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Thesis Abstract

This project involves the synthesis of amino sugar analogs that may potentially

inhibit enzymes that construct the capsular polysaccharide of Staphylococcus aureus

bacteria. Specifically, the syntheses of N-acetyl-D-glucosamine, N-acetyl-D-

quinavosamine, N-acetyl-D-fucosamine, and N-acetyl-L-fucosamine analogs from readily

available precursors were the targets of the research project. Methods and results for the

formation of each ofthese compounds are described in detail.



v

Table of Contents

Title Page

Signature Page 11

Abstract 111

Acknowledgements IV

Table of Contents V

List of Schemes VI

List of Figures V11

Introduction 1

Statement of Problem 13

Results and Discussion 14

Model Study on Gin Acetamidoglycosylation 14

Investigation of the Schmidt Method: Model study on Tri-O-benzyl-D-glucal 17

Precursor Synthesis: Model study employing o-gluca1 20

Application of the Schmidt Method to 3,4-di-O-benzyl-o-rhamnal 25

Preparation ofo-fucal derivatives from tri-O-acetyl-o-galactal 27

Direct Tosylation and Reduction of Glycals 32

Schmidt's method and 3,4-di-O-benzyl-6-O-t-butyldiphenylsilyl-o-galactal 34

Applications Towards the Synthesis of S-, C-, and N-glycosides 36

Investigations of the Formation ofL-FucNAc Derivatives 38

Future Investigations 43

Experimental 44

General Procedures 44



References

Appendix

VI

82

86

List of Schemes

Scheme 1 Enzyme construction of biological oligiosaccharides 3

Scheme 2 Preparation oftri-O-benzyl-D-glucal 15

Scheme 3 Formation of thianthrene-5-oxide 16

Scheme 4 The Gin Method 17

Scheme 5 The synthesis of 3,4,6-tri-0-benzyl-2-nitro-D-glucal (7) 18

Scheme 6 Synthesis of methy13,4,6-tri-0-benzy1-2-deoxy-2-acetamido-
D-glucopyranoside 20

Scheme 7 Protecting group strategies for D-glucal 22

Scheme 8 Attempted Barton-McCombie method for the reduction of C-6 23

Scheme 9 Reduction of C-6 via a tosylate 25

Scheme 10 The 3,4-di-0-benzyl-D-rhamnal system 26

Scheme 11 Synthesis of methyl N-acetyl-3,4-di-0-benzyl quinavosamine (19) 27

Scheme 12 Preparation of t-butyldiphenylsilyl-protected D-galactal 28

Scheme 13 Deprotection of the C-6 hydroxyl of D-galactal 30

Scheme 14 Formation of 3,4-di-0-benzyl-D-fucal 31

Scheme 15 Methods for the direct tosylation of D-glucal and D-galactal 34

Scheme 16 Studies of the Schmidt method with t-butyldiphenylsilyl-
protected D-galactal 36

Scheme 17 Attempted synthesis of an S-glycoside 37

Scheme 18 Methods towards the synthesis of C- and N-glycosides 38

Scheme 19 Synthesis ofL-fucal 39



Scheme 20 Formation of 3,4-di-O-t-butyldiphenylsilyl-L-fucal

Scheme 21 Application of the Schmidt method to protected L-fucal

Scheme 22 Attempted formation of D-FucNAc analogs

List of Figures

Vll

40

41

42

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

The repeating amino sugar chain of the S. aureus capsular
polysaccharide

Amino sugar components of the S. aureus CP

The iminosugar nojirimycin and the C-glycoside C-Iactose

The research of Nicolaou and coworkers; Callipeltoside A and
D-callipeltose

The configurations of D-glucose

D-galactose and L-galactose

An illustration of the anomeric effect using D-glucose and methanol

Tosylate displacement

Mesylate displacement, followed by reduction

Azidonitration of tri-O-acetyl-D-galactal

Tethered methods for the formation of2-aminosugars

Gin acetamidoglycosylation for the formation of 2-aminosugars

The Schmidt nitroglycal method for synthesis of amino sugars

Retrosynthesis of L-FucNAc analogs

1H NMR spectrum of 2

13C NMR spectrum of2

1H NMR spectrum of 3

13C NMR spectrum of3

2

3

4

5

6

7

8

9

9

10

10

11

12

38

87

88

89

90



Vlll

Figure 19 I H NMR spectrum of 5 91

Figure 20 l3C NMR spectrum of 5 92

Figure 21 Mass spectrum of 5 93

Figure 22 I H NMR spectrum of 7 94

Figure 23 l3C NMR spectrum of7 95

Figure 24 Mass spectrum of 7 96

Figure 25 I H NMR spectrum of 8 97

Figure 26 l3C NMR spectrum of8 98

Figure 27 Mass spectrum of 8 99

Figure 28 I H NMR spectrum of 9 100

Figure 29 l3C NMR spectrum of9 101

Figure 30 Mass spectrum of 9 102

Figure 31 I H NMR spectrum of 10 103

Figure 32 l3C NMR spectrum of 10 104

Figure 33 Mass spectrum of 10 105

Figure 34 IH NMR spectrum of 11 106

Figure 35 l3C NMR spectrum of 11 107

Figure 36 Mass spectrum of 11 108

Figure 37 I H NMR spectrum of 12 109

Figure 38 l3C NMR spectrum of 12 110

Figure 39 Mass spectrum of 12 111

Figure 40 I H NMR spectrum of 13 112

Figure 41 l3C NMR spectrum of 13 113



IX

Figure 42 Mass spectrum of 13 114

Figure 43 I H NMR spectrum of 15 115

Figure 44 13C NMR spectrum of 15 116

Figure 45 Mass spectrum of 15 117

Figure 46 I H NMR spectrum of 14 118

Figure 47 13C NMR spectrum of 14 119

Figure 48 Mass spectrum of 14 120

Figure 49 IH NMR spectrum of 17 121

Figure 50 l3C NMR spectrum of 17 122

Figure 51 IH NMR spectrum of 18 123

Figure 52 13C NMR spectrum of 18 124

Figure 53 Mass spectrum of 18 125

Figure 54 IH NMR spectrum of 19 126

Figure 55 13C NMR spectrum of 19 127

Figure 56 Mass spectrum of 19 128

Figure 57 I H NMR spectrum of21 129

Figure 58 l3C NMR spectrum of21 130

Figure 59 Mass spectrum of21 131

Figure 60 I H NMR spectrum of 22 132

Figure 61 13C NMR spectrum of22 133

Figure 62 Mass spectrum of 22 134

Figure 63 IH NMR spectrum of 23 135

Figure 64 l3C NMR spectrum of 23 136



x

Figure 65 Mass spectrum of 23 137

Figure 66 1H NMR spectrum of 24 138

Figure 67 13e NMR spectrum of 24 139

Figure 68 Mass spectrum of 24 140

Figure 69 1H NMR spectrum of 25 141

Figure 70 13e NMR spectrum of25 142

Figure 71 Mass spectrum of25 143

Figure 72 1H NMR spectrum of 26 144

Figure 73 13e NMR spectrum of26 145

Figure 74 Mass spectrum of 26 146

Figure 75 IH NMR spectrum of27 147

Figure 76 13e NMR spectrum of27 148

Figure 77 Mass spectrum of27 149

Figure 78 IH NMR spectrum of 28 150

Figure 79 13e NMR spectrum of 28 151

Figure 80 IH NMR spectrum of29 152

Figure 81 IH NMR spectrum of31 153

Figure 82 13e NMR spectrum of31 154

Figure 83 IH NMR spectrum of32 155

Figure 84 13e NMR spectrum of 32 156

Figure 85 Mass spectrum of 32 157

Figure 86 1H NMR spectrum of 36 158

Figure 87 13e NMR spectrum of36 159



xi

Figure 88 Mass spectrum of 36 160

Figure 89 lH NMR spectrum of 40 161

Figure 90 J3C NMR spectrum of 40 162

Figure 91 lH NMR spectrum of 41 163

Figure 92 J3C NMR spectrum of 41 164

Figure 93 lH NMR spectrum of38 165

Figure 94 J3C NMR spectrum of38 166

Figure 95 IH NMR spectrum of 43 167

Figure 96 Mass spectrum of 43 168



1

Introduction

Staphylococcus aureus or "staph" is a bacterium most often found on the skin and

III the nose and throat of over 50% of the world's population today.l S. aureus is

responsible for many minor skin infections such as pimples or boils, but staph can also

cause more serious and sometimes fatal infections.2 For example, septicemia is a

condition in which the blood is contaminated with bacterial toxins. If these toxins are not

fought off by the immune system, septicemia can prove to be fatal. In 1991, septicemia

was ranked as the 13th leading cause of death in the United States. The 2001 report of the

survey of mortality in the United States showed that septicemia had moved to 10th with

~31 ,000 cases.3 S. aureus strains can also be linked to toxic shock syndrome, which has

proven to be a dangerous condition where patients in the hospital being treated for other

ailments become infected with the bacterium. Because the patient's immune system is

depleted, S. aureus infects the patient and causes further illness.4

Besides the many medical problems caused by "staph," strains of S. aureus

bacteria have shown increasing resistance to traditional treatments.s Normally, S. aureus

is treated with a penicillin antibiotic like methicillin or ampicillin, which prevented the

construction of the bacterial cell wall. Recently, resistant strains of S. aureus have been

found around the world. In the past when penicillins proved ineffective in treatment of S.

aureus strains, vancomycin was prescribed. Until recently, vancomycin was considered

the most versatile and effective antibiotic available, but strains of S. aureus are now

showing resistance to this drug as well.6 Nicolaou and coworkers have been investigating

the synthesis of vancomycin analogs to combat the resistant strains of bacteria, including

vancomycin-intermediate-resistant S. aureus (VISA). They reported significant
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antibacterial activity towards those resistant strains of bacteria. 7 Although Nicolaou has

found a few derivatives of vancomycin that will combat resistant strains of bacteria,

continuing investigation must be performed because of the bacterias' ability to quickly

become resistant to treatment.

Of the many different strains of S. aureus, Types 5 and 8 account for 22% and

53% of all the infections caused by the bacterium.8 In types 5 and 8, the bacterium

employs a capsular polysaccharide (CP), or protective coating that makes the bacterium

undetectable by the immune system due to the inability of the immune system to make

tight binding antibodies against carbohydrates. The CP of S. aureus types 5 and 8 is

made up of repeating units (Figure 1) of amino sugar components composed of N-acetyl-

2-amino-2-deoxy-D-mannopyranose uronic acid (D-ManAcA), N-acetyl-2-amino-2-

deoxy-D-fucopyranose (D-FucNAc), and N-acetyl-2-amino-2-deoxy-L-fucopyranose (L-

FucNAc) (Figure 2). Strains of types 5 and 8 differ only in the attachment points of other

sugar units on the D-ManAcA residue. Although little is known about the biosynthesis of

the CP of these strains of S. aureus, interrupting the construction of the CP may be an

effective method of combating S. aureus. Without the protective capsular polysaccharide

coating, the bacterium becomes susceptible to the immune system.

HO HO

NHAc° H3
C-gl°NHAc NHAc

_0
HO 0AcO

NHAc

0"" ",0--;--0) "~,
_0 ~

-....:lI.-_~ O

Serotype 5 Serotype 8

Figure 1: The repeating amino sugar chain of the S. aureus capsular polysaccharide.
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HO OH
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~
H3____ 0

HO ~OH
NHAc

D-FucNAc

~
,u'OH

He --0
3 NHAc

OH
HO

L-FucNAc

3

Figure 2: Amino sugar components of the S aureus CP.

Despite the lack of information concerning the mechanism for CP construction in

S aureus, the biosynthesis of the CP for other bacteria has been studied extensively as

part of the growing field of glycobiology. In general, the construction of the CP layer has

been found to be mediated by enzymes, which include glycosyl transferases, glycosyl

hydrolases and other miscellaneous enzymes. Transferases are responsible for linking

carbohydrate units via glycosidic bonds, hydrolases selectively hydrolyze such bonds,

and miscellaneous enzymes like epimerases and dehydrogenases alter functionality and

stereochemical configuration on sites other than the anomeric carbon of the sugar. When

working together simultaneously, these enzymes construct the CP layer with the

appropriate configurations and functionalities needed by the bacterium (Scheme 1).9,10, II

ATP ADP UTP PPj sugar-P04 UDP

sugar ~./,. sugar-P04 \...1 UDP-sugar ~ L disaccharide-P04
Glycosyl

~ Transferase J
"---'"""- G_I_y_CO_sy_I-::;=H~y-dr-o-la-se-----------

r
sugar-P04

Scheme 1: Enzyme construction of biological oligiosaccharides
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Because enzymes carry out the biosynthesis of the CP, these proteins become

prime targets for inhibition. Glycomimetics, or sugar analogs that mimic the natural

enzyme substrate, have proved to be effective in the elucidation of many enzyme

mechanisms as well as the structure of those enzymes. Generally, there are two classes

of mimics: those that compete with the natural substrate to be bound at the enzyme

binding site, thus disrupting biosynthesis, and those that mimic the transition state formed

during the formation or cleavage of the glycosidic linkage. Examples of glycomimetics

include C-glycosides and iminosugars (often called azasugars). C-Glycosides employ a

C-glycosidic bond that will not be hydrolyzed by a hydrolase, thus potentially inhibiting

the biosynthetic process. Iminosugars by definition contain a nitrogen atom in the sugar

ring where the oxygen atom normally lies. Unlike C-glycosides, iminosugars mimic the

enzymatic transition state, and will bind to the enzyme and inhibit the biological process.

For example, nojirimycin has been used as an effective antibiotic (Figure 3).12 Because

carbohydrate glycomimetics have shown effective biological activity, the chemistry of

carbohydrates is an important area for potential drug development.

HOl H

(QHN,)
l~VU'OH

HO OH

nOJlflmycm

OH OH H OH
~~O H'c~ q

HO~/ HO~'0'OH
OH OH

C-Iactose

Figure 3: The iminosugar nojirimycin and the C-glycoside C-Iactose

In the past 30 years, a surge of investigation into carbohydrates has emerged due

to their importance in many biological systems. Glycoconjugates like glycoproteins and

glycolipids have been shown to regulate many biochemical processes. For example,
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carbohydrates play an integral role in the protective cell wall for both plant cells and

bacteria. Discoveries utilizing carbohydrates extend from food additives l3 to the

pharmaceutical industry.14 Recently, researchers have constructed many important

compounds containing carbohydrate backbones that have shown activity towards

ailments like human immunodeficiency virus (HIV), certain types of cancer and

potentially harmful bacteria. Nicolaou and associates at the Scripps Research Institute

have recently discovered an efficient synthesis for D-callipeltose (shown below), a

precursor for Callipeltoside A, which has been shown to protect cells infected with HIV

(Figure 4).15 Van Boom and coworkers have found an approach to synthesizing 2-azido-

2-deoxy-~-D-mannosides that exhibit inhibitive properties toward a bacterium from the

genus Xanthomonas, a gram-positive bacterium. 16 Additionally, Danishefsky and partners

at the Sloan-Kettering Institute for Cancer Research has effectively synthesized

polysaccharide-based compounds to be used as an anti-cancer vaccine. 17

~

'RHMeO(I~ '0'~Blo
~ ~

R=

o
00-1MeO;}XNH

Ho""lo

Callipeltoside A D-callipeltose

Figure 4: The research of Nicolaou and coworkers; Callipeltoside A and D-callipeltose

Biologically active carbohydrate-based discoveries are often difficult to make

because of the complexity of sugar monomer units. Carbohydrates are compounds

generally of the formula Cn(H20)n, with the simple sugars being called
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monosaccharides.1 8 Monosaccharides exist in three main forms: the aldehydo, or acyclic

form; the furanose ring (five-membered); and the pyranose ring (six-membered).

Formation of the ring forms of carbohydrates comes from attack of the hydroxyl (-OH) at

carbon 4 or 5 onto the carbonyl carbon in the aldehydo form (Figure SA). As the ring is

formed, one can imagine attack of the -OH coming from the top or the bottom of the flat

aldehyde functional group, resulting in either an alpha (a) (Figure 5B,5D) or beta (~)

(Figure 5C,5E) configuration. The a configuration will provide the -OH functionality at

C-l in the axial position below the plane of the molecule and the ~ configuration will

afford the -OH functionality in the equatorial position in the same plane as the molecule.

c

HOl
HO-~I~o SH
~

E OH

Figure 5: The configurations of o-glucose

o and L nomenclatures are often used when reporting the configuration of

carbohydrates. When looking at a Fischer projection, 0 and L refer to the orientation of

the first chiral center from the bottom of the projection. A 0 notation means that the

hydroxyl is oriented to the right of the sugar chain and an L notation denotes a hydroxyl
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group to the left of the sugar chain. The examples of D- and L- galactose are shown

(Figure 6).

CHO
IH-1-OH

HO-j-H

HO-1-H
H-1-OH

CH20H

Figure 6: D-galactose and L-galactose

Carbohydrates become increasingly difficult to work with when considering the

fact that a combination of all five of the different forms can exist in solution at one time.

The presence of all of these forms in solution may cause many different undesired

reaction pathways when conducting reactions on monomer units.

The overall class of carbohydrates can be divided into many subdivisions, three of

the most important being glycosides, amino sugars and glycals. Glycosides have been

shown to be abundant in nature, which makes them potential targets for synthesis. A

glycoside is a sugar (or sugar chain) in which the hydroxyl at the anomeric position is

replaced with any other functionality, for example -OR, -CR -NR, or -SR. The resulting

glycosidic linkages give rise to the nomenclature of O-glycosides, C-glycosides, N-

glycosides, or S-glycosides respectively.

Forming glycosidic bonds has proven to be challenging for synthetic chemists

because of the anomeric effect. When a glycosidic bond is formed, the orientation of the

product is controlled, in part, by the anomeric effect, which is caused by the interaction of

the electronegative oxygen atom in the sugar ring with the substituent at C-l. The

interaction between the two electronegative atoms causes an overlap of the non-bonding
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orbital of the substituent with one of the lone pairs of the oxygen in the sugar ring. The

orbital overlap will stabilize the a anomer and make it the major product because the ~

configuration does not provide this overlap interaction. Because of their vast importance,

past investigation of glycosidic bonds has been extensive. The anomeric effect can be

observed in the glycosylation of D-glucose with methanol to give primarily methyl a-D-

glucopyranoside (Figure 7).12

HO

HO~---O
HO~""'OH

HO
Hel

HO
HO~~O
HO~---OCH3

HO I
H

Minor anomer

+

HO
HO~~O
HO~I---H

HO OCH3

Major anomer

Figure 7: Glycosylation of D-glucose with methanol, an illustration of the anomeric effect

Besides glycosides, amino sugars can also be found in many natural products.

Many of the sugars units found in humans are repeating chains of amino sugars. By

definition, an amino sugar is a carbohydrate that contains the amino functionality

anywhere on the sugar ring except the anomeric carbon. For example D-glucosamine and

D-galactosamine are found in the exoskeleton of many shellfish. Also, sialic acids playa

major role in biological systems. 12 Because of their importance in many natural systems,

many methods have been introduced for the synthesis of amino sugars. While many

procedures have been devised for the synthesis of amino sugars, some have proved more

useful than others. While displacement of a leaving group is not the most extravagant

method for synthesizing amino sugars, it has been widely effective. A simple example is
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when a monosaccharide tosylated at C-6 is dissolved in methanol, treated with ammonia

and heated under high pressure to yield an amino sugar salt in moderate yields. 19

~
TS i. NH3, MeOH, 120°, NH +cr
o high pressure ~I0

3

OH • ?H I

HO OMe ii. HCI HO OMe
OH OH

Figure 8: Tosylate displacement

Another effective displacement method for the production of amino sugars is via

mesylate displacement. When treated sodium azide, a mesylated sugar will provide an

azidosugar with inverted stereochemistry about the mesylated carbon by nucleophilic

substitution. Upon addition of lithium aluminum hydride, the desired amino sugar is

produced and in the example, the benzoyl protecting group is removed. 2o

><~J
Mso-

1

1=
OBz

0,,<
0/

><~1
I-NHz

I-OH

L
O><o

Figure 9: Mesylate displacement, followed by reduction

While synthesis of amino sugars is effective starting with saturated sugar units,

the use of glycals as starting materials has been shown to be most effective in the

synthesis of amino sugars because of their versatility. Glycals are sugars with a double

bond between the first and second carbons of the sugar chain and no hydroxyl groups one

either of those carbons. Because of the presence of a double bond, a wide range of

products, including amino sugars and glycosides, may be synthesized. Lemieux
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introduced a method for the synthesis of 2-azido-2-deoxy glycosyl nitrates using a

method called azidonitration whereby the reaction proceeds via radical intermediates. An

example protocol for the reaction calls for the treatment of 3,4,6-tri-O-acetyl-D-galactal

with sodium azide and ceric ammonium nitrate in acetonitrile to produce the desired 2-

azido-2-deoxy glycosyl nitrate shown below. The method for azidonitration has been

applied to a wide range of glycal precursors. 21

AC0

6
0AC

....___0AcO ....--:
Act\~~
ACO~ONO

N
3

2

Figure 10: Azidonitration oftri-O-acetyl-D-galactal

Nicolaou and coworkers extended the investigation into amino sugar synthesis

when they introduced a "tethered" approach to making 2-aminosugars. The method

called for the treatment of C-3 glycal urethanes with o-iodoxybenzoic acid (lBX) and

water to produce 2-aminosugars as a fused heterocyclic ring system in a single step.22

Rojas conducted a reaction producing similar results, but he employed the use of light

and an azidoformate rather than an acetamido moiety. This method provided a

stereoselective method for 2-N-acetamido-~-allopyranosides.23

RO

RO~O
PhHNIlO~

°

IBX

o
R05NPh

• RouN-l-q
~<M'OH

RO

hv • RO~O\ OR'

R'OH ~O-{
o

Figure 11: Tethered methods for the formation of2-aminosugars
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Recently, Gin has introduced a one-pot, stereose1ective method for the synthesis

of amino sugars via an oxazoline intermediate. Starting with a glycal precursor dissolved

in chloroform, the solution is treated with thianthrene-5-oxide and triflic anhydride.

Upon formation of the triflated thianthrene species, N-trimethylsilylacetamide and N,N-

diethylaniline are added and an oxazoline intermediate is formed. The intermediate ring

can then be opened up to the corresponding amino sugar retaining the stereochemical

configuration at C-2 and producing ~-anomers. The method outlined by Gin was shown

to be effective for both primary and secondary alcohol nucleophiles as well as selectively

deprotected sugar monosaccharide units.24

ROH =

OBn

Bno~\=~
BnO~

OH

A

AcNHSiMe,. Et,NPh

Amberlyst-15. ROH. Tf,O

OBn

BnO~(-=--~. OR

BnO~/
AcHN ~

H~BnO .______0
BnO

BnO OMe

Figure 12: Gin acetamidoglycosylation for the formation of2-aminosugars

Schmidt and Das have implemented the use of acetyl nitrate (AcON02) generated

in situ. Upon addition of the glycal, the nitro moiety attaches at C-2 and the acetyl

functionality is trapped by the positive charge at C-1. The resulting product is then

treated with a base and the acetyl moiety is eliminated to provide a nitroglycal. Because

of the electron-withdrawing nitro moiety and the oxygen in the ring next to C-1, C-1 has

significant positive character, making it susceptible to attack from nucleophiles. The

nitro moiety may then be reduced and acetylated to provide the acetamido functionality.25
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Schmidt and Das have extended this procedure to produce a wide range of 0- and N-

glycosides with various biological possibilities.26
-
28

OR

RO~\-=-'~
RO~

OR
RO~\~'~
RO~

\
N02

THF

1. Raney Ni.
OR

RO~\:~ 2

RO~OR
AcHN

Figure 13: The Schmidt nitroglycal method for synthesis of amino sugars

The versatility of Schmidt and Das' method provides the precursors necessary for

the synthesis of many amino sugar products, including those found in the capsular

polysaccharide of S. aureus. Because the method has been applied to a wide range of

sugar precursors, one could imagine its effectiveness in the synthesis of D-FucNAc, L-

FucNAc and a wide range of glycomimetic analogs.



13

Statement of Problem

Staphylococcus aureus has shown increasing resistance to traditional methods of

treatment, including the antibiotic vancomycin. Past methods of treatment effectively

blocked the biosynthesis of the bacterial cell wall. Because S. aureus bacteria have

shown increasing resistance towards traditional treatment methods, new methods for

combating the bacteria must be found.

The focus of this research is to develop glycomimetics, or compounds with

similar structures to those found in natural biosynthetic pathways. More specifically, the

research targets the protective capsular polysaccharide coating of S. aureus bacteria,

which is made up of a repeating chain of amino sugar units. A mimic of one of the amino

sugars in the chain may disrupt the biosynthesis of the capsular polysaccharide, thus

making the bacteria detectable by the human immune system.

Synthetic methods towards the formation of analogs of N-acetyl-2-amino-2

deoxy-o-fucosamine (o-FucNAc) and N-acetyl-2-amino-2-deoxy-L-fucosamine (L

FucNAc), as well as other possible amino sugar glycomimetics with the flexibility to

provide many such analogs, are the goals of this research.



14

Results and Discussion

Model Study on Gin Acetamidoglycosylation

Gin and coworkers introduced a convenient, stereoselective, one-pot synthesis of

2-amino sugars from glycals that formed exclusively the ~-anomer. The protocol was

investigated to explore the application of Gin's research method to the synthesis of 0

FucNAc and L-FucNAc glycomimetics.

The experimental procedure calls for the use of tri-O-benzyl-o-glucal as a

precursor, which can be readily made from the relatively inexpensive tri-O-acetyl-o

glucal (1) by first deacetylating the protected sugar with sodium in methanol to produce

o-glucal (2). After reacting overnight, TLC showed disappearance of the starting

material and appearance of a new spot with a much lower Rf value when treated with 5%

sulfuric acid/ethanol solution and heating to visualize the product. The product was then

isolated from the crude mixture using a hot ethyl acetate extraction affording 2 as a white

solid in 72% yield. The IH NMR spectrum showed the disappearance of the three acetate

peaks at 2.1 ppm and the appearance of three doublets, one for each -OH on the sugar

ring appearing at 5.11 ppm, 4.87 ppm and 4.56 ppm. Upon investigation of the B C NMR

spectrum, six peaks were evident, which is the expected outcome. Two significant

signals shifted to 140.4 ppm and 100.6 ppm belonged to the carbons in the glycal double

bond.

Compound 2 was then treated with sodium hydride and benzyl bromide in order

to protect the free hydroxyls and provide tri-O-benzyl-o-glucal (3). When examining the

TLC plate, a spot that was now UV-active, due to the benzene chromophores, showed at

a much higher Rf than the starting material. The 1H NMR spectrum showed the
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disappearance of the signals at 5.11 ppm, 4.87 ppm, and 4.56 ppm that belonged to the

protons on the -OH groups and an appearance of a multiplet from 7.23 - 7.34 ppm

integrating to IS hydrogens that corresponded to the aryl protons on the benzene rings.

The l3C NMR spectrum provided evidence of the benzyl protecting groups with three

shifts at 139.3 ppm, 139.1 ppm, and 138.9 ppm that correspond to the ipso carbons of the

benzyl protecting groups. Also shown are the signals for the remaining twelve carbons of

the benzene rings at ~128 ppm. Six peaks are shown between 70 and 80 ppm, which

correspond to the methylene carbons of the benzyl protecting groups and the four carbons

of the sugar ring not part of the double bond. The carbons for the double bond show at

145.7 ppm and 101.0 ppm for C-I and C-2 respectively.
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Scheme 2: Preparation oftri-O-benzyl-D-glucal.

The protocol for Gin's method also called for thianthrene-5-oxide (5), which had

to be made from one equivalent of thianthrene (4) and one equivalent of m-CPBA in

methylene chloride to ensure that only one of the sulfur atoms of thianthrene was

oxidized (Scheme 3). TLC of the reaction product showed a UV-active spot with a

slightly lower Rf value and examination of the IH NMR spectrum provided a doublet of

doublets at 7.93 ppm that corresponds to two equivalent protons, H-I and H-I '. Also

shown are three multiplets for the remaining six protons on the molecule. Evidence for

the equivalent carbons due to symmetry is found in the l3C NMR spectrum. Six signals
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are found in the spectrum with the carbons next to the sulfoxide shifted furthest

downfield at 142.3 ppm. The carbons next to the unoxidized sulfur atom are also shifted

downfield to 134.7 ppm, and the remaining four signals for the other eight carbons are

found slightly upfield at ~130 ppm. The mass spectrum of the product gives an m/z at

233.16 in the positive mode, which corresponds to the calculated molecular weight of

232.32.

4

m-CPBA ..

5

Scheme 3: Formation ofthianthrene-5-oxide

Gin's one-pot method was then attempted in order to first make the triflate of

thianthrene-5-oxide at -10°C with tri-O-benzyl-D-glucal (3) present in the reaction

mixture. The triflated species was then treated with N-trimethylsilylacetamide and N,N-

diethylaniline. According to the literature, an oxazoline intermediate was supposed to be

formed, but after analyzing lH and l3C NMR data the intermediate was apparently not

formed. 2-Propanol and Amberlyst-15 were then added to the reaction mixture, but the

desired product was not formed. lH NMR studies suggested the formation of methyl

3,4,6-tri-O-benzyl-2-deoxy-D-glucopyranoside, without insertion of the acetamido

moiety at C-2. Experimental protocol from the literature was followed using freshly

distilled solvents and newly purchased reagents in carefully flame-dried flasks to ensure

dryness, but the desired product was never formed. The product characterized from the

NMR data was the glycosylated product without insertion of the nitrogen at C-2.
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Scheme 4: The Gin Method

Investigation of the Schmidt Method: Model Study on Tri-O-benzyl-D-glucal

Schmidt and Das introduced the method of synthesizing 2-amino sugars via a

nitrog1ycal intermediate using tri-O-benzyl-D-galactal. Because of the relative expense

associated with tri-O-benzyl-D-galactal, an inexpensive alternative in the form of a

benzylated D-glucal precursor was chosen instead. The system was set up similar to the

manner outlined by Schmidt and Das in the literature using a benzylated D-galactal

starting material. Acetyl nitrate was generated in situ upon addition of concentrated nitric

acid to acetic anhydride. Tri-O-benzyl-D-glucal (3) was then introduced to the system,

and progress of the reaction was monitored by TLC. Observation of the TLC results

showed formation of a new spot with ultraviolet absorbance with an Rf value slightly less

than that of the starting material, which burned on the TLC plate when treated with 5%

H2S04/ethanol solution. The IH NMR spectrum of the crude product (6) showed

appearance of a singlet at 1.96 ppm for the formation of the acetate at C-l and the

disappearance of the doublet of doublets for the C-1 proton at 6.42 ppm of the starting

material. The other peaks were observed as a multiplet ranging from ~3.50 ppm to ~4.70

ppm.

Because Schmidt and Das observed an increased yield of product by using the

crude reaction material directly, the next step of the reaction scheme was run with the



18

crude mixture. Elimination of the C-l acetyl moiety occurred upon treatment of 6 with

triethylamine to provide the nitroglycal 7. Inspection of the I H NMR spectrum showed a

downfield shift of the proton at C-l to 8.2 ppm, which appeared as a singlet because of

the presence of the electron withdrawing oxygen neighbor as well as being part of alkene

system with the nitro functionality at C-2. The region from 7.21 - 7.37 ppm integrated to

account for the 15 aryl protons, and the remaining protons for the compound were located

from 3.5 - 4.9 ppm. The B C NMR showed the presence of peaks at 155.4 ppm and 131.7

ppm for C-2 and C-l respectively. Also shown were the peaks corresponding to the aryl

carbons; three at ~138 ppm and 9 signals at ~129 ppm. The rest of the signals that lie

between 64 and 79 ppm correspond to the remaining carbons of the sugar ring and the

three methylene carbons of the benzyl protecting groups. Mass-spectral data afforded an

~ of 479.22, which corresponds to the calculated molecular weight (461.51) with the

addition of a water molecule.

OBn OBn
OBn

AcON02 Bno~ Et3N Bno~Bno~ ..
BnO

..
BnO -----=

BnO -----= °2N
CH2CI2 \

OAc N02

3 6 7

Scheme 5: The synthesis of 3,4,6-tri-O-benzyl-2-nitro-o-glucal (7)

The methyl O-glycoside 8 was then synthesized via treatment of 7 with

triethylamine and methanol. The TLC of the reaction mixture showed a spot that was

UV-active and burned at a slightly lower Rf value than that of the starting material.

Investigation of the IH NMR spectrum showed the disappearance of the singlet at 8.2

ppm that corresponded to the proton at C-l for the starting material, and the emergence of
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a doublet at 4.7 ppm with a coupling constant, J = 8.06 Hz. The J value of 8.06 Hz is

consistent with formation of the ~-anomer, which was the desired product. A singlet at

3.52 ppm also appears, which corresponds to the protons of the methoxy moiety. The l3C

NMR spectrum illustrates the disappearance of the alkene carbon signals showing C-2

and C-1 at 101.9 ppm and 90.7 ppm respectively. Aryl carbons for the product are still

shown as three peaks at ~138 ppm and a cluster of signals worth nine carbons at ~129

ppm. The remaining carbons of the sugar ring and the methylene carbons of the benzyl

protecting groups are located from ~58 - 82 ppm. Mass spectrometry data provided an

M+ at 511.44 in positive mode, which corresponds to the calculated molecular weight,

493.55, with the addition of a water molecule.

The methyl O-glycoside 8 was then first treated with Raney Nickel to reduce the

nitro moiety, and then reaction with acetic anhydride in pyridine provided methyl 3,4,6

tri-O-benzyl-2-deoxy-2-acetamido-D-glucopyranoside (9) in 73% yield. I H NMR spectra

showed the emergence of two important signals. A doublet at 5.5 ppm corresponds to the

N-H proton that is split only by the proton at C-2. Also appearing in the spectrum is a

singlet at 1.86 ppm integrating to the three protons that are associated with the acetyl

moiety. The anomeric proton still has a coupling constant (J = 7.67 Hz) indicating the ~

configuration, which is expected since there was no direct change on C-1. Examination

of the l3C NMR spectrum shows the appearance of a signal at 171.3 ppm, which

corresponds to carbonyl carbon of the acetamido functionality. The other signals of the

l3C spectrum showed little change from the spectrum of the starting material. Mass

spectrometry afforded an M+ of 504.60 in negative mode, which corresponds to the

calculated value of 505.60.
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Scheme 6: Synthesis of methyl 3,4,6-tri-O-benzyl-2-deoxy-2-acetamido-D
glucopyranoside

Precursor Synthesis: Model Study employing D-glucal

Fucose analogs require the presence of a methyl group at C-6, requiring reduction

of the C-6 hydroxyl. To obtain the desired stereochemical configuration of D- and L-

FucNAc, the manipulation of the functionalities of galactal precursors must be employed.

However, the relative cost of D-galactal versus D-glucal is approximately 16x greater, so

the less expensive D-glucal was chosen as a precursor to ensure the effectiveness of the

devised synthetic strategy.

The first step involved in the synthetic strategy was the selective protection of the

primary hydroxyl of D-glucal (2) to give 6-0-t-butyldiphenylsilyl-D-glucal (10). The

reaction proceeded using 0.9 equivalents of t-butylchlorodiphenylsilane to ensure

minimal side reactions at other hydroxyls. TLC showed a UV-active spot that also

burned with a much higher Rf value than that of the starting material. The appearance of

a singlet at 1.0 ppm in the IH NMR spectrum represents the nine equivalent hydrogens of

the t-butyl group. Also appearing were the aryl protons from 7.62 - 7.67 ppm and 7.39-

7.44 ppm that integrated to 10 protons. A doublet representing the hydroxyl that was

protected at 4.55 ppm disappeared from the spectrum. The 13C NMR spectrum afforded

signals for the t-butyl moiety at 20.7 ppm and 28.3 ppm respectively. Aryl carbons

appeared at 136.6 ppm, 134.5 ppm, 131.2 ppm and 129.3 ppm representing 10 carbon
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atoms. Mass spectral data provided an M+ of 383.20 III negative mode, which

corresponds to the calculated value 384.54.

The t-butyldiphenylsilyl protected sugar 10 was then treated with sodium hydride

and benzyl bromide to protect the remaining hydroxyls of the precursor in 98% yield.

TLC investigations indicated the formation of a UV-active spot burning at a much larger

Rfvalue than the starting material. After looking at the IH NMR spectrum, shifts at 7.21

- 7.46 ppm became more complicated because of the presence of the additional 10 aryl

protons. Also shown in the spectra is a multiplet at 4.51 - 4.70 ppm integrating to four

protons that represents the methylene protons of the benzyl protecting groups. The l3C

spectrum afforded more evidence for the formation of the product with two shifts at ~139

ppm that represent the ipso carbons of the benzyl protecting groups and shifts worth 7

carbons at ~129 ppm for the remaining 6 carbons of the benzyl protecting groups and one

of the signals for the t-butyldiphenylsilyl protecting group. Mass spectrometry indicated

an M+ value of 582.33 in positive mode, which corresponds to the calculated molecular

weight (564.79) of the product with the addition of a water molecule.

The primary hydroxyl of 11 was deprotected using tetra-N-butyl ammOnIum

fluoride in THF at room temperature to afford 12 in 77% yield. TLC showed a UV

active spot with a lower Rf value than the starting material due to the loss of the non

polar t-butyldiphenylsilyl protecting group. IH NMR data showed the loss of the

protecting group through the absence of the singlet at 1.0 ppm representing the protons of

the t-butyl group and the multiplet at 7.67 - 7.71 ppm illustrating 5 of the aryl protons

associated with the protecting group. The loss of the remaining 5 aromatic protons was

only evidenced through the integration of the region from 7.26 - 7.38 ppm, which now
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only integrated to the 10 remaining aryl protons. Also shown in the I H NMR spectrum is

a triplet of doublets at 6.4 ppm representing the hydrogen at the anomeric position. The

unusual splitting pattern can be explained by allylic splitting or splitting from the proton

of the primary hydroxyl at C-6. The B C NMR spectrum also showed the disappearance

of the t-butyl group and phenyl groups compared to the starting material. Absent from

the spectra are shifts at 20.5 ppm, 28.2 ppm for the t-butyl group and shifts at 136.8 ppm,

134.5 ppm, 130.7 ppm and 129.4 ppm for the phenyl groups. Investigation of the mass

spectral data afforded an M+ of 327.29 in positive mode, which corresponds to the

calculated molecular weight of 326.39.
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Scheme 7: Protecting group strategies for D-glucal

Reduction of the free hydroxyl at C-6 was then investigated through the

employment of the Barton-McCombie method.29 The first step was to react the free

hydroxyl at C-6 by treating 12 with N;N-thiocarbonyldiimidazole and allowing the

reaction to proceed at room temperature. TLC showed a UV-active spot that burned with

an Rf value much lower than the starting material because of the polar

thiocarbonylimidazoyl group. The product was isolated via flash column to afford the

product 13 in 74% yield. The lH NMR spectrum showed evidence of the product by

indicating three singlets, one for each of the protons of the imidazole ring at 8.22 ppm,

7.52 ppm, and 7.01 ppm respectively. B C NMR data provided evidence for the carbonyl
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carbon of the thioimidazoyl group by showing a shift at 184.6 ppm. Also present in the

l3C NMR spectrum were the signals for the carbons of the imidazole ring shown at 137.9

ppm, 131.8 ppm and 118.4 ppm. In the positive mode, mass spectrometry showed an M+

at 437.23, which corresponds to the calculated value of 436.52.

Reduction of the thiocarbonylimidazole-substituted glucal derivative 13 was

attempted using tri-n-butyl tin hydride as a reducing agent. While TLC did show

movement of a UV-active spot that burned to a larger Rf value, the desired product was

not found after purification via flash column chromatography. Because the reaction

proceeds through radical intermediates, undesired reactions may have been possible due

to the presence of the electron-rich double bond of the glycal. NMR studies did not show

the presence of the desired doublet for the protons of the C-6 methyl functionality.
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Scheme 8: Attempted Barton-McCombie method for the reduction of C-6

Because the Barton-McCombie method did not result in the formation of the

desired 6-deoxysugar, other methods were investigated. When investigating the

literature, reduction via a tosylated intermediate suggested a possible method of

reduction. 3o Compound 12 was reacted with p-toluenesulfonyl chloride in pyridine at

room temperature under a nitrogen atmosphere. An Rf value higher than that of the

starting material was shown as a single spot on the TLC plate. Investigation of the IH

NMR data showed a doublet at 7.83 ppm integrating to two hydrogens from the para-
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substituted tosyl group. The remaining protons of the tosyl group showed their signal in

the same region as the aryl protons of the benzyl protecting groups. Also evident in the

lH NMR spectrum was a singlet at 2.42 ppm for the methyl moiety of the tosylate. l3C

NMR data provides evidence for the tosyl group through the shifts in the aromatic region

at 145.8 ppm and 130.8 ppm, as well as the signal at 22.9 ppm for the methyl group.

Mass spectral data shows an M+ at 498.36 in the positive mode, which corresponds to the

calculated molecular weight (480.57) with the addition of a water molecule. Also evident

is a signal at 344.28, which corresponds to the cleavage ofthe tosyl group.

Reductive cleavage of the tosylated glucal derivative 15 was accomplished using

lithium aluminum hydride in anhydrous THF. The reaction had to be refluxed overnight

to show complete consumption of the starting material. TLC showed a spot that was UV

active and burned with an Rf value much higher than that of the starting material.

Isolation of the product was achieved via flash column to provide 3,4-di-O-benzyl-D

rhamnal (14) in 83% yield. lH NMR experiments showed the disappearance of the

doublet at 7.83 ppm that represented two of the hydrogens of the tosyl group. When

integrating the region from 7.26 - 7.38 ppm, a loss of two protons is seen due to the loss

of the other two protons of the benzene ring of the tosyl group. The emergence of a

doublet worth three hydrogens at 1.38 ppm proves the presence of the C-6 methyl moiety.

The l3C NMR spectrum shows a signal at 18.8 ppm corresponding to the methyl group at

the C-6 position. An M+ of 328.26 is observed in the positive mode, which corresponds

to the calculated molecular weight (310040) with the addition of a water molecule.
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Scheme 9: Reduction of C-6 via a tosylate

Application of the Schmidt Method to 3,4-di-O-benzyl-D-rhamnal

Although Schmidt's method proved to be effective using tri-O-benzyl-D-glucal

(3) as a precursor, the protocol had not been used with a 3,4-di-O-benzyl-D-rhamnal (14)

system. Investigations applying Schmidt's method to the rhamnal system were studied to

ensure its versatility when applied to a wide range of starting materials, including fucal

derivatives. The procedure employs the same synthetic scheme as the model system.

The first step involves the use of acetyl nitrate, which is generated in situ by adding

concentrated nitric acid to acetic anhydride under strict temperature control. The sugar

14 was then added to the system and the reaction produced 16. The intermediate product

was not isolated because the authors reported a greater overall yield of the nitroglycal 17

when using the crude product directly. The nitroglycal 17 was produced in an overall

yield of 37% for both steps. TLC of the final product showed a UV-active spot that

burned with a slightly lower Rf value than the intermediate 16. IH NMR experiments

showed a singlet at 8.21 ppm corresponding to the hydrogen at the anomeric position.

Also evident is the doublet representing the C-6 methyl group at 1.40 ppm, which proved

that the model system could be applied to other 6-deoxy glycals. 13C NMR data provided

shifts at 155.6 ppm and 90.87 ppm that represent C-2 and C-1 respectively, and the C-6

methyl group shows a shift at 17.4 ppm.
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Scheme 10: The 3,4-di-O-benzyl-D-rhamnal system

The nitroglycal 17 was then added to a solution of triethylamine in methanol at

room temperature. TLC showed a UV-active spot that burned at a slightly lower Rf value

than that of the starting material. The methyl glycoside was isolated via flash column to

provide 18 in a 67% yield. The lH NMR spectrum showed the disappearance of the

signal at 8.21 ppm for the C-l proton, which now shows as a doublet at 4.70 ppm with a

coupling constant J = 8.06 Hz. The large coupling constant indicates the formation of the

~-anomer as the major product. Also evident in the spectrum is a singlet integrating to

three protons for the methoxy group. l3C NMR data shows a disappearance of the signal

at 155.6 ppm due to the loss of the double bond and a new signal at 27.8 ppm for the

methoxy carbon. Electrospray Ionization (ESI) mass spectrometry shows an M+ of

405.35, which corresponds to the calculated molecular weight (387.43) with the addition

of a water molecule.

The nitro moiety of the methyl glycoside 18 was then reduced using Raney nickel

in ethanol and the crude mixture was treated with acetic anhydride in pyridine to provide

the desired C-2 acetamido functionality in an overall yield of 19% for both steps

combined. The product was isolated using flash column chromatography, but 19 had to

be collected when flushing the column with methanol. lH NMR data shows the

emergence of a doublet at 5.46 ppm that represents the N-H proton. Also evident is a
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singlet at 1.86 ppm integrating to the three protons of the acetate functionality. The~-

configuration was retained, which is proven by the doublet for the anomeric hydrogen

having a coupling constant J = 8.06 Hz. The J3C NMR spectrum shows the carbonyl

carbon of the acetate group with a shift at 171.4 ppm and a shift at 25.0 ppm for the

methyl group of the acetate. ESI mass spectra affords an M+ of 398.49 in negative mode,

which corresponds to the calculated value of 399.48.

17 18

1. Raney Ni..
CH3

BnO~~
BnO~----OMe

AcHN

19

Scheme 11: Synthesis of methyl N-acetyl-3,4-di-O-benzyl quinavosamine (19)

Preparation of D-fucal derivatives from tri-O-acetyl-D-galactal (20)

Because the Schmidt methodology for 6-deoxy amino sugars had now been

established, application of the synthetic strategy to produce D-FucNAc analogs could be

investigated. Precursor synthesis employed the same synthetic method as the model

study. In the first step, tri-O-acetyl-D-galactal (20) was deprotected with a catalytic

amount of sodium in methanol to produce D-galactal (21). Using a hot ethyl acetate

extraction (because the sugar would have been lost to the water layer in a traditional

water workup) gave the product in a 73 % yield. TLC investigations showed a spot that

was not UV-active but burned at a much lower Rfvalue than the starting material because

of its polar nature. The 1H NMR spectrum showed the disappearance of the three peaks

at ~2.0 ppm representing the protons of the acetate groups. Peaks at 4.72 ppm, 4.61 ppm

and 4.37 ppm represented the hydroxyl protons now present after the deprotection. J3 C
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NMR data afforded six signals, one for each of the six carbons of the product. Shifts at

144.6 ppm and 105.2 ppm represent the carbons of the double bond. Mass spectral data

provided an M+ of 145.00 in negative mode, which corresponds to the calculated

molecular weight of 146.14.

The primary hydroxyl of D-galactal was then protected with 0.9 equivalents of t-

butylchlorodiphenylsilane. 0.9 Equivalents were used in the protection to assure minimal

reactions at the secondary hydroxyls, which made isolation of the product much easier as

well. The product was isolated via flash column to afford 22 in a 90% yield. TLC

showed a UV-active spot that burned and had a much higher R[ value than the starting

material due to the introduction of the non-polar t-butyldiphenylsilyl moiety. IH NMR

data showed a disappearance of the signal at 4.37 ppm that represented the proton of the

primary hydroxyl. Multiplets at 7.61 - 7.64 ppm and 7.39 - 7.45 ppm appear to show the

presence of two phenyl groups. Also evident is a singlet integrating to 9 hydrogens for

the protons of the t-butyl moiety. The l3C NMR spectrum also provide evidence for the

formation of the product through the signals at 136.6 ppm, 134.4 ppm, 131.3 ppm and

129.3 ppm, which represent the carbons of the aromatic rings. Signals at 20.5 ppm and

28.3 ppm represent the carbons of the t-butyl group. The ESI mass spectrum affords an

M+ of 383.65 in the negative mode, which corresponds to the calculated value of 384.54.
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Scheme 12: Preparation of t-butyldiphenylsilyl-protected D-galactal
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Compound 22 was then treated with sodium hydride and benzyl bromide to

protect the remaining hydroxyls. TLC studies showed a UV-active spot that burned at a

much higher Rf value than the more polar starting material. Because excess benzyl

bromide was used in the reaction, a flash column was used to isolate the product (23) in a

99% yield. The lH NMR spectrum showed the emergence of a multiplet at 7.20 - 7.44

ppm that integrated to 10 hydrogens, which represents the protons of the two benzyl

protecting groups. Also present is a multiplet at 4.57 - 4.66 ppm, which represents the

four methylene protons of the benzyl groups. The J3C NMR spectrum showed two signals

at ~139 ppm that represent the ipso carbons of the aromatic rings. A group of signals

representing 6 carbons appeared at ~130 ppm for the remaining carbons of the benzene

rings. Methylene carbon signals were found between ~63 ppm and 73 ppm. Mass

spectral data showed an M+ value of 582.46, which corresponds to the calculated value

(564.79) with the addition of a water molecule.

C-6 of 23 was then deprotected using tetra-N-butyl ammonium fluoride to provide

a primary hydroxyl. While the reaction did proceed to give the desired product, the yield

was a rather low 44%. The decreased yield may be attributed to the bulky benzyl group

in an axial configuration at C-4. The configuration of this substituent may block the

reaction at C-6 from occurring efficiently. TLC showed a UV-active spot that burned

with a much lower Rf value than the starting material due to the formation of the polar

hydroxyl group at C-6. The lH NMR spectrum shows the disappearance of the t

butyldiphenylsilyl protecting group through the absence of the singlet at ~1.0 ppm for the

t-butyl group and the absence of the multiplets at 7.70 - 7.73 ppm and 7.62 - 7.65 ppm

representing the two phenyl substituents. Formation of the C-6 hydroxyl is evidenced by
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the multiplet signal at 4.85 ppm. l3C NMR data reinforces the absence of the t-

butyldiphenylsilyl moiety through the disappearance of signals at 20.5 ppm and 28.1 ppm

for the t-butyl group. Also, disappearance of shifts at 136.6 ppm, 134.4 ppm, 130.7 ppm

and 129.5 ppm representing the carbons of the two phenyl groups provides additional

evidence. Electrospray Ionization mass spectrometry shows an M+ at 344.13, which

corresponds to the calculated value (326.39) with the addition of a water molecule.
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Scheme 13: Deprotection of the C-6 hydroxyl ofD-galactal

The free hydroxyl of compound 24 was then tosylated to afford a reducible

species at C-6. Addition of p-toluenesulfonyl chloride to compound 24 in pyridine

afforded 3,4-di-O-benzyl-6-tosyl-D-galactal (25) in 99% yield. The product was isolated

from the crude mixture by simple aqueous workup. The IH NMR spectrum afforded a

doublet at 7.74 ppm, which represents the signal for one of the sets of equivalent protons

of the tosyl functionality. Also present is a singlet at 2.42 ppm signifying the methyl

moiety of the tosyl group. The l3C NMR spectrum provided signals at 23.0 ppm for the

methyl moiety of the tosyl group, and shifts at 148.2 ppm, 133.8 ppm, 129.9 ppm and

129.5 ppm for the aryl carbons of the tosyl moiety. ESI mass spectra produced an M+ of

498.29, which corresponds to the calculated molecular weight value with the addition of

a water molecule.
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Consistent with the synthetic strategy, compound 25 was reduced with lithium

aluminum hydride to afford 3,4-di-O-benzyl-D-fucal (26). Although the reaction did

produce the desired product, only a 7% yield was achieved. The low yield may be

attributed to the axial configuration of the bulky benzyl moiety at C-4, which may block

the attack of the hydride on C-6. The major product of the reaction was the formation of

3,4-di-O-benzyl-D-galactal in 36% yield (24). Formation of 24 may also be explained by

the steric hindrance caused by the bulky benzyl group in the axial position with attack at

the sulfur atom being less hindered. Despite the low yield, the product was characterized

using conventional techniques. The 1H NMR spectrum afforded the formation of a

doublet at 1.28 ppm, which represents the C-6 methyl moiety. Disappearance of signals

at 7.74 ppm, ~7.3 ppm and 2.42 ppm indicate the reduction of the tosyl group. 13C NMR

data illustrated the disappearance of the signals of the tosyl group and the appearance of a

signal at 17.8 ppm, which represents the newly formed C-6 methyl moiety. High-

resolution mass spectral data afforded an M+ of 310.156894461, which is consistent with

calculated values. Because the devised synthetic plan was not efficient using D-galactal

precursors, alternate possibilities were examined.
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Scheme 14: Formation of 3,4-di-O-benzyl-D-fucal
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Direct Tosylation and Reduction of Glycals

Nicolaou and coworkers outlined a method for the direct tosylation and reduction

of D-glucal (2) under strict reaction time and temperature control, which may be

applicable to D-galactal. l5 The reaction conditions outlined for the formation of 6-0

tosyl-D-glucal described the treatment of D-glucal with pyridine and p-toluenesulfonyl

chloride at 0 °C for 30 minutes. The protocol was repeated with the much cheaper D

glucal to investigate the feasibility of the experimental method. The lH NMR spectrum

proved the formation of the tosylated glucal intermediate by showing signals at 7.8 ppm

and 7.4 ppm as doublets corresponding to the two sets of equivalent protons of the aryl

ring of the tosyl moiety. Also shown is a singlet at 2.45 ppm integrating to 3 hydrogens,

which represents the methyl group of the tosylate. The l3 C NMR spectrum provided

signals at 152.3 ppm, 138.9 ppm, 130.9 ppm and 130.1 ppm for the aryl carbons of the

tosylate. Also confirming the formation of the tosylate is the shift at 22.9 ppm for the

methyl group.

The tosylated glucal intermediate 27 was then treated with lithium aluminum

hydride and allowed to stir at 0 °C for one hour. After quenching the reaction with water

and sodium hydroxide, the product was extracted with diethyl ether and isolated via flash

column to afford D-rhamnal (28) in a 45% overall yield. Investigation of the lH NMR

spectrum showed the disappearance of the signals at 2.45 ppm, 7.40 ppm and 7.80 ppm

and the formation of a doublet at 1.20 ppm signifying the formation of the C-6 methyl

group. Inspection of the l3C NMR spectrum gave a total of 6 signals, with shifts at 144.5

ppm and 106.6 ppm corresponding to C-l and C-2 respectively. Also present was a

signal at 19.2 ppm, which proves the formation of the C-6 methyl group.
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Formation of 6-0-tosyl-D-galactal (29) was achieved using the same experimental

method as for D-glucal. The IH NMR spectrum showed the presence of the tosyl group

with shifts at 7.81 ppm and 7.35 ppm for the aryl protons and a singlet at 2.45 ppm

integrating to 3 hydrogens for the methyl group. Because of product decomposition, the

l3C NMR spectrum did not show evidence of the product. However, it is believed that

the desired product was formed but the NMR experiment was not performed soon enough

after product isolation.

When treating 29 with lithium aluminum hydride, TLC showed the formation of a

new spot with a higher Rf than the starting material after about one hour of reaction.

Isolation of the product was then attempted using flash column chromatography. Upon

inspection of the IH NMR spectrum, formation of the doublet at ~1.3 ppm for the C-6

methyl group was evident. However, signals at ~7.8 ppm, 7.4 ppm and 2.45 ppm were

also present in the spectrum. The mixture was washed with saturated sodium bicarbonate

to attempt to remove any excess tosyl chloride or tosyl acid present, but the method was

unsuccessful. The method of washing the product also proved to be challenging because

of the product's solubility in water. Therefore, the sodium hydroxide from the workup of

the reaction was removed via filtration after dissolving the reaction mixture in THF.

Because of the axial position of the hydroxyl at C-4, the hydroxyl may be tosylated

because of its relatively close proximity to the desired reaction site. The desired product

31 was never isolated, therefore other methods of reduction at C-6 must be investigated.
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Scheme 15: Methods for the direct tosylation of D-glucal and D-galactal

Schmidt's method and 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-n-galactal

Because previous methods for reduction at C-6 were unsuccessful, application of

the nitroglycal methodology to compound 23 was investigated with the hope of

employing a different method of reduction at C-6 after the synthesis of amino sugar

analogs.

Schmidt's method has shown flexibility in its application to many types of glycal

systems, which suggests the protocol would be applicable to 6-0-silyl-protected sugars.

6-0-t-butyldiphenylsilyl-3,4-di-O-benzyl-D-galactal (23) was treated with acetyl nitrate

and triethylamine in a two step process affording (31) in an overall yield of 46%. The IH

NMR spectrum afforded a singlet at 7.77 ppm, which represents the C-l proton that has

been shifted further downfield because of deshielding effects from the oxygen neighbor

and the electron-withdrawing nitro moiety on the double bond of the sugar ring.

Investigation of the l3C NMR spectrum affords signals at 166.9 ppm and 88.8 ppm for C-

2 and C-l respectively. The downfield shifts of each of these signals can be explained,

again by the presence of the electron-withdrawing nitro moiety at C-2.
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Formation of glycosides becomes possible because of the induced positive charge

on C-I due to the presence of the surrounding electron-withdrawing groups, making C-1

a good Michael acceptor. The nitroglycal 31 was added to a solution of methanol and

triethylamine and allowed to react overnight to afford 32 in 44% yield. TLC

investigations showed a spot that was UV-active and burned at a slightly lower Rf value

than the starting material. The 1H NMR spectrum showed the disappearance of the

singlet at 7.77 ppm for the C-1 proton, which is now represented by a doublet at 4.90

ppm with a coupling constant, J = 8.24 Hz. The large J value corresponds to the desired

~-configuration at the anomeric position. Also present in the spectrum is a singlet at 3.43

ppm that integrates to the 3 protons of the C-1 methoxy functionality. l3C NMR data also

shows the disappearance of the downfield signal for C-2, which now shows at 102.1 ppm.

The signal for the methoxy moiety appears at 31.2 ppm. ESI mass spectrometry provided

an M+ at 640.32 in the negative mode, which corresponds to the calculated molecular

weight of 641.28.

Reduction and acetylation of 32 was attempted using Raney nickel and acetic

anhydride and pyridine, but the desired product 33 was not obtained. Although TLC

showed a Rf change between starting material and reaction material, investigations of I H

NMR data did not show the desired singlet at ~2.0 ppm for the protons of the acetate

group. Approximately 70 mg of unreacted starting sugar was recovered, and other

fractions isolated by flash column chromatography did not indicate presence of the

desired product.
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Scheme 16: Studies of the Schmidt method with t-butyldiphenylsilyl-protected
D-galactal

Applications Towards the Synthesis of S-, C-, and N-glycosides.

As previously stated, C-l of a nitroglycal becomes susceptible to nucleophilic

attack because of the induced positive charge caused by the presence of the surrounding

electron-withdrawing groups. Commonly, oxygen nucleophiles are used to attack C-l to

make the corresponding glycosides. However the use of sulfur, carbon and nitrogen

nucleophiles may produce corresponding glycosides, which may show inhibitory

properties towards enzymes that construct the CP layer of Staphylococcus aureus.

The synthesis of product 34 was attempted using compound 7, benzyl mercaptan,

triethylamine, in THF at room temperature. After allowing the reaction to run overnight,

TLC showed an Rf difference between the starting material and reaction mixture. The

spots of the TLC plate were separated and purified using a flash column, but NMR

spectra and mass spectral data did not show evidence of glycoside product formation.
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The method was not continued because S-glycosides are susceptible to reduction in the

next step of the synthetic sequence.
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Scheme 17: Attempted synthesis of an S-glycoside

A more thorough investigation of N- and C-glycosides was conducted because of

their ability to survive the remaining step of the synthetic method. Synthesis of the C-

glycoside 35 was also attempted, providing conflicting results. Inspection of the I H

NMR spectrum afforded signals for the glycosylated product, but I3C NMR data did not

show a shift at ~175 ppm, that should represent the two equivalent carbonyl carbons.

Mass spectral data also provided the desired M+, but further investigation of this

compound must be conducted to ensure its presence.

Despite the problems with glycosylation, the N-glycoside was formed. Synthesis

of 36 was achieved in 46% overall yield as a mixture a and ~ anomers upon the treatment

of 7 with benzyl amine and triethylamine. IH NMR data afforded a doublet at 5.16 ppm,

which corresponds to the N-H proton. Also present are signals for the additional benzyl

group at ~7.20 ppm and ~4.35 ppm signifying the presence of the aromatic protons and

the methylene protons respectively. The signal for the C-l proton at 8.20 ppm had

disappeared and is now observed at 4.49 ppm. Investigation of the I3C NMR spectrum

showed another shift at ~138 ppm, which corresponds to the ipso carbon of the benzyl

amine aromatic ring, and three additional signals lie at ~129 ppm for the remaining aryl

carbons. ESI mass spectral data afforded an M+ of 569.35 in positive mode, which
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corresponds to the calculated molecular weight of 568.66. A signal at 461.36 signifies

the cleavage ofthe benzyl amine moiety.
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Scheme 18: Methods towards the synthesis of C- and N-glycosides

Investigations on the Formation of L-FucNAc Derivatives.

Formation of L-FucNAc was of fundamental importance in the overall project due

to its presence in the capsular polysaccharide of S. aureus. Once a general method has

been devised for the formation of L-FucNAc derivatives, many types of analogs may be

synthesized and tested for possible biological activity. The strategy devised utilizes the

readily available 3,4-di-O-acetyl-L-fucal (37), which would be transformed into a

nitroglycal (38) via Schmidt's method. The nitroglycal 38 may then be manipulated to

afford the L-FucNAc derivative 39.

39 38 37

Figure 14: Retrosynthesis ofL-FucNAc analogs
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The first step of the synthesis requires deprotection of 3,4-di-O-acetyl-L-fucal

(37) to afford L-fucal (40). Compound 37 was dissolved in methanol and treated with a

catalytic amount of sodium. The reaction was allowed to stir at room temperature until

TLC showed consumption of starting material and a spot that burns at a lower Rf value.

The product was extracted from the crude mixture by using hot ethyl acetate to afford 40

in a 95% yield. Analysis of the 1H NMR spectrum showed the disappearance of the two

singlets at ~2.0 ppm that represent the protons of the acetate functionalities. The

hydroxyls formed by the reaction are not present in the lH NMR spectrum, which can be

explained by exchange with water in the NMR solvent. 13C NMR data afforded a total of

6 signals, the shifts at 144.7 ppm and 104.8 ppm being for C-1 and C-2 respectively.

37

Na ..

40

Scheme 19: Synthesis of L-fucal

The free hydroxyls of L-fucal (40) were then protected using the base-stable t-

butyldiphenylsilyl group. Compound (41) was produced by adding imidazole to a

solution of L-fucal (40) in dimethylformamide and treating the solution with two

equivalents of t-butylchlorodiphenylsilane to afford (41) in a 75% yield. Appearing in

the lH NMR spectrum were shifts at 7.67 -7.79 ppm and 7.31 -7.48 ppm integrating to

10 protons each, which prove the presence of the two t-butyldiphenylsilyl groups.

Further evidence is shown in the form of two singlets at 1.10 ppm and 1.07 ppm referring

to the two t-butyl groups. Investigation of the 13C NMR spectrum afforded eight signals

from ~129 ppm to 136 ppm corresponding to the aryl carbons of the phenyl groups. Also
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appearing are two signals at ~28 ppm and ~20 ppm, which represent the tertiary carbons

and methyl groups of the t-butyl groups respectively.

H3C7=::':017 TBDPSi-CJ H3C7=::':017

~ imid., DMF ~

HO TBSO
OTBS

40 41

Scheme 20: Formation of 3,4-di-O-t-butyldiphenylsilyl-L-fucal

The t-butyldiphenylsilyl-protected L-fucal 41 was then added to a solution of

acetyl nitrate, which was formed in situ by the addition of concentrated nitric acid to

acetic anhydride at a reduced temperature. After reacting for 1 hour, TLC showed the

disappearance of starting material. The reaction mixture was then worked up and the

combined organic extracts were reduced to afford a yellow syrup. The crude mixture was

then used directly in the next step because of increased yields of nitroglycal reported by

Schmidt and Das. Triethylamine was added to a solution of 42 in dry methylene chloride

and the reaction was allowed to proceed for ~3 hours. After workup and isolation using

flash column chromatography, a 40% overall yield for both steps was achieved. IH NMR

data showed the disappearance of the doublet at 6.30 ppm representing the proton at C-1;

a singlet for the proton at the anomeric position is now shown at 8.16 ppm, which is

explained by the surrounding electron-withdrawing functionalities. The chemical shift at

4.45 ppm for the proton at C-2 has now disappeared due to the lack of a proton at that

position. The l3C NMR spectrum provided evidence of the nitro group by shifting the

signals for C-2 and C-1 to 154.6 ppm and 99.98 ppm respectively. Also shown in the l3C
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NMR spectrum is a signal at 171.6 ppm, which can be explained by the presence of acetic

acid in the mixture.

41 42 38

Scheme 21: Application of the Schmidt method to protected L-fucal

The methyl glycoside of 38 was completed in an 89% yield upon the addition of

38 to a solution of triethylamine and methanol at room temperature. After allowing the

reaction to proceed overnight, TLC showed a UV-active spot that no longer burned at

approximately the same Rf value as the starting material. Only after isolation of the

product using flash column chromatography, was the desired product 43 characterized.

The IH NMR spectrum showed the disappearance of the singlet at 8.16 ppm representing

the C-1 proton. The anomeric proton now appears at 4.5 ppm as a doublet with a

coupling constant J = 8.06 Hz, which corresponds to the desired B-anomer. Also

appearing in the 1H spectrum is a singlet at 3.46 ppm for the protons of the methoxy

group. The 13C NMR spectrum shows large peaks for each of the carbons of the t-

butyldiphenylsilyl protecting groups, but carbons of the sugar ring were difficult to

interpret. Mass spectral data afforded an M+ of 510.75, which corresponds to the

calculated molecular weight with the addition of a water molecule and the cleavage of

two phenyl groups and a t-butyl group. The observed cleavage is common in mass

spectrometry when using silyl-protecting groups.
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Manipulation of the nitro moiety was attempted to potentially provide the desired

D-FucNAc analog 44. Compound 43 was first treated with Raney nickel in ethanol at

room temperature and the reaction was allowed to proceed until TLC showed

disappearance of starting material. After workup, the crude reaction product was

dissolved in pyridine and was treated with acetic anhydride. The reaction was once again

allowed to stir until TLC showed consumption of starting material and isolation of the

product was attempted via flash column chromatography. Inspection of the IH NMR

spectrum did not afford evidence of the desired product, but rather possible

decomposition. Future investigations wi11look at the possibility of first removing the t-

butyldiphenylsilyl groups before acetylation.

MeOH H3C8------oZ---oMe 1, Raney Nickel ~ H3CBoz---oMe

N02 2 A ° 'd' / NHAc
T8S0 OTBS ' c2 ,pyn Ine T8S0 OT8S

38 43 44

Scheme 22: Attempted formation of D-FucNAc analogs
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Future Investigations

Formation of D- and L-FucNAc analogs must be investigated further. Approaches

toward the synthesis of L-FucNAc will examine the manipulation of protecting groups so

as to avoid decomposition ofthe product. Deprotection of the t-butyldiphenylsilyl groups

before reducing the nitro moiety may prove effective. Future considerations will also

examine the reduction of C-6 of D-galactal using a more productive method such as

reductive cleavage of an iodo group at C-6. Once these obstacles are overcome, a wide

range of both D- and L-FucNAc analogs may be synthesized and tested for possible

biological activity towards the enzymes that construct the capsular polysaccharide of

Staphylococcus aureus.
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Experimental

General Procedures

A Varian Gemini 2000 NMR system was used to obtain !H and 13C NMR spectra

at 400 MHz and 100 MHz respectively, using CDCh or D6-DMSO as solvents. Proton

and carbon chemical shifts (15) are recorded in parts per million (ppm). Multiplicities for

NMR spectra are labeled as follows: s (singlet), d (doublet), dd (doublet of doublets), ddd

(doublet of doublet of doublets), t (triplet), q (quartet), and m (multiplet) with coupling

constants (.1) measured in Hertz. A Bruker Esquire-HP 1100 mass spectrometer was used

to obtain general mass spectra, and a Finnigan 8340 mass spectrometer was used to

obtain high-resolution mass spectra. Flash column chromatography was performed with

32-63 ).lm, 60-A silica gel.

Preparation of D-glucal (2) from tri-O-acetyl-D-glucal (1).

In a flame dried 500 mL round-bottom flask equipped with a septum and

magnetic stir bar, tri-O-acetyl-D-glucal (1) (15.0 g, 55.6 mmol) was dissolved in

methanol (235 mL). A catalytic amount of sodium (spheres, 38 mg, 2.0 mmol) was then

added and the solution was allowed to stir at room temperature until TLC (100% ethyl

acetate, Rf = 0.24) showed consumption of the starting material. Upon completion,

excess carbon dioxide in the form of dry ice (5 g) was added to neutralize any unreacted

methoxide in the solution. The mixture was then reduced and the product was extracted

with hot ethyl acetate (3 x 150 mL) to yield 5.83 g ofD-glucal (2) after evaporation of the

solvent as a white powder (72%). Melting point 56-58 °C, literature melting point 57-59

oc.3 !
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IH NMR (D6-DMSO): 56.26 (dd, J = 7.69, 4.39 Hz, 1H, H-1), 5.10 (d, J = 5.49

Hz, 1H, OH), 4.86 (d, J= 5.49 Hz, 1H, OH), 4.56 (m, 2H, OH, H-2), 3.90 (m, 1H,

H-4), 3.60 (m, 1H, H-5), 3.55 (m, 1H, H-3), 3.33 (m, 2H, H-6 and H-6').

13C NMR (D6-DMSO): 5144.2, 105.9,80.9, 70.6, 70.0, 61.9.

Preparation of tri-O-benzyl-D-glucal (3) from D-glucal (2).

In a flame-dried 250 mL round-bottom flask equipped with a septum and

magnetic stir bar, D-glucal (2) (2.35 g, 16.1 mmol) was dissolved in anhydrous

tetrahydrofuran (45 mL) at room temperature. Sodium hydride (2.75 g, 69.0 mmol) was

then added to the mixture slowly, and the solution was allowed to stir at room

temperature for 15 minutes. Benzyl bromide (9.6 mL, 80.5 mmol) was then added via

syringe and the mixture was refluxed until TLC (l 0: 1 hexanes/ethyl acetate, Rf = 0.29)

showed consumption of starting material (~3 hrs). Upon completion, the mixture was

poured over ice water (50 mL) and washed with 5% sulfuric acid (8 mL). The product

was then extracted with methylene chloride (3 x 50 mL) and the combined extracts were

dried over anhydrous magnesium sulfate, filtered and reduced. The product was then

recrystallized from hexanes to afford 4.24 g tri-O-benzyl-D-glucal (3) as a white powder

(63%). Melting point 58-59°C, literature melting point 57-58 °C.32

IH NMR (CDC!): 57.23 -7.34 (m, 15H, Ar-H), 6.42 (dd, J= 7.32, 4.94 Hz, 1H,

H-1), 4.88 (m, 1H, H-2), 4.54 - 4.65 (m, 6H, 3 x OCfuPh), 4.22 (m, 1H, H-5),

4.06 (m, 1H, H-3), 3.76 - 3.84 (m, 3H, H-4, H-6, H-6').

l3C NMR (CDC!): 5145.7, 139.3, 139.1, 138.9, 129.43, 129.39, 129.15, 128.94,

128.81,128.76,128.75, 128.7, 128.67, 101.0, 76.9, 75.5, 74.9, 74.6, 71.6, 69.6.
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Synthesis ofthianthrene-5-oxide (5) from thianthrene (4) and m-CPBA.

In a flame dried 100 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, thianthrene (4) (0.98 g, 5.6 mmol) was dissolved in methylene chloride (40

mL). The solution was then cooled to 0 °C and m-CPBA (77% assay) (1.2 g, 6.7 mmol)

was then added. The reaction was allowed to proceed at 0 °C until TLC (l00% ethyl

acetate, Rf = 0.69) showed consumption of starting material. The solution was then

filtered to remove m-chlorobenzoic acid and the filtrate was reduced to leave a white

solid. The solid was purified by flash column (4:1 hexanes/ethyl acetate) to afford 1.07 g

ofthianthrene-5-oxide (5) (~100%) as a white crystalline solid. Melting point 98-100 °C.

lH NMR (CDC!)): 87.93 (dd, J= 9.15, 6.40 Hz, 2H, H-l, H-l '),7.64 (m, 2H, H

4, H-4'), 7.54 -7.56 (m, 2H, H-3, H-3'), 7.43 -7.46 (m, 2H, H-2, H-2').

l3C NMR (CDC!)): 8142.3, 134.7, 130.9, 130.0, 129.4, 125.5.

m/z calculated: 232.32 m/z (APCI) observed: 233.16

Attempted acetamidoglycosylation of tri-O-benzyl-n-glucal with 2-propanol and N

trimethylsilyl acetamide.

In a flame-dried, nitrogen-flushed three-necked 50 mL round-bottom flask

equipped with a magnetic stir bar and septum inlets, tri-O-benzyl-D-glucal (200 mg, 0.48

mmol) and thianthrene-5-oxide (224 mg, 0.96 mmol) were dissolved in 10 mL of 4: 1

anhydrous chloroform: methylene chloride. The solution was then cooled to -78°C and

triflic anhydride (0.162 mL, 0.96 mmol) was added via syringe. After allowing the

mixture to stir for 15 minutes at -78°C, N,N-diethylaniline (0.304 mL, 1.92 mmol) and

0.85 M N-(trimethylsilyl)acetamide in chloroform (1.35 mL, 1.15 mol) were added
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sequentially and the mixture was immediately brought to room temperature. The mixture

was then allowed to stir at room temperature until TLC showed formation of the

intermediate oxazoline product. The solution was then cooled to -78° C and Amberlyst

15 (290 mg) and 2-propanol (0.110 mL, 1.44 mmol) were sequentially added. The

mixture was then brought to room temperature and was stirred until TLC showed

consumption of starting material. The Amberlyst-15 was then filtered and the solution

was poured over saturated sodium chloride (25 mL). The organic product was extracted

using methylene chloride (3 x 20 mL) and the combined extracts were dried over

anhydrous magnesium sulfate. After filtering the magnesium sulfate, the solvent was

removed and the suspected product was isolated via flash column using 8:1 hexanes/ethyl

acetate. The method described was attempted many times without success. According to

IH NMR data, glycosylation occurred but insertion of the acetamide moiety was absent.

Molecular sieves were employed as drying agents in the reaction mixture to ensure the

water did not interfere with the desired reaction. The method was also attempted using

3,4-0-dibenzyl-6-0-t-butyldiphenylsilyl-D-glucal (270 mg, 0.480 mmol) and 3,4-0

dibenzyl-D-rhamnal (l00 mg, 0.322 mmol) without success.

Preparation of 1-0-acetyl-3,4,6-tri-O-benzyl-2-deoxy-2-nitro-a-n-glucopyranoside

(6) from tri-O-benzyl-n-glucal (3).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, concentrated nitric acid (0.9 mL, 14.22 mmol) was added to acetic

anhydride (7 mL) at -10°C under a nitrogen atmosphere over 30 minutes. The solution

was then further cooled to -42 °C and tri-O-benzyl-D-glucal (3) (1.6 g, 3.8 mmol) in
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acetic anhydride (2 mL) was added dropwise over 15 minutes. The mixture was then

allowed to stir at -42 °C until TLC showed consumption of starting material. The

reaction mixture was then brought to 0 °C and was poured over ice water (40 mL), mixed

with saturated aqueous sodium chloride (40 mL) and extracted with diethyl ether (3 x 40

mL). The combined organic extracts were dried over magnesium sulfate, filtered and

evaporated under reduced pressure. The reduced extracts yielded 2.34 g of crude yellow

syrup.

Preparation of 3,4,6-tri-O-benzyl-2-nitro-D-glucal (7) from crude 1-0-acetyl-3,4,6

tri-O-benzyl-2-deoxy-2-nitro-a.-D-glucopyranoside (6).

In a flame-dried 50 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, triethylamine (1.0 mL, 5.4 mmol) was added slowly to a stirred solution of

the crude 1-0-acetyl-3,4,6-tri-O-benzyl-2-deoxy-2-nitro-a-D-glucopyranoside (6) (2.34

g, 4.5 mmol) in freshly distilled methylene chloride (24 mL) at 0 °C under a nitrogen

atmosphere. After adding the base, the cold bath was removed and the mixture was

allowed to stir at room temperature until TLC (4:1 hexanes/ethyl acetate, Rr = 0.43)

showed consumption of starting material. The solution was then further diluted with

methylene chloride (40 mL) and washed with water (l x 40 mL), 1M HCl (l x 40 mL),

sodium bicarbonate (l x 40 mL) and sodium chloride (l x 40 mL). The organic product

was extracted with methylene chloride and the combined extracts were dried over

magnesium sulfate. After reducing the extracts, the product was isolated via flash

column using 10: 1 hexanes/ethyl acetate to yield 980 mg of 3,4,6-tri-O-benzyl-2-nitro-D

glucal (7) as a yellow syrup (55% for both steps combined).



49

I H NMR (CDCh): 88.22 (s, 1H, H-1), 7.23 - 7.37 (m, 15H, Ar-H), 4.42 - 4.72

(m, 8H, 3 x OCfuPh, H-3, H-5), 3.87 (m, 1H, H-4), 3.73 (m, 1H, H-6), 3.60 (m,

1H, H-6').

13C NMR (CDCh): 8 155.44, 138.33, 138.29, 137.81, 131.73, 129.66, 129.54,

129.50, 129.29, 129.18, 129.11, 128.94, 128.83, 128.76, 79.52, 74.56, 74.14,

72.89, 72.24, 68.85, 68.58.

m/z calculated: 461.51 m/z (ESI, + H20) observed: 479.22

Preparation of methyl 3,4,6-tri-O-benzyl-2-deoxy-2-nitro-D-glucopyranoside (8)

from 3,4,6-tri-O-benzyl-2-nitro-D-glucal (7).

In a flame-dried 10 mL vial equipped with a magnetic stir bar and septum inlet, a

mixture of methanol (0.11 mL, 2.1 mmol) and triethylamine (0.29 mL, 2.0 mmol) were

allowed to stir at room temperature under a nitrogen atmosphere. A solution of 3,4,6-tri

O-benzyl-2-nitro-D-glucal (7) (60 mg, 0.13 mmol) in anhydrous tetrahydrofuran (1 mL)

was added dropwise over 15 minutes. The mixture was allowed to stir until TLC (4: 1

hexanes/ethyl acetate, Rf = 0.48) showed consumption of starting material (~5 hrs). The

solution was reduced and the product was collected via preparative TLC using 5: 1

hexanes/ethyl acetate as eluent. Methyl 3,4,6-tri-O-benzyl-2-deoxy-2-nitro-D-gluco

pyranoside (8) was isolated as 44 mg of yellow syrup (69%).

I H NMR (CDCh): 87.16 -7.34 (m, 15H, Ar-H), 4.78 (d, J= 10.80 Hz, 1H, H-2),

4.71 (d, J= 8.06 Hz, 1H, H-1), 4.50 - 4.65 (m, 6H, 3 x OCfuPh), 4.26 (t, J= 9.31

Hz, 1H, H-3), 3.75 (m, 3H, H-4, H-6, H-6'), 3.55 (m, 1H, H-5), 3.52 (s, 3H,

OCH3).
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l3C NMR (CDCh): 5 138.68, 138.40, 137.88, 129.52, 129.47, 129.36, 129.24,

129.19,129.10,128.97,128.89,128.70,101.91,90.74, 82.44, 76.39, 76.34, 74.76,

74.73,74.68,69.08,58.51.

m/z calculated: 493.55 m/z (ESI, + H20) observed: 511.44

Raney nickel reduction of methyl 3,4,6-tri-O-benzyl-2-deoxy-2-nitro-D-gluco

pyranoside (8).

Methyl 3,4,6-tri-O-benzyl-2-deoxy-2-nitro-o-glucopyranoside (215 mg, 0.43

mmol) was dissolved in ethanol (5 mL) and placed in an oven-dried 25 mL round-bottom

flask equipped with a magnetic stir bar and septum inlet. Raney nickel (slurry in water,

~1 mL) was then added via pipette and the mixture was allowed to stir at room

temperature until TLC showed consumption of starting material (overnight). The Raney

Nickel was then filtered from the reaction and was washed with ethanol (3 x 5 mL). The

resulting ethanol/water mixture was then reduced to yield an oily water solution, which

was then poured into methylene chloride (20 mL) and washed with water (20 mL). The

methylene chloride extracts were dried over anhydrous magnesium sulfate, filtered and

reduced to give a yellow syrup (170 mg, crude). The crude syrup was used in the next

step of the reaction immediately to avoid any decomposition.

Acetylation of crude methyl 2-amino-2-deoxy-3,4,6-tri-O-benzyl-D-glucopyranoside.

The crude reaction mixture (170 mg, 0.37 mmol) was dissolved in anhydrous

pyridine (10 mL) and was placed in a flame-dried, nitrogen-flushed 25 mL round-bottom

flask equipped with a magnetic stir bar and septum inlet. Acetic anhydride (2 mL, 21.2
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mmol) was then added via syrmge and the mixture was allowed to stir at room

temperature until TLC showed consumption of starting material. The mixture was then

poured over ice water (20 mL) and the product was extracted with methylene chloride (3

x 30 mL). The combined extracts were dried over anhydrous magnesium sulfate, filtered

and reduced. The product was isolated via flash column using 10: 1 hexanes/ethyl

acetate, but the product did not come off the column until it was flushed with ethyl

acetate. The column afforded 160 mg of methyl 2-acetamido-2-deoxy-3,4,6-tri-O

benzyl-D-glucopyranoside (9) (73% for both steps) as a white residue.

I H NMR (CDC!)): 87.18 -7.34 (m, 15H, Ar-H), 5.50 (d, J= 7.87 Hz, IH, NH

Ac), 4.81 (m, IH, H-2), 4.70 (d, J= 7.67 Hz, IH, H-l), 4.53 - 4.63 (m, 6H, 3 x

OCfuPh), 4.05 (t, J= 8.32 Hz, IH, H-3), 3.74 (m, 3H, H-4, H-6, H-6'), 3.50 (m,

IH, H-5), 3.48 (s, 3H, OCH3), 1.86 (s, 3H, Cfu).

I3C NMR (CDC!)): 8 171.25, 139.32, 139.08, 138.94, 129.42, 129.34, 129.24,

129.16, 128.99, 128.86, 128.79, 128.65, 128.61, 101.95, 81.47, 80,76, 79.54,

76.01,75.80,74.87,74.59,71.14,57.81,25.51.

m/z calculated: 505.60 m/z (ESI) observed: 504.60

t-Butyldiphenylsilyl protection of the primary hydroxyl of D-glucal (2).

D-Glucal (2) (1.51 g, 10.3 mmol) and imidazole (1.43 g, 21.0 mmol) were placed

in a flame dried 100 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet. D-Glucal (2) and imidazole were then dissolved in anhydrous

dimethylformamide (45 mL) and allowed to stir at room temperature. t-Butyl

diphenylsilyl chloride (2.35 mL, 9.0 mmol) was then added via syringe and the mixture
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was allowed to stir at room temperature until TLC (100% ethyl acetate, Rf = 0.66) no

longer showed evidence of starting material. The mixture was then reduced and the

product was collected via flash column (2: 1 hexanes/ethyl acetate). The combined

fractions afforded 3.03 g of protected glucall0 as a clear syrup (76%).

lH NMR (D6-DMSO): 57.67 - 7.62 (m, 5H, Ar-H), 7.44 - 7.39 (m, 5H, Ar-H),

6.34 (dd, J= 7.69, 4.39 Hz, 1H, H-1), 5.23 (d, J= 5.68 Hz, 1H, OH), 4.95 (d, J =

5.49, 1H, OH), 4.59 - 4.57 (m, 1H, H-2), 3.96 (m, 1H, H-4), 3.90 (d, J = 3.66 Hz,

2H, H-6, H-6'), 3.72 (m, 1H, H-5), 3.45 (m, 1H, H-3), 0.97 (s, 9H, C(CH3)3).

l3C NMR (D6-DMSO): 5 144.3, 136.57, 134.54, 131.23, 129.28, 105.9, 80.5,

70.3, 70.0, 64.4, 28.3, 20.6.

m/z calculated: 384.54 m/z (ESI) observed: 383.20

Benzylation of 6-0-t-butyldiphenylsilyl-D-glucal (10).

TBDPS-protected D-glucal (10) (1.74 g, 4.6 mmol) was dissolved in anhydrous

tetrahydrofuran and placed in a flame-dried 100 mL round-bottom flask equipped with a

magnetic stir bar. Sodium hydride (60% dispersion) (1.36 g, 33.8 mmol) was then added

slowly while the solution stirred at room temperature. After allowing the solution to stir

for 15 minutes, benzyl bromide (3.39 mL, 28.5 mmol) was added via syringe. The

solution was then refluxed until TLC (5: 1 hexanes/ethyl acetate, Rf = 0.66) indicated

consumption of the starting material (~3 hrs). The reaction mixture was then poured over

ice water (75 mL) and washed with 5% sulfuric acid (10 mL). The product was then

extracted with methylene chloride (3 x 100 mL) and the combined organic extracts were

dried over anhydrous magnesium sulfate, filtered and reduced. Pure product was then
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isolated via flash column using hexanes to flush the excess benzyl bromide and ethyl

acetate to elute the product. The column afforded 4.97 g of 11 as an orange syrup (98%).

IH NMR (CDC!]): 57.67 - 7.71 (m, 5H, Ar-H), 7.21 -7.46 (m, 15H, Ar-H), 6.23

(dd, J = 7.32, 5.13 Hz, 1H, H-1), 4.86 (m, 1H, H-2), 4.51 - 4.70 (m, 4H, 2 x

OCfuPh), 4.44 (m, 1H, H-5), 4.15 (m, 1H, H-3), 4.04 (m, 2H, H-6, H-6'), 3.74

(m, 1H, H-4), 1.06 (s, 9H, C(CH3)3).

13C NMR (CDC!]): 5 144.7, 139.31, 139.22, 136.83, 134.54, 130.69, 129.43,

129.36, 129.21, 129.00, 128.90, 128.82, 128.70, 103.5,76.87,75.50,74.92, 74.32,

71.86,69.66,28.20,20.59.

m/z calculated: 564.79 m/z (APCI, + H20) observed: 582.33

Deprotection of the primary hydroxyl in 3,4-di-O-benzyl-6-t-butyldiphenylsilyl-o

glucal (11) using tetra-N-butyl ammonium fluoride.

The protected sugar 11 (4.85 g, 8.6 mmol) was dissolved in anhydrous

tetrahydrofuran (l00 mL) and placed in a 250 mL flame-dried round-bottom flask

equipped with a magnetic stir bar and septum inlet. Tetra-N-butylammonium fluoride in

THF (lM, 8.6 mL, 8.6 mmol) was then added via syringe and the solution was allowed to

stir at room temperature until starting material was no longer evident by TLC (2: 1

hexanes/ethyl acetate, Rf = 0.48). The solution was then reduced and the pure product

was isolated via flash column using 4: 1 hexanes/ethyl acetate. The combined fractions

afforded 2.15 g of the 12 as a light-brown syrup (77%).
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lH NMR (CDC!)): 57.26 -7.38 (m, 10H, Ar-H), 6.41 (td, J= 13.36, 10.44, 1.46

Hz, IH, H-l), 4.91 (m, IH, H-2), 4.56 - 4.80 (m, 5H, 2 x OCfuPh, OH), 4.24 (m,

IH, H-3), 3.97 (m, IH, H-5), 3.81 (m, 2H, H-6, H-6'), 3.69 (m, IH, H-4).

13C NMR (CDC!)): 5 145.5, 139.18, 138.97, 129.53, 129.46, 129.06, 128.97,

128.95,128.80,103.8,76.64,75.63,74.92,71.68, 70.21, 62.93.

m/z calculated: 326.39 m/z (ESI) observed: 327.29

Preparation of 3,4-di-O-benzyl-6-0-imidazolyl-n-glucal (13).

3,4-Di-O-benzyl-D-glucal (12) (385 mg, 1.2 mmol) was dissolved in anhydrous

tetrahydrofuran (7 mL) and placed in a flame-dried 25 mL round-bottom flask equipped

with a septum inlet and magnetic stir bar. N,N-Thiocarbonyldiimidazole (502 mg, 2.4

mmol) was then added and the mixture was allowed to stir at room temperature under a

nitrogen atmosphere until TLC (2: 1 hexanes/ethyl acetate, Rf = 0.33) showed

consumption of starting material (overnight). Upon completion of the reaction, the

reaction mixture was reduced and the product was isolated via flash column (3: 1

hexanes/ethyl acetate). The combined fractions from the column afforded 380 mg of 13

as a clear yellow syrup (74%).

lH NMR (CDC!)): 58.22 (s, IH, NCH=N), 7.52 (s, IH, NCH=C), 7.21 -7.37 (m,

IOH, Ar-H), 7.01 (s, IH, NCH=C), 6.40 (dd, J = 7.32 Hz, 5.13, IH, H-l), 4.98

(m, lH, H-2), 4.78 - 4.89 (m, 5H, H-5, 2 x OCfuPh), 4.68 (m, IH, H-3), 4.27 (m,

2H, H-6, H-6'), 3.78 (m, IH, H-4).

13C NMR (CDC!)): 5184.6, 145.1, 138.8, 138.2, 137.9, 131.8, 129.54, 129.52,

129.3,129.0, 128.9, 128.8, 118.43, 101.2, 76.1, 75.2, 74.4, 73.9, 72.2, 71.8.



m/z calculated: 436.52 m/z (ESI) observed: 437.20

55

Attempted tri-n-butyltin hydride reduction of 3,4-di-O-benzyl-6-0-imidazolyl-n

glucal (13).

In a flame-dried 100 mL three-necked round-bottom flask equipped with a

magnetic stir bar and septum inlets, a solution of anhydrous toluene (30 mL) and tri-n

butyltin hydride (0.21 mL, 0.77 mmol) was refluxed under an inert atmosphere. 3,4-Di

O-benzyl-6-0-imidazolyl-D-glucal (13) (200 mg, 0.5 mmol) was dissolved in anhydrous

toluene (l 0-15 mL) and was added dropwise to the toluene / n-BU3SnH solution over a 20

minute period. The mixture was allowed to reflux until TLC showed consumption of

starting material (~5 hrs). The solution was then reduced to a brown residue and the

product was extracted using hot acetonitrile (3 x 50 mL). The combined extracts were

washed with hexanes (4 x 50 mL) to remove any tin containing compounds and the clean

acetonitrile extracts were reduced to yield a brown syrup. The product was further

purified via flash column using 5:1 hexanes/ethyl acetate. Upon review of the NMR data,

it was determined that the desired product was not produced using this method.

Unconsumed starting material was the main component observed in the I H NMR

spectrum.

Tosylation of 3,4-di-O-benzyl-n-glucal (12).

3,4-Di-O-benzyl-o-glucal (12) (650 mg, 2.0 mmol) was dissolved in anhydrous

pyridine (20 mL) and placed in a flame-dried 25 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet. p-Toluensulfonyl chloride (1.0 g, 5.2 mmol) was then
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added and the mixture was allowed to stir at room temperature. After TLC (4: 1

hexanes/ethyl acetate, Rf = 0.37) no longer showed evidence of starting material, water

(1-2 mL) was added to the solution and the mixture was allowed to stir for 1 hour. The

mixture was then poured into water (35 mL) and the organic product was extracted with

methylene chloride (3 x 30 mL). The combined extracts were dried over anhydrous

magnesium sulfate and then reduced. The product was further purified by flash column

in 6: 1 hexanes/ethyl acetate to afford 906 mg of 15 as a clear syrup (95%).

lH NMR (CDC!)): 07.83 (dd, J= 8.24, 4.76 Hz, 2H, Ar-H), 7.23 - 7.35 (m, 12H,

Ar-H, Ar-H), 6.26 (dd, J = 7.51, 4.94 Hz, IH, H-l), 4.86 (m, IH, H-2), 4.48 

4.82 (m, 4H, 2 x OCfuPh), 4.35 (m, IH, H-5), 4.26 (m, IH, H-3), 4.14 (m, 2H, H

6, H-6'), 3.73 (m, IH, H-4), 2.42 (s, 3H, CH3).

13C NMR (CDC!)): 0 145.8, 145.0, 138.97, 138.62, 130.79, 129.47, 129.21,

129.14,129.02,128.98,128.93,128.78,128.73,101.4, 75.78, 75.56, 74.68, 74.38,

71.50, 69.17, 22.9.

m/z calculated: 480.57 m/z (APCI, + H20) observed: 498.36

Reduction of tosylated dibenzyl-D-glucal (15) via lithium aluminum hydride.

Lithium aluminum hydride (50 mg, 1.3 mmol) was dissolved in anhydrous

tetrahydrofuran (8 mL) and placed in a flame-dried, nitrogen-flushed 25 mL round

bottom flask equipped with a magnetic stir bar and septum inlet. Tosylated dibenzyl

glucal (15) (150 mg, 0.3 mmol) was then dissolved in anhydrous tetrahydrofuran (2 mL)

and added dropwise via syringe. The solution was then refluxed while maintaining an

inert atmosphere until TLC (4:1 hexanes/ethyl acetate, Rf = 0.86) showed complete
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consumption of starting material. Upon completion, the lithium aluminum hydride was

quenched by adding I mL of water, 3 mL of 15% sodium hydroxide and 1 mL of water

sequentially. The reaction mixture was then filtered to remove the aluminum salts, and

was then poured over water (15 mL) and the product was extracted with methylene

chloride (3 x 20 mL). The combined extracts were dried over anhydrous magnesium

sulfate, filtered and reduced. The product was further purified via flash column using

10: 1 hexanes/ethy1 acetate to afford 80 mg of 14 as a yellow syrup (83%).

IH NMR (CDCh): 57.26 -7.38 (m, 10H, Ar-H), 6.36 (dd, J= 7.51, 4.94 Hz, 1H,

H-1), 4.87 (m, 1H, H-2), 4.56 - 4.72 (m, 4H, 2 x OClliPh), 4.21 (m, 1H, H-5),

3.96 (m, 1H, H-3), 3.48 (m, 1H, H-4), 1.38 (d, J= 6.41 Hz, 3H, CH3).

l3C NMR (CDCh): 5 145.7, 139.34, 139.20, 129.59, 129.44, 129.00, 128.78,

128.67, 128.01, 101.21,80.61,77.54,75.24, 75.10, 71.70,18.8.

m/z calculated: 310.40 m/z (ESI, + H20) observed: 328.26

Preparation of 1-0-acetyl-3,4-di-O-benzyl-2,6-dideoxy-2-nitro-a-n-glucopyranoside

(16) from 3,4-di-O-benzyl rhamnal (14).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, concentrated nitric acid (0.35 mL, 8.3 mmol) was added to acetic anhydride

(3.2 mL) at -10°C under a nitrogen atmosphere over 30 minutes. The solution was then

further cooled to -42 °C and 3,4-di-O-benzy1-D-rhamnal (14) (390 mg, 1.3 mmol) in

acetic anhydride (1 mL) was added dropwise over 15 minutes. The mixture was then

allowed to stir at -42 °C until TLC showed consumption of starting material. The

reaction mixture was then brought to 0 °C and was poured over ice water (10 mL),
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diluted with saturated sodium chloride (20 mL) and extracted with diethyl ether (3 x 20

mL). The combined organic extracts were dried over magnesium sulfate, filtered and

reduced. The reduced extracts yielded 500 mg of crude yellow syrup. Literature reported

a greater yield in other examples when using the crude product directly in the next step.

Preparation of 3,4-di-O-benzyl-2-nitro-D-rhamnal (17) from crude 1-0-acetyl-3,4-di

O-benzyl-2,6-dideoxy-2-nitro-a-D-glucopyranoside (16).

In a flame dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, triethylamine (0.25 mL, 1.8 mmol) was added slowly to a stirred solution of

the crude 1-0-acetyl-3,4-di-O-benzyl-2,6-dideoxy-2-nitro-a-D-glucopyranoside (16) (500

mg, 1.2 mmol) in freshly distilled methylene chloride (8 mL) at 0 DC under a nitrogen

atmosphere. After adding the base, the cold bath was removed and the mixture was

allowed to stir at room temperature until TLC showed consumption of starting material

(~4 hrs). The solution was then further diluted with methylene chloride (20 mL) and

washed with water (l x 30 mL), 1M HCl (l x 30 mL), saturated sodium bicarbonate (l x

30 mL) and saturated sodium chloride (l x 30 mL). The organic product was extracted

with methylene chloride and the combined extracts were dried over magnesium sulfate.

After reducing the extracts, the product was isolated via flash column in 10: 1

hexanes/ethyl acetate to yield 170 mg of 3,4-di-O-benzyl-2-nitro-D-rhamnal (17) as a

yellow syrup (37% for both steps).

lH NMR (CDC!)): 58.21 (s, lH, H-l), 7.22 - 7.43 (m, 10H, Ar-H), 4.70 - 4.82

(m, 4H, 2 x OCfuPh), 4.62 (m, lH, H-5), 4.57 (m, 1H, H-5), 4.52 (d, J= 11.9 Hz,

1H, H-3), 4.41 (d, J= 11.9 Hz, lH, H-4), 1.40 (d, J= 7.14 Hz, 3H, CH3).
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l3C NMR (CDC!): 5 155.56, 138.70, 138.38, 130.79, 129.65, 129.51, 129.23,

129.08, 129.04,90.87, 77.28, 75.65, 74.25, 72.81, 69.49, 17.42.

Preparation of methyl 3,4-di-O-benzyl-2,6-dideoxy-2-nitro-n-glucopyranoside (18)

from 3,4-di-O-benzyl-2-nitro-n-rhamnal (17).

In a flame-dried 10 mL vial equipped with a magnetic stir bar and septum inlet, a

mixture of methanol (0.343 mL, 6.6 mmol) and triethylamine (0.914 mL, 6.3 mmol) were

allowed to stir at room temperature under a nitrogen atmosphere. A solution of 3,4-di-O

benzyl-2-nitro-D-rhamnal (17) (150 mg, 0.421 mmol) in anhydrous tetrahydrofuran (3

mL) was added dropwise over 15 minutes. The mixture was allowed to stir until TLC

showed consumption of starting material (~5 hrs). The solution was reduced and the

product was collected via flash column (10: 1 hexanes/ethyl acetate) to give 110 mg of

methyl 3,4-di-O-benzyl-2,6-dideoxy-2-nitro-D-glucopyranoside (18) as a yellow syrup

(67%).

lH NMR (CDC!): 57.30 - 7.42 (m, 10H, Ar-H), 4.86 (m, IH, H-2), 4.70 (d, J =

8.06 Hz, IH, H-l), 4.65 - 4.76 (m, 4H, 2 x OCfuPh), 4.51 (m, IH, H-4), 4.23 (m,

IH, H-3), 3.49 (s, 3H, OCH3), 1.34 (d, J= 6.21 Hz, 3H, CH3).

l3C NMR (CDC!): 5 138.37, 137.86, 129.59, 129.52, 129.26, 129.15, 128.97,

128.72, 101.65,91.04,84.19,82.43, 76.69, 73.04, 72.86,27.85, 18.88.

m/z calculated: 387.43 m/z (ESI, + H20) observed: 405.35
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Raney nickel reduction of methyl 3,4-di-O-benzyl-2,6-dideoxy-2-nitro-n-gluco

pyranoside (18).

Methyl 3,4-di-O-benzyl-2,6-dideoxy-2-nitro-D-glucopyranoside (18) (100 mg,

0.25 mmol) was dissolved in ethanol (5 mL) and placed in an oven-dried 25 mL round

bottom flask equipped with a magnetic stir bar and septum inlet. Raney nickel (slurry in

water, ~1 mL) was then added via pipette and the mixture was allowed to stir at room

temperature until TLC showed consumption of starting material. The Raney nickel was

then filtered from the reaction and was washed with ethanol (3 x 5 mL). The resulting

ethanol/water mixture was then reduced to yield an oily water solution, which was then

poured into methylene chloride (20 mL) and washed with water (20 mL). The methylene

chloride extracts were dried over anhydrous magnesium sulfate, filtered and reduced to

give a yellow syrup (90 mg, crude). The crude syrup was used in the next step of the

reaction immediately to prevent decomposition.

Acetylation of crude methyl 3,4-di-O-benzyl-2,6-dideoxy-2-amino-n-gluco

pyranoside to afford methyl N-acetyl-3,4-di-O-benzyl quinavosamine (19).

The crude reaction mixture from the previous experiment (90 mg, 0.25 mmol)

was dissolved in anhydrous pyridine (8 mL) and was placed in a flame-dried, nitrogen

flushed 25 mL round-bottom flask equipped with a magnetic stir bar and septum inlet.

Acetic anhydride (2 mL, 21.2 mmol) was then added via syringe and the mixture was

allowed to stir at room temperature until TLC showed consumption of starting material.

The mixture was then poured over ice water (20 mL) and the product was extracted with

methylene chloride (3 x 30 mL). The combined extracts were dried over anhydrous
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magnesium sulfate, filtered and reduced. The product was isolated via flash column in

2: 1 hexanes/ethyl acetate, but the product did not come off the column until it was

flushed with methanol. The column afforded 20 mg of methyl N-acetyl-3,4-di-O-benzyl

quinavosamine (19) (19% for both steps combined) as a white residue.

lH NMR (CDCh): 57.25 -7.36 (m, 10H, Ar-H), 5.46 (d, J= 7.51 Hz, IH, N-H),

4.84 (m, 2H, 1 x OCfuPh), 4.69 (m, IH, H-2), 4.68 (d, J = 8.06 Hz, IH, H-l),

4.65 (m, 2H, 1 x OCfuPh), 4.03 (dd, J = 8.79, 1.28 Hz, IH, H-5), 3.46 (s, 3H,

OCH3), 3.37 (m, IH, H-3), 3.21 (m, IH, H-4), 1.86 (s, 3H, C(O)CH3), 1.32 (d, J =

6.23 Hz, 3H, CH3).

l3C NMR (CDCh): J 171.39, 139.34, 138.96, 129.52, 129.49, 129.09, 128.95,

128.89, 128.85, 101.74, 85.62, 81.68, 76.27, 76.11, 72.26, 58.52, 30.97, 25.01,

19.24.

m/z calculated: 399.48 m/z (ESI) observed: 398.49

Preparation of n-galactal (21) from tri-O-acetyl-n-galactal (20).

In a flame-dried round-bottom flask equipped with a magnetic stir bar and septum

inlet, tri-O-acetyl-D-galactal (20) (400 mg, 1.5 mmol) was dissolved in methanol (10

mL). A catalytic amount of sodium (1 mg, 0.037 mmol) was then added and the mixture

was allowed to stir until TLC (100% ethyl acetate, Rf = 0.19) showed consumption of

starting material (~5 hrs). To quench the reaction, carbon dioxide in the form of dry ice

(2.0 g) was added to the solution and the mixture was allowed to stir. The solution was

then reduced to give a clear syrup. The pure product was then extracted from the syrup

using hot ethyl acetate (6 x 25 mL). The combined extracts were reduced to yield 215
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mg of D-galactal (21) as a white powder (73%). Melting point 103-104 °C, literature

melting point 104 °C.31

IH NMR (D6-DMSO): 56.23 (dd, J = 7.87, 4.39 Hz, 1H, H-1), 4.72 (t, J = 5.86

Hz, 1H, OH), 4.61 (d, J= 6.59 Hz, 1H, OH), 4.45 (m, 1H, H-2), 4.37 (d, J= 4.39

Hz, 1H, OH), 4.16 (m, 1H, H-5), 3.72 (m, 2H, H-3, H-4), 3.54 (m, 2H, H-6, H

6').

13C NMR (D6-DMSO): 5144.6, 105.2, 79.1, 65.9, 65.1, 61.8.

m/z calculated: 146.14 m/z (ESI) observed: 145.00

Preparation of 6-0-t-butyldiphenylsilyl-D-galactal (22).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, D-galactal (21) (140 mg, 0.96 mmol) was dissolved in anhydrous

dimethylformamide (8 mL) under nitrogen. Imidazole (136 mg, 2.0 mmol) was then

added to the mixture and was dissolved at room temperature. t-Butyldiphenylsilyl

chloride (0.23 mL, 0.9 mmol) was then added via syringe and the mixture was allowed to

stir until TLC (100% ethyl acetate, Rf = 0.60) showed consumption of starting material

(~3 hrs). The mixture was then reduced and the product was collected via flash column

with 3:1 hexanes/ethyl acetate to afford 330 mg of22 as a clear syrup (90%).

IH NMR (D6-DMSO): 57.61 - 7.64 (m, 5H, Ar-H), 7.39 - 7.45 (m, 5H, Ar-H),

6.23 (dd, J= 8.06, 4.39 Hz, 1H, H-1), 4.67 (d, J= 6.41 Hz, 1H, OH), 4.52 (d, J=

4.21 Hz, 1H, OH), 4.49 (m, 1H, H-2), 4.17 (m, 1H, H-5), 3.95 (m, 1H, H-3), 3.84

(m, 1H, H-4), 3.75 (m, 2H, H-6, H-6'), 0.97 (s, 9H, C(CH3)3).
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l3C NMR (D6-DMSO): 5144.21, 136.56, 134.37, 131.32, 129.35, 105.22,78.70,

65.94,64.65,64.43,28.34,20.53.

m/z calculated: 384.54 m/z (ESI) observed: 383.65

Benzylation of t-butyldiphenylsilyl protected D-galactal (22).

In a flame-dried nitrogen-flushed 100 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet was added a solution of TBDPS-protected galactal (22)

(1.7 g, 4.4 mmol) dissolved in anhydrous tetrahydrofuran (40 mL). Sodium hydride

(60% dispersion) (0.78 g, 19.4 mmol) was then added slowly to prevent bubbling and the

mixture was allowed to stir at room temperature for 15 minutes. Benzyl bromide (3.21

mL, 27.9 mmol) was added via syringe and the solution was refluxed until TLC (4:1

hexanes/ethyl acetate, Rf = 0.94) showed consumption of starting material (~3 hrs).

Upon completion, the reaction mixture was poured over ice water (50 mL) and was

washed with 5% sulfuric acid (20 mL). The aqueous layer was extracted with methylene

chloride (3 x 50 mL) and the combined extracts were dried over anhydrous magnesium

sulfate. The solution was then filtered, the filtrate was reduced, and the product was

isolated via flash column chromatography (20:1 hexanes/ethyl acetate) to afford 2.47 g of

23 as a yellow syrup (99%).

IH NMR (CDCh): 57.70 -7.73 (m, 5H, Ar-H), 7.63 -7.65 (m, 5H, Ar-H), 7.20

7.44 (m, 10H, Ar-H), 6.27 (dd, J = 7.87, 4.58 Hz, IH, H-l), 4.81 (m, lH, H-2),

4.57 - 4.66 (m, 4H, 2 x OCfuPh), 4.20 (m, IH, H-5), 4.08 (m, IH, H-3), 4.03 (m,

lH, H-4), 3.94 (d, J= 6.77 Hz, 2H, H-6, H-6'), 1.07 (s, 9H, C(CH3)3).
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l3C NMR (CDC!}): 5 145.22, 139.50, 139.24, 136.65, 134.39, 130.71, 129.45,

129.36, 129.24, 128.87, 128.69, 128.50, 128.40, 101.45, 73.26, 73.21, 72.34,

71.88,71.81,63.09,28.11,20.52.

m/z calculated: 564.79 m/z (ESI, + H20) observed: 582.46

Deprotection of 3,4-di-O-benzyl-6-t-butyldiphenylsilyl-D-galactal (23) using tetra-N

butyl ammonium fluoride.

The protected sugar (23) (2.3 g, 4.1 mmol) was dissolved in anhydrous

tetrahydrofuran (40 mL) and placed in a 100 mL flame-dried round-bottom flask

equipped with a magnetic stir bar and septum inlet. 1M Tetra-N-butyl ammonium

fluoride in THF (4.1 mL, 4.1 mmol) was then added via syringe and the solution was

allowed to stir at room temperature until starting material was no longer evident by TLC

(2: 1 hexanes/ethyl acetate, Rr = 0.39). The solution was then reduced and the pure

product was isolated via flash column using 4: 1 hexanes/ethyl acetate. The combined

fractions afforded 570 mg of24 as a light-brown syrup (44%).

IH NMR (CDC!}): 57029 -7.37 (m, 10H, Ar-H), 6.41 (dd, J= 7.32, 5013Hz, IH,

H-l), 4.85 - 4.88 (m, 2H, H-2, OH), 4.63 - 4.74 (m, 4H, 2 x OCfuPh), 4.18 (m,

IH, H-5), 4.13 (m, IH, H-3), 3.98 (m, 2H, H-6, H-6'), 3.75 (m, IH, H-4)0

l3C NMR (CDC!)): 5 145.82, 139.09, 138.89, 129.52, 129.47, 129.16, 129.00,

128.76, 128.60,99.70, 76.75, 73.70, 73.07, 72.29, 70.52, 62.43.

m/z calculated: 326.39 m/z (ESI, + H20) observed: 344.13
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Tosylation of 3,4-di-O-benzyl-D-galactal (24).

3,4-Di-O-benzyl-D-galactal (24) (500 mg, 1.5 mmol) was dissolved in anhydrous

pyridine (15 mL) and placed in a flame-dried 25 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet. p-Toluenesulfonyl chloride (1.23 g, 3.9 mmol) was

then added and the mixture was allowed to stir at room temperature. After TLC (5:1

hexanes/ethyl acetate, Rf = 0.18) no longer showed evidence of starting material, water

(1-2 mL) was added to the solution and the mixture was allowed to stir for 1 hour. The

mixture was then poured into water (25 mL) and the organic product was extracted with

methylene chloride (3 x 30 mL). The combined extracts were dried over anhydrous

magnesium sulfate and then reduced. Because of the purity of the crude product, a flash

column was not necessary. The reduced extracts provided 800 mg of 25 as a light brown

syrup (99%).

IH NMR (CDC!): 57.74 (d, J = 8.42 Hz, 2H, Ar-H), 7.26 - 7.37 (m, 12H, Ar

H,), 6.18 (d, J = 6.23 Hz, 1H, H-1), 4.85 (m, 1H, H-2), 4.48 - 4.65 (m, 4H, 2 x

OClliPh), 4.45 (m, 1H, H-5), 4.27 (m, 2H, H-6, H-6'), 4.03 (m, 1H, H-3), 3.88

(m, 1H, H-4), 2.42 (s, 3H, CH3).

l3C NMR (CDC!): 5 148.20, 144.64, 139.25, 138.62, 133.81, 129.88, 129.45,

129.41, 129.11, 128.93, 128.84, 128.64, 128.50, 100.77, 74.68, 73.59, 73.38,

72.26,72.19,69.29,23.03.

m/z calculated: 480.57 m/z (ESI, + H20) observed: 498.29
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Reduction of tosylated dibenzyl-n-galactal (25) with lithium aluminum hydride.

Lithium aluminum hydride (120 mg, 3.15 mmol) was dissolved in anhydrous

tetrahydrofuran (10 mL) and placed in a flame-dried, nitrogen flushed 25 mL round

bottom flask equipped with a magnetic stir bar and septum inlet. Tosylated dibenzyl

galactal (0.9 mmol, 420 mg) was then dissolved in anhydrous tetrahydrofuran (2 mL) and

added dropwise via syringe. The solution was then refluxed while maintaining an inert

atmosphere until TLC (2:1 hexanes/ethyl acetate, Rf = 0.70) showed complete

consumption of starting material. Upon completion, the lithium aluminum hydride was

quenched by adding 1 mL of water, 3 mL 15% of sodium hydroxide, and 1 mL of water

sequentially. The solution was then filtered and poured over water (15 mL). The product

was extracted with methylene chloride (3 x 20 mL). The combined extracts were dried

over anhydrous magnesium sulfate, filtered and reduced. The product was further

purified via flash column in 10: 1 hexanes/ethyl acetate to afford 20 mg of 26 as a yellow

syrup (7%).

IH NMR (CDC!]): 57.22 -7.40 (m, 10H, Ar-H), 6.37 (dd, J= 7.87, 4.76 Hz, lH,

H-l), 4.85 (m, IH, H-2), 4.55 - 4.75 (m, 4H, 2 x OCfuPh), 4.05 (q, J= 6.59 Hz,

IH, H-5), 3.70 (m, lH, H-3), 3.65 (m, IH, H-4), 1.28 (d, J= 6.59 Hz, 3H, CH3).

13C NMR (CDC!]): 5145.63, 139.53, 139.31, 130.86, 129.38, 129.27, 128.94,

128.84, 128.65, 100.64, 76.29, 74.20, 73.25, 71.04, 69.88, 17.85.

m/z calculated: 310.156894 m/z (EST) observed: 310.156894
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Direct 6-0-tosylation of n-glucal (2).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet was placed o-glucal (2) (500 mg, 3.4 mmol). The sugar was then dissolved

in anhydrous pyridine (10 mL) and dry methylene chloride (10 mL). The solution was

cooled to 0 °C and p-toluenesulfonyl chloride (972 mg, 5.1 mmol) was added. The

mixture was allowed to stir until TLC (100% ethyl acetate, Rf = 0.47) showed

consumption of starting material (2.5 hrs). Water (2 mL) was then added to the reaction

and the solution was allowed to stir for 30 minutes. The mixture was then poured over

water (20 mL) and extracted with methylene chloride (3 x 30 mL). The combined

extracts were then further washed with aqueous copper (II) sulfate (30 mL), saturated

sodium chloride (30 mL) and water (30 mL). The combined organic layers were then

dried over anhydrous magnesium sulfate, filtered and reduced. Crude 27 (780 mg) was

used directly in the next step.

lH NMR (CDC!)): J 7.81 (d, J = 8.42 Hz, 2H, Ar-H), 7.35 (d, J = 8.06 Hz, 2H,

Ar-H), 6.28 (dd, J = 7.87, 4.57 Hz, IH, H-l), 4.70 (m, IH, H-2), 4.36 (m, IH, H

5),4.27 (m, 2H, H-6, H-6'), 4.13 (m, IH, H-3), 3.94 (m, IH, H-4), 2.45 (s, 3H,

CH3).

B C NMR (CDC!)): J 152.26, 146.13, 138.86, 130.95, 130.13, 104.32, 76.65,

72.66, 70.76, 69.47,22.91.

m/z calculated: 300.33 m/z (APCI) observed: 301.01
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Reduction of 6-0-tosyl-D-glucal (27) with lithium aluminum hydride.

The crude tosylated glucal (750 mg, 2.5 mmol) was dissolved in anhydrous

tetrahydrofuran (10 mL) and placed in a flame-dried 25 mL round-bottom flask equipped

with a magnetic stir bar and septum inlet. The solution was cooled to 0 °C and a 0.9 M

solution of lithium aluminum hydride in THF (283 mg LiA1H4, 7.5 mmol in 8.4 mL THF)

was added dropwise via syringe. Upon completion of the addition, the solution was

heated to reflux and was allowed to stir go completion (1 hr) using TLC (100% ethyl

acetate, Rf = 0.47) as a monitoring method. The reaction mixture was then quenched

with water (1 mL), 15 % NaOH (2 mL), and water (1 mL). The aluminum salts were

then filtered and the solution was washed with sodium bicarbonate (30 mL) and extracted

with diethyl ether (3 x 30 mL). The combined extracts were dried over anhydrous

magnesium sulfate, filtered and reduced. The crude syrup was purified via flash column

(1 :1 hexanes/ethyl acetate) to afford 201 mg of D-rhamnal (28) as a white residue (45%

for both steps combined).

lH NMR (CDC!)): £56.22 (dd, J= 7.87, 4.21 Hz, IH, H-l), 5.19 (d, J= 5.49 Hz,

IH, OH), 4.85 (d, J = 5.49 Hz, IH, OH), 4.55 (m, IH, H-2), 3.88 (m, IH, H-5),

3.62 (m, IH, H-3), 3.06 (m, IH, H-4), 1.20 (d, J = 6.02 Hz, 3H, CH3).

l3C NMR (CDC!)): £5144.5, 106.6,76.3,75.7,70.3,19.2.

Direct tosylation of D-galactal (21).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet was placed D-galactal (21) (450 mg, 3.1 mmol). The sugar was then

dissolved in anhydrous pyridine (9 mL) and dry methylene chloride (9 mL). The solution
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was cooled to 0 DC and p-toluenesulfonyl chloride (875 mg, 4.6 mmol) was added. The

mixture was allowed to stir until TLC (100% ethyl acetate, Rr = 0.49) showed

consumption of starting material (2.5 hrs). Water (2 mL) was then added to the reaction

and the solution was allowed to stir for 30 minutes. The mixture was poured over water

(20 mL) and extracted with methylene chloride (3 x 30 mL). The combined extracts were

then further washed with aqueous copper (II) sulfate (30 mL), sodium chloride (30 mL)

and water (30 mL). The combined organic layers were then dried over anhydrous

magnesium sulfate, filtered and reduced. Crude 29 (840 mg) was used in the next

synthetic step.

IH NMR (CDC!}): 57.81 (d, J = 8.42 Hz, 2H, Ar-H), 7.35 (d, J = 8.06 Hz, 2H,

Ar-H), 6.28 (dd, J= 7.87, 4.57 Hz, IH, H-l), 4.70 (m, IH, H-2), 4.36 (m, IH, H

5), 4.27 (m, 2H, H-6, H-6'), 4.13 (m, IH, H-3), 3.94 (m, IH, H-4), 2.45 (s, 3H,

CH3).

l3C NMR (CDC!}): 5 Decomposition of the product prevented collection of data.

Attempted reduction of 6-0-tosylated-D-galactal with lithium aluminum hydride.

The crude tosylated galactal (750 mg, 2.6 mmol) was dissolved in anhydrous

tetrahydrofuran (10 mL) and placed in a flame-dried 25 mL round-bottom flask equipped

with a magnetic stir bar and septum inlet. The solution was cooled to 0 DC and a 0.9 M

solution of lithium aluminum hydride in THF (304 mg, 7.7 mmol LiAIH4 in 8.5 mL THF)

was added dropwise via syringe. Upon completion of the addition, the solution was

heated to reflux and was allowed to stir until completion (1 hr). The reaction mixture

was then quenched with water (1 mL), 15 % NaOH (2 mL), and water (1 mL). The
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aluminum salts were then filtered and the solution was dried over anhydrous magnesium

sulfate, filtered and reduced. Isolation of the product was attempted via flash column in

3: 1 hexanes/ethyl acetate but NMR spectra did not show presence of the 30, but rather, a

mixture of 30 and tosylated byproduct.

Preparation of 3,4-di-O-benzyl-l-O-acetyl-6-0-t-butyldiphenylsilyl-2-deoxy-2-nitro

a-n-galactopyranoside from 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-n-galactal

(23).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, concentrated nitric acid (0.56 mL, 9.1 mmol) was added to acetic anhydride

(7 mL) at -10°C under a nitrogen atmosphere over 30 minutes. The solution was then

further cooled to -42 °C and 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-D-galactal (23)

(1.35 g, 2.4 mmol) in acetic anhydride (3 mL) was added dropwise over 15 minutes. The

mixture was then allowed to stir at -42 °C until TLC showed consumption of starting

material. The reaction mixture was then brought to 0 °C and was poured over ice water

(30 mL), diluted with saturated sodium chloride (35 mL) and extracted with diethyl ether

(3 x 30 mL). The combined organic extracts were dried over magnesium sulfate, filtered

and reduced. The reduced extracts yielded 2.5 g of crude yellow syrup. Literature

reported a greater yield for similar compounds when using the crude product directly in

the next step.
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Preparation of 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-2-nitro-D-galactal (31) from

crude 1-0-acetyl-6-0-t-butyldiphenylsilyl-3,4-di-O-benzyl-2-deoxy-2-nitro-a-D

galactopyranoside.

In a flame-dried 50 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, triethylamine (0.697 mL, 5.0 mmol) was added slowly to a stirred solution

of the crude 3,4-di-O-benzyl-l-0-acetyl-6-0-t-butyldiphenylsilyl-2-deoxy-2-nitro-a-D

galactopyranoside (2.5 g, 3.7 mmol) in freshly distilled methylene chloride (25 mL) at 0

°C under a nitrogen atmosphere. After adding the base, the cold bath was removed and

the mixture was allowed to stir at room temperature until TLC (100% toluene, Rf = 0.49)

showed consumption of starting material (~ 4 hrs). The solution was then further diluted

with methylene chloride (20 mL) and washed with water (50 mL), 1M HCI (50 mL),

saturated sodium bicarbonate (50 mL) and saturated sodium chloride (50 mL). The

organic product was extracted with methylene chloride (3 x 35 mL) and the combined

extracts were dried over magnesium sulfate. After reducing the extracts, the product was

isolated via flash column using 10: 1 hexanes/ethyl acetate to yield 670 of mg 3,4-di-O

benzyl-6-0-t-butyldiphenylsilyl-2-nitro-D-galactal (31) as a yellow syrup (46% for both

steps).

IH NMR (CDCh): 57.77 (s, IH, H-l), 7.59 -7.62 (m, 5H, Ar-H), 7.20 -7.42 (m,

15H, Ar-H), 4.74 (m, IH, H-3), 4.49 - 4.69 (m, 4H, 2 x OCfuPh), 4.12 - 4.24 (m,

3H, H-5, H-6, H-6'), 3.81 (m, IH, H-4), 1.06 (s, 9H, C(CH3)3).

l3C NMR (CDCh): 5166.88, 138.97, 138.61, 136.68, 131.01, 135.33, 129.75,

129.53, 129.40, 129.21, 129.06, 128.86, 128.66,88.79,83.39, 75.77, 74.45, 69.97,

63.46,54.27,30.97,15.25.
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Preparation of methyl 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-2-deoxy-2-nitro-D

galactopyranoside (32).

Methanol (0.48 mL, 9.24 mmol) and triethylamine (1.28 mL, 8.82 mmol) were

placed in a flame-dried, nitrogen-flushed 25 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet. A solution of 3,4-di-O-benzyl-6-0-t

butyldiphenylsilyl-2-nitro-D-galactal (31) (422 mg, 0.70 mmol) in anhydrous

tetrahydrofuran (5 mL) was added to the solution dropwise over a 15 minute period. The

mixture was then allowed to react until TLC (10:1 hexanes/ethyl acetate, Rf = 0.34)

showed consumption of starting material (~3 hrs). The solution was then reduced and the

product was isolated via flash column using 15: I hexanes/ethyl acetate to provide 260 mg

of32 as a yellow syrup (44%).

IH NMR (CDCh): 57.61 - 7.65 (m, 5H, Ar-H), 7.22 -7.48 (m, 15H, Ar-H), 4.90

(d, J= 8.24 Hz, IH, H-l), 4.88 (m, IH, H-2), 4.56 - 4.65 (m, 6H, 3 x OClliPh),

4.10 (m, IH, H-5), 3.83 (m, 2H, H-6, H-6'), 3.75 (m, IH, H-3), 3.54 (m, IH, H

4),3.43 (s, 3H, OCH3), 1.09 (s, 9H, C(CH3)3).

13C NMR (CDCh): 5 138.86, 138.34, 136.58, 133.97, 130.95, 130.70, 130.31,

130.04,129.65,129.26,128.89,128.70,102.14,88.50, 81.07, 76.87, 76.29, 74.74,

62.92,58.29,31.19,28.50,20.45.

m/z calculated: 641.28 m/z observed: 640.32
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Attempted Raney nickel reduction and acetylation of methyl 3,4-di-O-benzyl-6-0-t

butyldiphenylsilyl-2-deoxy-2-nitro-n-galactopyranoside (32).

In 25 mL round-bottom flask equipped with a magnetic stir bar and septum inlet

was placed methyl 3,4-di-O-benzyl-6-0-t-butyldiphenylsilyl-2-deoxy-2-nitro-D

galactopyranoside (32) (260 mg, 0.4 mmol) dissolved in ethanol (5 mL). Raney nickel

(~1 mL) was then added to the solution and the mixture was allowed to stir at room

temperature overnight. The reaction mixture was then suction filtered to remove the

Raney nickel and the filtrate was reduced to remove the ethanol to yield an oily water

mixture. The oil was poured into methylene chloride (15 mL) and washed with water (20

mL). The aqueous layers were extracted with methylene chloride (3 x 15 mL) and the

combined organic extracts were dried over anhydrous magnesium sulfate. The extracts

were filtered and reduced to afford 190 mg of crude product.

The crude product (190 mg, 0.4 mmol) was dissolved in anhydrous pyridine (8

mL) and placed in a flame-dried, nitrogen-flushed 25 mL round-bottom flask equipped

with magnetic stir bar and septum inlet. The mixture was then treated with acetic

anhydride (2 mL) via syringe and the reaction was allowed to stir at room temperature

overnight. The reaction mixture was then poured over ice water (15 mL) and extracted

with methylene chloride (3 x 20 mL). The combined organic extracts were dried over

anhydrous magnesium sulfate, filtered and reduced. Isolation of the pure product was

attempted with a flash column using 10: 1 hexanes/ethyl acetate, but the desired product

was never characterized.
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Attempted S-glycosylation of 3,4,6-tri-O-benzyl-2-nitro-n-glucal (7) with benzyl

mercaptan.

To a stirred solution of triethylamine (1.92 mL, 13.2 mmol) and benzyl mercaptan

(1.63 mL, 13.9 mmol) at 0 °C under a nitrogen atmosphere in a flame-dried 25 mL

round-bottom flask equipped with a magnetic stir bar and septum inlet, was added a

solution of 3,4,6-tri-O-benzyl-2-nitro-D-glucal (7) (400 mg, 0.86 mmol) in anhydrous

tetrahydrofuran (6.6 mL) dropwise over 20 minutes. The reaction was allowed to run at

room temperature until TLC (5: 1 hexanes/ethyl acetate, Rf = 0.33) showed consumption

of starting material. Upon completion, the solution was poured over dilute 0.1 M NaOH

(30 mL) and extracted with methylene chloride (3 x 30 mL). The combined extracts were

dried over anhydrous magnesium sulfate, filtered and reduced. Isolation of the suspected

product was achieved via flash column chromatography (l 0: 1 hexanes/ethyl acetate).

Upon examination of mass spectrometer data, it was concluded that 34 was not formed.

Attempted C-glycosylation of 3,4,6-tri-O-benzyl-2-nitro-n-glucal (7) with diethyl

malonate.

In a flame-dried, nitrogen-flushed 25 mL round-bottom flask equipped with

magnetic stir bar and septum inlet was placed diethyl malonate (0.304 mL, 2.0 mmo1). A

suspension of sodium hydride (77 mg, 2.0 mmol) in anhydrous tetrahydrofuran (5 mL)

was then added to the solution via syringe slowly to allow evolution of hydrogen gas.

The mixture was then cooled to 0 °C and a solution of 3,4,6-tri-O-benzyl-2-nitro-D-glucal

(8) (250 mg, 0.54 mmol) in anhydrous THF (3 mL) was added dropwise. The reaction

was allowed to stir at room temperature until TLC (3: 1 hexanes/ethyl acetate, Rf = 0.51)
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showed consumption of starting material. The mixture was then poured over saturated

ammonium chloride (30 mL) and extracted with methylene chloride (3 x 30 mL). The

combined extracts were dried over anhydrous magnesium sulfate, filtered and reduced.

The suspected product was isolated via flash column using 3: 1 hexanes/ethyl acetate to

afford 190 mg of yellow syrup. Upon investigation of spectral data, IH NMR and mass

spectral data agreed with the formation of 35, but l3C NMR data did not afford a signal

for the two equivalent carbonyl carbons. Further investigation of the reaction must be

done to positively identify the desired product.

N-glycosylation of 3,4,6-tri-O-benzyl-2-nitro-n-glucal (7) with benzyl amine.

In a flame-dried, nitrogen-flushed 25 mL round-bottom flask equipped with

magnetic stir bar and septum inlet was placed triethylamine (1.12 mL, 7.7 mmol) and

benzyl amine (0.88 mL, 8.1 mmol). The solution was cooled to 0 °C and 2-nitro-3,4,6

tri-O-benzyl-D-glucal (7) (250 mg, 0.5 mmol) dissolved in anhydrous THF (5 mL) was

added slowly via syringe. Upon complete addition, the mixture was stirred at room

temperature until TLC (3: I hexanes/ethyl acetate, Rf = 0.27) showed consumption of

starting material. The solution was then poured over saturated ammonium chloride (25

mL) and the organic products were extracted with methylene chloride (3 x 30 mL). The

combined extracts were then dried over anhydrous magnesium sulfate, filtered and

reduced. The N-glycosylated product was isolated via flash column in 3: 1 hexanes/ethyl

acetate to provide 140 mg of 36 as a white residue (46%, mix of alp).
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IH NMR (CDC!): 57.17 -7.36 (m, 20H, Ar-H), 5.16 (d, J= 2.38 Hz, 1H, N-H),

4.53 (m, 1H, H-2), 4.49 (m, 1H, H-1), 4.31 - 4.41 (m, 8H, 4 x CfuPh), 4.26 (m,

1H, H-5), 4.09 (m, 2H, H-6, H-6'), 3.73 (m, 1H, H-3), 3.62 (m, 1H, H-4).

l3C NMR (CDC!): 5 150.40, 138.75, 138.15, 137.58, 136.74, 130.22, 130.13,

130.01, 129.78, 129.67, 129.60, 129.50, 129.39, 129.04, 128.80, 128.68, 128.58,

79.91,75.84,75.41, 74.69, 73.33, 72.14, 71.24, 69.64, 54.57.

m/z calculated: 568.66 m/z (ESI) observed: 569.35

Deacetylation of 3,4-di-O-acetyl-L-fucal (37) to yield L-fucal (40).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet was placed 3,4-di-O-acetyl-L-fucal (37) (0.500g, 2.3 mmol). The sugar was

then dissolved in methanol (10 mL) and a catalytic amount of sodium (spheres, 2 mg)

was added. The reaction mixture was allowed to stir at room temperature under a

nitrogen atmosphere until TLC (100% ethyl acetate, Rf = 0.48) showed consumption of

starting material (~lhr). The solution was then quenched with CO2 in the form of dry ice

(3 g) and the mixture was reduced. L-Fucal was isolated by extracting the crude mixture

with hot ethyl acetate (4 x 25 mL) to yield 290 mg of 40 as a light-brown syrup (95%).

IH NMR (D6-DMSO): 56.21 (dd, J= 8.06, 4.39 Hz, 1H, H-1), 4.43 (m, 1H, H-2),

4.18 (m, 1H, H-5), 3.88 (q, J= 6.59 Hz, IH, H-4), 3.46 (d, J= 4.39 Hz, 1H, H-3),

1.17 (d, J= 6.59 Hz, 3H, CH3).

13C NMR (D6-DMSO): 5144.7, 104.8,74.1,68.6,65.3,18.6.
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Preparation of 3,4-di-O-t-butyldiphenylsilyl-L-fucal (41).

In a flame-dried, argon-flushed 25 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet was placed L-fucal (40) (190 mg, 1.5 mmol) and

imidazole (450 mg, 6.6 mmol). Anhydrous N,N-dimethylformamide (10 mL) was then

added via syringe and the mixture was allowed to stir under argon until the sugar and

imidazole were completely dissolved. After addition of t-butylchlorodiphenylsilane (0.86

mL, 3.3 mmol), the solution was allowed to stir at room temperature until TLC (4:1

hexanes/ethyl acetate, Rf = 0.72) showed consumption of starting material (~4hrs). The

mixture was then poured over water (25 mL) and extracted with methylene chloride (3 x

25 mL). The combined organic extracts were dried over anhydrous magnesium sulfate,

filtered and reduced. Isolation of the product was achieved via flash column using 15: 1

hexanes ethyl acetate eluent to afford 664 mg of 41 as a clear syrup (75%).

I H NMR (CDCh): J 7.67 - 7.79 (m, 10H, Ar-H), 7.31 - 7.48 (m, 10H, Ar-H),

6.30 (d, J= 5.86 Hz, IH, H-l), 4.45 (m, 2H, H-2, H-5), 3.80 (q, J= 6.41 Hz, IH,

H-4), 3.55 (dd, J= 4.94, 2.01 Hz, IH, H-3), 1.36 (d, J= 6.77 Hz, 3H, CH3), 1.10

(s, 9H, C(CH3)3), 1.07 (s, 9H, C(CH3)3).

I3C NMR (CDCh): J 145.63, 136.13, 135.86, 134.14, 134.00, 131.08, 130.70,

128.89,128.74,102.53,73.78,69.07,67.50,27.94, 27.86, 20.49, 20.31,18.18.

Preparation of 1-0-acetyl-3,4-di-O-t-butyldiphenylsilyl-2-deoxy-2-nitro-L-fuco-

pyranoside (42).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, concentrated nitric acid (0.12 mL, 2.7 mmol) was added to acetic anhydride
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(1.5 mL) at -10°C under a nitrogen atmosphere over 30 minutes. The solution was then

further cooled to -42 °C and 3,4-di-O-t-butyldiphenylsilyl-L-fucal (41) (280 mg, 0.5

mmol) in acetic anhydride (1 mL) was added dropwise over 15 minutes. After stirring at

-42°C until TLC (5:1 hexanes/ethyl acetate, Rf= 0.49) showed consumption of starting

material (~l hour), the mixture was poured over ice water (20 mL), washed with

saturated sodium chloride (25 mL), and extracted with methylene chloride (3 x 20 mL).

The combined organic extracts were dried over magnesium sulfate, filtered and reduced.

The reduced extracts yielded 310 mg of crude yellow syrup, which was used directly in

the next step.

Preparation of 3,4-di-O-t-butyldiphenylsilyl-2-nitro-L-fucal (38).

In a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar and

septum inlet, triethylamine (0.127 mL, 0.91 mmol) was added slowly to a stirred solution

of the crude 1-O-acetyl-3,4-di-O-t-butyldiphenylsilyl-2-deoxy-2-nitro-L-fucopyranoside

(42) (400 mg, 0.56 mmol) in freshly distilled methylene chloride (10 mL) at 0 °C under a

nitrogen atmosphere. After adding the base, the cold bath was removed and the mixture

was allowed to stir at room temperature until TLC (4: 1 hexanes/ethyl acetate, Rf = 0.55)

showed consumption of starting material (~4 hrs). The solution was then further diluted

with methylene chloride (20 mL) and washed with water (30 mL), 1M HCl (30 mL),

saturated sodium bicarbonate (30 mL) and saturated sodium chloride (30 mL). The

organic product was extracted with methylene chloride (3 x 25 mL) and the combined

extracts were dried over magnesium sulfate. After reducing the extracts, the product was
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isolated via flash column using 10:1 hexanes/ethyl acetate to yield 160 mg of3,4-di-O-t

butyldiphenylsilyl-2-nitro-L-fucal (38) as a yellow syrup (46% for both steps).

IH NMR (CDC!)): 6' 8.16 (s, 1H, H-1), 7.65 - 7.72 (m, 10H, Ar-H), 7.30 - 7.46

(m, 10H, Ar-H), 5.16 (m, lH, H-3), 4.87 (t, J = 1.83 Hz, lH, H-4), 4.68 (q, J =

7.14 Hz, 1H, H-5), 1.66 (d, J= 7.14 Hz, 3H, CH3), 1.10 (s, 9H, C(CH3)3), 1.05 (s,

9H, C(CH3)3).

13C NMR (CDC!)): 6' 154.6, 136.82, 136.22, 134.52, 133.98, 131.60, 131.11,

129.72, 128.75,99.98,79.64,74.09,62.71,28.74,27.82, 24.38, 24.44, 18.20.

Preparation of methyl 3,4-di-O-t-butyldiphenylsilyl-2-deoxy-2-nitro-L-fuco-

pyranoside (43).

In a flame-dried, argon-flushed 25 mL round-bottom flask equipped with a

magnetic stir bar and septum inlet was placed triethylamine (0.41 mL, 2.9 mmol) and

methanol (0.122 mL, 3.0 mmol). To the stirred solution was added dropwise 3,4-di-O-t

butyldiphenylsilyl-2-nitro-L-fucal (38) (150 mg, 0.23 mmol) dissolved in anhydrous

tetrahydrofuran (5 mL). The solution was allowed to stir at room temperature under

argon until TLC showed consumption of the starting material (overnight). Upon

completion, the reaction mixture was reduced and the product was isolated via flash

column using 12: 1 hexanes/ethyl acetate as eluent. The column afforded 140 mg of (43)

as a yellow syrup (89%).

IH NMR (CDC!)): 6' 7.66 - 7.77 (m, 10H, Ar-H), 7.35 - 7.48 (m, 10H, Ar-H),

4.96 (m, lH, H-2), 4.73 (m, 1H, H-5), 4.50 (d, J = 8.06 Hz, 1H, H-1), 4.28 (m,



80

1H, H-3), 3.46 (s, 3H, OCH3), 3.26 (m, 1H, H-4), 1.72 (d, J = 7.14 Hz, 3H, Cfu),

1.11 (s, 9H, C(CH3)3), 1.09 (s, 9H, C(CH3)3).

l3C NMR (CDC!)): J The dilute nature of the sample did not allow for

characterization of the product spectrum.

m/z calculated: 683.31 m/z (ESI, + H20, - Ph2t-Bu) observed: 510.75

Attempted reduction and acetylation of methyl 3,4-di-O-t-butyldiphenylsilyl-2

deoxy-2-nitro-L-fucopyranoside (43).

In an oven-dried 25 mL round-bottom flask equipped with magnetic stir bar and

septum inlet was placed methyl 3,4-di-O-t-butyldiphenylsilyl-2-deoxy-2-nitro-L-fuco

pyranoside (l00 mg, 0.15 mmol) dissolved in ethanol (8 mL). To the solution was added

Raney nickel (~ 1 pipette) and the solution was allowed to stir under argon for 48 hours.

Upon completion, the reaction mixture was filtered via vacuum filter to provide an oily

water mixture. The oil was then reduced to remove the ethanol. After reduction, the

resulting oil was poured into water (30 mL) and the organic products were extracted

using methylene chloride (3 x 30 mL). The combined organic extracts were dried over

magnesium sulfate, filtered and reduced to afford 60 mg of crude product.

The crude mixture was then dissolved in pyridine (5 mL) and placed in a flame

dried 25 mL round-bottom flask. Acetic anhydride (l mL) was then added via syringe

and the mixture was allowed to stir at room temperature overnight. Upon completion, the

solution was poured over ice water (20 mL) and extracted with methylene chloride (3 x

20 mL). The combined organic extracts were dried over magnesium sulfate, filtered and

reduced to afford 60 mg of crude product. The main product was then isolated using
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preparative TLC utilizing 3:1 hexanes/ethyl acetate as eluent. Upon examination of 'H

NMR spectra, 44 was not formed. NMR data indicated possible decomposition.
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Figure 36: Mass spectrum of 11 .......
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Figure 39: Mass spectrum of 12
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Figure 42: Mass spectrum of 13
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Figure 45: Mass spectrum of 15
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Figure 48: Mass spectrum of 14
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Figure 53: Mass spectrum of 18
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Figure 56: Mass spectrum of 19 ...-
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