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Abstract  

Pavettamine, a plant toxin isolated from Pavetta harborii, was previously identified as a polyamine 

with C-2 symmetry and a 1,3-syn-diol moiety on a C-10 carbon backbone (one of very few to be 

isolated from nature). Biological studies have shown that this toxin is responsible for άǉǳƛŎƪ 

ŘƛǎŜŀǎŜέ όƎƻǳǎƛŜƪǘŜύ ƛƴ ǊǳƳƛƴŀƴǘ ŀƴƛƳŀƭǎ ǿƘƛŎƘ ŎŀǳǎŜǎ ƛƴƘƛōƛǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴ ǎȅƴǘƘŜǎƛǎ ƛƴ ǘƘŜ 

cardiovascular organs. The uniqueness of pavettamine coupled with its toxicological effects 

prompted this study, which aims to contribute towards the complete study of the structure 

activity relationships associated with its toxicity. To this end, the first total synthesis of the 

enantiomer of pavettamine was achieved together with the development of a suitable method 

for the synthesis of reduced functionality analogues. 

The symmetrical structure of the molecule allows for the synthesis of two individual C5 fragments 

to be coupled at a later stage. Retrosynthetic analysis identified commercially available S-malic 

acid as a suitable starting material for synthesis of the two individual C5 fragments. This chiral 

hydroxyl acid from natureΩǎ Ǉƻƻƭ ŎƻƴǎǘƛǘǳǘŜǎ a ̡ -hydroxy ketone group. Several transformations 

of S-malic acid allowed for the addition of the R-methyl p-tolyl sulfoxide chiral auxiliary, facilitating 

stereoselective reduction of the ketone, and affording the desired 1,3-syn-diol functionality. A 

protecting group strategy was also developed for the orthogonal protection of the alcohol and 

amine functional groups as they were unveiled. From this point onwards the terminal carbon 

atoms of the separate C5 fragments were functionalised, followed by coupling of the fragments 

via reductive amination revealing the C-10 carbon backbone. Deprotection of the alcohols and 

amines successfully provided the enantiomer of pavettamine as a TFA salt. Application of a similar 

synthetic protocol afforded acetonide protected pavettamine. A method was also developed for 

the synthesis of the reduced functionality analogues lacking certain hydroxyl groups. 
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Chapter 1: Introduction  

 

 

1.1 Polyamines  

Research to date has uncovered a plethora of compounds that are vital for growth, development 

and sustenance of living organisms. Amongst this diverse group of compounds is a class of 

molecules named polyamines (PAs). Polyamines are described as aliphatic organic compounds 

with two or more primary amine substituents, connected by one or more methylene linkages 

within their structure.1, 2 They were initially discovered in the 17th century although the elucidation 

of their chemical structure, knowledge of their biosynthesis and functions was not well 

understood until the 20th century.3 Polyamines are ubiquitous; present in both eukaryotic and 

prokaryotic cells indicating the pivotal role they play in nature. The biogenic polyamines, 

putrescine, spermidine and spermine are the most fundamental molecules in this class of 

compounds (Figure 1).        

                              

                              spermidine                                                                 spermine 

                                                                

                    putrescine  

Figure 1: Structure of basic polyamines 

PAs also belong to an exclusive club of small organic compounds that are capable of interacting 

with the three natural biopolymers namely, polypeptides and proteins, nucleic acids and 

oligosaccharides. The observed interactions arise because of the aminesΩ full protonation under 

physiological conditions. The resulting cationic factor enables these molecules to play different 

molecular roles in living organisms as shown in Figure 2, whilst allowing them to ionically bind to 

several anions in the cells including DNA, RNA, proteins and phospholipids, consequentially 

maintaining the structure of these macromolecules.4 
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Figure 2: Biological functions of polyamines 

1.1.1 Biological functions of polyamines  

Comprehensive studies have shown that polyamines play an instrumental role in the promotion 

of cell growth, maintenance of chromatin conformation, regulation of specific gene expression, 

ion-channel regulation, maintenance of membrane stability and free radical scavenging.5, 6, 7, 8 PAs 

are also involved in protein synthesis and in the differentiation of mammalian cells.9 Interestingly, 

spermidine is also utilised as a precursor in the synthesis of the eukaryotic translation initiation 

factor 5A, the only protein known to contain the unusual amino acid hypusine.10 Normal growth 

regulation is attributed to PAs and high concentrations of PAs are evident in fast multiplying 

animal tissues. Elevated levels of PAs are therefore required during development or tumour 

growth and this makes the biosynthesis of polyamines an important target for chemotherapeutic 

intervention. The charged nature of PAs facilitates interaction with various receptors e.g. N-

methyl D-aspartate receptors (NMDA) and ion channels. The multiple studies of biogenic PAs have 

also revealed that interruption of the metabolic pathways provides targets for the design of 

therapeutic agents. These and other characteristics of PAs sparked an interest in their mechanism 

of action and the potential therapeutic uses of PA conjugates and synthetic analogues.  

The ability of endogenous polyamines to play diverse functions within the biological systems 

resulted in studies being undertaken to understand their biosynthesis, metabolism and catabolism 

with the research spanning decades.11 The synthetic pathway for polyamines in mammals, plants, 

fungi and many bacteria begins with the decarboxylation of the amino acid L-ornithine by 

ornithine decarboxylase (ODC) enzyme to afford putrescine as shown in Figure 3. ODC enzyme is 

therefore crucial in maintaining the levels of polyamines and it is highly regulated. Spermidine and 

spermine are synthesised from putrescine by the action of spermidine synthase and spermine 

synthase enzymes, respectively. The inherent feedback systems within the cells trigger the 

catabolic reactions when there is a higher demand or low concentration of either of the 

Polyamines 

Second messengers 

Nutrients 

Metabolic regulators 

Antioxidants 

Growth factors 
Stabilisers of DNA, RNA, 
membranes 
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polyamines.12 Spermine can either undergo direct oxidation by spermine oxidase (SMO) or be 

acetylated by spermidine/spermine N1 acetyltransferase (SSAT), followed by subsequent 

oxidation by acetylpolyamine oxidase (APAO) back to spermidine. Synthesis of putrescine follows 

the same pathway; whereby spermidine undergoes acetylation and oxidation using SSAT and 

APAO. Knowledge of the biosynthesis mechanism is useful in providing new targets for 

therapeutic treatment because several disorders arise as a result of a deficiency of the three 

polyamines.  

 

Figure 3: Biosynthesis and interconversion of polyamines (ODC ς ornithine decarboxylase, AdoMetDC ς S-

adenosylmethionine decarboxylase, SMO ς spermine oxidase, SSAT ς spermidine/spermine N1 acetyltransferase, APAO ς 

acetylpolyamine oxidase) 

1.1.2 The polyamine transporter (PAT)  

Whilst the homeostasis and adjustment of intra-cellular concentrations of PAs is regulated by 

synthetic and catabolic reactions, delivery of PAs around the body and cellular entry is 

accomplished by a specific transport system known as the polyamine transporter (PAT).8, 13, 14 The 

transport system is energy and temperature dependent and saturable, meaning it is carrier 

mediated. The recognition site of the transporter contains at least three negatively charged 

groups at a distance corresponding to the distance between the positively charged nitrogen atoms 

of spermidine.13 This characteristic of the PAT implies that specific molecular recognition elements 

are required in order for molecules to utilise the PAT. Despite this, the polyamine has a surprisingly 
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broad structural tolerance. Current data attributes this to the fact that it is probable that there 

are multiple PAT systems in mammalian cells with differing specificities, allowing for the 

transportation of both natural compounds and a significant range of analogues.15  

The polyamine transporter also serves as an adaptational response of cells to changes in 

polyamine requirements whereby enhanced growth rates are not only accompanied by 

accelerated rates of intracellular de novo synthesis but also by increased uptake of exogenous 

polyamines. Depletion of intracellular polyamines enhances their uptake seven-fold and this was 

proven by introducing ODC inactivators. This observation means that in principle the biosynthesis 

of PAs can be substituted by polyamine uptake from the environment. In addition to this since 

PAs are associated with proliferative responses and tumour promotion, research has identified 

polyamine regulation as an attractive target for a number of different anticancer 

chemotherapeutic strategies.16, 15 

1.2 Polyamine conjugates  

Apart from the three freely occurring biogenic PAs already mentioned, a multitude of PAs with 

different structural features have been isolated from various natural sources and their biological 

properties are under continual investigation.1, 17, 18 These PAs are either linear or conjugated to 

various other moieties, including but not limited to aryl groups, amino acids, sugars and guanidine. 

A huge library of synthetic polyamine conjugates has also been developed and their biological 

effect assessed. These compounds are under ongoing investigation for their potential therapeutic 

activity against diseases such as cancer,9, 19 malaria,20 inflammation,21 sleeping sickness,22 

!ƭȊƘŜƛƳŜǊΩǎ23 and as antiproliferatives.19 This list is by no means exhaustive but merely serves as 

an indicator of how widely varied the application of polyamines is. The sources of the naturally 

occurring polyamines are also varied and representative classes will be discussed in detail. 

1.2.1 Polyamine conjugates from spiders and wasps  

Venoms isolated from insects and amphibians contain polyamine toxins of extraordinary potency 

and selectivity. The interest in these toxins emanates from their usefulness in the discrimination 

of pharmacologically distinct receptor and ion channels in the nerves and muscles. Polyamine 

toxins isolated from spider and wasp venom  act as potent antagonists of mammalian 

neuroexcitatory ionotropic glutamic acid receptors (iGluRs) and they inhibit nicotinic acetylcholine 

receptors.24 Glutamate is the major excitatory amino acid neurotransmitter in the mammalian 



Chapter 1: Introduction 

5 
 

central nervous system and acts through two classes of receptors, the ionotropic and 

metabotropic receptors. The polyamine toxins therefore act as pharmacological tools for 

examining the iGluRs due to their ability to distinguish between Ca2+ -permeable and ς

impermeable iGluR subtypes.25 The distinction is necessary during diagnosis of neurodegenerative 

diseases.  

Philanthus triangulum 433 (PhTX-4.3.3) is a polyamine that was isolated from the venom of 

Philanthus triangulum, a solitary parasitic wasp (Figure 4).26 Investigations revealed that the toxin 

was an antagonist of Ca2+ permeable iGluR subtypes and kainate receptors, a characteristic that 

is useful for the determination of the subunit composition of these receptors.27 Modification of 

the polyamine portion gave rise to philanthotoxins such as PhTX-3.4.3, with enhanced potency 

and selectivity at receptors.28 The analogues were potent cation-channel blockers with uses as 

selective receptor probes for nicotinic acetylcholine and glutamate receptors for sodium and 

calcium channels.29,30  

 

PhTX-4.3.3 

 

PhTX-3.4.3 

Figure 4: Structures of PhTX-4.3.3 found in wasps and its analogue 

Compound MG30 (Figure 5) was isolated as the major component in the venom of the 

Hexathelidae spider Macrothele gigas.31 Preliminary toxicological analysis of MG30 showed that 

it acted as an ion channel blocker. A huge library of toxins duly named acylpolyamines, because 

they share a common structure of an aromatic moiety at one end and either a primary amino or 

guanidine group at the other end, have been isolated from different species of spiders. These 

acylpolyamines exhibit neuromodulatory activity within the mammalian central nervous system; 

hence their application in investigating diseases such as stroke, !ƭȊƘŜƛƳŜǊΩǎ and epilepsy.32  
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MG30 

 

ArgTX-636 

 

ArgTX-659 

 

ArgTX-673 

 

AGEL-452 

Figure 5: Structures of PAs found in spiders 

Another library of acylpolyamines isolated from different types of spiders, belonging to the 

argiotoxin class, are shown in Figure 5. Toxins ArgTX-636, ArgTX-659 and ArgTX-673 were isolated 

from the venom of the spider Argiope aurantia. AGEL-452 was isolated from the American funnel 

web spider Agelenopsis aperta.33 Over fifty related polyamine toxins have been isolated and 

characterised from other species of spiders, and many of them have been synthesised.12 Biological 

evaluation of these toxins and their analogues confirmed biological activity was through blocking 

neuromuscular junctions by primarily targeting the ionotropic glutamate receptors.34 The 

interesting point to note about these polyamine toxins is that they contain methylene linkers 

having three or four carbon atoms without any substitution on the carbon chain backbone. 
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1.2.2 Macrocyclic and linear alkaloid polyamines from plants  

A plethora of polyamine conjugates have also been isolated from plants and characterised, 

revealing both the macrocyclic and linear properties,1, 5 with representative macrocyclic 

compounds shown in Figure 6. Oncinotine belongs to a group of alkaloid PAs isolated from the 

stem bark of O. nitida, a tree belonging to the genus Oncinotis (Apocynaceae).35 Several other 

polyamine alkaloids were also isolated and characterised. R-Loesenerine was amongst a group of 

alkaloids isolated from Maytenus loeseneri containing a 13-membered lactam ring and total 

synthesis of the compound confirmed the stereochemistry.36 S-Verbasitrine belongs to the 

protoverbine class of spermine alkaloids containing a 17-membered ring. This compound also 

contains a phenylpropionate unit which is contained in the antibacterial and cytotoxic spermine 

alkaloids.1 

 

 

 

oncinotine R-loesenerine S-verbasitrine 

Figure 6: Macrocyclic polyamines from plants 

Biological analysis of the macrocyclic polyamine compounds revealed that the presence of the 

lone pairs of electrons on nitrogen enables the molecules to exhibit strong coordination ability 

towards different metal cations, forming coordination complexes.37 Macrocyclic polyamines are 

tunable, allowing the creation of smart molecules with specific physical and chemical properties. 

These properties include, but are not limited to, chemical sensors and anion binders to a variety 

of compounds such as antibodies.38 They can also cross-link with DNA and therefore act as anti-

tumour agents and anti-protozoal agents.39 Cyclic polyamines are used to prepare silica particles 

of controllable and uniform size in a procedure duly named the Stöber process.40 A significant 

library of macrocyclic polyamines has been developed for studying their ability to form strong ion 

pairing complexes with phosphate-containing metabolites and to catalyse the dephosphorylation 

of ATP.41 The polyamine complexes also find applications as chiral catalysts for organic reactions. 

Other than the macrocyclic polyamines, plants also contain a variety of linear polyamines (Figure 

7). Meytenine is an example of a linear PA that was isolated from the reproductive organs of many 
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higher plants as a conjugated spermidine.5 Tenuilobine was isolated from the same source and is 

the first PA alkaloid containing both spermine and spermidine, cross-conjugated through a long 

aliphatic chain.35 These toxins are known to act on invertebrates by antagonising ion-gated 

channel proteins in the muscle membrane.42 

 

meytenine 

 

tenuilobine 

Figure 7: Linear polyamines from plants 

1.2.3 Polyamine alkaloids from marine organisms  

The ocean is a diverse ecosystem that has provided the human race with not only food and energy 

but chemotherapeutic agents as well. Marine sponges are known to be prolific producers of a 

wealth of diverse secondary metabolites including PAs. The wide array of structurally different 

polyamines that have been uncovered from these sponges require their own review because 

marine organisms provide an interesting and useful array of potentially therapeutic PA alkaloids. 

The structurally unique PA stellettadine A  (Figure 8) was isolated from a marine sponge Stelleta 

sp. in 1996 and it was the first example of a polyamine alkaloid with the arcaine backbone (1,4-

diguanidinobutane), which is connected to a norsesquiterpene moiety.43 The compound was 

described as a metamorphosis inducer in ascidians. Crambescidin 826,  belonging to the 

crambrescidin family, was isolated from the sponge Monanchora sp.44 This PA alkaloid features a 

polycyclic guanidine core coupled to modified spermidine. Biological studies showed HIV-1 fusion 

inhibition properties, and thus this molecule represented an interesting lead structure for 

potentially new anti-HIV therapeutics. 
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stellettadine A 

 

 

 

Figure 8: Polyamine alkaloids from marine organisms 

Pseudokeratidine, a halogenated PA conjugate, was isolated from marine sponges and displayed 

antifouling and antimicrobial activities making it of considerable interest as a component of 

antifouling paints.26 Didemnidine B was isolated from Didemnum sp. together with several other 

similar PAs which contain an indole-3-glyoxylamide moiety linked to the N1 position of 

spermidine.45 This PA was found to be mildly active against the malarial parasite Plasmodium 

falciparum with an IC50 value of 8.4 µM.  

1.3 Synthetic polyamine analogues  

The positive results from biological assays of the naturally occurring polyamine conjugates 

provided the platform for a new research area of synthetic analogues. Initial studies involving 

synthesis of unnatural polyamines was targeted at understanding the influence of charge, length 

and flexibility of the polyamine backbone structure on biological activity. Since the polyamine 

biosynthetic pathway of mammalian organisms had been studied extensively, it had been shown 

that some pathogenic organisms possess enzymes involved in polyamine metabolism that were 

not present in the host.6 This knowledge provided a need to design specific therapeutic agents 

targeting the PA in the pathogens. Research has already highlighted the importance of PAs in living 

organisms, and the continuous discovery of PAs from various natural sources with different 
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structural features  provided the launch pad for research on polyamines. The initial working theory 

was that the terminal nitrogens of the linear polyamines are most important for biological activity. 

The first synthetic polyamines involved simple modifications of the natural polyamines i.e they 

possessed terminal primary or secondary amine groups with small alkyl substituents and differed 

only in the length of the central carbon chain.16 Compounds 1 ς 3 (Figure 9), with an eight carbon 

spacer generally showed significant antitumour activity. These results supported the theory that 

analogues with altered pKa values at the terminal nitrogens, comparison of compound 1 to 

compound 2 and 3, could disrupt polyamine metabolism and potentially provide therapeutic 

benefit. Of the initial benzyl analogues, compound 4 was the only one to act as an active 

antiproliferative agent, exhibiting an IC50 value of 50 µm against L1210 leukemia. Subsequently, 

the compound was shown to possess excellent antimalarial activity in vitro and in vivo but 

unfortunately no further investigations were performed on similar sets of analogues.46 

 

1 

 

2 

 

3 

 

4 

Figure 9: Early polyamine analogues 

The early findings of the effects of synthetic polyamine analogues led to the design of symmetrical, 

terminally substituted bis(alkyl) polyamines. The analogues featured terminal secondary amines 

to explore the relationship between altered pKa and cellular function and the utilisation of the PA 

transporter by the modified polyamines. From a representative library, Figure 10 shows synthetic 

analogues 5 ς 8 which were shown to slow down the synthesis of biogenic polyamines through 

downregulation of constitutive biosynthetic enzymes, although they did not support the cellular 
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functions of the endogenous polyamines.6 Treatment of tumour cells with micromolar 

concentrations of the analogues initiated cell death via apoptosis. These symmetrically 

substituted analogues are amongst the most successful as they have been shown to possess a 

wide variety of therapeutic effects.11 

 
5 

 
6 

 
7 

 
8 

Figure 10: Structures of bis(ethyl) and isopropyl polyamines 

The synthesis of these symmetrical polyamines was straightforward and easily scalable which 

favoured further investigations. BEHSpm 5 was proven to be a useful antidiarrhoeal agent, 

although phase 2 clinical trials were halted due to neuro-toxicity and hepatotoxicity issues.19, 47 

The observed toxicity issues were reduced by the introduction of hydroxyl groups into the 

intermediate chain, giving rise to compound 8. The reduction in toxicity of the hydroxylated 

analogue was probably due to the fact that the analogues were cleared through phase 2 

metabolism.42 

The positive results from the biological studies of the analogues of the naturally occurring 

polyamines prompted studies into conjugates of these PAs with other biologically active motifs. 

Applications of synthetic PA conjugates are as diverse as the sources of the naturally occurring 

ones, from being used as drug vectors, where they are attached to therapeutic drugs for cell 

delivery, or new drugs against neglected tropical diseases and chemotherapy against different 

types of cancer, the applications are endless. The similarity in structure of the synthetic PAs to the 

endogenous PAs enables them to efficiently utilise the PAT for uptake by cells, whilst they are 

metabolically stable. 
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The sequencing of the human genome availed the possibility of the treatment of hereditary 

diseases and cancers through gene therapy. Successful application of gene therapy is dependent 

on the efficient transfer of DNA to specific cells in vivo to silence a bad gene,48 turn on a needed 

gene49 or install a new gene to address particular cellular defects.50 Traditionally viral vectors were 

employed for this function but the method suffered from several setbacks such as immunogenicity 

and only a limited size of the DNA could be transferred.51 Continual improvement in new vector 

design coupled with the knowledge of PAs led Behr to incorporate polyamines into liposomes 

after realizing that naturally occurring polyamines could efficiently compact DNA.52 This led to the 

successful synthesis of the first transfection vector DOGS (Figure 11) by incorporating a branched 

polyamine.53 Since then, the polyamine vectors have been shown to be superior as compared to 

the traditional vectors because of their low toxicity and immunogenicity, and they possess the 

ability to transfer large strands of DNA, accompanied by simple synthetic preparation.54 Currently 

DOSPA and DOTMA (Figure 11) are commercially available PA vectors sold as a 3:1 mixture known 

as Lipofectamine.54   

 

DOGS 

 
DOSPA 

 

 

DOTMA 

Figure 11: Synthetic polyamine vectors 

Cancer targeting using synthetic PAs is also an active research field because many cancer cells are 

unable to produce enough PAs to sustain their growth rate and therefore rely heavily upon 

polyamine import to grow. The enhanced cellular need for the three basic polyamines coupled 

with the structural tolerance of the PAT allows for the importation of non-native polyamines in 

order to meet the high demand. Considering the heavy reliance of rapidly dividing cancer cells on 
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PA import it was shown that drug-polyamine conjugates have enhanced cytotoxicity to cancer 

cells.55 PA analogues can mimic some of the self regulatory functions of biogenic polyamines but 

are unable to substitute natural polyamines in their growth-promoting role.  

Chlorambucil (Figure 12) is a chemotherapeutic drug used for the treatment of chronic 

lymphocytic leukemia, low-grade non-IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀΣ IƻŘƎƪƛƴΩǎ ƭȅƳǇƘƻƳŀ ŀƴŘ ƻǾŀǊƛŀƴ 

cancer. Kaur et al. reported good results in targeting tumour cells with the chlorambucil-

spermidine conjugate 9, with a 10 000 fold increase in activity when compared with chlorambucil 

because of the ability of the conjugate to form cross-links with naked DNA.56 N-Anthracene-

substituted polyamines like 10 were shown to be 150 times more toxic to Chinese hamster ovary 

(CHO) cells when compared to a mutant PAT-deficient CHO cell line (CHO-MG).55 

 

 
9 

 

 
10 

Figure 12: Polyamine drug conjugates 

The continual search for antimalarial drugs also led to the development of polyamine conjugate-

based lead compounds in an attempt to discover new targets in the pathogen. Pistillarin  (Figure 

13), isolated from the fungus R. subaurantiaca, was shown to inhibit the growth of a drug sensitive 

P. falciparum line (3D7) with an IC50 value of 1.9 µM and displayed no cytoxicity against NFF cells 

at 100 µM.57 A library of several modified pistillarin analogues showed significant activity against 

P. falciparum in the micromolar range. In a separate investigation two analogues, compound 11 
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and 12, were synthesised based on diamide orthidine and showed potent antimalarial activity. 

Nanomolar activity was reported for compound 11 and compound 12, with values of 19.0 nM and 

8.6 nM, respectively, against the P. falciparum K1 line.20 

 

pistillarin 

 

diamide orthidine 

 
11 

 
12 

Figure 13: Lead antimalarial polyamine structures 

Different synthetic polyamine analogues are being synthesised as potential therapeutic agents 

based on different types of naturally occurring PAs because of their promising activity. The need 

for continual drug development means all promising leads are explored until every possible 

outcome is exhausted. Given this fact, the examples discussed here so far are by no means an 

exhaustive list of the findings and work that has already been published, but merely serve to 

highlight the importance of this class of compounds as therapeutic agents. 

1.4 Hydroxylated natural polyamines  

The class of polyamines of interest to this PhD are those with a hydroxylated methylene backbone. 

For all the naturally occurring PAs shown thus far, there have not been many naturally occurring 

polyamine examples in which the methylene backbone itself is substituted. The only available 
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examples were for the synthetic analogues shown in Figure 10, where hydroxylation of the 

methylene backbone was introduced as a way of reducing the toxic effects of a potentially 

therapeutic synthetic polyamine. The absence of methylene linkage substitution is attributed to 

the sensitivity of PAT to substitution of the methylene linkages. The discovery of an exception to 

rules in nature always attracts much attention and generates interest in synthesis and possible 

biological effects/applications. To date only a few methylene-substituted polyamine compounds 

have been isolated from various natural sources. The first to be isolated were the triamines S-6- 

and S-7-hydroxyspermidine (Figure 14).58 S-2-hydroxyspermidine is a component of several 

alkaloids isolated from marine microorganisms, whilst S-7-hydroxyspermidine occurs free in 

Pseudomonas species.5  

 
 

S-6-hydroxyspermidine S-7-hydroxyspermidine 

 

 

13 pavettamine 

Figure 14: Methylene substituted polyamines 

Compound 13 was recently isolated from Streptomyces sp. and fully characterised, but biological 

assays revealed no significant inhibitory activity against a few cancer cell lines.59 To the best of 

our knowledge, the total synthesis of this compound has not yet been reported. The compound 

of interest for this work is pavettamine, another naturally occurring hydroxylated polyamine 

which was isolated from Rubiaceae species.   

1.4.1 Pavettamine  

The toxic properties of plants of the Rubiaceae species have been known for over a century. 

5ǳǊƛƴƎ ǘƘŜ ŜŀǊƭȅ мфллΩǎ ŦŀǊƳŜǊǎ in South Africa lost considerable livestock and they noticed that 

death occurred after the animals had consumed plants from the Rubiaceae family namely 

Vangueria (syn. Pachystigma) pygmaeum, V. thamnus, V. latifolium, Pavetta harborii, P. 

schumanniana and Fadogia homblei.60 The resulting plant toxicoses named Gousiekte or ΨǉǳƛŎƪ 

ŘƛǎŜŀǎŜΩ ƛǎ ŎƘŀǊacterised by the sudden death of animals without warning due to cardiac failure, 
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usually after a physical activity. A number of cardio dynamic changes coupled with myocardial 

lesions consisting of myofilaments, replacement of myocytes with collagenous tissue, lengthening 

of sarcomeres and cardiac dilation have been reported for animals after consuming the plants.61 

Dedicated research by Fourie et al. led to the first isolation of the causal toxin which was duly 

named pavettamine.61  

It is noteworthy that pavettamine is the only natural polyamine to be implicated in livestock 

poisonings. This polyamine stimulated our interest because of its uniqueness in the polyamine 

class of compounds, coupled with its occurrence in plants indigenous to Southern Africa. The 

importance of livestock to this part of the world cannot be overstated because they are a vital 

source of wealth combined with social status and hence the effects of poisonous plants are 

detrimental to this critical part of the economy. Plant poisoning of livestock causes considerable 

losses annually and authorities estimate that during certain years, up to 25% of stock losses occur 

as a result of plant poisonings.62  

Bode et al. identified and published the structure of pavettamine after performing the first and 

only total synthesis of this unusual polyamine shown in Figure 14.63 It is the only polyamine with 

a five-carbon linker having a 1,3-syn-diol functionality to be isolated from nature. Pavettamine 

also possesses a C-2 symmetry. The synthetic toxin was found to be more potent than the isolated 

natural product, probably due to the difference in purity levels of the isolated material in 

comparison to the synthesised compound. Toxicological studies of the naturally occurring toxin 

revealed that pavettamine inhibits protein synthesis in the cardiac muscle of rats, but it had no 

effect on other tissues.61 This observation was in agreement with results published earlier which 

stated that dried leaves of the toxic plants induced heart failure in sheep and rats.  

Given what has been discussed so far regarding the role of polyamines in living organisms, it is 

evident that pavettamine is responsible for apoptosis in the cells of cardiovascular organs, hence 

the cardiac syndrome that is observed in the animals. The toxin is likely to be selectively 

transported by the cardiovascular organs using the PAT into the cells where it disrupts the normal 

functions of the endogenous polyamines, thus initiating cell death. Further investigations still 

need to be performed to establish the actual mechanism of action because the observed 

selectivity is intriguing. In general, the stereochemistry of a molecule has significant implications 

on its biological activity. Thus, synthesis of the enantiomer of pavettamine and the reduced 
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functional analogues with different stereochemical conformations forms the basis of this research 

work. 

1.5 Synthetic methods for 1,3 -diols  

One of the most potent classes of biological compounds known to man is the polyketide class, 

which possesses broad structural diversity and many of these compounds contain a 1,3-diol unit. 

Due to the importance of the 1,3-diol subunit, the synthetic access to this active moiety has been 

of interest to organic chemists for decades, therefore a variety of synthetic methodologies 

targeting this moiety have been developed.64, 65, 66, 67 Thus, because of the presence of a 1,3-diol 

system in compounds of interest to this project, synthetic methods targeting the synthesis of the 

1,3-diol motif are going to be discussed in greater detail. 

1.5.1 Carbon-carbon bond forming reaction s 

Synthesis of syn- and anti-1,3-diols can be achieved by carbon-carbon bond forming reactions, 

and depending on the substrates, reagents and conditions both conformations of the diol can be 

recovered. One such reaction is the Prins reaction, involving an acid catalysed condensation of an 

aldehyde with an alkene. The product of the reaction depends on the substrate and the reaction 

conditions, resulting in a mixture of products namely a 1,3-diol, 1,3-dioxane or an allylic alcohol 

(Scheme 1). The reaction has very limited chemo- and regio-selectivity, which restricts its 

applications in organic synthesis. The lack of stereo-control arises from the fact that nucleophilic 

addition to the carbocation intermediate that is formed lacks any kind of selectivity. Even if chirally 

pure compounds are used as starting material, the newly formed carbon-carbon bond always lacks 

selectivity. As a result of this, the reaction was not popular in natural product synthesis until useful 

modifications of the reactions were developed. 
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Scheme 1: Prins reaction 

Continuous investigations unearthed a useful modification of the Prins reaction, which enabled 

the synthesis of many chiral heterocyclic compounds, suitably named the Prins-type cyclisation 

reaction. In the modified Prins reaction, a homo allylic alcohol reacts with a carbonyl compound, 

mainly an aldehyde, under acidic conditions as shown Scheme 2 giving rise to an intermediate 

14.68 Appending the alkene or ̄ -nucleophile to the alcohol facilitates the cyclisation after the 

addition step. Intramolecular proton transfer of 14 gives rise to intermediate 15 which loses a 

water molecule yielding an oxocarbenium ion 16. The oxocarbenium ion rearranges via 

intramolecular addition of a ̄-nucleophile from an alkene to an oxocarbenium ion or related 

species to generate a ring through carbon-carbon bond formation. There are two possible chair 

transition states T1 and T2 arising from this intramolecular reaction. The most favourable state is 

T1 because the substituents at the 2nd and 6th positions assume equatorial positions resulting in a 

stable conformer. In contrast, the T2 state is disfavoured because of the severe 1,3-diaxial 

interactions that exist between groups at the 2nd and 6th positions. Hence the nucleophilic attack 

to form the favoured transition state will occur from the equatorial position forming cis products 

such as 17 as the main stereoisomer with 18 being formed as the minor product. Although 

oxocarbenium ions undergo conformational changes, the energy barrier is sufficiently high that 

free rotation does not occur at low temperatures, such that the transformation occurs with 

excellent and predictable stereocontrol. The high degree of stereocontrol arising from the 

configurational predictability of oxocarbenium ions and cyclisation states, allows for multiple 

applications in natural product synthesis.  
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Scheme 2: Prins cyclisation  

Yadav et al. successfully employed the Prins cyclisation when they developed a general route for 

the synthesis of various polyketide precursors containing anti-1,3-diols from a common pyran 

system (Scheme 3).67 In one of their successful syntheses, S-homoallylic alcohol 19 was subjected 

to the Prins cyclisation with 2-benzyloxypropanal 20 in the presence of TFA. Subsequent hydrolysis 

afforded a trisubstituted tetrahydropyrandiol 21 in excellent de. Regioselective tosylation of the 

primary alcohol yielded compound 22 followed by ring opening to furnish an anti-diol 23. Further 

transformation of the diol allowed for the successful synthesis of a major fragment, incorporated 

in the synthesis of the natural product attenol B 24. They proved this novel method to be versatile 

for the synthesis of an anti-1,3-diol framework with high stereoselectivity.  
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Scheme 3: Synthesis of 1,3-diols using Prins cyclisation 

In their quest to develop new methods for assembling polyol chains, Rychnovsky et al. developed 

a method for the convergent synthesis of polyol chains based on the generation and alkylation of 

cis- or trans-6-alkyl-2,2-dimethyl-4-litho-1,3-dioxanes.69 In one example, treatment of ̡-hydroxy 

aldehyde 25 with TMSCN and potassium cyanide-18-crown-6 complex, followed by treatment 

with acetone, 2,2-dimethoxy propane and an acid catalyst converted aldehyde 25 to cyanohydrin 

26 (Scheme 4). The resultant cyanohydrin was produced in a 1:1 mixture of the syn- and anti-1,3-

isomers.  Recovery of a single syn product 27 was reported after deprotonation of the cyanohydrin 

with lithium diethylamide followed by alkylation.   

 
25  

 
26 

  
27 

              

 
    

 
28 

Scheme 4: Synthesis of syn-1,3-diols acetonides by reductive decyanation of cyanohydrins 
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The high stereochemical outcome of the protocol is as a result of the configurational control of 

the intermediate generated from cyanohydrin 26. The lithium reagent generates a radical 

intermediate with a six membered ring. The ring adopts a much more stable chair conformation 

where the axial radical is formed as opposed to an equatorial radical. Thus, both isomers of 

cyanohydrin 26 form the same axial radical intermediate. Axial radical formation is favoured 

because, the oxygen lone pair of electrons overlap with the axial radical stabilising it while the 

lone pair of electrons is not accessible to the equatorial radical. Consequently, because both 

isomers follow the same reaction pathway, the same product is recovered. In this case a 1,3-syn-

diol is recovered after alkylation yielding 27. Reductive cyanation proceeds without loss of 

stereochemistry at the secondary alcohol centres yielding compound 28. The 1,3-dioxane 

structure contributes towards the configurational rigidity of intermediates which in turn protects 

the stereochemistry. 

Chiral 1,3-diols were prepared in high enantiomeric purity from the reactions of the chiral 

silycarbanion formed from 29 with epoxides. Aliphatic epoxide addition to the carbanion 30 

furnished a crucial intermediate 31, followed by oxidative cleavage of the carbon-silicon bond 

with peroxide at low temperatures, yielding the diol 32  (Scheme 5).70 This approach proved to be 

of high enantioselectivity and diastereoselective when achiral aliphatic epoxides were employed. 

However, poor diastereoselectivity was detected when epoxides with an existing chiral centre 

were used. Nevertheless, the resulting two diastereomers could be easily separated by column 

chromatography. This sequence was used for phenyl-substituted diols but it is applicable on 

different types of systems. 1,3-diols have also been reported to be synthesised from 2,3 epoxy 

alcohols using a Ti(III) mediated ring opening with excellent diastereoselectivity.34 Similar methods 

have been used for 1,3-diol synthesis, each with its own set of limitations, and choosing the best 

approach is best based on the type of target molecule.64 

 



Chapter 1: Introduction 

22 
 

 
                29 

  
         30 

 

 
         31  

     

 
32 

Scheme 5: Asymmetric synthesis of chiral 1,3-diols using chiral organosilicon compounds 

1.5.2 Biocatalytic  methods  

Due to the growing need and demand for greener methods in organic synthesis for research  and 

industrial processes, biocatalysis has grown rapidly as a method of choice for synthesis in the past 

decade.71, 72 One of the main advantages for incorporating enzymes in synthesis is their ability to 

generate chirally pure compounds under non-toxic conditions. However, because enzymes are 

not versatile, a library of enzymes always needs to be assayed before finding an enzyme best 

suited for the desired transformation. Examples of the enantioselective synthesis of 1,3-diols 

using enzymes as isolated or co-catalysts have been reported in literature, but in most cases a 

huge library of enzymes had to be assayed first. 

Chemo-enzymatic methods are currently being used as a convenient and environmentally friendly 

way of synthesising a 1,3-diol unit (Scheme 6) for fragments of pharmaceutical importance. Baer 

et al. demonstrated the applicability of enzymes for the synthesis of 1,3-diols with excellent ee.73 

An aldol reaction between aldehyde 33 and acetone 34, utilising an organocatalyst 35, gave rise 

to an aldol product which was diastereoselectively reduced to the diol 36 by using biocatalysts in 

a modified one pot synthesis. This approach also allowed for the synthesis of all possible 

stereoisomers of the diol by changing the configuration of the organocatalyst 35. The high ee and 

the environmentally friendly conditions makes this approach very desirable. However, enzymes 

tend to be substrate specific in terms of both activity and selectivity. 
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                         35 

 
     2. S-ADH, buffer, NADH,  
       2-propanol 25% v/v 

 
36 

Scheme 6: Enzymatic kinetic resolution of an aldol product  

1,3-Diols can also be recovered from the enzymatic reduction of 1,3-diketones, although double 

site reduction in a single operational step is seldom achieved. In general, -̡hydroxyketones are 

commonly recovered as the primary products and reduction of the second keto group is either 

very slow or does not occur owing to stabilisation of the ̡-hydroxyketone by hydrogen bonding.74 

A few notable examples of bi-keto enzymatic reduction in a single step have been reported. Patel 

et al. reported that the stereoselective microbial reduction of 3,5-dioxo-6-benzyloxyhexanoic acid 

ethyl ester 37, yielded a key chiral intermediate, 3,5-dihydroxy-6-benzyloxyhexanoic acid ethyl 

ester 38 (Scheme 7).75 Excellent yield and optical purity of the desired product was achieved even 

though a significant library of microbial cultures had to be evaluated. The recovered diol was a 

key intermediate in the chemical synthesis of an anti-cholesterol drug that acts by inhibition of 

hydroxyl methyl glutaryl coenzyme A (HMG CoA) reductase. Since then, various statins have been 

approved by the FDA and due to the presence of the 1,3-diol motif in all of them, various 

biocatalysts have been developed to achieve the required high yields and ee.76 Successful syn-

selective reduction of the chlorinated diketoester 39 to dihydroxyester 40 was also achieved by 

whole cells of Lactobacillus kefir with excellent enantioselecivity.64 

  
 

37  38 

  
 

39  40 

Scheme 7: Asymmetric reduction of 1,3-diketones 

The desire for concomitant one pot preparations of 1,3-diols also led to the investigation of 

bakersΩ yeast reductions after it had shown promising results for such transformations.65 The 
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motivation behind this investigation was the possibility of employing an enzymatic protocol for 

obtaining synthons for the preparation of natural products. 

BakersΩ yeast fermentation of a representative library of ̡-hydroxyketones shown in Table 1 

afforded products with high enantioselectivity, albeit in low yields.77 Fermentation of rac- 41 gave 

rise to both the syn and anti products but anti- 42 was formed in excess, whilst for rac- 43 only a 

single diastereomer, compound 44, was recovered. rac- 45 was the only compound that had a 

slight excess of the syn-diol 46 but in general, the anti-diol was always in excess for all the tested 

substrates. It is interesting to note that the enantioselectivity always gave rise to a new 

stereogenic centre with an S-configuration. The diastereomeric excesses ranged from 43% ς 99% 

depending on the substrate. Despite the promising results, the yields of the reactions were still 

quite low and long reaction times were required. The variability of enzymes in yeast also makes 

its use problematic because it lacks repeatability.  

Table 1: BakersΩ yeast reductions of ̡-hydroxyketones to afford diols. 

Substrate Yield (time) anti-diol syn-diol anti/ syn 

 

40% (48 h) 

  

5.7/1 

rac- 41  anti- 42 
ee = 98% 

syn- 42 
ee = 98% 

 

 

23% (48 h) 

 

  

rac- 43  44 
o.p > 99% 

  

 

44% (72 h) 

  

1/1.2 

rac- 45  anti- 46 
o.p > 99% 

syn- 46 
o.p > 99% 

 

1.5.3 Synthesis of 1,3-diols using the a ldol reaction  

The discovery of cross-ŀƭŘƻƭ ǊŜŀŎǘƛƻƴǎ ǿƛǘƘ ǎƛƭȅƭ ŜǘƘŜǊǎ ōȅ aǳƪŀƛȅŀƳŀ ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлΩǎ ōǊƻǳƎƘǘ 

utility to the aldol reaction.78 Traditionally aldol addition reactions had been used to gain access 

to the 1,3-diol moiety but the approach had insufficient stereoselectivity. Mukaiyama conceived 

that coordination of the carbonyl oxygen atom of an aldehyde to a Lewis acid would make the 

carbonyl atom more electrophilic. After investigations of the effect of various Lewis acids, BF3.OEt2 

was identified as the most effective. Consequentially, the effect of the Lewis acids on 
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stereoselectivity at the newly formed stereogenic centre was also  investigated.79 The Mukaiyama 

aldol reaction was further investigated to reveal various features such as diastereoselectivity and 

competency of other Lewis acids. Evans later developed a diastereoselective aldol reaction by 

introducing chiral auxiliaries.80 The synthetic approach was then the subject of many variations of 

1,3-diol syntheses with significant success.81, 82 

Following his accomplishments in 1,3-diol diastereoselective synthesis, Evans undertook an 

extensive mechanistic study which explained the stereochemical outcome of the aldol reactions.83 

Initially, 1,3-diol synthesis via aldol reactions of ̡-alkoxy aldehydes were established to be 

controlled by Felkin-Anh with low stereocontrol (Scheme 8). When an aldehyde with an alcohol 

on the ̡ -position 47 is employed, the aldehyde face selectivity for 1,3-induction involves internal 

chelation to a ̡ -heteroatom substituent. The resulting favoured transition state 48 favours 

nucleophilic attack on the less hindered face of the conformationally locked and internally locked 

intermediate. The preferred product 49 is the 1,3-anti diastereomer which is consistent with the 

transition state. For meaningful chelation control, the chelating metal centre must possess a 

minimum of two open coordination sites to simultaneously complex both the carbonyl and ether 

oxygen. NMR spectroscopic experiments performed by Keck established that the oxygen 

protecting group (PG) should also allow effective bidentate complexation of the chelating metal 

between the carbonyl and ether oxygen.84, 85 

 
47 

 

 
48 

 

 
49 

Scheme 8: Chelation controlled 1,3-asymmetric induction model 

Further work revealed that the BF3.OEt2 mediated Mukaiyama aldol reaction with R-

unsubstituted, alkoxy aldehydes afforded good levels of 1,3-anti induction in the absence of 

internal aldehyde chelation.83 Several assumptions common to the Felkin-Anh model were still 

incorporated for explanation of the observed outcome in this model. At the outset, it was assumed 

that torsional effects dictated that the aldehyde adopted staggered conformations between the 

forming bonds and the aldehyde h-substituents. The second assumption was that the principal 

addition product evolved from the reactant-like transition structure wherein the ̡-stereogenic 

centre of the aldehyde is oriented anti, rather than gauche to the forming bond. This geometry 
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reduces non-bonded interactions between the aldehyde h-substituents and the incoming 

nucleophile. 

After taking all the assumptions into account, the researchers concluded that the aldehyde face 

selectivity is governed by steric and electrostatic effects in the aldehyde that originate from 

interactions between the ̡ -substituents and the carbonyl reaction centre (Scheme 9). 

Accordingly, the incoming nucleophile 50 will approach the aldehyde 51 on the path that offers 

the minimal electrostatic and steric repulsion yielding product 52. The preferred transition state 

is illustrated in two different perspectives 53 and 54, which show that the preferred resulting 

product is a 1,3-anti diastereomer. 

The staggered conformation of the h -substituents with respect to the incoming nucleophile  is 

clearly illustrated in 53 whilst 54 depicts the favoured orientation of the ̡-stereocentre relative 

to the coordinated carbonyl moiety. Coordination of aldehyde to BF3 results in a constrained 

conformer in the transition state which contributes to the observed outcome. Steric interactions 

are expected to be minimised when the -̡alkyl substituent R̡  is oriented anti to the Ch-C=O bond. 

Therefore, of all the possible conformations for the staggered arrangement, 53 is the most stable 

and it can also be stabilised by an attractive electrostatic interaction between the  ̡heteroatom 

X and the polarised carbonyl carbon.86, 87 The destabilised staggered gauche conformer one 

example is represented by 55, leads to the 1,3-syn diastereomer. However, the conformers arising 

from this staggered arrangement are not favoured because of the steric and electrostatic 

repulsion emanating from the R̡ ҭ /ҐhΣ · ҭ /Ґh ŀƴŘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴŘ I ҭ w ̡interactions.  

        + 
            50 

 
51 

  
52 

    

 
       53 

 

 
              54 

 
55 

Scheme 9: 1,3-Asymmetric induction polar model 
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Armed with this knowledge, Mahler et al. established an improved diastereoselective method for 

developing 1,3-syn and 1,3-anti-diols, and they successfully applied the procedure for the 

synthesis of  various substrates.88 They demonstrated that when an enantiomerically pure ̡ -

alkoxy aldehyde 56 reacted with both enantiomers of the acetate enolate 2-hydroxy-1,2,2-

triphenylethyl acetate 57 and 58, diastereofacial selectivity was observed. The acetate enolate 

facilitated either a matched or mismatched pair effect by utilising the inherent selectivity of the 

aldehydes. This gave rise to a mismatched major product 59 when the R-enolate 57 was used and 

the matched pair major product 60 when the S-enolate 58 was used. 

 
56 

 
                 57 

 
       58 

  
59 60 

  

Scheme 10: Reagent-controlled aldol reaction of 2-hydroxy-1,2,2-triphenylethyl acetate with 
chiral aldehydes 

The presence of the 1,3-polyol system structural motif in a plethora of biologically active natural 

products means that nature already has an efficient way of achieving this stereoselectively. 

Polyketide synthases are harnessed in nature to enable efficient, iterative elongation of a 

thioester-activated C2 unit through a decarboxylative Claisen condensation coupled with an 

enzymatic stereoselective reduction of ketones to provide 1,3-polyol arrays. Iwata et al. reported 

an efficient approach imitating this natural enzymatic approach for 1,3-diol asymmetric induction 

by employing a catalysed aldol reaction (Scheme 11).89 They demonstrated that a catalytic 

asymmetric aldol reaction between aldehyde 61 and thioacetamide 62 yielded an aldol product 

63 with an ee of 94%. TBS protection and reduction of the thioamide functionality with the 
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Schwartz reagent converted 63 to a chiral aldehyde 64 with a -̡hydroxyl group. Iterative 

installation of thioacetamide 62 under catalytic conditions yielded both the syn-product 65 and 

the anti-product 66 by changing the ligand and catalyst 67 combination with both the recovered 

products having ee > 99%. The approach was applicable to a variety of substrates and excellent 

enantiomeric excesses were recovered. 
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Scheme 11: Catalyst controlled direct catalytic asymmetric aldol reaction for the synthesis of 1,3 
diols 

After reporting the aldol reaction of aldehydes with TBDMS ketene acetals in the presence of a 

chiral borane complex, Kaneko et al. disclosed a direct enantioselective synthesis of syn-1,3-diols 

under similar conditions.90 A modification of the procedure composed of a chiral 

oxazaborodinone-promoted aldol reaction of a ̡-chiral aldehyde 68 with a silyl ketene acetal 69 

(Scheme 12). The aldol reaction yielded anti-product 70 diastereoselectively when the S- chiral 

borane auxiliary was used and the syn-product 71 when the R-borane was used, with excellent ee 

after desulfurisation.91 The results of this procedure indicate that the chiral centre at the -̡

position of the ester has no effect on the stereoselection at the newly-generated stereogenic 

centre.  
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Scheme 12: Oxazaborolidinone-promoted aldol reaction of silyl ketene acetal with a ̡-chiral 
aldehyde 

1.5.4 Synthesis of 1,3-diols  via stereoselective reduction of ketones   

The versatility of chiral auxiliaries means they have a wide range of applications in organic 

synthesis. Their application in enantioselective synthesis as already discussed in 1.5.3, has enabled 

the synthesis of chiral natural products. Incorporation of chiral auxiliaries in the 1,3-asymmetric 

reduction of ̡ -hydroxyketones is another effective method that addresses the diastereoselective 

synthesis of the 1,3-diol motif. The direct enantioselective synthesis from achiral starting 

compounds is intrinsically more attractive because of substrate availability, but employing 

optically active ̡ -hydroxyketone synthons is more common. An added advantage of the 

stereoselective reduction of acyclic -̡hydroxyketones is that both syn- and anti-diols can easily be 

synthesised from the same starting material by change of reagents and reaction conditions. 

Depending on the type of reducing agent used, the anti-diol is preferred when the reducing agent 

possesses the capacity to bind to the hydroxyl function, followed by intramolecular transfer of the 

hydride (Scheme 13).92 In contrast a syn-diol is preferred when a chelating agent is employed to 

preorganise the substrate prior to the addition of the reducing agent. Thus several researchers 

have reported success using different types of chiral auxiliaries for selective reduction of ketones 

to 1,3-diols.64 
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  syn-1,3-diol 

 

 

 

anti-1,3-diol 

Scheme 13: Stereoselective reduction of ̡-hydroxyketones via chelate control to yield syn 
products and intramolecular hydride transfer to yield anti products 

For the total synthesis of the macrolide bryostatin 1 72, a potent a antitumor agent93, Evans et al. 

retrosynthetic analysis broke down the molecule into three main fragments94. The three 

fragments all possessed the 1,3-diol moiety (Scheme 14), which meant that stereoselective 

synthesis of the alcohols became a crucial part of the project. The presence of the irregular 

arrangement of the alcohols served as the impetus for the development of a fitting method for 

the stereoselective reduction of ̡-hydroxyketones. 

 

72 
 

 

 
fragment 1 

 

 
fragment 2 

 

 
fragment 3 

Scheme 14: Retrosynthetic analysis for bryostatin 1, 72 

To achieve this, aldol based strategies were combined with reduction chemistry in the synthesis 

of the three acyclic fragments, because of the convergent and flexible approach that these two 

methods offered. Synthesis of fragment 2 began with subjecting an epoxystyrene 73 to a Sharpless 

asymmetric epoxidation95, followed by protection, Birch reduction and ozonolysis revealing the -̡

hydroxyketone 74 in 93% ee (Scheme 15). By using an internally binding reducing agent, the 

desired 1,3-anti-diol 75 was recovered in a diastereomeric ratio of 91:9. The alternative route for 

synthesis of the ̡-hydroxyketone for fragment 3, began with an aldol reaction between aldehyde 
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76 and the silyl enolate 77. Chiral induction of the reaction was provided by catalytic amounts of 

the copper complex 78, affording compound 79 in an excellent ee of 99%. The previously 

described reduction protocol gave rise to the anti-diol with a diastereomeric ratio of 94:6. Both 

these fragments were further transformed into the desired compound and the established 

chirality was used for chiral induction in some of the synthetic steps. 
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Scheme 15: Synthesis of the target fragments for total synthesis of bryostatin 1 

Other examples of the stereoselective reduction of 1,3-diketones involve attaching chiral 

auxiliaries to the ketone, which in turn provides the chiral induction with moderate to excellent 

de and ee being achieved.64, 96 The success of the chiral auxiliaries is dependent on whether they 

can be synthesised in chirally pure form and chiral sulfoxides form an important subclass of this 

category. The past three decades have seen an explosion in interest in the synthesis and utility of 

molecules containing a stereogenic sulfur center97, 98, 99. The sulfoxide auxiliary can be easily 

prepared by what is generally referred to as the Anderson method, starting from the sodium salt 

of p-toluenesulfinic acid 81 (Scheme 16), although different starting sulfinates can be used. Once 

treated with thionyl chloride, the salt is converted to intermediate 82 followed by a nucleophilic 
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substitution with menthol to afford 83. Finally, a Grignard reaction leads to the chiral auxiliary 84 

which is easily reacted with ̡-hydroxyesters. Though this structural motif is typically represented 

in Lewis structures as analogous to a carbonyl moiety, the sulfur atom of the sulfoxide 84 is in fact 

a stereogenic center when two different groups apart from oxygen are attached.  

 
 

  
 

 
 

81  82  83  84 
Scheme 16: Synthesis of sulfoxide, Anderson method 

The oxygen and sulfur do not share a typical p-orbital pi bond which would enforce a planar 

conformation, but rather the oxygen donates electron density from a lone pair into a d-orbital of 

sulfur. This d-ˉ ōƻƴŘƛƴƎ ŀƭƭƻǿǎ the sulfur to assume tetrahedral sp3 hybridization, with a lone pair 

ƻŦ ŜƭŜŎǘǊƻƴǎ ŦǊƻƳ ǎǳƭŦǳǊ ŀǎ άǇƭŀŎŜ ƘƻƭŘŜǊǎέ ƛƴ ǘƘŜ ŦƻǳǊǘƘ ǉǳŀŘǊŀƴǘ resulting in the observed 

chirality. Sulfoxides are conformationally stable at room temperature and therefore can be 

separated into pure diastereomers when a substituent, like menthol, with inherent chirality is 

attached. The barrier to inversion via a bipyramidal intermediate for most sulfoxide compounds 

is in the range of 38-41 kcal/mol. As such, sulfoxides will only racemise under rather harsh 

conditions, including temperatures in excess of 200 °C, irradiation to induce C-S bond scission, and 

radical transfer reagents. 

When the sulfoxide chiral auxiliary is added to a molecule possessing either a -̡ or -ɻ ketone it 

transfers chirality to the newly formed stereogenic centre during reduction of the carbonyl 

groups. The bulky R-group attached to the sulfur atom provides steric hindrance coupled with 

electronic effects during the reduction. The electronic effects arise from the electrostatic 

repulsion between the incoming nucleophile and the substituent of the sulfoxide. Reduction of 

substrate 85 means that the hydride will only be delivered on the Re-face of the ketone because 

the Si-face is blocked by the R-group on the sulfoxide group resulting in product 86 with an S-

configuration at the newly formed stereogenic centre (Scheme 17). Introduction of a Lewis acid 

like ZnCl2 results in the chelation of the ketone and the sulfur oxygen affording an intermediate 

87. The locked conformation of the molecule blocks the Re-face meaning the hydride can only be 

delivered from the Si-face yielding a substrate 88 with an R-configuration. By using the sulfoxide 

auxiliary both enantiomers can be easily synthesised which is not easily achieved with other 

methods. 
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Scheme 17: Selective reduction of sulfoxides 

The sulfoxide protocol has been incorporated into the synthesis of various biologically important 

molecules with much success. A general synthetic strategy for the antifungal natural products (-)-

colletol and (+)-colletodiol 92 was developed, and the method successfully incorporated a 

sulfoxide auxiliary for chiral induction.100 Synthesis of a crucial 1,3-syn-diol fragment involved the 

iterative stereo-controlled reduction of the sulfoxide 89 yielding the hydroxyketone 90 in a de of 

100% (Scheme 18).  Successive reduction of the ɻ carbonyl using the Narasaka-Prasad protocol 

ensured the recovery of a 1,3-syn-diol 91 in an excellent de of 98%.100  The simplicity of the 

synthesis of the sulfoxide auxiliary and the high de of the recovered secondary alcohols made this 

an ideal procedure for the synthesis of the desired compounds. 

 
 

 
 

89  90  

 
91 

 

 
92 

 

Scheme 18: Synthesis of (-)-colletol and (+)-colletodiol 

Macrolactin 93 is a potent antiviral and antitumour agent which was isolated from metabolites of 

deep-sea bacteria.101 The unique structural architecture and the potential for broad therapeutic 

application of the macrolactin led to the development of a synthetic methodology for this 

compound. Of the four components identified by retrosynthetic analysis (Scheme 19), fragment 
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3 contained the 1,3-anti-diol synthon which was crucial in the synthesis of the target compound. 

For the synthesis of analogues of compound 93 they needed to employ a method which furnished 

different 1,3-diol conformations. Thus, the sulfoxide auxiliary was chosen because it allowed for 

the synthesis of the targeted diastereomers. 

 

93 

 

         

fragment 1                             fragment 2 

  

fragment 3                                  fragment 4 

Scheme 19: Retrosynthesis for macrolactin 93 

The requisite fragment was prepared according to Scheme 20. The ̡ -hydroxyester 94 was TBS 

protected yielding compound 95 which was subsequently subjected to the addition of the 

sulfoxide auxiliary. The ̡-ketosulfoxide 96 was recovered in a good yield of 72% with high de. In 

order to recover the anti-1,3-diol during the stereoselective reduction, a chelating agent ZnCl2 was 

added prior to the introduction of the reducing agent. The desired product 97 was recovered as a 

single diastereomer after recrystallisation. Epoxide 98 was easily recovered after treatment of the 

diol with cesium (I) fluoride in THF. All four possible diastereomers of this motif were successfully 

synthesised using this protocol by varying the reaction conditions. Subsequent chemical 

transformations allowed for the synthesis of the target fragment 3. 
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Scheme 20: Synthesis of macrolactinΩǎ ŦǊŀƎƳŜƴǘ о 



Chapter 1: Introduction 

35 
 

Apart from the syntheses of 1,3-diols already described, there are many more methods that have 

been developed that incorporate various synthetic strategies.64 The fact that the 1,3-diol unit is 

present as a repeating unit in molecules of biological importance, created the need for iterative 

synthetic methods such as homologation of boronic esters. This method has been demonstrated 

to be a useful procedure for the iterative synthesis of chiral compounds because it presents full 

stereocontrol, exemplified by the application of the method in the synthesis of (+)-10-

hydroxyphthioceranic acid (Scheme 21).102  

  
 

 

iterative growth phase 

 

 

 

boronate-complex 

 

Scheme 21: Iterative homologation of esters for the synthesis of permethylated carbon chains  

The homologation proceeds via addition of a suitable boronic ester to a starting fragment followed 

by a 1,2-migration of the boronic ester to generate a new boronic ester. Unfortunately application 

of boronic esters to the synthesis of 1,3-hydroxy groups was hindered by the formation of the 

intermediate boronate complex shown in Scheme 22. The complex can either undergo the desired 

1,2 migration or the undesired ̡-elimination. In order to circumvent the problem, the ̡-alkoxy 

group was masked with another boron atom because 1) the -̡boronic ester does not undergo 

elimination 2) oxygen functionality can be readily generated from the boron intermediate and 3) 

the required 1,2-bis(boronic esters) are readily available through Morken/Nishiyama catalytic 

asymmetric diboration of alkenes. 

 

 

 

 

 

 



Chapter 1: Introduction 

36 
 

1. Limitation of homologation of organoboron compounds 

 
 

 

 

 

 

Y = halogen, oxygen, nitrogen group 

2. Regioselective homologation of 1,2 bis(boronic esters) 

 
    

 
 

Scheme 22: Homologation of organoboron compounds 

The modified method was first successfully tested on several substrates for the regio- and 

stereoselective homologation of 1,2-bis(boronic esters).103 A diverse library of both syn- and  anti- 

1,3-diols was prepared in high selectivity which culminated in the preparation of a TBS-protected 

derivative of the lipid lowering drug atorvastatin in good yields and excellent levels of 

stereoselectivity. To further showcase the versatility of the methodology Fawcett et al. applied 

the homologation method in the concise total synthesis of the 14-membered lactone Sch 725674 

isolated from Aspergillus sp. The lactone exhibits moderate antifungaƭ ŀŎǘƛǾƛǘȅΦ ¦ǎƛƴƎ aƻǊƪŜƴΩǎ 

conditions on the divinyl carbinol O-silyl derivative 99  furnished a single-diboration product 100 

in 90% yield with excellent stereoselectivity.  

The 1,2-boronic ester was converted to the TBS-protected triol 101 and the diastereoselectivity 

of the transformation was approximately 95:5 revealing the desired 1,3-diol motif in the process 

(Scheme 23). Subjecting the protected triol to a few of the remaining steps afforded the desired 

product 102 in an overall yield of 27%. The chiral catalyst 103 plays a crucial role in controlling the 

stereochemistry of 100. The homologation method has been shown to be applicable for both the 

stereoselective synthesis of 1,3-diol systems and chiral secondary hydroxyl groups. 
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Scheme 23: Total synthesis of Sch 725674 (102) 

Although the described methods for the synthesis of 1,3-diols are not close to the total number 

of available methods, the list is representative and highlights how the moiety can be synthesised. 

The described methods also highlight which starting materials, are compatible with the respective 

methods. 

1.6 Hydroxy acids from the chiral pool  

The total synthesis of biologically active chiral molecules is characterised by the need for absolute 

regio- and stereo-chemical control. A crucial aspect in the design of the synthetic route is the 

decision relating to the stage at which it is most economical to work with enantiomerically pure 

compounds. Resolution of racemic mixtures at the final stage is undesirable because half of the 

yield is sacrificed. Another option is starting the synthesis from chiral synthons which necessitates 

stereocontrol at every subsequent step, especially when new elements are introduced. 

Given the fact that this work involves stereoselective synthesis involving chiral hydroxy 

compounds it is prudent that a chiral synthon is selected as the starting material. Chiral synthons 

can either be synthesised or used from the library provided by ƴŀǘǳǊŜΩǎ ǇƻƻƭΦ ¢ƘŜ ŦƻǳǊ Ƴŀƛƴ Ŏhiral 

synthons from nature best suited for application in this work are the h -hydroxy acids, namely 

mandelic acid, lactic acid, malic acid and tartaric acid (Figure 15).104 These four acids are 

commonly used as precursors in enantioselective synthesis because they assist in minimising the 
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need for chiral resolution or asymmetric catalysis. For the work under investigation a chiral 

synthon with 1) a chiral secondary alcohol 2) functional group which allows for the stereo 

controlled introduction of a second alcohol group at the ̡-position and 3) terminal carbon atoms 

possessing functional groups that could be modified into amine groups, would be the most ideal. 

    

mandelic acid lactic acid malic acid tartaric acid 

Figure 15: Naturally occurring h -hydroxy acids 

Of the four acids listed, malic acid is best suited for the synthesis of the C5 fragment because of 

the inherent chiral hydroxyl group, with a carbonyl group ̡ to the alcohol and the terminal carbon 

atoms are carboxylic acids which are easily manipulated to afford other functional groups. Malic 

acid has been widely used as a chiral synthon in the synthesis of medicinal agents, natural 

products and agrochemicals. Despite possessing two nearly identical carboxylic acid groups, there 

are various techniques available to manipulate them individually. As a result of this differentiation 

it will be possible to add the chiral sulfoxide auxiliary to malic acid which would then be used to 

stereoselectively reduce the carbonyl group using established methods.105 

Literature is awash with the total synthesis of chiral molecules that integrated malic acid as a chiral 

synthon for preparation of chiral products.106 Herein a few representative examples from 

literature are going to be highlighted. 

In their quest for finding chirally pure intermediates for the synthesis of pyrrolizidines, 

Chamberlain et al. proved that employing both enantiomers of malic acid facilitated the 

progression of the reactions with high selectivity (Scheme 24).107 Their initial attempts were 

unsuccessful because they yielded a complex mixture of products because the final ring closing 

step lacked control. However, after choosing malic acid as the starting material, ring closing of 104 

proceeded with high selectivity to yield the desired intermediate 105. The regioselectivity was due 

to the steric effects of the inherent chirality afforded by the acetyl group, from the hydroxyl 

functionality of malic acid. They were able to synthesis the enantiomer of 105 by using R-malic 

acid.  
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Scheme 24: Stereoselective synthesis of a pyrrolizidine intermediate 105 from malic acid 

Other researchers like Burton et al., were only able to synthesis (+)-laurencin in its 

enantiomerically pure form after using R-malic acid as the starting material.108 Rychnovsky 

successfully designed a convergent method for the synthesis of polyol chains from malic acid after 

using the inherent chirality for inducing chirality of new stereogenic centres (Scheme 25).109 The 

method also required far fewer steps when compared to previously used methods. The recovered 

decanehexol is a fragment of the antibacterial agent lienomycin. Previous methods were longer 

and resulted in a mixture of products. Malic acid was incorporated in the synthesis of many other 

oxo-polyene macrolide antibiotics as highlighted in a review by Rychnovsky.110 

 

 
 

 
 

  

 

 

 
  

 

 

 
  

 
  

 
decanehexol 

Scheme 25: Synthesis of the polyol, decanehexol 
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1.6.1 Malic acid carboxylic acid differentiation methods  

One of the initial steps when employing malic acid as a chiral starting material would involve 

differentiation of the two carboxylic acid groups. Several methods are available for the selective 

esterification of the carboxylic acid h to the hydroxyl group. Most methods capitalise on 

procedures that form intermediates with a preference for the formation of 5-membered rings as 

opposed to six membered rings. The rings form via the chelation of the carbonyl and hydroxyl 

group. 

Houston et al. published a protocol for the selective esterification of -hhydroxycarboxylic acids 

without causing significant esterification of the other carboxylic acids in the presence of boric 

acid.111 Between 10 ς 20% of the boric acid in the chosen alcohol was sufficient to effect the 

desired transformation yielding a mono ester 106 (Scheme 26). About 10% of the diester was 

recovered when the malic acid concentration was greater than 0.25 M. Compound 106 can also 

be recovered by the treatment of malic acid with either 2 equivalents of TFAA or DCC to form an 

anhydride.112 Quenching of the ensuing anhydride with the desired alcohol yields the monoester. 

Enzymatic methods have also been successfully used for the differentiation of the acid groups by 

means of Candida antarctica lipase esterification.113 

 

 

 
malic acid  106 

Scheme 26: Selective esterification of malic acid 

Another method for differentiation of the terminal carbon atoms involves initially esterifying the 

acid to recover the diester 107, followed by the selective reduction of the ester h to the hydroxyl 

group in the presence of BMS-NaBH4 (Scheme 27).114 There were three possible products from 

this reaction but only compound 108 was recovered in a yield of 88%. The other possible products, 

109 and 110, were not recovered. 

    

 

107  108 109 110 

Scheme 27: Selective reduction of esterified malic acid 
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1.7 Aims of the project  

In order to achieve a comprehensive study of the structure activity relationships of pavettamine 

111, this study aims to synthesise the unnatural enantiomer of pavettamine 112 and analogues 

with reduced functionality, 113 ς 116 (Figure 16). The interest in pavettamine arises from the fact 

that it is a toxin which affects the livelihood of people in Southern Africa and establishing structure 

activity relationships might help in the prevention or trŜŀǘƳŜƴǘ ƻŦ ǘƘŜ άǉǳƛŎƪ ŘƛǎŜŀǎŜέ ŀƴŘ ƛƴ 

developing compounds with possible therapeutic and pharmaceutical applications. Comparison 

of the toxicology test results of our target compounds with those that have already been 

synthesised will provide a broad overview in understanding of the activity of pavettamine. 

The 1,3-diol functionality unique to pavettamine is also present in the most potent biologically 

active compounds, which makes this rare polyamine and its analogues potentially potent. The 

sheer interest and applications of polyamines and compounds with 1,3-diol functionality means 

there are a plethora of methods which can be used for the synthesis of the target compounds. 

The general approach to synthesising polyamines involves two main steps, namely the synthesis 

of the individual methylene linkers and combining the linkers, usually via reductive amination. 

  

111 112 

  

113 114 

  

115 116 

Figure 16: Pavettamine, enantiomer of pavettamine and its analogues 

The proposal for this project is to synthesise the compounds shown in Figure 16 because to the 

best of our knowledge, these compounds have not yet been synthesized, with the exception of 

pavettamine. Organic synthesis is a creative science that entails the design and execution of 

proposed synthetic routes for the preparation of compounds. In order to design a plausible 

synthetic route for the target compound a retrosynthetic analysis was performed.  
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1.7.1 Retrosynthetic  analysis  

Retrosynthetic analysis is a problem solving technique for transforming the structure of a 

synthetic target molecule to a sequence of progressively simpler structures along a pathway that 

ultimately leads to simple or commercially available starting materials. Pavettamine is a molecule 

with C2 symmetry with a central C-N bond which can be disconnected after a series of functional 

group transformations into a single C5 unit (Figure 17). This approach allows the synthesis of the 

target compound to be accomplished by the preparation of a common C5 subunit using malic acid 

as the starting material. The presence of both hydroxyl and primary amino groups presents a 

challenge which requires an orthogonal protection strategy taking into consideration the 

subsequent reaction conditions. The synthesis of polyamines is generally plagued with problems 

regarding the selective protection or the directed reaction of the various primary and secondary 

amino functionalities. It is therefore of vital importance that the protecting groups selected are 

versatile, and non-labile under most reaction conditions, whilst being easily cleavable at the end 

of the reaction sequence. Selectivity can be achieved by use of protecting groups capable of 

differentiating between primary and secondary amines and alcohols. 

 

Figure 17: Retrosynthetic analysis the enantiomer of pavettamine 

To accomplish differentiation between amines and alcohols, a modular construction of the 

polyamine backbone will be undertaken, allowing for the stepwise introduction of the alcohol and 

amine groups. This strategy generally results in complex synthetic schemes and is limited by the 

number of orthogonal amino/alcohol protection groups which are compatible with this type of 



Chapter 1: Introduction 

43 
 

approach. Work-up and purification of both products and intermediates is generally tedious and 

complicated because of high substrate polarities. Purification on silica gel requires large volumes 

of polar solvents such as methanol, adversely increasing the amount of impurities resulting from 

the solubilisation of the silica gel. 

One way of circumventing the above-mentioned problems is to immobilise the starting substrate 

on resin because it eliminates the need for excess reagents accompanied by simple washing steps. 

However, the method is not without its own set of problems. Usually more than 90% of the 

reaction site is located inside the resin bead and only solvents that swell the bead can be applied. 

The resin is also sensitive to mechanical stress and reaction conditions like high temperatures and 

aggressive reagents destroy the matrix. Monitoring the reaction is more difficult because 

techniques like thin layer chromatography are not directly accessible. Harsh conditions are 

normally used for the removal of the resin which can potentially compromise the stereochemical 

integrity of the desired product. 

Given the pros and cons of the two different approaches for the synthesis of polyamines, modular 

construction of the C5 methylene backbone would be the best for synthesising the desired 

compounds. The two C5 units can be coupled using reductive amination between a primary amine 

and a carboxylic acid or aldehyde. The primary amines can be synthesised from the conversion of 

the hydroxyl groups using already published methods. What remains after retrosynthetic analysis 

is a C5 unit with a 1,3-hydroxyl functionality which can be derived from malic acid.  

1.7.2  Proposed synthetic approach  

A key feature for the synthesis of pavettamine and the analogues is the sequential construction 

of the hydroxyl stereogenic centres. Malic acid 117 was identified as the ideal starting material 

because it already contains an enantiomerically pure ̡-hydroxyketone moiety. Having selected 

the starting material combined with the already discussed methods of 1,3-chiral induction, part 

of the proposed synthetic strategy is shown in Scheme 28. Protection of the alcohol to afford 118 

coupled with addition of the sulfoxide chiral auxiliary will yield compound 119. The added 

advantage of employing methyl p-tolyl sulfoxide as a chiral auxiliary is the elongation of the carbon 

chain from C-4 of malic acid to the desired C-5. The C-2 symmetry of the target molecules allows 

for the synthesis of one subunit followed by functionalisation of the terminal carbon atoms at a 

later stage to facilitate the coupling step and introduce the amine groups.  
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117  118  119 

Scheme 28: Proposed synthetic strategy 1 

After several transformations of malic acid, the sulfoxide auxiliary present in compound 119 will 

enable the stereoselective reduction of the carbonyl group with the anticipated 

diastereoselectivity yielding substrate 120. In principle either the syn- or 1,3-anti-diol for substrate 

120 can be prepared depending on the reaction conditions of the reduction step. Once the second 

hydroxyl functionality is introduced, careful consideration will have to be given to which 

protecting group strategy will be applied. The sulfoxide moiety is easily transformed using the 

Pummerer rearrangement115 and the ensuing product will be converted to an amine giving rise to 

substrate 121. From this point, attention will be focused on the functionalisation of the terminal 

carbon atoms at the ends where coupling of the two fragments will occur. For illustration 

purposes, the penultimate crucial step for the synthesis of compound 112 would involve 

converting the alcohol on substrate 121 to the aldehyde 122 for fragment 1 and to the amine 123 

for fragment 2. 
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Scheme 29: Proposed synthetic strategy 

Once the two C5 fragments have been synthesised they can be coupled together using reductive 

amination (Scheme 30), followed by the removal of the protecting groups to reveal the desired 

product. The synthesis of all the other analogues will be based on this synthetic strategy. The C5 

fragment for reduced functionality analogues 113 ς 116 will be synthesised using the sulfoxide 

protocol employing substrates such as 4-chlorobutyric acid and ằ-butyrolactone. 
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Scheme 30: Coupling of the two C-5 fragments 
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Chapter 2: Results and Discussion 

2.1 Introduction  

Using the naturally occurring malic acid as the starting material, synthesis of pavettamine and its 

analogues was undertaken using a modular design approach. It was envisioned that using this 

protocol would allow for a quick entry into the library of desired compounds in a reasonable 

number of steps. As already discussed in Chapter 1 (retrosynthetic analysis), the major steps of 

the synthetic route involve the synthesis of the chiral auxiliary and the stereo-controlled 

introduction of the alcohol functionality by use of a sulfoxide chiral auxiliary. Thirdly, choosing the 

right protecting groups for the amine and alcohol groups was critical as it would have a huge 

influence on how the final compound would be isolated. Use of malic acid reduced the complexity 

of the synthetic process for pavettamine and its enantiomer. For the first part of the synthesis, 

the two carboxylic acids of malic acid were differentiated, and the 1,3-diol functionality was 

introduced and protected as shown in Scheme 31. 

 

   
 

 

      

   

    124 
 

Scheme 31: Introduction of the 1,3-syn-diol functionality to S-malic acid 

2.2 Synthesis of the enantiomer of pavettamine  

2.2.1 Synthesis of the 1,3-syn-diol intermediate 124 

Commencement of the synthesis began by the selective esterification of 2S-malic acid (Scheme 

32) using benzyl alcohol. This approach allowed for the differentiation of the two terminal 

carboxylic acids, which in turn expedited the stepwise functionalisation of the starting material 

towards the target fragments. The acid was treated with two equivalents of TFAA over an ice bath, 

followed by the evaporation of excess TFAA and TFA formed.116, 117 This step provided the 
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corresponding trifluoroacetate of malic anhydride, 125 as an intermediate in quantitative yield. 

The intermediate was not isolated but treated with an excess of benzyl alcohol and the reaction 

was left stirring overnight at room temperature. Purification of the product afforded compound 

126 in a yield of 61% as a yellow oil.  

 

 

 

 

 

                  Malic acid  125                      126            
 

Scheme 32: i) TFAA, 0 °C, 2 h; ii) benzyl alcohol, r.t., overnight, 61% overall yield 

Characterisation of the recovered product was accomplished by means of NMR spectroscopy. As 

ŜȄǇŜŎǘŜŘΣ ǘƘŜ ŀǊƻƳŀǘƛŎ ǇǊƻǘƻƴǎ ŀǘ ʵ 7.39 ς 7.27 integrating for 5 protons and the benzylic CH2 

protons which appeared as a singlet at  ɻ5.19 integrating for two protons were observed in the 1H 

NMR spectrum. The presence of these signals confirmed the successful mono-benzylation of malic 

acid, as opposed to the potential dibenzyl product. The H-н ǇǊƻǘƻƴ ǎƛƎƴŀƭ ǿŀǎ ŀǘ ʵ пΦсн ς 4.48 

whilst the H-3 protons were observed as doublets of doublets at  ɻ2.89 (J = 16.7, 4.2 Hz) and  ɻ

2.80 (J = 16.8, 6.2 Hz). The 13C NMR spectrum showed the characteristic carbonyl carbon signals 1 

ŀƴŘ п ŀǘ ʵ мтрΦр ŀƴŘ  ɻ173.2 respectively. The difference in chemical shifts is because the carbonyl 

carbon for the carboxylic acid experiences a greater shielding effect due to delocalisation of 

electrons of the carboxylic acid. The rest of the signals were as expected. IR spectroscopy showed 

signals for both the alcohol at 3534 cm-1 and the broad carboxylic acid signal at 3274 cm-1. 

Having achieved the terminal carbon differentiation, the next step involved selectively reducing 

the ester group in the presence of the carboxylic acid group (Scheme 33). Several reports for this 

procedure are available in literature but none of them were successfully employed for the 

selective ester reduction of compound 126.118, 119 Initially the reduction was performed using a 

mild reducing agent NaBH4 in the presence of LiCl in diglyme at a refluxing temperature of 

150 °C.120 TLC showed total consumption of the starting material but the expected product was 

unrecoverable after workup.  

Two factors could have been responsible for the observed outcome; firstly, the expected product 

compound 127 is polar and therefore water-soluble. Due to the water solubility, the desired 

product would likely be lost to the aqueous layer during workup and secondly, the reduction could 
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have occurred at both the ester and the carboxylic acid functional groups. The aqueous workup 

was necessary for removing the diglyme and for quenching the reducing agent. Realising the 

complexity of product purification due to aqueous solubility of the desired product, the reaction 

was performed in toluene, which is a much easier solvent to remove, and only stoichiometric 

amounts of KHSO4 were used during workup. However, there was no change in the observed 

outcomes. Varying the temperatures and the reaction times did not yield the desired product 

either. 

After several failed attempts at selectively reducing the benzyl ester, a supposedly more selective 

method was chosen (Scheme 33) involving the use of LiBH4 as the reducing agent, as reported by 

Blacklock et al.118, 121 The mechanism for the procedure involved lithium coordinating with the 

alcohol and the carbonyl on the h-carbon before delivering the hydride. The hydroxyl group 

provided anchimeric assistance, forming a stable and more favourable complex as opposed to the 

complex formed resulting from lithium coordinating the alcohol and the carbonyl on the -̡carbon, 

which makes this procedure more selective. Unfortunately, as with the other procedures neither 

the starting material nor the expected product were recovered. THF was replaced with diethyl 

ether as solvent and the reaction was left stirring for up to 2 days whilst observing the reaction by 

TLC. Unfortunately the desired product was not recovered after workup despite the recovery of a 

side product emanating from the benzyl group of compound 126. 

 

 
 

                                                   126                     127 

Scheme 33: LiBH4, THF, reflux, overnight  

Realising that compound 127 would be difficult to isolate because of the aqueous work up, 

converting the carboxylic acid of compound 126 to a Weinreb amide seemed a possible way of 

reducing the polarity.122 Even though Weinreb amides are reducible, conditions exist where 

selective reduction of the benzyl ester is possible in the presence of the amide. Unfortunately, the 

synthesis of the Weinreb amide was not successful despite varying the experimental conditions. 

Following these series of unsuccessful experiments, a different approach for malic acid 

differentiation was chosen. 
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The second approach involved the esterification of both the carboxylic acid groups of 2S-malic 

acid using thionyl chloride and methanol (Scheme 34) as the first step.123 In this reaction thionyl 

chloride acts as an electrophile at the sulfur atom due to the presence of the 2 chlorine atoms and 

the oxygen atom attached. The sulfur is then attacked by the carboxylic acid to give an unstable 

and highly electrophilic intermediate, which disintegrates in the presence of methanol resulting 

in the acyl chloride, HCl and SO2. The release of SO2 was evidenced by effervescence as the thionyl 

chloride was being slowly added. The activated acyl chloride reacted with the methanol yielding 

the expected diester, compound 128, in a yield of 77% as a colourless oil.  

 
 

 

 Malic acid                       128  

Scheme 34: i) SOCl2, MeOH, 0 °C, 1 h; ii) r.t., 12 h, 77% 

The recovered yield of 77% for malic acid dimethyl ester 128 was lower than the literature value 

of 98% as reported by Borjesson et al.123 This could have resulted from using slightly wet 

methanol, which meant any water present easily hydrolysed the acyl chloride formed back to the 

carboxylic acid. Formation of the product was confirmed by 1H NMR spectroscopy evidenced by 

the presence of the methoxy proton signals (H-5 and H-сύ ŀǘ ʵ оΦум ŀƴŘ ʵ оΦтнΦ ¢ƘŜ hI ǎƛƎƴŀƭ ǿŀǎ 

ƻōǎŜǊǾŜŘ ŀǘ ʵ оΦру ŀǎ ŀ ŘƻǳōƭŜǘ ǿƛǘƘ ŀ ŎƻǳǇƭƛƴƎ Ŏƻƴǎǘŀƴǘ ƻŦ сΦл IȊ, and this signal was confirmed 

by the D2O exchange experiment as shown in Figure 18. All the 13C NMR spectroscopic signals 

were as expected and the IR spectrum showed the characteristic OH and C=O signals at 3478 cm-

1 and 1730 cm-1, respectively. 
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Figure 18: D2O exchange 1H NMR spectra for compound 128 

Malic acid dimethyl ester 128 was subsequently subjected to the selective reduction of the ester 

alpha to the hydroxyl group (Scheme 35). Borane dimethyl sulfide was slowly added to a stirring 

solution of the diester in THF at room temperature.114 This step was characterised by 

effervescence of the H2 as the borane chelated to the alcohol oxygen and the carbonyl of the alpha 

ester. After gas evolution had subsided, NaBH4 addition at 0 °C completed the reduction with the 

release of the odoriferous dimethyl sulfide gas. Finally, addition of MeOH dissociated the resulting 

complex formed between the substrate and borane yielding the desired diol 129 in a yield of 91%. 

 
 

 

128  129 

Scheme 35: i) BMS, THF, r.t., 4 h; ii) 0 °C, NaBH4, 1 h, 91% 

The initial study by Saito et al. concluded that the reduction of compound 128 occurs exclusively 

at the alpha carboxylic acid.114 Once added, BMS reacts with the alcohol yielding intermediate 131 

and this step is characterised by effervesce as the dimethyl sulfide is released (Scheme 36). The 

boron atom intramolecularly coordinates to the h-carbonyl to form the five membered 

intermediate 130. The probability of neighbouring group participation is dependent on the ring 

size formed in a transition state.124,  125 In general, neighbouring group participation is most 

favoured when five membered rings are formed as a result of the balance between strain energy 
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and entropy factors under kinetically controlled conditions.124 For this mechanism, the six 

membered transition state is less favoured because of severe 1,3-diaxial interaction between the 

ester-alkoxy group and the hydrogen on the boron atom due to the short boron-oxygen bond 

length. The NaBH4 is necessary to complete the reduction whilst the methanol releases the desired 

compound from the boron complex to furnish the diol 129. 

128 
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129 

Scheme 36: Reaction mechanism for the reduction of compound 128 

The measured specific optical rotation of [ ]h20
D -23.7 (c 1.83, CHCl3) of the diol was comparable to 

the published literature value of [ ]h22
D ς26.9 (c 1.3, CHCl3).126 The IR spectrum showed the 

presence a single carbonyl signal visible at 1719 cm-1 and the OH signal appeared at 3372 cm-1 as 

a broad peak. In the 1H NMR spectrum, two alcohol signals were observed at  ɻ4.28 as a doublet 

with a coupling constant of 4.7 Hz and as a triplet at  ɻ4.01 with J = 5.9 Hz for compound 129. H-

2 protons appeared as a multiplet at ɻ 2.56 ς 2.46 integrating for 2 protons, while the H-3 signal 

was observed at ɻ 4.16 ς 4.09 as a multiplet. H-4 proton signals were observed as two multiplets 

at  ɻ3.66 ς 3.60 and ɻ  3.54 ς 3.47. The H-4 protons are diastereotopic as a consequence of their 

alpha position to the stereogenic centre at C-3 hence the observed splitting pattern. The 

remaining methoxy signal was observed at ɻ 3.71 integrating for 3 protons. The characteristic 

carbonyl carbon signal, C-1 was observed at ɻ 172.8 with the remaining C-2, C-3, C-4 and methoxy 

carbon signals at ɻ 37.9, 68.8, 65.8 and 51.9, respectively, visible in the 13C NMR spectrum. 
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At this stage, careful consideration of the choice of alcohol protecting groups for compound 129 

was taken. Selective functionalisation and protection of different alcohols (and later amines) was 

a critical component and desirable attribute in the synthesis of the target compounds. 

Unfortunately, each protecting group incorporated increases the synthesis by two non-productive 

steps and this no doubt reduces the overall yield and efficiency of the synthesis. Nevertheless the 

most ideal groups had to be chosen which, 1) readily and selectively protected the desired 

functional group, 2) formed a derivative (without generating a new stereogenic centre) easily 

separated from side products formed during protection/deprotection 3) was stable and resistant 

to all the reagents and reaction conditions in the subsequent steps and 4) was selectively removed 

under mild conditions. For this work, an orthogonal strategy was necessary for the protection and 

deprotection of the amine and hydroxyl groups. 

Protecting groups for alcohols comprise of ethers and esters. Ether protecting groups can further 

be subdivided into acetal protecting groups and silyl protecting groups. Ethers are generally ideal 

ŦƻǊ ΨǇŜǊƳŀƴŜƴǘΩ ǇǊƻǘŜŎǘƛƻƴ ǿƘŜƴ ǊŜƳƻval is only necessary at the late stages of a synthesis. They 

are stable to basic reaction conditions and therefore tolerate metallating reagents such as 

Grignard reagents, nucleophilic reducing reagents such as LiAlH4, oxidising reagents such us 

pyridinium chlorochromate (PCC), Wittig reagents and strong bases.127 Esters and silyl groups are 

commonly used for temporary protection of hydroxyl groups that require unveiling during 

synthesis. Acetonides are preferred for protection of 1,2-diols and 1,3-diols because of the ease 

of protection and deprotection whilst they are relatively inert to most reaction conditions. 

Given the above reasons, the acetonide group was chosen for the protection of compound 129 

because of its relative stability under the envisioned conditions of the subsequent reactions. The 

procedure involved dissolving compound 129 in acetone, followed by the addition of excess 

dimethoxypropane (Scheme 37).126, 67 A catalytic amount of p-toluenesulfonic acid (p-TsOH) was 

added to the reaction which was complete in 4 hours. Purification via column chromatography 

enabled the separation of the major product from the unwanted side products, affording the 

expected acetonide protected diol 132 in a yield of 86% and a lactone side product 133 in a yield 

of 8%.  
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129  132  133 

Scheme 37: 2,2 Dimethoxypropane, acetone, p-toluene sulfonic acid, r.t., 4 h, 86% yield 

NMR and IR spectroscopy confirmed the identity and purity of compound 132 meaning that 

purification had successfully separated out the unwanted side product. The presence of the 

acetonide in compound 132 was evidenced by the presence of two methyl peaks at  ɻ1.41 and ɻ  

1.35 with a total integration of 6 protons in the 1H NMR spectrum.  H-4 protons are diastereotopic 

and the H-4trans signal was observed at ɻ 4.16 as a doublet of doublets with coupling constant 

values of 8.4 and 6.0 Hz. The H-4cis signal was at ɻ 3.65 with J-values of 8.4 and 6.4 Hz. These 

signals are well separated owing to the 5-membered ring of the acetonide adopting an envelope 

twist conformation. Despite the fact that 5 membered rings have a high conformational flexibility, 

one conformation might be favoured owing to the presence of the bulky methyl groups which 

makes the rapid interchange between conformations much slower, hence the observed splitting 

pattern.128 There is not much difference between the cis and trans vicinal coupling of H-4 and H-

5 protons with the values being 6.0 and 6.4 Hz respectively. The H-5 signal was observed at ɻ 4.50 

ς 4.44 as a multiplet owing to the neighbouring diastereotopic H-4 and H-6 protons. The methoxy 

H-8 protons appeared as singlet at ɻ 3.70 with the remaining H-6 signals also appearing as a set 

of doublets of doublets at ɻ 2.72 ( J = 15.9, 6.4 Hz) and ɻ  2.53 (J = 15.9, 7.1 Hz). The 13C NMR 

spectrum showed all the signals as expected with the characteristic C-7 carbonyl signal at ɻ 171.0, 

C-5 at ɻ  72.1 and C-8 at ɻ  51.8. The purity of the compound was confirmed by optical rotation 

with [ Dh]20 for compound 132 being +20.1 (c 1.3, CHCl3) which was comparable to literature 

values.63 

Lactonisation of compound 129 under the acidic conditions resulted in the recovered side product 

133 in a yield of 8%. This has been reported in literature and the two products isolated from this 

reaction are formed as a result of the competing lactonisation and the protection of the diol, but 

under the given conditions the protection step is more favourable.126 1H NMR spectroscopy 

confirmed the identity of 133, whereby signals for H-3a were observed at ɻ 4.43 (td, J = 9.0, 2.1 

Hz, 1H, H-3a). The expected splitting pattern was doublet of doublets but a triplet of doublets was 

observed due to a strong AB system, the doublets collapsed into a triplet. The doublet splitting 
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arises from coupling with the H-5a proton. The H-3b signal was observed at ɻ 4.24 (ddd, J = 10.4, 

9.2, 6.1 Hz, 1H). The doublets of doublets of doublets arises from both vicinal and geminal coupling 

plus coupling to the H-5b signal. Although rare, 4J couplings are only seen where there is a 

favourable geometric orbital alignment along the H-C-C-C-I ŎƘŀƛƴΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ²-ŎƻǳǇƭƛƴƎΩΦ 

Conformational arrangement of the 5-membered lactone ring evidently favours W-coupling. The 

OH signal was observed at  ɻ4.39 as a broad singlet and the rest of the signals were as expected. 

The remaining H-5 signals were observed at ɻ 2.61 (dddd, J = 12.6, 8.2, 6.1, 2.0 Hz, 1H, H-5a) and 

at ɻ  2.28 (dtd, J = 12.7, 10.3, 8.7 Hz, 1H, H-5b) In the 13C NMR spectrum, C-1, C-4, C-3 and C-5 were 

observed at ɻ  мтуΦрΣ стΦпΣ срΦрΣ and 30.9 respectively.  

With the synthesis of the ester substrate complete, the next step involved synthesis of the 

sulfoxide chiral auxiliary, to be added to compound 132. Use of the sulfoxide as a chiral auxiliary 

is a widely published and well established protocol.129, 130 Two factors favoured the choice of the 

sulfoxide chiral auxiliary, firstly addition of the sulfoxide creates a new C-C bond elongating the 

fragment to the desired C-5 carbon length. Secondly, use of the sulfoxide auxiliary for asymmetric 

induction has been reported to yield products with high diastereoselective excesses.131  

Synthesis of the chiral sulfoxide employed the Andersen method which was developed in the early 

мфслΩǎ όScheme 38).132 Sodium p-toluenesulfinate 134 was dried overnight, to drive out all the 

moisture, cooled and then slowly added to thionyl chloride at 0 °C with continuous stirring until 

all the solid had dissolved. This step activated the sulfur for nucleophilic substitution with menthol 

135. Excess thionyl chloride was removed as an azeotropic mixture with toluene to dryness, 

followed by the dropwise addition of menthol in a pyridine solution at 0 °C. This condensation 

step is not selective and produces two diastereomers, one crystalline and the other an oil, 

meaning the maximum recoverable yield for desired crystalline diasteromer would be 50%. Faced 

with this challenge G Solladie et al., improved the yield by developing an epimerisation 

equilibration method achieved by acidification of the mother liquor after recovering the first batch 

of crystals, which afforded an increase in the yield of the desired diastereomer.133 Employing the 

improved method gave S-menthyl p-toluenesulfinate 136 as spiky white crystals, in a combined 

yield of 77%, with a melting point of 102 ς 103 °C. Optical rotation was confirmed to be ώDh]20 

= -196 (c 2, acetone) which is identical to the value reported in literature indicating a high level of 

enantiomeric purity.133 Single crystal X-ray crystallography (Figure 19) further confirmed the 

identity and configuration of the product. 
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Scheme 38: a) i) SOCl2, 0 °C, 1 h; ii) pyridine, 0 °C ς r.t., 1 h, 77%; b) CH3MgI, ether, 0 ς 10 °C, 73% 

For the synthesis of the sulfoxide auxiliary 137, methyl magnesium iodide was used to displace 

the mentholate from the menthol sulfinate ester with a clean inversion at the sulfur centre. The 

synthesis of the Grignard reagent was only successful when carried out in dry Et2O, with a 

condenser attached to minimise solvent loss. Purification of the desired product was achieved by 

column chromatography followed by recrystallisation in hot hexane and diethyl ether, affording 

R-methyl p-tolylsulfoxide 137 in a yield of 73% with a melting point of 73 ς 74 °C. The low average 

yield was due to product loss during the recrystallisation step, however the reaction proceeded 

as expected. 

 

Figure 19: Crystal structure for compound 136 

The importance of working with optically pure reagents and substrates for this work cannot be 

overstated. This meant that effort was made to obtain as much data relating to the optical purity 

of the synthesised molecules as possible. The recovered crystals for sulfoxide 137 were analysed, 

and the single crystal structure obtained by X-ray crystallography is shown in Figure 20. This data 

provided extra information needed for the confirmation of the absolute configuration of (+)-R-

methyl p-tolylsulfoxide. The specific optical rotation was as expected with a value of [ Dh]20 = +148 

(c 2, acetone) comparable to the literature value of ώDh]21 = +146 (c 2, acetone).133 
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In the 1H NMR spectrum, the aromatic protons were observed as two slightly distorted doublets 

at ʵ 7.54 (d, J = 8.2 Hz, H-2) and ɻ  7.33 (d, J = 7.9 Hz, H-3) integrating for two protons each. The 

distortion in the shape of the doublets is as a result of magnetic inequivalence of both the H-2 and 

the H-3 protons. The para substitution of the aromatic ring introduces symmetry resulting in the 

H-2 protons being both chemically and magnetically equivalent by chemical shift criterion, and 

the same is true for H-3 protons. However, because the H-2 protons have different spatial and 

connectivity relations to H-3 protons, they are magnetically inequivalent by coupling criterion. 

This relationship is also true with respect to the coupling relationship of H-3 protons to H-2 

protons. This inequivalence gives rise to the distortion of the observed doublets because the 

observed signals are a summation of two individual doublets. The remaining methyl protons gave 

rise to singlets at ɻ 2.70 for H-5 and ɻ  2.42 for H-6. The aromatic carbon signals appeared at ʵ 

142.6, 141.5, 130.0 and 123.5 whilst the signals for C-6 appeared at ɻ 44.0, and the C-5 was visible 

at ɻ  21.4 in the 13C NMR spectrum confirming the identity of the desired compound. 

 

Figure 20: Crystal structure for compound 137 

After confirmation of the formation of both the pure chiral auxiliary, and the ester substrate 132, 

the next step involved addition of (+)-(R)-methyl p-tolylsulfoxide to compound 132. This protocol 

is well researched and has been widely used, with much success (Scheme 39).134, 98, 135 Using the 

established methodology, a cooled solution of the sulfoxide at -40 °C was slowly added to freshly 

prepared LDA at -78 °C. An intense yellow colour was observed as the anion was generated and 

the reaction was left stirring for 30 minutes. Allowing the reaction to proceed for longer time 

decreased the yields of the desired product significantly.  

In a separate two-necked flask, the protected diol was cooled to -40 °C under N2 followed by the 

slow addition of the sulfoxide mixture via cannula. The yellow colour disappeared with each 

addition until excess amounts were added. The generated anion of the chiral auxiliary was added 
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to compound 132 as opposed to the ester being added to the anion, because when compound 

138 is generated an acidic proton at position 1 can be easily deprotonated by the excess base 

yielding a rearranged product. It is for this reason that two equivalents of R-methyl p-tolylsulfoxide 

were initially used in this reaction. However, because of low recoverable yields the reaction was 

performed using different equivalents of the sulfoxide in an attempt to optimise the reaction. 

    +      

132                                           137 

 

 

  138 

Scheme 39: i) LDA (1.5 equiv), THF, -78 °C; 30 min; ii) compound 137 (1.2 equiv), THF, -40 °C ς 
r.t., 2 h, 64% 

For workup, the reaction was quenched with a saturated aqueous solution of NH4Cl, followed by 

adjustment of the pH to 6 in order to quench the excess base. The highest yield obtained for this 

reaction was 64% despite adjusting the reaction conditions, with several attempts resulting in low 

yields of less than 40% (Table 2). The low average yields are attributed to product loss due to the 

side reaction between the product and the excess base, coupled with co-elution of the desired 

product and the sulfoxide during purification. The rearranged product was recovered but could 

not be fully characterised. 

Table 2: Yields for compound 138 under different conditions 

Optimised reaction conditions % yield for compound 138 

2.5 equiv freshly prepared LDA, 2.0 equiv sulfoxide 48 

2.5 equiv Sigma bought LDA, 2.0 equiv sulfoxide 61 

2.0 equiv freshly prepared LDA, 1.5 equiv sulfoxide 52 

1.5 equiv freshly prepared LDA, 1.2 equiv sulfoxide 64 

1.4 equiv freshly prepared LDA, 1.4 equiv sulfoxide 36 

1.2 equiv freshly prepared LDA, 1.2 equiv sulfoxide 36 

 

The optical rotation for compound 138 was confirmed to be ώDh]20 = +151.1 (c 1.2, CHCl3) which is 

comparable to the literature value.63 The expected new signals of C=C-H and S=O functional 

groups were observed at 3147 cm-1 and 1033 cm-1 respectively, in the IR spectrum. Analysis of the 
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1H NMR spectrum revealed the presence of (S(R),4S)-4,5-O-isopropylidene-1-(p-tolylsulfinyl-2-

pentanone 138. Despite H-м ǇǊƻǘƻƴǎ ōŜƛƴƎ ŘƛŀǎǘŜǊŜƻǘƻǇƛŎ ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ʰ Ǉƻǎƛǘƛƻƴ ǘƻ ǘƘŜ ŎƘƛǊŀƭ 

sulfur centre, ŀ ǎƛƴƎƭŜǘ ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴǘŜƎǊŀǘƛƴƎ ŦƻǊ ǘǿƻ ǇǊƻǘƻƴǎ ŀǘ ʵ оΦуу ƛƴ ǘƘŜ 1H NMR 

spectrum. Interesting roof top effects were observed for the H-3 proton signals as shown in  

Figure 21. Signals for H-о ǇǊƻǘƻƴǎ ŀǇǇŜŀǊŜŘ ŀǎ ŀ ǎŜǘ ƻŦ ŘƻǳōƭŜǘǎ ƻŦ ŘƻǳōƭŜǘǎ ŀǘ ʵ нΦфс ǿƛǘƘ ŎƻǳǇƭƛƴƎ 

constants of 17.2 Hz and 6.3 Hz and ɻ  нΦсп ǿƛǘƘ J being 17.2 Hz and 6.5 Hz. The chemical shift 

difference of 96 Hz between the H-3 signals in comparison to the geminal coupling constant of 

17.2 Hz is indicative of a second-order AM system of the protons which are clearly neither 

chemically nor magnetically equivalent. This chemical shift system gives rise to the observed roof 

top or leaning effects. The H-п ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǎ ŀ ǇŜƴǘŜǘ ŀǘ ʵ пΦпл ǿƛǘƘ J = 6.4 Hz.  

The chemical shifts for the H-5 protons showed an AX coupling system as the signals appeared as 

doublets of doubletǎ ŀǘ ʵ пΦмл ǿƛǘƘ J Ґ уΦп IȊ ŀƴŘ сΦл IȊ ŀƴŘ ŀǘ ʵ оΦпс ǿƛǘƘ J = 8.4 Hz and 6.5 Hz. 

The geminal coupling constant of 8.4 Hz is much smaller in comparison to the chemical shift 

difference between the two H-5 proton signals of 192 Hz. The dioxane 5-membered ring provides 

restricted rotation which causes one of the H-5 protons to be in an axial position and the other in 

an equatorial position. The fixed conformational arrangement results in the protons experiencing 

significantly different magnetic fields hence the observed large chemical shift difference between 

the signals. In the 13/ baw ǎǇŜŎǘǊǳƳ ǘƘŜ ŀǊƻƳŀǘƛŎ ǎƛƎƴŀƭǎ ŀǘ ʵ мпнΦоΣ мофΦпΣ молΦм ŀƴŘ мнпΦм 

further confirmed the successful addition of the sulfoxide. The tosyl methyl carbon appeared at  ɻ

21.4, and with the absolute conformation of compound 138 established, work began on the 

synthesis of the triol via chelation-controlled reduction of the ketone in compound 138. 

 

Figure 21: 1H NMR spectrum for compound 138 
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Chelation controlled reduction of (S(R),4S)-4,5-O-isopropylidene-1-p-tolylsulfinyl-2-pentanone 

138 was afforded by employing ZnCl2 as a Lewis acid (Scheme 40). The chelation step of the 

reaction was left stirring for 2 h at room temperature, ensuring quantitative yields of the 

intermediate complex 138a. The chelated substrate was cooled to -78 °C prior to the addition of 

the reducing agent, otherwise product decomposition was observed. The zinc-chelated complex 

locks the conformation of the substrate. Thus when the reducing agent is introduced, the 

presence of the bulky p-tolyl group blocks the si face of the carbonyl, therefore the hydride from 

the DIBALH which is equally bulky prefers to be delivered from the re face so as to minimise steric 

repulsion. The crucial transition state 138a, depicted in Scheme 40 clearly illustrates how the 

stereo-controlled reduction is induced by the steric encumbrance of the bulky groups.  

 

 

 

 

 
 

 

 

 

 
 

138  138a  139 

Scheme 40: i) ZnCl2 (4 equiv), THF, r.t., 2 h; ii) DIBALH (2 equiv), -78 °C ς r.t., 2 h, 79% 

The rigidity of the transition state and the steric repulsions of the iso-butyl groups on aluminium 

and the tosyl group ensures that very little of the other diastereomer is formed. For this work only 

the desired diastereomer, compound 139, was recovered as a white solid in a yield of 79%. A 

significant amount of the product was lost during work up because the by-product of the DIBAL 

adduct forms a viscous emulsion with NH4Cl, which is onerous to extract.  

The measured melting point of the product was 78 ς 79 °C which is lower than the literature value 

of 87 ς 89 °C.63 This variance is likely to be because of different moisture and solvent content 

levels. The specific optical rotation was +73.3 in CHCl3 when the concentration was 0.3 which is 

comparable to literature values.63 The optical rotation value confirmed that the correct 

diastereomer was recovered without epimerisation of either of the stereogenic centres. For IR 

spectroscopy, the characteristic alcohol signal confirming the reduction of the carbonyl group was 

observed as a broad peak at 3382 cm-1.  
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In the 1H NMR spectrum tƘŜ hI ǇǊƻǘƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǎ ŀ ōǊƻŀŘ ǎƛƴƎƭŜǘ ŀǘ ʵ оΦфф whilst a new 

signal for the H-2 proton, overlapping with H-4 protons was observed as a multiplet at  ɻ4.36 ς 

4.24 integrating for two protons. The singlet signal for protons at the -hposition to the sulfur in 

compound 138 had disappeared. The H-1a proton for compound 139 was observed at ɻ  оΦлу ŀǎ ŀ 

doublet of doublets with J of 13.2 Hz and 7.9 Hz and the H-1b ǇǊƻǘƻƴ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ʵ нΦур ǿƛǘƘ 

J of 13.2 Hz and 3.8 Hz. The newly formed stereogenic centre at C-2 enhanced the diastereotopic 

nature of the H-1 protons because they are not magnetically equivalent and a large geminal 

coupling constant of 13.2 Hz was observed. In the 13C NMR spectrum the carbonyl signal 

ǇǊŜǾƛƻǳǎƭȅ ƻōǎŜǊǾŜŘ ŀǘ ʵ мффΦр ƘŀŘ ŘƛǎŀǇǇŜŀǊŜŘ ŀƴŘ ǿŀǎ ǊŜǇƭŀŎŜŘ ōȅ ŀ ƴŜǿ /-н ǎƛƎƴŀƭ ŀǘ ʵ тпΦмΦ 

This further confirmed the identity of our desired product since the new signal appeared in the 

characteristic region for C-O carbon atoms. The C-м ǎƛƎƴŀƭ ƘŀŘ ƳƛƎǊŀǘŜŘ ŦǊƻƳ ʵ суΦл ǘƻ ʵ соΦл 

showing that there was a conformational change and chemical transformation, causing a shielding 

effect at the alpha position to the S atom. 

Once the 1,3-syn-diol functionality had been introduced, attention moved to protecting the diols 

and functionalising the terminal carbon atoms. The first step involved acetonide deprotection of 

compound 139 via hydrolysis, at elevated temperatures under acidic conditions (Scheme 41). As 

a consequence of the high polarity of the resulting triol (compound 140) it was water soluble, and 

recovery of the desired product from the aqueous layer was achieved by continuous extraction 

with ethyl acetate (EtOAc) over 2 days. A white solid with a melting point of 113 ς 114 °C, in a 

below par yield of 63%, was recovered as the desired compound.  

 

 

 

139                       140 

Scheme 41: 5% p-TsOH, MeOH, H2O, 60 °C, 4 h, 63% 

Not much change besides a shift in the position of the signals was observed in the IR spectrum. A 

much broader and more intense signal was observed at 3230 cm-1 representing all the OH groups. 

The first indication of a successful deprotection step was the disappearance of the two acetonide 

methyl group signals previously observed at ɻ 1.41 and ɻ  1.34 in the 1H NMR spectrum. The only 

methyl signal observed was for the p-tolyl group at ɻ  2.41 integrating for three protons. The 

acetonide methyl peaks had also disappeared from the 13C NMR spectrum together with the 
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quaternary acetonide signal previously observed at  ɻ109.4. Not much change in chemical shift 

was observed for the rest of the signals of the molecule. 

With both the primary and secondary alcohols revealed, the trityl group was used to selectively 

protect the primary alcohol, because use of this group for the protection of primary alcohols is 

kinetically favourable over secondary alcohols at room temperature (Scheme 42).136 The 

mechanism of the protection follows a simple SN1 nucleophilic substitution reaction whereby the 

primary alcohol, after deprotonation by DMAP, attacks the electrophilic tertiary carbon of trityl 

chloride. The chloride leaving group forms HCl which in turn is neutralised by pyridine. The 

reagents were added together and left stirring overnight and the desired diol 141 was easily 

recoverable by column chromatography in an average yield of 65% as a white solid. Unfortunately, 

the protecting and deprotecting steps resulted in significant product loss despite attempts to 

optimise the reaction conditions. The melting point of 141 was determined to be 65 ς 66 °C with 

a specific optical rotation of +118.6 (c 0.98, acetone) comparable to the published values.63 

 
 

 

140  141 

Scheme 42: DMAP, trityl chloride, pyridine, DCM, r.t., 24 h, 65% 

In the 1H NMR spectrum there was an increase in the total integration of protons in the aromatic 

region because of the addition of trityl group, and the representative three multiplets were visible 

at ɻ  7.55 ς 7.52, ɻ  7.43 ς 7.37 and ɻ 7.35 ς 7.20. A total integration of nineteen protons accounted 

for all the expected aromatic protons. The H-2 and H-4 protons appeared as separate multiplet 

signals at ɻ 4.42 ς 4.35 and ɻ  4.08 ς 4.01 respectively, with a combined integration of two. The 

two alcohol signals were observed as two separate signals; a singlet at  ɻ4.31 and the second 

signal appeared as a doublet at  ɻ3.15 with a coupling constant of 2.7 Hz. The COSY NMR spectrum 

showed that the OH coupling was with the H-4 proton. The H-5 protons appeared as a doublet at 

 ɻ 3.11 with J of 5.6 Hz. The observed splitting pattern suggests that the two protons are 

magnetically equivalent despite being diastereotopic. The H-5 protons are chemically equivalent 

by virtue of being attached to the same carbon atom but they are expected to be magnetically 

inequivalent. Conformational arrangement of diastereotopic protons means that they experience 

slightly different magnetic fields. 
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The 13C NMR spectrum also showed an increase in signals in the aromatic region due to the trityl 

group. The characteristic quaternary C-с ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ʵ усΦуΣ ǿƘƛŎƘ ƛǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘƭȅ 

deshielded position for a C-O carbon. This is because this carbon atom is attached to 3 phenyl 

groups which have a withdrawing effect and an electronegative oxygen atom resulting in the 

deshielding effect observed. The quaternary carbon atom identity was further confirmed by  

DEPT135 NMR spectroscopy as shown in Figure 22. The comparison of the 13C NMR spectrum and 

DEPT135 NMR spectrum also assisted in identifying CH and CH2 carbon signals. The C-1, C-2, C-3, 

C-4 and C-5 signals were observed at ɻ 62.9, 68.3, 39.4, 70.6 and 67.4 respectively. 

 

Figure 22: 13C NMR and DEPT135 NMR spectra for compound 141 

After the primary alcohol protection, the next step involved protection of the 1,3-diol 

functionality. Since no further transformations were planned to occur at these two stereogenic 

centres, the idea was to select a protecting group that would be stable under the successive 

reaction conditions (Scheme 43). The group also had to minimise or preferably eliminate the 

chance of racemisation of the stereogenic centres. The acetonide group was chosen due to its 

stability and ease of deprotection which is well documented in carbohydrate and sugar chemistry 

where chiral integrity is of high importance.104  

 
 

 

141  124 

Scheme 43: 5 % p-TsOH, 2,2-dimethoxypropane, acetone, r.t., 1 h, 86% 
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The same experimental procedure employed for the synthesis of compound 132 was used for the 

synthesis of compound 124 as shown in Scheme 43. For this procedure, the reaction was complete 

in 2 hours, and extended reaction times resulted in loss of product due to loss of the trityl group 

under the acidic conditions, resulting in product decomposition. The reaction was high yielding 

and 86% of the expected product was recovered as a white solid with a melting point of 

164 ς 165 °C.  The specific optical rotation was determined to be +28.1 in acetone (c 1.09) which 

is comparable to literature values, confirming that the diastereomer with the desired 

stereochemistry had been synthesised.63 For IR spectroscopy, the broad signal indicative of 

alcohols had disappeared and only the anticipated signals were observed. The aromatic C-H 

stretch signal was observed at 3036 cm-1 and the C=C stretch was visible at 1597 cm-1. Three C-O 

signals were observed at 1161 cm-1, 1100 cm-1 and 1078 cm-1. 

Fortuitously, crystals of the product were recovered, which allowed for the determination of the 

single crystal X-ray structure as shown in Figure 23. The syn-1,3-diol functionality was clearly 

evident and the six membered dioxane ring adopted a chair conformation as a result of the 

acetonide group. This is because the bulky trityl and tosyl groups prefer adopting the less hindered 

equatorial positions. The chair conformation clearly has an influence on the chemical shift and 

splitting patterns in NMR spectroscopy. In the 1H NMR spectrum the new acetonide methyl groups 

were observed as two singlets at ʵ мΦоо ŀƴŘ ʵ мΦол ƛƴǘŜƎǊŀǘƛƴƎ ŦƻǊ ǎƛȄ ǇǊƻǘƻƴǎΦ ¢ƘŜ ŦƛǊǎǘ I-5 proton 

ŀǇǇŜŀǊŜŘ ŀǎ ŀ ŘƻǳōƭŜǘ ƻŦ ǘǊƛǇƭŜǘǎ ŀǘ ʵ мΦтр ǿƛǘƘ ŀ ƎŜƳƛƴŀƭ ŎƻǳǇƭƛƴƎ Ŏƻƴǎǘŀƴǘ ƻŦ мнΦу IȊ ŀƴŘ ŀ ǾƛŎƛƴŀƭ 

coupling constant to H-4 and H-6 protons, of 2.5 Hz. The second H-5 proton appeared as a 

ƳǳƭǘƛǇƭŜǘ ŀǘ ʵ мΦпл ς 1.34. 2D NMR spectroscopy was used to distinguish and correctly assign the 

remaining signals.  

In order to assign the H-4 and H-6 signals, the H-7 and H-9 signals were assigned first using 2D 

NMR spectroscopy. Looking at all the signals, it is evident that H-7 protons are CH2 protons that 

are attached to the most deshielded carbon because oxygen is more electronegative than sulfur. 

Analysis of the HSQC NMR spectrum shown in Figure 24 shows that the H-т ǇǊƻǘƻƴǎ ŀǊŜ ŀǘ ʵ 3.23 

as a doublet of doublets with  J = 9.3 Hz and 5.2 Hz, 1H for H-7a ŀƴŘ ŀǘ ʵ 2.96 with  J = 9.3Hz and 

6.0 Hz for H-7b. The assignment of the H-6 signal was achieved by performing a COSY NMR 

spectroscopic experiment since it was the only signal that would show coupling with H-5 and H-7 

ǎƛƎƴŀƭǎΦ ¢ƘŜ ǇǊƻǘƻƴ ǿŀǎ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ǎƛƎƴŀƭ ŀǘ ʵ оΦфт όdtd, J = 11.4, 5.6, 2.4 Hz) integrating for 

one proton. With the H-6 and H-7 protons assigned the rest of the signals were easier to assign. 
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The H-п ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ʵ пΦмо ς 4.06 and the H-ф ǇŜŀƪǎ ǿŜǊŜ ŀǘ ʵ 3.15 (dd, J = 13.1, 6.8 

Hz) ŀƴŘ ʵ 2.76 (dd, J = 13.1, 5.4 Hz). The remaining aromatic proton signals were as expected with 

an integration of nineteen protons.  

 

Figure 23: Crystal structure for compound 124 

For the 13C NMR spectrum the most important signal indicating the acetonide protection, the C-2 

signal, was observed at ɻ  98.9. The reason for this importance is because an extensive NMR 

spectroscopy investigation for acetonide protected 1,3-diols performed by Scott D. Rychnovsky et 

al., proved that the stereochemistry of the alcohols is determinable by NMR spectroscopy.69  Since 

syn-1,3 diols are not conformationally flexible molecules, the methyl groups do not interact in 

space which has an influence on their chemical shift. In their study they established the 13C NMR 

spectroscopic chemical shifts of syn-1,3-diol acetonides which exist in a chair confirmation. The 

experimental results showed that the axial methyl group gives rise to a signal at 19 ppm, the 

equatorial methyl group appeared as a signal at 30 ppm and the quaternary carbon was visible at 

98 ppm. The signal for the quaternary carbon signal was never observed above 100 ppm. On 

contrary, the anti-1,3-diols exist in a twist conformation to avoid 1,3-diaxial interactions which 

would be present in a chair conformation. Both the methyl signals in an anti system were observed 

at 25 ppm whilst the quaternary carbon signal was at 109 ppm and always above 100 ppm. 

The observed results in this work concurred with this conclusion as the axial methyl (C-1) of 124 

was observed at ɻ 19.6 and the equatorial methyl (C-3) was observed at ɻ 29.7. From these results, 

it was evident that the relative stereochemistry of the molecule had been maintained thus far. 
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For the subsequent reactions, the chemical shifts of these signals were closely monitored to 

ensure that epimerisation of the stereogenic centres had not occurred. C-4, C-5, C-6, C-7, C-8 and 

C-9 signals were observed at ɻ 68.2, 33.6, 63.9, 67.0, 86.5 and 63.1 respectively. 

 

Figure 24: HSQC NMR spectrum for compound 124 

2.2.2 An alternative method for the synthesis of  key intermediate 124 

Before proceeding further with the synthesis, the synthetic approach towards intermediate 124 

was reinvestigated for two main reasons (Scheme 44). Firstly, there was a need to improve yields 

since the synthesis of compound 138 was low yielding. Secondly, there was a need to eliminate 

the continuous extraction step for recovering compound 140 because of the energy requirements 

and the long extraction times. Given the fact that malic acid had already been established as a 

suitable starting material, the route change occurred from the diol 129. Orthogonal protection of 

the alcohol groups ensured that the two stated problems observed with the current synthetic 

route were addressed. 
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Scheme 44: Alternative synthesis for compound 124 

Since the diol, compound 129, has two alcohol functional groups, the primary alcohol was 

chemoselectively protected by using the trityl group (Scheme 45). The reaction was performed 

under basic conditions, overnight and a quantitative yield of compound 142, was obtained as a 

viscous yellow oil after purification by column chromatography. Attempted purification by 

recrystallisation in a chloroform/methanol (9:1) was low yielding, and the single crystal X-ray 

structure for compound 142 is shown in Figure 25. In general the product was a viscous oil at room 

temperature and was pure by NMR spectroscopy after column chromatography. The crystal exists 

as a dimer in each unit cell due to intermolecular hydrogen bonding between the free hydroxyl 

groups. Recrystallisation in the bi-solvent mixture probably allowed the molecules to pack linearly 

because of the strong hydrogen bonding between the alcohols, allowing the growth of the 

crystals. 

 
 

 

   129                   142 

Scheme 45: TrCl, DMAP, pyridine, r.t., overnight, quantitative yield 

IR spectroscopy revealed a new C=C-H signal at 3058 cm-1 due to the phenyl rings and an alcohol 

signal was observed as a broad singlet at 3469 cm-1, confirming that only mono protection had 

occurred. The recovered crystals had a melting point of 129 ς 130 °C. The mass spectroscopy 

results for the trityl protected alcohol 142 were as expected with a measured mass of 399.1561 

(M+Na)+ being similar to the calculated mass of 399.1567 (M+Na)+. The recovered product was 

optically active with a measured specific optical rotation of -15.0 (c 1.05, CHCl3). 
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Figure 25: Crystal structure of compound 142 

A broad OH signal was observed at 3469 cm-1 in the IR spectrum indicating that trityl protection 

had only occurred at the primary alcohol. The expected new aromatic proton signals were 

observed at ɻ 7.47 ς 7.39 and ɻ  7.33 ς 7.16 as a set of multiplets with a combined integration of 

fifteen protons in the 1H NMR spectrum. H-4 protons were observed as a doublet at  ɻ3.16 with a 

coupling constant of 5.4 Hz. A doublet signal at  ɻ3.02 with a coupling constant of 4.6 Hz was 

assigned to the OH proton after correlation analysis in both the COSY NMR and HSQC spectra. 

Both the H-3 and H-2 signals were observed as multiplets at  ɻ4.28 ς 4.16 and ɻ  2.64 ς 2.43 

respectively. The remaining singlet signal at ɻ 3.63 was assigned to the remaining methoxy 

protons. The carbon signals for the trityl group were observed at  ɻ143.7, 128.4, 127.7 and 126.9 

in the 13C NMR spectrum and the rest of the signals were as expected.  

Subsequent protection of the secondary alcohol on compound 142 with the tert-butyldimethylsilyl 

(TBS) protecting group (Scheme 46) followed the tritylation step. The TBS protecting group was 

chosen because of the simplicity of the protection and deprotection procedures without the 

reaction conditions affecting the rest of the functionality of the molecule. In fact, the synthesis of 

compound 142 and compound 143 could have been performed in tandem, in a single pot. 

However, because full characterisation of the two products was required, compound 142 was 

isolated and characterised prior to the next step. The reagents were added sequentially to a 

stirring solution of the substrate and left stirring overnight.117 Purification afforded the desired 

compound 143 as a white waxy precipitate in a combined yield of 65%, much lower than expected 
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yield even though no starting material was recovered. IR spectroscopy showed the disappearance 

of the alcohol peak at 3469 cm-1, which further confirmed the successful protection of the alcohol. 

 
 

 

142  143 

Scheme 46: DMAP, imidazole, TBS, DCM, r.t., 12 h, 65% yield 

1H NMR spectroscopy indicated the presence of compound 143 evidenced by the TBS-(CH3)3 peak 

visible at ɻ  0.80 with an integration of nine protons. The dimethyl protons of the TBS group were 

observed as singlets at ɻ -0.02 and -0.08, with each signal  integrating for 3 protons. The rest of 

the 1H NMR signals were as expected. In the 13C NMR spectrum the TBS methyl tert-butyl carbon 

signals were observed at ɻ 25.7 and ɻ  17.9 for the quaternary carbon atom. The two silyl methyl 

carbons were observed at ɻ -4.6 and ɻ  -5.2 indicating their non equivalence because of their 

proximity to the stereogenic centre. 

Once the protected ester precursor 143 had been successfully synthesised, the next step involved 

addition of the sulfoxide chiral auxiliary. Due to the change in the protecting groups on the ester 

substrate, it was reasoned that the trityl and TBS protecting groups would provide steric stability 

to the desired product. This extra stability would minimise the secondary reaction of the product 

once formed under the basic reaction conditions, consequentially increasing the yield of the 

desired compound. A similar procedure to that employed for the synthesis of compound 138  was 

employed for the addition of the chiral auxiliary to compound 143 and similar colour changes were 

observed (Scheme 47).  

 
 

 

+ 

 

143  144  145 

Scheme 47: LDA, R-methyl p-tolyl sulfoxide, THF, -78 °C ς r.t., 2.5 h, 24% compound 144, 55% 
compound 145 

TLC analysis showed two new major products which had close Rf values and fortunately 

purification by column chromatography using gradient elution enabled the separation and 

recovery of the products,  144 and 145. Both products were light yellow solids with the same 
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melting point of 115 ς 116 °C and a specific optical rotation of +91.4 for compound 144 and +67.0 

for compound 145 in CHCl3 (c 1.3). Mass spectrometry confirmed the masses of the recovered 

products to be the same, with a measure value of 635.2631 (M+Na)+ for compound 144 and 

635.2614 (M+Na)+ for compound 145. Consequently, because the masses of the two products 

were the same and similar to that of the expected product, it proved that they were structural 

isomers.  At this point it was crucial to conclusively characterise the recovered products using both 

X-ray crystallography and NMR spectroscopy so as to identify the desired product.  

After several recrystallisation attempts of both products, using different solvents at varying 

temperatures, it was sheer joy when crystals for compound 144 were recovered, and the single 

crystal X-ray structure is shown in Figure 26. Surprisingly the crystal structure showed the O-TBS 

group on the carbon atom h to the carbonyl group. For the desired compound, the O-TBS was 

expected on the carbon atom ̡ to the carbonyl carbon. These results were puzzling as the reasons 

behind the recovery of this product were not immediately obvious. Once the structure and 

molecular weight of compound 144 had been confirmed, its yield was determined to be 24%.  

 

Figure 26: Crystal structure for compound 144 

NMR spectroscopy also further confirmed the identity of compound 144. Firstly total integration 

of the aromatic protons increased from fifteen to nineteen in the 1H NMR spectrum. The signals 
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were observed as three multiplets at ɻ 7.56 ς 7.50 (2H), ɻ  7.41 ς 7.34 (6H) and ɻ  7.33 ς 7.16 (11H). 

A new methyl singlet signal was observed for H-7 protons at ɻ  2.40. H-5 protons were observed 

as a set of multiplets at ɻ 3.32 ς 3.18 and ɻ 3.17 ς 3.04 and the H-4 proton signal was also a set of 

multiplets at ɻ  2.12 ς 1.95 and ɻ  1.90 ς 1.75. A triplet signal was observed for the H-3 proton at ɻ  

4.18 with a coupling constant of 5.5 Hz. The set of doublets for H-1 protons at ɻ  4.07 and ɻ  3.92 

with a geminal coupling constant of 14.8 Hz exhibited the rooftop effects. In the 13C NMR spectrum 

the C-5 signal was at ɻ 58.7 which is a very shielded position for a C-O carbon signal. This 

observation might be attributed to conformational effects. COSY NMR, HSQC NMR and DEPT135 

NMR spectra were used to conclusively assign all the signals.  

After confirmation of the identity of compound 144, significant effort was placed in establishing 

the source of this product. The structure of the compound raised the question of whether a 

different side reaction on the expected product resulting in a 1,2-O-migration was at play. Under 

the given reaction conditions, the sulfoxide auxiliary had already been shown to be very stable, 

and if either of the chiral centres had racemised, a more complex mixture of products would have 

been recovered. Further investigation from several articles only point to the possibility of a 1,2-

silyl migration in the presence of a strong base like LDA as opposed to a 1,2-O-silyl migration.137, 

138 The phenomenon has well been studied and is duly named the Brook rearrangement, after the 

researcher who first published it.139 The bulky silyl protecting groups like the TBS group are 

generally stable under many chemical transformations, and typically the worst that can happen is 

a deprotection. As an example, the TBS group was used as one of the protecting groups in the 

total synthesis of olivine, and no migration nor deprotection was observed after subjecting a TBS 

protected intermediate to LDA.140, 141, 142 Several other stereochemical synthetic procedures have 

employed the TBS protecting group without any deprotection problems, when protected 

substrates were subjected to strongly basic conditions using LDA.143, 144, 145  

After establishing that a 1,2-migration of the O-TBS group was impossible, the next probability 

was that compound 144 was as a result of a side product carried through from an earlier step in 

the synthesis. All the reactions performed thus far were critically analysed in order to establish 

whether there was contaminant that had been missed that could be the source of the unwanted 

side product. After careful examination and literature review, it was revealed that the reduction 

of compound 128 did not selectively yield compound 129 (Scheme 48). A revised article by Saito 

et al. revealed that the reduction does not occur exclusively at the carboxylic acid alpha to the 
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alcohol but it also occurred at the beta carboxylic acid yielding compound 146 albeit in a 99:1 

ratio.146  

Due to the similarity in polarity, compound 129 and 146 are not separable by column 

chromatography. Re-evaluation of the 1H NMR spectrum of compound 129 did not conclusively 

reveal the signals for compound 146 except for a small methoxy signal in a ratio of 9:1. Since the 

reduction step had been performed a few times, all the NMR spectra were re-evaluated to 

establish whether the ratio of the two products was constant. It was discovered that the ratio 

ranged from approximately 1:3 to 1:21. In the 13C NMR spectrum, the signals for compound 146 

were slightly more visible although the intensity was relatively less in comparison to those of the 

desired compound. The recovered products from acetonide protection of the diols, 132 and 147 

were separable by column chromatography, hence the reason why the presence of compound 

146 had not been detected earlier.   
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Scheme 48: Scheme showing the source of compound 144 



Chapter 2: Results and Discussion 

72 
 

By comparison, the products recovered after trityl protection of the diol compound, 142 and 148, 

were unfortunately not separable by column chromatography. The polarity of the two compounds 

is very similar because a single spot was visualised on TLC for the two products. Methoxy signals 

established the approximate ratio of the two products (compound 142:compound 148) to be 9:1. 

Similarly the products recovered after TBS protection, compound 143 and 149, were still not 

separable by column chromatography. However the ratio of the methoxy signals had changed to 

6:1 suggesting that the TBS protection step was quantitative for compound 148 but not for 

compound 142. At this point it was now evident that the recovered side product 144 had formed 

by addition of the chiral sulfoxide to compound 149, originating from 1,3-diol 146 and its 

subsequent products being carried through several reactions (Scheme 48). 

Given this revelation, the only way of minimising the unwanted side products would be to 

eliminate the formation of compound 146 during the reduction step as the two products are 

evidently formed as a result of competing reactions.  

 
145 

Figure 27: Structure for compound 145 

After successfully characterising and establishing the source of compound 144, attention shifted 

to the desired product of the reaction in Scheme 47, which was identified to be compound 145 

by NMR spectroscopy. Firstly, the total aromatic integration was nineteen as expected in the 1H 

NMR spectrum, and the signals were observed at ʵ тΦпр όŘΣ J = 7.9 Hz, 2H),  ɻ7.42 ς 7.36 (m, 6H,) 

and   ɻ7.32 ς 7.17 (m, 11H). The methyl singlet signal from the tolyl group was at  ɻ2.36. The 

diastereotopic H-1 proton signals were a set of doublets at  ɻ3.88 and ɻ  3.76 both with a coupling 

constant of 14.0 Hz. A multiplet at ɻ 2.80 ς 2.62 integrating for two protons was assigned to H-3 

protons, while two sets of doublet of doublets at ɻ 3.10 ( J = 9.3, 4.6 Hz, 1H, H-5a) and 2.95 (J = 

9.3, 6.8 Hz, 1H, H-5b) were assigned to H-5 protons. Assignment of the H-3 and H-5 protons was 

based on the fact that H-5 proton signals will be more deshielded because they are attached to a 

C-O carbon atom. This is the most distinguishing factor because both protons show coupling to 

the H-3 proton and they are attached to a CH2 carbon atom. The remaining singlet signals for the 

TBS group were observed at  ɻ0.79 (9H), ɻ -0.02 (3H) and ɻ -0.09 (3H).  
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Assignment of the carbon atoms was accomplishment by analysis of the HSQC NMR spectrum. In 

the 13C NMR spectrum, the C-1 signal was observed at ɻ 69.9 whilst the carbonyl signal observed 

at ɻ  200.5 was assigned to C-2. The C-3 carbon atom was evidently experiencing strong deshielding 

effects because the signal was observed downfield at  ɻ 50.0, which is uncharacteristic for a 

saturated CH2 atom that is not directly attached to a heteroatom. C-4 and C-5 signals were within 

the expected range at ɻ 68.3 and ɻ  67.1 respectively. The remaining signals were as expected. 

With both the mass spectrometry results and the NMR spectroscopic assignments, it was evident 

that the desired compound had been recovered and it was subjected to subsequent reactions. 

Since attempts to isolate crystals of compound 145 for X-ray crystallography were unfruitful, the 

relative stereochemistry was assumed at this stage and it was only proved by further transforming 

to the known compound 124 which was also the target molecule.  In order to achieve this, 

compound 145 was subjected to the chelation controlled reduction using the previously described 

procedure as shown in Scheme 49. A good yield of 87% was achieved for the desired compound 

150 as an optically active yellow solid with a specific rotation of +43.0 (c 1.3, CHCl3). IR 

spectroscopy showed the alcohol signal at 3339 cm-1 whilst the previously observed carbonyl 

signal had totally disappeared. This confirmed the success of the reduction of the carbonyl group. 

 

 

 

145  150 

Scheme 49: i) ZnCl2, r.t., 2 h; ii) DIBALH, THF, -78 °C ς r.t., 2 h, 87% 

Further confirmation of the identity of the product was afforded by NMR spectroscopic analysis. 

In the 1H NMR spectrum, the H-2 signal at the newly generated stereogenic centre was observed 

as a multiplet at ɻ 4.24 ς 4.07. The H-4 signal was observed at ɻ 3.97 ς 3.87 overlapping with the 

OH signal, integrating for 2 protons. In the 13C NMR spectrum, the carbonyl signal had totally 

disappeared and was replaced by a new C-2 signal at ɻ 66.3 whilst the H-4 signal was at ɻ 70.2. A 

huge chemical shift change was observed for the C-3 signal from ɻ  50.0 to ɻ  41.7 because the 

carbonyl group exerts greater anisotropic effects to the alpha position resulting in a deshielding 

effect when compared to alcohol group. The rest of the signals were as expected and HRMS 

confirmed the expected mass for compound 150 of 637.6729 (M+Na)+. 
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Compound 150 was successively subjected to TBS deprotection using TBAF for 2 hours revealing 

the already known triol compound 141 in a yield of 87% as shown in Scheme 50. Allowing the 

reaction to proceed for longer resulted in the loss of the trityl group as well. The measured specific 

optical rotation of the recovered product was +83.3 at a concentration of 1 which is comparable 

to the literature value.63 The measured polarity confirms that indeed the correct enantiomer of 

diol 141 had been recovered by employing the alternative route.     

 

 

 

150  141 

Scheme 50: TBAF, THF, 0 °C, 4 h, 87% 

Further confirmation of the identity of the recovered product was achieved by comparison of NMR 

spectroscopic data with that from previously prepared diol 141.  Acetonide protection of the 

recovered diol yielded the target intermediate 124 as described previously in Scheme 43 and the 

measured specific optical rotation of +27.3 confirmed the recovery of the desired enantiomer. 

The NMR spectroscopic results also supported the identity of the product to be compound 124, 

and the chemical shifts for the acetonide group indicate that a 1,3-syn-diol system was present.147 

Since the recovered product was indeed the desired product, it confirmed the identity and 

stereochemistry of compound 145. 

After synthesising compound 124 by employing the two different approaches a comparison from 

diol 129 was made to establish which route was higher yielding. Both routes had six steps and the 

best overall yield for route 1 was 8% whilst for route 2 the best overall yield was 16%. For route 1 

the minor side product resulting from compound 146 after the acetonide protection (compound 

147) was easily removed via column chromatography. On contrary, for route 2 the minor product 

resulted in compound 148 and it was carried through the subsequent reactions only to be 

separated after the sulfoxide addition step. 
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Table 3: Comparison of route 1 and route 2 employed for the synthesis of intermediate 124 

 Route 1 Route 2 

Key intermediates  

132 

 

142 

 

148 

Number of steps to 

compound 124 

from diol 129 

6 6 

 

Overall yield of 

compound 124 

from compound 

129 

8% 16%  

Yield of the  

sulfoxide addition 

reaction 

64% 73% 94% 

 

Yields for the sulfoxide intermediate were more interesting, for route 1 the sulfoxide product 138 

was recovered in a best yield of 64%. Unfortunately, the presence of the side product for route 2 

provided competing reactions because the results indicate that there was complete conversion of 

compound 149 to 144. However, the desired compound 145 was recovered in a best yield of 73%. 

The observed yields for route 2 suggest that there is complete conversion of both compound 143 

and 149 to compound 145 and 144 respectively. However, once the products are formed the 

acidity of the protons alpha to the sulfur for compound 145 in the presence of the sulfoxide anion 

and excess base probably results in product decomposition. In comparison, the absence of the 

acidic protons for compound 144 makes it more stable and recoverable in quantitative yields.  

Nevertheless, it was exciting that employing route 2 doubled the recoverable yield of compound 

124. The route also eliminated the tedious continuous extraction step needed for the recovery of 

the triol 140. If formation of the side product 146 is minimised and the subsequent steps are 

optimised, route 2 offers the greater potential for increasing the overall yield for compound 124. 
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2.2.3 Synthesis of fragment 1 and fragment 2  

Once the 1,3-diol core had been synthesised, work started on functionalising the terminal 

carbons, which would facilitate the differentiation of the two fragments prior to coupling them. 

For synthesis of the enantiomer of pavettamine, parallel reactions were performed starting with 

intermediate 124. For fragment 1 the alcohol on C-5 was converted to an aldehyde whilst the 

second set of reactions were for converting the alcohol on the C-5 carbon atom to an amine 

yielding fragment 2, followed by coupling of the fragments as shown in Scheme 51. 

 

Scheme 51: Planned synthesis of fragment 1 and fragment 2 

Compound 124 was subjected to the interrupted Pummerer rearrangement using TFAA as the 

acid with collidine as a base to furnish the aldehyde 151 (Scheme 52).115, 148 The reaction was 

complete in under 30 minutes, quenching was afforded with water and excess base. The quenched 

reaction was left stirring for a further 30 min revealing the desired aldehyde as compound 151. 

The Pummerer rearrangement mechanism has been well studied and the most accepted 

mechanism is shown in Scheme 53.97, 149 

 

 

 

124  151 

Scheme 52: i) TFAA, collidine, 0 °C, 30 min; ii) K2CO3, r.t., 30 min, 99% 



Chapter 2: Results and Discussion 

77 
 

The first step in the mechanism involves the acetylation of the nucleophilic sulfoxide oxygen by 

the trifluoroacetic anhydride giving rise to the intermediate A. This step yields a trifluoroacetate 

anion which in turn deprotonates the acidic proton at the -hcarbon to the sulfur resulting in a 

sulfonium ion intermediate B. The trifluoroacetate ion from the generated acetic ion released in 

the previous step then traps the sulfonium intermediate by adding to the double bond generating 

an -hacyloxy thioether intermediate C, which is hydrolysed by water yielding the desired 

compound 151. The overall reaction reaches completion in approximately one hour, which is ideal 

because short reaction times are desirable for total syntheses procedures. The rearrangement 

method increases the desirability of the sulfoxide as a chiral auxiliary because it allows for the 

removal of sulfur whilst introducing the aldehyde moiety, which can be easily converted to other 

functional groups. 

 

Scheme 53: Pummerer rearrangement mechanism 

Product 151 was recovered in quantitative yields as a white solid. Product racemisation was 

always a concern because of the increased acidity of the aldehydic proton that is alpha to a C-O 

stereocentre. In order to acquire clean NMR spectra, purification was performed on a 50 mg 

sample using a very short column. The rest of the crude product was used as is in the next step. 

Successful synthesis of the product was confirmed by the characteristic aldehyde peak, observed 

at ɻ  9.58 as a singlet integrating for one proton in the 1H NMR spectrum. There were no significant 

changes in any of the other chemical shifts. In the 13C NMR spectrum the carbonyl signal for C-9 

was observed at ɻ 201.1. The chemical shifts for the C-1, C-2 and C-3 carbon atoms were observed 

at ɻ  29.6, ɻ  99.0 and ɻ 19.4, respectively just as expected for acetonide protected 1,3-syn alcohols. 



Chapter 2: Results and Discussion 

78 
 

This confirmed that there was no epimerisation during the Pummerer rearrangement step and 

the relative stereochemistry had been conserved.69 

The aldehyde 151 was subjected to a reductive amination procedure with benzylamine in the 

presence of sodium triacetoxyborohydride, in the presence of 3Å molecular sieves (Scheme 

54).150, 151, 152 The rationale for employing this approach was that the procedure introduced the 

desired amine functionality already benzyl protected. In the reaction, the reduction of the 

aldehyde competes with the reductive amination step, therefore to minimise this unwanted side 

reaction the amine was always added in excess. The amine and aldehyde were left stirring for at 

least 30 minutes prior to the addition of the reducing agent.  Low yields were obtained when a 

1:1 DCE/THF solvent mixture was used without molecular sieves. Yield optimisation was achieved 

with at least a 1:9 THF/DCE solvent ratio in the presence of molecular sieves that acted as a 

dehydrating agent. 

 

 

 

                151  152 

Scheme 54: Benzylamine, DCE, THF, sodium triacetoxyborohydride, N2, r.t., 24 h, 60% 

Despite all the yield optimisation protocols, compound 152 was recovered in a below average 

yield of 60% as a colourless thick gel. The optical rotation was measured to be -16.8° in chloroform 

at a concentration of 0.9 g/ml. The 1H NMR spectrum showed an increase in the number of 

aromatic protons from fifteen to twenty, with the signals observed as multiplets at  ɻ7.54 ς 7.48 

and ɻ  7.40 ς 7.24. The expected new signal for the H-9 protons was at ɻ 2.77 ς 2.66 as a multiplet, 

whilst the benzylic CH2 protons were observed at ɻ 3.85 as a singlet. Despite compound 152 being 

a viscous oil at room temperature, the compound crystallised in a chloroform/methanol mixture, 

and the structure is shown in Figure 28. The 1,3-syn-diol moiety was shown to be still intact, 

agreeing with the observed 13C NMR chemical shifts for the dioxane methyl groups and the 

quaternary carbon atom.   
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Figure 28: Crystal structure of compound 152 

With the first amine functionality introduced, the next steps involved differential functionalisation 

of the C-7 carbon atom of compound 152 in order to generate two separate fragments. The 

proposed plan was to selectively deprotect the trityl group in the presence of the benzyl group, 

revealing the primary alcohol, which in turn would be converted into an aldehyde for fragment 1 

and an amine for fragment 2. Thus the two fragments would be subsequently coupled via 

reductive amination. Although the benzyl group and the trityl group are generally deprotected 

under similar conditions, there are several examples in literature where the trityl group was 

selectively removed in the presence of a benzyl-protected amine.153 The anticipated selectivity 

was based on the premise that the trityl functionality forms a more stable cation intermediate 

because of the stabilising effect of the phenyl rings. The stability of the intermediate results in 

trityl deprotection being kinetically more favourable than that of the benzyl protected amine.  

The first attempt at selective trityl deprotection employed a freshly prepared heterogeneous 

catalyst of NaHSO4.SiO2 in a DCM/MeOH (9:1) solvent mixture. This procedure had not only been 

shown to be selective for the trityl group, but was also proven to be a mild deprotecting agent in 

the presence of  acid and base sensitive groups.153 Unfortunately, the desired alcohol was not 

recovered even after slightly increasing the temperature of the reaction. Changing the inorganic 

salt to ceric ammonium nitrate (CAN-SiO2) did not yield the desired product either.154 Only the 

starting material was recovered which suggests that the substrate was unreactive under the 

tested experimental conditions 
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Further investigations into other possible deprotection procedures revealed that mild Lewis acids 

can also be used for the selective deprotection of the trityl group.155 This procedure utilises Lewis 

acids such as ZnBr2, and it was shown to be selective for the trityl group whilst other N-acyl 

protecting groups namely isobutyryl, benzoyl and anisoyl remained unaffected. For this work, the 

efficacy of both ZnBr2 and ZnCl2 was tested but the desired molecular transformation was not 

realised. From the mechanism, the trityl ethereal oxygen acts as an electron donor to the ZnBr2 

resulting in a stable trityl carbenium ion. The stability of the intermediate should then act as a 

driving force for the reaction but this was not achieved. The desired product was also not 

recovered even after refluxing compound 152 with LiCl in THF and only the starting was 

recovered.156 

After the failed deprotection attempts employing Lewis acids, attention shifted to the use of protic 

acids being cognisant of the potential competing reactions. Based on the work published by 

Bessods et al., a mixture of formic acid and diethyl ether (1:1) can be successfully used for the 

selective cleavage of the trityl group in the presence of acid sensitive groups.157 The authors 

reported good yields in times ranging from 10 ς 40 minutes with minimal or no effect on the 

acetonide groups. Given the reported success, the same procedure was tested for the selective 

deprotection of the trityl group on compound 152, and the procedure utilised a 1:1 mixture of dry 

diethyl ether and formic acid under anhydrous conditions to minimise hydrolysis of the acetonide. 

The reaction was monitored using TLC but there was no observable change even after one and a 

half hours reaction time. The starting material was recovered intact even after varying the 

experimental conditions. 

All the attempted protocols thus far had capitalised on the formation of the stable trityl 

cŀǊōƻŎŀǘƛƻƴ ŀǎ ǘƘŜ ŘǊƛǾƛƴƎ ŦƻǊŎŜ ōŜƘƛƴŘ ǘƘŜ ǎŜƭŜŎǘƛǾƛǘȅΦ ! ǉǳƛŎƪ ǎŜŀǊŎƘ ƛƴ ¢ƘŜƻŘƻǊŀ DǊŜŜƴΩǎΣ 

άtǊƻǘŜŎǘƛǾŜ DǊƻǳǇǎ ƛƴ hǊƎŀƴƛŎ {ȅƴǘƘŜǎƛǎέ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ǳƴŘŜǊ ŀ tŘκ/ Ŏŀǘŀƭȅǎǘ 

readily deprotects both O-trityl and N-benzyl groups under slightly different conditions.158 As a 

way of capitalising on the different deprotection conditions, a few drops of formic acid were 

added to catalyse the hydrogenation reaction just to establish whether the acidic conditions 

would result in selectivity (Scheme 55). The reaction was left stirring at atmospheric pressure and 

instead of the desired product, a completely deprotected compound 153 was recovered. This was 

certainly the first time acetonide deprotection under acidic hydrogenation conditions had been 
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observed, at least to the best of our knowledge. Although this was not the desired outcome, the 

result opened the door to other possibilities.  

 
 

 

         152  153 

Scheme 55: Formic acid, ethanol, H2, 10% Pd/C, overnight, 24 h, 90% 

Confirmation of the structure of the recovered product was achieved by NMR spectroscopic 

analysis. In the 1H NMR spectrum, H-2 and H-4 signals were observed as multiplets at  ɻ4.03 ς 3.89 

and  ɻ3.82 ς 3.68 respectively. The H-1 signal was observed at ɻ 3.52 ς 3.32 as a multiplet 

integrating for two protons, whilst the H-3 proton signal was at ɻ 1.73 ς 1.51. In the 13C NMR 

spectrum only five signals were observed with the C-2 and C-4 signals at ɻ 70.5 and ɻ  стΦм ǿƘƛƭǎǘ 

the C-1, C-3 and C-5 signals were obserǾŜŘ ŀǘ ʵ ссΦфΣ ʵ офΦл ŀƴŘ ʵ псΦлΦ ¢ƘŜǊŜ ǿŀǎ ƴƻ ŜǾƛŘŜƴŎŜ ƻŦ 

aromatic signals in both spectra. Although this was not the desired result a more controlled 

hydrogenolysis procedure could prove to be selective for the benzyl group instead of the trityl 

group. 

The hydrogenation reaction was repeated under neutral conditions at atmospheric pressure for 

24 hours in order to determine if these conditions were selective for a single protecting group 

(Scheme 56). The procedure resulted in the selective debenzylation of the amine in the presence 

of O-trityl. Primary amine 154 was recovered in a yield of 84% as a white amorphous product, with 

a specific optical rotation of -24.6 (c 1.0 CHCl3) which was comparable to the literature value.63 

From the 1H NMR spectrum, the total integration for the aromatic protons had reduced to fifteen, 

with the signals observed as multiplets at  ɻ7.48 ς 7.42 and ɻ  7.32 ς 7.18. The singlet signal for 

the benzylic protons which had previously been at  ɻ3.85 had disappeared. A new broad singlet 

signal for the amine, integrating for two protons was observed at  ɻ1.65. No correlation in the 

HSQC or coupling in the COSY NMR spectrum was observed for this signal, confirming that the 

signal was for NH2 protons. 
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         152  154 

Scheme 56: ethanol, 10% Pd/C, H2, r.t., 24 h, 84% 

As expected only four carbon signals were observed in the aromatic region of the 13C NMR 

spectrum at ɻ  144.0, ɻ  128.7, 127.7 and 126.9 whilst the quaternary trityl C-8 signal was at ɻ 86.5. 

The benzylic carbon signal had also disappeared with only the C-9 signal being detected at ɻ 47.4. 

The relative stereochemical integrity of the compound was confirmed by the chemical shifts of C-

1 and C-3 signals at ɻ  30.0 and ɻ  19.9 whilst C-2 was at ɻ  98.6.  

Before proceeding with the synthesis, an evaluation of protecting group compatibility was 

conducted. Up to this point all the reaction conditions employed for the selective deprotection  of 

the trityl group had been unsuccessful. One procedure with guaranteed success was the Birch 

reduction methodology but it had not been employed as yet because the reaction conditions are 

not selective in the presence of the benzyl group.158 The mechanism of the reaction proceeds via 

a single electron transfer to the trityl moiety forming a radical which is quenched during workup, 

revealing the alcohol. The Birch reduction is mainly used for aromatic ring and alkene reductions 

but is also useful for the removal of aromatic protecting groups.159 Carbamates, alkyl ethers and 

silyl groups are the only stable protecting groups under these reduction conditions. 

Subjecting amine 154 to trityl deprotection without protecting the primary amine would have 

yielded a polar product most likely difficult to purify. After careful consideration of the trityl 

deprotection conditions and the remaining synthetic steps, Boc protection was chosen for the 

amine group as shown in Scheme 57. The reagents were left stirring overnight, and after work up 

the desired product was recovered quantitatively as a white precipitate. No column 

chromatography was necessary because all the side products were either volatile or dissolved in 

the aqueous layer during workup. 
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154  155 

Scheme 57: Boc anhydride, DMAP, THF, r.t., overnight, 100% 

The specific optical rotation of compound 155 was confirmed to be -20.3 (c 1.0 CHCl3) showing 

that, the Boc group had little effect on the magnitude and sign of rotation when compared with 

that of the free amine. Confirmation of the product structure was achieved by NMR spectroscopic 

analysis. The 1H NMR spectrum showed the disappearance of the broad singlet for the NH2 

protons, and appearance of a new broad singlet at  ɻ4.88 for the NH proton. The methyl Boc 

proton singlet signal was observed at ɻ 1.45 whilst the acetonide methyl singlets were detected 

at  ɻ1.43 and ɻ  1.38 giving a total integration of fifteen protons. The new characteristic Boc 

carbonyl signal was observed at ʵ мрсΦл ƛƴ ǘƘŜ 13C NMR spectrum with the remaining Boc signals 

ŀǘ ʵ тфΦо ŀƴŘ ʵ нрΦсΦ 

With the Boc-protected amine in hand the next step involved detritylation of compound 155 

under Birch reduction conditions (Scheme 58). The ammonia was first refluxed over sodium, 

ensuring anhydrous conditions evidenced by a deep blue colour prior to the addition of the 

substrate. The reaction was allowed to proceed for an hour, after which work up and product 

purification using column chromatography yielded compound 156. The detritylated product was 

recovered in a yield of 81% as a yellow oil with a specific optical rotation of -10.7 (c 0.6 CHCl3). 

 

 
 

155  156 

Scheme 58: Na, NH3, THF, -60 °C, 1 h, 81% 

IR spectroscopy revealed a broad signal at 3324 cm-1 indicating the presence of both the OH and 

NH groups. In the 1H NMR spectrum no aromatic signals were observed but two broad singlets 

which showed no coupling to any other protons or carbon correlations in the COSY and HSQC NMR 

spectra were observed at ɻ 4.95 and ɻ  2.41. These signals were attributed to the OH and NH 

protons, respectively. As expected, the Boc group was not affected by the Birch reduction 

protocol, and the proton signals were overlapping with the H-1 protons at ɻ  1.47 ς 1.43 giving rise 
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to a total integration of twelve protons. Likewise, in the 13C NMR spectrum there was no evidence 

of aromatic carbon signals. Since it was critical to monitor the stereochemical integrity of the 

compound as the synthesis progressed, the chemical shifts for C-1, C-2 and C-3 were as usual used 

for confirmation of the relative stereochemistry. The signals were observed at  ɻ98.8 for C-2 and 

 ɻ29.9 and ɻ  19.9 for C-3 and C-1, indicating that the product was still a 1,3-syn product. 

At this point compound 156 was apportioned into two parts, to synthesise the two fragments 

separately by converting the alcohol to an amine for one fragment and an aldehyde for the second 

fragment. These two fragments would be coupled by reductive amination, and subjected to Boc 

and acetonide deprotection to reveal the desired compound. The first step began by converting 

the alcohol to an amine by tosylating the primary alcohol as shown in Scheme 59 using a standard 

established procedure.160, 161 Tosylates are versatile substrates for substitution reactions because 

they are good leaving groups. 

 
 

 

156  157 

Scheme 59: TsCl, DMAP, DCM, r.t., 24 h, 83% 

Compound 157 was recovered in a yield of 83% as a yellow oil with a specific optical rotation of 

- 3.6 (c 0.5, CHCl3). The expected aromatic proton signals for the tosyl group were observed as 

sets of doublets at ɻ  7.78 (J = 8.3 Hz) and 7.34 (J = 7.9 Hz) each integrating for two protons in the 

1H NMR spectrum. The tosyl-methyl protons were observed at ɻ 2.45 as a singlet. In the 13C NMR 

spectrum, the aromatic carbon signals were visible at  ɻ144.9, ɻ  132.9, ɻ  129.8 and ɻ 128.0 with 

the tosyl-methyl carbon signal at ɻ 19.6. The rest of the signals were as expected and the NMR 

spectroscopic assignments confirmed the successful tosylation procedure. For this reaction, the 

tosylation of the amine was not likely, as it is a carbamate, so not very nucleophilic. As a result 

tosylation of the amine was not detected in the recovered product. 

The tosyl group on compound 157 was displaced by an azide via an SN2 type substitution reaction 

because azide is a strong nucleophile, and the substrate is unlikely to form a stable cation.162, 163 

Both the substrate and sodium azide were dissolved in DMF and heated at 80 °C for 3 hours 

(Scheme 60). Heating at higher temperatures and leaving the reaction going on for longer resulted 

in decomposition of the product. The desired compound 158 was recovered in a yield of 75% as a 
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yellow oil with a specific optical rotation of -2.59 (c 0.5, CHCl3). The initial success of the formation 

of the azide was confirmed by IR spectroscopy due to the presence of the characteristic azide 

signal at 2098 cm-1. 

 
 

 

157  158 

Scheme 60: NaN3, DMF, reflux 80 °C, 3 h, 75% 

Further verification of the success of the azide substitution reaction was established by the 

disappearance of the tosyl signals from the 1H NMR spectrum. There was an observable shift for 

the H-7 proton signal from ɻ 4.02 ς 3.85, where it overlapped with the H-4 signal for compound 

157 to ʵ оΦпл ς 3.15 for compound 158 overlapping with a single H-8 proton signal. The upfield 

chemical shift was expected because oxygen is more electronegative than nitrogen therefore 

CH2O protons appear more downfield than CH2N protons. The chemical shift change due to a 

change in the heteroatom was also apparent as well in the 13C NMR spectrum. The C-7 signal had 

ƳƛƎǊŀǘŜŘ ŦǊƻƳ ʵ тнΦн ŦƻǊ ŎƻƳǇƻǳƴŘ 157 ǘƻ ʵ ррΦм ŦƻǊ ŎƻƳǇƻǳƴŘ 158. Mass spectrometry also 

confirmed the identity of the desired compound with a measured mass of 323.1619 (M+H)+. 

The final step for the synthesis of fragment 1 was the reduction of the azide to the amine using 

hydrogenation conditions under pressure as shown in Scheme 61. Reduction was only successful 

at a pressure of 4 atm, otherwise only the starting material was recovered. No further purification 

was necessary for compound 159 apart from filtration to remove the catalyst. Quantitative yields 

of the product were recovered as a brown oil with the IR spectrum showing a broad NH2 peak at 

3353 cm-1 and the disappearance of the previously observed azide signal. 

 
 

 

158  159 

Scheme 61: 10% Pd/C, H2, ethanol, 4 atm, r.t., overnight, quantitative yield 

±ŀƭƛŘŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘΩǎ ƛŘŜƴǘƛǘȅ ǿŀǎ ŀŎŎƻƳǇƭƛǎƘŜŘ ōȅ ōƻǘƘ 1H and 13C NMR spectroscopy. The 

C-7 proton signal migrated from ɻ 3.40 ς 3.15 for compound 158 to  ɻ2.80 ς 2.52 for compound 

159. The C-7 carbon signal also migrated from ɻ 55.1 to ɻ  47.4. The observed change in the 
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chemical shift corresponds with the change in the functional group at C-7. The azide group is more 

electronegative than the amine group, giving rise to the observed chemical shifts. 

With fragment 1 synthesised, attention was focused on converting alcohol 156 to aldehyde 160. 

The first attempt employed MnO2 in DCM but even after stirring for 24 h, only the starting material 

was recovered. The second attempt utilised PCC ground together with silica as the oxidant in dry 

DCM.164, 165 A green oil was recovered after work up and was not purified further for fear of 

racemization of the product due to the acidity of the aldehydic proton. However, 1H NMR 

spectroscopic analysis showed a very small signal for the aldehyde proton, and 13C NMR 

spectroscopy showed two signals in the aldehyde region. The acetonide peaks suggested that 

racemisation had occurred at the position  hto the carbonyl because there were both signals for 

the anti-1,3 diol system and signals for the syn-1,3-diol system. Oxidation using PCC was therefore 

abandoned. Fortunately, successful oxidation was achieved by using 2-iodoxybenzoic acid (IBX) in 

DMSO as shown in Scheme 62. Due to the suspected poor stability of the product, it was not 

purified further, but used immediately in subsequent reactions. 

 
 

 

156  160 

Scheme 62: IBX, DMSO, r.t., overnight, quantitative yield 

Confirmation of the desired product 160 was achieved by staining the TLC plate in 

2,4-dinitrophenylhydrazine (2,4-DNPH). The recovered compound stained yellow on an orange 

background indicating the presence of the aldehyde. In the IR spectrum the characteristic carbonyl 

signal was evident at 1710 cm-1. The 1H NMR spectrum of the crude material showed the aldehyde 

peak in the expected region at ɻ 9.58 as a singlet with an integration of one. The broad singlet for 

the amine peak was observed at ɻ  4.93 and the rest of the signals were as expected. Mass 

spectrometry also confirmed the recovery of the desired product with a measured mass of 

274.1647 (M+H)+. 

With the two fragments synthesised, the next step involved coupling compound 159 and 

compound 160 via reductive amination as previously described in Scheme 63 to afford the 

pavettamine backbone. Product purification via column chromatography furnished compound 
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161 as a yellow viscous oil in a yield of 95%. The optical rotation of the product was measured to 

be -10.1 in chloroform at a concentration of 1.03 g/ml. Spectroscopic analysis confirmed the 

identity of the product. IR spectroscopy showed a signal at 3362 cm-1, indicative of the presence 

of an NH group. In the 1H NMR spectrum, the signals for the H-1 acetonide methyl protons, Boc 

groups and H-5a were overlapping and the multiplet was observed at  ɻ1.48 ς 1.42 integrating for 

twenty six protons. Two separate peaks for the amines were observed, at  ɻ4.94 and ɻ  2.07. The 

difference in chemical shifts of the amine signals is because of the difference in hydrogen bonding 

levels between the carbamates at C-8 and the connecting amine at C-7. Amines that appear more 

upfield experience a greater degree of hydrogen bonding as opposed to those that appear 

downfield. 

The 13C NMR spectrum showed the quaternary C-2 at ɻ  98.8 whilst the C-1 and C-3 signals were 

observed at ɻ  19.9 and ɻ  30.0. The chemical shifts for these signals show that the syn-1,3 

configuration is still present, therefore racemisation at the -hposition had not occurred. The C-7 

and C-8 signals were at ɻ  ррΦл ŀƴŘ ʵ прΦп ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƘƛŎƘ ƛǎ ǘƘŜ ŜȄǇŜŎǘŜŘ ǊŀƴƎŜ ŦƻǊ /-N carbon 

signals. Only two signals were visible in the C-O range ƻŦ ǘƘŜ baw ǎǇŜŎǘǊǳƳ ŀǘ ʵ суΦн ŀƴŘ ʵ стΦф 

for the C-4 and C-6 carbons, as expected. The Boc group and C-5 signals were in the expected 

regions as well. 
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Scheme 63: Sodium triacetoxyborohydride, 1,2-DCE, THF, r.t., 24 h, 95% 

Elated that the protected pavettamine enantiomer was in hand, the syntheses set about the 

removal of the protecting groups. The final deprotection step was unfortunately not straight 

forward as expected, given the fact that both the acetonide and Boc groups are cleavable under 



Chapter 2: Results and Discussion 

88 
 

acidic conditions. Literature is awash with different methods for Boc deprotection, and the 

conditions employed also generally favour the removal of acetonide groups.166, 167 In the steps 

preceding the final step, we had discovered that the acetonide groups had been deprotected 

(Scheme 55) under acidic hydrogenation conditions, therefore the deprotection step was 

attempted under similar conditions. Unfortunately, only the starting material was recovered 

despite changing the reaction conditions by increasing the pressure up to 7 atm and lowering the 

pH with a few drops of HCl instead of formic acid. The second attempt involved stepwise 

deprotection, by first removing the acetonide via hydrolysis with p-TsOH as the acid catalyst. 

Despite refluxing at 60 °C for over 48 hours the desired product was not recovered, only the 

starting material was recovered. Treating compound 161 with 20 equivalents of TFA in DCM for 

12 hours did not furnish the desired product either and only the starting material was recovered.  

A routine deprotection step was turning out to be one of the most complicated steps of the 

synthesis. Further literature research showed that CAN has been used effectively to cleave the 

Boc and acetonide groups in carbohydrate chemistry.168, 169 Ceric ammonium nitrate functions as 

a one electron transfer catalyst in the deprotection procedures and all the acid sensitive groups 

remain unaffected. However, use of CAN as a catalyst under reflux conditions for the removal of 

the Boc groups from compound 161 did not furnish the desired product. Deprotection attempts 

under microwave conditions also failed to yield the desired product.166 

After the series of failed attempts, a procedure typically used for Boc deprotection in peptide 

synthesis was employed utilizing trifluoroacetic acid (TFA) and triisopropylsilane (TIPS), with the 

assumption that, even though the substrate was not a peptide it was just as polar as a peptide, 

and the protocol might be successful. The reagents were added together and left stirring at room 

temperature overnight as shown in Scheme 64. To our delight, TLC monitoring showed total 

consumption of the starting material and formation of a new polar product. The high polarity of 

the desired polyamine 112 under the acidic reaction conditions complicated the work up 

procedure. The reaction was initially diluted with methanol, and excess solvent and TFA were 

removed in vacuo. The residue was re-dissolved in methanol, followed by the removal of solvent 

under reduced pressure. After leaving the product to completely dry in the fume-hood, a yellow 

oily residue was recovered in quantitative yield. 
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161  112 

Scheme 64: 95% TFA, 2.5% H2O, 2.5% triisopropylsilane, r.t., overnight, quantitative yield 

Confirmation of the structure of the desired polyamine 112 was performed using NMR 

spectroscopy. Both the acetonide and Boc group signals were missing from the 1H NMR spectrum 

indicating that the deprotection had been successful. A multiplet signal for H-4 and H-2 protons 

was observed at ɻ 4.19 ς 4.10 and ɻ  4.07 ς 3.99 respectively, whilst the H-5a signal was observed 

at ɻ  3.22 ς 3.14. The H-1a and H-5b signals were overlapping at ɻ 3.10 ς 3.00 with a total integration 

of four protons. The H-1b signal was a doublet of doublets at ɻ 2.88 (J = 12.8, 8.9 Hz) and the 

remaining H-3 multiplet signal was at ɻ 1.78 ς 1.62.  

As expected both the acetonide and the Boc group signals were not present in the 13C NMR 

spectrum. However, a distorted quartet was observed at ɻ 163.7 and ɻ  120.3 indicative of the 

presence of TFA, suggesting that the desired product was recovered as a TFA salt. This is a strong 

possibility because of the basicity of the amine groups present in the product. 19F NMR 

spectroscopy confirmed the presence of TFA. The remaining C-2, C-4, C-5, C-1 and C-3 signals were 

observed at ɻ  64.6, ɻ  63.7, ɻ  52.3, ɻ  44.4 and ɻ  38.9, respectively. All the NMR spectroscopic 

proton and carbon signals are comparable to the literature values for pavettamine, even though 

for the literature experimental data was acquired in D2O.63 High resolution mass spectrometry 

confirmed the mass of the enantiomer of pavettamine 112 to be 252.1912 (M+H)+ which is 

comparable to the expected mass of 252.1918 (M+H)+. The TFA fragment ion was also present 

with a confirmed mass of 115.1227 (M+H)+. Since the enantiomer of pavettamine was recovered 

as a TFA salt, a comparative analysis of the specific optical rotation between pavettamine and its 

enantiomer was not performed. Attempts to neutralise the salt were unsuccessful, and 

reprotection with benzyl groups resulted in product decomposition.  

Nevertheless, the conclusive characterisation of the enantiomer of pavettamine was met with 

sheer joy and excitement because this was the first reported total synthesis of this compound. 

This work also shows that the same starting material, malic acid can be used for the syntheses of 

both pavettamine and its enantiomer. The low overall yield was as a result of material being lost 
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during optimisation of several steps. However, high yields can probably be recovered by 

employing the optimised reaction conditions. 

2.2.4 A different approach to the synthesis of the enantiomer of pavettamine 

112 

Given the successful synthesis of polyamine 112, the synthetic approach was changed in an 

attempt to recover the product as a neutral product, which would allow for comparison of 

biological results with those for the naturally occurring enantiomer. The major problem with the 

previous synthetic route, was the difficulty faced in recovering the desired product in neutral 

form, due to acidic conditions employed in the final deprotection step. In an attempt to recover 

polyamine 112 in a neutral form, the synthetic route was redesigned from compound 124 

(Scheme 65). The new design was in such a way that the final deprotection step would constitute 

hydrogenation under neutral conditions to reveal the neutral polyol. In order to avoid the amine 

deprotection step, the coupling of the two C-5 fragments occurred prior to the introduction of the 

terminal amine groups. 

 

Scheme 65: Alternative synthetic route to compound 112 
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Instead of converting intermediate 124 to the aldehyde as was done previously, the Pummerer 

rearrangement was performed to reveal the alcohol followed by protection of the alcohol with a 

TBS group, stable under Birch reduction conditions. The Pummerer rearrangement procedure 

shown in Scheme 66, was employed to recover the alcohol 162 in quantitative yields as already 

described in literature.170 In order to recover the alcohol, the aldehyde reduction was 

accomplished in situ by adding NaBH4 after neutralising the excess acid with K2CO3. The product 

was recovered as a white solid with an optical rotation of -20.4 when the concentration was 0.7 

g/ml in chloroform. A broad peak at 3489 cm-1 in the IR spectrum signified the presence of an 

alcohol, confirming that the rearrangement step was a success. 

 

 

 

124  162 

Scheme 66: i) TFAA, 2,4,6-collidine, MeCN, 0 °C, 30 min; ii) H2O, K2CO3, r.t., 30 min; iii) NaBH4, 
r.t., 40 min, 99% 

From the 1H NMR spectroscopic analysis, a reduction in the integration of aromatic protons from 

nineteen to fifteen for the multiplet signals at ɻ 7.48 ς 7.40 and ɻ  7.33 -7.16, pointed to the 

removal of the tosyl group. The methyl signal for the sulfoxide moiety had also disappeared, and 

instead a broad signal for the OH proton was observed at  ɻ2.14. The rest of the signals were as 

expected. In the 13C NMR spectrum, there were only four aromatic signals for the trityl group that 

were observed at ɻ 144.0, 128.7, 127.7 and 127.0. The methyl signal for the sulfoxide moiety had 

also disappeared. The change in the heteroatom attached to C-9 from S to a more electronegative 

O resulted in a downfield shift of the signal from  ɻ63.1 to ɻ  66.1. As expected the chemical shifts 

for C-1, C-2 and C-3, observed at ɻ  мфΦфΣ ʵ фуΦт ŀƴŘ ʵ нфΦф ǿŜǊŜ ŀƭƭ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŀ мΣо-syn-diol 

functionality. 

Given the challenges encountered with the removal of the Boc group, a different approach was 

employed at this point, which allowed the penultimate step to be the acetonide removal and the 

final step to be the reduction of the azide groups at the terminal carbon atoms. A quick search of 

the literature on alcohol protecting groups that could withstand the Birch reduction conditions 

used for the removal of the trityl group revealed that the TBS group was the most appropriate.158 
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Compound 162 was therefore TBS protected as shown in Scheme 67, yielding compound 163 as 

a colourless oil in a yield of 97%. 

 

 

 

          162  163 

Scheme 67: TBSCl, DMAP, imidazole, DCM, r.t., overnight, 97% 

IR spectroscopy revealed the disappearance of the broad OH signal previously observed at 3489 

cm-1. The newly introduced TBS group signals were observed as a singlet at  ɻ0.90 for the tert-

butyl group and overlapping singlet signals were observed at ɻ  0.07 and ɻ 0.06 for the two methyl 

groups in the 1H NMR spectrum. The carbon signals for the TBS group were at  ɻ25.9 and ɻ  18.4 

for the tert-butyl and ɻ  5.1 and ɻ  5.3 for the dimethyl groups.  

The first attempt for the removal of the trityl group employed boron trichloride as the Lewis acid. 

Use of BCl3 was identified as a mild and expeditious method for removal of the trityloxy protecting 

group by Jones et al.171 The procedure proved to be fruitful in selectively unmasking trityloxy 

ethers of differentially protected alcohols. These results prompted the application of the method 

for the selective trityl deprotection of compound 163 (Scheme 68). Due to the presence of 

potentially liable acetonide and TBS groups only 0.6 equivalents of the boron trichloride were 

used and the reaction only proceeded for 15 minutes in an attempt to increase the selectivity.  

TLC analysis showed the presence of single product, which was more polar than the starting 

material indicating completion of the reaction. Unfortunately, purification by column 

chromatography yielded the triol 164 instead of the desired product showing that the 

deprotection was not as selective as anticipated. Confirmation of the compound structure was 

achieved by both mass spectroscopy and NMR spectroscopic analysis. Mass spectrometry 

confirmed the mass to be 251.1670 (M+H)+. Both aromatic signals and acetonide signals had 

disappeared from the 1H NMR spectrum but the TBS signals were still present at  ɻ0.92 (s, 9H) and 

 ɻ0.10 (br s, 6H). Similarly there were no aromatic or acetonide signals present in the 13C NMR 

spectrum which shows that both trityl and acetonide deprotection had occurred. The signals from 

the TBS group were visible at  ɻ26.2, ɻ  18.6, ɻ  -5.0 and ɻ  -5.1. Considering that the reaction had 
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been performed at a low temperature and for a short period of time, but still deprotected both 

trityl and acetonide groups, shows that the use of BCl3 is not selective. 

 
 

 

163  164 

Scheme 68: BCl3, DCM, -30 °C, 5 min, 66% 

Given the failure of the BCl3 deprotection, the selective detritylation was achieved by employing 

the Birch reduction using the previously discussed procedure, as shown in Scheme 69. The 

reaction furnished compound 165 in a yield of 80% as a yellow oil. Both the 13C NMR and the 1H 

NMR spectra confirmed the complete removal of the trityl group because aromatic signals were 

not detectable. The TBS group was unaffected by the Birch reduction conditions as evidenced by 

the fact that the groups signals were detected in both spectra. IR spectroscopy showed a broad 

signal at 3441 cm-1 indicative of the alcohol. Mass spectrometry also confirmed the desired mass 

of compound 165 to be 291.1985 (M+H)+, which confirms a structure with C11H26O4Si. 

 
 

 

163  165 

Scheme 69: Na, liquid NH3, THF, -60 °C, 1 h, 80% 

With compound 165 in hand, synthesis progressed to the formation of the two desired fragments 

A and B (Scheme 65) as before, starting with the synthesis of the amine. Conversion of the primary 

alcohol into a good leaving group via tosylation, in preparation for a nucleophilic substitution 

reaction using an azide, gave rise to the tosylated compound 166 (Scheme 70). The desired 

product 166 was recovered in quantitative yields as a colourless viscous oil. 

 
 

 

165  166 

Scheme 70: TsCl, DMAP, DCM, r.t., overnight, 99% 

Confirmation of the success of the tosylation procedure was achieved via IR spectroscopic 

analysis. The previously observed OH signal had disappeared from the spectrum and a new signal 
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for S=O was observed at 1356 cm-1. The 1H NMR spectrum further confirmed the success of the 

reaction due to the presence of the aromatic signals from the tosyl group at  ɻ7.82 ς 7.76 and 

 ɻ7.37 ς 7.31. Each multiplet integrated for 2 protons, whilst the tosyl-methyl group appeared as 

a singlet at ɻ  2.44. There was no significant change observed for the chemical shift of the 

remaining signals. In the 13C NMR spectrum the aromatic carbon signals were observed at ʵ мппΦуΣ 

ʵ мооΦлΣ ʵ мнфΦу ŀƴŘ ʵ мнуΦлΣ ǿƘƛƭǎǘ ǘƘŜ ǘƻǎȅƭ-ƳŜǘƘȅƭ ŎŀǊōƻƴ ǎƛƎƴŀƭ ŀǇǇŜŀǊŜŘ ŀǘ ʵ нмΦсΦ 

Epimerisation was not detected in this procedure because the acetonide signals were within the 

expected range. 

The tosylated tetraol 166 was subjected to a nucleophilic substitution protocol using sodium azide 

as shown in Scheme 71. Normally this procedure is performed at temperatures above 80 °C, but 

in this instance any temperature above 75 °C degraded both the reactant and the product and 

therefore the reaction was carried out at 75 °C. The desired azide 167 was recovered as a yellow 

oil in a yield of 75%, a much lower than expected yield. Product loss could have occurred during 

the process of continuous aqueous extraction of DMF, when the diluted reaction mixture had to 

be repeatedly washed with brine for complete removal of the solvent. 

 
 

 

166  167 

Scheme 71: NaN3, DMF, 75 °C, 4 h, 75% 

For IR spectroscopic analysis the azide signal appeared at 2098 cm-1, confirming the success of the 

substitution procedure. In the 1H NMR spectrum the aromatic signals had disappeared and the 

multiplet signal for  H-7 protons at ɻ  4.02 ς 3.94  in compound 166 had migrated to a multiplet at 

 ɻ3.34 ς 3.20 in compound 167, showing that there had been a heteroatom change to a less 

electronegative atom. In the 13C NMR spectrum the aromatic signals had disappeared as well, and 

the C-7 signal had migrated from ɻ 72.4 to ɻ  55.2. This was the expected chemical shift change 

because the C-N signals generally appear at chemical shifts below 60 ppm. 

Attempts at reducing the azide group under hydrogenation conditions were unsuccessful. The 

recovered products could not be characterised, suggesting that the product had decomposed. 

This observation did not come as a total surprise, because as already discussed, previous 

hydrogenation attempts of substrates possessing the acetonide protected 1,3-diol functionality 
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had yielded unexpected products which were sometimes completely deprotected. After the failed 

attempt, the reduction was successfully effected by employing LiAlH4 under anhydrous conditions 

(Scheme 72). All the side products generated after work up of the reaction precipitated, and they 

were removed by filtration with the sodium sulfate. This meant that the desired product was not 

purified any further because column chromatography of primary aliphatic amines is tedious and 

they tend to have long retention times. 

 
 

 

167  168 

Scheme 72: LiAlH4, Et2O, r.t., 2 h, quantitative yield 

The IR spectrum showed the desired NH2 signal at 3444 cm-1 and the complete disappearance of 

the azide signal. There was a chemical shift change in the H-7 proton signals in the 1H NMR 

spectrum from a multiplet at ɻ 3.34 ς 3.20 for compound 167 to a multiplet signal at ɻ 2.76 ς 2.67. 

A similar trend was observed in the 13C NMR spectrum because of the greater shielding effect that 

an amine group has as a result of strong hydrogen interactions, in comparison to the azide group. 

The C-7 carbon signal shifted from ɻ 55.2 for compound 167 to  ɻ45.1 for compound 168. The 

chemical shifts of the acetonide signals still agreed with what is expected for a 1,3-syn-diol system, 

confirming that the relative stereochemical integrity of the compound had been upheld to this 

point. 

With the synthesis of the amine fragment successful, the next step involved synthesis of the 

second fragment as either a carboxylic acid or as an aldehyde which would allow for the coupling 

to be achieved by amidation or reductive amination, respectively. The initial attempt involved 

oxidising compound 165 to the carboxylic acid which meant the coupling step would be via amide 

bond formation. Given the varied options of possible reaction conditions that could be used for 

this transformation and the observed results of this work, possible optimal conditions were 

selected as shown in Scheme 73.172, 173 The choice of reagents was based on the inertness of the 

other functional groups under the mild reaction conditions. The procedure would generate the 

aldehyde in situ, which would be oxidised to the carboxylic acid in tandem.174 Compound 165 was 

subjected to the oxidation conditions, and monitoring by TLC revealed the formation of a new 

product. Considering the high polarity of carboxylic acids, purification was afforded by filtering 
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the reaction mixture through a plug of silica. Unfortunately, the recovered product was not the 

desired compound but rather a mixture of oxidized products contaminated with Tempo. 

 
 

 

165  169 

Scheme 73: Fe(NO3)3.9H2O, Tempo, KCl, O2, 1,2-dichloroethane, r.t., overnight 

It was becoming very evident during this PhD work that despite the extensive investigations and 

methods for performing routine organic chemistry transformations, a lot of these methods are 

substrate specific. For some of these methods one can preempt potential problems given the 

required reaction conditions and avoid the methods altogether, but for some of the methods it is 

impossible to judge the outcome. Given these findings, it became a matter of trial and error until 

the most suitable method was found. 

The synthesis of the carboxylic acid was abandoned, and instead aldehyde 170 was synthesised, 

because of the relative success in synthesis of a similar substrate (Scheme 74). Previously 

employed methods comprising the use of MnO2, PCC, IBX and the more popular Swern oxidation 

did not yield the expected product.175 NMR spectroscopic analysis of the recovered material, for 

each of the attempts, was for either the starting material or the decomposed product with TBS 

signals missing. 

After all the trial and error attempts, Dess-Martin periodinane (DMP) was chosen as a milder 

oxidant with the assumption that the desired chemical transformation would be achieved 

(Scheme 74). DMP is has stability problems and risk of explosions therefore the oxidant was 

freshly prepared from 2-iodobenzoic acid. The use of DMP is considered to be superior for 

sensitive substrates because the reactions are performed under mild and neutral conditions. TLC 

analysis, using 2,4- DNPH visualisation confirmed the presence of an aldehyde and, after work up, 

the product was not purified further for fear that it might decompose on silica gel. 
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165  170 

Scheme 74: DMP, DCM, r.t., overnight, quantitative yield  

The aldehydic proton signal was observed at  ɻ9.60 in the 1H NMR spectrum, confirming the 

formation of the desired product. There were also residual signals from the DMP visible, although 

the concentration of DMP was relatively smaller than that of aldehyde 170. The carbonyl signal 

was at ɻ  201.1 in the 13C NMR spectrum, as expected, confirming the successful synthesis of the 

desired fragment B. 

Once synthesised, the two desired fragments, amine 168 and aldehyde 170 were subjected to 

reductive amination for 24 hours under inert conditions with the amine in excess (Scheme 75). 

Addition of excess amine is necessary because in the presence of sodium triacetoxy borohydride 

the aldehyde can be reduced back to the alcohol. Given the competing reaction, excess amine 

ensures that the desired reductive amination reaction is favoured. After purification the desired 

compound was recovered as a yellow oil in a yield of 73%.  

 168 

 

    +  

 

 

170 

                                  171 
 

Scheme 75: Sodium triacetoxyborohydride, 1,2-dichloroethane, r.t., 24 h, 73% 

Due to the symmetry of the recovered compound 171, a single set of signals was expected in the 

NMR spectra. The broad NH signal was at  ɻ1.99 in the 1H NMR spectrum whilst the H-7 protons 

were observed as a set of doublets of doublets at  ɻ2.68 (dd, J = 12.0, 7.4 Hz) and 2.60 (dd, J = 

12.0, 4.0 Hz). The H-8 proton signals appeared further downfield as expected because they are 

attached to a carbon attached to oxygen. The presence of a chiral centre on the -hcarbon results 
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in the H-8 protons being diastereotopic, hence the reason why they were also observed as 

separate doublet of doublet signals at  ɻ 3.65 (dd, J = 10.1, 5.2 Hz) and ɻ 3.46 (dd, J = 10.2, 6.0 Hz). 

In the 13C NMR spectrum, the signals of great importance were the acetonide signals because they 

confirm the stereochemical integrity of compound 171. The C-1 and C-3 signals were observed at 

 ɻ19.9 and ɻ 30.0 whilst the C-2 signal was at ɻ 98.6. The acetonide chemical shift values confirmed 

the presence of the 1,3-syn-diol system in the recovered product. The C-7 signal was at ɻ 55.1, 

and since there was no evidence of the aldehydic carbon signal for compound 170 and no sign of 

the C-7 signal for compound 168 at  ɻ45.1, the coupling was a success. The rest of the carbon 

signals were as expected. 

The remaining steps proved to be the rate determining steps of the whole project, because of 

significant product losses during purification, due to the high polarity of the compounds. Removal 

of the TBS group was easily achieved by employing TBAF in THF in under 4 hours (Scheme 76). 

Work up of the reaction involved quenching the reaction with ammonium chloride, followed by 

recovering the desired compound 172 by extracting the aqueous layer with DCM. Unfortunately, 

only the TBS side product was recovered in the organic layer whilst the desired product remained 

in the aqueous layer. On the second attempt, work up of the reaction was achieved by adding a 

slight excess of ammonium chloride. The reaction mixture was dried over Na2SO4, and the mixture 

was extracted with DCM. After the removal of excess solvent, the crude product was not purified 

any further. 

 
 

 

171  172 

Scheme 76: TBAF, THF, 0 °C, 4 h 

1H NMR spectroscopic analysis was not conclusive as the side product signals from the TBAF were 

more dominant in the spectrum and the signals also overlapped with those from the desired 

compound. It should be noted that there were no TBS signals that were visible, suggesting that 

the deprotection procedure had been successful. The 13C NMR spectrum was more enlightening 

and showed the desired signals, with the C-2 signal at ɻ 99.3, C-6 at ɻ  69.2, C-8 at ɻ  65.3, C-4 at ɻ  
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64.4, C-7 at  ɻ  51.7, C-5 at ɻ  30.3, and C-1 and C-3 at ɻ  29.8 and ɻ  20.2. These results, although 

not conclusive, provided some confidence that the desired product had been recovered. 

By this stage only a small quantity of the product was recovered but there was hope that the end 

of the synthetic route could be reached with the amount of product that was recovered. Crude 

compound 172 was tosylated using the already described procedure as shown in Scheme 77. 

Purification of the desired compound 173 allowed for the successful removal of the side products 

from the previous step. When the ninhydrin stain was used for amine visualisation, the desired 

compound tested negative which suggested that tosylation had occurred on both the amine and 

hydroxyl groups. The desired compound was recovered in a yield of 76% whilst IR spectroscopy 

did not indicate the presence of either the alcohol or the amine groups. 

 
 

 

172  173 

Scheme 77: TsCl, DMAP, DCM, r.t., 24 h, 76% 

In the 1H NMR spectrum, two sets of aromatic signals were observed for the tosyl protons as a 

multiplet at ʵ тΦфс ς 7.90, and a doublet at ɻ 7.41 with J of 8.2 Hz for the O-tosyl and a total 

integration of eight protons. The N-tosyl signals were at ɻ 7.82 ς 7.75 and ɻ  7.34 as a doublet with 

J = 7.9 Hz giving rise to a total integration of four protons. The tosyl-methyl singlet signals were 

observed as singlets at ɻ 2.49 and ɻ  2.45. In the 13C NMR spectrum, the tosyl methyl signals were 

at  ɻ21.6 and ɻ  21.5. The characteristic C-2 signal was still in the expected range at  ɻ98.9 whilst 

the C-7 signals showed the downfield migration from ɻ 64.3 in compound 172 to  ɻ 72.1 in 

compound 173. 

Approximately 18 mg of compound 173 was recovered and the tosylated product was subjected 

to a nucleophilic substitution reaction with sodium azide as shown in Scheme 78. After removal 

of excess DMF only minute quantities of the crude product were recoverable and NMR 

spectroscopy was performed on the crude material to assess whether the desired compound was 

present. The 1H NMR spectrum was not conclusive at all and there were more signals observed 

than was expected for compound 174. The 13C NMR spectrum showed the expected characteristic 

signals for the desired product plus many more unidentified signals in the aliphatic region. 

Generally for the nucleophilic substitution reaction of the tosyl group with azide, the side products 
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generated are extracted in the aqueous layer. From the crude NMR  spectrum it was evident that 

other side reactions had occurred and any attempts to purify the minute quantities of product did 

not change the outcome. At this stage of the project, we were faced with a difficult decision of 

changing the route, synthesising more starting material or postponing for future work. 

 
 

 

173  174 

Scheme 78: NaN3, DMF, 75 °C, 4 h 

Despite not being able to recover the desired enantiomer the alternative route proved viable as 

well and there is definitely room for optimising some of the steps. Further attempts at 

synthesising a neutral enantiomer of pavettamine were postponed for future work. 
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2.3 Synthesis of pavettamine  

The synthetic approach of the C-10 pavettamine backbone developed in this work was also 

applied for the synthesis of pavettamine, to ascertain whether the recoverable yield could be 

improved. Synthesis of pavettamine started from compound 162, transforming the substrate into 

two fragments by converting the alcohol into an amine for fragment 1 and an aldehyde for 

fragment 2 (Scheme 79). The two fragments were coupled by reductive amination followed by 

transforming the alcohols on the terminal carbons into amines. 

 

Scheme 79: Synthetic route for pavettamine 

The synthesis of pavettamine also utilised malic acid as the basic starting material, and a similar 

synthetic protocol was employed for synthesis of the two fragments up to compound 162. 

Fragment differentiation occurred on the C-9 side of compound 175. To achieve this, the amine 

was synthesised by first tosylating compound 162 as shown in Scheme 80 ensuring that the OH 

becomes a good leaving group. Tosylated alcohol 175 was recovered in a yield of 75% as a white 

solid and the IR spectrum showed the total disappearance of the alcohol signal at 3489 cm-1 

confirming the success of the tosylation step. 
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162  175 

Scheme 80: TsCl, DMAP, DCM, r.t., 24 h, 75% 

In the 1H NMR spectrum, there was an increase in the integration of the aromatic signals from 15 

protons to 19 protons whilst the expected methyl singlet for the tosyl group was at  ɻ2.42. The 

13C NMR spectrum also showed an increase in the number of aromatic signals, whilst the C-9 signal 

migrated from ɻ  66.1 in compound 162 to  ɻ72.4 in compound 175. The chemical shift indicates 

that the C-9 carbon is now experiencing a greater deshielding effect due to the increasing 

electrophilicity of the carbon atom. This increase in electrophilicity of the carbon atom, coupled 

with the good leaving tendencies of O-tosyl enables nucleophilic substitutions to proceed quite 

easily. The remaining newly introduced methyl carbon signal for the tosyl group was observed at 

 ɻ21.6. 

After tosylation, compound 175, the tosyl group was easily substituted by azide, using the already 

described synthetic protocol as shown in Scheme 81, yielding compound 176 in a yield of 97%. 

The IR spectrum showed the characteristic azide signal at 2096 cm-1, confirming the success of the 

substitution reaction. The total integration of the aromatic signals decreased from nineteen 

protons to fifteen in the 1H NMR spectrum, indicating the removal of the tosyl group. The 

previously observed methyl signal at  ɻ2.42 had also disappeared. Instead, a chemical shift change 

for the H-9 signals was detected from ɻ 4.03 ς 3.88 for compound 175, to a multiplet at ɻ  3.37 ς 

3.19, and a doublet of doublets at ɻ 3.05 for azide 176. The observed chemical shift change is as 

a result of the change in heteroatom from oxygen to nitrogen. 

 
 

 

                   175  176 

Scheme 81: NaN3, DMF, 95 °C, 4 h, 97% 

In the 13C NMR spectrum, a reduced number of aromatic signals were observed, and only the four 

signals expected for the trityl group were found at  ɻ144.0,  ɻ128.7,  ɻ127.8 and  ɻ127.0. The 
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previously observed methyl signal from the tosyl group at  ɻ21.6 was not detected. Given the 

heteroatom change on the C-9 carbon, the expected chemical shift change was observed from  ɻ

72.4 for compound 175 to  ɻ55.2 for azide 176. 

The final step for revealing the amine fragment involved reduction of the azide using LiAlH4 under 

anhydrous conditions as shown in Scheme 82, yielding the desired primary amine 154, in a yield 

of 94%. The described method was chosen for the synthesis of primary amine 154, as opposed to 

the previously employed approach shown in Scheme 52 to Scheme 56, because the procedure 

was shorter and higher yielding. Comparison of the spectroscopic data from the IR and NMR 

spectra of the products from the two procedures showed that the same compound had been 

synthesised. 

 
 

 

                    176  154 

Scheme 82: LiAlH4, Et2O, r.t., 2 h, 94% 

After the successful synthesis of the amine and aldehyde fragments, aldehyde 151 and primary 

amine 154 were coupled via reductive amination as shown in Scheme 83, yielding compound 177 

and compound 178. The synthetic approach had proved to be dependable as shown in the 

previous reactions hence it was decided that there was no need to change a winning formula half 

way through the game. The reaction was carried out in the presence of molecular sieves as a 

dehydrating agent, preventing the hydrolysis of the imine intermediate. Reductive amination 

reactions are generally slow, therefore the reaction was allowed to proceed for 48 hours. The 

reaction was repeated a few times so as to increase the quantity of material before proceeding 

further and it was shown to be reproducible. TLC analysis of the reaction mixture showed 

formation of two new products, with one product being significantly more polar than the other. 

The products were purified and separated by column chromatography, giving a combined best 

yield of 78%. 
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Scheme 83: Sodium triacetoxyborohydride, 1,2-dichloroethane, r.t., 2 d, 78% 

The specific optical rotation for compound 178, with the higher Rf value was determined to be 

- 11.1 in chloroform when the concentration was 1.0 g/100 ml which is significantly different from 

the literature value of -33.5.63 An optical rotation of -16.6 (c 0.87) was measured for compound 

177, with the lower Rf value, which was still much lower than the expected literature value. These 

results were puzzling considering the fact that no racemisation of the precursors had been 

observed up to this point, even when the reductive amination procedure was employed for the 

synthesis of compound 161 and compound 171. Where racemisation had been observed sufficient 

care was taken to exclude the undesirable epimers from the synthesis by changing the synthetic 

approach.  

The characteristic NH signal was not detectable in the IR spectrum, despite the positive response 

for amines when the TLC was stained in ninhydrin for both compounds. NMR spectroscopic 

analysis of the recovered compounds confirmed formation of new products because the observed 

chemical shifts were neither for the starting amine, aldehyde nor for the alcohol. Comparative 

analysis of the 1H NMR spectra for the two compounds shown in Figure 29 revealed the main 

difference between the two compounds to be for the H-7 protons. They were observed as a set 

of doublets of doublets at ɻ 2.72 ( J = 13.7, 6.3 Hz) and ɻ 2.60 ( J = 13.7, 4.6 Hz) for compound 178, 

whilst for compound 177 ŀ ƳǳƭǘƛǇƭŜǘ ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ʵ нΦтт ς 2.63. The observed chemical 

shifts for both compounds are in the expected region for protons attached to a carbon atom 

carrying N and the remaining signals were not significantly different.  
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Figure 29: Stacked 1H NMR spectra for compound 177 and compound 178 

However, marked differences were observed between the chemical shifts of the two recovered 

products in the 13C NMR spectra as shown in Table 4. The greatest difference observed was 

between the C-т ǎƛƎƴŀƭǎ ǿƘŜǊŜōȅ ǘƘŜ ǎƛƎƴŀƭ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƻǿƴŦƛŜƭŘ ŀǘ ʵ снΦпΣ ŀ ǾŀƭǳŜ 

uncharacteristic for CN carbon signals, for compound 178 and at ɻ  54.2 for compound 177. 

Comparison of the experimental data with the literature values showed that compound 177 was 

the desired compound because the rest of the other signals were as expected.63 It is not clear why 

the specific optical rotation was lower than expected, as all other experimental data supported 

the structure for compound 177. All the experimental results presented a new challenge of fully 

identifying compound 178 and establishing why it was being formed. 

Table 4: A comparison for 13C NMR shifts for compound 177 and compound 178 

 C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 

Compound 177 - ɻ  19.9 98.7 29.9 68.2 32.1 67.3 54.2 67.2 

Compound 178 - ɻ  20.0 98.3 30.2 69.0 32.6 68.6 62.4 67.6 
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Mass spectrometric analysis also confirmed the expected mass of the desired compound 177 to 

be 818.4421 (M+H)+. Analysis of the fragmentation pattern for compound 178 showed the 

expected base peak of the desired mass 818.4407 (M+H)+, along with other fragments which could 

not be explicitly identified. From these results it was evident that nitrogen was bonded or 

coordinated to another atom. Predictive 13C NMR spectroscopic data suggested that the nitrogen 

in compound 178 was attached to a boron atom and this hypothesis was loosely supported by the 

HRMS results. High Resolution ESI-MS showed two major fragments, one for the expected 

molecular weight of the desired compound 177, 818.4407 (M+H)+, plus a second fragment with a 

mass of 846.4720 (M+H)+. The difference between the two masses is equivalent to the molecular 

mass of a B2H6 fragment, agreeing with what was suggested by predictive 13C NMR data. To 

eliminate the possibility that the nitrogen was attached to a metal, a sample of compound 178 

was treated with TMEDA for two days. The recovered product was analysed using NMR 

spectroscopy but there was no observable change in the chemical shift of the C-7 carbon signal. 

From this point onwards, the two compounds were treated separately towards the synthesis of 

pavettamine. 

Removal of the trityl groups on compound 177 was not as trivial as expected and the recovery of 

the free alcohol was nearly impossible. Despite the considerable number of deprotection 

procedures available, only a few methods were applicable for this substrate because the rest 

would have deprotected the acetonide groups as well. The first attempt employed hydrogenation, 

but the desired product was not recovered even after increasing the pressure to 5 atm. All the 

other reaction conditions employing the use of CAN, ZnBr2, ZnCl2, NaHSO4.SiO2 etc., did not avail 

the trityl-deprotected alcohol. Successful deprotection was only achieved under Birch reduction 

conditions, as shown in Scheme 84. 

 
 

 

177  179 

Scheme 84: Na, NH3, THF, -60 °C, 1 h 

Unfortunately, compound 179 was recovered in minute quantities despite recovering quantitative 

yields of the trityl alcohol side product. The high polarity of the product contributed to the 

difficulty of the recovery process regardless of the absence of aqueous media during workup. Even 
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though the precipitate recovered after quenching the reaction with solid NH4Cl was washed with 

copious amounts of DCM the desired compound could not be recovered in meaningful yields. The 

experiment was repeated three times, varying the workup conditions, but only the trityl side 

product was recovered. 

It was evident that the deprotection step proceeded successfully but the desired product was 

unrecoverable from the reaction matrix. NMR spectroscopic analysis revealed the desired signals 

plus the presence of other side products. Instead of attempting to isolate compound 179, the 

crude mixture was treated with tosyl chloride in the presence of base (Scheme 85). The reasoning 

behind this strategy was that the alcohol groups on compound 179 would be tosylated, yielding 

the less polar compound 180. Indeed the approach yielded promising results, but the best 

recoverable yield from this procedure was only 28%. Structure confirmation was achieved by NMR 

spectroscopic analysis. 1H NMR spectrum showed aromatic signals as multiplets at  ɻ7.82 ς 7.74 

(m, 4H), 7.74 ς 7.62 (m, 2H) and 7.38 ς 7.15 (m, 6H). The total number of aromatic protons indicate 

that tosylation had occurred on both the alcohol groups and the nitrogen atom. After three failed 

attempts of improving the yield, it was evident that a different trityl-deprotection approach would 

be more appropriate. Due to the low quantities of the product no further transformations were 

performed on compound 180 

 
 

 

179  180 

Scheme 85: TsCl, DMAP, DCM, r.t., 24 h, 28%  

In an attempt to determine the nature of the moiety attached to the central nitrogen atom of 

compound 178, the substrate was subjected to subsequent reactions with the assumption that 

the group would either fall off or would be transformed into a group that could be easily removed. 

Compound 178 was subjected to trityl deprotection using previously described methods as shown 

in Scheme 86. The desired product was recovered in a dismal yield of 35% despite quantitative 

yields of the trityl alcohol side product being recovered as well. This suggested that product losses 

were incurred during work up and purification of the reaction due to the high polarity of the 

compound, or that the compound decomposed in the process. The same recovery problems were 

encountered in the synthesis of the enantiomer compound 172 and compound 179. 
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178  181 

Scheme 86: Na, liquid NH3, THF, -60 °C, 1 h, 35% 

The broad peak indicative of OH was visible at 3421 cm-1 in the IR spectrum, and confirmed the 

successful removal of the trityl groups. 1H NMR spectroscopy revealed complete disappearance 

of aromatic signals, whilst the H-у ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǎ ŀ ƳǳƭǘƛǇƭŜǘ ŀǘ ʵ оΦср ς 3.45 and the H-7 

ǎƛƎƴŀƭǎ ǿŜǊŜ ŀǘ ʵ 2.88 ς 2Φсо ŀƴŘ ʵ 2.61 ς 2.48 as two multiplets overlapping with the alcohol 

peaks. In the 13C NMR spectrum the C-у ǎƛƎƴŀƭ ǿŀǎ ŀǘ ʵ 66.0 and a slight change in the chemical 

shift was observed for C-т ŦǊƻƳ ʵ снΦп ǘƻ ʵ 61.8 for compound 181. The group attached to the 

amine was still intact and it is also critical to mention that there were no extra carbon or proton 

signals observed, which eliminated the possibility of alkylation of the amine being responsible for 

the anomalous results. From here onward, the yields were calculated based on measured mass. 

 
 

 

181  182 

Scheme 87: TsCl, DMAP, DCM, r.t., 24 h, 98% 

The primary alcohols of 181 were tosylated as shown in Scheme 87 in preparation for the 

nucleophilic substitution reaction with azide. As expected, the reaction proceeded without any 

hindrance and a quantitative yield of the tosylated product 182 was recovered. A new set of 

aromatic signals was observed in the 1H NMR spectrum representative of the tosyl group as 

ŘƻǳōƭŜǘǎ ŀǘ ʵ тΦту όJ Ґ тΦу IȊύ ŀƴŘ ʵ тΦоп όJ = 8.3 Hz). A single tosyl-methyl singlet was evident at 

 ɻ2.44 and the H-7 signals were observed as a doublet of doublet ɻ 2.66 (J = 13.5, 5.9 Hz) and a 

multiplet at ɻ  2.59 ς 2.47. The 13C NMR spectrum also showed a single set of aromatic signals at  ɻ

145.0, 132.9, 129.9 and 128.0 and the methyl signal from the tosyl groups was observed at  ɻ21.6. 

From the NMR spectroscopic analysis it is evident that tosylation only occurred on the alcohols 

and not on the amine suggesting that the group attached to the nitrogen had not been displaced 

by the tosyl group. 
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Subsequent nucleophilic substitution of the tosylated product with the azide (Scheme 88) made 

way for the introduction of the amine functionality at the terminal carbon atoms. The reaction 

proceeded as expected, however a low yield of 48% was recovered after work up. Removal of 

DMF by repeatedly washing with a saturated brine solution could have resulted in azide 183 

dissolving in the aqueous layer. The group attached to the amine could have increased the polarity 

of the desired product, increasing the chances of the product being extracted into the aqueous 

layer. 

 
 

 

182  183 

Scheme 88: NaN3; DMF, 95 °C, 4 h, 48% 

There was no indication of aromatic signals or the tosyl methyl signal in the 1H NMR spectrum, 

confirming the success of the substitution reaction. There was an observable change in the 

chemical shift of the H-8 proton signals from a multiplet at ɻ  4.03 ς 3.87 for compound 182, to a 

more upfield chemical shift value of ɻ 3.23 as a doublet with a coupling constant of 5.1 Hz for 

azide 183. For the 13C NMR spectroscopic analysis, just as for the 1H NMR spectrum, no aromatic 

signals were detected. The C-8 peak had migrated from ɻ 72.4 for the precursor molecule to ɻ 

55.1 for compound 183. The observed change in the chemical shift is indicative of a heteroatom 

change from O to N at the C-8 carbon centre. 

During the course of this research, the acetonide group had been removed under hydrogenation 

conditions on two separate occasions, under both acidic and neutral conditions. An assumption 

was made that the same outcome was going to be achieved in the experiment shown in Scheme 

89. However, only the azide was reduced under neutral conditions, while the acetonide groups 

remained intact, to our disappointment. The reasoning behind this approach was that if the 

reduction and the removal of the acetonide groups could occur under hydrogenation conditions 

the desired product could be easily isolated in neutral form. All the by-products could then be 

removed by either filtration, or by evaporation under reduced pressure, allowing for the recovery 

of the desired product under neutral conditions. Acidic hydrogenation conditions did not furnish 

the desired product either. 



Chapter 2: Results and Discussion 

110 
 

 
 

 

183  184 

Scheme 89: 10% Pd/C, H2, ethanol, 5 atm, r.t., 5 h, quantitative 

NMR spectroscopic analysis showed that the acetonide group was still present. In the 1H NMR 

spectrum the acetonide methyl group peaks were overlapping with the H-5 proton signals at ɻ 

1.51 ς 0.82. Surprisingly, the C-2 signal was at ɻ 100. 6 but as shown by Rychnovsky et al.69 and 

the results for this work the chemical shift for the C-2 signal is expected to appear under 100 ppm 

in the 13C NMR spectrum. However, the C-1 and C-3 signals were at ɻ 20.2 and ɻ 30.4 characteristic 

for a 1,3-syn-diol. The only explanation that can be offered at this point is that the group attached 

on the central nitrogen atom might have an influence on the chemical shift of C-2. The chemical 

shifts for C-1 and C-3 confirmed integrity of the relative chemistry of the diols which eliminated 

the possibility of the presence of an anti relative stereochemistry. The C-8 signal was observed at 

 ɻ44.8 from ɻ  55.1 which shows that the reduction of the azide group had been successful. The 

chemical shift of the C-7 signal had not changed whilst the rest of the signals were as expected. 

Based on the NMR spectroscopic results it was evident that acetonide deprotection, once the 1,3-

diol moiety with a C-2 symmetry has been introduced, was proving to be a challenge again. Based 

on the results from the synthesis of pavettamine and its enantiomer it is safe to conclude that 

once the terminal amines have been introduced, removal of the acetonide group becomes 

increasingly difficult.  

Compound 184 was subjected to two different protocols in an attempt to recover pavettamine in 

neutral form. The first attempt involved hydrolysis with catalytic amounts of acid as shown in 

Scheme 90 but despite extended reaction time and slightly elevated temperatures only the 

starting material was recovered. The second option was a longer route involving benzyl protection 

of the primary amines to give compound 185. The crude product would be subjected to stepwise 

deprotection beginning with the acetonide but, unfortunately, the reaction was not successful. 

The product decomposed and only the benzyl signals were evident after NMR spectroscopic 

analysis. It was becoming increasingly obvious that once the dimer has been synthesised, the 

acetonide groups need to be removed before introduction of the amine groups, otherwise harsher 

conditions would be required or the acetonide groups could not be removed.  
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Scheme 90: Attempted deprotection of compound 184 

At this stage of the project with potential pavettamine in hand, efforts shifted focus to the 

synthesis of the reduced functionality analogues. By now, methods for the synthesis of 

pavettamine and its enantiomer had been developed and could be modified for the syntheses of 

the analogues. 
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2.4 Synthesis of the reduced functionality analogues.  

For a structure and activity study of pavettamine there is a need to synthesise reduced 

functionality analogues. The targeted reduced functionality analogues comprised of one hydroxyl 

group on the C-5 backbone, and the synthesis incorporated synthetic methods already described 

in this project in sections 2.2 and 2.3. The synthesis was first broken down into preparation of four 

target fragments all possessing a hydroxyl mono-substituted C-5 linker, with an R configuration at 

the stereogenic centre from the same starting material (Figure 30). All of the compounds 187, 

188, 189 and 190 could be easily synthesised from the same starting material, which in turn would 

significantly reduce the number of synthetic steps. It was envisioned that once the fragments had 

been synthesised, coupling to form the polyamines with the C-10 pavettamine backbone would 

easily be accomplished via reductive amination. Given the difficulty associated with deprotection 

of amines and alcohols once the C-10 pavettamine backbone was unveiled, benzyl protection was 

chosen for both amines and alcohols. It would allow for the simultaneous deprotection of the 

amines and the alcohols in a single step, revealing the desired compounds. 

 
 

 
 

187 188 189 190 

Figure 30: Reduced functionality fragments 

Methyl-4-chlorobutyrate 191 was initially chosen as a suitable starting material because it allowed 

for the sequential functionalisation towards the reduced functionality fragments. The chloride 

group could be easily substituted with either an azide group, which would be reduced to unveil 

the desired amine, or substituted with the hydroxyl group, which would be oxidised to reveal the 

aldehyde. The ester functionality acted as a handle for the addition of the chiral sulfoxide auxiliary, 

which would be used for chiral induction during the reduction of the carbonyl group. As already 

discussed, the sulfoxide group would allow for further functionalisation of the molecule. 

The initial step involved addition of R-methyl-p-tolylsulfoxide 137 to methyl-4-chlorobutyrate 191 

at -40 °C and the rest of the experiment was carried out as previously described (Scheme 91). TLC 

analysis showed formation of a new product but the spot was co-eluting with the sulfoxide spot. 

Varying the mobile phases did not result in any change, which meant that purification of the 

desired product yielded compound 192 as a white solid in a very low yield of 14%, with a melting 
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point of 116 ς 117 °C. The low yield could also be as a result of the acidic H-1 protons which could 

potentially react with the excess base present. An intramolecular reaction would ensue whereby 

the generated anion would attack the electrophilic C-5 carbon, resulting in formation of another 

product. HRMS confirmed the presence of the desired product with a measured mass of 258.0558, 

as expected. IR spectroscopy showed the characteristic aromatic C=C-H signal at 3016 cm-1 

indicating the successful addition of the sulfoxide. 

 
 

 

 

 
 

191  192  193 

Scheme 91: a) R-methyl-p-tolyl sulfoxide, LDA, THF, -78 °C ς r.t., 2 h, 14%; b) NaN3, DMF, 95 °C, 
4 h, 16% 

In the 1H NMR spectrum of the chlorinated sulfoxide 192, the aromatic protons from the sulfoxide 

ƎǊƻǳǇ ŀǇǇŜŀǊŜŘ ŀǎ ǘǿƻ ŘƻǳōƭŜǘǎ ŀǘ ʵ тΦро όJ = 8.3 Hz) and ɻ  7.35 (J = 8.0 Hz) whilst the methyl 

singlet from the tolyl group was at ɻ 2.42. The set of doublets indicative of the H-1 protons showed 

strong second order effects and the signals were visible at ɻ 3.86 (J = 13.3 Hz) and ɻ 3.79 (J = 13.3 

Hz). The rest of the signals were as expected. Aromatic signals were observed at  ɻ142.3, 139.5, 

130.2 and 124.0 whilst the tosyl methyl carbon peak was at  ɻ21.5 in the 13C NMR spectrum, 

confirming the success of the sulfoxide addition. The characteristic carbonyl peak was in the 

expected range at ɻ 200.4. 

Despite the dismal yields, compound 192 was subjected to nucleophilic substitution with sodium 

azide under reflux, and compound 194 was recovered in a poor yield of 16%. After purification, 

apart from the desired product, a significant number of side products which could not be 

identified, together with a sulfoxide side product were recovered, but no starting material was 

observed. NMR spectroscopy was used to confirm the identity of azide 194. There was a slight 

upfield shift in the 1H NMR spectrum for the H-5 triplet signal, from ɻ 3.51 to ɻ  3.26 for azide 194, 

with a coupling constant of 6.6 Hz. The set of doublets previously observed for the H-1 protons 

was now a singlet at ɻ 3.61. In the 13C NMR spectrum the expected change in chemical shift for 

the C-5 signal, because of the heteroatom change, was observed from  ɻ43.9 for compound 193 

to  ɻ44.5 for compound 194. However, the biggest chemical shift change observed was for the C-

1 signal, from  ɻ67.9 to ɻ  44.5, but the reason for the huge shift is not very clear given the fact 

that the heteroatom change occurred 4-bonds away. The only explanation that can be offered is 
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that there is a conformational arrangement change which causes the C-1 to be in a shielded zone 

perhaps of the newly-installed azide functional group.  

Instead of pursuing this approach and attempting to optimise yields, an alternative route was 

chosen at this early stage. For the new synthetic route, ằ-butyrolactone 194 was used as the 

starting ester for the addition of the sulfoxide auxiliary as shown in Scheme 92. Alternatively, ring 

opening of the lactone under basic conditions can occur first in a separate step. The recovered 

carboxylate salt is subjected to methylation revealing the ester followed by the addition of the 

sulfoxide auxiliary.176 For this work, however, the ring opening of ằ-butyrolactone 194 and 

sulfoxide addition to reveal compound 195 was achieved in a single step, with recoverable yields 

of approximately 63% (Scheme 92). The reaction yield was probably higher, but the sulfoxide and 

compound 195 have similar Rf values, complicating the recovery process to the extent that even 

gradient elution could not completely separate the two compounds. 

                  

       

+ 

 
 

 

194  137  195 

Scheme 92: LDA, THF, -78 °C ς r.t., 2.5 h, 63% 

Despite the difficulty in product isolation, reasonable product yields were recovered. 

Confirmation of the product identity was achieved firstly by the broad OH signal at 3392 cm-1, and 

the carbonyl signal at 1710 cm-1 in the IR spectrum. The 1H NMR spectrum showed the aromatic 

tosyl protons as two multiplets, due to slight contamination with residual methyl p-tolylsulfoxide, 

at ɻ  7.58 ς 7.49 and ɻ  7.37 ς 7.27, giving rise to a total integration of four protons. The tosylmethyl 

singlet was visible at ɻ 2.40, integrating for three protons. A broad singlet peak for the alcohol 

group was at ɻ 5.58 and the remaining signals were as expected. In the 13C NMR spectrum the 

aromatic signals from the di-substituted tosyl ring were at ɻ 142.2, ɻ  141.9,  ɻ124.1 and  ɻ124.0, 

and the tosyl-methyl peak (C-6) was observed at ɻ 21.4. The characteristic carbonyl carbon signal 

was at ɻ  202.2 whilst the C-1 and C-5 signals were at ɻ 67.8 and ɻ  68.3, respectively. 

The primary alcohol of 195 was TBS protected (Scheme 93) yielding compound 196 in a poor yield 

of 50% as a viscous oil, probably as a result of the presence of side products carried through from 

the previous reaction. However, because of the orthogonal protection requirements of the 
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alcohol and amine groups for this synthetic route, there were limited options of compatible 

groups, forcing the use of the TBS group. IR spectroscopic analysis showed the disappearance of 

the broad OH peak previously seen at 3392 cm-1. The HRMS data confirmed the desired mass to 

be 355.1754 as the (M+H)+ ion. 

 

 

 

195  196 

Scheme 93: TBSCl, imidazole, DMAP, r.t., overnight, 50% 

The newly added TBS tert-butyl proton signals were observed at  ɻ0.87 as a singlet integrating for 

nine protons, and the dimethyl signal was also a singlet at  ɻ0.02 integrating for six hydrogens. An 

interesting observation was noted for the H-1 proton signal as shown in Figure 31. The peak looks 

like a quartet but measuring the coupling constants shows that there are two doublets with a 

coupling constant of 13.6 Hz exhibiting strong second order effects because of the diastereotopic 

nature of the H-1 protons. In the 13C NMR spectrum the TBS tert-butyl signal was at ɻ 25.9, the 

TBS-quaternary carbon signal at ɻ 18.3 and the remaining TBS-Si(CH3) at ɻ  -5.4. The rest of the 

remaining signals were as expected. 

 

Figure 31: 1H NMR spectrum for compound 196 

The TBS protected alcohol was subsequently subjected to chelation controlled stereo-selective 

reduction, using DIBALH as the reducing agent (Scheme 94), giving the alcohol 197 in an excellent 
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yield of 95%. Scaling up the reaction from a gram to 5.00 g reduced the average yield to 67% and 

therefore, the reductions were not performed on a scale greater than 1.00 g. The optical rotation 

of the product was measured to be +115.0°, when the concentration was 1.0 g/100 ml in 

chloroform, showing that at least the recovered product was not a racemic mixture. A broad peak 

evident at 3337 cm-1 in the IR spectrum signified the presence of an alcohol in the recovered 

compound. 

 
 

 

196  197 

Scheme 94: i) ZnCl2, r.t., 2 h; ii) DIBALH, THF, -78 °C ς r.t., 2 h, 95% 

1H NMR spectroscopic analysis was performed, to confirm whether the observed alcohol signal 

was as a result of TBS deprotection, or a successful reduction procedure. The spectrum showed 

the presence of the TBS signals at  ɻ0.89 as a singlet integrating for nine protons, and overlapping 

singlets at ɻ 0.050 and ɻ 0.052 integrating for six protons. The newly revealed multiplet signal for 

the H-2 proton was evident at ɻ 4.21 ς 4.08 and a doublet was observed for the OH signal at  ɻ

4.24 (J = 2.3 Hz). The COSY NMR spectrum showed that the doublet was as a result of the OH 

coupling with the H-2 proton. The H-1 signals were now a set of doublets of doublets at  ɻ3.03 (J 

= 13.1, 8.8 Hz), and at ɻ 2.78 (J = 13.0, 3.1 Hz). In the 13C NMR spectrum the carbonyl signal for C-

2 had been replaced by a signal at  ɻ68.1 signifying a carbon atom attached to oxygen, and the 

remaining signals were just as expected. 

After the selective reduction of compound 196 had been achieved, the next step involved benzyl 

protection of the secondary alcohol using benzyl bromide, as shown in Scheme 95. Before settling 

on NaH as the preferred base, other milder bases such as K2CO3 under reflux were employed to 

no avail, as only the starting material was recovered. Employing NaH at room temperature gave 

rise to the elimination products 198 and 199 together with 26% of the desired product 200. 
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Scheme 95: 1. NaH, BnBr, THF, r.t. 12 h,  26% yield for compound 200; 2. NaH, BnBr, THF, 0 °C, 
96% for compound 200 

The identity of the elimination products was confirmed by 1H NMR spectroscopy, firstly by the 

presence of the alkenyl protons in the expected range. In general, the trans isomer olefinic 

protons are more deshielded than for the cis isomer. Unfortunately coupling constants of the H-4 

signals of the isomers could not be used for cis-trans assignment because they were not clearly 

resolved. Therefore, compound 198 was assigned to be the trans isomer because the H-4 signal 

was more downfield at ɻ 5.87 ς 5.72, and compound 199 to be the cis isomer because the H-4 

signal was more upfield at ɻ 5.65 ς 5.61. The elimination mechanism is not clear but it is suspected 

that elimination occurs on the desired product 200. The recovered alkenes were not the expected 

elimination products. The H-5 protons for compound 200 are susceptible to deprotonation by 

virtue of being h  to an electropositive carbon atom whilst the OBn becomes a leaving group. This 

should result in an elimination product with conjugation to the S=O bond however, it was 

therefore surprising not to recover an alkene conjugated to S=O. As already mentioned the reason 

behind this outcome is not clear at this stage. The olefinic carbon assignments were confirmed by 

HSQC NMR spectroscopy as shown in Figure 32. 

Table 5: 1H and 13C NMR spectroscopic chemical shifts for compound 198 and compound 199 

 H-3 H-4 C-3 C-4 

Compound 198  ɻ5.44 ς 5.27  ɻ5.87 ς 5.72  ɻ117.6  ɻ135.1 

Compound 199  ɻ5.42 ς 5.27  ɻ5.65 ς 5.51  ɻ118.8  ɻ136.8 
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The HRMS results for the two isomers were similar as expected, 339.1807 (M+H)+ for compound 

198 and 339.1814 (M+H)+ for compound 199, both with a calculated mass of 339.1809 but the 

specific optical rotation for the two isomers was significantly different. The trans-isomer was not 

pure because of co-elution problems with an unidentified side product, and the measured specific 

optical rotation value was +29.8 (c 2.05) in chloroform. The cis-isomer was recovered in pure form, 

therefore the specific optical rotation value is more accurate, and it was measured to be +1.90 (c 

2.10) in chloroform. The elimination of the alcohol group meant that the recovered products were 

no longer of any use in the synthesis of the desired compounds. 

 

Figure 32: HSQC NMR spectrum for compound 199 

A modified reaction was carried out at 0 °C on a one-gram scale. The desired product 200, was 

recovered in an excellent yield of 96%, as a colourless oil with a measured specific optical rotation 

of +85.2 (c 0.56) indicating optical activity. There was a marked increase in the integration of 

aromatic protons to nine hydrogens, the total sum of the benzyl and the tosyl group protons, in 

the 1H NMR spectrum. The fact that the benzylic protons are 2 bonds away from a stereogenic 

centre means that they are chemically equivalent by virtue of being attached to the same carbon 

atom but not magnetically equivalent because they couple differently to the H-2 proton. This 

effect gives rise to the second order coupling observed in the 1H NMR spectrum for the benzylic 

ǇǊƻǘƻƴǎ ŀǘ ʵ пΦоу ŀƴŘ ʵ пΦпу ŀǎ two sets of doublets with a coupling constant of 11.5 Hz. The 
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benzylic carbon ǎƛƎƴŀƭ ǿŀǎ ŀǘ ʵ тлΦу in the 13C NMR spectrum and the rest of the signals were as 

expected. 

The successful synthesis of the benzyl protected alcohol 200, provided a common starting material 

for all the reduced functionality fragments. Thus, work began on the synthesis of the target 

fragments beginning with compound 187 and compound 188 (Figure 30). In order to achieve this 

the TBS group was removed revealing the primary alcohol, to give compound 201. The product 

was subsequently mesylated to compound 202 (Scheme 96) prior to a nucleophilic substitution 

with benzylamine. Mesylates have two advantages over tosylates, namely; stability against 

hydrolysis and reduced steric hindrance for a nucleophilic attack by benzylamine.  

 

 

 

 

 

200  201  202 

Scheme 96: a) TBAF, THF, 0 °C, 4 h, 71%; b) MsCl, Et3N, DCM, 0 °C ς r.t., overnight, 82% 

A broad signal for OH at 3395 cm-1 in the IR spectrum confirmed the successful removal of the TBS 

group, revealing the primary alcohol in compound 201. Both the 1H and 13C NMR spectra showed 

the disappearance of the TBS signals, confirming the success of the deprotection step. Successful 

synthesis of compound 202 was confirmed by HRMS with a measured mass of 411.1295 (M+H)+, 

and the IR spectrum showed the disappearance of the broad alcohol signal previously visible at 

3395 cm-1. In the 1H NMR spectrum, the new methyl singlet signal from the mesylate group was 

at ɻ  2.98, whilst the carbon signal for this group was at  ɻ24.9 in the 13C NMR spectrum. 

Once the mesylate had been synthesised, it was subjected to a nucleophilic substitution reaction 

with benzylamine, as shown in Scheme 97. The reaction was left stirring for 2 days, but only 22% 

of the desired product was recovered. Change of the solvent to DCM, and increasing the 

temperature to 50 °C did not increase the yield of the desired product. Confirmation of the 

product was done by NMR spectroscopy and HRMS, with a measured mass of 422.2148 (M+H)+ 

observed when compared to a calculated mass of 422.2149. The 1H NMR spectrum showed the 

total disappearance of the mesylate methyl signal and an increase in the aromatic protons with a 

total integration of fourteen at ɻ 7.52 ς 7.45 (m, 2H) and ɻ 7.40 ς 7.21 (m, 12H). The O-benzylic 

protons were observed at ɻ 4.50 ς 4.34, whilst the N-benzylic protons were observed as a singlet 
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at ɻ  3.82. The corresponding carbon signals were evident at  ɻ70.9 and ɻ 53.6, respectively, in the 

13C NMR spectrum and the rest of the signals were as expected. 

 
 

 

202  203 

Scheme 97: Benzylamine, THF, r.t., 2 d, 22% 

Due to the problematic nature of further transformations on 203 and the low yielding nature of 

the amination of compound 202, the synthetic approach was abandoned and a different synthetic 

route chosen. A route that would afford all the desired fragments was chosen. Synthesis began by 

transformation of compound 200 to the aldehyde via the Pummerer rearrangement (Scheme 98). 

The desired compound 204, was recovered in a crude yield of 88% because purification by column 

chromatography did not separate all the undesired sulfoxide side products. The specific optical 

rotation of the aldehyde was measured to be +27.4 in chloroform when the concentration was 

0.53 g/100 ml, and the carbonyl signal was evident at 1735 cm-1 in the IR spectrum.  

 
 

 

200  204 

Scheme 98: i) TFAA, 2,4,6-collidine, MeCN, 0 °C, 30 min; ii) H2O, K2CO3, r.t., 1 h, 88% 

From NMR spectroscopic analysis it was evident that the sulfoxide side product and residual 2,4,6-

collidine were still present as contaminants even after purification. However, only the signals for 

the desired compound are reported in the experimental section. The aldehyde signal was 

observed as a doublet at  ɻ9.64 (J = 2.0 Hz) in the 1H NMR spectrum. The observed multiplicity 

was as a result of the H-1 proton coupling with the H-2 proton, and this relationship was confirmed 

by COSY NMR spectroscopy. The aldehydic carbon signal was observed at  ɻ203.5 and there was 

no extra C-O signal which would have suggested partial TBS deprotection. HRMS results also 

confirmed the desired mass of the product to be 323.2036 (M+H)+ with a molecular formula of 

C18H30O3Si and a calculated mass of 323.2037. 

Despite the aldehyde not being pure, the compound was subjected to a reductive amination 

procedure as a way of introducing the amine functionality to the C-1 carbon as shown in Scheme 
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99. It was hoped that the unwanted side products would either be separable from the benzylated 

amine or converted to other more easily separable products. The experiment proceeded as 

expected, but unfortunately TBS deprotection was also observed and alcohol 205 was recovered 

in a low yield of 44%. The high polarity of the compound added to loss in product yield due to 

purification difficulty, as a high polarity mobile phase of CHCl3/MeOH (4:1) was used for column 

chromatography. Reasons behind the unexpected deprotection of the TBS group could not be 

established, because the reaction conditions employed are not known to result in the 

deprotection of the TBS group. The presence of the side products from the previous reaction 

might have contributed to the formation of compound 205. 

 

 
 

204  205 

Scheme 99: Benzylamine, NaBH(OAc)3, 1,2-DCE, N2, r.t., 18 h, 44% 

Confirmation of the structure was achieved by NMR spectroscopy. Firstly, in the 1H NMR 

spectrum, there was no evidence of the TBS signals, but there was an extra methyl signal at  ɻ2.41 

integrating for three protons, likely to be the sulfoxide side product from the Pummerer 

rearrangement (Scheme 98) being carried through. The integration for the aromatic protons 

showed more protons than expected suggesting the presence of the tosyl side product, which was 

still not separable by column chromatography. Apart from the unexpected signals from the 

contaminants, the H-1 signal for compound 205 was observed as a triplet at ɻ 3.58 with a coupling 

constant of 6.2 Hz. The H-4 signal was evident at ɻ 4.03 (J = 5.2 Hz) as a pentet, whilst the two sets 

of doublets of doublets for the H-5 protons were at ɻ  3.46 (J = 14.6, 5.9 Hz) and ɻ 3.22 (J = 14.5, 

5.1 Hz). Unfortunately, the broad signals expected from both the OH and the NH protons were 

not visible in the spectrum. Mass spectrometry also showed the presence of the recovered alcohol 

with a measured mass of 300.1958 (M+H)+ and a molecular formular of C19H26NO2 when the 

calculated mass was 300.1958. 

In the 13C NMR spectrum the C-1, O-CH2 and C-4 signals were at ɻ 62.3, ɻ  71.4 and ɻ  73.4 

respectively, whilst the C-5 and N-CH2 signals were at  ɻ43.7 and ɻ  60.6. Assignment of all the 

signals was possible by analysis of the 2D NMR spectra obtained from COSY and HSQC 

experiments. The resultant alcohol was tosylated as before as shown in Scheme 100. The 
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recovered material after purification suggested a mixture of products, where tosylation had 

occurred on both the alcohol and the amine groups for 206, the desired product 207 and residual 

tosyl chloride. The product recovered from further transformation of the mixture supported this 

suggestion. 

 
 

 
+ 

 

205  206  207 

Scheme 100: TsCl, DMAP, DCM, r.t., overnight  

Due to the small quantity of material present no further attempts were made at separating the 

mixture. Explicit characterisation of the two products could not be conclusively determined from 

NMR spectroscopic analysis. However, 2D spectroscopic analysis strongly suggested the presence 

of compound 206 and compound 207. The presence of the two products was also suggested by 

the doubling of all signals in the 13C NMR spectrum except the C-1 signal. The difference between 

the two compounds is the tosylation of the amine group therefore atoms closer to the C-5 atom 

are expected to show slightly different chemical shifts while a single signal was observed for the 

C-1 atom because it is six bonds away from N. 

The recovered products were then subjected to the nucleophilic substitution reaction as a 

mixture, because the molecular difference was not expected to have an impact on the desired 

transformation. Excess sodium azide was added to the dissolved substrates in DMF, and refluxed 

at 80 °C for up to 4 hours (Scheme 101), whilst monitoring the progress of the reaction by TLC. 

Purification afforded compound 208 as the only product and surprisingly the amine was benzyl 

deprotected. None of the expected products from the conversion of either of the starting 

materials were isolated from the reaction.  

There is no precedent to the observed results and it is not clear whether both 206 and 207 were 

converted to azide 208. A possibility is that the substitution might have occurred on both 

substrates but the azide formed from 207 might have been benzyl deprotected during the reaction 

and the resulting amine lost to the aqueous layer during rigorous aqueous workup due to the high 

polarity of amines. Azide 208 was recoverable because the amine was tosylated which reduced 

polarity. Benzyl deprotection had definitely occurred during the nucleophilic substitution reaction 

with the azide because the precursor showed the presence of the N-benzyl group. An azide signal 
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was observed at 2094 cm-1 in the IR spectrum for the recovered product but unfortunately 

compound 208 was not stable enough to measure the base peak in HRMS. 
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208 
 

Scheme 101: NaN3, DMF, 80 °C, 4 h 

Structure confirmation of the recovered product was accomplished by NMR spectroscopic 

analysis. In the 1H NMR spectrum, the total integration for the aromatic protons was nine, showing 

that only a single benzyl and a single tosyl group were present. The Bn-CH2 signals were at ɻ 4.45 

(d, J = 11.4 Hz) and 4.39 (d, J = 11.4 Hz, 1H) as two doublets which almost appeared as a quartet, 

whilst the H-2 signal was a pentet at ɻ 3.99 (J = 5.5 Hz). A doublet of doublets signal for a single 

H-1 proton was observed at ɻ 3.45 with coupling constants of 14.6 Hz and 5.5 Hz. The remaining 

H-1 signal overlapped with the H-5 signal and the multiplet was evident at ɻ 3.25 ς 3.15. As has 

been the case up to this point, the multiplet signal for the H-3 and H-4 protons was at ɻ 1.83 ς 

1.50. The remaining singlet signal at  ɻ2.42 integrating for three protons was for the Ts-CH3 

protons. The previously observed contaminants were not observable in the NMR spectra. 

In the 13C NMR spectrum the signals for the aromatic carbons for the benzyl and tosyl groups were 

at  ɻ144.8, ɻ  137.3, ɻ  137.0, ɻ  129.9, ɻ  128.4, ɻ  127.91,  ɻ127.88 and ɻ  127.85. The previously 

observed doubling of signals in the spectrum was not visible, confirming that only one compound 

had been recovered. The C-2 signal was at ɻ 72.9, whilst the Bn-CH2 signal was at ɻ 71.4. A 

significant deshielding effect was being experienced by the C-1 carbon, because the signal was at 

 ɻ60.6, which is further downfield than the usually expected range for a C-N signal. The C-5 signal 

was observed in the characteristic region for C-N carbon signals at ɻ 51.1. All assignments were 

done using 2D NMR spectroscopy and DEPT135 experiments. 

Following the successful synthesis of the azide 208, the product was subjected to a reduction 

procedure using LiAlH4, but unfortunately the desired product was not recovered. The recovered 

material could not be fully characterised. Had the procedure been successful, compound 209 
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would have been the N-tosylated equivalent of compound 189 which could have been easily 

converted to compound 187.  

 
 

 

208  209 

Scheme 102: LiAlH4, Et2O, N2, r.t., overnight 

Alcohol 205 was then subjected to oxidation in an attempt to recover fragment 190. Synthesis of 

the aldehyde 190 involved treating alcohol 205 with DMP as the oxidant in DCM at room 

temperature (Scheme 103). The reaction was monitored by TLC analysis and total consumption 

of the starting material was observed after 7 hours, but workup of the reaction did not yield the 

desired product 190. A crude NMR spectroscopic analysis was performed but the spectrum was 

not conclusive and the characteristic aldehyde signal was not observed. The unexpected results 

were probably as a result of a possible intermolecular reaction between the aldehyde as it forms 

and the secondary amine. Possible solutions to circumvent the observed problem are to either 

reduce the reaction time or consider oxidising the alcohol to the carboxylic acid.  

 
 

 

205  190 

Scheme 103: DMP, DCM, r.t., overnight 

Given the complexity brought about by the introduction of the amine group at an early stage in 

the synthesis, the synthetic route was changed, and this time the aim was to introduce the 

terminal amine after the coupling of the two fragments to form the C-10 backbone. Since aldehyde 

204 had already been synthesised it was prudent for the amine compound of a similar substrate 

to be synthesised for coupling to form one of the reduced functionality analogues 116.  

  

204 116 

Figure 33: Structures of compound 204 and 116 
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For the synthesis of the amine, compound 200 was first subjected to the Pummerer 

rearrangement revealing the alcohol 210 which in turn was tosylated to yield compound 211 

(Scheme 104). The alcohol 210 was recovered in an average yield of 74%, and IR spectroscopy 

confirmed its formation by the presence of a signal at 3403 cm-1. The measured mass of the 

recovered product was 325.2194 (M+H)+ comparable to an expected mass of 325.2193. The 

tosylated alcohol 211 was recovered in quantitative yields. 

 
 

 
 

 

200  210  211 

Scheme 104: a) i) 2,4,6-collidine, TFAA, 0 °C, 30 min; ii) NaBH4, MeCN, r.t., 1 h, 74%; b) TsCl, 
DMAP, DCM, r.t., 12 h, quantitative yield 

In the 1H NMR spectrum of compound 210, the total integration for the aromatic protons had 

reduced to five, whilst the methyl signal for the tosyl group previously observed at  ɻ2.39 had 

disappeared. Formerly observed doublet of doublet signals for the H-1 protons were replaced by 

a set of overlapping multiplet signals for H-1 and H-5 protons at  ɻ3.64 ς 3.46. The observed 

overlapping of signals is expected because these protons are both attached to carbon atoms 

carrying oxygen, and the rest of the signals were as expected. In the 13C NMR spectrum, the tosyl 

methyl signal had disappeared as expected, whilst the C-1 signal had migrated from ɻ 62.4 to ɻ  

64.2. The greatest observed chemical shift  change was for the C-2 signal which jumped from ɻ 

73.6 to ɻ  79.5. Such a chemical shift difference is a result of the heteroatom change, since oxygen 

exerts greater deshielding effects than sulfur. 

Confirmation of the tosylated product 211 was easily achieved by conducting both IR and NMR 

spectroscopy. The broad alcohol signal previously observed at 3403 cm-1 had completely 

disappeared from the IR spectrum, and the only other change observed was in the fingerprint 

region as a result of the S=O bond. In the 1H NMR spectrum, the previously observed broad alcohol 

signal had completely disappeared, to be replaced by a new singlet at  ɻ2.43 for the tosyl methyl. 

A single doublet for the aromatic signal from the tosyl group was observed at  ɻ7.78 (J = 8.0 Hz), 

whilst the second doublet overlapped with the multiplet signal for the benzyl aromatic protons at 

 ɻ7.35 ς 7.22. The total integration for the two sets of signals was nine, as expected. The major 

changes observed in the 13C NMR spectrum were the increase in the number of aromatic signals 

as a result of the aromatic tosyl carbon atoms and the tosylmethyl carbon signal that was observed 
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at  ɻ21.6. Chemical shift changes were also observed for the remaining signals, but all were 

accounted for. 

The successful tosylation step was followed by the general facile nucleophilic substitution 

introducing the azide moiety (Scheme 105). A light brown oil, with a specific optical rotation 

of -15.4 when the concentration was 0.55 g/100 ml in chloroform, was recovered as compound 

212 in a reasonable yield of 73%. The characteristic azide signal was visible at 2097 cm-1 in the IR 

spectrum, which confirmed the success of the substitution reaction. Mass spectrometry also 

confirmed the mass to be 350.2260 (M+H)+ comparable to a calculated mass of 350.2258. 

 
 

 

211  212 

Scheme 105: NaN3, DMF, 75 °C, 4 h, 73% 

In the 1H NMR spectrum of azide 212, the previously observed doublet for the tosyl aromatic 

protons had disappeared and the total integration of the aromatic signals had reduced from nine 

to five. This is consistent with the total expected number of aromatic protons in the desired 

molecule from the benzyl group. The obvious absence of the singlet representative of the tosyl 

methyl group, also confirmed the complete substitution of the tosyl group. Unfortunately, an 

inexplicable doubling of the signals from the TBS group was observed, with the total integration 

being half the expected number of protons. The Bn-CH2 signal also showed the doubling effect 

although an integration of two as expected was observed. Only the integration of the TBS protons 

was a mismatch. This suggested that there was partial deprotection of the TBS group however; 

this theory was not supported by the IR data because no signal indicative of the alcohol group was 

observed. The second possibility is that the conformation of the molecule is restricted which gives 

rise to two observable conformers detectable by NMR spectroscopy. Probably all the other signals 

overlap except the TBS signals in the 1H NMR spectrum. The remaining signals were all observed 

as multiplets at ɻ  3.67 ς 3.56 (H-2 and H-5),  ɻ3.40 ς 3.29 (H-1) and ɻ  1.75 ς 1.51 (H-3 and H-4), 

but with the expected integration. 

The 13C NMR spectrum for compound 212 also showed doubling of all the signals. This was 

unexpected because the recovered compound only has one stereogenic centre therefore if 

racemisation occurs only enantiomers are expected. Enantiomers have the same physical 



Chapter 2: Results and Discussion 

127 
 

properties, resulting in identical chemical shifts. Doubling of signals is only expected in the event 

of diastereomers. Secondly, the compound does not possess any sp2 centres which could cause 

restricted rotation and result in rotamers, which consequently could give rise to doubling of 

signals. For illustration purposes, a portion of the 13C NMR spectrum is shown in Figure 34. Only 

the expected signals were observed in the spectrum which eliminated the possibility of the 

presence of a side product. All the other analytical tools for product characterisation had alluded 

to the presence of a single compound except NMR spectroscopy, thus complicating the 

determination of why the doubling of signals was being observed in the NMR spectra. The only 

explanation that can be offered at this point is that maybe the conformational arrangement of 

the molecule gave rise to the observed anomaly but exactly how this occurs is still unclear.  

 

Figure 34: 13C NMR spectrum for compound 212 

In an attempt to establish the nature of the observed anomaly, azide 212 was transformed into 

the corresponding amine 213. Reduction of the azide was achieved using a previously described 

method as shown in Scheme 106, and the desired amine 213 was recovered in a low yield of 14%. 

NMR spectroscopy of the recovered product indicated the same doubling of signals observed in 

the NMR spectrum for compound 212. Additional signals were also present in the spectra 

although they could not be fully identified. Due to the tailing nature of amines during TLC analysis, 
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it could not be established how many other side products were present by TLC visualisation. 

Instead of continuing with a substrate whose identity was not confirmed, the synthetic approach 

for the reduced functional analogues was reconsidered. 

 
 

 

212  213 

Scheme 106: LiAlH4, Et2O, r.t., 3 h, 14% 

Evaluation of all the results up to this point led to the conclusion that introduction of the terminal 

amines of the target compounds for this work at an early stage, coupled with the presence of the 

TBS group, gave rise to undesirable side reactions and products. To overcome this limitation, the 

synthetic route was changed, by replacing the TBS group on compound 200 with a trityl group, 

and subjecting the substrate to the same chemical transformations. Thus, the primary alcohol of 

compound 201 was trityl protected under basic conditions for 12 hours (Scheme 107). Use of 

DMAP alone failed to yield the desired product, however, success was achieved by the use of a 

combination of Et3N and a catalytic amount of DMAP, furnishing compound 214 in an excellent 

yield of 84%.  

 
 

 

201  214 

Scheme 107: TrCl, DMAP (cat), Et3N, DCM, r.t., 12 h, 84% 

The measured optical rotation of 214 was +43.1 in chloroform at a concentration 0.45 g/100 ml, 

indicating that at least the product was not a racemic mixture. The previously observed broad 

signal indicative of an alcohol had disappeared from the IR spectrum thus confirming that the 

protection of the primary alcohol had been successful. In the 1H NMR spectrum, there was a 

marked increase in the integration of the aromatic protons as a result of the added aromatic 

protons from the trityl group. The H-м ǇǊƻǘƻƴ ǎƛƎƴŀƭ ǿŀǎ ŀ ŘƛǎǘƛƴŎǘ ǘǊƛǇƭŜǘ ŀǘ ʵ оΦлтΣ ǿƛǘƘ ŀ ŎƻǳǇƭƛƴƎ 

constant of 6.1 Hz. The H-п ǇǊƻǘƻƴ ǎƛƎƴŀƭ ǿŀǎ ŀ ǇŜƴǘŜǘ ŀǘ ʵ оΦсф ǿƛǘƘ ŀ ŎƻǳǇƭƛƴƎ Ŏƻƴǎǘŀƴǘ ƻŦ рΦу 

Hz. As already observed for similar substrates, the benzyl CH2 signals appeared as two doublets at 

ʵ 4.42 ŀƴŘ ʵ 4.36 both with a coupling constant of 11.5 Hz.  
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The major change in the 13C NMR spectrum was the increase in the number of aromatic carbon 

signals. The C-м ǎƛƎƴŀƭ ƘŀŘ ŀƭǎƻ ƳƛƎǊŀǘŜŘ ŦǊƻƳ ʵ снΦл ŦƻǊ ŎƻƳǇƻǳƴŘ 201 ǘƻ ʵ соΦн ŦƻǊ ŎƻƳǇƻǳƴŘ 

214 owing to the slight deshielding ŜŦŦŜŎǘ ƻŦ ǘƘŜ ǘǊƛǘȅƭ ƎǊƻǳǇΦ ! ƴŜǿ ǎƛƎƴŀƭ ǿŀǎ ƻōǎŜǊǾŜŘ ŀǘ ʵ усΦпΣ 

which is consistent with the expected chemical shift for the quaternary trityl ether carbon. The 

rest of the signals were as expected, and the measured mass of the product was consistent with 

the desired mass of 597.2434 (M+Na)+. 

Instead of converting sulfoxide 214 directly to the aldehyde, the substrate was converted to the 

alcohol first. The alcohol was later converted to an amine for one of the fragments and oxidized 

to the aldehyde for the second fragment. Subjecting compound 214 to the Pummerer 

rearrangement (Scheme 108) yielded compound 215 in an excellent yield of 94%, as a 

yellowish/greenish oil. IR spectroscopy showed a broad peak at 3442 cm-1 that is consistent with 

an O-H stretch. Staining the TLC plate in KMnO4 gave a yellow spot on a purple background for the 

single spot that had an Rf value of 0.37 (EtOAc/Hex, 3:7) and this was used to identify the desired 

product from the side products. The measured mass using HRMS was consistent with the expected 

mass of 475.2239 (M+Na)+. 

 
 

 

214  215 

Scheme 108: i) TFAA, 2,4,6-collidine, MeCN, 0 °C, 30 min; ii) H2O, K2CO3, r.t., 30 min; iii) NaBH4, 
r.t., 1 h, 94% 

Further confirmation of the recovery of the desired alcohol was achieved using NMR 

spectroscopy. In the 1H NMR spectrum, the singlet signal for the tolyl methyl protons, coupled 

with the reduction in integration of the aromatic protons pointed to the successful removal of the 

sulfoxide moiety. A broad singlet signal at  ɻ2.04, which did not show any correlation to carbon 

atoms in the HSQC spectrum, confirmed the presence of the hydroxyl group. The heteroatom 

change at C-1 resulted in a downfield shift of the H-1 proton signals, appearing as a set of doublets 

of doublets at ɻ  3.65 (J = 11.2, 3.1 Hz). The second doublet of doublets signal overlapped with the 

H-2 signal and appeared as a multiplet at  ɻ3.55 ς 3.42 with a total integration of two. The second 

order effects of the benzylic CH2 protons gave rise to two doublets at ɻ 4.55 and ɻ  4.49 each with 

a coupling constant of 11.6 Hz, appearing as a quartet. 
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In the 13C NMR spectrum there was a significant reduction in the number of aromatic carbon 

signals owing to the removal the sulfoxide group. The methyl signal from the tolyl group previously 

observed at ɻ 21.4 had also disappeared. A chemical shift change of the C-1 signal was observed 

from  ɻ62.5 to ɻ  64.2 because of the functional group change from the sulfoxide to the more 

electronegative oxygen. The rest of the signals were as expected. 

The alcohol 215 was tosylated (Scheme 109) in preparation for the nucleophilic substitution 

reaction with azide. The desired product 216 was recovered in an excellent yield of 94% giving rise 

to a yellow oil. Recovery of the product was only achieved when the reaction was carried out at 0 

°C otherwise decomposition occurred. In order to establish the success of the tosylation step, IR 

spectroscopic analysis was performed which revealed the disappearance of the alcohol signal 

previously observed at 3442 cm-1.  Optical activity of the product was confirmed by a measured 

specific rotation value of +10.4 g/100 ml in chloroform. 

 
 

 

215  216 

Scheme 109: TsCl, DMAP, Et3N, DCM, r.t., 6 h, 94% 

The 1H NMR spectrum showed an increase in the total integration of the aromatic protons to a 

total of twenty four as expected, due to the added aromatic protons from the tosyl group. Another 

signal used to affirm the identity of the recovered product was the new singlet observed at ɻ 2.39, 

signaling the presence of the methyl substituent of the tosyl group. A further downfield shift was 

observed for the H-1 protons, when compared to the chemical shift of H-1 in compound 215, as 

the signal was now a multiplet at ɻ 4.06 ς 3.98 with a total integration of two. In the 13C NMR 

spectrum, the Ts-CH3 signal was observed at ɻ 21.5. A downfield shift was also observed for C-1, 

from  ɻ64.2 for compound 215, to  ɻ71.4 for compound 216. The observed downfield chemical 

shift was a result of the O-Ts group exerting a greater deshielding effect, due to its stronger 

electron withdrawing capability, than the OH group. 

With the tosylation step confirmed, synthesis progressed to the nucleophilic substitution of the 

OTs group with azide (Scheme 110). As discussed previously the reaction was only heated to 75 

°C, otherwise product decomposition occurred. Compound 217 was recovered in a yield of 98% 

as a light brown oil. The optical rotation was measured to be +1.17° in chloroform (c 0.6). 
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Formation of the azide was confirmed by the appearance of a signal at 2096 cm-1 in the IR 

spectrum. HRMS measured the mass of the product to be 500.2301 (M+Na)+ as expected. 

 
 

 

216  217 

Scheme 110: NaN3, DMF, 75 °C, 4 h, 98% 

The previously observed doubling of signals of the TBS protected equivalent 212 was not observed 

in the NMR spectra for azide 217. In the 1H NMR spectrum, all the signals from the tosyl group 

had disappeared, and the total integration of the aromatic hydrogens was now twenty. In the 13C 

NMR spectrum, the tosyl signals had also disappeared, coupled with a reduction in the number of 

aromatic signals. A sure sign of the success of the substitution reaction was the presence of a new 

signal at ɻ  54.0, duly assigned to C-5. The chemical shift correlated with the expected chemical 

shift for C-N signals and no such signal was present in the spectrum of the precursor. 

Following the synthesis of the azide 217, the substrate was successfully subjected to reduction 

under anhydrous conditions using LiAlH4 (Scheme 111). The primary amine 218 was recovered in 

quantitative yield as a yellow oil, with a specific optical rotation of -7.56 in chloroform (c 0.37). 

Only an N-H vibrational signal for the N-H bond was observed at 1596 cm-1 in the IR spectrum. 

Mass spectrometry results showed the presence of the desired product with a measured value of 

452.2590 (M+H)+. 

  
 

217  218 

Scheme 111: LiAlH4, Et2O, N2, r.t., 6 h, 100% 

There were no significant changes for most of the chemical shifts of the signals in the 1H NMR 

spectrum, except the H-1 signals for compound 218. The signal was observed as a multiplet at  ɻ

3.32 ς 3.22 for compound 217, but in the spectrum for compound 218 the H-1 signal was a doublet 

of doublets at ɻ  2.81 (J = 13.3, 3.9 Hz), and ɻ  2.70 (J = 13.3, 6.3 Hz). When lone pairs of electrons 

on a heteroatom are anti to a C-H bond the proton signal is shifted upfield, and there is thus a 

conformational dependence of chemical shifts of protons  h to nitrogen. This characteristic  

explains the observed chemical shift changes. Analysis of the 13C NMR spectrum revealed two 
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significant chemical shift changes. The C-1 signal had shifted upfield from ɻ 54.0 for compound 

217 to  ɻ45.0 for compound 218 due to the same conformational dependence described for the 

proton shift. The C-2 signal shifted downfield from ɻ 78.0 for compound 217 to  ɻ 80.6 for 

compound 218 due to anisotropic effects of the amine group. 

Having successfully synthesised the amine, focus shifted to the synthesis of the aldehyde 219 from 

the alcohol 215 as shown in Scheme 112.  The chemical transformation was easily achieved by 

using DMP as the oxidant, and leaving the reaction overnight. Product purification afforded 

compound 219 as a white viscous oil in an average yield of 75%. A specific optical rotation value 

of +35.5 (c 0.2) in chloroform confirmed the optical activity of the aldehyde. IR spectroscopy 

showed the disappearance of the alcohol signal and the presence of a new carbonyl signal at 1731 

cm-1, confirming the success of the oxidation step. 

 
 

 

215  219 

Scheme 112: DMP, DCM, r.t., overnight, 75% 

In the 1H NMR spectrum the characteristic aldehydic proton signal appeared as a doublet at  ɻ9.61 

with a coupling constant of 2.1 Hz. Correlation between the H-1 signal and the H-2 signal in the 

COSY NMR spectrum confirmed coupling between the two protons, giving rise to the observed 

doublet. The C-1 signal was in the characteristic region at  ɻ203.5 in the 13C NMR spectrum, a clear 

indication that indeed the aldehyde had been successfully synthesised.  

Now that the amine 218 and the aldehyde 219 had been successfully prepared, the next step 

involved coupling of the two fragments via reductive amination. The reaction was carried out in 

neat 1,2-dichloroethane and the desired product, compound 220, was recovered in a good yield 

of 89% as a viscous yellow oil. The product spot stained positive for amines when the TLC plate 

was stained in ninhydrin. The specific optical rotation of the compound 220 was measured to be 

-22.7 (c 0.45) in chloroform, whilst analysis of the IR spectrum revealed the absence of the 

carbonyl signal from the aldehyde. 
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Scheme 113: NaBH(CH3COO)3, 1,2-DCE, N2, r.t., 36 h, 89% 

Due to the inherent symmetry of compound 220 only a single set of signals was observed in the 

NMR spectra. The H-1 signal was observed as a doublet of doublets at ɻ 2.76 (J = 12.3, 7.1 Hz) and 

 ɻ2.68 (J = 12.3, 4.0 Hz), because they are diastereotopic protons due to the stereogenic centre at 

the h -carbon. A multiplet signal was observed at  ɻ3.62 ς 3.52 for the H-2 proton. The signal was 

easily distinguishable because it is the only proton signal which coupled to a CH carbon signal in 

the HSQC spectrum. The set of doublets for the benzylic CH2 was at ɻ  4.57 and ɻ  4.52 with a 

coupling constant of 11.5 Hz displaying strong second order effects. In the 13C NMR spectrum the 

C-1 signal was at ɻ 53.2 which is significantly downfield compared to the chemical shift for the 

starting amine. The carbonyl signal had completely disappeared. Although the alcohol 215 is a 

potential side product emanating from the probable reduction of the aldehyde, NMR 

spectroscopy did not indicate the presence of the alcohol. 

Following the successful linking of the fragments, attention shifted to functionalising the terminal 

carbon atoms from alcohols to amines. Successful detritylation of compound 220 under acidic 

conditions revealed the free primary diol 221, in an excellent yield of 88% (Scheme 114). The 

success of the procedure was most welcome because these were the only reaction conditions 

employable for the selective removal of the trityl group in the presence of the benzyl groups. All 

previous attempts at employing this trityl deprotection procedure on different substrates had 

been unfruitful. Purification of the desired product was not trivial because of its high polarity; 

therefore a highly polar mobile phase was used during chromatography. Thus the product was 

recovered contaminated with residual p-TsOH and Et3N and the signals are evident in the NMR 

spectra. 
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220  221 

Scheme 114: p-TsOH, MeOH, reflux, 4 h, 88% 

1H NMR spectroscopy confirmed the removal of the trityl group by the absence of the trityl 

aromatic signals. The multiplet for the benzylic aromatic signals was at  ɻ7.26 ς 7.18 giving a total 

integration of ten protons. The amine signal was not detected in the spectrum suggesting that 

compound 221, was isolated as a p-TsOH salt. This narrative is supported by the relative 

integration of the tosylate signals when compared to the product signals in the 1H NMR spectrum. 

The H-1 protons for compound 221 were experiencing a greater deshielding effect after the 

removal of the trityl group. The multiplet signal migrated from  ɻ3.16 ς 3.09 for compound 220 to 

 ɻ3.52 for compound 221 were it was observed as a triplet with a coupling constant of 6.0 Hz. 

In the 13C NMR spectrum, the trityl signals had disappeared, evidenced by the absence of the 

characteristic etherate quaternary signal previously observed at  ɻ86.4. The C-1 signal did not 

show a large chemical shift change with the signal appearing at  ɻ61.8, whilst the C-5 signal was 

observed at ɻ 50.5. Optical activity of the product was confirmed by the measured specific optical 

rotation of -10.0 (c 0.44) in chloroform. The intense broad alcohol signal was visible in the IR 

spectrum at 3414 cm-1. 

At this point, several methods for introducing the amine could be employed. The already 

established method of alcohol tosylation, followed by nucleophilic substitution with azide and 

reduction to reveal the amine was a possibility. However, tosylation would also occur on the 

nitrogen, and this would introduce an extra deprotection step. N-tosyl deprotection generally 

occurs under harsh conditions, and would result in the deprotection of the benzyl groups. If this 

happened, the resulting product would be polar and difficult to purify. Thus this option was not 

chosen. Amine synthesis could also be achieved by substituting the tosyl group with phthalimide, 

followed by deprotection to reveal the amine. However, added potential problems could arise, 

because liberation of the primary amine, from phthalimide, occurs under either acidic or basic 

conditions, meaning the desired product would be isolated as a salt. 

A potentially less problematic approach was chosen. The method involved first converting the 

primary alcohols to aldehyde groups followed by reductive animation with benzyl amine (Scheme 
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115). Both the N-benzyl and O-benzyl are removable by hydrogenation under neutral conditions. 

Unfortunately, compound 222 could not be isolated. The reaction mixture turned orange after 30 

minutes coupled with formation of an insoluble precipitate. Monitoring the reaction by TLC 

showed total consumption of the starting material. However, staining the TLC plate with 2,4-DNPH 

did not test positive for aldehydes. The reaction was immediately quenched, and the crude 

product analysed. The 1H NMR spectrum showed neither the starting material nor the desired 

product or fragments thereof. 

A possible explanation based on the absence of both reactant and product signals in the 1H NMR 

spectrum is that the oxidation of the alcohols was successful. However, as soon as the aldehyde 

was formed, either an inter- or intramolecular amidation reaction between the aldehyde and the 

secondary amine occurred, resulting in a polymeric substance. This explains the observed 

insoluble precipitate from the reaction and the absence of signals in the NMR spectrum. 

 
 

 

221  222 

  

 

 

116 

 
223 

Scheme 115: DMP, DCM, r.t., 30 min 

At this point, we had run out of both time and starting material but it was exciting that synthesis 

of the desired reduced analogue 116 was only three steps away. The whole process had 

highlighted the importance of protecting group compatibility and how huge a difference changing 

a protecting group has on several reactions. A new route for the synthesis of the reduced 

functionality analogues of pavettamine had also been established. The successful method 

development of the C-5 fragments could be applied to synthesise the enantiomers of each 

fragment, which would enable the development of a larger library.



Chapter 3: Conclusion and future work 

136 
 

Chapter 3: Conclusion and future work  

This research aimed to synthesise pavettamine, a ten-carbon polyamine toxin with C-2 symmetry 

and a 1,3-syn-diol moiety, and its analogues in order to perform a structure activity relationship 

study. Synthesis began with the enantiomer of pavettamine 112 (Figure 35), which was 

successfully synthesised and recovered as a TFA salt. The unveiling of this polyamine heralded the 

first reported total synthesis of the enantiomer of pavettamine. The introduction of the 1,3-syn-

diol moiety was achieved with a fair degree of effort with the main challenge being protecting 

group compatibility. The proposed method involved stereoselective synthesis of the 1,3-syn-diol 

and selective protection and deprotection of both primary and secondary alcohols and primary 

and secondary amines. The similarity in reactivity of these functional groups resulted in difficulty 

in differentiation but fortunately, after trial and error, a suitable sequence was established. The 

developed synthetic protocol clearly highlighted the importance of substrate specificity when it 

came to protection and deprotection of both alcohols and amines. Product polarity also became 

a challenge to purification once the amine functionality was introduced, and this resulted in 

product loss during purification. Nevertheless, all these snags were surmounted and the 

polyamine of interest was recovered. 

 

112 

Figure 35: Structure of the enantiomer of pavettamine 

Several synthetic routes and methodologies were tested and the highest yielding overall synthetic 

route employed is shown in Scheme 116. S-Malic acid, identified as a suitable starting material in 

the retrosynthetic analysis, was first converted into a versatile fragment 124. This intermediate 

was crucial in that it possessed the required 1,3-syn-diol moiety and allowed for the synthesis of 

two separate C-5 fragments which were later coupled together to unveil the C-10 carbon 

backbone for polyamine 112. Other reactions of importance included functional group 

differentiation, selective protection and deprotection of alcohols and amines and introduction of 

terminal amine groups. 
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Scheme 116: Synthetic scheme for the total synthesis of the enantiomer of pavettamine 112 

Two approaches furnished intermediate 124, a previously reported route (Route 1, Scheme 117) 

and a novel route (Route 2, Scheme 117) developed in this work, each with its own set of pros 

and cons. Work began by first converting S-malic acid into S-dimethyl 2-hydroxysuccinate followed 

ōȅ ǎŜƭŜŎǘƛǾŜ ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŜǎǘŜǊ ʰ ǘƻ ǘƘŜ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇΦ wŜŘǳŎǘƛƻƴ ŦŀǾƻǳǊŜŘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ 

the desired S-methyl 3,4-dihydroxybutanoate 129 over a side product S-methyl 2,4-

dihydroxybutanoate, from a competing reaction in an average ratio of 9:1. Yield of the desired 

diol can definitely be improved by carefully monitoring the reaction conditions. For this work the 

presence of the undesired diol only became apparent at a much later stage. Conversion to the C-

5 fragment was achieved by attaching the chiral auxiliary, (+)-R-methyl p-tolylsulfoxide, to the 

transformed malic acid, either ester 132 or 143, followed by stereoselective reduction, 
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deprotection and reprotection of the alcohols. The overall yield from S-methyl 3,4-

dihydroxybutanoate 129 to intermediate 124 for route 1 was 8% but employing route 2 

successfully doubled the overall yield to 16%. The lowest yielding step for both routes was the 

addition of the chiral auxiliary, R-methyl p-tolysulfoxide, to both compound 132 and 143 to give 

compound 138 and 145 respectively (Scheme 117). 

Route 1  

129 

Route 2 
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Scheme 117: Synthetic route towards compound 124 

The lower than expected yields were attributed to a possible side reaction which occurs once the 

desired product is formed. The auxiliary reaction occurs under strongly basic conditions therefore 

once the product has formed, an acidic CH2 ǇǊƻǘƻƴ ʰ ǘƻ ǎǳƭŦǳǊ Ŏŀƴ ōŜ ǊŜƳƻǾŜŘ ŀƴŘ ǘƘŜ ƳƻƭŜŎǳle 

can rearrange to give a different product. This was the case in the synthesis of compound 138 but 

the rearranged product was not conclusively identified. From these results it is evident that 

compound 145 was more stable than compound 138, under the basic reaction conditions, hence 

the observed increase in the overall yield. In order to optimise the yield of compound 124, a 
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different protection protocol for both the primary and secondary alcohol of compound 143 could 

be investigated. 

From here onwards attention shifted towards functionalisation of the terminal carbon atoms: 

firstly, Pummerer rearrangement and reductive amination of intermediate 124 gave rise to 

compound 152. At this point meticulous steps were taken to selectively deprotect the primary 

alcohol of 152, in the presence of benzyl protected amine. Several attempts at selectively 

removing the trityl group in the presence of the acetonide and N-benzyl were unfruitful and in the 

end, the benzyl group was selectively removed and replaced with a Boc group. Only then was the 

trityl group selectively removed under Birch reduction conditions affording the alcohol 156.  

In turn, the alcohol was transformed to the amine 159 and the aldehyde 160. The two fragments 

were fruitfully coupled via reductive amination and the desired dimer was recovered in an 

excellent yield of 95%, revealing the C-10 carbon backbone with C-2 symmetry. To our delight, the 

relative stereochemistry had been conserved up to this point. Great difficulty accompanied the 

acetonide and Boc deprotection step and because the starting material was recovered in most of 

the reactions, it alluded to the unreactive nature of 161. This unreactive characteristic of the 

compound 161 was attributed to its conformational arrangement because of the presence of two 

1,3-dioxane moieties that adopt a stable chair conformation. Several deprotection conditions 

were tested but only a solution of TFA:H2O:triisoproplyamine afforded the desired polyamine 112 

as a TFA salt in 100% crude yield and the polyamine was not purified further.  

A similar protocol was applied for the synthesis of pavettamine and reductive amination was used 

for coupling of the C-5 fragments as opposed to the amidation method reported in literature. 

Surprisingly two products were recovered, the desired product 178 and a second product 179 

(Figure 36). It is noteworthy that the presence of two products was not detected in the synthesis 

of polyamine 112 after the coupling of the C-5 fragments. The group attached to the central 

nitrogen atom for 179 could not be conclusively identified but mass spectroscopic analysis 

suggested the group to be B2H5. Further transformations of 179 led to the furnishing of acetonide 

protected pavettamine 185. At this stage it was discovered that once the terminal primary amines 

had been unveiled, it was very difficult to deprotect the acetonide protected secondary alcohols. 

A suitable acetonide deprotection method could not be established which suggested the high 
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stability of the compound. Overall, throughout the project the protection and deprotection 

strategy was shown to be substrate dependent and it needed to be optimised for each step. 

  

178 179 

 

185 

Figure 36: Structures for the precursors to pavettamine 

For the synthesis of the reduced functionality analogues, two possible synthetic strategies were 

developed starting from either methyl 4-ŎƘƭƻǊƻōǳǘŀƴƻŀǘŜ ƻǊ ằ-butyrolactone. The approach 

ŜƳǇƭƻȅƛƴƎ ằ-butyrolactone was shown to be malleable to the aims of the project, after a matter 

of finding the most suitable amine and alcohol protecting groups. Despite establishing a suitable 

protocol for the synthesis of the reduced functionality analogues, the final compounds could not 

be isolated but precursor 223 (Figure 37) was recovered in good yields. 

 

223 

Figure 37: Structure of compound 223 

In the end, the enantiomer of pavettamine 112, acetonide protected pavettamine 185 and a 

precursor to the reduced functionality analogues 223 were successfully synthesised. A larger 

library of analogues will have to be developed before subjecting all the compounds to a 

comprehensive structure activity relationship biological assay. From this research work it is 

evident that synthesis of the 1,3-syn-diol functionality was achieved with a fair degree of difficulty. 

Major challenges were faced once the amine functionality had been introduced which increased 

the polarity of the substrates, resulting in routine procedures being more problematic. The art of 

selective protection and deprotection of amines and alcohols also played a significant role in the 

success of this project. Reaction conditions proved to be substrate specific and at each interval an 

investigation was performed to find the most suitable and applicable protocol. Nevertheless, the 

enantiomer of pavettamine was synthesised and a method for the synthesis of the reduced 



Chapter 3: Conclusion and future work 

141 
 

functional analogues was developed. The fundamentals of synthesis of the polyamines were 

established and from here onwards, it will be much easier to build a library of compounds.
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Chapter 4: Experimental  procedures  

4.1 General Experimental Procedures  

4.1.1 Purification of solvents and reagents  

All solvents used for reactions and column chromatography were purified by distillation and when 

required solvents were stored over activated molecular sieves (4Å) under a nitrogen atmosphere. 

THF, diethyl ether and toluene were dried over sodium wire and distilled, with benzophenone as 

indicator. DCM and MeCN were distilled from calcium hydride. All other reagents and solvents 

were obtained from commercial sources and used without further purification.  

4.1.2 Chromatography  

Thin layer chromatography was carried out using aluminium-backed Machery-Nagel ALUGRAMSil 

G/UV254 plates pre-coated with 0.25 mm silica gel 60. Column chromatography was performed on 

Merck silica gel of particle size 0.035 ς 0.070 mm employing different types of solvents.  

4.1.3 Spectroscopic and physical data  

All melting points were obtained using a Stuart SMP10 melting point apparatus and are 

uncorrected. Infrared spectra were obtained using a Bruker Vector 22 spectrometer where 

measurements were made by directly loading the sample onto the diamond cell. All signals are 

ǊŜǇƻǊǘŜŘ ƻƴ ǘƘŜ ǿŀǾŜƴǳƳōŜǊ ǎŎŀƭŜ ό˄κcm-1). 1H NMR and 13C NMR spectroscopy was performed 

using a Bruker Avance-300, Bruker Avance-400 or a Bruker Avance-500 spectrometer at 300 MHz, 

400 MHz and 500 MHz respectively for 1H NMR. The frequencies for 13C NMR were recorded at 75 

MHz, 100 MHz and 125 MHz. Chemical shifts are reported in parts per million and referenced 

against the internal standard, tetramethylsilane (TMS), which occurs at zero parts per million and 

coupling constants are given in Hertz. 13C NMR chemical shifts are reported to 1 decimal place in 

general but they were also reported to 2 decimal places were necessary, and 1H NMR shifts are 

reported to 2 decimal places. High resolution mass spectra (HRMS) were recorded on a Bruker 

Compact Q-TOF High Resolution Mass Spectrometer. All data was quoted in (m/z). Numbering of 

atoms followed the IUPAC format for nomenclature, but other numbering was used for discussion 

and illustration purpose only. Specific optical rotation was performed on a JASCO P-2000 

polarimeter. 
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4.2 Experimental dat a 

4.2.1 Preparation of (S)-4-(benzyloxy) -3-hydroxy -4-oxobutanoic acid  126 

S-malic acid (20.00 g, 0.149 mol) was cooled to 0 °C followed by the addition of TFAA (15 ml, 0.149 

mol). The suspension was stirred for 2 h whilst gradually warming to room temperature until all 

the solid had dissolved and the clear solution had turned milky. Excess TFAA and TFA were 

removed in vacuo and a white residue was recovered. The precipitate was re-dissolved in benzyl 

alcohol (15 ml) and left stirring overnight under N2. The reaction mixture was diluted with EtOAc 

(200 ml), washed with water and the organic layer separated. The aqueous layer was acidified 

using 2 M HCl and washed with 2 portions of EtOAc (200 ml). The combined organic layers were 

washed with saturated brine (200 ml) and dried over anhydrous MgSO4 and the solvent was 

removed under reduced pressure. Purification of the product was achieved by column 

chromatography (EtOAc/Hex, 1:1) yielding compound 126 (20.32 g, 61%) as a yellow oil. 

Rf = 0.34 (1:1 EtOAc/Hex); IRΥ ˄max(cm-1): 3534 (OH), 3274 (COOH, C=C-H), 

1745 (C=O), 1164 (C-O); 1H NMR (300 MHz, CDCl3) ʵ 7.39 ς 7.27 (m, 5H, Ar-

H), 7.06 (br-s, 2H, 2xOH), 5.19 (s, 2H, Bn-CH2), 4.62 ς 4.48 (m, 1H, H-2), 2.89 

(dd, J = 16.7, 4.2 Hz, 1H, H-3a), 2.80 (dd, J = 16.8, 6.2 Hz, 1H, H-3b); 13C NMR (75 MHz, CDCl3) ʵ 

175.5 and 173.2 (C-1 and C-4), 134.8, 128.66, 128.65 and 128.4 (Ar-C), 67.9 (C-2), 67.2 (Bn-CH2), 

38.3 (C-3). 

4.2.2 Preparation of (S)-dimethyl 2-hydroxysuccinate  128 

S-malic acid (20.00 g, 0.149 mol) was dissolved in MeOH (400 ml) and cooled to 0 °C. Thionyl 

chloride (24 ml, 0.328 mol) was added to the stirring solution dropwise, over a 1 h period. The 

reaction was allowed to proceed for 12 h whilst the temperature gradually increased to r.t. in air. 

Upon completion of the reaction, excess solvent and thionyl chloride were removed in vacuo 

almost to dryness and the residue was partitioned between DCM (200 ml) and a saturated 

aqueous solution of Na2CO3 (200 ml). The organic layer was separated, dried over anhydrous 

MgSO4 followed by the removal of excess solvent. Purification of the product was achieved by 

column chromatography (EtOAc/Hex, 1:1) affording compound 128 (18.56 g, 77%) as a colourless 

oil. 

Rf = 0.59 (EtOAc/Hex, 1:1); ώDh]20 -8.8 (c 1.0, MeOH); IRΥ ˄max(cm-1): 3478 

(OH), 2922 (C-H), 1730 (C=O), 1166 and 1102 (C-O); 1H NMR (500 MHz, 
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CDCl3)  ɻ4.56 ς 4.51 (m, 1H, H-2), 3.81 and 3.72 (2 x s, 6H, H-5 and H-6), 3.58 (d, J = 6.0 Hz, 1H, 

OH), 2.87 (dd, J = 16.4, 4.4 Hz, 1H, H-3a) and 2.80 (dd, J = 16.4, 6.4 Hz, 1H, H-3b); 13C NMR (126 

MHz, CDCl3) ɻ  173.8 and 171.1 (C-1 and C-4), 67.4 (C-2), 52.8 and 52.0 (C-5 and C-6), 38.6 (C-3). 

4.2.3 Preparation of (S)-methyl 3,4 -dihydroxybutanoate  129 

To a stirring solution of (S)-dimethyl 2-hydroxysuccinate 128 (17.75 g, 0.109 mol) in THF (300 ml) 

was added BH3·Me2S (12 ml, 0.120 mol) dropwise for 4 h. The reaction mixture was cooled to 0 °C 

in an ice bath, followed by the addition of NaBH4 (53.90 mg, 1.425 mmol). After stirring for 10 min, 

the reaction was warmed to r.t. and stirred for an additional 1 h. Upon completion, the dropwise 

addition of MeOH (100 ml) and solid p-TsOH quenched the reaction. The reaction mixture was 

concentrated and purified by column chromatography (EtOAc), yielding diol 129 (13.34 g, 91%), 

as a colourless oil. 

Compound 5: Rf = 0.30 (EtOAc); ώDh]20 -23.7 (c 1.83, CHCl3); IR: ˄ max(cm-1): 

3372 (OH), 2955 (C-H), 1719 (C=O), 1167 (C-O); 1H NMR (CDCl3, 500 MHz) ɻ  

4.28 (d, J = 4.7 Hz, 1H, OH), 4.16 ς 4.09 (m, 1H, H-3), 4.01 (t, J = 5.9 Hz, 1H, OH) 3.71 (s, 3H, H-5), 

3.66 ς 3.60 (m, 1H, H-4a), 3.54 ς 3.47 (m, 1H, H-4b), 2.56 ς 2.46 (m, 2H, H-2); 13C NMR (126 MHz, 

CDCl3) ɻ  мтнΦу ό/-1), 68.8 (C-3), 65.8 (C-4), 51.9 (C-5), 37.9 (C-2). 

4.2.4 Preparation of (S)-methyl 2 -(2,2-dimethyl -1,3-diox olan-4-yl)acetate  132 

(S)-Methyl 3,4-dihydroxybutanoate 129 (13.08 g, 97.5 mmol), 2,2 dimethoxypropane (18.0 ml, 

0.146 mol) and catalytic amounts of p-TsOH (200 mg) were added together in acetone (20 ml) and 

left stirring at r.t. in air for 4 h. After completion of the reaction, addition of a few drops of Et3N 

facilitated quenching of the reaction. The reaction mixture was filtered through silica gel, and 

washed with Et2O (100 ml). Excess solvent was removed in vacuo, and the product was purified 

by column chromatography (EtOAc/Hex, 3:2) yielding compound 132 (13.13 g, 86%) as a yellow 

oil together with compound 133 as a side product. 

Rf = 0.25 (EtOAc/Hex, 3:2); ώDh]20 +20.1 (c 1.3, CH2Cl2); IR: ˄ max(cm-1): 2988 

(C-H), 1735 (C=O), 1205 (C-O); 1H NMR (CDCl3, 500 MHz) ʵ 4.50 ς 4.44 (m, 

1H, H-5), 4.16 (dd, J = 8.4, 6.0 Hz, 1H, H-4a), 3.70 (s, 3H, H-8), 3.65 (dd, J = 

8.4, 6.4 Hz, 1H, H-4b), 2.72 (dd, J = 15.9, 6.4 Hz, 1H, H-6a), 2.53 (dd, J = 15.9, 7.1 Hz, 1H, H-6b), 1.41 

and 1.35 (2 x s, 6H, H-1 and H-3); 13C NMR (126 MHz, CDCl3) ɻ  мтмΦл ό/-7), 109.2 (C-2), 72.1 (C-5), 

69.2 (C-4), 51.8 (C-8), 38.8 (C-6), 26.9 and 25.5 (C-1 and C-3). 



Chapter 4: Experimental procedures 

145 
 

(S)-4-hydroxydihydrofuran-2(3H)-one 133 

1H NMR (500 MHz, CDCl3) ʵ пΦрс όŘŘΣ J = 10.2, 8.3 Hz, 1H, H-4), 4.43 (td, J = 9.0, 2.1 

Hz, 1H, H-3a), 4.39 (br-s, 1H, OH), 4.24 (ddd, J = 10.4, 9.2, 6.1 Hz, 1H, H-3b), 2.61 

(dddd, J = 12.6, 8.2, 6.1, 2.0 Hz, 1H, H-5a), 2.28 (dtd, J = 12.7, 10.3, 8.7 Hz, 1H, H-5b); 

13C NMR (126 MHz, CDCl3) ɻ  мтуΦр ό/-1), 67.4 (C-4), 65.4 (C-3), 30.9 (C-5). 

4.2.5 Preparation of ( -)-(S)-menthyl p-toluene sulfinate  136 

Sodium p-toluenesulfinate (80 g, 0.449 mol) was dried overnight at 100 °C before being used in 

the reaction. Excess SOCl2 (100 ml) was cooled to 0 °C, and sodium p-toluenesulfinate was added 

in small portions over a 1 h period. The reaction was warmed to r.t., and left stirring for a further 

30 min, and the mixture had turned very viscous. The excess SOCl2 was removed as an azeotropic 

mixture with toluene under vacuum. The residue was diluted with anhydrous diethyl ether (250 

ml) resulting in a white precipitate (NaCl), and cooled to 0 °C. Menthol (77.18 g, 0.494 mol) was 

dissolved in pyridine (100 ml), and added dropwise to the cooled solution. After complete addition 

of the menthol, the reaction was stirred for 1 h at r.t., after which it was hydrolysed with water 

(300 ml). The organic layer was separated and washed with 10% HCl (300 ml) followed by 

saturated brine (300 ml). The organic layer was dried over sodium sulfate, and excess solvent was 

removed in vacuo leaving a yellowish oily residue. The residue was dissolved in hot acetone and 

allowed to crystallise overnight at -20 °C. After collection by filtration, the first crop of crystals was 

recrystallised from acetone and the initial yield was recorded separately. The mother liquor was 

concentrated, followed by the addition of a few drops of concentrated HCl. The solution was 

allowed to crystallise again at -20 °C and the procedure was repeated 5 times, whilst harvesting 

crystals at every stage. Finally the individual batches of product were combined and recrystallised 

from acetone yielding compound 136 (40.20 g, 61%) first crop before racemisation, (102.11 g, 

77%) total yield after racemisation as white crystals. 

Rf = 0.35 (EtOAc/Hex, 3:2); ώDh]20 = -196.0 (c 2, acetone); M.p. = 102 ς 103 °C 

(Lit133, M.p. = 105 ς 107 °C); IR: ˄ max(cm-1): 2948 (C-H), 2846 (C-H), 1131 

(S=O), 981, 952, 778;  1H NMR (CDCl3, 500 MHz) ʵ 7.60 (d, J = 8.2 Hz, 2H, H-

12), 7.32 (d, J = 7.9 Hz, 2H, H-13), 4.12 (1H, td, J = 10.8, 4.5 Hz, H-1), 2.41 (3H, 

s, H-15), 2.31 ς 2.25 (1H, m, H-10a), 2.13 (septet of doublets, J = 7.0, 2.6 Hz, 

1H, H-3), 1.71 ς 1.65 (m, 2H, H-6a, H-7a), 1.54 ς 1.43 (m, 1H, H-8), 1.35 (ddt, J = 13.8, 10.6, 3.1 Hz, 



Chapter 4: Experimental procedures 

146 
 

1H, H-2), 1.26 ς 1.18 (m, 1H, H-10b), 1.11 ς 0.99 (1H, m, H-7b), 0.96 (3H, d, J = 6.6 Hz, H-9), 0.92 ς 

0.81 (4H, m, H-4 and H-6b), 0.72 (3H, d, J = 6.9 Hz, H-5); 13C NMR (126 MHz, CDCl3) ʵ мпоΦн ŀƴŘ 

142.4 (C-11 and C-14), 129.6 (C-13) and 125.0 (C-12), 80.1 (C-1), 47.9 (C-2), 42.9 (C-10), 34.0 (C-6), 

31.7 (C-8), 25.2 (C-3), 23.2 (C-7), 22.1 (C-9), 21.5 (C-15), 20.9 (C-4), 15.5 (C-5). 

4.2.6 Preparation of (+) -(R)-methyl p-tolyl  sulfoxide 137  

Mg (6.38 g, 0.263 mol) was placed in a 250 ml two necked round bottomed flask, one neck 

connected to N2 and the other sealed with a rubber septum. The flask was heat sealed under 

vacuum ensuring complete dryness. Dry Et2O (300 ml) was added to the flask containing Mg, 

followed by the dropwise addition of MeI (13.0 ml, 0.210 mol). The solution immediately turned 

milky accompanied by vigorous effervescence. After 15 min, the reaction mixture turned clear, 

and it was left stirring for a further 15 min after the complete addition of MeI. Meanwhile in a 

separate 500 ml two-necked round bottomed flask, (-)-S-menthyl p-toluenesulfinate 136 (51.65 g, 

0.145 mol) was dissolved in dry toluene (300 ml) under N2. The solution was cooled to between 0 

ς 10 °C, after which the MeMgI solution was slowly added. After complete addition of the Grignard 

reagent, the reaction was left stirring at r.t. for 2 h and was then quenched with saturated aqueous 

NH4Cl solution (200 ml). The aqueous solution was extracted with Et2O (200 ml) and the organic 

layer was washed with a saturated brine (100 ml), and dried over sodium sulfate. Excess solvent 

was removed in vacuo yielding a yellowish residue. The product was purified using column 

chromatography (EtOAc/Hex, 9:1) resulting in an off-white solid. The product was re-dissolved in 

hot ether, followed by the addition of hot hexane until the formation of a light cloudy precipitate 

was observed. Crystallisation was allowed to occur overnight at -20 °C, after which the crystals 

were filtered and dried yielding compound 137 (19.68 g, 73%) as an off-white solid. 

Rf = 0.31 (EtOAc/Hex, 9:1); ώDh]20 = +146.3 (c 2, acetone); M.p. = 73 ς 74 °C 

(Lit133, M.p. = 73 ς 74 °C); IR: ˄ max(cm-1): 3052 (C=C-H), 2906 (C-H), 1104 (S=O); 

1H NMR (CDCl3, 500 MHz) ɻ  7.54 (d, J = 8.2 Hz, 2H, H-2), 7.33 (d, J = 7.9 Hz, 2H, 

H-3), 2.70 (s, 3H, H-5), 2.42 (s, 3H, H-6); 13C NMR (126 MHz, CDCl3) ʵ мпнΦс ŀƴŘ мпмΦр ό/-1 and C-

4), 130.0 (C-3), 123.5 (C-2), 44.0 (C-6), 21.4 (C-5). 
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4.2.7 Preparation of ( S(R),4S)-4,5-O-isopropylidene -1-p-tolylsulfinyl -2-

pentanone 138  

n-Butyllithium (1.6 M in hexanes, 105 ml, 0.168 mol) was added to a solution of diisopropylamine 

(20 ml, 0.147 mol) in dry THF (100 ml) under N2 at -78 °C. The reaction mixture was stirred for 30 

min before the temperature was allowed to warm to -30 °C. R(+)-Methyl p-tolylsulfoxide 137 (19.5 

g, 0.126 mol) in dry THF (50 ml) was added to the stirring mixture, and the solution turned bright 

yellow. The reaction mixture was allowed to stir for an additional 30 min, whilst warming to 0 °C, 

after which the reaction was cooled to -40 °C, and stirred for a further 10 min. (S)-methyl 2-(2,2-

dimethyl-1,3-dioxolan-4-yl)acetate 132 (12.00 g, 0.105 mol), in THF (150 ml) was slowly added to 

the cooled solution, and the reaction was allowed to reach r.t. upon complete addition. After 2 h 

of stirring at r.t., the reaction was quenched by the addition of a saturated NH4Cl solution (200 

ml), and acidified to pH 6 using 1 M HCl. The mixture was extracted with EtOAc (3 x 100 ml). 

Combined organic layers were washed with H2O (50 ml), followed by saturated brine (200 ml) and 

dried over anhydrous Na2SO4. Excess solvent was removed in vacuo yielding a brownish oil, which 

was purified by column chromatography (EtOAc/Hex, 1:1). Gradient elution was employed for 

eluting the desired product starting from a ratio of 1:1 and thereafter increasing the ratio to 4:1. 

The desired product 138 (20.0 g, 64%), was recovered as a light yellow solid. 

Rf = 0.46 (EtOAc/Hex, 4:1); ώDh]20 = +151.1 (c 1.2, CHCl3); M.p. = 78 ς 

79 °C (Lit63, M.p. = 77 ς 79 °C); IR: m˄ax(cm-1): 3147 (C=C-H), 2916 (C-

H), 1758 (C=O), 1598 and 1494 (C=C), 1033 (S=O)), 808 (C=C bending); 

1H NMR (CDCl3, 300 MHz) ʵ 7.53 (d, J = 8.2 Hz, 2H, H-10), 7.34 (d, J = 

7.8 Hz, 2H, H-11), 4.40 (p, J = 6.4 Hz, 1H, H-4), 4.10 (dd, J = 8.4, 6.0 Hz, 

1H, H-5a), 3.88 (s, 2H, H-1), 3.46 (dd, J = 8.4, 6.5 Hz, 1H, H-5b), 2.96 (dd, J = 17.2, 6.3 Hz, 1H, H-3a), 

2.64 (dd, J = 17.2, 6.5 Hz, 1H, H-3b), 2.42 (s, 3H, H-13), 1.38 and 1.32 (2 x s, 6H, H-7 and H-8); 13C 

NMR (75 MHz, CDCl3) ʵ мффΦр ό/-2), 142.3 (C-12), 139.4 (C-9), 130.1 (C-11), 124.1 (C-10), 109.11 

(C-6), 71.2 (C-4), 69.1 (C-5), 68.0 (C-1), 49.5 (C-3), 26.8 and 25.5 (C-7 and C-8), 21.4 (C-13). 

4.2.8 Preparation of ( S(R),2R,4S)-4,5-O-isopropyli dene-1-(p-tolylsulfinyl) -

pentane -2,4,5-triol 139  

ZnCl2 (16.9 g, 125 mmol) was flame dried under vacuum in a 500 ml 2-necked round bottomed 

flask, cooled and dissolved in dry THF (200 ml). (S(R),4S)-4,5-O-isopropylidene-1-(p-tolylsulfinyl-2-

pentanone 138 (9.24 g, 31.2 mmol) was dissolved in dry THF (100 ml) and added to the ZnCl2 
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solution, and the mixture was left stirring under N2 at r.t. for 2 h. The reaction mixture was cooled 

to -78 °C, and left stirring for a further 10 min, followed by the slow addition of DIBALH (1.0 M, 

63.0 ml, 62.4 mmol). After the complete addition of the DIBALH, the stirring reaction was slowly 

warmed to r.t., and allowed to proceed for a further 2 h, after which the temperature was reduced 

to -78 °C. The reaction was quenched by the slow addition of a saturated solution of NH4Cl until 

effervescence had stopped. Excess solvent was removed in vacuo, and the residue was extracted 

with EtOAc (3 x 150 ml). The combined organic layer was washed with saturated brine (150 ml), 

dried over anhydrous Na2SO4, and an oily residue was recovered after removal of solvent. The 

desired product was purified by column chromatography (EtOAc/Hex, 4:1), to afford the 

compound 139 (7.38 g, 79%) as a white solid. 

Rf = 0.30 (EtOAc/Hex, 4:1); ώDh]20 = +73.3 (c 0.3, CHCl3); M.p. = 78 ς 

79 °C (Lit63, M.p. = 87 ς 89 °C); IR: ˄ max(cm-1): 3382 (OH), 3040 (C=C-

H), 2897 (C-H), 1493 (C=C), 1067 (C-OH), 1029 (S=O) (; 1H NMR (500 

MHz, CDCl3) ʵ тΦрф ς 7.53 (m, 2H, H-10), 7.34 (d, J = 7.9 Hz, 2H, H-

11), 4.36 ς 4.24 (m, 2H, (H-2 and H-4), 4.09 (dd, J = 8.2, 6.0 Hz, 1H, 

H-5a), 3.99 (br-s, 1H, OH), 3.66 ς 3.57 (m, 1H, H-5b), 3.08 (dd, J = 13.2, 

7.9 Hz, 1H, H-1a), 2.85 (dd, J = 13.2, 3.8 Hz, 1H, H-1b), 2.42 (s, 3H, H-13), 1.96 ς 1.82 (m, 2H, H-3), 

1.41 and 1.34 (2 x s, 6H, H-7 and H-8); 13C NMR (126 MHz, CDCl3) ʵ мпмΦф ŀƴŘ 140.5 (C-9 and C-

12), 130.1 (C-11), 124.1 (C-10), 109.4 (C-6), 74.1 (C-2), 69.4 (C-5), 66.9 (C-4), 63.0 (C-1), 40.0 (C-3), 

26.9 and 25.7 (C-7 and C-8), 21.4 (C-13). 

4.2.9 Preparation of ( S(R),2R,4S)-1-(p-tolylsulfinyl) -pentane -2,4,5-triol 140  

(S(R),2R,4S)-4,5-O-isopropylidene-1-(p-tolylsulfinyl)-pentane-2,4,5-triol 139 was dissolved in 

MeOH (200 ml) and water (50 ml), followed by the addition of p-TsOH (0.44 g, 2.33 mmol). The 

reaction was heated under reflux for 4 h, whilst monitoring the progress of the reaction by TLC. 

Upon completion of the reaction, Et3N (1 ml) was added to neutralize the acid, and excess solvent 

was removed under reduced pressure. The residue was dissolved in water (50 ml), and extracted 

once with EtOAc (150 ml) for the removal of any residual organic compounds and starting 

material. The aqueous layer was continuously extracted with EtOAc (150 ml) for 2 days. The EtOAc 

solution was dried over anhydrous Na2SO4 and the solvent was removed under reduced pressure 

leaving (S(R),2R,4S)-1-(p-tolylsulfinyl)-pentane-2,4,5-triol 140 (3.77 g, 63%) as a white solid. 
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Rf = 0.22 (EtOAc/Hex, 4:1); ώDh]20 = +258.0 (c 0.53, acetone); M.p. = 

133 ς 134 °C (Lit63, M.p. = 140 ς 142 °C); IR: ˄ max(cm-1): br-3230 (OH), 

3056 (C=C-H), 2870 (C-H), 1460 (C=C), 1386, 1346 and 1317 (C-O), 

1009 (S=O); 1H NMR (300 MHz, CDCl3) ɻ  7.57 ς 7.51 (m, 2H, H-7), 7.37 

ς 7.29 (m, 2H, H-8), 4.83 (s, 1H, OH), 4.51 ς 4.39 (m, 1H, H-2), 4.18 (s, 

1H, OH), 4.04 ς 3.93 (m, 1H, H-4), 3.69 ς 3.57 (m, 1H, H-5a), 3.55 ς 3.40 (m, 2H, H-5b and OH), 3.19 

ς 3.05 (m, 1H, H-1a), 2.83 (dd, J = 13.2, 3.8 Hz, 1H, H-1b), 2.41 (s, 3H, H-10), 1.87 ς 1.68 (m, 2H, H-

3); 13C NMR (75 MHz, CDCl3) ʵ мпнΦм ό/-6), 140.0 (C-9), 130.2 (C-8), 124.1 (C-7), 71.3 (C-4), 67.8 

(C-2), 66.4 (C-5), 63.2 (C-1), 39.2 (C-3), 21.5 (C-10). 

4.2.10 Synthesis of (2R,4S)-1-(( S)-p-tolylsulfinyl) -5-(trit yloxy)pentane -

2,4-diol  141 

DMAP (0.34 g, 2.79 mmol) and trityl chloride (4.28 g, 15.4 mmol) were added to a stirring solution 

of compound 140 (3.61 g, 13.9 mmol) in DCM (60 ml) and pyridine (4.5 ml). The reaction was left 

stirring for 24 h, whilst monitoring the completion of the reaction using TLC analysis. After 

completion of the reaction, the mixture was washed with 1 M HCl (4 x 100 ml) followed by 

saturated brine (100 ml). The organic layer was separated and dried over anhydrous Na2SO4 and 

excess solvent was then removed in vacuo leaving a very viscous oil. The product was purified 

using column chromatography (EtOAc/Hex, 4:1) to afford compound 141 (4.52 g, 65%), as a white 

solid. 

Rf = 0.38 (EtOAc/Hex, 4:1); ώDh]21 = +118.6 (c 0.98, acetone); M.p. 

= 65 ς 66 °C (Lit63, M.p. = 74 ς 76 °C); IR: ˄ max(cm-1): br-3355 (OH), 

3056 (C=C-H),  2918 (C-H), 1596 (C=C), 1221 (C-O), 1083 (C-O), 

1030 (S=O); 1H NMR (500 MHz, CDCl3) ɻ  7.55 ς 7.52 (m, 2H, Ar-H), 

7.43 ς 7.37 (m, 6H, Ar-H), 7.35 ς 7.20 (m, 11H, Ar-H), 4.42 ς 4.35 (m, 1H, H-2), 4.31 (s, 1H, OH), 

4.08 ς 4.01 (m, 1H, H-4), 3.15 (d, J = 2.7 Hz, 1H, OH), 3.11 (d, J = 5.6 Hz, 2H, H-5), 3.03 (dd, J = 13.2, 

8.2 Hz, 1H, H-1a), 2.79 (dd, J = 13.2, 3.4 Hz, 1H, H-1b), 2.41 (s, 3H, H-7), 1.77 ς 1.67 (m, 2H, H-3); 

13C NMR (126 MHz, CDCl3) ɻ  мпоΦтΣ мпмΦфΣ мплΦрΣ молΦмΣ мнуΦ6, 127.9, 127.1 and 124.1 (Ar-C), 86.8 

(C-6), 70.6 (C-4), 68.3 (C-2), 67.4 (C-5), 62.9 (C-1), 39.4 (C-3), 21.4 (C-7). 
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4.2.11 Synthesis of (4R,6S)-2,2-dimethyl -4-((( S)-p-tolylsulfinyl)methyl) -6-

((trityloxy)methyl) -1,3-dioxane  124 

Compound 141 (4.40 g, 8.79 mmol), 2,2-dimethoxypropane (30 ml, 19.2 mmol) and p-toluene 

sulfonic acid (125 mg) were dissolved in acetone (40 ml). The mixture was then left stirring for 1 

h after which a few drops of Et3N were added to neutralise the acid. Excess solvent was removed 

in vacuo, and a white precipitate was recovered. Purification of the desired product by column 

chromatography (EtOAc/Hex, 1:1) afforded compound 124 (4.08 g, 86%) as a white solid. 

Rf = 0.46 (EtOAc/Hex, 1:1); ώDh]21 = +28.1 (c 1.09, acetone); M.p. = 

164 ς 165 °C (Lit63, M.p. = 167 ς 168 °C); IR: ˄ max(cm-1): 3036 (C=C-

H), 2925 (C-H), 1597 (C=C), 1161, 1100 and 1078 (C-O), 1047 (S=O); 

1H NMR (500 MHz, CDCl3) ʵ 7.55 ς 7.52 (m, 2H, Ar-H), 7.45 ς 7.41 

(m, 6H, Ar-H), 7.33 ς 7.19 (m, 11H, Ar-H), 4.13 ς 4.06 (m, 1H, H-4), 

3.97 (dtd, J = 11.4, 5.6, 2.4 Hz, 1H, H-6), 3.23 (dd, J = 9.3, 5.2 Hz, 1H, H-7a), 3.15 (dd, J = 13.1, 6.8 

Hz, 1H, H-9a), 2.96 (dd, J = 9.3, 6.0 Hz, 1H, H-7b), 2.76 (dd, J = 13.1, 5.4 Hz, 1H, H-9b), 2.41 (s, 3H, 

H-10), 1.75 (dt, J = 12.8, 2.5 Hz, 1H, H-5a), 1.40 ς 1.34 (m, 1H, H-5b), 1.33 and 1.30 (2 x s, 6H, H-1 

and H-3); 13C NMR (126 MHz, CDCl3) ʵ 143.9, 141.6, 140.3, 129.8, 128.7, 127.8, 127.0 and 124.4 

(Ar-C), 98.9 (C-2), 86.5 (C-8), 68.2 (C-4), 67.0 (C-7), 63.9 (C-6), 63.1 (C-9), 33.6 (C-5), 29.7 (C-3), 21.4 

(C-10), 19.6 (C-1). 

4.2.12 Synthesis of (S)-methyl 3 -hydroxy -4-(trityloxy)butanoate  142 

Compound 129 (3.77 g, 28.1 mmol) was dissolved in pyridine (9 ml) and DCM (30 ml) followed by 

the addition of DMAP (1.72 g, 14.1 mmol) and trityl chloride (8.62 g, 30.9 mmol), and the reaction 

was left stirring overnight. TLC analysis showed total consumption of the starting material. The 

reaction mixture was washed with 1 M HCl (4 x 100 ml) followed by saturated brine (200 ml). The 

organic layer was  dried over Na2SO4 and excess solvent was removed in vacuo. Purification of the 

product by column chromatography (EtOAc/Hex, 3:7) afforded compound 142 (10.55 g, 100%) as 

a yellow oil. 

Rf = 0.42 (EtOAc/Hex, 3:7); ώDh]20 = -15.0 (c 1.05, CHCl3); M.p: 129 ς 130 

°C IR: m˄ax(cm-1): 3469 (OH), 3058 (C=C-H), 2951 (C-H), 1732 (C=O), 

1597 (C=C), 1216 (C-O); 1H NMR (300 MHz, CDCl3) ɻ  тΦпт ς 7.39 (m, 6H, 

Ar-H), 7.33 ς 7.16 (m, 9H, Ar-H), 4.28 ς 4.16 (m, 1H, H-3), 3.63 (s, 3H, H-5), 3.16 (d, J = 5.4 Hz, 2H, 
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H-4), 3.02 (d, J = 4.6 Hz, 1H, OH), 2.64 ς 2.43 (m, 2H, H-2); 13C NMR (75 MHz, CDCl3) ɻ  мтнΦр (C-1), 

143.7, 128.4, 127.7 and 126.9 (Ar-C), 86.7 (C-6), 67.5 (C-3), 66.6 (C-4), 51.7 (C-5), 38.4 (C-2); HRMS 

(m/z), calculated for C24H24NaO4: 399.1567, found (M+Na)+: 399.1561. 

4.2.13 Synthesis of (S)-methyl 3 -(( tert -butyldimethylsilyl)oxy) -4-

(trityloxy)butanoate  143 

To a stirring solution of compound 142 (10.40 g, 27.8 mmol) in DCM was added, 1.5 equiv of TBSCl 

(5.03 g, 33.4 mmol), imidazole (1.5 equiv, 2.84 g, 41.7 mmol) and DMAP (5.12 g, 41.7 mmol) 

sequentially. TLC showed total consumption of the starting material after 12 h. Work up of the 

reaction by washing the reaction mixture with H2O (300 ml), saturated brine (300 ml), and drying 

the organic layer over Na2SO4, followed by the removal of excess solvent in vacuo afforded the 

crude product. Purification was achieved by column chromatography (EtOAc/Hex, 1:9) yielding 

compound 143 (8.82 g, 65%) as a white precipitate. 

Rf = 0.38 (EtOAc/Hex, 1:9); ώDh]20 = -13.4 (c 1.00, CHCl3); M.p: 70 ς 71 °C 

IRΥ ˄max(cm-1): 3058 (C=C-H), 2928 (C-H), 1738 (C=O), 1598 (C=C), 1123, 

1074 and 1031 (C-O); 1H NMR (300 MHz, CDCl3) ʵ тΦпф ς 7.38 (m, 6H, 

Ar-H), 7.35 ς 7.16 (m, 9H, Ar-H), 4.31 ς 4.19 (m, 1H, H-3), 3.63 (s, 3H, H-6), 3.18 ς 3.09 (m, 1H, H-

4a), 3.06 ς 2.96 (m, 1H, H-4b), 2.75 (dd, J = 14.9, 4.5 Hz, 1H, H-2a), 2.47 (dd, J = 14.9, 8.1 Hz, 1H, H-

2b), 0.80 (s, 9H, TBS-C(CH3)3), -0.02 and -0.08 (2 x s, 6H, TBS-Si(CH3)2); 13C NMR (75 MHz, CDCl3) ɻ  

172.2 (C-1), 143.9, 128.7, 127.8 and 127.0 (Ar-C), 86.7 (C-5), 68.9 (C-3), 67.2 (C-4), 51.4 (C-6), 40.7 

(C-2), 25.7 (TBS-C(CH3)3), 17.9 (TBS-C(CH3)3), -4.6 and -5.2 (TBS-Si(CH3)2); HRMS (m/z), calculated 

for C30H38NaO4Si: 513.2432, found (M+Na)+: 513.2422. 

4.2.14 Sulfoxide addition to (S)-methyl 3 -((tert -butyldimethylsilyl)oxy )-4-

(trityloxy)butanoate 145  

LDA (1.0 M in hexanes, 26 ml, 26.0 mmol) was added to dry THF (100 ml) under N2 at -78 °C, 

followed by the addition of R(+)-methyl p-tolyl sulfoxide 137 (3.21 g, 20.8 mmol) in dry THF (50 

ml). The reaction proceeded for 30 min, during which the solution turned bright orange whilst the 

temperature was slowly raised to -40 °C. In a separate two-necked flask, (S)-methyl 2-(2,2-

dimethyl-1,3-dioxolan-4-yl)acetate  143 (5.10 g, 10.4 mmol) was dissolved in dry THF (100 ml), and 

cooled to -40 °C. The methyl sulfoxide solution was added dropwise using a cannula needle to the 

stirring solution of compound 143, and the reaction was allowed to reach r.t. upon complete 
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addition. After 2 h of stirring at r.t. the reaction was quenched by the addition of saturated 

aqueous NH4Cl solution (200 ml), and acidified to pH 6 using 1 M HCl. The mixture was extracted 

with EtOAc (3 x 100 ml). The combined organic layers were washed with H2O (100 ml), followed 

by saturated brine solution (100 ml), and dried over anhydrous Na2SO4. TLC showed two products 

of potential significance. Excess solvent was removed in vacuo yielding a brownish oil, which was 

purified by column chromatography. Gradient elution was used for separating the desired 

products starting from (EtOAc/Hex, 1:1) and then increasing the ratio to 4:1. The separated 

compound 144 (1.50 g, 24%), and compound 145 (3.49 g, 55%) were recovered as pale yellow 

solids. 

Compound 144 : (S)-3-((tert-butyldimethylsilyl)oxy)-1-((R)-p-

tolylsulfinyl)-5-(trityloxy)pentan-2-one: Rf = 0.48 (EtOAc/Hex, 3:7); 

ώDh]20 = +91.4 (c 1.3, CHCl3); M.p. = 115 ς 116 °C; IRΥ ˄max(cm-1): 3056 

(C=C-H), 2951 (C-H), 1716 (C=O), 1083 (C-O), 1067 (S=O); 1H NMR 

(300 MHz, CDCl3) ɻ  тΦрс ς 7.50 (m, 2H, Ar-H), 7.41 ς 7.34 (m, 6H, Ar-

H), 7.33 ς 7.16 (m, 11H, Ar-H), 4.18 (t, J = 5.5 Hz, 1H, H-3), 4.07 (d, J = 14.8 Hz, 1H, H-1a), 3.92 (d, J 

= 14.8 Hz, 1H, H-1b), 3.32 ς 3.18 (m, 1H, H-5a), 3.17 ς 3.04 (m, 1H, H-5b), 2.40 (s, 3H, H-7), 2.12 ς 

1.95 (m, 1H, H-4a), 1.90 ς 1.75 (m, 1H, H-4b), 0.75 (s, 9H, TBS-C(CH3)3), -0.07 and -0.13 (2 x s, 6H, 

TBS-Si(CH3)2); 13C NMR (75 MHz, CDCl3) ʵ нлпΦт (C-2), 143.8, 141.9, 141.0, 130.0, 128.6, 127.8, 

127.0 and 124.3 (Ar-C), 87.3 (C-6), 76.2 (C-3), 65.3 (C-1), 58.7 (C-5), 34.5 (C-4), 25.7 (TBS-C(CH3)3), 

21.4 (C-7), 17.9 (TBS-C(CH3)3), -5.0 and -5.1 (TBS-Si(CH3)2); HRMS (m/z), calculated for 

C37H44NaO4SSi: 635.2622, found (M+Na)+: 635.2621. 

Compound 145 : (S)-4-((tert-butyldimethylsilyl)oxy)-1-((R)-p-

tolylsulfinyl)-5-(trityloxy)pentan-2-one: Rf = 0.46 (EtOAc/Hex, 3:7); 

ώDh]20 = +67.0 (c 1.3, CHCl3); M.p. = 115 ς 116 °C; IRΥ ˄max(cm-1): 3064 

(C=C-H), 2950 (C-H), 1712 (C=O), 1080 (C-O), 1050 (S=O); 1H NMR 

(300 MHz, CDCl3) ʵ тΦпр όŘΣ J = 7.9 Hz, 2H, Ar-H), 7.42 ς 7.36 (m, 6H, 

Ar-H), 7.32 ς 7.17 (m, 11H, Ar-H), 4.28 ς 4.17 (m, 1H, H-4), 3.88 (d, J = 14.0 Hz, 1H, H-1a), 3.76 (d, 

J = 14.0 Hz, 1H, H-1b), 3.10 (dd, J = 9.3, 4.6 Hz, 1H, H-5a), 2.95 (dd, J = 9.3, 6.8 Hz, 1H, H-5b), 2.80 ς 

2.62 (m, 2H, H-3), 2.36 (s, 3H, H-7), 0.79 (s, 9H, TBS-C(CH3)3), -0.02 and -0.09 (2 x s, 6H, TBS-

Si(CH3)2); 13C NMR (75 MHz, CDCl3) ʵ нллΦр (C-2), 143.7, 142.0, 140.0, 130.0, 128.6, 127.8, 127.1 

and 124.1 (Ar-C), 86.9 (C-6), 69.9 (C-1), 68.3 (C-4), 67.1 (C-5), 50.0 (C-3), 25.7 (TBS-C(CH3)3), 21.4 
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(C-7), 17.9 (TBS-C(CH3)3), -4.7 and-5.0 (TBS-Si(CH3)2); HRMS (m/z), calculated for C37H44NaO4SSi: 

635.2622, found (M+Na)+: 635.2616.  

4.2.15 Synthesis of (2R,4S)-4-(( tert -butyldimethylsilyl)oxy) -1-(( R)-p-

tolylsulfinyl) -5-(trityloxy)pentan -2-ol  150 

ZnCl2 (3.25 g, 23.8 mmol) was flame dried under vacuum in a 500 ml 2-necked round bottomed 

flask, cooled and dissolved in dry THF (200 ml). (S)-4-((tert-butyldimethylsilyl)oxy)-1-((R)-p-

tolylsulfinyl)-5-(trityloxy)pentan-2-one 145  (3.65 g, 5.96 mmol) was dissolved in dry THF (100 ml) 

and added to the ZnCl2 solution and the mixture was left stirring under N2 at r.t. for 2 h. The 

reaction mixture was cooled to -78 °C, left stirring for 10 min followed by the dropwise addition 

of DIBALH (1.0 M, 9.0 ml, 9.0 mmol). After the complete addition of the DIBALH, the stirring 

reaction was warmed to r.t. and allowed to proceed for a further 2 h after which the temperature 

was reduced to -78 °C. The reaction was then quenched by the slow addition of a saturated 

aqueous solution of NH4Cl until effervescence had stopped. Excess solvent was removed in vacuo 

and the residue was extracted with EtOAc (3 x 150 ml). The combined organic layers were washed 

with saturated brine (150 ml), dried over anhydrous Na2SO4 and an oily residue was recovered 

after removal of solvent. Purification of the desired compound was afforded by column 

chromatography (EtOAc/Hex, 3:7) yielding the compound 150 (3.20 g, 87%) as a yellow solid.  

Rf = 0.27 (EtOAc/Hex, 3:7); ώDh]20 = +43.0 (c 1.3, CHCl3); M.p. = 45 ς 

46 °C; IRΥ ˄max(cm-1): 3339 (OH), 3058 (C=C-H), 2952 (C-H), 1251, 

1155, 1083 (C-O), 1029 (S=O); 1H NMR (500 MHz, CDCl3) ʵ 7.55 (d, J 

= 8.2 Hz, 2H, Ar-H), 7.46 ς 7.38 (m, 6H, Ar-H), 7.35 ς 7.19 (m, 11H, 

Ar-H), 4.24 ς 4.07 (m, 1H, H-2), 3.97 ς 3.87 (m, 2H, H-4 and OH), 3.15 

ς 3.00 (m, 3H, H-1a and H-5), 2.77 (dd, J = 13.0, 3.1 Hz, H-1b), 2.42 (s, 3H, H-7), 1.95 (dt, J = 14.2, 

4.7 Hz, 1H, H-3a), 1.89 ς 1.77 (m, 1H, H-3b), 0.80 (s, 9H, TBS-C(CH3)3), -0.04 and -0.10 (2 x s, 6H, 

TBS-Si(CH3)2); 13C NMR (126 MHz, CDCl3) ʵ мпоΦуΣ мпмΦуΣ мплΦтΣ молΦлΣ мнуΦтΣ мнтΦфΣ мнтΦм ŀƴŘ 

124.2 (Ar-C), 86.9 (C-6), 70.2 (C-4), 67.3 (C-5), 66.3 (C-2), 63.7 (C-1), 41.7 (C-3), 25.8 (TBS-C(CH3)3), 

21.5 (C-7), 17.9 (TBS-C(CH3)3), -4.4 and -4.9 (TBS-Si(CH3)2); HRMS (m/z), calculated for 

C37H46NaO4SSi: 637.6722, found (M+Na)+: 637.6729. 
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4.2.16 Synthesis of (2R,4S)-1-(( S)-p-tolylsulfinyl) -5-(tr ityloxy)pentane -

2,4-diol 141  

To a solution of compound 150 (2.90 g, 4.71 mmol) in dry THF (150 ml) was added TBAF (1.5 equiv, 

7.00 ml) under N2 at 0 °C. The reaction was stirred for 4 h until completion, whilst monitoring by 

TLC. Quenching of the reaction was achieved by addition of saturated aqueous NH4Cl solution (50 

ml), followed by washing with saturated brine (100 ml). The organic layer was separated and dried 

over anhydrous Na2SO4 and excess solvent was removed in vacuo. Purification of the desired 

product using column chromatography (EtOAc/Hex, 4:1) yielded the desired product as a white 

precipitate, compound 141 (2.08 g, 87%), ώDh]20 = +83.3 (c 1.00, CHCl3). See compound 141 for the 

rest of the NMR spectroscopic data. 

4.2.17 Synthesis of (4R,6S)-2,2-dimethyl -6-((trityloxy)methyl) -1,3-

dioxane -4-carbaldehyde  151 

Compound 124 (3.38 g, 6.26 mmol) was dissolved in dry MeCN (20 ml) followed by the subsequent 

addition of collidine (2.48 ml, 18.77 mmol) and TFAA (4.35 ml, 31.28 mmol) at 0 °C. The reaction 

proceeded for 30 min until total consumption of the starting material was detected, before 

quenching with water (1 ml) followed by solid K2CO3 until the reaction mixture was neutral. Stirring 

of the reaction continued for a further 30 min at room temperature after which it was diluted with 

EtOAc (250 ml), washed with saturated aqueous NH4Cl solution (200 ml), 1M HCl (100 ml), 

saturated NaHCO3 solution (200 ml) and saturated brine solution (250 ml). The organic layer was 

separated, and dried over anhydrous Na2SO4 and excess solvent was removed in vacuo. 

Purification of the desired product was achieved by column chromatography employing gradient 

elution (EtOAc/Hex, 1:9 to 1:1) yielding compound 151 (2.59 g, 99%), as a white solid. 

Rf = 0.30 (EtOAc/Hex, 1:1); M.p.: 61 ς 62 °C; IRΥ ˄max(cm-1): 3059 (C=C-

H), 2991 (C-H), 1736 (C=O), 1258, 1165, 1076 (C-O) 1H NMR (300 MHz, 

CDCl3) ʵ фΦру όǎΣ мI, H-9), 7.50 ς 7.40 (m, 6H, Ar-H), 7.34 ς 7.17 (m, 9H, 

Ar-H), 4.30 (dd, J = 12.3, 3.0 Hz, 1H, H-4), 4.09 ς 3.96 (m, 1H, H-6), 3.26 (dd, J = 9.4, 5.2 Hz, 1H, H-

7a), 3.02 (dd, J = 9.4, 6.1 Hz, 1H, H-7b), 1.88 (dt, J = 13.0, 2.8 Hz, 1H, H-5a), 1.462 and 1.457 (2 x s, 

6H, H-1 and H-3), 1.43 ς 1.32 (m, 1H, H-5b); 13C NMR (75 MHz, CDCl3) ʵ нлмΦм (C-9), 143.9, 128.7, 

127.8 and 127.0 (Ar-C), 99.0 (C-2), 86.6 (C-8), 73.8 (C-4), 67.9 (C-6), 66.9 (C-7), 29.6 (C-3), 28.6 (C-

5), 19.4 (C-1). 
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4.2.18 Synthesis of N-benzyl -1-((4 R,6S)-2,2-dimethyl -6-

((trityloxy)methyl) -1,3-dioxan -4-yl)methanamine  152 

A solution of benzylamine (774 µl, 7.08 mmol) in 1,2-dichloroethane (18 ml) was added to a 

solution of compound 151 (2.27 g, 5.44 mmol) in THF (2 ml) stirring under N2. The mixture was 

treated with sodium triacetoxyborohydride (1.61 g, 7.61 mmol) in one portion and the reaction 

was allowed to proceed for 24 h whilst monitoring by TLC. Quenching of the reaction was achieved 

by addition of 1 M NaOH (20 ml) followed by extraction of the organic layer with DCM (100 ml). 

The organic layer was washed with saturated brine solution (100 ml), and dried over anhydrous 

Na2SO4, followed by solvent removal in vacuo. Purification by column chromatography 

(EtOAc/Hex, 1:1) yielded the desired product 152 (1.65 g, 60%) as a colourless thick gel. 

Rf = 0.38 (EtOAc/Hex, 1:1); ώDh]20 = -16.8 (c 0.9, CHCl3); IRΥ ˄max(cm-

1): 3316 (NH), 3060 (C=C-H), 2986 (C-H), 1092 (C-O); 1H NMR (400 

MHz, CDCl3) ɻ  тΦрп ς 7.48 (m, 6H, Ar), 7.40 ς 7.24 (m, 14H, Ar-H), 

4.16 ς 4.00 (m, 2H, H-4 and H-6), 3.85 (s, 2H, H-10), 3.30 (dd, J = 9.2, 5.3 Hz, 1H, H-7a), 3.02 (dd, J 

= 9.2, 6.0 Hz, 1H, H-7b), 2.77 ς 2.66 (m, 2H, H-9), 2.08 (br-s, 1H, NH), 1.64 (dt, J = 12.8, 2.5 Hz, 1H, 

H-5a), 1.50 and 1.44 (2 x s, 6H, H-1 and H-3), 1.36 ς 1.23 (m, 1H, H-5b); 13C NMR (75 MHz, CDCl3) ɻ  

144.0, 140.3, 128.7, 128.3, 128.1, 127.7 and 126.9 (Ar-C), 98.6 (C-2), 86.4 (C-8), 68.34 and 68.27 

(C-4 and C-6), 67.3 (C-7), 54.6 (C-9), 53.9 (C-10), 32.1 (C-5), 30.0 and 19.9 (C-3 and C-1); HRMS 

(m/z), calculated for C14H37NO3: 508.2866, found (M+H)+: 508.2865. 

4.2.19 Synthesis of (2S,4R)-5-aminopentane -1,2,4-triol  153 

Compound 152 (0.490 g, 0.965 mmol) was dissolved in ethanol (5 ml) followed by the addition of 

Pd/C (0.050 g, 10%) and a few drops of formic acid. The reaction was left stirring overnight under 

H2 at atmospheric pressure. After reaction completion, the crude product was filtered over celite, 

and excess solvent was removed under reduced pressure. Purification of the product was afforded 

by column chromatography (CHCl3/MeOH, 4:1) yielding compound 153 (0.152 g, 90%) as a yellow 

oil.  

Rf = 0.28 (CHCl3/MeOH, 9:1); 1H NMR (300 MHz, MeODύ ʵ пΦло ς 3.89 (m, 

1H, H-4), 3.82 ς 3.68 (m, 1H, H-2), 3.52 ς 3.32 (m, 2H, H-1), 3.13 ς 2.96 (m, 

1H, H-5a), 2.86 ς 2.72 (m, 1H, H-5b), 1.73 ς 1.51 (m, 2H, H-3); 13C NMR (75 MHz, MeODύ ʵ тлΦр ό/-

2), 67.1 (C-4), 66.9 (C-1), 46.0 (C-5), 39.0 (C-3). 
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4.2.20 ((4 R,6S)-2,2-dimethyl -6-((trityloxy)methyl) -1,3-dioxan -4-

yl)methanamine  154 

Compound 152 (1.04 g, 2.05 mmol) was dissolved in ethanol (10 ml) and left stirring under N2 for 

15 min, followed by the addition of Pd/C (1.00 g, 10%). The reaction was left stirring for a further 

15 min before introducing H2. Completion of the reaction was observed after 24 h of regular 

monitoring using TLC. The mixture was filtered through a celite plug and excess solvent was 

removed in vacuo. Purification of the desired product was achieved by column chromatography 

(DCM/MeOH, 95:5) yielding compound 154 (0.71 g, 84%) as a white gluey viscous oil. 

Rf = 0.27 (DCM/MeOH, 1:1); ώDh]20 = -24.6 (c 1.0, CHCl3); IRΥ ˄max(cm-

1): 3319 (NH), 3057 (C=C-H), 2924 (C-H), 1052 (C-O); 1H NMR (300 

MHz, CDCl3) 1H NMR (300 MHz, CDCl3ύ ʵ тΦпу ς 7.42 (m, 6H, Ar-H), 

7.32 ς 7.18 (m, 9H, Ar-H), 4.03 (dtd, J = 11.5, 5.6, 2.5 Hz, 1H, H-6), 3.92 ς 3.78 (m, 1H, H-4), 3.25 

(dd, J = 9.2, 5.3 Hz, 1H, H-7a), 2.96 (dd, J = 9.2, 6.0 Hz, 1H, H-7b), 2.80 ς 2.62 (m, 2H, H-9), 1.65 (br-

s, 2H, NH2), 1.58 (dt, J = 12.7, 2.5 Hz, 1H, H-5a), 1.45 and 1.39 (2 x s, 6H, H-1 and H-3), 1.29 ς 1.10 

(m, 1H, H-5b), 13C NMR (75 MHz, CDCl3) ɻ  мппΦлΣ мнуΦтΣ мнтΦт ŀƴŘ 126.9 (Ar-C), 98.6 (C-2), 86.5 (C-

8), 70.5 (C-4), 68.2 (C-6), 67.3 (C-7), 47.4 (C-9), 31.6 (C-5), 30.0 and 19.9 (C-3 and C-1); HRMS (m/z), 

calculated for C27H32NO3: 418.2377, found (M+H)+: 418.2376. 

4.2.21 Synthesis of tert -butyl (((4 R,6S)-2,2-dimethyl -6-

((trityloxy)methyl) -1,3-dioxan -4-yl)methyl)carbamate  155 

Compound 154 (0.68 g, 1.63 mmol) was dissolved in THF (50 ml), followed by the addition of Boc 

anhydride (0.43 g, 1.96 mmol) and DMAP (10 mg, 0.082 mmol). The reaction was left stirring 

overnight and TLC showed total consumption of the starting material. Work up of the 

experimental mixture was achieved by diluting with DCM (100 ml) followed by washing with H2O 

(100 ml) and saturated brine solution (150 ml). The organic layer was separated, dried over 

anhydrous Na2SO4 and excess solvent was removed in vacuo. The desired product 155 was 

recovered as a white solid (0. 85 g, 100%). 

Rf = 0.30 (EtOAc/Hex, 1:9); ώDh]20 = -20.3 (c 1.0, CHCl3); IRΥ ˄max(cm-

1): 3330 (NH), 3057 (C=C-H), (C-H), 1686 (C=O), 1091 (C-O); 1H NMR 

(300 MHz, CDCl3) ʵ тΦпф ς 7.40 (m, 6H, Ar-H), 7.34 ς 7.13 (m, 9H, 

Ar-H), 4.88 (br-s, 1H, NH), 4.11 ς 3.89 (m, 2H, H-4 and H-6), 3.40 ς 3.19 (m, 2H, H-7a and H-9a), 

3.07 ς 2.91 (m, 2H, H-7b and H-9b), 1.58 (dt, J = 12.8, 2.5 Hz, 1H, H-5a), 1.45 (s, 9H, Boc-C(CH3)3)), 



Chapter 4: Experimental procedures 

157 
 

1.43 and 1.38 (2xs, 6H, H-1 and H-3), 1.28 ς 1.13 (m, 1H, H-5b); 13C NMR (75 MHz, CDCl3) ʵ мрсΦл 

(Boc-C=O), 144.0, 128.7, 127.8 and 127.0 (Ar-C), 98.7 (C-2), 86.5 (C-8), 79.3 (Boc-C(CH3)3), 68.2 and 

68.1 (C-4 and C-6), 67.2 (C-7), 45.5 (C-9), 31.2 (C-5) 29.9 (C-3), 28.4 (Boc-C(CH3)3), 19.9 (C-1); HRMS 

(m/z), calculated for C32H39NNaO5: 540.2720, found (M+Na)+: 540.2711. 

4.2.22 Synthesis of tert -butyl (((4 R,6S)-6-(hydroxymethyl) -2,2-dimethyl -

1,3-dioxan -4-yl)methyl)carbamate  156 

A 500 ml two-necked round bottomed flask was heat sealed before being connected to a cold 

finger condenser under N2. Na (729 mg, 31.7 mmol) was added in one portion and the flask was 

cooled to -60 °C with the condenser also at -60 °C. Liquid NH3 (50 ml) was introduced to the flask 

and it was allowed to reflux for 15 min ensuring that the colour remained deep blue. Compound 

155 (820 mg, 1.58 mmol) was dissolved in dry THF (20 ml), cooled, and added to the ammonia 

solution. There was no colour change observed, and the reaction proceeded for a further 1 h. 

Quenching was achieved by slow addition of ethanol (10 ml) over 10 min until the blue colour had 

disappeared completely. Solid NH4Cl (4 g) was then added in one portion and the reaction was left 

stirring open at ambient temperature until all the NH3 had evaporated. The reaction mixture was 

diluted with saturated aqueous NH4Cl solution (100 ml), and the organic layer was extracted with 

DCM (200 ml), dried over anhydrous Na2SO4 and excess solvent was removed in vacuo. 

Purification of the desired compound was achieved by column chromatography (DCM/MeOH, 

95:5) yielding compound 156 (353 mg, 81%) as a yellow oil. 

Rf = 0.30 (DCM/MeOH, 95:5); ώDh]20 = -10.7 (c 0.6, CHCl3); IRΥ ˄max(cm-1): 

3324-br (OH and NH), 2923 (C-H), 1023 (C-O); 1H NMR (300 MHz, CDCl3) 

ʵ пΦфр (br-s, 1H, NH), 4.03 ς 3.95 (m, 2H, H-4 and H-6), 3.60 (dd, J = 11.5, 

3.4 Hz, 1H, H-7a), 3.51 (dd, J = 11.5, 6.2 Hz, 1H, H-7b), 3.36 ς 3.27 (m, 1H, H-8a), 3.04 (ddd, J = 13.8, 

6.9, 5.1 Hz, 1H, H-8b), 2.41 (br-s, 1H, OH), 1.47 ς 1.43 (m, 12H, Boc-C(CH3)3 and H-1), 1.40 (s, 3H, 

H-3), 1.40 ς 1.30 (m, 2H, H-5), 13C NMR (75 MHz, CDCl3) ʵ мрсΦм (Boc-C=O), 98.8 (C-2), 79.4 (Boc-

C(CH3)3), 69.3 and 67.9 (C-4 and C-6), 65.9 (C-7), 45.4 (C-8), 29.9 (C-3), 29.2 (C-5), 28.4 (Boc-

C(CH3)3), 19.9 (C-1); HRMS (m/z), calculated for C13H26NO5: 276.1805, found (M+H)+: 276.1806. 

4.2.23 Synthesis of ((4 S,6R)-6-((( tert -butoxycarbonyl)amino)methyl) -2,2-

dimethyl -1,3-dioxan -4-yl)methyl 4 -methylbenzenesulfonate  157 

Compound 156 (198 mg, 0.719 mmol), was dissolved in DCM (10 ml), followed by the addition of 

DMAP (527 mg, 4.31 mmol) and TsCl (822 mg, 4.31 mmol). The reaction was left stirring for 24 h 
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until TLC showed complete disappearance of the starting material. Work up of the reaction was 

performed by diluting the reaction with water (100 ml), followed by extraction of the desired 

compound with DCM (150 ml), followed by washing with saturated brine (100 ml). The organic 

layer was separated and dried over anhydrous Na2SO4 and excess solvent was removed in vacuo. 

Purification of the product was achieved by column chromatography (EtOAc/Hex, 3:7) yielding 

compound 157 (256 mg, 83%) as a yellow oil.  

Rf = 0.32 (EtOAc/Hex, 3:7); ώDh]20 = -3.2 (c 1.02, CHCl3); IRΥ ˄max(cm-1): 

3403 (NH), 2980 (C-H), 1598 (C=C), 1363 (S=O), 1168 (C-N), 1097 (C-O); 

1H NMR (300 MHz, CDCl3) ɻ  7.78 (d, J = 8.3 Hz, 2H, Ar-H), 7.34 (d, J = 7.9 

Hz, 2H, Ar-H), 4.91 (br-s, 1H, NH), 4.17 ς 4.04 (m, 1H, H-6), 4.02 ς 3.85 (m, 3H, H-4 and H-7), 3.34 

ς 3.19 (m, 1H, H-8a), 3.02 (ddd, J = 13.8, 6.7, 5.3 Hz, 1H, H-8b), 2.45 (s, 3H, Ar-CH3), 1.44 (s, 9H, Boc-

C(CH3)3), 1.36 and 1.30 (2 x s, 6H, H-1 and H-3), 1.28 ς 1.10 (m, 2H, H-5); 13C NMR (75 MHz, CDCl3) 

ʵ мрсΦл (Boc-C=O), 144.9, 132.9, 129.8 and 128.0 (Ar-C), 99.0 (C-2), 79.4 (Boc-C(CH3)3), 72.2 (C-7), 

67.7 (C-4), 66.6 (C-6), 45.2 (C-8), 29.6 (C-3), 29.5 (C-5), 28.4 (Boc-C(CH3)3), 21.6 (Ts-CH3), 19.6 (C-

1). 

4.2.24 Synthesis of  tert -butyl (((4 R,6S)-6-(azidomethyl) -2,2-dimethyl -1,3-

dioxan -4-yl)methyl)carbamate  158 

Compound 157 (240 mg, 0.559 mmol), was dissolved in DMF (6 ml) followed by the addition of 

NaN3 (182 mg, 2.79 mmol) and the reaction was refluxed at 80 °C for 3 h. After TLC analysis showed 

complete disappearance of the starting material the reaction was cooled and diluted with Et2O 

(100 ml) and washed with saturated brine. The brine layer in turn was extracted once with Et2O 

(100 ml). The combined Et2O solutions were washed with saturated brine (7 x 150 ml), dried over 

Na2SO4 and evaporated to afford the crude product. Purification by column chromatography 

(EtOAc/Hex, 3:7) yielded the desired product 158 (125 mg, 75%) as a yellow oil. 

Rf = 0.35 (EtOAc/Hex, 3:7); ώDh]20 = -5.4 (c 0.5, CHCl3); IRΥ ˄max(cm-1): 3358 

(NH), 2979 (C-H), 2098 (N=N=N), 1703 (C=O), 1164 (C-O); 1H NMR (300 

MHz, CDCl3) ɻ  пΦфн όbr-s, 1H, NH), 4.12 ς 3.91 (m, 2H, H-4 and H-6), 3.40 

ς 3.15 (m, 3H, H-7 and H-8a), 3.06 (ddd, J = 13.9, 6.9, 5.2 Hz, 1H, H-8b), 1.50 ς 1.43 (m, 12H, Boc-

C(CH3)3 and H-1), 1.41 (s, 3H, H-3), 1.41 ς 1.23 (m, 2H, H-5); 13C NMR (75 MHz, CDCl3) ɻ  мрсΦм (Boc-

C=O), 99.1 (C-2), 79.4 (Boc-C(CH3)3), 68.2 (C-6), 68.0 (C-4), 55.1 (C-7), 45.3 (C-8), 30.6 (C-5), 29.8 
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(C-3), 28.4 (Boc-C(CH3)3), 19.8 (C-1); HRMS (m/z), calculated for C13H24 NaN4O4: 323.1690, found 

(M+H)+: 323.1691. 

4.2.25 Synthesis of tert -butyl (((4 R,6S)-6-(aminomethyl) -2,2-dimethyl -

1,3-dioxan -4-yl)methyl)carbamate  159 

Pd/C (30 mg, 10 mol%) was added to a stirring solution of compound 158 (112 mg, 0.373 mmol) 

in ethanol (5 ml) under H2. The reaction was allowed to proceed overnight at 4 atm until TLC 

showed total consumption of the starting material. The reaction mixture was then filtered over 

celite and evaporated yielding the desired compound 159 as a brown oil in quantitative yield. It 

was not purified any further.  

Rf = 0.14 (DCM/MeOH, 9:1); IRΥ ˄max(cm-1): 3353 (NH), 2978 (C-H), 1696 

(C=O), 1160 (C-O); 1H NMR (300 MHz, CDCl3) ɻ  рΦлл όōǊ-s, 1H, NH), 4.09 

ς 3.91 (m, 1H, H-4), 3.89 ς 3.79 (m, 1H, H-6), 3.39 ς 3.22 (m, 1H, H-8a), 

3.04 (ddd, J = 13.8, 6.9, 5.0 Hz, 1H, H-8b), 2.80 ς 2.52 (m, 2H, H-7), 1.45 (s, 12H, Boc-C(CH3)3 and 

H-1), 1.41 ς 1.35 (m, 4H, H-3 and H-5a), 1.31 ς 1.15 (m, 1H, H-5b); 13C NMR (75 MHz, CDCl3) ɻ  мрсΦм 

(Boc-C=O), 98.8 (C-2), 79.3 (Boc-C(CH3)3), 70.3 (C-4), 68.1 (C-6), 47.4 (C-7), 45.4 (C-8), 30.9 (C-5), 

30.0 (C-3), 28.4 (Boc-C(CH3)3), 20.0 (C-1); HRMS (m/z), calculated for C13H27N2O4: 275.1965, found 

(M+H)+: 275.1975. 

4.2.26 Synthesis of tert -butyl (((4 R,6S)-6-formyl -2,2-dimethyl -1,3-dioxan -

4-yl)methyl)carbamate  160 

Compound 156 (196 mg, 0.712 mmol) and IBX (797 mg, 2.85 mmol) were added to DMSO (10 ml) 

and left stirring overnight. TLC analysis showed formation of an aldehyde using a 2,4 DNP as a 

visualisation agent. The reaction mixture was diluted with DCM (100 ml), followed by washing 

with water (2 x 100 ml), saturated brine (100 ml) and evaporation of excess solvent. Quantitative 

yield of the crude aldehyde 160 was recovered as an oil and was not purified further. 

Rf = 0.34 (DCM/MeOH, 95:5); IRΥ ˄max(cm-1): 3382 (NH), 2922 (C-H), 1710 

(C=O), 1164 (C-O); 1H NMR (300 MHz, CDCl3) ʵ фΦру όǎΣ мH, H-7), 4.93 (s, 

1H, NH), 4.49 (dd, J = 12.2, 2.9 Hz, 0.34H) and 4.32 (dd, J = 12.2, 3.1 Hz, 

0.41H, H-6), 4.15 ς 3.84 (s, 1H, H-4), 3.43 ς 3.18 (m, 1H, H-8a), 3.15 ς 3.00 (m, 1H, H-8b), 1.77 ς 

0.99 (m, 17H, H-1, H-3, H-5 and Boc-C(CH3)3); HRMS (m/z), calculated for C13H24NO5: 274.1649, 

found (M+H)+: 274.1647. 
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4.2.27 Synthesis of di -tert -butyl (((4 R,4'R,6S,6'S)-6,6'-

(azanediylbis(methylene))bis(2,2 -dimethyl -1,3-dioxane -6,4-

diyl))bis(methylene))dicarbamate  161 

Compound 159 (101 mg, 0.370 mmol) and compound 160 (84 mg, 0.307 mmol) were dissolved in 

THF (3 ml) under N2 followed by the addition of 1,2-dichloroethane (5 ml) and sodium 

triacetoxyborohydride (109 mg, 0.518 mmol) in one portion. After stirring at room temperature 

for 24 h over molecular sieves (3Å) the reaction was quenched with 1 M NaOH (5 ml), washed 

with DCM (50 ml) and saturated brine (50 ml). The organic layer was separated and dried over 

anhydrous Na2SO4 and excess solvent was removed in vacuo. Purification by column 

chromatography (CHCl3/MeOH, 9:1) yielded compound 161 (155 mg, 95%) as a viscous yellow oil. 

Rf = 0.40 (DCM/MeOH, 9:1); ώDh]20 = -10.1 (c 1.03, 

CHCl3); IR m˄ax(cm-1) : 3362 (NH), 2977 (C-H), 1694 

(C=O), 1163 (C-O); 1H NMR (500 MHz, CDCl3) ʵ пΦфп 

(s, 1H, NH), 4.05 ς 3.91 (m, 4H, H-4 and H-6), 3.36 ς 3.23 (m, 2H, H-8a), 3.08 ς 2.99 (m, 2H, H-8b), 

2.75 ς 2.55 (m, 4H, H-7), 2.07 (br-s, 2H, NH), 1.48 ς 1.42 (m, 26H, 2 x Boc-C(CH3)3, H-1 and H-5a), 

1.38 (s, 3H, H-3), 1.30 ς 1.21 (m, 1H, H-5b); 13C NMR (126 MHz, CDCl3) ɻ  мрсΦм (Boc-C=O), 98.8 (C-

2), 79.3 (Boc-C(CH3)3), 68.2 and 67.9 (C-4 and C-6), 55.0 (C-7), 45.4 (C-8), 31.6 (C-5), 30.0 (C-3), 

28.4 (Boc-C(CH3)3), 19.9 (C-1); HRMS (m/z), calculated for C26H50N3O8: 532.3592, found (M+H)+: 

532.3592.  

4.2.28 Synthesis of (2R,2'R,4S,4'S)-5,5'-azanediylbis(1 -aminopentane -2,4-

diol)  112 

Compound 161 (65 mg, 0.122 mmol) was dissolved in a TFA:H2O:Triisopropylsilane mixture 

(95%:2.5%:2.5%, 3 ml) and left stirring at ambient temperature. The reaction mixture was diluted 

with MeOH (100 ml) and excess solvent was removed under reduced pressure. The residue was 

redissolved in methanol (50 ml) followed by the addition of a few drops of  Et3N. The excess 

solvent was removed in vacuo. The desired polyamine 112 was not purified any further and it was 

recovered as a yellow oil in quantitative yield. 

Rf = 0.35 (IPA/AcOH/H2O, 9:1); ώDh]20 = -1.61 (c 0.13, 

MeOH); IRΥ ˄max(cm-1): 3220 ς 2810 (NH2, OH and C-H); 1H 

NMR (500 MHz, MeOD) ʵ пΦмф ς 4.10 (m, 2H, H-4), 4.07 ς 3.99 (m, 2H, H-2), 3.22 ς 3.14 (m, 2H, 
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H-5a), 3.10 ς 3.00 (m, 4H, H-1a and H-5b), 2.88 (dd, J = 12.8, 8.9 Hz, 2H, H-1b), 1.78 ς 1.62 (m, 4H, 

H-3); 13C NMR (126 MHz, MeOD)  ɻ163.8 (q, J = 33.4 Hz), 120.3 (q, J = 291.3 Hz) 64.6 (C-2), 63.7 

(C-4), 52.3 (C-5), 44.4 (C-1), 38.9 (C-3); HRMS (m/z), calculated for C10H26N3O4: 252.1918, found 

(M+H)+: 252.1912. 

4.2.29 Synthesis of ((4 R,6S)-2,2-dimethyl -6-((trityloxy)methyl) -1,3-

dioxan -4-yl)methanol  162 

To a stirring solution of compound 124 (400 mg, 0.740 mmol) in MeCN (6 ml) at 0 °C were added 

collidine (586 µl, 1.48 mmol) and TFAA (1.00 ml, 1.48 mmol) successively. The reaction was stirred 

for 30 min before being hydrolysed with H2O (1 ml) followed by adjusting the pH to neutral using 

solid K2CO3 at ambient temperature. After stirring for 30 min NaBH4 (168 mg, 1.48 mmol) was 

added in one portion, and the reaction continued to stir for a further 40 min before quenching 

with saturated aqueous NH4Cl solution (20 ml). The reaction mixture was extracted using EtOAc 

(150 ml), washed successively with 1 M HCl (10 ml), saturated NaHCO3 (20 ml) and saturated brine 

(100 ml). The organic layer was dried over anhydrous Na2SO4 before excess solvent was removed 

under reduced pressure. Purification using column chromatography (EtOAc/Hex, 3:7) yielded 

compound 162 (310 mg, 99%) as a white solid. 

Rf = 0.31 (EtOAc/Hex, 3:7); ώDh]20 = -20.4 (c 0.7, CHCl3); IRΥ ˄max(cm-1): 

3489 (OH), 3058 (C=C-H), 2989 (C-H), 1030 (C-O); 1H NMR (300 MHz, 

CDCl3) ʵ тΦпу ς 7.40 (m, 6H, Ar-H), 7.33 ς 7.16 (m, 9H, Ar-H), 4.08 ς 

3.93 (m, 2H, H-4 and H-6), 3.59 (dd, J = 11.4, 2.6 Hz, 1H, H-9a), 3.49 (dd, J = 11.3, 6.3 Hz, 1H, H-9b), 

3.26 (dd, J = 9.2, 5.4 Hz, 1H, H-7a), 2.97 (dd, J = 9.1, 6.1 Hz, 1H, H-7b), 2.14 (br-s, 1H, OH), 1.58 ς 

1.50 (m, 1H, H-5a), 1.45 and 1.39 (2 x s, 6H, H-1 and H-3), 1.32 ς 1.20 (m, 1H, H-5b); 13C NMR (75 

MHz, CDCl3) ʵ мппΦлΣ мнуΦтΣ мнтΦт ŀƴŘ 127.0 (Ar-C), 98.7 (C-2), 86.5 (C-8), 69.5 (C-4), 68.0 (C-6), 

67.3 (C-7), 66.1 (C-9), 29.9 (C-3), 29.8 (C-5), 19.9 (C-1). 

4.2.30 Synthesis of tert -butyl(((4 R,6S)-2,2-dimethyl -6-

((trityloxy)methyl) -1,3-dioxa n-4-yl)methoxy)dimethylsilane  163 

Compound 162 (290 mg, 0.693 mmol) was dissolved in DCM (20 ml) followed by the addition of 

imidazole (47 mg, 1.04 mmol), DMAP (128 mg, 1.04 mmol) and TBSCl (125 mg, 0.831 mmol). After 

stirring overnight the reaction mixture was washed with H2O (100 ml) and extracted with DCM 

(100 ml). The organic layer was separated and dried over anhydrous Na2SO4 and excess solvent 
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was removed under reduced pressure. Product purification was afforded by column 

chromatography (EtOAc/Hex, 1:9) to give compound 163 (358 mg, 97%) as a viscous colourless 

oil. 

Rf = 0.74 (EtOAc/Hex, 1:9); ώDh]20 = -11.6 (c 0.31, CHCl3); IRΥ ˄max(cm-

1): 3059 (C=C-H), 2991 (C-H), 1108 (C-O); 1H NMR (300 MHz, CDCl3) 

ʵ 7.49 ς 7.42 (m, 6H, Ar-H), 7.32 ς 7.18 (m, 9H, Ar-H), 4.04 (dtd, J = 

11.6, 5.9, 2.5 Hz, 2H, H-4), 3.93 (dtd, J = 11.5, 5.8, 2.5 Hz, 2H, H-6), 3.67 (dd, J = 10.2, 5.2 Hz, 1H, 

H-7a), 3.48 (dd, J = 10.2, 6.1 Hz, 1H, H-7b), 3.24 (dd, J = 9.1, 5.3 Hz, 1H, H-9a), 2.98 (dd, J = 9.1, 6.1 

Hz, 1H, H-9b), 1.78 (dt, J = 12.9, 2.6 Hz, 1H, H-5a), 1.44 and 1.37 (2 x s, 6H, H-1 and H-3), 1.27 ς 1.14 

(m, 1H, H-5b), 0.90 (s, 9H, TBS-C(CH3)3), 0.07 and 0.06 (2 x overlapping singlets, 6H, TBS-Si(CH3)2); 

13C NMR (75 MHz, CDCl3) ɻ  мппΦмΣ мнуΦуΣ мнтΦт ŀƴŘ 126.9 (Ar-C), 98.4 (C-2), 86.4 (C-8), 69.7 (C-6), 

68.4 (C-4), 67.3 (C-9), 67.0 (C-7), 31.4 (C-5), 29.9 (C-3), 25.9 (TBS-C(CH3)3) , 19.8 (C-1), 18.4 (TBS-

C(CH3)3), -5.1 and -5.3 (TBS-Si(CH3)2); HRMS (m/z), calculated for C33H44NaO4Si: 555.2901, found 

(M+Na)+: 555.2895. 

4.2.31 Preparation of (2S,4R)-5-(( tert -butyldimethylsilyl)oxy)pentane -

1,2,4-triol  164 

Compound 163 (60 mg, 0.111 mmol) was dissolved in dry DCM ( 1 ml) and cooled to -30 °C under 

N2 followed by the dropwise addition of 1 M BCl3 in hexanes (67 µl, 0.0666 mmol). The reaction 

was allowed to proceed for 15 min before quenching with anhydrous MeOH (5 ml). The solution 

was poured into a saturated NaHCO3 solution (5 ml) and stirred for 5 min. The organic layer was 

separated and washed with saturated brine (5 ml), dried over anhydrous MgSO4 and concentrated 

under reduced pressure. Product purification was afforded by column chromatography 

(CHCl3/MeOH, 9:1) yielding compound 164 (17 mg, 66% yield) as a colourless oil. 

Rf = 0.24 (EtOAc); IRΥ ˄max(cm-1): 3261 (OH), 2906 (C-H), 1242 C-O);  1H 

NMR (300 MHz, CDCl3) ʵ пΦлр ς 3.89 (m, 3H, OH, H-2 and H-4), 3.69 ς 

3.58 (m, 2H, H-5), 3.56 ς 3.45 (m, 2H, H-1), 3.29 (br-s, 1H, OH), 3.06 (br-s, 1H, OH), 1.68 ς 1.52 (m, 

2H, H-3), 0.92 (s, 9H, TBS-C(CH3)3), 0.10 (br-s, 6H, TBS-Si(CH3)2); 13C NMR (75 MHz, CDCl3) ɻ  тмΦф4 

and 71.90 (C-2 and C-4), 67.5 and 66.9 (C-1 and C-5), 35.7 (C-3), 26.2 (TBS-C(CH3)3), 18.6 (TBS-

C(CH3)3), -5.0 and -5.1 (TBS-Si(CH3)2); HRMS (m/z), calculated for C11H27O4Si: 251.1673, found 

(M+H)+: 251.1670. 
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4.2.32 Synthesis of ((4 S,6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -2,2-

dimethyl -1,3-dioxan -4-yl)methanol  165 

A 250 ml two-necked round bottomed flask was heat-sealed before being connected to a cold 

finger condenser under N2. Na (258 mg, 11.0 mmol) was added in one portion and the flask was 

cooled to -60 °C with the condenser also at -60 °C. Liquid NH3 (25 ml) was introduced to the flask 

and it was allowed to reflux for 15 min ensuring that the colour remained deep blue. Compound 

163 (320 mg, 0.600 mmol) was dissolved in dry THF (10 ml) and added to the ammonia solution. 

There was no colour change observed, and the reaction proceeded for a further 1 h. Quenching 

was achieved by the slow addition of ethanol (10 ml) over 10 min until the blue colour had 

disappeared completely. Solid NH4Cl (4 g) was then added in one portion and the reaction was left 

stirring open at ambient temperature until all the NH3 had evaporated. The reaction mixture was 

diluted with saturated aqueous NH4Cl (100 ml), and the organic layer was extracted with DCM 

(200 ml), dried over anhydrous Na2SO4 and excess solvent was removed in vacuo. Purification of 

the desired compound using column chromatography (DCM/MeOH, 95:5) gave rise to alcohol 165 

(140 mg, 80%) as a yellow oil. 

Rf = 0.16 (EtOAc/Hex, 9:1); IRΥ ˄max(cm-1): 3441 (OH), 2993 (C-H), 1109 (C-

O); 1H NMR (500 MHz, CDCl3) ʵ пΦлс ς 3.93 (m, 2H, H-4 and H-6), 3.72 ς 

3.67 (m, 1H, H-7a), 3.66 ς 3.61 (m, 1H, H-7b), 3.57 ς 3.47 (m, 2H, H-8), 

2.13 (br-s, 1H, OH), 1.56 ς 1.50 (m, 1H, H-5a), 1.48 and 1.41 (2 x s, 6H, H-1 and H-3), 1.33 ς 1.23 

(m, 1H, H-5b), 0.91 (s, 9H, TBS-C(CH3)3), 0.08 and 0.02 (2 x s, 6H, TBS-Si(CH3)2); 13C NMR (126 MHz, 

CDCl3) ɻ  фуΦт (C-2), 69.5 and 69.4 (C-4 and C-6), 66.9 (C-7), 66.2 (C-8), 29.9 (C-3), 29.3 (C-5), 25.9 

(TBS-C(CH3)3), 19.9 (C-1), 18.3 (TBS-C(CH3)3), -5.2 and -5.3 (TBS-Si(CH3)2); HRMS (m/z), calculated 

for C14H31O4Si: 291.1986, found (M+H)+: 291.1985. 

4.2.33 Synthesis of ((4 S,6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -2,2-

dimethyl -1,3-dioxan -4-yl)methyl 4 -methylbenzenesulfonate  166 

Compound 165 (140 mg, 0.482 mmol) was dissolved in DCM (10 ml) followed by the addition of 

DMAP (426 mg, 2.89 mmol) and TsCl (552 mg, 2.89 mmol). After stirring overnight, the reaction 

was quenched with H2O (50 ml) and diluted with DCM (100 ml). The organic layer was separated, 

and dried over anhydrous Na2SO4 followed by evaporation of excess solvent under reduced 

pressure. Purification of the desired product was afforded by column chromatography using 

(EtOAc/Hex, 3:7) as the eluent to afford compound 166 (200 mg, 99%) as a colourless oil. 



Chapter 4: Experimental procedures 

164 
 

Rf = 0.39 (EtOAc/Hex, 3:7); IRΥ ˄max(cm-1): 2987 (C-H), 1356 (S=O), 1170 

(C-O); 1H NMR (300 MHz, CDCl3) ɻ  тΦун ς 7.76 (m, 2H, Ar-H), 7.37 ς 7.31 

(m, 2H, Ar-H), 4.16 ς 4.05 (m, 1H, H-4), 4.02 ς 3.94 (m, 2H, H-7), 3.93 ς 

3.83 (m, 1H, H-6), 3.63 (dd, J = 10.3, 5.2 Hz, 1H, H-8a), 3.44 (dd, J = 10.3, 6.0 Hz, 1H, H-8b), 2.44 (s, 

3H, Ts-CH3), 1.57 (dt, J = 12.7, 2.6 Hz, 1H, H-5a), 1.37 and 1.30 (2 x s, 6H, H-1 and H-3), 1.20 ς 1.05 

(m, 1H, H-5b), 0.88 (s, 9H, TBS-C(CH3)2), 0.04 (br-s, 6H, TBS-Si(CH3)2); 13C NMR (75 MHz, CDCl3) ʵ 

144.8, 133.0, 129.8 and 128.0 (Ar-C), 98.7 (C-2), 72.4 (C-7), 69.2 (C-6), 66.8 (C-4), 66.7 (C-8), 29.6 

(C-5 and C-3), 25.9 (TBS-C(CH3)3), 21.6 (Ts-CH3), 19.6 (C-1), 18.3 (TBS-C(CH3)3), -5.2 and -5.3 (TBS-

Si(CH3)2. 

4.2.34 Synthesis of (((4 R,6S)-6-(azidomethyl) -2,2-dimethyl -1,3-dioxan -4-

yl)methoxy)( tert -butyl)dimethylsilane  167 

Compound 166 (199 mg, 0.480 mmol), was dissolved in DMF (6 ml) followed by the addition of 

NaN3 (156 mg, 2.40 mmol) and the reaction was refluxed at 75 °C for 4 h. After TLC analysis showed 

complete disappearance of the starting material the reaction was cooled down and diluted with 

Et2O (100 ml) and washed with saturated brine (100 ml). The brine layer in turn was extracted 

once with Et2O (100 ml). The combined Et2O solutions were washed with saturated brine (7 x 150 

ml), dried over anhydrous Na2SO4 and evaporated to afford the desired azide 167 (125 mg, 75%) 

as an orange oil. 

Rf = 0.40 (EtOAc/Hex, 3:7); IRΥ ˄max(cm-1): 2992 (C-H), 2098 (N=N=N), 1253 

(C-N), 1108 (C-O); 1H NMR (300 MHz, CDCl3) ʵ 4.11 (dddd, J = 11.8, 6.2, 

4.2, 2.6 Hz, 1H, H-4), 4.03 ς 3.93 (m, 1H, H-6), 3.71 (dd, J = 10.2, 5.1 Hz, 

1H, H-8a), 3.52 (dd, J = 10.2, 6.2 Hz, 1H, H-8b), 3.34 ς 3.20 (m, 2H, H-7), 1.60 (dt, J = 12.7, 2.6 Hz, 

1H, H-5a), 1.50 and 1.44 (2 x s, 6H, H-1 and H-3), 1.37 ς 1.26 (m, 1H, H-5b), 0.92 (s, 9H, (TBS-

C(CH3)3)), 0.10 and 0.09 (2 x overlapping singlets, 6H, TBS-Si(CH3)2; 13C NMR (126 MHz, CDCl3) ʵ 

98.8 (C-2), 69.5 (C-4), 68.5 (C-6), 66.8 (C-8), 55.2 (C-7), 30.8 (C-5), 29.8 (C-1), 25.9 (TBS-C(CH3)3), 

19.7 (C-3), 18.3 (TBS-C(CH3)3), -5.2 and -5.3 (TBS-C(CH3)3). 

4.2.35 Synthesis of ((4 S,6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -2,2-

dimethyl -1,3-dioxan -4-yl)methanamine  168 

Compound 167 (100 mg, 0.317 mmol) was dissolved in dry Et2O (20 ml) followed by the addition 

of LiAlH4 (24 mg, 0.634 mmol) in one portion. The reaction was complete in 2 h (TLC control), and 

the reaction was quenched by dropwise addition of 2 M NaOH until a white precipitate formed. 
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Anhydrous Na2SO4 was added and the mixture was filtered. The solid white residue was extracted 

twice with EtOAc (50 ml) and the combined organic solutions were evaporated to give compound 

168 as an oil in quantitative yield. The product was not purified further. 

Rf = 0.37 (CHCl3/MeOH, 9:1); IRΥ ˄max(cm-1): 3444 (NH), 2993 (C-H), 1108 

(C-O); 1H NMR (400 MHz, CDCl3) ʵ оΦфу ς 3.89 (m, 1H, H-6), 3.88 ς 3.81 

(m, 1H, H-4), 3.67 (dd, J = 10.2, 5.2 Hz, 1H, H-8a), 3.48 (dd, J = 10.2, 6.1 

Hz, 1H, H-8b), 2.76 ς 2.67 (m, 2H, H-7), 1.60 ς 1.50 (m, 3H, H-5a and NH2), 1.45 and 1.39 (2xs, 6H, 

H-1 and H-3), 1.22 ς 1.09 (m, 1H, H-5b), 0.89 (s, 9H, TBS-C(CH3)3), 0.061 and 0.058 (2 x overlapping 

singlets, 6H, TBS-Si(CH3)2); 13C NMR (101 MHz, CDCl3) ʵ фуΦс (C-2), 70.6 (C-4), 69.6 (C-6), 67.0 (C-

8), 47.5 (C-7), 31.0 (C-5), 30.0 (C-3), 25.9 (TBS-C(CH3)3), 19.9 (C-1), 18.4 (TBS-C(CH3)3), -5.2 and -

5.3 (TBS-Si(CH3)2); HRMS (m/z), calculated for C14H32NO3Si: 290.2146, found (M+H)+: 290.2154 

4.2.36 (4S,6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -2,2-dimethyl -1,3-

dioxane -4-carbaldehyde  170 

Compound 165 (138 mg, 0.476 mmol) was dissolved in DCM (5 ml) at ambient temperature, 

followed by the addition of DMP (225 mg, 0.153 mmol) in one portion. The reaction was left 

stirring overnight and TLC analysis showed formation of an aldehyde using 2,4-DNPH visualisation. 

Work-up of the reaction was achieved by washing with 2 M NaOH (10 ml) followed by saturated 

brine. The organic layer was separated and dried over anhydrous MgSO4, and excess solvent was 

removed under reduced pressure yielding a colourless oil 170 as the desired product. No further 

purification was performed. 

 Rf = 0.37 (EtOAc/Hex, 3:2); IRΥ ˄max(cm-1): 2992 (C-H), 1735 (C=O), 1103 (C-

O); 1H NMR (400 MHz, CDCl3) ɻ  фΦсл όǎΣ мI, H-7), 4.32 (dd, J = 12.3, 3.0 Hz, 

1H, H-4), 4.04 ς 3.85 (m, 1H, H-6), 3.72 ς 3.62 (m, 1H, H-8a), 3.55 ς 3.45 (m, 

1H, H-8b), 1.84 (dt, J = 13.0, 2.8 Hz, 1H, H-5a), 1.48 and 1.47 (2 x s, 6H, H-1 and H-3), 1.38 ς 1.28 

(m, 1H, H-5b), 0.89 (s, 9H, TBS-C(CH3)3), 0.061 and 0.059 (2 x overlapping singlets, 6H, TBS-

Si(CH3)2); 13C NMR (101 MHz, CDCl3) ʵ нлмΦм (C-7), 99.0 (C-2), 73.8 (C-4), 69.2 (C-6), 66.5 (C-8), 

29.6 (C-3), 28.0 (C-5), 25.9 (TBS-C(CH3)3), 19.5 (C-1), 18.3 (TBS-C(CH3)3), -5.26 and -5.32 (TBS-

Si(CH3)2). 
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4.2.37 Synthesis of bis(((4 S,6R)-6-((( tert -butyldimethylsilyl)oxy)methyl) -

2,2-dimethyl -1,3-dioxan -4-yl)methyl)amine  171 

Compound 170 (101 mg, 0.281 mmol) was dissolved in dry 1,2-dichloroethane (5 ml) under N2 

followed by the addition of compound 168 (118 mg, 0.408 mmol) dissolved in 1,2-dichloroethane 

(2 ml) and sodium triacetoxyborohydride (118 mg, 0.562 mmol) was added in one portion. The 

reaction was left stirring for 24 h over molecular sieves (3Å) (TLC control). Upon completion, the 

reaction was quenched by the washing with 1 M NaOH (10 ml), separating the organic layer and 

drying over MgSO4. Excess solvent was removed under reduced pressure. Purification of the 

desired product was performed by column chromatography (CHCl3/MeOH, 9:1) yielding 

compound 171 (61 mg, 73%) as a yellow oil. 

Rf = 0.32 (EtOAc/Hex, 4:1); ώDh]20 = +10.4 (c 0.56, 

CHCl3) IRΥ ˄max(cm-1): 2293 (C-H), 1253 (C-N), 1157, 

1106 and 1044 (C-O); 1H NMR (400 MHz, CDCl3) ɻ  пΦлт 

ς 3.98 (m, 2H, H-4), 3.96 ς 3.88 (m, 2H, H-6), 3.65 (dd, J = 10.1, 5.2 Hz, 2H, H-8a), 3.46 (dd, J = 10.2, 

6.0 Hz, 2H, H-8b), 2.68 (dd, J = 12.0, 7.4 Hz, 2H, H-7a), 2.60 (dd, J = 12.0, 4.0 Hz, 2H, H-7b), 1.99 (br-

s, 1H, NH), 1.55 (dt, J = 12.8, 2.7 Hz, 2H, H-5a), 1.44 and 1.37 (2 x s, 12H, H-1 and H-3), 1.23 ς 1.11 

(m, 2H, H-5b), 0.88 (s, 18H, TBS-C(CH3)3), 0.07 ς 0.02 (m, 12H, TBS-Si(CH3)2); 13C NMR (101 MHz, 

CDCl3) ʵ фуΦс (C-2), 69.7 (C-6), 68.1 (C-4 ), 67.0 (C-8), 55.1 (C-7), 31.7 (C-5), 30.0 (C-3), 25.9 (TBS-

C(CH3)3), 19.9 (C-1), 18.4 (TBS-C(CH3)3), -5.2 and -5.3 (TBS-Si(CH3)2); HRMS (m/z), calculated for 

C28H60NO6Si2: 562.3954, found (M+H)+: 562.3973. 

4.2.38 Synthesis of ((4 R,4'R,6S,6'S)-6,6'-

(azanediylbis(methylene))bis(2,2 -dimethyl -1,3-dioxane -6,4-

diyl))dimethanol  172 

To a solution of compound 171 (60 mg, 0.108 mmol) in dry THF (3 ml) was added TBAF (161 µl, 

0.161 mmol) under N2 at 0 °C. The reaction was allowed to stir for 4 h until completion whilst 

monitoring by TLC. Quenching of the reaction was achieved by addition of a few drops of saturated 

aqueous NH4Cl followed by drying over anhydrous Na2SO4. The mixture was filtered and excess 

solvent was removed in vacuo. The crude product 172 was used without further purification in 

the next step.  
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Rf = 0.28 (CHCl3/MeOH, 9:1); 13C NMR (101 MHz, CDCl3) ʵ 

99.3 (C-2), 69.2 (C-6), 65.3 (C-8), 64.4 (C-4), 51.7 (C-7), 30.3 

(C-5), 29.8 (C-3), 20.2 (C-1). 

4.2.39 Synthesis of ((4 R,4'R,6S,6'S)-6,6'-

((tosylazanediyl)bis(methylene))bis(2,2 -dimethyl -1,3-dioxane -6,4-

diyl))bis(methylene) bis(4 -methylbenzenesulfonate)  173  

Compound 172 (27 mg, 0.108 mmol), was dissolved in DCM (3 ml), followed by the addition of 

TsCl (101 mg, 0.540 mmol) and DMAP (66 mg, 0.540 mmol). The reaction was left stirring for 24 h 

until TLC showed complete disappearance of the starting material. Work up of the reaction was 

performed by diluting the reaction with water (10 ml), followed by extraction of the desired 

compound with DCM (50 ml). The organic layer was separated and dried over anhydrous Na2SO4 

and excess solvent was removed in vacuo. Purification of the product was achieved by column 

chromatography (EtOAc/Hex, 3:7) yielding compound 173 (18 mg, 21%) as a white solid. 

Rf = 0.38 (EtOAc/Hex, 1:1); IRΥ ˄max(cm-1): 2993, 2929 (C-

H), 1379 (S=O), 1200 (C-O); 1H NMR (400 MHz, CDCl3) ʵ 

7.96 ς 7.90 (m, 4H), 7.82 ς 7.75 (m, 2H), 7.41 (d, J = 8.2 Hz, 

4H) and 7.34 (d, J = 7.9 Hz, 2H, Ar-H), 4.14 ς 4.00 (m, 4H, H-4 and H-6), 3.99 ς 3.86 (m, 4H, H-7), 

3.30 (dd, J = 14.9, 4.2 Hz, 2H, H-8a), 3.20 (dd, J = 14.9, 7.2 Hz, 2H, H-8b), 2.49 (s, 6H) and 2.45 (s, 

3H, Ar-CH3), 1.47 (dt, J = 12.8, 2.5 Hz, 2H, H-5a), 1.28 ς 1.20 (m, 12H, H-1 and H-3), 1.13 ς 1.03 (m, 

1H, H-5b); 13C NMR (101 MHz, CDCl3) ʵ мппΦфΣ мпоΦпΣ мо7.3, 132.8, 129.8, 129.7, 128.0 and  127.2 

(Ar-C), 98.9 (C-2), 72.1 (C-7), 67.8 and 66.7 (C-4 and C-6), 54.2 (C-8), 30.1 (C-5), 29.7 (C-3), 21.6 

and 21.5 (Ts-CH3), 19.4 (C-1). 

4.2.40 Synthesis of N,N-bis(((4 S,6R)-6-(azidomethyl) -2,2-dimet hyl -1,3-

dioxan -4-yl)methyl) -4-methylbenzenesulfonamide  174 

Crude compound 173 was dissolved in DMF (3 ml) followed by the addition of NaN3 (112 mg, 1.72 

mmol) and the reaction was refluxed at 75 °C for 4 h. After TLC analysis showed complete 

disappearance of the starting material the reaction was cooled and diluted with Et2O (100 ml) and 

washed with brine. The brine layer in turn was extracted once with Et2O (100 ml). The combined 

Et2O solutions were washed with saturated brine (7 x 150 ml), dried over anhydrous Na2SO4 and 

evaporated under reduced pressure, to afford the crude product. Purification of the desired 






























































