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Abstract
In this thesis, carbohydrate mimicry is investigated through the syntheses of
carbohydrate analogues and evaluation of their inhibitory effects on carbohydrate-processing enzymes.
Galactofuranosides are interesting structures because they are common motifs in pathogenic microorganisms but not found in mammals.
M.tuberculosis, responsible for the disease tuberculosis, has a cell wall containing a repeating unit of alternating (1→5)- and (1→6)-linked β-Dgalactofuranosyl residues. Synthetic inhibitors of the enzymes involved in
the biosynthesis of the cell wall could find great therapeutic use.
The first part of this thesis describes the first synthesis of the hydrolytically
stable carbasugar analogue of galactofuranose, 4a-carba-β-D-Galf, and the
synthetic work of synthesising β-linked pseudodisaccharides containing
carba-Galf, which were tested for glycosyltransferease inhibitory activity.
The pseudodisaccharide carba-Galf-(β1→5)-carba-Galf was found to be a
moderate inhibitor of the glycosyltransferase GlfT2 of M.tuberculosis. The
thesis also describes how a general method towards biologically relevant αlinked carba-Galf ethers was developed.
The final part of this thesis is focussed on the formation of nitrogen-linked
monosaccharides without the participation of the anomeric centre. Such a
mode of coupling is called tail-to-tail neodisaccharide formation. The couplings of carbohydrate derivatives via the Mitsunobu reaction are successfully reported herein. The method describes the key introduction of an allylic
alcohol in the electrophile and the subsequent functionalisation of the alkene
to obtain the neodisaccharide. Two synthesised neodisaccharides presented
in this thesis have been sent to be tested for glycosidase inhibitory activity.
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1.

Introduction

1.1 Introduction to carbohydrates
The abundant and intriguingly complex carbohydrates are important biomolecules and essential for life on earth. Carbohydrates can be found in
food, DNA, drugs, paper and textiles.1 They offer structural stability to
plants, animals and microorganisms. They are involved in adhesion of, and
communication between, cells and they store energy as starch or glycogen in
cells and take part in countless interactions in nature.2 Over the past century,
we have gained more and more knowledge of how carbohydrates participate
in intricate biological processes such as the immune system, cell differentiation and tumor cell metastasis.3 Synthesis, analysis and understanding of
polyfunctional compounds like carbohydrates is an important and growing
research field.4
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Carbohydrates formally consist of carbon and water with the chemical formula Cm(H2O)n. However, the classification of what a carbohydrate is has
been widened over the years to include derivatives of carbohydrates with
important biological functions. In general terms, a carbohydrate is a polyhydroxylated aldehyde or ketone,5 but even that definition does not include
important structures such as deoxysugars, aminosugars, alditols, uronic acids
and inositols that today are viewed as carbohydrates (Figure 1.1).2

Figure 1.1 A representation of various carbohydrates. Not all of them follow
the chemical formula Cm(H2O)n.

The classifications of monosaccharides are based on the placement of the
carbonyl group, the number of carbons in the skeleton and the chiral handedness of the structure. When the carbonyl group is situated at C-1, being an
aldehyde, the carbohydrate is called an aldose, whereas when the carbonyl is
a ketone, the carbohydrate is referred to as a ketose. An aldose with four
carbons in the carbohydrate backbone is called a tetrose. Pentoses (five carbons), hexoses (six carbons) and heptoses (seven carbons) are classified in
the same way. Carbohydrates can also undertake different isomeric forms
such as furanose (5-membered ring) and pyranose (6-membered ring) configurations (Figure 1.2). These configurations may freely interchange as long
14

as the C-1 hydroxyl remains a hydroxyl (hemiacetal) but become locked
once C-1 is converted to an acetal.

Figure 1.2 Isomeric forms of the hexose D-galactose. The orientation of the
anomeric hydroxyl (blue) determines the α/β configuration. The C-4 hydroxyl (green) and the C-5 hydroxyl (red) act as the endocyclic oxygens, giving
rise to the furanose and pyranose isomers. C-5 is the asymmetric center furthest from the aldehyde and determines whether the carbohydrate is the D- or
L-enantiomer as seen by the orientation in the Fischer projection (hydroxyl
to the right = D, hydroxyl to the left = L).

1.1.1 Larger carbohydrate structures
In nature, carbohydrates are often found as larger structures than monosaccharides, ranging from disaccharides to polysaccharides and glycoconjugates, where the carbohydrate is covalently bound to another chemical species, for example a protein. Linking two monosaccharides together forms
disaccharides and common examples are sucrose (table sugar) and lactose
(milk sugar). Oligosaccharides are structures built up of two or more monosaccharides and there is no strict borderline drawn between oligosaccharides
and polysaccharides, although oligosaccharides often have a defined structure as opposed to polysaccharides that are viewed as polymers.2 A polysaccharide can either be linear or branched. For example, rigid and linear poly-
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saccharides like cellulose in plants and chitin in the exoskeleton of insects
form strong supportive tissues (Figure 1.3).

Figure 1.3 A representation of common disaccharides and polysaccharides
in nature.

1.1.2 Acetals and the glycosidic linkage
The glycosidic bond is an acetal and its reactivity is governed by the structural and electronic properties of the carbon skeletons connected to it. A lot
of research has been conducted to elucidate how the glycosidic bond forms
under different conditions and the mechanism of the formation of the glycosidic bond is still a discussed topic (Figure 1.4).6

Figure 1.4 The glycosylation reaction can have two different stereochemical
outcomes.
Hydrolysis of the glycosidic bond goes via acid activation of one of the two
acetal oxygens. Regardless of which mechanism is used to explain the cleavage of the glycoside, the endocyclic oxygen always participates either as a
16

Lewis base activating the acetal by acid-coordination leading to an openchain mechanism (path A, Figure 1.5) or by offering resonance stabilisation
of a positive charge (path B). The hydrolysis of a glycosidic linkage transforms the acetal into a hemiacetal.

Figure 1.5 The formation and cleavage of the glycosidic bond is important
in many biological systems where enzymes catalyse these reactions efficiently.

1.2 Carbohydrate analogues
A carbohydrate analogue may be designed so that it is stable towards hydrolysis or so that a formal positive charge is introduced. Features of the
natural substrate such as structural similarity and polarity may be maintained. The continuous search for carbohydrate mimics and the evaluation of
their biological properties is an important field of research.7,8,9 There are
different classes of monosaccharide analogues. For example, by replacing
one atom in D-galactofuranose, a range of analogues can be obtained (Figure
1.6). The acetal functionality has now been replaced by a secondary amine7
to form an iminosugar, an ether8 to form a C-glycoside or a thioacetal9, of
which all have been reported. The replacement of the endocyclic oxygen
with a methylene group would give the carbasugar analogue of Dgalactofuranose, a structure that prior to this work had not been synthesised.
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Figure 1.6 β-D-galactofuranoside and four analogues.

1.2.1 Carbasugars
McCasland et al prepared from 1966 to 1968 the first series of monosaccharides in which the ring oxygen had been replaced with a methylene group,
and called them pseudosugars.10 Today these structures are known as carbasugars.11 McCasland envisioned that his modified carbohydrates would be
recognized by enzymes much like carbohydrates, although they would be
stable to hydrolysis due to their lack of an acetal or hemiacetal functionality.
To date, many of the carbasugar analogues of common pyranose monosaccharides have been synthesised. Although carbahexopyranoses and carbapentofuranoses have been extensively studied, carbahexofuranoses are considered to a lesser extent (Figure 1.7).12

Figure 1.7 An overview of common classes of carbasugars and their carbon
numbering.
Carbasugars can be linked at C-1 to another carbasugar or carbohydrate to
form pseudodisaccharides, mimics of natural disaccharides that are stable
towards hydrolysis. The chemistry and the biological application of such
structures have been studied in some detail.13,14
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1.2.2 Neodisaccharides
Linking monosaccharides in alternative manners may influence hydrolytic
stability and electronic properties of the structure. In Figure 1.8 below, three
types of linkages are illustrated; (a) the head-to-head linkage where the
anomeric centers of two monosaccharides are linked together, (b) head-totail linkage where the anomeric position of one monosaccharide is linked to
a non-anomeric carbon of another monosaccharide and finally (c) tail-to-tail
linkages where the linkage between two monosaccharides involves no anomeric center at all. The linker atom can alter the characteristics of the structure. Thioether-15, ether-16 and C-linked17 pseudodisaccharides have all been
reported.
We call tail-to-tail-linked pseudodisaccharides neodisaccharides.15b These
structures lack some of the characteristics of natural glycosides, notably the
acid-sensitive glycosidic bond. A potential strength of neodisaccharides
compared to monosaccharides is that the larger structures may increase
specificity and affinity to enzymes.18 Previous work in our group has shown
that O- and S-linked neodisaccharides indeed are recognised by biological
receptors such as lectins.18 N-linked neodisaccharides may become protonated at biological pH, making them positively charged compounds (Figure
1.8).

Figure 1.8 Schematic illustration of disaccharide and pseudodisaccharide
classifications.
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1.3 Mycobacterium tuberculosis
Tuberculosis (TB) is a severe infectious disease that causes up to 1.6 million
deaths each year worldwide. Up to two billion people have been infected by
the causative agent Mycobacterium tuberculosis, although not all carriers
develop the disease.19 Multi-drug-resistance among bacteria in the Mycobacterium genus has caused the disease to re-emerge throughout the world.20 As
TB is more easily contracted when the immune system is malfunctioning,
diseases such as AIDS in combination with TB is a major concern.21
The cell wall of M.tuberculosis is rich in mycolic acids and polysaccharides,
forming a strong permeability barrier to protect the bacterium.22 Arabinogalactan is the dominant structural polysaccharide of the cell wall, accounting
for as much as 35% of the cell wall mass in total.23 The cell wall has in the
past been successfully targeted in the hunt for TB drugs and two examples
are ethambutol and isoniazid, both inhibiting the biosynthesis of important
cell wall structures (Figure 1.9).24 It has been nearly 40 years since a new TB
drug came out on the market.25 Successful inhibition of the biosynthesis of
the galactan structure has not yet resulted in clinical use.

Figure 1.9 Adapted overview of the mycobacterial cell wall.24

1.3.1 Arabinogalactan
Arabinogalactan is a polysaccharide consisting of a linear galactan polysaccharide branched by arabinans (arabinofuranose polysaccharides). Galactan
is built up of alternating (1→5)- and (1→6)-linked β-D-galactofuranosyl
residues.26 As seen in Figure 1.10 below, the repeating unit can be represented as 5)-D-Galf-(16)-D-Galf-(1n.
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Figure 1.10 Galactan with alternating (1→5)- and (1→6)-linked β-Dgalactofuranosyl residues.
Arabinogalactan is an interesting target for immunological testing. Although
galactose is a naturally occurring sugar in oligo- and polysaccharides in both
mammals and microorganisms, the furanose form of galactose has not been
found in mammals, only in lower organisms. If the antigen could be presented and recognised by the adaptive immune system in the human body,
then a set of immune cells specifically designed to attack the intruder could
be created. The memory of the adaptive immune system will protect the
body from future infections.27
Inhibition of the enzymes involved in the biosynthesis of the mycobacterial
cell wall is also of interest. Inhibition of UDP-Galp mutase28 (UGM) and the
bifunctional UDP-Galf transferases29,30 1 and 2 (GlfT1 and GlfT2) (Scheme
1.1) are interesting targets to pursue. This is covered in more detail in section
1.5.2 and 1.5.3.

Scheme 1.1 Correct polysaccharide assembly is catalysed by enzymes.
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1.4 Galactofuranoses in microorganisms
Galactofuranoses are important constituents of glycoconjugates in a wide
range of lower organisms such as bacteria, protozoa, fungi, plants and archaebacteria.31,32 The motif can either be a chain of Galf units or a Galf attached to a pyranose (Figure 1.11). In the pathogenic protozoa Leishmania
major and Tryptanosoma cruzi, a Galf-(β1→3)-Manp motif has been discovered. Galf-(β1→6)-Manp is also found in various microorganisms, such as
pathogenic fungi Aspergillus and P.brasiliensis. Aspergillus also contains
Galf-(β1→5)-Galf in a linear oligosaccharide motif. The Galf-(β1→4)-Rhap
motif is found in the linker of arabinogalactan in M.tuberculosis (see
Scheme 1.1).29

Figure 1.11 Naturally occurring β-linked saccharides including the Galf
motif.
Although less common than the β-linkage, Galf also occurs as α-linked motifs in saccharides in nature (Figure 1.12). For example, Galf is found
(α1→3)-linked to D-Mannose33 in the fungal cell wall of Apodus deciduus
and it is known that UDP is α-linked to Galf in mycobacteria.31,34

Figure 1.12 Examples of α-linked Galf in nature.
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1.5 Carbohydrate-processing enzymes
Enzymes that modify the structure of carbohydrates are called carbohydrateprocessing enzymes. Below follows a short introduction to three important
classes of carbohydrate-processing enzymes.

1.5.1 Glycosidases
Glycosidases are enzymes that catalyse selective hydrolysis of glycosidic
linkages in di-, oligo- and polysaccharides and glycoconjugates with great
rate enhancement (up to 1017 fold compared to the uncatalysed reaction).35
Inhibition of glycosidases has become important for the treatment of for
example viral infections36 and diabetes37. Enzyme inhibition achieved via
transition state mimicry is a major area for the design of therapeutic agents.38
However, far from all glycosidase inhibitors are proven to be transition state
analogues.35 A glycosidase binds the substrate in the ground state and then
undergoes a conformational change in order to bind the transition state more
strongly.39 Glycosidase inhibitors can be classified either as transition state
analogues that bind to the conformationally changed enzyme or as fortuitous
binders that bind to the enzyme via favourable interactions (not necessarily
in the active site).35 The distinction between them is an ongoing debate.39
The most popular synthetic approach to glycosidase inhibitors is to incorporate a nitrogen atom in the carbohydrate ring.35 Another important factor for
a transition state analogue to bind well is the conformation as the natural
carbohydrate substrate may go through a conformational change in the transition state, distorting the overall shape of the molecule. The transition state
can be divided into a “-1” and a “+1” part (See Figure 1.13).40 Most studies
have been made on synthesising analogues of the “-1”, although it has been
suggested that mimicking both the “-1” and the “+1” in the same structure
enhances selectivity and potency.41

Figure 1.13 (a) A transition state model with build-up of positive charge
together with possible conformations. (b) Showing the “-1” and “+1” parts
of the glycosidic cleavage in the transition state.
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A selection of glycosidase inhibitors are presented below (Figure 1.14). Synthetic nitrogen-containing carbohydrate analogues, such as 1deoxynojirimycin derivatives have been reported to be very potent and selective α-glycosidase inhibitors.39,42 An example of such a derivative is galactodeoxynojirimycin which inhibits α-galactosidase. Acarbose44 is a diabetes
drug that binds to several subsites of the glycosidase. For example, it mimics
both the “-1” and “+1” part of the transition state in the glycosidic cleavage.40 Several syntheses of the neuraminidase inhibitor Oseltamivir
(Tamiflu) have been reported.44 The natural substrate, N-acetylneuraminic
acid, is shown below. Oseltamivir is a prodrug, meaning it will metabolise
into its active form (the carboxylate) in the body, and is an antiviral drug that
slows down influenza viruses.

Figure 1.14 The glycosidase inhibitors above are all carbohydrate mimics.

24

1.5.2 Mutases
A mutase is an enzyme catalysing the isomerisation of a functional group
from one position to another within the same molecule. For example, the
UDP-galactopyranose mutase (UGM) isomerises the UDP-galactopyranose
into a UDP-galactofuranose (see Scheme 1.1).34 UGM is essential for mycobacteria making it a viable therapeutic target.28b The mechanism by which
the mutase achieves the ring contraction of a nonreducing sugar is unclear,
although efforts have been made to clarify the mode of action of the UGM.34
The first UGM inhibitor was a pyrrolidine Galf mimic and was reported by
Fleet et al as recently as 19977a and numerous examples of inhibitors have
been reported since, for example the UDP-C-D-Galf by Sinaÿ et al (Figure
1.15).8d None of the tested inhibitors have been particularly effective
though.34 Interestingly, the UGM product is the α-isomer of UDP-α-Galf, in
which we find the unusual cis relationship between the oxygen substituents
at C-1 and C-2. UGM catalyses not only the isomerisation of Galp to Galf,
but also the reverse reaction. This means that product analogues could act as
potential inhibitors.

Figure 1.15 The product of UGM depicted together with two synthetic analogues.

1.5.3 Glycosyltransferases
Glycosyltransferase enzymes are involved in a wide range of biosynthetic
pathways responsible for the formation of polysaccharides and other glycoconjugates.45 The transfer of a monosaccharide from a nucleotide phosphate
donor to an acceptor alcohol, usually with the inversion of configuration at
the anomeric center, is thought to go via a positively charged intermediate.46
Transferases perform vital functions for bacteria and are interesting drug
targets.

25

Whereas some glycosidase inhibitors are now in clinical use, promising glycosyltransferase inhibitors are fewer.47 The reasons for this are (a) poor elucidation of enzyme structure (X-Ray) (b) complex transition states including
a sugar nucleotide, an acceptor saccharide and a metal ion (c) weak binding
affinity making inhibition difficult. Efforts are, however, made to shed more
light on this field of research.47,48 Already mentioned TB drug ethambutol
(section 1.3) and N-butyl deoxynojirimycin (NB-DNJ) are glycosyltransferase inhibitors in clinicial use (Figure 1.16). NB-DNJ is used in the treatment of Gaucher disease.49

Figure 1.16 Two examples of glycosyl transferases that are used as therapeutic agents against TB and Gaucher disease, respectively.
GlfT1 and GlfT2 are examples of glycosyltransferases and they build up the
galactan chain in mycobacteria (section 1.3). Compared to UGM inhibition,
limited success has been achieved for GlfT1 and GlfT2,34 although, two synthetic inhibitors of GlfT2 have been reported (Figure 1.17).

Figure 1.17 Two synthetic inhibitors of GlfT reported by (a) Cren et al50
and (b) Trunkfield et al.46
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1.6 Aim of thesis
The knowledge of carbohydrate-processing enzymes and their relationship to
human disease is an expanding field of research. It is important to understand how these enzymes operate at a molecular level. Learning how carbohydrate analogues interact with enzymes may help us achieve a deeper understanding of this.
The work presented in this thesis aims to add to the current knowledge of
hydrolytically stable carbohydrate analogues both with regard to their synthesis and their potential biological relevance. D-galactofuranose is an interesting carbohydrate because it is a common motif in lower organisms but has
not been found in mammals. We wanted to investigate carbasugar derivatives of D-galactofuranose in this thesis and of particular interest was the
development of a synthetic route towards 4a-carba-β-D-galactofuranose,
which had prior to this work not been reported. Furthermore, we were interested in finding synthetic routes towards carbasugar-comtaining analogues
of galactofuranosides. N-linked neodisaccharides are another important class
of hydrolytically stable compounds because they may be interesting glycosidase inhibitors. Reported synthetic routes towards asymmetric N-linked neodisaccharides are few, but in this work we wanted to investigate the possibilities to obtain these structures via a Mitsunobu approach. The synthetic
work presented in the thesis starts from carbohydrate starting materials and
the intent of the synthetic work has throughout been to evaluate the compounds against carbohydrate-processing enzymes.
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2.

First synthesis of 4a-carba-β-D–
Galf (Paper I, III)

2.1 Introduction
There are several synthetic protocols reported on Galf mimicry conducted
with the intent to inhibit enzymes,7,8,9 but the carbasugar analogue had not
been reported prior to this work. We thought that finding a viable synthetic
route towards 4a-carba-β-D–Galf would be important.
Carbafuranoses can be synthesised from a wide range of starting materials.12
Examples of non-carbohydrate starting materials are norborn-5-en-2-one51
and cyclopentadiene52 or 4+2 Diels-Alder approaches53. Three reported
methods for making carbahexofuranoses from carbohydrate starting materials are (1) Carbanion-mediated cyclisations, (2) free radical cyclisations, (3)
ring-closing metathesis (RCM) (Figure 2.1).
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The carbanion-mediated cyclisations often include either phosphorousstabilised (Wittig type), carbonyl-stabilised (aldol type) or nitro-stabilised
anions that add to carbonyls.54 Tributyltin hydride55 and samarium iodide56
have been shown to yield free radical cyclisations with good stereocontrol.
RCM converts a diene into an unsaturated carbacycle in the presence of an
organometallic catalyst. As seen in Figure 2.1, example (3) and (4), a diastereoselective dihydroxylation or reduction of the resulting cyclopentene is
needed to to yield the saturated carbasugar. Numerous publications using
ring-closing metathesis shows that today this is a common method for the
synthesis of carbasugars.57

Figure 2.1 Four methods for synthesising carbafuranoses starting from carbohydrates; (1) Carbanion-mediated cyclisations by Vasella and Huber54b;
(2) free radical cyclisations by Lundt et al55c,d; (3) RCM followed by doublebond derivatisation by Ghosh et al57b; (4) RCM followed by a selective reduction by Callam and Lowary.57c,d
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2.2 Synthesis
We envisioned that it would be possible to start from D-Glucose and via a
ring-closing metathesis route synthesise 4a-carba--D-galactofuranose. Our
retrosynthetic plan was to obtain the target molecule from a stereoselective
reduction of the unsaturated precursor 15, which is made from a ring-closing
metathesis reaction of the corresponding diene 12. The diene is obtained in a
few steps from hemiacetal 558 via a stereoselective Grignard addition followed by an oxidation-methylenation protocol. Hemiacetal 5 is available
from diacetone glucose 2 (Figure 2.2). This route is similar to a route developed in our group towards the unsaturated carbahexopyranose
valienamine.57e Saturated carbasugar 17 with unprotected hydroxyls at positions 1 and 2 proved to be a valuable structure in the work described later in
this thesis (Chapter 3).

Figure 2.2 A retrosynthetic analysis of 4a-carba--D-galactofuranose 1.
D-Glucose

adopts its furanose form when protected as a diacetonide which
gives immediate access to the desired configuration of the hexose. In contrast, treating D-galactose with acetone and acid results in the pyranose diacetone galactose, due to the cis-relationship between OH-3 and OH-4
(Scheme 2.1).2 As the configuration at C-4 is lost along the synthetic pathway, a gluco-configured starting material was chosen.

Scheme 2.1 Comparing diacetone glucose with diacetone galactose
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Starting from the commercially available diacetone glucose 2, we were able
to follow the known route to hemiacetal 558 via regioselective deprotection
of the primary acetonide followed by benzylation of triol 3 to obtain tribenzylated 4. Acidic hydrolysis of 4 gave hemiacetal 5 in a total yield of 61%
from 2 (Scheme 2.2).

Scheme 2.2: Reagents and conditions: (i) AcOH/H2O [3:1], RT, 24 h,
91%; (ii) BnBr, NaH, DMF; (iii) AcOH/H2O/HCl (1M) [5:3:1], 80 oC, 18 h,
67% over two steps.

Addition of vinylmagnesium bromide to hemiacetal 5 in THF gave a mixture
(6:1) of epimers 6a and 6b, which was separable by column chromatography, in 87% yield. The relative configuration of the products could not be
assigned at this stage, but we later confirmed that triol 6a was the major
product (see section 2.3). We found that using vinylmagnesium chloride in
THF improved the stereoselectivity to approximately 20:1. To explain the
observed stereoselectivity, we used a 1,2-chelation model.59 The reason why
the chloride reagent gave better selectivity than the bromide reagent is unclear. When triol 6a was treated with 2,2-dimethoxypropane together with
CSA as catalyst, acetonide 7 was obtained in a poor 33% isolated yield together with two other products, 8 and 9, with 7:8:9 being formed in a 10:2:5
ratio. 8 and 9 could be identified as the six-membered (8) and sevenmembered (9) ring isomers. Determining the ring size of the cyclic acetals 79 was made by analysis of 13C NMR chemical shifts of the acetonide quaternary carbon and methyl groups.60 As we expected a rapid initial formation of
five-membered ring 7, the reaction was instead run under kinetic control60 by
treatment of triol 6a with 2-methoxypropene and the weak acid pyridinium
tosylate in CH2Cl2. This gave 7 as esentially the only product in 15 min in
94% yield (Scheme 2.3).
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Alcohol 7 was oxidised under Swern conditions to give ketone 10 in 80%
yield. Wittig methylenation of 10 using Ph3PMeBr and t-BuOK as the base
resulted in a moderate 49% yield of 11. The low yield was possibly due to
competing elimination reactions. Ylid formation using n-BuLi worked better
and yields of diene 11 of up to 81% were obtained. We confirmed suspicions
that acetonide 11 could not form a trans-fused 5,5-ring system under ringclosure metathesis conditions (Grubbs‟ 2nd generation catalyst (0.05 equiv.),
toluene, 60 oC, 21 h) (Scheme 2.3)

Scheme 2.3: Reagents and conditions: (i) Vinylmagnesium chloride (4
equiv.), THF, RT, 17 h, 87% (6a:6b, ca. 20:1); (ii) 2-methoxypropene (2.8
equiv.), PPTS (0.1 equiv.), CH2Cl2, RT, 15 min, 94%; (iii) DMSO (2 equiv.),
oxalyl chloride (2 equiv.), CH2Cl2, -60 oC; then Et3N (5 equiv.), RT, 80%;
(iv) Ph3PMeBr (5 equiv.), n-BuLi (4.5 equiv.), toluene, RT, then 10, -78 oC,
81%.
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To facilitate the subsequent ring-closing metathesis reaction, the acetonide
of 11 was removed using acidic hydrolysis to give diol 12. Ring-closing diol
12 into cyclopentene 15 proved difficult. The best results were obtained using Hoveyda-Grubbs‟ 2nd generation catalyst in toluene at 60 oC, giving the
desired product 15 in 43% yield. By-products formed in this reaction were
not identified. Suspicions that the free hydroxyl groups at C-5 and C-6 could
be responsible for the low yields were confirmed when diol 12 was first acetylated by Ac2O/pyridine 1:1 in quantitative yield to form diacetate 13 and
then smoothly ring-closed using Grubbs‟ 2nd generation catalyst in toluene
at 60 oC giving cyclopentene 14 in 87% yield. As the reaction seemed to
slow down considerably after a few hours, the catalyst was added portionwise over 18 h (Scheme 2.4). A total of 0.035 equivalents of catalyst was
added to run the reaction to completion. The protocol worked well both on a
small scale (19 mg) and on a large scale (3.4 g). Problems with ruthenium
residues co-eluting with 14 were solved by adding DMSO after the reaction
had finished. The catalyst then formed an insoluble complex with DMSO,
which did not move on silica gel during chromatography.61

Scheme 2.4: Reagents and conditions: (i) AcOH, H2O, 75 oC, 2 h, quant.
(ii) Hoveyda-Grubbs‟ 2nd generation catalyst (5 mol%), toluene, 60 oC, 1 h,
43%; (iii) Ac2O/py 1:1, 14 h, quant.; (iv) Grubbs‟ 2nd generation catalyst
(3.5 mol%), toluene, 60 oC, 48 h, 87%;

33

Hydrogenation of cyclopentene 14 was performed using H2 and Pd/C in the
presence of Et3N to preserve the benzyl ethers62 and gave saturated diacetate
16 with excellent stereoselectivity but in a disappointing 49% yield. This
may be due to formation of a by-product (46%, m/z 497 (M+Na+)) carrying
only one acetate. This observation is consistent with a reduction of the allylic
C-O bond at C-1. To circumvent this problem, the acetates were removed
under Zemplén conditions63 to give diol 15 in quantitative yield. The stereoselective reduction of unsaturated diol 15 under hydrogenation conditions
was then carried out successfully to form saturated diol 17 in 91% yield.
Again, Et3N was used to partially deactivate the catalyst in order to prevent
cleavage of the benzyl ethers. Explaining the excellent stereoselectivity of
the reduction is difficult due to the uncertainty regarding the conformation of
the carbasugar.57b,64 The benzyl ethers of 17 were removed under hydrogenation conditions using Pd/C as catalyst to give deprotected carbasugar 1 in
quantitative yield, which was peracetylated in acetic anhydride and pyridine
to give pentaacetate 18 in 69% yield (Scheme 2.5). A one-pot reductiondeprotection (H2, Pd/C) of 15 resulted in a messy reaction with many byproducts, possibly due to reduction of allylic C-O bonds. Analogous problems have been reported before (allylic C-N bond cleavage) and solved by
the presence of Et3N in the C=C reduction.65

Scheme 2.5: Reagents and conditions: (i) H2, Pd/C, Et3N (5 equiv.),
EtOAc, RT, 1.5 h, 49%; (ii) NaOMe, MeOH, RT, 90 min, quant.; (iii) H2,
Pd/C, Et3N (4 equiv.), EtOAc, RT, 1.5 h, 91%; (iv) H2, Pd/C, EtOAc/EtOH
(1:1), RT, 1.5 h, quant.; (v) Ac2O, py, RT, 2 h, 69%.
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2.3 Determining the relative
4a-carba--D-galactofuranose 1.

stereochemistry

of

During the synthesis of 4a-carba--D-galactofuranose 1, two new stereogenic centres are formed (Figure 2.3); one from the Grignard addition giving
triol 6a (C-1 configuration) and the other from the alkene reduction of 15 to
form saturated compound 17 (C-4 configuration). Since we can assume that
C-2, C-3 and C-5 have a fixed configuration, four different configurations of
the product are possible; α-gluco, β-gluco, α-galacto or β-galacto. In contrast to the conformational stability of cyclohexanes, cyclopentanes are more
flexible and angles between protons more difficult to predict. Using 1H NMR
spectroscopy to determine the dihedral angle between H-1 and H-2 as well
as H-3 and H-4 for saturated compounds 1, 16, 17 or 18 was difficult because of this. Comparing 1H NMR and 13C NMR spectral data of 1 with already reported carba-α-D-glucofuranose and carba-β-D-glucofuranose,55c,d it
could be concluded that 1 was not a carbaglucofuranose and hence must be a
carbagalactofuranose.
To prove the relative configuration of 1, we performed a chemical degradation to the corresponding carbapentose via a C-5 C-6 cleavage. All four possible carbapentoses (R = H) have been reported previously (Figure 2.3).

Figure 2.3 The relationship between the carbahexofuranoses and carbapentoses is shown.
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We decided to protect OH-1 and OH-2 of diol 17 as 2-naphthoate esters
(Scheme 2.6) followed by removal of the benzyl ethers. Oxidative cleavage
of the C-5 C-6 bond by a periodate and reduction of the resulting C-5 aldehyde in situ with sodium borohydride was smooth. The naphthoate protective groups of the crude product were then removed under Zemplén conditions to give carbapentose 20 in 36% overall yield from diol 17. Pentose 20
was then unambiguously identified as 4a-carba-α-L-arabinofuranose66 by
comparison of the 1H NMR and 13C NMR spectra and optical rotation value
with the known carbapentoses. This led us to the conclusion that diol 17
could be assigned the -D-galacto stereochemistry.

Scheme 2.6: Reagents and Conditions: (i) 2-Naphthoyl chloride, DMAP
(0.06 equiv.), py, 50 C, 24 h, 90%; (ii) (a) H2, Pd/C, HCl (1M), EtOAc, 5
days, 50%; (b) NaIO4, H2O, 0 C, 1 h; (c) NaBH4, H2O, RT, 2 h; (d)
NaOMe, MeOH, 3 h, 50 C, 80% (3 steps).
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An X-ray structure for diol 15 was also obtained (Figure 2.4). Although this
compound is unsaturated (C-4 is not a stereogenic center) it gives us elucidation of the relative configuration at C-1 with the hydroxyls at C-1 and C-2
being trans to each other. Together with comparison to the reported glucoconfigured (C-4) carbasugars reported by Lundt,55c,d it is an additional argument that our structure is of β-galacto-configuration.

Figure 2.4 The X-ray structure of diol 15 shows the trans relationship of
OH-1 and OH-2.

2.4 Conclusions
We have reported the first synthesis of 4a-carba--D-galactofuranose 1. Key
features of the 13-step synthesis include a diastereoselective Grignard addition to hemiacetal 5 and the diastereoselective hydrogenation of the double
bond of cyclopentene 15. We have shown that our carbasugar has the desired
configuration by degrading it into a known compound. We have also obtained a crystal structure of cyclopentene 15.
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3.

β–O-linked carbasugar analogues
of galactofuranosides (Paper II-IV)

3.1 Introduction
In order to synthesise hydrolytically stable mimics of both the (1→5) and the
(1→6)-linkages of Galf found in galactan, as well as other Galf-containing
pseudodisaccharides described in section 1.3 and 1.4, we wanted to find a
general method towards these species. The synthetic approach to form etherlinkages between a carbasugar and a carbohydrate alcohol is different from
the approach to link carbohydrates via a glycosidic linkage.14 Nucleophilic
substitution reactions have been reported for these non-glycosidic Olinkages via either triflate displacements or epoxide-opening reactions
(Scheme 3.1). The triflate displacement approach67,68 is sometimes marred
by competing elimination reactions, especially for attempts to synthesise
sec-sec ethers. Epoxide-opening reactions under both basic and acidic conditions on carbapyranoses have been studied by Ogawa.69,70

Scheme 3.1 Ether-linked pseudodisaccharides in literature are usually obtained via nucleophilic substitution reactions.
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Ogawa reported that the regioselectivity and the yield of the epoxideopening reaction were highly dependent on the configuration of the epoxide.69 The successful examples above in Scheme 3.1 are both β-manno configured epoxides. The principle of microscopic reversibility (the FürstPlattner guideline71) predicts diaxial opening of epoxides on six-membered
rings, which usually gives regioselective attack at the carbon giving a diaxial
product. In contrast to β-manno epoxides, Ogawa reported that α-gluco
epoxides were more problematic, giving low yields and poor selectivity
(Scheme 3.2). This is possibly due to a diaxial opening of the epoxide would
have to occur via attack at C-2 rather than C-1, which is not favoured sterically or electronically. The C-3 benzyl ether causes sterical hindrance at C-2,
whereas C-1 does not have a neighbouring benzyl ether. When epoxideopening reactions are run under acidic conditions, the epoxide will go
through a partially cationic intermediate and the carbon that stabilises positive charge better will be the preferred place of attack, in this case C-1 rather
than C-2 due to the electron-withdrawing properties of the benzyl ether at C3. Under basic conditions, the leaving group needs to withdraw electrondensity from the reaction center in the transition state and this is harder at the
electron-deficient C-2 than C-1. Chung et al reported that an α-gluco epoxide adds bromide under acidic conditions in a 7:3 ratio in favour of the
diequatorial product, contesting the Fürst-Plattner rules, and Chung argues
that the C-3 benzyloxy group creates sterical hindrance for the nucleophile
causing preferential attack at C-1 over C-2 (Scheme 3.2).72

Scheme 3.2 (a) Ogawa showed that diaxial opening of epoxides could be
expected when steric and electronic factor contributed; (b) Chung et al
showed that an α-gluco epoxide adds bromide in a 7:3 ratio in favour of the
diequatorial product.
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As opposed to six-membered rings, the Fürst-Plattner guideline is not valid
for five-membered rings since the ring is too flexible57c and does not carry
true axial or equatorial substituents64. Regardless if attack occurs at C-1 or
C-2, the product can adopt an anti-relationship of the alcohol oxygen and the
ether oxygen via conformational flexibility, making predictions based on this
theory unreliable. Instead, we reckoned C-1 would be the preferred place of
attack on a carbafuranose epoxide due to steric and electronic arguments
(Figure 3.1).

Figure 3.1. Preference for nucleophilic attack on a carbafuranose 1,2epoxide is based on steric and electronic arguments.
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3.2 Synthetic strategies
Using a carba-Galf epoxide as the electrophile would enable us to develop
versatile SN2 type synthetic protocols of ether-linkages with oxygen nucleophiles. A 1,2-epoxide could be stereo- and regioselectively coupled to carbaGalf OH-5 or OH-6 nucleophiles to form carbasugar analogues of Galf disaccharides. A 1,2-epoxide would also allow us to use any nucleophile to
obtain various C-1 substituted carba-Galf. Alternatively, a 5,6-epoxide could
be attacked by an OH-1 carba-Galf nucleophile. This was decided against
because it would limit the number of C-1 substituted carba-Galf structures
we could obtain via this method. Below is a retrosynthetic C-O disconnection of a (β1→6)-linked pseudodisaccharide revealing plausible starting
materials (Figure 3.2).

Figure 3.2 Two retrosynthetic C-O disconnections of a (β1→6)-linked
pseudodisaccharide reveal two different epoxide electrophiles and two different nucleophiles. The 1,2-epoxide and the OH-6 alcohol can both be obtained from diol 17.
Even though couplings between carbasugars via epoxide-opening reactions
have been reported before, this would be the first time this principle is translated to carbafuranose analogues.
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3.3 Syntheses of electrophile and nucleophiles
Regioselective tosylation of diol 17 using tosyl chloride in pyridine with
subsequent intramolecular ring-closure with NaH as base, afforded epoxide
24 in 37% yield over two steps (Scheme 3.3). The reason for the low yield is
the selectivity of the tosylation, giving the 1-tosylate 21 in 42%, the regioisomeric 2-tosylate 22 in 14%, the 1,2-ditosylate 23 in 5% and recovered
starting material 17 in 16% yield. We could determine the identity of the
regioisomers by 2D-COSY NMR where we observed OH-2/H-2 couplings
for the 1-tosylate 21 and OH-1/H-1 couplings for the 2-tosylate 22. Subsequent treatment of the 1-tosylate 21 with NaH resulted in ring-closure to
give α-galacto epoxide 24 in 87% yield. As the regioselectivity of the tosylation was not satisfactory, an alternative route was developed where diol 17
was subjected to Mitsunobu conditions at 0 oC giving epoxide 24 in 87%
yield (Scheme 3.3). Only a single diastereomer of the epoxide was seen and
this proved to be a better route than the tosylation. Although the tosylation
route was abandoned in favour of the Mitsunobu approach, epoxideformation via the OH-1 tosylation confirmed the stereochemistry of epoxide
24 as the ring-closure of 21 to 24 should be stereospecific.

Scheme 3.3: Reagents and conditions: (i) TsCl (6 equiv.), py, RT, 6 h,
42%; (ii) NaH, DMF, RT, 20 min, 87%; (iii) DIAD, PPh3, THF, 0 oC, 2 h,
87%.
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The synthesis of OH-6 nucleophile 27 started with perbenzylation of diol 17
to give 25 in excellent yield. The primary benzyl ether at C-6 was regioselectively removed73 by ZnCl2 in AcOH/Ac2O give acetate 26 in 76% yield,
which was deacetylated to give alcohol 27 in excellent yield.
To synthesise the OH-5 nucleophile 31, fully deprotected carbasugar 1 was
regioselectively protected as its 5,6-acetonide 28 by treatment with 2methoxypropene and catalytic CSA. Triol 28 was then benzylated to give the
fully protected derivative 29. Removal of the acetonide gave the 5,6-diol 30.
Finally, OH-6 was regioselectively protected as its benzyl ether using the tin
acetal method,74 giving OH-5 alcohol 31 with only small amounts (2–7%) of
its regioisomer being formed. (Scheme 3.4)

Scheme 3.4: Reagents and conditions: (i) BnBr (3 equiv.), NaH (5 equiv.),
DMF, RT, 3 h, 92%; (ii) ZnCl2 (5 equiv.), AcOH, Ac2O, RT, 3 h, 76%; (iii)
NaOMe, MeOH, RT, 2 h, quant.; (iv) 2-methoxypropene (2.8 equiv.), CSA
(0.3 equiv.), DMF, acetone, RT, 30 min, 60%; (v) BnBr (6 equiv.), NaH (8
equiv.), DMF, RT, 2 h, 65%; (vi) AcOH, H2O, 60 C, 45 min, 74%; (vii) (a)
Bu2SnO (1.3 equiv.), MeOH, 60 C (b) BnBr (1.5 equiv.), CsF (1.5 equiv.),
DMF, RT, 88%.
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3.4 Epoxide-opening reactions and pseudodisaccharide
formation
Epoxide 24 is a relatively stable compound; we never saw any decomposition either upon purification or upon storage. In fact, it could be stored at RT
in toluene for months without any decomposition. In order to find suitable
conditions for the epoxide-opening reactions using an oxygen nucleophile
we tested a number of different catalysts (acid or base), solvents, temperatures and equivalents of starting material. Under basic conditions (NaH or
NaOMe) no epoxide-opening reaction by an alcohol nucleophile was observed and the epoxide could be recovered. Testing different Lewis acids
(BF3•Et2O, Bi(OTf)3, LiOTf, LiN(OTf)2,Yb(OTf)3, AgOTf, TMSOTf) as
catalysts revealed that BF3•Et2O gave us the best results (0.1 - 0.2 equiv.).
Among the solvents tested (CH2Cl2, toluene, DMF, EtOAc, dichloroethane,
CHCl3), CH2Cl2 proved to be the best choice at RT.
We decided to investigate the epoxide-opening reaction with noncarbohydrate alcohols using BF3•Et2O as catalyst and CH2Cl2 as solvent.
Opening epoxide 24 with primary (EtOH), secondary (iPrOH) and tertiary
alcohols (t-BuOH) in large excess (10 equiv.) gave the corresponding ethers
32, 34 and 36 in good yields over 18 h (Scheme 3.5). The epoxide-opening
reaction yielded the OH-2 regioisomer exclusively, and this was determined
by COSY 2D 1H NMR after acetylation of OH-2.

Scheme 3.5: Reagents and conditions: (i) EtOH (10 equiv.), BF3•Et2O (0.2
equiv.), CH2Cl2, 18 h, 75%; (ii) Ac2O/py [1:1], 3 h, 89%; (iii) iPrOH (10
equiv.), BF3•Et2O (0.2 equiv.), CH2Cl2, 18 h, 61%; (iv) Ac2O/py [1:1],
DMAP (cat.), 1.5 h, quant. (v) t-BuOH (10 equiv.), BF3•Et2O (0.2 equiv.),
CH2Cl2, 18 h, 82%; (vi) Ac2O/py [1:1], 18 h, quant.
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Opening epoxide 24 with carbohydrate nucleophiles using 0.1 equiv.
BF3•Et2O in CH2Cl2 (0.5-1.0 M) at RT gave pseudodisaccharides 43, 45, 47,
49 and 51 (Scheme 3.6). The yields were slightly better when using a primary alcohol nucleophile (27: 69%, 4075: 77%) compared to using a secondary alcohol nucleophile (31: 55%, 4176: 65%, 4277: 52%). The reactions
were typically finished within 5 - 30 minutes, with all epoxide having reacted to either form the desired product or unwanted by-products. The excess carbohydrate nucleophile (3 – 5 equiv.) was recovered upon purification. The reaction proceeded with excellent regioselectivity for all nucleophiles, which was determined by COSY 2D 1H NMR after acetylation of
OH-2 of the product.

Scheme 3.6: Reagents and conditions: General procedure for epoxideopening reactions: 0.1 equiv. BF3•Et2O in CH2Cl2 (0.5-1.0 M) at RT; General procedure for acetylation: Ac2O, py, DMAP.
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We wanted to see if we could couple epoxide 24 with a C-glycoside analogue of Galf 5378 previously synthesised in our lab. The reaction was run
with a slight excess of epoxide 24 and resulted in pseudodisaccharide 54 in a
low 34% yield over two steps (Scheme 3.7) (Appendix I). The regioselectivity of the reaction was confirmed by COSY 2D 1H NMR after acetylation.

Scheme 3.7: Reagents and conditions: (i) BF3•Et2O (0.2 equiv.), CH2Cl2,
18 h; (ii) Ac2O/py [1:1], 3 h, 34% (over two steps)
The yield of 54 could probably be improved by using an excess of nucleophile rather than an excess of epoxide, as seen for the epoxide-opening reactions in Scheme 3.6. In fact, the decision to run the epoxide-opening reaction
with a substantial excess of nucleophile was based on two observations; the
first being that yields improved as the amount of nucleophile was increased.
For example, better results were obtained when the OH-6 40:epoxide 24
ratio was increased from 2:1 (44% yield) to 4:1 (77% yield) or the OH-3
41:epoxide 24 was increased from 3:2 (20%) to 5:1 (65%).
The second observation was the formation of pseudotrisaccharides, originating from the monocoupled product attacking a second equivalent of the epoxide electrophile.79 Formation of pseudotrisaccharides was seen for the
epoxide-opening reactions using 27 (Galf OH-6) and 42 (Rhap OH-4) as
nucleophiles and the support for this was suggested by MS, with peaks seen
at m/z 1421 (for 56, M+Na+) and 1101 (for 57, M+Na+). Although purification was difficult in the rhamnose case, the isopropylidene acetal was removed and the purified product could be characterised as triol 58 (Scheme
3.8). Ogawa reported that when a carbapyranose epoxide had a choice of
reacting with a primary hydroxyl of a carbohydrate over a secondary alcohol
in the same carbohydrate, the epoxide reacted with the primary alcohol.69b
Since the monocoupled product of the epoxide-opening reaction is a secondary alcohol, trisaccharide formation was suppressed by an excess of starting
material nucleophile. Not only did the formation of these larger structures
consume valuable starting material but it also caused contamination of the
desired monocoupled products and made purification difficult, which motivated suppression of pseudotrisaccharide formation by using a large excess
of the monosaccharide nucleophile.
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Scheme 3.8: Reagents and conditions: (i) AcOH, H2O, 70 C, 54%.
Whereas epoxide-opening reactions using 10 equiv. of the non-carbohydrate
alcohols (EtOH, iPrOH and t-BuOH) usually took 12 - 24 h to go to completion, using 3-5 equiv. of carbohydrate nucleophile was typically finished
within minutes or, at maximum, an hour. The reason for this was unclear, but
it is possible that the non-carbohydrate alcohols decreased the reaction rate
via coordination to the Lewis Acid catalyst reducing its potency. Martin et al
have reported that oxophilic BF3•Et2O showed lowered activity in Lewis
acid-catalysed reactions when chelation to oxygens could be suspected.30 We
found that for desired product formation, it was important to dissolve both
the epoxide and the nucleophile together prior to addition of the catalyst. If
the catalyst was added prior to the nucleophile, rapid consumption of the
epoxide but no product formation was seen, possibly due to activation of the
epoxide and a subseqent nucleophilic attack by water. Diol 17 could then be
recovered from the reaction, which indicated that water opened the epoxide
regio- and stereoselectively at C-1, just like the alcohol nucleophiles reported above.
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3.5 Epoxide-opening reaction with a sulfur nucleophile
Although epoxide-opening reactions of carbasugar epoxide 24 under basic
conditions using alkoxide nucleophiles failed, we thought that we should test
the more nucleophilic thiolate as the nucleophile. Running a test reaction on
a small scale (6 mg, 0.014 mmol of epoxide 24) and using ethanethiol in
large excess in NaOMe was successful and the nucleophilic attack was completely regioselective for attack at C-1 yielding thioether 38 (Scheme 3.9)
(Appendix I). The reaction was sluggish and took 3 days to go to completion. No epoxide-opening by methoxide was seen. The regioselectivity was
confirmed by COSY 2D 1H NMR after acetylation of OH-2 to give acetate
39.

Scheme 3.9: Reagents and conditions: (i) Ethanethiol (20 equiv.), Na (30
equiv.), MeOH, 3 d, 59%; (ii) Ac2O/py [1:1], 3 h, 92%.
The successful epoxide-opening reaction of 24 under basic conditions using
a thiolate nucleophile was encouraging in that it suggested the possibility of
synthesising S-linked pseudodisaccharide analogues of Galf in the future.
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3.6 Deprotection
Deprotection of pseudodisaccharides 43 and 45 by hydrogenolysis catalysed
by Pd/C gave 61 and 62. For pseudodisaccharide 51, removal of the acetonide was followed by hydrogenolysis catalysed by Pd/C to give deprotected
pseudodisaccharide 63 (Scheme 3.10).

Scheme 3.10: Reagents and conditions: (i) H2, Pd/C, MeOH, HCl (1M)
57%; (ii) H2, Pd/C, MeOH, HCl (1M) 91%; (iii) AcOH, H2O, 70C, then H2,
Pd/C, MeOH, HCl (1M), 57%.
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3.7 Regio- and stereoselectivity issues in epoxide formation and opening
Even though the epoxide-opening reaction can be expected to be stereospecific, we wanted to make sure that we got inversion of configuration at C-1.
We alkylated diol 17 (with known configuration) using bromoethane to form
diethyl derivative 64. Then ethyl ether 32 (from epoxide-opening reaction by
EtOH) was alkylated by bromoethane to form the same diethyl derivative 64,
which showed that the epoxide was attacked with inversion of configuration
at C-1 (Scheme 3.11).

Scheme 3.11: Reagents and conditions: (i) EtBr (10 equiv.), NaH, DMF,
RT, 5 d, 45%; (ii) EtBr (10 equiv.), NaH, DMF, RT, 4 h, 45%.

In the tosylation reactions of diol 17, OH-1 and OH-2 show different nucleophilicity (TsO-1 21:TsO-2 22, 3:1). The reason for this could be steric
with the C-4a being less bulky than C-3 (carrying a benzyl ether) and it can
be electronic (C-4a does not carry an electron withdrawing substituent
whereas C-3 does). The excellent regioselectivity of the Mitsunobu reaction
of diol 17 to form epoxide 24 cannot simply be explained by the better nucleophilicity of OH-1 compared to OH-2 as this was displayed by the tosylation to be moderate. If instead the rate-determining step of the Mitsunobu
reaction is the ring-closure and there is a rapid equilibrium between R-O1P+Ph3 and R‟-O2-P+Ph3, then the excellent regioselectivity can be explained
by the better electrophilicity of C-1 over C-2.

3.8 Glycosyltransferase GlfT2 inhibition study
When pseudodisaccharides 61 and 62 were tested24 as substrates and inhibitors for the glycosyltransferase GlfT2 neither pseudodisaccharide was recognized as a substrate. Although the enzyme is known to prefer a trisaccharide substrate, it has been shown to glycosylate disaccharides acceptors.80
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This suggested that the formal replacement of a ring-oxygen with a methylene group worsened the substrate properties of the pseudodisaccharide.
However, the (β1→5)-linked pseudodisaccharide 62 inhibited the galactofuranosyl transfer moderately; it gave 53% inhibition at 2 mM
(Galf(β15)Galf(β16)Galfβoctyl acceptor at 0.5 mM and UDP-Galf donor at 1.5 mM). The (β1→6)-linked pseudodisaccharide 61 showed no inhibition under these conditions (Figure 3.3). In 1.5.3, Figure 1.17, the two
previously known GlfT2 inhibitors were shown. These two structures inhibit
GlfT2 in the same order of magnitude as (β1→5)-linked pseudodisaccharide
62.

Figure 3.3 Of the two tested pseudodisaccharides, (β1→5) showed inhibitory properties against GlfT2.

3.9 Conclusions
We have developed a versatile synthetic protocol towards β-linked carbaGalf pseudodisaccharides. The epoxide-opening reaction was highly regioand stereoselective and could be carried out in concentrated solutions at ambient temperature using a variety of oxygen nucleophiles. We have found a
synthetic route where we can synthesise both the α-galacto epoxide electrophile and the carbasugar nucleophiles from diol 17. We have further been
able to demonstrate a regio- and stereoselective epoxide-opening reaction
with a thiolate nucleophile, opening the door to S-linked analogues being
synthesised in the future. The results from the enzyme inhibition study on
GlfT2 showed that a carbasugar structure can indeed act as an inhibitor even
if it did not inhibit the enzyme better than already reported structures.
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4.

α–O-linked carbasugar analogues
of galactofuranosides (Paper V)

4.1 Introduction
Having reported a versatile and general approach to obtain β-linked carbasugar-containing Galf analogues (Chapter 3), we wanted to extend the
methodology to include α-linkages as well. As stated in Section 1.4, the αGalf motif is found in the fungal cell wall of Apodus deciduus and UDP is αlinked to Galf in mycobacteria.31,33,34 Building on our knowledge of opening
an α-galacto epoxide regio- and stereoselectively, we reasoned that a diastereomeric epoxide could be a good electrophile for regioselective αlinked pseudodisaccharide formations.
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4.2 Synthetic strategies
As discussed in the previous chapter, the selectivity of nucleophilic attack at
C-1 rather than C-2 for the α-galacto epoxide 24 can be explained by C-1
being less sterically hindered and further away from an electron-withdrawing
benzyl ether than C-2. This should be true for a β-talo epoxide as well (Figure 4.1). A nucleophilic attack at C-1 of a β-talo epoxide would render an αtalo product, which means C-2 needs to be epimerised after the epoxideopening reaction in order to obtain the α-galacto product. One cause for
concern in the epoxide-opening reaction was that whereas the β-galacto
product has a favourable trans substitution pattern in the ring, the α-talo
product has 2,3- and 1,4-cis relationships between the substituents possibly
causing disfavouring interactions.

Figure 4.1 Using a stereoisomeric epoxide as an electrophile to obtain αlinkages would require an epimerisation step after the epoxide-opening reaction.
The epimerisation could be achieved directly via an SN2 approach, i e Mitsunobu81 reaction followed by a subsequent ester hydrolysis of the Mitsunobu product or sulfonate displacement82 developed by Lattrell83 and Dax84
which is based on triflation of the free hydroxyl followed by a SN2-attack by
a nitrite ion that is hydrolysed with retention of configuration upon work-up.
Alternatively, an indirect epimerisation approach by an oxidation-reduction
sequence could be used and has previously been reported to work on carbapyranoses.85
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4.3 Synthesis of the β-talo epoxide
When synthesising α-galacto epoxide 24 we were able to exploit the better
nucleophilicity of OH-1 when using a tosylation-intramolecular displacement sequence. Even better results were obtained when using a Mitsunobu
approach (Chapter 3). As the intramolecular displacement approach was
convenient for making 24, we wanted to follow a similar route towards βtalo epoxide 65. We were able to obtain epoxide 65 from an intramolecular
tosylate displacement of C-2 tosylate 22, but although the displacement reaction was smooth (78%), obtaining the tosylate from diol 17 was low yielding
due to the greater nucleophilicity of OH-1 (Chapter 3). The overall yield of
this route was only 15% (Scheme 4.1).
Instead, we used an indirect approach; regioselective protection of OH-1
followed by transformation of OH-2 into a leaving group. A tin acetal approach74 was chosen to protect OH-1 as a benzoate by treatment of diol 17
with Bu2SnO in MeOH at reflux, followed by regioselective bensoylation by
BzCl in toluene to give monobensoate 66 in 82% yield. The regioselectivity
was improved compared to the tosylation of 17 (Chapter 3), giving only
small amounts (5%) of the C-2 bensoate regioisomer. Monobenzoate 66 was
then tosylated by TsCl in pyridine at 50 oC in good yield to give diester 67.
The epoxidation was carried out by treatment of diester 67 with NaOMe at
RT for 18 h, giving β-talo epoxide 65 in 62% yield, presumably via the formation of a C-1 alkoxide displacing the C-2 tosylate (Scheme 4.1). The total
yield from diol 17 was 42%.

Scheme 4.1: Reagents and conditions: (i) TsCl (3 equiv.), py, 18 h, 19%;
(ii) NaH (5 equiv.), DMF, RT, 45 min, 78%. (iii) (a) Bu2SnO (2 equiv.),
MeOH, 70 oC, 2 h; (b) BzCl (1.9 equiv.), toluene, RT, 24 h, 82 %; (iv) TsCl,
py, 50 oC, 4 days, 82 %; (v) Na (s) (3 equiv.), MeOH, RT, 18 h, 62%.
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4.4. Epoxide-opening reactions and pseudodisaccharide
formation
Using our already developed protocol for Lewis acid catalysed epoxideopening reactions, β-talo epoxide 65 was opened by EtOH (10 equiv.) and
catalytic BF3•Et2O in CH2Cl2. The reaction was successful as we obtained
the C-1 ethyl ether product 68 in 90% yield and good regioselectivity. In
contrast to α-galacto epoxide 24, where no regioisomer was seen, the β-talo
epoxide 65 gave small amounts (4%) of ethyl ether 70. The regiochemistry
was confirmed by acetylation of the free alcohols. The major product 68
gave a C-2 acetate 69 as seen by the downfield shift of H-2 in 1H-NMR,
indicating a C-1 attack by EtOH. Upon acetylation of the minor product 70
to form its acetate 71, we saw a downfield shift for H-1, indicating a C-2
attack to give a β-galacto product. To exemplify the method and test it
against bulkier alcohol nucleophiles, epoxide 65 was opened by an excess
OH-3 Manp 4176 (4.4 equiv.) with excellent stereo- and regioselectivity to
isolate α-talo pseudodisaccharide 72 in 57% yield, with no regioisomer seen.
72 was acetylated to show the regioselectivity (Scheme 4.2).

Scheme 4.2: Reagents and conditions: (i) EtOH (10 equiv.), BF3•Et2O (0.1
equiv.), CH2Cl2, RT, 24 h, 90%; (ii) Ac2O, py, RT, 1 h, quant.; (iii)
BF3•Et2O (0.1 equiv.), CH2Cl2, RT, 15 min, 57%; (iv) Ac2O, py, RT, 2 h,
91%.
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Epoxide 65 was also opened by OH-6 27 under the same conditions to give a
pseudodisaccharide 74, believed to be Talf(α1→6)-β-Galf (Appendix I) in
45% yield as suggested by MS with peaks seen at m/z 991 (M+Na+) and 1D
1
H-NMR and 13C-NMR. The regiochemistry of compound 74 was not confirmed by acetylation and the compound was not fully characterised. When
trying to open epoxide 65 with OH-2 manno-configured nucleophile 7567,
we failed to get any product formation under acidic conditions (the epoxide
decomposed) or basic conditions (no reaction) (Scheme 4.3). The reason for
this is unclear.

Scheme 4.3: Reagents and conditions: (i) BF3•Et2O (0.1 equiv.), CH2Cl2,
RT, 20 h, 45%; (ii) BF3•Et2O (0.1 equiv.), CH2Cl2, RT, 45 min, no product
formed; (iii) NaH, 15-crown-5, DMF, 70 oC, 2 days, no product formed.

4.5 Epimerisation of Talf to Galf
Direct SN2-type epimerisation of OH-2 in 68 failed to give good results.
Mitsunobu inversions using p-nitrobenzoic acid or benzoic acid gave no or
little product and triflate displacement by a nitrite ion gave a disappointing
27% yield of the desired alcohol 76 among several unidentified by-products.
An oxidation-reduction approach worked better. First, alcohols 68 and 72
were smoothly oxidised to ketones 77 (95%) and 78 (68%) under Swern
conditions. Different reducing agents were then tested for reducing ketone
77. NaBH4 gave virtually a 1:1 mixture of alcohols 68 and 76 and CoreyBakshi-Shibata catalyst together with BH3•THF as hydride source failed to
give any reaction. Better results were obtained when using L-Selectride as
the reducing agent. At 0 oC in THF, ketone 77 was reduced using LSelectride to give the desired α-galacto alcohol 76 in 78% yield together
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with a small amount of α-talo alcohol 68, but not in sufficient quantities so
that it could be isolated pure. Pseudodisaccharide ketone 78 was reduced
using the same conditions, giving the α-galacto alcohol 79 in 73% yield with
no α-talo alcohol formation observed (Scheme 4.4).

Scheme 4.4: Reagents and conditions: (i) (a) Tf2O, CH2Cl2, -20 − 10 oC,
20 min; (b) NaNO2 (10 equiv.), DMF, 70 oC, 3 days, 27%; (ii) DMSO (12
equiv.), oxalyl chloride (6 equiv.), CH2Cl2, - 60 oC; then Et3N (18 equiv.),
RT, 95%; (iii) L-Selectride, THF, 0 oC, 16 h, 78%; (iv) DMSO (12 equiv.),
oxalyl chloride (6 equiv.), CH2Cl2, - 60 oC; then Et3N (18 equiv.), RT, 68%;
(v) L-Selectride, THF, 0 oC, 2 h, 73%.

4.6 Debenzylative cycloetherification – a by-product
A by-product was formed in a considerable amount (33% of 65) when the
carbohydrate 41 was used to open epoxide 65. We could establish that it was
a derivative of the epoxide, but with the loss of a benzyl ether as seen by
both m/z and 1H-NMR. Upon acetylation, the structure was assigned as a
bicyclic structure originating from an intramolecular attack by O-6 on the
epoxide in a debenzylative cycloetherification. We could via cross-peaks in
HMBC confirm that O-5 was still benzyl protected, ruling out any other
intramolecular nucleophiles other than O-6. We still had to confirm whether
O-6 had attacked at C-1 or C-2 and this was done by NOESY analysis and a
J-coupling analysis of H-6. In the NOESY spectrum, we could clearly see
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that the proton on the attacked carbon (H-1 or H-2) coupled to H-4a and H4a‟. This is improbable in a case where C-2 was attacked by O-6 since the
H-2 and H-4a/H-4a‟ would be too far apart. In contrast, it was expected that
the structure resulting from attack at C-1 would show this correlation. Additionally, H-6 appeared as an apparent triplet (J 11 Hz), suggesting a diaxial
relationship with H-5, which was consistent with the proposed structure 80,
but not the rejected structure 80b below (Figure 4.2).

Figure 4.2 Showing some clear NOESY correlations leading us to propose
the structure to the left.
An analogous by-product was not seen in the α-galacto epoxide-opening
reactions (Chapter 3), probably since O-6 of Galf would not be able to attack
C-1 of an α-epoxide as easily as C-1 of a β-epoxide due to preferred attack
angle of 180o. The opposite should be true for a C-4 epimer (Glcf) and indeed a similar behaviour was observed by Martin et al in an anomeric displacement of an acetate by O-6 in a gluco-configured furanoside under
acidic conditions.30

4.7 Conclusions
We have developed an indirect route towards α-galacto substituted carbaGalf. This methodology was built on the one developed for β-galacto pseudodisaccharides but with a successful addition of an oxidation-reduction
sequence to epimerise 1,2-trans-substituted carba-Talf to 1,2-cis-substituted
carba-Galf. We have shown that the epoxide-opening approach is versatile
and that two stereoisomeric epoxides were opened with the same regioselectivity, meaning that electronic and steric properties of the epoxide govern the
nucleophilic additions. It seemed that regioselectivity of the nucleophilic
addition on these epoxides was not governed by the cis- or trans-pattern of
substituents in the product.
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5.

N-linked
pseudodisaccharides
using a Mitsunobu approach
(Paper VI)

5.1 Introduction
Glycosidase inhibitory activity of monosaccharides and pseudodisaccharides
with exocyclic nitrogens have been reported.35,86 Compared to monosaccharides, disaccharides and pseudodisaccharides can be expected to bind to an
enzyme with higher affinity and specificity. Monosaccharides bridged by a
nitrogen without the participation of the anomeric center are called N-linked
neodisaccharides, and could be structures with interesting biological properties. Ogawa has reported that pseudodisaccharides linked by a nitrogen bind
stronger to glycosidases than pseudodisaccharides linked by oxygen or sulfur.87 An advantage of using N-linked neodisaccharides as potential glycosidase inhibitors compared to carbasugar-containing inhibitors such as acarbose, is the omission of a potentially cumbersome monosaccharide synthesis
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of the carbasugar. In this project, we wanted to investigate whether we could
develop synthetic routes towards new N-linked neodisaccharides and test the
glycosidase inhibitory activity of these structures against α-Glucosidase II.
Reports of C-2 symmetric 6-6-N-linked neodisaccharides88 are more common than other N-linked neodisaccharides and it was until recently difficult
to find examples of unsymmetrical neodisaccharides in the literature. In
2007, Kroutil89 synthesised diamines from an aziridine-opening approach
and Thiem90 published primary-sec N-linked neodisaccharides via reductive
amination, and our group expanded the methodology by using Mitsunobu
and epoxide-opening approaches, to form different primary-primary and
primary-sec N-linked neodisaccharides (Figure 5.1).68

Figure 5.1 Non-symmetrical N-linked neodisaccharides are scarcely reported in the literature.
The scope of the Mitsunobu couplings reported by our group in 2007 is limited to primary-primary linkages. There are rather few reports of successful
Mitsunobu reactions on secondary alcohols of cyclic hexoses.91 The reason
for this could be that few have examined this method of coupling, but it is
likely that synthetic attempts have failed due to increased steric bulk of the
secondary alcohols.
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5.2 Synthetic strategy
In order to increase the reactivity of the secondary alcohol of the carbohydrate electrophile, we wanted to convert it to an allylic alcohol.92,93 The alkene functionality of the coupling product then has to be stereoselectively refunctionalised into a diol to restore the carbohydrate structure. 94 We envisioned that (N4-6)-linked neodisaccharides could be obtained from functionalising the alkene after a Mitsunobu coupling between an allylic OH-4 alcohol electrophile and a C-6 sulfonamide nucleophile (Figure 5.2). Both an
axial and an equatorial allylic OH-4 would be suitable electrophiles to test
Mitsunobu couplings with as they would give epimeric products that could
potentially have interesting chemical and biological properties. The allylic
alcohols would be available from the corresponding galactal and glucal derivatives that in turn are accessible from D-Galactose and D-Glucose, respectively. The reason we wanted to use a C-6 sulfonamide rather than a C-6
amine as the nucleophile, was because the sulfonamide has a sufficiently
acidic proton to facilitate the Mitsunobu reaction.95 Since the reaction can be
expected to be sluggish between two carbohydrate moieties we opted to use
primary sulfonamides accessible in a few steps from D-glucose and
D-mannose as nucleophiles.

Figure 5.2 The retrosynthetic analysis of four diastereomeric neodisaccharides starting from easily accessible monosaccharide derivatives is shown.
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5.3 Syntheses of electrophiles and nucleophiles
was peracetylated,96 followed by anomeric displacement by a
bromide in excellent yield over two steps, gave α-bromide 81, which underwent elimination using zinc to afford peracetylated galactal 82.97 A Ferrier
reaction with phosphomolybdic acid98 and EtOH gave the allylic acetate 83
in 59% yield. EtOH was chosen as the nucleophile in this reaction because it
gave better yields than MeOH. Deprotection followed by regioselective silylation using TBDMSCl99 gave the D-threo-configured allylic alcohol 84100,101
in good yield (Scheme 5.1).
D-Galactose

Scheme 5.1: Reagents and conditions: (i) Ac2O, I2, RT, 15 min, quant; (ii)
33% HBr, AcOH, RT, 30 min, 95%; (iii) Zn (10 equiv.), 1-methyl imidazol
(1.5 equiv.), EtOAc, reflux, 18 h, 74%; (iv) Phosphomolybdic acid (1%),
EtOH (2 equiv.), MeCN, 2 h, 59%; (v) NaOMe, MeOH, 3 h, 92%; (vi)
TBDMSCl, imidazole, DMF, RT, 24 h, 84%.

Alcohol 8518 was mesylated and the sulfonate was then displaced by NaN3 in
DMF in good yield over two steps to give azide 86. The azide was reduced
to the known amine 87102 via catalytic hydrogenation, preserving the benzyl
ethers under the given reaction conditions. Converting amine 87 to sulfonamide 88 was straightforward using NsCl (Scheme 5.2). Two additional gluco-configured sulfonamides were prepared in the group: triflamide 89 and
nosylamide 90.68
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Scheme 5.2: Reagents and conditions: (i) MsCl, Et3N, CH2Cl2, 0 oC, 1.5 h;
(ii) NaN3, DMF, 70 oC, 4 days, 77% (over two steps); (iii) H2, Pd/C, EtOH,
EtOAc, RT, 4 h, 93%; (iv) NsCl (1.2 equiv.), Et3N, DMAP, CH2Cl2, RT, 15
min, 88%.

5.4 Mitsunobu couplings
The Mitsunobu couplings were conducted using DIAD and PPh3 in THF and
proceeded smoothly (Scheme 5.3). The choice of sulfonamide (triflamide or
nosylamide) did not seem to influence the reaction rate or outcome. Neither
did the configuration at C-2 of the sulfonamide nucleophile effect the reaction considerably, although isolated yields dropped slightly for the mannocompared to the gluco-configured nucleophile. The two epimeric allylic
alcohols 84 and 91101 also did not seem to differ in reactivity under the given
conditions. The regioselectivity of products 92-95 could be confirmed by the
relative upfield shifts of the C-4I of the coupling product.
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Scheme 5.3: Reagents and conditions: General procedure for Mitsunobu
couplings: DIAD, PPh3 (2-3 equiv.), THF, 0 oC→RT.

Two more D-threo-configured structures, 96 and 97, were synthesised using
a similar procedure in the group (Figure 5.3). These structures were synthesised from allylic alcohol 91 and gluco-configured amides 89 and 90.

Figure 5.3. Two synthesised D-threo-configured species.
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5.5 Dihydroxylation and deprotection
Dihydroxylation of the D-erythro-configured alkenes 92 and 93 under catalytic Upjohn conditions103 using K2OsO4•2H2O with NMO as the oxidant
was stereoselective (see 5.7) but sluggish, taking up to three days to finish in
good yields (98: 73%; 99: 88%). The resulting diol could either be isolated
as its silyl ether or directly be converted into the corresponding triol 100 or
101 via prolonged treatment with NaHSO3 (sat.) during work-up. Silyl ethers
98 and 99 could also smoothly be converted into triol 100 and 101 via treatment of HCl (1M) in MeOH. Diol 99 was converted into its diacetate 102 in
order to facilitate characterisation by moving H-2I and H-3I downfield to
avoid overlap (see Section 5.6, Figure 5.6). Global deprotection was then
successful using Birch dissolving metal conditions to yield the (N4-6)-linked
neodisaccharides 103 and 104 (Scheme 5.4).

Scheme 5.4: Reagents and conditions: (i) (a) K2OsO4•2H2O (0.02 equiv.),
NMO (4 equiv.), AcOH, Acetone, H2O, 3 days; (b) NaHSO3 (sat.), 30 min:
(ii) HCl (1M), MeOH, RT, 30 min; (iii) K2OsO4•2H2O (0.1 equiv.), NMO (4
equiv.), AcOH, Acetone, H2O, 4 days; (b) NaHSO3 (sat.), RT, 20 h;
(iv) Ac2O, py; (v) NH3 (l), Na (s), MeOH, THF, 45 min.
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Despite trying various conditions, attempts to derivatise the D-threoconfigured coupling products 95 and 96 failed; Catalytic Upjohn conditons
and stoichiometric oxidation104 by K2OsO4/NMO gave only starting material
after work-up. Catalytic oxidation by RuCl3/NaIO4105 gave no reaction when
the reaction was run for 2 min at -10 oC and the starting material could be
recovered. When instead the reaction was left to stir at RT for 4 days we
recovered both starting material (24%) and desilylated starting material
(40%), but no product formation was observed. Epoxidation by mCPBA
failed to give any product and after a week the starting material started to
decompose into unidentified monosaccharide derivatives. It seemed that the
amide-linkage was broken during the reaction. The reason for the low reactivity of the alkene is possibly steric hindrance due to the trans relationship
of substituents at C-1 and C-4, blocking both faces of the alkene. Difficulties
to derivatise the alkene could also be due to the lack of a coordinating hydrogen-bond donor for the oxidising agent (Figure 5.4).

Figure 5.4 D-threo-configured coupling products failed to give any dihydroxylation product, possibly due to steric hindrance and the lack of a hydrogen-bond donor.
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5.6 Determining the regio- and stereoselectivity of the
Mitsunobu couplings and the dihydroxylation reactions
When we ran the Mitsunobu couplings we used C-4 epimeric electrophiles
84 and 91. Both were attacked at C-4 by the same nucleophile but gave different products, which means they should be epimers. This showed us that
the reactions were stereospecific and that the configuration at C-4 determined the configuration at C-4I of the product, which indicates an SN2
mechanism. We could determine that attack occurred at C-4 by looking at
the 13C-NMR shift of C-4I which moved clearly upfield to ca 50 ppm when
attached to the amide of the product. A potential SN2‟ product would result
from attack at C-2I, but C-2I did not show any noticeable changes in shift in
the product. Also, after global deprotection of the neodisaccharides, yielding
a secondary amine in the neodisaccharide linkage, H-4I showed a distinctly
lower shift (2.8-3.0 ppm) than for example H-2I (3.8-3.9 ppm) in 1H-NMR.
This was consistent for the Mitsunobu couplings conducted and led us to the
conclusion that the reaction was regioselective for attack at C-4 (Figure 5.5).

Figure 5.5 Showing possible products from a Mitsunobu reaction on a
threo-configured allylic electrophile.
New stereochemical information was introduced in two different steps; the
Mitsunobu coupling and the dihydroxylation of the alkene. Although the
Mitsunobu reaction was expected to go via inversion of configuration at the
reaction center, we wanted to support this via J-coupling analysis. For coupling product 92 we could see that the J-coupling between H-4 and H-5 was
10 Hz, indicating that H-4 and H-5 have a trans relationship. For coupling
product 95, H-4I was an apparent triplet with a J-value of 4 Hz, indicating a
smaller angle between H-4I and H-5I and a cis relationship.
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As we managed to dihydroxylate only the erythro-configured alkenes 92 and
93, we drew our conclusions from the data we obtained from these structures. The osmium-catalysed dihydroxylation could be expected to go via a
cis-addition.103 Looking at the diacetate 102 and the globally deprotected
neodisaccharides 103 and 104 in Figure 5.6, J-coupling analysis in 1H-NMR
supported that the dihydroxylation yielded α-manno-configured species. The
J1,2-couplings were small (1.6-1.8 Hz) as was expected for α-mannoconfiguration. J3,4-couplings of approximately 10 Hz for compounds 102 and
104 suggested a diaxial relationship between H-3 and H-4, which was consistent with the proposed structures. An α-allo-configured species would be
inconsistent with these J-couplings. Even though the characterisation of
Man(N4-6)Man derivatives was made difficult by overlapping signals, we
could assume that the C-2II epimers behaved similarly during the dihydroxylation since the C-2II is far away from the reaction center at C-2I and C-3I.

Figure 5.6 J-couplings as seen in 1H-NMR of structures 102, 103 and 104.
The allo-configured structure was discarded due to J-coupling inconsistency.

5.7 Conclusions
We have successfully reported the formation of two new N-linked neodisaccharides. We have shown that the introduction of an allylic alcohol in the
electrophile indeed enhanced the reactivity compared to the previously reported unsuccessful attempts in our group to form primary-sec linked neodisaccharides via Mitsunobu chemistry. N-linked neodisaccharides 103 and
104 have been sent to be tested for α-Glucosidase II inhibitory activity.
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6.

Concluding remarks

The work described in this thesis has hopefully contributed to the research
on carbohydrate mimicry by; (1) presenting the first synthesis of 4a-carba-βD-galactofuranose; (2) describing the development of protocols for controlled couplings of carba-Galf to form both α- and β-linked carbapseudodisaccharides. This was the first time that carbasugar pseudodiaccharides containing carbafuranoses were reported; (3) describing the development of a Mitsunobu approach to obtain unusual unsymmetrical N-linked
neodisaccharides via allylic electrophiles; (4) testing deprotected pseudodisaccharides for enzyme inhibitory activity. We have been able to test our
carba-galactofuranosides described in Chapter 3 against mycobacterial galactofuranosyltransferase GlfT2 and the inhibition studies of our neodisaccharides presented in Chapter 5 are currently ongoing.
In the future, the work on carba-Galf may be extended so that a C-1 exocyclic nitrogen is incorporated in the structure. It could also be of interest to
create S-linked carba-galactofuranosides and this subject was touched upon
in Section 3.5. Since we have shown that a carbasugar derivative can act as
an enzyme inhibitor, further work on these structures could be interesting,
for example syntheses of larger structures. The methodology developed for
Lewis Acid catalysed epoxide-opening reactions could potentially be expanded or transferred to other types of structures in order to learn more about
the scope of the procedure. The Mitsunobu approach to synthesise neodisaccharides can be further investigated. Further work on functionalisation of
sterically hindered alkenes of the Mitsunobu coupling products would also
be desirable.
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8.

Appendix I

Experimental procedures for unpublished structures in 3.4:
3,5,6-tri-O-Benzyl-4a-carba-β-D-galactofuranosyl-(1→5)-(2,3,6-Tri-Obenzyl-β-D-galactofuranosyl)ethene (54)
Epoxide 24 (34 mg, 0.079 mmol) and C-glycoside 53 (55 mg, 0.119 mmol)
were dissolved in DCM (5 mL) at rt. The pale yellow mixture was put under
N2. BF3•Et2O (10 µL, 0.08 mmol) was put in dry DCM (5 mL) and 1.0 mL
(0.016 mmol BF3•Et2O) of this solution was transferred to the reaction mixture, without colour change. After 45 mins, TLC (Toluene/EtOAc 7:1)
showed complete consumption of epoxide 24 (Rf 0.6) and two spots in close
proximity (Rf 0.45), one of which was C-glycoside 53. An addition of epoxide 24 (28 mg, 0.066 mmol) was made to facilitate further formation of
product. The reaction mixture was stirred for 16 h after which complete consumption of epoxide 24 was confirmed. The reaction was quenched by addition of NH4Cl (aq) (5 mL) and the mixture was washed by H2O (3 x 5 mL)
and the aqueous layer was extracted by DCM (3 x 5 mL). The combined
organic phases were dried (Na2SO4), filtered and concentrated in vacuo. The
similarity of Rf-values of starting material 53 and pseudodisaccharide 54
made separation difficult. In non-polar systems such as Toluene/EtOAc 18:1,
53 eluted just before 54, whereas in more polar systems such as Toluene/EtOAc 6:1, 54 elutes first, but without satisfactory separation. Purification by flash chromatography failed and separation was not possible. HRMS
Calcd. For C57H62O9Na (MNa+) 913.4286. Found 913.4293
2-O-Acetyl-3,5,6-tri-O-benzyl-4a-carba-β-D-galactofuranosyl-(1→5)(2,3,6-Tri-O-benzyl-β-D-galactofuranosyl)ethene (55)
An inseparable mixture of pseudodisaccharide 54 and C-glycoside 53 was
dissolved in a 1:1 mixture of acetic anhydride and pyridine (3 mL) and the
reaction mixture was left to stir for 3 d before removing all solvent in vacuo.
The mixture of products was with difficulty separated by column chromatography (Toluene/EtOAc 20:1) to give acetylated pseudodisaccharide 55 (38
mg, 0.041) in 34% yield over two steps; H (400 MHz, CDCl3) 1.73 – 1.81
(2H, m, H-4aII, H-4a‟II), 2.36 (1H, ddat, J 3.6 Hz, J 11.0, Jat 8.2 Hz , H-4II),
3.36 (1H, dd, J5,6 3.9 Hz, J6,6‟ 10.1 Hz, H-6II), 3.43 (1H, dd, J5,6‟ 6.8 Hz, H6‟II), 3.64 – 3.71 (3H, m, H-6I, H-3II, H-5II), 3.78 (1H, d, J1,2 2.5 Hz, H-2I),
3.85 (1H, dd, J5,6‟ 1.3 Hz, J6,6‟ 10.5 Hz, H-6‟I), 3.99 – 4.09 (4H, m, H-3I, H4I, H-5I, H-1II), 4.25 (1H, d, J 11.7 Hz, PhCHH‟), 4.27 (1H, d, J 11.8 Hz,
PhCHH‟), 4.33 (1H, m, H-1I), 4.39 – 4.59 (9H, m, 4 x PhCHH‟, 5 x PhHH‟),
4.69 (1H, d, J 11.7 Hz, PhCHH‟), (1H, dat, Jat 1.3 Hz, Jcis 10.3 Hz, H-1βcisI),
5.26 (1H, dat, Jat 1.3 Hz, Jtrans 17.2 Hz, H-1βtransI), 5.26 (1H, m, H-2II), 5.88
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(1H, ddd, J1α,1 7.5 Hz, H-1αI), 7.19 – 7.33 (30 H, m, Ar-H); C (100.6 MHz,
CDCl3) 29.4 (t, C-4aII), 45.4 (d, C-4II), 71.2, 71.7, 71.7, 71.8 (4 x t, 3 x
PhCH2, C-6I), 73.2, 73.4, 73.5 (3 x t, 3 x PhCH2, C-6II), 74.9, 80.6, 81.5,
82.8 (4 x d, C-3I, C-4I, C-5I, C-1II), 77.4, 84.7 (2 x d, C-3II, C-5II), 82.6 (d, C2II), 85.9 (d, C-1I), 86.5 (d, C-2I), 116.4 (t, C-1βI), 127.3, 127.4, 127.5, 127.6,
127.6, 127.7, 127.8, 127.9, 128.0, 128.3, 128.4, 128.5, 128.5, 128.6 (14 x d,
Ar-CH), 137.5 (t, C-1αI), 137.9, 138.2, 138.5, 138.6, 139.0, 139.2 (6 x s, 6 x
Ar-C), 169.9 (s, C=O); IR (Film) 1736 (s, OC=O) cm-1; HRMS Calcd. For
C59H64O10Na (MNa+) 955.4392. Found 955.4413

Experimental procedures for unpublished structures in 3.5:
3,5,6-tri-O-Benzyl-1-deoxy-1-S-ethyl-1-thio-4a-carba--Dgalactofuranose (38)
Na (10 mg, 0.44 mmol) was dissolved in MeOH (1 mL) at rt under N2.
Ethanethiol (21 µL, 0.28 mmol) was added via syringe. Epoxide 24 (6 mg,
0.014 mmol) was dissolved in MeOH and added to the reaction mixture via
syringe. After 3 d, TLC (Toluene/EtOAc 6:1) showed a complete consumption of epoxide (Rf 0.6) and formation of a major product (Rf 0.4). The reaction was quenched by the addition of NaHCO3 (sat) (5 mL) upon which the
mixture turns white. The mixture was extracted with DCM (3 x 5 mL) and
the combined organic phases were washed with NaHCO3 (sat) (2 x 5 mL).
The combined aqueous phases were acidified by addition of 1 M HCl (5 mL)
and then once again extracted with DCM (2 x 5 mL). The combined organic
phases were dried (Na2SO4), filtered and concentrated in vacuo. All glassware was washed with NaOCl (14%) after use to neutralise any malodours.
The crude product was purified by column chromatography (Toluene/EtOAc
8:1) to give thioether 38 (4 mg, 59%) as an oil; HRMS Calcd. For
C30H36O4NaS (MNa+) 515.2227. Found 515.2229
2-O-Acetyl-3,5,6-tri-O-benzyl-1-deoxy-S-ethyl-1-thio-4a-carba--Dgalactofuranose (39)
Thioether 38 (3 mg, 6 µmol) was dissolved in acetic acid/pyridine [1:1] (2
mL) and stirred for 3 h. TLC (Toluene/EtOAc 8:1) showed complete consumption of starting material (Rf 0.4) and formation of a solitary product (Rf
0.7). The reaction was concentrated by co-evaporating all solvent with toluene (2 x 10 mL). The crude product was purified by column chromatography
(Toluene/EtOAc 10:1) to give acetate 39 (3 mg, 5.6 µmol) in 92% yield. H
(400 MHz, CDCl3) 1.24 (3H, t, J 7.5 Hz, CH2CH3), 1.74 (1H, ddd, J1,4a 5.0
Hz, J4,4a 8.4 Hz, J4a,4a‟ 13.3 Hz, H-4a), 2.02 (3H, s, C(O)CH3), 2.17 (1H, m,
H-4a‟), 2.40 (1H, m, H-4), 2.60 (2H, m, CH2CH3), 3.05 (1H, br s, H-1), 3.49
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(1H, dd, J5,6 4.5 Hz, J6,6‟ 10.0 Hz, H-6), 3.56 (1H, dd, J5,6‟ 6.3 Hz, H-6‟), 3.69
(1H, m, H-5), 3.80 (1H, dd, J2,3 4.2 Hz, J3,4 7.6 Hz, H-3), 4.28, 4.71 (2H,
ABq, JAB 11.7 Hz, PhCH2), 4.35, 4.57 (2H, ABq, JAB 11.9 Hz, PhCH2), 4.47,
4.53 (2H, ABq, JAB 12.1 Hz, PhCH2), 5.17 (1H, at, J 4.3 Hz, H-2), 7.24 –
7.36 (15H, m, Ar-H); C (100.6 MHz, CDCl3) 21.4 (q, C(O)CH3), 29.9 (t, C4a), 45.6 (d, C-4), 72.1, 73.1, 73.5 (3 x t, 3 x PhCH2), 72.7 (t, C-6), 77.4 (d,
C-5), 82.5 (d, C-2), 84.8 (d, C-3), 127.6, 127.7, 127.8, 127.9, 128.3, 128.4,
128.5, 128.6 (8 x d, Ar-CH), 138.3, 138.4, 139 (3 x s, 3 x Ar-C), 170.2 (s,
C=O).

Experimental procedures for unpublished structures in 4.4:
Pseudodisaccharide 74
Epoxide 65 (14 mg, 0.033 mmol) and alcohol 27 (53 mg, 0.099 mmol) were
dissolved in CH2Cl2 (1.0 mL) under N2 at RT. BF3•Et2O (21 µL, 0.16 mmol)
was dissolved in dry CH2Cl2 (2.5 mL) and 50 µL (4.1 µmol BF3•Et2O) of
this solution was transferred to the colourless reaction mixture. After 20 h,
TLC (Toluene–EtOAc, 7:1) showed complete consumption of epoxide (Rf
0.7) and formation of a major product (Rf 0.3) as well as remaining alcohol
(Rf 0.2). The reaction was quenched by addition of Et3N (0.5 mL) and the
mixture was concentrated in vacuo. The crude product was purified by flash
column chromatography (Toluene–EtOAc, 8:1) to give a pseudodisaccharide
74 (14 mg, 45%) as a colourless oil; H (400 MHz, CDCl3) 1.58 (1H, ddd,
J1,4a 6.4 Hz, J4,4a 10.0 Hz, J4a,4a‟ 13.4 Hz, H-4aX), 1.78 (1H, ddd, J1,4a 3.5 Hz,
J4,4a 8.4 Hz, J4a,4a‟ 12.8 Hz, H-4aY), 1.96 – 2.07 (2H, m, H-4a‟X, H-4a‟Y), 2.22
(1H, m, H-4X), 2.30 (1H, m, H-4Y), 3.48 – 3.59 (4H, m, H-6X, H-6‟X, H-6Y,
H-6‟Y), 3.69 – 3.72 (3H, m, H-1X, H-5X, H-5Y), 3.78 (1H, dd, J 5.5 Hz, J 7.5
Hz, H-3X), 3.83 (1H, dd, J 5.5 Hz, J 8.4 Hz, H-3Y), 3.87 – 4.00 (3H, m, H-IY,
H-2X, H-2Y), 4.31 – 4.73 (14H, m, 7 x PhCH2), 7.22 – 7.36 (35H, m, Ar-H);
C (100.6 MHz, CDCl3) 27.4, 27.8 (2 x t, C-4aX, C-4aY), 43.1, 43.2 (2 x d, C4X, C-4Y), 71.0, 72.2, 72.3, 72.4, 72.4, 72.5, 72.8, 73.1, 73.5 (9 x t, C-6X, C6Y, 7 x PhCH2), 74.3, 81.4, 90.0 (C-1Y, C-2X, C-2Y), 76.7, 77.4, 84.3 (3 x d,
C-1X, C-5X, C-5Y), 80.6 (d, C-3X), 83.8 (d, C-3Y), 127.5, 127.6, 127.6,
127.7, 127.7, 127.8, 127.9, 127.9, 128.0, 128.0, 128.1, 128.1, 128.3, 128.5,
128.5, 128.5, 128.6, 128.7 (18 x d, Ar-CH), 137.8, 138.4, 138.6, 138.6,
138.8, 139.0, 139.1 (7 x s, 7 x Ar-C); HRMS Calcd. For C30H36NaO5 (MNa+)
991.4756. Found 991.4722.
The descriptor „x‟ refers to an unspecified one of the carbasugars „I‟ or „II‟;
„y‟ refers to the other one.
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