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1. Introduction

It has long been known that heparin-analogue oligosaccharides
contain L-iduronic acid and D-glucuronic acid units, in which the
conformational flexibility of L-iduronic acid is essential for the formation
of the biologically active structure and the conformation of the idose unit
is greatly influenced by the degree of sulfation of the sugar units attached.
Previously, several methods have been developed for the synthesis of
these types of oligosaccharides, but the greatest challenge in each case is
the efficient preparation of the L-idose or L-iduronic acid building block.
Although a number of research has been carried out on the synthesis of
L-idose, an efficient method has still not been developed for the synthesis
of orthogonally protected L-idosyl donors that can be used directly to
perform glycosylation reactions. Based on this, we set a dual goal during
my doctoral work.
1. On the one hand we attempted to replace the L-iduronic acid unit
by a simpler building block. We assumed that the skew boat
conformation required for biological activity may also be provided by 6-
deoxy-L-talopyranoside, which differs from L-idose in the configuration
of the C-3 carbon atom and in the absence of the 6-OH. For this purpose,
we planned to synthesize idraparinux analogue pentasaccharides in which
the L-iduronic acid unit is substituted by the more easily producible 6-
deoxy-L-talopyranoside. (1-3, Scheme 1.).
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Scheme 1.: The structure of the planned 6-deoxy-L-talopyranoside-
containing pentasaccharides

2. In parallel with the oligosaccharide syntheses, further developing
the C-5 epimerization synthesis strategy (hydroboration/oxidation
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reaction combination) previously described for O-glycosides, we planned
to develop and optimize an efficient reaction pathway, starting from D-
glucose, to produce L-idosyl thioglycosyl donors which may be suitable
for the synthesis of oligosaccharides. The prepared donor molecules were
then utilized in the synthesis of heparin-related oligosaccharides
including idraparinux (4).
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Scheme 2.: The structure of the idraparinux

2. Applied methods

The macro-, semi-micro, and micro-methods of the modern
preparative organic chemistry were used in the synthetic work. The purity
of the substances, the ratio of products were controlled and the reactions
were monitored by thin-layer chromatography. Purification of the crude
products and separation of the isomers were carried out either by
crystallization, or by column chromatography. The characterization and
the structural elucidation of the compounds were carried out by elemental
analysis, melting point- and optical rotation determination, and by one
and two-dimensional (*H-H-COSY, *C-'H-HSQC, TOCSY, ROESY)
NMR spectroscopy and MALDI/ESI-TOF mass spectrometric methods,
respectively.
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3. New scientific results of the dissertation
3.1. Synthesis of the 6-deoxy-L-talopyranose-containing idraparinux
analogue pentasaccharides

3.1.1. The applied synthesis strategy

¢ To the synthesis of the planned pentasaccharides, the monosaccharide
building blocks applied in previous research (5-8, Scheme 3.) and the
6-deoxy-L-talopyranoside donor (10) were used.

e The unit G (10), starting from L-rhamnose, could be synthesized in 7
steps with a total yield of 61%, which was really much simpler and have
better yield than the preparation of the L-idose unit. (Using the method
previously applied in the Department, the L-idose glycosyl donor was
prepared in 9 steps in a total yield of 15%.)
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Scheme 3.: Structure of the monosaccharide building blocks used for
the preparation of the protected pentasaccharide

e During the synthesis benzyl ethers were used as permanent, acetyl,
isopropylidene acetal and (2-naphtyl)methyl-ether protecting groups
were applied as temporary protecting groups.

e The hydroxyls which are sulfated in the final products were protected
as benzyl ethers.

o Acetyl protecting groups were used at positions where C-2 participant
groups were required for the selective formation of 1,2-trans-
interglycosidic bonds.

o Since monosaccharide uronic acid donors have previously been found
to be of limited use in glycosylation reactions due to their reduced
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reactivity, the carboxyl function at the unit E was formed at the
pentasaccharide level.

e During the synthesis of the planned compounds, we followed the [2+3]
block synthesis strategy already successfully used in our Research
Group.

e To this end, the protected trisaccharide FGH was built up by two
different pathways from the monosaccharides (7, 8, 10) shown in
Scheme 3.

3.1.2. Synthesis of the trisaccharide FGH 1.

First, compound 13 (Scheme 4.) was prepared by performing the
L-rhamnose — L-talose conversion at the monosaccharide level and the
isopropylidene-containing 6-deoxy-L-talopyranoside derivative 10 was
coupled with the monosaccharide acceptor 8.
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Scheme 4.: Synthesis of the trisaccharide acceptor FGH 1.

During the reaction, despite the fact that the donor molecule (10)
contained a non-participating acetal protecting group at the C-2 position,
compound 11 was obtained in excellent yield and complete
stereoselectivity, then it was transformed into an acceptor by oxidative
removal of the 4-O-NAP ether group. Next, glycosylation of disaccharide
12 with monosaccharide 7 was performed, resulting in the protected
trisaccharide 13 with excellent yield and stereoselectivity, which was
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converted into an acceptor (14) in one step. This synthesis route required
20 steps starting from L-rhamnose, methyl a-D-glucopyranoside and D-
glucose resulting in compound 13 in 7.1% overall yield.

3.1.3. Synthesis of the trisaccharide FGH II.

To improve the yield and shorten the synthesis, trisaccharide 13
was also prepared by a route using the phenyl-1-thio-o-L-
rhamnopyranoside derivative (15) as a talose precursor building block
and the C-4 epimerization (oxidation/stereoselective reduction) was
performed at the disaccharide level (Scheme 5.). In this reaction pathway,
the protected trisaccharide (13) was prepared in 18 steps in 11% overall
yield using the building blocks already mentioned. The protected
trisaccharide was then converted in 3 steps to an acceptor containing
acetyl groups on unit G (18).
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Scheme 5.: Synthesis of the trisaccharide acceptor FGH 1.

3.1.4. Synthesis and transformations of the protected pentasaccharide

In the followings we performed the glycosylation reaction of FGH
acceptor 18 with disaccharide donor 19, which had been previously
synthesized and successfully used in our research group (Scheme 6.).
During the reaction, the protected pentasaccharide (20) formed in
excellent yield and full stereoselectivity, and was then successfully
converted into the three 6-deoxy-L-talopyranoside-containing
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pentasaccharide derivatives (1-3) by formation of the final groups
(methyl, carboxyl, sulfate ester). (Overall yields of final products: 1: 33
steps, 0,9 %; 2: 34 steps, 0,7 %; 3: 35 steps, 0,8%).
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Scheme 6.: Synthesis and transformations of the 6-deoxy-L-
talopyranoside-containing pentasaccharides

3.1.5. Biological and NMR studies

By performing the factor Xa inhibition studies of the synthesized
pentasaccharides (1-3), it was found that the modifications led to a
complete loss of the anticoagulant effect. This is probably explained by
the lack of a carboxyl group essential for binding at the unit G and by the
fact that the bioactive 2So conformer, according to NMR studies, is
present in a smaller population in the conformational equilibrium of 1C,,
2Sp and “Ca.
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3.2. New synthesis of L-idosyl thioglycosyl donors

¢ Within these studies, the previously described synthesis method for O-
glycosides was extended to thioglucoside derivatives.

eThe key step of this method is the diastereoselective
hydroboration/oxidation of hex-5-enopyranosides formed from
properly protected carbohydrate derivatives.

e For the epimerization reactions, the 5,6-unsaturated compounds were
prepared by the elimination reaction of the corresponding 6-deoxy-6-
iodine derivatives.

3.2.1. Compatibility studies of the thio aglycone

Although it was known from previous results that the o-anomeric
configuration is essential for the high L-ido selectivity, initial
compatibility investigations were studied on B-thioglucosides which can
be more easily synthesized than a-isomers. During the reactions, using
different protecting group strategies, we found that in all cases the
hydroboration and oxidation occurred with high efficiency, the oxidation
conditions successfully applied for O-glycosides proved to be suitable for
the tested thioglucoside derivatives, as the sulfur atom is not or very small
extent oxidized. As expected, the D-gluco epimers formed as the main
products.

3.2.2 Synthesis of L-idose starting from a-D-thioglucosides

In the followings, reactions of a-thioglucosides were studied. To
this end, the hydroboration and oxidation reactions of exomethylene
derivatives (Scheme 7., 22, 23, 24) protected with ether groups (Bn,
PMB, NAP, Me) in different positions were investigated. Carrying out
the three-step (elimination-hydroboration-oxidation) C-5 epimerization
of these compounds, the products with L-ido configuration (25, 26, 27)
were obtained in good yields, which have an anomeric group that can be
activated and can be used as glycosyl donors after further conversion.
Compounds 25, 26 and 27 were synthesized in 11 steps starting from D-
glucose in 16%, 15% and 28% overall yields, respectively.
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Scheme 7.: New synthesis and glycosylation reactions of orthogonally
protected L-idose thioglucoside donors — selection

3.2.2. Glycosylation test reactions

In order to investigate the applicability of the synthesized L-idose
derivatives, glycosylation test reactions were also performed. To this end,
the prepared compounds could be converted into donors in one step in an
oxidative acetal ring closure reaction (28, 29, 30, Scheme 7.). Using the
obtained L-idosyl thioglycosyl donors, coupling reactions were
performed in which protected heparin analogue disaccharides were
prepared in good yields and stereoselectivity (32, 33, 34). Based on the
reactions performed, the thioglycoside derivatives prepared can be said
to be suitable for the synthesis of heparin analogue oligosaccharides.

3.3 New synthesis of idraparinux

Finally, in order to demonstrate the efficacy of the new L-idose
synthesis method, we used the thioidoside donor 30 for the synthesis of
the heparin analogue pentasaccharide with the best anticoagulant activity,
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idraparinux, in a shorter and more efficient route than before (Scheme 8.,
4).
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Scheme 8.:: The shortest synthesis of idraparinux with the use of
new a-Selective L-idose thioglycosyl donor

The key steps of the new synthesis included the synthesis of 4,6-
acetal-containing L-idose donor (30) and its use in the preparation of
disaccharide GH (36). The exomethylene derivative (24) required for the
preparation of the L-idose donor was synthesized from D-glucose in 10
steps and subsequent hydroboration followed by oxidation afforded the
L-ido epimer (27) in good yield, which was converted into donor (30) by
an oxidative ring closure reaction. Using compound 30 in the
glycosylation step, the disaccharide GH containing an a-interglycosidic
bond was formed in good yield and with complete stereoselectivity due
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to the directing effect of the 4,6-acetal ring (34). Next, we successfully
synthesized the trisaccharide acceptor FGH (37) and then the protected
pentasaccharide (38) by block synthesis of trisaccharide 37 and
disaccharide donor DE (19) [2 + 3] as before (Scheme 8.). The protected
pentasaccharide (38) was finally converted into the final product (4) in 6
steps. Applying this method, idraparinux was synthesized in 0.15% yield
starting from D-glucose and methyl a-D-glucopyranoside in 38 steps with
23 steps for the longest linear route. It is important to mention that during
the synthesis of disaccharide GH and the L-idose donor, many
intermediates were formed in crystalline form. With the successful
synthesis of disaccharides and idraparinux, we have demonstrated that
idosyl donors containing a 4,6-acetal ring can be used to perform 1,2-
trans-a-selective glycosylation reactions in the lack of the C2-
participating group, which may open new routes for even more diverse
protecting group strategies for the synthesis of heparinoid
oligosaccharides.

4. Possible application of the results

e During my PhD research, on the one hand, we have developed new
methods for the preparation of heparin-analogue oligosaccharides.

¢ On the other hand, we have elaborated a new synthetic route for the
preparation of L-idose thioglycoside donors that can be used directly for
the synthesis of oligosaccharides and glycoconjugates.

e In addition, this method can be extended to the preparation of other
hexoses and is generally applicable to the synthesis of rare L-hexoses.
e Furthermore, by biological and NMR studies of the carbohydrate
derivatives produced, we were able to better understand the nature of
the interaction of proteins related to our research (e.g., antithrombin)

with carbohydrates.
e In addition, the methods developed during the synthesis of our
compounds greatly contribute to the development of carbohydrate
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chemical synthesis methods (glycosylation reactions, protecting group
manipulations, synthesis of L-hexoses).
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reakciok vizsgalata kétféle dioxan tipusu acetal véddcsoportot tartalmazé
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tartalmazé monoszacharidokon, XXXVII. Kémiai Eléadoi napok,

Program és eldadds-osszefoglalok, 2014. november 3-5., 219-223.
(ISBN: 978-963-9970-53-3)

Demeter F., Herczeg M., Borbas A.: Kemoszelektiv gyiirinyitasi
reakciok vizsgalata kétféle dioxan acetalt tartalmazd glikozidokon,
Debreceni Egyetem Természettudomanyi és Technologiai Kar, 2014. évi
Oszi Tudomanyos Didkkori Konferencia, 2014. november 28.

M. Herczeg, E. Mez6, F. Demeter, R. Pataki, A. Borbas: Simultaneous
application of 1,3- and 1,4-dioxane acetal groups for protection of
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2014. June 22-26. (Page 103; ISBN: 978-80-971665-0-2, ISSN 1339-
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2. F. Demeter, M. Herczeg, A. Borbas: Synthesis of sulfonic acid-
containing maltooligomers with potential antitumor and antimetastatic
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2015. (page 53.)
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4. Fruzsina Demeter, Anik6é Borbas, Mihaly Herczeg, An efficient
synthesis of the pentasaccharide repeating unit of Pseudomonas
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Eurocarb XX., Leiden, The Netherlands, June 30. - July 4., 2019.
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