
 

 

 University of Groningen

Synthesis of Health-Promoting Carbohydrates
Verkhnyatskaya, Stella A.

DOI:
10.33612/diss.158661500

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Verkhnyatskaya, S. A. (2021). Synthesis of Health-Promoting Carbohydrates. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.158661500

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.158661500
https://research.rug.nl/en/publications/0976e32b-a0f0-4b86-96c1-828bd9b75295
https://doi.org/10.33612/diss.158661500


   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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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Chapter 9 

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.  



 

 

223 

 

 

 

Summary and Outlook 

 

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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Chapter 9 

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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