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Abstract 

 
Trehalose glycolipids are a diverse family of long-chain fatty acid diesters isolated from 

the cell walls of bacteria, in particular Mycobacterium species including M. tuberculosis. 

These molecules possess an array of biological activities which contribute to the survival 

and virulence of the organism, however, it is their activity as potent stimulators of innate 

and early adaptive immunity for which they are of interest. In particular, trehalose 

glycolipids have an application as adjuvants in vaccines and immunotherapies, for 

diseases such as tuberculosis (TB) and cancer. Recently, the macrophage-inducible C-

type lectin, Mincle, and the macrophage C-type lectin, MCL, were identified as receptors 

for trehalose glycolipids, however, the exact mechanisms by which these receptors 

recognise and bind glycolipids is, as yet, unknown. 

 

This thesis presents the synthesis of a variety of structurally diverse trehalose glycolipid 

analogues. As such, three mycolic acids bearing a C22 α-chain and diversified 

meromycolate branches were prepared from an epoxide intermediate, itself prepared in 

eight steps from commercially available starting materials. The mycolic acids were then 

coupled to TMS-trehalose and subsequently deprotected to give the mono- and diester 

derivatives, 1a-c and 2c, which will be assessed for their immunostimulatory activity 

through the activation of wild type and Mincle-/- murine macrophages. This work 

provides a first step towards determining how the structures of trehalose glycolipids 

influence Mincle and MCL binding and activity, and allow for the development of 

improved trehalose glycolipids for use in adjuvant therapies. 
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1 Introduction 

1.1 Trehalose glycolipids: A diverse family of bioactive molecules 

Trehalose glycolipids are a diverse family of long-chain fatty acid esters of trehalose, a 

symmetrical 1,1-α-linked glucose disaccharide, isolated from bacterial species 

Mycobacteria, Corynebacteria, and from the dauer larvae Caenorhabditis elegans.1-4 

These glycolipids can be classified into two main categories: the 6,6-trehalose diesters, 

and the 2,3-trehalose diesters (Figure 1).5 The 6,6-diesters include the branched trehalose 

dimycolates (TDM, 1), trehalose dicorynomycolates (TDCM, 2), and the linear chain 

trehalose diesters (TDE, 3). The 2,3-diesters include diacyl trehalose sulfates (4) and 

sulfolipid-1 (SL-1, 5).  
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Figure 1: Trehalose glycolipids 
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The mycobacterial fatty acid (mycolic acid) esters of TDMs are composed of a 

functionalised meromycolate branch (ca. C60) with a linear side chain at the alpha 

position (C20-C25)6 (Figure 2) giving a total chain length varying between C60-C90.5, 7 

There are three main classes of these molecules; the α-mycolic acids containing two cis 

cyclopropanes are the most common,8 while the oxygenated mycolates include the 

methoxy- and keto-mycolic acids, as well as the less prevalent epoxy- and unsaturated 

derivatives (Figure 1).5, 7-11 Conversely, the TDCMs isolated from Corynebacteria lack 

the complex functionalities of the TDMs and vary only in lipid length (total C22-C36), 

with C32 being the most abundant.5, 11-13 The sulfolipids differ in both the acyl chain 

length, functionality, and position on the trehalose headgroup.14  

 

 

Figure 2: TDM meromycolate and alpha branches 

 

Trehalose glycolipids are of interest because of their diverse biological properties. Even 

the most simple trehalose glycolipids, the TDEs, have shown promising immunological 

properties.15 In particular, the C22 TDE analogue, trehalose dibehenate (TDB), has been 

shown to activate macrophages in a manner similar to its more complex counterpart, 

TDM.16 This gives TDEs and TDMs a range of important immunostimulatory qualities 

including potential use as adjuvants for tuberculosis (TB) and cancer vaccines.2, 17-21 Of 

particular note is the use of CAF01, a cationic liposome formulation of TDB in 

combination with dioctadecylammonium bromide (DDA), which is an effective vaccine 

adjuvant currently in phase I clinical trials as part of a new TB vaccine.18, 20, 22 TDCMs 

from Corynebacterium cell wall extracts also exhibit macrophage activation properties 

and have been shown to be as effective as TDM at providing host resistance to various 

bacterial and viral infections in murine models.23-24 These cell wall extracts are also 

effective in experimental vaccines for TB25 and Leishmania,3 as part of the Ribi Adjuvant 

system.  
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1.2 Trehalose Glycolipids are Integral Components of the Mycobacterium Cell Wall 

Mycobacteria have lipid rich cell walls incorporating both membrane-bound and sugar-

linked mycolic acids, which are critical for the survival of the organism within a host 

immune cell (e.g. macrophage), and in the environment. TDMs are the most abundant of 

all the surface glycolipids isolated from the cell wall of Mycobacteria26 and are known 

to confer resistance to environmental pressures such as desiccation, freezing, and 

bactericidal drugs.6, 27-28 In addition, TDMs impart protection against enzymatic and 

chemical stresses encountered within the phagosomes of macrophages, including 

hydrolase and reactive oxygen species.29,30 Similarly, TDCMs and trehalose 

monocorynomycolates (TMCMs) are the most abundant cell wall lipids isolated from the 

closely related Corynebacterium species such as C. diphtheria, the causative agent of 

diphtheria.12, 31 

 

Although the cell wall architecture of Corynebacteria has not been studied as extensively 

as that of Mycobacteria, their overall composition is similar.24 Both Corynebacteria and 

Mycobacteria cell walls consist of a layer of peptidoglycan adjacent to the cell 

membrane, then a layer of arabinogalactan interspersed with lipoarabinomannan (LAM) 

(Figure 3).6, 24, 31 Covalently linked to the arabinogalactan are the mycolic acids, which 

together with esterified trehalose glycolipids (e.g. TDMs and TDCMs), form a thick outer 

coating. The interaction of the short and long mycolate lipid tails of the TDMs allows the 

glycolipids to interlock, forming a virtually impenetrable barrier,32 and the hydrophilic 

trehalose head group is, in turn, positioned to prevent exposure of the hydrophobic lipids 

to the aqueous surroundings.17 This construction of the cell wall gives mycobacteria a 

unique advantage over other bacterial species as it enables them to avoid immune 

recognition and survival within the host as a latent infection for many decades before 

causing disease.26 The waxy glycolipid coating also hinders the access of small polar 

molecules into the mycobacterium, thus contributing to the resistance of M. tuberculosis 

to many common antibiotics.28,6  
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Figure 3: Cartoon of the mycobacterial cell wall 

 

1.3 The Role of TDMs in Tuberculosis 

Of all bacterial diseases, tuberculosis has the greatest global infection rate and highest 

mortality, with over a third of the world’s population infected to date.33 Unusually, M. 

tuberculosis rarely causes disease immediately on infection, but remains dormant within 

the host cells for many years before the onset of secondary tuberculosis, which is 

accountable for 80% of disease and almost all infection.26, 34 While the immunological 

processes involved in the pathogenesis of the disease are relatively unknown, it is thought 

that M. tuberculosis is able to survive within host macrophages by preventing 

phagosome-lysosome fusion.7, 35 After a pathogen is engulfed by a phagocytic cell such 

as a macrophage, the resultant phagosome normally undergoes maturation through fusion 

with lysosomes containing oxidative, acidifying and hydrolytic enzymes, resulting in 

pathogen death and degradation.30,36 Fundamental studies by Spargo et al.35 demonstrate 

that TDM is able to inhibit Ca2+ induced fusion of phospholipid vesicles in vitro. 

Moreover, experimentation by Indrigo et al. (2002) established the importance of TDMs 

for the survival of mycobacteria in vivo,37 with removal of TDMs from M. tuberculosis 

cell surfaces preventing the survival of mycobacteria within host macrophages, while 

restoration of purified TDM reinstated survival ability.38 These results suggest that TDM 

is the main component responsible for preventing phagosome-lysosome fusion and 

promoting survival of the mycobacteria within host cells. 
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The ability of M. tuberculosis to cause a sudden change in the host immune response 

resulting in the characteristic caseating granulomas associated with secondary 

tuberculosis is poorly understood. Studies by Hunter et al. (2006), however, determined 

that the type of immune response elicited by TDM is very different depending on the 

physical medium in which it exists.26 Within the cell membrane of M. tuberculosis, or in 

a micelle structure, TDM has no toxicity whatsoever, but rather acts to prevent host 

immune recognition.34 However, as a component of a monolayer or when injected as an 

oil emulsion, TDM becomes highly toxic and immunostimulatory. Hunter et al. also 

found that secondary tuberculosis begins as lipid pneumonia,39 a form of lung 

inflammation caused by the presence of lipids in bronchiolar tissue,40 and it is the build-

up of lipid which allows the transformation of TDM to its ‘toxic state’. This is an abrupt 

change that causes sudden necrosis of pneumatic tissue, forming cavities in which the 

mycobacteria are able to multiply and finally escape to infect new hosts.26 In particular, 

the main stimulatory agent responsible for the formation of these lung granulomas in 

secondary TB is TDM17 and TDM alone has been shown to induce typical granuloma 

morphology.26  

 

1.4 The Use of Bacteria in Cancer Immunotherapy 

Trehalose glycolipids possess a range of immunomodulatory activities in addition to their 

virulence factors involved in disease processes.26, 33 As such, there is increasing interest 

for their use in immunotherapy, that is, the use of immunostimulatory compounds 

(adjuvants) to induce the appropriate immune response required to cure a given disease. 

In particular, there is much interest in the use of adjuvants for the treatment of cancer and 

the development of more effective vaccines, and bacteria provide a valuable source of 

these molecules.  

 

The first experiments on the use of immunostimulatory agents to treat cancer were 

performed by William Coley in the early 1890’s, when he successfully treated a number 

of patients with advanced sarcoma by infecting them with Streptococcus bacterial 

species.41-42 Although this caused an infectious skin disease, remission of the cancer was 

observed. Later, Coley used preparations of bacterial toxins with comparable effects, 

however the exact bacterial components responsible for these phenomena were unknown. 
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Although a considerable number of cases in which cancers were successfully treated with 

Coley’s toxins were reported early on, the use of this therapy did not become widespread 

as his experiments were often irreproducible, due, in part, to variations in the 

administration technique and potency of the toxin preparations.42  

 

While the use of Coley’s toxins is not mainstream, the use of other bacterial agents in the 

treatment of cancer has been explored, with the most significant development being the 

use of the Mycobacterium bovis Bacillus Calmette-Guerin (BCG) vaccine to prevent the 

progression and recurrence of non-muscular invasive bladder cancer.43-44 Clinical trials 

in the late 1970’s were so successful that this is now a standard treatment wherein the 

BCG vaccine is injected into the bladder inducing a vigorous local immune response 

which results in tumour regression.45 These examples are indicative of the increasing 

importance of bacterial components as a source of vaccine adjuvants. 

 

1.5 Bacterial Cell wall Components as Vaccine Adjuvants 

An effective vaccine must contain both antigens specific for a given disease, and an 

adjuvant which activates and directs the acquired immune response towards these 

antigens. This antigen/adjuvant combination results in long term protection against 

infection (prophylactic vaccine), or activation of an immune response towards cancerous 

tissue (therapeutic vaccine). Vaccines composed of whole killed bacteria or viruses, or 

attenuated live pathogens, are usually able to induce a strong immune response without 

including additional adjuvants, however peptide subunit vaccines are not sufficiently 

immunogenic on their own.46 Many bacterial cell wall components such as phospholipids, 

glycolipids and lipoproteins have shown promise as adjuvants. For example, 

monophosphoryl lipid A (MPL), a non-toxic derivative of the lipopolysaccharide (LPS) 

from Salmonella minnesota, is used in current vaccines for human papilloma virus and 

Hepatitis B, and has been used in clinical trials as part of vaccine formulations for 

malaria, tuberculosis, HIV, and cancer.47, 3 

 

In the same way, trehalose glycolipids show promise as adjuvants. Indeed, the BCG 

vaccine is itself a live attenuated strain of M. bovis,48 the causative agent of bovine 

tuberculosis, and as a mycobacterial species, M. bovis has many similarities with M. 

tuberculosis including a similar cell wall makeup incorporating trehalose glycolipids.43, 
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49 Likewise, Complete Freund’s adjuvant (CFA), an oil emulsion of dried M. tuberculosis 

bacteria,47, 50-51 is an extremely potent adjuvant and although these systems use whole 

bacteria, it is likely that trehalose glycolipids have a role in the elicited adjuvant effects. 

It has been noted that patients with tuberculosis seldom develop malignant tumours and 

this has been attributed to the immunomodulatory properties of the TDMs.43 Moreover, 

Ribi et al. (1978) demonstrated that very low doses of TDM as part of an adjuvant system 

with a glycolipid immunogen were able to cause the complete regression of 95% of line-

10 tumours in guinea pigs52 and, as previously mentioned, the synthetic trehalose diester 

TDB shows promise in clinical trials as part of an adjuvant formulation for a new 

tuberculosis vaccine.18, 20, 22 Given that trehalose glycolipids hold such potential as 

immunomodulatory agents, much research has been conducted to extract these molecules 

from a variety of Mycobacteria and related species and to elucidate their structures.1, 53 

With over 500 different TDMs found in the extracts of Mycobacteria, emphasis is now 

being placed on the synthesis of single components which can then be tested for their 

individual biological properties.2  

 

1.6 Immunomodulatory Properties of Trehalose Glycolipids 

Trehalose glycolipids are recognised by pattern recognition receptors located on 

macrophages and other myeloid cells,15-16, 54 and this recognition can induce the release 

of pro-inflammatory cytokines and chemokines, and cytotoxic mediators. The release of 

a powerful interferon-γ (IFN-γ) signal can induce expansion of natural killer (NK) cell 

populations and the activation of macrophages primed for antigen presentation to T cells, 

thereby inducing adaptive cellular immunity.2, 33, 52 TDMs are among the most potent 

inducers of the pro-inflammatory cytokines IL-1β, IL-6, and tumour necrosis factor 

(TNF) amongst the mycolic acid diesters,45, 53 and they also stimulate the release of nitric 

oxide (NO) and the recruitment of neutrophils.53 Studies have established that TDMs 

possess anti-viral activities in mice inoculated with encephalomyocarditis virus,2 

although they are of limited use as adjuvants due to their high toxicity. However, the 

shorter chain TDCMs have the same antitumor55 and adjuvant56 activities as the more 

complex TDMs, but without the associated toxicity and therefore show much promise as 

adjuvants for vaccines and cancer immunotherapy.17, 23 
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1.7 The TDM Receptors – Macrophage Inducible C-type Lectin (Mincle) & 

Macrophage C-type Lectin (MCL) 

The first step in developing improved trehalose glycolipids as adjuvants is identifying the 

molecular target of the glycolipids and understanding how the immunomodulatory 

properties of the molecules are regulated. The cells of the innate immune system 

recognise pathogen associated molecular patterns (PAMPs) such as LPS and trehalose 

glycolipids, through their binding to pattern recognition receptors (PRRs). These PRRs 

include Toll-like receptors (TLR), NOD-like receptors, and C-type lectins.17 In 2009, 

Ishikawa et al. identified the macrophage inducible C-type lectin, Mincle (also called 

Clec4e or Clecsf9) as a TDM receptor,17, 45 and a later study by Schoenen et al. (2010) 

confirmed that Mincle is essential for recognition of TDM and related glycolipids.16 

Furthermore, very recently (2013) the structurally similar macrophage C-type lectin MCL 

(also called Clec4d or Clecsf8) was identified as a second receptor for TDM.57-58  

 

The C-type lectins are a large family of carbohydrate-binding proteins (lectins) which 

share a common structural motif known as a C-type lectin domain.59 These proteins have 

a diverse range of functions including roles in cell adhesion, natural killer cell regulation, 

complement and platelet activation, endocytosis, and innate immunity.60 Many of the 

transmembrane C-type lectins are expressed on myeloid cells and have roles in microbe 

phagocytosis, pathogen binding, and inducing gene expression in the innate immune 

response.59 

 

1.7.1 Macrophage Inducible C-type Lectin Mincle 

In order to identify the TDM receptor, Werninghaus et al. used murine bone marrow-

derived macrophage (BMM) knockout models to determine that C-type lectins, rather 

than TLRs, recognise TDMs.15 TLRs signal via MyD88, whereas C-type lectins use the 

kinase Syk. Accordingly, MyD88-/- and Syk-/- BMMs were tested for their ability to 

respond to TDM, with activation of BMMs being measured by nitric oxide (NO) and 

cytokine production. Although MyD88-/- BMMs retained their normal response, Syk-/- 

BMMs elicited no response to TDM.15 In a similar manner, the myeloid cell-specific 

adaptor protein, Card9, and the downstream proteins Bcl10 and Malt1, were required for 

the TDM stimulated BMM response. The β-glucan receptor Dectin-1, which was 
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previously linked to antigen presenting cell responses to whole mycobacteria,61 was also 

excluded as the TDM receptor after studying Dectin-1-/- BMMs.15 As a large number of 

myeloid cell receptors which activate Syk are associated with adaptor proteins Dap12 or 

FcRγ, the requirement for these proteins was tested. FcRγ was found to be integral in 

linking TDM recognition to macrophage activation via the Syk-Card9 signalling 

pathway, while Dap12 was not required.15 A later study by Schoenen et al. found that a 

recombinant Mincle-Fc fusion protein specifically binds TDM, with Mincle-/- mice being 

used to establish that this FcRγ-associated receptor is crucial for TDM induced 

macrophage activation and the generation of protective Th-1 and Th-17 immunity.16 

 

Mincle is located on cells of the myeloid lineage such as macrophages, monocytes and 

neutrophils15-16, 54 and is up-regulated in response to cytokines and PAMPs including 

polysaccharides and trehalose glycolipids.60, 62-63 Upon exposure to TDM, Mincle signals 

via the FcRγ-Syk-Card9-Bcl10-Malt1 pathway to induce secretion of pro-inflammatory 

cytokines (e.g. IL-1β, IL-6, TNF-α, and IFNγ), cytotoxic mediator (e.g. NO) release, and 

recruitment of neutrophils15, 53 (Figure 4) These phenomena induce further expression of 

Mincle on macrophages,62 and act on surrounding cells to cause apoptosis and immune 

cell recruitment through the stimulation of the early adaptive immune response, which 

directs protective T cell immunity.  
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Figure 4: TDM binding to Mincle activates macrophage downstream signalling 

 

1.7.2 Macrophage C-type Lectin (MCL) 

Like Mincle, MCL is an FcRγ-coupled activating receptor which recognises TDM.57 

Murine MCL was originally isolated in 1998 by Balch et al. who named it ‘macrophage-

restricted C-type lectin,’64 however, since then human protein expression data has 

revealed that it is also expressed on peripheral blood neutrophils, monocytes, and some 

dendritic cell subsets.65-66 MCL was characterised by Arce et al. (2004) via screening the 

Expressed Sequence Tag database from GenBank for carbohydrate recognition domain 

sequences.67 Analysis of the amino acid sequence ascertained that MCL is a type II 

transmembrane protein with an extracellular carbohydrate recognition domain with high 

homology to Mincle. The authors used internalisation assays and microscopy to 

determine that MCL is an endocytic receptor,67 and although it did not appear to associate 
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with any known signalling molecules such as DAP10, DAP12, and FcRγ,66 a recent study 

using FcRγ knockout mice indicates that MCL does in fact couple with FcRγ to trigger 

Syk kinase mediated intracellular signalling,57 inducing phagocytosis, the respiratory 

burst, and pro-inflammatory cytokine production.65-66 Although MCL is known to act as 

an activation receptor on myeloid cells,66 binding assays with plate-coated TDM and 

TDB have only recently identified trehalose glycolipids as the MCL ligands responsible 

for this effect.57 

 

1.7.3 Mincle and MCL: A Cooperation 

Mincle and MCL are both FcRγ-coupled C-type lectin receptors required for TDM-

mediated innate and adaptive immunity. These receptors share 60% homology of their 

carbohydrate recognition domain, and their genes are located adjacent to each other on 

human chromosome 12, with MCL possibly arising from gene duplication of Mincle.57, 

67 Although studies have shown that Mincle is essential for the recognition and 

adjuvanticity of TDM, new evidence suggests that MCL also plays a vital part in driving 

the initial immune response.57, 66 

 

In resting myeloid cells, Mincle is present in barely detectable amounts,57-58 however, its 

expression is readily induced upon exposure to cytokines and PAMPs such as 

lipopolysaccharides and trehalose glycolipids, and Mincle expression is up-regulated by 

ligand interactions with Mincle itself.60, 62 On the other hand, MCL is constitutively 

expressed in myeloid cells, with exposure to pro-inflammatory cytokines including TNF-

α, IFN-γ, IL-6, and IL-10 causing only a small increase in MCL expression.57-58, 67 

 

To identify the roles of MCL and Mincle in the TDM mediated immune response, Miyake 

et al. (2013) used murine knockout models deficient in either MCL or Mincle.57 The 

authors found that both Mincle and MCL were required for TDM mediated induction of 

innate immunity, as well as the maturation of DCs involved in generating acquired T cell 

immunity. Further investigations into the requirement of MCL and Mincle in establishing 

acquired immunity to TDM revealed that both receptors were necessary for a delayed 

type hypersensitivity response to secondary challenge with TDM, while the experimental 

autoimmune encephalomyelitis (EAE) model of Th17-cell-mediated autoimmunity 

indicated that MCL is critical for acquired immunity and that this effect is independent 
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of Mincle.57 Finally, immune responses to the mycobacteria M. tuberculosis and M. bovis 

were examined in vitro and in vivo, respectively. In vitro production of pro-inflammatory 

cytokine TNF and MIP-2 mRNA was significantly reduced in both cell lines, while 

Mincle induction was compromised substantially in the MCL knockout cells, indicating 

that MCL is indeed necessary for the initial up-regulation of Mincle. This evidence 

complements prior experimentation by Miyaki et al. that confirmed the existence of an 

activating receptor which drives the initial up-regulation of Mincle.57 Here, reporter mice 

which express green fluorescent protein (GFP) instead of Mincle showed an increase in 

GFP expression upon stimulation with TDM even in the absence of Mincle. FcRγ 

knockout mice were then used to confirm the necessity of the FcRγ signalling molecule 

in this response, and the aforementioned MCL knockout models corroborate the 

hypothesis that MCL is an FcRγ-coupled activating receptor that drives Mincle induction 

in response to TDM stimulation. In the in vivo M. bovis model, pro-inflammatory 

cytokine IFN-γ production was partially impaired in both knockout strains. Taken 

together, these results suggest that both Mincle and MCL are required to generate an 

innate immune response to TDM, while MCL is capable of inducing an acquired immune 

response, as seen in EAE, independently of Mincle. Furthermore, recent evidence 

suggests that the activity of MCL and Mincle are even more closely linked, with these 

lectins forming a heterodimer on the cell surface that associates with FcRγ to enhance 

phagocytosis and increase Mincle expression.63, 68-69 The authors suggest that the 

Mincle/MCL complex binds to TDM in a co-ordinated manner, with Mincle recognising 

the sugar moiety and MCL binding the lipid.68 However, it is unusual for C-type lectins 

to bind lipids,68 and affinity binding studies of trehalose glycolipids with Mincle have 

illustrated the necessity of the lipid portion for effective ligand binding to Mincle, as 

discussed in Section 1.7.5 (page 17).58, 70 

 

1.7.4 Receptor - Ligand Binding Interactions 

Understanding the structure of the TDM receptor binding sites and the properties needed 

for ligand binding will provide insight into the features required to synthesise modified 

trehalose esters with improved adjuvant activity. MCL is not as well characterised as 

Mincle, however both are transmembrane proteins with an extracellular Ca2+-dependent 

carbohydrate recognition domain containing a mannose/glucose binding motif.60, 62 

Mincle is known to recognise TDM,17, 45 the yeast Candida albicans,54 and the pathogenic 
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fungi species Malassezia.60-61, 71-72 C. albicans and Malassezia species are both 

opportunistic pathogens which are normally present in humans but can cause severe 

disease in immune compromised patients. While the Mincle carbohydrate recognition 

domain is thought to recognise and bind to mannose containing glycolipids from C. 

albicans and Malassezia species with specificity for α-mannose geometry,54, 61, 71 it does 

not recognise α-1,2 mannose containing glycolipids from Mycobacterium cell wall 

extracts, nor does it recognise any other mycobacterial cell wall components apart from 

TDM and associated analogues (e.g. TDB).16, 45 The sugar head group of TDM is the 

disaccharide trehalose (1,1-α-linked glucose) and studies by Ishikawa et al. (2009) 

established that this motif is essential for the recognition of mycobacteria by Mincle.17 It 

is thought that the carbohydrate recognition domain of Mincle also binds to the 

structurally related glucose, although this may not result in macrophage activation.45 

Furthermore, TDB, a simplified synthetic analogue of TDM, and other trehalose diesters 

also activate cells by way of Mincle.16 In particular, research in our group has shown that 

simple linear chain monoesters and diesters of trehalose are able to activate 

macrophages,73-74 and incorporation of a probe bearing benzophenone and alkyne 

functionalities for affinity based proteome profiling did not prevent activation of 

macrophages.75 As such studies indicate, the carbohydrate recognition domain of Mincle 

is able to bind a variety of structurally related glycolipids.  

 

To determine whether the individual sugar or the lipid portion of TDM is required for 

Mincle binding and activation, Ishikawa et al. tested both the mycolic acid and the 

trehalose sugar independently, and found that neither were able to activate Mincle 

expressing cells in isolation.17 This indicates that both the sugar and lipid components of 

TDMs are vital for ligand activity, perhaps with specific recognition of the sugar-lipid 

ester linkage. Other aspects of ligands thought to be important for Mincle binding are the 

organisation and functionality of the meromycolate branch and the length of the α-branch 

of the lipid tails (Figure 2, page 3). Studies by Retzinger et al. (1981) proposed that the 

length of the shorter α-branch of the mycolic acid determines the final glycolipid length 

at hydrophobic interfaces and that the longer meromycolate chain is kinked to fit into this 

smaller space.32 The flexing of the chain may contribute to the presentation of the 

disaccharide head to Mincle for optimum binding. On the other hand, TDEs that lack the 

branched nature and complex functionality of TDMs, such as the much studied TDB, are 
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also active.16, 52 The importance of the lipid chain length in TDEs was demonstrated by 

Khan et al. (2011), with lipids >18 carbons being required for macrophage activation.73 

Retzinger et al. suggested that the effect of TDMs is due to their physical properties rather 

than chemical specificity32 and while this argument is supported by the differential 

activities of TDM when they are part of a lipid emulsion or the cell wall of 

Mycobacterium,26 both their physical presentation to Mincle and the specific components 

of each glycolipid appear to be important.  

 

Work by Rao et al. (2005, 2006)76-77 demonstrates that cyclopropane modifications of the 

TDM mycolic acids alters the innate immune response to M. tuberculosis. While the cis-

cyclopropane containing glycolipids are proinflammatory, the trans-cyclopropane 

variants suppress the inflammatory response to M. tuberculosis and are five times less 

potent than commercially available TDM which lacks trans-cyclopropanes.77 In addition, 

Al Dulayymi et al. (2009) synthesised a variety of cyclopropane containing trehalose 

glycolipids and found that the cis-dicylopropanated TDM was three fold more potent at 

stimulating production of the pro-inflammatory cytokine TNF-α than purified TDM.2  

 

Furthermore, a recent study by Vander Beken et al. (2011) investigated the structure-

activity relationship of a variety of synthetic mycolic acids representative of those found 

in M. tuberculosis, and determined that the fine molecular structure and stereochemistry 

of the lipids does influence the activity of these molecules.78 The mycolic acids 

investigated here were the α-mycolic acids containing two cis-cyclopropane rings and the 

oxygenated keto- and methoxy-mycolic acids with one cis- or trans-cyclopropane ring 

(Figure 5).6, 8, 78 These compounds were administered into the trachea of mice and 

pulmonary inflammation was determined by the level of innate immune cell recruitment 

(neutrophils, alveolar macrophages and dendritic cells) as measured using flow 

cytometry. The α-mycolic acid was not immunogenic, however the cis-methoxy variant 

induced a strong inflammatory response which was partially attenuated in the trans- 

variant.78 For the keto-mycolates, the cis variant induced a mild inflammatory response, 

however the trans derivative exhibited anti-inflammatory activity. These results clearly 

show that the activity of free mycolic acids is strongly dependent on the detailed lipid 

structure, and it is reasonable to expect that this activity extends to the trehalose-bound 

variants, as indicated in the studies by Rao et al. and Al Dulayymi et al. discussed 

previously. 
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Figure 5: Synthetic mycolic acids 

 

In related work, Martin-Bertelsen et al. (2013)79 synthesised analogues of monomycoloyl 

glycerol (MMG), another mycobacterial cell wall lipid that stimulates dendritic cells 

(DCs). This study determined that the activation of DCs depended on both the 

stereochemistry of the sugar, and the length of the alkyl chain, but not on the 

stereochemistry of the lipid, and further analyses showed that the active and inactive 

compounds had distinct differences in their biophysical properties, and thus presentation 

to their receptor. Taken together, this information substantiates the hypothesis that the 

detailed chemical structure of the trehalose glycolipid mycolic acids also has an important 

role in the elicited immune response, resulting from both the chemical specificity and the 

physical properties of the molecules.  

cis-methoxy mycolic acid trans-methoxy mycolic acid 

cis-keto mycolic acid trans-keto mycolic acid 

cis-α mycolic acid 
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1.7.5 The Crystal Structure of Mincle 

Recently, the crystal structure of bovine Mincle was elucidated by Feinberg et al. 

(2013),70 and the crystal structures of both human Mincle and human MCL were 

elucidated by Furukawa et al. (2013).58 Both the Feinberg and Furukawa groups also 

analysed the crystal structure of Mincle when bound to either trehalose or citric acid, 

respectively. The structural analyses of Mincle determine that it behaves as a monomer 

and binds to sugars in a Ca2+-dependent manner common to C-type lectins. Here, the 3- 

and 4-OH of one glucose molecule coordinate to Ca2+ in a primary binding site, as well 

as forming hydrogen bonds with four of the proximal amino acid side chains (Figure 6).70 

This primary binding site includes a glucose/mannose binding motif (glutamic acid-

proline-asparagine) typical of C-type lectins, which is crucial for TDM recognition.58 An 

additional secondary binding site lacking Ca2+ accommodates the second glucose moiety 

of the trehalose disaccharide and this extra recognition provides increased binding 

affinity for trehalose by 36-fold compared to glucose.70 
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Figure 6: The Mincle binding site in complex with trehalose70 
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Both groups identified a single groove composed of hydrophobic amino acid side chains 

which lies adjacent to the primary binding site and is ideally positioned to accommodate 

the mycolic acid tail attached to the 6-O residue of a bound trehalose glycolipid.58, 70 

While this suggests that only one lipid chain is bound to the receptor, the specified 

hydrophobic regions described by each group differ. Furukawa et al. analysed the crystal 

structure of human Mincle in complex with citric acid, identifying a shallow hydrophobic 

region to the right of the primary sugar binding site (Figure 7), 58 whereas Feinberg et al. 

analysed the bovine Mincle-trehalose complex (Figure 8), identifying a narrower 

hydrophobic channel positioned to the left of the sugar binding site.70 The phenylalanine 

residues which form the right side of this channel correspond to the hydrophobic amino 

acids on the left of the region detected by Furukawa. Mutational studies were performed 

by Feinberg et al. on the amino acid residues of the hydrophobic groove and the resulting 

loss of affinity for a short chain (C8) trehalose monoester highlights the importance of 

those amino acids shared by both hydrophobic regions identified.70 Additionally, 

Furukawa et al. suggest that the shallow, open-sided structure of the hydrophobic groove 

in Mincle is able to accommodate the extra hydroxylation and branching of the more 

complex TDMs,58 and it is therefore plausible that the two hydrophobic regions diverging 

from the sugar binding site may provide accommodation for both branches of the non-

linear trehalose glycolipids.  

 

Although the Furukawa group examined the structure of human Mincle in complex with 

citric acid, the Feinberg group studied the bovine Mincle receptor when bound to 

trehalose, a substrate which more closely resembles the native Mincle ligands, the 

trehalose glycolipids. This has led to the recent suggestion by Jegouzo et al.80 that the 

active trehalose-binding conformation of human Mincle bears more resemblance to the 

crystal structure of the bovine Mincle-trehalose complex than that of the human Mincle-

citric acid complex, and certainly, the low pH at which the citric acid complex was 

crystallised is likely to have affected the binding conformation of the crystal structure. 

Therefore, in order to conclusively identify the exact binding interactions of the mycolic 

acid with the receptor, crystal structure analyses will need to be performed on human 

Mincle-bound trehalose glycolipids that have been crystallised at physiological pH.  
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Figure 7: Human Mincle-citric acid complex illustrating identified hydrophobic groove 

 

 

Figure 8: Bovine Mincle-trehalose complex illustrating identified hydrophobic groove 

Hydrophobic  
groove 

Hydrophobic groove 



21 
 

While it is apparent that one lipid is accommodated in a binding site adjacent to the 

primary sugar, analysis of the crystal structure indicates that the 6-O of the second 

glucose residue is orientated away from the receptor surface, and along with the lack of 

a hydrophobic region adjacent to the secondary binding site, these features indicate that 

only one fatty acid chain is necessary for recognition, although diacylation is tolerated.70 

Indeed, this observation was supported by work in our group whereby trehalose 

monoesters were found to be capable of activating macrophages in a manner similar to 

their diester counterparts.74 Modelling and binding assays suggest that longer chain lipids 

have increased affinity for Mincle,80 with a minimum acyl chain length of 10 carbons 

required for binding.58 Research in our group has also shown that long chain lipids are 

required for the activation of macrophages, however, here it was determined that >18 

carbons are required for activation, illustrating that binding to Mincle does not always 

lead to the induction of an immune response.73  

 

1.7.6 The Crystal Structure of MCL: A Comparison to Mincle 

Although MCL shares considerable homology with Mincle, it has some distinct structural 

and functional differences. In particular, MCL lacks the standard glucose/mannose-

binding motif [glutamic acid-proline-asparagine, (EPN)] present in Mincle, instead 

having an unusual EPD motif (glutamic acid-proline-aspartic acid).58 Substitution of the 

EPN motif in Mincle with an EPD motif compromises the ability of Mincle to bind TDM, 

however substitution of the EPD motif for EPN in MCL does not improve the binding 

affinity, indicating that the binding site of each receptor may interact with trehalose 

diesters in a slightly different manner. Overall, the structure of the carbohydrate 

recognition domain of MCL is not dissimilar to that of Mincle, with the Ca2+ ion and 

other amino acids in comparable positions, however, the position of the Arg183 side 

chain in Mincle is in a more favourable position to interact with the hydroxyl groups of 

TDM, compared with the corresponding Val186 residue in MCL (Figure 9 and Figure 

10). 

 

The lipid binding regions of Mincle and MCL contain hydrophobic loops unique to these 

receptors, however Mincle has a larger hydrophobic area than MCL. These structural 

differences likely result in the considerably weaker binding affinity of TDM to MCL than 

to Mincle.57-58 It has been hypothesised that less toxic trehalose glycolipids, such as 
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TDCM, may preferentially bind to MCL, presenting this lower affinity receptor as an 

attractive target for adjuvant synthesis.57 Taken together, analyses of the crystal structures 

of MCL and Mincle suggest that these receptors recognise glycolipids in a manner similar 

to each other, but distinct to other glycolipid receptors. 

 

 

 

Figure 9: Mincle-citric acid complex 

 

 

Figure 10: MCL 

Arg183 

Ca2+ 

Val186 
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2 Aims 

2.1 Understanding Mincle & MCL: Modified Trehalose Glycolipids 

Recent crystal structure elucidation has provided important information on the binding 

sites of the trehalose glycolipid receptors Mincle and MCL,58, 70 however, the effect of 

trehalose glycolipid structure on immunomodulatory properties, as mediated by binding 

interactions with these receptors, is poorly understood. Thus, it is of considerable interest 

to investigate the binding interactions of trehalose glycolipids with Mincle and MCL to 

allow for the development of improved vaccine adjuvants. To this end it was envisioned 

that several synthetic trehalose glycolipid analogues could be prepared, which consist of 

mono- and di-ester derivatives (TMEs 1a-c and TDEs 2a-c, respectively) with a C22 α-

backbone and a short meromycolate branch bearing varied functional groups (Figure 11). 

 

 

Figure 11: Synthetic Trehalose Glycolipid Targets 

 

Research in our group has determined that long chain lipids are required for the binding 

and immune activation of macrophages by TDEs, with the C22 TDE, known as trehalose 

dibehenate (TDB), being the most potent immune stimulator.73 Furthermore, TDB has 

shown great promise as an adjuvant due to its ability to strongly activate the immune 

system with low toxicity, and is currently in phase I clinical trials as part of an adjuvant 

system for a tuberculosis vaccine.18, 22, 81 Hence, a C22 α-chain length was selected for 

the synthetic trehalose glycolipids (1a-c and 2a-c). 
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In addition, the functional groups present on the meromycolate chain of TDMs influence 

their immunomodulatory properties, as evidenced by the lower toxicity and enhanced 

immunogenicity of the TDCMs and TDEs compared to the highly functionalised TDMs.2, 

23, 82 It has also been postulated that the portion of the lipid closest to the sugar has the 

greatest effect on ligand recognition58 and as TDMs and TDCMs are hydroxylated at the 

β-position of the meromycolate branch, the effect of alterations to this centre on the 

activity of the TDMs will be explored. Notably, crystal structure analysis indicates that 

β-positioned residues will sit at the entrance of the hydrophobic groove and are likely to 

interact with the surrounding amino acids to influence binding.58, 70 With this in mind, 

derivatives with the native OH functionality (1a and 2a), were proposed. It is 

hypothesised that the hydroxyl group in these derivatives may H-bond with the amino 

acids in this vicinity (i.e. Thr175 and Thr196 in Mincle, and Ser177 and Cys199 in MCL), 

while an intramolecular H-bond with the ester-group carbonyl locks the conformation of 

the mycolic acid.19 Further derivatives, 1b and 2b, will be prepared, whereby any H-bond 

donation from the OH is prevented by masking the hydroxyl as a methyl ether. These 

derivatives should give information on the importance of both inter- and intra-molecular 

H-bonding at this position. Finally analogues 1c and 2c, in which an epoxide functionality 

was installed at the β-position to act as an electrophilic trap, were envisioned. It is 

proposed that the epoxide will react with neighbouring nucleophilic amino acids, such as 

the threonine residues (Thr175 and Thr196) at the entrance of the hydrophobic groove in 

Mincle, or the serine and cysteine (Ser177, Cys199) residues in MCL, resulting in 

covalent bond formation. Indeed, if this occurs it is likely to induce long lasting activation 

or inhibition of the receptor.  

 

Herein, it is also important to note that the exact binding interactions of the trehalose 

glycolipids with the receptors cannot be reliably modelled using crystal structure 

predictions, therefore the synthesis of trehalose glycolipid analogues is crucial to 

understanding these interactions. This is illustrated in the crystal structure analysis of the 

bovine Mincle-trehalose complex by Feinberg et al. and the human Mincle-citric acid 

complex by Furukawa et al., in which slight differences in the crystal structure has led to 

the identification of different hydrophobic regions which may accommodate the fatty 

acid. Finally, as highlighted previously, examination of the crystal structures of Mincle 

and MCL suggests that only one lipid binds to the receptor with the second lipid 

orientated away from the receptor surface58, 70 and work from our group has established 
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that monoesters and diesters alike can activate macrophages.74 Accordingly, both mono- 

and di-acetylated trehalose glycolipids were proposed in order to further explore this 

phenomenon.  

 

2.2 Biological Evaluation of Trehalose Glycolipids 

Although beyond the scope of this project, biological testing will be carried out to 

determine the immunostimulatory activity of the prepared trehalose glycolipids. This will 

provide information on the properties required for binding to the receptors Mincle and 

MCL, which will allow for the development of improved trehalose glycolipids for use in 

adjuvant therapies. 
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3 Results and Discussion 

3.1 Retrosynthetic analysis  

The retrosynthetic analysis for the target trehalose glycolipids is depicted in Scheme 1. 

TMEs 1a-c and TDEs 2a-c are envisioned to be accessible by coupling one or two of the 

mycolic acid derivatives 3a-c to the TMS-protected trehalose 4.73, 83 TMS-protected 

trehalose 4, is in turn available from α,αʹ-ᴅ-trehalose (6) in two steps via persilylation 

followed by selective cleavage of the primary TMS ethers.4, 84 The mycolic acid 

derivatives 3a-b can be obtained via the regioselective ring opening of the common 

epoxide precursor 5 using H2 with Pd(OH)2/C, followed by TBS protection or O-

methylation and subsequent ester hydrolysis to give 3a [Rʹ = CH(OTBS)CH3] and 3b [Rʹ 

= CH(OMe)CH3], respectively. In the case of 3c [Rʹ = CH(O)CH2], only ester hydrolysis 

of epoxide 5 is required. Epoxide 5 can be prepared from allylic iodide 7 and diethyl L-

malate (8) via a Fráter-Seebach alkylation,85 subsequent reduction of the -alkyl--

hydroxy diester, tosylation of the primary alcohol, and base-mediated cyclisation. Diethyl 

L-malate (8) is available from L-malic acid (10),86 while allylic iodide 7 is readily 

prepared from octadecanol (9) in 3 steps.85 
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Scheme 1: Retrosynthesis of target TMEs 1a-c and TDEs 2a-c  
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3.2 Forward Synthesis 

3.2.1  Preparation of the Allylic Iodide (7) 

The synthetic strategy begins with the synthesis of the C20 allylic iodide 7 (Scheme 2), 

which will be used to install the -alkyl chain of the TMEs and TDEs.73 To this end, 

octadecanol (9) was oxidised using pyridinium chlorochromate (PCC) under dry 

conditions to give octadecanal (11) in good (76%) yield, with this reaction being 

performed on a multi-gram (12 g) scale. The aldehyde was purified by silica gel flash 

column chromatography to remove the chromium from the reaction mixture, however 

when performed on such a large scale (10-15 g), removal of the chromium proved 

difficult and repeated silica gel flash column chromatography was required. 

Unfortunately this resulted in some over oxidation of the aldehyde to the carboxylic acid 

(ca. 20-30%), and while the acid was separable by chromatography, in future, the over 

oxidation could be prevented by quenching the reaction with methanol prior to 

purification. Octadecanal (11) was then subjected to a Grignard reaction with 

vinylmagnesium bromide to yield allylic alcohol 12. Due to the instability of this 

intermediate, which was prone to elimination of H2O, 12 was used immediately and 

without further purification. Subjection of allylic alcohol 12 to a solution of iodine and 

triphenylphosphine in dichloromethane (DCM) then yielded allylic iodide 7 in 66% yield 

(two steps) after purification by silica gel flash column chromatography.  

 

 

Scheme 2: Synthesis of C20 allylic iodide 7  
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Iodide 7 was obtained as a 4:1 mixture of the E- and Z- isomers. Characteristic vinylic 

proton resonances were observed at 5.73-5.71 ppm in the 1H NMR, while the allylic 

protons of the CH2I group could be identified by the presence of two doublets at 3.89 and 

3.93 ppm (E- and Z-isomers, respectively), with these resonances shifted downfield from 

the allylic protons of the alkyl chain due to the presence of the deshielding iodine. The 

E-isomer was determined to be the major product by comparison of these iodide-adjacent 

allylic proton resonances with literature data,85 as overlapping signals prevented the 

characteristic coupling constants of the vinylic protons to be determined (E-isomer, J ≈ 

16 Hz; Z-isomer, J ≈ 8 Hz). The mechanism for the iodination of allylic alcohol 12 can 

be explained by a SN2ʹ reaction (Scheme 3). Here, reaction of iodine with 

triphenylphosphine leads to the in situ generation of the iodophosphonium iodide, which 

reacts with allylic alcohol 12 to form the alkoxytriphenylphosphonium intermediate. The 

SN2ʹ reaction of iodide with this intermediate then leads to the formation of the allylic 

iodide 7 with the desired internal alkene, and triphenylphosphine oxide is produced as 

the by-product. 

 

 

Scheme 3: SN2ʹ Iodination mechanism 

 

3.2.2 Preparation of the Intermediate Epoxide (5) 

Having successfully prepared the required allylic iodide, preparation of the key epoxide 

5 was then attempted. To this end, diethyl L-malate (8) was prepared by refluxing L-malic 

acid (10) with concentrated sulfuric acid in ethanol to provide 8 in excellent (95%) yield 

(Scheme 4).73, 86 Subsequent Fráter-Seebach alkylation with iodide 7 then gave the -

alkyl--hydroxy diester 13 in yields exceeding those in the literature (61%)85 and in a 5:1 
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anti:syn ratio, as determined by 1H NMR analysis of the reaction mixture. To achieve 

such a yield, it is essential that the reaction is performed under exceptionally dry 

conditions (i.e. flame drying all glassware before use), and that the nBuLi is of excellent 

quality. In particular, it is important to note that the use of substandard nBuLi results in 

a dramatic decrease in yield, with negligible amounts of product being formed (< 5%). 

This decreased yield does not appear to be the consequence of the concentration of nBuLi 

used (as determined by titration experiments), but rather, by the presence of an unknown 

impurity in the reagent which prevents the desired reaction from proceeding.  

 

 

Scheme 4: Preparation of the Fráter-Seebach α-alkylation product 

 

To confirm the stereochemistry of β-hydroxy diester 13, NMR spectral data was 

compared with that in the literature,85 with the 1H NMR spectrum showing the 

characteristic vinylic protons at 5.58 ppm and 5.40 ppm, while the five protons adjacent 

to oxygens (H-2 and the ethyl ester CH2’s) appear as multiplets at 4.26 ppm and 4.16 

ppm (Figure 12). The shift of H-3 was used to determine the ratio of diasteriomers (6:1 

anti:syn, δ 2.89 and δ 2.82 ppm, respectively), while the E/Z isomeric ratio remained 4:1, 

as determined by the resonances of the allylic H-7 protons (1.98 and 2.07 ppm, 

respectively). The optical rotation value ([α]D
22 = +7.5, c = 1.0, CHCl3) also matched that 

of the literature and confirmed that the anti-diastereomer was indeed the major product. 
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Figure 12: 1H NMR spectrum of (2S,3R)-Ethyl 3-(ethoxycarbonyl)-2-hydroxytricos-5-enoate 13

1H NMR (500 MHz, CDCl3) 
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The formation of the 2S, 3R anti-isomer as the major product can be explained by 

considering the transition state of the Fráter-Seebach alkylation (Scheme 5). Here, the β-

hydroxyl of malic acid diester 8 is deprotonated by one equiv. of lithium 

diisopropylamide (LDA) to form the alkoxide, while a second equiv. of LDA 

deprotonates the alkoxide intermediate at the α-position to form an ester enolate. The 

lithium cation associates with these two negative charges, forming a six-membered ring, 

in which the adjacent ethyl ester sterically hinders attack of the enolate from the syn-face. 

Thus, regeneration of the carbonyl and attack of the alkyl halide by the enolate results 

predominantly in the formation of the anti-diasteriomer 13. 

 

 

Scheme 5: Fráter-Seebach alkylation proceeds via a cyclic 6-membered transition state 

 

With the -alkyl--hydroxy diester 13 in hand, this was then subjected to a palladium-

catalysed hydrogenation of the double bond to yield 14 in excellent (quant.) yield 

(Scheme 6). The regioselective reduction of 14 with borane dimethyl-sulfide (BMS) 

complex and sodium borohydride was then attempted.85, 87 

 

 

Scheme 6: Synthesis of the 1,2-diol 15 

 

This reaction proved challenging, and indeed, initial attempts to obtain the desired 1,2-

diol 15 were unsuccessful. It was anticipated that the C-1 ethyl ester would be selectively 

reduced to the 1,2-diol on account of the five-membered boron-chelate being more 

thermodynamically stable and amenable to reduction with NaBH4 than the corresponding 

six-membered chelate,87 with the latter intermediate leading to the formation of the 
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undesired 1,3-diol 16 (Scheme 7). Indeed, on similar, shorter chain substrates, Khan et 

al.85 and Saito et al.87 saw selective reduction of the C-1 ethoxy ester.  

 

 

Scheme 7: Hydride reduction via 5- or 6-membered boron-chelates to give 15 or 16, 

respectively 

 

In the initial attempt at the reduction of diester 14, borane dimethyl sulfide (BMS) was 

added and the reaction stirred at room temperature for 22 h to allow for formation of the 

boron chelate. NaBH4 was then added and the reaction stirred for a further 25 h until 

complete disappearance of the starting material was observed by thin layer 

chromatography (TLC). After silica gel flash column chromatography, a single diol was 

obtained in low (23%) yield. Unexpectedly, rather than forming the desired diol 15 by 

the reduction of the C-1 ester, the C-3 ester was reduced to give 16 as the sole product. 

 

To confirm that the 1,3-diol 16 had been formed in preference to the 1,2-diol 15, 1H and 

13C 2D NMR spectroscopy proved invaluable. The presence of a single carbonyl peak at 

171.9 ppm in the 13C NMR spectrum of 16 established the presence of only one ester 

functionality, confirming that one ester had been reduced. Further signals indicated the 

presence of both an oxymethine [δ 4.39 (d, J = 3.8 Hz)] and an oxymethylene [δ 4.01 (dd, 

J = 11.7 Hz, J = 3.8 Hz) and δ 3.78 (dd, J = 11.7 Hz, J = 3.8 Hz)] (Figure 13), which both 

showed COSY correlations (Figure 14) with a methine at δ 2.00 ppm (m). This methine 

in turn correlated to the alkyl chain protons H-4a (m, δ 1.56-1.50) and H-4b (m, δ 1.46-

1.42). From this, the oxymethine could be assigned as H-2, the methine at δ 2.00 ppm as 

H-3 and the oxymethylene signals as H-3′a and H-3′b, in accordance with the 1,3-diol 

structure 16. This was further corroborated by the observation of HMBCs between H-2 
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and C-1, C-3, and C-4 of the lipid chain, and a strong HMBC between H-3′a/H-3′b and 

C-4, indicative of a three bond coupling, while the distance between the oxymethylene 

and C-4 in 1,2-diol 15 is four bonds and thus unlikely to HMBC. Most importantly 

however, the oxymethine (CH2-3′) proton signals show COSY correlations with methine 

CH-3, and not with oxymethine CH-2, which confirms irrevocably that the product is 

indeed 1,3-diol 16.  
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Figure 13: 1H NMR spectrum of (2S,3S)-Ethyl 2-hydroxy-3-(hydroxymethyl)tricosanoate 16

1H NMR (500 MHz, CDCl3-TMS) 
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Figure 14: COSY of (2S,3S)-Ethyl 2-hydroxy-3-(hydroxymethyl)tricosanoate 16 

 

It was proposed that the long reaction time combined with the high pH of the reaction 

mixture could have led to the formation of 16 in preference to 15. During the reaction, 

0.25 equiv. of NaBH4 were added rather than the catalytic amount required (0.05 eq.), 

which would have significantly increased the basicity of the solution. The increased pH 

may have resulted in degradation of the starting material, or the desired product if it 

formed. The presence of several products as gauged by TLC analysis of the reaction 

mixture also supports this hypothesis, though characterisation of each compound would 

be necessary to determine the mechanisms by which such degradation occurred. One 

proposed mechanism is that under basic conditions the desired product breaks down via 

 H-3 
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a retro-aldol reaction, in which base-mediated decomposition forms a fatty acid ester and 

an alkoxy enolate (Scheme 8). Accordingly, only diol 16 would remain under very basic 

conditions. Alternatively, it is also possible that the C20 lipid chain, which is thirteen 

carbon atoms longer than that used previously by Khan et al.,85 may alter the relative 

stabilities of the 5- and 6-membered transition states, thereby reducing the energy 

difference between them, and thus allowing the formation of 16. Finally, it should be 

noted that this reduction was performed with 10 M BMS, rather than the previously 

reported 2 M solution, and consequently, the more concentrated reaction mixture may 

have played a role in the reduced selectivity of this reaction. 

 

 

Scheme 8: Proposed retro-aldol decomposition to account for the absence of product 15 

when the reaction was performed under basic conditions 

 

As the initial attempt at the selective borane-mediated reduction of the diester to form the 

1,2-diol 15 was unsuccessful, a thorough optimisation of the experimental procedure was 

undertaken in order to affect the desired transformation. As summarised (Table 1, page 

42), additional NaBH4 (0.25 equiv.) lead to the formation of the 1,3-diol 16 only (entry 

1), and while this undesired product was not isolated in subsequent reactions, the cyclised 

product (17) of this 1,3-diol, along with unreacted starting material, were often observed. 

Accordingly, due to the complex mixture of products formed, in each experiment the 

crude product mixture was purified by silica gel flash chromatography so that structures 

could be assigned and yields attained.  

 

The structure of the cyclisation product 17 was determined by 1H NMR spectroscopy and 

COSY correlations, while 13C NMR 2D data and HRMS confirmed these assignments 

(HRMS calcd. for [C24H46O3+NH4]
+: 400.3785, obsd.: 400.3767). In the 1H NMR spectra 

of 17, the lack of the methylene signal of the ethyl ester at 4.20 ppm indicated that the 

product no longer contained an ethyl ester (Figure 15), however, the H-2 proton signals 

appeared relatively down-field (δ 4.47) indicative of its location next to a carbonyl. 
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Protons H-3a and H-3b show the characteristic splitting patterns of geminal protons 

adjacent to a chiral centre (δ 4.30, dd, J3a,3b = 9.4 Hz, J3a,3 = 5.5 Hz, and δ 4.19, dd, J3a,3b 

= 9.4 Hz, J3b,3 = 2.5 Hz), and these protons have COSY correlations to H-3 (δ 2.57) but 

not H-2 (δ 4.47) (Figure 16), confirming that this is a product of C-3ʹ-ethoxy ester 

reduction, rather than the desired reduction of the C-1 ethoxy ester. Indeed, the formation 

of the cyclic product 17 can be readily explained by deprotonation of the primary 

hydroxyl and subsequent attack of the alkoxide onto the electrophilic carbonyl centre 

(Scheme 9). Reformation of the carbonyl double bond then results in the elimination of 

the ethoxy group, forming the 5-membered lactone 17. As lactone 17 was typically 

isolated, and not diol 16, it is unusual that 16 was in fact isolated under the experimental 

conditions initially employed. This observation suggests that the high concentration of 

NaBH4 used in the initial reaction (entry 1, Table 1) may have stabilised the borane 

chelate transition state, thereby preventing it from breaking down after reduction to the 

diol 16, and consequently, preventing cyclisation to 17.  

 

Scheme 9: Formation of lactone 17 
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Figure 15: 1H NMR spectrum of lactone 17 
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Figure 16: COSY of lactone 17 
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Table 1: Borane-mediated reduction of diester 14 

 

҂Distilled BMS  

*New reagent, not in solution 

 

 

Entry Conditions Yield (%) 

14 15 16 17 

1 

 

BMS (1.5 eq., 10 M), 0 °C – r.t., 22 h 

NaBH4 (0.25 eq.), r.t., 25 h  

THF 

- - 23 - 

2 

 

BMS (1.5 eq., 2 M), 0 °C – r.t., 18 h 

NaBH4 (0.05 eq.), r.t., 7 h  

THF 

73 - - <5 

3 

 

BMS (1.5 eq., 2 M), 0 °C – r.t., 4 d  

NaBH4 (0.05 eq.), 0 °C – r.t., 2 d  

THF 

34 15 - 16 

4 

 

BMS (1.5 eq., 2 M), 0 °C – r.t., 1.5 h  

NaBH4 (0.10 eq.), 0 °C – r.t., 4 d  

THF 

37 18 - 21 

5 

 

BMS (3.0 eq., 2 M), 0 °C – 35 °C, 1.5 h 

NaBH4 (0.05 eq.), 0 °C – r.t., 2 h  

THF/toluene (1:1) 

- 37 - 30 

6 

 

BMS҂ (3.0 eq., 2 M), 0 °C – 40 °C, 1.5 h 

NaBH4 (0.05 eq.), 0 °C – r.t., 4 h  

THF/toluene (1:1) 

- 13 - - 

7 

 

BMS* (1.2 eq), 0 °C, 1 h 

NaBH4 (0.05 eq.), 0 °C – r.t., 5 h  

THF/toluene (1:1) 

- 63 - - 

8 

 

BMS* (1.2 eq), 0 °C, 1.5 h 

NaBH4 (0.05 eq.), 0 °C – r.t., 15 h  

THF/toluene (1:1) 

- 87 - - 

9 

 

BMS (1.2 eq.), 0 °C, 1 h  

NaBH4 (0.05 eq.), 0 °C – r.t., 22 h  

THF/toluene (1:1) 

31 40 - - 
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In light of the initial results, it was proposed that using fewer equiv. of NaBH4 would 

promote the formation of the thermodynamic 5-membered borane chelate, and thus the 

desired 1,2-diol 15. To this end, α-alkyl ester 14 was stirred with BMS complex (2 M in 

THF, 1.5 equiv.) for 18 hours, followed by the addition of 0.05 equiv. of NaBH4 (entry 

2, Table 1), however, under these conditions, predominantly starting material 14 was 

isolated (73%). In an attempt to facilitate the reaction, the reaction time for both the 

formation of the boron chelate, and subsequent reduction with NaBH4, were then 

extended (entry 3). Here, diester 14 was stirred with BMS for four days before the 

addition of NaBH4 at 0 °C, after which the reaction was warmed to room temperature, as 

per literature procedures,85 and stirred for an additional two days. These conditions lead 

to the formation of the desired 1,2-diol 15 in a low (15%) yield, along with comparable 

amounts of lactone 17 (16%) and a 34% recovery of the starting ester. This result 

suggested that while longer reaction times after the addition of the reducing agent 

increases reaction yields, the extended reaction time for the formation of the boron-

chelate does not appear to favour formation of the 5-membered chelate over the 6-

memberd chelate. Accordingly, the reaction was repeated with the addition of BMS (1.5 

equiv., 2 M) 1.5 hours prior to the addition of NaBH4 (0.10 equiv, entry 4), and while 

these conditions led to a slight increase in reaction yield, overall the result was 

comparable with low yields of diol 15 (18%) and lactone 17 (21%), and considerable 

amounts of starting material 14 (37%) being isolated. 

 

At this stage, careful analysis of the reaction conditions revealed the presence of a white, 

gel-like suspension which formed prior to the addition of the reducing agent. This was 

thought to be some type of undesired borane-THF complex, which could have been 

limiting the reaction yield. Furthermore, the formation of both 15 and 17 was detected by 

TLC analysis before addition of NaBH4, indicating that the BMS reagent was not 

chelating to the diester starting material 14 in the desired way, but was instead causing 

reduction of the starting material in a non-selective manner. Thus, subsequent reactions 

were performed using a THF/toluene mixed solvent system, which reduced the formation 

of the gel-like suspension, the number of equivalents of BMS were increased to 3.0 

equiv., and the reactions were warmed after the addition of BMS in an attempt to drive 

the reaction to completion (entries 5-6). Accordingly, diester 14 in THF/toluene was 

reacted with excess BMS for 1.5 h, with warming of the initial solution from 0 °C to 35 

°C, followed by the addition of NaBH4 at 0 °C (entry 5). Indeed, these conditions led to 
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the complete consumption of starting material, and while the yield of the desired diol 15 

was improved (37% yield), a 30% yield of the lactone 17 was also obtained. 

 

With the quality of the BMS in question, attempts were then made to purify this reagent 

via Kugelrohr distillation, and the reaction was repeated using similar conditions to those 

used in entry 5. Indeed, using the distilled BMS, only the desired diol 15 was obtained, 

however, this was in a very poor (13%) yield (entry 6). As the quality of the BMS 

appeared to significantly influence the reaction yields and regioselectivity, new reagent 

was purchased and the reactions repeated (entries 7-8). Here, formation of the borane 

chelate was undertaken at 0 °C without warming to room temperature, and the amount of 

BMS was reduced to 1.2 equiv. due to the anticipated enhanced reactivity of the new, 

more concentrated reagent. Accordingly, diester 14 was treated with fresh BMS (1.2 

equiv.) and the solution stirred at 0 °C for 1 h prior to the addition of NaBH4 (entry 7). 

Gratifyingly, this resulted in diol 15 being isolated in a 63% yield as the sole product. 

Increasing the reaction times for both chelate formation (from 1 h to 1.5 h) and reduction 

(from 5 h to 15 h), allowed for the formation of diol 15 in a very satisfying 87% yield. 

However, we noticed that the success of the reaction decreased over time from when the 

bott;e of BMS reagent was first opened, with degradation of the reagent occurring very 

quickly even when stored at 4 °C under an atmosphere of argon, as evidenced by a drop 

in yield of ca. 40% for reactions performed 4 days later (entries 8 and 9). Taken as a 

whole, the above results thus outline the fickle nature of this selective reduction when 

using lipophilic diesters and highlight the importance of using boron reagents of the 

highest quality. 

 

With the desired 1,2-diol 15 in hand, tosylation of the primary hydroxyl was then 

undertaken (Table 2). Initially, Bu2SnO and Et3N were added to a solution of the 1,2-diol 

15 in DCM, followed by the addition of tosyl chloride (TsCl). The Sn-catalyst was added 

in order to mediate the selective tosylation of the primary hydroxyl, through the formation 

of a Sn-ketal. 88 Indeed, these conditions led to the formation of the desired primary 

tosylate 18, albeit in average (38%) yield (entry 1).  
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Table 2: Tosylation of diol 15 

 

Entry Conditions Time (h) Yield (%) 

15 18 19 

1 TsCl (1.2 eq), Bu2SnO (0.02 eq), Et3N 

(1.2 eq) DCM 

8 - 38 - 

2 TsCl (1.2 eq), Et3N (1.2 eq), DCM 17 - 56 - 

3 TsCl (1.2 eq), Pyridine 6 23 39 - 

4 TsCl (1.4 eq), Pyridine 38 - 55 - 

5 TsCl (2.8 eq), Pyridine 23 - 46 29 

6 TsCl (3.0 eq), Pyridine 3 15 70 ca. 5 

7 TsCl (3.0 eq), Pyridine 6 10 73 ca. 5 

 

Due to the modest reaction yield and the difficulties in removing the Bu2SnO by-products 

from the reaction mixture, the need for the Sn catalyst was investigated. To this end, the 

reaction was performed in the absence of Bu2SnO and by increasing the reaction time to 

17 hours (entry 2), this led to an improved (56%) yield of the desired product with no 

over-tosylation to form 19 being observed. In light of this result, it was postulated that 

the presence of a long lipid at the α-position introduces steric hindrance, which resulted 

in the primary γ-hydroxyl being much more accessible to tosylation than the secondary 

β-hydroxyl.  

 

With the use of the Sn catalyst deemed unnecessary, a more standard tosylation method 

was then employed (entries 3-8).89 Here, pyridine was used as both the solvent and the 

base. Initially, 1.2 equiv. of TsCl and a relatively short reaction time (6 h) were used 

(entry 3), however a significant amount of starting material 15 (23%) was recovered. 

Increasing the reaction time to 38 h (entry 4) improved the yield of 18 (55%), however, 

increasing the amount of TsCl from 1.4 to 2.8 equiv. (entry 5) saw the formation of large 

amounts of the di-tosylated adduct 19 (29%). In light of these results, the reaction time 
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was decreased while excess TsCl was used. Accordingly, 3 equiv. of TsCl were added, 

and the reaction stirred for 3 hours before quenching (entry 6). These conditions resulted 

in a good yield of 18 (70%) and only minor amounts of 19 (ca. 5%), as well as the 

recovery of starting material (15%). By extending the reaction time to 6 hours, the desired 

product 18 was obtained in good yield (73%) with a small amount of starting material 

and minor amounts of the di-tosylated product isolated (entry 7). These results suggest 

that a large amount of TsCl is required to push the reaction to completion, while a short 

reaction time is key to preventing over-tosylation.  

 

In the desired primary tosylate 18, protons H-1a and H-1b appeared as a multiplet (δ 4.05) 

in the 1H NMR spectrum and showed COSY correlations with H-2 at 3.90 ppm. These 

protons were shifted down-field relative to H-1a and H-1b in the diol starting material (δ 

3.70 and 3.54) as anticipated. In the 13C NMR spectrum of 18, aside from the carbonyl, 

C-1 was the most down-field of the non-aromatic carbons, appearing at 71.6 ppm, while 

the observed HRMS [C33H58O6S+Na]+: 605.3848 corresponded to that of the calculated 

mass (605.3846) for this product.  

 

For the di-tosylated product 19, however, the H-2 proton had a downfield chemical shift 

(δ 4.84) in the 1H NMR spectrum, as expected when the oxymethine is substituted with 

a tosyl group, and H-2 also showed COSY correlations into H-1a, H-1b and H-3. H-1a 

and H-1b show typical ABX coupling patterns (δ 4.29, dd, J1a,1b = 11.3 Hz, J1a,3 = 3.3 Hz 

and δ 4.13, dd, J1a,1b = 11.3 Hz, J1a,3 = 4.8 Hz), and the tosyl protons have the expected 

integrations of the di-tosylated product, while HRMS confirmed the presence of two tosyl 

groups (HRMS calcd. for [C33H58O6S+NH4]
+: 754.4381, obsd.: 754.4381).  

 

Having optimised the yield for the synthesis of tosylate 18, this was then subjected to 

base-mediated cyclisation with K2CO3 in methanol (Table 3). Initially, the reaction was 

performed at room temperature, and while the desired epoxide 5 was formed in 

reasonable (69%) yield, elimination product 20 was also observed (entry 1, Table 3). 
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Table 3: Formation of epoxide 5 

 

Entry Conditions Temp.  

(°C) 

Time 

(h) 

Yield (%) 

5 20 

1 K2CO3 (1.2 eq.), MeOH r.t. 3.5 69 ca. 15 

2 KHCO3 (1.2 eq), EtOH 

then K2CO3 (0.9 eq.), MeOH 

0 - r.t. 

r.t. - 35 

4 

3 

 

54 

 

- 

3 K2CO3/MeOH (10 mg/mL, 0.9 eq.) 40 21 - ca. 90 

4 K2CO3/MeOH (10 mg/mL, 1.0 eq.) 0 3 80 - 

5 K2CO3/MeOH (10 mg/mL, 1.0 eq.) -10 - 0 7 87 - 

 

It is thought that the elimination product is formed from epoxide 5 via an E1cB reaction 

as illustrated (Scheme 10). The formation of allylic alcohol 20 was confirmed by HRMS 

(calcd. for [C26H50O3+H]+: 411.3833, obsd.: 411.3818), and 1H NMR analysis, in which 

H-2 appeared as a triplet with a downfield shift to 6.80 ppm (J2,1ab = 6.2 Hz), as expected 

for the vinyl proton, while H-1a and H-1b appear as a doublet at 4.36 ppm. 

 

 

Scheme 10: Elimination of epoxide 5 to give allylic alcohol 20 

 

In an attempt to limit the formation of allylic alcohol 20, less basic conditions were 

employed via the use of KHCO3 (1.2 equiv.) in ethanol, however no product was formed 

until additional K2CO3 (0.9 equiv.) and methanol were added. It was also necessary to 

warm the reaction mixture to 35 °C in order for the K2CO3 to dissolve, which gave a 54% 

yield of epoxide 5 (entry 2). Having noted the low solubility of K2CO3 in ethanol, a stock 

solution of K2CO3/MeOH (10 mg/mL) was prepared and the reaction repeated at 40 °C 
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(0.9 eq. K2CO3/MeOH, 21 h) (entry 3). Unfortunately, the increased basicity of the 

reaction mixture, as well as the increased temperature, resulted in the exclusive formation 

of allylic alcohol 20. As it is well known that increased temperatures favour elimination 

reactions, the reaction was repeated at 0 °C (1.0 equiv. K2CO3/MeOH, 3 h), which 

resulted in a respectable 80% yield of the desired epoxide (entry 4), and by further 

reducing the temperature (-10 – 0 °C, 7 h), the yield of the epoxide 5 was improved to an 

excellent 87% (entry 5). 

 

3.2.3 Synthesis of Mycolic Acid 3a  

With the synthesis of the key epoxide 5 completed, this building block was then further 

modified to allow for the preparation of the required mycolic acid 3a. To this end, epoxide 

5 was subjected to palladium catalysed hydrogenation, which gave the secondary alcohol 

21 in quantitative yield (Scheme 11).  

 

 

Scheme 11: Hydrogenation of epoxide 5 to give secondary alcohol 21 

 

The excellent regioselectivity of the reduction of epoxide 5 can be explained by 

considering the steric availability of the epoxide for hydrogenation at the terminal 

position versus the secondary position. As illustrated in Figure 17, Pd coordinates to the 

oxygen and terminal carbon of the epoxide, with the hydrogen atoms associated with the 

Pd then being transferred to the epoxide generating the regioselectively hydrogenated 

product, β-hydroxy ester 21.  
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Figure 17: Pd(OH)2 catalysed hydrogenation of epoxide 5 

 

After hydrogenation, hydrolysis of the ethyl ester using LiOH90 to give carboxylic acid 

22 proceeded in excellent (92%) yield (Scheme 12). Carboxylic acid 22 was then 

subjected to reaction with tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) 

and 2,6-lutidine, as per literature procedures,91 to give the bis-silylated product 23. 

Subsequent treatment of 23 with K2CO3/MeOH gave the desired TBS protected mycolic 

acid 3a, in a 67% yield over two steps. Installation of the TBS protecting group on the 

secondary hydroxyl was carried out via this two-step procedure, as although the β-

hydroxy ester 21 can be successfully protected with a TBS functionality, successive 

hydrolysis of the ethyl ester does not proceed in a chemo-selective manner, resulting in 

cleavage of the TBS group to give carboxylic acid 22.  

 

 

Scheme 12: Preparation of target mycolic acid 3a 

 

Here, the TBS ether was chosen to protect the OH functionality as it is both stable under 

coupling conditions with trehalose, and yet can be cleaved under global deprotection 

conditions with HF·pyridine without the risk of hydrolysing the mycolic acid ester.2 
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Alternatively, installation of a TMS group at this position is plausible, to give a fully 

TMS-protected final target which could be globally deprotected under relatively mild 

acidic conditions using Dowex-H+,73, 91 However, the more labile TMS ether may not be 

stable under workup and coupling conditions, and in the interest of time this strategy was 

not investigated. 

 

3.2.4 Synthesis of Mycolic Acid 3b 

Mycolic acid target 3b was prepared from β-hydroxy ester 21. To this end, alcohol 21 

was first subjected to Purdie methylation conditions,92-93 which utilise MeI and Ag2O. 

The Ag2O was freshly prepared from AgNO3 and NaOH,94 and added to a solution of 

MeI and alcohol 21 in THF. The reaction mixture was then stirred at r.t. and when no 

reaction was observed by TLC analysis after 3.5 hours, further portions of MeI (total 16 

equiv.) and Ag2O (total 4.5 equiv.) were added over the course of two days. However, as 

no product formation had occurred after this time, the reaction mixture was then 

quenched and resubmitted, this time using MeI as the solvent, and a total of 9 equiv. of 

Ag2O added over five days. These conditions resulted in an acceptable 58% isolated yield 

of the desired product 24 (Scheme 13).  

 

It was then postulated that the reaction yield could be improved further by employing the 

conditions developed by Barroso et al., which were used to methylate the hydroxyl group 

of a short lipid.95 Thus, a total of 12 equiv. of NaH were added gradually to a solution of 

alcohol 21 in MeI and the resulting mixture stirred at r.t. overnight. Following 

purification by silica gel column chromatography, this led to a 49% yield of the desired 

methyl ether as a 5:2 mixture of ethyl ester 24 and the corresponding methyl ester 25, 

which is formed through the conversion of the ethyl ester into a methyl ester and probably 

occurred upon quenching the reaction with methanol. The methyl ester was identified by 

a singlet at 3.69 ppm in the 1H NMR spectra and confirmed by HRMS (calcd. for 

[C26H52O3+H]+: 413.3989; obsd.: 413.4061), and as the next synthetic step was 

hydrolysis of the ester functionality, conversion to the methyl ester was not an issue. 

Further optimisation of the methylation reaction was then undertaken, whereby 15 equiv. 

of NaH were added to a solution of 21 in MeI and the reaction stirred at room temperature 

for 24 h. Gratifyingly, this resulted in an excellent 87% yield of the methyl ether, as a 5:1 

mixture of 24 and 25 (Scheme 13).   
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Scheme 13: Methylation of β-hydroxy ester 21 

 

With the methylated lipids 24 and 25 in hand, hydrolysis of the ester to render target 

mycolic acid 3b was attempted. Here, the methyl ether product mixture (24/25) was 

subjected to hydrolysis conditions with LiOH in the same manner as was used for the 

hydrolysis of β-hydroxy ester 21, en route to the formation of mycolic acid 3a. For the 

synthesis of mycolic acid 3b, however, such hydrolysis conditions proved unsuitable and 

even after the addition of 18 equiv. of LiOH/H2O (1 M), no product formation was 

observed. The reaction was then repeated at 40 °C, with a total of 60 equiv. of solid LiOH 

added over 3 days, yet only negligible amounts of acid 3b were formed.  

 

Though it is unclear why the LiOH-mediated hydrolysis of the β-hydroxy ester 21 was 

successful when the hydrolysis of the β-methoxy ester 24/25 was not, it is possible that 

the enhanced reactivity of the hydroxyl derivative 21 may be due to intramolecular 

hydrogen bonding of the carbonyl oxygen with the hydroxyl proton, thus increasing the 

electrophilicity of the carbonyl carbon for nucleophilic attack (Scheme 14).  

 

 

Scheme 14: Hydrolysis of β-hydroxy ester 21 may be enhanced by intramolecular 

hydrogen bonding, which makes the carbonyl centre more electrophilic. 

 

Bearing this in mind, an alternative hydrolysis method utilising LiCl was then 

attempted.96-97 This reaction is carried out under dry conditions with the reaction 

proceeding via association of the Li+ cation to the carbonyl oxygen, followed by attack 

of the Cl- anion at the ethyl ester (Scheme 15). Aqueous workup provides the carboxylic 

acid, while the ethyl chloride formed in this reaction is volatile.   



52 
 

 

Scheme 15: LiCl mediated hydrolysis to give mycolic acid derivative 3b 

 

Accordingly, the β-methoxy ester mixture 24/25 (4:1) was refluxed in pyridine for two 

days with the gradual addition of LiCl. A total of 112 equiv. of LiCl were added over the 

course of this reaction, however no product formation was visible by TLC analysis. At 

this point, 20 equiv. of LiOH/H2O were added and after refluxing for a further 4 hours, 

full conversion of the starting material was observed with the desired mycolic acid 3b 

obtained in a satisfactory 74% yield. Further optimisation of the reaction was then 

undertaken whereby β-methoxy esters 24/25 were refluxed in pyridine with LiCl (20 

equiv.) and LiOH (20 equiv.) for 27 hours (Scheme 16). This resulted in a pleasing 80% 

yield of the desired mycolic acid 3b, along with an elimination product (ca. 20%), which 

could be separated by silica gel flash column chromatography.  

 

 

Scheme 16: Ester hydrolysis to render target mycolic acid 3b 

 

Although product formation was not observed under either the LiCl mediated reaction 

conditions or the LiOH conditions initially employed, the combination of these resulted 

in ester hydrolysis to give 3b. It was postulated that the addition of LiCl could have 

enhanced the reaction rate, with the lithium cation associating with the two oxygen atoms 

to form an intermediate that increases the electrophilicity of the carbonyl centre, in much 

the same way as the hydrogen bond is thought to enhance the hydrolysis of β-hydroxy 

ester 21 (Scheme 14, page 51). However, to investigate whether the enhanced reactivity 

was due to temperature effects, the reaction was repeated without the addition of LiCl. 

Accordingly, β-methoxy ester 24/25 was refluxed in pyridine with LiOH (10 equiv.) for 

2 hours, after which time absence of starting material was observed by TLC analysis. 1H 
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NMR analysis of the crude reaction mixture revealed a mixture of acid 3b and an 

elimination product, in a 2:1 ratio. This result indicates that while increased temperature 

is necessary for ester hydrolysis of this substrate, LiCl is not. However, formation of the 

elimination product via E1cB becomes significant at higher temperatures, and more so 

when LiCl is not used. Thus, further experimentation must be carried out to identify 

optimum reaction conditions for hydrolysis without elimination occurring.  

 

3.2.5 Synthesis of Mycolic Acid 3c 

Mycolic acid target 3c was envisioned to be prepared via the base mediated hydrolysis of 

epoxide 5 (Scheme 17). Accordingly, epoxide 5 was subjected to the LiOH mediated 

hydrolysis conditions used for the synthesis of 22 [1 M LiOH, 5.0 equiv. in 

THF/H2O/MeOH (12:2:1)], to give the desired product 3c in 37% yield, along with a 

considerable amount (34%) of elimination product 20. Apparently, the acidic α-proton 

and β-γ-position of the epoxide make 5 highly susceptible to an E1cB reaction to form 

20. Although the hydrolysed epoxide 3c could be separated from the elimination product 

20 by silica gel flash column chromatography, this became challenging if the reaction 

proceeded further to give a product mixture including the hydrolysed elimination product 

26, which was inseparable from 3c under the purification conditions employed. 

 

Scheme 17: Treatment of epoxide 5 with LiOH gives a mixture of products 

 

Attempts were then made to limit the formation of the elimination products by reducing 

the amount of LiOH used (e.g. 3.0 equiv.) and performing the reaction at lower 

temperatures (-20 °C), but to no avail. An alternative hydrolysis procedure was then 

explored using bis(tributyltin)oxide [(nBu3Sn)2O].98-99 Here, hydrolysis of the ethyl ester 

occurs via an organotin ester intermediate as illustrated (Scheme 18), with carboxylic 

acid 3c being released during aqueous workup.98, 100 
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Scheme 18: (nBu3Sn)2O mediated cleavage of the ethyl ester to give carboxylic acid 3c 

 

While this method appeared to result in the selective formation of 3c by TLC and NMR 

analyses, separation of the acid 3c from the alkylated Sn by-products proved difficult. 

Multiple different purification strategies were employed, including washing the reaction 

mixture with aq. potassium fluoride (KF, 10%),98, 101 performing silica gel column 

chromatography with 10% KF,102 filtering the solution over silica gel with petroleum 

ether, and stirring with activated carbon or 1 M NaOH,103 however, none of these 

purification strategies enabled carboxylic acid 3c to be isolated in a higher yield. Thus, 

in the interests of time, the synthesis was continued accepting a 37% yield of 3c from 

LiOH mediated ester hydrolysis.  

 

3.2.6 Synthesis of Target TMEs 1a-c and TDEs 2a-c 

With the three key mycolic acids 3a-c in hand, the selectively protected trehalose core 4 

was then synthesised for subsequent coupling to acids 3a-c. Accordingly, α,αʹ-ᴅ-trehalose 

(6) was first per-silylated, and then the more labile primary trimethylsilyl (TMS) groups 

were removed to yield 4 in a respectable 80% yield over two steps (Scheme 19). This 

two-step one-pot methology, initially developed by Toubiana and co-workers83 and later 

optimised by Johnson et al.,84 involves the use of N,O-bis(trimethylsilyl)acetamide 

(BSA) and catalytic tetra-butylammonium fluoride (TBAF) to install the TMS groups, 

with subsequent treatment of the per-silylated adduct with K2CO3 in methanol to 

selectively cleave the primary TMS ethers. The mechanism of the reaction is illustrated 

(Scheme 20), whereby the fluoride anion of TBAF attacks the silyl atom of BSA (I) to 

generate intermediate II. Here, attack of the fluoride on the O-silyl rather than the N-silyl 

is preferred due to the stability of intermediate II, which is stabilised by resonance 

structures with the negative charge localised on either the oxygen (II) or the nitrogen 

(III) atom. The negatively charged nitrogen of intermediate III then acts as a base and 

abstracts a proton from a trehalose hydroxyl to generate the nucleophilic trehalose 
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intermediate IV, which in turn attacks another molecule of BSA (I) to form a TMS ether 

(V) and regenerate the BSA intermediate (II).  

 

 

Scheme 19: TMS protection of trehalose 

 

 

Scheme 20: Reaction mechanism for TMS protection of trehalose 

 

TMS protected trehalose 4 was then subjected to esterification with mycolic acid 3a 

(Scheme 21), en route to the preparation of TME 1a and TDE 2a. Acid 3a (4.0 equiv.) 

and TMS trehalose 4 (1.0 equiv.) were thus stirred with 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide (EDCI) (6.5 equiv.) and 4-(dimethylamino)pyridine 

(DMAP) (6.0 equiv. added over 2 days) at 55 °C in toluene, according to the methodology 

of Khan et al.73-74 It was anticipated that these conditions would lead to a mixture of 

monoester 27 and diester 28, yet TLC analysis revealed three higher running spots (Rf = 

0.39, 0.58 and 0.69, PE/EA, 5:1, v/v) compared to mycolic acid 3a (Rf = 0.14 PE/EA 5:1, 

v/v) and TMS trehalose 4 (Rf = 0.12, PE/EA, 5:1, v/v). After stirring for five days, HRMS 

analysis of the reaction mixture revealed the presence of starting materials 3a and 4, as 

well as the monoester 27 (HRMS calcd. for [C60H130O13Si7+NH4]
+: 1272.8235; 

obsd.:1272.8094), however none of the desired diester 28 was detected. Accordingly, 

additional EDCI (total 8.5 equiv.) and DMAP (total 13 equiv.) were added in an attempt 

to push the reaction to completion, however, after stirring an additional two days, little 

change was observed by TLC analysis. The reaction mixture was then concentrated and 

the residue purified by silica gel flash column chromatography and size exclusion 

chromatography (lipophilic sephadex) to afford the desired TME 27 (Rf = 0.69 PE/EA 

5:1, v/v), in 29% yield (Scheme 21). Minor quantities of the partially deprotected product 

(Rf = 0.58), along with the EDCI coupled lipid (Rf = 0.39), which is likely to be the 

unreactive N-acylurea by-product formed via Steglich rearrangement, were also 

observed.104 These products were tentatively assigned by 1H NMR and HRMS analysis, 

respectively (HRMS calcd. for [C32H65N3O3+H]+: 540.5099; obsd.:540.4900). 

 

Scheme 21: Coupling of TMS-trehalose with mycolic acid 3a 

 

The formation of TME 27 was confirmed by HRMS and NMR analyses. An HMBC 

between the carbonyl of the lipid and the protons at the 6-position of the coupled sugar 

confirmed that lipid coupling had occurred, while the presence of one carbonyl peak (δ 

174.3) in the 13C NMR spectra, and sixteen different proton environments between 4.91 
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and 2.43 ppm in the 1H NMR spectrum indicated that only one lipid had been coupled, 

to give an asymmetric glycolipid. As anticipated, H-6a and H-6b of the coupled sugar 

had a downfield shift, appearing as two doublets of doublets (δ 4.37 and 4.08, 

respectively), compared to H-6a and H-6b of the non-coupled glucose residue (m, 3.71-

3.64 ppm). Finally, an HMBC between the anomeric protons and carbons of the two sugar 

residues confirmed that the glycosidic linkage of the trehalose moiety was still intact.  

 

The formation of the Steglich by-product can be explained by considering the mechanism 

of the coupling reaction and the poor reactivity of the mycolic acid (Scheme 22). Here, 

the deprotonated carboxylic acid attacks the electrophilic carbon centre of EDCI (II) to 

generate the O-acylisourea intermediate III. The activated carboxylic acid III can then 

be attacked by the 6-OH on trehalose (4) to form the TME 27. While this reaction occurs 

readily with amines to form amides, the coupling of an alcohol to give an ester is slower, 

allowing for the rearrangement of intermediate II to form the unreactive N-acylurea III. 

Accordingly, DMAP (I) is added as it reacts readily with the O-acylisourea intermediate 

II, generating the reactive intermediate V and urea VI and thereby avoiding the formation 

of by-product IV. Attack of the carbonyl centre of V by the alcohol then forms the desired 

ester 27 and regenerates DMAP (I). In the case of the sterically hindered mycolic acid 

3a, however, formation of the ester is slow and hence the N-acylurea by-product was also 

observed, even when a large excess DMAP was used.  

 

Unfortunately, this reaction did not result in the formation of any of the desired TDE 28. 

It is proposed that optimisation of reaction time, temperature and solvent (e.g. DCM or 

DMF) will lead to an improved yield of monoester 27 and the formation of diester 28. 

The use of N,N'-dicyclohexylcarbodiimide (DCC) instead of EDCI may improve the 

overall reaction yield, as although this coupling reagent is more difficult to remove during 

the workup procedure, DCC is also more soluble in the preferred reaction solvent 

(toluene) and therefore likely to have enhanced reactivity.  
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Scheme 22: Reaction mechanism for EDCI coupling and formation of the Steglich 

rearranged product 

 

Although the coupling of mycolic acid 3a to TMS-trehalose 4 was achieved in low yield, 

a sufficient quantity of TME 27 was obtained to prepare final target 1a. Accordingly, 

TME 27 was treated with HF·pyridine (140 equiv., 17% in pyridine), the reaction was 

neutralised with aq. Ca(OAc)2 (1.0 M) after 20 hours to precipitate CaF, filtered, then 

purified by size exclusion column chromatography on lipophilic sephadex to yield the 

target 6-O-[(R)-2-((R)-1-hydroxyethyl)docosanoyl]-6ʹ-hydroxy-α,αʹ-ᴅ-trehalose (1a) in 

88% yield (Scheme 23). Target 1a was obtained in very small quantities (1.0 mg) and 

was therefore not subject to additional column chromatography, and while the purity of 

the final compound was less than ideal, the formation of 1a could be confirmed by HRMS 

and NMR analysis. In the 1H NMR, the anomeric protons appear as two overlapping 

doublets (Figure 18), confirming that the asymmetric nature of the trehalose monoester 

has been conserved. As anticipated, H-6a and H-6b of the coupled sugar retained the 

downfield shift and geminal splitting pattern seen in the TMS-protected TME 27, 

appearing as two doublets of doublets (δ 4.47 and 4.17, respectively), while H-6ab of the 

non-coupled sugar appear as a multiplet at 3.68-3.64 ppm. Loss of the silyl protecting 

group signals (δ 0.91 and 0.16 – 0.03) confirms that deprotection has occurred, and this 

is corroborated by HRMS (calcd. for [C36H68O13+NH4]
+: 726.4998, obsd.: 726.4982).  
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Due to the small quantities of material at hand, this reaction was performed once, and 

while overall yields for the preparation of 1a were modest, the successful synthesis of 

this derivative illustrates the validity of the synthetic route employed here. Moreover, 

additional material is available at earlier stages of the synthesis and will be used to 

prepare more of the target compounds.  

 

 

Scheme 23: Deprotection of TME 27 to give target 1a
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Figure 18: 1H NMR of 6ʹ-O-[(R)-2-((R)-1-Hydroxyethyl)docosanoyl]-6ʹʹ-hydroxy-αʹ,αʹʹ-ᴅ-trehalose 1a 
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With the 2-hydroxy TME 1a in hand, this synthetic strategy was then repeated to prepare 

the target methoxy derivatives TME 1b and TDE 2b. To this end, mycolic acid 3b (4.0 

equiv.) was subjected to coupling with TMS-protected trehalose 4 (1.0 equiv.), in the 

presence of EDCI (6.5 equiv.) and DMAP (2.0 equiv.) (Scheme 25). After stirring at 55 

°C in toluene for 24 hours, TLC analysis indicated the presence of three higher running 

products (Rf = 0.74, 0.58, 0.47, PE/EA 5:1, v/v) compared to mycolic acid 3b (Rf = 0.14, 

PE/EA, 5:1, v/v) and TMS-trehalose 4 (Rf = 0.12, PE/EA, 5:1, v/v), however, HRMS 

analysis showed that the major compounds present were the starting materials 3b and 4, 

and the anhydride 31, formed by dimerization of mycolic acid 3b (HRMS calcd. for 

[C50H98O5+NH4]
+: 796.7753, obsd.: 796.7729). The formation of this anhydride can be 

explained by the attack of a deprotonated mycolic acid onto the electrophilic carbon 

centre of another molecule of the acid that has been activated by DMAP (Scheme 24). 

This, in turn, leads to the formation of anhydride 31 and regeneration of DMAP.  

 

 

Scheme 24: Formation of anhydride 31 
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It is known that in the presence of excess DMAP, and EDCI, anhydrides can react in 

coupling reactions,105 therefore additional equivalents of DMAP (total 4.0 equiv.) were 

added to the reaction mixture, however, after stirring for 8 days, 1H NMR analysis of the 

crude material revealed only a small amount of product. The crude reaction mixture was 

therefore resubmitted to the same conditions, and stirred for a further six days, before 

being purified by silica gel flash column chromatography to yield TMS-protected TME 

29 in 25% yield (Scheme 25), along with the recovery of unreacted TMS-trehalose 4. 

Due to the low mass of product obtained, TME 29 was not subject to further purification. 

Trace amounts of diester 30 and anhydride 31 were observed by HRMS analysis, 

however no significant quantity was isolated. The synthesis of 29 was confirmed by 

HRMS (calcd. for [C55H118O13Si6+Na]+: 1177.7086, obsd.: 1177.7062) and validated by 

1H NMR, with the anomeric protons appearing at 4.92 and 4.85 ppm, and H-6a and H-6b 

of the coupled sugar shifted down field (δ 4.52 and 4.04, respectively) compared to the 

uncoupled sugar (m, δ 3.69-3.66), as expected for the monoester. The characteristic lipid 

resonances occur at δ 3.54 (H-2), 3.29 (OMe), 2.54 (H-3) and 1.14 (CH3-1) with 

integrations agreeing with the attachment of one lipid.  

 

 

Scheme 25: Coupling of mycolic acid 3b to TMS-trehalose 4 

 

In an attempt to optimise the formation of TME 29, the esterification reaction was 

repeated with more sugar relative to lipid (1 equiv. 4: 2 equiv. 3b, vs. 1:4 ratio previously 

used), and more equivalents of DMAP per acid (1.5 equiv. vs. 0.5 equiv. used initially). 

It was anticipated that increasing the ratio of DMAP to acid would reduce the formation 

of anhydride 31, while increasing the relative amount of sugar to acid would make more 

sugar available for reaction, thus promoting esterification. When little change in TLC 
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was observed after stirring the reaction for 24 hours at 55 °C, the reaction was warmed 

to 72 °C and stirred for a further 24 h. At this point TLC analysis showed a large product 

spot (Rf = 0.28, PE/EA, 5:1, v/v) and the absence of the TMS-trehalose starting material 

(Rf = 0.12, PE/EA, 5:1, v/v), as well as several smaller higher running products. However, 

after aqueous workup the product at Rf = 0.28 was no longer visible and NMR analysis 

showed mainly the uncoupled sugar 4, suggesting that this spot could in fact be attributed 

to 4 which may run at a higher Rf when toluene from the reaction mixture is present on 

the TLC plate. The crude reaction mixture was then resubmitted to the same conditions, 

with additional DMAP (6 equiv.) and EDCI (7 equiv.) added after 2 days of stirring at 75 

°C. Little change was observed by TLC analysis after stirring for an additional 10 days, 

therefore the reaction was worked up and the residue purified by silica gel flash column 

chromatography. This gave the desired TME 29 in 20% yield, along with re-isolated 

TMS-trehalose and the Steglich rearrangement product [HRMS (calcd. for 

[C33H67N3O3+H]+: 554.5255, obsd.: 554.5262)], which may have formed in greater 

quantities than previously due to the large excess of EDCI used in this reaction. Although 

the uncoupled mycolic acid 3b was not isolated, methyl ester 25 was (Scheme 26). The 

formation of 25 in the conditions applied here was unexpected, however the proposed 

mechanism would account for its formation under basic conditions with excess DMAP. 

Here, the acidic α-proton on anhydride 31 is removed by DMAP, generating enolate 

intermediate I. The methoxy group is then displaced via an E1cB reaction when the 

carbonyl reforms, generating elimination product II and methoxide. The methoxide can 

then attack an electrophilic carbonyl centre, such as that of the reactive acyl-DMAP 

intermediate III, generating mycolic acid ester 25 and releasing DMAP. Several other 

by-products were isolated from the crude reaction mixture, however full characterisation 

would be necessary to determine conclusively whether the mycolic acid ester 25 forms 

via this mechanism or not.  
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Scheme 26: Formation of methyl ester 25 under basic conditions 

 

Although time constraints prevented optimisation of this esterification reaction, the 

results indicated that there will be an optimum quantity of DMAP and EDCI, with too 

little DMAP and too much EDCI resulting in formation of the unreactive Steglich 

rearrangement product, while too much DMAP may, in this case, lead to formation of an 

elimination product and the unreactive methyl ester 25. It is envisioned that optimisation 

of the reaction conditions will improve both the yield of monoester 29, and allow for the 

formation of diester 30.  

 

With TME 29 in hand, this was subjected to global deprotection by treatment with 

HF·pyridine (10 equiv.) to yield the desired 2-methoxy TME 1b in quantitative yield after 

purification by size exclusion column chromatography (Scheme 27). Here, it was 

determined that fewer equivalents of HF·pyridine were necessary than used previously 

en route to the formation of 1a (1 vs. 10 per silyl group), providing the title compound in 

excellent yield. 1H and 13C NMR analysis indicated that deprotection of the TMS ethers 

was successful, with loss of the Si(CH3) resonances evident in both spectra. The anomeric 

carbons appear at δ 95.1 and 95.0 in the 13C NMR, while the protons occur as two 

overlapping doublets at 5.08 ppm in the 1H NMR. A total of sixteen resonances are visible 

between 95.1 and 53.5 ppm in the 13C NMR, corresponding to the expected fourteen 
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sugar carbons, and C-2 and 2-OCH3 of the lipid (Figure 19). Although the 2-O-Methyl 

resonance is obscured by CD3OH in the 1H NMR, it is visible at δ 56.8 in the 13C spectra 

(Figure 19), and along with HRMS (calcd. for [C37H70O13+NH4]
+: 740.5155, obsd.: 

740.5135) this confirms that the desired methoxy functionality of the lipid ester has been 

conserved.  

 

 

Scheme 27: Deprotection of TME 29 to give 6ʹ-O-[(R)-2-((R)-1-

Methoxyethyl)docosanoyl]-6ʹʹ-hydroxy-αʹ,αʹʹ-ᴅ-trehalose 1b 
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Figure 19: 13C NMR spectrum of 6ʹ-O-[(R)-2-((R)-1-Methoxyethyl)docosanoyl]-6ʹʹ-hydroxy-αʹ,αʹʹ-ᴅ-trehalose 1b
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The last trehalose glycolipids in the series, TME 1c and TDE 2c, were prepared using the 

synthetic strategy employed for the synthesis of 1a and 1b. Accordingly, TMS-trehalose 

4 (1.0 equiv.) was subjected to esterification with mycolic acid 3c (4.0 equiv.), in the 

presence of EDCI (6.5 equiv.) and DMAP (3.4 equiv.) (Scheme 28). The reaction mixture 

was stirred at 55 °C for 44 h, then purified by silica gel flash column chromatography to 

give the desired monoester 32 in 45% yield. This reaction was repeated with a prolonged 

reaction time of five days, which resulted in the formation of TME 32 in 42% yield, and 

gratifyingly, TDE 33 in 15% yield. It is interesting to note the enhanced reactivity of 

mycolic acid 3c towards esterification with TMS-trehalose 4 when compared to acids 3a 

and 3b which gave TMEs 27 and 29 in 29% and 25% yield, respectively, and only 

negligible amounts of the diesters 28 and 30. It is difficult to explain why esters 32 and 

33 were more readily synthesised, though the more facile coupling of 3c may be due to 

the reduced steric interactions of the epoxy group when compared to the larger silyl ether 

and methoxy functionalities present at the β-position of acids 3a and 3b. Reduced steric 

hindrance will facilitate acyl migration from the O-acylisourea intermediate to DMAP, 

thereby limiting formation of the Steglich rearrangement product.  

 

 

 Scheme 28: Preparation of target TME 1c and TDE 2c 

 

Formation of the mono- and diesters was established by NMR analysis, with the 13C NMR 

of the monoester showing the twelve different chemical environments of the carbon 

atoms in the sugars, and the 1H NMR revealing fourteen resonance signals for the sugar 

protons (Figure 20). All assignments were further corroborated by 2D NMR analysis 
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(COSY, HSQC and HMBC). Integration of the mycolic acid protons correlated to the 

attachment of one lipid, and HRMS confirmed this (calcd. for [C54H118O13Si6+NH4]
+: 

1156.7219, obsd.: 1156.7195). On the other hand, the 1H NMR spectra of the diester 

revealed a symmetrical molecule with only seven proton environments in the sugar 

region, which integrate in a 1:1 ratio with the mycolic acid protons, thus providing 

evidence for diester formation. HRMS (calcd. for [C80H162O13Si6+Na]+: 1522.0523, 

obsd.: 1522.0587) also confirmed that the desired TDE 33 had been synthesised, although 

the low yield of diester 33 meant that it was not purified further and spectral evidence 

shows that minor amounts of monoester 32 were also present. 
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Figure 20: 1H NMR of 2ʹ,2ʹʹ,3ʹ,3ʹʹ,4ʹ,4ʹʹ-Hexa-O-trimethylsilyl-6ʹ-O-[(R)-2-((S)-oxiran-2-yl)docosanoyl]-6ʹʹ-hydroxy-αʹ,αʹʹ-ᴅ-trehalose 32 
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In order to prepare targets TME 1c and TDE 2c, TME 32 and TDE 33 were subjected to 

the deprotection conditions employed for the synthesis of TME 1b. Accordingly, TME 

32 was treated with HF·pyridine (10 equiv., 11 h), neutralised with aq. Ca(OAc)2, filtered, 

and subjected to purification by size exclusion column chromatography on lipophilic 

sephadex. Although it was anticipated that the treatment of 32 with HF·pyridine would 

yield the desired target 1c, this reaction gave a complex mixture of products which, due 

to the small amount of material in hand, could not all be fully characterised. However, 

the formation of the desired epoxy-monoester 1c was apparent by NMR and HRMS 

analysis (calcd. for [C36H66O13+NH4]
+: 724.4842, obsd.: 724.4843). H-6a and H-6b of 

the coupled sugar maintain the downfield shift and geminal splitting patterns [δ 4.46 (dd, 

J6ʹa,6ʹb = 12.1 Hz, J6ʹa,5ʹ = 2.1 Hz, 1H, H-6ʹa) and 4.24 (dd, J6ʹa,6ʹb = 12.1 Hz, J6ʹb,5ʹ = 5.7 Hz, 

1H, H-6ʹb)] seen in the TMS-protected monoester 32, which confirms that the ester 

functionality remained intact, while loss of the TMS-ether signals (5 s, δ 0.16–0 11 ppm) 

confirmed that deprotection had occurred. Furthermore, the protons of the meromycolate 

branch of the epoxy-functionalised lipid are apparent at δ 3.36-3.33 (m, H-2), 2.82 (H-

1a), 2.58 (H-1b) and 2.17-2.14 (m, H-3), verifying that the desired epoxide functionality 

has been retained. 

 

Further analysis of the 1H NMR spectra revealed the presence of a second trehalose 

monoester which, upon considering the reactivity of the epoxide functionality, was 

initially thought to be the fluorine substituted adduct 34 (Scheme 29). However, the lack 

of a fluorine signal in 19F NMR indicated that this product had not formed and indeed, 

the substantial downfield shift of protons H-6a and H-6b [δ 4.88-4.80 (m) and δ 4.61-

4.57 (m)], compared to 1c, indicated that a larger, more electronegative group may have 

substituted. HRMS was used to rule out fluorine substitution and identify this by-product 

as the pyridinium substituted monoester 35 (calcd. for [C41H72NO13]
+: 786.4998, obsd.: 

786.5012). This assignment was corroborated by the presence of three downfield signals 

[δ 8.96-8.95 (d, J = 6.8 Hz), 8.64-8.61 (m) and 8.14-8.11 (dd, J = 14.4 Hz and J = 6.7 

Hz)] in the 1H NMR, which correspond to the pyridinium methine protons. Similarly, the 

treatment of diester 33 with HF·pyridine also gave a mixture of products which could be 

assigned by HRMS as the desired final target 2c (calcd. for [C60H110O15+NH4]
+: 

1088.8183, obsd.: 1088.8087), the mono-substituted epoxy pyridinium diester 36 (calcd. 

for [C65H116NO15]
+: 1150.8339, obsd.: 1150.8312), and the di-substituted pyridinium 

diester 37 (calcd. for [C70H122N2O15+NH4]
2+: 1230.8834 obsd. [M/2]+: 615.4411) 
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(Scheme 30). It is anticipated that additional purification of the product mixtures obtained 

here will furnish the desired TME 1c and TDE 2c, as well as the pyridinium adducts 35, 

36 and 37.  

 

 

Scheme 29: HF·pyridine deprotection of TME 32 gave a mixture of products 

 

 

Scheme 30: HF·pyridine deprotection of TDE 33 gave a mixture of products  
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While the formation of the pyridinium-substituted adducts was unexpected, this provides 

additional trehalose glycolipid derivatives which are likely to have interesting 

interactions with the Mincle and MCL receptor binding sites. In order to avoid the 

formation of the pyridinium by-products, the protected TME 32 and TDE 33 can be 

subjected to global deprotection with the milder conditions employed by Khan et al.73 

using Dowex-H+ and a non-nucleophilic solvent, which is expected to provide the desired 

target TME 1c and TDE 2c without the formation of undesired by-products.  
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4 Conclusions and Future Work 

4.1 Conclusions  

The synthesis of three trehalose monoester derivatives 1a-c and one trehalose diester 

derivative 2c has been successfully accomplished. The mycolic acid analogues bear a 

C22 α-chain and a short meromycolate branch functionalised with a hydroxy-, methoxy-

, or epoxy-group (3a-c, respectively). A key step in the synthesis of these compounds is 

the Fráter-Seebach alkylation, which was used to install the C20 α-chain in the formation 

of the α-alkylated β-hydroxy ester building block in good yield. Borane-mediated 

reduction of the diester proved challenging due to non-selective reduction and the 

formation of a cyclic by-product, however, optimisation of this reaction to provide the 

desired diol in respectable yield was successfully accomplished when careful attention 

was paid to the reaction conditions and quality of the reagents used. Preparation of the 

key intermediate, epoxide 5, proceeded smoothly, after which point the synthesis 

diverged for the preparation of mycolic acids 3a-c. Esterification of TMS-trehalose with 

the prepared acids provided the target TMS-protected TMEs 27, 29, and 32, as well as 

TDE 33. It is envisioned that through optimisation and scale up of the coupling reactions 

the yields of the glycolipids can be improved, and moreover, that diester derivatives 28 

and 30 may also be synthesised. The synthetic trehalose esters were then subjected to 

global deprotection with HF·pyridine to afford target compounds 1a-c and 2c, which will 

be used in biological testing to determine their immunostimulatory activity and garner 

crystal structure data on the glycolipid-Mincle complexes. The synthesis and testing of 

these modified trehalose glycolipids will afford valuable information on the structure-

activity relationship of trehalose glycolipids and the properties needed for ligand binding 

and immune cell activation via Mincle and MCL, thereby aiding in the development of 

improved vaccine adjuvants for diseases such as tuberculosis and cancer.  
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4.2 Future Work 

4.2.1 Chemical Synthesis 

The validity of this synthetic strategy to provide modified trehalose glycolipid derivatives 

has been proven through the synthesis of target compounds 1a-c and 2c, and although 

these syntheses were achieved in low yield, advanced intermediates are available and will 

be used to prepare more of the targets, and to optimise the coupling conditions for the 

preparation of TDEs 2a-b. Moreover, additional TME and TDE derivatives can be 

synthesised in order to further probe the properties of ligand binding to the receptors 

Mincle and MCL, and to investigate the immunostimulatory effects of these compounds. 

Here, a second alkyl chain can be introduced via selective opening of the epoxide ring, 

using alkylated copper-lithium106 or organoaluminium reagents,107 or copper-mediated 

Grignard reactions.108 A variety of alcohol, thiol and nitrogen containing compounds can 

also be used to open the epoxide by nucleophilic attack, to render alkoxyether, thioether, 

and nitrogen containing analogues, and it is expected that this should proceed in a 

straightforward manner as evidenced by the ready substitution of the epoxide with 

pyridine.109, 110 

 

4.2.2 Biological Evaluation 

Biological testing will be carried out to determine the immunostimulatory activity of the 

prepared trehalose glycolipids. The ability of 1a-c and 2c to activate the innate immune 

response will be assessed via the in vitro activation of macrophages. Here, bone-marrow-

derived macrophages (BMMs) from wild type (C57BL/6) mice will be used to assess 

whether the synthetic trehalose glycolipids are able to activate macrophages, as 

determined by nitric oxide production using the Griess assay, and levels of pro-

inflammatory cytokines (e.g. IL-1β and IL-6) using sandwich ELISA. The levels of such 

cytokines and toxic mediators in the cellular supernatant after exposure to the different 

trehalose glycolipids will give quantifiable data to compare between the analogues, 

thereby providing information on the properties of ligands that can activate macrophages. 

For compounds exhibiting activity, the assays will be repeated using macrophages from 

Mincle-/- mice to ascertain if active derivatives are acting via the Mincle receptor. To 

determine if the activity is occuring via MCL, the immunostimulatory analogues will be 

sent to collaborators in Japan who can assess binding to MCL using expressed MCL 
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protein in surface plasmon binding assays, and who can repeat the macrophage activation 

experiments in MCL-/- mice. Our collaborators, Prof. Sho Yamasaki (Kyushu University, 

Fukuoka, Japan and Japan Science and Technology Agency, Saitama, Japan) and Prof. 

Katsumi Maenaka (Hokkaido University, Sapporo, Japan) will also attempt to obtain 

crystal structures of the active trehalose glycolipids when bound to both Mincle and 

MCL.  
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5 Experimental 

5.1 General Methods 

Unless otherwise stated, all reactions were carried out under an atmosphere of argon. 

Before use, THF was distilled from Na wire and benzophenone, CH2Cl2 was distilled 

from P2O5, toluene was dried and stored over Na wire, diisopropyl amine was dried with 

NaOH, distilled and stored under argon, methanol was distilled, and methyl iodide was 

distilled prior to use. Octadecanol (BDH), PCC (Aldrich), vinyl magnesium bromide 

(Aldrich), PPh3 (Merck), I2 (Unilab), ʟ-(–)-Malic acid (Sigma), n-BuLi (Aldrich, 2M in 

hexanes), Pd(OH)2/C (Acros, 20 wt%), BH3·Me2S (BMS, Aldrich, 10 M in THF, 2 M in 

THF and neat), NaBH4 (Aldrich), Dowex-H+ (Supleco), tosyl chloride (Aldrich), citric 

acid (BDH), K2CO3 (Panreac), LiOH·H2O (Reidel-deHaen), HCl (Panreac), TBSOTf 

(Apollo Scientific), 2,6-lutidine (Fluka), methyl iodide (Unilab), NaH (Aldrich), LiCl 

(Pure Science), D-(+)-trehalose dehydrate (Sigma), anhydrous DMF (Acros), N,O-

bis(trimethylsilyl)acetamide (Fluka), TBAF (Aldrich), acetic acid (UniVar), Et2O 

(BioLab) isopropanol (Pure Science), EDCI (Aldrich), DMAP (Merck), HF·pyridine 

(Acros), Ca(OAc)2 (Sigma), EtOAc (Fisher Scientific), petroleum ether (Fisher 

Scientific), ethanol (Fisher Scientific), methanol (Fisher Scientific), pyridine (Panreac), 

NaHCO3 (Pure Science), NaOH (Pure Science), KOH (Panreac), NH4Cl (SciChem), 

Na2S2O3 (Roth), MgSO4 (Pure Science) and NaCl (Panreac) were used as received. 

Solvents were removed by evaporation at reduced pressure. Reactions were monitored 

by TLC with Macherey–Nagel silica gel-coated plastic sheets (0.20 mm, Polygram SIL 

G/UV254) by coating with a solution of 5% K2CO3, 1% KMnO4 and 1% NaIO4 in H2O 

followed by heating. Column chromatography was performed using silica gel (40 - 63 

μm, Pure Science), and size exclusion chromatography was performed using lipophilic 

sephadex (25-100 μ, Sigma), HRMS were recorded with a Waters Q-TOF Premier 

Tandem Mass Spectrometer using electrospray ionisation in the positive or negative 

mode. Optical rotations were recorded with a Autopol II instrument (Rudolph Research 

Analytical) at 589 nm (sodium D-line). Infrared spectra were recorded as thin films with 

a Bruker Tensor 27 FTIR spectrometer equipped with an attenuated total reflectance 

(ATR) sampling accessory. NMR spectra were recorded at 20 °C in CDCl3 or CD3OD 

with Varian INOVA spectrometers operating at 300, 500 or 600 MHz. Chemical shifts 
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are given in ppm (δ) relative to CDCl3 or CD3OD. NMR peak assignments were made 

using COSY, HSQC and HMBC 2D experiments. 

 

5.2 Chemical Synthesis 

1-Octadecanal (11). 1-Octadecanol (15.00 g, 55.5 mmol, 1.0 equiv.) was 

added to a solution of PCC (23.91 g, 111 mmol, 2.0 equiv.) with 4 Å 

molecular sieves (16.5 g) in dry DCM (270 mL), and the reaction mixture stirred at r.t. 

for 3 h. The mixture was then concentrated in vacuo and the resulting oil subjected to 

silica gel flash column chromatography (PE/EA, 20:1, v/v) to obtain 1-octadecanal as a 

white solid (12.04 g, 44.9 mmol, 76 %). Rf = 0.66 (PE/EA, 2/1, v/v); IR (film) 2914, 

2848, 1712, 1471, 1299 cm-1; 1H NMR (500 MHz, CDCl3) δ9.77 (s, 1H, H-1), 2.43 (t, 

J2,3 = 6.7 Hz, 2H, H-2), 1.63 (t, J2,3 = 7.0 Hz, 2H, H-3), 1.30–1.26 (m, 28H, H-4–H-17), 

0.89 (t, J = 6.9 Hz, 3H, H-18); 13C NMR (125 MHz, CDCl3) δ203.1 (C-1), 43.9 (C-2), 

31.9 (C-3), 29.70, 29.67, 29.65, 29.59, 29.44, 29.37, 29.2, 22.7, 22.1, (C-4–C-17), 14.1 

(C-18). HRMS (ESI): calcd. for [C18H36O+Na]+: 291.2664; obsd.: 291.2652. Spectral 

data matched those reported in literature.85  

 

1-Iodoeicos-2-ene (7). Vinylmagnesium bromide (1 M in THF, 22.5 

mmol, 1.2 equiv.) was added to a solution of 1-octadecanal 11 (5.03 g, 

18.8 mmol) in toluene (100 mL) at 0 °C. The reaction mixture was allowed to warm to 

r.t. while stirring for 1 h, after which time the reaction was quenched by the addition of 

NH4Cl and the product extracted with EtOAc (2 x 80 mL). The combined organic layers 

were washed with saturated NH4Cl solution (200 mL), water (200 mL), and brine (200 

mL), dried over MgSO4, filtered, and concentrated in vacuo to give the allylic alcohol as 

a bright yellow solid, which was used without further purification. In a separate flask, 

iodine (6.75 g, 26.7 mmol, 1.5 equiv.) was added to a solution of PPh3 (6.96 g, 26.7 mmol, 

1.5 equiv.) in dry DCM (20 mL), and the resulting mixture was stirred at r.t. for 10 min. 

A solution of the crude allylic alcohol (4.79 g, 17.8 mmol, 1 equiv.) in DCM (15 mL) 

was then added, and the mixture stirred at r.t. for 17 h. The reaction mixture was diluted 

with DCM and washed with saturated Na2S2O3 solution (5 x 75 mL) to remove iodine, 

water (75 mL), and brine (75 mL). The organic layer was dried with MgSO4, filtered, 

concentrated in vacuo, and purified by silica gel flash column chromatography (PE), to 
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give the allylic iodide 7 as an orange solid (5.05 g, 12.4 mmol, 66 % over two steps). Rf 

= 0.76 (PE/EA, 2:1, v/v); IR (film) 2921, 2852, 1464, 1149, 962 cm–1; 1H NMR (500 

MHz, CDCl3)  5.73–5.71 (m, 2 H, H-2 and H-3), 3.89 (d, J2,3 = 5.9 Hz, 2 H, H-1a and 

H-1b, E-isomer), 2.03 (m, 2 H, H-4a and H-4b), 1.38–1.26 (m, 30 H, H-5–H-19), 0.89 (t, 

J6,7 = 7.0 Hz, 3 H, CH3-20) ppm. 13C NMR (125 MHz, CDCl3)  135.4 (C-2), 127.8 (C-

3), 32.0, 31.9, 29.7, 29.6, 29.5, 29.4, 29.0, 28.8, 22.7 (C-4–C-19), 14.1 (C-20), 7.1 (C-1). 

HRMS (ESI) calcd. for [C20H39I]: 406.2096; obsd. 406.2632. Spectral data matched that 

reported in literature.85 

 

Diethyl ʟ-malate (8). ʟ-Malic acid (10.0 g, 75 mmol) was 

dissolved in ethanol and concentrated H2SO4 (5.0 mL, 93 mmol) 

was added. The reaction mixture was refluxed for 54 h, then 

concentrated in vacuo. The product was purified by silica gel flash column 

chromatography (PE/EA, 2:1) to give diethyl malate 8 as a colourless oil (13.5 g, 71 

mmol, 95%). Rf = 0.22 (PE/EA, 2:1, v/v); IR (film) 3494, 2984, 2940, 1729, 1467, 1264, 

1163 cm-1; 1H NMR (500 MHz, CDCl3)  4.49-4.47 (m, 1 H, H-2), 4.28-4.26 (m, 2 H, 1-

OCH2CH3), 4.17 (q, J = 7.1 Hz, 2 H, 4-OCH2CH3), 2.85 (dd, J3a,3b = 16.4 Hz, J2,3a = 4.4 

Hz, 1 H, H-3a), 2.78 (dd, J3a,3b = 16.4 Hz, J2,3b = 5.9 Hz, 1 H, H-3b), 1.30 (t, J = 7.5 Hz, 

3 H, 1-OCH2CH3), 1.26 (t, J = 7.0 Hz, 3 H, 4-OCH2CH3); 
13C NMR (125 MHz, CDCl3) 

δ 173.4 (C-1), 170.5 (C-4), 67.3 (C-2), 62.0 (1-OCH2CH3), 61.0 (4-OCH2CH3), 38.7 (C-

3), 14.1 (1-OCH2CH3 and 4-OCH2CH3); HRMS (ESI) calcd. for [C8H14O5+Na]+: 

213.0739; obsd. 213.0734. 

 

(2S,3R)-Ethyl 3-(ethoxycarbonyl)-2-hydroxytricos-5-enoate 

(13). nBuLi (2.0 M in hexanes, 0.69 mL, 1.38 mmol) was added to 

a solution of diisopropylamine (0.21 mL, 1.48 mmol) in THF (2.0 

mL) at -78 C. After stirring for 15 min, the solution was warmed 

to -30 C and diethyl (S)-malate 8 (94 mg, 0.49 mmol) in THF (2.0 

mL) was added drop wise. The resulting mixture was stirred at -30 C for 10 min, then 

cooled to -45 C and the alkyl iodide 7 (0.30 g, 0.74 mmol) in THF (2.0 mL) was added 

drop wise. The reaction was stirred for 5 h, during which time the temperature increased 

to -30 C. The reaction was quenched with saturated NH4Cl solution and extracted with 
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EtOAc (3 x 50 mL). The combined organic layers were washed with water (150 mL) and 

brine (150 mL), dried over MgSO4, filtered, and concentrated in vacuo to yield a yellow 

oil. The residue was purified by gradient silica gel flash column chromatography (PE/EA, 

20:1  15:1, v/v) to give 13 as a white solid (0.14 g, 0.30 mmol, 61%). Rf = 0.60 (PE/EA, 

2:1, v/v); [α]D
22 = +7.5 (c = 1.0, CHCl3); IR (film) 3505, 2919, 2851, 1735, 1466, 1372, 

1212, 1110, 1032, 970, 861 cm–1; 1H NMR (500 MHz, CDCl3) δ 5.61-5.55 (m, 1 H, H-

6), 5.42-5.37 (m, 1 H, H-5), 4.30-4.22 (m, 3 H, 1-OCH2CH3 and H-2), 4.18-4.12 (m, 2 

H, 3ʹ-OCH2CH3), 3.18 (broad s, 1 H, OH), 2.92-2.89 (m, 1 H, H-3), 2.58–2.54 (m, 1 H, 

H-4a), 2.41-2.35 (m, 1 H, H-4b), 1.98 (q, J6,7 = J7,8 = 7.1 Hz, 2 H, H-7a,b), 1.33–1.23 (m, 

36 H, H-8–H-22 and 2x OCH2CH3), 0.89 (t, J = 6.7 Hz, 3 H, CH3-23); 13C NMR (125 

MHz, CDCl3) δ 173.7 (C-1), 172.3 (C-3ʹ), 134.5 (C-6), 125.8 (C-5), 70.2 (C-2), 61.8 (1-

OCH2CH3), 60.9 (3-OCH2CH3), 48.6 (C-3), 32.6 (C-7), 31.9 (C-8), 31.1 (C-4), 31.0, 29.7, 

29.67, 29.5, 29.4, 29.2, 22.7 (C-9–C-22), 14.1 (C-23, 1-OCH2CH3 and 3-OCH2CH3). 

HRMS (ESI): calcd. for [C28H52O5+Na]+ 491.3712; obsd. 491.3715. Spectral data 

matched those reported in literature.85 

 

(2S,3R)-Ethyl 3-(ethoxycarbonyl)-2-hydroxy-tricosanoate (14). 

Pd(OH)2/C (6 wt.-%) was added to a solution of 13 (0.358 g, 0.76 

mmol) in a mixture of CH2Cl2/EtOH (15 mL, 1:1, v/v) and stirred 

at r.t. overnight under an atmosphere of H2. The reaction mixture 

was filtered through Celite, and the Celite washed with CH2Cl2/EtOH (50 mL, 1:1, v/v). 

After concentration of the filtrate in vacuo the residue was purified by silica gel flash 

column chromatography (PE/EA, 10:1, v/v) to give 17 as a white solid (0.359 g, 0.76 

mmol, quant.). Rf = 0.60 (PE/EA, 2:1, v/v); [α]D
22 = +2.8 (c = 1.0, CHCl3); IR (film) 3512, 

2915, 2851, 1737, 1467, 1372, 1189, 1030, 734 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.29-

4.25 (m, 3 H, 1-OCH2CH3and H-2), 4.18-4.13 (m, 2 H, 3ʹ-OCH2CH3), 3.19 (d, J2,OH = 

7.6 Hz, 1 H, OH), 2.85-2.84 (m, 1 H, H-3), 1.85-1.82 (m, 1 H, H-4a), 1.68-1.64 (1 H, H-

4b), 1.43-1.24 (m, 42 H, H-5–H-22, 1-OCH2CH3 and 3ʹ-OCH2CH3), 0.90-0.85 (m, 3 H, 

CH3-23); 13C NMR (125 MHz, CDCl3) δ 173.5 (C-1), 172.9 (C-3ʹ), 71.0 ( C-2), 61.8 (1-

OCH2CH3), 60.8 (3-OCH2CH3), 48.6 (C-3), 31.9 (C-4), 29.71, 29.68, 29.67, 29.65, 29.6, 

29.5, 29.4, 28.1, 27.4, 22.7 (C-5–C-22), 14.1 (C-23, 1-OCH2CH3 and 3-OCH2CH3). 

HRMS (ESI): calcd. for [C28H54O5+Na]+ 493.3863; obsd. 493.3857. Spectral data 

matched those reported in literature.85 
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(R)-Ethyl 2-((S)-1,2-dihydroxyethyl)docosanoate (15). 

Borane dimethyl sulfide complex (35 μL, 0.373 mmol) was 

added to a solution of 14 (0.146 g, 0.311 mmol) in THF/toluene 

(2 mL, 1:1, v/v) at 0 °C. The reaction mixture was stirred for 1.5 

h before the addition of NaBH4 (cat.), and was then allowed to warm to r.t. while stirring 

for 15 h. The reaction was quenched with EtOH and Dowex-H+, and concentrated in 

vacuo. The residue was dissolved in toluene/EtOH (10 mL, 1:1, v/v) and concentrated 

(3x) in order to remove ethanol and boron as B(OEt)3. The residue was purified by 

gradient silica gel flash column chromatography (PE/EA, 10:1  4:1, v/v) to give 15 as 

a white solid (0.115 g, 0.269 mmol, 87%). Rf = 0.44 (PE/EA, 1:1, v/v); [α]D
22 = +6.0 (c = 

1, CHCl3); IR (film) 3397, 2917, 2850, 1717, 1467, 758 cm-1; 1H NMR (500 MHz, 

CDCl3) δ 4.20-4.17 (m, 2 H, 3ʹ-OCH2CH3), 3.82-3.81 (m, 1H, H-2), 3.69-3.63 (m, 1H, 

H-1a), 3.54 (dd, J1a,1b = 11.2 Hz, J1b,2 = 6.8 Hz, 1H, H-1b), 3.04 (s, 1H, 2-OH), 2.54-2.51 

(m, 1H, H-3), 1.03 (s, 1H, 1-OH), 1.71-1.67 (m, 2H, H-4a and H-4b), 1.30-1.25 (m, 39H, 

CH2-5-22 and 3ʹ-OCH2CH3), 0.88 (t, J = 6.7 Hz, 3H, CH3-23); 13C NMR (125 MHz, 

CDCl3) δ 175.3 (C-3ʹ), 72.6 (C-2), 65.1 (C-1), 60.8 (1-OCH2CH3), 47.5 (C-3), 31.9, 29.7, 

29.6, 29.5, 29.4, 29.4, 29.3, 27.1, 22.7 (C-4–C-22), 14.2, 14.1 (C-23 and 3ʹ-OCH2CH3); 

HRMS (ESI): calcd. for [C26H52O4+H]+ 429.3938; obsd.429.3877. 

 

(R)-Ethyl 2-((S)-1-hydroxy-2-(tosyloxy)ethyl)-

docosanoate (18). TsCl (89 mg, 0.47 mmol) was 

added to a solution of 15 (100 mg, 0.23 mmol) in 

pyridine (3 mL). The reaction mixture was stirred at r.t. for 6 h, then quenched with citric 

acid (3 mL, 10 %) and extracted with hot EtOAc (3 x 6 mL). The combined organic layers 

were washed with water (20 mL) and brine (20 mL), dried over MgSO4, filtered, and 

concentrated in vacuo. The residue was purified by gradient silica gel flash column 

chromatography (PE/EA, 15:1  5:1, v/v) to give 18 as a white solid (99 mg, 0.17 mmol, 

73 %). Rf = 0.80 (PE/EA, 1:1, v/v); IR (film) 2919, 2850, 1725, 1465, 1176, 1096, 755, 

666 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.82 (d, J = 8.2 Hz, 2 H, Ts CH-2), 7.38 (d, J = 

8.2 Hz, 2 H, Ts CH-3), 4.18 (m, 2 H, 3ʹ-OCH2), 4.07 (d, J1ab,2 = 5.0 Hz, 2 H, H-1a and 

H-1b), 3.93 (q, J = 5.0 Hz, 1 H, H-2), 2.57 (dt, J3,4 = 9.1 Hz, J3,2 = 5.6 Hz, 1 H, H-3), 2.48 

(s, 3 H, Ts CH3-5), 1.74-1.67 (m, 1H, H-4a), 1.55-1.47 (m, 1H, H-4b), 1.31-1.24 (m, 39H, 
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CH2-5-22 and 3ʹ-OCH2CH3), 0.90 (t, J = 6.4 Hz, 3H, CH3-23); 13C NMR (125 MHz, 

CDCl3) δ 174.8 (C-3ʹ), 145.1 (Ts C-1), 132.6 (Ts C-4), 129.9 (Ts C-3), 128.0 (Ts C-2), 

71.6 (C-1), 70.0 (C-2), 60.9 (3ʹ-OCH2), 47.0 (C-3), 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 

27.1, 27.0, 22.7 (C-4–C-22), 21.7 (Ts C-5), 14.1 (C-23); HRMS (ESI): calcd. for 

[C33H58O6S+Na]+: 605.3846; obsd.: 605.3848. 

 

(R)-Ethyl 2-((S)-oxiran-2-yl)docosanoate (5). K2CO3 in MeOH (3.0 

mL, 10 M, 0.22 mmol) was added to a solution of 18 (128 mg, 0.22 

mmol) in EtOH (4.5 mL) at -10 °C. The reaction mixture was stirred 

at -10 – 0 °C for 7 h, then quenched with saturated NH4Cl solution and extracted with hot 

EtOAc (3 x 10 mL). The combined organic layers were washed with water (30 mL), brine 

(30 mL), dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified 

by gradient silica gel flash column chromatography (PE/EA, 50:1  40:1, v/v) to give 5 

as a white solid (78.5 mg, 0.19 mmol, 87 %). Rf = 0.87 (PE/EA, 2:1, v/v); [α]D
23 = +3.3 

(c = 0.1, CHCl3); IR (film) 2917, 2850, 1733, 1467, 1370, 1181, 755; 1H NMR (500 MHz, 

CDCl3) δ 4.19 (q, J = 7.0 Hz, 2 H, 3ʹ-OCH2CH3), 3.16-3.13 (m, 1H, H-2), 2.82 (t, J = 4.4 

Hz, 1-H, H-1a), 2.54 (dd, J1a,1b = 4.6 Hz, J1b,2 = 2.6 Hz, 1H, H-1b), 2.12 (dd, J3,2 = 14.9, 

J3,4 = 7.9 Hz, 1 H, H-3), 1.72-1.69 (m, 1 H, H-4a), 1.60-1.58 (m, 1 H, H-4b), 1.29-1.21 

(m, 39 H, CH2-5–CH2-22 and 3ʹ-OCH2CH3), 0.87 (t, J = 6.9 Hz, 3 H, CH3-23); 13C NMR 

(125 MHz, CDCl3) δ 173.6 (C-3ʹ), 52.7 (3ʹ-OCH2CH3), 49.0 (C-2), 46.5 (C-3), 31.9 (C-

1), 29.7, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 27.2, 22.7 (C-5–C-22), 29.1 (C-4), 14.2 (3ʹ-

OCH2CH3), 14.1 (C-23); HRMS (ESI): calcd. for [C26H50O3+NH4]
+ 428.4098, obsd.; 

428.4052. 

 

(R)-Ethyl 2-((R)-1-hydroxyethyl)docosanoate (21). Pd(OH)2/C 

(27.3 mg, 15 wt%) was added to a solution of 5 (35.5 mg, 0.09 mmol) 

in EtOH/CH2Cl2 (1 mL, 1:1, v/v) and the resulting mixture stirred at 

r.t. under H2 for 3 days. The reaction mixture was filtered over Celite, and the Celite 

washed with CH2Cl2/EtOH (5 mL, 1:1, v/v). After concentration in vacuo the residue was 

purified by gradient silica gel flash column chromatography (PE/EA, 50:1  10:1, v/v) 

to give (21) as a white solid (35.7 mg, 0.09 mmol, quant.). Rf = 0.47 (PE/EA, 3:1, v/v); 

[α]D
24 = +4.0 (c = 0.5, CHCl3); [α]D

24 = +4.0 (c = 0.5, CHCl3); 
1H NMR (500 MHz, CDCl3) 

δ 4.21 (q, J =7.1 Hz, 2 H, 3ʹ-OCH2CH3), 3.93-3.90 (m, 1 H, H-2), 2.56 (s, 1 H, 2-OH), 
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2.37 (dt, J2,3 = 9.1 Hz, J3,4ab = 5.6 Hz, 1 H, H-3), 1.71-1.56 (m, 2 H, H-4a and H-4b), 

1.33-1.20 (m, 42 H, H-5–H-22 and 3ʹ-OCH2CH3 and CH3-1), 0.90 (t, J = 6.5 Hz, 3 H, 

CH3-23); 13C NMR (150 MHz, CDCl3) δ 175.6 (C-3ʹ), 68.4 (C-2), 60.4 (3ʹ-OCH2CH3), 

52.6 (C-3), 31.9, 29.7, 29.7, 29.6, 29.6, 29.5, 29.5, 29.4, 29.4, 27.2, 22.7, 21.6 (C-1, C-

4–C-22), 14.3 (3ʹ-OCH2CH3), 14.1 (C-23); HRMS (ESI): calcd. for [C26H52O3+H]+ 

413.3989; found: 413.3988. 

 

(R)-2-((R)-1-hydroxyethyl)docosanoic acid (22). LiOH·H2O in H2O 

(0.28 mL, 1 M, 8 equiv.) was added gradually to a solution of 21 (14.5 

mg, 0.035 mmol) in THF/H2O/MeOH (1.1 mL, 5:1:1, v/v) at 0 °C. The 

reaction mixture was allowed to warm to r.t. while stirring for 21 h, after which time it 

was quenched with HCl (3 M) and extracted with hot EtOAc (3 x 3 mL). The combined 

organic layers were washed with water (10 mL), brine (10 mL), dried over MgSO4, and 

concentrated in vacuo. The resulting residue was purified by gradient silica gel flash 

column chromatography (PE/EA, 10:1  1:1, v/v) to give 22 as a white solid (92%). Rf 

= 0.22 (PE/EA, 3:1, v/v); IR (film) 3212, 2916, 2849, 1712, 1463, 1196, 730, 651, 549 

cm-1; 1H NMR (500 MHz, CDCl3) δ 3.97-3.95 (m, 1 H, H-2), 2.42-2.40 (m, 1 H, H-3), 

1.70-1.68 (m, 1 H, H-4a), 1.63-1.60 (m, 1 H, H-4b), 1.34-1.25 (m, 39 H, H-5–H-22 and 

CH3-1), 0.88 (t, J = 6.3 Hz, 3 H, CH3-23); 13C NMR (125 MHz, CDCl3) δ 178.6 (C-3ʹ), 

68.2 (C-2), 52.4 (C-3), 31.9, 29.7, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 29.4, 29.3, 27.2, 22.7, 

21.6 (C-1 and C-4–C-22), 14.1 (C-23); HRMS (ESI): calcd. for [C24H48O3-H]-: 383.3531; 

found: 383.3562. 

 

(R)-2-((R)-1-(tert-Butyldimethylsilyloxy)ethyl)docosanoic acid 

(3a). TBSOTf (72 μL, 0.322 mmol) and 2,6-lutidine (56 μL, 0.484 

mmol) were added to a solution of 22 (12.4 mg, 0.032 mmol) in DCM 

(1 mL), and the reaction mixture stirred at r.t. for 54 h. After this time, H2O (0.05 mL) 

and K2CO3/MeOH (0.11 mL, 10 mg/mL) was added, and the reaction stirred at r.t. for 30 

min. The reaction mixture was diluted with H2O (1 mL) and extracted with DCM (3 x 3 

mL), and the organic layers washed with HCl (2 x 5 mL, 0.1 M), H2O (10 mL) and brine 

(10 mL), dried over MgSO4, and concentrated in vacuo. Then residue was purified by 

gradient silica gel flash column chromatography (PE/EA, 50:1  15:1 v/v) to give 3a 

eluting in 15:1 as a white solid (67%). Rf = 0.83 (PE/EA, 3:1, v/v); IR (film) 2922, 2853, 
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1708, 1463,1378, 1256, 1099, 832, 740, 666 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.01-

3.99 ( m, 1H, H-2), 2.39-2.36 (m, 1H, H-3), 1.69-64 (m, 1H, H-4a), 1.53-1.48 (m, 1H, H-

4b), 1.34-1.25 (m, 39H, H-5–H-22 and CH3-1), 0.92 (s, 9H, SiC(CH3)3), 0.88 (t, 3H, CH3-

23), 0.14 (1 s, 3H, Si(CH3)), 0.13 (1 s, 3H, Si(CH3)); 
13C NMR (125 MHz, CDCl3) δ 

175.0 (C-3ʹ), 69.6 (C-2), 53.3(C-3), 31.9, 29.7, 29.65, 29.61, 29.5, 29.4, 29.4, 29.3, 27.3, 

22.1 (C-4–C-22), 25.6 (SiC(CH3)3), 22.7 (C-1), 17.8 (SiC(CH3)3), 14.1 (C-23), -4.3, -5.1 

(Si(CH3)2); HRMS (ESI): calcd. for [C30H62O3Si-H]-: 497.4395; obsd.: 497.4395. 

 

(R)-Ethyl 2-((R)-1-methoxyethyl)docosanoate (24) and (R)-

Methyl 2-((R)-1-methoxyethyl)docosanoate (25). NaH (44.5 mg, 

1.363 mmol) was added to a solution of 21 (34.0 mg, 0.082 mmol) 

in MeI (3.5 mL) and the reaction mixture stirred at r.t. for 24 h. The 

reaction was quenched with MeOH, concentrated in vacuo, and 

purified by gradient silica gel flash column chromatography to give 

the desired methoxy-derivative in a 5:1 mixture of 24/25, as a white 

solid (30.5 mg, 0.072 mmol, 87%). Rf = 0.74 (PE/EA, 3:1, v/v); [α]D
21 = +6.0 (c = 1.0, 

CHCl3); IR (film) 2921, 2852, 1735, 1465, 1377, 1178, 1030, 721 cm-1; 1H NMR (500 

MHz, CDCl3) δ 4.20-4.13 (m, 2H, 3ʹ-OCH2CH3), 3.49-45 (m, 1H, H-2), 3.29 (s, 3H, 2-

OCH3), 2.47-2.39 (m, 1H, H-3), 1.54-1.51 (m, 1H, H-4a), 1.44-1.40 (m, 1H, H-4b), 1.28-

1.25 (m, 39H, H-5–H-22 and 3ʹ-OCH2CH3), 1.15 (d, J1,2 = 6.1 Hz, 3H, 1-CH3), 0.86 (t, J 

= 7.0 Hz, 3H, CH3-23); 13C NMR (125 MHz, CDCl3) δ 174.7 (C-3ʹ), 78.2 (C-2), 60.1 (3ʹ-

OCH2CH3), 56.6 (2-OCH3), 52.3 (C-3), 31.9, 29.7, 29.6, 29.5, 29.4, 29.4, 28.1, 28.0, 27.5, 

22.7 (C-4–C-22), 16.3 (C-1), 14.3 (3ʹ-OCH2CH3), 14.1 (C-23); HRMS (ESI): calcd. for 

[C27H54O3+H]+: 427.4146; obsd.: 427.4148; calcd. for [C26H52O3+H]+: 413.3989; obsd.: 

413.3779. 

 

(R)-2-((R)-1-methoxyethyl)docosanoic acid (3b). LiCl (31 mg, 0.73 

mmol) and LiOH/H2O (0.34 mL, 1 M, 0.34 mmol) was added to a 

solution of 23 (14.5 mg, 0.034 mmol) in pyridine (1.5 mL), and the 

resulting mixture was refluxed for 19 h. After this time, additional LiOH/H2O (0.34 mL, 

1 M, 0.34 mmol) was added and the reaction refluxed for a further 8 h, then quenched 

with HCl (1 M) and concentrated under reduced pressure. The resultant oil was 

partitioned between EtOAc (3 mL) and water (3 mL), and the organic layer washed with 

water (3 mL) and brine (3 mL). The aqueous layer was extracted with EtOAc twice more 
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(2 x 3 mL) and washed with water and brine. The combined organic layers were dried 

over MgSO4, and concentrated in vacuo, and the crude product was purified by gradient 

silica gel flash column chromatography (PE/EA, 30:1  5:1, v/v) to give 3b as a white 

solid (10.8 mg, 0.027 mmol, 80%); Rf = 0.54 (PE/EA, 3:1, v/v); IR (film) 3212, 2917, 

2849, 1708, 1461, 1377, 1226, 730 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.52 (quin, J = 

6.2 Hz, 1H, H-2), 3.37 (s, 3H, 2-OCH3), 2.47 (quin, J = 4.8 Hz, 1H, H-3), 1.64-1.60 (m, 

1H, H-4a), 153-1.50 (m, 1H, H-4b), 1.31-1.25 (m, 36H, H-5–H-22), 1.21 (d, J1,2 = 6.1 

Hz, 1-CH3), 0.88 (t, J = 6.6 Hz, 3H, CH3-23); 13C NMR (125 MHz, CDCl3) δ 177 (C-3ʹ), 

77.5 (C-2), 56.8 (2-OCH3), 52.1 (C-3), 31.9, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 27.4, 22.7 

(C-5–C-22), 28.6, (C-4), 16.6 (C-1), 14.1 (C-23); HRMS (ESI): calcd. for [C25H50O3-H]-

: 397.3687; obsd.: 397.3688. 

 

(R)-2-((S)-oxiran-2-yl)docosanoic acid (3c). To a solution of 5 (25.2 

mg, 0.061 mmol) in THF/H2O/MeOH (12:2:1, 2 mL) was added 

LiOH·H2O (12.9 mg, 0.31 mmol). After stirring at r.t. for 7 h, the 

reaction mixture was quenched with HCl (1 M), extracted with hot EtOAc (3 x 3 mL), 

and the combined organic layers washed with water, brine, dried over MgSO4, and 

concentrated in vacuo. The crude product mixture was purified by gradient silica gel flash 

column chromatography (PE/EA, 30:1  0:1 v/v) to give 3c as a white solid (8.7 mg, 

0.023 mmol, 37%). Rf = 0.45 (PE/EA, 2:1, v/v); IR (film) 2914, 2847, 1729, 1463, 1377, 

1141, 719 cm-1; 1H NMR (300 MHz, CDCl3) δ 3.17 (ddd, J2,3 = 7.8 Hz, J2,1a = 4.1 Hz, 

J2,1b = 2.7 Hz, 1H, H-2), 2.87 (dd, J1a,1b = 4.8Hz, J1a,2 = 4.1 Hz, 1H, H-1a), 2.60 (dd, J1a,1b 

= 4.8 Hz, J1b,2 = 2.7 Hz, 1H, H-1b), 2.20 (dd, J3,4 = 14.6 Hz, J2,3 = 7.8 Hz, 1H, H-3), 1.83-

1.73 (m, 1H, H-4a), 1.71-1.62 (m, 1H, H-4b), 1.35-1.22 (m, 36 H, H5–H-22), 0.90 (t, J = 

6.8 Hz); 13C NMR (150 MHz, CDCl3) δ 52.4 (C-2), 48.5 (C-3), 46.6 (C-1), 31.9, 29.7, 

29.7, 29.6, 29.6, 29.5, 29.4, 22.7 (C-6–C22), 29.0 (C-4), 27.2 (C-5), 14.1 (C-23); HRMS 

(ESI): calcd. for [C24H46O3-H]-: 381.3374, obsd.: 381.3378. 

 

2,2ʹ,3,3ʹ,4,4ʹ-Hexa-O-trimethylsilyl-α,αʹ-ᴅ-trehalose 

(4). α,α-ᴅ-Trehalose dihydrate 6 (0.253 g, 0.667 mmol) 

was co-evaporated with anhydrous DMF (2 x 5 mL) 

and then dissolved in DMF (1 mL). N,O-

bis(trimethylsilyl)acetamide (1.4 mL, 5.74 mmol, 8.6 
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equiv.) and TBAF (0.04 mL, 0.04 mmol, 0.06 equiv.) were added and the reaction 

mixture stirred at r.t. for 2.5 h, after which time the reaction mixture was quenched with 

isopropanol (0.25 mL), diluted with MeOH (15 mL) and cooled to 0 °C. K2CO3 solution 

(20 mL, 0.03 M, 0.67 mmol) was added and the reaction stirred at 0 °C for 2 h before 

being neutralised with AcOH (0.1 mL), concentrated in vacuo and partitioned between 

Et2O and brine. The aqueous layer was extracted with Et2O (2 x 30 mL) and the combined 

organic layers dried over MgSO4 and concentrated in vacuo. The crude product was 

purified by gradient silica gel flash column chromatography (PE/EA, 5:1  3:1, v/v) to 

give 4 as a white solid (0.412 g, 0.531 mmol, 80%). Rf = 0.36 (PE/EA, 3:1, v/v); IR (film) 

3495, 2957, 1386, 1249, 1108, 1074, 832, 746 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.90 

(d, J1,2 = 2.9 Hz, 2H, H-1), 3.89 (t, J = 9.2 Hz, 2H, H-3), 3.86-3.84 (m, 2H, H-5), 3.73-

3.67 (m, 4H, H-6a and H-6b), 3.48 (t, J = 9.2 Hz, 2H, H-4), 3.42 (dd, J2,3 = 9.2 Hz, J2,1 = 

2.9 Hz, 2H, H-2), 1.77 (2H, 6-OH), 0.16, 0.14, 0.12 (3 s, 54H, 6 x Si(CH3)3); 
13C NMR 

(125 MHz, CDCl3) δ 94.6 (C-1), 73.3 (C-3), 72.9 (C-5), 72.7 (C-2), 71.4 (C-4), 61.6 (C-

6), 1.0, 0.8, 0.1 (Si(CH3)3); HRMS (ESI): calcd. for [C30H70O11Si6+Na]+: 797.3426; 

obsd.: 797.3438. 

 

2ʹ,2ʹʹ,3ʹ,3ʹʹ,4ʹ,4ʹʹ-hexa-O-trimethylsilyl-6-O-[(R)-2-

((R)-1-(tert-Butyldimethylsilyloxy)ethyl)docosanoyl]-

6ʹʹ-hydroxy-αʹ,αʹʹ-D-trehalose (27). To a solution of 

TMS-trehalose 4 (4.2 mg, 0.0054 mmol) and protected 

mycolic acid 3a (10.7 mg, 0.021 mmol) in toluene (1.5 

mL) was added EDCI (6.7 mg, 0.035 mmol) and DMAP 

(1.3 mg, 0.011 mmol). The reaction mixture was stirred at 55 °C for 8 d, with additional 

reagents added after 1 d (DMAP, 2.6 mg, 0.021 mmol), 5 d (DMAP, 1.3 mg, 0.011 mmol; 

EDCI, 2.1 mg, 0.011 mmol), and 6 d (DMAP, 3.2 mg, 0.026 mmol). The resulting 

precipitate was filtered and washed with EtOAc (10 mL) and concentrated in vacuo. The 

resultant oil was redissolved in EtOAc (3 mL) and washed with water (3 mL) and brine 

(3 mL). The aqueous layer was extracted with EtOAc (2 x 3 mL) and washed with water 

and brine, and the combined organic layers were dried over MgSO4, and concentrated in 

vacuo. The crude product was purified by gradient silica gel flash column 

chromatography (PE/EA, 40:1  5:1, v/v) followed by size exclusion chromatography 

on lipophilic sephadex (DCM/MeOH, 1:1) to give 27 as a colourless oil, (2.5 mg, 0.0016 
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mmol, 29%). Rf = 0.69 (PE/EA, 5:1, v/v); IR (film) 2955, 2923, 2853, 1740, 1462, 1380, 

1250, 1109, 1075, 872, 835, 748 cm-1; 1H NMR (600 MHz, CDCl3) δ 4.91 (d, J1ʹʹ,2ʹʹ = 3.1, 

1H, H-1ʹʹ), 4.83 (d, J1ʹ,2ʹ = 3.1 Hz, 1 H, H-1ʹ), 4.37 (dd, J6ʹa,6ʹb = 11.8 Hz, J6aʹ,5ʹ = 2.3 Hz, 

1H, H-6ʹa), 4.08 (dd, J6ʹa,6ʹb = 11.8 Hz, J6bʹ,5ʹ = 4.8 Hz, 1H, H-6ʹb), 4.07-4.04 (m, 1H, H-

2), 3.99-3.92 (m, 1H, H-5ʹ), 3.90 (t, J = 8.7 Hz, 1H, H-3ʹ or H-3ʹʹ), 3.89 (t, J = 8.7 Hz, 

1H, H-3ʹ or H-3ʹʹ), 3.83 (dt, J5ʹʹa,4ʹʹ = 9.5 Hz, J5ʹʹ,6ʹʹab = 3.4 Hz, 1H, H-5ʹʹ), 3.71-3.64 (m, 

2H, H-6ʹʹa and H-6ʹʹb), 3.47 (t, J = 9.0 Hz, 1H, H-4ʹ or H-4ʹʹ), 3.46 (t, J = 9.0 Hz, 1H, H-

4ʹ or H-4ʹʹ), 3.42 (dd, J2ʹʹ,3ʹʹ = 9.3 Hz, J2ʹʹ,1ʹʹ = 3.1 Hz, 1H, H-2ʹʹ), 3.39 (dd, J2ʹ,3ʹ = 9.4 Hz, 

J2ʹ,1ʹ = 3.1 Hz, 1H, H-2ʹ), 2.46-2.23 (m, 1H, H-3), 1.72-1.66 (m, 2H, H-4a and H-4b), 

1.34-1.25 (m, 36 H, H-5–H-22), 1.11 (d, J1,2 = 6.1 Hz, 3H, CH3-1), 0.91 (s, 9H, TBS-

SiC(CH3)3), 0.87 (t, J = 6.0 Hz, 3H, CH3-23), 0.16–0.03 (m, 60H, TBS-Si(CH3)2 and 6 x 

TMS-Si(CH3)3); 
13C NMR (150 MHz, CDCl3) δ 174.3 (C=O), 94.4 (C-1ʹʹ), 94.2 (C-1ʹ), 

73.4 (C-3ʹ/3ʹʹ), 73.3 (C-3ʹ/3ʹʹ), 72.83 (C-5ʹʹ), 72.76 (C-2ʹʹ), 72.66 (C-2ʹ), 72.0 (C-4ʹ), 71.4 

(C-4ʹʹ), 70.8 (C-5ʹ), 69.7 (C-2), 62.5 (C-6ʹ), 61.7 (C-6ʹʹ), 54.1 (C-3), 31.9, 29.8, 29.71, 

29.68, 29.66, 29.5, 29.47, 29.37, 27.9, 26.9, 25.8, 22.6 (C-4–C-22), 25.8 (TBS-

SiC(CH3)3), 20.6 (C-1), 18.0 (TBS-SiC(CH3)3), 14.1 (C-23), -4.5, -5.0 (TBS-Si(CH3)2); 

1.06, 1.00, 0.96, 0.85, 0.18, 0.05 (TMS-Si(CH3)3); HRMS (ESI): calcd. for 

[C60H130O13Si7+NH4]
+: 1272.8235; obsd.:1272.8094.  

 

6ʹ-O-[(R)-2-((R)-1-Hydroxyethyl)docosanoyl]-6ʹʹ-

hydroxy-αʹ,αʹʹ-ᴅ-trehalose (1a). A solution of TME 27 (2.0 

mg, 0.0016 mmol) in pyridine (17 μL) was treated with 

HF·pyridine (70% HF in pyridine, 5.8 μL, 0.0223 mmol). 

The reaction was neutralised with aq. Ca(OAc)2 (1.0 M, 0.11 

mL) after 20 h and the resulting precipitate filtered, washed 

with pyridine (3 mL), and concentrated in vacuo. The crude product was purified by size 

exclusion chromatography on lipohilic sephadex (DCM/MeOH, 1:1) to give 1a as a white 

solid (1.0 mg, 0.0014 mmol, 88 %). 1H NMR (600 MHz, CD3OD) δ 5.09-5.08 (m, 2H, 

H-1ʹ and H-1ʹʹ), 4.47 (dd, J6ʹa,6ʹb = 12.1 Hz, J6aʹ,5ʹ = 2.1 Hz, 1H, H-6ʹa), 4.17 (dd, J6ʹa,6ʹb = 

11.8 Hz, J6bʹ,5ʹ = 5.3 Hz, 1H, H-6ʹb), 4.07-4.04 (m, 1H, H-5ʹ), 3.89 (quin, J1,2 = J2,3 = 6.9 

Hz, 1H, H-2), 3.83-3.80 (m, 1H, H-5ʹʹ), 3.80-3.76 (m, 2H, H-3ʹ and H-3ʹʹ), 3.68-3.64 (m, 

2H, H-6ʹʹa and H-6ʹʹb), 3.46 (dd, J2,3 = 9.9 Hz, J1,2 =3.7 Hz, 2H, H-2ʹ and H-2ʹʹ), 3.35-

3.32 (m, 2H, H-4ʹ and H-4ʹʹ), 2.39-2.36 (m, 1H, H-3), 1.61-1.57 (m, 1H, H-4a), 1.49-1.44 

(m, 1H, H-4b), 1.39-1.28 (m, 36H, H-5–H-22), 1.19 (d, J1,2 = 6.5 Hz, 3H, CH3-1), 0.90 
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(t, J = 7.1 Hz, 3H, CH3-23); 13C NMR (150 MHz, CD3OD) δ 174.7 (C=O), 93.8 (C-1ʹ/1ʹʹ), 

93.7 (C-1ʹ/1ʹʹ), 73.1 (C-3ʹ/3ʹʹ), 73.0 (C-3ʹ/3ʹʹ), 72.4 (C-5ʹʹ), 71.8 (C-2ʹʹ), 71.7 (C-2ʹ), 70.6 

(C-4ʹ/4ʹʹ), 70.5 (C-4ʹ/4ʹʹ), 70.0 (C-5ʹ), 68.4 (C-2), 63.0 (C-6ʹ), 61.2 (C-6ʹʹ), 54.3 (C-3), 

31.7, 29.4, 29.36, 29.33, 29.26, 29.15, 29.06, 28.2, 27.3, 26.4, 22.3, 19.7 (C-1, C-4–C-

22), 13.0 (C-23); HRMS (ESI): calcd. for [C36H68O13+NH4]
+: 726.4998; obsd.: 726.4982. 

 

2ʹ,2ʹʹ,3ʹ,3ʹʹ,4ʹ,4ʹʹ-Hexa-O-trimethylsilyl-6ʹ-O-[(R)-2-

((R)-1-(methoxyethyl)docosanoyl]-6ʹʹ-hydroxy-

αʹ,αʹʹ-ᴅ-trehalose (29). EDCI (9.4 mg, 0.049 mmol) 

and DMAP (1.8 mg, 0.015 mmol) were added to a 

solution of TMS-trehalose 4 (5.6 mg, 0.0073 mmol) 

and mycolic acid 3b (11.6 mg, 0.029 mmol) in toluene 

(1.5 mL). The reaction was stirred at 55 °C for 24 h, after which time additional DMAP 

(1.8 mg, 0.015 mmol) was added and the reaction stirred for a further 7 d. The resulting 

precipitate was filtered, washed with EtOAc (10 mL) and concentrated in vacuo. The 

resultant oil was redissolved in EtOAc (3 mL) and washed with water (3 mL) and brine 

(3 mL). The aqueous layer was extracted with EtOAc (2 x 3 mL) and washed with water 

and brine, and the combined organic layers were dried over MgSO4, filtered, and 

concentrated in vacuo. The crude product was resubmitted to reaction with EDCI (9.3 

mg, 0.049 mmol) and DMAP (5.0 mg, 0.041 mmol) in toluene (1.5 mL). After stirring at 

58 °C for a further 6 d, the reaction mixture subjected to the afore mentioned workup 

procedure, and purified by gradient silica gel flash column chromatography (PE/EA, 40:1 

 5:1, v/v) to give 29 as a colourless oil (2.1 mg, 0.0018 mmol, 25%). Rf = 0.68 (PE/EA, 

5:1, v/v); IR (film) 2923, 2853, 1739, 1460, 1379, 1250, 1108, 10751007, 840, 748 cm-

1; 1H NMR (500 MHz, CDCl3) δ 4.92 (broad s, 1H, H-1ʹʹ), 4.85 (broad s, 1 H, H-1ʹ), 4.52 

(d, J6ʹa,6ʹb = 11.8 Hz, 1H, H-6ʹa), 4.04 (m, 1H, H-6ʹb), 3.99-3.97 (m, 1H, H-5ʹ), 3.90 (t, J 

= 9.1 Hz, 1H, H-3ʹ), 3.89 (t, J = 9.2 Hz, 1H, H-3ʹʹ), 3.83-3.81 (m, 1H, H-5ʹʹ), 3.69-3.66 

(m, 2H, H-6ʹʹa and H-6ʹʹb), 3.54 (t, J = 6.4 Hz, 1H, H-2), 3.51-3.44 (m, 2H, H-4ʹ and H-

4ʹʹ), 3.43-3.41 m, 1H, H-2ʹʹ), 3.38-3.37 (m, 1H, H-2ʹ), 3.29 (s, 3H, 2-OCH3), 2.56-2.51 

(m, 1H, H-3), 1.67-1.57 (m, 2H, H-4a and H-4b), 1.31-1.25 (m, 36 H, H-5–H-22), 1.14 

(d, J1,2 = 5.7 Hz, 3H, CH3-1), 0.89-0.83 (m, 3H, CH3-23), 0.16, 0.15, 0.15, 0.14, 0 11 (5 

x s, 54H, 6 x Si(CH3)3; HRMS (ESI): calcd. for [C55H118O13Si6+Na]+: 1177.7080; obsd.: 

1177.7066.  
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6ʹ-O-[(R)-2-((R)-1-Methoxyethyl)docosanoyl]-6ʹʹ-

hydroxy-αʹ,αʹʹ-ᴅ-trehalose (1b). To a solution of TME 29 

(2.1 mg, 0.0018 mmol) in pyridine (20 μL) was added 

HF·pyridine (17% HF in pyridine, 2.24 μL, 0.0216 mmol). 

After 20 h the reaction was neutralised with aq. Ca(OAc)2 

(1.0 M) and the resulting precipitate filtered, washed with 

pyridine (3 mL), and concentrated in vacuo. The crude product was purified by size 

exclusion chromatography on lipohilic sephadex (DCM/MeOH, 1:1) to give 1b as a white 

solid (1.6 mg, 0.0021 mmol, quant.). 1H NMR (600 MHz, CD3OD) δ 5.08-5.07 (m, 2H, 

H-1ʹ and H-1ʹʹ), 4.40 (dd, J6ʹa,6ʹb = 12.0 Hz, J6aʹ,5ʹ = 2.1 Hz, 1H, H-6ʹa), 4.17 (dd, J6ʹa,6ʹb = 

11.7 Hz, J6bʹ,5ʹ = 5.0 Hz, 1H, H-6ʹb), 4.03-4.00 (m, 1H, H-5ʹ), 3.81-3.79 (m, 1H, H-5ʹʹ), 

3.79-3.74 (m, 2H, H-3ʹ and H-3ʹʹ), 3.67-3.62 (m, 2H, H-6ʹʹa and H-6ʹʹb), 3.52-3.49 (m, 

1H, H-2), 3.45 (dd, J2,3 = 9.9 Hz, J1,2 =3.7 Hz, 2H, H-2ʹ and H-2ʹʹ), 3.35-3.30 (m, 6H, 2-

OCH3, H-4ʹ and H-4ʹʹ), 2.47-2.44 (m, 1H, H-3), 1.48-1.41 (m, 2H, H-4a and H-4b), 1.35-

1.27 (m, 36 H, H-5–H-22), 1.12 (d, J1,2 = 6.1 Hz, 3H, CH3-1), 0.88 (t, J = 6.9 Hz, 3H, 

CH3-23); 13C NMR (150 MHz, CD3OD) δ 175.9 (C=O), 95.1 (C-1ʹ/1ʹʹ), 95.0 (C-1ʹ/1ʹʹ), 

79.4 (C-2), 74.6 (C-3ʹ/3ʹʹ), 74.4 (C-3ʹ/3ʹʹ), 73.8 (C-5ʹʹ), 73.15 (C-2ʹ/2ʹʹ), 73.13 (C-2ʹ/2ʹʹ), 

71.91 (C-4ʹ/4ʹʹ), 71.86 (C-4ʹ/4ʹʹ), 71.4 (C-5ʹ), 64.3 (C-6ʹ), 62.6 (C-6ʹʹ), 56.8 (2-OCH3), 

53.5 (C-3), 33.0, 30.74, 30.73, 30.6, 30.5, 30.4, 28.9, 28.5, 23.7, 16.6 (C-4–C-22), 14.4 

(C-23); HRMS (ESI): calcd. for [C37H70O13+NH4]
+: 740.5160; obsd.: 740.5134. 

 

2ʹ,2ʹʹ,3ʹ,3ʹʹ,4ʹ,4ʹʹ-Hexa-O-trimethylsilyl-6ʹ-O-[(R)-2-((S)-oxiran-2-yl)docosanoyl]-

6ʹʹ-hydroxy-αʹ,αʹʹ-ᴅ-trehalose (32) and 2ʹ,2ʹʹ,3ʹ,3ʹʹ,4ʹ,4ʹʹ-Hexa-O-trimethylsilyl-

6ʹ,6ʹʹ-di-O-[(R)-2-((S)-oxiran-2-yl)docosanoyl]-αʹ,αʹʹ-ᴅ-trehalose (33). To a solution 

of TMS-trehalose 4 (5.5 mg, 0.0071 mmol) and 

mycolic acid 3c (10.9 mg, 0.029 mmol) in toluene (1.5 

mL) was added EDCI (8.9 mg, 0.046 mmol) and 

DMAP (1.7 mg, 0.014 mmol). The reaction was stirred 

at 55 °C for 5 d, with additional DMAP (1.5 mg, 0.012 

mmol) added after 20 h. The resulting precipitate was 

filtered, washed with EtOAc (10 mL) and concentrated in vacuo. The resultant oil was 

redissolved in EtOAc (3 mL) and washed with water (3 mL) and brine (3 mL). The 

aqueous layer was extracted with EtOAc (2 x 3 mL) and washed with water and brine, 

and the combined organic layers were dried over MgSO4, and concentrated in vacuo. The 
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crude product was purified by gradient silica gel flash 

column chromatography (PE/EA, 30:1  0:1, v/v) to 

give 32 (3.4 mg, 0.0029 mmol, 42%) and 33 (1.6 mg, 

0.0010 mmol, 15%) as colourless oils. 32: Rf = 0.58 

(PE/EA, 5:1, v/v), IR (film) 2956, 2924, 2853, 1740, 

1458, 1377, 1251, 1166, 1076, 1007, 842, 735 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 4.92 (d, J1ʹʹ,2ʹʹ = 2.7, 1H, H-

1ʹʹ), 4.88 (d, J1ʹ,2ʹ = 2.2 Hz, 1 H, H-1ʹ), 4.47 (d, J6ʹa,6ʹb = 12.0 Hz, 1H, H-6ʹa), 4.10 (dd, 

J6ʹa,6ʹb = 11.7 Hz, J6bʹ,5ʹ = 3.9 Hz, 1H, H-6ʹb), 4.01-3.99 (m, 1H, H-5ʹ), 3.91 (t, J = 9.2 Hz, 

1H, H-3ʹ), 3.89 (t, J = 9.5 Hz, 1H, H-3ʹʹ), 3.84-3.82 (m, 1H, H-5ʹʹ), 3.72-3.66 (m, 2H, H-

6ʹʹa and H-6ʹʹb), 3.50 (t, J = 9.1 Hz, 1H, H-4ʹ), 3.47 (t, J = 8.7 Hz, 1H, H- H-4ʹʹ), 3.42 

(dd, J2ʹ/2ʹʹ,3ʹ/3ʹʹ = 9.3 Hz, J2ʹ/2ʹʹ,1ʹ/1ʹʹ = 2.8 Hz, 2H, H-2ʹ and H-2ʹʹ), 3.17-3.15 (m, 1H, H-2), 

2.82-2.80 (m, 1H, H-1a) 2.56-2.55 (m, 1H, H-1b), 2.24 (q, J = 7.0 Hz, 1H, H-3), 1.74-

1.71 (m, 1H, H-4a), 1.62-1.57 (m, 1H, H-4b), 1.34-1.25 (m, 36 H, H-5–H-22),0.89-0.83 

(m, 3H, CH3-23), 0.16, 0.15, 0.15, 0.14, 0.14, 0.13 (6 x s, 54H, TMS-CH3’s); 13C NMR 

(125 MHz, CDCl3) δ 173.3 C=O), 94.4 (C-1ʹʹ), 94.3 (C-1ʹ), 73.5 (C-3ʹ), 73.3 (C-3ʹʹ), 72.9 

(C-5ʹʹ), 72.8 (C-2ʹʹ), 72.6 (C-2ʹ), 71.9 (C-4ʹ), 71.4 (C-4ʹʹ), 70.8 (C-5ʹ), 63.2 (C-6ʹ), 61.7 

(C-6ʹʹ), 52.5 (C-2), 48.7 (C-3), 46.2 (C-1), 31.9, 29.7, 29.7, 29.6, 29.6, 29.4, 29.4, 27.3, 

22.7 (C-5-C-22), 29.0 (C-4), 14.1 (C-23), 1.1, .0, 0.9, 0.8, 0.2, 0.1 (TMS-CH3’s); HRMS 

(ESI): calcd. for [C54H114O13+NH4]
+: 1156.7213; obsd.: 1156.7195. 33: Rf = 0.53 

(PE/EA, 5:1, v/v); IR (film) 2922, 2852, 1740, 1464, 1377, 1251, 1163, 1110, 1076, 1008, 

841, 739 cm-1; 1H NMR (300 MHz, CDCl3) δ 4.90 (d, J1ʹ,2ʹ = 2.3 Hz, 1 H, H-1ʹ), 4.50-

4.46 (m, H-6ʹa), 4.10-405 (m, 1H, H-6ʹb), 4.02-3.98 (m, 1H, H-5ʹ), 3.91 (t, J = 8.7 Hz, 

1H, H-3ʹ), 3.51 (t, J = 9.1 Hz, 1H, H-4ʹ), 3.42 (dd, J2ʹ,3ʹ = 12.0 Hz, J2ʹ,1ʹ = 2.9 Hz, 1H, H-

2ʹ), 3.18-3.14 (m, 1H, H-2), 2.81 (t, J1a,1b = J1a,2 = 5.0 Hz, 1H, H-1a), 2.57-2.55 (m, 1H, 

H-1b), 2.30-2.25 (m, 1H, H-3), 1.77-1.68 (m, 2H, H-4a and H-4b), 1.34-1.20 (m, 36 H, 

H-5–H-22),0.90-0.84 (m, 3H, CH3-23), 0.16-0.11 (m, 54H, TMS-CH3’s); HRMS (ESI): 

calcd. for [C80H162O13Si6+Na]+: 1522.0523; obsd.: 1522.0587. 

 



91 
 

6ʹ-O-[(R)-2-((S)-oxiran-2-yl)docosanoyl]-6ʹʹ-hydroxy-

αʹ,αʹʹ-ᴅ-trehalose (1c). To a solution of TME 32 (2.4 mg, 

0.0021 mmol) in pyridine (20 μL) was added HF·pyridine 

(17% HF in pyridine, 2.29 μL, 0.0211 mmol). After 11 h the 

reaction was neutralised with aq. Ca(OAc)2 (1.0 M) and the 

resulting precipitate filtered, washed with pyridine (3 mL) 

and MeOH/DCM (3 mL, 1:1, v/v), and concentrated in vacuo. The crude product was 

purified by size exclusion chromatography on lipohilic sephadex (DCM/MeOH, 1:1) to 

give a mixture of products including 1c. HRMS (ESI): calcd. for [C36H66O13+NH4]
+: 

724.4847; obsd.: 724.4837. 

 

6ʹ,6ʹʹ-di-O-[(R)-2-((S)-oxiran-2-yl)docosanoyl]-αʹ,αʹʹ-ᴅ-

trehalose (2c). To a solution of TME 33 (2.1 mg, 0.0014 

mmol) in pyridine (20 μL) was added HF·pyridine (17% HF 

in pyridine, 1.45 μL, 0.0140 mmol). After 24 h the reaction 

was neutralised with aq. Ca(OAc)2 (1.0 M) and the resulting 

precipitate filtered, washed with pyridine (3 mL) and 

MeOH/DCM (3 mL, 1:1, v/v), and concentrated in vacuo to 

yield 2c as a mixture of products. HRMS (ESI): calcd. for [C60H110O15+NH4]
+: 

1088.8183; obsd.: 1088.8087. 
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