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Tuberculosis (TB) is the leading cause of death among HIV infected pébgtebacterium
tuberculosis(M. tuberculosi}, the causative agent of TB, features a distinctive lipid-rich cell
wall with mycolic acids (MA) the major component in the outer layer. Mycolic acidsi-are

alkyl B-hydroxy long chain fatty acids, which exist in a number of chemical subclasses
depending on the presence of functional oxygenated and non-oxygenated groups in the
meromycolate chain. In numerous studies the different MA subclasses have been shown to
play different roles in antibody recognition, virulence and the ability to attract cholesterol. It
was previously suggested that the oxygenated MA might be important for these properties.
Except for the mycolic acid motif, little is known about the stereochemistry of the other chiral
centres. The importance of the different functional groups, their position and stereochemistry,
for immunological properties, are not yet clarified. This study set out to resolve the structure-
activity relationships of mycolic acids from. tuberculosisn terms of their antigenicity and

the ability to attract cholesterol. To determine fine specificity of interaction of MA with
antibodies, the subclasses of MA fravh tuberculosisvere separated and the antigenicity of

two was determined. TBand TB patient sera recognised natural MA, alpha-MA and
methoxy-MA. It was confirmed that the carboxylic acid group played a fundamental role in its
recognition. Interestingly, cord factor (trehalose-6,6’-dimycolate) was recognised specifically
by TB" sera. This implies multiple epitopes in the MA structure, some of which are very
specific for TB patients. A stereocontrolled diastereomeciefcyclopropane methoxy-MA

was synthesized and along with other synthetic methoxy-, keto- and hydroxy-MAs, were tested
for antibody recognition. One diastereom8f§SRmethoxy-MA, was recognised stronger by

TB™ serum than the other, it also is the one that closest approximates the signal strength of
antibody binding to natural MA by TBpatient sera. While the others are not specifically

recognised, thisSSSRmethoxy-MA may well represent one of the antigenically active
146
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components that occurs in natural MA and that elicits specific antibodies in TB patients. This

0ot

thesis reports a stereocontrolled chemical synthesis of biologically active mycolic acids and
shows that a single component of the mycolic acid mixture can be sufficient to elicit an

immunological response.
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Chapter 1

General Introduction

1.1 Introduction

1.1.1 Tuberculosis

Tuberculosis (TB) has been called a lot of names. The evangelist John Bunyan named
tuberculosis ‘the Captain of all these men of Death’ and in India it was known as ‘the King of

Diseases’ (69). It appears to be as old as humanity itself, with skeletal remains of prehistoric
humans showing evidence consistent with TB of the spine. The early physicians called it

phthisis derived from the Greek term for wasting (113).

The World Health Organization reported 9 million new TB cases and about 2 million TB
deaths for 2004. The number of TB cases for a few of the WHO regions was stable or
decreasing, but in Africa the epidemic is still growing due to the spread of HIV. More than
80% of all TB patients live in sub-Saharan Africa and Asia. South Africa reports more TB

cases than any other country in Africa (154).

Estimated new TB cases
(all forms) per 100 000
population

[ o0-24

[ 2549

[ 5099 %
[ 100-299 o

I 300 or mare d?
I:l Mo estimate

Figure 1.1: Estimated TB incidence rates, 2004 (154).
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Among the 15 countries with the hlg”hse'st eént:rrﬁiated TB incidence rates (Figure 1.1), 11 are in
Africa. Incidence rates have been increasing since 1990, especially in African countries. The
spread of HIV has driven the TB incidence higher in countries with high rates of HIV infection

(154).

TB has been declared a global epidemic in the early 1990s. With the increase of multi-drug
resistant (MDR) strains and the newly described extreme drug resistant (XDR) TB strain, the
TB epidemic is still growing stronger. The need for quick diagnosis and better treatment of TB

is now even bigger than before.

1.1.2 Mycobacterium tuberculosis, infection and immunoloqgy

In 1868, a French military surgeon, Jean-Antoine Villemin, experimentally demonstrated the
transmissibility of tuberculosis in rabbits. It was considered that tuberculosis was likely to be
caused by ‘germs’, and many workers attempted to isolate them. Then in 1882, the famous
German Robert Koch, isolated and identifddgcobacterium tuberculosi®. tuberculosiy as

the causative agent for tuberculosis (69). tuberculosisis a rod-shaped, Gram positive,
aerobic, acid-fast bacillus. The component responsible for acid-fastness is the unique lipid
fraction of the cell wall, called mycolic acidsl. tuberculosiss an obligate pathogen, totally
dependent on a living host for existence (54, 56, 113).

Figure 1.2: M. tuberculosis.

Individuals with TBspreadM. tuberculosighrough aerosolized infectious particles generated
from coughing and sneezing. These bacilli enter via the respiratory route to infect mainly the
lungs. From there, infection can spread through the lymphatic system or blood to other parts of
the body (59, 117). After infection one of a few outcomes can occur: first, the bacilli can be

destroyed immediately by the host’s innate immune responses. Second, a percentage of persons
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develop active tuberculosis (141). Third, the majority of people develop a clinical latent
infection. These have a positive reaction to the skin test, but show no clinical symptoms and
are not contagious (72, 138). About 5-10% of latent infections will reactivate and cause active

tuberculosis (131).

Tuberculosis
bacilli

Figure 1.3: The role of cytokines in TB. The macrophage (A) phagocytoses the invading mycobacteria, this
results in the release of TNEF+(B) and other cytokines (C), the effect of which is further activation of cell-
mediated immunity. The early release of T&NEnhances the ability of macrophages to phagocytose and Kkill
mycobacteria. Antigen presentation through MHC leads to the release (D) of interleukin-2 (IL-2) with further
recruitment of T cells (E). T-cell release of interfeyofi) further activates the macrophage to enhance bacterial
killing (94).
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Alveolar macrophages infected with tuberculosisnteract with T lymphocytes via important

cytokines. The T-cell response is antigen specific and is influenced by the major
histocompatibility complexes (MHC) (60, 128). Infected macrophages release interleukins 12
and 18 which stimulate CD4and CD8 T cells to secrete interferon-gamma (If\-which
stimulates the phagocytosis Mt tuberculosisy the macrophage (55, 135). The macrophages
also release tumour necrosis factor-alpha (DYF-which enables the macrophage to

phagocytose and kill the mycobacteria (94) (Figure 1.3).

TNF-a plays a crucial role in the formation of granulomas and to control infection (20, 61,
107, 143). The granulomas isolate the infection and prevent their continued growth and spread
to the rest of the lung and other organs and so concentrate the immune response to the site of
infection (59).
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Figure 1.4: Cellular events and granuloma formation following infection Withtuberculosig122).
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The success of granulomas depends on the number of macrophages present at the site of

infection as well as on the number of organisms (56). The granuloma consists of a centre of

infected macrophages surrounded by foamy giant cells, macrophages and lymphocytes (122).

Figure 1.4 shows the cellular events and granuloma formation following infection.

The bacilli are unable to multiply within the granulomas due to a low pH and low availability

of oxygen. With good host cell-mediated immunity, the infection may be stopped permanently

at this point. The granulomas start to heal and leave small calcified lesions (137).
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Figure 1.5: The intracellular lifecycle oM. tuberculosis CR, complement receptor; FcR, receptor for the

constant fragment of immunoglobulin; LAMP-1 lysosomal-associated membrane protein 1;

lysobiphosphatic acid; MR, mannose receptor; Rab7, member of the small GTPase family; SPR, surfactant

protein receptor; TACO, tryptophane aspartate-containing coat protein; TLR, Toll-like receptofAUlPdse,

vacuolar ATP-dependent proton pump (83).
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Only a few organisms can survive inside the macrophage, due to hydrolytic enzymes and
acidic phagocytic vacuoledd. tuberculosishas immune evasive strategies to survive and
multiply within the macrophage, probably because of the unusual mycobacterial cell surface
(28). An important mechanism to the persistence and pathogenicity of mycobacteria in
phagosomes is their ability to avoid fusion with lysosomes (73) that would destroy the bacteria.
This process is dependent on living bacteria, as killed bacteria land up in the phago-lysosomes
(13, 74).

Tryptophan-aspartate-containing coat protein (TACO) is absent from phagosomes containing
killed bacilli, and from any of the endosomal/lysosomal organelles purified from uninfected
cells. It was shown that TACO is retained by live mycobacteria at the mycobacterial
phagosome membrane and that it prevents maturation and fusion with lysosomes, thus

allowing the mycobacteria to survive inside the macrophage (2, 57), as shown in Figure 1.5.

1.1.3 Diagnosis of TB

Common clinical symptoms of TB infection include fever, night sweats, weight loss and

shortness of breath, haemoptysis and chest pain. Laboratory tests for diagnosis of TB vary in
specificity, sensitivity, speed and cost. Even though other tests are available, bacterial cell
culture is still required for accurate diagnosis and drug-susceptibility testing (62). The other
tests include the tuberculin skin test - of which the specificity is low and false positive and
false negative reactions are frequent, direct microscopy - that is not adequately sensitive and
requires a high level of bacteremia of more than 10 000 bacilli/ml sputum, ELISA to detect
antibodies toM. tuberculosis- which is relatively simple and inexpensive, but most studies
yielded poor sensitivity and specificity, chest X-rays - that can miss tuberculosis in HIV
positive patients and cannot distinguish between lesions from current or past infections, and
polymerase chain reaction (PCR) - that has created new possibilities for rapid and sensitive
diagnosis, but still require a few days of culture (142).

1.1.4 Association with HIV/AIDS

TB is the leading cause of death amongst HIV infected people. According to WHO it accounts

for about 13% of AIDS deaths worldwide and in Africa, HIV is the single most important
factor playing a role in the increased incidence of TB in the past 10 years. TB and HIV
together form a lethal combination (152). HIV prevalence in new TB cases in South Africa is
60% (Figure 1.6) (154).
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Figure 1.6: Estimated HIV prevalence in new adult TB cases, 2004 (154).

Human immunodeficiency virus (HIV) is a major risk factor for developing TB. In patients
infected with HIV, the CD4T cell count steadily decline as the infection progresses and the
ability to restrict the bacilli to only a few infected macrophages decreases (111). Healthy
people have about 1 000 CD% cells per microlitre of blood, which decline at a rate of about
100 cells per microlitre per year after HIV infection. A person usually develops TB at a count
of approximately 187 CDA4T cells per microlitre of blood (156). The loss of T cell function
reduces cytokine production, which compromises activation of macrophages. The activation of

macrophages is required to control M. tuberculodection.

The risk of developing TB in patients co-infected with HIV and M. tuberculmsieactivating

latent tuberculosis infection increases to 5-15% annually, concurrent with the development of
immune deficiency (12). In the 1993 classification of AIDS by the Centres for Disease Control,
pulmonary TB was considered a true AIDS-defining illness in HIV-infected patients. It should
be noted that there is a mutual interaction betwé&&n tuberculosis and HIV: the
immunosuppression induced by HIV infection, modifies the clinical presentation of TB
resulting in atypical symptoms. Moreover, the immune restoration induced by highly active
anti-retroviral therapy (HAART) may be associated with paradoxical worsening of TB

manifestation related to immune reconstitution. TB, on the other hand, enhances the

8
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progression of HIV infection, while anti-tuberculosis drugs interfere with anti-retroviral drugs

).

-

In HIV negative patients infected witfd. tuberculosis clinical manifestations are pulmonary
cavitation in the upper lobes and detectable bacilli in the sputum. With HIV infection this
changes to extrapulmonary disease or infiltrating non-cavitating pulmonary disease in the
lower lobes with no visible bacilli in sputum (111), which makes diagnosis of TB in HIV
positive patients very difficult if not impossible. This strongly emphasises the need of a

serodiagnostic test to accurately diagnose TB in a high HIV burdened population.

1.1.5 Diagnosis of TB in patients co-infected with HIV

Currently diagnosis of TB by growth of the Mycobacterium from sputum samples takes several
weeks and is not always reliable (95), especially among HIV-infected communities. Different
new methods for diagnosis are under investigation, of which the detection of antibodies in the
sera of TB patients would be the most convenient and affordable (142). Protein and
lipopolysaccharide antigens of TB are not good ligands for the antibodies, as antibody
production to these antigens are paralysed by HIV co-infection, giving rise to false-negative
results. This is not so with the mycolic acid antigens that make up the dominant part of the
mycobacterial cell wall oM. tuberculosis Tuberculosis patients produce antibodies directed
againstM. tuberculosismycolic acids (112, 115). These antibodies were detected by an
enzyme-linked immunosorbent assay (ELISA). This principle was reported by Schédieher

(127) to work especially well in HIV-co-infected patients, showing that HIV-infected patients
were not disabled in any way to produce these antibodies in comparison to HIV-non-infected
control, although the predictiveness of the test was still too low for practical application in
diagnosis. The reason for this is that antibodies to the mycolic acids come about in a very

different way in the body that is not affected by the human immunodeficiency virus (114, 133).

1.1.6 Other mycobacteria causing diseases

BesidesM. tuberculosis there are some other pathogenic mycobacteria as well, for example
Mycobacterium bovis, Mycobacterium africanamd Mycobacterium microtiwhich are all
related and members of tMe tuberculosicomplex, (all members &fl. tuberculosicomplex
cause tuberculosisM. bovisis a causative agent of TB in many animals, the most significant

being cattle, and some wildlife, like lions, buffalo and baboons which is an increasing problem
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in the Kruger National Park‘(‘é‘é, 99, 120). microti is a pathogen of voles and other small

-

mammals, and M. africanumas isolated from man in equatorial Africa (69).

Then there are other mycobacteria includiMycobacterium aviumcomplex (the avian
tubercle bacillus), Mycobacterium kansasii Mycobacterium marinumresponsible for
granulomatous skin disease of mafycobacterium fortuitunmand Mycobacterium chelonae
(69). Most of these mycobacteria cause TB-like diseases and opportunistic disease in immune

deficient people, particular in AIDS patients (30).

There are also several non-tuberculous mycobacteria (NTM) that cause human diseases but not
TB. Mycobacterium aviurparatuberculosidias been identified as a possible cause of Crohn’s
disease in humans (129) and Johne’s disease in anihaisbacterium lepraeauses leprosy,

which has declined to such an extent that it was eliminated from the list of global public health
problems in 2000 (155). Buruli ulcer is a disease causellympbacterium ulcerandirst
described in Australia, which emerged in 1980 as an important cause of human suffering,

making it the third most common mycobacterial infection after TB and leprosy (153).

1.1.7 Mycolic acids
1.1.7.1 History and properties of mycolic acid

An ‘unsaponifiable’ wax was first isolated from the human tubercle bacillus by Anderson and
co-workers in 1938. He proposed to call this ether-soluble, unsaponifiable, high-molecular
weight hydroxy acid ‘mycolic acid’. Mycolic acid (MA) was described as an acid-fast,
saturated acid with a low dextrorotation that contained hydroxyl and methoxy-groups. It was
difficult to purify and impossible to crystallize. Pyrolytic cleavage yielded hexacosanoic acid
and a non-volatile residue which showed no acidic properties. Together it showed an empirical
formula of GgH17204 or GggHi17604 (11, 140). In 1950, Asselineau proved that MAs contained

a long alkyl branch in thex-position and a hydroxyl group in th@-position, thereby
explaining the pyrolysis as a reversed Claisen reaction (14, 16). As the ability to elucidate the
structure of such molecules advanced, the complexity of MA became more apparent. What was
once described as a single component that was isolatedfréunberculosiss now recognized

as a family of over 500 related chemical structures. This amazing number of MA types that
make up the major part of the cell wall of a single bacterium is an indication of the biological
importance of these molecules (19).

10
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Mycolic acids are very Iong;-gdkyl-ﬁ-hydroxy fatty acids present as mixtures of different
types and homologues. All of the known MAs have the basic structure
R,CH(OH)CH(R)COOH wherein Ris a G, or G4 linear alkane and Ralso known as the

mero chain, is a more complex structure of 30-60 carbon atoms and contains a variety of
functional groups (100, 101). Mycobacterial MAs are distinguished from those of the other
genera by the following features: (i) they are the largest MAs; (ii) they have the largest side
chain; (iii) they contain one or two unsaturated carbon moieties, which may be double bonds or
cyclopropane rings; (iv) they contain oxygen functions additional tothgdroxy group; and

(v) they have methyl branches in the main carbon backbone (101).

a-mycalic acid

Oxygenated mycolic acid
methoxy mycolic acid keto mycolic acid

Figure 1.7: Mycolic acid subclasses frol. tuberculosis

Mycolic acids fromM. tuberculosian be divided into three subclassedvA, methoxy-MA

and keto-MA (Figure 1.7). The prefix ‘alpha’ has been assigned to the acid lacking oxygen
functions in addition to the 3-OH acid unit. The other mycolates are hamed according to the
oxygen functions in the mero chain (15, 100, 10d4j)Mycolic acid contains twocis-
cyclopropanes, one in the proximal position (closer to the hydroxyacid) and one in the distal
position (further away from the hydroxyacid) in the mero chain. Methoxy-mycolate digs a

or transcyclopropane in the proximal position with camethyl{3-methoxy in the distal

11
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position, whereas keto-MA also hagig or trans-cyclopropane in the proximal position, but
with a a-methyl{3-keto in the distal position. When a cyclopropane ring is intthes-

orientation, it also contains an adjacent methyl branch (105, 106).

Mycolic acids show a variety of structural features in the meromycolate chain, inctusling
cyclopropanes and-methyltrans-cyclopropanes with various combinations coinethyl{3-

keto, a-methylf3-methoxy, cis-alkene, a-methyliransalkene, anda-methyltrans-epoxy
fragments (100, 101). These acids are usually present as mixtures of various chain lengths.
Although the hydroxyacid grouping is of tH@R-configuration, little is known about the
absolute stereochemistry of the other groups. There is some evidence tbainétieyl{3-
methoxy unit at the distal position from the hydroxyacid in MAs isS&configuration

(Figure 1.8) (44, 51).

Figure 1.8: The stereochemistry of the hydroxyacid group andrheethyl5-methoxy-group.

Two-dimensional TLC (48, 104), GC (81) and HPLC (32, 116, 139) together with MS, IR and
NMR techniques, made the identification of the different MAs present in each Mycobacterium
possible. HPLC patterns are characteristic for each Mycobacterium and have been used as a

rapid diagnostic tool (32).

Watanabeet al. (149, 150) isolated MA methyl esters from 24 strains oMhauberculosis
complex and related mycobacteria. These were separated into the different subclasses and eact
subclass was further separated by argentation chromatography into mycolates with no double
bonds, those with ondgransdouble bond and those with orms-double bond. Mass
spectrometry (MS) gave information about the chain lengths, while nuclear magnetic
resonance (NMR) revealed the content of double bonds and cyclopropane rings. They further
prepared mero MAs by pyrolysis of the methyl esters and submitted them to high-energy
collision-induced dissociation/fast atom bombardment MS (CID/FAB MS) to reveal the exact
location of the different functional groups within the merochain. These included double bonds,
12
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cyclopropane rings, keto- and methoxy-groups. This revealed considerable variation in the
mycolate composition. In the strains of tletuberculosiscomplexthere are keto-, methoxy-,

and a-MA that have a double bond in the proximal position in eitherdise or trans-
configuration, instead of a cyclopropane ring. Wataredba. (149, 150) presented a possible
classification of all these lipids. Type 1 defines the MAs with a cyclopropaseo( trans-,

type 2 those with &rans-double bond and type 3 withcégs-double bond (149, 150) as shown

in Figure 1.9. It was also shown that in several mero aldehyde homologues the values for a, b
and c differed, with a and b more conserved than c.

a-Meromycolic acids Methoxymeromycolic acids
Type-1 Type-1
i HOOCHCH b o ICH e (CH,)-CH, (V1) HODC-CH o, ATH, e CHIDCHI-CH(CH ) — (CH ) O H,
CH{CH, ) —iCH,) (CH,)-CH v = i
(I} HOOC-{CH )2 —— 3 2 W Mg l-My I HDDC-(CHA\?/{CHE_ :\\v/(c H, - CHIOCH J-CHICH, ) —(CH, ) -CH,

(VIl) HOOECH,)
: ”\"”“CHu:Ha]—rc:Hznm— CH{OCH,-CHICH, }—(CH,) CH,

fCH:CHf':CHz:'M (CH)-CH, Type-2

(VI HOOCHCH ) CHICH, b -
= T CH=CH e ) CHIDCH J-CHICH,)— (CH,) -CH,

Type-2
() HOOC-CH, ) —CHICH, )

Type-3

Type-3
(V) HOOCCHy )y, rACH Iz 1 oy I CHs

1) HOOC-(CH I cpy - ey ACH, i CHIOCH J-CHICH b~ (CH, ) -CH,
(V) HOOC-(CH ACH,) (CH,)-CH .
BT L U (D) HOOCHTH lam - oy (€ Helaraeer (T Hy - CHIOCH,J-CHICH ) — (CH, ) -CH,

W) HOOC—(CHEMCHJH H=CH,¢{CH2W(CH235CH3 [ HDDC—(CHEJHI:CHEI!,;\CH=CH/I:CHan—CHI:OCHaj-CHL'CHB:l—I:CHzll,-CHg

Ketomeromycolic acids
Type-1 Type-3
() HODCHCH )y #ACH ) —CO-CHCH, ) —(CH_ ) -CH, (0 HIZ?Iliil'C-l:CHzflk,hﬂ_i=CH,.v-tCHz:l.,“—ICIIHIHiCHg:I—l:'CHzlllr'CH3

0 HOOCCH e (CHy) i (CH ) CO-CHICHS—(CH) CHy (XIIN HOOCACH )y ACHol ACH i CO-CHICH,)— (CHy)CH

(1) HOOC-(CH,)
o CHICH,)— (CH,}— CO-CHICH J—(CH) CH, (X1l HOOCCH b, __rdCH bin oy - cpq (Ol CO-CHICH,) —(CH,) CH,

Type-2

(R HOOHCH, ) —CHICH, b,
’ CH=CM (cn ) CO-CHICH J—(CH,) CH,

Figure 1.9: Chemical structures for a-mero acids, methoxy-mero acids and keto-mero acids derived from MAs
(149),n=c,m=band | =a.

Other mycobacteria contain different sets of MAs (Table 1.1 and Figure 1.10). For example,
these can range from- anda- MA with either one or two double bonds, either in ¢t or
thetrans-configuration, and epoxy-MA iiM. smegmatisandM. fortuitum(45, 71, 91, 103) to

wax esterse-carboxy-MA andw-1-methoxy-MA (92, 96) isolated from other mycobacteria.

13
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A recent review confirmed that the most widespread of the different MAs ts-timgcolates,
with either two cyclopropane rings or two double bonds (48, 148, 150). Keto-MAs are the
second most widely distributed and are found in pathogenic and saprophytic mycobacteria.

Wax esters and thee-MA are next on the list.

Methoxy-MA are not frequently found in non-pathogenic mycobacteria (only about 12%), but
are present in less than half of the mycobacteria that cause diseases in HIV co-infected
individuals (Table 1.1)

Table 1.1: Distribution of MA subclasses in several mycobacterial species (19)

wax wl
Species a a methoxy Keto epoxy ester methoxy
M. abscessus + +
M. africanum + + +
M. avium complex + + +
M. bovis + + +
M. chelonae + +
M. fortuitum + + + T
M. gordonae + + +
M. intracellulare + + T
M. kansasii + + +
M. marinum + + +
M. scrofulaceum + + T
M. simiae + + +
M. tuberculosis + + +

Besides these major types of MAs, there are also other types present in mycobacteria; some in
minor quantities. In 19 strains of tMe tuberculosis complethere are keto-, methoxy-, and
MA which have a double bond in the proximal position either in ¢lee or trans-

configuration, instead of a cyclopropane ring (149, 150).
Although MAs are characteristic of all the mycobacteria, they are also present in genera other

thanMycobacteriumin CorynobacteriumDietzia Nocardia RhodococcusndTsukamurella

but all these bacteria have different kinds of MAs present in the cell envelope.

14
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Figure 1.10: Other MA subclasses foundMycobacterium spp beside those in Figure 1.7.

1.1.7.2 Mycolic acid and the cell wall

Mycolic acids are the major constituent of the cell envelop®l.ofuberculosisand similar
species, making up about 60% of the dry weight of the cell wall of the organism (30). Mycolic
acids are present as organic solvent extractable lipids, mainly in the form of trehalose 6,6'-
dimycolate also known as cord factor, but for the most part as bound esters of arabinogalactan,

a peptidoglycan-linked polysaccharide (30, 100, 101).

The mycobacterial cell wall has a more complex structure compared to other Gram positive
bacteria. The cell envelope consists of three structural components: the plasma membrane, the
cell wall and the capsular layer (30, 42, 49), as shown in Figure 1.11. The mycobacterial cell

wall is made up of three covalently linked macromolecules, namely peptidoglycan,
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arabinogalactan and MA m wélca)e,s”é'é)a.Pneﬁgﬁtidoglycan is covalently attached to the
mycolylarabinogalactan (mAG) through a phosphodiester bond. mAG, also called the cell wall
core, constitutes the underlying framework of the cell wall and consists of MA covalently
linked to arabinogalactan. The MAs are orientated perpendicular with respect to the plasma
membrane. The C-2 branching position in the MA allows the meromycolate chain to pack
closely in parallel with the saturated alkyl side chain. This packing is made possible by the
flexibility of the arabinogalactan molecule and its linkage unit and is possibly stabilized by
intramolecular hydrogen bonds between the MAs (100). Embedded into this framework is a
uniquely large number of different lipids, several different multi-methyl branched fatty acids
(25, 43, 100, 102), cell wall proteins, the phosphatidylinositol mannosides (PIMs), the
phthiocerol-containing lipids, lipomannan (LM), lipoarabinomannans (LAM) (34, 35) and

trehalose 6,6’-dimycolate (33).

Surface glycolipid

Mycaolic acids

Mycolyl-
arabinogalactan
Cell wall
N Q' OF & on-300 . OO —
T e 0_ O & jrm=)
T e
& O 1 0o

Gurrent Opinion in Chemical Biclogy

Figure1.11: A model of the mycobacterial cell wall (33)
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The cell wall, in particular MAs, is critical for growth and survival\f tuberculosisin the

Ol

infected host and they form an effective barrier against the penetration of antibiotics and
chemotherapeutic agents (30). Some of the effective drugs are known to inhibit biosynthesis of
the cell wall components. Mycobacterial pathogens are resistant to most common antibiotics
and chemotherapeutics, and this might be due to the unusual structure and low permeability of
the cell wall. Relatively hydrophobic antibiotics may be able to cross the cell wall by diffusing
through the hydrophobic bilayer of MA and glycolipids, but hydrophilic antibiotics and
nutrients cannot diffuse across this layer and make use of porin channels to cross (40, 136).
There are various other lipids present in the mycobacterial cell envelope and these lipids may
also take part in the permeability function of the cell envelope (100, 102). However, this study
will focus on MA containing glycolipids.

1.1.7.3 Immunological properties of cord factor and mycolic acids

Trehalose 6,6’-dimycolate (cord factor) was discovered in 1950 by Bloch (27) and is an
interesting glycolipid isolated from tubercle bacilli, a trehalose esterified at both primary
alcohol groups with MAs (110), as shown in Figure 1.12.

5

Figure 1.12: Cord factor - trehahose esterified at both primary alcohol groups with MAs.

B

Cord factor is considered a “free lipid” since it can be extracted from the cell wall, while the
other MAs that are covalently linked to arabinogalactan cannot without hydrolysis. Cord factor
has been shown to possess an array of immunological properties such as granuloma formation
(18, 22), angiogenesis (125, 126) and anti-tumoral activity (23). It also protects against
infection with other pathogenic micro-organisms and it is a potent adjuvant enhancing the
immune system’s response to diverse antigens (119, 123). Cord factor is important for the
survival of M. tuberculosisn the macrophage as it appears to prevent fusion of phospholipid

vesicles. Cord factor is stimulates innate, rather than adaptive immunity.
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In 1971 Bekierkunst (23) ind?c'gted antibody production against cord factor, and in 1972, Kato
speculated that it was the sugar part of cord factor that was recognised and not the lipid part
(82). Recently a number of publications contradicted this as it was shown that the MA part
may indeed be recognised (63, 64). It was reported that the detection of anti-cord factor 1gG
antibody by ELISA in active and inactive TB patients is a useful serodiagnostic tool and is
applicable in various tuberculous diseases (78, 87, 97). In preliminary studies,dPafil12)

found that serum from tuberculosis patients were highly reactive against cord factor isolated
from M. tuberculosiswhereas they were less reactive against cord factorihgrobacterium

avium They also reported thM. aviumpatients’ sera were highly reactive agaidstavium

cord factor, but less reactive agaiittuberculosiscord factor, thus suggesting that specific

MA subclasses may be the antigenic epitope for the anti-cord factor antibody. They further
demonstrated the antigenicity of MA by coating ELISA plate wells with the pure, separated
MA methyl esters from hexane solutions and showed that among the three subclasses of MA
present inM. tuberculosis sera from TB patients reacted most prominently against the
methoxy-MA and less against tlkeMA and keto-MA. There was no reaction against either
straight-chain fatty acid such as palmitic acid or shorter-chain MAs such as the C44-C46

nocardo-MAs.

Mycolic acids are extremely hydrophobic and dissimilar to other, more common antigens. The
first evidence for immunoregulatory properties of MAs was obtained by the observation that
presentation of MA to T-cells occurred by professional antigen-presenting cells (APC) in a
major histocompatibility complex (MHC)-independent manner through CD1b molecules (21).
It was also shown that MA were able to stimulate CD4, CD8-double negative (DN) T-cell
proliferation (21, 67).

Other studies showed that immunoassays prepared with MA derivativesMirdortuitum

were highly effective for the serodiagnosis of TB. This organism also contains oxygenated
MAS, but they are of a different subclass from the one preséwit tnberculosis Therefore,

some MA types are more helpful than others in the preparation of immunodiagnostic devices
for TB detection (95).
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Figure 1.13: A proposed folded conformation for keto-MA (70), (note that figure from refence is incorrect: the
keto group and methyl branch are the wrong way around, the number of carbons between the hydroxyl group and
the cyclopropane must be an odd number and those between the cyclopropane and the methyl-branched keto

group must be an even number).

More recently, Granget al. (70) suggested that the keto-MA fold in a way that allows the three
polar functions of the lipid chain to be in close proximity to form a combinatorial epitope
presented on the CD1 surface protein (Figure 1.13), giving a possible reason for the stronger
recognition of the oxygenated MAs. Hasegastaal. (75, 76)also proposed that MAs could

exist in folded conformations, although this was in the context of arrangement in monolayer
films. These conformations are thought to be very stable in keto-MAs due to strong molecular

interactive forces.

Recently, free MAs have been demonstrated to be able to adopt a “W” conformation with all
four alkyl chains folded parallel to each other (130, 145, 146). The existence of this
conformation has been suggested by Langmuir analyses of monolayers consisting of free MAs

over a wide range of temperatures (145, 146).

1.1.7.4 Cholesterol in Tuberculosis

It appears that both the entry and the survival of the pathogen in the macrophage host cell
depend on its attraction to cholesterol. Gatfield and Pieters (66) demonstrated that cholesterol
concentrated at the specific site where mycobacteria enter the macrophage and that cholesterol
depletion of the macrophage membrane prevented entry of the mycobacteria into the
macrophage. This implies a mechanism of infection whereby the Mycobacterium, after
docking to the macrophage, accrues cholesterol from the host membrane to the parasite cell
wall and then penetrates the macrophage. The cholesterol enriched endosomic membrane then
attracts and holds Tryptophan-Aspartate Coat (TACO) protein to prevent fusion of the infected
organelle with the destructive lysosome (2, 58) (Figure M5}uberculosismay facilitate its

uptake into the host macrophage via the cholesterol binding Scavenger Type A receptor (159).
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This molecular association between membrane cholesterol and mycobacterial MAs may also

(0233-

explain why the membrane of the phagosome appears to be tightly associated with the engulfed
pathogen (46, 47). Av-gay and Sobouti (17) observed that pathogenic mycobacteria uniquely
accumulates, but does not consume cholesterol from the growth medium, in contrast to the
non-pathogenic mycobacteria that could rely on cholesterol as a major carbon soures. Kaul
al. (85) discovered an infection-facilitating role for a "Human Recepighk€' protein
expressed iM. tuberculosis of which the human equivalent is known for its function as a
cholesterol sensor to regulate various genes for cholesterol homeostasis (84, 86). In addition,
Korf et al. (89) showed that intraperitoneal MA administration into mice affectes mainly the

macrophages and convert them into cholesterol-rich foam cells.

Mycolic acid can be considered as a likely candidate to attract cholesterol. It is the most
abundant lipid of the outer layer of the mycobacterial cell wall. The “W” conformation of MAs
could be imagined to resemble the shape of cholesterol; otherwise the structure of these two
lipids upon first inspection appears to be very different. The waxy nature makes it highly
hydrophobic, thereby making it possible to accumulate the hydrophobic cholesterol (30, 148).
There is, however, much more involved than just hydrophobic interaction. In 2000, Daibnau

al. (50) demonstrated that recombin&ht tuberculosis without the ability to oxygenate the

MA side chains, could survive normally outside the macrophage witro cell culture, but

was unable to enter the macrophage. It could well be that an oxygenated group in the
meromycolate chain is required for selective affinity towards binding cholesterol. This
becomes an even likelier hypothesis by the discovery that the protein prodidt of
tuberculosis’inhA gene, an enzyme involved in the catalysis of the mero chain of the MA
molecule, belongs to the family of the steroid dehydrogenases (121) and may therefore

accommodate the meromycolate intermediates in its active site in a steroidal conformation.
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1.2 Hypothesis
The recognition of MAs by TB patient serum antibodies, and the binding of MAs to cholesterol
reside in only one of the subclasses of MAs that can be chemically synthesized and

stereochemically characterized.

1.3 Aims
The aims of this study are to:
e Successfully separate natural mycolic acids into the different subclasses
» Determine antigenicity of the different subclasses
* Synthesize a stereochemically controlled methoxy-MA
» Determine the antigenicity of different types and diastereomers of synthetic mycolic
acids
* Explore the binding of cholesterol to synthetic mycolic acids

» Determine structure-function relationships of mycolic acids
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Chapter 2

Purification and characterization of mycolic acids and their methyl
esters

2.1 Introduction

In order to investigate the properties and specific biological activities of the different subtypes
of MAs in M. tuberculosis they had to be separated. Different methods of separation have
been described. Minnikiet al., (48, 104) have used two-dimensional TLC to separate MAs
into the different subclasses in order to determine specific patterns of MAs from different

mycobacterial species for classification and identification.

Dubnauet al. (50) reported that the oxygenated MAs are necessary for virulence by infecting
mice with aM. tuberculosisH37Rv strain and a mutant strain which is unable to synthesize
oxygenated MAs. Yuaret al. (158) showed that not only the methoxy, but also the keto-
function played an important role in cell wall function, as thevitro growth of a M.
tuberculosisstrain lacking keto-mycolates was impaired at reduced temperatures and that
glucose uptake was significantly reduced. The effect of INH did not change, but the sensitivity
to ampicillin and rifampin increased. It could well be that each of the different subclasses of

MA plays an important role in the sustenance and virulence of the organism.

2.2 Aim

It has been indicated that the immunological properties of the various subclasses of MA differ
from one another (Chapter 1). In order to investigate this in more detail, pure fractions of each
had to be prepared. This chapter describe the successful separation and then confirmation by
structural analysis of the different subclasses of MAs harvestedMrotuberculosisH37Rv.

The antigenicity of the different subtypes of natural MAs were then determined by using
ELISA.
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2.3 Esterification and separation of mycolic acids

2.3.1 Results and Discussion

2.3.1.1 Preliminary experiments

In order to exclude any factors that could influence the outcome of this experiment, the natural
MAs that were isolated frorM. tuberculosisH37Rv were analysed for purity. Analysis on
HPLC gave a profile that corresponded with data reported in the literature. NMR spectra also
corresponded with the data reported in literature, except that the sample contained some other
minor components (150). To estimate the amount of these components in the natural MA
sample, a small amount of the natural MA was loaded on a TLC plate which was developed,
only once, using petroleum ether/ethyl acetate (4/1, v/v). The spots were visualized by dipping
the plate into a molybdophosphoric acid (10%) solution in ethanol, followed by heating.

Figure2.1: TLC of natural MAs and impurities from M. tuberculosis H37RV prepared in the laboratory.

Then the dry TLC plate (Figure 2.1) was scanned and the results listed in Table 2.1. This
confirmed that the sample contained less than 10% of other components.
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Table 2.1: Analysis of the impurities in the sample of natural MAs from M. tuberculosis H37Rv prepared in the
laboratory. Quantification of individual spots was carried out on a Versadoc (Model 3000) imaging system which
measured the area and optical density of each spot. From this the density (optical density/area) and volume

(Optical density*area) for each spot could be calculated. The values for the volume for each spot were given as %

of the total.
Density Volume
Name Area mm | ODu/mnf | ODu*mn? | % Vol.
1 33.30 4.61 52.67 1.04
2 (Mycolic acids) 976.76 5.28 1769.84 91.36
3 12.70 4.47 19.49 0.18
4 25.75 4.50 39.76 0.42
5 161.02 5.30 292.85 6.99

The*H NMR spectrum of the natural MAs showed a singlel at34 for the methoxy-group
(methoxy-MA), the proton next to the methoxy-group appeared as a multipl@t @8, thea-
proton appeared as a double of triplet® &.44 (0 5.4, 8.9 Hz). Thesis-cyclopropane ring
protons appeared as a multipletdad.65, a triplet of doublets &0.57 0 4.1, 8.2 Hz) and a
broad double doublet &-0.33 0 5.0, 8.9 Hz), the spectrum also showed two multiple&s at
0.4 andd 0.1 for thetrans-cyclopropane ring protons. THEC NMR spectrum included a
carbonyl signal ab 176.21, a signal & 85.48 for the carbon next to the methoxy-group and at
0 57.72 for the carbon of the methoxy-group. Phearbon appeared &t72.33, thex-carbon
at & 50.98 and the carbon next to the methyl group in the meromycolate chain appeared at
35.41. The spectrum showed signals for the carbons of the cyclopropane&ibh§. a8 and
10.91.

Using a similar method to that described by Wataretbal. (150, 151), it was possible to

estimate the mycolate composition of the samples from NMR analyses (Table 2.2).
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Table 2.2: Estimation of the ratios among the different subclasses from analy$¢&\®MR spectrum of MAs.

Signal Area % Ratios
cyclopropaneis 1.36 93.04 1
cyclopropandrans 0.10 6.51 0.08
3 different equations can be described:
total cyclopropanes = 2 (alpha) + 1 (methoxy) + 1 (keto) 1.47
H in B-position =1 (alpha) + 1 (methoxy) + 1 (keto) 1
H next to methoxy =1 (methoxy) 0.51
From these 3 equationsit was possible to estimate
Subclass Area % Ratios
Alpha 0.465 46.54 1
Methoxy 0.509 50.93 1.09
Keto 0.025 2.53 0.05

Explanation for the equations: Total cyclopropane = 2(alpha) + 1(methoxy) + 1 (ketdtA has 2
cyclopropanes, both cis, methoxy-MA and keto-MA have only 1 cyclopropane each, mostly cis, but trans as well.
H in S position = 1(alpha) + 1(methoxy) + 1(keto): all 3 different subclasses have 1 proton ghcdrbon. H

next to methoxy = 1(methoxy): only methoxy-MA has a methoxy group in the meromycolate chain.

The sample contained a negligible amount of double bond MAs, wilgleand trans-
cyclopropanes were in a ratio equal to 1:0.08, and the ratios amangthoxy and keto were
equal to 1:1.09:0.05.

2.3.1.2 Esterification of natural mycolic acids

According to Lavaktal. (48, 93, 100, 101), MA may be separated into its different subgroups
with TLC after it has been esterified with trimethylsilyl diazomethane (TMDM). The
unmethylated MAs have a polar carboxylic acid group which strongly associates with the silica
on the TLC plate causing the sample to smear, thus making separation incomplete. By methyl-
esterification of the carboxylic acid, the MA subclasses separate simply due to the differences
in functional groups in the meromycolate chain. The different subclasses were separated using

a mobile phase containing 9:1 (v/v) petroleum ether:diethyl ether (147).

Twenty microlitres of the MA samples (10 mg/ml chloroforih, tuberculosisMA batch
A0698, MB - synthetica-MA, kindly provided by Prof M.S. Baird (University of Wales,
Bangor, UK); MA from SigmaM. tuberculosisMA batch A1198) were incubated withulSof
n-hexane-dissolved TMDM (2 M) at room temperature for one hour. The total volume of the

TMDM incubated samples was loaded onto a silica plate that had been dried for two hours at
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110 °C. After loading, the plate was dried briefly at 8D and then developed five times

consecutively in a mobile phase containing 9:1 (v/v) petroleum ether:diethyl ether. Between
developments, the plate was dried at80or ten minutes. Visualisation was done by sulfuric

acid charring. Results are shown in Figure 2.2.

MA || Ma Cholesterol

Sigma A1198
A
Figure 2.2: TLC of esterified MA from various sources (see text), compared to cholesterol. The four distinct spots
in the MA lanes might be: &MA, 2 methoxy-MA, 3 keto-MA and 4 unesterified MA. (MA A1198 refers to a

batch purified from M. tuberculosis by Sandra van Wyngaardt).

Four distinct spots were observed after development with mobile phase; Vakiés of the

spots were (from bottom to top) 0.37, 0.48, 0.62 and 0.73. Three of these spots were expected
to be the subclasses, keto- and methoxy-MA. The first spot was thought to be alpha-MA, as

it is less polar than the oxygenated MAs, the second spot should then be methoxy and the third
the keto-MA. Although the identity of the fourth (lowest) spot was unclear, it was thought to

represent unesterified MA (Figure 2.2).
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For the preparative TLC of the esterified MA, a total of 10 mg (ten timgd di0a 100 mg/ml

chloroform solutionM. tuberculosidMA that had been esterified, was striped on a preparative
TLC plate. The plate was developed as described, the sides removed and visualised by sulfuric
acid charring before being compared with the remainder of the plate to identify the spots to be
eluted (139, 150, 151). The different spots/fractions were eluted from the silica gel with
chloroform, dried under nitrogen and submitted for NMR analysis. NMR analysis showed

totally different results from what was expected.

OH 0]

b

Fraction 3

o OH 0]

b

Fraction 4

Figure 2.3: Structures of the different fractions of TLC separated natural MA determined by NMR analysis.

Fraction 1 was indeed alpha-MA, but with a silyl group attached to the acid instead of a
methyl, fraction 2 was methoxy-MA, also with a silyl group. Surprisingly, the third and fourth
fractions were not keto- and unesterified MA, NMR showed it to be estendiadd esterified

methoxy MA. There was no detectable keto-MA present in any of the fractions (Figure 2.3).
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Next, the esterification method of the MAs was reviewed. Trimethylsilyl diazomethane

(TMDM) is a convenient methylating agent since it can be purchased commercially and is

much safer to use than diazomethane. It is, however, important to include methanol in the

solvent. Without methanol in the reaction, two products form, i.e. the methyl ester and

trimethylsilyl methyl ester, which explains the products obtained previously (Figure 2.2). The

methanol suppresses the following mechanism (Figure 2.4).

0 CH,
J’L | o O CH,
+ H,C—Si—CH-N=N - . |
R OH | N=N—C—Si—CH
CH . Ho ] 3
: * CH
Trimethylsilyl diazomethane 3
>
J\ N,
Q O R OH
Si— + - N
R O ‘ R O H,C-N=N ﬁ (|3H3

Figure 2.4: Reaction mechanism of trimethylsilyl diazomethane without methanol (132).

The reaction of TMDM with carboxylic acids including methanol makes the reaction

according to the mechanism shown in Figure 2.5.

proceed
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Figure 2.5: Reaction mechanism of trimethylsilyl diazomethane mediated methylesterification of carboxylic acids

(132).

In order to form the methyl esters, MAs were dissolved in a mixture of toluene and methanol

(5:1) whereafter TMDM was added in a few small portions. After 72 hours of stirring, the

reaction mixture was quenched and extracted with dichloromethane to give a high yield of 97%

of mycolic acids methyl esters.

The'H NMR spectrum of the esterified, unseparated natural MA corresponded to that reported

in the literature for mycolic acid methyl esters (77, 132). It showed the same peaks present in

the natural MAs before methylation and an additional singlét3af2 for the methyl group in

the MA motif (Figure 2.6).
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Figure 2.6: *H NMR spectrum of natural mycolic acid methyl esters.
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TLC analysis of the product showed the presence of three spots. The spots were thought to be

the three mycolic acid methyl ester subclasses (Figure 2.7).

After optimization, we were finally able to successfully separate the MAs into the three
different subclasses after methylation of the natural MA. Separation of the different fractions
of MAs was done by preparative TLC. Each fraction was purified by column chromatography,
which eliminated all the impurities, except for the methyl keto-MA fraction which needed to
be harvested and combined from more preparative TLC plates in order to come to a realistic

yield for further work.

Rf =0.53

Rf=0.45

Ri=0.32

o methoxy keto - -all =

Figure 2.7: TLC of the different subclasses of mycolic acid methyl esters obtained after separation of the natural
MA into the subclasses and extracted from preparative TLC plates. LardA, lane 2 methoxy-MA, lane 3

keto-MA and lane 4 natural MA before separation.

TLC confirmed the presence of alpha mycolic methyl ester (®53), methoxy mycolic acid
methyl ester (R= 0.45) and keto mycolic acid methyl ester €70.32) as shown in Figure 2.7

[lit. respectively R= 0.50, 0.46 and 0.36 (93)]. The quantification of individual spots showed
that alpha:methoxy:keto mycolic acid methyl esters were in ratios of 1:1.29:0.06 (Table 2.3),
which was in agreement with the results previously found by NMR analysis (Table 2.2).
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Figure 2.8: TLC, showing the different subclasses, used to determine the ratios of the different subclasses by

spot quantification. TLC was performed on Silica Gel 60 using petroleum ether/ethyl acetate (4/1, v/v); lipid spots

were revealed by dipping the plates into a molybdophosphoric acid (10%) solution in ethanol, followed by

heating.

Table 2.3: Estimation of the ratios amongst the different subclasses. Quantification of individual spots was done

on a Versadoc (Model 3000) imaging system which measured the area and optical density of each spot. From this

the density (optical density/area) and volume (optical density*area) for each spot could be calculated. The values

for the volume for each spot were given as % of the total. From this the ratios were calculated.

Density Volume % Adj.

Name Area mm2 ODu/mm2 | ODu*mm?2 Vol. Ratios
alpha 357.74 4.67 573.34 42.26 1
methoxy 448.38 4.69 721.33 54.32 1.29

keto 90.98 3.91 121.98 3.42 0.06

After purification the amounts of the different fractions recovered (Table 2.4) were comparable

to the results calculated from the NMR spectrum (Table 2.2) and to the results of the spot

guantification (Table 2.3 and Figure 2.8)
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Table 2.4: The quantities of different fractions recovered.

Type of mg Ratio among different
MA extracted| fractions after extraction
a 44.4 1
Methoxy 49.5 1.1
Keto 1.8 0.04

It is clear from the NMR and TLC analysis that the MAs isolated fxbntuberculosisH37Rv
gave a higher percentage of methoxy-MA and a much lower percentage of keto-MA than
reported in literature (93, 149, 150), where all three subclasses were found in approximately

equal amounts.
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Figure 2.9: '"H NMR spectrum of mycolic acid methyl ester.

34



UNIVERSITEIT VAN PRETORIA
&, UNIVERSITY OF PRETORIA
Que#’ YUNIBESITHI YA PRETORIA

)1l

The'H NMR spectrum of ther mycolic acid methyl ester showed a singleb&.72 for the
methyl group in the mycolic acid motif. Tifieproton appeared as a multipleta®.66 and the
a-proton as a double of triplets at2.44. Thecis-cyclopropane ring protons appeared as a
multiplet at 80.65, a triplet of doublets &t0.57 0 4.1, 8.2 Hz) and another multiplet at®33
(Figure 2.9). Thé®C NMR spectrum included a carbonyl signabat76.20 and a signal &t
51.47 for the carbon of the methyl group in the mycolic acid motif.3Fbabon appeared at
72.32 and then-carbon atd 51.00. The spectrum showed signals for the carbons of the

cyclopropane ring ai 15.80 and 10.94 (Figure 2.10).

10.9 10.9 OH o)

141 15.8/\15.8 15.8/\15.8 51.9
\6{ \6{

35.7 51.0 e

c

14.1

Figure 2.10: a mycolic acid methyl ester withC signals. Chemical shifts are quoteddmelative to the trace

resonance of CDGI(077.0 ppm).

The NMR spectrum also showed minute amounts of impurities (1:191), as shown in Figure

2.11, which showed a peak&8.35. These belong to methoxy-MA.

)

Figure 2.11: *H NMR of alpha mycolic acid methyl ester showing impurities from methoxy mycolic acid methyl

ester.
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Figure 2.12: *H NMR spectrum of methoxy mycolic acid methyl ester.
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The'H NMR spectrum of the methoxy mycolic acid methyl ester showed a singl&t 22 for
the methyl group in the mycolic acid motif, a multipledb&.66 for the proton on thH&carbon
and a double of triplets &t2.44 (§ 5.3, 9.2 Hz) for the proton of tleecarbon. The protons of
the methoxy-group in the meromycolate chain appeared as a sindl8t3 and the proton
next to the methoxy-group as a multipled&.96. The spectrum showed a multipled &t 65,
a triplet of doublets ab 0.57 § 4, 8.2 Hz) and a multiplet &t-0.33 for thecis-cyclopropane
ring protons. Thdrans-cyclopropane ring protons appeared as multiplets @45 and 0.02-
0.0. Thetrans-cyclopropane was less than 6% (Figure 2.12). f8eNMR spectrum included
a carbonyl signal ai 176.20, a signal & 85.47 for the carbon next to the methoxy-group and
at 0 57.71 for the carbon of the methoxy-group. Phearbon appeared at72.32 and thei-
carbon ad 51.00. The carbons of tlwés-cyclopropane ring appearedd15.80 and 10.94, and
the carbons of th&anscyclopropane ring ab 26.16,0 18.62,0 14.88 andd 10.54 (Figure
2.13).

B,

Figure 2.13: Methoxy mycolic acid methyl ester wifie signals. Chemical shifts are quoteddmelative to the

trace resonance of CDE{J77.0 ppm).

Figure 2.14 shows the ratios of one thecyclopropane ring protons to the four ring protons
of the transcyclopropane. Thetranscyclopropane was calculated to be less than 6%,
Watanabe et athe ciscyclopropane to transyclopropane ration to be 1:0.14 (150).
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Figure 2.14: *H NMR spectrum of methoxy mycolic acid methyl ester showing the trans-cyclopropane.

The'H NMR spectrum of the keto mycolic acid methyl ester showed a singl&. @2 for the

methyl group in the mycolic acid motif. Tifieproton appeared as a multipletda®.66 and the
a-proton as a double of triplets at2.44 (0 5.3, 9.2 Hz). The proton next to the keto-group
appeared abd 2.49. Thecis-cyclopropane ring protons appeared as a multiplé @65, a

triplet of doublets ad 0.57 J 4.1, 8.2 Hz) and a double double®a0.33 (0 4.1, 5.3 Hz). The
protons of thdérans-cyclopropane ring appeared as multipletd @t45 and 0.02-0.0, tHeans
cyclopropane was more than 10%. As shown in Table 2.4, a very small amount of the keto
mycolic acid methyl ester was recovered; therefore the signals were not as strong as would
have been ideal for interpretation (Figure 2.15). i@ NMR spectrum included carbonyl
signals ad 215.3 and 176.20. Thg3-carbon appeared at72.33, then-carbon ad 51.00 and

the carbon of the methyl ester at51.47. The spectrum showed signals for the
cyclopropane ring a 15.80 and 10.94 (Figure 2.16).
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Figure 2.15: *H NMR spectrum of keto mycolic acid methyl ester.
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Figure 2.16: Keto mycolic acid methyl ester witfC signals. Chemical shifts are quoteddrelative to the trace
resonance of CDGI(077.0 ppm).

Figure 2.17 shows the ratios of the fowans-cyclopropane ring protons to the four protons of

the ciscyclopropane ring in the keto mycolic acid methyl ester.
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Figure 2.17: *H NMR spectrum of keto mycolic acid methyl ester showing trans-cyclopropane.

Molecular weights ofi-MA methyl esters, methoxy-MA methyl ester and keto-MA methyl
esters were evaluated by MALDI-TOF/MS. The spectra obtained were in agreement with those
reported in the literature (93). The pseudo-molecular mass of the major component of each

subclass [M + N§ corresponded to 1174, 1290 and 1246 respectively, as shown in Figures
2.18, 2.19 and 2.20.
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Figure 2.18: MALDI-TOF MS spectrum af-MA methyl ester. The total carbon number of the free acid is 78.
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Figure 2.19: MALDI-TOF MS spectrum of methoxy-MA methyl ester. The total carbon number of the free acid is
85.

41



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(-5

1246.4863

6000

12745187

4000: 1218.4543

2000:

1303.5562

1191.4135

j \t 14174306
928.0090
i i ol i s s e sl il s b ‘ L

1000 1100 1200 1300 1400 miz

[i}
-

Figure 2.20: MALDI-TOF MS spectrum of keto-MA methyl ester. The total carbon humber of the free acid is 82.

2.3.2 Materials and methods

2.3.2.1 General considerations

The MA sample was isolated froM. tuberculosisH37Rv and purified as described (67).
HPLC was performed on a Phenomenex Luna 5 p C18 column in a Merck Hitachi
Chromatograph fitted with a Merck Hitachi L-4500 Diode Array Detector. NMR spectra were
recorded either on a Bruker Advance 500 spectrometer with 5 mm BBO probe. Compounds
analysed were solutions in deuterated chloroform (GD@&Il chemical shifts are quoted

relative to the trace resonance of protonated chlorofdrm27 ppm) and CD@Kd 77.0 ppm).

HPLC and NMR spectra were in agreement with the data reported in literature except that the

sample contained some minor impurities (139, 150, 151).

2.3.2.2 Estimation of other componentsin natural mycolic acids
A TLC was performed on Silica Gel 60 using petroleum ether/ethyl acetate (4/1, v/v); lipid
spots were revealed by dipping the plates into a molybdophosphoric acid (10%) solution in
ethanol, followed by heating. Quantification of individual spots was carried out on a Versadoc
(Model 3000) imaging system. This confirmed that the sample contained less than 10% of
impurities.
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2.3.2.3 NMR analysis of the natural mycolic acids

Ooy: 3.34 (3H, s, CHOCE), 2.96 (1H, m, CKOCH;), 2.44 (1H, dt,J 5.4, 8.9 Hz,
CH(CH,)23CH3), 1.8-0.7 (other H, multiplets including a d &t 1.05, J 6.9 Hz, 3H,
CH3CHCO), 0.65 (2H, m,ciscyclopropane), 0.57 (1H, ddd] 4.1, 8.2 Hz, CHcis-
cyclopropane), 0.4 (3H, nttans-cyclopropane), 0.1 (1H, ntanscyclopropane), -0.33 (1H,
broad dd, J 5.0, 8.9 Hz, ct/clopropane).

Oc: 176.21 (@®,CHg), 85.48 (MCHz), 72.33 (GHOH), 57.72 (CQEl3), 51.48 (CQCHy),
50.98 (H(CH,)23CHs3), 35.59 (CH), 35.41 (GHCHs), 32.43 (CH), 31.94 (CH), 31.59 (CH),
30.53 (CH), 30.22 (CH), 29.99 (CH), 29.94 (CH), 29.71 (CH), 29.58 (CH), 29.51 (CH),
29.43 (CH), 29.37 (CH), 28.74 (CH), 28.09 (CH), 27.57 (CH), 27.33 (CH), 26.17 (CH),
25.74 (CH), 22.69 (CH), 15.78 (CHcyclopropane), 14.88 (CHg), 14.11 (CH), 10.91
(CHycyclopropane).

2.3.2.4 Esterification of mycolic acids

To form the methyl esters, MAs (100 mg, ~ 0.1 mmol) were dissolved in a mixture of
toluene:methanol (5:1, 18 ml). Thereafter trimethylsilyl diazomethane (TMDM, 2 M solution,
Fluka, 0.2 ml, 0.4 mmol) was added, followed by further 4 additions of TMDM (0.1 ml, 0.2
mmol) every 45 minutes. The mixture was stirred for 72 hours, and then quenched by
evaporation. The residue was dissolved in dichloromethane (15 ml) and water (10 ml) was
added. The two layers were separated and the water layer extracted with dichloromethane (2 x
10 ml). The combined organic layers were dried and the solvent evaporated to give the desired
compound (98 mg, ~ 97%). The NMR spectra of the compounds obtained, corresponded to
those reported in the literature for methyl MAs (149, 150).

2.3.2.5 NMR analysis of the mycolic acids methyl esters

Su: 3.72 (3H, s, C@CHs), 3.66 (1H, m, CIOH), 3.34 (3H, s, CHOCH, 2.95 (1H, m,
CHOCHg), 2.44 (1H, dt, J 5.4, 8.9 Hz, @EH,)»3CHj3), 1.8-0.7 (other H, multiplets including a
d atd 1.05,J 6.9 Hz, 3H, CHCHCO), 0.65 (2H, mgis-cyclopropane), 0.57 (2H, ddd,4.1,
8.2 Hz, CHcis-cyclopropane), 0.4 (nrans-cyclopropane), 0.1 (nrans-cyclopropane), -0.33
(1H, broad ddJ 5.0, 8.9 Hz, cigyclopropane).

5c: 176.21 (©,CHs), 85.48 (MCHs), 72.33 (GOH), 57.72 (COEls), 51.48 (CQCHa),
50.98 (@H(CH,)23CHjs), 35.73 (CH), 35.40 (GICHjs), 32.43 (CH), 31.93 (CH), 30.54 (CH),
30.22 (CH), 29.99 (CH), 29.95 (CHl), 29.71 (CH), 29.51 (CH), 29.43 (CHl), 29.37 (CH),
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29.15 (CH), 28.74 (CH), 28.09 (CH), 27.58 (CH), 27.43 (CH), 26.18 (CH), 25.74 (CH),
22.69 (CH), 15.78 (CHcyclopropane), 14.88 (CHg, 14.11 (CH), 10.91
(CHycyclopropane).

9

2.3.2.6 Separation of the different subclasses of mycolic acids

Separation of the different fractions of MAs was achieved by preparative TLC (Silica Gel 60,
Merck) using the same procedures for elution and the revealing of the spots at the two
extremities of the plates as described in se@i@2.2 The mycolic acid methyl esters were
eluted from the silica gel with dichloromethane. Then each fraction was purified by Flash
column chromatography using Fluorosil (60-100 mesh, Aldrich) and eluting with a solution of
petroleum ether:diethyl ether (9:1). This method proved efficient footN&A methyl ester

and methoxy-MA methyl ester fractions, while the keto-MA methyl ester subclass was further
purified by preparative TLC. The purity of the various types of mycolates was checked by

analytical TLC, as described in section 2.3.2.2

2.3.2.7 Estimation of different subclasses of mycolic acids

A TLC was performed on Silica Gel 60 developed in petroleum ether/ethyl acetate (4/1, v/v).
Lipid spots were revealed by dipping the plates into a molybdophosphoric acid (10%) solution
in ethanol, followed by heating. Quantification of individual spots was done on a Versadoc
(Model 3000) imaging system.

2.3.2.8 NMR analysis of a-mycolic acid methyl esters

oy (500 MHz): 3.72 (3H, s, OCHi 3.66 (1H, m, CIDH), 2.44 (1H, dtJ 5.3, 9.2 Hz,
CH(CH,)23CH3), 1.8-1.0 (other H, m), 0.95-0.7 (other H, m), 0.65 (4H, m, €&t
cyclopropane), 0.57 (2H, tdl 4, 8.2 Hz, CHcis-cyclopropane), -0.33 (2H, m,_GHtis-
cyclopropane).

Oc (125.8 MHz): 176.20_(0O,CHs), 72.32 (GHOH), 51.47 (CQCH3), 51.00 (GH(CH,)23CHs),

35.73, 31.93, 29.71, 29.62, 29.59, 29.57, 29.51, 29.42, 29.36, 28.74, 27.43, 25.74, 22.69, 15.80
(CH ciscyclopropane), 14.10 (G} 10.94 (CH ciscyclopropane).

2.3.2.9 NMR analysis of methoxy mycolic acid methyl esters
oy (500 MHz): 3.72 (3H, s, OCHi 3.66 (1H, m, CIDH), 3.32 (3H, s, CHOCH), 2.96 (1H, m,
CHOCH), 2.44 (1H, dtJ 5.3, 9.2 Hz, CKICH,)»3:CHg), 3.72 (3H, s, OCk), 3.66 (1H, m,
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CHOH), 2.44 (1H, dt] 5.3, 9.2 Hz, CKCH,),3CH3), 1.8-1.0 (other H, m), 0.95-0.7 (other H,
m), 0.65 (2H, m, CHis-cyclopropane), 0.57 (1H, td,4, 8.2 Hz, CHciscyclopropane), 0.45
(1H, m, CHtranscyclopropane, less than 6%), 0.2-0.0 (3H, mans-cyclopropane), -0.33

9

(1H, m, CH ciscyclopropane).

Oc (125.8 MHz): 176.20_(O,CHg), 85.47 (®MCHz), 72.32 (GHOH), 57.71 (CQEl3), 51.47
(COCHg3), 51.00 (GH(CH,)23CH3), 38.2 (GHCH3; trans-cyclopropane) 35.73, 35.41, 32.43,
31.93, 30.54, 29.92, 29.71, 29.61, 29.57, 29.50, 29.43, 29.36, 28.73, 27.59, 27.44, 26.16 (CH
trans-cyclopropane), 22.69 (G 2.16, 19.72 (63CH), 18.62 (CHtrans-cyclopropane),

15.80 (CHciscyclopropane), 14.88 (CH&; transcyclopropane), 14.10 (G 10.94 (CH
ciscyclopropane), 10.54 (CHrans-cyclopropane).

2.3.2.10 NMR analysis of keto mycolic acid methyl ester

o (500 MHz): 3.72 (3H, s, OCHl 3.66 (1H, m, CIDH), 2.49 (1H, g, 6.9 Hz, COCKCH,),
2.44 (1H, dt,J 5.3, 9.2 Hz, CKCH,)»sCHs), 2.41 (2H, tdJ 1.8, 7.0 Hz, CLCO), 1.8-1.0
(other H, multiplet including a d & 1.05,J 6.9 Hz, 3H, CHCH), 0.65 (2H, m, CHcis-
cyclopropane), 0.57 (1H, ddd,4.1, 8.2 Hz, CHiscyclopropane), 0.45 (1H, m, Ctians
cyclopropane, more than 10%), 0.2-0.0 (3H, tnans-cyclopropane), -0.33 (1H, dd,4.1, 5.3
Hz, CH, cis-cyclopropane).

Oc (125.8 MHz): 215.3 (C=0), 176.20 @3CHs), 72.33 (GHOH), 51.47 (CQCHj3), 51.00
(CH(CH,)»3CHs), 46.35, 41.14, 35.73, 31.93, 30.23, 29.70, 29.50, 29.43, 29.36, 28.73, 27.44,
27.34, 23.75, 22.69, 16.36 (CHgketo-group), 15.80 (CHis-cyclopropane), 14.10 (GH
10.94 (CHcis-cyclopropane).

2.3.2.11 MALDI-TOF Mass Spectrometry

Dried samples (5 mg) were redissolved in 1.0 ml of chloroform. An aliquot was mixed with an
equal volume of 2,5 dihydroxybenzoic acid (2,5-DHB) matrix solution [10 mg/ml 2,5-DHB in
chloroform : methanol (1:1)] and 0.7 pl spotted onto a MALDI target that had been seeded
with a layer of 2,5-DHB (in ethanol). Mass spectra were acquired in reflectron mode with
delayed ion extraction using 40 laser shots per acquisition. Between 120 and 160 laser shots
were accumulated into the final summed spectrum. Spectra were externally calibrated using a

peptide mixture in CHCA matrix (93).
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2.4 Biological activity/antigenicity of subclasses of mycolic acids
2.4.1 Results and discussion

After a few attempts, the natural MA was successfully separated into the different subclasses
and purified. The next step was to determine the biological activity/antigenicity of these
different subtypes by using ELISA. Pan et al. (112) showed that by using ELISA, the methoxy-
MA was recognised better than tbhe and keto-MA by sera from TB positive patients. They

applied the MAs as methyl esters Hn@xane solution to the ELISA plate wells.

With ELISA being the easiest and quickest way to obtain results for antibody recognition
against certain antigens, ELISA plate wells were coated with MAs as methyl esters and as free
acids in chloroform, as shown in Figure 2.21. MA had to be esterified in order to be separated
into the different subclasses. However, the methyl esters were not recognised by antibodies in
TB* patient serum, therefore the hydrolysis (de-esterification) of the different subclasses was
required. Paret al. (112) and Fujitaet al. (64) showed that cord factor was recognised by

antibodies in TB patient serum. Cord factor was therefore included as control.
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Figure 2.21: Schematic presentation of ELISAshows results of antibody binding to the antigen (in this case
natural MA).B shows the results of no antibody binding to the antigen (in this case MA methyl ester). 1. Coating

with antigen. 2. Incubation with serum. 3. Addition of conjugate and 4. Addition of substrate and monitoring of

colour change.
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Figure 2.22: ELISA results of antibody binding to natural MA (nMA, n=92), natural mycolic aicd methyl esters
(mMA, n=20), MA (MA, n=18), alpha-MAafMA, n=20), methoxy-MA (methoxy-MA, n=2@MA (Min a-MA,

n=20) and cord factor (n=20). The source of the antibodies was sera collected from either TB positive, kindly

provided by Dr AC Stoltz from the Pretoria Academic Hospital, or TB negative South African hospitalised

patients of various adult age grou7). (Values are given as a mean + standard deviation).

Figure 2.22 summarises the results obtained with ELISA. gaBient serum gave a relatively
strong signal against natural MA (nMA) and cord factor, as well as against the MA (MA) and
methoxy-MA (methoxy-MA), but weaker signals against tht1A (a-MA) and thea-MA

(Min a-MA). TB™ patient serum did not recognise the methylated MA (mMMA).

TB" patient serum, just like TBsera, also recognised MA (nMA), MA, alpha-MA, methoxy-
MA and the alpha-MA (Miro-MA), and it also did not give a signal against the esterified MA
(mMA). Interestingly, however, TBpatient serum did not recognise cord factor, which gave

among the strongest of signals with Téra.

Statistically (Student’s t test), compared to MA, there was no significant difference in the
binding of TB" patient serum antibodies to MA, methoxy-MA or to cord factor. Antibody
binding to the methylated MA was very low compared to natural MA. The ELISA signal

against the alpha-MA was much higher compared to the esterified MA, but significantly lower
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compared to natural MA (P < 0.0001). Antibodies recognised the natural MAoA) a
little less than the MA, but significantly less than methoxy-MA (P < 0.0001).

Closer analyses oH NMR spectra of both separated natural alpha-MA (Figure 2.11) and
natural alpha-MA from Prof D.E. Minnikin (University of Birmingham, UK) showed a small
amount of methoxy-MA present. This might explain the signals obtained against these
antigens, as the more hydrophilic oxygenated MA may preferentially orientate itself in the
antigen coat to be more accessible for antibody binding than the majordyAf o

The results found contradicted that reported by Pan and his co-workers (112). We found that
the methyl esters of the MAs were not recognised by TB positive patient serum in the ELISA
assay. Pamet al. (112) showed recognition of the methoxy-MA methyl esters. This might be
due to small differences in the method followed by Eaal., and the method used for this
study. Paret al. coated the ELISA plate wells with MA methyl estersinexane and used
0.05% Tween-20 in PBS as blocking solution, whereas in this study the MA methyl esters and
free MA were coated from hot PBS solutions, while 0.5% casein in PBS was used as blocking
solution. Deposition of MA from an aqueous, rather than a hydrophobic environment, may

influence the conformation assumed by the immobilised MA.

Esterified MA was used as negative control in order to prove that a specific conformation,
which can be destroyed by the elimination of the hydrogen bonding capacity of the carboxylic
acid in thea- and the hydroxyl group in-fosition, is important for defining the “cholesteroid”
nature of MAs. The formation of a hydrogen bond betweenatwarboxylic and the3-
hydroxyl of MA is particularly stable for the natuexlythro configuration of2R,3R 2-alkyl,3-
hydroxy acids and has been shown to have a stabilising effect on the alignment of the alkyl
chains affecting the physical properties of these acids (52, 53). Sugar esters, such as trehalose
mono- or dimycolates, may also suffice to stabilise the folding of the mero chain by hydrogen
bonding, as it retains hydroxyl groups in the vicinity of ¢thearboxylic group of MA, but the
methyl ester of MA substitutes the hydrogen atom on the carboxylic acid with a hydrophobic
moiety that has no possibility for hydrogen bonding with the oxygenated group of the mero
chain. This may explain why the recognition of cord factor by PBtient serum was still
allowed, despite the esterification of the mycolates. In corroboration of the results obtained
here, Granet al. (70) reported that the ability of the T-cell antigen receptor to recognise MA
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presented to the T-cell on the CD1b protein of an antigen presenting cell was abolished when
the methyl ester of MA was presented instead.

The loss of antigenicity of the mycolic acid methyl ester indicated that the mycolic motif plays
an important role in recognition by antibodies. The importance of the mero chain was shown
by the difference in antibody recognition of the alpha-MA and the methoxy-MA.

From these results it is clear that both the mycolic motif and the mero chain play and important

role in antigenicity of MAs.

Much can be learned from the different results obtained withal8 TB patient sera against
cord factor, as opposed to the similar signals that were obtained withrilBT B patient sera
against all the free hydroxy acid MAs. With cord factor, only” Tiatient sera showed
recognition, whereas TBatient serum did not recognise cord factor at all. The results can be
interpreted in a way similar to that applied to the antigenicity of virus particles of the

development of subcomponent vaccines for viral diseases in humans and animals (144).

In the case of viruses, different types of virus particles are secreted from infected cells that will
be recognised by antibodies of the host. Virus particles also self-assemble with different virus
particles into whole or partial virus coats and these may also be brought into contact with the
immune system during the course of infection. In this way, three categories of antigenic
epitopes may be recognised per virus particle that are necessary to explain the immune
phenomena that are observed. These categories are metatopes, cryptotopes and neotopes
Metatopes are antigenic epitopes that are recognised on both individual virus particles and on
the same patrticle that has been wholly or partially self-assembled into virus coats. Cryptotopes
are types of epitopes occurring on the facet of the virus particle that is obscured by self-
assembly with other virus particles. These epitopes are therefore hidden from interaction with
antibodies, hence the narog/ptotope. When two viral particles combine, they may create a
single epitope that spans over both particles, thereby creating a new epitope (neotope) that
cannot be recognised on either of the two particles alone before their assembly into a single
antigenic entity. This concept is illustrated in Figure 2.23.
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Figure 2.23: Cartoon drawing of the different viral epitopes that are formed in the host cell and are recognised

by different antibodies when secreted from the infected cell: cryptotope in black, metatope in lilac and neotope in

blue.

By analogy to the above figure, insight can be gained in the antibodies frorantBTB

patients recognising MAs and cord factor. The MA might have a cryptotope that can be
recognised by anti-MA antibodies, as well as by anti-cholesterol antibodies that occur in all
humans at different levels of expression and affinity. When MAs are linked to trehalose to
form cord factor, this epitope might be hidden (cryptotope) and a new epitope (neotope) might
form, one that can then only be recognised by anti-cord factor antibodies that occty T B

not in TB patient sera (Figure 2.24). The results imply that free MA may not be very useful in
the serodiagnosis of TB, at least not when ELISA is used as the immunoassay. In contrast, cord
factor appears as a very strong candidate to base TB serodiagnosis on. This finding

corroborates the results reported by Fujita et al. in 2005 (64).

MMA Ma MA

Neotope

Crypiotope
Trehalose

Figure 2.24: Possible epitopes in MAs and cord factor that are recognised by different antibodies.
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2.4.2 Materials and methods

2.4.2.1 Mycolic acids used as antigens
2.4.2.1.1 Natural MA (nMA)
Natural MA was isolated fror. tuberculosisH37Rv, as described by Goodrwnal. (67), as

a mixture ofa-, keto- and methoxy-MAs as shown in Figure 1.7.

2.4.2.1.2 Natural mycolic aicd methyl esters (mMA)

Natural MA had to be esterified in order to be separated into the different subclasses. The
COOH was methylated (67) to give COOMe as shown in Figure 2.25.

a-mycalic acid

Figure 2.25: Natural mycolic acid methyl esters

2.4.2.1.3 Mycolic acids (MA)
The methyl group from the natural mycolic acid methyl ester was removed by dissolving MA

(10 mg) in a solution of potassium hydroxide and propan-2-ol (100 mg/ml, 1 ml). The mixture
was stirred at 85 °C for 3¥2 hours. The reaction was quenched by adding water (1 ml) and the
MA was extracted 15 times with hexane. The organic layers were collected and dried over
anhydrous calcium chloride, filtered and the hexane evaporated.
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2.4.2.1.4 Alpha-MAd4-MA) and methoxy-MA (methoxy-MA)

The methylated natural MA was separated into the different subclasses and each subclass was

demethylated as described in section 2.4.2.1.3

2.4.2.1.5 Natural alpha-MA from Prof Minnikin (MmxMA)

Natural deprotected-MA, from M. tuberculosiswas kindly provided by Prof D.E. Minnikin
(University of Birmingham, UK)*H NMR showed minute amounts (about 1%) of methoxy-
MA.

2.4.2.1.6 Cord factor (Trehalose-6,6’-dimycolate)

Commercial cord factor (Fig 2.26) was bought from Sigma, (Steinheim, Germany).

Figure 2.26: Cord factor.

2.4.2.2 Reagents and apparatus used in ELISA
ELISA plates: flat bottom, 96 wells (Bibby Sterilin Ltd., Sterilab, UK).

Phosphate buffered saline (PBS): 20 x PBS stock was prepared by dissolving sodium chloride
(160 g; 99%, Merck, SA), potassium chloride (4 g; 99%, Merck, SA), di-hydrogen potassium
phosphate (4 g, 99%, Merck, SA) and di-sodium hydrogen phosphate (23 g; 99%, Merck, SA)
in double distilled de-ionized water to a final volume of 1000 ml.

PBS (1 x): 50 ml of the 20 x PBS solution was diluted in 950 ml d@dHhe pH of the
solution was adjusted to 7.4 with 1 M NaOH.

Casein-PBS (0.5%): 5 g of casein (0.1% fat, 0.1% fatty acids; Merck, SA) were dissolved in a
final volume of 1000 ml PBS by stirring at 37 °C for 2 hours. The pH was adjusted to 7.4 with

1 M sodium hydroxide and then stored at 4 °C overnight for use within the next day.
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Goat anti-human IgG peroxidase conjugate: A 1/1000 dilution of the conjugate was prepared
by adding peroxidase conjugate (10 pl; whole molecule, Sigma, Steinheim, Germany) to 0.5%

casein PBS (10 ml) five minutes prior to use.

O-Phenylenediamin@PD): (Sigma, St. Louis, MD, USA).
Hydrogen peroxide (FD,): Tablets of urea, 33-35% per gram (Sigma, St. Louis, MD, USA).

0.1 M Citrate buffer: citric acid (0.1 M, 450 ml; Sigma, USA) was added to citrate tri-sodium
(0.1 M, 450 ml; Sigma USA) until a pH of 4.5. The solution was brought to a final volume of
1000 ml with double distilled de-ionized water.

2.4.2.3 Human sera

TB positive, HIV positive, patient serum was kindly provided by Dr. A.C. Stoltz, Pretoria

Academic Hospital, Pretoria, South Africa. TB negative, HIV negative, hospitalized patient
serum were kindly provided by Dr. G. Schleicher, Helen Joseph Hospital, Auckland Park,
Johannesburg, South Africa (127).

2.4.2.4 Preparation of coating solutions

The antigens were heated in PBS buffer (4 ml) for 20 minutes at 85 °C on a heatblock. The hot
solutions were vortexed for 10 seconds and sonified (Virsonic 600 — Ultrasonic cell disrupter,
United Scientific, New York, USA), output level 2, 1 minute, 30 sec on and 30 sec off). The
plates were coated by adding the hot solutions at 50 ul per well and storing at 4 °C overnight.
The final antigen load was approximately 3 pg/well for MAs. PBS was included as control.
Coating of the wells was confirmed under the microscope as visible fatty deposits adsorbed on

the polystyrene.

2.4.2.5 Blocking step
After 16 hours of incubation with antigen solution, the plates were aspirated and blocked with

casein-PBS (400 pl per well) for 2 hours at room temperature.

2.4.2.6 Antibody binding
The blocking solution was aspirated before the serum was added (TB positive and TB

negative, 1:20 dilution in casein-PBS, 50 ul per well). The plates were incubated for 1 hour at
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room temperature, then washed with casein-PBS (3 times) using the ELISA plate washer
(Anthos Autowash automatic ELISA plate washer, Labsystems) and aspirated.

2.4.2.7 Addition of conjugate and substrate

The goat anti-human IgG peroxidase conjugate (50 pl per well) was added and incubated for
30 minutes at room temperature. The plates were then washed with casein-PBS (3 times) and
aspirated. The substrate solution (10 mg OPD, 8 p@ kh 10 ml citrate buffer) was prepared
immediately before use and added to the plates (50 ul per well). The plates were incubated at
room temperature and the colour development was monitored at 10, 30, 40 and 50 minutes
after addition of the substrate using a photometer (SLT 340 ATC photometer, Thermo-
Labsystems, Finland) at wavelength of 450 nm.
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Chapter 3

Synthesis of a methoxy mycolic acid

3.1 Introduction

3.1.1 Why synthesize mycolic acids?

Except for the mycolic acid motif, very little is known about the stereochemistry of the other
chiral centres in the mero chain. It is also not known whether the stereochemistry is important
at all. There are a few unanswered questions that need investigation: does the stereochemistry
influence the folding of the molecule? Is it necessary for infection, evasion of the immune
system, for survival in the host or any for biological activity? Is the methoxy-MA really more
important than the- and keto-MA? Is there one specific MA responsible for all this, or is it a
combination of some of them, or all of them? These are complex molecules that are found in a
variety of combinations of different functional groups as well as different chain lengths. How
important the chain length and the position of the functional groups are and what exactly the

structural requirements for functionality and antibody recognition are, remain to be discovered.

Apart from separation of MAs by TLC and HPLC, chemical synthesis provides another way
for investigating the structure of MAs. Stereochemically controlled single enantiomers and
diastereomers, which can not be separated and purified from natural MAs extracts, can be

synthesized and the biological activity of each can be investigated separately.

3.1.2 Previous synthesis of mycolic acids

In 1982 Huanget al. (80) reported the total synthesis of naturally occurring monoalkene MAs
from M. smegmatisThey synthesizedE)- and (Z)-threo2-docosyl-3-hydroxytetracont-21-
enoate. The key feature of this synthesis was the incorporation of the 2-docosyl side chain and
functionalized main chain (R) in a regiospecific manner. The mycolic acid motif was

synthesized by alkylation of methyl aceto acetate at C-2 with 1-iododocosane (Figure 3.1).
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Figure 3.1: Synthesis of a monoalkene MA from M. smegmatis (80).

Al Dulayymi et al. (6, 7) described the synthesis of a single enantiomer of aanisiérof M.
tuberculosis(labelled MB for this study). They had a different approach to synthesizing the
mycolic acid motif than reported by Huaagal. (80). Figure 3.2 shows how they started from

a ring opening of the epoxide) with a Grignard reagent prepared from 9-bromo-nonan-1-ol
tetrahydropyranyl ether which led to a single enantioméb)fThis was converted, in a few
steps, to the didkc). The next step was the protection of the primary alcohol and the alkylation
of thea-carbon to give the estél). Acetylation of the3-hydroxy, deprotection and oxidation

of the primary alcohol yielded the aldehy(®, which was coupled to the dicyclopropane

sulfone (f)in a modified Julia reaction to give the proteateMA (g).
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Figure 3.2: Synthesis of protectedMA, modified from (7).

They also reported the synthesis of single enantiomers of a mero MA (8) and one isomer of the
a-methyltrans-cyclopropane unit (5) (Figure 3.3).

(CH,);,CHO

GHS(CH:E)”/A\

(CHo) 12—/
M 7}"H

e

Figure 3.3: a-Methyl-trans-cyclopropane mero aldehyde (5).
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Coxonet al. described the synthesis of enantiomers of lactobacillic acid and MA analogues

(37, 39) containingciscyclopropanes, as well as the synthesis of methyl B;219-(2-

octadecylcyclopropane-1-yl)pentanoate and othel9 chiral cyclopropane fatty acids and

esters related to mycobacterial MAs (38). These (shown in Figure 3.4) were assayed for

inhibition of MA biosynthesis using a cell-wall preparation fréin smegmatis. The assay

measured elongation of endogenous fatty acid precursors associated with the cell wall extracts.

From all the analogues testéW,) and(XI1) showed marginal inhibition of MA biosynthesis,

whereas the other all stimulated biosynthesis. Stimulation might be a result of direct

incorporation of the long-chain cyclopropane compounds, but extensive investigation is

necessary.

MeO,C~—r
[\/16(( H, )16

HOZCN_ H
Me(CHz)ﬁ,
n]
Me(( Hnﬁ’

MeO,Co
Me(( Ho¥ig

MeO,C
e(CH,);

HO,C
Me(( H,)

HO,C H ;
Me(CH
- e(CHo)16
MeO,C H
) ) H
) [VIG(L Hz) 16

MeO,C.

H
Me(CH,)7¢ H
Ix)
HO,C. H
H
NIE(CHQ)I‘S
x)

MeO,C_—__H
H
Me((‘Hzfm;%/
oD

MeO,C. H

Me(CHg)W
(X1

Figure 3.4: (1R,2S) Long-chainaw 19 cyclopropane fatty acids and esters related to mycobacterial MAs (38).
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3.1.3 Cholester ol and mycolic acids

Siko (134) investigated cholesterol binding to MAs and found that if a biosensor cuvette
surface was coated with natural MAs in liposomes, cholesterol accumulated onto the surface.

This was not seen when empty PC liposomes were added to the MA surface (Figure 3.5).

800 | Chol
L |

7007 o |
Z 6001 e
8 500” // \L&\__ﬁ_
e L
3 400” y
2 a00

/

& 200 / PC99
x T /

1007 /

0 1 4 ‘ 4 4 4
-1 0 1 2 3 4 5 6 7 8
Time (minutes)

Figure 3.5: Biosensor binding profile of cholesterol on a MA-coated surface. Chol = binding profile after

addition of cholesterol/PC99 liposomes; PC99 = binding profile after adding PC99 liposomes (134).

Based on this observation and results from ELISA, where antibody binding to MAs were also
found to bind cholesterol, a possible existence of molecular relatedness between MAs and
cholesterol and different MAs folding structures was investigated. Benadie (24) found that if a
biosensor surface was coated with either MA or cholesterol, Amphotericin B (a known
bactericide) accumulated onto the MA or cholesterol surface. This further supports a structural
and functional relation between MA and cholesterol. A folded structure of the oxygenated MA
species (methoxy-MAs and keto-MAs, Figure 3.6) was drawn that could explain such a
possible structural relation. The methoxy-MAs could assume a folded structure in which
relation to cholesterol could be seen. The methoxy-group of MAs corresponds to the hydroxyl
position of cholesterol. In the folded structure with all the oxygenated groups on one side of
the molecule and a hairpin bend induced by the cyclopropane moiety in the long hydrocarbon
chain of MAs, a ‘mimicry’ of the structure of cholesterol appeared feasible. Keto-MAs would
probably not ‘mimic’ cholesterol, as the plane introduced by the double bond between the

oxygen and carbon might prevent formation of such a structure.
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Figure 3.6: The structures representing the possible molecular mimicry between the methoxy-MAs, keto-MAs and
cholesterol (134).

61



A=
&
ﬁ UNIVERSITEIT VAN PRETORIA
@, UNIVERSITY OF PRETORIA
4

YUNIBESITHI YA PRETORIA

3.2 Aim
The aim was to synthesize the diastereomer (Figure8)of the previously synthesizeis-

cyclopropane methyl methoxy-MA, synthesised by Dr J. Al Dulayymi (University of Wales,
Bangor, UK) (Figure 3.7 B), in order to prove the stereochemistry of tigecyclopropane

and to determine the biological activity/antigenicity of different synthesized MAs.

™~

j OH
/27\/\6 'R S 'I/(,/M
17

0
; OH
16 é
A

Pl
py) llll@]

(A)

(B)

Figure 3.7: The two diastereomers of cis-cyclopropane methyl methoxy-MA

3.3 Synthesis of a methoxy mycolic acid

3.3.1Results and discussion
The MA can be decoupled to give the mycolic acid motif and the meromycolate chain. In turn,

the meromycolate chain can be decoupled to give the methoxy part and the cyclopropane part

as shown in Figure 3.8. The synthesis of these different parts and the coupling to get the full

MA is described and shown in Figures 3.9-3.19.

62



YUNIBESITHI YA PRETORIA

H Deprotection

.
&
) UNIVERSITEIT YAN PRETORIA
{ UNIVERSITY OF PRETORIA
4

lIIIIO

§

“ Julia reaction

|III|O

J
M ‘< + O\A@/B

Figure 3.8: Retrosynthesis of (R)-2-{(R)-1-acetoxy-18-(1S,2R)-2-((17R,18R)-17-methoxy-18-methylhexatri-

acontyl)-cyclopropyl}-octadecyl}-hexacosanoic acid.

To synthesizeis-methyl methoxy-MA(1), D-mannitol was used as starting material. The two
terminal hydroxyl groups on each end were protected by being stirred in acetone apd ZnCl
then the 1,2 diol was oxidised to the aldehyde and attached to triethyl phosphonoacetate in a
Wittig reaction to give the alker(&). A methyl group was added to tRecarbon in a Michael

addition in dry ether at -78 °C. The reduction of the d4leusing lithium aluminium hydride
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in dry THF gave the alcoh@b), which was oxidised using PCC in dichloromethane to give the

aldehyde (6jas shown in Figure 3.9.

ZnCl,

Acetone

53% H 074

1. Sodium metaperiodate
Na,CO3

2. Triethylphosphonoacetate
K,CO3
56%

2
% . %O
o o MelLi
~ Dry ether, -78 T
o 71%

LiAIH,
THF
87%

O,
\)\/\n/o\/
(0]
(©)
%O %
O OH PCC S
e ° o)
o, \)Y\/

)

51%
®)

Figure 3.9: Synthesis of (R)-3-((S)-2,2-dimethyl-[1,3]-dioxolan-4-yl)-butyraldehyde.

The’H NMR spectrum of3) showed two double doublets for the protons at the double bond
at 6.85 ( 5.65, 15.75 Hz) and 6.07 (J 1.6, 15.75 Hz) respectively. IlHHEMR of (4),
these signals disappeared and it showed a doubde0.88 (0 6.6 Hz) for the methyl group.
The IR spectrum of the alcoh(®) showed a broad peak at 3426 tfor O-H stretching. The

'H NMR spectrum of the aldehyq8) showed a triplet for the proton of the aldehydd @79

(J 1.9 Hz) and thé*C NMR spectrum included the carbonyl signad201.7.

5-(Hexadecane-1-sulfonyl)-1-phenyHitetrazole (9) was synthesized, as shown in Figure
3.10, to extend the chain length of the aldeh{@jefrom G, to G7. 1-Bromohexadecang@)

was reacted with 1-phenyHttetrazole-5-thiol and anhydrous potassium carbonate in acetone
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(0518

to give the sulfidg8) which was oxidised with ammonium molybdate (VI) tetrahydrate and
H,0, in THF and IMS to give (9)

/N
N
I \>7$H
N\N
\
Ph S \
K,CO =N
Yy - AyAag N

\j

15 Acetone N—N
% 63% Ph
(®
(NH4)eM070,44H,0 / H,0,
THF/IMS
80%
(@]
Il N
7
15 ° 0O Vi
N—nN

Figure 3.10: Synthesis of 5-(Hexadecane-1-sulfonyl)-1-phenyl-1H-tetrazole.

The'H NMR spectrum of9) showed the phenyl group protons as two multiplets7a70 and
7.61, and a distorted tripleta3.73 J 7.85 Hz) for the two chain protons next to the sulfone.

The aldehydd6) was reacted with 5-(hexadecane-1-sulfonyl)-1-phenyl-1H-tetrg@plen a

Julia reaction using lithium bis(trimethylsilyl)amide in dry THF to give two isomers of the
olefin. These both gaveé)2,2-dimethyl-4-(R)-1-methyl-nonadecyl-[1,3]-dioxolar{&0) after

being hydrogenated by using Pd on C as a catalyst, as shown in Figure 3.11. The dioxolane
group was deprotected usipegtoluenesulfonic acid in methanol, THF and water to give the
diol (11). The epoxide(12) was formed by reacting the di¢ll) with p-toluenesulfonic
chloride, sodium hydroxide and cetrimide in dichloromethane and this was protected and the
chain length extended in a Grignard reaction with 6-tetrahydropyranyloxyheptyl magnesium
bromide and copper iodide in THF to give 2R(8R)-8-hydroxy-9-methyl-heptacosyloxy)-
tetrahydropyrar{13). The hydroxyl group was changed to a methoxy-group in a reaction with
methyl iodide and sodium hydride in THF to give the methyl methoxy-comp@dThe
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THP group was deprotected by usmtpluenesulfonic acid monohydrate and the alc¢hb)

was oxidized to the aldehyd&g] using PCC in dichloromethane as shown in Figure 3.11.
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Figure 3.11: Synthesis of (8R,9R)-8-methoxy-9-methyl-heptacosanal.

The 'H NMR spectrum of(10) showed two singlets a 1.41 and 1.36 for the two methyl
groups of the protecting group which disappeared after deprotection. The IR spectrum of the
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diol (11) showed a broad peak at 3283 tand that of13) showed a broad peak at 3360°tm
both for O-H stretching. ThéH NMR spectrum of the methyl methoxy-compoufidt)
showed a singlet & 3.34 for the methyl group on the oxygen. The IR spectrum of the alcohol
(15) showed a broad peak at 3373 cfor the O-H stretching. ThéH NMR spectrum of the
aldehyde(16) included a triplet for the proton of the aldehyd® 8t79 ¢ 1.9 Hz) and thé°C

NMR spectrum included the carbonyl signad&01.7.

Triethylamine

/H\ HB dimethylaminopyridine
r
HO g OH —_— HO/Q\Br Trimethyl acetyl chloride -
Toluene
o

CH,CI
500 oCly
a7 ° (18) 89%

K,CO4
Acetone

90%|
I
/H\/ T /N\
o 7 L\r N (NH2)gM07044H,0 1 H,0, \r N\
o /'

THF/IMS N—

\>75H

89%
(21) (20)

Figure 3.12: Synthesis of 5-(1-octanolpivalate-8-sulfonyl)-1-phenyl-1H-tetrazole.

5-(1-Octanolpivalate-8-sulfonyl)-1-phenyHitetrazole(20) was prepared to extend the chain

of the aldehyd€16) from C; to G5, as shown in Figure 3.12. Bromination of the dial) was

done by refluxing the diol with HBr in toluene, and then the alcohol group on 8-bromo-octan-
l-ol (18) was protected with trimethyl acetyl chloride, triethylamine and
dimethylaminopyridine in dichloromethane to give 2,2-dimethyl-propionic acid 8-bromo-octyl

ester (19) The Julia reagent (21yas then prepared as described beforédor

The ™ NMR spectrum of21) showed the phenyl group protons as two multiples 69
and 7.61, a triplet for the two protons next to the oxygéndad4 ( 6.6 Hz), a distorted triplet
atd 3.73 (0 7.85 Hz) for the two protons next to the sulfone and a singbel 419 for the three
methyl groups of the protecting group. TH€ NMR spectrum included the carbonyl signal at
0178.5.
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Figure 3.13: Synthesis of 5-((16R,17R)-16-methoxy-17-methyl-pentatriacontane-1-sulfanyl)-1-phenyl-1H-

tetrazole.

then reacted with the aldehydé) using lithium

The tetrazole (21) was
bis(trimethylsilyl)amide in dry THF to give two isomers of the olefin which were saturated

with hydrogen using Pd on C as catalyst to give comp@22)d as shown in Figure 3.13. The
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ester(22) was hydrolised to the alcoh®#3) using KOH in MeOH and THF, which was then

9

brominated usingN-bromosuccinimide and triphenylphosphine in dichloromethane to give

(24). The Julia reager{26) was prepared as described beforg®r

The'H NMR spectrum 0f22) showed a singlet & 1.19 for the three methyl groups of the
protecting group which disappeared after deprotection of the THP group. The IR spectrum of
the alcoho23) showed a broad peak at 3426 tfor O-H stretching which disappeared after
bromination (24)

The addition of sodium methoxide to a mixture of methyl chloroacetate and methyl acrylate
gave thecis- and trans- isomers of the cyclopropane est@ra, 27b). The cisisomer was
successfully separated by column chromatography and was reduced to tlig8dith
lithium aluminium hydride in THF. The diol was then protected with butyric anhydride to give
the diester(29), which was enzymatically hydrolysed to give a single enantiomer of the
hydroxyl cyclopropane estgf30). The Julia reagen(33) was prepared from the bromo
cyclopropane est€Bl) as shown in Figure 3.14.

The'H NMR spectrum of theis-cyclopropan€27b) showed a double doublet&®.08 ( 6.9,

8.5 Hz) and two triplet of doublets atl.70 0 5, 6.6, 13.2 Hz) and 1.26 J 5.05, 8.55, 16.7

Hz) for the four protons of the cyclopropane, and a singlét3af0 for the two methyl groups

of the diester, which disappeared after reduction to the alcohol**ThBIMR spectrum of
showed the carbonyl signal &t170.21. ThéH NMR spectrum of the alcoh@B0) showed a
double doublet ab 4.46 0 5.7, 12 Hz), a multiplet & 3.83 and a double doublet&B.39 (

9.15, 11.65 Hz) for the protons next to the oxygen atoms. The cyclopropane ring protons
appeared as a multiplet at1.30, a triplet of doublets & 0.84 ( 5.05, 8.5, 16.7 Hz) and a
quartet atd 0.22 ( 5.65 Hz). The IR spectrum showed a broad peak at 3426femO-H
stretching and the optical rotation was +16.95. *h&MR spectrum of the Julia reagéB8)
showed the phenyl group protons as two multiplets @70 and 7.63, four double doublets at
54.37 05.7, 12.3 Hz)p 4.03 (0 5.4, 14.85 Hz)d 3.92 (1 8.2, 12 Hz) and 3.67 (0 8.85, 15.15

Hz) for the protons next to the sulfone and oxygen atoms, respectively. The protons of the
cyclopropane ring appeared as a multipled &4t49, a triplet of doublets &1.03 ¢ 5.7, 8.5

Hz) and a quartet &0.60 ( 5.7 Hz).
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Figure 3.14: Synthesis of butyric acid cis-2-(1-phenyl-1H-tetrazole-5-sulfonylmethyl)-cyclopropyl methyl ester.

The Julia reagent33) was coupled with 6-bromo-hexan@4) to elongate the carbon chain
next to the cyclopropane fromy @ G using lithium bis(trimethylsilyl)amide in dry THF to
give two isomers of the olefin which were saturated with hydrogen using 2,4,6-
triisopropylbenzene sulfonohydrazide to give butyric acid 2-(7-bromo-heptyl)-cyclopropyl

methyl estel(35), as shown in Figure 3.15. The e{&%) was then hydrolysed to the alcohol
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(36) and then oxidised to the aldehy@) by using PCC in dichloromethane to be coupled to

ol
o
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Figure 3.15: Synthesis of 2-(7-bromo-heptyl)-cyclopropane carbaldehyde.

The'H NMR spectrum of the bromocyclopropane e$88) showed two double doublets &t
4.19 ¢ 6.9, 11.65 Hz) and 3.93 (¢ 8.8, 11.65 Hz) for the two protons next to the oxygen
which shifted tad 3.65 ( 7.25, 11.35 Hz) and 3.57 (0 8.2, 11.35 Hz) for the two protons next
to the hydroxyl group of the bromo cyclopropane alcd36). The optical rotation for the
alcohol was +12.87. ThtH NMR spectrum of the aldehyd87) showed the proton of the
aldehyde as a doublet@®©9.37 (0 5.4 Hz), a triplet ad 170.21 { 6.6 Hz) for the two protons
next to the bromine and the protons of the cyclopropane appeared as a muldifletGatand
two triplet of doublets ab 1.24 ( 4.75, 7.9 Hz) and 1.19 ( 5.05, 6.6 Hz). Thé*C NMR
spectrum included the carbonyl signalda201.64 and the optical rotation was measured as

+8.19 (-10.1 reported by Dr. J. Al Dulayymi for the enantiomer).
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Figure 3.16: Synthesis of 5-(7-[1R,2S]-2-((17R,18R)-17-methoxy-18-methyl-hexatriacontyl)-cyclopropyl)-heptyl

sulfanyl)-1-phenyl-1H-tetrazole.

The Julia reagent(26) and the aldehyde (37) was coupled using lithium
bis(trimethylsilyl)amide in dry THF to give two isomers of the olefin which were saturated
with hydrogen using 2,4,6-triisopropylbenzene sulfonohydrazide to give 1-(7-bromo-heptyl)-2-
((17R,1&R)-17-methoxy-18-methyl-hexatriacontyl)-cyclopropafd8) from which the Julia
reagent(40) was prepared, as shown in Figure 3.16. This was prepared to be coupled to the

mycolic acid motif.

The'H NMR spectrum of the Julia reagdnf) showed two multiplets & 7.71 andd 1.70 for
the protons of the phenyl group and a distorted triplét3a?4 ( 7.9 Hz) for the two protons
next to the sulfone. The methyl group on the oxygen appeared as a sidgseB%t the other
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two methyl groups as a triplet at0.89 ¢ 6.65 Hz) and a doublet &t0.86 (J 6.65 Hz). The

9

cyclopropane ring protons appeared as a multiplétGa66, a triplet of doublets &t0.58 (
3.75, 7.85 Hz) and a quartet&t0.32 0 5.05 Hz) and the optical rotation was measured as
+4.4 (+4.13 reported by Dr J. Al Dulayymi for a diastereomer).

To synthesize the mycolic acid motif, 8-bromo-octan-1-ol was used as starting material, the
alcohol was protected with THP in dry dichloromethane and the bromide was replaced with
iodide while being stirred in acetone and NaHCQO give (41). This was coupled with
propagyl alcohol in liquid ammonia to extend the carbon chain frgrto @;; to give two
isomers of the olefin which were saturated with hydrogen using nickel acetate tetrahydrate to
give the alcoho{42), which was protected with trimethyl acetyl chloride in dichloromethane to
give the este(43) as shown in Figure 3.17. The e<#43) was then hydrolysed to the alcohol

(44) by usingp-toluenesulfonic acid monohydrate in THF, methanol and water. The alcohol
was then oxidised to the aldehy@b) by using PCC in dichloromethane to be coupled to
(methoxycarbonylmethylene)-triphenylphosphorane as shown in Figure 3.17.

The 'H NMR spectrum of the alcoh@#4) showed a singlet a 1.19 for the three methyl
groups of the protecting group and the IR spectrum showed a broad peak at 3384 ©a
stretching. ThéH NMR spectrum of the aldehyd45) showed the proton of the aldehyde as a
triplet atd 9.76 ( 1.55 Hz) and a singlet at1.19 for the three methyl groups of the protecting
group. The"*C NMR spectrum included the carbonyl signal$ 202.83 for the aldehyde and
atd 178.62 for the protecting group.
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Figure 3.17: Synthesis of 2,2-dimethyl-propionic acid-11-oxo-undecyl ester.

The aldehydd€45) was coupled to (methoxycarbonylmethylene) triphenylphosphorane to give
13-(2,2-dimethyl-propionyloxy)-tridec-2-enoic acid methyl es{é6) which was oxidized
using (DHQD)PHAL, KsFe;, potassium carbonate, osmium tetroxide and methane sulfone
amide to give the digl47). This was reacted with thionyl chloride in G@nd then oxidized

with NalO, and ruthenium trichloride hydrate to give the cyclic sulfone €48y which was
stirred in DMAC and sodium borohydrate to give the alcohol €d4®r The acidic proton
between the hydroxyl and the carbonyl groups was removed with freshly prepared LDA and
coupled to allylic iodide to give the allyl ester (p8% shown in Figure 3.18.
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Figure 3.18: Synthesis of (2R,3R)-2-allyl-[11-(2,2-dimethyl-propionyloxy)-1-hydroxy-undecyl]-pent-4-enoic acid
methyl ester.

The 'H NMR spectrum 0f(46) showed the two protons of the double bond as two double
triplets atd 6.79 (0 6.95, 15.45 Hz) and &5.81 (J 1.6, 15.45 Hz) which disappeared after the
oxidation to the diol47). IR spectrum of47) showed a broad peak at 3449 cfor the OH-
stretching. ThéH NMR spectrum of the cyclic sulfor{@8) showed the two protons next to
the oxygens bound to the sulfone as a double of tripleds4a®5 (0 5.05, 7.25 Hz) and a
doublet at> 4.89 § 7.25 Hz). ThéH NMR spectrum of the alcoh@54) showed two double
doublets for the two protons between the hydroxyl group and the carbonyl gré@p5at

3.15, 16.4 Hz) and 2.41 (J 9.15, 16.5 Hz) and the IR spectrum showed a broad peak at 3517
cm’ for OH-stretching. ThéH NMR spectrum of the allylic est¢50) showed a multiplet &

5.75, a double doublet &t5.11 § 0.95, 17 Hz) and a broad double®d.05 ( 10.05 Hz) for
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the three protons of the double bond. The IR spectrum showed a peak at 358 GHi-
stretching and a peak at 1642 tfor the double bond.

Methyl (2R,3R)-3-acetoxy-2-tetracosanyl-13-hydroxytridecandafg (kindly provided by Dr

J. Al Dulayymi, University of Wales, Bangor, UK) was oxidised to the alde(B2)eby using

PCC in dichloromethane. This was coupled to the Julia rea@#)t using lithium
bis(trimethylsilyl)amide in dry THF to give two isomers of the olefin, which were saturated
with hydrogen using dipotassium azodicarboxylate to give the full protected methoXg3y1A

The final step was the elimination of the OAc and the methyl group to give the final product

(1) as shown in Figure 3.19.

HO.

(51)
P
2C|2
96%

R

52) l\\
(40) ( 23
1. LiN(SiMe),
Dry THF

60%

2. Dipotassium azodicarboxylate
THF/MeOH
Acetic acid

By (M/

IIIO

Lithium hydroxide monohydrate
THF/MeOH/H,0O

Figure 3.19: Synthesis of (R)-2-{(R)-1-hydroxy-18-(1S,2R)-2-((17R,18R)-17-methoxy-18-methyl hexatri acontyl)-

cyclopropyl}-octadecyl-hexacosanoic acid.
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The'H NMR spectrum of the protected M{&3) showed double triplets &t5.09 (J 3.8, 7.9
Hz) for the proton next to the OAc group and two singlets&69 and 3.35 for the protons

of the two methoxy groups. The proton next to the methoxy-group appeared as a mulliplet at
2.96, thea proton appeared as a double double doublé®a62 (J 4.4, 6.95, 14.8 Hz) and the
protons of the methyl group of the OAc group appeared as a singlé?.@4. The spectrum
also showed a triplet &0.89 ( 6.6 Hz) for the six protons of the two terminal methyl groups
and a doublet ad 0.85 (§ 6.9 Hz) for the methyl group next to the methoxy in the
meromycolate chain. The cyclopropane ring protons appeared as a muli@ple6at a triplet

of doublets a® 0.58 ( 4.1, 7.9 Hz) and a quartet at-0.32 § 5.05 Hz). The™C NMR
spectrum included two carbonyl signalsdal73.65 and 170.33. The optical rotation was
measured as +7.69 (+7.17 reported by Dr. J. Al Dulayymi for a diastereomer) 't KR
spectrum for the final MA1), the double of triplets & 5.09 (J 3.8, 7.9 Hz) for the proton next
to the OAc group, and the singlet at3.69 for the protons of the methyl ester group
disappeared. Instead, the proton next tgBH@H group appeared as a multipleddt.99-2.95.

The optical rotation was measured as +6.95.

3.3.2 Experimental
General considerations

All chemicals were purchased form Lancaster Synthesis Ltd. (UK), Aldrich Chemical Co. Ltd.
(UK), or Avocado Chemical Co. Ltd (UK). Diethyl ether and THF were distilled over sodium
and benzophenone under a nitrogen atmosphere, while dichloromethane was distilled over
calcium hydride. Distilled solvents were uged within one day. Organic solutions were dried

over anhydrous magnesium sulfate. Bulk solvents were removed under vacuum at 14 mm Hg
and residual traces of solvent were finally removed at 0.1 mm Hg. All glassware used in
anhydrous reactions were dried for not less than 5 hours at 250 °C. Column chromatography
was done under medium pressure using silica gel (particle size 3ByOfrom DBH
Chemicals (UK); thin layer chromatography (TLC) was carried out on pre-coated Kieselgel 60
F254 (Art. 5554, Merck, UK) plates. Routine gas liquid chromatography (GLC) was performed
using a temperature programmable Hewlett-Packard (Agilent) 5890 Gas Chromatograph with
manual injection. The carrier gas was 5.0 grade helium with a column head pressure of 100
KPa supplied by Air Products plc (UK). The column was Rtx-5 supplied by Restek
Corporation (USA). The phase thickness wasug the column internal diameter 0.31 mm

and the column length 15 m. Optical rotations of compounds were measured in solutions of
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chloroform at known concentration using a Polar 2001 Automatic Polarimeter, with the
assistance of Dr J. Al Dulayymi (University of Wales, Bangor, UK). Infra-red spectra were
recorded as KBr disc (solid) or thin films (liquid) on NaCl windows using a Perkin EImer 1600
series FT-IR spectrometer. NMR spectra were recorded either on a Bruker AC 250
spectrometer with 5 mm dual probe or on Bruker Advance 500 spectrometer with 5 mm BBO
probe. Compounds analysed were solutions in denatured chloroformJCrI¢ss indicated
differently. All chemical shifts are quoted drelative to the trace resonance of protonated
chloroform @ 7.27 ppm) and CDEI(d 77.0 ppm). Low resolution mass spectra using electron
impact (El) were measured at 70 eV on a Hewlett-Packard (Agilent) 5970 quadrupole mass
selective detector where the Gas Chromatograph was a Hewlett-Packard (Agilent) 5890 Gas
Chromatograph with a 5975 auto sampler. It contained a Rtx-5 column supplied by Restek
Corporation (USA). The phase thickness wasug the column diameter 0.25 mm and the

column length 25 m.

3.3.2.1 Preparation of 1,2,5,6-di-O-isopropylidene-D-mannitol (2)

D-Mannitol (1) (30.31 g, 166.38 mmol) was added to a stirring solution of zinc chloride (60.75

g, 445.74 mmol, 2.7 mol eq.) in acetone (300 ml) at RT and the mixture was stirred for 18
hours at RT. Potassium carbonate (50.23 g, 363.43 mmol) in water (50 ml) was added to the
reaction mixture resulting in the precipitation of a white crystalline solid (zinc chloride and
potassium carbonate). The mixture was vacuum filtered, the precipitate washed with
dichloromethane (4 x 100 ml) and the solvent evaporated to yield a viscous oil. This oil was
dissolved in dichloromethane (200 ml) and washed with water (2 x 75 ml). The organic layer
was separated and washed with brine (150 ml), dried and evaporated to give a white solid. The
crude product was recrystallised from ethyl acetate (60 ml) and petroleum ether (300 ml) to
give 1,2,5,6-di-O-isopropylidene-D-mannii{@) as a white solid (18.76 g, 43%).
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Physical properties:

Vma/cm™: 3288, 2987, 1371, 1208, 1157, 1065

Oy (500 MHz, CDCY): 4.21 (2H, qJ 6.3 Hz), 4.13 (2H, dd] 6.6, 8.5 Hz), 3.98 (2H, dd,
J5.65, 8.5 Hz), 3.76 (2H, §,6 Hz), 2.55 (2H, dJ 6.3 Hz), 1.43
(6H, s), 1.37 (6H, s)

dc (500 MHz, CDCY): 109.39, 76.37(-), 71.29(-), 66.73(+), 26.70(-), 25.18(-), [+ 3,CH
-=CH, CHj]

3.3.2.2 Preparation of ethyl-4,5-O-isopropylidene-(S)-4,5-dihydroxy-2-pentanoate (3)

e

F N

A solution of sodium metaperiodate (18.38 g, 85.92 mmol, 1.20 mol eq.) in water (100 ml) was
added to a stirring solution of sodium carbonate (9.59 g, 90.48 mmol, 1.25 mol eq.) and
1,2,5,6-di-O-isopropylidene-D-mannit@®) (18.76 g, 71.60 mmol) in water (150 ml) at 5 °C
(the temperature was kept below 5 °C). The reaction mixture was allowed to reach RT and
stirred for 1 hour. The mixture was then cooled to 0 °C and triethylphosphonoacetate (34.3 ml,
30.45 g, 136.04 mmol) and potassium carbonate (37.60 g, 272.08 mmol) in water (50 ml) was
added and the mixture stirred for 20 hours at RT. The product was extracted with
dichloromethane (3 x 200 ml) and the combined organic layers were washed with brine (200
ml), dried and evaporated to give a oily residue which was purified by column chromatography
on silica gel eluted with petroleum ether/diethyl ether (5:1) to ejilrgl-4,5-O-isopropylidene-
(S)-4,5-dihydroxy-2-pentanoaf8) (15.10 g, 56%) (109).
Physical properties:
Vma/Cmi™: 2985, 2937, 2875, 1725, 1662
Oy (500 MHz, CDCY): 6.85 (1H, ddJ 5.65, 15.75 Hz), 6.07 (1H, dd,1.6, 15.75 Hz),

4.64 (1H, dd,J 1.25, 6.9 Hz), 4.17 (3H, m including §,7.25

Hz), 3.65 (1H, ddJ 7.55, 8.2 Hz), 1.42 (3H, s), 1.38 (3H, ),

1.27 (3H, t, J7.25 Hz)
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a3

3¢ (500 MHz, CDC)): 165.9, 144.5(-), 122.4(-), 110.1, 74.9(-), 68.7(+), 60.5(+), 26.4(-),
25.6(-), 14.1(-), [+ = CH - = CH, CH]
[a]p?* +40.4 ° (c = 1.09, CHG)

3.3.2.3 Preparation of (R)-3-((S)-2,2-dimethyl-[1,3]-dioxolan-4-yl)-butyric acid ethyl ester

4
s

(@]
(0]
S R v

Methyl lithium (81 ml, 120 mmol, 1.50 M, 2 mol eq.) was added to a stirring solution of 3-
(2,2-dimethyl-(1,3)-dioxolan-4-yl)-acrylic aci(B) (12 g, 60 mmol) in dry diethyl ether (300
ml) at -78°C under nitrogen atmosphere. The reaction mixture was stirred aC-#@ 2%
hours and allowed to reach -6C€. Water was then added (10 ml) and after 5 minutes a
saturated solution of ammonium chloride (80 ml), where upon the temperature rosé@o -40
The cooling bath was removed, the mixture was allowed to red€hahd the reaction was
qguenched with water (100 ml). The organic layer was separated and the aqueous layer
extracted with diethyl ether (2 x 100 ml). The combined organic layers were washed with brine
(2 x 150 ml), dried and evaporated to give a yellow oily residue, which was purified by column
chromatography on silica gel eluted with petroleum ether/diethyl ether (4:1) tR)8e((S)-
2,2-dimethyl-[1,3]-dioxolan-4-yl)-butyric acid ethyl es{@) (9.17 g, 71%) (109).
Physical properties:
Vma/cm™: 2984, 2980, 1732, 1012
34 (500 MHz, CDCY): 4.12 (2H, qJ 7.25 Hz), 3.99 (2H, m), 3.61 (1H,1,6.6), 2.38

(1H, dd,J 4.75, 14.85 Hz), 2.19 (1H, m), 2.11 (1H, dd8.8,

14.8 Hz), 1.38 (3H, s), 1.32 (3H, s), 1.24 (3H] 7,25 Hz), 0.98

(3H, d, J6.6 Hz)

3¢ (500 MHz, CDC)): 172.57, 108.85, 78.74(+), 66.71(-), 60.31(-), 37.51(-), 32.94(+),
26.31(+), 25.19(+), 15.33(+), 14.16(+), [- = §H = CH, CH]
[a]p?% +10.29 ° (c = 2.02, CH@)
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3.3.2.4 Preparation of (R)-3-((S)-2,2-dimethyl-[1,3]-dioxolan-4-yl)-butan-1-ol (5)

e

a3

OH

(R)-3-(©-2,2-Dimethyl-[1,3]dioxolan-4-yl)-butyric acid ethyl estgt) (6.90 g, 31.94 mmol)

in dry THF (30 ml) was added drop-wise over a period of 15 minutes to a suspension of

lithium aluminium hydride (1.46 g, 38.33 mmol) in dry THF (160 ml) under nitrogen

atmosphere at RT. The reaction mixture was refluxed for 1 hour. When TLC showed that no

more starting material was left, the mixture was cooled to RT and carefully quenched with

freshly prepared saturated aqueous sodium sulfate decahydrate (10 ml) until a white precipitate

was formed. This was followed by addition of magnesium sulfate (10 g). The mixture was

stirred vigorously for 10 minutes, filtered through a pad of celite and washed thoroughly with

THF (2 x 50 ml). The combined organic layers were evaporated to give a residue which was

dissolved in a mixture of petroleum ether/diethyl ether (1:1, 150 ml) and triethylamine (2

drops). The solution was dried by stirring for one hour over anhydrous potassium carbonate.

Filtration yielded a solution which was concentrated by evaporation to yield a colourless liquid

of (R)-3-((S)-2,2-dimethyl-[1,3]-dioxolan-4-yl)-butan-14@&l) (4.8 g, 87%) (124).

Physical properties:

Vima/Cmi™: 3423, 2933

oH (500 MHz, CDCI3): 3.99 (2H, m), 3.72 (1H, m), 3.64 (2H, m), 2.08 (1H, broad s),
1.82 (1H, m), 1.64 (1H, m), 1.45-1.37 (4H, m including s), 1.34
(3H, m), 0.97 (3H, dd) 2.55, 6.95 Hz)

3C (500 MHz, CDCI3): 108.75, 79.69(+), 67.20(-), 60.35(-), 35.68(-), 32.81(+), 26.42(+),
25.32(+), 15.17(+), [ = CH + = CH, CH]
[a]p?% +16.1 ° (c = 1.35, CHG); reported as f]p*% +16.8 ° (CHCL)

by Ryosuke et al. (124)

81



a3

UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

3.3.2.5 Preparation of (R)-3-((S)-2,2-dimethyl-[ 1,3]-dioxolan-4-yl)-butyral dehyde (6)

L

O

(R)-3-(-2,2-Dimethyl-[1,3]-dioxolan-4-yl)-butan-1-ol (5) (6.10 g, 35.06 mmol) in
dichloromethane (30 ml) was added to a stirring suspension of pyridinium chlorochromate
(16.07 g, 92.00 mmol) in dichloromethane (500 ml) at RT. The mixture was refluxed for 30
minutes. When TLC indicated that no starting material was left, the mixture was cooled down
and poured into diethyl ether (200 ml), filtered through a pad of silica gel and washed
thoroughly with diethyl ether. The filtrate was evaporated to give a residue which was purified
by column chromatography on silica gel eluted with petroleum ether (BP 40-60 °C)/diethyl
ether (1:1) to give(R)-3-((S)-2,2-dimethyl-[1,3]-dioxolan-4-yl)-butyraldehyd®) as a
colourless oil (3.05 g, 51%) (36).
Physical properties:
Vma/cm™: 2985, 1725, 1215, 1066
34 (500 MHz, CDCY): 9.79 (1H, tJ 1.9 Hz), 4.09 (1H, m), 4.00 (1H, d#i6.6, 8.2 Hz),
3.65 (1H, ddJ 7.3, 8.2 Hz), 2.57 (1H, m), 2.40 (1H, m), 2.29
(1H, m), 1.43 (3H, s), 1.36 (3H, s), 1.01 (3HJ®.9 HZ)

3¢ (500 MHz, CDCY): 201.7(-), 109.1, 78.6(-), 66.3(+), 46.6(+), 30.4(-), 26.2(-), 25.1(-),
15.5(-), [+ = CH, - = CH, CH]
[a]p?% +8.27 ° (c = 1.44, CHG)
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3.3.2.6 Preparation of 5-hexadecylsulfanyl-1-phenyl-1H-tetrazole (8)

S N
WP

N—n

9

1-Bromohexadecang) (16.20 g, 53.05 mmol) was added to a stirring solution of 1-phenyl-
1H-tetrazole-5-thiol (9.69 g, 54.37 mmol) and anhydrous potassium carbonate (15.24 g, 110.27
mmol) in acetone (165 ml). The mixture was vigorously stirred and refluxed for 2%z hours.
When TLC showed that no starting material was left, the inorganic salts were filtered off and
washed with acetone. The acetone solution was evaporated to a small bulk and dissolved in
dichloromethane (150 ml). The solution was washed with water (300 ml), the organic layer
separated and the aqueous layer re-extracted with dichloromethane (2 x 50 ml). The combined
organic phases were washed with water (300 ml), dried and the solvent evaporated to give a
solid. This was dissolved in acetone (50 ml) and diluted with methanol (100 ml). The mixture
was left at ambient temperature for 1 hour and then &C Gor 1 hour. A white solid
crystallised out; this was filtered off and washed with cold acetone/methanol (1:2) to give a
white solid of 5-hexadecylsulfanyl-1-phenyl-1H-tetraz@8)(13.92 g, 63%).

Physical properties:

Vma/CM L 2917, 1501, 1091, 759
m.p. 48-50 °C
34 (500 MHz, CDCY): 7.56 (5H, m), 3.40 (2H, § 7.55 Hz), 1.82 (2H, pend,7.25 Hz),

1.44 (2H, pentJ 6.95 Hz), 1.35-1.24 (24H, m including s), 0.88
(3H, t, J6.95 Hz)

Oc (500 MHz, CDCY): 154.46, 133.82, 129.98(-), 129.70(-), 123.83(-), 33.39(+),
31.88(+), 29.64(+), 29.62(+), 29.60(+), 29.57(+), 29.49(+),
29.39(+), 29.30(+), 29.08(+), 28.99(+), 28.60(+), 22.64(+),
14.04(-), [+ = CH, - = CH, CH]
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3.3.2.7 Preparation of 5-(hexadecane-1-sulfonyl)-1-phenyl-1H-tetrazole (9)

N
N

AN
/
N

O

I
WHY/

15 (o)

N—

A solution of ammonium molybdate (VI) tetrahydrate (18.90 g, 15.31 mmol) in ice ¢Qg H

35% (w/w, 50 ml) was added to a stirring solution of 5-hexadecylsulfanyl-1-pheRyl-1
tetrazole(8) (13.50 g, 33.58 mmol) in THF (150 ml) and IMS (300 ml) af@2and stirred at

RT for 2 hours. A further solution of ammonium molybdate (VI) tetrahydrate (7.20 g, 5.83
mmol) in ice cold HO, 35% (w/w, 20 ml) was added and the mixture was stirred at RT for 18
hours. The mixture was poured into 3 L of water and extracted with dichloromethane (3 x 400
ml). The combined organic phases were washed with water (2 x 500 ml), dried and the solvent
was evaporated. The residue was dissolved in methanol (200 ml) and the mixture left at RT for
1 hour and then at ©C for 1 hour. A white solid crystallised out; this was filtered off and
washed with cold methanol to give a white solidsefhexadecane-1-sulfonyl)-1-phenyl-1H-
tetrazole(9) (12.42 g, 80%).

Physical properties:

Vma/cm™: 2918, 1470, 1343, 1154, 770
m.p. 65-67 °C
o (500 MHz, CDCY): 7.70 (2H, m), 7.61 (3H, m), 3.73 (2H, distorted t7.85 Hz),

1.96 (2H, m), 1.50 (2H, penfl 6.95 Hz), 1.34-1.25 (24H, m
including s), 0.89 (3H, t, 8.9 Hz)

dc (500 MHz, CDCY): 153.56, 133.11, 131.39(+), 129.66(+), 125.09(+), 56.06(-),
31.89(-), 29.65(-), 29.64(-), 29.62(-), 29.59(-), 29.52(-), 29.42(-),
29.31(-), 29.16(-), 28.87(-), 28.12(-), 22.64(-), 21.92(-), 14.05(+),
[-=CH,, + = CH, CH]
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3.3.2.8 Preparation of (S)-2,2-dimethyl-4-((R)-1-methyl-nonadecyl)-[1,3]-dioxolane (10)

A

P N

17

9

ile)

Lithium bis(trimethylsilyl)amide (27 ml, 28.60 mmol, 1.06 M) was added drop-wise to a
stirring solution of R)-3-(S)-2,2dimethyl-[1,3]-dioxolan-4-yl)-butyraldehydés) (3.05 g,

17.73 mmol) and 5-(hexadecane-1-sulfonyl)-1-phemiAtdtrazole(9) (9.30 g, 20.17 mmol) in

dry THF (130 ml) under nitrogen at -°€. The reaction mixture was allowed to reach RT and
stirred for 16 hours, then quenched with water (100 ml) and petroleum ether/diethyl ether (1:1,
100 ml). The organic layer was separated and the aqueous layer re-extracted with petroleum
ether/diethyl ether (1:1, 2 x 50 ml). The combined organic layers were washed with brine (2 x
100 ml), dried and evaporated to give a thick oil which was purified by column
chromatography on silica gel eluting with petroleum ether/diethyl ether (10:0.5) t¢S)ive
2,2-dimethyl-4-((E,Z)-(R)-1-methyl-nonadec-3-enyl)-[1,3]-dioxolégn&8 g, 77%).

Palladium on charcoal (10%, 1.20 g) was added to a stirring solutid®)-Bf2¢dimethyl-4-
((E,2-(R)-1-methyl-nonadec-3-enyl)-[1,3]-dioxolane (5.18 g, 13.63 mmol) in IMS (125 ml)
and methanol (30 ml). The mixture was stirred while being hydrogenated under hydrogen
atmosphere. When no more hydrogen was absorbed the mixture was filtered through a pad of
celite and washed with warmed ethyl acetate (100 ml). The clear colourless filtrate was
evaporated at 14 mm Hg to give a white solid®)F2,2-dimethyl-4-((R)-1-methyl-nonadecyl-
[1,3]-dioxolane(10) (5.18 g, 99%).
Physical properties:
Vma/cm™: 2919, 2851, 1467, 1076, 856
34 (500 MHz, CDCY): 4.01 (1H, dd) 5.95, 7.55 Hz), 3.87 (1H, d,7.2 Hz), 3.61 (1H,
t, J 7.55 Hz), 1.55 (1H, m), 1.41 (3H, s), 1.36 (3H, s), 1.34-1.20
(33H, m including s), 1.09 (1H, m), 0.97 (3H,J6.6 Hz), 0.89
(3H, t, J6.6 HZ)
dc (500 MHz, CDCY): 108.50, 80.42(-), 67.82(+), 36.51(-), 32.76(+), 31.93(+),
29.87(+), 29.69(+), 29.66(+), 29.64(+), 29.61(+), 29.36(+),
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26.99(+), 26.64(-), 25.54(-), 22.68(+), 15.61(-), 14.09(-), [+ =
CH,, - = CH, CH]
reported as +23.01 {c = 0.62, CHCJ)

a3

3.3.2.9 Preparation of (2S,3R)-3-methyl-henicosane-1,2-diol (11)

H

MOH

17

o

p-Toluenesulfonic acid (0.48 g, 2.51 mmol, 1.90 mol eq.) was added to a stirring solution of
(9-2,2-dimethyl-4-(R)-1-methyl-nonadecyl)-[1,3]-dioxolan€l0) (5.04 g, 13.19 mmol) in
THF (35 ml), methanol (50 ml) and water (5 ml) at RT. The reaction mixture was refluxed for

3% hours. When TLC showed that no starting material was left, the solvent was evaporated and

the residue diluted with petroleum ether/diethyl ether (1.1, 150 ml). Then a solution of

saturated sodium bicarbonate (50 ml) was added, the organic layer separated and the aqueou:s

layer re-extracted with diethyl ether (2 x 300 ml). The combined organic layers were washed

with brine (250 ml), dried and evaporated to give a white solid2&,3R)-3-methyl-
henicosane-1,2-didl1) (4.58 g, >99%).

Physical properties:
Vma/Cm'™:

m.p.

& (500 MHz, CDCY):

8¢ (500 MHz, CDCY):

[a]p?

3420

67-68 °C
3.69 (1H, m), 3.59 (2H, m), 2.04 (1H,34.1 Hz), 1.95 (1H, dd,
J 4.8, 7.0 Hz), 1.57 (1H, m), 1.28 (34 H, m), 0.95 (3HJ d,0
Hz), 0.90 (3H, t, ¥.0 Hz)
75.75(-), 65.15(+), 35.71(-), 32.98(+), 31.91(+), 29.85(+),
29.69(+), 29.68(+), 29.35(+), 27.10(+), 22.68(+), 14.55(-),
14.10(-), [+ = CH, - = CH, CH]

reported as +12.7 {c = 1.11, CHC}
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3.3.2.10 Preparation of (S)-2-((R)-1-methyl-nonadecyl)-oxirane (12)

a3

M

17

Sodium hydroxide solution (50%, 17.5 ml) was added to a vigorously stirring solution of
(2S3R)-3-methyl-henicosane-1,2-di¢l1l) (4.58 g, 13.39 mmol) and cetrimide (0.50 g) in
dichloromethane (200 ml) at RT. To this, a solutionpdabluenesulfonyl chloride (3.15 g,

16.35 mmol) in dichloromethane (20 ml) was added over 10 minutes. The mixture was stirred
for 30 minutes at RT and when TLC showed that no starting material was left, the mixture was
guenched with water (150 ml). The organic layer was separated and the aqueous layer
extracted with dichloromethane (2 x 50 ml). The combined organic layers were washed with
water (100 ml), dried and evaporated to give a residue which was purified by column
chromatography on silica gel eluting with petroleum ether/diethyl ether (10:0.5) t¢Sgie
((R)-1-methyl-nonadecyl)-oxirar{@2) as a white solid (3.82 g, 88%).

Physical properties:

Vma/CM L 2919, 1473, 1261, 892, 729
m.p. 45-47 °C
34 (500 MHz, CDCY): 2.78 (1H, dd, 3.8, 4.75 Hz), 2.68 (1H, m), 2.54 (1H, dd2.8,

5.0 Hz), 1.32-1.24 (35H, m including s), 1.03 (3HJd& Hz),
0.89 (3H, t, 1.6 Hz)

5c (500 MHz, CDCY):  57.17(-), 47.03(+), 36.23(), 33.57(+), 31.92(+), 29.87(+),
20.69(+), 29.65(+), 29.63(+), 29.58(+), 29.36(+), 27.12(+),
22.68(+), 17.13(-), 14.11(-), [+ = GH = CH, CH]

[a]p?% reported as +0.3 {c = 1.01, CHC}))
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a3

3.3.2.11 Preparation of 6-bromo-hexan-1-ol

/\/\/\/OH
Br

HBr (48%, 44.51 g, 30 ml, 0.55 mol) was added to a stirring solution of 1,6-hexanediol (25 g,
0.21 mol) in toluene (300 ml). The mixture was refluxed overnight, cooled down and the
toluene was evaporated. A saturated solution of NafH@@ ml) was added and the mixture
was extracted with dichloromethane (3 x 150 ml). The combined organic layers were dried and
evaporated, the product was purified by column chromatography on silica gel eluting with
petroleum ether/diethyl ether (5:1, then 1:1) to give 6-bromohexarfZb@3 g, 71%) (108).
Physical properties:
Vma/cm™: 3357, 2937, 1638, 1054
oy (500 MHz, CDCY): 3.56 (2H, t,J 6.6 Hz), 3.36 (2H, t) 6.95 Hz), 2.63 (1H, s), 1.82
(2H, pent,J 6.95 Hz), 1.51 (2H, pend, 6.95 Hz), 1.41 (2H, pent,
J6.95 Hz), 1.33 (2H, m)
dc (500 MHz, CDCY): 62.27(+), 33.74(+), 32.53(+), 32.23(+), 27.75(+), 24.76(+), [+ =
CHy, - = CH, CH]

3.3.2.12 Preparation of 1-bromo-6-tetrahydropyranyloxynonane

/\/\/\/0
Br

3,4-Dihydro-H-pyran (26.50 g, 0.32 mol, 2.1 mol eq.) and pyridinipiteluene sulfonate (3

g) were added to a stirring solution of 6-bromo-hexan-1-ol (26.80 g, 0.15 mol) in dry

dichloromethane (250 ml) under nitrogen at RT. The reaction was stirred at RT for 3 hours.
When TLC showed that no starting material was left, the reaction mixture was filtered through
a pad of silica gel and washed with dichloromethane (200 ml). The dichloromethane was
evaporated and the residue purified by column chromatography on silica gel eluted with
petroleum ether/diethyl ether (9:1) to gi¥ebromo-6-tetrahydropyranyloxynonar@8.08 g,

93%) (108).
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Physical properties:

Vma/cm™: 2939, 2865, 1440, 1120

3u (500 MHz, CDCY): 4.54 (1H, m), 3.83 (1H, m), 3.71 (1H, ddd6.6, 9.45, 16.4 Hz),
3.47 (1H, m), 3.38 (2H, 11 6.6 Hz), 3.34 (1H, m), 1.89-1.76 (3H,
m), 1.71-1.64 (1H, m), 1.60-1.33 (10H, m)

8c (500 MHz, CDCY): 98.73(-), 67.25(+), 62.21(+), 33.70(+), 32.63(+), 30.65(+),
29.43(+), 27.88(+), 25.34(+), 25.35(+), 19.57(+), [+ =,CH=
CH, CHy]

3.3.2.13 Preparation of (8R,9R)-9-methyl-1-(tetrahydropyran-2-yloxy)-heptacosan-8-ol (13)

H

A solution of 1-bromo-6-tetrahydropyranyloxynonane (9.38 g, 35.39 mmol) in dry THF (25

—anllQ

ml) was added drop wise to a suspension of magnesium turnings (1.70 g, 70.83 mmol) in dry
THF (30 ml) under nitrogen. The mixture was refluxed for 1 hour, then cooled down to RT and
added drop wise to a stirring solution of purified copper iodide (0.59 g, 3.11 mmol) in dry THF
(40 ml) at -30 °C. After 30 min a solution 09{2-((R)-1-methyl-nonadecyl)-oxiran¢l2)
(3.82 g, 11.79 mmol) in dry THF (30 ml) was added drop-wise. The reaction mixture was
stirred for another 2 % hours, then allowed to reach RT and stirred overnight. The mixture was
guenched with saturated aqueous ammonium chloride (100 ml) and extracted with diethyl ether
(3 x 200 ml). The combined organic layers were washed with brine (250 ml), dried and
evaporated to give a colourless oil which was purified by column chromatography on silica gel
eluted with petroleum ether/diethyl ether (9:1 changing to 3:1, 2:1 and 1:1) t(8Bi9R)-9-
methyl-1-(tetrahydropyran-2-yloxy)-heptacosan-&sla colouless oil (134.45 g, 74%).
Physical properties:
Vma/cm™: 3450, 2921, 2851, 1465, 1033
Oy (500 MHz, CDCY)): 4.57 (1H, m), 3.87 (1H, m), 3.73 (1H, ddd6.9, 9.75, 16.7 Hz),

3.39 (2H, m), 3.38 (1H, ddd,6.6, 9.45, 16.05 Hz), 1.83 (1H, m),

1.72 (1H, m), 1.63-1.49 (6H, m), 1.42 (4H, m), 1.33 (7H, m),
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1.29-1.20 (33H, m including s), 0.88 (3HJt6.6 Hz), 0.85 (3H,
d, J6.65 Hz)

3¢ (500 MHz, CDCJ): 98.80(-), 75.13(-), 67.61(+), 62.27(+), 38.17(-), 34.43(+),
33.33(+), 31.90(+), 30.75(+), 29.24(+), 29.71(+), 29.67(+),
20.63(+), 29.44(+), 29.33(+), 27.40(+), 26.21(+), 26.18(+),
25.48(+), 22.66(+), 22.58(+), 19.66(+), 14.08(-), 13.54(-), [+ =
CH,, - = CH, CH]

[a]p?% reported as +9.15 (c = 1.28, CHI

a3

3.3.2.14 Preparation of 2-((8R,9R)-8-methoxy-9-methyl-heptacosyl oxy)-tetrahydropyran
(14)

N

Sodium hydride (1.42 g, 58.1 mmol, 60% dispersion) was washed with petroleum ether (3 x 20

—annllQ

ml) and then suspended in dry THF (35 ml). The suspension was cooled to 5 R &R)-8
methyl-1-(tetrahydropyran-2-yloxy)-heptacosan-84d) (4.45 g, 8.73 mmol) in THF (35 ml)

was added over 5 minutes. After 15 minutes methyl iodide (7.31 g, 51.5 mmol) was added. The
mixture was stirred for 16 hours at RT. When TLC showed that no starting material was left,
saturated ammonium chloride solution (50 ml) was added carefully followed by the addition of
diethyl ether (100 ml). The organic layer was separated and the aqueous layer re-extracted with
petroleum ether/diethyl ether (1:1, 2 x 50 ml). The combined organic layers were washed with
brine (2 x 80 ml), dried and evaporated to give a residue which was purified by column
chromatography on silica gel eluted with petroleum ether/diethyl ether (10:2) to2give
((BR,9R)-8-methoxy-9-methyl-heptacosyloxy)-tetrahydrop{tdh as a pale yellow oil (3.83

g, 84%).

Physical properties:

Vma/Cmi™: 2928, 2846, 1077

34 (500 MHz, CDC}): 4.60 (1H, tJ 2.3 Hz), 3.80 (1H, m), 3.74 (1H, d,7, 9.45 Hz),

3.52 (1H, m), 3.40 (1H, dt] 6.6, 9.45 Hz), 3.35 (3H, s), 2.97
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(1H, m), 1.90-1.82 (1H, m), 1.76-1.70 (1H, m), 1.68-1.50 (6H,
m), 1.45-1.25 (44H, m), 1.10 (1H, m), 0.91 (3H] ¥, Hz), 0.86
(3H, d, J6.65 Hz)

Oc (500 MHz, CDC)): 98.84, 85.43, 67.67, 62.30, 57.70, 35.30, 32.35, 31.91, 30.82,
30.47, 30.01, 29.89, 29.76, 29.70, 29.67, 29.50, 29.42, 27.59,
26.20, 26.14, 25.48, 22.17, 19.70, 14.89, 14.13, [+ 3,CH
CH, CHy

[a]p?% reported as +8.76 {c = 1.45, CHCJ)

a3

3.3.2.15 Preparation of (8R,9R)-8-methoxy-9-methyl-heptacosan-1-ol (15)

™~

MOH
17

7

e}

p-Toluenesulfonic acid monohydrate (0.36 g, 1.89 mmol) was added to a stirring solution of 2-
((8R,R)-8-methoxy-9-methyl-heptacosyloxy)-tetrahydro-pyfad) (3.80 g, 7.25 mmol) in

THF (20 ml), methanol (70 ml) and water (1 ml) at RT. The reaction mixture was refluxed for
30 min. When TLC showed that no starting material was left, the solution was evaporated to
approximately half of the volume and diluted with a saturated solution of sodium bicarbonate
(50 ml). A mixture of petroleum ether/diethyl ether (1:1, 150 ml) was added and extracted. The
organic layer was separated and the aqueous layer re-extracted with petroleum ether/diethyl
ether (1:1, 2 x 50 ml). The combined organic layers were washed with brine (100 ml), dried
and evaporated to give a residue which was purified by column chromatography on silica gel
eluted with petroleum ether/diethyl ether (5:2) to gi{8R,9R)-8-methoxy-9-methyl-
heptacosan-1-0[15) as a colourless liquid, which solidified later (3.23 g, 97%).

Physical properties:

Vmadcm'®: 3463, 2912, 2846, 1078

m.p. 33-35°C

3 (500 MHz, CDC}): 3.63 (2H, tJ 6.6 Hz), 3.33 (3H, s), 2.95 (1H, m), 1.54 (4H, m),
1.45-1.20 (44H, m including s), 0.88 (3H,J16.3 Hz), 0.84 (3H,
d, J6.9 Hz)
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3¢ (500 MHz, CDCY): 85.46(-), 62.94(+), 57.66(), 35.37(), 32.78(+), 32.35(+),
31.91(+), 30.49(+), 29.97(+), 29.86(+), 29.68(+), 29.63(+),
20.42(+), 29.33(+), 27.56(+), 26.09(+), 25.71(+), 22.66(+),
14.87(-), 14.05(-), [+ = Chi - = CH, CHj]

[a]p?®: +9.88 °, (c = 1.29, CHG); reported as f]p*% +11.05° (c =
1.19)

a3

3.3.2.16 Preparation of (8R,9R)-8-methoxy-9-methyl-heptacosanal (16)

N

QO

17 H O

(8R,9R)-8-Methoxy-9-methyl-heptacosan-1{@b) (3.1 g, 7.05 mmol) in dichloromethane (30
ml) was added to a stirring suspension of pyridinium chlorochromate (3.8 g, 17.6 mmol) in
dichloromethane (200 ml) at RT. The mixture was stirred vigorously and refluxed for 3 hours.
When TLC showed that no starting material was left, the mixture was cooled down and poured
into diethyl ether (200 ml) and filtered through a pad of silica gel, washed with diethyl ether
and the filtrate evaporated to give a residue that was purified by column chromatography on
silica gel eluted with petroleum ether/diethyl ether (10:1) to (R 9R)-8-methoxy-9-methyl-
heptacosana(16) as a colourless liquid (2.31 g, 75%).
Physical properties:
Vma/cm™: 2924, 2850, 1729, 1465, 1097
Oy (500 MHz, CDCY): 9.78 (1H, s), 3.40 (3H, s), 2.96 (1H, m), 2.44 (2H, 1,25 Hz),

1.65 (4H, m), 1.45-1.25 (40H, m), 1.10 (1H, m), 0.88 (3H, t,

6.3 Hz), 0.85 (3H, d, 8.6 Hz)

Oc (500 MHz, CDCY): 202.88, 85, 50, 57.70, 43.91, 35.29, 32.25, 30.00, 29.72, 29.66,
29.63, 29.17, 27.58, 25.97, 22.69, 22.10, 14.94, 14.11, [+ CH
- =CH, CH]

[a]p?% reported as +11.6 fc = 1.16, CHC})
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3.3.2.17 Preparation of 8-bromo-octan-1-ol (18)

9

/\/\/\/\/Br
HO

HBr (48%, 34.79 g, 25 ml, 0.43 mol) was added to a stirring solution of 1,8-octanedi{2%17)

g, 0.17 mol) in toluene (350 ml). The mixture was refluxed overnight, cooled down and the
toluene was evaporated. A saturated solution of NafH@@ ml) was added and the mixture
was then extracted with dichloromethane (3 x 150 ml). The combined organic layers were
dried and evaporated and the product was purified by column chromatography on silica gel
eluted with petroleum ether/diethyl ether (1:2) to dgdveromo-octan-1-0(18) (21.2 g, 59%)

(108).

Physical properties:

Vmadcm™: 3353, 2928, 2855,

34 (500 MHz, CDCY): 3.59 (2H, m), 3.38 (2H, m), 1.84 (2H, m), 1.54 (2H, m), 1.42 (2H,
m), 1.32 (6H, broad s)

¢ (500 MHz, CDCJ): 62.72(+), 33.82(+), 32.69(+), 32.58(+), 29.11(+), 28.60(+),

27.99(+), 25.54(+), [+ = Ck- = CH, CH]

3.3.2.18 Preparation of 2,2-dimethyl-propionic acid 8-bromo-octyl ester (19)

e

(0) 8 Br

A solution of trimethyl acetyl chloride (14.47 g, 120 mmol, 1.20 mol eq.) in dichloromethane
(45 ml) was added over 15 minutes to a stirring solution of bromo al¢®8po(21 g, 100

mmol), triethylamine (42 ml, 300 mmol, 3 mol eq.) and 4-dimethylaminopyridine (0.25 g, 2
mmol) in dichloromethane (160 ml). The reaction mixture was stirred overnight at RT. Diluted
hydrochloric acid (150 ml, 5%) was added and the organic layer separated and washed with
diluted hydrochloric acid (1 x 100 ml) and then with brine (2 x 200 ml), dried and evaporated.
The residue was dissolved in petroleum ether (200 ml), filtered through a pad of silica gel and

washed with petroleum ether (50 ml). The silica gel pad was washed with petroleum
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ether/diethyl ether (1:1, 150 ml) and the solvent evaporated to give 2,2-dimethyl-propionic acid

a3

8-bromo-octyl estef19) as a colourless oil (26.09 g, 89%).

Physical properties:

Vmadcm™: 2930, 2857, 1810, 1728

34 (500 MHz, CDC}): 4.03, (2H, tJ 6.6 Hz), 3.38 (2H, t) 6.65 Hz), 1.84 (2H, pend,
6.95 Hz), 1.61 (2H, m), 1.42 (2H, m), 1.32 (6H, m), 1.18 (9H, s)

¢ (500 MHz, CDC}): 178.45, 64.25(-), 38.64, 33.71(-), 32.69(-), 28.94(-), 28.55(-),

28.51(-), 27.98(-), 27.13(+), 26.44(+), 25.73(-), 22.53(+), [- =
CH,, + = CH, CH]

3.3.2.19 Preparation of 5-(1-octanolpivalate-8-sulfanyl)-1-phenyl-1H-tetrazol e (20)
o]
S N
)%kokﬁv N,
N\N//

2,2-Dimethyl-propionic acid 8-bromo-octyl est€r9) (26 g, 88.73 mmol) was added to a
stirring solution of 1-phenylH-tetrazole-5-thiol (17.40 g, 97.63 mmol, 1.10 mol eq.) and
anhydrous potassium carbonate (25.80 g, 186.67 mmol, 2.1 mol eq.) in acetone (300 ml) and
stirred overnight at RT. When TLC showed no starting material was left, the mixture was
added to water (1L) and extracted with dichloromethane (1 x 150 ml, 2 x 25 ml). The
combined organic layers were washed with brine (2 x 200 ml), dried and evaporated to give a
dark yellow oil which was purified by column chromatography on silica gel eluted with
petroleum ether/diethyl ether (7:2.5) to giBe(1-octanolpivalate-8-sulfanyl)-1-phenyl-1H-
tetrazole (20)(31 g, 90%).
Physical properties:
Vima/Cmi™: 2931, 2856, 1725
Oy (500 MHz, CDCY): 7.55 (5H, m), 4.02 (2H, ] 6.65 Hz), 3.37 (2H, tJ 7.55 Hz),

1.81 (2H, pent) 7.25 Hz), 1.59 (2H, m), 1.43 (2H, m), 1.31 (6H,

m), 1.17 (9H, s)
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3¢ (500 MHz, CDCY): 178.51, 154.38, 133.65, 129.97(+), 129.67(+), 123.74(+),
64.23(), 38.62, 33.20(-), 28.96(-), 28.92(-), 28.79(-), 28.45(-),
28.44(-), 27.11(+), 25.70(-), 22.52(+), 14.23(+), 11.33(+), [- =
CH,, + = CH, CH]

a3

3.3.2.20 Preparation of 5-(1-octanolpivalate-8-sulfonyl)-1-phenyl-1H-tetrazole (21)
0 0
/H\/!
TN,
© V,
N\N/

A solution of ammonium molybdate(VI)tetrahydrate (24.50 g, 19.88 mmol) in ice ¢@d H

35% (w/w, 48 ml) was added to a stirring solution of 5-(1-octanolpivalate-8-sulfanyl)-1-

phenyl-H-tetrazole(20) (15.54 g, 39.75 mmol) in THF (225 ml) and IMS (420 ml) at 10 °C

and stirred at RT for 2 hours. A further solution of ammonium molybdate(Vl)tetrahydrate

(12.90 g) in ice cold D, 35% (w/w, 30 ml) was added and the mixture was stirred overnight

at RT. The mixture was poured into water (L)&nd extracted with dichloromethane (1 x 200

ml, 3 x 30 ml). The combined organic layers were washed with water (1 x 500 ml), dried and

evaporated to give a colourless oil which was purified by column chromatography on silica gel

eluted with petroleum ether/diethyl ether (3:1, changing to 2:1 and then to 1:1) t6-{ive

octanolpivalate-8-sulfonyl)-1-phenyl-1H-tetrazole (21%.93 g, 89%).

Physical properties:

Vima/Cmi™: 2934, 2860, 1723

Oy (500 MHz, CDCY): 7.69 (2H, m), 7.61 (3H, m), 4.04 (2H,1,6.6 Hz), 3.73 (2H,
distorted tJ 7.85 Hz), 1.95 (2H, m), 1.61 (2H, m), 1.50 (2H, m),
1.34 (6H, m), 1.19 (9H, s)

dc (500 MHz, CDCY): 178.53, 153.42, 132.97, 131.39(+), 129.64(+), 125.00(+),
64.19(-), 55.87(-), 38.65, 28.72(-), 28.45(-), 27.97(-), 27.13(+),
25.68(-), 21.87(-), 15.20(+), [- = GH+ = CH, CH]
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3.3.2.21 Preparation of 2,2-dimethyl-propionic acid-(16R,17R)-16-methoxy-17-methyl-
pentatriacontyl ester (22)

9

N

MO
17 :

15

flile]

Lithium bis(trimethylsilyl)amide (9.88 ml, 10.50 mmol, 1.06 M) was added drop-wise to a
stirring solution of (8R,9R)-8-methoxy-9-methyl-heptacos46p(2.30 g, 5.24 mmol) and 5-
(1-octanolpivalate-8-sulfonyl)-1-phenyHttetrazole (21) (3.32 g, 7.86 mmol) in dry THF
(100 ml) under nitrogen at <Z. The reaction mixture was allowed to reach RT and stirred for
16 hours, then quenched with saturated solution of ammonium chloride (50 ml) and petroleum
ether/diethyl ether (1:1, 100 ml). The organic layer was separated and the aqueous layer re-
extracted with petroleum ether/diethyl ether (1:1, 2 x 50 ml). The combined organic layers
were washed with brine (2 x 100 ml), dried over magnesium sulfate and evaporated to give a
thick oil, which was purified by column chromatography on silica gel eluted with petroleum
ether/diethyl ether (10:0.3) to gi{&/Z)-2,2-dimethyl-propionic acid-(16R, 17R)-16-methoxy-
17-methyl-pentatriacont-8-enyl est&s a colourless liquid (2.65 g, 80%).
Physical properties:
oy (500 MHz, CDCY): 5.39 (1H, m), 5.35 (1H, m), 4.05 (2H,Jt6.6 Hz), 3.34 (3H, s),
2.96 (1H, m), 1.99 (4H, m), 1.63 (4H, m), 1.37-1.24 (48 H, m
including s), 1.20 (9H, s), 0.88 (3H,Jt6.95 Hz), 0.85 (3H, d]
6.9 Hz)
dc (500 MHz, CDCY): 178.56, 130.41(-), 130.21(-), 85.45(-), 64.41(+), 57.68(-), 38.70,
35.38(-), 32.57(+), 32.53(+), 32.39(+), 31.92(+), 30.52(+),
29.69(+), 29.35(+), 29.17(+), 29.07(+), 29.00(+), 28.62(+),
27.58(+), 27.20(-), 26.14(-), 25.87(+), 22.67(+), 14.88(-),
14.07(-), [+ = CH, - = CH, CH]

Palladium on charcoal (10%, 0.70 g) was added to a stirring soluti(E/2)f2,2-dimethyl-
propionic acid-(16R, 17R)-16-methoxy-17-methyl-pentatriacont-8-enyl ¢2t60 g, 4.11
mmol) in IMS (100 ml) and ethyl acetate (25 ml). The mixture was stirred while being

hydrogenated under hydrogen atmosphere. When no more hydrogen was absorbed the mixture
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was filtered through a pad of celite and washed with warmed ethanol (100 ml). The clear

a3

colourless filtrate was evaporated to give a white soli@,2fdimethyl-propionic acid-(16R,
17R)-16-methoxy-17-methyl-pentatriacontyl e§22) as a colourless oil (2.36 g, 91%).

Physical properties:

Vma/cm™: 2922, 2852, 1731, 1155

3y (500 MHz, CDCY): 4.04 (2H, tJ 6.65 Hz), 3.34 (3H, s), 2.95 (1H, m), 1.33-1.23 (56
H, m including s), 1.19 (9H, s), 0.88 (3HJ1%.95 Hz), 0.85 (3H,
d, J6.9 Hz)

3¢ (500 MHz, CDCY): 178.56, 85.44(-), 64.43(+), 57.67(-), 38.70, 35.37(-), 32.40(+),

31.91(+), 30.51(+), 29.96(+), 29.92(+), 29.68(+), 29.55(+),
29.51(+), 29.34(+), 29.22(+), 28.62(+), 27.56(+), 27.18(),
26.16(+), 25.90(+), 22.66(+), 20.97(), 14.86(.), 14.17(-),
14.07(-), [+ =CH, - = CH, CH]

[a]p?* +6.08 °, (c = 1.19, CHG); reported as §] p*% +6.8 ° (c = 1.49,
CHC)

3.3.2.22 Preparation of (16R,17R)-16-methoxy-17-methyl-pentatriacontan-1-ol (23)

N

MOH
17 s

e}

Potassium hydroxide (0.84 g, 14.97 mmol) in methanol (20 ml) was added to a stirring solution
of (16R,1MR)-1-tert-butoxy-16-methoxy-17-methyl-pentatriacontgi2@) (2.35 g, 3.71 mmol)

in THF (50 ml) at RT. The reaction mixture was stirred overnight at 40 °C. When TLC showed
that no starting material was left, the reaction was quenched with water (100 ml) and a mixture
of petroleum ether/diethyl ether (1:1, 100 ml). The organic layer was separated and the
aqueous layer re-extracted with petroleum ether/diethyl ether (2 x 50 ml). The combined
organic layers were washed with brine (60 ml), dried and evaporated to give a white solid
which was purified by column chromatography on silica gel eluted with petroleum
ether/diethyl ether (2:1) to give a white solid @16R,17R)-16-methoxy-17-methyl-
pentatriacontan-1-0(23) (1.81 g, 89%).
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Physical properties:

Vma/cm™: 3373, 2921, 1098, 1076
m.p. 46-48 °C
o (500 MHz, CDCY): 3.65 (2H, gqJ 6.6 Hz), 3.35 (3H, s), 2.96 (1H, m), 1.64 (1H, m),

1.58, (6H, pent, J 6.9 Hz), 1.4-1.24 (54H, m including s), 1.10
(1H, m), 0.89 (3H, t &.95 Hz), 0.85 (3H, d, 6.95 Hz)

3¢ (500 MHz, CDCJ): 85.45(-), 63.10(+), 57.71(), 35.30(-), 32.81(+), 32.34(+),
31.92(+), 30.46(+), 29.98(+), 29.93(+), 29.69(+), 29.60(+),
20.42(+), 29.36(+), 27.56(+), 26.16(+), 25.73(+), 22.68(+),
14.88(-), 14.11(-), [+ = Ch - = CH, CH]

[a]p?* +7.76 °, (c = 1.03, CHG); reported as §]p*% +7.9 ° (c = 1.40,
CHCL)

3.3.2.23 Preparation of (16R,17R)-1-bromo-16-methoxy-17-methyl-pentatriacontane (24)

™~

ME‘W
17

15

il|[e)

N-Bromosuccinimide (0.75 g, 4.21 mmol, 1.3 mol eg.) was added in portions over 15 minutes
to a stirring solution of (18,11R)-16-methoxy-17-methyl-pentatriacontan-1¢(28) (1.80 g,

3.26 mmol) and triphenylphosphine (0.94 g, 3.58 mmol, 1.1 mol eq.) in dichloromethane (50
ml) at O °C. The reaction mixture was stirred at RT for 1 hour. When TLC showed that no
starting material was left, the reaction was quenched with saturated solution of sodium meta-
bisulfite (50 ml). The organic layer was separated and the aqueous layer re-extracted with
dichloromethane (2 x 30 ml). The combined organic layers were washed with water, dried and
evaporated to give a residue which was treated with a mixture of petroleum ether/diethyl ether
(2:1, 100 ml). The mixture was refluxed for 30 minutes. The triphenylphosphine oxide was
filtered off and washed with petroleum ether/diethyl ether (50 ml). The filtrate was evaporated
and the residue was purified by column chromatography on silica gel eluted with petroleum
ether/diethyl  ether (10:0.2) to give (16R,17R)-1-bromo-16-methoxy-17-methyl-
pentatriacontan€24) as a white solid (1.65 g, 82%).
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Physical properties:

Vma/cm™: 2929, 2849, 1099,717
m.p. 38-40 °C
o (500 MHz, CDCY): 3.42 (2H, tJ 6.9 Hz), 3.35 (3H, s), 2.96 (1H, m), 1.86 (2H, pent,

J 6.95 Hz), 1.64 (1H, m), 1.45-1.2 (60 H, m including s), 0.89
(3H, 1, J6.6 Hz), 0.85 (3H, d, 6.95 Hz)

3¢ (500 MHz, CDCJ): 85.44(-), 57.71(-), 35.29(-), 34.06(+), 32.84(+), 32.34(+),
31.92(+), 30.46(+), 29.98(+), 29.93(+), 29.70(+), 29.62(+),
20.54(+), 29.44(+), 29.36(+), 28.77(+), 28.18(+), 27.57(+),
26.16(+), 22.69(+), 14.89(-), 14.12(-), [+ = €H= CH, CH]

[a]p?® +5.98 °, (c = 1.06, CHG); reported as f]p*% +6.5° (c = 1.16,
CHCly)

3.3.2.24 Preparation of 5-((16R,17R)-16-methoxy-17-methyl-pentatriacontyl-1- sulfanyl)-1-
phenyl-1H-tetrazole (25)

ilile)

My

(16R,1R)-1-Bromo-16-methoxy-17-methyl-pentatriacontgi2d) (1.60 g, 2.60 mmol) was

added to a stirring solution of 1-phenytetrazol-5-thiol (0.51 g, 2.86 mmol) and potassium
carbonate (1.44 g, 10.42 mmol) in acetone (60 ml) at RT. After 23 hours of stirring, TLC still
showed that starting material was left. A further amount of 1-phettkefrazol-5-thiol (0.2 g)

was added and the mixture was stirred overnight at RT. Then the solvent was evaporated and
the residue diluted with a mixture of petroleum ether/diethyl ether (1:1, 150 ml) and water (100
ml). The organic layer was separated and the aqueous layer re-extracted with petroleum
ether/diethyl ether (2 x 50 ml). The combined organic layers were dried and evaporated to give

a pale yellow viscous oil which was purified by column chromatography on silica gel eluting
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with petroleum ether/diethyl ether (10:1) to give((16R,17R)-16-methoxy-17-methyl-
pentatriacontyl-1-sulfanyl)-1-phenyl-1H-tetraz@®5) as colourless viscous oil (1.65 g, 89%).

a3

Physical properties:

Vma/cm™: 2928, 2861, 1097

34 (500 MHz, CDCY): 7.58 (5H, m), 3.41 (2H, 11 7.25 Hz), 3.35 (3H, s), 2.96 (1H, m),
1.83 (2H, pentJ 7.25 Hz), 1.63 (1H, m), 1.47-1.20 (62H, m
including s), 1.10 (1H, m), 0.89 (3H,X6.65 Hz), 0.85 (3H, d]
6.95 Hz)

dc (500 MHz, CDCY): 130.03(-), 129.75(-), 123.88(-), 85.48(-), 57.72 (-), 35.40(-),
33.42(+), 32.42(+), 31.93(+), 30.54(+), 29.98(+), 29.95(+),
29.70(+), 29.63(+), 29.55(+), 29.44(+), 29.36(+), 29.11(+),
29.04(+), 28.66(+), 27.58(+), 26.19(+), 22.68(+), 14.89(-),
14.10(-), [+ = CH, - = CH, CH]

[a]p™®: +6.79 °, (c = 1.03, CHG); reported as f] p>* +6.18 (c = 1.12,
CHCl)

3.3.2.25 Preparation of 5-((16R,17R)-16-methoxy-17-methyl-pentatriacontane-1-sulfonyl)-
1-phenyl-1H-tetrazole (26)

A solution of ammonium heptamolybdate(VI)tetrahydrate (2.48 g, 2.30 mmol, 1.1 mol eq.) in
ice cold HBO, 35% (w/w, 11 ml) was added to a stirring solution of 5H168R)-16-methoxy-
17-methyl-pentatriacontyl-1-sulfanyl)-1-phenytetrazole(25) (1.62 g, 2.28 mmol) in THF

(30 ml) and IMS (70 ml) at 5 °C and stirred at RT for 1 hour. A further solution of ammonium
heptamolybdate(V)tetrahydrate (1.42 g, 1.15 mmol) in ice cold,F5% (w/w, 5 ml) was
added and the mixture was stirred overnight at RT. Dichloromethane (60 ml) and water (300

ml) was added, the organic layer separated and the aqueous layer re-extracted with
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dichloromethane (2 x 30 ml). The combined organic layers were washed with water, dried and
evaporated to give a residue which was purified by column chromatography on silica gel
eluting with petroleum ether/diethyl ether (10:1) to givg16R,17R)-16-methoxy-17-methyl-
pentatriacontane-1-sulfonyl)-1-phenyl-1H-tetraz(26) as a white solid (1.1 g, 65%).

Physical properties:

VmadCmi™ 2924, 2849, 1343, 1157, 1096
m.p. 42-44.°C
& (500 MHz, CDCY): 7.71 (2H, m), 7.61 (3H, m), 3.74 (2H, distorted {7.85 Hz),

3.34 (3H, s), 2.96 (1H, m), 1.96 (2H, m), 1.63 (1H, m), 1.50-1.20
(63H, m including s), 0.89 (3H, §,6.65 Hz), 0.86 (3H, d] 6.6
Hz)

3¢ (500 MHz, CDCY): 153.56, 133.11, 131.44(-), 129.70(-), 125.10(-), 85.48(-),
57.72(-), 56.07(+), 35.40(), 33.42(+), 32.42(+), 31.93(+),
30.54(+), 29.98(+), 29.95(+), 29.70(+), 29.66(+), 29.57(+),
29.47(+), 29.36(+), 29.19(+), 29.11(+), 28.90(+), 28.66(+),
28.16(+), 27.58(+), 26.19(+), 22.68(+), 21.20(+), 14.89(-),
14.10(-), [+ =CH, - = CH, CH]

[a]p?® +5.46 °, (c = 1.08, CHG); reported as f]p** +5.65 ° (c =
1.90, CHCY)

3.3.2.26 Preparation of cis-cyclopropane-1,2-dicarboxylic acid dimethyl ester (27b)

Sodium methoxide (25.60 g, 0.66 mol) was added to a stirring mixture of methylacrylate (100
ml, 1.54 mol) and methylchloroacetate (41.50 ml, 0.66 mol) in an ice bath at 20-32 °C over 1
hour. The reaction is strongly exothermic. The reaction mixture was stirred at 18-25 °C for 1
hour. Water (150 ml) was added, stirred for 10 minutes and the organic phase washed with
brine (2 x 50 ml) and the combined aqueous phases were re-extracted with dichloromethane (2
x 50 ml). The combined organic phases were dried and the solvent evaporated to give a pale

yellow oil. This oil was distilled at 1 mm Hg, and collected in four fractions. The fractions
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were analysed by GLC. The programme: initial temperature was 80 °C for 1 minute, increase
rate of 20 °C/minute up to 240 °C, and then for 1 minute at 240 °C. The oven temperature was
80 °C. Peaks observed were: at 0.94 minutedréms-ester, at 1.15 minutes tles-ester, at

1.55, 2.20, 1.93, 2.51, 3.09, 4.04 and 5.06 minutes high boiling point impurities. The rough

composition of the different fractions was as follow:

Boiling trans-
Fraction| Yield point ester cis-ester |impurities
1 719 <40 °C 0 0 0.2
2 409 40-70 °C 1.6 2.5 0.2
3 8.73g| 70-80°C 0.1 4.2 0.7
4 12g¢g 80-95 °C 0.02 2.3 15

The fractions containing theis-stereoisomer were separated by column chromatography on
silica gel eluted with petroleum ether/diethyl ether (9:1) to give a colourlesi®il,
cyclopropane-1,2-dicaboxylic acid-dimethylegigrb) (32.74 g, 31%) (68).

Physical properties:

Vma/cm™; 3626, 3003, 2955, 1720

3u (500 MHz, CDCY): 3.70 (6H, s), 2.08 (2H, dd,6.9, 8.5 Hz), 1.70 (1H, ddd,5, 6.6,
13.2 Hz), 1.26 (1H, dt, 8.05, 8.55 Hz)

3c (500 MHz, CDCY): 170.21, 51.98(+), 21.23(+), 11.64(-), [- = £H = CH, CH]

[a]p?® +0.18 ° (c = 1.51, CHG)

3.3.2.27 Preparation of (cis-2-hydroxymethylcyclopropyl)-methanol (28)

HOA/OH

LiAIH 4 (0.2 g) was added to stirring THF (300 ml) at -20 °C under nitrogen to check the
dryness of the THF. Then LIAIH9.00 g, 237.09 mmol, 2 mol eq.) was added. A solution of
cis-cyclopropane-1,2-dicaboxylic acid dimethyl es{grb) (18.73 g, 118.55 mmol) in THF
(100 ml) was added drop-wise at -20 °C and the mixture refluxed for 1 hour. A freshly

prepared saturated solution of sodium sulfate decahydrate (30 ml) was added at -20 °C and
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stirred for 30 minutes at RT. The mixture was filtered through a pad of silica gel, dried and the
solvent evaporated to give a colourless oi{a$-2-hydroxymethylcyclopropyl)-methar{@B)
(11.42 g, 95%) (68).

Physical properties:

VimadCm™: 3320, 3003, 2885

31 (500 MHz, CDC}): 4.09 (2H, m), 3.24 (2H, m), 1.28 (2H, m), 0.80 (1H, m), 0.20
(1H, m)

3¢ (500 MHz, CDC} ): 62.95(+), 17.48(-), 8.49(+), [+ = GH = CH, CHj]

[a]p?®: -0.2 ° (c = 1.15, CHG)

3.3.2.28 Preparation of butyric acid cis-2-butyryloxymethylcyclopropylmethyl ester (29)

A

Butyric anhydride (37.53 g, 237.25 mmol, 2.2 mol eq.) was added cig2-(
hydroxymethylcyclopropyl)-methan@28) (11.00 g, 107.84 mmol). The mixture was refluxed
at 140 °C for 1 hour and then cooled to RT. Dichloromethane (200 ml) and sodium hydroxide
solution (14 g in 200 ml water) were added and then extracted. The aqueous layer was re-
extracted with dichloromethane (2 x 50 ml) and the combined organic layers were washed with
sodium bicarbonate solution (100 ml). The organic phase was dried, the solvent evaporated and
the excess butyric anhydride distilled at high vacuum. The crude product was purified by
column chromatography eluted with petroleum ether/diethyl ether (5:1) to give a colourless oil
of butyric acid cis-2-butyryloxymethylcyclopropylmethyl e§28) (23.69 g, 91%) (68).
Physical properties:
Vima/Cmi™: 2966, 2877, 1725
Oy (500 MHz, CDCY): 4.25 (2H, ddJ 6.9, 11.95 Hz), 3.97 (2H, dd,7.85, 11.95), 2.30

(4H, t,J 7.55 Hz), 1.67 (4H, sexted, 7.25 Hz), 1.33 (2H, m),

0.96 (6H, tJ 7.25 Hz), 0.90 (1H, di] 5.05, 8.2 Hz), 0.35 (1H, q,

J5.65 Hz)
dc (500 MHz, CDCY): 173.52, 64.12(+), 36.15(+), 18.40(+), 14.65(-), 13.59(-), 8.58(+),

[+ = CH,, - = CH, CH]
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[a]p?® +0.2 ° (c = 1.65, CHG)

9

3.3.2.29 Preparation of butyric acid cis-2-hydroxymethylcyclopropylmethyl ester (30)

A

o

Lipase (1 g, PPL (Pig pancreas lipase), type Il) was added to a flask fitted with a glass pH
electrode which had been accurately calibrated, containing a gently stirring solution of distilled
water (161 ml) and ethylene glycol (41 ml) at 3 °C under a steady stream of nitrogen. Butyric
acid cis-2-butyryloxymethylcyclopropylmethyl estgf9) (10.50 g, 43.38 mmol) was then
added. When hydrolysis began, pH decreased due to the formation of butyric acid. The pH was
brought back to 6.5 by the careful addition of sodium hydroxide (1M) whilst maintaining the
temperature at 3 °C. More lipase (0.75 g) was added to the reaction mixture after 1 hour and
sodium hydroxide solution was added drop-wise during the reaction to keep the pH at 6.5. The
total added sodium hydroxide solution was 45 ml and it took 4 ¥ hours. The mixture was
filtered through a pad of celite; the pad of celite was then washed with water (25 ml) and then
ether (50 ml). A saturated solution of sodium bicarbonate (60 ml) was added, pH 8.44, and
then neutralised by ammonium chloride solution to pH 7.4. The mixture was extracted with
ether (2 x 300 ml) and the combined organic layers were dried. The solvent was evaporated
and the crude product was purified by column chromatography on silica gel eluted with
petroleum ether/diethyl ether (1:1) to give a colourless oil batyric acid cis-2-
hydroxymethylcyclopropylmethyl est80) (5.39 g, 72%) (68).
Physical properties:
Vma/cm™: 3417, 2966, 1732, 1186, 1046
34 (500 MHz, CDCY): 4.46 (1H, dd) 5.7, 12 Hz), 3.83 (2H, m), 3.39 (1H, dH9.15,
11.65 Hz), 2.30 (2H, t] 7.55 Hz), 2.21 (1H, broad s), 1.65 (2H,
sextet,J 7.25 Hz), 1.30 (2H, m), 0.94 (3H, 1,7.55 Hz), 0.84
(1H, dt, J5.05, 8.5 Hz), 0.22 (1H, q,5165 Hz)
dc (500 MHz, CDCY): 173.62, 64.37(+), 62.46(+), 36.20(+), 18.58(-), 18.37(+),
14.36(-), 13.56(-), 7.68(+), [+ = GH- = CH, CH]

104



UNIVERSITEIT VAN PRETORIA
’ UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

[a]p?%: +19.35 ° (c = 1.33, CHG), reported as fjp?% +18.2° (c =
1.58, CHC}) by Grandjean et al. (68)

a3

3.3.2.30 Preparation of butyric acid cis-2-bromomethyl cyclopropylmethyl ester (31)

A

o

Triphenylphosphine (8.78 g, 33.43 mmol, 1.15 mol eq.) and butyric agd-
hydroxymethylcyclopropylmethyl este(30) (5 g, 29.07 mmol) were dissolved in
dichloromethane (150 ml) at RT and then cooled to ONe#Gtomosuccinimide (6.57 g, 36.92
mmol, 1.27 mol eq.) was added portion wise over 20 minutes at 0-4 °C. The mixture was
allowed to reach RT and then stirred for 1 hour. When TLC showed that no starting material
was left, a saturated solution of sodium bisulfate (140 ml) was added and the mixture was
extracted. The aqueous layer was re-extracted with dichloromethane (2 x 50 ml) and the
combined organic layers were washed with water (100 ml). The solution was dried and the
solvent evaporated. Petroleum ether/diethyl ether (1:1, 250 ml) was added and the mixture
stirred for 30 minutes at RT. The triphenylphosphonium oxide was filtered off and washed
thoroughly with a mixture of petroleum ether/diethyl ether (1:1). The solvent was evaporated
and the crude product purified by column chromatography on silica gel eluted with petroleum
ether/diethyl ether (4:1) to give a colourless oil dbutyric acid cis-2-
bromomethylcyclopropylmethyl es{@l) (6 g, 88%).
Physical properties:
Vma/Cm'™: 2966, 2876, 1734, 1181, 986
Oy (500 MHz, CDCY): 4.22 (1H, ddJ 6.95, 12 Hz), 4.03 (1H, dd,8.5, 12.3 Hz), 3.51

(1H, dd,J 7.55, 10.4 Hz), 3.38 (1H, dd,8.2, 10.4 Hz), 2.29 (2H,

t,J 7.6 Hz), 1.65 (2H, sexted,7.25 Hz), 1.48 (2H, m), 1.01 (1H,

dt, J5.35, 8.2 Hz), 0.94 (3H, t,4.6 Hz), 0.36 (1H, q, 83.65 Hz)

3c (500 MHz, CDCY): 173.52, 63.31(+), 36.13(+), 33.96(+), 19.29(-), 18.36(+),
17.96(-), 13.59(-), 12.49(+), [+ = GH = CH, CH]

[a]p?* -9.69 ° (c = 1.37, CHG); reported as f]p>> -10.6° (c = 0.81,
CHCly)
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3.3.2.31 Preparation of butyric acid (1R,2S)-2-(1-phenyl-1H-tetrazol-5-ylsulfanylmethyl)-
cyclopropyl methyl ester (32)

N S\/A\/O Pr
/ Y \H/
N
\ ;

N/N

a3

Butyric acidcis-2-bromomethylcyclopropylmethyl esté1) (8.00 g, 34.04 mmol) was added
to a stirring solution of 1-phenyl-1H-tetrazol-5-thiol (6.67 g, 37.44 mmol) and potassium
carbonate (9.89 g, 71.48 mmol) in acetone (250 ml) at RT and the reaction mixture was stirred
for 19 hours at RT. When TLC showed that no starting material was left, the mixture was
added to water (1.5 L) and extracted with dichloromethane (250 ml). The aqueous layer was
re-extracted with dichloromethane (2 x 80 ml) and the combined organic layers were washed
with brine (2 x 200 ml), dried and evaporated. The crude product was purified by column
chromatography on silica gel eluted with petroleum ether/diethyl ether (2:1) to give a pale
yellow oil of  butyric acid (R,29-2-(1-phenyl-1H-tetrazol-5-ylsulfanylmethyl)-
cyclopropylmethyl estg32) (10.95 g, 88%).
Physical properties:
Found M + N&: 355.1185, GsH-o0N4sNaO,S requires: 355.1199
Vma/Cm'™: 2965, 2875, 1732, 1500, 1174, 983, 763
34 (500 MHz, CDCY): 7.57 (5H, m), 4.34 (1H, dd] 6.6, 12.25 Hz), 3.96 (1H, dd,
9.15, 11.95 Hz), 3.59 (1H, dd,7.85, 13.25 Hz), 3.43 (1H, dd,
7.9, 13.55 Hz), 2.27 (2H, 8§ 7.55 Hz), 1.64 (2H, sexted, 7.55
Hz), 1.51 (1H, m), 1.41 (1H, m), 0.97 (1H, dt5.4, 8.2 Hz),
0.93 (3H, t, J 7.25 Hz), 0.40 (1H, q5J7 Hz)
dc (500 MHz, CDCY): 173.45, 154.25, 133.81, 130.05(+), 129.73(+), 123.84(+),
63.72(-), 36.20(-), 34.18(-), 18.38(-), 16.39(+), 15.53(+),
13.61(+), 10.96(-), [- = CKH + = CH, CH]
[a]p?* -1.28 ° (¢ = 1.14, CHG); reported as §]p°% -1.2° (c = 1.06,
CHCl)
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3.3.2.32 Preparation of butyric acid (1R,2S)-2-(1-phenyl-1H-tetrazol e-5-sulfonylmethyl)-
cyclopropyl methyl ester (33)

a3

A solution of ammonium heptamolybdate(VI)tetrahydrate (18.59 g, 15.06 mmol) in ice cold
H.O, 35% (w/w, 50 ml) was added to a stirring solution of butyric adrl3J-2-(1-phenyl-
1H-tetrazol-5-ylsulfanylmethyl)-cyclopropylmethyl est&?2) (10.00 g, 30.12 mmol) in THF
(125 ml) and IMS (250 ml) at 10 °C and stirred at RT for 2 hours. A further solution of
ammonium heptamolybdate(VI)tetrahydrate (5.03 g, 4.07 mmol) in ice cadd 35% (w/w,
15 ml) was added and the mixture stirred for 19 hours at RT. The reaction mixture was poured
into water (1.5 L) and extracted with dichloromethane (1 x 300 ml, 2 x 80 ml). The combined
organic layers were washed with water (700 ml), dried and evaporated to give a residue which
was purified by column chromatography on silica gel eluted with petroleum ether/diethyl ether
(2:1) to give a thick pale yellow oil obutyric acid (R,2S)-2-(1-phenyl-1H-tetrazole-5-
sulfonylmethyl)-cyclopropylmethyl es{&8) (10.18 g, 93%).
Physical properties:
Found M + N&: 387.1079, GsH-oNsNaQ:S requires: 387.1097
Vma/cm™: 2967, 1731, 1343, 1153, 765
34 (500 MHz, CDCY): 7.70 (2H, m), 7.63 (3H, m), 4.37 (1H, dil5.7, 12.3 Hz), 4.03

(1H, dd,J 5.4, 14.85 Hz), 3.92 (1H, dd,8.2, 12 Hz), 3.67 (1H,

dd,J 8.85, 15.15 Hz), 2.31 (2H,3,7.55 Hz), 1.67 (2H, sextel,

7.55 Hz), 1.49 (2H, m), 1.03 (1H, dtbJ7, 8.5 Hz), 0.97 (3H, t, J

7.55 Hz), 0.60 (1H, g, 8.7 Hz)
dc (500 MHz, CDCY): 173.33, 153.70, 133.14, 131.45(+), 129.68(+), 125.17(+),

63.37(-), 56.76(-), 36.13(-), 18.41(-), 14.73(+), 13.61(+), 9.70(-),

8.68(+), [-=CH, + = CH, CH]
[a]p?* +44.22 ° (c = 1.10, CHG); reported as §]p>> +52.7 ° (c =

1.45, CHCY)
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3.3.2.33 Preparation of 6-bromo-hexanal (34)
/\/\/\/O
Br

6-Bromo-hexan-1-ol (10.00 g, 55.25 mmol, see Preparation of 6-Bromo-hexan-1-ol, section
3.3.2.11) in dichloromethane (30 ml) was added to a stirring suspension of pyridinium
chlorochromate (29.95 g, 138.94 mmol) in dichloromethane (300 ml) at RT. The mixture was
stirred for 3 hours at RT. When TLC showed no starting material was left, the mixture was
poured into diethyl ether (500 ml) and filtered through a pad of silica gel, then washed well
with diethyl ether. The filtrate was evaporated to give a residue which was purified by column
chromatography on silica gel eluted with petroleum ether/diethyl ether (5:1, then 1:1) to give
6-bromo-hexanaf34) as a colourless oil (6.31 g, 64%).

Physical properties:

o4 (500 MHz, CDCY): 9.77 (1H, t,J 1.25 Hz), 3.40 (2H, tJ 6.9 Hz), 2.46 (2H, dt)
7.25, 1.25 Hz), 1.88 (2H, pentpJ6 Hz), 1.66 (2H, pent, .25 Hz), 1.48 (2H, m)
dc (500 MHz, CDCY): 201.96(+), 43.59 (-), 33.23 (-), 32.42 (-), 27.64(-), 21.16(-), [- =

CH,, + = CH, CH]

3.3.2.34 Preparation of butyric acid (1R,2S)-2-(7-bromo-heptyl)-cyclopropyl methyl ester
(35)

Bf\/\/\/\/AVO\(Pf

(0]

Lithium bis(trimethylsilyl)amide (46.66 ml, 49.56 mmol, 1.06 M, 2 mol eq.) was added drop-
wise to a stirring solution of butyric acidR125)-2-(1-phenyl-H-tetrazole-5-sulfonylmethyl)-
cyclopropylmethyl este(33) (9.00 g, 24.73 mmol) and 6-bromo-hexa(®4) (5.31 g, 29.67

mmol, 1.2 mol eq.) in dry THF (130 ml) under nitrogen at “@0The reaction mixture was
allowed to reach RT and was then stirred for 16 hours. The reaction was quenched with water
(100 ml) and petroleum ether/diethyl ether (1:1, 100 ml). The organic layer was separated and
the aqueous layer re-extracted with petroleum ether/diethyl ether (1:1, 2 x 50 ml). The

combined organic layers were washed with brine (2 x 100 ml), dried and evaporated to give a
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thick dark yellow oil which was purified by column chromatography on silica gel eluted with
petroleum ether/diethyl ether (9:1) to givmutyric acid 2-((E/Z)-7-bromo-hept-1-enyl)-
cyclopropylmethyl estgb6.80 g, 74%).

Butyric acid 2-(E/2)-7-bromo-hept-1-enyl)-cyclopropylmethyl ester (5.75 g, 18.14 mmol) was
dissolved in THF (150 ml). 2,4,6-Triisopropylbenzene sulfonohydrazide (14.88 g, 49.88 mmol,
2.75 mol eq.) was added and the reaction mixture was stirred at 50 °C for 20 hours. A further
2,4,6-triisopropylbenzene sulfonohydrazide (3.7 g, 12.40 mmol, 0.68 mol eq.) was added and
the reaction was stirred at 50 °C for 22 hours. The mixture was diluted with petroleum
ether/diethyl ether (1:1, 200 ml) and a solution of NaOH in water (100 ml, 2%) and extracted.
The aqueous layer was re-extracted with petroleum ether/diethyl ether (1:1, 2 x 50 ml) and the
combined organic layers were washed with water (100 ml), dried and evaporatst¥IR
showed that there was still some starting material left. The hydrogenation was repeated:
Butyric acid 2-(E/Z)-7-bromo-hept-1-enyl)-cyclopropylmethyl ester (5.75 g, 18.14 mmol) was
dissolved in THF (70 ml). 2,4,6-Triisopropylbenzene sulfonohydrazide (5.4 g, 18.14 mmol, 1
mol eq.) was added and the reaction mixture was stirred at 50 °C for 3 hours. A further 2,4,6-
triisopropylbenzene sulfonohydrazide (5.4 g, 18.14 mmol, 1 mol eq.) was added and the
reaction was stirred at 50 °C for 24 hours. The mixture was diluted with petroleum
ether/diethyl ether (1:1, 100 ml) and a solution of NaOH in water (200 ml, 2%) and extracted.
The organic layer was separated and the aqueous layer re-extracted with petroleum
ether/diethyl ether (1:1, 2 x 100 ml). The combined organic layers were washed with water
(150 ml), dried and evaporateéti NMR showed that there was no more starting material left.
The crude product was purified by column chromatography on silica gel eluting with
petroleum ether/diethyl ether (10:1) to giveutyric acid (R,2S)-2-(7-bromo-heptyl)-
cyclopropylmethyl estg85) as a colourless oil (4.61 g, 80%).
Physical properties:
Found M + N&: 341.1021, GH,BrNaQ; requires: 341.1087
Vma/Cmi™: 3066, 2962, 2855, 1734
Oy (500 MHz, CDCY): 4.19 (1H, ddJ 6.9, 11.65 Hz), 3.93 (1H, dd,8.8, 11.65), 3.41

(2H, t,J 6.95 Hz), 2.30 (2H, t) 7.25 Hz), 1.86 (2H, pend, 6.9

Hz), 1.67 (2H, sextet] 7.25 Hz), 1.4 (5H, m), 1.32 (4H, m), 1.23

(1H, m), 1.13 (1H, m), 0.96 (3H, § 7.25 Hz), 0.87 (1H, m),

0.74 (1H, dt, .75, 8.55 Hz), 0.02 (1H, q,514 Hz)
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8¢ (500 MHz, CDCY): 173.81, 65.07(+), 36.32(+), 33.93(+), 32.79(+), 29.81(+),

20.28(+), 28.74(+), 28.53(+), 28.12(+), 18.50(+), 16.17(-),
14.17(-), 13.66(-), 9.77(+) [+ = GH- = CH, CH]

[a]p?* +10.03 ° (c = 1.50, CHG); reported as §]p>: -14.31° (c =
1.2, CHCh)

a3

3.3.2.35 Preparation of (1R,2S)-2-(7-bromo-heptyl)-cyclopropyl methanol (36)

Br\/\/\/\A/OH

Anhydrous potassium carbonate (5.17 g, 37.39 mmol, 2.65 mol eq.) was added to a stirring
solution of butyric acid [R,25-2-(7-bromo-heptyl)-cyclopropylmethyl est@5) (4.5 g, 14.11
mmol) in methanol (30 ml) and THF (20 ml) at room temperature. The reaction was stirred for
4 hours at 45 °C. When TLC showed that no starting material was left, the mixture was diluted
with water (200 ml) and diethyl ether (100 ml). The organic layer was separated and the
aqueous layer re-extracted with diethyl ether (2 x 50 ml). The combined organic layers were
washed with brine, dried and evaporated to give an oily residue which was purified by column
chromatography on silica gel eluting with petroleum ether/diethyl ether (5:1) to gy2Z5)-R-
(7-bromo-heptyl)-cyclopropyl-methan@6) (2.97 g, 85%).
Physical properties:
Found M + N&: 271.0623, ¢H,:BrNaO requires: 271.0668
Vima/Cmi™: 3345, 2934, 2859
Oy (500 MHz, CDCY): 3.65 (1H, ddJ 7.25, 11.35 Hz), 3.57 (1H, dd,8.2, 11.35 Hz),
3.41 (2H, t,J 6.95 Hz), 1.86 (2H, pend,6.95 Hz), 1.43 (6H, m),
1.33 (4H, m), 1.22 (1H, m), 1.10 (1H, m), 0.86 (1H, m), 0.71
(1H, dt, J4.7, 8.5 Hz), -0.03 (1H, g,5.05 Hz)

3¢ (500 MHz, CDCJ): 63.27(+), 33.97(+), 32.78(+), 29.98(+), 29.28(+), 28.70(+),
28.47(+), 28.10(+), 18.13(-), 16.09(-), 9.45(+), [+ =CH= CH,
CHy]

[a]p? +12.87 ° (c = 1.65, CHG); reported as §p°> -18.9° (c =
1.04, CHCY)
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3.3.2.36 Preparation of (1S,2R)-2-(7-bromo-heptyl)-cyclopropane carbal dehyde (37)

a3

\\\\\\‘ 17 7 5 B r

(1R,25)-2-(7-Bromo-heptyl)-cyclopropyl-methan(86) (1.0 g, 4.02 mmol) in dichloromethane
(10 ml) was added to a stirring suspension of pyridinium chlorochromate (2.17 g, 10.05 mmol,
2.5 mol eq.) in dichloromethane (35 ml) at RT. The mixture was stirred for 3 hours at RT and
when TLC showed that no starting material was left, the mixture was poured into diethyl ether
(200 ml) and filtered through a pad of silica gel, then washed thoroughly with diethyl ether and
the filtrate evaporated to give a residue which was purified by column chromatography on
silica gel eluted with petroleum ether/diethyl ether (5:2) to ¢i&2R)-2-(7-bromo-heptyl)-
cyclopropane carbaldehyd87) as a colourless oil (0.75 g, 76%).
Physical properties:
Found M + N&: 269.04, GiH19BrNaO requires: 269.0511
Vma/Cmi™: 3436, 2928, 2855, 1704
34 (500 MHz, CDCY): 9.37 (1H, dJ 5.4 Hz), 3.41 (2H, t) 6.6 Hz), 1.87 (3H, m), 1.60
(1H, m), 1.49 (2H, m), 1.41 (3H, m), 1.32 (5H, m), 1.24 (1H, dt,
J4.75, 7.9 Hz), 1.19 (1H, dt,5105, 6.6 Hz)

5 (500 MHz, CDCY): 201.64(-), 33.90(+), 32.71(+), 29.79(+), 28.98(+), 28.59(+),
28.05(+), 28.02(+), 27.71(-), 24.75(-), 14.71(+), [+ =LCH=
CH, CHyj

[a]p?* +8.19 ° (c = 1.28, CHG); reported as f]p>% -10.1° (c = 1.62,
CHCly)
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3.3.2.37 Preparation of (1S,2R)-1-(7-bromo-heptyl)-2-((17R,18R)-17-methoxy-18-methyl-

hexatriacontyl)-cyclopropane (38)

9

™~

lll|[e}

\\\\“‘4 ..""I/ M\
/W\\ W I\py

Lithium bis(trimethylsilyl)amide (46.70 ml, 49.56 mmol, 1.06 M, 2 mol eq.) was added drop
wise to a stirring solution of §2R)-2-(7-bromo-heptyl)-cyclopropane carbaldeh{@i§ (5.31
g, 29.67 mmol) and 5-((F§1R)-16-methoxy-17-methyl-pentatriacontane-1-sulfanyl)-1-
phenyl-H-tetrazole(26) (9 g, 24.73 mmol, 1.2 mol eq.) in dry THF (50 ml) under nitrogen at -
2 °C. The reaction mixture was allowed to reach RT and stirred for 1 hour. When TLC showed
that no starting material was left, the reaction mixture was quenched with a saturated solution
of ammonium chloride (100 ml) and petroleum ether/diethyl ether (1:1, 100 ml). The organic
layer was separated and the aqueous layer re-extracted with petroleum ether/diethyl ether (1:1,
2 x 50 ml). The combined organic layers were washed with brine (100 ml), dried and
evaporated to give a pale yellow oil which was purified by column chromatography on silica
gel eluted with petroleum ether/diethyl ether (9:1) to giv§2R)-1-(7-bromo-heptyl)-2-
((E/2)-17-methoxy-18-methyl-hexatriacontyl)-cyclopropasea colourless oil (5.80 g, 74%).
Physical properties:
34 (500 MHz, CDCY): 5.52 (1H, m), 5.17 (1H, dd, J 8.55, 15.45 Hz), 3.41 (2BIFt95
Hz), 3.35 (3H, s), 2.96 (1H, m), 2.01 (2H, 16.95 Hz), 1.87
(2H, pent,J 6.9 Hz), 1.64 (1H, m), 1.46-1.20 (70H, m including
s), 1.11 (2H, m), 0.89 (3H, 4,6.95 Hz), 0.85 (3H, d] 6.95 Hz),
0.80 (1H, dt, 4.4, 8.5 Hz), 0.12 (1H, q,5.35 Hz)
3¢ (500 MHz, CDC)): 127.84(-), 125.56(-), 85.45(-), 57.71(-), 35.36(-), 33.95(+),
32.85(+), 32.74(+), 32.39(+), 31.93(+), 30.51(+), 29.98(+),
29.94(+), 29.79(+), 29.70(+), 29.62(+), 29.56(+), 29.36(+),
29.30(+), 29.17(+), 29.07(+),28.87(+), 28.77(+), 28.17(+),
27.58(+), 26.17(+), 22.69(+), 18.43(-), 18.20(-), 14.88(-),
14.10(-), 12.30(+), [+ = CK - = CH, CH]
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2,4,6-Triisopropylbenzene sulfonohydrazide (14.88 g, 49.88 mmol, 2.75 mol eq.) was added to
a stirring  solution of ($2R)-1-(7-bromo-heptyl)-2-((E/Z)-17-methoxy-18-methyl-
hexatriacontyl)-cyclopropane (5.75 g, 18.14 mmol) in THF (150 ml) at RT. The reaction
mixture was stirred at 52 °C for 3 hours, followed by the addition of another mole equivalent
of 2,4,6-triisopropylbenzene sulfonohydrazide (5.41 g, 18.14 mmol) and stirred under the same
conditions for another 24 hours. The mixture was diluted with petroleum ether/diethyl ether
(1:1, 100 ml) and a solution of NaOH in water (100 ml, 2%) and extracted. The organic layer
was separated and the aqueous layer was re-extracted with petroleum ether/diethyl ether (1:1, 2
x 50 ml) and the combined organic layers were washed with brine (100 ml), dried, filtered
through a pad of silica gel and washed with petroleum ether. The filtrate was evaporated to
give a colourless residutHd NMR showed that there was still some starting material left and
the same procedure was repeated. The crude product was purified by column chromatography
on silica gel eluting with petroleum ether/diethyl ether (10:1) to gi&2R)-1-(7-bromo-
heptyl)-2-(17-methoxy-18-methyl-hexatriacontyl)-cycloprop@8g as a colourless oil (4.61 g,
80%).
Physical properties:
Vma/cm™: 2922, 1464, 1098, 720
oy (500 MHz, CDCY): 3.42 (2H, t,J 6.95 Hz), 3.35 (3H, s), 2.96 (1H, m), 1.87 (2H,
pent,J 6.9 Hz), 1.64 (1H, m), 1.48-1.2 (73H, m including s),
1.18-1.06 (4H, m), 0.89 (3H, §,6.95 Hz), 0.86 (3H, dJ 6.95
Hz), 0.66 (2H, m), 0.57 (1H, df 4.1, 7.9 Hz), -0.32 (1H, g
5.35 Hz)
dc (500 MHz, CDCY): 85.45(-), 57.71(-), 35.35(-), 34.01(-), 32.86(+), 32.39(+),
31.92(+), 30.50(+), 30.22(+), 30.07(+), 29.98(+), 29.94(+),
29.70(+), 29.41(+), 29.36(+), 28.82(+), 28.72(+), 28.65(+),
28.19(+), 27.58(+), 26.16(+), 24.10(-), 22.69(+), 15.78(-),
15.72(-), 14.88(-), 14.10(-), 10.93(+), [+ = §H = CH, CH]
[a]p?* +5.17 ° (c = 1.44, CHG); reported as §]p*% +5.5 ° (c = 1.29,
CHCl)
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3.3.2.38 Preparation of 5-(7-[1S,2R]-2-((17R,18R)-17-methoxy-18-methyl-hexatriacontyl)-
cyclopropyl)-heptyl sulfanyl)-1-phenyl-1H-tetrazole (39)

a3

™~

A
A TN,

N\N

1-(7-Bromo-heptyl)-2-((1R,18&R)-17-methoxy-18-methyl-hexatriacontyl)-cyclopropan€38)
(0.5 g, 0.65 mmol) in THF (10 ml) was added to a stirring solution of 1-phéhygttazol-5-
thiol (0.13 g, 0.72 mmol, 1.1 mol eq.) and potassium carbonate (0.35 g, 2.50 mmol, 3.8 mol

mio

eq.) in acetone (30 ml) at RT. The reaction mixture was stirred for 5 hours at 40 °C and then at
RT for 16 hours. When TLC showed that no starting material was left, the mixture was diluted
with water (50 ml) and dichloromethane (100 ml). The organic layer was separated and the
aqueous layer was re-extracted with dichloromethane (2 x 50 ml). The combined organic layers
were washed with brine (2 x 200 ml), dried and evaporated to give an oil which solidified later.
The crude product was purified by column chromatography on silica gel eluted with petroleum
ether/diethyl ether (2:1) to give a oil & (7-[1S,2R]-2-((17R,18R)-17-methoxy-18-methyl-
hexatriacontyl)-cyclopropyl)-heptyl sulfanyl)-1-phenyl-1H-tetrazole (29)95 g, 88%).
Physical properties:
Found M + N&: 887.7434, gH100NsNaOS requires: 887.7510
Vma/Cm'™: 2926, 2851, 1509, 1464, 1097
34 (500 MHz, CDCY): 7.57 (5H, m), 3.41 (2H, 1 7.55 Hz), 3.35 (3H, s), 2.96 (1H, m),
1.83 (2H, pentJ 7.25 Hz), 1.63 (1H, m), 1.45-1.25 (72H, m
including s), 1.13 (4H, m), 0.89 (3H,1,6.6 Hz), 0.85 (3H, dj
7.05 Hz), 0.65 (2H, m), 0.57 (1H, dt4.1, 8.2 Hz), -0.33 (1H, q,
J5.05 Hz)
3¢ (500 MHz, CDC)): 130.03(-), 129.75(-), 123.87(-), 85.45(-), 57.71(-), 35.35(-),
33.40(+), 32.38(+), 31.92(+), 30.50(+), 30.22(+), 30.08(+),
29.98(+), 29.94(+), 29.75(+), 29.70(+), 29.41(+), 29.36(+),
29.09(+), 28.72(+), 28.64(+), 27.57(+), 26.16(+), 22.69(+),
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15.76(-), 15.70(-), 14.88(-), 14.10(-), 10.93(+), [+ =£H= CH,

CHjg]
[a]p>: +4.44 ° (c = 1.07, CHG); reported as f]p*% +3.9 ° (c = 1.21,
CHC)

a3

3.3.2.39 Preparation of 5-(7-[1S,2R]-2-((17R,18R)-17-methoxy-18-methyl-hexatriacontyl)-
cyclopropyl)-heptyl sulfonyl)-1-phenyl-1H-tetrazole (40)

/H\./\éﬁ/\\\\\\‘“ *,, i, %/ a/
7 14

7

OQ—n=—=0

A solution of ammonium heptamolybdate(VI)tetrahydrate (0.36 g, 0.29 mmol, 0.5 mol eq.) in
ice cold HO, 35% (w/w, 5 ml) was added drop-wise to a stirring solution of 5&7ZH-2-
((17R,1&R)-17-methoxy-18-methyl-hexatriacontyl)-cyclopropyl)-heptyl  sulfanyl)-1-phenyl-
1H-tetrazole(39) (0.50 g, 0.58 mmol) in THF (20 ml) and IMS (20 ml) at 5 °C and stirred at
RT for 1 hour, then 3 more identical solutions of ammonium heptamolybdate(VI)tetrahydrate
in ice cold HO, 35% (w/w) were added over the next hour. The reaction mixture was stirred
for 16 hours at RT and then diluted with water (100 ml) and dichloromethane (50 ml). The
organic layer was separated and the aqueous layer was re-extracted with dichloromethane (2 x
50 ml). The combined organic layers were washed with brine (100 ml), dried and evaporated to
give a residue which was purified by column chromatography on silica gel eluting with
petroleum ether/diethyl ether (5:1) to give an oibgf{7-[1S,2R]-2-((17R,18R)-17-methoxy-18-
methyl-hexatriacontyl)-cyclopropyl)-heptyl sulfonyl)-1-phenyl-1H-tetraz@i®) (10.18 g,
93%).
Physical properties:
Found M + N&: 919.7339, gH10dN4NaGsS requires: 919.6469
Vma/Cm'™: 2908, 1596, 1499, 1464, 1343, 1153, 1099, 760
34 (500 MHz, CDCY): 7.71 (2H, m), 7.63 (3H, m), 3.74 (2H, distorted 7.9 Hz), 3.35

(3H, s), 2.96 (1H, m), 1.97 (2H, pert/.55 Hz), 1.63 (1H, m),

1.52 (2H, m), 1.48-1.2 (70H, m including s), 1.13 (4H, m), 0.89
115



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

&’0 YUNIBESITHI YA PRETORIA
(3H, t,J 6.65 Hz), 0.86 (3H, d) 6.65 Hz), 0.66 (2H, m), 0.58

(1H, dt, J3.75, 7.85 Hz), -0.32 (1H, q,5105 Hz)

3¢ (500 MHz, CDCY): 131.44(), 129.70(-), 125.08(-), 85.45(), 57.71(), 56.05(+),
35.35(-), 31.92(+), 30.49(+), 30.22(+), 29.99(+), 29.94(+),
20.76(+), 29.69(+), 29.36(+), 29.16(+), 28.96(+), 28.73(+),
28.50(+), 28.16(+), 27.57(+), 26.16(+), 25.07(+), 22.68(+),
21.95(+), 15.76(-), 15.66(-), 14.88(), 14.10(-), 10.93(+), [+ =
CHy, - = CH, CHJ

[a]p?>: +4.40 ° (c = 1.0, CHG); reported as §]p>% +4.13° (c = 1.45,
CHCly)

9

3.3.2.40 Preparation of 2-(8-iodo-octyloxy)-tetrahydro-pyran (41)

|/\/\/\/\/O\(j
3,4-Dihydro-H-pyran (29.67 g, 0.35 mol, 1.5 mol eq.) and pyridinipitoluene sulfonate
(3.02 g, 0.012 mol, 0.05 mol eq.) were added to a stirring solution of 8-bromo-octan-1-ol
(49.14 g, 0.235 mol, section 3.3.2.17) in dry dichloromethane (300 ml) under nitrogen at 5-10
°C. The reaction was stirred for 2 hours at RT, when TLC showed no starting material was left,
the reaction mixture was washed with saturated solution of NagHE@ ml), and then

extracted with dichloromethane (3 x 200 ml). The organic layer was dried and evaporated to
give 2-(8-bromo-octyloxy)-tetrahydro-pyr&68.91 g, >99%).

Nal (109 g, mol, 3 mol eq.) was dissolved in acetone (400 ml) and stirred at RT. 2-(8-bromo-
octyloxy)-tetrahydro-pyran (68.91 g, 0.235mol) was added and then NatHOJ7 g, 1 mol

eg.) was added. The reaction mixture was refluxed for 3 hours and then stirred overnight at RT.
The reaction mixture was cooled down and the solvent was evaporated. The residue was
diluted with water (400 ml) and dichloromethane (300 ml), the organic layer was separated and
the aqueous layer re-extracted with dichloromethane (2 x 200 ml). The organic layer was dried
and evaporated to give a yellow residue which was purified by column chromatography on
silica gel eluted with petroleum ether/diethyl ether (10:1) to givean @#(8fiodo-octyloxy)-
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tetrahydro-pyran(41) (71.47 g, 89%). A few drops of triethylamine were added to the silica

9

gel when the column was packed.

Physical properties:

Vma/cm™: 2936, 2854

31 (500 MHz, CDCY): 4.57 (1H, tJ 2.5 Hz), 3.86 (1H, m), 3.72 (1H, dd#6.95, 9.45,
16.4 Hz), 3.49 (1H, m), 3.38 (1H, ddd 6.6, 9.45, 16.05 Hz),
3.18 (2H, t,J 7.25 Hz), 1.82 (3H, m), 1.71 (1H, m), 1.63-1.48
(6H, m), 1.42-1.28 (8H, m)

3¢ (500 MHz, CDCY): 98.82(-), 67.56(+), 62.32(+), 33.49(+), 30.75(+), 30.40(+),
29.66(+), 29.20(+), 28.43(+), 26.12(+), 25.48(+), 19.67(+),
7.17(+), [+ = CH, - = CH, CH]

3.3.2.41 Preparation of 11-(tetrahydro-pyran-2-yloxy)-undecan-1-ol (42)

Ho\e/o o

Ammonia gas was condensated to liquid ammonia into a 1 L flask (500 ml) and mechanically
stirred while lithium wire (4.93 g, 0.68 mol, 2.5 mol eq. of alcohol) was cut up in tiny pieces
and added one by one. The reaction mixture was stirred for 20 minutes where after propagyl
alcohol (15.5 g, 0.27 mol, 1.3 mol eq.) in dry ether (30 ml) was added drop-wise and then
stirred for another 40 minutes. 2-(8-lodo-octyloxy)-tetrahydro-pydah (71.00 g, 0.21 mol)

in dry ether (30 ml) was added, the reaction mixture was stirred for 5 hours while being kept
cool with liquid nitrogen. Then the stirring was stopped and the mixture was left overnight at
RT for the ammonia to evaporate. Ether (700 ml) and sulfuric acid (100 ml, 10%) was added to
the residue and stirred until the residue was dissolved. The ether layer was decanted off, more
ether and sulfuric acid was added and the reaction mixture stirred. The ether layer was then
decanted again, water was added and the mixture extracted with ether (2 x 250 ml). The
combined organic layers were washed with water (500 ml), brine (500 ml) and N4P&ID

ml). The product was then dried and evaporated to give a dark oil of tiuftetrahydro-
pyran-2-yloxy)-undec-2-yn-1-¢b2.36 g, 94%).

Physical properties:
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&4 (500 MHz, CDCY): 457 (1H, tJ 2.55 Hz), 4.24 (2H, s), 3.87 (1H, m), 3.73 (1H, m)
3.48 (1H, m), 3.38 (1H, m), 2.20 (2H, m), 1.91 (1H, broad s),
1.82 (1H, m), 1.70 (1H, m), 1.62-1.48 (8H, m), 1.40-1.28 (8H,
m)

3¢ (500 MHz, CDCY): 98.83(-), 86.39, 78.39, 67.64(+), 62.32(+), 51.28(+), 30.73(+),
29.65(+), 29.24(+), 28.95(+), 28.69(+), 28.50(+), 26.12(+),
25.46(+), 19.65(+), 18.67(+), [+ = GH = CH, CH]

a3

Nickel acetate tetrahydrate (10.20 g, 0.04 mol, 0.2 mol eq.) was stirred in ethanol (400 ml)
while the flask was being filled with hydrogen. Sodium borohydride (1.81 g, 0.04 mol, 0.2 mol
eq.) in ethanol (60 ml) was added and the mixture was stirred for 30 minutes at RT. 11-
(Tetrahydro-pyran-2-yloxy)-undec-2-yn-1-ol (52.36 g, 0.21 mol) in ethanol (50 ml) was added
and the reaction mixture stirred while being hydrogenated under hydrogen atmosphere. When
no more hydrogen was absorbed, the mixture was filtrated through a pad of celite on silica gel
and washed with ether (triethyl amine was added to the silica gel). Water and dichloromethane
was added and the organic layer was separated. The aqueous layer was re-extracted with
dichloromethane (2 x 300 ml). The combined organic layers were dried and evaporated to give
a dark residue which was purified by column chromatography on silica gel eluted with
petroleum ether/diethyl ether (5:2, then 1:1) to give a yellow ollle{tetrahydro-pyran-2-
yloxy)-undecan-1-042) (43.85 g, 83%).
Physical properties:
Vima/Cmi™: 3416, 2940
Oy (500 MHz, CDCY)): 4.58 (1H, tJ 2.85 Hz), 3.88 (1H, m), 3.73 (1H, ddH6.9, 9.45,
16.4 Hz), 3.64 (2H, ddd] 5.65, 6.6, 13.25 Hz), 3.50 (1H, m),
3.38 (1H, dddJ 6.6, 9.45, 16.05 Hz), 1.83 (1H, m), 1.71 (1H,
m), 1.66 (1H, s), 1.62-1.50 (8H, m), 1.38-1.26 (14H, m)
dc (500 MHz, CDCY): 98.82(-), 67.67(+), 63.02(+), 62.31(+), 32.79(+), 30.77(+),
29.72(+), 29.55(+), 29.52(+), 29.48(+), 29.44(+), 29.38(+),
26.20(+), 25.71(+), 25.49(+), 19.67(+) [+ = gH= CH, CH]
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a3

3.3.2.42 Preparation of crude 2,2-dimethyl-propionic acid-11-(tetrahydro-pyran-2-yloxy)-
undecyl ester (43)

11-(Tetrahydro-pyran-2-yloxy)-undecan-1-(42) (43.66 g, 0.16 mol) and triethyl amine
(2449 g, 0.24 mol, 1.5 mol eq.) was stirred in dichloromethane (400 ml). 4-
Dimethylaminopyridine (1.00 g, 0.01 mol) was added and the mixture was cooled to 5 °C.
Trimethyl acetyl chloride (25.3 g, 0.21 mol, 1.3 mol eq.) was added slowly and the reaction
mixture was stirred at RT for 3 hours. When TLC showed that no starting material was left, the
reaction was quenched with water (500 ml) and dichloromethane. The organic layer was
separated and the aqueous layer re-extracted with dichloromethane (2 x 150 ml). The combined
organic layers were washed with water, dried and evaporated to give a yellow oil c2,&ude
dimethyl-propionic acid-11-(tetrahydro-pyran-2-yloxy)-undecyl egt8y (57.32 g, >99%).
Physical properties:
Vma/cm™: 2932, 2854, 1811, 1728
Oy (500 MHz, CDCY): 4.57 (1H, tJ 2.55 Hz), 4.04 (2H, 1] 6.6 Hz), 3.87 (1H, m), 3.72
(1H, ddd,J 6.95, 9.45, 16.4 Hz), 3.50 (1H, m), 3.38 (1H, ddld,
6.6, 9.45, 16.05 Hz), 1.83 (1H, m), 1.71 (1H, m), 1.63-1.50 (8H,
m), 1.37-1.25 (14H, m), 1.19 (9H, s)
Oc (500 MHz, CDCY): 178.60, 98.80(+), 67.64(-), 64.42(-), 62.29(-), 40.15(+), 39.09(-),
38.68(-), 30.75(-), 29.72(-), 29.51(-), 29.45(-), 29.44(-),
29.18(-), 28.58(-), 27.17(+), 26.47(+), 26.20(-), 25.87(-),
25.48(-), 19.66(-), [- = CKH + = CH, CH]
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3.3.2.43 Preparation of 2,2-dimethyl-propionic acid-11-hydroxy-undecyl ester (44)

a3

O OH

v

11

p-Toluenesulfonic acid monohydrate (3.00 g, 0.016 mol, 0.1 mol eq.) was added to a stirring
solution of 2,2-dimethyl-propionic acid 11-(tetrahydro-pyran-2-yloxy)-undecyl egi8y

(57.32 g, 0.16 mol) in THF (100 ml), methanol (150 ml) and water (2 ml) at RT. The reaction
mixture was stirred at RT for 5 hours. When TLC showed that no starting material was left, the
mixture was diluted with a saturated solution of sodium bicarbonate (300 ml) and
dichloromethane (300 ml). The organic layer was separated and the aqueous layer was re-
extracted with dichloromethane (2 x 250ml). The combined organic layers were dried and
evaporated to give a residue which was purified by column chromatography on silica gel eluted
with petroleum ether/diethyl ether (5:2) to gi@2-dimethyl-propionic acid-11-hydroxy-
undecyl este(44) as a yellow oil (35.10 g, 80%).

Physical properties:

Found M + N&: 295.2238, GH3:NaQ; requires: 295.2244

Vmadcm™: 3384, 2929, 2855, 1731

31 (500 MHz, CDC}): 4.05 (2H, tJ 6.65 Hz), 3.64 (2H, 1) 6.6 Hz), 1.69 (1H, broad s),
1.65-1.54 (2H, m), 1.38-1.25 (14H, m), 1.19 (9H, s), 0.86 (2H,
m)

3c (500 MHz, CDCY): 178.67, 64.44(-), 63.05(-), 38.71(-), 32.77(-), 29.53(-), 29.45(-),

29.44(-), 29.38(-), 29.18(-), 28.59(-), 27.18(+), 25.87(-), 25.71(-),
22.59(-), [ = CH, + = CH, CH]
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3.3.2.44 Preparation of 2,2-dimethyl-propionic acid-11-oxo-undecyl ester (45)

a3

o\@/\O

10

2,2-Dimethyl-propionic acid 11-hydroxy-undecyl esté#) (17.50 g, 64.30 mmol) in
dichloromethane (50 ml) was added to a stirring suspension of pyridinium chlorochromate
(28.27 g, 128.60 mmol, 2 mol eq.) in dichloromethane (500 ml) at RT. The mixture was stirred
for 3 hours at RT. When TLC showed that no starting material was left, the mixture was
poured into diethyl ether (1 L), filtered through a pad of celite on silica gel, then washed
thoroughly with diethyl ether. The filtrate was evaporated to give a residue which was purified
by column chromatography on silica gel eluted with petroleum ether/diethyl ether (5:2) to give
2,2-dimethyl-propionic acid-11-oxo-undecyl eS#5) as a yellow oil (15 g, 86%).

Physical properties:

Vmadcm™: 2928, 1729, 1458, 1286

3n (500 MHz, CDCY): 9.76 (1H, t,J 1.55 Hz), 4.04 (2H, t) 6.65 Hz), 2.41 (2H, dt]
7.55, 1.9 Hz), 1.61 (4H, m), 1.37-1.25 (12H, m), 1.19 (9H, s)

3c (500 MHz, CDCY): 202.83(+), 178.62(-), 64.39(-), 43.86(-), 38.70(-), 29.38(-),

29.27(-), 29.14(-), 29.12(-), 28.57(-), 27.17(+), 25.85(-), 22.04(-),
[- = CHp, + = CH, CH]

3.3.2.45 Preparation of 13-(2,2-dimethyl-propionyloxy)-tridec-2-enoic acid methyl ester (46)

(Methoxycarbonylmethylene) triphenylphosphorane (43.31 g, 0.13 mol) was added to a stirring
solution of 2,2-dimethyl-propionic acid 11-oxo-undecyl eq@s) (30.00 g, 0.11 mol) in

toluene (500 ml). The reaction mixture was stirred overnight. The toluene was subsequently
evaporated to give a residue which was diluted with petroleum ether/diethyl ether (5:2, 500 ml)

and refluxed for 30 minutes. The mixture was filtrated and the precipitate washed with
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petroleum ether/diethyl ether (5:2). The filtrate was evaporated to give a residue which was
again diluted with petroleum ether/diethyl ether (5:2, 500 ml) and refluxed for 30 minutes. The
mixture was then filtrated, the precipitate washed with petroleum ether/ diethyl ether (5:2) and
the filtrate evaporated. The crude product was purified on silica gel gel eluted with petroleum
ether/diethyl ether (5:2) to give a colourless 0il18k(2,2-dimethyl-propionyloxy)-tridec-2-
enoic acid methyl est¢d6) (31 g, 85%).
Physical properties:
Found M + N&: 349.2339, GH3/NaQ, requires: 349.2349
Vma/cm™: 2928, 2855, 1729, 1158
34 (500 MHz, CDCY): 6.97 (1H, dt,J 6.95, 15.45 Hz), 5.81 (1H, d1,1.6, 15.45 Hz),
4.04 (2H, tJ 6.6 Hz), 3.72 (3H, s), 2.19 (2H, m), 1.61 (2H, pent,
J6.6 Hz), 1.45 (2H, m), 1.37-1.25 (14H, m), 1.19 (9H, s)
dc (500 MHz, CDCY): 178.61, 167.16, 149.74(+), 120.80(+), 64.41(-), 51.32(+),
38.70(-), 32.17(-), 29.42(-), 29.37(-), 29.30(-), 29.16(-), 29.07(-),
28.58(-), 27.98(-), 27.18(+), 25.87(-), [- = gH = CH, CH]

3.3.2.46 Preparation of (2S,3R)-13-(2,2-dimethyl-propionyl oxy)-2,3-dihydroxy-tridecanoic
acid methyl ester (47)

OH o]

(DHQD),PHAL ligand (0.55 g, 0.70 mmol, 0.01 mol eq.xR& (69.27 g, 0.21 mol, 3 mol

eq.), KCOs (29.08 g, 0.21 mol, 3 mol eq.) and Q9@.8 ml, 2.81 mmol, 0.04 mol eq.; 2.5 wt

% solution in 2-methyl-2-propanol) were dissolved in a mixture of water and 2-methyl-2-
propanol (800 ml, 1:1) at RT. MeS8H, (6.67 g, 0.07 mol, 1 mol eqg.) was added and the
mixture was cooled to 2 °C while being stirred vigorously. 13-(2,2-Dimethyl-propionyloxy)-
tridec-2-enoic acid methyl esté46) (23 g, 0.07 mol) was added at 2 °C. The reaction was
stirred at 2-4 °C for 8 hours. When TLC showed that no starting material was left, sodium
metabisulfite (20 g, mol) was carefully added. The mixture was allowed to reach RT and
stirred for 45 min, then extracted with dichloromethane (3 x 500 ml), dried and evaporated.

The crude product was purified on column chromatography on silica gel eluted with petroleum
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ether/ethyl acetate (5:1, then 1:1) to giy8S,3R)-13-(2,2-dimethyl-propionyloxy)-2,3-

a3

dihydroxy-tridecanoic acid methyl est@7) as a colourless oil (25.60 g, >99%).

Physical properties:

Found M + N&: 383.2395, GHssNaG; requires: 383.2404

Vma/cm™: 3449, 2930, 2855, 1729

34 (500 MHz, CDC}): 4.11 (1H, m), 4.04 (2H, 1] 6.6 Hz), 3.89 (1H, m), 3.83 (3H, s),
3.08 (1H, broad s), 2.04 (1H, s), 1.61 (4H, m), 1.46 (1H, m),
1.38-1.23 (12 H, m), 1.19 (9H, s)

3¢ (500 MHz, CDCY): 178.66, 174.08, 73.07(+), 72.46(+), 64.44(-), 52.77(+), 38.71(-),
33.71(-), 29.45(-), 29.43(-), 29.41(-), 29.17(-), 28.58(-), 27.18(+),
25.87(-), 25.67(-), [- = Ch + = CH, CH]

[a]p?®: +9.70, (c = 1.34, CHG)

3.3.2.47 Preparation of (2S,3R)-5-[10-(2,2-dimethyl-propionyl oxy)-decyl]-2,2-dioxo-21°-
[1,3,2]-dioxathiolane-4-carboxylic acid methyl ester (48)

Hpikie

(2S,3R)-13-(2,2-Dimethyl-propionyloxy)-2,3-dihydroxy-tridecanoic acid methyl e<&f)

(25.50 g, 70.44 mmol) was dissolved in @C120 ml). Thionyl chloride (11.26 ml, 154.90
mmol, 2.2 mol eq.) was added and the mixture was vigorously refluxed for 2 hours. After
cooling, the solution was carefully diluted with ¢EN (120 ml), followed by the addition of
ruthenium trichloride hydrate (0.73 g, 3.52 mmol, 0.05 mol eq.) and N@®6 g, 105.66

mmol, 1.5 mol eq.). Water (180 ml) was then added drop-wise. The mixture was stirred
overnight and then poured into diethyl ether (600 ml). The organic layer was separated and the
aqueous layer re-extracted with diethyl ether (2 x 200 ml). The combined organic layers were
washed with water (100 ml), saturated solution of sodium bicarbonate (100 ml) and brine (100
ml), then dried and evaporated to give a dark residue. Sodium thiosulfate pentahydrate was
added to neutralise the iodine and the mixture was extracted with dichloromethane (2 x 200
ml). The organic layer was dried and evaporated. TLC showed that there was still starting

material left and the reaction was repeated by addition of (B0Iml), acetonitrile (60 ml),
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ruthenium trichloride (0.5 g), Nald15 g) and water (90 ml). The reaction mixture was stirred

at RT and montored by TLC. After 30 min TLC showed that no starting material was left and

the mixture was diluted with diethyl ether (400 ml). The organic layer was separated and the

aqueous layer re-extracted with diethyl ether (2 x 100 ml). The combined organic layers were

washed as described, dried and evaporated to give a very dark residue which was purified by

column chromatography on silica gel eluted with petroleum ether/diethyl ether (1:1) to give a

colourless oil of (2S,3R)-5-[10-(2,2-dimethyl-propionyloxy)-decyl]-2,2-diox§-P1,3,2]-

dioxathiolane-4-carboxylic acid methyl es{dB) (16.73 g, 56%).

Physical properties:

Found M + N&: 445.1857, GuH34NaQsS requires: 445.1867

Vma/cm™: 2930, 2856, 1774, 1724

34 (500 MHz, CDCY): 4.95 (1H, dtJ 5.05, 7.25 Hz), 4.89 (1H, d,7.25 Hz), 4.05 (2H,
t, J 6.6 Hz), 3.90 (3H, s), 1.98 (2H, m), 1.64-1.45 (4H, m), 1.58-
1.45 (2H, m), 1.39-1.26 (12H, m), 1.20 (9H, s)

dc (500 MHz, CDCY): 178.63, 165.38, 84.06(+), 79.81(+), 64.39(-), 53.67(+), 38.71(-),
32.96(-), 29.36(-), 29.26(-), 29.15(-), 29.12(-), 28.81(-), 28.57(-),
27.18(+), 25.84(-), 24.76(-), [- = GH+ = CH, CH]

[a]p?® +31.17 ° (c = 1.03, CHg)l

3.3.2.48 Preparation of (R)-13-(2,2-dimethyl-propionyl oxy)-3-hydroxy-tridecanoic acid

methyl ester (49)
O\@/R'\)J\ o

10

(2S.3R)-5-[10-(2,2-Dimethyl-propionyloxy)-decyl]-2,2-dioxdv2[1,3,2]-dioxathiolane-4-

carboxylic acid methyl estd€d8) (22 g, 51.88 mmol) was dissolved in DMAC (300 ml) and
NaBH4 (2.26 g, 59.67 mmol, 1.15 mol eq.) was slowly added at O °C. The reaction mixture
was stirred at RT for 1 hour. When TLC showed that no starting material was left, the solvent
was distilled under high vacuum. The residue was diluted with THF (250 ml) and water (0.5
ml) and concentrated sulfuric acid (1.35 ml) added. The mixture was stirred for 1 hour where

after sodium metabisulfate (25 g) was added and stirred for another 30 minutes. This was then
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filtered through a pad of silica gel and washed with THF. The filtrate was evaporated to give a

residue which was purified by column chromatography on silica gel eluting with petroleum

ether/ethyl acetate (10:3) to gi(®)-13-(2,2-dimethyl-propionyloxy)-3-hydroxy-tridecanoic

acid methyl estef9.20 g, 52%).

Physical properties:

Found M + N&: 367.2427, GH3sNaQ; requires: 367.2455

Vma/cm™: 3517, 2922, 2854, 1732

Oy (500 MHz, CDCY): 4.04 (2H, tJ 6.6 Hz), 3.99 (1H, m), 3.71 (3H, s), 2.51 (1H, dd,
3.15, 16.4 Hz), 2.41 (1H, dd,9.15, 16.4 Hz), 1.61 (2H, pert,
6.6 Hz), 1.53 (1H, m), 1.43 (2H, m), 1.37-1.25 (5H, m), 1.19
(9H, s)

dc (500 MHz, CDCY): 178.61, 173.42, 67.99(+), 64.41(-), 51.66(+), 41.12(-), 38.68(-),
36.50(-), 29.46(-), 29.44(-), 29.42(-), 29.41(-), 29.15(-), 28.57(-),
27.16(+), 25.85(-), 25.42(-), [- = GH+ = CH, CH]

[a]p?® -10.0° (c = 1.23, CHG)

3.3.2.49 Preparation of (2R,3R)-2-allyl-[11-(2,2-dimethyl-propionyl oxy)-1-hydroxy-
undecyl]-pent-4-enoic acid methyl ester (50)

Hyed

Butyl lithium (3.05 ml, 6.40 mmol, 2.2 mol eq.) was added to a stirred solution of

4/12/;
\

diisopropylamine (0.65 g, 6.40 mmol, 2.2 mol eq.) in dry THF (40 ml) under nitrogen at -78
°C. The reaction mixture was allowed to reach RT and was re-cooled to -78 °C bef&®pe (
13-(2,2-dimethyl-propionyloxy)-3-hydroxy-tridecanoic acid methyl e§t8y (1 g, 2.91 mmol)

in dry THF (20 ml) was added drop-wise. The reaction mixture was allowed to slowly warm to
0 °C in the cold bath over 2 hours and then re-cooled to -65 °C before allylic iodide (0.32 ml,
3.49 mmol, 1.2 mol eqg.) and HMPA (1.01 ml, 5.81 mmol, 2 mol eq.) in dry THF (2 ml) was
added drop-wise. The reaction mixture was allowed to slowly warm to -5 °C in the cold bath

over 2 hours and the reaction monitored by TLC. When TLC showed that little starting
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material was left, ammonium chloride (10 ml) was added and the product extracted with

diethyl ether/ethyl acetate (1:1, 3 x 50 ml). The combined organic layers were washed with

brine (50 ml), dried and evaporated to give a residue which was purified by column

chromatography on silica gel eluted with petroleum ether/ethyl acetate (4:1) {@RI8R)-2-

allyl-[11-(2,2-dimethyl-propionyloxy)-1-hydroxy-undecyl]-pent-4-enoic acid methyl €sber

as a pale yellow oil (614 mg, 55%).

Physical properties:

Found M + N&: 407.2751, GHiNaG; requires: 407.2768

Vma/cm™: 3524, 2930, 2854, 1736, 1642

34 (500 MHz, CDCY): 5.75 (1H, m), 5.11 (1H, dd, J 0.95, 17 Hz), 5.05 (1H, bd d,
10.05 Hz), 4.05 (2H, t]) 6.65 Hz), 3.71 (3H, s), 2.55 (1H, m),
2.50-2.38 (2H, m), 1.62 (3H, pert6.3 Hz), 1.50-1.42 (4H, m),
1.37-1.25 (16H, m), 1.20 (9H, s)

dc (500 MHz, CDCY): 178.65, 175.33, 134.89(+), 117.18(+), 71.78(+), 64.44(-),
51.56(+), 50.54(+), 38.72(-), 35.57(-), 33.81(-), 29.50(-),
29.49(-), 29.47(-), 29.45(-), 29.20(-), 28.61(-), 27.21(+), 25.89(-),
25.71(-), [- = CH, + = CH, CH]

[a]p®> +1.08, (c = 1.15, CHG); reported as §]p™> +1.94 (c = 1.19,
CHCl)

3.3.2.50 Preparation of (1R, 2R)-1-acetoxy-11-oxoundecyl hexacosanoic acid methyl ester
(52)

Methyl (2R,3R)-3-acetoxy-2-tetracosanyl-13-hydroxytridecano®® (0.18 g, 0.286 mmaol,
kindly provided by Dr J. Al Dulayymi, University of Wales, Bangor, UK) in dichloromethane
(5 ml) was added to a stirring suspension of pyridinium chlorochromate (2.50 g, 1.13 mmol, 4
mol eq.) in dichloromethane (15 ml) at RT. The mixture was stirred for 1 hour at RT. When

TLC showed that no starting material was left, the mixture was poured into diethyl ether (200
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ml) and filtered through a pad of celite on silica gel, then washed thoroughly with diethyl ether.
The filtrate was evaporated to give a residue which was purified by column chromatography on
silica gel eluted with petroleum ether/diethyl ether (5:2) to iR, 2R)-l-acetoxy-11-
oxoundecyl hexacosanoic acid methyl e} as an oil (0.17 g, 96%).
Physical properties:
Vima/Cmi™: 2917, 2849, 1741
Oy (250 MHz, CDCY)): 9.73 (1H, t,J 1.8 Hz), 5.03 (1H, ddd) 4.2, 7, 11.3 Hz), 3.64

(3H, s), 2.57 (1H, ddd] 4.2, 6.7, 10.7 Hz), 2.38 (2H, d1,1.8,

7.2 Hz), 2.03 (3H, s), 1.95-1.08 (62H, br s), 0.88 (3H,7tHk)

Oc (250 MHz, CDCY): 202.9, 173.6, 170.3, 74.1, 51.5, 49.6, 43.9, 31.9, 31.7, 29.7, 29.3,
29.1, 28.1, 27.5, 25.0, 22.6, 22.0, 21.0, 14.1, [- 3,GH= CH,
CHg

[a]p? reported as +9.8 ° (c = 1.06, CH)!

3.3.2.51 Preparation of (R)-2-{(R)-1-acetoxy-18-[(1S,2R)-2-((17R,18R)-17-methoxy-18-
methyl hexatriacontyl)-cyclopropyl]-octadecyl}-hexacosanoic acid methyl ester (53)

N

0 oA O
/M\ W Y0 M O/
: 16 17 :
N 23( \)\

Lithium bis(trimethylsilyl)amide (0.45 ml, 0.427 mmol, 1.06 M, 1.3 mol eq. to sulfone) was
added drop wise to a stirring solution oR(2R)-1-acetoxy-11-oxoundecyl hexacosanoic acid
methyl ester(52) (0.174 g, 0.274 mmol) and 5-(742R]-2-((1R,1&R)-17-Methoxy-18-
methyl-hexatriacontyl)-cyclopropyl)-heptyl sulfonyl)-1-phenyi-tetrazole(40) (0.30 g, 0.33
mmol, 1.2 mol eq.) in dry THF (10 ml) under nitrogen at -°CO The reaction mixture was
allowed to reach RT and was then stirred for 1 hour. When TLC showed that no starting
material was left, the reaction mixture was quenched with a saturated solution of ammonium
chloride (5 ml) and diethyl ether (10 ml). The organic layer was separated and aqueous layer
was re-extracted with diethyl ether (3 x 10 ml). The combined organic layers were washed with
brine (20 ml), dried and evaporated to give a white solid which was purified by column
chromatography on silica gel eluting with petroleum ether/diethyl ether (10:1) tqR)n2
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{(E/2)-(R)-1-acetoxy-18-(1S,2R)-2-((17R,18R)-17-methoxy-18-methyl hexatriacontyl)-

cyclopropyl}-octadec-11-enyl}-hexacosanoic acid methyl ester (0.22 g, 60%).

B

(R)-2-{(E/2)-(R)-1-Acetoxy-18-(52R)-2-((1R,1&R)-17-methoxy-18-methyl hexatriacontyl)-
cyclopropyl}-octadec-11-enyl}-hexacosanoic acid methyl ester (0.215 g, 0.165 mmol) was
stirred in THF (10 ml) and methanol (5 ml), cooled to 5 °C and excess of dipotassium
azodicarboxylate was added. Acetic acid (3 ml) in methanol (2 ml) was added drop-wise to the
reaction mixture over 3 hours at RT. After 6 hours another portion of dipotassium
azodicarboxylate was added, followed by the addition of acetic acid (1ml) in methanol (1 ml)
and this was repeated 12 hours later. The reaction was stirred for a further 20 hours and then
poured into ammonium chloride (20 ml). A mixture of petroleum ether/diethyl ether (1:1, 50
ml) was added, the organic layer was separated and the aqueous layer was re-extracted with
petroleum ether/diethyl ether (1:1, 2 x 30 ml). The combined organic layers were dried and
evaporated. The procedure was repeated again for another 24 hours to give a white solid which
was purified by column chromatography on silica gel eluting with petroleum ether/ diethyl
ether (5:1) to give (R)-2-{(R)-1-acetoxy-18-(1S,2R)-2-((17R,18R)-17-methoxy-18-methyl
hexatriacontyl)-cyclopropyl}-octadecyl-hexacosanoic acid methyl €8e(194 mg, 90%).
Physical properties:
Vma/cm™: 2920, 1743, 1469, 1375, 1237, 1162, 719
Oy (500 MHz, CDCY): 5.09 (1H, dtJ 3.8, 7.9 Hz), 3.69 (3H, s), 3.35 (3H, s), 2.96 (1H,
m), 2.62 (1H, dddJ 4.4, 6.95, 14.8 Hz), 2.04 (3H, s), 1.68-1.58
(4H, m), 1.56-1.48 (1H, m), 1.46-1.20 (138 H, m including s),
1.18-1.05 (4H, m), 0.89, (6H, t, J 6.6 Hz), 0.85 (3H, d, J 6.9 Hz),
0.65 (2H, m), 0.57 (1H, di] 4.1, 7.9 Hz), -0.32 (1H, ¢} 5.05
Hz)
dc (500 MHz, CDCY): 173.65, 170.33, 85.45(-), 74.11(-), 57.70(-), 51.52(-), 49.59(-),
35.35(-), 32.39(+), 31.92(+), 31.72(+), 30.500(-), 30.32(+),
30.22(+), 29.98(+), 29.94(+), 29.70(+), 29.65(+), 29.56(+),
29.47(+), 29.44(+), 29.40(+), 29.36(+), 28.72(+), 28.12(+),
27.58(+), 27.47(+), 26.16(+), 24.99(+), 22.68(+), 22.61(+),
21.01(-), 15.78(-), 14.88(-), 14.10(-), 10.91(+), [+ =L£H= CH,
CHjy]
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[a]p®> +7.69 ° (c = 1.04, CHG); reported as f] p°* +7.17° (c = 1.32,
CHCl)

a3

3.3.252 Preparation of (R)-2-{(R)-1-hydroxy-18-[(1S,2R)-2-((17R,18R)-17-methoxy-18

methyl hexatriacontyl)-cyclopropyl]-octadecyl }-hexacosanoic acid (1)

llll@]

™~

AT
o ey
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H 16 17
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N

Lithium hydroxide monohydrate (22 mg, 0.535 mmol) was added to a stirring solutid®)-of (
2-{(R)-1-acetoxy-18-[($2R)-2-((1 R,1&R)-17-methoxy-18-methylhexatriacontyl)-
cyclopropyl]-octadecyl}-hexacosnoic acid methyl est@&3) (50 mg, 0.038 mmol) in
tetrahydrofuran (8 ml), methanol (1 ml) and water (0.5 ml) at RT. The reaction mixture was
stirred at 43C for 24 hrs. When TLC showed that no starting material was left, the reaction
was cooled to room temperature and diluted with petroleum ether/diethyl ether (1:1, 30 ml) and
ammonium chloride (5 ml) and acidified with 5% HCI. The organic layer was separated and
the aqueous layer extracted with petroleum ether/diethyl ether (1:1, 2 x 20ml). The combined
organic layers were dried and evaporated to give a white solid which was purified by column
chromatography on silica gel eluted with petroleum ether/ethyl acetate (5:2) (R (R)-
1-hydroxy-18-[(1S,2R)-2-((17R,18R)-17-methoxy-18-methylhexatri-acontyl)-cyclopropyl]-
octadecyl}-hexacosnoic ac{d) (32 mg, 67%).

Physical properties:

Found M — H: 1252.2804, gH167/04 requires: 1252.2859

Vma/CM & 3516, 2917, 2850, 1718, 1462
m.p. 59-61 °C
34 (500 MHz, CDCY): 3.73-3.70 (1H, m), 3.35 (3H, s), 2.99-2.95 (1H, m), 2.48-2.44

(1H, m), 1.79-1.71 (1H, m), 1.67-1.61 (2H, m), 1.55-1.08 (145H,
m), 0.90-0.83 (9H, including a 3,7 Hz and a dJ 7 Hz), 0.68-
0.63 (2H, m), 0.56 (1H, br, di,4.05, 8.15 Hz), -0.32 (1H, br, q,
J5.05 Hz)
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3c(500 MHz, CDC}): 178.84, 85.56(-), 72.11(-), 57.67(-), 50.71(-), 35.55(+), 35.33(-),
32.35(+), 31.92(+), 30.47(+), 30.31(+), 30.22(+), 29.97(+),
20.93(+), 29.70(+), 29.66(+), 29.61(+), 29.58(+), 29.50(+),
20.42(+), 29.36(+), 28.71(+), 27.56(+), 27.33(+), 26.14(+),
25.72(+), 22.68(+), 15.77(-), 14.89(-), 14.11(-), 10.90(+), [+ =
CH,, - = CH, CHJ.

[a]p®> +6.95° (c = 1.05, CHGJ)

3.4 Biological activity/antigenicity of different synthetic mycolic acids

3.4.1 Results and discussion

The ability to synthesize complex molecules like MAs is in itself quite a challenge, especially

if the size, hydrophobicity, restricted solubility properties, huge variety and stereochemical
features of these molecules are taken into acount. To be able to select the correct structure
amongst the natural MAs and then synthesize it in such a way that it displays the same
biological activity as the natural product, eg. so perfectly that these molecules are also
recognised by TB antibodies the way the natural MAs are, is the ultimate achievement sought
to clearly understand how the molecules are put together in nature and for what reason. Prof
Baird and his group (University of Wales, Bangor, UK) are doing pioneering work on the
stereochemically synthesis of MAs and have synthesized a few different MAs, inclualing a

MA, a keto-MA and a couple of different diastereomers of methoxy-MA (6-8), the latter in

which | had the opportunity to participate.

As shown in Chapter 2 (secti@.1), antibodies in TBand TB patient serum recognised the
natural MA as well as the methoxy-MA subtype. This led to other questions: How important is
the stereochemistry of the functional groups in the methoxy-MA for recognition by antibodies?
The only way to determine this is to synthetize a particular enantiomer of one particular MA
subtype that is recognised by human antibodies and then to synthesize structural variants of
this basic structure that probes particular structural aspects in a systematic way to interrogate
every structural aspect of MA that may play a role in biological activity. The first challenge
was to synthesise a synthetic MA that was identical in structure to the natural MIA of
tuberculosis and to test it for antigenicity against human TB patient serum. For the
antigenicity/biological activity assay, different synthetic methoxy-MAs were kindly provided

by Dr J. Al Dulayymi (University of Wales, Bangor, UK) in addition to the synthesized
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methoxy-MA described in this chapter. Apart from the methoxy-MA, different synthetic keto-

and hydroxy-MAs were kindly provided by Gani Koza (University of Wales, Bangor, UK). For
antigenicity determination, the same ELISA assay was followed that was used in Chapter 2 for

the determination of activity of the natural MA and their sub-types.

The exact stereochemistry of the cyclopropane group in the mero chain of natural MA is not
known. The two possibilities dfis-stereochemistry around the cyclopropane gré&R (and

R,9 were included in two of the methoxy-MAs to determine if one would be favoured above
the other by antibodies in TBerum. The stereochemistry of the methyl methoxy-group in the
distal position in natural MA is thought to b8,S NMR analyses showed that the
stereochemistry is definitely eithe®,S or R,R, but notS,R or R,S The different

stereochemistries around the two loci of methoxy-MA, represented in the three synthetic

variants that were tested are shown in Figure 3.20.

AN
B ARy RS M
17 7 N ,(// : OH

16 17

Figure 3.20: The different diastereomers of synthetic methoxy-MAs tested for antigenicity against TB patient

serum.

Figure 3.21 shows the structures of the synthetic keto- and hydroxy-MAs that were also
included in the antigenicity assay. It is known that there is a small amoutrars-
cyclopropane MAs present in the natural MA. Should the synthetic keto- and hydroxy-MA be

recognized by patient antibodies, it would be interesting to learn how eithersther the
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transcyclopropane influences this. Although, hydroxy-MA is not preseM.ituberculosisit
was included in this assay to see if the oxygenated group at that locus in the mero chain was
sufficient to be recognized by antibodies in"&&rum.

9

Keto-MA o

18 15

Hydroxy-MA

Rl (e}
T

18 15

A

Figure 3.21: Synthetic keto- and hydroxy-MAs

To prove that the interaction between sera and MAs are specific, a synthetic alpha-MA (7),

was O-acetylated at tH&OH and methylated at the carboxylic acid (Figurg2B.and was
included in the assay as a negative control.

oy /ﬁ\ - “y M
\6\)\\ " 7 b
19

11

N
wW—
/LII/Illn.p o
@]

Figure 3.22: Synthetic acetylated alpha-MA methyl ester (MB)

This compound was chosen because it does not have a hydrogen donor group, which decrease:
the possibility of hydrogen bonds with antibodies. Moreover, the protection of the polar groups
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in the mycolic motif will also discourage the “W” structural arrangement which is already less

feasible for the alpha-MAs subclass. Therefore, this change in the three dimensional structure

should disrupt its hydrophobic interactions with antibodies against MAs (145, 146).
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Figure 3.23: ELISA results of human antibody binding to natural MA (MA) and various synthetic MA structures.
Antigens are natural MA isolate (MA, n=92 for positive serum, n=30 for negative serum); a synthetic protected
a-MA (MB, n=19 for positive serum, n=5 for negative serum ); a few different diastereomers of a synthetic
methoxy-MA, of which RR/SS describes the stereochemistry around the distal methoxy-methyl group, and RS/SR
describes the stereochemistry around the proximal cis-cyclopropane group respectively, i.e. RR-RS-methoxy
(n=20 for positive serum, n=8 for negative serum), RR-SR-methoxy (n=15 for positive serum, n=5 for negative
serum), SS-SR-methoxy (n=20 for positive serum, n=5 for negative serum); trans-cyclopropane-keto-MA (n=20
for positive serum, n=8 for negative serum) and cis-cyclopropane-keto-MA (n=20 for positive serum, n=7 for
negative serum); and trans-cyclopropane-hydroxy-MA (n=20 for positive serum, n=8 for negative eeauris;
cyclopropane-hydroxy-MA (n=20 for positive serum, n=8 for negative serum). The source of the antibodies was
sera collected from either TB positive or TB negative South African hospitalised patients of various adult age

groups. (Values are given as a mean + standard deviation).

Figure 3.23 summarises the ELISA results of the different synthetic MAs. It must be noted that
although the stereochemistry of these at the hydroxyl acid part is the same as that in the natural
material, the stereochemistry at the other functional parts may or may not be as in the natural
MA.
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Antibodies in TB patient serum recognised the natural MA, and a number of the deprotected
synthetic MAs. All of these were also recognised by serum fromp&Bents, as was seen
before with the different subclasses of natural MA (Fig 2.21, Chapter 2). There were, however,
no significant differences in the way that the various MAs were recognised by sera ffom TB
and TB patients. However, as seen in Fig 3.23 this is reversed and is statistically significant (P
< 0.01) only for the syntheti8SSR-methoxy-MA, which is recognised preferentially by TB
positive serum. This synthetic diastereomer is also the one that closest approximates the signal
strength of antibody binding to natural MA by TB positive patient sera. One can therefore
conclude thatSSSR-methoxy-MA is the best antigen for use in a serodiagnostic assay for
tuberculosis that is based on free MAs as antigen. In add8®8R-methoxy-MA may well
represent one of the antigenically active components that occurs in natural MA and that elicit
specific antibody production in patients with TRR-RSmethoxy-MA was also recognised
significantly better by TBserum compared to the TBerum (P < 0.01). It might be that this
diastereomer could be used to distinguish better betweénam® TB sera than with the
natural MAs, but more sera will have to be analyzed to substantiate this.

Similar to the negative control antigen, MB, ttnans., cis-cyclopropane-keto-MA, andis-
cyclopropane-hydroxy-MA were also not recognised by PAtient antibodies, butans
cyclopropane-hydroxy-MA was recognised weakly. This demonstrates that the antigenicity of
MA is not only dependent on the mycolic motif, but that the mero chain is critical in the
manifestation of biological activity. In terms of the oxygenated groups in the mero chain, the
methoxy is by far the most active, while some activity can be retained with a hydroxy group
substituting for methoxy. Irrespective of whether the keto- and hydroxy-MA represent the
natural material, the data clearly demonstrates the that structure of the mero chain is
importance for antigenicity. By comparing the resolution in signals of a8l TB sera
betweenSS-SRnethoxy-MA toRR-RS-andRR-SR-MA it is clear that the stereochemistry of

the mero chain plays a decisive role in their antigenicity. The nature of the stereochemistry of
the keto- and the hydroxyl groups are not known and therefore more structures need to be

analyzed.

| show, for the first time, that synthetic, stereochemically and diastereomerically pure MAs
showed biological activity and were recognised by PBtient serum. Surprisingly, these were
also recognised by TBpatient serum. One reason could be that cross-reactivity with

cholesterol antibodies might play a role. It is also possible that there are antibodies to other
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mycobacteria involving MAs, eg the saprophytic types. There may also be other unrecognised

explanations.

The hydrophobicity of both MA and cholesterol and their apparent molecular relation
(discussed in 1.1.7.4 and 3.1.3) suggests that the two entities could snugly fit together,
stabilized by hydrophobic forces. The specificity of MA for attracting cholesterol is
determined more by the type of oxygenated group (methoxy preferred) and its stereochemistry
(RR preferred), than by the stereochemistry of the cyclopropane group in the mero chain. These
two structural properties appear to be critical for defining the structural similarity of part of the

MA structure to cholesterol.

The similarity in structure of MA to cholesterol may have a profound effect on the virulence of
M. tuberculosisjn particular to their mechanism of entry into the host macrophage and their
sustenance, as referred to in Chapter 1 (section 1.1.2). This applies especially to the ability of
MA to attract cholesterol. To determine whether MA, in comparison to methylated MA
(mMA) and synthetic protected alpha-MA (MB) attracts cholesterol, a biosensor cuvette was
coated with MA-, mMA-, or MB-containing liposomes. Sensorgrams were generated by
exposing the coated surface to cholesterol-containing liposomes. This was done with a
resonant mirror biosensor as described by Siko (134). The resonant mirror biosensor works on
the principle that the angle at which light is internally reflected from a sensing surface
supported on a dielectric resonant layer, changes as mass accumulates onto it (41). This allows
real time analyses of dynamic molecular binding of soluble ligates to ligands that are
immobilised on the sensing surface (31). Figure 3.24 shows the coating of MA to the cuvette
surface of more than 2 000 arc seconds, and then binding of cholesterol. MB could be coated to

a similar degree of efficiency, while mMA coated even better at 3 000 arc seconds.
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Figure 3.24: A typical IAsys sensorgram to monitor binding of cholesterol to MA. 1: Activation of surface with
CPC, 2: PBS/AE wash step, 3: addition of MA liposomes, 4: PBS/AE wash step, 5: addition of cholesterol
liposomes, 6: PBS/AE wash step.
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Figure 3.25: Biosensor binding curves (the framed part of Figure 3.24) of cholesterol attraction to immobilized
natural MAs (MA, thick line / +), MA methyl esters (mMMA, dashed line / *) or acetylated synthetic alpha-MA
methyl ester (MB, thin line / -). Each line represents the typical curve of five repeats with the exact end points of

each indicated after 7.5 minutes exposure.
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Figure 3.25 shows that the MA-liposomes coated cuvette surface accumulated cholesterol from
the solution, but that the MA methyl esters and the acetylated synthetic MA methyl ester (MB)
were unable to do so (Student’s t-test showed no significant difference between mMA and MB
(P > 0.1), while the difference in binding of cholesterol to MA and MB was significant (P <
0.001).

It is clear that the attraction of cholesterol to MA is determined by the fine structure of the
ligand-receptor pair. The loss of antigenicity and cholesterol binding capability of the methyl
esters of MAs might be due to the requirement of free carboxylic acid to stabilize a
conformational folding of the long meromycolate chain to which cholesterol can bind.
Retzinger et al(118) and Villeneuve et a{145, 146) proposed that the long MA mero chain is
kinked and folded in the lipid bilayer as three tightly packed bends of hydrocarbon. Similar
folded conformations of oxygenated MA are proposed that can explain experimental
observations obtained in different studies (70). The alignment of the acyl chains by folding
may allow hydrophobic interactions by intra-molecular stacking that is enabled by the hairpin
bend induced by the proximalis-cyclopropane group. Methoxy-MA may bind better to
cholesterol than keto-MA by retaining a tetrahedral structure around the oxygenated carbon,
homologous to the structural architecture around the 3-hydroxy group of cholesterol. The
carboxylic acid part of the molecule plays an important role in its antigenicity for bétaritB

TB™ patient antibodies.

3.4.2 Materials and methods
3.4.2.1 Mycaolic acids used as antigensin ELISA

For the antigenicity/cholesterol binding activity assay, different synthetic MAs were kindly
provided by Dr J. Al Dulayymi and Gani Koza (University of Wales, Bangor, UK) in addition
to the synthesized methoxy-MA described in Chapter 3 (6, 7, 90).

3.4.2.1.1 Natural mycolic acids

Mycobacterial MAs were isolated from a culture Mf tuberculosisH37Rv as described by

Goodrum et al. (67), as a mixtureaf, keto- and methoxy-MAs (Figure 1.7).
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3.4.2.1.2 Synthetic acetylated alpha mycolic acid methyl ester (MB)

An a-MA was synthesized by Al Dulayynat al. (7) and was O-acetylated at f}#©H and

methylated at the-earboxylic acid.

3.4.2.1.3 Synthetic methoxy-MA (RR-RS-methoxy)

Deprotected as described in section 3.3.2.52.

3.4.2.1.4 Synthetic methoxy-MA (RR-SR-methoxy)
Demethylated and kindly provided by Dr J. Al Dulayymi (University of Wales, Bangor, UK).

3.4.2.1.5 Synthetic methoxy-MA (SS-SR-methoxy)
Deprotected and kindly provided by Dr J. Al Dulayymi (University of Wales, Bangor, UK).

3.4.2.1.6 Synthetic trastyclopropane-keto-MA

Synthesized and kindly provided by Gani Koza (University of Wales, Bangor, UK).

3.4.2.1.7 Synthetic cisyclopropane-keto-MA

Synthesized and kindly provided by Gani Koza (University of Wales, Bangor, UK).

3.4.2.1.8 Synthetic trastyclopropane-hydroxy-MA

Synthesized and kindly provided by Gani Koza (University of Wales, Bangor, UK).

3.4.2.1.9 Synthetic ciyclopropane-hydroxy-MA

Synthesized and kindly provided by Gani Koza (University of Wales, Bangor, UK).

3.4.2.2 Reagents and apparatus used in ELISA
As describe above in section 2.4.2.2t0 2.4.2.7.

3.4.2.3 Reagents and apparatus used in Biosensor assay

Natural mycolic acid (MA): Mycobacterial MAs were isolated from a culture Mof
tuberculosisH37Rv as described by Goodruet al. (67), as a mixture afi-, keto- and
methoxy-MAs (Figure 1.7).
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Synthetic a-mycolic acid (MB): Synthesized and kindly provided by Dr J. Al Dulayymi
(University of Wales, Bangor, UK) (7).

Phosphatidyl choline-99 (PC): stock solution of 100 mg/ml in chloroform (99%, Sigma, USA).
Cholesterol (5-cholester3®l, Standard for chromatography, Sigma, St. Louis, MD, USA):

stock solution of 100 mg/ml in chloroform.

Phosphate buffered saline (PBS): 20 x PBS stock was prepared by dissolving sodium chloride
(160 g; 99%, Merck, SA), potassium chloride (4 g; 99%, Merck, SA), di-hydrogen potassium
phosphate (4 g; 99%, Merck, SA) and di-sodium hydrogen phosphate (23 g; 99%, Merck, SA)

in double distilled de-ionized water to a final volume of 1000 ml.

1 x PBS: 50 ml 20 x PBS in 950 ml ddgl The pH of the solution was adjusted to 7.4 with 1
M NaOH.

PBS/Azide-EDTA (PBS/AE): EDTA (1 mM, Sigma, USA) and sodium azide (0.025% m/v,
Sigma, USA) in 1 x PBS.

Saline: 0.9% NaCl (Merck, SA).

Potassium hydroxide (KOH): 12.5 M (Merck, SA).

Ethanol (EtOH): 95% (Saarchem, SA).

Cetyl-pyridinium chloride (CPC): 0.02 mg/ml in PBS/AE (Sigma, St. Louis, MD, USA).
IAsys resonant mirror biosensor: IAsys Affinity Sensors, Bar Hill, Cambridge, UK.
Sonicator: Branson Sonifier B-30, USA.

3.4.2.4 Preparation of liposomes containing mycolic acids, synthetic acetylated a-mycolic

acid methyl ester (MB) or cholesterol

For the preparation of MA containing liposomes, PC (90 ul) was added to an amber glass vial
containing MA (1 mg), mixed well to dissolve the MA, dried at 80 °C under a strearp, of N
and then sonicated in saline (2 ml) for 2 minutes at RT. The MB containing liposomes and the
‘empty’ PC liposomes were made in the same way, MB liposomes with 1 mg of MB, and PC
liposomes with omission of the MAs. For the cholesterol-containing liposomes, PC (60 pl) and

cholesterol (30 pl) were added to an amber glass vial without MA, mixed well, dried,
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suspended in saline (2 ml) and sonicated as above. The liposomes were divided into 200 pl
aliquots, freeze-dried and stored at -20 °C until used. Before use, the liposomes were
reconstituted with PBS/AE (2 ml), heated at 80 °C for 15 minutes and then sonified as above.

The final liposome concentration came to 500 pg/ml.

3.4.2.5 Measurements of interaction between MA, MB and cholesterol

IAsys software was used to set the IAsys affinity biosensor at a data-sampling interval of 0.4 s,
temperature of 28C and stirring rate of 75%. Prior to use, the wells were regenerated by
washing 5 times with EtOH (50 pul), for 30 seconds, followed by washing 7 times with PBS/AE
(70 pl). The surface was then treated 5 times with KOH (50 pl) for 1 minute and finally
washing 7 times with PBS/AE (70 ul). PBS/AE (60 pl) was pipetted into each well of the
cuvette to obtain a stable baseline for 1 minute. The PBS/AE was subsequently aspirated and
the surface activated with CPC (50 pul) for 10 minutes. This was followed by washing five
times with PBS/AE (60 pl) and then substituting with PBS/AE (25 pl) for a new baseline
before immobilization of MA-containing or MB-containing liposomes (25 ul) to the surface
for 20 minutes. The immobilized liposomes were then washed 5 times with PBS/AE (60 pl)
and again substituted with PBS/AE (25 ul) before the cholesterol-containing liposomes (25 ul)
were added. Direct interaction between the immobilized MAs and cholesterol was monitored
for 10 minutes, after which the cuvette was washed 3 times with 60 pl PBS/AE and

regenerated as before.
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Discussion

This study set out to resolve the structure-activity relationship of MAs fotaberculosis in

terms of both their antigenicity, i.e. their capacity to be recognised by TB patient serum
antibodies, and the ability of MAs to attract cholesterol, because it may play a critical role in
the entry of the bacillus into the host macrophage and its mechanism to survive in that

normally hostile environment.

The first indication that MAs are antigenic was obtained indirectly by the production of
antibodies against cord factor in mice and rabbits by a Japanese research group. They injected
rabbits with methylated bovine serum albumin complex of cord factor to obtain antiserum. The
anti-cord factor IgM antibodies were detected by a precipitin reaction. It was suggested that the
antigenic epitope may be the trehalose moiety (82). In 2005, Faljish (64) published
evidence that suggested that the MA rather than the sugar component of trehalose di- and
monomycolates, was the antigenic determinant that was recognized by anti-cord factor
antibodies from tuberculosis patients. This same notion was more directly demonstrated by Pan
et al. (112) who coated ELISA plate wells with the pure, separated MA methyl esters from
hexane solutions and showed that the methoxy-mycolates were the predominant antigens,
while little TB patient antibody binding could be demonstrated withother keto-mycolates.
Fujiwaraet al. (65) showed that anti-cord factor IgG in rabbits recognized MA subclasses of
M. tuberculosis andM. avium. All this work on the antigenicity of cord factor stemmed from
Japanese laboratories that focused on bringing a commercial kit for serodiagnosis of TB on the

market. This kit is currently on clinical trial.

Yanoet al. (157) found that antibodies in TB patients recognized not only MA esterified to a
mono- or disaccharide (cord factor), but also free MAs with a carbon number of 14 or more as
antigens. The MAs were extracted froMycobacterium, Nocardia, Rhodococcus and
Corynebacterium species and were esterified to trehalose. The trehalose MA esters comprised
of trehalose bound to 1 to 4 MAs. These antigens were then brought into contact with an

antibody-containing sample and analyzed by ELISA. They also showeWthaberculosis
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derived antibodies that react with cord factor were present in the seruni pafiéhts, but not
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in healthy controls.

The preferred antigenicity of cord factor in TB patients was confirmed in this study by
showing that MA bound to trehalose was recognised bypEient serum, but not by the TB
patient serum when analysed by ELISA. In chapter 2 the issue around the antibodies
responsible for recognition of cord factor and MA was discussed. It is in fact not that simple to
determine. Although cord factor was not recognised by g&ient serum, free MA was
recognised. It seems that there are different types of antibodies, one type that is only found in
TB* patients and that can recognise MA bound to trehalose as cord factor, and another type
that can only recognise free MA, but not the MA bound to trehalosépafients have both

types of antibodies in their serum. The epitope on cord factor that is important for recognition
by TB" patient serum is not the trehalose, but a combination of trehalose with MA. Our results
therefore confirms that of Fujiwaeh al. (65). They found that the different types of MA from
different Mycobacterium species have unique antibody specificity in TB patients. Therefore,
trehalose is not a public cross-reactive epitope, but forms a unique complex epitope that
depends on the MA it associates with. The results show a possible epitope that exists on MA
and which disappears when bound to trehalose. The MA epitope is a natural epitope that is
recognised by antibodies from both Tigatients and healthy people.

To determine the fine specifity of interaction of MA with antibodies, the three subclasses of
MA from M. tb were separated and the antigenicity of two of the subclasses determined. The
antigenicity of the MAs initially appeared not to reside in only one of the subclasses, but this
finding was not entirely convincing, because of possible contamination ai-MA with
methoxy-MA and the lack of sufficient amounts of keto-MA to be tested. This finding
therefore does not yet support my hypothesis i.e. that the recognition of MAs by TB patient
serum antibodies resides in only one of the subclasses. However, the statement could still hold
true if contamination of one preparation of subclass with other subclasses can be totally ruled
out. This may be easier to achieve by chemical synthesis of each of the various subclasses,

rather than their isolation from a natural extract.

Both the mycolic acid motif and the mero chain components of natural MA are important
epitopes for antigenicity (Chapter 2 and 3). It may be possible that this epitope on MA is
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hidden when MA is bound to arabinogalactan in the cell wall, or that this epitope can only be
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recognised as free MA that might be found in lipoproteins in TB patients. It might well be that

this is the immunogen that induces the formation of anti-MA antibodies in TB patients.

In recent years free MAs were used as antigens for the serodiagnosis of tuberculosis. They had
good potential because HIV-TB co-infected patients maintained high antibody levels to MAs
(127). It has been shown with ELISA that free MAs were not adequate for serodiagnosis of
tuberculosis; it was only 57% accurate. An association between MAs and cholesterol was

hypothesized (134) that might explain the low accuracy.

AmB accumulates to a cholesterol coated surface and also to a natural MA coated surface in a
waveguide resonant mirror biosensor, but not to a synthetic proeds coated surface

(24). Similarly, I demonstrated that cholesterol accumulated on a natural MA surface, but not
on the synthetic protected-MAs surface or a surface of methylated natural MA. The
association of both AmB and cholesterol to MA depended on the formation of hydrogen bonds
that also affect the structural rigidity of the molecules. The attraction between MA and
cholesterol was specific and depended on a particular conformation that the free MAs assume
in the phospholipid bilayer of liposomes. This will probably also apply to biological

membranes.

Cholesterol may be attracted to MAs through hydrophobic Van der Waals interactions or by a
more specific interaction between certain similar features present in both molecules. Free MAs
assume a ‘W’ conformation with all the four alkyl chains folded to each other (145, 146). The
condensed conformation of MAs was proposed by several groups and is based on Langmuir
studies. The ‘W’ conformation could resemble the shape of cholesterol. In its extended form,
the structure of MA can hardly relate to that of cholesterol or be able to attract cholesterol to
any degree of specific association. According to Alvetgal. (9, 10) naturally occuring
autoantibodies against cholesterol reacting with tRehy&iroxy group of cholesterol are
present in the serum of almost every healthy individual. This was confirmed by Hetraith

(79) and Birdet al. (26). If MAs are able to attract cholesterol, it might be possible that
cholesterol antibodies from TPRatients recognise these MAs.
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Retzinger et al (118) and Villeneuve et al. (145, 146) proposed that the long MA mero chain is

(=L

kinked and folded in the lipid bilayer to form three tightly packed bends of hydrocarbon.
Similar folded conformations of oxygenated MA was proposed to explain experimental
observations obtained in different studies (70, 75, 76). The alignment of the acyl chains due to
folding may allow hydrophobic interactions by intra-molecular stacking that is enabled by the
hairpin bend induced by the proxinas-cyclopropane group. Methoxy-MA may relate better

to cholesterol than keto-MA by retaining a tetrahedral structure around the oxygenated carbon,
homologous to the structural architecture around the 3-hydroxy group of cholesterol. This all

supports the folded conformation proposed by Siko (134).

The stereochemically controlled synthesis of MAs was first achieved by Al Dulayymi and co-
workers (3-8, 38, 90), but to clarify the absolute stereochemistry of the functional groups in the
mero chain as it occurs in nature, these compounds must be tested for biological activity and

antigenicity.

Antibodies that are present in TRatient serum recognise a number of synthetic MAs. All of
these were also recognised by serum from p&tients. Thea-MA, the negative control
antigen, and the different keto- and hydroxy-MAs were not recognised Bypagent
antibodies. This demonstrates that the antigenicity of MA is not only dependent on the mycolic
motif, but that the mero chain is critical in the manifestation of biological activity. In terms of

the oxygenated groups in the mero chain, the methoxy seems to be more active.

One diastereomer of synthetic methoxy-MA was more avidly recognised bgéfBm than

the other, and weaker by TB- serum compared to the rest of the MAs. It also is the one that
most closely approximates the signal strength of antibody binding to natural MA by TB
patient sera. It can therefore be concluded that, of these synthetic com@&@snethoxy-

MA would be the most appropriate antigen to use in a serodiagnostic assay for tuberculosis. It
may well represent one of the antigenically active components that occurs in natural MA and

that elicits specific antibody production in patients with TB.

There are other questions. Can the mycolic acid motif retain its activity if it is esterified with
some other groups, for instance arabinogalactan or 5-BMF. In these cases, a hydroxyl group
would still be in the vicinity of the carboxyl group to form hydrogen bonds with the methoxy-

144



UNIVERSITY OF PRETORIA
Qo VYUNIBESITHI YA PRETORIA

group in the folded mero chain? What is the role of thecBain? Is the & chain important
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for biological activity? It would be worthwhile to investigate in order to manipulate MAs for

its exploitation as biologically active compound, eg. to find a minimum antigenic structure.

Proving that these synthetic MAs are recognized by antibodies inpa@fient serum when
analyzed by ELISA, is only the beginning. It would be worthwhile to investigate other
biological properties of the different subtypes of these synthetic MAs. MAs elicit an immune
response, stimulate double negative T-cells (67) and stimulates mainly the macrophages
following intraperitoneal administration of MAs into mice. This is achieved by converting the

MAs into cholesterol-rich foam cells (89).

This thesis reports a stereocontrolled chemical synthesis of a biologically active MA. The
chemical synthesis of MA and its derivatives can be used to control TB and other lung diseases
in a variety of ways. In diagnostics it now can allow the determination of the minimum
antigenic structure for recognition by antibodies in* Ttient serum as well as for other
mycobacterial diseases like leprosy, Crohn’s disease, Buruli ulceMarayium complex
diseases. In biosensor technology the synthetic MA can be directly coupled to the gold disc
surface of the cuvettes, eliminating additional washing and coating steps. In therapy, a
synthetic medicine based on MA structure can be designed against asthma and arthritis, as well
as in TB, eg. as an inhibitor of MA biosynthesis or the inhibition of the TACO-proteins.
Synthetic MA can be included into nanoparticles for immunomodulation to exploit its anti-

inflammatory effect.
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