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1.1 Introduction 

Glycans are the most diverse class of biopolymers and this diversity is crucial for 
many cellular processes, including cell-to-cell recognition.1,2 The diversity of glycans 
originates from their structure. They are built from monosaccharide blocks that are 
linked to each other in either 1,2-trans- or 1,2-cis-fashion (Scheme 1), and furthermore, 
each monosaccharide has several hydroxyl groups and this leads to the possibility to 
create linear or branched oligo- or polymer structures. When only one hydroxyl 
connects to the next sugar a linear polymer is created, whilst branched structures can 
be created with additional carbohydrates attached to the same core building block. 
Impressively, the human glycome (the entirety of carbohydrates both free and bound) 
is constructed from only ten monosaccharide building blocks giving rise to a 
tremendous number of glycans.3 For instance, one class of compounds of the human 
glycome, human milk oligosaccharides (HMOs) that are present in human milk, are 
constructed from five different monosaccharides (D-glucose, D-galactose, N-acetyl-D-
glucosamine, L-fucose, and N-acetylneuraminic acid) and there are more than 200 
structures identified.4 These molecules have an important role in infant health 
development, specifically, they have nutritional value for beneficial bacteria, prevent 
pathogenic bacteria to adhere to epithelial cells, and serve as immune modulators. 4  

Chapter 1 
General Introduction 
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Chapter 1  

 

Scheme 1. Illustration of 1,2-trans and 1,2-cis glycosidic linkages. The numbering starts 
from the anomeric position 1. 1,2-trans or 1,2-cis refers to the relative orientation of 
the substituents at positions C-1 and C-2.  

In comparison to the human glycome, the bacterial glycome is significantly larger 
and is based on more than 25 abundant monosaccharides in combination with a variety 
of genera- or strain-specific monosaccharides.5-7 Because the bacterial cell envelope is 
covered with a layer of polysaccharides that contain unique structural features, that are 
different from the human glycome,5,7 those cell envelope structures are recognized by 
the immune system allowing for the differentiation between pathogenic and beneficial 
bacteria. Therefore, researchers are investigating specific structural features of the cell 
envelope of pathogenic bacteria to potentially produce vaccines.8 When it comes to 
beneficial bacteria, knowing which structural feature of the glycan leads to a health-
promoting effect can give a possibility to supply these molecules artificially to mimic 
that effect.  

To investigate which structural components are responsible for specific health 
effects, pure samples are a must. However, isolating glycans from natural sources is 
often complicated by the presence of several cell components and other glycans, which 
also hampers a thorough characterization. Therefore synthetic chemistry is employed 
to produce pure samples for characterization and biological evaluation.  

1.2 The glycosylation reaction 

To chemically synthesize a part of a glycan (oligosaccharide) a carefully designed 
synthetic plan is necessary. Two types of molecules are necessary to build a glycosidic 
bond: a donor, containing an activatable leaving group at the anomeric center, and an 
acceptor (the nucleophile) (Scheme 2). Several choices have to be made, for instance, 
the choice of protecting group at the anomeric position, that can be activated selectively 
at will, and which protecting groups will be used at the other positions on the 
carbohydrate structure, as they affect the reactivity of both donor and acceptor and can 
influence the stereochemical outcome. Often a synthetic strategy includes an 
orthogonal protecting group to allow the decoration or elongation, and a protecting 
group that can direct the formation of one type of linkages, either 1,2-trans or 1,2-cis 
linkages.  

There are two main participants in a glycosylation reaction: donor 1 and acceptor 
2, which is generally another carbohydrate molecule (Scheme 2). When a donor 
undergoes activation, several reactive species may be produced: covalent species such 
as triflate 3, and oxacarbenium 4. The oxacarbenium ion species gives the reaction a 
more SN1-like character, while covalent species can be substituted in an SN2-fashion. 
Whether nucleophilic attack happens on the oxacarbenium ion or the covalent species 
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General Introduction 

depends on many factors such as stability of the reactive species, temperature, the 
concentration of reactants, and the reactivity of the acceptor.9 One way to gain control 
over stereoselectivity is to introduce an ester as a protecting group at the C-2 position, 
in which case the coupling reaction may occur via dioxolenium species 5, giving trans-
linked product 7. However, no general method for the construction of cis-linkages has 
been developed to date.10,11  

 

Scheme 2. General glycosylation mechanism; a new glycosidic bond is shown in red (R 
– protecting group, G – protecting group at C-2, either benzyl-like or acetyl-like; LG – 
leaving group) 

1.3 Thesis Outline 

The aim of the work described in this thesis was to design and synthesize 
oligosaccharides with potentially health-promoting beneficial effects for infant health 
development. In Chapter 2 non-digestible carbohydrates are reviewed, including 
galacto- (GOS) and fructooligosaccharides (FOS), pectins, and exopolysaccharides 
among others, that can mimic functions of HMOs and serve as prebiotics, i.e. improve 
the growth of beneficial bacteria. Inspired to mimic the function of HMOs, a fucosylated 
cyclodextrin was designed and the projects on this topic are described in Part 1. The 
synthesis of fucosylated β-cyclodextrin proceeded with high stereo- and 
regioselectivity yielding di-α-fucosylated β-cyclodextrin (DFβ-CD), which is described 
in Chapter 3. Intriguingly, the described fucosylation was highly stereo- and 
regioselective even though an excess of a donor was used per 
hydroxyl/monosaccharide residue. To understand the origin of the selectivity observed 
in this coupling, molecular dynamics simulations were performed, revealing an 
unexpected SNi-type mechanism, and various interactions between the benzyl groups 
of the donor molecule and the cyclodextrin barrel (Chapter 4). The di-α-fucosylated β-
cyclodextrin (DFβ-CD) was prepared with a biological function in mind. In Chapter 5 its 
digestibility and effect on bacterial adhesion were studied. Impressively, DFβ-CD was 
resistant to digestive and microbial enzymes in vitro and demonstrated anti-adhesive 
properties against enterotoxigenic Escherichia coli strain O78:H11.  

Part 2 of this thesis is dedicated to the efforts towards the synthesis of the repeating 
unit of the exopolysaccharide (EPS) of Bifidobacterium adolescentis (probiotic 
bacterium that may give beneficial health effects to the host). This EPS contains 
6-deoxy-L-talose (6dTal) residues,12 which is a rare monosaccharide that has all 
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Chapter 1  

hydroxyl groups in the cis-orientation. This EPS contains 6dTal residues that are linked 

via (1→3)-cis- and (1→2)-trans-bonds, and the trans-linked residues contain a glucose 
residue at the O-3 position. Chapter 6 is focused on the synthesis of the trans-linked part 
of the repeating unit. Two strategies were evaluated: generation of orthogonally 
protected 6dTal building blocks, where hydroxyl groups can be liberated at will; and a 
regioselective glycosylation strategy in which the glucose was introduced on a 6-
deoxytalose diol-acceptor. The second part of the molecule contains only cis-linkages, 
and a thorough evaluation of different methods to construct cis-taloside linkages is 
described in Chapter 7. Chapter 7 covers the reactivity and selectivity of 6-deoxytalose 
building blocks in an attempt to construct cis-glycosidic bonds with primary and 
secondary acceptors. After optimizing the conditions for cis-glycosylation for 6-
deoxytalose, the total synthesis of the full nonasaccharide repeating unit was 
successfully accomplished, as reported in Chapter 8. 
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Natural polysaccharides with health benefits are characterized by a large structural 
diversity and differ in building blocks, linkages, and lengths. They contribute to human 
health by functioning as anti-adhesives preventing pathogen adhesion, stimulate 
immune maturation and gut barrier function, and serve as fermentable substrates for 
gut bacteria. Examples of such beneficial carbohydrates include the human milk 
oligosaccharides (HMO). Also, specific non-digestible carbohydrates (NDCs), such as 
galacto-oligosaccharides (GOS) and fructo-oligosaccharides (FOS) are being produced 
with this purpose in mind, and are currently added to infant formula to stimulate the 
healthy development of the newborn. They mimic some functions of HMO, but not all. 
Therefore, many research efforts focus on identification and production of novel types 
of NDCs. In this Chapter, an overview is provided of the few NDCs currently available 
(GOS, FOS, polydextrose), and the potential of alternative oligosaccharides, such as 
pectins, (arabino)xylo-oligosaccharides, and microbial exopolysaccharides. Moreover, 
state-of-the-art techniques to generate novel types of dietary glycans, including 
sialylated GOS and galactosylated chitin, are presented as a way to obtain novel 
prebiotic NDCs that help shaping the infant microbiome. 
  

Chapter 2 
Shaping the Infant Microbiome with Non-Digestible 

Carbohydrates 

Published in: Verkhnyatskaya, S.; Ferrari, M.; de Vos, P.; Walvoort, M. T. C. Frontiers 
in Microbiology 2019, 10, 343 
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Chapter 2 

2.1 Introduction 

Humans live in symbiosis with trillions of bacteria, and most of them are symbionts 
and beneficial to the host.1 Disturbance in our microbiota can contribute to the 
development of many diseases.2 Bacteria are mainly present in the areas that are more 
exposed to the surrounding environment such as the skin, vaginal and oral mucosa, and 
the gastrointestinal tract (GIT). The gut microbiota has been extensively studied due to 
its impact on the establishment of immunity3 and prevention of chronic inflammation.4 
While the fetal gastrointestinal tract was considered sterile for many years, emerging 
evidence suggests that colonization of the GIT starts already at the prenatal stage with 
neonatal colonization by Enterobacter, Escherichia, Shigella, and Staphylococcus 
species, as detected in the umbilical cord, placenta, and amniotic fluid.5 After birth, the 
newborn gut is rapidly colonized by different bacterial strains with the first colonizers 
being facultative aerobes such as Escherichia and Enterococcus, whose oxygen 
consumption allows colonization of anaerobic bacteria, with the most abundant being 
Bifidobacterium.6 Many early-life factors have an impact on the composition of the 
infant gut microbiota, including the mode of delivery, the infant feeding pattern, diet 
composition, and the use of antibiotics, but also the health of the mother during 
pregnancy.7  

The early colonization process is crucial for a healthy microbiome and prevents 
disease later in life. Gut microbiota is essential for digestion of food, but also to function 
as a barrier against pathogens, and for the development of immune tolerance to 
innocuous antigens and microorganisms.8 Imbalances in the intestinal microbiome 
composition can result in bacterial overgrowth or lower species diversity, making the 
host more susceptible to pathogenic infections.9 Furthermore, microbial dysbiosis may 
lead to autoimmune and allergic diseases. The healthy infant intestinal microbiome has 
a low microbial diversity, with Bifidobacterium, Bacteroidetes, Firmicutes, and 
Proteobacteria being most abundant. Feeding has a major influence on the microbiota 
composition, as breast-fed infants have higher Bifidobacterium and Enterobacteria 
numbers and lower diversity in comparison to formula-fed infants.10  

There is a growing understanding of the mechanisms by which a balanced 
microbiome contributes to health. For instance, many genera such as Eubacterium and 
Bacteroides are involved in the production of vitamin K,11 an essential cofactor 
promoting the -carboxylation of glutamate residues involved in blood clotting.12 
Bifidobacterium species are able to produce folate, a vitamin involved in DNA synthesis 
and repair with undisputed importance in neurological development,13 with the best 
producing strains being B. adolescentis and B. pseudocatenulatum.11 Lactobacilli carry 
the rib operon, which is implicated in the de novo synthesis of riboflavin, which is 
important in developmental processes and the hemopoietic system.14 Moreover, gut 
microbiota are responsible for the production of short-chain fatty acids (SCFA), such as 
acetate, propionate, and butyrate. Acetate is the most abundant, and it is used by many 
gut commensals to produce propionate and butyrate in a growth-promoting cross-
feeding process. SCFAs are important for the reduction of the intestinal pH and the 
consequent inhibition of pathogen’s adhesion. Moreover, butyrate is the preferred 
energy source for colon epithelial cells, where it contributes to the maintenance of the 
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gut intestinal barrier, exerts immunomodulatory and anti-inflammatory effects,15,16 
also through epigenetic mechanisms,17,18 and may even prevent colorectal cancer.19  

A healthy infant microbiome is normally created under the guidance of molecules 
in human milk. This is mainly accomplished by human milk oligosaccharides (HMOs), 
which serve as feed for specific bacterial species. HMOs are a family of >200 
structurally different molecules that vary in quantity and composition from mother to 
mother, and over the course of lactation. However, some general trends in HMO 
composition are present (Table 1). HMOs are composed of a linear or branched 
backbone containing galactose (Gal), N-acetylglucosamine (GlcNAc), and glucose (Glc), 
which can be decorated with fucose (Fuc) and sialic acid (Sia) residues, and this 
decoration pattern depends on the mother’s secretory status.20 Only members of 
Bifidobacterium and Bacteroides were shown to metabolize HMOs.21,22 Especially B. 
bifidum and B. infantis are efficient utilizers of HMOs, whereas they are moderately 
digested by B. breve and B. longum. Interestingly, B. animalis and B. adolescentis are 
incapable of degrading HMOs. To ensure a high number in the gut, bifidobacteria have 
been observed to create a cross-feeding niche, as the extracellular fermentation of 
HMOs by B. bifidum is associated with a cooperative effect for B. infantis, which is able 
to import the released sugars and digest them intracellularly.23,24  

For infants where human milk is not an option, infant formula supplemented 
with non-digestible carbohydrates (NDCs) that should mimic prebiotic functions of 
HMOs have been created.25 A prebiotic is defined as ‘a substrate that is selectively 
utilized by host microorganisms conferring a health benefit.’26 HMOs fulfill these 
criteria, as they are not digested in the upper part of the gastrointestinal tract of 
infants,27 while they serve as a preferred food source for beneficial bacteria. Next to 
HMOs, other NDCs or dietary fibers have been shown to be major drivers of gut 
microbiome composition and function and might be added to infant formula for this 
purpose.28 Interestingly, the currently applied molecules do not mimic all the functions 
of the >200 HMOs found in human milk, so novel oligosaccharides are needed to fill this 
void. The goal of this chapter is to demonstrate the potential of NDCs as additives to 
infant formula by reviewing beneficial glycans that show great promise as modulators 
of the microbiome, with a focus on their interaction with bifidobacteria and lactobacilli, 
since most is known about these genera. Moreover, state-of-the-art techniques to 
generate novel types of dietary glycans are presented.  

2.2 NDCs currently added to infant formula 

To mimic the beneficial effects of HMOs, two alternative oligosaccharides are 
routinely added to infant formula: galacto-oligosaccharides (GOS) and fructo-
oligosaccharides (FOS) (Table 1). GOS are produced by enzymatic transglycosylation 
from lactose (vide infra), providing a mixture of differently linked oligosaccharides 
with a degree of polymerization (DP) from 2 to 8. The galactose units are linked through 
β-galactosidic linkages, which are resistant to GIT enzymes until they reach the colon 
where they are fermented by bacteria. In general, GOS stimulate the growth of 
bifidobacteria,29 and especially the numbers of B. adolescentis are impacted.30 FOS are 
generally produced by enzymatic digestion from naturally isolated inulin, yielding  
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Table 1. Structures of poly- and oligosaccharides discussed in this chapter  

Oligosaccharide Structure Length Average structure 

Naturally isolated 

Arabinoxylan 
oligosaccharides 
(AXOS) 

(-1,2/1,3-
Ara)m--1,4-
Xyln 

DP ~ 5, 
Xyl/Ara 
1/4 

 

Curdlan -1,3-Glc)n 
60-2,000 
kDa  

Dextran 
-1,6-Glcn, with 
m branches at 
-1,2/1,3-Glc 

40-2,000 
kDa 

 

Human milk 
oligosaccharides 
(HMOs) 

(-Fuc)l/(-
Sia)m-(-Gal--
1,3/1,4-
GlcNAc)n--Glc 

DP3-25 

 

Inulin 
-2,1-Fru)n--
Glc 

DP 10-26 
(Raftiline) 

 

Laminarin 
-1,3-Glcn, with 
m branches at 
-1,6-Glc 

DP 20-30 

 
 

Levan -2,6-Fru)n ~ 500 kDa 
 

Pectin 

(-1,4-Gal)k/(-
1,5-Ara)l-(-
1,4-GalA--
Rha)m-(-1,4-
GalA)n 

N/A 

 

Xylo-
oligosaccharides 
(XOS)  

-1,4-Xyl)n DP 2-10 
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Oligosaccharide Structure Length Average structure 

Enzymatically produced 

Fructo-
oligosaccharides 
(FOS) 

-2,1-Fru)n--
Glc 

DP 2-9  

 

Galacto-
oligosaccharides 
(GOS) 

-1,3/1,4/1,6-
Gal)n--Glc 

DP 2-8 
 

Gal-chitin 
(-1,4-Gal)m--
1,4-GlcNAcn 

DP 2-4 

 

Gal-chitosan 
(-1,4-Gal)m--
1,4-GlcNn 

DP2-4 

 

Polydextrose 
(PDX) 

/-
1,2/1,3/1,4/1,6-
Glc)n 

DP 5-25 

 

Sia-GOS 
(-2,3-Sia)m--
1,3/1,4/1,6-
Gal)n--Glc 

DP2-8 

 

Nomenclature: arabinose (Ara, ); fructose (Fru, ); fucose (Fuc, ); galactose 

(Gal, ); galacturonic acid (GalA, ); glucosamine (GlcN, ); N-
acetylglucosamine (GlcNAc, ); glucose (Glc, ); rhamnose (Rha, ); sialic acid 

(Sia, ); xylose (Xyl, ). 

 
oligosaccharides with DP from 2 to 9, and bifidobacteria readily grow when FOS are 
used as a sole carbon source.31 When mixtures of GOS/FOS in a 9/1 ratio are used, the 
ratio of different Bifidobacterium species was similar to breastfed infants.32 This 
GOS/FOS mixture was also demonstrated to be the best growth substrate for 
Bifidobacteria and Lactobacilli, while inulin and polydextrose (PDX) led to poor 
growth.33 PDX is a synthetic polymer of randomly connected glucose units with an 
average DP of 12 and all possible glucosidic linkages: α- or β- and 1→2, 1→3, 1→4 and 
predominantly 1→6.34 When PDX was used in combination with GOS in a 1:1 ratio, the 
increase in Bifidobacterium species, specifically B. infantis, B. longum, and B. 
catenulatum, was similar to the breastfed microbiota, where B. infantis, B. longum, and 
B. breve are predominant.35 Interestingly, this GOS/PDX mixture was also identified in 
a commercial brand of infant formula.36 Next to prebiotic properties, GOS, FOS, and 
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mixtures of both components were also shown to have immunomodulatory properties, 
which have recently been reviewed.31,37,38  

2.3 Alternative NDCs isolated from natural sources 

Polysaccharides with prebiotic potential have mostly been extracted from the cell 
wall of higher plants including cereals and grains, fruits, and vegetables, seaweeds, and 
microalgae.39 In this section, we focus on the naturally isolated polysaccharides pectin 
oligosaccharides (POS) and (arabino-)xylo-oligosaccharides ((A)XOS) that have 
already been investigated for their prebiotic effect and might serve as an alternative for 
HMOs. 

Pectins have received widespread attention for their potential as prebiotics. They 
are composed of a backbone of galacturonic acids, which are hypothesized to mimic the 
sialic acid residues in HMOs (Table 1). Pectins are heteropolysaccharides and are 
available from citrus peels, apple pomace, sugar beet pulp, and potato pulp. The 
hydrolysis of pectins yields pectin oligosaccharides (POS), which are composed of 
galacturonic acid, galactose, rhamnose, arabinose, and xylose building blocks. 
Moreover, POS can be methylated or esterified on the galacturonic acid residues, and 
the degree of methylation, esterification, and the ratios of monosaccharides depend on 
the source of pectin and the type of extraction method used. In light of this structural 
diversity, studies with POS become more reliable and reproducible when the exact 
molecular structure is described. POS has a demonstrated prebiotic effect, promoting 
the growth of Bifidobacteria and Lactobacilli. Interestingly, especially neutral POS, such 
as galactan, galacto-oligosaccharides, arabinan, and arabino-oligosaccharides, enhance 
the growth of Bifidobacteria to a similar extent as inulin.40,41 A similar increase in 
bifidobacteria numbers was observed for an arabinose-rich mixture of POS produced 
from sugar beet pulp (SB-POS), while lactobacilli were selectively enhanced using 
lemon peel waste-derived POS, which was high in galacturonic acids, and the number 
of bacterial members of Faecalibacterium prausnitzii group and Roseburia intestinalis 
(both of the phylum Firmicutes) increased with all types of pectins.42 In contrast, a 
commercial source of SB-POS, which was shown to contain a high galacturonic acid 
content, had little effect on numbers of bifidobacteria, highlighting the importance of 
the pectin composition.43 Infant formula with pectins have been studied in human 
infant trials, but there was no effect of the acidic oligosaccharides on bifidobacteria and 
lactobacilli.44  

Xylo-oligosaccharides (XOS, Table 1) are present in fruits, vegetables, bamboo, 
honey and milk, and can be produced on an industrial scale by enzymatic degradation 
of xylan-rich materials.45 XOS is readily fermented by commensal bacteria, and can in 
humans increase the population of fecal bifidobacteria and SCFA production.46 Arabino-
XOS (AXOS, Table 1) are prepared by degradation of arabinoxylan, which is the major 
noncellulose polysaccharide in cereals and plants. In a fermentation study, it was shown 
that B. longum B24 could liberate the arabinose units from AXOS without degrading the 
xylan backbone, while B. longum B18 was able to metabolize XOS up to DP4.47 B. 
adolescentis B72 degraded various types of FOS, partially degraded inulin, and 
metabolized XOS longer than DP4. The authors suggested that the strain-specific 
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mechanisms to utilize different glycans leads to a cooperative effect and simultaneous 
striving of different bacterial strains. A similar cross-feeding effect was observed 
between B. longum NCC2705 and Eubacterium rectale ATCC 33656 when grown on 
AXOS.48 B. longum is able to release arabinose and produce acetate, whereas E. rectale 
uses acetate to produce butyrate. When co-cultured on AXOS, the consumption of 
arabinose by B. longum and concomitant release of acetate allowed E. rectale to 
produce butyrate, resulting in a simultaneous prebiotic and butyrogenic effect.49 Other 
examples of such a commensal cross-feeding relationship with bifidobacteria have been 
reported, including Faecalibacterium.50,51 Negatively-charged XOS structures, 
containing glucuronic acid units, have also been isolated from hardwood,52 and may be 
promising candidates for novel charged prebiotic NDCs (vide infra). 

2.4 Potential of exopolysaccharides as novel NDCs 

Exopolysaccharides (EPS) produced by Gram-positive bacteria currently attract a 
great deal of attention because of their wide range of beneficial properties.53 Regularly 
new EPS structures are identified that have a specific health effect, and especially the 
immune-modulating properties are often investigated.54 From recent reviews on the 
characterized EPS structures of Lactobacillus and Bifidobacterium, their great 
structural diversity is immediately apparent.54-56 They are broadly divided into 
homopolysaccharides (HoPS), which are composed of a single sugar building block, and 
heteropolysaccharides (HePS), which display a repeating fragment of two to eight 
different sugar units.  

Most HoPS are found to be susceptible to fermentation by commensal bacteria,57 
which is presumably directly linked to their relatively simple molecular structure, 
albeit that they can be very large in size. For instance, the prebiotic effect of -fructans 
was investigated with two levan-type EPS isolated from Lactobacillus sanfranciscensis, 
and compared with levan (fructan with -2,6 linkages, Table 1), inulin (fructan with -
2,1 linkages), and FOS.58 An enrichment of Bifidobacterium species in human fecal 
samples in a large bowel model medium was observed with the EPS and inulin as added 
carbon source, while levan and FOS had no effect. This may reflect the importance of 
both the length of the carbohydrate and the fructose linkage type in the isolated EPS, 
which may be different from commercial levan. The capability of Bifidobacterium 
species to directly metabolize the L. sanfranciscensis EPS was further demonstrated in 
a fermentation study.59 -Glucans, including curdlan (linear -1,3-glucose, Table 1) and 
laminarin (-1,3/1,6-glucose, Table 1) are also readily fermented by bifidobacteria. 
Especially the B. infantis population benefitted from -glucan digestion, and 
concomitant increased production of propionate and butyrate was observed.60 

In contrast, there is a lack of data on the digestibility of HePS by commensal 
bacteria, presumably due to their complex structures and generally low isolated yields. 
Both bifidobacteria and lactobacilli display structurally diverse HePS, which may 
contain galacto-pyranose and -furanose, rhamnose, mannose, and 6-deoxy-talose, 
amongst others.55 In a fecal slurry fermentation experiment, the uncharacterized EPS 
from different B. animalis, B. pseudocatenulatum, and B. longum species isolated from 
humans were investigated for their prebiotic effect.61 Although there were high inter-
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individual variations, the data indicated an EPS-related enrichment of Bifidobacterium 
species, similar to the result obtained with inulin. Bacteroides fragilis DSMZ 2151 was 
also found to digest (uncharacterized) HePS from B. longum E44 and B. animalis subsp. 
lactis R1, with a concomitant increase in propionate and acetate production.62 Although 
there is no data on fermentation yet, an interesting link between acidic phosphate 
groups in HePS structures and immune responses was found.63 Lactobacillus 
delbrueckii subsp. bulgaricus OLL-1073-R1 produces two different 
exopolysaccharides: acidic phosphate-containing (APS) and neutral polysaccharides 
(NPS), both composed of glucose and galactose residues (ratio 3:2). Interestingly, only 
the APS was a strong inducer of proliferation and activity of macrophages. When the 
APS was fractionated in two different EPS based on size, the B-cell mitogenic activity 
was observed only with high-molecular weight polysaccharide (H-APS). The impact of 
the acidic phosphate was substantiated by chemical dephosphorylation, which resulted 
in a reduction of the stimulatory effect.63 Interestingly, when unrelated dextran (-Glc 
HoPS from Leuconostoc mesenteroides, Table 1) was chemically phosphorylated, the 
proliferation of lymphocytes was directly proportional to the phosphate content.64 
Unfortunately, there is no information available on the fermentability of these charged 
EPS, which could shed a light on their prebiotic potential. Overall, the structural 
complexity of especially the HePS yields large promise for prebiotic potential, which 
warrants extra dedication to unraveling the molecular structure of prebiotic HePS to 
gain more insight in the structure-function relation. 

2.5 Development of novel NDCs 

With the increasing interest and appreciation of the impact of dietary glycans on 
healthy microbiome development and overall human health, there is a tremendous 
surge in methods to produce existing and novel glycans. Chemical synthesis has the 
potential to generate well-defined carbohydrate structures, but reliable methods are 
not generally available, and especially not on the scale that would allow for biological 
evaluation. Enzymatic synthesis is more amenable to larger scale carbohydrate 
production but also has its challenges. Glycosyltransferases (GTs) have successfully 
been used in the synthesis of HMO structures in vitro,65,66 but their application is 
hampered by the use of expensive nucleotide-activated sugars, and multi-enzyme 
substrate recycling systems are needed to prevent metabolites from inhibiting enzyme 
activity.67 Using bacterial cells as production factories however major advancements in 
HMO production have been made and has resulted in FDA approval and 
commercialization of HMO 2’-fucosyllactose and Lacto-N-neotetraose. Different 
methods are now available in Saccharomyces cerevisiae68 and Escherichia coli,69,70 and 
other mixtures of HMO structures are expected to be produced in this way in the near 
future.71,72 Alternative methods rely on the use of glycosyl hydrolases (GHs), which are 
able to perform a transglycosylation reaction next to glycosidic bond hydrolysis.73,74 In 
this way, well-known prebiotic fibers such as GOS are industrially produced by making 
use of -galactosidase enzymes,75 and also FOS can be synthesized in this way.76 This 
approach can also be used to decorate existing glycans with other sugars, and the 
generation of galactosylated, fucosylated,77 and sialylated glycans as HMO mimics have 
recently been reviewed.78 A variety of glycan acceptors, ranging from monosaccharides 
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and lactose to Tn antigens (e.g. N-acetylgalactosamine-threonine conjugates), GOS, and 
HMOs have been described. This strategy has the potential to rapidly yield novel dietary 
glycans, that display complex sugar building blocks (e.g. sialic acid, fucose) that were 
previously difficult to obtain.  

A successful example of this strategy is the production and biological evaluation of 
sialylated GOS (Sia-GOS, Table 1). Using a trans-sialidase from Trypanosoma cruzi and 
bovine -casein-derived glycomacropeptide (GMP) as the source of sialic acid, 
commercial GOS was decorated with -2,3-sialic acid residues to create mono-Sia-
GOS.79 These novel glycans were subsequently tested in a rat model of necrotizing 
enterocolitis (NEC), an intestinal disorder mainly observed in preterm infants, for 
which sialylated HMOs were found to protect.80,81 Interestingly, Sia-GOS significantly 
reduced the pathology score of NEC, with pooled HMO still being superior in terms of 
protection, while regular GOS supplementation and formula-feeding both resulted in 
the worst pathology scores.82 In separate fermentation studies, with a Sia-GOS batch 
produced by a GT-catalyzed sialylation, it was revealed that B. infantis ATCC 15697 was 
able to digest Sia-GOS, whereas B. adolescentis ATCC 15703 could not, highlighting the 
species-specific ability to metabolize HMOs and HMO mimics.2  

Using a similar strategy, chitin and chitosan (deacetylated at the amine) 
oligosaccharides were decorated with -galactose residues.83 The transglycosylation 
reaction was performed with -galactosidase from Lactobacillus plantarum with 
lactose as the galactose source, and different chitin and chitosan acceptors were 
decorated with one to three residues in a -1,4 linkage (Table 1). Especially the -Gal-
chitosan and GOS oligosaccharides were found to prevent enterotoxigenic Escherichia 
coli K88 from adhering to porcine erythrocytes, in contrast to -linked GOS and -Gal-
chitosan.84,85 It will be interesting to perform digestion studies of these novel -Gal-
chitosan glycans by bacteria to investigate their prebiotic effect. 

2.6 Concluding remarks 

It is clear that the creation of a healthy infant microbiome is a delicate interplay of 
a variety of commensal bacteria, which can be beneficially influenced by 
oligosaccharides. Because the composition of the infant’s microbiome can have a 
profound effect on adult life, there is a great potential for the addition of carbohydrates 
that mimic HMO functions. Promising better candidates that may substitute or be added 
to currently applied NDCs are the heteropolymeric exopolysaccharides (HePS), which 
have the potential to specifically enhance certain species. Also, as structural mimics of 
HMOs, fucosylated and sialylated oligosaccharides are expected to be applied in the 
near future. In the end, more knowledge of the presence of the biosynthetic machinery 
necessary to utilize specific oligosaccharides will pave the way for the development of 
novel NDCs with prebiotic effects. 
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L-Fucose is commonly found on various glycans, where it plays an important role 
in cell-cell interactions, signaling processes, and cell adhesion.1-3 Fucosides are mostly 
attached in a 1,2-cis (α) fashion to a complex core glycan such as the blood group 
antigens, the N-glycan of glycoproteins, and human milk oligosaccharides (HMOs). The 
latter share a backbone that is generally constructed from D-galactose, N-acetyl-D-
glucosamine, and D-glucose units to which fucosides are linked at the C2, C3 or C4 
hydroxyls of glucose or N-acetylglucosamine.4,5 Interestingly, fucosylated HMOs can 
function as so-called decoy substrates, because they block the intestinal adhesion of 
pathogenic bacteria such as Salmonella enterica6 and Escherichia coli.7 This makes 
fucosylated oligosaccharides interesting targets for novel antimicrobial strategies. 
While there are a few examples of the chemical and enzymatic synthesis of HMOs,8-13 
the total synthesis that leads to larger amounts of these glycans is a challenging 
endeavor. With the aim in mind to develop mimics of natural fucosylated 
oligosaccharides, we explored the possibility of generating anti-adhesive glycans 
through the fucosylation of readily available cyclodextrin scaffolds.  
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Cyclodextrins (CDs) are cyclic oligosaccharides produced from starch, that is first 
liquified by α-amylase or by heat treatment, followed by the action of cyclodextrin 

glycosyl transferase giving mixtures of six, seven, or eight α-(1→4)-D-glucoside 
moieties, also known as α-, β-, and γ-CDs, respectively. To control the abundance of one 
of the CDs a complex-forming agent may be added directing the formation of only one 
of the CDs (for example toluene for β-CD).14 Because CDs adopt the shape of a truncated 
cone, where the primary rim has the C-6 hydroxyls on the top and the secondary rim 
has C-2 and C-3 hydroxyls on the bottom of the cone,14,15 they have a lipophilic cavity 
inside which size is dependant on the type of CD. Owing to their ability to form stable 
host-guest complexes and non-toxic nature, CDs are widely used for drug delivery.16,17 
Moreover, being a readily available scaffold with a determined ring size, CDs are often 
decorated with a variety of ligands, including carbohydrates and oligosaccharides, to 
exploit the concept of multivalency in receptor binding.18 The ligands are mostly 
attached through a non-carbohydrate linker, e.g. a peptide bond or a triazole, on the 
primary rim. Only a selected number of reports deals with the direct attachment of 
carbohydrates to CDs through a natural glycosidic linkage. Most often the strategy 
invokes the decoration of the primary rim, starting with the protection of one to three 
C-6 hydroxyls on the CD ring,19 which in a later stage can be liberated to allow for 
glycosylation. In this way several types of carbohydrates, including L-fucosides, were 
introduced using imidate-functionalized donors, yielding a mixture of positional 
isomers of 1,2-cis and 1,2-trans linked fucosylated CDs, thus requiring HPLC 
separation.20-22 The regioselective modification of the secondary rim is limited to 
regioselective demethylation23 and regioselective tosylation24 of β-CD.  

This Part of the Thesis deals with the direct fucosylation of the secondary rim of 
cyclodextrins. In Chapter 3 experiments to fucosylate both α- and β-CD revealed the 
intriguingly high stereo- and regioselectivity for the fucosylation of β-CD. In Chapter 4 
this high selectivity was investigated using molecular dynamics simulations, showing 
in a reactive pose an unusual SNi-mechanism and intriguing interactions of the benzyl 
groups of the donor with benzyl groups of acceptor. Chapter 5 is focusing on the 
digestion and fermentation of the di-α-fucosylated β-CD and its effect on the adhesion 
of the Escherichia coli (ETEC) O78:H11.  

References 

1. Imberty, A.; Mitchell, E. P.; Wimmerova, M. Curr. Opin. Struct. Biol. 2005, 15, 525-534. 
2. Becker, D. J.; Lowe, J. B. Glycobiology 2003, 13, 41R-53R. 
3. Li, J.; Hsu, H.; Mountz, J. D.; Allen, J. G. Cell Chem. Biol. 2018, 25, 499-512. 
4. Bode, L. Glycobiology 2012, 22, 1147-1162. 
5. Chen, X. Adv. Carbohydr. Chem. Biochem. 2015, 72, 113-190. 
6. Chessa, D.; Winter, M. G.; Jakomin, M.; Baeumler, A. J. Mol. Microbiol. 2009, 71, 864-875. 
7. Becerra, J.; Coll-Marqués, J.; Rodríguez-Díaz, J.; Monedero, V.; Yebra, M. Appl Microbiol 
Biotechnol 2015, 99, 7165-7176. 
8. Arboe Jennum, C.; Hauch Fenger, T.; Bruun, L. M.; Madsen, R. Eur. J. Org. Chem. 2014, 2014, 
3232-3241. 
9. Hsu, Y.; Lu, X.; Zulueta, M. M. L.; Tsai, C.; Lin, K.; Hung, S.; Wong, C. J. Am. Chem. Soc. 2012, 134, 
4549-4552. 
 



 

 

31 

 

 

 

Synthesis and Biological Evaluation of the Di α fucosylated β-cyclodextrin 

10. Xiao, Z.; Guo, Y.; Liu, Y.; Li, L.; Zhang, Q.; Wen, L.; Wang, X.; Kondengaden, S. M.; Wu, Z.; Zhou, 
J.; Cao, X.; Li, X.; Ma, C.; Wang, P. G. J. Org. Chem. 2016, 81, 5851-5865. 
11. Prudden, A. R.; Liu, L.; Capicciotti, C. J.; Wolfert, M. A.; Wang, S.; Gao, Z.; Meng, L.; Moremen, K. 
W.; Boons, G. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 6954-6959. 
12. Craft, K. M.; Townsend, S. D. Carbohydr. Res. 2017, 440-441, 43-50. 
13. Chen, C.; Zhang, Y.; Xue, M.; Liu, X.; Li, Y.; Chen, X.; Wang, P. G.; Wang, F.; Cao, H. Chem. Commun. 
2015, 51, 7689-7692. 
14. Szejtli, J. Chem. Rev. 1998, 98, 1743-1753. 
15. Sollogoub, M. Synlett 2013, 24, 2629-2640. 
16. Sharma, N.; Baldi, A. Drug Deliv. 2016, 23, 729-747. 
17. Del Valle, E. M. Martin Process Biochem. 2004, 39, 1033-1046. 
18. Martinez, A.; Ortiz Mellet, C.; Garcia Fernandez, J. M. Chem. Soc. Rev. 2013, 42, 4746-4773. 
19. Nakanishi, N.; Nagafuchi, Y.; Koizumi, K. J. Carbohydr. Chem. 1994, 13, 981-990. 
20. Nishi, Y.; Tanimoto, T. Biosci. Biotechnol. Biochem. 2009, 73, 562-569. 
21. Kimura, M.; Masui, Y.; Shirai, Y.; Honda, C.; Moriwaki, K.; Imai, T.; Takagi, U.; Kiryu, T.; Kiso, T.; 
Murakami, H.; Nakano, H.; Kitahata, S.; Miyoshi, E.; Tanimoto, T. Carbohydr. Res. 2013, 374, 49-
58. 
22. Nakagawa, T.; Nishi, Y.; Kondo, A.; Shirai, Y.; Honda, C.; Asahi, M.; Tanimoto, T. Carbohydr. Res. 
2011, 346, 1792-1800. 
23. Xiao, S.; Yang, M.; Sinay, P.; Bleriot, Y.; Sollogoub, M.; Zhang, Y. Eur. J. Org. Chem. 2010, 1510-
1516. 
24. Fujita, K.; Tahara, T.; Imoto, T.; Koga, T. J. Am. Chem. Soc. 1986, 108, 2030-2034. 
  





   

 

 

 

A straightforward glycosylation method is described to regio- and stereoselectively 
introduce two α-L-fucose moieties directly to the secondary rim of β-cyclodextrin. Using 
NMR and MS fragmentation studies, the nonasaccharide structure was determined, 
which was also visualized using molecular dynamics simulations. The glycosylation 
method proved to be robust on gram-scale and may be generally applied to directly 
glycosylate -cyclodextrins to make well-defined multivalent glycoclusters. 
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Chapter 3 

3.1 Introduction 

Carbohydrate-protein and carbohydrate-carbohydrate interactions are central to 
many biological processes in all domains of life, including glycoprotein folding, cell 
signaling, immunomodulation, and host-pathogen binding.1 Generally, these 
interactions are highly multivalent in character, and distinct carbohydrate moieties 
spaced at specific distances are essential for productive binding.2 This ‘multivalency 
effect’ has inspired the design of glycoconjugate clusters based on polymers,3 
nanoparticles,4 cyclodextrins5,6 and calixarenes,7 amongst others, to which a plethora 
of different glycans are attached.8 Interestingly, amongst the various attachment 
methods and linkers, the natural glycosidic linkage is virtually absent. Instead, glycans 
are often attached through a peptide, thioester, or triazole moiety. 

In an attempt to generate purely carbohydrate-based inhibitors of host-pathogen 
interactions for clinical and food applications, it was attempted to glycosylate 
cyclodextrins (CDs) directly with L-fucose moieties. Cyclodextrins are cyclic 

oligosaccharides consisting of six, seven, or eight α-(1→4)-D-glucoside moieties, to give 
the so-called α-, β-, and γ- CDs, respectively. Owing to their non-toxic nature, CDs are 
generally regarded as safe (GRAS) and have received widespread attention in food, 
agriculture, cosmetics, and pharmacy. As depicted in Scheme 1, CDs generally adopt the 
shape of a truncated cone, which has the C-6 hydroxyls on the top (primary rim) and 
the C-2 and C-3 hydroxyls on the bottom of the cone (secondary rim, Scheme 1).9 Most 
examples of chemically synthesized glycoclusters display the glycans on the primary 
rim,10-17 and only a few examples are reported of direct glycosylation of the hydroxyls.18-

21 Alternatively, enzymatic transglycosylation strategies resulted in the formation of a 
mixture of multiply glycosylated CDs, bearing -galactosyl units on the C-2 or C-6 
position of the glucosides.22,23 When two or more glycoside units were introduced, low 
regioselectivity was observed. Thus, the application of chemical modifications allows 
for better control over the substitution pattern of CD. 

 

Scheme 1. β-CD cone representation and schematic depiction of the secondary rim α-
fucosylation  

Interestingly, due to the primary alcohols, the primary rim is considered 
conformationally more flexible, resulting in a reduced effective diameter. In contrast, 
the alcohols on the secondary rim are sterically more constrained and less flexible, 
positioning the substituents in a well-defined manner. For the generation of multivalent 
CD-based glycoclusters, it is highly desirable to have a method to directly glycosylate 
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the secondary rim. The main challenges associated with directly glycosylating 
cyclodextrins arise from the lack of discrimination between the chemically similar 
hydroxyls on both rims, and the complicated characterization of the resulting products. 
Illustrative of the first challenge are the seminal reports from Sollogoub and co-workers 
that deal with the discrimination between the primary hydroxyls to install different 
functionalities.24 Also, several methods exist to regioselectively introduce or remove 
one25 or two26-32 protecting groups on the primary rim. To the best of our knowledge, 
methods to regioselectively liberate hydroxyls on the secondary rim are scarce, with 
one example reported for permethylated CD.33 In this Chapter, the stereoselective di-α-
fucosylation of β-CD on two C-3 positions of the secondary rim is reported. L-Fucose is 
selected as a multivalent CD decoration for its central role in biological glycans,34-36 
where it is attached to blood group antigens, the complex N-glycan of glycoproteins, 
and human milk oligosaccharides, amongst others. Fucosylated glycans have shown to 
block the intestinal adhesion of pathogenic bacteria such as Salmonella enterica37 and 
Escherichia coli,38 and this makes multivalent fucosylated scaffolds interesting targets 
for novel antimicrobial therapies.  

3.2 Results and Discussion 

Our method makes use of a β-CD ring (compound 4, Scheme 2) that has the C-3 
hydroxyl groups of each glucoside unit available. The synthesis of the acceptors started 
with the perbenzylation of commercially available α- and β-CD, providing the protected 
CDs 1 and 2 in high yield (Scheme 2).30 These were then subjected to Et3SiH/I239,40 to 
regioselectively liberate all C-3 hydroxyls to give acceptors 3 and 4, having six and seven 
free hydroxyls respectively.  

 

 

Scheme 2. Synthesis of cyclodextrin acceptors 3 and 4  

For the α-fucosylation of these acceptors, reported thio-fucoside donor 5 was 
utilized (Scheme 3). While the stereoselective introduction of multiple α-fucosidic 
bonds simultaneously remains a challenging endeavor, this donor has proven to 
provide robust α-fucosylation in other glycan syntheses.41 The first glycosylation 
experiment was performed using 1.15 equivalents of donor 5 per hydroxyl (total: 6.9 
eq for α-CD, 8.05 eq for β-CD), which was treated with pre-activation conditions 
(Ph2SO/Tf2O) at -80 °C (Scheme 3).42 After complete donor activation, the CD acceptor 
was added and the reaction was left to proceed at -80 °C overnight, after which time the 
products were analyzed by UPLC-UV/MS (C4 column). To our surprise, the mixture of 
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products from the α-CD acceptor 3 contained more than 55% of the twice fucosylated 
octasaccharide, albeit a mixture of three isomers (peak f=2, Figure 1A, and Scheme 4A). 
The coupling constants of the anomeric fucose H1 signals indicated that the fucosidic 
linkage was formed stereoselectively, eliminating the possibility that the mixture of 
octasaccharides resulted from erosion of stereoselectivity. In addition, a significant 
amount of the (1→1’)-fucosyl disaccharide was isolated, probably resulting from donor 
hydrolysis and subsequent glycosylation, highlighting the poor reactivity of the CD 
acceptor. Interestingly, similar experimental conditions with the β-CD acceptor 4 also 
gave the twice fucosylated nonasaccharide 9 as the major product (50%), but it 
appeared as a single peak in the UPLC chromatogram, suggesting the formation of one 
major nonasaccharide isomer (Figure 1B). The α-stereoselectivity of the newly formed 
glycosidic bonds was confirmed by 1H NMR (J1-2= 4.0 Hz). To simplify the 
characterization of the nonasaccharide product, compound 9 was isolated by 
preparative HPLC (20% isolated yield), and all benzyl protecting groups were removed 
by hydrogenolysis using Pd/C in THF/H2O to give product 10 (80%, Scheme 3). 

 

Scheme 3. Fucosylation of CD acceptors 3 and 4, and synthesis of Fuc2-β-CD 
nonasaccharide 10 (numbering of Glc residues is given in blue) 
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Figure 1. UPLC-UV traces of fucosylated CDs after size-exclusion A) Fuc-α-CDs B) Fuc-
β-CDs 

 

Scheme 4. Positional isomers of A) the protected octasaccharide (BnFuc2-α-CD) 
formed from the α-CD acceptor 3, B) unprotected isomers of nonasaccharide 10. The 
arrows depict the modified position in connection to residue A.  

To elucidate the structure of the major nonasaccharide, three different 
regioisomers were considered (Scheme 4B): fucosides on the 3-OH positions of 
neighboring glucoside units (termed 3A,3B), two Fuc-Glc motifs separated by one 
unmodified glucoside (3A,3C), and two Fuc-Glc motifs separated by two unmodified 
glucose residues (3A,3D).1 The characterization efforts were commenced with NMR on 
the purified sample. Signals arising from H-1, H-2, and H-3 within the ring of several Glc 

                                                                  

1 The number in the name of one of the isomers refers to the modified position, in this case 
3, the letter refers to glucose residue, starting counting with A. 
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and Fuc units were identified with 1H NMR, COSY, and TOCSY experiments for each 
residue (see section 3.4.1). HSQC in combination with HMBC experiments provided the 
clear identification of the C-3 signals of the two Glc units to which a fucoside was 
attached. The latter signals shifted significantly downfield in HSQC as compared to the 
non-modified Glc-C3 signals (from 73.2-72.6 ppm to 77.4 and 77.2 ppm) and had a 
cross-peak with H-1 of fucoses in HMBC spectrum (Figure 2B, cross-peak A).  

Also using HMBC analysis, the C4 signals of the modified Glc residues (Figure 2, 
bond and cross-peak B) were identified. Interestingly, these C4 signals had a cross-peak 
to H1 of a non-modified glucose residue (Figure 2A, bond C) indicating the presence of 

a non-fucosylated Glc residue linked to each of the Fuc-α(1→3)-Glc motifs, eliminating 
the possibility of the 3A,3B regioisomer (see section 3.4.1). However, further proof to 
determine the relative positions of the other unmodified Glc residues remained difficult 
to obtain, since many Glc signals overlapped. Also comparing it to the singly fucosylated 
β-CD, isolated from HPLC (BnFuc1-βCD, see Experimental Section), did not aid in the 
characterization.   

 

Figure 2. A) Fragment of the structure of compound 10 with the identified cross-peaks 
H1Fuc → C3Glc (A, green bond), H3Glc → C4Glc (B, red bond), and C4Glc → 2xH1Glc’ (C, blue 
bond); B) Fragment of the HMBC NMR of 10. 

Next, we turned our attention to mass spectrometry fragmentation studies.43 
Ionization of fucosylated glycans in positive mode is notoriously prone to allow 
migration of the fucosides to neighboring residues upon MS analysis of intact 
protonated glycan ions, as recently highlighted by Seeberger and co-workers.44 In 
contrast, the analysis of the deprotonated species formed with negative-mode 
ionization reduces the occurrence of side-reactions.45,46 Therefore, HILIC 
chromatography in combination with MS in negative ion-mode was applied to 
fucosylated cyclodextrin 10, and parent masses of m/z 1425 [M-H]- and 712 [M-2H]2- 
were observed. Next, fragmentation of the double charged ion was optimized, resulting 
in cross-ring fragmentations predominantly. In general, the CD ring is first opened to 
form linear parent ions, which will then undergo cross-ring fragmentations 
(Figure 3A).47,48 The observation of the consecutive 2,4A fragments 11, 13, 15, 17, 19, 
and 21 confirms the presence of two glucoside units between the fucosylated residues, 
as in the 3A,3D type of modification (Figure 3B). Additionally, the m/z values 
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corresponding to the 0,2A and 0,2X fragments 23, 25, 26, 27, and 28 support the 3A,3D 
substitution pattern by demonstrating evidence of three glucosides between the Glc-
Fuc moieties (see section 3.4.2). Specific fragments corresponding to the 3A,3C 
substitution pattern were not observed. 

 

Figure 3. A) Fragmentation pattern of two possible parent ions; B) Low-resolution 
MS/MS spectrum of nonasaccharide 10 (region from m/z 500 to 1150) measured on 
LCQ Fleet mass spectrometer (Thermo Fisher Scientific) in combination with an ion-
trap 

The clear regioselectivity of fucosylation on β-CD encouraged the optimization of 
the reaction conditions to increase the yield of the twice fucosylated product 9. The 
reaction times and temperatures were varied while keeping the equivalents of donor 5, 
acceptor 4, Tf2O, Ph2SO, and TTBP unchanged (Table 1). First, conditions were changed 
towards a shorter reaction time and higher temperature: -70 °C for 3 hours (compared 
to -80 °C overnight). These conditions provided a mixture containing 33% of the di-
fucosylated product. However, the formation of higher fucosylated compounds, i.e. 
tetra- and pentafucosylation, had significantly increased. Next, the reaction was started 
at -80 °C followed by warming the mixture to different temperatures (-70 °C, -60 °C and 
-50 °C), resulting in short reaction times (10-30 minutes). Quenching the reaction 
at -70 °C resulted in 35% of the nonasaccharide, while a significant amount of unreacted 
acceptor was still present (19%) together with mono-fucosylated Fuc1-β-CD product 
(24%). Increasing the temperature to -60 °C provided 57% of the desired di-
fucosylated product while quenching the reaction at -50 °C led to a reduced 
contribution of di-fucosylated product (35%). As a result, the highest yield of 
nonasaccharide 9 was observed when the reaction was neutralized at -60 °C, and these 
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conditions were used to α-fucosylate the -cyclodextrin acceptor on a large scale (1 g, 
0.42 mmol, Table 1, entry 6). 

Table 1. Optimization of the glycosylation conditions 

Entry 
Reaction 
Conditions  

Bnβ-CD 
(4) 

BnFuc1-
β-CD 

BnFuc2-β-
CD (9) 

BnFuc3-
β-CD 

BnFuc4-
β-CD 

BnFuc5-
β-CD 

1 
-80 °C 
(o/n) 

2 5 46 27 15 5 

2 -70 °C (3h)  5 9 33 21 20 12 

3 
quenched 
at -70 °C  

19 24 35 15 7 nd 

4 
quenched 
at -60° C  

5 12 57 18 9 nd 

5 
quenched 
at -50 °C 

2 5 35 29 20 9 

61 
quenched 
at -60 °С 

6 13 61 20 6 nd 

1 Performed on large scale  

These optimized conditions provided a mixture of fucosylated CDs in 95% yield 
containing 61% of nonasaccharide, which could be purified by preparative HPLC 
(purity >90%), or by regular flash column chromatography, providing nonasaccharide 
9 in 67% isolated yield and in 69% purity. After global deprotection, 275 mg of 
compound 10 was obtained (75%).   

Structural information of the fucoside positioning in space is important to 
rationalize future carbohydrate-lectin binding so in an effort to understand the spatial 
arrangement of di-fucosylated β-CD 10, molecular dynamics (MD) simulations were 
performed. Since a recent comprehensive study of native CDs in water showed that 
structural and dynamic properties may differ depending on the choice of force field, two 
different force fields,49 i.e. GROMOS 53A650 and Q4MD,51 were used in combination with 
the GROMACS simulation package.52 GROMOS is a so-called united atom model, in which 
aliphatic H-atoms are not treated explicitly, but modeled effectively together with the 
C-atom they are attached to,50 while Q4MD is an AMBER-based all-atom force field, 
optimized for carbohydrates, with a version specific for cyclodextrins (Q4MD-CD) 
which is used here.51 In contrast to what is commonly assumed, the cyclodextrin cone 
is quite flexible, especially in protic solvents.53 

This is apparent from the tumbling of glucoside units, which bend outwards and 
distort the conical shape and the hydrogen-bonding network. Indeed, our analysis 
reveals that specifically the fucosylated glucoside units show enhanced rotation and 
increased chair flexibility. These tilted states are not frequent but are stable over 
several nanoseconds (Figure 4B). In both force fields, the shape of the barrel is 
disturbed, i.e. glucopyranose residues tilt out of the barrel-shape; these tilts are mostly 
seen as concerted changes in two neighboring dihedral angles connecting consecutive 
sugars (one dihedral angle becomes positive, while the other becomes negative, shown 
in boxes on Figure 4B). Interestingly, the dynamics of the two force fields differ in this 
tilting, with the GROMOS force field being the less dynamic one. The study of Gebhardt 
et al. for a native (i.e. unsubstituted) β-CD shows that force fields differ in this aspect 
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both concerning thermodynamics and kinetics, but generally do show (partial) tilting 
of the sugars with respect to the barrel wall.49 

 

Figure 4. (A) The O5-C1-C4-C5 dihedral angles connecting the ring Glc residues ; (B) 
Dihedral angles between two neighboring glucose residues within the β-CD rings of 
nonasaccharide 10 as a function of time for the combined trajectory. 0-4000 ns: 
GROMOS force field; 4000-8000 ns: Q4MD force field. The dashed vertical bar at 4000 
ns separates the runs with the two force fields. Coloring is based on the naming of the 
β-CD ring sugars. For example, blue represents the dihedral between rings G and A (for 
the naming of the rings, see Scheme 3), with the dihedral angle defined by the O5-C1-
C4-C5 atoms as shown in Figure 4. 

The tilting of the cyclodextrin ring sugars is more pronounced upon fucosylation 
(Figure 5A and 5B), which can be seen from the enhanced probability of finding the 
dihedral angles connecting Glc units G-A (blue dashed line) and C-D (orange dashed 
line) at values of 60-90 degrees away from the main peak. Both force fields show this 
effect, but the Q4MD force field shows it more strongly, which is a reflection of the larger 
conformational flexibility found using this force field. This flexibility is also apparent 
from the wider distributions of the dihedral angles (Figure 5B). The conformations 
visited during the simulations were grouped into distinguishable conformational states 
(so-called clusters) by cluster analysis.2  

                                                                  

2 For more details on the modelling please refer to the original paper: S. A. Verkhnyatskaya, 
A. H. de Vries, E. Douma-de Vries, R. J. L. Sneep, M. T. C. Walvoort, Chem. Eur. J. 2019, 25, 6722. 
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Figure 5. Comparison of the distribution of dihedral angles between two neighboring 
Glc residues within the β-CD rings between β-CD and nonasaccharide 10. Dihedral angle 
distributions for natural β-CD are depicted with solid lines and fucosylated β-CD 10 
with dashed lines, using both the GROMOS force field (A) and the Q4MD force field (B) 

The cluster analysis (Figure 6) shows that there is clearly a most predominant 
conformational state, making up 67% of all conformations in the combined trajectories 
(Figure 6, top left), which is a canonical β-CD barrel with the two fucose moieties 
slightly tilted inward from the barrel wall, but not residing within the barrel. Within 
GROMOS, this is the overwhelmingly dominant conformational state, with 93% 
abundance. In the Q4MD force field it is also clearly the most abundant state, but 
contains only 41% of all conformations.  

The most predominant non-canonical structures are the ones where the 
fucosylated residues (GlcA and GlcD) tilt out of the barrel by about 90 degrees: in the 
second most populated cluster (Figure 6, cluster 2) one of the fucosylated sugars is 
tilted outward, while in the third most populated cluster (Figure 6, cluster 3) this hold 
for both fucosylated sugars. The contribution of these conformations from the GROMOS 
force field is very low. In contrast, the sixth cluster is predominantly found in the 
GROMOS run and hardly in the Q4MD run. Thus, in the most abundant conformations 
the fucosides are attached to a canonical CD ring and prefer to be slightly tilted inward 
or outward with respect to the CD cavity. The distance between the two centers of the 
fucosides is peaked at ~7 Å, but the groups can occasionally be considerably closer at 
~5 Å, or more distant depending on the tumbling of sugar rings and rotations of the 
fucoses with respect to the β-CD barrel wall.  
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Figure 6. Representative snapshots of major conformational clusters. Representative 
snapshots viewed from the bottom (left) and side (right) from the first six 
conformational clusters obtained from 16,000 conformations from the combined 
trajectories. The numbers indicate the rank of the cluster (bold yellow), the percentage 
of conformations in this cluster contributed to the cluster from the combined (yellow), 
GROMOS (orange), and Q4MD (magenta) trajectories, respectively.  

In an effort to confirm the structural representation from MD simulations with 
NMR analysis, NOE intensities were calculated. The MD simulations suggested the 
presence of weak NOE signals that reflect the conformational flexibility of 
nonasaccharide 10, in particular regarding the different orientations of the fucosides. 
The H-atoms on the fucose C5 and C6 positions (H5FucA,D and H6FucA,D) are relatively 
close to the H-atom on C3 of the upstream glucoside (H3GG,C) in many of the most 
populated clusters (section 3.4.3). The closest distance between H5FucA,D and H3GG,C is 
~1.9 Å in the most populated cluster, and the closest distance between the H6FucA,D and 
H3GG,C is ~2 Å. The H-atoms involved in these expected NOE signals are highlighted in 



 

 

44 

 

 

 

Chapter 3 

the representative structure of the most populated conformational cluster in Figure 7A. 
Excitingly, these NOE cross-peaks were indeed observed experimentally in the NOESY 
spectrum as shown in Figure 7B, supporting the dynamical ensemble observed in the 
MD simulations. The MD analysis also suggests that the bending of the Fuc rings away 
from the CD barrel is associated with enhanced chair flexibility of the substituted Glc 
rings (residues A and D). The relatively low 3J couplings of 8.3 Hz measured for these 
Glc H3 hydrogens in compound 10, as compared to 9.5 Hz for the H-3 signals in natural 
β-CD, are consistent with the MD simulation, and support the contribution of the 
unfavored 1C4 conformer.54 The MD analysis shown here should be taken as qualitative: 
the dynamics of the conformational changes are slow on the MD time-scale, and it is not 
possible to extract converged thermodynamic (equilibrium) data from the extensive 
simulations of 4 microseconds.  

 

Figure 7. A) Characteristic conformation of 10 with H-5Fuc, H-6Fuc and H-3Glc highlighted 
as black spheres for close contact between fucose on Glc(A) and Glc(G) (fucoside C-
atoms are shown in dark blue); B) Observed NOE of H-5Fuc(A,D) → H-3Glc (G,C) 

3.3 Conclusions 

This Chapter presents the regioselective 3A,3D-fucosylation of the secondary rim 
of semi-protected β-CD, which proved to be robust, reproducible, and scalable. In 
natural glycans, such as HMOs, the fucosides are often separated by non-fucosylated 
carbohydrate residues, making this 3A,3D pattern a highly relevant mimic. While the 
regioselective 6A,6D substitution of CDs is well-developed for decoration of the primary 
rim,30,55 only limited examples of di-substitutions on the secondary rim exist,56 and 
none of these examples covers a direct glycosylation reaction. It is proposed that the 
regioselectivity observed here arises from the kinetic conditions employed in the 
glycosylation reaction, i.e. low temperatures and short reaction times. This may drive 
the reaction to yield the least sterically hindered 3A,3D nonasaccharide as the kinetic 
product of the reaction. It is hypothesized that the remarkable regioselectivity observed 
for the β-, but not for the α-CD, is likely to depend on the size of the CD ring. MD 
simulations to corroborate this hypothesis are covered in Chapter 4.  
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3.5 Supporting Information  

3.5.1 A detailed explanation of the NMR assignment  

 

Scheme S1.Fucosylated region of CD. NMR experiments used to identify certain linkages 
are presented in two colors:  green – TOCSY,  red – HMBC.  

To identify the connections within a fucosylated glucoside ring, HH-COSY (Figure 

S1) was used: first, the H1Glc → H2Glc correlations were identified, but further H2Glc → 
H3Glc correlations were overlapping. Thus, a TOCSY (Figure S2) experiment was used 

to identify the H1Glc → H3Glc correlations, and two overlapping H-3 signals were 

identified at 4.15 ppm, and a cross-peak resulting from H1Fuc → C3Glc was observed in 
an HMBC experiment (Figure S3, linkage A), providing confirmation that the fucoside 
unit was attached through an α-linkage to the C-3 of the glucoside. These C3Glc signals 
have a 13C signal at 77.5 ppm and an H-3 signal at 4.15 ppm (based on HSQC, Figure S4). 

From HMBC experiments (Figure S3, linkage B) the connection from H3Glc → C4Glc was 
found, with the corresponding C4Glc signals at 78.5 ppm. Using the HMBC experiment 
(Figure S3, linkage C), the C4 signals appeared to have a cross-peak at 5.08 ppm, which 
connected them to H1Glc’ (a so-called upstream glucoside unit). The peak at 5.08 ppm 
appears as an app. triplet with integral = 2, so it was identified as two H1Glc’ signals. 
TOCSY correlations (Figure S2) revealed that these signals coupled to H3Glc’ signals that 
were not linked to a fucoside, leading to the conclusion that each of the (Fuc)Glc motifs 
has a neighboring non-modified residue, eliminating the 3A,3B modification pattern.  
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Figure S1. COSY NMR (600 MHz, D2O), showing the region with H1Glc → H2Glc and H1Fuc 

→ H2Fuc correlations. Further on all figures in the section: H-peaks of fucoses are 
highlighted with green, fucosylated glucoses with red, and non-fucosylated with blue. 

 

Figure S2. TOCSY (600 MHz, D2O) mixing time 80 ms. The H1Glc → H3Glc and H1Fuc → 
H3Fuc correlations are framed.  
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Figure S3. HMBC (600 MHz, D2O) the following connections are shown in frames: A) 
2xH1Fuc → 2xC3Glc  (green bonds) B) 2xH3Glc → C4Glc (red bonds) C) 2xC4Glc → 2xH1Glc’ 
(blue bonds)  

 

Figure S4. HSQC (600 MHz, D2O) with the cross-peak H3Glc-C3Glc framed.  
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3.5.2 A detailed explanation of the MS/MS experiments  

Upon fragmentation of the CD, an opening of the ring occurs, forming a parent-ion 
precursor (Scheme S2). The parent ion can undergo different types of cleavages leading 
to 2 types of adducts: cross-ring fragments (2,4A/2,4X and 0,2A/0,2X series) and fragments 
originating from glycosidic bond cleavages (B, Y, C, and Z). In the MS/MS spectrum 
(Figure S5) three major fragments were identified (Scheme S3): two were originating 
from cleavage of one fucoside unit, leading to Z- and Y-ions (1262 and 639), and a cross-
ring 2,4A-fragment resulting from cleavage of the reducing end glucoside (652).  

For the modified β-CDs, seven different possibilities of opening the CD ring are 
possible, with many similar fragments originating from these options. For the 3A,3C 
isomer only the linear parent ion depicted in Scheme S4 leads to characteristic 
fragments (i.e. fragments not possible with the 3A,3D isomer), that have m/z values of 
717, 707, 657, and 767 (Table S1). These fragments are not observed in the MS/MS 
spectrum (Figure S5). For the 3A,3D regioisomer three linear parent ions were 
considered (Scheme S5) and for linear parent ion II several ions corresponding to 
glycosidic bond fragments were observed (Table S2, values found are highlighted in 
red). Fragments originating from cross-ring cleavages were dominating in the MS/MS 
spectrum and are given in Table S3, where all the m/z values that were found in MS/MS 
spectrum are shown in red. Because the pattern of found m/z values only confirm the 
presence of the 3A,3D isomer, and characteristic fragments for 3A,3C isomer were not 
found, it was concluded that nonasaccharide 10 is substituted in a 3A,3D fashion.    

 

Figure S5. Full MS/MS spectrum  
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Scheme S2. Possible initial fragmentation to form the linear parent ion. Typical 
oligosaccharide fragmentations are shown with arrows.  

 

Scheme S3. Major fragments found in the MS/MS spectrum.  
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Scheme S4. Linear parent ion leading to characteristic 3A,3C fragmentations 

Parent 
molecule 

AC 

Ring 0,2A 0,2X 2,4A 2,4X 

A 248 1177 - - 

B 409 1015 349 1075 

C 717 707 657 767 

D 879 545 819 605 

E 1041 383 981 443 

F 1203 221 1143 281 

Table S1. Cross-ring fragmentations for the 3A.3C nonasaccharide isomer. 
Characteristic m/z values are shown in blue. 

 

Scheme S5-I. Parent I of the 3A,3D isomer  
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Scheme S5-II. Parent II of the 3A,3D isomer  

 

Scheme S5-III. Parent III of the 3A, 3D isomer 

 

Table S 2. M/z values of the fragments originating from glycosidic bond cleavages. M/z 
values found in the MS/MS spectrum are shown in red 

 

 

 

 

 

 

 

 

 

 

AD from parent II 

B Y C Z 

145 1280 160 1264 

452 972 468 956 

614 810 630 794 

776 648 792 632 

1084 340 1100 324 

1246 178 1262 162 
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Table S 3. M/z values of the fragments from different linear parent ions of the 3A,3D 
isomer. M/z values found in the MS/MS spectrum are shown in red. 

I II III 

0,2A 0,2X 2,4A 2,4X 0,2A 0,2X 2,4A 2,4X 0,2A 0,2X 2,4A 2,4X 

409 1015 349 1075 409 1015 349 1075 264 1161 203 1221 

571 853 511 913 571 853 511 913 571 853 511 913 

733 691 673 751 733 691 673 751 733 691 673 751 

1041 383 981 443 895 529 835 589 895 529 835 589 

1203 221 1143 281 1203 281 1143 281 1057 367 997 427 

1365 59 1305 119 1365 59 1305 119 1365 59 1305 119 

3.5.3 Computational Details  

Figure S6 shows the most prominent candidates for close contacts with the fucose 
on ring A (for definition, see Scheme 3). The H-atoms on the fucose C5 and C6 (H5,6FA) 
are relatively close to the H-atom on C3 of the upstream barrel sugar (H3G) in many of 
the most populated clusters. The closest distance between H5FA and H3G is 1.9 Å in 
cluster 1; the closest approach distances between the H6FA and H3G are about 2 Å. The 
most common conformational variation of the fucose is the turning with respect to the 
cyclodextrin barrel, cf. clusters 1 and 2-4 in Figure S6. In this conformational variation 
of the fucose, the H-atom on C1 of fucose (H1FA) approaches H3G; the closest distance 
is 2.28 Å in cluster 2.  

 

Figure S6. Non-trivial NOE candidates for characterization of conformational diversity 
of β-Fuc2-CD(3A,3D) (compound 10), specifically looking at the fucose on ring A. The 
figure shows snapshots of the eight most populated clusters of the simulation in the 
Q4MD model, highlighting the atoms involved in the close approaches. Magenta: H3 on 
residue G, yellow: H5 and H6s on the fucose attached to residue A (downstream of G); 
orange: H1 on the fucose attached to residue A. 
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Similarly, Figure S7 shows the most prominent candidates for close contacts with 
the fucose on ring D. The H-atoms on the fucose C5 and C6 (H5,6FD) are relatively close 
to the H-atom on C3 of the upstream barrel sugar (H3C) in many of the most populated 
clusters. The closest distance between H5FA and H3G is 2.06 Å in cluster 4; the closest 
approach distances between the H6FD and H3C are about 2.5 Å. The most common 
conformational variation of the fucose is the turning with respect to the cyclodextrin 
barrel, cf. clusters 1 and 2 in Figure S8. In this conformational variation of the fucose, 
the H-atom on C1 of fucose (H1FD) approaches H3C; the closest distance is 2.44 Å in 
cluster 1. In addition, there is a close approach to H3C by the H-atom on C3 of the fucose 
(H3FD); the closest distance is 2.43 Å in cluster 5.  

 

Figure S7. Non-trivial NOE candidates for characterization of conformational diversity 
of β-Fuc2-CD (3A,3D) (compound 10), specifically looking at the fucose on ring D. The 
figure shows snapshots of the eight most populated clusters of the simulation in the 
Q4MD model, highlighting the atoms involved in the close approaches. Magenta: H3 on 
residue C, yellow: H5 and H6s on the fucose attached to residue D (downstream of C); 
orange: H1 on the fucose attached to residue D; green: H3 on the fucose attached to 
residue D. 

3.5.4 General Experimental Procedures  

All solvents used were of commercial grade and used without further purification. Dry DCM, 
toluene, and THF were generated by an MBraun SPS 800 solvent purification system. Solvents 
used for workup and column chromatography were of technical or HPLC grade from Boom, 
Biosolve, or Honeywell and used as purchased. Solvents were removed by rotary evaporation 
under reduced pressure at 45°C. Reagents were purchased from Sigma-Aldrich, Acros, TCI 
Europe, or CarboSynth and used without further purification. Reaction temperature refers to the 
temperature of the cooling bath equipped with a stirring bar unless stated otherwise. Reactions 
were monitored by TLC analysis on Merck silica gel 60/Kieselguhr F254 and spots were 
visualized by UV light, or spraying with orcinol stain 180 mg orcinol, 10 mL 85% H3PO4, 5 mL 
EtOH, and 85 mL H2O) or with Seebach’s stain (2.5 g phosphomolybdic acid, 1 g Ce(SO4)2, 6 mL 
H2SO4 and 94 mL H2O) followed by heating with a heat gun. Column chromatography was 
performed using silica (Standard Silica 60M, 0.04 – 0.063 mm, 230-400 mesh, Macherey-Nagel 
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GmbH, Germany) as the stationary phase. Size-exclusion chromatography was performed on 
Sephadex LH-20 using DCM/MeOH (1/1, v/v) as eluent. Molecular sieves 4Å (Merck, Germany) 
were activated by heating with a heat gun in vacuo.  

1H and 13C NMR spectra were recorded on a Varian 400-MR (400/100 MHz) or a Bruker 
Avance NEO (600/150 MHz). Chemical shifts are given in ppm with the solvent resonance as 
internal standard (CDCl3: δ7.26 for 1H, δ 77 for 13C; D2O: δ 4.79 for 1H). All individual signals 
were assigned using 2D NMR spectroscopy: HH-gCOSY, gHSQC or NOE. Data are reported as 
follows: chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = 
double double doublet, t = triplet, q = quartet, p = quintet, m = multiplet, apparent quartet = 
app q), coupling constants J (Hz), and integration. High-resolution mass measurements were 
performed on an LTQ Orbitrap XL spectrometer (Thermo Fisher Scientific) with an ESI ionization 
source. 

UPLC-UV/MS measurements were performed on a Vanquish UHPLC system coupled to an 
LCQ Fleet mass spectrometer (Thermo Fisher Scientific) using an Acquity UPLC BEH C4 column 
(Waters, 2.1×150 mm, 1.7 µm) in combination with eluents A (10 mM ammonia acetate in H2O) 
and B (acetonitrile), or using a Cortecs UPLC HILIC column (Waters, 2.1×150 mm, 1.6 µm) in 
combination with eluents A (H2O + 0.025% NH4OH) and B (acetonitrile + 0.025% NH4OH). The 
UV traces were measured at 208 and 254 nm simultaneously and the ionization was performed 
with an ESI-source. In positive mode, the [M+NH4]+ or [M+2NH4]2+ was most prominent. In 
negative mode, the [M-H]- or [M-2H]2- was most prominent. For chromatography on the C4 a 25 
min run (flow rate 0.3 mL/min) was used, and the gradient used in the method was as follows: 
from 70% to 95% of B (from 0 to 20 min) and 70% of B (from 21 to 25 min). For chromatography 
on the Cortects HILIC a 25 min run (flow rate 0.3 mL/min) was used, and the gradient was as 
follows: 70% of B (from 0 to 2 min), from 70% to 50% of B (from 2 to 15 min) and 70% of B 
(from 16 to 25 min).  

For preparative HPLC purification (Shimadzu), an Xbridge BEH C4 column (Waters, 10×150 
mm, 5 µm) was used in combination with eluents A (H2O) and B (acetonitrile) with UV-detection 
at 208 nm. For purification, a sample was dissolved in acetonitrile in a concentration of 2 mg/mL, 
and up to 800 µL was injected without affecting the separation. A 15 min column flush with 70% 
of B was performed before each run. A method of 40 min (flow rate 5 mL/min) was used and the 
gradient was as follows: from 70% to 95% (from 0 to 30 min) and 95% of B (from 30 to 40 min).  
For fragmentation experiments, separation on Cortects HILIC was performed. Samples were 
prepared in 70% acetonitrile in water in a concentration of 1 mg/mL, and 10 µL was used per 
injection. Upon chromatography an eluent was introduced into ESI ion source where the 
following conditions were set: heater temperature 75 °C, spray voltage 2 kV, capillary 
temperature 200 °C, capillary voltage -2 V. Collision induced dissociation was set at 25% 
normalized collision energy and an isotopic width of 3 m/z. The MS/MS spectra were obtained in 
negative ion mode in a mass range from 195 to 1440 m/z.  

3.5.4.1 Synthesis of fucoside donor 5  

 

Scheme S5. Synthesis of fucoside donor 5. Reagents and conditions: i) 1. Ac2O, pyridine, 
0°C to RT 2. 33% HBr/AcOH 3. HSTol, TBAB (aq), KOH (aq), CHCl3; ii) Na in MeOH; iii) 
BnBr, NaH, DMF, 0 °C to RT 
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4-Methylphenyl 2,3,4-tri-O-acetyl-1-thio-β-L-fucopyranoside (F1).  

L-(–)-fucose (5.03 g, 31 mmol) was portionwise added to a stirred solution of 
pyridine (54 mL, 52.8 g, 0.668 mol) and acetic anhydride (42 mL, 45.4 g, 
0.444 mol) under nitrogen at 0 °C over the course of 15 min. The reaction was 

left to stir overnight at +4 °C after which time it was poured on a mixture of crushed ice and 
water. The aqueous layer was extracted with DCM (3x). The combined organic layers were 
washed with H2O (2x), brine, dried over MgSO4 and concentrated in vacuo. The crude compound 
was flushed through a pad of silica gel (pentane/EtOAc = 2/1) and concentrated in vacuo. Next, 
a mixture of peracetylated fucose (~31 mmol) in DCM (120 mL, 0.25 M) was cooled to 0 °C under 
nitrogen, and HBr (33 wt. % in acetic acid, 40 mL, 56.0 g, 0.692 mol) was added dropwise in 20 
min. When TLC analysis indicated complete consumption of the starting material (2.5h) the 
reaction mixture was carefully poured on crushed ice and stirred. The resulting aqueous layer 
was extracted with DCM (2x). The combined organic layers were washed with NaHCO3 (3x) until 
neutral pH, then washed with H2O (1x), brine (1x), dried over MgSO4, and concentrated in vacuo. 
Without further purification the resulting anomeric bromide was dissolved in CHCl3 (300 mL) 
and p-thiocresol (5.5 g, 44 mmol) and TBABaq (dissolved in 47 mL H2O, 1.88 g, 5.8 mmol) were 
added. To the reaction mixture KOHaq (dissolved in 45 mL H2O, 3.4 g, 61 mmol) was added 
dropwise in 10 min. The two-layered reaction mixture was stirred vigorously overnight at 
ambient temperature. TLC analysis (DCM/MeOH/H2O, 10/5/1, v/v/v) indicated complete 
consumption of the anomeric bromide. The organic layer was washed with H2O (1x), brine (1x), 
dried over MgSO4, and concentrated in vacuo. Purification by flash column chromatography 
(silica gel, gradient from pentane/EtOAc,  6/1 to 2/1) afforded the title compound as a white solid 
(Yield: 10.62 g, 26.8 mmol, 89% over 3 steps). The analytical data were in accordance with those 
reported previously.57 TLC: Rf 0.21 (pentane/EtOAc, 6/1, v/v). 

4-Methylphenyl 1-thio-β-L-fucopyranoside (F2).   

To a stirred solution of monosaccharide F1 (7.52 g, 19.0 mmol) in anhydrous 
MeOH (40 mL) a piece of sodium (approx. 300 mg) was added. When TLC 
analysis (DCM/MeOH, 5/1, v/v) indicated complete consumption of the 

starting material (25 min) the reaction mixture was neutralized by the addition of Amberlite IR-
120H+ until neutral pH, filtered and concentrated in vacuo. The title compound was obtained as 
a white solid (Yield: 5.01 g, 18.5 mmol, 98%). The analytical data were in accordance with those 
reported previously.58 TLC: Rf = 0.33 (EtOAc).  

4-Methylphenyl 2,3,4-tri-O-benzyl-1-thio-β-L-fucopyranoside (5).  

To a stirred solution of p-methylphenyl 1-thio-β-L-fucopyranoside (8.72 g, 
32 mmol) in DMF (108 mL) under nitrogen atmosphere, NaH (60% 
dispersion in mineral oil, 6.6 g, 0.165 mol) was added. The reaction was 

stirred for 20 minutes, after which time benzyl bromide (20 mL, 0.165 mol) was added dropwise 
in 1 h. The reaction mixture was stirred overnight at ambient temperature (18h) and then diluted 
by Et2O and quenched by the slow addition of an ice-water mixture. The aqueous layer was 
extracted with Et2O (3x). The organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. Recrystallization from EtOH afforded the title compound as a white fluffy 
solid (Yield: 13.8 g, 25 mmol, 79%). The analytical data were in accordance with those reported 
previously.59,60 Rf  = 0.33 (pentane/Et2O, 6/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.50 – 7.47 (m, 2H, CHarom STol), 7.42 – 7.27 (m, 13H, CHarom Bn), 7.01 
(d, 2H, J = 7.8 Hz, CHarom STol), 5.00 (d, 1H, J = 11.6 Hz, CHH Bn), 4.80 (d, 1H, J = 10.2 Hz, CHH 
Bn), 4.75 – 4.70 (m, 3H, CHH Bn, CH2 Bn), 4.66 (d, 1H, J = 11.6 Hz, CHH Bn), 4.54 (d, 1H, J = 9.6 
Hz, H-1), 3.89 (t, 1H, J = 9.4 Hz, H-2), 3.63 (d, 1H, J = 2.8 Hz, H-4), 3.58 (dd, 1H, J = 9.2, 2.8 Hz, H-
3), 3.51 (q, 1H, J = 6.4 Hz, H-5), 2.30 (s, 3H, CH3 STol), 1.26 (d, 3H, J = 6.3 Hz, H-6).  
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13C NMR (100 MHz, CDCl3) δ 138.8, 138.5, 138.4, 137.1 (Cq), 132.2, 130.5, 129.5, 128.4, 128.3, 
128.3, 128.1, 128.0, 127.7, 127.6, 127.4 (CHarom), 87.9 (C-1), 84.6 (C-3), 77.2 (C-2), 76.6 (C-4), 
75.5 (CH2 Bn), 74.6 (C-5), 72.8 (CH2 Bn), 21.1 (CH3 STol), 17.3 (C-6). 

3.5.4.2 Synthesis of the cyclodextrin acceptors  

 

Scheme S6. Synthesis of CD acceptors. Reagents and conditions: i) for α-CD: BnBr, 
NaH, DMF; for β-CD: BnCl, NaH, DMSO; ii) I2, Et3SiH, DCM, -60 ° to -35 °C. 

Perbenzylated α-CD (1). 

To a stirred solution of α-cyclodextrin (1.05 g, 1.08 mmol) in DMF (13.5 mL) 
under nitrogen at 0 °C, NaH (60% dispersion in mineral oil, 4.7 g, 117.5 mmol) 
was added portionwise. After stirring the reaction mixture for 15 min, benzyl 
bromide (14 mL, 118 mmol) was added to the solution dropwise in 30 min. 
After 4.5h when TLC analysis indicated complete conversion of the starting 
material into a single spot, the reaction mixture was diluted with Et2O and 
quenched by the slow addition of ice-water at 0 °C. The water layer was 

extracted with Et2O (3×), the combined organic layers were washed with H2O, brine, dried over 
MgSO4, and concentrated. Purification by flash column chromatography (silica gel, pentane/Et2O, 
6/1 to 2/1) afforded the title compound as a white foam (Yield: 2.43 g, 0.94 mmol, 87%). The 
analytical data were in accordance with those reported previously.30 Rf  = 0.41 (pentane/Et2O, 
2/1, v/v). 

2A-F, 6A-F-dodeca-O-benzyl-α-CD (3). 

Perbenzylated α-cyclodextrin 1 (580 mg, 0.23 mmol) and iodine (379 mg, 1.5 
mmol) were suspended in DCM (83 mL, 18 mM I2) under nitrogen. After the 
complete dissolution of iodine, the purple reaction mixture was cooled down 
to -45 °C (temperature measured inside the flask), followed by the addition of 
triethylsilane (0.24 mL, 1.5 mmol). The reaction mixture was allowed to warm 
up to -35 °C (1.5h) and was then neutralized by the addition of solid K2CO3 and 
then the reaction mixture was washed with a saturated solution of Na2S2O3. 

The water layer was extracted with DCM (2x) and the combined organic layers were washed with 
brine, dried over MgSO4, and concentrated. Purification using flash column chromatography 
(silica gel, toluene/EtOAc, from 9/1 to 5/1, v/v) yielded the title compound as a white foam 
(Yield: 279 mg, 0.14 mmol, 60%). The analytical data were in accordance with those reported 
previously.40 TLC: Rf  = 0.44 (toluene/EtOAc, 5/1, v/v).   

β-CD 
1H NMR (400 MHz, D2O) δ 5.03 (d, J = 3.7 Hz, 1H, H-1), 3.92 (t, J = 9.5 Hz, 1H, H-3), 3.82 (m, 3H, 
H-5, H-6a,b), 3.61 (dd, J = 10.0, 3.6 Hz, 1H, H-2), 3.55 (t, J = 9.1 Hz, 1H, H-4).  
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Perbenzylated β-CD (2). 

To a stirred solution of β-cyclodextrin (12.1 g, 10.7 mmol) in DMSO (213 mL) 
at 0 °C under nitrogen, NaH (60% dispersion in mineral oil, 17.9 g, 0.45 mol) 
was added portionwise in 15 min. Benzyl chloride (51 mL, 0.45 mol) was added 
dropwise in 1 h. The reaction mixture was left to proceed overnight (19 h) at 
ambient temperature and then neutralized by the slow addition of MeOH (55 
mL) at 0 °C. Then the resulting mixture was diluted with H2O and extracted 
with Et2O (3×500 mL). The combined organic layers were separated, dried 

over MgSO4, and concentrated. Purification by flash column chromatography (silica gel, 
pentane/Et2O = from 4/1 to 1/1) afforded the title compound as a white foam (Yield: 28.4 g, 9.4 
mmol, 88%). The analytical data were in accordance with those reported previously.30 Rf  = 0.21 
(pentane/Et2O, 2/1, v/v). 

2A-G,6A-G-tetradeca-O-benzyl-β-CD (4). 

Perbenzylated β-cyclodextrin 2 (2.80 g, 0.9 mmol) and iodine (1.81g, 7.1 
mmol) were suspended in DCM (396 mL, 18 mM I2) under nitrogen. After the 
complete dissolution of iodine, the purple reaction mixture was cooled down 
to -60 °C (temperature measured inside the flask), followed by the addition of 
triethylsilane (1.14 mL, 7.1 mmol). The reaction mixture was allowed to warm 
up to -35 °C (1.5h) and was then neutralized by the addition of K2CO3. Then 
the reaction mixture was washed with a saturated solution of Na2S2O3. The 

water layer was extracted with DCM (2x) and the combined organic layers were washed with 
brine, dried over MgSO4, and concentrated. Purification using flash column chromatography 
(toluene/EtOAc, 8/1 to 3/1, v/v) yielded the title compound as a white foam (Yield: 570 mg, 0.24 
mmol, 27%,). TLC: Rf = 0.24 (toluene/EtOAc, 5/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.32 (m, 7×5H, CHarom), 7.22 – 7.12 (m, 7×5H, CHarom), 5.11 
(s, 7H, 7×OH), 5.00 (d, 7H, J = 11.9 Hz, 7×CHH Bn), 4.84 – 4.73 (m, 14H, 7×H-1, 7×CHH Bn), 4.48 
(d, 7H, J = 12.2 Hz, 7×CHH Bn), 4.25 (d, 7H, J = 12.2 Hz, 7×CHH Bn), 4.05 (t, 7H, J = 9.2 Hz, 7×H-
3), 3.73 (m, 7H, 7×H-5), 3.63 – 3.55 (m, 7H, 7×H-6a), 3.46 (m, 21H, 7×H-2, 7×H-4, 7×H-6b). 
13C-APT NMR (100 MHz, CDCl3) δ 138.1 (7×Cq), 137.6 (7×Cq), 128.9, 128.4, 128.08, 127.6, 127.5 
(CHarom), 102.1 (7×C-1), 83.4 (7×C-4), 78.3 (7×C-2), 74.0 (7×CH2 Bn), 73.8 (7×C-3), 73.1 
(7×CH2 Bn), 70.3 (7×C-5), 68.5 (7×C-6). 
ESI-HRMS: [M-H]- calcd for C140H153O35 2395.0221 found 2395.0262.  

3.5.4.3 Fucosylations of cyclodextrins   

3A-O-(2,3,4-tri-O-α-L-benzylfucopyranosyl)-2A-G,6A-G-tetradeca-O-benzyl-β-CD (Bn-Fuc-
β-CD) 

A mixture of donor 5 (87 mg, 0.161 mmol), Ph2SO (42 
mg, 0.21 mmol) and TTBP (100 mg, 0.40 mmol) was co-
evaporated 3 times with dry toluene. The residue was 
dissolved in DCM (0.4 mL) under nitrogen and activated 
molecular sieves (4Å) were added. The resulting 
mixture was stirred at room temperature for 20 min and 
then it was cooled down to -80°C (acetone cooling bath 
equipped with a stirring bar). Tf2O (35 µL, 0.21 mmol) 
was added and the process of donor activation was 
monitored by TLC analysis. After 40 minutes, when TLC 
analysis indicated complete activation of the donor, the 
reaction mixture was cooled down to -85°C and a 
solution of acceptor 4 (48 mg, 0.020 mmol) in DCM (0.3 

mL) was added in portions of 0.15 mL slowly (in 2 minutes) via the wall of the flask. Upon 
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completion of the addition, the temperature reached -80°C and was allowed to warm up to -65°C 
(12 min). The reaction mixture was then diluted with DCM, and neutralized by the addition of 
H2O and Et3N. The mixture was concentrated in vacuo and purified on size-exclusion Sephadex 
LH-20 (DCM/MeOH, 1/1, v/v). The fraction of fucosylated cyclodextrins (45 mg, 70% yield) 
contained: 27% of octasaccharide and 37% of nonasaccharide 9, the rest contained acceptor and 
overfucosylated products. Rf  = 0.14 (Toluene/EtOAc, 8/1, v/v). The title compound was purified 
by preparative HPLC on BEH C4 column (5 mg) (RT 22.5) and purity was checked by UPLC-
UV/MS (RT 14.1 min).  
1H NMR (600 MHz, CDCl3) δ 7.44 – 6.96 (m, 85H, CHarom), 5.81 (d, 1H, J = 4.0 Hz, H-1Fuc), 4.96 – 
4.81 (m, 10H, 9×CHH Bn, H-1Glc), 4.78 (d, 1H, J = 3.6 Hz, H-1Glc), 4.76 – 4.64 (m, 13H, 4×H-1Glc, H-
5Fuc, CH2 Bn, 6×CHH Bn), 4.54 – 4.48 (m, 3H, 3×CHH Bn), 4.47 (d, J = 3.4 Hz, 1H, H-1Glc), 4.44 – 
4.20 (m, 13H, CHH Bn, 5×CH2 Bn, H-3Glc, H-3Fuc), 4.18 – 4.05 (m, 4H, 3×CHH Bn, H-2Fuc), 3.98 (t, J 
= 9.3 Hz, 4H, 4×H-3Glc), 3.90 – 3.85 (m, 2H, H-3Glc, H-4Fuc), 3.80 (dt, 1H, J = 3.6, 7.3 Hz, H-5Glc), 
3.76 – 3.71 (m, 2H, H-4Glc, H-5Glc), 3.71 – 3.67 (m, 3H, 3×H-5Glc), 3.63 – 3.49 (m, 8H, H-3Glc, H-5Glc, 
3×H-6Glc), 3.49 – 3.46 (m, 1H, H-2Glc), 3.45 – 3.30 (m, 17H, 5×H-2Glc, 4×H-4Glc, 8×H-6Glc), 3.29 – 
3.17 (m, 6H, H-2Glc, 2×H-4Glc, 3×H-6Glc), 1.24 (d, J = 6.5 Hz, 3H, CH3 Fuc). 
13C NMR (151 MHz, CDCl3) δ 139.4, 139.2, 139.0, 139.0, 138.3, 138.1, 138.1, 138.0, 137.7, 137.6, 
137.4, 136.8 (Cq); 129.1, 129.1, 128.9, 128.9, 128.8, 128.6, 128.5, 128.4, 128.4, 128.3, 128.3, 128.3, 
128.2, 128.1, 128.1, 128.1, 128.0, 127.9, 127.8, 127.7, 127.7, 127.7, 127.6, 127.6, 127.5, 127.5, 
127.5, 127.5, 127.4, 127.3, 127.2, 127.2, 126.9 (Carom); 102.4, 102.2, 102.0, 102.0, 101.8, 101.7 
(6×C-1Glc); 99.4 (C-1Glc), 97.5 (C-1Fuc); 84.3, 83.8, 83.7, 83.3, 83.1, 83.0 (6×C-4Glc); 82.5 (C-2Glc), 
79.7 (C-3Glc), 79.4 (C-4Glc), 79.0 (C-2Glc), 78.7(C-3Glc), 78.5, 78.4, 78.3, 77.9, 77.8 (5×C-2Glc), 76.2 
(C-2Fuc), 75.1, 74.2, 74.2, 74.1, 74.1 (CH2 Bn); 73.9, 73.8, 73.8, 73.6 (4×C-3Glc), 73.3, 73.2, 73.2, 
73.2, 73.1, 73.0 (CH2 Bn), 72.7 (C-5Glc), 72.2 (C-3Glc), 71.8 (C-3Fuc) 71.5 (CH2 Bn), 70.4, 70.3, 70.3, 
70.3, 70.0, 69.9, (7×C-5Glc), 69.8, 68.9, 68.8, 68.4, 68.4, 68.3, 66.1 (7×C-6Glc), 16.5 (C-6Fuc). 
ESI-HRMS: [M+2×NH4]2+ calcd for C167H190O39N2 1424.1484 found 1424.1486.  

3A,3D-Di-O-(2,3,4-tri-O-α-L-benzylfucopyranosyl)-2A-G,6A-G-tetradeca-O-benzyl-β-CD (9) 

A mixture of donor 5 (1.81 g, 3.35 mmol), Ph2SO 
(0.881 g, 4.36 mmol), and TTBP (2.08 g, 8.39 mmol) 
was co-evaporated 3 times with dry toluene. The 
residue dissolved in dry DCM (8 mL) under nitrogen 
and activated molecular sieves (4Å) were added. The 
resulting mixture was stirred at room temperature for 
20 min and then cooled down to -80 °C (acetone 
cooling bath equipped with a stirring bar). Tf2O (0.73 
mL, 4.36 mmol) was added dropwise and the process 
of donor activation was monitored by TLC analysis 
(pentane/Et2O, 6/1, v/v, Rf of donor = 0.33). After 40 
minutes when TLC analysis indicated complete 
activation of the donor, the reaction mixture was 
cooled down to -85 °C and a solution of acceptor 4 (1.0 

g, 0.42 mmol, 1 eq) in dry DCM (6 mL) was added in portions of 2 mL slowly (in 10 minutes) via 
the wall of the flask. Upon complete addition, the temperature reached -80 °C and the reaction 
mixture was allowed to warm up to -60 °C (15 min). The mixture was diluted with DCM and 
neutralized by the addition of H2O and Et3N. Then the crude mixture was concentrated and 
purified on size-exclusion Sephadex LH-20 (DCM/MeOH, 1/1, v/v). Additional purification by 
column chromatography provided nonasaccharide 9 as a white foam (Yield: 898 mg, 0.28 mmol, 
67%, 69% purity based on UPLC UV absorbance 208 nm) TLC: Rf = 0.19 (toluene/EtOAc, 8/1, 
v/v). For the detailed analysis, the title compound was purified by preparative HPLC on BEH C4 
(RT 27.1 min) and purity was checked by UPLC-UV/MS (RT 17.0 min).   



 

 

59 

 

 

 

Direct and Regioselective Di-α-Fucosylation on the Secondary Rim of 
β-Cyclodextrin 

1H NMR (600 MHz, CDCl3) δ 7.62 – 6.95 (m, 100H, CHarom), 5.97 (d, 1H, J = 4.1 Hz, H-1Fuc), 5.93 
(d, 1H, J = 3.9 Hz, H-1Fuc), 5.09 – 4.72 (m, 29H, 8×CH2 Bn, 5×H-1Glc, 2×H-5Fuc), 4.71 – 4.50 (m, 
16H, 2×H-1Glc, 7×CH2 Bn), 4.50 – 4.12 (m, 38H, 5×CH2 Bn, 2×H-3Glc, 2×H-2Fuc, 2×H-3Fuc), 4.11 – 
3.95 (m, 6H, 4×H-3Glc, 2×H-4Fuc), 3.94 – 3.83 (m, 4H, 2×H-4Glc, 2×H-5Glc), 3.79 – 3.63 (m, 7H, H-
3Glc, 5×H-5Glc), 3.63 – 3.22 (m, 26H, 7×H-2Glc, 5×H-4Glc, 14×H-6Glc), 1.38 (d, 3H, J = 6.4 Hz, H-6Fuc), 
1.34 (d, 3H, J = 6.5 Hz, H-6Fuc).  
13C NMR (150 MHz, CDCl3) δ 139.4, 139.2, 139.2, 139.1, 139.1, 138.9, 138.3, 138.3, 138.2, 138.1, 
138.1, 137.9, 137.9, 137.7, 137.6, 137.5, 137.4, 137.3, 136.8, 136.8, (Cq), 128.5, 128.4, 128.4, 
128.4, 128.4, 128.3, 128.3, 128.2, 128.2, 128.2, 128.1, 128.1, 128.1, 127.8, 127.8, 127.7, 127.7, 
127.7, 127.7, 127.6, 127.5, 127.5 (Carom), 102.6, 102.2, 102.1, 101.9, 101.6 , 99.5, 99.4 (7×C-1Glc), 
97.5, 97.3 (2×C-1Fuc), 84.5, 84.1, 83.9, 83.8, 83.6, 83.0, 82.5 (2×C-2Glc, 5×C-4Glc), 79.8, 79.7, 79.4, 
79.3, 79.1, 79.1, 78.8, 78.7, 78.6, 78.3, 78.1, 78.0, 77.4 (5×C-2Glc, 3×C-3Glc, 2×C-4Glc), 76.5, 76.1 
(2×C-2Fuc), 75.1, 75.0, 74.3, 74.2, 74.2, 74.1, 74.1, 74.0, 73.9, 73.3, 73.1, 73.1, 73.1, 73.0, 72.9, 72.9, 
72.8, 72.6, 72.5, 72.1, 72.1, 71.7, 71.4, 71.4 (5×C-3Glc, 20×CH2 Bn); 70.4, 70.3, 70.1, 70.0, 69.9, 
69.8(7×C-5Glc), 69.4, 69.0, 69.0, 68.5, 68.4, 68.2, 68.1 (7×C-6Glc); 66.2, 66.2 (2×C-5Fuc), 16.7, 16.6 
(2×C-6Fuc). 
ESI-HRMS: [M+NH4]+ calcd for C194H214O43N1 3247.4651 found 3227.4560.   

3A-O-(α-L-fucopyranosyl)-β-CD (Fuc1-β-CD) 

Octasaccharide BnFuc1-β-CD, as isolated from 
preparative HPLC, was dissolved in a THF/H2O mixture 
(2.5 ml/0.2 mL) and excess of Pd/C was added. The 
mixture was purged with nitrogen, followed by purging 
with hydrogen, and the mixture was left to react 
overnight under a blanket of hydrogen gas. The mixture 
was filtered over a pad of celite, concentrated, and 
lyophilized (1 mg). 
1H NMR (600 MHz, D2O) δ 5.54 (d, 1H, J = 3.8 Hz, H-1Fuc), 
5.16 (d, 1H, J = 3.8 Hz, H-1Glc), 5.12 – 5.04 (m, 6H, 6×H-
1Glc), 4.46 (q, 1H, J = 6.7 Hz, H-5Fuc), 4.21 – 4.15 (m, 1H, 
H-6Glc), 4.15 – 4.10 (m, 1H, H-3Glc), 4.00 – 3.93 (m, 8H, 
6×H-3Glc, H-6Glc, H-4Fuc), 3.92 – 3.80 (m, 22H, H-4Glc, 
7×H-5Glc, 12×H-6Glc, H-2Fuc, H-3Fuc), 3.71 – 3.55 (m, 13H, 

7×H-2Glc, 6×H-4Glc ), 1.26 (d, 3H, J = 6.5 Hz, H-6Fuc). 
13C NMR (150 MHz, D2O) δ 102.0, 101.9, 101.8, 101.7, 101.6 (6×C-1Glc); 99.9 (C-1Glc), 98.8 
(C-1Fuc), 81.1, 81.0, 80.9, 80.8 (6×C-4Glc), 78.7 (C-4Glc), 77.3 (C-3Glc); 73.2, 73.1, 73.0, 73.0, 
(6×C-3Glc), 72.6, 72.1, 71.9, 71.9, 71.8, 71.7, 71.6, 71.6, 71.4, 71.2 (7×C-2Glc, 7×C-5Glc, C-3Fuc), 69.2 
(C-4Fuc), 68.9 (C-2Fuc), 67.8 (C-5Fuc), 60.5, 60.2, 60.1 (7×C-6Glc); 15.3 (C-6Fuc). 
ESI-HRMS: [M+NH4]+ calcd for C48H84O39N1 1298.4615 found 1298.4638.  
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3A,3D-Di-O-(α-L-fucopyranosyl)-β-CD (10) 

Nonasaccharide 9 (830 mg, 0.26 mmol) was dissolved 
in THF (10 mL) and H2O (1 mL) and Pd/C (6 g) was 
added. The reaction mixture was purged with nitrogen 
followed by purging with hydrogen. The reaction was 
left to stir over 3 days under a blanket of hydrogen gas, 
after which the mixture was filtered over celite, 
concentrated, and lyophilized to yield the title 
compound as a white solid (Yield: 275 mg, 0.19 mmol, 
75%, 69% purity). RT on Cortecs HILIC 3.5 min.  
1H NMR (600 MHz, D2O) δ 5.56 (d, 1H, J = 3.8 Hz, H-1Fuc), 
5.54 (d, 1H, J = 3.9 Hz, H-1Fuc), 5.19 (d, 1H, J = 4.1 Hz, H-
1Glc), 5.18 (d, 1H, J = 3.9 Hz, H-1Glc), 5.15 (app t, 2H, J = 
3.5 Hz, 2×H-1Glc), 5.12 (d, 1H, J = 3.7 Hz, H-1Glc), 5.08 
(app t, 2H, J = 3.1 Hz, 2×H-1Glc), 4.47 (q, J = 6.2, 5.5 Hz, 

2H, 2×H-5Fuc), 4.21 (dt, 2H, J = 4.1, 12.6 Hz, 2×H-6Glc), 4.16 (t, 2H, J = 8.3 Hz, 2×H-3Glc), 4.06 – 
3.98 (m, 6H, 3×H-3Glc, 2×H-6Glc, 2×H-4Fuc), 3.96 – 3.80 (m, 35H, 2×H-3Glc, 2×H-4Glc, 7×H-5Glc, 
10×H-6Glc, 2×H-2Fuc, 2×H-3Fuc), 3.75 – 3.67 (m, 5H, 5×H-2Glc), 3.65 – 3.54 (m, 7H, 2×H-2Glc, 5×H-
4Glc), 1.28 (d, 6H, J = 6.6 Hz, 2×H-6Fuc). 
13C NMR (150 MHz, D2O) δ 101.9, 101.8, 101.7, 101.5, 101.2 (5×C-1Glc), 99.5, 99.3 (2×C-1Glc), 
99.0, 98.9 (2×C-1Fuc), 81.3, 81.1, 81.0, 80.4, (5×C-4Glc), 78.5, 78.4 (2×C-4Glc), 77.5, 77.2 (2×C-
3Glc); 73.2, 73.2, 73.1, 72.8, 72.6 (5×C-3Glc), 72.1, 72.0, 72.0, 71.9, 71.7, 71.6, 71.4, 71.3, 71.2 (7×C-
5Glc, 7×C-2Glc, 2×C-3Fuc), 69.3 (2×C-4Fuc), 69.0, 68.9 (2×C-2Fuc), 67.9, 67.8 (2×C-5Fuc), 60.7, 60.4, 
60.3, 60.2, 60.2 (7×C-6Glc), 15.3 (2×C-6Fuc). 
ESI-HRMS: [M-H]- calcd for C54H89O43 1425.4772 found 1425.4810.  
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In this Chapter, molecular dynamics (MD) simulations were performed to study the 
regioselectivity of the fucosylation of β-cyclodextrin (CD). The regioselectivity of 
glycosylation is reasoned to arise from the interaction of benzyl groups on the fucoside 
oxacarbenium ion with the acceptor molecule. In the reactive pose, the benzyl at the O-
2 position is parallel to the β-CD barrel, while the benzyl at the O-3 position is also 
parallel to the β-CD barrel, and is wedged between several benzyl groups of the 
acceptor. Those interactions may be indicative of the presence of a cavity in the semi-
protected β-CD and are important for the observed regioselectivity. Additionally, an 
intriguing SNi-like mechanism in the nucleophilic attack on the fucoside reactive species 
was revealed. It was demonstrated that the reactive species is an α-contact ion pair, 
where the triflate anion is in close proximity to the oxacarbenium ion. The nucleophile 
approaches from the same side where the leaving group departs, whilst the leaving 
group assists in the proton abstraction of the nucleophile.  

  

Chapter 4 
On the Mechanism of the Regio- and Stereoselective 

Fucosylation of β-Cyclodextrin 
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4.1 Introduction 

The construction of glycosidic linkages is a fundamental reaction in glycochemistry. 
Natural glycosidic bonds are generally established by the action of glycosyltransferases 
(GTs),1,2 which catalyze a transfer of a carbohydrate moiety from an activated sugar 
nucleotide (glycosyl donor) to an acceptor molecule. Impressively, even though 
enzymatic glycosylation occurs on fully unprotected carbohydrates, it proceeds with 
high stereo- and regioselectivity. The glycosyltransferase can either invert the 
stereocenter at the anomeric position or proceed with retention of stereochemistry, i.e. 
the configuration of the stereocenter did not change between the sugar nucleotide and 
product.  

Inverting GTs act via a direct displacement SN2-like mechanism, where the acceptor 
molecule attacks the anomeric position from the opposite side of the leaving group 
(Scheme 1A).3-7 Additionally, the activated base from GTs helps to abstract the proton 
from the nucleophile molecule facilitating the nucleophilic attack. A cationic mechanism 
was suggested for inverting GTs where first the cleavage of the leaving group occurs, 
followed by the formation of a contact ion pair, which is then substituted by a 
nucleophile (Scheme 1B).8,9 On the other hand, several mechanisms were suggested for 
retaining GTs. Originally, double displacement was considered, similar to the 
mechanism of retaining glycosyl hydrolases,10 where first a covalent intermediate is 
formed between the donor and a carboxylic group of an enzyme, which is then 
substituted by a nucleophile (Scheme 1C).11-13 However, rarely a carboxylic group was 
found in the active site of an enzyme,2 which led to unraveling another GT mechanism, 
called the SNi (substitution nucleophilic intramolecular) mechanism. In this case, an 
acceptor nucleophile attacks from the same side where the leaving group departure 
occurs either simultaneously (Scheme 1D)14 or in two steps (Scheme 1E),15-18 however 
it is not always possible to distinguish between the two mechanisms.19-21 Moreover, the 
leaving group acts as a catalytic base in the case of the SNi  mechanism and deprotonates 
the acceptor OH-group.  



 

 

65 

 

 

 

On the Mechanism of the Regio- and Stereoselective Fucosylation of 
β-Cyclodextrin  

 

Scheme 1. Mechanisms of glycosyltransferases: A and B – inverting; C, D, and E – 
retaining. (NDP = nucleotide diphosphate) 

In the case of the chemical installation of glycosidic bonds, a protected donor is 
used for the glycosylation reaction with an acceptor. It is generally accepted that donor 
activation leads to a continuum of reactive species giving an SN1- or SN2-type reaction 
pathway (Scheme 2). Whether the reaction occurs through an SN1- or SN2-type 
mechanism is an on-going topic of discussion since the exact character of the reactive 
intermediate may depend on several factors, like protecting groups, temperature, the 
stability of a reactive species, a solvent, and reactivity of an acceptor.22 Mostly, a solvent 
separated ion pair (SSIP) is considered to act as a free oxacarbenium ion, while a 
contact ion pair (CIP) is rarely considered as a reactive species.23,24 Interestingly, when 
a 4,6-O-benzylidene protected glucosyl donor was used in a glycosylation reaction, the 
α-product was reasoned to arise from a β-CIP because a lower value for a 13C kinetic 
isotope effect was measured than the value that was computed for a pure SN2-like 
mechanism, indicative of the high dissociative character of the mechanism. 25 
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Generally, chemical glycosylation proceeds in two different fashions where the 
reactive species is either covalent or cationic. It is expected that most chemical 
glycosylations occur via an SN1 or SN2-like mechanism, with the exception of solvolysis 
of glucosyl-fluorides26,27 and cis-glycosylation catalyzed by borinic acid,28 which occur 
through an SNi-type mechanism.  

 

Scheme 2. Reactive species involved in the glycosylation reaction; SSIP reactive species 
occupy the SN1-like side of the continuum, covalent species are on SN2 side, CIP is in-
between and may occur through both types of mechanisms.  

To introduce α-fucosidic linkages, either a donor protected with two acyl groups at 
C-3 and C-4 can be used to ensure remote participation,29-31 or a perbenzylated fucosyl 
donor can be used.32-34 Because the latter is substituted with benzyl ether groups, a 
relatively stabilized cation intermediate can be expected. From DFT computation it was 
demonstrated that for permethylated L-fucose the 3H4 half chair is significantly more 
stable,35 therefore if the reaction proceeds with more SN1-character (dissociative), a 
high α-stereoselectivity can be expected. However, it is not always possible to predict 
which donor will provide a better stereochemical outcome.32 In the case of the 
enzymatic construction of α-fucosidic linkages it was demonstrated experimentally8 
and from DFT computations9 that departure of the leaving group occurs before the 
nucleophilic attack. Moreover, the DFT computed mechanism of protein O-fucosylation 
showed an SN1-like transition state mechanism.9  

In Chapter 3 we described a method to synthesize di-α-fucosylated cyclodextrin 7 
using perbenzylated donor 1 using the Ph2SO/Tf2O pre-activation procedure (Scheme 
3A), which intriguingly gave the 3A,3D product in a highly regioselective manner.36 If 
the origin of the regioselectivity is based on the steric repulsion by the fucose that is 
first introduced, it may be expected that other cyclodextrins display similar reaction 
outcomes, however, this regioselectivity was not observed for an α-CD acceptor 
(Chapter 3).  
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Scheme 3. Fucosylations studied in this Chapter A) of cyclodextrin acceptor 4 using 
perbenzylated donor 1 or permethylated donor 2; B) between α-CD acceptor 9 and 
perbenzylated donor 1 

In this Chapter molecular dynamics (MD) simulations were performed to 
investigate the origin of the regioselectivity obtained upon fucosylation of β-
cyclodextrin acceptor 4 (Scheme 3). To investigate the mechanism, the glycosylation 
was split into 2 events: the first fucosylation provided acceptor 5, followed by the 
second glycosylation to yield product 7, and this second glycosylation step was 
investigated in detail. The regioselectivity was sampled using the Near Attack 
Conformations (NACs) approach by checking the lifetime of the binding between each 
potential nucleophilic hydroxyl group and a reactive species. It was observed that the 
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benzyl groups of the reactive species and the benzyl group of acceptor 5 and the β-CD 
barrel are interacting with each other, thus supposedly stabilizing the intermediate. 
Surprisingly, an SNi-type mechanism was revealed, where a triflate anion, present on 
the same side as the nucleophile, assists in the proton abstraction from the acceptor 
molecule. To experimentally confirm the simulation results, the glycosylation reactions 
of β-CD acceptor 4 and permethylated donor 2 (Scheme 3A), and α-CD acceptor 9 
(Scheme 3B) with perbenzylated donor 1 were performed, and revealed the absence of 
regioselectivity.  

4.2 Results and Discussion 

4.2.1 Unbiased simulations of fucosyl reactive species (covalent or 
oxacarbenium with triflate anion) and mono-fucosylated CD 
acceptor  

To understand the origin of the regioselectivity obtained using acceptor 4, free 
(unbiased) molecular dynamics (MD) simulations were carried out to get an idea of the 
reactive species formed from donor 1, and whether it will approach the hydroxyls of 
the mono-fucosylated acceptor 5. In such free simulations, the reactant species are 
initially placed randomly in a simulation box, a solvent is added, and they are followed 
over time as they move through space without restrictions. Because the donor is fully 
benzylated, the oxacarbenium ion would be stabilized by electron-donation from the 
oxygen atoms in the benzyl ethers,37 thus it can be expected that the reactive species 
would have a significant cationic character. In the MD technique used here, chemical 
reactions as such cannot take place and the reactive species must be described in a 
given molecular state. To test the most likely molecular state of the reactive species, 
simulations were performed both with the donor triflate covalently bound as the α- or 
β-anomer, and with the donor as a pair of ions (i.e., separate oxacarbenium cation and 
triflate anion). In free simulations of the mono-fucosylated acceptor 5, both the α- and 
β-anomer of the donor triflate (11-α and 11-β, Scheme 4) never approached any of the 
C-3 hydroxyls within a reasonable distance for reaction (data not shown). In contrast, 
with the donor oxacarbenium-triflate ion pair (12 and 13), rare close approaches 
(C1Fuc-O3Glc distance below 3.5 Å) are observed. It should be noted that in free 
simulations the oxacarbenium ion and triflate anion were modeled separately and 
remain a dynamic system. In the longest (10 μs) simulations, 20-30 binding events (C1-
O3 distance below 4.5 Å) are observed at 253 K. Most of these binding events are short 
(<10 ns). Some binding events last for tens of nanoseconds, and within such an event, 
multiple O3 positions on different Glc residues are 'visited'. The simulations suggest 
that there is one long-lived binding site with the fucosyl reactive species at the O3E 
position of acceptor 5 (where E denotes the position relative to the fucosylated residue 
A). In two independent simulations (using two different schemes to treat long-range 
electrostatics: RF, and PME, see Methods), unbinding from this position has not been 
observed (lasting 0.7 and 2.2 μs, respectively). The C1-O3 distances as a function of time 
for the 10 μs simulation of contact ion-pairs (12-α or 13-α) with acceptor 5 are shown 
in Figure 1.  
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Scheme 4. Reactive species derived from donor 1: covalent triflates 11-α and 11-β, 
contact ion pairs 12-α and 12-β, and solvent-separated ion pairs 13-α and 13-β 

For a reaction to occur, a close approach of the nucleophile to the oxacarbenium 
has to happen. In Figure 1 the distance between available hydroxyls of acceptor 5 to C1 
of an oxacarbenium is followed over a simulation time of 10 microseconds (10 µs). It 
can be seen that there are some relatively short encounters throughout the first 7 µs for 
all of the possible coupling positions. During these encounters, the distance of the O-3 
oxygen to the C1 atom may get close to 0.3 nm (3 Å), which is deemed to be promising 
for an actual coupling reaction. The longer this close contact, the more likely it is that 
the reaction takes place - this is governed by the activation barrier (see kinetic scheme, 
section 4.2.3). Then, after 7 µs there is another binding event to a position of the C1 
close to the O3 positions of residues E and D; the C1-O3E distance does go up briefly to 
around 0.7 nm but then settles for the remainder of the simulation to the region of 0.3-
0.5 nm. This stable binding is analyzed in more detail in section 4.2.2. In principle, the 
kon and koff can be roughly determined from this type of simulations by counting how 
many encounters there are and how long they last. However, the statistics in this 
experiment were not accurate enough to give reliable kinetic constants. Per position on 
the β-CD, there are only a few binding-unbinding events observed, and the final binding 
event has no end. 
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Figure 1. O3-C1 distances for all possible nucleophilic positions as a function of time 
in free simulation at 253 K of the β-CD acceptor (5), OBn-protected fucose 
oxacarbenium ion (3H4 conformation) (2) and the OTf anion in DCM at 253 K (long-
range electrostatics treated by PME). For structures and the color scheme, see the 
legend, and Scheme 3.  

Two additional control reactions were simulated as well. To demonstrate the 
importance of the protecting group pattern on the regioselectivity, permethylated 
donor 2, which has similar electronic properties to perbenzylated donor 1 however less 
sterically demanding, was coupled to acceptor 4. In addition, perbenzylated donor 1 
was coupled with α-CD acceptor 9 (Scheme 3). Since the α-CD in Chapter 3 showed no 
regioselectivity this reaction was taken as a control to understand the impact of the size 
of the cyclodextrin ring. In these two systems, no long-lived binding poses were 
observed. The free simulation of β-CD with the ion pair of permethylated donor 2 does 
show more frequent binding and unbinding (Figure S1A), and two long-lived 
association events; in an 8 μs simulation, there are essentially two events in which the 
association is close during 1 μs, but the donor visits multiple acceptor positions during 
these events in contrast to the simulation of the ion pair 12 and 13 with mono-
fucosylated β-CD acceptor 5. 

In summary, free simulations show that a fucoside oxacarbenium ion can associate 
with a cyclodextrin acceptor in a reactive pose, but the simulations give poor statistics 
because the number of association events to each possible O3 of the acceptor is small 
(kon cannot be determined with any confidence). In the case of the β-CD 5 with 
benzylated donor 1 there is preferred binding site on the O3E position with an apparent 
deep minimum because once bound there it does not leave (koff cannot be determined 
with any confidence). This long-lived binding site on O3E is analyzed in detail in the 
next section. 
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4.2.2 Analysis of the final 2 μs of the free simulation 

Because the final 2 µs shows persistent close contact of the oxacarbenium ion to 
the nucleophilic position of the Glc-E residue that can lead to a coupling reaction (Figure 
1, 8-10 µs), the conformations visited during these final 2 µs were further analyzed in 
detail. The free simulation shows that the extraordinarily long-lived association 
complex of both sets of oxacarbenium ion pairs 12 and 13 with the O3E of acceptor 5 
has the characteristic that the α-face of the oxacarbenium ion is predominantly 
positioned correctly for O3 attack. This was quantified by using the GROMOS cluster 
algorithm to group similar conformations together and obtain representative 
snapshots of the types of conformations visited. Using the root mean squared deviation 
(RMSD) of all atoms of the reacting species (i.e. the entire system excluding solvent), 
20,000 structures were taken from the final 2 µs of the free simulation, yielding 15 
clusters with a cut-off criterion of 0.25 nm (2.5 Å). This criterion was chosen as a good 
balance between obtaining enough variation in the clusters and limiting the number of 
clusters to a manageable size. The most favorable pose for the coupling reaction is from 
the second most populated cluster and is shown in more detail in Figure 2, where a 
representative snapshot is depicted from different angles, and the solvent is not shown. 
Figure 2A demonstrates the key reaction coordinate, i.e. the distance between the 
atoms that form the new glycosidic bond (C1 and O3). Other distances that constitute 
informative potential reaction coordinates are the distances of both O3 (and its 
hydrogen atom) and C1 to the triflate anion, and these are also shown in Figure 2A. A 
further metric is the dihedral angle C1-C5-C2-O3 (θOR) that indicates the orientation 
relative to the oxacarbenium ion plane and predicts the anomer state of the product: 
θOR>0 leads to the α-anomer, and θOR<0 leads to the β-anomer. The association 
complex is further characterized by the arrangement of the benzyl protecting groups of 
the oxacarbenium ion with respect to the acceptor 5. Interestingly, it was observed that 
the benzyl at the O-2 position of the fucoside oxacarbenium ion (orange benzyl, Figure 
2B) is almost exclusively oriented parallel to the β-CD barrel and occupies the region 
corralled by the β-CD ring residues B-C-D. In contrast, the benzyl at the O-3 position 
(violet benzyl, Figure 2C) is mostly oriented parallel to the β-CD barrel wall and wedged 
in by the benzyl protecting groups on the O2 positions of β-CD ring residues E and F, 
and the benzyl protecting group on O4 position of the already bound fucose. Finally, the 
benzyl group at the C-4 (purple benzyl, Figure 2B) is also parallel to the β-CD barrel 
wall and pointing away from it, thereby making no significant interactions. In Figure 2D 
the positions of the donor C1 and triflate S atoms are shown as point clouds on a central 
structure. From these point clouds, it can be seen that during most of the 2 µs, the O3E 
of the acceptor (cyan) is in a favorable position to attack the C1 of the donor, and in 
close contact with the triflate anion. The narrow shape distribution suggests that this 
constellation is kept during most of the simulation time under investigation. Thus, the 
structure is not only long-lived, but it is generally favorable for the coupling reaction 
during all the 2 μs analyzed here. Interestingly, this long-lived pose is not observed for 
α-CD acceptor 9 (data not shown).  
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Figure 2. Reactive pose for the reaction found in the long-lived complex found during 
the final 2 μs (of 10 μs, Figure 1) of free simulation in DCM at 253 K under PME 
electrostatics. (A) Zoom-in of the reactive pose, indicating key reaction coordinates: 
the distance between the atoms that form the new glycosidic bond (C1-O3); distance 
between the fucoside and triflate (C1 to oxygen, C1-OTf) and a simpler proxy for this 
metric (C1 to sulfur, C1-S(Tf)); distance between the acceptor hydroxyl H-atom and 
nearest triflate oxygen (HO3-OTf). Only the donor fucose ring, acceptor hydroxyl 
group, and triflate anion are shown in CPK representation; the other atoms are 
shown as bonds and made transparent. (B) View from the bottom of the β-CD barrel 
along the new C1-O3 bond on position E in the ring (black and cyan balls are the 
donor C1 and acceptor O3 atom, respectively). In this view, the possible acceptor O3-
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atoms are shown as balls with colors indicating the position in the ring relative to the 
covalently bound fucose in position A and colored light green and with thicker bonds. 
The three benzyl rings on the donor have different colors (2-OBn orange, 3-OBn 
violet, 4-OBn purple) to emphasize their arrangement in space, which tentatively 
involve aromatic stacking interactions with nearby protective groups, indicated by 
blue strokes. (C) View from the side of the β-CD barrel indicating the tentative 
aromatic stacking interactions and C1-O3 bond to be formed in the same color 
scheme as (B). (D) Point-cloud distributions of donor C1 (black) and triflate S (grey) 
positions.  

Intriguing is the proximity of the triflate anion to the oxacarbenium ion (especially 
visible in Figure 2A and 2D). Simulations of the oxacarbenium and triflate ion pair alone 
in DCM show that the two ions prefer to be tightly bound and that the triflate is 
preferentially bound to the α-face of the oxacarbenium ion (data not shown). At 253 K, 
the standard free energy of association (∆𝐺𝑎𝑠𝑠

0 ) between the ions is estimated to be -26 
to -28 kJ/mol and the percentage of triflate associated with the α-face is around 95%. 
The former was determined by computing a free energy profile (or Potential of Mean 
Force, (PMF)) using the C1-SO3CF3 distance as the reaction coordinate.38 This PMF 
(Figure 3) shows only one minimum at a distance of around 4 Å to sulfur (Tf), whilst at 
this minimum the distance of C1 to the nearest oxygen of the triflate is 2.6 Å, classifying 
this as a contact ion pair 12-α. If there would be an interaction with solvent molecules, 
resulting in a solvent-separated ion pair, a second minimum at a larger distance 
corresponding to the size of the solvent would appear as observed for small ions in 
water;39 however, a very weak second minimum at around 8 Å indicates that there is 
no strong solvent structuring around the ions, supporting contact ion-pair 12-α as the 
predominant species. The preference of the triflate to bind to the α-face over the β-face 
was established by measuring the distribution of the dihedral angle between the 
oxacarbenium ion plane (C1, C2, and C5 atoms) and the plane of the C2, C1, and S-atoms 
(Figure S2) and only positive angles are observed, indicative of an α-face orientation.  
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Figure 3. Potential of Mean Force (PMF) for the association of the perbenzylated 
oxocarbenium ion and triflate ion using the C1-S(Tf) distance as the reaction 
coordinate. The PMF was measured in DCM using reaction field (RF) and Particle 
Mesh Ewald (PME) electrostatics 

Having described the most favorable conformation for the coupling reaction, the 
cluster analysis further provided an idea of the structural variation in the association 
complex on O3E. The variations among the most populated clusters were observed in 
the positions of the OBn groups of the β-CD and with the already covalently bound 
fucose on residue A (Figure 4). In all of these variations, the orientation for the attack 
of O3E on C1 is favorable. Some clusters reflect changes in the positioning of the 
fucoside OBn groups; in the most common structural variant (cluster A, B, Figure 4), the 
orientations of the fucoside benzyls at C-3 and C-4 take on a seemingly different tilt, 
which is caused by changes in the dihedral angles between the benzyls and the fucose 
core. In most cases, these variations do not affect the orientation of the oxacarbenium 
ion plane relative to the nucleophile, i.e. if the reaction would take place from these, 
they would lead to the α-anomer. Finally, in only a few clusters (comprising less than 
0.5% of the observed structures), the plane of the oxacarbenium ion is tilted to an 
unfavorable attack angle (cluster E, F, Figure 4, θOR=34 degrees), where the attack 
would be blocked by the C1-H.  



   

 

 

Figure 4. 
Bottom (A, C, 
E) and side (B, 
D, F) views of 
favorable 
clusters (A, B 
representing 
93% of the 
structures, C, D 
(0.7%)), and 
the most 
common 
cluster with 
unfavorable 
orientation (E, 
F (0.1%)) in 
the long-lived 
O3E 
association 
complex found 
during the 
final 2 μs (of 
10 μs) of the 
free 
simulation of 
acceptor 5 in 
DCM at 253 K 
under PME 
electrostatics. 

 



   

 

To investigate whether other binding poses than the ones currently observed are 
possible, a biased or restrained simulation was performed in which the C1-O3 distance 
was restricted within a favorable range of up to around 4.5 Å to force nucleophilic 
attack. To accomplish this, an extra potential was added that penalizes conformations 
when the distance becomes larger than the predetermined threshold (flat-bottom 
potential, in this case with a threshold of 3.5 Å, and constant force when the distance is 
4.2 Å or higher). Thus, there is some freedom for the exploration of the orientation of 
the oxacarbenium ion and position of the OTf anion, as well as conformations of the 
acceptor molecule, without allowing dissociation of the reactive complex. The 
simulations were run for 200 ns. It may be argued that the simulation is too short given 
the long time of O3E binding in the two free simulations (Figure 1). However, the 
simulation was started from an unfavorable structure, and the very long-lived binding 
pose discussed above is not visited during this simulation, allowing alternative binding 
poses to emerge. Indeed, the simulation shows other conformations in which O3E is 
close to C1 (Figure 5). There are a few conformations poised favorably for nucleophilic 
attack (Figure 5A, B), but in the majority of the conformations, the orientation is not 
favorable. In these conformations (Figure 5C, D) the nucleophile is approaching the 
oxacarbenium ion from the β-face and the triflate is in on the opposite side. In another 
type of unfavorable cluster the O3E is in the plane with the oxacarbenium ion, which 
leads to an unfavorable angle of attack, while the triflate is in proximity to the acceptor 
O3E. Also, the conformations that are favorable for the attack are not stable; the system 
does not stay long in the same region of conformations (data not shown). Execution of 
the same protocol on other acceptor residues shows that similar conformations are 
explored on residues B, C, D, and F, while for G complexes with favorable orientation 
are difficult to achieve (data not shown). Therefore, it is unlikely that other binding 
poses have been missed.  

In conclusion of this section, the association complex that stands out in terms of 
stability is characterized by the O3 attacking the α-face of the donor, and the OTf 
engaging in H-bonding to the O3-H in a same-side constellation with the C1 of the donor 
(SNi-like pose). Similar poses are also found at other glucoside residues when 
restricting the C1-O3X (X any position from B to G) distance within approximately 4 Å 
(and sometimes in free simulation). The predominant unfavorable binding pose 
displays the OTf in an SN2-like position (Figure 5C, D), in which it is incapable of 
extracting the acceptor H-atom from the O3 hydroxyl, and the nucleophile attacks the 
β-face of the donor oxacarbenium ion.   

 



 

 

 

Figure 5. Restrained 
reactive pose DCM 
PME: bottom (top 
row) and side 
(bottom row) views 
of other binding 
poses at O3E of 
acceptor 5 in DCM 
at 253 K under PME 
electrostatics. (A, B) 
favorable 
orientation with 
donor-2-OBn 
within the barrel 
and donor-3-OBn 
and donor-4-OBn 
outside (cf. long-
lived association 
complex); (C,D) 
unfavorable 
orientation (attack 
on β-face) with 
triflate in the 
opposite side; (E,F) 
unfavorable donor 
orientation (O3E is 
in plane with 
donor), while 
triflate is close to 
acceptor O3E. 



 

 

4.2.3 Near Attack Conformations 

The free simulations showed that there are multiple binding sites along the β-CD 
ring and that the conformation of donor and acceptor might be such that coupling 
ensues from them. However, kinetic data for binding and unbinding rates could not be 
obtained. Employing a kinetic scheme shown in Figure 6 (discussed in more detail 
section 4.5.1), it can be argued that relative probabilities for the coupling reaction 
taking place on a position along the ring (B-G for β-CD) are proportional to the lifetime 
of the association complexes at these sites. To obtain the distributions of isomers 
obtained in a reaction, the stability of the favorable SNi-like near attack conformations 
(NACs) on the different CD ring positions (B-G for β-CD and B-F for α-CD) was 
investigated. To this end, a number of independent (repeat) simulations were 
performed starting from the favorable attack conformation (Figure 2) and observing 
how long these persisted. Using visual inspection of conformations along trajectories 
and plots of the C1-O3X (X denotes the β-CD residue B to G) distance and orientation 
angle, relatively mild criteria were employed to determine the time the oxacarbenium 
ion forms an association complex with the acceptor in which the probability for a 
coupling reaction is high. The characteristics of the conformation should be that the O3 
is poised to attack the α-face of the acceptor and that the OTf is positioned favorably to 
abstract the proton from the nucleophilic O3. The survival times of these conformations 
were collected and analyzed within the Kaplan-Meier40,41 scheme. Median survival 
times (τX) were extracted, which may be interpreted as half-lives of the conformation, 
and therefore they may be used to calculate a unimolecular reaction rate for 
dissociation of the encounter complex in a simple kinetic scheme (Figure 6B). In a pre-
equilibrium approximation scheme, at steady state, the ratio of rates of formation of 
different products D-OX (donor covalently bound to acceptor on OX) is equal to the 
ratio of the lifetimes τX of the association complexes denoted (D∙∙∙OX) that are poised to 
lead to bound product D-OX, under several assumptions: (1) the rate of reaction is slow 
compared to the rate of dissociation, koff,X >> kr,X (activation-controlled reaction); (2) 
association on all of the possible acceptor oxygens OX is equally likely (same kon,X); (3) 
the rates of formation of the product is the same for all association complexes; (4) the 
reaction is under kinetic control, i.e., once formed, the product does not revert. 

 

 

Figure 6. Simple kinetic scheme. A) Definitions of the (1) on-rate constant (kon), 
(B) off-rate constant (koff) (3) rate constant (kr); B) solution for steady-state 
equation described in detail in Section 4.5.1.  

Because the reactions experimentally were performed at 213 K (see Chapter 3) and 
the simulations were performed at 253 K to obtain better statistics, the Van 't Hoff 
equation was used to extrapolate the relative pre-equilibrium constants from 253 K to 
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213 K, using the available enthalpy differences of the association complexes as 
measured in the simulations (approx. -20 kJ/mol for E vs F at 253 K and assumed 
constant). It was observed that the complexes appear similar in structure, but the C1-
O3 distances and orientation angles show different distributions, which means that the 
complexes can be poised to lead to product. A selection factor (sf) was introduced to 
account for the fact that not all conformations that constitute an association complex 
are equally likely to lead to a transition state and subsequent product, i.e. not all 
conformations are likely Near Attack Conformations. The meaning of the selection 
factor is illustrated in Figure 7, in which a cut-off is implemented so that only the key 
distributions of the reactive pose are collected for the poses on positions E and C, 
respectively, in the reaction of the ion pair derived from perbenzylated donor 1 and 
acceptor 5 shown on Figure 2. In Figure 7A the distance distributions for promising 
structures on positions E (solid lines) and C (dashed lines) are shown. To account only 
for structures that would lead to the formation of a glycosidic bond only structures 
where the C1-O3X distances are below 3.5 Å were selected (Figure 7A, left from the 
solid line). Another metric for the reaction that was previously introduced (section 
4.2.2) is the dihedral angle C2Fuc-C5Fuc-C1Fuc-O3Glc and the dihedral angles were 
collected from the favorable association complexes in all simulations that were used to 
determine the lifetimes (Figure 7B, cyan for O3E, orange for O3C). As a reference, for 
the attack on the oxacarbenium ion to occur, the angle should be close to 100 degrees. 
Because the values for the dihedral angle show a wide distribution, the promising 
orientation of attack was selected to be above 60 degrees (Figure 7B, right from the 
solid line).    

As can be seen in Table 1, the lifetimes of the association complexes at different β-
CD sites differ substantially, with the complex at residue E being about a factor 15-35 
more long-lived than at residue C at 253 K. The distributions of the key geometric 
characteristics show, however, that in the structures defining the very stable reactive 
pose on E, especially the distribution of values of the C1-OTf distance, and to a lesser 
extent of the O3-C1-OTf angle, is wider than those defining the reactive pose on C. By 
defining a narrower NAC range, the relative propensities for a product can be corrected 
for this difference, shifting the product in this case to the A, C difucosylated product. 
The criteria used in this study are a great start to provide a proof-of-concept. To 
determine the precise reaction paths and the importance of the different tentative 
reaction coordinates to the free energy landscape across the barriers, high-level 
quantum chemistry calculations on this specific system are necessary. 
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Figure 7. Distributions of key reactive pose metrics for donor 1 and acceptor 
5(see Figure 2) and the application of the selection factor to arrive at a specific cut-
off. A) Distance distributions measured for the structures considered promising for 
reaction on position E (solid lines) and C (dashed lines). The vertical line at 0.35 nm 
and arrow indicate that structures are selected as belonging to the narrower 
definition of NACs if the C1-O3 distance (the bond that is to be formed) is below 0.35 
nm. B) Dihedral angle distributions for structures on positions E (cyan) and C 
(orange). The vertical line at 60 degrees and arrow indicate that structures are 
selected as belonging to the narrower definition of NACs if the C2-C5-C1-O3 dihedral 
angle ('attack orientation') is above 60 degrees.  

In the NAC model, survival times of the OMe-protected donor 2 on the different 
nucleophilic O3X positions of the β-CD are similar to each other (below 100 ns); the 
same holds for the OBn-protected donor 1 on the α-CD acceptor 9. In Table 1 the median 
survival times on all the positions are shown for the β-CD products 7 (entry 1), α-CD 
product 10 (entry 7), and β-CD product 8 from coupling with permethylated acceptor 2 
(entry 4). From the survival times, the predicted product percentages are calculated 
from the fraction of the survival time on site X divided by the total survival times on all 
sites. This finding leads to comparable amounts of the 3A,3C and 3A,3D products, and 
the 3A,3B product is also feasible for all cases, but results in a much lower predicted 
yield.   
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Table 1. Survival times (τ (ns)) on each residue for the three products and prediction 
of product ratios at 253 K and 213 K  

Entry Residue  
Value 

B C D E F G 

Leading to product 7 
1 τ (ns) 23 31 72 719 118 0.1 
2 % product 

(253 K) 
2.4 3.2 7.5 74.7 12.3 0.0 

3 % product 
(213 K) 

1.2 ±1 1.5 ±4 5.7 ±5 86.6 ±8 5.05 ±5 n.d. 

Leading to product 8 
4 τ (ns) 10 41 37 46 9 1 
5 % product 

(253 K) 
6.9 28.4 25.7 31.9 6.3 0.7 

6 % product 
(213 K) 

5.0±1.0 34.5±3 26.1±1.1 29.7±1.1 4.7±1.2 0.0 

Leading to product 10 
7 τ (ns) 19 55 71 89 2.5 -  
8 % product 

(253 K) 
8.0 23.2 30.0 37.6 1.1 - 

9 % product 
(213 K) 

1.3±2 37.4±1.0 40.3±7 21.1±5 0 - 

4.2.4 Experimental results  

Combining the obtained percentages, it can be seen that for donor 1 reacting with 
acceptor 5, the 3A,3D product 7 is expected to make up more than 90% of the 
difucosylated species (Table 2, entry 2). Whereas for the difucosylated product 8 (Table 
2, entry 5) and product 10 (Table 2, entry 8), which are formed from permethylated 
donor 2 with β-CD 4 and perbenzylated donor 1 with α-CD 9, respectively, the 3A,3C 
and 3A,3D products are formed in approximately equally populations. 

To validate the results, the ratios of di-fucosylated products were extracted from 
Chapter 3 for products 7 and 10. Additionally, the coupling between permethylated 
donor 2 and β-CD acceptor was performed to yield a mixture of fucosylated β-CD 
compounds containing 39% of the di-fucosylated products. Using LC-MS analysis, the 
peaks corresponding to the di-fucosylated compounds were integrated for each of the 
reactions giving the ratios of the three isomers. It can be seen that in the reaction of 
perbenzylated donor 1 and β-CD acceptor the 3A,3D product is found in ~97% next to 
3% of a second isomer (denoted as 3A,3C, Table 2, entry 3), which corresponds to 
simulated data where 91-94 % of 3A,3D and ~6% of 3A,3C are predicted (Table 2, entry 
2). For product 8 obtained from permethylated donor 2 with β-CD acceptor 4, two peaks 
of 42% and 48% were observed, which could correspond to the 3A,3C and 3A,3D 
product, respectively (Table 2, entries 5 and 6), next to ~9 % of the 3A,3B product, 
which was expected to fit in the range from 2% to 8%. Lastly, for the α-CD product 10 
9% of the minor peak, 42% and 49% of the two main peaks (Table 2, entries 8 and 9) 
were observed, in accordance with predicted mixture of 3A,3B from 0.5 % to 2%, 40% 
to 76% of 3A,3C and 23% to 58% of 3A,3D.  
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Table 2. Predicted products ratios for the difucosylated cyclodextrins using different 
reagents, based on MD simulations of the reagents (mono-fucosylated cyclodextrin 
with 3H4 oxacarbenium ion of fucose and triflate counter ion). 

 
Entry % difucosylated product 

System 
3A,3B 3A,3C 3A,3D 

Donor 1 + Acceptor 4 → products 7  

1a 253 K  1-3 13-17 80-86 
2b 213 K  0.5-1.5 5.5-7.5 91-94 
3d Experiment n/a 3 97 

Donor 2 + Acceptor 4 → products 8 

4a 253 K  3-12 32-47 41-65 
5b 213 K  2-8 36-51 41-62 
6c,d Experiment   9 43 48 

Donor 1 + Acceptor 9 → Product 10  

7a 253 K  5.5-11 49-74 20-40 
8b 213 K  0.5-2 41-76 23-58 
9c,d Experiment  9 42 49 
a - based on reaction complex lifetimes; b - including selection factor; c - products can be 
interchanged; d – Ratios obtained from integration of the UV-traces in LC-chromatogram  

For the three coupling reactions (Scheme 3) that were investigated, the life-times 
of all favorable attack poses are comparable for residues C, D, and E, with one clear 
exception for OBn-acceptor 5 on β-CD-O3E. In a simple kinetic scheme, this leads to 
mixtures of mostly 3A,3D and 3A,3C products for compounds 10 and 8, except for the 
coupling between 1 and 4, for which more 3A,3D product is expected (3A,3E and 3A,3D 
are indistinguishable products).  
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4.2.5 Critical evaluation  

4.2.5.1 Regioselectivity 

To understand the regioselectivity obtained from a coupling of perbenzylated 
donor 1 with acceptor 4 (Scheme 3) the MD simulations were performed. The 
regioselectivity observed on the β-CD acceptor can be relatively easily explained by 
“steric” reasons, i.e. residue D is furthest away from residue A, and the new fucosyl-
residue has more access to that hydroxyl. This reasoning would hypothetically work on 
both α- and β-CD and the outcome of the glycosylation should not change depending on 
whether the donor is perbenzylated (1) or permethylated (2). However, in the 
glycosylation reaction with permethylated donor 2 a 1:1 ratio of two major 
difucosylated products was observed with β-CD 4 (section 4.2.4). Moreover, no 
regioselectivity was observed on the smaller α-CD acceptor 9 in combination with 
perbenzylated donor 1. Taken together, these results suggest that other effects drive 
the regioselectivity of the reaction.  

Regioselective 6A,6D substitution of CDs is well-developed for decoration of the 
primary rim,42,43 while only limited examples of substitutions on the secondary rim are 
available. One of the ways to functionalize the secondary rim of native (unprotected) 
CDs is based on host-guest interactions,44 where an aromatic molecule is introduced to 
the β-CD molecule and the regioselectivity is controlled by the presence of the reagent 
in the cavity. The reagent then undergoes a reaction and allows for modification of the 
secondary rim. This way mono-tosylated β-CD at the O-2 position was prepared.45,46 An 
impressive example of di-substitution on the secondary rim of β-CD is sulfonation using 
β-naphthalenesulfonyl chloride, which yielded a mixture of 3A,3C and 3A,3D modified 
products.47 Since the reaction was performed in a water-acetonitrile mixture it was 
hypothesized that the regioselectivity was controlled by the inclusion of the reagent in 
the cavity of β-CD. The fucosylation studied here was carried out on the semi-protected 
acceptor 4. The presence of the cavity in unprotected cyclodextrin is based on the 
hydrophilicity of the primary rim of the CD and lipophilicity of the secondary rim. In 
water, the cavity can be substituted by an organic molecule leading to favorable 
lipophilic interactions. It can be hypothesized that acceptor 4 would have no cavity due 
to the lipophilic nature of the primary rim, and because the reaction was performed in 
an organic solvent, resulting in favorable interactions on the inside and outside of the 
cyclodextrin. However, from free simulations (Figure 2B, C, Section 4.2.1) the 
interaction of the benzyl at O-2 position of the oxacarbenium ion is indicative of a 
possible lipophilic cavity. Next to that, the interaction of the C-3-OBn may be crucial for 
the regioselectivity as this benzyl is wedged by several benzyls of the acceptor 
molecule.  

From the simulations at 253 K (-20 °C) in dichloromethane, a roughly measured koff 
predicts a yield of 82% of the 3A,3D product compared to 16% of the 3A,3C product, 
and 2% of the 3A,3B product for the difucosylated β-CD species 7 (Figure 8). The 
product ratios found at 253 K cannot be directly compared to the experimental data, 
where reactions were quenched at 213 K (-60 °C). Using the integration of the Van 't 
Hoff equation with the available measured enthalpy differences of the association 
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complexes (approx. -20 kJ/mol for residue E versus residue F at 253 K, and assumed to 
be constant), the ratios are predicted to be significantly larger (>90%) in favor of the 
3A,3D product. The koff's for the other two reactions of permethylated donor 2 with 
acceptor 4 (product 8, Scheme 3) and perbenzylated donor 1 with α-CD acceptor 9 
(product 10, Scheme 3) are closer to each other and predict a more even distribution of 
products, although still with a relatively low amount of the 3A,3B product, giving 
approximately a 1:1 ratio of 3A,3C to 3A,3D products (Figure 8). Indeed, when 
comparing the predicted ratios at 213 K (blue-red bars, Figure 8) to experimentally 
obtained values (orange bars, Figure 8) it is evident that more than 90% of the 3A,3D 
product was formed for product 7 and ~3% of isomer product (shown as 3A,3C). For 
the other two systems, the obtained ratios were for product 8 derived from 
permethylated donor 2 had products in the ratio 9% : 43% : 47%, while for product 10 
the ratios were 9% : 42% : 49%, both in agreement with the calculated values.  

 

Figure 8. Comparison of product distribution adapted from data in Table 2. The bars 
represent the range of product distribution from modeling (purple-gray at 253 K, blue-
red at 213 K) and experimental results (orange). For products 8 and 10 3A,3B, 3A,3C, 
and 3A,3D can be interchanged.   

4.2.5.2 The SNi Substitution 

The second important observation of the MD simulation is attributed to the α-
stereochemical outcome of the fucosylation. In any substitution reaction mechanism, a 
C-O bond must be formed between the C1 atom of the oxacarbenium ion and the O3 
atom of the CD acceptor. Thus, their distance is an important reaction coordinate 
(shown in red dashed line on TS 14, Scheme 6), as at some point these atoms must be 
able to come close. QM calculations of glycosylation reactions representative for those 
in a solvent show that the distance between the C1 of the donor and the O atom of an 
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acceptor is approximately 2.5 Å in the transition state (TS).25 Several studies in 
enzymes show, that in reactant states, the C1 distance to the acceptor is around 3.2 Å, 
and in transition states (TSs), this distance is around 2.9 Å.48 Here when the distance 
between C1-O3X was at 3.5 Å it was deemed close enough for the reaction to occur and 
was further investigated (Section 4.2.2).   

For a chemical glycosylation reaction two mechanisms are normally considered: an 
SN1-like mechanism with significant cationic character, and an SN2-like mechanism via 
the formation of a covalent species, which then undergoes substitution. An important 
role in determining the stability of an intermediate species is attributed to the anomeric 
effect.49 In the case of fucose, whose oxacarbenium ion prefers a 3H4 half-chair 
conformation, the triflate anion would prefer association to the α-axial face (and the α-
anomer when covalently bound). The SN2-like reaction would then lead to β-product. 
However, in general the α-product is preferentially observed in the fucosylation 
reaction when perbenzylated donor 1 is employed, indicating that an SN2-like 
mechanism is unlikely. By measuring the angle between the two planes spanned by the 
C1, C2, and C5 atoms of the donor and O3 atom of the acceptor (shown in black dashed 
line in TS 14 and red dashed line C1-O3 in Scheme 6) it can be assessed whether the 
attack is benefiting from the anomeric effect. Positive angles lead to the α-product and 
negative angles lead to the β-product. Conformations with angles around +90 degrees 
(as shown in Scheme 6 with the dashed red line from C1—O3E and the plane of the 
oxacarbenium ion) are expected to be more promising NACs because these will lead 
immediately to an unstrained 1C4 fucose ring.  

In NACs of a substitution mechanism, there are two reaction coordinates of interest. 
First, the angle between O3 (acceptor), C1 (donor), and the leaving group (angle O(Tf)-
C1Fuc-O3Glc, TS 14, Scheme 6). This angle indicates whether the attack of the alcohol 
takes place at the same side (angles smaller than 90 degrees) or opposite side (angles 
larger than 90 degrees) of the oxacarbenium ion (shown on the Scheme 6 as a positive 
angle). The best choice for measuring this angle is to use the triflate O that is closest to 
the C1 (the black dashed line from C1 to O(Tf), TS 14, Scheme 6), but because there are 
three possible O atoms, in this study, we take the S of triflate instead (red dashed lines 
in TS 14, Scheme 6). The second reaction coordinate is the distance between the O3 of 
the acceptor and the nearest O of the triflate (green dashed line, TS 14, Scheme 6). This 
latter indicates whether the anion is in a position to stabilize the TS through H-bonding 
and later even abstract the H-atom of the hydroxyl acceptor. Such conformations have 
been observed in QM/MM calculations on retaining enzymes.48 Because of the three 
possible O-atoms that could be closest, in this study the O3-S(Tf) distance was used 
instead. If this distance is around 4.5 Å, H-bonding between the hydroxyl and triflate is 
possible and likely. In the reactive pose, the distance of O3-S(Tf) is observed to range 
between 3.5-4.5 Å (Figure S3) thus indicating the presence of H-bonding in the reactive 
pose.  
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Scheme 5. The proposed mechanism. The reaction was modeled stepwise; the reaction 
coordinate is given in dashed lines.  

In pure SN1 reactions, the assumption could be made that the position of the leaving 
group plays no role at all. The selectivity of nucleophilic attack would then be 
determined by electronic effects, i.e. the preferred conformation of the oxacarbenium 
ion and strain of the conformation of the subsequently formed product, and the 
possibility for the attack on the oxacarbenium, both of which may be influenced by a 
solvent. However, most QM approaches in a solvent do consider the position of the 
leaving group (usually triflate) and explicitly model it. In a solvent, the distance of the 
donor C1 to the O of a triflate leaving group was found to be around 2.3-2.4 Å,23,25 
whereas in enzymes the distance to a leaving group (phosphate oxygen) was found to 
be around 2.9 Å.21,48 In general, for glycosyltransferases the leaving group cannot be 
disregarded, as its departure is important in the determination of the type of the 
mechanism. Mechanisms that involve the leaving group may also have cationic 
character (SN1 or SNi), and may also involve an intermediate such as the one observed 
in a two-step SNi, where after rapid attachment of a nucleophile an intermediate is 
formed.21,50 The placement of the leaving group has also been invoked in explaining 
facial selectivity of nucleophilic attack. Generally, chemical glycosylation is considered 
to proceed in a continuum of SN1-SN2 character, and nucleophilic attack is expected to 
occur from the side opposite that of the leaving group which may block the attack.51 
Limited examples of chemical glycosylation reactions that proceed through an SNi-
mechanism are reported. Specifically, solvolysis of D-glucosyl fluorides with 
hexafluoroisopropanol was reported to occur through an SNi-type mechanism through 
a solvent separated ion pair,26,27 and also a boronic acid-catalyzed glycosylation, in 
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which a boronic ester intermediate is formed and then substituted, was demonstrated 
to proceed through an SNi-type mechanism.28 To the best of our knowledge, no other 
examples of chemical glycosylation reactions proceeding through an SNi-type 
mechanism are reported to date. From the results presented in Section 4.2 it is evident 
that in the reactive pose the reactive species is contact ion-pair 12-α since the distance 
from C-1 to closest oxygen of OTf is 2.6 Å. Next, the triflate is on the same side as the 
nucleophile, characteristic for an SNi mechanism, and positioned in proximity to 
abstract the proton from OH group, which is in close contact for an attack (Scheme 6).  

4.3 Conclusions 

In this Chapter, the MD simulations of the di-α-fucosylation on β-CD were 
performed to understand the regioselectivity obtained upon fucosylation of the β-CD. 
Modeling results reveal that the regioselectivity can be explained by the favorable 
interactions of benzyls which lead to the stabilization of the oxacarbenium ion in the 
reactive pose. Specifically, the benzyl group at O-2 position of fucosyl-oxacarbenium ion 
was parallel to the β-CD barrel, while the benzyl at O-3 was stacked in between several 
benzyl groups of the acceptor. These interactions were not observed for α-CD 9, or 
when permethylated donor 2 was coupled with acceptor 4. It can be hypothesized that 
semi-protected acceptor 4 has a lipophilic cavity assisting in the interaction of benzyl 
groups of the oxacarbenium ion. To investigate this effect, donors where one benzyl 
group is changed for a methyl can be prepared and studied in detail. 

An intriguing SNi-type mechanism was revealed in the simulations. It was 
demonstrated using free simulations and free energy landscape simulations for the 
association of the perbenzylated oxocarbenium ion and triflate ion (Section 4.2.2) that 
in the reactive pose the oxacarbenium ion is in close contact with the triflate ion, i.e. is 
present as a contact ion pair 12-α. It can be expected that the contact ion-pair would 
react via an SN2-like mechanism, leading to the β-product, though only α-products were 
observed experimentally. From the reactive pose it is evident that the nucleophilic 
hydroxyl is on the same side as the triflate, which is positioned in close proximity for 
proton abstraction via H-bonding, characteristic of an SNi-mechanism. To study the 
precise reaction paths and the importance of the different tentative reaction 
coordinates for the free energy landscape across the barrier, high-level quantum 
chemistry calculations on this specific system are required.  
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4.5 Supporting Data  

 

Figure S1. O3-C1 distances for all possible difucosylated products as a function of time 
in free simulation at 253 K of A) the β-CD acceptor (5), OMe-protected fucose 
oxacarbenium ion (3H4 conformation) (2) and OTf anion in DCM and B) the α-CD 
acceptor (9), OBn-protected fucose oxacarbenium ion (3H4 conformation) (2) and OTf 
anion in DCM at 253 K. Long-range electrostatics were treated by PME. For structures 
and color scheme, see the legend, and Scheme 3.  
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Figure S2. Triflate oxacarbenium ion orientation angles using reaction field (RF) and 
Particle Mesh Ewald (PME) electrostatics 

 

 

Figure S3. Correlation of distance distribution between O3-S(Tf) and C1-O3.  
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Table S1. Product 7 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for oxacarbenium 2 coupling to mono-fucosylated OBn protected β-CD 5(O3 
free) 

position on ring/ 
measurement 

B C D E F G 

RF: τ (ns) 22 38 49 551 90 0.1 
RF: % product (253 
K) 

2.9 5.1 6.5 73.5 12.0 0.0 

RF: H (kJ/mol) -
7926±3 

-
7929±3 

-
7939±2 

-
7949±1 

-
7933±1 

n.d. 

RF: ∆∆H (kJ/mol) +23±4 +20±4 +10±3 0 +16±2 n.d. 
RF: selection factors 0.575 0.520 0.298 0.190 0.249 n.d. 
RF: % product (213 
K) 

1.3±3 2.7±5 4.9±4 86.5±9 4.4±1 n.d. 

PME: τ (ns) 13 22 63 780 107 0.1 
PME: % product 
(253 K) 

1.3 2.2 6.4 79.2 10.9 0.0 

PME: H (kJ/mol) -
7730±4 

-
7729±4 

-
7743±2 

-
7752±1 

-
7739±1 

n.d. 

PME: ∆∆H (kJ/mol) +32±5 +23±5 +9±3 0 +13±2 n.d. 
PME: selection 
factors 

0.643 0.515 0.291 0.196 0.251 n.d. 

PME: % product 
(213 K) 

0.7±1 0.8±2 4.8±4 88.8±4 4.88±4 n.d. 

all: τ (ns) 23 31 72 719 118 0.1 
all: % product (253 
K) 

2.4 3.2 7.5 74.7 12.3 0.0 

all: % product (213 
K) 

1.2±1 1.5±4 5.7±5 86.6±8 5.05±5 n.d. 
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Table S2. Product 8 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for OMe-protected Fucose 2 coupling to mono-fucosylated OBn protected β-
CD(O3 free) 

position on 
ring/ 
measurement 

B C D E F G 

RF: τ (ns) 12 41 29 18 13 2 
RF: % product 
(253 K) 

10.4 35.7 25.2 15.7 11.3 1.7 

RF: H (kJ/mol) -
9640±4 

-9652±3 -9654±2 -9651±3 -
9646±4 

-
9620±8 

RF: ∆∆H 
(kJ/mol) 

+14±6 +2±5 0 +3±5 +8±6 +34±10 

RF: selection 
factors 

0.629 0.426 0.324 0.372 0.354 0.013 

RF: % product 
(213 K) 

6.4±1.3 43.6±5 28.0±2.3 15.3±1 6.7±7 0.0 

PME: τ (ns) 6 70 39 116 6 1 
PME: % 
product (253 
K) 

2.5 29.4 16.4 48.7 2.5 0.4 

PME: H 
(kJ/mol) 

-
9411±5 

-9420±3 -9421±3 -94182 -
9418±4 

n.d. 

PME: ∆∆H 
(kJ/mol) 

+10±10 +1±6 0  +3±5 +3±7 n.d. 

PME: selection 
factors 

0.638 0.407 0.289 0.360 0.379 n.d. 

PME: % 
product (213 
K) 

2.2±6 35.9±1.1 15.5±5 44.0±2.7 2.4±8 n.d. 

all: τ (ns) 10 41 37 46 9 1 
all: % product 
(253 K) 

6.9 28.4 25.7 31.9 6.3 0.7 

all: % product 
(213 K) 

5.0±1.0 34.5±3 26.1±1.1 29.7±1.1 4.7±1.2 0.0 
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Table S3. Product 10 Summary; complexation lifetimes (τ, in ns) at 253 K, predicted 
coupling product percentages at 253 K and 213 K, complex enthalpies (H in kJ/mol) 
collected from the association complexes observed in simulations and complex 
enthalpies relative to site with the lowest enthalpy (∆∆H (kJ/mol)), and selection 
factors for oxacarbenium 2 coupling to mono-fucosylated OBn protected α-CD (O3 free) 

position on ring/ 
measurement 

B C D E F 

RF: τ (ns) 21 33 87 73 2 
RF: % product (253 K) 9.7 15.3 40.3 33.8 0.9 
RF: H (kJ/mol) -8296±3 -8303±2 -8308±1 -8306±1 -8279±4 
RF: ∆∆H (kJ/mol) +12±4 +5±3 0 +2±2 +29±5 
RF: selection factors 0.128 0.551 0.388 0.163 0.018 
RF: % product (213 K) 1.8±3 22.4±1.5 56.6±1.3 19.2±5 0.005±2 
PME: τ (ns) 12 99 55 104 3 
PME: % product (253 
K) 

4.4 36.2 20.1 38.1 1.1 

PME: H (kJ/mol) -8097±3 -8109±1 -8110±1 -8109±1 -
8082±12 

PME: ∆∆H (kJ/mol) +13±4 +1±2 0 +1±2 +28±13 
PME: selection factors 0.137 0.572 0.379 0.179 0.011 
PME: % product (213 
K) 

0.6±1 57.4±2 23.1±1 18.9±1 0 

all: τ (ns) 19 55 71 89 2.5 
all: % product (253 K) 8.0 23.2 30.0 37.6 1.1 
all: % product (213 K) 1.3±2 37.4±1.0 40.3±7 21.1±5 0 

 

 

4.5.1 Kinetic Scheme – Pre-equilibrium approximation  

D +  A 
𝑘𝑜𝑛
→ (D ∙∙∙ OX) (1) 

(D ∙∙∙ OX)
𝑘𝑜𝑓𝑓
→  D + A (2) 

(D ∙∙∙ OX)
𝑘𝑟
→(D − OX) (3) 

 

Rate of association (D∙∙∙OX) :  

𝑟𝑎𝑠𝑠 = 𝑘𝑜𝑛[𝐷][𝐴] (4) 

 

Rate of dissociation (D∙∙∙OX):  

 
𝑟𝑑𝑖𝑠𝑠 = 𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] (5) 
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 Rate of bond formation: 

 
𝑟𝑟 = 𝑘𝑟[(D ∙∙∙ OX)] (6) 

 

In a pre-equilibrium approximation, the concentration [(D∙∙∙OX)] is constant, 
therefore  

𝑑[(D ∙∙∙ OX)]

𝑑𝑡
= 0 (7) 

𝑑[(D ∙∙∙ OX)]

𝑑𝑡
= 𝑟𝑎𝑠𝑠 − 𝑟𝑑𝑖𝑠𝑠 − 𝑟𝑟 = 𝑘𝑜𝑛[𝐷][𝐴] − 𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] − 𝑘𝑟[(D ∙∙∙ OX)] = 0(8) 

 

The concentration [(D∙∙∙OX)] can be then derived as:  

𝑘𝑜𝑛[𝐷][𝐴] =  𝑘𝑜𝑓𝑓[(D ∙∙∙ OX)] + 𝑘𝑟[(D ∙∙∙ OX)] = [(D ∙∙∙ OX)](𝑘𝑜𝑓𝑓 + 𝑘𝑟) (9) 

⇒ [(D ∙∙∙ OX)] =
 𝑘𝑜𝑛[𝐷][𝐴]

(𝑘𝑜𝑓𝑓 + 𝑘𝑟)
 (10) 

 

The concentration of the bound product:  

𝑑[(D − OX)]

𝑑𝑡
=  𝑘𝑟[(D ∙∙∙ OX)] =  𝑘𝑟

 𝑘𝑜𝑛[𝐷][𝐴]

(𝑘𝑜𝑓𝑓 + 𝑘𝑟)
(11) 

 

The reaction is activation control, therefore koff >>kr , meaning   

𝑑[(D − OX)]

𝑑𝑡
=   𝑘𝑟

 𝑘𝑜𝑛[𝐷][𝐴]

𝑘𝑜𝑓𝑓
(12) 

 

To compare the quantities of the products on the different sites, we compare the 
concentrations of the bound [(D-OX)]:  

𝑑[(D − OX)]

𝑑[(D − OY)]
=   
 𝑘𝑟𝑋𝑘𝑜𝑛𝑋[𝐷][𝐴]

𝑘𝑜𝑓𝑓𝑋
∙

𝑘𝑜𝑓𝑓𝑌

 𝑘𝑟𝑌𝑘𝑜𝑛𝑌[𝐷][𝐴]
(13) 

 

Assuming association on all of the possible acceptor oxygens OX is equally likely 
(same konX=konY  and the rates of formation of the product is the same for all association 
complexes krX=krY :  

𝑑[(D − OX)]

𝑑[(D − OY)]
≈   
𝑘𝑜𝑓𝑓𝑌

𝑘𝑜𝑓𝑓𝑋
(14) 
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A unimolecular reaction step (first order kinetics) can be described in terms of a 
reaction rate or a half-life. The life-time is approximately half-life. For first-order 
kinetics, the concentration can be written in two ways, one with k, one with a decay 
time: 

𝑐(𝑡) = 𝑐(0)𝑒−𝑘𝑡 = 𝑐(0)𝑒−
𝑡
𝜏 (15) 

 

Which shows that τ = 1/k 

Therefore  
𝑑[(D − OX)]

𝑑[(D − OY)]
≈   
𝑘𝑜𝑓𝑓𝑌

𝑘𝑜𝑓𝑓𝑋
=
𝜏𝑋
𝜏𝑌

(16) 

The longer the association complex lives, the more chance it has to lead to reaction 
(overcome the high barrier to reaction). 

4.6 Computational Methods 

Molecular Dynamics (MD) simulations were performed for the mono-fucosylated and partly 
benzylated α-CD and β-CD molecules 9, and 4, using the GROMOS 53a6 force field52 with the 
GROMACS simulation package, version 2016.3.53,54 GROMOS is a so-called united atom model, in 
which aliphatic H-atoms are not treated explicitly, but modeled effectively together with the C-
atom they are attached to. Gebhardt et al. studied multiple flavors of the GROMOS force field as 
they constitute several stages in the refinement of the force field to model carbohydrates. The 
fucose substituent carried the same protecting groups as the oxacarbenium ion (see next 
paragraph), i.e. the hydroxyl groups are either all benzylated (OBn) or methylated (OMe). 
The fucose reactive species was modeled as an oxacarbenium ion in most simulations. Triflate 
was used as the negatively charged counter ion. In a number of simulations, the α- or β-anomer 
of the fucosyl-triflate was used instead of the ion pair to test their ability to bind to the 
monofucosylated species.  

4.6.1.1 Topologies 

Topologies were built by extending the libraries (.rtp files) that contain building blocks (residues 
or fragments) that are employed by the GROMACS program pdb2gmx to build topologies for 
molecules consisting of multiple connected residues. Atom types dictating the non-bonded 
interactions, partial charges, and the parameters for bond stretching, angle bending, and dihedral 
(torsional) motions have been described within the GROMOS force fields and were implemented 
according to the literature. The GROMOS model used in this study is 53a6, with the important 
modification that dihedral restraints were employed to all sugar rings ensuring the maintenance 
of the predominant chair conformation (4C1). Parameters were inspired by the work of Satoh et. 
al.51 The conformation of the ring in the oxocarbenium ion was fixed in the 3H4 conformation, 
which has been shown to be the most favorable for fucose oxacarbenium ions.35 The topologies 
are available in the archive containing the simulation data. Dichloromethane (DCM) was used as 
solvent; the GROMOS force fields have a parameterization for this molecule.  

4.6.1.2 Starting structures 

Monofucosylated β-CD coordinates were generated from Chapter 3 by removing one fucose 
moiety from the difucosylated species. Benzyl or methyl protecting groups were generated by 
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placing atoms in approximately correct positions. Structures were then optimized first in vacuo, 
and subsequently solvated in DCM in a cubic simulation box of approx. 4x4x4 nm3, followed by a 
round of energy minimization runs of the combined system. The fucose reactive species (ion pair 
or covalently bound triflate species) was placed randomly in the simulation box, and the box was 
filled with solvent, using the gromacs tools gmx insert-molecule and gmx solvate, respectively. 
This system was then energy minimized and subsequently equilibrated in a series of short (1-10 
ps) runs, increasing the time-step from 0.1 to 2.5 fs. All bond lengths were constrained to their 
reference value using the LINCS algorithm.55 
Starting structures for determination of the lifetimes of the near-attack conformations (NACs) 
were mostly taken from free simulations in which these occurred during the simulation (on 
positions C-E). For other positions, simulations in which the C1(fucose)-O3(CD) distance was 
restrained to be within a near-attack distance of approximately 0.4 nm (with a so-called flat-
bottom potential with settings: lower distance 0.0 nm, harmonic potential starting at 0.3 nm with 
a force constant of 1000 kJ/mol/nm2, and further linear potential from 0.42 nm), led to NAC poses 
in which also other criteria were met (see description of NAC criteria). These conformations were 
then used in a series of repeats with randomized velocities to assess the distributions of lifetimes.  

4.6.1.3 Production runs 

The production systems contain a single monofucosylated CD molecule, a reactive fucose ion pair 
(in a few cases fucose triflate) and 641 DCM molecules. Production MD simulations of up to 10 μs 
(microseconds) were performed with a time-step of 2.5 fs under periodic boundary conditions. 
The Verlet buffered neighbor list update scheme was used with a buffer tolerance of 0.005, based 
on a cut-off distance of 1.4 nm for the van der Waals interactions (modeled by a Lennard-Jones 
potential). Electrostatics were treated with the standard reaction-field (RF) modified coulombic 
potential due to Tironi,56 with a cut-off of 1.4 nm, and a value of 54 for the RF dielectric constant 
(parameter epsilon_rf in GROMACS). To assess the sensitivity to this scheme, Particle Mesh Ewald 
(PME) scheme57,58 was also used as an alternative to calculate the long-range coulombic 
interactions, with a cut-off for switching between the direct and reciprocal space terms at 1.4 nm. 
For both LJ and coulomb potentials, a modifier was used to smoothen the potential energy term 
around the cut-off distance. In general, very similar behavior was found using these two schemes.   
The temperature was maintained using the Canonical Sampling Velocity-Rescaling (CSVR) 
thermostat (keyword v-rescale in GROMACS),59 coupling to a temperature bath at 253 K, with a 
coupling constant (GROMACS parameter tau_t) of 0.1 ps. Pressure coupling was isotropic at 1 bar, 
using the Berendsen algorithm,60 with a coupling constant (GROMACS parameter tau_p) of 0.5 ps, 
and a compressibility 4.6 10-5 bar-1.  

4.6.1.4 Analysis 

The propensity of the conformation to lead to the coupling reaction was assessed by monitoring 
selected distances and dihedral angles using the GROMACS tools gmx distance and gmx angle, as 
well as python3 scripts that employ the MDAnalysis package. These metrics were used to select 
both a wider and more narrow set of potentially reactive poses. The wider set served to 
determine the lifetime of pre-formed reaction complexes on the individual O3 acceptor groups of 
the CDs. The complex was deemed to no longer exist if the C1(donor)-O3(acceptor) distance was 
above 0.55 nm and/or if the acceptor O3 moved to the β-face of the oxacarbenium ion. This was 
done by visual inspection of the trajectories visualized using the VMD software,61 aided by plots 
of the relevant metrics versus time. The narrow set served to refine the predictions of the 
products by assessing which percentage of the wider set was deemed to be Near Attack 
Conformations (NACs, described more in detail Section 4.2.3). This percentage expressed as a 
fraction is the selection factor reported in Tables S1, S2, and S3.  
The enthalpies of the systems were extracted from the simulations using the GROMACS tool gmx 
energy and are reported in Tables S1, S2, and S3.  
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The conformational space of the reaction complexes was investigated by preparing an overlay of 
conformations visited during the simulations. To this end, the root mean squared deviation 
(RMSD) between all pairs of conformations were calculated after finding the best fit of the CD 
rings of the conformation on each other. The RMSD was used to perform a clustering analysis, 
grouping similar conformations into a conformational state, using the GROMACS tool gmx cluster. 
The clustering was done using the GROMOS algorithm,62 which counts the number of neighbors 
using the given cut-off, and takes the conformation with the largest number of neighbors and all 
its neighbors as the first state. Then all conformations of this state are eliminated from the pool. 
The procedure is repeated with the remaining conformations to find the next state, until all 
conformations are assigned to a state. Each conformational state or cluster was then represented 
by the conformation that forms the center of the cluster, i.e. the conformation that is most similar 
to all conformations in the cluster or conformational state.    

4.7 Experimental Section  

p-Methylphenyl 2,3,4-tri-O-methyl-1-thio-β-L-fucopyranoside (2) 

To a stirred solution of p-methylphenyl 1-thio-β-L-fucopyranoside63 (591 mg, 
2.19 mmol) in DMF (7.3 mL) under nitrogen atmosphere at 0 °C, NaH (60% 
dispersion in mineral oil, 525 mg, 13.2 mmol) was added. The reaction was 

stirred for 20 minutes, after which time methyl iodide (0.82 mL, 13.2 mmol) was added dropwise. 
The reaction mixture was stirred at ambient temperature for 1.5 h and then diluted by DCM and 
quenched by the slow addition of an ice-water mixture. The organic product was extracted with 
DCM (3x), the combined organic layers were washed with brine, dried over MgSO4, and 
concentrated in vacuo. Purification by flash column chromatography (silica gel, gradient from 
pentane/EtOAc, 5/1 to 4/1) afforded the title compound as a white solid (Yield: 578 mg, 1.85 
mmol, 85%). TLC: Rf 0.21 (pentane/EtOAc, 5/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.39 – 7.34 (m, 2H, CHarom), 7.02 – 6.96 (m, 2H, CHarom), 4.32 (d, J = 
9.7 Hz, 1H, H-1), 3.51 – 3.49 (m, 6H, 2xCH3O), 3.43 (s, 3H, CH3O), 3.36 (qd, J = 6.4, 0.9 Hz, 1H, H-
5), 3.30 – 3.24 (m, 2H, H-2, H-4), 3.10 (dd, J = 9.2, 3.1 Hz, 1H, H-3), 2.22 (s, 3H, CH3 STol), 1.22 (d, 
J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 137.1 (Cq), 132.1 (Carom), 130.6 (Cq), 129.4 (Carom), 87.9 (C-1), 86.1 
(C-3), 79.0 (C-2), 78.5 (C-4), 74.3 (C-5), 61.7, 60.9, 58.2 (3xCH3O), 21.0 (CH3 STol), 16.9 (C-6). 
ESI-HRMS: [M+NH]+ calcd for C16H25O4S1 313.1468 found 313.1470. 

3A,3B,C,D-Di-O-(2,3,4-tri-O-α-L-methylfucopyranosyl)-2A-G,6A-G-tetradeca-O-benzyl-β-CD 
(8)  

A mixture of donor 2 (105 mg, 0.34 mmol), Ph2SO 
(89 mg, 0.44 mmol), and TTBP (210 mg, 0.84 
mmol) was co-evaporated with dry toluene (3x). 
The residue dissolved in dry DCM (0.7 mL) under 
nitrogen and activated molecular sieves (4Å) 
were added. The resulting mixture was stirred at 
room temperature for 1h and then cooled down 
to -80 °C (acetone cooling bath equipped with a 
stirring bar). Tf2O (74 µL, 0.44 mmol) was added 
dropwise and the process of donor activation was 
monitored by TLC analysis (pentane/EtOAc, 5/1, 
v/v, Rf of donor = 0.21). After 30 minutes when 
TLC analysis indicated complete activation of the 
donor, the reaction mixture was cooled down to -
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85 °C and a solution of acceptor 4 (100 mg, 0.042 mmol) in dry DCM (0.7 mL) was added in 
portions slowly (in 5 minutes) via the wall of the flask. Upon complete addition, the temperature 
reached -80 °C and the reaction mixture was allowed to warm up to -60 °C (25 min). The mixture 
was diluted with DCM and neutralized by the addition of H2O and Et3N. Then the crude mixture 
was concentrated and purified on size-exclusion Sephadex LH-20 (DCM/MeOH, 1/1, v/v) 
yielding a mixture of fucosylated CDs (Yield: 123 mg). The mixture was analyzed by UPLC-MS on 
the BEH C4 column and contained 39.2% of Fuc2CDs, 21.5% of Fuc3CDs, 20.6% of Fuc4CDs, and 
18.6% of Fuc5CDs (UV-Vis). The 3 peaks of di-fucosylated CDs were integrated and had a ratio of 
8.9 : 43.2 : 47.9%.  
1H NMR (600 MHz, CDCl3) δ 7.81 – 6.77 (m, 528H), 5.91 – 5.89 (m, 2H), 5.88 (d, J = 4.1 Hz, 1H), 
5.86 (d, J = 4.1 Hz, 1H), 5.83 (d, J = 4.1 Hz, 1H), 5.78 (d, J = 3.9 Hz, 1H), 5.73 (d, J = 4.0 Hz, 1H), 
5.12 – 4.59 (m, 86H), 4.57 – 4.16 (m, 73H), 4.16 – 3.86 (m, 30H), 3.82 – 3.08 (m, 1151H), 1.43 – 
0.86 (m, 182H). 
13C NMR (151 MHz, CDCl3) δ 138.6, 138.3, 138.2, 138.0, 137.9, 137.4, 136.7, 129.3, 129.2, 129.0, 
128.9, 128.8, 128.6, 128.5, 128.4, 128.3, 128.2, 127.7, 127.5, 127.4, 127.3, 127.1, 102.1, 101.8, 
101.2, 99.3, 99.2, 97.5, 97.3, 97.2, 83.9, 83.7, 83.4, 83.1, 80.1, 79.4, 78.3, 78.1, 77.2, 77.0, 74.4, 74.3, 
74.0, 73.4, 73.2, 73.1, 71.6, 70.2, 69.6, 69.5, 69.3, 69.2, 68.3, 66.4, 66.0, 61.7, 61.6, 60.7, 60.4, 58.6, 
57.1, 57.0, 31.8, 29.3, 16.4.  
ESI-HRMS: [M+NH4]+ calcd for C158H190O43N1 2790.2740 found 2790.2588. 
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Human milk is widely acknowledged as the best food for infants, and that is not just 
because of nutritional features. Human milk also contains a plethora of bioactive 
molecules, including a large set of human milk oligosaccharides (HMOs). Especially 
fucosylated HMOs have received attention for their anti-adhesive effects on pathogens 
by preventing attachment to the intestinal wall. Because HMOs are generally 
challenging to produce in sufficient quantities to study and ultimately apply in 
(medical) infant formula, HMO mimics are interesting compounds to produce and 
evaluate for their biological effects. In this Chapter, a thorough study into the digestion, 
fermentation, and pathogen anti-adhesive capacity of the novel HMO mimic di-fucosyl-
β-cyclodextrin (DFβ-CD) is presented.  It was established that DFβ-CD is not digested 
by α-amylase and also resists fermentation by the microbiota from a 9 month-old infant. 
In addition, it was revealed that DFβ-CD blocks adhesion of enterotoxigenic Escherichia 
coli (ETEC) to Caco-2 cells, especially when DFβ-CD is pre-incubated with ETEC prior 
to addition to the Caco-2 cells. Our results suggest that DFβ-CD functions through a 
decoy effect.  

  

Chapter 5 
Digestion, Fermentation, and Pathogen Anti-adhesive 

Properties of the HMO-mimic di-Fucosyl-β-cyclodextrin 

Published in: Verkhnyatskaya, S.A., Kong, C., Klostermann, C., Schols, H.A., de Vos, P., 
Walvoort, M.T.C., bioRxiv 2020, doi: https://doi.org/10.1101/2020.11.26.399972 
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Chapter 5 

5.1 Introduction 

Human milk is generally considered to be the best nutritional source for infants, as 
an increasing amount of research reveals the health effects of a plethora of bioactive 
components in human milk, including beneficial microbes,1 immunoglobulins,2 and 
human milk oligosaccharides (HMOs).3,4 Especially the HMOs have received 
considerable attention as health-promoting factors over the last decades, as they are 
shown to affect the development of the infant’s microbiome, promote immune system 
maturation, and ward off infections by acting as decoy substrates, amongst other 
effects.5 Interestingly, HMOs are virtually absent from bovine milk-based infant 
formulas,6 and as a result, there is a broad interest to produce HMOs with the aim to 
add them to infant and medical formula. To achieve this goal, researchers are 
investigating the mode of action of specific HMOs to unravel structure-activity 
relationships that will guide the future selection of health-promoting HMO-based 
additives. Simultaneously, procedures are being developed to generate specific HMOs 
using (chemo)enzymatic and microbial cell factory approaches.7 This has resulted in 
the recent approval by both the U.S. Food and Drug Administration (FDA) and the 
European Union of two short HMO structures, i.e. 2’-fucosyllactose (2’-FL) and lacto-N-
neotetraose (LNnT), that are currently added to certain brands of infant formula.8,9 

Currently, more than 200 different HMO structures have been identified in human 
milk10 and although they together form a complex mixture of carbohydrates, they do 
share certain structural similarities. HMOs are generally composed of a linear or 
branched backbone containing alternating N-acetyl-β-D-glucosamine (GlcNAc) and β-
D-galactose (Gal) building blocks, capped with a lactose disaccharide on the reducing 
end. At specific positions these backbones can be decorated with α-L-fucose (Fuc) and 
α-D-neuraminic acid, also called sialic acid (Sia).5 Comparing both types of decorations, 
it is interesting to note that Fuc is much more prevalent (on 50-80% of the HMOs) than 
Sia (on maximum 30% of HMOs).11 Fucosylated HMOs have been linked to numerous 
health effects, including correcting microbial dysbiosis in cesarean-born infants12 and 
protection against viral and bacterial infections13 and bacterial gastroenteric 
infections.14 Especially the anti-adhesive activity of fucosylated HMOs on pathogens is 
striking and reported by many.15,16 One of the first examples of the anti-adhesive 
potential of HMOs was published in 1990, where the neutral fraction (i.e. not containing 
Sia building blocks) of isolated HMOs showed a significant reduction in the adhesion of 
enteropathogenic E. coli (EPEC) and a concomitant preventative effect on the 
development of urinary tract infections.17 In addition, maternal secretor status, which 
directly impacts the final structure and abundance of fucosylated oligosaccharide levels 
in the milk, was linked to infection rates and symptom severity in their offspring.18 
Using bioengineered samples of 2’-FL and 3-fucosyllactose (3-FL, both shown in Figure 
1), moderate anti-adhesive effects against Pseudomonas aeruginosa, Campylobacteri 
jejuni, EPEC, and Salmonella enterica serovar fyris on intestinal Caco-2 cells were 
established.19,20 Moreover, 2’-FL was also found to block adhesion of E. coli O157 (an 
enterohemorrhagic E. coli strain, EHEC) onto intestinal Caco-2 cells.21 Because the 
structural complexity of HMOs prevents their straightforward production in sufficient 
quantities to add to infant formula, structural analogs with similar functions have been 
developed, and with great success. Galacto-oligosaccharides (GOS) and fructo-
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oligosaccharides (FOS) are regularly added to infant formula, and induce especially the 
development of a healthy microbiome.22,23 Other so-called non-digestible 
carbohydrates (NDCs) include pectins, chitin and chitosan, alginates, and mannans, and 
many of these polysaccharides have been revealed to have anti-pathogenic effects.24 As 
these NDCs are structurally highly different from native HMOs, this showcases that 
novel carbohydrate structures have the potential to mimic the beneficial effects of 
HMOs, without the challenging production that HMOs would require.  

All this withstanding, the production of novel HMO analogs with enzymatic 
methods is currently an active area of research.25 Enzymatic methods are currently 
mostly focused on HMOs containing either no or one decorative Fuc or Sia, including 2’-
FL and 6’-sialyllactose (6’-SL).26 With respect to fucosylated HMOs, details are emerging 
pertaining to the degree of backbone fucosylation and positioning on the backbone 
needed for a specific effect. For instance, 2’,3-di-fucosyllactose (DFL) exhibited a 
stronger antimicrobial effect against Streptococcus agalactiae GB590 than mono-
fucosylated lactoses 2’-FL and 3-FL.27 Especially a higher degree of fucosylation is 
nearly impossible to obtain with current enzymatic methods, compromising the ability 
to unravel the impact of higher degrees of fucosylation on anti-adhesion activity. 
Therefore, a chemical strategy to produce di-fucosylated β-cyclodextrin (DFβ-CD, 
Figure 1) was developed, as described in Chapter 3.28 The family of cyclodextrins has 
the GRAS status (Generally Recognized As Safe), and they are frequently used in 
medical formulations and as food additives.29 β-Cyclodextrin (β-CD) is shown in Figure 

1 and contains seven glucose (Glc) residues linked in an α-(1→4)-fashion, analogous to 
the structural composition of maltooligosaccharides. Using appropriately 
functionalized β-cyclodextrin and fucose building blocks, the di-fucosylated DFβ-CD 
was obtained in a highly regiospecific manner using chemical strategies (Chapter 3).28 
Since the Fuc moieties are connected to the O-3 position of the backbone glucoses, the 
decorative pattern mimics the pattern in 3-FL (Figure 1), which also contains a Fuc 

moiety that is α-(1→3)-linked to glucose. As a result of this straightforward approach, 
DFβ-CD was produced in sufficient quantities (~ 0.5 g) to test its functional activity, and 
to determine whether this structural HMO mimic also is a functional HMO mimic.  

In this Chapter, in-depth studies into the digestion and fermentation of DFβ-CD, as 
well as its anti-adhesive properties against enterotoxigenic Escherichia coli (ETEC) 
O78:H11 are presented. ETEC is the most common bacterial cause of diarrhea in 
children in developing countries, and although adhesion of ETEC to host cells is an 
intricate combination of factors,30 it has been established that ETEC adhesion is also 
mediated by binding of bacterial lectins to host glycans.31 In addition, 2’-FL was shown 
to reduce adhesion and invasion of ETEC bacteria to T84 intestinal epithelial cells in 
vitro.32 DFβ-CD was revealed to be resistant to digestion and fermentation by a 9 
month-old infant’s inoculum, whereas it does have anti-adhesive properties against 
ETEC. This suggests that also HMO analogs such as DFβ-CD, composed of a different 
backbone structure but displaying appropriately spaced decorative Fuc moieties, can 
have similar health-beneficial effects as HMOs. 
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Figure 1. Overview of the molecules used in this study.  

5.2 Results 

5.2.1 HPAEC analysis of the HMOs and DFβ-CD 

First, the chromatographic behavior of the compounds under study was analyzed. 
All compounds were subjected to High-Performance Anion-Exchange Chromatography 
(HPAEC) coupled to a Pulsed Amperometric Detector (PAD), and an overview of the 
respective masses and retention times (Rt) is given in Table 1 and the chromatograms 
are shown in Figure S1. 2’-FL and 3-FL were analyzed using gradient A, while β-CD and 
difucosylated β-CD (DFβ-CD) were analyzed using gradient B. Owing to the different 
masses and interactions with the column, the retention times on the HPAEC column 
differed greatly. The DFβ-CD sample was shown to contain 20% of monofucosylated β-
CD (MFβ-CD), which was confirmed by comparing the retention time with that of a pure 
MFβ-CD sample. The HPAEC elution pattern showed that DFβ-CD (16.7 min) was 
accompanied by a minor peak at 15.7 min (Figure S1), presumably corresponding to an 
isomer with a different fucose substitution pattern.  
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Table 1. Retention times of the HMOs and HMO mimics used in this study. 

Gradient Compound Exact mass (Da) Rt (min) 

Gradient A  
2’-FL 488.1741 8.2 

3-FL 488.1741 5.7 

Gradient B 

β-CD 1134.3698 29.2 

MFβ-CD 1280.4277 21.0 

DFβ-CD 1426.4856 15.7, 16.7 

Gradient A: 0-15 % B (0-15 min), 15-100 % B (15-20 min), 100 % B (20-25 min), 0 % B (25-
45 min); Gradient B: 2.5-25 % B (0-30 min), 25-100 % B (30-40 min), 100 % B (40-45 min), 
2.5 % B (45-60 min) 

5.2.2 DFβ-CD is resistant to digestion by pancreatic enzymes 

Human milk oligosaccharides are generally characterized as non-digestible 
carbohydrates because they resist digestion by salivary α-amylase and digestive 
enzymes of the small intestine.38,39 Consequently, a prerequisite for novel HMO-type 
compounds to exert beneficial effects in the intestinal environment is that they also 
resist enzymatic digestion in the upper part of the gastrointestinal tract.38 Because DFβ-

CD is a starch-like compound composed of α-(1→4)-linked glucose units (Figure 1), it 
may be digested by salivary α-amylase or pancreatic α-amylase in the small intestine. 
To determine the resistance to digestion, DFβ-CD and β-cyclodextrin (β-CD) were 
digested in an in vitro model according to Martens et al.34 and the amount of released 
glucose was quantified over time (Figure 2). 

 

Figure 2. In vitro digestibility of DFβ-CD (×) and β-CD (●) during 240 min of incubation 
expressed as free (released) glucose of total glucose (%). Soluble potato starch was 
digested for 90% within 120 min of incubation (Figure S2). For reference, rapidly 
digestible starch (RDS), slowly digestible starch (SDS), total digestible starch (TDS), 
and resistant starch (RS) are indicated in the figure. 
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The results show that DFβ-CD is almost fully resistant to digestion by pancreatic 
enzymes. β-CD was also quite resistant towards digestion, as only 10% digestion was 
observed within 120 min of incubation, whereas the other 90% can be recognized as 
resistant starch according to the definition of Englyst et al.40 Apparently, the cyclic form 
has a large influence on the binding of the substrate by digestive enzymes. For 
comparison, soluble potato starch was digested as a positive control, which was 90% 
hydrolyzed within 120 min of incubation (Figure S2). From the curve in Figure 2, it can 
be expected that β-CD would be fully degradable by pancreatic enzymes upon extended 
incubation times.  

5.2.3 DFβ-CD is resistant to bacterial fermentation and does not induce 
short-chain fatty acid production 

Having established that DFβ-CD resists enzymatic digestion and is likely to arrive 
in the colon intact, subsequently the possible fermentability of DFβ-CD by infant 
microbiota was tested. All compounds were initially subjected to a fermentation 
experiment in vitro for 36 h using the fecal inoculum of a 9 month-old infant, and the 
extent of fermentation over time was quantified by the disappearance of the compound 
peak using HPAEC-PAD analysis (Figure 3A). 
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Figure 3. Fermentation studies. A) HPAEC elution pattern of DFβ-CD and β-CD at 0 and 
24 h of in vitro fermentation by a 9-month old infant inoculum. Medium compounds are 
indicated with an *, malto-oligomers are indicated with Glc, and MD2-7. B) Time-
dependent in vitro fermentation of DFβ-CD (), MFβ-CD (▲) and β-CD () during 24 
h.  

Interestingly, while unsubstituted β-CD was completely utilized after 24 h of 
fermentation, no degradation was observed for DFβ-CD. A small decrease in the peak 
area of MFβ-CD was observed between t = 0 h and t = 24 h, suggesting the fermentation 
was very slow (Figure 3A). As a comparison, the fermentation experiment was also 
conducted on 2’-FL and 3-FL, and both HMOs were completely degraded after 24 h of 
fermentation (Figure S3). Substrate degradation was monitored closely over time to 
assess the fermentation kinetics (Figure 3B). DFβ-CD was indeed not degraded at all by 
microbial enzymes of a 9-month old infant’s microbiome during batch fermentation. 
However, it seems that the degradation of mono-fucosylated MFβ-CD, which is present 
for 20 % within the DFβ-CD mix, started between 8-12 h of incubation reaching 70% 
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fermentation after 24 h. Degradation of β-CD started after 8 h of incubation quite 
suddenly and was completed at 12 h of incubation. No decrease in substrate 
degradation was observed until 8 h of incubation and also no intermediate malto-
oligomers were detected by HPAEC-PAD at any time of incubation. This delay may 
suggest that opening of the β-CD ring is the limiting step for successful degradation. 2’-
FL and 3-FL were both degraded by the microbiota of this 9-month old infant (Figure 
S3B), and the degradation of 2’-FL seemed to be slightly faster than that of 3-FL.  

After fermentation of the four compounds using a 9-month old infant inoculum, the 
production of short-chain fatty acids (SCFA) was analyzed using HPLC-RI-UV (Figure 
S4). In the case of DFβ-CD, little change in SCFA production compared to the 
fermentation control in medium was observed (Figures S4A and S4E). This was as 
expected based on the observed lack of degradation of DFβ-CD (Figure 3). Fermentation 
of unsubstituted β-CD resulted in faster SCFA production compared to the fermentation 
control, and a higher amount of butyrate was produced (acetate:butyrate 67:32 
compared to 80:20 at 12 h, Figures S4B and S4E). Fermentation of the human milk 
oligosaccharides 2’-FL and 3-FL also resulted in a quite fast production of acetate and 
intermediate acids lactate and succinate (for 2’-FL the ratio is 
acetate:butyrate:lactate:succinate 65:13:13:8, and for 3-FL the ratio is 67:11:14:7 at 12 
h,  Figures S4C and S4D), which were further converted to acetate and butyrate over 
the course of the experiments. 

5.2.4 DFβ-CD reveals structure-dependent anti-adhesive effects against 
E. coli O78:H11 

To investigate the anti-adhesive properties of DFβ-CD in comparison with 2’-FL, 3-
FL, first an adhesion assay with the laboratory E. coli strain ET8 was performed. In this 
experiment, Caco-2 cells were pre-incubated with the compounds at concentrations of 
2, 5, and 10 mg/mL, followed by exposure to E. coli ET8 bacteria and quantification of 
adhered bacteria (Figure S5). Interestingly, of all compounds tested only DFβ-CD at 10 
mg/mL significantly inhibited the adhesion of E. coli ET8 to intestinal epithelial Caco-2 
cells, with a reduction in adhesion of 60% compared to the non-treated control (Figure 
S5C, p<0.05). Subsequently, ETEC O78:H11 (H10407) was selected as a clinically 
relevant pathogen to assess the anti-adhesive capacity of DFβ-CD. The experiment was 
started by pre-incubating Caco-2 cells with 2’-FL, 3-FL, β-CD, and DFβ-CD for 24 h, 
followed by the addition of ETEC bacteria (log phase). Bacterial adhesion in the 
presence of DFβ-CD and control HMOs was determined by counting the CFU per mL of 
serially diluted washes from Caco-2 monolayers, as compared to the control incubation 
(no additive). Using the control reaction, the fraction of adhering bacteria was 
corrected for continuous bacterial growth in the assay. As shown in Figure 4A, when 
the Caco-2 cells were pre-incubated with the molecules for 24 h before E. coli O78:H11 
infection, it was observed that 2’-FL, 3-FL, β-CD, and DFβ-CD all reduced the adhesion 
of E. coli O78:H11 to Caco-2 cells. The decrease in inhibition was calculated to be 37%, 
43%, 34%, 16%, respectively, of which only the adhesion reduction of 3-FL achieved 
statistical significance (p < 0.05). Both 2’-FL and β-CD showed a trend of inhibition of 
adhesion (p values of 0.06 and 0.09, respectively). 
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In contrast, when the ETEC bacteria were first pre-incubated with the compounds 
and subsequently added to confluent Caco-2 cells, 2’-FL, 3-FL, and DFβ-CD all 
significantly inhibited the adhesion of E. coli O78:H11 to Caco-2 cells, with a reduction 
of 30% (p < 0.05), 21% (p < 0.05), and 42% (p < 0.05), respectively (Figure 4B). Of all 
compounds tested here, DFβ-CD actually revealed the highest inhibition of adhesion. 
These results are fucose-dependent, as the non-fucosylated β-CD did not significantly 
impact bacterial adhesion. 

 

Figure 4. HMOs and DFβ-CD in 10 mg/mL inhibited adhesion of E. coli O78: H11 to 
intestinal epithelial Caco-2 cells. Caco-2 cells were cultured in 24 well plates for 21 days. 
The tested molecules of 2’-FL, 3-FL, β-CD, and DFβ-CD either pre-incubated with Caco-
2 cells for 24 h (A) or pre-incubated with E. coli O78: H11 for 2h (B). Cell culture 
medium without additives was taken as control.  

5.3 Discussion 

The increasing evidence that human milk oligosaccharides inhibit bacterial 
infections has led to a surge in interest to understand the exact structure-activity 
relationships of specific HMOs, and to develop methods to generate these structures. 
Especially the fucosylated HMOs have been linked to anti-pathogenic effects,41,42 and 
this may be a result of the central role of fucose on extracellular glycans that are 
involved in a plethora of biological functions, including serving as anti-adhesion 
molecules for pathogens.43 As HMO structures in general, and multiply fucosylated 
HMOs specifically, are challenging to produce on large scale and with high purity, there 
is a high demand for alternative compounds that elicit similar effects and some 
examples are described in Chapter 2.44 

In this Chapter, the biological evaluation of the novel HMO mimic di-fucosyl-β-
cyclodextrin (DFβ-CD) is reported. Using enzymatic digestion and in vitro fermentation 
analyses, the DFβ-CD was established to be resistant to digestive enzymes, and as a 
result is expected to reach the large intestine intact. Apparently, the digestive enzymes, 

that generally hydrolyze α-(1→4)-linked Glc units that are also present in DFβ-CD, are 
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blocked from action by the two Fuc units. As non-fucosylated β-CD is only slowly 
digested, the cyclic structure of β-CD is also hypothesized to have a major impact on the 
resistance. This fits well with earlier reports that β-CD is only slowly digested by α-
amylase, while α-CD (six glucose units) is resistant and γ-CD (8 glucose units) is quickly 
digested.45 Both 2’-FL, 3-FL, and β-CD are efficiently fermented by microbial enzymes, 
whereas DFβ-CD is resistant to bacterial fermentation. It can be hypothesized that the 
resistance observed for DFβ-CD is a result of the specific positioning of the two Fuc units 
on opposite sides of the β-CD ring (specifically at the A and D position). This may block 
the accessibility to the microbial α-amylases sufficiently to resist fermentation, at least 
over the course of the 24 h incubation. Overall SCFA production in all fermentated 
substrates after 24 h did not differentiate much from the levels of SCFAs produced in 
the medium-only samples, presumably due to the low substrate concentration used (2 
mg/mL).36 Slight differences in level and relative concentrations of the various acids at 
12 h of fermentation can be seen, and are substrate dependent. Fermentation 
experiments at higher concentrations (e.g., 10 mg/mL) may provide a more accurate 
picture of the levels of SCFAs produced with 2’-FL, 3-FL, and β-CD over time. From the 
resistance to digestion observed with DFβ-CD it is expected that for this compound the 
absence of additional SCFA production will be confirmed. 

Excitingly, DFβ-CD revealed anti-adhesive properties against enterotoxigenic E. 
coli strain O78:H11. There are two major mechanisms that may be at the basis of the 
anti-adhesive effect of DFβ-CD: through modulating intestinal cell susceptibility to 
bacterial adhesion by changing receptor expression levels, or through direct scavenging 
of bacteria by serving as decoy substrates. Both possible mechanisms were investigated 
by pre-incubating the compounds with the Caco-2 cells or the bacterial cells, 
respectively. Because the anti-adhesive effect of DFβ-CD was especially apparent when 
pre-incubated with the bacteria prior to exposure to Caco-2 intestinal epithelial cells, it 
can be postulated that DFβ-CD acts as a decoy substrate. Upon pre-incubation of E. coli 
O78:H11 with DFβ-CD, the HMO mimic may saturate the receptors on the bacterial cell 
surface, and thereby prevent binding to the glycans on Caco-2 intestinal cells. Such 
binding would require the pathogen to express specific receptors that generally bind 
epithelial cell surface-associated glycans, but when confronted with DFβ-CD, may bind 
this compound instead. When the Caco-2 intestinal cells were first pre-incubated with 
DFβ-CD, a less pronounced effect was observed, suggesting that DFβ-CD has little 
impact on the expression of cell-surface proteins involved in adhesion. 

One of the first steps in pathogen colonization is adhesion to host cells, and its 
ability to adhere is directly correlated with the pathogen’s capacity to invade and infect. 
Fucose-dependent pathogens have been shown to be prevented by fucose-containing 
HMOs from adhering to mucosal membranes.46 Interfering with pathogen adhesion is 
therefore an effective strategy to prevent infection.47 Whereas natural HMOs are ideal 
candidates for anti-adhesive compounds, HMO mimics also have a large potential to fill 
the current void between functional relevance and availability of the natural HMO 
compounds. The biological activity of DFβ-CD serves as a strong proof-of-concept that 
HMO mimics are capable of eliciting anti-adhesive effects similar to HMOs. The 
generation and evaluation of other fucosylated structures will further our knowledge 
on the potential of fucosylated compounds to block bacterial infections. 
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5.4 Conclusions 

In this Chapter the fermentation and digestion of DFβ-CD prepared in Chapter 3 
was tested together with its ability to prevent adhesion of E. coli. From enzymatic 
digestion experiments and in vitro fermentation it can be expected that DFβ-CD would 
reach the large intestine intact. Impressively, while β-CD is slowly digested by the 

enzymes capable of hydrolysis of α-(1→4)-glucosidic linkages, the enzymatic activity 
seems to be blocked by the two fucosyl units as DFβ-CD is not digested. Excitingly, DFβ-
CD demonstrated the ability to prevent enterotoxigenic E. coli strain O78:H11 to adhere 
to Caco-2 cells by functioning as a decoy substrate. From these results, it can be 
postulated that a mimic with similarly spaced fucosyl residues as in HMOs may lead to 
similarities in the function. 
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5.6 Supporting Information 

 

Figure S1. Chromatography traces of the compounds used in this study. A, B, C, D, and E 
refer to 2’-FL, 3-FL, β-CD, MFβ-CD and DFβ-CD, respectively. Different gradients were 
used for A-B and C-E, see the Experimental section. 

 

 

Figure S2. In vitro digestibility of soluble potato starch during 240 min of incubation 
expressed as free (released) glucose of total glucose (%).  
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Figure S3. A) HPAEC elution pattern of 2’-FL and 3-FL at 0 and 24 h of in vitro 
fermentation by 9-month old infant inoculum. Medium compounds are indicated with 
an *. B) Time-dependent in vitro fermentation of 2’-FL () and 3-FL () during 24 h 
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Figure S4. Short chain fatty acid formation (µmol/mL fermentation medium) during 
in vitro fermentation using 9 month-old infant inoculum. A) DFβ-CD including 20 % 
MFβ-CD, B) β-CD, C) 2’-FL, D) 3-FL and E) SIEM medium without substrate.  



 

 

115 

 

 

 

Digestion, Fermentation, and Pathogen Anti-adhesive Properties of the HMO-
mimic di-Fucosyl-β-cyclodextrin 

 

 

Figure S5. DFβ-CD inhibited adhesion of E. coli ET8 to intestinal epithelial Caco-2 cells 
in a concentration-dependent manner. Caco-2 cells were cultured in 24 well plates for 
21 days and pre-incubated with 2’-FL, 3-FL, β-CD, and DFβ-CD at 2 (A), 5 (B), 10 (C) 
mg/mL for 2h before infection of E. coli ET8. Cell culture medium without tested 
molecules was taken as control. After another 2h of infection, the total colony forming 
units (CFUs) adhered to Caco-2 cells were determined by the drop-plating method. All 
data were normalized and were expressed as mean ± SD from three experiments. 
Statistical significance was tested with one-way ANOVA (*p < 0.05).   

5.7 Experimental Section 

5.7.1 Materials 

The human milk oligosaccharides 2’-fucosyllactose (2’-FL) and 3-fucosyllactose (3-FL) were 
provided by Elicityl (France). Difucosylated β-cyclodextrin (DFβ-CD) was chemically synthesized 
based on the commercially obtained β-cyclodextrin (β-CD), as described in Chapter 3, and 
monofucosylated β-cyclodextrin (MFβ-CD) was isolated as a side product.28 Pancreatin from 
porcine pancreas (containing amylase, lipase, and protease) and amyloglucosidase (260 U/mL) 
were obtained from Sigma-Aldrich (St. Louis, MO, USA). All materials needed for preparation of 
SIEM medium were obtained from Tritium Microbiology. E. coli ET8 was a gift from Prof. Gilles 
van Wezel (Leiden University)33 and E. coli O78:H11 (ATCC35401) was purchased from ATCC. 
All chemicals used were of analytical grade. 

5.7.2 In vitro digestibility of di-Fuc-β-cyclodextrin and β-cyclodextrin 

Digestion was performed according to Martens et al. with minor modifications.34 Di-Fuc-β-
cyclodextrin (DFβ-CD) and β-cyclodextrin (β-CD) were suspended in 100 mM sodium acetate 
buffer pH 5.9. Pancreatin solution was prepared according to Martens et al.,34 without the 
addition of invertase. In short, 150 mg pancreatin was suspended in 1 mL MQ and mixed for 10 
min. The suspension was centrifuged for 10 min at 4 °C, 1500 x g. The final enzyme mixture was 
prepared by mixing 610 µL pancreatin supernatant with 58 µL amyloglucosidase and 83 µL MQ. 
Samples were incubated with 200 µL enzyme mixture for 0, 20, 60, 120, and 240 min at 20 mg/mL 
substrate concentration and enzymes were inactivated by boiling the sample for 15 min at 100 
°C. Released glucose content was analysed with the GOPOD assay from Megazyme (Grey, Ireland). 

5.7.3 In vitro fermentation of di-Fuc-β-cyclodextrin, β-cyclodextrin, 2’-FL, and 3-FL 

Fecal sample from one 9 month-old infant (vaginally born, breast-fed, introduced to solid food, 
no administration of antibiotics, exposed to probiotic Bifidobacteria) was collected and 
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immediately stored in an anaerobic container. Fecal slurry was prepared by mixing fresh feces 
with a pre-reduced dialysate-glycerol solution according to Aguirre et al.35 at 25 % w/v feces 
dialysate-10 % glycerol. The fecal slurry was snap-frozen in liquid nitrogen and stored at -80 °C. 
Standard Illeal Efflux Medium (SIEM) was prepared according to Logtenberg et al.36 with minor 
modifications. The carbohydrate medium component contained (g/L): pectin, 12; xylan, 12; 
arabinogalactan, 12; amylopectin, 12; and starch, 100, with a final concentration of 0.592 g/L. 
The salt medium component contained 0.144 g/L NaCl. The inoculum was prepared by diluting 
the fecal slurry 25 times in SIEM medium. The substrate of interest was dissolved in SIEM 
medium at 2.22 mg/mL and 10 % inoculum was added. The in vitro fermentation was performed 
in the anaerobic chamber using sterile serum bottles. Samples were inoculated in duplicate and 
incubated for 0, 4, 8, 12, 24, and 36 h. In addition, blanks without substrate or without inoculum 
were incubated too. At each time point, 200 µL sample was taken from each bottle with a syringe. 
This sample was heated for 10 min at 100 °C to inactivate the enzymes and stored at -20 °C until 
analysis. 

5.7.4 Substrate degradation analysis 

Samples were diluted to 20 µg/mL (DFβ-CD and β-CD) or 10 µg/mL (2’-FL and 3-FL) and 
centrifuged at 19000 x g for 10 min. The supernatant (10 µL injection volume) was analyzed using 
an ICS 3500 HPAEC system from Dionex (Sunnyvale, USA), in combination with a CarboPac PA-1 
(2 x 250 mm) column, with a Carbopac PA-1 guard column (Dionex). Carbohydrate peaks were 
detected by an electrochemical Pulsed Amperometric detector (Dionex) after elution with 0.3 
mL/min at 25 °C. The eluents consisted of A (0.1 M NaOH solution) and B (1 M NaOAc in 0.1 M 
NaOH). Two different gradients were used. For DFβ-CD and β-CD the gradient used was: 2.5-25 
% B (0-30 min), 25-100 % B (30-40 min), 100 % B (40-45 min), 2.5 % B (45-60 min). For 2’-FL 
and 3-FL the gradient used was 0-15 % B (0-15 min), 15-100 % B (15-20 min), 100 % B (20-25 
min), 0 % B (25-45 min). Substrates were quantified using 2.5-10 µg/mL 2’-FL and 3-FL or 5-20 
µg/mL DFβ-CD and β-CD. In addition, mono-Fuc-β-CD (MFβ-CD) was injected as a pure 
compound to detect it within the DFβ-CD mix. Data analysis was performed with ChromeleonTM 
7.2.6 software from Thermo Fisher Scientific (Waltham, Massachusetts, USA). 

5.7.5 Organic acid formation after in vitro fermentation 

Samples were diluted 5 times and centrifuged at 19000 x g for 10 min. The supernatant (10 µL 
injection volume) was analyzed using an Ultimate 3000 HPLC system from Dionex, in 
combination with an Animex HPX-87H column (Bio-Rad laboratories Inc, Hercules, USA). 
Samples were detected by a refractive index detector (RI-101, Shodex, Yokohama, Japan) and a 
UV detector set at 210 nm (Dionex Ultimate 3000 RS variable wavelength detector). Elution was 
performed at 0.5 mL/min and 50 °C using 50 mM sulphuric acid as eluent. Acetate, propionate, 
butyrate, lactate, and succinate standard curves were used for quantification (0.05 – 2 mg/mL). 
Data analysis was performed with ChromeleonTM 7.2.6 software from Thermo Fisher Scientific. 

5.7.6 Culturing of the intestinal epithelial cell line 

Human intestinal epithelial Caco-2 cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Lonza), supplemented with 0.5% penicillin-streptomycin (50 μg/mL-50 μg/mL, Sigma), 
1% non-essential amino acid (100x, Sigma), 10mM HEPES (Sigma), and 10% heat deactivated 
fetal calf serum (Invitrogen). Caco-2 cells between passage number of 15-20 were chosen for the 
experiment, and cells were routinely cultured in a humidified incubator with 5% CO2, at 37 ℃. A 
number of 3×104 Caco-2 cells were seeded onto 24-well plates and cultured for 21 days before 
use.  
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5.7.7 Culturing of bacterial cells 

Pathogenic bacteria of Escherichia (E.) coli ET8, and E. coli O78: H11 were recovered from 
glycerol stocks at -80 ℃ overnight, and were cultured in Brain heart infusion (BHI) and De Man, 
Rogosa and Sharpe agar (MRS) broth, respectively. After recovery culture, E. coli ET8 and E. coli 
O78: H11 were plated on BHI agar. A single colony of each bacterium was inoculated from the 
agar plates to BHI or MRS broth for a second overnight culture at 37 ℃ before the adhesion assay. 

5.7.8 Bacterial adhesion assay 

All compounds were dissolved into 2, 5, and 10 mg/mL in antibiotics-free cell culture medium 
with 1% dimethyl sulfoxide. The cell culture medium without the tested molecules served as 
control. All compounds were heated for 30 min at 65 ℃ to remove any endotoxin contamination 
before use. First, the concentration-dependent effect of the molecules on the adhesion of one 
pathogen E. coli ET8 to Caco-2 cells was tested. This was done by pre-incubation of Caco-2 cells 
with 2’-FL, 3-FL, β-CD, and DFβ-CD of 2, 5, and 10 mg/mL for 2h, respectively. E. coli ET8 was 
collected after 2h of culture with centrifugation at 2000 x g for 10 min and washed one time with 
PBS. The optical density (OD) of E. coli ET8 was adjusted to OD540 = 0.6 in PBS, and re-
suspended either with or without the molecules at different concentrations. After that Caco-2 
cells were co-incubated with the pathogens for another 2h at 37 ℃. Afterwards, the non-adherent 
bacteria were washed away for three times in PBS. The adherent bacteria were released in 200μL 
of 0.1% Triton-X100, and underwent serial dilutions in PBS. The drop-plating method37 was 
employed to plate the adherent bacteria on BHI agar plates (n = 3). Then the molecules were 
applied at a concentration of 10 mg/mL to test the influence of the molecules on the adhesion of 
E. coli O78: H11 to Caco-2 cells. To test the possible effects of the molecules on the adhesion of 
both bacteria, the molecules were either pre-incubated with Caco-2 cells to explore whether they 
could influence the bacteria adhesion through modification of the receptors on gut epithelial cells, 
or the molecules were pre-incubated with the bacteria to determine a possible decoy effect on 
the bacteria. 
Pre-incubate with Caco-2 cells. As performed with E. coli ET8, all molecules at 10 mg/mL were 
pre-incubated with Caco-2 cells for 24h. E. coli O78: H11 was collected after 2h of subculture, 
when a log phase was reached, by centrifugation at 2000 x g for 10 min and the cells were washed 
with PBS. The OD of E. coli O78: H11 was adjusted to OD540 = 0.6 in PBS, and re-suspended either 
with or without the molecules and infected Caco-2 cells for another 2h at 37 ℃.  
Pre-incubate with bacteria. E. coli O78: H11 were collected as described above, pre-incubated 
with the molecules for 2h at 37 ℃ after re-suspension, and then infected Caco-2 cells for another 
2h at 37 ℃.    
After infection, Caco-2 cells were gently washed three times to remove the non-adherent bacteria, 
and the adherent bacteria were collected with 200 μL of 0.1% Triton-X100, followed by serial 
dilutions in PBS. Total colony-forming units (CFUs) were determined after drop-plating method 
(n = 5).  

5.7.9 Statistical analysis 

Statistical analysis was performed with GraphPad Prism 6 (GraphPad Prism LLC.). Normality of 
the data distribution was confirmed with Kolmogorov-Smirnov test. The results were expressed 
as mean ± SD. All data were analyzed with Kruskal-Wallis test of one-way ANOVA, except for the 
decoy effect test of E. coli O78: H11, which was done with RM one-way ANOVA. Significant 
difference was defined as p<0.05 (*p<0.05), ), p<0.1 was considered as a statistical trend. 
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Bifidobacterium is a genus of Gram-positive anaerobic probiotic bacteria. Along 
with species of facultative aerobic and other anaerobic bacteria, bifidobacteria play an 
important role in the early colonization of the gut of newborns.1 Bifidobacterium 
adolescentis is one of the species of bifidobacteria that colonizes the human gut of both 
infants and adults2 and becomes predominant in adult-like microbiota.3,4 Interestingly, 
a decreased abundance of bifidobacteria, with a higher prevalence of B. adolescentis 
was observed in allergic adults with asthma.5 Moreover, infants from allergic mothers6 
and allergic children7-9 had lower counts of bifidobacteria and, while non-allergic 
infants had infant-characteristic microbiota, allergic infants had a more adult-like 
profile with increased counts of B. adolescentis.7 
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Bacteria produce a wide variety of carbohydrate polymers that have diverse 
functions, for instance to protect themselves from the environment. Many Gram-
negative bacteria form capsular polysaccharides (CPS), which are tightly and covalently 
connected to the cell surface.10 Gram-positive bacteria synthesize exopolysaccharides 
(EPS) that are either loosely attached to the cell surface, or secreted in the 
environment.11 EPS can be categorized into homopolysaccharides (HoPS), constructed 
from one type of monosaccharide, and heteropolysaccharides (HePS), consisting of 
multiple different building blocks. In general, the repeating units of different EPS can 
include neutral sugar monomers (commonly D-glucose, D-galactose, D-mannose, L-
rhamnose), as well as charged residues, like uronic acids, aminosugars, phosphate, and 
pyruvate.12  

The major physiological role of microbial EPS is to protect the cell from 
environmental stress.13 Bacterial EPS from lactic acid bacteria (LAB) have received a 
lot of attention for their application in the food and beverage industry, as they enhance 
the physicochemical properties, such as viscosity and stability of emulsions, of 
fermented food products.14,15  

Recently, EPS produced by LAB and bifidobacteria have gained attention for their 

role in the health-promoting properties of those probiotics.16-19 Interestingly, HoPS 
and related oligosaccharides predominantly function as nutrients for other beneficial 
bacteria, while limited information is available on the digestibility of HePS.3  

Purified bifidobacterial EPS have the ability to modulate the immune response 
since they stimulate the proliferation of cells,20-22 increase secretion of cytokines,20,22-24 
and improve adherence of probiotic bacteria.20 However, these effects are strongly 
dependent on the source of EPS, its molecular weight, and its structure. For instance, 
pure EPS co-cultivated with peripheral blood mononuclear cells (PBMC) stimulated the 
proliferation of the PBMCs, which led to Th1 (IL-12/IL-10; more pro-inflammatory) or 
Th2 (IL-10/TNF-α; more anti-inflammatory) differentiation. Interestingly, this 
differention was influenced by the EPS structure,25-27 as the highest molecular weight 
EPS induced lower levels of all cytokines.20 Similarly, purified EPS from B. longum BCRC 
14634 increased the proliferation of murine macrophages J774A.1 leading to the 
secretion of anti-inflammatory IL-10;22 EPS from B. longum BCRC 1463422 and EPS 
from B. adolescentis IF1-03,23,24 led to elevated production of anti-inflammatory IL-10 
cytokine by murine macrophages.  

The strain-dependent effects of EPS on the immune response and the connection of 
B. adolescentis to allergies make its EPS an interesting target for further investigation. 
The unique structures that were described for bifidobacterial EPS28 likely have a role in 
immunity where specific molecules trigger different pathways, and thus having pure 
samples of EPS or EPS fragments would give an opportunity to study the connection of 
bifidobacterial EPS to the immune response.  

The structure of the EPS of B. adolescentis YIT 4011 (DSM20083) was elucidated 
in 1988 and the backbone is composed of 6-deoxy-L-talose (6dTal) units linked in both 

                                                                  

3 More details on health-effects of EPS can be found in Chapter 2. 
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adolescentis 

trans-α-(1→2) (red bonds Scheme 1) and cis-β-(1→3) (blue bonds Scheme 1) fashion.29 
Interestingly, the 6dTal units that are connected via trans linkages are all decorated 
with β-glucosides on the O-3 position (Scheme 1).  

 

Scheme 1. The repeating unit of B. adolescentis and target fragments 1, 2, and 3. 
Trans-linkages are shown in ref, cis-linklages in blue  

 

This section is divided into 3 chapters: Chapter 6 is dedicated to the synthesis of 
the trans-linked hexasaccharide unit 3, Chapter 7 describes the efforts towards the 
construction of cis-6-deoxytaloside linkages to synthesize compound 2, and the final 
coupling steps for the production of the nonasaccharide repeating unit 1 are described 
in Chapter 8.  
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In this Chapter, the synthesis of a protected hexasaccharide fragment of the all-

trans repeating unit of Bifidobacterium adolescentis, consisting of α-(1→2)-linked 6-
deoxy-L-talosides (6dTal), which are decorated on the O-3 position with β–glucosides, 
is described. Orthogonal protection of 6-dTal, as well as regioselective glycosylation on 
partially protected 6dTal, were investigated as strategies in the synthesis of the target 
hexasaccharide, revealing a surprising reactivity pattern of the alcohol substituents in 
this rare carbohydrate building block.  

Chapter 6 
Synthesis of the all-trans Hexasaccharide Unit of 

Bifidobacterium adolescentis 
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Chapter 6 

6.1 Introduction 

6-deoxy-L-talose (6dTal) is a rare monosaccharide found in the O-antigens of Gram-
negative bacteria1-14 and in several exopolysaccharide (EPS) structures, specifically the 
EPS isolated from Bifidobacterium longum subsp longum 35624,15 Bifidobacterium 
adolescentis,16 and Burkholderia caribensis.17 One of the main challenges associated 
with the synthesis of 6dTal-containing oligosaccharides is that the building block is not 
commercially available and it should be prepared first. Synthesis routes towards eight 
6dTal-containing oligosaccharides have been reported in the literature.18-24 
Interestingly, in these examples, 6dTal is most commonly glycosylated on the O-2 
position in a trans-linkage. No examples of the synthesis of 6dTal residues glycosylated 
on two different positions (e.g. at C-2 and C-3) at the same time have been reported to 
date. Therefore, there is no report of a 6dTal building block in which every hydroxy 
substituent is orthogonally protected and can be liberated at will, which warrants a 
thorough investigation of the reactivitiy of the different hydroxyl substituents, as 
presented in this Chapter. 

The group of Wang reported the synthesis of a 6-deoxytalose-containing 
tetrasaccharide corresponding to the O-antigen from Aggregatibacter 
actinomycetemcomitans serotype C, which was equipped with a p-methoxyphenyl 
(PMP) group at the anomeric position (12, Scheme 1).25 The repeating unit consists of 
trans-linked 6dTal residues elongated either on the C-2 or C-3 position. To synthesize 
the target oligosaccharide 12 two key building blocks (5 and 7) were prepared from 
2,3-isopropylidene PMP-rhamnoside 2, which was converted into deoxytaloside 3 by 
oxidation (Swern conditions) and inversion (reduction with NaBH4) of the hydroxy 
group at the C-4 position.26 After removal of the isopropylidene group unprotected triol 
4 was obtained. Since the equatorial hydroxyl at the C-3 position is generally more 
reactive than the axial C-2/C-4 hydroxyls,27-30 this reactivity can be efficiently utilized 
for regioselective introduction of a protecting group. Thus, monosaccharide 6 was 
obtained by regioselectively introducing an allyl carbonate (Alloc) group on the 3-OH, 
followed by benzoylation and conversion of the PMP group to yield 
trichloroacetimidate donor 7. Acceptor 5 was obtained by installing an isopropylidene 
group on building block 4, which intriguingly proceeded regioselectively.31 Alternating 
glycosidic bonds were introduced using a [2+2] strategy, i.e. by coupling disaccharides 

to each other. First, α-trans-(1→2)-bonds were installed stereoselectively owing to the 
participation of 2-O-benzoyl protecting group giving disaccharide building block 8. 
Removal of the Alloc-group at the C-3 position gave acceptor 9, which was coupled to 

donor 10 to give the α-trans-(1→3)-glycosidic bond in an impressive 88% yield. 
Similarly, donor 7 was used in the synthesis of tri- and hexasaccharides from 

Mesorhizobium huakuii IFO15243T to construct α(1→3)-6-deoxytaloside linkages.24  

This report is the most impressive example to date of a synthesis featuring 6-
deoxytalose building blocks. It was demonstrated that 6dTal can be efficiently 
protected by Alloc or an isopropylidene group regioselectively, and some of the 
approaches were employed in this Chapter.  
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Synthesis of the all-trans Hexasaccharide Unit of Bifidobacterium adolescentis 

 

Scheme 1. Wang's synthesis of tetrasaccharide 11. Reagents and conditions: (a) (ii) 
DMSO, Et3N, PhOPOC12, DCM,-15 to-10 °C, 6–8 h; (iii) 50% EtOAc, H2O, NaBH4; (b) 70%AcOH,3 
h, 70 °C; (c) DMF, CH3C(OCH3)2CH3, cat. TsOH•H2O, 30 °C, 24 h; (d) AllocCl, Py, DMAP, DCM; -15 
to 0 °C, 3 h; then BzCl, 0–25 °C, 12 h; (e) (i) 80% CH3CN, CAN, 35 °C, 0.5 h; (ii) CCl3CN, DBU, DCM, 
rt, 0.5 h; (f) TMSOTf, DCM, -10 °C to rt, 2 h; (g) MeOH–THF = 1:1, NaBH4, Pd[P(C6H5)3]4, AcONH4; 
(i) 70% AcOH, 3 h, 70 °C; (ii) Ac2O, Py; (iii) 80% CH3CN, CAN, 35 °C, 0.5 h; (iv) CCl3CN, DBU, 
CH2Cl2, rt, 0.5 h; (i) 70% AcOH, 3 h, 70 °C, (ii) satd NH3–MeOH, rt, 96 h. 

The goal of this Chapter was to perform a synthesis of hexasaccharide 1 (Scheme 
2). Two strategies were investigated to perform the synthesis of the key disaccharide 
intermediate 13: orthogonal protection of the 6-deoxytalose substrate, and 
regioselective glycosylation on the diol 6-deoxytaloside acceptor 16. Upon investigation 
of the orthogonal protection strategy, intriguing changes in the reactivity of C-2/C-4 
hydroxyl were observed, limiting the possibilities for the introduction of other 
protecting groups. Therefore, the regioselective glycosylation strategy was ultimately 
used for the synthesis of the desired hexasaccharide 1 by employing a [2+2+2] linear 
synthetic route.   
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Chapter 6 

6.2 Results and discussion 

The desired fragment 1 has two types of glycosidic bonds: the 6dTal units are 
connected at the O-2 position to another 6dTal moiety, and they are decorated at the O-
3 position with β-glucoside units (Scheme 2). To efficiently produce hexasaccharide 1, 
key disaccharide 13 was designed, which can be used as a donor or transformed into an 
acceptor after removal of the levulinoyl (Lev) group. The Lev-group can participate 
during the glycosylation reaction to ensure the formation of trans-glycosides only. Two 
strategies were investigated for the synthesis of the central building block 13 (Scheme 
2): strategy 1 involved the orthogonal protection of 6dTal to access monosaccharide 15 
that has a single hydroxyl functionality, and strategy 2 entailed a regioselective 
glucosylation on the diol acceptor 16.  

 

Scheme 2. Retrosynthetic analysis of the hexasaccharide 1 

The synthesis of central compound 6-deoxy-L-talopyranoside thioglycoside 17 
(Scheme 3) was performed starting from commercially available L-rhamnose by scaling 
up the triflation-inversion procedure reported by Kulkarni32 to give 6-deoxytalose 17 
on multi-gram scale and details can be found in the Experimental Section.  

6.2.1 Strategy 1 – Orthogonally protected 6-deoxytalose acceptor 

The first strategy required the synthesis of compound 20 (Scheme 3), with several 
orthogonal protecting groups to ensure selective liberation at the C-3 position to 
produce acceptor 15. 6-Deoxy-L-talose is an L-sugar with all-cis hydroxyls: two axial 
groups at C-2 and C-4, and one equatorial hydroxyl at C-3. Because equatorial hydroxyls 
are generally considered to be more nucleophilic,27-30 it was expected that C-3 hydroxyl 
was most reactive. Starting from monosaccharide 17, first the regioselective 
introduction of an orthogonal protecting group at C-3 was investigated.  
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Scheme 3. The synthetic route towards building block 15 

It was attempted to exploit the higher reactivity of the equatorial C-3 hydroxyl by 
introducing several different protecting groups (Table 1). In the first attempt, a typical 
regioselective protection procedure involving the formation of a cyclic tin-ketal to 
enhance the reactivity differences of hydroxyls in compound 17 in the introduction of a 
para-methoxybenzyl (PMB) group was performed. This procedure led to a low yield of 
the desired O-3 protected compound 18a and comparable quantities of the O-2 
protected product were observed (Table 1, entry 1). Surprisingly, alternative 
conditions for the regioselective introduction33-35 of PMB using silver oxide, potassium 
iodide, and PMBCl, gave predominant formation of O-2 PMB-protected compound in 
35% yield (Table 1, entry 2) with no 3-O-PMB compound observed. Next, the 
introduction of a bulky TBS-group was attempted (TBSCl, imidazole, entry 3) giving 
61% of an inseparable mixture, that contained the 2-O-TBS protected compound 18b 
as a major product in 1.6/1 ratio with another regioisomer. The more reactive silylating 
agent TBSOTf in the presence of 2,6-lutidine at -30 °C (Table 1, entry 4) did not produce 
the desired product, instead, the O-2 silylated product 18b was obtained in 34% yield 
and the di-silylated compound in 29%. Overall, significant quantities of 2-O-protected 
compounds were observed upon the introduction of PMB or TBS-groups, suggesting 
that the C-2 hydroxyl in 6-deoxy-L-talose is more reactive than C-3 hydroxyl in these 
reactions.  

Table 1. Optimization of O-3 protection on 6-deoxy-L-talose 17 

 

Entry R Conditions Product yield and ratio  

1 PMB 
1. Bu2SnO, Toluene, reflux  
2. PMBCl, CsF, DMF  

<33% (+ 27% O-2 ) 

2 PMB  PMBCl, Ag2O, KI, DMF  
0% (35% O-2, 23% SM + unknown 
quantities O-4)  

3* TBS TBSCl, imidazole, DMF, 0 °C 
61% (2-O-TBS / other isomer = 
1.6/1) 

4 TBS TBSOTf, 2,6-lutidine, DCM, -30 °C  0% (+34% 2-O-TBS, 29% di-TBS) 

5 Bz BzCl, pyridine, DCM, -30 °C  76% 

6 Fmoc  FmocCl, pyridine, DCM, 0 °C  79% 

* based on NMR  

Interestingly, when the introduction of a benzoyl group was performed at low 
temperatures (Table 1, entry 5), the desired 3-O-benzoylated product 18c was isolated 
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in 76% yield. This result suggests that the 3-OH is more nucleophilic under 
esterification conditions. However, upon alkylation and silylation conditions the 
hydroxyl at C-2 was more reactive, thus demonstrating competing reactivities of the 
hydroxyls at C-2 and C-3 in 6-deoxytalose substrate 17. Similarly, the equatorial C-3 
hydroxyl was shown to be more reactive under benzoylation conditions for manno- and 
rhamnopyranosides,36,37 however competing reactivities of hydroxyls at C-2 and C-3 
were observed for gluco- and galactopyranosides.36,38   

For the synthesis of the key disaccharide 13, the C-3 position should be liberated 
without affecting protecting groups at C-2 and C-4 positions. In that case, a benzoyl 
group is not ideal as a temporary protecting group, as the basic conditions needed to 
remove it also may affect other ester functionalities. To circumvent the use of strong 
basic conditions the introduction of a Fmoc-group, which can be easily removed under 
mild basic conditions, was carried out leading to the formation of the compound 18d in 
79% yield.  

Since the hydroxyl at the C-2 position was often protected in the above-mentioned 
reactions (Table 1), while C-4 protected compound was not isolated, it can be concluded 
that hydroxyl at C-2 is nearly as reactive as the C-3-OH, while the C-4 hydroxyl is 
significantly less reactive. Therefore, regioselective esterification was envisioned as the 
next step (Table 2). The benzoyl group was chosen for optimization since various 
methodologies are described for the introduction of the benzoyl group. When 
monosaccharide 17 was treated with BzCl in pyridine at -40 °C slow conversion of 
monosaccharide 18d occurred (Table 2, entry 1). Complete conversion of the starting 
material 18d was obtained using 2.4 equivalents of BzCl, resulting in a mixture of 
products where only 30% of the starting material was converted into the desired 
compound 19b (based on NMR, Table 2, entry 1) and 54% of the di-2,4-benzoylated 
compound was formed as the major product. We hypothesize that the electron-
withdrawing Fmoc-group at the equatorial C-3 position, which lies in the plane of the 
ring, reduces the reactivity of the remaining C-2 and C-4 hydroxyls by inductively 
withdrawing electron density from the ring. In an attempt to make better use of the 
reactivity differences between C-2 and C-4, milder strategies were employed using 
catalytic amounts of dibutyltin oxide or a borinic acid.39 Interestingly, the formation of 
a tin-ketal led to full Fmoc-deprotection, while the 2-aminoethyl diphenylborinate 
catalysis led to O-2 benzoylation in high regioselectivity (O-2/O-4 = 73/27, Table 2, 
entry 3). Encouraged by this result, the regioselective introduction of a Lev-group was 
attempted with the goal to use it in the synthesis of the target hexasaccharide, where a 
protecting group that can be cleaved without affecting acetate groups is a must. Thus, 
the reaction was performed using freshly prepared LevCl in the presence of the 
borinate catalyst, however, no conversion of the starting material occurred.  



 

 

131 

 

 

 

Synthesis of the all-trans Hexasaccharide Unit of Bifidobacterium adolescentis 

Table 2. Optimization of conditions for the protection of O-2 position 

 
Entry Conditions Product yield and ratioa 

1 2.4 eq BzCl, 16 eq pyr 
DCM, -40 °C, 6 h 

30% (16% O-4-Bz, 54% 2,4-O-Bz) 

2 (i) 1 eq Bu2SnO, tol, reflux, 2.5 h 
(ii) 1eq BzCl, tol, RT, overnight  

Fmoc removal 

3 0.1 eq Ph2BO(CH2)2NH2,1.2 eq BzCl, 1.2 eq 
DIPEA 
MeCN, RT, 3h 

73% 2-O-Bz (26% 4-O-Bz) 

a Based on 1H NMR of the reaction crude  

The results presented above reveal that the regioselective protection of 6-deoxy-L-
talose is challenging. The competing high reactivity of the C-2 and C-3 hydroxyls during 
the first O-3 protection provided reduced yields. The Bz and Fmoc groups were 
successfully introduced, giving the possibility to obtain the O-3 protected building 
block. It is postulated that the electron-withdrawing nature of the introduced 
substituent (Fmoc, Bz) led to a diminished reactivity difference between the remaining 
hydroxyls at C-2 and C-4. Using organoboron catalysis, the C-2 hydroxyl was found to 
be slightly more reactive, and orthogonally protected monosaccharide 19b was 
obtained, which can potentially be used for the synthesis of other 6-deoxy-L-talose 
containing oligosaccharides.1 Altogether, it is possible to obtain a 6-deoxytalose 
building block with a different protecting group at the C-2/C-3/C-4 position, however, 
the limited choice of a protecting group for the C-2 position makes this strategy 
unsuitable for the synthesis of the key disaccharide 13 since a group that can be reliably 
removed without affecting acetyl-group at O-4 is a must for the ultimate construction 
of hexasaccharide 1.  

6.2.2 Strategy 2 – Regioselective glycosylation 

The second strategy to synthesize key disaccharide 13 was to use less protecting 
groups, and instead rely on the regioselective glycosylation of the O-3 position in diol 
16. To investigate this approach, the synthesis of acceptor 16 was performed. First, 
monosaccharide 17 was treated with 2,2-dimethoxypropane in DMF at 65 °C in the 
presence of catalytic pTsOH, forming the 3,4-O isopropylidene-protected compound 21 
in 73% isolated yield as the major product (Scheme 4), together with the 2,3-
isopropylidene-protected regioisomer in 25% isolated yield. Interestingly, product 21 
revealed to adopt a different conformation than starting material 17.  



 

 

132 

 

 

 

Chapter 6 

 

Scheme 4. Synthesis of diol acceptor 16 

NMR analysis indicated an increase in the coupling constant between H-1 and H-2 
in 1H-NMR (Figure 1) from 3JH1-H2  = 1.4 Hz for compound 17 to 7.7 Hz for 
monosaccharide 21. This increase can not simply be explained by the anomerization of 
the thiocresol moiety, as both the α- and β-linked STol group in 6-deoxy-L-talose would 
give a small 3JH1-H2  coupling. Instead, the large coupling constant was indicative of a 
significant change of conformation. 6-Deoxy-L-taloside 17 adopts a 1C4 conformation, 
which is the typical conformation for L-sugars, since the 3J coupling constants observed 
are small (3J < 3 Hz ) between H-1-H-2 and H-4-H-5 due to the small dihedral angle 
between two diequatorial protons (Figure 1). However, in the case of compound 21, a 
large coupling constant (3JH-1,H-2 = 7.7 Hz) was observed upon the formation of the 
bicyclic acetal, indicating a conformation where H-1 and H-2 are in a diaxial orientation.  

 
Coupling constants: for 7: 3JH-1,H-2 = 1.4 Hz, 3JH-2,H-3 = 3.1 Hz, 3JH-3,H-4 = 3.3 Hz, 3JH-4,H-5 = 1.2 Hz, 
3JH-5,H-6 = 6.5 Hz; for 10 3JH-1,H-2 7.3 Hz, 3JH-2,H-3 = 3.1 Hz, 3JH-3,H-4 = 7.6 Hz, 3JH-4,H-5 < 2 Hz, 3JH-5,H-

6 = 6.5 Hz. 

Figure 1. 1H-NMR of compounds 17 (top) and 21 (bottom)  

A change in the orientation of the H-1 and H-2 protons from diequatorial to diaxial 
could be associated with a conformational change from the 1C4-chair to the 4C1-chair 
(Scheme 5). However, the coupling constant between H-3 and H-4 was also significantly 
changed (from 3.3 Hz to 7.6 Hz), while the change from 1C4 to 4C1 would not alter the 
relationship between H-3-H-4 protons. Instead, the observed coupling constant 
suggests a 2,5B boat conformation, in which H-1 and H-2 are oriented diaxially to each 
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other, while H-3 and H-4 are close to being eclipsed, which also results in an increased 
coupling constant. To support our hypothesis a 2D-NOESY spectrum was obtained, 
where a correlation between H-2 and H-5 was observed, indicative of the 2,5B-boat 
conformation. The change of conformation upon the introduction of the isopropylidene 
group may be explained by minimization of the steric strain in the 5-membered 
isopropylidene ring. If product 21 remains in the 1C4 conformation the 5-membered ring 
would be more sterically hindered than in the 2,5B conformation. Interestingly, for the 
minor 2,3-acetonide no conformational changes were observed in NMR. It can be 
hypothesized, that the change in the conformation for product 21 is the driving force of 
the reaction, which results in high regioselectivity. 

Esterification of compound 21 with levulinic acid using a Steglich-type reaction in 
the presence of DIC and DMAP afforded compound 22 in 83% yield (Scheme 4). 
Subsequent treatment of compound 22 with 70% AcOH in water at 70 °C afforded diol 
acceptor 16 in 90% yield.  

 

Scheme 5. Possible conformations for compound 21 

Previous results on the regioselective introduction of protecting groups showed a 
propensity of the C-3 hydroxyl to react faster than the C-4 hydroxyl. Therefore, upon 

glycosylation of acceptor 16 predominant formation of α-trans-(1→3)-linked product 
24 was envisioned. To investigate the impact of the reactivity of the donor on the 
regioselective glycosylation reaction, two glucosyl-donors were synthesized, both 
containing an acetyl group at O-2 position to ensure trans-stereoselectivity: the reactive 
(“armed”) tribenzylated donor 23 and less reactive (“disarmed”) peracetylated donor 
14 (Scheme 7 and Table 3). First, two separate reactions were performed with a slight 
excess of donor 23 or 14 (1.1 eq) compared to acceptor 16 and a catalytic amount of 
TMSOTf (0.3 eq), and the reactions were warmed up from -80 °C to 0 °C (Table 3). When 
the armed donor 23 was used, rapid consumption of diol acceptor 16 was observed. 

Interestingly, β-(1→4)-linked disaccharide 25a was formed as a major product 
(Scheme 6) in 47% yield, in addition to large quantities of trisaccharide (27%) resulting 
from the glycosylation on both the C-3 and C-4 positions. Supposedly, the electron-
withdrawing nature of the Lev-protecting group reduced the reactivity difference 
between the C-3 and C-4 hydroxyls, leading to the predominant attack on the C-4-OH, 
which may be more accessible. On the other hand, the glycosylation with disarmed 

donor 14 yielded predominantly the β-(1→3)-linked disaccharide product 24b in 35% 
yield, next to 42% of trisaccharides (entry 2, Table 3). After acetylation of the mixture 
of disaccharides, compound 27 was isolated, revealing that during the glycosylation 
step also Lev-migration to the O-3 position had occurred.   
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Scheme 6. Comparison of glycosylation with glucosyl-donors 23 and 14.  

Since disarmed donor 14 demonstrated a higher preference for the desired β-

(1→3)-linked disaccharide 24b, the glycosylation conditions were optimized to reduce 
the side-reactions (Table 3). When the reaction was performed at -80 °C until full 
consumption of the acceptor was observed, a low yield of the target disaccharide 24b 
(9%) was obtained, while a significant amount of Lev migration products to the O-3/O-
4 positions was observed (Table 3, entry 3). Thus, it seems that at low temperatures 
Lev migration occurs faster than the glycosylation reaction. Therefore, the glycosylation 
was performed at higher temperatures in an attempt to outcompete Lev migration. 
Performing the reaction at -40 °C led to a higher yield of 90% of disaccharides (Table 3, 
entry 4). At the same time, the higher temperature induced the formation of the 

undesired regioisomer 25b. To suppress β-(1→4) glycosylation, the reaction was 
performed with an excess of diol acceptor 16 (1.2 eq) at -40 °C to produce 65% of 
disaccharides and 36% of Lev-migrated monosaccharides (Table 3, entry 5). Therefore, 
to increase yield and further suppress Lev-migration, glycosylation was carried out at 
0 °C, providing 96% yield of the disaccharide fraction (Table 3, entry 6) however, still 
significant quantities of migrated monosaccharides were isolated. To minimize 
occurring Lev-migration on 6-deoxytalosides the amount of promoter was reduced to 
0.1 equivalents, and even higher excess of acceptor 16 (1.5 eq) together with shortened 
reaction time (0.5 h) were used yielding 77% of the disaccharide fraction (Table 3, 
entry 7). Purification of the obtained monosaccharide fraction allowed the recovery of 
34% of the acceptor 16. The purification of disaccharide fraction by column 

chromatography allowed for the separation of β(1→4)-disaccharide 25b from the 
mixture containing the target disaccharide 24b and side-product 26. Acetylation of this 
disaccharide mixture using Ac2O and pyridine in presence of catalytic DMAP, followed 
by careful separation by column chromatography, afforded disaccharide 13 in 35% 
yield over 2 steps in high purity (90% by NMR).  
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Table 3. Optimization of conditions for regioselective glycosylation using donor 14 

Entry  Temperature 
Eq 
TMSOTf/ 
Eq. acceptor 

Time 
Yield 
disaccharide 
fraction 

Main side product 
(Yield) 

1 *   -80 °C to 0 °C 0.3 / 0.9 
100 
min 

47% Trisaccharides (27%)  

2   -80 °C to 0 °C 0.3 / 0.9 95 min  35% Trisaccharides (42%)  

3   - 80 °C 0.3 / 0.9  22 h   9% 
Migrated 
monosaccharides 
(quant) 

4   - 40 °C 0.3 / 0.9  4 h  90% - 

5  - 40 °C 0.3 / 1.2  4.5 h  65% 
Migrated 
monosaccharides 
(36%)  

6  0 °C 0.3 / 1.2 
3 h 40 
min  

96% - 

7  0 °C 0.1 / 1.5  35 min 77% - 

* - performed using donor 23 

With the key disaccharide 13 in hand, we turned our attention to the block 

couplings towards hexasaccharide 1. To construct trans-(1→2)-glycosidic linkages 
between 6-deoxytalosides a secondary disaccharide acceptor 29 with a liberated C-2-
OH is needed (Scheme 7). This acceptor ideally is equipped with an N-
benzyloxycarbonyl-5-aminopentan-1-ol linker to allow thioglycoside activation 
chemistry of donor 13. Thus the introduction of the N-benzyloxycarbonyl-5-
aminopentan-1-ol linker on the anomeric position was attempted to produce 
compound 28 using both pre-activation (Ph2SO, Tf2O) and in situ activation conditions 
(NIS, TfOH). However, in the case of NIS/TfOH activation, low yields (36%) of product 
28 together with high quantities of the corresponding disaccharide hemiacetal were 
observed under these conditions. Since the synthesis of compound 28 was low yielding 
it was decided to employ the more reactive trifluoroacetimidate donor 32 for the 
further oligosaccharide coupling reactions. Because activation of the imidate donor 
does not affect the thioglycoside functionality, secondary disaccharide acceptor 30 
could be used in the oligosaccharide construction.  
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Scheme 7. Synthesis of the key disaccharide intermediate 13 and its modification to 
acceptor 30 and donor 32  

To liberate the O-2 position to produce the disaccharide acceptor 30, disaccharide 
13 was subjected to Lev removal using hydrazine hydrate in pyridine and acetic acid, 
affording acceptor 30 in 53% yield (Scheme 7). To synthesize N-
phenyltrifluoroacetimidate donor 32, thioglycoside 13 was hydrolyzed using NBS in 
acetone/water affording compound 31 in 72% yield. Then, the resulting hemiacetal was 
subjected to the reaction with N-phenyltrifluoroacetimidoyl chloride under basic 
conditions to give donor 32 in 53% yield.  

Having donor 32 and acceptor 30 in hand, the coupling was performed in the 
presence of TMSOTf as a promoter to give tetrasaccharide 33 in 59% yield as a single 
product (Scheme 8). Since the stereochemistry in 6-deoxy-L-talosides cannot be 
supported by regular 1H-NMR measurements due to the fact that the dihedral angle 
between the H-1 and H-2 protons shows similar coupling constants for both α- and β-
isomers, 13C-GATED spectrum was obtained. The observed coupling constant for the 
anomeric carbon JC1-H1 = 173 Hz is indicative of the gauche orientation of the equatorial 
CH bond to the lone pairs of the ring-oxygen,40-42 and confirmed the α-trans-linkage of 
the new stereocenter. To continue with the synthesis towards the target 
hexasaccharide, the hydroxyl at the C-2 position was liberated by treating compound 
33 with N2H4•H2O to give tetrasaccharide acceptor 34 in 57% yield. To our delight, 
when the final coupling was carried out using tetrasaccharide acceptor 34 and 
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disaccharide donor 32 under standard activation conditions, target hexasaccharide 1 
was obtained in good yield (53%).  

 

Scheme 8. Final couplings to obtain target hexasaccharide 1 

6.3 Conclusions 

In this Chapter, the first synthesis of a challenging hexasaccharide fragment of the 
EPS from B. adolescentis is described. Two synthetic routes were investigated: the 
orthogonal protection approach, and the approach based on a regioselective 
glucosylation. The successful introduction of protecting groups such as benzoyl and 
Fmoc can be performed in high yields on triol substrate 17, however further 
modifications are more challenging to perform in satisfying yield and purity. 
Supposedly, the electron-withdrawing nature of the first protecting group reduces the 
reactivity of the remaining OH-groups. To overcome this issue, organoboron catalysis 
was successfully applied to provide high regioselectivity on the O-2 benzoylation of 
compound 18d. Unfortunately, the introduction of Lev-group using the same conditions 
was unsuccessful, therefore limiting the usage of the strategy because an orthogonal 
group is a must for elongation at the oligosaccharide stage.    

Regioselective β-glucosylation of diol acceptor 16 was the other investigated route. 
Two donors of different reactivity were tested: armed benzylated donor 23 and 
disarmed peracetylated donor 14. Interestingly, reactive donor 23 gave predominantly 

β-(1→4)-linked product 25a, while less reactive donor 14 yielded the desired β-(1→3)-
linked disaccharide 24b, albeit with several side-products. Glycosylation of diol 16 with 
donor 14 at relatively high temperature (0 °C), short reaction time, and with an excess 



 

 

138 

 

 

 

Chapter 6 

of acceptor improved the yield of the key disaccharide and allowed for recovery of the 
valuable 6-deoxy-L-talose acceptor 16. Acetylation of the disaccharides and careful 
purification afforded disaccharide 13 in 35% yield over 2 steps. Disaccharide 13 was 
transformed into donor 32 and acceptor 30, which after a sequence of coupling-
deprotection-coupling steps successfully yielded the target hexasaccharide 1.  

6.4 Acknowledgments 

Jelle Fok is acknowledged for his contribution to the synthesis of the 
hexasaccharide.  

6.5 Experimental Section  

6.5.1 General Experimental Procedures 

All solvents used were of commercial grade and used without further purification unless stated 
otherwise. Dry DCM, toluene, and THF were generated by an MBraun SPS 800 solvent purification 
system. Solvents used for workup and column chromatography were of technical or HPLC grade 
from Boom, Biosolve, or Honeywell and used as purchased. Solvents were removed by rotary 
evaporation under reduced pressure at 45 °C. Reagents were purchased from Sigma-Aldrich, 
Acros, TCI Europe, or CarboSynth and used without further purification. Reaction temperature 
refers to the temperature of the cooling bath equipped with a stirring bar. Reactions were 
monitored by TLC analysis on Merck silica gel 60/Kieselguhr F254 and spots were visualized by 
UV light, or spraying with orcinol stain (180 mg orcinol, 10 mL 85% H3PO4, 5 mL EtOH, and 85 
mL H2O) or with Seebach’s stain (2.5 g phosphomolybdic acid, 1 g Ce(SO4)2, 6 mL H2SO4 and 94 
mL H2O) followed by heating with a heat gun. Column chromatography was performed using 
silica gel (Standard Silica 60M, 0.04 – 0.063 mm, 230-400 mesh, Macherey-Nagel GmbH, 
Germany) as the stationary phase. Size-exclusion chromatography was performed on Sephadex 
LH-20 using DCM/MeOH (1/1, v/v) as eluent. Molecular sieves 4Å (Merck, Germany) were 
activated by heating with a heat gun in vacuo. 
1H and 13C NMR spectra were recorded on a Varian 400-MR (400/100 MHz) or a Varian Inova 
(500/125MHz). Chemical shifts are given in ppm with the solvent resonance as an internal 
standard (CDCl3: δ 7.26 for 1H, δ 77 for 13C). All individual signals were assigned using 2D NMR 
spectroscopy: HH-gCOSY, gHSQC, or NOE. Data are reported as follows: chemical shifts (δ), 
multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = double double doublet, t = 
triplet, q = quartet, m = multiplet, app t = apparent triplet, br = broad signal), coupling constants 
J (Hz), and integration. High-resolution mass measurements were performed on an LTQ Orbitrap 
XL spectrometer (Thermo Fisher Scientific) with an ESI ionization source. 

6.5.1.1 Synthesis of 6-deoxy-L-talose 17 

 

Scheme S1. Synthesis of 6-deoxy-L-talose 17. Reagents and conditions: i) MeONa, 
MeOH; ii) BzCl, Pyr, DCM, -40 °C to -30 °C; iii) Tf2O, py, DCM, 0 °C, then H2O.  
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4-Methylphenyl 2,3,4-tri-O-acetyl-1-thio--L-rhamnopyranoside (R1) 

To a solution of a spoon of L-rhamnose in acetic anhydride (335 mL) 2 drops 
of perchloric acid were added. Upon dissolution of the dry material, the next 
portion of L-rhamnose (54 g, 286 mmol) was added to the mixture. After 2h 20 
min TLC analysis indicated conversion into one spot (pentane/EtOAc, 2/1, 
v/v), and the reaction mixture was poured on crushed ice and quenched by 

addition of sat. NaHCO3 until neutral pH. The product was extracted with DCM (3x), and the 
organic layer was washed with sat. NaHCO3 (2x), and brine. The organic layer was dried over 
MgSO4 and concentrated in vacuo. The crude product was used in the next step without further 
purification. The analytical data were in accordance with those reported previously.43,44 TLC: Rf 
= 0.27 (pentane/EtOAc, 4/1, v/v). 
α-anomer: 1H NMR (400 MHz, CDCl3) δ 5.98 (d, J = 1.9 Hz, 1H, H-1), 5.31 – 5.25 (m, 1H H-3), 5.22 
(dd, J = 3.5, 2.0 Hz, 1H, H-2), 5.09 (t, J = 10.0 Hz, 1H, H-4), 3.91 (dq, J = 9.7, 6.2 Hz, 1H, H-5), 2.14 
(s, 3H, CH3 Ac), 2.13 (s, 3H, CH3 Ac), 2.03 (s, 3H, CH3 Ac), 1.97 (s, 3H, CH3 Ac), 1.20 (d, J = 6.2 Hz, 
3H, H-6). 13C NMR (101 MHz, CDCl3) δ 170.0, 169.8, 168.3 (4x C=O), 90.6 (C-1), 70.4 (C-4), 68.7, 
68.7, 68.6 (C-5, C-3, C-2), 20.9, 20.7, 20.7, 20.6 (4xCOCH3), 17.4 (C-6),  
β-anomer: 1H NMR (400 MHz, CDCl3) δ 5.81 (d, J = 1.2 Hz, 1H, H-1), 5.44 (dd, J = 2.4, 1.2 Hz, 1H, 
H-2), 5.06 – 5.04 (m, 2H, H-3, H-4), 3.70 – 3.57 (m, 1H, H-5), 2.18 (s, 1H), 2.07 (s, 1H), 1.97 (s, 
3H), 1.26 (d, J = 6.2 Hz, 1H, H-6). 13C NMR (101 MHz, cdcl3) δ170.2, 169.8, 168.4 (4xC=O), 90.3 
(C-1), 71.4, 70.7, 70.2, 68.5 (C-2,3,4,5), 20.7 - 20.5 (4xCOCH3), 17.3 (C-6).A solution of crude 
peracetylated rhamnose (98 g, 296 mmol) and thiocresol (38 g, 311 mmol) in DCM (490 mL) was 
cooled down to 0 °C and BF3•Et2O (73 mL, 592 mmol) was added to the mixture dropwise over 
2h. The reaction mixture was left to stir until full consumption of the starting material was 
observed (overnight), after which it was quenched by the addition of sat. NaHCO3 until neutral 
pH. The product was extracted with DCM (3x), the combined organic layers were washed with 
aq. NaOH (2x), and brine, dried over MgSO4, and concentrated in vacuo. Recrystallization from 
EtOH afforded the title compound in 60% yield (70.9 g, 179 mmol). The analytical data were in 
accordance with those reported previously.45 TLC: Rf = 0.55 (pentane/EtOAc, 4/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.1 Hz, 2H, CHarom), 7.09 (d, J = 8.0 Hz, 2Harom), 5.46 (dd, 
J = 3.4, 1.6 Hz, 1H, H-2), 5.30 (d, J = 1.6 Hz, 1H, H-1), 5.26 (dd, J = 10.0, 3.4 Hz, 1H, H-3), 5.11 (t, 
J = 9.9 Hz, 1H, H-4), 4.34 (dq, J = 9.6, 6.2 Hz, 1H, H-5), 2.29 (s, 3H, CH3 STol), 2.10 (s, 3H, CH3 Ac), 
2.04 (s 3H, CH3 Ac), 1.97 (s, 3H, CH3 Ac), 1.21 (d, J = 6.3 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 169.9 (C=O), 138.2 (Cq), 132.4 (Carom), 129.9 (Carom), 129.3 (Cq), 86.0 
(C-1), 71.2, 71.1, 69.4, 67.7, (C-2,3,4,5) 21.1 (CH3 STol), 20.8, 20.8, 20.6, (3xCH3 Ac) 17.3 (C-6). 

4-Methylphenyl 1-thio--L-rhamnopyranoside (R2) 

To a suspension of 4-methylphenyl 2,3,4-tri-O-acetyl-α-thio-L-
rhamnopyranoside R1 (62 g, 156 mmol) in dry MeOH (200 mL) a piece of solid 
Na was added. The reaction mixture was stirred under nitrogen atmosphere 
overnight, after which TLC analysis indicated complete conversion of the 

starting material into one polar spot. The reaction was then quenched by the addition of 
Amberlite IR-120H+. Filtration, concentration in vacuo, and co-evaporation with toluene (3x) 
afforded the deacetylated compound R2 in a quantitative yield. The viscous yellow crude product 
was directly used in the next step. The analytical data were in accordance with those reported 
previously.46 TLC: Rf = 0.20 (pentane/EtOAc, 1/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.34 (dd, J = 8.2, 1.8 Hz, 2H, CHarom STol), 7.11 (d, J = 7.0 Hz, 2H, 
CHarom STol), 5.40 (d, J = 1.8 Hz, 1H, H-1), 4.23 – 4.07 (m, 2H, H-2, H-5), 3.80 (dt, J = 9.4, 2.2 Hz, 
1H, H-3), 3.53 (td, J = 9.4, 1.7 Hz, 1H, H-4), 2.35 (br s, 3H, OH) 2.32 (d, J = 1.7 Hz, 3H, CH3 STol), 
1.32 (d, J = 6.2 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 137.5 (Cq STol), 132.0 (CHarom STol), 130.1 (Cq STol), 129.8 
(Carom STol), 88.2 (C-1), 72.6 (C-4), 73.2 (C-2), 72.1 (C-3), 69.3 (C-5), 21.1 (CH3 STol), 17.5 (C-6). 
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4-Methylphenyl 2,3-di-O-benzoyl-1-thio-α-L-rhamnopyranoside (R3) 

Compound R2 (3.96 g, 15 mmol) was placed under nitrogen atmosphere and 
dissolved in DCM/pyridine (1/1, v/v, 60 mL). The obtained solution was cooled 
down to -40 °C and a solution of BzCl (3.3 mL, 28 mmol) in DCM (30 mL) was 
added dropwise over 2 h. After stirring at that temperature for an additional 1 

h TLC analysis indicated complete conversion of the starting material and the mixture was 
poured on ice and extracted with DCM (3x). The combined organic layers were washed with sat. 
aq. NaHCO3, and brine. The organic layer was dried over MgSO4 and concentrated in vacuo, and 
the obtained residue was co-evaporated with toluene (3x) to remove residual pyridine. The crude 
product was purified by silica gel column chromatography (20/80 to 30/70, Et2O/pentane,v/v) 
to give dibenzoylated compound R3 (5.61 g, 11.7 mmol, 80%) as a white solid. TLC: Rf = 0.81 
(pentane/EtOAc, 1/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 8.05 (dd, J = 8.3, 1.4 Hz, 2H, CHarom Bz), 7.92 (dd, J = 8.3, 1.3 Hz, 2H 
CHarom Bz), 7.63 – 7.31 (m, 8H, 6x CHarom Bz, 2x CHarom STol), 7.14 (d, J = 7.7 Hz, 2H, CHarom STol), 
5.84 (dd, J = 3.3, 1.6 Hz, 1H, H-2), 5.62 – 5.20 (m, 2H, H-1, H-3), 4.39 (ddd, J = 9.4, 6.5, 4.7 Hz, 1H, 
H-5), 4.00 (app t, J = 9.6 Hz, 1H, H-4), 2.33 (s, 3H, CH3 STol), 1.46 (d, J = 6.2 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 166.8, 165.4 (C=O Bz), 138.2, 133.5 (Cq), 132.6, 130.0 (CHarom 
STol), 129.85, 129.81 (CHarom Bz), 129.6, 129.5, 129.2 (Cq), 128.5, 128.4 (CHarom Bz), 86.3 (C-1), 
73.4 (C-3), 72.4 (C-2), 72.2 (C-4), 70.0 (C-5), 21.1 (CH3 STol), 17.6 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C27H26O6SNa 501.1342 found 501.1330. 

4-Methylphenyl 6-deoxy-1-thio-α-L-talopyranoside (17) 

To a stirred solution of monosaccharide R3 (17.8 g, 37.1 mmol) and pyridine (18 
mL, 222 mmol) in DCM (185 mL) under nitrogen atmosphere at 0 °C, Tf2O (9.4 mL, 
56 mmol) was added and the reaction mixture was stirred for until TLC analysis 
(10/90, EtOAc/pentane, v/v) showed full conversion of the starting material to 

the less polar spot. Then H2O (24 mL) was added and the reaction mixture was heated at 60 °C 
overnight, after which TLC analysis indicated full consumption of the starting material. The 
reaction mixture was diluted with DCM, washed with 2M HCl (2x), sat. aq. NaHCO3 (2x), and 
brine. The organic layer was dried over MgSO4 and concentrated in vacuo. The crude product was 
co-evaporated with toluene (2x).  
The obtained mixture of dibenzoylated talosides R4 was resuspended in MeOH (120 mL) and a 
piece of solid Na was added. The reaction mixture was stirred at RT overnight, after which TLC 
analysis indicated complete conversion of the spots into one product. The reaction was then 
neutralized by the addition of Amberlite IR-120H+, filtered, and concentrated in vacuo. 
Purification by silica gel column chromatography (pentane/EtOAc, 4/1, v/v, then EtOAc) 
afforded the title compound 17 (9.91 g, 37 mmol, quantitative) as an off-white solid. TLC: Rf = 
0.24 (pentane/EtOAc, 1/1, v/v). 
1H NMR (400 MHz, CDCl3): δ 7.35 (d, 2H, J = 8.1 Hz, CHarom STol), 7.11 (d, 2H, J = 7.9 Hz, CHarom 

STol), 5.50 (d, 1H, J = 1.4 Hz, H-1), 4.40 (q, J = 6.6 Hz, 1H, H-5), 4.06 (dt, J = 3.1, 1.5 Hz, 1H, H-2), 
3.77 (app t, J = 3.3, 1H, H-3), 3.73 (m, 1H, H-4), 3.60 (br s, 3H, OH), 2.32 (s, 3H, CH3 STol), 1.30 (d, 
J = 6.5 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 137.7 (Cq STol), 132.0 (CHarom STol), 130.1 (Cq STol), 129.9 
(CHarom STol), 89.1 (C-1), 72.91 (C-4), 72.14(C-2), 67.42 (C-5), 67.16 (C-3), 21.10 (CH3 STol), 
16.43 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C13H18O4SNa 293.0818, found 293.0818. 
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6.5.1.2 Synthesis of 6dTal building blocks  

 

Scheme S2. Protections of 6dTal 17. Reagents and conditions: i) BzCl, Ph2BO(CH2)2NH2, 
DIPEA, MeCN, RT, 3h; ii: 2,2-dimethoxypropane, pTsOH, DMF, 65 °C; iii) LevOH, DIC, 
DMAP, DCM; iv) 70% AcOH, 70 °C, 1h.  

4-Methylphenyl 6-deoxy-3-O-(4-methoxybenzyl)-1-thio-α-L-talopyranoside (18a) 

A solution of 6dTal 17 (1 g, 3.7 mmol) and Bu2SnO (1.01 g, 4.1 mmol) in toluene 
(18 mL) was heated to reflux for 2h, after which the crude material was co-
evaporated with dry toluene (2x). The obtained residue was dissolved in dry DMF 
(19 mL), CsF (1.12 g, 7.4 mmol), and PMBCl (0.57 mL, 4.1 mmol) were added. The 
obtained solution was left to stir overnight (18.5 h), after which it was diluted with 

EtOAc and washed with water. The aqueous layer was extracted with EtOAc (3x), and the 
combined organic layer was washed with brine, dried over MgSO4, filtered, and concentrated in 
vacuo. Purification by silica gel column chromatography (pentane/EtOAc, 6/1 to 1/1, v/v) 
afforded compound 18a (479 mg, 1.3 mmol) in 33% and the 2-O-PMB-protected analogue (394 
mg, 1.0 mmol) in 27% yield. TLC: Rf = 0.33 (pentane/EtOAc, 4/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.31 (m, Hz, 2H, CHarom), 7.13 – 7.07 (m, 2H, CHarom), 6.92 (d, J = 8.6 
Hz, 2H, CHarom), 6.87 (d, J = 8.6 Hz, 1H, CHarom), 6.83 (d, J = 8.6 Hz, 1H, CHarom), 5.47 (d, J = 1.6 Hz, 
1H, H-1), 4.68 – 4.60 (m, 1H, CHH PMB), 4.55 (s, 4H), 4.48 (d, J = 11.6 Hz, 1H, CHH PMB), 4.23 (q, 
J = 6.4 Hz, 1H, H-5), 4.00 – 3.97 (m, 1H, H-2), 3.78 – 3.76 (m, 4H, H-4, CH3 PMB), 3.66 (t, J = 2.7, 
1H, H-3), 2.34 (s, 3H, CH3 STol), 1.33 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 159.1 (Cq), 137.7 (Cq STol), 133.4 (Cq), 132.0 (Carom), 130.4 (Cq), 
130.0 (Cq), 129.9, 129.8, 129.4 (Carom), 86.8 (C-1), 76.8 (C-2), 73.6 (C-3), 70.6 (C-4), 69.4 (CH2 
PMB), 69.0 (C-5), 55.2 (CH3 PMB), 21.1 (CH3 STol), 16.6 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C21H26O5SNa 413.1393 found 413.1393.  

Analytical data for 4-Methylphenyl 6-deoxy-2-O-(4-methoxybenzyl)-1-thio-α-L-
talopyranoside  

TLC: Rf = 0.10 (pentane/EtOAc, 4/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 7.8 Hz, 2H, CHarom), 7.27 – 7.18 (m, 2H, 
CHarom), 7.13 (d, J = 7.7 Hz, 2H, CHarom), 6.94 – 6.68 (m, 2H, CHarom), 5.49 (s, 1H, H-
1), 4.62 (d, J = 11.3 Hz, 1H, CHH PMB), 4.45 (d, J = 11.2 Hz, 1H, CHH PMB), 4.36 
(q, J = 6.5 Hz, 1H, H-5), 3.95 – 3.91 (m, 1H, H-2), 3.81 – 3.77 (m, 4H, H-3, CH3 PMB), 

3.60 – 3.54 (m, 1H, H-4), 2.35 (s, 3H, CH3STol), 1.31 (d, J = 6.4 Hz, 3H, H-6).  
13C NMR (101 MHz, CDCl3) δ 159.6 (Cq), 137.8 (Cq), 132.1 (Carom), 130.3 (Cq), 129.9, 129.7 (Carom), 

128.8 (Cq), 114.0 (Carom), 85.8 (C-1), 79.3 (C-2), 73.1 (C-4), 72.8 (CH2 PMB), 68.3 (C-5), 67.0 (C-3), 

55.2 (CH3 PMB), 21.1 (CH3 STol), 16.4 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C21H26O5SNa 413.1393 found 413.1393. 
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4-Methylphenyl 2-O-(t-butyl-dimethylsilyl)-6-deoxy-1-thio-α-L-talopyranoside (18b) 

TBSOTf (100 µl, 0.44 mmol) and 2,6-lutidine (97 µl, 0.84 mmol) were added to a 
stirred solution of 6dTal 17 (113 mg, 0.42 mmol) at -30 °C in dry DCM (0.84 mL) 
under nitrogen atmosphere. After stirring for 2 h at RT additional 90 µl of TBSOTf 
were added to ensure complete conversion of the starting material. The solution 
was stirred for an additional 2h, after which it was diluted with Et2O and washed 

with sat. NaHCO3. The organic layer was washed with sat CuSO4, brine, dried over MgSO4, filtered, 
and concentrated in vacuo. Purification by silica gel column chromatography (pentane/Et2O, 

97/3 to 9/1, v/v) afforded the title compound (54 mg, 0.14 mmol, 34%) and the di-2,3-di-O-TBS 
protected analogue (58 mg, 0.12 mmol, 28%). TLC: Rf = 0.28 (pentane/Et2O, 95/5, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.38 – 7.33 (m, 2H, CHarom), 7.13 (d, J = 7.5, 2H, CHarom), 5.31 (d, J = 
1.5 Hz, 1H, H-1), 4.41 – 4.35 (m, 1H, H-5), 4.14 – 4.11 (m, 1H, H-2), 3.72 (dt, J = 10.8, 3.3 Hz, 1H, 
H-3), 3.61 – 3.56 (m, 1H, H-4), 3.00 (d, J = 11.9 Hz, 1H, 4-OH), 2.83 (d, J = 10.9 Hz, 1H, 3-OH), 2.33 
(s, 3H, CH3 STol), 1.31 (d, J = 6.5 Hz, 3H, H-6), 0.90 (s, 9H, (CH3)3C), 0.14 (s, 3H, CH3Si), 0.09 (s, 
3H, CH3Si). 
13C NMR (101 MHz, CDCl3) δ 137.9 (Cq), 132.4 (Carom), 130.0 (Cq), 129.9 (Carom), 89.4 (C-1), 73.5 
(C-2), 73.4 (C-4), 68.2 (C-5), 66.8 (C-3), 25.7 ((CH3)3C), 21.1 (CH3 STol), 17.9 ((CH3)3C), 16.4 (C-
6), -5.0 ((CH3)2Si). 
ESI-HRMS: [M+Na]+ calcd for C19H32O4SSiNa 407.1683 found 407.1681.  

Analytical data for 4-methylphenyl 2,3-O-di-(t-butyl-dimethylsilyl)-6-deoxy-1-thio-α-L-
talopyranoside  

TLC: Rf = 0.84 (pentane/Et2O, 95/5, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.2 Hz, 2H, CHarom), 7.12 – 7.08 (m, 2H, 
CHarom), 5.34 (d, J = 3.1 Hz, 1H, H-1), 4.28 – 4.20 (m, 1H, H-5), 3.91 (t, J = 3.9 Hz, 
1H, H-2), 3.80 – 3.75 (m, 2H, H-3, H-4), 2.57 (d, J = 8.6 Hz, 1H, 4-OH), 2.32 (s, 3H, 
CH3 STol), 1.25 (d, J = 6.7 Hz, 3H, H-6), 0.93 (s, 9H, (CH3)3C), 0.92 (s, 9H, (CH3)3C), 

0.12 (s, 3H, CH3Si), 0.11 (s, 6H, (CH3)2Si), 0.08 (s, 3H, CH3Si). 
13C NMR (101 MHz, CDCl3) δ 137.4 (Cq), 132.3 (Carom), 130.5 (Cq), 129.7 (Carom), 87.5 (C-1), 71.5 
(C-4), 71.4 (C-2), 68.9 (C-3), 68.8 (C-5), 26.1 ((CH3)3C), 26.0 ((CH3)3C), 21.1 (CH3 STol), 18.4 
((CH3)3C), 18.3 ((CH3)3C), 16.4 (C-6), -3.9, -4.6, -4.6, -4.8 (4xCH3Si). 
ESI-HRMS: [M+Na]+ calcd for C25H46O4SSi2Na 521.2548 found 521.2538. 

4-Methylphenyl 3-O-benzoyl-6-deoxy-1-thio-α-L-talopyranoside (18c) 

To a stirred solution of monosaccharide 17 (459 mg, 1.7 mmol) in DCM (4 mL) and 
pyridine (2 mL) at -30 °C under nitrogen atmosphere, a solution of BzCl (0.24 mL, 
2.0 mmol) in DCM (4.5 mL) was added dropwise. After stirring at -30 °C for 1.5h 
the reaction mixture was quenched by the addition of water and the water layer 
was extracted with EtOAc (3x). The combined organic layer was washed with sat. 

NaHCO3, CuSO4, brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification via flash 
column chromatography on silica gel (pentane/E2O, 4/1 to 1/1, v/v) yielded the title compound 
as a white solid in 76% yield (483 mg, 1.29 mmol). TLC: Rf = 0.19 (pentane/EtOAc, 4/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 7.3 Hz, 2H, CHarom o-Bz), 7.55 – 7.47 (m, 1H, CHarom p-Bz), 
7.39 (d, J = 7.7 Hz, 2H, CHarom m-Bz), 7.35 (d, J = 8.2 Hz, 2H, CHarom STol), 7.11 (d, J = 8.0 Hz, 2H, 
CHarom STol), 5.48 (d, J = 1.6 Hz, 1H, H-1), 5.14 (t, J = 2.5 Hz, 1H, H-3), 4.46 (q, J = 6.5 Hz, 1H, H-
5), 4.26 (br s, 1H, H-2), 3.95 (br s,1H, H-4), 2.33 (s, 3H, CH3 STol), 1.27 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 165.9 (C=O), 137.7 (Cq), 133.5, 132.0 (Carom), 130.1 (Cq), 129.9 
(Carom), 129.5 (Cq), 128.5 (Carom), 89.3 (C-1), 71.2 (C-4), 70.7 (C-2), 70.4 (C-3), 67.9 (C-5), 21.1 
(CH3 STol), 16.4 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C20H22O5SNa 397.1080 found 397.1073. 
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4-Methylphenyl 6-deoxy-3-O-(9-fluorenylmethyloxycarbonyl)-1-thio-α-L-
talopyranoside (18d) 

To a stirred solution of compound 17 (560 mg, 2.07 mmol) and pyridine (1.3 mL, 
16.6 mmol) in dry DCM (5.2 mL) under nitrogen atmosphere at 0 °C FmocCl (643 
mg, 2.49 mmol) was added portionwise over 15 min. The reaction was left to stir 
until TLC analysis indicated complete consumption of the starting material (2h). 
Then the reaction mixture was quenched by the addition of water. The organic 

layer was washed with sat. aq. CuSO4, and brine, dried over MgSO4 and concentrated in vacuo. 
The crude product was purified by silica gel column chromatography (pentane/EtOAc, 95/5 to 
85/15, v/v) to give compound 18d (807 mg, 1.64 mmol, 79%) as a white solid. TLC: Rf = 0.72 
(pentane/EtOAc, 3/2, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.78 (d, J = 7.5 Hz, 2H, CHarom Fmoc), 7.64 (d, J = 7.5 Hz, 2H, CHarom 

Fmoc), 7.42 (t, J = 7.4 Hz, 2H, CHarom Fmoc), 7.37 – 7.30 (m, 4H, 2x CHarom Fmoc, 2x CHarom STol), 
7.12 (d, J = 7.8 Hz, 2H, CHarom Fmoc), 5.53 (s, 1H, H-1), 4.80 (app t, J = 3.2 Hz, 1H, H-3), 4.50 (d, J 
= 7.0 Hz, 2H, CH2 Fmoc), 4.46 (q, J = 6.8 Hz, 1H, H-5), 4.32 – 4.26 (m, 2H, CH Fmoc, H-2), 3.95 (s, 
1H, H-4), 2.33 (s, 3H, CH3 STol), 1.33 (d, J = 6.5 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 154.1, 143.2, 141.3, 137.8 (4Cq), 132.1 (CHarom STol), 129.9 

(CHarom Fmoc), 129.8 (Cq), 128.0 (CHarom Fmoc), 127.2 (CHarom STol), 125.2, 125.1, 120.1 (CHarom 

Fmoc), 89.0 (C-1), 73.6 (C-3), 70.8 (C-4), 70.29 (C-2), 70.28 (CH2 Fmoc), 67.7 (C-5), 46.7 (CH 
Fmoc), 21.1 (CH3 STol), 16.3 (C-6). 
ESI-HRMS: [M+NH4]+ calcd for C28H28O6SNa 510.1945 found 510.1945. 

4-Methylphenyl 6-deoxy-3,4-O-isopropylidene-1-thio-α-L-talopyranoside (21) 

To a stirred solution of compound 17 (3.22 g, 11.9 mmol) under nitrogen 
atmosphere in dry DMF (24 mL) 2,2-dimethoxypropane (2.9 mL, 23.6 mmol) 
and a catalytic amount of pTsOH were added and the reaction mixture was 
stirred at 65 °C for 2 h. Then the reaction mixture was quenched by the 
addition of H2O, and the mixture was extracted with EtOAc (3x). The 

combined organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo. 
The crude product was purified by silica gel column chromatography (pentane/EtOAc, 9/1, v/v) 
to give compound 21 (2.72 g, 8.76 mmol, 73%) as a yellowish syrup. TLC: Rf = 0.72 
(pentane/EtOAc, 3/2, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 7.8 Hz, 2H, Harom STol), 7.12 (d, J = 7.8 Hz, 2H, Harom STol), 
5.22 (d, J = 7.3 Hz, 1H, H-1), 4.54 (dd, J = 7.5, 3.0 Hz, 1H, H-3), 4.09 (d, J = 7.7, 1H, H-4), 3.80 (q, 
J = 6.5 Hz, 1H, H-5), 3.76 (dd, J = 7.8, 3.1 Hz, 1H, H-2), 2.64 (br s, 1H, OH), 2.33 (s, 3H CH3 STol), 
1.50, 1.36 (s, 6H, C(CH3)2), 1.22 (d, J = 6.5 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 138.1 (Cq STol), 133.5, 129.7 (Carom STol), 129.2 (Cq STol), 110.2 
(C(CH3)2), 87.2 (C-1), 76.1 (C-4), 73.6 (C-3), 67.9 (C-2), 66.3 (C-5), 26.1, 25.3 (C(CH3)2), 21.15 
(CH3 STol), 15.87 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C16H22O4SNa 333.1131 found 333.1131. 

4-Methylphenyl 6-deoxy-3,4-O-isopropylidene-2-O-levulinoyl-1-thio-α-L-
talopyranoside (22) 

N,N'-diisopropylcarbodiimide (4.0 mL, 26.0 mmol) and LevOH (4.2 mL, 52.0 
mmol) were added to a stirred solution of compound 21 (5.38 g, 17.3 mmol) 
and a catalytic amount of DMAP under nitrogen atmosphere and in dry DCM 
(35 mL) at 0 °C. After stirring at RT for 1 h, the reaction mixture was diluted 
with DCM and washed with sat. aq. NaHCO3. The aqueous layer was extracted 

with DCM (3x), the combined organic layers were washed with brine and concentrated in vacuo. 
The crude product was purified by silica gel column chromatography (pentane/EtOAc, 9/1 to 
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7/3, v/v) to give compound 22 (5.85 g, 14.3 mmol, 83%) as a yellowish syrup. TLC: Rf = 0.61 
(pentane/EtOAc, 1/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 7.8 Hz, 2H, Harom STol), 7.11 (d, J = 7.8 Hz, 2H, Harom 
STol), 5.29 (d, J = 8.8 Hz, 1H, H-1), 5.08 (dd, J = 8.7, 2.3 Hz, 1H, H-2), 4.53 (dd, J = 7.6, 2.4 Hz, 1H, 
H-3), 4.09 (d, J = 7.7 Hz, 1H, H-4), 3.70 (q, J = 6.4 Hz, 1H, H-5), 2.89 – 2.62 (m, 4H, CH2 Lev), 2.33 
(s, 3H, CH3 STol), 2.20 (s, 3H, CH3 Lev), 1.49, 1.33 (s, 6H, C(CH3)2), 1.17 (d, J = 6.3 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 206.2 (C=O Lev), 172.0 (C=O Lev), 138.2 (Cq STol), 133.9, 
129.6 (Carom STol), 129.0 (Cq STol), 110.7 (C(CH3)2), 83.5 (C-1), 76.3 (C-4), 72.8 (C-3), 69.0 (C-2), 
67.1 (C-5), 37.9 (CH2 Lev), 29.8 (CH3 Lev), 28.2 (CH3 STol), 26.2 (CH2 Lev), 25.4, 21.2 (C(CH3)2), 
15.6 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C21H28O6SNa 431.1499 found 431.1506.  

4-Methylphenyl 6-deoxy-2-O-levulinoyl-1-thio-α-L-talopyranoside (16) 

Compound 22 (5.85 g, 14.3 mmol) was dissolved in 70% AcOH in H2O (300 mL) 
and stirred at 70 °C for 1 h. Then the reaction mixture was concentrated in vacuo 
and co-evaporated with toluene (4x) to give compound 16 (4.82 g, 13.1 mmol, 
90%) as a white solid. TLC: Rf = 0.31(toluene/EtOAc, 3/2, v/v).  

1H NMR (400 MHz, CDCl3): δ 7.34 (d, J = 7.8 Hz, 2H, Harom STol), 7.12 (d, J = 7.8 Hz, 2H, Harom STol), 
5.39 (s, 1H, H-1), 5.31 (d, J = 4.0 Hz, 1H, H-2), 4.49 (q, J = 6.6 Hz, 1H, H-5), 3.93 (dd, J = 3.7 Hz, 
1H, H-3), 3.68 (d, J = 3.0 Hz, 1H, H-4), 3.05 – 2.50 (m, 4H, CH2 Lev), 2.32 (s, 3H, CH3 Lev), 2.18 (s, 
3H, CH3 STol), 1.33 (d, J = 6.5 Hz, 3H, H-6). 
13C APT NMR (100 MHz, CDCl3): δ 206.9 (C=O Lev), 171.6 (C=O Lev), 132.4, 129.9 (Carom STol), 
86.4 (C-1), 73.2 (C-2), 72.1 (C-4), 67.8 (C-5), 66.4 (C-3), 38.1 (CH2 Lev), 29.7 (CH3 STol), 28.2 
(CH2 Lev), 21.1 (CH3 Lev), 16.3 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C18H24O6SNa 391.1186 found 391.1188. 

6.5.1.3 Synthesis of glucosyl-donors  

 

Scheme S3. Synthesis of glucosyl-donors. Reagents and conditions: i) 1) AcOH, Ac2O, cat. 
HClO4, RT, 1h; 2) morpholine, DCM, RT, o.n.; ii) Cl3CCN, cat. DBU, 0 °C, 0.5 h; iii) AcOH, 
Ac2O, cat. HClO4, RT, 1.5 h, then HBr in AcOH, RT, o.n.; iv) 2,6-lutidine, MeOH, TBAB, 
DCM, RT, 20 h; v) MeONa, MeOH, RT, o.n., then NaH, BnBr, DMF, RT, 1.5 h; vi) cat. TsOH, 
acetone/H2O (7/3), 0 °C, 2.5 h.   

1,2,3,4,6-Penta-O-acetyl-α/β-D-glucopyranose  

To a suspension of D-glucose (11.3 g, 62.9 mmol) in AcOH (125 mL) Ac2O (36 
mL, 381 mmol), and HClO4 (19 drops) were added. The reaction mixture was 
stirred for 1 h, after which TLC analysis indicated complete conversion of the 

starting material into one product, and the reaction was quenched by pouring it on ice. Then the 
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mixture was neutralized by stirring with sat. aq. NaHCO3 overnight and extracted with DCM (3x). 
The combined organic layers were washed with brine, dried over MgSO4, and concentrated in 
vacuo to give peracetylated glucose as a mixture of anomers (α/β = 7/3) in quantitative yield as 
a white solid. The analytical data were in accordance with those reported previously.47 TLC: Rf = 
0.64 (pentane/EtOAc, 1/1, v/v).  

2,3,4,6-Tetra-O-acetyl-α/β-D-glucopyranose (G1) 

To a solution of 1,2,3,4,6-penta-O-acetyl-α/β-D-glucopyranose (8.15 g, 20.9 
mmol) in DCM (85 mL) morpholine (7.3 mL, 84 mmol) was added. The 
reaction mixture was stirred overnight at RT after which the mixture was 
diluted with DCM and washed with 2 M HCl (5x). The combined aqueous 

layers were extracted with DCM (2x). The combined organic layers were dried over MgSO4, 
filtered, and concentrated in vacuo, to give compound G1 as a mixture of anomers (3.06 g, 8.79 
mmol, 42%, α/β = 7/3) as a white foam. The analytical data were in accordance with those 
reported previously.47 TLC: Rf = 0.40 (pentane/EtOAc, 1/1, v/v).  

2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl trichloroacetimidate (14) 

To a stirred solution of compound G1 (3.06 g, 8.79 mmol) in dry DCM (25 
mL) under nitrogen atmosphere, activated molecular sieves (4Å) were 
added and the solution was cooled to 0 °C. Trichloroacetonitrile (9.0 mL, 
90 mmol) and DBU (0.26 mL, 1.7 mmol) were added to the solution and 

the reaction mixture was stirred at 0 °C for 30 minutes, after which the crude product was 
concentrated in vacuo and co-evaporated with toluene. Purification by silica gel column 
chromatography (pentane/EtOAc/Et3N, 70/30/0.5, v/v/v) afforded donor 14 (2.95 g, 6.00 mmol, 
68%) as a yellowish syrup. The analytical data were in accordance with those reported 
previously.48 TLC: Rf = 0.69 (pentane/EtOAc, 1/1, v/v).  

2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl bromide (G2) 

To a suspension of D-glucose (12.0 g, 66.6 mmol) in AcOH (130 mL) Ac2O (38.0 
mL. 403 mmol) and HClO4 (24 drops) were added. The reaction mixture was 
stirred until complete dissolution of the starting material (1.5 h) during which it 
heated up and slowly turned into a clear yellow solution. When TLC analysis 

indicated complete consumption of the starting material HBr/AcOH (34 mL, 200 mmol of HBr, 
33% wt) was added dropwise over 20 minutes and the reaction mixture was stirred overnight at 
RT. Then the reaction mixture was diluted with DCM and poured on ice. The organic layer was 
separated and washed with ice-water (2x) and sat. aq. NaHCO3 (2x). The combined organic layers 
were concentrated in vacuo and co-evaporated with toluene (4x) to give product G2 in 
quantitative yield as a white solid. The crude product was directly used in the next step. The 
analytical data were in accordance with those reported previously.48 TLC: Rf = 0.72 (DCM).  

3,4,6-Tri-O-acetyl-1,2-O-(1-methoxyethylidene)-α-D-glucopyranoside (G3) 

To a stirred solution of compound G2 (27.4 g, 66.6 mmol) in DCM (130 mL) 2,6-
lutidine (75 mL, 0.65 mol), MeOH (43 mL, 1.1 mol) and TBAB (21.47 g, 66.6 
mmol) were added and the reaction mixture was stirred for 20 h at RT. Then 
the reaction mixture was quenched by the addition of water and the organic 
layer was separated. Then it was washed with water, brine, dried over MgSO4, 

concentrated in vacuo, and co-evaporated with toluene (5x). Purification by silica gel column 
chromatography (pentane/EtOAc, 4/1 to 7/3, v/v) afforded compound G3 (22.3 g, 61.5 mmol, 
92%) as a yellowish syrup. The analytical data were in accordance with those reported 
previously.49 TLC: Rf = 0.88 (EtOAc).  
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3,4,6-Tri-O-benzyl-1,2-O-(1-methoxyethylidene)-α-D-glucopyranoside (G4) 
To a solution of compound G3 (1.10 g, 3.04 mmol) in dry MeOH (28 mL) under 
nitrogen atmosphere, a piece of solid Na was added and the reaction mixture 
was stirred overnight at RT, after which it was concentrated in vacuo and co-
evaporated with toluene (3x). The resulting crude product was placed under 
nitrogen atmosphere, dissolved in dry DMF (28 mL), and cooled to 0 °C. Then 

NaH (60% dispersion in mineral oil, 600 mg, 15.0 mmol) was added and the mixture was stirred 
for 15 minutes, after which BnBr (1.8 mL, 15 mmol) was added dropwise. After TLC analysis 
indicated complete conversion of the starting material into 2 spots (1.5 h), the reaction was 
diluted with Et2O and quenched by the slow addition of ice-water. The organic layer was washed 
with H2O (3x) and brine, dried over MgSO4, and concentrated in vacuo. Purification by silica gel 
column chromatography (pentane/EtOAc, 9/1 to 4/1, v/v) provided a mixture of stereoisomers 
of compound G4 (1.41 g, 2.79 mmol, 92%) as a yellow syrup. The analytical data were in 
accordance with those reported previously.50 Rf = 0.88 (pentane/EtOAc, 1/1, v/v).  

2-O-Acetyl-3,4,6-tri-O-benzyl-α/β-D-glucopyranose (G5) 

To a stirred solution of compound G4 (208 mg, 0.411 mmol, 1 eq) in 
acetone/water (3.3 mL, 7/3, v/v) at 0 °C pTsOH (23.4 mg, 0.123 mmol, 0.3 eq) 
was added. The reaction mixture was stirred at the same temperature for 2.5 
h, after which it was quenched by the addition of Et3N. The mixture was 

concentrated in vacuo and co-evaporated with toluene. Purification by silica gel column 
chromatography (pentane/EtOAc, 4/1, v/v) to give compound G5 (154 mg, 0.313 mmol, 76%) as 
a white solid. The analytical data were in accordance with those reported previously.50 TLC: Rf = 
0.69 (pentane/EtOAc, 1/1, v/v).  

2-O-Acetyl-3,4,6-tri-O-benzyl-α-D-glucopyranosyl trichloroacetimidate (23) 

Pre-activated molecular sieves (4Å) were added to a stirred solution of 
compound G5 (500 mg, 1.02 mmol) in dry DCM (3.0 mL) under nitrogen 

atmosphere and the obtained solution was cooled to 0 °C. Then 
trichloroacetonitrile (1.47 g, 10.2 mmol) and DBU (30 µL, 0.20 mmol) 

were added and the reaction mixture was stirred on ice for 2 h, after which the crude product 
was concentrated in vacuo and purified by silica gel column chromatography 
(pentane/EtOAc/Et3N, 90/10/0.5, v/v/v) to give compound 23 (468 mg, 0.735 mmol, 72%) as a 
yellowish syrup. The analytical data were in accordance with those reported previously.51 TLC: 
Rf = 0.65 (pentane/EtOAc, 4/1, v/v). Oligosaccharide assembly  

4-Methylphenyl 6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl)-1-thio-α-L-talopyranoside (24b) 

A mixture of diol acceptor 16 (226 mg, 0.61 mmol) and donor 14 
(201 mg, 0.419 mmol, 1 eq) was co-evaporated with dry toluene 
(3x). The residue was placed under nitrogen atmosphere and 
dissolved in dry DCM (8.2 mL) and activated molecular sieves (4Å) 
were added to the obtained solution. After stirring the mixture at RT 

for 30 minutes the solution was cooled down to 0 °C and TMSOTf (7 µL, 0.041 mmol) was added. 
The reaction mixture was stirred at 0 °C for 35 minutes and then it was quenched by the addition 
of sat. aq. NaHCO3 (2 mL). Then the mixture was filtered and diluted with DCM and water. The 
organic layer was separated, washed with H2O, brine, dried over MgSO4, filtered, and 
concentrated in vacuo.  Purification by size-exclusion Sephadex LH-20 (DCM/MeOH, 1/1, v/v) 
and column chromatography on silica gel (heptane/EtOAc, 3/2 to 2/3, v/v) provided a mixture 
of 24b and less polar impurities, which was directly used in the next step. TLC: Rf = 0.43 
(heptane/EtOAc, 2/3, v/v).  
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1H NMR (400 MHz, CDCl3): δ 7.33 (d, J = 8.0 Hz, 2H, Harom STol), 7.11 (d, J = 8.0 Hz, 2H, Harom 
STol), 5.38 (s, 1H, H-1Tal), 5.36 (d, J = 3.3 Hz, 1H, H-2Tal), 5.22 (app t, J = 9.5 Hz, 1H, H-3Glc), 5.06 
(app t, J = 9.7 Hz, 1H, H-4Glc), 5.02 (dd, J = 9.5, 7.8 Hz, 1H, H-2Glc), 4.72 (d, J = 7.9 Hz, 1H, H-1Glc), 
4.37 (q, J = 6.5 Hz, 1H, H-5Tal), 4.24 (dd, J = 12.3, 5.2 Hz, 1H H-6Glc), 4.09 (dd, J = 12.2, 2.4 Hz, 1H, 
H-6Glc), 4.03 (app t, J = 3.5 Hz, 1H, H-3Tal), 3.72 (m, 2H, H-4Tal, H-5Glc), 2.88 – 2.54 (m, 4H, CH2 Lev), 
2.43 (d, J = 9.5 Hz, 1H, OH), 2.32 (s, 3H, CH3 Lev), 2.18 (s, 3H, CH3 STol), 2.11, 2.05, 2.02, 2.00 (4s, 
12H, CH3 Ac), 1.31 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C APT NMR (100 MHz, CDCl3): δ 206.3 (C=O Lev), 171.0, 170.7, 170.1, 169.4, 169.3 (C=O, 4x 
Ac, Lev), 138.1 (Cq STol), 132.4, 129.9 (CHarom STol), 129.3 (Cq STol), 98.5 (C-1Glc), 86.2(C-1Tal), 
72.5 (C-3Glc), 72.3 (C-3Tal), 71.9 (C-5Glc), 71.8 (C-2Tal), 71.0 (C-2Glc), 69.1 (C-4Tal), 68.3 (C-4Glc), 67.9 
(C-5Tal), 61.9 (C-6Glc), 37.8 (CH2 Lev), 29.7 (CH3 STol), 27.9 (CH2 Lev), 21.1 (CH3 Lev), 20.7, 20.7, 
20.6, 20.6 (CH3 Ac), 16.3 (C-6Tal). 
ESI-HRMS: [M+Na]+ calcd for C32H42O15SNa 721.2137 found 721.2133. 

4-Methylphenyl 6-deoxy-2-O-levulinoyl-4-O-(2-O-acetyl-3,4,6-tetra-O-benzyl-β-D-
glucopyranosyl)-1-thio-α-L-talopyranoside (25a) 

A mixture of diol acceptor 16 (78 mg, 0.212 mmol) and donor 23 (150 
mg, 0.236 mmol) was co-evaporated with dry toluene (3x). The 
residue was placed under nitrogen atmosphere and dissolved in dry 
DCM (4.7 mL) and activated molecular sieves (4Å) were added to the 
obtained solution. After stirring the mixture at RT for 30 minutes the 

solution was cooled down to -80 °C and TMSOTf (13 µL, 0.071 mmol) was added. The reaction 
mixture was allowed to warm up to 0 °C over the course of 1h 40 min and then it was quenched 
by the addition of Et3N, filtered, and concentrated in vacuo. Purification by size-exclusion 
Sephadex LH-20 (DCM/MeOH, 1/1, v/v) provided a mixture containing 25a as the major product 
(83 mg, 0.111 mmol, 47%). A portion of the mixture was subjected to acetylation in presence of 
Ac2O (1.5 mL) and pyridine (1.5 mL), stirred overnight, and concentrated in vacuo. The signal of 

H-3Tal shifted from  δ3.90 ppm to δ5.05 ppm providing additional prove of (1→4)-glycosidic bond.  
1H NMR (400 MHz, CDCl3) δ 7.37 – 7.09 (m, 33H, CHarom), 5.40 (d, J = 1.3 Hz, 1H, H-1Tal), 5.19 (d, 
J = 3.7, 1H, H-2Tal), 5.09 (dd, J = 9.4, 8.0 Hz, 1H, H-2Glc), 4.85 – 4.77 (m, 2H, CH2 Bn), 4.72 – 4.65 
(m, 1H, CHHBn), 4.60 – 4.57 (m, 1H, CHH Bn), 4.56 – 4.51 (m, 2H, CH2 Bn), 4.47 – 4.41 (m, 2H, H-
1Glc, H-5Tal), 3.90 (t, J = 3.5 Hz, 1H, H-3Tal), 3.78 – 3.59 (m, 8H, H-4Tal, H-3Glc, H-4Glc, H-5Glc), 2.87 – 
2.75 (m, 2H, CH2 Lev), 2.64 – 2.49 (m, 2H, CH2 Lev), 2.32 (s, 3H, CH3 STol), 2.15 (s, 3H, CH3 Lev), 
1.94 (s, 3H, CH3 Ac), 1.21 (d, J = 6.5 Hz, 3H, H-6).  
13C NMR (101 MHz, CDCl3) δ 207.0, 172.1, 169.1 (3xC=O), 137.9, 137.7, 137.6, 137.6 (Cq), 132.3, 
129.8, 129.8, 128.5, 128.5, 128.5, 128.5, 127.9, 127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.7 
(Carom), 102.4 (C-1Glc), 86.3 (C-1Tal), 82.9 (C-4Tal), 82.4 (C-3Glc), 78.0 (C-4Glc), 75.4, 75.2 (2xCH2 

Bn), 74.9 (C-5Glc), 73.5 (CH2 Bn), 73.1 (C-2Glc), 71.6 (C-2Tal), 68.5 (C-6Glc), 67.0 (C-5Tal), 66.2 (CTal), 
37.9 (CH2 Lev), 29.9 (CH3 Lev), 28.4 (CH2 Lev), 21.1, 21.0 (CH3 STol, CH3 Ac), 16.3 (C-6Tal).  
ESI-HRMS: [M+Na]+ calcd for C47H54O12SNa 865.3228 found 865.3232.  

4-Methylphenyl 4-O-acetyl-6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl)-1-thio-α-L-talopyranoside (13) 

The impure product 24b and a catalytic amount of DMAP (3.5 mg, 
0.03 mmol) were placed under nitrogen atmosphere and dissolved 
in a mixture of Ac2O/pyridine (1/1, v/v, 2 mL). The mixture was 
stirred overnight at room temperature, after which it was 
concentrated in vacuo and co-evaporated with toluene. Full 

conversion of the starting material was confirmed by 1H NMR and the crude product was purified 
by silica gel column chromatography (heptane/EtOAc, 3/2, v/v) to give compound 3 (107 mg, 
0.145 mmol, 35% over two steps) as a withe foam. TLC: Rf = 0.48 (heptane/EtOAc, 2/3, v/v).  
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1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 8.1 Hz, 2H, Harom STol), 7.10 (d, J = 7.9 Hz, 2H, Harom 
STol), 5.43 (d, J = 1.4 Hz, 1H, H-1Tal), 5.32 (dd, J = 1.3, 4.0 Hz, 1H, H-2Tal), 5.22 (dd, J = 3.9, 1.6 Hz, 
1H, H-4Tal), 5.17 (app t, J = 9.5 Hz, 1H, H-3Glc), 5.01 (dd, J = 10.0, 9.3 Hz, 1H, H-4Glc), 4.93 (dd, J = 
9.7, 7.8 Hz, 1H, H-2Glc), 4.64 (d, J = 7.8 Hz, 1H, H-1Glc), 4.51 (q, J = 6.5, 1H, H-5Tal), 4.15 – 4.11 (m, 
2H, H-6Glc), 4.05 (app t, J = 4.0 Hz, 1H, H-3Tal), 3.72 (ddd, J = 10.0, 5.2, 3.5 Hz, 1H, H-5Glc), 2.87 – 
2.51 (m, 4H, CH2 Lev), 2.31 (s, 3H, CH3 STol), 2.19 (s, 3H, CH3 Lev), 2.12, 2.10, 2.04, 2.01, 1.98 (5s, 
15H, CH3 Ac), 1.15 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C APT NMR (100 MHz, CDCl3): δ 206.3 (C=O Lev), 171.7, 170.7, 170.5, 170.1, 169.4, 169.3 
(C=O), 138.0 (Cq STol), 132.1, 129.9 (CHarom STol), 129.3 (Cq STol), 100.0 (C-1Glc), 86.1 (C-1Tal), 
72.5 (C-3Glc), 71.9 (C-3Tal), 71.8 (C-5Glc), 70.8 (C-2Glc), 70.2 (C-2Tal), 68.7 (C-4Glc), 68.3 (C-4Tal), 66.0 
(C-5Tal), 62.3 (C-6Glc), 38.0 (CH2 Lev), 29.8 (CH3 Lev), 28.1 (CH2 Lev), 21.1 (CH3 STol), 20.8, 20.6, 
20.6, 20.6, 20.6 (CH3 Ac), 16.0 (C-6Tal). 
ESI-HRMS: [M+Na]+ calcd for C34H44O16SNa 763.2242 found 763.2244.  

4-Methylphenyl 4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1-
thio-α-L-talopyranoside (30) 

To a stirred solution of 13 (96 mg, 0.13 mmol) in DCM H2NNH2•H2O 
(0.3 mL, 0.30 mmol, 1M solution in 3/2 pyridine/AcOH, v/v) was 
added. The reaction mixture was stirred for 1.5 h at room 
temperature, after which TLC analysis indicated complete 
conversion of the starting material into a slightly more polar spot. 

The mixture was then concentrated in vacuo and co-evaporated with toluene (4x). Purification 
by silica gel column chromatography (heptane/EtOAc, 7/3 to 3/7, v/v) yielded compound 30 
(44.5 mg, 0.069 mmol, 53%) as a white solid. TLC: Rf = 0.76 (heptane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.31 (d, J = 8.0 Hz, 2H, Harom STol), 7.11 (d, J = 8.0 Hz, 2H, Harom 
STol), 5.54 (s, 1H, H-1Tal), 5.26 (d, J = 3.1 Hz, 1H, H-4Tal), 5.20 (app t, J = 9.5 Hz, 1H, H-4Glc), 5.09 
– 4.93 (m, 2H, H-2Glc, H-3Glc), 4.68 (d, J = 7.9 Hz, 1H, H-1Glc), 4.51 (q, J = 6.4 Hz, 1H, H-5Tal), 4.21 
(dd, J = 12.2, 6.1 Hz, 1H, H-6Glc), 4.16 – 4.19 (m, 2H,H-2Tal, H-6Glc), 3.94 (app t, J = 3.6 Hz, 1H, H-

3Tal), 3.76 (ddd, J = 9.1, 6.1, 2.4 Hz, 1H, H-5Glc), 3.00 (br s, 1H, OH), 2.32 (s, 3H, CH3 STol), 2.11, 
2.05, 2.02, 1.99 (4s, 15H, CH3 Ac), 1.15 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C APT NMR (100 MHz, CDCl3): δ 170.6, 170.1, 170.0, 169.4, 169.3 (C=O Ac), 137.8 (Cq STol), 
131.8, 129.9(CHarom STol), 129.6 (Cq STol), 101.2 (C-1Glc), 88.5 (C-1Tal), 74. 7 (C-3Tal), 72.4 (C-4Glc), 
72.0 (C-5Glc), 70.83, 70.80 (C-2Tal, C-2Glc), 70.4 (C-4Tal), 68.5 (C-5Glc), 66.0 (C-5Tal), 62.2 (C-6Glc), 
21.1 (CH3 STol), 20.8, 20.61, 20.56 (CH3 Ac), 16.0 (C-6Tal). 
ESI-HRMS: [M+Na]+ calcd for C29H38O14SNa 665.1875 found 665.1857.  

4-O-Acetyl-6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl)-1-
thio-α-L-talopyranose (31) 

To a stirred solution of 13 (199 mg, 0.27 mmol) in acetone/H2O 
(10/1, 1.5 mL, v/v) at 0 °C NBS (318 mg, 1.77 mmol) was added 
and the flask was protected from light by covering with aluminum 
foil. The reaction was stirred at room temperature for 3 h, after 

which TLC analysis indicated complete consumption of the starting material. The mixture was 
diluted with EtOAc and washed with sat. aq. Na2S2O3 (3x) and brine, dried over MgSO4, filtered, 
and concentrated in vacuo. The crude product was purified by silica gel column chromatography 
(heptane/EtOAc, 2/3 to 3/7, v/v) to give compound 31 (123 mg, 0.19 mmol, 72%) as a white 
foam. TLC: Rf = 0.46 (heptane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 5.17 – 5.07 (m, 3H, H-1Tal, H-4Tal, H-3Glc), 5.05 (d, J = 4.0 Hz, 1H, H-
2Tal), 5.00 (app t, J = 9.7 Hz, 1H, H-4Glc), 4.86 (dd, J = 8.7, 7.5 Hz, 1H, H-2Glc), 4.61 (d, J = 7.7 Hz, 
1H, H-1Glc), 4.25 (q, J = 6.6 Hz, 1H, H-5Tal), 4.16 – 4.01 (m, 3H, H-3Tal, H-6Glc), 3.66 (app dt, J = 10.5, 
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3.8 Hz, 1H, H-5Glc), 2.88 – 2.45 (m, 4H,CH2 Lev), 2.16 (s, 3H, CH3 Lev), 2.06, 2.04, 1.99, 1.96, 1.93 
(5s, 15H, CH3 Ac), 1.10 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C APT NMR (100 MHz, CDCl3): δ 206.8 (C=O Lev), 171.9, 170.9, 170.7, 170.1, 169.5, 169.3 
(C=O), 99.9 (C-1Glc), 92.6 (C-1Tal), 72.5 (C-4Tal), 71.5 (C-5Glc), 70.91 (C-3Tal), 70.85 (C-2Glc), 69.4 
(C-2Tal), 68.50 (C-4Glc), 68.45 (C-4Tal), 64.4 (C-5Tal), 61.8 (C-6Glc), 38.1 (CH2 Lev), 29.8 (CH3 Lev), 
28.2 (CH2 Lev), 20.7, 20.6, 20.5, 20.5, 20.5 (CH3 Ac), 16.1 (C-6Tal). 
ESI-HRMS: [M+Na]+ calcd for C27H38O17Na 657.2001 found 657.1987. 

N-Phenyl-trifluoroacetimidoyl 4-O-acetyl-6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-
acetyl-β-D-glucopyranosyl)-1-thio-α/β-L-talopyranoside (32) 

To a stirred solution of disaccharide 31 (123 mg, 0.19 mmol) 
in acetone/H2O (20/1, 2.1 mL, v/v) K2CO3 (32 mg, 0.23) and 
F3CC(NPh)Cl (136 µL, 0.85 mmol) were added and the 
mixture was stirred at room temperature overnight, after 
which TLC analysis indicated complete consumption of the 
starting material. The reaction mixture was diluted with 

EtOAc and water. The organic layer was washed with brine, dried over MgSO4, filtered, and 
concentrated in vacuo. Silica gel column chromatography (heptane/EtOAc/Et3N, 75/20/5 to 
55/40/5, v/v) yielded the title compound 32 (83 mg, 0.103 mmol, 53%) as a yellow oil. TLC: Rf 
= 0.77 (heptane/EtOAc, 1/4, v/v).  
1H NMR (500 MHz, 323 K, CDCl3): δ 7.28 (d, J = 7.6 Hz, 2H, Harom NPh), 7.09 (t, J = 7.2 Hz, 1H, 
Harom NPh), 6.83 (d, J = 7.7 Hz, 2H, Harom NPh), 6.13 (br s, H-1Tal major), 5.79 (br s, H-1Tal minor), 
5.65 (s, H-2Tal major), 5.26 (d, J = 3.1 Hz, H-4Tal major), 5.24 (s, H-Tal major), 5.22 – 5.11 (m, H-

4Tal minor, H-3Glc major, H-3Glc major), 5.04 (dd, J = 10.1, 9.7 Hz, 1H, H-4Glc major, H-4Glc minor), 

4.93 (app q, J = 8.1 Hz, 1H, H-2Glc major, H-3Glc minor), 4.69-4.64 (d, J = 7.9 Hz, 1H, H-1Glc major, 
H-1Glc minor), 4.22 – 4.06 (m, H-3Tal major, H-5tal major, H-5Tal minor, H-6Glc major, H-6Glc minor), 

3.98 – 3.93 (m, H-3Tal minor), 3.75 – 3.69 (m, H-5Glc major), 3.70 – 3.63 (m, H-5Glc minor), 2.86 – 
2.75 (m, 2H,CH2 Lev), 2.74 – 2.57 (m, 2H, CH2 Lev), 2.18 (s, 3H, CH3 Lev), 2.13, 2.10, 2.05, 2.03, 
2.01, 2.00, 1.99, 1.97, 1.97 (9s, 15H, CH3 Ac), 1.28 (d, J = 6.4 Hz, H-6Tal minor), 1.20 (d, J = 6.4 Hz, 
H-6Tal major). 
13C APT NMR (100 MHz, CDCl3): δ 206.2 (C=O Lev), 171.7, 171.4, 170.6, 170.6, 170.4, 170.1, 
170.1, 169.4, 169.3, 169.3, 169.2 (C=O), 143.1 (C=N), 128.8, 124.6, 124.4, 119.4, 119.2 (CHarom 

NPh), 99.6 (C-1Glc), 99.4, 94.2 (C-1Tal), 72.6 (C-3Tal minor), 72.40 (C-3Glc major), 72.37 (C-3Glc 
minor), 71.93 (C-5Glc major), 71.88 (C-5Glc minor), 70.82 (C-2Glc major), 70.76 (C-2Glc minor), 70.2 
(C-3Tal major), 68.5 (C-4Glc major), 68.3 (C-4Glc minor), 67.5, 67.4 (C-2Tal major, C-5Tal major, C-
5Tal minor), 67.0 (C-4Tal major), 66.8 (C-4Tal minor), 66.4 (C-2Tal minor), 62.0 (C-6Glc major), 61.7 
(C-6Glc minor), 38.2 (CH2 Lev minor), 38.0 (CH2 Lev major), 29.78 (CH3 Lev major), 29.76 (CH3 
Lev major), 28.0 (CH2 Lev minor), 27.9 (CH2 Lev major), 20.6, 20.6, 20.6, 20.5, 20.5, 20.5 (CH3 Ac), 
16.1 (C-6Tal major), 16.0 (C-6Tal minor). 
ESI-HRMS: [M+Na]+ calcd for C35H42F3NO17Na 828.2297 found 828.2281. 
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4-Methylphenyl 2-O-(4-O-acetyl-6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-acetyl-β-
D-glucopyranosyl)-α-L-talopyranosyl)-4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-O-acetyl-
β-D-glucopyranosyl)-1-thio-α-L-talopyranoside (33) 

Donor 32 (44.5 mg, 0.69 mmol) and acceptor 30 (61 mg, 0.75 
mmol) were co-evaporated with dry toluene (3x). The residue was 
placed under nitrogen atmosphere, dissolved in dry DCM (0.40 mL), 
and stirred with activated molecular sieves (4Å) for 30 min. Then 
the reaction mixture was cooled down to -80 °C and TMSOTf (3 µl, 
0.017 mmol, as 50 µL of a 0.33 M solution in dry DCM) was added 
and the mixture was allowed to warm up to 10 °C over the course 
of 3.5 h. The reaction mixture was diluted with DCM and poured on 

sat. aq. NaHCO3. The organic layer was separated from the aqueous layer, washed with brine, 
dried over MgSO4, and concentrated in vacuo. Purification on size-exclusion Sephadex LH-20 
(DCM/MeOH, 1/1, v/v) and by column chromatography on silica gel (heptane/EtOAc, 3/2 to 2/3, 
v/v) provided 33 (51 mg, 0.04 mmol, 59%) as a yellowish oil. TLC: Rf = 0.60 (heptane/EtOAc, 
1/4, , v/v).  
1H NMR (400 MHz, CDCl3): δ 7.29 (d, J = 7.9 Hz, 2H, Harom STol), 7.10 (d, J = 8.0 Hz, 2H, Harom STol), 
5.37 (s, 1H, H-1Tal), 5.21 – 5.02 (m, 9H, H-4Tal, H-1Tal’, H-4Tal’, H-2Glc, H-3Glc, H-4Glc, H-3Glc’, H-4Glc’), 
4.90 (dd, J = 9.5, 7.8 Hz, 1H, H-2Glc), 4.65 (d, J = 7.6 Hz, 1H, H-1Glc), 4.61 (d, J = 7.8 Hz, 1H, H-1glc’), 
4.44 (q, J = 6.5 Hz, 1H, H-5Tal), 4.32 (dd, J = 12.5, 3.6 Hz, 1H, H-6Glc’), 4.19 (d, J = 2.7 Hz, 1H, H-
2Tal), 4.17 – 4.12 (m, 2H, H-3Tal’, H-6glc), 4.11 – 3.97 (m, 3H, H-5Tal, H-6Glc, H-6Glc’), 3.97 (app t, J = 
3.8 Hz, 1H, H-3Tal), 3.77 – 3.62 (m, 2H, H-5Glc, H-5Glc’), 3.77 – 3.62 (m, 2H, CH2 Lev), 2.91 – 2.77 (m, 
2H, CH2 Lev), 2.31 (s, 3H, CH3 STol), 2.18 (s, 3H, CH3 Lev), 2.11, 2.10, 2.04, 2.02, 2.01, 1.98, 1.97, 
1.96 (8s, 30H, CH3 Ac), 1.12 (d, J = 6.6 Hz, 3H, H-6Tal), 1.05 (d, J = 6.5 Hz, 3H, H-6Tal’). 
13C APT NMR (100 MHz, CDCl3): δ 206.7 (C=O), 171.6, 170.8, 170.6, 170.6, 170.2, 170.2, 169.4, 
169.3, 169.2, 169.1 (C=O), 138.1 (Cq STol), 132.1(CHarom STol), 130.0 (CHarom STol), 129.7 (Cq 
STol), 100.5 (C-1Glc), 99.9 (C-1Tal’, JC-H = 173 Hz), 99.3 (C-1Glc’), 88.3 (C-1Tal), 76.3 (C-2Tal), 73.4 (C-
3Tal), 72.7, 72.5 (C-3Glc, C-3Glc’), 71.8, 71.7 (C-5Glc, C-5Glc’), 71.1 (C-3Tal’), 71.0 (C-2Glc’), 70.7 (C-2Glc), 
68.8, 68.6 (C-4Tal, C-4Tal’), 67.92, 67.91 (C-4Glc, C-4Glc’), 67.8 (C-2Tal’), 66.2 (C-5Tal), 64.9 (C-5Tal’), 
62.5 (C-6Glc), 61.4 (C-6Glc’), 38.1 (CH2 Lev), 29.7 (CH3 Lev), 28.0 (CH2 Lev), 21.1, 20.8, 20.7, 20.7, 
20.6, 20.6, 20.6, 20.5, 20.5 (CH3 Ac), 16.09, 16.05 (C-6Tal, C-6Tal’). 
13C-GATED NMR (100 MHz, CDCl3): δ 99.9 (C-1Tal’, JC-H = 173 Hz).  
ESI-HRMS: [M+Na]+ calcd for C56H74O30SNa 1281.3878 found 1281.3863. 

4-Methylphenyl 2-O-(4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-O-acetyl-β-D-
glucopyranosyl)-α-L-talopyranosyl)-4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-O-acetyl-β-
D-glucopyranosyl)-1-thio-α-L-talopyranoside (34) 

To a stirred solution of 33 (50 mg, 0.04 mmol) in DCM (0.5 mL), 
H2NNH2•H2O (5 µl, 0.10 mmol, 1M solution in 3/2 pyridine/AcOH, 
v/v) was added and the mixture was stirred at room temperature 
for 2 h and the mixture was concentrated in vacuo and co-
evaporated with toluene (3x). Purification by size-exclusion 
Sephadex LH-20 (DCM/MeOH, 1/1, v/v) and column 
chromatography on silicagel (heptane/EtOAc, 5/4 to 2/3 , v/v) 
provided 34 in 57% yield (26 mg, 0.023 mmol). TLC: Rf = 0.58 

(heptane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.31 (d, J = 8.1 Hz, 2H, Harom STol), 7.12 (d, J = 8.0 Hz, 2H, Harom STol), 
5.48 (s, 1H, H-1Tal), 5.24 – 4.99 (m, 8H, H-4Tal, H-1Tal’, H-4Tal’, H-2Glc, H-3Glc, H-4Glc, H-3Glc’, H-4Glc’), 
4.95 (dd, J = 9.5, 8.0 Hz, 1H, H-2Glc’), 4.68 (d, J = 7.7 Hz, 1H, H-1Glc), 4.66 (d, J = 7.8 Hz, 1H, H-1Glc’), 
4.46 (q, J = 6.0 Hz, 1H, H-5Tal), 4.36 (dd, J = 12.5, 3.6 Hz, 1H, H-6Glc’), 4.22 – 4.09 (m, 5H, H-2Tal, H-
5Tal’, 2x H-6Glc, H-6Glc’), 4.07 (app t, J = 3.5 Hz, 1H, H-3Tal), 4.00 (app t, J = 3.7 Hz, 1H, H-3tal’), 3.95 
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(s, 1H, H-2Tal’), 3.79 – 3.67 (m, 2H, H-5Glc, H-5Glc’), 2.33 (s, 3H, CH3 STol), 2.13, 2.12, 2.08, 2.05, 
2.03, 2.02, 2.00, 1.99, 1.99 (9s, 30H, CH3 Ac), 1.13 (d, J = 6.5 Hz, 3H, H-6Tal), 1.05 (d, J = 6.5 Hz, 
3H, H-6Tal’). 
13C APT NMR (100 MHz, CDCl3): δ 170.7, 170.5, 170.4, 170.3, 170.2, 170.1, 169.3, 169.3, 169.2 
(C=O Ac), 138.0 (Cq STol), 132.0 (CHarom STol), 130.0 (CHarom STol), 129.7(Cq STol), 102.4 (C-
1Tal’), 100.5 (C-1Glc’), 100.0 (C-1Glc), 87.8 (C-1Tal), 76.8 (C-2Tal), 73.5 (C-3Tal’), 73.4 (C-3Tal), 72.7 
(C-4Tal), 72.3 (C-4Tal’), 71.91, 71.88 (C-5Glc, C-5Glc’), 71.1 (C-2Glc), 70.9 (C-2Glc’), 69.7 (C-4Glc, or C-
4Glc’), 68.8 (C-3Glc, or C-3Glc’), 68.63 (C-2Tal’), 68.57 (C-4Glc, or C-4Glc’), 67.9 (C-3Glc, or C-3Glc’), 66.2 
(C-5Tal), 65.0 (C-5Tal’), 62.1, 61.2 (C-6Glc, C-6Glc’), 21.1 (CH3 STol), 20.8, 20.7, 20.7, 20.6, 20.6, 20.6, 
20.6, 20.5 (CH3 Ac), 16.1 (C-6Tal), 16.0 (C-6Tal’). 
ESI-HRMS: [M+Na]+ calcd for C51H68O28SNa 1183.3510 found 1183.3508.  

4-Methylphenyl 2-O-(4-O-acetyl-6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6-tetra-O-acetyl-β-
D-glucopyranosyl)-α-L-talopyranosyl)-(2-O-(4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-O-
acetyl-β-D-glucopyranosyl)-α-L-talopyranosyl))-4-O-acetyl-6-deoxy-3-O-(2,3,4,6-tetra-
O-acetyl-β-D-glucopyranosyl)-1-thio-α-L-talopyranoside (1) 

Acceptor 34 (26 mg, 0.023 mmol) and donor 32 (35 mg, 0.43 
mmol) were co-evaporated with dry toluene (3x) and dried in 
vacuo for 1 h. The residue was dissolved in dry DCM (0.50 mL) 
under nitrogen atmosphere, and stirred with molecular sieves 
(4Å) for 30 min. Then it was cooled down to -80 °C and TMSOTf 
(3 µmol, 20 µL of a 0.14 M solution in dry DCM) was added. The 
reaction mixture was allowed to warm up to 0 °C over the course 
of 3 h. Then it was diluted with DCM and poured on sat. aq. 
NaHCO3. The organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. Purification by size-exclusion 
Sephadex LH-20 (DCM/MeOH, 1/1, v/v) followed by column 
chromatography (heptane/EtOAc, 2/3 to 1/4 , v/v) afforded 1 in 

57% yield(23 mg, 0.013 mmol). TLC: Rf = 0.37 (heptane/EtOAc, 1/4, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.29 (d, J = 7.9 Hz, 2H, Harom STol), 7.11 (d, J = 7.8 Hz, 2H, Harom STol), 
5.40 (s, 1H, C-1Tal), 5.30 (s, 1H, C-1Tal’’), 5.27 (d, J = 3.6 Hz, 1H C-4Tal’’), 5.22 – 4.82 (m, 13H, H-
4Tal, H-1Tal’, H-4Tal’, H-2Tal’’, H-2Glc, H-3Glc, H-4Glc, H-2Glc’, H-3Glc’, H-4Glc’, H-2Glc’’, H-3Glc’’, H-4Glc’’), 4.74 
(d, J = 7.9 Hz, 1H, H-1Glc’’), 4.66 (d, J = 7.8 Hz, 1H, H-1Glc), 4.61 (d, J = 7.7 Hz, 1H, H-1Glc’), 4.45 (q, 
J = 6.8 Hz, 1H, H-5Tal), 4.34 (dd, J = 12.4, 3.5 Hz, 1H, H-6Glc*), 4.26 (app t, J = 3.9 Hz, 1H, H-3Tal’’), 
4.22 (dd, J = 12.5, 3.5 Hz, 1H, H-6Glc*), 4.16 (d, J = 3.4 Hz, 1H, H-2Tal), 4.14 – 4.07 (m, 4H, H-3Tal’, 
H-5Tal’’, 2x H-6Glc*), 4.02 – 3.98 (m, 2H, H-5Tal’, H-6Glc*), 3.97 (d, J = 3.4 Hz, 1H, H-2Tal’), 3.92 (app 
t, J = 3.8 Hz, 1H, H-3Tal), 3.78 – 3.73, 3.68 – 3.59 (2m, 3H, H-5Glc, H-5glc’, H-5glc’’), 2.92 – 2.78 (m, 
2H, CH2 Lev), 2.69 – 2.53 (m, 2H, CH2 Lev), 2.32 (s, 3H, CH3 STol), 2.20 (s, 3H, CH3 Lev), 2.13, 2.13, 
2.12, 2.06, 2.05, 2.03, 2.02, 2.01, 2.00, 1.98, 1.97, 1.96 (12s, 45H, CH3 Ac), 1.21 (d, J = 6.6 Hz, 1H, 
H-6Tal’’), 1.11 (d, J = 6.4 Hz, 3H, H-6Tal), 1.00 (d, J = 6.5 Hz, 3H, H-6Tal’). * Unclear from which Glc 
residue the signal is. 
13C APT NMR (100 MHz, CDCl3): δ 206.9 (C=O Lev), 171.4, 171.1, 170.7, 170.6, 170.6, 170.6, 
170.5, 170.2, 170.2, 170.1, 169.5, 169.4, 169.3, 169.2, 169.1, 169.1 (C=O), 138.3 (Cq STol), 132.3 
(CH3 STol), 130.0 (CH3 STol), 129.6 (Cq STol), 101.6 (C-1Glc), 100.7 (C-1Tal’), 99.5 (C-1Glc’), 98.52, 
98.49 (C-1Tal’’, C-1Glc’’), 88.1 (C-1Tal), 75.4 (C-2Tal), 74.9 (C-3Tal), 73.0 (C-3Tal’), 72.81, 72.78, 72.5 
(C-3Glc, C-3Glc’, C-3Glc’’), 72.4 (C-2Tal’), 71.7, 71.5, 71.5 (C-5Glc, C-5Glc’, C-5Glc’’), 71.15, 71.11, 70.9 (C-
2Glc, C-2Glc’, C-2Glc’’), 70.3 (C-3Tal’’), 69.1 (C-4Tal), 68.6 (C-2Tal’’), 68.2, 68.10, 68.06, 67.9 (C-4Tal’, C-
4Glc, C-4Glc’, C-4Glc’’), 67.7 (C-4Tal’’), 66.3 (C-5Tal), 65.4 (C-5Tal’), 64.9 (C-5Tal’’), 62.4, 61.5, 61.5 (C-
6Glc, C-6Glc’, C-6Glc’’), 38.2 (CH2 Lev), 29.7 (CH3 Lev), 28.1 (CH2 Lev), 21.1 (CH3 STol), 20.8, 20.8, 
20.7, 20.7, 20.6, 20.6, 20.6, 20.5 (CH3 Ac), 16.6 (C-6Tal’’), 16.01, 16.97 (C-6Tal, C-6Tal’). 
ESI-HRMS: [M+Na]+ calcd for C78H104O44SNa 1799.5513 found 1799.5512. 
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The unique nature of 6-deoxy-L-talose, with all substituents on one face of the ring, 
makes it a challenging substrate for cis-glycosylation. In this Chapter the construction 
of cis-glycosidic bonds with 6-deoxy-L-talose was investigated using a variety of 
approaches, such as conformationally locked donors, intramolecular aglycon delivery, 
and hydrogen bond-mediated aglycon delivery. The methodologies were investigated 
on both primary and secondary acceptors revealing large differences in observed 
stereoselectivities.  
  

Chapter 7 
On the Reactivity and Selectivity of 6-Deoxytalosides in 

cis-Glycosylation  
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7.1 Introduction  

Glycosylation is the key transformation in carbohydrate chemistry. While the 
introduction of 1,2-trans linkages is readily controlled by installing a participating 
substituent at the C-2 position, cis-glycosylation is more difficult to control and always 
requires thorough optimization.1 Several factors affect the stereochemical outcome of 
the reaction, such as the type of donor, reaction temperature, solvent and 
concentration, and the reactivity of the acceptor.1,2  

The construction of cis-6-deoxy-L-taloside linkages is similar to building cis-
mannosides and cis-rhamnosides since those substrates all have an axial substituent at 
the C-2 position. None of them benefits from the anomeric effect upon the construction 
of cis-linkages, and the attack from the cis-side is hindered by the axial substituent at 
the C-2 position. For the inspiration towards the synthesis of cis-6-deoxytalosides, 
methods for the construction of cis-manno- and rhamnosides are overviewed in this 
section.  

Various methods have been developed to construct cis-glycosidic bonds, however 
they are highly influenced by the monosaccharide configuration.1 Upon activation of a 
donor several reactive species can be formed, from which the oxacarbenium ion (2, 
Scheme 1) and the covalent triflate (3, Scheme 1) are on the opposite ends of the 
continuum between an SN1- and an SN2-like mechanism. Which reactive species would 
be responsible for the stereochemical outcome can be affected by a variety of factors. It 
was established that in the case of perbenzylated D-mannose more SN1 character was 
observed when the reaction was performed in coordinating solvents (as toluene, MTBE, 
ACN), with weak nucleophiles (Scheme 1), or when traces of water were present.2 On 
the other hand, if low temperatures and a strong nucleophile are used, the reaction is 
more likely to go through an SN2-like pathway, in which an in situ formed covalent 
species 3 is displaced, leading to the β-cis product 4. More control over cis-glycosylation 
can be achieved by variation of protecting groups and the method of activation to 
ensure either the formation of a covalent reactive species or by directing the attack of a 
nucleophile through tethering methods.  

 

Scheme 1. Overview of the glycosylation reaction for D-mannose, involving reactive 
intermediates 

Because covalent intermediates undergo an SN2-like reaction, they may give a more 
reliable outcome in terms of stereoselectivity. Moreover, in several cases the covalent 
species have been detected by NMR.3,4 Stabilizing it in the α-axial configuration is one 
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of the most attractive strategies to synthesize β-cis-linkages. For the construction of cis-
mannosides the addition of a cyclic protecting group to induce a conformational lock 
proved its efficiency in stabilizing the covalent triflate.5,6 The group of Crich showed 
that upon activation of the locked donor, the 4,6-O-benzylidene group stabilizes the α-
anomeric triflate 5, which then undergoes an attack in an SN2-fashion to give the β-, or 
1,2-cis, linked product (Scheme 2).7,8 To date, the introduction of the 4,6-O-benzylidene 
group on mannoside substrates is the most common method to construct cis-
mannosidic linkages and was applied in various oligosaccharide syntheses.6,9,10 Since 
rhamnose lacks a C-6 hydroxyl, the group of Crich attempted to stabilize the anomeric 
triflate by introducing an electron-withdrawing o-trifluoromethylbenzenesulfonate ester 
at the C-2 position (compound 6, Scheme 2), which provided reasonable 
stereoselectivity with a primary acceptor (α-trans/β-cis = 1/5) and no 
stereoselectivity on a secondary acceptor (α-trans/β-cis = 1/1).11 The lower 
stereoselectivity can be explained by the lower reactivity of the secondary acceptor, 
which leads to more SN1-character in glycosylation.12,13  

 

Scheme 2. Mannose and rhamnose covalent triflate species   

Since the glycosylation is a continuum of reactive species and it is not always 
possible to have control over this balance, several method have been developed to 
control the direction of the attack by the incoming nucleophile.14,15 For instance, the 
acceptor can be tethered to the protecting group on the C-2 position by forming an 
acetal/ketal 8 in a process that is called Intramolecular Aglycon Delivery (IAD, Scheme 
3). Since the nucleophile is directly attached to the donor, the attack can only happen 
from the side of the C-2 position, which in the case of mannose is the top face of the ring. 
Several acetal-forming groups were employed over the years, for example, 
isopropylidene acetals, dimethylsilylketals, and benzylidene acetals.16  

 

Scheme 3. Intramolecular aglycon delivery (IAD) approach  

The power of the IAD approach was demonstrated in the synthesis of a (1→2)-

linked pentamannan, containing a β-(1→2)-trisaccharide fragment related to the 
phospholipomannan of Candida albicans,17 in which a PMB-group was used for efficient 
formation of the mixed acetal. In contrast, the application of IAD to construct cis-
rhamnosidic linkages was hindered by inefficient mixed acetal formation (42% over 
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mixed acetal and glycosylation steps).18 The development of Nap-mediated IAD 
methods provided improved yields to construct the cis-rhamnosidic linkages (77% 
over 2 steps),19 and good yields were observed even with the least reactive C-4-OH 
acceptors.  

Hydrogen bond-mediated aglycon delivery (HAD) is another way of controlling the 
direction of nucleophilic attack.20 In this approach the acceptor is expected to 
coordinate via a hydrogen bond to the nitrogen of a picoloyl (Pico) or picolinyl (Pic) 
group of the donor molecule, leading to syn-attack with respect to the configuration of 
the substituent bearing the Pic or Pico group (Scheme 4A). Introduction of a Pic ether 
group in the gluco series on positions O-3 and O-6 led to high β-trans stereoselectivity, 
while a Pico ester group at position O-4 led to nearly exclusive formation of the α-cis-
product (α/β >25/1).20 The increased stereoselectivity for the β-product in the gluco 
series encouraged the application of this method to the synthesis of β-cis-mannosides.21 
After testing a set of donors with different protecting group patterns, it was apparent 
that a Pico group at the O-3 position provided the highest stereoselectivity with a 
primary acceptor (α/β = 1/18), while giving moderate results with a secondary 
acceptor (α/β = 1/3). To improve the stereoselectivity donor 15 (Scheme 4) with the 
4,6-O-benzylidene group was prepared giving better stereoselectivities on the C-4-OH 
glucosyl-acceptor (α/β = 1/10). 

 

Scheme 4. Two plausible mechanisms using picoloyl-donors . A) Hydrogen-bond 
mediated coupling under catalytic TfOH conditions B) SN2-like substitution of the 
stabilized covalent species 14 

Recently, the group of De Meo demonstrated the significant influence of the 
equivalents of trifluoromethanesulfonic acid on the stereoselectivity using a 4-O-Pico 
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moiety on sialic acid donors.22 With the standard activation conditions for the HAD 
glycosylation (2 eq NIS, 0.2 eq TfOH), low stereoselectivity (α/β = 3.4:1) was observed 
in coupling with a diacetone galactopyranoside primary acceptor. In contrast, in the 
presence of increased amounts of TfOH (2 eq) the stereoselectivity increased 
dramatically (α/β = 14:1). Similarly, in follow-up research from the group of 
Demchenko,23,24 excellent β-selectivity (α/β = 1/23) was obtained upon activation of a 
3-O-Pico glucosyl donor with excess acid, while the donor performed poorly under the 
standard conditions with only catalytic acid (α/β = 1 : 3.3).24 Supposedly, the 
protonation of Pico group by the excess acid increased the electron-withdrawing 
capacity of the substituent (Scheme 4B), leading to destabilization of the oxacarbenium 
ion. As a result, an excess of triflic acid may lead to a higher concentration of the 
covalent triflate intermediate 14, leading to an SN2-like mechanistic pathway via a 
direct attack on the triflate species, as confirmed by NMR.24  

The HAD strategy is often employed for the synthesis of β-cis-rhamnosides. Several 
reports deal with the synthesis of cis-rhamnosides using unreactive C-4-OH acceptors 
and a rhamnoside donor bearing a Pico group at the C-3 position, that are combined 
using different activating methods. The group of Seeberger performed the synthesis of 
Streptococcus pneumoniae polysaccharides giving moderate selectivity on C-4-OH 
glucosyl acceptors: α-trans/β-cis = 1/3 by activating a thiorhamnoside donor with 
NIS/TfOH (1/0.1 eq)25 or when using an imidate donor in the presence of TMSOTf (0.17 
eq, α-trans/β-cis = 1/4).26 In the synthesis of a trisaccharide repeating unit of the O-
specific polysaccharide of Pseudomonas fluorescens BIM B-582 Kulkarni obtained good 
stereoselectivity (α-trans/β-cis = 1/8.4) on a 4-OH glucosamine acceptor by activating 
the thiorhamnoside donor using the NIS/TfOH (2/0.2 eq) reagent combination.27 Taken 
together, it can be concluded that thioglycoside donors perform better in HAD-
methodology than imidate donors. Moreover, the stereoselectivity may be affected by 
the number of equivalents of activator used in the reaction.  

Overall, a variety of methods is available for the construction of cis-glycosides. 
Generally, the synthesis of cis-rhamnosides is most commonly achieved by tethering 
the acceptor to a donor molecule (IAD and HAD approaches), while the synthesis of cis-
mannosides is often performed using conformationally locked donors (4,6-O-
benzylidene approach). As 6-deoxytalose shares configurational similarities with both 
rhamnose and mannose, several strategies for cis-glycosylation were employed for the 
synthesis of cis-6-deoxytalosides, as described in this Chapter. 

The goal of this Chapter is to explore the different methods for the stereoselective 
synthesis of the cis-linked disaccharide 16 with an orthogonal protecting group at the 
O-3 position (All or Pico group) to allow further use of disaccharide 16 in the total 
synthesis of the B. adolescentis repeating unit (Chapter 8). To this end, the methodology 
to synthesize the 6dTal building blocks was developed and the obtained donors were 
tested in glycosylation reactions to reveal the possibility of the synthesis of the cis-
linked 6-deoxytalosides using IAD or HAD approaches.  
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Scheme 5. The target product of this Chapter  

7.2 Results and Discussion  

7.2.1 Insights into the reactive species after 6-deoxytalose activation 

To construct cis-glycosidic linkages the reactive species formed upon activation 
needs to be considered to predict the stereochemical outcome. To assess the inherent 
selectivity of 6dTal in glycosylation reactions, perbenzylated donor 17 was prepared 
(Scheme 6). Upon activation of this donor covalent triflates 18-α and 18-β can be 
formed, which can undergo SN2-like substitution reversing stereochemistry. However, 
because benzyl ethers are electron-donating they may stabilize cationic species, which 
results in more cationic character in the reaction continuum and making the presence 
of covalent species in the reaction mixture less likely. The other possible reactive 
species are cationic oxocarbenium ions 19 and 20, which can undergo SN1-like 
substitution. Since the face-selective attack on these two different half-chairs leads to 
different products, it is desirable to understand the conformational preference of these 
oxocarbenium ions prior to glycosylation.13-15,28 Specifically, the 4H3  half-chair 19 
undergoes attack from the bottom side of the ring giving the β-cis-product, and 3H4 20 
leads to the α-trans-product (Scheme 6). The stability of the half-chairs can be 
informative about the reactive species present in the reaction and can be predicted 
based on the set of empirical rules developed by the group of Woerpel.14 In the case of 
the 6dTal half-chairs 19 and 20, the hyperconjugation of the axial H at the C-2 position 
and the reduced inductive effect of the axial C-3-OBn would stabilize the 4H3 
conformation (19), while the reduced inductive effect of the axial C-4-OBn and steric 
benefit of the equatorial methyl group provide stabilization to 3H4 –half-chair 20. Based 
on this prediction, it is likely that the half-chairs would be equally represented upon 
activation, leading to an equal α/β-product distribution.  
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Scheme 6. Potential reactive species formed from 6dTal 17 donor. The attack on the 
half-chairs occurs from the side that leads to the chair conformation.  

In addition, the stabilities of oxacarbenium half chair conformation can be 
accurately assessed using a computational approach, in which a DFT protocol is used to 
determine the complete conformational space these cations can occupy, thereby 
generating conformational energy landscape (CEL) maps.15,28 Based on these CEL maps, 
a prediction can be made on the energy differences between the conformers, and as a 
result on the stereochemical preference of the glycosyl cations. Interestingly, the CEL 
maps for L-fucose reveal its preference for the 3H4 half-chair, while L-rhamnose prefers 
to adopt the E3 conformation (Figure 1A and 1B).15 This indicates that L-fucose and L-
rhamnose preferentially adopt conformations that are on opposite sides of the CEL 
map, that both lead to cis-selective glycosylation products. In the case of 6dTal the CEL 
map of the permethylated 6dTal oxocarbenium ions shows that low-energy structures 
can be found on both poles (Figure 1C). The lowest energy oxocarbenium ion takes up 
an E4-like structure, while the “opposite” E3 is only 0.4 kcal/mol less stable. The steric 
interaction between the axial substituents in the canonical 3H4 and 4H3 structures make 
these less favorable. In addition, the interconversion of the low energy E3 and E4-like 
conformers requires relatively little energy, indicating that the 6dTal oxocarbenium ion 
is rather flexible.  
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Figure 1. (A) L-fucose and (B) L-rhamnose and their preferred conformations;15 (C) 
Conformational energy landscape (CEL) maps of per-OMe-6dTal oxocarbenium ions in 
which the local minima are indicated with their respective energy. Energies are shown 
in parentheses (kcal/mol), and are as computed at PCM(CH2Cl2)-B3LYP/6-311G(d,p) 
and expressed as solution-phase Gibbs free energies.  

To experimentally confirm the computational results, model glycosylation 
reactions with perbenzylated donor 17 were performed using pre-activation conditions 
and acceptors 21 and 22 (Scheme 7). Both the glycosylation with primary acceptor 21 
and with secondary acceptor 22 proceeded without any stereoselectivity. These results 
corroborate the computational result in revealing an inherent lack of stereoselectivity 
in 6dTal, and reinforce the importance of alternative strategies to promote the 
construction of the desired 1,2-cis linkages. 
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Scheme 7. Model glycosylations using donor 17 

To investigate the best strategy to produce cis-talosidic linkages, a panel of donors 
was designed (Scheme 8), based on locking the pyranose ring in a specific conformation 
to stabilize the anomeric triflate, and applying the covalent and ionic tethering methods 
IAD and HAD, respectively. Since 6dTal lacks the hydroxyl at the C-6 position, a diol 
protecting group was envisaged on O-3 and O-4 (donor 25), and bridging O-2 and O-4 
(donors 26, 27). In addition, the latter donors 26 and 27 bearing 2 different electron-
withdrawing protecting group at the O-3 position to enable further stabilization of the 
anomeric triflate. For the tethering approaches, donors 28-30 were designed with a 
Nap-group at the C-2 position for the formation of a mixed acetal in the IAD strategy, 
and donor 31 displayed a Pico group at the C-3 position to use in the HAD strategy.  

 

Scheme 8. The panel of donors for cis-glycosylation  

7.2.2 Synthesis of the building blocks  

The synthesis of the donors started with the preparation of conformationally rigid 
donors 26 and 27 (Scheme 9). The 3-O-Fmoc protected compound 32 was prepared as 
described in Chapter 6, and was subsequently subjected to benzylidene protection 
yielding donor 26 in 42% yield due to a high degree of degradation of the starting 
material 32 at 80 °C. Next, the obtained compound 26 was subjected to Fmoc-removal 
in the presence of triethylamine, followed by the introduction of a mesyl group at the 
O-3 position yielding donor 27 in 72% yield over 2 steps.  
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Scheme 9. Synthesis of donors 26 and 27  

Donors 25 and 28 can be prepared from compound 34 (synthesis is described in 
Chapter 6) by introducing a benzyl or 2-naphthylmethyl (Nap) group to give donor 25 
and compound 35 in 80% and 89% yield respectively (Scheme 10). To liberate 
positions O-3 and O-4, the isopropylidene group was removed (70% acetic acid at 
70 °C) to give compound 36, which after benzylation yielded model donor 28 in 96% 
over 2 steps.    

 

Scheme 10. Synthesis of donors 25 and 28   

To prepare the donors for the IAD and HAD strategies (donors 29-31, Scheme 8), 
the O-3 position needed to be liberated (Scheme 11). To this end, the building block 
synthesis started with preparation of benzylidene-protected compound 38 by treating 
6dTal 37 with benzaldehyde dimethylacetal at 65 °C, which was subsequently subjected 
into benzyl or Nap introduction to give compounds 39a and 39b in high yields. 

 

Scheme 11. Synthesis of compounds 39a and 39b 

To liberate the O-3 position, a regioselective opening of the benzylidene was 
envisaged. To this end, compound 39a was subjected to several conditions to promote 
a reductive opening of the benzylidene group to the C-4 position (Table 1). First, the 
reagent combinations triethylsilane/TFA29 and BH3•THF/TMSOTf30 were tried. Both 
sets of conditions led to the full removal of the benzylidene acetal (Table 1, entries 1 
and 2), presumably due to the presence of the strong acid. Next, the reduction was 
attempted by DIBAL (solution in DCM or toluene)31 (Table 1, entry 3), as it was reported 
to open a naphtylidene acetal to solely produce the 2-O-Nap-substituted product.19 It 
was encouraging to see that under these conditions the 4-O benzylated product 41 was 
formed, however also significant amounts of the partially and fully deprotected 
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products 42 and 37 were observed. Finally, reduction with the LiAlH4/AlCl3 reagent 
combination, that was previously used for the reductive benzylidene opening on L-
fucose, 32 gave the desired product 40a in 81% yield.  

Table 1. Optimization of reductive opening starting from compound 38a 

 
Entry Conditions Product (isolated yield) 
1a TES, TFA, DCM 42 (n/d) 
2a BH3•THF, TMSOTf, DCM 42 (n/d) 

3 DIBAL-H, DCM or Toluene 
41(33%) + 42 (12%) + 37 

(20%) 
4 LiAlH4, AlCl3, THF:DCM  40a (81%) 
a – products were not isolated 

When the 2-O-Nap protected compound 39b was subjected to the same conditions 
(Scheme 12), target product 40b was isolated in 47% yield and an isomer of 39b was 
isolated as a side-product in 22% yield. The 1H spectrum of this isomer revealed a CH-
benzylidene signal at 6.4 ppm compared to 5.8 ppm of the starting material. When 1D 
NOESY was obtained for each isomer of 39b (Figure S1) it was revealed that the CH-
benzylidene of the exo-isomer was in close proximity to the H-1 and H-6 (CH3) protons, 
suggesting that only the exo-isomer of 39b was isolated as a side-product. In contrast, 
it turned out that the starting material had the endo-configuration, because NMR 
experiments revealed that the CH-benzylidene was in close proximity to the H-3 and H-
4 protons. The reductive opening can be considered as a two-event reaction, in which 
first a Lewis acid, in this case AlH2Cl, coordinates to oxygen to allow formation of a 
linear carbocation, followed by hydride attack on the benzylic position. Since the 
starting material 39b underwent isomerization it can be hypothesized that upon 
coordination of the Lewis acid the benzylic cation was attacked by the O-3 position to 
form the cyclic exo-isomer (39b-exo). 

 

Scheme 12. Reductive opening of Nap-protected 39b 

After preparing compounds 40a and 40b they were subjected to protection of the 
O-3 position (Scheme 13). The Pico group was introduced onto 40a using 2-picolinic 
acid in the presence of EDC•HCl and DMAP to give donor 31 in 88% yield. For the IAD 
strategy, two oxidation- and acid-stable protecting groups were introduced under 
standard conditions to give the TBS-protected donor 29 in 71% yield, and the allyl-
protected donor 30 in quantitative yield.  
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Scheme 13. A) Synthesis of HAD-donor 31; B) Synthesis of the IAD-donors 29 and 30 

7.2.3 Evaluation of the donors in the glycosylation reaction 

To synthesize cis-6-deoxytalosides, ideally, a robust and reproducible methodology 
is developed, thus we selected several strategies and designed various donors to make 
a selection of the most promising β-cis-directing donors. To this end, model 
glycosylations were performed starting with the different 6-deoxytaloside donors and 
the reactive primary glucosyl acceptor 21 under various glycosylation conditions 
(Table 2). First, the conformationally locked donor 25, with an isopropylidene 
protecting group at the O-3 and O-4 positions was attempted (Table 2, entry 1). It was 
hypothesized that if this donor remains in a 2,5B conformation during the glycosylation 
reaction, that the nucleophilic attack may occur from the bottom side, leading to the β-
cis product. However, the reaction resulted in a mixture of isomers. Because in the 2,5B 
conformation the JC1-H1 were too close to identify the stereochemistry of the products, 
the benzylidene was removed (70% AcOH) to give compounds 43 as an anomeric 
mixture with the α-trans isomer (trans/cis = 2.5/1) as a major product, suggesting a 
predominant attack from the top side. Interestingly, when the conformational rigidity 
was placed over the O-2 and O-4 positions in donor 26, the glycosylation reaction with 
acceptor 21 gave the corresponding disaccharide 44 with a preference for the β-cis 
product (α-trans/β-cis =1/2, Table 2, entry 2) in 64% yield, with concomitant loss of 
the Fmoc group due to the quenching under basic conditions. To confirm the anomeric 
configuration on 6dTal 13C-GATED experiments were performed. For the major β-
isomer a coupling constant of JC1-H1 = 154 Hz was observed, while JC1-H1 of 169 Hz was 
observed for the minor α-trans-isomer. This result suggests that the conformational 
lock indeed stabilizes the anomeric covalent triflate, resulting in an SN2-like 
displacement. Thus, encouraged by the performance of donor 26, further stabilization 
of potentially formed covalent species by using donor 27 with a strongly electron-
withdrawing mesyl protecting group at the O-3 position was attempted. When donor 
27 was glycosylated with acceptor 21 under pre-activation conditions, a slightly 
increased preference for the β-cis product 45 (trans/cis = 1/2.4) was observed (Table 
2, entry 3). In contrast, when donor 27 was reacted with the secondary acceptor 
diacetone-D-glucose (DAG), full trans-stereoselectivity was observed. Since DAG is 
considered a less reactive acceptor, it is proposed that the glycosylation reaction may 
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proceed with more SN1 character via more reactive oxacarbenium ion species (Scheme 
14). Moreover, the benzylidene protecting group can potentially stabilize the 3H4 

conformation, which leads to the formation of the trans-stereoisomer (Scheme 14).  

Table 2. Model glycosylations with acceptor 21 

Entry  Donor Conditions  Yield (trans (α)/cis (β)) 

1 

 

1) Ph2SO, TTBP, Tf2O, 
DCM, -80 ° to 0 °C  
2) 70% AcOH, 70 °C   

69%; 2.5/1 

2 

 

Ph2SO, TTBP, Tf2O,  
DCM, -80 ° to 0 °C  

 
64%; 1/2 

3 

 

Ph2SO, TTBP, Tf2O, DCM, 
-80 ° to 0 °C  

 
65%; 1/2.4 

4 

 

1) DDQ  
2) MeOTf, DCE, +50 °C  
3) TFA, DCM  
4) Ac2O, pyr  

 
29%; β-cis-only (75% 

methylated)  

5 

 

NIS (2eq), TfOH (0.2 
eq), DCM, -30 °C to RT  

 
79%; 1/2.4 

6 31 NIS (1.2eq), TfOH (2.5 
eq), DCM, -30 °C to RT 

47, 49%; 1.5/1 

 

 

Scheme 14. Potential reactive species derived from donor 27  
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Whereas the conformationally locked donors exhibited promising β-cis-
stereoselectivity in the reaction with a primary acceptor, this preference was 
completely switched to the α-trans-linked product in the reaction with a secondary 
acceptor. Because in the final 6dTal-containing target fragment (compound 16, Scheme 
5) the 6dTal units are connected through secondary hydroxyls, we decided to turn to 
alternative strategies. The next strategy under  investigation was intramolecular 
aglycon delivery (IAD), employing donor 28 bearing a Nap group at O-2, which was first 
subjected to the generation of the mixed acetal using DDQ (Table 2, entry 4). The 
resulting mixed acetal was purified by size-exclusion chromatography and then used in 
a glycosylation reaction in the presence of MeOTf as the activating reagent. Subsequent 
hydrolysis of remaining naphthyl-acetals by additional treatment with acid and ensuing 
acetylation of the product mixture gave disaccharide 46 as the β-cis product exclusively, 
albeit in only 29% yield over 3 steps. Unfortunately, close examination of the mixture 
revealed that 75% of the isolated β-cis product was methylated at the C-2 position of 
the 6dTal moiety. Because IAD donor 28 gave exclusive cis-stereoselectivity it was 
decided to further optimize conditions on the secondary 6dTal acceptor in an attempt 
to maximize the yield of the coupling and to minimize side reactions, and the details can 
be found in Section 7.2.5. 

Lastly, Pico donor 31, which supposedly directs the attack by forming hydrogen 
bond with a nucleophile, was glycosylated with primary acceptor 21, either using 
catalytic TfOH (Table 2, entry 5) or excess TfOH (Table 2, entry 6). Catalytic acid 
conditions yielded the disaccharide product 47 with good stereoselectivity towards β-
cis-isomer (α-trans/β-cis = 1/2.4) in 79% yield, while the TfOH-rich conditions led to 
a compromised stereoselectivity (α-trans/β-cis = 1.5/1), as has been observed in the 
case of mannose,23 and a lower yield of 49%. 

In summary, in the series of model glycosylations several donors demonstrated cis-
stereoselectivity. Promising results were obtained using all three different strategies, 
with the conformational lock at O-2 and O-4 (donor 26 and 27), the IAD strategy (donor 
28), and the HAD strategy (donor 31). However, donor 27 demonstrated high α-trans-
stereoselectivity when reacted with a secondary acceptor. Since the coupling towards 
disaccharide 16 (Scheme 5) has to be performed on the secondary 6dTal acceptor it 
was concluded that conformationally locked donors can provide α-trans product 
instead of the needed β-cis-compound. Therefore, IAD and HAD strategies were 
selected to continue optimization towards the synthesis of the target product 16 
(Scheme 5). 

7.2.4 Linker introduction  

To synthesize target disaccharide 16, an acceptor bearing a β-aminopentanol linker 
at the anomeric position is needed. Since IAD and HAD demonstrated promising results 
in the glycosylation with primary acceptors, donors 30 and 31 were subjected to 
coupling with aminopentanol linker 48 (Scheme 15). When treated with the two-step 
IAD glycosylation protocol (Scheme 15A), donor 30 gave solely the β-linked product 49, 
albeit in just 15% yield next to 63% of monosaccharide 50, which had undergone Nap-
removal and anomeric hydrolysis. For the HAD strategy (Scheme 15B), picoloyl donor 
31 excitingly led to full conversion, and the β-cis product 51 was isolated in 62%, next 



 

 

169 

 

 

 

On the Reactivity and Selectivity of 6-Deoxytalosides in cis-Glycosylation  

to 23% yield of the α-trans product. The good to excellent β-cis stereoselectivities 
observed in both the IAD and HAD approaches inspired to continue with these donors 
for the synthesis of the target disaccharide 16 (Scheme 5).   

 

Scheme 15. Glycosylation reactions of donors 30 and 31 with aminopentanol linker 48 

7.2.5 Optimization of the IAD strategy on the 6-deoxytalose acceptor 

Since the IAD strategy demonstrated excellent stereoselectivity using donor 28 and 
model acceptor 21 (Table 2, entry 5), several donor analogs with different protecting 
groups at the O-3 position and anomeric functionalities were designed to increase the 
yield of the IAD procedure (Scheme 16). Moreover, they were condensed with the 
secondary 6dTal acceptor 53, to assess the impact of this acceptor on stereoselectivity 
and yield. When donor 28, with a benzyl group at O-3, was reacted with 6dTal acceptor 
53a, disaccharide product 54 was obtained with full β-cis selectivity in 22% (Table 3, 
entry 1). Unfortunately, this yield included approximately 50% of the side product in 
which methylation occurred on the C2’ position. In the case of TBS-protected donor 29, 
a large portion of monosaccharide 57 was isolated as the main product upon reaction 
with DDQ. Purification using size-exclusion chromatography resulted in an impure 
mixed acetal fraction, which was activated with a reduced amount of MeOTf to prevent 
methylation of the disaccharide, but this yielded only trace amounts of the disaccharide 
product (Table 3, entry 2) and acceptor 53a was recovered in 80% yield. To circumvent 
the methylation by MeOTf, sulfoxide donor 52 was evaluated in the IAD reaction (Table 
3, entry 3), because this donor can be activated with the aid of Tf2O. After forming the 
mixed acetal between donor 52 and acceptor 53a, activation with Tf2O yielded a 
complex mixture of disaccharides 55a and 55b with exclusive β-cis-selectivity in 21% 
yield. However, detailed NMR characterization suggested that a significant amount of 
TBS-migration had occurred. The coupling using sulfoxide donor 52 (Table 3, entry 3) 
led to a complex mixture of unidentifiable side-products suggesting degradation of both 
donor and acceptor since the latter was not recovered. It was hypothesized that the 
bulky TBS-group at the C-3 position hinders both the formation of the mixed acetal with 
the secondary acceptor 53a and the ensuing nucleophilic attack during glycosylation. 
Subsequently donor 30 with the less sterically demanding allyl group was investigated. 
After forming the mixed acetal of allyl-protected donor 30 deprotected monosaccharide 
58 was isolated in 66% yield. Then the mixed acetal was activated with DMTST to yield 
6% of pure β-product 56 over 2 steps, while acceptor 53b was recovered in 49% yield 
(Table 3, entry 4).  
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Scheme 16. IAD coupling, products and side-products  

Table 3.Optimization of glycosylation conditions for IAD 

Entry Donor 
53a 
or 

53b 
Conditions 

Product 
(Yield) 

Side-
product  

Acceptor  
Recovery  

1 28 a 
MeOTf, DTBMP, 
DCE, +50 °C 

54 (22%, 
β) 

- 75% 

2 29 a 
MeOTf, DTBMP, 
DCE, +50 °C 

- 57 (74%) 80% 

3 52 a 
Tf2O, DTMBP, 
DCM, -80 °C – 0 °C 

55a,b 
(21%, β) 

- - 

4 30 b 
DMTST, DTBMP, 
DCM, -40 °C – 0 °C  

56, (6%, β) 58 (66%) 49% 

 

Taken together, these results suggests that in the IAD strategy both steps are 
challenging: first, the formation of mixed acetal often competed with Nap-deprotection. 
If the mixed acetal was formed the glycosylation proceeded with side-reactions such as 
methylation and TBS-migration and predominantly acceptor was recovered, while the 
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donor often degraded. The high yield of the isolated acceptor indicated that the 
nucleophilic attack is severely hindered, which could be the result of the rigidity of the 
mixed acetal and the poor nucleophilicity and steric hindrance associated with the C-3 
position of the 6dTal building block. 

7.2.6 Optimization of the HAD strategy on the 6-deoxytalose acceptor 

Since the IAD strategy provided disappointing results in the glycosylation reaction 
with secondary 6dTal acceptors, and because picoloyl-donor 31 had demonstrated a 
preference for the cis-product when used on primary acceptors (Table 2, entry 6, and 
Scheme 14), we decided to explore the HAD strategy for the synthesis of the target 
disaccharide 16. First donor 31 was reacted with β-linked acceptor 53b under standard 
conditions using NIS/TfOH (2 eq/0.2 eq). This procedure yielded β-isomer 16a in 13% 
yield, next to the α-isomer in 36%, (α-trans/β-cis = 2.7/1, Table 4, entry 1). Because 
the HAD-methodology relies on the intermolecular coordination of the acceptor to the 
nitrogen atom of the picoloyl group (Scheme 4) via hydrogen-bonding, it can be affected 
by changing the concentration of the solution. It was demonstrated that if hydrogen-
bonding takes place, dilution of the reaction mixture improves stereoselectivity by 
decreasing the chances of the unbound attack of a nucleophile.20 Thus the reaction was 
performed at a 10-fold diluted concentration (5 mM instead of 50 mM, Table 4, entry 
2), leading to improved stereoselectivity (α-trans/β-cis = 1.2/1) and isolated yields of 
9% of the desired β-isomer and 11% of α-product, together with a high recovery of the 
unreacted acceptor (79%). Since the stereoselectivity improved it can be hypothesized 
that hydrogen-bonding between the donor and acceptor takes place in the reaction 
mixture, whereas the low reactivity of acceptor 53 limits the reaction progression 
especially at high dilutions. In an attempt to improve the stereoselectivity, the 
glycosylation reaction was performed with a shorter reaction time when after addition 
of the TfOH the reaction was immediately warmed up to RT and was left to react for 2h 
(Table 4, entry 3) giving 9% yield. Next to that it was attempted to couple at lower 
temperatures, i.e. until 0 °C (Table 4, entry 4), which led to 5% yield of disaccharide 
16a. In both cases the β-cis stereoselectivity was compromised (trans (α)/cis (β) = 2.2 
– 2.4/1). The low yields can be explained by short reaction times, which led to 
insufficient conversion of the acceptor 53b. To improve the conversion of acceptor 53b, 
increased amounts of donor 31 (2-3 equivalents, by reducing the amount of acceptor) 
were used (Table 4, entries 5 and 6), giving a higher yield of 14% for the target 
disaccharide 16a when 2 equivalents of donor were used and 19% yield when 3 
equivalents were used and similar preference for the α-trans linkage, even though 
acceptor 53b was diluted significantly. When higher amounts of picoloyl-donor 31 were 
used, significant amounts of 1,1’-disaccharides and the N-succinimide-linked 6dTal 
derivative were observed as side-products. This supported the low reactivity of the 
monosaccharide acceptor 53b.  
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Table 4. Optimization of the HAD method to synthesize disaccharide 16 

 

Entry Temperature  
Eq 
31  

Concentration 
(mM) 

Isolated Yield (%) Ratio 
(α-

trans/β-
cis) 31 53b 16a 

α-
isomer 
of 16a 

53b 

1 
-35 °C to 0 °C (1h 
20min), o/n at 
RT (15h) 

1.1 50 45  13% 36% 
21
% 

2.7 / 1 

2 
-35 °C to 0 °C (1h 
20min), o/n at 
RT (15h)  

1.1 5  5  9% 11% 
79
% 

1.2 / 1 

3 
-30 °C (10min), 
2h at RT  

1.1 50  45  9% 22% 
66
% 

2.4 / 1 

4 
-30 °C to 0 °C 
(3h) 

1.1 50  45  5% 11% 
81
% 

2.2 / 1 

5 
-35 °C to 0 °C 
(2h), o/n at RT 
(15h) 

2 50  25 14 % 38% - 2.7 / 1 

6 
-35 °C to 0 °C 
(2h), o/n at RT 
(15h) 

3 50  17  19% 50% - 2.6 / 1 

 

Both the IAD and HAD approaches gave low isolated yields of the target 
disaccharides (6% and 19% respectively), which is likely attributed to the low 
reactivity of acceptor 53, leading to a number of side-reactions as detailed above. When 
comparing the two methods based on required number of steps, it is clear that for the 
IAD strategy an additional protection step is required after coupling (Scheme 17A), 
which totals to an additional two steps when compared to the one-step coupling using 
the HAD strategy. When 3 equivalents of picoloyl-donor 31 were used, the highest 
isolated yield of disaccharide 16a was obtained (19%, table 4, entry 6), and these 
conditions were used for the total synthesis of the nonsaccharide repeating unit from 
B. adolescentis, as described in Chapter 8.  
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Scheme 17. Comparison of (A) 3 step IAD: mixed acetal formation, glycosylation, 
protection to synthesize 16b; and (B) one step HAD glycosylation towards compounds 
16a; extra protection step is shown in the frame  

7.3 Conclusions  

In this chapter, a disaccharide containing cis-6-deoxytalosides was synthesized for 
the first time. Several different donor types for the construction of the cis-6-
deoxytalosides were evaluated, i.e. conformationally locked donors and two different 
tethering designs. Interestingly, conformationally locked donors 26 and 27 both 
provided reasonable cis-stereoselectivity (approximately trans/cis = 1/2) on a 
primary acceptor, however, a significant decrease in selectivity was observed when 
using secondary acceptors, limiting their applicability in constructing the 
6-deoxytaloside repeat. Both covalent and coordinating tethering designs (IAD and 
HAD) yielded the predominant formation of the β-product. Specifically, the IAD 
approach gave the β-product exclusively, however in low yields (29% over 2 steps in a 
model reaction), while optimized reaction conditions using a 6-deoxytaloside acceptor 
gave only 6% of product 56, albeit still with complete -cis stereoselectivity. The HAD 
methodology demonstrated a high preference for the β-cis-product (α-trans/β-cis = 
1/2.4) and good isolated yields on primary acceptors. However, with the secondary 6-
deoxytaloside acceptor 53, optimized conditions provided reduced β-stereoselectivity 
(α/β = 2.6/1), whereas conversion was improved to yield the pure -linked product in 
19% yield. Owing to the superiority of the HAD approach in terms of isolated yield, 
higher purity of the isolated product, and a significantly lower number of steps, the HAD 
approach was employed for the total synthesis of Bifidobacterium adolescentis 
nonasaccharide repeating unit, which is described in Chapter 8.   
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7.5 Supporting Information  

 

Figure S1. (A) 1D-NOESY of endo-39b upon irradiation of the CH-Bzd-proton (B) 1H-
NMR of endo-39b (C) 1D-NOESY of exo-39b upon irradiation of the CH-Bzd proton (D) 
1H-NMR of exo-39b 
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7.5.1 General Experimental Procedures 

All solvents used were of commercial grade and used without further purification unless stated 
otherwise. Dry DCM, toluene, and THF were generated by an MBraun SPS 800 solvent purification 
system. Solvents used for workup and column chromatography were of technical or HPLC grade 
from Boom, Biosolve, or Honeywell and used as purchased. Solvents were removed by rotary 
evaporation under reduced pressure at 45 °C. Reagents were purchased from Sigma-Aldrich, 
Acros, TCI Europe, or CarboSynth and used without further purification. Reaction temperature 
refers to the temperature of the cooling bath equipped with a stirring bar unless stated otherwise. 
Reactions were monitored by TLC analysis on Merck silica gel 60/Kieselguhr F254 and spots 
were visualized by UV light, or spraying with orcinol stain (180 mg orcinol, 10 mL 85% H3PO4, 5 
mL EtOH, and 85 mL H2O) or with Seebach’s stain (2.5 g phosphomolybdic acid, 1 g Ce(SO4)2, 6 
mL H2SO4 and 94 mL H2O) followed by heating with a heat gun. Column chromatography was 
performed using silica (Standard Silica 60M, 0.04 – 0.063 mm, 230-400 mesh, Macherey-Nagel 
GmbH, Germany) as the stationary phase. Size-exclusion chromatography was performed on 
Sephadex LH-20 using DCM/MeOH (1/1, v/v) as eluent. Molecular sieves 4Å (Merck, Germany) 
were activated by heating with a heat gun in vacuo.  
1H and 13C NMR spectra were recorded on a Varian 400-MR (400/100 MHz) or a Bruker Avance 
NEO (600/150 MHz). Chemical shifts are given in ppm with the solvent resonance as internal 
standard (CDCl3: δ 7.26 for 1H, δ 77 for 13C; D2O: δ 4.79 for 1H). All individual signals were 
assigned using 2D NMR spectroscopy: HH-gCOSY, gHSQC or NOE. Data are reported as follows: 
chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = double 
double doublet, t = triplet, q = quartet, p = quintet, m = multiplet, apparent quartet = app q), 
coupling constants J (Hz), and integration. High resolution mass measurements were performed 
on an LTQ Orbitrap XL spectrometer (Thermo Fisher Scientific) with an ESI ionization source. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
6-deoxy-3-O-picoloyl-β-L-talopyranosyl)-6-deoxy-α/β-L-talopyranoside (16a) 

Donor 31 (250 mg, 0.45 mmol) and acceptor 53b (98 mg, 
0.15 mmol) were co-evaporated with dry toluene (3x). 
Then the compounds were placed under nitrogen 
atmosphere, dissolved in dry DCM (9 mL), and pre-

activated molecular sieves MS4Å were added to the obtained solution. After stirring for 1 h at RT 
the solution was cooled to -35 °C, NIS (202 mg, 0.9 mmol) and TfOH (8 µl, 0.09 mmol) were added. 
The reaction mixture was allowed to warm up to RT over the course of 2h, after which it was left 
to stir at RT overnight (15.5 h). Then it was diluted with DCM and washed with sat. Na2S2O3(2x), 
the water layers were extracted with DCM (3x). The combined organic layers were washed with 
brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification by size-exclusion 
chromatography on LH-20 gel, followed by column chromatography on silica gel (toluene/EtOAc, 
5/1 to 4/1, v/v) afforded the two anomers in α/β = 2.6 / 1: α-anomer (82 mg, 0.076 mmol, 50%) 
and β-anomer (31 mg, 0.029 mmol, 19%). 
Analytical data for the β-anomer: TLC: Rf = 0.27 (toluene/EtOAc, 3/1, v/v) 
1H NMR (600 MHz, CDCl3, 323K) δ 8.79 (d, J = 4.7 Hz, 1H, CHarom Pico), 7.72 (d, J = 7.9 Hz, 1H, 
CHarom Pico), 7.65 (td, J = 7.7, 1.8 Hz, 1H, CHarom Pico), 7.49 (dd, J = 7.4, 5.2 Hz, 4H, CHarom), 7.46 – 
7.15 (m, 24H, CHarom), 7.05 (dt, J = 14.4, 7.0 Hz, 3H, CHarom), 5.22 (s, 2H, CH2 Cbz), 5.09 (d, J = 12.7 
Hz, 1H, CHH Bn), 5.04 (d, J = 12.1 Hz, 1H, CHH Bn), 4.93 (d, J = 12.5 Hz, 1H, CHH Bn), 4.89 – 4.82 
(m, 2H, CHH Bn, H-3’), 4.80 (d, J = 12.2 Hz, 2H, CH2 Bn), 4.78 – 4.75 (m, 1H, CHH Bn), 4.55 – 4.47 
(m, 3H, CH2 BnN, CHH Bn), 4.39 (br s, 1H, H-1), 4.20 (s, 1H, H-1’), 4.01 (t, J = 3.3 Hz, 2H, H-3, 
CHHO), 3.92 (d, J = 3.3 Hz, 1H, H-2), 3.72 (d, J = 3.4 Hz, 1H, H-2’), 3.64 (d, J = 3.3 Hz, 2H, H-4, H-
4’), 3.54 – 3.49 (m, 1H, H-5), 3.49 – 3.40 (m, 1H, CHHO), 3.40 – 3.34 (m, 1H, H-5’), 3.33 – 3.29 (m, 
2H, CH2N), 1.69 (d, J = 7.0 Hz, 1H, CHHCH2O), 1.65 – 1.58 (m, 2H, CH2CH2N), 1.45 – 1.38 (m, 2H, 
CH2CH2CH2N), 1.35 (d, J = 6.4 Hz, 6H, H-6, H-6’). 
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13C NMR (151 MHz, CDCl3, 323K) δ 176.4 (C=O), 164.0 (C=O), 150.1 (Carom), 139.7, 139.3, 139.2, 
138.6, 138.0 (Cq), 136.8 - 125.3 (Carom), 102.7 (C-1), 97.3 (C-1’), 77.3 (C-4), 75.7 (C-2’), 75.7 (C-
3), 75.5 (C-4’), 75.5 (CH2 Bn), 75.0, 74.6 (2x CH2 Bn), 74.4 (C-3’), 74.2 (CH2 Bn), 72.0 (C-2, 5), 71.8 
(C-5’), 69.3 (CH2O), 67.2 (CH2 Cbz), 50.5 (CH2 BnN), 46.9 (CH2N), 29.5 (CH2CH2O), 27.9 
(CH2CH2N), 23.5 (CH2CH2CH2N), 16.7 (C-6), 16.7 (C-6’).  
13C-GATED (151 MHz, CDCl3): δ 102.7 (C-1, JC-H =152 Hz), 97.3 (C-1’, J C-H  = 155 Hz). 
ESI-HRMS: [M+H]+ calcd for C66H73N2O12 1085.5158 found 1085.5191. 
Analytical data for the α-anomer: TLC: Rf = 0.45 (toluene/EtOAc, 3/1, v/v) 
1H NMR (400 MHz, CDCl3) δ 8.82 (d, J = 4.7 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.75 (t, J = 7.8 Hz, 
1H), 7.47 (dd, J = 12.9, 7.5 Hz, 3H), 7.42 – 7.08 (m, 31H), 5.29 (q, J = 3.0, 2.4 Hz, 1H), 5.17 (d, J = 
14.0 Hz, 2H), 5.06 – 4.93 (m, 1H), 4.79 (d, J = 11.9 Hz, 1H), 4.70 (dd, J = 12.5, 3.4 Hz, 2H), 4.65 (s, 
2H), 4.55 – 4.46 (m, 3H), 4.03 – 3.88 (m, 1H), 3.62 (s, 2H), 3.52 (s, 1H), 3.42 (s, 1H), 3.24 (d, J = 
27.8 Hz, 2H), 1.65 – 1.49 (m, 6H), 1.40 – 1.22 (m, 3H), 1.08 (d, J = 6.5 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 163.9, 150.1, 147.7, 138.5, 138.1, 137.9, 137.0, 128.5, 127.2 - 125.2 
(Carom), 98.7 (C-1’), 75.8, 74.7, 74.3, 73.5, 72.2, 69.1, 67.1, 67.0, 50.5, 50.2, 46.2, 29.7, 29.4, 23.4, 
16.9 (C-6), 16.6 (C-6’). 
13C-GATED (101 MHz, CDCl3): δ 98.7 (C-1’, JC-H = 169 Hz). 
ESI-HRMS: [M+H]+ calcd for C66H73N2O12 1085.5158 found 1085.5185.  

4-Methylphenyl 2,3,4-O-benzyl-6-deoxy-1-thio-α-L-talopyranoside (17) 

To a stirred solution of 4-methylphenyl 6-deoxy-1-thio-α-L-talopyranoside 3733 
(200 mg, 0.74 mmol) in dry DMF (2.5 mL) under nitrogen atmosphere at 0 °C 
NaH (133 mg, 3.33 mmol, 60% dispersion in mineral oil) was added. After stirring 
the resulting solution for 15 min BnBr (0.4 mL, 3.33 mmol) was added dropwise. 

The reaction was allowed to warm up to ambient temperature and left to stir overnight. After that 
TLC analysis indicated complete conversion of starting material into a new more apolar spot and 
the reaction mixture was gently quenched by diluting with ether and adding ice-water. Organic 
compounds were extracted with Et2O (3x), the combined organic layers were washed with brine, 
dried over MgSO4, filtered, and concentrated in vacuo. Column chromatography (pentane/Et2O, 
20/1 to 3/1, v/v) afforded the title compound as a clear syrup in quantitative yield (397 mg, 0.73 
mmol). TLC: Rf = 0.17 (pentane/Et2O, 9/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.55 – 7.47 (m, 6H, CHarom), 7.47 – 7.44 (m, 5H, CHarom), 7.43 – 7.34 
(m, 6H, CHarom),7.22 – 7.18 (m, 2H, CHarom), 5.81 (d, J = 2.2 Hz, 1H, H-1), 5.13 (d, J = 11.9 Hz, 1H, 
CHH Bn), 4.96 (d, J = 12.4 Hz, 1H, CHH Bn), 4.92 (d, J = 12.0 Hz, 1H, CHH Bn), 4.74 (d, J = 12.4 
Hz, 1H, CHH Bn), 4.66 (d, J = 11.9 Hz, 1H, CHH Bn), 4.61 (d, J = 12.0 Hz, 1H, CHH Bn), 4.41 (qd, J 
= 6.5, 2.0 Hz, 1H, H-5), 4.04 (t, J = 2.9 Hz, 1H, H-2), 3.90 (t, J = 3.1 Hz, 1H, H-3), 3.81 – 3.72 (m, 
1H, H-4), 2.42 (s, 3H, CH3 STol), 1.45 (d, J = 6.6 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 139.2, 138.5, 138.4, 137.3 (4xCq), 131.5 (Carom), 131.0 (Cq), 129.9, 
128.5, 128.3, 128.2, 127.7, 127.6, 127.5, 127.4 (Carom), 86.0 (C-1), 77.7 (C-3), 75.9 (C-4), 75.5 (C-
2), 73.8, 72.7, 71.3 (3xCH2 Bn), 69.2 (C-5), 21.2 (CH3 STol), 16.8 (C-6).  
13C-GATED (CDCl3): δ 86.0 (C-1, J C-H = 166 Hz). 
ESI-HRMS: [M+Na]+ calcd for C34H36O4S1Na1 563.2227 found 563.2210. 

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4-tri-O-benzyl-6-deoxy-α/β-L-talopyranosyl)-α-D-
glucopyranoside (23) 

Donor 17 (56 mg, 0.10 mmol) and methyl 2,3,4-tri-O-benzyl-α-D-
glucopyranoside 2134 (58 mg, 0.12 mmol)were co-evaporated with 
dry toluene (3x). Then the compounds were placed under nitrogen 
atmosphere, dissolved in dry DCM (2.1 mL), and pre-activated 4Å 

molecular sieves were added to the obtained solution. After stirring for 1 h at RT the solution was 
cooled to -40 °C, NIS (47 mg, 0.20 mmol) and TfOH (2 µl, 0.02 mmol) were added. The reaction 
mixture was allowed to warm up to 0 °C over the course of 1.5 h, after which it was diluted with 
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EtOAc and washed with sat. Na2S2O3(2x), the water layers were extracted with EtOAc (3x). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. Purification by size-exclusion chromatography on LH-20 gel afforded the title 
compounds as a white syrup in quantitative yield (92 mg, 0.10 mmol) as a mixture of anomers 
α/β = 1.7 / 1. TLC: Rf = 0.39 (toluene/EtOAc = 9/1).  
Analytical data for α-anomer 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.18 (m, 30H, CHarom), 5.06 – 5.00 
(m, 2H, CH2 Bn), 4.98 (d, J = 2.0 Hz, 1H, H-1Tal), 4.88 – 4.80 (m, 4H, 2xCH2 Bn), 4.73 (t, J = 12.4 Hz, 
4H, 2xCH2 Bn), 4.60 (d, J = 3.6 Hz, 1H, H-1Glc), 4.57 (s, 2H, CH2 Bn), 4.07 – 3.99 (m, 1H, H-3Glc), 
3.94 – 3.88 (m, 2H, H-5Tal, H-6Glc), 3.82 – 3.71 (m, 3H, H-3Tal, H-5Glc, H-2Tal), 3.66 (d, J = 2.7 Hz, 1H, 
H-4Tal), 3.61 – 3.56 (m, 1H, H-6Glc’), 3.55 – 3.49 (m, 2H, H-2Glc, H-4Glc), 3.47 – 3.41 (m, 1H, H-4Glc), 
3.32 (s, 3H, OMe), 1.31 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 139.2 - 138.1 (Cq), 128.50 - 127.3 (Carom), 99.3 (C-1Tal), 97.9 (C-1Glc), 
82.1 (C-3Glc), 80.0 (C-2Glcl), 77.9 (C-4Glc), 77.4 (C-3Tal), 73.9 (C-2Tal),75.8 (CH2 Bn), 75.6 (C-4Tal), 
75.1 (CH2 Bn), 73.7, 73.3, 72.9, 71.1, (4x CH2 Bn), 70.0 (C-5Glc), 67.5 (C-5Tal), 66.3 (C-6Glc), 55.0 
(Me), 16.8 (C-6Tal). 13C-GATED (101 MHz, CDCl3): δ 99.3 (C-1Tal, JC-H = 168 Hz).  
Analytical data β-anomer 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.04 (m, 30H, CHarom), 5.16 – 5.06 
(m, 2H, CH2 Bn), 4.95 – 4.80 (m, 6H,3xCH2 Bn), 4.65 (d, J = 3.6 Hz, 1H, H-1Glc), 4.56 – 4.47 (m, 4H, 
2xCH2 Bn), 4.45 (d, J = 2.4 Hz, 1H, H-1Tal), 4.29 (dd, J = 11.6, 3.3 Hz, 1H, H-6Glc), 4.07 – 3.96 (m, 
2H, H-3Glc, H-2Tal), 3.81 – 3.67 (m, 2H, H-6Glc, H-5Glc), 3.66 (d, J = 2.7 Hz, 1H, H-4Tal), 3.62 – 3.56 
(m, 1H, H-3Tal), 3.55 – 3.49 (m, 1H, H-2Glc), 3.47 – 3.42 (m, 2H, H-4Glc, H-5Tal), 3.41 (s, 3H, OMe), 
1.35 (d, J = 6.4 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 139.6 - 138.3 (Cq), 128.5 - 127.0 (Carom), 102.1 (C-1Tal), 98.3 (C-1Glc), 
82.0 (C-3Glc), 79.9 (C-2Glc), 77.9 (C-4Glc), 75.7 (CH2 Bn), 75.6 (C-4Tal), 75.2 (CH2 Bn), 74.8 (C-3Tal), 
74.3, 74.1 (2xCH2 Bn), 73.8 (C-2Tal), 73.5 (CH2 Bn), 71.9 (C-5Tal), 70.0 (C-5Glc), 67.0 (C-6Glc), 55.2 
(Me), 17.0 (C-6Tal). 
 13C-GATED (101 MHz, CDCl3): δ 102.1 (C-1Tal, JC-H = 155 Hz). 
ESI-HRMS: [M+NH4]+ calcd for C55H64O10N1 898.4525 found 898.4518.   

1,2:5,6-Di-O-isopropylidene-3-O-(2,3,4-tri-O-benzyl-6-deoxy-α/β-L-talopyranosyl)-α-D-
glucofuranoside (24) 

Donor 17 (54 mg, 0.10 mmol), Ph2SO (26 mg, 0.13 mmol), and TTBP (62 
mg, 0.25 mmol) were co-evaporated with dry toluene (3x). Then the 
compounds were dissolved in dry DCM (2 mL) and left to stir with 
activated MS4Å for 1h, after which the solution was cooled down to -80 
°C and Tf2O (22 µl, 0.13 mmol) was added. The activation was left to 
proceed at -80 °C and after TLC analysis (pentane/Et2O 6/1, v/v) 
indicated complete conversion of the donor (40 min), 1,2:5,6-Di-O-

isopropylidene-α-D-glucofuranose 22 (31 mg, 0.12 mmol), which was co-evaporated with dry 
toluene (3x) separately, was added to the reaction mixture in 0.25 mL of dry DCM slowly via the 
wall of the flask. The resulting mixture was kept at -80 °C for 2h, after which it was quenched by 
the addition of Et3N and poured on water, the water layer was extracted with DCM (3x), the 
combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated in 
vacuo. Purification via size-exclusion chromatography on LH-20 gel afforded disaccharides 24 in 
α/β = 1/1 (29 mg, 0.043 mmol, 43%). TLC top: Rf = 0.48, 0.37 (toluene/EtOAc = 7/1).  
1H NMR (400 MHz, CDCl3) δ 7.47 (d, J = 7.2 Hz, 3H), 7.43 – 7.21 (m, 43H), 5.88 (d, J = 3.5 Hz, 1H), 
5.75 (d, J = 3.6 Hz, 1H), 5.03 (d, J = 13.4 Hz, 2H), 4.98 (d, J = 4.1 Hz, 1H), 4.96 – 4.91 (m, 3H), 4.87 
(d, J = 7.6 Hz, 1H), 4.85 – 4.81 (m, 2H), 4.81 – 4.71 (m, 3H), 4.59 (d, J = 11.9 Hz, 1H), 4.55 (d, J = 
11.9 Hz, 1H), 4.47 – 4.37 (m, 4H), 4.27 (s, 1H), 4.19 (d, J = 3.8 Hz, 1H), 4.16 (d, J = 2.6 Hz, 1H), 
4.12 – 3.97 (m, 6H), 3.86 (d, J = 3.0 Hz, 1H), 3.70 – 3.63 (m, 2H), 3.59 (s, 1H), 3.55 – 3.51 (m, 2H), 
3.42 (q, J = 6.4 Hz, 1H), 3.36 – 3.26 (m, 1H), 1.49 (d, J = 5.3 Hz, 7H), 1.37 (d, J = 8.2 Hz, 8H), 1.31 
(t, J = 6.6 Hz, 13H), 1.28 – 1.19 (m, 13H). 
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13C NMR (101 MHz, CDCl3) δ 139.2, 139.2, 139.1, 138.6, 138.2, 138.1, 128.6, 128.4, 128.4, 128.2, 
128.2, 128.0, 128.0, 127.6, 127.6, 127.5, 127.3, 127.3, 127.2, 111.9, 111.7, 109.0, 109.0, 105.5, 
105.2, 103.5 (C-1β-6dTal), 97.0 (C-1α-6dTal), 84.2, 82.9, 81.8, 81.1, 80.7, 80.0, 77.6, 76.5, 75.3, 74.4, 
74.1, 73.9, 73.6, 73.5, 73.5, 72.6, 72.1, 71.1, 70.5, 67.9, 67.7, 26.9, 26.8, 26.2, 26.2, 25.4, 25.4, 17.0, 
16.7.  
13C-GATED (101 MHz, CDCl3): δ 103.5 (C-1β-6dTal , J C-H  = 150 Hz), 97.0 (C-1α-6dTal, J C-H = 169 Hz), 
ESI-HRMS: [M+H]+ calcd for C39H49O10 677.3320 found 677.3313.   

4-Methylphenyl 2-O-benzyl-6-deoxy-3,4-O-isopropylidene-1-thio-α-L-talopyranoside 
(25) 

To a stirred solution of compound 3433 (125 mg, 0.40 mmol) in dry DMF (1.3 
mL) under nitrogen atmosphere at 0 °C NaH (24 mg, 0.60 mmol, 60% 
dispersion in mineral oil) was added. After stirring the resulting solution for 
20 min BnBr (72 μl, 0.60 mmol) was added dropwise. The reaction was 
allowed to warm up to ambient temperature and, after TLC analysis indicated 

complete conversion of starting material into a new more apolar spot (~3.5h), it was gently 
quenched by diluting with Et2O and adding ice-water. Organic compounds were extracted with 
Et2O (3x), the combined organic layers were washed with brine, dried over MgSO4, filtered, and 
concentrated in vacuo. Column chromatography (pentane/Et2O, 9/1, then 4/1, v/v) afforded the 
title compound as a white solid in 80% yield (129 mg, 0.32 mmol). TLC: Rf = 0.35 (pentane/Et2O, 
9/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.50 – 7.29 (m, 8H, CHarom), 7.14 – 7.09 (m, 2H, CHarom), 5.38 (d, J = 
8.1 Hz, 1H, H-1), 4.88 (d, J = 12.2 Hz, 1H, CHH Bn), 4.84 (d, J = 12.3 Hz, 1H, CHH Bn), 4.52 (dd, J 
= 7.6, 2.9 Hz, 1H, H-4), 4.03 (dd, J = 7.6, 2.0 Hz, 1H, H-3), 3.75 (qd, J = 6.4, 2.0 Hz, 1H, H-5), 3.54 
(dd, J = 8.1, 2.9 Hz, 1H, H-2), 2.34 (s, 3H, CH3 STol), 1.51 (s, 3H, C(CH3)(CH3)), 1.37 (s, 3H, C 
(CH3)(CH3)), 1.19 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 137.7, (Cq) 133.2 (Carom), 130.4 (Cq), 129.6, 128.4, 128.3, 128.3, 128.0 
(Carom), 110.4 (C(CH3)2), 86.4 (C-1), 76.2 (C-3), 75.0 (C-2), 73.0 (C-4), 72.8 (CH2 Bn), 66.3 (C-5), 
26.3 (C(CH3)(CH3)), 25.6 (C(CH3)(CH3)), 21.2 (CH3 STol), 15.5 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C23H28O4S1Na1 423.1601 found 423.1603. 

4-Methylphenyl 2,4-O-benzylidene-6-deoxy-3-O-(9-fluorenylmethoxycarbonyl)-1-thio-
α-L-talopyranoside (26) 

Benzaldehyde dimethyl acetal (3.0 ml, 20 mmol) and p-TsOH were added to a 
stirred solution of 4-methylphenyl 3-O-(9-fluorenylmethoxycarbonyl) 6-deoxy-1-
thio-α-L-talopyranoside 3233 (807 mg, 1.64 mmol) in DMF (3 mL). The reaction 
mixture was stirred at +60 °C for 3.5h after which it was gradually warmed up to 
+80 °C over the course of 3h. After that, TLC analysis indicated complete 
consumption of the starting material, and the reaction mixture was allowed to cool 

down, then it was quenched with sat. NaHCO3 solution and extracted with Et2O (3x). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. Column chromatography (pentane/Et2O from 100/0 pentane to 85/15) afforded the 
title compound as a white-yellowish foam in 42% yield (402 mg, 0.69 mmol). TLC: Rf = 0.25 
(pentane/Et2O, 9/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.5 Hz, 2H, CHarom), 7.69 (ddt, J = 7.5, 4.5, 0.9 Hz, 2H, 
CHarom), 7.61 (s, 1H, CHarom), 7.50 – 7.37 (m, 7H, CHarom), 7.33 (tt, J = 7.5, 1.3 Hz, 2H, CHarom), 7.22 
– 7.11 (m, 2H, CHarom), 6.93 (s, 1H, CH Bzd)5.87 (d, J = 2.0 Hz, 1H, H-1), 4.95 (t, J = 2.4 Hz, 1H, H-
3), 4.67 – 4.56 (m, 1H, H-5), 4.55 – 4.46 (m, 3H, CH2 Fmoc, H-2), 4.35 (t, J = 7.5 Hz, 1H, CH Fmoc), 
4.12 (t, J = 2.5 Hz, 1H, H-4), 2.36 (s, 3H, CH3 STol), 1.50 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 154.5, 143.3, 143.2, 141.3, 139.0, 138.4, (6xCq), 132.9, 130.0, 129.5, 
128.4, 127.9, 127.2, 126.7, 125.3, 125.3, 120.1 (CHarom), 96.5 (CH Bzd), 89.0 (C-1), 71.7 (C-4), 71.0 
(C-2), 70.4 (C-5), 70.2 (CH2 Fmoc), 69.5 (C-3), 46.7 (CH Fmoc), 21.2 (CH3 STol), 17.2 (C-6). 



 

 

179 

 

 

 

On the Reactivity and Selectivity of 6-Deoxytalosides in cis-Glycosylation  

ESI-HRMS: [M+NH4]+ calcd for C28H28O6S1N1 598.2258 found 598.2246. 

4-Methylphenyl 2,4-O-benzylidene-6-deoxy-3-O-mesyl 1-thio-α-L-talopyranoside (27) 

Mesyl chloride (53 μl, 0.69 mmol) was added dropwise to a stirred solution of 
compounds 33, Et3N (0.14 mL, 1.03 mmol), and DMAP (4 mg, 0.03 mmol) in DCM 
(5.7 mL) at 0 °C. The reaction mixture was left to stir overnight (19h) after which 
TLC analysis indicated complete conversion of the starting material into one spot. 
The reaction mixture was diluted with DCM, washed with 0.5 M HCl, sat. NaHCO3, 
and brine, dried over MgSO4, filtered, and concentrated in vacuo. Column 

chromatography (pentane/Et2O, 95/5, v/v, then a gradient from 3/1 to pure Et2O) afforded title 
compound in 72% (108 mg, 0.25 mmol) yield over 2 steps. TLC: Rf = 0.16 (pentane/Et2O, 3/1, 
v/v). 
1H NMR (400 MHz, CDCl3) δ 7.55 – 7.49 (m, 2H, CHarom), 7.44 – 7.36 (m, 5H, CHarom), 7.18 (d, J = 
7.8 Hz, 2H, CHarom), 6.94 (s, 1H, CH Bzd), 5.86 (brs, 1H, H-1), 5.03 (t, J = 2.8 Hz, 1H, H-3), 4.61 (q, 
J = 6.6 Hz, 1H, H-5), 4.54 – 4.48 (m, 1H, H-2), 4.17 (m, 1H, H-4), 3.20 (s, 3H, CH3 Ms), 2.36 (s, 3H, 
CH3 STol), 1.51 (d, J = 6.6, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 138.6 (Cq), 133.1, 130.1, 129.6 (3xCarom), 129.0 (Cq), 128.5, 126.5 
(2xCarom), 96.4 (CH Bzd), 88.8 (C-1), 72.4 (C-4), 71.8 (C-3), 71.4 (C-2), 70.5 (C-5), 39.6 (CH3 Ms), 
21.2 (CH3 STol), 17.1 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C21H24O6S2Na1 459.0907 found 459.0901. 

4-Methylphenyl 3,4-di-O-benzyl-6-deoxy-2-O-(2-naphthylmethyl)-1-thio-α-L-
talopyranoside (28) 

To a stirred solution of monosaccharide 36 (546 mg, 1.33 mmol) in dry DMF (4.4 
mL) under nitrogen atmosphere at 0 °C NaH (160 mg, 4.0 mmol, 60% dispersion 
in mineral oil) was added. After stirring the resulting solution for 20 min BnBr 
(0.48 mL, 4.0 mmol) was added dropwise. The reaction mixture was allowed to 

warm up to ambient temperature and, after TLC analysis indicated complete conversion of the 
starting material into a new more apolar spot (overnight), it was gently quenched by diluting 
with ether and adding ice-water. Organic compounds were extracted with Et2O (3x), the 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. Column chromatography (pentane/Et2O, 9/1, then 4/1) afforded the title compound as 
a white solid in 96% yield (758 mg, 1.28 mmol) over 2 steps. TLC: Rf = 0.26 (pentane/Et2O, 4/1, 
v/v). 
1H NMR (400 MHz, CDCl3) δ 7.89 – 7.83 (m, 2H, CHarom), 7.81 – 7.72 (m, 2H, CHarom), 7.60 (dd, J = 
8.5, 1.6 Hz, 1H, CHarom), 7.54 – 7.47 (m, 4H, CHarom), 7.43 – 7.30 (m, 10H, CHarom), 7.13 (d, J = 7.9 
Hz, 2H, CHarom), 5.77 (d, J = 2.1 Hz, 1H, H-1), 5.12 (d, J = 12.0 Hz, 1H, CHH BnO-4), 5.07 (d, J = 12.7 
Hz, 1H, CHH NAP), 4.90 (d, J = 12.0 Hz, 1H, CHH Bn), 4.85 (d, J = 12.6 Hz, 1H, CHH Nap), 4.59 (s, 
2H, CH2 BnO-3), 4.36 (qd, J = 6.3, 1.7 Hz, 1H, H-5), 4.03 (br s, 1H, H-2), 3.86 (t, J = 3.1 Hz, 1H, H-3), 
3.74 (br s, 1H, H-4), 2.38 (s, 3H, CH3 STol), 1.41 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 139.2, 138.3, 137.2, 136.0, 133.3, 133.1 (6xCq), 131.5 (Carom), 130.9 
(Cq), 129.8, 128.5, 128.2, 128.2, 128.1, 128.0, 127.7, 127.7, 127.4, 127.4, 126.8, 126.3, 126.0, 125.8 
(Carom), 86.2 (C-1), 77.7 (C-3), 75.9 (C-4), 75.4 (C-2), 73.8 (CH2 BnO-4), 72.7 (CH2 Nap), 71.3 (CH2 
BnO-3), 69.2 (C-5), 21.2 (CH3 STol), 16.8 (C-6). 
ESI-HRMS: [M+H]+ calcd for C38H39O4S1 591.2564 found 591.2557. 
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4-Methylphenyl 4-O-benzyl-3-O-tert-butyldimethylsilyl-6-deoxy-2-O-(2-
naphthylmethyl)-1-thio-α-L-talopyranoside (29) 

To a stirred solution of 39b (365 mg, 0.73 mmol) in dry DCM (1.5 mL) 2,6-lutidine 
(0.3 mL, 2.6 mmol) and TBSOTf (0.26 mL, 1.13 mmol) were added under nitrogen 
atmosphere at 0 °C. The reaction was left to stir at 0 °C for 1 h, after which time it 
was allowed to proceed for another 1h at RT. After TLC analysis indicated 
complete conversion of starting material into a new more apolar spot, the 

reaction mixture was diluted with Et2O and quenched with sat NaHCO3. The water layers were 
extracted with Et2O (3x), the combined organic layers were washed with 2M HCl, brine, dried 
over MgSO4, and concentrated in vacuo. Purification by flash column chromatography 
(pentane/Et2O, 99/1 to 7/1, v/v) afforded the desired compound as a yellowish syrup in 71% 
yield (318 mg, 0.52 mmol). TLC: Rf = 0.32 (pentane/Et2O, 9/1, v/v).   
1H NMR (400 MHz, CDCl3) δ 7.88 – 7.76 (m, 5H, CHarom), 7.63 – 7.56 (m, 1H, CHarom), 7.54 – 7.45 
(m, 4H, CHarom), 7.43 – 7.38 (m, 2H, CHarom), 7.35 – 7.29 (m, 3H, CHarom), 7.14 – 7.10 (m, 2H, 
CHarom), 5.70 (s, 1H, H-1), 5.14 (d, J = 12.0 Hz, 1H, CHH Bn), 5.04 – 4.90 (m, 2H, CH2 Nap), 4.81 – 
4.72 (m, 1H, CHH Bn), 4.47 – 4.37 (m, 1H, H-5), 4.25 (s, 1H, H-3), 3.83 (s, 1H, H-2), 3.60 (d, J = 3.2 
Hz, 1H, H-4), 2.37 (d, J = 1.9 Hz, 3H, CH3 STol), 1.48 – 1.38 (m, 3H, H-6), 1.04 (m, 9H, (CH3)3C), 
0.26 – 0.20 (m, 6H, (CH3)2Si). 
13C NMR (101 MHz, CDCl3) δ 139.3, 137.1, 136.1, 133.3, 133.0 (5xCq), 131.3 (Carom), 131.1 (Cq), 
129.8, 128.2, 128.0, 127.9, 127.9, 127.7, 127.3, 126.6, 126.1, 125.9, 125.7 (Carom), 79.0 (C-2, C-4), 
74.2 (CH2 Bn), 73.5 (CH2 Nap), 71.9 (C-3), 69.3 (C-5), 26.1 ((CH3)3C), 21.1 (CH3 STol), 18.3 
((CH3)3C), 16.6 (C-6), -4.5 (CH3Si), -4.6 (CH3Si).  
ESI-HRMS: [M+Na]+ calcd for C37H46O4S1Si1Na1 637.2778 found 637.2767.  

4-Methylphenyl 3-O-allyl-4-O-benzyl-6-deoxy-2-O-(2-naphthylmethyl)-1-thio-α-L-
talopyranoside (30) 

To a stirred solution of 40b (597 mg, 1.19 mmol) in dry DMF (2.4 mL) under 
nitrogen atmosphere at 0 °C NaH (143 mg, 3.58 mmol, 60% dispersion in mineral 
oil) was added. The resulting solution was stirred for 40 min, after which AllBr 
(0.31 mL, 3.58 mmol) was added dropwise. After TLC analysis indicated complete 
conversion of starting material into a new more apolar spot, the reaction mixture 

was diluted with Et2O and quenched with water. The water layers were extracted with Et2O (3x), 
the combined organic layers were washed with brine, dried over MgSO4, and concentrated in 
vacuo. Purification by flash column chromatography (pent/Et2O, 95/5 to 4/1, v/v) afforded the 
desired compound as a yellowish syrup in quantitative yield (646 mg, 1.19 mmol). TLC: Rf = 0.26 
(pentane/Et2O, 6/1, v/v).   
1H NMR (400 MHz, CDCl3) δ 7.87 – 7.75 (m, 4H, CHarom), 7.57 (dd, J = 8.4, 1.6 Hz, 1H, CHarom), 7.48 
(ddd, J = 9.2, 6.9, 2.4 Hz, 4H, CHarom), 7.35 – 7.24 (m, 5H, CHarom), 7.09 (d, J = 8.0 Hz, 2H, CHarom), 
5.93 (ddt, J = 17.3, 10.4, 5.2 Hz, 1H, CH All), 5.70 (d, J = 2.1 Hz, 1H, H-1), 5.34 (dq, J = 17.2, 1.5 
Hz, 1H, CHH= trans), 5.23 (dq, J = 10.5, 1.5 Hz, 1H, CHH= cis), 5.05 (t, J = 12.5 Hz, 1H, CHH Bn, 
CHH Nap), 4.84 (dd, J = 12.4, 10.5 Hz, 2H, CHH Bn, CHH Nap), 4.33 (qd, J = 6.5, 1.9 Hz, 1H, H-5), 
4.03 (dq, J = 5.2, 1.7 Hz, 2H, CH2 All), 3.96 (br s, 1H, H-2), 3.74 (t, J = 3.1 Hz, 1H, H-3), 3.68 (brs, 
1H, H-4), 2.34 (s, 3H, CH3 STol), 1.35 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 139.2, 137.2, 136.0 (3xCq), 134.7 (CH All), 133.3, 133.0 (2xCq), 131.3 
(Carom), 130.9 (Cq), 129.8, 128.3, 128.2, 128.1, 128.0, 128.0, 127.7, 127.3, 126.7, 126.2, 125.9, 
125.7 (Carom), 116.7 (CH2=), 86.3 (C-1), 77.5 (C-3), 75.7 (C-4), 75.5 (C-2), 73.6 (CH2 Bn), 72.8 
(CH2 Nap), 70.1 (CH2 All), 69.0 (C-5), 21.1 (CH3 STol), 16.7 (H-6). 
ESI-HRMS: [M+NH4]+ calcd for C34H40N1O4S1 558.2673 found 558.2665.  
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4-Methylphenyl 2,4-di-O-benzyl-6-deoxy-3-O-picoloyl-1-thio-α-L-talopyranoside (31) 

2-Picolinic acid (174 mg, 1.41 mmol), EDC•HCl (353 mg, 1.84 mmol), and DMAP 
(22 mg, 0.18 mmol) were added subsequently to a stirred solution of 
monosaccharide 39a (277 mg, 0.62 mmol) in DCM (7.7 mL). The reaction mixture 
was left to stir overnight (18h), after which TLC analysis indicated complete 
conversion of the starting material into one more polar spot. Then the solution 

was diluted with DCM and water, the organic compounds were extracted with DCM (3x), the 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. Purification by flash column chromatography (pentane/Et2O, 4/1 to 1/1, v/v) afforded 
the title compound as a clear syrup in 88% (301 mg, 0.54 mg) yield. TLC: Rf = 0.27 
(pentane/EtOAc, 3/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 8.81 – 8.72 (m, 1H, CHarom), 7.89 (d, J = 7.8 Hz, 1H, CHarom), 7.72 (td, 
J = 7.7, 1.8 Hz, 1H, CHarom), 7.46 – 7.30 (m, 7H, CHarom), 7.27 – 7.06 (m, 7H, CHarom), 5.63 (d, J = 
3.0 Hz, 1H, H-3), 5.60 (t, J = 3.5 Hz, 1H, H-1), 4.87 (d, J = 11.9 Hz, 1H, CHH Bn), 4.77 (t, J = 12.8 
Hz, 2H, CH2 Bn), 4.58 (d, J = 12.2 Hz, 1H, CHH Bn), 4.50 – 4.40 (m, 1H, H-5), 3.93 (t, J = 3.4 Hz, 1H, 
H-2), 3.81 (t, J = 2.9 Hz, 1H, H-4), 2.32 (s, 3H, CH3 STol), 1.38 (d, J = 6.6 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 164.2 (C=O), 150.1 (Carom), 147.6, 138.4, 137.8, 137.4 (4xCq), 136.8, 
132.0 (2xCarom), 130.2 (Cq), 129.8, 128.2, 128.2, 127.6, 127.5, 126.9, 125.2 (Carom), 84.8 (C-1), 75.5 
(C-4), 75.4 (C-2), 74.0 (CH2 Bn), 72.8 (CH2 Bn), 71.8 (C-3), 69.0 (C-5), 21.1 (CH3 STol), 16.2 (C-
6). 
ESI-HRMS: [M+H]+ calcd for C33H34N1O5S1 556.2152 found 556.2136.  

4-Methylphenyl 2,4-O-benzylidene-6-deoxy-1-thio-α-L-talopyranoside (33) 

Triethylamine (3.4 mL) was added to a stirred solution of monosaccharide 26 (200 
mg, 0.34 mmol) in DCM (14 mL). After 1h TLC analysis indicated complete 
conversion into one spot and the reaction mixture was co-evaporated with toluene 
(3x). The crude product was used in the next step without further purification. TLC: 
Rf = 0.13 (pentane/Et2O, 6/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.74 - 7.18 (m, CHarom), 7.01 (s, 1H, CH Bzd), 5.90 (s, 

1H, H-1), 4.54 (m, 1H, H-5), 4.36 – 4.18 (m, 1H, H-2), 3.98 (m, 1H, H-3), 3.88 (m, 1H, H-4), 2.38 (s, 
3H, CH3 STol), 1.52 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 143.4-119.8 (Cq and Carom), 95.7 (CH Bzd), 89.0 (C-1), 75.0 (C-4), 
74.0 (C-2), 70.4 (C-5), 63.6 (C-3), 21.2 (CH3 STol), 17.3 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C20H22O4S1Na1 381.1131 found 381.1127. 

4-Methylphenyl 6-deoxy-3,4-O-isopropylidene-2-O-(2-naphthylmethyl)-1-thio-α-L-
talopyranoside (35) 

To a stirred solution of compound 34b (464 mg, 1.95 mmol) in dry DMF (5 
mL) under nitrogen atmosphere at 0 °C NaH (90 mg, 2.24 mmol, 60% 
dispersion in mineral oil) was added. After stirring the resulting solution for 
30 min NapBr (496 mg, 2.24 mmol) was added portionwise. The reaction was 
allowed to warm up to ambient temperature and, after TLC analysis indicated 

complete conversion of starting material into a new more apolar spot (~2h), the reaction was 
gently quenched by diluting with Et2O and adding ice-water. Organic compounds were extracted 
with Et2O (3x), the combined organic layers were washed with brine, dried over MgSO4, filtered, 
and concentrated in vacuo. Column chromatography (pentane/Et2O, 9/1 to 1/1,v/v) afforded the 
title compound as a white solid in 89% yield (600 mg, 1.33 mmol). TLC: Rf = 0.26 (pentane/Et2O, 
6/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.89 – 7.82 (m, 5H, CHaromNap), 7.61 (dd, J = 8.5, 1.7 Hz, 1H, 
CHaromNap), 7.51 – 7.47 (m, 2H), 7.45 – 7.41 (m, 2H, CHarom STol), 7.10 (dt, J = 7.9, 0.7 Hz, 2H, 
CHarom STol), 5.39 (d, J = 8.0, Hz, 1H, H-1), 5.04 (d, J = 12.4 Hz, 1H, CHH Nap), 4.99 (d, J = 12.2 Hz, 
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1H, CHH Nap), 4.51 (dd, J = 7.6, 2.9 Hz, 1H, H-3), 3.99 (dd, J = 7.6, 2.0 Hz, 1H, H-4), 3.73 (qd, J = 
6.4, 2.0 Hz, 1H, H-5), 3.56 (dd, J = 8.0, 2.9 Hz, 1H, H-2), 2.33 (s, 3H, CH3STol), 1.49 (s, 3H, 
(C(CH3)(CH3)), 1.35 (s, 3H, (C(CH3)(CH3)), 1.15 (d, J = 6.4 Hz, 3H, H-6).  
13C NMR (101 MHz, CDCl3) δ 137.7, 135.1 (2xCq), 133.2 (Carom), 133.2, 130.3 (2xCq), 129.6, 128.3, 
127.9, 127.7, 127.3, 126.2, 126.0 (Carom), 110.4 (C(CH3)2), 86.5 (C-1), 76.1 (C-4), 74.7 (C-2), 73.1 
(C-3), 72.8 (CH2 NAP), 66.2 (C-5), 26.3 (C(CH3)(CH3)), 25.5 (C(CH3)(CH3)), 21.1 (CH3 STol), 15.5 
(C-6). 
ESI-HRMS: [M+Na]+ calcd for C27H30O4S1Na1 473.1757 found 473.1760. 

4-Methylphenyl 6-deoxy-2-O-(2-naphthylmethyl)-1-thio-α-L-talopyranoside (36) 

Compound 35 (600 mg, 1.33 mmol) was dissolved in 70% AcOH (85 mL) and the 
resulting solution was stirred at 70 °C for 4h until TLC analysis indicated full 
conversion of the starting material into one more polar spot. The mixture was co-
evaporated with toluene (3x) and the crude residue was used in the next step 

without further purification. TLC: Rf = 0.31 (pentane/EtOAc, 2/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.87 – 7.72 (m, 4H, CHarom Nap), 7.51 (dd, J = 6.3, 3.3 Hz, 2H), 7.46 – 
7.40 (m, 1H), 7.31 (d, J = 7.9 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H, CHarom STol), 5.55 (s, 1H, H-1), 4.80 
(d, J = 11.6 Hz, 1H, CHH Nap), 4.67 (d, J = 11.6 Hz, 1H, CHH Nap), 4.37 (q, J = 6.5 Hz, 1H, H-5), 
4.02 (br s, 1H, H-2), 3.85 (t, J = 3.5 Hz, 1H, H-3), 3.63 (br s, 1H, H-4), 2.35 (s, 3H, CH3 STol), 1.35 
(d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 137.9, 134.2, 133.2, 133.2 (4xCq), 132.2 (CHarom), 130.2 (Cq), 129.9, 
128.6, 128.0, 127.8, 127.2, 126.4, 126.3, 125.8 (CHarom), 86.0 (C-1), 79.7 (C-2), 73.3 (CH2 Nap), 
73.2 (C-4), 68.4 (C-5), 67.1 (C-3), 21.2 (CH3 STol), 16.5 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C24H26O4S1Na1 433.1440 found 433.1442. 

4-Methylphenyl 3,4-O-benzylidene-6-deoxy-1-thio-α-L-talopyranoside (38) 

To a stirred solution of 6dTal 3733 (3.34 g, 12.4 mmol) in DMF (25 mL) 
benzaldehyde dimethyl acetal (3.7 mL, 24.4 mmol) and a catalytic amount of 
p-TsOH (100 mg) were added. The reaction mixture was stirred at 65 °C for 
35 min, after which it was quenched with sat. NaHCO3 solution and the organic 
compounds were extracted with EtOAc (3x). The combined organic layers 

were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification by 
column chromatography (pentane/EtOAc from 4/1 to pure EtOAc) afforded the title compound 
as a white foam in 80% (3.52 g, 9.82 mmol) yield. TLC: Rf = 0.38 (pentane/EtOAc, 3/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.63 – 7.57 (m, 2H, CHarom), 7.52 – 7.43 (m, 2H, CHarom), 7.43 – 7.34 
(m, 3H, CHarom), 7.16 – 7.09 (m, 2H, CHarom), 5.78 (s, 1H, CH Bzd), 5.36 (d, J = 7.7 Hz, 1H, H-1), 
4.49 (dd, J = 7.9, 3.2 Hz, 1H, H-3), 3.97 (dd, J = 7.9, 2.0 Hz, 1H, H-4), 3.81 (dd, J = 7.7, 3.2 Hz, 1H, 
H-2), 3.77 (dd, J = 6.5, 1.9 Hz, 1H, H-5), 2.35 (s, 3H, CH3 STol), 1.27 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, cdcl3) δ 138.0, 136.5 (2xCq), 133.4, 129.8 (2xCarom), 129.5(Cq), 128.4, 127.6 
(Carom), 104.4 (CH Bzd), 87.2 (C-1), 76.5 (C-4), 75.4 (C-3), 67.6 (C-2), 66.2 (C-5), 21.2 (CH3 STol), 
15.9 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C20H22O4S1Na1 381.1131 found 381.1129. 

4-Methylphenyl 2-O-benzyl-3,4-endo-O-benzylidene-6-deoxy-1-thio-α-L-talopyranoside 
(39a) 

To a stirred solution of compound 38 (530 mg, 1.48 mmol) in dry DMF (4.9 
mL) under nitrogen atmosphere at 0 °C NaH (89 mg, 2.22 mmol, 60% 
dispersion in mineral oil) was added. After stirring the resulting solution for 
20 min BnBr (0.26 mL, 2.22 mmol) was added dropwise. The reaction mixture 
was allowed to warm up to ambient temperature and, after TLC analysis 

indicated complete conversion of starting material into a new more apolar spot (overnight), it 
was gently quenched by diluting with ether and adding ice-water. Organic compounds were 
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extracted with Et2O (3x), the combined organic layers were washed with brine, dried over MgSO4, 
filtered, and concentrated in vacuo. Column chromatography (pentane/Et2O, 9/1, then 4/1 and 
2/1, v/v) afforded the title compound as a single endo-stereoisomer in 93% yield (615 mg, 1.37 
mmol). TLC: Rf = 0.27 (pentane/Et2O, 4/1, v/v) 
1H NMR (400 MHz, CDCl3) δ 7.66 – 7.60 (m, 2H, CHarom), 7.54 – 7.47 (m, 4H, CHarom), 7.45 – 7.33 
(m, 6H, CHarom), 7.22 – 7.16 (m, 2H, CHarom), 5.83 (s, 1H, CH Bzd), 5.53 (d, J = 8.1 Hz, 1H, H-1), 
4.91 (d, J = 12.0 Hz, 1H, CHH Bn), 4.87 (d, J = 12.1 Hz, 1H, CHH Bn), 4.63 (dd, J = 8.0, 3.0 Hz, 1H, 
H-3), 4.12 (dd, J = 8.0, 1.9 Hz, 1H, H-4), 3.88 (qd, J = 6.4, 1.9 Hz, 1H, H-5), 3.70 (dd, J = 8.1, 3.0 Hz, 
1H, H-2), 2.39 (s, 3H, CH3 STol), 1.29 (d, J = 6.4 Hz, 3H, H-6). 
13C NMR (101 MHz, cdcl3) δ 137.9, 137.7, 136.8(3xCq), 133.5 (Carom), 129.8 (Cq), 128.6, 128.3, 
128.3, 128.1, 127.9 (Carom), 104.8 (CH Bzd), 86.4 (C-1), 76.2 (C-4), 74.9 (C-2), 74.4 (C-3), 72.7 
(CH2 Bn), 66.6 (C-5), 21.3 (CH3 STol), 15.9 (C-6).  
ESI-HRMS: [M+Na]+ calcd for C27H28O4S1Na1 471.1601 found 471.1602.  

4-Methylphenyl 3,4-endo-O-benzylidene-6-deoxy-2-O-(2-naphtylmethyl)-1-thio-α-L-
talopyranoside (39b) 

To a stirred solution of monosaccharide 38 (2.9g, 8.09 mmol) in dry DMF (27 
mL) under nitrogen atmosphere at 0 °C NaH 485 mg, 12.14 mmol, 60% 
dispersion in mineral oil) was added. After stirring the resulting solution for 
20 min NAPBr (2.68 g, 12.14 mmol) was added portionwise. The reaction 
mixture was allowed to warm up to ambient temperature and, after TLC 

analysis indicated complete conversion of starting material into a new more apolar spot 
(overnight), it was gently quenched by diluting with ether and adding ice-water. Organic 
compounds were extracted with Et2O (3x), the combined organic layers were washed with brine, 
dried over MgSO4, filtered, and concentrated in vacuo. Column chromatography (pentane/Et2O, 
9/1, then 4/1 to pure Et2O) afforded title compound as a white solid in 87% yield (3.5g, 7.02 
mmol). TLC: Rf = 0.22 (pentane/Et2O, 4/1, v/v).   
1H NMR (400 MHz, CDCl3) δ 7.95 – 7.82 (m, 4H, CHarom), 7.65 – 7.55 (m, 3H, CHarom), 7.52 – 7.43 
(m, 5H, CHarom), 7.35 (m, 3H, CHarom), 7.13 (d, J = 7.9 Hz, 2H, CHarom), 5.80 (s, 1H, CH Bzd), 5.51 
(d, J = 8.0 Hz, 1H, H-1), 5.04 (d, J = 12.3 Hz, 1H, CHH Nap), 4.99 (d, J = 12.3 Hz, 1H, CHH Nap), 
4.57 (dd, J = 8.0, 3.0 Hz, 1H, H-3), 4.08 (dd, J = 8.0, 1.9 Hz, 1H, H-4), 3.84 (qd, J = 6.3, 1.9 Hz, 1H, 
H-5), 3.70 (dd, J = 8.0, 3.0 Hz, 1H, H-2), 2.36 (s, 3H, CH3 STol), 1.24 (d, J = 6.4 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 137.8, 136.6, 135.0 (3xCq), 133.4 (Carom), 133.2, 133.2, 130.2 (3xCq), 
129.7, 129.7, 128.3, 128.2, 128.0, 127.8, 127.7, 127.2, 126.2, 126.2, 126.1 (Carom), 104.8 (CH Bzd), 
86.3 (C-1), 76.2 (C-4), 74.5 (C-2), 74.4 (C-3), 72.7 (CH2 Nap), 66.4 (C-5), 21.2 (CH3 STol), 15.7 (C-
6). 
ESI-HRMS: [M+Na]+ calcd for C31H30O4S1Na1 521.1757 found 521.1751.  

4-Methylphenyl 2,4-di-O-benzyl-6-deoxy-1-thio-α-L-talopyranoside (40a) 

LiAlH4 (6.75 mL of 2.4 M solution in THF, 16.16 mmol) and AlCl3 (1.18 g, 8.89 
mmol) were added to a stirred solution of 39a (1.21 g, 2.69 mmol) in DCM/THF 
(22.5 mL, 3/2, v/v) under nitrogen atmosphere. After TLC analysis indicated 
complete conversion of the starting material into one spot, the reaction was 

quenched by the addition of Rochelle salt at 0 °C. The product was extracted with EtOAc (3x), the 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. The title compound was obtained in 81% (0.98 g, 2.17 mmol) as a yellowish syrup and 
was used in the next step without further purification. TLC: Rf = 0.51 (toluene/EtOAc, 14/1, v/v). 
1H NMR (400 MHz, CDCl3) δ 7.46 – 7.40 (m, 4H, CHarom), 7.39 – 7.29 (m, 7H, CHarom), 7.19 – 7.14 
(m, 2H, CHarom), 5.74 (d, J = 1.6 Hz, 1H, H-1), 4.87 – 4.82 (m, 2H, CHH BnO-4, CHH BnO-2), 4.73 (d, J 
= 11.8 Hz, 1H, CHH BnO-4), 4.50 (d, J = 11.9 Hz, 1H, CHH BnO-2), 4.40 (qd, J = 6.5, 1.8 Hz, 1H, H-5), 
3.96 (t, J = 4.1 Hz, 1H, H-3), 3.83 (dd, J = 4.2, 1.7 Hz, 1H, H-2), 3.58 (dd, J = 4.0, 1.9 Hz, 1H, H-4), 
2.38 (s, 3H, CH3 STol), 1.37 (d, J = 6.6 Hz, 3H, H-6). 
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13C NMR (101 MHz, CDCl3) δ 138.6, 137.8, 137.4 (3xCq), 131.6 (Carom), 130.8 (Cq), 129.9, 128.5, 
128.5, 128.4, 127.9, 127.9, 127.8, 127.7, 127.7, 127.6 (Carom), 85.2 (C-1), 79.3 (C-4), 77.7 (C-2), 
75.9 (CH2 BnO-4), 72.9 (CH2 BnO-2), 67.8 (C-5), 67.2 (C-3), 21.2 (CH3 STol), 16.8 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C27H30O4S1Na1 473.1757 found 473.1758. 

4-Methylphenyl 4-O-benzyl-6-deoxy-2-O-(2-naphthylmethyl)-1-thio-α-L-talopyranoside 
(40b) 

LiAlH4 (17 mL of a 2.4 M solution in THF, 40.9 mmol) and AlCl3 (3.0 g, 22.5 mmol) 
were added to a stirred solution of 39b (3.4 g, 6.82 mmol) in DCM/Et2O (22.5 mL, 
3/2, v/v) under nitrogen atmosphere. After TLC analysis indicated complete 
consumption of the starting material, the reaction was quenched by the addition 

of Rochelle salt at 0 °C. The product was extracted with EtOAc (3x), the combined organic layers 
were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification by 
flash column chromatography (pentane/Et2O, 7/1 to 4/1, v/v) afforded the title compound in 
47% (2.14 g, 3.21 mmol) as a white solid. TLC: Rf = 0.21 (pentane/Et2O, 4/1, v/v).   
1H NMR (400 MHz, CDCl3) δ 7.90 – 7.74 (m, 4H, CHarom), 7.54 – 7.49 (m, 3H, CHarom), 7.46 – 7.42 
(m, 2H, CHarom), 7.38 (d, J = 8.1 Hz, 2H, CHarom), 7.32 – 7.29 (m, 3H, CHarom), 7.13 (d, J = 7.9 Hz, 
2H, CHarom), 5.74 (d, J = 1.7 Hz, 1H, H-1), 5.00 (d, J = 12.0 Hz, 1H, CHH Nap), 4.84 (d, J = 11.8 Hz, 
1H, CHH Bn), 4.74 (d, J = 11.9 Hz, 1H, CHH Bn), 4.67 (d, J = 12.1 Hz, 1H, CHH Nap), 4.39 (qd, J = 
6.5, 1.8 Hz, 1H, H-5), 3.96 (dt, J = 10.8, 4.1 Hz, 1H, H-3), 3.90 – 3.86 (m, 1H, H-2), 3.58 – 3.56 (m, 
1H, H-4), 3.02 (d, J = 10.8 Hz, 1H, OH), 2.37 (s, 3H, CH3 STol), 1.37 (d, J = 6.6 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 138.6, 137.4, 135.2, 133.3, 133.1 (5xCq), 131.7 (Carom), 130.7 (Cq), 
129.9, 128.5, 128.3, 128.1, 127.8, 127.7, 127.6, 126.9, 126.2, 126.0, 125.9 (Carom), 85.3 (C-1), 79.3 
(C-4), 77.7 (C-2), 75.9 (CH2 Bn), 73.1 (CH2 Nap), 67.9 (C-5), 67.3 (C-3), 21.2 (CH3 STol), 16.8 (C-
6). 
ESI-HRMS: [M+H]+ calcd for C31H33O4S1 501.2094 found 501.2089. 

 

Scheme S2. Synthesis of disaccharide 43 for stereochemistry determination. Reagents 
and conditions: i) Ph2SO, TTBP, Tf2O, DCM, -80 °C to 0 °C; ii) 70% aq AcOH, 70 °C.  

Methyl 2,3,4-tri-O-benzyl-6-O-(2-O-benzyl-3,4-isopropylidene-6-deoxy-α/β-L-
talopyranosyl)-α-D-glucopyranoside (S1) 

Donor 25 (41 mg, 0.10 mmol), Ph2SO (27 mg, 0.13 mmol), TTBP (64 
mg, 0.26 mmol) and were co-evaporated with dry toluene (3x). Then 
the compounds were dissolved in dry DCM (2 mL) and left to stir 
with activated MS4Å for 1h, after which the solution was cooled 
down to -80 °C and Tf2O (23µl, 0.13 mmol) was added. The 

activation was left to proceed at -80 °C and after TLC analysis (pentane/Et2O 6/1, v/v) indicated 
complete conversion of the donor (20 min), acceptor 2134 (58 mg, 0.12 mmol), which was co-
evaporated with dry toluene (3x) separately, was added to the reaction mixture in 0.4 mL of dry 
DCM slowly via the wall of the flask. The resulting mixture was allowed to warm up to 0 °C over 
the course of 2h, after which it was poured on sat. aq. NaHCO3, extracted 3xDCM, the combined 
organic layers were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. 
Purification via size-exclusion chromatography on LH-20 gel afforded disaccharides in 2.5/1 
major/minor ratio in clear syrup (53 mg, 0.07 mmol, 69%). 
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Analytical data for the major anomer: 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.23 (m, 20H, CHarom), 
5.00 (d, J = 10.9 Hz, 1H, CHH Bn), 4.93 (d, J = 5.9 Hz, 1H, H-1Tal), 4.87 – 4.81 (m, 3H, CH2 Bn), 4.80 
– 4.74 (m, 2H, CH2 Bn), 4.68 (d, J = 12.2 Hz, 1H, CHH Bn), 4.64 – 4.59 (m, 2H, CHH Bn, H-1Glc), 4.49 
(dd, J = 7.6, 2.8 Hz, 1H, H-4Glc), 4.10 – 3.97 (m, 3H, H-3Tal, H-3Glc, H-6Glc), 3.83 – 3.77 (m, 1H, H-
5Glc), 3.75 – 3.64 (m, 2H, H-5Tal, H-6Glc’), 3.59 – 3.48 (m, 3H, H-4Tal, H-2Glc, H-4Glc), 3.38 (s, 3H, OMe), 
1.51 (s, 3H, (CH3)(CH3)C), 1.35 (s, 3H, (CH3)(CH3)C), 1.17 (d, J = 6.4 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 138.8, 138.2, 138.2, 137.8 (Cq), 128.5, 128.4, 128.1, 128.0, 127.8 
(Carom), 110.2 ((CH3)2C), 101.0 (C-1Tal), 98.1 (C-1Glc), 82.1 (C-3Glc), 79.8 (C-2Glc, C-2Tal), 78.2 (C-
4Tal), 76.6 (C-3Tal), 75.8 (CH2 Bn), 75.4 (C-2Tal), 75.1, 73.3 (2xCH2 Bn), 73.1(C-4Glc), 72.4 (CH2 Bn), 
70.2 (C-5Glc), 66.5 (C-6Glc), 65.6 (C-5Tal), 55.2 (CH3O), 26.2 (CH3)(CH3)C), 25.3 ((CH3)(CH3)C), 
15.4 (C-6Tal). 
13C-GATED (101 MHz, CDCl3): δ 101.0 (C-1Tal, JC-H = 175 Hz). 
Analytical data for the minor anomer (only characteristic signals due to severe overlap): 1H NMR 
(400 MHz, CDCl3) δ 5.40 (d, J = 5.40 Hz, 1H, H-1Tal), 1.54 (s, 3H, (CH3)(CH3)C), 1.37 (s, 3H, 
(CH3)(CH3)C), 1.20 (d, J = 6.5 Hz, H-6Tal).  
13C NMR (101 MHz, CDCl3) δ 138.6, 138.1, 138.1, 137.9 (Cq), 128.5 - 127.6 (Carom), 110.5 
((CH3)2C), 97.6 (C-1Glc), 95.1 (C-1Tal), 82.0, 79.9 (C-2Tal) 76.6, 75.8, 75.4, 75.1, 73.4, 73.1, 72.0, 
70.2, 66.5, 65.6, 55.1, 26.2 ((CH3)(CH3)C), 25.5 (CH3)(CH3)C), 16.4 (C-6Tal). 
13C-GATED (101 MHz, CDCl3): δ 95.1 (C-1Tal, JC-H = 168 Hz). 
ESI-HRMS: [M+Na]+ calcd for C44H52O10Na1 763.3453 found 763.3432.  

Methyl 2,3,4-tri-O-benzyl-6-O-(2-O-benzyl-6-deoxy-α/β-L-talopyranosyl)-α-D-
glucopyranoside (43) 

The disaccharides methyl 2,3,4-tri-O-benzyl-6-O-(2-O-benzyl-3,4-
isopropylidene-6-deoxy-α/β-L-talopyranosyl)-α-D-

glucopyranoside S1 were dissolved in 70% AcOH (4.7 mL) and 
heated to 70 °C overnight. Then the solution was co-evaporated 

with toluene (3x) to yield the product in quantitative yield (49 mg, 0.07 mmol) as a mixture of 
anomers with α-product as a major compound. TLC: Rf = 0.8 (EtOAc).  
Analytical data for the α-anomer: 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.21 (m, 25H, CHarom), 4.99 
(d, J = 10.9 Hz, 1H, CHH Bn), 4.91 – 4.84 (m, 2H, CHH Bn, H-1Tal), 4.84 – 4.75 (m, 2H, CH2 Bn), 4.70 
– 4.59 (m, 2H, CH2 Bn), 4.57 – 4.51 (m, 1H, H-1Glc), 4.53 – 4.43 (m, 2H, CH2 Bn), 3.99 (t, J = 9.2 Hz, 
1H, H-3Glc), 3.87 (d, J = 8.7 Hz, 1H, H-5Tal), 3.81 – 3.79 (m, 1H, H-3Tal), 3.78 – 3.69 (m, 1H, H-5Glc), 
3.66 (d, J = 3.6 Hz, 1H, H-2Tal), 3.58 – 3.46 (m, 4H, H-2Glc, H-4Tal, H-6Glc), 3.44 – 3.29 (m, 4H, H-4Glc, 
OCH3), 1.28 – 1.23 (m, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 138.6, 138.1, 138.1, 137.0 (Cq), 128.6, 128.5, 128.4, 128.1, 128.0, 
127.8, 127.7 (Carom), 97.9 (C-1Glc), 97.6 (C-1Tal), 82.0 (C-3Glc), 80.0 (C-2Glc), 78.1 (C-2Tal), 77.9 (c-
4Glc), 75.8, 75.1, 73.7, 73.4 (4xCH2 Bn), 72.9 (C-4Tal), 69.9 (C-5Glc), 66.9 (C-5Tal), 66.5 (C-6Glc), 66.4 
(C-3Tal), 55.1 (CH3O), 16.4 (C-6Tal). 
13C-GATED (101 MHz, CDCl3): δ 97.6 (C-1Tal, JC-H = 170 Hz). 
Characteristic signals for the β-anomer: 13C NMR (101 MHz, CDCl3) δ 98.2 (C-1Tal), 93.2 (C-1Glc), 
67.7 (C-5Tal), 55.2 (OMe), 16.5 (C-6Tal).  
13C-GATED (101 MHz, CDCl3): δ 98.2 (C-1Tal, JC-H = 157 Hz), 
ESI-HRMS: [M+Na]+ calcd for C41H48O10Na1 723.3140 found 723.3127.  

Methyl 2,3,4-tri-O-benzyl-6-O-(2,4-O-benzylidene-6-deoxy-3-O-α/β-L-talopyranosyl)-α-
D-glucopyranoside (44) 

Donor 26 (57 mg, 0.10 mmol), Ph2SO (26 mg, 0.13 mmol), TTBP (61 
mg, 0.26 mmol) and were co-evaporated with dry toluene (3x). Then 
the compounds were dissolved in dry DCM (2 mL) and left to stir 
with activated MS4Å for 1h, after which the solution was cooled 
down to -80 °C and Tf2O (21µl, 0.13 mmol) was added. The 
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activation was left to proceed at -80 °C and after TLC analysis (pentane/Et2O, 9/1, v/v) indicated 
complete conversion of the donor (30 min), acceptor 2134 (55 mg, 0.12 mmol), which was co-
evaporated with dry toluene (3x) separately, was added to the reaction mixture in 0.26 mL of dry 
DCM slowly via the wall of the flask. The resulting mixture was kept at -80 °C for 4h, and then was 
allowed to warm up to 0 °C over the course of 2h, after which it was quenched by the addition of 
Et3N, poured on sat. aq. NaHCO3, extracted with DCM (3x), the combined organic layers were 
washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification via size-
exclusion chromatography on LH-20 gel afforded disaccharides in α/β = 1/2 ratio as a yellowish 
syrup (44 mg, 0.063 mmol, 64%).  
Analytical data for the β-anomer: 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.9 Hz, 2H, CHarom), 7.74 
– 7.60 (m, 3H, CHarom), 7.55 – 7.42 (m, 2H, CHarom), 7.37 – 7.19 (m, 20H, CHarom), 6.98 (s, 1H, CH 
Bzd), 4.98 – 4.91 (m, 1H, CHH Bn), 4.91 – 4.70 (m, 3H, H-1Tal, CH2 Bn), 4.68 – 4.60 (m, 2H, CH2 
Bn), 4.60-4.54 (m, 2H, H-1, CHH Bn), 4.46 – 4.42 (m, 1H, H-6Glc), 4.10 (s, 1H, H-2Tal), 4.01 – 3.86 
(m, 2H, H-3Glc, H-5Tal), 3.83 – 3.69 (m, 4H, H-4Tal, H-4Glc, H-5Glc, H-6Glc’), 3.60 – 3.48 (m, 2H, H-3Tal, 
H-2Glc,), 3.37 – 3.34 (m, 3H, OCH3), 1.47 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 138.9, 138.8, 138.4, 138.2 (Cq), 128.5, 128.4, 128.1, 128.0, 127.8, 
125.8 (Carom), 100.8 (C-1Tal), 98.4 (C-1Glc), 96.1 (CH Bzd), 82.0 (C-3Glc), 79.9 (C-2Glc), 77.5 (C-4Glc), 
75.7, 75.2 (2xCH2 Bn), 74.1 (C-4Tal), 73.5 (CH2 Bn), 73.0 (C-2Tal), 72.2 (C-5Tal), 69.9 (C-5Glc), 67.4 
(C-6Glc), 65.7(C-3Tal), 55.2 (OCH3), 17.3 (C-6Tal).  
13C-GATED (101 MHz, CDCl3): δ 100.8 (C-1Tal, JC-H = 154 Hz). 
Analytical data for the α-anomer: δ 1H NMR (400 MHz, CDCl3) 6.89 (CH Bzd); 13C NMR (101 MHz, 
CDCl3) δ 99.9 (C-1Tal), 98.0 (C-1Glc) 94.9 (CH Bzd),  80.0 (C-2Glc), 77.7 (C-4Glc), 72.3 (C-5Tal), 55.2 
(OCH3), 17.2 (C-6Tal).  
13C-GATED (101 MHz, CDCl3): δ 99.9 (C-1Tal, JC-H = 169 Hz). 
ESI-HRMS: [M+Na]+ calcd for C41H46O10Na1 721.2983 found 721.2973.  

Methyl 2,3,4-tri-O-benzyl-6-O-(2,4-O-benzylidene-6-deoxy-3-O-mesyl-α/β-L-
talopyranosyl)-α-D-glucopyranoside (45) 

Donor 27 (40 mg, 0.092 mmol), Ph2SO (24 mg, 0.12 mmol), TTBP 
(57 mg, 0.23 mmol) and were co-evaporated with dry toluene (3x). 
Then the compounds were dissolved in dry DCM (1.8 mL) and left to 
stir with activated MS4Å for 1h, after which the solution was cooled 
down to -80 °C and Tf2O (20 µl, 0.12 mmol) was added. The 

activation was left to proceed at -80 °C and after TLC analysis (pentane/Et2O, 3/1, v/v) indicated 
complete conversion of the donor (30 min), acceptor 2134 (51 mg, 0.11 mmol), which was co-
evaporated with dry toluene (3x) separately, was added to the reaction mixture in 0.3 mL of dry 
DCM slowly via the wall of the flask. The resulting mixture was kept at -80 °C for 1h, and then was 
allowed to warm up to 0 °C over the course of 2h, after which it was quenched by the addition of 
Et3N, poured on sat. aq. NaHCO3, extracted DCM (3x), the combined organic layers were washed 
with brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification via size-exclusion 
chromatography on LH-20 gel afforded disaccharides in α/β = 1/2.4 ratio as a yellowish syrup 
(46 mg, 0.059 mmol, 65%). TLC: Rf = 0.48 (toluene/EtOAc = 7/1); 
Analytical data for the β-anomer: 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.27 (m, 15H, CHarom), 6.93 
(s, 1H, CH Bzd), 4.96 (d, J = 11.1 Hz, 1H, CHH Bn), 4.90 (s, 1H, H-1Tal), 4.86 – 4.73 (m, 5H, CH2 Bn), 
4.67 – 4.59 (m, 2H, CHH Bn, H-3Tal), 4.58 (d, J = 3.8 Hz, 1H, H-1Glc), 4.45 (d, J = 10.9 Hz, 1H, H-
6Glc), 4.39 (s, 1H, H-2Tal), 4.04 (s, 1H, H-2Tal), 4.01 – 3.91 (m, 2H, H-3Glc, H-5Tal), 3.74 (d, J = 10.8 
Hz, 4H, H-4Glc,H-5Glc ,H-6Glc), 3.52 (dd, J = 9.5, 3.5 Hz, 1H, H-2Glc), 3.35 (s, 3H, OCH3), 3.18 (s, 3H, 
CH3 Ms), 1.49 (d, J = 6.4 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 138.8, 138.3, 138.1, 129.4 (Cq), 128.5, 128.4, 128.4, 128.2, 128.1, 
127.9, 127.8, 127.5, 126.4 (Carom), 100.5 (C-1Tal), 98.4 (C-1Glc), 96.7 (CH Bzd), 81.9 (C-3Glc), 79.8 
(C-2Glc), 77.4 (C-4Glc), 75.7, 75.3, 73.5 (3xCH2 Bn), 72.9 (C-3Tal), 72.1 (C-5Tal), 71.3 (C-4Tal), 70.4 
(C-2Tal), 69.8 (C-5Glc), 67.7 (C-6Glc), 55.3 (OCH3), 39.7 (CH3 Ms), 17.1 (C-6Tal).  
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13C-GATED (101 MHz, CDCl3): δ 100.5 (C-1Tal, JC-H = 159 Hz). 
ESI-HRMS: [M+NH4]+ calcd for C42H52O12S1N 794.3205 found 794.3191.  
Analytical data for the α-anomer: 1H NMR (400 MHz, CDCl3) δ 7.53 (q, J = 2.9, 1.9 Hz, 3H, CHarom), 
7.41 – 7.27 (m, 21H, CHarom), 6.84 (s, 1H, CH Bzd), 5.15 (s, 1H, H-1Tal), 5.02 – 4.96 (m, 2H, H-3Tal, 
CHH Bn), 4.90 (d, J = 11.1 Hz, 1H, CHH Bn), 4.83 – 4.74 (m, 2H, CH2 Bn), 4.66 (d, J = 11.9 Hz, 2H, 
CHH Bn), 4.59 – 4.51 (m, 2H, H-1Glc, CHH Bn), 4.19 (q, J = 6.8 Hz, 1H, H-5Tal), 4.15 (s, 1H, H-2Tal), 
4.08 (s, 1H, H-4Tal), 4.00 (t, J = 9.3 Hz, H-3Glc), 3.96 – 3.85 (m, 1H, H-6Glc), 3.81 – 3.73 (m, 1H, H-
5Glc), 3.61 – 3.52 (m, 1H, H-6Glc), 3.52 (dd, J = 10.0, 3.7 Hz, 2H, H-2Glc), 3.43 – 3.32 (m, 4H, H-4Glc, 
OCH3), 3.15 (s, 3H, CH3 Ms), 1.43 (d, J = 6.5 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 138.7, 138.1, 135.0 (Cq), 129.6, 128.5, 128.4, 128.2, 128.0, 127.9, 
127.7, 126.5 (Carom), 99.9 (C-1Tal), 97.9 (C-1Glc), 95.6 (CH Bzd), 82.0 (C-3Glc), 80.0 (C-2Glc), 77.7 (C-
4Glc), 75.8, 75.0, 73.5 (3xCH2 Bn), 72.5 (C-4Tal), 71.3 (C-3Tal), 70.1 (C-2Tal), 70.1 (C-5Tal), 69.9 (C-
5Glc), 66.5 (C-6Glc), 55.2 (OCH3), 39.5 (CH3 Ms), 17.1 (C-6Tal).  
13C-GATED (101 MHz, CDCl3): δ 99.9 (C-1Tal, JC-H = 171 Hz) 
ESI-HRMS: [M+NH4]+ calcd for C42H52O12S1N 794.3205 found 794.3194.  

2-Naphthaldehyde (methyl 2,3,4-tri-O-benzyl-α-D-glucopyranosid-2-yl)(4-
methylphenyl 3,4-di-O-benzyl-6-deoxy-1-thio-α-L-talopyranoid-2-yl) acetal (MA1) 

Donor 28 (51 mg, 0.086 mmol) and acceptor 2134 (44 mg, 0.095 
mmol) were co-evaporated with dry toluene (3x). Then the 
compounds were dissolved in dry DCM (1.7 mL) and activated 
molecular sieves MS4Å were added. After stirring at RT for 1h, DDQ 
(22 mg, 0.095 mmol) was added. The reaction mixture was stirred 
for 2 h and then quenched by addition of 1 mL of ascorbate buffer 
(a mixture of L-ascorbic acid (0.7 g), citric acid monohydrate (1.2 
g) and NaOH (0.92 g) in H2O (100 mL)) filtered through celite, and 
diluted with DCM. The organic layer was washed with sat. aq. 

NaHCO3, brine, dried over MgSO4, filtered, concentrated in vacuo. Size-exclusion on LH-20 
afforded the mixed acetal as a yellowish oil in 88% yield (80 mg, 0.076 mmol).  
1H NMR (400 MHz, CDCl3) δ 7.47 – 7.40 (m, 2H, CHarom), 7.38 – 7.26 (m, 18H, CHarom), 7.23 – 7.15 
(m, 4H, CHarom), 7.13 – 7.07 (m, 2H, CHarom), 7.04 (d, J = 8.1 Hz, 2H, CHarom), 6.20 (s, 1H, CH Bzd), 
5.96 (s, 1H, H-1 Tal), 4.99 (d, J = 12.2 Hz, 1H, CHH Bn), 4.93 (d, J = 11.0 Hz, 1H, CHH Bn), 4.82 (d, 
J = 10.8 Hz, 1H, CHH Bn), 4.78 (d, J = 11.0 Hz, 1H, CHH Bn), 4.74 – 4.65 (m, 3H, CHH Bn), 4.63 (d, 
J = 10.6 Hz, 2H, CHH Bn), 4.58 (d, J = 12.0 Hz, 1H, CHH Bn), 4.54 – 4.50 (m, 1H, H-2Tal), 4.41 (qd, 
J = 6.4, 1.8 Hz, 1H, H-5Tal), 4.32 (d, J = 3.5 Hz, 1H, H-1Glc), 3.89 (t, J = 9.1 Hz, 1H, H-3Glc), 3.83 (dd, 
J = 11.2, 1.9 Hz, 1H, H-6Glc), 3.80 (t, J = 3.1 Hz, 1H, H-3Tal), 3.71 (s, 1H, H-4Tal), 3.70 – 3.64 (m, 1H, 
H-4Glc), 3.60 (dt, J = 9.9, 2.5 Hz, 1H), 3.49 (dd, J = 9.7, 3.4 Hz, 2H, H-2Glc, H-6Glc’), 3.10 (s, 3H, OCH3), 
2.31 (s, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 139.3, 139.0, 138.3, 138.1, 136.4, 135.4, 133.3, 133.0, 131.9 (Cq), 
130.0 - 125.0 (Carom), 102.0 (CH Bzd), 97.5 (C-1Glc), 87.3 (C-1Tal), 82.0 (C-3Glc), 80.1 (C-2Glc), 78.0 
(C-3Tal), 77.3 (C-4Glc), 76.2 (C-4Tal), 75.6, 75.0, 73.9 (3xCH2 Bn), 73.1 (C-2Tal), 73.0, 71.1 (2xCH2 

Bn), 69.7 (C-5Glc), 68.4 (C-5Tal), 60.6 (C-6Glc), 54.6 (OCH3), 21.0 (CH3 STol), 17.0 (C-6Tal).  
ESI-HRMS: [M+Na]+ calcd for C66H68O10S1Na 1075.4425 found 1075.4415.  

Methyl 2,3,4-tri-O-benzyl-6-O-(3,4-di-O-benzyl-6-deoxy-2-O-methyl-β-L-talopyranosyl)-
α-D-glucopyranoside (46) 

Mixed acetal MA1 (80 mg, 0.076 mmol) and DTBMP (62 mg, 0.30 
mmol) were co-evaporated with dry toluene (2x). The compounds 
were dissolved in dry 1,2-dichloroethane (7.6 mL) and the resulting 
solution was stirred with molecular sieves MS4Å for 1h at RT. Then 

MeOTf (30 µl, 0.26 mmol) was added and the reaction mixture was brought to 50 °C and left to 
stir for 21h, after which it was quenched by the addition of Et3N, diluted with EtOAc, the organic 



 

 

188 

 

 

 

Chapter 7 

layer was washed with sat. aq. NaHCO3, brine, dried over MgSO4, filtered, and concentrated in 
vacuo. The residue was dissolved in DCM (2 mL), cooled down to 0 °C and 0.2 mL of TFA were 
added. After 3h, pyridine (5 mL), Ac2O (0.5 mL), and a catalytic amount of DMAP were added. 
After stirring the reaction mixture overnight, it was co-evaporated with toluene (3x), diluted with 
EtOAc, and washed with sat. aq. NaHCO3, brine, dried over MgSO4, filtered, and concentrated in 
vacuo. Purification by column chromatography on silica gel (pentane/EtOAc, 9/1 to 2/1, v/v) 
afforded exclusively the β-linked product (20 mg, ~0.025 mmol, ~33%, 75% methylated). TLC: 
Rf = 0.22 (pentane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.23 (m, 28H, CHarom), 5.00 – 4.90 (m, 2H, CH2  Bn), 4.86 (d, J 
= 10.6 Hz, 2H, CH2 Bn), 4.84 – 4.75 (m, 4H, CH2 Bn), 4.72 – 4.64 (m, 3H, CH2 Bn), 4.62 – 4.58 (m, 
2H, H-1Glc, CHH Bn), 4.34 (s, 1H, H-1Tal), 4.18 (dd, J = 11.6, 3.4 Hz, 1H, H-6Glc), 3.98 (t, J = 9.2 Hz, 
1H, H-3Glc), 3.74 – 3.62 (m, 6H, H-4Glc, H-5Glc, H-6Glc, H-2Ta;, OCH3), 3.57 – 3.44 (m, 3H, H-2Glc, H-
3Tal), 3.38 – 3.31 (m, 6H, H-4Tal, H-5Tal, OCH3), 1.21 (d, J = 6.4 Hz, 3H, H-6Tal). 
13C NMR (101 MHz, CDCl3) δ 139.1 - 138.2 (Cq), 128.6 - 127.3 (Carom), 102.3 (C-1Tal), 98.1 (C-1Glc), 
82.0 (C-3Glc), 80.0 (C-2 Glc), 79.2 (C-4Tal), 77.8 (C-2Tal), 77.2 (C-4Glc), 75.8, 75.2 (2xCH2 Bn), 73.9 
(C-3Tal), 73.7, 73.4 (CH2 Bn), 71.9 (C-5Tal), 70.5 (CH2 Bn), 70.3 (C-5Glc), 67.1 (C-6Glc), 61.9 (OCH3), 
55.1 (OCH3), 16.9 (C-6Tal).  
13C-GATED (101 MHz, CDCl3): δ 102.3 (C-1Tal, JC-H = 156 Hz). 
ESI-HRMS: [M+Na]+ calcd for C49H56O10Na 827.3766 found 827.3748.  

Methyl 2,3,4-tri-O-benzyl-6-O-(2,4-di-O-benzyl-6-deoxy-3-O-picoloyl-α,β-L-
talopyranosyl)-α-D-glucopyranoside (47) 

Donor 31 (79 mg, 0.14 mmol) and methyl 2,3,4-tri-O-benzyl-α-D-
glucopyranoside 2134 (79 mg, 0.17 mmol) were co-evaporated 
with dry toluene (3x). Then the compounds were placed under 
nitrogen atmosphere and dissolved in dry DCM (2.8 mL), and pre-

activated molecular sieves MS4Å were added to the obtained solution. After stirring for 1 h at RT 
the solution was cooled down to -30 °C, NIS (64 mg, 0.28 mmol) and TfOH (3 µl, 0.03 mmol) were 
added. The reaction mixture was allowed to warm up to 0 °C over the course of 1 h, after which 
time it was diluted with EtOAc and washed with sat. Na2S2O3(2x), the aqueous layers were 
extracted with EtOAc (3x). The combined organic layers were washed with brine, dried over 
MgSO4, filtered, and concentrated in vacuo. Purification by size-exclusion chromatography on LH-
20 gel afforded the title compound as a clear syrup in 79% yield (101 mg, 0.11 mmol) in α/β = 
1/2.7. TLC: Rf = 0.42, 0.16 (pentane/EtOAc, 2/1, v/v).  
Analytical data for the β-anomer: 1H NMR (400 MHz, CDCl3) δ 8.82 – 8.69 (m, 1H, CHarom), 7.77 – 
7.71 (m, 1H, CHarom), 7.50 – 7.36 (m, 2H, CHarom), 7.36 (s, 1H, CHarom), 7.07 (dd, J = 5.1, 1.9 Hz, 3H, 
CHarom), 5.19 (br s, 1H, H-3’), 5.04 (d, J = 12.5 Hz, 1H, CHH Bn), 4.97 (d, J = 11.0 Hz, 1H, CHH Bn), 
4.88 – 4.72 (m, 5H, CH2 Bn), 4.69 – 4.64 (m, 4H, H-1’, 3xCH2 Bn), 4.62 (d, J = 3.5 Hz, 1H, H-1), 4.25 
(dd, J = 11.8, 3.5 Hz, 1H, H-6a), 4.03 – 3.96 (m, 2H, H-3, H-2’), 3.86 – 3.73 (m, 2H, H-6b, H-5), 3.69 
– 3.64 (m, 3H, H-4, H-4’, H-5’), 3.50 (dd, J = 9.7, 3.6 Hz, 1H, H-2), 3.36 (s, 3H, CH3O), 1.37 (d, J = 
6.4 Hz, 3H, H-6’). 
13C NMR (101 MHz, CDCl3) δ 164.0 (C=O Pico), 150.0 (Carom), 147.4, 139.0, 138.9, 138.4, 138.2, 
138.2 (6xCq), 137.0, 128.5, 128.4, 128.4, 128.4, 128.3, 128.2, 128.1, 128.1, 128.1, 128.1, 128.0, 
128.0, 128.0, 128.0, 127.9, 127.9, 127.9, 127.7, 127.6, 127.5, 127.3, 127.1, 125.4 (Carom), 101.5 (C-
1’), 98.1 (C-1), 81.9 (C-3), 80.1 (C-2), 77.9 (C-4), 75.7 (CH2 Bn), 75.3 (C-4’), 75.2 (CH2 Bn), 74.9 
(C-2’), 73.8 (C-3’), 73.4 (CH2 Bn), 71.5 (C-5’), 70.4 (C-5), 67.1 (C-6), 55.2 (CH3O), 16.8 (C-6’). 
13C-GATED (101 MHz, CDCl3): δ 101.5 (C-1’, JC-H = 155 Hz). 
Analytical data for the α-anomer (characteristic signals): 1H NMR (400 MHz, CDCl3) δ 5.48 (t, J = 
3.5 Hz, 1H, H-3’), 4.58 (d, J = 3.6 Hz, 1H, H-1), 4.09 (qd, J = 6.5, 1.9 Hz, 1H, H-5’), 3.35 (s, 3H, 
CH3O), 1.32 (d, J = 6.6 Hz, 3H, H-6). 
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13C NMR (101 MHz, CDCl3) δ 99.0 (C-1’), 97.9 (C-1), 82.1 (C-3), 80.1 (C-2), 77.9 (C-4), 75.9 (C-2’), 
75.7, 75.1, 74.5 (3xCH2 Bn), 74.5 (C-4’), 73.4, 73.3 (2xCH2 Bn), 72.3 (C-3’), 69.9 (C-5), 67.1 (C-5’), 
66.5 (C-6), 55.1 (CH3O), 16.5 (C-6’). 
13C-GATED (CDCl3): δ 99.0 (C-1’, JC-H = 169 Hz). 
ESI-HRMS: [M+H]+ calcd for C54H58NO11 896.4004 found 896.4011.  

 

Scheme S3. Syntheis of linker 48. Reagents and conditions: i) CbzCl, Na2CO3, DCM/H2O, 
RT, 5h ; ii) TrCl, pyr, 0 °C to RT, o.n.; iii) BnBr, NaH, cat. TBAI, DMF, 0 °C to RT, 4.5h; iv) 
AcOH, 100 °C, o/n; v) MeONa, MeOH, RT, 3h. 

N-benzyloxycarbonyl-5-aminopentan-1-ol (L1)  

To a stirred solution of 5-aminopentanol (10.95 g, 106 mmol) in DCM/H2O 
(1/1, v/v, 360 mL) CbzCl (19 mL, 133 mmol) and Na2CO3 (28.4 g, 268 mmol) were added and the 
mixture was stirred at RT for 5 h. When TLC analysis indicated complete consumption of the 
starting material the reaction mixture was diluted with DCM and H2O. The organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. Purification by silica gel column 
chromatography (pentane/EtOAc, 4/1 to 3/1, v/v) afforded compound L1 (23.5 g, 99.2 mmol, 
94%) as a white solid. The analytical data were in accordance with those reported previously.35 
TLC: Rf = 0.42 (pentane/EtOAc, 1/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.37 – 7.26 (m, 5H, Harom Cbz), 5.07 (s, 2H, CH2 Cbz), 4.95 (br s, 1H, 
NH), 3.59 (t, J = 6.5 Hz, 2H, CH2O), 3.16 (t, J = 6.9 Hz, 2H, CH2NHCbz), 2.19 (br s, 1H, OH), 1.72 – 
1.44 (m, 4H, CH2CH2O, CH2CH2NHCbz), 1.44 – 1.31 (m, 2H, CH2). 
13C APT NMR (100 MHz, CDCl3): δ 156.6 (C=O), 136.6 (Cq), 128.5, 128.1, 128.0 (CHarom), 66.6 
(CH2 Cbz), 62.5 (CH2O), 40.9 (CH2NHCbz), 32.1 (CH2CH2O), 29.7 (CH2CH2NHCbz), 22.9 (CH2). 
ESI-HRMS: [M+Na]+ calcd for C13H19NO3Na 260.1257 found 260.1257. 

N-benzyloxycarbonyl-O-trityl-5-aminopentan-1-ol (L2)  

Prepared as described by Seeberger et al.:36 A solution of compound L1 
(23.5 g, 99.2 mmol) in pyridine (100 mL) was cooled on ice and stirred for 5 minutes. Then TrCl 
(30.42 g, 109 mmol) was added and the reaction mixture was left to stir for another 5 minutes 
after which the ice bath was removed and the reaction mixture was left to stir overnight at RT. 
The reaction mixture was diluted with EtOAc, washed with water, sat. aq. NaHCO3, dried over 
MgSO4, concentrated in vacuo and co-evaporated with toluene (3x). Purification by silica gel 
column chromatography (pentane/EtOAc, 97.5/2.5 to 4/1, v/v, to pure EtOAc) yielded 
compound L2 (39.7 g, 82.8 mmol, 83%) as a yellow oil. TLC: Rf = 0.51 (pentane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.63 – 7.05 (m, 20H, Harom Tr, Harom Cbz), 5.09 (s, 2H, PhCH2O), 4.73 
(br s, 1H, NH), 3.28 – 3.12 (m, 2H, CH2O), 3.07 (t, J = 6.5 Hz, 1.5H, CH2N), 1.75 – 1.29 (m, 6H, CH2). 
(Peaks are assigned for the major rotamer.) 
13C APT NMR (100 MHz, CDCl3): δ 146.9, 144.4, 136.7 (Cq), 129.7, 128.7, 128.5, 128.5, 128.1, 
128.1, 127.9, 127.9, 127.7, 127.2, 126.9 (CHarom), 86.4 (Ph3CO), 63.3 (CH2 Cbz), 62.7/49.3 (CH2N), 
41.0 (CH2O), 32.2, 29.8, 29.7, 23.5, 22.9 (CH2). 
ESI-HRMS: [M+Na]+ calcd for C32H33NO3Na 502.2353 found 502.2346. 
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N,N-(benzyl)-benzyloxycarbonyl-O-trityl-5-aminopentan-1-ol (L3)  

Prepared as described by Seeberger et al.:36: To a stirred solution of 
compound L2 (39.7 g, 82.8 mmol) in dry DMF (200 mL) under nitrogen atmosphere at 0 °C NaH 
(60% dispersion in mineral oil, 4.50 g, 113 mmol) was added portionwise. The mixture was 
stirred for 30 minutes at the same temperature, after which BnBr (12.8 mL, 108 mmol) and TBAI 
(1.6 g, 4.3 mmol) were added. The reaction mixture was stirred at ambient temperature until TLC 
analysis indicated complete consumption of starting material (4.5 h). Then, the reaction was 
quenched by the addition of ice. The reaction mixture was diluted with EtOAc, the organic layer 
was washed with water, dried over MgSO4, and concentrated in vacuo. Purification by silica gel 
column chromatography (pentane/EtOAc, 99/1 to 97/3, v/v, to pure EtOAc) afforded compound 
L3 (42.1 g, 67.9 mmol, 82%) as a yellow oil. TLC: Rf = 0.75 (pentane/EtOAc, 9/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.50 – 7.04 (m, 25H, Harom), 5.20 (s, 2H, CH2 Cbz), 4.51 (d, J = 8.7 Hz, 
2H, CH2 Bn), 3.29 (t, J = 7.5 Hz, 1H, CH2N), 3.22 (t, J = 7.3 Hz, 1H, CH2N), 3.06 (dd, J = 7.2, 3.4 Hz, 
2H, CH2O), 1.54 (m, 4H, CH2CH2N, CH2CH2O), 1.43 – 1.26 (m, 2H, CH2).  
13C NMR (100 MHz, CDCl3): δ 144.5 (Cq), 138.0 (Cq), 128.6, 128.6, 128.5, 127.9, 127.8, 127.7, 
127.3, 126.9 (Carom), 86.3 (Ph3CO), 67.2 (CH2 Cbz), 63.4 (CH2O), 50.4/50.2 (CH2 Bn), 47.1/46.1, 
(CH2N), 29.8 (CH2CH2O) 28.0/27.7 (CH2CH2N), 23.6 (CH2). 
ESI-HRMS: [M+Na]+ calcd for C39H39NO3Na 592.2822 found 592.2822. 

N,N-(benzyl)-benzyloxycarbonyl-O-acetyl-5-aminopentan-1-ol (L4) 

A solution of L3 (37.9 g, 66.6 mmol) in AcOH (450 mL) was stirred 
overnight at 100 °C, after which TLC analysis indicated complete consumption of the starting 
material. The reaction mixture was allowed to cool down and poured on ice. The mixture was 
concentrated in vacuo, the crude product was diluted with EtOAc and washed with sat. aq. 
NaHCO3 (3x). The organic layer was washed with brine, dried over MgSO4, and concentrated 
again in vacuo. Purification by silica gel column chromatography (pentane/EtOAc, 9/1, v/v to 
pure EtOAc) afforded compound L4 (23.2 g, 62.8 mmol, 94%) as a yellow oil. TLC: Rf = 0.47 
(pentane/EtOAc, 9/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.46 – 7.12 (m, 10H, Harom), 5.18 (d, J = 8.1 Hz, 2H, CH2 Cbz), 4.50 
(d, J = 6.5 Hz, 2H, CH2 Bn), 4.06 – 3.93 (m, 2H, CH2O), 3.28 (t, J = 7.6 Hz, 1H, CH2N), 3.21 (t, J = 
7.3 Hz, 1H, CH2N), 2.02 (s, 3H, CH3 Ac), 1.66 – 1.45 (m, 4H, CH2CH2N, CH2CH2O), 1.41 – 1.20 (m, 
2H, CH2).  
13C APT NMR (100 MHz, CDCl3): δ 171.1 (C=O Ac), 156.2 (C=O Cbz), 137.9, 136.8 (Cq), 128.5, 
128.5, 128.5, 128.0, 127.9, 127.3, 127.2 (Carom), 67.2 (CH2 Cbz), 64.3 (CH2O), 50.5/50.2 (CH2 Bn), 
47.0/46.0 (CH2N), 28.3 (CH2CH2O), 27.8/27.4 (CH2CH2N), 23.2 (CH2), 21.0 (CH3 Ac). 
ESI-HRMS: [M+Na]+ calcd for C22H27NO4Na 392.1832 found 392.1836. 

N,N-(benzyl)-benzyloxycarbonyl-5-aminopentan-1-ol (48) 

Compound L4 was (23.2 g, 62.8 mmol) was resuspended in MeOH (120 
mL) and a solution of MeONa in MeOH was added until the pH of the reaction mixture had reached 
10. The reaction mixture was stirred for 3 h, until TLC analysis showed full conversion of the 
starting material. The mixture was then neutralized by addition Amberlite IR-120H+, filtered, and 
concentrated in vacuo to give compound L5 in a quantitative yield. The analytical data were in 
accordance with those reported previously.36 TLC: Rf = 0.34 (pentane/EtOAc, 4/1, v/v).  
1H NMR (400 MHz, CDCl3): δ 7.46 – 7.12 (m, 10H, Harom), 5.18 (d, J = 10.3 Hz, 2H, CH2 Cbz), 4.50 
(d, J = 6.6 Hz, 2H, CH2 Bn), 3.74 – 3.40 (m, 2H, CH2O), 3.28 (t, J = 7.4 Hz, 1H, CH2N), 3.21 (t, J = 
7.1 Hz, 1H, CH2N), 2.10, 2.07 (2s, 1H, OH), 1.68 – 1.38 (m, 4H, CH2CH2N, CH2CH2O), 1.37 – 1.15 
(m, 2H, CH2). 
13C APT NMR (100 MHz, CDCl3): δ 137.9 (Cq), 128.5, 128.5, 128.0, 127.9, 127.3 (Carom), 67.2 (CH2 
Cbz), 62.5 (CH2O), 50.5/50.2 (CH2 Bn), 47.0/46.2 (CH2N), 32.3 (CH2CH2O), 27.9/27.4 (CH2CH2N), 
22.9 (CH2). 
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ESI-HRMS: [M+Na]+ calcd for C20H25NO3Na 350.1727 found 350.1729. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 3-O-allyl-2-O-benzyl-6-deoxy-β-L-
talopyranoside (49) 

Donor 30 (660 mg, 1.18 mmol) and N,N-(benzyl)-
benzyloxycarbonyl-5-aminopentanol 48 (465 mg, 1.42 mmol) were 
co-evaporated with dry toluene (3x). The residue was dissolved in 

dry DCM (4.7 mL), placed under nitrogen atmosphere and molecular sieves 4Å were added. After 
stirring for 30 min DDQ (411 mg, 1.78 mmol) was added and the reaction mixture was stirred for 
3h, after which it was quenched with Na2S2O3, extracted with DCM, washed with sat NaHCO3, 
dried over MgSO4, and concentrated in vacuo. The crude was used in the next step without 
additional purification.  
The obtained crude was co-evaporated with dry toluene (3x), dissolved in dry DCM (21.5 mL), 
and molecular sieves 4Å were added. After stirring for 1h the reaction mixture was cooled down 
to -40 °C and freshly prepared 1M DMTST solution (612 mg, 2.37 mmol, 2.4 mL of 1 M solution 
made from 0.3 mL dimethyl disulfide, 0.34 mL of MeOTf in 3 mL of dry DCM) was added dropwise. 
The reaction mixture was allowed to gradually warm up to RT (2h), after which it was quenched 
by the addition of Et3N. The obtained solution was diluted with DCM, poured on sat NaHCO3, 
extracted with DCM (3x), washed with brine, dried over MgSO4, filtered, and concentrated in 
vacuo. The residue was dissolved in DCM (22 mL) and TFA (2 mL) was added dropwise. After 
stirring for 2h the reaction mixture was quenched with Et3N and concentrated in vacuo. 
Purification by size-exclusion chromatography LH-20 (DCM/MeOH = 1/1, v/v) and column 
chromatography on silica gel (pentane/EtOAc, 3/1, v/v) afforded the title compound in 15% 
yield (109 mg, 0.18 mmol) as a clear syrup. TLC: Rf = 0.34 (pentane/EtOAc, 2/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.41 – 7.12 (m, 15H, CHarom), 5.98 (ddt, J = 17.2, 10.6, 5.4 Hz, 1H, CH 
Allyl), 5.35 (dq, J = 17.2, 1.7 Hz, 1H, CHH= Allyl), 5.27 – 5.22 (m, 1H, CHH= Allyl), 5.17 (d, J = 
10.0 Hz, 2H, CH2 Cbz), 5.01 (d, J = 11.1 Hz, 1H, CHH Bn), 4.62 (d, J = 11.1 Hz, 1H, CHH Bn), 4.52 – 
4.43 (m, 2H, CH2 BnN), 4.29 (ddt, J = 12.8, 5.1, 1.6 Hz, 1H, OCHH Allyl), 4.20 (d, J = 11.6 Hz, 1H, 
H-1), 4.05 (ddt, J = 12.8, 5.8, 1.6 Hz, 1H, OCHH Allyl), 3.99 (s, 1H, H-2), 3.94 – 3.80 (m, 1H, CHHO), 
3.65 – 3.53 (m, 1H, H-3), 3.51 – 3.33 (m, 3H, CHHO, H-5, H-4), 3.31 – 3.16 (m, 2H, CH2N), 1.73 – 
1.48 (m, 4H, CH2CH2O, CH2CH2N), 1.37 – 1.29 (m, 2H, CH2CH2CH2N), 1.26 (d, J = 6.4 Hz, 3H, H-6).  
13C NMR (101 MHz, CDCl3) δ 137.9, 137.6 (2xCq), 134.6 (CH Allyl), 128.6, 128.5, 128.4, 128.3, 
127.9, 127.8, 127.2 (Carom), 117.2 (CH2=), 101.4 (C-1), 77.5 (C-3), 77.3 (C-4), 75.5 (CH2 Bn), 71.0 
(C-5), 69.6 (CH2O), 68.7 (OCH2CH Allyl), 68.6 (C-2), 67.1 (CH2 Cbz), 50.5, 50.2 (CH2 BnN), 47.1, 
46.2 (CH2N), 29.2 (CH2CH2O), 27.9, 27.5 (CH2CH2N), 23.3 (CH2CH2CH2N), 16.8 (C-6).  
13C-GATED (CDCl3): δ 101.4 (C-1, JC-H = 154 Hz).  
ESI-HRMS: [M+H]+ calcd for C36H46N1O7 604.3269 found 604.3271.  

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-6-deoxy-3-O-picoloyl-
β-L-talopyranoside (51α) and N,N-(benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-
benzyl-6-deoxy-3-O-picoloyl-β-L-talopyranoside (51β) 

Donor 31 (1.00 g, 1.8 mmol) and N,N-(benzyl)-benzyloxycarbonyl-
5-aminopentanol 48 (0.71 g, 2.16 mmol) were co-evaporated with 
dry toluene (3x). Then the compounds were placed under nitrogen 
atmosphere, dissolved in dry DCM (36 mL), and pre-activated 

molecular sieves MS4Å were added to the obtained solution. After stirring for 1 h at RT the 
solution was cooled to -40 °C, NIS (0.81 g, 3.60 mmol) and TfOH (32 µl, 0.36 mmol) were added. 
The reaction mixture was allowed to warm up to RT over the course of 1h, after which it was 
diluted with DCM and washed with sat. Na2S2O3(2x), the water layers were extracted with DCM 
(3x). The combined organic layers were washed with brine, dried over MgSO4, filtered, and 
concentrated in vacuo. Purification by size-exclusion chromatography on LH-20 gel, followed by 
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column chromatography on silica gel (pentane/EtOAc, 3/1, v/v, to EtOAc) afforded the two 
anomers in α/β = 1 / 2.7: α-anomer (0.32 g, 0.42 mmol, 23%) and β-anomer (0.85 g, 1.12 mmol, 
62%). TLC: Rf = 0.32 (pentane/EtOAc, 3/2, v/v).  
Analytical data for the β-anomer: 1H NMR (400 MHz, CDCl3) δ 8.77 (dd, J = 4.8, 1.6 Hz, 1H, CHarom), 
7.73 (d, J = 7.8 Hz, 1H, CHarom), 7.66 (td, J = 7.7, 1.7 Hz, 1H, CHarom), 7.44 (ddd, J = 7.6, 4.7, 1.2 Hz, 
1H, CHarom), 7.40 – 7.15 (m, 17H, CHarom), 7.07 (dd, J = 5.0, 1.9 Hz, 3H, CHarom), 5.22 – 5.13 (m, 3H, 
CH2 Cbz, H-3), 5.00 (d, J = 12.8 Hz, 1H, CHH Bn), 4.85 – 4.70 (m, 2H, CH2 Bn), 4.61 (d, J = 13.2 Hz, 
1H, CHH Bn), 4.50 (d, J = 6.2 Hz, 3H, CH2 Bn, H-1), 4.01 – 3.86 (m, 2H, CHHO, H-4), 3.69 – 3.60 (m, 
2H, H-2, H-5), 3.50 – 3.32 (m, 1H, CHHO), 3.31 – 3.14 (m, 2H, CH2N), 1.70 – 1.47 (m, 4H, CH2CH2O, 
CH2CH2N), 1.39 (d, J = 6.4 Hz, 3H, H-6), 1.36 – 1.21 (m, 7H, CH2CH2CH2N). 
13C NMR (101 MHz, CDCl3) δ 164.0 (C=O), 150.0 (Carom), 147.4 (Cq), 139.1, 138.6, 137.9 (3xCq), 
136.9, 128.5, 128.5, 128.2, 128.1, 127.9, 127.8, 127.8, 127.3, 127.1, 126.9, 125.4 (Carom), 101.3 (C-
1), 75.4 (C-2), 74.8 (C-4), 74.8, 74.6 (2xCH2 Bn), 73.7 (C-3), 71.4 (C-5), 69.2 (CH2O), 67.1 (CH2 
Bn), 50.5, 50.2 (CH2 BnN), 47.1, 46.2 (CH2N), 29.3 (CH2CH2O), 28.0, 27.5 (CH2CH2N), 23.4 
(CH2CH2 CH2N), 16.8 (C-6). 
13C-GATED (101 MHz, CDCl3): δ 101.3 (C-1, JC-H = 152 Hz). 
ESI-HRMS: [M+H]+ calcd for C46H51N2O8 759.3640 found 759.3632.  
Analytical data for the α-anomer: TLC: Rf = 0.59 (pentane/EtOAc, 3/2, v/v).  

1H NMR (400 MHz, CDCl3) δ 8.79 (dd, J = 4.7, 1.6 Hz, 1H, CHarom), 7.87 (d, 
J = 7.8 Hz, 1H, CHarom), 7.73 (td, J = 7.7, 1.8 Hz, 1H, CHarom), 7.51 – 7.44 
(m, 1H, CHarom), 7.43 – 7.11 (m, 20H, CHarom), 5.45 (t, J = 3.4 Hz, 1H, H-3), 
5.18 (d, J = 12.9 Hz, 2H, CH2 Cbz), 4.95 (br s, 1H, H-1), 4.88 (d, J = 12.4 
Hz, 1H, CHH Bn), 4.83 (d, J = 11.9 Hz, 1H, CHH Bn), 4.75 (d, J = 11.9 Hz, 
1H, CHH Bn), 4.70 (d, J = 12.4 Hz, 1H, CHH Bn), 4.55 – 4.44 (m, 2H, CH2 

BnN), 4.07 – 3.95 (m, 1H, H-5), 3.80 – 3.74 (m, 2H, H-2, H-4), 3.70 – 3.57 (m, 1H, CHHO), 3.43 – 
3.31 (m, 1H, CHHO), 3.28 – 3.19 (m, 2H, CH2N), 1.60 – 1.46 (m, 5H, CH2CH2O, CH2CH2N), 1.34 (d, 
J = 6.6 Hz, 3H, H-6), 1.31 – 1.23 (m, 2H, CH2CH2CH2N). 
13C NMR (101 MHz, CDCl3) δ 164.2 (C=O), 150.1 (Carom), 147.8, 138.5, 138.4, 137.9 (4xCq), 136.9, 
128.5, 128.2, 128.1, 128.1, 127.8, 127.4, 127.4, 126.9, 125.2 (Carom), 98.8 (C-1), 75.9 (C-2), 74.7 
(C-4), 74.5, 73.4 (2xCH2 Bn), 72.5 (C-3), 67.7 (CH2O), 67.1 (CH2 CBz), 66.9 (C-5), 50.6, 50.3 (CH2 

BnN), 47.1, 46.2 (CH2N), 29.2 (CH2CH2O), 27.9, 27.5 (CH2CN), 23.4 (CH2CH2 CH2O), 16.6 (C-6). 
13C-GATED (101 MHz, CDCl3): δ 98.8 (C-1, JC-H = 168 Hz). 
ESI-HRMS: [M+H]+ calcd for C46H51N2O8 759.3640 found 759.3641. 

4-Methylphenyl 4-O-benzyl-3-O-tert-butyldimethylsilyl-6-deoxy-2-O-(2-
naphthylmethyl)-1-thio-α-L-talopyranoside) S-oxide (52) 

To a stirred solution of 29 (209 mg, 0.34 mmol) in DCM (1.7 mL) mCPBA (70% 
pure, 86 mg, 0.35 mmol) was added at 0 °C. After stirring at the same temperature 
for 30 min TLC analysis indicated complete consumption of the starting material 
and the reaction mixture was poured on a sat. aq. NaHCO3 solution, extracted with 
EtOAc (3x). The combined organic layers were washed with brine, dried over 
MgSO4, and concentrated in vacuo. Purification by flash column chromatography 

on silica gel (pentane/EtOAc, 9/1 to 3/1, v/v) afforded the title compound in 74% yield (159 mg, 
0.25 mmol). TLC: Rf = 0.39 (pentane/EtOAc, 6/1, v/v).   
1H NMR (400 MHz, CDCl3) δ 7.85 – 7.76 (m, 1H, CHarom), 7.67 (dd, J = 9.0, 3.6 Hz, 2H, CHarom), 7.55 
(s, 1H, CHarom), 7.45 (dd, J = 6.3, 3.2 Hz, 2H, CHarom), 7.42 – 7.35 (m, 4H, CHarom), 7.31 (dd, J = 8.4, 
1.6 Hz, 1H, CHarom), 7.25 (d, J = 5.8 Hz, 3H, CHarom), 7.16 (d, J = 7.9 Hz, 2H, CHarom), 5.10 (d, J = 
11.8 Hz, 1H, CHH Bn), 4.83 (d, J = 2.2 Hz, 1H, H-1), 4.74 (d, J = 11.8 Hz, 1H, CHH Bn), 4.65 (app t, 
J = 12.0 Hz, 2H, CH2 Nap), 4.49 (t, J = 3.2 Hz, 1H, H-3), 4.40 (qd, J = 6.4, 2.0 Hz, 1H, H-5), 3.97 (d, 
J = 3.7 Hz, 1H, H-2), 3.59 – 3.56 (m, 1H), 2.32 (s, 3H, CH3 STol), 1.40 (d, J = 6.4 Hz, 3H, H-6), 0.96 
(s, 9H, (CH3)3C), 0.17 (d, J = 5.8 Hz, 6H, (CH3)2Si). 
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13C NMR (101 MHz, CDCl3) δ 141.3, 139.1, 138.2, 135.6, 133.1, 132.9 (6xCq), 129.9, 128.1, 127.9, 
127.7, 127.6, 127.3, 126.3, 125.8, 125.8, 125.6, 124.0 (Carom), 97.2 (C-1), 77.8 (C-4), 74.1 (CH2 Bn), 
73.9 (C-5), 73.3 (CH2 Nap), 73.0 (C-2), 72.1 (C-3), 26.0 ((CH3)3C), 21.4 (CH3 STol), 18.2 ((CH3)3C), 
17.1 (C-6), -4.6, -4.7 (2xCH3Si). 
ESI-HRMS: [M+Na]+ calcd for C37H46O5S1Si1Na1 653.2727 found 653.2716.   

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-6-deoxy-β-L-
talopyranoside (53b) 

To a stirred solution of 51 (852 mg, 1.12 mmol) in DCM/MeOH (51 
mL, 9/1, v/v) Cu(OAc)2 (306 mg, 1.68 mmol) was added and the 
resulting solution was left to stir for 2 days, after which TLC analysis 

indicated complete conversion of 51-β into more apolar spot. The reaction mixture was diluted 
with DCM and washed with water. The water layer was extracted with DCM (3x), the combined 
organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo. Flash 
column chromatography on silica gel (pentane/EtOAc, 3/1 to 2/3, v/v) afforded the title 
compound as a clear syrup in 86% yield (632 mg, 0.97 mmol). TLC: Rf = 0.29 (pentane/EtOAc, 
3/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.49 – 7.17 (m, 20H, CHarom), 5.20 (d, J = 13.4 Hz, 2H, CH2 Cbz), 5.11 
(d, J = 11.1 Hz, 1H, CHH Bn), 4.79 (d, J = 11.7 Hz, 1H, CHH Bn), 4.64 (d, J = 11.8 Hz, 1H, CHH Bn), 
4.60 – 4.47 (m, 3H, CHH Bn, CH2 BnN), 4.35 (d, J = 12.3 Hz, 1H, H-1), 4.04 – 3.90 (m, 1H, CHHO), 
3.70 – 3.59 (m, 2H, H-2, H-3), 3.49 (q, J = 6.1 Hz, 2H, H-5), 3.44 – 3.35 (m, 2H, H-4, CHHO), 3.34 – 
3.17 (m, 2H, CH2N), 3.03 – 2.95 (m, 1H, OH), 1.68 – 1.50 (m, 4H, CH2CH2O, CH2CH2N), 1.43 – 1.26 
(m, 5H, CH2CH2CH2N, H-6). 
13C NMR (101 MHz, CDCl3) δ 139.0, 138.7, 138.0, 136.8 (Cq), 128.6 - 127.4 (Carom), 102.0 (C-1), 
78.6 (C-4), 77.0 (C-2), 76.0 (CH2 Bn), 75.3 (CH2 Bn), 71.2 (C-5), 69.5 (C-3), 69.3 (CH2O), 67.2 (CH2 
Cbz), 50.5, 50.3 (CH2 BnN), 47.2, 46.3 (CH2N), 29.4 (CH2CH2O), 27.9, 27.6 (CH2CH2N), 23.4 
(CH2CH2CH2N), 16.9 (C-6). 
13C-GATED (101 MHz, CDCl3): δ 102.0 (C-1, JC-H = 152 Hz). 
ESI-HRMS: [M+Na]+ calcd for C40H47NO7Na 676.3245 found 676.3252.  

 

Scheme S4. Synthesis of the α-linked acceptor 53a. Reagents and conditions: i) 48, NIS, 
TMSOTf, DCM, -40 °C to 0 °C; ii) MeONa, MeOH.   

4-Methylphenyl 3-O-benzoyl-2,4-di-O-benzyl-6-deoxy-1-thio-α-L-talopyranoside (S2) 

To a stirred solution of the compound 40a (697 mg, 1.55 mmol) in DCM (7.7 mL) 
and pyridine (1.8 mL) at 0 °C BzCl (0.9 mL, 7.89 mmol) and the reaction was left 
to stir at ambient temperature overnight. Then the reaction  mixture was poured 
on water and extracted with DCM (3x). The combined organic layers were 

washed with brine, dried over MgSO4, concentrated in vacuo, and co-evaporated with toluene 
(3x) to remove residual pyridine. Purification by column chromatography on silica gel 
(pentane/Et2O, 9/1 to 2/1, v/v) afforded the title compound in quantitative yield (915 mg, 1.65 
mmol). TLC: Rf = 0.42 (pentane/Et2O, 4/1,v/v)  
1H NMR (400 MHz, CDCl3) δ 8.07 – 8.01 (m, 2H, CHarom), 7.63 – 7.58 (m, 1H, CHarom), 7.52 – 7.39 
(m, 6H, CHarom), 7.39 – 7.34 (m, 2H, CHarom), 7.34 – 7.25 (m, 3H, CHarom), 7.25 – 7.14 (m, 5H, 
CHarom), 5.71 (d, J = 2.7 Hz, 1H, H-1), 5.61 (t, J = 3.5 Hz, 1H, H-3), 4.93 (d, J = 11.8 Hz, 1H, CHH 
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Bn), 4.83 (d, J = 12.2 Hz, 1H, CHH Bn), 4.75 (d, J = 11.8 Hz, 1H, CHH Bn), 4.63 (d, J = 12.2 Hz, 1H, 
CHH Bn), 4.53 (qd, J = 6.6, 2.3 Hz, 1H, H-5), 4.01 (t, J = 2.8 Hz, 1H, H-2), 3.87 – 3.80 (m, 1H, H-4), 
2.37 (s, 3H, CH3 STol), 1.42 (d, J = 6.5 Hz, 3H, H-6). 
13C NMR (101 MHz, CDCl3) δ 165.9 (C=O), 138.4, 137.8, 137.4 (3xCq), 133.6, 133.3, 131.8 
(3xCarom), 130.5 (Cq), 130.2, 129.9, 129.9 (3xCarom), 129.8 (Cq), 128.5, 128.5, 128.3, 128.3, 128.2, 
128.2, 128.0, 127.7, 127.6 (Carom), 85.2 (C-1), 76.1 (C-4), 75.8 (C-2), 74.3 (CH2 Bn), 72.8 (CH2 Bn), 
71.3 (C-3), 68.9 (C-5), 21.2 (CH3 STol), 16.4 (C-6). 
ESI-HRMS: [M+Na]+ calcd for C34H34O5S1Na 577.2019 found 577.2015. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 3-O-benzoyl-2,4-di-O-benzyl-6-deoxy-
α-L-talopyranoside (S3) 

Donor S2 (337 mg, 0.61 mmol) and N,N-(benzyl)-benzyloxycarbonyl-5-
aminopentanol 48 (239 mg, 0.73 mmol) were co-evaporated with dry 
toluene (3x). Then the compounds were placed under nitrogen 
atmosphere, dissolved in dry DCM (12.2 mL), and pre-activated 

molecular sieves MS4Å were added to the obtained solution. After stirring for 1 h at RT the 
solution was cooled to -40 °C, NIS (273 mg, 1.22 mmol) and TMSOTf (22 µl, 0.122 mmol) were 
added. The reaction mixture was allowed to warm up to 0 °C over the course of 1.5h, after which 
time it was diluted with DCM and washed with sat. Na2S2O3(2x), the water layers were extracted 
with DCM (3x). The combined organic layers were washed with brine, dried over MgSO4, filtered, 
and concentrated in vacuo. Purification by size-exclusion chromatography on LH-20 gel afforded 
the mixture of anomers in 88% yield (405 mg, 0.53 mmol, α/β = ~3/1). Purification by column 
chromatography on silica gel (pentane/EtOAc, 7/1 to 4/1, v/v) afforded the α-anomer in 45% 
yield (206 mg, 0.27 mmol). TLC: Rf = 0.32 (pentane/EtOAc, 3/2, v/v). TLC: Rf =  
0.67 (pentane/EtOAc, 5/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 7.2 Hz, 2H, CHarom), 7.59 (t, J = 7.4 Hz, 1H, CHarom), 7.48 – 
7.18 (m, 24H, CHarom), 5.48 (t, J = 3.4 Hz, 1H, H-3), 5.22 (d, J = 15.1 Hz, 2H, CH2 Cbz), 4.99 (s, 1H, 
H-1), 4.91 – 4.79 (m, 2H, 2xCHH Bn), 4.72 (d, J = 12.1 Hz, 2H, 2xCHH Bn), 4.55 (d, J = 8.8 Hz, 2H, 
CH2 BnN), 4.14 – 3.96 (m, 1H, H-5), 3.87 – 3.75 (m, 2H, H-2, H-4), 3.71 – 3.58 (m, 1H, CHHO), 3.47 
– 3.18 (m, 3H, CHHO, CH2N), 1.68 – 1.49 (m, 4H, CH2CH2N, CH2CH2O), 1.38 – 1.29 (m, 5H, 
CH2CH2N, H-6). 
13C NMR (101 MHz, CDCl3) δ 165.9 (C=O), 138.5, 138.3, 138.0, 136.9, 136.9 (5xCq), 133.2 (Carom), 
129.9 (Cq), 129.9 - 127.4 (Carom), 98.8 (C-1), [76.3, 75.0 (C-2, C-4)], 74.7, 73.5 (2xCH2 Bn), 71.9 (C-
3), 67.6, 67.2 (CH2O), 66.9 (C-5), 50.6, 50.3 (CH2 BnN), 47.2, 46.2 (CH2N), 29.2 (CH2CH2O), 28.0, 
27.6 (CH2CH2N), 23.5 (CH2CH2CH2N), 16.7 (C-6). 
13C-GATED (101 MHz, CDCl3): δ 98.8 (C-1Tal, JC-H = 168 Hz) 
ESI-HRMS: [M+Na]+ calcd for C47H51NO8Na 780.3507 found 780.3514.  

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-6-deoxy-α-L-
talopyranoside (53a) 

To a stirred solution of compound S3 (120 mg, 0.16 mmol) in 
DCM/MeOH (1.0 mL, 1/1, v/v) a piece of Na was added. After stirring for 
1h Amberlite IR-120H+ was added until pH neutral. Then the reaction 
mixture was filtered, and the filtrate was concentrated in vacuo. 
Purification by flash column chromatography on silica gel 

(pentane/EtOAc, 5/1 to 3/1, v/v) afforded the title compound in quantitative yield (103 mg, 0.16 
mmol). TLC: Rf = 0.58 (pentane/EtOAc, 3/1, v/v).  
1H NMR (400 MHz, CDCl3) δ 7.40 – 7.17 (m, 18H, CHarom), 5.19 (d, J = 10.4 Hz, 2H, CH2 Cbz), 4.89 
(br s, 1H, H-1), 4.84 – 4.76 (m, 2H, 2xCHH Bn), 4.64 (d, J = 11.8 Hz, 1H, CHH Bn), 4.55 – 4.41 (m, 
3H, CHH Bn, CH2 BnN), 3.89 – 3.80 (m, 2H, H-3, H-5), 3.63 – 3.55 (m, 1H, CHHO), 3.52 – 3.43 (m, 
2H, H-2, H-4), 3.39 – 3.18 (m, 3H, CHHO, CH2N), 2.80 (br s, 1H, OH), 1.65 – 1.43 (m, 4H, CH2CH2N, 
CH2CH2O), 1.35 – 1.23 (m, 5H, CH2CH2N, H-6). 
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13C NMR (101 MHz, CDCl3) δ 138.6, 138.1, 137.9, 136.8 (Cq), 128.6, 128.6, 128.5, 128.4, 128.4, 
128.0, 127.9, 127.8, 127.8, 127.7, 127.6, 127.3, 127.2 (Carom), 97.7 (C-1), 79.3 (C-4), 76.7 (C-2), 
75.9, 73.6, (2xCH2 Bn), 67.4 (CH2O), 67.2 (CH2 Cbz), 66.8 (C-5), 66.0 (C-3), 50.5, 50.3 (CH2 BnN), 
47.1, 46.2 (CH2N), 29.2 (CH2CH2O), 28.0, 27.5 (CH2CH2N), 23.5 (CH2CH2CH2N), 16.8 (C-6).  
13C-GATED (101 MHz, CDCl3): δ 97.7 (C-1, J C-H = 167 Hz). 
ESI-HRMS: [M+Na]+ calcd for C40H47NO7Na 676.3245 found 676.3246.  

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(3,4-di-O-benzyl-
6-deoxy-2-O-methyl-β-L-talopyranosyl)-6-deoxy-α-L-talopyranoside (54) 

Donor 28 (78.5 mg, 0.13 mmol) and acceptor 53a (79 mg, 
0.12 mmol) were co-evaporated with dry toluene (3x). Then 
the compounds were dissolved in dry DCM (2.6 mL) and 
activated molecular sieves MS4Å were added. After stirring at 
RT for 1h, DDQ (30 mg, 0.13 mmol) was added. The reaction 
mixture was stirred for 2 h and 20 min and then quenched by 
addition of 1 mL of ascorbate buffer (a mixture of L-ascorbic 

acid (0.7 g), citric acid monohydrate (1.2 g) and NaOH (0.92 g) in H2O (100 mL)) filtered through 
celite, diluted with DCM. The organic layer was washed with sat. aq. NaHCO3, brine, dried over 
MgSO4, filtered, concentrated in vacuo. Size-exclusion on LH-20 afforded crude mixed acetal, 
which was used in the next step without further purification.  
The crude mixed acetal and DTBMP (46 mg, 0.22 mmol) were co-evaporated with dry toluene 
(2x). The compounds were dissolved in dry 1,2-dichloroethane (5.6 mL) and the resulting 
solution was stirred with molecular sieves MS4Å for 1h at RT. Then MeOTf (22 µl, 0.20 mmol) 
was added and the reaction mixture was brought to 50 °C and left to stir for 24h, after which it 
was quenched by the addition of Et3N and diluted with EtOAc. The organic layer was washed with 
sat. aq. NaHCO3, brine, dried over MgSO4, filtered and concentrated in vacuo. Purification by 
column chromatography on silicagel (pentane/EtOAc, 5/1 to 2/1, v/v) afforded exclusively β-
linked product (28 mg, ~0.029 mmol, ~24% over 2 steps, ~50% methylated). TLC: Rf = 0.3 
(pentane/EtOAc, 3/1, v/v) 
1H NMR (400 MHz, CDCl3) δ 7.52 – 7.04 (m, 25H), 5.16 (s, 2H), 5.03 (dd, J = 11.3, 7.8 Hz, 2H), 4.97 
– 4.83 (m, 3H), 4.78 (dd, J = 12.2, 4.6 Hz, 1H), 4.64 (dd, J = 11.7, 7.0 Hz, 1H), 4.60 – 4.51 (m, 2H), 
4.51 – 4.43 (m, 3H), 4.08 (d, J = 4.5 Hz, 1H), 4.00 (t, J = 3.2 Hz, 1H), 1.50 (s, 7H), 1.31 – 1.10 (m, 
10H). 
13C NMR (101 MHz, CDCl3) δ 139.5, 138.9, 138.8, 138.2, 138.0, 137.9, 137.7 (Cq), 129.1 - 127.0 
(Carom), 99.6 (C-1’), 98.7 (C-1), 79.7, 77.6, 77.3, 77.2, 76.1, 75.8, 75.6, 74.1, 73.7, 73.6, 73.6, 73.3, 
72.6, 71.8, 71.0, 70.5, 69.5, 68.4, 67.2, 67.2, 67.2, 67.1, 61.9 (CH3O), 50.5, 50.2, 47.1, 29.7, 29.2, 
23.4, 16.9, 16.7.  
13C-GATED (101 MHz, CDCl3): δ 99.6 (C-1’, JC-H = 156 Hz), 98.7 (C-1, JC-H = 167 Hz) 
ESI-HRMS: [M+H]+ calcd for C60H70NO11 980.4943 found 980.4937.  
Methylated side-product: [M+H]+ calcd for C61H72NO11 994.5100 found 994.5099. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(4-O-benzyl-6-
deoxy-2/3-O-tert-butyldimethylsilyl-β-L-talopyranosyl)6-deoxy-α-L-talopyranoside 
(55a and 55b) 

Donor 52 (99 mg, 0.16 mmol) and acceptor 53a (98 mg, 0.15 
mmol) were co-evaporated with dry toluene (3x). Then the 
compounds were dissolved in dry DCM (0.6 mL) and 
activated molecular sieves MS4Å were added. After stirring at 
RT for 1h, DDQ (41 mg, 0.18 mmol) was added. The reaction 
mixture was stirred overnight and then quenched by addition 
of 1 mL of ascorbate buffer (a mixture of L-ascorbic acid (0.7 
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g), citric acid monohydrate (1.2 g) and NaOH (0.92 g) in H2O (100 mL))filtered through celite, 
diluted with DCM. The organic layer was washed with sat. aq. NaHCO3, brine, dried over MgSO4, 
filtered, concentrated in vacuo. Size-exclusion on LH-20 afforded crude mixed acetal, which was 
used in the next step without further purification.  
The crude mixed acetal and DTBMP (37 mg, 0.18 mmol) were co-evaporated with dry toluene 
(2x). The compounds were dissolved in dry DCM (1.8 mL) and the resulting solution was stirred 
with molecular sieves MS4Å for 1h at RT. Then the reaction mixture was cooled down to -80 °C 
and Tf2O (16 µl, 0.095 mmol) was added. The reaction mixture was allowed to warm up to 0 °C 
and kept at that temperature overnight (16 h), after which it was quenched by the addition of sat. 
aq. NaHCO3, diluted with DCM, the organic layer was washed with sat. aq. NaHCO3, brine, dried 
over MgSO4, filtered, and concentrated in vacuo. Purification by size-exclusion followed by 
column chromatography (toluene/EtOAc, 12/1 to 5/1, v/v) afforded a mixture of disaccharides 
55a and 55b (31 mg, 0.031 mmol, 21% over 2 steps) as yellowish syrup. TLC: Rf = 0.24 
(toluene/EtOAc, 9/1, v/v). 
Analytical data for the mixture of compounds: 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.09 (m, 34H), 
5.16 (s, 4H), 5.10 (d, J = 10.9 Hz, 1H), 5.02 (d, J = 6.0 Hz, 1H), 4.98 (d, J = 9.0 Hz, 2H), 4.92 (d, J = 
12.6 Hz, 1H), 4.89 – 4.85 (m, 1H), 4.85 – 4.70 (m, 1H), 4.64 (d, J = 13.0 Hz, 1H), 4.58 (d, J = 10.9 
Hz, 1H), 4.49 (d, J = 11.1 Hz, 4H), 4.25 (s, 1H), 3.96 (t, J = 3.2 Hz, 1H), 3.76 (d, J = 14.6 Hz, 4H), 
3.63 – 3.59 (m, 2H), 3.58 – 3.53 (m, 1H), 3.43 (s, 1H), 3.38 – 3.28 (m, 1H), 3.25 – 3.11 (m, 4H), 
1.55 (d, J = 44.7 Hz, 10H), 1.33 – 1.18 (m, 44H), 1.15 (d, J = 6.5 Hz, 4H), 1.00 (s, 10H), 0.20 (s, 
3H), 0.15 (s, 3H), 0.07 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 139.5, 139.0, 137.9, 137.9, 129.5, 129.2, 129.1, 128.5, 128.2, 127.6, 
126.9, 125.3, 100.6, 99.0, 97.7, 80.3, 79.2, 76.2, 76.1, 76.1, 75.9, 73.8, 73.5, 73.1, 72.5, 72.3, 70.8, 
67.2, 67.2, 67.0, 66.7, 65.9, 50.4, 50.2, 29.7, 29.1, 23.4, 22.7, 18.2, 16.9, 16.7, -4.4, -4.7. 
ESI-HRMS: [M+H]+ calcd for C59H78NO11Si 1004.5339 found 1004.5329. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(3-O-allyl-4-O-
benzyl-6-deoxy-β-L-talopyranosyl)-6-deoxy-β-L-talopyranoside (56) 

Donor 30 (84 mg, 0.15 mmol) and acceptor 53-β (94 mg, 
0.14 mmol) were co-evaporated with dry toluene (3x). 
Then the compounds were dissolved in dry DCM (0.6 
mL) and activated molecular sieves MS4Å were added. 

After stirring at RT for 1h, DDQ (50 mg, 0.22 mmol) was added. The reaction mixture was stirred 
for 24 h at RT, diluted with DCM and quenched with sat. aq. Na2S2O3 solution. The organic layer 
was washed with sat. aq. Na2S2O3 (2x), the combined water layer was extracted DCM (3x). The 
organic layer was washed with sat. aq. NaHCO3, brine, dried over MgSO4, filtered, concentrated in 
vacuo. Size-exclusion on LH-20 afforded crude mixed acetal, which was used in the next step 
without further purification. 
The crude mixed acetal and DTBMP (56 mg, 0.27 mmol) were co-evaporated with dry toluene 
(3x). The compounds were dissolved in dry DCM (1.8 mL) and the resulting solution was stirred 
with molecular sieves MS4Å for 1h at RT. Then the reaction mixture was cooled down to -40 °C 
and freshly prepared DMTST solution (47 mg, 0.18 mmol, 0.18 mL of 1M solution made from 0.1 
mL of DMDS, 0.11 mL of MeOTf in 1 mL of dry DCM) was added. The reaction mixture was allowed 
to warm up to 0 °C over the course of 3h and then diluted with DCM, washed with sat. aq. NaHCO3 

solution. The water layer was extracted with DCM (3x). The combined organic layers were 
washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. The obtained residue 
was dissolved in DCM (1 mL) and 1 µl of TFA was added. The obtained solution was stirred for 
2h at RT, after which it was quenched by addition of Et3N and concentrated in vacuo. Purification 
by size-exclusion on LH-20 gel and column chromatography on silicagel (pentane/EtOAc, 3/1 to 
1/1, v/v) afforded β-linked disaccharide 56 (8 mg, 8.6 µmol, 6% for 2 steps) as a clear syrup. TLC: 
Rf = 0.34 (pentane/EtOAc, 2/1, v/v) 
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1H NMR (600 MHz, CDCl3) δ 7.53 – 7.14 (m, 25H, CHarom), 6.01 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H, CH 
Allyl), 5.37 (dq, J = 17.3, 1.7 Hz, 1H, CHH= Allyl), 5.25 (dq, J = 10.5, 1.5 Hz, 1H, CHH= Allyl), 5.21 
– 5.15 (m, 1H, CH2 Cbz), 5.09 (d, J = 13.3 Hz, 1H, CHH Bn), 5.03 – 4.96 (m, 2H, CH2 Bn), 4.89 (d, J 
= 12.0 Hz, 1H, CHH Bn), 4.66 – 4.59 (m, 2H, CH2 Bn), 4.52 (d, J = 12.3 Hz, 2H, CH2 Bn), 4.35 – 4.29 
(m, 1H, H-1), 4.28 – 4.22 (m, 1H, OCHH Allyl), 3.97 (ddt, J = 12.7, 5.6, 1.5 Hz, 1H, OCHH Allyl), 
3.93 (s, 1H, H-1’), 3.88 (d, J = 3.2 Hz, 1H, H-3), 3.80 (s, 1H, H-2), 3.74 (s, 1H, H-2’), 3.54 – 3.53 (m, 
1H, H-4), 3.52 – 3.50 (m, 1H, H-4’), 3.44 – 3.37 (m, 2H, H-5, CHHO), 3.36 – 3.20 (m, 3H, CHHO, 
CH2N), 3.10 – 3.15 (m, 1H, H-5’), 3.03 (t, J = 2.9 Hz, 1H, H-3’), 1.69 – 1.51 (m, 2H, CH2CH2N), 1.32 
– 1.24 (m, 7H, CH2CH2N, CH2CH2CH2N, H-6), 1.21 (d, J = 6.4 Hz, 3H, H-6’). 
13C NMR (151 MHz, CDCl3) δ 139.8, 139.4, 137.9, 137.7, 134.6 (Cq), 129.1 - 127.0 (Carom), 116.9 
(CH Allyl), 102.4 (C-1), 96.8 (C-1’), 77.4 (C-4’), 77.4 (C-3’), 75.9 (C-3), 75.5 (CH2 Bn), 75.1 (C-4), 
74.2, 73.9 (CH2 Bn), 73.0 (C-2), 71.9 (C-1), 71.0 (C-1’), 69.1 (CH2O), 68.8 (CH2O Allyl), 68.4 (C-2’), 
67.2 (CH2 Cbz), 50.5, 50.2 (CH2 BnN), 47.1, 46.2 (CH2N), 29.7, 29.5 (CH2CH2O), 28.0, 27.6, 
(CH2CH2N), 23.5, 22.7 (CH2CH2CH2N), 16.8 (C-6’), 16.7 (C-6). 
13C-GATED (151 MHz, CDCl3): δ 102.4 (C-1, J C-H = 152 Hz), 96.8 (C-1’, J C-H = 157 Hz). 
ESI-HRMS: [M+H]+ calcd for C56H68NO11 930.4787 found 930.4790. 
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The total synthesis of the nonasaccharide repeating unit is reported in this Chapter. 
The challenging cis-glycosidic bonds were introduced using hydrogen bond-mediated 
aglycon delivery, while the trans-linkages were constructed using a participating 
substituent at the O-2 position. The analysis of the fully deprotected nonasaccharide is 
in reasonable agreement with the reported structure and the observed signals for α- 
and β-6-deoxytalosides can be used for the identification of novel polysaccharides 
containing cis-and trans-linked 6dTal.  

  

Chapter 8 
Total Synthesis of the Nonasaccharide Repeating Unit of 

EPS from Bifidobacterium adolescentis 
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Chapter 8 

8.1 Introduction 

Bifidobacterium adolescentis is a probiotic beneficial bacterium, which has a layer 
of exopolysaccharides (EPS) on its surface. The structure of the EPS (strain YIT 4011) 
was described in 1988 and is reported to have a unique combination of 6-deoxy-L-
talosides (6dTal) linked in both the cis- and trans- fashion.1 To understand the impact 
of the 6dTal units on the biological effects that are observed for this EPS structure, pure 
samples of EPS or their fragments are required. In this chapter, a synthesis of the 
nonasaccharide repeating unit 1 (Scheme 1) was performed using the methodologies 
established in Chapters 6 and 7.  

 

Scheme 1. Retrosynthetic analysis of nonasaccharide 1 

To synthesize the desired nonasaccharide 1, a combination of linear and block 
couplings was envisaged. In a retrosynthetic analysis, the target molecule was 

disconnected at the (1→2)-trans-linkages, requiring imidate donor 3 to iteratively 
elongate trisaccharide unit 2 (Scheme 1). The disaccharide donor contains a Lev-
protecting group at the O-2 position as an orthogonal protecting group to allow for 
elongation, and as a participating protecting group to ensure high stereoselectivity of 
glycosylation. The conditions for the trans coupling were optimized in Chapter 6. Since 
cis-linked trisaccharide 2 is composed of 6dTal units that are connected at the O-3 
position, a building block has to have an orthogonal protecting group at the O-3 
position. As has been described in Chapter 7, the HAD methodology showed superior 

results for the construction of cis-(1→3)-linked 6-deoxytalosides, therefore donor 4, 
equipped with a picoloyl (Pico) group at the O-3 position, was employed.  

In this Chapter, a combination of three monosaccharide coupling reactions using 
the HAD methodology, followed by three disaccharide couplings using Lev-
participation resulted in the efficient production of the target nonasacharide 1 in 
milligram quantity after full deprotection. Extensive characterization using NMR and 
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mass spectroscopy confirmed its identity and revealed a close similarity to the reported 
characterization for the EPS of B. adolescentis YIT 4011. 

8.2 Results and discussion 

8.2.1 Synthesis of the nonasaccharide repeating unit  

In Chapter 7 the construction of cis-linkages to 6dTal was investigated. A variety of 

donors was evaluated on their ability to give (1→2)-cis-glycosidic bonds. 
Conformationally locked donors yielded reasonable stereoselectivity, but only with a 
primary acceptor, while secondary acceptors resulted in predominant α-trans-
stereoselectivity. The tethering approaches, such as intramolecular aglycon delivery 
(IAD) and hydrogen bond-mediated aglycon delivery (HAD), provided reasonable 
results on both primary and secondary acceptors. IAD yielded exclusively the cis-linked 
product when the glycosylation reaction was performed on 6-deoxytaloside secondary 
acceptor 5, however in a very low yield (6% over 2 steps). In contrast, the HAD strategy 
revealed a moderate preference for the α-trans-linked product (α-trans/β-cis = 2.6/1), 
but still yielding 19% isolated yield of the β-cis-linked product. Since HAD gave 
significantly higher isolated disaccharide yields and required less protecting group 
manipulations, the HAD strategy was selected to apply in the total synthesis. The total 
synthesis started with a large-scale glycosylation of acceptor 5 (~ 500 mg) under 
optimized conditions to yield disaccharide 6 in 27% yield and 80% purity (Scheme 2), 

containing (1→1’)-disaccharides as the main impurity.    

 

Scheme 2. Large scale synthesis of disaccharide 6.  

Subsequently, the picoloyl group in compound 6 was removed in the presence of a 
catalytic amount of copper acetate to provide pure acceptor 7 in 61% yield (Scheme 3). 
Using the same glycosylation conditions as in the synthesis of disaccharide 6, a [2+1] 
coupling was performed giving trisaccharide 8 in 17% yield after purification (Scheme 
3). The stereoselectivity of the new center was established by measuring coupled 13C-
NMR since the stereochemistry of 6dTal glycosylation cannot be established using the 
coupling constant JH1-H2 as deduced from 1H-NMR. For the 3 anomeric carbons, the JC1-

H1 couplings were consistently 152 Hz, indicating the sole presence of β-linked 6dTal 
units.  
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Scheme 3. Synthesis of trisaccharide 8.  

Next, the picoloyl group was removed to give trisaccharide acceptor 2 in 70% yield 
(Scheme 4), setting the stage to continue to the installation of the trans-linked 6dTal 
units. To construct trans-glycosidic linkages, 2 equivalents of disaccharide donor 3 
were used in the presence of catalytic amounts of TMSOTf providing pentasaccharide 9 
in 63% yield. The new stereocenter had a significantly higher coupling constant JC1-H1 of 
166 Hz, indicative of α-stereochemistry. Since the conversion of acceptor 2 was 
incomplete, the acceptor was recovered in 18% yield giving the opportunity to perform 
the [3+2] coupling in batches to increase the overall yield. Then, pentasaccharide 9 was 
subjected to Lev-group deprotection by the action of hydrazine acetate. Even though 
the reaction proceeded with complete consumption of the starting material, a moderate 
yield (51%) of acceptor 10 was obtained after purification of the target product. The 
remaining side-products were isolated separately and suggested that Lev deprotection 
was incomplete. This may be caused by poor accessibility of the Lev ester, i.e. the 
cyclization of the Lev-group did not occur. Thus the side-products were resubjected 
into Lev-deprotection conditions, giving an extra 3% of the acceptor 10. 
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Scheme 4. Synthesis of pentasaccharide acceptor 10 

In an attempt to maximize the conversion of the pentasaccharide acceptor 10, the 
next [5+2] coupling was carried out with an increased amount of donor 3 (3 
equivalents), which yielded heptasaccharide 11 in 53% yield (Scheme 5). Next, Lev-
deprotection was performed using hydrazine acetate, however, the reaction was 
impossible to monitor using conventional TLC chromatography analysis. Thus the 
reaction was monitored by NMR until the absence of CH2-Lev signals together with a 
significant shift of the C-1 of the non-reducing end of 6dTal from 99.7 ppm to 102.7 ppm 
indicated removal of Lev-group. After purification, heptasaccharide acceptor 12 was 
obtained in 82% yield. Finally, the [7+2] coupling using 3 equivalents of donor 3 was 
performed under standard coupling conditions (0.3 eq TMSOTf, DCM, -80 °C to RT), 
however, no conversion was observed, and acceptor 12 was recovered in 89% yield. 
Therefore, the amount of donor was increased to 6 equivalents together with a reaction 
temperature of -40 °C. These conditions provided nonasaccharide 13 in 54% yield and 

70% mass purity, with supposedly the (1→1’) tetrasaccharide as the major 
contaminant.  
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Scheme 5. Synthesis of hepta- and nonasaccharides  

 

Nevertheless, since purification by size-exclusion or column chromatography did 
not affect the purity of the mixture, the impure product was subjected to global 
deprotection (Scheme 6). Acetolysis using Zemplén conditions followed by 
hydrogenolysis catalyzed by palladium on carbon afforded nonasaccharide 14 in 50% 
yield, where cleavage of the aminopentanol linker had occurred.  
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Scheme 6. Global deprotection of the nonasaccharide 13 to provide 14 

8.2.2 NMR evaluation  

A structural characterization of the isolated EPS fragment was reported by Mutai 
et al.1, including the analysis of the monosaccharide composition and linkage types 
using gas-liquid chromatography, Smith degradation, and permethylation analysis, and 
NMR spectroscopy was used to determine the stereochemistry of the anomeric centers. 
The compare the target product 14 with the reported analysis, in this Chapter extensive 
NMR experiments were performed. First, a 1H-NMR spectrum at 25 °C (Figure 1B) was 
recorded. Interestingly, the signals at δ 5.23 (d) ppm, 5.17 (s), and 4.66 (m) ppm 
corresponded to reported values for the α- and β-6dTal (reported at 5.16 and 5.26 
ppm) and for β-glucose (reported 4.67 ppm). To resolve the signals subsequent 
measurements were carried out at 50 °C and 5 °C (Figure 1A and 1C, respectively) 
revealing additional signal at δ 4.82 ppm (d, J = 1.2 Hz) at 5 °C, which may be assigned 
as the H-1 of the β-anomer at the reducing end. Moreover, the multiplets at δ 4.66 
revealed several overlapping signals that all share a coupling constant of J = 7-8 Hz, 
indicating they belong to the anomeric protons of β-glucosidic residues, and two 
singlets at δ 4.66 and δ 4.65 ppm that originate from the anomeric protons of β-6-
deoxytalosides.  
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Figure 1. 1H-NMR of nonasaccharide 14 in D2O at (A) 50 °C, (B) 25 °C and (C) 5 °C.  

Next, the analysis of 13C-NMR spectra in combination with HSQC measurements 
was performed. In the anomeric region of the 13C-NMR spectrum, signals were observed 
at δ 103.3 ppm and δ 98.1 ppm, which were also reported by Mutai et al.1 However, the 
described peak at δ 102.7 ppm was absent in the obtained spectrum of compound 14, 
moreover, additional peaks at δ 96.7 and 95.9 ppm were observed. The peak at δ 103.3 
ppm indeed corresponded to the anomeric carbons of the β-glucosides, while 98.1, 
which is assigned by Mutai et al. to the α-6dTal-residue, corresponded to both α-6dTal 
(JC1-H1 = 174 Hz) and two of the β-6-deoxytalosides residues (Figure 2), because 
separate correlations in coupled-HSQC experiments were observed that each displayed 
JC-H = 163 Hz. Interestingly, the peak at δ 96.7 ppm corresponded to α-6dTal, while the 
peak at δ 95.9 ppm originate from the anomeric carbon of β-6dTal, thus demonstrating 
a similar chemical shift for the anomeric carbons of α- and β-talosides.  

The biggest characteristic of β-6-deoxytalosides is the chemical shift of the 
anomeric protons in the 1H-NMR spectrum, which is upfield (δ 4.81 ppm) compared to 
α-6dTal at δ 5.16 and 5.23 ppm. Interestingly, because the values for α- and β-6dTal in 
the 13C spectrum are in the same range from δ 95 ppm to 100 ppm and sometimes 
overlapping (e.g., the peak at δ 98.1 ppm), the stereochemistry of 6-deoxytalosides 
cannot be distinguished based solely on 13C-NMR experiments. However, in 19881 the 
authors assigned the stereochemistry based on the chemical shift in the 13C-NMR 
spectrum,2 thus assigning 102.7 ppm as a β-6-deoxytaloside peak, which in the case of 
nonasaccharide 14 appears at 95.9 ppm and 98.1 ppm. Moreover, several minor peaks 
were not described in the original paper, which might be attributed to the minor 
product arising from the fact that nonasaccharide 14 is a hemiacetal. Since the 
sensitivity of the experiments performed herein is higher due to measuring DEPT-
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carbon experiments, it can be hypothesized that the differences in NMR spectra are 
caused by the different sensitivity in the measurements. Performing a thorough 
characterization of the isolated EPS of B. adolescentis using current NMR techniques 
would be useful. Moreover, the polymeric nature of the reported compound may lead 
to subtle differences in peak analysis.  

 

Figure 2. HSQC of nonasaccharide 1  

8.2.3 Mass-spectrometry measurements 

To fully characterize nonasaccharide 14, mass-spectrometry was performed. 
Several techniques were used for the ionization of the nonasaccharide, including 
MALDI-TOF and reverse-phase-LC-MS (RPLC-MS), and each technique demonstrated 
the propensity of the nonasaccharide 14 to fragment in MS because rarely the full mass 
ions were observed. In Figure 3B the spectrum obtained from MALDI is shown, where 
a mass of the nonasaccharide is found as [M+Na]+, followed by several fragments of 
which H3T3 and H2T2 (Figure 3A) are the predominant ones. Moreover, other 
fragments were observed, such as H3T4 and H3T5. Due to the absence of the T3-T2-T1 
it can be hypothesized that the cis-linkages are more prone to fragmentation leading to 
the predominant presence of the H2T2 and H3T3 (trans-linked) fragments. 
Additionally, from the RPLC-MS data (Figure 3C) the other series of fragments (H1T4, 
H2T5) can be observed,  
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Figure 3. A) possible fragments derived from nonasaccharide 14 B) MALDI-TOF-MS 
spectrum C) RPLC-MS spectrum 

8.3 Conclusion  

In this chapter, the first synthesis of the nonasaccharide repeating unit of EPS of 
Bifidobacterium adolescentis consisting of β- and α-linked 6-deoxytalosides was 
performed. To construct cis-bonds, the hydrogen bond-mediated aglycon delivery was 
used giving ~18% of β-product per coupling, where the picoloyl group served both as 
a directing group and as an orthogonal protecting group. To construct trans-linkages 
disaccharide imidate donor 3 with an orthogonal Lev-group at the O-2 position was 
used and the couplings yielded oligosaccharides with approximately ~50% yield. The 
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NMR analysis revealed characteristic signals of both β-cis and α-trans-linked 6-
deoxytaloside residues, which were partially supported by reported NMR values. The 
observed characteristic signals can be used as a reference in the characterization of new 
polysaccharides. 
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8.5 Supporting Information 

8.5.1 General Experimental Procedures  

All solvents used were of commercial grade and used without further purification. Dry DCM, 
toluene, and THF were generated by an MBraun SPS 800 solvent purification system. Solvents 
used for workup and column chromatography were of technical or HPLC grade from Boom, 
Biosolve, or Honeywell and used as purchased. Solvents were removed by rotary evaporation 
under reduced pressure at 45 °C. Reagents were purchased from Sigma-Aldrich, Acros, TCI 
Europe, or CarboSynth and used without further purification. Reaction temperature refers to the 
temperature of the cooling bath equipped with a stirring bar unless stated otherwise. Reactions 
were monitored by TLC analysis on Merck silica gel 60/Kieselguhr F254 and spots were 
visualized by UV light, or spraying with orcinol stain (180 mg orcinol, 10 mL 85% H3PO4, 5 mL 
EtOH, and 85 mL H2O) or with Seebach’s stain (2.5 g phosphomolybdic acid, 1 g Ce(SO4)2, 6 mL 
H2SO4 and 94 mL H2O) followed by heating with a heat gun. Column chromatography was 
performed using silica (Standard Silica 60M, 0.04 – 0.063 mm, 230-400 mesh, Macherey-Nagel 
GmbH, Germany) as the stationary phase. Size-exclusion chromatography was performed on 
Sephadex LH-20 using DCM/MeOH (1/1, v/v) as eluent. Molecular sieves 4Å (Merck, Germany) 
were activated by heating with a heat gun in vacuo.  
1H and 13C NMR spectra were recorded on a Bruker Avance NEO (600/150 MHz). Chemical shifts 
are given in ppm with the solvent resonance as internal standard (CDCl3: δ7.26 for 1H, δ 77 for 
13C; D2O: δ 4.79 for 1H). All individual signals were assigned using 2D NMR spectroscopy: HH-
gCOSY, gHSQC, or NOE. Data are reported as follows: chemical shifts (δ), multiplicity (s = singlet, 
d = doublet, dd = double doublet, ddd = double double doublet, t = triplet, q = quartet, p = 
quintet, m = multiplet, apparent quartet = app q), coupling constants J (Hz), and integration. 
High-resolution mass measurements were performed on an LTQ Orbitrap XL spectrometer 
(Thermo Fisher Scientific) with an ESI ionization source. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
6-deoxy-3-O-picoloyl-β-L-talopyranosyl)-6-deoxy-β-L-talopyranoside (6) 

Donor 43 (1214 mg, 2.18 mmol) and acceptor 53 (476 mg, 
0.73 mmol) were co-evaporated with dry toluene (3x). 
Then the compounds were placed under nitrogen 
atmosphere, dissolved in dry DCM (44 mL), and pre-

activated molecular sieves MS4Å were added to the obtained solution. After stirring for 1 h at RT 
the solution was cooled to -35 °C, NIS (983 mg, 4.39 mmol) and TfOH (39 µl, 0.44 mmol) were 
added. The reaction mixture was allowed to warm up to RT over the course of 1 h, after which it 
was left to stir at RT overnight (15 h). Then it was diluted with DCM and washed with sat. 
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Na2S2O3(2x), the aqueous layers were extracted with DCM (3x). The combined organic layers 
were washed with brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification by 
size-exclusion chromatography on LH-20 gel, followed by column chromatography on silica gel 
(toluene/EtOAc, 5/1 to 4/1, v/v) afforded the β-anomer (212 mg, 0.195 mmol, 27%, 80% pure). 
Analytical data can be found in Chapter 7. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
6-deoxy-β-L-talopyranosyl)-6-deoxy-β-L-talopyranoside (7) 

To a stirred solution of 6 (493 mg, 0.45 mmol) in 
DCM/MeOH (10 mL, 9/1, v/v) Cu(OAc)2 (25 mg, 0.14 
mmol) was added and the resulting solution was left to 
stir for 2.5 h, after which TLC analysis indicated complete 
conversion of the starting material into more apolar spot. 

The reaction mixture was diluted with DCM and washed with water. The water layer was 
extracted with DCM (3x), the combined organic layers were washed with brine, dried over 
MgSO4, and concentrated in vacuo. Flash column chromatography on silica gel (pentane/EtOAc, 
3/1 to 2/3, v/v) followed by size-exclusion on LH-20 (DCM/MeOH, 1/1, v/v) afforded the title 
compound as a clear syrup in 61% yield (270 mg, 0.28 mmol). TLC: Rf = 0.32 (pentane/EtOAc, 
2/1, v/v)  
1H NMR (600 MHz, CDCl3, 323K) δ 7.55 – 7.45 (m, 4H, CHarom), 7.40 – 7.19 (m, 18H, CHarom), 7.16 
– 7.13 (m, 2H, CHarom), 5.24 (br s, 2H, CH2 Cbz), 5.14 (d, J = 12.7 Hz, 1H, CHH), 5.06 (d, J = 12.3 
Hz, 1H, CHH), 5.01 (d, J = 12.0 Hz, 1H, CHH), 4.81 (d, J = 12.2 Hz, 1H, CHH), 4.77 (d, J = 12.5 Hz, 
2H,2xCHH), 4.66 (d, J = 11.6 Hz, 1H, CHH), 4.56 (s, 2H, CH2 BnN), 4.40 (s, 1H, H-1), 4.36 (d, J = 
12.2 Hz, 1H, CHH), 4.17 (s, 1H, H-1’), 4.06 – 3.99 (m, 1H, CHHO), 3.98 (t, J = 3.3 Hz, 1H, H-3),  3.93 
– 3.88 (m, 1H, H-2), 3.65 – 3.60 (m, 1H, H-4), 3.55 – 3.50 (m, 1H, H-5), 3.48 – 3.42 (m, 2H, CHHO, 
H-2’), 3.37 (s, 2H, H-3’, H-4’), 3.34 – 3.29 (m, 2H, CH2N), 3.27 (q, J = 6.6 Hz, 1H, H-5’), 2.83 (br s, 
1H, OH), 1.73 – 1.62 (m, 4H, CH2CH2O, CH2CH2N), 1.50 – 1.40 (m, 2H, CH2CH2CH2N), 1.37 (d, J = 
6.4 Hz, 6H, H-6, H-6’). 
13C NMR (151 MHz, CDCl3, 323K) δ 139.6, 139.5, 139.1, 138.6, 138.0, 137.0 (5xCq), 128.5, 128.5, 
128.5, 128.4, 128.3, 128.2, 128.0, 127.9, 127.9, 127.8, 127.8, 127.7, 127.6, 127.5, 127.4, 127.3, 
127.2, 127.1, 126.9 (Carom), 102.5 (C-1), 98.0 (C-1’), 78.8 (C-4’), 77.5 (C-2’), 77.4 (C-4), 76.4 (CH2 

Bn), 75.9 (C-3), 75.6, 74.6, 74.4 (3xCH2 Bn), 72.8 (C-2), 72.0 (C-5), 71.5 (C-5’), 69.6 (C-3’), 69.3 
(CH2O), 67.2 (CH2 Cbz), 50.5 (CH2 BnN), 47.2, 46.4 (CH2N), 29.5 (CH2CH2O), 27.8 (CH2CH2N), 23.5 
(CH2CH2CH2N), 16.8 (C-6, C-6’).  
ESI-HRMS: [M+Na]+ calcd for C60H69N1O11Na 1002.4763 found 1002.4756. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-picoloyl-β-L-talopyranosyl]-6-deoxy-β-L-
talopyranosyl)-6-deoxy-β-L-talopyranoside (8) 

Donor 4 (349 mg, 0.63 mmol) and acceptor 7 
(205 mg, 0.21 mmol) were co-evaporated with 
dry toluene (3x). Then the compounds were 
placed under nitrogen atmosphere, dissolved in 
dry DCM (12 mL), and pre-activated molecular 
sieves MS4Å and NIS (282 mg, 1.26 mmol) were 

added to the obtained solution. After stirring for 1 h at RT the solution was cooled to -35 °Cand 
TfOH (11 µl, 0.13 mmol) was added. The reaction mixture was allowed to warm up to RT over 
the course of 1.5h, after which it was left to stir at RT for 24h. Then it was diluted with DCM and 
washed with sat. Na2S2O3 (2x), and the aqueous layers were extracted with DCM (3x). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated 
in vacuo. Purification by size-exclusion chromatography on LH-20 gel, followed by column 
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chromatography on silica gel (pentane/EtOAc, 3/2 to 1/1, v/v) afforded the title product in a 
ratio of α/β = 2.7 / 1: α-anomer (126 mg, 0.089 mmol, 43%) and β-anomer (46 mg, 0.033 mmol, 
16%). TLC: α-anomer Rf = 0.53 (pentane/EtOAc, 1/1, v/v); β-anomer Rf = 0.41 (pentane/EtOAc, 
1/1, v/v). 
Analytical data for the β-anomer: 1H NMR (600 MHz, CDCl3) δ 8.79 (d, J = 4.7 Hz, 1H, CHarom), 7.71 
(d, J = 7.8 Hz, 1H, CHarom), 7.66 (td, J = 7.7, 1.8 Hz, 1H, CHarom), 7.50 – 7.42 (m, 8H, CHarom), 7.37 – 
7.11 (m, 30H, CHarom), 7.05 (t, J = 7.3 Hz, 1H, CHarom), 7.00 (dd, J = 8.2, 6.7 Hz, 2H, CHarom), 5.20 
(s, 2H, Cbz), 5.14 (d, J = 12.8 Hz, 1H, CHH Bn), 5.04 (d, J = 12.1 Hz, 1H, CHH Bn), 5.02 – 4.97 (m, 
2H, CH2 Bn), 4.89 – 4.80 (m, 4H, 3xCHH Bn, H-3’’), 4.79 – 4.72 (m, 3H, 3xCHH Bn), 4.60 (d, J = 12.5 
Hz, 1H, CHH Bn), 4.53 (s, 2H, CH2 BnN), 4.46 (d, J = 12.4 Hz, 1H, CHH Bn), 4.36 (br s, 1H, H-1), 
4.24 (s, 1H, H-1’), 4.14 (s, 1H, H-1’’), 4.01 (t, J = 3.3 Hz, 1H, H-3), 4.00 – 3.96 (m, 1H, CHHO), 3.87 
(d, J = 3.4 Hz, 1H, H-2), 3.76 – 3.73 (m, 2H, H-2’, H-3’), 3.67 – 3.65 (m, 1H, H-4’’), 3.63 – 3.62 (m, 
1H, H-4), 3.61 – 3.58 (m, 1H, H-2’’), 3.56 – 3.54 (m, 1H, H-4’), 3.50 (d, J = 6.6 Hz, 1H, H-5), 3.44 – 
3.37 (m, 2H, CHHO, H-5’’), 3.31 – 3.26 (m, 2H, CH2N), 3.26 – 3.21 (m, 1H, H-5’), 1.70 – 1.54 (m, 
4H, CH2CH2O, CH2CH2N), 1.45 – 1.28 (m, 8H, CH2CH2CH2N, H-6, H-6’’), 1.26 (d, J = 6.4 Hz, 3H, H-
6’). 
13C NMR (151 MHz, CDCl3, 323K) δ 150.0 (C=O), 139.6, 139.5, 139.5, 139.2, 139.1, 138.5, 138.0, 
136.8 (Cq), 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.7, 127.4, 127.3, 127.2, 
127.2, 126.9, 126.8, 125.2 (Carom), 102.6 (C-1), 98.1 (C-1’), 97.7 (C-1’’), 77.4 (C-4), 77.0 (C-4’), 
76.1 (C-3’), 75.7 (C-2’’), 75.6 (C-3), 75.4 (CH2 Bn), 75.4 (C-4’’), 75.0, 74.8, 74.8, 74.6 (4xCH2 Bn), 
74.4 (C-3’’), 74.2 (CH2 Bn), 73.2 (C-2’), 72.8 (C-2), 72.2 (C-5’), 72.1 (C-5), 71.9 (C-5’’), 69.3 (CH2O), 
67.1 (CH2 Cbz), 50.4 (CH2 BnN), 47.3, 46.4 (CH2N), 29.4 (CH2CH2O), 27.7 (CH2CH2N), 23.5 
(CH2CH2CH2N), 16.7, 16.7, 16.7 (C-6, C-6’, C-6’’). 
13C GATED (151 MHz, CDCl3, 323K): δ 102.6 (C-1, JC-H = 152 Hz), 98.1 (C-1’, J C-H = 153 Hz), 97.7 
(C-1’’, J C-H = 152 Hz). 
ESI-HRMS: [M+H]+ calcd for C86H95N2O16 1411.6676 found 1411.6727. 
Analytical data for the α-anomer: 1H NMR (400 MHz, CDCl3) δ 8.82 (dd, J = 4.9, 1.7 Hz, 1H), 7.86 
(d, J = 7.8 Hz, 1H), 7.75 (td, J = 7.7, 1.8 Hz, 1H), 7.53 – 7.40 (m, 6H), 7.40 – 6.97 (m, 41H), 5.21 – 
5.13 (m, 3H), 5.09 – 4.89 (m, 4H), 4.86 – 4.73 (m, 3H), 4.73 – 4.60 (m, 4H), 4.55 – 4.47 (m, 2H), 
4.43 (d, J = 13.1 Hz, 1H), 4.33 (d, J = 8.6 Hz, 1H), 4.03 – 3.92 (m, 3H), 3.83 (s, 1H), 3.62 – 3.57 (m, 
2H), 3.52 – 3.45 (m, 2H), 3.44 – 3.17 (m, 5H), 1.75 – 1.46 (m, 6H), 1.35 – 1.20 (m, 13H), 1.07 (d, J 
= 6.4 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 163.9, 150.1, 147.7, 139.7, 139.2, 138.9, 138.4, 138.1, 137.9, 136.9, 
128.6, 128.5, 128.4, 128.4, 128.3, 128.3, 128.2, 128.2, 128.1, 128.1, 128.0, 128.0, 128.0, 127.9, 
127.8, 127.8, 127.8, 127.7, 127.6, 127.5, 127.4, 127.2, 126.9, 126.9, 126.8, 125.1, 102.8, 99.4, 77.8, 
75.7, 75.6, 75.0, 74.7, 74.6, 74.2, 73.8, 73.5, 72.1, 71.7, 71.0, 69.3, 67.1, 67.0, 50.5, 50.2, 46.2, 29.7, 
29.5, 23.5, 16.9, 16.7, 16.7. 
13C-GATED (101 MHz, CDCl3) δ 102.8 (JC-H = 152 Hz), 99.4 (JC-H = 170 Hz). 
ESI-HRMS: [M+H]+ calcd for C86H95N2O16 1411.6676 found 1411.6698. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-β-L-talopyranosyl]-6-deoxy-β-L-talopyranosyl)-6-deoxy-
β-L-talopyranoside (2) 

To a stirred solution of compound 8 (62 mg, 44 
µmol) in DCM/MeOH (2 mL, 9/1, v/v) Cu(OAc)2 

(12 mg, 66 µmol) was added and the resulting 
solution was left to stir overnight, after which 
TLC analysis indicated complete conversion of 
the starting material into a more apolar spot. 

The reaction mixture was diluted with DCM and washed with water. The aqueous layer was 
extracted with DCM (3x), the combined organic layers were washed with brine, dried over 
MgSO4, and concentrated in vacuo. Flash column chromatography on silica gel (pentane/EtOAc, 
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3/1 to 2/3, v/v) followed by size-exclusion on LH-20 (DCM/MeOH, 1/1, v/v) afforded the title 
compound as a clear syrup in 70% yield (40 mg, 31 µmol). TLC: Rf = 0.42 (toluene/EtOAc, 3/1, 
v/v).  
1H NMR (600 MHz, CDCl3, 323K) δ 7.50 – 7.45 (m, 4H, CHarom), 7.43 – 7.40 (m, 2H, CHarom), 7.39 – 
7.26 (m, 12H, CHarom), 7.26 – 7.15 (m, 16H, CHarom), 7.06 (d, J = 7.0 Hz, 2H, CHarom), 5.21 (s, 2H, 
CH2 Cbz), 5.15 (d, J = 12.8 Hz, 1H, CHH Bn), 5.04 (dd, J = 12.4, 2.5 Hz, 2H, CH2 Bn), 4.98 (dd, J = 
14.4, 12.1 Hz, 2H, CH2 Bn), 4.84 – 4.78 (m, 2H, CH2 Bn), 4.77 – 4.72 (m, 3H, 3xCHH Bn), 4.65 (d, J 
= 11.6 Hz, 1H, CHH Bn), 4.59 – 4.51 (m, 4H, CHH Bn, CH2 Bn), 4.37 (br s, 1H, H-1), 4.29 (d, J = 
12.3 Hz, 1H, CHH Bn), 4.25 (s, 1H, H-1’), 4.08 (s, 1H, H-1’’), 4.03 – 3.97 (m, 2H, H-3, CHHO), 3.88 
(d, J = 3.3 Hz, 1H, H-2), 3.74 – 3.69 (m, 2H, H-2’, H-3’), 3.66 – 3.62 (m, 1H, H-4), 3.57 – 3.54 (m, 
1H, H-4’), 3.51 (q, J = 6.5 Hz, 1H, H-5), 3.46 – 3.38 (m, 1H, CHHO), 3.38 – 3.31 (m, 3H, H-2’’, H-3’’, 
H-4’’), 3.31 – 3.20 (m, 4H, CH2N, H-5’, H-5’’), 1.71 – 1.54 (m, 4H, CH2CH2O, CH2CH2N), 1.44 – 1.30 
(m, 8H, CH2CH2CH2N, H-6, H-6’’), 1.27 (d, J = 6.3 Hz, 3H, H-6’). 
13C NMR (151 MHz, CDCl3, 323K) δ 139.7, 139.6, 139.4, 139.3, 138.9, 138.5, 138.0 (Cq), 128.5, 
128.4, 128.3, 128.3, 128.1, 128.1, 128.0, 128.0, 128.0, 127.9, 127.8, 127.8, 127.8, 127.5, 127.3, 
127.2, 127.1, 127.1, 127.1, 126.9, 126.8 (Carom), 102.6 (C-1), 98.4 (C-1’’), 98.0 (C-1’), 78.7 (C-4’’), 
77.4 (C-4, C-2’’), 77.1(C-4’), 76.4 (CH2 Bn), 76.3 (C-3’), 75.6 (CH2 Bn), 75.6 (C-3), 74.9, 74.7, 74.6, 
74.3 (4xCH2 Bn), 73.7 (C-2’), 72.9 (C-2), 72.2 (C-5’), 72.1 (C-5), 71.6 (C-5’’), 69.6 (C-3’’), 69.3 
(CH2O), 67.1 (CH2 Cbz), 50.5 (CH2 BnN), 47.1, 46.4 (CH2N), 29.4 (CH2CH2O), 27.7 (CH2CH2N), 23.5 
(CH2CH2CH2N), 16.8, 16.7 (C-6, C-6’, C-6’’). 
ESI-HRMS: [M+H]+ calcd for C80H92N1O15 1306.6462 found 1306.6497. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-(6-deoxy-2-O-levulinoyl-3-O-[2,3,4,6,-tetra-O-acetyl-
β-D-glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-6-deoxy-β-L-
talopyranosyl)-6-deoxy-β-L-talopyranoside (9) 

Donor 3 (49.3 mg, 61 µmol) and 
acceptor 2 (40 mg, 31 µmol) 
were co-evaporated with dry 
toluene (3x). The residue was 
placed under N2 atmosphere, 
dissolved in dry DCM (0.30 mL) 
and stirred with activated 
molecular sieves (4Å) for 1 h. 
Then the reaction mixture was 
cooled down to -80 °C and 

TMSOTf (3.7 µmol, 10 µL of a 10% solution in dry DCM) was added and the mixture was allowed 
to warm up to 0 °C over the course of 2 h and 20 min, after which the reaction mixture was stirred 
at RT for additional 1 h. The mixture was diluted with DCM and poured on sat. aq. NaHCO3. The 
organic layer was separated from the aqueous layer, washed with brine, dried over MgSO4, and 
concentrated in vacuo. Purification by size-exclusion chromatography on Sephadex LH-20 
(DCM/MeOH, 1/1, v/v) afforded 10 (37 mg, 19 µmol, 63%) as a clear syrup. TLC: Rf = 0.47 
(toluene/EtOAc, 1/1, v/v). 
1H NMR (600 MHz, CDCl3, 323K) δ 7.52 – 7.48 (m, 2H, CHarom), 7.48 – 7.43 (m, 8H, CHarom), 7.36 – 
7.14 (m, 28H, CHarom), 7.12 (d, J = 7.7 Hz, 2H, CHarom), 5.24 – 5.16 (m, 2H, CH2 Cbz), 5.15 – 5.08 
(m, 3H, H-4Glc, CH2 Bn), 5.05 – 4.96 (m, 5H, H-2’’’, 2xCH2 Bn), 4.96 – 4.92 (m, 2H, CHH Bn, H-2Glc), 
4.91 – 4.89 (m, 2H, CHH Bn, H-1’’’), 4.86 (dd, J = 9.9, 7.7 Hz, 1H, H-3Glc), 4.80 (d, J = 12.2 Hz, 1H, 
CHH Bn), 4.78 – 4.72 (m, 4H, 3xCHH Bn, H-4’’’), 4.59 (d, J = 12.6 Hz, 1H, CHH Bn), 4.52 (s, 2H, CH2 

BnN), 4.39 – 4.33 (m, 3H, CHH Bn, H-1Glc, H-1), 4.27 (s, 1H, H-1’), 4.03 – 3.93 (m, 4H, H-1’’, H-3, 
CHHO, H-6Glc-a), 3.87 (d, J = 3.4 Hz, 1H, H-2), 3.76 (t, J = 3.3 Hz, 1H, H-3), 3.73 – 3.67 (m, 3H, H-2’, 
H-3’’, H-6Glc-b), 3.64 – 3.59 (m, 1H, H-4), 3.55 – 3.32 (m, 6H, H-2’’, H-4’, H-4’’, H-5, H-5’’’, CHHO), 
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3.31 – 3.22 (m, 4H, H-3’’, H-5’, CH2N), 3.20 – 3.13 (m, 2H, H-5Glc, H-5’’), 2.84 – 2.76 (m, 2H, CH2 

Lev), 2.70 – 2.55 (m, 2H, CH2 Lev), 2.21 (s, 3H, CH3 Lev), 2.10 (s, 6H, 2xCH3 Ac), 2.00 (s, 3H, CH3 

Ac), 1.99 (s, 3H, CH3 Ac), 1.94 (s, 3H, CH3 Ac), 1.68 – 1.53 (m, 4H, CH2CH2O, CH2CH2N), 1.41 – 1.24 
(m, 11H, CH2CH2CH2N, H-6, H-6’, H-6’’), 0.93 (d, J = 6.5 Hz, 3H, H-6’’’). 
13C NMR (151 MHz, CDCl3, 323K) δ 206.0, 172.0, 170.3, 170.2, 170.0, 169.2, 169.1 (C-O), 139.6, 
139.5, 139.5, 139.4, 139.2, 139.2, 138.0 (Cq), 128.5, 128.4, 128.1, 128.1, 128.1, 128.0, 127.9, 127.9, 
127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.4, 127.3, 127.2, 127.2, 127.1, 126.9, 126.8 (Carom), 
102.6 (C-1), 100.6 (C-1Glc), 98.3 (C-1’), 98.1 (C-1’’’), 97.9 (C-1’’), 77.6 (C-3’’), 77.4 (C-4’), 77.2 (C-
4), 76.9 (C-4’’), 75.7 (C-2’’), 75.7 (C-3), 75.5 (C-3’), 75.3, 75.0, 74.9, 74.8, 74.6, 74.3 (6xCH2 Bn), 
72.9 (C-2), 72.9 (C-2’), 72.6 (C-4Glc), 72.2 (C-5’), 72.0 (C-3’’’), 71.8, 71.8, 71.7 (C-5, C-5’’, C-5Glc), 
70.9 (C-3Glc), 69.3 (CH2O), 68.9 (C-2Glc), 68.1 (C-2’’’), 68.0 (C-4’’’), 67.1 (CH2 Cbz), 65.1 (C-5’’’), 
61.2 (C-6Glc), 50.5 (CH2 BnN), 47.3 (CH2N), 38.0 (CH2 Lev), 29.6 (CH3 Lev), 29.3 (CH2CH2O), 28.3 
(CH2 Lev), 27.7 (CH2CH2N), 23.4 (CH2CH2 CH2N), 20.5, 20.5, 20.5, 20.4, 20.4 (CH3 Ac), 16.7, 16.6, 
15.9 (C-6, C-6’, C-6’’, C-6’’’). 
13C GATED (151 MHz, CDCl3, 323K): δ 102.6 (C-1, JC-H = 150 Hz), 100.6 (C-1Glc, JC-H = 165 Hz), 98.3 
(C-1’, JC-H = 153 Hz), 98.1 (C-1’’’, JC-H = 166 Hz), 97.9 (C-1’’, JC-H = 153 Hz). 
ESI-HRMS: [M+H]+ calcd for C107H128N1O31 1923.8498 found 1923.8472. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-(6-deoxy-3-O-[2,3,4,6,-tetra-O-acetyl-β-D-
glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-6-deoxy-β-L-talopyranosyl)-6-
deoxy-β-L-talopyranoside (10) 

To a solution of 9 (37 mg, 19 
µmol) in DCM (0.9 mL) 
H2NNH2•AcOH (60 µmol, 0.3 
mL of 0.2 M solution in MeOH) 
was added. The reaction 
mixture was stirred for 2 h at 
room temperature, after which 
TLC analysis indicated 
complete consumption of the 
starting material. The mixture 

was then concentrated in vacuo and co-evaporated with toluene (3x). Purification by silica gel 
column chromatography (toluene/EtOAc, 3/1 to EtOAc, (v/v)) yielded compound 10 (19 mg, 10 
µmol, 54%). TLC: Rf = 0.37 (toluene/EtOAc, 1/1, v/v). 
1H NMR (600 MHz, CDCl3, 323K) δ 7.50 – 7.42 (m, 10H, CHarom), 7.37 – 7.14 (m, 31H, CHarom), 7.11 
(d, J = 7.5 Hz, 2H, CHarom), 5.20 (s, 2H, CH2 Cbz), 5.17 – 5.11 (m, 2H, H-3Glc, CHH Bn), 5.05 – 4.94 
(m, 7H, H-1’’’, H-2Glc, H-4Glc, 2xCH2 Bn), 4.85 – 4.73 (m, 6H, H-4’’’, CHH Bn, 2xCH2 Bn), 4.69 (d, J = 
11.6 Hz, 1H, CHH Bn), 4.60 (d, J = 12.6 Hz, 1H, CHH Bn), 4.52 (s, 2H, CH2 BnN), 4.43 (d, J = 7.8 Hz, 
1H, H-1Glc), 4.38 – 4.31 (m, 2H, CHH Bn, H-1), 4.27 (s, 1H, H-1’), 4.06 (s, 1H, H-1’’), 4.02 – 3.94 (m, 

3H, H-3, CHHO, H-6Glc-a), 3.87 (d, J = 3.3 Hz, 1H, H-2), 3.83 – 3.80 (m, 1H, H-2’’’), 3.78 – 3.75 (m, 
2H, H-3’, H-6Glc-b), 3.75 – 3.72 (m, 1H, H-2’), 3.64 – 3.61 (m, 2H, H-3’’’, H-4), 3.54 – 3.48 (m, 3H, H-
2’’, H-4’, H-5’’), 3.46 – 3.34 (m, 3H, H-3’’, H-4’’, H-5’’’, CHHO), 3.34 – 3.19 (m, 5H, CH2N, H-5Glc, H-
5, H-5’), 2.10 (s, 3H, CH3 Ac), 2.09 (s, 3H, CH3 Ac), 2.02 (s, 3H, CH3 Ac), 2.01 (s, 3H, CH3 Ac), 1.96 
(s, 3H, CH3 Ac), 1.69 – 1.55 (m, 4H, CH2CH2O, CH2CH2N), 1.40 – 1.26 (m, 11H, CH2CH2CH2N, H-6, 
H-6’, H-6’’), 0.93 (d, J = 6.6 Hz, 3H, H-6’’’). 
13C NMR (151 MHz, CDCl3, 323K) δ 170.2, 170.0, 169.9, 169.2, 169.1 (Cq), 139.6, 139.6, 139.5, 
139.4, 139.2, 138.9, 138.0, 136.9 (Carom), 129.0, 128.5, 128.4, 128.2, 128.1, 128.1, 128.0, 127.9, 
127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.6, 127.5, 127.2, 127.2, 127.1, 127.1, 126.9, 126.8, 
125.3 (Carom), 102.6 (C-1), 101.3 (C-1Glc), 101.0 (C-1’’’), 98.3 (C-1’), 97.9 (C-1’’), 78.3 (C-3’’), 77.7 
(C-4’), 77.4 (C-4), 77.4 (C-2’’), 75.7 (C-3, C-4’’), 75.6 (C-3’), 75.2, 75.0, 74.9, 74.7, 74.6, 74.2 (6xCH2 
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Bn), 74.1 (C-3’’), 73.0 (C-2’), 72.8 (C-2), 72.6 (C-3Glc), 72.2, 72.1, 71.9, 71.8 (C-5Glc, C-5, C-5’, C-5’’), 
70.9 (C-2Glc), 70.0 (C-4’’), 69.3 (CH2O, C-2’’’), 68.1 (C-4Glc), 67.1 (CH2 Cbz), 65.1 (C-5’’’), 61.2 (C-
6Glc), 50.5 (CH2 BnN), 47.3, 46.2 (CH2N), 29.4 (CH2CH2O), 27.7 (CH2CH2N), 23.5 (CH2CH2CH2N), 
20.5, 20.5, 20.4, 20.4 (4xCH3 Ac), 16.7, 16.7, 16.6, 16.0 (C-6, C-6’, C-6’’, C-6’’’). 
ESI-HRMS: [M+Na]+ calcd for C102H121N1O29Na 1847.7950 found 1847.7938. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-(6-deoxy-2-O-[6-deoxy-2-O-levulinoyl-3-O-(2,3,4,6,-
tetra-O-acetyl-β-D-glucopyranosyl)-α-L-talopyranosyl]-3-O-[2,3,4,6,-tetra-O-acetyl-β-D-
glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-6-deoxy-β-L-talopyranosyl)-6-
deoxy-β-L-talopyranoside (11) 

Donor 3 (41 mg, 51 µmol) and 
acceptor 10 (27 mg, 15 µmol) 
were co-evaporated with dry 
toluene (3x). The residue was 
placed under nitrogen 

atmosphere, dissolved in dry 
DCM (0.34 mL) and stirred 
with activated molecular 
sieves (4Å) for ~1h. Then the 
reaction mixture was cooled 
down to -80 °C and TMSOTf 
(4.4 µmol, 10 µL of a 10% 
solution in dry DCM) was 
added and the mixture was 

allowed to warm up to 0 °C over the course of 2.5 h, after which time the reaction mixture was 
stirred at RT for additional 1h. The mixture was diluted with DCM and poured on sat. aq. NaHCO3. 
The organic layer was separated from the aqueous layer, washed with brine, dried over MgSO4, 
and concentrated in vacuo. Purification by size-exclusion chromatography on Sephadex LH-20 
(DCM/MeOH, 1/1, v/v) afforded 11 as a clear film in 53% yield (19 mg, 7.8 µmol). TLC: Rf = 0.42 
(toluene/EtOAc, 2/3, v/v). 
1H NMR (600 MHz, CDCl3, 323K) δ 7.49 – 7.40 (m, 9H, CHarom), 7.36 – 7.18 (m, 26H, CHarom), 7.17 
– 7.13 (m, 4H, CHarom), 7.12 – 7.07 (m, 2H, CHarom), 5.21 – 5.15 (m, 6H, CH2 Cbz, H-3Glc, H-3Glc’, H-
4Glc,  H-2’’’’), 5.15 – 5.09 (m, 4H, CH2 Bn, H-1’’’’, H-4Glc’), 5.09 – 5.02, (m, 2H, H-2Glc, CHH Bn), 5.02 
– 4.96 (m, 2H, CH2 Bn), 4.96 – 4.91 (m, 3H, H-1’’’, H-2Glc’, CHH Bn), 4.86 (d, J = 11.4 Hz, 1H, CHH 
Bn), 4.80 – 4.72 (m, 4H, CH2 Bn, H-4’’’, H-4’’’’), 4.68 (d, J = 7.8 Hz, 1H, H-1Glc’), 4.62 (d, J = 11.5 Hz, 
1H, CHH Bn), 4.56 (d, J = 12.6 Hz, 1H, CHH Bn), 4.52 (s, 2H, CH2 BnN), 4.45 (d, J = 7.7 Hz, 1H, H-
1Glc), 4.40 – 4.32 (m, 3H, CHH Bn, H-1, H-6Glc’-a), 4.26 (s, 1H, H-1’), 4.20 – 4.14 (m, 3H, H-1’’, H-3’’’’, 
H-5’’’’), 4.09 (dd, J = 12.4, 2.6 Hz, 1H, H-6Glc’-b), 4.01 – 3.93 (m, 3H, H-3, CHHO), 3.90 (d, J = 3.6 Hz, 
1H, H-2’’’), 3.88 – 3.77 (m, 3H,H-2, 2xH-6Glc), 3.77 – 3.70 (m, 3H H-2’, H-3’, H-2’’), 3.68 (t, J = 3.8 
Hz, 1H, H-3’’’), 3.61 (d, J = 3.2 Hz, 1H, H-4), 3.55 – 3.47 (m, 4H, H-4’, H-5’’, H-5’’’), 3.46 – 3.39 (m, 
3H, CHHO, H-3’’, H-4’’), 3.35 (dt, J = 9.3, 3.4 Hz, 1H, H-5Glc), 3.32 – 3.21 (m, 5H, H-5Glc’, H-5, H-5’, 
CH2N), 2.92 – 2.78 (m, 2H, CH2 Lev), 2.71 – 2.58 (m, 2H, CH2 Lev), 2.22 (s, 3H), 2.18 (s, 1H), 2.14 
(s, 3H), 2.11 – 2.08 (m, 6H), 2.07 (s, 3H), 2.05 (s, 3H), 2.02 – 1.99 (m, 13H), 1.90 (s, 3H) (10xCH3 

Ac), 1.77 – 1.52 (m, 4H, CH2CH2O, CH2CH2N), 1.37 – 1.25 (m, 11H, H-6, H-6’, H-6’’, CH2CH2CH2N), 
1.14 (d, J = 6.5 Hz, 3H, H-6’’’), 0.93 – 0.85 (m, 3H, H-6’’’’). 
13C NMR (151 MHz, CDCl3, 323K) δ 171.4, 170.6, 170.5, 170.3, 170.2, 170.1, 170.0, 169.2, 169.1, 
169.1, 169.0 (C=O), 139.7, 139.5, 139.4, 139.4, 139.3, 138.6, 138.0 (Cq), 128.5, 128.4, 128.2, 
128.1, 128.1, 128.0, 128.0, 127.9, 127.9, 127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.6, 127.5, 
127.4, 127.2, 127.1, 127.1, 127.0, 126.9, 126.7 (Carom), 102.6 (C-1), 100.9 (C-1Glc), 99.9 (C-1’’’), 
99.7 (C-1’’’’), 99.4 (C-1Glc’), 98.3 (C-1’, C-1’’), 77.4, 77.4 (C-3’’, C-4, C-4’), 75.9, 75.8 (C-3, C-4’’), 75.4 
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(C-3’), 75.2 (C-2’’’), 75.0, 74.9, 74.7, 74.6, 74.2 (CH2 Bn), 73.4 (C-2’’), 73.0 (C-2’, C-3’’’), 72.9 (C-2), 
72.8 , 72.7 (C-Glc, C-3Glc’), 72.2, 72.0, 71.9, 71.7 (C-5, C-5’, C-5’’, C-5Glc, C-5Glc’), 71.3 (С-2Glc), 71.1 (C-
3’’’’), 71.0 (C-2Glc), 69.3 (CH2O), 68.5, 68.3, 68.3, 68.1, 68.0 (C-2’’’’, C-4’’’, C-4’’’’, C-2Glc, C-2Glc’), 67.1 
(CH2 Cbz), 65.3, 65.0 (C-5’’’, C-5’’’’), 61.6, 61.5 (C-6Glc, C-6Glc’), 50.5 (CH2 BnN), 47.3 (CH2N), 38.1 
(CH2 Lev), 29.6 (CH3 Lev), 29.4 (CH2CH2O), 28.1 (CH2 Lev, CH2CH2N), 23.5 (CH2CH2CH2N), 20.6, 
20.6, 20.5, 20.4, 20.3 (10xCH3 Ac), 16.8, 16.7, 16.3, 16.0 (C-6, C-6’, C-6’’, C-6’’’, C-6’’’’). 
13C GATED (151 MHz, CDCl3, 323K): δ 102.6 (C-1, JC-H = 151 Hz), 100.9 (C-1Glc, JC-H = 164 Hz), 99.9 
(C-1’, JC-H = 151 Hz), 99.7 (C-1’’’, JC-H = 170 Hz), 99.4 (C-1Glc’, JC-H = 165 Hz), 98.3 (C-1’’, JC-H = 155 
Hz). 
ESI-HRMS: [M+Na]+ calcd for C129H157N1O45Na 2463.9953 found 2463.9690. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-(6-deoxy-2-O-[6-deoxy-3-O-(2,3,4,6,-tetra-O-acetyl-
β-D-glucopyranosyl)-α-L-talopyranosyl]-3-O-[2,3,4,6,-tetra-O-acetyl-β-D-
glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-6-deoxy-β-L-talopyranosyl)-6-
deoxy-β-L-talopyranoside (12) 

To a solution of compound 11 
(19 mg, 7.8 µmol) in DCM (0.9 
mL) H2NNH2•AcOH (23 µmol, 
0.1 mL of 0.2 M solution in 
MeOH) was added. The 
reaction mixture was stirred 
overnight at room 
temperature, after which no 
changes were observed on 
TLC. The mixture was then 
concentrated in vacuo and co-
evaporated with toluene (3x) 
and checked by NMR, which 
indicated complete conversion 

of starting material. Purification by silica gel column chromatography (toluene/EtOAc, 3/1 to pure 
EtOAc, v/v) yielded compound 12 as a clear film (15 mg, 6.4 µmol, 82%). TLC: Rf = 0.37 
(toluene/EtOAc, 1/1, v/v). 
1H NMR (600 MHz, CDCl3, 323K) δ 7.46 – 7.38 (m, 10H, CHarom), 7.32 – 7.12 (m, 32H, CHarom), 7.08 
(d, J = 7.2 Hz, 2H, CHarom), 5.21 (d, J = 3.8 Hz, 1H, H-4’’’’), 5.19 – 5.14 (m, 3H, H-3Glc’, CH2 Cbz), 5.14 
– 5.07 (m, 3H, H-3Glc, H-4Glc’, CHH Bn), 5.05 – 4.92 (m, 8H, H-2Glc’, H-4Glc, H-1’’’, H-1’’’’, 2xCH2 Bn), 
4.85 (dd, J = 9.8, 7.8 Hz, 1H, H-2Glc), 4.82 (d, J = 11.4 Hz, 1H, CHH Bn), 4.79 – 4.66 (m, 5H, H-1Glc’, 
H-4’’’, 3xCHH Bn), 4.63 (d, J = 11.5 Hz, 1H, CHH Bn), 4.56 (d, J = 12.5 Hz, 1H, CHH Bn), 4.50 (s, 
1H, CH2 BnN), 4.40 – 4.30 (m, 4H, H-1, H-1Glc, H-6Glc-a, CHH Bn), 4.25 – 4.16 (m, 3H, H-1’’, H-5’’’, H-
6Glc-b), 4.10 (s, 1H, H-1’), 4.04 (t, J = 3.7 Hz, 1H, H-3’’’’), 3.98 – 3.88 (m, 4H, H-3, CHHO, H-2’’’’), 
3.88 – 3.78 (m, 3H, H-2, H-6Glc’-a, H-2’’’), 3.75 – 3.68 (m, 4H, H-3’, H-2’, H-2’’, H-6Glc’-b), 3.64 (t, J = 
3.9 Hz, 1H, H-3’’’), 3.60 (s, 1H, H-4Glc), 3.52 – 3.44 (m, 4H, H-3’’, H-4’’, H-5’’, H-5’’’’), 3.42 – 3.35 (m, 
2H, CHHO, H-4’), 3.27 – 3.20 (m, 6H, H-5Glc, H-5Glc’, H-5, H-5’, CH2N), 2.12 (s, 3H), 2.08 (s, 3H), 2.07 
(s, 3H), 2.03 (s, 3H), 2.01 (s, 2H), 2.00 (s, 3H), 1.99 (s, 2H), 1.98 (s, 2H), 1.97 (s, 2H), 1.96 (s, 3H) 
(10xCH3 Ac), 1.73 – 1.48 (m, 46H, CH2CH2O, CH2CH2N), 1.37 – 1.22 (m, 11H, CH2CH2CH2O, H-6, H-
6’, H-6’’), 1.13 (d, J = 6.5 Hz, 3H, H-6’’’), 0.89 (t, J = 7.0 Hz, 3H, H-6’’’’). 
13C NMR (151 MHz, CDCl3, 323K) δ 170.5, 170.5, 170.3, 170.2, 170.2, 170.1, 170.0, 169.3, 169.2, 
169.0 (C=O), 139.6, 139.5, 139.4, 139.4, 139.3, 138.8, 138.0 (Cq), 128.5, 128.4, 128.2, 128.1, 
128.1, 128.0, 128.0, 127.9, 127.9, 127.9, 127.9, 127.9, 127.8, 127.8, 127.8, 127.8, 127.7, 127.7, 
127.6, 127.6, 127.6, 127.2, 127.1, 127.1, 127.0, 126.9, 126.8 (Carom), 102.8 (C-1’’’’), 102.6 (C-1), 
101.0 (C-1Glc), 100.4 (C-1Glc’), 99.5 (C-1’’’), 98.3 (C-1’, C-1’’), 77.5 (C-3’’), 77.4 (C-4), 77.2 (C-4’’), 
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77.0 (C-2’’’), 75.8 C-4’), 75.7 (C-3, C-3’), 75.3, 74.9, 74.7, 74.6, 74.2 (CH2 Bn), 73.8 (C-3’’’, C-3’’’’), 
[73.2, 73.1, 72.8, 72.5, 72.2, 72.1, 71.8, (C-3Glc, C-3Glc’, , C-2, C-2’, C-2’’C-5, C-5’, C-5Glc, C-5Glc’], 71.3 
(C-2Glc’),  71.0 (C-2Glc), 70.0 (C-4’’’’), 69.3 (CH2O), [68.7, 68.7 (C-4’’’, C-2’’’’)], [68.2, 68.0 (C-4Glc, C-
4Glc’)], 67.1 (CH2 Cbz), [65.2, 65.1 (C-5’’’, C-5’’’’)], [61.4, 60.8 (C-6Glc, C-6Glc’)], 50.5 (CH2 BnN), 47.2 
(CH2N), 29.6 (CH2CH2O), 28.1 (CH2CH2N), 23.5 (CH2CH2 CH2N), [20.6, 20.6, 20.5, 20.5, 20.5, 20.4, 
20.4, 20.4, 20.4 (10xCH3 Ac)], [16.7, 16.7, 16.6, 16.3, 16.0 C-6, C-6’, C-6’’, C-6’’’, C-6’’’’]. 
13C – coupled HSQC (151 MHz, CDCl3): δ 102.8 (C-1’’’’, JC-H = 171 Hz), 102.6 (C-1, JC-H = 151 Hz), 
101.0 (C-1Glc, JC-H = 164 Hz), 100.4 (C-1Glc’, JC-H = 162 Hz), 99.5 (C-1’’’, JC-H = 169 Hz), 98.3 (C-1’, 
JC-H = 157 Hz, C-1’’ JC-H = 155 Hz). 
ESI-HRMS: [M+Na]+ calcd for C124H151N1O43Na 2365.9586 found 2365.9567. 

N,N-(Benzyl)-benzyloxycarbonyl-5-aminopentyl 2,4-di-O-benzyl-3-O-(2,4-di-O-benzyl-
3-O-[2,4-di-O-benzyl-6-deoxy-3-O-(6-deoxy-2-O-[6-deoxy-2-O-(6-deoxy-2-O-levulinoyl-
3-O-[2,3,4,6,-tetra-O-acetyl-β-D-glucopyranosyl]-α-L-talopyranosyl)-3-O-(2,3,4,6,-tetra-
O-acetyl-β-D-glucopyranosyl)-α-L-talopyranosyl]-3-O-[2,3,4,6,-tetra-O-acetyl-β-D-
glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-6-deoxy-β-L-talopyranosyl)-6-
deoxy-β-L-talopyranoside (13) 

Donor 3 (27 mg, 34 µmol) 
and acceptor 12 (13 mg, 15 
µmol) were co-evaporated 
with dry toluene (3x). The 
residue was placed under 
nitrogen atmosphere, 
dissolved in dry DCM (105 
µl), and stirred with activated 
molecular sieves (4Å) for 1h. 
Then the reaction mixture 
was cooled down to -40 °C 
and TMSOTf (4.4 µmol, 10 µL 
of a 10% solution in dry 
DCM) was added and the 
mixture was kept at that 
temperature for 2 h. Then it 
was allowed to warm up to 0 
°C over the course of 2 h, after 

which the reaction mixture was stirred at RT for an additional 0.5 h. Then it was diluted with 
DCM and poured on sat. aq. NaHCO3. The water layer was extracted with DCM (3x). The combined 
organic layers were washed with brine, dried over MgSO4, and concentrated in vacuo. Purification 
by size-exclusion chromatography on Sephadex LH-20 (DCM/MeOH, 1/1, v/v) followed by 
column chromatography on silica gel (toluene/EA, 3/1 to EA, v/v) afforded impure 13 (9 mg, 3 
µmol, yield 54%, purity 50 % molar, 70% w/w).  
1H NMR (600 MHz, CDCl3) δ 7.49 – 7.38 (m, 3H), 7.26 (s, 7H), 7.22 – 7.12 (m, 4H), 7.04 (d, J = 7.7 
Hz, 1H), 5.25 – 5.03 (m, 7H), 5.02 – 4.85 (m, 3H), 4.82 – 4.68 (m, 2H), 4.69 – 4.57 (m, 2H), 4.53 – 
4.48 (m, 1H), 4.39 – 4.25 (m, 2H), 4.22 – 4.13 (m, 3H), 4.08 – 3.93 (m, 2H), 3.76 – 3.60 (m, 3H), 
3.46 (s, 1H), 3.37 – 3.05 (m, 2H), 2.91 – 2.75 (m, 3H), 2.75 – 2.54 (m, 3H), 2.38 – 2.30 (m, 2H), 
2.21 (s, 3H), 2.12 (s, 3H), 2.10 (s, 3H), 2.05 (s, 3H), 2.02 (s, 4H), 1.99 (s, 3H), 1.35 – 1.12 (m, 41H), 
0.89 – 0.82 (m, 4H). 
13C NMR (151 MHz, CDCl3, HSQC) δ 128.3, 128.3, 128.0, 127.8, 127.8, 127.7, 127.2, 127.2, 126.9, 
102.6, 101.9, 101.5, 100.1, 99.9, 99.6, 99.1, 99.1, 98.3, 98.0, 97.8, 93.4, 92.9, 92.8, 90.6, 77.5, 77.4, 
75.8, 75.1, 75.1,75.0, 74.9, 74.8, 74.8, 74.7, 74.5, 74.5, 74.1,74.0, 73.8, 73.1, 72.9, 72.5, 72.5, 72.0, 
72.0, 71.9, 71.7, 71.5, 71.4, 71.3, 71.2, 70.8, 70.7, 69.7, 69.7, 69.6, 69.6, 69.3, 69.0, 68.6, 68.5, 68.5, 
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68.5, 68.3, 68.0, 68.0, 67.8, 67.7, 67.5, 67.4, 67.1, 65.6, 65.0, 64.6, 64.4, 63.0, 61.9, 61.9, 61.8, 61.6, 
61.6, 61.3, 60.4, 60.4, 50.2, 47.1, 46.1, 39.0, 38.1, 38.0, 34.0, 33.3, 31.8, 31.4, 30.2, 30.1, 29.8, 29.6, 
28.6, 28.1, 28.1, 28.1, 27.9, 27.4, 27.1, 25.6, 24.7, 23.4, 22.6, 22.6, 21.4, 20.6, 20.6, 20.5, 20.5, 19.7, 
16.7, 16.6, 16.6, 16.3, 16.1, 15.8, 14.0. 
ESI-HRMS: [M+Na]+ calcd for C151H187N1O59Na 2982.1589 found 2982.1437. 

3-O-(6-deoxy-3-O-[6-deoxy-3-O-(6-deoxy-2-O-[6-deoxy-2-O-(6-deoxy-3-O-[β-D-
glucopyranosyl]-α-L-talopyranosyl)-3-O-(β-D-glucopyranosyl)-α-L-talopyranosyl]-3-O-
[β-D-glucopyranosyl]-α-L-talopyranosyl)-β-L-talopyranosyl]-β-L-talopyranosyl)-α/β-L-
talopyranose (14) 

To a stirred solution of 
nonasaccharide 13 (9 mg, 3 µmol) in 
dry MeOH (0.5 mL) a freshly 
prepared 1M NaOMe solution (50 µl) 
was added. The resulting mixture 
was left to stir overnight after which 
it was quenched by the addition of 
Amberlite IR-120H+ until neutral pH.  
Then the residue was redissolved in 
MeOH (0.5 mL) and 100µl of 1% 
AcOH and Pd/C (10 mg, 10% 
palladium on activated carbon) were 
added to the solution. The resulting 
mixture was purged with nitrogen, 
then with hydrogen, and was left to 
stir for 2 h, after which time the crude 
product was filted over celite, 
concentrated in vacuo and 

conversion was assessed by 1H NMR. Since the reaction was incomplete, the residue was 
resubjected to react in the same mixture of solvents and reagents and left to stir overnight. The 
next day it was filtered over celite and concentrated in vacuo. The obtained mixture was purified 
by size-exclusion chromatography on Sephadex G-25 in milliQ water to yield nonasaccharide as 
white flakes in 50% yield (2.2 mg, 1.5 µmol) as a mixture of anomers α/β = 1/2.  
1H NMR (600 MHz, D2O, 278K) δ 5.03 (s, 1H), 5.00 – 4.97 (m, 2H), 4.92 (d, J = 1.8 Hz, 1H), 4.58 
(d, J = 1.1 Hz, 1H), 4.47 – 4.42 (m, 4H), 4.41 (d, J = 8.0 Hz, 1H), 4.00 – 3.92 (m, 2H), 3.89 – 3.86 
(m, 3H), 3.84 – 3.75 (m, 3H), 3.71 (d, J = 10.1 Hz, 3H), 3.69 – 3.62 (m, 3H), 3.56 – 3.45 (m, 8H), 
3.41 (dd, J = 11.8, 4.4 Hz, 2H), 3.34 – 3.25 (m, 6H), 3.25 – 3.20 (m, 4H), 3.20 – 3.12 (m, 6H), 3.00 
(dd, J = 9.4, 8.0 Hz, 1H), 2.54 (t, J = 6.7 Hz, 4H), 2.16 (t, J = 6.7 Hz, 5H), 1.98 (s, 6H), 1.09 (d, J = 
6.9 Hz, 3H), 1.05 (t, J = 6.0 Hz, 5H), 1.03 (d, J = 6.6 Hz, 3H), 0.93 (dd, J = 6.5, 2.1 Hz, 3H). 
1H NMR (600 MHz, D2O, 298K) δ 5.23 (d, J = 4.8 Hz, 3H), 5.17 (s, 1H), 4.73 – 4.62 (m, 5H), 4.33 – 
4.15 (m, 3H), 4.15 – 4.09 (m, 3H), 4.08 – 3.81 (m, 12H), 3.81 – 3.70 (m, 7H), 3.69 – 3.62 (m, 2H), 
3.61 – 3.36 (m, 17H), 3.24 (dd, J = 13.5, 5.3 Hz, 2H), 2.81 – 2.73 (m, 7H), 2.44 – 2.39 (m, 8H), 2.23 
(d, J = 1.5 Hz, 5H), 1.33 (d, J = 6.3 Hz, 6H), 1.32 – 1.21 (m, 11H), 1.20 – 1.15 (m, 3H). 
13C NMR (151 MHz, D2O, 298K) δ 103.3, 98.1, 96.7, 95.9, 94.3, 78.1, 77.9, 77.7, 76.3, 75.4, 75.2, 
74.2, 73.7, 73.3, 73.1, 72.7, 72.3, 72.1, 71.8, 71.8, 71.7, 71.0, 69.1, 64.7, 62.9, 62.8, 41.7, 39.5, 33.5, 
31.4, 22.2, 20.0, 17.9, 17.7. 
13C – coupled HSQC (151 MHz, CDCl3): δ 103.3 (JC-H = 165 Hz), 98.1 (JC-H = 174 Hz, 2x JC-H = 163 
Hz), 96.7 (J C-H = 174 Hz), 95.9 (J C-H = 162 Hz).  
RPLC-ESI-HRMS: [M+H]+ calcd for C54H93O40 1381.524 found 1381.531. 
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8.5.2 Mass-spectrometry methods 

8.5.2.1 Materials and reagents 

Glacial acetic acid (HAc; cat. nr. 1000631000) and trifluoroacetic acid (TFA; cat. nr. 1081780050) 
was purchased from Merck (Darmstadt, Germany). Ammonium acetate (AmAc; cat. nr. A2706), 
dimethyl sulfoxide (DMSO; cat. nr. D8418), super-DHB (cat. nr. 50862), 50% sodium hydroxide 
(NaOH; cat. nr. 71686), dichloromethane (CH2Cl2; cat. nr. 650463) were purchased from Sigma 
Aldrich (Steinheim, Germany). Iodomethane (CH3l; cat. nr. 18507) was purchased from Sigma 
Aldrich (Kanagawa, Japan). Sodium hydroxide (NaOH; cat. nr. 221465) was purchased from 
Sigma Aldrich (Stockholm, Sweden). The ultrapure deionized water (MQ) used in this study was 
generated from a Q-Gard 2 system (Millipore, Amsterdam, Netherlands), maintained at ≥ 18 MΩ. 
LC-MS Ultra water (H2O; cat. nr. 00232141B1BS) was purchased from Honeywell (Morris Plains, 
NJ) and HPLC SupraGradient acetonitrile (MeCN; cat. nr. 1203502) was purchased from Biosolve 
(Valkenswaard, Netherlands).  

8.5.2.2 Purification 

Samples were redissolved in a final concentration of 0.5 µg/µL using H2O.  Samples were purified 
by cotton HILIC SPE as described before and eluted in 10 µL MQ4,5. 

8.5.2.3 MALDI-TOF-MS analysis 

Three µL of the cotton HILIC SPE purified sample (0.5 µg/µL) was spotted on a MTP Anchorchip 
800/384 MALDI target (Bruker Daltonics, Bremen, Germany), together with 1 μL 5 mg/mL super-
DHB in 50% MeCN with 1 mM NaOH. Prior to analysis, the samples were left to dry by air at RT. 
The samples were analyzed on an Ultraflextreme MALDI-TOF-MS (Bruker Daltonics), operated 
in positive ion and reflectron mode using flexControl 3.4 (Build 76, Bruker Daltonics). Spectra 
were generated in a range between m/z 100 and 3,000 with 10,000 shots in random walk pattern. 
Per raster spot 100 shots were collected at 1,000 Hz. 
MALDI-TOF-MS spectra were manually screened for glycans based on accurate mass using 
flexAnalysis 3.4 (Build 76, Bruker Daltonics). In-depth data analysis was performed with 
MassyTools (version 1.0.0) using the following criteria: signal-to-noise (S/N) ratio above 9, 
isotopic pattern (IPQ) lower than 0.2 and ppm error between -20 and 20. 

8.5.2.4 LC-ESI-MS analysis 

Samples were analyzed as described previously.6 Briefly, samples were diluted to a final 
concentration of 2.5 ng/µL using H2O. All measurements are performed on an Ultimate 3000 
high-performance liquid chromatography (HPLC) system (Dionex Corporation, Sunnyvale, CA), 
coupled to a Maxis Impact HD quadrupole time of flight mass spectrometry (QTOF-MS) device 
(Bruker Daltonics), fitted with a Dionex Acclaim PepMap100 C18 5 mm × 300 μm (trap column, 
Thermo Fisher Scientific, Breda, The Netherlands), and an Ascentis Express C18 nanoLC column 
50 mm × 75 μm with 2.7 μm fused core particles (analytical column, Supelco, Bellefonte, PA). 
Solvent A is an aqueous 0.1 % trifluoroacetic acid (TFA) solution (v/v). Solvent B is 95 % 
acetonitrile (ACN) in water (v/v). Gradient speed is 1.73% up per min of solvent B. 
NanoBooster™ technologies (Bruker, Daltonics, Bremen, Germany) using pure MeCN as dopant 
was employed at pressure 0.2 bar. The dry gas flow and dry temperature were set at 3.0 L/min 
and 180 °C, respectively. MS as well as tandem MS (MS/MS) were obtained between m/z 50–
2800 using spectral acquisition frequency 1 Hz. 
Data analysis was performed on the raw LC-ESI-MS data using DataAnalysis 5.0 (Build 203, 
Bruker Daltonics). Extracted ion chromatographs were acquired for glycan compositions by 
extracting the first three isotopes of the singly, doubly and triply charged analytes using an m/z 
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window of ± 0.02. The accurate mass (± 20 ppm), and the isotopic peak pattern (comparison to 
the theoretical isotopic pattern by eye) were evaluated. 
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The aim of the research carried out in this Thesis was to design and synthesize 
oligosaccharides with potentially health-promoting effects for infant health 
development.  Chapter 1 provides a general introduction to the field of glycochemistry. 
To give a perspective on the research field of health-promoting carbohydrates, Chapter 
2 covered the currently available non-digestible carbohydrates that can mimic 
functions of human milk oligosaccharides (HMOs) and serve as prebiotics. Inspired to 
mimic the function of HMOs, a fucosylated β-cyclodextrin (β-CD) was designed and Part 
1 describes the synthesis of di-α-fucosylated β-cyclodextrin and its performance in 
relevant biological experiments. Exopolysaccharides (EPS), polymeric glycan 
structures that appear on the outside of beneficial bacteria, are one of the types of 
polymers that confer similar health effects. EPS from bifidobacteria have unique 
structural features and demonstrated the ability to act as immune modulators. Part 2 is 
dedicated to the synthesis of the repeating unit of the EPS of Bifidobacterium 
adolescentis.  

Chapter 9 
Summary and Outlook 
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9.1 Part 1 

Central to Part 1 of this Thesis is the synthesis of di-α-fucosylated β-CD. In Chapter 
3 the stereoselectivity and regioselectivity were investigated in the fucosylation 

reaction with α-CD (six α-(1→4)-glucoside residues) and β-CD (seven α-(1→4)-
glucoside residues) using fucosyl-donor 1 and a pre-activation procedure (Scheme 1). 
Interestingly, both fucosylations yielded a mixture with di-α-fucosylated products 
predominantly, however, in the case of the β-CD acceptor 2 one major isomer was 
formed. After purifying the product on HPLC and removal of all protecting groups, a full 
analysis to characterize the structure of the compound was carried out. Three possible 
regioisomers were considered: namely 3A,3B the product (modified residues next to 
each other), the 3A,3C product (modified residues separated by one glucose residue), 
and the 3A,3D product (modified residues separated by two glucose residues). NMR 
analysis eliminated the 3A,3B isomer, and further analysis using MS/MS revealed that 
the 3A,3D product 3 was predominantly formed. To understand the spatial 
arrangement of di-fucosylated β-CD 4, molecular dynamics (MD) simulations were 
performed. It was observed that the cyclodextrin cone is rather flexible which is 
apparent from the tumbling of the glucoside residues, especially for the fucoside-
modified residues, where an enhanced rotation and increased chair flexibility were 
observed. To support the MD simulations, NOE intensities were calculated The MD 
simulations suggested the presence of weak NOE signals that reflect the conformational 
flexibility of nonasaccharide 4, in particular regarding the different orientations of the 
fucosides. The H-atoms on the fucose C5 and C6 positions (H5FucA,D, and H6FucA,D) are 
relatively close to the H-atom on C3 of the upstream glucoside (H3GG,C) and these NOE 
cross-peaks were indeed observed experimentally. The MD analysis also suggests that 
the bending of the fucoside rings away from the CD barrel is associated with enhanced 
chair flexibility of the substituted glucoside rings (residues A and D), which was 
supported by the change in coupling constants for the H-3 signals of glucosides.  
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Scheme 1. The synthesis of the central compound of the Part 1 DFβCD 4  

Chapter 4 investigated the origin of the regio- and stereoselectivity observed in the 
fucosylation of β-CD using MD simulations. The glycosylation was split into two 
glycosylation events, with the first attack on acceptor 2 giving a monofucosylated 
product, which served as an acceptor for the second glycosylation. The second 
glycosylation event was studied in detail. Several reactive fucose species were 
considered: a covalent fucosyl triflate and its corresponding oxacarbenium ion in 
combination with a triflate ion, and all reactive intermediates on the continuum 
between these two extremes. No reactive pose was observed in the case of the covalent 
triflate species. The oxacarbenium ion however had a reactive pose and this binding 
was further evaluated. Interestingly, in this reactive pose, a triflate anion was situated 
on the same side as the nucleophile of acceptor 5 and in close enough proximity to be 
able to abstract a proton from the nucleophilic hydroxyl, which are characteristic 
features of the SNi-like mechanism (Scheme 2). This reactive pose was sampled on 
different hydroxyls of the cyclodextrin acceptor and a longer life-time for O3E 
(structurally similar as O3D) was observed, which leads to the predominant formation 
of the 3A,3D product. In this reactive pose, it was observed that the benzyl group at the 
O-2 position of the fucoside reactive species is parallel to the β-CD barrel (Figure 1, 
orange benzyl). The benzyl at the O-3 position is parallel to the β-CD barrel and is 
wedged by the 2-O-benzyl of residues E and F and the benzyl at O-4 of the bound fucose 
(Figure 1, violet benzyl). These interactions were not observed when the activated 
fucoside was simulated with α-CD, or when a permethylated fucosyl-donor was used 
with β-CD acceptor were simulated. Furthermore, these two control reactions provided 
no regioselectivity when performed experimentally. Therefore the tentative stacking 
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between benzyls may be at the basis of the observed regioselectivity. For a complete 
picture of the mechanism of the reaction, quantum mechanics/molecular mechanics 
needs to be performed to gain insight into the transition state.  

 

 

Scheme 2. The 
mechanism 
suggested in 
Chapter 4 

 

 

 

Figure 1. View from the bottom of the 
β-CD barrel along the new C1-O3 
bond on position E in the ring (black 
and cyan balls are the donor C1 and 
acceptor O3 atom, respectively). The 
three benzene rings on the donor 
have been given different colors 
(OBn2, orange, OBn3, violet, OBn4, 
purple) to emphasize their 
arrangement in space, which 
tentatively involve aromatic stacking 
interactions with nearby protective 
groups, indicated by blue strokes. 

 

From the MD simulations, it can be hypothesized that the interactions between the 
benzyl groups of the fucosyl-species and the β-CD barrel and benzyl groups are 
important for regioselectivity. The synthesis of a panel of donors, where one benzyl is 
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substituted for a methyl group (Scheme 3), may give insight into importance of certain 
benzyls for the stacking between benzyls of the donor moiety and the potential 
lipophilic cavity of the semi-protected β-CD 2. Since the benzyl group at the O-3 position 
of the activated fucoside was wedged by several benzyls and was in parallel to the β-CD 
barrel, it can be hypothesized that it is important for the regioselectivity. As a result, 
reduced regioselectivity may be observed if the benzyl group is substituted for a methyl 
group as in donor 9, while donors 8 and 10 are expected to give a less pronounced effect.  

 

Scheme 3. The panel of donors for further investigation on the origin of regioselectivity  

Fucosylated HMOs are shown to have several beneficial effects, such as protection 
against infections1,2 and serving as anti-adhesive. 3-5 Because di-fucosylated CD 4 
displays two fucosyl residues, it was hypothesized that it may demonstrate similar 
properties as natural fucosylated HMOs. Chapter 5 evaluates the performance of 
nonasaccharide 4 in fermentation and digestion experiments and in adhesion 
experiments in comparison to 2’-fucosyllactose (2’-FL) and 3-fucosyllactose (3-FL). 
Since the fucoside moieties are connected to the C-3 position of the backbone glucoses 
in nonasaccharide 4, the decorative pattern mimics the natural human milk 
oligosaccharide 3-fucosyllactose (3-FL), which also contains a fucosyl moiety that is α-

(1→3)-linked to glucose. As a result of the straightforward synthetic approach 
developed in Chapter 3, nonasaccharide 4 could be produced in sufficient quantities (~ 
0.5 g) to test its functional activity. Chapter 5 presents a combination of studies into the 
digestion and fermentation of compound 4, as well as its anti-adhesive properties 
against enterotoxigenic Escherichia coli (ETEC) O78:H11. It was revealed that 
compound 4 is not digested and fermented, whereas it does have anti-adhesive 
properties. This suggests that also HMO analogs, composed of a different backbone 
structure but displaying appropriately spaced decorative fucosyl moieties, can have 
similar health-beneficial effects as HMOs. 

In summary, in Part 1 a functional HMO mimic was designed, synthesized, and 
biologically evaluated. The spacing of fucosyl residues similar to natural HMOs is 
postulated to contribute to the similarities in the function of these molecules, and it is 
not digested and prevents adherence of pathogenic bacteria. Thus, potentially novel 
molecules can be designed that mimic beneficial effects of HMO, by mimicking the 
spatial arrangement of the decorative residues. 

To illustrate this strategy, there are promising health effects associated with 
sialylated HMOs, that are found to protect against necrotizing enterocolitis (NEC). NEC 
is a medical condition causing fatal intestinal disorders in preterm low-weight 
infants.6,7 Supplying mother milk to preterm infants is currently one of the strategies 
for NEC prevention as it was postulated to have a protective effect against NEC.8,9 
Disialyllacto-N-tetraose (DSLNT) 11 is an HMO that was shown to prevent necrotizing 
enterocolitis (NEC) in a neonatal rat model (Scheme 4).10 However it is not always 
possible to have a supply of mother’s milk, and infant formula, that currently still lacks 
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HMOs, is used instead. To overcome the risk of NEC, DSLNT or its analogs are necessary 
in sufficient quantities as an additive to infant formula. There are two neuraminic acids 

in DSLNT which are linked in α-(2→6) and α-(2→3) fashion. When DSLNT analogs with 

one or two α-(2→6)-neuraminic acid residues were prepared chemo-enzymatically and 
tested in the neonatal rat model,11 a lower pathology score was observed for 

compounds with two neuraminic acid residues. Interestingly, also twice α-(2→6)-

linked analogs11,12 and a mixture of α-(2→3)- mono- and twice-sialylated (mono/di = 
97/3) GOS13 significantly reduced the pathology score in comparison to formula-fed 
infants. From this it may be hypothesized that a functional mimic should have at least 

two α-(2→3)-linked neuraminic acid residues. Thus, we designed di- and tri-sialyl-

galactosyl lactose (DSGL 12 and TSGL 13), with two and three α-(2→3)-linked 
neuraminic acids.  

 

Scheme 4. DSLNT and novel oligosaccharide mimic DSGL/TSGL. Neuraminic acid 
highlighted in red. 

To synthesize the DSGL/TSGL molecules three building blocks are necessary: 
neuraminic acid donor 14, galactose building block 15, and glucose building block 16 
(Scheme 5). The commonly used approach to introduce neuraminic acid 
stereoselectively is to perform the reaction in acetonitrile or propionitrile,14-17 however 
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a protected galactose building block with only C3-OH hydroxyl was not soluble at lower 
temperatures in these solvents. Therefore, diol building block 15 was used, and stereo- 
and regioselective introduction of neuraminic acid was attempted.  

 

Scheme 5. Building blocks necessary for the synthesis of DSGl/TSGL 

To introduce α-(2→3)-linkages stereoselectively, donor 14 with a phthalimide 
protecting group at the nitrogen atom was designed, as it showed high stereoselectivity 
when used on both primary and secondary acceptors in propionitrile.17 It was reported 
that molecular mechanics calculations demonstrated that the cation formed after 
activation of donor 14 remains in a chair-like conformation. The rigidity of the 
phthalimide contributes to favorable dipole-dipole interaction between nitrile solvent 
on the β-side of the ring,17 which would then be substituted in SN2-fashion to yield an 
α-linked product.  

In our approach neuraminic acid donor 14 was coupled with galactose acceptor 15 
in the presence of catalytic TMSOTf in propionitrile to give a mixture of products that 
contained disaccharide 17 as the major compound in 29% yield (entry 1, Table 1) 
together with a mixture of unidentifiable side-products. Disaccharide 17 had a 
significant difference in the 13C-spectrum in the chemical shift of the C-2 (δ65.8 ppm) 
and C-3 (δ76.1 ppm), thus neuraminic acid was introduced at the C-3 position of 
galactose. Determination of the stereochemistry of the newly formed anomeric linkage 
for neuraminic acid is not trivial since the anomeric C-2 position is a quaternary center. 
To determine whether the new stereocenter is α or β, a coupling constant JC-Hax between 
C-2 and H-3ax needs to be measured. Thus, to suppress the C-2-methyl-ester 
interaction, the CH3 peak (δ3.72 ppm) was irradiated to reveal the C-2-H-3ax coupling of 
5.7 Hz, which is indicative of α-stereochemistry. Next, in an attempt to reduce the 
number of side reactions the coupling was performed at -80 °C in 30 minutes, which 
gave a similar yield of approximately 27% (entry 2, Table 1). Since reactions at -80 °C 
yielded an unidentifiable mixture of side-products it was attempted to speed up the 
glycosylation step and outcompete side-reactions. When glycosylation was performed 
at -40 °C the product 17 was isolated in a similar 30% yield (entry 3, Table 1), however, 

the reaction proceeded cleaner and the β-(2→3)-isomer side product 18 was isolated, 
which had a similar chemical shift for C-2 (δ66.8 ppm) and C-3 (δ75.1 ppm) in 13C 
spectrum. Moreover, after subsequent benzoylation, H-2 shifted from 3.84 ppm to 4.51 
ppm and no splitting was observed for C-2 upon irradiation of the methyl group of the 

methyl ester thus, supporting the assignment of the β-(2→3)-product. To improve 
glycosylation selectivity, the reaction mixture was diluted to 10 and 5 mM giving 43% 
and 41% yield of the desired product and 22% and 30% of the β-isomer, respectively 
(entries 4 and 5, Table 1). However, the β-linked product was less pure in the latter case 
(entry 5, Table 1), thus both reactions conditions gave similar result and can be used in 
future synthesis.  
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Table 1. Optimization of conditions for the synthesis of disaccharide 17 

 

Entr
y 

Temperature Solvent  
Concentration 14 

(mM) 
Yield 17 Yield 18 

1 -80 °C to 0 °C EtCN  50 29% n/d 
2a -80 °C EtCN 50 ~25% n/d 
3 -40 °C MeCN 50 30% 22% 
4 -40 °C MeCN 10 43% 22% 
5 -40 °C MeCN 5 41% 30% 

a Yield determined on two steps with benzoylation (22%) and recalculated based on 89% 
for benzoylation   

Subsequent benzoylation of the obtained compound 17 afforded donor 19 in 89% 
yield which can be employed in future couplings for the synthesis of DSGL/TSGL 
(Scheme 6).  

 

Scheme 6. Synthesis of disaccharide donor 19 and further synthesis towards DSGL 12 

9.2 Part 2 

The focus of Part 2 is on the total synthesis of the exopolysaccharide repeating unit 
of Bifidobacterium adolescentis. B. adolescentis is a beneficial bacteria characteristic 
for the adult-like microbiome,18,19 and also found in increased counts for allergic 
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infants.20,21 EPS from bifidobacteria showed an immune-modulating effect and thus are 
interesting targets to study, creating a necessity for pure samples of EPS or EPS 
fragments.22-24 The EPS repeating unit from B. adolescentis is constructed from 6-
deoxytalose (6dTal) residues which are linked in both the trans-  and cis- fashion 
(compound 21, Scheme 7), and the trans-linked 6dTal residues are decorated with 
glucosides on the C-3 position.25 The goal of this section was to develop a total synthesis 
route towards the nonasaccharide 21, which is the repeating fragment of the EPS of B. 
adolescentis. To this end, the target compound was divided into two structures: trans- 
linked hexasaccharide 24 and cis-linked trisaccharide 22. In Chapter 6 the synthesis of 
the hexasaccharide 24 was carried out. Disaccharide 25 was the key building block for 
the synthesis. Two strategies were considered: orthogonal protection of 6dTal which 
would result in a building block with three different protecting groups to be liberated 
at will, and regioselective glycosylation of the diol acceptor 26. In our attempts to 
prepare an orthogonally protected building block it was revealed that the introduction 
of an electron-withdrawing group diminishes the reactivity differences between the 
remaining hydroxyls, making it challenging to distinguish between them. It was 
demonstrated that orthogonally protected 6dTal units can be prepared by introducing 
a protecting group first at O-3, then at O-2, and then at the O-4 position. The O-3 position 
can be protected using an ester or carbonate protecting group (Bz, Fmoc, Alloc), 
however, the O-2 position required enhancement of the reactivity differences and thus 
borinic acid catalysis was employed. However, a protecting group that was suitable for 
the synthesis of target hexasaccharide 24 could not be installed. Therefore, the second 
strategy was investigated. Two donors were tested in the regioselective glycosylation 

of acceptor 26, and only peracetylated donor 27 yielded the desired (1→3)-linked 
disaccharide. After optimizing glycosylation conditions for yield maximization, 
disaccharide 25 was prepared and utilized in the synthesis of hexasaccharide 24.  

Chapter 7 covers the thorough investigation of different methods to construct cis-
6-deoxytalose residues for the synthesis of all-cis linked target trisaccharide 22 
(Scheme 7). Several strategies were considered: conformationally locked donors to 
potentially stabilize the anomeric triflate, intramolecular aglycon delivery (IAD), and 
hydrogen bond-mediated aglycon delivery (HAD) to control the direction of the attack. 
Three locked donors demonstrated preference for cis-glycosylation on a primary 
acceptor, however, gave the inverted stereoisomer using a more hindered secondary 
acceptor. Thus the synthesis was continued with the IAD and HAD strategies. The two 

methods were optimized on a secondary 6-deoxytalose acceptor to yield the β(1→3)-
linked 6-deoxytalosides in 6% over two steps with IAD (albeit exclusively the β-isomer) 
and in 19% with the HAD strategy. Since HAD gave a higher yield of β-product and 
required fewer steps, donor 23 was employed for the total synthesis.  

Chapter 8 is devoted to the final construction of the nonasaccharide 21 (Scheme 7). 
First, trisaccharide 22 was prepared using donor 23 and conditions optimized in 
Chapter 7. The obtained trisaccharide was elongated with disaccharide 25 and after 
several elongation-deprotection steps nonasaccharide 21 was isolated. The 1H NMR of 
the product was in good agreement with reported data, and the chemical shifts reported 
for the molecule can be used for identification of cis- and trans- 6dTal containing 
polymers.  
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Scheme 7. Compounds prepared in Part 2 

In summary, part 2 describes the synthesis of the 6-deoxytalose-containing 
nonasaccharide repeating unit. The methodologies optimized in this section can be 
used for the synthesis of other 6-deoxytalose containing oligosaccharides. For instance, 
the repeating unit of the O-polysaccharide (OPS) of Franconibacter helveticus LMG 
23732T 28 is built from 6-deoxytaloses (Scheme 8A), of which 2 units are linked in 

α(1→2)- and one unit in α(1→3)-fashion and decorated with α-glucoside. The presence 
of 6dTal can help to distinguish it from Cronobacter, one of the bacteria that may be 
present in dry infant formula and potentially causes neonatal infections. To perform the 
synthesis of this OPS two building blocks are required: acceptor 29 to elongate at the C-
2 position, and orthogonally protected building block 30 can be employed for 
glycosylation at C-2 and C-3.  
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In addition, maduralide 31 is a compound isolated from an unidentified marine 
bacterium (Actinomycetales) and displayed antibacterial activity against Bacillus 
subtilis (Scheme 8B). It has a 24-carbon macrocycle attached to cis-linked 6-
deoxytalose, which can be obtained using picoloyl-protected block 23.  

 

Scheme 8. Other structures containing 6dTal residue that can be prepared using 
methodologies described in Part 2 
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Samenvatting  

‘Synthese van Gezondheidsbevorderende 
Koolhydraten’ 

Het doel van dit proefschrift is om suikers te ontwerpen en te synthetiseren die 
potentieel de gezondheid van een baby kunnen verbeteren. Hoofdstuk 1 beschrijft de 
basis van de koolhydraatchemie. Om een perspectief te bieden op het onderzoeksveld 
zijn in Hoofdstuk 2 de beschikbare onverteerbare koolhydraten beschreven die de 
functie van moedermelk oligosachariden (HMOs) kunnen nabootsen. Om de functie van 
moedermelk oligosachariden na te bootsen, is een gefucosyleerd β-cyclodextrine (β-
CD) ontworpen. Deel 1 beschrijft de synthese en de biologische evaluatie van di-α-
gefucosyleerd β-cyclodextrine. Exopolysachariden (EPS) zijn één type van de 
polymeren die hetzelfde gunstige effect op gezondheid hebben als HMOs. EPS vormen 
een suikerlaag aan de buitenkant van gunstige bacteriën. Deze EPS hebben unieke 
structurele kenmerken en kunnen als immuunmodulatoren functioneren. In Deel 2 
wordt de synthese van de repeterende eenheid van EPS van Bifidobacterium 
adolescentis uitgelegd.  

De synthese van di-α-gefucosyleerd β-cyclodextrine staat centraal in Deel 1 van dit 
proefschrift. In Hoofdstuk 3 is de stereoselectiviteit en regioselectiviteit beschreven in 

de fucosyleringsreactie van α-CD (zes α-(1→4)-glucosides) en β-CD (zeven α-(1→4)-
glucosides) met een geperbenzyleerde fucosyldonor en pre-activatie procedure. Beide 
reacties gaven overwegend een mengsel van di-α-gefucosyleerd producten, maar in het 
geval van de β-CD acceptor werd specifiek één isomeer gevormd. Na het zuiveren van 
het product met behulp van HPLC en de daaropvolgende ontscherming van de 
beschermgroepen, een complete analyse werd uitgevoerd om het hoofdproduct te 
karakteriseren. Drie mogelijkheden zijn overwogen: het 3A,3B product waarin de 
gemodificeerd glucosiden direct naast elkaar geplaatst zijn, het 3A,3C product waarin 
de gemodificeerde glucosiden zijn gescheiden door één glucoside, en het 3A,3D product 
waarin de gemodificeerde glucosiden zijn gescheiden met twee glucosiden. Met 
kernspinresonantie (NMR) konden we de 3A,3B regioisomeer elimineren, en MS/MS-
analyse onthulde dat het 3A,3D-product gevormd was. Om de ruimtelijke ordening van 
de di-gefucosyleerde β-CD te begrijpen, werden moleculaire dynamica (MD) simulaties 
uitgevoerd. Deze simulaties toonden aan dat de cyclodextrineconus nogal flexibel is. Dit 
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werd duidelijk door het tuimelen van bepaalde glucosiden, en vooral in het geval van 
de gemodificeerd glucosides werd een verbeterde rotatie en verhoogde stoelflexibiliteit 
waargenomen. Ter ondersteuning van de MD-simulatie werden nucleair Overhauser 
effect (NOE) intensiteiten berekend. De MD-simulaties voorspelden de aanwezigheid 
van zwakke NOE-signalen die de conformationele flexibiliteit van het nonasacharide 
ondersteunden, vooral voor de verschillende oriëntaties van de fucosiden. De H-atomen 
van de fucoseposities C5 en C6 (H5FucA,D, en H6FucA,D) waren relatief dichtbij de H-
atomen van de C-3 van de glucoside stroomopwaarts (H3GG,C) in de meest 
waargenomen clusters. Deze NOE crosspieken werden inderdaad in het experimentele 
NOESY spectrum waargenomen ter ondersteuning van de dynamische ensemble uit de 
MD simulaties. Uit de MD-analyse bleek dat het wegbuigen van fucoside-ringen van de 
cyclodextrineconus samengaat met een verhoogde stoelflexibiliteit van 
gesubstitueerde glucosiden (eenheden A en D). Deze flexibiliteit werd bevestigd door 
de verandering van de koppelingsconstanten van de H-3 signalen van de glucosiden.  

In Hoofdstuk 4 is de oorsprong van de regio- en stereoselectiviteit van fucosylering 
van β-CD onderzocht met behulp van MD simulaties. De glycosyleringsreactie was 
opgesplitst in twee evenementen: de eerste koppeling op de β-CD acceptor die 
resulteerde in het monogefucosyleerd β-CD, en de tweede glycosylering op dit product 
als de acceptor, die in detail is onderzocht. Verschillende reactieve verbindingen van 
fucose zijn overwogen: het covalente triflaat en het overeenkomstige oxacarbeniumion 
in combinatie met het triflaation, en alle reactieve intermediairen op het continuüm 
tussen deze twee uitersten. Met het covalente triflaat werd geen enkele reactieve pose 
waargenomen. Het oxacarbeniumion resulteerde wel een reactieve pose en deze 
binding werd verder geëvalueerd. In deze reactieve pose was een triflaation 
gepositioneerd aan dezelfde kant als de nucleofiele zuurstof, wat karakteristiek is voor 
een SNi-mechanisme. Deze reactieve pose is gebruikt voor het benaderen van andere 
alcoholgroepen van de cyclodextrine en een relatief lange levensduur werd 
waargenomen voor de O3E positie (structureel dezelfde positie als O3D). Dat leidt tot 
de vorming van overwegend het 3A,3D product. De plaatsing van de benzyl groepen van 
het reactieve fucosylintermediair bleek interessant. Bijvoorbeeld, de benzylgroep op de 
O-2 positie was parallel aan de β-CD conus, terwijl de benzyl op de O-3 positie zowel 
parallel stond aan de β-CD conus als ook ingeklemd was door de benzylgroepen van de 
acceptor. Deze interacties waren er niet wanneer het geactiveerd fucoside werd 
gesimuleerd samen met α-CD, of wanneer gepermethyleerde donor werd gesimuleerd 
met de β-CD acceptor. Verder, deze twee controle-experimenten gaven experimenteel 
gezien ook geen regioselectiviteit. Dus voorlopig kan het stapelen van de benzyl 
groepen aan de basis van de regioselectiviteit liggen. Om een compleet overzicht van 
het mechanisme van de reactie te krijgen, zijn kwantummechanica berekening nodig 
om inzicht in de overgangstoestand te krijgen.  

Gefucosyleerde HMOs hebben verschillende gunstige effecten, bijvoorbeeld 
bescherming tegen infecties en ze functioneren als anti-adhesief. Omdat di-
gefucosyleerde β-CD (DFβ-CD) twee fucosyl groepen heeft, wordt verwacht dat dit 
molecuul vergelijkbare eigenschappen heeft als natuurlijke HMOs. In Hoofstuk 5 de 
functie van DFβ-CD in afbraak- en verteringsexperimenten werd geëvalueerd, en de 
functie als anti-adhesief is vergeleken met 2’-fucosyllactose (2’-FL) en 3-fucosyllactose 
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(3-FL). Omdat de fucosiden aan de C-3 positie van glucose in DFβ-CD verbonden zijn, 
bootst dit het patroon van het natuurlijke HMO 3-FL na, die ook een fucosylgroep 

verbonden heeft aan glucose via een α-(1→3)-binding. Met behulp van het proces 
beschreven in Hoofdstuk 3 kon DFβ-CD gemaakt worden in voldoende hoeveelheden 
(~0.5g) om de functionaliteit te testen. Hoofdstuk 5 beschrijft een combinatie van 
afbraak- en verteringsexperimenten van DFβ-CD en zijn anti-adhesieve eigenschappen 
tegen Escherichia coli (ETEC) O78:H11. De resultaten tonen aan dat DFβ-CD niet wordt 
afgebroken en verteerd, en daarbovenop wel een anti-adhesieve functie heeft. Van deze 
resultaten kon worden geconcludeerd dat HMO-analogen die met een ander ruggegraat 
zijn gemaakt maar wel een bepaald patroon van fucosiden bevat, een gunstig effect kan 
hebben op de gezondheid, vergelijkbaar met dat van natuurlijke HMOs.   

In Deel 1 was een functioneel HMO-analoog ontworpen, gesynthetiseerd en 
geëvalueerd in biologische experimenten. Er wordt verondersteld dat de afstand tussen 
de fucosyl-eenheden bijdraagt aan de gelijkenis in de functie van deze moleculen met 
HMOs, die niet worden verteerd en de adhesie van pathogene bacteriën voorkomen. 

Deel 2 beschrijft de totaalsynthese van de repeterende eenheid van de 
exopolysacharide van Bifidobacterium adolescentis. B. adolescentis is een gunstige 
bacterie, karakteristiek voor een volwassen microbioom en wordt in verhoogde 
hoeveelheden gevonden bij allergische baby’s. EPS van bifidobacteria toonden een 
immuunmodulerend effect en zijn dus een interessant doel voor onderzoek. Hiervoor 
is het nodig om zuivere monsters te hebben van EPS of EPS-fragmenten. De EPS 
repeterende eenheid van B. adolescentis is opgebouwd uit 6-deoxytalose (6dTal) die 
zowel op de trans- als cis-manier zijn verbonden. Die eenheden verbonden op de trans-
manier zijn ook gedecoreerd met glucosiden op de C-3 positie. Het doel van deze sectie 
was om een syntheseroute te ontwikkelen om de nonasaccharide repeterende eenheid 
te maken. Daartoe was de nonasacharide opgesplitst in twee fragmenten: eerst de 
synthese van het trans-gebonden hexasacharide was ontwikkeld (Hoofdstuk 6), en 
vervolgens werd het cis-gebonden fragment gemaakt (Hoofstuk 7). In Hoofdstuk 6 werd 
de synthese van hexasacharide uitgevoerd door gebruik van een disacharide 
bouwsteen, welke de belangrijkste bouwsteen van de synthese was. Twee strategieën 
om dit disaccharide te verkrijgen waren overwogen: de orthogonale bescherming van 
6dTal om een bouwsteen te hebben met drie verschillende beschermgroepen die naar 
wens bevrijd kunnen worden, óf de directe glycosylering van een diol-acceptor. Eerst 
was geprobeerd om de orthogonaal beschermde bouwsteen te maken, maar het bleek 
dat elektronenzuigende beschermgroepen de reactiviteitsverschillen tussen de andere 
hydroxylgroepen dusdanig verkleinden, dat het moeilijk werd om ze van elkaar te 
onderscheiden. Het resultaat was dat orthogonaal beschermde 6dTal eenheden wel 
gemaakt konden door bescherming van de alcoholen in volgende orde: eerst O-3, 
daarna O-2, en uiteindelijk de O-4 positie. De O-3 positie kon worden beschermd met 
een ester of carbonaat beschermgroep (Bz, Fmoc, Alloc), maar de positie O-2 vereiste 
verbetering van het verschil in reactiviteit, waarvoor borinezuur-katalyse werd 
gebruikt. Het was niet mogelijk om een beschermgroep te installeren die geschikt was 
voor de totaalsynthese, dus werd de tweede strategie onderzocht. Twee donoren 
werden getest voor de regioselectiviteit in de glycosylering op de diol-acceptor, en 

alleen de geperacetyleerde donor gaf het gewenste (1→3)-verbonden disacharide. Om 
de hoogste opbrengst van de reactie te krijgen, werden de reactiecondities 
geoptimaliseerd en het centrale disacharide werd op deze manier gemaakt.   
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Hoofdstuk 7 beschrijft de ontwikkeling van een methode om cis-6dTal 
verbindingen te bouwen. Verschillende strategieën werden overwogen: 
conformationeel bevroren donoren om het potentieel gevormde covalente triflaat te 
stabiliseren, intramoleculaire aglycon levering (IAD) en aglycon levering door 
waterstofbruggen (HAD) om de kant van de aanval te controleren. De drie 
conformtioneel bevroren donoren toonden een voorkeur voor cis-glycosylering in de 
koppeling met primaire acceptoren, maar gaven de verkeerde verbinding in de 
koppeling met een secundaire acceptor. Dus de HAD en IAD-methoden werden verder 
onderzocht. Deze twee strategieën werden geoptimaliseerd met de secundaire 6dTal 

acceptor, en leidde tot het β-(1→3)-verbonden disacharide in 6% over twee stappen 
met IAD (exclusief het β-isomeer), en in 19% met de HAD strategie. Omdat HAD een 
hogere opbrengst gaf van het β-product en minder synthetische stappen vereiste, werd 
deze strategie gebruikt voor de totaalsynthese.  

Hoofdstuk 8 beschrijft het bouwen van het nonasacharide. Eerst, het cis-verbonden 
trisacharide werd gemaakt door gebruik van de condities geoptimaliseerd in Hoofdstuk 
7. Het trisacharide werd vervolgens verlengd door meerdere addities van het 
disacharide gemaakt in Hoofdstuk 6, en na enkele verlenging-ontscherming stappen 
werd het nonasacharide geïsoleerd. Het 1H NMR-spectrum van het product kwam 
overeen met de gerapporteerde data. 



   

 

Popular Summary  

Carbohydrates are natural molecules that are made of carbon and water, giving a 
variation of small carbohydrates (also called “units”), like glucose. Carbohydrates are 
well-known for their nutritional value, whereas they are also important for several 
other biological functions. For instance, they serve as structural components, like chitin 
in the outside skeleton of insects, and they play a role in the communication between 
cells. Which function a carbohydrate will serve is dependent on its structure. 
Carbohydrates are mostly found in the form of long chains, meaning that several 
carbohydrate units are connected to each other. Because carbohydrate units vary 
widely in structure, there is a large variety of natural carbohydrate chains created in 
nature. For instance, both starch (found in potato) and cellulose (cotton/wood) are 
built from glucose units, however in a different fashion: starch has an axial-type bond 
(“angled”, Figure 1A) between the sugar units, while cellulose has an equatorial-type 
bond (“straight”, Figure 1B). Which function a carbohydrate will serve is dependent on 
the type of the bond. The type of bond found in starch can be digested by human 
enzymes, while the bond found in cellulose cannot. Moreover, carbohydrates have 5 
different positions where a bond can be connected to. Think of jigsaw puzzle pieces 
where each bump can be attached to the next piece. If we would want to build a long 
chain of puzzle pieces, it can happen that two pieces will be attached to one puzzle piece 
resulting in a branched structure. Similarly, carbohydrates will also branch.   

 

Figure 1. A) Starch structure, which contains an axial-“angled” bond; B) cellulose 
structure, that has an equatorial-“straight” linkages. Both shown as bricks.  

There is a wide variety of carbohydrate units. Glucose is the most well-known 
carbohydrate and it has several siblings, for instance, fructose and galactose. If glucose 
is bonded to fructose they form the disaccharide sucrose (also called table sugar). 
Galactose linked to glucose forms lactose (also called milk sugar). To cleave these 
disaccharides, people have specific enzymes. There is an enzyme to break sucrose, and 
there is a different enzyme to break lactose. Some people do not have enough of the 
enzyme that can break milk sugar, which results in lactose intolerance and a person can 
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no longer drink milk. There are other carbohydrate units, like fucose and sialic acid, that 
have a completely different structure than glucose, and therefore contribute to different 
functions.  

Human milk oligosaccharides (HMOs) are short carbohydrate chains that are found 
in human milk. HMOs greatly contribute to the health-development of a baby. They help 
good bacteria to grow in the gut (serve as prebiotics), and they can protect against 
infections. That happens because of fucosylated HMOs. These molecules prevent 
pathogens from adhering to the gut and therefore a pathogen cannot bind to gut cells, 
warding off infections. Because it is not always possible to give human milk to infants, 
other compounds (specifically, galactooligosaccharides and fructooligosaccharides – 
GOS/FOS) are used in infant formula to mimic the function of HMOs. GOS/FOS mixtures 
also allow good bacteria to grow in the gut but their effect is not as strong as HMOs in 
protecting against infection. Therefore, researchers attempt to find new ways to mimic 
the functions of HMOs. 

In Part 1 of this thesis, we synthesized an HMO-mimic based on β-cyclodextrin, a 
compound commonly used in the pharmacy and food sectors (C, Figure 2). In Chapter 
3 the synthesis of a twice-fucosylated cyclodextrin (D, Figure 2) was described. This 
compound is structurally similar to 3-fucosyllactose (A, Figure 2) because it has the 
same axial-type linkages to fucose (B, Figure 2). Intriguingly it was observed that 
fucosylation occurred on two specific positions out of the seven possible positions, and 
investigations into the origin of the observed selectivity using computational studies 
were described in Chapter 4. In Chapter 5 the fucosylated cyclodextrin was evaluated in 
a biological setting. Excitingly, it was demonstrated that similarly to fucosylated HMOs, 
it is not digested, meaning it can reach the large intestine intact. Moreover, it was shown 
that it prevented pathogenic Escherichia coli bacteria to adhere to epithelial cells. Part 
1 of the thesis demonstrated that molecules, which are structurally related to natural 
HMOs, may have similar properties, demonstrating great potential for the use of 
synthetic carbohydrates as HMOs mimics.  

 

 

Figure 2. A) Natural HMO 3-fucosyllactose, simply can be considered as a molecule 
made of B) 3 blocks. C) β-cyclodextrin built of 7 glucoses. D) HMO-mimic structurally 
similar to the molecule in panel A. The section of the molecule that is similar to A is 
framed.  
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Another class of carbohydrates that have healthy effects are the 
exopolysaccharides (EPS), which are found on the outside of beneficial bacteria, such 
as lactobacilli and bifidobacteria. To investigate the specific EPS structures that are 
responsible for certain health effects, polysaccharides and their fragments need to be 
obtained in high purity. This is not always possible from natural sources due to possible 
contaminations with other cell components. In Part 2 of this thesis, we synthesized a 
fragment of the EPS of Bifidobacterium adolescentis, a bacterial strain that is 
characteristic of the adult microbiota. EPS of bifidobacteria can train our immune 
system to react, making the immune system prepared to fight infections.  

Carbohydrate chains can be split into a repeating unit – a minimal number of units 
that are repeated in a polysaccharide structure. In this case, a 9-piece structure is 
repeated, formed from two different carbohydrate blocks. One of them is the very rare 
6-deoxytalose (blue triangles, Figure 3A), which makes this EPS unique and might play 
a role in communication between cells. The repeating unit has three 6-deoxytalose 
blocks connected via equatorial-type linkages, and three 6-deoxytalose blocks 
connected via axial-type linkages, and these latter units are also connected to a glucose 
block. Because 6-deoxytalose is found in nature as often as a 4-leaves clover, reports on 
the synthesis of fragments containing this unit are rare. Therefore, all the strategies for 
the preparation of the repeating unit needed to be developed. To make a long 
carbohydrate chain an appropriately protected building block is necessary (brick = 
building blocks). To do so, a carbohydrate unit is “dressed” into protecting groups, 
giving a building block with a free position available for coupling. Next, a coupling 
reaction is performed to link building blocks to each other. How to construct axial 
(“angled”)-type linkage is described in Chapter 6. The equatorial (“straight”)-type 
linkage is generally considered to be more difficult to make and for every carbohydrate 
unit, a specific methodology is developed. Chapter 7 describes the development of a 
suitable method for the synthesis of the equatorial-type bonds. After the methods for 
constructing all necessary types of bonds were developed, all the building blocks were 
gathered and the final assembly was performed in Chapter 8.  

 

 

Figure 3. A) Repeating unit of the EPS of B. adolescentis B) built from building blocks as 
brick representation.  





   

 

Populaire Samenvatting  

Koolhydraten zijn moleculen die bestaan uit koolstof en water. Met de combinatie 
van koolstof en water zijn verschillende kleine koolhydraten (zogenaamde ‘eenheden’) 
te maken, bijvoorbeeld glucose. Koolhydraten zijn bekend van hun voedingswaarde, 
maar ze hebben ook andere belangrijke biologische functies. Ze zijn een structureel 
component (zoals chitine in het pantser van insecten) en zijn ook belangrijk in de 
communicatie tussen cellen. Welke functie een koolhydraat heeft is afhankelijk van zijn 
structuur. Meestal vormen koolhydraten lange suikerketens van koolhydraateenheden 
die met elkaar zijn verbonden. Omdat koolhydraten wat betreft structuur zeer 
verschillend zijn, is er een grote variatie aan natuurlijk gevormde suikerketens. 
Bijvoorbeeld, zetmeel (zoals in aardappel) en cellulose (zoals in papier) zijn allebei 
opgebouwd uit glucoseeenheden, maar op een verschillende manier: zetmeel heeft een 
axiaal-type verbinding (‘schuin’) tussen suikereenheden en cellulose heeft een 
equatoriaal-type verbinding (‘recht’, Figuur 1). Welke functie een suikerketen heeft, is 
afhankelijk van de verbinding. De bindingtype van zetmeel kan afgebroken worden 
door menselijke enzymen en de bindingtype van cellulose kan niet. Verder, een klein 
koolhydraat heeft 5 verschillende plekken om een verbinding te bouwen. Denk aan 
puzzelstukjes die op elk uitsteeksel een verbinding kunnen hebben. Als een lange keten 
is gevormd van puzzelstukjes kan het gebeuren dat ze als een boom gaan vertakken. 
Vergelijkbare suikerketens kunnen op dezelfde manier ook als bomen vertakken.  

 

Figuur 1. A) De structuur van zetmeel heeft axiaal-‘schuin’ verbinding; B) de structuur 
van cellulose heeft equatoriaal-‘recht’ verbinding. Allebei getekend als blokjes. 

Er zijn veel verschillende koolhydraateenheden. Glucose is de meest bekende 
koolhydraat en heeft enkele broers en zussen, zoals fructose en galactose, die ook aan 
elkaar gebonden kunnen zijn. Fructose en glucose maken samen het disacharide 
sucrose, precies de suiker op de tafel. Galactose en glucose samen maken lactose, of 
melksuiker. Om die af te breken, hebben mensen specifieke enzymen. Er is een enzym 
om sucrose af te breken, en een ander enzym om lactose af te breken. Mensen hebben 
soms niet genoeg van het lactose-afbrekende enzym en dan krijgen ze lactose-
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intolerantie en kunnen geen melk drinken. Er zijn ook andere koolhydraateenheden, 
zoals fucose en sialic zuur, die hebben een hele andere structuur dan glucose en kunnen 
daarom aan andere functies bijdragen.  

Humane melk oligosachariden (HMO) zijn korte suikerketens die worden 
gevonden in moedermelk. HMOs helpen om de gezondheid van de baby te verbeteren. 
HMOs helpen gunstige bacteriën om in de darm te groeien (prebiotische functie), en ze 
kunnen een baby ook beschermen tegen infecties. Dat gebeurt dankzij gefucosyleerde 
HMO. Deze moleculen voorkomen dat pathogenen zich hechten aan de darm en daarom 
kan een pathogeen niet in de darm blijven. Omdat het niet altijd mogelijk is om een baby 
moedermelk te geven, worden er andere moleculen toegevoegd in poedermelk om de 
functie van HMO na te bootsen (bijvoorbeeld GOS/FOS – galacto en 
fructooligosachariden). GOS/FOS helpen heel goed om gunstige bacteriën te laten 
groeien, maar ze kunnen niet zo goed beschermen tegen infecties als gefucosyleerde 
HMO. Daarom willen wetenschappers nieuwe methoden te vinden om deze moleculen 
te vervangen.  

In Deel 1 van dit proefschrift hebben we een HMO-analoog gemaakt, gebaseerd op 
β-cyclodextrine, een molecuul dat algemeen wordt gebruikt in medicijnen en voeding 
(C, Figuur 2). In Hoofdstuk 3 de synthese van di-gefucosyleerd β-cyclodextrine (D, 
Figuur 2) is beschreven. Dit molecuul is vergelijkbaar met 3-fucosyllactose (A, Figuur 
2) omdat het dezelfde axiaal-type verbinding met fucose heeft (B, Figuur 2). Het werd 
waargenomen dat fucosylering op twee van de zeven mogelijke posities gebeurde, en 
dat resultaat was verder onderzocht met computationele experimenten in Hoofdstuk 4. 
Hoofdstuk 5 beschrijft de evaluatie van gefucosyleerd cyclodextrine in biologische 
experimenten. De resultaten tonen aan dat gefucosyleerde cyclodextrine, net zoals 
HMO, niet wordt verteerd, en daarom de dikke darm kan bereiken. Verder, met gebruik 
van het nieuwe analoog kon de pathogeen (Escherichia coli) niet aan cellen binden. Deel 
1 van dit proefschrift laat zien dat moleculen, die qua structuur vergelijkbaar zijn met 
natuurlijke HMOs, vergelijkbare eigenschappen hebben. Daarom hebben synthetische 
koolhydraten een groot potentieel voor het nabootsen van HMO.   
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Figuur 2. A) Natuurlijke HMO 3-fucosyllactose, kan gezien worden als molecuul 
gemaakt uit B) 3 bouwstenen. C) β-cyclodextrine gemaakt uit 7 glucosiden. D) HMO-
analoog structuur bootst fragment na van panel A. De vergelijkbare sectie van molecuul 
is in de groene lijst. 

Exopolysachariden (EPS) zijn een andere klasse koolhydraten die ook positieve 
effecten hebben op de gezondheid. Deze worden gevonden aan de buitenkant van 
gunstige bacteriën, zoals bifidobacteria en lactobacilli. Om te onderzoeken welke 
specifieke EPS structuren verantwoordelijk zijn voor de effecten op de gezondheid, is 
het nodig om deze polysachariden of fragmenten daarvan te verkrijgen met hoge 
zuiverheid. Het is niet altijd mogelijk om EPS van natuurlijke bronnen te isoleren omdat 
het met andere celcomponenten verontreinigd kan zijn. In Deel 2 van dit proefschrift is 
de synthese van een EPS fragment van Bifidobacterium adolescentis beschreven. Deze 
bacterie is karakteristiek voor een volwassen microbioom. EPS van bifidobacteria 
kunnen het immuunsysteem trainen om te reageren, zodat het immuunsysteem 
voorbereid is tegen infecties te vechten.  

Lange suikerketens kunnen opgesplitst worden tot een repeterende eenheid – een 
minimum aantal van eenheden die worden herhaald in een ketenstructuur. In dit geval, 
een structuur van 9 eenheden wordt herhaald, gevormd uit twee verschillende 
koolhydraatblokjes. Een van die blokjes is de zeer zeldzame 6-deoxytalose (blauwe 
driehoek, Figuur 3A), wat dit EPS heel uniek maakt en belangrijk kan zijn in 
communicatie tussen cellen. De repeterende eenheid heeft drie 6-deoxytalose blokjes 
verbonden via equatoriaal-type bindingen, en drie 6-deoxytalose met axiaal-type 
bindingen die ook nog verbonden zijn met glucosiden. Omdat 6-deoxytalose even vaak 
in de natuur gevonden is als een klavertje 4, was literatuur over de synthese van deze 
fragmenten nauwelijks te vinden. Daarom moesten we zelf nieuwe strategieën 
ontwikkelen om de herhalende eenheid te syntheseren. Om een lange suikerketen te 
maken is het nodig om een geschikte bouwsteen te syntheseren. Eerst, de 
suikereenheid is ‘gekleed’ met beschermgroepen. Dat geeft een bouwsteen met een 
vrije positie beschikbaar voor koppeling. Dan gebeurt de koppelingreactie om 
bouwsteen samen te binden. De axiaal-type (‘schuin’) verbinding met 6-deoxytalose is 
beschreven in Hoofdstuk 6. Het equatoriaal-type (‘recht’) binding is vaak gezien als 
moeilijker om te maken omdat voor elke koolhydraat zijn eigen methode is ontwikkeld. 
Hoofdstuk 7 beschrijft de ontwikkeling van een goede methode om equatoriaal-type 
verbindingen te maken. Op het moment dat beide type binding kunnen gemaakt 
worden, zijn alle bouwstenen gebruikt in de eindmontage van de repeterende eenheid 
in Hoofdstuk 8.  
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Figuur 3. A) Repeterende eenheid van de EPS van B. adolescentis B) gebouwd uit 
bouwstenen getekend als blokjes. 

 



   

 

Популярное Описание  

«Синтез углеводов полезных для здоровья» 

Углеводы — это молекулы, состоящие из углерода и воды. Из них построены 
углеводные «единицы», такие как глюкоза. Углеводы известны своей 
питательной ценностью, в то время как они также выполняют другие полезные 
биологические функции. Например, они являются структурным компонентом 
(как хитин в панцире насекомых) и выполняют важную роль в общении клеток 
между собой. Какую функцию будет выполнять углевод зависит от его 
структуры. В большинстве случаев, углеводы формируют длинные цепочки из 
углеводных единиц, которые соединены с друг другом. Поскольку углеводные 
единицы сильно разнятся в структуре, огромное количество разных углеводных 
цепочек найдено в природе. Например, крахмал (как в картофеле) и целлюлоза 
(как в бумаге) состоят из глюкозы, но соединены по-разному: в крахмале связь 
между углеводными единицами аксиальная («угловая», Фигура 1А), а в 
целлюлозе экваториальная («прямая», Фигура 1Б). Какая функция будет у 
углевода, зависит от типа связи. Тип связи, найденный в крахмале, может быть 
расщеплен человеческими ферментами, а связь в целлюлозе не может. Кроме 
того, у каждой углеводной единицы есть пять мест, где может образоваться 
новая связь. По аналогии с штучками паззла, где каждая выпуклость может быть 
соединена со следующим паззлом. При формировании цепочки из паззлов два 
паззла могут присоединится к двум выпуклостям другого паззла, образуя 
разветвления. Так же углеводные цепочки могут разветвляться.  

 

 

Фигура 1. А) Структура крахмала с аксиальной-«угловой» связью; Б) структура 
целлюлозы с экваториальным-«прямым» типом связи. Оба показаны в виде 
конструкторных блоков.  
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Существуют различные углеводные единицы. Глюкоза самая известная и у 
нее есть несколько сестер: например, фруктоза и галактоза. Фруктоза, 
соединенная с глюкозой дает дисахарид сахарозу или просто сахар, который мы 
добавляем в чай. Галактоза, соединённая с глюкозой – это дисахарид лактоза или 
молочный сахар. Чтобы расщепить связь между двумя различными углеводными 
единицами, у людей есть специальные ферменты. Есть фермент, чтобы 
расщепить связь между сахарозой и есть другой фермент, чтобы расщепить 
лактозу. Когда у человека недостаточно фермента, расщепляющего лактозу, у 
него появляется непереносимость лактозы и он не может пить молоко. 
Существуют так же другие углеводные единицы, как фукоза и сиаловая кислота, 
структура которых сильно отличается от структуры глюкозы и поэтому они 
могут выполнять другие функции.   

Олигосахариды грудного молока (ОГМ) – это короткие углеводные цепочки, 
найденные в грудном молоке. ОГМ помогают улучшить здоровье младенца, 
способствуют росту полезных бактерий в кишечнике (функционируют как 
пребиотки) и защищают младенца от инфекций. Это происходит благодаря 
фукозилированным ОГМ, которые не позволяют патогену присоединится к 
кишечнику, предотвращая инфекцию. Поскольку не всегда возможно грудное 
вскармливание, другие вещества добавляют в детскую смесь, чтобы 
сымитировать функции ОГМ (например, ГОС/ФОС – галакто- и 
фруктоолигосахариды). ГОС/ФОС хорошо способствуют росту полезных 
бактерий, но не могут защищать от инфекций так же сильно, как могут ОГМ. 
Поэтому ученые разрабатывают новые аналоги ОГМ.  

В части первой этой диссертации мы синтезировали ОГМ аналог на основе 
β-циклодекстрина, вещества часто используется в фармацевтике и как пищевая 
добавка (В, Фигура 2). В Главе 3 показан синтез ди-фукозилированного β-
циклодекстрина (Г, Фигура 2). Эта молекула похожа на 3-фукозиллактозу (А, 
Фигура 2), поскольку у нее такая же аксиальная связь у фукозы (Б, Фигура 2). Во 
время синтеза было замечено, что фукозилирование прошло только на двух 
позициях из семи возможных и это было дальше исследовано с помощью 
расчетов в Главе 4. В Главе 5 были проведены биологические эксперименты на 
ди-фукозилированном β-циклодекстрине. Оказалось, что фукозилированный 
циклодекстрин, как и ОГМ, не переваривается и поэтому может попасть в 
толстый кишечник. Более того, фукозилированный циклодекстрин 
препятствовал присоединению патогена (Escherichia coli) к клеткам. В части 1 
этой диссертации было показано, что молекулы, структура которых похожа на 
структуру натуральных ОГМ, могут иметь похожие функции. Поэтому у 
синтетических углеводов есть огромный потенциал в качестве аналогов ОГМ.  
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Фигура 2. А) Натуральный ОГМ 3-фукозиллактоза, может быть представлен как 
молекула из Б) трех блоков. В) β-циклодекстрин, состоящий из 7 глюкозидов. Д) 
ОГМ-аналог, структурно похожий на молекулу из панели А. Сравнимые 
фрагменты показаны в зеленой рамке.  

Экзополисахариды (ЭПС) – это другой класс углеводов, которые 
демонстрируют полезные эффекты на здоровье. Эти углеводы найдены на 
поверхности полезных бактерий, таких как бифидобактерии и лактобацилли. 
Чтобы исследовать какие ЭПС структуры полезны для здоровья необходимо 
получить полисахариды и их фрагменты в высокой степени чистоты. Однако, это 
не всегда возможно из природных источников, поскольку они могут быть 
загрязнены другими клеточными компонентами. В части 2 этой диссертации 
был проведен синтез ЭПС фрагментов Bifidobacterium adolescentis. Эта бактерия 
характерна для взрослого микробиома. ЭПС бифидобактерий тренируют 
иммунную систему реагировать, тем самым подготавливая иммунную систему 
бороться с инфекциями.  

Длинные углеводные цепочки могут быть разделены на повторяющиеся 
последовательности – минимальное количество повторяющихся единиц в 
цепочке. В нашем случае, повторяется структура из 9 единиц, сформированная 
из двух различных углеводных блоков. Один из них – это очень редкая 
6-деокситалоза (голубой треугольник, Фигура 3А), что делает структуру ЭПС 
уникальной. Уникальность этого ЭПС может быть важна для коммуникации 
между клетками. Повторяющаяся последовательность состоит из трех 6-
деокситалоз, соединенных экваториальной связью, и из трех 6-деокситалоз, 
соединенных аксиальной связью, которые так же соединены с глюкозой. Из-за 
того, что 6-деокситалоза встречается в природе реже чем четырехлистный 
клевер, мало информации о синтезе этих фрагментов было найдено в 
литературе. Поэтому новые методы были разработаны для синтеза 
повторяющейся последовательности. Чтобы синтезировать длинную 
углеводную цепочку, сначала нужно синтезировать подходящие блоки. Для 
этого углевод «одевают» в защитные группы, что дает блоки с одной свободной 
позицией для построения связи. После этого блоки могут быть соединены с друг 
другом. Аксиальные («угловые») связи для соединения 6-деокситалозы описаны 
в Главе 6. Экваториальные («прямая») связь часто рассматривается как более 
сложная для построения, поскольку для каждой углеводной единицы 
необходимо разработать свой метод. В Главе 7 показана разработка метода для 
построения экваториальной связи. После того, как были разработаны методы 
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для построения обоих типов связи, в Главе 8 была осуществлена сборка 
повторяющейся последовательности.  

 

 

Фигура 3. А) Повторяющайся последовательность ЭПС B. adolescentis Б) 
построенная из блоков  
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