, It has been
determined that the alkyl chain and hydroxy group, found in the o and B;-positions to

the carboxylic acid, are found to both be in an R-configuration in all mycolic acids

which have been investigated (See Fig. 21).'%* 126-128,147, 148
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Fig. 21: Configuration of the a-branched B-hydroxy acid unit

The configuration at these two chiral centres is believed to play an important
role in T cell recognition.'® It is believed that the oxygenated mycolic acids of the
M.Tb complex exhibit distal methyl branches and distal oxygenated functionalities in
the S-configuration (See Fig. 22), which provides us with a biosynthetic link

between the three types.'*> >
OMe OH 0O
R R R
S S
S R' S R' S RI'
Me Me Me

Fig. 22: Oxygenated mycolic acid configurations

Other distal functionalities have known stereochemistries, with the distal
epoxy group, which C. Lacave et al. report showing R-configurations for all three
chiral centres. Further inspection of this report shows that they have actually
misinterpreted their own evidence, due to improper use of the Cahn-Ingold-Prelog
priority rules, and the epoxy group is actually occurring in the R,S,S configuration. A
recent report by M. S. Baird et al. gives a synthetic strategy to obtain the €pOXY
group in the correct configuration.'*"* ' The wax ester occurs with the methyl group

in the S-configuration (See Fig. 23), the formation of the wax ester is also believed to

be via an enzymatic oxidation of the S-keto mycolic acid. '8 10152
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Fig. 23: Epoxy and wax ester mycolic acid configurations

Little is known regarding the non-oxygenated functionalities of mycolic
acids, particularly in the case of cis-cyclopropanes. The a-methyl of the trans-alkene

unit, present in the mycolic acids of the M.Th complex, is known to be in the R-
configuration (See Fig. 24)." '

Fig. 24: a-Methyl-trans-alkene mycolic acid configuration

However a report discussed a synthetic strategy targeting multiple
diastereomers of the a-methyl-trans-cyclopropane unit. After analysis of the optical

rotation, '"H NMR and 13C NMR, in comparison with work carried out by Anderson

et al., M.S. Baird et al. deduced that the a-methyl-trans-cyclopropane unit is found
in the S.R.S-configuration (See Fig. 25)."% **

Me

Rl
Fig. 25: a-Methyl-trans-cyclopropane mycolic acid configuration

The configurations discussed above were deduced using measured molecular

rotations (Mp), where Mp can be calculated from measured optical rotation and

molecular weight of a compound. Interestingly, it is possible to calculate a



theoretical value for a complete mycolic acid by adding the contributions from each

chiral centre.!*’

It has been discovered that the functionality present in the mycolate plays a

role in the fluidity of the cell wall and permeability.!*>> '*® 1t is also known that a-
mycolates occur in higher amounts than any other subclass of mycolate in M.Tb, and

that the presence of a cyclopropane ring plays a significant role in its

pathogenesis.m’ 7 The cyclopropanes of mycolic acids are able to withstand

ozonolysis and other oxidative environments better than their olefin counterparts,
which would explain why they are in high abundance within mycobacteria.'>® In the
biosynthetic growth of trans-cyclopropane containing mycolates a higher proportion
of oxygenated mycolates are recorded, which provides evidence to suggest that
trans-cyclopropanes and oxygenated functionalities are biosynthetically related.'””
Keto-mycolates have been shown to play key roles in the virulence and in
regulating the fluidity of the cell wall of M.75.'® '®! 1t is also known that slow-
growing pathogens, such as M.Tb, are able to manipulate the proportions of methoxy
and keto-mycolates. This enables the pathogen to control the permeability properties
of the Mycobacterium’s cell wall; it is believed that the pathogen does this so that it

is better adapted to its environment.'®"* '°* It is also known that keto-mycolates
behave differently to a-mycolates when subjected to changes in pressure in

monolayers; where the a-mycolates are seen to be fully extended at high pressure,

keto-mycolates do not exhibit extension to the same extent.'*"'* Therefore it is
believed that keto-mycolates play an important role in permeability of the cell
wall.'** It has been documented that loss of the methoxy-mycolates does not have an

adverse affect on the pathogen’s permeability and hence its resistance to therapeutic

agents.163

The presence of cis-olefins in the meromycolate chain has an effect on the
packing of the mycolates in the cell wall, causing “a permanent elbow of about
120°7. Whereas a trans-olefin would not cause as much disruption in the chain,
however due to the presence of a methyl group adjacent to the olefin there is some
distruption in the chain, with packing tighter than that of cis-olefin containing

mycolic acids.'”’ It has also been recorded that a higher content of trans-olefins is

seen 1f the mycobacterium is grown at increased temperatures; this also suggests that

the mycobacterium regulates the production of olefins to favour a more rigid cell

wall for additional protection from the external environment, '*
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Studies on the function of mycolic acids are ongoing, however further

understanding of the effects that functionality have on the fluidity and permeability

of the cell wall may give an insight into possible anti-mycobacterial agents.

1.4.2 - Biosynthesis

The biosynthesis of mycolic acids has been investigated in great detail by J.
Krembel and A.H. Etémadi, Y. Yuan et al., E. Dubnau et al., C. Asselineau et al., K.

George et al. and M. Daffé et ql..1>" 135 1% 164166 Thae work carried out by these

groups identified that most major functionalities in the meromycolate are derived
from a common intermediate. This intermediate is generated using S-adenosyl-L-

methionine (SAM) (11). Methylation of a cis-olefin (12), using SAM, gives the
carbocation intermediate (13) (See Fig.26).

D
NH,
/l\/\SAM © i o
o @
O;HC S ¥ R‘ﬁm
Hy H
Hq cis-olefin
OH OH
H (12)

Fig.26: Formation of carbocation intermediate (13) in biological methylations

Further work has been carried out where labelled SAM has been used so that
the methylation and any subsequent reactions can be tracked. This has shown that the

methyl group introduced via SAM occurs as a bridging methylene in cis-

cyclopropanes, as methyl branches of trans-olefins and cyclopropanes, and the a-

methyl branches of hydroxy, keto and methoxy-mycolates, !> 167-169

Deprotonation of the carbocation intermediate (13) may occur at two

different positions, yielding two different products. If deprotonation of H, occurs, a
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cis-cyclopropane (14) will result; conversely if deprotonation of Hy occurs then the
trans-olefin (15) 1s y1elded. Further methylation of the trans-olefin, involving SAM,

gives the trans-cyclopropane (16). If the carbocation intermediate (13) undergoes a

hydration reaction the hydroxy-mycolate (17) is formed, which is a precursor for the

biosynthesis of the corresponding keto (18) and methoxy (19) mycolates (See Fig.
27).137. 162

Hp H
cis-cyclopropane (14)

trans-olefin
(13)

g
§
H
trans-Ccyclopropane

(16)

Fig. 27: Biosynthesis of meromycolate functionality

It 1s interesting that in M.Tb, the gene which is required for the biosynthesis
of trans-cyclopropyl mycolates is active in the production of both keto trans-
cyclopropyl myéolates and methoxy trahs-cyclopmpyl mycolates;”o This is of
particular importance as it confirms the hypothesized biosynthetic link between the

different functionalities. As previously discussed, understanding the impact of

individual functionality on virulence, cell wall flmidity and permeability, and how the



different mycolates are naturally prepared is important as it enables us to determine

how to manipulate the cell wall of the pathogen, and thus provide us with a tool for

which to combat disease.!™

1.4.3 - Mycolic acid synthesis

Mycolic acids have been of interest to a variety of research groups,
particularly from a synthetic point of view. Synthesizing single enantiomers of
mycolic acid can help in the determination of stereochemistries of naturally
occurring mycolic acids. Preparing mycolic acids with known chiral centres in the

meromycolate chain can also help to gain a further understanding of the biosynthesis
of mycolic acids. It has previously been shown that the length of the meromycolate
chain and the functionalities present play an important role in the functions of the
cell wall, so a better understanding of the affects of the mycolic acid content may

lead to a new approach in the therapy of mycobacterial disease.'”

An important application of synthetic mycolic acids is in TB therapy. As

discussed earlier, the recurrence of TB and the co-infection with HIV has become a

major cause for concern in developing countries. One application of synthetic

mycolic acids, which might help alleviate these problems, is in detection of TB
causing mycobacteria. It 1s believed that there are individual mycolic acids which are
exclusive to one Mycobacterium; therefore, if the structure of these mycolic acids
were to be known an enantiomerically pure synthetic compound may be produced
and compared to a sample of the mycolic acids obtained from the mycobacteria
infecting the patient. Ultimately, every exclusive mycolic acid may be prepared and
used in this way to give a definitive diagnosis technique, which would enable
medical practitioners to treat mycobacterial disease more efficiently. Another
application of mycolic acids is as an adjuvant. An immunologist called J.T. Freund
used an extract of the cell envelope of M.Tb as an immunologic adjuvant, which
promotes dendrtic cell response within the body. Experimentally it was believed that
Freund’s adjuvant could prevent the development of diabetes in children. However
many patients developed symptoms of TB and as a result Freund’s adjuvant was

banned.'’* '”> Mycolic acids have been shown to produce an anfibody response

similar to that of a TB infection, therefore it may be possible to replace Freund’s
adjuvant with mycolic acids.!®’
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Another area of interest is asthma, where mycolic acids have been shown to

produce a positive immune response when directly applied to the airway of a

mouse.m’ 114

Mycolic acids are generically considered to be made up of a meromycolate
and a branched hydroxy acid, where the meromycolate contains two major
functionalities. When synthesising a mycolic acid it is sensible to address each motif
separately.

One of the first syntheses was conducted by W.J. Gensler et al. in 1977.1%
They cyclopropanated 1,4-cyclohexadiene (20) giving noracarene (21); ozonolysis,
followed by a reduction of (21) gave cis-1,2-cyclopropanediol (22).!”> Protection of
the diol (22) with a tetrahydropyranyl group, followed by bromination of the

resultant alcohol gave (23). Chain extension of the bromide (23) was carried out
using 2-pentadecyl-1,3-dithiane (24), which was obtained via alkylation of the lithio
denivative of 1,3-dithiane with pentadecylbromide, giving the 2 2-disubstituted

dithane (25). Desulfurization'’® of (25), followed by hydrolysis, then bromination
gave the corresponding bromide (26). Further chain extension using the bis-dithiane

(27) gave (28), which Gensler et al. considered the first major component, they

called the “Methyl End”, of their target meromycolate (See Fig. 28).'™

O— O — oA

(20) (21)

m Bt/\/(%)\/\OTHP

PAG — .
CH3(0H2)14><(CH2)2 (CH,),OTHP

" gl

sl

27

Fig. 28: Gensler ez al.’s “Methyl End”
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The second major constituent of Gensler et al.’s meromycolate, called the
“Carboxyl End”, was prepared starting with ozonoylsis of 10-undecenol (29);
conversion of the corresponding alcohol into the acetal was then carried out,
followed by bromination to give (30). Chain extension by six carbons gave (32), then
coupling of this to the previously prepared bromide (23), followed by
desulfurization, deprotection of the tetrahydropyranyl group (33) and bromination
gave (34). The acetal (34) was Gensler et al.’s “Carboxyl End” intermediate (See

Fig. 29). Coupling of the lithio derivative of bis-dithiane intermediate (28) with alkyl
bromide (33), followed by desulfurization, via hydrogen and Raney nickel, gave the

expected product (33). Ozonolysis of (34) gave the corresponding hydroxyether

meromycolate ester, and a direct base-catalyzed ester interchange yielded the methyl

meromycolate (35) (See Fig. 29).'™

HO(CH,)y=CH, —. Br(CHz)g—gj (\j\ /L/j
(29) i (CH2)4 S

(30)
(31)

oA L

(CHa)s (CHz)o—gj
(32)

CH;(CH, )17 (CH,)3 (CHz)a
(28) ”

CH,(CH C
3 2)17 (35) (CH2)14 ( Hz)ﬂ'Q

Fig. 29: Gensler et al.’s “Carboxyl End” (34) and “Methyl Meromycolate” (36)
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Further work by Gensler et al., two years later discussed improved methods
in the preparation of a meromycolic acid (36) (See Fig. 30), where they utilised
Grignard reactions to couple intermediates.'’’ Gensler et al. were successful in
preparing the first meromycolic acid, however the two cis-cyclopropane groups were

not in a definitive stereochemistry, therefore they were present as a mixture of four

stereoisomers.

O

CH;(CHy)47 (CH2)14 (CH2)17/U\

(36)

OH

Fig. 30: Gensler et al.’s “Meromycolic acid”

The first enantiomerically pure meromycolic acid was prepared by M.S.
Baird et al in 2000, where they set ‘about preparing single enantiomers of
cyclopropane intermediates and then successfully coupled the intermediates together
with no loss of stereochemistry.'’”® Coxon et al. had discussed the synthesis of single
enantiomers of cyclopropane intermediates earlier in 1999, and Baird et al. exploited

this to obtain the first enantiomerically pure meromycolic acid (See Fig. 31).!” The

work by Baird et al. pioneered the synthesis of other enantiomerically pure

meromycolates.'*
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o |
CHs(CHz)w/A\(CHz)nCHQ, A/\\ )\

(39) THPO(H,C)14

CH3(CHy)q¢ (CH2)14 (CH2)140H CH3(CHz)1g (CH2)14 (CH2)13 OH

(43) (44)

Fig. 31: Baird et al.’s synthesis of an enantiomerically pure meromycolic acid.

Baird et al. successfully synthesized a single enantiomer of a-mycolic acid,
containing two cis-cyclopropane rings.'®' Baird et al. went about preparing a

branched hydroxy acid aldehyde, so that they could then couple this to a
meromycolate sulfone using a modified Julia-Kocienski olefination that they utilised
during the preparation of their meromycolic acid.'’® The branched hydroxy acid was
prepared by a Grignard ring opening of the epoxide (45) with 9-bromononan-1-ol
tetrahydropyranyl ether to give the secondary alcohol (46). This was then
transformed into (47), an alkylation of (47) and protection of the primary alcohol to
the tert-butyl diphenyl silyl ether giving (48). Protection of the secondary alcohol to

the acetate, then deprotection of the tert-butyl diphenyl silyl ether and oxidation
yielded the b;anched hydroxy acid aldehyde (49) (See Fig. 32).'*



O OH
L-\AOB . /'\/\ )\)l\
(45) n THPO(CH,)4g (46) OBn HO(CH3)10

f———— BU‘thSEO(CHz)w . OMO

F1i10

(48) (CH,)2;CH,

Fig. 32: Baird et al.’s branched hydroxy acid aldehyde

Using similar procedures to those used to obtain their first meromycolic acid,
Baird et al. prepared the meromycolate sulfone (50). Coupling of this sulfone (50) to
the branched hydroxy acid aldehyde (49), and mild hydrogenation with potassium

azodicarboxylate gave the first enantiomerically pure a-mycolic acid (51) (See Fig.

33)_178, 181
N\ A\ \\/K Q

CH3(CH,) 4™ \\\‘ K U (CH2)1\\ > :,,,,/ \\ " OnciEhas .3.
49 2
(30) ) Cymen,

OM.

(CHy)yaCHs

Fig. 33: Baird et al.’s first a-mycolic acid

Baird et al. were able to use these techniques to develop methods for other

mycolates, and they later discussed the synthesis of §,S-oxygenated mycolates,

obtainable from L-ascorbic acid (52).'**'** The procedure reported 1s a multi-stage



synthesis to obtain the key intermediate (56), key stages in the synthesis are the
Michael addition of the methyl across the double bond of (53), to give (54); and the

formation of the epoxide (55). It is possible to prepare hydroxy (57), keto (58) and

methoxy (59) mycolic acids from the tert-butyl dimethyl silyl ether (56) (See Fig.
34).

OH
OH . 0
OH OH —_— o)
0w 5 MeO N
(53)
(52) o
o
CHa(CHz)- O
i arusrsmr— O
\ (54)
\ 0

OSiMOQ' Bu

(CH,),OTHP
(36)

O l OMe
CH3(CH;), c CH,(CH,), CHy(CH,),
CH),R CH)LR
(57) (CHo), (CHo,
(38) (39)
O
a=15,17,18,19 s Y]
b=10, 14, 16 " sss\(‘-“sz)b/ \(Cﬂz)c/l\(“\ OH
¢c=11,15,17,19, 21
d=21,23 (CH2)sCHy

Fig. 34: Baird et al.’s preparation of S,S-oxygenated mycolates



They also report the preparation of R,R-oxygenated mycolates in a similar
fashion, following intermediates (61), (62) and (63), however starting from D-
mannitol (60). It is again possible to retain the configuration of the distal position of

(64) in the preparation of mycolic acids containing (65), (66) and (67) (See Fig.
35).182. 184

9
§ : o
(61)
o
(60)
o 9
$ -
?5‘ MeO : O
CH3(CH),q -— \ﬂ/\/\/
-
" : (62
HE 6 =
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Fig. 35: Baird et al.’s preparation of R,R-oxygenated mycolates



Baird et al. also conducted an improved synthesis of the a-alkyl B-hydroxy
unit (82), where they were able to start from very simple materials to prepare the cis-
olefin (75). It is possible to obtain the aldehyde (80) in a multi-stage synthesis via
the diol (76), sulfone (77), methyl ester (78) and olefin (79) (See Fig. 37).'*°

COOMe HO COOMe
‘_/__/—-—- . —>——< (76)
PVO(CHo)s (73) PVO(CH,)s OH
o
OH o O s// COOMe
catffermsnameem—e
(78) OMe PvO(CH;)s 7 O
tBUMQ 28!0 lBUMGQSIO
\49) \/ (30)
t
BuMesSIS 'BuMe,SiO o
OHC(CHz)’M -— WO(CH:h\*/“\
‘ OMe
& (CH2)23CH;

~ Fig. 37: Baird et al.’s improved synthesis of the a-alkyl B-hydroxy unit



The a-alkyl branch is twenty four carbons long in (81) and (82). However in
this new strategy the aldehyde (80) generated allows the introduction of any chain
length desired at the a-position, via a modified Julia-Kocienski olefination. Baird et
al. suggested that one would be able to add a labelled group at this position; this
would possibly help gain a further understanding into the folding/conformational

behaviour of mycolic acids.

Baird et al. have made a considerable contribution to the area of complete

synthesis of mycolic acids, where they have published several routes to obtain

enantiomerically pure mycolic acids.’® *> 178 180-154 187, 138
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Chapter 2 - Results and Discussion

2.1 =Project aims

This project is comprised of two main areas, the synthesis of two methoxy-
mycolic acids of Mycobacterium tuberculosis and hydroxy and keto-mycolic acids of
Mpycobacterium marinum. The target molecules from Mycobacterium tuberculosis
are cis-cyclopropane methoxy-mycolic acid (83) and a-methyl trans-cyclopropane

methoxy-mycolic acid (84) (See Fig. 38).

Me OH O
CH3(0H2)1 Y \ \‘\ :, #, M
(CH)1e “(CH2)7 : OH
(CH3)23CH,
0
(CH2)1
CH3(CH2) 17 : OH
(CH2)s (84) i
(CHy)23CH;

Fig. 38: Targeted mycolic acids of M.T)

Protected a-methyl trans-alkene keto (85), R-a-methyl frans-alkene keto-
mycolic acid (86) and both enantiomers of a-methyl trans-alkene hydroxy (87) and
(88) (See Fig. 39) from Mycobacterium marinum were also selected as molecules for

study.

The mycolic acids synthesised in this project will help towards development

of detection methods for tuberculosis, discovery of a replacement for Freund’s

adjuvant, possible therapies in treating asthma and to gain a better understanding of

the impact of function on mycobacteria.
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CH;3(CHht
(CH2)15/\/\(CH2)17 : OMe
8 z
(83) (CH2)21CH3
O = OH O
CHa(CHz)n\)J\ : *)]\
3 (CH2)15/\/\(CH2)17 : OH
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Fig. 39: Targeted mycolic acids of M. Marinum

2.2 - Synthesis of cis-cyclopropane methoxy-mycolic acid (83)

Work previously carried out by J.R. Al-Dulayymi et al. described the
complete syntheses of three out of four of the major methoxy-mycolic acids of
M.Tb.'% 1t was decided to undertake the synthesis of the final methoxy-mycolic acid
missing from this set of i1somers. The three completed methoxy-mycolic acids
contain cyclopropane rings with both S,R and R,S configurations in the proximal

position, and with the methoxy and methyl of the distal position in S,S and R,R
configurations. (See Fig. 40).



CHs(CHz)n\/\
b4

CH3(CH2)47

Fig. 40: Synthesised methoxy-mycolic acids of M.Tb'*

2.2.1 - Retrosynthesis of cis-cyclopropane methoxy-mycolic acid (84)
Following the general methods of mycolic acid synthesis developed by J.R.

Al-Dulayymi et al. retrosynthesis suggests synthesising a meromycolate moiety (89)
and branched hydroxy acid (90) separately (See Fig. 41) as the two main coupling

fragments.
OMe OH O
CHy(CH) i U S W A . M
S NeHye R S Tmewys .i. OH
(83) 3
(CH2)23CH,
N'M'N\ OSiMe;'Bu O
OMe o I \N iMe; Bu
- /\ \ A
ST w o e +  OCH(CH)) OMe
(CH)e  (89) "
o @) e\ 00) i
(CH2)23CH;

Fig. 41: Meromycolate moiety and branched hydroxy acid disconnection



The meromycolate moiety (89) can be separated further into two known

fragments as published by J.R. Al-Dulayymi et al., accounting for the distal and
proximal positions (See Fig. 42) giving a §,$ a-methyl methoxy unit (91) and a R,S

cis-cyclopropane ring (92).'%

OMe A \\ N/

CH3(CH2)17 .
(CH2)16

OMe 0\
\ / o ) .
N + \\\\\ (92) ff,, /(CH2)7Br

CH3(CH,) S
o (CH2)15/ \\ \
(91) O Ph

Fig. 42: Meromycolate disconnection

Preparation of the branched hydroxy acid fragment (90) could be carried out

by the following method (See Fig. 43).

/ttm,';cu)\ OSiMe,'Bu O
OMe — Ho/\/k./lkom

(CH2)23CH;4

OHC(CH,)¢ (90)

Fig. 43: Branched hydroxy acid retrosynthesis

2.2.2 - Preparation of the distal S,S a-methyl methoxy unit
The 5,5 a-methyl methoxy unit intermediate (93) used in this project was

previously synthesised by the author. Intermediate (93) can be achieved in multi-
gram quantities, following literature methods discussed previously in section 1.4.3

(See page 37).132' 139



OMe

CH3(CH2)47
(CH,);OTHP

(93)
Fig. 44: 2-((85,95)-8-Methoxy-9-methylheptacosyloxy)tetrahydropyran (93)

The tetrahydropyranyl acetal (93) can be readily converted into sulfone (91),

via intermediates (94) — (100), following a literature method as described by J.R. Al-
Dulayymi et al..'*? (See Fig. 45). The data obtained whilst conducting these methods
can be seen in Appendix 1 to Appendix 11.

OMe

OMe
CH3(CH2)47
R CH3(CH,)
Yk ( CH:)?OTHP 3 yi 171*((:”2)70”
(93)
(94)
OMe
OMe CH3(CHy)47
(CH,)sCHO
CH3(CH)17
(CH}sOPv (95)
| +
o7 w0
N \ |
l H >—i—-—(cu,),ow
~( |
Ph  (96)

OMe

CHa(CH3) 17 OMe
(CH2)150H CHa(CHa)y7
(98) (CH2)45Br
(99)

N—N N...--N
J\ \\ e /k
CH3(CH2)47 % ‘ CH3(CHa)47 4
(CH2)7s \\ (CH;)15 }’
1) "
(100)

Fig. 45: Preparation of sulfone (91)
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To obtain the correct chain length between distal and proximal positions, it
was decided that a series of modified Julia-Kocienski reactions could be used to

connect distal and proximal positions.

The tetrahydropyranyloxy group of the S,S a-methyl methoxy unit (93) was
then deprotected with p-toluenesulfonic acid to give the primary alcohol (94), which

was then oxidised to the corresponding aldehyde (95), using pyridinium
chlorochromate (See Fig. 46).

OMe OMe
CHa(CHa)y7 a) CHa(CH2)47
03) (CHHOTHP > (94) (CHOH
b)
OMe
CH;3(CH2)47
CH,)eCHO
(95) (CHy)e

Kig. 46: a) PTSA, (77 %); b) PCC, (77 %)

The conversion of the THP protected compound (93) through to the aldehyde
(94) was followed by 'H NMR spectroscopy. The 'H NMR of the

tetrahydropyranyloxy compound (93) showed characteristic signals for the protecting
group, including a triplet at & 4.58 for the acetal proton, a multiplet between & 3.93

and 3.86 corresponding to the CH; adjacent to the oxygen of the ring, and a doublet
of triplets at 6 3.75.

Upon deprotection of the THP group, these signals, as expected were lost and
a broad singlet at 6 1.52 was observed for the hydroxyl group. After oxidation a

triplet at § 9.82 (J 1.90 H,) corresponding to the aldehyde proton and a doublet of
triplets for the CH; adjacent (J 1.90, 7.30 H,) were observed.

Following the disconnection route discussed earlier, an eight carbon sulfone

with a protected hydroxyl group was required to connect the distal and proximal



groups. This was done by taking commercially available 1,8-octanediol (101) and
carrying out a bromination of one hydroxyl group using hydrobromic acid at reflux,
to give the mono-bromo alcohol (102). A protection of the hydroxyl group was then
carried out using trimethylacetyl chloride to give the tert-butyl ester bromide (103).
This was then converted into the corresponding sulfide (104), using 1-phenyl-1H-

tetrazole-5-thiol and potassium carbonate. Oxidation of the sulfide with ammonium

molybdate (VI) tetrahydrate and hydrogen peroxide yielded the sulfone (96) (See
Fig. 47).

HO(CH;)sOH a) Br(CH_,)sOH b) Br(CH,)sOPv
(101) (102) (103)
c)

N © N
N N—"
H \>—L!——(CH2)30W 9 H A\ §———(CH,),OPV
N~n ” (96 Np (104)

O
\ \
Ph b

Fig. 47: a) HHBr, (81 %); b) (CH;);CCOCI, (85 %); ¢) 1-phenyl-1H-tetrazole-5-thiol, K,CO;, (74
%); d) ammonium molybdate (VI) tetrahydrate, H,0,, (96 %)

The 'H NMR spectrum of (96) showed a multiplet between & 7.61 and 7.50
corresponding to the 5 aromatic protons, and a triplet at 8 3.40 for the CH, adjacent
to the sulfur.

With the sulfone and aldehyde now prepared it was possible to carry out a
modified Julia-Kocienski reaction. The procedure is based on a method derived by
M. Julia et al., called the Julia olefination.'”® Work carried out by P.J. Kocienski et
al. on the modification of this method has led it to becoming an important reaction in

organic synthesis."”' The method goes via metallation of the phenylsulfone, acylation

of the aldehyde to give a B-alkoxysulfone, followed by a reductive elimination to
give a mixture of alkene products (See Fig. 48).
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