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ABSTRACT

In the first part of this thesis, a series of rigid glycodimers were synthesized from
sugar alkenes and alkynes, using transition metal catalyzed reactions. The synthesis of
these dimers depended on the formation of a new carbon-carbon bond between their
monomeric units. Sugars containing terminal alkenes were homodimerized using the
olefin metathesis reaction, catalyzed by Grubbs’ ruthenium catalyst. Terminal alkene
carbohydrate derivatives were also coupled with aryl halide carbohydrates by the Heck
coupling reaction, using Pd (0) catalyst, to form homo- and hetero- carbohvdrate dimers
selectively. Glycodimers were also obtained from sugar alkynes, using the Sonogashira
coupling reaction. The dimerization of aryl halide carbohydrate derivatives using Pd (0)
catalyst. and the cyclotrimerization of alkyne carbohydrates, using Grubbs’ catalvst, were
also attempted but were not successful.

In the second part of this thesis, phenylethanoid glycosides were synthesized by
glvcosidation reactions. This family of compounds was shown to have numerous
biological activities. A multi-step synthesis of Echinacoside, a phenylethanoid glvcoside,

was attempted.
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CHAPTERI

INTRODUCTION

1.1 Importance of cell surface carbohydrates

Carbohydrates are an essential class of compounds of all living organisms, and
are involved in a vast span of activities. They are the main source of energy of living
organisms, and they serve as major structural components of cells and ussues.
Carbohvdrate research has evolved around glycobiology, focusing on cell biology,
immunology. bacteriology, virology, and oncology.

The implication of carbohydrates in these areas is not surprising, since cell
surface carbohydrates constitute forefront molecules naturally exposed to the surrounding
environment. This physiological aspect implicated the cell surface carbohydrates in a
wide range of biological processes such as cell-cell recognition, fertilization,
embrvogenesis, neuronal development, hormonal activities, the proliferation of cells and

eir organization into specific tissues, viral and bacterial infection, and tumor cell
metastasis. -

Three major classes of macromolecules, carbohydrates, nucleic acids and proteins
are known 1o carry relevant biological information through their structures.
Carbohvdrates offer the highest capacity for carrying information because of a distinctive
characteristic; the capacity of interconnecting their monomeric units (monosaccharides)
at several points, creating linear or highly branched molecules. They can therefore carry
much more information per unit weight than either nucleotides or amino acids.

Cell surface carbohydrates, whether they originate from glycoproteins,
glveolipids. proteoglycans. glycosaminoglycans. lipopolysaccharides, or capsular
polvsaccharides (Fig.1.1.1), have been implicated in nurmerous recognitive interactions.

Thev serve as points of attachment for other cells, toxins, infectious bacteria,



mycoplasma, 3 viruses, * blood and tumor associated anubodies, as well as a variety of

plant and animal lectins (Fig.1.1.2).
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Figure 1.1.1: An illustration of a typical cell membrane. The carbohydrate molecules
are shown as cyclohexyl polymers attached to lipids and proteins, forming
the extra-cellular glycolipids and glvcproteins.
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Figure 1.1.2: lllustration of the different extra-cellular interactions occurring through
the cell surface carbohydrates.

Adhesion of microbes to host tissues is the key step leading to colonization and
subsequent infection. ° Recognition is mediated by complementary receptor proteins
found on pathogen cell membranes. These proteins are called lectins (or hemagglutinins),
® and they demonstrate exquisite carbohydrate specificity. Some of the cell surface lectin

specificities are reported in table 1.1.1.



Table 1.1.1. Sugar Specificities of Cell Surface Lectins.

Saccharide* Bacterial/Viral Receptors
L-Fructose Vibrio cholerae
Lactose Actimomyces spp.
Escherichia coli
D-Mannose HIV wvirus
Pseudomonas aeruginosa
Klebsiella pneumoniae
D-Gal/D-GalNAc Hepatocytes
Cholera toxin
D-GIeNAc HIV wvirus
Escherichia coli
Sialic Acid (NeuAc) Mycoplasma
Influenza virus (flu)
Sialvioligosaccharides H. Pvlori (gastric ulcer)

* D-Gal = D-galactose; D-GalNAc = N-acetyl-D-galactosamine; D-GlcNAc = N-
acetvl-D-glucosamine.

Because of the biological involvement of each cell surface carbohvdrate moiety,
the design of a suitable glvcomimetic inhibitors, having similar or even enhanced binding
properties over those of naturally occurring glycoproteins and glvcolipids, would have

potential applications such as anti-adhesive agents or as cell targeting devices (Fig.1.1.3).



BACTERIUM
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R, CARBOHYDRATES
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_______

Figure 1.1.3: Use of carbohydrates as potential drugs that block bactenal attachment to
cell surfaces; (a) Bactennal surface proteins (lectins) attach to
carbohvdrates on a host’s cell surface; (b) A drug formed of similar
carbohydrates prevents the attachment of bacteria by binding to the
bactenal lecuns.

In this thesis, four different monosaccharides with high biological potential
constitute the main builiding blocks of the various synthesized neoglycoconjugates.
These carbohydrates are also found in the various glycolipids and glvcoproteins of cell
surfaces. As listed in figure 1.1.4, those carbohydrates are: N-acetyl-D glucosamine

(GlcNAc), N-acetvl-D galactosamine (GalNAc), D-galactose (Gal), and lactose.
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1.2 Multivalency and cluster effect

The recognition of cell-surface carbohydrates by proteins (lectins) represents the
basis of many biologically important events. However, intrinsinc carbohydrate-protein
interactions are usually of low affinity (KD= 0.1-1 mM), unless carbohydrate ligands are
organized as multivalent clusters. ’

Classical studies by Lee have set the ground for the ‘cluster effect’, which is
defined as an affinity enhancement over and beyond that would be expected from the
concentrauon increase of the determinant sugar in a multivalent ligand. In other words,
this effect suggests that both, the number of sugar residues together with its respective
propinquity. confer to the glycosvlated clusters their important overall binding affinity
(avidity).

For that purpose. a large variety of multivalent neoglyvcoconjugates have been
designed (Fig.1.2.1). spanning from low valency clusters to glvcopolymers. ® Low
valency neoglvcoconjugate ligands (Fig. 1.2.1.c), having enhanced binding properties,
are particularly attractive svnthetic targets because of their potential biological
applications. Their synthetic design consequently requires shape and geometry
opumizauons through vanations of bond length, angles and intra-molecular glycosyl
distances to provide improved bindings. This thesis will focus more on the low-valency

neoglycoconjugates. especially the homo and hetero glvcodimers.



C

Figure 1.2.1: Structures of some multivalent neoglycoconjugates: a) low-valency
glvcoconjugate ligands; b) glvcopolymers: ¢) glvcodendrimers.



1.3 Glycodendrimers

‘Glycodendrimer’ is a term coined for a carbohydrate dendrimer. The word
‘dendrimer’ itself comes from the Greek words “dendron” which means tree, and
“meros” which means part. Therefore these molecules are tree-like and three-dimensional
polvmers, and they can be prepared by divergent or convergent approaches.

Adopting the strategy of ccating carbohydrates on dendritic molecules’ exterior
surfaces, the first glvcodendrimer based on L-lysine was synthesized by our group in
1993.° Afterwards, other glvcodendrimers based on L-lysine core bearing N-
ace:tylglucosarninides,10 a-D mannosides,'’ B-D lactosides,'° J\«'—ac:etyllactosamim'des,m‘Iz
and T-antigens,'> were also prepared in our laboratory. Other types of glycodendrimers
based on the different dendritic cores were also synthesized as shown in the following

figures (Fig 1.3.1 to Fig 1.3.3).
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Figure 1.3.1: Glycodendrimers based on L-lysine dendritic core.
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NHX NHX

mw—-——»iq NeawmaaneNHX
\N-——N

XHN-\__N."" \N T
W W

HO  ow

" g
S

Ao ,OH
HN
o Y
OH S

o) oM OH
rom o Ay SIS NS
/ ° OH OHOH s
Y

HO “on S

mo_ Mon  com
5
Acm:m7 S—O—NH
HO Ts'l/

Figure 1.3.4: Example of PAMAM glycodendrimers.

13



AcO

Ac
AcO.
O\ _OH
AcO W sz
A o) H
Ae + HO
AcO HN -
Ac N
%g{\ N
Ac
Re P~NH
AcO O
OH
i) DCC/HOBt
CH,Cl/DMF
o i) NaOMe/MeOH
o OH
HO.
HO OH
Ao ™ o © OH
m j/ o OH
HO o o HN H
H o}
HO&E\\ W\g/\m o ™ OH
OH
HO O OH
) o) H OH
(o
NH
P
H
O 07| _oH
HO o7 o
H
OH
S OH

Figure 1.3.5: Convergent svnthesis of glvcosylated dendrimers.

14



1.4 Glycopolymers

Some of the interesting types of the high-valency neoglycoconjugates are the
glvcopolvmers. They are cheap and easy to prepare in large quantities, and they can be
constructed with a wide range of molecular weights, and a variety of desired
carbohydrate densities and functionalities. They are also more stable at a wide pH range
and microbial degradation. Most importantly, they have been shown to be non-toxic, as
well as poorlv or non-immunogenic.

Although there are many strategies for the preparation of glycopolymers, most of
them are generally prepared in two ways: copolvmerization and grafting polvmerization.

The early glvcopolymers were made from allyl glycosides through
copolvmerization (Fig 1.4.1) with acrylamide, using persulfate as a radical initiator. H
However, the ratio of applied and incorporated quantities of the monomers can vary
significantly, because the reactivity ratio between carbohydrate-containing monomers
and acrvlamide is quite different in the polvmerization process. An improved strategy
was achieved by using carbohvdrate derivatives. which contained N-acrylovlated groups
in the aglvcon portions. '~ Both monomers have similar reactivities in the chain reaction
process. Consequently. the incorporated monomers’ ratio within the glycomer is almost
identical to the ratio of the monomers added to the reaction.

Grafiing polvmerization (Fig 1.4.1) is the other elegant approach used for the
svnthesis of glvcopolymers with a predictable composition. Thus, the desired
carbohvdrate haptens can be directly incorporated into pre-formed polymers bearing
reactive functionalities. Using this approach. the most common products are obtained by
reacting amine-containing carbohyvdrates with active esters of polyacrylates, such as
polv(4-nitropheny! acrylate) '* and poly(N-oxysuccinimidyl acrvlate). '7 One of the major
advantages of this approach is that pre-formed active polyvmers can be synthesized with
the desired molecular weights. Therefore. the grafting polvmerization approach can
eliminate inconsistencies in molecular weights. which often occurred with the previous
approach. Furthermore. the desired carbohydrate content in glycopolymers can be easily
achieved by controlling the initial ratio of carbohvdrate haptens and pre-formed active

polvmers.
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1.5 Glycodimers

We have seen so far the effect of muitivalency on the increase in the affinity of
the carbohydrate-protein interactions. We can also safelv say that the high-valency
neoglvcoconjugates, such as glvcodendrimers and glycopolymers, are highly potent
inhibitors. and therefore ideally should have a great potential as anuadhesive agents.
However in a realistic world, one has to consider all the related factors and limitatnons
that accompany a great strategy. Beside the obvious heterogeneity of their valency and
their random distribution, the high-valency neoglvconjugates can tigger unwanted
antibody formation, and in the case of liposomes can be incorporated unspecifically into
cell membranes. As a result, their potential therapeutic ability as inhibitors 1s rather
limited. This, along other reasons discussed later in this chapter, has built the driving

force that shified our focus toward the low-valency family, especially the dimers.
1.5.1 Signal transduction

Biological phenomena are based on chemical transformations. and they depend on
the structure and interaction of the molecules involved. In principle. most biological
processes can be reduced to chemical omes. Many biological phenomena. such as
biological signal transduction, have been intensively investigated and analyzed. The
increasingly important field of structural biology has become more prominent on the
horizon of organic chemisuv. '® Non-covalent interactions between large natural
molecules, which are able to determine processes such as protein-protein and protein-
DNA interactions. as well as recognition phenomena at cell surfaces, are the focus of
“supramolecular chemistry™. H

Muiticellular organisms maintain functuonal and survival capacity by ensuring
that the growth. differentiation. and metabolism of a large number of cells are
coordinated via synthesis, secretion and recognition of signal molecules. Once the signal
has been conveved through the plasma membrane of the target cell. the message is

relaved into the cell interior via intracellular signal cascades. '°

17



Only recently, however, has it become clear how transmembrane receptors can
turn extracellular binding events into an intracellular signal. Results obtained during
recent vears have given ample evidence that such receptors often are activated by ligand-

- . . . . . . bl
induced dimerization and oligomerization. 2°

Subclass |

o
4

AN, AN,
)

(~—'J:\ '; ‘\_. !
".\;;- . c;»./] @ I
. ?""’ - Ligang 5

! S

P N .
(\ (\ 'l | o I ?
/ {
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Figure 1.5.1: Models of receptor subclass-specific variatons of the mechanism of
activation by dimerization; receptor activation may occur by binding of
monomeric ligands resuiting in a conformational change of the
extracellular domain and dimer formation (subclass I), by interaction of
the ligand with a disulfide-stabilized receptor dimer and subsequent
intracomplex conformational change (subclass II), or by mediation of
dimer formation through a dimeric ligand (subclass III).

The use of the proper homo or hetero dimer ligand will help dimerize the target
receptor (Fig.1.5.1). This effect could be easily explained by comparing the relatively

faster intramolecular reactions versus their corresponding intermolecular ones. Also from

18



the kinetic point of view, a dimer binding to both active sites of a divalent receptor will
conserve more energy and minimize the loss of entropy, than when two monomers bind
to the same receptor.

Many examples in the literature have supported this theory. In our group, relative
building properties of di-, tri-, and tetra-antennarv o-D mannopyranosides clusters were
determined by turbidimetric and solid phase enzyme linked lectin assays (ELISA). This
was accompliished using two plant lectins (phytohemagglutinins), Concanavalin A (Con
A) and pisum salivum (pea lectin), which contain four and two carbohydrate binding sites
respectively. =

The results of these assays showed a much higher inhibition in the binding of
these bacterial lectins to the yeast mannan, hence explaining the resulting cross linkage
of the various lectins in this study. Dimers were shown 1o be 4 to 8 fold more potent than
their respective monomers.

Chi-Huey Wong er al have prepared several sialyl Lewis X dimers anchored onto
a galactose template, or attached to 1.4-butanediol or 1.5-pentanediol. They also have
proved that the bivalent sialvl Lewis X derivatives acted in about five fold better than
their respective monomers. as inhibitors of the glvcoprotein E-selction (formerly called
endothelial leukocyte adhesion molecule-1 or ELAM-1). =°

Jochen Lehman and his coworkers used the haemagglutination assay to study the
binding affinity of mono-, di-. and tri-antennary a-D-mannopyranosy! derivatives against
Con A. They found that higher affinity and stronger cross-linking were obtained between
dimers and trimers of a-D mannopyranosyl derivatives vs their respective monomers. =

As menuoned previously. these carbohvdrates are classified as substrates to
various extracellular receptors. According to the above studies, their dimers, and
especially the ones with the right geometry. should be more efficient in triggering and
activating their intracellular receptors. This becomes a potential way of targeting specific
receptors on specific cells. therefore activating specific signals. Based on the growing list
of these examples, our work in this thesis focused on synthesizing low-valency
neoglvconjugates such as dimers. trimers and up to hexamers with different spacer

lengths. using carbohydrates with great biological potential as building blocks.
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1.5.2 Sugar rods

Taking the binding affinity and the specificity in consideration, the geometry of
the synthesized glycoclusters in general, and glycodimers specifically, remains a big
concern. Occupying the right place of the active site of the receptor is important.
Recently, it has become more critical to find a dimer with the right length and flexibility,
that can bind to both sites of the same receptor. This would allow the receptor to
dimerize, triggering a signal cascade.

Recently. our group has been constructing semi-rigid sugar dimers, known as a
sugar rod. Like many other chemists, we developed a great interest in the rigid-rod
molecules. Our interest in this class of molecules was based on two distinct aspects,
among many others. that these molecules possess; 1) their physical properties are
fascinating. They are formed in a well defined and optimized geometry, and their relative
ngidity as spacers in dimer or oligomer molecules conserves the energy of these
molecules. and minimizes the loss of entropy once these molecules bind to a receptor or
an acuve site of some kind; 2) thev constitute some of the best and most well-defined
spacers. and they are considered construction elements in giant molecules and
supramolecular assemblies. The rod itself consists of a small number of rigidly connected
and axially aligned smaller structural units. called “modules™, at a lower level in the

hierarchy of structures.

Spacers and wires. Molecular rods offer the opportunity to position two active
centers at a known distance apart. and connect them by a medium whose properties can
be controlled at least to some degree. The degree of interaction between the centers can
be studied by a variety of tools, and provides information about the electronic structure of
the rod and about the coupling of the centers to the rod, ultimately contributing to the
theory of chemical bonding. It often falls off exponentially with the rod length.

Electronic interaction between the active centers through the molecular rod can be
probed by photoelectron spectroscopyv and electron transmission spectroscopy, whose
simplified interpretation in terms of Koopmans’ theorem provides information about

orbital energy splittings that result from the interaction through the rod. Weaker

20



interactions can be probed by examination of energy or electron transfer between the
centers. This transcends the use of the rods as mere spacers and brings us to consider
them as photonic, electronic, or ionic wires, which mediate the directional motion of

electronic excitation energy, an electron, a proton, or another ion from one active center

to the other.

Construction Elements. The construction of complex structures is often easiest
with straight beams, hence the need for molecular rods since nature rarely builds with
straight beams. The use of molecular rods as construction elements depends critically on
our ability to adjust the length of the rod to a desired value, in order to attach the desired
terminal or possibly lateral connectors, and to secure sufficient rigidity. In contrast to
what would be expected. molecular “rigid” rods are not rigid at all but are highly flexible,
even though their equilibrium structure may be linear. At room temperature, even quite
short rods bend and flex vigorously. and should be thought of as rubber sticks rather than
steel rods. Long rods. many nanometers in length should be thought of as boiled rather
than raw spaghetti. To increase the rigidity, it may be possible to bundle the rods.
although the ngidity issue is likely to complicate the construction of structures that use
rods longer than 2-3 nm. The structures assembled so far have been mostly free-floating
in solution. This would be acceptable in some applications, such as rod-based racks used
to force a particular conformation on a flexible chain artached to rack ends, or on
artificial enzymes in which functional groups have been adjusted into controlled locations
by attachment to a scaffold and not in others. By the same means, sugar-rods have been
swvnthesized as potential cell targeting devices or anti-adhesive agents.

Axial rods exist in two types. singly or doubly linked. In the singly linked axial
rods. each link connects a pair of atoms on adjacent molecules by a single bond along the
rod axis. permitting a more or less free rotation. Synthesizing such sugar rods will be
ideal for the bioiogical use in the binding to multivalent receptors in general. and divalent
receptors more specifically. These structures will have a well-defined length, and their
geometry will be associated with both rigidity and flexibility at the same time.

The preparation of sugar-rods with predetermined lengths represems a

considerable synthetic challenge. although as it is shown later in this thesis, the use of
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transition metal mediated reactions has made their synthesis a much easier task to handle.
As a contribution to this field, the following types of sugar-rods (Fig 1.5.1) were

synthesized in order to study their physical and biological properties.

Rj. Ry = Sugar moiety

Figure 1.1.5: Vanous sugar-rod neoglvconjugates.



1.6 References

Varki, A. Glycobiology 1993, 3,97.

(a) Karlson, K.A., Curr. Opin. Struct. Biol. 1998, 5, 622-635; (b) Karlson, K.A.,
Carbohydr. Eur. 1994, 11, 14-17; (c) Karlson, K.A., 4nnu.Rev.Biochem.1989, 58,
309-350; (d) Sharon, N.; Alis, H. The prozein, vol.5 (Neurath, H.; Hill, R. L.; Eds.),
Academic Press, 1982, 1.

Feizi, T. Nature, 19885, 314, 53.

Paulson, J.C. The Receptors, vol. 2 (Conn, P. M. Ed.) Academic Press, Orlando,
1985, 131.

Beachy, E.H., J. Infect. Dis. 1981, 143, 325-345.

6. (a) Van den Eijnden, D.H., Joziasse, D.H., Carbohydr. Eur. 1994, 11, 5-13, (b)

Sharon, N., Lis, H., Science 1989, 246, 227-246.

Lee, Y.C., in Neoglycoconjugates: Preparation and 4pplications; Lee, Y.C.; Lee,
R.T., Eds.; Academic Press, San Diego, 1994, 3-21.

8. For reviews about the synthesis and applications of neoglyvconjugares see (a) Roy, R.
The Chemistry of Neoglvcoconjugates, in Carbohyvdrate Chemistry, Boons, G.J. Eds.;
Chapman & Hall, Glasgow, 1997. in press; (b) Roy, R., Curr. Opin. Struct. Biol. 1996,
6, 692-702; c) Roy, R., Topics Curr. Chem. 1997, 187, 241-274.

9. (a) Roy, R.; Zanini, D.; Meunier. S.J.; Romanowska, A. J. Chem. Soc., Chem.
Commun. 1993, 1869; (b) Rov, R.; Zanini. D; Meunier, S.J.; Romanowska, A. 4CS
Svmp. Ser. 1994, 560, 104.

10. Zanini, D.; Park, W.K.C.; Rov, R. Tetrahedron Lerr. 1995, 36, 7383.

11. Page, D.; Zanini, D.; Roy, R. Bioorg. Med. Chem. 1996, /1, 1949.

12. Zanini, D.; Roy, R. Bioconjugate Chem. 1997, 8. 187.

13. Baek. M.G. Ph.D. Dissertation. University of Ottawa, 1997.

14. Horejsi. V.; Kocourek, J. Biochem. Biophys. Acta 1973, 297, 346.

15. (a) Roy, R.; Lafernére. C.A. Carbohvdr. Res. 1998, 177. Cl; (b) Roy, R. Tropper, F.
Glvcoconjugate J. 1988, 5, 203.

16. (a) Bovin, N.V_; Korchagina, E. Y.; Zemlyanukhina, T.V.; Byramova, N. E ;
Galanina, O.E.; Zemlyakov, A E.; Ivanov, A.E.; Zubov, V.P.: Mochalova, L.V.
Glvecoconjugate J. 1993, 10, 142; (b) Zemlvanukhina, T.V.; Niftant’ev, N.E.;
Shashkov, A.S.; Tszetkov, Y.E.; Bovin, N.V. Carbohvdr. Lewt. 1995, 1. 277.

17. Sigal. G.B.; Mammen, M.; Dahmann, G.; Whitesides, G.M. J. Am. Chem. Soc. 1996,
118.3789.

18. This situation is also demonstrated in diverse new journals on subjects such as
*“Nature - Structural Biology™, “Structure”. etc.

19. Schmittberger, T.; Waldmann. H. New tools in synthesis, 1998, 574-584.

20. Heldin. C. Cell. 1995, 80, 213-223.

21. (a) Pagé, D.; Rov, R. Biorg. Med. Chem. Lett. 1996, 6, 1765-1770; (b) Roy, R.; Page,
D.; Perez, F.; Bencomo, V. Glvcoconjugate J., 1998, 135, 251-263; (c) Lehmann, J.
Weitzel, U.P. Carbohydr. Res. 1996, 294, 65-94.

22. DeFrees, S.A.; Kosch W.; Way, W ; Paulson. J.C.; Sabesan. S.; Halcomb, R.L_;
Huang, D.; Ichikawa, Y.; Wong, C. J. Am. Chem. Soc. 1995, 117, 66-79.

23. Lehmann, J.; Weitzel. U.P. Carbohvdr. Res. 1996. 294, 65-94.

o —

v

Wy

~!



CHAPTERII

SYNTHESIS OF NEOGLYCOCONJUGATES USING
TRANSITION METAL CATALYZED REACTIONS.

2.1 Olefin metathesis

INTRODUCTION

Organic synthesis depends wemendously on reactions that can reliably and
efficiently form carbon-carbon bonds. One of these reactions is olefin metathesis. It is a
transition metal catalyzed reaction in which formally or mutuaily, exchange of alkylidene
groups between two substituted alkenes occurs. The term ‘olefin metathesis’. which
defines the metal catalvzed redistribution of carbon-carbon double bonds, was coined by
Calderon and co-workers in 1967. This simple but efficient procedure does not require
the use of anyv additional reagents except for a catalvtic amount of metal carbene. The

only by-product obtained by this reaction is a volatile ethylene gas.

R;

R; Catalyst . \[L - “

Ra Ra

)y

Olefin metathesis can be mainly used in three different applications (Figure
2.1.11 (a) Cross metathesis (CM) in which two different alkenes undergo an
intermolecular transformation to form a new olefinic product; (b) Ring-closing (RCM)
and ring-opening metathesis (ROM), which are useful for the formation and opening of
cyclic compounds; (c) Ring opening metathesis polymerization (ROMP) which form

functionalized polymers by the metathetic opening of strained cyclic olefins.'
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Figure 2.1.1: A variety of olefin metathesis reactions.

These metathesis reactions undergo a generally accepted mechanism, the
Chauvin Mechanism™ (Figure 2.1.2). It consists of a sequence of formal [2+2]
cvcloadditions/cycloreversions involving alkenes, metal carbenes, and
metallacyclobutane intermediates. In one possible pathway, initial metathesis of metal
alkvlidene (4) with terminal olefin (1) provides metallacyclobutane (5). Fragmentation of
the metallacyvclobutane (5) can then provide ethylene gas and a new metal alkylidene (6).
Regio- and stereoselective reaction of the metal alkylidene (6) with terminal olefin (2)
provides metallacyclobutane (7), which upon cycloreversion, produces the disubstituted

product (3) and the initial alkylidene (4).
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Figure 2.1.2: Chauvin mechanism for cross-metathesis.

The first generation of metathesis catalvsts exhibits the characteristics of “mixed”
Ziegler catalysts. These systems consist of transition metal salts combined with main
group alkylating agents, or deposited on solid supports. Some of the classic combinations
incilude WCleBu:Sn. WOCL/EtACl., Mo0:/Si0-. and Ke-O+/Al-O;, among many
others. These catalysts show high activity at the expense of a poor compatibility with

polar functional groups. due to a strong Lewis-acid and alkylating character. The other



established catalyst is dichlorobis(2,6-dibromophenoxy)oxotungsten, Cl2(ArO);W=0.
Although this system shows good functional group tolerance, it is considered to be
unsuitable for industrial applications due to its complexity and cost.

The discovery of metal alkylidene complexes, and the insight that some species of
this tvpe constitute well-behaved single-component catalysts for olefin metathesis,
triggered the development of a new generation of high-performance, reasonably stable,
and most importantly, exceedingly tolerant catalysts or catalyst precursors.

Olefin metathesis started receiving more attention when Basset and co-workers
developed and applied the tungsten catalysts 8 and 9 (Figure 2.1.3) for cross-metathesis
reactions. -~ To date, these have been successfully shown to be remarkably tolerant to
heteroatoms, including sulfur, silicon. phosphorus, and tin. Unfortunately, the use of
these catalysts was limited because of their steric demand toward shorter aikenes, such as
allvl groups. This has pushed researchers to maintain their search for alternative catalytic
svstems for olefin metathesis reactions.

One of the very useful and highly active catalysts for olefin metathesis reactions
was the molvbdenum catalyst 10 (Figure 2.1.3) developed by Schrok er al. * although its
high activity is accompanied by a lack of functional group tolerance, and the requirement
for rigorously purified and dried substrates and solvents. The high oxophilicity of the
metal center renders this catalyst sensitive to oxygen and moisture. Molybdenum catalyst

10 is also difficult to synthesize and its shelf life is limited due to its thermal instability.

. PPr Pr
? o I l N Ph

.-\1’0-.,_ “...,l \/\O“ W¢ (F3C)2MeCOlc .{EIO M

c” | Nl Cl” | :C)MeCO” o
I s (F:C)a Me
. 9 10

Figure 2.1.3: Tungsten catalysts 8 and 9, developed by Basset and co-workers.
Molvbdenum catalyst 10, developed by Shrock et al.



As the basic research in organometallics continued, Grubbs and co-workers
introduced the most popular ruthenium carbene complexes 11, 312, %13, 14 and 15
(Figure 2.1.4). These catalysts showed impressive tolerance to air, moisture, and various

functional groups.

Cy—N N—Cy
PCY3 Y3 \r
Cl' """" IRU Ph CII. I Ph CI'-., R -
cr . oY o\
PCys PCys PCy; Ph
11 12 13
Ch I Cl-:r _
o i o\
PCy; Ph PCy, Ph
14 15

Figure 2.1.4: Ruthenium catalysts developed by Grubbs and co-workers.

The advent of single-component catalysts allowed the relationship between
structure and reactivity to be more clearly defined. These catalysts were observed to react
more selectively with olefins as the metal centers were varied from left to right, and
bottom to top on the periodical table. Farthest to the left, titanium and tungsten catalysts
are most strongly disposed to olefinate ketones and esters (Table 2.1.1). In comparnson,
molvbdenum catalysts are more reactive toward olefins, although they also react with
aldehvdes and other polar and protic groups. Farthest to the night, ruthenium reacts
preferentially with carbon-carbon double bonds over most other functional groups, which

makes these catalvsts unusuaily stable toward alcohols, amides. aldehydes, and

carboxyvlic acids.



Table 2.1.1: Illustration of functional groups tolerance of early and late transition metal

olefin metathesis catalysts. ’

Titanium Tungsten Molybdenum Ruthenium
Acids Acids Acids Olefins
Alcohol. Water Alcohol. Water Alcohol, Water Acids
Aldehydes Aldehydes Aldehvdes Alcohol, Water
. Increasing
Ketones Ketones Olefins Aldehydes Reactivity
Esters. Amides Olefins Ketones Ketones
Olefins Esters. Amides Esters, Amides Esters, Amides

In this thesis. crossed olefin metathesis reactions were performed on allvlic
carbohvdrate derivatives 1o obtain the respective homodimers. However, carbohydrates
contain a variety of functional groups. such as hyvdroxy. ethers, esters. and even
carboxvlic acids and amides. Taking that into consideration. commercially available
ruthenium catalyst 12 became the primary choice of catalyst for the olefin metathesis
reactions involving our carbohvdrate compounds. In the early stage of this thesis, only
catalvst 12 was commercially available. Toward the end of this work, the second-
generation Grubbs' catalyst 15 became commercially available. This more efficient
catalyst, in comparison with ruthenium catalyst 12, was therefore used to increase the

vields of the more challenging olefin metathesis reactions.

Development in catalyst design

In retrospect. ruthenium was an excellent metal center, but it was not seriously
considered for more than two decades of research. = Several reports from the 1960’s
described the ROMP of norbornene derivatives with RuCls(hydrate) in refluxing ethanol
and under aqueous emulsion conditions. * Unexpectedly, the long initiation periods (20
hrs or more) of ROMP with RuCl; (hvdrate) in organic solvents 10 were improved to a
much faster initation (30 min) in aqueous solution. which led to the synthesis of

Ru(H-0)s(10s): [tos = p-toluenesulfonate]. This catalyst was able to ROMP functionalized



norbornene, 7-oxanorbornene, and norbomadiene monomers, including hydroxyl-,
carboxyl-, alkoxy-, and carboximide-substtuted derivatives. '!' The polymers from these
reactions were obtained consistently in greater vields. and with higher molecular weights
and lower polydispersities, than those prepared by most other catalysts known at that
time.

The initiation process remained unclear, but a number of observations suggested
that the active species was a ruthenium alkylidene. A breakthrough occurred when the
methodology for the synthesis of tungsten alkylidenes. in which 3.3-disubstituted
cyclopropenes are used as carbene precursors, was applied to the synthesis of a ruthenium
catalyst. '* The addition of diphenvlcyclopropene to RuCla(PPhs) led to the isolation of
16 (Figure 2.1.3).

Although the newly developed catalyst showed exciting initiation behaviour and
functional group tolerance, its activity was limited to the ROMP of highly strained
monomers. To extend this activity to the ROMP of low-strain monomers and the
metathesis of acvclic olefins. the ligand environment was modified in a systematic way.
Based on the trend followed by early transition metal catalysts. for which metathesis
activitv increases with more elecron-withdrawing ligands. * a varlety of cationic
complexes and derivatives containing less basic phosphines were prepared and tested by
Grubbs and co-workers. Forwitously, this hard work led to the synthesis of 12, where
PCv: (Cy = cvclohexvl) was used instead of PPhs, and to the discovery that the larger and

the more basic the phosphine. the higher the metathesis actuvity. t

Ph Ph
Ph  Ph Cl.. Il{u_ Ph e, Ru— Ph
C1” i -3 PCvs C1” |
PPh; —_— PCy;
- -2 PPh;
16 11
RuCL(PPhs)s
PPh;  pp -2 PCv- PCy; Ph
— N> Cl._ | —_—cy CL. |
/ - Ru=/ - 2 PPh; - Ru—_—/
Ph C1” | Cl” |
PPh3 PC}’3
12

Figure 2.1.5: Development of the Grubbs’ catalysts.



As aresult, a newly designed family of L.X;Ru=CHR complexes was synthesized
based on the improvements in catalytic activity, and was subjected to mechanistic studies.
Activity depended highly on the identity of the X- and L-type ligands. Catalyst activity
increases with larger and more electron-donating phosphines, whereas it decreases with
larger and more electron-donating halides. The overall activity also depends on catalyst
initiation and thus on the nature of alkylidene moiety. > Among many mechanistic
studies, the key insight was that (Pcv3;).Cl,Ru=CHR forms a highly active
mono(phosphine) intermediate during the catalyvtic cycle. As a design motive, this
intermediate became a starting point for the development of much improved catalysts.

Taking all these lessons into consideration, Grubbs and co-workers became
interested in the potential of N-heterocyclic carbene ligands. After exploring a variety of
ligand derivatives. they found that a mesityl-substututed N-heterocyclic carbene worked
the best. This was their initial disclosure of catalyst 14. 617 Soon thereafter, they
discovered that catalvst 15, which contains an N-heterocvclic carbene with a saturated
backbone. is even more active. '° These new catalysts display performance that was
previously possible only with the most early metal systems. The superior activity of
catalvst 13 includes high rates of ROMP for low-strain substrates. and even the ROMP of
sterically hindered substrates containing trisubstituted olefins. '° Both catalvsts 14 and 15
are able to perform the RCM of stericallv demanding dienes to form tn- and
tetrasubstituted olefins. **'% In addition, catalyst 15 produced the first exampie of CM to
vield a trisubstituted olefin, *° as well as CM and RCM reactions where one parmer is

v- -~ . . . . . . 2
directly functionalized with a deactivating group. such as acrvlate or siloxane. 21



RESULTS AND DISCUSSION

Grubbs ruthenium catalyst (12) was used in the synthesis of dimers 20, 22, 29, 33,
and 40 from their respective terminal olefin monomers 19, 21, 28, 32, and 39.

Compound 20 was obtained in a 66% yield from its O-allyl peracetylated

glucosamine monomer (19).

PCY3
N Ph
OAc Cl ‘Ru=/
< c |
A:O/m PCys
nd h
AcO N O\/\ CH,Cl, .2 drops N/'icOH .
NHaAc Reflux under N,
19 OAc
@]
AcO
AcO - \ SN N
(0]
NHac
20
AcO
tE.Z2=352)

Scheme 2.1.1: Dimerization reaction of 2-propenyvl 2-acetamido-2-deoxy-3.4.6-tri-O-
acetyvl-B-D-glucopyranoside

Compound 19 was poorly soluble in CH:Cl: and its solubility did not increase in
either diethy] ether or other aprotic solvents that were tried. The compound was soluble
in alcoholic solvents such as methanol or ethanol. This put the Grubbs’ catalyst to the
test. and it was time to reveal the truth of its tolerance to solvents containing hydroxyl
groups. especially when they constitute a much larger quantity than the olefins in
solution. Two drops of MeOH were used with 4mi CH-Cl. to fully solubilize the 100 mg
starting material and insure the homogeneity of the solution. The result was quite
rewarding, and the catalyst stood up to the challenge. This result led us to try the direct
dimerization of compound 21. which is the unprotected version of compound 19. Once
again, a mixwre of CH.Cl.» MeOH (4:1) was needed to solubilize the starting material.

This reaction was also successful and compound 22 was obtained in 58% yield.

LI
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Scheme 2.1.2: Dimenization of 2-propenyl 2-acetamido-2-deoxy-3-D-glucopyranoside.

Furthermore. §-O-Allvl 2-acetamido-2-deoxy-3.4.6-tri-O-aceryl-f-D-galactopvranoside
(28) was treated with the same conditions to obtain the corresponding dimer, compound

29. in 68%¢ vield.

PCy
. Ch., | 72 Ph
Ac OAc Ru=r/
4 < c |
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_\:Om/o\/\ CH:CI: : MeOH (4:! );
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28 0A
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AcO \ \/\_,.r"\o OAc
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OAc
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Scheme 2.1.3: Dimerization reaction of 2-propenyvl 2-acetamido-2-deoxy-3.4.6-tri-O-
acetvl-B-D-galactopyvranoside
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Beside the O-allvl carbohvdrate derivatives, other terminal olefin sugars, with
different spacers, were dimerized using the Grubbs-catalyzed olefin metathesis reaction.
Two examples are presented in this chapter. Compound 33 was obtained in 75 % vield by
the dimerization of its butenamide monomer (32), and a bis galactostilbene (40) was

obtained in 82% vield by the dimerization of O-styrene peracetylated galactose (39).
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O Ac OAc
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Scheme 2.1.4: Dimerization reactions of compounds 33 and 40.

All of these dimers were obtained bv olefin metathesis in an £:Z rato that varied
between 1.5:1 to 3:1. favoring the formation of the E isomer. These ratios were

determined based on the intensity of the 'HNMR anomeric peaks of both isomers.



Table 2.1.2: Summarized results of the self-metathesis compounds.

Compounds Product (£:2) Yield (%)
20 (3:2) 66
22 (3:1) 58
29 (3:1) 68
33 (1.5:1) 75
40 (1:0) 82, 92*

* Compound 40 was obtained in 92% vield, using catalyst 15.

The stilbene dimer (40) of the 4-ethenviphenyl 2.3,4.6-tetra-O-acetyl-B-D-
¢alactopyranoside was obtained in pure trans. Consequently this compound gained more
interest and took priority over the other dimers on the list of potentially biologically
active compounds. This compound also has another important property as it belongs to

the “rigid rod molecule familv™. which will be discussed further in this chapter.

Svnthesis of starting materials

The starting materials were synthesized using common and basic methods
adopted by our group. The a 2-propenyl 2-acetamido-2-deoxy-3.4.6-tri-O-acetyl-p-D-
galactopvranoside can be easily obtained by Fischer glycolysation (reflux in H™ resin and
allvlic alcohol). Using these conditions, the a-conformer constituted the major product
due to the "anomeric effect’. This effect named by Lemieux and described by Edwards
explains the tendency of an electronegative substituent to adopt the a axial orientation.
However. in peracetvlated carbohydrates. a neighboring participation affects the
orientation of the nucleophilic attack on the anomeric position. The O-acetate or N-
acetate groups on C-2 of the pyvranose ring can react with the oxomium intermediate and
form a five-member ring. This ring occupies the axial position and therefore forces the

nucleophile to artack from the equatorial position, hence leading to the B-conformer. In

W
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general, and in most glycosydation reactions, the resulting anomeric stereochemistry is
controlled by the nature of the C2 substituent.

OAc

wﬁ\\_
AcO OAcC

XAc

X =0 or NH
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OAc OAc OAc
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H

H

. |
\\_0 -\\i/o

Figure 2.1.6: Examples of neighboring participation in a glycosylation reaction.

For the preparation of compound 19 (Scheme 2.1.5), commercially available
GlucNAc (17) was treated with acetic anhvdride and pyridine, giving the peracetylated
product (18). which was treated with allylic alcohol and a catalytic amount of Borane
triflate in dichloromethane. The glvcoside was formed and characterized. although the
vields were not satisfving. This glvcosylation reaction under these conditions tends to be
extremely sensitive to moisture. The oxonium intermediate is very reactive and could be
easilv hvdroivzed. therefore making this process inconsistent. In order 10 ameliorate the
vield and be more consistent in the making of this glvcoside. another method was

utilized. This method goes through a key intermediate, compound 24. which not only



gives the product in good yields, but also controls the stereochemistry of the anomeric
position, leading to the formation of only the B conformer. Based on these resuits,
compound 17 was treated with AcCl to give compound 23, which was converted to the
fairly stable oxazonyl, compound 24. Refluxing compound 24 in allylic alcohol, in the
presence of one equivalent of CSA, gave compound 19 in good yield (80%).

For the preparation of compound 21, compound 19 was treated with sodium

methoxide in methanol, deprotecting the sugar from the acetate groups.
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24 Me
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NHac

Scheme 2.1.5: Syvnthesis of compounds 19 and 21. a) Pyndine: Ac;O (1:5), 92%; b)
CH.=CHCH:OH. BF:0Et., CH.Cl, 40-60%: c) AcCl, 60%; d) TBACL
NaHCO;. CH:CN. 355°C. 100%; e) CH.=CHCH-OH, CSA, 80%: f)
NaOMe. MeOH, 100%.

For the preparation of compound 28, commercially available GalNAc (25), was
treated with the same conditions as previouslv described in the synthesis of compound
19. going through the oxazonyl intermediate (27), which led to the formation of the

desirsd product as described in Scheme 2.1.6.
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Scheme 2.1.6: Synthesis of compound 28. a) AcCl, 65% crystals: b) TBAC], NaHCO;s,
CH:CN, 55 °C. 100%: c) CH-CHCH:0OH. CSA. 78%.

For the syvnthesis of compound 32. commercially available GlucNAc (17) was
also treated with acetyl chloride giving compound 23. which was transformed to the azide
derivative by a phase transfer catalvzed (PTC) reaction.

The product of this PTC reaction. compound 30. was then reduced to give the
amine derivative (31), which was coupled with commercially available vinylacetic acid.

vielding compound 32 as the desired product.
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Scheme 2.1.7: Synthesis of compound 32. NaN; TBAHS. Na:CO;, EtOAc:H-O (1:1),
100°%; b) Pd/C 10%, Ha), 95%: ¢) EDC. CH:Cls, 82%.

For the preparation of compound 39. the commercially available galactose (34)
was treated with acetic anhvdride and pyridine, giving the galactose pentaacetate (35),
which was treated with a solution of 33% hydrobromic acid in acetic acid, to give the
peracetylated galactopyranosyl bromide (36). Compound 39 can be prepared by PTC
reaction of compound 36 with hydroxystyrene 38, which is an unstable compound that
tends to polvmerize at high concentration. Therefore. the commercially available
acetoxystyrene 37 was treated with potassium carbonate in methanol, to obtain the
hvdroxystyrene (38). In order to avoid the polymerization of this compound, a precise
amount of water (10 mL) was added to the solution, and the methanol was then
evaporated under vacuum, leading to the preparation of the aqueous phase of the PTC
reaction. which consisted at that point of hydroxystyrene (38) and potassium carbonate
suspended in water. At the same time, compound 36 was dissolved in 10 mL of ethyl
acetate, an amount equal to the amount of water in the aqueous phase, leading to the

przparation of the organic phase of this particular PTC reaction. Both phases were then

39



mixed in the presence of tetrabutylammonium hydrogen sulfate, and the reaction

succeeded in giving compound 39 in excellent vield (90%).
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Scheme 2.1.8: Synthesis of compound 39. a) Pyridine:Ac:O (3:1). 90%: b) 33%
HBr’AcOH, 92%; c) K-COs:. MeOH: d) TBAHS. K.CO:. EtOAc:H-O
(1:1), 90%.
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2.2 Heck coupling

INTRODUCTION

On its long lasting journey, the research in organic chemistry has evolved in a
very fashionable and artistic way. A resulting fundamental world was designed by
chemists and built by key reactions, reagents and catalysts.

The carbon-carbon bond formation constitutes a main building block in organic
svnthesis. and the Heck reaction is with no doubt an indispensable unit of this building
block. This palladium-catalyzed arylation or alkenylation of alkenes was only discovered
in the late sixties by R.F. Heck. = Although it received much attention initially as a new
method for C-C bond formation, the Heck reaction was not applied and developed
extensively.™

Since synthetic strategies have become highly directed toward both efficiency and
stereoselectivity. concepts in the past decade have been devised to sequentally form
several carbon-carbon bonds in a single synthetic step, if possible. even diastereo- and
enantioselectively. ** Convincing initial success was achieved with radical-initiated
cascade cyclizations, = but soon metal-mediated and metal-catalyzed reactions were
specifically emploved. *°%" During the mid 1980's. many groups recognized that the
Heck reaction was underdeveloped and far from being exploited to its full synthetical
potential. But this classic reaction experienced a renaissance soon after answers had been
found to some important questions regarding the mechanism. the control of substrate
selecuvity as well as regio- and stereoselectivity. and the increase in efficiency.

Though in specific areas, other palladium-catalyzed transformations such as, e.g.,
allylic substitution of cross-coupling may seem to be more advanced, none can maich
Heck chemistry in rescurceful versatility, the overwhelming ability to spawn new, and
sometimes unexpected applications, and resolving challenges. -

The Heck-type reactivity. one of the basic types of reactivity in palladium-driven

catalytic cycles. comes from the ability of Pd (0) species to undergo oxidative addition to
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various C-X bonds, and the addition of thus formed RPdX intermediates to unsaturated
bonds.

The term ‘Heck chemistry’ is associated in the first place with the catalytic
arylation and alkenylation of olefins, that is the original Heck or Mizoroki-Heck reaction,
discovered independently by Mizoroki ** and Heck *°, and developed by Heck in a
number of fundamental papers into a general method of organic chemistry.

The reaction can be catalyzed by palladium complexes with or without phosphine
ligands (phospine-assisted vs phosphine-free catalysis). A primary role of phosphine
ligands is to support palladium in its zero oxidation state in the form of stable PdL; or

PdL: species.

Heck catalytic cvcle

Various Palladium catalysts are used. and they all vield a coordinatively
unsaturated l4-electron palladium (0) that is usually coordinated with weak donor
ligands. such as tertiary phosphanes. Palladium (II) acetate was used to catalvze the Heck
reactions accomplished in this thesis. This fairly stable catalvst undergoes a reduction in
situ in the presence of triphenylphosphine. before it can participate in the catalvtic
engine. The Heck catalytic cycle consists of three major steps along with a preactivation
step as shown in Figure 2.2.1.

Preactivation step. The entry into the catalvtic cycle includes the reduction of Pd
(II) complexes to Pd (0) and the generation of active species through multiple ligand
exchange equilibria. To enter the catalytic cyvcle through the oxidative addition,
palladium (0) species must have a proper coordination shell. No more than two strongly
bound ligands are allowed. This requirement places a serious restriction on the choice of
ligands and their concentration in the reaction mixture. The primary reduction of Pd (1I)
to Pd (0) is most likely accomplished by phosphine in the phospine-assisted catalytic
cveles. 1 In phosphine free systems, the primary reduction of Pd (II) can be effected by
amines. if these are used as base. or olefin. It is interesting to note that neither Et;N nor

olefin have any detectable influence on the reduction rate in the presence of phosphine. **



Still, it is well known that in the absence of phosphine, olefins are oxidized by Pd (II) via
the first tum of a2 Waker-type catalytic cycle.

Heck coupling:

3 Pd(OAc).. PPh, ~ Ri
Rl_\ - = - \=\

R, E1;N, Reflux R,

R, = alkenyl, aryl
R, = aryl, alkyl, alkyny
COaR', etc...

X =L, Br, 0SO,CF;
Mechanism:

Pd(OAc), + nPPh,
!

A
v .
R;X
Pd(0)L-
oxidative
addition
B
]
HPAXL, R,PdXL,
:
Srhydride D syn addition
elimination
” R PdXI, =\
Ry 1 2 R
R H R

L = PPh,

Figure 2.2.1: Mechanism of the Heck reaction, using Pd(OAc) as a catalyst.

Oxidative addition. In this basic process of organometallic chemistry, the

oxidation proceeds as a concerted process in which C-X bond rupture is more or less



perfectly synchronized with the formation of M-C and M-X bonds. Therefore, in this step
of the catalytic cvcle (Step B), haloalkenes and haloarenes are commonly assumed to
oxidatively add to bis(triphenylphosphane)palladium (0), generating a ¢ -alkenyl or 6-
arylpalladium (II) complex. This complex will later lead to the thermodynamically
stable -3 trans-c-alkenyl- or -arylpalladium (II) complex. *¢#

Syn-addition. (Step C) In this step, an alkene molecule is coordinated after
elimination of another phosphane ligand. *° After both ligands have adopted the cis
orientation necessary for insertion of the alkene into the c-alkenyl or s-arvl C-Pd
bond, ** the rotation of the alkene leads to in-plane coordination of the alkene.
Afterwards, the aikene inserts into the c-alkenyl- or -arylpalladium bond to give a o-
alkylpalladium complex via a four-center transition state.

B-hydride elimination. After the insertion, comes a step in which palladium (0)
1s released and launches the next turn of the Heck cycle. There are several possibilities by
which this step can occur. The most commonly used one is shown after the cis-addition
of the alkzne, where the reaction terminates by a B-hyvdride elimination step (Step D), A
which can generally occur only after internal rotation of the generated alkyipalladium
species. This way, the essential syn orientation of a B-hvdrogen is provided for
elimination. The catalyst is generated after reductive elimination (Step E) of HX in
presence of the base.

Most of the palladium-catalyzed reactions undergo a ve& similar mechanism. The
ability to be inserted in the C-X bond at the oxidative addition step, and the ability to be
reduced 1n a basic environment at the reductive elimination step, highlight the uniqueness
of the palladium in this tvpe of reactions. and render the palladium catalysts very
interesting catalysts to study, synthesize, and develop.

The homodimerization of terminal alkenes was dominated by the olefin
metathesis reactions using Grubbs ruthenium caralysts. Many examples were also done in
our group. The slight disadvantage that this method had was the cross coupling of two
different olefins or the formation of heterodimers. In most cases. one alkene had the
tendency to be more electron-rich than the others, and this caused it to homodimerize

faster than cross couple with the other alkene. This effect could be minimized by



changing the stoichiometry, increasing the less electron-rich alkene in the reaction
mixture, although the cross metathesis is not as selective as someone would like it to be.
The Heck coupling is a great ool for the synthesis of a carbon-carbon bonded
molecule. In some cases, it is a key step in multistep synthesis. A slight disadvantage
restricts this reaction as a large number of alkenes could only bond to ary! halide or an
alkenyl halide (Fig. 2.2.1). This restriction is compensated by the high selectivity of this
reaction, where any arvl or alkenyl halide could be coupled with any terminal alkene,
secondary or tertiary alkenes in some cases. In this thesis, the Heck reaction was a very

useful tool that helped synthesize various target molecules.
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RESULTS AND DISCUSSION:

Stlbene dimers are very interesting molecules to synthesize. They can easily be
obtained as pure trans isomers as was shown earlier in section 2.1 via olefin metathesis
reaction, or via Heck reaction as we will see in this section. They also belong to the rigid
rods family. In this section, Heck reaction was applied to form homo and hetero-
carbohydrate dimers.

The first antempted reaction was the coupling of para acetoxy styrene (37) with
para acetoxy iodobenzene (41) (Scheme 2.2.1). The acetate group was emploved as a
substituent for a carbohydrate moiety, in order to test the tolerance of the catalyst, and to
have a closer experimental idea of this reaction. This reaction was a success, and
compound 42 was obtained in 82% vield. The conditions of the Heck reaction were
opuimized by utilizing 10% of the catalyst [Pd(OAc):] and 20% of triphenyl phosphine to

a 1:1 mixture of the two starting materials. and refluxing it in triethyl amine.

s ) - —~ Vone oo — oa:
PaeT e AcO

ET;N. Reflux ’ \ 7/

37 41 42

Scheme 2.2.1: Synthesis of compound 42 by the optimized Heck reaction conditions
using Palladium (0) catalyst.

Following this successful attempt. carbohydrate derivatives containing styrene
and para-lodophenyl were prepared as building blocks for the synthesis of glvcodimers
via Heck reaction.

Using the same conditions. carbohvdrate homodimers 40, 52, and 35 were
synthesized via Heck coupling of 39 and 45, 49 and 50. and 53 and 54 respectively. The
coupling of 39 with 50 led to the formation of heterodimers 43 and 51 respectively,

demonstrating the selectivity of this reaction.
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Scheme 2.2.2: Synthesis of compounds 40 (60%), 43 (72%), and 51 (62%). Pd(OAc)»
10%6, PPh; 20%. CH-Cl, 6-12 hrs.
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Scheme 2.2.3: Svnthesis of compounds 52 (57%) and 55 (63%); Pd(OAc). 10%, PPh;
20%, CH.Cl- 6-12 hrs.

Compounds 28 and 37 were commercially available. Compounds 41, 53, and 54
were previously prepared by our group. Compound 45 was obtained by PTC reaction of
the bromo-peracetylated galactoside (36) with the commercially available para-
iodophenol (44). As for the preparation of compound 49 and 50, the commercially
available lactose was treated with acetic anhydride and pyridine leading to the formation
of the peracetvlated lactoside, which was treated with 33% hydrobomic acid in acetic
acid diluted with dichloromethane. to give the desired bromo-peracetylated lactoside
(48). From this product. both compounds 49 and 50 were synthesized by PTC reaction.
The conditions used for the svnthesis of O-styrene peracetvlated lactoside (49) were the
same as the ones previously used for the preparation of O-styrene peracetylated

galactoside (39) described in the previous section.
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Scheme 2.2.4: Svnthesis of compounds 49 and 50. a) TBAHS. Na.COs;. EtOAc:H-O
(1:1), 80%; b) Pyvndine:Ac-O (5:1), 84%; c) 33% HBr/AcOH, CH.Cl,,
52%: d) K:CO:. MeOH; e) K.COs;, TBAHS. EtOAc:H.O (1:1), 78%; f)
Na-COs;, TBAHS, ETOAc:H-0 (1:1), 82%.
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2.3 Palladium and Ruthenium catalyzed reactions of alkynes

carbohydrates

INTRODUCTION

Symmetric coupling of free acetvlenes under mild conditions was discovered over

4348
a century ago by Glaser (Scheme 1a), **

. : . 454
improved since by Eglinton and coworkers *

respectivelv). *’

1) Cu™. NH,OH
2)arr
(a)
_ (b) Cu™ — —
R——H pvnidine » R——— —
(C\
\ Cu’ tert. amine cat.,
oxidant

Scheme 2.3.1: Symmetric coupling of free acetvienes.

Stannylated alkynes can also be symmetrically coupled (Scheme 2.3.2).

trans-CHI=CHI
Pd cat.
R——==—SnMe; + R—{=3—R
- C.H, 8
—Me:.Snl

Scheme 2.3.2: Symmetric coupling of Stannylated alkynes.
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and his procedures have been significantly

and Hay (Schemes 2.3.1b and 2.3.1¢



Asymmetric coupling of terminal free acetylenes developed by Cadiot and
Chodkiewicz (Scheme 2.3.3a) *° can be accomplished under a variety of conditions. 30-36
In most of these reactions, copper acetylides seem to be the key intermediates. Coupling
of alkvnviiodonium salts with copper (I) acetylenides gives diynes in good yields
(Scheme 2.3.3b), °" and Stille coupling (Scheme 2.3.3¢) of stannylated alkynes provides a

copper-free coupling method. 38

. (a) Cu™
R—= H + X—= amine \
R—=—TR> - Cu—=—~rR & > R—= = R
— " , R , (c)Pd ca/
R———SnR"; - XN—== R —

Scheme 2.3.3: Asvmmetric coupling of terminal alkvnes.

Other conditions were aiso established around various palladium catalysts in order
to increase the reactivity of these reactions.

In this section. the Sonogashira conditions were used for the dimerization and
coupling of the various acetylene givcosides. The Stephens-Castro reaction is the cross-
coupling reaction of copper (I) arvlacetvienes with iodoalkenes. =900 1rs scope 1s
sometimes limited by the vigorous reaction conditions and by the difficulty in preparing
cuprous acetylides. The Sonogashira reaction ®' is the palladium-catalyzed version of the
Stephen-Castro reaction. By adding catalvtic bis(triphenviphosphine)-palladium
dichloride and Cul as the co-catalyst. Sonogashira er al. successfully cross-coupled
terminal alkvnes with arvl- and vinyl halides in the presence of an aliphatic amine under
miid conditions (Scheme 2.3.4). The reaction proceeds smoothly in the presence of

Palladium-complex catalyst and cuprous 10dide co-catalvst.



Pd(0) (cat.)

oF > R——=———R
Pd() (cat.)
Cu(]) (cat.)

R—X =+ H

I
~

R'= Aryl or Alkenyl
X =Br, 1L Cl, or Otf

Scheme 2.3.4: Sonogashira coupling.

As a source of palladium, PdCl2(PPh:). in diethvlamine or triethylamine 1is
commonly used. In many cases, Pd(OAc), or Pd(OAc)»(PPh;),, & or Pda(dba);, or
Pd>Cl:(CH:CN): plus two equivalents of a tertiarv phosphine, which are reduced in situ
to the catalvitically active Pd°, have been used. %

Sonogashira proposed a reaction scheme consisting of a combination of two
catalytic cycles A and B (Scheme 2.3.5). This protocol is based on the discovery of Cul-
catalyzed transmetallation in amine. ** When PdCL(PPh:)> is used. a Pd-acetylide
complex is formed. and it undergoes reductive elimination to form the Pd°(PPh;).
Oxidative addition of the sp~ halide to Pd (0). which undergoes nucleophilic attack by the

acerylide anion and subsequent reductive elimination. affords the disubstituted acetylene
and Pd(PPh;)s.
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Scheme 2.3.5: Mechanism of Sonogashira reaction: in a similar manner to the Heck
mechanism. the catalyst undergoes an i) oxidative addition, i) a
transmetallation. and ii1) reductive elimination.
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As a useful tool, the Sonogashira reaction can be used to transform acetylene
monomers to homo and hetero dimers, also to trimers, tetramers, and even hexamers as

shown in figure 2.3.6.

RXCH, = R =sugar
X=C.0.N.orS
Various methods:
RXCH, arios memo® RXCHy—== = RXCH-

£.Cul, Os. Pyvr. nn

ii. Cul, PdCly(PPh3),. DMF. Et;N. rt or Reflux
iii. Pd(Ph:P)y.EtyN. DMF

iv. Cu(QAc).. Pvr. 60 oC

RXCHy——== - 1-—©—m PACLyPPhayy. m;_@-m
— Cul,

DMF-E1isN

- @ — o™

n=1,2.3.40r6

Scheme 2.3.6: V'arious methods, including Sonogashira coupling. to dimerize terminal
alkyne carbohydrates and to obtain di-. tri-, tetra-, and hexa-mers.

Acetylenes and substituted acetylenes undergo cycloaddition in one step in the
presence of a metal catalyst. This carbocvclization is a well-known reaction. and can be
achieved with many transition metals including Co ®. Ni ®. Pd ®". Cr **. Rh ®°, Fe "®, Ta
. and activared Zr-Ti. - Although more recently it was found in our group - that 2-
proponyl glvcosides can undergo a cyclotrimerization reaction in the presence of Grubbs’
catalyst (12) to give a mixture of regioisomeric aryl glycosides (Scheme 2.3.7). This

reacuon is known as the acetylene metathesis.
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CHaCl, RX l
2
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X=C.0O.N.orS. X
Minor Major

Scheme 2.3.7: Acetylene metathesis using Grubbs’ catalyst (12).

A common mechanism for this tvpe of reaction is illustrated in scheme 2.3.8. 702
Two alkvne molecules coordinate respectively to a single metal center. Oxidative
coupling occurs resulting in the formation of a metallacyclopentadiene and oxidation of
the metal. thus opening a coordination site. A third alkyne molecule may insert to give a
transient metallacvcloheptatriene. 7020 Finally. a benzene product is released. Based on
this and on the Chauvin mechanism shown in section 2.1. a mechanism of the acetylene
metathesis using Grubbs’ catalyst (12) was suggested. as it is described in scheme 2.3.9.
Interestingly enough. this mechanism explained. based on the regioselectivity and
stereoselectivity. the reason why the 1.2.4-trisubstituted benzene is the major product

versus the corresponding 1.3.5-trisubstituted derivative.

= = N

/ >
LM L,,M—{ll LM _— LnM\:\
-L -L >//
7l
= \  -[LM]

Lﬂ‘\_.,
Vot R

Scheme 2.3.8: General mechanism for alkvne trimerization.
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Scheme 2.3.9: Suggested mechanism of the acetylene metathesis based on the Chauvin
mechanism. As 1t i1s shown. three cycles will generate the 1,2.4
trisubstituted arvl versus one cvcle that generates the 1.3.5 trisubstituted
arvl. which explains why the first isomer is the major product of this
reaction.



Examples of successful acetylene metathesis were reported by our group. In this
thesis, GIcNAc acetylene derivatives were synthesized, but unfortunately their metathesis
reactions were not successful. The conditions of this cyclization reaction via acetylene
metathesis have not yet been generalized and optimized, as many possible factors such as
functuonal groups, substrate polarity, solvent systems and even reaction temperature
could affect the outcome of this reacuon. Few acerylene carbohydrate derivatives
underwent this reaction successfully under the same conditions, but none of them
contained an amide group. GlcNAc on the other hand is a very polar sugar and it also
contains an amide group on the C-2 of its pvranose ring. These distinguished

characteristics might have affected the outcome of this reaction.



RESULTS AND DISCUSSION

The 4-1odopheny! derivative (56) was synthesized via a PTC reaction from the
previously prepared 2-acetamido 2-deoxy-3,4.6-tri-O-acetyl-B-D-glucopyranosyl chloride
(23). The propargyl template was prepared by reacting the oxazoline (24) with propargyl
alcohol giving compound 57 in 90% yield. The coupling of the iodophenyl and O-
propargyl moieties using the Sonogashira conditions led to the formaton of the

heterodimer 58 in 58% vield

OAc
AcO 0 OAc
NHAc
23 ¢l OAc
a
\ AcO o)
OAc

- NS
56 c
OAc | |
‘X\,O O //
AcO \ O\/ 0
NHAc 0
A 57 AcO / .
b I NHAc
OAc O
Ac
AcO 38
AcO 0
.ACO EN.
YN O
Y
Me
Scheme 2.3.10: Synthesis of compound 58. a) TBAHS, Na,COs. EtOAc:H-O (1:1),

4-Iodophenol, 80%: b) CSA. CHCCH:0OH, 90%; c¢) PdCl.(PPh;),,
DMF. Eu:N, reflux, 58%.



The reaction of commercially available GlcNAc with propargyl amine formed
compound 59 in excellent vield (84%). This compound underwent two different reactions
under the same Sonogashira conditions, forming two different homodimers. A self-
coupling reaction formed compound 60 from 59. Under the same conditions, and in the

presence of 1,4-diiodobenzene, compound 61 was obtained. but in low to moderate yield.

AcHN
\CO O.Ac . \ O Ac
= N ’
. Ac
N =
acO Y OAc
AcO
60

NHaAc

OH V
OAc
HO 2 OH AcO < o 9f
HO a Ac . =
\ > A;;S::::;;lp/x\v//4;

NHAc
NHAc
17 59
\o

—

—\—/_ \‘ AcHN
////\x/mo.-\c
==

AcO lOAc l/\// Aac O 3
N O‘ ac //\/ AcO OAc
Acom/x\//
NHac
61
Scheme 2.3.11: Svnthesis of compounds 60 (48%) and 61 (40%): a) 1.

Propargvlamine, 2. Ac>O:Pyridine (1:5), 84%; b) PdCl.(PPh)s,
DMF. Eui:N, reflux.

In an attempt to produce a longer and more flexible spacer. compound 62 was
svnthesized by coupling the previously made amino peracetylated GlcNAc (31) with
commercialiy available pentyvnoic acid in the presence of EDC. This alkyne was self-

coupled under the Sonogashira conditions, giving homodimer 63.
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Scheme 2.3.12: Synthesis of compound 63: a) EDC, CH.Cla., 60% crystals; b)
PdCI-(PPhs)s, EtsN, DMF, reflux, 54%

As previously mentioned. it was recently found in our group that two propynyl

glvcosides can undergo a glvcotrimerization reaction in the presence of Grubbs™ catalyst

—~

12). This reaction was tried with O-propargyl peracetylated o-D-mannoside, B-D-
calactoside. and P-D-lactoside. to give the corresponding products in 75%, 72%. and
06°%, vields respectively.

At this stage. the cyclotrimerization of compounds 57. 59, and 62 was the next
step to attempt. Unfortunately, the treatment of each of these compounds with the same
reaction conditions (catalyst 12. CH-Cl,, room temperature for 12 hours) did not give any
of the expected products. No side reactions were even observed. The starting materials
were recovered and identified bv NMR.

It was not clear why these reactions failed, but this failure could be related to what
was previously noticed in the olefin metathesis reactions (Section 2.1), where B-O-allyl
GlcNAc dimers resulted in lower vields (66%) compared to the other O-allyl sugars (75
o 95%). With that in mind. one can say that allvlic or propargylic substituted GIcNAc

derivatives are not ideal substrates for catalyst 12 under these conditions.
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Scheme 2.3.13: attempts to cyclotrimerize compounds 57, 59, and 62, using catalyst 12.

No additional work was further attempted with these reactions in order to
overcome this obstacle. although slight changes in the reaction conditions would have
probably affected their success. Heating the reaction mixture or even refluxing it using a
higher boiling point solvent might have increased the reactivity of the substrates with the
catalyst. The second-generation Grubbs’ catalyst (15) could have also been a more
successful catalyst in the trimerization reactions.

Unfortunately, due to time restraints, this project was abandoned at that stage, and

no further attempts were made to change any of the reaction conditions.
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2.4 Aryl-aryl coupling

INTRODUCTION

Organic chemists usually seek the most efficient way to synthesize their target
molecules. In order 10 achieve their goal, many attempts are usually made, some of which
are successful, and some are not. In both cases, the results can be very educational.

In this section of the thesis, attempts to obtain biphenylic glycodimers via aryl-
aryl coupling using palladium catalysts are reported. The biphenyl is a very interesting
spacer 1o have berween two sugar moieties. It belongs to the rigid-rod molecules’ family,
and unlike other rod-like molecules, it is strongly anisotropic **, and it has a two-fold
svmmetry axis along the rod direction.

Earlier methods describing the synthesis of p-oligophenylenes (biphenyl being

>

one of them) (Scheme 2.4.1) * include reductive coupling of 4-iodophenylarenes with

copper > or silver ° powder. oxidative coupling of unsubstituted arenes with AICl; in
nitrobenzene. ° addition of 4-arvlphenyilithium to quinone *° or 1.4-cvclohexanedione *!
with subsequent dehydration and oxidation. and oxidative coupling of 4-

arvlphenyllithium reagents with CuCl.. ¥

oy O

o=<}o
1/ VNN - or - N i
\O/‘n” " — H@T;‘
O%_—\-—/—O CuCl-
_ R\ /
&

Scheme 2.4.1: Early methods of synthesis of p-oligophenylenes.



Reducuve elimination of biphenyl has also been reported for polypheny!

derivatives of many non-metals as shown in Scheme 2.4.2. %

M = Br. S. S,. SO.. Se. P. Sb. As

Scheme 2.4.2: Synthesis of biphenyls from nonmetallic precursors or reagents.

All these reactions are potentially applicable. although in most cases, vields or
conditions were either low or too harsh to be used with carbohvdrate moieties. Besides,
trving to introduce a bond between two aromatic rings. either intra- or inter-molecularly.
was not so trivial and was a familiar problem to many organic chemists. Needless to say.
chemists are known to take on challenges. and try hard to solve synthetic problems. Many
approaches were made toward the aryl-arvl coupling reactions, and some of the names,
reactions. and conditions are mentioned below:.

For more than a decade. the Pschorr reaction ** involved the intramolecular
substitution of arenes by aryl radicals ™ which are generated by the reduction of arene
diazonium salts with copper (I) ion. 3%

The Comberg, Bachmann. and Hey reaction was another classical route to
biarvls. ***' Formally. this and the Pschorr procedure are related: they both require the
decomposition of diazonium salts, one tvpically in alkaline solution and the other in acid.

The Ullman and Ullman types of biarvl syvnthesis are reactions by which two
molecular equivalents of aryl halide are reacted with one of finely divided copper to form
a biarvl and copper halide.”" Many developments and changes were made by many
chemists to improve this reaction. among them are Koten and Noltes, '® and Zeigler er al.
Lol

Classical Ullman reaction procedures are still commonly placed in the literature
of organic chemistry, but for symmetrical biaryvl svnthesis at least. the use of zerovalent

Ni appears to be more officient. The original method was discovered by Semmelhack '
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followed by Kende er al. '®, Mori er al. '™, Zembyashi et al., '% Takagi er al. '* and

again by Semmelhack and Rono. 107

Other methods such as photochemical '

ti2-116

methods of aryl-aryl bond formation,

117-120 121113

y

phenolic and anodic

oxidations, vanadium, thallium, manganese

. . i . . .
selenium and tellurium'** oxidations, were also established.

Coupling of arenes with palladium (II) complexes. i Biphenyl can be
obtained by heating benzene with palladium (IT) chloride and sodium acetate at 90° C in
acetic acid solution.'*® As the reaction proceeds, Pd metal is deposited, but no coupling
occurs unless acetate ion is present. The rate determining step is considered to be the
formation of a c-bonded arvi-Pd (II) complex, followed by a fast breakdown of the
complex. The latter is iniuated by the attack of acetate anion.

Initially, the use of Palladium chemistry was not very popular, although, after
being put on the shelf for quite some time, the palladium chemistry, and as mentioned
before in this thesis, was rejuvenated in the last decade or two. So many Palladium
catalvsts were generated and so many conditions and secondary reagents were associated
with every reaction. It became almost impossible to predict which catalyst will give the
optimal vield from any particular substrate.

Presently. the most versatile step-byv-step approach to biaryls includes a
paliadium-catalvzed asymmetrical coupling of aryl boronic acids with arvl bromide or

arvl halide. This method 1s known as the Suzuki coupling (Scheme 2.4.3).

Rl@s(oﬂ)z - X@R’ _ Pdeat R@R’
\ n m n-mr

X=Brl
Scheme 2.4.3: Formation of p-oligophenylenes by Suzuki coupling.

The use of Suzuki coupling to obtain target biphenyl-glycodimers would have

been the ideal situation. Unfortunately, other organic chemistry groups were ahead of us
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in that planning, as they published similar work.' " 1*8 Although, It is important to note
that no biphenyl-glycodimers were yet synthesized.

Other conditions were later reported involving the use of Pd (0) as a catalyst in
the direct homocoupling of aryl halides. ‘2% A paper published by M. Lemaire er al.

showed verv encouraging results in terms of vields and reaction conditions (Scheme
2.4.3).

@__B Pd(OAc), / nBu NBr @_@
r >
R DMPH:O/(CHS):CHOH, R R

E[:,N or K:COS

Scheme 2.4.4: Cross-coupling of arvl halides as reported by Lemaire ez al.*

All coupling reactions in Lemaire’s work were carried out at 115 °C with catalytic
amount of Pd(OAc): in the presence of a mild base such as potassium carbonate or
triethylamine. Their vields ranged from 57 to 95%. These conditions were reasonably
tolerable for a carbohvdrate derivative such as 4-bromo or 4-iodophenyl-O-Peracetylated
glucosamine. No similar synthesis of a carbohydrate biphenyl dimer had been reported
prior to that date. Taking all these factors into consideration. a project targeting the
homocoupling of compounds 53 and 61. using a Pd(OAc): catalyzed reaction, was set and
ready to go. Out of their reported examples. 4-nitro-bromo-1-benzene and 4-methoxy-
iodo-1-benzene were dimerized in 85% and 81% yields respectively.

Another method was later reported. **0 describing the palladium-catalyzed zinc-

mediated arvl halide coupling under ambient conditions (Scheme 2.4.5).

Pd(0) cat.
R Zn, H,Ovacetone. air R R

Scheme 2.4.5: Palladium-catalvzed zinc-mediated arvl halide coupling. 130




RESULTS AND DISCUSSION

The homocoupling method of an aryl halide carbohydrate was mostly based on
Lemaire’s work. In their paper, four different conditions were used in the homocoupling

reaction. and they are as follows:

“All coupling reactions were carried out at 115 °C with 8.107 mole (1 equiv.) of aryl
halide and a Pd(OAc)-/nBusNBr (0.05/0.5) mixture. Method A: solvent DMF/H-O (0.9
mL.0.35mL), isopropanol (1.25 mL) and K,CO: (1 equiv.). Method B: solvent DMF/H.,O
(0.9 mL/0.35mL), and K-CO: (1 equiv.). Method C: solvent DMF (0.9 mL), isopropanol
(1.25 mL) and NEt; (3 equiv.). Method D: solvent DMF (0.9 mL), and NEt; (1 equiv.).”

Compound 56 was previously prepared from compound 23 via PTC reaction, and
compound 64 was prepared using the exact same conditions, replacing the iodophenol by

bromophenol (Scheme 2.4.6).

Each of these two compounds underwent the homocoupling reaction using each
of the four condiuons listed above. Unfortunatelv. none of these reactions were
successful. Decomposition of the starting materials was observed after two days of reflux
in some cases. Traces of the product were probably formed, judging by the mass
spectrum and ‘HNMR of the crude reaction mixture. Unfortunately, not enough material

was obtained; therefore the products could not be purified and fully characterized.
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OAc

— AcO O
QAc \_7 NHAc
AcO O 56
AcO
|
NHAc PTC
Cl
23
\HAc

5 Pd(OAc) / nBuNBr (0.05/0.5)
56 64 = > T
°r DMF/H,0/(CH;),CHOH (3.1 4) NO REACTION

K,CO; (1 eq)

Pd(OAc). nBu:NBr (0.05/0.3)
- 3 - - > N’ ¥ R
56 or 64 DMFTLO (3 1) O REACTION

K:C03 (1 Cq_)

Pd{OAC) / nBu,NBr (0.05/0.5)

< — NO RE: N
36 or 64 DMEF/(CH,)-CHOH (3.4) ACTIO
Et:N (3 eq)
Pd(CAc), (10%)
5 2 - N v N
6 or 64 acetone: H,O (1:1) O REACTIO
Zn(l.2eq)
Scheme 2.4.6: Svnthesis of compounds 56 and 64 and attempts to prepare the

arvl-aryl dimers.
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2.5 Molecular orbital calculations

In the course of this thesis, the geometry of the obtained dimers was determined
using the computer-aided molecular design (CAMD) modeling tool for the Microsoft
windows: Quantium CAChe. CAChe for Windows '*!' enables to draw and model
molecules, as well as perform calculations on a molecule to determine its molecular
properties and energy values. The calculations experiments, are performed by
computational applications, which apply classical mechanics and quantum mechanics
equations.

Using classical mechanics. CAChe for Windows can optimize molecular
geometry. determine a series of low-energy conformations between high-energy barriers,
and simulate the normal motion of atoms according to time, temperature. and the
caiculated forces of the atoms.

Using quantum mechanics. CAChe for Windows can predict electron density and
distnbution in a molecule. investigate molecular orbital energies, optimize molecular
geometrv. determine transition state geometry, and calculate molecular properties such as
bond order and atomic partial charge.

Optimization involves finding the most stable geometrv, or minimum energy
structure. of a chemical sample. The lowest energy. or optimum structure, of a
conformaton of a molecule displays characteristics and properties that are more likely to
reflect the true behavior of a chemical sample. Therefore, using optimization in CAChe,
we can achieve more accurate results when analyzing molecular characteristics such as
calculating bond lengths and atom distances as we will see throughout this thesis. CAChe
usually uses both classical molecular mechanics and semi-empirical quantum mechanics
to find minimum energy conformations of our molecules. The program opumizes the
molecules using classical mechanics first, and then refines the structure using quantum
mechanics. Since the molecules in this thesis are fairly big and due to ume constraints,
only classical mechanical methods are used since they are much faster than quantum
mechanical calculations. As well. experiments tend to yield similar or more accurate
opumized geometries when applving classical mechanics to discover a low-energy

structure. However. if the sample is in a state where electronic effects have a significant
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impact on the structure (e.g., a transition state), its geometry cannot be refined by a
classical approach. Similarly, classical mechanical experiments do not yield any
molecular orbital information.

Optumizing a molecule involves finding the most stable geometry, or minimum
energy structure. Molecular mechanics treat molecules as arrays of hard, impenetrable
balls connected by springs. The collection is governed by classical, mechanical
principles, so that the energy may be represented as a sum of terms. each representing
one possible mode of mechanical deformation of the molecule from an idealized

geometry.

—

Etaml = Estr:z:h - Ebcnc’ s Elorsxon T Eavodw T depol:

Where:
Eieien = the energy of a pair of atoms as a function of the distance between them (given

by a Morse curve).

Eoena = the bending energy based on a Hooke's Law type of potential.

Ewmson = the energy arising from bonds not fully staggered. It includes three-fold (like
cthane) potenuals. as well as two-fold (alkenes. carbonvls) and one-fold (alkvnes)

potenuals.
E.sw = the repulsion energies between non-bonded atoms.

Egipoie = the energy of interaction of bond dipoles and any point charges.

A rotal steric energy (TSE) is calculated for an input geometryv. The molecular
geometry then is altered and the TSE is recomputed: the process is repeated until a
minimum TSE is found. The method of defining a minimum is crucially important;

CAChe systematicallv adjusts the atom coordinates in our molecule untl the
lowest energy conformations are discovered. CAChe examines bond angles and atom

distances 1n the molecule and compares its geometry to the classical mechanical ideal
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value. Deviations from the ideal accumulate a relative energy quantity known as steric or
potenual energy. CAChe calculates these deviations from the ideal, and optimizes a
molecule by moving its atoms, in order to lower the sum of the deviations (and thus
lower the steric energy) until energy changes are negligible.

For example, the deviaton of a dihedral angle from a staggered conformation adds to the
steric energy of a certain compound. Other factors, such as hydrogen bonding, are
stabilizing, and can therefore reduce the total steric energy for our sample. CAChe
performs as many optimization iterations as necessary, and stops when the steric energy
change between iterations becomes acceptably small. At the end of an optimization, the
chemical sample’s geometry corresponds to a steric energy minimum. The following
example (Fig 1.6.1) shows how CAChe optimizes p-hydroxystyrene B-D-glucoside with
a strained dihedral angle. so that the atoms of the optimized molecule do not deviate from
the classical mechanical ideal. and therefore steric energy is minimized. The four atoms
implicated in the dihedral angle are H-1, C1, O and C of the Styrene. The orbital
overlapping of both the B-glycosidic oxvgen atom and the cvclic one is the most crucial
factor that will be tested by this program. After running the experiment, the optimized
geometry calculated by CaChe showed the most stable conformer (Fig 2.5.1 a) of the B-
glvcoside. In its 3D projection it was clzar to see how the molecular orbitals of both
oxygens do not overlap. The figure also shows that the least stable conformer is the one
where these orbitals overlap (Fig 2.5.1 ¢). This example is a great indication of the
capacity and sophistication of this program. Based on these results CAChe for windows
was used to calculate the optimum geometry, spacer lengths, and space distances of two
particular atoms of our synthesized dimers. For further clarification. the two oxygens’
molecular orbitals do not overlap in both figure 2.5.1.a and figure 2.5.1.b, although in the
first one, the styrene and the O-Acetate on C.: of the per acetylated galactose are on
opposite sides of the plane. whereas in fig 2.5.1.b, they are on the same side, therefore
making the conformer slightly more hindered. This shows further the sensitivity of this
program toward the steric hindrance of the molecule. In the energy diagram in graphs
2.5.1 a. b. and c. the potenual energy of the molecule is measured at 23 intervals of the

360° rotation of the selected dihedral angle.
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Graph 2.5.1 a: Energy diagram showing the most stable conformer of p-
hvdroxvstyrene -D- galactoside

Figure 2.5.1 a: The most stable conformer of p-hyvdroxystvrene -D- galactoside.



Graph 2.5.1 b:

Figure 2.5.1 b:

Energy diagram showing a less stable conformer of p-
hvdroxystyrene B-D- galactoside

A less stable conformer of p-hvdroxystyrene B-D- galactoside
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Graph 2.5.1 c: Energy diagram showing the least stable conformer of p-
hydroxystyrene B-D-galactoside

Figure 2.5.1 c: The least stable conformer of p-hydroxystyrene B-D-galactoside
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Based on the previous example CAChe was used to calculate the optimum
geometry as well as the distances between X and X, C1 and C1°, and C4 and C4’ (Fig
2.5.2) of the dimmers that were synthesized in this thesis as shown in table 2.5.1.

C.;\/O O\/C4'

\/\\C l/ X X< C '//\/

i

Figure 2.5.2: A model of a carbohydrate dimer that illustrate X. X". C1, C1°, C4. and
Cs.

Table 2.5.1: Calculation of the spacer lengths (X to X) and the distances between C1
and C-1°, C-4 and C-4" for the synthesized glycodimers.

Molecule X-X" (A) , C1-C1°(A) 1 C3-C4°(A) :
20 ; 5.162 ‘ 7.354 ' 11.794
22 4.993 7.375 } 11.893
29 5.258 ? 7.608 11.725
33 5.723 ‘ 6.889 i 10.247
40 12.015 ‘ 13.711 ? 17.501
42 1 12.097 *w : *x
43 12.029 13.913 ? pl
58 10.311 11.147 5 13.734
60 ‘ 12.250 14.163 f 17.890
61 ! 12.346 15.057 19.754

These results can be an mmportant factor in the biological studies of glvcodimer-
protein interactions. The length of the spacers can be a determining factor in the selection
of the proper glycodimer that fits a given active site of a certain enzyme or protein
receptor. CAChe in this case can also be a useful ool to predict and prioritize the

selection of the synthesis of one glvcodimer over another.



2.6 Conclusion

Terminal alkene carbohyvdrate derivatives were successfully dimenzed by olefin
metathesis reactions, using Grubbs’ Ruthenium catalyst. This method has proved to be a
verv useful and efficient too!l in the synthesis of homodimers.

Glvcodimers were also obtained by the coupling of carbohydrate alkenes with
arvl halide carbohvdrate derivatives, using the Heck coupling reaction. This reaction
enabled the formaton of selective heterodimers. This reaction was not as efficient as the
olefin metathesis reaction in the formation of homodimers; however, the synthesis of the
obtained heterodimers in good vields was only feasible via Heck reaction.

Homo and hetero glycodimers were also successfully synthesized from sugar
alkvnes using Sonogashira coupling reaction.

The cyvclotrimerization reactions of the terminal alkyne GlcNAc derivatives using
Grubbs’ catalyst (12) did not succeed even that it have previousely worked with other
terminal alkvne carbohyvdrates. It was also proven that homodimers of arvl halide
carbohydrates can not be obtained using Pd(OAc). catalyzed reactions .

The spacer lengths and distances separating two atoms of the obtained dimers

were calculated using CAChe for Windows software.
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2.7 Experimental Methods

General methods

'"H NMR and "*C NMR spectra were obtained from either a Varian Gemini-200 z
or a Bruker AMXS500 spectrometer at 500, 300; or 200 MHz for protons and 125.7; 75; or
50.3 MHz for carbons, respectively. Proton chemical shifts are given relatve to internal
chloroform (7.24 ppm) for CDCl; solutions. Carbon chemical shifts were performed by
the first order approximations and were based on shift correlation spectroscopy (COSY),
heteronuclear multiple quantum coherence (HMQC), and 1- and 2- dimensional
distortionless enhancement by polarization transfer (DEPT) experiments. Multiplicities of
the NMR signals were reported using the following abbreviations: singlet (s), broad
singlet (bs). doublet (d), doublet of doublets (dd), doublet of doublet of doublets (ddd).
multiplet (m).

Mass spectra were recorded on a Kratos [TH (FAB-glvcerol) instrument. Xenon
was used as the neutral carmer atom in FAB-MS experiments.

Infrared spectra were obtained on a Bomem-Michelson MB-100 FT.IR
spectrophotometer neat on KBr plates.

cactions were monitored by thin-laver chromatography using Kieselgel 60 Fas.
precoated 0.25 mm thick aluminum backed plates and the compounds were detected by
short wave UV light or by an ammonium molybdate solution (2.5% w/v). TLC plates
were heated 10 150°C when necessary.

Purifications were performed by gravity or flash column chromatography on ing

silica gel (230-400 mesh. E. Merck No. 9385).

77



2-acetamido 1,3,4,6-tetra-0-acetyl-2-deoxy-f-D-glucopyranose (18)

GlcNAc (compound 17, 5.0 g) was dissolved in pyridine (20 mL). This mixture
was cooled to -10 °C under N inert atmosphere, at which point acetic anhydride (4 mL)
was added. The reaction mixture was allowed to warm up to room temperature, and was
left stirring overnight, at which time TLC (EtOAc/MeOH, 9:1) indicated the consumption
of all starting materials. The solution was concentrated under reduced pressure, and the
crude product was dissolved in CH:Cly, and then washed 3x with NaHCOs; saturated
solution. The organic laver was isolated, dried over Na,SO,, filtered, and concentrated
under reduced pressure, giving the desired product (4.9 g, 92%). This yellowish white
solid was then cryvstallized in EtOH, giving compound 18 as a white crystal (3.33 g,
61%). '"H NMR (CDCl;, 500 MHz): 8(ppm) 6.12 (N-H, d, J] = 3.7 Hz, 1H), 5.88 (H-1, d,
J.-=9.1Hz. 1 H). 5.19 (H-3. dd, J.5=9.4 Hz, J;.=8.1 Hz, 1H), 5.1 (H-4, dd, 1H), 4.02
(H-6. m. 1H). 3.98, (H-3. m. 1H). 1.86. 1.97. 1.98, 2.01 (OAc, 4 s, 12H), 2.12 (NAc, s,
3H): **C NMR (CDCl;. 75 MHz): 3(ppm) 169 (C=0), 90.2 (C-1), 69.8, 69.5, 68.9, 66.9,
01.5 (C-3.C-5.C-2.C-4.C-6). 20 (Ac).

2-propenyl 2-acetamido-3.4.6-tri-O-acetyl-2-deoxy -B-D-glucopyranoside (19) > %

From compound 18: To an ice-bath cooled solution of compound 18 (1.0 g) and
allyl alcohol (230 ul, 1.5 eq.) in CH.Cl: (5 mL), was added BF:Et-O (480 ul, 1.5 eq.) via
a svringe. The reaction mixture was allowed to warm up to room temperature, and was
left stirring for 4 hrs, at which point, TLC (EtOAc/hexane, 3:1) indicated the
consumption of all starting materials. The solution was dissolved CH:Cl.» (20 mlL),
transferred to a separatory funnel, and then washed 2x with a saturated solution of
Na-COs and 1x with H.O. The organic phase was isolated, dried over Na,SO, filtered,
and concentrated under reduced pressure. The crude product was passed through column
chromatography on silica gel. Two compounds were isolated: the major compound was
the hvdroxylation product of the anomeric position of compound 18, and the minor

product was the desired product, and was obtained in 40% yield.
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From compound 24: To a solution of compound 24 (200 mg) in allyl alcohol (5
mL), was added camphorsulfonic acid (10 mg, 1 eq.). The reaction mixture was stirred
overnight under reflux, and the TLC (EtOAc/hexane, 4:1) indicated the consumption of
all starung materials. The solution was concentrated under reduced pressure, and the
crude product was dissolved in CH.Cl,, and then washed 3x with a saturated solution of
NaHCO; and 1x with H2O. The organic laver was isolated. dried over N2.SO., filtered,
and concentrated under reduced pressure. The product was then purified by column
chromatography on silica gel, using EtOAc/hexane, 3:1 as eluent. The wanted fractions
were combined and concentrated under reduced pressure, giving compound 19 (195 mg,
80%). 'H NMR (CDCl;, 500 MHz): o(ppm) 6.2 (NH. bd, 1H), 5.9 (CH, m, 1H), 5.5 (H-3,
bd. J:: =9.1 Hz, 1H). 5.2 (H-4, dt, 1H), 5.19 (Ha of CH2, dd, 1H), 4.8 (H-1, d, J;.. = 8.4
Hz. 1H), 4.3 (Hb of CHs, dd. 1H). 4.25 (H-2, dd, 1H), 4.15 (H-6, dd. 1H), 3.95 (H-6", dd,
1H), 3.72 (H-5. m. 1H). 2.45 (CH. s, 1H), 2.1, 2.05. 2.0, 1.95 (Ac, 4 s. 12H); °C NMR
(CDCl:, 75 MHz): 8(ppm) 172 (NCO), 170.6-170.3 (C=0). 133.8 (CH), 117.7 (=CH.),
96.8 (C-1). 72.3. 71.8. 68.6. 62.1. 49.8 (C-3. C-3. C-6, C-4, C-2). 68.2 (CH.); FAB-MS
[M-1]": 388.3.

1.4-bis(2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-f-D-glucopyranosyl)-2-butene (20)

Two drops of MeOH were added to a partially soluble solution of compound 19
(300 mg) in CH.Cl: (4mL). After dissolution. ruthenium catalyst 12 (33 mg) was added,
and the reaction mixture was refluxed for 36 hrs. The solution was concentrated under
reduced pressure. and the product was purified by column chromatography on silica gel,
using EtOAc isopropanol. 9:1 as eluent. Fractions containing the product were combined
and concentrated under reduced pressure, giving compound 20 as a white solid (195 mg,
66%); 'H NMR (CDCl;, 500 MHz): o(ppm) 6.45 (NH. bp, 2H), 3.68 (CH. bdd, 2H), 5.25
(H-3. m. 2H). 5.05 (H-4. dt. 2H), 4.68 (H-1 zrans. d. J;.- = 8.23 Hz. 1H), 4.68 (H-1 cis. d.
Ji2=8.23 Hz. 1H), 4.15, 4.25 (H-a.b of CH.. H-6.6", 2 m, 8H), 3.65 (H-5. m, 2H), 2.1-
1.95 (Ac. 4 5. 24H): C NMR (CDCls. 75 MHz): 3(ppm) 170.7, 170.6. 170.4, 169.4
(C=0). 128.9. 128.8 (CH). 100.0, 99.6 (C-1), 72.3, 71.8. 68.6, 62.1. 49.8 (C-3, C-5, C-6.
C-4.C-2).68.1.64.4 (CH.); FAB-MS [M~-1]": 747 4.
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Analvtical calculation for C5oHigN2Oqs: C, 51.47; H, 6.21; N, 3.75. Found: C, 50.91; H,
6.20; N, 3.89.

2-propenyl 2-acetamido-2-deoxy-3-D-glucopyranoside (21)

To a solution of compound 19 (100 mg) in MeOH, was added NaOMe solution
until pH reached 9. The reacton mixture was stirred for 2 hrs, at which point TLC
(CH.C1./MeOH, 9:1) indicated the consumption of all starting materials. H™ resin was
added to acidifv the reaction mixture and the solution was then stirred for 10 munutes,
then filtered and concentrated under reduced pressure, giving compound 21 (63mg,

100%). Clean reaction: only mass spectrum was taken; FAB-MS [M+1]7: 246 .4.
1.4-bis(2-acetamid o-2-deoxy--D-glucopyranosyl)-2-butene (22)

To a solution of compound 21 (100 mg) in MeOH (1 mL) and CH.:Cl: (1 mL),
was added ruthenium catalyst 12 (33 mg. 10%). The reaction mixture was refluxed
overnight. A white solid was formed and floated to the surface upon cooling of the
reaction mixture. This solid was filtered, dried. and was identified by NMR and MS as
compound 22 (109 mg, 58%). 'H NMR (D-0. 500 MHz): 5(ppm) spectrum not very clear
for interpretation. *C NMR (CDCl;, 75 MHz): 3(ppm) 171.93 (C=0). 129.72 (CH).
100.68 (C-1). 76.59.75.11.72.1. 61.95. 35.91 (C-3. C-3. C-4. C-6, C-2), 67.01 (CHa2),
22,55 (Ac); FAB-MS [M~177: 463.4.

2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-3-D-glucopyranosyl chloride (23) 134

GleNAc (compound 17. 7.0 g) was dissolved in acetyl chloride (50 mL). The
reaction mixture was stirred overnight in a well-sealed flask. The resulting clear pink
solution was concentrated under reduced pressure. and the crude product was dissolved in
EtOAc (200 mL). It was then washed 2x with a saturated solution of NaHCO: and 1x
with H-O. The organic laver was isclated. dried over Na,SO., filtered, and concentrated

at 40 °C and under reduced pressure to 20 mL. Warm ether was then added, causing the
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precipitation of white crystalline solid, which was filtered to give compound 23 (4.3 g,
65%); '"H NMR (CDCl;, 500 MHz): 8(ppm) 6.12 (N-H, d, J = 3.7 Hz, 1H), 5.9 (H-1, 4,
J12=9.1Hz 1H), 519 (H-3,dd, J.;=9.4 Hz, J;,= 8.1 Hz, 1H), 5.1 (H-4, dd, 1H), 4.02
(H-6. m, 1H), 3.98, (H-5, m, 1H), 1.86, 1.97, 1.98. 2.01 (OAc, 3 s, 9H), 2.12 (NAg, s,
3H); °C NMR (CDCl;, 75 MHz): o(ppm) 170.9. 170.5, 170 (C=0), 168.7 (NCO), 95.1
(C-1),71.9, 70.9, 67.8, 60.5, 53.9 (C-3, C-3, C-4, C-6, C-2).

2-Methyl-4.5-(3.4,6-tri-O-acetyl-2-deoxy-a-D-glucopyrano)-A*-oxazoline (24) '*°

To a solution of compound 23 (1.0 g) in CH:CN (15 mL), were added tetra-butyl
ammonium chlonde (3.5 g, 1.1 eq.) and NaHCOs (2.11 g, 2.2 eq.), and the reaction
mixture was stirred for 20 minutes at 35 °C, at which ume TLC (EtOAc/hexane, 4:1)
indicated the consumption of all starting materials. The solution was concentrated under
reduced pressure, and the crude product was dissolved in CH-Cl-, and then washed 2x
with H2O. The organic laver was isolated. dried over Na.SQ., filtered. and concentrated
under reduced pressure to give compound 24 as a white solid (870 mg, 100%); '"H NMR
(CDCl;. 300 MHz): o(ppm) 5.97 (H-1.d. J;~ = 7.3 Hz, 1H), 5.27 (H-3.dd. J;:: = 6.2 Hz,
1H). 4.94 (H-4. dq, J:5s =9.2 Hz. 1 H), 4.18 (H-6.6". d. 2H). 2.09 (CCH;. s. 3H), 2.12.
2.10.2.08 (Ac. 3 s, 9H); °C NMR (CDCls, 75 MHz): o(ppm) 172.1, 170.1, 170.6 (C=0),
160 (NCO), 106 (C-1), 71.7. 71.2. 71.1, 62.1, 58.0 (C-3, C-3. C-4, C-6, C-2), 20.7 (Ac).
14.7 (NCCH;); FAB-MS [M+17": 330.2.

2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-3-D-galactopyranosyl chloride (26)

Following the same procedure adopted in the svnthesis of compound 23, the
commmercially available GalNAc (compound 25, 1.0 g) was converted to compound 26
(614 mg, 65%) in cryvstal form; 'H NMR (CDCl:. 500 MHz): é(ppm) 6.12 (N-H. d, J =
3.7 Hz, 1H). 3.88 (H-1.d. J;-=9.1 Hz. 1 H). 5.19 (H-3. dd. J.:=2.2 Hz. J;:.= 8.1 Hz.
IH). 5.1 (H-4, dd. 1H). 4.02 (H-6. m. 1H). 3.98, (H-5, m. 1H), 1.86, 1.97, 1.98, 2.01
(COCHj3, 3 s, 9H), 2.12 (NCCHS3. s. 3H): **C NMR (CDCl;, 75 MHz): d(ppm) 170.9.
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170.5, 170.0 (C=0), 168.7 NCO), 95.1 (C-1), 71.9, 70.8, 67.8, 60.5, 53.8 (C-5, C-3, C4,
C, C-2), 23.01-20.70 (Ac).

2-Methyl 4.5-(3,4.6-tri-0-acetyl-2-deoxy-a-D-galactopyrano)-Az-oxazoline ex))

Following the same procedure adopted in the synthesis of compound 24,
compound 26 (1.0 g) was reacted under the same conditions to give compound 27 (868
mg, 100%); '"H NMR (CDCl;, 500 MHz): §(ppm) 5.97 (H-1, d, J,» = 7.3 Hz, 1H), 5.27
(H-3, dd. J:; = 8.1 Hz. 1H). 4.94 (H-4, dq, J:s = 9.2 Hz. 1 H), 4.18 (H-6.6". d, 2H), 2.09
(CCHs, s. 3H). 2.12. 2.10. 2.08 (Ac. 3 s, 9H); *C NMR (CDCl;, 75 MHz): &(ppm) 172.2,
170.1. 170 (C=0). 160.0 (NCO), 106.1 (C-1), 71.7, 71.2, 71.1, 62.1, 58.0 (C-5, C-3, C-4,
C-6. C-2). 20.7 (CHs), 14.7 (NCCHz:); FAB-MS [M+1]: 330.2.

2-propenyl 2-acetamido-3.4.6-tri-O-acetyi-2-deoxy-3-D-galactopyvranose (28)

Following the same procedure adopted in the synthesis of compound 19,
compound 27 (1.0 g) was reacted under the same conditions to give compound 28 (1.56
g. 78%): 'H NMR (CDCls. 500 MHz): 3(ppm) 6.2 (NH, bd, 1H), 5.9 (CH, m, 1H). 5.5
(H-3.bd. J;. = 2.3 Hz. 1H), 5.2 (H-4, dt. 1H). 5.19 (Ha of CH2, dd. 1H), 4.8 (H-1, d, J1.2
= 8.4 Hz. 1H). 4.3 (Hb of CH;, dd. 1H), 4.25 (H-2, dd. 1H). 4.15 (H-6, dd, 1H). 3.95 (H-
6'. dd. 1H). 3.72 (H-5. m. 1H). 2.45 (CH. s. 1H). 2.1. 2.05. 2.0. 1.95 (Ac. 4 5, 12H); °C
NMR (CDCl;, 75 MHz): o(ppm) 172 (NCO), 170.6. 170.3, 170.0 (C=0). 133.8 (CH),
117.7 (=CHa;). 96.8 (C-1), 72.3. 71.8, 68.7 (C-3. C-5. C-4), 68.2 (CHa.), 62.2, 49.8 (C-6,
C-2). 23.0 (NAc). 20.7 (OAc): FAB-MS [M~+1]7: 388.3.

1.4-bis(2-acetamido-2-deoxy-f-D-galactopyranosyl)-2-butene (29)

To a solution of compound 28 (100 mg) in MeOH (1 mL) and CH,Cl; (4 mL),
was added ruthenium catalyst 12 (33 mg. 10%). The reaction mixture was refluxed
overnight. The solution was concentrated under reduced pressure, and the product was

purified by column chromatography on silica gel, using EtOAc/isopropanol, 9:1 as
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eluent. The wanted fractions were combined and concentrated under reduced pressure,
giving compound 29 as a white solid (65.5 mg, 68%); '"H NMR (CDCl;, 500 MHz):
d(ppm) 6.45 (NH, bp, 2H), 5.68 (CH, bdd, 2H), 5.15 H-3, m, 2H), 5.05 (H-4, dt, 2H),
4.68 (H-1 rrans, d, Ji.. = 8.23 Hz, 1H), 4.68 (H-1 cis, d, J;.. = 8.23 Hz, 1H), 4.15, 4.25
(H-a.b of CHa, H-6.6", 2 m, 8H), 3.65 (H-5, m, 2H), 2.1-1.95 (Ac, 4 s, 24H); °C NMR
(CDCls, 75 MHz): 8(ppm) 170.7, 170.6, 170.4, 169.4 (C=0), 128.9, 128.8 (CH), 100.0,
99.6 (C-1). 72.3, 71.8, 68.6. 62.1, 49.8 (C-3, C-5, C-6. C-4, C-2), 68.1, 64.4 (CH:); FAB-
MS [M=+1]": 748.6.

2-acetamido-3.4,6-tri-O-acetyl-2-deoxy--D-glucopyranosyl azide (30) 136

A solution of compound 23 (500 mg) in EtOAc (10 mL) was added to a solution
of NaN; (192 mg, 1.5 eq.) and TBAHS (725 mg, 1.1 eq.) in H-O (10 mL). The two-phase
mixture was stirred rigorously for 4 hrs. at which time a TLC (EtOAc/hexane, 4:1) of the
organic laver indicated the consumption of all starting materials. The two phases were
separated. and the organic layer was washed 2x with H.O, then isolated again. dried over
Na>SO.. filtered. and concentrated under reduced pressure to give compound 30 as a
white solid (317 mg, 100%%); "H NMR (CDCls. 500 MHz): 6(ppm) 6.2 (NH. bd, 1H), 5.4
(H-3. bd. 1H). 3.1 (H-4. dt. 1H). 4.56 (H-1.d. J;.. = 8.4 Hz, 1H), 4.25 (H-2. dd. 1H), 4.15
(H-6. dd. 1H). 3.95 (H-6", dd. 1H). 3.72 (H-5. m, 1H). 2.1. 2.05. 2.0. 1.95 (Ac, 4 s, 12H);
*C NMR (CDCls, 75 MHz): 8(ppm) 172-170 (C=0), 89.3 (C-1). 76.2. 71.2, 65.4, 64 0.
66.8 (C-3.C-4.C-5, C-6. C-2). 23-20 (Ac).

LV

2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-B-D-glucopyranosviamine (31)

To a solution of compound 30 (500 mg) in MeOH (10 mL), was added Pd/C 10%
(20 mg). Ha, was bubbled in the solution. and the reaction mixture was stirred for 6 hrs.
at which time TLC (EtOAc’hexane. 4:1) indicated the consumption of all starting
materials. The solution was filtered on selite under vacuum. and the filtrate was
concentraied under reduced pressure to give compound 31 as white foam (450 mg, 95%);

‘H NXMR (CDCl;, 500 MHz): 8(ppm) 6.2 (NH, bd, 1H), 5.4 (H-3, bd, 1H), 5.1 (H-4, dt,



1H), 4.6 (H-1, d, J;» = 8.4 Hz, 1H), 4.25 (H-2, dd, 1H), 4.15 (H-6, dd, 1H), 3.95 (H-6',
dd. 1H), 3.72 (H-5, m, 1H), 2.1, 2.05, 2.0, 1.95 (Ac, 4 s, 12H); °C NMR (CDCl;, 75
MHz): 8(ppm) 172-169 (C=0), 80.3 (C-1), 75.5, 71.3, 64.8, 63.9, 56.7 (C-3, C-4, C-5, C-
6, C-2), 23-20 (Ac).

N-(2-acetamido-3,4.6-tri-O-acetyl-2-deoxy-B-D-glucopyranosyl) butenamide (32)

To a solution of compound 31 (200 mg) in CH.Cl: (10 mL), were added 4-
Pentenoic acid (104 ul, 1.2 eq.) and EDC (196 mg, 1.2 eq.). The reaction mixture was
stirred overnight, at which time TLC (EtOAc/hexane, 3:1) indicated the consumption of
all starting materials. The solution was concentrated. dissolved in EtOAc. and washed 2x
with H.O. The organic laver was isolated again. dried over Na,SO., filtered, and
concentrated under reduced pressure to give compound 32 as a white solid (220 mg,
$29%): ‘H NMR (CDCl;:. 500 MHz): 3(ppm) 7.02 (NH. d. Jxuu = 8.55 Hz, 1H), 6.31
(NH. d. Jupn = 8.52 Hz, 1H). 5.72 (CH. m. 1H), 5.15 (H-3. dd. 1H). 5.05 (H-4. m, 1H).
4.97 (H-1. dd. J;» = 10.2 Hz. 1H), 4.27 (H-6. dd. Jos = 12.45 Hz. Js- = 2.42 Hz. 1H).
4.11 (H-2. dd. 1H). 4.07 (H-6". dd. 1H). 3.2 (H-5. m. 1H). 2.25 (CH:, m, 4H), 2.03. 2.02.
1.99. 1.90 (Ac. 4 s. 12H); *C NMR (CDCls. 75 MHz); 6(ppm) 172-168 (C=0), 136.2
(CH). 118.3 (=CH-). 80.7 (C-1). "3.8. 73.6. 68.3, 62.0, 67.0 (C-5, C-3. C-4, C-6. C-2),
35.5.28.8 (CH-). 23-20 (Ac); FAB-MS [M+1]7: 415.3.

1.6-bis[N-(2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-B-D-glucopyranosyl)]-3-

hexenamide (33)

To a solution of compound 32 (100 mg) in CH:Cl/MeOH. 9:1 (5 mL), was added
Ruthenium catalvst 12 (33 mg, 10%). The reaction mixture was refluxed ovemnight. The
solution was concentrated under reduced pressure. and the product was purified by
column chromatography on silica gel. using EtOAc/isopropanol, 9:1 as eluent. The
wanted fractons were combined and concentrated under reduced pressure, giving
compound 33 as a white solid (70 mg, 75%); ‘H NMR (CDCl;, 500 MHz): &(ppm) 7.02
(NH. d, Jnuua = 8.55 Hz, 2H), 6.31 (NH, d, Jnuu2 = 8.52 Hz, 2H), 5.68 (CH, bdd, 2H),
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5.15 (H-3, dd, 2H), 5.05 (H-4, m, 2H), 4.68 (H-1 trans, d, Ji.2 = 8.23 Hz, 1H), 4.68 (H-1
cis. d. Ji.2 = 8.23 Hz, 1H), 4.27 (H-6, dd, Jes = 12.45 Hz, Jg¢ = 2.42 Hz, 2H), 4.11 (H-2,
dd, 2H), 4.07 (H-6", dd, 2H), 3.2 (H-5, m, 2H), 2.28 (CHz, m, 8H), 2.03, 2.02, 1.99, 1.90
(Ac, 4 s, 12H); '*C NMR (CDCl;, 75 MHz); 8(ppm) 172-168 (C=0), 121.2 (CH), 80.7,
79.9 (C-1. C-1°), 73.8, 73.6, 68.3, 62.0, 67.0 (C-5. C-3, C-4. C-6, C-2), 35.5, 28.8 (CHa),
23-20 (Ac); FAB-MS [M-1]": 802.7.

1.2.3.4.6-penta-O-acetyl-B-D-galactopyranoside (35)

Following the same procedure adopted in the synthesis of compound 18, the
commercially available Galactose (compound 34. 5.0 g) was reacted with pyridine and
acetic anhvdride to give compound 35 as a white powder (9.6 g, 90%); ‘H NMR (CDCl;,
500 MHz): 3(ppm) 6.12 (N-H. d, J = 3.7 Hz, 1H), 5.88 (H-1, d, Ji>= 9.1 Hz. 1 H), 5.19
(H-3. dd. Jo: = 3.2 Hz. J... = 8.1 Hz. 1H), 5.1 (H-4, dd, 1H), 4.02 (H-6, m. 1H), 3.98, (H-
5. m. 1H), 1.86. 1.97. 1.98. 2.01 (COCHs, 3 s. 9H), 2.12 (NCCHS3, s. 3H); °C NMR
(CDCls. 75 MHz): 8(ppm) 169 (C=0), 90.2 (C-1), 69.7. 69.5. 68.9. 66.9. 61.5(C-3. C-5.
C-2.C4.C-6). 19 (Ac).

2.3.4.6-tetra-O-acetyvl-a-D-galactopyranosyl bromide (36)

Compound 35 (1.0 g) was added to a solution of 33% HBr/AcOH (6 mL), and the
reaction mixture was stirred for 1 hr. at which time a small TLC aliquot was taken to be
diluted in CH-Cl. and washed 2x with NaHCOs: saturated solution. The TLC of the
orgarnic laver indicated the consumption of all starting materials. At this time, the reaction
mixture was diluted in CH.Cl: and poured into a beaker containing ice, to which was
added NaHCOs. The mixture was stirred until all the ice melted. The organic layer was
washed 3x with NaHCO:s saturated solution and 1x with H-O. The organic layer was then
isolated. dried over Na.-SO.. filtered. and concentrated under reduced pressure to give
compound 36 as a white solid (852 mg, 8§2%); '"H NMR (CDCls. 500 MHz): 3(ppm) 6.2
(NH. bd. 1H), 5.5 (H-3. bd. J:2 = 2.6 Hz. 1H), 5.2 (H-4, dv, 1H). 5.1 (H-1.d, ;. = 8.4
Hz. 1H). 4.25 (H-2, dd. 1H), 4.15 (H-6, dd, 1H), 3.95 (H-6". dd, 1H), 3.72 (H-5, m, 1H),
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2.45(CH.s, 1H), 2.1, 2.05, 2.0, 1.95 (Ac, 4 s, 12H); °*C NMR (CDCl;, 75 MHz): 5(ppm)
170-166 (C=0), 86.5 (C-1), 72.1, 67.8, 67, 66.8, 60.8 (C-3, C-2, C-4, C-3, C-6), 20.0
(Ac).

4-ethenyiphenyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyraneside (39)

Compound 39 was prepared by PTC reaction, in which the organic layer was
simply the solution of compound 36 (425 mg) in EtOAc (10 mL). Due to the instability
of 4-hydroxystyrene, the aqueous phase was prepared as follows:

K>CO: (550 mg, 2 eq.) was added to a solution of the commercially available 4-
acetoxystyrene (400 ul, 2 eq.) in methanol (5 mL). The reaction mixture was stirred for 2
hrs, at which ume TLC (EtOAc’hexane, 4:1) indicated the consumption of all starting
materials. At this point, H-O (10 mL) was added, and the solution was concentrated
under reduced pressure to 10 mL. eliminating the 5 mL of MeOH. This 10 mL resulting
solution constituted the aqueous laver of the PTC reaction, and was added to the prepared
organic layer. To these two lavers. TBAHS was added (352 mg, 1 eq.), and the two-phase
solution was stirred vigorously for 4 hrs, at which time TLC (hexane/EtOAc, 3:2)
indicated the consumption of all starting materials. The mixture was diluted in EtOAc
and was washed 2x with H.O. The organic laver was then isolated. dried over N2,SO..
filtered. and concentrated under reduced pressure to give compound 39 as a white solid
(443 mg. 90%); ‘"H NMR (CDCl;. 500 MHz): &(ppm) 7.3, 6.91 (Ar, 2d, 4H), 6.62 (CH,
dd.J = 10.9 Hz). 3.6 (Ha of CH>, dd. J = 17.6 Hz. J,, = 0.77 Hz. 1H), 5.42 (H-2, dd, 1H).
3.41 (H-4. dd. 1H). 5.14 (Hb of CH,, d. 1H), 5.09 (H-3. dd, J-5 = 10 Hz, J:s = 3.4 Hz),
3.0 (H-1.d. J;. = 7.94 Hz, 1H), 4.1 (H-6.6". H-5, m, 3H), 2.02, 2.01, 1.99, 1.96 (Ac, 4 s,
12H): 5C NMR (CDCls, 75 MHz): 6(ppm) 170 (C=0). Ar: 158.0 (C=0 ipso), 133.2 (C-
CH 1pso). 129.2. 118.6 (o, m). 136.7 (CH), 114.0 (=CHa,), 98.0 (C-1), 72.3, 72.2, 71,
67.8.61.9(C-5.C-3. C-2.C-4, C-6). 20.0 (Ac); FAB-MS [M~-1]": 451.3.
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4,4°-bis(2.3,4,6-tetra-0O-acetyl-p-D-galactopyranoside) stilbene (40)

First lot: To a solution of compound 39 (100 mg) in CH>Cl; (4 mL), was added
Ruthenium catalyst 12 (33 mg, 10%). The reaction mixture was refluxed overnight. The
solution was concentrated under reduced pressure, and the product was purified by
column chromatography on silica gel, using EtOAc/isopropanol, 9:1 as eluent. Fractions
containing the product were combined and concentrated under reduced pressure, giving
compound 40 as a white solid (78 mg, 82%).

Second lot: To a solution of compound 39 (100 mg) in CH.Cl> (4 mL), was

added Ruthenium catalyst 15 (25 mg. 10%). The reaction mixture was refluxed for 4 hrs.
The solution was concentrated under reduced pressure. and the product was purified by
column chromatography on silica gel, using EtOAc/isopropanol. 9:1 as eluent. Fractions
containing the product were combined and concentrated under reduced pressure, giving
compound 40 as a white solid (89 mg, 91%,).
Third lot: To a solution of compound 39 (50 mg. 1 eq.) and compound 45 (90 mg, 1.5
eq.) in Et:N (6 mL), were added Pd(OAc): (2.5 mg, 0.1 eq.) and PPh; (6 mg, 0.2 eq.). The
reaction mixture was refluxed overmight. TLC (EtOAc/hexane, 6:5) indicated the
consumption of all starting materials. The solution was concentrated under reduced
pressure. and the product was purified by column chromatography on silica gel, using
EtOAc/hexane, 6:5 as eluent. Fractions containing the product were combined and
concentrated under reduced pressure, giving compound 40 as a white solid (3 mg, 60%).
'H NMR (CDCl;, 300 MHz): 3(ppm) 7.46, 6.98 (Ar. 2d. 4 +~ 4H), 6.97 (CH, s, 2H), 5.44
(H-2. dd. J=10.5 Hz. J=7.9 Hz, 2 H). 5.43 (H-4, dd, J=3.5 Hz. J=1.1 Hz, 2H), 5.08 (H-3,
dd. J.s5=10.5 Hz, J::=3.5 Hz, 2H), 498 (H-1, 4, J=7.9 Hz, 2H), 4.19 (H-6a, dd,
Joaos=11.13 Hz, Js6.=7.2 Hz, 2H), 4.03 (H-6b, dd, Je=11.3 Hz, J56=6.0 Hz, 2H), 4.03
(H-5. dd, Js.=7.2 Hz. J56=6.0 Hz, 2H), 2.15. 2.04. 2.04, 1.98 (COCH:. 4 s, 12H); e
NMR (CDCls, 75 MHz): 3(ppm) 170.4, 170.3, 170.1. 169.4 (C=0). 156.3, 132.7, 128.5,
117.1 (An. 127.4 (CH), 99.5 (C-1), 71.2. 70.8, 68.6, 66.8 (C-2, C-3, C-4, C-5), 61.4 (C-
6). 20.8. 20.7, 20.6 (Ac); FAB-MS [M+1]7: 874.8.
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4,4’-diacetoxy stilbene (42)

To a solution of 4-acetoxy styrene (compound 37, 20 ul, 1 eq.) and 4-acetoxy
1odobenzene (compound 41, 50 mg, 1.5 eq.) in Et;N (4 mL), were added Pd(OAc), (3
mg, 0.1 eq.) and PPh; (6 mg, 0.2 eq.). The reaction mixture was refluxed overnight, at
which tme TLC (EtOAc/hexane, 4:1) indicated the consumption of all starting materials.
The solutuon was diluted with CHaCl,, filtered through selite, and the filtrate was
concentrated under reduced pressure, giving compound 42 as brown oil (32 mg, 82%); 'H
NMR (CDCl;, 300 MHz): 8(ppm) 7.61, 7.08 {Ar, 2dd, 8H), 6.9 (CH, s, 2H), 2.3 (CHj, s,
6H): *C NMR (CDCl;, 75 MHz): 8(ppm) 169.2 (C=0), Ar: 152.4 (C=0 ipso), 135.2 (C-
CH ipso). 127.6. 122.0 (0. m), 128.1 (CH), 20.9 (Ac); FAB-MS [M~+1]": 297.2.

4-(2.3.4.6-tetra-0O-acetyl-f-D-galactopyranosyl) 4’-acetoxy-stilbene (43)

To a solution of compound 39 (50 mg, 1 eq.) and 4-aceloxy i1odobenzene
(compound 41, 22ul. 1.5 eq.) in Et;N (4 mL). were added Pd(OAc): (3 mg, 0.1 eq.) and
PPh: (7 mg. 0.2 eq.). The reaction mixture was refluxed overnight, at which time TLC
(EtOAc/hexane. 4:1) indicated the consumption of all starting materials. The solution was
diluted with CH-Cl., filtered through selite. and the filtrate was concentrated under
reduced pressure. The crude oil was further purified by silica gel chromatography using
hexane/EtOAc, 1:1 as eluent. The filtrate was concentrated under reduced pressure,
giving compound 43 (47 mg, 72%); '"H NMR (CDCl;, 300 MHz): d(ppm) 7.13, 7.08
(PhOAc. 2d. 4H), 7.05, 7.18 (Sugar-O-Ph. 2d. 4H), 5.42 (H-2, dd. 1H), 5.41 (H-4, dd,
1H). 5.09 (H-3. dd. J.; = 10 Hz. J:: = 3.4 Hz), 5.0 (H-1. d, J1> = 7.94 Hz, 1H), 4.1 (H-
6.6°. H-5. m. 3H), 2.14. 2.02. 2.01. 1.99, 1.96 (Ac. 5 s, 15H); '°*C NMR (CDCl;, 75
MHz): d(ppm) 169.94. 169.23 (C=0). 156.87, 152.38. 135.18. 129.91. 128.4, 127.6,
122.0. 118.56 (Ar). 128.1 (CH), 98.54 (C-1). 72.35. 72.24, 71.09. 67.78, 61.84 (C-5, C-3,
C-2.C-4.C-6), 20.9. 20.5 (Ac).
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4-lodophenyl 2,3,4,6-tetra-0O-acetyl-B-D-galactopyranoside (45)

To a solution of compound 36 (425 mg, 1 eq.) in EtOAc (10 mg), were added 4-
Iodophenol (compound 44. 295 mg, 1.3 eq.), TBAHS (352 mg, 1 eq.), and H>O (10 mL).
The two-phase solution mixture was stirred vigorously for 3 hrs, at which time a TLC
(hexane/EtOAc, 6:5) of the organic layer indicated the consumption of all starting
materials. The mixture was diluted with EtOAc, and the organic layer was washed 2x
with H-O. isolated. dried over Na,>SOQs, filtered, and concentrated under reduced pressure.
The crude product was purified by silica gel chromatography using hexane/EtOAc, 6:5 as
eluent. Fractions containing the product were combined and concentrated under reduced
pressure, giving compound 45 as a white solid (350 mg, 80%); 'H NMR (CDCl;, 300
N[Hz): &(ppm) 7.56 (C.H.. 2d. J=8.9 Hz, 2H), 6.75 (CsHs, 2d, J=8.9 Hz, 2H), 5.44 (H-2,
dd. J=10.5, J=7.9. 1 H), 5.43 (H-4, dd. J=3.5, J=1.1 Hz, 1H), 5.08 (H-3, dd, J»5=10.5 Hz.
J::=3.5 Hz. 1H). 4.98 (H-1, d. J=7.9 Hz, 1H), 4.19 (H-6a. dd, Jeaes=11.13 Hz, J5.6,=7.2
Hz. 1H). 4.03 (H-6b, dd. Jeao=11.3 Hz. Js6+=6.0 Hz, 1H), 4.03 (H-5. dd, J5.=7.2 Hz,
J:05=6.0 Hz, 1H). 2.15, 2.04, 2.04, 1.98 (COCH;, 4 s, 12H); *C NMR (CDCl;, 75 MHz):
3(ppm) 170.4. 170.3, 170.1, 169.4 (C=0), 156.6. 138.2, 121.6. 82.7 (Ar), 99.5 (C-1).
71.2. 70.8. 68.6. 66.8 (C-2. C-3. C-4. C-5). 61.4 (C-6), 20.8, 20.7, 20.6 (Ac).

Lactose octaacetate (47)

Following the same procedure adopted in the synthesis of compound 18, the
commercially available lactose (compound 46. 2.0 g) was converted to compound 47 (3.9
g. 75%). '"H NMR (CDCl:, 500 MHz): 3(ppm) 5.64 (H-1, d, J;» = 8.6 Hz, 1H), 5.33 (H-
4, dd. Jis = 1 Hz, 1H), 5.22 (H-3, dd. J5.4 =9.1 Hz, 1H), 5.09 (H-2. dd, J.3=9.4 Hz,
1H). 5.09 (H-2'. dd, J.-3-= 10.8 Hz. 1H), 4.92 (H-3". dd. Jx-s-= 3.4 Hz, 1H), 4.45 (H-1",
d. J1-.»- = 7.9 Hz. 1H). 4.02-4.13 (H-6 & H-6". m. 4H), 3.85 (H-5'. ddd, 1H), 3.82 (H-4,
dd. J.s = 8.7. 1H), 3.68 (H-5, m. 1H); *C NMR (CDCl;, 75 MHz): 3(ppm) 170.5, 170.2,
170.0. 169.3. 169 (C=0), 99.4 (C-1"), 86.5 (C-1), 79.5-61.26 (10 peaks: C-2 to C-6, C-2°
to C-67). 20 (Ac).
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(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)-(1-4)-2.3,6-tri-O-acetyl--D-

glucopyranosyl bromide (48)

To a solution of peracetylated lactoside (compound 47, 1.0 g) in CH-Cl» (2 mL),
was added a solution of 33% HBr/AcOH (1 mL, 3 eq.), and the reaction mixture was
strred for 1 hr, at which time a small TLC aliquot was taken to be diluted in CH.Cl> and
washed 2x with NaHCO; saturated solution. The TLC of the organic layer indicated the
consumption of all starting materials. At this ume, the reaction mixture was diluted in
CH.Cl; and poured into a beaker containing ice, to which was added NaHCOs;. The
mixture was stirred untl all the ice melted. The organic laver was washed 3x with
NaHCO: saturated solution and 1x with H-O. The organic layer was then isolated. dried
over Na,SO.. filtered, and concentrated under reduced pressure to give compound 48 as a
white solid (540 mg, 52%). '"H NMR (CDCl:. 500 MHz): 3(ppm) 5.64 (H-1,d, J;2=3.2
Hz. 1H). 3.53 (H-4". dd. J:-.»» = 1 Hz. 1H). 5.22 (H-3. dd, J:.:=9.1 Hz, 1H), 5.09 (H-2, dd,
J.:=9.4 Hz. 1H). 5.09 (H-2". dd, J.-:-=10.8 Hz, 1H), 4.92 (H-3". dd, J:-:- = 3.4 Hz, 1H),
445 (H-1".d. J;-.>- = 7.9 Hz. 1H). 4.02-4.13 (H-6 & H-6'. m. 4H). 3.85 (H-5". ddd, 1H),
3.82 (H-4. dd. J:s = 8.7. 1H), 3.68 (H-5. m. 1H): "°C NMR (CDCl;, 75 MHz): 8(ppm)
170.5.170.2. 170.0, 169.3. 169 (C=0). 99.4 (C-17). 86.3 (C-1). 79.5-61.26 (10 peaks: C-
210 C-6.C-2" 1o C-6"). 20 (Ac).

4-ethenyviphenyl-(2.3.4.6-tetra-0-acetyl-3-D-galactopyranosyl)-(1-4)-2.3.6-tri-O-

acetyl-B-D-glucopyranoside (49)

Compound 49 was prepared by PTC reaction, in which the organic layer was
simply the soiution of compound 48 (1.0 g) in EtOAc (10 mL). Due to the instability of
4-hyvdroxystyrene. the aqueous phase was prepared as follows:

K:CO: (483 mg. 2.5 eq.) was added to a solution of the commercially available 4-
acetoxyvstyrene (400 ul. 2 eq.) in methanol (5 mL). The reaction mixture was stirred for 2
hrs, at which ume TLC (EtOAc/hexane, 1:1) indicated the consumption of all starting
materials. At this point. H>O (10 mL) was added. and the solution was concentrated

under reduced pressure to 10 mL, eliminating the 5 mL of MeOH. This 10 mL resulting
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solution constituted the aqueous layer of the PTC reaction, and was added to the prepared
organic layer. To these two layers, TBAHS was added (475 mg, 1 eq.), and the two-phase
solution was stirred vigorously for 4 hrs, at which tme TLC (hexane/EtOAc, 1:1)
indicated the consumption of all starting materials. The mixture was diluted in EtOAc
and was washed 2x with H>O. The organic laver was then isolated, dried over Na,SO.,
filtered, and concentrated under reduced pressure to give compound 49 as a white solid
(820 mg, 78%). 'H NMR (CDCl;, 500 MHz): 3(ppm) 7.29. 6.9 (Ar, 2d, 2 + 2H), 6.61
(CH. dd, 1H), 5.6 (Ha of CH., d, 1H), 5.44 (H-1.d, J, .= 8.4 Hz, 1H), 5.33 (H-4", dd, J;-.
=1 Hz, 1H). 5.22 (H-3. dd, J:: =9.1 Hz, 1H), 5.15 (Hb of CH,, d, 1H), 5.09 (H-2, dd,
J.3=9.4 Hz 1H), 5.09 (H-2'. dd, J.-5-=10.8 Hz, 1H), 4.92 (H-3", dd, J:-s-=3.4 Hz, 1H),
4.45 (H-1°, 4, J;-.»» = 7.9 Hz, 1H), 4.02-4.13 (H-6 & H-6". m, 4H), 3.85 (H-5', ddd, 1H),
3.82 (H-4. dd. J:5 = 8.7, 1H), 3.68 (H-5, m, 1H); "*C NMR (CDCl;, 75 MHz): 8(ppm)
170.26. 170.2. 170.05, 169.935, 169.65, 169.5, 169 (C=0), 156.4, 132.9, 1273, 116.9
(Ar). 135.8 (CH). 112.9 (CH:), 101.1. 98.7 (C-1, C-1"). 77.24-60.79 (10 peaks: C-2 to C-
6.C-2"10 C-6"). 20 (Ac); FAB-MS [M~1]": 739.6.

4-iodophenyl-(2.3.4.6-tetra-0-acetyl-B-D-galactopyranosyl)-(1-4)-2.3.6-tri-O-acetyl-

B -D-glucopyranoside (50)

To a solution of compound 48 (500 mg, 1 eq.) in EtOAc (10 mg). were added 4-
Iodophenol (compound 44. 195 mg, 1.3 eq.), TBAHS (240 mg. 1 eq.), and H-O (10 mL).
The two-phase solution mixture was stirred vigorously for 3 hrs, at which time TLC
(hexane . EtOAc. 1:1) of the organic laver indicated the consumption of all starting
materials. The mixture was diluted with EtOAc, and the organic laver was washed 2x
with H.O. isolated, dried over Na,SO., filtered, and concentrated under reduced pressure.
The crude product was purified by silica gel chromatography using hexane/EtOAc, 1:1 as
eluent. The wanted fractions were combined and concentrated under reduced pressure,
giving compound 50 as a white solid (485 mg, $2%); 'H NMR (CDCl;. 500 MHz):
d(ppm) 7.29, 6.9 (Ar, 2d. 2 + 2H), 5.54 (H-1, d, J, - = 8.4 Hz. 1H). 5.38 (H-4", dd, J:.5 =
1 Hz. 1H). 5.22 (H-3, dd. J::=9.1 Hz, 1H), 5.09 (H-2, dd. J.;=9.4 Hz, 1H), 5.09 (H-2".
dd. J»-3-=10.8 Hz, 1H), 4.92 (H-3", dd, J3-:-=3.4 Hz, 1H). 445 (H-1". d, J;-.>-= 79 Hz,
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1H), 4.02-4.13 (H-6 & H-6’, m, 4H), 3.85 (H-5', ddd. 1H), 3.82 (H-4, dd, J;5 = 8.7, 1H),
3.68 (H-5, m, 1H); *C NMR (CDCl;, 75 MHz): 8(ppm) 170.26, 170.2, 170.05, 169.95,
1659.63, 169.5, 169 (C=0), 156.4. 132.9, 127.3, 116.9 (Ar), 98.7, 97.9 (C-1’, C-1), 77.24-
60.79 (10 peaks: C-2to C-6, C-2" 10 C-6’), 20 (Ac); FAB-MS [M+1]": 839.5.

4-(2,3,4,6-tetra-0O-acetyl-p-D-galactopyranosyl), 4'[(2.3.4,6-tetra-0O-acetyl-p-D-

galactopyranosyl)-(1-4)-2,3,6-tri-O-acetyl-B-D-glucopyranoside] stilbene (51)

To a solutuon of compound 39 (50 mg, 1 eq.) and compound 50 (60 mg, 1.5 eq.)
in E:N (6 mL), were added Pd(OAc): (2 mg, 0.1 eq.) and PPh; (4 mg, 0.2 eq.). The
reaction mixture was refluxed overnight, at which time TLC (EtOAc'hexane, 6:5)
indicated the consumption of all starting materials. The solution was concentrated under
reduced pressure. and the product was purified by column chromatography on silica gel,
using EtOAc’hexane, 6:5 as eluent. Fractions containing the product were combined and
concentrated under reduced pressure, giving compound 51 as a white solid (43 mg, 62%);
"H NMR (CDCls. 500 MHz): 3(ppm) 7.39, 6.92 (Ar. 2 m, 4+4H), 6.96. 6.94 (CH, 2 d, Jp.
s =153, 2H). 3.5-3.7 (HI-H6 = H'I-H6 = H'1-H"6. 21H). 2.16-1.94 (Ac. 11 s. 33H):
“C NMR (CDCl;, 75 MHz): 3(ppm) 170.3-169.0 (C=0) 156.33. 156.22 (Ar-ipso).
127.46.127 .44 (Ar-meta). 117.1 (Ar-para), 126.9 (CH). 101.05. 99.6. 98.7 (C-1". C-1, C-
1), 76.1-60.8 (C-2 10 C-6. C2" 1o C-6". C-2"" 10 C-6"") 20.7-20.4 (Ac); FAB-MS
M-1]":1162.9.

4.4°-bis[(2.3.4.6-tetra-0-acetyl-B-D-galactopyranosyi)-(1-4)-2.3.6-tri-O-acetyi-B-D-

elucopyranoside] stilbene (52)

To a soluton of compound 49 (50 mg, 1 eq.) and compound 50 (85 mg, 1.5 eq.)
in E:N (6 mL). were added Pd(OAc). (2 mg, 0.1 eq.) and PPh: (4 mg, 0.2 eq.). The
reaction mixture was refluxed overnight. TLC (EtOAc/hexane. 6:5) indicated the
consumption of all starting materials. The solution was concentrated under reduced
pressure. and the product was purified by column chromatography on silica gel, using

EtOAc’hexane, 6:5 as eluent. Fractions containing the product were combined and



concentrated under reduced pressure, giving compound S2 as a white solid (532 mg, 53%);
"H NMR (CDCl;, 500 MHz): 8(ppm) 7.29, 6.9 (Ar, 2 d, 4 + 4H), 6.61 (CH, s, 2H), 5.44
(H-1, d, J, .= 8.4 Hz, 2H), 5.33 (H-4’, d4, J:-.s- = 1 Hz, 2H), 5.22 (H-3, dd, J;.4=9.1 Hz,
2H), 5.09 (H-2. dd. J.5=9.4 Hz, 2H), 5.09 (H-2’, dd, J.-5-= 10.8 Hz, 2H), 4.92 (H-3’, d4,
J;»2 = 3.4 Hz, 2H), 4.45 (H-1", d, J;-.>» = 7.9 Hz, 2H), 4.02-4.13 (H-6 & H-6’, m, 8H),
3.85 (H-3', ddd, 2H), 3.82 (H4, dd, J; 5 = 8.7, 2H), 3.68 (H-5, m, 2H); *C NMR (CDCl;,
75 MHz): 8(ppm) 170.26, 170.2, 170.05, 169.95. 169.65, 169.5, 169 (C=0), 156.4, 132.9,
127.3, 116.9 (Ar). 132.4 (CH), 101.1, 98.7 (C-1, C-1"), 77.24-60.79 (10 peaks: C-2 to C-
6. C-2" 10 C-6). 20 (Ac); FAB-MS [M+1]7: 1594.0.

1.4-bis(E)-[1-(-2.3.4.6-tetra-0O-acetyl-3-D-galactopyranosyl) prop-2-ene)-benzene

(33)

With the same general procedure of the Heck reaction adopted in the synthesis of
compound 51, the already prepared compound 53 (100 mg. 2.2 eq.) and the commercially
available 1.4-dilodobenzene (54. 40 mg, 1 eq.) were coupled in the presence of Pd(Ac):
(10%0) é.nd PPhz (20%) in Et:N. to give compound 55 (62 mg, 63%); '"H NMR (CDCls.
300 MHz): 3(ppm) 6.4 (Ar. d. 4H). 6.1 (CH. m. 2H), 5.4 (H-2,t, J = 1.2 Hz. 2H). 5.2 (H-
3. CH. m. 4H). 4.35 (H4. m, 2H). 4.2, 4.1 (H-6.6’. 2 m, 4H). 4.05 (H-5. H-1. m, 4H),
2.6. 2.5 (CHa, 2m. 4H). 2.1, 2.06. 2.04, 1.84 (Ac, 4 s. 24H); *C NMR (CDCl;, 75 MHz):
S(ppm) 170.77. 170.34. 169.66. 168.31 (C=0), 137.91. 127.79 (Ar), 129.53 (CH). 128.56
(CH™). 75.72 (C-1), 72.17 (C-2). 71.43 (C-4), 71.39 (C-3), 62.24 (C-6). 35.6 (CHa),
20.84. 20.64 (Ac); FAB-MS [M~-1]": 819.7.

4-lodophenyl-2-acetamido-3.4,6-tri-O-acetyi-2-deoxy-p-D-glucopyranoside (56)

To a solution of compound 23 (500 mg. 1 eq.) in EtOAc (10 mg), were added 4-
iodophenol (compound 44. 392 mg, 1.3 eq.), TBAHS (465 mg, 1 eq.), and H-O (10 mL).
The two-phase solution mixture was stirred vigorously for 3 hrs, at which time a TLC

(hexane. EtOAc. 1:5) of the organic layer indicated the consumption of all starting



materials. The mixture was diluted with EtOAc, and the organic layer was washed 2x
with H-O, isolated, dried over Na,SQ., filtered, and concentrated under reduced pressure.
The crude product was purified by silica gel chromatography using hexane/EtOAc, 1:5 as
eluent. Fractions containing the product were combined and concentrated under reduced
pressure. giving compound 56 as a white solid (600 mg, 80%); '"H NMR (CDCl;, 500
MHz): 8(ppm) 7.52. 6.73 (Ar. 2d, 4H). 5.95 (NH. 4, 1H), 5.4 (H-3. dd, J:« = 9.1 Hz, 1H).
5.25 (H-1, d, J;.- = 8.4 Hz, 1H), 5.1 (H-4, dd. 1H), 4.25 (H-2, dd, 1H), 4.15 (H-6, dd,
1H), 4.05 (H-6’, dd, 1H). 3.85 (H-5, m, 1H), 2.1, 2.05, 2.0, 1.95 (Ac, 4 5, 12H); C NMR
(CDCl;, 75 MHz): &(ppm) 170.6 (C=0), 169.8 (NCO). 156.6, 138.2, 121.6, §2.7 (Ar),
96.8 (C-1). 72.3. 71.8, 68.6. 62.1. 49.8 (C-3, C-5, C-6, C4, C-2), 20.21, 20.12 (Ac);
FAB-MS [M~1]7:550.2.

2-propynyl-2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-f-D-glucopyranoside (57)

To a solution of compound 24 (200mg) in propargyl alcohol (5 mL), was added
Camphorsulfonic acid (10mg. 1 eq.). The reaction mixture was stirred overnight under
reflux. and the TLC (EtOAc'hexane, 4:1) indicated the consumption of all starting
materials. The solution was concentrated under reduced pressure. and the crude product
was dissolved in CH.Cl-. and then washed 3x with a saturated solution of NaHCO: and
Ix with H-O. The organic layer was isolated, dried over NaSOs. filtered. and
concentrated under reduced pressure. The product was then purified by column
chromatography on silica gel. using EtOAc/hexane. 3:1 as eluent. Fractions containing
the product were combined and concentrated under reduced pressure, giving compound
37 (210 mg. 90%); ‘H NMR (CDCl;. 500 MHz): 5(ppm) 6.2 (NH. bd, 1H). 5.5 (H-3, bd,
1H). 5.2 (H-4. dt. 1H), 4.8 (H-1. d. J;.- = 8.4 Hz, 1H). 4.3 (CH.. s. 2H), 4.25 (H-2, dd,
1H). 4.15 (H-6. d4d. 1H). 3.95 (H-6". dd. 1H). 3.72 (H-5. m. 1H). 2.45 (CH. s, 1H), 2.1.
2.05. 2.0. 1.95 (Ac. 4 5. 12H); “C NMR (CDCl;, 75 MHz): 3(ppm) 172-170 (C=0),
103.7 (C-1). 72.3. 71.8. 68.7. 62.1. 51.0 (C-3. C-3. C-4. C-6. C-2), 79.7 (C), 73.9 (CH).
53.8 (CH-). 23-20 (Ac): FAB-MS [M~+1]": 386.3.
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1-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-f-D-glucopyranoside), 4-(2-propynyl 2-

acetamido-3,4,6-tri-O-acetyl-2-deoxy-B-D-glucopyranoside) benzene (58)

To a solution of compound 57 (80 mg, 1 eq.) and compound 56 (103 mg, 1.1 eq.)
in EtszN (6 mL), was added PdCl,(PPh;): (10 mg, 0.2 eq.). The reaction mixture was
refluxed overnight. TLC (EtOAc/hexane, 5:1) indicated the consumption of most starting
materials. The solution was concentrated under reduced pressure, and the product was
purified by column chromatography on silica gel, using EtOAc/hexane, 5:1 as eluent
Fractions containing the product were combined and concentrated under reduced
pressure. giving compound S8 as a white solid (96 mg, 58%); ‘H NMR (CDCl;, 500
MHz): 8(ppm) 7.3, 6.85 (Ar. 2d. 4H), 5.8 (NH, bd, 2H), 5.4 10 3.7 (H-1 10 H-6, H-1" to
H-6". CH-. 16H). 2.1-1.9 (Ac, 24H); “C NMR (CDCl;, 75 MHz): §(ppm) 172.02.
171.43. 170.64. 170.30 (C=0), 157.41, 130.89. 114.09. 112.12 (Ar), 103.69 (C-1), 97.61
(C-17). 87.86. 87.03 (-C=C-). 72.30. 71.84, 68.67. 62.16. 53.37 (C-3. C-5. C-4. C-6, C-2).
T1.65.70.19. 68.25. 61.63. 53.82(C-3". C-5".C-4". C-6". C-27). 23.17. 20.69 (Ac) : FAB-
MS [M~17": 807.7.

N-2-propynyl. V-acetyl 2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-f-D-

clucopyranosyiamine (59)

Commercially available GlucNAc (compound 17, 500 mg) was added to
propargvlamine (2.5 mL). and the reaction mixture was stirred for 3 hrs, at which time a
TLC aliquot was taken out. and mixed with acetic anhydride and pyridine for 10 minutes.
This aliquot indicated by TLC the consumption of all starting materials. In the same way,
the solution was concentrated. diluted with pyridine (5 mL), and cooled 0 0 °C. Ac.O
was then added. and the mixture was stirred for 30 minutes. The solution was once again
concentrated under reduced pressure. diluted in EtOAc and washed 2x with H.O. The
organic laver was isolated. dried over Na.SQ.. filtered. and concentrated under reduced
pressure. The product was then purified by column chromatography on silica gel, using
EtOAc’/hexane. 3:1 as eluent. Fractions containing the product were combined and

concentrated under reduced pressure, giving compound 59 (810 mg, 84%); IR (KBr)
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1817, 2352, 3267 cm™; 'H NMR (CDCl;s, 500 MHz): 3(ppm) 6.05 (NH, d, J = 9.4 Hz,
1H), 5.73 (H-1, d, J; = 9.9 Hz, 1H). 5.12 (H-3, dd, 1H), 5.07 (H-4, dd, 1H), 4.17 (H-2,
H-6, m, 3H), 4.02 (CHa, d, *J = 2.1 Hz, 2H), 3.75 (H-5, m, 1H), 2.22 (CH, s, 1H), 2.2
(NAc, s, 3H), 2.04, 1.99, 1.98 (OAc, 3 s, 9H), 1.81 (NHAc, s, 3H); 13C NMR (CDCl;, 75
MHz): &(ppm) 172.1, 170.1, 169.8. 165.1, 164.9 (C=0), 83.1 (C-1), 73.7, 73.3, 68.3,
60.4. 56.3 (C-3. C-5. C-4, C-6. C-2), 77.6 (C). 72.7 (CH), 38.4 (CHa), 20.4-20 (Ac);
FAB-MS [M+1]": 427.3.

1.6-bis(V-acetyl 2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-p-D-glucopyranosylamine)-

2,4-hexadivne (60)

To a solution of compound 39 (100 mg) in DMF-Et;N (6 mL, 1:1/viv), was added
PdCl-(PPh:)- (10 mg. 0.2 eq.). The reaction mixture was refluxed for 48 hrs. TLC
(EtOAc/hexane, 3:1) indicated the consumption of most starting materials. The solution
was concentrated under reduced pressure. and the product was purified by column
chromatography on silica gel. using EtOAc/hexane. 3:1 as eluent. Fractions containing
the product were combined and concentrated under reduced pressure. giving compound
60 as a dirty white solid (47 mg, 48%): IR (KBr) 1817. 23352 “™. 1H NMR (CDCl;, 500
MHz): 5(ppm) 6.05 (NH. d. 2H). 5.73 (H-1. d. J,2=9.9 Hz. 2H). 5.12 (H-3. dd. 2H). 5.07
(H-4. dd. 2H). 4.17 (H-2. H-6. m. 6H), 4.02 (CHx. d, 4H). 3.75 (H-3. m. 2H). 2.2 (NAc. s,
6H). 2.04. 1.99, 1.98 (OAc. 3 s. 18H), 1.81 (NHAc. s. 6H); °C NMR (CDCl;. 75 MHz):
3(ppm) 172.1. 170.1, 169.8. 165.1, 164.9 (C=0), 83.1 (C-1), 73.7. 73.3, 68.3, 60.4. 56.3
(C-3, C-5. C-4. C-6. C-2). 78.2, 77.6 (C), 38.4 (CHa), 20.4-20 (Ac); FAB-MS [IM+17":
§31.7.

1.4-bis(\V-2-propynyl. V-acetyl 2-acetamido-3.4.6-tri-O-acetyl-2-deoxy-3-D-

glucopyranosylamine) benzene (61)
To a solution of compound 59 (100 mg, 2.2 eq.) and the commercially available
1 4-Diiodobenzene (compound 54, 38 mg. 1 eq.) in Et:N (6 mL), was added PdCl>(PPh;).

(10 mg, 0.2 eq.). The reaction mixture was refluxed overnight. TLC (EtOAc/hexane, 3:1)
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indicated the consumption of most starung materials. The solution was concentrated
under reduced pressure, and the product was purified by column chromatography on
silica gel. using EtOAc/hexane, 3:1 as eluent. Fractions containing the product were
combined and concentrated under reduced pressure, giving compound 61 as a white solid
(66 mg, 62%); 'H NMR (CDCl;, 500 MHz): 8(ppm) 7.1 (Ar, d, 4H), 6.05 (NH, d, 2H),
3.73 (H-1. d, J;,=9.9 Hz. 2H), 5.12 (H-3, dd, 2H), 5.07 (H-4, dd, 2H). 4.17 (H-2, H-6,
m. 6H), 4.02 (CH-, d. 4H), 3.75 (H-5. m, 2H). 2.2 (NAg, s, 6H), 2.04, 1.99, 1.98 (OAc, 3
s. 18H), 1.81 (NHAc, s, 6H); °C NMR (CDCl;, 75 MHz): 3(ppm) 172.1, 170.1, 169.8.
165.1.164.9 (C=0), 129.47. 112.63 (Ar), 83.1 (C-1), 73.7, 73.3, 68.3, 60.4. 56.3 (C-3, C-
3.C-4.C-6.C-2), 78.2, 77.6 (C), 38.4 (CHa), 20.4-20 (Ac); FAB-MS [M~-1]7: 927.7.

N-(2-acetamido-3.4.6-tri-0-acetyl-2-deoxy-3-D-glucopvranosyl) 4-pentynamide (62)

To a solution of compound 31 (200 mg) in CH:Cl;, were added 4-pentynoic acid
(100 mg. 1.2 eq.) and EDC (196 mg. 1.2 eq.). The reaction mixture was stirred overnight.
TLC (EtOAc’hexane. 4:1) indicated the consumption of all starting matenials. The
solution was diluted with CH.Cl., and washed 2x with H:O. The organic laver was
isolated. dried over Na>SO., filtered. and concentrated under reduced pressure. The crude
product was then crvstallized in EtOH. The crystals were filtered and dried. giving
compound 62 (168 mg. 60%): IR (KBr) 1817. 2352, 3267 cm™; '"H NMR (CDCls, 500
MHz): 8(ppm) 7.05 (C-1NH, d. 1H). 6.4 (C-2NH, d. 1H), 5.1 (H-4. H-3. H-1. m, 3H),
4.25 (H-6. dd. 1H). 4.15 (H-2. dd. 1H), 4.07 (H-6", dd. 1H), 3.8 (H-5. m. 1H), 2.45 (CH.,
m. 4H). 2.07. 2.05. 2.0. 1.92 (Ac. 4s. 12H), 1.93 (CH. s, 1H); °C NMR (CDCl;, 75
MHz): d(ppm) 172.1, 170.1. 169.9, 168.7. 168.3 (C=0), 80.4 (C-1), 73.8. 73.3, 68.3.
62.1. 56.0 (C-3. C-3. C-4. C-6. C-2). 89.9 (C). 70.8 (CH), 35.7 (COCH-), 17.2 (CH2). 23-
20 (Ac). FAB-MS [M~1]7:427.3.
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1.10-bis[/N-(2-acetamido-3.4,6-tri-O-acetyl-2-deoxy-p-D-glucopyranosyl)] 4,6-
decadivne (63)

Under the same conditions adopted in the synthesis of compound 60, compound
62 (60 mg) gave compound 63 (64 mg, 54%); IR (KBr) 1817, 2352 “™'; '"H NMR
(CDCl;, 500 MHz): 8(ppm) 7.05 (C-1NH, 4, 2H), 6.4 (C-2NH, d. 2H). 5.1 (H-4, H-3, H-
1, m, 6H). 4.25 (H-6, dd. 2H), 4.15 (H-2, dd, 2H), 4.07 (H-6°, dd, 2H), 3.8 (H-5, m, 2H),
2.45 (CH-, m. 8H), 2.09, 2.05, 2.0, 1.92 (Ac, 4 s, 24H); °C NMR (CDCl;, 75 MHz):
S(ppm) 172.1, 170.1, 169.9, 168.7, 168.3 (C=0), 80.4 (C-1), 73.8, 73.3, 68.3, 62.1, 56.0
(C-35. C-3. C-4, C-6, C-2). 87.3 (C). 35.7 NCOCHs.), 17.2 (CHa), 23-20 (Ac); FAB-MS
M-177: 851.7.
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CHAPTER III

SYNTHESIS OF PHENYLETHANOID GLYCOSIDES.

3.1 Introduction

Phenylethanoid glycosides (PhGs) are a group of water-soluble natural products
widely distributed in the plant kingdom, most of which are isolated from medicinal
plants. Structurally, they are characterized by cinnamic acid and hydroxyliphenylethyl
moieties. amached 1o a B-glucopyranose through ester and glycosidic linkages
respectively. Rhamnose, xylose, apiose. etc. may also be amached to the glucose residue.
which in most cases forms the core of the molecule. :

The first literature references to phenylethanoid glycosides concerned the
isolation of echinacoside (Figure 3.1.1) from Echinacea angustifolia (Asteraceae) n
1930. - and verbacoside (Figure 3.1.1) from Verbascum sinuatum (Scrophulariaceae) in
1963. ° but their structures were not determined at the time. Verbacoside was isolated
again in 1966 from Syringa vulgaris } (Oleacea) and its structure determined to be B-(3.4-
dihvdroxyvphenyl)ethyl-O-a-L-rhamnopyranosyl (1"33")-B-D~(4’-O-caffeoyl)  gluco-
pyranoside. but it was named as acteoside. :

In 1982. Andarv er al. found that the structures of verbacoside and acteoside were
identical. © A vear later. Kusaginin was isolated from Clerodendron tricholomum
{Verbenaceae), ® and subsequently shown to be identcal to verbacoside (acteoside).
Acteoside is now the accepted name for this natural product. However, the structure of
echinacoside. isolated for the first ume in 1950. > was not definitively elucidated untl

1983 by Andary and co-workers. |

The phenylethanoid glycosides are classified according to the number and type of
sugars they contain. The monosaccharides are glucopyranosides, with caffeic and gallic

acids being the most common aromatiC groups bonded to the glucose. PhG
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monosaccharides with a modified aglycone also occur. The disaccharides are classified
according to the sugar attached to the glucose. Some contain a rhamnose attached to C-3
of glucose. The trisaccharides are the most common PhGs. They all contain rhamnose as
the second sugar unit. They have been distributed into two subgroups according to the
point of attachment of this sugar, those bonded to C-3 and those bonded to C-6. The third
sugar unit may be glucose, xvlose, arabinose, apiose, galactose. lyxose, or rhamnose.
Caffeic, ferulic and cinnamic acids are the most common aromatic acids usually linked to
the C-4 of the glucose, although others such as gallic and vanillic acids also occur.

Based on pharmacological testing,' some of these phenylethanoids exhibit diverse
biological activities, including antibacterial, antitumour, antiinflammatory, analgesic,
antiallergic. and immunosuppressant activities. Others had antihypertensive, anustress,
cviotoxic, antioxidant, and enzyme inhibition properties. For instance, verbacoside alone,
a disaccharide phenylethanoid. was shown to be an inhibitor of Protein Kinase C (PKC).
aldose reductase. and S-HETE formation. It was also found to be an antibacterial. an
antioxidant. an antihepatotoxic. an immunosuppressant and a cytotoxic agent, as well as
shown to have antitumor. antihvpertensive. and analgesic properties. Echinacoside. a
trisaccharide phenviethanoid was found to be an antiviral. an antihepatotoxic. an
antistress. as well as a protective agent against the decrease of sexual and learning
behaviours in mice. Finallv. Eutigoside A (Figure 3.1.1). a monosaccharide

phenylethanoid. showed biological activity as an antitumour agent.
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Figure 3.1.1: Structures of Euugoside A, a monosaccharide phenylethanoid;
Verbascoside, a disaccharide phenylethanoid: and Echinacoside, a
trisaccharide phenylethanoid.

In the svnthesis of large carbohydrate molecules such as Echinacoside, protection
and deprotection of the sugars hydroxy groups, as well as the most often used
glvcosidation reactions, should be considered.

The selection of protecting groups demands a careful planning of the synthesis,
especially in the case of carbohydrate chemistry, since these molecules contain many
functional groups. Many protecting groups can be added and/or removed in acidic, basic,
or neutral conditions. Therefore, in this particular synthetic scheme, the regioselectivity

of protecting groups could critically depend on the reaction conditions.
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Many studies have been done in this field. % Several of them were beneficial and
essential for the planning of this synthesis of Echinacoside, although the size and the
level of this thesis do not allow further explanation and emphasis.

Echinacoside contains an alkene group on its caffeolic acid chain. This chain
binds by an ester linkage to the rest of the molecule. To avoid the reduction of this alkene
and the saponification of this ester. neither an acetate group nor a benzyl could be used to
protect the free hvdroxy groups of the target molecule. This is an example of the many
restrictions that can complicate the synthesis and force the use of alternative and not so
popular routes. Chloroacetate is a similar protecting group to acetate, although it can be
cleaved with just NaHCOs in MeOH/H-O (5:1). a mildly basic condition that does not
destroy the ester group on C-4. The benzyl group could be replaced by para-methoxy
benzyl. which is cleaved by DDQ instead of Pd/C, hence avoiding the reduction of the
alkene group. Based on these examples, two strategies to synthesize Echinacoside were

astablished as shown in section 3.2.

The glvcosidation reaction conditions are an essential tool in obtaining the proper
conformer of the product.

The earliest known glvcosidation method is that of Koenigs and Knorr % (Scheme
3.1.1 a). which was first reported a century ago. This reaction involves the coupling of a
glvcosyl bromide or chloride with a hvdroxy component upon activation of the former
with a heavy metal ion, typically silver or mercury. o

In most glycosidation reactions, the resulting anomeric stereochemistry is
controlled by the nature of the C2 substituent. Thus, as previously mentioned, when the
C2 oxvgen is protected with an alkvl or a benzyl group, the anomeric effect dominates
and the a-anomer is preferentially formed. The same configuration is obtained with 2-
deoxvglvcosyl donors. However, when the C2 position is occupied by a participating
group such as an ester, a phenyvlthio. or a phenylseleno group, the stereochemical
outcome is opposite of that of the C2 substituent (either a or B), and a 1,2-zrans product
is formed. ‘' as shown in figure 2.1.6. Extensions of the Koenigs-Knorr conditions
include the use of Lewis acids and phase-transfer catalysis *~ to activate the anomeric

halides. as previously shown in chapter 2.
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Scheme 3.1.1: 2) The Koenigs-Knorr method; b) the trichloroacetimidate method; c) the
thioglvcoside method; d) the acyl method.

Although many glvcosidation methods have been established and applied, three of

themn remain the most popular and the most often used by carbohydrate chemists.

Of the large list of glycosidation methods. the trichloroacetimidate-mediated

glvcosidation procedure (Scheme 3.1.1b), reported by Schmidt et al. '3 in 1980, is a very

powerful one, and it has been widely used in complex molecular synthesis. The

richloroacetimidate donors are easily prepared from lactols and trichloroacetonitrile in
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the presence of a base, such as NaH or DBU. They are activated by acids, usually Lewis
acids such as TMSOTf '* or BF:.Et;0.

Thioglycosides, in particular, phenylthio- and ethylthioglycosides (Scheme 3.1.1
¢), have been widely applied in glycosidation and related reactions due to their ease of
formation, their relative stability to various reactive conditions. and their convenient
activation with electrophilic reagents ' or oxidizing agents.

Finally, a related method used in this thesis is the direct conversion of O-acyl
glycosyl donors, particularly the O-acetyl glycosyl donor, to the respective glycosides.
These donors are easily accessible, and they have been used extensively in glycosidation
reactions upon activation with Lewis acids '® such as BF;.OFt.. These reactions work
well, although their consistency greatly depends on extremely anhydrous conditions.

The last two techniques were used in this thesis due to their simplicity,
affordability. and acceptable efficiency. Of course, had any obstacles been raised,

alternative routes of glvcosidation would have been employed.

In this thesis, an interesting side reaction that took place in the thioglycosidation
method is reported. An investigation indicated that the reaction conditions used in this
svnthesis catalyzed the formation of a thioether bond on electron-rich aryl group.
Formation of thioether under these conditions has not vet been reported. This side
reaction will be discussed in more depth in the "Results and Discussion’ section of this

chapter.
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3.2 Synthetic Strategies

Two synthetic strategies were designed and planned. The PhGs’ biological
activities were only recently studied; hence, a structure-activity relationship might be
easily established by slight modification of their structures. Therefore, synthetic strategies
should be quite divergent to permit alternative routes that can accommodate possible
modification to the final product. Targetting the largest family of PhGs, Echinacoside, a
wrisaccharide PhG was made our synthetic target. Slight modification of intermediates
Jeading to Echinacoside can lead to the formation of other PhGs such as verbascoside and

eutagoside A. With these factors in mind, two strategies were drafted and they are as

follows:
First Strategy

The first strategy consisted of the glycosylation of peracetylated glucose with
substituted phenyl ethanols, then creating a benzvlidene intermediate, which leaves only
OH-2 and OH-3 unprotected. Earlier studies have shown that in similar substrates, OH-3
would be more selective towards a given glycosylation. Therefore the rhamnosylation of
the benzvlidene glycopyrannoside at this stage would have to take place regioselectively
on C-3. Afterwards OH-2 would be protected. The benzylidene ring would be
regioselectively opened by LiAlH:-AICl;. creating a free hydroxyl on C-6, and an O-
benzvl on C-4. It is important to note that this same benzyiidene ring could also be
regioselectively opened using NaCNBH;-HCL. which will give a free hydroxyl on C-4
this time, and a benzyl on C-6 (Scheme 3.2.1). This second route will lead to the
synthesis of verbascoside. At this point, the glucosylation of OH-6 should be an easy
step. leading to the formation of the wisaccharide. The reductive deprotection of OH-4
would set the stage for its coupling with the caffeolic acid.

Perchloroacetyvlated rhamnothioside and perchloroacetylated glucothioside should
be attached at C-3 and C-6 respectively so they can be deprotected without harming the

ester bond between the caffeolic acid and the gluycopyranoside at C-4.
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Scheme 3.2.1: First strategy to synthesize Echinacoside.
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Second Strategy

The second strategy utilized the rhamnosylation of the commercially available
1.2:5.6-diisopropylidene-D-glucofuranose on its only unprotected hydroxyl group OH-3.
The deacetonation of the newly formed glucofuranose with mifluoroacetic acid at
elevated temperature, followed by acid-catalyzed benzylidenation using benzaldehyde
dimethy! acetal in acetonitrile, would give the benzylidene disaccharide in one pot. The
phenylathanoid glycoside should be formed by glycosidation. Once again, the
regioselective opening of the benzylidene ring will allow the addition of the glucose on

C-6. and the caffeolic acid on C-4.

114



RO Q Q
OR[ O* R[O O*
R,0
H
l H
Ph/v
O

OR: — 0 OPMB
@j g .
RO 7 R, = Chi l ~
, = Chloroacetate P chaCl OPMB

OR, CRI:H.RE:H
SR Clac. R, = ClAc
R: = ClAc. R_-, = SPh

R;0O
OH
@]
OR
BnO < Q / ‘
——— RhamO N OR RO
(@] R:O 0
P> cH.Cl ' N \ oF
O 2 C|) R, = Chioroacetate
R~ =
0P cucl  (CR:7Be

R, = H

L RMOR —  no

O)\CH:CI O OH

o o / OH
l /7 HO
OIJA SASS A O\/\Q\o
HO | OH H
HOME7\

/
HO
OH

Scheme 3.2.2: Second strategy to synthesize Echinacoside.

cavoame



The glycosylation step is a critical step in this synthesis. It usually occurs in low
vield due to its moister sensitivity and the limited equipment used in our laboratory.
Therefore, starting with this step will minimize the loss of a large quantty of the main
compound at a later stage of the synthesis. Based on this concept the first strategy was
favoured over the second one. At this time, no record of previous or similar synthesis of
the Echinacoside was found. While working on this project, few papers were published
showing the synthesis of some phenylpropanoid glycosides and the synthesis of
Conandroside by Toshinari Kawada er al,”"8 as well as the synthesis of Verbascoside

(Fig 3.1.1) by Jacques H. van Boom ez al. 9
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3.3 Results and Discussion

The work on this project started toward the end of my graduate studies. The
research was in part a contribution to the synthesis of PhGs with the hope that other
colleagues could carry this work forward in the upcoming vears.

Compound 67, which is an unsubstituted phenyl ethanol, was used in the first
attempt. The advantage of using this phenethyl alcohol was to take the obtained glycoside
forward in the svnthesis without being concemned about the two hydroxyl groups on the
arvl ring. The use of compound 67 would also lead to the formation of other PhGs.
Compound 67 was prepared bv the reduction of the commercially available ethyl
phenvlacetate (Scheme 3.3.1). In our second attempt. Compound 70. which has two
methoxy groups at the exact same position of the two hydroxyl groups found on the aryl
ring of the target molecule. was used. This substituted phenyl ethanol was also used to
test the feasibility of the synthetic route without being very concemed about the stability
of protecting groups of the two hvdroxyvl groups on the phenyl ring. Compound 70 was
prepared from the commercially available (3.4-dimethoxyphenyl) acetic acid (68). The
direct reduction of the acetic acid (68) gave the alcohol (70) in low wvield. The Fisher
esterification of the carboxvlic acid (68) using H™ resin in methanol. gave compound 69

in 100% vield. which was then reduced to the alcohol (70) in high vield (78%).

Since 3.4-dihvdroxvphenyl ethanol was not commercially available, 3.4-
dihvdroxyl phenvl acetic acid (71) was used to synthesize compound 73 (Scheme 3.3.1).
The treatment of compound 71 with PMB-CI protected the two hydroxy groups. and
transformed the carboxyvlic acid to the ester (72), which was further reduced to give the

desired phenethyvl alcohol (73).
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Scheme 3.3.1: Svnthesis of various phenyl-ethanols: a) LiAIH., THF. 76%:; b) LiAlH.,
THF. 50%: c) H™ resin. MeOH, 95%: d) LiAlH., THF, 78%: e) PMB-CL
n-BuNI, K-COs. acetone, 35 °C. 75%.: ) LiAlH:, THF. 68%.

The commercially available 4-hydroxyphenethyl alcohol (74) was used towards
the synthesis of Eutagoside A. which. as mentioned in secuon 3.1, is an antimour agent.
The hvdroxy group on the aryl ring is more acidic than the one on the alkyl chain, due to

its electron withdrawing effect. Based on this theory, a selective protection of the more
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acidic hydroxy group was performed. A PTC reaction of the diol (74) in the presence of
Ac-O gave compound 75. A selective protection was also carried by reacting the di-
alcohol (74) with one equivalent of PMB-CI, successfully vielding compound 76.

'HNMR confirmed the regioselectivity of the protecting groups in both compound 75 and

76.
OH
>
o)
OH \
b

74

75
OH
PMBO—@——/—

76

Scheme 3.3.2: Synthesis of para-substituted phenyl sthanols: a) AcCl. TBAHS. Na-CO;s,
EtOAc:H-O (1:1). 73%; b) PMB-CL. n-BuNIL. K:CO;. acetone, 55 °C.

93%.

The acetvlation of commercially available glucose (77) provided compound 78.
which was further glvcosilated with thiophenol to give compound 79 (Scheme 3.3.3).
Compounds 78 and 79 are the two donors that were used to svnthesize phenyl ethanoid

glvcosides 80. 81. 82. 83. and 84. from the respective phenyl ethanol acceptors, as shown

in Scheme 3.3.4.

OH OAc OAc
4O & O\ AcO O\ AcO 0
HO N OH 2 _, A ~.-0Ac _ P acO AN SPh
OH OAc OAc
77 78 79

Scheme 3.3.3: Preparation of the thioglycoside donor; a) pyridine, Ac-0, 68%; b) PhSH,
BF}.OEIZ, CHa.Cl,, 68%.
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Scheme 3.3.4: Svnthesis of phenylethanoid glvcosides.

Due to its similarity with the target structure and to its stability, glvcoside 81 was

taken forward in the synthesis (Scheme 3.3.5). The Zamplin reaction of compound 81

provided compound 8S. This was then treated with benzaldehyvde dimethyl acetal to form

the benzylidene derivative, compound 86. which constitutes the main intermediate of this

svnthesis.
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Scheme 3.3.5: Svnthesis of di- and wi-phenylethanoid glycosides: a) NaOMeMeOH,
95%: b) CoHsCH(OMe):, PTSA. DMF. 64% c) pyridine, Ac20. 68%; d)
PhSH. BF;.0Et:, CH2Cly, 68%: e) NIS. TfOH. MS (4 A°). CH.Cl.. 0 °C.
48%.
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At this point, it all came down to the rhamnosylation of OH-3 in compound 86.
For that purpose, thiophenyl peracetylated rhamnoside (89) was prepared by the
thioglycosidation of the peracetyl donor, compound 88. This donor was previously
prepared by the acetylation of the commercially available rhamnose (87).

The reaction of compound 86 with compound 89, under the standard
glycosidation conditions (NIS, TfOH, -35 °C), led to the formation of two products, one
of them being major. The separation of these two products was done by column
chromatography on silica gel. Judging by the '"HNMR, it was safe to predict that the
major compound was a disaccharide, whereas the minor compound was a trisacchande,
which can be explained by a rahmnosylation of OH-3 and OH-2. The common problem
was the irregularity of the aromatic peaks of both compounds. Neither the number nor
shifr, of peaks nor their integrations coincided with the expected structure. The mass
spectrum also did not show the proper mass.

This unexpected result was then suddenly related to a similar problem that was
encountered in the reaction between compounds 79 and 70. A side product was then
formed. but disregarded at the time. However, in trying to find a solution for this
problem. this side product was once again closely investigated by 'HNMR. *CNMR, and
MS. The peaks in the aromatic area integrated for seven protons with respect to the rest
of the molecule. Out of these peaks. two distinct singlets were observed, integrating for
two protons. Also the MS and the “*CNMR interpretations confirmed that this product
(compound 92) contained a thioether (Scheme 3.3.6) on its aromatic ring, positioned
ortho to the ethanoid. and para and meta to the methoxy groups respectively. This result
helped identifv the products obtained by the reaction of compounds 86 and 89. as being
compounds 90 and 91. The "HNMR. *CNMR and MS were closely interpreted, and were
found to match the structures. A thioether group was obviously added to the aromatic
ring of each expected product.

A mechanism was proposed in order to explain this unexpected result. A logical
proposition suggested the nucleophilic attack of the electron-nch aromatic ring on the
PESI. which the reaction of NIS and TfOH with the thiophenyl glvcoside was suspected

to be formed (Scheme 3.3.7).
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Scheme 3.3.6: A side product of the thioglycoside method; a) NIS. TfOH, MS (4 A),
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To further verify and prove this mechanism, compound 70 was reacted with
thiophenol in the presence of NIS, and TfOH at -35°C. Compound 93 was obtained in
83% vield. NMR and MS characterized the compound, and proved once again the
formation of a thioether bond between the thiophenol and the 3.,4-dimethoxyphenyl

ethanol following the previously proposed mechanism.

MeO

MeO OH
NN PhSH. NIS, TfOH
OH — MeO

~= O
MeO / \ CH:Cl:. -353°C

SPh

70 93

!

A
N | NIS - TFOH — NHS = TOT" —s PhSH — PhSI—TtOH] _/

Scheme 3.3.8: Formation of a thioether bond.

At this point. many questions Wwere raised concerning the generality of this
method. Would it work on any aromatic ring, or only on the electron-rich ones? Is 1t
possible 1o form other thioether bonds on the aromatic or just the aryl-aryl thioether?
These two main questions and many others could be answered with more experimental

data. which were not obtained due to the end of my graduate studies’ period.

124



3.4 Conclusion

The synthesis of Echinacoside, a phenyl ethanoid glucoside, was attempted. Many
PhGs intermediates were successfully synthesized by glycosilation reaction of
peracetylated glucopyranoside with substituted phenyl ethanol templates in the presence
of BF;.QEt, Lewis acid, and glycosilation reaction of phenyl thioglucopyranoside with
substituted phenyl ethanol templates in the presence of NIS and TfOH. The last
glvcosilation techniques led to the formation of a thioether biproduct.

A phenyl-phenyl! thioether bond was established in high vield by reacting
thiophenol with 2-(3,4-dimethoxyphenyl) ethanol in the presence of NIS and TfOH. The
mechanism of this reaction was proposed and verified. Due to time restriction, this
reaction was not further explored and generalized on other thiols and other aromatic

systems.



3.5 Experimental methods

General methods

'H NMR and "*C NMR spectra were obtained from either a2 Varian Gemini-200 z
or a Bruker AMX300 spectrometer at 500, 300; or 200 MHz for protons and 125.7; 75; or
50.3 MHz for carbons, respectively. Proton chemical shifts are given relative to internal
chloroform (7.24 ppm) for CDC]l; solutions. Carbon chemical shifts were performed by
the first order approximations and were based on shift correlation spectroscopy (COSY),
heteronuclear multiple quantum coherence (HMQC), and 1- and 2- dimensional
distortionless enhancement by polarization transfer (DEPT) experiments. Multiplicities of
the NMR signals were reported using the following abbreviations: singlet (s), broad
singlet (bs), doublet (d). doublet of doublets (dd), doublet of doublet of doublets (ddd),
multiplet (m).

Mass spectra were recorded on a Kratos [IH (FAB-glycerol) instrument. Xenon
was used as the neutral carrier atom in FAB-MS experiments.

Infrared spectra were obtained on a Bomem-Michelson MB-100 FT/IR
spectrophotometer neat on KBr plates.

Reactions were monitored by thin-layer chromatography using Kieselgel 60 Fas.:
precoated 0.25 mm thick aluminum backed plates and the compounds were detected by
short wave UV light or by an ammonium molybdate solution (2.5% wiv). TLC plates

were heated to 150°C when necessary.
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2-Phenylethanol (67)

To a solution of ethylphenyl! acetate (compound 66, 500 mg) in dry THF (10 ml)
at 0° C, was slowly added LiAlH, (116 mg, | eq.). The reaction mixture was stirred for 30
minutes, at which time TLC (hexane/ EtOAc, 7:3) indicated the consumption of all
starting materials. A solution of 5% NAOH was added to quench the excess of LAH. The
solution was filtered under vacuum. washed with EtOAC, then extracted and washed 2x
with H>O. The organic layer was isolated, dried over Na,SO., filtered, and concentrated
under reduced pressure. The product was then purified by column chromatography on
silica gel. using EtOAc’hexane. 1:4 as eluent. Fractions containing the product were
combined and concentrated under reduced pressure, giving compound 67 (280 mg, 76%).
"H N\MR (CDCl:. 500 MHz): 3(ppm) 7.3 (Ph. m. 5H). 3.8 (CH.OH, t. 2H). 2.85 (PhCHa,
t, 2H); '°C NXMR (CDCl;, 75 MHz): 3(ppm) 138.9, 128.6, 128.4, 126.3 (Ar), 63
(CH-:OH). 39 (PhCHo.).

Ethyl (3.4-dimethoxyphenyl) acetate (69)

To a solution of 3.4-dimethoxvphenylethanoic acid (compound 68. 500 mg) in
MeOH (10 ml). was added H™ resin. The reaction mixture was stirred for 1 hr, at which
ume TLC (hexane: EtOAc. 1:1) indicated the consumption of all starting materiais. The
soiution was filtered and concentrated under reduced pressure. giving compound 69 (510
mg. 95%); "H NMR (CDCl;, 500 MHz): &(ppm) 6.75 (Ph. m. 3H), 4.35 (COOCHj, s.
3H). 3.83 (OMe. s, 6H). 2.95 (PhCHa, t, 2H): °C NMR (CDCls. 75 MHz): é(ppm) 171.5
(C=0), 149. 148.6, 129.5, 121.3, 113, 112.5 (Ar) 56 (ArOMe), 532 (COOMe), 40 (CHa).

2-(3.4-dimethoxyphenyl) ethanol (70)

From compound 68: using the exact same conditions adopted in the svnthesis of
compound 67, compound 68 (1.0 g) gave compound 70 (4350 mg, 50%).

From compound 69: using the exact same conditions adopted in the synthesis of
compound 67, compound 69 (500 mg) gave compound 70 (338 mg, 78%); 'H NMR
(CDCl;, 500 MHz): d(ppm) 6.72 (Ar. m. 3H). 3.85 (OMe, 2s, 6H), 3.8 (CH-OH, t, 2H),
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2.75 (PhCHa, t, 2H), 1.85 (OH, bs, 1H); 13C NMR (CDCls, 75 MHz): &(ppm) 149.3, 148,
131.3,121.3, 112.5, 111.7 (Ar), 64.1 (CH.OH), 56.3. 56.2 (OMe), 39.1 (PhCH>).

4-methoxvbenzyl [3.4-bis(4-methoxybenzyl) phenyl] acetate (72)

To a solution of 3,4-dihydroxvphenylethanoic acid (compound 71, 100 mg) in
acztone (10 ml). were added n-BuNI (800 mg. 3.5 eq.), K2CO; (500 mg, 6 q.) and PMB-
C1 (285 ul, 3.5 eq.). The reaction mixture was stirred for 3 hrs at 55 °C, at which tume
TLC (hexane; EtOAc. 1:1) indicated the consumption of all starting materials. The
solution was concentrated under reduced pressure, and the crude product was dissolved in
CH-Cl, and washed 3x with H,O. The organic layer was isolated, dried over Na,SOs,
filtered. and concentrated under reduced pressure. The product was then purified by
column chromatographv on silica gel, using EtOAc'hexane, 1:1 as eluent. Fractions
containing the product were combined and concentrated under reduced pressure, giving
compound 72 (228 mg. 73%); ‘H NMR (CDCl:, 500 MHz): é(ppm) 7.3, 6.9 (Ph. 2m, 6 =
9H). 5.08. 5.06. 5.0 (CH-0. 3s. 2 = 2 = 2H). 3.78 (OMe. s. 9H). 3.56 (PhCH:CO, s, 2H);
*C NMR (CDCls. 75 MHz): &(ppm) 171 (C=0). 159.6-113.8 (Ar), 71.28, 71.13, 66.35
(CH-0). 55.2 (OCH:). 40.8 (PhCH.CO): FAB-MS [M~1]7: 537.6.

2-[3.4-bis(4-methoxybenzyl) phenyl] ethanol (73)

Using the same conditions adopted in the synthesis of compound 67, compound
72 (500 mg) gave compound 73 (251 mg, 68%); ‘H NXMR (CDCl;, 500 MHz): 8(ppm)
- 3-6.8 (Ar. m. 11H), 5.1. 5.05 (CH:O, 2s. 2 = 2H). 3.78, 3.75 (OMe, 2s, 3 + 3H), 3.7
(CH.OH. t. 2H), 3.49 (OH, bs. 1H). 2.75 (PhCH., 1. 2H); *C NMR (CDCl;, 75 MHz):
3(ppm) 158.9. 149.1. 146.6. 133.2, 130.3 129.2, 121.7, 114.6, 114.2, 112.6 (Ar), 70.9,
0.8 (CH-0). 64.5 (CH-OH). 55.2. 55 (OMe), 39.1 (PhCHz); FAB-MS [M+1]": 395.5.
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2-(4-acetoxyphenyl) ethanol (75)

A solution of 4-hydroxyphenethyl alcohol (compound 74, 100 mg) in EtOAc (3
ml), were added a solution of Na;CO; (1 M, 3 ml), AcCl (77 ul, 1.5 eq.), and TBAHS
(245 mg, 1 eq.). The two-phase solution was stirred vigorously for 3 hrs, at which time
TLC (hexane/ EtOAc, 1:1) indicated the consumption of all starting materials. The
organic layer was separated, and washed 2x with H.O. It was then isolated, dried over
Na,SO;, filtered, and concentrated under reduced pressure. The product was then purified
by column chromatography on silica gel, using EtOAc/hexane, 1:1 as eluent. Fractions
containing the product were combined and concentrated under reduced pressure, giving
compound 75 (228 mg, 75%); '"H NMR (CDCl;, 500 MHz): 6(ppm) 7.2, 7.0 (Ar, 24,2 +
2H), 3.8 (CH,OH, t, 2H), 2.82 (PhCHa, t, 2H), 2.27 (CHj, s, 3H), 1.58 (OH, bs, 1H); °C
NMR (CDCl;, 75 MHz): d(ppm) 168.9 (C=0), 150.2, 136.9, 130.9. 118.5 (Ar), 63.0
(CH-OH). 39.0 (PhCH.), 21.0 (CH3).

2-[4-(4-methoxybenzyl)-phenyl] ethanol (76)

Using the same conditions adopted in the synthesis of compound 72,
commercially available 4-hvdroxyphenethyl alcohol (compound 74. 300 mg) gave
compound 76 (520 mg, 93%); '"H NMR (CDCl;, 500 MHz): 6(ppm) 7.35, 7.15, 6.9 (Ar,
2d. dd. 2 = 2 = 4H), 4.95 (CHa, s. 2H), 3.8 (CH., t, 2H), 3.8 (CH;, s, 3H), 2.8 (CH.OH, t,
2H): C NMR (CDCl;, 75 MHz): 3(ppm) 158.9, 129.28, 128.16 (Ar-PMB), 157.61,
131.19, 114.18 (Ar), 70.07 (OCHs»), 63.01 (CH,OH), 55.2 (OMe), 39.0 (CH,).

Phenyl 2,3,4,6-tetra-0O-acetyl-B-D-thioglucopyvranoside (79)

To an ice-bath cooled solution of glucose pentaacetate (compound 78, 1.0 g) and
thiophenol (315 ul 1.2 eq.), in dry CH:Cl; (10 ml), and under N inert atmosphere, was
added BF:.OEt: (300 ul, 1 eq.) via a syringe. The reaction mixture was allowed to warm
up to room temperature, and was left to stir for 4 hrs, at which time TLC (hexane/ EtOAc,

3:2) indicated the consumption of most starting materials. The solution was diluted with
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CHCl;, washed 2x with Na,COs, and 1x with H.O. The organic layer was isolated, dried
over Na>SOq, filtered, and concentrated under reduced pressure. The product was then
punified by column chromatography on silica gel, using EtOAc/hexane, 3:2 as eluent.
Fractions containing the product were combined and concentrated under reduced
pressure, giving compound 79 (767 mg, 68%); 'H NMR (CDCl;, 500 MHz): o(ppm)
T.45,7.25 (Ar, 2m, 2 +3H), 5.2 (H-3, t, 1H), 5.01 (H-4.t, 1H), 4.98 (H-2, 1, IH), 4.7 (H-
1, d, J1»=11 Hz, 1H), 4.17 (H-6, 6, m, 2H), 3.7 (H-5, m, 1H), 2.04, 1.98, 1.96 (Ac, 3s,
12H); °C NMR (CDCl;, 75 MHz): 3(ppm) 170.5, 169.4, 168.03 (C=0), 132.65, 131.67,
128.98. 128.36 (Ar). 85.3 (C-1), 74.7, 71.6, 67.9, 67.0, 61.23 (C-5. C-3, C-2, C-4, C-6),
20.5 (Ac).

Compounds 80-84

Acyl method: general method used for the synthesis of compounds 80, 81. 82, 83, and 84

from glucose pentaacetate (compound 78):

To an ice-bath cooled solution of compound 78 (1 eq.) and phenethyl alcohol (1.5
eq.). in dry CH:Cl:, and under N: inert atmosphere, was added BF:.OEt, (1.5 eq.) via a
syringe. The reaction mixture was stirred, and allowed to warm up to room temperature.
It was then monitored by TLC. Upon completion of the reaction. the solution was diluted
with CH,Cl:, washed 2x with Na;COs. and 1x with H.O. The organic laver was isolated,
dried over Na:SQOy., filtered, and concentrated under reduced pressure. The product was

then purified by column chromatography on silica gel.

Thioglycoside method: general method used for the synthesis of compounds 80. 81, 82,

83. and 84 from 2.3.4,6-tetra-O-acetate phenyvithioglucopyranose (79)

A solution of compound 79 (1 eq.), phenethyl alcohol (1.5 eq.), and molecular
sieves (4 A%). in drv CH.Cl: and under N: inert atmosphere, was cooled to -30 °C using a
bath of dry ice in acetonitrile. To this solution. were then added NIS (1.1 eq.) and TfOH

(catalytic amount). The reaction time varied from 30 to 50 minutes at -30° C, and was
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monitored by TLC. Upon completion of the reaction, the solution was diluted with
CH-Cl», washed 2x with Na.COs, and 1x with H>O. The organic layer was isolated, dried
over Na,SOs, filtered, and concentrated under reduced pressure. The product was then

purified by column chromatography on silica gel.
In both methods. vields varied berween 40% and 70%.

2-Phenethyl 2,3,4,6-tetra-O-acetyl-B-D-glucopyranoside (80)

'H NMR (CDCl;, 500 MHz): 8(ppm) 7.2, 7.0 (Ar, 2m, 2 + 2H), 5.14 (H-3, t, 1H),
5.05 (H-4. 1, 1H), 495 (H-2, t. 1H), 4.45 (H-1, t, J1.-= 7.9 Hz, 1H), 4.23 (H-6, dd, 1H),
4.08 (H-6"& Ha, m, 2H), 3.63 (H-5 & Hb, m, 2H); [Ha & Hb of OCH,], 2.85 (PhCH;, m,
2H), 2.04, 1.97, 1.95, 1.85 (Ac, 4s, 12H); °C NMR (CDCl;, 75 MHz): 8(ppm) 170.5,
170.1, 169.3, 169.2 (C=0), 138.4, 128.9, 128.3, 126.2 (Ar), 100.7 (C-1), 72.7, 71.7, 71.1
(C-3. C-2, C-4), 70.5 (OCH>), 68.4 (C-5), 61.9 (C-6), 35.8 (PhCH.). 20.6 (CH;); FAB-
MS [M+1]7: 453.2.

2-(3.4-dimethoxyphenyl)ethyl 2.3.4,6-tetra-0-acetyl-B-D-glucopyranoside (81)

'"H NMR (CDCls, 500 MHz): 3(ppm) 6.75, 6.7 (Ar. 2m, 1 = 2H), 5.14 (H-3, t.
1H). 5.05 (H-4. t, 1H), 4.95 (H-2, . 1H), 4.45 (H-1. d. J;..= 7.9 Hz, 1H). 4.23 (H-6, dd,
1H), 4.08 (H-6"& Ha, m. 2H), 3.85 (OMe, s. 3H), 3.8 (OMe. s, 3H), 3.63 (H-5 & Hb, m,
2H); [Ha & Hb of OCH:], 2.79 (PhCHa, t, 2H). 2.04. 1.97. 1.95, 1.85 (Ac, 4s, 12H), B¢
NMR (CDCl;, 75 MHz): é(ppm) 170.5, 170.2, 169.3, 169.2 (C=0), 148.7, 147.5, 131.0,
120.7, 112.3, 111.2 (Ar). 100.8 (C-1), 72.7, 71.6 (C-3, C-2), 71.1 (OCHa), 70.9, 68.4,
61.9 (C-4. C-5. C-6), 55.8, 55.7 (OMe), 35.5 (PhCH.), 20.5 (CH:); FAB-MS [M~+1]":

13.7.

th

(97

2-[3.4-bis(4-methoxybenzyl)phenyllethvl 2.3.4.6-tetra-O-acetyl-B-D-glucopyranoside
(82)

'H NMR (CDCl;, 500 MHz): 3(ppm) 7.32, 7.1. 6.75, 6.7 (Ar-PMB, 24, 8H), 5.14
(H-3, t. 1H), 5.09 (CH., 2 s, 4H), 5.05 (H4, t. 1H), 4.95 (H-2.t, 1H), 445 (H-1,d, J1>=
7.9 Hz, 1H), 4.23 (H-6. dd, 1H), 4.08 (H-6’& Ha, m, 2H), 3.85 (OMe, s, 3H). 3.8 (OMe,

131



s, 3H), 3.63 (H-5 & Hb, m, 2H); [Ha & Hb of OCHa], 2.79 (PhCH,, t, 2H), 2.04, 1.97,
1.95, 1.85 (Ac, 4s, 12H); °C NMR (CDCls, 75 MHz): 8(ppm) 171.0, 170.5, 170.1, 169.3,
169.1 (C=0), 149.0, 146.7, 133.2, 130.3, 129.2, 121.4, 114.2, 112.7 (Ar), 101.7 (C-1),
72.0. 71.0 (C-3, C-2), 70.9, 70.87 (PhCH-0), 69.7 (CH:0), 68.7, 67.9, 62.0 (C-4, C-5, C-
6), 55.2 (OMe), 36.7 (PhCHa). 20.8 (Ac); FAB-MS [M=1]": 725.7.

2-(4-acetoxyphenyl)ethyvl 2,3.4,6-tetra-O-acetyl--D-glucopyranoside (83)

"H NMR (CDCl;, 500 MHz): 8(ppm) 7.5, 7.1, 6.9, (Ar, 3dd, 2 + 2 = 4H), 5.14 (H-
3.1, 1H), 5.05 (H-4. t, 1H), 4.95 (H-2, t, 1H). 4.45 (H-1. d. J,.»= 7.8 Hz, 1H), 4.23 (H-6,
dd. 1H). 4.08 (H-6'& Ha, m. 2H). 3.85 (OMe. s. 3H), 3.63 (H-5 & Hb, m, 2H); [Ha & Hb
of OCH-], 2.75 (PhCHa, t, 2H), 2.04, 1.97, 1.95. 1.85 (Ac, 4s. 12H); >C NMR (CDCl;,
75 MHz): 3(ppm) 170.7, 168.7, 167.9. 167.0 (C=0), 159.0. 157.5, 131.8, 130.8, 129.3,
129.2. 114.2 (Ar). 101.7 (C-1). 71.9, 71.0 (C-3, C-2). 70.9 (CH.0), 70.0 (PhCH:O0), 68.6.
67.9. 62.0 (C-4. C-5, C-6). 55.2 (OMe). 36.0 (PhCHa). 21.0 (Ac); FAB-MS [M+1]":
589.5.

2-[4-(4-methoxybenzyl)-phenvijethyl 2.3.4.6-tetra-O-acetyl-3-D-glucopyranoside
(84)

‘H NMR (CDCl:. 500 MHz): 8(ppm) 7.16. 6.95 (Ar, 2d, 2 + 2H), 5.24 (H-3, ¢,
1H), 5.05 (H-4. 1, 1H), 4.95 (H-2.dd. 1H). 4.45 (H-1. d. J;.-= 7.9 Hz. 1H). 4.23 (H-6, dd,
1H). 4.08 (H-6’& Ha, m. 2H), 3.63 (H-5 & Hb. m. 2H); [Ha & Hb of OCH-], 2.83
(PhCH-. m. 2H), 2.24 (Ac, s. 3H). 2.04, 1.97. 1.95. 1.87 (Ac, 4s, 12H): '*C NMR (CDCl;.
T35 MHz): d(ppm) 170.5. 170.1. 169.4. 169.3, 169.2 (C=0), 149.1. 136.1, 129.9, 121.5
(Ar), 100.7 (C-1). 72.7. 71.7. 71.1, 70.3 (C-2, C-3, C-4, C-35), 68.4 (CH,0), 61.9 (C-6).
35.2 (PhCHa,). 20.6 (Ac); FAB-MS [M+1]7:511.4.

2-(3.4-dimethoxyphenyl)ethyl-f-D-glucopyranoside (85)
To a solution of compound 81 (200 mg) in MeOH (10 ml), was added
MeONa'MeOH solution dropwise, until 2 pH of 9 was reached. The reaction mixture was

stirred for 1 hr. at which time TLC (hexane/ EtOAc, 1:9) indicated the consumption of all
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starting materials. H™ resin was added until 2 pH of 5 was reached. The solution was then

filtered and concentrated under reduced pressure, giving compound 85 (127 mg, 95 %).
2-(3,4-dimethoxyphenyl)ethyl 4,6-benzyvlidene-3-D-glucopyranoside (86)

To a solution of compound 85 (110 mg, 1 eq.) in DMF (10 ml), were added
benzaldehvde dimethyl acetal (145 ul, 3 eq.) and para-toluene sulfonic acid (catalytic
amount). The reaction mixture was stirred for 2 hrs, at which tume TLC (hexane/ EtOAc,
1:9) indicated the consumption of all starting materials. The solution was diluted with
diethyl ether. and was washed 3x with NaCl saturated solution. The organic layer was
isolated, dried over Na,SQ., filtered, and concentrated under reduced pressure. The
product was then purified by column chromatography on silica gel, giving compouad 86
(38 mg, 64%). ‘H NMR (CDCl;, 500 MHz): 3(ppm) 7.16, 6.95 (Ar, 2d, 2 + 2H), 5.24 (H-
3.1 1H). 5.05 (H-4, t, 1H). 4.95 (H-2, dd, 1H), 4.45 (H-1, d. J;..= 7.9 Hz, 1H), 4.23 (H-6.
dd. 1H). 4.08 (H-6'& Ha. m. 2H), 3.63 (H-5 & Hb. m, 2H): [Ha & Hb of OCH:}, 2.83
(PhCH-. m. 2H). 2.24 (Ac. s, 3H), 2.04. 1.97, 1.95. 1.87 (Ac. 4s, 12H): °C NMR (CDCl;,
=5 MHz): 3(ppm) 170.5, 170.1. 169.4. 169.3. 169.2 (C=0). 149.1. 136.1. 129.9, 121.5
(Ar). 100.7 (C-1), 72.7. 71.7. 71.1. 70.3 (C-2. C-3. C-4. C-5). 68.4 (CH:0). 61.9 (C-6).
33.2 (PhCHa). 20.6 (Ac); FAB-MS [M-1]7:433.4.

1.2.3,4-tetra-O-acetyl-a-L-rhamnopyranoside (88)

To a solution of the commercially available a-L-rhamnose (compound 87, 1.0 g) in
pyridine (20 m!). was added acetic anhvdride (6 ml). The reaction was stirred for 3 hrs, at
which time TLC (hexane: EtOAc. 1:1) indicated the consumption of all starting materials.
The solution was concentrated under reduced pressure. The crude product was diluted in
ethvl acetate. washed 2x with Na:COs, 2x with HCl 1M. and 1x with H-O. The organic
laver was isolated, dried over N2a-SO., filtered. and concentrated under reduced pressure,
giving compound 88 (2.02 g, 95%); NMR (CDCl:. 500 MHz): 6(ppm) 5.92 (H-1, d, 1H),
5.21 (H-3. dd, 1H), 5.11 (H-4. m, 1H), 4.97 (H-2, dd. 1H), 4.21 (H-5, m, 1H), 2.06, 1.99,
1.97. 1.96 (Ac. 4 s, 12H), 1.24 (CH;, d, 3H); °C NMR (CDCl;, 75 MHz): 3(ppm)
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169.87, 169.45, 169.64 (C=0), 90.31 (C-1), 70.02, 70.77, 67.65, 66.21 (C-4, C-2, C-3, C-
3), 20.70, 19.8 (Ac), 17.3 (CH3s).

Phenyl 2.3,4-tetra-O-acetyl-a-L-thiorhamnopyranoside (89)

Using the same conditions of the acyl method described above, compound 89
(652 mg, 67%) was obtained from compound 88 (900 mg) and thiophenol; NMR (CDCl;,
500 MHz): 5(ppm) 7.3. 7.2 (Ar, 2m, 2 = 3 H), 5.8 (H-1, d, 1H), 5.1 (H-3, dd, 1H), 5.04
(H-4. m, 1H), 4.98 (H-2. dd, 1H), 4.0 (H-5, m, 1H), 2.06, 1.99 . 1.96 (Ac. 3 s, 9H), 1.24
(CHs, d. 3H); *C NMR (CDCl;, 75 MHz): &(ppm) 169.43. 168.7 (C=0), 136.2, 132.65,
128.75, 128.36 (Ar), 85.6 (C-1). 71.2, 71.0, 69.3. 67.7 (C-2, C-4, C-3, C-5), 20.67, 20.53,
20.1 (Ac). 17.2 (CH;).

3.4-dimethoxy-2-phenylthiophenyl ethanol (93)

Using the same conditions of the thioglycoside method described above,
compound 93 (74 mg. 8§5%) was obtained from compound 70 (55 mg) and thiophenol: ‘H
\MR (CDCls. 500 MHz): 3(ppm) 7.2. 7.1. 7.02 (Ar. m. 2 + 1 + 2H), 7.02, 6.88 (Ar. 2 5,
1 — 1H). 3.9. 3.79 (OMe. 2 s, 6H), 3.78 (CH.OH, dt. 2H), 2.98 (CHa.. t, 2H), 1.65 (OH,
bs. 1H); °C NMR (CDCls. 75 MHz): 3(ppm) 150.23, 148.44, 139.13, 122.55, 119.27,
113.28 (Main Ar), 135.74, 129.35. 127.07. 125.71 (SPh), 63.80 (CH:OH). 56.44, 56.35
(OMe). 37.78 (CH:); FAB-MS [M-1]7: 291.3.
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Claims to original research

Sugars containing terminal alkenes were homodimerized using the olefin

metathesis reaction. catalyzed by Grubbs’ ruthenium catalyst.

Homo- and hetero-carbohvdrate dimmers were synthesized by the coupling of
terminal alkene carbohydrate derivatives with aryvl halide carbohydrate derivauves

19

using the Heck coupling reaction catalyzed by Pd(OAc)..
the

Terminal alkyne carbohydrate derivatives were homodimerized using

(V2]

Sonogashira coupling reaction
Sonogashira reaction conditions were also used to dimerize terminal alkyne

carbohvdrate derivatives with aryl halide carbohydrate derivatives

Phenvlethanoid glycosides were synthesized by glvcosidation reactions using the

th

thioglvcoside method and the acyl method.

A diphenyl thioether compound was obtained by reacting thiophenol with an

electron rich aromatic ring in the presence of NIS and TfOH.

1

2

7



APPENDIX

138



o

OAc
6] OAc

AcQ)
- Compound 20

- .

At e e

f\i

[¢4]

megrat

<—-ﬂ
-

vﬂ-.—.:a::d:::‘—nﬁ:::-j-:::4—1*::-:-:::dnd—qqﬂ::_ "y 3::1:

ppm 9 8 7 6

\ . -
\ R \
p—— e ———— e e -\ \ﬁlﬁ.- \P>( N 1> > -~ -
,/ ) "
y \ . .
@ (=] n
m [=] - o
[aV] - 2
lafgadsint W:; TNy :_.__: [XEalias i) _:.._.:3 IRRRRARIRERN R :::.:.::: LLFRRARASRNRARIREIRARA)]

2

\ HITH

Current Data Paramaters

HAME jor_13p
ExPHa |
PIOCHD ]

Fe - Acquisition Parameters

hate 980703
(ime i 33
PNPROG HE ]

Hi R ({1 03]

AD 4 6530805 sec
FIURES 0 107456 Mt
(1] 11.0 uset
' 412
BLLEUS "

LR 0 ud
(11} 0 0100000 ser
m 3 0 uset
13 U8 8 uset
SFth 500 1368470) Wl
SHii 14142 25 "2
10 453

Hs 16

s 0

Fi - Protessing paramelers

sl 12768
M2 i
SF 900 1754311 Wiz
WiN M
o SS9 0
- 18 0 00 M
\ 8] 0
o
10wl plot parametecs
(] 22 00 ¢m
Fie 10 000 pom
(A} S001. 3% H2
topP O 000 ppw
Fa 0 00 1
peen 0 45459 ppay

227 1489 mih



Current Qata Paraseters

MANE joe 39
- EXPNO {
PROCHD 1
-
22 - Acouisition Parsmeters
B Date 20000624
Ttme 815
- [EURE{H 19
. SOLYENT LeEen
B ﬁszzﬁszzzn \k\» ] 4 5530805 sec
FIORES 0 107453 H2
- {M 711.0 use.
B G 2048
e uS "
_ I'N] 0D ¢
(I} 0 0400000 sec
- " 3 U uset
[¥3 €8 B uset
- SFOY 00 1381707 e
SHH 1142 25 Mt
- L 64536
ny 16
.- [IR} [
- [N Proteining paraseters
- 51 12764
- uee ¥
s 4500 17154311 M
= LI} L]
554 0
- (1] 0 00 Wz
[¢11] 0
10 A ot parameters
- . L ¢ 0
/ Fip 10000
. S0 19
ﬁ 0 600
0 o
- 0 45454
s 247 14y
. _ /
e e e L _AJ N | TN, U r L BT VAU R I -
3 | i
,,., ) . { / |
™ o m wlislo -t [ IR m
; S gl g& Blaf (A
©
.3:..:::::.W:33:22:::.—:.: Uu. rerreny ....u,..3.:._::::—.2.: 4_ .«.a _1_._ m._. [RARIRERAS RS ......_ _._..:....:.:::_.::.:._:_ .Ja_ #M ._«1_. ety .c_.._ _.:_.::.,.._:.:_
ppm 8 7 6 5 4 3 |



OAc

OAc
AcO 0 T4 AN A
OAc o
AcO
¢ OAc
compound 49
SR g (al5|s
B I et I of [<|ele

9 8 7

0
[o)]

-

<
[4V]
m

2313!14311—1.:4.33.2::.—3.:::: srrerrrpatra v s reerrerprEvRrbrooartra v pratorrnad s farsfeny
ppm %

|

3

Current Data Parameters

HAME joe_46
Exi'hg {
PROCHD 1

Fé - arquisition Paraseters

Date 20000720

g Time 124
PN PROG 1y
SoLvent [X)I R}
AQ 4 6530805 sec
FLORES 0 107456 e
1L 71 0 uset
(11} 1024
[LLaR I 1H
(LN 0 df
] 0 0100000 sec
M 30 uset
13 a4 9 uset
SE0Y 500 §3817207 NHp
SHH 1042 25 W
n 65436
HS 16
s 0

F1 - Processing parameters

St 12768
(o] oF
s S00 1354311 Mg
WM (3]
554 [
18 000 Mz
Gy 0

t} MR plot oaraseters

cx 22.00 ¢
Fip ! 589 ppm
fi Yy 18 W
FeP 6 348 ppn
¥ M5 09 12

0 0441 pom,
28 21312 i/

(=]
~

.
o
mre -_:-—_:._—::::::::_:_



. compound 51
t
8
T.
- - R | U5 YUY 4 V™ W
F y m
& Vs o
2 m 0 il
Wﬂ‘q-n---—-<-44—<-—-qcﬂanjﬂﬁﬂudq—-<-—- rrrrtrrpecy ﬂ—dndﬂnnnu-—-¢mu_~:- (RN ERARE}
ppm 9 8 7 6

o
"]

L{¢]
_1 trrrniseternne

o
o
o

-

HAME
£XHHO
PRI

k2
Nate
Tima
1h PR0G
S vens
AD
IO S
11}

211
HUCLENS
LN

N

i

(13

L
St

1]

s

0ns

Fi
1
nea
SF
NN
458
}]
]

(R

S
wjio (e~
o|o [¢0] a
(V] Rad M

[3Y]
(12 ::-:::::_:.:::_- ey

3

e

il

ier

. te

g PRI
HICHW

..

»

M |uy wn(
i cif [

.
_.- -: 2 m
—_- et :_:_-:._-:-::_

2 i

fureent Daty Paramaters

joe 5%
{
|

20000728
142

ty

(AU K]

4 6530805
0 107456
no
2044

1

0

a 0130000
10

44 9

00 1381707
hizd gy
[LLEL

16

Q0

)768

1]

G000 1t
(3}

0

0 i

0

0 He plot paramaters

22 16
ano

[
0 "%
a2l 11429

dequisition Parameters

set
Hy
usei

1}
set
uset
use
e

- Processing bt smeters

Ny

in
ppm
LY

s
W

pom,
He /e



=

L

Careent Dat s Parseeters

c QS%Q&EN& M .m. NAME san- |

£xP00 1
PROCHD [}

Fe - Acauisition Paraseters

— Uate 990920
Fyme 16

- P TRNG 19
Sin vent? Lney3

- AQ 4 6830605 serc
FIONLY 0 197456
\L} 11 0 uset
RG 256
MArLENS m
(LW} 0 o
[ 0 MMNEBO sec

_ oy 30 usw
€3 e 8 usel
5Fn 00 1381767 142
SH 1042 25 W
m 6455 V6
(11 1]
0s [i]

¥1  Processing paraseters

51 32764

"y cF

4 500 1354311 Wz
_ wiN W

$5R 0

8 0 00 H:

oA 0

1 HHA plet parameters

(W 2¢ 00 tm

. (11 10 000 ppe
/ - iy s001 Y W

- , Fop 0 600 pns
’ ke 000 Wt

PONEY 0. 19455 ppa,

B b WacH 221 11423 Wi
£ \Lf g |
- . s IS .- & i - _

e l»!-l\s-a»»:k., AR NMu e

gral

~inte

\
of |~ | n|[o{m) ofujr~fm|aflv I3 s
al| | alm =1=1t=10! ola-sjin|m||o]| jm m
- |lo |y ]| ] wlololo|njlo] |+ o
Ll
:d.:qn.qq-~—q-:——::«--—--———-«—-—----::-—:-—:-:-: resYetereyrerassgadTILRLY :——--~—~—-— IRRARARSAAI <-—-——-<<-___——_:: [2R3RRASAMS :— 1111 fersptyeer ~<-— T -:::<<:-:_

pm 9 8 7 6 5 A 3 2 1



- AcO

B AcO

. NHAc
(0)

compound 62

"
\
[e o w ] Bl oln o [~
s ~ ~ ajo olun T -
1 ()] o0 ~|m a|lm| |o m
¢ . . 8 bt A . .
Y - ]
wﬁ—-ﬂadﬂw—-~d:<~<q<4<<-n——-3-4.-———~q_v3d<-<<3-—-<- m RLITEITIS m ~:‘-ﬂ-q<-d~<d<-— -Oa— qdu_ TEORTRESLRONINY -—-- e -annnn‘-n—--.-n- "
ppm 9 8 7 b 5 4 3

« i
['s 1 BN
Vel (od]

w

(i)

Current (lata Paraseters

HAME joe 59
EXPNO i
PROCNG 1

$2 - Arquisition Paramreters

liate 4490315
Tine 9 11

M RRNG 1

SO vent (A k]

Al 4 6930809
FIONES 0 10715

L] no

NG 46
HUCLENS B

(L}] 0 ot
(]| 0 000000 se
m 10 usel
13 48 8 usel
SFO S00 1P Nt
Sl 2049 25 e
10 65510

HS 16

03 0

F1 - Protessing paranoters

sl 12764
".p 12
S 500 1354414 tng
Wik (1}
S50 0
X1} 0 00
[£¢] 0

1) wuR plot parameters

(] 2¢ 00 (m
e 10 000 poa
H 5001 15 H2
Feh 0 0L0 opn
[¥] 0 00 M
PRUCH 0 44449 popar
HICH 227 1Y Wah

113 _—— 1t _:_-—-—-~<.<—4.<<-—-:4-:-_.4_

2

1



—BOMEM

¥ TRANSMITTANCE

joe . TRANSMITTANCE

1998

F73.85)

Date . Septeaber 4,
MICHELSON SFRTES Aes 4.90 cm - #Scans 16 fime . L4he- Emin-40sec
Description.
#Peoks =12
93.23- i ] i i i 1 ] 1 | ] ] ] ] t | by |
] v <N ! /
B v, . ! 4 v ‘- ; . ....‘ ,‘ ﬂ.,r
/ / _ f
! ]
, / , A ,_
\ g !
A ’ _ - i
0 lh m \ : 3 —
”_ n - : o .,
m O [ 12N i " % H
.L ith # |
m I ! y _l. _
; (9] ' I
77.13— N . _ “
._ ] ' I~ \
. ) } n
,_ A0
> o
An—\ H
~ 4] m
- ;. _
69.97- !
3 OAc |
. 4
AcO 0 H q
1 \ -
- AcO N =
- NHAc
62.22 o
- compound 62
L |
ma.N_\n.:-leJ‘qi.xﬂ!flsﬁr.aqff;:,we:|-ﬂ:.z,ﬂz||z_‘\eaﬂl‘:eﬂyi|‘w.‘.A_ SR o e
4000 . 2300 2600 tann 1200 (.



T
.

m o
[¢)}

in [\Y]

wgral T
0

i compound 83

"
1<
T

-4<-<<~11-ﬂ-qqzﬂﬂc-:-wa—-<*-w<-—~—~—ﬂ-dw--q— mny :dq—-<-—‘--:-—-_-—--.::-- q-—

ppm 9 a8 7 6 5

FEB 23 20m

ﬁ HAME
(3 (20.1i]

PRN N0

(late
Iine
PULPRDG
SULYFNT
AN
Fibne s
{L}

1%

ILUNE I0
M

[H]

"

U3

SF(H
SHH

m

Hy

0s

51
t nie
56
Wi
548
i 8
. 4

i
tip
3]
kor
L'g
[Zelql]
HILN
E B g
g } DEANIL ) ‘ 15 hl

| {ry oyl (4] N [4)

[¢)] o njwm 4« 7. 0

hu. q-m o 4“ [a¥] [M] OA.

R T N N R T EA R L A A R R TR R L I R I LT R L L ALY
4 3 2 1

10 Mg ot

Current Data Haraseters

joe 6!
t

20010220
9 19

9

cen

1 6530005
0 107456
o

128

in

0

¥ G 100000
10

g8 8

500 1381707
7042 25
65936

8

0

12768

UF

500 1394111
3]

0

000

0

naraselers
a0 00

tn 060

001 1

v 000

o re

0 45448

el 11429

12 Adramsition Parameters

usel
uset
LT}
t

F1 bPracessing parameters

Kt

o
(UL
Wi
o
W2
von,
e/t



H

OMe
Ph

—(Me
|~ o ==
-
compound 86
B Uy FHG ~e
- SOLYENT COc1y
40 4.6%30805 sec
|- HINRES 0 J0745% W2
N 1 0 uset
) [ 2048
e LEUS 1H
|- L] 0 o8
m 0 0100000 sec
- [ 4] 30 uset
0t 98.8 vset
- 501 500 1381707 #Hg
Sim 1042 .25 Hp
- 10 0553
ns 16
- ns 0
- Ft  Processing parameters
St 12760
- w2 ¥
St SO0 13594988 hni
— L1 L]
S54 0
) ) 8 0 0u Me
ﬁ .0 0
16 WA ot parameters
[~ LY & tm
-2 (1Y ) pum
: (X 5001 35 W2
. t o O 00 ppm
- +2 0 G0 M2
— (R 0 45449, pom,
ﬁ » HITN 220 11429 W/t
A- . ) V4
e ) ... Y | VS LA
e o|m I o <9 |ojofs|s] o w|-:
) i @ o njujn|o|m] jos nlw
& ojm - o olololw|~||o BRIV
o . . . . . . . . . . . .
ﬁ«.:-::_::‘.43:~::-33433-:1—:::_ ").._:2 g .—a..,.-d LAAARRAAALR SRR ALY -1.._ LLLRAAAS LARRR AR A ﬂ-‘ m.“ —c..._ -mw .ﬁ :3. e q,;.h .nN LA LAY RN R AR AR LR R R R RS AR RN
nom 9 8 7 6 5 4 3 2 1



E 0
—..- TR v vt —
nnm !

g8&

-

LI A -..-5-0-.:— e v 1oy

b

(9]
b g

MeO

MeO

t]

OH

compound 93

Current lata Paraseters

HAME

£XPHO
PROCHOD

|0e 66

£ - ALQuisttion Farameters

Hate _
Time
[HS TR
PROBI
A PHING
10
SOLVEMT
NG

s

Qi
FIORES
AQ

e

by

13

13

0

1y
43
by
S6 01

=3 (HAUKEL

20010304
1y ol
av 3y

Gomm (6 1M

1930
LIV
(o}
13
1]
5081 100 H;
0 165407 1y
1 0228980 sec
29
498 400 uset
6 (0 usec
00 0 K
1 GQ090000 sec

1) saweses
iy

4 at yeet

B LU 13
009477 e

f2 - bracessing (yameteny

[HW

10 tret plot

Lx

(R
[
t

[ R
[
e
Heen

LB R
10U 1300000 Mg
[
0
0 10 1y
0
1 ao

farameters

20 00 ¢
1¢ 00 cm
H (00 ppm
201 0 W
1000 ¢pa
300 V3 My
3 39C00 pon/en
13 04880 He/en





