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Abstract

The development of new vaccines to respond to infectious diseases requires new vaccine
adjuvants, which improve vaccine efficacy and shape the immune response. Trehalose
glycolipids, consisting of a,a'-trehalose esterified at the 6- and 6'- positions with lipids, exhibit
adjuvant activity by binding and activating Macrophage inducible C-type lectin (Mincle).
However, the adjuvant activity of trehalose glycolipids could potentially be improved by
substituting the ester linkages for more physiologically stable amide bonds. This thesis presents
a short protecting group free route to trehalose amide glycolipids, thus allowing for the
synthesis of the straight chain glycolipid amides 1a-e in four steps and in excellent (53-61%)
overall yields (Figure 1). Amide glycolipids 1la-e were demonstrated to be Mincle agonists
with comparable activity to their ester counterparts, as determined using a green fluorescent
protein (GFP) reporter cell line assay. A second generation of trehalose amide glycolipids, the
lipidated brartemicin amide analogues 2a-c, were subsequently synthesised (Figure 1). This
report is the first example of trehalose amide glycolipids acting as Mincle agonists, and further

studies into the potential of the amides as vaccine adjuvants will be undertaken in due course.
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Figure 1. Straight chain trehalose amide glycolipids 1a-e and lipidated brartemicin amide

analogues 2a-c
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1 Introduction

1.1 Vaccines for disease control

New solutions to counter the global burden of infectious diseases are required. The second most
common causes of deaths world-wide are infectious and parasitic diseases.! Many fatalities are caused
by diseases such as malaria, tuberculosis and human immunodeficiency virus (HIV), which have
ongoing human infection and lack highly effective cures.! Emerging diseases, which are new infections
or previously reported infections with a sudden escalation in incidence or geographic range, pose an
additional threat.? Incidences of emerging infectious diseases are increasing,® the cause postulated to
be the evolution of microbes to new niches created by changing environments and human behaviours.?
Consequently, infectious diseases are, and will continue to be, challenges for humankind, to which

solutions must be found.

Prior responses to the challenge of infectious diseases testify to the power of vaccination for disease
control. Vaccination has effectively controlled or eradicated many infectious diseases in the past,
notably the discovery that inoculation with cow pox produced small pox immunity, ultimately leading
to the eradication of small pox in the twentieth century.*® Vaccination for the childhood diseases
measles, mumps and rubella further illustrates the capacity of vaccines to reduce disability and
mortality caused by infectious diseases.®® Moreover, the resultant public health benefits have many
flow on effects, such as economic benefits through reduced health care costs.® Accordingly,
vaccination has been recognised by the World Health Organisation (WHO) as a core component to the

human right to health, and the WHO aims to develop global equitable vaccine access.°

Vaccine development is also an important part of the response to emerging infectious diseases.? A
recent example of this is the rapid development of a vaccine during the 2013-2016 Ebola virus outbreak
in West Africa. This outbreak of Ebola virus disease (EVD) is the largest known, with infections in
urban settings greatly aiding transmission of the disease.!* Accordingly, the development of a vaccine

against Ebola virus was prioritised and occurred with unprecedented speed and scale.?



Understanding how successful vaccines confer protection against a specific pathogen will assist in
developing the next generation of vaccines. The aim of vaccination is to produce immunological
memory, which will lead to a swift immune response upon infection.®® Vaccines establish
immunological memory by mimicking an infection by a disease causing pathogen, without causing the
severe symptoms of the disease. The first vaccines, live attenuated vaccines, mimicked natural
infections by containing pathogens with greatly reduced virulence.*® Attenuated strains were
sometimes identified in nature, for example cow pox used for small pox inoculation,® but later
manufactured by prolonged culturing of pathogens in appropriate media, or more recently by
recombinant DNA technologies. ¢ Attenuated vaccines have subsequently led to the development of
killed vaccines and then sub-unit vaccines, which are vaccines which only contain a defined unit of a

pathogen.!-18

Robust immunological memory following vaccination requires the generation of pathogen specific
adaptive immune cells. Immunity is often measured by the presence of persistent circulating blood
antibodies. Antibodies are proteins that bind specific biomolecules (antigens) of the pathogen,
neutralising the pathogen and marking it for destruction.'®?* B-cells, which are cells of the adaptive
immune system which confer pathogen specific immunological memory, produce antibodies.?
However, in addition to B-cells, other adaptive cells, namely T-cell populations, must also be
generated by effective vaccines. When naive T-cells are stimulated, they expand to form populations
of CD4" T-cells, also known as helper T-cells, which activate other cells such as B-cells, and CD8" T-
cells, also called cytotoxic T-cells, which kill infected host cells.?® The importance of vaccines
producing both long-lived T-cells and B-cells is demonstrated by the longevity of B-cells, CD4*- and
CD8"-T-cells produced from the smallpox vaccine, which provides especially high and lasting
immunity.!® 24 In addition, the type of immune response, including whether it is dominated by B-cells
or T-cells, and which T-cell subtypes are present, is also important.®> For example, T helper type 17
(Th-17) cells are important for vaccine-induced responses against bacteria such as Mycobacterium
tuberculosis and Streptococcus pneumoniae.?® Robust immunological memory following vaccination
therefore depends on vaccines stimulating the production of the appropriate profile of long-lived

adaptive immune cells.

A current challenge in immunisation is developing vaccines which stimulate the production of a
suitable adaptive immune cell profile. In general, attenuated vaccines are highly efficacious at
producing immunological memory.*® However, there is growing interest in developing sub-unit
vaccines. This is due to subunit vaccines being considered safer and having fewer side effects, as the

components of a sub-unit vaccine are more firmly defined than their attenuated and killed vaccine
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counterparts.t” However, subunit vaccines often lack efficacy due to their inability to appropriately

prime and shape the adaptive immune response.” 2’

1.2 Vaccine adjuvants

Vaccines, particularly subunit vaccines, can lack efficacy if they fail to appropriately stimulate cells
of the innate immune system. The innate immune system is the branch of the immune system that
swiftly and non-specifically responds to infection.?® While the innate immune system does not include
memory cells, proper activation of the innate immune system is required to activate the adaptive
immune system.'” 27 Antigen presenting cells (APCs), such as dendritic cells (DCs) and macrophages,
provide an important link between the innate and adaptive immune systems. APCs are attracted to
infection sites, where they internalise pathogens (or pathogen fragments) and display the pathogenic
antigens on their cell surface via major histocompatibility complexes (MHCs). This allows pathogen
specific naive T-cells in the lymph node to recognise the antigens via the T-cell receptor (TCR) (Figure
2).2%-30 Simultaneously, pathogen associated molecular patterns (PAMPs) on the pathogen bind to the
pathogen recognition receptors (PRRs) of the APCs, stimulating the release of cytokines. The set of
cytokines produced determines which subtype the naive T-cell that recognises the antigen
differentiates into, thus shaping the type of adaptive immune response that follows.?” % Live attenuated
vaccines have been found to stimulate APCs, for example the yellow fever vaccine stimulates DCs via
a class of PRRs called toll-like receptors (TLRs), resulting in a T helper type 1 (Th-1)/T helper type 2
(Th-2) immune response.3* However, sub-unit vaccines often lack the necessary constituents to
appropriately stimulate APCs and initiate a robust adaptive immune response.l’”: 2 Therefore, to
improve vaccine efficacy the addition of components to appropriately stimulate APCs of the innate

immune system is required.
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Figure 2. Generation of an adaptive immune response: The PAMP binds to the PRR on the APC
leading to the release of cytokines. Concurrently, antigens taken up by the APC are presented by MHC
Il on the cell surface. The T-cell with the correct TCR recognises and binds the antigen-MHC I
complex. The cytokine profile produced by the APC determines how the naive T-cell differentiates,

thus shaping the adaptive immune response.

Adjuvants, such as alum salts and water-oil emulsions, are added to vaccines to improve the immune
response by increasing the magnitude or altering the type of immune response.?’ Although the
mechanism of action of some types of adjuvants, such as alum, requires further investigation,® it has
been demonstrated that certain classes of adjuvant can exert their effect by stimulating innate immune
system cells via PRRs, such as TLRs and C-type lectins (CTLs).?> ?” This has led to the development
of molecular adjuvants, including bacterial glycolipids. A notable example of a bacterial glycolipid
adjuvant is monophosphoryl lipid A (MPLA, 3, Figure 3), which is derived from lipopolysaccharide
(LPS) isolated from the cell wall of Gram-negative bacteria.>*3* Liposomes containing MPLA as an
adjuvant have been used in vaccines for malaria, HIV, and prostate cancer, which all have reached
human clinical trials.>®> Currently, MPLA is used with alum salts as the adjuvant AS04 that is used in

the licensed vaccine for human papillomavirus (HPV), Cervarix®.®
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Figure 3. Bacterial glycolipids with adjuvancy

As previously discussed, there are currently still many infectious diseases for which there are no
effective vaccines. Adjuvant development is a vital aspect of producing new vaccines, therefore the
identification and optimisation of molecules with adjuvancy is important for vaccine development.
One class of molecules which show promise as adjuvants are the trehalose glycolipids (TGLs).*" Like
MPLA, TGLs are also bacterial glycolipid PAMPs. Noteworthy TGLs include trehalose dimycolate
(TDM, 4), found in the cell wall of Mycobacteria, and its synthetic analogue trehalose dibehenate
(TDB, 5) (Figure 3).3%% TDB has been formulated with the cationic surfactant
dimethyldioctadecylammonium bromide (DDA) as liposomes to form the adjuvant CAF01, which has
shown promise as an adjuvant in vaccines against tuberculosis and HIV.* However, vaccines
containing CAFO1 as an adjuvant have not shown sufficient efficacy in human trials for HIV.*2 Thus,

further optimisation of TGL adjuvants could benefit vaccine development.



1.3 Trehalose Glycolipids

As previously stated, TGLs are bacterial glycolipids which have been isolated from a range of bacterial
species. The first TGL isolated was TDM (also known as “cord factor”) from M. tuberculosis.*® 43
Subsequently, TGLs have been isolated from the cell walls of Corynebacteria, Rhodococcus and
Nocardia species; from the dauer larvae of the nematode Caenorhabditis elegans; and prepared

synthetically, such as TDB and analogues.®’: 444

TGLs, whether naturally occurring or synthetic, are diverse in structure. A major structural class is the
6,6 -trehalose diesters which includes TDM (4) and TDB (5) (Figure 3); trehalose dicorynomycolates
(TDCMs, 6), which were isolated from Corynebacteria;*¢*" and maradolipids (7), which were isolated
from C. elegans (Figure 4).3" % The 6,6-trehalose diesters all contain trehalose, an a,o'-linked
disaccharide of glucose, but they have unique lipids esterified to the 6- and 6'-hydroxyls of trehalose.
TDM is a diester of mycolic acid, which is a B-hydroxy fatty acid with two branches — an
unfunctionalised a-branch, and a meromycolate branch which is functionalised with groups such as
cyclopropanes, methoxides, ketones and epoxides.®” *¢ The dicorynomycolates are trehalose diesters
of the related B-hydroxy acids, the corynomycolic acids, which lack a functionalised branch, so each
branch varies only in length.3” Maradolipids (7), can either be symmetrical or asymmetrical, whereby
the major components of maradolipids contain an iso-branched lipid and an unsaturated lipid.**
Diesters of simple straight chain fatty acids have also been identified from C. elegans,* and
synthetically prepared, with TDB, the 22 carbon derivative, being the most widely synthesised and
studied due to its use as an adjuvant.®” 4149 Differences in TGL structure, even minor variations, such

as lipid length or functional group pattern, can affect the immune response.>°
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1.4 Adjuvancy of TDM and TDB

TGLs have been known to be immunostimulatory compounds for some time, with seminal work in
this area focusing on the role of TDM in M. tuberculosis infection.*® %2 The immunostimulatory
activity is also utilised for adjuvants. For example, the efficacy of Freund’s adjuvant, which is widely
used in research and contains heat killed M. tuberculosis, has been attributed to TDM.?” Similarly, the
currently used tuberculosis vaccine, Bacillus Calmette-Guérin (BCG) contains Mycobacterium bovis
and the lipid responsible for producing the most potent pro-inflammatory response in the vaccine is
TDM.* In view of this, TDM and other lipids extracted from M. bovis have been formulated with the
cationic surfactant DDA in liposomes and used as a vaccine adjuvant, which has shown promise in
animal studies.® However, TDM adjuvancy is offset by formulation dependant toxicity - administering
TDM to mice as an oil emulsion is toxic,*® > while TDM administered to mice as micelles is non-
toxic.%® An additional shortcoming is that extracted TDM contains a complex mixture of lipids, which

does not align with the goal of developing defined vaccine adjuvants and subunit vaccines.

With a view to developing more defined TGL vaccine adjuvants, the adjuvancy of a synthetic analogue
of TDM, TDB, has been widely investigated. A particularly pertinent TDB adjuvant involves the
formulation of TDB in DDA liposomes, which is known as the CAF01 adjuvant system.3® 4t CAF01

has been shown to have adjuvancy in vaccines for tuberculosis, malaria and chlamydia in mice.** The
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efficacy of CAFO01 has been attributed to the vaccine initiating a Th1 and Th17 immune response,*®
with the Th17 response being particularly important for protection against intracellular pathogens.?®
5758 The T-cell subtype produced, such as Th1 or Th17, depends on the cytokine profile elicited by the
APCs which in turn depends on the PRR that the adjuvant activates and the exact molecular structure

of the adjuvant.3® >°

1.6 The receptors of TGLs

1.6.1 Macrophage inducible C-type lectin (Mincle)

Although the immunostimulatory activity of TGLs, and in particular TDM, has been known for some
time, it was only in 2009 that the first receptor for TDM, the macrophage inducible C-type lectin
(Mincle, Clec4d, ClecSf8), was identified.®® In experiments to identify the receptor for TDM, a reporter
cell line that expressed green-fluorescent protein (GFP) when a ligand signalled through Mincle was
utilised.®® Here, Mycobacteria species and TDM, fractionated from the lipid extract of Mycobacteria
by high performance liquid chromatography (HPLC), caused GFP expression.®® This evidence
strongly suggested that TDM signalled through Mincle, with the hypothesis being corroborated by
genetic knockout studies. TDM and TDB did not cause cytokine production in BMMs that did not
express Mincle (Mincle” BMMs).8%-6% Furthermore, Mincle” mice did not generate a robust Th17

response upon vaccination with a DDA and TDB adjuvant system.5!

Several other studies have been conducted to understand how the binding and activation of Mincle
initiates an intracellular signalling pathway and ultimately cytokine production. Upon Mincle
activation the immunoreceptor tyrosine-based activation motif (ITAM) of FcRy binds to Mincle at a
positive arginine residue in the intracellular domain.? The signalling pathway continues via the kinase
Syk, a distinct pathway from TLRs which signals via the adaptor protein MyD88.5% Recruitment of
Syk causes a Card9-MALT:-Bcl10 complex to assemble, in turn causing NF«B to translocate to the
nucleus and initiate transcription of genes required for cytokine production (Figure 5).5%64 Thus,
Mincle signalling plays a crucial role in the ability of TGLs to act as adjuvants.
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Figure 5. Mincle signalling pathway: Following binding of the Mincle ligand (e.g. TDB) to Mincle,
FcRy is recruited to Mincle initiating the signalling pathway. This results in the recruitment of the
kinase Syk which causes the assembly of a Card9-MALT1-Bcl10 complex. Formation of the complex
induces translocation of NF«B to the nucleus, ultimately leading to the transcription of genes required

for cytokine production



1.6.2 Mincle crystal structure

The crystal structures of both bovine and human Mincle have been obtained.®>®® In both crystal
structures, similar regions important for TGL binding have been identified. One such feature is the
carbohydrate recognition domain (CRD), which contains a Ca?* ion and a glutamic acid-proline-
asparagine (EPN) binding motif (Figure 6).%%% In the bovine Mincle crystal structure, with trehalose
in the active site, trehalose binds in the CRD with the 3- and 4-OH of one glucose sugar coordinating
to the Ca?* ion.%® Extending away from the CRD is a hydrophobic groove, where it is predicted that
the lipid portion of TGLs bind.®*®® Indeed, a crystal structure of Mincle bound to monobutanoyl shows
the acyl group being aligned with the start of the hydrophobic groove.®” Furthermore, while trehalose
only modestly inhibits the binding of ?°I-Man-BSA to Mincle (inhibition constant, Ki, of 2200 + 300
uM), trehalose dihexanoate has a significantly lower K; of 8.2 + 0.3 uM.%” Overall, this suggests that
a ligand must interact with both the CRD and the hydrophobic groove of Mincle to enhance the binding
affinity to the EPN CRD motif .

CRD
EPN motif

lipophilic
f region

\&! '
CRAC-like :

motif
, Mincle

Figure 6. The crystal structure of human Mincle. The key regions identified for ligand regions are the

CRD EPN motif (yellow) with a Ca?* ion for binding trehalose and the lipophilic region (green) for
binding lipids. A secondary binding site, the CRAC-like motif (purple) is also shown. Image originally

published in Braganza et al. Front. Immunol. 2018, 8, 1940. Reproduced with permision of authors.
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1.6.3 Mincle binding and activation

While the crystal structures can assist with ligand design, Mincle, and by extension APC, activation
must be confirmed by biological evaluation. Therefore, analysis of the structure of known Mincle

ligands should be used to identify key structural features required for Mincle activation.

Current structure activity relationships (SARs) for TGLs corroborate the interpretations of the crystal
structures. Neither purified mycolic acids or trehalose alone could activate Mincle, as determined using
GFP reporter cell lines,®° thereby supporting the notion that both the binding of the CRD domain and
the hydrophobic groove appear to be essential for Mincle activation. Furthermore, trehalose 6,6'-
diesters of straight chain fatty acids must have > 12 carbons to activate macrophages to produce
cytokines and chemokines,*® %8-%° demonstrating the importance of binding the hydrophobic groove.
Lipid length also affects the biological profile, as illustrated by trehalose 6,6”-diesters with acyl carbon
chains of C12 and C14 causing BMMs to produce the chemokine MIP-2, but not the cytokines
interleukin-1p (IL-1B) and interleukin (IL-10) which are produced upon stimulation with the C18
analogue.®® Monoesters of trehalose with long (C22 and C26) straight chain fatty acids have also been
found to activate macrophages in a Mincle-dependent manner.”® Other studies have found monoesters
to have reduced activity to their diester counterparts,®® however, the difference between the two studies
may be due to experimental design. Nevertheless, synthetic trehalose monomycolates have been found
to be Mincle ligands with adjuvancy in in vivo assays which is comparable to their diester
counterparts.”* Overall, these results suggest that to activate Mincle, TGLs must contain at least one
suitably long lipid to ensure effective binding of the hydrophobic groove identified in the crystal

structures.

Mincle ligands other than TGLs have also been identified, and analysis of their structures can also
contribute to ligand design. Malassezia species of pathogenic fungi have been found to activate Mincle
in a CRD dependent manner, and this activity has been attributed to glycolipids 8 and 9 (Figure 7).”*
73 Glycolipids 8 and 9 both contain disaccharides; the disaccharide of 8 is linked to lipids via a glycerol
moiety while the disaccharide of 9 is joined to glycosylated lipids by the unusual sugar L-mannitol.
Glycerol monomycolate (10), found in Mycobacteria cell walls, and the synthetic analogue glycerol
monobehenate (11) have been found to act as ligands for human but not murine Mincle.”* The
difference in activity between the murine and human Mincle proteins has been attributed to amino acid
residues 174-176 or 195-196, as mutation of these murine amino acids to the corresponding human

counterparts resulted in some activation of the mutated murine Mincle by glycerol monomycolate.’
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The intracellular metabolite B-glucosylceramide (12) has also been found to activate Mincle.”
Brartemicin (13), a natural product isolated from Nonomuraea species,’® has also been investigated
as a Mincle ligand (Figure 7). Brartemicin exhibited greater affinity for Mincle binding than trehalose
in assays measuring the inhibition of mannose-conjugated serum albumin binding to the CRD of
bMincle (trehalose K; = 1620 + 70 uM, brartemicin K; = 5.5 + 0.9 uM).”” Computational modelling
suggested that the aromatic rings may have favourable interactions with an arginine residue in the
hydrophobic groove of Mincle.”” However, it should be noted that neither trehalose or brartemicin
have been reported to activate Mincle to produce a functional immune response. Plate coated
cholesterol (14a) or cholesterol crystals have also been found to activate human Mincle but not murine
Mincle, although this is likely through a different binding site as mutation of the cholesterol
recognition amino acid consensus (CRAC) like sequence abolished the observed activity (Figure 7)."®
Similarly, cholesterol sulphate (14b) which may be released upon skin damage or allergic skin

inflammation, has been found to be a Mincle agonist (Figure 7).
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Figure 7. Some other representative Mincle ligands

Taken together, this collection of Mincle ligands highlights the ability of the Mincle binding site to

accommodate a variety of ligands, and this diversity of ligands makes it difficult to predict whether a

compound will be a good Mincle ligand based on structure alone. Furthermore, binding affinity does

not directly correlate to a functional immune response, and therefore it is important to assess Mincle

13



agonist activity in biological assays.>® Ultimately, the ligands need to be evaluated in vivo, as in vitro
immune profiles can be different from the in vivo profiles. For instance, a synthetic glucose
monomycolate was shown to cause BMMs to produce similar levels of cytokines as TDB in vitro,
however in mice vaccination models glucose monomycolate had lower immunostimulatory profile
than TDB."* It is important to note that direct comparisons between different classes of Mincle agonists
can be difficult to make as compounds need to be tested in the same immunological assay in order to

determine whether one class of Mincle ligand is better than the other.

Despite these challenges, some general points can be made in regard to broad structural features which
affect Mincle binding and activation. Many Mincle ligands contain carbohydrate moieties, which
likely interact with the CRD of Mincle, and lipid groups, which likely bind to the hydrophobic groove.
As the hydrophobic groove is rather shallow and open-sided, it is not so surprising that Mincle binds
both linear and bulkier branched lipids.>® 8¢ Lipid length appears to have the most influence on
Mincle activation, as demonstrated via atty acid diester studies, whereby the lipid must be > 12 carbon
atoms long to activate macrophages to produce cytokines and chemokines.*® %8 Subtle changes to the
functional groups within the lipid can also subtly alter the immune response.>® This is perhaps best
illustrated in studies with synthetic TDMs, whereby systematic variation of cyclopropane, methoxy-,
keto- and hydroxy- groups altered the levels of TNF-o produced by bone marrow derived dendritic
cells (BMDCs),”* although the exact effect of functional group on immune response is not well
understood. Therefore, when selecting synthetic carbohydrate-based ligands to prepare as potential
Mincle agonists, long lipids should be included and subtle variations in the structure made to explore
the exact effect of structure on the immune response. Advances in understanding of non-carbohydrate
derived Mincle ligands have also been made, particularly highlighting the species difference of Mincle
homologs.*® Namely, cholesterol and glycerol monomycolate have both been found to be hMincle, but
not mMincle, agoinsts.” "® This further emphasises the importance of examining Mincle ligands in a

range of assays.

1.6.3 Macrophage C-type lectin (MCL)

The expression levels of Mincle in a resting macrophage are very low, however TDM stimulation
increases Mincle mRNA expression.® It was therefore hypothesised that a second receptor might also
recognise TDM and that activation of this receptor upregulated Mincle expression.8® Accordingly, by
screening gene sequences for sequence homology to Mincle, Macrophage C-type lectin (MCL, Clec4e,

ClecSf9), a CTL constitutively expressed on macrophages and DCs, was identified. MCL was then
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shown to bind plate coated TDM and to enhance Mincle-dependent cytokine production and the
adjuvancy of TDM.8%8! Thus, MCL was identified as the second receptor of TGLs, though the
mechanism of the MCL signalling pathway is still unclear.

From immunoprecipitation experiments, MCL is known to signal through Syk.®? In addition to Syk,
MCL has also been coimmunoprecipitated with FcRy, suggesting that MCL signals via a similar
pathway to Mincle.®° However, it is unclear how MCL interacts with FcRy, as FcRy usually binds via
a positively charged amino acid residue, which MCL lacks.®* Notwithstanding, the hydrophilic amino
acid, threonine, at position 38 of the MCL protein has been found to be essential for the FcRy

interaction.®

The experiments performed thus far are suggestive of Mincle/MCL cooperation to recognise TGLs,
but this interaction is still not fully understood. As MCL has been shown to be essential for the
upregulation of Mincle mRNA following TDM stimulation, it has been hypothesised that MCL
initially recognises TDM and causes Mincle expression to increase.®’ However, Mincle expression is
required for MCL expression on bone marrow derived DCs.83®* There is also evidence to suggest that
Mincle and MCL form a heterodimer, as Mincle and MCL co-precipitate with FcRy antibodies,®* with

the stalk portion of Mincle being crucial for the dimer formation.®

Due to the proposed cooperation between Mincle and MCL, it is important to have some understanding
of the structure of MCL when designing Mincle ligands. A crystal structure of bovine MCL shows
that,®® similar to Mincle, MCL has a CRD that contains Ca?*. However, in contrast to Mincle, MCL
has an unusual glutamic acid-proline-aspartic acid (EPD) motif. Like Mincle, MCL also has
hydrophobic residues extending away from the CRD region that are proposed to bind the long lipid
chains of TDM and other TGLs.%® Due to the similarity of Mincle and MCL crystal structures, it is
likely that a ligand designed for Mincle binding will also sufficiently activate MCL.

1.7 Trehalose amide glycolipids

The physiological stability, and hence immunostimulatory activity, of TGL Mincle ligands could
potentially be improved by substituting the ester linkages in TGLs for amide linkages. Chemical or
enzymatic hydrolysis at carbonyls is a degradation pathway of many drugs, and amides are less prone
to hydrolysis than their ester counterparts.8>-% The additional stability of amides is due to the nitrogen

lone pair donating electron density to the carbonyl group providing significant stabilisation. During
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hydrolysis, this stabilising interaction is in the formation of transition state that leads to the tetrahedral
intermediate, thus creating a large energetic barrier for hydrolysis.®” As a result, amides often have
long half-lives, with a half-life of 7 years being measured for a peptide bond in water (pH = 7).%8
Despite this, all TGLs thus far investigated as Mincle agonists contain lipid esters at either one or both
of the 6- and 6'-positions of trehalose. Similarly, non-TGL Mincle ligands that bind the CRD of Mincle
also all contain ester linkages. Replacing the ester linkages of TGLs with amide bonds may increase
the physiological stability of the ligands. This, in turn, may result in increased in vivo efficacy of the

compounds.

To date, several trehalose amide glycolipids have been prepared, however, only one such derivatives
(prepared by the Stocker-Timmer group) has been tested for its ability to activitate APCs in a Mincle-
dependent manner.®® Here the trehalose probe 15 (Figure 8), which contains an amide bond to a
fluorescent reporter group, was used to monitor the cellular uptake of ligands.®® Probe 15 caused
Mincle-dependent nitrous oxide production in BMMs, but as trehalose monoesters also activate
macrophages, it is plausible that the fatty acid ester, and not the fluorescent reporter group, bound to
the major hydrophobic groove in Mincle.” The amide derivative of brartemicin 16 retained biological
activities of cancer cell cytotoxicity and the inhibition of cancer cell invasion,® while very recently
bioorthogonal probe 17 has been used to study mycobacterial cell wall biosynthesis.®* Probe 17 was
incorporated into the cell wall of Mycobacterium smegmatis in an antigen 85 complex dependent
manner and was detected by fluorophore conjugation to the probe. Therefore, it appears that the
substitution of ester groups with amide groups in TGLs does not adversely affect cell and protein
recognition in many cases. This bodes well for the potential of trehalose amide glycolipids to activate

Mincle and act as a promising new class of Mincle agonists.
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Figure 8. Trehalose amide derivatives.

Current SARs and crystallographic data can also be used to postulate that amide functionalised TGLs
will be Mincle agonists. With regards to SARs, Mincle has been activated by a large range of lipid
structures, from straight chain fatty acids of TDB to more functionalised derivatives such as TDM and
the maradolipids.** 4% % Moreover, the crystal structures of Mincle suggest that the amide should bind
at the entrance to the hydrophobic groove.®®% As the hydrophobic groove is where the lipid, which
can be widely structurally varied, binds, it is plausible that a modification from ester to amide should
also be accepted without loss of Mincle dependent activity. However, it remains to be experimentally

determined whether trehalose amide glycolipids are Mincle agonists.
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1.8 Project Aims

The aim of this thesis is to develop a synthetic route to prepare libraries of trehalose amide glycolipids
with the general structure 18 (Figure 9). The target structures have a,a’-trehalose at their core, with
the 6- and 6"- positions functionalised with an amide bound lipid. The libraries of trehalose amide
glycolipids will then be screened for their ability to activate murine and human Mincle using the
nuclear factor of activated T-cells (NFAT)-GFP reporter assay;%® % with the most promising
candidates being further assessed for their potential adjuvant activity using murine bone marrow
derived macrophages (BMMSs) or human monocytes derived from peripheral blood mononuclear cells
(PBMCs).
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Figure 9. General structure of target trehalose amide glycolipids
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2 Straight chain trehalose amide glycolipids

2.1 Target trehalose amide glycolipids

To synthesise trehalose amide glycolipids as potentially more physiologically stable Mincle ligands, a
first library of trehalose amide glycolipids containing straight chain fatty acids of different lengths (1a-
c) and cis-double bonds in the lipid chain (1d and 1e) were selected as the target compounds (Figure
10). The unsaturated derivates (1a-c) will be used to determine whether amide-functionalised TGLs
mimic the pattern of Mincle agonist activity observed for trehalose diesters of straight chain fatty acids,
whereby lipid chains of > C12 lead to Mincle agonist activity.*® 8- The unsaturated compounds, 1d
and le, will be prepared to investigate whether lipid conformation is important for Mincle binding and
activation. Lipids containing cis-double bonds, particularly the single site of unsaturation in 1d, have
been observed in the maradolipids,* although such maradolipids have not been tested for their ability
to activate Mincle. Accordingly, this first library of trehalose amide glycolipids will allow the potential
of trehalose amide glycolipids as Mincle agonists to be assessed and offer some key insights into

structure-activity relationships.
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Figure 10. First trehalose amide glycolipid library
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2.1 Synthetic Strategy

The retrosynthetic plan for amide-functionalised TGLs la-e is shown in Scheme 1. Here the targets
la-e should be accessible by coupling di-amine 19 with the appropriately functionalised, commercially
available carboxylic acids 20a-e. The di-amine 19 can, in turn, be synthesised from a,a’-trehalose 21
via selective iodination at C6 and C6”, substitution of the iodo-groups for azides, and the subsequent

reduction of the azide functionalities to amine groups.
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Scheme 1. Retrosynthesis of straight chain amide TGLs.

The proposed synthetic route has a few advantages. Specifically, the route does not require the
protection of the secondary hydroxyls of trehalose, unlike other reported synthesises of amide-
functionalised trehalose compounds.®® The use of protecting groups increases the number of synthetic
steps, decreases atom efficiency, and often leads to poorer overall yields, so should be avoided when

possible. In this instance, protecting groups are likely to be unnecessary, as the primary hydroxyls of
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trehalose can be selectively substituted for iodides,**% thereby distinguishing the 6- and 6 -positions
for the formation of the desired di-amine (19). Moreover, once the amine groups are installed, the
coupling reagent  2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate
(HBTU) should allow for the selective formation of amide rather than ester bonds. HBTU is a uronium
salt, a class of peptide coupling reagent commonly used for amide bond formation.% While there are
a few accounts of using uronium salts for esterification reactions, the reagents show selectivity towards
primary hydroxyls, with esterification of secondary hydroxyls only occuring when a greater excess of
the carboxylic acid, the uronium salt and the organic base are present.*®%” Thus, by limiting reagent
equivalents in the coupling reaction, it should be possible to selectively form amides instead of esters

by virtue of the higher nucleophilicity and reduced steric hindrance of the primary amines.

2.2 Synthesis of 6,6"-diazido-6,6"-dideoxy-a,a ~trehalose

With a synthetic strategy in place, efforts towards the synthesis of the key intermediate, 6,6"-diazido-
6,6"-dideoxy-a,a’-trehalose (23), were first undertaken. This di-azide intermediate will be reduced to
di-amine 19, and the latter will be used without purification due to the inherent difficulties in purifying
fully deprotected amines. To this end, it was envisioned that a0 -trehalose 21 would first be selectively
iodinated at the 6- and 6 -positions via the use of I> and triphenylphosphine (PPhs) to give di-iodide
22 according to literature procedures (Scheme 2).93 9-101
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Scheme 2. Synthesis of di-azide 23

While the iodination reaction itself proceeded smoothly according to thin layer chromatography (TLC)
analysis, with the disappearance of trehalose (Rf=0.11, 4:1 EtOAc:MeOH v/v) and the formation of a
new product (Rf = 0.50, 4:1 EtOAc:MeoH v/v), purification of 22 proved challenging. Upon
completion of the reaction, and quenching with MeOH, most literature procedures report purification
by trituration with water to remove PPhs and O=PPh3.% %101 |n trying to replicate this, many
trituration conditions were attempted, with changes being made to the temperature of the water that
was added and the order of addition (i.e. water added to the reaction vessel or vice versa). The best
result was obtained by pouring the reaction mixture into vigorously stirred room temperature water,
however, unacceptable levels of iodine, PPhz and O=PPhs were still observed in the product mixture.
This in turn resulted in variable yields, negatively impacting the next synthetic step. Additionally,
extracting the aqueous filtrate with CH2Cl,, based on a reported modification to the procedure,® did
not improve the purity of the final product. Indeed, the observation that 22 could not be obtained in

sufficient purity following trituration alone was supported by some literature procedures, whereby one
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procedure used high performance liquid chromatography (HPLC) following trituration to remove
O=PPhs,'® to the detriment of the yield (29% versus 71-83% in other methods). Therefore, none of
the purification techniques reported thus far were suitable to obtain high purity product in a good yield.

To optimise the purification of 22, different chromatography techniques following trituration were
trialled. Silica gel flash column chromatography was unsuitable as the very polar product could not be
readily loaded onto the column and separation of the product from iodine and O=PPhz was poor, as
evidenced by low to moderate yields (17 — 52%) of the target compound. Accordingly, following
trituration with water, the polyaromatic resin HP20, which apolar molecules adhere to, was then used
to perform reverse-phase chromatography on the resulting product mixture. To this end, the crude
product mixture was loaded onto the column in water and, following gradient elution (H.O to 1:1
H2>0:MeOH v/v), the residual apolar impurities (O=PPhz and iodine) could be separated from the
desired product to give 22 in good (75%) yield. Moreover, this purification strategy could be performed

on a scale of several grams.

Upon obtaining 22, the compound was fully characterised by nuclear magnetic resonance (NMR),
infrared (IR) spectroscopy, high resolution mass spectrometry (HRMS), and optical rotation
measurements. This is the first full characterisation of this product in a single report,®® %% which may
in part be due to the failings of the purification methodologies reported by others. To confirm that the
6- and 6 - positions were iodinated, a heteronuclear single quantum correlation (HSQC) experiment
was used. Here, the methylene resonances, which are observed for the protons at the 6- and 6'-
positions, correlated with the carbon signal at & 6.3 ppm in the HSQC (Figure 11). This upfield shift
of the carbon resonance is characteristic of a carbon bound to an iodine atom, as the large electron
cloud surrounding iodine shields the carbon nuclei from the magnetic field. As this was the only signal
to be shifted upfield, and the HSQC confirmed it as the 6- and 6 - positions, it was concluded that the
iodo-groups had been successfully installed selectively on the 6- and 6”-postions of trehalose. Other

spectral data and full characterisation also supported this assignment (see experimental section).
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Figure 11. HSQC of 6,6"-dideoxy-6,6"-diiodo-a,a "-trehalose (22)

To explain the synthesis of di-iodide 22 from a,0’-trehalose using PPhsz and iodine as regents, the
reaction begins with nucleophilic attack of PPhs (1) on iodine (11), generating iodophosphonium iodide
(111) (Scheme 3). Nucleophilic attack of the primary hydroxyl of trehalose 21 on the iodophosphonium
iodide (111) forms intermediate 1V with the loss of HI. Nucleophilic attack of I" on 1V produces the

mono-iodide of trehalose V with triphenylphosphine oxide (V1) being formed as a by-product.
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Scheme 3 Mechanism of the iodination reaction

With a good supply of high purity 22 secured, efforts were then made towards the synthesis of di-azide
23 (Scheme 2). Once again, this is a literature reported procedure, however the variety of purification
methodologies reported indicated potential difficulties with the purification of the target compound.
Following treatment of di-iodide 22 with NaNs, Srinivasachari et al.% filtered the residual salts and
only purified an analytical sample via recrystallisation with 2-propanol, while Reineke et al.*® removed

salts using an ion exchange resin, and Fernandez et al.* reported no purification at all.

As per the iodination reaction, the reaction to form di-azide 23 proceeded well, as indicated by TLC
analysis, although purification of the target compound did need to be optimised. The reported
recrystallisation in 2-propanol,®® did not allow for good product recovery when performed on larger
samples. Silica gel flash column chromatography was unsuitable as the polar product 21 was
challenging to load and did not give good separation between 23 and the residual iodine. Consquently,
purification of di-azide 23 by reverse-phase HP20 chromatography (H20 to 1:1 H,O:MeOH v/v) was
attempted, the crude product was loaded in water, and by eluting with water, the residual salts could
be removed. The product was then eluted as a single compound using 1:1 H>O:MeOH (v/v), and
following lyophilization, di-azide 23 was isolated in high purity and in an excellent (89%) yield

(literature reported values range from 37-93%).%3 9899
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2.3 Staudinger reduction and coupling reaction

Next, the azide groups in 23 needed to be reduced in order to form di-amine 19, which could be coupled
to a lipid to form the desired amide functionalized TGLs. It was decided that the di-amine 19 would
not be purified and isolated in this synthesis, although isolation of 19 and the dihydrochloride salt of
19 have been reported, purification of this material involved trituration with water to remove PPhs and
triphenylphosphine oxide followed by purification using anion exchange resins.®* % Such
methodology would likely prove challenging and may lead to reduced yields. Thus, to avoid this
intermediate purification step, it was proposed that the Staudinger reduction of di-azide 23 could be
performed with the use of trimethylphosphine (PMes), rather than PPhs. Since PMes is volatile, any
excess can be removed in vacuo before performing the coupling reaction. The residual
trimethylphosphine oxide formed during the course of the reaction (23 — 19), should not interfere
with the subsequent coupling reaction and thus did not need to be removed at this stage of the synthesis.
It was envisioned that following the treatment of di-azide 23 with PMe3 and H20, the crude di-amine

19 would be subjected to an HBTU-mediated coupling reaction with the appropriate lipid (Scheme 4).
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Scheme 4. Planned reaction sequence to synthesise l1a-e.

The Staudinger reduction is the reduction of an organic azide by a trivalent phosphine, classically
PPh3.192103 The abiotic nature of the reacting groups and the chemoselectivity has led to this reaction
being modified to a bioorthogonal ligation used for in-situ labelling of live cells and even mice. 104105
Therefore, this reaction is highly suitable for the synthesis of di-amine 19 with few by-products, which
should have minimal effects on the subsequent coupling reaction. Mechanistically, the reaction is
initiated by nucleophilic attack of trimethyl phosphine | on the azide in 23, which results in the
formation of phosphazide I1. Intramolecular attack of the nitrogen atom on phosphorous then generates
phosphazide 111, which re-arranges to release nitrogen gas and form iminophosphorane 1. Hydrolysis
of 1V then liberates the free amine V with the production of trimethylphosphine oxide VI (Scheme 5).
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The Staudinger reduction of di-azide 23 to di-amine 19 proceeded well. After 1.5 hours, analysis by
TLC revealed the absence of di-azide 23 (Rf = 0.56, 4:1 EtOAc:MeOH, v/v) in the reaction mixture,
and the appearance of a more polar spot (Rf = 0.70, 1:1:1:1:1, AcOH:pyridine:'BUOH:H,0, VIV/VIV).
As it was important to confirm that 19 was being formed before proceeding with the coupling reaction,
the formation of 19 was further confirmed by HRMS and NMR. The observed mass of the product
was in agreement with the expected mass (HRMS, m/z calcd. for [C12H24N209+H]": 341.1555 obsd.:
341.1563), while comparison of the *H-NMR spectrum of di-azide (23) and di-amine (19), showed
that H-6a and H-6b had shifted upfield following the Staudinger reaction (Figure 12). In addition, only
one anomeric centre was observed in the *H-NMR spectrum of di-amine 17, indicating that the product
is symmetrical, therefore both azide groups had been reduced.
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Figure 12. Comparison of *H-NMR (500 MHz, D-O) spectra of di-azide 23 (top) and di-amine 19
(bottom)

With confirmation that the Staudinger Reduction was producing the di-amine 19, coupling to stearic
acid (C18 lipid) was then undertaken. Initial reaction optimisation was perforemd using stearic acid,
as coupling reactions with fatty acids containing 18 carbons or fewer have been previously shown to
proceed with better yields then their longer chain counterparts.®® The coupling reaction was first
attempted using dimethylformamide (DMF) as the solvent, with the reaction mediated by HBTU and
the organic base N,N-diisopropylethylamine (DIPEA). Unfortunately, using these conditions, none of
the target product 1b could be isolated (Entry 1, Table 1). It was postulated that the reaction was not
yielding the desired product due to solubility issues, as undissolved white solid was observed in the
reaction mixture, and there is a large difference in polarity between very polar di-amine 19 and
lipophilic stearic acid. In an attempt to improve solubility, the reaction was repeated in DMF at 60 °C,
however, once again, no product could be isolated (Entry 2, Table 1). Therefore, it was decided to trial

other solvent systems.
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Table 1. Selected conditions in the optimisation of the coupling reaction
0

e
N3 N 16

HO (0] 1. PME3, Hzo HO (@)
HO 2. Conditions HO
HO > HO
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%OH %@OH

16 Il H

23 o]
1b
Entry Reagents Solvent Temperature  Yield®
1 HBTU, DIPEA DMF RT 0%
2 HBTU, DIPEA DMF 60 °C 0%
3 HBTU, DIPEA 2:1 CH2Cl2:DMF (v/v) RT 0%
4 HBTU, DIPEA  4:2:1 Toluene:DMF:MeOH (v/viv) RT 23%"
5 HBTU, DIPEA Pyridine RT 81%
6 HBTU Pyridine RT 58%

2|solated Yield, ® Includes mass of impurities

Initially it was proposed that stearic acid was not sufficiently solubilised in DMF. To this end a CH.Cl>
and DMF mixture was used as the solvent, but despite the lipid and di-amine 19 appearing to be
dissolved by eye, once again no product was isolated (Entry 3, Table 1). Accordingly, the more polar
solvent mixture of toluene:DMF:MeOH (4:2:1 v/v) was used, and, these conditions resulted in some
product being isolated, albeit in low yield (Entry 4, Table 1). The product also contained impurities
that could not be removed by silica gel flash column chromatography alone. It was postulated that
although methanol seemingly improved the solubility of di-mine 19, it could potentially react with the

activated carboxylic acid, which would result in a lower yield of the target product. Thus, a non-
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nucleophilic solvent that was polar enough to dissolve the di-amine 19 was anticipated to improve the

yield.

In investigating a more appropriate solvent, it was noted that Paul et al.®’ directly esterified the 6- and
6" -positions of unprotected trehalose using pyridine as a solvent. Based on this observation, the
coupling of di-amine 19 to steric acid was repeated in freshly distilled pyridine (Entry 5, Table 1).
Here, TLC analysis indicated that the same product as that previously isolated when using
toluene:DMF:MeOH as a solvent system was observed (Rs = 0.55, 4:1, CH2Cl.:MeOH, v/v). Before
purifying the product via silica gel flash column chromatography, an aqueous work up using
'BUOH:EtOAC (2:1, v/v) to extract the product was performed. Indeed, this combination of reaction
and purification conditions yielded the amide-functionalised trehalose glycolipid 1b in excellent yield

(81% over two-steps).

In further exploring the reaction conditions, it was hypothesised that, as observed by Paul et al.,*” the
reaction may proceed equally well when undertaken with only pyridine being used as the base.
Repeating the reaction without DIPEA did lead to pure, isolable product, but with a reduced yield
(compare Entry 5 and Entry 6, Table 1). Thus, it was determined that the reaction likely required a
stronger base than pyridine for optimum results and that further reactions to form trehalose amide

glycolipids would include DIPEA.

To assist with the characterisation of the target trehalose amide glycolipid 1b, HRMS and NMR
spectroscopy was undertaken. Evidence for the installation of two lipids onto the trehalose core was
obtained by HRMS (m/z calcd. for [CasHe2N2011+H]": 873.6774, obsd.: 873.6770). The *H-NMR
spectrum for 1b also showed only one signal for the anomeric centres in the molecule, indicating that
the product was symmetrical. To confirm that the lipids had been coupled to the correct positions,
heteronuclear multiple bond correlation (HMBC) spectroscopy was used. Here, the carbonyl peak (6
175.3) correlated to H-6a (6 4.28-4.16) and H-6b (6 3.90) of the modified trehalose as well as the first
two methylene groups of the lipid, CH2-8 (6 2.41) and CH2-9 (6 1.75) (Figure 13). The carbonyl signal

also correlated to a proton signal at 6 8.86, which was assigned as the NH proton of the amide group.
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Figure 13. HMBC of trehalose amide glycolipid 1b.

With the successful synthesis of the first target di-amide 1b, synthesis of the other trehalose amide
glycolipid library members was attempted. As highlighted above, the C18 di-amide TGL 1b could be
prepared in 81% over-all yield when using HBTU and DIPEA as the coupling reagents (Entry 1, Table
2). Thus, similar coupling conditions were employed when using behenic acid to prepare the C22-
diamide 1c (Entry 2). As evidenced by TLC analysis, the coupling reaction of behenic acid to 17 to
form 1c proceeded smoothly, however, the longer lipid chain of this behenic acid derivative made the
product insoluble in the 'BUOH:EtOAc (2:1, v/v) solvent system previously used for the aqueous work-
up of 1b. Nonetheless, by using hot 'BuOH:ETOAC (2:1, v/v) for the work up procedure, the desired
C22-diamide 1c could be obtained in an excellent (79%) yield over the two-steps. Next, preparation

of di-amide 1d, which contains a single cis-double bond along the C18 lipid backbone, was undertaken

32



(Entry 3). This reaction and the work-up procedure proceeded smoothly to give 1d in a similarly high
(80%) yield. Preparation of di-amide 1e, which contains the lipid derived from linoleic acid, proved
more problematic. While the reaction and purification could be performed without too much difficultly
to give 1e as a waxy white solid in excellent yield (Entry 4), the product degraded to a yellow oil upon
standing at room temperature. *H-NMR analysis of the yellow oil showed a loss of the proton
resonance at & 5.49 ppm, which was assigned to the alkenes in le. Unsaturated lipids can undergo
autooxidation via the formation of an alkyl radical; skipped dienes, such as linoleic acid, stabilise the
alkyl radical and thus facilitate autooxidation at room temperature.%6-1% Although the degradation
product of 1e was not fully characterised, by synthesising the desired product again but carefully

storing under argon, away from light and in the freezer, degradation was avoided.
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Table 2. Synthesis of amide functionalised TGLs 1

X
H
N” R
N3
HO 0
o o 1. PMe3, H,0 N Hoéﬁ
HO 0 g HOG
HOG 2. )J\ , HBTU, DIPEA OH H
OH HO” R o
OH - 0 OH
OH pyridine
o)
R__N
N3 \ﬂ/H
23 ©
1
Entry Compound R Yield?P

1 1b SNt 81%
2 1c %0 79%
3

1d W 80%

e N 80%

7

la S 0%

3Isolated yield, Yield over two-steps

The last trehalose amide glycolipid target was C4-derivatve 1a. Previous studies have shown that TGLs
containing C4 lipid chain esters are not able to activate BMMs,*® 8 and it would thus be interesting to
determine if a similar trend will also be followed for the amide-TGL analogues. To this end, the
diamine 19 was treated with butyric acid, HBTU and DIPEA (Entry 5, Table 2), and the reaction
progress monitored by TLC. While starting material consumption was observed after 20 hours, with
the appearance of a product (R = 0.45, 7:3 CH2Cl2:MeOH v/v), the desired product 1a could not be
isolated from the reaction mixture in sufficient purity. This was because 1la was reasonably water
soluble and thus an aqueous work-up could not be performed to separate the desired product from
DIPEA and 1-hydroxylbenzotriazole (HOBT), the latter being the by-product formed from the use of

HBTU as a coupling reagent.'®
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It was proposed that if the reaction could be performed with a pre-activated carboxylic acid, such as
butyric anhydride, the removal of excess DIPEA and HOBT could be avoided. Therefore, following
the Staudinger Reduction of di-azide 23, the resultant di-amine 19 was reacted with butyric anhydride
(Scheme 6). The reaction was performed in MeOH to suppress esterification side-reactions. The
reaction proceeded smoothly and, following purification by silica gel flash column chromatography,
the trehalose amide glycolipid 1a was obtained in an excellent yield (92 % over two steps). Although
this procedure gave an excellent yield of the target di-amide TGL 1a, as of yet it has not been applied
to the synthesis of di-amide TGLs with long lipids (> C18). However, it is anticipated that the poor

solubility of using longer-chain anhydrides maybe problematic for the synthesis of trehalose amides.
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Scheme 6. Synthesis of amide functionalized TGL la
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2.4 Synthesis of ester analogues

To directly compare the biological activity of the trehalose amide glycolipids 1a-e to the corresponding
di-ester TGLs, glycolipids 24a-d, needed to be prepared (Figure 14). TDB (5), which is the analogous
derivative of the C22-amide 1c, was readily available in the laboratory and thus did not need to be
synthesised. To synthesise 24a-d the general synthetic route established by Khan et al. was proposed,
whereby appropriately functionalised carboxylic acids were coupled to 2,2°,3,3",4,4 -hexa-O-

trimethylsilyl-a,o -trehalose.*®

I R A

an=2;bn=16
HO O
HO
HO cR=

RO R e 1
T 7 4
O

24a-d

Figure 14. Trehalose di-ester glycolipids

The preparation of hexa-silylated trehalose is a two-step one-pot reaction, where trehalose is per-
silylated and then the more labile primary trimethylsilyl (TMS) groups are removed by K>COs
treatment.*® The silylation reaction begins with the nucleophilic attack of fluoride from tetra-
butylamonium fluoride (TBAF) | on the silicon atom of N,O-bis-trimethylsilylacetamide (BSA I1),
producing fluorotrimethylsilane 111 and imidate 1V (Scheme 7). The resonance structure of IV with a
negatively charged nitrogen atom (V) deprotonates trehalose 21, generating N-trimethylsilylacetamide
VI and alkoxide VII. Nucleophilic attack of the negatively charged oxygen of VII on the O-
trimethylsilyl of BSA (11) forms the TMS ether VI, while simultaneously regenerating intermediate
V.
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Scheme 7. Mechanism of the silylation of trehalose

Subjecting a,0’-trehalose to the silylation reaction conditions gave hexa-silylated trehalose 25 in good
(76%) yield (Scheme 8). Then, in an N-ethyl-N"-(3-dimethylaminopropyl)carbodiimide (EDCI) and 4-
dimethylaminopyridine (DMAP) mediated esterification reaction, carboxylic acids 26a-d and hexa-
silylated trehalose 25 were coupled to form diesters 27a-d in good (64-99%) yields. The TMS-groups
were then removed via the agency of Dowex-H" resins, to give the desired TGLs 24a-d in yields of

16-88%. The saturated lipid derivatives 24a-b have been previously synthesised using the synthetic
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strategy described above with the compounds subsequently being assessed for their ability to activate
macrophages to produce cytokines.*® 8 The unsaturated derivatives 24c-d have been previously

chemically or enzymatically synthesised,®’ 111113 however their Mincle agonist activity has not been
assessed.

OH OH
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Scheme 8. Synthesis of trehalose diester glycolipids 24a-e
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Comparison of the *H-NMR spectra of the trehalose diesters and their amide counterparts revealed
many similarities but also some differences. For example, in the *H-NMR spectrum of the skipped
diene derivative 24d (Figure 15) a single anomeric resonance (H-1, 8 5.91 ppm), indicated the product
is a symmetrical diester. The alkene protons of the skipped diene are observed as a multiplet at  5.55-
5.46 ppm, integrating for four protons. This resonance has a strong correlation in the correlated
spectroscopy (COSY) to a distinctive triplet at 6 2.93 ppm, which is the resonance of the methylene
(H-17) between the two alkenes, providing clear evidence of the skipped diene functionality.
Comparison to the di-amide analogue le similarly shows a single anomeric resonance at & 5.75 ppm
which corresponds to a symmetrical di-amide. Another parallel is the skipped diene resonances; the
alkene protons of 1e are observed as a multiplet at 6 5.54-5.43 ppm and the methylene between the
alkenes as a triplet at 6 2.91 ppm. However, there is a broad triplet at 6 8.65 in the spectra of 1e, which
is not observed in the *H-NMR of di-ester 24d. This broad triplet corresponds to the NH proton of the
amide bond. Another difference between 1e and 24d is the considerable difference in chemical shift
of the 6- and 6"- protons. The resonances of the 6- and 6"- protons in di-ester 24d occur at a higher
chemical shift (6 5.01 and 4.85 ppm) than those in di-amide 1e (6 4.29-4.20 and 4.01-3.93 ppm). This
is due to oxygen being more electronegative than nitrogen, making the 6- and 6 -protons more de-
shielded in 24d than those of le. Similarly, H-4 (5 4.77 ppm) is further downfield than H-3 (& 4.20
ppm) for the ester derivative 24d, while H-3 (6 4.68) is further downfield than H-4 (5 3.97 ppm) for
the amide derivative 1e.
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Figure 15. Comparison of the *H-NMR (500 MHz, CsDsN) spectra of trehalose diester glycolipid 24d (top) and trehalose amide glycolipid (1e)

bottom
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2.5 Biological Evaluation

With the target trehalose di-amides 1a-e and diesters 24a-d synthesised, the Mincle agonist activities
of these glycolipids, along with that of TDB (5) were then evaluated. Initial biological evaluation was
performed using the Mincle NFAT-GFP reporter cell assay.®® %2 The premise of the assay is that these
cells produce transcription factor NFAT upon ITAM-mediated signaling,*'* which occurs when
activated Mincle binds the ITAM of FcRy.%2 NFAT-GFP cells are transfected with a fusion DNA
sequence of the NFAT binding site and a GFP gene, which results in transfected cells producing GFP
when ITAM-mediated signaling occurs.®? 14 Specifically, a NFAT-GFP reporter cell line expressing
Mincle and FcRy has been generated.®? Mincle activation of a NFAT-GFP reporter cell causes ITAM
mediated signaling which leads to the presence of active NFAT in the cell nucleus (Figure 16). NFAT
then binds to the transfected NFAT binding site, resulting in the transcription and translation of the
GFP gene.%% 114 The activated reporter cell becomes GFP positive (Figure 16), and the percentage of

GFP positive cells is determined by flow cytometry.®
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Figure 16. NFAT-GFP reporter cells: Binding of an agonist to Mincle results in binding of the ITAM
of FcRy, which initiates ITAM-mediated signaling which causes active NFAT to be present in the
reporter cell nucleus. NFAT binds to the NFAT binding site of the transfected DNA and promotes
transcription of the GFP gene. This ultimately results in the reporter cell becoming GFP positive
(green), which can be detected by flow cytometry, thus allowing for quantification of Mincle binding

and cell activation.

The NFAT-GFP reporter cell assay is a good initial screen for detecting Mincle agonists. As the
reporter cells only become GFP positive when the ligand both binds Mincle and causes signal
transduction, it provides a good prediction of whether the ligand will activate macrophages to produce
cytokines. Indeed, the NFAT-GFP reporter cell has previously been used to screen a variety of

potential Mincle ligands.% 11116

42



2.5.1 NFAT-GFP reporter cell assay results

To determine whether the trehalose amide glycolipids la-e could cause similar Mincle-mediated
cellular activation as their ester counterparts 24a-d and TDB 5, NFAT-GFP reporter cells expressing
either mMincle or hMincle (gifted by S. Yamasaki, Osaka University, Japan) were stimulated with
with la-e, 24a-d and TDB (5). Activation of the reporter cells was measured by GFP production, as
monitored by flow cytometry. Reporter cells expressing only FcRy, and not Mincle, were used as
negative controls because any activation of these cells would not be Mincle-dependent (Figure 17).

These experiments were performed by A. J. Foster (Victoria University of Wellington, New Zealand).
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Figure 17. Trehalose amide glycolipids bind and signal through mMincle and hMincle with
comparable activity to their ester counterparts. NFAT-GFP 2B4-reporter cells expressing (a) mMincle
and FcRy or (b) hMincle and FcRy were stimulated using ligand-coated plates (0.1 or 1 nmol/well) for
18 hours. The reporter cells were harvested and examined by flow cytometry for GFP expression. Data
represents the mean of two independent experiments performed in duplicate (mean £ SEM). NFAT-
GFP 2B4-reporter cells gifted by S. Yamasaki (Osaka University, Japan), experiments performed by
A. J. Foster (Victoria University of Wellington, New Zealand).

As illustrated the cellular activation of Mincle NFAT-GFP reporter cells by di-esters and di-amides

with identical lipids was very similar for both mMincle and hMincle. Thus, substitution of an ester
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linkage to an amide linkage in trehalose glycolipids appears to have very little impact on the ability of
the compounds to bind and signal through Mincle. The length of the lipid was an important feature
which affected NFAT-GFP cell activation. Neither the C4-ester 24a or the C4-amide 1a resulted in
activation of the reporter cells, an observation which aligns with previous studies concerning the
Mincle-mediated activity of trehalose di-esters.*> % This finding is likely due to the C4 lipid chain
being of insufficient length to bind the hydrophobic groove of Mincle.®>%¢ 17 The C18 and C20 di-
esters and di-amides all caused NFAT-GFP cell activation, which is consistent with other studies
exploring the activity of trehalose di-ester lipid length whereby lipid length of > C12 lead to a Mincle-

mediated immune response.*®: 8 92

Regarding the unsaturation of the lipid chain, this also influenced the activation of the NFAT-GFP
reporter cells. While the single alkene of the oleic amide 1d and ester 24c had similar activities to the
C18 amides and esters, the linoleic amide 1e and ester 24d showed a somewhat reduced ability to
activate the reporter cells, particularly at lower concentrations of the glycolipid. This suggests that
restraining the conformation of the lipid may adversely affect Mincle binding and activation.
Notwithstanding, the studies reported herein provide the first examples of trehalose amide glycolipids

acting as Mincle agonists.

Taken as a whole, trehalose amides appear to bind and activate both mMincle and hMincle with
comparable efficacy to their diester counterparts. The enhanced stability of amide bonds compared to
esters bonds under physiological conditions,5-% however may translate to improved in vivo adjuvant

activity of the di-amides. Further experiments would be required to assess this hypothesis.

2.6 Conclusion

In this work, a short 4 step synthetic route to trehalose amide glycolipids 1a-e with excellent (52-61%)
overall yields was developed. The long chain trehalose amide glycolipids 1b-e were found to be
mMuincle and hMincle agonists, as determined through use of the NFAT-GFP reporter cell assays. This
is the first example of trehalose amide glycolipids as a new class of Mincle agonist. With this
knowledge, further biological evaluation of trehalose amide glycolipids la-e will be carried out
(outside the scope of this thesis) and a second generation of trehalose amide glycolipid ligands will be

synthesised and subsequently screened for their ability to activate mMincle and hMincle.
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3 Lipidated amide brartemicin analogues

3.1 Introduction

The second generation of trehalose amide glycolipids to be investigated are based on the natural
product brartemicin. Brartemicin 13 (Figure 18) was isolated from Actinomycete Nonomuraea species
and found to inhibit tumour cell invasion.”® Due to the structural similarities between brartemicin 13
and TDM (4), Jacobsen et al. used competition binding assays to investigate the potential of
brartemicin as a Mincle ligand, and determined that brartemicin (K; = 5.5 + 0.9 uM) had a stronger
affinity for bovine Mincle (bMincle) than trehalose (K; = 1620 + 70 uM).”’ Subsequent computational
docking studies indicated that brartemicin bound to bMincle with one aromatic ester in the
hydrophobic groove, while the other aromatic ring was in close vicinity to Arg183, and therefore
potentially involved in n-cation interactions.”” More recently, however, Foster et al. determined that
brartemicin and related derivatives were unable to bind to mMincle in ELISA-based Ig-fusion assays.%?
The discrepancy between these results could be due to differences between the binding site of bMincle
to mMincle or could result from differences between competition assays and more direct
measurements of binding such as ELISA-based Ig-fusion assays. Notwithstanding, Foster et al.
determined that brartemicin and related derivatives did not activate Mincle, as determined using
NFAT-GFP reporter cell assays and by assessing cytokine production by BMMs stimulated with the
ligands.®?
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Figure 18. Brartemicin 13 and lipidated brartemicin analogues 28a-c

In contrast to brartemicin and related derivatives, however, lipidated brartemicin derivatives were
potent Mincle agonists.®? By incorporating lipophilic groups on the brartemicin scaffold, it was
postulated that the lipidated brartemicin analogues would be better able to bind to the hydrophobic
groove of Mincle while also maintaining the previously mentioned =-cation interaction. Indeed, the
lipidated brartemicin analogues 28a-c (Figure 18), which contained C18 alkyl groups, were strong
Mincle agonists, as determined using mMincle and hMincle NFAT-GFP reporter cell assays and by
assessing cytokine production by BMMs stimulated with the ligands. Herein, it was also observed that
Mincle binding does not directly correlate to a functional immune response, with brartemicin
derivatives containing shorter (C7) alkyl groups showing stronger binding to mMincle but weaker
agonist activity compared to the C18 analogues. The reason for the absence of a direct correlation is
unclear, although it is possible that Mincle underdoes a conformational change upon ligand binding
and this might alter Mincle’s activation state and Mincle-ligand affinity. Using the lead Mincle agoinst,
28D, it was determined that Mincle agonist activity was dependent on Arg183 as NFAT-GFP hMincle
mutants, where Arg183 was replaced by alanine, failed to produce GFP upon stimulation with the lead
compound 28b. This result supports the proposed n-cation interaction between Argl83 and the
aromatic ring, and that utilising this interaction may improve Mincle binding and activation. Moreover,

in vivo vaccination models showed that lipidated brartemicin analogue 28b generated a Thl recall
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response that was greater than TDB (5), which is considered one of the leading Mincle agonists to

date.%?

As lipidated brartemicin analogues are potent Th1l vaccine adjuvants, it was then postulated that the
analogous trehalose amide glycolipids may have even more potent adjuvant activity. Accordingly,
lipidated amide brartemicin analogues 2a-c were proposed as synthetic targets (Scheme 9). Here, it
was envisioned that 2a-c could be synthesised via the coupling of di-amine 19 to the appropriately
functionalised carboxylic acid 29a-c. Di-amine 19 could be synthesised from a,0’-trehalose 21, as
described in the previous chapter, while the carboxylic acids 29a-c could be prepared from the
benzoates 30a-c by alkylation followed by hydrolysis, as developed by Foster et al.®> Carboxylic acid
29a was available in the Stocker-Timmer laboratory (synthesised by C. Braganza, Victoria University
of Wellington), however acids 29b-c and thus proposed to be synthesised from the esters 30b-c.
Herein, it should be noted that an alternative synthesis of amide derivatives of brartemicin has been
reported, however this route protects the secondary hydroxyls of trehalose with benzoyl groups and

consequently requires six synthetic steps and results in overall yields of 12-20%.%
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Scheme 9. Retrosynthesis of lipidated amide brartemicin analogues 2a-c

3.2 Results and discussion

With lipid 29a at hand, synthesis of the first amide brartemicin analogue 2a was attempted. To this
end, di-azide 23 was subjected to a Staudinger reduction followed by HBTU-mediated coupling to
carboxylic acid 29a (Scheme 10). This yielded the desired lipidated amide brartemicin 2a in a good
(57%) yield over 2 steps, which is comparable to the yields obtained for the synthesis of the ester
derivatives 28a-c, although in the latter esterification, protected trehalose derivative (2,2",3,3",4,4"-
hexa-O-benzyl-a,0 -trehalose) was required.®? To assist with the characterisation of the di-amide 2a,
HRMS and NMR spectroscopy was undertaken. Evidence that two lipids had been symmetrically
installed onto the trehalose cores was obtained by HRMS (m/z calcd. for [CasH104N2013+H]":

1085.7611, obsd. 1085.7609] and in there being only one resonance for the anomeric centres of 2a in
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the *H-NMR spectrum. HMBC spectroscopy was used to confirm that the lipids had been coupled to
the correct positions. Here, the carbonyl peak (6 169.0) correlated to H-6a (6 4.43) and H-6b (5 4.14)

of the modified trehalose core, the proton of the amide group (6 9.02), and one of the aromatic protons
(6 8.33) (Figure 19).
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Scheme 10. Synthesis of lipidated amide brartemicin analogue 2a.
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Figure 19. HMBC of lipidated brartemicin amide 2a.

To synthesise the second lipidated amide brartemicin analogue 2b, carboxylic acid 29b first needed to
be prepared. To this end, 2,4-dihydroxy benzoic acid 31 was reacted with thionyl chloride in the
presence of methanol to give 2,4-dihydroxybenzoyl chloride which reacts with methanol forming
methyl ester 30b in a good (66%) yield (Scheme 11). The benzoate 30b was then alkylated with 1-
bromooctadecane to give the alkylated ester 32 in excellent (93%) yield. Finally, the ester 32 was
hydrolysed under basic conditions to give the desired carboxylic acid 29b, once again in excellent
(96%) yield.%?
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Scheme 11. Synthesis of carboxylic acid 29b.

Initially it was hoped that protection of the phenol functionality of 29b may not be required, as 29b
may selectively couple with the product of the Staudinger reduction of di-azide 23, 6,6'-diamino-6,6'-
dideoxy-a,a'-trehalose, with minimal esterification between two equivalents of 29b (Scheme 11).
Accordingly following the Staudinger reduction of di-azide 23 to yield 6,6'-diamino-6,6'-dideoxy-a,o'-
trehalose, carboxylic acid 29b was added to the crude product and following complete consumption
of the starting material, several products were observed via TLC (Rf = 0.67, 0.61, 0.55 and 0.45, 4:1
CH2Cl2:MeOH, v/v). The products were difficult to separate by silica gel flash chromatography
however, one product (Rf = 0.45, 4:1 CH2Cl>:MeOH, v/v) was isolated with sufficient purity and yield
(21%) to allow for tentative characterisation by *H-NMR spectrum. Here, the product had a single
anomeric resonance (5 5.78), a single broad triplet (5 9.31) characteristic of the NH of the amide bond
and three aromatic resonances (9, 8.39, 6.83 & 6.60). The integration of the anomeric resonance was
in an approximate 1:3 ratio to the methyl of the lipid. This data, and further **C-NMR and 2D-NMR,
lead to the conclusion that this product was the target 2b (Scheme 12). The *H-NMR spectra of the

other products (isolated as mixtures) also contained resonances indicative of the trehalose core, but
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also multiple NH resonances and aromatic resonances, and a ratio for the integration of the trehalose

anomeric centres to lipid resonances that was suggestive of additional esterification reactions at the

phenolic hydroxyl. suggested multiple lipids. Thus, it was hypothesised that products such as 33a and

33b were also being formed along with oligomers of 29b. In an attempt to suppress these esterification

side-reactions, the reaction was repeated in 2:1 pyridine:MeOH (v/v), with the notion that methanol

would preferentially react with excess carboxylic acid. However, under these conditions no product

was observed after 20 h by TLC under these conditions.

O OH
1. PMes, H,0, DMF H
" 0°C > rt,20h N
X o)
"] éﬁ 2.29b, HBTU, DIPEA HO o
"o HO pyridine, r.t., 20h H(% \/@6
o) . |
OH on o
OH
© 5 or 1607 0 %%/OH
N N
23 N
OH O
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PN O OH
O O 0 o
N H
N O K N o_py.
"R < © 10 HO 0
Hoéﬁ N o opy.
HO4 16 ) 3
OH on o N
e 0 :O§/OH N %OH
N 16\MAO N
" H
OH O IO
. OH O 33

Scheme 12. First synthesis of lipidated amide brartemicin analogue 2b.
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The undesired reactivity of the phenolic hydroxy led to the conclusion that protection of this functional
group was required. Accordingly, the methyl ester 32 was subjected to treatment with benzyl bromide,
potassium carbonate and tetrabutylammonium iodide (TBAI) to give the benzylated product 34
(Scheme 13).°2 Hydrolysis of ester 34 under basic conditions then gave the desired protected
carboxylic acid 35 in excellent yield.

O.__OMe BnBr, K,CO3, Oy, OMe O+__OH
TBAI, acetone NaOH MeOH
, ’ (aq) .
OH reflux, 9 days OBn reflux,20h OBn
88% 98%
(0] O\/</\>\ 6]
16 16 %71\6
32 34 35

Scheme 13. Synthesis of protected carboxylic acid 35.

With carboxylic acid 35 in hand, the synthesis of 2b was once again attempted (Scheme 14). The
Staudinger reduction of di-azide 23 and the subsequent coupling of 6,6'-diamino-6,6'-dideoxy-a,a'-
trehalose to carboxylic acid 35 occurred smoothly with a single product being observed by TLC (Rt =
0.35 9:1 CH2Cl>:MeOH v/v). Following an aqueous work-up, the product was purified by silica gel
flash column chromatography to give the desired di-amide 36, in an excellent (93%) yield. The benzyl
protecting groups were then removed via a hydrogenation reaction using Pd(OH). as the catalyst to
form the desired trehalose amide glycolipid 2b in 75% vyield.
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Scheme 14. Synthesis of lipidated amide brartemicin analogue 2b

Having synthesised 2b using the benzyl protected hydroxy carboxylic acid 35, the same synthetic
strategy was then used for the synthesis of 2c. To this end, benzoate 378 was alkylated to form 38 in
an excellent (91%) yield (Scheme 15).°2 The phenolic hydroxyl of alkylated benzoate 38 was then
protected by a benzylation reaction forming 39. Finally, the ethyl group of 39 was hydrolysed under

basic conditions, to give the desired carboxylic acid 40.
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Scheme 15. Synthesis of carboxylic acid 40.

Trehalose di-azide 23 was then subjected to a Staudinger reduction and the resulting product, 6,6'-
diamino-6,6'-dideoxy-a,a'-trehalose, used in an HBTU-mediated coupling to 40 (Scheme 16). This
yielded the desired di-amide 41 in a good (50%) yield over 2 steps. Di-amide 41 was then subjected
to hydrogenation conditions to give the last of the target lipidated amide brartemicin analogues, 2c, in
53% yield.

56



Wt

0
BnO
1. PMes, H,O, DMF H
¢

Na 0°C > rt., 20 h
Q 2.40 HBTU, DIPEA HO Q
O pyridine, r.t., 20 h HO
HOY > HO,,
OH 50% (2 st OH
OH o (2 steps) OH
o OH o O OH
Nj N
2
3 OBn
fo!
=
41

Pd(OH),/C, H,
CH,Cl,:MeOH (1:1, v/v)
rt, 20 h

53%

Y

w0t

0]

2c
Scheme 16. Synthesis of lipidated amide brartemicin analogue 2c.
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3.3 Conclusions

This chapter presented the synthesis of a second generation of trehalose amide glycolipids 2a-c, the
structures of which are based on the recently reported potent Mincle agonists, lipidated brartemicin
analogues.®? These brartemicin analogues contain an aromatic ring adjacent to the amide functional
group, with one such aromatic group proposed to have n-cation interactions with Arg183 of Mincle.
While the conjugation of 4-(octadecyloxy)benzoic acid 29a to the in situ generated 6,6'-diamino-6,6'-
dideoxy-a,a'-trehalose occurred smoothly under the mediation of HBTU and DIPEA, the presence of
a 2-hydroxy group on acids 29b and 29c necessitated the use of benzyl protection of the hydroxyl of
acids 35 and 40 for the synthesis of glycolipids 2b and 2c. Nonetheless, by using benzyl protecting
groups on the phenol hydroxyls, 2a-c could be efficiently synthesised (4-8 steps, 17-38% overall
yield). In the near future the Mincle agonist activity of 2a-c will be studied. As mMincle and hMincle
accommodated the aliphatic trehalose amide glycolipids la-e, it bodes well that 2a-c may be potent

Mincle agonists.
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4 Conclusions and future prospects

In this thesis, the preparation of trehalose amide glycolipids and the identification of these glycolipids
as a new class of Mincle agonist was presented. To this end, five straight chain trehalose amide
glycolipids 1a-e were prepared in four steps and in excellent (51-63%) overall yields. Subsequently,
la-e were found to be agonists of murine and human Mincle, as determined using NFAT-GFP reporter
cell assays, with 1la-e having comparable GFP production to their ester counterparts. This is the first

report of trehalose amide glycolipids acting as Mincle agonists.

Second generation trehalose amide glycolipids 2a-c, have also been prepared. The lipidated amide
brartemicin analogues 2a-c contain aromatic rings, which are postulated to allow for =-cation
interactions with Arg183 of Mincle, and are proposed to be potent Mincle agonists like their ester
counterparts. Despite the necessity to protect the phenolic hydroxyls in the synthesis of 2b-c, the
brartemicin analogues 2a-c could be prepared efficiently (4-8 steps, 38-17% overall yield). In the near
future, the Mincle agonist activity of 2a-c will also be determined using the NFAT-GFP reporter cells.

To further explore the potential of the trehalose amide glycolipids as vaccine adjuvants, the functional
immune response to the glycolipids will be determined in due course. Trehalose amide glycolipids are
expected to be advantageous due to their enhanced stability and this should ultimately be observed as
an improved functional immune response in comparison to their ester counterparts. To assess the
functional immune response in vitro, the ability of 1a-e and 2a-c to activate murine bone marrow
derived macrophages (BMMs) will be assessed by incubating the glycolipids with BMMs and
measuring cytokines [e.g., interleukin-6 (IL-6), IL-1B, TNF-a] production using enzyme-linked
immunosorbent assays (ELISAs). The activation of human peripheral blood mononuclear cells
(PBMCs) by the ligands will similarly be assessed by cytokine production. Evidence that the trehalose
amide glycolipids are more efficacious than their diester counterparts would be indicated by increased
levels of inflammatory cytokines, particularly those that are known to promote cellular immune
responses. For example, IL-6 promotes the differentiation of naive T-cells to mature Th17 cells, while

IL-4 promotes maturation to Th2 cells.?

The ability of trehalose amide glycolipids to invoke a cellular immune response would also be
determined by co-culturing APCs and T-cells in the presence of the selected trehalose glycolipid. Upon
challenge with antigen, the levels of the cytokines IFN-y, which is secreted by Th1 cells, and 1L-17,

which plays an essential role in cellular immunity would be measured.®? Comparison of the levels of
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these cytokines to the levels produced by their ester counterparts will indicate whether the amides have
improved efficacy. However, as in vitro results of Mincle agonists do not always directly correlate to
in vivo results,* and differences in the metabolism of trehalose glycolipids will be greatest in vivo, the
lead trehalose amide glycolipid, as determined from the in vivo experiments described above, would
then need to be assessed in an in vivo vaccination model and compared to the equivalent ester
counterpart as a point of comparison. A delayed-type hypersensitivity immunisation experiment is one
such model that may be used.%? Here, mice are immunised with the glycolipid and an antigen, such as
OVA, before being subsequently challenged with the antigen again and then sacrificed. By collecting
blood and the spleens of the mice, the levels of cytokines produced by T-cells, such as IFN-y and IL-
17, can be measured, as well as the levels of antigen-specific antibodies.® If the trehalose amide
glycolipid results in a strong immune response, further in vivo assays using an appropriate animal for
a particular pathogen can then be undertaken. As trehalose glycolipids have been found to be effective
at promoting a Thl and Th17 immune response,®® %2 which is particularly important for immunity
against bacteria and intracellular pathogens,?® bacterial or intracellular pathogens for which there are
no existing vaccines, or sub-optimal vaccines, would be good models to use. For example, use of the
amide-trehalose adjuvant in vaccination studies against Streptococcus pneumoniae might be

particularly relevant.°

In summary, this thesis reports on the efficient synthesis of a new class of Mincle agonists, trehalose
amide glycolipids. Although further work is required to determine if the more physiologically stable
amide linkage leads to more promising adjuvant activity in vivo, the in vitro response as determined
using NFAT-GFP reporter assays, indicates that Mincle can accommodate trehalose amide glycolipids
as well as their ester counterparts. This bodes well for the potential application of trehalose amide
glycolipids as vaccine adjuvants.
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5 Experimental

5.1 General Methods

Unless otherwise stated, all reactions were carried out under an atmosphere of argon (BOC). Before
use methanol (Fisher) was distilled under reduced pressure, ethyl acetate (Pacific Sphere Limited) was
distilled under reduced pressure, petroleum ether (Vigor Sphere Pte Limited) was distilled under
reduced pressure, acetone (Pacific Sphere Limited) was distilled under reduced pressure, toluene
(Schralau) was dried and stored over Na (Aldrich) wire. Distilled dichloromethane was prepared by
distilling dichloromethane (Fisher) from P2Os (Reidel-de Haén). Distilled pyridine was prepared by
distilling pyridine (Carlo Erba) from NaOH (Pancreac). Dowex-H" (Dowex® 50WX8, 100-200 mesh,
Serva) was activated by washing with 1.0 M HCI, water (until filtrate was neutral), and methanol
before use. Triphenylphosphine (Acros), a,a'-p-trehalose (Carbosynth), anhydrous DMF (Acros), |2
(Ajax Chemicals), NaOMe (Chimica), Celite® 545 (Roth), dichloromethane (Fisher), sodium azide
(Ajax Chemicals), PMesz (1.0 M in THF, Aldrich), butyric anhydride (Janssen Chimica), pyridine
(Carlo Erba), DIPEA (Sigma-Aldrich), HBTU (Apollo Scientific), stearic acid (ICN Pharmaceuticals),
'BUOH (Alfa Aesar), HCI (Ajax), NaHCO; (Pure Science), NaCl (Pure Science), MgSOa4 (Pure
Science), behenic acid (BDH), oleic acid (BDH), linoleic acid (Sigma), BSA (Acros), TBAF (1.0 M
in THF, Acros), isopropanol (Fisher), KoCOsz (Pancreac), AcOH (Scharlau), EDCI (Chem-Impex),
DMAP (Aldrich), 2,4-dihydroxy benzoic acid (BDH), thionyl chloride (Roth), 1-bromooctadecane
(Aldrich), TBAI (Reidel-de Haén), NaOH (Pancreac), benzyl bromide (Aldrich), NaOH (Pancreac),
ethanol (Fisher) Pd(OH)2/C (20 wt% loading, Aldrich), and H. gas (BOC) were used as received.
Solvents were removed by evaporation under reduced pressure. Reactions were monitored by TLC
with Macherey-Nagel silica gel-coated plastic sheets (0.20 mm with fluorescent indicator UV2s4) via
detection by UV absorption (254 nm), dipping in a solution of 10% H>SO4 in EtOH followed by
charring, dipping in an ethanolic solution of ninhydrin followed by heating, or dipping in ceric
ammonium molybdate solution followed by heating. Column chromatography was performed using
silica gel (40-63 um, Roth) or Dianion® HP-20 (Supelco). HRMS were recorded on an Agilent 6530
Q-TOF mass spectrometer utilising a JetStream electrospray ionization source in positive or negative
mode. Optical rotation was recorded on an Autopol Il or IV (Rudolph Research Analytical) at 589 nm
(sodium p-line). Infrared (IR) spectra were recorded as thin films using a Bruker Platinum ATR and

are reported in wave numbers (cm™). Nuclear magnetic resonance (NMR) spectra were recorded at 20
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°C in D20 (Apollo Scientific), CDCIls (Aldrich), DsCOD (Apollo Scientific) or CsDsN (Apollo
Scientific) using a Varian INOVA operating at 500 or 600 MHz. Chemical shifts are given in ppm (3)
relative to residual solvent peaks. NMR peak assignments were made using correlated spectroscopy
(COSY), HSQC and HMBC 2D experiments.

5.2 Chemical Synthesis

| 6,6'-Dideoxy-6,6'-diiodo-a,a'-trehalose (22). a,o’-Trehalose dihydrate

6
Hgoé%1 (2.01 g, 5.31 mmol) was co-evaporated with DMF (40 mL), then dissolved
3 HOQ in DMF (60 mL) and the volume reduced by one third. Triphenylphosphine

OH
WSH (6.99 g, 26.6 mmol) and I (5.41 g, 21.3 mmol) were added and the resulting
solution was stirred at 80°C for 2 hours. The mixture was concentrated to

one third of the volume, diluted with MeOH (80 mL), and the pH was
adjusted to 8 with NaOMe. After stirring for 30 min, the mixture was neutralised with Dowex-H?,
filtered, and the resin washed with MeOH. The MeOH was removed in vacuo and the resultant sludge
poured into vigorously stirred water (80 mL). The solid was removed by filtration over celite and the
filtrate extracted with CH2Cl> (3 x 130 mL). The aqueous layer was concentrated to give a yellow
residue which was further purified by HP20 chromatography (H-O to H.O:MeOH, 1:1, v/v) to give the
title compound as a white solid (2.25 g, 4.00 mmol, 75%). Rt = 0.50 (EtOAc:MeOH, 4:1, v/v); [a]3°=
+63 (¢ = 1.0, H20); IR (film) 3333, 2921, 1607, 1410, 1194, 1146, 1089, 1056, 987, 925, 803 cm™;
H-NMR (500 MHz, D20) & 5.25 (d, Ji2 = 3.8 Hz, 2H, H-1), 3.86 (t, J23 = Js4 = 9.1 Hz, 2H, H-3),
3.67 (dd, J23 = 9.9 Hz, J12 = 3.9 Hz, 2H, H-2), 3.64-3.57(m, 4H, H-5 and H-6a), 3.40-3.31 (m, 4H, H-
4 and H-6b); C-NMR (126 MHz, D;0) § 93.3 (C-1), 73.5 (C-4), 71.9 (C-3), 70.9 (C-2), 70.7 (C-5),
6.3 (C-6); HRMS (ESI) m/z [M + Na]" calcd. for [C12H20l209+Na]*: 584.9089, obsd.: 584.9065.

s N3 6,6'-Diazido-6,6"-dideoxy-a,a'-trehalose (23). To a stirred solution of di-
Hﬁ)(;é&p iodide 22 (218 mg, 0.39 mmol) in DMF (5.0 mL) was added sodium azide
3 HOg (151 mg, 2.3 mmol). The mixture was stirred at 80°C for 20 hours and then

OH

WH concentrated. The residue was purified by HP20 chromatography (H20 to
H>0:MeOH, 1:1, v/v) and lyophilised to give the title compound as a white
solid (135 mg, 0.34 mmol, 89%). Rt = 0.47 (CH2Cl2:MeOH, 7:3 v/v); [a]2?
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= +124 (c = 1.0, MeOH); IR (film) 3320, 2954, 2917, 2203, 2104, 1622, 1446, 1411, 1357, 1345, 1286,
1241, 1219, 1149, 1127, 1099, 1066, 1006, 977, 928, 913, 898, 841, 805 cm™; *H-NMR (500 MHz,
D;0) 8 5.17 (d, J12 = 3.9 Hz, 2H, H-1), 3.95 (ddd, Ja5 = 10.0 Hz, Js.6b = 5.8 Hz, Js6a = 2.5 Hz, 2H, H-
5), 3.81 (t, J23 = Ja4 = 9.6 Hz, 2H, H-3), 3.68-3.62 (m, 4H, H-2 and H-6a) 3.54 (dd, Jea, eb = 13.6 Hz,
Js,60 = 5.9 Hz, 2H, H-6b), 3.44 (t, J3.4 = Ja5 = 9.7 Hz, 2H, H-4); 3C-NMR (126 MHz, D;0) § 93.1 (C-
1), 72.2 (C-3), 71.0 (C-5), 70.8 (C-2), 70.4 (C-4), 50.8 (C-6); HRMS (ESI) m/z [M+HCOO]" calcd. for
[C12H20N6Og+HCOO]: 437.1274, obsd. 437.1287.

o} 6,6"-Di-butanoylamido-6,6"-dideoxy-a,a’-trehalose (1a). To a stirred

5 H)Kg/\m solution of 21 (88 mg, 0.22 mmol) in DMF (2.9 mL) at 0°C was added

Hgoé%1 PMesz in THF (1.0 M, 2.2 mL, 2.2 mmol) and water (0.24 mL, 13.3 mmol).

3 HOg o The mixture was stirred for 10 minutes at 0°C, then allowed to warm to

WSH room temperature and stirred for 20 hours. The mixture was concentrated

N to a colourless gum which was dissolved in MeOH (2.9 mL). Butyric

o : anhydride (0.11 mL, 0.67 mmol) was added and the resulting mixture

stirred for 1.5 hours. The solution was concentrated and the residue was purified by silica gel

chromatography (CH.Cl, to CH2Cl2:MeOH, 5:1, v/v) to give the title compound as a white solid (99

mg, 0.21 mmol, 92%). R¢ = 0.45 (CH2Cl2:MeOH, 7:3, vIv); [a]?? = +73 (c = 0.9, MeOH); IR (film)

3332, 2962, 2933, 2874, 2426, 1617, 1467, 1382, 1336, 1262. 1219, 1145, 1103, 1036, 977, 837, 800

cm%; *H-NMR (500 MHz, CD30D) & 5.05 (d, Ji.2 = 3.9 Hz, 2H, H-1), 3.87 (ddd, Jas = 9.5 Hz, Js.6a =

5.3 Hz, Jsep = 3.6 Hz, 2H, H-5), 3.76 (t, J2;3 = Js.4 = 9.4 Hz, 2H, H-3), 3.54-3.38 (m, 3H, H-2, H-6a

and H-6b), 3.14 (t, J34 = Jas = 9.4 Hz, 2H, H-4), 2.20 (t, Jso = 7.4 Hz, 4H, H-8), 1.64 (h, Js.9 = Jo,10 =

7.5 Hz, 4H, H-9), 0.95 (t, Jo10 = 7.4 Hz, 6H, H-10); *C-NMR (126 MHz, CD30D) & 176.9 (C=0),

95.5 (C-1), 74.1 (C-3), 73.3 (C-2), 73.1 (C-4), 72.1 (C-5), 41.3 (C-6), 38.9 (C-8), 20.5 (C-9), 14.1 (C-
10); HRMS (ESI) m/z [M + H]" calcd. for [C20H36N2011+H]™: 481.2392, obsd.: 481.2380.

General procedure for the Staudinger reduction and coupling reaction. To a stirred solution of
diazide 23 in DMF (0.08 mmol/mL) at 0°C were added 1.0 M PMes in THF (10 equiv.) and water (60
equiv.). The solution was stirred for 10 minutes at 0°C, then allowed to warm to room temperature,
and stirred for a further 20 hours. The mixture was concentrated and the residue co-evaporated with
distilled pyridine (0.02 mmol/mL) x2 and then dissolved in distilled pyridine (0.02 mmol/mL). To this
solution was added carboxylic acid (2.5 equiv.), DIPEA (5 equiv.) and then HBTU (2.5 equiv.). The
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reaction mixture was stirred overnight at room temperature and then concentrated. The residue was

purified as detailed in individual procedure.

o) 6,6'-Dideoxy-6,6'-di-stearoylamido-a,a'-trehalose (1b). Di-azide 23

6 HJ\S/NTB\M (154 mg, 0.39 mmol), PMes (4.0 mL, 4.0 mmol), water (0.42 mL, 23.3
Hﬁoé&“ mmol), stearic acid (287 mg, 1.0 mmol), DIPEA (0.34 mL, 2.0 mmol),
° HOOOH and HBTU (372 mg, 1.0 mmol) were subjected to the general procedure
WSH for the Staudinger reduction and coupling reaction. The crude product
W” was dissolved in ‘BuOH:EtOAc (50 mL, 2:1, v/v) and washed with HCI

o (2 x 50 mL, 1.0 M), sat. NaHCOs (2 x 50 mL) and brine (2 x 50 mL).
The organic layer was dried (MgSOa), filtered and concentrated. The residue was purified by gradient
silica gel flash chromatography (CH.Cl; to 85:15 CH2Cl>:MeOH v/v) to give the title compound as a
white solid (278 mg, 0.32 mmol, 81%). Rt = 0.55 (4:1 CH2Cl>:MeOH v/); [a]3? = +46 (c = 1.0,
pyridine); IR (film) 3586, 3545, 3443, 3357, 2918, 2850, 1652, 1634, 1534, 1467, 1319, 1150, 1031,
1010, 848, 838, 557 cm™*; TH-NMR (500 MHz, CsDsN) & 8.86 (s, 2H, NH), 5.73 (d, J1.2 = 3.3 Hz, 2H,
H-1), 4.97-4.87 (m, 2H, H-5), 4.70 (t, J23= J3.4 = 9.3 Hz, 2H, H-3), 4.28-4.16 (m, 4H, H-2 and H-6a),
3.96 (t, Js4 = Jas= 9.4 Hz, 2H, H-4), 3.90 (d, Jea, 6o = 12.7 Hz, 2H, H-6b), 2.41 (m, 4H, CH2-8), 1.75
(p, Js9 = Js.10 = 7.7 Hz, 4H, CH>-9), 1.34-1.17 (m, 56H, CH2-10 — CH-23), 0.88 (t, J23-24 = 7.0 Hz,
6H, CH3-24); C-NMR (125 MHz, CsDsN) § 175.3 (C=0), 97.0 (C-1), 74.5 (C-3), 73.9 (C-2), 73.3
(C-4),72.9 (C-5), 41.5 (C-6), 37.0 (CH2-8), 32.6, 30.46, 30.5, 30.44, 30.41, 30.40, 30.38, 30.3, 30.14,
30.06, 23.4 (CH2-10 — CH-23), 26.7 (CH2-9), 14.7 (CH3-24); HRMS (ESI) m/z [M + H]* calcd. for
[C4sH92N2011+H]*: 873.6774, obsd. 873.6770.

0 6,6"-Di-behenoylamido-6,6"-dideoxy-a,a’-trehalose (1c). Di-azide

6 HW 28 23 (54 mg, 0.14 mmol), PMes (1.4 mL, 1.4 mmol), water (0.15 mL, 8.3
Hﬁoé& mmol), behenic acid (119 mg, 0.35 mmol), DIPEA (0.12 mL, 0.69
’ HOOOH mmol), and HBTU (132 mg, 0.35 mmol) were subjected to the general
l?%OSH procedure for the Staudinger reduction and coupling reaction. The
M” resultant residue was dissolved in hot 'BUOH:EtOAc (30 mL, 2:1, v/v)

O and washed with HCI (30 mL, 1.0 M), sat. NaHCO3 (30 mL) and brine
(30 mL). The organic layer was dried (MgSOa4), and filtered (washing the MgSOa thoroughly with
pyridine) and concentrated. The residue was purified by gradient silica gel flash chromatography
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(CH2Cl> to CH2Cl>:MeQOH, 85:15, v/v) to give the title compound as a white solid (108 mg, 0.11 mmol,
79%). Rr = 0.56 (CH2Cl:MeOH, 4:1, viv); [a]?? =+39 (c = 1.0, pyridine); IR (film) 3330, 2915, 2849,
1636, 1541, 1491, 1468, 1377, 1147, 1103, 1080, 1039, 993, 842 cm™; H-NMR (500 MHz, CsDsN) &
5.75 (d, J12 = 4.0 Hz, 2H, H-1), 4.94 (ddd, J45 = 9.6 Hz, Jsga = 4.6 Hz, Js6v = 2.9 Hz, 2H, H-5), 4.69
(t, Jo3 = J34 = 9.3 Hz, 2H, H-3), 4.25 (m, 4H, H-2 and H-6a), 3.97 (m, 4H, H-4 and H-6b), 2.43 (t, Jg ¢
=7.5Hz, 4H, H-8), 1.78 (p, Jg9 = Jo,10 = 7.7 Hz, 4H, H-9), 1.36-1.15 (m, 72H, H-10 — H-27), 0.88 (t,
Jo7.28 = 7.1 Hz, 6H, H-28); *C-NMR (126 MHz, CsDsN) § 175.3 (C=0), 97.2 (C-1), 74.8 (C-3), 74.2
(C-2), 73.7 (C-4), 73.1 (C-5) 41.8 (C-6), 37.2 (C-8), 32.8, 30.71, 30.70, 30.69, 30.67, 30.66, 30.64,
30.60, 30.5, 30.4, 30.3, 23.62 (C-10 — C-27) 27.0 (C-9), 15.0 (C-28); HRMS (ESI) m/z [M + H]" calcd.
for [CssH108N2011+H]™: 985.8026, obsd. 985.8052.

0 6,6"-Dideoxy-di-oleoylamido-a,a’-

16 18
H
6 NW trehalose (1d). Di-azide 23 (55 mg, 0.14
HS&%1 mmol), PMes (1.4 mL, 1.4 mmol), water
3 HO

o (0.15 mL, 8.3 mmol), oleic acid (0.11 mL,

OH
OH
\?%w 0.35 mmol), DIPEA (0.12 mL, 0.69

: — 3 ﬂ mmol), and HBTU (134 mg, 0.35 mmol)

0 were subjected to the general procedure
for the Staudinger reduction and coupling reaction. The resultant residue was dissolved in 2:1
'BUOH:EtOAC (40 mL, 2:1, v/v) and washed with HCI (50 mL, 1.0 M), sat. NaHCO3 (50 mL) and
brine (50 mL). The organic layer was dried (MgSOQa), filtered and concentrated. The residue was
purified by gradient silica gel flash chromatography (CH2Cl> to CH2Cl.:MeOH, 85:15, v/v) to give the
title compound as a white solid (98 mg, 0.11 mmol, 80%). Rt = 0.50 (CH2Cl2:MeOH, 4:1, vIv); [a]3*
= +44 (c = 1.0, pyridine); IR (film) 3310, 3005, 2922, 2853, 1646, 1532, 1459, 1432, 1146, 1103,
1078, 1056, 1034, 1017, 990, 941, 845 cm™; *H-NMR (500 MHz, CsDsN) § 5.73 (d, J1.2 = 3.6 Hz, 2H,
H-1), 5.48 (m, 4H, H-15 and H-16), 4.93 (m, 2H, H-5), 4.67 (t, J23 = Js4 = 9.3 Hz, 2H, H-3), 4.24 (m,
4H, H-2 and H-6a), 3.95 (m, H-4 and H-6b), 2.41 (t, Jso = 7.3 Hz, 4H, H-8), 2.08 (m, 8H, H-14 and
H-17), 1.75 (p, Js.9 = Jo.10 = 7.1 Hz, 4H, H-9), 1.44-1.11 (m, 40H, H-10 — H-13 and H-18 — H-23), 0.87
(t, Jos24 = 6.3 Hz, 6H, H-24); 3C-NMR (126 MHz, CsDsN) 175.2 (C=0), 130.7 (C-15 and C-16), 97.1
(C-1), 74.6 (C-3), 74.0 (C-2), 73.4 (C-4), 72.9 (C-5), 41.6 (C-6), 37.0 (C-8), 32.6, 30.54, 30.52, 30.48,
30.3, 30.2, 30.08, 30.05, 30.03, 29.9, 23.4 (C-10 — C-13 and C-18 — C-23), 28.0 (C-14 and C-17), 26.8
(C-9), 14.8 (C-24); HRMS (ESI) m/z [M + H]* calcd. for [CagHssN2011+H]": 869.6461, obsd.
869.6490.
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6,6"-Dideoxy-di-linoleoylamido-a,a’-trehalose (1e). Di-azide 23 (57 mg, 0.15 mmol), PMes (1.5 mL.
1.5 mmol), water (0.16 mL, 8.9 mmol), linoleic acid (99 mg, 0.35 mmol), DIPEA (0.13 mL, 0.75
mmol), and HBTU (139 mg, 0.37 mmol) were subjected to the general procedure for the Staudinger
reduction and coupling reaction. The resultant residue was dissolved in '‘BuOH:EtOAc (40 mL, 2:1,
v/v) and washed with HCI (50 mL, 1.0 M), sat. NaHCO3 (50 mL) and brine (50 mL). The organic layer
was dried (MgSOsa), filtered and concentrated. The resultant residue was purified by gradient silica gel
flash chromatography (CH2Cl, to CH2Cl2:MeOH, 85:15, v/v) to give the title compound as a white
solid (93 mg, 0.11 mmol, 74%). Rt = 0.61 (CH2Cl2:MeOH, 4:1, vIV); [a]2® = +37 (c = 0.9, pyridine);
IR (film) 3306, 3009, 2924, 2854, 1638, 1543, 1456, 1433, 1396, 1376, 1271, 1146, 1102, 1078, 1035,
991, 941, 845, 805 cm™*; *H-NMR (500 MHz, CsDsN) § 8.65 (bt, N, 16 = 6.0 Hz, 2H, NH), 5.75 (d,
J1,2=3.8 Hz, 2H, H-1), 5.49 (m, 8H, H-15, H-16, H-18 and H-19), 4.94 (ddd, J4.5 = 9.8, J5.6a = 4.9, Js
ob = 3.0, 2H, H-5), 4.68 (t, J23 = Ja4 = 9.1 Hz, 2H, H-3), 4.25 (m, 4H, H-2 and H-6a), 3.97 (m, 4H, H-
4 and H-6b), 2.91 (t, Jis, 17 = J1718 = 5.9 Hz, 4H, H-17), 2.40 (m, 4H, H-8), 2.09 (m, 8H, CH»-14 and
CH>-20), 1.76 (p, J8,9 = Jo,10 = 7.5 Hz, 2H, H-9), 1.40 — 1.16 (m, 28 H, H-10 — H-13 and H-21 — H-23),
0.86, (t, Jaz24 = 6.8 Hz, 3H, H-24); 3C-NMR (125 MHz, CsDsN) & 175.0 (C=0), 130.9, 128.8 (C- 15,
C-16, C-18 and C-19), 97.1 (C-1) 74.7 (C-3), 74.1 (C-2), 73.5 (C-4), 72.9 (C-5), 41.6 (C-6) 37.0 (C-
8), 32.1, 30.4, 30.14, 30.07, 30.06, 29.9, 28.0, 23.3 (C-10 — C-13 and C-21 — C-23), 27.9 (C-9), 26.5
(C-17), 14.7 (C-24); HRMS (ESI) m/z [M + H]" calcd. for [CagHgsN2O11+H]": 865.6148, obsd.
865.6183.

6 _-OH 2,2°,3,3" 4,4 -Hexa-O-trimethylsilyl-a,a -trehalose  (25). a,a'-

Tl}ﬂhﬁgojé% ] trehalose dihydrate (3.00 g, 7.9 mmol) was co-evaporated with DMF
TMSOOO.“VIS (25 mL x2), then dissolved in DMF (25 mL) and the volume reduced
W(E“T"ﬁs by approximately a half. To this solution was added BSA (17.0 mL,

HO 70 mmol) and TBAF (1 M in THF, 0.5 mL, 0.50 mmol) and, the

mixture stirred for 2 hours. The reaction was quenched by the addition of isopropanol (3 mL), diluted
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with MeOH (150 mL), cooled to 0°C and K.COs (1.10 g, 7.9 mmol) was added. The reaction was
stirred for 1.5 hour at 0°C, neutralised with AcOH (0.6 mL) and the MeOH removed in vacuo. The
mixture was diluted with EtOAc (180 mL) and washed with brine (175 mL). The brine layer was
extracted with EtOAc (3 x 180 mL) and the combined organic layers were dried (MgSQa,), filtered and
concentrated. The resultant yellow solid was purified by gradient silica gel flash column
chromatography (Petroleum ether to Petroleum ether:EtOAc, 4:1, v/v) to give the title compound as a
white solid (4.70 g, 6.1 mmol, 76%). R¢ = 0.29 (Petroleum ether:EtOAc, 3:1, v/v); [a]3? = +106 (c =
1.0, CH2Cly); IR (film) 3504, 2956, 1386, 1249, 1165, 1108, 1074, 1005, 946, 896, 833 cm™*; 'H-NMR
(500 MHz, CDCl3) 6 4.90 (d, J1,2= 3.1 Hz, 2H, H-1), 3.88 (t, J2;3 = J34 = 9.0 Hz, 2H, H-3), 3.84 (m,
2H, H-5), 3.72 (dd, Jsaer = 11.7 Hz, Js6a= 2.9 Hz, 2H, H-6a), 3.68(dd, Jeaer = 11.8 Hz, Jsp = 3.8 Hz,
2H, H-6b), 3.47(t, Js.4 = Jas = 9.1 Hz, 2H, H-4), 3.42 (dd, J23 = 9.4 Hz, J12 = 3.2 Hz, 2H, H-2), 0.16,
0.14, 0.12 (3 s, 54H, CHs, TMS); *C-NMR (125 MHz, CDCl3) § 94.8 (C-1), 73.5 (C-3), 73.1 (C-5),
72.9 (C-2), 71.5 (C-4). 61.8 (C-6), 1.2, 1.0, 0.2 (TMS); HRMS (ESI) m/z [M+NH4]* calcd. for
[C30H70011Sis+NH4]": 792.3872, obsd. 792.3899.

General procedure for esterification reactions. Diol (25) was co-evaporated with dry toluene (0.13
mmol/mL) and then dissolved in dry toluene (0.13 mmol/mL). To this solution were added the
carboxylic acid (5.0 equiv.), EDCI (6.5 equiv.) and DMAP (2.0 equiv.), and the solution was heated
to 70 - 80°C. After 20 hours, the mixture was diluted with EtOAc, washed with water and brine. The
organic layer was dried (MgSO.), filtered and concentrated to give the crude product. The product was

purified as detailed in each individual procedure.

0 2,2°,3,3" 4,4 -Hexa-O-trimethylsilyl-6,6"-di-O-butanoyl-a,a -

46 O)J\s/\m trehalose (27a) Diol 25 (303 mg, 0.39 mmol), butyric acid (0.18 mL,
T¥38§%1 2.0 mmol), EDCI (488 mg, 2.5 mmol) and DMAP (96 mg, 0.78
TMSOq mmol) were subjected to the general procedure for esterification

OTMS
wg'}’ﬁs reactions. The crude product was purified by gradient silica gel flash
column chromatography (petroleum ether to petroleum ether:EtOAc,

o 95:5, v/v) to give the title compound as a white solid (328 mg, 0.36
mmol, 92%). Rs = 0.54 (petroleum ether:EtOAc, 4:1, VIV); [a]?? = +97 (c = 1.0, CHCl,); IR (film)
2959. 1735, 1457, 1366, 1304, 1247, 1189, 1164, 1144, 1110, 1076, 1047, 1010, 967, 938, 893, 869,
834 cm'!; tH-NMR (500 MHz, CDCls) § 4.94(d, J12 = 3.1 Hz, 2H, H-1), 4.30(dd, Jeaeb = 11.9 HZ, Js6a
= 2.4 Hz, 2H, H-6a), 4.08 (dd, Jea,eb = 11.9 Hz, Js6p = 4.5 Hz, 2H, H-6b), 4.01 (ddd, J45 = 9.4 Hz, Js6p
=4.3 Hz, Js6a = 2.2 Hz, 2H, H-5), 3.92 (t, J2,3 =J34 = 8.9 Hz, 2H, H-3), 3.49 (t, J3.4 = J45 = 9.3 Hz, 2H,
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H-4), 3.46 (dd, Jo.3 =9.3 Hz, J12 = 3.1 Hz, 2H, H-2), 2.41-2.26 (m, 4H, H-8), 1.68 (M, 4H, H-9), 0.97
(t, Joso =7.3 Hz, 6H, H-10) 0.17, 0.15, 0.15 (3 s, 54H, CHs, TMS); *C-NMR (125 MHz, CDCls) &
173.7 (C=0), 94.5 (C-1), 73.6 (C-3), 72.8 (C-2), 72.1 (C-4), 70.9 (H-4), 63.4 (C-6), 36.2 (C-8), 18.4
(C-9). 13.8 (C-10), 1.2, 1.0, 0.3 (TMS): HRMS (ESI) m/z [M+NH4]* calcd. for [CssHz2013Sic+NH4]*:
932.4709, obsd.: 932.4705.

0 2,2°,3,3",4,4" -Hexa-O-trimethylsilyl-6,6"-di-O-stearoyl-a,o."-

6 OW o4 trehalose (27b). Diol 25 (306 mg, 0.39 mmol), stearic acid (562
T%ﬁg&&p mg, 2.0 mmol), EDCI (493 mg, 2.6 mmol), and DMAP (0.79
TMSO, mmol) were subjected to the general procedure for esterification

OTMS
\?%/OTMS reactions. The crude product was purified by silica gel flash

Mo column chromatography (petroleum ether to petroleum
13 o) ether:EtOAc, 95:15, v/v) to give the title compound as a colourless

oil (514 mg, 0.39 mmol, 99%). Rs = 0.42 (petroleum ether:EtOAc, 9:1, v/v); [a]?3 = +66 (c = 1.0,
CH2Cly); IR (film) 2922, 2853, 1742, 1458, 1250, 1164, 1110, 1099, 1075, 1045, 965, 897, 870, 836
cm?; H-NMR (500 MHz, CDCls) § 4.92 (d, J12 = 3.1 Hz, 2H, H-1), 4.27 (dd, Jeaeb =11.9 Hz, Js 6. =
2.4 Hz, 2H, H-6a), 4.05 (dd, Jeab =11.9 Hz, Js.eb = 4.4 Hz, 2H, H-6b), 4.00 (ddd, Ja5 = 9.4 Hz, Jsep =
4.3 Hz, Js6a = 2.1 Hz, 2H, H-5), 3.90 (t, J23 = J34 = 8.9 Hz, 2H, H-3), 3.48 (t, Ja.4 = Jas = 9.1 Hz, 2H,
H-4), 3.44 (dd, J23 = 9.2 Hz, J12 = 3.1 Hz, 2H, H-2), 2.39-2.28 (m, 4H, H-8), 1.66-1.51 (m, 8H, H-9
& H-10), 1.35-1.19 (m, 26H, H-11 — H-23), 0.88 (t, J2324 = 6.8 Hz, 6H, H-24), 0.15, 0.13, 0.13 (3 s,
54H, CHs TMS); 3C-NMR (125 MHz, CDCl3) 173.9 (C=0), 94.5 (C-1), 73.6 (C-3), 72.8 (C-2), 72.1
(C-4), 70.9 (C-5), 63.5 (C-6), 34.3 (C-8), 32.1, 29.9, 29.82, 29.79, 29.6, 29.52, 29.47, 29.3, 25.0 (C-
11— C23), 22.9 (C-9 & C-10), 14.3 (C-24), 2.1, 1.2, 0.3 (TMS); HRMS (ESI) m/z [M+Na]"* calcd. for
[CesH138013Sis+Na]*: 1329.8645, obsd. 1329.8596.

o} 2,2',3,3",4,4"-Hexa-O-trimethylsilyl-

15 16
OJ\/\MW\M/ 24 6 6"-di-O-oleoyl-a,a'-trehalose (27¢).

20 8 314 17 ‘s
™SO 0 1 Diol 25 (306 mg, 0.39 mmol), oleic
TMSOg acid (0.63 mL, 2.0 mmol), EDCI (491

OTMS OTMS

\??OTMS mg, 2.6 mmol) and DMAP (97 mg,
H\/E/\/MO 0.80 mmol) were subjected to the
5 3 o) general procedure for esterification

reactions. The crude product was purified by silica gel flash column chromatography (petroleum ether

to petroleum ether:EtOAc, 95:15, v/v) to give the title compound as a colourless oil (422 mg, 0.32
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mmol, 82%). Ry = 0.51 (petroleum ether:EtOAc, 9:1, v/v); [a]?! =+ 69 (c =1.0, CH2Cl); IR (film)
2924, 2854, 1741, 1458, 1250, 1164, 1110, 1099, 1075, 1045, 1008, 965, 897, 870, 837 cm™; tH-NMR
(500 MHz, CDCl3) 6 5.34 (dt, Ji5,16 = 7.1 Hz, J14,15 = J16,17 = 3.0 Hz, 4H, H-15 & H-16), 4.92 (d, J1.2
= 3.0 Hz, 2H, H-1), 4.27 (dd, Jeasb = 11.9 Hz, Js62 = 2.2 Hz, 2H, H-6a), 4.05 (dd, Jeaeb = 11.8 Hz, Js .6t
= 4.3 Hz, 2H, H-6b), 4.00 (ddd, J45 =9.4 Hz, Js.60 = 4.3 Hz, Js6a = 2.1 Hz, 2H, H-5), 3.90 (t, J2.3 = J3.4
=8.9 Hz, 2H, H-3), 3.48 (t, J34 = Ja5 = 9.0 Hz, 2H, H-4), 3.22 (dd, J23=9.3 Hz, J12 = 3.1 Hz, 2H, H-
2), 2.34 (M, 4H, H-8), 2.00 (m, 4H, H-14 & H-17), 1.63 (m, 4H, H-9), 1.37-1.22 (m, 40H, H-10-H-13
& H-18-H-23), 0.88 (t, Jas2s = 7.0 Hz, 6H, H-24), 0.15, 0.13, 0.13 (3 s, 54H, CH3 TMS); 3C-NMR
(125 MHz, CDCl3) § 173.9 (C=0), 130.1, 129.9 (C-15 & C-16), 94.6 (C-1), 73.6 (C-3), 72.3 (C-2),
72.1(C-4), 70.9 (C-5), 63.5 (C-6), 34.3 (C-8), 32.1, 29.92, 29.88, 29.7, 29.5, 29.4, 29.3. 27.4, 22.8 (C-
10-C-3 & C-18-C-23), 27.3 (C-14 & C-17), 24.9 (C-9), 14.3 (C-24), 1.22, 1.04, 0.34 (TMS); HRMS
(ESI) m/z [M+NHa4]* calcd. for [CesH134013Sis+NHa]*: 1320.8778, obsd. 1320.8751.

16 18
OJ\/\M/\/W\/\

2,2",3,3",4,4'-Hexa-O-trimethylsilyl-6,6'-di-O-lineoyl-a,a'-trehalose (27d). Diol 25 (305 mg, 0.39
mmol), linoleic acid (0.61 mL, 2.0 mmol), EDCI (490 mg, 2.6 mmol) and DMAP (97 mg, 0.80 mmol)
were subject to the general procedure for esterification reactions. The crude product was purified by
silica gel flash column chromatography (petroleum ether to petroleum ether:EtOAc, 95:5, v/v) to give
the title compound as a colourless oil (328 mg, 0.25 mmol, 64%). Rt = 0.53 (petroleum ether:EtOAcC,
9:1, VV); [a]?° = + 67 (c = 1.0, CH2Cl); IR (film) 3009, 2955, 2926, 2855, 1741, 1458, 1250, 1163,
1110, 1099, 1075, 1045, 1009, 964, 897, 870, 837 cm™*; 'H-NMR (500 MHz, CDCl3) § 5.44-5.26 (m,
8H, H-15-H-16 & H-18-H-19), 4.92 (d, J12 = 3.0 Hz, 2H, H-1), 4.27 (dd, Jsaer =11.9 Hz, Js62 = 2.0
Hz, 2H, H-6a), 4.06 (dd, Jeasb = 11.9 Hz, Js6v = 4.4 Hz, 2H, H-6b), 4.00 (ddd, Ja5 =9.1 Hz, J56o = 3.9
Hz, Jsea = 1.9 Hz, 2H, H-5), 3.90 (t, J23 = J34 = 8.9 Hz, 2H, H-3), 3.48 (t, Js4 = J45 = 9.0 Hz, 2H, H-
4),3.44 (dd, J23=9.2 Hz, J12 = 3.0 Hz, 2H, H-2), 2.77 (t, J16.17 = J17.18 = 6.6Hz, 4H, H-17), 2.33 (m,
4H, H-8), 2.05 (q, J13,14 = J14,15 = J19.20 = J20,21 = 6.7 Hz, 8H, H-14 & H-20), 1.63 (m, 4H, H-9), 1.47-
1.23 (m, 28H, H-10-H-13 & H-20-H-23), 0.89 (t, J2324 = 6.9 Hz, 6H, H-24), 0.15, 0.13, 0.13 (3 5, 54H,
CH3 TMS); $3C-NMR (125 MHz, CDCl3) §173.9 (C=0), 130.4, 130.2, 128.2, 128.0 (C-15-C-16 & C-
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18-C-19), 94.6 (C-1), 73.6 (C-3), 72.8 (C-2), 72.0 (C-4), 70.9 (C-5), 63.5 (C-6), 34.3 (C-8), 31.7, 29.8,
29.5, 29.4, 29.3, 27.6 (C-10-C-13 & C-20-C-23), 25.8 (C-14 & C-20), 24.9 (C-17), 22.7 (C-9), 14.3
(C-24), 1.2, 1.0, 0.3 (TMS); HRMS (ESI) m/z [M+NH4]* calcd. for: [CesH13001Sic+NH4]":
1316.8465, obsd. 1316.8497.

General procedure for desilylation. The pH of a solution of trehalose diester 27a-d (0.03 mmol/mL)
in CH2Cl2:MeOH (1:1, v/v) was adjusted to pH = 4-2 with Dowex-H" resin and the mixture stood until
the reaction was complete by TLC (0.5 — 2 hours). The solution was then filtered, washing the resin
thoroughly with CH.Cl:MeOH (1:1, v/v), and concentrated. The resultant residue was purified as

detailed in each individual procedure.

0o 6,6'-Di-O-butanoyl-a,a'-trehalose (24a). Di-ester 27a (192 mg, 0.21

6 O)ks/\m mmol) was subjected to the general procedure for desilylation. The crude
Hﬁé%1 product was purified by gradient silica gel flash column chromatography
HOOOH (EtOAcC to EtOACc:MeOH, 9:1, v/v) to give the title compound as a white
WSH solid (75 mg, 0.16 mmol, 74%) R = 0.32 (EtOAC:MeOH, 9:1, viv); [a]?

0 = +135 (c = 1.0, MeOH); IR (film) 3329, 2935, 1726, 1456, 1418, 1351,

e} 1307, 1254, 1179, 1151, 1106, 1076, 1057, 1040, 1018, 982, 934, 915 cm’

1 1H-NMR (500 MHz, CDz0D) & 5.02 (d, J12 = 3.8 Hz, 2H, H-1), 4.34 (dd, Jsaeb = 11.9 Hz, Js6a =
2.1 Hz, 2H, H-6a), 4.18 (dd, Jeasb = 11.9 Hz, Jsep = 5.1 Hz, 2H, H-6b), 3.99 (ddd, Jas = 10.1 Hz, Js.6b
= 5.1 Hz, Jsea = 2.2 Hz, 2H, H-5), 3.75 (t, Jo.3 = Jsa = 9.2 Hz, 2H, H-3), 3.44 (dd, Jo3 = 9.7 Hz, J12 =
3.8 Hz, 2H, H-2), 3.32 (t, Js4 = J45 = 8.9 Hz, 2H, H-4), 2.31 (t, J7s = 7.3 Hz, 4H, H-8), 1.63 (h, Jso =
Jo10 = 7.4 Hz, 4H, H-9), 0.94 (t, Jo10 = 7.5 Hz, 6H, H-10); *C-NMR (125 MHz, CDsOD) § 175.3
(C=0), 95.3 (C-1), 74.5 (C-3), 73.1 (C-2), 71.9 (C-4), 71.5 (C-5), 64.3 (C-6), 36.9 (C-8), 19.5 (C-9),
14.0 (C-10); HRMS (ESI) m/z [M+NH,]* calcd. for [CaoH34013+NH,]*: 500.2338, obsd.: 500.2332.

0 6,6'-Di-O-stearoyl-a,a’-trehalose (24b). Di-ester 27b (370 mg, 0.28

6 OJ\S/\(\/)T?’\M mmol) was subjected to the general procedure for desilylation. The
Hﬁoé&” crude product was purified by gradient silica gel flash column
° HOOOH chromatography (EtOAc to EtOAc:MeOH, 9:1, v/v) to give the title

0 OgH compound as a white solid (39 mg, 0.05 mmol, 16%). Rf = 0.41
MO (EtOACc:MeOH, 9:1, v/v); [a]?! = +88 (c = 0.3, pyridine) ; IR (film)
o 3357, 2916, 2849, 1736, 1466, 1415, 1356, 1150, 1100, 1075, 1051,

1019, 988, 939, 910, 807 cm™; H-NMR (500 MHz, CsDsN) & 5.92 (d, Ji2 = 3.7 Hz, 2H, H-1), 5.12
(ddd, Ja5 = 10.2 Hz, Js.60 = 5.3 Hz, Js6a = 1.8 Hz, 2H, H-5), 4.86 (dd, Jsaep = 11.7, Js.62 = 2.0 Hz, 2H,
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H-6a), 4.86 (dd, Jeasp = 11.7 Hz, Jsep = 5.5 Hz, 2H, H-6b), 4.78 (t, J23 = Ja4 = 9.2 Hz, 2H, H-3), 4.34
(dd, J23 = 9.5 Hz, J1p = 3.5 Hz, 2H, H-2), 4.20 (t, J3.4 = Jas = 9.5 Hz, 2H, H-4), 2.32 (m, 4H, H-8),
1.63 (p, Js.o = Jo.10 = 7.4 Hz, 4H, H-9), 1.35-1.10 (m, 56H, H-10 -H-23), 0.88 (t, J2324 = 6.7 Hz, 6H,
H-24); 3C-NMR (125 MHz, CsDsN) & 174.2 (C=0), 96.3 (C-1), 75.4 (C-3), 73.9 (C-2), 72.5 (C-4),
72.1 (C-5), 64.9 (C-6), 32.6, 30.51, 30.49, 30.48, 30.46, 30.42, 30.26, 30.11, 30.07, 23.43 (C-10 - C-
23), 25.8 (C-9), 14.8 (C-24), HRMS (ESI) m/z [M+NH4]* calcd. for [CasHooO13+NH4]*: 892.6720,
obsd. 892.6721.

0 6,6'-Di-oleoyl-a,a’-trehalose  (24c).

15 16
OJVMW\M/ 24 Di-ester 27¢ (345 mg, 0.26 mmol) was

46 8 3 14 17 5 _
Hﬁo O ] subjected to the general procedure for
HO

0 desilylation. The crude product was

OH

WSH purified by gradient silica gel flash
MYO column chromatography (EtOAc to
5 3 o EtOAc:MeOH, 9:1, v/v) to give the title

compound as a white solid (195 mg, 0.22 mmol, 85%). R¢ = 0.49 (EtOAc:MeOH, 9:1, v/v); [a]?? =
+83 (¢ = 1.0, pyridine) ; IR (film) 3332, 3007, 2922, 2852, 1728, 1455, 1377, 1351, 1278, 1247, 1152,
1103, 1081, 1061, 1016, 983, 937, 911 cm™; *H-NMR (500 MHz, CsDsN) § 5.91 (d, J1.2 = 3.6 Hz, 2H,
H-1), 5.57-5.43 (m, 4H, H-15-H-16), 5.11 (ddd, J45 = 10.2 Hz, Js6 = 5.3 Hz, Js 62 = 2.0 Hz, 2H, H-5),
5.01 dd (Jea6b = 11.6 Hz, J56a = 2.2 Hz, 2H, H-6a), 4.85 (dd, Jeaeb = 11.8 Hz, Js6v = 5.5 Hz, 2H, H-
6b), 4.77 (t, J23 = J34 = 9.2 Hz, 2H, H-3), 4.33 (dd, J2;3 = 9.6 Hz, J12 = 3.7 Hz, 2H, H-2), 4.19 (t, J34
= Jus = 9.8 Hz, 2H, H-4), 2.37 (m, 4H, H-8), 2.17-2.40 (m, 8H, H-14 & H-17), 1.63 (p, Js,9 = Jo,10 =
7.2 Hz, 4H, H-9), 1.44-1.08 (m, 40 H, H-10-H-13 & H-18-H-23), 0.85 (m, 6H, H-24); 13C-NMR (125
MHz, CsDsN) 6 174.1 (C=0), 130.7 (C-15 & C-16), 96.3 (C-1), 75.4 (C-3), 73.9 (C-2), 72.5 (C-4),
72.1 (C-5), 64.9 (C-6), 34.7 (C-8), 32.6, 30.6, 30.5, 30.3, 30.1, 30.03, 29.95, 29.85, 29.82, 28.00, 25.7
(C-10-C-13 & C-18-C-23), C-27.99 (C-14 & C-17), 23.4 (C-9), 14.8 (C-24); HRMS (ESI) m/z
[M+NH4]* calcd. for [CgaHgsO13+NH4]*: 888.6407, obsd. 888.6401.
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6,6'-Di-lineoyl-a,0'-trehalose (24d). Di-ester 27d (252 mg, 0.19 mmol) was subjected to the general
procedure for desilylation. The crude product was purified by gradient silica gel flash column
chromatography (EtOAc to EtOAc:MeOH, 9:1, v/v) to give the title compound as a white solid (148
mg, 0.17 mmol, 88%). Ri = 0.66 (EtOAc:MeOH, 9:1, v/v); [a]?? = +70 (c = 1.0, pyridine) ; IR (film)
3325, 3009, 2923, 2854, 1729, 1455, 1376, 1352, 1275, 1246, 1151, 1115, 1103, 1081, 1060, 1051,
983, 937,911, 807 cm™*; *H-NMR (500 MHz, CsDsN) § 5.91 (d, J1.2 = 3.7 Hz, 2H, H-1), 5.55-5.46 (m,
8H, H-15-H-16 & H-18-H-19), 5.11 (ddd, Jas = 9.9 Hz, Jseb = 5.3 Hz, Js6a = 2.0 Hz, 2H, H-5), 5.01
(dd, Jeaeb = 11.8 Hz, Js6a = 2.2 Hz, 2H, H-6a); 4.85 (dd, Jeasb = 11.8 Hz, Js6v = 5.3 Hz, 2H, H-6b),
4.77 (t, J23=J34=9.1 Hz, 2H, H-3); 4.33 (dd, J2,3=9.6 Hz, J12= 3.6 Hz, 2H, H-2), 4.20 (t, J3.4 = Ja5
= 9.5 Hz, 2H, H-4), 2.93 (t, Ji6.17 = J1718 = 5.7 Hz, 4H, H-17), 2.33 (m, 4H, H-8), 2.11 (p, J13,14 = J1215
= J19.20 = J2021 = 7.1 Hz, 8H, H-14 & H-20), 1.62 (p, Jg9 = Jo,10 = 7.4 Hz, 4H, H-9), 1.39-1.13 (m, 26
H, H-10-H-13 & H-21-H-23), 0.87 (t, J2324 = 7.0 Hz, 6H, H-24); 3C-NMR (125 MHz, CsDsNs) §
174.1 (C=0), 130.9, 128.9 (C-15-C-16 & C-18-19), 96.3 (C-1), 75.3 (C-4), 73.9 (C-2), 72.5 (C-3),
72.1(C-5),64.9 (C-6), 34.9 (C-8), 32.2, 30.4, 30.1, 30.0, 29.8, 27.95, 23.3 (C-10-13 & C-21-23), 27.95
(C-14 & C-20), 26.5 (C-17), 25.7 (C-9), 14.7 (C-24); HRMS (ESI) m/z [M+NHa4]" calcd. for
[CaHg2013+NH4]: 884.6094, obsd.: 884.6107.

OyOMe  Methyl 2,4-dihydroxybenzoate (30b). To a stirred solution of 2,4-dihydroxybenzoic
1 OH acid (5.02 g, 33 mmol) in distilled MeOH (40 mL) at 0°C was added SOCI; (3.5 mL, 48

5 3 mmol) dropwise over 3 minutes and the resultant mixture stirred for 10 minutes. The
OH solution was then refluxed for 20 hours. The mixture was concentrated, diluted with
water (20 mL) and extracted with CHCl, (3 x 50 mL). The combined organic layers were washed
with brine (3 x 250 mL), dried (MgSQa), filtered and concentrated to give the title compound as an
off-white solid (3.59 g, 21.4 mmol, 66%). Rt = 0.53 (CH2Cl2:EtOAC, 9:1, v/v); IR (film) 3335, 3179,
2957, 2957, 2917, 2849, 1637, 1615, 1599, 1504, 1434, 1414, 1356, 1333, 1265, 1173, 1145, 1095,
978, 945, 876 cm™; *H-NMR (500 MHz, CDCls) §10.97 (s, 1H, 2-OH), 7.73 (d, Js6 = 8.6 Hz, 1H),
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6.40 (d, J35 = 2.4 Hz, 1H, H-3), 6.37 (dd, Js6 = 8.7 Hz, J35 = 2.6 Hz, 1H, H-5), 5.43 (s, 3H, CO2Me);
3C-NMR (125 MHz, CDCls) § 170.5 (C=0), 163.8 (C-4), 162.0 (C-2). 132.0 (C-6), 107.9 (C-3), 106.1
(C-1),103.3 (C-5),52.2 (CO2Me); HRMS (ESI) m/z [M+H]" calcd. for [CsHsO4+H]": 169.0495, obsd.:
169.0497.

0.7 OMe Methyl 4-(octadecyloxy)-2-hydroxybenzoate (32). To a stirred solution of methyl

1 OH 2,4-dihydroxybenzoate 30b (3.03 g, 18 mmol) in distilled acetone (120 mL) was
5 3 added K>CO3 (4.98 g, 36 mmol), 1-bromooctadecane (9.03 g, 27 mmol) and TBAI

0 (665 mg, 1.8 mmol). The reaction mixture was refluxed for 20 hours and then
concentrated. Purification of the residue by gradient silica gel flash chromatography
(petroleum ether to petroleum ether:EtOAc, 9:1, v/v) gave the title compound as an
off-white solid (7.04 g, 17 mmol, 93%). Rf = 0.79 (petroleum ether:EtOAc, 4:1, v/v);
IR (film) 3216, 2915, 2847, 1675, 1619, 1577, 1503, 1469, 1444, 1395, 1356, 1333,
1249, 1203, 1182, 1135, 1089, 1032, 1020, 990, 952, 840 cm™*; *H-NMR (500 MHz, CDCls) § 10.96
(s, 1H, OH), 7.72 (dd, Js = 7.1 Hz, J36 = 2.2 Hz, 1H, H-6), 6.56-6.28 (m, 2H, H-3 & H-5), 3.96 (t,
J7s = 6.5 Hz, 2H, H-8), 3.91 (s, 3H, CO2Me), 1.77 (p, Js9 = Jo.10 = 7.1 Hz, 2H, H-9), 1.43 (p, Jo.10 =
Jioa1 = 7.3 Hz, 2H, H-10), 1.38-1.22 (m, 28H, H-11 — H-24), 0.88 (t, J2425 = 7.1 Hz, 3H, H-25); 3C-
NMR (125 MHz, CDCls) 6 170.6 (C=0), 165.4 (C-4), 163.9 (C-2), 131.3 (C-6), 108.1 (C-5), 105.3
(C-1), 101.2 (C-3), 68.4 (C-8), 52.1 (CO2Me), 32.1, 29.9, 29.82, 29.80, 29.74, 29.70, 29.52, 29.49,
29.14 (C-11 - C-24), 29.10 (C-9), 22.9 (C-10), 14.3 (C-25); HRMS (ESI) m/z [M+H]" calcd. for
[C26H4404+H]": 421.3312, obsd. 421.3315.

25

Os_OH 2-hydroxy-4-(octadecyloxy)benzoic acid (29b) To a suspension of benzoate 32
1 OH (3.42 g, 8.1 mmol) in distilled methanol (140 mL) was added 5 M NaOH (18 mL, 90
5 3 mmol) and the mixture refluxed for 20 hours. The methanol was removed in vacuo,
0 o the residue diluted with water (350 mL), acidified to pH = 1 with conc. HCI and

extracted with EtOAc (3 x 300 mL). The combined organic layers were diluted with

pyridine (50 mL), dried (MgSQa), filtered and concentrated to give a yellow-brown
o5 solid. The solid was dissolved in hot EtOAc (400 mL), washed with brine (300 mL)
and water (300 mL). The organic layer was dried (MgSQa.), filtered and concentrated to give the title
compound as a pale peach solid (3.17 g, 7.8 mmol, 96%). Rt = 0.34 (4:1 petroleum ether:EtOAc v/v);
IR (film) 2915, 2849, 1669, 1646, 1622, 15578, 1508, 1471, 1376, 1273, 1241, 1197, 1176, 1155,
1102, 1031, 976, 888, 862 cm™*; tH-NMR (500 MHz, CsDsN) & 8.27 (d, Js¢ = 8.7 Hz, 1H, H-6), 6.88
(d, J35 = 2.3 Hz, 1H, H-3), 6.73 (dd, Js6 = 8.7 Hz, J35 = 2.1 Hz, 1H, H-5), 3.99 (t, Js,0 =6.5 Hz, 2H, H-
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8), 1.75 (p, Ja.o = Joao = 7.1 Hz, 2H, H-9), 1.43 (m, 2H, H-10), 1.38-1.17 (m, 28H, H-11 — H-24), 0.88
(t, J2a.25 = 7.0 Hz, 3H, H-25); *C-NMR (125 MHz, CsDsN) § 175.1 (C=0), 165.5 (C-4), 133.1 (C-6),
107.8 (C-5), 102.4 (C-3), 68.9 (C-8), 32.6, 30.51, 30.50, 30.47, 30.39, 30.36, 30.1, 29.9, 23.4 (C-9 &
C-11 — C-24), 26.9 (C-10), 14.8 (C-25); HRMS (ESI) m/z [M-H]" calcd. for [CasHa104]": 405.3010,
obsd. 405.3021.

1 o suspension of benzoate 32 (3.01 g, 7.2 mmol) in distilled acetone (150 mL)
5 3 was added K,CO3 (2.03 g, 14.7 mmol), BnBr (1.7 mL, 14.3 mmol) and TBAI
0 (273 mg, 0.7 mmol) and the mixture refluxed for 20 hours. Additional BnBr

0.7 OMe Qéy Methyl 2-(benzyloxy)-4-(octadecyloxy)benzoate (34) To a stirred
1/

(0.85 mL, 7.2 mmol) was added and the solution was stirred at reflux for a
further 8 days. The mixture was cooled and concentrated and the resultant
residue was purified by gradient silica gel flash column chromatography
(petroleum ether to petroleum ether:EtOAc, 9:1, v/v) to give the title
compound as a white solid (3.22 g, 6.3 mmol, 88%). Rs = 0.47 (petroleum ether:EtOAc, 4:1, v/v); IR
(film) 2914, 2849, 1726, 1608, 1574, 1504, 1469, 1453, 1428, 1377, 1301, 1258, 1208, 1185, 1156,
1088, 1039, 1028, 828 cm™; *H-NMR (500 MHz, CDCls) 7.87 (d, Js¢ = 8.8 Hz, 1H, H-6), 7.52 (d,
Jo 3 =7.5Hz, 2H, H-2), 7.39 (t, J> 3 = J3 4 = 7.6 Hz, 2H, H-3"), 7.31 (t, J3 4 = 7.4 Hz, 1H, H-4"),
6.52 (d, J35 = 2.2 Hz, 1H, H-3), 6.50 (dd, Js6 = 8.7 Hz, J35 = 2.3 Hz, 1H, H-5), 5.16 (s, 2H, CH2-O-
Bn), 3.96 (t, Js o = 6.6 Hz, 2H, H-8), 3.87 (s, 3H, CO2Me), 1.76 (p, Js.o = Jo,10 = 7.2 Hz H-9), 1.48-1.15
(m, 30H, H-10 — H-24), 0.88 (t, Joa25 = 6.8 Hz, 3H, H-25); *C-NMR (125 MHz, CDCls) § 166.4
(C=0), 163.9 (C-4), 160.4 (C-2), 136.9 (C-17), 134.1 (C-6), 128.7 (C-27), 127.9 (C-4), 126.9 (C-3"),
112.7 (C-1), 105.9 (C-3), 101.1 (C-5), 70.7 (CH2-O-Bn), 68.4 (C-8), 51.8 (CO2Me), 32.08, 29.9, 29.84.
29.82, 29.75, 29.7, 29.5, 29.3, 22.9 (C-10 — C-24), 26.1 (C-9), 14.3 (C-25); HRMS (ESI) m/z [M+H]"
calcd. for [Ca3Hs004+H]": 511.3782, obsd. 511.3782.

0.7 OH 4 2-(Benzyloxy)-4-(octadecyloxy)benzoic acid (35). To a stirred suspension
1 OV1© of benzoate 34 (2.89 g, 5.7 mmol) in distilled MeOH (100 mL) was added 5

5 3 M NaOH (18 mL, 90 mmol) and the solution refluxed for 20 hours. The

0 reaction was cooled, the MeOH removed in vacuo and the mixture diluted
with water (500 mL), acidified to pH = 1 with concentrated HCI, and
extracted with hot EtOAc (2 x 500 mL). The combined organic layers were
dried (MgSOg), filtered and concentrated to give the title compound as an off-
white solid (2.75 g, 5.5 mmol, 98%). Rt = 0.21 (petroleum ether:EtOAc, 4:1,
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vIV); IR (film) 2916, 2847, 1696, 1671, 1607, 1572, 1505, 1465, 1428, 1412, 1376, 1333, 1272, 1255,
1211, 1186, 1160, 1101, 1044, 930, 825 cm™*; *H-NMR (500 MHz, CsDsN) & 8.41 (d, Js¢ = 8.7 Hz,
1H, H-6), 7.82 (d, J2 3 = 7.7 Hz, 2H, H- 2°), 7.39 (t, J2 3 = J3.4 = 7.7 Hz, 2H H-3"), 7.29 (t, J3 4" =
7.4 Hz, 1H, H-4"), 6.96 (d, Js5 = 2.2 Hz, 1H, H-3), 6.78 (dd, Js6 = 8.5 Hz, J35 = 1.9 Hz, 1H, H-5), 5.37
(s, 2H, CH»-O-Bn), 4.00 (t, Js 9 = 6.5 Hz, 2H, H-8), 1.77 (p, Js,9 = Jo,10 = 7.1 Hz, 2H, H-9), 1.51-1.03
(m, 30H, H-10 — H-24), 0.88 (t, Joa25 = 6.8 Hz, 3H, H-25); 3C-NMR (125 MHz, CsDsN) & 168.7
(C=0), 164.4 (C-4), 161.3 (C-2), 138.3 (C-1"), 135.1 (C-6), 129.3 (C-27), 128.5 (C-4"), 128.0 (C-3"),
115.5 (C-1), 106.9 (C-5), 102.2 (C-3), 71.2 (CH.-O-Bn), 68.9 (C-8), 32.6, 30.50. 30.49, 30.47, 30.46,
30.42, 30.39, 30.37, 30.13, 30.11, 29.9, 23.4 (C-10 — C-24), 26.8 (C-9), 14.8 (C-25); HRMS (ESI) m/z
[M-H]" calcd. for [C32H4704]: 495.3480, obsd. 495.3477.

Oy OEt Ethyl 2-hydroxy-4-(octadecyloxy)-6-methyl benzoate (38). To a solution of ethyl
1 OH 2,4-dihydroxy-6-methyl benzoate (96 mg, 0.49 mmol) in acetone (10 mL) were

5 3 added K>COs (136 mg, 0.98 mmol, 1-bromooctadecane (246 g, 0.74 mmol) and
0o . TBAI (19 mg, 0.05 mmol). The reaction mixture was refluxed for 20 h and then

o concentrated. The resultant residue was purified by gradient silica gel flash column

( chromatography (petroleum ether to petroleum ether:EtOAc, 9:1, v/v) to give the

o4 litle compound as a white solid (200 mg, 0.45 mmol, 91%). R¢ = 0.60 (petroleum
ether:EtOAC, 9:1, viv); IR (film) 2945, 2915, 2847, 1646, 1611, 1581, 1468, 1402, 1380, 1364, 1321,
1298, 1260, 1215, 1176, 1129, 1107, 1040, 994, 953, 847, 814 cm™; *H-NMR (500 MHz, CDCl3) §
11.85 (s, 1H, 2-OH), 6.31 (s, 1H, H-3), 6.28 (s, 1H, H-5), 4.39 (g, J = 7.1 Hz, 2H, CH,-OEt), 3.94 (t,
J78 = 6.3 Hz, 2H, H-7), 2.50 (s, 3H, 6-Me), 1.76 (p, J7,8 = Jso = 7.0 Hz, 2H, H-8), 1.43 (m, 5H, CHz-
OEt & H-9), 1.34-1.18 (m, 56 H, H-10-H-23), 0.88 (t, J2324 = 6.8 Hz, 3H, H-24); *C-NMR (CDCls,
150 MHz) 6 172.0 (C=0), 165.7 (C-2), 163.6 (C-4), 143.2 (C-6), 111.7 (C-5), 105.2 (C-1), 99.3 (C-
3), 68.2 (CH»-OEt), 61.3 (C-7), 32.1, 29.9 29.84, 29.82, 29.81, 29.80, 29.73, 29.70, 29.5, 29.2, 26.1,
24.6, 22.9 (C-8-C-23), 14.4 (6-Me), 14.3 (C-24); HRMS (ESI) m/z [M+H]" calcd. for [C2gHagO4+H]":
449.3625, obsd.: 449.3625.
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O- _OEt " Ethyl 2-(benzyloxy)-4-(octadecyloxy)-6-methyl benzoate (39). To a

1 o@ solution of benzoate 38 (188 mg, 0.42 mmol) in acetone (20 mL) were added
K>CO3 (168 mg, 1.2 mmol), BnBr (1.4 mL, 1.3 mmol) and TBAI (15 mg,
0.04 mmol). The reaction mixture was refluxed for 20 h and then
concentrated. The resultant residue was purified by gradient silica gel flash
column chromatography (petroleum ether to petroleum ether:EtOAc, 9:1,
v/v) to give the title compound as white solid (208 mg, 0.39 mmol, 92%). Rs
= 0.36 (petroleum ether:EtOAc, 9:1, v/v); IR (film) 2916, 2849, 1704, 1604,
1578, 1499, 1470, 1442, 1387, 1364, 1321, 1271, 1238, 1210, 1165, 1085, 1052, 1043, 999, 943, 838,
807 cm™; 'H-NMR (500 MHz, CDCls) § 7.40 (d, J2.3 = 7.1 Hz, 2H, H-2'), 7.35 (t, J2 3 = J3.4 = 7.1 Hz,
2H, H-3"), 7.30 (d, J3.# = 7.1 Hz, 1H, H-4"), 6.35 (s, 1H, H-3), 6.32 (s, 1H, H-5) 6.32 (s, 2H, CH2-O-
Bn), 4.33 (g, J = 7.1 Hz, 2H, CH2-OEt), 3.91 (t, J7s = 6.6 Hz, 2H, H-7), 2.30 (s, 3H, 6-Me), 1.74 (p,
J78=J8o = 7.1 Hz, 2H, H-8), 1.42 (m, 2H, H-9), 1.35-1.20 (m, 31H, H-10-H-23 & CH3-OEt), 0.88 (t,
Joz 4 = 7.0 Hz, 3H, H-24); ®C-NMR (150 MHz, CDCls) § 168.4 (C=0), 160.9 (C-4), 157.3 (C-2),
138.3 (C-6), 136.9 (C-1", 128.6, 127.9, 127.2 (C-2'-C-4"), 117.1 (C-1), 107.9 (C-5), 98.1 (C-3), 70.5
(CH2-0-Bn), 68.2 (CH.-OEt), 61.0 (C-7), 32.1, 29.9, 29.83, 29.81, 29.80, 29.75, 29.71, 29.52, 29.51,
29.3, 26.1, 22.8, 20.0 (C-8-C-23), 14.4 (CH3-OFEt), 14.3 (C-24); HRMS (ESI) m/z [M+H]" calcd. for:
[CasH5404+H]*: 539.4095, obsd.: 539.4098.

24

Os_OH 4 2-(Benzyloxy)-4-(octadecyloxy)-6-methyl benzoate (40). To a solution of
1 oﬁ benzoate 39 (123 mg, 0.23 mmol) in ethanol (20 mL) was added NaOH (5.0

5 3 mL, 25 mmol, 5.0 M). The reaction mixture was refluxed for 20 hours. The
1) reaction was cooled, diluted with water, acidified to pH =1 with conc. HCI
and extracted with EtOAc. The organic layer was dried (MgSOQa) filtered and
concentrated to give the title compound as a white solid (106 mg, 0.21 mmol,
24 91%). Rf = 0.26 (petroleum ether:EtOAc, 4:1, v/v); IR (film) 2919, 2848,
1681, 1604, 1579, 1498, 1467, 1382, 1293, 1328, 1293, 1233, 1206, 1173, 1097, 1050, 1029, 950, 843,
828, 808 cm'™; 'H-NMR (500 MHz, CDCls) § 7.45-7.34 (m, 5H, H-2'-H-4"), 6.47 (s, H-3 & H-5), 5.19
(s, 2H, CH2-0-Bn), 3.97 (t, J7¢ = 6.6 Hz, 2H, H-7), 2.60 (s, 3H, 6-Me), 1.77 (p, J7s = Js g = 7.0 Hz,
2H, H-8), 1.45 (m, 2H, H-9), 1.42-1.23 (m, 28H, H-10-H-23), 0.88 (t, J234 = 6.8 Hz, 3H, H-24); 13C-
NMR (150 MHz, CDClIs) 6 166.2 (C=0), 162.0 (C-4), 159.0 (C-2), 145.6 (C-6), 134.8 (C-1"), 129.0,
127.8 (C-2'-C-4"), 111.4 (C-1), 110.8 (C-5), 98.4 (C-3), 72.1 (CH2-0O-Bn), 68.3 (C-7), 31.9, 29.70.
29.66, 29.60, 29.55, 29.4, 29.3, 26.0, 23.3, 22.7 (C-8-C-23), 14.1 (C-24); HRMS (ESI) m/z [M-H]
calcd. for [C33Ha904]: 509.3636, obsd. 509.3633.
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6,6"-Dideoxy-di-(4-octadecyloxy-

5 7
22"

o] 4" o N o
@ /\/\(\’)1/4 benzoylamido)-a,a’-trehalose (2a). Di-azide 23
N
H

0

(54 mg, 0.14 mmol), PMes (1.4 mL. 1.4 mmol),

6
HI(-?oéﬁ1 water  (0.15 mL, 83 mmol), 4
3 HO

O%H octadecyloxybenzoic acid (137 mg, 0.35 mmol),

WSH DIPEA (0.12 mL, 0.74 mmol), and HBTU (132

H mg, 0.35 mmol) were subjected to the general
MO@O procedure for the Staudinger reduction and
14 coupling reaction. The resultant residue was

dissolved in hot 'BUOH:EtOAc (40 mL, 2:1, v/v) and washed with HCI (75 mL, 0.1 M), sat. NaHCOs3
(75 mL) and brine (75 mL). The organic layer was diluted with pyridine (10 mL), dried (MgSOQa),
filtered and concentrated. The resultant residue was purified by gradient silica gel flash
chromatography (CH2Cl, to CH2Cl:MeOH, 85:15, v/v) to give the title compound as a white solid (85
mg, 0.08 mmol, 57%). R = 0.61 (CH2Cl:MeOH, 4:1, viv); [a]2° = +28 (c = 1.0, pyridine); IR (film)
3327, 2915, 2849, 1623, 1607, 1551, 1505, 1467, 1302, 1254, 1182, 1147, 1103, 1035, 993, 840 cm™;
'H-NMR (500 MHz, CsDsN) & 9.02 (bs, 2H, NH), 8.33 (d, J> 3 = 8.6 Hz, 4H, H-2"), 7.06 (d, J'3 =
8.9 Hz, 4H, H-3"), 5.76 (d, J12 = 3.5 Hz, 2H, H-1), 5.06 (m, 1H, H-5), 4.70 (t, J34 = Ja5 = 9.3 Hz, 2H,
H-3), 4.43 (dd, Jsa,en = 13.0 Hz, Js 62 = 6.2 Hz, 2H, H-6a), 4.24 (dd, J2,3 =9.5 Hz, J12 = 6.2 Hz, 2H, H-
2), 4.14 (bd, Jeasb = 13.9 Hz, 2H, H-6b), 4.00 (t, J3.4 = Ja5 = 9.6 Hz, 2H, H-4), 3.92 (t, J5 6 = 6.6 Hz,
4H, H-5"), 1.74 (p, Js 6 = Jo,77 = 7.1 Hz, 4H, H-6"), 1.46-1.39 (m, 4H, H-7"), 1.35-1.22 (m, 28H, H-
8"-H-21"), 0.88 (t, Jo1' 22 = 6.9 Hz, 6H, H-22"); 33C-NMR (150 MHz, CsDsN) & 169.0 (C=0), 162.6
(C-4"), 130.4 (C-2), 128.2 (C-17), 115.0 (C-3"), 97.1 (C-1), 74.8 (C-3), 74.0 (C-2), 73.9 (C-4), 72.9
(C-5),68.8 (C-5”) 44.7 (C-6), 42.5, 32.6, 30.48, 30.47, 30.41, 30.40, 30.37, 30.2, 30.1, 30.0, 23.43 (C-
6' & C-8-C-21"), 26.8 (C-7"), 14.8 (C-22"); HRMS (ESI) m/z [M+H]" calcd. for [Ce2H104N2013+H]":
1085.7611, obsd. 1085.76009.
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3 6,6'-Dideoxy-di-(2-O-benzyl-4-octadecyloxy-
17 benzoylamido)-a,a'-trehalose (36). Di-azide 23
(55 mg, 0.14 mmol), PMes (1.4 mL, 1.4 mmol),

79 ,
O % 4,0/\/\(\’)1/424 water (0.15 mL, 8.3 mmol), 2-(benzyloxy)-4-
6 ” 6' (octadecyloxy)benzoic acid 35 (173 mg, 0.35
HSO ° ] mmol), HBTU (132 mg, 0.35 mmol) and DIPEA
3 "'OoOH (0.15 mL, 0.86 mmol) were subjected to the
WSH general procedure for the Staudinger reduction
H and coupling reaction. The resultant residue was
MO@O dissolved in hot '‘BUOH:EtOAc (40 mL, 2:1, v/v)
14 0 and washed with HCI (60 mL, 0.1 M), sat.
®// NaHCO3 (60 mL), and brine (60 mL). The organic

layer was diluted with pyridine (20 mL), dried
(MgSO0sa.), filtered and concentrated. The resultant residue was purified by gradient silica gel flash
column chromatography (CH2Cl> to CH2Cl2:MeOH, 9:1, v/v) to give the title compound as a white
solid (168 mg, 0.13 mmol, 93%). R¢ = 0.35 (CH2Cl2:MeOH, 9:1, v/v); [a]2® = +39 (c = 1.0, pyridine)
; IR (film) 3387, 2916, 2849, 1628, 1605, 1544, 1498, 1466, 1391, 1257, 1175, 1146, 1110, 1035, 996,
840 cm™; 'H-NMR (500 MHz, CsDsN) & 8.86 (bt, JnHea = INHeb = 5.4 Hz, 2H, NH), 8.59 (d, Js6 =
8.5 Hz, 2H, H-6"), 7.60 (d, Jo»3* = 8.1 Hz, 4H, H-2"), 7.41 (t, J2»3» = J34 = 7.6 Hz, 4H, H-3"), 7.29 (t,
J3 4 = 7.4 Hz, 2H, H-4"), 6.86 (s, 2H, H-3'), 6.77 (d, Js6' = 8.7 Hz, 2H, H-5"), 5.64 (d, J12 = 3.4 Hz,
2H, H-1), 5.31 (s, CH2-O-Bn), 5.07 (m, 2H, H-5), 4.70 (t, J2.3 = J3 4= 9.2 Hz, 2H, H-3), 4.62 (m, 2H,
H-6a), 4.11 (dd, J2,3 = 9.5 Hz, J12 = 3.7 Hz, 2H, H-2), 4.06 (m, 2H, H-6b), 4.01 (t, J3.4 = Ja,5 = 9.4 Hz,
2H, H-4), 3.95 (t, J7.s = 6.4 Hz, 4H, H-7"), 1.73 (p, J7.8 = Jg.9 = 6.9 Hz, 4H, H-8"), 1.49-1.37 (m, 56H,
H-10'-H-23"), 0.88 (t, J23'24' = 6.8 Hz, 6H, H-24"); 3C-NMR (125 MHz, CsDsNs) § 166.7 (C=0), 163.8
(C-4", 159.1 (C-2"), 137.1 (C-1"), 134.7 (C-6"), 129.7 (C-3"), 129.1 (C-4"), 128.5 (C-2"), 116.1 (C-4"),
107.4 (C-5"), 101.5 (C-3"), 96.5 (C-1), 74.7 (C-3), 73.9 (C-2), 73.5 (C-4), 72.5 (C-5), 71.6 (CH»-O-
Bn), 69.0 (C-7"), 41.9 (C-6), 32.6, 30.51, 30.49, 30.48, 30.42, 40.41, 30.38, 30.16, 30.12, 29.9, 26.8,
23.4 (C-8'-C-23"), 14.8 (C-24"); HRMS (ESI) m/z [M+H]" calcd. for [C76H116N2015+H]": 1297.8448,
obsd. 1297.8442,
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6,6'-Dideoxy-(2-hydroxy-4-octadecyloxy-

HO,
79
24’ )

O, % 0 benzoylamido)-a,a’-trehalose 2b). To a
2 a0 T penioyiamidor (20

N ,

N 6

0

solution of di-amide 36 (126 mg, 0.10 mmol) in

Hoéﬁ distilled CH.Cl2:MeOH (6 mL, 1:1, v/v) was

"o 3 HOO1OH added Pd(OH)./C (10 mg). H> was bubbled
WSH through the suspension for 48 h, and then the

H reaction mixture was diluted with pyridine (15

/ﬁ\/\/o Q/<o mL) and filtered over celite. The filtrate was
14 OH concentrated and the resultant residue purified by

gradient silica gel flash column chromatography (CH2Cl2 to CH2Cl2:MeOH, 9:1, v/v) to give the title
compound as a white solid (82 mg, 0.07 mmol, 75%). R¢ = 0.37 (CH2Cl2:MeOH, 85:15, v/v); [a]2° =
+24 (c = 1.0, pyridine); IR (film) 3348, 2917, 2849, 1642, 1616, 1597, 1551, 1534, 1503, 1469, 1438,
1377, 1335, 1275, 1259, 1191, 1179, 1042, 996, 940, 855, 834, 815, 805 cm™; *H-NMR (500 MHz,
CsDsN) 6 9.18 (bt, J N, 62 = InH, 6b = 5.4 Hz, 2H, NH), 8.28 (d, Js.6'=8.8 Hz, 2H, H-6'), 6.82 (d, J3.5 =
2.1 Hz, 2H, H-3'), 6.59 (dd, Js.6 = 8.8 Hz, J3.5 = 2.4 Hz, 2H, H-5'), 5.76 (d, J1.» = 3.6 Hz, 2H, H-1),
5.06 (m, 2H, H-5), 4.67 (t, J23 = J34 = 9.3 Hz, 2H, H-3), 4.28 (m, 4H, H-7"), 4.19 (dd, J23 = 9,9 Hz,
J12=3.9 Hz, 2H, H-2), 3.97 (t, J34 = Ja5= 9.3 Hz, 2H, H-4), 3.93 (m, 4H, H-6a & H-6b), 1.72 (p, J7g&
= Jg.o = 7.0 Hz, 4H, H-8'), 1.41 (m, 4H, H-9"), 1.35-1.21 (m, 56 H, H-10'-H-23"), 0.88 (t, J23:24 = 7.0
Hz, 6H, H-24"); 13C-NMR (125 MHz, CsDsN) § 170.3 (C=0), 163.8 (C-1'), 163.2 (C-2'), 129.7 (C-6"),
109.5 (C-4"), 106.7 (C-5"), 102.5 (C-3"), 96.3 (C-1), 74.5 (C-3), 73.4 (C-4), 73.2 (C-2), 71.9 (C-5), 68.1
(C-6), 41.5 (C-7", 31.9, 29.80, 29.79, 29.76, 29.72, 29.69, 29.65, 29.43, 29.41, 29.2, 26.1, 22.7 (C-8'"-
C-23), 14.1 (C-24"), HRMS (ESI) m/z [M+H]* calcd. for [Ce2H104N2O15+H]*: 1117.7509, obsd.
1117.7513.
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3 6,6'-Dideoxy-(2-O-benzyl-6-methyl-4-
17 octadecyloxy-benzoylamido)-a,a'-trehalose
(41). Di-azide 23 (28 mg, 0.07 mmol), PMes (0.7
mL, 0.7 mmol), water (0.08 mL, 4.4 mmol), 2-O-
benzyl-3-methyl-octadecyloxy benzoic acid (85
mg, 0.17), DIPEA (0.06 mL, 0.34 mmol), and
HBTU (70 mg, 0.18 mmol) were subjected to the

OH
WSH general procedure for the Staudinger reduction
H

N and the coupling reaction. The resultant residue

A0 o was dissolved in hot '‘BuOH:EtOAc (50 mL, 2:1,
14 0 viv) and washed with 0.1 M HCI (50 mL), sat.
®// NaHCO3 (50 mL), and brine (50 mL). The organic

layer was dried (MgSO4), filtered and
concentrated. The resultant residue was purified by gradient silica gel flash column chromatography
(CH2ClI2 to CH2Cl2:MeOH, 9:1, v/v) to give the title compound as a pink solid (47 mg, 0.04 mmol, 50
%). R = 0.26 (CH2Cl2:MeOH, 85:15, v/v); [a]%3 = +28 (c = 0.7, pyridine); IR (film) 3333, 2917, 2850,
1605, 1532, 1488, 1467, 1377, 1321, 1281, 1229, 1172, 1145, 1075, 1037, 995, 943, 909, 841, 805 cm"
1 IH-NMR (500 MHz, CsDsN) 8 9.17 (bt, Inmea = Inmeb = 5.8 Hz, 2H, NH), 7.59 (H-2" or H-4"), 7.30
(t, Jon 3 = J3"a» = 7.4 Hz, 4H, H-3"), 7.20 (H-2" or H-4"), 6.66 (bs, 2H, H-3"), 6.50 (bs, 2H, H-5"), 5.82
(d, J12=3.3 Hz, 2H, H-1), 5.21 (s, 4H, CH2-O-Bn), 5.06 (m, 2H, H-5), 4.76 (t, J23 = J34 = 9.2 Hz, 2H,
H-3), 4.56 (m, 2H, H-6a), 4.27-4.17 (m, 6H, H-2, H-4 & H-6b), 3.91 (t, J7¢ = 6.4 Hz, 4H, H-7"), 2.53
(s, 6-Me), 1.73 (p, J7¢ = Jg.o = 7.0 Hz, 4H, H-8'), 1.43 (m, 4H, H-9"), 1.35-1.19 (m, 56H, H-10'-H-
23", 0.88 (t, Joz 24 = 6.8 Hz, 6H, H-24"); ®*C-NMR (150 MHz, CsDsN) §170.0 (C=0), 161.0 (C-4"),
157.5 (C-2"), 138.7, 138.4 (C-1' & C-6"), 129.3, 128.4, 127.8 (C-2'-C-4"), 122.6 (C-1"), 108.7 (C-5",
99.2 (C-3"), 96.7 (C-1), 74.6 (C-3), 74.0, 73.6 (C-2 & C-4), 73.1 (C-5), 70.7 (CH2-O-Bn), 68.7 (C-8),
42.0 (C-6), 32.6, 30.50, 30.48, 30.47, 30.42, 30.41, 30.2, 30.1 30.0, 26.8, 23.4 (C-9'-C-23"), 20.5 (6'-
Me), 14.8 (C-24"); HRMS (ESI) m/z [M+H]* calcd. for [ CzsH120N2O15+H]*: 1325.8761, obsd.:
1325.8761.
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6,6'-Dideoxy-(2-hydroxy-6-methyl-4-
octadecyloxy-benzoylamide)-a,a'-trehalose
(2c). To a solution of di-amide 38 (36 mg, 0.03

HO 2 mmol) in distilled CH>Cl>:MeOH (4 mL, 1:1, v/v)

"o 3 HOOOH was added Pd(OH)./C (28 mg). H> was bubbled
WSH through the suspension for 20 h, and then the

“ reaction mixture was diluted with pyridine (10

/(”ﬁ\/\/o 5 mL) and filtered over celite. The filtrate was
14 OH concentrated and the resultant residue purified by

gradient silica gel flash column chromatography (CH2Cl2 to CH2Cl2:MeOH, 4:1, v/v) to give the title
compound as a pale orange-brown solid (16 mg, 0.01 mmol, 53%). Rs = 0.18 (CH.Cl>:MeOH, 85:15,
vIv); [a]?3 = +25 (c = 1.0, pyridine); IR (film) 3350, 2916, 2849, 2765, 1607, 1539, 1467, 1318, 1275,
1213, 1174, 1144, 1106, 1059, 1037, 992, 945, 835, 804 cm™*; 'H-NMR (500 MHz, CsDsN) § 8.78 (bt,
InHsa = InHeb = 5.7 Hz, 2H, NH), 6.75 (s, 2H, H-3"), 6.50 (s, 2H, H-5"), 5.84 (d, J12 = 3.7 Hz, 2H, H-
1), 5.08 (M, 2H, H-5), 4.73 (t, Jo3 = Ja4 = 9.0 Hz, 2H, H-3), 4.35 (m, 4H, H-6a & H-6b), 2.34 (dd, J23
=9.2 Hz, J12 = 3.3 Hz, 2H, H-2), 4.11 (t, J3.4 = Ja5 = 9.2 Hz, 2H, H-4), 3.94 (t, J7¢ = 6.4 Hz, 4H, H-
7Y, 3.19 (m, 4H, H-8'), 2.70 (s, 6H, 6'-Me), 1.74 (m, 8H, H-9' & H-10"), 1.48-1.13 (m, 52H, H-11"-H-
23", 0.88 (t, Joz24 = 6.6 Hz, 6H, H-24"); 170.8 (C=0), 161.7 (C-4"), 160.3 (C-2"), 139.8 (C-6"), 116.8
(C-1'), 109.4 (C-5), 101.1 (C-3), 96.8 (C-1), 74.8 (C-3), 74.2 (C-4), 73.9 (C-2), 72.7 (C-5), 68.5 (C-
7", 44.6 (C-8", 42.5 (C-6), 32.6, 30.5, 30.4 30.2, 30.1, 30.0, 26.8, 23.41, 23.38, 23.1 (C-9'-C-23"), 22.2
(6'-Me), 14.8 (C-24"); HRMS (ESI) m/z [M+H]* calcd. for: [CesH108N2O15+H]*: 1145.7822, obsd.:
1145.7822.

5.3 Biological Methods.

Trehalose amide glycolipids la-e, trehalose glycolipids 24a-d, and TDB were dissolved in
CHCI3:MeOH (2:1, viv, 1 mM), diluted in isopropanol (0.05 mM) and added to 96-well plates (0.1 or
1 nmmol/well). The solvents were evaporated, and the coated plates were used immediately. 2B4-
NFAT-GFP reporter cells expressing mMincle + FcRy, hMincle + FcRy, or FcRy only have previously
been described,®? and were kindly gifted by S. Yamasaki (Osaka University, Japan). NFAT-GFP 2B4
reporter cells were incubated with ligand-coated plates (0.1 or 1 nmmol/well) for 18 hours. The
reporter cells were harvested, stained with 4',6-diamidino-2-phenyolide (DAPI) and analysed for
NFAT-GFP expression using flow-cytometry (FACS, Calibur). Experiments were kindly performed
by A. J. Foster (Victoria University of Wellington).
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