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1.1 General Introduction 

 

The first time sphingolipids (SLs) were identified was in the 19th century as major constituents 

of brain tissue by Johan Ludwig Wilhelm Thudichum, who named sphingosine (So), like the 

sphinx, due to their enigmatic nature at the time.1 Later, it was found that SLs were universal 

components of the membranes in eukaryotic cells, as well as in some species of bacteria and 

fungi.2 Over the last three decades, these molecules have shown not only structural functions, 

but also play the role of signalling molecules.3 

Nowadays, SLs metabolites, such as ceramide (Cer), ceramide-1-phosphate (C1P) and 

sphingosine-1-phosphate (S1P), have emerged as important signalling molecules that regulate 

cell growth, survival, immune cell trafficking, vascular and epithelial integrity and are also 

particularly important in inflammation and cancer (Figure 1.1).3–5 

An alteration in the metabolism of SLs leads to the establishment of inherit diseases called 

sphingolipidoses, which are mainly caused by defects in genes encoding proteins involved in 

the lysosomal degradation of SLs. Most sphingolipidoses are associated with high mortality 

and are considered as rare disorders, with a collective frequency of 1 in 7000–8000 live births. 

The development of inhibitors of the enzymes involved in their metabolism may be crucial for 

establishing new therapeutic strategies for the treatment of these diseases.6,7 

Thanks to the recent research it is an exciting time to study SLs: firstly, most of the regulatory 

enzymes involved in their metabolism have been cloned, which allowed the discovery of the 

physiological functions of SLs metabolites. Besides, the progress in advanced mass 

spectroscopic techniques has brought the ‘omics’ revolution to SLs, allowing for the 

simultaneous analysis and quantification of multiple species. Finally, several SLs signalling 

protein structures have been solved, allowing a rational drug design and the development of 

inhibitors of enzymes involved in signalling pathways.4 

 

 

1.2 Structure of the sphingolipids  

 

SLs are characterized by a sphingoid base, which consists of a C18 carbon chain that can be 

saturated or monounsaturated and a polar 2-amino-1,3-diol head, which can be N-acylated 

with fatty acids of variable length and unsaturations or functionalized at the C1 hydroxyl group 

to give complex SLs. The structures of the main SLs are shown in Figure 1.1. 
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Sphinganine (Sa) has two chiral centres (C2 and C3), and D-erythro (2S,3R)-sphinganine is the 

natural isomer. For So, the same 2S,3R stereoisomer is found in nature and the double bond 

has a trans-configuration. 

 

Figure 1.1. Structures of the main bioactive sphingolipids (n represents different acyl chain lengths). 

 

 

1.3 Metabolism of sphingolipids  

 

The SLs metabolism starts with a common metabolic entry point in the endoplasmic reticulum 

(ER) with the condensation of serine and palmitoyl-CoA by serine palmitoyltransferase (SPT) in 

the de novo pathway (green path in Figure 1.2), and a single exit point mediated by 

sphingosine-1-phosphate lyase (S1PL), which breaks down S1P irreversibly into 

phosphoetanolamine (PE) and trans-2-hexadecenal (red path in Figure 1.2), which, in turn, can 

be converted into hexadecenoic acid, which is utilized for the formation of palmitoyl-CoA and 

subsequently reincorporated into lipid metabolic pathways.3,4,8  

The intermediate metabolic steps in SLs biosynthesis constitute an interconnected complex 

network, highly compartmentalized, where Cer and, to a lesser degree, dihydroceramide 

(DhCer), play a central role in SLs biosynthesis and catabolism, which mainly occurs in the Golgi 

apparatus. There are two ways to transport Cer from ER to the Golgi: by the ceramide transfer 

protein (CERT) or by vesicular transport. Cer can also be generated in the plasma membrane, 

in the lysosome and in the mitochondria by the action of sphingomyelinases (SMases), 

resulting in compartment-specific Cer generation.3,4,9 The SLs metabolic pathways above 

described are detailed in Figure 1.2. 



 
 

 

 

Figure 1.2. The sphingolipid metabolic pathway. CDase (ceramidase), CK (ceramide kinase), CPPase (ceramide phosphate phosphatase), GalCase (galactosyl ceramidase), 

GalCS (galactosylceramide synthase), GCase (glucosyl ceramidase), GCS (glucosylceramide synthase), KDSR (3-ketosphinganine reductase), S1PL (sphingosine phosphate 
lyase), SK (sphingosine kinase), SMase (sphingomyelinase), SMS (sphingomyelin synthase), SPPase (sphingosine phosphate phosphatase), SPT (serine palmitoyl transferase). 
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As mentioned above, defects in proteins of SLs metabolism can cause severe diseases, as for 

example Gaucher disease, the most common form of the sphingolipidosis, caused by the 

deficiency of glucosylceramide-β-glucosidase leading to accumulation of glucosylceramide 

(GlcCer). Another example is Fabry disease, caused by an inborn deficiency of lysosomal α-

galactosidase A, which ends up with the accumulation of glycolipids in the affected tissues.6 

 

 

1.4 Sphingolipid signalling 

 

The abundant interconnections in SLs metabolism lead to a complex signalling pathway that 

the cell can modulate by regulating SLs interconversions, where an increase in the synthesis of 

one metabolite is linked to the decrease of the levels of another one.3 For example, the 

phosphorylation of So increases the levels of S1P and decreases, at the same time, the levels of 

So. Moreover, the relative levels of Cer, So, and S1P differ tremendously (Figure 1.3). As a 

result, the phosphorylation of just 1% of So can double the levels of S1P.3,10 

The changes in the relative concentrations of bioactive SLs bring about functional 

consequences as, for example, those derived from the balance between Cer and S1P in the 

so-called "sphingolipid rheostat" that controls cell fate.3,10,11 

The cell monitors the SLs levels in the plasma membrane by a series of receptor proteins, 

including metabolism enzymes or transport proteins, among others, that bind mainly to SLs 

present at low concentrations, such as So or S1P. Alternatively, for SLs present at higher 

concentrations, changes in the physical properties of the membrane, such as fluidity, thickness 

or curvature can trigger cell responsiveness.12 

The regulation of SLs metabolism can be affected by multiple stimuli, like pathogens, oxidative 

stress and cytokines, that can modulate key SLs metabolic enzymes in a spatial and temporal 

manner leading to the restricted production of Cer, C1P and S1P on specific compartments 

that determine a different biological activity.4,13 

 

 

1.4.1 Ceramide (Cer) 

 

Cer is a “hub” in sphingolipid metabolism, serving as a precursor of C1P, SM and complex SLs. 

Moreover, in the degradative pathway, Cer is the precursor of So, which in turn is the 

precursor of S1P. 
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Cer transmits intracellular signalling through the formation of Cer-enriched membrane 

microdomains, which can be altered ending up with changes in the membrane composition 

and with interactions of lipids or signalling proteins. These membrane microdomains have 

been implicated in a variety of signalling cascades.4 

The implication of Cer as an important second messenger in numerous biological processes, 

such as regulation of apoptosis, cell growth, diabetes, insulin resistance, inflammation, 

neurodegenerative disorders and atherosclerosis in various stress responses and growth 

mechanisms, has been widely studied.3,7,14,15  

Nonetheless, Cer is not always a proapoptotic or an anti-proliferative metabolite. In fact, it is 

now clear that Cer can prevent neurons from entering apoptosis.16,17  

In the last few years, a new paradigm has emerged that integrates significant advances in the 

field. In the so-called “many ceramides hypothesis”, each Cer species has the potential to elicit 

a unique cellular response derived from differences in the structure of the bioactive molecule, 

the protein targets or the subcellular localization.13 

Thus, given the interconnection of the different lipid metabolites, the interpretation of the 

signalling pathways caused by Cer becomes a complex process. For example, tumour necrosis 

factor (TNF) may activate SMase to generate Cer. In a subsequent step, CDase or ceramide 

kinase (CK) may act on this metabolite to generate So or ceramide-1-phosphate (C1P), 

respectively. These new metabolites may then mediate their own specific actions, and so on. 

These interconnections complicate the attempts at analysing the specific pathways of Cer 

metabolism and functions (Figure 1.2).13 

 

 

1.4.2 Ceramide-1-phosphate (C1P) 

 

So far, the only known enzyme that catalyses the conversion of Cer into C1P in mammalian 

cells is CK, localized in the Golgi apparatus (Figure 1.3). 

C1P is a key regulator of cell proliferation and survival by the inhibition of SMase and Cer 

accumulation in macrophages. A down-regulation of CK in mammalian cells leads to a 

reduction of growth and promotion of apoptosis. Subsequently, C1P can regulate the release 

of arachidonic acid and the production of prostaglandins that give rise to some 

pro-inflammatory effects.4,7 

 

 



 
 

 

 

 

 

Figure 1.3. The main role of bioactive SLs cell biological responses. The numbers in brackets indicate the relative levels of these SLs. IL-1, interleukin-1; IGF; insulin-like 

growth factor; oxLDL, oxidized low-density lipoprotein; PDGF; platelet-derived growth factor; TNF, tumour necrosis factor; VEGF, vascular endothelial.   
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To date, the intracellular amount of C1P is not exactly known and it varies between cell types, 

but the basal amounts can be surprisingly high, like in macrophages RAW 264.7, where it 

accounts for one fourth of the amount of SM and several fold times those of Cer.18 

 

 

1.4.4 Sphingosine-1-phosphate (S1P) 

 

S1P has been implicated in many biological processes, including cell growth, suppression of 

apoptosis, stress responses, calcium homeostasis, cell migration, angiogenesis, differentiation 

and vascular maturation (Figure 1.3). 3,4,19–21  

Its intracellular levels are low and tightly regulated by the balance between its synthesis and its 

degradation. The biosynthesis of S1P is catalysed by sphingosine kinase (SK), an 

ATP-dependent phosphorylation enzyme. This enzyme is activated by many stimuli, which 

indicates its central regulating role. The degradation of S1P is mediated by two different 

pathways: the reversible dephosphorylation to So by specific phosphatases (SPPases) or the 

irreversible degradation in the ER by the 5’-pyridoxal phosphate (PLP)-dependent S1PL to 

2-hexadecenal and PE, which are subsequently reused for the biosynthesis of fatty acids and 

phosphatidylethanolamine, respectively (Figure 1.2).3,19 

S1P can be released to the extracellular medium by Spinster homologue 2 (SPNS2) or 

ATP-binding cassette (ABC) transporters, to become one of the most abundant biologically 

active lysophospholipids in circulation. Out of the cells, S1P can bind specific lipid G‒protein 

coupled S1PR1‒5 receptors or promote a downstream signalling pathway, playing essential 

roles in vascular development and endothelial integrity, control of cardiac rhythm, and 

immunity responses, including lymphocyte trafficking and differentiation, cell growth, cell 

survival, and cytokine and chemokine production, among others.4,7,22,23 

Recently, specific S1P receptor (S1PR) modulators have been developed and some of them 

have gained relevance in clinical practice. This is the case of FTY720 (Fingolimod, Gilenya®), a 

So analogue that can be phosphorylated by SKs to produce the S1PR ligand (S)-Fingolimod-P 

(Figure 1.4). FTY720 was the first orally active drug approved for the treatment of autoimmune 

diseases, such as multiple sclerosis. It is also use to reduce rejections following organ 

transplantations, and it is under consideration for other inflammatory and allergic 

disorders.7,24–27 
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Figure 1.4. Structures of Fingolimod and its active phosphorylated metabolite, a S1PR agonist.  

 

As seen in Cer, S1P not always promote cell proliferation and inhibit apoptosis, it depends on 

the compartment of the cell where S1P is generated. For that two different SK enzymes are 

described; SK1, located in cytosol, is associate with cell growth and inhibits apoptosis and SK2, 

located mostly in cell membranes, is related with inhibition of cell growth and a pro-apoptotic 

response.28 

These differences according to the compartmentalization of S1P and the metabolism of SLs are 

summarized in Figure 1.5.  

 

 

Figure 1.5. SK1 and SK2, two very closely related enzymes that use the same substrate and produce the 

same product, have opposite effects on cell survival and reveal their opposing functions in regulation of 
sphingolipid metabolism. 
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1.5 Sphingosine 1-phosphate lyase (S1PL) 

 

As indicated above, S1PL is a key PLP-dependent enzyme of SLs catabolism that catalyses the 

irreversible cleavage of S1P (Figure 1.3) and the unsaturated sphinganine-1-phosphate 

(Sa1P).29 The enzyme is located in the ER and possesses an N-terminal lumenal domain, a 

transmembrane segment and a soluble PLP-binding domain responsible for the catalytic 

activity. S1PL is active as a dimer, with two catalytic cavities to which each protomer 

contributes residues simultaneously (Figure 1.6).21,30  

 

 

Figure 1.6. Proposed arrangement of the PLP‒binding domain of yeast S1PL (Dpl1p).
30 

 

Together with SK and SPPases, S1PL regulates the intracellular levels of S1P and contributes to 

the “sphingolipid rheostat”, a system that controls the cell fate through the modulation of the 

ratio of intracellular proliferative S1P and the apoptogenic So and Cer.7,30–32 

When we started this thesis, at the end of year 2012, the only reported S1PL structures were 

those of yeast from Saccharomyces cerevisiae (Dpl1p)33 and the prokaryotic homolog from 

Symbiobacterium thermophilum (StS1PL),30 which were expressed in E.coli. In a more recent 

work, published in 2014, the expression of the human S1PL (hS1PL) in Sf9 insect cells, together 

with its crystal structure, was reported.34 
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Figure 1.7. Described mechanism for the cleavage of S1P by S1PL.  
 

The accepted catalytic mechanism for S1PL is summarized in Figure 1.7. The incoming S1P 

(step II) replaces the catalytic lysine as Schiff base partner of PLP, forming an external aldimine 

(step III). Retro-aldol cleavage occurs at the hydroxyl group of C3 of S1P (step III) and 

2-hexadecenal is released (step IV). The second external aldimine (step VII) results from 

reprotonation (step VI) of the quinonoid intermediate (step V). PE is then released (step VIII) 

and the internal aldimine is reformed (step I): the enzyme is now ready for a second 

turnover.30 The same mechanism applies if Sa1P is used as substrate, giving rise to hexadecanal 

and PE. 

 

Undoubtedly, the development of compounds that are able to specifically target sphingolipid 

metabolizing enzymes is a promising area of research, which will most likely provide new tools 

and drugs for the treatment of several disorders. In this context, the inhibition of S1PL has 

been related with autoimmune disorders, inflammation diseases or cellular deregulation in 

several types of cancer, among others,8,26,35,36 and it is considered a promising new target for 

drug development. 
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1.5.1 Sphingolipid analogues as S1PL inhibitors 

 

The first reported inhibitor of S1PL was 1-desoxydihydrosphingosine-1-phosphonate (30) 

(Figure 1.8). It was described as a competitive inhibitor, despite the compound behaves also as 

a substrate with a lower rate of cleavage in comparison with S1P. Due to its haemolytic 

properties, this phosphonate was proved to be highly toxic when administered intravenously.37 

The SL analogue 2-vinylsphinganine-1-phosphate (2VS1P), described as a mixture of 

stereoisomers (Figure 1.8) has also been reported as a potent SPL inhibitor.38 It will be 

discussed more deeply in section 1.6.  

Compound FTY720 (Fingolimod, Gilenya®) (Figure 1.4), initially reported as S1PR 1,3-5 agonist 

after its phosphorylation, is an immunomodulatory agent that was also reported as S1PL 

antagonist in vitro.39 However, this effect is only observed at concentrations around 100-fold 

higher than those required as S1P agonist.27  

 

 

1.5.2 Functional S1PL inhibitors 

 

The functional S1PL inhibitors reproduce a phenotypic S1PL inhibition in vivo, but they are not 

active on the isolated enzyme on in in vitro experiments. In this context, the vitamin B6 

antagonist 4-deoxypyridoxine (DOP) (Figure 1.8) has been reported as a S1PL inhibitor and also 

as a non-selective inhibitor of PLP-dependent enzymes.40,41 Although DOP does not inhibit S1PL 

in either cell-free of cell-based assays,35,42,43 it induces increased S1P concentrations in various 

tissues and cause reduction of lymphocyte numbers in circulation when administered in 

vivo,35,41 suggesting that DOP can act as an indirect S1PL inhibitor. Recently, Ohtoyo et al. 

reported that DOP can be phosphorilated by pyridoxal kinase in vitro to 4-deoxypyridoxine 

5’-phosphate (DOP-P) (Figure 1.8), which competes with PLP for the active site of apo-S1PL, 

resulting in the inhibition of the enzymatic activity.44 

A similar behavior is found for THI and structurally related analogs (Figure 1.8). Oral 

administration of 2-acetyl-4-tetrahydroxybutylimidazole (THI), originally identified as a minor 

constituent of caramel color III, caused lymphopenia in rodents,45 leading to a phenotype 

similar to that observed in mice expressing reduced levels of S1PL.35 As for DOP, these 

compounds only inhibit S1PL in vivo and its effect is reversed by excess dietary vitamin B6.
41 

However, very recently, it has been demonstrated that THI is metabolized to A6770, a 

metabolic intermediate that can be also phosphorylated to yield the active compound 
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A6770-P, which inhibits S1PL in the same way as DOP-P does.46 In addition, derivatives of THI, 

such as LX2931 and LX2932, have also been described.35,47 LX2931, was developed for the 

treatment of rheumatoid arthritis and was the first clinically studied inhibitor of S1PL. After its 

evaluation in phase I clinical trials in healthy human subjects it failed at phase II, apparently 

due to sub-therapeutic dosing.48 All these structures are shown in Figure 1.8. 

 

 

Figure 1.8. Functional described S1PL inhibitors.  

 

 

1.5.3 Non lipidic SPL inhibitors 

 

As a result of extensive HTS experiments, different inhibitors structurally unrelated to S1P have 

been reported on the last years. This is the case of the oxopyridylpyrimidine 1 (Figure 1.9), 

which was identified as a hit (IC50 = 2.1 µM as S1PL inhibitor) after a HTS performed by Lexicon. 

Compound 1 increased S1P levels 275 % over controls in HepG2 cells, despite it failed to elicit 

an in-vivo lymphopenic effect, probably because of tight protein binding.35 

Another massive screening carried out by Novartis ended up with an interesting S1PL inhibitor 

in the low micromolar range (IC50 = 2.4 µM), the piperazinophthalazine derivative 3a42,43 

(Figure 1.9). Interestingly, (S)-3a was significantly less potent (IC50 > 30 µM). After a lead 

optimization process, compounds 3b43 and 3c49 (Figure 1.9) were later reported as improved 

inhibitors acting in the submicromolar and nanomolar range (IC50 values of 0.21 µM and 0.024 

µM for 3b and 3c, respectively). The reported crystal structure of human S1PL in complex with 

3b demonstrated that the inhibitor is hosted in the substrate binding site.49,50 Besides, 

compound 3b is able to induce lymphopenia and confers protection in animal models of 

multiple sclerosis.34 
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Kashem and coworkers from Boehringer Ingelheim, reported the development of an HTS 

experiment which allowed a massive screening that led to the identification of compound 2, 

with an IC50 value of 1.6 µM, which was selected as an attractive starting point for the 

development of a new class of immunosuppressive drugs, since it induced dose-dependent 

lymphopenia in mice, with reduction levels similar than those described for the reference 

compound FTY720.34 

Very recently, AbbVie reported the discovery of isoxazolecarboxamide 4a, which behaved as a 

low micromolar S1PL inhibitor (in vitro IC50 = 1 µM, cell IC50 = 1.8 µM). Contrary to compound 

3a, the enantiomer (S)-4a (IC50 = 485 nM) was 2-fold more potent than the racemate, while the 

enantiomer (R)-4a was inactive. After a hit-to-lead process around 4a, compounds 4b and 4c 

were reported as potent S1PL inhibitors (for 4b: in vitro IC50 = 120 nM, cell IC50 = 230 nM; for 

4c: in vitro IC50 = 590 nM, cell IC50 = 240 nM), but with moderate metabolic stability.51,52 All 

these structures are shown in Figure 1.9. Likewise, several S1PL potential inhibitors based on a 

virtual screening approach, have been suggested.53  

However, Schümann et al. reported that both genetic and pharmacologic inhibition of S1PL in 

rodents resulted in kidney toxicity, skin irritation and platelet activation, among other effects. 

These results may limit the treatment of autoimmune diseases with S1PL inhibitors, if similar 

effects are observed in humans.54  

 

 

 

Figure 1.9. Non lipidic S1PL inhibitors. 
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1.6 Mechanism-based inhibitors 

 

Mechanism-based inhibitors are a type of irreversible inhibitors, generally competitive with 

the enzyme substrate, that give rise to a prolonged enzyme blockade via covalent bond 

formation. Unlike affinity labelling reagents (that initially bind reversibly to the active site of 

the enzyme prior undergoing covalent bond formation), mechanism-based inhibitors are 

unreactive compounds that bear a structural similarity to the substrate of a specific enzyme 

and are converted by the normal catalytic mechanism of that enzyme into a product that, 

before its release, inactivates the enzyme. Hence, these compounds act initially as substrates 

for the target enzyme and are also commonly referred to as suicide substrates.  

Mechanism-based inhibitors can be very specific for the target enzyme, or at the very least, 

highly selective for a family of enzymes that catalyze a common reaction. Therefore, molecules 

that act through this type of inactivation mechanism can be quite useful in human medicine.55 

 

As indicated above, in 1994, Boumendjel and Miller described the S1PL mechanism-based 

inhibitor 2VS1P, as a mixture of isomers, with an IC50 of 2.4 μM in rat liver microsomal 

preparations as enzyme source (Figure 1.8).38 The mechanism of this inhibitor was suggested 

to be similar to that found for other PLP-dependent enzymes, such as amino acid 

decarboxylases that are inhibited by α-amino derivatives bearing an unsaturation in the 

β,γ-position. A classic example of this type of inhibitors is found in Vigabatrin (Structure 5 in 

Figure 1.10), a GABA amino transferase (GABA-AT) inhibitor approved as antiepileptic drug. By 

the action of GABA-AT, the resulting intermediate Michael acceptor 7 (Figure 1.10) can 

irreversibly block the essential Lys329 present at the enzyme active site, thus giving rise to an 

irreversible enzyme blockade.56 

 

Figure 1.10. Mechanism-based inhibition of GABA-AT by Vigabatrin (5).
56 
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More recently,57,58 a series of cyclic analogues of GABA incorporating a fluoro or 

difluoromethylene unit have corroborated the above mechanism. 

 

 

1.7 General objectives 

 

Based on these precedents, we reasoned that compounds 24, which should be regarded as 

trimmed analogues of 2VS1P (Figure 1.8), should elicit a mechanism-based inhibition profile 

towards S1PL. In the light of the above mechanistic considerations, it is conceivable that the 

presence of the vinyl group gives rise to the highly reactive electrophilic intermediate 26 able 

to form an irreversible covalent bond by a Michael-type reaction with a nucleophilic residue 

close to the enzyme active site. The formation of this new bond would account for the 

irreversible inhibition expected for this family of compounds (Figure 1.11). 

 

 

Figure 1.11. Proposed inhibition mechanism for the stereoisomers of 24 on S1PL. 

 

The development of irreversible enzyme inhibitors, apart from their unquestionable use as 

pharmacological tools, is gaining relevance in drug design to broaden the opportunities 

provided by targeted covalent inhibitors.59  

 

Taking into account all the above considerations, the following objectives for the present 

doctoral thesis were considered: 

 

A. The synthesis of the four stereoisomers of 2-vinyl phosphates 24 and their corresponding Sa 

(31), So (JG) and Cer (48 and 52) analogues shown below. 
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B. Study the inhibitory profile of 24, JG and 31 against bacterial and human S1PL.  

C. Analysis of the sphingolipidome profile in selected cell lines for the most relevant analogues 

obtained in objective A. 

 

 

 



 
 

 

 

 

 

 

 

 

 

  



 
 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1 Approaches to enantiopure 2-vinyl sphingolipids 

from non-chiral or racemic precursors 
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Note: Along this Chapter, for the sake of clarity, we refer to each isomer according to the 

configuration deduced from the experiments described in detail in sections 2.1.5 and 2.1.10. 

 

2.1.1 Diastereoselective synthesis of (±)-syn and (±)-anti-2-vinyl aminophosphates 24 

 

The synthesis of enantiomerically pure 2-vinyl sphingolipids required a highly versatile building 

block to allow the access to all different stereoisomers of the modified sphingoid base. The 

reported building block 15 (Scheme 2.1.1),60 which provides the needed functional groups to 

build the polar head of the sphingolipid scaffold, together with a prostereogenic center, was 

selected for this purpose. Besides, building block 15 is easily synthesized starting from a cheap 

and commercially available starting material (Tris), as described in the literature.61 Thus, a 

simple and direct synthesis of 15 was carried out by submitting Tris to 

tert-butoxycarbonylation and acetalization in a one-pot process to give alcohol 12, followed by 

oxidation to aldehyde 13 in 82% combined yield.61 Wittig olefination of aldehyde 13 gave 14 in 

89% yield, which was converted to diol 15 by acetal hydrolysis in quantitative yield.60  

The N-Boc-protected aminodiol 15 contains the required 2-amino-2-vinyl-1,3-diol polar head of 

our required sphingolipid analogs. In order to introduce the sphingoid chain, transformation of 

15 into aldehyde (±)-17, followed by a Grignard reaction with an alkylmagnesium halide was 

considered. One of the approaches tested for the synthesis of (±)-17 was the oxidation of the 

free hydroxyl group of carbamate (±)-16, obtained from the intramolecular base-induced 

cyclization of 15. Unfortunately, none of the oxidation conditions tested (see Table 2.1.1) 

afforded the desired aldehyde (±)-17 and the starting material was recovered in all cases (All 

these reactions are summarized in Scheme 2.1.1). 

 

 

Scheme 2.1.1. Synthetic route for building block 15 and attempted synthesis of aldehyde (±)-17. 
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Oxidant Equiv/mol. Solvent T (ºC) Time (h) 

IBX 1.5 EtOAc 80 16 

IBX 3 EtOAc 80 16 

PCC 1.5 CH2Cl2 30 16 

PDC 2 CH2Cl2 30 16 

(COCl)2 

DMSO 

2.5 

3 
CH2Cl2 25 16 

Table 2.1.1. Attemps to oxidize alcohol (±)-16 to aldehyde (±)-17.  

 

Due to the lack of reactivity of alcohol (±)-16, another synthetic approach was devised. In this 

case, diol 15 was monosilylated to give (±)-18 in 84% yield and the resulting free alcohol was 

subsequently oxidized with IBX to afford aldehyde (±)-19 in 87% yield (Scheme 2.1.2).  

 

 

Scheme 2.1.2. Synthetic route for dimethyl phosphate esters 23. 

 

In order to optimize the Grignard addition to aldehyde (±)-19 (Scheme 2.1.2), the commercially 

available n-dodecylmagnesium bromide was used. Despite this leads to a C15 sphingoid base 

analog (or C17, taking into account the vinyl substituent), we considered not necessary at this 

point of the project the homologation of the alkyl chain to match the natural sphingolipid 

chain length. A comparative docking analysis of the C15 vs C18 analogs, using the human S1PL 

(hS1PL) as template,34 showed comparable results in terms of docking scores (see section 

2.3.6). 
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Addition of a 1M THF solution of commercial dodecylmagnesium bromide to aldehyde (±)-19 

led to the expected sphingoid analog 21 as a mixture of diastereomers in low yield (around 

30%), together with large amounts of n-dodecanol as a by-product. After several tests, we 

concluded that n-dodecanol was formed by hydrolysis of the corresponding alkoxide, already 

present (in around 50%) as an oxidation by-product of the Grignard reagent in the commercial 

solution. The oxidation of Grignard reagents by oxygen is a well-known reaction,62 which, in 

our case, could be minimized by using a freshly prepared reagent. This led to a considerable 

improvement of the reaction yield (around 80% for 21, obtained as an unseparable 7:3 

(±)-syn/(±)-anti mixture of diastereomers) and the almost negligible presence of n-dodecanol 

in the crude reaction mixtures after protic quenching. Attempts to isolate syn and anti isomers 

using semi-preparative HPLC (PDA detector) were not satisfactory. Thus, under isocratic 

conditions (5:95, H2O:AcN, 30 mL/min), (±)-syn-21 (Rt: 26.8 min) and (±)-anti-21 (Rt: 24.7 min) 

could be isolated albeit in low yields (14% and 10%, respectively) with a remaining 76% of 

mass corresponding to the starting mixture of diastereomers. In light of the low efficiency of 

this chromatographic separation, the mixture (±)-syn/(±)-anti-21 was used in the subsequent 

synthetic step. In this way, 21 was desilylated to give 22 in 86% yield. Phosphorylation of the 

primary hydroxyl group of 22 gave the desired dimethyl phosphates 23 in 73% yield as a 6:4 

syn/anti mixture of diastereomers (Scheme 2.1.2), which could be separated by careful flash 

chromatography, as indicated in the experimental section. 

 

In order to simplify the notation of our vinyl analogs, the syn/anti stereochemical descriptors 

will be used throughout the text. According to Masamune,63 if the two substituents of highest 

priority are on the same side of the plane in a zig-zag projection, the relative configuration is 

termed syn, whereas if they are on opposite sides, they are called anti. In the case of adjacent 

substituents, the syn isomer is equivalent to the threo isomer, while the anti isomer is 

equivalent to the erythro isomer, as shown in Figure 2.1.1.  
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Figure 2.1.1. Designation of the relative configurations of 23 as syn/anti, according to Masamune.
63 

 

The chromatographic separation of N-Boc phosphate diesters (±)-syn-23 and (±)-anti-23 

allowed the synthesis of aminophosphates (±)-syn-24 and (±)-anti-24 in a subsequent step. As 

shown in Scheme 2.1.3, the simultaneous deprotection of the N-Boc and the methyl 

phosphate diester groups of either (±)-syn-23 or (±)-anti-23  in a one-pot, two-step process 

with TMSBr,64 followed by methanolysis, led to aminophosphates 24 in moderate yields. 

Unfortunately, formation of carbamates 34 (around 30% yield) was also observed as a result of 

the simultaneous dephosphorylation and cyclization of 23. The formation of 34 can be 

explained as shown in Scheme 2.1.3. Our suggested mechanism is based on the ability of the 

TMS group to bind the P-O oxygen to generate an oxonium cation, followed by intramolecular 

nucleophilic displacement by the carbonyl N-Boc group and subsequent loss of isobutene prior 

to methanolysis. Interestingly, the formation of carbamates related to 34 had not been 

observed from substrates lacking the vinyl group, as reported in previous works of our group.65 

Moreover, the propensity of this type of vinyl derivatives to undergo intramolecular 

cyclizations will be highlighted in section 2.1.5.2 with the formation of the also cyclic structure 

33. 

 

Considering their high polarity and low solubility, the purification of compounds 24 was 

troublesome. Precipitation of 24, as reported in the literature for related amino phosphates,38 

was unsuccessful due to co-precipitation with 34. Fortunately, chromatography using 

AmberliteTM XAD-4 as support, allowed the isolation of 24 free from the by-products of the 

deprotection reaction, mainly carbamate 34 and methoxy trimethylsylane (see Scheme 2.1.3). 
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Scheme 2.1.3. Two-step, one-pot deprotection of N-Boc phosphates 23 (syn or anti) with TMSBr. In 

blue, the postulated mechanism of phosphate ester dealkylation with TMSBr; in red, our suggested 
mechanism leading to carbamate 34. 

 
Other common reported methods to hydrolyze phosphate esters66 were considered, although 

they were not tested for several reasons. Thus, the use of benzyl phosphate esters as 

precursors was also disregarded due to the incompatibility of the required hydrogenolysis with 

the presence of the vinyl group in our target amino phosphates 24. On the other hand, the 

long process to obtain 23 left us with a shortage of product to undertake enough assays in 

order to optimize the final deprotection. 

 

At this point, we considered of interest the synthesis of the target 2-vinyl dihydrosphingosines 

analogue 31 (as mixture of isomers) for preliminary biochemical studies. As shown in Scheme 

2.1.4. 31 was obtained from 21 (mixture of isomers) by the simultaneous deprotection of the 

TBDPS and the N-Boc groups under mild acidic conditions. Using this protocol, 31·HCl was 

obtained as a mixture of isomers in nearly quantitative yield. 
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Scheme 2.1.4. Synthesis of 31·HCl from 21 (mixture of isomers). 

 

 

2.1.2 Use of lipases for the desymmetrization of diol 15  

 

The synthetic sequence described in the previous section, starting from the prochiral diol 15, 

would be potentially useful for the synthesis of enantiopure vinyl sphingolipids, provided we 

were able to carry out an efficient desymmetrization of the starting material. In this context, 

the use of lipases was considered. 

 

The desymmetrization of prochiral diol 15 is reported in the literature60 using a Pseudomonas 

sp. from WAKO. Under the described conditions, the kinetic resolution of 15 (Scheme 2.1.5) 

with vinyl acetate in diisopropyl ether affords the corresponding enantiopure monoaceate 60 

in an excellent 97% ee and 94% yield. 

 

 

Scheme 2.1.5. Reported desymmetrization of 15. 

 

Unfortunately, the described lipase is no longer commercially available and all the different 

alternative lipases tested gave negative results. 20 mg of lipases from Thermomyces 

lanuginosus (TL) supported on EP100 or Candida antarctica lipase B (CALB) were incubated 

with 12 mg of 15 in 1 mL of diisopropyl ether and 12 µL of vinyl acetate at room temperature 

under magnetic stirring during 24h. The reaction was monitored by TLC but no 

desymmetrization was found and less than 50% of the sample was acetylated.  
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2.1.3 Chemical resolution of synthetic intermediates 

 

After the previous failed attempt of desymmetrization of 15, the chiral resolution of the 

monoprotected diol (±)-18 (Scheme 2.1.6) by chiral HPLC was explored. Several attempts using 

a series of analytical chiral HPLC columns (columns C, D and E, in mixtures of 

hexane/isopropanol as eluent, see experimental section) in a PDA detection system were tried. 

Unfortunately, none of the attempts were promising enough to pursuit the chiral resolution of 

(±)-18 at preparative scale using this approach. 

 

 

 

Scheme 2.1.6. Devised kinetic resolution for (±)-18. 

 

Hopefully, in our group is being carried out the kinetic resolution of (±)-18, which is wanted to 

be acetylated with lipases that are selective for one of the enantiomers (Scheme 2.1.6). The 

preliminary results are encouraging and a few lipases with an acceptable resolution ratio have 

been tested. 

 

Alternatively, the chiral resolution of (±)-syn-23 and (±)-anti-23 was next considered. Several 

eluting systems were tested using a Daicel Chiralpack IB (5 µm 4.6 x 250 mm) column 

stationary phase with an ELS detector. The best results were obtained for (±)-syn-23, for which 

around 1 minute separation was observed for the two enantiomers under gradient conditions 

(from 1 to 4 % of isopropanol in 35 min), although the baseline was not reached. In contrast, a 

much poorer resolution was observed for (±)-anti-23 in the same elution conditions (Figure 

2.1.2). These results were considered not good enough for their adaptation to a 

semipreparative or preparative scale and the approach was abandoned. 

 



 
- 32 - 

 

 

Figure 2.1.2. HPLC-ELS chromatogram of an (±)-anti-23 (left) and (±)-syn-23 (right) (Daicel chiralpack IB 

(5 µm 4.6 x 250 mm) column, 1 to 4 % isopropanol in hexanes at 1mL/min). 
 

 

2.1.4 Simultaneous separation and resolution of (±)-syn and (±)-anti-21 by derivatization as 

MPA esters 

 

In an attempt to find a chromatographic separation system for (±)-syn and (±)-anti-21 (see 

section 2.1.1), we found that derivatization with (R)-α-methoxyphenylacetic acid [(R)-MPA] led 

to esters 25, which could be partly separated by flash chromatography. Interestingly, the use 

of (R)-MPA as chiral derivatizing reagent should allow the resolution of each enantiomeric pair 

through the corresponding diastereomeric (R)-MPA esters. 67 

The derivatization of 21 was carried out using the standard Steglich esterification conditions in 

the presence of DMAP (1.1 equiv), as indicated in Scheme 2.1.7. 

 

 

Scheme 2.1.7. General procedure for the derivatization of 21 (mixture of isomers) with (R) or (S)-MPA. 

 

After several attempts, we were able to find the optimal chromatographic conditions 

(Hexane/MTBE 95:5, v:v) for the observation of four separate spots on TLC (Figure 2.1.3). 

However, these conditions were not fully effective for flash chromatography, since only the 

upper (25[(R)(-)anti-21]1, 16 % yield) and the lower (25[(R)(-)syn-21], 19% yield) spots could be 

                                                           
1
 25[(R)(-)anti-21] stands for the isomer of compound 25 resulting from the esterification of (-)-anti-21 

with (R)-MPA. The same notation is used for the remaning stereoisomers. 
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isolated as single isomers, as judged by their 1H NMR spectra. The middle fractions were 

obtained as an inseparable mixture of 25[(R)(+)syn-21] and 25[(R)(+)anti-21] (28% yield), 

together with an additional 25% of other unidentified reaction by-products. 

Analogously, the use of (S)-MPA as chiral derivatizing reagent afforded an identical, but 

enantiomeric, chromatographic pattern in comparison to that observed for the (R)-MPA esters. 

Therefore, as shown in Figure 2.1.3, the combination of both series of MPA esters would allow 

the chemical resolution of 21 via the corresponding (R) or (S)-MPA esters 25, after isolation of 

the upper and lower spots by flash chromatography and MPA removal. Likewise, the 

corresponding enantiopure aminoalcohols syn-31 and anti-31 can also be obtained after 

removal of the derivatization reagent and the protecting groups (Scheme 2.1.8). 

 

 

Figure 2.1.3. TLC pattern for the derivatization of 25 as (R)-MPA and (S)-MPA esters. Isomers 
corresponding to the blue and red spots could be isolated in pure form, while isomers in black were 
isolated as mixtures after flash chromatography. 
 

On the other hand, by independently converting each of the middle fractions of mixtures of 

syn/anti-25 into the easily separable diastereomeric phosphates 23 (see section 2.1.1), the 

synthesis of enantiomerically pure amino phosphates 24 would be feasible, as indicated in 

section 2.1.1 for the racemic series. All these transformations are summarized in Scheme 2.1.8. 
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Scheme 2.1.8. Transformation of 25 into 31 (2-vinyl dihydrosphingosine) and 24 (2-vinyl 

dihydrosphingosine-1-phosphate). 
 

 

Conditions for the simultaneous deprotection of the MPA ester and the TBDPS group of 25 

were found by using 2.5 equiv/mol of a 1 M solution of Bu4NF in THF. Despite the mechanism 

of the ester removal under these conditions has not been fully elucidated. Zheng et al.68 

suggested a E2 type elimination by means of fluoride promoted abstraction of the acidic 

carbonyl Cα proton, as shown in Scheme 2.1.9. Likewise, one of the Cα protons of the 

ammonium salt would play the role of the acid catalyst required to activate the carbonyl ester 

group for the elimination reaction. This double deprotection afforded the corresponding N-Boc 

diols 22 in excellent yields. 

 

Scheme 2.1.9. In blue, the accepted mechanism for silyl ether deprotection. In red, the proposed 

mechanism for MPA deacylation of 25 with TBAF.  

 

With enantiomerically pure N-Boc amino alcohols 22 in hand, their conversion into free amino 

diols 31, amino phosphates 24 (scheme 2.1.8) and ceramides 48 became feasible, as it will be 

indicated in section 2.1.12. However, although the four enantiomers of 22 could be obtained 

individually, this route was abandoned due to the poor overall yields of the chromatographic 
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separation and chemical resolution of the MPA esters 25. Thus, the long, tedious, and low 

yielding chromatographic separation of 25, together with its little scalability, encouraged us to 

seek alternative, more efficient routes, as it will be discussed in section 2.1.7. 

 

Finally, the specific optical rotations for the different stereoisomers of 23, obtained according 

to this route, are the following: 

anti-(2S,3R)-23: *α+D +2.4 (c 1, CHCl3) 

anti-(2R,3S)-23: *α+D -2.4 (c 1, CHCl3) 

syn-(2R,3R)-23: *α+D +3.2 (c 1, CHCl3) 

syn-(2S,3S)-23: *α+D -3.6 (c 1, CHCl3) 

These values provide evidences that probably no racemization has taken place in this synthetic 

route, in contrast with that observed in the route described in section 2.1.9 below. 

 

 

2.1.5. Configurational assignments 

 

The configurational assignment of the reaction intermediates of the above synthetic route was 

inferred from the configurations of phosphates 23 by the combination of two methods. First, 

the configuration at C3 was deduced from application of the Riguera’s rules67 from the (R)- and 

(S)-MPA esters 32 (section 2.1.5.1, below). On the other hand, the configuration at C2 was 

inferred from NOE experiments carried out on the cyclic carbamate 33, obtained from an ester 

32 of known configuration at C3 (section 2.1.5.2, below). 

 

 

2.1.5.1 Configuration at C3 from phosphates 23 

 

After the chromatographic separation of (±)-syn and (±)-anti 23, each enantiomeric pair was 

derivatized with (S) and (R)-MPA, leading, in each case, to a separable mixture of 

diastereomers 32a,b or ent-32a,b, respectively (Scheme 2.1.10). Interestingly, remarkable 

chemical shift differences for some key protons were observed between the diastereomeric 

pairs of (R) and (S)-MPA esters, which allowed the assignment of the absolute configuration at 

C3, according to the method described by Riguera and coworkers67 (Figure 2.1.4). It is worthy 

of mention that, in our case, the configurational assignment at C3 from racemic syn-23 could 

have also been carried out by derivatization with a single (R) or (S)-MPA, since both 
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enantiomers of syn-32 could be isolated as their corresponding MPA esters. In this way, for 

example, the 1H-NMR spectrum of 32a can be compared with that of ent-32b or with that of 

the spectroscopically identical 32b (see Scheme 2.1.10). Along this line, in section 2.1.9 a 

related configurational assignment is carried out by derivatization with a single MPA ester. The 

same reasoning is applicable to racemic anti-32. 

 

 

Scheme 2.1.10. Conceptual approach for the assignment of the C3 configuration for (+) and (-)-syn-23, 

via derivatization as (R) and (S)-MPA esters 32. The configuration at C3 can be inferred by comparing any 
of the blue and red pairs indicated in the Scheme. The same approach is also valid for (±)-anti-23. 
 

Thus, the derivatization of (±)-syn-23 with both (S)-MPA and (R)-MPA allowed the comparison 

of 32a with ent-32b. According to the ΔδRS values measured from the 1H-NMR spectra for the 

protons close to C3 in both diastereomers, it was deduced that (-)-syn-23 corresponds to the 

C3S configuration and, consequently, the configuration of (+)-syn-23 must be C3R. The same 

methodology was applied to the (±)-anti isomers. The ΔδRS values of both diastereomers of 32 

are collected in Table 2.1.2. This allowed the assignment of the absolute configuration of the 

secondary alcohol in C3, as shown in Figure 2.1.4. 
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Figure 2.1.4. MPA effect in chemical shift depending on the enantiomer used in derivatization.  

 

Absolute configuration S at C3 for (-)-syn-23: 32a-(ent-32b)(see Scheme 2.1.10) 

 δHA(*) δHB(*) δHC(*) δHD δHE δHF δHG 

32a[(R)-(-)-syn-23]  4.40 5.80 5.16 4.99 1.30 0.66 1.01 

ent-32b[(S)-(-)-syn-23] 4.19 5.37 4.82 4.65 1.52 1.20 1.24 

ΔδRS + 0.21 + 0.43 + 0.34 + 0.34 - 0.22 - 0.54 - 0.23 

The ΔδRS values for 32b - (ent-32a) are opposite in sign to the data shown in this table. 

 

 

 

 

Absolute configuration R at C3 for (+)-anti-23: 32d-(ent-32c)(see Scheme 2.1.10) 

 δHA(*) δHB(*) δHC(*) δHD δHE δHF δHG 

32d[(R)-(+)-anti-23] 4.20 5.38 4.83 4.66 1.57 1.21 1.25 

ent-32c[(S)-(+)-anti-23] 4.32 5.81 5.15 4.99 1.41 0.72 1.02 

ΔδRS - 0.12 - 0.43 - 0.32 - 0.33 + 0.16 + 0.49 + 0.23 

Table 2.1.2. Δδ
RS

 values in ppm of the diastereomers of 32 that allowed the assignment of the 

configuration at C3. The Δδ
RS

 values for 32c - (ent-32d) are opposite in sign to the data shown in this 
table. (*) δ from the center of the system. 
 

 

 

32 
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2.1.5.2 Configuration at C2 from carbamate syn-33 

 

The MPA method described in the previous section did not allow the determination of the 

absolute configuration of the quaternary center at C2. In general, the configurational 

assignment of quaternary centers by NMR methods is not simple, and examples in the 

literature dealing with this issue are scarce.69–71 In our case, we tried to solve this problem by 

carrying out NOE experiments from the cyclic carbamate (-)-syn-33, obtained accidentally 

while trying to remove the MPA ester from 32a to obtain enantiopure (-)-syn-23 (Scheme 

2.1.11). 

 

  

Scheme 2.1.11. Cyclic carbamate syn-33 obtained from the basic hydrolysis of 32a. 

 

Unfortunately, this cyclization did not take place from the diastereomeric MPA esters in the 

anti series, which precluded, at this stage, an unambiguous configurational assignment at C2. 

The regiochemistry of the cyclization step leading to syn-33 was confirmed by analysis of the 

chemical shifts of the AB system of the -CH2O- moiety (see Scheme 2.1.12). Thus, the 

observation of an AB system around 3.6 ppm was in agreement with the proposed structure, 

by comparison with carbamate 16 (see section 2.1.1). In addition, the AB system around 4.0 

ppm, characteristic of carbamate 34 (section 2.1.1), was not observed. Formation of syn-33 

(Scheme 2.1.12). can be explained by the initial hydrolysis of the MPA ester and cyclization of 

the C3-OH group onto the carbamate moiety, prior to or subsequent to phosphate hydrolysis 

that will be explained in more detail in section 2.1.6.  
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Scheme 2.1.12. Postulated reaction pathways for the hydrolysis and cyclization of 32a under basic 

hydrolysis. 
 

As indicated above, NOE experiments from syn-33 were performed in order to determine the 

relative configuration between C2 and C3. The observation of a NOE effect between the C3H 

and the CH2OH group at C2 was indicative of a cis relationship between them (Figure 2.1.5). 

This relative configuration, combined with the 3S configuration previously assigned for this 

isomer by the above MPA method, allowed us to unambiguous assign compound syn-33 as 

the 2S,3S isomer and, hence, to confirm its relative syn configuration. In agreement with the 

above correlation, the vinyl group at C2 showed a weak NOE effect with the aliphatic chain and 

no correlation with C3H. 

However, since only a weak NOE effect (around 1-2%) was observed for syn-33 and we were 

not able to obtain anti-33 for comparative purposes, an alternative approach to 

unambiguously confirm the configuration at C2 was foreseen. 
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Figure 2.1.5. NOE effect observed between C3H (A) and the hydroxymethyl group at C2 (B) in syn-33, 

which indicates a cis relationship between them.  
 

Thus, in the frame of a collaboration with Dr. Jordi Garcia’s group (University of Barcelona, 

Department of Organic and Inorganic Chemistry), the required anti-33 was synthesized, in a 

racemic form, by an adaptation of their previously developed methodology leading to the 

stereocontrolled construction of quaternary centers.72 In this way, the hydroboration of allene 

70 with dicyclohexylborane, followed by the stereoselective addition of the intermediate 

Z-allyborane to n-tridecanal, afforded oxazolidinone 71, with the simultaneous N-to 

O- migration of the benzyl protecting group. Removal of the O-benzyl protecting group 

afforded oxazolidinone anti-34, which isomerized to anti-33 in the presence of 

sub-stoichiometric amounts of DBU (Scheme 2.1.13). 
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Scheme 2.1.13. Synthesis of anti-33 by addition of tridecanal to a Z-allenylborane. 

 

In this case, NOE experiments carried out with anti-33 were in agreement with the expected 

spatial proximity between the C3H and the vinyl group at C2. Despite a weak 1% NOE 

enhancement with the vinyl CH proton was observed, the absence of any other NOE 

enhancements let us confirm the expected stereochemical assignment for anti-33. 

With this result, the configurational assignments of the different stereoisomers of this 

synthetic route were confirmed.  

 

 

2.1.6 Attempts to remove the MPA ester in phosphates 32 

 

As indicated above, the hydrolysis of the MPA ester of phosphate 32a and 32b (and their 

enantiomers) with K2CO3 in MeOH led, unexpectedly, to the cyclic carbamate syn-33. This 

finding, which allowed the stereochemical assignment reported in section 2.1.5.2, turned out 

to be a serious drawback that seriously questioned the efficiency of the overall synthetic route, 

unless we were able to preserve the integrity of the phosphate group in this crucial step. 

Unfortunately, attempts to carry out the selective hydrolysis of the MPA ester from 32a and 

32b were fruitless under most of the conditions tested (Table 2.1.3), since the required syn-23 

was obtained only in marginal yields in some experiments performed with LiOH as a base 

(entries 7 and 9). 
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Entry Reagents 
Equiv
/mol. 

[M] Compounds 

1 K2CO3 / MeOH 4.5 0.4 syn-33 (46% yield) 

2 K2CO3 / MeOH 2 0.4 syn-33 (32 % yield) 

3 K2CO3 / MeOH 2 0.2 syn-33 (19% yield) 

4 
1. TmsBr / AcN 

2. MeOH / H2O 
9 0.07 

 

5 
NaBH4 / CaCl2 / 
THF 

4:2 0.8 Degradation products. 

6 
NaBH4 / CaCl2 / 
THF 

4:2 0.3 Degradation products. 

7 
LiOH / 

H2O / THF (5:13) 
3 0.8 syn-23 (10 % yield) 

8 
LiOH / 

H2O / THF (5:13) 
1.5 0.8 No reaction. 

9 
LiOH / 

H2O / THF (5:13) 
4 0.2 syn-23 (20 % yield) 

10 TBAF 2 0.04 

 

Table 2.1.3. Attempts to hydrolyze the MPA ester in phosphates 32a and 32b.  

 

The MPA hydrolysis of the phosphate 32c and 32d in some of the above conditions (entries 

1-3, 5 and 6) led only to degradation products. 

 

In light of the above drawbacks, the use of lipases for the selective hydrolysis of the ester bond 

was considered. The following lipases were tested (all of them from Sigma-Aldrich, except 

otherwise indicated):  
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Rhizopus arrhizus (Fluka), Candida rugosa, Rhizopus oryzae (Fluka), Mucor javanicus (Fluka), 

PLE, Amano lipase from Pseudomonas cepacia, Candida cylindracea VII, Novozyme 871, 

Novozyme 435, Amano lipase A from Aspergillus niger and CAL B (Novozyme). 

 

To a 5.0 mg/mL solution of 32 in dioxane was added 25.0 mg of the corresponding lipase in 2.0 

mL of phosphate buffer. The mixture was incubated at 37ºC and stirred at 150 rpm in an 

orbital water bath for 24 hours. The reaction was monitored by TLC but, unfortunately, none 

of them were effective and starting 32a and 32b were recovered in all cases. 

In summary, the results presented are indicative of the difficulties encountered for the 

chemical resolution of the key advanced intermediates 23. These results prompted us to look 

for more efficient synthetic alternatives, which will be discussed in the following section. 

Nevertheless, this synthetic pathway allowed the assignment of the absolute configurations of 

the different synthetic intermediates described so far. 

 

 

2.1.7 Vinyl Garner’s aldehyde 42, a new building block for an alternative approach to 

enantiomerically pure 2-vinyl sphingolipids 

 

Once determined the absolute configuration of some of the key reaction intermediates 

described in previous sections, an alternative synthetic pathway was designed in order to 

improve the efficiency of the enantioselective synthesis. In this context, we undertook the 

synthesis of building block (±)-44, an advanced precursor of what we will refer along this thesis 

dissertation as vinyl Garner’s aldehyde (±)-42 (Scheme 2.1.14). The rationale of this approach 

was based on the chiral resolution of alcohol (±)-44, whose rigidity was expected to be 

beneficial for the resolution process. Oxidation of enantiopure 44 would allow the access to 

enantiopure 42 and also to enantiopure 2-vinyl sphingolipids in subsequent steps.  
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Scheme 2.1.14. Synthetic route to the building block (±)-42 and the introduction of the aliphatic chain 

to obtain 45. 

 

Treatment of the monoprotected alcohol (±)-18 with 2,2-dimethoxypropane (DMP) under acid 

catalysis afforded (±)-43 in quantitative yield. This was desilylated to (±)-44 with TBAF, in 94% 

yield, and the resulting free alcohol was oxidised with IBX to afford aldehyde (±)-42 in 90% 

yield. Addition of n-dodecyl magnesium bromide to aldehyde (±)-42 afforded 45 as a 55:45 

mixture of (±)-syn and (±)-anti diastereomers (Scheme 2.1.14), which could be separated by 

careful flash chromatography, as indicated in the experimental section. 

 

Although the relative syn/anti configuration for each diastereomer of 45 was not known at this 

stage, we use their configurational descriptors for the sake of clarity. Their configurational 

assignment was confirmed by spectroscopic methods (see section 2.1.10) and later 

corroborated by transformation of syn and anti-45 into a configurationally known 

stereoisomer of 22 (see figure 2.1.6 and section 2.1.12). The absolute configuration of each of 

the stereoisomers of 22 had already been carried out as indicated in section 2.1.5. 

 

 

Figure 2.1.6: Conceptual approach for the configurational assignment of 45 through conversion into 

compound 22 of known configuration. 
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The uneventful oxidation of alcohol (±)-44 into aldehyde (±)-42 with IBX (Scheme 2.1.14) is in 

sharp contrast with the failure of alcohol (±)-16 to undergo oxidation into aldehyde (±)-17 (see 

Section 2.1.1 and Scheme 2.1.1). We were intrigued by this different behaviour in light of the 

structural similarity of (±)-16 and (±)-44. At first glance, the only remarkable difference among 

them is the possibility of an intramolecular hydrogen bond between the hydroxyl oxygen 

(acting as donor) and the carbamate NH (acting as acceptor) in carbamate (±)-16.  

 

 

   

Figure 2.1.7. (A): Oxidation of alcohol (±)-44 to (±)-42 and (B): failure of alcohol (±)-16 to undergo 

oxidation under identical conditions; (C): Mechanism of the oxidation of an alcohol to an aldehyde by 
IBX. 
 

The oxidation by IBX requires the formation of an alkoxy intermediate from the starting 

alcohol in the coordination sphere of iodine (Figure 2.1.7). In a subsequent step, this 

intermediate twists to a proper conformation to produce the oxidation product.73,74 In order to 

gain insight into the role of the intramolecular hydrogen bonding in (±)-16 to account for its 

observed lack of reactivity, a conformational search by MM calculations of 16 and 44 was run 

(see experimental section for details). The results showed 54 conformers for (S)-16 and 85 for 

(S)-44 that after an optimization of each conformers with DFT method at a a B3LYP / 6-31G** 

level, only 48 and 78 conformers were kept respectively. 

None of the 48 conformers of (S)-16 showed an intramolecular hydrogen bond, which is, in 

fact, coherent with its rigid 5-ring structure where the NH and the O groups are arranged in an 

inappropriate angle to interact among them (Figure 2.1.8). 
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In contrast, most of conformers of (S)-44 show hydrogen bonds. The one with the lowest 

energy is form between the oxygen of the carbonyl group and with less strength we find the 

hydrogen bond with the oxygen of the ester (Figure 2.1.8). 

Therefore, we could not explain the lack of reactivity of the primary alcohol of 16 and the 

higher reactivity of the primary alcohol in 44 through intramolecular interactions and the 

cause remains unknown. 

 

                                                                         

Figure 2.1.8. Minimized structures for (S)-16 (left) and (S)-44 (the two structures on the right). 

 

 

2.1.8 Enantioselective approaches to 45 by chemical resolution of synthetic precursors 

 

Initial exploratory attempts were addressed at the chemical resolution of some of the 

synthetic intermediates indicated in Scheme 2.1.14 by analytical chiral HPLC. Thus, the 

resolution of silyl alcohol (±)-43, the desilylated alcohol (±)-44, and the vinyl Garner’s aldehyde 

(±)-42 was tested under a variety of chromatographic conditions, as indicated in the 

experimental Section. Unfortunately, none of the attempts proved efficient resolution of the 

sample and no further experiments were carried out along this line. 

 

The above negative results prompted us to explore the chemical resolution of alcohol (±)-44 

after reaction with a suitable chiral derivatizing agent. Towards this end, alcohol (±)-44 was 

esterified with several enantiomerically pure acids and amino acids (Scheme 2.1.15), following 

the general protocol described in the experimental section, and the resulting crude reaction 

mixtures were analysed by TLC under different elution conditions (9:1 Hexane/EtOAc, 9:1 



 
- 47 - 

 

Hexane/MTBE and 95:5 CH2Cl2/MeOH). The chiral derivatizing agents were selected based on 

price and availability criteria. Regrettably, none of the selected derivatizing agents led to a 

clear separation of the two resulting diastereomers by TLC in any of the elution conditions 

indicated. 

 

The success of the chemical resolution of alcohol (±)-44 would have been crucial for the 

enantioselective synthesis of vinyl Garner’s aldehyde 42, a hitherto unreported building block. 

In addition, the enantiopure (R) and (S) aldehydes 42 would have allowed the access to the 

four stereoisomers of 45, given the already optimized chromatographic separation of the syn 

and anti isomers indicated above. 

 

 

Scheme 2.1.15. Alcohol (±)-44 was derivatized with Z-Glycyl-L-proline (80), Fmoc-3-cyclohexyl-L-

alanine (81), (S)-9-anthrylmethoxyacetic acid (AMA) (82), camphanic acid (83), (R)-MPA (84), N-Z-D-α-
Cyclohexylglycine (85) and Z-D-phenylglycine (86). 
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2.1.9 Chemical resolution of (±)-syn-45 and (±)-anti-45 by derivatization as (R)-MPA esters 

 

In light of the above results, a change of strategy was necessary to attempt the resolution of 

the four enantiomers of 45. Thus, (±)-syn-45 and (±)-anti-45 were isolated by flash 

chromatography and independently derivatized as the corresponding (R)-MPA esters 46 using 

the Steglich conditions shown in scheme 2.1.16. The resulting mixtures of diastereomers 46a,b 

(from (±)-syn-45) and 46c,d (from (±)-anti-45) could be cleanly isolated by flash 

chromatography to afford the corresponding MPA esters, which were used to determine the 

configuration at C3, as seen in section 2.1.5. In addition, esters 46 should be the precursors of 

the enantiopure stereoisomers of 45, after MPA removal. 

 

 

Scheme 2.1.16. Chemical resolution of 45 through (R)-MPA esters 46 and cyclization to bicyclic 

carbamates 51. 
 

In order to drive the esterification of compounds 45 with (R)-MPA to completion, an excess of 

acid (4.2 equiv/mol), coupling agent (EDC, 4.5 equiv/mol) and DMAP (3.3 equiv/mol) was 

required. Despite the chemical yields were excellent in these conditions (around 85%), we 

were cautious about the possibility of a partial MPA racemization in the presence of excess 

DMAP, as it had been reported in the literature.75 The first indication of this possibility was 

inferred from the low specific rotations observed for each of the enantiomeric pairs of syn and 

anti-45 after MPA removal, for which the following values were obtained: 
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anti-(2S,3R)-45: *α+D +1.4 (c 1, CHCl3) 

anti-(2R,3S)-45: *α+D -1.8 (c 1, CHCl3) 

syn-(2R,3R)-45: *α+D +3.4 (c 1, CHCl3) 

syn-(2S,3S)-45: *α+D -3.2 (c 1, CHCl3) 

 

Unfortunately, the presumed partial racemization of (R)-MPA in the course of the 

derivatization step was confirmed by chiral HPLC of the bicyclic derivatives 51, obtained in high 

yields from intramolecular cyclization of compounds 45 in NaH/THF (Scheme 2.1.16). As 

observed in Figure 2.1.9, anti isomers were almost completely racemized, the (+)-syn isomer 

was partially racemized, and only the (-)-syn isomer was obtained in enantiomerically pure 

form. In light of these results, it is reasonable to assume that epimerization of MPA esters 46 is 

a favoured reaction for both anti isomers. The possibility that racemization of MPA had taken 

place prior to ester formation should be ruled out given the different enantiomeric purities 

found for syn and anti isomers for bicycles 51. These rigid structures were submitted to 

vibrational circular dichroism (VCD) experiments (see chapter 2.2) to fully corroborate the 

above results. 

 

Figure 2.1.9. Chiral HPLC chromatograms (ELS detector, column D, see Experimental Section for details) 

of (+)-syn (2R,3R)-51 (A), (-)-syn (2S,3S)-51 (B) and (+)-anti (2S,3R)-51 (C), which was practically identical 
to (-)-anti (2R,3S)-51. Compounds were eluted with 10 % isopropanol and hexanes at 1mL/min. 
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The % ee for (+)-syn-51 was inferred from its optical purity. Thus, by considering that (-)-syn 

(2S,3S)-51 is an enantiomerically pure compound [(2S,3S)-51: *α+D -21.5 (c 3, CHCl3), 100 %ee], 

a 94%ee can be calculated for (+)-syn (2R,3R)-51 [*α+D +20.3 (c 3, CHCl3)]. Unfortunately, the 

anti-isomers were practically obtained as racemic mixtures with optical rotations close to 0 

[(2S,3R)-51: *α+D +0.4 (c 3, CHCl3) and (2R,3S)-51: *α+D -0.6 (c 3, CHCl3)]. 

 

 

2.1.9.1 Alternatives to the Steglich esterification 

 

The 4-(N,N-dimethylamino)pyridine (DMAP), known as the Steglich catalyst, was first reported 

by Litvinenko and Kirichenko76 in 1967 and subsequently by Steglich77 in 1969. This base has 

been widely used as a super acylation catalyst for the preparation of esters from carboxylic 

acid, DCC, and secondary or tertiary alcohols of scarce reactivity. 

The Steglich esterification usually requires only 0.1 equiv/mol of DMAP, giving rise to low 

racemization levels. In our case, the coupling of (R)-MPA with compounds 45 under the above 

classical conditions, either at rt (entry 1, Table 2.1.4), at 60ºC (entry 2) or with an additional 1.0 

equiv/mol of TEA (entry 4) was not productive and large amounts of unreacted starting 

material was recovered, even in the presence of 1.1 equiv/mol of DMAP (entry 3). This forced 

us to use a larger excess of reagents (EDC and DMAP), which ultimately led to the undesired 

partial or total racemization observed, as indicated above. 

In order to avoid the use of an excess DMAP as coupling partner, several alternatives were 

explored (see table 2.1.4). 

Coupling reactions tested from 45 

Entry 
Coupling 
reagents 

Equiv/mol 
(*) 

Solvent Δ (ºC) 
Yield 
(%) 

Comments 

1 
(R)-MPA, EDC, 

DMAP 
1.4/1.5/0.1 ACN rt -- No reaction. 

2 
(R)-MPA, EDC, 

DMAP 
1.4/1.5/0.1 ACN 60 -- No reaction. 

3 
(R)-MPA, EDC, 

DMAP 
1.4/1.5/1.1 

CH2Cl2 
rt -- No reaction. 

4 
(R)-MPA, EDC, 

DMAP, TEA 
1.4/1.5/0.1/ 

1.0 
ACN 60 -- No reaction. 

5 
(R)-MPA, EDC, 

HOBt, TEA 
1.4/1.5/1.1/

1.5 
ACN rt -- No reaction 

6 
(R)-MPA, EDC, 

HOBt, py 
1.1/3.3/1/1 

THF 
rt -- 

Only tested from (±)-anti-45. 

No reaction observed. 
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7 
(R)-MPA, EDC, 

HOBt, TEA 
1.4/1.5/1.1/

1.5 
ACN 60 -- No reaction. 

8 
(R)-MPA, HATU, 

DIPEA 
2.0/2.5/2.5 DMF rt -- No reaction. 

9 
(R)-MPA, HATU, 

DIPEA 
2.0/2.5/2.5 DMF 80 -- No reaction.  

10 
(R)-MPA, HATU, 

DIPEA 
4.0/5.0/5.0 DMF rt -- No reaction.  

11 
(R)-MPA, 

Sc(OTf)3, p-

(NO2C6H4CO)2O 

1.1/0.1/1.5 CH3NO2 
rt -- 

Only tested from (±)-anti-45. 

No reaction observed. 

12 
(R)-MPA, 

Sc(OTf)3, p-

(NO2C6H4CO)2O 

1.1/0.1/1.5 CH3NO2 
50 -- 

Only tested from (±)-anti-45. 

No reaction observed. 

13 (R)-MPA, PFP-

TFA, TEA 
1.0/1.2/3 CH2Cl2 

rt -- 

Only tested from (±)-anti-45. 

No reaction observed. 

14 
(R)-MPA 

chloride, DMAP, 
TEA 

1.3/0.1/3.0 CH2Cl2 rt -- No reaction.  

15 
(R)-MPA 

chloride, DMAP, 
TEA 

1.3/1.0/3.0 CH2Cl2 rt 83 

Reaction observed with (±)-syn-

45. (±)-Anti-45 remained 

unreacted. 

16 
(R)-MPA 

fluoride, DIPEA 
3.0/2.0 CH2Cl2 rt 62 

Reaction observed with (±)-syn-

45. (±)-Anti-45 remains 

unreactive. 

17 
(R)-MPA 

fluoride, TBAF 
1.5/0.5 THF rt -- 

No reaction observed. Only 

tested with (±)-anti-45. 

18 
MTPA, EDC, 

DMAP 
1.4/1.5/0.1 CH2Cl2 rt -- No reaction. 

19 
MTPA, EDC, 

DMAP 
1.4/1.5/1.0 CH2Cl2 rt -- No reaction. 

20 
MTPA, EDC, 

DMAP 
2.8/3.0/2.0 CH2Cl2 rt -- No reaction.  

21 
MTPA, EDC, 

DMAP 
2.8/3.0/2.0 CH2Cl2 40 -- No reaction. 

22 
MTPA chloride, 

DMAP, TEA 
1.5/1.0/3.0 CH2Cl2 rt 86 

Reaction observed with (±)-syn-

45. (±)-Anti-45 leads only 10% 

yield. The chromatographic 
resolution is not possible. 

23 
MTPA chloride, 

DMAP, TEA 
3.0/2.0/6.0 CH2Cl2 rt 10 

Only tested from (±)-anti-45 

that leads 10% yield. 

(*) relative to 45 

Table 2.1.4. Different coupling reactions tested from compound 45 in order to avoid racemization. If 

not specified, the reaction was tested with both (±)-syn and (±)-anti-45. 
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The use of catalysts, such as HOBt, HATU, scandium(III) triflate78 or pentafluorophenyl 

trifluoroacetate, has been reported79 to reduce the extent of racemization. However, none of 

these catalysts proved efficient in our case (entries 5 to 13). 

In another approach, (R)-MPA was used as the corresponding acyl chloride in the presence of 

DMAP (entry 15). Only (±)-syn-45 was reactive under these conditions (83% yield), while the 

most prone to racemization (±)-anti-45 isomers remained unreactive. A similar trend was 

observed with the acyl fluoride of (R)-MPA, (entries 16 and 17). 

The use of MTPA (Mosher’s acid), as an alternative derivatization reagent, was also 

considered. In this case, unlike MPA, the presence of a quaternary centre at the α-position of 

the carboxylic acid prevents the epimerization of the reagent. However, no reaction was 

observed under any of the conditions tested (entries 18-21). By using the corresponding acyl 

chloride (entries 22 and 23), some reactivity was observed but the chromatographic separation 

of the resulting diastereomers was not possible. 

 

 

2.1.10 Configurational assignments 

 

2.1.10.1 Configuration at C3 from MPA esters 46 

 

The 1H-NMR spectra of esters 46 displayed challenging features. Thus, the spectra of each of 

the four stereoisomers appeared to be a mixture of two different species, a fact that 

complicated their analysis (see, for example, Figure 2.1.10). The possibility of cross 

contamination with other stereoisomers was initially disregarded, since none of the minor 

signals in a given spectrum matched those corresponding to any of the remaining 

stereoisomers. For this reason, we assumed the presence of rotamers in the conditions of the 

1H-NMR experiment. This was confirmed by 1D gradient NOE experiments, following the 

protocol of Hu et al.80 Thus, the signal at 5.57 ppm (B) in 46a was sensitive to the irradiation of 

the C16H resonance signal at 5.39 ppm (A) (Figure 2.1.11), which confirmed that (A) and (B) 

belong to two rotamers of the same diastereomer and not to different diastereomers. If this 

were the case, one diastereomer would not be able to transfer spin information, via chemical 

exchange, to the other diastereomer if it were present in the NMR sample. 
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Figure 2.1.10. 1
H NMR spectra of the mixture of rotamers 46a[(R)(+)syn-45] (see Scheme 2.1.16). 

 

 

Figure 2.1.11. Example of 1D gradient NOE that confirms that signals A and B, in 46a, belong to the 

same proton of two rotamers of the same diastereomer.  
 



 
- 54 - 

 

Once completed the signal assignment for the different diastereomers of 46, the configuration 

at C3 was deduced from application of Riguera’s rules67 from the corresponding (R)-MPA esters 

46a-d. In this case, we only used the (R)-MPA ester to determine the absolute configuration at 

C3 by comparison of the 1H-NMR spectra of 46a/46b (for syn isomers), and 46c/46d (for anti 

isomers) (See Table 2.1.5). Derivatization of (±)-syn-45 with (R)-MPA, led to a mixture of 

diastereomers 46a and 46b, which could be isolated by chromatographic methods. According 

to the ΔδRS values from the two 1H-NMR spectra, it was deduced that (+)-syn-45 corresponds 

to the C3R configuration and, consequently, the configuration of (-)-syn-45 is C3S. The same 

approach was applied to the (±)-anti-45 isomers. In this case, (-)-anti-45 is C3S and (+)-anti-45 is 

C3R. The ΔδRS values of 46a-d are collected in Table 2.1.5.  

 

Configuration C3 S for (-)anti-45 (46d-46c) 

 δHA(*) δHB(*) δHC(*) δHD(*) δHE δHF 

46d[(R)(-)-anti-45] 4.11 3.94 5.33 6.02 0.98 0.71 

46c[(R)(+)-anti-45] 4.01 3.88 5.19 5.91 1.17 1.12 

ΔδRS + 0.10 + 0.06 + 0.14 + 0.11 - 0.19 - 0.41 

The ΔδRS values for 46c – 46d are opposite in sign to the data shown in this table. 

 

 

 

Configuration C3 R for (+)syn-45 (46a-46b) 

 δHA(*) δHB(*) δHC(*) δHD(*) δHE δHF 

46a[(R)(+)-syn-45] 3.99 3.43 4.69 5.41 1.60 1.24 

46b[(R)(-)-syn-45] 4.16 3.82 5.06 5.86 1.28 1.05 

ΔδRS - 0.17 - 0.39 - 0.37 - 0.45 + 0.32 + 0.19 

Table 2.1.5. Δδ
RS

 values in ppm that allowed the assignment of the C3 configuration for the four 

stereoisomers of 45. The Δδ
RS

 values for 46b – 46a are opposite in sign to the data shown in this table. 
(*) δ from the center of the system. 
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2.1.10.2 Configuration at C2 from bicyclic carbamates 51 

 

The relative configuration at the quaternary C2 centre was carried out by NOE experiments 

from bicycle 51. Thus, for syn-51, the irradiation at C3H gave a 1 % NOE enhancement with one 

of the C1H protons. A similar NOE enhancement was observed with the vinyl CH proton after 

irradiation at C3H for anti-51, as shown in Figure 2.1.12. 

 

                                                

        

Figure 2.1.12. NOE experiments by irradiation at C3H in syn and anti-51 (downfield signal). Left: syn-51; 

Right: anti-51. A cis relationship between C3H and the vinyl CH is found for anti-51 and a cis relationship 
between C3H and one of the two C1H for the syn-51. 
 

This relative configuration at C2, combined with that assigned above for C3 by the MPA 

method, allowed us to unambiguously assign the absolute configuration of compounds 51 and, 

hence, those of the precursors 45. In agreement with these correlations, conversion of 45 into 

N-Boc amino diols 22 (Scheme 2.1.17) afforded compounds of relative syn and anti 

configurations identical to those already determined by the method described in section 2.1.5. 
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Scheme 2.1.17. Transformation of 45 into 22 via amino diols 31. 

 

 

2.1.11 X-ray diffraction trials 

 

Despite the good correlations described above, the results are based in the application of an 

empirical model (Riguera’s rules67) and the observation of a weak (around only 1 %) NOE 

enhancement between pairs of selected protons. For this reason, we looked for an alternative 

method to confirm the configurational assignments described in the previous section. In this 

context, we considered the potential of X-ray diffraction analysis. This technique is a tool 

generally used to identify the atomic and molecular structure of a crystal. It has the capacity to 

distinguish between the enantiomorphs of a chiral crystal structure and the enantiomers of a 

chiral molecule. The determination of the absolute configuration depends on the ability of the 

technique to identify small diffraction intensity differences between two crystal structure 

models of opposite chirality. With compounds containing only light atoms, a significant 

difference between enantiomers is not guaranteed.81 This is not the case when a heavy atom, 

such as bromine, is present in the crystal.82 For this reason, we undertook the synthesis of 

(-)-syn-50 (Scheme 2.1.18), with a p-bromoacetamide moiety that can be useful to analyze the 

small differences between enantiomers. 

 

 

Scheme 2.1.18. Synthesis of (-)-syn-50 from (-)-syn-31 through a Schotten-Baumann reaction. 

 

A sample of (-)-syn-50 was carefully crystallized in order to obtain a suitable crystal for X-ray 

diffraction analysis. Among the different methods reported in the literature,83 the best results 

were obtained by evaporation of the sample from a THF/Hexane (1:1) mixture. However, the 
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small colourless needle-shaped crystals obtained were not suitable for X-ray diffraction and 

other alternatives were sought (see Chapter 2.2). 

 

 

2.1.12 Synthesis of 2-vinyl dihydrosphingolipids 

 

Despite the racemization problems found in the anti series, as it will be corroborated in 

Chapter 2.2 by VCD, we decided to proceed with their transformation into the corresponding 

target vinyl sphingolipid analogues. 

Several conditions were tested from (-) and (+)-syn-45 and (±)-anti-45 to selectively cleave the 

isopropylidene group to afford compounds 22 (Scheme 2.1.19). Acidic conditions, such as p-

TsOH in MeOH (from 0.2 to 5 equiv/mol of acid), aq AcOH (even at 50ºC)84 or also in the 

presence of LiCl)85 or DCA in MeOH led, in all cases, to the recovery of starting material. For 

this reason, it was decided to obtain 22 in two steps, starting from 45, with the simultaneous 

removal of the isopropylidene and N-Boc groups, followed by the reintroduction of the N-Boc 

group in amino diols 31. However, the deprotection of 45 was not devoid of problems. Initial 

attempts (acetyl chloride in MeOH) from (+)-syn-45 and (±)-anti-45 led to the oxazolidines 80 

and 81 as the only reaction products. However, the use of stronger acidic conditions (1N HCl in 

dioxane) led to the required vinyl amino diols 31 in high yields. In a subsequent step, amino 

diols 31 were converted in high yields into 22 by reaction with Boc2O in THF. Compounds 22 

are the precursors of the vinyl amino phosphates 24, as already indicated (section 2.1.4) 

In parallel, compounds 31 were acylated to the ceramide analogues 48. Initial attempts from 

(-)-syn-31 and (±)-anti-31 using octanoic acid in the presence of HOBt as coupling partner led 

to oxazolines 82, whose formation can be interpreted as a result of an intramolecular 

cyclization of the C3OH group onto the initially formed amide carbonyl group. Gratifyingly, the 

use of octanoyl chloride, under the classical Schotten-Baumann conditions,86 led to ceramides 

48. All these reactions are summarized in Scheme 2.1.19. 



 
- 58 - 

 

 

Scheme 2.1.19. In black, synthetic route from 45 to 2-vinyldhS1P (24), 2-vinylSa (31) and 2-vinyldhCer 

(48) analogues. In red, by-products arising from unexpected reactions. 
 

 

2.1.13 Synthesis of 2-vinyl sphingolipids 

 

These compounds were obtained in the wake of collaboration with Dr. Jordi Garcia’s group 

(University of Barcelona, Department of Organic and Inorganic Chemistry). 

The synthetic route used was an adaptation of their previously developed methodology72 

leading to the stereocontrolled construction of quaternary centres. This one-pot process that 

is based on the hydroboration of the allene with (c-C6H11)2BH at the less hindered face of the 

terminal double bond to generate an allylborane which could be added in situ to an aldehyde, 

was seen previously in Scheme 2.1.13, section 2.1.5.2.  

Allene 72 (Scheme 2.1.20), obtained from but-2-yn-1,4-diol in 61% yield,87 in which the easier 

removable N-benzoyl group is used as N-protecting group.88 We envisaged that the addition of 

allene 72 to (E)-2-tridecenal would provide access to 2-vinyl sphingoid analogs 75 (Scheme 

2.1.20), structurally related to sphingosine. 
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Scheme 2.1.20. Synthesis of sphingoid precursor (±)-74 from allene 72 and attempts of selective 

hydrolysis of benzoate (±)-73. 
 

As expected, hydroboration of 72 with (c-C6H11)2BH, in CH2Cl2 at 0 ºC followed by addition of 

(E)-2-tridecenal, afforded carbamate (±)-73 in very high stereochemical purity (>95:5 by 1H-

NMR) after a hydrolytic work-up with triethanolamine. It should be remarked that a complete 

migration of the benzoyl protecting group from the nitrogen atom to the newly formed 

secondary alcohol was observed, avoiding in this way the isomerization of 73 to the inner 

carbamate (±)-74’ (Scheme 2.1.20). Thus, compound (±)-73 was obtained in an acceptable 75% 

yield, after chromatographic purification, as a single isomer. 

Hydrolysis of the benzoate group in (±)-73 to the desired alcohol (±)-74 avoiding the 

isomerization to the inner carbamate was not a trivial task. A number of hydrolytic treatments 

with different basic (K2CO3, LiOH) or acidic (H2SO4, HCl) aqueous or methanolic media, as well 

as reductive treatment of (±)-73 with LiBH4 in THF, were performed leading to mixtures of both 

carbamates arising from the primary or the secondary alcohol ((±)-74 and (±)-74'). Gratifyingly, 

the use of EtMgBr in THF at 0 ºC afforded the required alcohol (±)-74 in good yield with 

negligible isomerization. Since we were interested in the influence of the different 

stereoisomers of 2-vinyl sphingosines in the sphingolipid metabolism, we next faced the 

resolution of (±)-74. This goal was accomplished by transformation of (±)-74 into a mixture of 

the corresponding diastereomeric esters 76 derived from (R)-methoxyphenylacetic acid 

[(R)-MPA]89 using EDC in the presence of cat. DMAP as coupling reagent. Esters 76 were then 

easily isolated by column chromatography and their configuration at C3 was inferred from Δδ 



 
- 60 - 

 

between selected pair of protons, following the empirical method of Riguera et al,90 as 

indicated in Table 2.1.6. Since the relative configuration between C2 and C3 had already been 

established based on mechanistic grounds,72 the absolute configuration at both stereogenic 

centers in esters 76 was thus assigned. 

 

C3S configuration assigned from Δδ [(2R,3S)-(2S,3R)] (R)-MPA esters 

 δHC(*) δHD(*) δHE δHF δHG(*) δHH δHI(*) δHJ 

2R3S 1.16 1.88 5.59 5.18 5.83 5.28 4.11 5.90 

2S3R 1.29 2.02 5.91 5.30 5.62 5.06 3.85 5.72 

ΔδSR -0.13 -0.14 -0.32 -0.12 +0.21 +0.22 +0.26 +0.18 

 
 

 
 

 
 
 
 
 
 

C3R configuration assigned from Δδ [(2R,3R)-(2S,3S)] (R)-MPA esters 

 δHC(*) δHD(*) δHE δHF δHG(*) δHH δHI(*) δHJ 

2R3R 1.32 2.01 5.82 5.29 5.62 5.16 3.90 5.42 

2S3S 1.01 1.80 5.24 5.09 5.81 5.34 4.17 5.78 

ΔδRS +0.31 +0.21 +0.58 +0.20 -0.19 -0.18 -0.27 -0.36 

Table 2.1.6. Δδ
RS

 values in ppm that allowed the configurational assignment at C3 position of (R)-MPA 

esters 76. (*) δ from the center of the system. 
 

Enantiopure (2S,3R)-76 and (2R,3S)-76 we independently treated in basic hydro-alcoholic 

media to obtain free aminodiols (2S,3R)-JG and (2R,3S)-JG, respectively, in good yields 

(Scheme 2.1.21). 
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Scheme 2.1.21. Resolution of (±)-74 and conversion of enantiopure esters 76 into (2S,3R)-JG and 

(2R,3S)-JG. 
 

Regarding the preparation of the enantiomeric series, (2S,3S) and (2R,3R), we first attempted a 

direct inversion of the secondary alcohol in (±)-74 by a Mitsunobu reaction, using benzoate as 

nucleophile, without success. Then, we turned our attention to a redox two-step process 

based on the oxidation of (±)-74 to ketone (±)-78, followed by reduction. In practice, the 

Dess-Martin oxidation of (±)-74 gave ketone (±)-78, which was used without further 

purification. The reduction of (±)-78 under Luche conditions (Ce(III)/NaBH4)
91 turned out to be 

scarcely stereoselective, since a roughly 1:1 mixture of the corresponding diastereomeric 

alcohols 79 in a satisfactory 63% yield (two steps) (Scheme 2.1.22). Unfortunately, we were 

not able to isolate efficiently both diastereomeric racemates by column chromatography. 

Thus, we attempted the resolution of the mixture of alcohols 79 through the formation of the 

corresponding diastereomeric esters 76 derived from (R)-MPA (Scheme 2.1.22). To our 

satisfaction, the four stereoisomeric esters were shown separately enough by TLC. After 

column chromatographic isolation of (2R,3R)-76 and (2S,3S)-76, the amino diols (2R,3R)-JG and 

(2S,3S)-JG were obtained in 85% and 65% yield, respectively, by basic hydrolysis. Again, the 

configuration at C3 of the diasteromeric esters (2R,3R)-76 and (2S,3S)-76 was inferred by the 

method of Riguera et al, based on the Δδ values indicated in Table 2.1.6. 
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Scheme 2.1.22. Resolution of (±)-78 and preparation of (2S,3S) and (2R,3R) 76 and JG. 

 

In regard to the synthesis of amides 52, the different stereoisomers of JG, except (2S,3S)-JG 

due to the small amount obtained in the previously described synthesis, were acylated with 

octanoyl chloride in THF/NaOAcaq. with a Schotten-Baumann classic conditions (Scheme 2.1.23) 

in the same way as 48 (Scheme 2.1.19, Section 2.1.12). 

 

 

Scheme 2.1.23. Synthesis of different stereoisomers of Ceramide analogues 52 from JG. 
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2.1.14 Conclusions 

 

- The (±)-syn and (±)-anti aminophosphate 24 was synthesized through intermediate 21 in 

Section 2.1.1, as well as the racemic mixture of aminodiol 31. 

- Several desymmetrization and chiral resolution experiments have been carried out without 

success.  

- Resolution of 21 with chiral auxiliary MPA was undertaken with evidences that probably no 

racemization has taken place, but because of the low efficiency of the process is abandoned. 

See section 2.1.4. 

- A more practical synthetic route was developed with cyclic structure 45 as an intermediate 

but anti isomers racemization was faced. See section 2.1.9. 

- Different approaches to obtain enantiomeric pure vinylic Garner’s alcohol 44 were tried with 

no results, although kinetic resolution of (±)-18 is being carried out in our group with promising 

results.  

- Finally, dhCers analogs 48, aminodiols 31 and aminophosphates 24 were achieved with 

racemic anti- and enantiomerically pure syn- compounds and the unsaturated aminodiols JG 

and Cers 52 analogues as final products were obtained enantiomerically pure for the four JG 

and for three of 52. 

 



 
 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2 Vibrational circular dichroism (VCD) studies to 

confirm the absolute configuration of 51 
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2.2.1 Introduction 

 

As we have discussed along this thesis dissertation, different techniques have been tried to 

determine the absolute configuration of our chiral compounds. In sections 2.1.5 and 2.1.10, we 

discussed on the use of configurationally defined MPA esters and the application of the 

Riguera’s rules67 to determine the absolute configuration of the nearby stereogenic centres in 

alcohols and amines. 

On the other hand, X-ray crystallography is considered as the most reliable technique for 

configurational analysis, provided a good quality single crystal can be grown and at least one 

heavy atom is present. As indicated in Section 2.1.11, we tried this approach on compound 

(-)-syn-50, albeit without success. 

In this context, VCD is a technique that complements X-ray and NMR methods, since it does 

not require a single crystal, it does not entail derivatization reactions or the addition of 

adjuvants for intermolecular interactions92, and it is suitable for samples in liquid, solid, and 

even in gas phase93. 

The vibrational optical activity (VOA) is a spectroscopic measure that detects the differential 

response of a chiral molecule to the left versus the right circularly polarized radiation during a 

vibrational transition94. It is the extension of circular dichroism spectroscopy into the infrared 

and near infrared ranges and is known as VCD and vibrational Raman optical activity, known as 

ROA. The determination of the absolute configuration of a chiral molecule is made by 

comparing the experimental VCD spectra with the simulated one, using ab initio calculations. 

Thus, VCD is a powerful technique that allows the identification of the absolute configurations 

of small molecules in solution. 

If the sign and relative intensity of the observed bands in the experimental VCD spectrum of a 

sample are the same as those of the calculated spectrum, the absolute configuration of the 

sample corresponds to that arbitrarily chosen for the ab initio calculation. On the contrary, if 

the experimental and the calculated bands are opposite, the initially chosen absolute 

configuration must be reversed.93 

For flexible molecules, the first step for VCD calculation is to carry out a conformational 

analysis, usually by molecular mechanics, to determine the lower energy conformers and their 

relative population. In order to simplify the study, the bicyclic derivatives 51 (Scheme 2.2.1) 

were synthesized, as described in Section 2.1.9, to reduce the conformational flexibility, which 

is now limited to the alkyl side chain. The experimental VCD spectra for 51 were compared 

with the calculated VCD spectra for the simplified analogues 52, whose side chain has been 
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replaced with a methyl group in order to remove any conformational flexibility and, hence, to 

simplify the calculation of the theoretical VCD spectra. 

 

 

Scheme 2.2.1. Synthesis of the four enantiomers of 51 from the corresponding enantiomer of 45. 

 

 

2.2.2 Conformational search 

 

All the theoretical calculations were carried out in the laboratories of the Department of 

Physical and Analytical Chemistry of the University of Jaén by Professors Manuel Montejo 

Gámez and Juan Jesús López González, whose contribution to this part of the project has been 

crucial.  

Taking 52 as simplified models, the strategy of "relaxed scan" was used to study the sequential 

rotation of the vinyl group at a B3LYP / 6-31+G* level of calculation. In the case of (2S,3S)-52, 

the results showed two conformers of minimum energy (Figure 2.2.1). It is interesting to note 

that the global minimum is characterized by the occurrence of a hydrogen bonding between 

one of the vinyl hydrogen atoms and the nitrogen atom. 
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Figure 2.2.1. Relaxed scan of the position of the vinyl group in (2S,3S)-52. 

 

The same strategy was applied to the anti diastereomer (2S,3R)-52, leading to the location of 

three minimum energy conformers, from which the global minimum is again characterized by 

the existence of an intramolecular hydrogen bonding, as shown in Figure 2.2.2. 

The two minimum energy localized structures for (2S,3S)-52, together with the three other 

ones for (2S,3R)-52 could be confirmed as minim, in their respective potential energy surfaces, 

by calculation of their vibrational spectra (B3LYP / 6-31+G*), which were free from negative 

frequencies. 
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Figure 2.2.2. Relaxed scan of the position of the vinyl group in diastereomer (2S,3R)-52. 

 

Taking the optimized structures obtained for the simplified model 52, the research proceeded 

with the study of a conformational search space for diastereomers 51, bearing the dodecyl 

side chain. In the case of syn-(2S,3S)-51, two models differing only in the orientation of the 

vinyl group were taken as starting point. By using molecular mechanics (force field MMFF 

implemented in Spartan08), a MonteCarlo type search resulting from free rotation of all the 

dihedral angles of the molecule led to up to 10,000 different structures, from which only the 

20 of minimum energy were considered. The same protocol, when applied to the alternative 

model differing in the orientation of the vinyl group, led to an additional set of 20 minimum 

energy conformers. The combined 40 conformers were confirmed as a minimum surface 

potential by subsequent geometric optimization and calculation of the vibrational frequencies 

at B3LYP / 6-31+G* level. In this step, the presence of the solvent used in the experimental 

studies was considered (CCl4), in agreement with the PCM model. Of the total of conformers 
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obtained, only the 12 of lower energy were kept, which represented more than 90% of the 

conformational composition of the species in solution, according to their calculated Boltzmann 

populations. A geometric optimization (PCM-B3LYP/cc-pVTZ) of these 12 structures was 

carried out, calculating also their IR and VCD vibrational spectra. 

The individual value of E0 (Ee+ZPE) for each species, their relative values relating to global 

minimum (conformer 11, Figure 2.2.3) and the theoretical calculated Boltzmann populations 

are collected in Table 2.2.1. 

 

Conf. 
E0 B3LYP/ccpVTZ 

- PCM (H) 

Δ E0 

(Kcal mol-1) 

Boltzmann  

population 

11 -1102,807360 0,00 23,8 

12 -1102,806837 0,33 13,7 

1 -1102,806820 0,34 13,4 

4 -1102,806815 0,34 13,3 

6 -1102,806273 0,68 7,5 

3 -1102,805804 0,98 4,6 

2 -1102,805779 0,99 4,5 

5 -1102,805717 1,03 4,2 

9 -1102,805686 1,05 4,0 

7 -1102,805656 1,07 3,9 

8 -1102,805599 1,11 3,7 

10 -1102,805556 1,13 3,5 

Table 2.2.1. Boltzmann populations for the 12 lowest energy conformers of (2S,3S)-51, which 

represented more than 90% of the conformational composition of the species in solution. 
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Figure 2.2.3. Conformer 11, showing the global minimum energy for (2S,3S)-51. 

 

As shown in Figure 2.2.3, the global minimum for (2S,3S)-51 corresponds to the linear 

conformation of the alkyl chain. Furthermore, the hydrogen bond between the nitrogen atom 

and one of the vinyl hidrogen atoms is still present. 

 

For the anti isomer (2S,3R)-51, a similar methodology was followed, except that three 

optimized structures (instead of the two structures used for the syn isomer) were taken as 

starting point in the experiments carried out with the simplified model 52. Thus, 60 (20 x 3) 

structures were obtained by molecular mechanics. In this case, only five of them represented 

more than 90% of the theoretical conformational composition of the species in solution 

(PCM-B3LYP / 6-31+G*). 

 

The individual value of E0 (Ee+ZPE) for each species, their relative values relating to the global 

minimum (conformer 1, Figure 2.2.4) and the theoretical calculated Boltzmann populations are 

collected in Table 2.2.2. 

 

Conf. 
E0 B3LYP/ccpVTZ 

- PCM (H) 

Δ E0 

(Kcal mol-1) 

Boltzmann  

population 

1 -1102,807547 0,00 47,4 

2 -1102,807181 0,23 32,1 

3 -1102,806046 0,94 9,7 

4 -1102,805553 1,25 5,7 

5 -1102,805440 1,32 5,1 

Table 2.2.2. Boltzmann populations for the five lowest energy conformers of (2S,3R)-51, which 
represented more than 90% of the conformational composition of the species in solution. 
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Figure 2.2.4. Conformer 1 representing  the global minimum energy of (2S,3R)-51. 

 

As shown again in Figure 2.2.4, the global minimum conformer for (2S,3R)-51 also corresponds 

to a linear side chain conformation and is characterized by the occurrence of an intramolecular 

hydrogen bond. 

 

 

2.2.3 Vibrational IR and VCD spectra 

 

The theoretical IR and VCD spectra for each diastereomer were determined from the 

contribution of each of the generated conformers of minimum energy (12 for the syn 

diastereomer and 5 for the anti diastereomer). These contributions were weighted according 

to their respective calculated Boltzmann populations, as indicated above (B3LYP /cc-pVTZ 

level) taking into account the presence of the solvent, according to the PCM model. 

 

As shown below, despite some discrepancies in the relative intensities of some vibrational 

bands, a good overall correlation between the theoretical and the experimental IR for both 

diastereomers was obtained (see Figure 2.2.5 for the syn diastereomer , and Figure 2.2.6 for 

the anti diastereomer). Deviations between calculated and experimentally observed 

wavenumbers are within the range of what is expected when the vibrational frequencies are 

calculated under the harmonic approximation. Moreover, as expected, both the experimental 

and the theoretical IR spectra for each of the enantiomeric pairs (2S,3S)-51, (2R,3R)-51 and 

(2S,3R)-51, (2R,3S)-51 are coincident. 
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Figure 2.2.5. Theoretical and experimental comparison of IR spectra for the syn pair of enantiomers. 
 

 

Figure 2.2.6. Theoretical and experimental comparison of IR spectra of the anti pair of enantiomers. 
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Figure 2.2.7. Experimental (up) and theoretical (down) VCD spectra for the enantiomers of syn-51. 

 

Concerning the VCD spectra, the results obtained for the syn enantiomers are reasonably 

reproduced by the theoretical model, as shown in Figure 2.2.7, especially for (2S,3S)-51. 

Regarding syn-(2R,3R)-51 (Figure 2.2.7), despite its profile is close to the mirror image of 

(2S,3S)-51, the intensity of the VCD signal is significantly lower. Since both spectra were carried 

out at the same concentrations, it is conceivable to assume that (2R,3R)-51 is partially 

racemized. This assumption is reinforced by the fact that the IR spectra of both enantiomers 

have similar intensities (Figure 2.2.5), this rule out any possible contamination of the sample 

with other species. Moreover, this observation is in agreement with the HPLC experiments 

described in section 2.1.9, where a significant racemization of (2R,3R)-51 was observed. Even 

so, in the sample there is an enantiomeric excess of 94 % of (2R,3R)-51, calculated from optical 

rotation. 

 

Concerning the anti diastereomers, the experimental VCD spectra are characterized by the 

absence of a clear signal. As shown in Figure 2.2.8, the profiles obtained for both species are 

nearly coincident, showing a relatively high noise level and the absence of clear bands. The 

good agreement between the theoretical and the experimental IR profiles, together with the 

absence of clear VCD signals, confirm the presence of the two enantiomers in similar amounts 

and, hence, that extensive racemization has taken place. These results are in agreement with 
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those reported in section 2.1.9 and confirm the racemization of the anti isomers under the 

esterification conditions with (R)-MPA. 

 

 

Figure 2.2.8. Theoretical-experimental comparison of VCD spectra of the anti pair of enantiomers. 

 

 

2.2.4 Conclusions 

 

- A conformational study for 51 and its simplified analogue 52 were carried out in order to 

calculate their Boltzmann population.  

- The theoretical IR and VCD spectra for each diastereomer were determined from the 

calculated Boltzmann population. 

- The experimental IR and VCD spectra for each diastereomer were measured and compared 

with the theoretical ones. 

- The enantiopurity pattern established in Chapter 2 was confirmed through intermediate 51 

and its precursor 45 by experiments of VCD. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Biological assays 
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2.3.1 Introduction 

 

One of the main objectives of this doctoral thesis was to discern the stereoselectivity of S1PL 

towards the different stereoisomers of 2-vinylsphinganines 24. As stated in section 2.1.9, the 

anti diastereomers were obtained as racemic mixtures. For this reason, in this chapter we will 

consider three different chemical entities, consisting of enantiopure (2S,3S)-24, 

enantioenriched (2R,3R)-24, and racemic (±)-anti-24. The stereoselectivity of the bacterial 

(StS1PL) and the recombinant human (hS1PL) lyases towards compounds 24, 31 and JG, has 

been studied using a fluorogenic assay developed in our group95,96 (see below). Moreover, 

toxicity (cell viability) and the effect of our compounds on the cellular lipidome have also been 

considered. These two additional studies have also been extended to vinylsphinganines 31 and 

vinyldihydroceramides 48, both sharing the same enantiopurity pattern as 24. In addition, 

enantiopure vinylsphingosines JG and vinylceramides 52 were included in this study (Figure 

2.3.1). These compounds, obtained as a result of a collaboration with Dr. Jordi Garcia’s group 

(University of Barcelona, Department of Organic and Inorganic Chemistry), were considered 

given the close structural relationship with our target sphingolipid analogues. 

Regarding the evaluation of S1PL inhibitors, several assays have been reported in the 

literature.95,96 Those amenable to “on-plate” analysis are particularly interesting for their 

application to HTS protocols. In this context, our group developed the fluorogenic probe 

RBM13,97 a S1PL substrate that releases the fluorescent reporter umbelliferone, after a 

base-promoted retro-Michael decomposition of the intermediate aldehyde product (Scheme 

2.3.1). 

 

 

Scheme 2.3.1. Spontaneous release of umbelliferone from RBM13 after reaction with S1PL. 

 

This substrate was initially used in both fluorogenic assays, with StS1PL and hS1PL. More 

recently, the new fluorogenic substrate RBM7-148, showing higher S1PL affinity, was 

synthesized within the frame of the doctoral Thesis of Pol Sanllehí. This substrate has also 

been used in this thesis, as it is detailed in section 2.3.3 



 
 
 

 

  

Figure 2.3.1. Summary of all the compounds tested in the biological assays. 
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2.3.2 Inhibition of StS1PL using RBM13 as substrate 

 

At the beginning of this doctoral thesis, only recombinant S1PL from Symbiobacterium 

thermophilum (StS1PL)98,99 was available in our group. This enzyme was used in our 

fluorescence assay using RBM13 as a substrate (Scheme 2.3.1).97 

Initially, phosphates 24 (mixture of isomers) were tested in the inhibition assay, which allowed 

the determination of the IC50 value as proof of concept. An IC50 of 2.4 µM in lisosomal rat liver 

preparation, as enzyme source, has been reported for the analogue 2VS1P38 (Figure 2.3.2) (see 

section 1.5.1).  

 

Figure 2.3.2. Described S1PL inhibitors: 2VS1P (1994) and 3b (2014). 
 

As seen in Figure 2.3.3, the results obtained were promising, as 24 (mixture of isomers) 

showed a 95% of inhibition of StS1PL activity at 250 µM after 4h of incubation. Furthermore, 

results illustrate a progressive decrease of enzyme activity along the incubation time, which 

could be indicative of an irreversible inhibition. 

 

    

Figure 2.3.3. Left: %Activity of StS1PL versus control in the presence of 250 µM of 24 (mixture of 

isomers) after different preincubation times (0, 30 and 240 min). Data were analyzed by one way 
ANOVA following by Dunnet’s multiple comparison post-test if ANOVA P < 0.0001. Right: IC50 of 24 
(mixture of isomers) after 30 min of preincubation. Values of both experiments are means±SD of 
determinations from two independent experiments with triplicates. 
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An IC50 value of 12.2 µM was determined for the mixture 24, after 30 min of incubation in 

StS1PL. This time was considered optimum, since longer or shorter incubation times led to 

enzyme inactivation or low substrate conversion, respectively. Given the different nature of 

our experiment, our IC50 value is not comparable to that described by Boumendjel and Miller 

for 2VS1P in their original work.38 

 

 

2.3.3 Inhibition of hS1PL using RBM7-148 as substrate 

 

In 2014, Weiler et al. reported on a recombinant human S1PL (hS1PL) expressed in Sf9 insect 

cells.34 Thanks to a kind donation of Prof. Andreas Billich (Novartis), we were able to use this 

enzyme to test the stereoisomers of 24 (Figure 2.3.1). In addition, our improved fluorogenic 

substrate RBM7-148 (Scheme 2.3.2) was used in these experiments. The combination of hS1PL 

as enzyme source and a better fluorogenic substrate improved the assay conditions in terms of 

reaction sensitivity and substrate requirements, in comparison to the initial combination of 

StS1PL as enzyme source and RBM13 as substrate. 

 

 

Scheme 2.3.2. Umbelliferone release from RBM7-148 after reaction with S1PL, followed by 
treatment with a base. 
 

Furthermore, the recently reported hS1PL inhibitor 3b34 (see section 1.5.3) was used as a 

positive control. Again, we are deeply acknowledged to Prof. Andreas Billich (Novartis) by a 

kind donation of a sample of 3b (Figure 2.3.2). 

 

 

2.3.3.1 S1PL inhibition of phosphates 24 

 

Results of inhibition of hS1PL for the different stereoisomers of 24 (Figure 2.3.4), showed 

(2S,3S)-24 as the most potent isomer, with an around 85% inhibition (p<0.001) versus control 

at 250 µM. Under these conditions, 3b (10 µM) displayed an almost complete enzyme 

inhibition. No pre-incubation time was set for these experiments.  
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By using a pre-incubation time from 15 to 60 min, higher inhibition was obtained, albeit lower 

fluorescence values for the control were observed. As a result, smaller fluorescence 

differences between control and blank experiments were observed, which represented a 

serious drawback in terms of assay sensitivity. For this reason the use of preincubation time for 

these experiments was discarded. 

 

 

 

 

 

 

 

 

 

 
Figure 2.3.4. % Activity versus control of hS1PL of stereoisomers of compounds 24. 3b inhibitor is taken 

as positive control of inhibition. Compound RBM7-148 was used as substrate at a final concentration of 
125 µM. Data are the mean ± SD of four independent experiments with duplicates. Data were analyzed 
by one way ANOVA following by Dunnet’s multiple comparison post-test if ANOVA (p< 0.0001).  
 

An IC50 of 33.4 ± 8.6 µM was calculated for (2S,3S)-24, the eutomer in hS1PL. An optimum 

incubation time of 180 min was set, since longer times led to a loss of the enzyme activity. This 

data was obtained from three independent experiments with duplicates. No pre-incubation 

time was set for these experiments. 

 

In these assays, we observed again that the inhibitory activity of (2S,3S)-24 increased through 

the time (data not shown), which could be indicative of an irreversible inhibition. For this 

reason, irreversibility assays were attempted in order to confirm this assumption. 

The irreversibility of an inhibition can be determined by measuring the recovery of the enzyme 

activity after a rapid and large dilution of the putative enzyme-inhibitor complex. A convenient 

method consists of incubating the target enzyme at a concentration of 100-fold over the 

concentration required for the activity assay, with an inhibitor concentration equivalent to 

10-fold the IC50. After a reasonable equilibration time (typically 15–30 minutes), this mixture is 

diluted 100-fold into reaction buffer containing the enzyme substrates to initiate reaction. The 

progress curve for this sample is then measured and compared to that of a similar sample of 

enzyme incubated and diluted in the absence of inhibitor. For reversible inhibitors the enzyme 

C
ontr

ol

(±
)-
an

ti-
24

(2
R
,3

R
)-
24

(2
S
,3

S)-
24 3b

0

20

40

60

80

100

120

*** ***

***

***

%
 A

c
v
iv

it
y
 v

s
 C

o
n

tr
o

l



 
- 84 - 

 

activity is recovered with time. On the contrary, irreversible or tight binding inhibitors display 

slow or no recovery of the activity of the enzyme.55 

 

As shown in Figure 2.3.5, after testing (2S,3S)-24 under the above conditions, a clear pattern of 

irreversibility or tight binding inhibition was observed, since the enzyme activity could not be 

recovered after 180 min. This was not observed in the control experiment (DMSO), from which 

S1PL activity was recovered in a linear way. 
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Figure 2.3.5. Lack of recovery of enzyme activity with (2S,3S)-24 in a dilution assay. Compound 
RBM7-148 was used as substrate at a final concentration of 125 µM. Data are the mean ± SD 
of two independent experiments with duplicates. 
 

Based on the above results and on the proposed mechanism for S1PL,98 it is conceivable to 

assume that 24 behaves as a mechanism-based inhibitor, which gives rise to a reactive 

intermediate (26) able to irreversibly bind to a nucleophilic centre of the enzyme active site 

(Figure 2.3.6). This was corroborated by ESI-MS experiments that revealed an increase of the 

mass protein corresponding to 26, as explained below. 
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Figure 2.3.6. Postulated mechanism for the irreversible inhibition of S1PL by 24. The protein should 

increase the mass with if an irreversible inhibition with 26 takes place. 

 

ESI-MS experiments carried out in Max Planck Institute (Düsseldorf, Germany), thanks to the 

kindness of Dra. Gemma Triola, corroborated the above assumption. As depicted in Figure 

2.3.7, the control sample (A) containing StS1PL in a buffer solution gave a major peak with a 

mass of 55437 Da, that is two units more than the described mass reported by Bourquin10 (p 

87), which is consider within the error range given the experimental conditions. This peak 

corresponds to the mass of the protein sequence (without the N-terminal methionine). 

Although they described two different populations, without cofactor (mass of 55435) and with 

PLP (55665), we only saw the mass of the enzyme without PLP (called apo-form).  

After incubation of 24 for 1h with StS1PL at 37ºC, ESI-MS of the sample showed a major peak 

corresponding to the apo-form of the enzyme (55435 Da), together with a minor peak of 

55834 Da. Interestingly, the observed mass increment (399) for this minor peak was in 

agreement with the expected mass of the protein after Michael addition to the quinonimine 

26 (Figure 2.3.6). Unfortunately, we have not been able to reproduce these results using hS1PL 

as enzyme source under similar experimental conditions since any clear peak could be 

identified, including that of the protein without inhibitor. 
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Figure 2.3.7. ESI-MS of A: control, StS1PL without inhibitor. The major pick sows the mass of the 

enzyme; 55437. B: StS1PL incubated 1h with 24. It shows the mass of the control; 55435 and a peak with 
an increase of mass of 399 that corresponds to the 26; 55834. 
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2.3.3.2 S1PL inhibition of amino alcohols 31 and JG 

 

Results of inhibition of hS1PL for the stereoisomers of 31 and JG (Figure 2.3.8), showed 

(±)-anti-31 and (2S,3R)-JG as the more potent isomers, with more than 80% inhibition 

(p<0.001) versus the control at 200 µM. 
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Figure 2.3.8. % Activity versus control in hS1PL for different stereoisomers of compounds 31 and JG. 

Compound RBM7-148 was used as substrate at a final concentration of 125 µM. Data are the mean ± SD 
of three independent experiments with duplicates. Data were analyzed by one way ANOVA following by 
Dunnet’s multiple comparison post-test if ANOVA (p< 0.0001).  
 

An IC50 for (2S,3R)-JG of 89.4 µM was determined. This data was calculated from three 

independent experiments, with duplicates and with 60 min of incubation time. No 

pre-incubation time was set for these experiments. 

It was not possible to determine the IC50 for (±)-anti-31, due the impossibility to adjust the 

dose-response curves. This abnormal behaviour could be attributed to the racemic nature of 

the mixture. 

The above results suggest that the phosphate group at C1 is not necessary for hS1PL inhibition, 

although it confers a slightly higher potency. However, hS1PL shows a different 

stereoselectivity for each type of inhibitors. Thus, while amino phosphate (2S,3S)-24 is the 

most potent inhibitor, amino alcohol (2S,3R)-JG is the most potent of this series. 

 

 

 

 

 



 
- 88 - 

 

2.3.4 Cell viability (MTT) 

 

The cytotoxicity of these compounds was determined in A549 cells, showing the LD50 values 

shown in Table 2.3.1. 

 
 

Compound Configuration LD50 (µM) 

 

(±)-anti-24 50.5 ± 9.3  

(2R,3R)-24 36.9 ± 5.7  

(2S,3S)-24 55.8 ± 8.5  

 

(±)-anti-31 21.9 ± 3.3  

(2R,3R)-31 24.0 ± 2.5  

(2S,3S)-31 19.6 ± 1.9  

 

(2S,3R)-JG 30.3 ± 2.9  

(2R,3S)-JG 26.4 ± 2.4  

(2R,3R)-JG 34.1 ± 3.6  

(2S,3S)-JG 29.5 ± 3.0  

 

(±)-anti-48 72.8 ± 6.8  

(2R,3R)-48 66.0 ± 8.9  

(2S,3S)-48 60.1 ± 5.4  

 

(2S,3R)-52 60.9 ± 9.3  

(2R,3S)-52 61.5 ± 7.9  

(2R,3R)-52 54.0 ± 6.0  

Table 2.3.1. Cytotoxicity of the different stereoisomers of 24 (DMSO as a vehicle), 31, 48, JG and 52 

(MeOH as a vehicle). A549 cells were treated with different concentrations of these compounds or the 
vehicles for 24 h and the number of viable cells was determined by the MTT test. Data correspond to the 
average ± SD of three independent experiments with triplicates. 
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All the tested compounds showed LD50 values in the mid µM range. Amino diols 31 and JG 

were slightly more cytotoxic than ceramides 48 and 52, whereas amino phosphates 24 were 

moderately cytotoxic. 

Regrettably, the IC50 value of the different calculated isomers is proximate or above of their 

LD50 values. 

 

 

2.3.5 Lipidomics 

 

 

2.3.5.1 Metabolism of the administered compounds  

 

The metabolism of configurationally defined vinylSos JG and vinylCers 52 was evaluated in 

A549 cells at sub-toxic concentrations for 24 hours. Among compounds JG, only the 2S,3R 

diastereomer was N-acylated (Figure 2.3.9 A,B). Interestingly, only the C22, C24 and C24:1 acyl 

derivatives were formed (Figure 2.3.9A). Since A549 cells produce also Cers with other N-acyl 

chains, with C16 being also very abundant,100,101 this result suggests that (2S,3R)-JG is a 

substrate of ceramide synthase 2 (CerS2), which produces long chain Cers, but it is not 

substrate of CerS5 and CerS6, which catalyze the formation of C16 Cer.102 This is the first 

example of a sphingoid base selectively used by a specific CerS. On the other hand, (2S,3R)-JG 

and, to a significantly lower extent, (2S,3S)-JG are phosphorylated at hydroxyl at C1 (Figure 

2.3.9C), which supports that, despite the presence of the vinyl group, the natural 

stereochemistry at C2 is essential for sphingosine kinase activity, with preferential activity over 

the compound having the natural (2S,3R) configuration. 

The results obtained with the N-octanoylamides derived from JG (compounds 52) are in 

agreement with those found with the free aminodiols (JG). Among the compounds tested, only 

(2S,3R)-52 was metabolized to amides with other N-acyl chains, which included only long chain 

derivatives (C22:0, C24:0 and C24:1) (Figure 2.3.9D,E). Furthermore, the corresponding free 

bases (JG) were detected in the extracts, albeit at lower levels than those of the administered 

amides 52 (Figure 2.3.9F). These results indicate that compounds 52 are hydrolyzed by CDase, 

and that the released (2S,3R)-JG, but not the other diastereomers, is then acylated by CerS2. 

Which one of the 5 different CDases103 is responsible for the hydrolysis of Cers 52 is so far 

unknown. Phosphates (JG-PO3) were not detected in extracts from cells treated with 52, 

except for the (2S,3R) isomer. Nevertheless, peak areas were very low and an accurate 
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quantification could not be carried out. This is not unexpected considering the 

phosphorylation conversion levels, the low amounts of substrate (2S,3R)-JG generated from 

(2S,3R)-52 and the detection limit of the technique for sphingoid base phosphates. 

 

 

Figure 2.3.9. Metabolism of compounds JG and 52. Cells were incubated with: A-C, JG (15 μM) and D-F, 

52 (30 μM) for 24 h. Lipid analysis was carried out by UPLC/TOF MS in ESI + (free bases and amides) or 
ESI – (phosphates). A-C, amounts of amides (A,B) and phosphates (C) present in cells treated with the 
different JG stereoisomers. D-F, amounts of amides (D,E), incorporated 52 (F) and JG (E) formed form 
52. Data were obtained from two independent experiments with triplicates.  
 

 

Analysis of lipid extracts from A549 cells incubated with (±)-anti-31 showed a higher level of 

phosphorylation than enantiomerically enriched (2R,3R)-31 and enantiomerically pure 

(2S,3S)-31. Phosphorylation levels were higher at 24 h than at 1 h. Likewise, (±)-anti-31 was 

N-acylated, while (2R,3R)-31 and (2S,3S)-31 were not. Interestingly, only the long chain 

derivatives (C22:0, C24:0 and C24:1) were formed, suggesting that CerS2 exhibits 

stereoselectivity for the vinyl bases. Similarly to phosphorylation, higher levels of N-acylation 

occurred at 24 h than at 1 h. Whether only one enantiomer (2S,3R or 2R,3S) of 31 or both are 

phosphorylated and N-acylated needs to be investigated with the pure enantiomers. All these 

results are resumed in Figure 2.3.10, below. 
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Figure 2.3.10. Metabolism of 31 (10 μM)  to the C1-O-phosphate 24 (A and B) and N-acylderivatives (C 

and D) in A549 cells treated with the compounds for 1 h (A and C) and 24 h (B and D). Data are the mean 
± SD of two experiments with triplicates. In A and B, means are statistically different between groups 
when indicated. (*, p< 0.05; unpaired two tailed t test). In C and D means are statistically different from 
vehicle when indicated (*, p< 0.05; unpaired two tailed t test).  

 

Analysis of lipid extracts from cells treated with 48 showed that the (±)-anti-48 was 

transacylated only at 24 h after treatment, likely by CDase hydrolysis and further 

CerS-catalyzed reacylation (Figure 2.3.11). In agreement with the results found with 31, only 

the long chain derivatives (C22:0, C24:0 and C24:1) were formed. In contrast, and also in 

accordance with the results found with 31, (2R,3R)-48 and (2S,3S)-48 were not transacylated. 

Whether only one enantiomer (2S,3R or 2R,3S) or both are transacylated needs to be 

investigated with the pure enantiomers. 
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* * 
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Figure 2.3.11. Transacylation of 48 (40 μM)  in A549 cells treated with the compounds for 24 h. Data 

are the mean ± SD of two experiments with triplicates. Means are statistically different from vehicle 
when indicated.  *, p< 0.05; **, p<0.01 (unpaired two tailed t test)    
 

 

2.3.5.2 Effect on the natural sphingolipidome 

 

Analysis of natural sphingolipids showed that 31 (10 μM/24h) had no effect of the amounts of 

ceramides , sphingomyelins and glucosylceramides (GlcCers) as compared to vehicle treated 

cells (data not shown). In contrast, all stereoisomers of 48 (40 μM/24h) provoked a significant 

decrease in Cers, SMs and GlcCers over controls (Figure 2.3.12). These results suggest that 

these vinylceramides may inhibit the ceramide de novo pathway, serine palmitoyltransferase 

(SPT) being a potential target. 
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Figure 2.3.12. Effect of 48 on Cers, SMs and GlcCers in A549 cells after 24 h treatment. Data are the 

mean ± SD of two experiments with triplicates. Means are statistically different from vehicle when 
indicated. *, p< 0.001; **, p<0.01 (unpaired two tailed t test)  
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Cells treated with compounds JG (15 μM/24 h) did not experience any remarkable change in 

the natural sphingolipids content. In contrast, cells exposed to ceramides 52 (30 μM/24 h) 

contained significantly lower total Cer levels than vehicle treated controls (Figure 2.3.13A). 

This reduction is translated into significantly lower levels of GlcCers (Figure 2.3.13B) and SMs 

(Figure 2.3.13C). All the different N-acyl species are similarly reduced upon exposure to 52 

(data not shown). 

 

 

Figure 2.3.13. Effect of compound 52 on the sphingolipidome. Cells were incubated with 52 (30 μM) 

for 24 h. Lipid analysis was carried out by UPLC/TOF MS. A: amounts of natural ceramides; B: amounts of 
glucosyl ceramides; C: amounts of sphingomyelins formed from the different stereoisomers of 52. Data 
were obtained from two independent experiments with triplicates. Asterisks indicate statistical 
difference with vehicle (control) (unpaired, two-tail t test). 
 

As observed for amides 48, these results are consistent with inhibition of Cer synthesis de 

novo. Since inhibition of CerS results in an increase in long chain bases and their 

phosphates104,105 and either Sa, So or their phosphates are not detected in extracts after cell 

treatment with 52, we suggest that SPT, the rate-limiting enzyme in Cer synthesis de novo, is a 

likely candidate to be affected by 52. Although the three stereoisomers of 52 are N-deacylated, 

the resulting compounds JG have no effect on Cer, GlcCer and SM levels, which argues against 

their involvement in the observed inhibition. On the other hand, the fact that the three 

diastereomers of 52 produce similar decreases in Cer, GlcCer and SM levels, while only the 

2S,3R isomer is reacylated is against the reacylation products being the inhibitory species. 

Collectively, our data support that amides 48 and 52 could be responsible for the putative SPT 

inhibition. 
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2.3.6 Computational studies on the inhibition of hS1PL by compounds 24 

These studies have been carried out by Dr. Jordi Bujons (IQAC-CSIC) within the frame of a 

current collaboration with our group. 

 

In an attempt to elucidate a putative interaction model for the stereoisomers of 24 with the 

active site of hS1PL (PDB code 4Q6R), a computational study was carried out. Based on the 

described mechanism for S1P cleavage by S1PL30 (See section 1.4), we hypothesized the 

general irreversible inhibition mechanism for 24 shown in Figure 2.3.14, already seen in 

Section 2.3.3.1. 

 

 

Figure 2.3.14. Proposed inhibition mechanism for the stereoisomers of 24 on S1PL.  
 

According to our mechanistic model, compounds 24 would be able to form an external 

aldimine with PLP. Following a retro-aldol cleavage, tridecanal would be released and the 

intermediate quinonimines 26 would be ready to react in a Michael-type reaction with a 

nearby nucleophile, thus forming a covalent bond at the enzyme active site to account for the 

presumed irreversible inhibition. This mechanism is conceptually similar to that reported for 

related mechanism-based irreversible inhibitors of GABA-T, another PLP-dependent enzyme.56 

In our case, the higher hS1PL inhibitory activity observed for enantiopure (2S,3S)-24 in 

comparison with the corresponding enantioenriched (2R,3R) enantiomer (see Section 2.3.3.1), 

reveals a putative enzyme stereoselectivity towards these vinyl derivatives. 

 

Computational models of the complexes of 24 bound into the active site of hS1PL were 

generated using the Schrodinger Suite software.106 After removing the bound ligands from the 

4Q6R structure of hS1PL, the imine bond between the essential Lys353 and the PLP cofactor 

was cleaved and the external aldimine structures from 24 (all four stereoisomers) were 

manually build on the resulting PLP moiety considering the 3‒hydroxypyridine and the imino 
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groups of the PLP prosthetic group in their ionized state. Figure 2.3.15 shows the minimized 

structures of the four hS1PL-aldimine complexes, exhibiting a similar arrangement for the 

different stereoisomers of 24. For each isomer, the aliphatic chain is placed along the narrow 

hydrophobic access channel that communicates the active site of the protein with the surface. 

In addition, the phosphate group can establish strong interactions with the anion binding site 

of hS1PL formed by residues T148, Y150, H174 and K359, confirming that the presence of the 

phosphate moiety is essential for the binding and orientation of the molecules in the enzyme 

active site. On the other hand, the reactive C3(OH) group is oriented towards the 

PLP-phosphate and the side chain of H242, with which in most cases establishes hydrogen 

bond interactions either as H-bond donor (with phosphate) or acceptor (with H242). 

 Figure 2.3.15.  Minimized structures of the modelled aldimines (orange) of the four stereoisomers of 

24 in the hS1PL active site. Residues forming a hydrophobic patch close to the PLP-binding site are 
highlighted in green. 
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A more in depth analysis of these interactions using molecular dynamics simulations in explicit 

water (50ns, 300 K, periodic boundary conditions, NPT ensemble) was carried out. In all cases, 

the simulations showed that the structures were mostly stable after an initial slight and normal 

rearrangement of the whole protein, with Cα-RMSD values around 1.5 Å relative to the 

starting structures. 

Aldimines from (2R,3S)-24 and (2S,3R)-24 showed a similar hydrogen bond association pattern. 

Thus, in both cases the C3(OH) group was hydrogen-bonded to the terminal O-atoms of the 

PLP-phosphate during ≥ 95% of the simulation time and to H242, although this last interaction 

was established for 94% of the simulation time for (2R,3S)-24 and only for about 53% for 

(2S,3R)-24, as shown in Figure 2.3.16. This would suggest that the PLP-phosphate could act as 

base, capturing the proton from the C3(OH), the first step of the retro-aldol cleavage of these 

compounds, and that the interaction with H242 could serve to increase the acidity of this 

hydroxyl group.  

 

 

Figure 2.3.16. Time dependence of the hydrogen bond interactions for the C3(OH) of the aldimines 

from (2R,3S)-24 (left) and (2S,3R)-24 (right) with the terminal O-atoms of the PLP-phosphate (red) and 
the ε-NH of H242 (blue). 
 

Similarly, the aldimine from (2S,3S)-24 established a H-bond interaction between its C3(OH) 

group and H242 for about 95 % of the simulation, but almost no direct interaction with the 

PLP-phosphate was observed (Figure 2.3.17). However, looking at the minimum distance 

between the H-atom of the C3(OH) and the terminal O-atoms of the PLP-phosphate it came 

out that, on average, both atoms were separated by only 3.6 ± 0.4 Å throughout the 

simulation, and that indeed a H-bond interaction was established for most of the time through 

a mediating water molecule. Thus, it could be speculated that in this case the PLP-phosphate 

could also promote the proton abstraction from the C3(OH) through that water molecule. 
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In contrast, for the aldimine from (2R,3R)-24 a conformational shift was observed after the 

first 13 ns of simulation. Due to this change, the C3(OH) went from being H-bonded to H242 to 

adopt a disposition close to the C1-phosphate, establishing a H-bond with the O-atom of the 

C1(O)-phosphate group (P-O-C) for the rest of the simulation (Figure 2.3.17). This would 

suggest that in this case it could be that phosphate, rather than the PLP-phosphate, the one 

that could abstract the proton from the C3(OH). Since this proton abstraction is crucial for the 

initiation of the retro-aldol cleavage of the substrates, the different interactions found for each 

stereoisomer could account for the observed differences between them as enzyme inhibitors. 

 

 

Figure 2.3.17. Time dependence of the hydrogen bond interactions for the C3(OH) of the aldimines 

from (2S,3S)-24 (left) and (2R,3R)-24 (right) with the terminal O-atoms of the PLP-phosphate (red), the ε-
NH of His242 (blue) and the O-atom of the C1(O)-phosphate group (green). 
 

Concerning the reaction products, and assuming a concerted E2 mechanism for the elimination 

step30, two stereoisomeric quinonimines (E-26 and Z-26) would be expected, depending on the 

configuration at C2 of the intermediate aldimines arising from 24 (Figure 2.3.18). Interestingly, 

the orientation of the PLP moiety, which is determinant for the configuration of the resulting 

quinomimines 26, is imposed by the steric restrictions of the enzyme active site, where both 

phosphate groups are close in space. Likewise, it is worth mentioning that the configuration at 

C3 is irrelevant for the stereochemical outcome of the resulting quinonimines 26. 
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Figure 2.3.18. A suggested E2-elimination pathway for the reaction of aldimines from 24 with hS1PL. 

 

The molecular models of each quinonimine at the hS1PL active site revealed a different 

disposition for each stereoisomer. Thus, Z-26, arising from the C2(S) aldimines, places the 

reactive vinyl moiety at about 5 Å from the ε-amino group of the essential L353. This suggests 

that this group could be the nucleophile for the Michael-type addition postulated in Figure 

2.3.14, which would be responsible for the irreversible type of inhibition postulated for these 

compounds. Another potential nucleophile could be the thiol group from C317. However, since 

this is around 10 Å away from the vinyl group, some conformational rearrangement of the 

complex would be required to bring the S-atom and the vinyl group close enough for the 

nucleophilic attack. On the other hand, in the complex of E-26, arising from the C(2R) 

aldimines, the vinyl moiety is located between L353 and L359, also at around 5 Å from each 

ε-amino group. All these interactions are depicted in Figure 2.3.19. 

With this data in hand, it is difficult to postulate any of both of the lysine residues as potential 

nucleophiles. However, looking at the interactions of both groups, it comes out that the ε-

amino group of L359 is strongly hydrogen bonded to residues T148 and H352, while L353 can 

interact with D350. These interactions would make more difficult that both potential 

nucleophiles could get close enough to the reactive vinyl group, and this would correlate with 

the lower activity observed for the (2R)-24 stereroisomers. 
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Figure 2.3.19. Molecular models of the two quinonimines Z-26 and E-26 in the hS1PL active site. 

 

 

2.3.7 Conclusions 

 

- The IC50 of 24 was calculated in vitro for purified enzyme: the racemic mixture on StS1PL 

presents an IC50= 12.2 µM with RBM13 as a substrate and experiments on hS1PL with RBM7-

148 as a substrate reveal that the eutomer is (2S,3S)-24 with an IC50= 33.4 µM. 

- The dilution assay and the ESI-MS experiments shown the typical behaviour of irreversible or 

tight binding inhibitor. 

- The aminodiols analogues JG and saturated 31 showed a moderate inhibitor activity towards 

hS1PL where natural configuration (2S,3R) seems the most potent in both cases ((±)-anti 

mixture for 31). It suggests then that the phosphate is not strictly necessary to inhibit hS1PL, 

although it confers more potency.  

- The LD50 values of different isomers of 24, 31, JG, 48 and 52 have been calculated. 

Regrettably, the IC50 value of the different calculated isomers is proximate or above of their 

LD50 values. 

- Lipidomics experiments suggests that (2S,3R)-JG and (±)-anti-31 are substrate of CerS2, which 

produces long chain Cers, but it is not substrate of CerS5 and CerS6, which catalyze the 

formation of C16 Cer. It is the first time that a selective CerS2 substrate is found. Besides, both 

48 and 52 are hydrolysed by CDases and only the corresponding natural configuration of the 

free aminodiol base was acylated again in agreement with JG and 31 results. 

- Related to the effects on natural sphingolipidome, all diastereomers of vinylCers 48 and 52 

seems to inhibit the Cer de novo pathway, beeing Serine palmitoyltransferase (SPT) a potential 

target, since a decrease of Cers, SMs and GlcCer was found. 
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- In computational studies and molecular dynamics simulations, suggest that the PLP-

phosphate could act as base, capturing the proton from the C3(OH), the first step of the 

retro-aldol cleavage of these compounds except from (2R,3R)-24 that it could be the C1-

phosphate the one that could abstract the proton. 

- Also, the formed quinonimines after the aliphatic chain removal by the enzyme will be 

different if they come from C2(S) aldimines (ending up with Z-26) or from C2(R) aldimines 

(E-26). For Z-26, the most likely nucleophile that could attack the vinyl group is L353 at about 5 

Å, and for E-26, the vinyl moiety is located between L353 and L359, also at around 5 Å from 

each ε-amino group. 

 



 
 

 

 

  



 
 

 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. SUMMARY AND CONCLUSIONS 
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The most remarkable conclusions derived from each of the topics presented in the present 

doctoral thesis are highlighted in this section. A detailed analysis of the conclusions derived 

from each of the topics presented in this dissertation is outlined at the end of the 

corresponding sections. 

 

 In chapter 1 the development of compounds that are able to specifically target 

sphingolipid metabolizing enzymes is a promising area of research was shown, which 

will most likely provide new tools and drugs for the treatment of several disorders. In 

this context, the inhibition of S1PL has been related with autoimmune disorders, 

inflammation diseases or cellular deregulation in several types of cancer, among 

others, and it is considered a promising new target for drug development. 

 

 In chapter 2 were displayed several synthetic route to obtain enantiomerically pure 

saturated sphingolipid analogues, but unfortunately only the enantiopure (-)-syn, 

enantiorich (+)-syn and the (±)-anti as a racemic mixture were achieved for 

aminophosphate 24, aminodiol 31 and dhCers analogs 48. For the unsaturated series, 

the four aminodiols JG and three Cers 52 were achieved as enantiomerically pure 

compounds. The absolute configuration for the mentioned compounds was 

determined for all synthetic routes used. 

 

 In chapter 3 the enantiopurity found in chapter 2 of intermediates 51 and their 

precursors 45 were confirmed through experiments of VCD. 

 

 In chapter 4 the IC50 of 24, both on StS1PL and hS1PL, was calculated. The eutomer on 

hS1PL is (2S,3S)-24 with an IC50= 33.4 µM, that shows the typical behaviour of 

irreversible or tight binding inhibitors. The aminodiols analogues (2S,3R)-JG and 

saturated (±)-anti-31 showed a moderate inhibitor activity towards hS1PL too, what 

suggests that the phosphate is not strictly necessary to inhibit hS1PL, although it 

confers more potency. Regrettably, the IC50 value of the different calculated isomers is 

proximate or above of their LD50 values. 

 Lipidomics experiments suggests that (2S,3R)-JG and (±)-anti-31 are substrate of CerS2 

and the vinylCer 48 and 52 seems to inhibit the Cer de novo pathway, beeing Serine 

palmitoyltransferase (SPT) a potential target. 
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 In computational studies and molecular dynamics simulations, suggest that the PLP-

phosphate could act as base, capturing the proton from the C3(OH), the first step of 

the retro-aldol cleavage of these compounds except from (2R,3R)-24 that it could be 

the C1-phosphate the one that could abstract the proton.  

 

 



 

 

  



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. EXPERIMENTAL SECTION 
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4.1 Chemistry 

 

4.1.1 General remarks 

 

All reagents were purchased from commercial suppliers and were used without further 

purification. Reactions were monitored by TLC pre-coated SiO2 aluminium plates, ALUGRAM® 

SIL G/UV254 (Machery-Nagel). Compounds were purified with the indicated solvents using flash 

column chromatography employing silica gel 60 Å (37-70 μm) (Chromagel) as stationary phase. 

Phosphates were purified with polymeric resin Amberlite® XAD4 20-60 mesh (100 Å). Yields 

refer to chromatographically and spectroscopically pure compounds, unless otherwise stated.  

Nuclear Magnetic Resonance (NMR) experiments were carried out on a Varian Mercury 400 

instrument (400MHz for 1H, 101 MHz for 13C, 162 MHz 31P and 376 MHz 19F). The chemical 

shifts (δ) are reported in ppm relative and coupling constants (J) are reported in Hertz (Hz). 

Signal assignments were confirmed, in some instances, using various 2D NMR spectra, 

including 1H-1H gDQCOSY and 1H-13C gHSQC. The following abbreviations were used for 1H 

NMR assignments: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt 

= doublet of triplets, td = triplet of doublets, ddd = double doublet of doublets, ddt = double 

doublet of triplets, m = multiplet and br = broad signal. 

HRMS (High Resolution Mass Spectrometry) analyses were carried out using a UPLC-ESI-TOF 

equipment [Acquity UPLC®  coupled to a LCT Premier orthogonal accelerated time-of-flight 

mass spectrometer (Waters)]. Compound characterization was carried out in Flow Injection 

Analysis (FIA) mode using CH3CN/water (70:30) mixture as mobile phase. 

Specific optical rotations (*α+D) were recorded on a digital Perkin-Elmer 34 polarimeter at 25 ºC 

in 1-dm 1-mL cell, using a sodium light lamp (λ = 589 nm, sodium D line), expressed in 10-1
 deg 

cm3
 g-1, and concentrations (c) are reported in g/100 mL of solvent.  

HPLC analyses were performed in an Alliance HPLC system, consisting of a 2695 Separation 

Module (Waters) coupled to a 2996 PDA detector (Waters) and a light scattering ELS-1000 

detector (Polymer Laboratories) using different columns with the following elution systems: 

- Column A: Kromasil C18 (C18, 5μm, 4 x 150 mm, Tracer). Water and acetonitrile were 

used as a mobile phase, flowing at 1 mL/min (unless otherwise indicated). 

- Column B: Halo C18 (C18, 5μm, 4.6 x 100 mm, Teknokroma). Water and acetonitrile were 

used as a mobile phase, flowing at 1 mL/min (unless otherwise indicated). 

Chiral HPLC analyses: 
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- Column C: Daicel chiralpack IB (5 µm 4.6 x 250 mm). Compounds were eluted with 

isopropanol and hexanes at 1mL/min. Each sample was run for up to 15-30 minutes and the 

injection volume was set at 10 µL (unless otherwise indicated). 

- Coumn D: Lux amylose (5 µm 4.6 x 250 mm, Phenomenex). Compounds were eluted with 

isopropanol and hexanes at 1mL/min. Each sample was run for up to 15-30 minutes and the 

injection volume was set at 10 µL (unless otherwise indicated). 

- Column E: Chiralpack IA ((5 µm 4.6 x 250 mm). Compounds were eluted with isopropanol 

and hexanes at 1mL/min. Each sample was run for up to 15-30 minutes and the injection 

volume was set at 10 µL (unless otherwise indicated). 

Semipreparative HPLC (Waters prepLC system®) coupled to Waters Prep LC controller and 

Waters 2489 UV/Vis detector were used. 

- Column F: Kromasil C18 (XBridge, 5 µm 19 x 250 mm) were used for the separation of 

(±)-syn and (±)-anti-21.  

- Column G: Halo C18 (C18, 5 µm 21.2 x 250 mm, Teknokroma) were used for the 

separation of (±)-syn and (±)-anti-21. 

 

 

4.1.2 General synthetic methods 

 

General procedure 1: Oxidation of an alcohol to an aldehyde with IBX: 

 

A mixture of the starting alcohol (1.0 mmol) and IBX (1.5 mmol) was suspended in EtOAc (30.0 

mL) under argon atmosphere. The mixture was refluxed with stirring 15 h and then cooled 

down in an ice-water bath. The white precipitate was filtered through a Celite® pad and 

washed with cool EtOAc (3 x 10.0 mL). The organic filtrates were concentrated under vacuum 

and the residue was purified by flash chromatography with the conditions indicated below, to 

afford the desired aldehyde. 

 

 

General procedure 2: Grignard reaction 

 

A solution of the starting aldehyde (1.0 mmol) and freshly prepared dodecylmagnesium 

bromide (1.5 mmol) in THF 0.5M was stirred for 3 h at rt under argon atmosphere. The mixture 

was next diluted in Et2O (5.0 mL), washed with NH4Cl (3 x 7.0 mL), dried over MgSO4 and 
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concentrated under reduced pressure. The crude residue was purified by flash 

chromatography, as indicated in each particular case. 

 

 

General procedure 3: Selective phosphorylation of a primary alcohol 

 

To a solution of the starting alcohol (1.0 mmol) in anhydrous CH2Cl2 (20.0 mL), neat NMI (3.0 

mmol) was added dropwise at rt. The reaction was next cooled down to 0 ºC, followed by 

dropwise addition of neat dimethyl chlorophosphate (1.2 mmol) under argon atmosphere. The 

mixture was warmed to rt and stirred for additional 2h. The reaction was next quenched by 

addition of aq NH4Cl (5.0 mL) and extracted with CH2Cl2 (3 x 10.0 mL). The combined organic 

extracts were dried over MgSO4, filtered and concentrated under reduced pressure. The 

resulting crude was purified by flash chromatography, as indicated in each particular case. 

 

 

General procedure 4: Simultaneous deprotection of dimethyl phosphate esters and N-Boc 

group 

 

Neat TMSBr (3.2 mmol) was added dropwise over a solution of the starting N-Boc phosphate 

dimethyl ester (1.0 mmol) in anhydrous ACN (25.0 mL) at 0 ºC under argon atmosphere. The 

reaction mixture was vigorously stirred at rt for 3h and concentrated next under reduced 

pressure. The crude residue was taken up in 95:5 MeOH/H2O (10.0 mL), and vigorously stirred 

for 1h. Evaporation under reduced pressure afforded a residue, which was purified as 

indicated in each case to obtain the desired product. 

 

 

General procedure 5: Steglich esterification 

 

A solution of the required carboxylic acid (1.4 mmol) and EDC (1.5 mmol) in anhydrous CH2Cl2 

(10.0 mL) was stirred for 30 min. To this mixture, a solution of the starting alcohol (1.0 mmol) 

and DMAP (1.1 mmol) in CH2Cl2 (10.0 mL) was added dropwise. After stirring 15h at rt, the 

mixture was diluted with CH2Cl2 (10.0 mL) and washed successively with HCl 1.0 N, water, 

NaHCO3 and water (10.0 mL each). The organic layer was dried over MgSO4, filtered and 
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concentrated under reduced pressure. The resulting crude was purified by flash 

chromatography, as indicated in each case. 

 

 

General procedure 6: Schotten-Baumann amidation 

 

A solution of the starting aminodiol (1.0 mmol) in THF (5.0 mL) was added at 0 °C to 10.0 mL of 

a 50% aqueous solution of NaOAc under stirring. After 10 min, a solution of the required acid 

chloride (1.5 mmol) in THF (5.0 mL) was added dropwise, and stirring was continued at rt for 

5h. The reaction mixture was next diluted with CHCl3 (10.0 mL), and the organic layer was 

washed with brine, and dried over MgSO4. The solvent was removed under vacuum to furnish a 

crude residue, which was purified by flash chromatography, as indicated in each case. 

 

 

General procedure 7: Preparation of acid chlorides 

 

To a solution of the starting carboxylic acid (1.0 mmol) in hexanes was added dropwise neat 

oxalyl chloride (4.0 mmol) and DMF (5 µL, equivalent to 0.1 mmol) under argon atmosphere. 

The mixture was stirred at rt for 4h or until the complete disappearance of the white 

precipitate. Then, the solution was transferred, under inert atmosphere, to an oven-dried 

round-bottom flask via cannula and evaporated under reduced pressure. The residue was 

taken up in anhydrous THF (5.0 mL) and used for the next reaction without further purification. 

 

 

General procedure 8: Intramolecular base-induced cyclization of carbamates 

 

Sodium hydride (7.0 mmol from a 60% dispersion in mineral oil) was added portionwise under 

argon atmosphere to a solution of the starting alcohol (1.0 mmol) in anhydrous THF (35.0 mL). 

The mixture was warmed to 50ºC and refluxed with stirring for 15 h. The reaction was next 

quenched by addition of water (20.0 mL) and extracted with EtOAc (3 x 15.0 mL). The 

combined organic extracts were dried over anhydrous Mg2SO4 and concentrated in vacuo. The 

resulting crude was purified by flash chromatography, as indicated in each case. 
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General procedure 9: Cleavage of silyl ethers 

 

A solution of TBAF (2.0 mmol, 1.0 M in THF) was added dropwise to a solution of the starting 

silyl ether (1.0 mmol) in anhydrous THF (30.0 mL) under argon atmosphere. After stirring at rt 

15h, the reaction was quenched with water (20.0 mL) and extracted with EtOAc (3 x 15.0 mL). 

The combined organic extracts were dried over MgSO4 and concentrated under reduced 

pressure to give a crude residue, which was purified by flash chromatography, as indicated in 

each case. 

 

 

General procedure 10: N-Boc protection 

 

To a solution of the starting amine (1.0 mmol) in anhydrous THF (15.0 mL), TEA (2.5 mmol) was 

added dropwise and the reaction was stirred for 15 min at rt. Next, Boc2O (1.2 mmol) was 

added and stirring was continued for 48h. The resulting mixture was evaporated under 

reduced pressure and the crude residue was purified by flash chromatography as indicated in 

each case.  

 

 

General procedure 11: MPA ester hydrolysis under basic conditions 

 

To a solution of the starting MPA ester (1.0 mmol) in MeOH (13.0 mL) was added neat K2CO3 

(4.5 mmol) and the reaction was stirred at rt for 15h. The reaction was next quenched by 

addition of HCl 1N (5.0 mL) and extracted with CH2Cl2 (3 x 10.0 mL). The combined organic 

extracts were dried over MgSO4, filtered and concentrated under reduced pressure. The 

resulting crude was purified by flash chromatography, as indicated in each case. 

 

 

4.1.3 Vibrational IR and VCD experimental spectra 

 

The IR and VCD were recorded by the group of Prof. Juan Jesús López and Dr. Manuel Montejo 

(University of Jaén) in the laboratories of the European Centre for Chirality (EC2) at the 

University of Antwerp using a spectrophotometer Fourier transform BioTools dual-PEM 

ChiralIR-2X, equipped with a MCTV detector cooled to the temperature of nitrogen liquid, 
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using standard liquid cells with an optical step of 100 microns and BaF2 windows. The spectral 

resolution was 4 cm-1 and 20000 scans were accumulated (6h 30 min acquisition time) in each 

measure. The concentration of the samples (0.1 M) allowed obtaining IR absorbances in the 

recommended range of 0.1 to 0.7. The baseline correction of the spectra was performed by 

subtracting the spectrum of the solvent (carbon tetrachloride) in the same experimental 

conditions. 

 

 

4.1.4 Computational studies 

 

Computational studies were carried out by Dr. Jordi Bujons (IQAC-CSIC, Barcelona) using the 

Schrödinger Suite 2016.1,106 through its graphical interface Maestro.107 Coordinates of hS1PL 

(PDB 4Q6R)34 were obtained from the Protein Data Bank at Brookhaven National Laboratory. 

The protein X‒ray structures were prepared using the Protein Preparation Wizard108 included 

in Maestro to remove solvent molecules and ions, adding hydrogens, setting protonation 

states109 and minimizing the energies. Ligands were manually set up and minimized with 

Macromodel110 using the OPLS3 forcefield.111 From these, simulation systems for molecular 

dynamics were built using the System Builder of the Maestro-Desmond interface,112 which 

automatically assigns parameters to all atom. Each protein-aldimine complex was immersed in 

a 120 x 120 x 120 Å cubic box of TIP3P water with enough Cl- anions to achieve neutrality 

(~52000 water molecules, ~170000 atoms in total). Molecular dynamics simulations (50 ns, 2 fs 

time step, PBC, NPT ensemble, 300 K and 1.0 bar) were performed with the program 

Desmond113–116 using the OPLS3 force field. 

 

 

4.1.5 Synthesis and characterization of compounds 

 

Dodecylmagnesium bromide (11): 

 

In an oven-dried round-bottom flask, a mixture of 

1-bromododecane (1.0 mmol, from a 0.5 M 

solution in THF) and magnesium turnings (2.0 mmol) was stirred for 1h under argon 

atmosphere. The reaction was initiated with the help of a ultrasonic bath and kept under 

stirring until the reflux stopped and a cloudy solution appeared. This solution was used 

immediately, without further manipulation. 
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tert-Butyl (5-(hydroxymethyl)-2,2-dimethyl-1,3-dioxan-5-yl)carbamate (12) 

 

To a suspension of tris(hidroxymethyl) aminomethane (20.0 g, 165.2 

mmol) in DMF (0.3 L) was added Boc2O (40.0 g, 183.3 mmol), and the 

mixture was stirred at room temperature for 1 h. 2,2-Dimethoxypropane 

(25.0 mL, 204.0 mmol) and p-toluenesulfonic acid monohydrate (1.6 g, 8.3 mmol) were next 

added to the mixture, and stirring was continued for 15h. The reaction mixture was diluted 

with Et2O, washed with saturated NaHCO3 and brine, dried, and concentrated. Recrystallization 

of the residue from Et2O-hexanes afforded 12 (36.2 g, 84%) as colourless crystals. The physical 

and spectroscopic data of compound 12 were identical to those reported in the literature.(61) 

1H NMR (400 MHz, CDCl3) δ 5.33 (br s, 1H), 4.25 (br s, 1H), 3.84 (d, J = 11.4 Hz, 2H), 3.80 (d, J = 

11.4 Hz, 2H), 3.72 (s, 2H), 1.45 (s, 12H), 1.43 (s, 3H).  

 

 

tert-Butyl (5-formyl-2,2-dimethyl-1,3-dioxan-5-yl)carbamate (13) 

 

This compound was obtained as described in the general procedure 1, 

starting from 12 (103.0 mmol). Compound 13 (25.9 g, 97%) was obtained 

as a white solid and used without further purification. The physical and 

spectroscopic data of 13 were identical to those reported in the literature.(61)  

1H NMR (400 MHz, CDCl3) δ 9.63 (s, 1H), 5.56 (br s, 1H), 4.06 (d, J = 11.9 Hz, 2H), 3.95 (d, J = 

11.8 Hz, 2H), 1.46 (s, J = 9.4 Hz, 15H). 

 

 

tert-Butyl (2,2-dimethyl-5-vinyl-1,3-dioxan-5-yl)carbamate (14) 

 

To a solution of Ph3PCH3Br (51.3 g, 115.7 mmol) in THF (200.0 mL) was 

added KHMDS (23.0 g, 115.7 mmol) at 0 °C under argon atmosphere. The 

mixture was stirred for 30 min at this temperature and then treated with 

a solution of 13 (15.0 g, 57.8 mmol) in THF (100.0 mL). The reaction mixture was stirred at rt 

for 5h, and then quenched with a saturated aqueous NH4Cl solution (0.1 L). The aqueous phase 

was extracted with EtOAc (3 x 0.2 L) and the combined organic extracts were dried over 

anhydrous Mg2SO4 and concentrated in vacuo. Flash chromatography (hexanes/EtOAc, from 
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0% to 10% of EtOAc) afforded 14 (13.3 g, 89%) as a white solid. The physical and spectroscopic 

data of compound 14 were identical to those reported in the literature.(60) 

1H NMR (400 MHz, CDCl3) δ 5.85 (dd, J = 17.7, 11.1 Hz, 1H), 5.20 (dd, J = 5.8, 5.2 Hz, 2H), 5.16 

(br d, J = 0.6 Hz, 1H), 3.87 (d, J = 11.6 Hz, 2H), 3.79 (d, J = 11.7 Hz, 2H), 1.42 (s, 3H), 1.41 (s, 

12H). 

 

 

tert-Butyl (1-hydroxy-2-(hydroxymethyl)but-3-en-2-yl)carbamate (15) 

 

A solution of 14 (3.0 g, 11.9 mmol) in MeOH (0.6 L) was treated with 

p-TsOH·H2O (0.4 g, 2.3 mmol). The resulting solution was stirred at rt for 

15h. The reaction was next quenched with a saturated aqueous NaHCO3 

solution (0.3 L), and extracted with EtOAc (3 x 0.2 L). The combined organic extracts were dried 

over anhydrous Mg2SO4 and concentrated in vacuo. Flash chromatography (1:1 

hexanes/EtOAc) afforded 15 (2.5 g, quantitative) as a white solid. The physical and 

spectroscopic data of compound 15 were identical to those reported in the literature.(60) 

1H NMR (400 MHz, CDCl3) δ 5.85 (dd, J = 17.4, 10.8 Hz, 1H), 5.32 (d, J = 10.8 Hz, 1H), 5.30 (s, 

1H), 5.25 (d, J = 17.4 Hz, 1H), 3.69 (m, 4H), 3.41 (br s, 2H), 1.45 (s, 9H). 

 

 

(±)-4-(Hydroxymethyl)-4-vinyloxazolidin-2-one (16) 

 

To a solution of 15 (0.5 g, 1.9 mmol) in THF (40.0 mL) was added NaH (195.0 

mg of a 60% dispersion in mineral oil, equivalent to 4.9 mmol) at 0ºC under 

argon atmosphere. The reaction mixture was allowed to warm to rt and 

stirred until complete conversion (typically 15h) of the starting material was 

observed (Rf CH2Cl2/MeOH 95:5 (v:v): 0.33). The reaction was next quenched with brine and 

extracted with EtOAc (3 x 15.0 mL). The combined organic extracts were dried over anhydrous 

Mg2SO4 and concentrated in vacuo. Flash chromatography (CH2Cl2/MeOH, from 0% to 5% of 

MeOH) afforded 16 (145.0 mg, 52%) as a pale yellow solid. 

 

HRMS (ESI+) calcd. for C6H9NO3 [M+Na]+ (m/z): 166.0480, found 166.0472. 1H NMR (400 MHz, 

CDCl3) δ 6.71 (br s, 1H, NH), 5.84 (dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.35 (dd, J = 24.7, 14.0 Hz, 2H, 

=CH2), 4.45 (d, J = 8.4 Hz, 1H, CHHO), 4.13 (d, J = 8.4 Hz, 1H, CHHO), 3.62 (dd, J = 34.7, 11.9 Hz, 
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2H, CH2OH), 3.48 (br s, 1H, OH). 13C NMR (101 MHz, CDCl3) δ 160.46 (C), 136.57 (CH), 117.10 

(CH2), 72.35 (CH2), 66.17 (CH2), 63.64 (C). mp 64-68 ºC. 

 

 

(±)-tert-Butyl (1-((tert-butyldiphenylsilyl)oxy)-2-(hydroxymethyl)but-3-en-2-yl)carbamate 

(18) 

 

A mixture of 15 (0.9 g, 4.2 mmol), imidazole (565.0 mg, 8.3 mmol) 

and TBDPSiCl (1.1 g, 4.2 mmol) in CH2Cl2 (60.0 mL) was stirred for 5h 

at rt or until complete conversion of the starting material by TLC (Rf, 

hexanes/EtOAc 9:1 (v:v): 0.4). The reaction mixture was concentrated under reduced pressure 

and the residue was purified by flash chromatography (hexanes/EtOAc from 0 to 10% of 

EtOAc) to give 18 (1.6 g, 84%) as a colourless oil. 

 

HRMS (ESI+) calcd. for C26H37NO4Si [M+Na]+ (m/z): 478.2390, found 478.2385. 1H NMR (400 

MHz, CDCl3) δ 7.68 – 7.63 (m, 4H, ArH), 7.48 – 7.37 (m, 6H, ArH), 5.86 (dd, J = 17.4, 10.8 Hz, 1H, 

=CH), 5.31 (s, 1H, NH), 5.25 (dd, J = 19.0, 14.2 Hz, 2H, =CH2), 4.13 (br s, 1H, OH), 3.84 – 3.63 (m, 

4H, CH2O), 1.46 (s, 9H, C(CH3)3), 1.08 (s, 9H, SiC(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 156.24 (C), 

137.50 (CH), 135.77 (CH), 135.65 (CH), 132.93 (C), 132.71 (C), 130.06 (CH), 130.04 (CH), 127.95 

(CH), 127.92 (CH), 115.77 (CH2), 80.04 (C), 66.81 (CH2), 66.73 (CH2), 28.47 (CH3), 26.95 (CH3). 

 

 

(±)-tert-Butyl (1-((tert-butyldiphenylsilyl)oxy)-2-formylbut-3-en-2-yl)carbamate (19) 

 

This compound was obtained as described in general procedure 1, 

starting from 18 (1.8 g, 3.9 mmol). Flash chromatography on 

Hexanes/EtOAc as eluent (from 0 to 10% EtOAc) to give 1.5 g of 19 

(87% yield) as a colourless oil. (Rf, hexanes/EtOAc 9:1 (v:v): 0.63) 

 

HRMS (ESI+) calcd. for C26H35NO4Si [M+Na]+ (m/z): 476.2200, found 476.2201. 1H NMR (400 

MHz, CDCl3) δ 9.37 (br s, 1H, CHO), 7.68 – 7.56 (m, 4H, ArH), 7.48 – 7.33 (m, 6H, ArH), 5.87 (dd, 

J = 17.5, 10.8 Hz, 1H, =CH), 5.57 (br s, 1H, NH), 5.33 (dd, J = 29.9, 14.2 Hz, 2H, =CH2), 4.05 (dd, J 

= 22.2, 14.4 Hz, 2H, CH2O), 1.47 (s, 9H, C(CH3)3), 1.05 (s, 9H, SiC(CH3)3). 
13C NMR (101 MHz, 
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CDCl3) δ 196.51 (C), 154.98 (C), 135.68 (C), 135.64 (C), 132.93 (CH), 130.09 (CH), 127.97 (CH), 

118.49 (CH2), 80.33 (C), 68.86 (C), 64.55 (CH2), 28.42 (CH3), 26.87 (CH3). 

 

 

(±)-syn and (±)-anti-tert-Butyl[3-[[(tert-butyldiphenylsilyl)oxy]methyl]-4-hydroxyhexadec-1-

en-3-yl) carbamate (21) 

 

These compounds were obtained, as described in the general 

procedure 2, starting from aldehyde (±)-19 (2.6 mmol). The 

reaction mixture was purified by flash chromatography on 

Hexanes/EtOAc (from 0 to 5% EtOAc) to give 1.2 g of 21 (77% yield, as an inseparable 7:3 

mixture of (±)-syn/anti) as a colourless oil (Rf, hexanes/EtOAc 9:1 (v:v): 0.76). For 

characterization purposes, semi-preparative HPLC on a reverse phase column (Column G) using 

an isocratic method (5:95, H2O:CH3CN, 30 mL/min) afforded isomer (±)-syn-21 in 14% yield (Rt: 

26.8 min) and isomer (±)-anti-21 in 10% yield (Rt: 24.7 min). 

 

Isomer (±)-syn-21: HRMS (ESI+) calcd. for C38H61NO4Si [M+H]+ (m/z): 624.4448, found 

624.4472. 1H NMR (400 MHz, CDCl3) δ 7.68 – 7.61 (m, 4H, ArH), 7.47 – 7.34 (m, 6H, ArH), 5.77 

(dd, J = 17.7, 11.1 Hz, 1H, =CH), 5.26 (br s, 1H, NH), 5.14 (dd, J = 55.9, 14.4 Hz, 2H, =CH2), 4.29 

(br s, 1H, OH), 4.10 (d, J = 10.2 Hz, 1H, CHHO), 3.91 (d, J = 10.3 Hz, 1H, CHHO), 3.73 (dd, J = 

14.8, 8.3 Hz, 1H, CHOH), 1.57 (s, 2H, CH2CHOH), 1.44 (s, 9H, C(CH3)3), 1.35 – 1.19 (br m, 20H, 

C10H20), 1.06 (s, 9H, SiC(CH3)3), 0.88 (t, J = 6.9 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) (major 

rotamer) δ 156.13 (C), 138.29 (CH), 135.83 (CH), 135.68 (CH), 133.15 (C), 129.99 (CH), 129.98 

(CH), 127.93 (CH), 127.90 (CH), 115.22 (CH2), 79.80 (C), 76.33 (CH), 66.71 (CH2), 32.08 (CH2), 

31.44 (C), 29.84 (CH2), 29.82 (CH2), 29.80 (CH2), 29.79 (CH2), 29.51 (CH2), 28.51 (CH3), 26.99 

(CH3), 26.49 (CH2), 22.85 (CH2), 19.47 (CH2), 19.41 (CH2), 14.28 (CH3). 

 

Isomer (±)-anti-21: HRMS (ESI+) calcd. for C38H61NO4Si [M+Na]+ (m/z): 646.4268, found 

646.4282. 1H NMR (400 MHz, CDCl3) δ 7.67 – 7.60 (m, 4H, ArH), 7.48 – 7.35 (m, 6H, ArH), 5.82 

(dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.45 (br s, 1H, NH), 5.18 (dd, J = 42.8, 14.2 Hz, 2H, =CH2), 3.96 

(br d, J = 9.3 Hz, 1H, OH), 3.87 (d, J = 9.9 Hz, 1H, CHHO), 3.75 (d, J = 8.4 Hz, 1H, CHHO), 3.54 – 

3.47 (m, 1H, CHOH), 1.61 (d, J = 9.8 Hz, 2H, CH2CHOH), 1.44 (s, 9H, C(CH3)3), 1.36 – 1.17 (br m, 

20H, C10H20), 1.07 (s, 9H, SiC(CH3)3), 0.88 (t, J = 6.9 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) 

(major rotamer) δ 155.90 (C) 138.14 (CH), 135.83 (CH), 135.75 (CH), 132.82 (C), 130.12 (CH), 
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130.11 (CH), 127.99 (CH), 127.95 (CH), 114.91 (CH2), 81.09 (C), 75.72 (CH), 66.08 (CH2), 32.08 

(CH2), 31.37 (C), 29.84 (CH2), 29.83 (CH2), 29.81 (CH2), 29.74 (CH2), 29.51 (CH2), 28.51 (CH3), 

27.02 (CH3), 26.76 (CH2), 22.85 (CH2), 19.41 (CH2), 14.28 (CH3). 

 

 

(±)-syn and (±)-anti-tert-Butyl[4-hydroxy-3-(hydroxymethyl)hexadec-1-en-3-yl]carbamate 

(22) 

 

These compounds were obtained, as described in general 

procedure 9, in quantitative yield from the diastereomeric mixture 

of 21 (0.7 mmol), as an inseparable mixture of isomers or from (±)-

syn-31 (0.8 mmol, 83% yield) or (±)-anti-31 (0.7 mmol, 86% yield), as described in general 

procedure 10. In all cases, the compounds were purified by flash chromatography, using 

Hexanes/EtOAc as eluent (from 0 to 10% EtOAc) to give a colourless oil. (Rf, hexanes/EtOAc 9:1 

(v:v): 0.16). 

 

Isomer (±)-syn-22: HRMS (ESI+) calcd. for C22H43NO4 [M+H]+ (m/z): 386.3270, found 386.3278. 

1H NMR (400 MHz, CDCl3) δ 5.85 (dd, J = 17.5, 11.0 Hz, 1H, =CH), 5.27 (d, J = 11.0 Hz, 1H, 

=CHH), 5.20 (s, 1H, NH), 5.15 (d, J = 5.4 Hz, 1H, =CHH), 4.02 (d, J = 10.9 Hz, 1H, CHHOH), 3.89 

(br s, 1H, OH), 3.68 (d, J = 12.2 Hz, 1H, CHHOH), 3.64 (s, 1H, CHOH), 1.54 (dd, J = 23.1, 14.5 Hz, 

2H, CH2CHOH), 1.44 (s, 9H, C(CH3)3), 1.36 – 1.13 (br m, 20H, C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3).
 

13C NMR (101 MHz, CDCl3) δ 156.88 (C), 137.56 (CH), 115.56 (CH2), 80.52 (C), 75.60 (CH), 66.37 

(CH2), 64.56 (C), 32.05 (CH2), 31.46 (CH2), 29.81 (CH2), 29.79 (CH2), 29.78 (CH2), 29.75 (CH2), 

29.72 (CH2), 29.69 (CH2), 29.49 (CH2), 28.43 (CH3), 26.53 (CH2), 22.82 (CH2), 14.25 (CH3).  

Enantiopure or enantioenriched syn-isomers were similarly obtained by the route described in 

section 2.1.12: 

syn-(2R,3R)-22, obtained from syn-(2R,3R)-31: [α]D = +3.3 (c = 3.0, CHCl3)  

syn-(2S,3S)-22, obtained from syn-(2S,3S)-31: [α]D = -4.6 (c = 3.0, CHCl3)   

 

Isomer (±)-anti-22: HRMS (ESI+) calcd. for C22H43NO4 [M+Na]+ (m/z): 408.3090, found 

408.3089. 1H NMR (400 MHz, CDCl3) δ 5.91 (dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.32 (d, J = 10.8 Hz, 

1H, =CHH), 5.22 (br s, 1H, NH), 5.18 (d, J = 17.5 Hz, 1H, =CHH), 4.22 (br s, 1H, OH), 3.79 – 3.71 

(m, 1H, CHHOH), 3.68 – 3.55 (m, 2H, CHHOH, CHOH), 3.03 (br d, J = 4.7 Hz, 1H, OH), 1.58 (s, 2H, 

CH2CHOH), 1.45 (s, 9H, C(CH3)3), 1.39 – 1.12 (br m, 20H, C10H20), 0.88 (t, J = 6.8 Hz, 3H, CH3). 
13C 

NMR (101 MHz, CDCl3) δ 156.87 (C), 137.55 (CH), 115.59 (CH2), 80.59 (C), 73.52 (CH), 66.48 
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(CH2), 64.56 (C), 32.08 (CH2), 30.88 (CH2), 29.86 (CH2), 29.83 (CH2), 29.81 (CH2), 29.80 (CH2), 

29.78 (CH2), 29.75 (CH2), 29.72 (CH2), 29.51 (CH2), 28.46 (CH3), 26.60 (CH2), 22.84 (CH2), 14.27 

(CH3).  

Enantiopure or enantioenriched anti-isomers were similarly obtained by the route described in 

section 2.1.12: 

anti-(2R,3S)-22, obtained from anti-(2R,3S)-31: [α]D = -1.6 (c = 3.0, CHCl3)  

anti-(2S,3R)-22, obtained from anti-(2S,3R)-31: [α]D = +0.4 (c = 3.0, CHCl3)   

 

 

(±)-syn and (±)-anti-tert-Butyl [3-[[(dimethoxyphosphoryl)oxy]methyl]-4-hydroxyhexadec-1-

en-3-yl]carbamate (23) 

 

These compounds were obtained as described in general 

pocedure 3, starting from (±)-syn-22 (0.2 mmol) or (±)-anti-

22 (0.2 mmol). The compounds were purified by flash 

chromatography using Hexanes/EtOAc as eluent (from 0 to 35% of EtOAc) to give (±)-syn-23 

(74.0 mg, 73% yield) or (±)-anti-23 (78.0 mg, 74% yield) as a colourless oils. (Rf, hexanes/EtOAc 

7:3 (v:v): 0.08). 

 

Isomer (±)-syn-23: HRMS (ESI+) calcd. for C24H48NO7P [M+H]+ (m/z): 494.3247, found: 

494.3257. 1H NMR (400 MHz, CDCl3) δ 5.81 (dd, J = 17.6, 11.1 Hz, 1H, =CH), 5.26 (dd, J = 30.3, 

14.4 Hz, 2H, =CH2), 5.04 (br s, 1H, NH), 4.43 (dd, J = 10.4, 6.2 Hz, 1H, CHHOP), 4.32 (dd, J = 10.4, 

6.7 Hz, 1H, CHHOP), 3.76 (dd, J = 11.1, 1.7 Hz, 6H, (OCH3)2), 3.62 (d, J = 8.9 Hz, 1H, CHOH), 1.55 

(dd, J = 18.0, 8.1 Hz, 2H, CH2CHOH), 1.42 (s, 9H, C(CH3)3), 1.23 (br s, 20H, C10H20), 0.86 (t, J = 6.9 

Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 156.17 (C), 137.24 (CH), 116.14 (CH2), 80.45 (C), 

73.98 (CH), 68.48 (CH2), 68.42 (CH2), 63.56 (C), 63.49 (C), 54.64 (CH3), 54.58 (CH3), 32.04 (CH2), 

30.79 (CH2), 29.80 (CH2), 29.79 (CH2), 29.76 (CH2), 29.74 (CH2), 29.71 (CH2), 29.66 (CH2), 29.47 

(CH2), 28.39 (CH3), 26.52 (CH2), 22.81 (CH2), 14.23 (CH3). 
31P NMR (162 MHz, CDCl3) δ 1.64.  

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors: 

Obtained by the route described in section 2.1.4: 

syn-(2R,3R)-23: *α+D +3.2 (c 1, CHCl3) and syn-(2S,3S)-23: *α+D -3.6 (c 1, CHCl3). 

Obtained by the route described in section 2.1.12: 

syn-(2R,3R)-23: *α+D +11 (c 3, CHCl3) and syn-(2S,3S)-23: *α+D -15 (c 3, CHCl3). 
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Isomer (±)-anti-23: HRMS (ESI+) calcd. for C24H48NO7P [M+Na]+ (m/z): 516.3066, found 

516.3075. 1H NMR (400 MHz, CDCl3) δ 5.84 (dd, J = 17.5, 10.9 Hz, 1H, =CH), 5.26 (dd, 2H, =CH2), 

5.17 (br s, 1H, NH), 4.32 (dd, J = 6.1, 3.4 Hz, 2H, CH2OP), 3.78 (dd, J = 11.1, 1.3 Hz, 6H, (OCH3)2), 

3.61 (d, J = 8.3 Hz, 1H, CHOH), 1.68 – 1.57 (m, 1H, CHHCHOH), 1.56 – 1.47 (m, 1H, CHHCHOH), 

1.44 (s, 9H, C(CH3)3), 1.25 (br s, 20H, C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (101 MHz, 

CDCl3) δ 155.55 (C), 136.25 (CH), 116.33 (CH2), 77.36(C), 74.19 (CH), 68.03 (CH2), 67.97 (CH2), 

54.76 (CH3), 54.76 (CH3), 54.70 (CH3), 54.70 (CH3), 32.07 (CH2), 31.65 (CH2), 29.82 (CH2), 29.80 

(CH2), 29.79 (CH2), 29.76 (CH2), 29.74 (CH2), 29.50 (CH2), 28.45 (CH3), 26.77 (CH2), 22.83 (CH2), 

14.26 (CH3). 
31P NMR (162 MHz, CDCl3) δ 1.57.  

Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

precursors: 

Obtained by the route described in section 2.1.4: 

anti-(2S,3R)-23: *α+D +2.4 (c 1, CHCl3) and anti-(2R,3S)-23: *α+D -2.4 (c 1, CHCl3). 

Obtained by the route described in section 2.1.12: 

anti-(2S,3R)-23: *α+D +0.6 (c 3, CHCl3) and anti-(2R,3S)-23: *α+D -1.7 (c 3, CHCl3)  

 

 

(±)-syn and (±)-anti-2-Amino-3-hydroxy-2-vinylpentadecyl dihydrogen phosphate (24) 

 

These compounds were obtained as described in general 

procedure 4, starting from (±)-syn-23 (0.3 mmol) or (±)-anti-

23 (0.3 mmol). Purification was carried out by 

chromatography on XAD-4 resin, using water/ACN as eluent (from 0 to 100% of ACN) followed 

by lyophilization to give (±)-syn-24 (37.0 mg, 36% yield) or (±)-anti-24 (33.0 mg, 33% yield) as a 

white solids. Dephosphorylated aminoalcohol (±)-syn-34 (29.0 mg, 33% yield) or (±)-anti-34 

(26.0 mg, 29% yield) were also obtained. 

 

Isomer (±)-syn-24: HRMS (ESI+) calcd. for C17H36NO5P [M+Na]+ (m/z): 388.2229, found 

388.2257. 1H NMR (400 MHz, CD3OD) δ 5.90 (dd, J = 17.9, 11.5 Hz, 1H, =CH), 5.45 (dd, J = 39.2, 

14.7 Hz, 2H, =CH2), 4.04 (ddd, J = 24.6, 11.5, 5.6 Hz, 2H, CH2OP), 3.79 (d, J = 10.7 Hz, 1H, 

CHOH), 1.57 (d, J = 5.5 Hz, 2H, CH2CHOH), 1.35 (br d, J = 44.3 Hz, 20H, C10H20), 0.90 (t, J = 6.9 

Hz, 3H, CH3. 
13C NMR (101 MHz, CD3OD) δ 133.18 (CH), 119.68 (CH2), 72.24 (CH), 66.53 (CH2), 

66.48 (CH2), 65.31 (CH2), 65.23 (CH2), 33.08 (CH2), 32.30 (CH2), 30.81 (CH2), 30.78 (CH2), 30.76 
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(CH2), 30.76 (CH2), 30.61 (CH2), 30.48 (CH2), 27.30 (CH2), 23.74 (CH2), 14.43 (CH3). 
31P NMR (162 

MHz, CD3 OD) δ 0.64.  

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors by the route described in section 2.1.12: 

syn-(2R,3R)-24: *α+D +14.4 (c 0.5, DMSO) and syn-(2S,3S)-24: *α+D -15 (c 0.5, DMSO) 

 

Isomer (±)-anti-24: HRMS (ESI+) calcd. for C17H36NO5P [M+H]+ (m/z): 366.2409, found 

366.2400. 1H NMR (400 MHz, CD3OD) δ 5.95 (dd, J = 17.9, 11.4 Hz, 1H, =CH), 5.47 (dd, J = 28.5, 

14.7 Hz, 2H, =CH2), 4.23 (dd, J = 9.6, 3.5 Hz, 1H, CHHOP), 3.93 (dd, J = 10.8, 4.2 Hz, 1H, CHHOP), 

3.73 (d, J = 9.0 Hz, 1H, CHOH), 1.62 (d, J = 8.2 Hz, 1H, CHHCHOH), 1.48 (dd, J = 17.9, 10.5 Hz, 

1H, CHHCHOH), 1.29 (br s, 20H, C10H20), 0.90 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (101 MHz, CD3OD) 

δ 134.28 (CH), 119.58 (CH2), 72.99 (CH), 65.81 (CH2), 65.77 (CH2), 64.87 (CH2), 64.80 (CH2), 

33.07 (CH2), 31.60 (CH2), 30.80 (CH2), 30.77 (CH2), 30.76 (CH2), 30.73 (CH2), 30.70 (CH2), 30.47 

(CH2), 30.45 (CH2), 27.49 (CH2), 23.73 (CH2), 14.43 (CH3). 
31P NMR (162 MHz, CD3OD) δ 0.84.   

Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

precursors by the route described in section 2.1.12: 

anti-(2S,3R)-24: *α+D +7 (c 0.5, DMSO) and anti-(2R,3S)-24: *α+D -3.8 (c 0.5, DMSO) 

 

 

MPA esters (25) for the simultaneous separation and resolution of compounds 21  

 

These compounds were obtained as described in general 

procedure 5, starting from a mixture of (±)-syn and 

(±)-anti-21 and reaction with (R)-MPA or (S)-MPA (see 

Figure 2.1.3, Section 2.1.4). Purification by flash 

chromatography using Hexanes/MTBE as eluent (from 0 to 

5% of MTBE) gave the corresponding isomers of 25. 

 

From (R)-MPA: 

Isomer 25a [(R)(-)-anti-21] (210.0 mg, 19% yield) as a colourless oil. (Rf, Hexanes/MTBE 95:5 

(v:v): 0.68). HRMS (ESI-) calcd. For C47H69NO6Si [M-H]+ (m/z): 770.4816, found 770.4858. 1H 

NMR (400 MHz, CDCl3) δ 7.67 – 7.49 (m, 5H, ArH), 7.48 – 7.28 (m, 7H, ArH), 7.22 (dd, J = 5.1, 

2.0 Hz, 3H, ArH), 5.77 (dd, J = 17.5, 10.9 Hz, 1H, =CH), 5.55 (dd, J = 10.7, 2.3 Hz, 1H, CHO), 4.91 

(d, J = 10.9 Hz, 1H, =CHH), 4.71 (s, 1H, CHOMe), 4.67 (s, 1H, =CHH), 4.57 (s, 1H, NH), 4.09 (d, J = 
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9.8 Hz, 1H, CHHO), 3.52 (d, J = 10.3 Hz, 1H, CHHO), 3.39 (s, 3H, OCH3), 1.68 – 1.58 (m, 1H, 

CHHCHOH), 1.54 – 1.43 (m, 1H, CHHCHOH), 1.37 (s, 9H, C(CH3)3), 1.32 – 1.22 (br m, 18H, C9H18), 

1.21 – 1.09 (m, 2H, CH2CH2), 1.03 (s, 9H, SiC(CH3)3), 0.89 (t, J = 6.8 Hz, 3H, CH2CH3). 
13C NMR 

(101 MHz, CDCL3) δ 169.66 (C), 136.50 (CH), 136.35 (CH), 135.83 (CH), 133.41 (C), 133.15 (C), 

129.80 (CH), 128.77 (CH), 128.61 (CH), 127.77 (CH), 127.75 (CH), 127.31 (CH), 114.99 (CH2), 

82.72 (CH), 75.60 (CH), 65.14 (CH2), 63.21 (C), 57.49 (CH3), 32.07 (CH2), 29.82 (CH2), 29.80 

(CH2), 29.78 (CH2), 29.71 (CH2), 29.63 (CH2), 29.54 (CH2), 29.51 (CH2), 29.13 (CH2), 28.44 (CH3), 

27.03 (CH3), 26.05 (CH2), 22.84 (CH2), 19.42 (CH2), 14.27 (CH3).  

 

Isomers 25b [(R)(+)-syn-21] and 25c [(R)(+)-anti-21]: 155.0 mg diastereomer 1 (R)(+)-syn-25, Rf 

Hexanes/MTBE 95:5 (v:v): 0.62), 28% yield as an inseparable mixture with diastereomer 2 

(R)(+)-anti-25 (Rf Hexanes/EtOAc 95:5 (v:v): 0.57) as a colourless oil. HRMS (ESI-) calcd. For 

C47H69NO6Si [M-H]+ (m/z): 770.4816, found 770.4858. 1H NMR (400 MHz, CDCl3, as an 

inseparable mixture of diastereomers 1 and 2) δ 7.67 – 7.62 (m, 3H, ArH, 1 and 2), 7.61 – 7.57 

(m, 3H, ArH, 1 and 2), 7.47 – 7.27 (m, 9H, ArH, 1 and 2), 6.00 (dd, J = 17.5, 10.9 Hz, 1H, =CH, 2), 

5.58 (d, J = 7.5 Hz, 1H, CHO, 1), 5.53 (d, J = 10.4 Hz, 1H, CHO, 2), 5.39 (dd, J = 17.6, 11.2 Hz, 1H, 

=CH, 1), 5.18 (d, J = 11.0 Hz, 1H, =CHH, 2), 5.09 (d, J = 17.4 Hz, 1H, =CHH, 2), 4.97 (d, J = 10.9 

Hz, 1H, =CHH, 1), 4.92 (s, 1H, NH, 2), 4.72 (s, 1H, NH, 1), 4.65 (d, J = 17.9 Hz, 1H, =CHH, 1), 4.22 

(br s, 1H, CHHO, 2), 3.93 (br s, 1H, CHHO, 1), 3.70 (d, J = 10.3 Hz, 1H, CHHO, 1 and 2), 3.41 (s, 

3H, OCH3, 1), 3.34 (s, 3H, OCH3, 2), 1.58 – 1.47 (m, 2H, CH2, 1), 1.47 – 1.39 (m, 2H, CH2, 1), 1.37 

(d, J = 10.9 Hz, 9H, C(CH3)3, 1 and 2), 1.35 – 1.12 (br m, 18H, C9H18, 1 and 2), 1.07 (d, J = 4.3 Hz, 

9H, SiC(CH3)3, 1 and 2), 0.89 (dt, J = 10.4, 5.0 Hz, 3H, CH2CH3, 1 and 2), 0.68 (s, J = 18.1 Hz, 2H, 

CH2, 2). 13C NMR (101 MHz, CDCl3, as an inseparable mixture of diastereomers 1 and 2) δ 

171.25 (C, 1), 169.95 (C, 2), 136.42 (CH, 2), 136.33 (CH, 1), 135.84 (CH, 1 and 2), 135.82 (CH, 1 

and 2), 135.79 (CH, 2), 135.76 (CH, 1), 133.29 (C, 1), 133.26 (C, 2), 132.96 (C, 1 and 2), 129.92 

(CH, 1 and 2), 129.87 (CH, 1), 128.91 (CH, 1 and 2), 128.79 (CH, 2), 128.67 (CH, 1), 128.60 (CH, 

2), 127.84 (CH, 1), 127.83 (CH, 1), 127.81 (CH, 2), 127.80 (CH, 2), 127.51 (CH, 1), 127.31 (CH, 2), 

115.84 (CH2, 1), 115.03 (CH2, 2), 76.17 (CH, 1 and 2), 63.25 (CH2, 1 and 2), 57.52 (CH3, 2), 57.39 

(CH3, 1), 32.06 (CH2, 1 and 2), 29.83 (CH2, 1 and 2), 29.81 (CH2, 1 and 2), 29.79 (CH2, 1 and 2), 

29.75 (CH2, 1 and 2), 29.69 (CH2, 1 and 2), 29.64 (CH2, 1), 29.56 (CH2, 2), 29.52 (CH2, 1), 29.50 

(CH2, 1), 29.44 (CH2, 2), 29.37 (CH2, 2), 29.08 (CH2, 1 and 2), 28.50 (CH3, 1), 28.46 (CH3, 2), 27.04 

(CH2, 1 and 2), 26.98 (CH3, 1 and 2), 26.12 (CH2, 1), 25.50 (CH2, 2), 22.83 (CH2, 1 and 2), 19.45 

(CH2, 1 and 2), 14.26 (CH3, 1 and 2). 
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Isomer 25d [(R)(-)-syn-21]: (177.0 mg, 16% yield) as a colourless oil. (Rf, Hexanes/MTBE 95:5 

(v:v): 0.52). HRMS (ESI-) calcd. For C47H69NO6Si [M-H]+ (m/z): 770.4816, found 770.4858. 1H 

NMR (400 MHz, CDCl3) δ 7.64 (ddd, J = 7.1, 4.5, 1.7 Hz, 3H, ArH), 7.47 – 7.26 (m, 12H, ArH), 

5.78 (dd, J = 17.7, 11.1 Hz, 1H, =CH), 5.49 (d, J = 9.6 Hz, 1H, CHO), 5.20 (d, J = 11.0 Hz, 1H, 

=CHH), 4.98 (d, J = 17.9 Hz, 1H, =CHH), 4.73 (s, 1H, NH), 4.06 (br s, 1H, CHHO), 3.76 (d, J = 10.3 

Hz, 1H, CHHO), 3.42 (s, J = 11.8 Hz, 3H, OCH3), 1.40 (s, J = 11.7 Hz, 9H, C(CH3)3), 1.35 – 1.13 (br 

m, 18H, C9H18), 1.08 (d, J = 2.6 Hz, 9H, SiC(CH3)3), 1.01 – 0.92 (m, 2H, CH2), 0.89 (t, J = 6.9 Hz, 

3H, CH2CH3), 0.84 – 0.71 (m, 1H, CHHCHOH), 0.70 – 0.57 (m, 1H, CHHCHOH). 13C NMR (101 

MHz, CDCL3) δ 154.67 (C), 136.39 (CH), 135.83 (CH), 135.76 (CH), 133.26 (C), 132.94 (C), 129.91 

(CH), 128.85 (CH), 128.65 (CH), 127.85 (CH), 127.30 (CH), 116.00 (CH2), 82.78 (CH), 76.41 (CH), 

63.60 (CH2), 63.06 (C), 57.46 (CH3), 32.08 (CH2), 29.84 (CH2), 29.81 (CH2), 29.79 (CH2), 29.74 

(CH2), 29.57 (CH2), 29.52 (CH2), 29.45 (CH2), 29.38 (CH2), 29.17 (CH2), 28.52 (CH2), 28.46 (CH3), 

27.00 (CH3), 25.53 (CH2), 22.84 (CH2), 19.47 (CH2), 14.27 (CH3).  

From (S)-MPA, similar yields were obtained. As above, three fractions were collected after 

flash chromatography using Hexanes/MTBE as eluent (from 0 to 5% of MTBE). 

Isomer ent-25a [(S)(+)-anti-21] was chromatographic and spectroscopically identical to 25a 

[R)(-)-anti-21] 

The mixture of ent-25b [(S)(-)-syn-21] and ent-25c [(S)(-)-anti-21] was chromatographic and 

spectroscopically identical to the above mixture of 25b [(R)(+)-syn-21] and 25c [(R)(+)-anti-21]. 

Isomer ent-25d [(S)(+)-syn-21] was chromatographic and spectroscopically identical to 25d 

[(R)(-)-syn-25]. 

 

 

(±)-syn and (±)-anti-2-Amino-2-vinylpentadecane-1,3-diol (31) 

 

To a solution of (±)-syn-45 (1 g, 2.4 mmol) or (±)-anti-45 (360.0 

mg, 0.8 mmol) in dioxane (40.0 µM) was added HCl 1.0 N (9.0 and 

3.5 mL respectively) and the mixture was refluxed with stirring for 

2.5h. After that time, complete conversion of the starting 

material was observed by TLC (Rf, CH2Cl2/MeOH 9:1 (v:v): 0.13 (±)-syn-31 and CH2Cl2/MeOH 

9:1 (v:v): 0.16 (±)-anti-31). The mixture was cooled down, diluted with Et2O and washed 

successively with NaOH (2N) and brine. The organic layer was dried over MgSO4, filtered and 

concentrated under reduced pressure. The resulting crude was purified by flash 
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chromatography with CH2Cl2/MeOH (from 0 to 10% of MeOH) to give (±)-syn-31 (0.7 g, 97% 

yield) and (±)-anti-31 (235.0 mg, 97% yield) as a white wax. 

 

Isomer (±)-syn-31: HRMS (ESI+) calcd. for C17H36NO2 [M+H]+ (m/z): 286.2746, found 286.2754. 

1H NMR (400 MHz, CDCl3) δ 5.76 (dd, J = 17.5, 10.9 Hz, 1H, =CH), 5.34 – 5.22 (m, 2H, =CH2), 

3.68 (d, J = 11.6 Hz, 1H, CHHOH), 3.59 (d, J = 9.8 Hz, 1H, CHOH), 3.50 (d, J = 11.1 Hz, 1H, 

CHHOH), 2.93 (br d, J = 28.7 Hz, 4H, (OH)x2 and NH2), 1.52 (br d, J = 6.7 Hz, 1H, CHHCHOH), 

1.44 – 1.35 (br m, 1H, CHHCHOH), 1.24 (br s, 20H, C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR 

(101 MHz, CDCl3) δ 139.48 (CH), 115.69 (CH2), 110.16 (C), 75.19 (CH), 68.25 (CH2), 61.69 (C), 

32.06 (CH2), 31.89 (CH2), 29.83 (CH2), 29.81 (CH2), 29.79 (CH2), 29.50 (CH2), 26.51 (CH2), 22.83 

(CH2), 14.25 (CH3). 

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors by the route described in section 2.1.12: 

syn-(2R,3R)-31: *α+D +7 (c 3, CHCl3) and syn-(2S,3S)-31: *α+D -11 (c 3, CHCl3) 

 

Isomer (±)-anti-31: HRMS (ESI+) calcd. for C17H36NO2 [M+H]+ (m/z): 286.2746, found 286.2754. 

1H NMR (400 MHz, CDCl3) δ 5.88 (dd, J = 17.6, 10.9 Hz, 1H, , =CH), 5.34 – 5.22 (m, 2H, =CH2), 

3.80 (d, J = 11.0 Hz, 1H, CHHOH), 3.49 (d, J = 11.1 Hz, 1H, CHHOH), 3.46 – 3.41 (m, 1H, CHOH), 

2.82 (br d, J = 20.0 Hz, 4H, (OH)x2 and NH2), 1.65 – 1.43 (m, 2H, CH2CHOH), 1.25 (br s, 20H, 

C10H20), 0.86 (t, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 139.80 (CH), 115.96 (CH2), 110.17 (C), 

66.33 (CH2), 60.82 (C), 32.07 (CH2), 31.51 (CH2), 29.83 (CH2), 29.81 (CH2), 29.80 (CH2), 29.50 

(CH2), 27.04 (CH2), 22.83 (CH2), 14.26 (CH3).  

Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

precursors by the route described in section 2.1.12: 

anti-(2S,3R)-31: *α+D +0.8 (c 3, CHCl3) and anti-(2R,3S)-31: *α+D -2.2 (c 3, CHCl3) 

 

 

MPA esters (32) for the configurational assignment of the C(3) position of phosphates 23 

 

These compounds were obtained as described in general 

procedure 5, starting from the corresponding isomer 

(±)-syn or (±)-anti-23 and (R)-MPA or (S)-MPA (see Scheme 

2.1.10, section 2.1.5.1). The residue was purified by flash 

chromatography using Hexanes/EtOAc as eluent (from 0 
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to 35% EtOAc) to give the corresponding isomers of 32 (92% yield). 

 

Isomer 32a [(R)(-)-syn-23] (45.0 mg, 27% yield) as a colourless oil. (Rf, Hexanes/EtOAc 7:3 (v:v): 

0.12). HRMS (ESI+) calcd. for C33H56NO9P [M+H]+ (m/z): 642.3771, found 642.3769. 1H NMR 

(400 MHz, CDCl3) δ 7.49 – 7.28 (m, 5H, ArH), 5.78 (dd, J = 17.8, 11.2 Hz, 1H, =CH), 5.33 (s, 1H, 

CHO), 5.21 (dd, J = 64.6, 14.5 Hz, 2H, =CH2), 4.99 (br s, 1H, NH), 4.79 (s, 1H, CHOMe), 4.39 (br s, 

1H, CHHOP), 4.26 (dd, J = 10.2, 4.4 Hz, 1H, CHHOP), 3.76 (dd, J = 11.1, 4.6 Hz, 6H, P(OCH3)2), 

3.43 (s, 3H, OCH3), 1.41 (s, 9H, C(CH3)3), 1.25 (br s, J = 11.7 Hz, 16H, C8H16), 1.10 – 1.00 (br m, 

2H, CH2CH2CH2CHO), 0.97 – 0.92 (br m, 2H, CH2CH2CHO), 0.88 (t, J = 6.8 Hz, 3H, CH2CH3), 0.83 – 

0.72 (br m, 1H, CHHCHO), 0.65 (br m, 1H, CHHCHO). 13C NMR (101 MHz, CDCl3) δ 170.96 (C), 

154.37 (C), 136.29 (C), 134.92 (CH), 128.97 (CH), 128.72 (CH), 127.35 (CH), 116.97 (CH2), 82.68 

(CH), 75.64 (CH), 66.92 (CH2), 61.91 (C), 57.47 (CH3), 54.68 (CH3), 54.54 (CH3), 32.06 (CH2), 

31.57 (CH2), 29.84 (CH2), 29.79 (CH2), 29.77 (CH2), 29.73 (CH2), 29.54 (CH2), 29.50 (CH2), 29.38 

(CH2), 29.22 (CH2), 29.09 (CH2), 28.45 (CH3), 25.22 (CH2), 22.83 (CH2), 14.26 (CH3). 

 

Isomer 32b [(R)(+)-syn-23]: (50.0 mg, 28% yield) as a colourless oil. (Rf, Hexanes/EtOAc 7:3 

(v:v): 0.18). HRMS (ESI+) calcd. for C33H56NO9P [M+H]+ (m/z): 642.3771, found 642.3769. 1H 

NMR (400 MHz, CDCl3) δ 7.50 – 7.29 (m, 5H, ArH), 5.42 (dd, J = 10.5, 2.3 Hz, 1H, =CH), 5.37 (d, J 

= 6.5 Hz, 1H, CHO), 5.08 (d, J = 11.2 Hz, 1H, =CHH), 4.80 (d, J = 17.7 Hz, 1H, =CHH), 4.75 (s, 1H, 

CHOMe), 4.65 (s, 1H, NH), 4.19 (br d, J = 3.5 Hz, 2H, CH2OP), 3.72 (ddd, J = 11.1, 4.7, 0.7 Hz, 6H, 

P(OCH3)2), 3.40 (s, J = 0.6 Hz, 3H, , OCH3), 1.57 – 1.45 (br m, 2H, CH2CHOH), 1.37 (s, 9H, 

C(CH3)3), 1.22 (br d, J = 17.8 Hz, 20H, C10H20), 0.87 (dd, J = 6.9, 6.4 Hz, 3H, CH2CH3). 
13C NMR 

(101 MHz, CDCl3) δ 170.66 (C), 154.03 (C), 136.31 (C), 134.07 (CH), 131.07 (CH), 129.06 (CH), 

128.79 (CH), 127.57 (CH), 116.98 (CH2), 82.59 (CH), 75.12 (CH), 66.29 (CH2), 62.01 (C), 57.39 

(CH3), 54.59 (CH3), 54.50 (CH3), 32.04 (CH2), 29.78 (CH2), 29.76 (CH2), 29.74 (CH2), 29.64 (CH2), 

29.57 (CH2), 29.47 (CH2), 29.37 (CH2), 28.96 (CH2), 28.42 (CH3), 25.84 (CH2), 22.81 (CH2), 14.24 

(CH3). 

 

Isomer 32c [(R)(-)-anti-23] (47.0 mg, 14% yield) as a colourless oil. (Rf, Hexanes/EtOAc 7:3 (v:v): 

0.14). HRMS (ESI+) calcd. for C33H56NO9P [M+H]+ (m/z): 642.3771, found 642.3769. 1H NMR 

(400 MHz, CDCl3) δ 7.49 – 7.30 (m, 5H, ArH), 5.62 (dd, J = 16.1, 9.4 Hz, 1H, =CH), 5.43 (dd, J = 

10.6, 1.9 Hz, 1H, CHO), 5.05 (d, J = 11.0 Hz, 1H, =CHH), 4.80 (d, J = 14.2 Hz, 1H, =CHH), 4.74 (s, 

1H, CHOMe), 4.57 (br s, 1H, NH), 4.26 – 4.18 (br m, 1H, CHHOP), 3.85 – 3.77 (br m, 1H, 

CHHOP), 3.73 – 3.67 (m, 6H, P(OCH3)2), 3.41 (s, J = 0.7 Hz, 3H, OCH3), 1.71 – 1.61 (m, 2H, 
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CH2CH2CHOH), 1.54 – 1.46 (m, 2H, CH2CHOH), 1.41 (s, 9H, C(CH3)3), 1.23 (br d, J = 17.8 Hz, 18H, 

C9H18), 0.88 (t, J = 6.7 Hz, 3H, CH2CH3). 
13C NMR (101 MHz, CDCl3) δ 170.42 (C), 152.37 (C),  

134.62 (CH), 129.04 (CH), 128.87 (CH), 127.45 (CH), 116.51 (CH2), 82.65 (CH), 72.49 (CH), 67.36 

(CH2), 57.50 (CH3), 54.52 (CH3), 32.08 (CH2), 29.80 (CH2), 29.70 (CH2), 29.62 (CH2), 29.51 (CH2), 

28.41 (CH3), 22.85 (CH2), 18.02 (CH2), 14.28 (CH3). 

 

Isomer 32d [(R)(+)-anti-23] (55.0 mg, 11% yield) as a colourless oil. (Rf, Hexanes/EtOAc 7:3 

(v:v): 0.10). HRMS (ESI+) calcd. for C33H56NO9P [M+H]+ (m/z): 642.3771, found 642.3769. 1H 

NMR (400 MHz, CDCl3) δ 7.48 – 7.28 (m, 5H, ArH), 5.87 (dd, J = 17.6, 11.0 Hz, 1H, =CH), 5.40 (d, 

J = 10.3 Hz, 1H, CHO), 5.21 (dd, J = 46.4, 14.3 Hz, 2H, =CH2), 4.75 (s, 1H, CHOMe), 4.51 (dd, J = 

10.0, 4.0 Hz, 1H, , CHHOP), 4.32 (br s, 1H, NH), 4.18 – 4.10 (m, 1H, , CHHOP), 3.75 (ddd, J = 5.9, 

4.1, 1.4 Hz, 6H, P(OCH3)2), 3.42 (s, 3H, OCH3), 1.43 (br s, J = 3.7 Hz, 9H, C(CH3)3), 1.25 (s, 16H, 

C8H16), 1.14 – 1.04 (br m, 2H, CH2CH2CH2CHO), 1.04 – 0.94 (br m, 2H, CH2CH2CHO), 0.88 (t, J = 

6.7 Hz, 3H, CH2CH3), 0.85 – 0.80 (br m, 1H, CHHCHO), 0.74 – 0.63 (br m, 1H, CHHCHO). 13C NMR 

(101 MHz, CDCl3) δ 170.36 (C), 154.12 (C), 136.42 (C), 134.96 (CH), 128.74 (CH), 127.34 (CH), 

126.76 (CH), 116.22 (CH2), 82.76 (CH), 74.53 (CH), 67.52 (CH2), 62.10 (C), 57.20 (CH3), 54.43 

(CH3), 29.80 (CH2), 29.52 (CH2), 29.43 (CH2), 28.43 (CH3), 22.85 (CH2), 14.28 (CH3). 

Equivalent yields and spectra were obtained for reaction of (±)-syn-23 and (±)-anti-23 with 

(S)-MPA to give ent-32a, ent-32b, ent-32c and ent-32d (see Scheme 2.1.10, section 2.1.5.1). 

 

 

(±)-syn-5-dodecyl-4-(hydroxymethyl)-4-vinyloxazolidin-2-one (33) 

 

This compound was obtained by treatment of (±)-syn-32 (70.0 mg, 0.1 

mmol) in MeOH (1.5 mL) with K2CO3 (70.0 g, 0.5 mmol) at rt with 

stirring during 7h. The reaction mixture was concentrated under 

reduced pressure and the residue was purified by flash 

chromatography (hexanes/EtOAc from 0 to 30% of EtOAc) to give (±)-syn-33 (15.0 mg, 34%) as 

a white solid (Rf, hexanes/EtOAc 7:3 (v:v): 0.20). 

 

Isomer (±)-syn-33: HRMS (ESI+) calcd. for C18H33NO3 [M+H]+ (m/z): 334.2358, found 334.2344. 

1H NMR (400 MHz, CDCl3) δ 5.93 (br s, 1H, NH), 5.73 (dd, J = 17.5, 10.5 Hz, 1H, =CH), 5.41 (dd, J 

= 14.1, 3.1 Hz, 2H, =CH2), 4.47 (dd, J = 10.0, 3.3 Hz, 1H, CHO), 3.62 (dd, J = 23.1, 11.5 Hz, 2H, 

CH2OH), 1.65 – 1.49 (m, 2H, CH2CHO), 1.48 – 1.37 (m, 2H, CH2CH2CHO), 1.27 (br d, J = 18.7 Hz, 
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18H, C9H18), 0.88 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 159.27 (C), 133.88 (CH), 

118.27 (CH2), 81.91 (CH), 66.72 (CH2), 66.13 (C), 32.07 (CH2), 31.55 (CH2), 29.81 (CH2), 29.79 

(CH2), 29.76 (CH2), 29.68 (CH2), 29.59 (CH2), 29.50 (CH2), 25.99 (CH2), 22.84 (CH2), 14.27 (CH3). 

 

 

(±)-syn and (±)-anti-4-(1-hydroxytridecyl)-4-vinyloxazolidin-2-one (34) 

 

These compounds were obtained as described in general procedure 4, 

as a by-product, starting from the corresponding isomer of 23. 

Purification was carried out by chromatography on XAD-4 resin, using 

water/ACN as eluent (from 0 to 100% of ACN) followed by lyophilization 

to give (±)-syn-34 (29.0 mg, 33% yield) or (±)-anti-34 (26.0 mg, 29% yield) as a white solids. 

 

Isomer (±)-syn-34: HRMS (ESI+) calcd. for C18H33NO3 [M+H]+ (m/z): 312.2539, found 312.2530. 

1H NMR (400 MHz, CD3OD) δ 5.97 (dd, J = 17.3, 10.7 Hz, 1H, =CH), 5.31 (ddd, J = 14.0, 11.6, 0.8 

Hz, 2H, =CH2), 4.48 (d, J = 8.4 Hz, 1H, CHHO), 4.06 (d, J = 8.4 Hz, 1H, CHHO), 3.47 (dd, J = 10.0, 

2.3 Hz, 1H, CHOH), 1.64 – 1.40 (br m, 2H, CH2CHOH), 1.29 (br s, J = 14.3 Hz, 20H, C10H20), 0.90 

(t, J = 6.9 Hz, 3H, CH3).
 13C NMR (101 MHz, CD3OD) δ 162.01 (C), 139.55 (CH), 115.43 (CH2), 

75.47 (CH), 73.78 (CH2), 67.61 (C), 33.07 (CH2), 32.17 (CH2), 30.79 (CH2), 30.77 (CH2), 30.76 

(CH2), 30.73 (CH2), 30.71 (CH2), 30.58 (CH2), 30.47 (CH2), 27.42 (CH2), 23.73 (CH2), 14.44 (CH3). 

 

Isomer (±)-anti-34: HRMS (ESI+) calcd. for C18H33NO3 [M+H]+ (m/z): 312.2539, found 312.2530. 

1H NMR (400 MHz, CD3OD) δ 6.08 (dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.37 – 5.29 (m, 2H, =CH2), 

4.45 (d, J = 8.7 Hz, 1H, CHHO), 4.10 (d, J = 8.7 Hz, 1H, CHHO), 3.54 – 3.49 (m, 1H, CHOH), 1.65 – 

1.40 (m, 2H, CH2CHOH), 1.29 (s, J = 13.5 Hz, 20H, C10H20), 0.90 (t, J = 6.9 Hz, 3H, CH3).
 13C NMR 

(101 MHz, CD3OD) δ 161.80 (C), 137.85 (CH), 115.85 (CH2), 76.70 (CH), 74.59 (CH2), 67.01 (C), 

33.07 (CH2), 32.57 (CH2), 30.79 (CH2), 30.77 (CH2), 30.76 (CH2), 30.74 (CH2), 30.70 (CH2), 30.59 

(CH2), 30.47 (CH2), 27.17 (CH2), 23.73 (CH2), 14.43 (CH3). 
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(±)-tert-butyl 4-formyl-2,2-dimethyl-4-vinyloxazolidine-3-carboxylate (42) 

 

This compound was obtained as described in general procedure 1, starting 

from (±)-44 (6.9 g, 26.8 mmol). Flash chromatography on Hexanes/EtOAc as 

eluent (from 0 to 10% EtOAc) afforded 6.2 g of (±)-42 (90% yield) as a pale 

yellow oil. (Rf, hexanes/EtOAc 9:1 (v:v): 0.47). 

 

HRMS (ESI+) calcd. for C13H21NO4 [M+Na]+ (m/z): 278.1368, found 278.1380. 1H NMR (400 

MHz, CDCl3, as a mixture of rotamers) δ 9.49 (s, 1H, CHO, minor), 9.40 (s, J = 33.4 Hz, 1H, CHO, 

major), 6.23 – 6.09 (m, J = 17.4, 11.1 Hz, 1H, =CH, both), 5.36 – 5.15 (m, 2H, =CH2, both), 4.04 – 

3.95 (m, 1H, CHHO, both), 3.79 (dd, J = 9.3 Hz, 1H, CHHO, both), 1.64 (s, 3H, CH3, major), 1.58 

(d, J = 8.8 Hz, 3H, CH3, both), 1.45 (s, 9H, C(CH3)3, minor), 1.33 (s, 9H, C(CH3)3, major). 13C NMR 

(101 MHz, CDCl3, as a mixture of rotamers) δ 196.67 (CH, minor), 196.43 (CH, major), 151.64 

(C, minor), 150.56 (C, major), 134.00 (CH, major), 133.46 (CH, minor), 116.31 (CH2, minor), 

115.96 (CH2, major), 96.18 (C, major), 95.19 (C, minor), 81.34 (C, both), 69.18 (CH2, major), 

68.81 (CH2, minor), 28.16 (CH3, minor), 27.98 (CH3, major), 26.14 (CH3, minor), 25.57 (CH3, 

minor), 25.27 (CH3, major), 24.39 (CH3, major). 

 

 

(±)-tert-butyl 4-((tert-butyldiphenylsilyl)oxy)-2,2-dimethyl-4-vinyloxazolidine-3-carboxylate 

(43) 

To a solution of (±)-18 (1.8 g, 4.0 mmol) in DMP/acetone (3:9 mL) was 

added dropwise BF3·OEt2 (25.0 µL, 0.2 mmol). The resulting red 

solution was next vigorously stirred at rt for 2h and quenched next 

with Et3N (60.0 µL) to give a colourless solution. The crude reaction 

mixture was concentrated under reduced pressure and purified by flash chromatography using 

Hexanes/EtOAc as eluent (from 0 to 5% EtOAc) to afford compound (±)-43 (2.0 g, quantitative 

yield) as a pale yellow oil. (Rf, hexanes/EtOAc 9:1 (v:v): 0.72). 

 

HRMS (ESI+) calcd. for C28H39NO4Si [M+H]+ (m/z): 496.2883, found 496.2749. 1H NMR (400 

MHz, CDCl3, as a mixture of rotamers) δ 7.74 – 7.60 (m, 4H, ArH, both), 7.48 – 7.33 (m, 6H, ArH, 

both), 5.99 (dt, J = 17.2, 11.2 Hz, 1H, =CH, both), 5.24 – 5.13 (m, 2H, =CH2, both), 4.33 (d, J = 

8.9 Hz, 1H, CHHOTBDPS, major), 4.28 (d, J = 8.6 Hz, 1H, CHHOTBDPS, minor), 4.21 (d, J = 9.9 Hz, 

1H, CHHO, minor), 3.90 (d, J = 9.7 Hz, 1H, CHHO, major), 3.87 (d, J = 9.0 Hz, 1H, CHHOTBDPS, 
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major), 3.81 (d, J = 8.6 Hz, 1H, CHHOTBDPS, minor), 3.77 (d, J = 9.5 Hz, 1H, CHHO, major), 3.72 

(d, J = 10.1 Hz, 1H, CHHO, minor), 1.61 (d, J = 2.8 Hz, 3H, CH3, both), 1.55 (d, J = 4.0 Hz, 3H, CH3, 

both), 1.49 (s, 9H, C(CH3)3, minor), 1.24 (s, 9H, C(CH3)3, major), 1.06 (d, J = 7.5 Hz, 9H, 

SiC(CH3)3). 
13C NMR (101 MHz, CDCl3, as a mixture of rotamers) δ 151.69 (C, major), 151.33 

(C,minor), 138.21 (CH, major), 137.49 (CH,minor), 135.83 (CH, both), 135.77 (CH, both), 135.71 

(CH, both), 129.90 (CH, both), 129.89 (CH, both), 129.78 (CH, both), 129.75 (CH, both), 127.85 

(CH, both), 127.82 (CH, both), 127.75 (CH, both), 114.76 (CH2, minor), 114.58 (CH2, major), 

95.95 (C, major), 95.15 (C,minor), 79.97 (C,minor), 79.86 (C, major), 72.91 (C, both), 71.84 (CH2, 

major), 70.62 (CH2, minor), 65.48 (CH2, major), 63.23 (CH2, minor), 28.60 (CH3, minor), 28.58 

(CH3, major), 28.36 (CH3, both), 26.98 (CH3, major), 26.90 (CH3, minor), 25.77 (CH3, minor), 

25.43 (CH3, major), 25.12 (CH3, both). 

Elution conditions for the chemical resolution of (±)-43: 

Compound (±)-43 was eluted in column C, coupled to a PDA detector, ranging from 10:90 to 

0:100 IPA/Hexane and flow rates between 0.5 to 1 mL/min. After several runs, no apparent 

resolution of the sample was observed. 

 

 

(±)-tert-butyl 4-(hydroxymethyl)-2,2-dimethyl-4-vinyloxazolidine-3-carboxylate (44) 

 

This compound was obtained as described in general procedure 9, starting 

from (±)-43 (14.3 g, 28.9 mmol). Flash chromatography on Hexanes/EtOAc 

as eluent (from 0 to 10% EtOAc) to give 7.0 g of (±)-44 (94% yield) as a pale 

yellow oil. (Rf, hexanes/EtOAc 9:1 (v:v): 0.14). 

 

HRMS (ESI+) calcd. for C13H23NO4 [M+Na]+ (m/z): 280.1525, found 280.1502. 1H NMR (400 

MHz, CDCl3) δ 5.94 (dd, J = 17.1, 10.8 Hz, 1H, =CH), 5.25 (dd, J = 35.5, 14.0 Hz, 2H, =CH2), 4.42 

(d, J = 5.5 Hz, 1H, CHHO), 4.07 (br s, 1H, OH), 3.81 (d, J = 8.9 Hz, 1H, CHHOH), 3.78 (s, 1H, 

CHHO), 3.72 (d, J = 9.3 Hz, 1H, CHHOH), 1.56 (d, J = 23.4 Hz, 6H, C(CH3)2), 1.47 (d, J = 18.7 Hz, 

9H, C(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 153.60 (C), 136.70 (CH), 115.57 (CH2), 95.78 (C), 

81.37 (C), 71.13 (CH2), 66.61 (CH2), 28.48 (CH3), 26.53 (CH3), 25.81 (CH3). 

 

 

 



 
- 133 - 

 

(±)-syn and (±)-anti-tert-butyl 4-(1-hydroxytridecyl)-2,2-dimethyl-4-vinyloxazolidine-3-

carboxylate (45) 

 

These compounds were obtained as described in general procedure 2, 

starting from (±)-42 (3.8 g, 14.9 mmol). Flash chromatography on 

Hexanes/MTBE as eluent (from 0 to 6 % of MTBE) afforded (±)-syn-45 

(2.8 g, 44% yield) or (±)-anti-45 (2.5 g, 39% yield) as a colourless oils. 

(Rf, hexanes/EtOAc 9:1 (v:v): 0.58 (±)-anti-45 and 0.51 (±)-syn-45). These compounds are also 

obtained from the corresponding isomer of 46 as described in general procedure 11. Flash 

chromatography on Hexanes/EtOAc as eluent (from 0 to 5 % of EtOAc) afforded the 

corresponding isomer of 45 in quantitative yields. 

 

Isomer (±)-syn-45: HRMS (ESI+) calcd. for C25H47NO4 [M+H]+ (m/z): 426.3583, found 426.3574. 

1H NMR (400 MHz, CDCl3) δ 6.16 (dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.25 (dd, J = 38.7, 14.2 Hz, 2H, 

=CH2), 4.14 (br s, 1H, OH), 3.97 – 3.86 (m, 1H, CHOH), 3.85 (s, 1H, CH2O), 1.55 (d, J = 25.1 Hz, 

6H, C(CH3)2), 1.52 (s, 2H, CH2CH2CHOH), 1.49 (s, 9H, C(CH3)3), 1.45 – 1.38 (m, 2H, CH2CHOH), 

1.25 (br s, 18H, C9H18), 0.87 (t, J = 6.9 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 153.78 (C), 

135.40 (CH), 115.71 (CH2), 95.69 (C), 81.45 (C), 75.77 (CH), 69.90 (CH2), 32.07 (CH2), 29.82 

(CH2), 29.79 (CH2), 29.77 (CH2), 29.50 (CH2), 28.56 (CH3), 27.08 (CH2), 26.56 (CH3), 25.57 (CH3), 

22.83 (CH2), 14.26 (CH3). 

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors: 

syn-(2R,3R)-45: *α+D +3.4 (c 1, CHCl3) and syn-(2S,3S)-45: *α+D -3.2 (c 1, CHCl3) 

 

Isomer (±)-anti-45: HRMS (ESI+) calcd. for C25H47NO4 [M+H]+ (m/z): 426.3583, found 426.3574. 

1H NMR (400 MHz, CDCl3) δ 6.02 (dd, J = 17.2, 10.8 Hz, 1H, =CH), 5.20 (dd, J = 26.5, 14.0 Hz, 2H, 

=CH2), 4.28 (d, J = 7.6 Hz, 1H, OH), 3.84 (s, 2H, CH2O), 3.81 – 3.68 (m, 1H, CHOH), 1.69 – 1.59 

(m, 1H, CH2CHOH), 1.55 (d, J = 14.4 Hz, 6H, C(CH3)2), 1.48 (s, 9H, C(CH3)3), 1.25 (br s, 20H, 

C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 153.58 (C), 138.03 (CH), 

114.11 (CH2), 95.91 (C), 81.26 (C), 73.77 (CH), 71.20 (CH2), 32.06 (CH2), 29.82 (CH2), 29.80 (CH2), 

29.78 (CH2), 29.77 (CH2), 29.50 (CH2), 28.53 (CH3), 26.86 (CH2), 26.33 (CH3), 25.59 (CH3), 22.83 

(CH2), 14.26 (CH3). 
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Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

MPA esters 46 : 

anti-(2S,3R)-45: *α+D +1.4 (c 1, CHCl3) and anti-(2R,3S)-45: *α+D -1.8 (c 1, CHCl3) 

 

 

Chemical resolution of (±)-syn-45 and (±)-anti 45 by derivatization as (R)-MPA esters 46 

 

Compounds 46a[(R)(+)-syn-45] and 46b[(R)(-)-syn-45] were 

obtained as described in general procedure 5, starting from 

(±)-syn-45 and (R)-MPA Compounds 46c[(R)(-)-anti-45], and 

46d[(R)(+)-anti-45] required an extra 2.0 eq of carboxylic acid, EDC 

and DMAP to complete the reaction, which was followed by TLC 

until the complete conversion of 45 (see Scheme 2.1.16, Section 2.1.9). The residue was 

purified by flash chromatography on Hexanes/MTBE as eluent (from 0 to 6 % MTBE) to give the 

corresponding isomers of 46 (85% yield). 

 

Isomer 46a[(R)(+)-syn-45] : (620.0 mg, 41% yield) as a colourless oil. (Rf, Hexanes/EtOAc 9:1 

(v:v): 0.51). HRMS (ESI+) calcd. For C34H55NO6 [M+Na]+ (m/z): 596.3927, found 596.3958. 1H 

NMR (400 MHz, CDCl3, as a mixture of rotamers) δ 7.35 (dddd, J = 18.9, 6.5, 5.1, 1.7 Hz, 5H, 

ArH, both), 5.78 (dd, J = 8.9, 4.0 Hz, 1H, CHO, minor), 5.64 (dd, J = 9.8, 3.4 Hz, 1H, CHO, major), 

5.61 – 5.53 (m, 1H, =CH, minor), 5.41 (dd, J = 17.4, 10.9 Hz, 1H, =CH, major), 4.80 – 4.57 (m, 

3H, =CH2 and CHOMe, both), 4.00 (d, J = 9.6 Hz, 1H, CHHO, major), 3.94 (d, J = 9.7 Hz, 1H, 

CHHO, minor), 3.47 – 3.35 (m, 4H, CHHO and OCH3, both), 1.61 – 1.53 (m, 2H, CH2CHO, both), 

1.50 (d, J = 4.8 Hz, 6H, C(CH3)2, both), 1.43 (s, 9H, C(CH3)3, both), 1.37 – 1.11 (br s, 20H, C10H20, 

both), 0.88 (t, J = 6.8 Hz, 3H, CH3, both). 13C NMR (101 MHz, CDCl3, as a mixture of rotamers) δ 

170.01 (C, major), 169.36 (C, minor), 151.23 (C, both), 137.08 (CH, major), 136.27 (CH, minor), 

129.00 (CH, major), 128.93 (CH, minor), 128.69 (CH, major), 128.65 (CH, minor), 127.56 (CH, 

minor), 127.41 (CH, major), 114.37 (CH2, both), 96.05 (C, major), 95.23 (C, minor), 82.65 (CH, 

both), 80.73 (CH, major), 80.51 (CH, minor), 75.92 (CH, both), 69.15 (CH2, major), 68.27 (CH2, 

minor), 67.74 (C, minor), 67.11 (C, major), 57.47 (CH3, major), 57.37 (CH3, minor), 32.05 (CH2, 

both), 29.80 (CH2, both), 29.78 (CH2, both), 29.74 (CH2, minor), 29.68 (CH2, major), 29.64 (CH2, 

minor), 29.54 (CH2, minor), 29.49 (CH2, major), 29.43 (CH2, minor), 29.22 (CH2, minor), 29.09 

(CH2, major), 28.54 (CH3, major), 28.49 (CH3, minor), 26.81 (CH2, minor), 26.13 (CH2, major), 
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25.77 (CH3, minor), 25.62 (CH3, minor), 25.36 (CH3, major), 24.76 (CH3, major), 22.83 (CH2, 

both), 14.26 (CH3, both). 

 

Isomer 46b[(R)(-)-syn-45]: (490.0 mg, 32% yield) as a colourless oil. (Rf, Hexanes/EtOAc 9:1 

(v:v): 0.39). HRMS (ESI+) calcd. For C34H55NO6 [M+Na]+ (m/z): 596.3927, found 596.3958. 1H 

NMR (400 MHz, CDCl3, as a mixture of rotamers) δ 7.49 – 7.28 (m, 5H, ArH, both), 6.00 (dd, J = 

17.5, 11.0 Hz, 1H, =CH, minor), 5.86 (dd, J = 17.5, 10.9 Hz, 1H, =CH, major), 5.77 (dd, J = 10.5, 

2.5 Hz, 1H, CHO, minor), 5.67 (dd, J = 10.9, 2.4 Hz, 1H, CHO, major), 5.12 – 4.99 (m, 2H, =CH2, 

both), 4.67 (s, 1H, CHOMe, both), 4.16 (d, J = 9.6 Hz, 1H, CHHO, major), 4.08 (d, J = 9.6 Hz, 1H, 

CHHO, minor), 3.82 (d, J = 9.6 Hz, 1H, CHHO, major), 3.47 – 3.34 (m, 3H, OCH3, both), 1.53 (d, J 

= 6.1 Hz, 6H, C(CH3)2, major), 1.48 (d, J = 8.4 Hz, 6H, C(CH3)2, minor), 1.43 (s, 1.61 – 1.37 (m, 9H, 

C(CH3)3, both), 1.35 – 1.16 (m, 16H, C8H16, both), 1.10 (t, J = 6.6 Hz, 2H, CH2CH2CHO, both), 1.04 

– 0.93 (m, 2H, CH2CHO, both), 0.91 – 0.81 (m, 3H, CH3, both), 0.73 (m, 2H, CH2CH2CH2CHO, 

both). 13C NMR (101 MHz, CDCl3) δ 170.23 (C, major), 169.66 (C, minor), 151.19 (C, both), 

138.05 (CH, major), 137.20 (CH, minor), 128.84 (CH, both), 128.66 (CH, minor), 128.60 (CH, 

major), 128.52 (CH, both), 128.19 (CH, both), 128.05 (CH, minor), 128.01 (CH, major), 127.67 

(CH, both), 114.63 (CH2, major), 114.54 (CH2, minor), 96.03 (C, major), 95.25 (C, minor), 86.21 

(C, both), 82.82 (CH, major), 82.35 (CH, minor), 80.69 (C, major), 80.44 (C, minor), 75.77 (CH, 

minor), 75.63 (CH, major), 69.50 (CH2, major), 68.71 (CH2, minor), 67.78 (CH2, minor), 67.09 

(CH2, major), 57.41 (CH3, both), 31.99 (CH2, both), 29.76 (CH2, both), 29.72 (CH2, both), 29.70 

(CH2, major), 29.65 (CH2, minor), 29.47 (CH2, both), 29.43 (CH2, major), 29.40 (CH2, major), 

29.38 (CH2, minor), 29.32 (CH2, minor), 29.21 (CH2, minor), 29.17 (CH2, major), 28.49 (CH3, 

both), 28.43 (CH2, both), 26.51 (CH3, minor), 25.84 (CH3, minor), 25.46 (CH3, major), 25.13 (CH3, 

major), 24.86 (CH2, both), 22.76 (CH2, both), 14.19 (CH3, both). 

 

Isomer 46c[(R)(+)-anti-45]: (210.0 mg, 19% yield) as a colourless oil. (Rf, Hexanes/EtOAc 9:1 

(v:v): 0.56). HRMS (ESI+) calcd. For C34H55NO6 [M+Na]+ (m/z): 596.3927, found 596.3958. 1H 

NMR (400 MHz, CDCl3, as a mixture of rotamers) δ 7.47 – 7.27 (m, 5H, ArH, both), 6.19 (dd, J = 

16.5, 12.0 Hz, 1H, =CH, minor), 5.95 (dd, J = 17.5, 10.9 Hz, 1H, =CH, major), 5.87 (d, J = 8.4 Hz, 

1H, CHO, minor), 5.75 (d, J = 8.7 Hz, 1H, CHO, major), 5.31 – 5.13 (m, 2H, =CH2, both), 4.70 (s, 

1H, CHOMe, both), 4.03 (d, J = 8.7 Hz, 1H, CHHO, both), 3.89 (d, J = 8.5 Hz, 1H, CHHO, both), 

3.36 (s, J = 8.1 Hz, 3H, OCH3, both), 1.52 (d, J = 17.7 Hz, 6H, C(CH3)2, both), 1.40 (s, J = 18.2 Hz, 

9H, C(CH3)3, both), 1.24 (br s, 18H, C9H18, both), 1.15 (br s, 2H, CH2CHO, both), 1.11 (br s, 2H, 

CH2CH2CHO, both), 0.86 (t, J = 6.9 Hz, 3H, CH3, both). 13C NMR (101 MHz, CDCl3, as a mixture of 
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rotamers) δ 170.02 (C, major), 169.32 (C, minor), 151.11 (C, both), 136.58 (CH, major), 136.08 

(CH, minor), 128.94 (CH, minor), 128.74 (CH, major), 127.66 (CH, minor), 127.49 (CH, major), 

115.89 (CH2, major), 115.77 (CH2, minor), 96.18 (C, major), 95.13 (C, minor), 83.57 (CH, both), 

80.73 (C, major), 80.10 (C, minor), 73.23 (CH, major), 72.92 (CH, minor), 68.02 (CH2, major), 

67.79 (CH2, minor), 57.60 (CH3, major), 57.38 (CH3, minor), 32.00 (CH2, major), 31.74 (CH2, 

minor), 29.73 (CH2, both), 29.72 (CH2, both), 29.69 (CH2, both), 29.58 (CH2, both), 29.43 (CH2, 

both), 29.41 (CH2, both), 29.37 (CH2, both), 28.41 (CH3, minor), 28.17 (CH3, major), 26.49 (CH2, 

both), 26.33 (CH2, both), 23.70 (CH2, both), 22.77 (CH2, both), 14.20 (CH3, both). 

 

Isomer 46d[(R)(-)-anti-45]: (210.0 mg, 19% yield) as a colourless oil. (Rf, Hexanes/EtOAc 9:1 

(v:v): 0.48). HRMS (ESI+) calcd. For C34H55NO6 [M+Na]+ (m/z): 596.3927, found 596.3958. 1H 

NMR (400 MHz, CDCl3, as a mixture of rotamers) δ 7.47 – 7.28 (m, 5H, ArH, both), 6.23 (dd, J = 

17.9, 11.0 Hz, 1H, =CH, minor), 5.99 (dd, J = 17.4, 10.9 Hz, 1H, =CH, major), 5.87 (d, J = 9.5 Hz, 

1H, CHO, minor), 5.73 (d, J = 8.9 Hz, 1H, CHO, major), 5.39 – 5.18 (m, 2H, =CH2, both), 4.70 (s, 

1H, CHOMe, both), 4.09 (d, J = 9.0 Hz, 1H, CHHO, major), 4.01 (dd, J = 30.0, 9.2 Hz, 2H, CH2O, 

minor), 3.92 (d, J = 9.0 Hz, 1H, CHHO, major), 3.42 (d, J = 10.9 Hz, 3H, OCH3, both), 1.61 (d, J = 

16.2 Hz, 6H, C(CH3)2, major), 1.53 (d, J = 9.9 Hz, 6H, C(CH3)2, minor), 1.48 (d, J = 12.3 Hz, 9H, 

C(CH3)3, both), 1.25 (br s, 16H, C8H16, both), 1.12 – 1.03 (m, 2H, CH2CH2CHO, both), 1.02 – 0.93 

(m, 2H, CH2CHO, both), 0.88 (t, J = 6.9 Hz, 3H, CH3, both), 0.78 – 0.58 (m, 2H, CH2CH2 CH2CHO, 

both). 13C NMR (101 MHz, CDCl3, as a mixture of rotamers) δ 169.80 (C, both), 151.36 (C, both), 

136.72 (CH, major), 136.64 (CH, minor), 128.85 (CH, minor), 128.72 (CH, major), 127.43 (CH, 

minor), 127.32 (CH, major), 116.02 (CH2, both), 96.11 (C, both), 82.68 (CH, both), 81.06 (C, 

both), 73.03 (CH, both), 68.43 (CH2, major), 68.09 (CH2, minor), 57.71 (CH3, major), 57.64 (CH3, 

minor), 32.07 (CH2, both), 31.38 (CH2, both), 29.80 (CH2, both), 29.78 (CH2, both), 29.75 (CH2, 

both), 29.56 (CH2, minor), 29.51 (CH2, major), 29.35 (CH2, major), 29.24 (CH2, minor), 28.59 

(CH2, major), 28.54 (CH2, minor), 28.28 (CH3, both), 26.45 (CH3, both), 24.44 (CH3, both), 22.84 

(CH2, both), 14.27 (CH3, both). 
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(±)-syn and (±)-anti-N-(4-hydroxy-3-(hydroxymethyl)hexadec-1-en-3-yl)octanamide (48) 

 

These compounds were obtained as described in general 

procedure 6, starting from the corresponding isomer of 31 (80.0 

mg, 0.2 mmols). Flash chromatography on CH2Cl2/MeOH as 

eluent (from 0 to 3 % of MeOH) afforded (±)-syn-48 (105.0 mg, 

91% yield) or (±)-anti-48 (110.0 mg, 96% yield) as a colourless oils. (Rf, CH2Cl2/MeOH 95:5 (v:v): 

0.62 for (±)-anti-48 and 0.50 for (±)-syn-48). 

 

Isomer (±)-syn-48: HRMS (ESI+) calcd. for C25H49NO3 [M+H]+ (m/z): 412.3791, found 412.3814. 

1H NMR (400 MHz, CDCl3) δ 5.98 (s, 1H, NH), 5.89 (dd, J = 17.5, 10.9 Hz, 1H, =CH), 5.24 (dd, J = 

52.1, 14.2 Hz, 2H, =CH2), 4.24 (br s, 2H, OH), 3.99 (d, J = 11.7 Hz, 1H, CHHOH), 3.65 (d, J = 11.7 

Hz, 1H, CHHOH), 3.63 (d, J = 6.9 Hz, 1H, CHOH), 2.31 – 2.25 (m, 2H, CH2C(O)NH), 1.69 – 1.60 (m, 

2H, CH2 CH2C(O)NH), 1.58 – 1.46 (m, 2H, CH2CHOH), 1.41 – 1.14 (br m, 28H, C14H28), 0.98 – 0.75 

(m, 6H, CH3). 
13C NMR (101 MHz, CDCl3) δ 174.95 (C), 137.19 (CH), 115.78 (CH2), 74.98 (CH), 

66.54 (C), 66.09 (CH2), 37.52 (CH2), 32.06 (CH2), 31.81 (CH2), 31.50 (CH2), 29.81 (CH2), 29.79 

(CH2), 29.78 (CH2), 29.76 (CH2), 29.74 (CH2), 29.68 (CH2), 29.49 (CH2), 29.27 (CH2), 29.12 (CH2), 

26.51 (CH2), 26.06 (CH2), 22.82 (CH2), 22.73 (CH2), 14.19 (CH3). 

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors 45: syn-(2R,3R)-48: *α+D +3.3 (c 3, CHCl3) and syn-(2S,3S)-48: *α+D -3.2 (c 3, CHCl3) 

 

Isomer (±)-anti-48: HRMS (ESI+) calcd. for C25H49NO3 [M+H]+ (m/z): 412.3791, found 412.3814. 

1H NMR (400 MHz, CDCl3) δ 6.07 (s, 1H, NH), 5.92 (dd, J = 17.4, 10.7 Hz, 1H, =CH), 5.21 (dd, J = 

83.4, 14.1 Hz, 2H, =CH2), 4.76 (br s, 2H, OH), 3.71 (d, J = 12.0 Hz, 1H, CHHOH), 3.64 (dd, J = 9.0, 

2.9 Hz, 1H, CHOH), 3.56 (d, J = 12.0 Hz, 1H, CHHOH), 2.29 (t, 2H, CH2C(O)NH), 1.81 – 1.43 (m, 

4H, CH2 CH2C(O)NH and CH2CHOH), 1.43 – 1.09 (br m, 28H, C14H28), 0.95 – 0.74 (m, 6H, CH3). 

13CNMR (101 MHz, CDCl3) δ 174.91 (C), 137.06 (CH), 115.58 (CH2), 73.12 (CH), 67.11 (C), 65.95 

(CH2), 37.30 (CH2), 32.06 (CH2), 31.82 (CH2), 30.94 (CH2), 29.82 (CH2), 29.80 (CH2), 29.78 (CH2), 

29.77 (CH2), 29.75 (CH2), 29.49 (CH2), 29.32 (CH2), 29.13 (CH2), 26.56 (CH2), 26.10 (CH2), 22.82 

(CH2), 22.74 (CH2), 14.25 (CH2), 14.19 (CH3). 

Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

precursors 45: anti-(2S,3R)-48: *α+D +0.4 (c 3, CHCl3) and anti-(2R,3S)-48: *α+D -2.2 (c 3, CHCl3) 
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(2S,3S)-4-bromo-N-(4-hydroxy-3-(hydroxymethyl)hexadec-1-en-3-yl)benzamide (50) 

 

This compounds was obtained as described in general procedure 

6, starting from the corresponding isomer of 31 (90.0 mg, 0.3 

mmols). Flash chromatography on Hexanes/EtOAc as eluent 

(from 0 to 20% EtOAc) afforded 50 (77.0 mg, 52% yield) as a 

colourless crystals. (Rf, Hexanes/EtOAc 7:3 (v:v): 0.30). 

 

 

Isomer (2S,3S)-50: HRMS (ESI+) calcd. for C21H37NO3 [M+H]+ (m/z): 468.2113, found 468.2127. 

1H NMR (400 MHz, CD3OD) δ 7.96 – 7.90 (m, 1H, , ArH), 7.80 – 7.71 (m, 1H, ArH), 7.71 – 7.59 

(m, 2H, ArH), 5.98 (dd, J = 17.5, 10.9 Hz, 1H, =CH), 5.32 – 5.14 (m, 2H, =CH2), 3.94 (d, J = 11.4 

Hz, 1H, CHHOH), 3.89 (d, J = 9.4 Hz, 1H, CHOH), 3.84 (d, J = 11.3 Hz, 1H, CHHOH), 1.67 – 1.54 

(m, 2H, CH2CH2CHOH), 1.37 (m, 2H, CH2CHOH), 1.34 – 1.18 (m, 18H, C9H18), 0.89 (t, J = 6.8 Hz, 

3H, CH3). 
13CNMR (101 MHz, CD3OD) δ 169.7 (C), 137.7 (CH), 135.1 (C), 132.8 (CH), 132.8 (CH), 

132.5 (CH), 130.2 (CH), 127.2 (C), 115.8 (CH2), 74.5 (CH), 67.8 (C), 65.2 (CH2), 33.1 (CH2), 32.6 

(CH2), 30.8 (CH2), 30.8 (CH2), 30.8 (CH2), 30.7 (CH2), 30.6 (CH2), 30.5 (CH2), 27.5 (CH2), 23.7 

(CH2), 14.4 (CH3). 

 

 

(±)-syn and (±)-anti-1-dodecyl-5,5-dimethyl-7a-vinyldihydro-1H-oxazolo[3,4-c]oxazol-3(5H)-

one (51) 

 

 These compounds were obtained as described in general procedure 8, 

starting from the corresponding (±)-syn- 45 or (±)-anti- 45 (60.0 mg, 0.1 

mmols). Flash chromatography on Hexanes/EtOAc as eluent (from 0 to 

6% EtOAc) afforded (±)-syn-51 (50.0 mg, quantitative yield) or (±)-anti-

51 (40.0 mg, 80% yield) as a white waxy solid. (Rf, Hexanes/EtOAc 9:1 (v:v): 0.37 for (±)-anti-51 

and 0.32 for (±)-syn-51). 

 

Isomer (±)-syn-51: HRMS (ESI+) calcd. for C21H37NO3 [M+H]+ (m/z): 352.2852, found 352.2814. 

1H NMR (400 MHz, CDCl3) δ 5.85 (dd, J = 17.0, 10.5 Hz, 1H, =CH), 5.45 (dd, J = 25.5, 13.8 Hz, 2H, 

=CH2), 4.31 (dd, J = 8.8, 4.4 Hz, 1H, CHO), 3.97 (d, J = 8.8 Hz, 1H, CHHO), 3.85 (d, J = 8.8 Hz, 1H, 

CHHO), 1.70 (s, 3H, C(CH3)2), 1.68 – 1.47 (m, 2H, CH2CHO), 1.44 (s, 3H, C(CH3)2), 1.25 (s, 20H, 
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C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 156.88 (C), 134.78 (CH), 

117.76 (CH2), 95.14 (C), 85.23 (CH), 72.59 (CH2), 32.04 (CH2), 30.56 (CH2), 29.77 (CH2), 29.75 

(CH2), 29.72 (CH2), 29.62 (CH2), 29.50 (CH2), 29.47 (CH2), 29.44 (CH2), 26.83 (CH3), 25.86 (CH2), 

24.06 (CH3), 22.81 (CH2), 14.25 (CH3). 

Enantiopure or enantioenriched syn-isomers were similarly obtained from the corresponding 

precursors: 

syn-(2S,3S)-51: *α+D -21.5 (c 3, CHCl3) and syn-(2R,3R)-51: *α+D +20.3 (c 3, CHCl3) 

 

Isomer (±)-anti-51: HRMS (ESI+) calcd. for C21H37NO3 [M+H]+ (m/z): 352.2852, found 352.2814. 

1H NMR (400 MHz, CDCl3) δ 5.98 (dd, J = 17.2, 10.6 Hz, 1H, =CH), 5.36 (dd, J = 41.5, 13.9 Hz, 2H, 

=CH2), 4.20 (dd, J = 9.6, 3.9 Hz, 1H, CHO), 3.91 (s, 2H, CH2O), 1.68 (s, 3H C(CH3)2), 1.65 – 1.49 

(m, 2H, CH2CHO), 1.47 (s, 3H C(CH3)2), 1.25 (br s, 20H, C10H20), 0.87 (t, J = 6.8 Hz, 3H, CH3). 

13CNMR (101 MHz, CDCl3) δ 156.95 (C), 139.90 (CH), 115.61 (CH2), 95.46 (C), 81.50 (CH), 72.29 

(C), 67.38 (CH2), 32.04 (CH2), 31.14 (CH2), 29.83 (CH2), 29.76 (CH2), 29.75 (CH2), 29.71 (CH2), 

29.61 (CH2), 29.50 (CH2), 29.47 (CH2), 29.37 (CH2), 27.95 (CH3), 25.77 (CH2), 24.05 (CH3), 22.82 

(CH2), 14.25 (CH3). 

Enantiopure or enantioenriched anti-isomers were similarly obtained from the corresponding 

precursors: 

anti-(2S,3R)-51: *α+D +0.4 (c 3, CHCl3) and anti-(2R,3S)-51: *α+D -0.6 (c 3, CHCl3) 

 

 

(2R,3S), (2S,3R), and (2R,3R)-(E)-N-(4-hydroxy-3-(hydroxymethyl)hexadeca-1,5-dien-3-

yl)octanamide (52) 

 

These compounds were obtained as described in general 

procedure 6, starting from the corresponding isomer of JG 

(40.0 mg, 0.1 mmols). Flash chromatography on 

CH2Cl2/MeOH as eluent (from 0 to 3 % of MeOH) afforded 

(2R,3S)-52 (50.0 mg, 86% yield), (2S,3R)-52 (42.0 mg, 72% 

yield) or (2R,3R)-52 (47.0 mg, 83% yield) as colourless oil. (Rf, CH2Cl2/MeOH 95:5 (v:v): 0.55 for 

(±)-anti-52 and 0.46 for (±)-syn-52). 

 

Isomer (±)-syn-52: HRMS (ESI+) calcd. for C25H47NO3 [M+H]+ (m/z): 410.3634, found 410.3595. 

1H NMR (400 MHz, CDCl3) δ 6.07 (br s, 1H, NH), 5.86 (dd, J = 17.4, 10.8 Hz, 1H, =CH), 5.84 – 
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5.74 (m, 1H, =CHC10H21), 5.47 – 5.39 (m, 1H, =CHCHOH), 5.36 – 5.14 (m, 2H, =CH2), 4.19 (d, J = 

6.5 Hz, 1H, CHOH), 3.94 (d, J = 12.0 Hz, 1H, CHHO), 3.67 (d, J = 12.0 Hz, 1H, CHHO), 2.30 – 2.25 

(m, 2H, CH2C(O)), 2.05 (dd, J = 14.0, 7.0 Hz, 2H, =CHCH2), 1.65 (dt, J = 14.9, 7.6 Hz, 2H, CH2 

CH2C(O)), 1.46 – 1.13 (br m, 24H, C12H24), 0.94 – 0.83 (m, 6H, CH3). 
13C NMR (101 MHz, CDCl3) δ 

174.86 (C), 135.85 (CH), 135.74 (CH), 126.61 (CH), 116.61 (CH2), 75.97 (CH), 66.34 (CH2), 66.10 

(CH2), 37.60 (CH2), 32.54 (CH2), 32.06 (CH2), 31.82 (CH2), 29.78 (CH2), 29.62 (CH2), 29.49 (CH2), 

29.37 (CH2), 29.31 (CH2), 29.25 (CH2), 29.15 (CH2), 26.09 (CH2), 22.83 (CH2), 22.75 (CH2), 14.26 

(CH3), 14.20 (CH3). 

syn-(2R,3R)-52: [α]D = -10.5 (c = 1.5, CHCl3) 

 

Isomer (±)-anti-52: HRMS (ESI+) calcd. for C25H47NO3 [M+H]+ (m/z): 410.3634, found 410.3595. 

1H NMR (400 MHz, CDCl3) δ 6.04 (br s, 1H, NH), 5.93 (dd, J = 17.3, 10.7 Hz, 1H, =CH), 5.79 – 

5.66 (m, 1H, =CHC10H21), 5.38 (ddd, J = 7.6, 7.0, 1.7 Hz, 1H, =CHCHOH), 5.24 (dd, J = 82.8, 14.0 

Hz, 2H, =CH2), 4.45 (br s, 1H, CH2OH), 4.07 (d, J = 7.4 Hz, 1H, CHOH), 3.74 (s, 1H, CHOH), 3.60 

(ddd, J = 15.4, 12.0, 4.3 Hz, 2H, CH2OH), 2.31 – 2.24 (m, 2H, CH2C(O)), 2.04 (dd, J = 14.5, 7.0 Hz, 

2H, =CHCH2), 1.65 (dt, J = 14.9, 7.6 Hz, 2H, CH2 CH2C(O)), 1.45 – 1.17 (br m, 24H, C12H24), 0.88 

(td, J = 6.8, 2.6 Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3) δ 174.85 (C), 136.56 (CH), 136.31 (CH), 

126.55 (CH), 116.17 (CH2), 74.72 (CH), 66.87 (CH2), 65.98 (CH2), 37.32 (CH2), 32.54 (CH2), 32.04 

(CH2), 31.82 (CH2), 29.77 (CH2), 29.76 (CH2), 29.61 (CH2), 29.47 (CH2), 29.37 (CH2), 29.35 (CH2), 

29.23 (CH2), 29.14 (CH2), 26.09 (CH2), 22.82 (CH2), 22.74 (CH2), 14.25 (CH3), 14.19 (CH3). 

anti-(2R,3S)-52: [α]D = -6.7 (c = 1.5, CHCl3) and anti-(2S,3R)-52: [α]D = +7.9 (c = 1.5, CHCl3) 

 

The experimental data for compounds from 72 to 77 and JG will be published elsewhere 

(manuscript in preparation). 

  



 
- 141 - 

 

4.2 Biological studies 

 

4.2.1 General remarks 

 

Cell cultures  

 

A549 (human lung carcinoma cells), purchased in American type culture collections, were 

maintained in F-12 HAM medium supplemented with 10% FBS, 100 IU/ml penicillin, 100 

μgr/ml streptomycin and 2mM of Glutamine. Cells were grown routinely without reaching high 

confluence.  

All cells were kept at 37°C in humidified atmosphere, 95% air-5% CO2. 

 

 

Cell viability  

 

Cell viability was determined by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) assay. Cells were seeded in 96-well plates by adding 100 μl/well of 

cell suspension (A549 in F-12 HAM) and allowed to grow for 24 hours. Medium was replaced 

with fresh medium and the specific treatments were added. All compounds were dissolved in 

MeOH or DMSO and control experiments were performed with the correspondent solvent. 

Plates were incubated 24 hours; after that 10 μl of MTT reactive (5 mg/ml) was added and 

incubated during 3 hours. Subsequently the medium was removed and the formazan 

precipitate was solubilized in 100 μl of DMSO. Absorbance was measured at 570 nm with a 

Spectramax Plus Reader (Molecular Device Corporation). 

 

 

ESI-MS 

 

Electrospray ionization mass spectrometry (ESI-MS) measurements were performed on a 

Bruker Daltonics Esquire 3000 Plus (Düsseldorf, Germany) ion trap mass spectrometer with a 

C4 analytical column (300 Å). Mass spectra were recorded both in positive and negative 

ionization mode in the m/z 700–2000 range. The enzyme concentration was of 1 µM/100 µL 

(50 µL of Buffer solution A described above and 50 µL of AcN with 0.5% of TFA). The inhibitor 

concentration was 250 µM. Samples were infused into the mass spectrometer using a syringe 
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pump, in a flow rate of 4L/min with an water:AcN gradient. The deconvolution of the mass 

spectra were undertook with ProMass Deconvolution Software. 

 

 

Statistical analysis  

 

Data were analysed by Student’s t test or one-way ANOVA test followed by Bonferroni’s or 

Dunnet’s multiple comparison test. 

 

 

4.2.2 Assays of S1PL enzyme activity 

 

Fluorogenic assay of StS1PL enzyme activity with RBM13 as a substrate 

 

In a 96-well plate, 5 µL of putative inhibitors (added from stock solutions in DMSO; final DMSO: 

2.5 %) were preincubated with recombinant bacterial StS1PL (45 µL from stock solutions in 

buffer A, final concentration: 25 μg/mL) at 37 ºC for 30 min. Subsequently, 50 µL of RBM13 

(added from a stock solution 0.5 M in buffer A; final concentration: 125 μM) was added, 

ending up with a final volume of 100 µL. Buffer solution A correspond to a 1 mM potassium 

phosphate buffer, pH 7.2, containing 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 µM pyridoxal 

5’-phosphate. The mixture was incubated at 37 ºC for 1 h and the enzymatic reaction was 

stopped by the addition of 50 µL of MeOH. Finally, 100 µL of a 200 mM glycine-NaOH buffer, 

pH 10.6, were added to the resulting solution and the mixture was incubated for 20 additional 

min at 37 ºC in order to complete the β-elimination reaction. The amount of umbelliferone 

formed was determined on SpectraMax M5 (Molecular Devices) microplate reader (λex/em = 

355/460 nm), using a calibration curve. IC50 values were determined by plotting percent 

activity versus log [I] and fitting the data to the log(inhibitor) vs. response equation in Prism 5 

(GraphPad Software, La Jolla). Settings for curve adjustments were kept with their default 

values. 
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Fluorogenic assay of hS1PL enzyme activity with RBM7-148 as a substrate 

 

The protocol of the assay with the new substrate is similar, but considering RBM7-148 more 

affine to the hS1PL, a less concentration of enzyme is necessary to obtain a better fluorogenic 

response. Furthermore, no preincubation time was set for this assay. 

Human S1PL (50 µL from stock solutions in buffer B, final concentration: 0.8 μg/mL) was added 

to a mixture of RBM7-148 (added from a stock solution in 2.5 mM in DMSO, final 

concentration: 125 μM) and putative inhibitors in buffer B (final volume of 100 µL). The 

reaction was stopped following the same methodology described for the StS1PL fluorogenic 

assay. Buffer solution B correspond to a 100 mM HEPES buffer, pH 7.4, containing 0.1 mM 

EDTA, 0.05 % Triton X-100, 0.01 % Pluronic F127 (Biotium), and 100 µM pyridoxal 5′-

phosphate. 

 

 

Fluorogenic assay of hS1PL enzyme for irreversibility 

 

In a 96-well plate, 0.5 μL of hS1PL enzyme in each well (80 μg/μL, from stock solutions in buffer 

B) were preincubated with 0.5 μL of (2S,3S)-24 at 500 μM in DMSO at 37 ºC for 30 min (final 

volume 1 μL). Next, the experiment was diluted with buffer B containing the substrate 

RBM7-148 (final concentration: 125 μM) until a final volume of 100 μL. The final concentration 

of the enzyme was 0.8 μg/μL (as in the fluorogenic activity assay) and the final concentration 

of the putative irreversible inhibitor was 5 μM. 

Subsequently, the mixture was incubated for different set times: 5, 10, 30, 60, 120 and 180 

min at 37 ºC and the enzymatic reaction was stopped as usual. The amount of umbelliferone 

formed was determined on SpectraMax M5 (Molecular Devices) microplate reader (λex/em = 

355/460 nm), using a calibration curve. 

 

 

4.3.3 Lipidomic analyses 

 

Lipidomic analysis  

 

Into 6-wells plates with 1 ml of medium, cells were seeded at 250.000 cells/ml (1 ml/well) and 

allowed to grow for 24h. Medium was replaced with fresh medium (1ml/well) and the specific 
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treatments were added. All compounds were dissolved in MeOH or DMSO and control 

experiments were performed with the correspondent solvent. Plates were incubated 24 hours 

more. After that time, cells were collected with 400 μl trypsin-EDTA and 600 μl F-12 HAM.  

Cell concentration was determined by Trypan Blue staining.  

To proceed with the sphingolipid extraction, samples were centrifuged 3 min at 10000 rpm, 

washed with 200 μl of cold PBS 1% and resuspended in 100 μl of purified water. 500 μl of 

MeOH, 250 μl of chloroform and internal standards were added. The solution was sonicated 

and incubated at 48ºC bath for 12h. After that time the samples were allowed to cool to room 

temperature and 75 μl of 1M KOH in MeOH was added. The samples were sonicated 2h at 

37ºC, after that 75 μl of acetic acid were added and the solvent was evaporated under 

nitrogen stream. Once dry, the samples were resuspended in 500 μl of MeOH and evaporated 

again under nitrogen stream. Finally, the samples were resuspended in 150 μl of MeOH and 

prepared for the mass analyses. 

Sphingolipids extracts, enriched with internal standards [N- dodecanoylsphingosine, N-

dodecanoylglucosylsphingosine, N-dodecanoyl sphingosyl phosphorylcholine , C17-

sphinganine (0.2 nmol each), and C17-sphinganine-1-phosphate, (0.1 nmol)] were prepared as 

described117 and analyzed by ultraperformance LC (UPLC)-TOFMS or HPLC-MS/MS.  

The liquid chromatography-mass spectrometer consisted of a Waters Aquity UPLC system 

connected to a Waters LCT Premier orthogonal accelerated time of flight mass spectrometer 

(Waters, Millford, MA), operated in positive electrospray ionisation mode. Full scan spectra 

from 50 to 1500 Da were acquired and individual spectra were summed to produce data points 

each 0.2 s. Mass accuracy and reproducibility were maintained by using an independent 

reference spray by the LockSpray interference. The analytical column was a 100 mm x 2.1mm 

i.d., 1.7 mm C8 Acquity UPLC BEH (Waters). The two mobile phases were phase A: 

methanol/water/formic acid (74/25/1 v/v/v); phase B: methanol/formic acid (99/1 v/v), both 

also contained 5mM ammonium formate. A linear gradient was programmed— 0.0 min: 80% 

B; 3 min: 90% B; 6 min: 90% B; 15 min: 99% B; 18 min: 99% B; 20 min: 80% B. The flow rate was 

0.3 ml min-1.The column was held at 30°C. Quantification was carried out using the extracted 

ion chromatogram of each compound, using 50 mDa. windows. The linear dynamic range was 

determined by injecting standard mixtures. Positive identification of compounds was based on 

the accurate mass measurement with an error <5 ppm and its LC retention time, compared to 

that of a standard (±2%).  

Alternatively, analysis of the extracts was performed by LC/MS/MS with a system consisting of 

a Waters Alliance 2690 LC pump equipped with an autosampler and connected to a Quattro LC 
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triple-quadrupole mass spectrometer from Micromass (Manchester, UK). Separation was 

achieved ona Purospher STAR-RP-18 column (125 × 2 mm, 5 μm) (Merck, Darmstadt). The two 

mobile phases were phase A and phase B as described above. A gradient was programmed: 0.0 

min, 50% B; 2 min, 50% B; 7 min, 100% B; 17 min, 100% B; 19 min, 50% B; and 26 min, 50% B. 

The flow rate was 0.3 ml min−1. MS/MS detection was performed with an electrospray 

interface operating in the positive ion mode acquiring the following selected reaction 

monitoring transitions: C17 d-erythro-sphinganine-1-phosphate, 368–252, collision energy 18 

eV; and S1P, 380–264 Da, collision energy 16 eV. 
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6. SUMMARY IN SPANISH 
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Los esfingolípidos (SLs) son componentes estructurales universales de las membranas celulares 

eucariotas y en los últimos 30 años han demostrado tener no sólo un papel estructural, si no 

estar también involucradas en procesos de señalización, así como en una amplia gama de 

respuestas celulares. Por lo tanto, el desarrollo de compuestos capaces de dirigirse 

específicamente a las enzimas del metabolismo de los SLs representa un área de investigación 

atractiva para el tratamiento de múltiples trastornos.  

La ruta metabólica de los SLs tiene un solo punto de salida, mediado por la esfingosina 1-

fosfato liasa (S1PL), enzima dependiente de piridoxal 5’-fosfato (PLP), que degrada de manera 

irreversible la esfingosina 1-fosfato (S1P) en 2-hexadecenal y fosfoetanolamina (PE). Es una de 

las proteínas responsables de la regulación de los niveles intracelulares de S1P y contribuye a 

lo que se denomina “reóstato esfingolipídico”, un sistema que regula el destino celular 

mediante el ratio de S1P, que se considera una molécula proliferativa, y los esfingolípidos 

apoptogénicos Sphingosina (So) y Ceramida (Cer).    

En este contexto, la inhibición de la S1PL se ha relacionado con trastornos autoinmunes, 

enfermedades inflamatorias o con la desregulación celular en varios tipos de cáncer, por lo 

que se considera una diana prometedora para el desarrollo de nuevos fármacos. 

En 1994, Boumendjel y Miller describen el inhibidor 2VS1P como mezcla racémica, con una IC50 

de 2.4 μM en preparaciones microsomales de hígado de rata como fuente de enzima. No se 

describía ningún mecanismo reacción para el inhibidor, de modo que sugerimos un mecanismo 

irreversible (Figura 6.1), similar a lo que encontramos en otros enzimas dependientes de PLP 

que son inhibidos por análogos al sustrato pero con la presencia de una insaturación en α del 

grupo amino. Un ejemplo típico lo encontramos en la Vigabatrina, inhibidor de la GABA amino 

transferasa (GABA-AT), aprobado como fármaco antiepiléptico. Así que, como objetivo 

principal de esta tesis, se planteó la síntesis de los 4 estereoisomeros de un análogo de 2VS1P 

de cadena truncada, 24 (Figura 6.1) y ensayar biológicamente su potencia y su mecanismo de 

acción con enzima purificado (humano, hS1PL o de Symbiobacterium thermophilum, StS1PL). 

 

Figura 6.1. Mecanismo de inhibición postulado para 24. Para 2VS1P se correspondería el mismo 

mecanismo pero el aldehído escindido correspondería a un C16 en vez de a un C13. 
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Con este fin, se diseñó una síntesis para llegar al fosfato 24 a través del intermedio proquiral 

ya descrito 15 (Esquema 6.1). 

 

 

Esquema 6.1. Síntesis de (±)-syn-24 y (±)-anti-24 a partir del precursor descrito 15. 

 

Gracias a la diferencia de Rf de los diastereomeros de 23, podemos separar syn/anti por 

columna cromatográfica flash y obtener como producto final las dos mezclas racémicas (±)-

syn-24 y (±)-anti-24. 

La resolución enantiomérica se intentó llevar a cabo mediante la derivatización de 23 con el 

agente de derivatización quiral ácido 2-metoxifenilacético (MPA) dando lugar a 32, y aunque se 

lograron resolver los enantiómeros, no se encontraron las condiciones para hidrolizar el MPA 

frente al fosfato, si no que se obtenía la estructura cíclica 33 en su lugar.  

El mismo tipo de derivatización se intentó en 21, dando lugar a 25. Por TLC se consiguió la 

separación de los 4 enantiómeros, pero por cromatografía flash se lograron obtener solamente 

las cabezas y las colas de columna puras, el resto eran mezclas y los rendimientos de 

recuperación, muy bajos. Aun así, la obtención de los 4 enantiomeros resueltos era posible con 

el uso de los dos (R o S)-MPA por separado. 

Tanto las estructuras mencionadas anteriormente, como la metodología de resolución de 

enantiomeros, se resumen en la Figura 6.2. 
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Figura 6.2. A: Resolución de los 4 enantiómeros de 23 a través de la derivatización con MPA. Durante 

su hidrólisis obtenemos la estructura cíclica 33. B: Resolución de los 4 enantiómeros de 21 a través de la 
doble derivatización con (R)-MPA o (S)-MPA. 

 

Usando la metodología de Riguera et al., se pudo determinar la configuración de C3, carbono 

unido al alcohol secundario, y la de C2, que corresponde a un carbono cuaternario, se 

determinó utilizando la técnica de NOE sobre el intermedio cíclico 33, obtenido por la ruta A 

de la Figura 6.2. 

Finalmente se optó por una tercera vía sintética a partir del alcohol vinílico cíclico 44, obtenido 

a partir de 18 (Esquema 6.1) por la que se obtenía el alcohol 45, siendo separables en este 

punto las mezclas syn/anti por columna cromatográfica.  

La resolución de enantiómeros y la determinación de la configuración absoluta de C3 se llevó a 

cabo mediante los desplazamientos de señales en los espectros de RMN de 46 y en C2 por 

NOEs de las estructuras 51. La síntesis hasta el producto final 24 se realizó a través de 22 como 

se indica en el Esquema 6.1, dónde se comparó la configuración absoluta con la que habíamos 

calculado en la ruta sintética previamente utilizada. Todo este proceso se resume en el 

Esquema 6.2, a continuación. 
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Esquema 6.2. Síntesis y resolución enantiomérica de 45 y 51. Se comparan los resultados con el 

producto 22 obtenido por rutas anteriores.  

 

En este caso se mejoran notablemente los rendimientos de resolución enantiomérica, aunque 

desafortunadamente, para derivatizar 45 con MPA, fue necesario utilizar un exceso de DMAP 

en la reacción de acoplamiento que terminó racemizando parte de la muestra. Tal y como 

demuestran los resultados obtenidos por HPLC quiral y VCD, se obtiene (-)-syn-45 

enantioméricamente puro, (+)-syn-45 enriquecido con un 94% ee y (±)-anti-45 como mezcla 

racémica. 

A través de este intermedio y con la colaboración del grupo del Dr. Jordi Garcia (Universitdad 

de Barcelona, Departamento de Química Orgánica e Inorgánica) se llegaron a los productos 

finales detallados en la Figura 6.3, con los que se llevaran a cabo estudios de inhibición de 

S1PL, viabilidad celular y esfingolipidómicas. 
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Figura 6.3. Compuestos finales para ensayos biológicos. 

 

Se calculó la IC50 = 12.2 µM de 24 in vitro en enzima purificado como mezcla racémica en 

Symbiobacterium termophilum S1PL (StS1PL) y se encontró en la S1PL humana (hS1PL) que el 

eutómero correspondía al (2S,3S)-24 y presentaba una IC50 de 33.4 µM. Estudios de ESI-MS y 

ensayos de dilución muestran un comportamiento típico de inhibidor irreversible o de unión 

fuerte. 

Los análogos de So JG y su saturado 31 muestran una moderada actividad inhibitoria frente a 

hS1PL, especialmente en el estereoisómero de configuración natural (2S,3R), lo que sugiere 

que no es necesario el fosfato para encontrar actividad inhibidora de S1PL, aunque este le 

confiere más potencia. 

Las LD50 de los diferentes isómeros de las moléculas de la Figura 6.3, fueron calculadas en la 

línea celular A549 y, lamentablemente, sus valores son muy cercanos a su IC50. 

Los experimentos de lipidómica, también realizados en células A549 y respecto al metabolismo 

de estos compuestos, sugieren que (2S,3R)-JG y (±)-anti-31 son sustratos de la Ceramida 

Sintasa 2 (CerS2), que produce largas cadenas de Cers, pero que no lo son de la CerS5 o la 

CerS6. Es la primera vez que se encuentra un sustrato selectivo para una CerS. Además, las 

vinilCer 48 y 52 son hidrolizadas por ceramidasas (CDases) y sólo la configuración natural de 

los aminodioles libres vuelve a ser acilada, en concordancia con los resultados anteriores. 

Respecto a los efectos en el esfingolipidoma natural, todos los diastereomeros de los análogos 

de vinilceramidas 48 y 52 parecen inhibir la síntesis de novo, siendo la serina 

palmitoiltransferasa (SPT) una potencial diana, ya que se observa tras su administración en las 

células un descenso de los niveles globales de Cers, esfingomielinas (SMs) y glucosilceramidas 

(GlcCer). 
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Estudios computacionales y de dinámica molecular sugieren que el fosfato del cofactor del 

enzima PLP puede actuar como base, capturando el protón del C3(OH) en la primera etapa de 

la reacción retroaldólica, excepto para el isómero (2R,3R)-24, en la cual, la base más probable 

es el mismo fosfato en C1 de su base esfingoide el que extraiga el protón. En cuanto a los 

nucleófilos probables para ser candidatos a reaccionar con el vinilo después de la escisión de la 

cadena alifática del enzima y que podrían ser los responsables del comportamiento irreversible 

de estas moléculas se describen la lisina L353 para los intermedios provinentes de las 

aldiminas C2(S) y las lisinas L353 y L359 para los provinentes de C2(R), siendo posible en los 

dos casos esta reacción. 
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Supplementary data related to the present doctoral thesis can be found in the attached CD. 

The following material is included: 

 

 PDF file of the Doctoral Thesis 

 NMR spectral data from section 4.1.5 
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