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ABSTRACT

This dissertation focuses on the formation of organic thin films on gold surfaces
and synthesis of oligosaccharides. Chapter one, is a brief introduction on the utility of thin
films, as well as ways to characterize thin films, as well as, a report on the attempt to form
organic thin films on Au(111) surfaces using photoredox catalysis.

Glycoconjugates on cell surfaces serve as important mediators of intercellular
recognition, adhesion, and viral infection. Due to the significant role that glycoconjugates
play on the surface of cells, oligosaccharide synthesis is of great interest. Chapter two, is
an extensive review of oligosaccharide synthesis, its importance, and glycosylation
methods. There are several methods to form complex oligosaccharides; however, chapter
three focuses on the orthogonal synthesis of a trisaccharide using temperature control.

The main challenge in the synthesis of biologically relevant oligosaccharides is the
development of stereoselective glycosylation reactions. Methods to form the 1,2-trans
glycosidic linkages (beta) have been developed with the help of neighboring group
participation of acyl protecting groups in the Cz position. However, protocols for selective
synthesis of 1,2-cis glycosidic linkages (alpha) has proven to be difficult due to low yields
and poor selectivity. To circumvent these difficulties, protecting group manipulation has
been employed to form 1,2-cis glycosidic linkages through a Sn2-like mechanism.
Electron withdrawing groups have shown to play an important role in aiding in the
formation of 1,2-cis linkages. Thus, in chapter four, methods to selectively form 1,2-cis
linkages using thioglycosides and acetimidates armed with varying electron withdrawing

groups is discussed.

Xiv



Chapter five focuses on the application of oligosaccharide synthesis with the
development of a glycoconjugate vaccine for Acinetobacter baumannii. A. baumannii is a
common cause of infections associated with ICU residence, traumatic injury, mechanical
ventilation, and neurosurgery. Vaccine development is an important preventative
measure due to the increasing antibiotic resistance of A. baumannii strains. The proposed
vaccine consists of a pentasaccharide portion of an A. baumannii lipooligosaccharide to
be conjugated to a carrier molecule. Progress toward the synthesis of the
pentasaccharide portion of the proposed glycoconjugate vaccine is discussed in this

chapter.
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CHAPTER 1. ORGANIC THIN FILM GROWTH ON AU(111) SURFACES
USING PHOTOREDOX CATALYSIS

1.1. Introduction to Organic Thin Film Surface Modification

The chemical modification of surfaces, or surface chemistry, has been a major
topic of interest in materials science, medicine, and biotechnology since the 1990s.!
Surface modification is the use of organic molecules as a protective layer to prevent the
surface from changing adversely. A real world example of this is the coating on pots and
pans where an organic thin film adheres to the metal surface to prevent sticking and
corrosion.? Organic thin films are produced by molecules, with specific functionalities, that
attach through various mechanisms to surfaces.

Organic thin films are common in surface chemistry as they prevent corrosion?,
fouling®, and other oxidative processes® by providing a barrier at the surface. Both
functionality and thickness of organic thin films can be modified, resulting in their
implementation as important components of biosensors®, thin film transistors’, and
medical devices®. For instance, chemically robust thin films can withstand physical and
chemical stress aiding in the advancement of sensor technology.® Thin films that are
resistant to oxidation, i.e. thin flms on gold, aid in the advancement of corrosion and
fouling resistant technologies.

Organic thin film growth has been studied on transition metals, carbon, and silicon
surfaces.'® The crystalline nature of gold makes it an advantageous surface on which to
study organic thin film growth. Figure 1.1 depicts the (111) index arrangement within the
plane. Au(111) is a well-defined gold surface with few defects, and is known to be the
smoothest and most stable; therefore, it serves as an excellent substrate for organic thin

films.



Figure 1.1. Face-centered Cubic Crystal (111) Index. The black triangle represents the
(111) index.

1.2. Methods of Surface Modification

There are several techniques that can be used to generate thin films, such as self-
assembled monolayer (SAM)*! deposition and electrografting®. Although SAMs consist of
a stable thin layer, they do not allow for multiple layers to be formed, which can increase
the propensity for corrosion and fouling.'? Electrografting allows for covalent bonding to
the surface through single electron transfer (SET) from an organic molecule to an anode
to form a radical that covalently binds to the surface.! To circumvent the use of invasive
tools used in electrografting, visible-light photocatalysis can be used to achieve SET to
the organic molecule. Visible-light photoredox catalysis can also allow for multiple layers
to be formed.

Traditionally, visible-light photoredox catalysis has been used as a means to
synthesize small organic molecules.*® With this technique, metal complexes are used to
convert visible light into chemical energy to induce single-electron or energy transfer to
and from organic substrates. This process often induces the generation of carbon-
centered radicals that can be used for the synthesis of organic compounds. These
carbon-centered radicals have the ability to bond to a number of surfaces to form organic
thin films.2 In particular, Au(111) is used in the formation of thin films derived from aryl

radicals.14



1.3. The use of Fluoroarenes and Aryl lodides for Thin Film Formation

In 2014, the Ragains group demonstrated that aryl radicals produced from
arenediazonium salts using visible-light photoredox catalysis could attach to gold
surfaces to generate robust polyphenylene multilayered thin films.'> Although the
resultant thin films are robust, diazonium salts are unstable, unamenable to multistep
synthesis, decompose over a period of days or weeks at low temperature, and graft
spontaneously.*® To by-pass these problems, this work focuses on fluoroarenes and aryl
iodides due to their increased stability and amenability. Furthermore, photochemical
approaches with fluoroarenes and aryl iodides have not been widely investigated for
grafting organic thin films onto surfaces.

Weaver and coworkers have demonstrated the partial defluorination of arenes
using visible light photoredox catalysis.!’” Based on this work, | hypothesized that
polyfluoroaryl radical intermediates generated under these photoredox catalytic
conditions can form covalent bonds with gold surfaces as a mechanism for thin film growth
(Scheme 1.1). Fluorination of the benzene ring should prevent the further attachment of
pentafluorophenyl radicals to already-grafted units, ensuring the formation of monolayers.
Indeed, monolayer formation is rare in the areas of photografting and electrografting.
According to my design, the photocatalyst, Ir(ppy)s, is excited by visible light. The excited
photocatalyst then donates an electron to the polyfluoroarene to generate a radical that

can attach to the gold surface.

F F
F F F .
2mol% Ir(ppy)
F F DIPEA, MeCN, 45°C F F Au
F Blue LEDs, 0.5 h F

Scheme 1.1 Proposed Hexafluorobenzene Grafting to Gold Substrate
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Lee and coworkers have also demonstrated the formation of aryl radical
intermediates from aryl iodides using visible-light photoredox catalysis.*® Similar to the
fluorinated arenes, | proposed that the aryl radicals formed from aryl iodides will graft onto
gold (Scheme 1.2). In this instance, the photocatalyst that is used is Ir(ppy)2(dtbbpy)PFe.
N,N-Diisopropylethylamine (DIPEA) transfers an electron to generate an Ir(ll) species
which then transfers an electron to the aryl iodide, which loses the iodide anion to give
the aryl radical. This aryl radical can then interact with the gold surface to produce an
organic thin film.

3mol% Ir(ppy),(dtbbpy)PFg /_\\

Au

o DIPEA, MeCN, rt O

5 Blue LEDs o

/ /
Scheme 1.2 Aryl Radicals from Aryl lodides Grafting onto Gold Substrate

-Bu

PFe Ir]

N
t-Bu I

\ 7/ \ 7/

X
=

Ir(ppy)a(dtbbpy)PFg Ir(ppy)s
Figure 1.2. Photocatalysts Used

1.4. Methods for Characterization

To determine structure and function of the organic thin films formed through
photografting, several characterization techniques must be used. Verification of covalent
bonding of the polyfluorinated arenes and aryliodides can be determined using X-Ray

Photoelectron Spectroscopy (XPS)'® and Time-of-Flight Secondary lon Mass



Spectroscopy (TOF-SIMS)?°. Functional groups present in thin films can be determined
using the Grazing-angle Infrared Reflection Absorption Spectroscopy (IRRAS) method in
Fourier Transform Infrared (FTIR) spectroscopy. Also, determination of film thickness and
robustness may be achieved using Atomic Force Microscopy (AFM) and particle
lithography.2!

Particle lithography enables control over the deposition of the thin film.2?2 A SiO:
mesosphere (d = 500 nm) surface mask is deposited on an area of the gold substrate
preventing the thin film from covering areas blocked by the mask. Mesospheres cover the
gold surface in a hexagonally close-packed manner (Figure 1.2). In nanofabrication,
mesospheres are suspended in an aqueous solution and drop-cast onto the gold surface
then allowed to dry in ambient conditions. The mask is then annealed onto the gold
surface (A). The masked surface is then placed in the reaction solution containing the
organic molecules that will produce the thin film (B). After grafting of the thin film, the
mask is removed (C) leaving regions of bare gold substrate and a nanopattern of the

deposited thin film (D) (Figure 1.3). These sites are called nanopores.?3

Dm
" 5

Figure 1.3. Particle Lithography using a Mesosphere Mask
Atomic Force Microscopy (AFM) in conjunction with particle lithography enables

the depth of the thin film to be measured. AFM is used to measure surface morphological



properties through the scanning probe method (Figure 1.4). It is able to measure the
topography and friction between the probe and the surface through the use of three

modes: contact, tapping, and non-contact. These modes allow for imaging of the surface.

Photodetector

Cantilever

Figure 1.4. Basic Schematic of Atomic Force Microscopy

In contact mode, the tip is dragged along the surface while the deflection of the
laser on the cantilever is kept constant.?* In non-contact mode the tip does not have
contact with the surface, instead it oscillates at a selected frequency above the surface
and the surface is measured based on Van der Waals forces.?! Contact and non-contact
mode will give the same topography if the surface is dry. However, if the surface absorbs
any moisture, then non-contact mode will be unable to differentiate the water from the
actual surface. In contrast, contact mode can penetrate the moisture to give the surface
topography. In tapping mode the cantilever oscillates up and down at a variable
frequency.?® Tapping mode is used in nanoshaving and nanografting experiments of thin
films.26 Nanoshaving is the use of high force on the cantilever as the tip sweeps across
the surface.?’” This force is used to disrupt the thin film and expose the surface. The
stability of the thin film can be determined by the force applied to the AFM tip to remove

the thin film.



1.5. Research Significance

As mentioned previously, organic thin films, similar to the ones proposed in this
dissertation, are important components of biosensors®, chemical sensors®, and
corrosion/fouling-resistant coatings®. Since aryl iodides and fluoroarenes are more stable
than diazonium salts, they could be manipulated with multistep synthesis prior to grafting
on surfaces. This will enable the ability to functionalize thin films according to the
substituents on the fluoroarenes and aryl iodides. Thin film formation using photochemical
approaches with fluoroarenes and aryl iodides have not been widely investigated. Herein,
| report my efforts of using photoredox catalysis for functionalization of Au(111) surfaces.
Solutions of fluoroarenes and aryl iodides were irradiated at approximately 450 nm in the
presence of a photoredox catalyst, which resulted in the deposition of thin films that we
characterized using various methods.
1.6. Results and Discussion
1.6.1. Polyfluorinated Arene

To protect regions of Au(111) surface particle lithography was employed. A
surface mask of silica mesospheres were drop-cast, dried, and annealed to the gold
surface. The gold substrate was submerged in a solution of acetonitrile, polyfluorinated
arenes, DIPEA, and an iridium photocatalyst (fac-Ir(ppy)s) contained in an Erlenmeyer
flask with a nitrogen inlet. The solution was heated to 45°C and irradiated with blue LEDs
for 30 minutes. Upon completion, the gold substrate was removed from the reaction
solution and the mesosphere mask was removed via sonication by placing the gold
substrate in a solution of water and ethanol. AFM revealed the formation, or lack thereof,

of thin films through the hexagonal patterning of nanopores on the surface. The depths



of the nanopores were measured, and the presence of a thin film was identified. Figure
1.4 shows the formation of nanopores with a depth of approximately 6 nm using methyl
pentafluorobenzoate 2. One molecule of 2 is calculated to be 1 nm, so it was determined

that the electron donating group allowed for formation of multiple layers.

0 12 nm 0 11 nm

Figure 1.5. A thin film formed on Au(111) generated with an initial concentration of 10'M
2 after 30 minutes of irradiation. Nanopores were produced using immersion particle
lithography. (a) Topography image (5 x 5 um?) acquired in air; (b) a single nanopore (500
x 500 nm?); (c) cursor profile for the line in b.

This method was performed using other polyflourinated arenes,
hexafluorobenzene 1, methyl-pentafluorobenzoate 2, and pentafluorobenzonitrile 3,
under the same conditions (Table 1.1). The aim of testing materials 2 and 3 was to
determine if electron donating groups or electron withdrawing groups would affect the
formation of thin films. After determination of thin film formation, nanoshaving was used
to identify the robustness of the thin film. The area containing the nanostructure and the
surrounding organic thin film was subjected to a force of 10 nN. If the thin film remained
after this force then it would be determined to be a robust film.?® Figure 1.6 shows the

formation of the monolayer generated from 1. After the nanoshaving technique was used,

nanopores remained intact.



0 6 nm 0 7 nm

Figure 1.6. A thin film formed on Au(111) generated with an initial concentration of 101 M
1, after 30 minutes of irradiation. Nanopores were produced using immersion particle
lithography, where (a) topography image (1.5 x 1.5 ym?) acquired in air; (b) area after

10nN force applied using AFM tip (c) cursor profile for the line in a.

Table 1.1, below, outlines the outcome of each substrate. It was hypothesized that

in entries 1 and 3 substrates that contain an electron withdrawing group did not allow for

further radical attack as was determined from film thickness. All polyfluoroarenes survived

nanoshaving experiments. With thin film formation and robustness of polyfluoroarenes

confirmed by AFM, further characterization was carried out on 1.

Table 1.1. AFM Results of Polyfluoroaranes Studied

0.0
F CN
F F F FF F
F F F FF F
F F F
1 2 3

Irradiation Time*

Entry Polyfluoroarene Film Thickness

Nanoshave (at 10 nN)

(min)
1 1 30 1-2 nm Not successful
2 2 30 4-6 nm Not successful
3 3 30 1-2 nm Not successful

*[rradiation time remained the same for all polyfluoroarenes studied.



To determine organic structures on the surface of Au(111), grazing-angle IRRAS
in FTIR was used. This enabled the functional groups present on the surface to be
identified directly. The reported frequency for C-F stretching is within 1400-1000 cm™t.%7
For entry 1, the C-F stretching peak was apparent in the grazing-angle FT-IRRAS
spectrum (Figure 1.7). We attribute the strong peak around 1300 nm to the presence of
C-F bonds on the surface. However this did not confirm covalent attactment of

pentafluorophenyl units to the Au(111) surface.
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Figure 1.7. Grazing-angle FT-IRRAS spectrum of pentafluorobenzene thin film. Strong peak at around 1300 nm indicates
C-F stretching.
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To confirm the thin film was indeed generated from pentafluorobenzene, gold
samples XPS and TOF-SIMS analysis was performed. XPS surveyed thin film surfaces,
and elemental composition was determined (Figure 1.8). A survey of the binding energies
from surface composition is displayed in the spectrum. It is determined that no fluorine
was detected on the surface. The chemical and electronic state of the thin film on Au(111)
was determined using TOF-SIMS (Figure 1.9). The TOF-SIMS analysis showed gold with
some pentafluoroarene attached. This suggested that there was very little fluoroarene
grafting on the surface. Although thin film formation using fluoroarenes was inconclusive,

| was optimistic that my concurrent aryl iodide thin film grafting would be successful.
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Figure 1.8. XPS spectrum of pentafluorobenzene thin film. Shows binding energy with
respect to intensity of gold, carbon, and oxygen peaks.
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Figure 1.9. TOF-SIMS Spectrum of Pentafluorobenzene Thin Film. There is a peak
showing the pentafluorobenzene on the surface of gold.
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1.6.2 Aryl lodides

Once again, particle lithography and Au(111l) immersion in a photographting
solution was used for a variety of aryl iodides. An iridium catalyst (Ir(ppy)2(dtbbpy)PFs)
was irradiated with blue LEDs in the presence of several solutions containing aryl iodides,
DIPEA, and a submerged gold substrate. Formation of thin films was determined using
AFM. 1-iodo-4-methoxybenzene (5), pentafluoroiodobenzene (6), and methyl 4-
iodobenzoate (4) were studied and the outcomes are outlined in Table 1.2. Monolayer
thickness was achieved with compounds (4) and (6) using standard conditions. With
compound (5), concentration of substrate and irradiation time determined the thickness
of the thin film. Higher concentration at longer irradiation times yielded multilayer
thickness as shown in entry 7.

Table 1.2. Film Thickness determined by AFM of Aryl lodides Studied
|

F F
F F
| I '
4 5 6
Entry Aryliodides Concentration Ir'radlatlgn Film Thickness
Time (min)
1 4 0.1M 30 1nm
2 5 0.01 M 15 1nm
3 5 0.01 M 30 1-2 nm
4 5 0.01 M 45 1-2 nm
5 5 0.01 M 60 1-2 nm
6 5 0.1 M 30 1nm
7 5 0.1M 60 4-6 nm
8 6 0.1M 30 1nm
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Unfortunately, when nanoshaving was employed, none of the thin films survived
the 10 nN force. Figure 1.10 shows the formation of 1 nm nanopores of 1 and the

disruption caused by nanoshaving. Thus, aryl iodide thin films were found to not be robust.
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Figure 1.10. A thin film formed on Au(111) generated with an initial concentration of 10
M 2 after 30 minutes of irradiation. Nanopores were produced using immersion particle
lithography. (a) Topography image (5 x 5 ym?) acquired in air; (b) cursor profile for the
line in a; (c) zoom-in view (1.5 x 1.5 ym?); (d) the shaved area after 10 nN force applied
using AFM tip.
1.7. Conclusion

Interpretation of polyfluoroarene and aryliodide thin films characterization results,
made it evident that our hypothesis to form organic thin films in this manner was
inconclusive. Although we were able to form strongly bound thin films using

polyfluoroarenes in the reaction mixture, the amount of fluorinated compound on the

surface of the substrate was not significant enough to explore further. Nanoshaving
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experiments of aryl iodide thin flms showed that they were not robust. For these reasons,
we concluded investigation on this area of surface chemistry.
1.8. Experimental
1.8.1. Materials and Reagents

Hexafluorobenzene  (99%), methyl pentafluorobenzoate (99%), and
pentafluorobenzonitrile (99%), 1-iodo-4-methoxybenzene (98%),
pentafluoroiodobenzene (98%), methyl 4-iodobenzoate (97%), Ir(ppy)2(dtbbpy)PFs, fac-
Ir(ppy)s (99%), and diisopropylethylamine (99.5%) were purchased from Sigma-Aldrich
and used without further purification. 500 nm size sorted silica mesospheres were
purchased from Thermo Scientific. Glassware was flame dried under vacuum and
backfilled with dry nitrogen prior to use. The irradiation source for photografting reactions
of aryliodides were two 4 W sapphire blue LED flex strips from Creative Lighting Solutions
(Cleveland Ohio). Irradiation source for photografting reactions of fluoroarenes were 4
pre-mounted rebel star royal-blue LEDs from the Luxeon Star LEDs by Quadica.
1.8.2. Preparation of Gold Surfaces with a Mesosphere Mask

Template-stripped, ultraflat gold substrates were prepared by a previously
reported procedure.?® Gold films were prepared on mica(0001) by evaporative deposition.
Glass discs were glued to freshly prepared gold films using an epoxy (EPO-TEK, Billerica,
MA). Pieces of ultraflat gold/glass were stripped from mica to expose a clean, atomically
flat Au(111) surface. 500 nm size-sorted silica mesospheres were cleaned by
centrifugation and suspension in deionized water (three cleaning cycles). A 40 uL drop of
the silica mesosphere suspension was placed onto the template-stripped gold substrates,

dried in air for 24h, and then oven dried at 150°C for at least 48h. The final heating step
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was used to temporarily anneal the silica spheres to the substrate to prevent
displacement during immersion in solutions. After completing the chemical reactions,
removal of the surface mask was accomplished by sonication in ethanol/water solutions.
1.8.3. General Photografting Procedure for Fluoroarenes

Acetonitrile (MeCN) from a solvent purification system was dried over 3A
molecular sieves for 24h. Fluoroarene (0.2 mmol), fac-Ir(ppy)s (0.004 mmol), anhydrous
MeCN (2 mL) and diisopropylethylamine (DIEA) (0.66 mmol) were added to a dry 20 mL
test tube and sealed with a septum. The test tube was placed in an ice bath. A needle
connected to the nitrogen line was used to purge the solution for 15 min. A 125 mL
Erlenmeyer flask was flame dried and charged with a flat stir bar and the silica masked
gold substrate. The flask was sealed with a rubber septum and nitrogen purged. The
deoxygenated solution was added via syringe to the Erlenmeyer flask containing masked
gold and stir bar. The reaction flask was placed in an oil bath at 45°C and irradiated using
blue LED lights. The solution was magnetically stirred taking care that the stir bar did not
touch the gold substrate. After irradiation for the desired period of time, the solution was
decanted. The masked gold substrate was washed twice with 2 mL of deionized water
and twice with 2 mL of ethanol to remove extraneous material. The gold substrate was
sonicated in ethanol for >1 min to remove the mesospheres.
1.8.4. General Photografting Procedure for Aryliodides

Acetonitrile (MeCN) from a solvent purification system was dried over 3A molecular

sieves for 24h. Aryliodide (0.02 mmol or 0.2 mmol) and Ir(ppy),(dtbbpy)PFg (0.0006 mmol

or 0.006 mmol) were added to a flame dried 125 mL Erlenmeyer flask charged with a stir

bar. The gold substrate was added and the flask was sealed with a rubber septum
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equipped with nitrogen inlet. Anhydrous MeCN (2 mL) and DIEA were added to the flask
via syringe. The solution was magnetically stirred, ensuring that the stir bar did not touch
the gold substrate, and irradiated with blue LEDs. After irradiation for the desired period
of time, the solution was decanted. The masked gold substrate was washed twice with 2
mL of deionized water and twice with 2 mL of ethanol to remove extraneous material. The
gold substrate was sonicated in ethanol for >1 min to remove the mesospheres.

1.8.5. Experimental Set-up

.' 1 -
Figure 1.11. A Typical Au(111) Photografting Reaction Set-Up

1.8.6. Atomic Force Microscopy (AFM)

The samples were imaged using a model 5500 or model 5420 atomic force
microscope with Pico View v.1.12 software (Agilent Technologies, Chandler, AZ). Non-
conductive imaging probes from Bruker (MSCT, 0.01 — 0.6 N/m) were used to acquire
contact-mode images. Images were processed and analyzed using Gwyddion (v. 2.22),
an open- access processing software designed for AFM images, supported by the Czech

Metrology Institute.
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1.8.7. Photografting Procedure for Preparation of Samples for PM-IRRAS
Polycrystalline 100 nm  Au-film-coated glass slides obtained from
PlatypusTechnologies (catalog number Au.1000.SL1) and approximately cut into 1x1
inch sections then cleaned using UV/ozone for 24 hours. Arene (0.2 mmol), photocatalyst
(0.004 mmol), and diisopropylethylamine (DIEA) (0.66 mmol) were added to a 125 mL
Erlenmeyer flask charged with a stirbar. The freshly-cleaned Au film-coated glass was
then added and the flask was sealed with a rubber septum in an N2 environment.
Anhydrous MeCN (4 mL) was added and the reaction mixture was stirred at room
temperature (18°C). The reaction mixture was irradiated with blue LEDs for 3 hours. The
gold substrate was removed from the reaction mixture and washed with deionized water

(20 mL) and ethanol (10 mL) before analysis.
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CHAPTER 2. AN OVERVIEW OF O-GLYCOSYLATION
2.1. Importance of O-Glycosylation

Glycoscience, the study of simple and complex carbohydrates as free-standing
species or as they are attached to lipids and proteins, is of great interest across chemical
and biological sciences! Oligosaccharide-modified proteins and lipids are called
glycoproteins and glycolipids, respectively, and they belong to the class of molecules
known as glycoconjugates.? Glycoconjugates on cell surfaces serve as important
mediators of intercellular recognition*, adhesion®, and viral infection® among many other
things. Because of the role glycoconjugates play on the surface of cells, carbohydrates-
based therapeutics can be used to target specific diseases by mimicking or disrupting (for
example) the molecular recognition events in disease that are dependent on
carbohydrates.!

O-linked glycosylation, or O-gycosylation, is the attachment of the anomeric center
of a monosaccharide or the reducing-end anomeric center of an oligosaccharide to an
oxygen atom. O-Glycosidic compounds are the most abundant carbohydrates in nature.
Isolating these oligosaccharides from natural sources provides small amounts of often
complex mixtures.” Unfortunately, synthesis of oligosaccharides has proven to be difficult
due to the abundance of glycosidic linkages which are often hard to install in high yield
stereoselectively.® To overcome difficulties associated with stereoselectivity, yields, and
harshness of the reaction conditions, several procedures have been developed with the
goal of facile O-glycosylation.® Several factors must be considered in the development of
new O-glycosylation procedures such as, glycosyl donor stability, glycosyl acceptor

reactivity, solvent properties, protecting group choice, and mode of activation.
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2.2. Glycosylation Mechanistic Pathways and Stereochemical Factors
Disaccharides are made through the formation of glycosidic bonds, which are
formed when a glycosyl acceptor (typically an alcohol, ROH) attaches to the anomeric
carbon of the glycosyl donor 2.1. In O-glycosylation, acceptor replaces a leaving group
(X) on the anomeric carbon of the glycosyl donor either through associative or dissociative
mechanisms (Scheme 2.1). The resulting glycosidic linkage could be either an alpha (1,2-
cis) 2.2 or beta (1,2-trans) 2.3 configuration. If the glycosidic C-O bond is trans with the
Cs-Cs bond then the configuration is said to be alpha. If these same bonds are cis to each
other then the configuration is said to be beta. An activator is often used in either catalytic

or stoichiometric quantities to promote and drive the formation of the glycosidic linkage.

RO RO RO
Cs Ce Ce
Cs,_Cs 0] ROH C4,_Cs @) Ca, G5 O
G C, 6Ci Cs co~fc, + Cs o OR
RO Yy RO RO ©
OR
21 2.2 2.3
Alpha (o) Beta (B)

C,: anomeric carbon
Scheme 2.1 Glycosidic Linkages

2.2.1. Sn1 (Dissociative) or Sn2-Like (Associative) Mechanistic Pathways

Two commonly proposed chemical O-glycosylation mechanisms are the Sn1 and
Sn2-like mechanisms (Scheme 2.2). In the Sn1 pathway, the glycosyl donor’s leaving
group is activated by an electrophilic promoter “E” to generate 2.5. After loss of the now-
activated leaving group, there is a formation of an oxocarbenium ion 2.6. The glycosyl
acceptor attacks the glycosyl donor at either face to form the glycosidic bond, which
results in a mixture of alpha and beta linkages designated by structure 2.7. The Sn2-like
mechanism proceeds through the activation of the leaving group “X” by an electrophile

“‘E” resulting in 2.9. This then enables direct backside attack of the acceptor on the
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anomeric carbon of the donor 2.9. This proceeds through the caged pair transition state
2.10 resulting (for instance) in the alpha anomer 2.11. Partitioning between the Sn1 and
Sn2-like mechanisms can be highly dependent on protecting groups (electron-
withdrawing groups favor Sn2-like by destabilizing 2.6), solvent dielectric constant (high
¢ favors Sn1 by stabilizing 2.6), and the nucleophilicity of ROH (poor nucleophiles result

in more Sn1 whereas stronger nucleophiles result in more Sn2-like mechanism).

O
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X X‘E
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s
. o) Activation 0 ROH 0 -H O
sn2-like /2 x . < g — Ké—f(@ @
OR

2.8 2.9 ROH

2.10 2.1

Scheme 2.2 Glycosylation Mechanistic Pathways

2.2.2. Neighboring Group Participation

Beta glycosyl linkages can be synthesized easily using neighboring group participation
(NGP), which follows the Sn1 mechanism as shown in Scheme 2.3. Acyl protecting
groups (i.e. benzoyl-, acetyl-, pivaloyl-) in the C2 position facilitate the formation of a beta
linkage. After loss of the leaving group and formation of the oxocarbenium ion, the lone
pair on the carbonyl 2.13 adds to the anomeric carbon forming the dioxolenium ion 2.14.
This only allows equatorial attack by the acceptor forming the beta linkage 2.15. Methods

to form alpha glycosidic linkages have been developed, but are not as universal as NGP.
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Scheme 2.3 Neighboring Group Participation to Generate beta-Anomer

2.3. Anomeric Effect

The term anomeric effect, also known as the Edward-Limeux effect, was first
introduced in 1958 at a meeting of the American Chemical Society. It is the tendency of
an electronegative atom to assume the axial orientation rather than equatorial at the C1
position on a pyranoid ring.® Molecular orbital theory (MOT) and dipole moment theory
(DMT) have been used to explain this effect!! (Figure 2.1). The electrostatic repulsion
between the ring oxygen and the C—X bond is lessened when the C—X bond is axial as
in 2.16. This is due to the dipole moments opposing each other making it more stable and
preferred to 2.17. The MOT further explains the anomeric effect. Through
hyperconjugation, lone pairs on the heteroatom add to the aligned sigma* antibonding
orbital of the C—X bond and provide stability as in 2.18. The anomeric effect is important
when interpreting glycosylation outcomes, but it is also important to mention that O-
glycosylation frequently occurs under kinetic control whereas the anomeric effect is

explained using thermodynamic arguments.'?
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Figure 2.1. Dipole Moment Theory (DMT) and Molecular Orbital Theory (MOT) to explain
the Anomeric Effect

2.4. Solvent Effect

The solvent used in a glycosylation reaction can affect the stereochemical
outcome. In the absence of neighboring group participation, solvent effects can dominate
the stereochemical outcome of chemical glycosylation. In general, nonpolar solvents such
as toluene, dichloromethane, and dichloroethane are non-participating solvents, meaning
that their interaction with oxocarbenium ions like 2.6 in Scheme 2.2 is minimal. Due to
their nucleophilicity and tendency to interact with oxocarbenium ions, ether and nitrile
solvents can have a profound effect on stereochemical outcome (Scheme 2.4).

Weakly polar and participating solvents such as dioxane??, diethyl ether'* (Et.0),
and tetrahydrofuran!® (THF) 2.21 drive the formation of alpha-glycosidic linkages.
Coordination of the solvent to the oxocarbenium ion via its p-face to generate

intermediates like 2.21 (Scheme 2.4) forces the glycosyl acceptor to attack the a-face.'®
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Scheme 2.4 Solvent Effects of Acetonitrile and 1,4-dioxane

The use of participating polar solvents like acetonitrile and propionitrile to promote
formation of g-glyosidic linkages has been widely studied. In 1990, Fraser-Reid and
coworkers studied the formation of a-nitrilium ion intermediate 2.23 which is kinetically
favored upon generation of 2.20.16 This forces the glycosyl acceptor to attack from the -
face.l’

A more recent theory on solvent effect, proposed by Satoh and Hlinenberger, used
guantum mechanical (QM) and molecular dynamic (MD) simulations to probe the
mechanism of solvent effect. In a concept termed the “conformer and counterion
distribution” hypothesis??, it is suggested that the solvents are not actively participating in
the glycosylation mechanism (Scheme 2.5). Instead, the conformation of the
oxocarbenium ion is determined by the polarity of the solvent.8 In addition, the position
of the counterion determines which face the acceptor attacks. In ethereal solvents, the
oxocarbenium ion assumes a “Hs conformation 2.25, where the counterion is situated at
the p-face. This only allows for nucleophilic attack of the glycosyl acceptor from the a-
face. In acetonitrile the oxocarbenium ion adopts the B2,s conformation 2.27. The triflate

counterion is located on the a-face allowing for attack on the g-face.
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Scheme 2.5 Solvent effects using QM and MD

The use of toxic solvents such as ether, acetonitrile and dichloromethane has
grown increasingly prohibitive. Thus, more environmentally friendly approaches to solvent
choice are being investigated. Toshima and coworkers studied the use of ionic liquids as
a green solvent for glycosylation.® In their study, the protic acid counterion (-NTf.) for the
ionic liquid (Cemim[NTf2]) salt was used to promote glycosylation. These authors were
able to achieve moderate to good yields with no stereoselectivity observed.
2.5. Glycosyl Acceptors

Glycosyl acceptors play an important role in the stereochemical outcome of a
glycosylation reaction. As previously mentioned, the glycosyl acceptor is an alcohol that
acts as the nucleophile in the reaction. The nucleophilicity of the acceptor can effect the
mechanistic pathway of the glycosylation. Less reactive nucleophiles follow the Sn1
pathway while more reactive nucleophiles follow the Sn2 pathway.?° Primary alcohols are
more reactive than secondary, because they are stronger nucleophiles. Due to steric
hinderance and nucleophilicity, the Ca glycosyl acceptor is especially unreactive.
Equatorial alcohols are more nucleophilic than axial, thus making them more reactive.
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The nucleophilicity of glycosyl acceptors can also be modulated based on the
protecting groups. Acyl (PG = Bz, Piv) protecting groups located within an acceptor are
deactivating due to electron withdrawing effects. On the other hand, electron donating
groups (PG = Bn, Me) increase nucleophilicity while the bulkiness of protecting groups
decreases reactivity.

To better illustrate the hierarchy of acceptor nucleophilicity, an example is given in
Figure 2.2. The primary alcohol at the left is the most nucleophilic while the least
nucleophilic Cs acceptor at the far right is greatly hindered by the bulky tert-
butyldimethylsilyl group. Electron-withdrawing effects and steric effects modulate the

reactivity of the three acceptors in the middle.

HO HO BnO BnO Si-o
0 0 0 o 5 0
BnO > BzO > HO > BnO > HO
BnO BzO BnO BnO BnO_“
BnO O\ BzO O\ BnO O\ O\ n O\

Figure 2.2. Nucleophilicity of Glycosyl Acceptors
2.6. Glycosyl Donors

2.6.1. Protecting Groups

BzO BnO OTBS OBn
Bzcﬁo Bnﬁo l &o
BzO BnO -
BzO g BnO g TBSOOTBS LG
A B C
Disarmed Armed Superarmed

Figure 2.3. Protected Glycosyl Donors
In carbohydrate chemistry, protecting groups are often used to mask the multiple
sites of reactivity in a sugar molecule. Similar to glycosyl acceptors, protecting groups
can have a profound effect on reactivity in O-glycosylation. Fraser-Reid stated it best:

“Protecting groups do more than protect”.?! The most notable example of this is the use
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of an acyl group in the C2 position for NGP.?2 Considering the role of protecting groups
more deeply, Fraser-Reid was the first to classify protecting groups by their ability to
stabilize oxocarbenium ions generated from glycosyl donors.?® He categorized ester
protecting groups as “disarming” and alkyl protecting groups as “arming” (A and B, Figure
2.3). It was found that the reactivity of donors exhaustively protected with disarming
protecting groups was decreased compared to donors exhaustively protected with arming
protecting groups due to the electron withdrawing effects of the acyl group. This is
because the formation of oxocarbenium ions (Sn1 mechanism) or contact ion pairs (Sn2-
like mechanism) is more facile with electron-releasing arming groups and less facile with
electron-withdrawing disarming groups. Protecting groups that confer higher reactivity
than perbenzylation (arming groups) of donors are called “superarming.” Bols and
coworkers observed a conformational change in glucose donors when persilylating with
the tert-butyldimethylsilyl (TBS) group. The resulting conformational shift from 4C1 to a
skew-boat confirmation?®* (Figure 2.3) resulted in the pseudoaxial disposition of “OTBS”
at positions 2, 3, and 4. The resulting proximity of pseudoaxial oxygens stabilizes the as-
formed oxocarbenium to an extent much greater than that of benzyl groups. As a result,
persilylated donors like C in Figure 2.3 are more reactive than their perbenzylated
counterparts. As a result, Bols and co-workers classified systems like C as
“superarmed”.?®
2.6.2. Glycosyl Halides

The stability of glycosyl halides is as follows: fluoride > chloride > bromide > iodide.
Bromides and chlorides have been the most used and widely studied of the glycosyl

halides.?® Keonigs and Knorr were the first to report glycosyl halides as viable donors in
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1901.?7 A range of heavy metal (mercury and silver) salts were used to activate glycosyl
bromides and chlorides.?® These salts are considered halophiles and include: AgOTHf,
AgCIlOa, HgCl2, and Hgl2.2° In 1975, Lemieux and coworkers introduced a mild and metal-
free way to catalyze glycosyl bromides and chlorides.3°

Glycosyl iodides were studied as a way around the use of heavy metals due to
their increased reactivity.3! lodides are very unstable, but their reactivity is tunable
through varying the protecting groups on the donor.3! Activation is achieved through non-
metals such as tetrabutylammonium iodide - N,N-diisopropylethylamine (TBAI-DIEA)3?
and N-iodosuccinimide -lodine - Trimethylsilyl trifluoromethanesulfonate (NIS-I2-
TMSOTY).2® Gervay-Hague and coworkers demonstrated the utility of TBAI-DIEA to
activate glycosyl iodides,®? and this approach is particularly mild and user-friendly

(Scheme 2.6).
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Scheme 2.6 TBAI-DIEA Activation of Glycosyl lodide

The stability of glycosyl halides drastically improves when using glycosyl fluorides.
In 1981, Mukaiyama and coworkers showed that the glycosyl fluorides could be activated
by AgClO4 and SnCl2.34 Although glycosyl fluorides have a longer shelf life and are easily
purified, they require special conditions for activation.3®> Glycosyl halides have proven to
be a useful tool in glycosylation; however, the instability of these compounds make other

glycosyl donors more desirable.
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2.6.3. Glycosyl Imidates

Glycosyl imidates are a group of highly reactive donors that are widely used and
very versatile. Trichloroacetimidates were the first glycosyl imidate introduced to chemical
glycosylation in 1980 by Schmidt and coworkers.2® This group of donors can use a range
of promotors such as the mild p-toluenesulfonic acid (TsOH)3’ or the more popular
activators TMSOTf3® and BFz*Et20%. Yu and coworkers found that when phenol is the
acceptor BFs+*Et20 is the better promoter, giving only the f anomer.*° Some methods that
have been developed use mild lanthanide salts such as Yb(OTf)s demonstrating that
activation does not require harsh protic or lewis acids.*! Trichloroacetimidates are
activated by protonation of (or Lewis-acid coordination to) the nitrogen in 2.32. This
prompts the imidoyl group to leave 2.34 and generates the trichloroacetamide by-product
2.35 along with the glycosyl product 2.37. Although trichloroacetimidates are highly
useful, they are very unstable and require use within two days or storage of -30°C or less.

They also readily decompose in solution.
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0 © o9 0
BnO NH BnO (NH; BnO ) NH,
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PR 2.36 2.37
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Scheme 2.7 Mechanism for Trichloroacetimidate Donor Activation Using p-
Toluenesulfonic Acid

29



Thioimidates have been used by Demchenko and coworkers in their one-pot
strategy for oligosaccharide synthesis.*? Two classes of thioimidoyl derivatives, S-
benzoxazolyl (SBox) and S-thiazolyl (STaz) glycosides, were used to synthesize a
tetrasaccharide. Using AgOTTf as the activator, these investigators were able to alkylate
the STaz group 2.39, facilitating the departure of the thioimidoyl group 2.41 along with the

glycosyl product 2.43.
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Scheme 2.8 AgOTf promotion of Thioimidates

2.6.4. Chalcogenoglycosides

Chalcogenoglycosides, including thioglycosides and selenoglycosides, are
popular among synthetic chemists, due to their easy synthesis and handling.
Chalcogenoglycosides are very stable and can undergo several synthetic manipulations.
Due to their stability, chalcogenoglycosides need strong promoters to facilitate the loss of
the leaving group. Mercury and silver salts such as PhHgOTf and AgOTf*® were used in
glycosylation using simple sugars. In later years, thiophilic and selenophilic promoters4+
45 (i.e. MeOTf, NIS/TfOH, IDCP) were used to generate the selenonium and sulfonium

ions from sulfides and selenides. These are better leaving groups and allow for the
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formation of the oxocarbenium ion intermediate. In 1987, L6nn demonstrated the use of

the methylating compound MeOTf as a facile activating agent (Scheme 2.9).4°
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Scheme 2.9 Thioglycoside Activation Using Methylating Compound
A. Selenoglycosides
To form selenonium ions under milder conditions, selenoglycosides have been
activated using a variety of methods. One method is using photochemistry to promote
thioglycosides. Spell and coworkers found that irradiation via visible light resulted in a-

selective formation of O-glycosylation products*® (Scheme 2.10).
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Scheme 2.10 Visible-Light Promoted Activation of Selenoglycoside
B. Thioglycosides
Thioglycosides were first introduced in 1973 by Ferrier and coworkers.*” In the
facile generation, of thioglycosides, a thiol nucleophile is used to attack the anomeric

carbon of 1,2-trans-diacetates, glycosyl halides, or trichloroacetimidates to produce the

target product.*8
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Sinay and coworkers used an electric current to activate thioglycosides® through
single electron transfer (SET) resulting in the formation of a sulfur radicalcation. After the

radical cations were irreversibly fragmented, the oxocarbenium ion is generated (Scheme

2.11).
OBn OBn
BEB‘% \C L B”wﬂ : Bg‘ﬁ
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Scheme 2.11 Electrocemical Glycosylation Approach
Photochemical and acid promotion have been used in the activation of
thioglycosides. Spell and coworkers were able to show that pi stacking with the glycosyl
donor and Umemoto’s reagent allowed for glycosylation to occur during light promoted
glycosylation.>! Lacey and coworkers were able to develop mild glycosylation conditions

using catalytic amounts of TfOH, in DCM at room temperature (Scheme 2.12).52
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Scheme 2.12 Acid and Light Promoted O-Glycosylation
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In situ sulfonate formation from thioglycosides is another glycosylation method. A
widely used application of sulfonates was discovered by Crich and Sun.>® Their 4,6-O-
benzylidene-directed (-manno-sylation has been used in the synthesis of many
mannose-containing glycans. One example from the Crich group is their synthesis of -

D-rhamnopyranosides®* (Scheme 2.13).

OBn CN
PhJV 0 OBn - PhSOTf /g OBn OBn
. | Ph
oL *%g NG J“&g
SPh lo o BnO
2.50 pr’ OTE oTf OTf
2.52 2-53
2.51
OMe
HO /L
o}
(0] OBn
)< Ph%&/ W 89% B only
2.54

Scheme 2.13 In Situ Forni;ilon of Glycosyl Sulfonates for the synthesis of 3-D-
rhamnopyranosides

Overall, chalcogenoglycosides provide for stable glycosidic precursors that can
withstand multiple synthetic manipulations. They can also be activated in a multitude of
ways, which allows for mild glycosylation conditions.
2.7. Conclusion

Oligosaccharides have proven to be a vital component in nature. Stereoselective
glycosylation methods are of great interest in glycoscience. The parameters mentioned
in this chapter have to be considered in the development of a stereoselective
glycosylation protocol. Development of glycosyl donors that are stable and tunable, so
that they follow the desired mechanistic pathway, is of growing interest in carbohydrate

chemistry. Efforts towards the development of selective glycosylation methods will be

discussed in the upcoming chapters.
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CHAPTER 3. ORTHOGONALITY OF 4-(4-METHOXYPHENYL)-3-
BUTENYLTHIOGLYCOSIDES IN O-GLYCOSYLATION

3.1. Introduction

Oligosaccharides have proven to be important in biological processes.* Their post-
translational conjugation to proteins is ubiquitous in nature, and their attendant roles in
(among many other things) molecular recognition events suggests that they are an
important target for therapeutics.! However, isolation of oligosaccharides in pure,
serviceable quantities for biochemical characterization has proven to be very difficult. To
overcome this problem, synthetic chemistry has been used for the de novo preparation
of these oligosaccharides. There are numerous synthetic and purification steps to prepare
a targeted oligosaccharide. O-glycosylation, the reaction of alcohol acceptor with the
anomeric center of a glycosyl donor, is arguably the most important reaction in this
process. To improve the synthetic efficiency of O-glycosylation, an array of approaches
have been employed, which include arming/disarming? strategies, latent-active
strategies®, one-pot strategies®, and orthogonal/semi-orthogonal®>® approaches. Each
have a specific purpose in oligosaccharide synthesis, but the orthogonal technique is
employed to assemble oligosaccharides selectively. For instance, the armed-disarmed
strategy is the condensation of an armed donor with a disarmed acceptor (Scheme 3.1).
As stated in Chapter 2, “armed” and “disarmed” are terms for the reactivity conferred by
electron-withdrawing and electron-donating protecting groups on glycosyl units. This
allows for a chemoselective method of glycosylation. In orthogonal glycosylation strategy,
* This chapter was adapted with permission from a portion of the article, Lacey, K.;
Quarels, R.; Du, S.; Fulton, A.; Reid, N.; Firesheets, A. “Acid-Catalyzed O-Glycosylation

with Stable Thioglycoside Donors”, Org. Lett. 2018, 20, 5181-5185, Copyright 2020
American Chemical Society.
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one leaving group is activated while the other remains intact (Scheme 3.1). This enables

oligosaccharide synthesis independent of the reactivities of the components.
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__promotera _ N _PIOTMOeT D
LGb w

Orthogonal Glycosylation Strategy
Scheme 3.1 Chemoselective Activation Strategy and Selective Activation Strategy

To construct oligosaccharides orthogonally we must first look at the glycosyl units.
Thioglycosides and trichloroacetimidates (TCAIs) are two main workhorses in O-
glycosylation (Figure 3.1). As stated in Chapter 2, TCAIs are activated by protonation or
coordination to the nitrogen group of the imidate by a range of promoters. TCAls are
highly reactive, and are activated even under mildly Bransted- or Lewis-acidic conditions.’
Unfortunately, TCAIs are unstable, and the imidate functionality does not survive
multistep synthesis. Thioglycosides, on the other hand, are very stable with the sulfide
moiety surviving a host of strongly acidic and basic conditions. As a result, thioglycosides
are amenable to multistep synthesis.?2 As of 2018, an unmet goal in the area of

carbohydrate synthesis was development of a donor that combined the stability of
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thioglycosides with relative ease of activation associated with TCAIs. To achieve this

elusive combination, the Ragains group developed a new class of donor.

RO RO RO _
RO RO O NH RO O
RO\%\OSR Roﬁ )y RO s P
RO RO “o0">ccl, RO O
Thioglycoside TCAI MBTG

Figure 3.1. Structures of Glycosyl Donors

The Ragains group has developed a new class of thioglycosides: 4-(4-
methoxyphenyl)-3-butenylthioglycosides (MBTGs)® (Figure 3.1). MBTGs are stable,
amenable to multistep synthesis, and activated using mild conditions. These
thioglycosides have been activated through visible-light irradiation in the presence of
Umemoto’s reagent!® (Scheme 3.1) and by using catalytic amounts of acid at room
temperature® (Scheme 3.2). In optimization studies for acid catalyzed glycosylation of
MBTGs the donor was unreactive at low temperatures. Due to TCAIs high reactivities
they are reactive at low temperatures such as -20°C. This prompts the question: can
controlling the temperature enable orthogonal activation of TCAIs in the presence of
MBTGs? Herein, | report my efforts toward developing an orthogonal glycosylation with a

TCAI in the presence of MBTG using temperature control.
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3.2. Results and Discussion
3.2.1. Synthesis of MBTG Glycosyl Acceptor

To test my of orthogonality hypothesis, the acceptor being synthesized must be an
MBTG with a free hydroxyl that will act as an acceptor in O-glycosylation with a TCAI.
The Ce position was chosen for glycosylation because of its high reactivity as a 1° alcohol
acceptor. Also, benzoyl (Bz) protection was implemented because of synthetic
practicability (Figure 3.2). The synthesis of 2,3,4-benzoylated MBTG Ce acceptor starts

with the coupling of mercapto glucose 3.1 and alkyl iodide 3.2 using 1,8-
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Diazabicyclo[5.4.0Jundec-7-ene (DBU) to obtain the tetraacetylated MBTG 3.3 (Scheme

/O/\/\/I
AcO 0 . o}
AcO SH AcO
DBU, DCM, RT, 1.5h AcO S o

89% yield AcO

3.4).1

33
Scheme 3.4 Synthesis of Tetraacetyl MBTG

Synthesis of the alkyl iodide 3.2 begins with generation of the phosphonium salt
3.4 by melting triphenylphosphine at 120°C and adding 3-bromopropanol.? Next, a Wittig
reaction using the phosphonium salt and p-anisaldehyde in the presence of lithium
bis(trimethylsilyl)lamide (LHMDS) forms the alcohol 3.5 in 67% yield.'® lodination of
alcohol under Appel conditions using iodine, triphenylphosphine, and imidazole in
dichloromethane to generates alkyl iodide 3.6 in 89% yield to finalize the synthesis.'*
Synthesis of the 1-mercapto glucose 3.8 is straightforward starting with the
pentaacetateglucose 3.7. First, bromination of the Ci position followed by sulfur

displacement of the bromide generates the mercapto glucose 3.8 in a 42% 2-step yield.1®

©  4-Anisaldehyde
PPh, ® Br LIHMDS
HO™™"Br —— = = HO PPN T e
-20°C - rt
3.4 67% yield
0
- \©\/\/\ = T /O\©\/\/\
>
OH  imidazole, DCM = |
35 89% yield 26
AcO AcO CS, AcO
AcO 0 33% HBr/ACOH AcO O  NayS'9H,0 Acw
AcO Ac,0, DCM, 4°C . AcO DMF, t AcO SH
AcO  OAc ACO Br 429 yield AcO
3.8

3.7
Scheme 3.5 Synthesis of Alkyl lodide and Mercapto Glucose
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After coupling, tetraacetylated MBTG 3.3 was then globally deprotected using
triethylamine, water, and methanol.® Without purification, tetraol 3.9 was subjected to tert-
butyldimethylsilyl chloride (TBDMSCI) to protect the Ces position selectively, which
resulted in 3.10 in a 78% 2-step yield.°® Benzoyl protection was employed on the
remaining free hydroxyl groups (3.11). Tetra-n-butylammonium fluoride (TBAF) and
acetic acid were used to remove the TBDMS group to afford the desired acceptor 3.12 in

guantitative yield.

HO
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AcO () MeOH, Hzo, Et3N HO#S)S(\/\@
ACOE\Z‘/—S o~ rt, 18h HO o~
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3.9
3.3
\S'/
%/ i 0
TBDMSCI, imidazole o o0r NF BzCl, DMAP
THF, RT HO S - pyridine
78% yield HO 0O 92% yield

o 3.10
I
%/ o OH
= =
BzO S O/ THE BzO S

BzO quantitative yield BzO o

3.11 3.12
Scheme 3.6 Final Steps for Synthesis of Ce MBTG Acceptor

-

3.2.2. Synthesis of TCAI Donor

Due to the high reactivity of TCAIs, they must be used as soon as possible after
preparation in order to achieve optimal yields.'® To ensure the beta anomer is generated
preferentially Bz esters were installed on all free hydroxyls of the donor. To begin the
synthesis of tetrabenzoyl TCAI 3.14, glucose was globally protected using benzoyl
chloride in pyridine to afford 3.13 in 89% yield. Next, the Ci1 position was selectively
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deprotected using methyl amine in THF 3.14. Lastly, using trichloroacetonitrile in the
presence of DBU in DCM, the desired TCAI donor 3.15 was synthesized in 70% vyield.’

Glycosylation of acceptor with donor was conducted within 24h of synthesis of the donor.

HO BzO
Hlaoﬁo BzCl 820 o CHSNH,
HO pyridine BzO THF

OH 899 yield BzO  “oB;  65% yield
3.13
BzO BzO
BZ%O CCISCN BB(Z)O\ﬁAO NH
BzO z
520" %, DBU.DCM 8200 g )J\CCIS
70% yield
3.14 3.15

Scheme 3.7 Synthesis of TCAI Donor

Glycosylation of the MBTG acceptor 3.12 with the TCAI donor 3.15 with 10 mol%
TMSOTf at -20°C in DCM provided 64% yield of disaccharide 3.16 (Scheme 3.7).
Activation of the TCAI was accomplished without unwanted activation of the MBTG at -
20°C. To further demonstrate the utility of this approach, the disaccharide underwent an
additional glycosylation of the alcohol acceptor 2,3,4-tri-O-benzyl-a-D-glucopyranoside
with 10 mol% of TMSOTTf in DCM. The trisaccharide 3.17 was synthesized in 17% yield
at room temperature (18°C) (Sheme 3.7). This supports my hypothesis that the second

activation of the MBTG sidechain could occur at room temperature but not at -20°C.
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Scheme 3.8 Orthogonal Synthesis of Trisaccharide

3.3. Conclusion

Orthogonal glycosylation to generate a trisaccharide product was accomplished
through temperature control. Although MBTGs cannot be activated at low temperatures,
TCAIs can. This enables the selective activation of TCAIs in the presence of MBTGs.
Further optimization must be conducted for the synthesis of the trisaccharide to increase
yield. The scope of this study will be expanded by using common donors for trisaccharide
synthesis.
3.4. Experimental
3.4.1. General Methods
H NMR and '3C NMR spectroscopy was conducted using a Bruker AV-400 spectrometer
or a Bruker AV-500 spectrometer. Mass spectra were attained using an Agilent 6210
electrospray time-of-fight mass spectrometer. All materials were received from
commercial suppliers and used without further purification. Flash column chromatography

was accomplished using high purity grade 60 A silica gel (Fluka® Analytical). Qualitative
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TLC was performed on aluminum sheets (Merck, silica gel, F254) and observed via UV
absorption (254 nm) and staining with anisaldehyde.

Synthesis of MBTG Acceptor 3.12:

1. MeOH, H,0,
EtsN
2. TBDMSCI,
AcO imidazole (78%, HO

_ imic _
AC%K\A@\ steps) BZO\’;\ZISSK\/\Q\
AcO S 0~ 3.BzCl, DMAP, BzO o~

AcO pyridine (92%) BzO
3.3 4. TBAF, AcOH, 3.12
THF (quant. %)

Synthesis of (E)-4-(4-methoxyphenyl)-3-butenyl-p-D-1-thio-6-O-tert-

butyldimethylsilylglucopyranoside 3.10:

\S_/
%/ I*O
=
Hﬁﬁm
HO O/

HO
3.10

To a solution of MeOH (2.4 mL), H20 (0.30 mL), and Triethylamine (0.30 mL) was added
to 3.3 (0.36 mmol, 0.19 g) and allowed to stir at room temperature (17°C) overnight (18h).
The solution was concentrated to yield the deacetylated thioglycoside and then co-
evaporated with toluene (3 x 10 mL) to afford the tetraol (0.160 g) as a white solid. The
tetraol was taken forward without further purification. The tetraol (0.102 g, 0.286 mmol)
was dissolved in THF (3.8 mL) in a round bottom flask. TBSCI (0.127 g, 0.841 mmol) was
added followed by imidazole (0.095 g, 1.20 mmol). The reaction was allowed to stir at
room temperature until complete according to TLC analysis (1.5h). The reaction was then
diluted with EtOAc (50 mL), and washed with H20 (2x15mL). The organic layer was dried

over Na2SO4, and concentrated. Purification by silica gel chromatography (gradient run
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from 30% EtOAc in hexanes to 100% EtOAc). Purification yielded 0.102 g (78%) of 3.10
as a colorless oil. *H NMR (500 MHz, CDCI3) 8 7.27 (d, J = 9.0 Hz, 2H), 6.84 (d, J = 8.3
Hz, 2H), 6.38 (d, J = 15.8 Hz, 1H), 6.12 — 5.99 (m, 1H), 4.36 (d, J = 9.7 Hz, 1H), 3.94 (dd,
J=10.4, 4.9 Hz, 1H), 3.85 — 3.80 (m, 1H), 3.80 (s, 3H), 3.59 (m, 2H), 3.52 (s, 1H), 3.40
(m, 2H), 3.15 (br s, 1H), 2.81 (td, J = 12.0, 5.1 Hz, 2H), 2.71 (br s, 1H), 2.57 — 2.46 (m,
2H), 0.90 (s, 9H), 0.10 (s, 6H). *3C NMR (126 MHz, CDCI3) d 159.1, 131.2, 130.2, 127 .4,
125.8, 114.2, 86.0, 78.1, 77.8, 73.0, 72.3, 64.9, 55.4, 33.9, 30.1, 26.0, 18.3, -5.33, -5.34.
HRMS m/z Calcd for C23H3806SSiNa (M+Na)* 493.2070, found 493.2075. [a]p?® = -15.3
(c=0.92, DCM). IR (cm™): 3390, 2927, 2855, 1743, 1607, 1511, 1463, 1247, 1175, 1146,
1069, 1036, 965, 836, 779, 576.

Synthesis of (E)-4-(4-methoxyphenyl)-3-butenyl)-2,3,4-tri-O-benzoyl-6-O-tert-

butyldimethylsilyl-B-D-1-thioglucopyranoside 3.11:

N
%/ I‘O
=
BZOL%B
BzO S o~

BzO
3.11

3.10 (0.42 g, 0.85 mmol) was dissolved in pyridine (3 mL) in a round bottom flask and
allowed to stir at room temperature (18°C). BzCl (0.44 mL, 3.8 mmol) was then added
and allowed to stir until complete according to TLC analysis (16h). The solution was then
diluted with EtOAc (6 mL). The organic layer was washed with sat. NaHCOz3 (ag.) (2mL)
then dried over Na2S0Oa4, and concentrated. Silica gel chromatography (isocratic run 5%
EtOAc in hexanes) yielded 0.612 g (92%) of benzoylated thioglucopyranoside as a white
foam. IH NMR (500 MHz, CDCl3) 5 7.93 (m, 4H), 7.81 (d, J = 7.3 Hz, 2H), 7.54 — 7.47 (m,
2H), 7.41 (t, J = 7.5 Hz, 1H), 7.39 — 7.33 (m, 4H), 7.30 — 7.24 (m, 2H), 7.22 (d, J = 8.7
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Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 6.36 (d, J = 15.9 Hz, 1H), 6.11 — 5.99 (m, 1H), 5.86 (t,
J = 9.5 Hz, 1H), 5.53 (dt, J = 9.6, 4.1 Hz, 2H), 4.80 (d, J = 9.9 Hz, 1H), 3.90 — 3.81 (m,
3H), 3.80 (s, 3H), 2.95 (ddd, J = 12.3, 8.4, 6.4 Hz, 1H), 2.91 — 2.82 (m, 1H), 2.60 — 2.45
(m, 2H), 0.86 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H). 3C NMR (126 MHz, CDCl3) & 166.1,
165.4,165.2, 159.0, 133.8, 133.4, 133.4, 133.3, 131.0, 130.4, 130.3, 130.0, 129.9, 129.9,
129.4, 129.3, 129.1, 128.6, 128.5, 128.49, 128.4, 127.3, 126.1, 114.0, 83.5, 79.7, 74.6,
70.8, 69.6, 62.3, 55.4, 33.3, 29.5, 26.0, 18.5, 0.1, -5.2, -5.3. HRMS m/z Calcd for
C44H5009SSiNa (M+Na)* 805.2830, found 805.2838. [a]p?°=-14.1 (c = 1, DCM). IR (cm-
1): 2952, 2929, 2855, 1727, 1603, 1511, 1451, 1246, 1176, 1087, 1067, 1026, 968, 836,
779, 707, 687, 558.

Synthesis of (E)-4-(4-methoxyphenyl)-3-butenyl)-2,3,4-tri-O-benzoyl-B-D-1-

thioglucopyranoside 3.12:

1 mL of TBAF (1 M in THF) was acidified to pH 6 by dropwise addition of acetic acid with
and carefully monitoring by pH paper. 0.47 mL of the premixed AcOH/TBAF solution was
added to 3.11 (0.112 g, 0.143 mmol) in a 10 mL round bottom flask and allowed to stir at
room temperature for 6h. The reaction was then diluted with EtOAc (2 mL). The organic
layer was washed with sat. NH4Cl (ag., 2 mL) and sat. NaCl (ag., 3 mL) then dried over
Na2S0a4, and concentrated. Silica gel chromatography (isocratic run 25% EtOAc in
hexanes) yielded 0.0957 g (quantitative) of 3.12 as a white solid. *H NMR (500 MHz,

CDCl) 5 7.94 (d, J = 7.7 Hz, 4H), 7.82 (d, J = 7.4 Hz, 2H), 7.56 — 7.48 (m, 2H), 7.45 —
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7.34 (m, 5H), 7.28 (d, J = 7.8 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H),
6.36 (d, J = 15.8 Hz, 1H), 6.04 (dt, J = 15.7, 6.9 Hz, 1H), 5.95 (t, J = 9.5 Hz, 1H), 5.56 (t,
J = 9.7 Hz, 1H), 5.50 (t, J = 9.7 Hz, 1H), 4.85 (d, J = 10.0 Hz, 1H), 3.90 — 3.80 (m, 2H),
3.79 (s, 3H), 3.74 (dd, J = 12.6, 4.6 Hz, 1H), 2.98 — 2.83 (m, 2H), 2.58 — 2.44 (m, 2H). 13C
NMR (126 MHz, CDCls) 6 166.13, 165.95, 165.33, 159.05, 133.83, 133.44, 133.41,
131.14,130.22,130.08, 130.00, 129.85, 129.28, 128.97, 128.70, 128.65, 128.53, 128.45,
127.35, 125.79, 114.05, 83.96, 79.11, 74.10, 70.67, 69.57, 61.71, 55.42, 33.28, 29.94.
HRMS m/z Calcd for CasHzsOoSNa (M+Na)* 691.1972, found 691.1975. [a]p?® = -25.4 (c
=1, DCM). IR (cm-1): 3513, 3065, 2935, 2836, 1725, 1603, 1510, 1451, 1246, 1176,
1086, 1068, 1026, 969, 849, 802, 736, 707, 500.

Synthesis of 2,3,4,6-Tetra-O-benzoyl-B-D-glucopyranosyl-1—6-(E)-4-(4-

methoxyphenyl)-3-butenyl)2,3,4-tri-O-benzoyl-6-3-D-thioglucopyranoside 3.16:

HO _—
820 o BzO
BzO BzO s o g%° %0
BBS%O NH BzO 3.12 BzO =
Z
B20 oJ\chn, 10 mol. % TMSOTY, Bz(i&?s(\/\@ P
0

CHQClz, '200C BzO
3.15 64% Yield

(E)-4-(4-methoxyphenyl)-3-butenyl)-2,3,4-tri-O-benzoyl-B-D-1-thioglucopyranoside

(3.12, 0.1007 g, 0.1506 mmol) and 2,3,4,6-tetra-O-benzoyl-D-glucopyranose
trichloroacetimidate (3.15, 0.1105 g, 0.1491 mmol) were added to a 5mL round bottom
flask. The flask was sealed, nitrogen was introduced, and vacuum-purge-backfilled was
performed two times before final backfilling with nitrogen. Anhydrous CH2Cl2 (0.86 mL)
was then added to the reaction vessel and the resulting solution was cooled to -20°C in a

dry ice/MeOH-water bath and allowed to stir for 10 minutes. TMSOTf (2.7 uL, 0.015 mmol)
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was added to the solution at -20°C. The reaction solution was allowed to stir at -20°C for
1h, after which triethylamine (5.4 uL, 0.038 mmol) was added to the solution and allowed
to stir for 5 minutes. The resulting mixture was concentrated in vacuo. The product 3.16
was obtained as a white solid (0.1184 g, 64%) following purification by column
chromatography using 1:1:8 EtOAc/ CH2Clz/hexanes to 1:3:6 EtOAc/CH2Clz2/hexanes
gradient solvent system. H NMR (400 MHz; CDCIz) &: 8.03-7.98 (m, 4H), 7.91-7.84 (m,
6H), 7.80 (d, J = 7.0Hz, 2H), 7.76 (d, J = 7.1Hz, 2H), 7.56-7.21 (m, 23H), 6.79 (d, J=8.8Hz,
2H), 6.34 (d, J = 15.8Hz, 1H), 6.01 (dt, J = 15.8Hz, 6.9Hz, 2.1Hz, 1H), 5.88 (t, J =
9.7Hz,1H), 5.80 (t, J = 9.5 Hz, 1H), 5.62 (t, J = 9.7Hz, 1H), 5.50 (dt, J = 7.8Hz, 2.0Hz 1H),
5.41 (t, J = 9.7Hz, 1H), 5.36-5.31 (m, 1H), 4.99 (d, J = 7.8Hz, 1H), 4.67 (d, J = 9.9Hz,
1H), 4.60 (dd, J = 12.1Hz, 3.2Hz 1H), 4.44 (dd, J = 12.2Hz, 5.0Hz 1H), 4.09-3.98 (m, 3H),
3.89-3.85 (M, 1H), 3.77 (s, 3H), 2.77-2.71 (m, 1H), 2.66-2.59 (m, 1H), 2.44-2.33(m, 2H);
13C NMR (101 MHz, CDCIls) & 166.05, 165.77, 165.66, 165.36, 165.14, 165.10, 158.83,
133.46, 133.40, 133.23, 133.20, 133.14, 130.89, 130.28, 129.90, 129.84, 129.77, 129.74,
129.69, 129.57, 129.30, 129.22, 128.89, 128.83, 128.80, 128.74, 128.43, 128.40, 128.38,
128.34, 128.27, 128.23, 127.27, 125.90, 113.91, 101.36, 83.45, 78.14, 74.06, 72.87,
72.30, 71.91, 70.58, 69.74, 69.59, 68.59, 62.90, 55.25, 33.03, 29.67. HRMS m/z Calcd
for C72He2018SNa (M+Na)* 1269.3555, found 1269.3556. [a]p?® = +2.7 (c = 0.73, DCM).
IR (cm™): 3065, 2956, 1725, 1602, 1511, 1451, 1257, 1177, 1091, 1068, 1027, 851, 708,
687.

Synthesis of Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4-tri-O-benzoyl-6-0-(2,3,4,6-tetra-O-

benzoyl-B-D-glucopyranosyl)-B-D-glucopyranosyl)-a-D-glucopyranoside 3.17:
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BzO
HO

BzO 0
BnO 0 Bzoﬁo
BnO BzO

BnO 0

OMe BzO 0
BzOB
3.16 ZG3n0 o}
10 mol. % TMSOTH, BnO
CH,Cl,, RT, 17% yield BnO

OMe
3.17

3.16 (0.200 g, 0.160 mmol) and methyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside (75.3 mg,
0.160 mmol) were added to a 5 mL round bottom flask. The system was then vacuum-
purge-backfilled 2 times and DCM was added (1.05 mL). TMSOTf (1.41 puL, 0.016 mmol)
was then added to the reaction and set to stir at room temperature until complete
according to analysis with TLC (2h). To quench the reaction, triethylamine (20 uL) was
added and allowed to stir for 2 min. Purification was completed using preparatory TLC
with a 2:2:6 EtOAc/DCM/hexane mixture to afford 0.041g (17%) 3.17 as a white solid.

Spectral data matched that previously reported in the literature.’
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CHAPTER 4. NEW METHODS FOR 1,2-CIS-SELECTIVE O-
GLYCOSYLATION

4.1. Introduction

O-glycosylation has been a topic of great interest for over one hundred years.!
Development of methodology for efficient, high vyielding, and stereoselective O-
glycosylations is of great importance.? Formation of 1,2-trans glycosidic linkages has
been accomplished through installation of an acyl protecting group in the C2 position of
the glycosyl donor (Figure 4.1). Development of methodology for 1,2-cis glycosidic
linkages has not been as straightforward and is a topic of great interest. Oligosaccharides
containing 1,2-cis glycosides are of high interest due to their biological importance and
use in therapeutics.?

QO KBOR
RO OR RO
1,2-cis 1,2-trans
o p
Figure 4.1. Orientation of Glycosidic Linkages

There have been many advances in the formation of 1,2-cis glycosidic linkages.
Some methods have been effected through protecting group manipulations, activators of
glycosyl donor, or the use of additives. Boons and coworkers used a chiral auxiliary on
C:2 position of glucose to form 1,2-cis linkages (Scheme 4.1a).# An auxiliary containing a
(S)-stereochemistry favors 1,2-cis linkages while (R)-stereochemistry favors 1,2-trans
linkages.* Bennett and coworkers saw that with pre-activation of the glycosyl donor using
Ph2SO/Tf.0 followed by treatment of TBAI enables the formation of 1,2-cis linkages
(Scheme 4.1b).°> Ye and coworkers demonstrated that Lewis acid additive favored 1,2-cis

linkages after pre-activation (Scheme 4.1c).°
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(a) Boons Approach using Chiral Auxilary*

OAC BnO OAC
an TMSOTf BnO 0
AcO O 7 Bn'a(#(o DCM, -78°C Acoﬁ BnO

© CCl BnO 0 o) 0
Ph:.,Q 8 OMe Phu.QBno

BnO o

O @) Me

EtO EtO
95%, 20:1 o/B

(b) Bennett Approach using Preactivation®

1) Ph,SO, Tf,0, TTBP, OBn
OBn BnO N-methylmaleimide BBBO O
BnO 0 HO 0 DCM, 4A MS, -78°C n s BnO
BnO SPh + BnO N TBAI "0 o
OBn BnG ) £

OMe 3) acceptor, 1,4- BnOB
dioxane, -78°C-rt OMe
41%, a-only

(c) Ye Approach using Lewis Acid Additive®

OH OBn

BnO O BBO O
OBn BnO

BBO OSToI Ph,SO, Tf,0 BnO  Ome  AgBF, O>/‘\O 0
o) DCM, -72°C BnO e)
o) BnO
BnO OMe
75%, a-only

Scheme 4.1. Methods of 1,2-cis-O-Glycoylation

Although these approaches are valuable, they require extra synthetic steps and
lack a generalized approach to 1,2-cis-selectivity. There is also a lack of a general
approach and theory for 1,2-cis-selectivity. In this chapter | discuss my efforts for a
generalized formation of 1,2-cis-glycosidic linkages.
4.2. Results and Discussion
4.2.1. 4-(4-methoxyphenyl)-3-butenylthioglycosides

Thioglycosides are a major workhorse in oligosaccharide synthesis. These highly
stable glycosides can be activated by a wide range of promoters.” The Ragains group
began investigating 4-(4-methoxyphenyl)-3-butenylthioglycosides (MBTGS) as a new

class of thioglycoside donors for oligosacharide synthesis in 2016.2 These thioglycosides
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are amenable to manipulation, are stable, and can be activated with triflic acid.® The
guestion of how to promote alpha-selective O-glycosylation using MBTGs then arose. |
hypothesized that, by stabilizing the sulfonium ion 4.3, displacement via backside attack
on 4.3 would generate 1,2-cis-glycosidic linkages stereospecifically (Scheme 4.2). To
contrast, the oxocarbenium 4.4 enables attack on both sides, which results in low
selectivity. To prevent neighboring group participation, the protecting group, benzyl, is
selectively added to the C2 alcohol while electron withdrawing Ac groups are placed at
Cs, C4, and Ce to prevent oxocarbenium formation. Benzyl groups are non-participating
and less activating, which will favor the Sn2-like mechanism (Scheme 4.2). This method

proves promising to provide a simple protocol for 1,2-cis-glycosidic linkages.

AcO AcO
TfO-H
Aé\sws g % :
s \/\/\©\ ACOB £ S\/\(\©\
n
4.1 OMe 4.2 H OMe
AcO
TP N "
C B
ACOBnO S+ H Aco/\Q ROH AASO\%O
V' 9 . C
AcO OBn S\2-like BnO
OAc OR
4.5
4.3 4.4

MeO
Scheme 4.2 Hypothesized Mechanism of 1,2-cis-O-Glycoside Formation from MBTG

4.2.2. Synthesis of 3,4,6-triacetyl-2-O-benzyl MBTG

The synthesis of (E)-4-(4-methoxyphenyl)-3-butenyl-3-D-1-thio-3,4,6-tri-O-acetyl-
2-O-benzylglucopyranoside 4.1 (Scheme 4.2) was performed in 12 steps. Herein, | report
the synthesis of this 4-(4-methoxyphenyl)-3-butenylthioglycoside.

First, protection of Cs and Cas alcohols of a-D-glucopyranoside as the cyclic
benzylidene yields 4.6.> A biphasic reaction of 4.6 with BnBr, aqueous 5% NaOH, and
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BusNHSO4 in DCM enables benzylation of the alcohols in the C2 and Cs positions
(Scheme 4.3).16 The purification of these isomers required several attempts to perfect at

the cost a substantial amount of product.

HO i

BnBr (1.7 eqiv.) Ph o)

_HO 0 Zncl PN7>07 6 _BuNHSO chh)g\ QLo | Hooﬁ\ﬁ(o
HG benzaldehyde HO DCM, NaOH n HO BnO
OMe HO 55°C, 48h OMe OMe

46 OV 4.7
) OhVi 54% vyield

67% yield 40%yield by

Scheme 4.3 Benzylidenation and Benzylation of a-D-glucopyranoside
The benzyl protection of the C2 position is desired to prevent neighboring group
participation. Benzyl group at the C2 position is also less activating than acyl groups at
the Cz position and enables the Sn2-like mechanism according to Scheme 4.2. Removal
of the benzylidene from 4.7 using acidic hydrolysis yielded 4.8 (Scheme 4.4). Acyl groups
are electron-withdrawing which destabilizes the oxocarbenium ion. Acetylation of free

hydroxyls produced a mixture of equatorial and axial acetates 4.9 (Scheme 4.4).

1) Ac,0 (excess)
HO pyridine, 0°C, AcO

Phg\o O ag.HCI 1N, H,0 HO 0 (91% yield) AcO 0
HoB & MeOH, 55°C, 3h~ HO 2) Ac,0, H,SO, AcO
n OMe BnO OMe 0°C. 6h BnO OAc
4.7 48 4.9
98% yield 75%yield

Scheme 4.4 Benzylidene Removal and Acetylation
The acetylated sugar was then converted to the a-bromide 4.10 by treatment with
HBr/HOAc and Ac20. Conducting the reaction at room temperature caused over removal
of the Bn protecting group in the Cz position. | hypothesized that the reaction needed to
be conducted at a lower temperature. At 0°C the reaction proceeded too slowly (12 h),

but by placing the reaction in the refrigerator at 4°C allowed for the reaction to complete
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without loss of Bn group (Scheme 4.5). Displacement of the a-bromide with mercapto

generated the thiol 4.11 (Scheme 4.4).

AcO AcO CS, AcO

QLY Sermeon oo NS0 g0y 0,
c o c c
BN opc Ac20.DCM, 4°C Bnd 1 DMF, rt B
4.9 4.10 4.1
98% vyield 54%yield

Scheme 4.5 Direct Displacement of Bromine with Thiol
Finally, the thiolate generated by deprotonation of 4.11 attacked iodide 4.12 to produce

the desired product 4.1 (Scheme 4.6).

“ | AcO AcO =
ACOE %o DBU, DCM Aco\ﬁg
/©/\/V + AcO SH " 15n  ~ AcO m -
0 BnO 71% yield BnO 41 ©

\
4.12 4.11
Scheme 4.6 Synthesis of 3,4,6-triacetyl-2-O-benzyl MBTG

4.2.3. Glycosylations Using 3,4,6-triacetyl-2-O-benzyl MBTG

Under standard conditions developed in the Ragains group, | sought to obtain 1,2-
cis glycosidic linkages. Catalytic amounts of triflic acid were used in an effort to form the
stable sulfonium ion for backside attack. Allowing the reaction to stir at room temperature
for 1.5 hr did not result in activation of the MBTG. Next, the reaction was allowed to stir
for 24 hrs in the hope of activation, but still there was no reaction. Lastly the reaction was

heated to 40°C with some donor activation but no desired product (Scheme 4.7).
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OMe

10 mol% TfOH, DCM, rt, 1.5hr
HO

BnO O
AcO = Bno#(
ACO\ﬁS BnO o
AcO S o~ € Unsuccessful

BnO » 10 mol% TfOH, DCM, rt, 24hr
HO

oS0 7L

BnO OMe

10 mol% TfOH, DCM, 40°C
Scheme 4.7 Glycosylations using 3,4,6-triacetyl-2-O-benzyl MBTG

Unsuccessful

Unsuccessful

Unfortunately, 1,2-cis-glycocidic linkages using MBTGs were not formed due to
the inability to activate the donor. This did spark an interest in the role of electron
withdrawing groups (EWGSs) and their ability to promote 1,2-cis glycosidic linkages. It has
been demonstrated that EWG have increased 1,2-cis selectivity. Nifantiev and coworkers
observed 1,2-cis selectivity by installing EWGs (Ac) in the Cs and Cs positions of an N-
phenyl trifluoroacetimidate (PTFA) donor (Scheme 4.8).19 An increase in selectivity was

accomplished when the Ce position was changed to a stronger EWG (Bz).

HO ACO
BnO @] c
AcO BzO OMP BnO 0
BnO AcO
BnO (@] NPh BnO

AcO 0 11.2:1, o/p
BnO OJkCF MeOTf, DCM BnO o
3 35°C--15°C BzO 0

O_
Scheme 4.8 Nifantiev Glycosylation using Acetate (EWG)

There is also strong evidence of Lewis base (LB) additives aiding in 1,2-cis selectivity.

Triphenylphosphine oxide (TPPO)'!, DMF'?, and thiophene'® have all been used to
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promote 1,2-cis selectivity. Boons and coworkers have shown that an excess of thiophene
increased 1,2-cis selectivity for donors with EWGs (Ac and azido groups). Formation of a
sulfonium ion occurs after loss of the leaving group due to the excess of thiophene. The
electron withdrawing groups stabilizes the sulfonium ion and enables backside attack of

the acceptor (Scheme 4.9).

®
)J\ DCM, 0°C l\# AcO C% Y/

Ns 07 >ccl N
3 N3 3

AcO

HO
AcO 0
B%‘#ﬁ Acoﬁ
N
BzO  5me P 07, 91%, aonly
BzO
BzO
BzO

O—
Scheme 4.9 Boons use of Lewis Base and EWG for 1,2-cis-selectivity

With this evidence in hand, a new hypothesis arose: the synergy of EWGs and LBs could

promote 1,2-cis-selective glycosylation in a generalized manner (Scheme 4.10).

®

| i 0
EWG0SOs NISITIOH,  eyya0 2 Pd- ISTol ( j
EWGO ©\ EWGO S OEWG
EWGO

Stabilized by EWG

LB« o)
EWGOZ/18®  -OR EWGO £
EWGO ® EWGO [

Stabilized by EWG
Scheme 4.10 Strategy for 1,2-cis-Selectivitiy using EWG and LB
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4.2.4. Synthesis of EWG Containing Donor
To test this hypothesis, began with synthesizing a thioglycoside with EWGs
installed in the C4 and Ce positions. To prevent neighboring group participation Bn groups

were installed in the C2 and Cs positions (Figure 4.2).

OEWG
YL
BnO S
BnO Q
Figure 4.2. Desired Glycosyl Thioglycoside Donor

First, p-thiocresol was used to make the thioglycoside donor 4.13 followed by
deacetylation and installation of benzylidene to give thioglycoside 4.14 in 3 steps with a
yield of 67%. Next, benzylation of C2 and Cs was accomplished in 65% vyield to afford
4.15. Finally, removal of the benzylidene afforded thioglycoside 4.16 in 64% yield

(Scheme 4.11). From here, the EWGs were installed.

AcO AcO
AcO 0 p-thiocresol, BF;0OEt, Acw
AcO OAc DCM. 17°C AcO S
AcO ' AcO
413 Q

1. EtsN, H,0, MeOH Q/%O o BnBr, NaH, DMF
HO s

2. a,a-Dimethoxytoluene, HO
CSA, DMF 4.14

67% yield, 3 steps

OH
) 0 80% TFA/H,0 HO 0]
BnOO S DCM BnO S
BnO BnO
4.15 4.16

65% yield 64% yield
Scheme 4.11 Synthesis of 2,3-di-O-benzyl Thioglycoside
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Trifluoroacetate (TFA) and perfluoropropionate (PFP) were installed quantitatively

using an excess of the requisite anhydride in the presence of pyridine (Scheme 4.12).

0 O
F3CJ\OJ\CF3
or

HO o CF RO o
Bnoﬁs FoCochotie-CFe BnoﬁLs
BnO F F, , Pyridine BnO
DCM, 0°C

4.17 (quantitative) R= TFA
4.18 (quantitative) R= PFP

Scheme 4.12 Instillation of EWGS

Glycosylations using thioglycoside 4.17 were conducted to test the hypothesis. Using a
reactive thiophilic promoter (MeOTf) in the presence of 6 eq of thiophene, no reaction
was observed. The promoter was switched to a highly reactive thiophile and again no

reaction was observed. (Scheme 4.13). To increase the reactivity of the glycosyl donor,

OTFA
TFAO 0
Bnoﬁs
BnO \©\ MeOTY, DTBMP
417 3A MS, DCM
+ No Reaction
HO

BnO 0 NIS/TfOH
BnO R
BnO e 3A MS, DCM
Scheme 4.13 Glycosylations Using Thioglycosides Containing EWGs

the thioglycoside was changed to a trichloroacetimidate (TCA). Unfortunately, the EWG

did not withstand p-thiocresol removal and TCA installation (Scheme 4.14).

OR OR
RO O NBS RO O DBU, CCI3N )
BnO S BnO degraded while
570 \©\ H,0, acetone BnO oH DCM running

4.17 R=TFA 4.19 (0%) R=TFA
4.18 R= PFP 4.20 (55%) R= PFP

Scheme 4.14 Turning Thioglycoside Donor to TCA Donor
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To circumvent the loss of EWG during TCA synthesis, the groups were changed
to perfluorotolyl (PFT). Addition of PFT groups was completed in one step (4.21, Scheme
4.12). Next, removal of the p-thiocresol group (4.22), and generation of TCA (4.23), as
well as the more stable PFTA (4.24) were performed (Scheme 4.15).

CF5

OH @)

Hw Perfluorotoluene, BuyNHSO, F w
BnO S BnO S
s 1M NaOH, DCM B \(i::X\\
4.21
4.16 88% yield

PFTO PFTO

DBU, CCI3N, DCM
NBS PFTO O or PFTO 0)
BnO NPh BnO
H,0, acetone BnO BnG
i " OH CI)LCF3 ,Cs,CO3 OR
4.22 acetone:H,0 4.23 (93%) R=TCA
88% yield 4.24 (92%) R= PFTA

Scheme 4.15 Synthesis of PFT Containing Imidate Donors
4.2.5. Experiments Using PFP Glycosyl Donors
Trimethylsilyl iodide (TMSI) and LB additive triphenylphosphine oxide (TPPO) has
shown to be an effective system for promoting 1,2-cis selectivity!! and was chosen as the
standard reaction conditions for this study. Glycosylations with 4.23 and 4.24 of acceptor
4.25 were successful, giving a cis/trans ratio of 15:1 and 14:1, respectively (Table 4.1,
entries 1 and 3). Entry 2 conditions were used to synthesize the 1,2-trans product. Just

by adding two EWGs to the donor increased the selectivity.
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HO

PFTO

PFTO B ° PFTO 0
BnO BnO
g additive, TMSI, DCM BnO o
n OR BnO
BnO
423 R=TCA O—
4.24 R= PFTA 4.26
Crude cis/trans
Entry  Donor additive Promoter cis/trans  Yield
(/B) (a/B)
1 4.23 PhsPO TMSI cisonly 69% 15:1
2 4.23 (CHs0)3POs  TfOH 1.10:1 91% 1.13:1
3 4.24 PhsPO TMSI 14:1 99% 12:1

Figure 4.3. Glycosylation Substrate Scope

4.3. Conclusion

Unfortunately, 1,2-cis-selectivity using the 3,4,6-triacetyl-2-O-benzyl MBTG was
not tested due to its recalcitrance. After long fought battles with the synthesis of the donor
the desired product was not obtained after many trials. Fortunately, this study sparked an
interest the role of EWGs in 1,2-cis-selectivity. We noticed a trend in the synergy between
EWGs and LBs for 1,2-cis-selectivity. 1,2-cis-selectivity was accomplished by exploiting
that synergy. Increase in 1,2-cis-selectivity was established by incorporating two EWGs
into the glycosyl donor. Overall, this study shows the effectiveness of EWGs to obtain
1,2-cis-selectivity.
4.4. Experimental
4.4.1. General Methods
'H NMR and *3C NMR spectroscopy was conducted using a Bruker AV-400 spectrometer.
Mass spectra were attained using an Agilent 6210 electrospray time-of-flight mass

spectrometer. All materials were received from commercial suppliers and used without
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further purification. Flash column chromatography was accomplished using high purity
grade 60 A silica gel (Fluka® Analytical). Qualitative TLC was performed on aluminum
sheets (Merck, silica gel, F254) and observed via UV absorption (254 nm) and staining
with anisaldehyde.
Synthesis of methyl 2-O-benzyl-4,6-O-benzylidene-a-D-glucopyranoside (4.6) and
methyl 3-O-benzyl-4,6-O-benzylidene-a-D-glucopyranoside (4.7):
BnBr (1.7 eqiv.
HO  Jye  55°C.48h OMe OMe
4.5 4.6 4.7
Methyl 4,6-O-benzylidene-a-D-glucopyranoside (9.03 g, 31.9 mmol, 1 equiv.) was added
to a 1000mL round bottom flask equipped with stir bar and reflux condenser. Benzyl
bromide (6.45 mL, 54.2 mmol, 1.7 equiv.) and tertbutylammonium hydrogensulfate (2.16
g, 6.38 mmol, 0.20 equiv.) was added via syringe at room temperature. The reaction was
diluted with dicloromethane (387 mL) and 5% w/w sodium hydroxide (45 mL). The
reaction was heated in an oil bath to 55°C until complete (48hrs). The aqueous layer was
extracted with dichloromethane (3 x 40 mL). The organic layers were combined and
washed with brine, dried over Na2SOu, filtered and concentrated. The crude product was
purified with flash chromatography using a gradient solvent system (20%-50%
EtOAc/hexanes). The desired product methyl methyl 2-O-benzyl-4,6-O-benzylidene-a-D-
glucopyranoside (4.7) was collected and evaporated to dryness (white powder) 6.43g
(54%). The spectral date matches that of previously reported.'4

Synthesis of methyl 2-O-benzyl-a-D-glucopyranoside 4.8:
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HO

Ph77070  aq. HCIIN, H,0 HO 0
HO MeOH, 55°C, 3h >~ HO
BnO BnO

OMe OMe
4.7 4.8

Methyl 2-O-benzyl-4,6-O-benzylidene-a-D-glucopyranoside (3.12 g, 8.38 mmol, 1 equiv.)
was added to a 250 mL round bottom flask equipped with stir bar and reflux condenser.
Methanol (84 mL) was added to dilute. 1N HCI (8.4 mL) and water (4.2 mL) was added
simultaneously and the reaction mixture was heated to 55°C. The reaction was monitored
by TLC and was allowed to cool to room temperature when the starting material was
consumed. The reaction mixture was then evaporated to dryness. The material was
purified using flash column chromatography using a mixture of 20% EtOAc/Hexanes to
flush benzaldehyde byproduct, and the product was eluted using 100% EtOAc. The
purified product was evaporated to dryness resulting in a white powder (2.03 g, 86%).
The spectral date matches that of previously reported.**

Synthesis of 1,3,4,6-tetra-O-acetyl-2-O-benzyl-a- and p-D-glucopyranose 4.9:

1) Ac,0 (excess)
HO pyridine, 0°C, AcO

HB%O (O1% yield) AAS%O
C
2) ACzo, H2804,
BnO  Sve 0°C, 6h BnO  OAc
43 4.9

methyl 2-O-benzyl-a-D-glucopyranoside (3.05 g, 10.6 mmol, 1 equiv.) and Pyridine (106
mL) was added to a round bottom flask and set to stir. The reaction was cooled to 0°C
and acetic anhydride (66 mL). The reaction stirred at 0°C until complete. The reaction
was evaporated then redissolved with ethyl acetate. The organic layer was washed with

10% citric acid (3 x 50 mL), sodium bicarbonate (2 x 40 mL), and brine (1 x 40 mL). The
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organic layer was dried with sodium sulfate, filtered and concentrated. The tabulated date
is similar to those previously reported.'4

To a round bottom flask that was flame dried and nitrogen flushed methyl 3,4,6-tri-O-
acetyl-2-O-benzyl-a-D-glucopyranoside (3.80 g, 9.26 mmol, 1 equv.) was added and
diluted with acetic anhydride (32 mL, 0.23 M). the reaction was cooled to 0°C. A solution
of acetic anhydride (38 mL) and sulfuric acid (1.4 mL) was made and added dropwise
over the course of 45 min. The reaction was allowed to stir at 0°C until complete. While
the reaction was stirring at 0°C saturated NaOAc (8 mL) was slowly added. Chloroform
was added (25 mL). Sodium bicarbonate was added dropwise until no effervescence was
seen. The solution was then transferred to a separatory funnel and the organic layer was
washed with water (2 x 40 mL), and brine (1 x 40 mL). The organic layer was dried over
sodium sulfate, filtered, and concentrated. The crude material was purified using column
chromatography using a gradient solvent system (20%-30% Ethyl Acetate/ Hexanes)
resulting in 2.35 g (58% vyield) of pure product. The tabulated date is similar to those
previously reported.**

Synthesis of 3,4,6-tri-O-acetyl-2-O-benzyl-1-mercapto-B-D-glucopyranoside 4.11.:

AcO AcO CS, AcO
TSP Steo AAS‘%O eSO | MO0
c ° c > o]
BnO OACACZO, DCM, 4°C BnO 1 DMF, rt BnG

1,3,4,6-tetra-O-acetyl-2-O-benzyl-a- and (3-D-glucopyranose (309.9 mg, 0.68 mmol, 1
equiv.) was added to a dry round bottom flask equipped with a stir bar. Dichloromethane
(10 mL) was added to dilute. The reaction was cooled to 0°C in ice bath. A 10:1 mixture
of 33% hydrobromic acid (1.18 mL) and acetic anhydride (0.12 mL) was made and added

dropwise to the reaction. The reaction was taken out of the ice bath and quickly store in
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the refrigerator at 4°C. The reaction was monitored by TLC until starting material was
consumed. The reaction was quenched with cold water (20 mL). The layers were
separated and extracted with dichloromethane (20 mL). The organic layer was washed
with sodium bicarbonate (3 x 10 mL), dried over sodium sulfate, filtered, and concentrated
resulting in 0.3123 g of product that was carried on to the next step without purification.
H NMR (400 MHz, Chloroform-d) 3, 2.02, 2.37, 2.06 (3s, 9H), 3.57 (dd, 1H, J=9.6, 3.92
Hz), 4.06 (dd, 1H, J = 12.4, 1.88 Hz), 4.27 (m, 1H), 4.33 (dd, 1H, J = 12.48, 4.16Hz ),
4.63 (q, 2H, 12.3 Hz), 5.06 (t, 1H, J = 9.6 Hz), 5.48 (t, 1H, J = 9.6 Hz), 6.33 (d, 1H, J =
3.9 Hz), 4.37 (m, 5H). Sodium sulfide nonahydrate (0.18 g, 1.34 mmol, 2 equiv.) was
added to 10 mL of N,N-dimethylformamide in a round bottom flask and allowed to stir at
room temperature. Carbon disulfide (60 uL, 1.005 mmol, 1.5 equiv.) was added dropwise
to the reaction. 3,4,6-Tri-O-acetyl-2-O-benzyl-a-D-glucopyranosyl bromide was (0.31 g,
0.67 mmol, 1 equiv.) was added in one portion, 5 mL of DMF was used to wash remaining
bromide. Solution stirred for 5 min then acidified using hydrochloric acid until yellow color
appeared. The solution was diluted with water (25 mL), then extracted with ethylacetate
(2x10 mL), dried over sodium sulfate, filtered and concentrated. The product was purified
by flash chromatography using a gradient system (20-40% EtOAc/Hexanes) and afforded
0.13g (46% vyield) pure product (white solid). *H NMR (400 MHz, Chloroform-d) & 1.92,
2.00, 2.08 (3s, 9H), 2.36 (d, 1H, J = 8.12 Hz), 3.45 (t, 1H, J = 9.28 Hz), 3.70 (ddd, 1H, J
=10.08, 5.16, 2.2 Hz), 4.10 (m, 2H), 4.24 (dd, 1H, J = 4.96, 12.4 Hz), 4.56 (t, 1H, J = 8.2
Hz), 4.65 (d, 1H, J = 11.04 Hz), 4.89 (d, 1H, J = 11.08 Hz), 5.01 (t, 1H, J = 9.72 Hz), 5.18

(t, 1H, J = 9.28 Hz), 7.31 (m, 5H). 13C NMR (126MHz, CDCls) & 62.21, 68.47, 76.11,
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79.80, 82.26, 128.08, 128.52, 137.35, 169.69, 169.97, 170.64. HRMS (m/z): [M+Na]*
calcd. For Ci9H240sNaS 435.1084, found 435.1094.
Synthesis of (E)-4-(4-methoxyphenyl)-3-butenyl-3-D-1-thio-3,4,6-tri-Oacetyl-2-O-
benzylglucopyranoside 4.1:

AcO _—
w20,

BnO O
3,4,6-tri-O-acetyl-2-O-benzyl-1-mercapto-B-D-glucopyranoside (0.133 g, 0.315 mmol, 1
equiv.) and toluene (20 mL) was added to a 100 mL round bottom flask charged with a
stir bar under nitrogen atmosphere at -10°C. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (0.06
mL, 0.41 mmol, 1.3 equiv.) was added. A solution of (E)-1-iodo-4-(4-methoxyphenyl)-3-
butene (137.3 mg, 0.473 mmol, 1.5 equiv.) and 5 mL of toluene was made and added to
the reaction. After consumtion of starting material as obserced by TLC (1.5hrs),
thereaction was quenched with water (20 mL). The solution was then extracted with DCM
(2 x 20 mL) followed by dilution with 50 mL of DCM. The organic layer was then washed
with 50 mL each of 1M sulfuric acid, saturated sodium bicarbonate, and brine.* The
organic layer was then dried over sodium sulfate, filtered and concentrated to give 0.21g
of crude material. Purified by gradient silica gel chromatography 20%-40% (ethyl
acetate/hexanes) to give 0.129 mg (72% vyield, need further purification) white solid. *H
NMR (400 MHz, Chloroform-d) 61.90,2.00, 2.06 (3 s, 9H), 2.55 (m, 2H), 2.86 (m, 2H),
3.49 (t, 1H, J = 9.44 Hz), 3.67 (ddd, 1H, J = 2.28, 5.24, 10.04 Hz), 3.80 (s, 3H), 4.10 (dd,
1H, J = 2.32, 12.28 Hz), 4.24 (dd, 1H, 5.28, 12.28 Hz), 4.56 (t, 2H, J = 9.68 Hz), 4.86 (d,

1H, J = 11.12 Hz), 4.99 (t, 1H, J = 9.68 Hz), 5.19 (t, 1H, J = 9.24 Hz), 6.08 (m, 1H), 6.39
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(d, 1H, J = 15.8 Hz), 6.83 (d, 2H, J = 8.76Hz), 7.27 (m, 7H). HRSM (m/z): [M+H]" calcd.
For C30H3709S 573.2153, found 573.2144
Synthesis of  4-methylphenyl  2,3-di-O-benzyl-4,6-di-O-trifluoroacetyl-1-thio-3-D-

glucopyranoside 4.17:

4-methylphenyl 2,3-di-O-benzyl-1-thio-B-D-glucopyranoside (0.501 g, 1.07 mmol) was
dissolved in CH2Cl2 (10.0 mL) and Pyridine (0.17 mL, 2.1 mmol) and allowed to stir at
under nitrogen atmosphere. The reaction was cooled to 0°C and Trifluoroacetic anhydride
(2.49 mL, 10.7 mmol) was added dropwise to the solution. The solution was allowed to
warm to room temperature and stirred overnight (16h). The reaction was quenched using
ice. EtOAc was used to dilute and the organic layer was washed with ice water (10 mL),
followed by 0.2 N HCI (10 mL), and brine (2 x 20 mL). The organic layer was then dried
over Naz2SO0s, filtered and concentrated to afford 0.704 g (quantitative) of pure product. *H
NMR (400 MHz, CDCls) d 7.44-7.29 (m, 10H), 7.26, 7.16 (dd, J = 1.84 Hz, 7.68 Hz, 2H),
7.11 (d, J = 7.84 Hz, 2H), 5.9 (t, J = 9.68 Hz, 1H), 4.95 (d, J = 10.28 Hz, 1H), 4.80 (d, J =
10.8 Hz, 1H), 4.70 (d, J = 10.3 Hz, 1H), 4.61 (dd, J = 1.28 Hz, 9.76 Hz, 2H), 4.43 (d, J =
4 Hz, 3.80 (m, 2H), 3.54 (t, J = 8.68 Hz,1H), 2.35 (s, 3H).

Synthesis of 4-methylphenyl 2,3-di-O-benzyl-4,6-di-O-pentafluoropropionyl-1-thio-3-D-

glucopyranoside 4.18:
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CFs
\ O/

CF, ¥0F2
o)
OJ\OL%B
BnO S
BnO O\

4-methylphenyl 2,3-di-O-benzyl-1-thio-p-D-glucopyranoside (0.102 g, 0.214 mmol) was
dissolved in CH2Cl2 (2 mL) and Pyridine (0.03 mL, 0.4 mmol) allowed to stir at under
nitrogen atmosphere. The reaction was cooled to 0°C and Pentafluoropropionic anhydride
(0.42 mL, 2.1 mmol) was added dropwise to the solution. The solution was allowed to
warm to room temperature and stirred overnight (16h). The reaction was quenched using
ice. Ethyl acetate was used to dilute and the organic layer was washed with ice water (10
mL) followed by 0.2N HCI (10 mL), and brine (2 x 20 mL). The solution was then dried
over Naz2S0qy, filtered and concentrated to afford 0.16 g (quantitative) pure product. *H
NMR (400 MHz, CDCls) & 7.43-7.27 (m, 10H), 7.15 (dd, J = 2.48 Hz, 5.24 Hz, 2H), 7.10
(d, J = 8.06 Hz, 2H), 5.15 (t, J = 9.96), 4.94 (d, J = 10.28 Hz, 1H), 4.82 (d, J = 10.76 Hz,
1H), 4.67 (d, J = 10.32 Hz, 1H), 4.61 (dd, J = 7.6 Hz, 2.12 Hz, 2H), 4.51 (dd, J = 2.2 Hz,
14.4 Hz, 1H), 4.36 (dd, J = 4.84 Hz, 12.2 Hz, 1H), 3.82-3.75 (m, 2H), 3.54 (t, J = 8.72 Hz,
1H), 2.35 (s, 3H).

Synthesis  of  4-methylphenyl  2,3-di-O-benzyl-4,6-di-O-perfluorotolyl-1-thio-3-D-

glucopyranoside 4.21:

F
F
FsC F Fﬁ
F o
F
(0] 0]
F BnO S
BnO 3
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4-methylphenyl 2,3-di-O-benzyl-1-thio-B-D-glucopyranoside (32.5 mg, 0.07 mmol) and
Tetrabutyammonium bisulfate (36.3 mg, 0.107 mmol) were added to a dry round bottom
flask. CH2Cl2 (0.61 mL) was added followed by NaOH (0.61 mL) in a 1:1 ratio.
Perfluorotoluene (0.15 mL, 1.1 mmol) was added to the reaction solution and allowed
tostur at room temperature (17°C) until completed according to TLC analysis (10 min).
The organic phase was then separated from the aqueous phase via separatory funnel.
The aqueous phase was acidified with 1N HCI then extracted with DCM (10 mL). Organic
phases were then combined and dried over Na2SO4 and concentrated. Purification by
silica gel chromatography (gradient run from 10% EtOAc in hexanes to 20% EtOAc in
hexanes). Purification afford 38.8 mg (88%) of 4.21 as a white solid. *H NMR (500 MHz,
CDCI3) 6 7.38-7.27 (m, 7H), 7.22-7.19 (m, 3H), 7.12 (d, J = 6.32 Hz, 2H) 6.92- 6.89 (m,
2H), 5.00 (d, J = 8.56, 2H), 4.77-4.70 (m, 3H), 4.64 (d, J = 8.36 Hz, 2H), 4.37 (d, J = 9.04
Hz, 1H), 3.93-3.86 (m, 2H), 3.54 (t, J = 7.34 Hz), 2.36 (s, 3H). 3C NMR (126 MHz, CDCl5)
o 138.45, 137.34, 137.09, 132.68, 129.87, 128.86, 128.55, 128.25, 128.16, 128.13,
127.79, 126.21, 88.14, 85.64, 80.87, 78.55, 75.24, 75.20, 72.50, 21.15. 1°F NMR (471
MHz, CDCls) 8 -56.23 (td, 3F), -141.96 (m, 2F), -155.35 (m, 1F), -155.89 (td, 1F). HRMS
m/z Calcd for C41H2s8F14KOsS (M+K)* 937.10655, found 937.10667.

Synthesis of 2,3-di-O-benzyl-4,6-di-O-perfluorotolyl-D-glucopyranose 4.22:

PFTO

PFTO (0]
BnOﬁ
BnO

n OH
4.21 (2.37 g, 2.64 mmol) was dissolved in an 8:1 mixture of acetone (13.5 mL) and H20
(1.67 mL) at room temperature. N-bromosuccinimide (1.88 g, 10.56 mmol) was added

and the reaction was allowed to stir until complete according to TLC analysis (reaction
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solution color change from red to colorless). The reaction was then cooled to 0°C and
neutralized to pH 7 and concentrated. The crude material was then purified by silica gel
column (gradient run 0% to 20% EtOAc in hexanes) to afford pure 1.83 g (88%) of pure
4.22. 'H NMR (400 MHz, CDCl3s) & 7.34-7.31 (m, 5H), 7.23-7.18 (m, 3H), 6.94-6.88 (m
2H), 5.19 (t, J = 3.08 Hz, 1H), 5.06-4.98 (m, 1H), 4.76- 4.59 (m, 5H), 4.47- 4.32 (m, 2H),
4.17 (t, J = 9.04 Hz), 3.62 (dd, J = 3.36 Hz, 5.92 Hz, 1H) 3.03 (d, J = 2.8 Hz, 1H). 13C
NMR (126 MHz, CDClz) & 137.69, 137.37, 137.23, 137.10, 128.71, 128.54, 128.36,
128.23, 128.20, 128.13, 127.99, 127.74, 126.42, 126.35, 97.61, 90.91, 83.58, 82.75,
80.50, 80.20, 78.90, 78.77, 78.74, 75.19, 75.08, 74.58, 73.26, 73.06, 72.91, 69.04, 52.92,
45.80,29.71,7.91. *®F NMR (471 MHz, CDCI3) 5 -56.74 (td, 3F), -141.53 (m, 2F), -154.81
(m, 1F), -155.11 (dd, 1F). HRMS m/z Calcd for CssH22BrF1406 (M+Br)  871.03817, found
871.03309.

Synthesis of 2,3-di-O-benzyl-4,6-di-O-perfluorotolyl-D-glucopyranosyl
trichloroacetimidate 4.23:

PFTO
PFTO O NH

BnO
BnO J\

0~ “CCls

4.22 (0.317 g, 0.379 mmol) was dissolved in dichloromethane (5 mL) at room temperature
(17°C) under nitrogen. DBU (6.8 uL, 0.045 mmol) was added followed by
trichloroacetylnitrile (0.38 mL, 3.79 mmol) and allowed to stir until complete according to
TLC analysis. The reaction was concentrated and the crude material was purified by silica
gel chromatography (isocratic run of 8% EtOAc in hexanes) to afford 0.313 g (93%) of
4.23. 'H NMR (400 MHz, CDCl3) & 8.68 (s, 1H), 7.30- 7.26 (m, 8H), 7.22- 7.17 (m, 3H),

6.91 (dd, 2.04 Hz, 5.76 Hz, 2H), 6.45 (d, 3.4 Hz, 1H), 4.76- 4.62 (m, 5H), 4.41 (d, J = 11.2
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Hz, 2H), 4.21 (t, J = 9.08 Hz, 1H), 3.79 (dd, J = 3.44 Hz, 9.4 Hz, 1H). HRMS m/z Calcd
for C42H26F17NNaOs (M+Na)* 986.13809, found 986.13824.

Synthesis of 2,3-di-O-benzyl-4,6-di-O-perfluorotolyl-D-glucopyranosyl 1-(N-phenyl)-
2,2,2-trifluoroacetimidate 4.24:

PFTO

PFTO 0
Bnoﬁé )'\fh
BnO

n O~ “CF,

4.22 (0.302 g, 0.379 mmol) was dissolved in a 10:1 mixture of acetone (10 mL) and water
(2 mL). Cesium carbonate (0.247 g, 0.758 mmol) was added followed by 2,2,2-trifluoro-
N-phenyl-acetimidoyl chloride (0.247 g, 0.758 mmol) at room temperature (18°C) and
allowed to stir overnight (16 h). The reaction was quenched with triethylamine (0.34 mL)
and concentrated. The crude material was purified by silica gel chromatography (isocratic
run 8% EtOAc in hexanes) to afford 0.335 g (92%) of 4.24. 'H NMR (500 MHz, CDCI3) &
7.34-7.27 (m, 10H), 7.23-7.19 (m, 4H), 7.16-7.09 (m, 2H), 6.93-6.90 (m, 3H), 6.79 (d, J =
7.8 Hz, 1H), 6.74 (d, 7.75 Hz, 2H), 5.08 (d, J = 11.15 Hz, 1H), 4.82- 4.60 (m, 7H), 4.41
(d, J = 11.15 Hz, 1H), 4.36 (d, J = 11.3 Hz, 1H), 4.19 (t, 7.36 Hz, 1H), 3.77 (s, 1H). 13C
NMR (126 MHz, CDCls) & 143.09, 142.99, 137.19, 136.98, 136.95, 136.90, 129.15,
128.87,128.82, 128.69, 128.65, 128.29, 128.26, 128.25, 128.09, 127.86, 127.80, 127.76,
127.40, 126.44, 126.34, 124.70, 124.57, 120.64, 119.30, 119.14, 118.65, 115.97, 83.48,
80.44,80.39, 79.17,78.12, 75.36, 75.18, 74.96, 73.77, 73.36, 72.51, 71.95, 71.60, 53.38.
19F NMR (471 MHz, CDCl3) & -56.27 (m, 3F), -141.84 (m, 2F), -155.20 (dd, 1F),-155.72
(dd, 1F). HRMS m/z Calcd for C42H26F17NNaOs (M+Na)* 986.13809, found 986.13824.

General glycosylation procedure A for Figure 4.3

68



To an oven dried 4 ml Wheaton vial with a stir bar, 0.7 equivalent of a hydroxyl bearing
acceptor was added (0.105 mmol), followed by 1 equivalent of glycosyl imidate donor
(0.15 mmol). 6 equivalence of PhsPO or 11.4 equivalence of (CH3)3sPOa4 was added. The
vial was capped and with a septum then flushed with nitrogen gas then 2 mL of
dichloromethane was added. The reaction was monitored by TLC and allowed to stir for
24h. Once all of the donor was consumed the reaction was diluted with dichloromethane
(210 mL) and quenched with Na2S20s. Products were purified by silica gel chromatography
(isocraic run of 10% EtOAc, 40% dichloromethane, 60% hexanes)

of Methyl (2,3-di-O-benzyl-4,6-di-O-perfluorotolyl)-(1—6)-2,3,4-tri-O-benzyl-D-
glucopyranoside 4.26:

PFTO

PFTO 0]
BnO
BnO

n o)
BnO o
BnO

BnO O

IH NMR (500 MHz, CDCls) & 7.44 — 7.37 (m, 4H), 7.37 — 7.31 (m, 11H), 7.30 — 7.26 (m,
7H), 7.25 — 7.16 (m, 6H), 6.90 (ddd, J = 14.2, 7.2, 4.4 Hz, 3H), 5.07 — 4.96 (m, 4H), 4.90
(d, J = 3.3 Hz, 1H), 4.82 (d, J = 10.7 Hz, 1H), 4.77 — 4.62 (m, 4H), 4.62 — 4.55 (m, 5H),
452 (d,J = 3.5 Hz, 2H), 4.30 (d, J = 11.3 Hz, 1H), 4.18 (dt, J = 9.9, 3.3 Hz, 1H), 4.14 —
4.07 (M, 2H), 4.02 (t, J = 9.2 Hz, 1H), 3.86 — 3.79 (M, 2H), 3.68 (d, J = 10.2 Hz, 1H), 3.62
(t, J = 9.4 Hz, 1H), 3.53 (dd, J = 9.5, 3.4 Hz, 1H), 3.45 (dd, J = 9.6, 3.6 Hz, 1H), 3.41 (s,
3H), 3.31 (s, 3H). 13C NMR (126 MHz, CDCls) & 145.87, 141.76, 139.70, 138.67, 138.46,
138.13, 138.09, 137.58, 137.50, 137.12, 136.39, 128.77, 128.74, 128.69, 128.56, 128.55,
128.52, 128.46, 128.45, 128.42, 128.40, 128.38, 128.31, 128.27, 128.23, 128.21, 128.17,

128.13, 128.10, 128.01, 128.00, 127.92, 127.89, 127.85, 127.72, 127.64, 127.57, 127 .47,
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126.51, 126.48, 126.41, 126.35, 118.65, 98.11, 96.71, 91.78, 82.70, 82.18, 80.58, 80.15,
79.90, 79.72,79.03, 78.90, 77.76, 75.96, 75.85, 75.34, 75.08, 74.97, 73.43, 73.32, 73.00,
72.66, 72.39, 71.79, 70.26, 68.85, 66.51, 55.23, 29.72. 1F NMR (471 MHz, CDCl3) d -

52.24 — -63.71 (m, 2F), -138.73 — -144.44 (m, 1F), -152.36 — -157.84 (m, 1F).
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CHAPTER 5. NEW STUDIES ON THE TOTAL SYNTHESIS OF AN
ACINETOBACTER BAUMANNII LIPOOLIGOSACCHARIDE CORE
PENTASACCHARIDE

5.1. Introduction

Acinetobacter baumannii is an aerobic, gram negative bacterium that affects those
in healthcare settings.! Those who are at high risk are patients who require mechanical
ventilation, burn victims, and victims of traumatic injury.? The bacteria forms robust
biofilms on dry surfaces that can last several days and resists strong cleaning agents.* It
is also one of the most common causes of infections in ICU patients.® A. baumannii
causes sepsis, septicemia, pneumonia, urinary tract infections, and is associated with
high mortality rates.® An issue of significant concern is the increased prevalence of A.
baumannii isolates having resistance to commonly prescribed antibiotics.® Therefore,
development of a preventative measure is of great interest.

Vaccines are an effective preventative measure. Vaccines often contain a
weakened or killed disease-causing organism. The vaccine stimulates the body’s immune
system to build adaptive immunity. To contrast, glycoconjugate vaccines consist of
synthetic carbohydrates conjugated to a carrier protein. The glycoconjugate vaccine
enables T cells and B cells to participate in the development of robust adaptive immunity.
A. baumannii has been the subject of numerous attempts at vaccine development.
Targets include: k1 capsular polysaccharide (K1 CPS)’, outer membrane proteins
(OmpA8 and OmpW?), biofilm associated proteini®, a whole cell vaccine!!, and the poly-
1—6-linked N-acetylglucosamine exopolysaccharide (PNAG)*2. Although several targets

for the prevention of A. baumannii infections have been explored, there are no FDA-
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approved vaccines to date. The variability of A. baumannii strains have made it difficult to
establish a target that will cover a significant portion of its population.

The lipopolysaccharide (LPS) and lipooligosaccharide (LOS), located on the outer
membrane, have proven to be immunogenic in other gram negative bacteria.'® LPS/LOS
are located on the surface of gram negative bacteria and consist of a few components. A
toxic lipid A portion anchors the molecule to the surface of the cell. Attached to the lipid
A portion is the core oligosaccharide that consists of an inner core and an outer core.
LOS consists of Lipid A, inner core, and outer core; LPS consists of Lipid A, inner core,
outer core, and a polymeric O-antigen which is attached to the outer core.'*

A. baumannii only contains LOS and not LPS.'® Biosynthetic gene clusters
associated with the A. baumannii outer core oligosaccharide of the LOS are located in
the so-called OCL locus (OCL1)'¢ in eight out of ten A. baumannii genomes.” As such,
synthesis of a glycoconjugate vaccine that contains the core oligosaccharide of A.
baumannii, leaving out the toxic lipid A portion, and a carrier protein has promise to be an
effective and unexplored route.

The structure of the OCL1 associated LOS core oligosaccharide of A. baumannii
isolate ATCC 19606 has been published!® and consists of a decasaccharide attached to
the lipid A portion (Figure 5.1). The pentasaccharide indicated with a black square
consists of five sugar moieties: 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) (A), D-
glucosamine (B), N-acetyl-D-glucosaminuronic acid (GIcNAcA) (C), D-galactosamine (D),
and D-glucose (E). Moreover, three out of five sugars are not present, or are rare, in
mammalian cells (A, C, and D) making it potentially a strong target for vaccine

development.
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Lipid A
Figure 5.1. LOS Core Oligosaccharide of A. baumannii

Synthesis of this complex pentasaccharide first requires synthesis of the individual
monosaccharides (Figure 5.2). The development of the proposed LOS-conjugate vaccine
for prevention of A. baumannii infection will provide relief for those most vulnerable to the
bacterium. Herein, chemical synthesis of the core pentasaccharide-based vaccine for the

prevention of A. baumannii infection is being developed.
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Figure 5.2 Retrosynthesis of LOS-Conjugate Vaccine

5.2. Results and Discussion

The complexity of the pentasaccharide core makes synthesis an arduous task. The
structure has three alpha glycosidic linkages, two of which are connected to the C
GIcNACA core and are difficult to install. This requires strategic synthesis of the
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monosaccharide glycosidic units (Figure 5.2). | have been working on the synthesis of the
galactosamine donor, GIcNAcCA acceptor, and a disaccharide subunit of the
pentasaccharide.

To synthesize 5-C, | began with protecting the amino group of D-galactosamine
with trichloroethyl chloroformate (Troc-Cl) followed by acetylation to give 5.1 (Scheme
5.1). The anomeric acetate was first displaced through bromination. Thiourea nucleophile
attacks the anomeric carbon forming an isothiourea salt that is then hydrolyzed to form
the thiol 5.2 (Scheme 5.1). Once the thiol was formed, installation of two different
sidechains developed in the Ragains lab generated 4-(4-methoxyphenyl)-3-
butenylthioglycoside 5.5 (MBTG) and 4-(4-methoxyphenyl)-4-pentenylthioglycoside
(MPTG) 5.6. Deacetylation was followed by di-tert-butylsilylsylene (DTBS) installation, to
insure a-selectivity in future glycosylations, subsequent benzoylation afforded the desired

galactosamine donors 5.7 and 5.8 (Scheme 5.1).

74



OH

HO OAc
AcO
o 0 Troc-Cl Ac,0O 0
H2N OH NaHCO3, H2O pyridine, 0°cC A-l(ET%CHN
5.1
OAc OAc
AcO AcO Aco CAc
o HBr 33%/AcOH 0 1. thiourea, Acetone o
AcO AcO
Ac,0 2.DCM, H,0, Na,S,0,  AcO SH
TrocHN OAc 2 TrocHN Br TrocHN
5.1
76% yield, 2 steps
I =
OAc OAc
AcO 5.3 o~ AcO
O DBU, DCM e}
AcO SH or AcO SR
TrocHN 5.2 TrocHN
| 5.5 (74%) R=MBTG
5.6 (62%) R=MPTG
5.4 o~
}Bu
tBu/Si\\
AcO OAC
0]
(0] 1. MeOH, H,0, EtzN 1. DTBS(OTf),
BzO SR
AcO SR
TrocHN 2. BzCl TrocHN

5.7 (66%) R=MBTG
5.8 (24%) R=MPTG

Scheme 5.1 Synthesis of Galactosamine Donors
Experiments were conducted to test the effectiveness of the donors. To
approximate the reactivity of GICNACA, C4 acceptor 5.9 was used in a glycosylation with
MBTG donor 5.7 (Scheme 5.2). Unfortunately, the desired disaccharide was not achieved
using this donor. MPTG has increased reactivity and was expected to give the desired
disaccharide. Using the benzylated Ce acceptor 5.10 and MPTG 5.8, the desired

disaccharide was not detected (Scheme 5.2).
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BnO

Bu HO 0
BnO
OMe
5 9
BZO 10 mol% TfOH
TrocHN DCM
HO
tBU BBBO 0]
/Sl O n
OMe
5 10
BzO 10 mol% TfOH
TrocHN DCM

unsuccessful

unsuccessful

Scheme 5.2 Pllot Glycosylations using MBTG and MPTG

5.13 (Scheme 5.3).

OAc OAc
AcO p-thiocresol AcO

0 BF3eOFEt, 0

Aco\& AcO S
TrocHN OAc DCM TrocHN \©\
5.1 5.11

67% yield
OH
HO
HO Os 1) DTBS(OTf),, pyridine
TrocHN
2) BzCl
5.12

To circumvent this obstacle, another thioglycoside was synthesized. DTBS
protected galactosamine aryl thioglycosides are highly 1,2-cis-selective donors in O-
glycosylation.'® Synthesis of the thioglycoside began with 5.1, BFseOEt> promoted the
installation of the p-thiocresyl affording the tri-acetyl thioglycoside 5.11 (Scheme 5.3).

Deacetylation gave intermediate 5.12 followed by silyl and benzoyl protection to afford

MeOH, Hzo, Eth

FBu
tBU_Si\\O

(e}
(@]
BzO S
TrocHN

5.13
72% vyield

Scheme 5.3 Synthesis of Thioglycoside Donor
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Pilot glycosylations with the thioglycoside donor 5.13 proved to be fruitful.
Glycosylation with the C4 acceptor was high-yielding and resulted in exclusive 1,2-cis-
selectivity (entry 1, Figure 5.3). Using the same reaction conditions with the C4 acceptor
was low yielding (entry 2). Temperature plays a significant role in this reaction. Lowering
the reaction to -20°C increased the yield significantly (entry 3). Donor concentration was
shown to be an important factor as well. Entry 4 showed that increasing the donor

concentration back to 0.06 M provided the desired disaccharide in 74% yield.

$Bu tBu
Bu tBu=Si-g {Bu-Si-
tBu-Si-q @) 0
i &(O 0
BzO
BZQ\&ES acceptor TrocHN or BTZI‘(?CHN BnO
TrocHN 3A MS BnO O o (e} o
NIS/TfOH BnO BnO0
5.13 DCM BnO OMe
OMe
5.14 513
Entry Concentration Acceptor Temp. Product Yield cis/trans
of Donor
1 0.06M 5.10 0°C 5.14 82%  cis-only
2 0.06M 5.9 0°C 5.15 41%  cis-only
3 0.04 M 5.9 -20°C 5.15 64% cis-only
4 0.06 M 5.9 -20°C 5.15 74%  cis-only

Figure 5.3 Optimization of Disaccharide Synthesis
Synthesis of glycosyl acceptor proved to be a difficult task. The orthogonally
protected GICNACA unit 5.16 was completed by James Armstrong. | then needed to
remove the 2-naphthylmethyl (Nap) group in the C4 position to obtain the desired glycosyl
acceptor, but this was not an easy undertaking. Nap has been shown to be selectively
removed using 2.3-dichloro-5,6-dicyanobenzoquinone (DDQ).?° In the first attempt of

removal, only starting material was recovered (entry 1, Figure 5.4). Increasing the amount
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of DDQ used only amounted to a 16% vyield, starting material was recovered as well. To
increase reactivity the temperature was raised to 80°C, but only a small increase in yield
was afforded (entry 3). Due to the difficult synthesis of the GICNACA unit, | was unable to

receive more material to study Nap removal. Glycosylation was attempted with available

material.
OAzmb OAzmb
CIACO v CHiCN:H,0  CIACO 4
516 Q 5.17 Q
Entry DDQ Eq Temperature Yield
1 0.4 rt 0%
2 5 rt 16%
3 5 80°C 23%

Figure 5.4 Nap Ether Cleavage
Glycosylation of acceptor 5.17 with donor 5.13 was attempted (Scheme 5.4).

Unfortunately, the desired disaccharide was not obtained.

OAzmb

0
”ﬁ
tBu CIACO S
tBu-Si-g NS O\
o
o 517
BzO S

TrocHN 3AMS

NIS/TfOH
5.13 DCM, -20°C

No desired product

Scheme 5.4 Glycosylation of Disaccharide
Without more GICNACA intermediate 5.16 for synthesis, | tried a new route to
achieve synthesis of the desired disaccharide. A less precious glycosyl acceptor was

synthesized by first removing the p-thiocresyl group to afford the lactol 5.19 (Scheme 5.5).
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The trichloroacetimidate donor 5.20 was synthesized and glycosylated with benzyl (3-
hydroxypropyl) carbamate in the presence of thiophene in excess to promote 1,2-cis-
selectivity. After deacetylation and installation of the silyl group, the anomers were
identified and separated (Scheme 5.5). The 1,2-cis anomer was the desired one and was

taken on to the next step.

OAc OAcC OAc

A0 7P _NBS a0
AcO N acetone:H,O  AcO "

3 S 3

DBU, CI;CCN AcO 0 "
DCM AcO
N /Z<

30

5.20
78% yield

CCly

>18 Q 62"5/;1y?eld
OAc OTBDMS
HO™ >"“NHCBz ACﬁO 1. MeOH, H,0, EtsN H@O
thiophene, TMSOTT AcO Na 2. TBDMSCI, imidazole, HO N

0
4AMS, DCM "NHoBz T P 0T o
5.21 5.92 z
83% yield 2190 vield

Scheme 5.5 Synthesis of Diol Acceptor
In glycosylations with C3 and Ca free hydroxyls the glycosylation is more likely to
occur at the Ca position. Glycosylation using the diol acceptor was undertaken using
conditions gleaned from pilot experiments. The reaction proved to be poorly selective and

gave moderate yield. The two products were inseparable (Scheme 5.6).

OTBDMS tBu

|
tBu-Si-g HO—,

o 0" >

$Bu
tBU_Si:o
(6] 5.22

0 o
Y o]
NHCBz BzO OTBDMS BzO OTBDMS
TrocHN + TrocHN HO 0]
BzO 0
TrocHN S 3AMS o] fo)
NIS/TfOH HO—X Ny [~

DCM, -25°C 3 0> ""NHCbz o) NHCbz
5.13
5.23 5.24

52% yield, 2.3:1
Scheme 5.6 Glycosylation of Disaccharide

5.4. Future Work
To circumvent the selectivity issue shown in scheme 5.6, another route could be

taken to synthesize the GICNACA unit (Scheme 5.7). Orthogonal protection is necessary
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for the synthesis of this disaccharide. Synthesis of all sugar units for the pentasaccharide
have been completed and optimizations are currently underway. Di- and trisaccharide
components of the pentasaccharide will be synthesized and conjugated to a carrier
molecule for animal study. Eventually, the completed pentasaccharide core will be

synthesized, conjugated to a carrier molecule, and tested in mice for immunogenicity.

OTBS OTBS

imidazole
THF

PIFA

TMSN, oTBS AN
TEMPO__ ABB%O _DBU, CI3CCN ABB%O NH "o T NHGBz
Bu,NHSO, A0~ DEM 0% S thiophene, TMSOTY

H,O 3 OH 3 0~ >CCls
e 4AMS, DCM
OTBS OTBS
0 ___Ha, Pd(OH), HO o
BnO AcO
AcO N ¢ N3
3 O/\/\
O™ "~NHcbz NHCbz

Scheme 5.7 Future Route to Glycosyl Acceptor

5.5. Experimental

'H NMR and '3C NMR spectroscopy were conducted using a Bruker AV-400
spectrometer or a Bruker AV-500 spectrometer. Mass spectra were attained using an
Agilent 6210 electrospray time-of-flight mass spectrometer. All materials were received
from commercial suppliers and used without further purification. Flash column
chromatography was accomplished using high purity grade 60 A silica gel (Fluka®
Analytical). Qualitative TLC was performed on aluminum sheets (Merck, silica gel, F254)

and observed via UV absorption (254 nm) and staining with anisaldehyde.
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3,4,6-tri-O-acetyl-2-deoxy-1-mercapto-2-(2,2,2-trichloroethoxycarbonylamino)-3-D-

galactopyranose 5.2

AcO OAc

O
AcO SH

TrocHN

D-galactosamine hydrochloride (6.01 g, 27.8 mmol) was dissolved in 60 mL of H20 and
cooled to 0°C. NaHCOs (5.84 g, 69.5 mmol) was added and allowed to stir for 10 min.
2,2,2-trichloroethyl chloroformate (5.1 g, 37 mmol) was added and allowed to stir at room
temperature (17°C overnight (10 hrs). The reaction mixture was then cooled to 0°C and
acidified with 1 M HCI (110 mL), then filtered and the filter cake was washed with Et2O
(200 mL). The resulting solid was then placed on high vacuum to remove remaining
solvent. A mixture of Ac20 (60 mL) and pyridine (60 mL) was prepared and cooled to 0°C
and the solid was added to mixture. The reaction was allowed to stir at room temperature
(17°C) overnight (16 hrs). Upon completion, the reaction was concentrated and then
redissolved in EtOAc (300 mL). The organic layer was washed with H20 (3 x 150mL), 1
N HCI (150 mL), sat. NaHCOs (150 mL), and sat. brine (150 mL). The organic layer was
then dried over Na2SOs, filtered, and concentrated. The resulting crude material was
purified using flash chromatography with an isocractic solvent system of 20% EtOAc in
hexanes to afford 3.78 ¢ (26%) 1,2,3,6-tri-O-acetyl-2-deoxy-2-(2,2,2-
trichloroethoxycarbonylamino)-D-galactopyranose 5.1 as a white solid. Spectral data
matched that previously reported in the literature.?!

5.1 (5.03 g, 9.57 mmol) was dissolved in 35.0 mL of dichloromethane and cooled to 0°C.
26.0 mL 33% HBr/HOAc was added to the solution and the reaction was allowed to warm

to room temperature (17°C) and stirred for 3 h. 50 mL cold water was added to the
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reaction. The aqueous layer was extracted with dichloromethane (2 x 30 mL) and the
combined organic layers were washed with sat. NaHCOz3 (30 mL), and sat. brine (30 mL).
The organic layer was dried over Na2SO4, concentrated to a white foam, and carried on
without further purification. The resulting white foam was dissolved in 15 mL acetone, and
thiourea (1.09 g, 14.4 mmol) was added. The reaction was heated to reflux overnight (16
h) and then concentrated. The resulting material was then dissolved in dichlormethane
(30 mL). A solution of water (15 mL) and Na2S203 (1.71 g) was prepared and heated to
reflux for 3 h. The organic layer was separated and the aqueous layer was extracted with
DCM (2 x 20 mL). The combined organic layers were then dried over Na:SOs4 and
concentrated. The resulting crude material was purified by silica gel chromatography
using a gradient solvent system starting at 100% hexanes and ending at 25% ethyl
acetate in hexanes to afford 4.21 g (89%) 3,4,6-tri-O-acetyl-2-deoxy-1-mercapto-2-(2,2,2-
trichloroethoxycarbonylamino)-p-D-galactpyranose (5.2) as a white powder. *H NMR (400
MHz, CDCls) 8 5.41(d, J = 3.28 Hz, 1H), 5.15-5.08 (m, 2H), 4.80-4.65 (m, 3H), 4.13 (d, J
= 6.6 Hz, 2H), 3.98-3.91 (m, 2H), 2.51 (d, J = 9 Hz, 1H), 2.18 (s, 3H), 2.06 (s, 3H), 2.01(s,
3H).13C NMR (101 MHz, CDCls) & 170.57, 170.26, 154.58, 95.40, 80.40, 74.87, 74.52,
70.87,66.92, 61.72, 55.19, 20.71, 20.63.

Synthesis of 4-(4-methoxyphenyl)-3-butenyl-3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-

trichloroethoxycarbonylamino)-1-thio-p-D-galactopyranoside 5.5

AcO P
o K\/\@\
AcO S ~
TrocHN O
At room temperature, 5.2 (0.495 g, 1.01 mmol) was dissolved in dichloromethane (15

mL). 1l-iodo-4-(4-methoxyphenyl)-3-butene 5.3 (0.401 g, 1.21 mmol) was added and
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stirred until dissolution had occurred. DBU (0.20 mL, 1.3 mmol) was added to the solution
dropwise and the reaction was allowed to stir until complete according to TLC analysis
(15 min) and concentrated. The crude material was then purified via flash
chromatography with a gradient solvent system of 20% to 40% EtOAc in hexanes
affording 0.49 g (74%) of white solid 5.5. *H NMR (400 MHz, CDCls) 6 7.27 (d, J = 8.8
Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.38 (d, J = 15.8 Hz, 2H), 6.09-6.02 (m, 1H), 5.41(d, J
= 2.92 Hz, 1H), 5.20-5.12 (m, 2H), 4.77 (d, J = 12.04 Hz, 1H), 4.67 (t, J = 10.92 Hz, 2H)
4.20-4.10 (m, 2H), 3.98-3.91 (m, 2H), 3.80 (s, 1H), 2.91-2.79 (m, 2H), 2.52 (q, 2H), 2.16
(s, 3H), 2.04 (s, 3H), 1.99 (s, 3H). 13C NMR (101 MHz, CDCIlz) d 170.45, 170.41, 170.22,
159.01, 154.15, 131.02, 130.03, 127.20, 125.75, 114.03, 95.46, 85.03, 74.49, 71.04,
66.96, 61.67, 55.30, 51.60, 33.39, 30.25, 20.69, 20.62.

Synthesis of 4-(p-methoxyphenyl)-4-pentenyl-3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-
trichloroethoxycarbonylamino)-1-thio-p-D-galactopyranoside 5.6:

OAc

AcO
0]

AcO S ~
TrocHN o

At room temperature 5.2 (1.75 g, 3.53 mmol) was dissolved in dichloromethane (20 mL).
1-iodo-4-(p-methoxyphenyl)-4-pentene 5.4 (1.28 g, 4.24 mmol) was added and stirred
until dissolution occurred. DBU (0.69 mL, 4.6 mmol) was added to the solution dropwise
and the reaction was allowed to stir until complete according to TLC analysis (15 min)
and concentrated. The crude material was then purified via flash chromatography with a
gradient solvent system of 20% to 40% EtOAc in hexanes affording 1.46 g (62%) of 5.6.
IH NMR (400 MHz, CDCl3) & 7.37 — 7.24 (m, 2H), 6.88 (d, J = 2.2 Hz, 1H), 6.87 — 6.80
(m, 1H), 5.58 (dd, J = 18.8, 9.5 Hz, 1H), 5.47 — 5.36 (m, 1H), 5.23 (d, J = 1.5 Hz, 1H),
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5.13 (td, J=12.0, 10.8, 3.3 Hz, 1H), 5.02 — 4.91 (m, 1H), 4.84 — 4.53 (m, 3H), 4.23 — 4.03
(m, 3H), 4.03 — 3.85 (m, 2H), 3.80 (d, J = 2.9 Hz, 3H), 2.90 — 2.64 (m, 2H), 2.59 (d, J =
7.3 Hz, 1H), 2.58 — 2.47 (m, 1H), 2.20 — 2.09 (m, 4H), 2.09 — 1.97 (m, 8H), 1.86 — 1.72
(m, 2H), 1.25 (t, J = 7.2 Hz, 3H).

Synthesis of 4-(4-methoxyphenyl)-3-butenyl 2-deoxy-4,6-O-di-tert-butylsilylene-1-thio-2-
(2,2,2-trichloroethoxycarbonylamino)-3-O-benzoyl-B-D-galactopyranoside 5.7:

'|tBu

tBu/S{\O

T ° o~

5.5 (0.49 g, 0.75 mmol) was dissolved in a solution of MeOH (5 mL), H20 (0.63 mL), and
EtsN (0.63 mL) and allowed to stir overnight (16h). After completion, the reaction was
concentrated and coevaporated with toluene (3 x 10 mL) to remove remaining H20 to
afford the deacetylated thioglycoside. (0.211 g, 0.377 mmol) of the intermediate material
was used and dissolved in pyridine (7.5 mL). The reaction was cooled to 0°C and
DTBS(OTf)2 (0.14 mL, 0.42 mmol) was added in one portion. The reaction was allowed
to stir at room temperature until starting material was consumed according to TLC
analysis. Benzoyl chloride (0.07 mL, 0.6 mmol)) was then added, and the reaction was
allowed to stir until complete according to TLC analysis (1 hr). The reaction was
coevaporated with toluene and redissolved in chloroform (20 mL). The organic phase was
then washed with 1 M HCI (15 ml), H20 (15 mL), sat. NaHCOs3 (15 mL), and brine (15
mL). The organic layer was then dried over Na2SO4 and concentrated. The resulting crude
material was then purified by silica gel chromatography (gradient run from 10% to 30%

EtOAc in hexanes) to afford 0.191 g (66%) of 5.7 as a white solid. *H NMR (400 MHz,
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CDCl3) 8 8.08 — 8.01 (m, 2H), 7.55 (d, J = 7.5 Hz, 1H), 7.43 (t, J = 7.8 Hz, 2H), 7.27 (dd,
J=9.2, 2.5 Hz, 2H), 6.87 — 6.80 (m, 2H), 6.38 (d, J = 15.8 Hz, 1H), 6.07 (dt, J = 15.8, 6.9
Hz, 1H), 5.30 (d, J = 9.4 Hz, 1H), 5.21 — 5.14 (m, 1H), 4.72 (d, J = 11.5 Hz, 3H), 4.28 (s,
2H), 3.79 (s, 3H), 2.85 (dd, J = 7.5, 2.5 Hz, 2H), 2.51 (td, J = 7.1, 1.4 Hz, 2H), 1.13 (s,
9H), 1.05 (s, 2H), 0.97 (s, 9H). 3C NMR (101 MHz, CDCls) & 166.45, 158.94, 154.26,
133.45, 130.79, 130.22, 129.88, 129.75, 129.54, 128.48, 127.22, 126.08, 114.02, 95.45,
84.91,75.21, 74.35, 70.19, 67.28, 55.30, 51.19, 33.41, 30.45, 27.55, 27.30, 23.26, 20.71,
19.81, 14.20.

Synthesis of 4-(p-methoxyphenyl)-4-pentenyl-2-deoxy-4,6-O-di-tert-butylsilylene-1-thio-
2-(2,2,2-trichloroethoxycarbonylamino)-3-O-benzoyl-B-D-galactopyranoside 5.8:

'tBu

tBu/S\"O

(0]
0]
BzO S

TrocHN o~
5.6 (1.02 g, 1.86 mmol) was dissolved in a solution of MeOH (12.5 mL), H20 (1.6 mL),
and EtsN (1.6 mL) and allowed to stir at room temperature (16°C) overnight (16h). After
completion, the reaction was concentrated and coevaporated with toluene (3 x 10 mL) to
remove remaining H20 to afford the deacetylated thioglycoside. 0.50 g (0.918 mmol) of
the intermediate material was dissolved in pyridine (15 mL). The reaction mixture was
cooled to 0°C and DTBS(OTf)2 (0.33 mL, 1.01 mmol) was added in one portion. The
reaction was allowed to stir at room temperature until starting material was consumed
according to TLC analysis. Benzoyl chloride (0.16 mL, 1.4 mmol)) was then added and

the reaction was allowed to stir until complete according to TLC analysis (1 hr). The

reaction was coevaporated with toluene and redissolved in chloroform (20 mL). The
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organic phase was then washed with 1 M HCI, H20, sat. NaHCOs3, and brine. The organic
layer was then dried over Na2SO4 and concentrated. The crude material was then purified
by silica gel chromatography (gradient run from 10% to 30% EtOAc in hexanes) to afford
0.17 g (24%) of 5.8 as a white solid.

Synthesis of 4-Tolyl-2-deoxy-4,6-O-di-tert-butylsilylene-1-thio-2-(2,2,2-

trichloroethoxycarbonylamino)-3-O-benzoyl-B-D-galactopyranoside 5.13:

'IEBU
tBU_Si\~O
O
O
BzO S
TrocHN

Tetraacetyl glycoside 5.1 (1.01 g, 1.91 mmol) and p-thiocresol (0.284 g, 2.29 mmol) were
dissolved in dichloromethane (10 mL) and cooled to 0°C. Boron trifluoride diethyletherate
(0.94 mL, 7.64 mmol) was added to the reaction solution dropwise. The reaction was then
allowed to warm to room temperature (18°C) and stir overnight (18 hrs). The reaction was
then quenched with sat. NaHCO3 (30 mL) and then diluted with dichloromethane (30 mL).
The organic layer was separated and the aqueous layer was extracted (3 x 10 mL) with
dichloromethane. The combined organic layers were dried over Na.SOs and
concentrated. The crude material was then purified using silica gel chromatography
(gradient run of 15% to 40% EtOAc in Hexanes) to afford 0.85 g (76%) of 5.11. The
spectral data matched that previously reported in literature.??

The triacetyl thioglycoside 5.11(9.76 g, 16.6 mmol) was dissolved in a mixture of MeOH
(2133 mL), H20 (16 mL), and EtsN (16 mL) and allowed to stir at room temperature

overnight (16h). The solution was then concentrated and coevaporated with toluene (3 x
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15 mL). The solid was then rinsed with dichloromethane and then dried under high
vacuum to afford 5.34 g of deacetylated thioglycoside. The material was used in the next
step without further purification. The intermediate (1.01 g, 2.19 mmol) was dissolved in
pyridine (65 mL) and cooled to 0°C. DTBS(OTf)2 (0.89 mL, 2.71 mmol) was added in one
portion. The reaction was allowed to stir at room temperature until starting material was
consumed via TLC. Benzoyl chloride (0.43 mL, 3.71 mmol)) was then added and the
reaction was allowed to stir until complete according to TLC analysis (4hr). The reaction
was coevaporated with toluene (10 mL) and dissolved in chloroform (15 mL). The organic
phase was then washed with 1 M HCI (30 mL), H20 (30 mL), sat. NaHCO3 (30 mL), and
brine (30 mL). The organic layer was then dried over Na2SO4 and concentrated. The
crude material was then purified by silica gel chromatography (gradient run from 10% to
30% EtOAc in hexanes) to afford 1.25 g (72%) of pure 5.13. 'H NMR (400 MHz, CDCl3)
5 8.05 (dd, J = 8.4, 1.4 Hz, 2H), 7.62 — 7.53 (m, 1H), 7.44 (dd, J = 7.9, 5.9 Hz, 4H), 7.26
(s, 1H), 7.11 (d, J = 7.8 Hz, 2H), 5.18 (d, J = 9.3 Hz, 2H), 4.85 (d, J = 10.4 Hz, 1H), 4.78
— 4.69 (M, 2H), 4.62 (d, J = 12.2 Hz, 1H), 4.26 (s, 2H), 3.52 (s, 1H), 2.34 (s, 3H), 1.15 (s,
9H), 0.98 (s, 9H).

Synthesis of Methyl (2-deoxy-4,6-O-di-tert-butylsilylene-1-thio-2-(2,2,2-
trichloroethoxycarbonylamino)-3-O-benzoyl)-(1—6)-2,3,4-tri-O-benzyl-D-
glucopyranoside 5.14:

FBu
tBU_Si\\O

(@]
@]
BzO
TrocHN
O
BnO O
BnO
BnO

OMe
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5.13 (50.2 mg, 0.071 mmol), 5.10 (21.8 mg, 0.047 mmol), and 3A molecular sieves (82.6
mg) were added to a dry reaction flask. Dichloromethane (1 mL) was added and the
reaction were allowed to stir for 1 hr then cooled to 0°C. N-iodosuccinimide (31.7 mg,
0.141 mmol) and triflic acid (0.4 uL, 0.0047 mmol) was added to the mixture and allowed
to stir for 30 min. Upon completion according to TLC analysis, the reaction mixture was
filtered through celite using dichloromethane (15 mL). The organic layer was then washed
with NaHCOz3 (10 mL), Na2S203 (10 mL), and brine (10 mL). The organic layer was dried
over Na:SO4 and concentrated. The crude material was purified via silica gel
chromatography (gradient run 5% to 20% EtOAc in Hexanes) to afford 40.1 mg (82%) of
5.14. 1H NMR (400 MHz, CDCI3) & 8.09 — 8.02 (m, 3H), 7.61 — 7.51 (m, 2H), 7.43 (dd, J
=9.0, 6.5 Hz, 3H), 7.37 — 7.33 (m, 6H), 7.33 — 7.24 (m, 18H), 5.35 - 5.27 (m, 2H), 5.15 —
5.03 (m, 2H), 5.03 — 5.00 (m, 2H), 5.00 — 4.90 (m, 3H), 4.86 — 4.69 (m, 6H), 4.69 — 4.58
(m, 6H), 4.58 — 4.45 (m, 2H), 4.11 (qd, J = 12.6, 2.5 Hz, 3H), 4.01 (t, J = 9.2 Hz, 2H), 3.87
(dd, J=11.1, 4.7 Hz, 1H), 3.83 — 3.74 (m, 2H), 3.72 — 3.66 (M, 2H), 3.56 (dd, J= 9.5, 3.7
Hz, 2H), 3.45 (dd, J = 10.1, 8.8 Hz, 2H), 3.40 (s, 3H), 3.37 (s, 1H), 1.26 (s, 2H), 1.07 (d,
J =10.8 Hz, 14H), 0.95 (d, J = 2.6 Hz, 13H).

Synthesis of Methyl (2-deoxy-4,6-O-di-tert-butylsilylene-1-thio-2-(2,2,2-
trichloroethoxycarbamoyl)-3-O-benzoyl)-(1—4)-2,3,6-tri-O-benzyl-D-glucopyranoside

'I[BU
tBU_Si\\O

(@]
O
BzO BnO
TrocHN 0
B OO
: BnO

OMe
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5.13 (101.8 mg, 0.142 mmol), 5.9 (44.1 mg, 0.095 mmol), and 3A molecular sieves (180
mg) were added to a dry reaction flask. Dichloromethane (1.6 mL) was added and
reaction was allowed to stir for 1 hr then cooled to -20°C. N-iodosuccinimide (64.1 mg,
0.285 mmol) and triflic acid (1.67 uL, 0.019 mmol) were added to the mixture and allowed
to stir for 30 min. Upon completion via TLC, the reaction mixture was filtered through celite
using dichloromethane (15 mL). The organic layer was then washed with NaHCO3 (10
mL), Na2S203 (10 mL), and brine (10 mL). The organic layer was dried over Na2SO4 and
concentrated. The crude material was purified via silica gel chromatography (gradient run
10% to 20% EtOAc in hexanes) to afford 73.5 mg (74%) of 5.16. *H NMR (400 MHz,
CDCl3) 5 8.09 — 8.01 (m, 2H), 7.63 — 7.51 (m, 1H), 7.46 — 7.36 (m, 2H), 7.36 — 7.31 (m,
6H), 7.31 — 7.20 (m, 6H), 7.20 — 7.10 (m, 2H), 6.09 (d, J = 10.3 Hz, 1H), 5.52 (d, J = 3.6
Hz, 1H), 5.05 (d, J = 11.1 Hz, 1H), 4.95 (dd, J = 11.1, 2.8 Hz, 1H), 4.81 — 4.40 (m, 10H),
4.05 — 3.85 (m, 4H), 3.82 (dd, J = 10.9, 3.7 Hz, 1H), 3.70 (dq, J = 9.7, 1.7 Hz, 2H), 3.61
(ddd, J = 14.7, 10.1, 2.7 Hz, 2H), 3.38 (s, 3H), 1.60 (s, 1H), 1.29 — 1.24 (m, 4H), 1.24 —
1.19 (m, 1H), 1.14 — 1.09 (m, 1H), 1.06 (s, 7H), 1.02 (d, J = 14.4 Hz, 3H), 0.93 (s, 8H),
0.91 —0.79 (m, 3H).

Synthesis of N-(benzyloxycarbonyl)aminopropyl 2-azido-3,4,6-tri-O-acetyl-2-deoxy-D-
glucopyranoside

OAc

3 0O
NHeEz
A mixture of 5.20 (101.4 mg, 0.2104 mmol), benzyl (3-hydroxypropyl) carbamate (65.9

mg, 0.315 mmol), 4A molecular sieves (159.4 mg), thiophene (0.17 mL, 2.10 mmol), and
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dichloromethane (2 mL) was allowed to sir for 20 minutes under nitrogen and then cooled
to 0°C. TMSOTf (3.8 uL, 0.021 mmol) was added and the reaction was allowed to warm
to room temperature. Once complete by TLC (5 hr), the reaction was quenched by sat.
NaHCOs3 (10 mL). The organic phase was separated, dried by Na-SO4, and concentrated.
The crude material was purified using silica chromatography (gradient run 20% to 40%
EtOAc in hexanes) to afford 91.1 mg (83%) of 5.21. 'H NMR (400 MHz, CDCI3) & 7.35 (d,
J=4.6 Hz, 7TH), 7.32 (tt, J = 5.1, 3.0 Hz, 2H), 5.46 (dd, J = 10.6, 9.2 Hz, 1H), 5.10 (d, J =
2.4 Hz, 5H), 5.07 — 4.98 (m, 2H), 4.97 (dd, J = 8.4, 3.1 Hz, 2H), 4.26 (td, J = 12.5, 4.7 Hz,
2H), 4.09 (ddd, J = 23.4, 12.2, 2.3 Hz, 2H), 3.83 (dt, J = 11.6, 5.9 Hz, 1H), 3.73 — 3.43
(m, 4H), 3.41 — 3.25 (m, 5H), 2.09 — 1.99 (m, 16H).

Synthesis of N-(benzyloxycarbonyl)aminopropyl 2-azido-6-O-acetyl-2-deoxy-a-D-
glucopyranoside 5.22:

OTBS
H@O
TN, 0 ™
NHCbz
5.21 (0.31 g, 0.574 mmol) was dissolved in a mixture MeOH (3.8 mL), H20 (0.47 mL),
and EtsN (0.47 mL) and allowed to stir at room temperature overnight (14 h). The reaction
was concentrated and coevaporated with toluene (2 x 10 mL). The intermediate was dried
and taken on to the next step without further purification. The intermediate was dissolved
in THF (5 mL) and stirred at room temperature (18°C) under nitrogen. TBSCI (0.246 g,
1.63 mmol) followed by imidazole (0.185 g, 2.72 mmol) was added and the reaction

mixture was allowed to stir overnight (16 h). The reaction was then diluted with EtOAc (10

mL) and then washed with H20 (2 x 10 mL), dried over Na2SOa4, and concentrated. The
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crude material was purified by silica gel chromatography (gradient run 20% to 40% EtOAc
in Hexanes) to afford 58.7 mg (21%) of 5.22. 'H NMR (400 MHz, CDCl3) & 7.38 — 7.32
(m, 5H), 7.28 (d, J = 17.5 Hz, 2H), 5.10 (s, 3H), 4.30 (d, J = 7.9 Hz, 1H), 3.97 — 3.88 (m,
2H), 3.81 (dd, J = 10.4, 6.2 Hz, 1H), 3.67 — 3.52 (m, 2H), 3.46 (d, J = 1.8 Hz, 1H), 3.38 —
3.23 (m, 4H), 2.84 (d, J = 2.7 Hz, 1H), 2.10 — 1.99 (m, 2H), 1.85 (q, J = 6.4 Hz, 2H), 0.90
(s, 9H), 0.09 (d, J = 2.0 Hz, 6H). *3C NMR (101 MHz, CDCI3) d 156.58, 128.52, 128.09,
97.70, 73.30, 71.98, 70.46, 66.66, 64.20, 62.76, 38.90, 29.31, 25.85, 18.27, -5.45, -5.47.

Synthesis of 5.23 and 5.24

OTBS tBu
| tBu

Bu HO 0 Bu=Si-o tBu-Si-q
tBu-Si-q HO 7 o} o
o) 0 > o]
o 5.22 NHCBz BzO oTBS 820 o OTBS
BzO s TrocHN o 0 + TrocHN o HO o)
TrocHN 3AMS HO
Q NIS/TfOH N N3 O " NHCbz

513 DCM, -25°C ¥ 0"™>"NHcCbz 504

5.23
52% yield

5.13 (101.7 mg, 0.142 mmol), 5.22 (48.5 mg, 0.095 mmol), and 3A molecular sieves
(174.3 mg) were added to a dry reaction flask. Dichloromethane (1.6 mL) was added and
the reaction was allowed to stir for 1 hr then cooled to -25°C. N-iodosuccinimide (64.1
mg, 0.285 mmol) and triflic acid (1.6 pL, 0.019 mmol) were added to the mixture and
allowed to stir for 40 min. Upon completion by TLC analysis the reaction mixture was
filtered through celite and extracted with chloroform. The organic layer was then washed
with NaHCOs, Na2S203, and brine. The organic layer was dried over Na.SO4 and
concentrated. The crude material was purified via silica gel chromatography (gradient run
10% to 20% EtOAc in Hexanes) to afford 50.8 mg (52%) of 5.23 and 5.24 as a sticky
solid. IH NMR (500 MHz, CDCls) 8 8.13 — 8.05 (m, 3H), 7.61 — 7.54 (m, 1H), 7.45 (t, J =

7.6 Hz, 3H), 7.42 — 7.30 (m, 7H), 5.34 — 5.23 (m, 2H), 5.12 (d, J = 4.4 Hz, 3H), 5.03 (d, J
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= 6.2 Hz, 1H), 4.93 (d, J = 3.5 Hz, 1H), 4.77 (s, 1H), 4.77 — 4.68 (m, 2H), 4.33 — 4.26 (m,
2H), 4.23 — 4.06 (m, 3H), 3.99 — 3.90 (m, 2H), 3.86 — 3.71 (m, 5H), 3.67 (t, J = 5.6 Hz,
2H), 3.63 — 3.50 (m, 2H), 3.44 — 3.31 (m, Hz, 3H), 3.03 — 2.94 (m, 1H), 1.96 — 1.82 (m,
3H), 1.28 (s, 2H), 1.12 (d, J = 3.4 Hz, 13H), 0.99 (s, 12H), 0.91 (d, J = 4.2 Hz, 13H), 0.14
— 0.06 (M, 8H). 13C NMR (126 MHz, CDCls) & 166.62, 156.53, 154.65, 133.20, 129.96,
129.76, 128.56, 128.54, 128.41, 128.39, 128.15, 128.11, 100.57, 98.41, 95.56, 77.92,
75.56, 74.26, 74.16, 72.06, 70.66, 69.33, 68.38, 67.99, 67.21, 66.72, 66.09, 65.39, 63.92,
49.68, 38.52, 29.71, 29.61, 29.45, 27.51, 27.48, 27.34, 27.31, 25.90, 25.85, 25.62, 23.29,

23.28, 20.80, 18.38, 18.23, 0.01, -5.19, -5.30, -5.52, -5.54.
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APPENDIX B. SPECTRAL DATA FOR COMPOUNDS FOUND IN CHAPTER 3
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