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ABSTRACT

To explore the possibility of enzymatic glycosylation of analogs in which the C-
bonded hydrogen atom is modified (termed carbon-branched sugars), a series of carbon-
branched acceptor analogs was chemically synthesized. These analogs had the C-H bond
of the ring carbon bearing the OH groups undergoing glycosylation replaced with a C-
alkyl bond. Surprisingly, four glycosyltransferases: «l,3/4-fucosyltransferase, al,3-
galactosyltransferase, and the blood group A and B glycosyltransferases were found to be
able to recognize the carbon-branched sugar analogs and catalyze their glycosylation.
Efficient enzymatic synthesis of glycosides of the complex tertiary sugar alcohols was

thus accomplished for the first time.

The glycosides of the tertiary alcohols produced by this chemoenzymatic
approach were used as probes for carbohydrate-protein recognition. Analog 83 was found
to be a kinetically competent substrate for a-fucosidase which cleaves the fucose residue
in the Lewis X structure. Analog 86, however, had much weaker binding affinity with E-
selectin than the natural sialyl Lewis X. Analogs 87 and 89 displayed two and four times
stronger binding affinity with the Griffonia simplicifolia 1 By isolectin than their parent
trisaccharides. The increased binding affinity may result from a less negative entropic
contribution since the analogs may be conformationally more restricted due to the

introduction of the bulky methyl group at the glycosidic linkage.
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The second part of the thesis focused on new methods for the stereoselective
synthesis of glycosides. An efficient methodology for the synthesis of B-glycosides of 2-
amino-2-deoxy sugars was developed employing the p-nitrobenzyloxycarbonyl (PNZ)
protecting group. The PNZ group was shown to be an orthogonal amine protecting group

which can be readily removed either by hydrogenolysis or by sodium dithionite under

neutral conditions.

Also described in this thesis is the exploratory work on the development of a
method to make hemithio-orthoesters of complex sugar alcohols, which can be further
reduced to give B-glycosides with high stereoselectivity. The preliminary results obtained
suggest that the synthesis of B-glycosides from the hemithio-orthoesters will not be

practical until better thionation chemistry is developed.
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Chapter 1

Introduction

1.1. Biological Roles of Carbohydrates

Carbohydrates have long been considered as energy sources, structural
components and protective agents. This view, however, is being revised based on the
observations that carbohydrates are critically involved in many cellular biological
recognition events [1]. Carbohydrates are now well recognized as chemical mediators,
receptors and cell-surface markers [2]. They are involved in intercellular communication,
recognition and adhesion. Carbohydrates serve as receptors for binding bacteria, toxins,
viruses and hormones. These molecules can control vital events in fertilization and early
development, regulate many critical immune system recognition events and target aging
cells for destruction. Cell-surface carbohydrates also change upon malignant
transformation in metastasis and are responsible for significant differences in surface

properties between metastatic and non-metastatic cells.

The increased recognition of their biological significance has caused a surge of
interest in carbohydrates. As a result, new disciplines described as Glycobiology,
Glycochemistry, Glycoimmunology, Glycoscience and Glycotechnology have appeared in
the past decade [3]. Their inherent structural diversity has made carbohydrates superbly
effective carriers of information as its component molecules, monosaccharides, can be
connected at several positions to form a vast array of branched or linear structures [4].
There is little doubt that many more new roles of carbohydrates will be uncovered for this

diverse and complex class of molecules.
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1.2. Naturally Occurring Complex Carbohydrates

The majority of carbohydrates present in cells are covalently attached to proteins
or lipids. These carbohydrate-biomolecule adducts are called glycoconjugates which
include glycoprotein, glycolipids and proteoglycans. Glycoproteins can be classified as
either O-linked or N-linked glycoproteins [5]. In O-linked glycoproteins, saccharides are
attached to the hydroxyl group of serine (Ser) or threonine (Thr) (Figure 1.1).

o A
%ﬁ J\’/‘\ y &"WH |

NHAc

a-D-GalNAc-Ser/Thr B-D-GlcNAc-B-Ser/Thr
HN ’IL‘L /1'1‘1
o\‘/‘\"/ HMOM
HaC R © OH o)
OH
ch Ser:R=H B-D-Xyl-Ser
HO Thr: R = CH;
a-L-Fuc-Ser/Thr

Figure 1.1. Some precursor structures for O-linked glycoproteins.

Carbohydrates in N-linked glycoproteins are linked to the amide group of asparagine
(Asn) residue, which is part of a consensus sequence of Asn-X-Ser/Thr where X can be
any amino acid other than proline. N-Linked glycans of glycoproteins can be divided into
three types: high mannose type, complex type and hybrid type (Figure 1.2). All three
types share a common pentasaccharide core structure, Manal—6[Manal—3]

ManfB1—->4GIcNAcB1—>4GIcNAcp.
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aMan(I—)Z)aMan\l,ﬁs:‘ """""""""""""""""""""""" M

ycMan E

/'. 1,6 '
aMan(1—2)aMan - 3.

High Mannose Type

BGIcNAc 1,6 = 3GIcNAc + aFuc

FxMan "11

BGIcNAc 2 1.6 I 14 1.6 :

: BMan(1—4)BGIcNAC(1>4)BGIcNAc-Asn

BGIcNAcl,4! :

: 1.3 :

Man™ * '

BGIcNAcl/,z"i .............................................. a
Complex Type

OLMan(I—>2)OLMan*iSr ....... #BGIcNAc . -
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Figure 1.2. Three types of glycan structures of N-linked glycoproteins.

The carbohydrates in glycolipids are linked to the hydroxyl group of hydrophobic
moieties such as a ceramide or prenyl phosphate [6]. They can be divided into
glycoglycerolipids (which are abundant in bacterial and plants), glycosphingolipids
(which are the major glycolipids in animals), and glycosyl-phosphatidyl-inositols (GPI)
[7]. Protecglycans, found primarily in connective tissue, contain serine-linked

polysaccharides with repeating disaccharide units.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3. Biosynthesis of Oligosaccharides in Mammalian Cells

Whereas proteins and nucleic acids are biosynthesized by well-established
template mechanisms, mammalian oligosaccharides, like automobiles, are manufactured
on an assembly line in which the monosaccharide building blocks are incorporated
sequentially [8]. The elaborate assembly line for the oligosaccharides in glycoproteins
and glycolipids consists of the endoplasmic reticulum (ER) and Golgi apparatus where
glycosyltransferases and glycosidases are the workers. These two classes of enzymes have
complementary functions: glycosyltransferases add carbohydrates to growing

oligosaccharide chains while glycosidases cleave them.

The biosynthesis of N-linked glycans of glycoproteins is initiated in the ER where
the individual sugars, N-acetylglucosamine (GicNAc), mannose (Man) and glucose (Gic)
are sequentially added to the lipid carrier, dolichol phosphate, by a series of
glycosyltransferases to form GlcsMangGIcNAc,-PP-dolichol. The oligosaccharide is then
transferred co-translationally to the Asn residue of proteins. Subsequent trimming of the
oligosaccharide chains by glycosidases takes places in the ER to give glycoproteins with a
MangGlcNAc, structure, which are then transported to Golgi apparatus. Two mannose
residues are then removed and N-acetylglucosamine, fucose, galactose and sialic acid

residues are sequentially added by glycosyltransferases [8].

The biosynthesis of O-linked glycans of glycoproteins starts mainly in the cis
Golgi apparatus with the transfer of N-acetylglucosamine (GalNAc) to serine or
threonine. Sugars are transferred from sugar nucleotides to synthesize eight O-glycan
potential core structures which are further elongated with a variety of glycosyltransferases

[9]. Biosynthesis of glycosphingolipids involves the glycosylation of ceramide and
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sequential additions of monosaccharides from sugar nucleotide donors in the Golgi

apparatus [10].

1.4. Glycosyltransferases

Glycosyltransferases are defined as a class of enzymes that catalyze the transfer of
a glycosyl residue from a donor to an acceptor. They can be divided into Leloir type and
non-Leloir type according to the type of glycosyl donors they use [11]. Leloir
glycosyltransferases utilize sugar nucleotides as donors while non-Leloir

glycosyltransferases typically use glycosyl phosphates as donors.

Most of the glycosyltransferases responsible for the biosynthesis of glycoproteins
and glycolipids are Leloir-type glycosyltransferases. They are typically type II membrane
proteins with a short cytoplasmic N-terminal domain, a hydrophobic transmembrane
domain, a lumenally oriented stem and a large C-terminal catalytic domain [12]. Leloir
glycosyltransferases have been endowed with a precise specificity for both the sugar
nucleotide donor and acceptor. They catalyze the transfer in a regio- and stereospecific
manner with either retention (retaining enzymes) or inversion (inverting enzymes) of
configuration at the anomeric center of the donor (Figure 1.3). According to the “one
linkage-one enzyme” concept [13], there are estimated to be hundreds of
glycosyltransferases responsible for elaboration of the diverse and complex

oligosaccharide structures found in nature.
Glycosyltransferases are classified according to their nucleotide donor sugars, the

type of glycosidic linkage formed (o or B) and the specific hydroxyl group in the acceptor

to which the monosaccharide is transferred. For example, p1,4-galactosyltransferase
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(B1,4-GalT) from bovine milk catalyzes the transfer of a Gal unit with inversion of
configuration from UDP-Gal to the 4-OH group of GlcNAcB-R acceptors generating
GalB1—>4GIlcNAcB-R structures. Mammalian glycosyltransferases use only nine main
sugar nucleotides as building blocks to construct the complex oligosaccharides (Figure

1.4).

mo o Gllycosylation Site
I B o]
"o o

o~ 1or2 *
Acceptor
HO  OH
Sugar Nucletotide Donor ‘
Retaining Inverting
Glycosyitransferase Glycosyltransferase

Oligosaccharide

HO OH
Nucleotide

Figure 1.3. Reactions catalyzed by Leloir-type glycosyltransferases (B= Uracil,

Guanine, Cytosine).
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Figure 1.4. Nine sugar nucleotide donors used in mammalian oligosaccharide

biosynthesis.
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1.5. Enzymatic Synthesis

The demonstration that oligosaccharides play important roles in diverse biological
events has stimulated much interest in the synthesis of oligosaccharides and their analogs.
The availability of such molecules can facilitate studies on carbohydrate-protein
recognition [14], which further help rational design of novel carbohydrate-based
therapeutics [15]. Despite many advances that have been made in the past decades, the
chemical synthesis of oligosaccharides still remains a challenge for -synthetic
carbohydrate chemistry [16, 17]. Reasons for this arise mostly from the inherent chemical
difficulties presented by this class of molecules. For one, each monosaccharide carries at
least three hydroxyl groups which have to be protected and deprotected during the
synthesis. Secondly, the process of glycosylation generates a new stereocenter at the
anomeric carbon, and there are no general methods for the introduction of all types of
glycosidic linkages in both a stereocontrolled and high-yielding manner. As such, the
synthesis of oligosaccharides is very time consuming and requires much expertise. The
synthesis of oligosaccharide analogs containing modified sugars is an even more complex
task than the preparation of the natural structures. Almost twice as many steps are usually
required for the synthesis of oligosaccharide analogs, and the steps are more difficult
since most chemical protocols in the literature have been optimized for the natural sugar

residues [17].

The enzymatic synthesis of oligosaccharides using glycosyltransferases, in
contrast, avoids many of the problems encountered in the chemical synthesis [11, 18].
Multi-step protection/deprotection sequences are no longer required as the glycosyl
transfer catalyzed by glycosyltransferases is regiospecific, and the control of

configuration of newly formed anomeric center is absolute. With the advances in
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molecular biology and biotechnology, more than 30 glycosyltransferases from
mammalian [8] and bacterial [19] sources have been cloned. Many glycosyltransferases
are hence readily available in quantities sufficient for the in vitro synthesis of
oligosaccharides. The sugar nucleotides required for the synthesis are commercially
available and cost limitations for large-scale synthesis are rapidly being overcome with
recycling systems [11, 20] or pathway engineering [21]. Enzymatic or combined
chemical-enzymatic synthesis has therefore become an increasingly practical alternative

to the preparation of oligosaccharides.

Systematic studies probing the specificity of glycosyltransferases using acceptor
analogs where the hydroxyl group is replaced with H, OCHj3, NH; (or other substituents)
have indicated that frequently only a few of the hydroxyl groups on the acceptor, termed
“key polar groups” [22], are required for binding to glycosyltransferases. Recognition of
the donor substrates by glycosyltransferases, on the other hand, is primarily based on the
nucleotide portion. The flexibility in both donor and acceptor specificities has made it
feasible to use glycosyltransferases for the synthesis of oligosaccharide analogs starting

with non-natural donors or non-natural acceptors [23].

An enzymatic approach to non-natural oligosaccharides greatly simplifies the
synthetic scheme since the requirement for the chemistry is then reduced to the synthesis
of more readily accessible smaller “primers” (mono- to trisaccharides) which can be
elongated in a regio- and stereospecific manner using glycosyltransferases. The term
“non-natural”, in the present context, is used to indicate that the acceptor or donor is
chemically modified and different from the natural ones that are used by
glycosyltransferases. A change of aglycone or adding/removing a sugar unit(s) at the
reducing end is not considered here as creating a non-natural acceptor. Some enzymatic

syntheses of oligosaccharide analogs starting from non-natural acceptors are summarized
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below with focus on seven glycosyltransferases: B1,4- and al,3-galactosyltransferases,
a2,3- and o2,6-sialyltransferases, human milk ol,3/4-fucosyltransferase and human

blood group A and B glycosyltransferases.

1.5.1. B1,4-Galactosyltransferase

B1,4-Galactosyltransferase (B1,4-GalT, E.C. 2.4.1.22/38/90) has been
commercially available for many years in unit quantities. It is the most widely studied
glycosyltransferase with regard to substrate specificity and use in preparative synthesis. It
catalyzes the transfer of Gal from UDP-Gal to OH-4 of terminal B-linked GIcNAc to
form N-acetyllactosamine (Figure 1.5). In the presence of o-lactalbumin, the enzyme

prefers to use glucose as an acceptor to produce lactose.
[] : key polar group

NHAC
o \ HO OR
+ HO

HO o

OH 5—upp OH

HO OH

1 B1.4-GalT
NHAc
HO (o] d

Figure 1.5. Reaction catalyzed by B1,4-galactosyltransferase.

As shown in Figure 1.6, the acceptor specificity of B1,4-GalT is extremely relaxed

since numerous modified GlcNAc analogs are active as acceptors. Basically, B1,4-GalT
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tolerates modifications everywhere on the sugar ring including the ring oxygen as long as

the key polar group OH-4 remains available for glycosylation.

OMe, O-Fucose,
—— O-Sialic acid methyl ester,

H, F, SH
OHO OH OH H
N
H, Oxo, HO or HO S HO
—1 HO
O-Allyi -NHAc HO OH HO

N NHAc OH
N:i;-iAcyl 1-Deoxy-nojirimycin
/& /@/ AC@OH

Glucal ) Condurltol B

{ vo o
AcHN OH  AcHN OH
OH

N-acetyl-gentosamme
Figure 1.6. Non-natural acceptors for (3 1,4-galactosyltransferase.

The 2-NHAc group can be replaced with azido [24], N-propanoyl [25, 26], N-
butanoyl [25], allylcarbamate [27] and a large number of amide derivatives [28] including
charged groups, highly bulky heterocycles and glycuronamides. However, 2-ethylamino-
2-deoxy, 2-N-methylacetamido-2-deoxy, and 2-O-acetyl-B-D-glucoside were inactive as
acceptors and inhibitors for B1,4-GalT [28]. Analogs with the 3-OH group deoxygenated
[29, 30], alkylated with a methyl or allyl group, or oxidized to the ketone are active as
acceptors although the relative rates of transfer are much lower than N-acetylglucosamine

[30]. The 6-OH group of GIcNAc can be methylated [26, 30], fucosylated [26],
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deoxygenated [29] or substituted with F or SH [29]. Addition of a—linked sialic acid to
the 6-OH group of GIcNAc is not tolerated [26]. However, when the carboxylic acid of
NeuSAc is derivatized to the methyl ester, the resulting compound proved to be a weak
acceptor for B$1,4-GalT. The relative rate of transfer is 4% compared to GlcNAc. The
residual activity, however, is sufficient activity to carry out preparative synthesis and

generate product on the mg-scale [26].

The great tolerance for acceptor modifications exhibited by B1,4-GalT is further
exemplified by the fact that it is capable of transferring Gal from UDP-Gal to 5’-thio-Glc
and 1-deoxy-nojirimycin which have the ring oxygen modified, and to glucal which has a
flattened ring conformation [30]. The enzyme can even resolve racemic (+) conduritol B
to give a single galactosylated product of (-) conduritol B [31]. More interestingly, the
enzyme transfers galactose to the B-anomeric position of 3-acetamido-3-deoxy-D-glucose
acceptors resulting in the formation of an unusual f1—1 (trehalose type) linkage [32].
This “frame-shifted” galactosylation [33] was also observed with N-acetyl-gentosamine

[34], N-acetyl-5’-thio-gentosamine [35] and xylose [36] acceptors.

1.5.2. al,3-Galactosyltransferase

o1,3-Galactosyltransferase  («1,3-GalT, E.C. 24.1.151), a retaining
glycosyltransferase, catalyzes the transfer of Gal from UDP-Gal to the 3-OH group of the
Gal residue in Galf1—>4GIcNAc-R to form Galal—3Galpl1—>4GIlcNAc epitopes [37]
(Figure 1.7) that are the major xenoactive antigens responsible for hyperacute rejection in
xenotransplantation [38]. Enzyme for preparative synthesis of this sequence has been
isolated from porcine and bovine tissues and recombinant porcine al,3-

galactosyltransferase is now commercially available in unit quantities.
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"7 OH |—H—5| OH

o NHAc
o)
o AN HO OR
" HO o d
O—UDP OH OH
la1,3-GalT
HO
OH NHAC
o HO OR
o o) d
OH
HO
© )k f
: ar grou
bu o [_]: key polar group

Figure 1.7. Reaction catalyzed by al,3-galactosyltransferase

Besides using Galf1—>4GIcNAc as an acceptor, the enzyme can transfer Gal to
GalB1—3GIcNAc and Galp1—4Glc [39]. As shown in Figure 1.8, substitutions of 2-
NHACc of the GIcNAc residue with azido and succinimido groups are tolerated [40]. The
N-acetyl group can be replaced with a large number of acyl groups of various sizes,
hydrophilicities or lipophilicities [41]. However, replacement of the 2-NHAc with an
amino group abolishes activity [40]. Deoxygenation of OH-3 of the GlcNAc residue is
tolerated whereas either substitution or derivatization at this position is not tolerated. As
shown in Figure 1.8, analogs with modifications (deoxygenation and O-alkylation) on
OH-6 of GIcNAc, or OH-2 and OH-6 of the terminal Gal residue are substrates [42].
Modification on OH-4 of Gal is not tolerated by the enzyme, suggesting that this group is
a key polar group essential for binding to a1,3-GalT [42].
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Figure 1.8. Non-natural acceptors for a1,3-galactosyltransferase.

1.5.3. a2,3- and 02,6-Sialyltransferases

Cell-surface sialic acid residues play important roles in diverse biological
processes [43]. Sialic acids are usually found at terminal positions and always linked
through an a-glycosidic linkage. The stereoselective synthesis of a-sialosides remains a
challenge since the glycosides have the thermodynamically unfavorable equatorial
orientation and the anomeric carbon is a very hindered quaternary center. Enzymatic
sialylation therefore offers an attractive alternative to prepare a-sialosides in an efficient

and stereocontrolled manner.

a2,3-Sialyltransferase and «2,6-sialyltransferase from rat liver (a2,3-SialT, E.C.
2.4.99.6; o2,6-SialT, E.C. 2.4.99.1) have been cloned and expressed and are now
commercially available in quantities sufficient for use in preparative synthesis. a2,3-SialT
from rat liver transfers a sialic acid unit from CMP-Neu5Ac to OH-3 of the terminal Gal
residue in GalB1—3GlcNAc (type I) or Galpl—>4GIicNAc (type II) sequences (Figure
1.9) while rat liver a2,6-SialT transfers the sialic acid to OH-6 of the terminal Gal residue
in Gal1—>4GIcNAc (Figure 1.10) [44].
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Figure 1.9. Reactions catalyzed by a2,3-sialyltransferase.
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key polar group

NHAc
OR

a2,6-SialT

NHAc
OR

Figure 1.10. Reaction catalyzed by «2,6-sialyltransferase.

Chemical mapping studies have indicated that OH-6 of Gal and the 2-NHAc
group are required for binding to rat liver o2,6-SialT while rat liver «2,3-SialT requires
an intact 3,4,6-triol system on the Gal residue [45]. Deoxygenation at positions other than
those bearing key polar groups is tolerated by «2,3-SialT (Figure 1.11) and «2,6-SialT
(Figure 1.12). A wide range of substitutions on the N-acetyl group of both type I or type Il
acceptors were accepted by «2,3-SialT [46]. a2,3-SialT also transfers sialic acid to lactal,

lactose and 2-O-pivaloyl lactose [24a].

N3, NHz, NHCOCH,CHj,

H, Br NHAcyl,OH,
H [ OCOC(CH3)3
HO OH H, OCH3 lactal
0}
HO ; OR
y NHAC -
| OH {— H, OFuc
H N3, NH,, NHACcy! !l-i
type | type i

Figure 1.11. Non-natural acceptors for o2,3-sialyltransferase
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NHCOPTr

H NHAc, H

Figure 1.12. Non-natural acceptors for a2,6-sialyltransferase.

1.5.4. Human Milk a1,3/4-Fucosyltransferase

Many antigenic oligosaccharides on the cell surface are fucosylated. These fucose-
containing oligosaccharides are considered as oncodevelopmental antigens since they
accumulate in numerous human cancers [47]. Along with sialylation, fucosylation by

fucosyltransferases is often the last in vive modification of oligosaccharides.

HO
HO
OH
NHAc ) NHAc
OR
0
OH
type ll Human Milk Lewis X
or al1,3/4-FucT
_ or
o GDP-Fuc HO
o] OH HQ
OH
o [HO O\ HaC o
HO o OR HO OH OH
OH type I NHAc O 0 (@]
HO (@] OR
D: key polar group OH NHAc
Lewis a

Figure 1.13. Reactions catalyzed by human milk a1,3/4-fucosyltransferase.
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Human milk o1,3/4-FucT transfers of a fucose residue from GDP-fucose to
GalB1—->3GIcNAc (type I) or Galpl1—4GlIcNAc (type II) acceptors to form the blood-
group related antigenic dertiminants Lewis a and Lewis X (Figure 1.13). It also use
NeuAca2—>3Galgl1>3GIcNAc or NeuAca2—>3Galf1—-4GIcNAc to produce sialyl
Lewis a and sialyl Lewis X which are ligands for selectins, a family of adhesion

molecules involved in the inflammatory process and in tumor development [48].

HO N\ OH :
OH COy oH o
HO OH HO
= o o) fo) OR
AcHN OH

HO N3, NHo,
NHCOPT

Figure 1.14. Non-natural acceptors for human milk a.1,3/4-fucosyltransferase.

Chemical mapping studies employing a series of monodeoxygenated and modified
acceptor substrates showed that modifications are tolerated at every hydroxyl group in the
sugar rings except OH-6 of the Gal and OH-3 or OH-4 of the GIcNAc residue to which
the fucose is transferred [49]. As shown in Figure 1.14, the 2-NHAc group of the GlcNAc
residue in NeuAco2—>3GalB1—>4GIlcNAcB-OR or NeuAca2—3 Galpl—>4GlcNAcB-OR
can be replaced with azido, amino or propionamido groups [50]. Thio-linked N-
acetyllactosamine, where the inter-glycosidic oxygen is replaced by sulfur, is also a good
acceptor for the enzyme [51]. Ether- and imino-linked octyl N-acetyl-5a’-carba-§-

lactosamides were also found to be acceptors for human milk al,3/4-FucT [52].
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1.5.5. Blood Group A and B Glycosyltransferases

Human blood group A and B glycosyltransferases (GTA and GTB, E.C. 2.4.1.40
and E.C. 2.4.1.37) are responsible for the biosynthesis of A and B blood-group antigens
which are important in cell development, cell differentiation and oncogenesis [53]. Both
GTA and GTB are retaining enzymes. GTA catalyze the transfer of GalNAc from UDP-
GalNAc to the (O)H antigen (Fucal—>2Galp-OR) to give the A antigen
GalNAcal—>3[Fucal—>2]Gal-OR. GTB uses the same acceptor but catalyzes the
transfer of Gal from UDP-Gal to form the B antigen, Galal—3[Fucal—2]GalB-OR
(Figure 1.15).

Chemical mapping studies reveal that the OH-4 of the Gal residue is the key polar
group for both GTA and GTB whereas OH-3 of the Gal unit to which the glycosyl residue
transfers is not essential for recognition by either enzyme [54, 55]. As shown in Figure
1.16, both enzymes tolerate deoxygenation, substitution and derivatization of the 6-OH
group of Gal unit [54]. Deoxygenation of any of the hydroxyl groups on the Fuc residue is
tolerated by GTA. Methylation of O-3' and O-4' is tolerated by both GTA and GTB. The
arabino derivative, where the CH3 group of the Fuc residue was replaced by H, was found

to be an acceptor for GTA [56].
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Figure 1.16. Non-natural acceptors for blood group A glycosyltransferase (left)

and B glycosyltransferase (right).
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1.6. Carbon-Branched Sugars and Glycosides of Tertiary Alcohols

Carbon-Branched sugars are a class of rare sugars where the carbon-bonded
hydrogen is replaced with substituents such as methyl, hydroxylmethyl or formyl [57].
They are found as components of many natural products in plants and various types of
antibiotics produced by microorganisms, mainly strains of Streptomyces. For example,
apiose and hamamelose, respectively found in parsley and witch hazel early in this
century, are now known to occur widely in the plant kingdom. One of the best known
antibiotics, streptomycin, used in the treatment of tuberculosis, contains the C-formyl
branched sugar L-streptose. Erythromycin A has a C-methyl branched L-cladinose. The
well-known antibiotics vancomycin also includes a C-methyl branched vancosamine in

the structure (Figure 1.17).

Glycosides of tertiary alcohols are even more rare in nature. There are only a
limited number of reported examples such as a mevalonolactone glucoside derivative
from the bark of Prunus burgeriana [58], ptaquiloside (a bracken carcinogen) [59],
saponin D from the leaves of Hovenia dulcis (rhamnaceae) [60], and cell-surface

glycopeptidolipid-type (GPL) antigen of serovar 19 [61] (Figure 1.18).
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Figure 1.17. Some naturally occurring C-branched sugars.
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Figure 1.19. Examples on chemical synthesis of glycosides of complex tertiary

alcohols.

Chemically, glycosides of tertiary alcohols are extremely difficult to synthesize
due to their steric hindrance inherent in the glycosylation. Very few examples of chemical
glycosylation of tertiary alcohols have been reported (Figure 1.19). Beau et al. used the
glycosyloxyseleneation method to condense a glycal with a tertiary alcohol of a-D-
evermicoside [62]. Yan and Kahne reported the synthesis of a glycoside of 1-adamantanol

using glycosyl sulfoxides as the glycosyl donors [63]. Using thioglycosides as donors, B-
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mannoside and B-glucosides of hindered tertiary alcohols were obtained in good yields by

Crich and Sun [64].

1.7. Scope of Project

Chemical approaches using engineered ligands are still necessary to study
carbohydrate-protein interactions [65], since structural information on protein (including
enzyme) binding sites is not generally available. Most of the ligand analogs used have
been acceptor analogs with hydroxyl groups selectively deoxygenated, derivatized, or
substituted with other functional groups [23, 66]. Chemical mapping studies using these
analogs help elucidate hydrogen-bonding patterns and delineate the topology of the
binding site. However, there are only a few examples known where analogs having a C-
bonded hydrogen atom modified (termed C-branched sugars) were used [67]. The scope
of chemical mapping on glycosyltransferases and enzymatic synthesis has not yet
included such sugar analogs. Probing protein binding domains with C-branched analogs
can provide more information on the three-dimensional aspects of carbohydrate-protein
interactions, which compliments studies using analogs with modified hydroxyl groups.
Functional groups replacing hydrogens could, for example, serve as molecular probes to
explore which face of a given substrate is making contact with the binding site and how

close the contact is (Figure 1.20).

C-branched sugar analogs, in particular those resulting from branching at the
positions bearing a key polar group or a glycosylation site, will be useful for probing the
active sites of glycosyltransferases and for studying how steric hindrance affects the
binding. The enzyme kinetic properties of these analogs will also shed light on the

molecular mechanisms of glycosyltransferase-catalyzed reactions. Since carbon-branched
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Figure 1.20. Schematic representation of the scope of the project.

sugars are found only in plants and microorganisms, it will be interesting to see whether
mammalian glycosyltransferases are able to recognize them. Should glycosyltransferases
be able to catalyze the glycosyl transfer to theses analogs, this enzymatic approach would
provide a new way of access to the C-branched oligosaccharides, especially, glycosides of
complex tertiary alcohols which can not be easily made chemically. The resulting
C-branched oligosaccharides would potentially be useful in carbohydrate-protein
recognition studies. In particular, such C-branched compounds should reveal the steric
requirements of the binding sites of proteins near the OH-group where the substitution
has occurred. Of potentially greater interest is that the glycosides of tertiary alcohols

should be conformationally more restricted due to the increased steric interaction between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

sugar rings and may thus be useful for evaluating entropic contributions to protein-

oligosaccharide binding.
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Figure 1.21. Carbon-branched analogs synthesized for the enzymatic studies.
Four retaining glycosyltransferases and four inverting glycosyltransferases were

chosen in this study. They are B1,4-GalT, o2,3-SialT, «2,6-SialT, a1,3/4-FucT (retaining
enzymes), oc1,3-GalT, a1,4-GalT, GTA and GTB (inverting enzymes). The objective was
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to first chemically synthesize the C-branched acceptor analogs where the H bonded to the
carbon bearing an OH group undergoing glycosylation is replaced with a methyl or propyl
group (Figure 1.21). The aglycone of the synthetic acceptor analogs was chosen to be
octyl, allowing the use of well-established radioactive "Sep-Pak assays" [68] to determine
their activities and simplifying the purification of product by absorption onto reverse

phase (C18) cartridges.

These novel acceptor analogs would be evaluated as potential acceptors and
inhibitors for their respective glycosyltransferases. If several enzymes share the same
acceptor substrate, the OH group that is a glycosylation site for one enzyme could also be
a glycosylation site or a key polar group for the other enzyme. A single analog would
therefore be tested against several different enzymes. For analogs found active as
acceptors in the enzymatic assays, enzymatic synthesis would be performed yielding
novel carbon-branched oligosaccharides. The analogs produced by this chemoenzymatic
approach would be analogs of natural ligands for antibodies, lectin (selectin) and enzymes
(glycosyltransferases and glycosidases) and could thus be further used as probes for

carbohydrate-protein recognition.
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Chapter 2

Chemical Synthesis of Carbon-Branched Sugar Analogs

2.1. Introduction

This chapter describes the chemical synthesis of eight carbon-branched analogs of
acceptor substrates for the glycosyltransferases (Figure 2.1). The general strategy involves
the selective protection of sugars permitting the oxidation of the required ring carbon to
the ketone. The carbon-branching process was achieved by nucleophilic addition of the
alkyl group from organometallic reagents onto the ketone. The protection/deprotection
procedures followed well-established chemistry [69]. The O-benzyl group was used as a
protecting group in most of the syntheses, as it is stable to most reaction conditions and,
especially, to organometallic reagents. For the synthesis of C-branched disaccharides, two
different approaches are used differing in the order of glycosylation and carbon-branching
as shown in Figure 2.2. In the “Branching-Glycosylation” approach, the carbon-branching
was performed on the monosaccharide residue which was then coupled to another sugar
residue by glycosylation to provide the C-branched disaccharide. The “Glycosylation-
Branching” approach, involved first the construction of the disaccharide by glycosylation,
followed by carbon-branching by nucleophilic addition to a ketone formed on the
disaccharide. The stereochemistry at the branching carbon center was determined by NOE

studies using one-dimensional TROESY experiments [70].
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Figure 2.1. Structures of eight C-branched acceptor analogs.
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Figure 2.2. Synthetic approaches to the C-branched disaccharides.

2.2. Chemical Synthesis

2.2.1. Preparation of 4-C-Branched Glucoside

Compound 9 was prepared according to the literature {54]. Oxidation of 9 with

Dess-Martin periodinane [71] gave the ketone compound 10 in 50% yield (Figure 2.3).
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Treatment of 10 with methyllithium gave the C-4 epimers 11a and 11b in 1:1 ratio. The
low isolated yields were due to the difficult separation of these two diasteromers.
Hydrogenolysis using PA(OH),/C (Pearlman’s catalyst) [72] under H, gave the final 4-C-

methyl branched glucoside 1a and 1b in quantitative yields.

OBn OBn
o Dess-Martin (0
HO periodinane (@]
BnO OOct B8nO
(50%) n OOct
OBn 0OBn
9 10 )
MelLi. THF
Rq OH R4 OBn
Hj, PA(OH),»/C,
Ry & MeOH R, o
HO OOct BnO OOct
(quant.)
OH OBn
1a R4 =CH3‘ R2=OH - _
1b R1=0OH, Rz =CHj 11a R{ =CH3, R, = OH, 16%

11b Ry = OH, Ry = CHg, 17%

Figure 2.3. Preparation of the 3°-C-methyl glucoside 1a.

As shown in Table 2.1, there are significant NOEs between the 4-C-methyl
protons and H-2 in 1a and NOEs between the 4-C-methyl protons and H-3 and H-5. The
3C chemical shift of the axial 4-C-methyl group in 1la (14.35 ppm) is shifted upfield
compared to that of the equatorial methyl group in 1b (20.41 ppm), as observed in other
4-C-Me branched glucosides [73].
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Table 2.1. Relevant NOEs obtained from the carbon-branched sugar analogs?

Molecule | Selectively excited % NOE ¢
resonance b

la 4-C-CH3 1.5 (H-2)

1b 4-C-CH3 1.2 (H-3), 1.3 (H-5)

2 H-1° 2.3 (3°-C-CH3)

3a H-1° 0.6 and 2.6 (3°-C-CH>CH,CH3)
3b H-1° no NOEs to any propy! resonances
26a 4’-C-CHj3 0.9 (H-3"), 0.8 (H-57)
26b 4’-C-CH3 0.5 (H-2%)

5 H-1 2.8 (3-C-CHs3)

7 H-1 3.3 (3-C-CH3)

8a H-1 0.5 and 4.0 (3-C-CH>CH>CHj3)
8b H-2 0.4 and 2.3 (3-C-CH>CH,CHj3)

a) all data obtained at 600 MHz except for 6 (500 MHz), with a mixing time
of 200 ms except for 1a, 1b, and 7 (400 ms).
b) selective excitation with eburp-1 shaped pulse [74].

c) expressed in % of integral of selectively excited resonance.
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2.2.2. Preparation of 3’-C-Branched Lactosides
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Figure 2.4. Preparation of the 3’-C-branched lactosides 2 and 3a.
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The readily available disaccharide lactose was used to prepare the C-branched
lactosides. As described in Figure 2.4, the key step in the synthesis of 3’-C-branched
lactosides 1 and 2 was the regioselective stannylation [75] of unprotected lactoside 14
resulting in selective 3’-O-alkylation. Glycosylation of lactose bromide 13 with octanol
followed by Zemplen deacylation (NaOMe/MeOH) gave unprotected disaccharide 14
(37%, two steps). Regioselective allylation at O-3° with dibutyltin oxide and allyl
bromide provided 15 in 53% yield [76]. Benzylation of 7 using benzyl bromide and
sodium hydride in DMF gave the protected disaccharide 16 (80%). Removal of the allyl
group with PdCl; in MeOH [77] gave 17 with OH-3 free (83%), which was then
oxidized with Dess-Martin periodinane to provide the ketone 18 (72%). Nucleophilic
addition of methyllithium to the carbonyl group of 18 provided exclusively the product of
axial-attack (19) in excellent yield (95%), while the reaction of allylmagnesium bromide
with 18 gave a mixture of both epimers 20a (43%) and 20b (48%) in almost 1:1 ratio.
Finally, 3’-C-branched lactosides 2 and 3 were obtained by hydrogenolysis where the
allyl group in 20 was also converted to the propyl group. NOE studies showed that there
are significant NOEs between the 3°-C-methyl protons in 2 (3°-C-CH,CH,>CH3; protons in
3a) and H-1 of the Gal residue while there are no NOEs between the 3’-C-propyl protons
and H-1’ in 3b (Table 2.1).

2.2.3. Preparation of 4’-C-Branched Lactoside
To obtain the lactoside with only OH-4’ free, octyl lactoside 14 was first treated
with 2 2-dimethoxypropane in the presence of p-toluenesulfonic acid (p-TSA) to give 21

in 52% yield [78]. Benzylation (84%) followed by acidic hydrolysis of the isopropylidene
group gave 23 (quant.). Regioselective benzylation with dibutyltin oxide and benzj'l
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bromide afforded 24 with OH-4’ free in 81% yield. Oxidation (72%) followed by
nucleophilic addition of MeLi to the resulting 4’-ulose gave both epimers 26a (26%) and
26b (24%) in a ratio similar to that obtained in the reaction of 10 with MeLi. The
configuration of C-4> was established through NOE studies which showed the strong
NOEs between 4’-C-CHj3 and H-3” and H-5" in 26a, and NOEs between 4’-C-CHj3 and H-
2’ in 26b (Table 2.1). Benzyl groups were removed by hydrogenolysis to give the

unprotected 4’-C-methyl-branched lactosides 4a and 4b.

OMe
&L e — ©
reflux, p-TSA \w

(52%) OH 24

BnBr, NaH, DMF | (84%)

OH _oBn HOAc-H,0 (4:1),
&,Bno G X BnO
(quant.) w
B
OBn OBn

1. Bu;SnO, toluene,
(81%) reflux
2. BnBr, BuyNI

OH 0OBn OBn
ﬁ/eno 0Oct ~Dess-Martin &/Bno
BnO (o] O 72%)
OBn OBn OBn
24
MeLi. THF,
-78°C 10 -40°C
R, OH
o OH Hy, PAOH)C, _ OB"
R4 HO 0Oct MeOH BnO OOct
HO 0 o) = BnO
OH OH OBn
4a Ry = CHj, Ry = OH (88%) 26a Rq = CH3, Ry = OH (26%)
4b R{ = OH, Ry = CH3 (86%) 26b Ry = OH, Ry = CH3 (24%)

Figure 2.5. Preparation of the 4’-C-methyl lactoside 4a.
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2.2.4. Preparation of 3-C-Branched LacNAc

As opposed to the preparation of the C-branched analogs 1-4, the synthesis of 4’-
C-branched LacNAc analog proved very problematic. Initial attempts used the
“Branching-Glycosylation” approach (Figure 2.2). The first attempt began with the
synthesis of the glycosyl acceptor, 3-C-methyl branched GlcNAc 33 (Figure 2.6).
Starting from N-acetylglucosamine, compound 27 was synthesized in four steps
according to the well-established procedures. The ketone 30 was obtained in 60% yield
by oxidation of 29 with DMSO-Ac,0. The key step, nucleophilic addition of MeLi to the
ketone 30 resulted in very low yield of the desired axial 3-C-methyl product 31a (7%) as
the nucleophilic attack seems to favor the equatorial direction. The ratio of axial-attack to
equatorial-attack product was 1:9. Use of Zr(CHs)s, generated ir situ from ZrCl4 and
MelLi, or addition of Yamamoto Lewis acid catalyst “MAD” [methylaluminum bis(2,6-di-
tert-butyl-4-methylphenoxide)] [79], did not alter the stereoselectivity of the reaction.
Regardless, the attempted coupling of 33 with trichloroacetimidate donor 34 or bromide

donor 38§ failed completely as no desired disaccharide 36 was detected.

In the second approach to §, an attempt was made to improve the yield of axial-
attack product using 1,6-anhydromannose as the reactant since the nucleophilic addition
of MeMgl to the 3-ulose compound 39 provided both axial-attack and equatorial-attack
products in a 1:1 ratio as reported by Cerny er al. (Figure 2.7) [80]. Inversion of
configuration at C-2 by displacement with an azido nucleophile would give the desired

gluco-configuration and restore the amino function.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



OH OAc
HO 0 1. AcCl AcO °
HO 2. MeOH, Ag,CO AcO OCHs
NHAc OH 253 NHAc
2
D-GIcNAc 7
NaOMe, MeOH
OH
PhCH(OMe),, p-TsOH, o
/v CH;CN/DMF (1:1)
- HO OCHs3
OCHj3 NHAC
NHAc 28
DMSO, Ac,0 | (60%)
Ph/VO
/T MeLi Y el
OCH;z or Zr(CHs), R2 OCH3
NHAC or MAD, MeLi R, NHAc
20 31a R, = CH3, Ry = OH, 7%
31b Ry = OH, R, = CHj, 63%
HOAc-H,O (1:1)
2 uant.
60 °C G| )
OAc OH
HO O #ACCI, sym-collidine HO S
HO OCH
3 (60%) R2 OCHj3
NHAc NHAc
CHj R4
33
32
OAcC or OAc
AcO O AcO 0
AcO AcO
AcHN oy AcHN &
34 CCly 35
AgOTf 4; BF3-Et20
OH !
OH CHj
o NHAc
HO OCHs
HO o)
OH °
36 OH

Figure 2.6. First attempt to prepare the 3-C-methyl LacNAc 5.
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Figure 2.7. Literature procedures for nucleophilic addition to 1,6-anhydro-3-
uloses [80].

Compound 43 was prepared according to the procedure of Zottola er al. [81].
Benzylation (77%) followed by hydrolysis (74%) of isopropylidene with TFA gave
compound 45. Tosylation of 45 with tosyl chloride in pyridine afforded the mono-
tosylated compound 46 (67%) and the di-tosylated compound 47 (16%). Oxidation of 46
with pyridinium dichromate (PDC) gave the ketone 48 (84%). Nucleophilic addition of a
series of Grignard reagents (RMgBr, R= Me, Vinyl, Allyl) did give the desired equatorial-
attack products 49-51 in over 70% yields. Unfortunately, the attempted displacement of
tosylate with azido was unsuccessful. The tosylate was therefore converted to more
reactive triflate 53 through ionic radical reduction (sodium naphthalene) [82] followed by

triflation (Tf,0/Py). The displacement of the triflate in 53 by azide unfortunately failed

again (Figure 2.8).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



OH o (o] OMe
HO
HO 0 1. TsCl, Py ~0 OMe
HO 2.NaOH OH  acetone, p-TSA
OH OH OH 43
D-Mannose 42
BnBr, NaH | (77%)
DMF
Q
OTs )
2 OT
S o] 95% TFA,
OBn 46 TsCl, Py O‘E"O CHyCh
P A
+ (67%) OH (74%)
o OBn OBn
OH 45 44
(e}
OTs
OBn 47
(84%) | PDC,4 A MS
O O
RMgBr, THF N OH 49 R =Me, 74%
o - ~0 50 R = Vinyl, 70%
OTs (R=Me, Allyl, Vinyl) OTs 51 R= Allyl, 72%
0] R
OBn OBn
48
1. Na, Naphththalene,
THF (20%)
NaNj or LiN3;, DMF, 100 °C 2. TF0, Py (quant.)
or NaNs, NH,CI,
EtOH-H,O0 (4:1), reflux | — O
— OH
! =0
O NaN; R DMF OTf
OH v oBn"
—0 53
R
OBn N3
52

Figure 2.8. Second attempt to prepare the 3-C-methyl LacNAc 5.
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In the third attempt at preparing S5, the nucleophilic addition to the hex-1-
enopyran-3-ulose was explored (Figure 2.9). It was hoped that the nucleophilic addition
to the less hindered ketone could improve the stereoselectivity of equatorial attack. The
aglycone and N-acetyl functional group could be installed on the double bond after

nucleophilic addition and glycosylation.

Deacetylation with Amberlite IRN-78 resin (OH™ form) followed by oxidation
with PDC in the presence of acetic acid gave glucal 56 [83], which was then protected
with the fert-butyldimethyl (TBS) group. However, the formed 3-C-branched glucals 59
were extremely unstable as decompositions were detected by TLC and NMR. Another
route to introduce carbon-branching involved the addition of TMSCN as TMSCN can
react with conjugate ketones in a 1,2-addition [84] and the cyano group can be derivatized
to many other functionalities [85]. However, the reaction of 57 with TMSCN in the

absence or presence of catalyst (Znl,) did not proceed, and only starting material was

recovered.
OH
O Amberlite IRN-78 O PDC, AcOH, o)
AcO (OH" form) Eloac 1O
AcO = — o =
56
(80%) TBS-CI. Imidazole,
DMF
oT8S oTBS OTBS
(o]
TBSO ’I'HF 0°C TBSO TMSCN TBSO
HO e e TMSO
R s9 CN 5g
| unstabie

Figure 2.9. Third attempt to prepare the 3-C-methyl LacNAc 5.
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Figure 2.10. Preparation of the 3-C-methyl LacNAc §.

Finally, the synthesis of the required 3-C-methyl LacNAc compound 5 was
accomplished via the “Glycosylation-Branching” approach where the branching was
performed at the disaccharide level (Figure 2.10). The glycosyl acceptor 63 was prepared
from the known compound 60 [86]. Benzylidenation followed by allylation provided 62.
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Regioselective benzylidene opening with NaCNBH3/HCI [87] gave the glycosyl acceptor
63 in 60% yield. Reaction of bromide donor 64 [88] and acceptor 63, using silver triflate
as the promoter, gave the B-linked disaccharide in 81% yield. The allyl group was then
removed using PdCI; to give 66 (quant.), which was then oxidized with DMSO-Ac,0 to
give the desired ketone compound 67. Nucleophilic addition of methyllithium to the
ketone gave the C-branched disaccharide 68 with an axial methyl group at C-3 (20%, two
steps). The synthesis of the 3-C-methyl LacNAc S was completed by O-deacetylation
(92%) followed by hydrogenolysis (85%). The configuration at C-3 was confirmed by the
strong NOEs between 3-C-methyl protons and H-1 of GlcNAc residue.

2.2.5. Preparation of 6’,6’-di-C-Branched LacNAc

The synthesis of the 6°,6°-di-C-methyl LacNAc 6 was achieved using the
“Branching-Glycosylation” approach where the 6°,6’-di-C-methyl groups were installed
onto the monosaccharide donor 70 [89] prior to the glycosylation. Initial attempts to
couple the bromide donor 70 or the imidate donor 72 with acceptor 63 were unsuccessful
(Figure 2.11). This could be caused by the low reactivity of the donors. At this point, it
was hoped that the change of some of the acetyl protecting groups on the donor to benzyl
groups would enhance the reactivity while still keeping the acetyl group at the C-2 which
would act as a neighboring participating group to ensure the formation of B-glycosidic
linkage. Acetobromo-donor 70 was thus converted to 76 via the orthoester intermediate
[90] (Figure 2.12). Treatment of 70 with methanol and sym-collidine in the presence of
tetrabutylammonium bromide gave orthoester 70 in 89% yield. O-Deacetylation and O-
benzylation in a one-pot procedure [91] using benzyl bromide and KOH in THF provided
74 with OH-6" unprotected in 71% yield. Treatment of orthoester 74 with acetyl bromide

in the presence of tetrabutylammonium bromide gave bromide donor 76 where OH-6’
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was reacetylated. Compound 76 was then coupled with glycosyl acceptor 62, using silver
triflate as the promoter, to give the expected B-linked disaccharide 77 in 71% yield. O-
Deallylation (72%) and subsequent O-deacetylation (78%) and hydrogenolysis (92%)
afforded the required 6°,6°-di-C-methyl LacNAc 6.

OAc
AcQ HaC CH
H,C- CH 3" 3
3 30 BnNH,, THF Q
AcO
OAc
9 OAc AC 71

Ac CCLCN, K,CO;

6
OAcC l HOAc-HBr l
AcO ~
AcO
OAc

OAc
70
OBn CCI3
AgOTf, 4 A MS,
s CHzC[z Ai&/ BF3'Et20, 4 A MS,

NHAc CH,Cl,

Hsc— H NHAc

Figure 2.11. Attempts to prepare the 6°,6’-di-C-methyl LacNAc 6.
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OAc
gt BnBr, KOH
HiC- CH, Bu4NBr, MeOH, H c CH T, >
Ao O sym-collidine, 50 °C 3 30 THF, reflux
c - -
(89%) (71%)
OAc
Br
70
H3C OCHg
OH
BnO

1.63, AgOTf, 4 A MS

H3C— CHj AcBr, Et,NBr, BnO e > oL 30 ‘;C 00 ,
C H.C- 201, - to0°C

BrO 4A MS,CHCL, Hs 1%
o>< ) (quant.) 2. PdCl,, MeOH (72%)

75 H3C OCH;
OAc
BnO BnO
HaC- CHg NHAc NaOMe H;C- NHAc
O HO OOct _MeOH _ ooa
BnO e} d
T8%)
OAc OBn
77

H,, PA(OH),/C,
MeOH

Hsc' NHAC
OOct
o

Figure 2.12. Preparation of the 6°,6’-di-C-methyl branched LacNAc 6.

(92%)

2.2.6. Preparation of 3-C-Branched H Disaccharides
Preparation of 3-C-branched H disaccharides (Fucal—>2Gal3-OR) made use of

the known precursor 79 [55] which was available in our laboratory. Oxidation (61%)

followed by nucleophilic attack of MeLi onto the carbonyl group gave exclusively 81 in
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55% yield while reaction of allylmagnesium bromide with 80 afforded both epimers 82a
and 82b in almost 1:1 ratio. It is quite interesting that the presence of a large tri-O-benzyl-
fucosyl residue at the 2-position of Gal, compared with the simple O-benzyl group in 25,
did not change the stereoselectivity of the nucleophilic addition of either MeLi or
AllMgBr to the C-3 ketone. Removal of benzyl groups gave the required 3-C-branched H
disaccharides 7 and 8. As shown in Table 2.1, there are strong NOEs between H-1 of Gal
and the 3-C-methyl protons in 7 (3-C-CH>CH,CHj; protons in 8a), and strong NOEs
between H-2 of Gal and 3-C-CH,CH,CHj3 protons in 8b.

OBn OBn

Bn
o]
Oct OOct
Dess-Martin o)
Periodinane o
BnO O
(61%)
79 CHs; 80 CH3
OBn 0OBn

OBn

MeLi or AlIMgBr

% H,, PA(OH),, Iﬁ/OOd
MeOH
& . &
OBn

7 Ry = CHj, R, = OH 81 R, = CHj, R, = OH (55%)
8a R, =Pr, R, = OH 82a R, =Al, R, = OH (33%)
8bR;=OH, Ry =Fr 82b Ry = OH, R, = All (29%)

Figure 2.13. Preparation of the 3-C-branched H-disaccharides 7, 8a and 8b.
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2.3. Experimental
2.3.1. General Methods

Analytical TLC was performed on Silica Gel 60-F254 (E. Merck, Darmstadt) with
detection by quenching of fluorescence (aromatic compounds), charring with 5% sulfuric
acid in EtOH, ninhydrin, or Morstein reagent. Unless otherwise noted, column
chromatography was performed on Silica Gel 60 (E. Merck, 40-63 um, Darmstadt), and a
ratio of ca. 20:1 (silica:mixture, w/w) and up to 100:1 for difficult sepérations was used.
Iatrobeads (beaded silica gel 6RS-8060) were from latron Laboratories (Tokyo). Millex-
GV (0.22 um) filter units were from Millipore (Missisauga, ON), C18 Sep-Pak sample
preparation cartridges were from Waters Associates (Missisauga, ON). TH NMR spectra
were recorded at 300 MHz (Varian Inova 300), 360 MHz (Bruker AM 360), 500 MHz
(Varian Unity 500) or 600 MHz (Varian Inova 600). 13C NMR spectra were recorded at
75 MHz (Bruker AM 300) or 125 MHz (Varian Unity 500). The proton chemical shifts
were referenced to solvent residual peaks for solutions in CDCl; (CHCl;, & 7.26),
CD,Cl, (CHDCI,, & 5.32), CD3;0D (CHD,OD, 8 3.30) and DMSO (CHD,SOCD3, §
2.49) or external 1% acetone (& 2.225). The carbon chemical shifts were referenced to
solvent signals for solutions in CDCl; (& 77.06), CD>Cl> (3 53.80), CD3OD (8 49.00),
DMSO (8 39.50) or external 1% acetone (& 31.07) for solutions in D,O. High resolution

electrospray mass spectra were recorded on a Micro-mass ZabSpec Hydroid Sector-TOF.

Hc
Ha LLL\
Y/S<
Hb Hd He

Protons of the allyl group present in the compounds described in the thesis were

designated H-a, H-b, H-c, H-d, H-e as defined above. These protons showed the same
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coupling constants and thus the same multiplicity pattern in all the compounds examined
containing the allyl group. Only the chemical shifts varied. The observed couplings were
as follows: H-a (dddd, J .. = 10.5Hz, J 5 =J,4=J 2 = 1.5 £ 0.5 Hz); H-b (dddd, J pc =
170Hz, J 2 =Jb,d=Jpe= 1.5+ 0.5 Hz); H-c (dddd, Jp =17.0 Hz, J . = 10.5 Hz, J
cd=Jce=55Hz); H-d(dddd, J 4e =13.5Hz, Jcg=55Hz, Jpg=Jad= 1.5+ 05
Hz); H-e (dddd, J 4e = 13.5Hz, J e =5.5Hz, J e =Jpe = 1.5+ 0.5 Hz).

2.3.2. Synthesis of Carbon-Branched Sugar Analogs

Octyl 2,3, 6-tri-O-benzyl-f-D-xylo-hexopyranosid-4-ulose (10).

A solution of Dess-Martin periodinane (649 mg, 1.53

OBn
0. o mmol) in CH,Cl> (10 mL) was added to a stirred solution
BnO OOct | of 9 [54] (430 mg, 0.77 mmol) in CH,Cl; (10 mL) and the
1OOBn stirring continued for 3 h. The mixture was poured intc a

saturated aqueous NaHCO; containing Na,S,03 and
extracted with EtOAc. The organic layer was washed with water and brine, dried
(NayS0,), filtered, concentrated and fractionated using column chromatography (6:1
hexanes/EtOAc) to yield 10 (215 mg, 50%) as a white solid: 'TH NMR (300 MHz,
CD,Cly) & 7.45-7.22 (m, 15H, ArH), 4.92 (d, 1H, J= 11.5 Hz, PhCH,), 4.87 (d, 1H, J =
11.5 Hz, PhCH,), 4.83 (d, 1H, J = 6.7 Hz, H-1), 4.76 (d, 1H, J= 11.5 Hz, PhCH>), 4.63
(d, 1H, J=11.5 Hz, PhCHs), 4.59 (bd, 2H, J= 11.5 Hz, PhCH>), 4.19 (dd, 1H, J = 6.4,
3.8 Hz, H-5), 4.17 (d, 1H, J = 9.0 Hz, H-3), 4.01-3.92 (m, 2H, H-6a, OCH>CH,), 3.73
(dd, 1H, J = 10.8, 6.4 Hz, H-6b), 3.71 (dd, 1H, J = 9.0, 6.7 Hz, H-2), 3.61 (dt, IH, J =
9.6, 6,7 Hz, OCH,CH>), 1.66 (m, 2H, OCH,CH>), 1.48-1.26 (m, 10H, CH; octyl), 0.93
(t, 3H, J = 7.0 Hz, CHj3 octyl); 13C NMR (75 MHz, CD,Cl,) §202.27 (C-4), 138.72,
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138.64, 138.27 (aromatic quart.), 128.73, 128.67, 128.62, 128.40, 128.14, 128.04
(aromatic CH), 103.32 (C-1), 83.78, 83.70, 77.39 (C-2, C-3, C-5), 74.71, 74.02, 73.92
(PhCH,), 70.44, 68.82 (C-6, OCH,CH,), 32.25, 30.09, 29.80, 26.68, 26.54, 23.08 (CH;
octyl), 14.29 (CH3 octyl); HR-ESMS calcd for C35H4406Na (M+Nat) 583.3036, found
583.3032.

Octyl 2,3,6-tri-O-benzyl-4-C-methyl--D-glucopyranoside (11a) and octyl 2,3,6-tri-O-

benzyl-4-C-methyl--D-galactopyranoside (11b).

Compound 10 (145 mg, 0.26 mmol) was dissolved in

Ry OBn
Ry o) THF (8 mL) and cooled to -78 °C under argon. Methyl
BnO 0Oct | [ithium (1.4 M, 0.39 mL) in diethyl ether was added
OBn
11a Ry = CHg, Ry = OH with stirring. The reaction mixture was stirred for 3 h
11b Ry = OH, R, =CHj3

while it was allowed to warm up to rt. The reaction
was poured into saturated NH4Cl and extracted with EtOAc. The organic layer was
washed with water and brine, dried (Na;SQy), filtered, concentrated and fractionated
using column chromatography (6:1 hexanes/EtOAc) to yield mixtures of 11a and 11b,
which were then separated by second column chromatography using 19:1 toluene/EtOAc
to yield 11a (24 mg, 16 %) and 11b (26 mg, 17%), each as a film.

For 11a: 'H NMR (600 MHz, CD,Cl,) é 7.40-7.20 (m, 15H, ArH), 4.88 (d, 1H, J
= 11.0 Hz, PhCHy), 4.87 (d, 1H, J=11.5 Hz, PhCH>), 4.79 (d, 1H, J=11.5 Hz, PhCH,),
4.67 (d. 1H, J = 11.0 Hz, PhCH>), 4.58 (d, 1H, J = 12.0 Hz, PhCH>), 454 (d, 1H, J =
12.0 Hz, PhCH,), 4.42 (d, 1H, J = 7.7 Hz, H-1), 3.88 (dt, 1H, J = 9.5, 6.6 Hz,
OCH,CHy), 3.77 (dd, 1H, J=10.5, 5.5 Hz, H-6a), 3.64 (dd, 1H, J=10.0, 6.6 Hz, H-6b),
3.54 (dt, 1H,J=29.5, 6.6 Hz, OCH,CH,), 3.50 (dd, 1H, J= 6.6, 5.5 Hz, H-5), 3.42 (d, 1H,
J = 9.7 Hz, H-3), 3.24 (dd, 1H, J=9.7, 7.7 Hz, H-2), 2.69 (s, 1H, OH), 1.63 (m, 2H,
OCH,CH,), 1.42-1.22 (m, 10H, CH; octyl), 1.20 (s, 3H, 3-C-CH3), 0.88 (t, 3H, J= 7.0
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Hz, CHj octyl); 13C NMR (75 MHz, CD,Cl,) & 139.66, 139.38, 138.43 (aromatic quart.),
128.77, 128.65, 128.54, 128.30, 128.14, 127.83, 127.80 (aromatic CH), 104.53 (C-1),
86.73, 81.66, 76.07 (C-2, C-3, C-5), 75.85, 75.01, 74.60, 73.94, 70.47, 69.48 (C-4, C-6,
OCH,CH,, PhCH; x 5), 32.24, 30.23, 29.81, 29.65, 26.56, 23.06 (CH; octyl), 16.50 (3-
C-CH3), 14.25 (CHj3 octyl); HR-ESMS caled for C36Hsg0gNa (M+Na™) 599.3349, found
599.3352.

For 11b: ITH NMR (600 MHz, CD,Cl,) 8§ 7.40-7.20 (m, 15H, ArH), 4.96 (d, 1H, J
=11.0 Hz, PhCH>), 4.95 (d, 1H, J=11.0 Hz, PhCH>), 4.69 (d, 1H, J=11.0 Hz, PhCH>),
4.63 (d, 1H, J = 11.0 Hz, PhCH)), 4.55 (d, 1H, J = 12.0 Hz, PhCH>), 438 (d,1 H, J =
12.0 Hz, PhCHj), 4.55 (t, 2H, J = 12.0, PhCH>), 4.38 (d, 1H, J = 7.9 Hz, H-1), 3.95 (dt,
1H, J=9.6, 6.7 Hz, OCH,CH;), 3.87 (dd, 1H, J=11.0, 3.0 Hz, H-6a), 3.70 (dd, 1H, J =
11.0, 5.7 Hz, H-6b), 3.59 (dd, 1H, J = 9.3, 7.9 Hz, H-2), 3.56 (dt, 1H, J = 9.6, 6.7 Hz,
OCH,CH,), 3.40 (ddd, 1H, J= 5.7, 3.0 Hz, 0.7 Hz, H-5), 3.20 (d, 1H, J = 9.3 Hz, H-3),
2.58 (s, 1H, OH), 1.66 (m, 2H, OCH,CH> ), 1.45-1.24 (m, 10H, CH,; octyl), 1.19 (s, 3H,
3-C-CH3), 0.88 (t, 3H, J = 7.0 Hz, CHj octyl); 13C NMR (75 MHz, CD,Cl,) 8 139.40,
138.88, 138.78 (aromatic quart.), 128.71, 128.65, 128.59, 128.45, 128.42, 128.05, 127.97,
127.84 (aromatic CH), 104.05 (C-1), 84.43, 81.20, 77.84 (C-2, C-3, C-5), 76.51, 75.01,
73.86, 73.81, 70.19, 69.76 (C-4, C-6, OCH,CH,, PhCH; x 5), 32.25, 30.28, 29.84, 29.68,
26.64, 23.07 (CH; octyl), 22.02 (3-C-CH3), 14.25 (CHj3 octyl); HR-ESMS calcd for
C36H4gOgNa (M+Na*) 599.3349, found 599.3347.

Octyl 4-C-methyl-[-D-glucopyranoside (1a) ard octyl 4-C-methyl-[-D-galactopyranoside
(1b).

Ri OH The benzyl protected 1la (16 mg, 28 pmol) was

HO dissolved in MeOH (5 mL) and the solution was stirred
OOct

OH under a stream of H, in the presence of 20%

1a Ry =CHg3, R, =OH
1b R1 = OH, Ry = CH3
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Pd(OH),/C (15 mg) for 18 h. The catalyst was filtered removed by filtration through a
Millex-GV 0.22 um filter and the solvent was evaporated. The product was purified by
redissolution in water and then passing the solution through a Waters C18 Sep-Pak
cartridge. The cartridge was washed with water and eluted with gradient MeOH/H,0O 1:5
to 3:2. The elulant containing the product was concentrated, redissolved in water, filtered
through a Millex-GV 0.22 pm filter and lyophilized to yield 1a (8.1 mg, 95%) as a white
solid: 'H NMR (600 MHz, D,0O) 8 443 (d, 1H, J = 7.9 Hz, H-1), 3.97-3.90 (m, 2H, H-6a,
OCH,CHy>), 3.70-3.65 (m, 2H, H-6b, OCH>CH,), 3.46 (d, 1H, J=9.9 Hz, H-3), 3.43 (dd,
1H, J = 8.8, 2.0 Hz, H-5), 3.25 (dd, 1H, J= 9.9, 7.9 Hz, H-2), 1.62 (m, 2H, OCH,CH>),
1.38-1.24 (m, 10H, CH; octyl), 1.08 (s, 3H, 3-C-CHj3), 0.86 (t, 3H, J = 7.0 Hz, CH;3
octyl); 13C NMR (125 MHz, D,0) § 103.74 (C-1), 80.11, 78.90, 73.47, 73.04 (C-2, C-3,
C-4, C-5), 71.61 (OCH;,CH,), 60.46 (C-6), 31.87, 29.52, 29.24, 29.14, 25.83, 22.78 (CH»
octyl), 14.35 (3-C-CH3), 14.18 (CHj3 octyl); HR-ESMS calcd for CsH3gOgNa (M+Na*)
329.1940, found 329.1945.

11b (15 mg, 26 pumol) was deprotected in the same fashion as described above to
give 1b (7.5 mg, 94 %) as a white solid: 'H NMR (600 MHz, D,0) 6 4.39 (d, 1H, J=8.0
Hz, H-1), 3.96-3.91 (m, 2H, H-6, OCH,CH>), 3.74 (dd, 1H, J=12.1, 8.2 Hz, H-6b), 3.67
(dt, 1H, J=10.0, 7.0 Hz, OCH>CHy), 3.50 (dd, 1H, J= 8.2, 2.6 Hz, H-5), 3.44 (dd, 1H, J
= 9.7, 8.0 Hz, H-2), 3.33 (d, 1H, J= 9.7 Hz, H-3), 1.63 (m, 2H, OCH,CH>), 1.38-1.23
(m, 10H, CH; octyl), 1.22 (s, 3H, 3-C-CH3), 0.86 (t, 3H, J = 7.0 Hz, CHj octyl); 13C
NMR (125 MHz, D,0) 4 103.28 (C-1), 79.80, 77.12, 73.59, 72.26 (C-2, C-3, C-4, C-5),
71.34 (OCH>CH;), 60.76 (C-6), 31.88, 29.55, 29.26, 29.16, 25.86, 22.79 (CH; octyl),
20.41 (3-C-CH3), 14.19 (CHj3 octyl); HR-ESMS caled for C;5sH3pO¢Na (M+Na‘)
329.1940, found 329.1945.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52

Octyl p-D-galactopyranosyl-(1 —4)--D-glucopyranoside (14).

Bromide 13 (2 g, 1.76 mmol) and ground 4 A

OH

ﬁ/ OH MS in CH,Cl, (20 mL) were stirred under argon
HO OQOct
HO OH O\%\ at rt for 20 min and cooled to -50 °C. Octanol
14

(0.45 mL, 2.82 mmol) and silver triflate (725

mg, 2.82 mmol) were added. The reaction mixture was stirred for 4 h while it was
allowed to warm to 0 °C. After neutralization with Et3;N, the mixture was filtered through
Celite, washed with CH,Cl, and concentrated. The partially purified disaccharide
(obtained by column chromatography using 3:1 hexanes/EtOAc) was dissolved in MeOH
and a freshly prepared methanolic solution of NaOMe was added. The mixture was
stirred at rt for 27 h, neutralized with Amberlite IR-120 (H*), filtered, concentrated and
recrystallized from MeOH to yield 6 (295 mg, 37 % for two steps) as a white solid: 'H
NMR (500 MHz, D,0O) § 4.48 (d, 1H, J = 8.0 Hz, H-1), 445 (d, 1H, J = 8.0 Hz, H-1"),
3.98 (dd, 1H, J = 12.1, 2.1 Hz, H-6a), 3.94-3.88 (m, 2H, H-4’, OCH>CH,), 3.82-3.56 (m,
9H, H-3, H-4, H-5, H-6b, H-3°, H-5", H-6’a, H-6’b, OCH,CH}), 3.54 (dd, 1H, J =10.0,
7.8 Hz, H-2"), 3.30 (m, 1H, H-2, virtual order), 1.62 (m, 2H, OCH,CH,), 1.39-1.23 (m,
10H, CH; octyl), 0.86 (t, 3H, J = 7.0 Hz, CH3 octyl); 13C NMR (125 MHz, D;0) &
103.75, 102.84 (C-1, C-17), 79.30, 76.16, 75.56, 75.29, 73.67, 73.36, 71.78, 71.58, 69.37
(C-2,C-3,C+4, C-5, C-2°, C-3°, C-4°, C-5°, OCH;CHy), 61.82, 60.97 (C-6, C-6°), 31.88,
29.53, 29.23, 29.15, 25.84, 22.79 (CH; octyl), 14.19 (CHj3 octyl). HR-ESMS caled for
Cy0H38011Na (M+Na*) 477.2311, found 477.2315.

Octyl 3-O-allyl-3-D-galactopyranosyl-(1 —4)--D-glucopyranoside (15).

OH oy OH
o) HO ooct| A suspension of 14 (454 mg., 1 mmol) in
AlIO ow
OH
15 OH

benzene (25 mL) was refluxed for 24 h in the
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presence of BusSnO (300 mg, 1.2 mmol) in a flask equipped with a Dean-Stark separator.
Allyl bromide (1.6 mL, 18.5 mmol) and tetrabutylammonium iodide (185 mg, 0.5 mmol)
were added. The resulting solution was refluxed for 14 h. After evaporation of solvent,
the residue was dissolved in hot MeOH. On cooling, a crystalline solid was obtained on
filtration and the filtrate was concentrated. Purification on a column of Iatrobeads (10:1
CH,Cl,/MeOH) yield 7 (260 mg, 53%) as a white solid: 'H NMR (360 MHz, CD3;0D):
8 5.98 (dddd, 1H, H-c, allyl), 5.32 (dddd, 1H, H-b allyl), 5.15 (dddd, 1H, H-a, allyl), 4.37
d, 1H,J= 7.8 Hz, H-1), 4.27 (d, 1H, J= 7.8 Hz, H-1"), 4.22 (dddd, 1H, H-d allyl), 4.12
(dddd, 1H, H-e allyl), 3.99 (dd, 1H, J= 3.0, 0.5 Hz, H-4"), 3.92-3.32 (m, 12H, H-3, H-4,
H-5, H-6a, H-6b, H-2’, H-3°, H-5°, H-6’a, H-6’b, OCH>CHj3), 3.23 (dd, 1H, 8.8, 7.8 Hz,
H-2), 1.61 (m, 2H, OCH,CH>), 1.43-1.23 (m, 10H, CH; octyl), 0.89 (t, 3H, J = 7.0 Hz,
CHj; octyl); 13C NMR (125 MHz, CDs;0OD) & 136.47 (CH,=CHCH,0), 117.41
(CH,=CHCH;0), 105.08, 104.27 (C-1. C-1°), 82.15, 80.88, 76.93, 76.51, 75.43, 74.79,
71.80, 71.70, 70.98, 67.07 (C-2, C-3, C-4, C-5, C-2°, C-3°, C-4°, C-5°, CH=CHCH,O,
OCH,CH,;), 62.49, 62.06 (C-6, C-6), 32.98, 30.78, 30.55, 30.38, 27.10, 23.69 (CH,
octyl), 14.38 (CHj3 octyl); HR-ESMS calcd for Co3H4201Na (M+Nat*) 517.2625, found
517.2625.

Octyl  3-0-allyl-2,4,6-tri-O-benzyl-f-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl- -D-

glucopyranoside (16).
A solution of 15 (240 mg, 0.49 mmol) and
OBn OBn OB
Q Bwow benzyl bromide (0.5 mL, 3.92 mmol) in DMF
Allo o)
oBn onr (5 mL) was cooled to 0 °C. Sodium hydride

(196 mg, 60% dispersion in mineral oil, 4.9
mmol) was added and the mixture was stirred at 0 °C for 2 h. The reaction was then

slowly warmed to rt and stirred overnight. After quenching with MeOH, the mixture was
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extracted with CH,Cl,. The organic layer was washed with water and brine, then dried
(NaySO0y), filtered and concentrated. The residue was purified by column chromatography
(6:1 hexanes/EtOAC) to yield 16 (400 mg, 80%) as a syrup: 'H NMR (360 MHz, CDCl3)
6 7.50-7.10 (m, 30H, ArH), 5.93 (dddd, 1H, H-c allyl), 5.32 (dddd, 1H, H-b, allyl), 5.18
(dddd, 1H, H-a allyl), 5.02 (d, 1H, J = 10.8 Hz, PhCH,), 497 (d, 1H, J = 11.5 Hz,
PhCH>), 4.92 (d, 1H, J = 10.8 Hz, PhCH>), 4.84-4.71 (m, 4H, PhCH>), 4.56 (d, 1H, J =
11.5 Hz, PhCH;), 4.54 (d, 1H, J=12.0 Hz, PhCH>), 4.45 (d, 1H, J= 7.7 Hz, H-1), 4.44
(d, 1H, J = 10.8 Hz, PhCH>), 4.38 (d, 1H, J = 8.3 Hz, H-1"), 4.34 (d, 1H, J = 11.8 Hz,
PhCH,), 4.24 (d, 1H, J = 11.8 Hz, PhCH)), 4.17 (m, 2H, H-d and H-e allyl), 3.99-3.28
(m, 14H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2°, H-3°, H-4’, H-5’, H-6’a, H-6’b,
OCH,CHy), 1.64 (m, 2H, OCH,CH>), 1.46-1.22 (m, 10H, CH; octyl), 0.89 (t, 3H, J=7.0
Hz, CHj3 octyl); 13C NMR (75 MHz, CDCl3) & 139.30, 139.19, 138.96, 138.83, 138.56,
138.18 (aromatic quart.), 135.06 (CH,=CHCH;O), 128.40, 128.26, 128.18, 128.08,
128.04, 127.99, 127.91, 127.89, 127.79, 127.70, 127.57, 127.45, 127.42, 127.35, 127.06
(aromatic CH), 116.43 (CH,=CHCH,O0), 103.68, 102.84 (C-1, C-1°), 83.08, 82.46, 81.87,
79.63, 76.96, 75.36, 74.99, 74.66, 73.59, 73.45, 73.12, 73.03 (C-2, C-3, C-4, C-5, C-2°,
C-3°, C4’, C-5°, PhCH; x 6), 71.53, 70.10 (CH,=CHCH,0, OCH,CH,), 68.53, 68.19
(C-6,C-6"), 31.88,29.82, 29.48, 29.31, 26.23, 22.71 (CH; octyl), 14.14 (CHj3 octyl); HR-
ESMS calcd for Cg5sH73011Na (M+Na*) 1057.5442, found 1057.5435.

Octyl 2,4, 6-tri-O-benzyl-f-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl-3-D-

glucopyranoside (17).

To a solution of 16 (400 mg, 0.39 mmol) in

0OBn OBn
OoBn
&B woom MeOH (15 mL) was added PdCl, (34 mg, 0.19
Ho OBn ;37 OB'? mmol). The mixture was stirred at rt for 4 h.

After evaporation of MeOH, the residue was
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purified by column chromatography (4:1 hexanes/EtOAc) to yield 17 (320 mg, 83 %) as a
syrup: 'H NMR (360 MHz, CDCl3) § 7.50-7.10 (m, 30H, ArH), 5.06 (d, 1H, J=10.8 Hz,
PhCHy), 4.96 (d, 1H, J = 10.8 Hz, PhCH,), 4.86 (d, 1H, J=11.5 Hz, PhCH>), 4.85-4.76
(m, 3H, PhCH,), 4.75 (d, 1H, J = 11.5 Hz, PhCH>), 4.69 (d, |H, J = 11.2 Hz, PhCH,),
4.63 (d, 1H,J=11.5 Hz, PhCH,), 4.52-4.39 (m, 4H, H-1, H-1°, PhCH5),4.32 (d, 1H, J=
11.8 Hz, PhCH>), 4.05-3.39 (m, 14H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-3’, H-4’,
H-5°, H-6’a, H-6’b, OCH>CH3), 1.69 (m, 2H, OCH,CH>), 1.50-1.22 (m, 10H, CH,
octyl), 0.92 (t, 3H, J= 7.0 Hz, CHj octyl); 13C NMR (75 MHz, CDCl3) & 139.20, 138.77
2 x C), 138.49, 138.35, 138.08 (aromatic quart.), 128.45, 128.38, 128.29, 128.09,
128.06, 128.00, 127.93, 127.75, 127.72, 127.60, 127.57, 127.49, 127.14 (aromatic CH),
103.69, 102.69 (C-1, C-1°), 82.91, 81.80, 80.65, 76.80, 75.96, 75.34, 75.20, 75.11, 74.96
(2 x C), 74.15, 73.38, 73.25, 73.18 (C-2, C-3, C-4, C-5, C-2°, C-3°, C-4’, C-5°, PhCH,
x 6), 70.08 (OCH;CH;), 68.40, 68.01 (C-6, C-6°), 31.85, 29.78, 29.45, 29.28, 26.20,
22.68 (CHy octyl), 14.12 (CH3 octyl); HR-ESMS calcd for CgyH74011Na (M+Nat)
1017.5129, found 1017.5137.

Octyl 2,4,6-tri-O-benzyl-f-D-xylo-hex-3-ulopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl-3-D-

glucopyranoside (18).
o8 A solution of Dess-Martin periodinane (190
N _oBn
o Bfﬁow mg, 0.45 mmol) in CH,Cl, (6 mL) was added to
0]
0= oen 0By a stirred solution of 17 (300 mg, 0.30 mmol) in

CH,Cl (7 mL) and stirring was continued for
1.5 h. The mixture was poured into a saturated aqueous NaHCOj5 containing Na>S,03 and
extracted with EtOAc. The organic layer was washed with water and brine, dried
(NaxSQOy,), filtered, concentrated and fractionated using column chromatography (5:1

hexanes/EtOAc) to yield 18 (215 mg, 72 %) as a solid: 'H NMR (300 MHz, CDCl;)
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& 7.40-7.10 (m, 30H, ArH), 4.93 (d, 1H, J = 10.4 Hz, PhCH), 4.89 (d, 1H, J = 10.4 Hz,
PhCH,), 4.79 (d, 1H, J = 11.0 Hz, PhCH>), 4.69 (d, 1H, J = 11.0 Hz, PhCH,), 4.64 (d,
1H, J = 7.6 Hz, H-2"), 4.63 (d, 1H, J = 11.5 Hz, PhCH>), 4.48 (d, 1H, J = 12.0 Hz,
PhCH,), 4.46 (d, 1H, J = 12.0 Hz, PhCH)), 4.44, (d, 1H, J = 11.0 Hz, PhCH>), 4.40 (d,
1H, J = 12.0 Hz, PhCHy), 437 (d, 1H, J = 8.3 Hz, H-1), 434 (d, 1H, J = 12.0 Hz,
PhCH,), 4.31 (d, 1H, J = 11.0 Hz, PhCH>), 4.30 (d, 1H, J = 7.6 Hz, H-1°), 4.20 (4, 1H, J
=12.0 Hz, PhCH}), 3.96-3.32 (m, 12H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-4’, H-5", H-
6’a, H-6"b, OCH,CHy), 1.62 (m, 2H, OCH,CHs), 1.44-1.20 (m, 10H, CH; octyl), 0.86 (1,
3H, J = 7.0 Hz, CH; octyl); 13C NMR (75 MHz, CDCl3): §204.26 (C-3"), 139.13,
138.65, 138.38, 138.08, 137.39, 136.96 (aromatic quart.), 128.46, 128.41, 128.37, 128.33,
128.18, 128.13, 128.11, 128.08, 127.96, 127.75, 127.62, 127.58, 127.49, 127.21
(aromatic CH), 103.66, 103.57 (C-1, C-1°), 83.27, 83.06, 81.98, 81.02, 77.67, 75.30,
74.98, 74.94, 73.53, 73.33, 73.25, 73.10, 72.53 (C-2, C-3, C-4, C-5, C-2°, C-4°, C-5’,
PhCH, x 6), 70.14 (OCH,CH,), 68.55, 66.82 (C-6, C-6"), 31.89, 29.82, 29.47, 29.31,
26.24, 22.71 (CH, octyl), 14.14 (CH; octyl); HR-ESMS calcd for CgaH7201|Na
(M+Na*) 1015.4972, found 1015.4972.

Octyl  2,4,6-tri-O-benzyl-3-C-methyl-B-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl-[-

D-glucopyranoside (19).

Compound 18 (85 mg, 0.09 mmol) was

OBn
OBn OBn dissolved in THF (1.5 mL) and cooled under
O BnO OOct
HO ow argon to -78 °C. Methyllithium (1.4 M, 0.1
CH OBn OBn
3 19 mL) in diethyl ether was added with stirring.

The reaction mixture was stirred for 1 h while
it was allowed to warm to -40 °C. The reaction was poured into saturated NH4Cl and

extracted with EtOAc. The organic layer was washed with water and brine, dried
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(NayS0y), filtered, concentrated and fractionated using column chromatography (5:1
hexanes/EtOAc) to yield 19 (78 mg, 90%) as a solid: 'H NMR (300 MHz, CDClI3) & 7.40-
7.10 (m, 30H, ArH), 5.10 (d, 1H, J=11.0 Hz, PhCH5), 4.89 (d, 1H, J = 11.0 Hz, PhCH5),
4.77 (d, 1H, J=11.6 Hz, PhCH,), 4.76 (d, 1H, /= 11.0 Hz, PhCH,), 4.71 (d, 1H, J =
11.0 Hz, PhCH>), 4.67 (d, 1H, J = 11.6 Hz, PhCH,), 4.64 (d, 1H, J = 11.7 Hz, PhCH>),
4.60 (d, 1H, J= 11.7 Hz, PhCH>), 4.53 (d, 1H, J = 8.0 Hz, H-1"), 446 (d, 1H, J =123
Hz, PhCH>), 4.42 (d, 1H, J=12.3 Hz, PhCH,), 4.37 (d, 1H, J = 11.8 Hz, PhCH>), 4.34
(d, 1H, J=17.7 Hz, H-1), 4.28 (d, 1H, J=11.8 Hz, PhCH>), 3.97-3.28 (m, 13H, H-2, H-3,
H-4, H-5, H-6a, H-6b, H-2’, H-4’, H-5’, H-6’a, H-6'b, OCH,CH;), 1.62 (m, 2H,
OCH,CH>), 1.44-1.18 (m, 10H, CH; octyl), 1.14 (s, 3H, 3°-C-CH3), 0.86 (t, 3H, J= 7.0
Hz, CHj octyl); 13C NMR (75 MHz, CDCIl3) & 139.41, 138.96, 138.79, 138.51, 138.27,
137.94 (aromatic quart.), 128.56, 128.45, 128.30, 128.25, 128.10, 128.04, 127.93, 127.88,
127.81, 127.70, 127.56, 127.44, 127.36, 127.18, 127.13 (aromatic CH), 103.72, 101.93
(C-1,C-1°), 83.15 (2 x C), 82.07, 81.86, 77.27,75.72, 75.24 (2 x C), 75.13, 74.97, 74.91,
73.50, 72.90, 71.87 (C-2, C-3, C-4, C-5, C-2°, C-3°, C-4’, C-5°, PhCH; x 6), 70.12
(OCH,CH,), 68.48, 68.31 (C-6, C-6°), 31.88, 29.81, 29.48, 29.31, 26.22, 22.71 (CH»
octyl), 19.15 (3’-C-CH3), 14.14 (CH; octyl); HR-ESMS calcd for Cg3H76011Na
(M+Na*) 1031.5285, found 1031.5297.

Octyl  2,4,6-tri-O-benzyl-3-C-allyl-f-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl- 3-D-
glucopyranoside (20a) and Octyl 2,4,6-tri-O-benzyl-3-C-allyl-3-D-gulopyranosyl-(1 —4)-
2,3, 6-tri-O-benzyl-(-D-gluco-pyranoside (20b).

OBn _0Bn oB To a solution of 18 (40 mg, 0.04 mmol) in
n
O  BnO 0Oct o
Rz%ow THF (3 mL) at 0 °C was added allyl
R, ©Bn OBn magnesium bromide (1.0 M, 0.1 mL) in
20a Rq = All, R;=OH
20b R;=0OH, R2= Al diethyl ether with stirring under argon. The
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reaction mixture was stirred at 0 °C for 4 h, and quenched with saturated NH4Cl and
extracted with EtOAc. The organic layer was washed with water and brine, dried
(Na,SO0y), filtered, concentrated and fractionated using column chromatography (20:1
toluene/EtOACc) to yield 20a (16 mg, 39%) and 20b (21 mg, 51%).

For 20a: 'H NMR (300 MHz, CD,Cl,) & 7.40-7.20 (m, 30H, ArH), 5.86 (dddd,
1H, H-c allyl), 5.06 (ddd, 1H, H-a allyl), 5.02 (d, 1H, J=11.0 Hz, PhCH,), 4.88 (d, 1H, J
= 11.0 Hz, PhCH>), 4.84 (dddd, 1H, J=17.0, 1.5, 1.5, 1.5 Hz, H-b allyl), 4.78-4.62 (m,
7H, H-1°, PhCH,), 4.53 (d, 1H, J=12.3 Hz, PhCH)), 4.45 (d, 1H, J = 12.0 Hz, PhCH,),
4.43 (d, 1H, J=12.0 Hz, PhCH>), 4.36 (d, 1H, J=8.0 Hz, H-1),4.33 (d, 1H,J=12.3 Hz,
PhCH>), 3.94-3.28 (m, 13H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-4’, H-5", H-6’a, H-
6’b, OCH,CH,), 2.76 (dddd, 1H, H-d allyl), 2.44 (d, 1H, J = 1.5 Hz, OH), 1.97 (dddd,
1H, H-e allyl), 1.64 (m, 2H, OCH,CH,), 1.44-1.22 (m, CH; octyl), 0.88 (t, 3H, J = 7.0
Hz, CH; octyl); 13C NMR (75 MHz, CD,Cl,) & 139.90, 139.42, 138.98, 138.75, 138.73
(aromatic CH), 133.75 (CH,=CHCH,), 128.79, 128.66, 128.59, 128.51, 128.30, 128.28,
128.23, 128.13, 128.07, 128.00, 127.92, 127.79, 127.77, 127.71, 127.42, 127.28
(aromatic CH), 118.28 (CH,=CHCH,;), 104.06, 101.81 (C-1, C-17), 83.70, 83.20, 82.07,
78.71, 77.30, 76.39, 75.94, 75.82, 75.34, 75.23, 75.02, 73.56, 73.07, 71.67 (C-2, C-3, C-
4, C-5, C-2°, C-3°, C-4°, C-5’, PhCH, x 6), 70.32 (OCH,CH,), 68.83, 68.73 (C-6, C-67),
36.31 (CH,=CHCHb>), 32.24, 30.22, 29.83, 29.67, 26.59, 23.06 (CH; octyl), 14.25 (CH3
octyl); HR-ESMS calcd for CgsH73011Na (M+Na*) 1057.5442, found 1057.5440.

For 12b: 'H NMR (300 MHz, CD,Cl,) 6 7.40-7.10 (m, 30H), 5.97 (dddd, 1H, H-c
allyl), 5.18-5.08 (m, 2H, H-a and H-c allyl), 4.88 (d, 1H, J=11.0 Hz, PhCH>), 4.87 (4,
1H, J = 79 Hz, H-1"), 486 (d, IH, J = 11.0 Hz, PhCH>), 4.71 (d, 1H, J =11.0 Hz,
PhCH,), 4.69 (d, 1H, J = 11.0 Hz, PhCH>), 4.60 (d. 1H, J = 11.0 Hz, PhCH,), 4.59 (d,
1H, J=11.0 Hz, PhCH,;), 4.50-4.45 (m, 3H, PhCH,), 4.37 (d, 1H, J= 12.0 Hz, PhCH>),
4.36 (d, I1H, J = 7.8 Hz, H-1), 4.13 (m, 12H, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-4°, H-
5°, H-6’a, H-6’b, OCH,CH), 3.30 (dd, 1H, J = 9.2, 7.8 Hz, H-2), 2.62 (dddd, 1H, H-d
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allyl), 2.54 (dddd, 1H, H-e allyl), 2.18 (s, 1H, OH), 1.64 (m, 2H, OCH,CH3), 1.44-1.20
(m, 10H, CH; octyl), 0.89 (t, 3H, J = 7.0 Hz, CHj; octyl); 13C NMR (75 MHz, CD,Cl,)
5139.85, 139.48, 139.10, 138.81, 138.77, 138.58 (aromatic quart.), 134.19
(CH,=CHCH,), 128.73, 128.67, 128.60, 128.57, 128.51, 128.50, 128.37, 128.24, 128.22,
128.16, 128.03, 127.93, 127.81, 127.79, 127.75, 127.71, 127.38 (aromatic CH), 118.78
(CH,=CHCH,), 104.01, 101.52 (C-1, C-1°), 83.14, 81.95, 80.57, 77.61, 76.67, 75.77,
75.42, 75.35, 75.09, 75.05, 73.67, 73.50, 72.27 (C-2, C-3, C-4, C-5, C-2°, C-3°, C-4’, C-
5°, PhCH; x 6), 70.30 (OCH,CH,), 68.82, 68.61 (C-6, C-6°), 39.75 (CH,=CHCH»),
32.25, 30.23, 29.84, 29.67, 26.60, 23.06 (CH; octyl), 14.25 (CHj3 octyl); HR-ESMS calcd
for CgsH7gO11Na (M+Nat) 1057.5442, found 1057.5450.

Octyl 3-C-methyl-[-D-galactopyranosyl-(1 —4)-f-D-glucopyranoside (2).

The benzyl protected 11 (21 mg, 21 pmol)

HO OH
OH was dissolved in MeOH (10 mL) and the

Q HO 0O0ct
HO oH Om solution was stirred under a stream of Hj in the

CH3 2 OH
presence of 20% Pd(OH)»/C (25 mg) for 10 h.

The catalyst was removed by filtration through a Millex-GV 0.22 um filter and the
solvent evaporated. The product was purified by redissolution in water and then passing
the solution through a Waters C18 Sep-Pak cartridge. The cartridge was washed with
water eluted with gradient MeOH-H,0 1:4 to 2:1. The elulant containing the compound
was concentrated, redissolved in water, filtered through a Millex-GV 0.22 um filter and
lyophilized to yield 2 (9.5 mg, quant) as a white solid: 'H NMR (500 MHz, D,0) § 4.52
(d, 1H, J= 8.1 Hz, H-1°), 4.47 (d, 1H, J = 8.0 Hz, H-1), 3.96 (dd, 1H, J = 12.2, 2.2 Hz,
H-6a), 3.94-3.87 (m, 2H, H-5", OCH,CH,), 3.81-3.55 (m, 9H, H-3, H-4, H-5, H-6b, H-2’,
H-4’, H-6’a, H-6’b, OCH,CHj), 3.30 (m, 1H., H-2, virtual order), 1.62 (m, 2H,
OCH,CH>), 1.38-1.24 (m, 10H, CHj octyl), 1.24 (s, 3H, 3°-C-CH3), 0.86 (t, 3H, J= 7.0
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Hz, CH, octyl); 13C NMR (125 MHz, D,0) & 102.82, 102.69 (C-1, C-1°), 79.42, 75.53,
75.39, 75.34, 74.70, 74.09, 74.04, 73.64 (C-2, C-3, C-4, C-5, C-2’, C-3°, C-4’, C-5’)
71.58 (OCH,CH,), 62.24, 61.03 (C-6, C-6"), 31.88, 29.54, 29.23, 29.15, 25.84, 22.80
(CH, octyl), 18.60 (3°-C-CH3), 14.19 (CHj octyl); HR-ESMS caled for Co Ha1O11
(M+H*) 469.2649, found 469.2648.

Octyl 3-C-propyl-f-D-galactopyranosyl-(1 —4)-f-D-glucopyranoside (3a) and octyl 3-C-
propyl-f-D-gulopyranosyl-(1 —4)- 3-D-glucopyranoside (3b).

Compound 20a (7 mg, 6.8 umol) and 20b (9

HO OH
< &/ woom mg, 8.7 umol) were deprotected in the same
2 o o) . : .
3 OH OH fashion as for 2 to give, respectively, 3a (3.3
3aRq=Pr,R; =OH . cy .
3b Ry on, R, = Pr mg) and 3b (4.1 mg) as white solids in

quantitative yields.

For 3a: 'H NMR (600 MHz, D,0) § 4.58 (d, 1H, J=8.2 Hz, H-1"), 4.47 (d, 1H, J
= 7.9 Hz, H-1), 3.96 (dd, 1H, J = 12.3, 2.2 Hz, H-6a), 3.91 (dt, 1H, J = 10.0, 7.0 Hz,
OCH,CH,), 3.85 (dd, 1H, J = 7.4, 4.8 Hz, H-57), 3.82 (bs, 1H, H-4"), 3.78 (dd, 1H, J =
12.3, 5.0 Hz, H-6b), 3.75 (dd, 1H, J = 11.8, 7.4 Hz, H-6’a), 3.73 (dd, 1H, J=11.8, 4.8
Hz, H-6’b), 3.67 (dt, 1H, J = 10.0, 7.0 Hz, OCH,CH,), 3.65-3.60 (m, 3H, H-3, H-4, H-
2’), 3.57 (m, 1H, H-5), 3.30 (m, 1H, H-2, virtual order), 1.73 (m, 1H, CH,CH,CH3), 1.62
(m, 2H, OCH,CH,), 1.56 (m, 1H, CH,CH,CH3), 1.41 (m, 2H, CH,CH,CH3), 1.38-1.22
(m, 10 H, CH; octyl), 0.92 (t, 3H, J= 7.0 Hz, CH,CH>CH3), 0.86 (t, 3H, J= 7.0 Hz, CH;
octyl); 13C NMR (125 MHz, D,0): § 102.84, 102.45 (C-1, C-17), 79.38, 76.29, 75.54,
75.41, 74.90, 74.63, 73.63, 71.59, 70.01 (C-2, C-3, C4, C-5, C-2°, C-3°, C4’, C-5°,
OCH,CH,), 62.21, 61.03 (C-6, C-6%), 33.01, 31.88, 29.54, 29.23, 29.15, 25.84, 22.79
(CH; octyl, CH,CH,CH3), 15.89 (CH,CH,CH3), 14.77 (CHCH,CHj3), 14.19 (CH;
octyl); HR-ESMS calcd for Cy3H440,1Na (M+Na*) 519.2781, found 519.2786.
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For 3b: 'H NMR (600 MHz, D,0) 5 4.68 (d, 1H, J= 8.0 Hz, H-1°), 4.47 (4, 1H, J
= 8.0 Hz, H-1), 4.06 (ddd, 1H, J = 8.0, 4.1, 0.8 Hz, H-5"), 3.97 (dd, 1H, J=12.2, 4.2 Hz,
H-6a), 3.91 (dt, 1H, J = 10.0, 7.0 Hz, OCH,CH,), 3.81 (dd, 1H, J = 12.2, 5.1 Hz, H-6b),
3.75 (dd, 1H, J = 12.0, 8.0 Hz, H-6a), 3.73 (dd, 1H, J = 12.0, 4.1 Hz, H-6"b), 3.67 (dt,
1H, J = 10.0, 7.0 Hz, OCH>CH,), 3.65-3.60 (m, 3H, H-3, H-4, H-4"), 3,57 (m, 1H), 3.38
(d, 1H, J = 8.0 Hz, H-2"), 3.30 (m, 1H, H-2, virtual order), 1.76 (m, 1H, CH>,CH,CHjs),
1.66-1.60 (m, 3H, CH,CH>CH;, OCH,CH,), 1.40-1.22 (m, 12H, CH,CH,CH;, CH>
octyl), 0.92 (t, 3H, J = 7.0 Hz, CH,CH,CHjz), 0.86 (t, 3H, J = 7.0 Hz, CH; octyl); 13C
NMR (125 MHz, D,0): & 102.86, 102.62 (C-1, C-1°), 79.91, 76.55, 75.52, 75.44, 75.40,
73.65, 72.84, 71.59, 69.59 (C-2, C-3, C-4, C-5, C-2’, C-3°, C-4’, C-5’, OCH,CH,), 62.23,
61.14 (C-6, C-6"), 36.44, 31.88, 29.54, 29.23, 29.15, 25.84, 22.80 (CH, octyl,
CH,CH,CHj3), 15.38 (CH,CH,CHj;), 14.58 (CH,CH,CHj), 14.19 (CHj octyl); HR-
ESMS calcd for Cp3Hgs01Na (M+Na+) 519.2781, found 519.2786.

Octyl 3,4-O-isopropylidene-[-D-galactopyranosyl-(1 —4)--D-glucopyranoside (21).

A suspension of 14 (930 mg, 2.05 mmol) in

O _OH

>< &/ wood 2,2-dimethoxypropane (3.5 mL, mmol) was
o o

OH 1 OHO refluxed at 80 °C for 15 min in the presence of

p-toluenesulfonic acid (70 mg, 0.41 mmol).
After cooling, the reaction was neutralized with Et3N, concentrated and co-evaporated
with toluene. The resulting residue was then dissolved in 10:1 MeOH/H20 (20 mL) and
refluxed for 3 h. The mixture was concentrated and purified on a column of Iatrobeads
with 10:1 CH,Clo/MeOH to give 21 (530 mg, 52%) as a solid: 'H NMR (360 MHz,
CD;OD) 6 4.36 (d, 1H, /J=8.2 Hz, H-1"), 427 (d, IH, J=7.9 Hz, H-1), 4.18 (dd, 1H, J =
5.5, 2.1 Hz, H-3), 4.05 (dd, 1H, J =175, 5.5, H-2"), 3.97-3.36 (m, 11H, H-3, H-4, H-5,
H-6a, H-6b, H-4’, H-5, H-6’a, H-6’b, OCH,CH>), 3.23 (dd, 1H, J = 8.8, 7.9 Hz, H-2),
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1.61 (m, 2H, OCH,CH,), 1.47 (s, 3H, CCHj3), 1.42-1.22 (m, 13H, CH; octyl, CCH3),
0.89 (t, 3H, J = 7.0 Hz, CHj3 octyl); 13C NMR (75 MHz, CD30D) & 111.06 (CCHj),
104.15 (2 x C) (C-1, C-17), 81.05, 80.83, 76.36, 76.30, 75.31, 75.03, 74.80, 74.42 (C-2,
C-3, C4, C-5, C-2°, C-3°, C4°, C-57), 70.93 (OCH,CH,), 62.38, 61.91 (C-6, C-6"),
32.97, 30.75, 30.54, 30.38, 28.41, 27.08, 26.51, 23.63 (CCH3 x 2, CH; octyl), 14.42 (CHj3
octyl); HR-ESMS calcd for Cy3H4301; M+H™) 495.2805, found 495.2809.

Octyl  2,6-di-O-benzyl-3,4-O-isopropylidene-f3-D-galactopyranosyl-(1 —4)-2,3, 6-tri-O-

benzyl-f-D-glucopyranoside (22).

Compound 21 (400 mg, 0.81 mmol) was

><O OBn oBn
&/BWOO& benzylated as described above for 16 to give
O (o) o

OBn 29 OBn compound 22 (640 mg, 84%) as a syrup: 'H

NMR (300 MHz, CDCl3) § 7.40-7.18 (m, 25H,
ArH), 491 (d, 1H, J= 11.0 Hz, PhCH>), 4.88 (d, 1H, J=11.0 Hz, PhCH>), 4.77 (d, 1H, J
= 12.0 Hz, PhCH), 4,73 (d, 1H, J = 11.0 Hz, PhCH>), 4.68 (d, 1H, J= 12.0 Hz, PhCH>),
4.64 (d, 1H, J = 11.0 Hz, PhCH>), 4.55 (d, 1H, J = 12.0 Hz, PhCH>), 4.48 (d, 1H, J =
12.0 Hz, PhCH>), 4.41 (d, 1H, J = 12.0 Hz, PhCH>), 4.39 (d, 1H, J = 8.0 Hz, H-1), 4.36
(d, 1H, J= 7.8 Hz, H-1"), 4.30 (d, 1H, J = 12.0 Hz, PhCH>), 4.09 -3.44 (m, 10H, H-3, H-
4, H-6a, H-6b, H-3", H-4’, H-5", H-6’a, H-6’b, OCH>CHb>), 3.42-3.29 (m, 3H, H-2, H-5,
H-2°), 1.63 (m, 2H, OCH,CH>), 1.40-1.20 (m, 16H, CCH; x 2, CH, octyl), 0.88 (t, 1H, J
= 7.0 Hz, CH3 octyl); 13C NMR (75 MHz, CDCl3) & 139.13, 138.77, 138.61, 138.49,
138.41 (aromatic quart.), 128.56, 128.46, 128.35, 128.32, 128.29, 128.21, 128.12, 128.08,
127.99, 127.91, 127.74, 127.65, 127.58, 127.54, 127.46, 127.31 (aromatic CH), 109.90
(CCHy), 103.74, 101.92 (C-1, C-1°), 83.06, 81.93, 80.72, 79.44, 75.43, 75.16, 74.99,
73.67, 73.59, 73.43, 73.24, 73.27, 72.03 (C-2, C-3, C-4, C-5, C-2’, C-3°, C-4’, C-5°,
PhCH, x 5), 70.11 (OCH,>CHa,), 68.99, 68.43 (C-6, C-6’), 31.89, 29.83, 29.49, 29.32,
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28.01, 26.46, 26.24, 22.72 (CCH3 x2, CHy octyl), 14.14; HR-ESMS calcd for
CsgH7,011Na (M+Na*) 967.4972, found 967.4961.

Octyl 2,6-di-O-benzyl-[-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl- 3-D-

glucopyranoside (23).

i ., 0. in 4:1

OH oBn oo A suspension of 22 (620 mg, 0.66 mmol) in 4
Ho&e%ooa AcOH/H,0O was stirred at 65 °C for 19 h. Co-
0] lo) . .
OBn 23 OBn evaporation of the solvent with toluene afforded

22 (570 mg) as a syrup in quantitative yield: 'H
NMR (300 MHz, CDCl5) & 7.40-7.18 (m, 25H, ArH), 4.97 (d, 1H, J = 11.0 Hz, PhCH>),
490 (d, 1H, J = 11.0 Hz, PhCH,), 4.81 (d, 1H, J = 11.6 Hz, PhCH>), 4.78 (d. 1H, J =
11.0 Hz, PhCH,), 4.70 (d, 1H, J = 11.0 Hz, PhCH>), 4.66 (d, 1H, J = 11.6 Hz, PhCH>),
4.59 (d, 1H, J = 12.1 Hz, PhCH>), 4.46-4.35 (m, 4H, PhCH,, H-1, H-1"), 4.02-3.31 (im,
14H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2*, H-3°, H-4’, H-5", H-6’a, H-6’b, OCH,CH>)),
2.51-2.20 (b, 2H, OH), 1.64 (m, 2H, OCH,CH>), 1.44-1.20 (m, 10H, CH, octyl), 0.86 (t,
3H, J = 7.0 Hz, CHj octyl); 13C NMR (75 MHz, CDCl;) § 139.25, 138.73, 138.42,
138.35, 138.06 (aromatic quart.), 128.54, 128.45, 128.31, 128.09, 127.98, 127.95, 127.87,
127.71, 127.64, 127.55, 127.25 (aromatic CH), 103.72, 102.62 (C-1, C-17), 82.88, 81.86,
80.09, 76.71, 75.25, 75.18, 74.92, 7491, 73.58, 73.52, 73.25, 72.93, 70.12, 68.85 (C-2,
C-3,C-4, C-5, C-2°,C-3°, C-4’, C-5°, OCH,CH,, PhCH> x 5, ), 68.73, 68.43 (C-6, C-67),
31.88,29.81, 29.47, 29.31, 26.22, 22.70 (CH; octyl), 14.13 (CHj3 octyl); HR-ESMS calcd
for CssHggO1Na (M+Nat) 927.4659, found 967.4669.
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Octyl 2,3,6-tri-O-benzyl-p-D-galactopyranosyl-(1—34)-2, 3, 6-tri-O-benzyl--D-

glucopyranoside (24).

A suspension of 23 (315 mg, 0.35 mmol) in
OH _oBn OB
%Bwomﬂ toluene (25 mL) was refluxed for 4 h in the
BnO 0]
OBn ” OBr? presence of Bu;SnO (104 mg, 0.42 mmol) in a

flask equipped with a Dean-Stark separator.
Benzyl bromide (0.29 mL, 2.4 mmol) and tetrabutylammonium iodide (64 mg, 0.17
mmol) were added, and the solution was refluxed for 4.5 h. The mixture was concé:ntrated
and the resulting yellow residue was purified by column chromatography (5:1
hexanes/EtOAc) to yield 24 (280 mg, 81%) as a syrup: !H NMR (300 MHz, CDCl3)
& 7.40-7.18 (m, 30H, ArH), 4.97 (d, 1H, J=11.0 Hz, PhCH5), 4.8% (d, 1H, J=11.0 Hz,
PhCH>), 4.78-4.66 (m, 6H, PhCHb), 4.55 (d, 1H, J = 12.0 Hz, PhCH>), 4.48-4.35 (m, 5H,
PhCH,, H-1, H-17), 4.01-3.30 (m, 14H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-3°, H-
4’, H-5’, H-6’a, H-6’b, OCH>,CH,), 1.64 (m, 2H, OCH,CH)), 1.44-1.20 (m, 10H, CH;
octyl), 0.87 (t, 3H, J = 7.0 Hz, CHj octyl); 13C NMR (75 MHz, CDCl3) & 139.23, 138.77,
138.69, 138.44, 138.26, 138.00 (aromatic quart.), 128.59, 128.49, 128.40, 128.29, 128.16,
128.08, 127.87, 127.84, 127.80, 127.69, 127.64, 127.55, 127.46, 127.24, 127.01
(aromatic CH), 103.69, 102.58 (C-1, C-17), 82.96, 81.88, 81.20, 79.46, 76.72, 75.35,
75.28, 75.19, 74.94, 73.55, 73.17, 72.82, 72.06 (C-2, C-3, C-4, C-5, C-2°, C-3°, C-5°,
PhCH, x 6), 70.10 (OCH,CH,), 68.49, 68.41 (C-6, C-6’), 66.20 (C-4"), 31.88, 29.81,
29.48, 29.31, 26.23, 22.70 (CH; octyl), 14.13 (CH3 octyl); HR-ESMS calcd for
Ce2H74011Na M+Nat) 1017.5129, found 1017.5138.

Octyl  2,3,6-tri-O-benzyl-4-C-nzethyl-f-D-galactopyranosyl-(1 —4)-2, 3, 6-tri-O-benzyl-S-
D-glucopyranoside (26a) and Octyl 2,3,6-tri-O-benzyl-4-C-methyl-3-D-glucopyranosyl-
(1—4)-2,3,6-tri-O-benzyl--D-gluco-pyranoside (26b).
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Compound 24 was oxidized with Dess-Martin
OBn
&/B w Periodinane as described for 10, and the
BnO
i OBn resulting crude ketone product (75 mg, 0.076

26a Rq = CHg, R i ..
26 R _8H3 R22 CH3 mmol) was treated with MeLi in the same

fashion as for 19. The mixture was purified by
column chromatography (5:1 hexanes/EtOAc) to give 26a (20 mg, 26%) and 26b (18 mg,
24%).

For 26a: 'H NMR (300 MHz, CDCl3) & 7.40-7.18 (m, 30H, ArH), 5.01 (d, 1H, J
=11.0 Hz, PhCH>), 4.90 (d, 1H, J=11.0 Hz, PhCH>), 4.87 (d, 1H, J=11.0 Hz, PhCH>),
4.80 (d, 1H, J=11.0 Hz, PhCH>), 4.76 (d, 1H, J = 11.0 Hz, PhCH>), 4.70 (d, 1H, J =
11.0 Hz, PhCH»), 4.68 (d, 1H, J = 11.0 Hz, PhCH>), 4.62 (d, 1H, J = 12.0 Hz, PhCH>),
4.60 (d, 11.0 Hz, PhCH>), 4.42 (d, 1H, J=17.6 Hz, H-1"), 441 (d, 1H, J = 12.0, PhCH>),
4.40 (d, 1H,J=12.0 Hz, PhCH>), 4.34 (d, 1H, J=7.7 Hz, H-1), 4.28 (d, 1H, J=12.0 Hz,
PhCH>), 4.00 (dd, 1H, J = 9.3, 9.5 Hz, H-4), 3.90 (dt, 1H, J = 9.4, 6.6 Hz, OCH,CH,),
3.81 (dd, 1H, J=11.0, 4.0 Hz, H-6a), 3.78-3.68 (m, 2H, H-6b, H-6’a), 3.63 {dd, 1H, J =
9.0, 7.7 Hz, H-2), 3.56 (t, 1H, J = 9.0 Hz, H-3), 3.53-3.44 (m, 2H, OCH,CH,, H-6’b),
3.42-3.32 (m, 2H, H-2, H-5), 3.09 (dd, 1H, J=9.8, 3.7 Hz, H-5"), 2.99 (d, 1H, J= 9.2 Hz,
H-3"), 1.62 (m, 2H, OCH,CH>), 1.42-1.20 (m, 10H, CH; octyl), 1.10 (s, 3H, 4°-C-CH3),
0.86 (t, 3H, J = 7.0 Hz, CH; octyl); HR-ESMS calcd for Cg3H7601Na (M+Na¥)
1031.5285, found 1031.5296.

For 26b: 'H NMR (300 MHz, CDCl3) & 7.40-7.18 (m. 30H. ArH), 4.89 (d, 1H, J
=11.0 Hz, PhCH)), 4.87 (d, 1H, J=11.5 Hz, PhCH,), 4.86 (d, 1H, J= 11.0 Hz, PhCH>),
4.76 (d, 1H, J=11.5 Hz, PhCH5>), 4.74 (d, 1H, J = 11.2 Hz, PhCH>), 4.72-4.66 (m, 3H,
PhCH,), 4.54 (d, 1H, J=12.0 Hz, PhCH)), 4.46 (d, 1H,J=7.8 Hz, H-1"), 443 (d. IH,J
= 11.2 Hz, PhCH>), 4.40 (d, 1H, J = 11.8 Hz, PhCH>»), 4.33 (d, 1H, J = 7.8 Hz, H-1),
4.31 (d, 1H, J=11.8 Hz, PhCH)), 3.94-3.86 (m, 2H, H-4, OCH,CH,), 3.76 (dd, 1H, J =
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10.8, 4.0 Hz, H-6a), 3.66 (dd, 1H, J = 10.8, 1.6 Hz, H-6b), 3.54-3.28 (m, 8H, H-2, H-3,
H-5, H-3°, H-5°, H-6’a, H-6’b, OCH,CH)y), 3.16 (dd, 1H, J=9.5, 7.8 Hz, H-2’), 1.62 (m,
2H, OCH,CH>), 1.40-1.16 (m, 13H, 4’-C-CH3, CH> octyl), 0.86 (t, 3H, J = 7.0 Hz, CH;
octyl). HR-ESMS calcd for Cg3H76011Na (M+Nat) 1031.5285, found 1031.5291.

Octyl 4-C-methyl-f-D-galactopyranosyl-(1 —4)--D-glucopyranoside (4a) and Octyl 4-C-

methyl-[-D-gulcopyranosyl-(1 —4)- f-D-glucopyranoside (4b).

The benzyl protected 26a (10 mg, 9.9 pmol)

R, JOH
OH .
Rr&/ - ou | 21026 (5.5 me, 5.5 pmol) were treated in the
"o OH © OHO same fashion as for 1 to give 4a (4.1 mg, 88%)
4a R1 =CHj, Ry =CH and 4b (2.2 mg, 86%) as white solids
4b R1 = OH, Rz = CH3

respectively.

For 4a: 'TH NMR (300 MHz, D,0) 6 4.49 (d, 1H, J=8.0 Hz, H-1),4.47 (d. I1H, J
= 7.8 Hz, H-1"), 4.01-3.47 (m, 11H, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-5", H-6’a, H-6’)b,
OCH,CH,), 3.37 (d, 1H, J=9.6 Hz, H-3"), 3.31 (m, 1H, H-2, virtual order), 1.63 (m, 2H,
OCH;CH>), 1.42-1.24 (m, 10H, CH; octyl), 1.23 (s, 3H, 4’-C-CH3), 0.87 (s, 3H, J= 7.0
Hz, CHj octyl); HR-ESMS calcd for C21Hg9O1,Li (M+Li*) 475.2731, found 475.2736.

For 4b: 'H NMR (500 MHz, D,0): 8§ 4.51 (d, 1H, J=7.8 Hz, H-1),4.47 (4, 1H, J
= 8.0 Hz, H-17), 3.98 (dd, 1H, J=12.2, 2.0 Hz, H-6a), 3.96-3.46 (m, 10H, H-3, H-4, H-5,
H-6b, H-2’, H-5°, H-6’a, H-6’b, OCH>CHy), 3.34 (d, 1H, J= 7.8 Hz, H-3"), 3.30 (m, 1H,
H-2, virtual order), 1.64 (m, 2H, OCH,;CH>), 1.42-1.24 (m, 10H, CH; octyl), 1.11 (s, 3H,
4’-C-CH3), 0.87 (t, 3H, J = 7.0 Hz, CHj3 octyl); HR-ESMS calcd for C;1Hy40O1 L1
(M+Li*) 475.2731, found 475.2730.
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Methyl 2-acetamido-4, 6-O-benzylidene-2-deoxy-[3-D-ribo-hexopyranosid-3-ulose (30).

Ph/v o A solution of 29 (2 g, 6.19 mmol) in DMSO (30
o . mlL) and acetic anhydride (15 mL) was stirred at rt
2 OCH3
(0]
30

NHAc for 8h. The mixture was concentrated under high

vacuum. Et0O (100 mL) was then added to the
resulting residue to yield the white precipitate. Filtration and washing with Et;O gave 30
(1.2g, 60%) as a white solid: 'H NMR (360 MHz, DMSO-dg) & 8.20 (d, 1H, J= 8.3 Hz,
NH), 7.45-7.35 (m, 5H, ArH), 5.67 (s, 1H, PhCH), 4.70-4.64 (m, 2H, H-1, H-4), 4.46 (dd,
1H, J = 8.3, 8.1 Hz, H-2), 437 (dd, 1H, J=10.1, 4.9 Hz, H-6-eq), 3.89 (t, 1H, J = 10.1
Hz, H-6-ax), 3.63 (dt, 1H, J = 10.1, 49 Hz, H-5), 3.42 (s, 3H, OCH3), 1.90 (s, 3H,
COCH3); 13C NMR (75 MHz, DMSO-dg) 6 195.98 (C-3), 169.26 (COCHj3), 137.04
(aromatic quart.), 129.06, 128.11, 126.22 (aromatic CH), 103.44 (C-1), 100.37 (PhCH),
80.89, 68.16, 65.64 (C-4, C-5, C-6), 60.69 (C-2), 56.39 (OCHz), 22.44 (COCH3); HR-
ESMS calcd for C16H2oNOg (M+H™) 322.1291, found 322.1282.

Methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3-C-methyl-3-D-glucopyranoside (31a).
and Merthyl 2-acetamido-4,6-0O-benzylidene-2-deoxy-3-C-methyl-f-D-allopyranoside

(31b).
Ph/v o The ketone 30 (710 mg, 2.21 mmol) was treated
o ° with MeLli in the same fashion as described as for
Rz OCH3
R, NHAc 11 to give 31a (52 mg, 6%) and 31b (469 mg,
g:: Il;:::g:sR?z::C?{? 63%) as white solids.

For 31a: 'H NMR (360 MHz, CDCl3) 8
7.52-7.35 (m, 5H, ArH), 5.89 (d, 1H, J = 10.0 Hz, NH), 5.60 (s, 1H, PhCH), 4.50 (d, 1H,
J=8.3 Hz, H-1), 4.39 (dd, 1H, J=10.1, 4.7 Hz, H-6-eq), 4.03 (dd, 1H, J= 10.0, 8.3 Hz,
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H-2), 3.90 (ddd, 1H, J = 10.1, 9.1, 4.7 Hz, H-5), 3.78 (t, 1H, J = 10.1, H-6-ax), 3.49 (s,
3H, OCHj), 3.46 (d, 1EL, J= 9.1 Hz, H-4), 2.09 (s, 3H, COCH3), 1.30 (s, 3H, 3-C-CH3);
HR-ESMS calcd for Cg7H24NOg (M+H*) 338.1603, found 338.1593.

For 31b: 'H NMR (360 MHz, CDCL3) § 7.52-7.35 (m, SH, ArH), 5.61 (d, 1H, J=
5.1 Hz, NH), 5.60 (s, LH, PhCH), 4.38 (d, 1H, J = 8.5 Hz, H-1), 4.36 (dd, 1H, J = 10.1,
5.0 Hz, H-6-eq), 3.79 at, 1H, J=10.1, H-6-ax), 3.77 (dd, 1H, J = 8.5, 5.1 Hz, H-2), 3.70
(d, 1H, J = 9.8 Hz, H-41), 3.52 (s, 3H, OCH3), 3.50 (m, 1H, H-5), 2.11 (s, 3H, COCH3),
1.31 (s, 3H, 3-C-CH3); HR-ESMS calcd for C17H24NOg (M+H*)

Methyl 2-acetamido-2-cleoxy-3-C-methyl--D-glucopyranoside (32a)

CH A solution of 31a (50mg, 0.15 mmol) in 5 mL of HOAc-
(0]
HO . ] ) .
HO OCH; H,0 (1:1) was stirred at 60 °C for 1.5 h. Co-evaporation
CHg NHAc with toluene left a residue which was purified on a column
32a

of Iatrobeads (6:1 CH2CI2/MeOH) to give 32a (30 mg,

81%) as a white solid: I"H NMR (360 MHz, D,0) § 4.51 (d, 1H, J=8.8 Hz, H-1), 3.93 (d,
1H, J=11.1Hz, H-4), 3.84 (d, 1H, J= 8.8, H-2), 3.74 (dd, 1H, J = 12.2, 4.8 Hz, H-6a),
3.60-3.55 (m, 2H, H-5, H-6b), 3.50 (s, 3H, OCHj3;), 2.09 (s, 3H, COCH3), 1.20 (s, 3H, 3-
C-CH3); 13C NMR (125 MHz, D,0) 6 175.54 (COCHj3), 101.52 (C-1), 75.71, 75.70,
73.11 (C-3, C-4, C-5), 62.12 (C-6), 58.85 (C-2), 57.77 (OCH3), 22.90 (COCHj3), 14.59
(3-C-CH3); HR-ESMS alcd for CjgH9NOgNa(M+H*) 272.1110, found 272.1110.

Methyl 2-acetamido-2-deoxy-3-C-methyl-f-D-allopyranoside (32b).

OH
HO o Compound 31b (102 mg, 0.30 mmol) was deprotected in
H3C \ O-CH3 | the same fashion as described above to give 32b (64 mg,
HAc
OH 32b 84%) as a white solid: 'H NMR (360 MHz, D,0) & 4.60
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(d, 1H, J = 8.6 Hz, H-1), 3.93 (dd, 1H, J = 15.0, 5.3 Hz, H-6a), 3.78-3.70 (m, 2H, H-5, H-
6b), 3.67 (d, 1H, J = 8.6 Hz, H-2), 3.50 (s, 3H, OCHj), 2.09 (s, 3H, COCHj3), 1.20 (s, 3H,
3-C-CH3); 13C NMR (125 MHz, D,0) & 175.33 (COCH3), 101.38 (C-1), 75.33, 74.48,
71.04 (C-3, C-4, C-5), 62.26 (C-6), 57.65 (C-2), 57.19 (OCH3), 22.75, 22.23 (COCH3, 3-
C-CH3); HR-ESMS caled for CjoH9NOgNa(QM+H*) 272.1110, found 272.1111.

Methyl 2-acetamido-4-O-acetyl-2-deoxy-3-C-methyl-f3-D-glucopyranoside (33).

To a solution of 32a (25 mg, 0.1 mmol) in CH>Cl, (5§

OAc
HO ° mL) was added acetyl chloride (8.5 pL, 0.12 mmol) and
HO OCHjz
CH. NHAC sym-collidine (20 pL, 0.15 mmol). After stirring at 0 °C
3
33 for 4 h, the reaction mixture was concentrated and

purified on a column of Iatrobeads (5:1 CH,Cl2/MeOH) to give 33 (20 mg, 69%) as a
white solid: 'H NMR (360 MHz, CDCl3) 6 5.75 (d, 1H, J=4.0 Hz, NH), 439 (d, 1H,J=
12.0, 2.4 Hz, H-6a), 4.32 (dd, 1H, J=12.0, 5.1 Hz, H-6b), 4.29 (d, 1H, J= 8.0 Hz, H-1),
3.62 (d, 1H, J=9.0 Hz, H-4), 3.59 (dd, 1H, J= 8.0, 4.0 Hz, H-2), 3,52 (ddd, 1H, J=9.0,
5.1, 2.4 Hz, H-5), 3.47 (s, 3H, OCH3), 2.09, 2.08 (s, 3H, OCOCH;3; NHCOCH3), 1.18 (s,
3H, 3-C-CH3).

1,6-Anhydro-4-O-benzyl-2, 3-isopropylidene- f-D-mannose (44).

1,6-Anhydro-2,3-isopropylidene-B-D-mannose 43 [81] (5.05 g,
25 mmol) was benzylated in the same fashion as for 16. The

crude product was recrystallized twice in absolute ethanol to

give 44 (5.6g, 77%) as a white solid: 'H NMR (360 MHz,
CDCl3) & 7.40-7.30 (m, 5H), 5.36 (d, 1H, J = 3.0 Hz, H-1), 4.71 (d, 1H, J = 12.0 Hz,
PhCH,), 4.67 (d, 1H, J= 12.0 Hz, PhCH>), 4.61 (dd, 1H, J = 6.4, 1.4 Hz, H-5), 4.27 (dd,
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1H, J= 6.3, 0.6 Hz, H-3), 4.11 (dd, 1H, J= 6.3, 3.0 Hz, H-2),391 (dd, IH,J=7.0, 1.4
Hz, H-6-endo), 3.73 (dd, 1H, J = 7.0, 6.4 Hz, H-6-exo0), 3.68 (d, 1H, J = 0.6 Hz, B-4),
1.55 (s, 3H, CCHj3), 1.35 (s, 3H, CCH3); 13C NMR (75 MHz, CDCl3) & 137.41 (aromatic
quart.), 128.59, 128.04, 127.82 (aromatic CH), 109.84 (CCHj3) 99.24 (C-1), 76.28, 73.83,
73.46, 72.35 (C-2, C-3, C-4, C-5), 71.65 (PhCH;), 64.55 (C-6), 26.01 (CCHj3), 25.89
(CCHs); HR-ESMS calcd for C1gH00sNa (M+Na*) 315.1208, found 315.1207.

1,6-Anhydro-4-O-benzyl-3-D-mannose (45).

o To a solution of 44 (2.8 g, 9.59 mmol) in CH,Cl> (5 mL) was
0\“0 added 6 mL of TFA (95%) at 0 °C. The reaction was stirred for 10
OH | h while it was allowed to warm up to rt. The mixture was
OBn 45

concentrated, co-evaporated with toluene and recrystallized in

EtOAc to give 45 (1.8 g, 75%) as a white solid: 'H NMR (360 MHz, CDCl3) & 7.40-7.30
(m, SH), 5.39 (bs, 1H, H-1), 4.68 (d, 1H, J=12.2 Hz, PhCH)), 4.66 (d, 1H, J = 12.2 Hz,
PhCH>), 4.57 (dd, 1H, J = 5.8, 0.6 Hz, H-5), 4.12 (dd, 1H, J = 7.3, 0.6 Hz, H-6-endo),
4.05 (bd, 1H, J=4.2 Hz, H-2), 3.79 (bd, 1H, J=4.2 Hz, H-3),3.72 (dd. 1H, J=7.3, 5.8,
H-6-ex0), 3.61 (bs, 1H, H-4); 13C NMR (75 MHz, CDCl3) & 137.56 (aromatic quart.),
128.58, 128.03, 127.81 (aromatic CH), 101.58 (C-1), 78.40, 74.10, 71.59, 68.80, 66.81
(C-2, C-3, C-4, C-5, PhCH,), 64.85 (C-6); HR-ESMS calcd for C3H1605Na (M+Na™*)
275.0895, found 275.0894.

1,6-Anhydro-4-0-benzyl-2-O-p-toluenesulfonyl- 3-D-mannose (46) and /,6-Anhydro-4-O-

benzyl-2, 3-di-O-p-toluenesulfonyl-f3-D-mannose (47).

o}
OR |
—O oTs To a solution of 45 ( 1.58 g, 6.26 mmol) in pyridine (20 mL) was
OBN ,er=H added p-toluenesulfonyl chloride at 0 °C. The reaction was stirred
47 R =Ts
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for 3 days while it was allowed to warm up to rt. The mixture was diluted with CH>Cl,,
washed with H20O, dried over Na2S04, filtered, concentrated, and fractionated using
column chromatography ( 3: 2 hexanes/EtOAc) to give 46 (1.70 g, 67%) and 47 (0.56 g,
16%) as white solids.

For 46: 'H NMR (360 MH=z, CDCl3) 8 7.83 (m, 2H, ArH), 7.39-7.26 (m, 7H,
ArH), 5.27 (bs, 1H, H-1), 4.64 (d, 1H, J = 12.2 Hz, PhCH,), 4.59 (d, 1H, J = 12.2 Hz,
PhCH,), 4.55-4.51 (m, 2H, H-2, H-5), 4.20 (bd, 1H, J = 7.4 Hz, H-6-endo), 4.13 (dd, 1H,
J=15.0, 1.7 Hz, H-3), 3.68 (dd, 1H, J = 7.4, 5.7 Hz, H-6-ex0), 3.62 (bs, 1H, H-4), 2.45 (s,
3H, PhCH3); 13C NMR (75 MHz, CDCl3) 6 145.51, 137.28, 132.92 (aromatic quart.),
130.05, 128.51, 127.99, 127.92, 127.72 (aromatic CH), 99.23 (C-1), 78.32, 75.51, 74.36,
71.64, 68.41 (C-2, C-3, C-4, C-5, PhCH,), 65.11 (C-6), 21.62 (PhCH3); HR-ESMS calcd
for Co9H2207NaS (M+Na*) 429.0983, found 429.0989.

For 47: TH NMR (360 MHz, CDCIl3) 8 7.77 (m, 2H, ArH), 7.60 (m, 2H, ArH),
7.39-7.26 (m, 9H, ArH), 5.18 (bs, 1H, H-1), 4.82 (dd, 1H, J=5.3, 1.5 Hz, H-3), 4.72 (4,
1H, J= 12.2 Hz, PhCH,), 4.64 (d, 1H, J = 12.2 Hz, PhCH,), 4.49-4.43 (m, 2H, H-2, H-
5), 4.11 (d, 1H, J = 8.0 Hz, H-6-endo), 3.90 (bs, 1H, H-4), 3.68 (dd, 1H, J = 8.0, 5.9 Hz,
H-6-ex0), 2.44 (s, 3H, PhCH3), 2.42 (s, 3H, PhCH3); 13C NMR (75 MHz, CDCl3)
5 145.37, 145.20, 136.89, 132.66, 132.55 (aromatic quart.), 129.92, 128.55, 128.18,
128.05, 128.01, 127.86 (aromatic CH), 99.64 (C-1), 77.01, 74.49, 74.30, 72.32, 72.01 (C-
2, C-3, C-4, C-5, PhCH,), 65.24 (C-6), 21.62 (PhCH3), 21.59 (PhCH3). HR-ESMS caled
for Co7H2309NaS,; (M+Na*) 583.1072, found 583.1076.

1,6-Anhydro-4-0-benzyl-2-O-p-toluenesulfonyl-f-D-arabino-hexopyronos-3-ulose (48).

0
o Compound 46 (620 mg, 1.53 mmol), pyridinium dichromate
oT:
I o ° (PDC) (690 mg, 1.84 mmol), and ground 4 A molecular sieves in
n
48 CH,Cl; (15 mL) was stirred at rt for 7.5 h. The reaction mixture
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was filtered through a Celite pad, washed with CH;Cl,, concentrated, and fractionated
using column chromatography (5:3 hexanes/EtOAc) to give 48 ( 520 mg, 84%) as a
syrup: 'H NMR (360 MHz, CDCl;) & 7.85 (m, 2H, ArH), 7.39-7.24 (m, 7H, ArH), 5.66 (
d, 1H, J=2.2 Hz, H-2), 5.19 (4, 1K, J=22 Hz, H-1), 4.78 (m, 1H, H-5), 4.57 (d, 1H, J
= 12.0 Hz, PhCH)), 4.38 (d, 1H, J=12.0 Hz, PhCH>), 3.82 (dd, 1H, J = 8.5, 5.6 Hz, H-6-
exo), 3.75 (d, 1H, J=2.0 Hz, H-4), 3.68 (dd, 1H, J= 8.5, 1.0 Hz, H-6-endo), 2.45 (s, 3H,
PhCH:;3).13C NMR (75 MHz, CDCl3) 8 195.61 (C-3), 145.42, 135.99, 133.01 (aromatic
quart.), 129.87, 128.68, 128.46, 128.30, 128.19 (aromatic CH), 101.77 (C-1), 82.53,
79.84, 76.60 (C-2, C-4, C-5), 71.91 (PhCHs), 65.68 (C-6), 21.72 (PhCHj;).

1,6-Anhydro-4-O-benzyl-3-C-methyl-2-O-p-toluenesulfonyl--D-mannose ~ (49), 1,6-
Anhydro-4-0-benzyl-3-C-vinyl-2-O-p-toluenesulfonyl-B-D-mannose  (50) and 1,6-
Anhydro-4-O-benzyl-3-C-allyl-2-O-p-toluenesulfonyl-f-D-mannose (S1).

0 The ketone compound 48 was treated with methylmagnesium

OH
~0 bromide, vinylmagnesium bromide, or allylmagnesium bromide in
OTs
R the same fashion as described for 20 to give 49 (74%), 50 (70%)
OBn 49 R=Me
50 R = Vinyl or 51 (72%).

51 R= Ally
For 49: TH NMR (360 MHz, CDCIl3) & 7.85 (m, 2H, ArH),

7.39-7.24 (m, 7H, ArH), 5.28 (d, 1H, J=1.8 Hz, H-1), 4.66 (d, 1H, J = 11.8 Hz, PhCH}),
4.60 (d, 1H, J = 11.8 Hz, PhCH>), 4.53 (dd, 1H, J = 5.7, 1.7 Hz, H-5), 4.33 (d, 1H, J =
1.8 Hz, H-2), 4.26 (bd, 1H, J = 7.2 Hz, H-6-endo), 3.66 (dd, 1H, J = 7.2, 5.7 Hz, H-6-
ex0), 3.75 (d, 1H, J= 1.7 Hz, H-4), 2.45 (s, 3H, PhCH3), 1.15 (3-C-CH3).

For 50: 'H NMR (360 MHz, CDCl3) § 7.75 (m, 2H, ArH), 7.39-7.24 (m, 7H,
ArH), 5.80 (dd, 1H, J = 17.0, 10.6 Hz, CH,=CH), 5.40 (dd, 1H, J = 17.0, 1.4 Hz,
CH,=CH), 5.39 (d, 1H, J = 2.0 Hz, H-1), 5.08 (dd, 1H, J= 10.6, 1.4 Hz, CH,=CH), 4.61
(d, 1H, J = 12.0 Hz, PhCH>), 4.52 (d, 1H, J = 12.0 Hz, PhCH>), 4.46 (m, 1H, H-5), 4.44
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(d, 1H, J = 2.0 Hz, H-2), 4.30 (bd, 1H, J = 7.2 Hz, H-6-endo), 3.66 (dd, 1H, J=7.2, 5.8
Hz, H-6-ex0), 3.38 (d, 1H, J = 1.8 Hz, H-4), 2.45 (s, 3H, PhCHj); 13C NMR (75 MHz,
CDCls) & 145.43 (aromatic quart.), 138.88 (CH,=CH), 137.21, 132.95 (aromatic quart.),
129.89, 128.54, 128.34, 128.10 (aromatic CH), 116.47 (CH,=CH), 99.17 (C-1), 82.46,
78.10, 75.25 (C-2, C-4, C-5), 74.84 (C-3), 73.23 (PhCH,), 65.60 (C-6), 21.73 (PhCHs);
HR-ESMS calcd for CyoHz407NaS (M+Na*) 455.1140, found 455.1145.

For 51: 'H NMR (360 MHz, CDCl;) § 7.83 (m, 2H, ArH), 7.39-7.26 (m, 7H,
ArH), 5.81 (dddd, 1H, H-c allyl), 5.28 (d, 1H, J = 1.8 Hz, H-1), 5.14 (dddd, 1H, H-a
allyl), 5.08 (dddd, 1H, H-b allyl), 4.66 (d, 1H, J= 11.3 Hz, PhCH>), 4.62 (bd, 1H, J=5.4
Hz, H-5), 4.52 (d, 1H, J = 11.3 Hz, PhCHb), 4.39 (d, 1H, J = 1.8 Hz), 4.30 (bd, 1H, J =
7.1 Hz, H-6-endo), 3.68 (dd, 1H, J=17.1, 5.8 Hz, H-6-ex0), 3.48 (d, 1H, J = 1.5 Hz, H-4),
2.70 (bs, 1H, OH), 2.45 (s, 3H, PhCHj), 2.43 (dddd, 1H, H-d allyl), 2.20 (dddd, 1H, H-e
allyl); 13C NMR (75 MHz, CDCls) & 145.54, 137.31, 133.23 (aromatic quart.), 130.14
(CH,=CHCHy), 130.09, 128.48, 127.98, 127.96, 127.73 (aromatic CH), 99.21 (C-1),
79.95, 78.96, 74.84, 73.22 (C-2, C-3, C-4, C-5) 72.05 (PhCH>), 65.45 (C-6), 40.62
(CH,=CHCH}), 21.67 (PhCHj3); HR-ESMS calcd for C23H2607NaS (M+Na*) 469.1297,
found 469.1300.

1,5-Anhydro-3-O-tert-butyldimethylisilyl-2-deoxy-D-erythro-hex--en-3-ulose (57).

OTBS To a solution of 56 (0.70 g, 4.86 mmol) in DMF (15 mL)

TBSO@ was added tert-butyldimethylsilyl chloride (TBS-CI)
/

o (1.85g, 12.2 mmol) and imidazole (1.2 g, 17.6 mmol). The

57

reaction was stirred at rt for 14 h. The mixture was

concentrated and fractionated using column chromatography (6:1 hexanes/EtOAc) to give
57 (1.2g, 78 %) as a white solid: 'H NMR (360 MHz, CDCl3) 6 7.28 (d, 1H, J= 5.8 Hz,
H-1),5.30(d, 1H, J=5.8 Hz, H-2),4.43 (d, 1H,J= 122 Hz, H-4),4.17 (dt, 1H, J=12.2,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

2.7 Hz, H-5), 3.98 (d, 2H, J = 2.7 Hz, H-6a, H-6b), 0.90 (bs, 18H, C(CH3)3), 0.21 (s, 3H,
SiCHjs), 0.08 (s, 9H, SiCHs); 13C NMR (75 MHz, CDCl3) & 194.06 (C-3), 162.05 (C-1),
104.56 (C-2), 83.73 (C-4), 69.49 (C-5), 61.55 (C-6), 25.92 (C(CHj3)3), 18.53, 18.46
(C(CHa)3), -3.96, -5.14, -5.24, -5.62 (SiCHs); HR-ESMS calcd for CigH3604NaSis
(M+Na*) 395.2050, found 395.2049.

Octyl 2-acetamido-3-0O-allyl-4,6-O-benzylidene-2-deoxy-3-D-glucopyranoside (62).

Ph/vo To a solution of 61 (3.03 g, 7.19 mmol) in DMF (45
o} Q mL) was added allyl bromide (2.4 mL, 28.8 mmol)

AllO OOct
GZNHAC and sodium hydride (380 mg, 60% dispersion in

mineral oil, 9.35 mmol) at 0 °C. The reaction was
stirred for 12 h while it was allowed to warm up to rt. After quenching with MeOH, the
precipitate was collected by filtration to give 62 (2.70 g, 81%) as a white solid: 'H NMR
(360 MHz, CDCl3) 8 7.50-7.30 (m, 5H), 5.88 (dddd, 1H, H-c allyl), 5.71 (d, 1H, /=74
Hz, NH), 5.54 (s, 1H, PhCH), 5.24 (dddd, 1H, H-b allyl), 5.14 (dddd, 1H. H-a allyl), 5.08
(d, 1H, J = 8.4 Hz, H-1), 4.39-4.27 (m, 3H, H-3, H-6-eq, H-d allyl), 4.13 (dddd, 1H, H-e
allyl), 3.83 (dt, 1H, J=9.6, 6.4 Hz, OCH,>CHy), 3.77 (t, 1H, J = 10.0 Hz, H-6-ax), 3.61-
3.47 (m, 3H, H-4, H-5, OCH,CH,), 3.11 (m, 1H, H-2), 2.01 (s, 3H, COCHj3), 1.52 (m,
2H, OCH,CH>), 1.36-1.20 (m, 10H, CH; octyl), 0.85 (t, 3H, J = 7.0 Hz, CHj3 octyl); 13C
NMR (125 MHz, CDCl3) §170.93 (COCHj3), 137.41 (aromatic quart.), 134.93
(CH,=CHCH;0), 128.91, 128.24, 128.20, 126.03, 125.99 (aromatic CH), 117.03
(CH,=CHCH,0), 101.19 (C-1), 82.66 (C-4), 76.44 (C-3), 73.56 (CH,=CHCH,0), 70.29
(PhCH>), 68.81 (C-6), 65.93 (C-5), 58.49 (C-2), 31.80, 29.56, 29.30, 29.25, 25.90, 23.13,
22.63 (CH; octyl, COCH3), 14.06 (CHj3 octyl); HR-ESMS calcd for CysH39NOgNa
(M+Nat) 484.2675, found 484.2678.
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Octyl 2-acetamido-3-0-allyl-6-O-benzyi-2-deoxy--D-glucopyranoside (63).

0Bn A mixture of compound 62 (1.50 g, 3.25 mmol), sodium
HO N cyanoborohydride (2.25 g, 35.8 mmol), 3 A molecular sieves
AllO OOct

63NHAC (2 g), and a crystal of methyl orange in THF (100 mL) was

stirred at O °C under argon. Diethyl ether saturated with HCI
was added until a persistent pink color was observed. Stirring at 0 °C was continued for
2h and finally at rt overnight. The reaction was diluted with CH>Cl; and poured into
aqueous NaHCQj3. The organic layer was washed with water and brine, dried (NaySOy),
concentrated. The crude product was dissolved in CH,Cl,/MeOH (1:1) and deionized
with Amberlite MB-1 ion-exchanger resin. The resin was filtered and the solution was
concentrated. The resulting residue was purified on a column of Iatrobeads (20:1
CH,Cl,/MeOH) to give 63 (0.90 g, 60%) as a white solid: 'H NMR (360 MHz, CDCl3) &
7.40-7.30 (m, SH), 5.90 (dddd, 1H, H-c allyl), 5.68 (d, 1H, J= 7.4 Hz, NH), 5.54 (s, 1H,
PhCH), 5.26 (dddd, 1H, H-a allyl), 5.16 (dddd, 1H, H-b allyl), 4.91 (d, 1H. J = 8. Hz, H-
1), 4.60 (d, 1H, J= 12.0 Hz, PhCH>), 4.57 (d, 1H, J = 12.0 Hz, PhCH>), 4.26 (dddd, 1H,
H-d allyl), 4.18 (dddd, 1H, H-e allyl), 3.97 (dd, 1H, J=10.3, 8.1 Hz, H-3), 3.82 (dt, 1H, J
=9.6, 6.5 Hz, OCH>CH3y), 3.75 (d, 2H, J = 4.5 Hz, H-6a, H-6b), 3.62-3.51 (m, 2H, H-4,
H-5), 3.46 (dt, 1H, J = 9.6, 6.5 Hz, OCH,CH,), 3.15 (m, 1H, H-2), 1.98 (s, 3H,
COCH3), 1.52 (m, 2H, OCH,CH,), 1.36-1.20 (m, 10H, CH; octyl), 0.85 (t, 3H, /= 7.0
Hz, CHj octyl); HR-ESMS calcd for CogH41NOgNa (M+Na*) 486.2832, found 486.2838.

Ocyyl 2-O-acetyl-3, 4, 6-tri-O-benzyl- f-D-galactopyranosyl-(1 —4)-2-acetamido-3-O-allyl-
6-0-benzyl-2-deoxy-F-D-glucopyranoside (65).

OBn
ﬂ NHAc To a stirred solution of 63 (200 mg, 0.43
AllO OOct
BnO Om mmol) and 64 (345 mg, 0.64 mmol) in
OAc 65 OBn
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anhydrous CH>Cl, (10 mL) containing ground 4 A molecular sieves was added silver
triflate (232 mg, 0.90 mmol) at -30 °C with stirring under argon. The reaction mixture
was stirred for 4 h while it was allowed to warm up to 0 °C. 10% sodium thiosulfate was
added and the mixture was filtered through Celite and washed with CH;Cl,. The organic
layer was washed with water and brine, dried (Na;SOj4), concentrated and fractionated
using column chromatography (3:2 hexanes/EtOAc) to give 65 (660 mg, 81%) as a white
solid: TH NMR (360 MHz, CDClI3) 8 7.40-7.20 (m, 20H, ArH), 6.27 (d, 1H, J= 9.0 Hz,
NH), 5.82 (dddd, 1H, H-c allyl), 5.29 (dd, 1H, J=10.0, 8.0 Hz, H-2’), 5.20 (dddd, 1H, H-
a allyl), 5.07 (dddd, 1H, H-b allyl), 4.93 (d, 1H, J=11.6 Hz, PhCH>), 4.67(d, 1H, J =
12.2 Hz, PhCH>), 4.60 (d, 1H, J=11.6 Hz, PhCH>), 4.56 (d, 1H, J= 4.4 Hz, H-1), 4.56 (
d, 1H, J=12.2 Hz, PhCH>), 4.52 (d, 1H, J=11.6 Hz, PhCH>), 4.49 (d, 1H, J=11.6 Hz,
PhCH,), 4.46 (d, 1H, J = 11.6 Hz, PhCH>), 4.43 (d, 1H, J = 11.6 Hz, PhCHs), 4.35 (d,
1H, J = 8.0 Hz, H-1"), 4.13 (dddd, 1H, H-d allyl), 4.07 (dddd, 1H, H-e allyl), 4.01-3.44
(m, 12H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-3°, H-4’, H-5", H-6’a, H-6’b, OCH,CH»),
3.35 (dt, J= 9.4, 7.0 Hz, OCH,CH3), 2.01 (S, 3H, COCHj;), 1.98 (s, 3H, COCHj), 1.52
(m, 2H, OCH,CH,), 1.36-1.20 (m, 10H, CH, octyl), 0.88 (t, 3H, J = 7.0 Hz, CHj3 octyl);
13C NMR (75 MHz, CDCl3) 8 170.37, 170.14 (COCH3), 138.37, 138.26, 137.91, 137.78
(aromatic quart.), 134.77 (CH,=CHCH,0), 128.46, 128.44, 128.36, 128.22, 127.89,
127.81, 127.76, 127.65, 127.46 (aromatic CH), 116.43 (CH,=CHCH,0O), 100.14, 99.85
(C-1, C-17), 79.81, 76.30, 74.60, 74.25, 73.78, 73.65, 73.60, 73.42, 72.60, 72.13, 71.81
(C-3, C4, C-5, C-2°, C-3°, C-4°, C-5°, PhCH; x 4), 71.15, 69.96 (CH,=CHCH,O,
PhCH,), 69.27, 68.19 (C-6, C-67), 50.23 (C-2), 31.83, 29.55, 29.42, 29.27, 26.07, 23.22,
22.66, 21.10 (COCH3 x2, CH; octyl), 14.10 (CH; octyl); HR-ESMS calcd for
Cs55H71NO2Na (M+Nat) 960.4874, found 960.4869.
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Octyl

benzyl-2-deoxy-f-D-glucopyranoside (66).

77

2-O-acetyl-3,4, 6-tri-O-benzyl--D-galactopyranosyl-(1 —4)-2-acetamido-6-O-

OBn

OAc

HO
0

66

NHAc

OBn
(@]

O
OBn

OOct

Compound 65 (220 mg, 0.23 mmol) was
treated with PdCl, in the same fashion as
described for 17. Purification by column

chromatography (4:1 hexanes/EtOAc) gave

66 (202 mg, 96%) as a whit solid: 'H NMR (360 MHz, CDCl3) & 7.40-7.20 (m, 20H,
ArH), 5.50 (d, 1H, J=7.9 Hz, NH), 5.33 (dd, 1H, J=10.0, 8.0 Hz, H-2"), 490 (d, 1H, J

=11.6 Hz, PhCH,), 4.70 (d, 1H, J= 8.0 Hz, H-1), 4.66 (d, 1H, J= 12.2 Hz, PhCH>), 4.65

(d, 1H, J=12.2 Hz, PhCH)), 4.53 (d, 1H, J = 11.6 Hz, PhCH>), 449 (d, 1H, J=12.2 Hz,

PhCH,), 4.48 (d, 1H, J = 12.2 Hz, PhCH,), 4.41 (d, 1H, J = 11.6 Hz, PhCH>), 4.38 (d,

1H, J=11.6 Hz, PhCH>), 4.35 (d, 1H, J=8.0 Hz, H-1"), 3.95 (dd, 1H, J= 9.8, 7.5 Hz, H-

3), 3.88 (d, 1H, J = 2.2 Hz, H-4"), 3.83 (dt, 1H, J = 9.6, 6.5 Hz, OCH,CH}), 3.70-3.40
(m, 10H, H-2, H-4, H-5, H-6a, H-6b, H-3°, H-5°, H-6"a, H-6’b, OCH,CH>), 1.94 (bs, 6H,

COCH3;), 1.54 (m, 2H, OCH,CH>), 1.34-1.20 (m, 10H, CH; octyl), 0.86 (t, 3H, J = 7.0

Hz, CHj octyl).13C NMR (75 MHz, CDCl3) & 170.20, 169.39 (COCH3;), 138.47, 138.19,

137.78, 137.56 (aromatic quart.), 128.54, 128.39, 128.33, 128.22, 128.02, 127.94, 127.75,

127.70, 127.63, 127.52 (aromatic CH), 101.68, 100.30 (C-1, C-1"), 81.20, 80.23, 74.59,

74.20, 73.80, 73.66, 73.57, 72.34, 72.19, 71.58, 71.27 (C-3, C-4, C-5, C-2’, C-3’, C-4’,
C-5°, PhCH> x 4), 69.65 (OCH,CH,), 68.58, 68.31 (C-6, C-6"), 56.7 (C-2), 31.87, 29.59,
29.40, 29.30, 26.01, 23.66, 22.69, 21.00 (COCH; x 2, CH, octyl), 14.13 (CH;3 octyl);
HR-ESMS calcd for CsoHg7NO2Na (M+Na*) 920.4561, found 920.4593.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

Octyl 2-O-acetyl-3,4,6-tri-O-benzyl-f-D-galactosylpyranosyl-(1 —4)-2-acetamido-3-C-
methyl-6-O-benzyl-2-deoxy- f-D-glucopyranoside (68).

A solution of 66 (170 mg, 0.19 mmol) in
CH

OBn
ﬂ/  NHAc DMSO (3 mL) and acetic anhydride (1.5 mL)
HO OOct
BnO o o was stirred at rt for 4h. The mixture was
OAc 68 OBn

concentrated under high vacuum and

fractionated using column chromatography (5:2 toluene/acetone). To the resulting crude
ketone product (100 mg, 0.11 mmol) in THF (5 mL) was added MeLi (1.4 M, 0.24 mL)
in diethyl ether at -78 °C under argon weth stirring. The mixture was worked up as
described for 11. Purification by column cheromatography (5:2 hexanes/acetone) gave 68
(35 mg, 20% for two steps) as a film: 'H N®MR (360 MHz, CDCl3) § 7.40-7.20 (m, 20H,
ArH), 6.05 (d, 1H, J=9.50 Hz, NH), 5.28 (dd, 1H, J=10.0, 8.0 Hz, H-2"), 4.88 (d, 1H, J
=11.6 Hz, PhCH»), 4.63 (d, 1H, J = 12.2 Hz, PhCH>), 4.35-4.60 (m, 7H, H-1, PhCH>),
425 (d, 1H, J= 8.0 Hz, H-1"), 3.98 (dd, 1H, J=9.50, 4.90 Hz, H-2),3.90 (d, 1H, J=2.1
Hz, H-4), 3.77 (dt, 1H, J= 9.5, 6.5 Hz, OCH,CHa), 3.40-3.72 (m, 9H, H-4, H-5, H-6a,
H-6b, H-3°, H-5°, H-6’a, H-6’b, OCH>,CH>), 2.04 (s. 3H, COCH3), 1.99 (s, 3H, COCH3),
1.50 (m, 2H, OCH,CH,), 1.32-1.15 (m, 10°H, CH, octyl), 0.85 (t, 3H, J = 7.0 Hz, CH;3

octyl).
Octyl [-D-galactopyranosyl-(1 -4 p-2-acetamido-2-deoxy-3-C-methyl-[-D-gluco-
pyranoside (5).
To a solution of 68 (8 mg, 8.77 umol) in
OH _on CH;
NHAc MeOH (3 mL) was added a freshly prepared
Q  Ho 0Oct
HO Ow anethanolic solution of NaOMe (0.5 M, 0.3
OH OH
5 mmL). The mixture was stirred at rt for 27 h,
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and neutralized with Amberlite IR-120 (H*), filtered and concentrated. The resulting
product was hydrogenolyzed as described for 1a to yield § ( 3 mg, 67 % for two steps) as
a white solid: 1H NMR (500 MHz, D,0) § 4.55 (d, 1H, J=8.8 Hz, H-1),4.47 (d, 1H,J=
7.8 Hz, H-17), 3.96 (dd, 1H, J= 12.1, 2.2 Hz, H-6a), 3.92 (d, 1H, J = 3.2 Hz, H-4"), 3.89
(m, 1H, OCH,CH3), 3.87 (d, 1H, J =8.8 Hz, H-2), 3.81 (dd, 1H, J= 12.0, 5.5 Hz, H-6b),
3.78-3.70 (m, 4H, H-4, H-5’, H-6’a, H-6’b), 3.66 (dd, 1H, J = 10.0, 3.2 Hz, H-3"), 3.63
(m, 1H, H-5), 3.59-3.54 (m, 2H, H-2’, OCH,CHy), 2.05 (s, 3H, COCHj3;), 1.54 (m, 2H,
OCH,CH3), 1.34-1.22 (m, 13H, 3-C-CHj3, CH; octyl), 0.86 (t, 3H, J = 7.0 Hz, CH3
octyl); HR-ESMS calcd for Co3H44NO71; (M+H*) 510.2914, found 510.2915.

Octyl 2,6-di-O-acetyl-3,4-di-O-benzyl-6,6 "-di-C-methyl-f3-D-galacto-pyranosyl-(1 —4)-2-

acetamido-6-0O-benzyl-2-deoxy-3-D-gluco-pyranoside (77).

To a stirred solution of 63 (200 mg, 0.43

OAc
BnO .
Tl CHy NHAG mmol) and 76 (345 mg, 0.64 mmol) in
BnO SO d o0ct anhydrous CH>Cl, (10 mL) containing ground
OAe 77 OBn 4 A molecular sieves was added silver triflate

(232 mg, 0.90 mmol) at -30 °C with stirring
under argon. The reaction mixture was stirred for 4 h while it was allowed to warm up to
0 °C. 10% sodium thiosulfate was added and the mixture was filtered through Celite and
washed with CH,Cl,. The organic layer was washed with water and brine, dried
(NayS0y4), concentrated and fractionated using column chromatography (5:2
toluene/acetone) to yield the partially purified disaccharide. Removal of allyl group in the
same fashion as for 16. Purification by column chromatography (1:1 hexanes/EtOAc)
gave 77 (192 mg, 51 % for two steps) as a white solid: 'H NMR (360 MHz, CDCl3) 3
7.40-7.20 (m, 15H, ArH), 5.55 (d, 1H, J = 8.0 Hz, NH), 5.37 (dd, 1H, J = 10.1, 8.0 Hz,
H-2"),4.98 (d, 1H, J=10.8 Hz, PhCH,), 4.70 (m, 3H, H-1, PhCH>), 4.57 (d, 1H, J=10.0
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Hz, PhCH,), 4.51 (d, 1H, J = 12.1 Hz, PhCH>), 4.50 ( d, 1H, J= 11.6 Hz, PhCH), 4.35
(d, 1H, /= 8.0 Hz, H-1°), 4.08 (s, 1H, OH), 4.00-3.88 (m, 3H, H-5, H-6a, H-4’), 3.83 (dt,
1H, J = 10.0, 6.6 Hz, OCH,CH>), 3.73-3.38 (m, 7H, H-2, H-3, H-4, H-6b, H-3°, H-5’,
OCH,CHy), 1.97 (s, 6H, COCH3), 1.95 (s, 3H, COCH3), 1.55 (m, 2H, OCH,;CH>), 1.48
(s, 3H, 6’~-C-CH3), 1.44 (s, 3H, s, 3H, 6’-C-CH3), 1.35-1.20 (m, 10H, CH; octyl), 0.87 (4,
3H, J = 7.0 Hz, CHj octyl); 13C NMR (75 MHz, CDCI3) $ 170.80, 170.25, 169.39
(COCH3s), 138.38, 137.67 (2 x C) (aromatic quart.), 128.56, 12844, 128.35, 128.32,
127.72, 127.67, 127.50 (aromatic CH), 101.99, 100.32 (C-1, C-l’), 82.99 (C-6), 81.50,
81.14, 74.37, 74.14, 73.86, 73.55, 74.94, 72.90, 71.58, 71.18 (C-3, C-4, C-5, C-2°, C-3’,
C-4’, C-5°, PhCH, x 3), 69.63 (OCH,CH,), 68.25 (C-6), 56.76 (C-2), 31.84, 29.58,
29.37, 29.29, 25.98, 24.26, 23.68, 22.94, 22.66, 22.42, 20.95 (6’-C-CH3 x 2, COCH3 x 3,
CH, octyl), 14.10; HR-ESMS caled for C49Hg7NO;j3Na (M+Nat) 900.4510 found
900.4497.

Octyl  3,4-di-O-benzyl-6,6 '-di-C-methyl-f3-D-galactopyranosyl-(1 —4)-2-acetamido-6-O-

benzyl-2-deoxy- }-D-gluco-pyranoside (78).

OH To a solution of 77 (50 mg, 0.057 mmol) in
BnO
HaC- CH3 NHAc MeOH (10 mL)was added a freshly prepared
Q  Ho 00ct
BnO o) d methanolic solution of NaOMe (0.5 M, 0.4
78 " mL). The mixture was stirred at rt for 48 h,

and neutralized with Amberlite IR-120 (H*), filtered, concentrated and fractionated using
column chromatography (3:2 hexanes/acetone) to give 78 (35 mg, 78%) as a white solid:
'H NMR (360 MHz, CDCl3) & 7.40-7.20 (m, 15H, ArH), 5.70 (d, 1H, J = 6.5 Hz, NH),
5.10 (d, 1H, J = 10.7 Hz, PhCH>), 4.87-4.76 (m, 3H, H-1, PhCH>), 4.64 (d, 1H, J=12.2
Hz, PhCH>), 4.60 (d, 1H, J = 11.1 Hz, PhCH>), 4.57 (d, 1H, J = 12.5 Hz, PhCH>), 4.31
(d, 1H, J = 7.7 Hz, H-1"), 4.10-3.24 (m, 12H, H-2, H-3, H-4, H-5, H-6a, H-6b, H-2’, H-
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3’, H-4’, H-5’, OCH,CH, ), 3.18 (bs, 1H, OH), 3.06 (s, 1H, OH), 1.98 (s, 3H, COCH3),
1.58 (m, 2H, OCH,;CH,), 1.35-1.22 (m, 10H, CH, octyl), 1.19 (s, 3H, 6’-C-CH3), 1.18 (s,
3H, s, 3H, 6’-C-CHj3), 0.87 (t, 3H, J = 7.0 Hz, CH; octyl); HR-ESMS calcd for
C45HgzNO | Na (M+Na*) 816.4299, found 816.4299.

Octyl 6,6 '-di-C-methyl-p-D-galactopyranosyl-(1 —4)-2-acetamido-2-deoxy--D-gluco-

pyranoside (6).
OH Compound 78 (28 mg, 0.035 mmol) was
HO
HzC- CHzo NHAc treated in the same fashion as described for
HO OOct
HO o—~—0 d 1a to yield 6 (17 mg, 92%) as a white solid:
6 OH
TH NMR (600 MHz, D,0) 6 4.53 (m, 1H, H-

1, virtual order), 4.48 (d, 1H, J= 7.2 Hz, H-1"), 4.13 (d, 1H, J = 3.0 Hz, H-4"), 4.00 (dd, J
=122, 2.1 Hz, H-6a), 3.90 (dt, 1H, J = 10.0, 7.0 Hz, OCH>CH,), 3.84 (dd, 1H, J =12.2,
5.0 Hz, H-6b), 3.77-3.70 (m, 3H, H-2, H-3, H-4), 3.65-3.52 (m, 4H, H-5, H-2’, H-3’,
OCH,>CHj,), 3.40 (s, 1H, H-5%), 2.04 (s, 3H, COCHjs), 1.55 (m, 2H, OCH,CHb), 1.36-1.22
(m, 16H, 6°-C-CHj x 2, CH, octyl), 0.87 (t, 3H, J = 7.0 Hz, CHj octyl); 13C NMR (125
MHz, D,0) & 175.21 (COCH3), 103.89, 101.90 (C-1, C-1°), 80.10, 79.01, 75.68, 73.87,
7330, 7327, 71.80, 71.40, 69.40 (C-3, C-4, C-5, C-2°, C-3°, C-4’, C-5’, C-6’,
OCH,CH,), 60.89 (C-6), 56.03 (C-2), 31.91, 29.38, 29.29, 29.15, 26.49, 25.91, 25.89,
23.06, 22.82 (6’-C-CHj x 2, COCH3, CH, octyl), 14.20 (CHj octyl); HR-ESMS caled
for Co4HggNOy; (M+H*) 4243071, found 524.3084.
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Octyl 2,3,4-tri-O-benzyl-a-L-fucopyranosyl-(1 —2)-4,6-di-O-benzyl—-f-[D-xylo-

hexopyranosid-3-ulose (80).

Compound 79 [55] (135 mg, 0.15 mmol) was oxidizeed with

OBn  oBn
o Dess-Martin periodinane in the same fashion as for 1. The
OOct mixture was purified by column chromatography (24:1
Bno 0 toluene/EtOAc) to yield 80 (81 mg, 61%) as a syrp: 'H
NMR (500 MHz, CDCl3) § 7.50-7.20 (m, 25H, ArH), 5.05
80 CHs
Lgy —OBn (d, 1H,J=3.7 Hz, H-1"), 499 (d, 1H, J=11.5 Hz, PCH>),
n

498 (d, 1H, J=11.5 Hz, PhCH>), 4.92 (d, 1H,J=11_.6 Hz,
PhCH>), 4.73 (d, 1H, J=11.6 Hz, PhCH>), 4.70 (d, 1H, J=7.9 Hz, H-2),4.69 (d, 1. H, J=
11.5 Hz, PhCH,), 4.64 (4, 1H, J = 11.6 Hz, PhCH)), 4.60 (d, 1H, 7.9 Hz, H-1), 4 54 (d,
1H, J = 11.8 Hz, PhCH>), 4.52 (d, 1H, J = 11.8 Hz, PhCH>), 4.46 (d, IH, /= 11_.8 Hz,
PhCH»), 4.41 (d, 1H, J=11.8 Hz, PhCH,), 4.21 (bq, 1H, J= 6.6 Hz, H-5"), 4.10 (&d, 1H,
J=10.2, 3.5 Hz, H-2"), 3.96 (dd, 1H, J = 10.2, 2.9 Hz, H-3), 3.90 (dt, 1H, J = 994, 6.4
Hz, OCH,CHy;), 3.87 (d, 1H, J = 1.4 Hz, H-4), 3.78-3.72 (m, 2H, H-6a, H-6b), 3. 70 (m,
1H, H-5), 3.61 (bd, 1H, J = 2.9 Hz, H-4), 3.42 (dt, 1H, J = 9.4, 6.4 Hz), 1.52 (zm, 2H,
OCH,CH>), 1.30-1.18 (m, 10H, CH; octyl), 1.08 (d, 3H, J= 6.6 Hz, H-6"), 0.86 (t-, 3H, J
= 7.0 Hz, CHj octyl); 13C NMR (125 MHz, CDCl;) § 203.44 (C-3), 139.23, 1138.78,
138.47, 137.88, 136.56 (aromatic quart.), 128.65, 128.57, 128.54, 128.47, 128.39, 1128.33,
128.31, 128.30, 128.19, 127.84,‘127.73, 127.62, 127.54, 127.45, 127.42 (aromatisc CH),
102.58 (C-1), 95.95 (C-1"), 80.48, 79.07, 78.30, 77.63, 76.13, 74.86, 73.78, 73.70, 73.51,
72.58, 72.57 (C-2, C-4, C-5, C-2°, C-3°, C-4’, PhCH; x 5), 70.09 (OCH,;CH>), 67-.83 (C-
6), 66.79 (C-57), 31.89, 29.73, 29.46, 29.36, 26.22, 22.69 (CH; octyl), 16.46 (C-6’)., 14.13
(CH; octyl); HR-ESMS calcd for CssHggO1gNa (M+Nat) 909.4554, found 909.4347.
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Octyl 2,3,4-tri-O-benzyl-a-L-fucopyranosyl-(1 —2)-4,6-di-O-benzyl-3-C-methy!--D-

galactopyranoside (81).
Compound 80 (50 mg, 56 umol) was treated with MeLi in
e OBno the same fashion as for 11. The crude product was purified
HO \_ooat by column chromatography (25:1 toluene/EtOAc) to yield
CHs Bio o 81 (28 mg, 55%): 'H NMR (500 MHz, CDClI3) 6 7.40-7.20
81 o, (m, 25H, ArH), 5.33 (d, 1H, J = 3.5 Hz, H-1"), 4.94 (d, 1H,
L oen| J=11.6 Hz, PhCH>), 4.82 (d, 1H, J = 11.6 Hz, PhCH>),

4.77 (d, 1H, J = 11.6 Hz, PhCH>), 4.74 (d, 1H, J = 11.6 Hz,
PhCH,), 4.72 (d, 1H, J = 11.6 Hz, PhCHy), 4.70 (d, 1H, J = 11.6 Hz, PhCHy), 4.62 (d,
1H, J = 11.6 Hz, PhCH>), 4.61 (4, 1H, J = 11.6 Hz, PhCH,), 4.48 (d, 1H, J = 11.6 Hz,
PhCHb), 4.44 (d, 1H, J = 11.6 Hz, PhCH>), 4.26 (d, 1H, J = 7.9 Hz, H-1), 4.16 (bq, 1H, J
= 6.5 Hz, H-5"), 4.02 (dd, 1H, J=10.1, 3.5 Hz, H-2"), 3.96 (dd, 1H, J = 10.1, 2.7 Hz, H-
3%), 3.82-3.76 (m, 2H, H-5, OCH,CH,), 3.74 (d, 1H, J = 7.9 Hz, H-2), 3.62 (dd, 1H, J =
2.7, 1.0 Hz, H-4"), 3.60-3.57 (m, 2H, H-6a, H-6b), 3.41 (d, 1H, J= 0.9 Hz, H-4), 3.35 (dt,
1H, J= 9.3, 7.0 Hz, OCH,CHb>) , 1.53 (m, 2H, OCH,CH>), 1.28-1.19 (m, 13H, 3-C-CHj3,
CHS octyl), 1.08 (d, 3H, J = 6.5 Hz, H-6"), 0.85 (t, 3H, J = 7.0 Hz, CH; octyl); 13C NMR
(125 MHz, CDCls) 5 138.97, 138.89, 138.41, 138.20, 138.03 (aromatic quart.), 129.01,
128.67, 128.49, 128.43, 128.39, 128.35, 128.27, 128.23, 128.22, 128.19, 128.14, 127.94,
127.88, 127.84, 127.78, 127.68, 127.49, 127.47 (aromatic CH), 101.52 (C-1), 98.65 (C-
1°), 81.84, 79.81, 79.43, 78.03, 77.16, 75.81, 75.73, 74.78, 73.66, 73.58, 72.94, 72.73 (C-
2, C-3, C-4, C-5, C-2°, C-3°, C-4’, PhCH, x 5), 70.12 (OCH,CHb>), 69.49 (C-6), 66.79
(C-5"), 31.89, 29.75, 29.54, 29.32, 26.14, 22.69 (CH, octyl), 20.32 (3-C-CH3), 16.69 (C-
6"), 14.13 (CHs octyl); HR-ESMS caled for CsgH70010Na (M+Na*) 925.4867, found
925.4872.
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Octyl o-L-fucopyranosyl-(1 —2)-3-C-methyl-[-D-galactopyranoside (T).

Compound 81 (13 mg, 14 pumol) was deprotected in the

T oH o same fashion as for 1a to give 7 (6 mg, 95%) as a white
HO%OO& solid: 'H NMR (600 MHz, D;0) & 5.35 (d, 1H, J = 4.0 Hz,
by © . H-1°), 4.53 (d, 1H, J = 8.1 Hz, H-1), 4.37 (bq, 1H, J = 6.6
, " Hz, H-5"), 3.91 (dt, 1H, J = 9.6, 6.6 Hz, OCELCHa), 3.89
) 0 | (ad, 1H,J=10.5, 3.4 Hz, H-3"), 3.84-3.77 (m, 3H, H-5, H-

H

2°, H-4"), 3.76 (dd, 1H, J = 11.5, 7.2 Hz, H-6a), 3.72 (dd,
1H, J = 11.5, 3.8 Hz, H-6b), 3.66 (d, 1H, J = 8.1 Hz, H-2), 3.64 (dt, 1H, J = 9.6, 6.6 Hz,
OCH,CHy), 3.55 (bs, 1H, H-4), 1.60 (m, 2H, OCH,CH,), 1.36-1.24 (m, 13H, 3-C-CH3,
CH; octyl), 1.21 (d, 1H, J = 6.6 Hz, H-6"), 0.86 (t, 3H, J = 7.0 Hz, CHj octyl); 13C NMR
(125 MHz, D,0) & 101.63 (C-1), 99.54 (C-1°), 78.31, 76.34, 74.76, 74.50, 72.78, 71.54,
70.27, 69.35, 67.48 (C-2, C-3, C-4, C-5, C-2, C-3’, C-4’, C-5°, OCH,CH,), 62.14 (C-6),
31.90, 29.79, 29.35, 29.22, 26.21, 22.80 (CH> octyl), 19.30 (3-C-CH3), 16.18 (C-6),
14.19 (CH; octyl); HR-ESMS caled for CojHsOoNa (M+Na*) 475.2519, found
475.2526.

Octyl a-L-fucopyranosyl-(1—2)-3-C-propyl-f-D-galactopyranoside (8a) and Octyl a-L-
Sucopyranosyl-(1—2)-3-C-propyl-3-D-gulopyranoside (8b).

o oH Compound 80 (20 mg, 22 pmol) was treated with

Ry R} ooct | allylmagnesium bromide as described for the preparation of

R1 © ° 12. The crude product was purified by column

"o < chromatography (8:1 hexanes/EtOAc) to yield 81a (7 mg,

\ Cg; 33 %) and 81b (6 mg, 29 %). Hydrogenolysis of 81a (7 mg,

8aR, = Pr, R(z): OH 7.5 umol) and 81b (4 mg, 4.3 umol) as described for 1a
8b R, =OH, R, =Pr
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gave 8a (3.4 mg, 94%) and 8b (1.9 mg, 92 %) as white solids.

For 8a: ITH NMR (600 MHz, D;,0) § 5.32 (d, 1H,J=4.0 Hz, H-1°), 4.60 (d, 1H, J
= 8.2 Hz, H-1), 4.36 (bq, 1H, J = 6.6 Hz, H-5%), 3.91 (dt, J = 9.9, 6.6 Hz, OCH,CH)>),
3.89 (dd, 1H, J = 104, 3.3 Hz, H-3"), 3.81-3.73 (m, 5H, H-4, H-5, H-6a, H-2’, H-4"),
3.72 (dd, 1H,J=11.3, 5.0 Hz, H-6b), 3.69 (d, 1H, J= 8.2 Hz, H-2), 3.65 (dd, 1H, J=9.9,
6.6 Hz, OCH>,CH,), 1.92 (m, 1H, CH,CH,CH3), 1.67-1.58 (m, 3H, CH>CH,CHj,
OCH,CH»), 1.42 (m, 1H, CH,CH,CH3), 1.37-1.24 (m, 11H, CH>,CH,CHj3, CH; octyl),
1.22 (d, 3H, J=6.6 Hz, H-6"), 0.93 (t, 3H, J= 7.0 Hz, CH,CH,CH3), 0.87 (t, 3H, J=7.0
Hz, CHj3 octyl); HR-ESMS caled for Cy3H44019Na (M+Na*) 503.2832, found 503.2838.

For 8b: 'H NMR (600 MHz, D,0) § 5.01 (d, 1H, J=3.8 Hz, H-1°),4.77 (d, 1H, J
= 8.0 Hz, H-1), 4.38 (bq. 1H, J=6.6 Hz, H-5"), 4.00 (bdd, /= 7.2, 5.1 Hz, H-5), 3.89 (dd,
1H, J = 10.5, 3.3 Hz, H-3’), 3.86 (m, 1H, OCH>CH;), 3.83-3.79 (m, 2H, H-2’, H-4’),
3.76 (dd, 1H, J=11.7, 7.5 Hz, H-6a), 3.73-3.68 (m, 2H, H-6b, OCH,CHb), 3.65 (bs, 1H,
H-4), 342 (d, 1H, J = 8.0 Hz, H-2), 1.92 (m, 1H, CH>,CH;CH3), 1.72-1.60 (m, 3H,
CH,CH,CHj3, OCH,CH>), 1.42-1.26 (m, 12H, CH,CH,CHj3, CH; octyl), 1.20 (d, 3H,J =
6.6 Hz, H-67), 0.93 (t, 3H, J= 7.0 Hz, CH,CH,CH3), 0.86 (t, 3H, J = 7.0 Hz, CHj octyl);
HR-ESMS calcd for Co3Hy440;9Na (M+Na*) 503.2832, found 503.2838.
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Chapter 3

Evaluation of Carbon-Branched Sugar Analogs and Enzymatic

Synthesis of Carbon-Branched Oligosaccharides

3.1. Introduction

The enzymatic activities of the synthetic carbon-branched sugar analogs 1-8 were
evaluated using a well-established radioactive “Sep-Pak assay” schematically represented
in Figure 3.1 [68]. This assay takes advantage of hydrophobic properties of acceptors and
products to facilitate the removal of unreacted hydrophilic radioactive donor from
reaction products. The carbon-branched analogs were first tested as potential acceptors
with their respective glycosyltransferases. Analogs that produced radioactive products at
or below background counts are considered inactive (non-acceptors). Those analogs

- showing no activity as acceptors were further evaluated as potential inhibitors. For those
analogs that were found active in the radioactive assays, kinetic properties were
determined. The structures of the enzymatically produced products were then

characterized by mass spectrometry and NMR studies following preparative reactions.
3.2. Enzymatic Assays
3.2.1. [31,4-Gal:;ctosyltransferase

B1,4-GalT catalyzes the transfer of galactose from UDP-Gal to the 4-position of

GlcNAc or Glc to form Galfl1—>4GlcNAc (LacNAc) or Galpfl—>4Glc (Lac). As

summarized in Chapter 1, the specificity of the enzyme for the acceptor is very flexible as
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Acceptor /_\ /\ Buffer
(/\/\/\/\O -Sugar
Cold Donor /_\\/ Glycosyltransferase

Hot Donor* (Radioisotope labelled)

Incubated at 37 °C
Quenched with water

Loaded onto Sep-Pak

v

Enzyme, Buffer, J Washed with water (50 mL)
Unreacted Donor
(discarded)

W O-Sugar*
)

0 Eluted with methanol (3.5 mL)
Radioactivity measured in a I ,
liquid scintillation counter <::J
Figure 3.1. Schematic representation of the radioactive "Sep-Pak assay".

a very large number of modified GlcNAc or Glc analogs are active as acceptors.
However, deoxygenation or replacement of OH-4 with other functionalities interferes
severely with the binding to the enzyme. The 4-OH group is therefore considered to be a

key polar group essential for recognition [29].
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The enzymatic assays showed that the 4-C-methyl-branched glucoside la was
inactive as an acceptor. This compound was further tested as a potential inhibitor in order
to see whether the compound is abie to bind to the enzyme but unable to react because of
the steric hindrance. The compound, however, did not show any activity in the inhibition
studies. These results suggest that the enzyme binding area is sterically hindered and
could only accommodate a C-H bond adjacent to OH-4. The introduction of a C-CHj;
bond caused a steric clash with the active site of the enzyme which abolishes the binding,

even though the key polar group was present (Figure 3.2).

Ly iy

H

™ /,,,//,,,,”””” OH carbon-branching
HO Q
HO OR

OH

Figure 3.2. Hypothetical binding site interaction near OH-4 of Gal.

3.2.2. a2,3- and a2,6-Sialyltransferases

o2,3-SialT and a2,6-SialT from rat liver use CMP-sialic acid (CMP-Neu5Ac) as
the donor and transfer sialic acid to either OH-3 or OH-6 of terminal Gal residue of
Galp1—>3/4GIcNAc (a2,3-SialT) or Galp1—=>4GIcNAc (a2,6-SialT). Chemical mapping
studies by Wlasichuk et al. [45] indicate that only OH-6 on the Gal unit and the amide
group on the GIcNAc unit are the key polar groups for a2,6-SialT. a2,3-SialT requires an

intact 3,4,6-triol system on the Gal residue for the activity.
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Carbon-branched compounds 2 and 3a, analogs of lactoside 13 which is known to
be a good substrate of a2,3-SialT [45], turned out to be inactive with &x2,3-SialT as either
acceptor or inhibitor. LacNAc analog 5 with C-branching at the 6’ -position also was
inactive toward both «2,3-SialT and o2,6-SialT. These results imdicated that both
enzymes, similar to 81,4-GalT, could not tolerate changes at the carbon atoms bearing
key polar groups. It is likely that the hydrogen atoms bound to the carbon bearing the key

polar groups are in close contact to the enzyme binding site.

3.2.3. al,3/4-Fucosyltransferase

al,3/4-FucT from human milk catalyzes the transfer of fucose from GDP-Fuc to
OH-3 of the GlcNAc residue in the GalB1-—>4GlcNAc sequence or OH-4 of the GlcNAc
residue in the Galpl—3GIlcNAc sequence. The key polar group mmapping studies by
Gosselin and Palcic [49] showed that for the GalB1—>4GIcNAc substrate, OH-6 of Gal

and OH-4 of the GIcNAc residue to which the enzyme transfers are kew polar groups.

Surprisingly, in contrast to the results obtained with B1,4-GalT, «2,3-SialT and
02,6-SialT, both 3-C-methyl-branched analog § and the 6°,6’-di~C-methyl-branched
analog 6 were found to be acceptors for a1,3/4-FucT in the radioactive assay. As shown
in Table 3.1, analogs 5 and 6 had K, values 15 and 20 times higher, respectively, than the
known acceptor Galpl—>4GIcNAcB-O-MCO  (LacNAcB-O-MCO, MCO =
methoxycarbonyloctyl). The maximal rate of transfer (Vjhax) for the parent acceptor was
arbitrarily set to 100%. The V.« Was decreased by 80% for § and increased by 70% for 6.
It was very interesting that o1,3/4-FucT, unlike the inverting glycosylltransferases studied

above, could tolerate the introduction of C-methyl group(s) at Bboth binding sites.
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Remarkably, the enzyme could still transfer to the hindered tertiary alcohol produced by
the introduction of a C-methyl group at the site of transfer, implying that there must be

substantial flexibility in the active site even at the transition state of the reaction.

Table 3.1. Kinetic properties of analogs S and 6with oc1,3/4-FucT.

Compound Ky (mM) Vinax

GalB1->4GIeNAcB-O-MCO | 0.4+£0.04 | 100%

5 80+1.0 172%

6 6.3+0.7 20%

The molecular mechanism of the reaction catalyzed by human o«l,3-
fucosyltransferase V, one of the multigene family of human «1,3/4-fucosyltransferases,
was recently investigated by the Wong group [92]. a-Secondary isotope effect and
inhibition studies suggested that the glycosidic cleavage of GDP-Fuc occurs prior to the
nucleophilic attack to form an sp>-hybridized oxocarbenium intermediate. Based on the
rationale that a direct SN2 type displacement would be extremely difficult for the much
hindered tertiary alcohol acceptor, human milk «l,3/4-FucT catalyzed glycosylation
would thus also have a significant Sy1 character and sp>-hybridization would occur prior

to the nucleophilic attack from OH-3 of the acceptor.
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Figure 3.3. Proposed transition-state structure for the human milk al,3/4-

fucosyltransferase reaction.

3.2.4. al,3-Galactosyltransferase

o1,3-GalT from calf thymus catalyzes the transfer of Gal from UDP-Gal to OH-3
of the Gal residue in Galfl—4GlcNAc or Galfl—4Glc [37]. Unlike the
glycosyltransferases studied above, «1,3-GalT is a retaining glycosyltransferase. Studies
using acceptor analogs indicate that OH-3 of Gal residue (OH-3’) is not essential for
recognition by al1,3-GalT even though it is the glycosylation site, while OH-4 of the Gal
residue (OH-4") is a key polar group.

The carbon-branched analog 4a, with branching at C-4’ bearing the key polar
group showed no activity towards o1,3-GalT. This result is similar to that obtained with
the 81,4-GalT, a2,3-SialT, o2,6-SialT enzymes that could not tolerate the replacement of
C-H bond with C-CHj; bond at positions bearing key polar groups. Interestingly, the
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substitution of two H atoms with two methyl group at C-6" also produced the inactive

compound 5 whereas deoxygenation or O-alkylation at C-6” was shown to be tolerated by

the enzyme [42].

To our surprise, the 3’-C-methyl-branched analog 2 was active in the assay. The
K for 2 was 23 mM, about 15 times higher than that of the parent n-octyl lactoside 14
which has a K, of 1.5 mM. The Vnax is decreased to 38% of that of 14 (Table 3.2).
However, replacement of the carbon-bonded hydrogen with more bulky group (a propyl
group) produced the inactive compound 3a when tested as an acceptor at a concentration
of 2 mM in a 6-h incubation. Compound 3a was also inactive as an inhibitor at a

concentration as high as 5 mM.

Table 3.2. Kinetic properties of analogs 2 and 3 with «1,3-GalT.

Compound K, (mM) Vinax

Galp1—>4GlcB-0O-Oct (14) | 1.5£0.1 100%

2 23+£49 38%

3a Inactive

3.2.5. Human Blood Group A and B Glycosyltransferases

The human blood group A and B glycosyltransferases (GTA and GTB) catalyze
the formation of a1 —3 galactosidic linkage with retention of configuration, similar to the
o1,3-GalT. GTA catalyzes the transfer of GalNAc from UDP-GalNAc to the blood group
(O)H-precursor structure Fucal—>2Gal-OR to give the blood group A trisaccharide
GalNAcal—3[Fucal—>2]GalB-OR. GTB uses the same acceptor substrate but catalyzes
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the transfer of Gal from UDP-Gal to produce the blood group B trisaccharide
Galal—3[Fucal—>2]GalB-OR. Systematic studies have revealed that Gal OH-3 is not
essential for recognition by either of these enzymes as was in the case with a1,3-GalT
[54, 55]. Furthermore, GTA and GTB are highly homologous glycosyltransferases and
differ by only four amino acid residues [53a]. GTB exhibits about 40% sequence identity
with a-1,3-GalT [93]. It would thus be réasonable to expect that both GTA and GTB
could also tolerate carbon-branching at the 3-position of the Gal residue. In fact, both 3-
C-methyl and 3-C-propyl branched analogs, 7 and 8a, were found to be acceptors for
these two enzymes. As shown in Table 3.3, replacement of the hydrogen atom at the site
of the enzymatic reaction with a methyl group did not importantly influence the Km and
Vmax values. However, substitution with a larger propyl group dramatically altered the
kinetic properties. The K, values were almost 30 and 165 times higher and Vmax

decreased to 8% and 26%, respectively, of the values observed for the parent compound.

Table 3.3. Kinetic properties of analogs 7 and 8a with GTA and GTB.

Compound GTA GTB
K (UM) Vmax Km (uM) Vmax
Fucal—->2GalB-O-Oct 76 £ 13 100% 17+2 100%
7 209+ 15 60% 39+3 64%
8a 2200 + 200 8% 2800 + 300 26%

It is quite remarkable that all the three retaining glycosyltransferases, o1,3-GalT,
GTA and GTB, tolerate the introduction of large substituents at the carbon bearing the
hydroxyl group that becomes glycosylated. However, as revealed by the kinetic data, the
steric increase does make it more difficult for the enzymes to bind and transfer. The larger

the alkyl group, the higher the K, and the lower the V. values. Among the three
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enzymes, the introduction of an alkyl substituent has more impact on K and Vyax for
ol,3-GalT than GTA and GTB since the V. /K;, value for 2 was only 2.5% of that for
GalB1—-4Glcp-O-Oct (14) with «l,3-GalT, while the Vpa/Ky value for 7 was only
decreased to 22-28% of that for Fucal—>2GalB-0-Oct [54] with GTA and GTB. This is
also in agreement with the observation that no detectable transfers to the 3'-C-propyl
branched analog 3a was observed with a1,3-GalT while 8a still displayed activity with
GTA and GTB. The three enzymes seem to have similar molecular specificity with
respect to the B-Gal residue: OH-4 is required for binding while OH-3 is not essential and
C-methyl-branching is tolerated at C-3 of the B-Gal residue. The similar molecular
specificity and the homology of these enzymes indicate that they may have similar three-

dimensional structure at the active sites.

upP
on |—" OH

OH
HO OH HO

HO R OH
o HO 77~ -~ . «— broken first

OH X = OH or O-Fuc o 80 ""Nu
OH

:

HO

Figure 3.4. Hypothetical two-step, double-displacement mechanism for the

retaining glycosyltransferases.
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A two-step double-displacement mechanism involving the formation and
breakdown of glycosyl-enzyme intermediate is most likely involved for the retaining
glycosyltransferases [54] as well as for retaining glycosidases [94]. Since a direct Sn2
substitution is unlikely to occur in the second step for the much hindered tertiary alcohols
investigated here, we propose that the breakdown of the glycosyl-enzyme intermediate
begins prior to the nucleophilic attack by the acceptor OH group. The process would thus
have significant Sy1 character (Figure 3.4) as suggested for B1,4-GalT [95], a1,3-FucT V
[92] and a-glucosyltransferase [96].

3.2.6. a1,4-Galactosyltransferase

The interesting and surprising results that al,3/4-FucT, ol1,3-GalT, GTA and
GTB could catalyze the glycosylation of a complex tertiary sugar alcohol led us to
investigate another retaining glycosyltransferase, al,4-Galactosyltransferase (a1,4-GalT).
Unlike the glycosyltransferases studied above that are mammalian enzymes, the al,4-
GalT investigated here was from the bacterial pathogen Neisseria menigitidis. The
enzyme was recently cloned and overexpressed in E. coli [19b]. The molecular specificity

of the enzyme has not been explored in detail.

Preliminary screening showed that the enzyme required the Galpl1—>4Glc
sequence for recognition (Table 3.4). n-Octyl galactoside, Gal31—>3GIcNAcf-O-MCO,
GalB1->3GlcNAca-O-MCO, Glcp1—4Glcp-O-PNP (PNP = p-nitrophenyl) were not
substrates. Substitution of OH-2 of the Glc residue by NHAc drastically reduced the
activity as the relative rate of transfer (V) of Galf1—2>4GIlcNAcB-O-MCO (LacNAcB-O-
MCO) is only about 1% of that of Galf1—>4Glc-O-MCO (Lacp-O-MCO). The 6°,6’-di-
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C-branched LacNAc analog 6 showed no activity towards the enzyme probably due to the

intrinsic low activity of the parent LacNAc itself.

Table 3.4. Relative transfer rates of the analogs with al1,4-GalT.

Compound Relative Compound Relative
rate’ rate’
Galp1—4Glcp-O-MCO 100 GalB1—>4GlcB-O-MCO 100
GalB1—4Glcp-0-Oct 107 Galp1—>4GIcNAcB-O-MCO 1.4
Galp1—>3GIcNAcB-O-MCO 3.6 2 14
Galp1—>3Gala-O-MCO 0.1 3a .02
Galp1—->4Glcp-O-PNP 1.1 4a 2.3
GalB-0-Oct 1.5 6 0

a) ata concentration of 3.5 mM.

b) at a concentration of 1.9 mM.

It was hoped that the 4’-C-branched lactoside analog 4a would be active as an
acceptor since «1,4-GalT is also a retaining glycosyltransferase and catalyzes the
formation of an o(axial)-galactosidic linkage. To our surprise, 4a displayed poor, if any,
activity. Compound 4a was further confirmed to be inactive since trisaccharide product
was undetectable in the preparative synthesis. Interestingly, analog 2 with <C-branching at
C-3 of the Gal residue was found to be a substrate with Ve of 14%. However, the 3’-C-
propyl branched analog 5 was found to be inactive as an acceptor. The 6°,6’-di-C-
branched LacNAc analog 6 showed no activity as an acceptor probably due to the

intrinsic low activity of the parent LacNAc compound.
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3.3. Preparative Enzymatic Synthesis

To be certain that the analogs which were found to be acceptors in the radioactive
“Sep-Pak assay” were indeed glycosylated in the expected manner, preparative syntheses
of 2, and 5-7, 8a with their corresponding enzymes were performed. Mass spectrometry

and extensive NMR studies were employed to confirm the structures of the enzymatic

products.
OH
HO
OH
OH __oH CH3 H3C o
NHACc CH,
R HO OO0ct GDP-Fuc OH __oH NHAc
HO — T - o) 0
o) d OO0ct
OH OH a1,3/4-FucT HO o d
5 (75%) OH OH
83
OH
HO
OH HsC o\ OH
OH OH
CH H
HsC— é NHAC H CP CH, NHAc
Ho HO OOct GDP-Fuc 3 o o OOct
o O «1,3/4-FucT  HO 0 o
OH . OH OH
8 (41%) 84

Figure 3.5. Enzymatic synthesis of the Lewis X analogs 83 and 84.

Compounds 5 and 6 were fucosylated using al,3/4-FucT to give the Lewis X
analogs 83 and 84 in 75% and 41% yields (Figure 3.5). NMR studies showed that H-5 of
the newly introduced a-Fuc residue was strongly downfield-shifted to 4.85 ppm in 83 and
to 4.68 ppm in 84, which is diagnostic of 3-O-fucosyl-N-acetyllactosamine sequences

[24b, 97]. A novel carbon-branched analog of sialyl Lewis X, 86, was also enzymatically
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synthesized from 6 with o-2,3-SialT and o1,3/4-FucT in an overall yield of 41% (Figure
3.6).

OH CH,
OH NHAC
Q HO OOct
HO o) o)
OH OH
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al,3/4-FucT ?
OH
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OH
0 CH
NHAc
o) OOct
o o
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Figure 3.6. Enzymatic synthesis of the sialyl Lewis X analog 86.
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Figure 3.7. Enzymatic synthesis of the trisaccharide analogs 87 and 88.

Compound 87 was produced in 90% yield from the reaction of 2 with UDP-Gal
catalyzed by a1,3-GalT (Figure 3.7). As expected, protons of the 3-C-methyl group were
shifted downfield from 1.24 ppm to 1.37 ppm. The 13C chemical shift of the quaternary
branching carbon (C-3") in 87 also shifted downfield from 74.7 ppm to 80.9 ppm with no
significant chemical shift changes in other carbon resonances [30]. Trisaccharide 88 was
also prepared in 95% yield using o1,4-GalT (Figure 3.7). As can be seen in Figure 3.8,
trisaccharide 87 shows the expected H-1"/3'-C-methyl NOE as well as stronger H-1"/H-4'
interactions, which is consistent with earlier observations in Galal—3Galp1—4Glc [98]

and the A and B trisaccharides [99], whereas the 1—4 linked trisaccharide 88 shows only
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the H-1"/H-4' interaction. These NOE results, together with the oGal-H1: BGal-C3

correlation in HMBC [100] experiments of 87 demonstrate the 1—3 linkage in 88.

HOD HOD
H-4*
H-4’
3.’C'CH3
H-2"
H-2"
H-1" He1™
" . )
OH OH
oH oM oM o
l‘-Hﬁ—m OO0t HO. -1
o. om oH
OH cH, M OH o _ox on
HO H-1~ 4-H QS HO (e7e™]
S N sz
HO cu,°"‘88 OH
5.0 4.5 4.0 3.5 a.e 2.5 2.0 1.s ::nm S0 a.s 4.0 3.5 3.0 2.5 2.0 1.5 poa

Figure 3.8. 1D-TROESY spectra obtained from selective excitation of the H-1"

resonance (top) and 1D 600 MHz spectra of the trisaccharide analogs 87 and 88 (bottom).
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As shown in Figure 3.9, the A and B trisaccharide analogs 89-92 were obtained in
near quantitative yields using GTA and GTB with UDP-GalNAc or UDP-Gal as donors.
Complete conversion of the poor substrate 8a was achieved by increasing the amount of
enzyme, donor and the reaction time. Detailed NMR studies revealed the NOE pattern
characteristic for the A and B trisaccharides [99]: a stronger NOE from H-1 (a-Gal or a-
GalNAc) to H-4 (B-Gal) than from H-1 (a-Gal or a-GalNAc) to protons of the alkyl
substituents at C-3. Significant downfield shifts for the protons (~0.15 ppm) of 3-C-
methyl or 3-C-CH,CH,CHj3 and for the carbon resonance C-3 (~7 ppm) were also
observed. In addition, conformationally independent evidence for the correct linkages in
trisaccharides 89-92 was obtained by HMBC experiments [100] through 13C/!H

correlations across the glycosidic linkage.
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Figure 3.9. Enzymatic synthesis of the A and B trisaccharide analogs 89-92.
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Table 3.5. Summary of the enzymatic assay results of the eight C-branched analogs with

four retaining and four inverting enzymes.

Analog

B'1 ’4'

a-2,3-
GalT SialT

a-1,3-
GalT

a-1,4-
GalT*

a-1,3/14-
FucT
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SialT

CHy OH

HO 0
ta u;&/ooa

OH
/ OH

&

©

[T

®

[]

[x]

£

®

[o]
83 HO OO0ct

GTA

Bl

]

GTB

Kl

Kl

carbon-branching at glycosylation site: f___l; at position bearing key polar group: O

V : acceptor, X : inactive *. inhibition test not done
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3.4. Summary

Substitution of hydrogen atom(s) on the carbon atom bearing a hydroxyl group
which is either the key polar group or glycosylation site, hinders the binding with the
enzyme. This is likely a steric effect resulting from the introduction of a bulky alkyl
group. In some cases, this completely inhibits binding with the enzymes. In the cases
where enzymes tolerate the C-branching, the C-branched analogs had higher K, values
and lower V. than their parent disaccharides, with thee exception that the Vi« of § with

al,3/4-FucT was increased.

Among the seven mammalian enzymes investigated here, the four enzymes:
a1,3/4-FucT, o1,3-GalT, GTA and GTB, all catalyze the formation of an ou(axial)-
glycosidic linkage with either retention or inversion of configuration. They all tolerated
C-branching at the glycosylation site. This is in contrast to the three inverting
glycosyltransferases: $1,4-GalT, «2,3-SialT and «2,6-SialT, which catalyze the formation
of equatorial-linkages and do not tolerate C-branching at the glycosylation site or even at
the positions bearing a key polar group (Table 3.5). The different steric requirements at
the active sites of the mammalian glycosyltransferases revealed by these studies suggest
that glycosyltransferases that make an axial-linkage and glycosyltransferases that make an

equatorial-linkage may have very different three-dimemnsional structures for their binding

sites (Figure 3.10).
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(a) Inverting glycosyltransferases forming equatorial linkage
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Figure 3.10. Proposed binding models for mammalian glycosyltransferases.
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While the reaction-mechanisms of the glycosylglycosyltransferases may be
complex, our results demonstrated that these enzymes can be powerful synthetic tools for
the preparation of carbon-branched oligosaccharides. The synthesis of glycosides of
complex tertiary alcohols using a chemoenzymatic approach was thus accomplished for

the first time.

3.5. Experimental

3.5.1. Enzymatic Assay

EcoLite (+) scintillation cocktail was from ICN Radiochemicals (Aurora, OH).
UDP-[6-3H]Gal, CMP-[9-3H]Neu5Ac, UDP-[6-3H]GalNAc, GDP-[1-3H]Fuc were from
American Radiolabelled Chemicals (St. Louis, MO). Alkaline phosphatase (calf intestine)

was from Boehringer Mannheim. Bovine serum albumin was from Sigma.

Enzymatic assays were performed according to a well-established radioactive
“Sep-Pak assay” method [68]. The reactions for enzymatic assays were incubated at 37 °C
in 450 pL microfuge tubes. After quenching with water, the reaction mixture was
transferred to a C18 Sep-Pak cartridge pre-equilibrated with methanol and water. The
cartridge was washed with water (50 mL) to remove unreacted donor. The radiolabelled
products were then eluted with methanol (3.5 mL) and quantitated in EcoLite (+)
scintillation cocktail (10 mL) using a liquid scintillation counter. Kinetic parameters, K
and Vpax were derived from the best fit of the Michaelis-Menten equation using nonlinear
regression analysis with the SigmaPlot 4.1 program. The V. was arbitrarily set to 100%

for the parent (native) acceptors.
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B1,4-GalT Assay

The PB1,4-GalT was isolated from bovine milk. The reactions were incubated at
37 °C for 30 min or 3h in 20 uL total volume with 75 mM sodium cacodylate buffer, 7.5
mM MnCl,, pH 7.4, containing 1 mM UDP-Gal, UDP-[6-3H]Gal (about 90n000 dpm),
120 pU B1,4-GalT, and 5 mM GlcB-O-Oct or 5 mM analog 1a. When tested as an
inhibitor, analog 1 was used at concentration of 5 mM with 0.38 mM of GlcNAcB-O-
MCO, 0.2 mM UDP-Gal.

a2,3-SialT Assay

The a2,3-SialT was expressed using a recombinant baculovirus expression system
[101]. The reactions were incubated at 37 °C for 10 min, 35 min and 7h in 20 pL total
volume with 50 mM sodium cacodylate buffer, 10 mM MnCl;, 1 mg/mL BSA, pH 7.0,
containing 0.2 mM CMP-Neu5Ac, CMP-[9-3H]Neu5Ac (about 90,000 dpm), 2 mU a2,3-
SialT, and 2.7 mM 14, 1, 2, 4a, or 6. For the inhibition test, analogs 3a, 4a, or 6 was used
at concentration of 5 mM with 1.5 mM of LacNAc3-O-MCO.

a2,6-SialT Assay

The o2,6-SialT was isolated from rat liver [45]. The reactions were incubated at
37 °C for 30 min and 1h in 20 pL total volume with 40 mM sodium cacodylate buffer, 7.5
mM MnCl,, 0.1% Triton CF-54, 0.25 mg/mL BSA, pH 7.0, containing 0.2 mM CMP-
Neu5Ac, CMP-[9-3H]Neu5Ac (about 90,000 dpm), 6 pU «2,3-SialT, and 5 mM 6. For
the inhibition test, analog 6 was used at concentration of 5 mM with 1.§ mM of

LacNAcB-O-MCO.
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al,3/4-FucT Assay

The «l,3/4-FucT was isolated from human milk [49]. The reactions were
incubated at 37 °C for 10 min in 20 pL total volume with 20 mM HEPES buffer, 20 mM
MnCl,, 0.2% BSA, pH 7.0, containing 0.05 mM GDP-Fuc, GDP-[1-3H]Fuc (about
00,000 dpm), 60 uU al,3/4-FucT. K, was determined for analog 5 at concentrations of
0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.7 mM, 3.5 mM. For analog 6 the K, was
determined at concentrations of 1 mM, 2 mM, 4 mM, 8 mM, 16 mM, 32 mM.

al,3-GalT Assay

The «l1,3-GalT was isolated from calf thymus [42]. The reactions were incubated
at 37 °C for 30 min and 6h in 20 pL total volume with 100 mM sodium cacodylate buffer,
50 mM MnCI2, pH 6.0, containing 0.5 mM UDP-Gal, UDP-[6-3H]Gal (about 80,000
dpm), 300 pU «l,3-GalT, and 2 mM Lacf-O-Oct (14), 2, 3a, 4a, or 6. Km was
determined for 14 at concentrations of 0.25 mM, 0.5 mM, 1.0 mM, 2.0 mM, 4.0 mM. For
analog 2 the K, was determined at concentrations of 0.5 mM, 1.0 mM, 2.0 mM, 4.0 mM,
8.0 mM. For the inhibition test, analogs 3a, 4a, or 6 was used at the concentration of 5

mM with 0.2 mM of LacNAcB-O-MCO, 0.5 mM UDP-Gal.
GTA and GTB assay

GTA and GTB were expressed and cloned in E.Coli [53c]. For GTA assay, the
reactions were incubated at 37 C 30 min in 20 pL total volume with 35 mM sodium

cacodylate buffer, 20 mM MnCI2, I mg/mL BSA, pH 7.0, containing 70 uM UDP-
GalNAc, UDP-[6-3H]GalNAc (about 75,000 dpm), 9 pU GTA. Ky, was determined for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

Fucal—2GalB-0-Oct at concentrations of 2.5 uM, 5.0 uM, 10.0 pM, 20.0 pM, 40.0 uM,
80.0 uM. For analog 7 the K, was determined at concentrations of 6.25 uM, 12.5 uM, 25
uM, 50 pM, 100 puM, 200 pM. For analog 8a the K, was determined at concentrations of
0.125 mM, 0.25 mM, 0.5 mM, 1.0 mM, 2.0 mM, 4.0 mM.

For GTB assay, the reactions were incubated at 37 °C for 20 min in 20 pL total
volume with 35 mM sodium cacodylate buffer, 20 mM MnCl2, 1 mg/mL BSA, pH 7.0,
containing 0.2 mM UDP-Gal, UDP-[6-3H]Gal (about 75,000 dpm), 20 uU GTB. Ky, was
determined for Fucal—2Galf-O-Oct at concentrations of 31.25 uM, 62.5 uM, 125 uM,
250 uM, 500 uM, 1000 pM. For analog 7 the K, was determined at concentrations of 50
pM, 100 pM, 200 uM, 400 pM, 1000 uM, 2000 pM. For analog 8a the K, was
determined at concentrations of 0.1 mM, 0.2 mM, 0.4 mM, 1.0 mM, 2.0 mM, 5.0 mM.

al,4-GalT Assay

The «l,4-GalT from Neisseria meningitidis [19b] was a generous gift from Dr.

Warren W. Wakarchuk at National Research Council of Canada, Ottawa. The reactions

were incubated at 37 °C for 30 min or 6 h in 20 uL total volume with 50 mM HEPES

buffer, 0.1 mg/ml., pH 7.5, containing 1.25 mM UDP-Gal, UDP-[6-3H]Gal (about

70,000 dpm), 47 pU «1,4-GalT, and 1.9 mM Lac-O-MCO or analogs.

3.5.2. Preparative Enzymatic Synthesis

General methods used were as described in Chapter 2.
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Octyl [-D-galactopyranosyl-(1—»4)-[ a-L-fucopyranosyl-(1 —»3) ]-2-acetamido-2-deoxy-3-
C-methyl-f-D-glucopyranoside (83).

The reaction contained 5 (1.0 mg, 2.0 pmol),
OH
HO GDP-Fuc (1.7 mg, 2.9 umol), 30 mU of
H3zC o OH . .
OH _on CH; NHAG human milk «-1,3/4-FucT (in 300 puL of 25
&/ wooa mM sodium cacodylate buffer, pH 6.5,
HO o o)

OH o5 OH containing 5 mM MnCl and 25% glycerol),

30 uL of concentrated buffer (200 mM
HEPES, 200 mM MnCly, 2% BSA, pH 7.0) and 3 pL of alkaline phosphatase (1 U/uL).
The reaction was incubated at 37 °C with rotation for 2 days, then at room temperature for
4 days. Additional GDP-Fuc was added daily (total 1.6 mg). The reaction mixture was
filtered through a Millex-GV 0.22 um filter and loaded onto two sequential C18 Sep-Pak
cartridges. The cartridges were washed with water (50 mL) and 30% aqueous methanol
(20 mL) and then eluted with 50% aqueous MeOH (30 mL). The eluant was concentrated
and redissolved in water, filtered through a Millex-GV 0.22 um filter, and lyophilized to
yield 83 (1.0 mg, 75%) as a white solid: 'H NMR (600 MHz, D,0) 6 5.29 (d, 1H, J=4.0
Hz, H-1 oFuc), 4.68 (bq, | H, J = 6.8 Hz, H-5 oFuc), 449 (d, I1H J = 8.4 Hz, H-1
BGIcNAc), 4.48 (d, 1H, J= 7.7 Hz, H-1 BGal), 4.04 (d, 1H, J=9.9 Hz, H-4 BGIcNAc),
3.99 (d, 1H, J = 8.4 Hz, H-2 BGIcNAc), 3.93 (dd, 1H, J = 12.0, 2.4 Hz), 3.90-3.83 (m,
3H), 3.80 (dd, 1H, J = 12.2, 4.5 Hz), 3.76 (d, 1H, J = 3.8 Hz), 3.74-3.66 (m, 3H), 3.63
(dd, 1H, J= 9.9, 3.5 Hz), 3.59-3.55 (m, 2H), 3.53-3.46 (m, 2H), 2.03 (s, 3H, COCHa;),
1.50 (m, 2H, OCH,CHs>), 1.46 (s, 3H, (3-C-CH3), 1.30-1.20 (m, 10H, CH; octyl), 1.14 (d,
3H, J = 6.8 Hz, H-6 aFuc), 0.84 (t, 3H, J = 7.0 Hz, CHj3 octyl); HR-ESMS calcd for
Ca9Hs54NO15s M+H™) 656.3493, found 656.3498.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

Octyl [-D-6,6°-di-C-methyl-galactopyranosyl-(1 -4)-[ c-L-fucopyranosyl-(1—»3)]-2-
acetamido-2-deoxy-f3-D-glucopyranoside (84).

The reaction mixture contained 6 (1.6 mg,

OH
HO 3.1 umol), GDP-Fuc (2.0 mg , 3.4 umol), 20
OH mU of human milk a-1,3.4-FucT (in 200 pL
H c_oﬂl_cﬂs NHAC .
3 % WOOm of 25 mM sodium cacodylate buffer, pH 6.5,
HO ) o
OH 84 OH containing 5 mM MnCl> and 25% glycerol),

20 pL of concentrated buffer (200 mM
HEPES, 200 mM MnClp, 2% BSA, pH 7.0) and 1 pL of calf intestine alkaline
phosphatase (1 U/uL). The reaction was incubated at 37 ‘C with rotation for 23 days.
Additional GDP-Fuc (2.4 mg), a-1,3.4-FucT (10 mU), and alkaline phosphatase (3 uL)
were added during the incubation period. The reaction mixture was filtered through a
Millex-GV 0.22 um filter and loaded onto two sequential C18 Sep-Pak cartridges. The
cartridges were washed with water (25 mL), 10% aqueous methanol (25 mL) and then
eluted with MeOH (30 mL). The eluant was concentrated and the resulting residue was
purified on a column of latrobeads with 5:1 CH>Clo/MeOH. The product was then
redissolved in water, filtered through a Millex-GV 0.22 um filter, and lyophilized to yield
84 (0.8 mg, 41%) as a white solid: IH NMR (600 MHz, D,0) § 5.09 (d, 1H, J=4.2 Hz,
H-1 aFuc), 4.85 (bq, 1H, J= 6.6 Hz, H-5 aFuc), 4.54 (d, 1H, J = 8.2 Hz, H-1 BGIcNAc),
4.47 (d, 1H, J= 7.3 Hz, h-1 BGal), 4.22 (d, 1H, J = 2.4 Hz), 4.30 (dd, 1H,J =104, 3.3
Hz), 4.01 (dd, 1H, J= 104, 2.2 Hz), 3.96 (t, 1H, J = 9.2 Hz), 3.92-3.82 (m, 4H), 3.71
(bd, 1H, J=3.5 Hz), 3.68 (dd, 1H, J = 10.6, 4.2 Hz), 3.61-3.55 (m, 4H), 3.28 (s, 1H, H-5
BGal), 2.04 (s, 3H, COCH3s), 1.54 (m, 2H, OCH,CH>), 1.36-1.26 (m, 16H, 6’-C-CH3 x 2,
CH, octyl), 1.18 (d, 3H, J = 6.6 Hz, H-6 aFuc), 0.87 (t, 3H, J = 7.0 Hz, CHj3 octyl); HR-
ESMS calcd for C30H55NO|sNa (M+Nat) 692.3469, found 692.3463.
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Octyl 5-N-acetyl-neuraminyl-a-(2—3)-D-galactopyranosyl-(1 —4)-2-acetamido-2-deoxy-
3-C-methyl-f-D-glucopyranoside (85).

The reaction

OH CHs
on NHAC mixture
Q HO OOct
o o o contained 5 (0.8
OH OH
85

mg, 1.6 umol),
CMP-NeuS5Ac

(1.4 mg , 2.1 pumol), 80 mU of cloned a-2,3-SialT (in 360 pL of 50 mM sodium
cacodylate buffer, pH 6.5, containing 0.75 mM NaCl, 50% glycerol and 1 mg/ML BSA),
20 pL of concentrated buffer (200 mM HEPES, 200 mM MnCl,, 2% BSA, pH 7.0), 9.6
pL of 1 M MnCls, 7.7 uL of 100 mg/ml BSA, 7.0 uL of 50 mM sodium cacodylate
buffer (pH 7.5) and 2 pL of alkaline phosphatase (1 U/pL). The reaction was incubated at
37 °C with rotation for 25 days. Additional 0.66 mg CMP-NeuSAc was added. The
reaction mixture was loaded onto a C18 Sep-Pak cartridge. The cartridge was washed
with water and then eluted with MeOH. The eluant was concentrated and redissolved in
100 puL of water, and loaded onto a syringe containing Biorad AG 50W resin (Na™ form,
100-200 mesh), and mixed with rotation for 1h. The syringe was then connected to a Sep-
Pak, and the resin was washed with water (60 mL). The Sep-Pak was then eluted with
30% aqueous MeOH (50 mL), and the eluant was concentrated and redissolved in water,
filtered through a Millex-GV 0.22 um filter, and lyophilized to yield 85 (0.8 mg, 58%) as
a white solid: 'TH NMR (600 MHz, D,0) § 4.57-4.54 (m, 2H, H-1 BGal, H-1 BGIcNAc),
4.12 (dd, 1H, J = 9.9, 3.1 Hz), 4.00-3.95 (m, 2H), 3.92-3.82 (m, 6H), 3.78 (d, 1H, J =
10.2 Hz), 3.75-3.55 (m, 10H), 2.76 (dd, 1H, J=12.4, 4.6 Hz, H-3-eq aNeu5Ac), 2.05 (s,
3H, COCHj;), 2.04 (s, 3H, COCHj;), 1.81 (t, 1H, J = 12.4 Hz, H-3-ax aNeu5Ac), 1.55 (m,
2H, OCH,CH,), 1.35-1.24 (m, 13H, 3-C-CH3, CH,; octyl), 0.87 (t, 3H, J = 7.0 Hz, CH;
octyl); HR-ESMS calcd for C34HgoN2019Na(M+Nat) 823.3688, found 823.3690.
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Octyl  5-N-acetyl-neuraminyl-a-(2—3)-D-galactopyranosyl-(1 —-4)-[ a-L-fucopyranosyl-
(1 >3)]-2-acetamido-2-deoxy-3-C-methyl--D-glucopyranoside (86).

The reaction
mixture

contained 85
(0.8 mg, 1.0
pmol), GDP-

Fuc (0.7 mg,

1.2 pmol), 20
mU of human milk «-1,3.4-FucT (in 200 pL of 25 mM sodium cacodylate buffer, pH 6.5,
containing 5 mM MnCl; and 25% glycerol, pH 6.5), 20 puL concentrated buffer (200 mM
HEPES, 200 mM MnCl», and 2% BSA, pH 7.0) and 1 uL alkaline phosphatase (1 U/uL).
The reaction was incubated at 37 °C with rotation for 1 day, an then at rt for 5 days.
Additional GDP-Fuc (1.1 mg) was added during the incubation period. The reaction
mixture was filtered through a Millex-GV 0.22 um filter and loaded onto a C18 Sep-Pak
C18 Sep-Pak cartridge. The cartridge was washed with water and eluted with MeOH. The
eluant was concentrated and the resulting residue was purified on a column of latrobeads
with 65:35:5 CH,Clo/MeOH/H>0. The product was then redissolved in water, filtered
through a Millex-GV 0.22 um filter, lyophilized to yield 86 (0.7 mg, 70%) as a white
solid: '"H NMR (600 MHz, D,0) 6 5.30 (d, 1H, J= 3.9 Hz, H-1 oFuc), 4.70 (bq, 1H, J =
6.7 Hz, H-5 oFuc), 4.57 (d, 1H, J= 7.8 Hz, H-1 BGal), 4.52 (d, 1H, J = 8.4 Hz, H-1
BGlcNAc), 4.09 (dd, 1H, J=10.0, 3.3 Hz), 4.07 (d, 1H, J=10.4 Hz), 4.02 (d, 1H, J=8.6
Hz), 3.97 (dd, 1H, J = 12.1, 2.2 Hz), 3.95-3.83 (m, 7H), 3.77 (d, 1H, J = 3.4 Hz), 3.73-
3.63 (m, 6H), 3.62-3.51 (m, 5H), 2.77 (dd, 1H, J= 12.4, 4.6 Hz, H-3-eq aNeu5Ac), 2.05
(s, 3H, COCH3), 2.04 (s, 3H, COCH3), 1.80 (t, 1H, J = 12.4 Hz, H-3-ax aNeu5Ac), 1.53
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(m, 2H, OCH,CH>), 1.48 (s, 3H, 3-C-CH3), 1.34-1.23 (m, 10H, CH, octyl), 1.16 (d, 3H,
J = 6.6 Hz, H-6 aFuc), 0.86 (t, 3H, J = 7.0 Hz, CH; octyl); HR-ESMS calcd for
C40H70N2043Na(M+H+) 969.4267, found 969.4269.

Octyl a-D-galactopyranosy!-(1—3)--D-3-C-methyl-galacto-pyranosyl-(1 —-4)--D-
glucopyranoside (87).
OH _OH on A solution of 1.5 mL of calf
o o Owcmd thymus «-1,3-GalT containing
o
oH OH OH 30 mM sodium cacodylate, 20
HO CHgs
o) 87 mM MnCl, 0.1% Triton X-
HO OH
100, pH 6.5, was concentrated

to a total volume of 0.5 mL with the activity of 120 mU, using Slide-A-Lyzer.
Disaccharide 2 (3.4 mg, 7.3 pumol), UDP-Gal (8.9 mg, 14.6 umol), and alkaline
phosphatase (1 U/uL, 10 pL) were added to the concentrated solution, and the mixture
was incubated with rotation at rt for 5 days. The reaction mixture was filtered through
glasswool and loaded onto two sequential C18 Sep-Pak cartridges. The cartridges were
washed with water (100 mL), 10% aqueous methanol (40 mL) and then eluted with 50%
aqueous MeOH (40 mL). The eluant was concentrated and redissolved in water, filtered
through a Millex-GV 0.22 um filter, and lyophilized to yield 87 (4.1 mg, 90%) as a white
slid: 'TH NMR (500 MHz, D,0) & 5.35 (d, 1H, J=4.0 Hz, H-1 aGal), 4.58 (d, IH,J=8.2
Hz, H-1 BGal), 4.48 (d, 1H, J = 8.0 Hz, H-1 BGlc), 4.23 (m, 1H), 4.00-3.96 (m, 2H), 3.94
(dd, 1H, J=10.2, 3.3 Hz), 3.92-3.87 (m, 3H), 3.86 (dd, 1H, J = 10.2, 4.0 Hz), 3.81-3.70
(m, 6H), 3.68 (dt, 1H, J = 10.0, 6.8 Hz), 3.64-3.59 (m, 2H), 3.58 (m, 1H), 3.30 (m, 1H),
1.63 (m, 2H, OCH,;CH>), 1.38-1.24 (m, 13H, 3°-C-CH3, CH> octyl), 0.86 (t, 3H, J= 7.0
Hz, CHj3 octyl); 13C NMR (125 MHz, D,0) & 102.84, 102.35 (C-1 BGal, C-1 BGlc),
93.08 (C-1 aGal), 80.87, 79.69, 75.52, 75.41, 74.93, 73.62, 73.34, 71.93, 71.59, 71.38,
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70.16, 70.02, 69.04, 62.22, 61.91, 61.07, 31.87, 29.53, 29.22, 29.14, 25.83, 22.79, 15.97,
14.18; HR-ESMS calcd for C27H50016Na (M+Na*) 653.2998, found 653.2998.

Octyl a-D-galactopyranosyl-(1 —4)--D-3-C-methyl-galacto-pyranosy!-(1 —4)--D-

glucopyranoside (88).

The reaction mixture contained

OH OH

o disaccharide 2 (1.8 mg, 3.8
HO umol), UDP-Gal (5.0 mg, 8.2
OHgs o .
OH umol), 20 mU of a-1,4-GalT (in

Q HO 0Oct
HO 0 d 200 pL containing 52 mM

OH OH

CHs 88 HEPES, 10 mM ammonium

acetate), and alkaline phosphatase
(1 U/uL, 10 pL). The reaction was incubated with rotation at rt for 4 days. The reaction
mixture was filtered through glasswool and loaded onto a C18 Sep-Pak cartridge which
was washed with water (50 mL), 10% aqueous methanol (20 mL) and then eluted with
60% aqueous MeOH (30 mL). The eluant was concentrated and redissolved in water,
filtered through a Millex-GV 0.22 um filter, and lyophilized to yield 88 (2.3 mg, 95%) as
a while solid: 'H NMR (500 MHz, D,0) 8 5.01 (d, 1H, J = 4.0 Hz, H-1 aGal), 4.60 (d,
1H, J= 8.0 Hz, H-1 BGal), 4.47 (d, 1H, J= 8.0 Hz, H-1 BGlc), 4.28 (bt, 1H, J = 6.5 Hz),
4.02 (bd, 1H, J= 3.3 Hz), 3.99-3.79 (m, 9H), 3.73-3.60 (m, 6H), 3.57 (m, 1H), 3.29 (m,
1H), 1.62 (m, 2H, OCH,CH5>), 1.39-1.24 (m, 13H, 3’-C-CH3, CH; octyl), 0.86 (t, 3H, J =
7.0 Hz, CH3 octyl); 13C NMR (125 MHz, D,0) & 103.07, 102.79 (C-1 BGal, C-1 BGlc),
101.80 (C-1 oGal), 84.02, 80.00, 75.66, 75.52, 75.44, 74.67, 74.25, 76.66, 72.42, 69.83,
69.81, 61.64, 61.52, 61.03, 31.88, 29.54, 29.23, 29.15, 25.84, 22.79, 19.27, 14.19; HR-
ESMS calcd for C27Hs50016Na (M+Na*) 653.3002, found 653.2997.
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Octyl a-D-galactopyranosyl-(1 —3)-[ a-L-fucopyranosyl-(1 —2) ]-3-C-methyl--D-
galactopyranoside (89).
OH oH The reaction mixture contained disaccharide 7

&/ (2.4 mg, 5.3 umol), UDP-Gal (5.0 mg, 8.2
t
CH, ©
HO
89

OOct
umol), 750 mU of blood group B
° glycosyltransferase (in 150 pL containing 35
CHj;
OH

0]
OH
HO
O
OH OH

(350 mM sodium cacodylate, 200 mM MnCl,, and 10 mg/mL BSA, pH 7.0) and 4 pL of

mM sodium cacodylate, 20 mM MnCl,, and 1

OH mg/mL BSA), 40 pL of concentrated buffer

alkaline phosphatase (1 U/uL). The reaction was incubated with rotation at rt for 2 days.
The reaction mixture was filtered through glasswool and loaded onto a C18 Sep-Pak
cartridge which was washed with water (50 mL), 10% aqueous methanol (20 mL) and
then eluted with 80% aqueous MeOH (25 mL). The eluant was concentrated and
redissolved in water, filtered through a Millex-GV 0.22 um filter, lyophilized to yield 89
(3.2 mg, quant.) as a white solid: 'H NMR (500 MHz, D-0O) 6 5.38 (d, 1H, J = 4.0 Hz,
H-1 aGal), 5.32 (d, 1H, J = 4.0 Hz, H-1 oFuc), 4.60 (d, 1H, J = 8.0 Hz, H-1 BGal), 4.46
(bg, 1H, J = 6.6 Hz, H-5 oFuc), 4.14 (m, 1H, H-5 aGal), 4.03 (d, 1H, J = 3.1 Hz, H-4
aGal), 3.98 (s, 1H, H-4 BGal), 3.93 (dt, 1H, J = 9.8, 6.6 Hz, OCH,CH), 3.90-3.69 (m,
11H), 3.65 (dt, 1H, J=9.8, 6.6 Hz, OCH,CH>), 1.60 (m, 2H, OCH,CH5), 1.48 (s, 3H, 3-
C-CH3), 1.37-1.24 (m, 10H, CH; octyl), 1.22 (d, 3H, J = 6.6 Hz, H-6 oFuc), 0.87 (t, 3H,
J = 7.0 Hz, CHj octyl); 13C NMR (125 MHz, D,0) & 101.09 (C-1 BGal), 99.26 (C-1
oFuc), 93.26 (C-1 aGal), 83.84, 76.36, 74.33, 72.80, 72.57, 71.47, 70.58, 70.33, 70.25,
69.94, 69.08, 68.80, 67.51, 62.20, 61.93, 31.92, 29.75, 29.37, 29.23, 26.26, 22.80, 17.24,
16.17, 14.20; HR-ESMS calcd for C27H50015Na (M+Na™) 637.3047, found 637.3057.
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Ocpl a-D-galactopyranosyl-(1—3)-[ c-L-fucopyranosyl-(1 —2) J-3-C-propyl-f3-D-
galactopyranoside (90).

OH OH The reaction mixture contained disaccharide

&/ 8a (1.2 mg, 2.5 pmol), UDP-Gal (3.1 mg, 5.1

pumol), 0.5 U of blood group B

0
OH
HO
o
oH ©OH

(350 mM sodium cacodylate, 200 mM MnCl,, and 10 mg/mL BSA, pH 7.0), S uL of

(o]
OOct
e O
HO o glycosyltransferase (in 100 pL containing 35
90 <CH3 mM sodium cacodylate, 20 mM MnCl,, and 1
OH OH

mg/mL BSA), 35 uL. of concentrated buffer

alkaline phosphatase (1 U/uL) and 200 pL of water. The reaction was incubated with
rotation at 37 °C for 22 days. Additional UDP-Gal (6.2 mg), blood group B
glycosyltransferase (1.5 U), and alkaline phosphatase (10 pL) were added during the
incubation period. The reaction mixture was filtered through glasswool and loaded onto
two sequential C18 Sep-Pak cartridge which was washed with water (85 mL), 10%
aqueous methanol (45 mL) and then eluted with 60% aqueous MeOH (35 mL). The
eluant was concentrated and redissolved in water, filtered through a Millex-GV 0.22 um
filter, and lyophilized to yield 90 (1.6 mg, quant.) as a white solid: 1H NMR (500 MHz,
D,0) 8§ 5.43 (d, 1H, J= 4.2 Hz, H-1 aGal), 5.29 (d, 1H, J = 4.0 Hz, H-1 «Fuc), 4.68 (4,
1H, J =79 Hz, H-1 BGal), 4.44 (bq, 1H, J= 6.6 Hz, H-5 aFuc), 4.19-4.16 (m, 2H, H-5
aGal, H-4 BGal), 4.06 (d, 1H, J = 3.3 Hz, H-4 aGal), 3.92 (dt, 1H, J = 9.9, 6.6 Hz,
OCH,CHa,), 3.91-3.86 (m, 3H), 3.84-3.69 (m, 8H), 3.66 (dt, 1H, J = 9.9, 6.6 Hz,
OCH,CHy), 2.02 (m, 1H, CH>,CH,CH3), 1.77 (m, 1H, CH>CH,CH3), 1.66-1.56 (m, 3H,
CH,CH,CH3 OCH,CH>), 1.40-1.24 (m, 11H, CH,CH,CHj3 CHj octyl), 1.22 (d, 3H, J =
6.6 Hz, H-6 «Fuc), 0.90 (t, 3H, J= 7.0 Hz, CH,CH,CH3), 0.87 (t, 3H, J = 7.0 Hz, CH;3
octyl); 13C NMR (125 MHz, D,0) 6 101.33 (C-1 BGal), 99.47 (C-1 aoFuc), 93.53 (C-1
aGal), 84.85, 77.48, 74.10, 72.81, 72.35, 71.51, 70.37, 70.28, 69.80, 69.24, 69.11, 67.58,
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62.09, 61.40, 34.87, 31.91, 29.75, 29.37, 29.23, 26.25, 22.81, 16.72, 16.16, 15.15, 14.19;
HR-ESMS calcd for Co9Hs54015Na (M+Nat) 665.3360, found 665.3355.

Octyl a-D-2-acetamido-2-deoxy-galactopyranosyl-(1 —-3)-[a-L-fucopyranosyl-(1 —2)]-3-
C-methyl-p-D-galactopyranoside (91) -

AcNH ?
HO
=
OoH  OH

(350 mM sodium cacodylate, 200 mME MnCly, and 10 mg/mL BSA, pH 7.0) and 10 pL of

OH OoN The reaction mixture contained disaccharide 7
% (1.2 mg, 2.7 umol), UDP-GalNAc (5.4 mg,
(\:Hs o 8.3 umol), 1.45 mU of blood group A
HO
91

O0ct
o glycosyltransferase (in 490 pL containing 35
éCHs mM sodium cacodylate, 20 mM MnCl», and 1

OH —OH

H mg/mL BSA), 80 uL of concentrated buffer

alkaline phosphatase (1 U/uL). The reaction was incubated with rotation at 37 °C for 4
days. The reaction mixture was filtered through glasswool and loaded onto a C18 Sep-
Pak cartridge which was washed with water (70 mL), 10% aqueous methanol (45 mL)
and then eluted with 60% aqueous MeOH (35 mL). The eluant was concentrated and
redissolved in water, filtered through a Millex-GV 0.22 um filter, and lyophilized to yield
91 (1.6 mg, 92%) as a white solid: TH NMR (500 MHz, D,0) 8 5.36 (d, 1H, J= 3.8 Hz,
H-1 oFuc), 5.32 (d, 1H, J = 3.7 Hz, H-1 aGal), 4.60 (d, 1H, J = 8.2 Hz, H-1 BGal), 4.50
(bg, 1H, J = 6.6 Hz, H-5 aFuc), 4.22-4.17 (m, 2H, H-2 and H-5 aGal), 4.06 (d, 1H, J =
2.4 Hz, H-4 oGal), 4.00 (s, I1H, H-4 BGal), 3.94 (dt, IH, J = 9.8, 6.6 Hz, OCH,>CH)),
3.90-3.84 (m, 2H, H-3 aFuc, H-2 BGal ), 3.84-3.70 (m, 8H), 3.66 (dt, 1H,J=9.8, 6.6 Hz,
OCH,CHy), 2.02 (s, 3H, COCHj3;), 1.61 (m, 2H, OCH,>CH>), 1.38-1.26 (m, 10H, CH;
octyl), 1.24 (d, 3H, J = 6.6 Hz, H-6 ocFuc), 0.87 (t, 3H, J= 7.0 Hz, CH;3 octyl); 13C NMR
(125 MHz, D,0) 6 175.46, 101.11 (C-1 BGal), 99.09 (C-1 aFuc), 92.65 (C-1 aGal),
83.88, 76.22, 75.138, 72.80, 72.01, 71.64, 70.30, 69.79, 69.20, 69.02, 69.00, 67.64,
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62.24,61.71, 50.71, 31.91, 29.78, 29.36, 29.23, 26.28, 22.91, 22.80, 18.85, 16.15, 14.19;
HR-ESMS calcd for Co9H53NO)sNa (M+Na*) 678.3313, found 678.3310.

Octyl a-D-2-acetamido-2-deoxy-galactopyranosyl-(1 —3)-[ a-L-fucopyranosyl-(1 —-2)]-3-
C-propyl-f-D-galactopyranoside (92).

OH _oH The reaction mixture contained disaccharide
O
. o 00ct 8a (1.2 mg, 2.5 pumol), UDP-GalNAc (3.3 mg,
C
HO pr ©O 5.1 pmol), 14 U of blood group A
8]

J HO < glycosyltransferase (in 200 L containing 35

OH
OH 92 CHz | mM sodium cacodylate, 20 mM MnClp, and 1

OH
OH

mg/mL BSA), 10 puL of concentrated buffer

(350 mM sodium cacodylate, 200 mM MnCl,, and 10 mg/mL BSA, pH 7.0), 10 pL of
alkaline phosphatase (1 U/uL) and 220 pL of water. The reaction was incubated with
rotation at 37 °C for 26 days. Additional UDP-GalNAc (9.3 mg), blood group A
glycosyltransferase (4.5 U), and alkaline phosphatase (10 pL) were added during the
incubation period. The reaction mixture was filtered through glasswool and loaded onto
two sequential C18 Sep-Pak cartridge which was washed with water (75 mL), 10%
aqueous methanol (40 mL) and then eluted with 60% aqueous MeOH (40 mL). The
eluant was concentrated and redissolved in water, filtered through a Millex-GV 0.22 pm
filter, and lyophilized to yield 92 (1.6 mg, 94%) as a white solid: 'H NMR (500 MHz,
D,0) 6 5.36 (d, 1H, J= 4.0 Hz, H-1 oFuc), 5.32 (d, 1H, J = 4.0 Hz, H-1 aGal), 4.67 (d,
IH, J= 7.9 Hz, H-1 BGal), 4.43 (bq, 1H, J= 6.6 Hz, H-5 aFuc), 4.22-4.17 (m, 2H, H-2
and H-5 aGal), 4.10 (s, 1H, H-4 BGal), 4.08 (d, 1H, J= 3.1 Hz, H-4 aGal), 3.93 (dt, 1H,
J =917, 6.8 Hz, OCH,CH>), 391 (d, 1H, J= 7.9 Hz, H-2 BGal), 3.88 (dd, 1H, J = 104,
3.3 Hz, H-3 aFuc), 3.85-3.81 (m, 2H, H-3 aGal, H-4 aFuc), 3.79-3.70 (m, 6H), 3.66 (dt,
1H, J=9.7, 6.8 Hz, OCH,CH,), 2.03 (s, 3H, COCH3), 1.89 (m, 1H, CH,CH,CHj3), 1.79
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(m, 1H, CH>CH,CHs), 1.65-1.54 (m, 3H, CH,CH>CH3, OCH,CH>), 1.38-1.16 (m, 14 H,
H-6 oFuc, CH,CH,CHj, CH; octyl), 0.91-0.85 (m, 6H, CH,CH,CHj, CH; octyl). 13C
NMR (125 MHz, D,0) & 175.40, 101.71 (C-1 BGal), 98.97 (C-1 aFuc), 92.54 (C-1
aGal), 84.76, 77.92, 74.31, 72.81, 72.03, 71.65, 70.46, 69.25, 69.03, 69.00, 67.75, 66.78,
61.95, 61.25, 51.09, 34.71, 31.92, 29.76, 29.37, 29.23, 26.25, 22.96, 22.82, 16.21, 16.19,
14.92, 14.21; HR-ESMS calcd for C3;HsNO;sNa (M+Na+) 706.3621, found 706.3626.
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Chapter 4

Carbohydrate-Protein Binding Studies with Glycosides of
Tertiary Alcohols

4.1. Introduction

Natural carbohydrate recognition is mediated by several classes of proteins. The
most important classes are: (a) enzymes, both glycosyltransferases [11] and glycosidases
[102], which biosynthesize the carbohydrates either assembling or cleaving; (b)
antibodies [103], of which over 70% can be normally directed towards oligosaccharide
epitopes; and (c) lectins [104], which bind mono- and oligosaccharides with high
specificity, but are devoid of catalytic activity. In contrast to antibodies, these are not

products of an immune response.

A notable feature of carbohydrate recognition with all these proteins is that
binding is often weak, compared to other types of ligands, with dissociation constants
rarely below the micromolar range and much more commonly in the millimolar range.
The oligosaccharides that mediate biological events can be large, but the actual size of the
epitope recognized is usually only three to four sugar residues and, within these, the

crucial recognition element can be even smaller.

Carbohydrate-protein recognition is generally established through networks of
hydrogen bonds and van der Waals contacts including packing of a hydrophobic sugar
face against aromatic amino acid residues (Figure 4.1) [105]. The free energy change

(AG) during the carbohydrate-protein recognition process comprises both enthalpic (AH)
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and entropic contributions (TAS). AH is usually associated with direct carbohydrate-
protein interactions such as hydrogen bonding and van der Waals interactions, and AS is

associated with solvent reorganization and flexibility of both carbohydrate and protein

[106].

hydrogen bond ’
TOuununuHO OH

joasts
@]
’_,.r"r Onuluunuu Ho OR
et van der Waals
::; contacts
-~

Figure 4.1. Schematic representation of carbohydrate-protein binding.

There is considerable evidence that the majority of oligosaccharides are flexible
and that they exist as many conformers [107, 108]. It has been suggested that the loss of
flexibility of a carbohydrate in binding to a protein may introduce an unfavorable entropic
term, which may partly account for the relatively low binding affinity [108]. The entropic
barrier associated with the loss of degrees of freedom when an oligosaccharide binds to a
protein has been estimated to be as large as 1-2 kcal mol™ for each glycosidic torsional
angle immobilized [108]. Other estimates for freezing single bond rotamers are more

conservative at ~0.6 kcal mol™ per torsion angle [109]. It is therefore of great interest to
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see whether the binding affinity of glycosides of tertiary alcohols will be increased since
they are conformationally more restricted due to the steric interactions between sugar

rings.

Several attempts have been made to exploit conformational entropy by either
locking or biasing conformations toward the bioactive conformation (Figure 4.2). Lindh
and Hindsgaul synthesized the fused-ring trisaccharide analogs representing
conformationally restricted models for the “gg” and “gt” conformations [67a]. Evaluation
of these two analogs with N-acetylglucosaminyltransferase V showed that the "gt" analog
had a K, (29 uM) almost identical to the flexible parent acceptor (21 uM) while the "gg"
analog had an almost 500-elevated K, (9.8 mM). Magnusson and co-workers studied
bacterial protein recognition with a restricted galabiose derivative where the 6-OH and 2’-
OH groups were tethered through a methylene bridge [110]. The restricted analog,
however, had a decreased inhibitory efficiency. Kolb reported the binding studies of a
macrocyclic mimic of sialyl Lewis X with E-selectin [111]. The compound had about
three times lower affinity than the unrestricted parent sialyl Lewis X. Kolb and Ernst
further used a computational model to assess the preorganization of a potential inhibitor
of E-selectin [112]. The results suggested that only preorganized compounds that
populate the bioactive conformations are likely to bind. The Bundle group recently
reported thermodynamic studies of a monocolonal antibody with tethered
oligosaccharides [113, 114]. Titration calorimetry revealed free energy changes (AAG®)
no larger than + 0.5 kcal mol™ with compensatory changes in enthalpy and entropy [114].
Boons and co-workers designed and synthesized two tethered trisaccharides for studies of
lectin binding [115, 116]. The trisaccharide, which contains a methylene acetal bridge
that mimics an O-4---0-6" intramolecular bond, was found to have a more favorable

entropy of binding, which, however, was offset by a less favorable enthalpy term [116].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

Lindh and Hindsgaul
OH
(@]
(o] HO
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HO OOct
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oH CO5H OH
Ph O 0
HO
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OH
HO
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HO 0 o
R = (CHp)p, Z = O (n=6, 7.8); HO -0 /,O’H/ OH
or R =CHyCgH4CHp,Z=S HO o] LO

Figure 4.2. Examples of constrained oligosaccharides used in carbohydrate-protein

binding studies.
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This chapter describes protein binding studies with the glycosides of textiary
alcohols produced by the chemoenzymatic approach. The analog of Lewis X, 83_ was
tested against a-fucosidase. The sialyl Lewis X analog 86 was tested with E-selectin.. The
analogs of the «-Gal epitope and blood group A and B trisaccharides were tested with

Griffonia simplicifolia I (GSI) B4 isolectin.

4.2. Studies of Lewis X Analog 83 with a-Fucosidase

o-Fucosidase from almond meal (E.C. 3.2.1.111) is a glycosidase that selectively
cleaves a1 =3 or al—4 linked fucose residue from glycans [117]. The kinetic parameters
for the hydrolysis were determined using a spectrophotometric assay. As shown in Figure
4.3, the fucose released by a-fucosidase could be quantitated by using L-fucose

dehydrogenase and NADP™, and monitoring the increase of UV absorbance of NAD-PH at

340 nm.
OH
OH OH NHAc
HO 0 HO OR
HaC o\ OH HO = 0 d
OH __oH NHAC a-Fucosidase + OH
0 o OR
Ho&yow o
OH OH
OH
HiC
3 6} OH
NADP
L-Fucose Dehydrogenase
OH
UV at 340 nm<—= NADPH HO
HaC o OH
(e}

Figure 4.3. Schematic representation of spectrophotometric assay for a-fucosidase.
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As shown in Figure 4.4, the analog 83 had similar kinetic properties as Lewis X.
The introduction of the methyl group resulted in slightly improved recognition of the

substrate (with a 40% decrease in K,) and only a modest reduction (30%) in the Vpax.

OH
HO
HsC o= OH oH_on
OH__oH NHAC a-Fucosidase o o NHAC o
HO o 4 = ~
o OH K 2.2+06 mM
. =2 5m
Lewis X Ve = 100%
HO
OH OH CH3
NHAc
OH OH NHAc «-Fucosidase H oct

‘HO

Kn=1.4+0.7 mM
Vimax = 71%

Figure 4.4. Kinetic properties of Lewis X analog 83 with a-fucosidase.

4.3. Studies of Sialyl Lewis X Analog 86 with E-Selectin

Interactions of sialyl Lewis X with a family of C-type lectin (Ca** dependent), the
so called selectins (E-, L-, and P-selectin), are responsible for the first step in the
multistage process of leukocyte recruitment to sites of injury or inflammation [118]. The
results from structure/activity studies reveal that the 2-, 3- and 4-OH groups of the Fuc
residue, the 4- and 6-OH groups of the Gal residue and the COO" group of the sialic acid

are essential for binding to E-selectin (Figure 4.5) [119].
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Analog 86

Figure 4.5. Top: schematic representation of the binding of sialyl Lewis X to E-

selectin. Bottom: the structure of analog 86.

The binding assays were performed at Novartis Pharma Ltd. [112]. Analog 86 was
found to have very weak binding activity with E-selectin as no inhibition was detected at
10 mM while the ICs for parent sialyl Lewis X was 1.0 mM [120]. The drastic decrease
in the bioactivity suggests that 86 may adopt a conformation unsuitable for binding where
the fucose orientation could be slightly distorted from the optimum as a result of the
introduction of methyl group at the Fucal—>3GlcNAc linkage. Alternatively, the C-
methyl group could itself sterically interfere with the binding.
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4.4. Studies of Analogs 88-92 with GSI-B, Isolectin

Griffonia simplicifolia Baill. (formerly known as Bandeiraea simplicifolia
Benth.) is a leguminous shrub which grows in the rain forests of northwest Africa. The
seeds of this plant contain a series of lectins with different carbohydrate binding
specificities. These include the Griffonia simplicifolia I (GS I) lectins which recognize
Gal and GalNAc, GS II lectin which binds to GalNAc, and GS IV which recognizes the
Lewis b blood group antigen [121]. GS I lectin consists of a mixture of five isolectins.
They are tetrameric structures composed of varying proportions of two different subunits,
A and B, and are designated GS [-Ay4, -A3B, A;B,, AB3, B4 (Figure 4.6). The A subunit
recognizes both terminal a-GalNAc and a-Gal residues. The B subunit is very specific
for terminal a-~Gal residue only [122].

AR AR A AR AT
BEANDACDAN DD,

A, AzB A,B, AB, =

Figure 4.6. Schematic representation of the tetrametric structure of the five GS I

isolectins consisting of varying proportions of A and B subunits.

The assays were carried out using frontal affinity chromatography [123] with mass
spectrometric detection (FAC/MS), a method developed by Hindsgaul and co-workers
[124], and were performed by Dr. Boyan Zhang. In the assay shown schematically in
Figure 4.7, controlled porous glass (CPG) beads bearing covalently-coupled streptavidin
are packed into a miniature column (10 uL). The GSI-B, isolectin is biotinylated and then
immobilized by infusing through the column. Compounds with different binding

affinities will interact differently with the immobilized protein. All non-binding
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compounds will elute in the void volume (¥,) at their infusion concentration. Active
ligands will bind to the immobilized GSI-B; isolectin and eventually exceed the capacity
of the column when they will begin eluting at their infusion concentration. The order of
elution parallels the order of affinity, with the strongest binding ligands eluting the latest
(Figure 4.7). Compounds eluent were detected by mass spectrometry which enables the

analysis of a large number of components that have m/z values different from each other.

—670N—
0 o — _@® O
O‘OQ Continuous —\9_99/_

infusion

ndi —/500\—~
O non-binding ligand ele’e)
Q weak binding ligand O ‘ m O O O

@ strong binding ligand
g8 29955 o

Time ._!\Q—Q-Qj_ OO
—/o08\—

To Mass
Spectrometer

>

Ali ligands elute at

“ mfusnon concentration
Q9 o

—\ 009, — Qgg <

Column Equilibrium O

Figure 4.7. Schematic representation of the FAC/MS assay.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

A mixture composed of Glcf-O-Oct, Lacf-O-MCO, CD, A and B trisaccharides,
87, and 89-92 (structures shown in Figure 4.8) was assayed using this FAC/MS method.
A total ion chromatogram (TIC) (Figure 4.9, top) was constructed from a 9 min run time.
Peaks at specific m/z values could then be identified through the analysis of the TIC to
give the selected ion chromatograms (SIC) (Figure 4.9, bottom). As can be seen from the
SIC, A trisaccharide, A-Me (91) and A-Pr (92) with terminal a-GalNAc residue break
through the column at almost same time as the Glcp-O-Oct and LacB-O-MCO (void
volume markers) while B and CD trisaccharides, CD-Me ( 87) and B-Me (89) with
terminal o-Gal residue break through later with longer retention times. This is in good
agreement with the fact that the GSI-B4 specifically recognizes the terminal a-Gal
residue. Interestingly, the introdution of a methyl group at the Galal1—>3Gal linkage of B
and CD trisaccharides produced the stronger binding ligands 87 and 89 while analog 90
with a propyl group at the Gala1—>3Gal linkage had much weaker binding with the GSI-

B, isolectin.
OH OH
OH OH 0
W (o) OOQct
OH
R ©
o)
oH _©OH CcH
co R{ =H, Ry = (CH2)gCOOMe B:R=H 3
CD-Me (87): Rq = CH3z, Ry = Oct B-Me (89): R =CH3 OH —OH
B-Pr(90):R = Pr
OH OH

&
HO D~ OR,
O _OH OH AcNH
Q o) OR;

H
R OH OH

OH CH3
Pk: Ry = H, Ry = (CH2)gCOOMe A:Rq=H, Rz (CH,)gCOOEt OH
Pk-Me (88): Ry = CH3, Rz = Oct A-Me (91): Rq = CHz Rp = Oct OH

A-Pr (82): Ry =Pr, R2 Oct

Figure 4.8. Structures of the compounds analyzed by FAC/MS.
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Figure 4.9. Top: Total ion chromatogram (TIC). Middle: Selected ion chromatograms of

all ten compounds.
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The dissociation constants (Ky) were further determined individually using
equation (1) [123],

Vi—Vo=Bi/ {[X]o + (Ka)x} 1)
where V4 is the elution volume of compound X, ¥; is the elution volume of void marker,
and B, represents the dynamic binding capacity of the column (total amount of the active
lectin). The B, value was determined to be 105 pmol by infusing the CD-Me (87) through
the column at various concentrations and measuring the V-V,. As shown in the Table 4.1,
the monosaccharide Gala-O-Me had a K of 19.3 uM, only about a factor of two different
from the value (48.3 uM) determined by equilibrium dialysis where GSI-B4 isolectin was
not immobilized [125]. The disaccharide Galal->3Gala-O-Me had almost the same Kgy
value as Gala-O-Me, which was consistent with the results from precipitation studies
[122]. While the Ky of its anomer, Galol—>3GalB-O-Me, was about two times higher.
The B trisaccharide containing the Galal—3Galf sequence had K4 value similar to
Galal—>3GalB-O-Me, indicating that the Fuc residue on the B trisaccharide had little
effect on the binding. It was also interesting that the Pk trisaccharide with Galal—4Gal
sequence was found to be a better ligand for GSI-B4 than Galal—3Gal containing

compounds.

The K4 values of glycosides of tertiary alcohols 87 and 89, which showed stronger
binding in the assay of the multiple-ligand mixture, were about two and four times lower
than those of their parent trisaccharides, with A(AG®) of - 0.39 and -0.75 kcal mol™!
respectively. Since the NMR studies showed that the conformation of 87 and 89 were
similar to those of parent CD and B trisaccharides, such an increase in the binding
afffinity may be attributed to the less negative entropic contributions as the Galal—3Gal
linkage was much less conformationally flexible. This explanation is also consistent with
the fact that Pk-Me (88) had almost the same dissociation constant as the Pk trisaccharide

since the methyl group at the 3-position of BGal residue could not restrict the flexibility
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Table 4.1. Dissociation constants of the oligosaccharide analogs with GSI-B4 isolectin.

Carbohydrate m/z M+Na") Ky (uM)?
Galo-O-Me 217.1 19.3 + 0.8 (48.3)°
Galp-O-Me 217.1 -

Galal»>3Gala-O-Me 379.1 16.5+ 0.1
Galal—>3GalB-O-Me 379.1 29.4 + 6.1
CD 697.3 23.3+4.0
CD-Me (87) 653.3 120+ 1.8
B 623.3 29.6+0.2
B-Me (89) 637.5 8.3+0.3
B-Pr (90) 665.3 -
A 736.5 -
A-Me (91) 678.3 -
A-Pr (92) 706.4 -
Pk 697.3 92+1.1
Pk-Me (88) 653.3 8.6+0.3

a) values determined from infusion of individual ligand with Lac-O-MCO as a

void volume marker. b) value determined by equilibrium dialysis [125].

of the Galatl—+4Gal linkage. Future measurements on the thermodynamic data using
titration calorimetry would be able to reveal whether the increased binding strength is a
result of the favorable enthalpic change or entropic change. Interestingly, the introduction
of a propyl group to the Galael—>3Gal linkage produced an almost inactive compound.
Such a drastic change on the binding activity suggested that there may be a steric clash
between the propyl group and the protein, since NMR studies showed that the

conformation was not significantly distorted by the propyl group.
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In contrast to the tethering strategy that has been shown to fail to produce stronger
binding ligands, our results suggest that the introduction of a small alkyl group at the
glycosidic linkage can be a useful strategy to produce a conformationally constrained

ligand with stronger binding affinity.
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Chapter S
Introduction

5.1. Stereoselective Glycosylation

Glycosylation is the key reaction in oligosaccharide synthesis [126]. In the
process, a glycosyl donor and acceptor are coupled together using an appropriate
promoter. Tremendous recent advances in understanding the roles of carbohydrates have
highlighted the need to devise efficient and stereoselective syntheses of oligosaccharides

and glycoconjugates.

Broadly speaking, there are two general classes of stereochemistry produced by
glycosylation reactions: 1,2-trans and 1,2-cis. In the 1,2-trans-glycosylation, a [-
glycosidic bond in the gluco- series (glucosides and others with O-H-2 equatorial) and an
a-glycosidic bond in the manno- series are formed. Correspondingly, a-glycosides in the
gluco- series and B-manncsides are formed in the 1,2-cis-glycosylations (Figure 5.1)
[126]. Sialic acids and 2-deoxy sugars lack a neighboring OH group, and special methods

are required for stereoselective glycosylation.

OR' OR’
O -0 (o] e}
WOR | OR
OR' OR'
OR OR
1.2-trans-f3- 1,2-trans-a- 1,2-Cis-c- 1,2-cis-3-
gluco-type manno-type gluco-type manno-type

Figure 5.1. Types of glycosidic linkages
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5.1.1. 1,2-trans-Glycosylation

1,2-trans-Glycosylation can be generally achieved with neighboring group
participation from an ester (acetate, benzoate or pivaloate) at C-2 through the
dioxolanium intermediate, which is attacked by the glycosyl acceptor from the less
hindered side to give B-glycosides in the gluco- series and a-mannosides (Figure 5.2)
[126].

o]
(0] = 0]
promoter ’/_R\OH
—_ - —_— - OR
O o L OR @/ ’9 OYO
T )

1,2-trans-B-
gluco-type

R R R

o/'K
m\ promoter ROH

O
-0
ROH 1.2-trans-a-
manno-type

OR

Figure 5.2. 1,2-trans-Glycosylation based on neighboring group participation.

As shown in Figure 5.3, glycal epoxides resulting from oxidation of glycals are
also used to construct 1,2-trans-glycosidic linkages [127]. Reaction of epoxide with a
glycosyl acceptor in the presence of Lewis acid provides B-glycosides in the gluco- series.
Gin and co-workers further developed a “one—pot” direct oxidative glycosylation with

glycal donors [128].
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Danishefsky and co-workers
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OH
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OBn  TF0 (1.5 equiv.), DTBMP; OBn
BnO o) CH30H, Et3N; BnO 0
B0 2 BnO OR

ROH, ZnClp S

Figure 5.3. 1,2-trans-Glycosylation based on glycal epoxides.

Gin and co-workers

The 1,2-trans-glycosidic linkage can also be obtained by a participating solvent
such as acetonitrile which changes the selectivity of glycosidic bond formation from a to

B, presumably by the mechanism shown in Figure 5.4 [129].

o 0® o
promoter ~
mm — sy
L OBn >

OBn

(e

OBn

Figure 5.4. 1,2-trans-Glycosylation in a participating solvent.
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5.1.2. 1,2-cis-Glycosylation

The 1,2-cis-glycosylation is more difficult to achieve than the 1,2-trans-
glycosylation. Instead of using a participating neighboring group, a non-participating
group at C-2, usually the persistent O-benzyl group, is required for 1,2-trans-
glycosylation [126]. The Sn2 type of reaction with B-chlorides to make 1,2-cis-a-
glycoside is not practical because of the instability of B-chlorides caused by the anomeric
effect. The in situ anomerization of o-halides, introduced by Lemieux [130], was the first
reliable method to make 1,2-cis-a-glycosides (Figure 5.5). The preferred formation of a-
glycosides can be rationalized on the basis of two factors. First, the less
thermodynamically stable B-halide is closer to the transitiom state for glycosylation.
Second, reactions at the anomeric center proceed more quickly from the a-face since
there is an anti-periplanar arrangement of the incoming nucleophilic atom with the ring
oxygen lone pair, which is also called the kinetic anomeric effect [130]. It was later found
that a similar reaction without addition of halide anions was possible using catalysts such

as mercury salts, silver perchlorate (AgClOys) or silver triflate (AgOTY) [131].

Q Br 0 ROH
—_— Br
OBn OBn OBn
Br /
o)

OBn
OR

/GO

I—oO--

Figure 5.5. 1,2-cis-Glycosylation based on in situ anomerization.
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5.1.3. Synthesis of B-Mannosides

The 1,2-cis-glycosylation is the synthesis of B-mannosides is a special problem.
The anomeric effect favors the o-mannosidic linkage both thermodynamically and
kinetically, even with a non-participating group at C-2. The B-mannosidic linkage is
therefore the most difficult to prepare. One way around this problem involves the use of
insoluble silver catalysts (e.g. silver silicate and silver zeolite) that protect the a-side of

the donor from attack by glycosyl acceptor (Fig. 5.6) [132].
OBn OBn oBn

_ H
— \\ ’,O
- N
' R
Br Blr ér
1] !
~pre Ag e Trher

Figure 5.6. Synthesis of B-mannosides using insoluble catalysts.

Recently, a new approach to synthesize B-mannosides, termed intramolecular
aglycone delivery (IAD), has been developed by Barresi and Hindsgaul [133]. The
general strategy for IAD capitalizes on the principle of intramolecular transfer within a
pyranose ring. As shown in Figure 5.7, the method involves the covalent attachment of
aglycone to the 2-position of an appropriately derivatized mannose. Carbon acetal [133],
silicon tether [134], and methoxybenzylidene acetal [135] were developed as linkers to
attach the aglycone onto mannose. Activation of the anomeric leaving group leads to

stereocontrolled intramolecular delivery to give only the f-mannosidic linkage.
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Figure 5.7. Synthesis of B-mannosides by intramolecular aglycone delivery (IAD).

Ziegler and Lemanski described a “true” intramolecular glycosylation protocol
where a glycosyl donor and a glycosyl acceptor were covalently linked together by a
stable bridge [136]. More recently, Crich and Sun reported the direct stereoselective
formation of B-mannosides from mannosyl! triflate generated in situ at low temperature

(Fig. 5.8) [137].
Ziegler and Lemanski

o Q
Q o)
o o]
o HO OBC')‘
OBn o MeOTf, CHzCN BnO - 0
B8nO (-0 .30 °C BnO o
BnO BzO (55%) 0O
OBz
SEt ogn WP Bz0
OBz
OBn
Crich and Sun
Ph/VO OBn 1. 71,0, DTBMP P“’Vo OBn
o) -Q CH,Clp, -78 °C o -Q
BnO 2. ROH, CH,Clp BnO OR
-78°Ctort
O,,SPh (>80%)

Figure 5.8. Synthesis of B-mannosides by intramolecular glycosylation and

glycosylation with mannosyl triflate.
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Hodosi and Kovac described a fundamentally new stereospecific synthesis of B-
mannosides via the Sn2 reaction of 1,2-O-cis-stannylene acetal with triflate of
carbohydrate derivatives [138]. Nicolaou and co-workers also reported the stereoselective
synthesis of the 1B,1’a-linked dimannoside using 1,2-O-cis-stannylene acetal (Figure 5.9)
[139].

Hodosi and Kovac
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- 1 _Bu
HO o/Sn
AN
HO o
+

HO OH
DMSO, rt HO’&}&/ OBz
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Nicolaou ef al.

Bu

| _Bu
BnO o—>0
B""ﬂ\o
BnO
OAc OBn
+ TMSOTT, Eto0 OBn
0% tort BrnO @

AcO OAc " o 0Bn

.0 (66%) BnO - S

AcO
AcO BnO

o] NH
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Figure 5.9. Synthesis of B-mannosides via a 1,2-O-cis-stannylene acetal.
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5.1.4. Synthesis of 2-Deoxy-B-Glycosides

2-Deoxy sugars are frequently found as components in many antibiotics, bacterial
polysaccharides and cardiac glycosides [140]. The synthesis of B-glycosides of 2-deoxy
sugars is difficult because there is no participating group at C-2 to direct the
stereoselectivity. Temporary participating groups such as acetate [141], thiophenyl [142],
selenophenyl [143], N-formylamino [144], bromo [145, 146] and iodo [146, 147] groups
are therefore installed at the C-2 position. These can be removed after glycosylation
(Figure 5.10). One interesting example using the p-methoxybenzoyl group at C-3 to direct
1,2-trans-glycosylation was reported by Wiesner and co-workers (Figure 5.11) [148].

le) (@]
ROH
promoter
X @
L

X = OAc,SPH, SePh,NHCHO, Br, | l

o]
red uction
OR
X

Figure 5.10. Synthesis of 2-deoxy-B-glycosides using temporary participating groups.

~ %
[ T T

Figure 5.11. Synthesis of 2-deoxy-pB-glycosides using a participating group at C-3.

H3C
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van Boom and co-workers recently developed 2 method based on migration of
alkylthio aglycone [149]. Starting from the mannose thioglycoside, the B-glycoside was
formed in high yields. The thioethyl group can be reduced to give 2-deoxy-B-glycosides
(Figure 5.12). Glycosylation with a cycloadduct of glucal followed by Raney nickel
desulfurization also gave 2-deoxy-B-glycosides with good stereoselectivity (Figure 5.13)

[150].
OPh OPh
Ph/vo CO‘/@KS/‘
NIS-TfOH o -0
BnO

SEt l &_,

0
2-deoxy-p-glycosides = BnO N

Figure 5.12. Synthesis of 2-deoxy-f-glycosides based on migration of an

alkylthio aglycone.
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BnO 0 BnO 0 BnO
BnO — BnO BnO
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+ — S o - S o
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ROH, TfOH
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Figure 5.13. Synthesis of 2-deoxy-B-glycosides from a glycal.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

5.1.5. Synthesis of a-Sialoside

Sialooligosaccharides are important constituents of cell-surface glycans. The sialic
acids occur exclusively as the a-sialosides [151]. The stereoselective synthesis of a-
sialosides remains difficult for several reasons. First, the anomeric center (C-2) is very
sterically hindered and formation of a positive (or positive partially) charge at the center
is electronically disfavored by the adjacent carboxylate group. Second, the lack of a
substituent at C-3 precludes neighboring group participation leading to a-sialosides.
Third, the thermodynamically favored product is the B-sialoside due to the anomeric
effect. As well, the competitive elimination of the intermediate cation to the glycal is a

serious problem.

The classic Koenigs-Knorr method using glycosyl halides as donors give low
yield and stereoselectiveity. A stereoselective sialylation using thioglycosides of sialic
acid was developed by Hasegawa and co-workers [152]. With the use of dimethyl-
(methylthio) sulfonium triflate (DMTST), or NIS/TfOH as promoters, the reactions in
acetonitrile gave predominantly o-sialosides (Figure 5.14). Xanthates [153] and
phosphites [154] were also found to be useful. a-Sialosides can also be obtained with the

participation of 3-thio or 3-seleno substituents [155] (Figure 5.14).
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X=F,Cl, Br
Y = SPh, SePh,

Figure 5.14. Glycosyl donors for the synthesis of a-sialosides.

5.2. Synthesis of 2-Amino-2-Deoxy Glycosides

Glycosides of 2-amino-2-deoxy sugars are widely distributed in living organisms
[156]. The major 2-amino-2-deoxy sugars in nature are N-acetylglucosamine (GIcNAc)
and N-acetylgalactosamine (GalNAc). The synthesis of oligosaccharides of 2-amino-2-
deoxy sugars has attracted much attention owing to their biological and medical
significance [157]. Due to its nucleophilicity, the amino group has always been protected
during glycosylation reactions to avoid N-glycosylation. Since the amino group is at the
C-2 position, the choice of its protecting group can provide the control of 1,2-cis- or 1,2-
trans-glycosylation. The ideal amine protecting group should be able to direct the
stereoselectivity, be stable to commonly employed reactions and reagents and be easy to

remove.
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To achieve a 1,2-trans-glycosylation with 2-amino-2-deoxy glycosyl donors, a
common method is to employ a donor containing a participating group as the amino
protective function. Glycosyl donors bearing N-acetyl groups, however, have not been
generally useful since they tend to form stable oxazoline intermediates which require
relatively strong acidic conditions for condensation with glycosyl acceptors [157] (Figure
5.15a). For this reason, other N-protecting groups are commonly employed in the
synthesis of 2-amino-2-deoxy-f-glycosides. The phthalimido (Phth) group (Fig. 5.15b)
has been the most widely used since its introduction by Lemieux in 1976 [158)]. However,
a major disadvantage of using the N-Phth group in oligosaccharide synthesis is that its
deprotection requires vigorous conditions: a large excess of hydrazine, butylamine,
hydroxylamine, ethylenediamine or NaBHj, is normally used, typically at temperatures as

high as 80-100 °C. In some case, even these forcing conditions failed [159].

m\ promoter W

NHAc “x NHAC

8 8 La$

/'_\

NH, (excess)

m/ 80-100 °C

Figure 5.15. Synthesis of 2-amino-2-deoxy-B-glycosides using N-acetyl and N-

Phth protecting groups.
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Recently, the more reactive dichlorophthaloyl (DCP) ([160] and
tetrachlorophthaloyl (TCP) [161] groups were applied as amine protecting groups. Both
DCP and TCP groups can be removed under milder conditions than the Phth group by a
slight excess of ethylene diamine at a slightly lower temperature. There are a number of
other alternative amine protecting groups for the synthesis of 2-amino-2-deoxy-f-
glycosides. These include monochloroacetyl [162], dichloroacetyl [163], trichloroacetyl
[164], 2,2,2-trichloroethoxycarbonyl (Troc) [165], allyloxycarbonyl (Alloc) [166],
phenylsulfonyl [167], pent-4-enoyl [168], dithiasuccinoyl (Dts) [169], 2,5-
dimethylpyrrole (DMP) [170], dimethylmaleoyl (DMM) [171], and dibenzyl groups

[172], as summarized in Figure 5.16.

N3 HN HN HN CI
X Br o) Br (CI) Br (CI)
O2N §p/\ O§P/

Azido PhO/ OPh O/ \O

w0
O2N 5N
DNP NO2
BNBP
(0]
\
N open ] o
N
/N @& RO ] OAc u OR
Aco © _N 0
0 OAc
AcO
Nitroso dimer
PMB OMe

Figure 5.17. Amine protecting groups used in the synthesis of 2-amino-2-deoxy-

a-glycosides.
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For the synthesis of a-glycosides of 2-amino-2-deoxy sugars, a non-participating
amine protecting group is used. The azido group introduced by Lemieux is commonly
employed for this purpose [173]. It acts as a masked amino group, and can be transformed
to the free amine by various methods. Several other non-participating amine protecting
groups have been reported for the synthesis of 1,2-cis-glycosides such as 2,4-
dinitrophenyl (DNP) [174], p-methoxybenzylidene (pMB) [175], diphenylphosphoryl
(DPP) [176], bis(p-nitrobenzyl)-phosphoryl (BNBP) [176], and a nitroso dimer derivative
[177] (Figure 5.17). These groups are generally bulky and the stereoselectivity of the

glycosylation reactions is accordingly usually poor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Chapter 6
Studies on the Stereoselective Synthesis of 2-Amino-2-Deoxy Giycosides

6.1. The p-Nitrobenzyloxycarbonyl Group as an Orthogonal Amine Protecting
Group for the Synthesis of B-Glycosides of 2-Amino-2-Deoxy Sugars

The removal of most of the amine protecting groups developed so far requires
conditions that may affect other protecting groups, such as acyl groups, present on the
sugar rings. Orthogonal amine protecting groups, which can be readily and
chemoselectively removed without affecting other protecting groups or sensitive

functionalities, would facilitate the oligosaccharide synthesis.

The carbamate functionality has been used for protection of the amino group in
peptide and protein synthesis [178]. A benzyl carbamate of a 2-amino sugar was first used
by Zervas and Konstas in 1960 as a glycosyl donor [179]. The reaction of alcohols with
3,4,6-tri-O-acetyl-2-benzyloxycarbonylamino-2-deoxy-glucopyranosy! bromide or
chloride gave B-glycosides in low or moderate yield due to the problematic formation of
an oxazolidinone (Figure 6.1) [180]. The 2,2,2-trichloroethyl carbamate was later found
not to generate oxazolidinone side products during glycoside formation [165]. Boullanger
et al. conducted a systematic study on the glycosylation of simple acceptor alcohols with
various MN-alkoxycarbonyl derivatives of glucosamine, including the p-
nitrobenzyloxycarbonyl (PNZ) group [181]. It was found that P-glycosides were
obtained stereoselectively in good yield without the formation of an oxazolidinone when
the B-acetate of these carbamate derivatives was used as glycosyl donor in the presence of
a Lewis acid. The 2,2 2-trichloroethyl carbamate [165] and allyl carbamate [166] have

since been effectively applied in the synthesis of glycoconjugates containing 2-acetamido
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glycosides. The deprotection of 2,2,2-trichloroethyl carbamate and allyl carbamate can be

achieved with zinc dust in acetic acid [165] and with Pd(0) complexes [166],

respectively.
o N=—"°
NS——° HgeN N\ = N =
Acow‘w co\//ﬂ AcO \/A
o< ¥£° Y
0
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el ° +
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Figure 6.1. Glycosylation with benzyloxycarbonyl protected bromide [180].
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Fig 6.2. The p-nitrobenzyloxycarbonyl group as an orthogonal amine protecting

group.
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We chose to investigate the potential of the p-nitrobenzyl carbamate of 2-amino
sugars because this group might serve as a good participating group to provide 1,2-frans-
glycosylation while the electron-withdrawing nitro group can prevent the oxazolidinone
formation. It should also be selectively cleavable by reduction of the aromatic nitro group
to the electron-donating amine substituent followed by 1,6-elimination [182] (Figure 6.2).
As there are many methods for reducing an aromatic nitro group, mild and
chemoselective deprotection methods should be readily available. Furthermore, unlike the
2,2,2-trichloroacetyl or allyl carbamates, the p-nitrobenzyl carbamate can be removed by
hydrogenolysis at the end of a synthesis along with the standard O-benzyl protecting

groups thus obviating the need for an additional deprotection step.

6.1.1. Installation of the PNZ Group onto 2-Amino-2-Deoxy Sugars

The p-nitrobenzyloxycarbony! group can be easily introduced into D-glucosamine
and D-galactosamine as shown in Figure 6.3. The free amine was obtained by treatment of
glucosamine hydrochloride with one equivalent of NaOMe in MeOH. Reaction of the free
amine with p-nitrobenzyl chloroformate in the presence of triethylamine give 94a which
was then acetylated with Ac,O and Py to provide 95a. Regioselective deacetylation at O-
1 with benzylamine followed by treatment of the reducing sugar with CCI3CN in the
presence of K>CO; provided trichloroacetimidate 96a as a pale yellow crystalline solid
(63% overall). The trichloroacetimidate of PNZ-protected galactosamine, 96b, was

prepared in the same fashion in 42% overall yield.
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Figure 6.3. Installation of PNZ group onto D-glucosamine and D-galactosamine.

6.1.2. Evaluation of the PNZ Protected Imidate Donors

Imidates 96a and 96b were evaluated as glycosyl donors in dichloromethane using
BF3-Et20 as the promoter. As shown in Table 6.1, $-glycosides were formed in over 75%
yields. The octyl B-glycoside 100 was formed in 82% yield. Glycosylation of 96a gave
the B-(1—6) linked disaccharide 101 in 91% yield. The reaction of 96a with the less
reactive 4-OH groups of 98 and 99 also gave B-(1—4) linked disaccharides 102 and 103
in good yields, 75% and 80%, respectively. Reaction of the imidate donor of PNZ-
protected galactosamine, 96b, with acceptor 99 also provided the B-linked disaccharide
104 in 81% vyield. It should be noted that the 'H NMR spectra of most disaccharides
containing the PNZ moiety gave broad peaks which make assignments difficult. This is

probably because of the slow rotation of the amide bond. The B-linkage of the
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disaccharides could be confirmed by 13C-1H HMQC experiments and NMR data of N-

acetyl disaccharide obtained by N-acetylation after the reductive cleavage step.

Table 6.1. Glycosylation results using PNZ protected imidate donors (1.5 eq.). Yields are
based on the products purified by column chromatography. '

Donor Acceptor Product Yield
OAc '
o]
AcO o,
INH
PNZ 100
OAc
AcO
AcO
BnO
96a BnO BnO o) 91%
OBno BnO
97 OCHg OBn
101 OCH;
OBn OAc NHAC
0]
AcO BnO Bn 759,
e % &» w s
NHAc
OBn OAc
HO 0 AcO O  BnO
96a B& on Ac& w 80%
OBn
99

AcO
96b n OBn o
B&‘ AcO om 81%
NH 0Bn
PNZ

The imidate donor 96a was further evaluated in different solvents and with

promoters at —30 to 0 °C over a 1.5 h period using 99 as the acceptor. As shown in Table
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6.2, reactions in CH,Cl; and CH3CN gave similar glycosylation yields. TMSOTf and
BF;-Et,O were equilvalent.

The results indicate that the combination of PNZ moiety with anomeric
trichloroacetimidate activation can afford B-glycosides in high yield with high -

stereoselectivity.

Table 6.2. Glycosylation results using 96a as the donor (1.5 eq.) and 99 as the acceptor
in different solvents and with different promoters. Yields are based on the purified

products by column chromatography.

Entry Promoter Solvent Yield
1 BF3-Et:O (0.5 eq.) CH,Cl, 80%
2 TMSOTSf (0.25 eq.) CH,Cl, 76%
3 TMSOTS (0.025 eq.) CH,CI, 78%
4 BF3-Et,0 (0.5 eq.) CH;CN 78%

6.1.3. Deprotection of the PNZ Group

Methods for the deprotection of the PNZ group were examined using the simple
octyl glycoside 100 as a model compound. Deacetylation with NaOMe/MeOH gave 105
where the PNZ group remains intact. As expected, deprotection of the PNZ group and
acetylation of the resulting amine can be directly achieved in one step by hydrogenolysis
using 10% Pd/C under H; flow in the presence of AcyO to give 106 and p-methyl
acetanilide in quantitative yield (Figure 6.4). Under same condition, the compound 109
can be obtained from 107 in 83% yield. Free amine 108 could also be isolated (76%)

when the hydrogenolysis was performed in the absence of Ac,0O (Figure 6.5).
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Figure 6.4. Deprotection of the PNZ group of 100 using hydrogenolysis.
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Figure 6.5. Deprotection of the PNZ group of 101 using hydrogenolysis.
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Bellamy and Ou have shown that selective reduction of aromatic nitro compounds
to amines can be achieved using stannous chloride (SnCly-H,O or SnCl) in nonacidic and
nonaqueous medium (EtOH or EtOAc) at 70 °C, where other reducible and acid-sensitive
groups remain unaffected [183]. The reduction of 100 was examined using this method

but the yields were poor.

OH OAc
OBn OBn
O NaOMe,
0] 0\7\0 AcO o) d
NH (quant.) NH
/ OBn / 0OBn
PNZ ‘ 110 PNZ 102
Na-5S-04, 1. NayS;0q,,
EtOH-H0, 10 min| (9931) CH3CN-EtOH-H,0, 1 h| (86%)

2. Acy0 (one pot)

OH

o OBn
HO BnO OBn A620 Py AcO BnO
HO 0] o) (93%) AcO
NH; OBn NHAc
11

Figure 6.6. Deprotection of the PNZ group on 120 using sodium thionite.

As reported by Guibe-Jampel and Wakselman [184], p-nitrobenzyl esters can be
reductively cleaved by sodium dithionite (NaS204) under neutral or slightly alkaline
conditions. In fact, sodium dithionite was found to be a very effective reducing agent
even in the absence of base. The PNZ group of 100 can be removed quickly in
quantitative yield. As shown in Figure 6.6, deacetylation of 102 using NaOMe in MeOH
followed by cleavage of PNZ and re-acetylation with AcyO and Py gave 112. When
disaccharide 102 was treated directly with sodium dithionite in CH3CN-EtOH-H>O
solution, followed by N-acetylation using AcyO in MeOH, disaccharide 112 was

obtained. This demonstrated the stability of the three O-acetate groups to the reduction
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conditions. The free amine group can also be transformed into the acetamido group in
"one pot" by simply adding Ac;O directly to the reaction mixture. Disaccharide 112 was

thus formed in a one-pot reaction in 86% yield (Figure 6.6).

In summary, we have demonstrated that the PNZ group functions as a good
participating group for the formation of 2-amino-2-deoxy-f-glycosides. This N-
protecting group can be conveniently removed either by hydrogenolysis along with O-
benzyl ethers or selectively by sodium dithionite under neutral conditions where
carboxylate esters remain stable. Since O-acetyl groups can be removed by treatment with
NaOMe/MeOH in the presence of the PNZ group, this group is effectively an orthogonal

protecting group and should thus find unique applications in oligosaccharide synthesis.

6.2. Studies on the Synthesis of a-glycosides of 2-Amino-2-Decxy Sugars Using o-

Nitrobenzenesulfonyl and p-Nitrobenzenesulfonyl as Amine Protecting Groups
o) PhSO,NH, -0
o O/\\/’ \ _lymollCIO, POE/

ROH \/v
LHMDS, AgOTf / SO,Ph

o) o)
po-:\>\//$/ora Sl PO%OR

NH; NHSO4,Ph

Figure 6.7. Synthesis of 2-amino-2-deoxy-p-glycosides using

sulfonamidoglycosylation [167].
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Recently, Danishefsky and co-workers developed the sulfonamidoglycosylation
method for the preparation of 2-amino-2-deoxy-B-glycosides [167]. The method involves
trans-diaxial addition of I' and sulfonamide to a glycal to form an iodosulfonamide
adduct. When an alcohol acceptor and the iodosulfonamide were treated with base
(LHMDS or LTMP) and AgOTT{, the B-glycoside was obtained presumably through a 1,2-
sulfonylaziridine intermediate (Figure 6.7). The 2-sulfonamido group can be reduced to

free amine with sodium in liquid ammonia.

More recently Fukuyama used o-nitrobenzenesulfonyl (ONS) and p-
nitrobenzenesulfonyl (PNS) as amine protecting groups in organic synthesis [185, 186].
ONS and PNS groups can be deprotected via Meisenheimer complexes upon treatment
with thiolate (Figure 6.8), under conditions which the esters remain unaffected. o-
Nitrobenzenesulfonamides and p-nitrobenzenesulfonamides were also found to be stable
under very acidic (HCI 10 eq., MeOH, 60 °C) as well as strong basic (NaOH 10 eq.
MeOH, 60 °C) conditions [185].

R—NH;

(l)-':O

R—N

O = =D

@]

Figure 6.8. Deprotection of o (or p)-nitrobenzenesulfonamide.
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The introduction of an electron-withdrawing nitro group should decrease the
nucleophilicity of the phenylsulfonamides. Therefore o-nitrobenzenesulfonamide and p-
nitrobenzenesulfonamides might act as non-participating groups for the synthesis of a-

glycosides of 2-amino-2-deoxy sugars.

6.2.1. Evaluation of an ONS Protected Imidate Donor

The o-nitrobenzysulfonyl group can be easily introduced into D-glucosamine using
conditions similar to those used for the introduction of the PNZ group (Figure 6.9).
Treatment of glucosamine with NaOMe/MeOH, followed by p-nitrobenzenesulfonyl
chloride/Ets;N and O-acetylation (Ac;O/Py) gave 2 in 53% yield (three steps).
Regioselective deacetylation at O-1 with benzylamine followed by treatment of the
reducing sugar with CCI3CN in the presence of K>CO;3 provided trichloroacetimidate 114

as a pale yellow crystalline product (50% yield, two steps).

OH 1. NaOMe, MeOH OAc
2. o-Nitrobenzenesulfonylchloride,
HO 0 EtsN AcO 0
HO AcO
OH 3. Ac20/Py
NH,-HCI /NH OAc
(53%. three steps) ONS
113
OAc
AcO Q 02N

I. BHNH2, THF ACO 9
2.CCIsCN/ K5CO3 NH ONS = "ISl

(50%, two steps) / 0L C
ONS <l3=NH
114 CCl3

Figure 6.9. Preparation of an ONS protected imidate donor.
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Results using 114 as a glycosyl donor, however, were not encouraging. Reaction
of the imidate 114 with 97 in dichloromethane using BF3-Et;O as a promoter resulted in a
very low yield (30%) of o/B (1:1) mixture, and a large amount of unreacted donor was

recovered even after 18h (Figure 6.10).

OAc
AcO 0,
AcO OAc
NH AcO )
/ N, AcO
ONS  C=NH pp . Er0,4AMS, NH
114 CCl3 CHyCl5,-30°Ctort / 0
- - ONS
. (30%) BnO Q
ap=1:1 BnO
OH 115 OBn
BnO o) OCH;3
BnO
OBn
g7  OCHs

Figure 6.10. Glycosylation with an ONS protected imidate donor.

6.2.2. Evaluation of a PNS Protected Imidate Donor

The PNS group was introduced into D-glucosamine as described above for the
ONS group (Figure 6.11). The reaction yields were relatively low. The regioselective
deacetylation at anomeric position produced only a 30% yield using BnlNH> and a 40%

yield using hydrazine acetate. The imidate 118 was formed in only 25% yield.
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OH OAc
1. NaOMe/MeOH o
HO o 2. p-Nitrobenzenesulfonylchloride, AcO
HO Py AcO
OH - ©NH
NH2-HCI 3. AcyO/Py / OAc
(34%, three steps) PNS
116
OAc
BnNH,, THF OAc AcO o)
(30%) Ao O CCHON K03 "G
or NH,NH,-HOAc, AcO (25%)
DMF, 60 °C NH NH
409 /.o / O~c=nr
(40%) BNS PNS
117 118  CCls
o
PNS = —§—©—Noz

0

Figure 6.11. Preparation of a PNS protected imidate donor.

Imidate 118 was tested as a glycosyl donor with secondary OH acceptor. It was
hoped that the reaction with a less reactive acceptor could increase the a-selectivity
[126]. Unfortunately, the glycosylation of imidate donor 118 and acceptor 9 failed

completely as no desired disaccharide was isolated (Figure 6.12).

OAc
AcO 0
AcO
NH
O\C NH OAc
PNS =
118 I BF3-Et,0, 4 A MS, AcO Q
CCls  cHyCl.30°Cion / AcO OBn
OBn pns BnO OOct
HO (o] 119 OBn
BnO 0O0ct
OBn
9

Figure 6.12. Glycosylation with a PNS protected imidate donor.
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The results indicate that the imidate donors 114 and 118 have extremely low

reactivity, probably due to the electron-withdrawing character of the nitro group which

makes it difficult to form an oxocarbenium or oxocarbenium-like intermediate.

6.3. Experimental

General methods were the same as described in Chapter 2.

3,4,6-Tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)-3-D-glucopyranosyl

trichloroacetimidate (96a).

OAc D-Glucosamine hydrochloride (10.8 g, 50 mmol) was

AcO Q added to a freshly prepared solution of sodium
AcO
NH methylate, obtained by reaction of methanol (250 mL)
pnZ  O~cg=NH
|

96a CCl3

and sodium (1.15 g, 50 mmol). The solution was

stired at rt for 10 min. After filtration, p-

nitrobenzylchloroforamate (10.8 g, 50 mmol) and triethylamine (7 mL, 50 mmol) were
added to the filtrate at 0 °C. The reaction was stirred for 3 h while it was aliowed to warm
up to rt. The mixture was concentrated, dried over vacuum. The resulting residue was
dissolved in acetic anhydride (60 mL) and pyridine (120 mL). After stirring overnight, the
reaction mixture was concentrated. The residue was dissolved in CH,Cl,, washed with
dilute HCl, water and brine, dried (Na;SOy), filtered, and concentrated. The resulting
residue was dissolved in dry THF (200 mL), and benzylamine (5.0 mL) was added. After
stirring overnight, the mixture was concentrated. The residue was dissolved in CH;Cl»,
and K»>CO3 (20 g) and CCI5CN (40 mL) were added. The mixture was stirred for 7h.

After dilution with CH,Cl,, the mixture was filtered. The filtrate was concentrated and
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submitted to chromatography (1:1 hexanes/EtOAc) to give 96a (19.8 g, 63% overall) as a
pale yellow crystalline: 'H NMR (360 MHz, CDCl3) 8 8.75 (s, 1 H, C=NH), 8.19 (d, 2H,
J=8.6 Hz, ArH), 7.45 (d, 2H, J = 8.6 Hz, ArH), 6.39 (d, 1H, J = 3.6 Hz, H-1), 5.35-5.15
(m, 4H, H-3, H-4, p-NO,PhCH>), 5.07 (d, 1H, J = 9.3, NHCO), 4.30-4.20 (m, 2H, H-2,
H-6a), 4.15-4.06 (m, 2H, H-5, H-6b), 2.03, 2.02, 1.96 (s, 3H, COCH3); 13C NMR (75
MHz, CDCl;) §171.17, 170.56, 169.24 (COCHj;), 160.39, 155.20 (C=NH, NHCO),
147.77, 143.36 (aromatic quart.), 128.19, 123.79 (aromatic CH), 94.75 (C-1), 90.72
(CCly), 70.69, 70.30, 67.38 (C-3, C-4, C-5), 65.65, 61.45 (C-6, p-NO,PhCH,), 53.79 (C-
2), 20.68, 20.66, 20.28 (COCHj3); HR-ESMS calcd for Cy2H24N301;NaCl; (M+Na*)
650.0323, found 650.0327.

3,4,6-Tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)- f-D-galactopyranosyl

trichloroacetimidate (96b).

D-Galactosamine hydrochloride (1.08 g) was treated in

OAc OAC
o the same fashion to give 96b (1.3 g, 42% overall) as a
AcO pale yellow crystalline: 'H NMR (360 MHz, CDCl;)
PNZ/NH O~ o=NH 58.75 (s, 1 H, C=NH), 8.20 (d, 2H, J = 8.6 Hz, ArH),
| _ Az
96b CCla 7.48 (d, 2H, J= 8.6 Hz, ArH), 6.42 (d, 1H, J=3.5 Hz,

H-1), 5.49 (bd, 1H, J=2.3 Hz, H-4), 5.24 (dd, I1H,J =
11.4, 3.1 Hz, H-3), 5.28 (bs, 2H, p-NO,PhCH>), 5.02 (d, 1H, J = 9.6 Hz, NHCO), 4.50
(ddd, 1H,J= 114, 9.6, 3.5 Hz, H-2),4.36 (bt, 1H,/J=6.7 Hz), 4.16 (dd, lH,/=11.4,6.7
Hz, H-6a), 4.06 (dd, 1H, J=11.4, 6.7 Hz, H-6b), 2.18,2.03, 1.98 (s, 3H, COCH3).
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Octyl 3,4, 6-tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)- 3-D-

glucopyranoside (100).

A mixture of imidate 96a (1.42 g, 2.3 mmol), octanol (0.24

OAc
A co/% mL, 1.5 mmol) and powdered 4A molecular sieves (1.5 g) in
OOct

AcO
NH dry CH2Cl2 (30 mL) was stirred at -30 °C for 10 min under
PNZ 100

nitrogen. BF3-Et,0 (95 pL, 0.75 mmol) in dry CH>Cl, (0.5 ml)

was then added, and the reaction mixture was stirred for a further 2 h below 0 °C. After
neutralization with Et3N, the reaction mixture was filtered through Celite, washed with
CH,Cl,, concentrated, and submitted to column chromatography (3:2 hexanes/EtOAc) to
give 100 (736 mg, 82%): 'H NMR (360 MHz, CDCI;) & 8.20 (d, 2H, J = 8.6 Hz, ArH),
7.48 (d, 2H, J=8.6 Hz, ArH), 5.32-5.02 (m, 6H, H-1, H-2, H-3, H-4, p-NO,PhCH>), 4.26
(dd, 1H, J=12.3, 4.8 Hz), 4.11 (dd, 1H,J=12.3, 2.4 Hz), 3.85 (dd, 1H., J=9.6, 6.6 Hz,
OCH,CHy), 3.68 (m, 1H, H-5), 3.45 (dt, 1H, J= 9.6, 6.6 Hz, OCH,CH),), 2.08, 2.02, 1.97
(s, 3H, COCH3), 1.53 (m, 2H, OCH,CH,), 1.30-1.16 (m, 10H, CH; octyl), 0.93 (t, 3H, J
= 7.0 Hz, CHj octyl).

Methyl 3,4,6-tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)- -D-

glucopyranosyl-(1 —6)-2,3,4-tri-O-benzyl-c-D-glucopyranoside (101).

Glycosyl acceptor 97 (116 mg, 0.25 mmol) was

OAc
Azoo’&-’ coupled with imidate donor 96a (235 mg, 0.38
C o)
/NHBnO/ﬁ’ mmol) in the same fashion as for 100 to give
PNZ BnO \
OBn 101 211 mg, 91%): 'H NMR (360 MHz,

101 OCHs
CDCl3) 6 8.07(d, 2H, J = 7.8 Hz, ArH), 7.42-

7.20 (m, 17H, ArH), 5.06-4.72 (m, 8H), 4.70-4.51 (m, 4H), 4.27-3.94 (m, 4H), 3.88-3.45
(m, 6H), 2.05, 2.01, 1.98 (s, 3H, COCHj3); 13C NMR (75 MHz, CDCl3) & 170.63, 170.60,
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169.38 (COCHs3), 154.99 (NHCO), 147.56, 143.30, 138.70, 138.33, 138.06 (aromatic
quart.), 128.51, 128.47, 128.41, 128.31, 128.22, 128.11, 128.06, 128.02, 127.98, 127.95,
127.82, 127.71, 123.63 (aromatic CH), 100.74 (Jc1>-H1® = 160.4 Hz, C-17), 98.06 (Jci1-m1
= 168.5 Hz, C-1), 81.99, 79.80, 77.33, 75.81, 74.73, 73.26, 71.81, 69.50, 68.64 (C-2, C-3,
C-4, C-5, C-3°, C4’, C-5°, PhCH,; x 3), 68.03, 65.41, 62.08 (C-6, C-6’, p-NO,PhCH,),
56.31, 55.24 (C-2°, OCHj), 20.71, 20.62, 20.60 (COCHs3); HR-ESMS caled for
C4gHs54N,017Na (M+Nat) 953.3320, found 953.3348;

Benzyl 3,4,6-tri-O-acetyl-2-dexoy-2-(4-nitrobenzyloxycarbonylamino)-f3-D-
glucopyranosyl-(1—4)-2-acetamido-3,6-di-O-benzyl-2-deoxy-f-D-glucopyranoside (102).

Glycosyl acceptor 98 (125 mg, 0.25 mmol) was

AcO OAS BnO NAAC
n
ACO Om OBn | oupled with imidate donor 96a (250 mg, 0.4

NH 08n

PNZ 102 mmol) in the same fashion as for 100 to give

102 (182 mg, 75%): 'H NMR (360 MHz,

CDCl5) & 8.20 (d, 2H, J = 7.8 Hz, ArH), 7.50-7.20 (m, 17H, ArH), 5.32-4.45 (m, 13H),
4.28-3.45 (m, 9H), 2.03, 1.98, 1.96, 1.94 (s, 3H, COCHs); 13C NMR (CDCl3)
§ 99.4 (Jor-.u1+ = 165.2 Hz, C-1°), 100.6 (Jo1-p1 =159.4 Hz, C-1).

Benzyl 3,4,6-tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)- - D-
glucopyranosyl-(1 —4)-2,3,6-tri-O-benzyl-B-D-glucopyranoside (103).

Glycosyl acceptor 99 (108 mg, 0.2 mmol) was

OAS OBn
AcO’&/BnO 0Bn | coupled with imidate donor 96a (189 mg, 0.3
AcO o (e)

AH OBn mmol) in the same fashion as for 100 to give

PNZ 103
103 (161 mg, 80%): 'H NMR (360 MHz,

CDCl3) & 8.20 (d, 2H, J = 7.8 Hz, ArH), 7.45-7.20 (m, 22H, ArH), 5.17-4.40 (m, 13H),
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4.12-3.24 (m, 11H), 2.00, 1.94, 1.92 (s, 3H, COCH3); 13C NMR (75 MHz, CDCl3)
5 170.59, 170.50, 169.41 (COCH3), 155.18 (NHCO), 147.71, 143.73, 139.22, 138.34,
137.77, 137.41 (aromatic quart.), 128.80, 128.42, 128.23, 128.15, 128.11, 127.90, 127.80,
127.56, 127.25, 127.14, 123.75 (aromatic CH), 102.60 (Jci.y1 = 158.1 Hz, C-l),
100.44 (Jcr>-u1’ = 160.0 Hz, C-1°), 82.70, 81.79, 77.30, 74.86 (2 x C), 74.36, 73.69,
72.56, 71.53, 71.15, 68.40 (C-2, C-3, C4, C-5, C-3°, C4’, C-5’, PhCH; x 4), 68.08,
65.31, 61.77 (C-6, C-6°, p-NO,PhCHy), 56.73 (C-27), 20.61 (3 x C, COCHj3); HR-ESMS
calcd for Cs4HsgN>O17Na (M+Na*) 1029.3633, found 1029.3634.

Benzyl 3,4, 6-tri-O-acetyl-2-deoxy-2-(4-nitrobenzyloxycarbonylamino)-f3-D-
galactopyranosyl-(1 —4)-2,3,6-tri-O-benzyl- -D-glucopyranoside (104).

Glycosyl acceptor 99 (40 mg, 74 umol) was

AP ~OAc OBn
. &O: anosn coupled with imidate donor 96b (70 mg, 111
cO o o
NH OBn
PNZ 104

umol) in the same fashion as for 10@ to give

104 (64 mg, 86%): 'H NMR (360 MHz, CDCls)
5 8.20 (m, 2H, ArH), 7.50-7.20 (m, 22H, ArH), 5.22-4.40 (m, 14H), 4.00-3.45 (m, 10H),
2.08, 1.98, 1.92 (s, 3H, COCH3); 13C NMR (75 MHz, CDCl3) & 102.68 (Jci.u1 = 159.5
Hz, C-1), 100.44 (Joi.u1- = 162.0 Hz, C-1°).

Octyl 2-acetamido-2-deoxy-[-D-glucopyranoside (106).
To a solution of compound 100 (480 mg, 0.80 mmol)
HO OoH o in MeOH (25 mL) was added a freshly prepared
HO OOct methanolic solution of NaOMe (1 mM, 0.3 mL). After
NHAc
106

stirring for 6 h, the reaction mixture was concentrated

to give 105 (372 mg, quant.). A solution of 105 (42
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mg, 89 umol) in MeOH (10 mL) was stirred under a stream of Hj in the presence of 10%
Pd/C (20 mg) and acetic anhydride (0.3 mL) for 2 h. The catalyst was filtered away
through a Millex-GV 0.22 pum filter and the solvent evaporated. The product was purified
on a column of Iatrobeads (6:1 CH>Cl,/MeOH) to yield 106 (29 mg, quant.) as a white
solid: '"H NMR (360 MHz, CD30D) § 4.38 (d, 1H, J = 8.4 Hz, H-1), 3.90-3.83 (m, 2H,
H-6a, OCH,CH,), 3.67 (dd, 1H, J = 11.8, 5.6 Hz, H-6b), 3.61 (dd, 1H, J=10.3, 8.4 Hz,
H-2), 3.48-3.40 (m, 2H, H-3, OCH,CH3), 3.29-3.20 (m, 2H, H-4, H-5), 1.95 (s, 3H,
COCH3), 1.54 (m, 2H, OCH>CH>), 1.40-1.25 (m, 10H, CH; octyl), 0.92 (t, 3H, J=7.0
Hz, CHj octyl); 13C NMR (125 MHz, D,0) § 175.27 (COCHj3), 101.93 (C-1), 76.67,
74.68, 71.34, 70.79 (C-3, C-4, C-5, OCH,CH,), 61.62 (C-6), 56.46 (C-2), 31.91, 29.38,
29.29, 29.15, 25.90, 23.02, 22.82 (CH; octyl, COCH3z), 14.20 (CH3 octyl); HR-ESMS
calcd for CjgH3NOgNa (M+Na'*) 356.2049, found 356.2049.

Benzyl  2-acetamido-3,4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl-(1 —4)-2,3,6-tri-O-

benzyl-B-D-glucopyranoside (112).

A solution of Na;S>04 (35 mg, 0.2 mmol) in

OAc oB
AcO O mno n oBn EtOH-H,O (4:3, 14 mL) was added to a
AcO © O i lution of 102 (25 25 1) i
NHAC oBn stirred solution o (25 mg, pmol) in
112
CH3CN (10 mL). After 1h, TLC indicated

that the PNZ group was removed. Acetic anhydride (0.2 mL) was added to the solution
and stirring continued for another 1h. After dilution with EtOAc, the organic layer was
washed with water, dried (Na;SQy), filtered, concentrated and submitted to column
chromatography (1:5 hexanes/EtOAc) to give 112 (19 mg, 86%): 'H NMR (500 MHz,
CDsCl) 6 4.4.98-4.88 (m, 4H, H-3°, H-4’, PhCH>), 4.83 (d, 1H, J=11.0 Hz, PhCH5) 4.81
(d, 1H, J = 12.1 Hz, PhCH,), 4.79 (d, 1H, J=9.3 Hz, NH), 4.74 (d, 1H, J = 11.6 Hz,
PhCH,), 4.62 (d, 2H, J=11.5 Hz, PhCH>), 4.55 (d, 1H, J= 8.4, H-1), 445 (d, 1H, J =
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12.6 Hz, PhCHp), 4.44 (d, 1H, J = 7.6 Hz, H-1°), 4.05 (dd, 1H, J = 12.3, 4.3 Hz, H-6’a),

3.90-3.80 (m, 3H, H-4, H-2°, H-6’b), 3.64 (m, 2H, H-6a, H-6b), 3.54 (t, 1H, J= 8.9 Hz,
H-3), 3.44 (dd, 1H, J= 8.9, 8.4 Hz, H-2), 3.40-3.33 (m, 2H, H-5, H-5"), 1.98, 1.96, 1.90,

1.71 (s, 3H, COCHj3); 13C NMR (125 MHz, CDCI3) & 170.76, 170.60, 169.84, 169.27

(COCH3), 139.31, 138.35, 137.86, 137.40 (aromatic quart.), 128.85, 128.75, 128.58,

128.39, 128.18, 128.11, 128.07, 127.88, 127.77, 127.49, 127.16, 127.03 (aromatic CH),

102.55 (Jer-urr =159.2 Hz, C-1), 100.48 (Jc1.41 = 161.8 Hz, C-1), 82.73, 81.82, 77.51,
74.87, 74.82, 74.27, 73.90, 72.98, 71.56, 71.13, 68.38, 68.21, 61.82 (C-2, C-3, C-4, C-5,

C-6, C-3°, C-4’, C-5°, C-6’, PhCH; x 4), 54.68 (C-2’), 23.12, 20.60, 20.59 (COCHj;);

HR-ESMS calcd for C4gH5sNO4Na (M+Na*) 8§92.3520, found 892.3522.

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(2-nitrobenzenesulfonylamino)- o-D-glucopyranose

(113).
OAc
AcO 0

AcO
NH
OAc
ONS
113

D-Glucosamine hydrochloride (6.48 g, 30 mmol) was added to
a freshly prepared solution of sodium methylate, obtained by
reaction of methanol (150 mL) and sodium (0.69 g, 30 mmol).
The solution was stirred at rt for 10 min. After filtration, 2-

nitrobenzenesulfonyl chloride (6.65g, 30 mmol) and

triethylamine (4.2 mL, 30 mmol) were added to the filtrate at 0 °C. The reaction was

stirred overnight while it was allowed to warm up to rt. The mixture was concentrated,

dried over vacuum. The resulting residue was dissolved in acetic anhydride (30 mL) and

pyridine (30 mL). After stirring for 24 h, the reaction mixture was concentrated. The

resulting residue was dissolved in CH,Cl,, washed with dilute HCI, water and brine,

dried (Na;S0O,), filtered, concentrated and submitted to column chromatography (5:4

hexanes/EtOAc) to give 113 (8.4 g, 53%) as a pale yellow crystalline: 'H NMR (300
MHz, CDCl3) 6 8.12 (m, 1H, ArH), 7.83 (m, 1H, ArH), 7.78-7.72 (m, 2H, ArH), 5.79
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(d,1 H, J=3.8 Hz, H-1), 5.70 (d, 1H, J=10.2 Hz, NHCO), 5.29 (t, 1H, J = 9.6 Hz, H-3),
5.10 (t, 1H, J = 9.6 Hz, H-4), 4.25 (dd, 1H, J = 13.0, 4.5 Hz, H-6a), 4.09 (dd, 1H, J =
13.0, 7.0 Hz, H-6b), 3.95 (m, 1H, H-5), 3.90 (ddd, 1H, J=10.2, 9.6, 3.8 Hz, H-2), 2.10,
2.04, 1.99, 1.90 (s, 3H, COCHj3); HR-ESMS calcd for CyoH4N2013NaS (M+Na*)
555.0897, found 555.0893.

3,4,6-Tri-O-acetyl-2-deoxy-2-(2-nitrobenzenesulfonylamino)-3-D-glucopyranosyl

trichloroacetimidate (114)

on To a solution of 113 (3.04 g, 5.7 mmol) in dry THF (30
(o4

AcO Q mL) was added benzylamine (0.66 mL, 6.3 mmol). After

AcO
\H stirring for 2 days, the reaction mixture was concentrated.

dns ©>c=NH | The resulting residue was dissolved in CH,Cl, (50 mL),

114 CClz and K>CO3 (3.06 g) and CCI3CN (5.55 mL) were added.

The mixture was stirred for 14 h. After dilution with CH,Cl,, the mixture was filtered
through a Celite pad. The filtrate was concentrated and submitted to chromatography (5:4
hexanes/EtOAc) to give 114 (1.8 g, 50%) as pale yellow crystals: 'TH NMR (300 MHz,
CDCl3) 8 8.62 (s, 1 H, C=NH), 8.19 (m, 1H, ArH), 7.87 (m, 1H, ArH), 7.80-7.70 (m, 2H,
ArH), 6.20 (d, 1H, J=3.7 Hz, H-1), 5.74 (d, 1H, J=9.4 Hz, NH), 5.34 (t, 1H, /= 9.6 Hz,
H-3), 5.15 (t, 1H, J = 9.6 Hz, H-4), 4.24 (dd, 1H, J=12.3, 4.0 Hz, H-62), 4.14-4.01 (m,
3H, H-2, H-5, H-6b), 2.04, 2.01, 1.80 (s, 3H, COCHj3); 13C NMR (75 MHz, CDClI;)
8 170.49, 170.34, 169.38 (COCHj3), 160.22 (C=NH), 147.66, 134.72 (aromatic quart.),
133.94, 133.44, 130.35, 125.63 (aromatic CH), 94.44 (C-1), 90.46 (CCl3), 70.26, 69.87,
67.66 (C-3, C-4, C-5), 61.32 (C-6), 55.98 (C-2), 20.67, 20.56, 20.36 (COCH3); HR-
ESMS calcd for CooH75N301,NaSCl; (M+Nat) 655.9887, found 655.9891.
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1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(4-nitrobenzenesulfonylamino)-a-D-glucopyranose

(116).

D-Glucosamine hydrochloride (10.8 g, 50 mmol) was added

OAc
ACO o to a freshly prepared solution of sodium methylate, obtained
AcO by reaction of methanol (200 mL) and sodium (1.15g, 50

NH
p/N s OAc | mmol). The solution was stirred at rt for 10 min. After

116

filtration, 2-nitrobenzenesulfonyl chloride (11.08g, 50 mmol)
and pyridine (4.1 mL, 50 mmol) were added to the filtrate at 0 °C. The reaction was
stirred overnight while it was allowed to warm up to rt. The mixture was then
concentrated, dried over vacuum. The resulting residue was dissolved in acetic anhydride
(30 mL) and pyridine (30 mL). After stirring for 24 h, the mixture was concentrated. The
resulting residue was dissolved in CH;Cl,, washed with dilute HCl, water and brine,
dried (Na;SQO,), filtered, concentrated and submitted to column chromatography (3:2
hexanes/EtOAc) to give 116 (9.0 g, 34%) as a pale yellow crystalline: 'H NMR (300
MHz, CDCl;) 8 8.35 (m, 2H, ArH), 8.01 (m, 2H, ArH), 6.01 (d, 1H, J = 3.7 Hz, H-1),
5.42 (d, 1H, J=9.6 Hz, NHCO), 5.18 (t, 1H, J= 9.6 Hz, H-3), 5.09 (t, IH, J=9.6 Hz, H-
4), 4.24 (dd, 1H, J=12.7, 4.2 Hz, H-6a), 3.99 (dd, 1H, J=12.7, 2.4 Hz, H-6b), 3.94 (m,
1H), 3.74 (ddd, 1H, J = 9.6, 9.6, 3.7 Hz), 2.13, 2.05, 1.99, 1.80 (s, 3H, COCHj3); 13C
NMR (125 MHz, CDCl3) & 171.19, 170.58, 169.11, 168.28 (COCHyj;), 150.33, 146.19
(aromatic quart.), 128.27, 124.63 (aromatic CH), 90.57 (C-1), 70.13, 69.63, 67.44 (C-3,
C-4, C-5), 61.31 (C-6), 55.30 (C-2), 20.78, 20.67, 20.50, 20.49 (COCHj3); HR-ESMS
caled for CyoH4N2013NaS (M+Nat) 555.0897, found 555.0903.
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3,4,6-Tri-O-acetyl-2-deoxy-2-(4-nitrobenzenesulfonylamino)- 3-D-glucopyranosyl

tichloroacetimidate (118).

AcO
AcO

OAc
(o)

NH

PNS
118

0]

\CéNH

CCl3

To a solution of 116 (3.3 g, 6.2 mmol) in DMF (30 mL)
was added hydrazine acetate (0.68g, 7.4 mmol). The
reaction was stirred at 50 °C for 8 h. The reaction mixture
was diluted with EtOAc, washed with brine, dried

(Na,S0,), filtered, concentrated and submitted to column

chromatography (1:2 hexanes/EtOAc) to give 117 (1.2 g, 40 %). To a suspension of

K,CO;3 (1.1g, 8.0 mmol) in CH,Cl, (20 mL) were added 117 (1.0 g, 2.04 mmol) and

CCI5CN (2.05 mL, 20.4 mol). The mixture was stirred overnight. After dilution with

CH,Cl», the mixture was filtered through a Celite pad. The filtrate was concentrated and

submitted to chromatography (5:4 hexanes/EtOAc) to give 118 (290 mg, 25%) as a pale

yellow crystalline: 'H NMR (360 MHz, CDCl;) & 8.69 (s, 1 H, C=NH), 8.32 (m, 2H,
ArH), 8.08 (m, 2H, ArH), 6.12 (d, 1H, J= 3.5 Hz, H-1), 5.65 (d, 1H, J= 8.4 Hz, NHCO),

4.94 (dd, 1H, J=10.1, 9.6 Hz, H-3), 4.22 (dd, 1H, J=12.6, 4.7 Hz, H-6a), 4.06-3.98 (m,

2H, H-5, H-6b), 3.73 (m, 1H, H-2), 2.09, 2.01, 1.99 (s, 3H, COCH3).
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Chapter 7

Studies on the Synthesis of B-Glycosides without Neighboring Group
Participation

7.1. Introduction

Most of the methods for the synthesis of B.-glycosides developed so far rely on the
assistance of neighboring group. However, these methods are not applicable to some
sugars including mannose, rhamnose and 2-deoxy sugar derivatives. Furthermore, the
stereoselectivity and yield are often affected by various factors including the leaving
group and promoter, reactivity of donor and acceptor, the presence of a participating or

non-participating neighboring group and solvent [126].

In 1988, both the Kahne group [187] and the Crich group [188] independently
reported the highly stereoselective synthesis of 2-deoxy-B-glycosides via alkoxy-
substituted anomeric radicals (Figure 7.1). The p-stereoselectivity was explained as being
due to the high stability of the a-anomeric radical which can maximize the overlap with
the lone pair of both the ring oxygen and the oxygen atom on the alkoxy substituent [187,
189]. We were attracted to this approach because the preparation of B-glycosides can be
dissected into two independent processes: formation of mixed orthoester that includes the
new glycosidic bond, and radical reduction which generates [B-stereoselectivity. If
efficient methods for the preparation of mixed orthoester (Figure 7.2) can be established,
the ultimate goal of making f-glycosides in high yield and high stereoselectivity can be
achieved. Such an approach should be generally applicable to the synthesis of all types of

B-glycosides since it is independent of the presence of a neighboring group.
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Kahne et al.
OBn OBn
(o) O
BnO CH3l, MeOH BnO N
BnO > BnO SCH
Bno S DTBMP, refluxing BnO 3
OBn OBn
(@]
BnO Bu3SnH, AIBN BnO °
BnO OCH3 = BnO SCHs3
0OBn
BrO G,
\ 0Bn /
BnO °
BnO OCHg
BnO
Crich and Ritchie
OBn

BnO 0 OBn
BnO OCHg hv/RSH  BnO Q
BnO OCHg3
cl> o]
N s \ OBn
[;&;Iﬁ BrO Q
BnO—\. OCHs

Figure 7.1. Synthesis of B-glycosides via alkoxy substituted anomeric radicals.

The previous work [187] only reported the preparation and reactions of hemithio-
orthoesters of primary alcohols such as methanol. The objective of our studies was to see
whether an efficient method to make hemithio-orthoesters of more complex sugar

alcohols was plausible.
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Figure 7.2. Schematic representation of the objective of the project.

7.2. Synthetic Studies

Lactones 120-122 were easily prepared by oxidation of their corresponding
hemiacetals with PCC [190]. The thionation of the lactones with Lawesson's reagent
[191], however, resulted in the very low yields. The Gal thionolactone 123 was obtained
in only 20% yield. The Glc thionolactone 124 could not be purified from the reaction
mixture was encountered, and the reaction of mannose derived lactone 122 with

Lawesson's reagent failed completely (Figure 7.3).

The synthesis of hemithio-orthoesters from thionolactone 123 was attempted
using the method reported by Kahne et al. [187] which involved the methylation of
thionolactones and trapping of the intermediate oxathienium ions with alcohols as shown

in Figure 7.1. Instead of using methyl iodide as the solvent at reflux, we tried
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dimethyl(methylthio)sulfonium triflate (DMTST) [192, 193] and methyl triflate (MeOTTf)
[193, 194] as thio-activating agents. However, as shown in Figure 7.4, in both cases the
reaction did not give the desired adduct. We therefore tried the direct nucleophilic

addition of alkoxide to the thionolactone followed by the trapping of thiolate intermediate

with methyl iodide (Figure 7.5).
OBn _oBn OBn _oBn
) o]
BnO =~ Lawesson's reagent BnO ~
OBn o (20%) OBn S
120 123
OBn OBn
BnO 0 Lawesson's reagent BnO 0
BnO ~ BnO ~
oBn © oBn
121 124 (notisolated)
OBn OBn
OBn OBn
-~ -0
BnO Q Lawesson's reagent  // BnO
BnO S 7 BnO ~g
122 o 125

s S
H co—@-P/ \g‘QOCH
? N\~ ®
S S
(Lawesson's reagent)

Figure 7.3. Preparation of the thionolactone 123.

The required alkoxide was prepared by the deprotonation of 97 with sodium
hydride in THF. Mixing of the alkoxide and 123 followed by addition of methyl iodide
provided the desired adduct 126, the only isomer isolated, in 47% yield (Figure 7.5). The
stereochemistry at the newly formed anomeric center was confirmed by NOE studies,

where no direct NOEs were observed between H-3 and thiomethyl protons.
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1. DMTST
2.4 AMS/CHyCl

0Bn _0Bn @Bn
© /% SCH
BnO
s

S
OBn OCH,
123 BnO
1.DTBMP /4 AMS ICH2C12
2. MeOTf OBn
OCHs
OCHj3;
Figure 7.4. Attempt to prepare the hemithio-orthoester 126.
%
OBn OBn
o
BnO
OBn
123 OCH3 OCH3

NaH, THF, 5 min CH3l, 30 min | (47%)

BnO &rscm
BnO
OBn
97 OCHs BnO&‘

OCHs3

Figure 7.5. Preparation of the hemithio-orthoester 126.
The reaction of thionolactone 123 and a hindered C-3 alkoxide, however, gave the

product 127 in only 28% yield. No desired adduct was formed in the reaction of 123 with
the much more hindered C-4 alkoxide (Figure 7.6). The low yield of the reactions may be
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due to the elimination and other side reactions caused by the basicity of the alkoxides
coupled with steric hindrance to nucleophilic attack.

O8n OBn

Ph/v
OBn _oBn . OCHz BnO SCH3
& OC”
3
BnO oS 2. CH31/ 30 min
n
Ph
123 (28%) \b
127
Bn _oBn
OBn o8B
& Bm %SC%
BnO
oBn S 2 CHyl OOct
123 OBn
128

Figure 7.6. Reaction of thionolactone 123 with secondary alkoxides.

The low yields and difficulties encountered in the preparation of hemithio-
orthoesters forced us to consider other approaches. It was thought that the intramolecular
cyclization by nucleophilic addition of anionic O-5 to the thionoester could be facile
(Figure 7.7). In this approach, the aldose is oxidized to aldonic acid, and the glycosidic C-
O bond is established via esterification of the aldonic aid with an alcohol acceptor [195].
Thionation, selective deprotection at O-5, and ring-closure could finally provide the
hemithio orthoester. One advantage of this approach is that the esterification-
glvcosylation could be optimized to give high yields using well-established methods for

ester and amide coupling.
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(0]
WO oxidation D/

PO/\)A"‘-\‘_ PO \/\"/ H
: o)
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S 0]

deprotection

Q
@) . O
1
N———" \ ring-closure poD/

Po’/\}\n,ora OR
S SCH,
reduction

O
PO‘D/ OR

Figure 7.7. Schematic representation of the intramolecular cyclization approach

to hemithio-orthoesters.

Simple methyl and ethyl gluconates were investigated as model compounds
(Figure 7.8). Lactone opening with methanol or ethanol was found to have low yields as
the acyclic product and the lactone tend to form an equilibrium in the reaction [196].
During the work-up, the evaporation of methanol or ethanol solvent was carried out at the
low temperature to reduce the cyclization of the formed acyclic product. The products
were immediately reacted with TBS-Cl and imidazole in DMF to give 129 (26%, two
steps) and 130 (20%, two steps). The TBS (terr-butyldimethylsilyl) group was chosen to

protect the OH-5 since it is compatible with Lawesson's reagent and can be selectively
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removed without affecting the benzyl groups. The thionation of 129 and 130 with

Lawesson's reagent, however, provided the thionoesters, once again, in unacceptably low

yields. The attempted removal of the silwl group using TBAF also failed.

Oy _OR
OBn 1. MeOH, rt OBn
BnO Q or EtOH, reflux BnO Lawelsson’s ret:«]xgem,
toluene, reflux
BnO on \O 2. TBS-CL, OBn
n Imidazole, DMF oTBS
121 OBn
129, R=Me, 26%
130, R=Et, 20%
Sy _OR
OBn OB"O
BnO BnO
OBn TBAF. CH;I/{/ BnO OR
oTBS 0Bn ' o
OBn 133 3

131, R=Me, 5%
132, R=Et, 16%

Figure 7.8. Preparation of the glucothionates 131 and 132.

@) OMe
N
BnO OBn
0] ——OBn
. MeOH, rt N BnO—
BrO o — o
OBn (0] 2. TBS-Cl, imidazole,
DME ——QOTBS
120
(20%)
———OBn
134
S OMe
) g
Lawesson's reagent L 0OBn
toluene, reflux 7
7/ BnO—
BnO—]
——QTBS
——OBn

135

Figure 7.9. Attempt to prepare the galactothionate 135.
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Methyl galactonate 134 was also prepared in the same fashion as for the glucose
derivatives (Figure 7.9). Unfortunately, the thionation with Lawesson's reagent failed
completely. As studied by Lawesson and co-workers [197], and Nicolaou ez al. [198],
other thionating agents like Belleau's regent [199], Yokoyama’s reagent [200] and Davy's
reagent [201] do not result in significantly improved yields. At this point, we did not try
other thionating agents, and the low yield in the thionation step made it difficult to carry

out further studies.

Despite the attractive features of the potential high-yielding esterification-
glycosylation and stereocontrolled reduction of hemithio orthoester, the results obtained
in this exploratory work suggest that the synthesis of B-glycosides from the hemithio-
orthoesters will not be practical until better thionation chemistry is developed.

7.3. Experimental
Generai methods were the same as described in Chapter 2.

2,3,4,6-Tetra-O-benzyl-D-galactono-1,5-thionolactone (123).

A mixture of 2,3,4,6-tetra-O-benzyl-D-galactono-1,5-lactone

OBn _oBn
o 120 (1.5 g, 2.8 mmol), Lawesson’s reagent (2.2 g, 5.6 mmol)
BnO o and 3 A MS (2.5 g) in toluene (40 mL) was refluxed for 4 h. The
OBn
123 reaction mixture was filtered through a Celite pad and washed

with CH>Cl,. The filtrate was concentrated and submitted to
column chromatography (15:1 hexanes/EtOAc) to give 123 (250 mg, 24%): 'H NMR
(300 MHz, CDCl3) 6 7.42-7.20 (m, 20H, ArH), 5.22 (d, 1H, J = 10.7 Hz, PhCH>), 4.95
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(d, 1H, J = 11.5 Hz, PhCH>), 4.78 (d, 1H, J=10.7 Hz, PhCH>), 4.72 (d, 1H, J = 11.9 Hz,
PhCHb), 4.65 (d, 1H, J = 11.4 Hz, PhCH>), 4.63 (d, 1H, J = 11.9 Hz, PhCH>), 4.56- 4.45
(m, 4H, PhCH,, H-2, H-5), 4.22 (t, 1H, J= 2.2 Hz), 3.86-3.78 (m, 3H, H-3, H-6a, H-6b);
13C NMR (125 MHz, CDCl3) & 217.96 (C=S), 137.83, 137.73, 137.53, 137.40 (aromatic
quart.), 128.71, 128.49, 128.47, 128.36, 127.99, 127.96, 127.90, 127.84, 127.58 (aromatic
CH), 83.69, 81.62, 79.85, 75.02, 74.59, 73.67, 72.58, 72.51 (PhCH, x 4, C-2, C-3, C-4,
C-5), 67.33 (C-6); HR-ESMS caled for CssH3sOsNaS (M+Na*) 577.2025, found
577.2026.

Methyl 2,3,4,6-tetra-O-benzyl-1-thiomethyl-a-D-galactopyranosyl-(1 —4)-2, 3,4-tri-O-

benzyl-a-D-glucopyranoside (126).

OBn Sodium hydride (12 mg, 60% dispersion in mineral

OBn
Q oil, 0.25 mmol) was added to a solution of
BnO SCH3
OBn/ compound 97 (94 mg, 0.20 mmol) in THF (3 mL).
BnO Q The mixture was stirred at rt for 5 min. A solution
8nO

OBn of 123 (140 mg, 0.25 mmol) in THF (3 mL) was

126 OCH3

then added. After 15 min, CH3I was added to the

reaction and stirring continued for another 20 min. The reaction mixture was concentrated
and submitted to column chromatography (10:1 hexanes/EtOAc) to give 126 (98 mg,
47%): 'H NMR (500 MHz, CDCl3) & 7.40-7.20 (m, 35 H, ArH), 498 (d, 1H, J=11.1
Hz, PhCH,), 4.97 (d, 1H, J = 11.1 Hz, PhCH>), 4.96 (d, 1H, J = 10.6 Hz, PhCH,), 4.88
(d, 1H,J=11.1 Hz, PhCH>), 4.86 (d, 1H, J=11.6 Hz, PhCH,), 4.79 (d, 1H, J= 3.5 Hz,
H-1),4.78 (d, 1H, J=12.2 Hz, PhCH,), 4.77 (d, 1H, J=10.6 Hz, PhCH>), 4.73 (d, 1H, J
= 12.2 Hz, PhCH,), 4.70 (t, 2H, J = 8.0 Hz, PhCH>), 4.62 (d, 1H, J = 11.4 Hz, PhCH,),
4.54 (d, 1H, J=11.2 Hz, PhCH>), 4.50 (d, 1H, J = 12.0 Hz, PhCH,), 4.48 (d, IH, J =
12.0 Hz, PhCH>), 4.22 (d, 1H, J = 10.0 Hz, H-2"), 4.12-4.06 (m, 3H, H-6a, H-4’, H-5"),
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4.00 (dd, 1H, J = 10.0, 2.8 Hz, H-3), 3.89 (t, 1H, J = 9.1 Hz, H-3), 3.80 (m, 1H, H-5),
3.67 (dd, 1H, J = 10.8, 7.4, H-6b), 3.59 (dd, 1H, J = 6.4, 3.1 Hz, H-6"a), 3.53-3.49 (m,
2H, H-2, H-6’b), 3.34 (dd, 1H, J = 10.2, 8.8 Hz, H-4), 3.28 (s, 3H, OCHj3), 2.09 (s, 3H,
SCH;); 13C NMR (75 MHz, CD;COCDs) 8 140.16 (2 x C), 140.00, 139.80, 139.72,
139.61 (2 x C) (aromatic quart.), 129.09, 129.07, 129.04, 128.98, 128.87, 128.56, 128.55,
128.47, 128.37, 128.30, 128.24, 128.16, 128.12, 128.00 (aromatic CH), 109.76 (C-1°),
98.13 (C-1), 83.51, 82.86, 81.33, 80.67, 79.48, 75.99, 75.85, 75.78, 75.38, 75.29, 73.47,
72.94, 72.83 (2 x C), 70.52 (PhCH, x 7, C-2, C-3, C-4, C-5, C-2’, C-3*, C-4’, C-5°),
69.66, 63.18 (C-6, C-67), 55.06 (OCH3), 12.77 (SCH;); HR-ESMS caled for
Ce3HsgO11NaS (M+Na+) 1055.4380, found 1055.4385.

Methyl  2,3,4, 6-tetra-O-benzyl-1-thiomethyl-a-D-galactopyranosyl-(1 —4)-2-O-benzyl--
4,6-0-benzylidene-(-D-glucopyranoside (127).

Sodium hydride (8 mg, 60% dispersion in
OBn__0OBn
o} mineral oil, 0.20 mmol) was added to a solution
BnO SCHs .

OBn OBn of compound methyl 4,6-O-benzylidene-$-D-

o) OCHj
o) 3 glucopyranoside (58 mg, 0.16 mmol) in THF (3

Ph\ﬁ

127 mL). The mixture was stirred at rt for 5 min. A

solution of 123 (120 mg, 0.22 mmol) in THF (3
mL) was then added. After 15 min, CHsI was added to the reaction and stirring continued
for another 20 min. The reaction mixture was concentrated and submitted to column
chromatography (10:1 hexanes/EtOAc) to give 127 (42 mg, 28%): 'H NMR (300 MHz,
CDyClp) & 7.60-7.00 (m, 30 H, ArH), 5.57 (s, 1H, PhCH), 4.92 (d, 1H, J=11.5 Hz,
PhCH,), 4.86 (d, 1H, J = 12.0 Hz, PhCH>), 4.84 (d, 1H, J = 12.2 Hz, PhCH>), 4.82 (d,
1H, J=11.5 Hz, PhCH,), 4.76 (d, 1H, J = 12.2 Hz, PhCH,), 4.72 (dd, 1H, J = 8.3, 5.0
Hz, H-3), 4.64-4.50 (m, 4H, PhCH>, H-1), 4.38-4.20 (PhCH,, H-6a, H-2’, H-5), 4.00-
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3.94 (m, 2H, H-4, H-4’), 3.90 (dd, 1H, 10.0, 2.6 Hz, H-3"), 3.76 (t, 1H, J = 5.0 Hz, H-2),
3.73-3.68 (m, 2H, H-5, H-6b), 3.50 (dd, 1H, J= 8.9, 7.6 Hz, H-6"a), 3.37 (s, 3H, OCH3),
3.35 (dd, 1H, J = 89, 3.3 Hz, H-6b), 2.16 (s, 3H, S<CHj3); 13C NMR (75 MHez,
CD3;COCD3) 6 139.53, 139.31, 139.20, 138.66, 138.14 (arommatic quart.), 129.01, 128.63,
128.58, 128.52, 128.30, 128.13, 128.04, 127.93, 127.84, 127.68, 127.63, 127.48, 126.81
(aromatic CH), 111.13 (C-1°), 103.01, 101.83 (C-1, PhCH), 80.67, 80.49, 80.23, 79.98,
75.64, 75.20, 75.05, 74.87, 73.48, 72.84, 72.25, 69.82, 68.63, 65.22 (PhCH, x 5, C-2, C-
3,C-4, C-5, C-6, C-2°, C-3°, C-4°, C-5°, C-6), 56.33 (OCHI3), 13.55 (SCH3); HR-ESMS
calcd for Cs6HgpO ;1 NaS (M+Na™) 963.3754, found 963.374-3.

Methyl 2,3,4, 6-tetra-O-benzyl-5-O-tert-butyldimethylsilyl-D-gluconate (129).

O, OMe A solution of 121 (3.88 g, 7.21 mmnol) in MeOH (10 mL) was
oBn stirred at rt for 14 h. The mixture was concentrated at low

Bn0 OBn temperature. The resulting residue wa:s dissolved in DMF (15 mL),
g::s and tert-butyldimethylsilyl chloride (2.20 g, 14.4 mmol) and

123 imidazole (1.70 g, 24.9 mmol) -were added. After stirring

overnight, the reaction mixture was concentrated and submitted to column
chromatography (15:1 hexanes/EtOAc) to give 129 (1.31 g 26%): 'H NMR (360 MHz,
CDCl3) 6 7.40-7.20 (m, 20H, ArH), 4.82 (d, 1H, J=11.2 Hz, PhCH>), 4.80 (d, 1H, J=
11.5 Hz, PhCH,), 4.78 (d, 1H, J = 11.1 Hz, PhCH)), 4.70 (d, 1H, J = 11.1 Hz, PhCH>),
4.55 (d, 1H, J=11.5 Hz, PhCH), 4.48-4.42 (m, 3H, PhCH=>), 4.26 (d, 1H, /= 3.5 Hz, H-
2), 4.12 (dd,1 H, J = 7.3, 3.5 Hz, H-3), 4.01 (m, 1H, H-5), 3.95 (dd, 1H, J= 7.3, 3.4 Hz,
H-4), 3.74 (dd, 1H, J = 9.6, 5.3 Hz, H-6a), 3.54 (s, 3H, OCHI3), 3.46 (dd, 1H, J=19.6,5.3
Hz, H-6b), 0.86 (s, 9H, C(CHj3);), 0.04, 0.01 (s, 3H, SiCH3)z 13C NMR (75 MHz, CDCl3)
6170.92 (C=0), 139.15, 138.59, 138.32, 137.35 (aromatic quart.), 128.35, 128.32,
128.31, 128.28, 128.20, 127.99, 127.82, 127.66, 127.46, 127.34 (aromatic CH), 82.05,
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80.06, 79.17, 75.08, 75.00, 73.40, 73.34, 73.07, 71.84 (PhCH; x 4, C-2, C-3, C-4, C-5, C-
6), 51.59 (OCHj3), 25.88 (C(CH3)3), 18.09 (C(CH3)3), -4.53, -4.72 (SiCH3); HR-ESMS
calcd for C4;Hs207NaSi (M+Nat) 707.3380, found 707.3383.

Ethyl 2,3,4,6-tetra-O-benzyl-5-O-tert-butyldimethylsilyl-D-gluconate (130).

o, _OEt A solution of 121 (450 mg, 0.84 mmol) in EtOH (40 mL) was
OBn refluxed for 2 days. The mixture was concentrated at low

B0 OBn temperature. The resulting residue was dissolved in DMF (4 mL),
g;‘:s and tert-butyldimethylsilyl chloride (253 mg, 1.68 mmol) and

130 imidazole (114 mg, 1.68 mmol) were added. After stirring

overnight, the reaction mixture was concentrate and submitted to column chromatography
(10:1 hexanes/EtOAc) to give 130 (120 mg, 20%): 'H NMR (300 MHz, CDCI3) 6 7.40-
7.20 (m, 20H, ArH), 4.82 (d, 1H, J=11.3 Hz, PhCH>), 4.80 (d, 1H, J=11.3 Hz, PhCH>),
475 (d, 1H, J = 11.2 Hz, PhCH,), 4.68 (d, 1H, J = 11.2 Hz, PhCH>), 4.55 (d, 1H, J =
11.4 Hz, PhCH>), 4.44 (d, 1H, J = 11.2 Hz, PhCHa), 4.42 (t, 2H, J = 12.2 Hz, PhCH>),
425 (d, 1H, J = 3.5 Hz, H-2), 4.14-3.90 (m, 5H, H-3, H-4, H-5, CH>CH3), 3.71 (dd, 1H,
J=9.7,5.1 Hz, H-6a), 3.44 (dd, 1H, J= 9.7, 5.4 Hz, H-6b), 1.13 (t, 3H, CH,CHs3), 0.84
(s, 9H, C(CH3)3), 0.024, 0.004 (s, 3H, SiCH3); 13C NMR (75 MHz, CDCl3) 8 170.50
(C=0), 139.16, 138.72, 138.38, 137.47 (aromatic quart.), 128.40, 128.30, 128.20, 128.16,
128.04, 127.98, 127.81, 127.64, 127.49, 127.39, 127.34 (aromatic CH), 82.05. 80.24,
79.31, 75.18, 74.95, 73.50, 73.32, 71.92 (PhCH; x 4, C-2, C-3, C-4, C-5, C-6), 60.82
(CH,CH3j), 25.93 (C(CHj3)s, 18.11 (C(CHs)s), 14.19 (CH,CH3), -4.48, -4.68 (SiCH3z);
HR-ESMS calcd for C42Hs5407NaSi M+Na*) 721.3536, found 721.3532.
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Methyl 2,3,4,6-tetra-O-benzyl-5-O-tert-butyldimethylsilyl-D-glucothionate (131).

S OMe A mixture of 129 (710 mg, 1.04 mmol), Lawesson’s reagent (840
OBn mg, 2.08 mmol) and 3 A MS (900 mg) in toluene (70 mL) was

Bno OBn refluxed for 12 h. The reaction mixture was filtered through a
g;:s Celite pad and washed with CH,Cl;. The filtrate was concentrated

131 and submitted to column chromatography (15:1 hexanes/EtOAc) to

give 131 (32 mg, 5%): 'H NMR (300 MHz, CDCl3) § 7.40-7.20 (m, 20H, ArH), 4.73 (4,
1H, J=11.2 Hz, PhCH,), 4.71 (d, 1H, J=11.4 Hz, PhCH>), 4.70 (d, 1H, J=11.4 Hz,
PhCH,), 4.63 (d, 1H, J = 11.3 Hz, PhCH)), 4.60 (d, 1H, J = 11.3 Hz, PhCH>), 4.56 (d,
1H, J=4.7 Hz, H-2), 4.46-4.38 (m, 3H, PhCH>), 4.16 (dd, 1H, J= 6.2, 4.7 Hz, H-3), 3.99
(m, 1H, H-5), 3.94 (s, 3H, OCH3), 3.80 (dd, 1H, J=6.2, 3.4 Hz, H-4), 3.74 (dd, 1H, J =
9.8, 4.4 Hz, H-6a), 3.48 (dd, 1H, J= 9.8, 6.0 Hz, H-6b), 0.85 (s, 9H, C(CHj3)3), 0.016, -
0.011 (s, 3H, SiCHj3;); 13C NMR (75 MHz, CDCl3) & 75 MHz, CDCl3) 6 219.85 (C=S),
139.11, 138.55, 138.43, 137.43 (aromatic quart.), 128.48, 128.37, 128.28, 128.18, 128.13,
127.90, 127.80, 127.72, 127.45, 127.31 (aromatic CH), 87.73, 82.40, 81.67, 75.59, 74.95,
73.66, 73.29, 72.96, 71.95 (PhCH; x 4, C-2, C-3, C-4, C-5, C-6), 58.73 (OCH3s), 25.95
(C(CH3)3), 18.15 (C(CHs3)3), -4.37, -4.68 (SiCH3); HR-ESMS calcd for C41Hs206NaSiS
(M+Na*) 723.3152, found 723.3149.

Ethyl 2,3,4,6-tetra-O-benzyl-5-O-tert-butyldimethylsilyl-D-glucothionate (132).

S _OEt A mixture of 130 (60 mg, 86 pmol), Lawesson’s reagent (100 mg,
OBn 0.24 mmol) and 3 A MS (100 mg) in toluene (5 mL) was refluxed

oo OBn for 40 h. The reaction mi.xture was filtered through a Celite pad
g’;is and washed with CH,Cl,. The filtrate was concentrated and

132 submitted to column chromatography (15:1 hexanes/EtOAc) to
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give 132 (10 mg, 16%): 'H NMR (300 MHz, CDCls) § 7.40-7.20 (m, 20H, ArH), 4.74 (d,
1H, J=11.3 Hz, PhCHb), 4.73 (d, 1H, J = 11.3 Hz, PhCHy), 4.70 (d, 1H, J = 11.8 Hz,
PhCHy), 4.63 (d, 1H, J = 11.1 Hz, PhCHp), 4.62 (4, 1H, J = 11.3 Hz, PhCH>), 4.56 (d,
1H, J= 4.8 Hz, H-2), 4.46-4.38 (m, 3H, PhCH,, CH>CH3) , 4.18 (dd, 1H, J=6.2, 4.7 Hz,
H-3), 3.99 (m, 1H, H-5), 3.82 (dd, 1H, J = 6.1, 3.3 Hz, H-4), 3.75 (dd, 1H, J = 9.8, 4.3
Hz, H-6a), 3.49 (dd, 1H, J = 9.8, 6.0 Hz, H-6b), 1.14 (t, 3H, CH,CHj3), 0.82 (s, 9H,
C(CHj3)3), 0.02, 0.004 (s, 3H, SiCHs); 13C NMR (75 MHz, CDCl3) §219.27 (C=S),

139.17, 138.73, 138.47, 137.56 (aromatic quart.), 128.86, 128.40, 128.29, 128.18, 128.10,

127.86, 127.79, 127.71, 127.45, 127.40, 127.30 (aromatic CH), 82.88, 82.62, 81.95,

75.69, 74.97, 73.63, 73.27, 72.90, 71.95, 68.49 (PhCH, x 4, C-2, C-3, C-4, C-5, C-6),
68.22 (CH,CHs), 25.98 (C(CH3)3;, 18.16 (C(CHs)s), 13.57 (CHyCH3), -4.35, -4.64
(SiCHj3); HR-ESMS calcd for C45H;5406NaSiS (M+Nat) 737.3308, found 737.3306.

Methyl 2,3,4,6-tetra-O-benzyl-5-O-tert-butyldimethylsilyl-D-galactonate (134).

BnO

OMe

134

OBn

OBn
oTBS
OBn

Lactone 120 (1.64 g, 2.88 mmol) was treated in the same fashion
as for 129 to give 134 (390 mg, 20%):= 'H NMR (360 MHz,
CDCl3) 8 7.40-7.20 (m, 20H, ArH), 4.85 (d, 1H, J = 11.3 Hz,
PhCH,), 4.75 (d, 1H, J=11.1 Hz, PhCH>), 4.65 (d, 1H, J=11.2
Hz, PhCH>), 4.59 (d, 1H, J = 12.1 Hz, PhCH;), 4.53 (d, 1H, J =
12.1 Hz, PhCH>), 4.51 (d, 1H,J= 12.1 Hz, PhCH,), 4.45 (d, 1H, J

= 12.5 Hz, PhCH»), 4.43 (d, 1H, J = 3.4 Hz, H-2), 4.38 (d, 1H, J=11.3 Hz, PhCH3),
4.33 (dd, 1H, J=8.3, 3.4 Hz, H-3), 4.28 (dt,1 H, /= 6.1, 2.6 Hz, H-5), 3.95 (dd, 1H, J=
8.3,2.5 Hz, H-4), 3.68 (s, 3H, OCHj3), 3.63 (dd, 1H, J= 8.0, 6.1 Hz, H-6a), 3.59 (dd, 1H,
J = 8.0, 6.1 Hz, H-6b), 0.94 (s, 9H, C(CHz3)3), 0.08, 0.07 (s, 3H,, SiCHj3); 13C NMR (75

MHz, CDCl3) 6 172.08 (C=0), 138.97, 138.53, 138.21, 137.76 (aromatic quart.), 128.31,

1128.30, 128.25, 128.21, 128.16, 128.00, 127.69, 127.65, 127.53, 127.43, 127.18, 127.09,
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127.06, 127.04, 126.98, 126.92 (aromatic CH), 79.16, 78.75, 78.01, 73.51, 73.10, 72.88,
72.85, 71.98, 71.50 (PhCH, x 4, C-2, C-3, C-4, C-5, C-6), 51.72 (OCHs), 26.07
(C(CH3)3), 18.39 (C(CHs)s), -3.82, -4.37 (SiCH;); HR-ESMS calcd for C4yHs,0,NaSi

(M+Na*) 707.3380, found 707.3388.
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