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ABSTRACT

Carbohydrates are essential biomolecules and are found in a majority of newly discovered
natural products. When the fact that around 50% of novel drug molecules are either natural
products or molecules based on natural products is taken into account, one would think that a
large percentage of novel drug molecules contain carbohydrates. However, carbohydrates remain
one of the most underrepresented moieties in drug molecules today. This underrepresentation
comes from several factors. Firstly, carbohydrates are compounds that are notoriously difficult to
work with, requiring numerous fine manipulations and the hands of a skilled chemist to produce
the desired results. Secondly, glycosylation methods often require stoichiometric amounts of

harsh reagents or the use of expensive rare-earth promoter.

These problems are often further exacerbated as there exist three main forms of
glycoside: pyranosides, furanosides, and sialic acids. Pyranosides are the easiest to work with as
their propensity to undergo Sn2-type reactions means that stereocontrol of the anomeric position
is relatively facile. This means that a majority of protocols that are developed for glycosylations
are developed for pyranosides. However, due to their difference in reactivity, pyranosylation
strategies are often unable to induce effective glycosylation in either furanosides or sialic acids,
meaning that these methods translate poorly to furanosylation or sialylation. As a result, efficient

methods of furanosylation are few and far between.

Taking these factors into account, we notice that while glycosides in general are widely
underrepresented in drug molecules approved by the FDA, furanosides are even less
represented. On top of that, due to a plethora of reasons, the formation of 1,2-cis furanosides is
of a particular challenge and while these species are essential for many organisms and they can

be potent therapeutics, are far and beyond the most underrepresented moiety in drug molecules.



We sought to tackle this challenge head on by developing novel furanosylation strategies
aimed at making furanosylation reactions more approachable to industrial entities. For this, we
set out with a particular set of goals in mind. Firstly, we wished to develop furanoside donors that
could be readily synthesized in a facile manner at a low cost. Secondly, our strategies must be
selective for the challenging 1,2-cis linkages that remain largely underrepresented for
pharmaceutical applications. And thirdly, we wanted our donors to be activatable by inexpensive,

mild, earth-abundant conditions, namely copper catalysis.

These goals have converged in the development of novel approaches to 1,2-cis
furanosylation, each of which promoted by mild copper catalysis, featuring benchtop stable
donors bearing a carbene precursor moiety. The reactions are high yielding and
diastereoselective and represent an excellent potential strategy for the generation of novel
therapeutics containing 1,2-cis furanosides which should increase the accessibility of these

molecules in the pharmaceutical industry.
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CHAPTER 1

Background and Historical Perspective

Carbohydrates are just that, hydrates of carbon. In their most simplistic form, a
carbohydrate is a molecule that contains a water molecule for every carbon atom present in that
compound. Carbohydrates and sugars are synonymous and yet, when people think of sugars,
they typically think of refined table sugar, sucrose. However, these compounds are found in over
90% of natural products and serve as an essential class of molecule as they are responsible for
a variety of biological functions as well as disease processes. In fact, there are three main
classifications of glycoside, pyranoside, furanoside, and sialic acids. These classifications are
diverse in many different ways, structurally, they differ from one another in a few key fashions.
The pyranoside is the quintessential six-membered sugar that most people think of when they
envision a sugar. These molecules like to adopt a chair conformation which allows it to sit in the
lowest energy state possible. From here, there are sialic acids which are, like pyranosides, six-

membered sugars however, unlike pyranosides, possess a carboxylic acid group at the C2



position, a C3 deoxy group, and a three-carbon sugar tail at the C6 position. Finally, furanosides

are five-membered sugars that adopt the lowest energy envelop conformation for that sugar.

Figure 1.1 Classifications of Glycosides|

1 O__OH :
/_UOH ! HO :
HO %oy + HOW “OH !

HO : OH

Furanoside : Pyranoside : Sialic Acid

1.1 Difficulties in Translating Glycosylation Strategies

Due to the structural differences between the three classifications of glycoside, there are
inherent difficulties in translating glycosylation approaches from one glycoside to another.
Glycosylation, or the functionalization of a glycoside at the anomeric position, generally can go
through a common intermediate for all classifications. This common intermediate is called the
oxocarbenium ion and the propensity for a glycoside to undergo oxocarbenium ion formation

dictates much of the difficulty in translating glycosylation strategies between these classes.

1.2 Lack of Non-Pyranosylation Strategies

Beyond the difficulty of translating glycosylation strategies from one class of glycoside to
another, is the relative simplicity of developing approaches for pyranosylation. Compared to
furanosides or sialic acids, pyranosides are often favored in the design of novel glycosylation
strategies as, relatively speaking, they are easier to control the diastereoselectivity and activate
than furanosides and sialic acids. This ease of control has resulted in a preference for developing
glycosylation strategies for pyranosides over furanosides and sialosides. Because of this,

furanosylation and sialylation.



1.3 Oxocarbenium lon Stability Directing Stereocontrol

Upon release of the leaving group from the parent donor, an oxocarbenium ion is
generated during these glycosylation reactions. As outlined by Crich in 2010," glycosides can
undergo a range of reactivity from purely Sn2 to purely Sn1 and everything in between. Typically,
for pyranosides, a-donors can be activated and the leaving group can be displaced directly to
result in an Sn2 product. Given additional time and/or solvent, the leaving group can leave to form
the oxocarbenium ion. However, due to the newly formed dipole, the anion will arrange itself
relatively close to the side of the oxocarbenium that it left from, forming what is known as a contact
ion-pair. This anion largely blocks one face of the oxocarbenium ion resulting in the formation of
predominately Sn2-type products with a small amount of the a-product being formed. If even
further time or solvation is allowed, the contact ion-pair will separate further to produce a solvent-
separated ion pair. Here, the produced anion has moved as far from the oxocarbenium as it can
while still being influenced by the positive charge. At this stage, the anion largely plays no role in
determining stereochemistry, thus producing a primarily Sn1 product (although there will still be a
slight preference for the inversion of the stereocenter). Finally, time and/or additional solvation
can result in the oxocarbenium acting as a completely free ion, producing a purely Sn1 glycoside
upon reactivity. This mechanism applies to both pyranosides and furanosides, however, due to
the additional stability of the oxocarbenium ion of furanosides when compared to pyranosides, we
find that pyranosides prefer to undergo reactivity at the Sn2 end of the spectrum while furanosides
prefer the Sn1 end. This means that stereocontrol of furanosides is more difficult to achieve as
reactions typically go through the oxocarbenium and are thus unaffected by the anomeric

configuration of the donor.



Scheme 1.1 General Glycosylation Strategy
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The glycosidic linkage (or the bond that connects two carbohydrate monomers to one
another) is crucial for the observed activity of the product sugar. While the orientation of these
glycosidic linkages is essential, the development of stereoselective methods for their synthesis
has remained a key hurdle to overcome. Six-membered cyclic carbohydrates (pyranosides) are
functionally very different from their five-membered counterparts (furanosides). The common
intermediate for these reactions, the oxocarbenium ion, is known to be far more stable in a five-

membered system than it is in the six-membered system.

Figure 1.2 Comparison of Glycosides to Oxocarbenium Ionl
O _OH ! ! ®
' : /—G
« “, : ., .,
HO OH :+ HO 3 “OH : HO 3 "OH
OH ' HO ' HO
Pyranoside ' Furanoside » Oxocarbenium

Because of this, functionalization attempts at the anomeric position for five-membered sugars
tend to go through an Sn1-like reactivity whereas six-membered sugars tend to go through an
Sn2-like reactivity. This preference towards Sn2-like reactivity somewhat trivializes stereoselective
functionalization of the anomeric position of six-membered saccharides and yet the susceptibility
of five-membered saccharides to undergo Sn1-like reactivity tends to complicate their further
functionalization. Furthermore, stereocontrol to yield the frans isomer for furanosides can be
rather facilely implemented merely by addition of a carbonyl containing protecting group (such as

4



an acetyl or benzoyl group) being placed at the C2 position. This undergoes neighboring group
participation with the formed oxocarbenium ion to stabilize the ion and block the cis face of the
furanoside to facilitate production of the trans isomer exclusively. Altogether, this leaves a specific
challenge to overcome, cis selective functionalization of furanosides. Furanosides prefer to
undergo Sn1-like reactivity, the C2 position cannot be employed to aid in functionalization, and,

due to steric interactions, serves as a barrier to achieving a high degree of stereocontrol.

The stereochemistry of these sugars and how they are bound dictates much of their
function. For example, both amylose (starch) and cellulose are polysaccharides of the D-glucose
monomer. Each of these polysaccharides bind their glucose monomers at the 1 and 4 position
respectively. The only difference between the two is that amylose is comprised solely of a-linkages

whereas cellulose is made of exclusively B-linkages.

Figure 1.3 Comparison of Cis and Trans Anomeric Linkagesl
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The sole difference between digestible amylose and nondigestible cellulose is whether there are
trans linkages. Due to the presence of frans linkages in cellulose, enzymes in the human body
are unable to digest these molecules whereas the cis only linkages of amylose are digestible by

human enzymes.



1.4.1 Dehydrative Fischer Glycosylation

In 1893, Emil Fischer outlined one of the first methods of organic glycosylation ever
documented in the literature.” The methods proposed by Fischer were rudimentary but laid the
groundwork for far more elegant protocols. As documented by Fischer, carbohydrates like glucose
and arabinose were dissolved in hot water along with an alcohol and to this solution was added
either concentrated hydrochloric acid, or gaseous hydrochloric acid. The solution was cooled and
evaporated to yield the corresponding methyl or ethyl carbohydrate. This dehydrative strategy
was monumental in showing that chemical control can actually be exerted over carbohydrates.?
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Scheme 1.2 Outline and Mechanism of Fischer Glycosylation

1.4.2 Silver-Promoted Koenigs-Knorr Trans Glycosylation

Eight years later, contemporary of Emil Fischer, Wilhelm Koenigs, and his student Edward Knorr,
published a protocol wherein an acyl protected bromodonor was reacted with silver(l)carbonate
to yield a diastereospecific B-pyranoside. This was a massive leap forward in many ways.
Primarily however, this introduced a method of total stereocontrol for glycosylation reactions. This
reaction functioned in a rather elegant manner, as silver(l)carbonate is soluble in many organic

solvents, but silver(l)bromide is generally insoluble, the reaction can be driven by the formation



of an insoluble salt. This would, of course, produce an oxocarbenium ion that would undergo
anchimeric assistance to block the cis face of the ion from nucleophilic attack thus constraining

the formed glycoside to be in the 1,2-trans conformation.?
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Scheme 1.3 Outline and Mechanism of Koenigs-Knorr Glycosylation

1.4.3 Thioglycoside-Based Donors

Anomeric thioglycosides have been long known for their stability and ease of activation.
While 1,2-trans selective reactions have been addressed by the Koenigs-Knorr reaction, there is
still a need for further stereocontrol be it for 1,2-cis selectivity or 1,2-trans selectivity that is
independent of anchimeric assistance from the C2 protecting group. Thioglycoside-based donors
seek to fill this niche. These donors are generally benchtop stable which is advantageous
especially when compared to halo-donors like those in the Koenigs-Knorr reaction which are
typically highly susceptible to hydrolysis. Anomeric thioglycosides can be activated under a variety

of conditions, making them approachable for orthogonal purposes. These donors are so beneficial



that, despite their induction for glycosylations in 1973, novel donors are still being developed

featuring this moiety.

1.4.3.1 Activation of Thioglycosides by Mercury (ll) Salts

In 1973,* the activation of thioglycosides for glycosylation reactions was first reported by
the Ferrier group. These thioglycoside donors were in a unique position as there are several
thiophilic activators that could be employed to initiate glycosylation. This is due to the fact that the
sulfur atom is a rather soft base according to hard-soft acid-base theory. This means that an
adequately soft acid could bind to and activate these sulfur atoms quite effectively. One such acid
that comes to mind is mercury. Mercury is an incredibly thiophilic soft acid that was shown to
activate thioglycoside based donors. Generally, the binding of sulfur atoms to mercury is a
thermodynamic sink and is typically irreversible. It was also shown that, in the pyranoside series,
stereoinversion was witnessed (ie, B-glucopyranoside donors led to the formation of a-
glucopyranoside products and vice-versa) which meant that stereoselectivity can be controlled by

control of the anomeric configuration of the donor.
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Scheme 1.4 Outline and Mechanism of Thioglycosides Activated by Mercury Salts

1.4.3.2 Bismuth as an Activator of Thioglycosides

Beyond mercury, other soft promoters are frequently sought for facile activation of
thioglycosides. Along these lines, non-toxic bismuth was also shown to be an efficient promoter
of thioglycosides. Generally, bismuth (l11)° or (V)87 triflates offer facile reactivity with thioglycosides
to provide glycosyl linkages. While bismuth (lll) can be employed catalytically, it must often be
employed alongside a stoichiometric co-promoter. In the absence of a co-promoter, bismuth (IIl)
is typically utilized hyperstoichiometrically (3 equivalents). Bismuth (V), usually in the form of
PhsBi(OTf)2, is commonly used catalytically without requiring an external promoter. Coordination
of bismuth to the sulfide and the subsequent release of a triflate anion leads to the formation of a

more reactive triflate intermediate which reacts readily to form the glycosyl product.



AcO. AcO.

E\Lw — E\Lq/
AcO o ’ AcO o
AcO SPr Bi(OTf); or Ph;Bi(OTf), AcO OR

AcO AcO
% yield = varies
DR = varies
OTf ~
AcO Bi” AcO Bi’OTf AcO ?i
AcO 0 (SPr —>» AcO o éPr —» AcO O . sPr
AcO AcO ® AcO @
AcO AcO Aco (¢
Oory
AcO AcO
—» AcO O YHOR —> AcO o OR
AcO AcO
AcO (OTf AcO

Scheme 1.5 Outline and Mechanism of Thioglycosides Activated by Bismuth Salts

1.4.3.3 In Situ Generation of lodonium lons for the Activation of
Thioglycosides

While effective, activation of thioglycosides under transition metal catalysts can certainly
be improved. Primarily, due to the toxicity of transition metals, their use in synthetic scenarios is
often discouraged which led to a desire in the synthetic community to move away from such toxic
reagents and more towards non-metal promoters. A major advancement in this field came in 1990
when, independently of one another, the groups of van Boom?® and Fraser-Reid® published their
protocols which featured the activation of thioglycosides via N-iodosuccinimide with
trifluoromethanesulfonic acid. This cocktail of NIS/TfOH generates, in situ, an iodonium ion which
serves as a soft acid allowing it to bind strongly with the thioglycosides sulfur atom. Release of

this species via an Sn2 attack by the triflate anion results in the formation of elemental iodine (I.)
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and the relative disulfide as well as the anomeric triflate. This reactive intermediate reacts quickly

with an alcohol acceptor via another Sny2 reaction to produce the desired glycoside.
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Scheme 1.6 Outline and Mechanism of Thioglycosides Activated by lodonium Species

1.4.3.4 Sulfonium Species for the Activation of Thioglycosides

In 1997,° the Crich lab published a protocol for activating sulfoxide donors based on work
demonstrated by the Oae group in 1981." This methodology, involving reacting triflic anhydride
with a sulfoxide to generate a reactive sulfonium, was further developed in Crich’s 20012 protocol
which led to the creation of what is now known as the Crich B-mannosylation. In this simple yet
elegant strategy, diphenyl sulfoxide is subjected to ftriflic anhydride which generates the
corresponding diphenyl sulfonium and a triflate anion. This sulfonium is a perfectly soft Lewis acid
and thiophilic reagent that reacts readily with the sulfur atom of a thioglycoside to form a disulfide

bond and initiate oxocarbenium formation. The newly formed oxocarbenium can then react with
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a triflate anion to form the corresponding intermediate glycosyl triflate, of which the a-triflate
predominates. Following the formation of the a-triflate, an alcohol acceptor can be introduced
which will react in an Sny2 fashion to produce the relative B-glycoside which, in the case of

mannopyranosides as shown below is the challenging 1,2-cis linkage.
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Scheme 1.7 Outline and Mechanism of Thioglycosides Activated by Sulfonium Species

1.4.3.5 Activation of Thioglycosides by Diazo-Derived Carbenes

While elegant, many of these protocols for the activation of thioglycosides lack catalytic
potential. Often, activators for thioglycosides are stoichiometric reagents and hazardous
materials. Due to this, there is an inherent need for catalytic methods and mild reagents. Rhodium

has long been known to activate a variety of species (namely diazo compounds) with extremely
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low catalyst loading. Sulfur compounds have also been shown to insert into rhodium carbenoids
which led the Qian group to suspect that the rhodium catalyzed decomposition of simple diazo
compounds could activate thioglycoside-based donors in 2019."® This means that in the presence
of a rhodium catalyst, a mixture of a diazo and a thioglycoside will decompose the diazo
compound and the thioglycoside sulfur can insert into the newly formed carbene. From here, to
generate a sulfonium species, a Brgnsted acid catalyzed cycle can occur to protonate the ylide
to form the desired sulfonium. This sulfonium can then be eliminated by the sugar to form the
oxocarbenium ion. Subsequent attack by an alcohol nucleophile results in the formation of the

glycosyl product.
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1.4.4 Trichloroacetimidate Donors with Weak Acid Activation
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In the Fall of 1980, Richard R. Schmidt, along with his student Josef Michel, published a
protocol for glycosylation that featured the formation of a trichloroacetimidate donor under basic
conditions that could be reacted with a weak Brgnsted acid or even a non-metal Lewis acid. This
was an important development as previous conditions like the Fischer glycosylation (1.4.1)
required the use of strong acids like HCI or would often rely on transition metal salts such as silver
carbonate (Koenigs-Knorr, 1.4.2). These harsh conditions caused numerous issues with sensitive
substrates and thus, more mild conditions for glycosylation reactions were highly sought after. As
proposed by Schmidt, these trichloroacetimidates could be readily activated with pTsOH or
BF3*Et20. Later protocols would suggest that trimethylsilyl trifluoromethanesulfonate was an even

superior activator'® for these donors, although that has been contested in the literature.'®
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Scheme 1.9 Outline and Mechanism of Trichloroacetimidate Donors Activated with Weak Acids

1.4.5 Temporary Connection Method

More modern methods have been developed as a general strategy for 1,2-cis
glycosylations. In 1991, the Kim group outlined the temporary silicon connection method for
control of regio- and stereochemistry.'” In this method, a silyl linker is attached to the C2 oxygen

of the donor sugar along with the desired acceptor. In this work, the desired acceptor was an
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alkynyl species which would form a vinyl C-glycoside following the reaction. The donor proposed
here would be activated under AIBN which would induce radical formation at the anomeric position
and lead to homolytic cleavage of the alkynyl n-bond. This would force the newly formed C-
glycoside to have its anomeric group on the same side as the C2 group. Once this bond is formed,
the silyl linker can be cleaved to yield the desired C-glycoside and a deprotected C2 hydroxy

group (which can then be used as an acceptor).
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Scheme 1.10 Outline and Mechanism of the Temporary Connection Method for Cis-Furanosylation

1.4.6 Boron-Activated Fluoro-donors

Recently, in 2020, the Montgomery group proposed a fluoride donor that can be activated
under mild boron conditions. This elegant method features an anomeric fluoride which, upon
activation produces a fluoride anion which can react with a silyl protected acceptor to release the
acceptor and form the glycoside. As documented, this method can be performed intermolecularly
with a C2 acyl protecting group to form the diastereospecific 1,2-trans glycoside. Additionally, as
shown with rhamnosyl, glucosyl, and mannosyl donors, this methodology is amenable to the

temporary silicon connection method (as described in 1.4.5) for the synthesis of 1,2-cis
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glycosides. Similarly to the intermolecular case, the intramolecular protocol releases a fluoride
anion which can react with the C2 silyl linker to release the acceptor on the same face as the C2

group thus forming the desired 1,2-cis glycoside.'®
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Scheme 1.11 Outline and Mechanism of Boron Activated Fluoro Donors

1.4.7 Modern Furanosylation Strategies

In contrast, some more recent furanosylation strategies such as those proposed by Qian
or Zhang have been developed featuring catalytic methods. In 2019 Qian developed a set of
thioglycosides, diazo-based, rhodium catalyzed reaction conditions.” As well, the Zhang group

developed a gold/silver mediated, alkyne activated method of site selective furanosylation.
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While catalytic, these conditions both suffer from the use of rare earth catalysts that are more
expensive. While they exist, it is apparent that we are in need of a carbene-based, earth-abundant

approach to stereoselective 1,2-cis furanosylation.
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Scheme 1.12 Outline and Mechanism for Gold Catalyzed 1,2-Cis Furanosylation

Most recently however, in 2022, procedures by the groups of Jacobsen and Nguyen have
developed eloquent and catalytic methods of generating 1,2-cis furanosides diastereoselectively.
Jacobsen proposed a phosphorus-based donor which, in the presence of a bis-thiourea catalyst
and alcohol acceptor, reacts to form the corresponding disaccharide. As disclosed by the group,
diastereoselectivity was achieved in a greater than 30:1 (a:p) ratio as well as with yields up to
93%. In terms of acceptors, this reaction was shown to tolerate pyranosides, furanosides, and
even amino acids. However, this reaction suffers from a distinct set of disadvantages. A major
drawback is the specificity of the bis-thiourea catalyst. The employed catalyst is rather large and
must be synthesized fresh for the specific reaction.?°
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To contrast, the Nguyen protocol employes a bromo donor coupled with a phenanthroline
organocatalyst to afford a stereoselective disaccharide product. The proposed donors are readily
reactive and the phenanthroline catalyst ensures that the stereochemical outcome of the product
is not dependent on the stereochemistry of the starting material. Under these conditions, Nguyen
was able to induce diastereoselectivity up to 20:1 cis:trans and with yields of up to 90%. These
reaction conditions were able to handle arabinose and xylose-based donors as well as a range of

acceptors from ether protected sugars to ester-based sugar protecting groups.?’
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We then thought to approach this challenge ourselves starting from a realm our lab has
much experience in, carbenes. Carbenes are an incredibly useful moiety within the synthetic
community. A carbene is a carbon atom that possesses both a positive and negative charge at
the same time. This can also present itself as a carbon atom with two orbitals occupied by a single
electron each. These two carbenes are classified as either Fischer carbenes or Schrock carbenes
respectively. Carbenes can rapidly build out both structural complexity and stereochemistry. With
these moieties, large degrees of synthetic diversity can be established from the generation of
natural products to the synthesis of small molecule inhibitors. Carbenes, however, are formed
from what are known as carbene precursors. The most common and by far most well-known
carbene precursor is the diazo. Diazo compounds are characterized as having a carbon atom
double bonded to a nitrogen atom which is itself double bonded to another nitrogen atom. In the
presence of a metal catalyst or in certain cases light, the diazo will release the nitrogen as
elemental, diatomic, nitrogen gas. Upon this release, the full carbene is formed, capable of
reacting like a nucleophile as well as an electrophile. Diazos, while both efficient and elegant
carbene precursors do maintain a reputation as an unstable (and therefore explosive) functional

group.
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Figure 1.4 Singlet vs Triplet Carbenes

However, the diazo is not the only form of carbene precursor that exists. In recent years,
novel carbene precursors have been developed such as the enynal/enynone. These compounds
are characterized as possessing a conjugated series of an alkene, an alkyne and either an

aldehyde, ketone, or similar carbonyl containing moiety. These alkynes, as have been shown, can
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be activated under mild, earth-abundant conditions to generate carbenes akin to diazo
compounds albeit without the reputation for instability. This not only ensures that they have a

higher degree of benchtop stability than the traditional diazo but that they are far safer to work

with.
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Figure 1.5 Various Carbene Precursors

In efforts to develop better methods of furanosylation, we sought to develop a first
generation furanoside donor comprised of an enynal that, upon activation and release, could form
an oxocarbenium for further functionalization. This can lead to a general, earth-abundant catalytic

approach to furanosylation.
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CHAPTER 2

Enynal-Derived Copper-Carbene Mediated

Furanosylations

2.1 Historical Perspective of Biorelevant Furanosides

In 1891, Emil Fischer discovered the structure of sugar." A discovery for which he was
awarded the Nobel Prize in 1902. Since this time, numerous advancements have been made in
the field of carbohydrate research. While carbohydrates are the most abundant natural product,?
development of novel carbohydrate-containing drugs has slowed significantly in recent years, with
only about 4%3 of new drugs approved by the FDA between 2015 and 2020 containing this
powerful moiety. These contrasting data are confounded further as roughly 50% of newly
approved drugs each year are either natural products, or derivatives of natural products.* This
underrepresentation is due to several factors. The chief among which is the perceived difficulty
associated with working with and manipulating these sugar compounds. Sugars require careful

manipulation, lengthy cycles of protection/deprotection, and highly specific donors/reagents. As
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the cost of a drug is directly proportional to the number of synthetic steps required for its synthesis,
the more complex (and thus more expensive) the synthesis, the higher the price of the final drug.
These costs and the synthetic skill required to perform these reactions dissuade the pursuit of

carbohydrates in pharmaceutical drugs.

Although uncommon, carbohydrate containing drugs, specifically furanosides, have seen
use in pharmaceutical applications. Of these, the majority feature 1,2-frans linkages and it is
exceedingly rare to find drugs that feature 1,2-cis linkages. Drugs like Tribenoside are furanosides
that are administered as a racemate whereas compounds like Vidarabine and Nikkomycin Z are
the pure 1,2-cis furanoside. These are therapeutics with potent activity against viral and fungal
species. Further, compounds like phosphoribosyl phosphate (PRPP) are natural biomarkers for

diseases like gout and are dependent on the observed stereochemistry.

Figure 2.1 Cis-Furanosides
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As stated, carbohydrates are the most common natural product, and, beyond biologically
active compounds, furanosides are found widely among animals, plants, bacteria, fungi, and
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protozoa as both oligo- and poly-furanosides.>'° While found naturally both as 1,2-cis furanosides
and 1,2-trans furanosides, as discussed in 1.3, 1,2-cis furanosides are much more difficult to
achieve synthetically in the lab."""'* 1,2-trans furanosides are easily furnished through anchimeric
assistance via a C2 O-acyl protecting group.'®'® As these linkages determine much of the
biological activity of these compounds, it is absolutely necessary to attain these species with the
correct stereochemistry. To address these challenges, numerous approaches have been
developed. Intramolecular aglycone transport,’?®> hydrogen-bond-mediated aglycone
transport,?#2% and even the implementation of donors featuring constrained conformations?6-33 are
a few of these such approaches. However, these methods are dependent on stoichiometric

amounts of various promoters.

2.1.1 Objective of Chapter

The goal of this chapter is to highlight the usefulness of the novel enynal-based furanosyl
donor which can be activated under mild, earth-abundant catalysis for the formation of difficult
1,2-cis linkages. Traditional methods of 1,2-cis selective furanosylations, while elegant, suffer
from numerous issues. Many of the early methods required stoichiometric amounts of harsh
reagents such as triflic acid or triflic anhydride. Later methods introduced catalytic procedures but
themselves had noteworthy drawbacks. Phosphonate donors like those proposed by Jacobsen
are moisture sensitive and require anomerically pure donors to induce stereocontrol. Similarly,
halodonors like those employed by Schlegel and Nguyen?®* are often incredibly prone to hydrolysis
and therefore are not benchtop stable. Finally, alkyne donors like those proposed by Zhang?®® or
thioglycosides with activation methods like those proposed by Qian®* rely on rare-earth metals

like gold or rhodium for activation.
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Figure 2.2 Donors Activated with Rare-Earth Catalysts Vs. Our Earth-Abundant Strategyl
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2.2 Enynal Reactivity

Enynals are compounds that feature an alkene, alkyne, and aldehyde in conjugation.
These moieties allow for insertion of the aldehyde into the alkyne given appropriate polarization
of the alkyne. This leads to the formation of a metal carbenoid through furan aromatization. These
compounds were first documented in 1978% by Hoffman and Shechter albeit via the reverse
reaction. As documented, enynal compounds can be generated via the decomposition of diazo
furans. At the time, these structures were documented, but reactivity was not pursued. While work
in the next two decades following this focused primarily on a-diazo ketones which could generate
en-yne ketenes in situ.3®% These structures rapidly undergo cyclization to produce phenols and
benzoquinones. However, in 1997,% the Saito group outlined a light-mediated activation of an
enynone for the synthesis of functionalized furan species. This represents a novel carbene source
and, when compared to traditional diazo compounds, a significant advantage. While carbene
formation in diazos is driven by the release of elemental nitrogen in the form of N, the formation
of a carbene through an enynal is driven by furan aromatization. As enynal decomposition does

not resultin an increase in the moles of gas in the system, they represent a non-explosive carbene
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precursor and a distinct advantage over diazos which are frequently banned from use in industry

for their dangerous reputation.

Scheme 2.1 Enynal Activation for Carbene Formation |
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2.3 Lithium as an Additive

Initially upon synthesis of our enynal donor, we subjected the parent reaction to similar
conditions that had been employed in the pyranoside case by other members of the lab. These
conditions consisted of NaBArF to improve diastereoselectivity and copper(l)triflate to catalyze
the decomposition of the enynal. We quickly discovered that the newly generated furanoside
donors were not conducive to such a strategy. Reaction yields and diastereoselectivity were low
and the reaction overall was rather messy creating numerous biproducts and resulting largely in
unproductive decomposition. Primarily tasked with increasing the yield of the reaction and then
with the diastereoselectivity, we were inspired by a publication from the Mukaiyama group in 1996
which outlined increased yields and diastereoselectivity for a similar furanosylation protocol
through the use of lithium-based salts.*' Accordingly, the implementation of lithium carbonate as
an additive saw not only an increase in yield and diastereoselectivity of the reaction, but

importantly also an increase in the cleanliness of the reaction.
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2.4 Role of Base

As metal triflates have been shown to be a mild source of triflic acid,*? it could not be
discounted that the true catalyst of this reaction could be triflic acid or that triflic acid could be
affecting the reaction negatively. To probe this, a reaction was set up with triflic acid in the absence
of copper(l) triflate and lithium carbonate. Under these conditions, yield decreased significantly,
diastereoselectivity reversed, and the reaction became much messier. This seemed to indicate
that not only was ftriflic acid not catalyzing the reaction, but that it was also actually acting
detrimentally to the formation of the desired products. This is likely due to decomposition of the
desired product by triflic acid. This revelation was integral in selecting an additive to increase yield
and selectivity. By selecting a non-nucleophilic base to act as a proton sponge, we suspected we
could remove any generated triflic acid to ensure high yields and selectivity. Coupling this with
information from section 2.3, led us to the selection of lithium carbonate as an additive. This simple
change increased yield and diastereoselectivity significantly and, most importantly, increased the

cleanliness of the reaction.
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Scheme 2.2 Decomposition of O-Glycosides via Triflic Acid

2.5 Synthesis of Donor

Synthesis of the donor proceeds facilely in two steps from the readily available sugar
alcohol via an EDCI coupling with 2-iodobenzoic acid. This ester-linked furanoside can then be
transformed into the desired donor in a single step via a Sonogashira coupling with the enynal

component (which can be generated in three steps from inexpensive and readily available
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cyclohexanol). This simple strategy results in the formation of the desired enynal donor and was
demonstrated to be conducive to gram-scale synthesis of this benchtop stable donor. This
methodology was employed to synthesize the D-ribose, D-arabinose and L-arabinose donors

used for experimentation.
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Scheme 2.3 General Synthesis of Enynal Donors

2.5.1 Synthesis of Enynal

The enynal portion of the donor can be readily synthesized in just three steps from
inexpensive and widely available cyclohexanone via a robust Villsmeier-Haack reaction. This
bromo aldehyde can then be converted into the TMS-protected enynal through a Sonogashira
coupling reaction. Deprotection of the aforementioned compound by potassium carbonate
dissolved in methanol will facilitate the formation of the desired enynal which can be easily
connected to a sugar via the method described in 2.5. This generic enynal can be stored for

several months and employed to synthesize a wide variety of furanosyl donors.
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Scheme 2.4 Synthesis of the Enynal Portion of the Donor

2.6 Order of Reactivity for Carbonyl Insertion

To probe the order of reactivity for carbonyl insertion into the enynal carbene, a donor was
prepared lacking the aldehyde moiety such that the only carbonyl present was that of the ester.
In the absence of the aldehyde, we found the starting materials unreactive under the optimized
conditions. This indicates that insertion of the aldehyde into the alkyne moiety is a necessary
initiation step for the formation of an enynal-derived carbene. This simple experiment was

essential to understanding the order of reactivity and the electron demand of our system.
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Figure 2.3 Aldehyde Necessary for Activation

2.7 Reaction Mechanism

Following computational analysis and a series of control reactions, a plausible reaction

mechanism was built out. The mechanism initiates by coordination of the copper () catalyst to the
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electron rich alkyne, polarizing the bond and encouraging insertion of the aldehyde into the
alkyne. This insertion induces a positive charge on the oxygen atom which is quenched via the
collapse of electrons from the copper catalyst, thus forming the aromatic furan ring and the copper
carbene simultaneously. This copper carbene is then primed for insertion of the ester carbonyl
which acts as a trigger mechanism locking the entire group to be released from the oxocarbenium.
Upon release, the copper containing species can perform a ligand exchange with the alcohol
acceptor to form the copper alkoxide species. The newly formed copper alkoxide can now
coordinate to the C2 oxygen of the oxocarbenium ion. By then donating two electrons, the copper
species can form a copper (lll) intermediate which, upon reductive elimination, produces a

contrathermodynamic furanosyl product that favors a 1,2-cis linkage.

Scheme 2.5 Mechanism of Enynal Activation
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2.8 Results and Discussion

The overall reaction was optimized including the catalyst, solvent, and additive to produce
a product with the highest percent yield and DR. With the optimized conditions, a substrate scope
was built out to establish the range of acceptors that were amenable to our reaction conditions in
the L-arabinose, D-arabinose, and D-ribose cases. This work was published in the journal ACS
Catalysis in January of 2024 and represents the first example of a catalytic, 1,2-cis selective

furanosylation strategy promoted by an earth-abundant copper catalyst.

2.8.1 Initial Optimization of Reaction Conditions

Initially, the catalyst was selected from a range of earth-abundant catalysts that had been
shown to activate similar systems. We commenced our optimization with 2,3,4-tri-O-benzyl
methylallopyranoside as the acceptor, however, we would later select a different acceptor and
rerun the optimizations. To start, we examined a variety of copper, zinc, and iron catalysts. Under
the parent conditions (30 mol% [CuOTf]>-tol, 1.2 equivalents of lithium carbonate,
dichloromethane as the solvent, powdered 4 A MS, and running the reaction at room
temperature), the reaction produced a yield of 96% with a diastereoselectivity of 8:1 (cis:trans).
When employed, zinc triflate led to product formation, albeit in incredibly low (10%) yields and
with a lower (5:1) diastereoselectivity when compared to the parent conditions. Zinc chloride
produced similar results, lowering the yield to 55% and the diastereoselectivity to 5.6:1. Likewise,
iron (lll) chloride saw another decrease in yields (28%) and a further decrease in
diastereoselectivity to 3:1. We also attempted to analyze a non-coordinating copper catalyst,
CuPFs, to determine its effects. In this trial, we found a decrease in yield to 48% however,
interestingly, we observed a marked decrease in diastereoselectivity to 2:1. We also found that
this system is unreactive under rhodium acetate conditions. This is excellent as it means we can
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expect orthogonality between our donor and that of donors which can be activated under rhodium
catalysis. Additionally, we determined that the copper catalyst was necessary for the reaction to
proceed as in its absence the reaction fails to initiate. Finally, as metal triflates have been shown
to be a mild source of triflic acid, it could not be discounted that the true catalyst for our reaction
could be triflic acid. To test this hypothesis, we set up a reaction without lithium carbonate or the
copper triflate catalyst, adding only triflic acid to our donor/acceptor combination. In this case, we
observed the yield of the reaction decrease significantly (25%), a complete reversal of

diastereoselectivity (1:2.5), and a far messier reaction as a result.

Following optimization of the catalyst, we next sought to optimize the additive for the
reaction. To examine the role of the lithium carbonate, we first performed a furanosylation in its
absence. Under these conditions, we found that the yield of the reaction decreased to 40%, along
with a decrease in the diastereoselectivity of the reaction, down to (6:1). The reaction also
appeared to become messier, producing many more byproducts and off-target decomposition.
We then sought to employ NaBArF as we believed it would help coordinate the C2 protecting
group and the incoming acceptor to the same face of the oxocarbenium ion. This resulted in a
small drop-off in yield (76%) and curiously a strong reversal of diastereoselectivity (1:7) ostensibly
due to coordination of the C2 protecting group to the NaBArF blocking the a-face of the
oxocarbenium ion producing a bias for the formation of the 1,2-frans product. Following this, we
attempted to substitute the lithium carbonate in our reaction with an alternate acid sponge. To this
end, we selected DTBMP which is a bulky non-nucleophilic base. Curiously, we saw a decrease
in yield (73%) and another reversal of diastereoselectivity to 1:6. This is likely due to the need for
increased reaction temperature up to 40 °C which could cause some decomposition of the desired

product along with epimerization of the product.

Finally, we sought to determine the remaining parameters of the methodology (solvent and

temperature). When Lewis basic solvents such as THF and MeCN were implemented, we
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observed either no reaction (in the case of THF) or marked decreases in yield (18% for MeCN).
Along with the decrease in yield, we observed a complete reversal of diastereoselectivity (1:6).
Next, we attempted a non-coordinating solvent, toluene, to observe the effects. In this case, we
found an extreme decrease in yield (10%) and an altogether loss of diastereoselectivity. Finally,

when the reaction was run at 0 °C, the reaction failed to proceed.

Table 2.1 Initial Optimization of Enynal Reaction Conditions |
BnO
OH °
o [CuOTf],etol (30 mol%) 0
BnO + ) —> BnO OBn o
Bno 20 ome D(I:-:ﬁ?fﬁ lesz ‘:tc,ll:tl-\g)hr BnO
BnO OBn Standard Conditions BnO BnO OMel
entry Variation from "standard" conditions % yield? alp ratio®
1. None 96% 8/1
2, ZnOTf,, instead of [CuOTf],etol 10% 51
3. ZnCl,, instead of [CuOTf],etol 55% 5.6/1
4. FeCls, instead of [CuOTf],etol 28% 3N
5. CuPFg, instead of [CuOTf],etol 48% 21
6. no Li,CO3, Rhy(OAc),, instead of [CuOTf],etol - -
7. no [CuOTf],etol, Li,CO; only - -
8. no Li,CO3, TfOH, instead of [CuOTf],etol 25% 1/2.5
9. no Li,CO; 40% 6/1
10. NaBArF, instead of Li,CO3 76% 117
1. DTBMP, instead of Li,CO; 73% 1/6
12. THF as solvent - -
13. MeCN as solvent 18% 1/6
14. toluene as solvent 10% 11
15. Reaction performed at 0 °C - -
aYjeld was determined by "H NMR using 1,3,5-trimethoxybenzene as the internal standard. PDiastereoselectivity was
determined by "H NMR.
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2.8.2 Final Optimization of Reaction Conditions

While the reaction was optimized with 2,3,4-tri-O-benzyl methylallopyranoside as the
acceptor, it was found that a more activated acceptor like 1,2:3,4-di-O-isopropylidene-a-D-
galactopyranoside would react with far lower (10 mol%) catalyst loading and therefore was more
appealing for optimization. With this, the reaction was reoptimized for the new system. Under the
parent conditions (10 mol% [CuQOTf]z*tol, 1.2 equivalents of lithium carbonate, dichloromethane
as the solvent, powdered 4A MS, and running the reaction at room temperature), the reaction was
complete in 4 hours and the yield was 78% while the diastereoselectivity was found to be 7:1
(cis:trans). Earth-abundant catalysts, zinc(ll) chloride and iron(lll) chloride, saw marked
decreases in yield to 20% and 15% respectively after 36 hours. While the iron catalyst lowered
the diastereoselectivity of the reaction to 3:1, we observed a further decrease in selectivity with
the zinc catalyst down to 1.5:1. Further metal ftriflates, such as zinc(ll) triflate and
triphenylphosphine gold(l) triflate were examined. Zinc(ll) triflate unfortunately did not initiate the
reaction and therefore resulted in no product formation. Triphenylphosphine gold(l) triflate,
however, reacted in 3 hours to yield the product in a diastereomeric ratio of 7:1 albeit at a
decreased (56%) vyield. Fortunately, Rhz(esp). (which has been shown to activate enynal
compounds), was unreactive in our system which might indicate good orthogonality between our
donor and those reliant on rhodium-based catalysis strategies. To probe the role of the counterion
in our system, we pursued trials with copper(l) catalysts featuring bulky, non-coordinating anions.
Firstly, tetrakis(acetonitrile)copper(l) hexafluorophosphate was selected and after 4 hours,
produced a 55% yield with a nearly racemic (2:1) diastereoselectivity.
Tetrakis(acetonitrile)copper(l) tetrafluoroborate, however, reacted far more sluggishly, yielding
less than 10% after 24 hours in an indeterminate diastereomeric ratio. Then, as metal triflates are
known to be a mild source of triflic acid, it could not be discounted that the true catalyst for this

reaction could be triflic acid. To examine this, triflic acid was employed in the absence of the
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copper(l) triflate toluene solvate catalyst and lithium carbonate. In this case, complete
decomposition of the donor was observed within 2 hours, only producing a 25% yield with,
interestingly, a reversal of diastereoselectivity to 1:2.5. Finally, we endeavored to probe the role
of the catalyst altogether. To do this, we set up a reaction with lithium carbonate, but in the
absence of the copper(l) catalyst. We found no reaction after 36 hours indicating the need for the

catalyst.

Following the optimization of the catalyst, we next sought to optimize the additive of the
reaction. To ensure that the lithium carbonate additive was necessary, we attempted to run the
reaction without it. In this case, we observed that the reaction became much messier, producing
a much lower yield (50%) of the product, and lessening the diastereoselectivity to 5:1. We then
selected 2,6-di-tert-butyl-4-methylpyridine (DTBMP) in place of lithium carbonate and, when
employed, we observed a decrease in yield (46%), an increase in reaction time (10 hours), and a
decrease in diastereoselectivity (5:1) ostensibly due to the increased temperature (40 °C) required

for successful progression of the reaction.

Finally, we set out to optimize the solvent of the reaction. As polar protic solvents would
potentially induce insertion of the solvent into the oxocarbenium ion, they were avoided. Instead,
we began with the Lewis basic (polar aprotic) solvents, THF and MeCN which each yielded no
reaction after 24 hours. Finally, we sought to examine a nonpolar solvent. However, due to poor
solubility of carbohydrate compounds in nonpolar solvents, our range was rather limited. For this
trial, we selected toluene which possesses an aromatic ring while maintaining a nonpolar
structure. In this case though, the reaction yield decreased significantly to less than 10% after 24

hours in an indeterminate diastereomeric ratio.
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Table 2.2 Final Optimization of Enynal Reaction Conditions |
BnO
o
Me oOH
\:< o [CuOTf],etol (30 mol%)
Me + >
o LiZCO?, (1.2 equiv.)
o DCM, 4A MS, rt, 4-6 hr
Me™ = Standard Conditions 0 (o)
Me Me™ -
Me
entry Variation from "standard" conditions % yield? Time (h) o/p ratio®

1. None 78% 4 7

2, ZnCl,, instead of [CuOTf],etol 20% 36 1.51

3. FeCls, instead of [CuOTf],etol 55% 36 31

4. ZnOTf,, instead of [CuOTf],etol - 36 -

5. PPh;AuOTf, instead of [CuOTf],etol 56% 3 71

6. Rh,(esp),, instead of [CuOTf],etol - 36 -

7. Cu(MeCN)4PFg, instead of [CuOTf],etol 55% 4 21

8. Cu(MeCN)4BF,, instead of [CuOTf],etol <10% 24 -

9. TfOH, no Li,CO3, no [CuOTf],etol 25% 2 1/2.5

10. no [CuOTf],etol, Li,CO3 only - 36 -

1. no Li,CO; 50% 4 51

12. DTBMP, instead of Li,CO; 46% 10 51

13. THF as solvent - 24 -

14. MeCN as solvent - 24 -

15. toluene as solvent <10 24 -
aYield was determined by H NMR using 1,3,5-trimethoxybenzene as the internal standard. bDiastc—:treoselectivity was
determined by 'H NMR.

2.9 Scope of Ribose-Based Substrate

To examine the range of acceptors that would be appropriate for our system, we built out
a substrate scope, starting with our 2,3,5-tri-O-benzylribofuranosyl donor. To commence, we
began with a primary alcohol acceptor, pent-4-en-1-ol, which reacted to produce the desired
product in an 84% yield and nearly diastereospecifically (>20:1 cis:trans). Following this, we
screen achiral secondary alcohols, isopropanol and cyclohexanol. With regards to the isopropanol

acceptor, the reaction yielded the desired compound in a 95% yield with a diastereoselectivity of
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6:1. Results were comparable with the cyclohexanol acceptor as we observed a yield of 96% and
a diastereoselectivity of 9:1. On the heels of these results, we decided to investigate chiral
secondary alcohol acceptors such as menthol and cholesterol. Results were interesting as the
reactions yielded 97% and 96% respectively. For diastereoselectivity, results with menthol
showed a selectivity of 9:1 whereas cholesterol produced another nearly diastereospecific product

at >20:1.

As many carbohydrates are found in natural products as disaccharides, there is a great
interest in the synthetic community for novel methods of diastereoselective disaccharide synthesis
protocols. With this in mind, we sought to highlight the utility of our method by diastereoselectively
synthesizing a range of disaccharides from various sugar-alcohol acceptors. Interestingly, we
found that yield and selectivity appeared to be independent of protecting group influence as these
values were comparable for both the benzyl and benzoyl protected forms of glucose acceptor.
These acceptors led to yields of 96% and 87% and selectivities of 9:1 and 8:1 respectively. We
also found that a benzyl protected mannose acceptor, which was shown to be unreactive under
the Jacobsen protocol, proceeded surprisingly effortlessly under our conditions to produce a yield
of 84% and a selectivity of 5:1. To cap our investigation of sugar acceptors, we explored the use
of benzyl protected arabinofuranoside acceptor which reacted cleanly to produce a 78% yield and

in a diastereoselectivity of 4:1.

Finally for our ribose donor, we sought to examine amino acid-derived alcohol acceptors
as amino acid linked glycosides are also found frequently in natural products. To start, we
examined tosyl-protected alaninol which reacted in our system to yield the desired product in an
84% vyield albeit with a selectivity of 3:1. A protected serine alcohol acceptor was also employed,

and the results were similar to the alaninol trial, a yield of 82% and a selectivity of 3:1.

40



Figure 2.4 Substrate Scope of Ribose Donor
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2.10 Scope of Arabinose-Based Substrate

Arabinofuranoside is often used as a counterpart to ribofuranoside for comparing
diastereoselectivity as they only differ from each other in the orientation of the C2 protecting

group. Therefore, to maintain 1,2-cis selectivity, anomeric selectivity must reverse (from a to p).
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This can be particularly challenging as numerous factors (see 1.1 and 1.3) would favor the
formation of a singular anomeric product between ribose and arabinose. The ultimate test of a
synthetic glycosylation strategy therefore is 1,2-cis selectivity between arabinofuranoside donors

and ribofuranoside donors.

To this end, we pursued a range of acceptors with an arabinofuranoside donor comparable
to the ribofuranoside donor described in (2.9). We started with the pent-4-en-1-ol acceptor which
in the ribose case reacted to produce a nearly diastereospecific product. While the yield was
maintained (at 82%), the magnitude of the selectivity declined to 1:8 (a.:8). Following our example
with a primary alcohol, we pursued results with a secondary acceptor, isopropanol. With this, the
yield remained high (96%) while diastereoselectivity continued to favor the 1,2-cis product (1:4).
We also found that yields and diastereoselectivity maintained similar results with chiral secondary
alcohols like menthol which had a yield of 96% and a selectivity of 1:5. After obtaining these
results, we were emboldened to attempt a tertiary alcohol and so selected adamantanol as an
acceptor. To our surprise, the reaction was not only high yielding (92%), but diastereospecific in
nature. Encouraged by these results, we screened cholesterol in our arabinose system. In the
ribose system, the product glycoside was yielded nearly diastereospecifically. Here, however, the
yield remained high (88%), but the selectivity decreased to 1:5. We then pursued the acetonide
protected galactopyranoside acceptor that was employed in our second round of optimizations.
In this case, we observed an 80% vyield with a diastereoselectivity of 1:4. Like with the ribose
series, we endeavored to evaluate the applicability of armed and disarmed glycosyl acceptors.
Selecting glucopyranose as our model substrate, we prepared benzyl and benzoyl versions.
Similarly to the ribose examples, we found that the results with both the armed benzyl glucose
and the disarmed benzoyl glucose were comparable; featuring yields of 86% and 91% and
diastereoselectivities of 1:5 and 1:4 respectively. As outlined in 2.9, benzyl-protected methyl

mannopyranoside was unreactive under the Jacobsen method, so we were pleasantly surprised

42



to find that this acceptor reacted under our conditions to produce the desired product in a high
(90%) yield and in moderate diastereoselectivity (1:3). Finally, we sought to analyze reactivity with
furanosyl acceptors. To this end, we set out to create a di-arabinose disaccharide which we found

to produce a product of 80% yield in a diastereospecific manner.

Figure 2.5 Substrate Scope of Arabinose Donor

nO BnO O BnO BnO OJ\ BnO BnO O BnO BnO O
] :o\l | | ;0~|; | o. O.
OBn OBn

OBn OBn
82% 96% 96% 92%
(a/p =1:8) (a/B = 1:4) (a/p = 1:5) (a/p = B-only)

BnO BnO O

O.
BnO (o)
OBn
Me BnO
"Bno—>"Bn0  OMe
Bn
88% 80% 86%
(a/p = 1:5) (o/B = 1:4) (a/B = 1:5)
BnO o BnO 0
O.
| ; |; I '< | 7‘ oBn BnO BnO O OBn
O. O«
-0
OBn BnO
BzO BnO OMe
OMe OBn BnO
91% 90% 80%
(a/B = 1:4) (o =1:3) (a/p = B-only)

43



2.11 Additional Examples

To verify that the observed selectivity was tied to the C2 group on our donor, we
synthesized an L-arabinose donor and subjected it to a range of alcohol acceptors. To our delight,
the reaction maintained the B-1,2-cis selectivity throughout that was observed in the D-arabinose
donors. We commenced with the 1,2:3,4-di-O-isopropylidene-a-D-galactopyranoside acceptor
which in the D-arabinose donor furnished the desired product in an 80% yield with a
diastereoselectivity of 1:4 (a:f). In the L-arabinose case, we saw similar yields (78%) and
diastereoselectivity (1:3, a:B). Delighted by this result, we moved to the disarmed methyl 2,3,4-
tri-O-benzoyl glucopyranoside acceptor. In this case, catalyst loading needed to be increased (to
30 mol% vs the typical 10 mol%), however, yields were moderate at 72% and diastereoselectivity
was maintained with 1:4 (a:f). Finally, disarmed methyl 2,3,4-tri-O-benzoyl mannopyranoside
acceptor reacted cleanly (again, with a loading of 30 mol%) to produce the desired product in an

84% vyield with a diastereoselectivity of 1:4 (a:f).

We also sought to determine if 1,2-trans furanosides could be synthesized selectively
under our conditions. For this, we synthesized a benzoyl-protected ribose donor to analyze
whether anchimeric assistance from the C2 position could help promote a 1,2-trans selectivity.
We took this donor and employed methyl 2,3,4-tri-O-benzyl glucopyranoside as the acceptor with
30 mol% of our copper(l) catalyst. Under these conditions, the reaction produced the desired

product in a 61% yield in an exclusively B-1,2-trans configuration.
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Figure 2.6 Substrate Scope of L-Arabinose and Benzoyl Ribose Donors
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2.12 Manipulation of the Electronics of the Donor

We also endeavored to discover if the electronics of the aromatic ring could affect the rate
of the reaction and so synthesized a range of donors with varied electronic configurations at the
aromatic ring, para to the ester. We began with the electron-donating, para-methoxy, donor. While
yield remained high (90% when compared to the 96% of the parent donor), we observed no
change in either rate or diastereoselectivity. This was again reflected in our electron-withdrawing,
para-nitro, donor which again maintained a high yield of the reaction (94%) with no change in
diastereoselectivity or reaction rate. This indicates that the insertion of the ester carbonyl into the

carbene is likely not the rate limiting step of the reaction.
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Scheme 2.6 Rate Study

2.13 Analysis of the C2 Protecting Group of the Donor

To probe our mechanism of diastereoselectivity, we sought to manipulate the C2 protecting
group. We suspected that coordination between the copper species and the n-aryl component of
the benzyl rings may be contributing to the observed diastereoselectivity and so, to analyze this,
we synthesized a C2 methoxy protected donor. To our surprise, in this case, the reaction
proceeded cleanly with only a slight decrease in yield (92% when compared to the 96% of the
parent conditions), however, maintaining the observed diastereoselectivity (a:p= 9:1). This
seemed to indicate that the copper may not be coordinating to the n-aryl system, rather, to the
oxygen atom of the C2 group. To examine this, a strongly electron-donating, C2
triisopropylsilyloxy protected donor was synthesized. As these silyl groups place a larger - on the
adjoining oxygen atom, we should expect higher coordination between the oxygen atom and the

copper catalyst leading to larger diastereoselectivity. We were then excited to find that the
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diastereoselectivity increased dramatically to a nearly diastereospecific result (a.:p = >20:1). This
was even more encouraging as the yield of the reaction was found to be 88%. These results help
lend credibility to our hypothesis that coordination of the copper catalyst to the C2 oxygen atom
is responsible for the observed diastereoselectivity. This would later be confirmed by

computational studies into the manner.
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Scheme 2.7 Influence of C2 Protecting Group
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2.15 EXPERIMENTAL SECTION FOR CHAPTER 2

MATERIALS AND METHODS

Reagents

Reagents and solvents were obtained from Sigma-Aldrich, Chem-Impex, VWR International, and
Acros Organics and used without further purification unless otherwise indicated. Dichloromethane
and Acetonitrile were distilled over CaH under N2 unless stated otherwise. Tetrahydrofuran was

distilled over Na under N2 with benzophenone indicator.

Reagents

All reactions were performed in oven-dried glassware under positive N2 Pressure with magnetic

stirring unless otherwise noted.

Chromatography

Thin layer chromatography (TLC) was performed on 0.25 mm E. Merck silica gel 60 F254 plates
and visualized under UV light (254 nm) or by staining with potassium permanganate (KMnQ,),
cerium ammonium molybdate (CAM), phosphomolybdic acid (PMA), and ninhydrin. Silica flash

chromatography was performed on Sorbtech 230-400 mesh silica gel 60.
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Analytical Instrumentation

NMR spectra were recorded on a Varian VNMRS 300, 400, 500, and 600 MHz NMR spectrometer
at 20 °C in CDCls unless otherwise indicated. Chemical shifts are expressed in ppm relative to
solvent signals: CDCls ('H, 7.26 ppm, *C, 77.0 ppm); coupling constants are expressed in Hz. IR
spectra were recorded on a Cary 760 FTIR spectrometer with peaks reported in cm'. Mass

spectra were obtained on an Advion Expression CMS TLC Mass Spectrometer.

Nomenclature

Chemical structure named in accordance with IUPAC guidelines, automatically generated using

ChemDraw 20.1

Additional Information and Considerations

Syringe pump addition reactions were conducted using a Harvard Apparatus (Model: 55- 1111) or
a New Era Pump Systems, Inc. (Model: NE-300) syringe pump. Sonication was performed using

a Bransonic Ultrasonic Cleaner (Model: M5800H).
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2.15.1 Synthesis of Enynal Donor

EDCI I
° DMAP
5 0 ., oo BnO/\EO% o
n ; OBn (o}
Bn O N
rt, 12h BnO z
OBn

(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl 2-iodobenzoate
(2A): To an oven-dried round-bottom flask containing a magnetic stirring bar, were added
furanosyl anomeric alcohol (1 equiv.), commercially available 2-iodobenzoic acid (1.2 equiv.),
EDCI (2 equiv.), DMAP (0.2 equiv.) and DCM (10 mL/mmol). The reaction mixture was stirred at
room temperature for 6 h. After completion, it was diluted with dichloromethane; washed with
water and brine. The organic layer was dried over sodium sulfate, concentrated in vacuo, and
purified by silica gel flash chromatography (ethyl acetate/hexane: 10% — 15%) to give the desired

product.

H NMR (500 MHz, CDCls) 5 8.04 — 7.99 (m, 0.7H), 7.96 (dd, J = 7.9, 1.1 Hz, 1H), 7.67 (dd, J =
7.8, 1.6 Hz, 1H), 7.49 — 7.45 (m, 2H), 7.41 — 7.28 (m, 11H), 7.28 — 7.24 (m, 5H), 7.23 — 7.19 (m
1H), 7.16 — 7.11 (m, 1.4H), 6.63 (d, J = 4.1 Hz, 0.25H), 6.49 (s, 1H), 4.88 (d, J = 12.0 Hz, 1H),
4.81 (d, J = 11.6 Hz, 0.4H), 4.73 (d, J = 12.2 Hz, 1.4H), 4.67 — 4.61 (m, 0.7H), 4.59 — 4.47 (m,

5H), 4.43 (d, J = 11.9 Hz, 1H), 4.32 (dd, J = 8.2, 4.5 S5 Hz, 1H), 4.17 —4.15 (m, 0.4H), 4.13 (d, J
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= 4.6 Hz, 1H), 4.07 — 4.05 (m, 0.3H), 3.79 (dd, J = 11.1, 3.0 Hz, 1H), 3.67 (dd, J = 11.1, 4.4 Hz,

1H), 3.55 (d, J = 3.7 Hz, 0.5H).

3C NMR (125 MHz, CDCls) & 165.18, 141.44, 141.35, 138.25, 137.62, 137.35, 134.54, 132.95,
132.64, 131.55, 128.62, 128.56, 128.52, 128.47, 128.41, 128.38, 128.18, 128.07, 128.01, 127.91,
127.88, 127.74, 127.69, 127.61, 127.57, 100.32, 96.05, 94.13, 84.81, 81.91, 78.87, 78.49, 77.36,

76.45,76.22, 73.67, 73.36, 73.19, 72.93, 72.49, 72.28, 70.00, 69.67.

HRMS (ESI): calc. for Cs3H31106Na (M+Na): 673.1063; found: 673.1038.

Cul o O
o 0\(© \\ c\> Pd(PPIl:g,)zClz /,U N \\
+ _ "
Bnof—q o | TEA BnO o T “OBn ?
OBn El rt,6 h ‘

oll

BnO:

(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-((2-

formylcyclohex-1-en-1-yl)ethynyl)benzoate (4A): To a flame-dried Schlenk flask containing a
magnetic stirring bar, were added the iodobenzoate (2A) (1.0 equiv.), enynal 3 (1.2 equiv.),
Pd(PPh3)2Cl2 (15 mol %) and Cul (10 mol %). The flask was vacuumed and filled with argon three
times before adding degassed EtsN (~0.05 M). The mixture was stirred at room temperature for 6
h. After completion, it was diluted with EtOAc, filtered through celite, washed with saturated
Na,COs aqueous solution, H>.O, and brine. The organic layer was dried over sodium sulfate,
concentrated in vacuo, and the crude was purified by flash column chromatography (ethyl
acetate/hexane: 5 — 10%) to yield the pure donor 4A (Rf = 0.3 in 85:15 hexane: ethyl acetate;

a:B = 1:4, 290 mg, 88%).

H NMR (400 MHz, CDCls)  10.40 (s, 1H), 8.11 (dd, J = 8.0, 1.3 Hz, 0.3H), 7.76 (dd, J = 8.0, 1.2
Hz, 1H), 7.56 (dd, J = 7.9, 1.3 Hz, 1H), 7.50 — 7.41 (m, 3.3H), 7.38 — 7.25 (m, 10H), 7.24 — 7.19
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(m, 5H), 7.18 = 7.11 (m, 1.4H), 6.61 (d, J = 4.1 Hz, 0.24H), 6.47 (s, 1H), 4.86 (d, J = 12.2 Hz, 1H),
4.78 (s, 0.3H), 4.71 (d, J = 12.2 Hz, 1H), 4.64 — 4.41 (m, 6.5H), 4.30 (dd, J = 8.0, 4.5 Hz, 1H),
4.16 —4.11 (m, 0.4H), 4.08 (d, J = 4.5 Hz, 1H), 4.04 (dd, J = 6.1, 2.2 Hz, 0.3H), 3.77 (dd, J = 11.1,
2.9 Hz, 1H), 3.65 (dd, J = 11.2, 4.0 Hz, 1H), 3.52 (d, J = 3.7 Hz, 0.4H), 2.57 — 2.54 (m, 2.4H), 2.36

—2.27 (m, 2.4H), 1.77 — 1.63 (m, 4.8H).

3C NMR (100 MHz, CDCls) & 193.62, 163.90, 143.59, 139.93, 138.29, 137.67, 137.55, 134.30,
132.28, 130.93, 130.90, 128.68, 128.58, 128.53, 128.52, 128.40, 128.32, 128.09, 128.02, 127.91,
127.60, 127.58, 123.53, 99.91, 96.88, 91.70, 81.80, 78.83, 76.77, 73.40, 72.59, 72.25, 69.52,

32.17, 22.29, 22.03, 21.17.

HRMS (ESI): calc. for Cs2Hs00/Na (M+Na): 679.2672; found: 679.2650.
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(2R,3R,4R)-2-((benzoyloxy)methyl)-5-((2-iodobenzoyl)oxy)tetrahydrofuran-3,4-diyl
dibenzoate (2B): The titular compound was synthesized in accordance to the procedure outlined
for 2A. The crude was purified by flash chromatography (ethyl acetate/hexane: 10 — 20%) to give

pure 2B (Rf = 0.3 in 80:20 hexane: ethyl acetate; 86%).

H NMR (500 MHz, CDCls) & 8.13 (dd, J = 8.1, 1.4 Hz, 0.6H), 8.07 — 8.03 (m, 2.6H), 8.01 — 7.93
(m, 4H), 7.93 — 7.88 (m, 2H), 7.81 (dd, J = 7.8, 1.8 Hz, 1H), 7.65 — 7.59 (m, 2H), 7.58 — 7.50 (m
2H), 7.46 (t, J = 7.8 Hz, 4H), 7.40 (t, J = 7.8 Hz, 1H), 7.38 — 7.29 (m, 5H), 7.25 — 7.15 (m, 5H),
6.69 (s, 1H), 6.08 — 6.03 (m, 2.6H), 4.89 (q, J = 4.3 Hz, 2H), 4.79 (dt, J = 12.2, 4.1 Hz, 2H), 4.58

(dd, J = 12.2, 4.4 Hz, 1.6H).
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3C NMR (125 MHz, CDCls) & 166.19, 165.49, 165.16, 164.64, 141.97, 141.74, 133.87, 133.79,
133.73, 133.69, 133.65, 133.57, 133.54, 133.41, 133.36, 133.31, 133.20, 131.76, 131.70, 131.62,
130.10, 130.07, S6 130.03, 129.99, 129.97, 129.90, 129.88, 129.83, 129.80, 129.47, 128.91,
128.79, 128.75,128.72, 128.65, 128.57, 128.54, 128.42, 128.39, 128.37, 128.13, 128.11, 127.84,

99.64, 94.52, 80.26, 75.03, 71.41, 63.78.

HRMS (ESI): calc. for CasH25109Na (M+Na): 715.0441; found: 715.0446.
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(2R,3R,4R)-2-((benzoyloxy)methyl)-5-((2-((2-formylcyclohex-1-en-1-

yl)ethynyl)benzoyl)oxy)tetrahydrofuran-3,4-diyl dibenzoate (4B): The titular compound was
synthesized in accordance to the procedure outlined for 4A. The crude was purified by flash
chromatography (ethyl acetate/hexane: 10 — 20%) to give pure donor 4B (Rf = 0.2 in 80:20

hexane: ethyl acetate; a:p = 1:3, 85%).

H NMR (400 MHz, CDCls) 5 10.42 (s, 1H), 10.39 (s, 0.25H), 8.01 (dd, J = 8.0, 1.3 Hz, 1H), 7.90
(dd, J = 8.0, 1.3 Hz, 0.3H), 7.60 (dd, J = 7.8, 1.3 Hz, 1.5H), 7.52 (td, J = 7.6, 1.5 Hz, 1.5H), 7.38
—7.23 (m, 22H), 6.60 (d, J = 3.5 Hz, 0.3H), 6.54 (s, 1H), 4.76 (d, J = 12.0 Hz, 1H), 4.72 — 4.69
(m, 0.6H), 4.60 (d, J = 9.1 Hz, 4H), 4.56 — 4.46 (m, 3H), 4.33 (t, J = 4.3 Hz, 1H), 4.25 (d, J = 2.0
Hz, 1H), 4.06 (dd, J = 5.1, 1.8 Hz, 1H), 3.66 (dt, J = 10.0, 5.0 Hz, 2.7H), 2.56 (td, J = 5.9, 2.5 Hz,

2.7H), 2.32 (td, J = 6.1, 2.6 Hz, 2.8H), 1.74 — 1.63 (m, 6H).

3C NMR (100 MHz, CDCls) & 193.54, 166.15, 165.46, 165.15, 163.64, 143.68, 139.79, 134.41,

133.85, 133.73, 133.23, 132.62, 130.86, 130.34, 130.06, 130.03, 129.93, 129.90, 129.78, 129.48,
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128.90, 128.80, 128.74, 128.70, 128.57, 128.51, 128.40, 128.38, 123.76, 99.33, 96.54, 92.02,

80.15, 75.18, 71.43, 63.72, 32.14, 22.28, 21.99, 21.11.

HRMS (ESI): calc. for C42HssO10Na (M+Na): 721.2050; found: 721.2057.
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(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-iodobenzoate
(2C): The titular compound was synthesized in accordance to the procedure outlined for 2A. The
crude was purified by flash chromatography (ethyl acetate/hexane: 5 — 10%) to give pure 2C (Rf

= 0.4 in 80:20 hexane: ethyl acetate; a: = 2:1, 560 mg, 86%).

H NMR (400 MHz, CDCls) 5 8.04 — 7.98 (m, 1.4H), 7.86 (dd, J = 7.8, 1.7 Hz, 1H), 7.77 (dd, J =
7.8, 1.7 Hz, 0.5H), 7.40 — 7.27 (m, 20H), 7.23 (dd, J = 7.6, 1.2 Hz, 0.4H), 7.19 — 7.12 (m, 1.6H),
6.60 (d, J = 3.7 Hz, 0.5H), 6.56 (s, 1H), 4.80 — 4.72 (m, 2H), 4.67 — 4.60 (m, 4H), 4.56 — 4.51 (m

4H), 4.39 — 4.23 (m, 2.5H), 4.08 (dd, J = 5.2, 1.8 Hz, 1H), 3.72 — 3.64 (m, 3H).

3C NMR (100 MHz, CDCls) & 165.13, 165.04, 141.54, 138.01, 137.99, 137.95, 137.57, 137.32,
137.24, 134.10, 133.09, 132.95, 131.81, 131.62, 128.59, 128.56, 128.49, 128.46, 128.44, 128.17,
128.14, 128.10, 128.09, 128.00, 127.96, 127.94, 127.90, 127.88, 127.86, 127.84, 127.76, 127.73,
127.71, 101.64, 95.68, 94.56, 94.42, 86.52, 84.17, 84.02, 83.84, 81.49, 81.31, 73.53, 73.41,

73.32,72.64,72.19, 72.17, 70.94, 69.71.

HRMS (ESI): calc. for Cs3H3z1l0sNa (M+Na): 673.1063; found: 673.1042.
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(3S,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-((2-
formylcyclohex-1-en-1-yl)ethynyl)benzoate (4C): The titular compound was synthesized in
accordance to the procedure outlined for 1C. The crude was purified by flash chromatography
(ethyl acetate/hexane: 5 — 10%) to give pure donor 4C (Rf = 0.3 in 85:15 hexane: ethyl acetate;

a:B =1:3, 280 mg, 85%).

H NMR (400 MHz, CDCls) 5 10.42 (s, 1H), 10.39 (s, 0.3H), 8.01 (dd, J = 8.0, 1.3 Hz, 1H), 7.90
(dd, J = 8.0, 1.3 Hz, 0.3H), 7.60 (dd, J = 7.8, 1.3 Hz, 1.5H), 7.52 (td, J = 7.6, 1.5 Hz, 1.6H), 7.37
—7.23 (m, 22H), 7.24 (s, 1H), 6.60 (d, J = 3.5 Hz, 0.3H), 6.54 (s, 1H), 4.76 (d, J = 12.0 Hz, 1H),
4.73 — 4.46 (m, 10H), 4.33 (t, J = 4.3 Hz, 0.7H), 4.25 (d, J = 2.0 Hz, 1.3H), 4.06 (dd, J = 5.1, 1.8

Hz, 1H), 3.71 — 3.63 (m, 2.7H), 2.60 — 2.51 (m, 2.7H), 2.35 — 2.28 (m, 2.7H), 1.74 — 1.63 (m, 6H).

3C NMR (100 MHz, CDCl3) & 193.75, 193.63, 164.10, 164.04, 143.48, 143.44, 139.94, 138.02,
137.96, 137.63, 137.36, 134.30, 134.23, 132.35, 132.15, 131.21, 130.98, 130.92, 128.70, 128.56,
128.50, 128.48, 128.46, 128.43, 128.17, 128.06, 128.03, 128.00, 127.92, 127.86, 127.85, 127.78,
127.75, 127.71, 127.69, 123.50, 101.19, 96.93, 91.65, 91.58, 86.74, 84.09, 84.01, 83.81, 81.56,

81.38, 73.55, 72.17, 72.15, 69.79, 32.10, 32.08, 22.23, 22.20, 21.96, 21.11.

HRMS (ESI): calc. for C4HaO7Na (M+Na): 679.2672; found: 679.2654.
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(3R,4S,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-iodobenzoate
(2D): The titular compound was synthesized in accordance to the procedure outlined for 2A. The
crude was purified by flash chromatography (ethyl acetate/hexane: 5 — 10%) to give pure 2D (Rf

= 0.3 in 80:20 hexane: ethyl acetate; a: = 2:1, 550 mg, 85%).

H NMR (400 MHz, CDCls) 5 8.00 (dd, J = 8.0, 1.2 Hz, 1H), 7.84 (dd, J = 7.8, 1.7 Hz, 1H), 7.40 —
7.27 (m, 16H), 7.15 (td, J = 7.7, 1.8 Hz, 1H), 6.54 (s, 1H), 4.75 (d, J = 11.9 Hz, 1H), 4.61 (d, J =
10.5 Hz, 3H), 4.51 (d, J = 6.2 Hz, 3H), 4.28 (d, J = 1.9 Hz, 1H), 4.06 (dd, J = 5.2, 1.8 Hz, 1H),

3.68 (dd, J = 5.3, 3.3 Hz, 2H).

3C NMR (100 MHz, CDCls) & 165.17, 141.57, 138.04, 137.60, 137.27, 134.15, 133.12, 131.84,
128.62, 128.60, 128.52, 128.49, 128.17, 128.13, 128.03, 127.96, 127.93, 127.89, 127.79, 101.67,

94.44, 86.56, 84.19, 83.88, 73.57, 72.22, 72.21, 69.74.

HRMS (ESI): calc. for CssH3z110eNa (M+Na): 673.1063; found: 673.1043.
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(3R,4S,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-((2-
formylcyclohex-1-en-1-yl)ethynyl)benzoate (4D): The titular compound was synthesized in

accordance to the procedure outlined for 4A. The donor was purified by flash chromatography
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(ethyl acetate/hexane: 5% — 10%) to give pure 4D (Rf = 0.4 in 80:20 hexane: ethyl acetate; 290

mg, 90%).

H NMR (400 MHz, CDCl3) & 10.42 (s, 1H), 10.40 (s, 1H), 8.03 — 7.99 (m, 1H), 7.90 (d, J = 8.0
Hz, 1H), 7.62 — 7.57 (m, 2H), 7.55 — 7.47 (m, 2H), 7.39 — 7.26 (m, 32H), 6.61 (d, J = 3.4 Hz, 1H),
6.54 (s, 1H), 4.80 — 4.47 (m, S8 16H), 4.36 — 4.30 (m, 2H), 4.26 — 4.23 (m, 2H), 4.06 (dd, J = 5.1,

1.9 Hz, 1H), 3.69 — 3.63 (m, 4H), 2.58 — 2.53 (m, 4H), 2.35 — 2.27 (m, 4H), 1.72 — 1.64 (m, 8H).

3C NMR (100 MHz, CDCl3) & 193.73, 193.62, 164.10, 164.03, 143.47, 143.44, 139.95, 139.92,
138.03, 138.02, 137.96, 137.63, 137.36, 134.29, 134.22, 132.34, 132.15, 131.24, 131.20, 130.97,
130.91, 128.71, 128.69, 128.56, 128.53, 128.50, 128.48, 128.46, 128.42, 128.05, 128.03, 128.01,
127.99, 127.96, 127.94,127.91,127.86, 127.84,127.77,127.75,127.71, 127.69, 123.50, 101.19,
96.92, 96.90, 95.24, 91.65, 91.58, 86.74, 84.09, 84.01, 83.81, 81.56, 81.38, 73.55, 73.40, 73.24,

72.67,72.17,72.15,70.92, 69.79, 32.10, 32.08, 22.23, 22.20, 21.96, 21.11.

HRMS (ESI): calc. for CsoHa00/Na (M+Na): 679.2672; found: 679.2654.
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(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-iodo-4-
methoxybenzoate (2E): The titular compound was synthesized in accordance to the procedure
outlined for 2A. The crude was purified by flash chromatography (ethyl acetate/hexane: 5 — 10%)

to give 2E (Rf = 0.3 in 80:20 hexane: ethyl acetate; 313 mg, 92%).
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H NMR (500 MHz, CDCls) & 8.06 (d, J = 8.8 Hz, 0.6H), 7.70 (d, J = 8.8 Hz, 1H), 7.51 (d, J = 2.6
Hz, 0.5H), 7.49 — 7.44 (m, 2.6H), 7.40 — 7.23 (m, 19H), 6.64 — 6.57 (m, 2.3H), 6.47 (s, 1H), 4.87
(d, J = 12.1 Hz, 1H), 4.80 (d, J = 11.5 Hz, 1H), 4.73 — 4.69 (m, 2H), 4.66 — 4.41 (m, 10.5H), 4.34
(dd, J = 8.1, 4.5 Hz, 1.5H), 4.15 — 4.04 (m, 3H), 3.83 — 3.79 (m, 6H), 3.78 (d, J = 2.9 Hz, 1H), 3.70

—3.65 (m, 1.5H), 3.54 (d, J = 3.7 Hz, 1.5H).

3C NMR (125 MHz, CDCls) 5 164.13, 162.27, 162.25, 138.41, 138.35, 137.93, 137.72, 137.68,
137.44,134.24,133.40, 128.61, 128.57, 128.56, 128.54, 128.47, 128.43, 128.40, 128.17, 128.14,
128.07, 128.02, 127.99, 127.92, 127.88, 127.70, 127.65, 127.52, 127.20, 127.02, 113.67, 113.58,
99.83, 96.28, 95.83, 95.58, 84.68, 81.77, 78.87, 78.59, 76.47, 76.34, 73.68, 73.39, 73.12, 72.93,

72.50, 72.23, 70.04, 69.64.

HRMS (ESI): calc. for CasH33107Na (M+Na): 703.1169; found: 703.1164.
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(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-((2-

formylcyclohex-1-en-1-yl)ethynyl)-4-methoxybenzoate (4E): The titular compound was
synthesized in accordance to the procedure outlined for 4A. The crude was purified by flash
chromatography (ethyl acetate/hexane: 5 — 10%) to give pure donor 4E (Rf = 0.2 in 75:25

hexane: ethyl acetate; a: = 1:4, 290 mg, 88%).

H NMR (500 MHz, CDCls) & 10.42 (s, 1H), 7.72 (d, J = 8.8 Hz, 1.3H), 7.46 — 7.43 (m, 2H), 7.38

—7.22 (m, 13H), 7.02 (d, J = 2.7 Hz, 1H), 6.59 (dd, J = 8.8, 2.7 Hz, 1.3H), 6.47 (s, 1H), 4.87 (d, J
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=12.2 Hz, 1.5H), 4.71 (d, J = 12.2 Hz, 2H), 4.60 — 4.41 (m, 7H), 4.32 (dd, J = 7.9, 4.5 Hz, 1.6H),
4.08 (d, J = 4.5 Hz, 1.4H), 3.87 — 3.85 (m, 4H), 3.79 (dd, J = 11.2, 2.9 Hz, 1.3H), 3.66 (dd, J =

11.1, 3.9 Hz, 1.6H), 2.58 (tt, J = 4.1, 1.9 Hz, 3H), 2.40 — 2.24 (m, 3H), 1.77 — 1.66 (m, 7H).

3C NMR (125 MHz, CDCls) & 193.71, 163.45, 162.40, 143.71, 139.94, 138.39, 137.73, 137.62,
133.11, 128.58, 128.54, 128.41, 128.33, 128.16, 128.06, 128.01, 127.91, 127.71, 127.64, 127.54,
125.54, 123.15, S9 118.83, 114.84, 99.60, 96.95, 91.51, 81.71, 78.82, 73.42, 72.56, 72.20, 69.59,

55.78, 32.16, 22.30, 22.04, 21.17.

HRMS (ESI): calc. for C4sHa20sNa (M+Na): 709.2777; found: 709.2772.
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(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-iodo-4-
nitrobenzoate (2F): The titular compound was synthesized in accordance to the procedure
outlined for 2A. The crude was purified by flash chromatography (ethyl acetate/hexane: 5 — 10%)

to give 2F (Rf = 0.3 in 80:20 hexane: ethyl acetate; a: = 1:1.4, 89%).

H NMR (400 MHz, CDCls) & 8.74 (d, J = 2.2 Hz, 0.6H), 8.66 (d, J = 2.2 Hz, 1H), 8.02 (d, J = 8.6
Hz, 1H), 7.76 (dt, J = 8.7, 2.2 Hz, 1.7H), 7.61 (d, J = 8.6 Hz, 1H), 7.48 — 7.44 (m, 2H), 7.41 — 7.20
(m, 22H), 7.17 (dd, J = 6.7, 2.7 Hz, 2H), 6.62 (d, J = 4.0 Hz, 0.7H), 6.45 (s, 1H), 4.86 (d, J = 12.1
Hz, 1H), 4.78 — 4.35 (m, 14H), 4.19 (dd, J = 6.0, 4.1 Hz, 1H), 4.13 — 4.04 (m, 2H), 3.82 (dd, J =

11.1, 2.6 Hz, 1H), 3.66 (dd, J = 11.1, 3.6 Hz, 1H), 3.56 (d, J = 3.6 Hz, 1.4H).
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3C NMR (100 MHz, CDCI3) & 164.03, 163.96, 148.91, 148.80, 140.12, 139.72, 138.05, 137.98,
137.75,137.52, 137.43,137.16, 135.70, 135.64, 133.02, 131.75, 128.67, 128.62, 128.59, 128.58,
128.55, 128.49, 128.41, 128.29, 128.20, 128.01, 127.89, 127.72, 127.67, 127.63, 122.70, 100.53,
97.13, 93.88, 93.36, 85.33, 82.06, 79.12, 78.30, 76.13, 75.59, 73.68, 73.45, 73.30, 73.14, 72.50,

72.41,69.94, 69.08.

HRMS (ESI): calc. for Ca3sH30INOgNa (M+Na): 718.0914; found: 718.0910.
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(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl-2-((2-

formylcyclohex-1-en-1-yl)ethynyl)-4-nitrobenzoate (4F): The titular compound was
synthesized in accordance to the procedure outlined for 4A. The crude was purified by flash
chromatography (ethyl acetate/hexane: 5 — 10%) to give pure donor 4F (Rf = 0.3 in 75:25

hexane: ethyl acetate; a:f = 1:2, 88%).

H NMR (400 MHz, CDCls) 5 10.38 (s, 1.2H), 8.31 (dd, J = 16.1, 2.3 Hz, 1.3H), 8.17 (d, J = 8.7
Hz, 0.6H), 7.77 (dd, J = 8.7, 2.3 Hz, 0.6H), 7.73 (d, J = 8.7 Hz, 1H), 7.62 (dd, J = 8.7, 2.3 Hz, 1H),
7.47 — 7.42 (m, 2H), 7.40 — 7.20 (m, 18H), 7.16 (dd, J = 7.4, 2.1 Hz, 2H), 6.62 (d, J = 4.0 Hz,
0.5H), 6.45 (s, 1H), 4.86 (d, J = 12.2 Hz, 1H), 4.79 — 4.36 (m, 12H), 4.19 (dd, J = 5.9, 4.2 Hz,
0.7H), 4.11 — 4.05 (m, 1.6H), 3.83 (dd, J = 11.2, 2.4 Hz, 1.2H), 3.67 (dd, J = 11.2, 2.9 Hz, 1.2H),

3.55 (dd, J = 3.6, 1.6 Hz, 1H), 2.60 — 2.52 (m, 3H), 2.59 — 2.53 (m, 3H), 1.78 — 1.66 (m, 7H).
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3C NMR (100 MHz, CDCl3) & 193.49, 193.14, 162.94, 162.40, 149.39, 149.37, 144.96, 144.78,
138.74, 138.59, 138.10, 138.07, 137.78, 137.56, 137.48, 137.35, 136.75, 135.81, 133.07, 132.10,
128.60, 128.57, 128.52, 128.48, 128.45, 128.42, 128.38, 128.28, 128.25, 128.22, 128.16, 128.12,
128.06, 128.03, 128.00, 127.91, 127.85, 127.80, 127.76, 127.68, 127.58, 124.97, 124.90, 122.93,
122.82, 100.05, 96.51, 94.35, 94.22, 94.03, 93.78, 85.20, 81.93, 79.05, 78.61, 76.23, 75.89,
73.69, 73.50, 73.21, 73.06, 72.59, 72.35, 70.00, 68.95, 31.91, 31.89, 22.33, 22.30, 21.91, 21.01,

20.99.

HRMS (ESI): calc. for CsHasNOsNa (M+Na): 724.2523; found: 724.2520.
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(3R,4S,5R)-2-(allyloxy)-4-(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-3-ol (6): 3,5-di-

o
| I
[e) 2-iodobenzoic acid o) OH
EDCI, DMAP /~<j
o) o BnO

O-benzyl-1,2-O-isopropylidene-a-D-ribofuranose 5 was prepared according to the reported
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procedure. To a flame-dried Schlenk flask were added 5 (2.5g, 6.76 mmol), p-TsOH (0.20g, 1.08
mmol), dry allyl alcohol (25 mL) and dry THF (25 mL). The mixture was heated at 100 °C for 20
h. After completion, it was neutralized with saturated NaHCO3; solution (30 mL), extracted with
EtOAc (3 x 40 mL). The organic layer was washed with H20O, brine. It was then dried over sodium
sulfate, concentrated in vacuo, and purified by silica gel flash chromatography (ethyl

acetate/hexane: 10% — 20%) to give pure 6 (Rf = 0.2 in 70:30 hexane: ethyl acetate; 2 g, 80 %).

H NMR (400 MHz, CDCls) & 7.40 — 7.25 (m, 10H), 5.84 (dddd, J = 16.9, 10.3, 6.2, 5.2 Hz, 1H),
5.24 (dd, J = 17.2, 1.6 Hz, 1H), 5.16 (dt, J = 10.4, 1.4 Hz, 1H), 5.03 (s, 1H), 4.58 (d, J = 5.1 Hz,
4H), 4.26 (q, J = 5.6 Hz, 1H), 4.19 — 4.08 (m, 3H), 3.95 (ddt, J = 12.8, 6.2, 1.4 Hz, 1H), 3.56 (dd,

J=5.5,1.7 Hz, 2H), 2.77 (s, 1H).

3C NMR (100 MHz, CDCls) & 138.19, 137.20, 134.04, 128.68, 128.46, 128.30, 128.03, 127.77,

127.72, 117.51, 106.69, 80.68, 79.78, 73.49, 73.34, 72.85, 71.75, 68.30.

HRMS (ESI): calc. for C22H260sNa (M+Na): 393.1678; found: 393.1684.

(3R,4R,5R)-2-(allyloxy)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-methoxytetrahydrofuran (7):
To an ice-cold solution of 6 (6.8 mmol) in dry DMF (5 mL) were successively added NaH (20
mmol, 60% dispersion in mineral oil), Mel (17 mmol) and TBAI (0.2 mmol). After stirring at 0 °C
for 10 min and another 50 min at room temperature, the excess hydride was decomposed by
addition of MeOH, and the resulting mixture was partitioned between Et,O (200 mL) and cold
water (100 mL). The separated aqueous layer was then washed with another portion of Et,O (100
mL). The combined organic extracts were dried over Na>SOa, concentrated, and the residue was
purified by silica gel column chromatography (hexane/ethyl acetate, 5%) to give compound 7 as

a colorless oil (98%; Rf = 0.3 in 90:10 hexane: ethyl acetate).
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H NMR (400 MHz, CDCls) & 7.38 — 7.26 (m, 10H), 5.84 (dddd, J = 16.9, 10.3, 6.2, 5.2 Hz, 1H),
5.23 (dg, J = 17.2, 1.6 Hz, 1H), 5.15 (dq, J = 10.4, 1.4 Hz, 1H), 5.07 (d, J = 1.0 Hz, 1H), 4.66 —
4.52 (m, 4H), 4.29 (ddd, J = 7.2, 5.9, 3.8 Hz, 1H), 4.19 (ddt, J = 12.8, 5.2, 1.5 Hz, 1H), 4.07 (dd,
J=7.1,4.7 Hz, 1H), 3.95 (ddt, J = 12.7, 6.3, 1.4 Hz, 1H), 3.68 — 3.59 (m, 2H), 3.51 (dd, J = 10.6,

5.9 Hz, 1H), 3.45 (s, 3H).

3C NMR (100 MHz, CDCls) & 138.35, 137.88, 134.14, 128.48, 128.42, 128.04, 127.93, 127.74,

127.63, 117.51, 103.85, 82.31, 80.46, 78.55, 73.23, 72.67, 71.46, 68.40, 58.44.

HRMS (ESI): calc. for CasH2s0sNa (M+Na): 407.1834; found: 407.1838.

(3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-methoxytetrahydrofuran-2-yl 2-
iodobenzoate (2G): A mixture of compound 7 (1.4 mmol) and PdCl, (0.2 mmol) in MeOH/H.0
(20 mL, 10:1, v/v) was stirred at room temperature for 2 h. The reaction mixture was filtered
through Celite and concentrated in vacuo. The crude was carried forward without further

purification.

The pre-donor 2G was prepared in accordance with the procedure outlined for 2A. The crude was
purified by flash chromatography (ethyl acetate/hexane: 10 — 20%) to give pure 2G (85%; Rf =

0.3 in 80:20 hexane: ethyl acetate; a: = 1:5).

H NMR (400 MHz, CDCls) & 7.94 (dd, J = 7.8, 1.2 Hz, 1H), 7.68 (dd, J = 7.7, 1.8 Hz, 1H), 7.39 —
7.27 (m, 7.2H), 7.25 — 7.08 (m, 7.6H), 6.65 (d, J = 4.1 Hz, 0.2H), 6.42 (s, 1H), 4.79 (d, J = 11.8
Hz, 0.4H), 4.68 (d, J = 12.1 Hz, 1H), 4.63 — 4.46 (m, 4.5H), 4.40 — 4.31 (m, 2.2H), 4.12 (dd, J =
6.4, 2.2 Hz, 0.3H), 3.98 (dd, J = 6.1, 4.2 Hz, 0.3H), 3.86 (d, J = 4.0 Hz, 1H), 3.75 (dd, J = 11.1,

2.7 Hz, 1H), 3.66 — 3.45 (m, 6H).
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3C NMR (100 MHz, CDCl3) & 165.09, 141.49, 141.45, 138.24, 137.66, 134.39, 133.02, 131.70,
128.63, 128.61, 128.47,128.41, 128.28, 128.22, 128.20, 128.07, 128.03, 127.76, 127.65, 127.60,

99.49, 94.19, 81.69, 81.58, 76.60, 73.37, 72.91, 69.59, 58.65.

HRMS (ESI): calc. for C27H27106Na (M+Na): 597.0750; found: 597.0751.

(3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-methoxytetrahydrofuran-2-yl-2-((2-

formylcyclohex-1-en-1-yl)ethynyl)benzoate (4G): The titular compound was synthesized in
accordance to the procedure outlined for 4A. The crude was purified by flash chromatography
(ethyl acetate/hexane: 10 — 20%) to give pure 4G (85%; Rf = 0.2 in 80:20 hexane: ethyl acetate;

a: = 1:5).

H NMR (400 MHz, CDCls) & 10.39 (s, 0.2H), 10.37 (s, 1H), 7.77 (dd, J = 7.9, 1.3 Hz, 1H), 7.56
(dd, J = 7.8, 1.3 Hz, 1H), 7.46 (qd, J = 7.2, 3.2 Hz, 2H), 7.38 — 7.27 (m, 6H), 7.23 (d, J = 1.9 Hz,
4H), 7.16 (td, J = 7.7, 1.3 Hz, 1H), 6.65 (d, J = 4.1 Hz, 0.2H), 6.42 (s, 1H), 4.67 (d, J = 11.9 Hz,
1H), 4.61 — 4.45 (m, 4H), 4.40 — 4.29 (m, 2H), 3.83 (d, J = 4.3 Hz, 1H), 3.76 (dd, J = 11.2, 2.8 Hz,
1H), 3.62 (dd, J = 11.2, 3.8 Hz, 1H), 3.56 (s, 3H, OMep), 3.53 (d, J = 3.8 Hz, 1H), 3.48 (s, 1H,
OMea), 2.55 (dq, J = 6.0, 2.7 Hz, 2H), 2.35 — 2.27 (m, 2H), 1.69 (ddtd, J = 11.4, 8.1, 5.8, 2.7 Hz,

5H).

3C NMR (100 MHz, CDCls) & 193.70, 163.94, 143.59, 139.93, 138.28, 137.68, 134.27, 132.27,
130.98, 130.85, 128.69, 128.58, 128.40, 128.13, 128.07, 127.61, 127.60, 123.50, 99.18, 96.82,

91.68, 81.77, 81.63, 73.39, 72.90, 69.47, 58.63, 32.16, 22.27, 22.01, 21.16.

HRMS (ESI): calc. for CssH3sO7Na (M+Na): 603.2359; found: 603.2354.
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(((3R,4R,5R)-2-(allyloxy)-4-(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-3-

yl)oxy)triisopropylsilane (8): Compound 6 (200 mg, 0.54 mmol, 1.0 equiv) was dissolved in
CH.CI, (0.1 M) and cooled down to —20 °C. 2,6-Lutidine (3.0 equiv.) was added to the reaction
mixture followed by the addition of triisopropylsilyl triflate (1.5 equiv) and then the reaction was
warmed to rt and monitored by TLC. After completion, it was quenched with saturated aq.
NaHCOs;; the aq. layer was separated and extracted with CH2Cl.. The organic layer was collected,
dried over Na>SOy, filtered, and concentrated by rotary evaporation to afford the crude product.
Purification by silica flash chromatography (ethyl acetate/hexane: 5 — 10%). afforded the TIPS-

protected compound 8 (210 mg, 74%).

H NMR (400 MHz, CDCls) & 7.35 — 7.26 (m, 7H), 7.25 — 7.22 (m, 3H), 5.95 (dddd, J = 17.1, 10.3,
6.7, 4.9 Hz, 1H), 5.36 — 5.28 (m, 1H), 5.16 (dd, J = 10.4, 1.7 Hz, 1H), 4.99 (d, J = 4.4 Hz, 1H),
4.85 (d, J = 12.7 Hz, 1H), 4.58 — 4.37 (m, 4H), 4.30 (ddt, J = 13.2, 5.0, 1.5 Hz, 1H), 4.23 — 4.07
(m, 4H), 3.78 (dd, J = 6.6, 2.7 Hz, 1H), 3.45 (dd, J = 10.5, 3.3 Hz, 1H), 3.30 (dd, J = 10.4, 4.0 Hz,

1H), 1.10 — 1.05 (m, 21H).

3C NMR (100 MHz, CDCls) & 138.88, 138.14, 134.92, 128.44, 128.32, 128.22, 127.78, 127.75,

127.57,117.43, 101.27, 82.36, 73.70, 73.53, 72.77, 70.40, 68.83, 18.16, 18.10, 12.35.
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HRMS (ESI): calc. for Ca1HsOsSiNa (M+Na): 549.3007; found: 549.3005.

(3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-((triisopropylsilyl)oxy)tetrahydrofuran-
2-yl 2-iodobenzoate (2H): Compound 1H was synthesized according to the procedure for 1G.

The crude was carried forward without further purification.

The pre-donor 2H was prepared in accordance with the procedure outlined for 2A. The crude was
purified by flash chromatography (ethyl acetate/hexane: 5 — 10%) to give pure 2H (a:3 1:4, 110

mg, 75%).

H NMR (400 MHz, CDCls) 5 7.94 (dd, J = 7.9, 1.2 Hz, 1H), 7.66 (dd, J = 7.7, 1.7 Hz, 1H), 7.35 —
7.27 (m, 6H), 7.25 — 7.17 (m, 6H), 7.15 — 7.04 (m, 2H), 6.51 (d, J = 4.2 Hz, 0.25H), 6.30 (s, 1H),
4.74 (d, J = 1.8 Hz, 1H), 4.59 — 4.48 (m, 5H), 4.42 (ddd, J = 7.5, 4.3, 2.7 Hz, 1H), 4.29 (dd, J =
8.1, 3.9 Hz, 1H), 3.75 (dd, J = 11.0, 2.7 Hz, 1H), 3.60 (dd, J = 11.2, 4.5 Hz, 1.5H), 1.12 — 1.10 (m,

17H), 1.03 — 0.99 (m, 4H).

3C NMR (100 MHz, CDCl3) & 165.13, 141.27, 138.26, 137.92, 134.92, 132.92, 132.82, 131.49,
128.51, 128.47, 128.35, 128.34, 127.96, 127.94, 127.78, 127.77, 127.63, 127.52, 102.15, 94.04,

81.21,77.59, 74.27, 73.38, 72.66, 69.79, 18.16, 12.64.

HRMS (ESI): calc. for CssHas10sSiNa (M+Na): 739.1922; found: 739.1926.

(3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-((triisopropylsilyl)oxy)tetrahydrofuran-
2-yl 2-((2-formylcyclohex-1-en-1-yl)ethynyl)benzoate (4H): The titular compound was
synthesized in accordance to the procedure outlined for 4A. The crude was purified by flash

chromatography (ethyl acetate/hexane: 5 — 10%) to give pure donor 4H (a:f3 1:3, 90 mg, 83%).
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H NMR (400 MHz, CDCls) & 10.38 (s, 0.3H), 10.34 (s, 1H), 8.00 (dd, J = 7.8, 1.4 Hz, 0.4H), 7.78
(dd, J = 8.0, 1.3 Hz, 1H), 7.73 — 7.66 (m, 0.6H), 7.60 — 7.37 (m, 4H), 7.34 — 7.27 (m, 5H), 7.23 (s,
4H), 7.15 (td, J = 7.7, 1.3 Hz, 1H), 6.27 (s, 1H), 4.72 (d, J = 11.6 Hz, 1H), 4.56 — 4.36 (m, 5.5H),
4.25 (dd, J = 7.8, 3.9 Hz, 1H), 3.93 (s, 1H), 3.76 (dd, J = 1.1, 2.7 Hz, 1H), 3.59 (dd, J = 11.1, 3.9

Hz, 1H), 2.58 — 2.53 (m, 2.6H), 2.34 — 2.29 (m, 2.6H), 1.75 — 1.64 (m, 5H), 1.23 —0.99 (m, 21H).

3C NMR (100 MHz, CDCls) & 193.66, 193.43, 163.79, 143.52, 143.42, 140.02, 138.34, 137.99,
134.29, 134.23, 132.16, 132.02, 131.20, 130.89, 130.83, 128.85, 128.64, 128.44, 128.38, 127.89,
127.86, 127.63, S13 127.56, 123.51, 101.93, 96.96, 91.62, 81.19, 78.02, 74.61, 73.43, 72.81,

69.72, 32.26, 32.20, 22.28, 22.05, 21.19, 18.14, 12.63.

HRMS (ESI): calc. for Ca4Hs407SiNa (M+Na): 745.3531; found: 745.3537.

2.15.2 Furanosylation Reaction

BnO
_ o
=57 =
$ O )
=0 o Me % [CuOTf],etol (30 mol%) BnO OBn Me
BnO o +
o 0} 0 Li,CO; (1.2 equiv.)
Me™ - DCM, 4A MS, rt, 4 hr
Me
BnO OBn

(2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-(1—6)1,2:3,4-di-O-isopropylidene-a-D-

galactopyranoside (10A): A 4 mL vial was charged with alcohol acceptor 9A (0.05 mmol, 1.0
equiv.), furanosyl donor 4A (0.1 mmol, 2.0 equiv.), [CuOTf].etol (10 mol% with respect to the
alcohol), LiCOj3 (0.06 mmol, 1.2 equiv.), 4A molecular sieves and CH,Cl, (0.04 M). The resulting

solution was stirred at room temperature and the progress was monitored by TLC (4 h). After
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completion, saturated NaHCO3 solution was added, and the aqueous phase was extracted with
DCM (3x). An internal standard, 1,3,5-trimethoxybenzene (0.05 mmol, 1.0 equiv.) was added to
the organic extract. It was then concentrated in vacuo. The product yield and anomeric ratio were
determined by 'H NMR of the crude. (78%, a.:p = 7:1). The 'H NMR of compound 10A matches

the literature report."

BnO I

o
OBnOBnN

4-Penten-1-yl 2,3,5-tri-O-benzyl-a-D-ribofuranoside (10B): Prepared in accordance with the
procedure for 10A in 3 h, (84%, a-only). The 'H NMR of compound 10B matches the literature

report.>*

BnO

(o)
OBnOBnY

Isopropyl 2,3,5-tri-O-benzyl-D-ribofuranoside (10C): Prepared in accordance with the
procedure for 10A in 2 h, (95%, o:p = 6:1). The '"H NMR of compound 10C matches the literature

report.2®

BnO

OBnOBn\O
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Cyclohexyl 2,3,5-tri-O-benzyl-D-ribofuranoside (10D): Prepared in accordance with the
procedure for 10A in 3 h (96%, o:p = 9:1). The '"H NMR of compound 10D matches the literature

report.®

BnO

I-Menthyl 2,3,5-tri-O-benzyl-D-ribofuranoside (10E): Prepared in accordance with the
procedure for 10A in 3 h (97%, a:p = 9:1). The '"H NMR of compound 10E matches with the

literature report.?*

BnO

OBnOBn

Cholesteryl 2,3,5-tri-O-benzyl-D-ribofuranoside (10F): Prepared in accordance with the
procedure for 10A in 5 h, yielding the product as a white semisolid (96%, a-only). The "H NMR of

compound 10F matches the literature report.*
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BnO

k—ﬂ
BnO OBn o
BnO
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OMe

Methyl (2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-
glucopyranoside (10G): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu()OTf]zetol at rt in 6 h, yielding the product as a colorless oil (96%, o = 9:1). The '"H NMR of

compound 10G matches the literature report.>7-°

BnO

\\QO OBn
BnO OBn 0
BnO
BnO

OMe

Methyl (2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-
mannopyranoside (10H): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]2etol at rt in 8 h, yielding the product as a colorless oil (Rf = 0.3 in 70:30 hexane: ethyl

acetate; 84%, a:pp = 5:1).

H NMR (600 MHz, CDCls) & 7.39 — 7.17 (m, 30H), 5.31 (d, J = 3.6 Hz, 1H), 4.77 (dd, J = 20.0,
11.4 Hz, 2H), 4.73 — 4.50 (m, 11H), 4.42 (dd, J = 25.3, 12.0 Hz, 2H), 4.26 (q, J = 4.0 Hz, 1H), 4.19
— 4.12 (m, 2H), 3.89 — 3.80 (m, 4H), 3.77 (dd, J = 3.2, 1.8 Hz, 1H), 3.74 — 3.68 (m, 1H), 3.53 (dd,

J=10.7, 3.3 Hz, 1H), 3.44 (dd, J = 10.7, 4.0 Hz, 1H), 3.25 (s, 3H).

3C NMR (100 MHz, CDCls) & 138.99, 138.52, 138.23, 128.47, 128.42, 128.39, 128.37, 128.32,
128.30, 128.26, 128.16, 128.03, 127.98, 127.77, 127.72, 127.66, 127.59, 102.22, 99.29, 80.74,
80.30, 77.48, 76.23, 75.24, 75.12, 74.99, 73.51, 72.94, 72.70, 72.32, 72.06, 69.73, 66.57, 54.82.
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HRMS (ESI): calc. for CssHssO10Na (M+Na): 889.3928; found:889.3934.

BnO

m
BnO OBn o
BzO
BzO
BzO

OMe

Methyl (2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzoyl-a-D-
glucopyranoside (10l): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]zetol at rt in 6 h (87%, o:p = 8:1). The 'H NMR of compound 10l matches with the

literature report.'®

BnO

OBn

\\<;;;;;l O+
BnO OBn
OMe

BnO

Methyl (2,3,5-tri-O-benzyl- a-D-arabinofuranosyl)-(1—5)-2,3-di-O-benzyl-a-D-
arabinofuranoside (10J): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]stol at rtin 6 h (78%, a.:p = 4:1). The '"H NMR of compound 10J matches the literature

report."

BnO

NHTs

(o}
BnO OBn
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N-tosyl-0O-(2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-L-alaninol (10K): Prepared in accordance
with the procedure for 10A using 30 mol% [Cu(l)OTf].etol at rt in 8 h, yielding the product as a

colorless oil (Rf = 0.2 in 60:40 hexane: ethyl acetate; 84%, o3 = 3:1).

H NMR (500 MHz, CDCls) 8 7.79 (d, J = 8.0 Hz, 2H), 7.37 — 7.28 (m, 13H), 7.24 — 7.20 (m, 2H),
7.09 (d, J = 7.9 Hz, 2H), 5.94 (s, 1H), 4.95 (d, J = 4.0 Hz, 1H), 4.66 (s, 2H), 4.60 (d, J = 11.9 Hz,
1H), 4.52 — 4.46 (m, 2H), 4.42 (d, J = 12.1 Hz, 1H), 4.23 — 4.20 (m, 1H), 3.90 (dd, J = 6.3, 2.0 Hz,
1H), 3.83 (dd, J = 6.3, 4.0 Hz, 1H), 3.59 — 3.54 (m, 1H), 3.40 — 3.27 (m, 4H), 2.32 (s, 3H), 1.14

(d, J = 6.4 Hz, 3H).

3C NMR (150 MHz, CDCl3) & 142.96, 137.96, 137.91, 137.65, 137.43, 129.89, 129.75, 129.71,
129.66, 129.63, 128.88, 128.73, 128.65, 128.58, 128.52, 128.33, 128.17, 128.02, 127.92, 127.79,
127.50, 100.23, 83.28, 78.67, 75.01, 73.62, 72.66, 72.60, 70.12, 69.20, 49.26, 29.86, 21.62,

17.85.

HRMS (ESI): calc. for C3sH41NO7SNa (M+Na): 654.2501; found:654.2507.

BnO
NHCbz

BnO OBn COyMe

N-(Benzyloxycarbonyl)-0O-(2,3,5-tri-O-benzyl-a-D-ribofuranosyl)-L-serine  methyl ester
(10L): Prepared in accordance with the procedure for 10A at rt using 30 mol% [Cu(I)OTf]z+tol in

8 h (84%, a:p = 3:1). The 'H NMR of compound 10L matches the literature report.®

BzO [o) OMe
OBn

OBzOBz BnO OBn
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Methyl (2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-
glucopyranoside (11): Prepared in accordance with the procedure for 10A at rtin 8 h (61%, B-

only). The "H NMR of compound 11 matches the literature report.®

BnO BnO O
|
OBn
4-Penten-1-yl 2,3,5-tri-O-benzyl-B-D-arabinofuranoside (12A): Prepared in accordance with

the procedure for 10A at rt using 10 mol% [Cu(I)OTf]z+tol in 6 h (82%, a.: = 1:8). The 'H NMR of

compound 12A matches the literature report.*

BnO J\

BnO O
| :OW |

OBn

Isopropyl 2,3,5-tri-O-benzyl-B-D-arabinofuranoside (12B): Prepared in accordance with the
procedure for 10A at rt using 10 mol% [Cu()OTf]zetol in 2 h (96%, o:p = 1:4). The 'H NMR of

compound 12B matches the literature report."

BnO BnO O Y

k mi?‘ AN

OBn

79



I-Menthyl 2,3,5-tri-O-benzyl-B-D-arabinofuranoside (12C): Prepared in accordance with the
procedure for 10A using 10 mol% [Cu(l)OTf]o+tol at rt in 3 h (96%, o:p = 1:5). The 'H NMR of

compound 12C matches the literature report.®#

BnO BnO O
| :0~‘ I

OBn

Adamantanyl 2,3,5-tri-O-benzyl-B-D-arabinofuranoside (12D): Prepared in accordance with
the procedure for 10A using 10 mol% [Cu(l)OTf]z+tol at rt in 5 h (92%, B-only). The 'H NMR of

compound 12D matches the literature report.*'2

BnO

OBn

Cholesteryl 2,3,5-tri-O-benzyl-B-D-arabinofuranoside (12E): Prepared in accordance with the
procedure for 10A using 10 mol% [Cu(l)OTf]zetol at rt in 5 h (88%, a:f = 1:5). The '"H NMR of

compound 12E matches with the literature report.*2
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Methyl (2,3,5-tri-O-benzyl-B-D-arabinofuranosyl)-(1—6)1,2:3,4-di-O-isopropylidene-a-D-
galactopyranoside (12F): Prepared in accordance with the procedure for 10A using 10 mol%
[Cu(l)OTf]zetol at rt in 4 h (80%, o:p = 1:4). The 'H NMR of compound 12F matches with the

literature report.™"

BnO BnO (o]

O.
o
OBn
Bngno BnO OMe
Methyl (2,3,5-tri-O-benzyl-B-D-arabinofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-

glucopyranoside (12G): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]stol at rt in 6 h (86%, a:f = 1:5). The 'H NMR of compound 12G matches with the

literature report.™12

BnO

BnO O
O.
o
BzO

OBn BzO

BZ0 Ome

Methyl (2,3,5-tri-O-benzyl-B-D-arabinofuranosyl)-(1—6)-2,3,4-tri-O-benzoyl-a-D-

glucopyranoside (12H): Prepared in accordance with the procedure for 10A using 30 mol%
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[Cu(l)OTf]zetol at rtin 6 h (91%, a:f = 1:4). The '"H NMR of compound 12H matches the literature

report.'12
BnO BnO O
O.
OBn
-0
OBn BnO
BnO
OMe
Methyl (2,3,5-tri-O-benzyl-p-D-arabinofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-

mannopyranoside (12l): Prepared in accordance with the procedure for 10A using 30 mol%

[Cu(l)OTf]zetol at rt in 6 h (90%, o:p = 1:3). The 'H NMR of compound 121 matches the literature

report.'?
BnO BnO O OBn
OMe
OBn BnO
Methyl (2,3,5-tri-O-benzyl-D-arabinofuranosyl)-(1—5)-2,3-di-O-benzyl-a-D-

arabinofuranoside (12J): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]zetol at rt in 6 h (80%, B-only). The '"H NMR of compound 12J matches the literature

report."
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BnO

Methyl (2, 3, 5-tri-O-benzyl-B-L-arabinofuranosyl)- (1—6)1,2:3,4-di-O-isopropylidene-a-D-
galactopyranoside (13A): Prepared in accordance with the procedure for 10A using 10 mol%
[Cu(l)OTf]zetol at rtin 4 h (78%, a:f = 1:3. The 'H NMR of compound 13A matches the literature

report.”

OBn
-0

(o]

BnO OBn

o
BzO
BzO B0
0 oMe

Methyl (2, 3, 5-tri-O-benzyl-B-L-arabinofuranosyl)-(1—6) 2,3,4-tri-O-benzoyl-a-D-
glucopyranoside (13B): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]zetol at rtin 6 h (72%, a.:f = 1:4). The '"H NMR of compound 13B matches the literature

report."13

OBn
-0

BnO OBn BzO

-0
BzO

BzO
OMe
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Methyl (2, 3, 5-tri-O-benzyl-B-L-arabinofuranosyl)-(1—6) 2,3,4-tri-O-benzoyl-a-D-
mannopyranoside (13C): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu()OTf]zetol at rt in 6 h, yielding the product as a colorless oil (84%, o = 1:4). The '"H NMR of

compound 13C matches the literature report.''?

BnO

0
(o) o
OBnOMe
BnO 0Bn OMe

BnO

(2-Methoxy-3,5-di-O-benzyl-a-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-
glucopyranoside (14): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu()OTf]2etol at rt in 8 h, yielding the product as a colorless syrup (Rf = 0.2 in 70:30 hexane:

ethyl acetate; 92%, a:p = 9:1).

H NMR (400 MHz, CDCls) & 7.46 — 7.09 (m, 25H), 5.16 (d, J = 4.2 Hz, 1H), 4.95 (d, J = 11.0 Hz,
1H), 4.85 — 4.72 (m, 4H), 4.68 — 4.59 (m, 2H), 4.57 (d, J = 3.5 Hz, 1H), 4.53 — 4.39 (m, 4H), 4.22
—4.09 (m, 2H), 3.96 (t, J = 9.2 Hz, 1H), 3.90 (dd, J = 6.4, 4.0 Hz, 1H), 3.77 (d, J = 10.3 Hz, 1H),
3.73 — 3.65 (m, 3H), 3.53 (dd, J = 9.6, 3.6 Hz, 1H), 3.44 (d, J = 0.7 Hz, 3H), 3.42 (d, J = 3.6 Hz,

1H), 3.36 (d, J = 3.9 Hz, 1H), 3.34 (s, 3H).

3C NMR (100 MHz, CDCls) & 139.14, 138.76, 138.42, 138.27, 138.12, 128.54, 128.51, 128.47,
128.38, 128.26, 128.16, 128.05, 128.00, 127.96, 127.80, 127.77,127.73, 127.67, 127.60, 101.99,
98.26, 82.27, 81.63, 80.65, 79.95, 77.95, 75.79, 75.78, 75.15, 73.56, 73.52, 72.58, 70.16, 69.91,

66.78, 59.09, 55.26.

HRMS (ESI): calc. for C4sHs4O4Na (M+Na): 813.3615; found: 813.3621.
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BnO

o 0
OBnOTIPS
BnO OBn OMe

BnO

(2-Triisopropylsilyl-3,5-di-O-benzyl-a-D-ribofuranosyl)-(1—6)-2,3,4-tri-O-benzyl-a-D-
glucopyranoside (15): Prepared in accordance with the procedure for 10A using 30 mol%
[Cu(l)OTf]2etol at rt in 8 h, yielding the product as a colorless syrup (Rf = 0.3 in 70:30 hexane:

ethyl acetate; 88%, a—only).

H NMR (400 MHz, CDCl3) & 7.37 — 7.27 (m, 13H), 7.25 — 7.09 (m, 12H), 4.98 (d, J = 4.4 Hz, 1H),
4.93 (d, J = 11.1 Hz, 1H), 4.86 — 4.59 (m, 7H), 4.55 — 4.48 (m, 2H), 4.43 (dd, J = 11.8, 3.2 Hz,
2H), 4.24 (dd, J = 6.1, 4.4 Hz, 1H), 4.16 (q, J = 3.3 Hz, 1H), 4.10 (dd, J = 11.1, 3.0 Hz, 1H), 3.94
(t, J = 8.8 Hz, 1H), 3.81 (dd, J = 6.1, 2.4 Hz, 1H), 3.77 — 3.70 (m, 2H), 3.55 (d, J = 11.0 Hz, 1H),

3.51 —3.40 (m, 3H), 3.31 (s, 3H), 1.14 — 0.99 (m, 21H).

3C NMR (100 MHz, CDCls) & 139.38, 139.03, 138.99, 138.46, 138.16, 128.52, 128.44, 128.36,
128.23, 128.03, 127.92, 127.90, 127.75, 127.71, 127.48, 127.43, 127.32, 102.90, 98.21, 82.48,
82.17,79.72, 78.05, 78.00, 75.57, 75.10, 74.49, 73.53, 73.44, 72.95, 70.69, 70.34, 66.47, 55.08,

18.19, 18.08, 12.38. S25

HRMS (ESI): calc. for CssH72010SiNa (M+Na): 955.4787; found: 955.4785.
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2.15.3 Appendix 1

Spectra Relevant to Chapter 2
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CHAPTER 3

Inspiration for and Progress Towards Second

Generation Thioglycoside Donors

3.1 Historical Perspectives of Carbene Reactions in the Sharma

Lab

Carbenes have been an essential part of the Sharma lab since its inception. Carbenes,
namely diazo-derived carbenes, are incredibly versatile tools that can be used for a wide range
of applications. Early experimentation out of our lab demonstrated OH insertion into
acceptor/acceptor diazos.! We built upon this work by developing conditions for an
insertion/Conia-ene cascade for the formation of y-butyrolactones and tetrahydrofurans.? We also
showed that diazo compounds can be used to synthesize medium-sized oxacycles® and
azacycles*® from oxygen and nitrogen containing reagents. It was also discovered that while
secondary amines would yield medium-sized azacycles, implementation of primary amines would
lead to quinoline formation. Our lab would continue to publish work highlighting the utility of these

reactive intermediates for CH functionalization, spirocyclization with oxygen,® carbon,” or
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nitrogen® nucleophiles, oxy-Cope cyclization,® and total synthesis.' This would be expanded on
in 2023 as we published our first article on non-diazo-derived carbenes. In this disclosure, we
outlined a method of enynal-derived zinc carbenoid cascade reaction for the production of (2-

furyl)-2-pyrrolidines.™

o OR
Z 0
OH insertion/ R4 R
Conia-ene 2
(o]
(o) >
(o)
OH insertion/ R
NH insertion/ aldol/
aldol/ oxy-Cope
oxy-Cope 0
N, ML,
. >
R1 R2 R1 R2 NH insertion/ N
Total Conia-ene R
Synthesis T
Quinoline
o o Formation OH insertion
O H
\ o
R 0
o " M
MeO R™ O
B R )\
R 'R;
N/ OR

(o}
Figure 3.1 Overview of Diazo-Derived Research Produced in the Sharma Lab

While work from this lab has focused heavily on diazo chemistry coupled with insertion of
alcohols or amines, a notable nucleophile was distinctly missing from these disclosures. Sulfur-
based insertion/cascade reactions involving diazo-derived carbenes were sparse in the literature
and methods were of particular interest in the synthetic community. This led to significant attention
being given to the insertion of sulfur nucleophiles into diazo compounds for cascade reactions.
From this, we decided to pursue a range of thiol nucleophiles bearing an alkyne primed for S-H

insertion/Conia-ene cyclization. There were, however, several problems with this project. Firstly,
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preparation of the starting material was difficult as they were often unstable and would decompose
quickly. Secondly, our catalytic triad (Rh/Ag/Au) was found to be incompatible with our thioalkyne
as the thiol would react too quickly with the alkyne via the Ag/Au to cyclize and become unreactive
towards the diazo. This meant that Conia-ene cyclization would have to occur following insertion
of the sulfur nucleophile into the carbene. However, thirdly, the insertion products of these thiols
and the diazo compounds were themselves rather unstable and would frequently decompose
before they could be subjected to Conia-ene conditions. These conditions together meant that the
desired reactivity was likely out of reach, but our progress along this project did help to inspire the

reactivity and design of our thioglycoside-based, second-generation donors.

Following this work, we became interested in diastereoselective glycosylation reactions,
inspired by the work of Dr. Indrajeet Sharma during his PhD. The goals and outcomes of this work
can be found in Chapter 2 of this dissertation. While impressive, we believed that the enynal
donor could be expanded upon, coupled with a disclosure in 2019 by the Qian group on rhodium
catalyzed diazo-derived activation of thioglycosides' (see Chapter 1.4.3.5), we became
emboldened to revisit our furanosylation strategy. Given our previous experience of the reactivity
of diazo compounds and sulfur-containing species, coupled with the notoriety of thioglycosides
for their relative stability, we envisioned a strategy for diastereoselective glycosylation with a
thioglycoside donor that could be activated intramolecularly via an earth-abundant copper

catalyzed diazo-derived carbene.

3.2 Photoactivation of Carbene Precursors

Photolytic decomposition of diazo compounds has been documented in the literature for
well over a century as first described by Wolff in the now eponymous Wolff rearrangement.’® While

there was some research that would build upon this over subsequent decades, often, reaction
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would be low yielding™ or still rely on ketene products.'®'” More recently, protocols have shown
a wide range of reactivities such as C-H insertions, 82’ O-H insertions,?®32 N-H insertions,3*3 Si-
H insertions,® S-H insertions,*®% cyclopropanations,*®#!'  cyclopropenations,* and
cycloadditions.**5 These developments have lent credibility and much interest into the utilization
of blue LED and photolytic conditions to cause transformations.*® As these reactions are usually
far less expensive than those that implement expensive transition metal catalysts and have as
lesser environmental impact than such reactions, blue LED conditions are typically preferable
when compared to transition metal catalyzed reactions. We were then made aware of a recent
disclosure by the Qian group wherein a thioglycoside-based donor was activated via an external
diazo which was decomposed by a transition metal catalyst.’> We suspected that by developing
a donor capable of intramolecular interactions, we could lower the barrier for reaction such that
blue LED or photocatalytic conditions could be implemented. In fact, light-catalyzed glycosylation
of furanosides has been documented since 1989 when anomeric N-tosylhydrazones were
decomposed photolytically to yield the desired O-glycoside.*”-*° Although documented, these
protocols rely on extreme excesses of oxygen nucleophiles, display low yields, and lack
diastereoselectivity. We believed that we could develop a donor conducive to blue LED conditions

that could remain not only high yielding, but highly diastereoselective as well.

3.3 Objective of Chapter

In this chapter, we will outline the process we followed behind the generation of our
second-generation donor. We will cover the retrosynthetic approaches and design schemes we
utilized over the course of development. Learning outcomes will be highlighted following each
unsuccessful attempt that led to specific design choices and alterations that we employed in

subsequent designs. Progress towards a donor capable of activation under more inexpensive
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earth-abundant catalysts or even blue LED for the formation of diastereoselective furanoside
products will be investigated as well. Progress made in developing conditions for blue LED
experiments will also be discussed and potential outlets for a third-generation of furanoside donor

will too be outlined herein.

3.4 Initial Design of Thioglycoside-Based Donors

As we began, we thought to model our second-generation donor after our first-generation
donor which led to a design that was rather different from our final design. Initially, we believed
that a thioglycoside bearing a diazo (A) could be prepared from thioglycoside B which in turn
could be synthesized from thioglycoside ester C. We had believed that this compound could be
readily obtained from a coupling reaction of the ribofuranosyl anomeric acetate (E) and methyl

protected 2-mercaptobenzoic acid (D).

Scheme 3.1 First Retrosynthetic Approach
N>

OH
0}
Ph
S

MeO (0]
fo) OAcC MeO o]
o) S
BnO o8n BnO 3 "'OBn
BnO

111



To initiate our synthesis, we acetylated tri-O-benzyl ribofuranoside which we were able to
obtain in a quantitative manner. Alongside this, we prepared the methyl ester of 2-
mercaptobenzoic acid via a Fischer esterification reaction. We then attempted to couple these
fragments together through a boron-trifluoride diethyl etherate coupling reaction. To our dismay,
no reaction was observed, ostensibly, as the coupling reagent appeared to coordinate to the thiol
compound. This was an important discovery for us as it indicated that electron-rich esters could
not be present on our thiol reagent as they would prevent the intended coupling reaction from

occurring.

Scheme 3.2 First Synthetic Attempt
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3.4.1 Second Design of Thioglycoside-Based Donors

Seeking milder, neutral, conditions for reactivity, we established another new design for
our donor along with the necessary retro synthesis. We first sought to mimic the design of 3.4
wherein our product donor would possess an ester moiety. We envisioned another
donor/acceptor-based diazo but notably, one that could be synthesized with the absence of an
ester on the thiophenol starting material. This donor, we believed, could be achieved by
performing a diazo transfer following a simple DCC coupling of phenyl acetic acid to a phenolic
thioglycoside. This pre-donor could be synthesized through a boron-trifluoride diethyl etherate

coupling of 2-mercaptophenol with methyl tri-O-benzylribofuranoside.
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Scheme 3.3 Second Retrosynthetic Approach
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We commenced our synthesis with methyl tri-O-benzylribofuranoside coupling this
reagent with 2-mercaptophenol via a boron-trifluoride diethyletherate coupling reacted cleanly to
yield the desired thioglycoside in an 88% yield. We were pleasantly surprised by these results as
our original design was incompatible under these conditions. Following the boron trifluoride
diethyletherate coupling, we performed a DCC coupling of the previous compound with phenyl
acetic acid. This, again, reacted cleanly to produce the desired ester thioglycoside in a 74% yield.
We next sought to subject this pre-donor to a Regitz diazo transfer, and so, set up a reaction
consisting of the pre-donor with pABSA. We, however, found the pre-donor unreactive under
these conditions. Curious, we reattempted this reaction separately with both pABSA and TsN3 and
to our dismay we found that the diazo did not appear present either by NMR, TLC, or IR. Our
suspicion with this was that the presence of the ester moiety in the pre-donor was causing conflicts
with our diazo transfer conditions, and so, we surmised that the donor would need to be

redesigned such that it was lacking the ester moiety.
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Scheme 3.4 Second Synthetic Attempt
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3.4.2 Third Design of Thioglycoside-Based Donors

Learning from the results of our previous drafts, we went back to the chalkboard to
redesign our donor. Under this new design, we targeted a ketone-based donor/acceptor diazo
thioglycoside. This donor, we believed, could be obtained from a diazo transfer following oxidation
of the respective alkyne species. We reasoned that this alkyne-based species could be
synthesized through a Sonogashira reaction of the halo-thioglycoside with phenyl acetylene. The
thioglycoside in this process could come from a boron-trifluoride diethyl etherate coupling of

methyl tri-O-benzylribofuranoside with 2-halomercaptophenol.
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Scheme 3.5 Third Retrosynthetic Approach
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With the retrosynthetic scheme established, we set out on our synthesis. To begin, we
targeted the synthesis of 2-iodothiophenol for coupling with our methylfuranoside. For this, we
selected 2-aminothiophenol, believing we could prepare the desired iodo-compound via
diazotization in the presence of potassium iodide. This method would quickly prove incapable of
yielding the desired compound as trials produced a 0% vyield of the compound. Not deterred by
this result, we shifted gears and attempted to synthesize the desired compound from 2-iodoaniline
again via diazotization to displace the amine with a thiol. However, like before, we observed no
product formation by NMR. This would be rectified as we were later able to order 2-
bromothiophenol to circumvent the difficult synthesis of 2-iodothiophenol. With this bromide in
hand, we were able to perform the coupling reaction with 2-methyl-tri-O-benzylribofuranoside via
boron-trifluoride diethyl etherate coupling. To our delight, this reaction proceeded cleanly to yield
the desired product quantitatively. With this, we then attempted to perform a Sonogashira reaction
with the generated bromo-thioglycoside and phenyl acetylene. We, however, encountered
another fatal flaw in this step as the reaction failed to produce any product at all. This was likely

due to coordination of the thioglycoside sulfur to the thiophilic copper(l) catalyst required in these
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reactions. This meant that to pursue the second-generation thioglycoside donor, we would again

need to redesign our route.

Scheme 3.6 Third Synthetic Attempt
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3.4.3 Fourth Design of Thioglycoside-Based Donors

Emboldened by the success of the boron-trifluoride diethyl etherate coupling in 3.4.1,
which was not possible in our original design, we set out to develop a fourth retro synthesis. We
believed that the synthesis could commence similarly to the pathway described in 3.4.2 with a
few key late-stage modifications. Our fourth design was structurally identical to the second design
but would be prepared through a different route. We envisioned performing a diazo transfer

following oxidation of the requisite alcohol species to obtain the desired donor. This alcohol, we
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believed, could be generated from an attack by an organolithiate generated via a metal-halogen
exchange from the relative bromo-thioglycoside. This bromo-thioglycoside we knew could be
prepared from a boron-trifluoride diethyl etherate coupling of 2-bromothiophenol and methyl-

2,3,5-tri-O-benzylribofuranoside.

Scheme 3.7 Fourth Retrosynthetic Approach
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To begin, we prepared the bromothioglycoside in accordance with 3.4.2. We then prepared
a Weinreb-amide in hopes that reactivity would directly produce the desired ketone pre-donor.
This Weinreb-amide was prepared through an EDCI-coupling of phenylacetic acid with the
Weinreb-amine hydrochloride salt. This reacted cleanly to produce the desired Weinreb-amide in
a 94% yield. We then performed a metal-halogen exchange through "Butyl lithium with the bromo-
thioglycoside to attack onto the Weinreb-amide and furnish the desired ketone pre-donor.
However, this reaction led to a complex mixture, and little to no product yield. We had suspected
this may be due to the poorly electrophilic nature of the Weinreb-amide and so decided to adjust
our design to react with a more electrophilic aldehyde. This nucleophilic attack would yield an
alcohol product that we could then oxidize to the requisite ketone pre-donor. For this route, we

first started by reducing phenylacetic acid to 2-phenylethanol via an LAH reduction. This alcohol
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was then oxidized to the desired aldehyde through a PCC oxidation. Concerned that the five-
membered ring may be negatively influencing the reaction, we prepared a benzyl protected
bromo-thiomannopyranoside compound for reaction with this aldehyde to serve as a model for
reactivity. Performing the metal-halogen exchange of the bromo-thiomannopyrannoside with
"Butyl lithium and subjecting the prepared aldehyde to this organolithiate, we believed would
generate the desired alcohol. However, to our dismay, we found that the above conditions led
exclusively to unproductive decomposition. We took this as an opportunity to reflect on our
experiences as we would need to redesign our donor again. It was at this point that we realized
that the aromatic ring of our thiophenol was allowing for a high degree of delocalization in our
system, causing reactivity to become unpredictable. This delocalization could cause
rearrangement of the compound to furnish the C-glycoside through a Stevens rearrangement, or
a release of benzyne which could then react externally in a detrimental manner. Due to this
instability and the uncertainty regarding the reactivity of this compound, we determined that the
aromatic ring was largely problematic in our system and thus would need to remove it moving

forward.
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Scheme 3.8 Fourth Synthetic Attempt
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3.5 Progress Made Towards Photocatalytic Promotion by Blue LED

Given the broad interest in blue LED promoted diazo-derived carbene reactions and the
design of our donor which we believed to be conducive to such conditions, we endeavored to

develop a set of conditions for the blue LED activation of our donor. Our final donor (which will be
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discussed more in depth in Chapter 4) was prepared and a UV-vis spectra was collected to
determine the A-max of the diazo compound. The discovered A-max was closest to 440 nm, and

so, this was the wavelength of light used for decomposition of the diazo.

To encourage diastereoselectivity, we employed a range of additives with the goal of
inducing coordination between the C2 oxygen of the donor with the oxygen acceptor or otherwise
promoting B-cis selectivity. We initiated our study in the absence of any additive, we suspected
that if a reaction did occur, the diastereoselectivity would be low if not non-existent. However, in
this case, we found extensive decomposition to have occurred with no diastereoselectivity.
Following this, we employed NaBArF as an additive of the reaction which we believed could
coordinate with the C2 oxygen atom of the donor and the acceptor. Unfortunately, under these
conditions, we observed largely unproductive decomposition, rearrangement of the starting
material, and insertion of the alcohol acceptor into the diazo moiety directly. We next attempted
lithium triflate as a triflate source to prepare a reactive anomeric triflate in hopes that would
encourage desired reactivity and help stabilize the oxocarbenium ion. However, like before, the

reaction proceeded rather poorly with respect to both yield and diastereoselectivity.

Fearing that the rearrangement product was too facile, we sought to quench the carbanion
to prevent rearrangement of the donor. For this, we intended to ensure a proton source remained
present in solution to protonate the carbanion formed following insertion of the sulfur atom into
the free carbene. For this, we implemented a range of acid sources. To start, we selected a mild
acid source that features a bulky counterion, camphorsulfonic acid. Upon subjection to these
conditions, the donor instantly began decomposing, effervescing as elemental nitrogen was
released. Decomposition occurred so rapidly that no product formation was observed by NMR.
We next sought to implement a triflate source alongside a proton source so as to protonate the
intermediate species while stabilizing the oxocarbenium. For this, we selected triflic acid.

However, given our results with camphorsulfonic acid, we expected decomposition to be rapid in
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the absence of a proton sponge. In this case, we set up our reaction with di-tert-butyl
methylpyridine and added the triflic acid after homogeneity had been achieved. However, we
again witnessed largely unproductive decomposition. Suspicious that the triflic acid could have
still caused decomposition, we prepared a salt of di-tert-butyl methylpyridine and triflic acid ahead
of time to ensure the triflic acid source had been sufficiently quenched. We then ran another
reaction in the presence of this di-tert-butyl methylpyridinium triflate salt, but to our dismay, we

found this reaction still led to unproductive decomposition.

Until now, our best results had occurred with NaBArF, our attempts to limit the Stevens
rearrangement product through addition of a proton source were largely unsuccessful, so we
turned addition methods to increase desired reactivity. To slow the rate of decomposition of the
donor, we first attempted portionwise addition of the donor (0.3 equivalents at a time, to 3.0
equivalents total) while monitoring for total diazo decomposition by TLC. We had also attempted
a reaction setup through syringe pump addition of the donor over 8-10 hours. Unfortunately, we
again observed largely unproductive decomposition in both cases. We took this as a sign to step
back and redevelop conditions under a metal catalyzed system to identify a set of conditions that

would minimize unproductive pathways.

3.5.1 Rhodium-Catalyzed Conditions as a Model Reaction

Dismayed but undefeated by our results with blue LED, we sought to develop conditions
in @ model rhodium environment. We had observed that decomposition of the diazo was possible
with Rhz(esp). and did produce the desired product but resulted mainly in the formation of the
Stevens rearrangement product. To suppress this rearrangement, we first attempted to run the
reaction at a decreased temperature. To our delight, at 0 °C, we observed an almost complete

suppression of the Stevens rearrangement product. Yields and selectivity, however, seemed to
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remain low. Optimistic of these results, we then intended to increase yield and selectivity through
selection of an appropriate additive. To start, we thought of stabilizing the oxocarbenium ion to
ensure it lives long enough to react properly. For this, we first implemented lithium triflate in hopes
of forming the stabilized anomeric triflate. This, however, failed to increase yield or selectivity. We
then sought to implement NaBArF to bring the acceptor and the oxocarbenium ion of the donor
in close proximity to ensure effective furanosylation. Again, yields remained low and
diastereoselectivity was minimal. Given these results, we then suspected that the carbanion
species generated following insertion of the sulfur into the rhodium carbenoid was causing issues
in our system. Based on this assessment, we endeavored to establish a reaction protocol in the

presence of a mild acid as we had in the blue LED case.

To begin, we investigated the di-tert-butyl methylpyridinium triflate salt we had previously
generated for the blue LED experiments. This again resulted in poor yields and no observable
selectivity. We then tried weakly Lewis acidic organic compounds like 2,4-dinitrophenol and
pentafluorophenol. These reagents are weakly acidic and, importantly, extremely poor
nucleophiles. As both of these reagents are unlikely to insert into the oxocarbenium, but should
be able to donate a proton to quench the formed carbanion, we believed they would be excellent
options for additives in our setup. However, again to our dismay, we observed poor yields and

selectivity.

Finally, we endeavored to modify addition methods like we did in the blue LED setup.
Unfortunately, we did not observe an increase in either yield or diastereoselectivity whether our
addition was performed via syringe pump, or portionwise in either 0.3 equivalent portions or 0.5
equivalent portions. We found frequently that the alcohol acceptor would insert into the rhodium
carbenoid far faster than the sulfur of the thioglycoside could insert, preventing effective activation
of the furanosyl species. This would be ameliorated by a simple change of catalyst but would

however indicate that our donor was merely unconducive to blue LED conditions.
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3.7 EXPERIMENTAL SECTION FOR CHAPTER 3

MATERIALS AND METHODS

Reagents

Reagents and solvents were obtained from Sigma-Aldrich, Chem-Impex, VWR International, and
Acros Organics and used without further purification unless otherwise indicated. Dichloromethane
and Acetonitrile were distilled over CaH under N2 unless stated otherwise. Tetrahydrofuran was

distilled over Na under N2 with benzophenone indicator.

Reagents

All reactions were performed in oven-dried glassware under positive N2 Pressure with magnetic

stirring unless otherwise noted.

Chromatography

Thin layer chromatography (TLC) was performed on 0.25 mm E. Merck silica gel 60 F254 plates
and visualized under UV light (254 nm) or by staining with potassium permanganate (KMnQ,),
cerium ammonium molybdate (CAM), phosphomolybdic acid (PMA), and ninhydrin. Silica flash

chromatography was performed on Sorbtech 230-400 mesh silica gel 60.
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Analytical Instrumentation

NMR spectra were recorded on a Varian VNMRS 300, 400, 500, and 600 MHz NMR spectrometer
at 20 °C in CDCls unless otherwise indicated. Chemical shifts are expressed in ppm relative to
solvent signals: CDCls ('H, 7.26 ppm, *C, 77.0 ppm); coupling constants are expressed in Hz. IR
spectra were recorded on a Cary 760 FTIR spectrometer with peaks reported in cm'. Mass

spectra were obtained on an Advion Expression CMS TLC Mass Spectrometer.

Nomenclature

Chemical structure named in accordance with IUPAC guidelines, automatically generated using

ChemDraw 20.1

Additional Information and Considerations

Syringe pump addition reactions were conducted using a Harvard Apparatus (Model: 55- 1111) or
a New Era Pump Systems, Inc. (Model: NE-300) syringe pump. Sonication was performed using

a Bransonic Ultrasonic Cleaner (Model: M5800H).
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3.7.1 Synthesis of Diazo Donor First Attempt

OH Ac,0 OAc
ﬁ<)j DMAP FU
‘, ‘,
BnO s ‘OBn Pyridine BnO s ‘OBn
BnO 0°C,5h BnO

(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl acetate: To

are

an

oven-dried 20 mL vial was added tri-O-benzyl-D-ribofuranoside (1 equivalent) and dry pyridine

(0.1 mol/L). The reaction was cooled to 0 °C and to it was added acetic anhydride (1.2 equivalents)

and a catalytic amount of DMAP. The reaction was stirred at 0 °C for 5 hours and, upon completion

by TLC, the reaction was diluted with DCM, washed with diluted acetic acid, then water, then

brine. The organic layers were dried over anhydrous sodium sulfate and concentrated under

reduced pressure. Product isolated in a quantitative (220 mg) yield.

H NMR (500 MHz, CDCl3) & 7.40 (d, J = 6.7 Hz, 2H), 7.38 — 7.28 (m, 12H), 7.28 (s, 3H), 6.21 (s,

1H), 4.78 (d, J = 12.2 Hz, 1H), 4.68 — 4.49 (m, 5H), 4.47 — 4.35 (m, 2H), 4.15 (dd, J = 7.8, 4.7 Hz,

1H), 3.93 (d, J = 4.6 Hz, 1H), 3.72 (dd, J = 11.0, 3.1 Hz, 1H), 3.61 (td, J = 11.0, 4.8 Hz, 1H), 1.94

(d, J = 1.4 Hz, 3H).

(o) o
H,SO,
OH —m—> OMe
MeOH
SH SH

65°C,16 h
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methyl 2-mercaptobenzoate: To an oven-dried 100 mL round-bottom flask was added 2-
mercaptobenzoic acid (1 equivalent), anhydrous methanol (0.65 mol/L), and concentrated sulfuric
acid (0.15 equivalents). The reaction was refluxed at 65 °C for 16 hours. The reaction was cooled
to room temperature, diluted with dichloromethane, and with water, then sodium bicarbonate, then
brine. Organic layer dried over anhydrous sodium sulfate and concentrated under reduced
pressure to furnish the desired product in an 80% yield. The '"H NMR of the titular compound

matches that of the literature report.’

3.7.2 Synthesis of Diazo Donor Second Attempt

oM OH
/‘U ) SH BF3eEt,0 o__S
BnO ., + @[ —>DCM 5 o/._g
3 OBn OH n N
BnO 0 Oc, 1h Bnd OBn

2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)phenol:

To an oven-dried 100 mL round-bottom flask was added methyl-2,3,5-tri-O-benzyl ribofuranoside
(1 equivalent), freshly distilled DCM (0.08 mol/L), and 2-mercaptoethanol (1.5 equivalents). The
mixture was cooled to 0 °C and to it was added boron trifluoride diethyl etherate (2.0 equivalents)
dropwise. The reaction was stirred at 0 °C for 1 hour and, upon completion by TLC, quenched
with a saturated solution of sodium bicarbonate. The product was extracted with DCM, dried over
anhydrous sodium sulfate, and concentrated under reduced pressure. The product was purified
by silica gel column chromatography (5% ethyl acetate/hexanes) to furnish the desired product in

an 88% yield (535 mg).

H NMR (400 MHz, CDCls) & 7.57 (s, 1H), 7.44 — 7.16 (m, 14H), 7.04 — 6.91 (m, 1H), 6.88 — 6.75
(m, 1H), 5.23 (d, J = 4.0 Hz, 1H), 4.61 — 4.54 (m, 2H), 4.48 — 4.42 (m, 2H), 4.26 — 4.21 (m, 1H),

4.00 (t, J = 5.3 Hz, 1H), 3.86 (t, J = 4.5 Hz, 1H), 3.47 (dd, J = 6.5, 3.7 Hz, 1H).
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o
OH DCC

@\/ﬁ\ o _S DMAP
+ /—<j
OH B0\, I:b DCM ,—</\I/
Bno  OBn 0°Ctort,12h
c§ Bn

2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)phenyl

2-phenylacetate: To an oven-dried 100 mL round-bottom flask was added the thioglycoside (1.1
equivalents), phenylacetic acid (1.0 equivalents), and freshly distilled DCM (0.04 mol/L). The
solution was cooled to 0 °C and to it was added N,N'-dicyclohexylcarbodiimide (1.1 equivalents),
then DMAP (0.1 equivalents). The reaction was warmed to room temperature and stirred at room
temperature for 12 hours. Upon completion by TLC, the reaction was quenched via the addition
of 1M HCI. The product was extracted with DCM, washed with 1M HCI, and brine. The organic
layers were combined, dried over anhydrous sodium sulfate, and concentrated under reduced
pressure. The product was purified by silica gel column chromatography (5% — 7.5% — 10%

ethyl acetate/hexanes) to furnish the desired product in a 66% yield (88 mg).

H NMR (500 MHz, CDCls)  7.80 (dd, J = 8.2, 3.7 Hz, 1H), 7.62 (dd, J = 7.8, 1.5 Hz, 1H), 7.41 —
7.29 (m, 15H), 7.29 — 7.23 (m, 7H), 7.23 — 7.12 (m, 1H), 7.05 (d, J = 8.0 Hz, 1H), 5.46 (d, J = 3.3
Hz, 1H), 4.60 (s, 1H), 4.58 (s, 1H), 4.56 — 4.51 (m, 2H), 4.45 (dd, J = 11.9, 2.6 Hz, 2H), 4.32 (q, J
= 4.8 Hz, 1H), 3.98 (t, J = 5.6 Hz, 1H), 3.93 (t, J = 4.1 Hz, 1H), 3.87 (d, J = 2.0 Hz, 2H), 3.59 (qd,

J=10.8,4.4 Hz, 2H), 2.45 (d, J = 2.4 Hz, 1H).
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3.7.3 Synthesis of Diazo Donor Third Attempt

/_g SH BF3oEt20
- o

BnG :
BnO

(2R,3R,4R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-((2-

bromophenyl)thio)tetrahydrofuran: To an oven-dried 100 mL round-bottom flask was added
methyl-2,3,5-tri-O-benzyl ribofuranoside (1.0 equivalents), freshly distilled DCM (0.06 mol/L), and
2-bromothiophenol (1.5 equivalents). The solution was cooled to 0 °C and to it was added boron
trifluoride diethyl etherate (2.0 equivalents) dropwise. The reaction was stirred at 0 °C for 1 hour
and, upon completion by TLC, was quenched via the addition of a saturated solution of sodium
bicarbonate. The product was extracted with DCM, dried over anhydrous sodium sulfate, and
concentrated under reduced pressure. The product was purified by silica gel column
chromatography (5% — 10% ethyl acetate/hexanes) to furnish the desired product in a 94% vyield

(955 mg).

H NMR (400 MHz, CDCl3) & 7.69 (dd, J = 7.9, 1.6 Hz, 1H), 7.56 (ddd, J = 8.1, 4.2, 1.4 Hz, 1H),
7.49 — 7.43 (m, 2H), 7.40 — 7.17 (m, 17H), 7.10 — 7.03 (m, 1H), 5.81 (d, J = 5.4 Hz, 1H), 4.89 (d,
J =11.7 Hz, 1H), 4.80 — 4.61 (m, 3H), 4.61 — 4.50 (m, 4H), 4.50 — 4.30 (m, 3H), 4.26 (t, J = 5.6

Hz, 1H), 4.10 — 3.98 (m, 2H), 3.69 — 3.57 (m, 2H), 3.57 — 3.46 (m, 2H).

3.7.4 Synthesis of Diazo Donor Fourth Attempt

EDCI
DMAP
0 Hoy -0 TEA ©\)OL
+ I > L0
OH HCI CH,Cl, 'I‘
0°Ctort, 12 h
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N-methoxy-N-methyl-2-phenylacetamide: To an oven-dried 100 mL round-bottom flask was
added phenylacetic acid (1.0 equivalents), the Weinreb amine hydrochloride salt (1.3
equivalents), DMAP (0.1 equivalents), and freshly distiled DCM (0.2 mol/L). The mixture was
cooled to 0 °C and to it was added triethylamine (1.33 equivalents) and EDCI (1.30 equivalents).
The reaction was stirred at 0 °C for 1 hour, then warmed to room temperature and stirred at room
temperature for 12 hours. Upon completion by TLC, the reaction was concentrated under reduced
pressure until a precipitate formed. The reaction was redissolved in ethyl acetate, washed with
1M HCI, then sodium bicarbonate, then brine. The organic layers were combined, dried over
anhydrous sodium sulfate, and concentrated under reduced pressure. The product was purified
by silica gel column chromatography (10% ethyl acetate/hexanes) to furnish the desired product

in a 94% yield (1.242 g).

H NMR (500 MHz, CDCl3) & 7.36 — 7.22 (m, 5H), 3.79 (s, 2H), 3.62 (s, 3H), 3.21 (s, 3H).

o LAH
mw THF O\/\OH
0°Ctort,1h
2-phenylethan-1-ol: To an oven-dried 100 mL round-bottom flask was added lithium aluminum
hydride (1.2 equivalents) and freshly distilled THF (0.75 mol/L). The solution was cooled to 0 °C
and to it was added a solution of phenylacetic acid (1.0 equivalents) in freshly distilled THF (10
mL) dropwise over 10 minutes. The reaction was warmed to room temperature and stirred at room
temperature for 1 hour. Upon completion by TLC, the reaction was cooled to 0 °C and to it was
added 1M HCI. The product was extracted with 1M HCI and brine. The organic layers were
combined, dried over anhydrous sodium sulfate, and concentrated under reduced pressure. The
product was purified by silica gel plug (20% ethyl acetate/hexanes) to furnish the desired product

as a colorless liquid.

136



H NMR (500 MHz, CDCls) & 7.38 — 7.30 (m, 2H), 7.28 — 7.22 (m, 3H), 3.88 (t, J = 6.6 Hz, 2H),

2.89 (t, J = 6.6 Hz, 2H).

PCC
Silica gel o
— ™ S
OH DCM
rt,3h
2-phenylacetaldehyde: To an oven-dried 20 mL vial was added silica gel (1.4 g), pyridinium
chlorochromate (1.5 equivalents), and freshly distilled DCM (0.25 mol/L). To this was added a
solution of 2-phenylethan-1-ol (1.0 equivalents) in freshly distilled DCM (3 mL). The reaction was
stirred at room temperature for 3 hours and, upon completion by TLC, was loaded directly onto a
silica gel column and washed with DCM. The product was concentrated under reduced pressure

to yield the desired product as a pale-yellow oil with a floral scent.

H NMR (500 MHz, CDCl3) & 9.77 (t, J = 2.4 Hz, 1H), 7.41 — 7.37 (m, 2H), 7.35 — 7.32 (m, 1H),

7.25-7.22 (m, 2H), 3.71 (d, J = 2.4 Hz, 2H).

; Br 1) K,CO3, MeOH, 0 °C, 0.5 h ] Br
o_ _S - o_ _S
AcO BnO
2) BnBr, NaH, TBAI, DMF
Aco™ OAc 0°Ctort,12h BnO™ OBn

OAc OBn

(2R,3R,4S,5S)-3,4,5-tris(benzyloxy)-2-((benzyloxy)methyl)-6-((2-

bromophenyl)thio)tetrahydro-2H-pyran: To an oven-dried 20 mL vial was added the
mannothioglycoside (1.0 equivalents) and dry methanol (0.1 mol/L). The solution was cooled to 0
°C and to it was added potassium carbonate (1.0 equivalents). The reaction was stirred at 0 °C

for 30 minutes and, upon completion by TLC, the reaction was filtered through a silica plug which

137



was then washed with acetone. The product was concentrated under reduced pressure and

carried forward without further analysis or purification.

To an oven-dried 250 mL round-bottom flask was added the mannothioglycoside (1.0
equivalents), anhydrous DMF (0.07 mol/L), TBAI (0.01 equivalents), and benzyl bromide (5.2
equivalents). The mixture was cooled to 0 °C and to it was added sodium hydride (5.2 equivalents)
portionwise. The reaction was warmed to room temperature and stirred at room temperature for
12 hours. Upon completion by TLC, the reaction was quenched with 1M HCI and extracted with
ethyl acetate. The organic layers were combined and washed with brine, then dried over
anhydrous sodium sulfate. The product was concentrated under reduced pressure and purified
by silica gel column chromatography (5% — 10% ethyl acetate/hexanes) to furnish the desired

product in a 24% yield over 2 steps (121 mg).
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3.7.5 Appendix 1

Spectra Relevant to Chapter 3
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3.7.6 References for Chapter 3 Experimentals

[1] Gamer, C.; Sundaresan, S.; Carrella, L. M.; Rentschler, E. Single- vs Double-decker Copper
12-MC-4 Metallacrown Using the Coordination Flexibility of a Soft Donor Ligand. European

Journal of Inorganic Chemistry 2022, 2022 (22). DOI: 10.1002/ejic.202200261.
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CHAPTER 4

Diazo-Derived Copper-Carbene Mediated

Thioglycoside Furanosylations

4.1 Historical Perspectives of Thioglycosides

Thioglycosides were first synthesized in the 50’s and 60’s from dialkyl dithioacetals. In
fact, thioglycosides have been documented and identified in natural products for hundreds of
years.* These compounds have been well documented for their stability which often lend
themselves to acting as both glycosyl acceptors and donors.>® This stability is highly sought after
in the synthetic community as many donors, including phosphonate and halo donors, are often
moisture sensitive and need to be prepared fresh whenever synthetic transformations are desired.
Stability, however, comes at a cost. As starting materials become more stable, they also become
less reactive. This means that whereas halodonors are typically exceedingly unstable, activation
methods for these donors are typically very mild.”® Thioglycosides, on the other hand, often
require more extreme methods of activation. Mercury salts,® Triflic anhydride,®'® and triflic acid™

are all examples of stoichiometric promoters of thioglycosides. These harsh reagents are
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generally avoided by more junior academics and even in industrial settings. This has led to the
development of numerous catalytic methods of activation for thioglycosides in an attempt to
reduce the dependence on harsh stoichiometric conditions. This led to a recent disclosure by the
Qian group wherein it was outlined that thioglycoside donors could be activated with an external
diazo in a rhodium/Bransted acid catalytic relay system.’?> Other methods of furanosylation have
been reported recently in a catalytic manner, albeit deficient of a thioglycoside moiety, such as by
Zhang wherein an alkyne-based donor was activated under gold catalysis for the synthesis of 1,2-
cis furanosides.' These donors, however, require expensive rare-earth catalysts to prepare the

desired product.

While progress has been made with regards to developing a set of mild, inexpensive
conditions for activation of a benchtop stable donor, no singular method has quite crossed that
threshold thus far. In truth, activation of thiopyranosides under mild earth-abundant conditions
have been well documented for several decades now. In fact, copper(ll) triflate, which we propose
as a novel activator for our donor, was first used to diastereoselectively activate a thioglycoside
donor in 1979.' Copper salts in general have been shown to be effective activators for a variety
of thioglycosides.''® The problem with these strategies is often that they lack applicability in the
furanoside case. Due to the relative ease of working with pyranosides over furanosides, the
majority of novel transformation methods focus on their design. This unfortunately means that
synthetic strategies for the diastereoselective synthesis of furanosides are often
underrepresented and designs in the pyranoside case poorly reflect utility in their furanoside

counterparts.

Pyranosylation strategies involving the activation of thioglycosides are robust and well
documented. Early disclosures in the 70’s and 80’s relied heavily on mercury salts as thiophilic
promoters.®>'"-20 These methods, while effective, are still disfavored amongst synthetic chemists

due to the toxicity associated with mercury salts. This led to a desire among the community for
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milder conditions. Rare-earth transition metals became popular promoters of thioglycosides
following this with numerous palladium,?'?? silver,'®%% iridium,? and rhodium' centered
strategies being developed. While these methods are elegant, they are also expensive which has
led to further interest in the community to develop inexpensive strategies to promote
thioglycosides. As sulfur is typically considered a soft Lewis base, soft Lewis acids are often
employed as promoting agents and this revelation resulted in a great expansion of activating
conditions. lodonium?*° or bromonium3'32 promoters can be readily generated from an in situ
reaction of their respective N-succinamides and triflic acid. These soft halonium species bond
strongly with the sulfur atom of the thioglycoside thus inducing glycosylation. Further still,
iodonium species can be generated cleanly from silver salts, decreasing the required loading of
silver to effectively initiate glycosylation.3*3* Sulfonium species have also been prized for their
reactivity and their ability to cleanly activate thioglycosides. These sulfonium species can be
readily generated from diphenylsulfoxide and triflic anhydride®> or commercially available
sulfonium triflates.3®*” These strategies, while ineffective at inducing pyranosylation have all

helped to inspire the novel thioglycoside-based furanosylation strategy we outline herein.

4.1.1 Objective of Chapter

In this chapter, we hope to highlight the strength and utility of our intramolecular diazo-
derived carbene-based thiofuranosylation strategy. Our method features a benchtop stable
thioglycoside with a built-in diazo which can be activated under mild earth-abundant conditions.
We will demonstrate the power and capacity of our donor for a range of conditions that make it
clearly advantageous over current methods. The design, synthesis, and applications of this novel
donor will be explored and discussed herein. We will also highlight the proposed mechanism of

this reaction and the believed route of reactivity for the observed diastereoselectivity.
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4.2 Synthesis of Donor

Learning from the development process outlined in chapters 3.4, 3.4.1, 3.4.2, and 3.4.3
we sought to develop another retrosynthetic route to the desired donor. Here, we envisioned a
donor/acceptor diazo connected to the saccharide through a sulfur atom attached through a non-
aromatic linker. We believed that this structure could be obtained following a Regitz diazo transfer
which itself would follow a simple EDCI coupling of phenylacetic acid to a free alcohol. This alcohol
could be synthesized through a boron ftrifluoride diethyl etherate coupling of 2-mercaptoethanol

with methyl tri-O-benzylribofuranoside.

Scheme 4.1 Retrosynthetic Approach for Diazo Thioglycoside
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To initiate our synthesis, we began by performing a boron trifluoride diethyl etherate
coupling of methyl-2,3,5-tri-O-benzyl ribofuranoside with 2-mercaptoethanol. To our delight, after
5 hours, the reaction furnished the desired product in an 89% yield. We then attempted an EDCI

coupling of this species with phenylacetic acid. Again, monitoring by TLC, we found that the
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reaction was complete after 12 hours and had produced the desired ester in an 81% yield. Hopeful
this time, we set up a Regitz diazo transfer with pABSA which, after 12 hours, appeared complete

by TLC. To our pleasure, we observed an 84% vyield of the desired diazo.

Scheme 4.2 Synthesis of Diazo Thioglycoside Donor
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4.3 Results and Discussion

A synthetic route to a benchtop stable thioglycoside bearing an internal diazo capable of
activation under mild, earth-abundant catalysis was established. Activation of this species leads
to 1,2-cis furanosides in a highly diastereoselective and high yielding manner. Furanosylation
occurred between O-, N-, and C-nucleophiles which highlights the broad applicability of our donor.
The reaction was optimized, and a substrate scope was built out consisting of D-ribose, D-

arabinose, and L-arabinose sugars. A rate study was performed to determine the effect of
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electron-donating and electron-withdrawing constituents on the aromatic ring of the donor. This

methodology was implemented to produce a trisaccharide through iterative synthesis.

4.3.1 Reaction Conditions

We initiated our optimization of the reaction with our 2,3,5-tri-O-benzyl-D-ribose donor and
had selected methyl-2,3,4-tri-O-benzyl-glucopyranose acceptor. We observed a small degree of
unproductive decomposition associated with our reaction and so employed a slight excess of the
donor (1.4 equivalents). Our parent conditions of copper(ll) triflate at 10 mol% at room
temperature for 20 hours furnishes the desired product in an 88% vyield at a diastereoselectivity
of 9:1 (a:B) with a 20% yield of the Stevens rearrangement product. To begin our optimization, we
examined a combination of Rh(Il) with di-tert-butyl methylpyridinium triflate which had been shown
by Qian'? to be effective at activating thioglycosides for pyranosylation. Unfortunately, in this case,
we observed the formation of the Stevens rearrangement product (80%) primarily with only 10%
of the desired product being formed after 16 hours. We then thought to turn to copper(l) triflate
toluene solvate as we had utilized effectively in our enynal donor system. With 30 mol% (as we
had used in our enynal system for sugar acceptors), the yield of the reaction decreased (80%)
when compared to the parent conditions and the yield of the Stevens rearrangement product
increased to 30% though the diastereoselectivity remained high at 9:1 (a::). To mirror the parent
conditions, we employed 10 mol% of copper(l) triflate toluene solvate which led to further
decreases (37%) in yield of the desired product and increases in yield (45%) of the rearrangement
product although the diastereoselectivity maintained a 9:1 ratio (a:). We next sought to explore
the effect of the anion of our copper species on our system. For this, we implemented
tetrakis(acetonitrile)copper(l) tetrafluoroborate which failed to furnish the desired product after 24

hours, exclusively producing the rearrangement product in a 65% vyield. We also examined
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tetrakis(acetonitrile)copper(l) hexafluorophosphate which fared slightly better with a desired
product yield of 30% in a diastereoselectivity of 4:1 (a:B). This indicates that the choice of
counterion for the catalytic pathway is important in ensuring the yield and selectivity of this
reaction. From here, we attempted to decrease the yield of the Stevens rearrangement product
and so, ran the reaction at various diminished temperatures. Running the reaction with 10 mol%
of copper(ll) triflate and maintaining the reaction at 0 °C did demonstrate a decrease in yield of
the rearrangement product (to >10%), however, the reaction time increased to 36 hours and the
yield of desired product decreased to 65%, though the selectivity remained 9:1 (a:p). At 10 °C
however, the results were identical to the parent conditions, though not achieving completion until
36 hours had elapsed. To examine the tolerance for low catalyst loading, we employed the
copper(ll) triflate catalyst at a loading of 5 mol%. In this case, the reaction was again sluggish,
completing only after 36 hours and with a decrease in the yield of the desired product (45%),
maintaining a diastereoselectivity of 9:1 (a:) and increasing the yield of rearrangement product
to 30%. Finally, we sought to investigate various non-copper earth-abundant metal triflates. We
found that with zinc(ll) triflate in a loading of 30 mol%, the reaction led exclusively to unproductive
decomposition and rearrangement after 36 hours. With iron triflates (namely iron(Il) and iron(lIl)
triflate) in 30 mol% we did observe formation of the desired product in appreciable yields. For
iron(ll) triflate, the reaction was complete after 16 hours while running at 50 °C with a yield of 72%
for the desired product albeit in a racemic mixture. The yield of the Stevens rearrangement
product in this case was found to be 40% which, interestingly, was the same in the iron(lll) triflate
case. The reaction in this iron(lll) case was decreased when compared to the iron(ll) case at 62%
in again, a racemic mixture. It is worth noting that while the iron(ll) triflate reaction needed to be

run at 50 °C for 16 hours, the iron(lll) case was reactive at room temperature after 18 hours.
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Table 4.1 Optimization of Diazo Thioglycoside Reaction Conditions
OH
(0}
(o] N2 BnO BnO
5 ,< BnO ° > Ph
O Ph BnO OMe <0 4/2’
~— (1 equiv.) (o]
BnO s >  BnO OBn + B0 o P
o catalyst, CH2C|2 BnO 0
4A MS, 20 °C, time
BnO
BnO OBn BnO OMe BnO OBn
entry Catalyst (mol%) Time % yield A o/p ratio® % yield B
1. Cu(OTf), (10%) 20 h 88% 91 20%
2. Rhy(OAc), (5 mol%), TFOHeDTBMP 16 h 10% n.d. 80%
3. [CuOTf],etol (30 mol%) 16 h 80% I 30%
4, [CuOTf],etol (10 mol%) 24 h 37% 41 55%
5. Cu(MeCN)4BF,4 (30 mol%) 24 h 0% Tkl 65%
6. Cu(MeCN),PFg (30 mol%) 24 h 30% 41 55%
7. Cu(OTf), (10 mol%), 0 °C 36 h 65% I <10%
8. Cu(OTf), (10 mol%), 10 °C 36h 88% I 20%
9. Cu(OTf), (5%) 36 h 45% 9IM 30%
10. Zn(O0Tf), (30 mol%) 36h n.r. n.d. 60%
1. Fe(OTf), (30 mol%) 16 h 72% 17 40%
12. Fe(OTf); (30 mol%) 18 h 62 17 40%
aYjeld was determined by 'H NMR using 1,3,5-trimethoxybenzene as the internal standard. °Diastereoselectivity was
determined by "H NMR.

4.3.2 Substrate Scope of Ribose Donors

We commenced our substrate scope with primary alcohol acceptors such as pent-4-en-1-
ol and propargyl alcohol. The yield of these reactions was excellent (84% and 90% respectively)
whereas the diastereoselectivities ranged quite a bit. For the propargyl alcohol acceptor, the
selectivity was moderate (5:1 a:3) however, for the pent-4-en-1-ol acceptor, the selectivity was
high (15:1 o:B). Impressed by these results, we moved on to the secondary alcohol acceptors,
isopropanol and cyclohexanol. Again, yields were high at 86% and 96% respectively while

selectivity remained varied (4:1 for isopropanol and 9:1 o:f for cyclohexanol). With a range of
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achiral secondary alcohols explored, we decided to explore a range of chiral secondary alcohols.
We began with menthol which, when subjected to our parent conditions, reacted cleanly to yield
the desired product in an 85% yield with a diastereoselectivity of 5:1 a:B. Following this, we
attempted cholesterol as an acceptor. In this case, yields were comparable to menthol (80%)
although selectivity was improved (10:1 a:3). We then decided to pursue a bulky tertiary alcohol
acceptor to analyze our reactions tolerance of such moieties. For this, we selected adamantanol
as our acceptor. We observed a yield of 82% and a selectivity of 6:1 a:B. Pleased with these
results, we turned our attention to various sugar alcohol acceptors. We began with an
isopropylidene-protected galactopyranoside acceptor which displayed high yields (88%) and,
again, excellent diastereoselectivity (9:1 a:f). We then expanded to a benzoyl-protected
glucopyranoside acceptor. With this, we observed a yield of 86% and a diastereoselectivity of 8:1
(a:B). Following these results, we sought to examine how our system behaved with both armed
and disarmed acceptors. For this, we decided to select mannopyranoside as our model substrate.
We started with the armed, benzyl-protected, substrate and found a yield of 90% and a
diastereoselectivity of 5:1 (a:p). To our delight, the disarmed benzoyl-protected acceptor
maintained a high yield at 88% as well as maintaining the observed diastereoselectivity (5:1 a:p).
Finally, we wanted to ensure that furanoside-based acceptors were also conducive to our strategy.
We selected isopropylidene-protected glucofuranoside and allofuranoside acceptors for study. In
these cases, the reaction furnished the desired products in an 88% and 84% vyield respectively

and, to our delight, the diastereoselectivity of both were >20:1 (a.:p).
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Figure 4.1 Substrate Scope of Ribose Donor
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4.3.3 Substrate Scope of Arabinose Donors

With the scope of D-ribose donors established, we then turned our attention to arabinose
donors. Arabinofuranose differs from ribofuranose in a singular key way. The stereochemistry of
the C2 position of arabinose is the opposite of the stereochemistry of the C2 position of ribose.
Because of this, the stereochemistry of the incoming nucleophile would have to reverse entirely
to ensure 1,2-cis selectivity. No other position changes, so 1,2-cis selectivity would be dependent
on that C2 groups orientation, indicating that cis selectivity can be maintained for each selected
saccharide. With this in mind, we began our journey of developing a substrate scope for our

arabinose donors.

Like with the ribose series, we began with primary alcohol acceptor pent-4-en-1-ol. The
yield for this reaction remained moderate (82%) and the diastereoselectivity remained high albeit
reversing the selectivity (1:10 o:p). We then investigated an achiral secondary alcohol,
isopropanol, for its reactivity. With this acceptor, we observed a yield of 84% with a
diastereoselectivity of 1:4 (o:p). Following these results, we endeavored to examine chiral
secondary alcohols like menthol and cholesterol. With menthol, we observed a yield of 88% with
a 1:6 o:p ratio. The cholesterol acceptor, similarly to the menthol acceptor, furnished the desired
product in an 88% yield with an a:f ratio of 1:5. We then sought to apply our reaction to bulky
tertiary systems. For this, we implemented adamantanol as an acceptor and, in this case, our
conditions produced the desired product in a 92% yield in an exclusively diastereospecific
manner. We were pleased to find that, regardless of whether the acceptors had low or high steric
bulk, the yields and selectivity remained high indicating that yield and selectivity are independent

of bulk of the acceptor.

While it is important to show that the formation of simple O-glycosides is facile under our

conditions, the synthetic community is also invariably interested in the formation of disaccharides.
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To this end, we pursued a range of sugar alcohol acceptors to examine their applicability in our
system. As many acceptors are conformationally constrained, we decided to begin our study
there. We employed an isopropylidene-protected galactopyranoside acceptor which reacted
cleanly under our conditions to furnish the desired product in a 94% vyield with a
diastereoselectivity of 1:5 (a:p). We are also aware that synthetic chemists often seek to
implement both armed and disarmed acceptors in their synthetic routes and so we wanted to
show that our reaction is conducive to both types of acceptors. To initiate, we selected an armed
benzyl-protected glucopyranoside acceptor and found that the yield of the reaction was 86% with
a diastereoselectivity of 1:5 (a:f). To our delight, disarmed benzoyl-protected and acetate-
protected glucopyranoside acceptors maintained high yields and selectivity. Our benzoyl-
protected substrate reacted cleanly to produce the desired product in a 90% yield with a
diastereoselectivity of 1:5.5 (a.:B). Similarly, the acetate-protected acceptor was synthesized in an
86% vyield with a selectivity of 1:4 (a:B). This seemed to indicate that both armed and disarmed
systems are reactive under our conditions. Finally, we examined mannopyranoside acceptors
which were found to be unreactive under the Jacobsen protocol.®® To our pleasure, both benzyl-
and benzoyl-protected mannose acceptors reacted cleanly through our protocol to furnish the
desired products in a 90% and 88% respectively. Even more interesting, we found that the benzyl-
protected species was nearly diastereospecific (1:>20 a:3). The benzoyl-protected species was

less selective with a selectivity of 1:4 (o:p).
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Figure 4.2 Substrate Scope of Arabinose Donor
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To probe our mechanism further, we decided to pursue a small substrate scope with an L-

arabinose donor. As L- and D-arabinose differ by completely reversing the stereochemistry of
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every position on the furanose ring, cis selectivity would need to be dependent on the C2 position,
reducing the likelihood of confounding factors. We began with a conformationally constrained
isopropylidene-protected galactopyranoside acceptor. When subjected to our parent conditions,
we observed product formation in a 78% yield with a diastereoselectivity of 1:3 (a:p). Following
these results, we explored benzoyl-protected glucopyranoside and mannopyranoside acceptors.
With glucose, the substrate reacted cleanly to furnish the desired product in an 82% yield in a
diastereoselectivity of 1:4 (a:). Finally, our mannose disaccharide was synthesized in an 80%
yield with a selectivity of 1:4 (a:3). We were pleased with these results as they indicated that our
reaction was conducive to L-arabinose conditions and thus lent credence to our hypothesis that

coordination of the copper catalyst to the C2 position led to the desired 1,2-cis stereoselectivity.

Figure 4.3 Substrate Scope of L-Arabinose Donor
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4.3.4 C- and N-Nucleophiles for Ribosylation

To highlight the applicability of our system for furanosylation, we set out to synthesize C-
and N-furanosides. We began with C-ribosides and so selected allyl trimethylsilane as an
acceptor. To our delight, when subjected to our optimized conditions, the reaction proceeded
cleanly to furnish the desired C-glycoside in an 82% yield in a diastereospecific (a-only) manner.
We then sought to analyze nitrogen nucleophiles for the formation of N-ribosides. For this, we
selected benzyl tosyl amine as our acceptor which, when subjected to the parent conditions,

yielded the desired product in a 70% yield with a diastereoselectivity of 3:1 (a.:p).

Figure 4.4 C- and N-Furanosides
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4.3.5 Control Reactions

To probe the mechanism of our reaction, we decided to run a variety of control reactions.
To analyze the electronic effects of the aromatic ring, on the rate of reaction, we established a

series of reactions varying the electronic configuration of that ring. We also sought to analyze the
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effect of the C2 protecting group to analyze the effect this would have on diastereoselectivity.
Finaly, we monitored the rate of epimerization for this reaction to determine if that could lead to

reasonable product formation.

4.3.5.1 Rate Study

We first decided to investigate the effect of the electronics of the aromatic ring attached to
the diazo. For this, we synthesized para-methoxy and para-nitro versions of the parent donor.
Three reactions were set up in parallel consisting of the para-methoxy donor, the parent donor,
and the para-nitro donor. When subjected to the optimized conditions, we observed that the para-
methoxy donor reacted rapidly, however, leading to byproduct formation primarily with only 34%
of the desired product being formed. We believe that this was due to the lower stability of the
para-methoxy diazo causing the diazo to decompose faster, but not necessarily productively. Our
parent donor reacted cleanly over 20 hours to furnish the desired product in an 88% yield.
Conversely, the para-nitro donor did not react after 36 hours, likely due to the stability of the diazo

being unreactive in the presence of the copper catalyst.

Figure 4.5 Rate Study
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4.3.5.2 Manipulation of the C2 Protecting Group

We then sought to investigate the influence of the C2 protecting group on the observed
diastereoselectivity of the reaction. To this end, we synthesized a variety of donors possessing
various C2 protecting groups. We were first curious as to whether chelation of the copper atom
to the benzyl aromatic ring®*4° was driving selectivity and so synthesized a C2 methoxy donor
which lacks potential for w-aryl coordination. We found that when subjected to the parent
conditions, the reaction proceeded cleanly to furnish the desired product in a 92% vyield in a
diastereospecific (a-only) manner indicating that coordination of the copper catalyst to the
aromatic ring of the C2 position does not drive the observed selectivity. Following these results,
we sought to evaluate whether a silyl-protected donor would be conducive to our conditions as
silyl-protected compounds are suitable for solid-phase automated synthesis.*'** To this end, we
synthesized a C2 OTIPS donor which, when subjected to our optimized conditions, we observed
the formation of the desired product in a 90% yield in a diastereospecific (a-only) manner. To
probe the tolerance for copper coordination, we synthesized a weakly coordinating, C2 fluoro
donor and, to our surprise, we observed again a diastereospecific (a-only) product formation in
an 86% yield. Finally, to evaluate the necessity of a C2 group for selectivity, we synthesized a C2
deoxy donor. As anticipated, upon subject to our parent conditions, we observed exclusively
extensive decomposition with no product formation. This indicates that coordination between the
C2 protecting group and the copper catalyst is mandatory for effective furanosylation

diastereoselectivity.
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Figure 4.6 Influence of Donor C2 Protecting Group
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4.3.5.3 Epimerization Studies and Importance of the Anomeric

Configuration of the Donor

Pyranosylation strategies often rely on anomerically pure donors to result in the desired
diastereoselectivity. This is due to the preference of pyranosides to undergo Sn2-type reactivity,
allowing for facile control of anomeric configurations. This has led to attention being placed on a
similar form of anomeric stereocontrol for novel furanosylation strategies. Recent protocols, like
those published by Jacobsen®® and Zhang,'® have highlighted the necessity of anomerically pure
substrates to aid in achieving diastereoselectivity. We then decided to investigate whether our
donor system had a similar dependence. For this, we set up parallel reactions consisting of a
racemic mixture of the donor and a diastereotopically pure donor. When subjected to the
optimized conditions, we observed no distinguishable variance in either yield or
diastereoselectivity indicating that the desired diastereoselectivity and yield are independent of
the anomeric configuration of the donor. We also sought to determine whether diastereoselectivity
was being established upon initial reaction, or if it was trending towards one isomer due to
epimerization. To this end, we isolated a single diastereomer (o) and subjected it to our parent
conditions once again. However, we did not observe the formation of the B-isomer, indicating that

the product does not epimerize as a result of the conditions of the reaction.
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Figure 4.7 Dependence of Donor Anomeric Selectivity and Epimerization Study
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4.3.6 Proposed Reaction Mechanism

Following the control reactions and computational studies that were performed regarding
this reaction, we established a plausible reaction mechanism to explain the observed
diastereoselectivity. We envision the reaction beginning by decomposition of the diazo by our
copper(ll) triflate catalyst forming the copper carbenoid. Following this, coordination of the copper
catalyst to the sulfur atom of the thioglycoside places the sulfur atom in close proximity to the
carbon center of the carbene allowing for facile insertion into the carbene. This can be followed
by a migration of the copper species from the carbon center onto the adjacent oxygen. This then
promotes the release of the leaving group to form an oxocarbenium ion and the O-linked copper
species. Recombination of these two species leads to the formation of the observed Stevens
rearrangement product and serves as a dead-end for the reaction. Ligand exchange of the alcohol
acceptor with the triflate anion on the copper catalyst results in the formation of a copper alkoxide
necessary for desired reactivity. Coordination of the copper alkoxide to the C2 oxygen of the
oxocarbenium ion facilitates facile delivery of the acceptor to the cis face of the oxocarbenium ion
and regenerating the copper catalyst. Interestingly, this mechanism indicates that the copper

catalyst maintains a +2 oxidation state for the duration of the reaction.
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Scheme 4.3 Proposed Mechanism
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4.5 Experimental Section for Chapter 4

MATERIALS AND METHODS

Reagents

Reagents and solvents were obtained from Sigma-Aldrich, Chem-Impex, VWR International, and
Acros Organics and used without further purification unless otherwise indicated. Dichloromethane
and Acetonitrile were distilled over CaH under N2 unless stated otherwise. Tetrahydrofuran was

distilled over Na under N2 with benzophenone indicator.

Reagents

All reactions were performed in oven-dried glassware under positive N2 Pressure with magnetic

stirring unless otherwise noted.

Chromatography

Thin layer chromatography (TLC) was performed on 0.25 mm E. Merck silica gel 60 F254 plates
and visualized under UV light (254 nm) or by staining with potassium permanganate (KMnQ,),
cerium ammonium molybdate (CAM), phosphomolybdic acid (PMA), and ninhydrin. Silica flash

chromatography was performed on Sorbtech 230-400 mesh silica gel 60.
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Analytical Instrumentation

NMR spectra were recorded on a Varian VNMRS 300, 400, 500, and 600 MHz NMR spectrometer
at 20 °C in CDCls unless otherwise indicated. Chemical shifts are expressed in ppm relative to
solvent signals: CDCls ('H, 7.26 ppm, *C, 77.0 ppm); coupling constants are expressed in Hz. IR
spectra were recorded on a Cary 760 FTIR spectrometer with peaks reported in cm'. Mass

spectra were obtained on an Advion Expression CMS TLC Mass Spectrometer.

Nomenclature

Chemical structure named in accordance with IUPAC guidelines, automatically generated using

ChemDraw 20.1

Additional Information and Considerations

Syringe pump addition reactions were conducted using a Harvard Apparatus (Model: 55- 1111) or
a New Era Pump Systems, Inc. (Model: NE-300) syringe pump. Sonication was performed using

a Bransonic Ultrasonic Cleaner (Model: M5800H).
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4.5.1 Synthesis of Diazo Thioglycoside Donor

OH
BF3eEt,0
/._<°j/°""e HO CHzCl BnO H
BnO —", + ~Ngy —> °n 0.__S
BnG  OBn 0°Ctort,5h
s “oBn
BnO

2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethan-1-
ol (2A): To an oven-dried round-bottom flask containing a magnetic stirring bar, were added
furanosyl anomeric methoxide (1 equiv.), commercially available 2-mercaptoethanol (1.5 equiv.),
and freshly distilled DCM (20 mL/mmol). The reaction mixture was cooled to 0 °C and to it was
added boron trifluoride diethyl etherate (2.0 equiv.) dropwise. The reaction was warmed to room
temperature and stirred at room temperature for 5 h. After completion, it was quenched with a
saturated solution of sodium bicarbonate; extracted with DCM and washed with a saturated
solution of sodium bicarbonate, then water, then bine. The organic layer was dried over anhydrous
sodium sulfate, concentrated in vacuo, and purified by silica gel flash chromatography (ethyl

acetate/hexane: 20% — 30%) to give the desired product 2A in an 89% vyield.

H NMR (500 MHz, CDCls) 8 7.40 (d, J = 7.2 Hz, 2H), 7.37 — 7.28 (m, 14H), 7.27 — 7.22 (m, 4H),
5.45 — 5.40 (m, 1H), 4.78 — 4.33 (m, 10H), 3.98 (td, J = 5.6, 1.1 Hz, 1H), 3.88 — 3.67 (m, 4H), 3.63

—3.56 (m, 1H), 3.54 — 3.47 (m, 1H), 2.99 — 2.85 (m, 2H), 2.84 — 2.72 (m, 2H).

3C NMR (101 MHz, CDCls) & 138.29, 137.98, 137.86, 128.42, 128.40, 128.39, 128.35, 128.32,

128.29, 128.24, 128.18, 128.11, 128.08, 128.06, 128.04, 128.01, 127.98, 127.97, 127.93, 127.90,
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127.88, 127.86, 127.84, 127.81, 127.78, 127.71, 127.69, 127.68, 127.62, 127.61, 102.52, 82.14,

77.87,77.55,77.23,76.91, 75.05, 73.47, 73.46, 73.34, 72.48, 72.36, 72.30, 70.18, 55.58, 53.55.

(o]

OH EDCI ph\)J\
)

DMAP
o CH,Cl,
BnO [o) S + —
w OH rt, 12 h BnQ o __s
“0Bn ﬂ

BnOQ 0Bn

2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
phenylacetate (3A): To an oven-dried round-bottom flask containing a magnetic stirring bar, were
added the thioglycoside alcohol (2A,1.0 equiv.), freshly distilled DCM (25 mL/mmol), phenylacetic
acid (1.2 equiv.), EDCI (2.0 equiv.), and DMAP (1.0 equiv.). The reaction was stirred at room
temperature for 12 hours and, upon completion by TLC, was quenched via addition of a saturated
solution of sodium bicarbonate. The product was extracted with DCM. The organic layers were
combined, washed with a saturated solution of sodium bicarbonate, then water, then brine. The
organic layer was dried over anhydrous sodium sulfate and concentrated under reduced pressure.
The product was purified by silica gel column chromatography (15% ethyl acetate/hexanes). The

product ester 3A was isolated as a light-yellow syrup in an 81% vyield (2.16 g).

H NMR (400 MHz, CDCls) & 7.39 — 7.22 (m, 16H), 5.25 (d, J = 4.1 Hz, 1H), 4.66 (d, J = 12.1 Hz,
1H), 4.63 — 4.53 (m, 3H), 4.51 (s, 1H), 4.48 (d, J = 1.3 Hz, 1H), 4.35 — 4.26 (m, 2H), 4.20 (ddd, J
= 11.2, 7.6, 6.3 Hz, 1H), 4.02 (t, J = 5.4 Hz, 1H), 3.86 (t, J = 4.6 Hz, 1H), 3.62 (s, 2H), 3.55 (td, J

=11.3,10.7, 4.4 Hz, 2H), 2.92 (dt, J = 13.9, 7.0 Hz, 1H), 2.78 (dt, J = 13.9, 7.0 Hz, 1H).
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2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
diazo-2-phenylacetate (4A): To an oven-dried round-bottom flask was added the thioglycoside
ester (3A, 1.0 equiv.), freshly distilled acetonitrile (10 mL/mmol), and pABSA (1.4 equiv.). The
reaction was cooled to 0 °C and to it was added DBU (1.6 equiv.) dropwise. The reaction was
warmed to room temperature and stirred at room temperature for 12 hours. Upon completion by
TLC, the reaction was quenched via addition of water. The product was extracted with ethyl
acetate, the organic layers were combined, washed with a saturated solution of ammonium
chloride, and then brine. The organic layer was dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The product was purified by silica gel column
chromatography (15% ethyl acetate/hexanes). The product was obtained as an orange syrup in

an 84% yield of the desired diazo 4A.

H NMR (400 MHz, CDCl3) & 7.56 — 7.49 (m, 2H), 7.45 — 7.30 (m, 16H), 7.25 — 7.20 (m, 1H), 5.34
(d, J = 4.1 Hz, 1H), 4.76 — 4.49 (m, 7H), 4.47 — 4.33 (m, 2H), 4.1 (t, J = 5.3 Hz, 1H), 3.95 (t, J =

4.6 Hz, 1H), 3.70 — 3.58 (m, 2H), 3.04 (ddd, J = 13.8, 7.5, 6.2 Hz, 1H), 2.93 — 2.84 (m, 1H).

3C NMR (101 MHz, CDCls) & 164.74, 138.10, 137.64, 137.47, 128.94, 128.43, 128.39, 128.33,
128.09, 128.00, 127.93, 127.86, 127.61, 127.58, 125.84, 125.39, 123.94, 86.09, 81.92, 80.57,

77.95,77.48, 77.36, 77.16, 76.84, 73.30, 72.24, 70.61, 63.94, 29.42.
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2-(((3S,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethan-1-
ol (2B): The titular compound was synthesized in accordance to the procedure outlined for 2A.
The crude was purified by flash chromatography (20% — 30% ethyl acetate/hexanes) to give

pure 2B (75% yield).

(o]

OH EDCI ph\)J\
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H o CH,Cl,
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3 OBn L<I
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2-(((3S,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
phenylacetate (3B): The titular compound was synthesized in accordance to the procedure
outlined for 3A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 3B (93% yield).

H NMR (500 MHz, CDCl3) & 7.41 — 7.25 (m, 23H), 5.42 (d, J = 2.5 Hz, 1H), 5.01 (s, OH), 4.62
(dd, J = 12.1, 1.3 Hz, 2H), 4.57 (t, J = 6.0 Hz, 2H), 4.55 — 4.46 (m, 2H), 4.45 — 4.22 (m, 5H), 4.03
(dd, J = 6.8, 3.2 Hz, 1H), 3.99 (t, J = 2.8 Hz, 1H), 3.73 — 3.62 (m, 5H), 3.00 (ddd, J = 13.7, 7.2,

6.3 Hz, 1H), 2.91 (t, J = 6.5 Hz, 1H), 2.88 — 2.80 (m, 1H), 2.80 — 2.68 (m, 1H).

3C NMR (126 MHz, CDCls) & 171.33, 138.05, 137.71, 137.32, 133.89, 129.31, 128.63, 128.59,

128.48, 128.41, 128.37,128.01, 127.98, 127.85, 127.83, 127.77,127.76, 127.65, 127.21, 127 .18,
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127.12, 88.73, 87.65, 83.59, 80.15, 77.35, 77.09, 76.84, 73.41, 72.29, 72.06, 69.02, 63.77, 63.38,

53.27,41.27, 41.25, 37.18, 30.87, 29.75.

o) o)
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g OBn 5 OBn
BnO BnO

2-(((3S,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
diazo-2-phenylacetate (4B): The titular compound was synthesized in accordance to the
procedure outlined for 4A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 4B (87% yield).

H NMR (400 MHz, CDCls) & 7.55 — 7.44 (m, 2H), 7.42 — 7.22 (m, 15H), 7.18 (ddt, J = 8.7, 7.1,
1.2 Hz, 1H), 5.41 (d, J = 2.4 Hz, 1H), 4.67 — 4.36 (m, 8H), 4.32 (ddd, J = 6.7, 4.8, 3.7 Hz, 1H),
4.04 — 3.94 (m, 2H), 3.73 — 3.58 (m, 2H), 3.06 (ddd, J = 13.7, 7.3, 6.2 Hz, 1H), 2.90 (ddd, J =

14.0, 7.4, 6.5 Hz, 1H).

3C NMR (101 MHz, CDCls) & 164.85, 138.03, 137.66, 137.27, 128.94, 128.44, 128.37, 128.33,
127.99, 127.94, 127.81, 127.79, 127.73, 127.60, 125.85, 125.39, 124.00, 88.68, 87.60, 83.60,

80.16, 77.34, 77.22, 77.02, 76.70, 73.39, 72.27, 72.06, 69.00, 63.58, 30.00, 29.70.

OH
BF,eEt,O
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2-(((3R,4S,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethan-1-
ol (2C): The titular compound was synthesized in accordance to the procedure outlined for 2A.
The crude was purified by flash chromatography (20% — 30% ethyl acetate/hexanes) to give

pure 2C (XX% yield).

H NMR (400 MHz, CDCls) & 7.38 (dt, J = 10.5, 3.3 Hz, 8H), 7.36 — 7.27 (m, 5H), 5.42 (dd, J =
9.5, 3.7 Hz, 1H), 4.70 — 4.48 (m, 6H), 4.28 — 4.01 (m, 3H), 3.93 — 3.78 (m, 2H), 3.78 — 3.62 (m,

2H), 3.01 — 2.75 (m, 3H).

3C NMR (101 MHz, CDCls) & 137.34, 128.55, 128.54, 128.53, 128.48, 128.46, 128.08, 128.04,
127.99,127.92,127.90, 127.84, 127.81, 127.78, 127.74, 88.64, 88.25, 88.16, 83.90, 83.49, 83.00,
82.24,80.27, 77.63, 77.31, 76.99, 73.43, 73.36, 72.40, 72.31, 72.20, 71.92, 70.50, 69.08, 62.50,

62.24, 35.60, 35.59.

(o)

EDCI Ph
DMAP \)LO
AU, — g
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(1IN
BnO OBn “0Bn
BnO

2-(((3R,4S,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
phenylacetate (3C): The titular compound was synthesized in accordance to the procedure
outlined for 3A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 3C (XX% yield).

H NMR (400 MHz, CDCls) & 7.36 (pdd, J = 6.1, 4.1, 2.7 Hz, 13H), 7.31 — 7.26 (m, 3H), 5.49 —
5.40 (m, 1H), 4.67 — 4.56 (m, 3H), 4.56 — 4.42 (m, 3H), 4.42 — 4.17 (m, 3H), 4.12 — 3.95 (m, 2H),

3.77 — 3.60 (m, 4H), 3.01 (ddd, J = 17.2, 8.7, 4.9 Hz, 1H), 2.84 (dtd, J = 13.9, 6.9, 3.7 Hz, 1H).
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3C NMR (101 MHz, CDCls) & 171.36, 138.03, 137.68, 137.29, 133.88, 129.33, 128.61, 128.50,
128.47,128.43, 128.39, 128.04, 128.00, 127.96, 127.93, 127.87, 127.85, 127.83, 127.79, 127.67,
127.14, 88.68, 87.62, 87.14, 84.23, 83.53, 82.09, 80.11, 77.44, 77.33, 77.13, 76.81, 73.40, 72.29,

72.05,71.97, 71.22, 68.95, 64.15, 63.76, 41.27, 29.74, 29.00.

(o}
pn I, PABSA Ph%

DBU

H MeCN NZH
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“0Bn “0Bn

BnO BnO

2-(((3R,4S,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
diazo-2-phenylacetate (4C): The titular compound was synthesized in accordance to the
procedure outlined for 4A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 4C (XX% yield).

OH
BF3eEt,0
/‘<Oj/ . HO N BnO H
BnO \ + ~"sH —>°C n 0.__S
Bnd 0 tort,5h
BnO

2-(((4S,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethan-1-ol (2D):
The titular compound was synthesized in accordance to the procedure outlined for 2A. The crude

was purified by flash chromatography (20% — 30% ethyl acetate/hexanes) to give pure 2D (55%

yield).
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H NMR (400 MHz, CDCls) & 7.40 — 7.24 (m, 9H), 5.36 (dd, J = 8.6, 6.1 Hz, 1H), 4.56 (s, 2H), 4.50
(s, 2H), 4.28 (td, J = 5.5, 2.4 Hz, 1H), 4.14 (dt, J = 6.1, 2.4 Hz, 1H), 3.86 (dddd, J = 12.1, 9.0, 5.6,
3.9 Hz, 1H), 3.73 (ddt, J = 11.8, 8.1, 4.3 Hz, 1H), 3.60 (dd, J = 10.2, 5.1 Hz, 1H), 3.50 (dd, J =
10.2, 5.8 Hz, 1H), 3.39 (dd, J = 8.5, 4.8 Hz, 1H), 2.85 (qdt, J = 11.5, 7.6, 3.8 Hz, 2H), 2.39 (ddd,

J=137,6.1,2.4 Hz, 1H), 2.07 (ddd, J = 14.1, 8.6, 6.0 Hz, 1H).

3C NMR (101 MHz, CDCls) & 137.89, 137.65, 128.46, 128.40, 127.81, 127.72, 127.70, 84.54,

84.33, 80.36, 77.34, 77.22, 77.02, 76.70, 73.43, 71.25, 70.52, 62.49, 38.59, 36.20.

OH EDCI ph\)l\
)

DMAP

H o CH,CI,
BnO o S + — -
\~<j OH rt, 12 h BnQ S

2-(((4S,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
phenylacetate (3D): The titular compound was synthesized in accordance to the procedure
outlined for 3A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 3D (92% yield).

H NMR (400 MHz, CDCl3) 5 7.31 (dtd, J = 14.8, 7.2, 3.3 Hz, 10H), 5.36 (dd, J = 7.9, 6.1 Hz, 1H),
4.60 — 4.45 (m, 4H), 4.33 (ddd, J = 11.2, 7.7, 6.3 Hz, 1H), 4.24 (ddd, J = 11.0, 7.6, 5.9 Hz, 2H),
412 (dt, J = 5.7, 2.7 Hz, 1H), 3.62 (s, 2H), 3.59 (dd, J = 10.1, 5.1 Hz, 1H), 3.50 (dd, J = 10.1, 6.1
Hz, 1H), 2.95 (ddd, J = 14.1, 7.6, 6.5 Hz, 1H), 2.83 (ddd, J = 13.9, 7.7, 6.2 Hz, 1H), 2.35 (ddd, J

=13.6, 6.1, 2.8 Hz, 1H), 2.05 (ddd, J = 13.9, 8.0, 6.2 Hz, 1H).
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3C NMR (101 MHz, CDCls) & 171.33, 138.04, 137.76, 133.85, 129.29, 128.57, 128.45, 128.38,
127.77,127.72, 127.67, 127.11, 109.99, 84.19, 83.86, 80.47, 77.36, 77.04, 76.72, 73.39, 71.28,

71.01,64.27, 41.24, 38.78, 29.57.

o o)
Ph PABSA Ph
\)LO DBU o
H MeCN N, H
Bn0L<oj/s 0°Ctort, 12 h B“°L<oj/s
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) ™

2-(((4S,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-diazo-2-
phenylacetate (4D): The titular compound was synthesized in accordance to the procedure
outlined for 4A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 4D.

H NMR (500 MHz, CDCl3) & 7.52 — 7.46 (m, 2H), 7.40 (dd, J = 8.5, 7.3 Hz, 2H), 7.38 — 7.29 (m,
8H), 7.20 (tt, J = 7.4, 1.3 Hz, 1H), 5.43 (dd, J = 8.0, 6.1 Hz, 1H), 4.57 (d, J = 3.1 Hz, 2H), 4.53 (d,
J =1.2 Hz, 2H), 4.43 (ddd, J = 11.1, 7.8, 6.4 Hz, 1H), 4.28 (td, J = 5.6, 2.5 Hz, 1H), 4.15 (dt, J =
5.7, 2.7 Hz, 1H), 3.63 (dd, J = 10.1, 5.1 Hz, 1H), 3.54 (dd, J = 10.1, 6.1 Hz, 1H), 3.05 (ddd, J =
14.0, 7.7, 6.3 Hz, 1H), 2.93 (ddd, J = 13.9, 7.8, 6.2 Hz, 1H), 2.39 (ddd, J = 13.6, 6.1, 2.8 Hz, 1H),

2.10 (ddd, J = 13.9, 8.0, 6.2 Hz, 1H).

3C NMR (126 MHz, CDCls) & 164.87, 138.06, 137.80, 128.96, 128.46, 128.44, 128.39, 127.81,
127.77,127.73, 127.68, 125.87, 125.41, 123.99, 84.32, 84.26, 83.97, 80.50, 77.30, 77.25, 77.04,

76.79, 73.43, 71.29, 71.04, 64.20, 38.82, 29.90.
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2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl

(4-methoxyphenyl)acetate (3E): The titular compound was synthesized in accordance to the

procedure outlined for 3A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 3E (79% yield).

H NMR (600 MHz, CDCls) & 7.38 — 7.27 (m, 7H), 7.27 — 7.20 (m, 6H), 7.17 (d, J = 8.6 Hz, 1H),

6.86 — 6.79 (m, 1H), 5.29 (s, 1H), 4.73 — 4.59 (m, 1H), 4.59 — 4.40 (m, 4H), 4.32 — 4.14 (m, 2H),

4.00 (t, J = 5.3 Hz, 1H), 3.84 (dd, J = 5.0, 4.3 Hz, 1H), 3.79 — 3.71 (m, 2H), 3.60 — 3.43 (m, 3H),

2.96 — 2.85 (m, 1H), 2.85 — 2.68 (m, 1H).

0 o}
J\ PABSA PMP.
B (0] DBU (o]
H MeCN N, H
Bno\‘{j/s 0°Ctort, 12 h B“°¥<oj/s
', ",
Bn0  OB" gn0  OB"

2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl

diazo-2-(4-methoxyphenyl)acetate (4E): The titular compound was synthesized in accordance

to the procedure outlined for 4A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 4E.



H NMR (600 MHz, CDCls) & 7.40 — 7.30 (m, 7H), 7.30 — 7.25 (m, 9H), 7.24 (d, J = 3.1 Hz, 2H),
6.94 — 6.90 (m, 2H), 5.28 (s, 1H), 5.24 (d, J = 4.2 Hz, 1H), 4.62 (d, J = 20.3 Hz, 1H), 4.59 — 4.56
(m, 1H), 4.55 (d, J = 4.7 Hz, 1H), 4.49 (s, 1H), 4.47 (s, 1H), 4.45 — 4.41 (m, 1H), 4.34 (ddd, J =
11.1,7.7, 6.2 Hz, 1H), 4.27 (td, J = 5.1, 3.9 Hz, 1H), 4.02 (t, J = 5.4 Hz, 1H), 3.86 (dd, J = 5.0, 4.2
Hz, 1H), 3.79 (s, 3H), 3.59 (dd, J = 10.7, 3.8 Hz, 1H), 3.53 (dd, J = 10.6, 4.9 Hz, 1H), 2.96 (ddd,

J=13.8,7.6,6.2 Hz, 1H), 2.83 (ddd, J = 14.0, 7.7, 6.4 Hz, 1H).

3C NMR (151 MHz, CDCls) & 158.07, 138.08, 137.46, 128.39, 128.35, 128.29, 128.05, 127.95,
127.88, 127.80, 127.59, 127.54, 125.96, 116.79, 114.60, 86.07, 81.90, 80.62, 77.99, 77.18, 76.97,

76.76, 73.30, 72.24, 70.60, 63.89, 53.38, 29.43, 11.77.
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2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 4-
nitrobenzoate (3F): The titular compound was synthesized in accordance to the procedure
outlined for 3A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 3F (69% yield).
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2-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)thio)ethyl 2-
diazo-2-(4-nitrophenyl)acetate (4F): The titular compound was synthesized in accordance to
the procedure outlined for 4A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 4F (28% yield).

H NMR (400 MHz, CDCl3) & 8.27 — 8.15 (m, 4H), 7.70 — 7.56 (m, 4H), 7.40 — 7.24 (m, 30H), 5.30
(s, 1H), 5.25 (d, J = 4.5 Hz, 1H), 4.77 — 4.34 (m, 20H), 4.17 — 3.95 (m, 5H), 3.91 — 3.80 (m, 3H),

3.74 — 3.47 (m, TH).
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-fluorotetrahydrofuran-2-yl)thio)ethyl
2-phenylacetate (3G): The titular compound was synthesized in accordance to the procedure
outlined for 2A. The crude was purified by flash chromatography (15% ethyl acetate/hexanes) to

give pure 3G (XX% yield).

"H NMR (600 MHz, CDCl3)  7.37 — 7.28 (m, 13H), 7.28 — 7.22 (m, 2H), 5.35 (dd, J = 19.6, 1.9

Hz, 1H), 4.70 (d, J = 11.6 Hz, 1H), 4.61 — 4.57 (m, 2H), 4.57 — 4.48 (m, 2H), 4.32 (dt, J=11.3, 6.6
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Hz, 1H), 4.28 — 4.20 (m, 2H), 4.20 — 4.12 (m, 1H), 3.68 (dd, J = 10.9, 2.9 Hz, 1H), 3.62 (s, 2H),

3.58 (dd, J = 10.9, 4.8 Hz, 1H), 2.94 (dt, J = 13.8, 6.8 Hz, 1H), 2.80 (dt, J = 13.8, 6.7 Hz, 1H).

3C NMR (151 MHz, CDCls) & 171.21, 138.01, 137.24, 133.76, 129.26, 128.57, 128.49, 128.34,
128.07, 127.89, 127.62, 127.13, 93.64, 92.35, 85.94, 85.78, 81.09, 77.69, 77.59, 77.23, 77.02,

76.81, 73.36, 72.81, 69.92, 64.01, 41.19, 29.13.
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-fluorotetrahydrofuran-2-yl)thio)ethyl
2-diazo-2-phenylacetate (4G): The titular compound was synthesized in accordance to the
procedure outlined for 4A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 4G (XX% yield).

H NMR (600 MHz, CDCls) & 7.50 — 7.45 (m, 2H), 7.39 (t, J = 7.9 Hz, 2H), 7.37 — 7.26 (m, 10H),
7.20 (td, J = 7.3, 1.3 Hz, 1H), 5.39 (dd, J = 19.8, 1.9 Hz, 1H), 4.71 (d, J = 11.7 Hz, 1H), 4.63 —
4.45 (m, 4H), 4.39 (dt, J = 11.5, 6.8 Hz, 1H), 4.28 (dt, J = 7.7, 3.8 Hz, 1H), 4.19 (ddd, J = 19.0,
7.5,4.1 Hz, 1H), 3.71 (dd, J = 10.9, 3.0 Hz, 1H), 3.61 (dd, J = 1.0, 4.9 Hz, 1H), 3.03 (dt, J = 13.9,

6.9 Hz, 1H), 2.90 (dt, J = 13.8, 6.8 Hz, 1H).

3C NMR (151 MHz, CDCls) & 164.74, 138.00, 137.26, 128.95, 128.50, 128.35, 128.08, 127.90,
127.64, 125.92, 125.32, 124.02, 93.63, 92.34, 85.90, 85.74, 81.17, 77.71, 77.61, 77.27, 77.06,

76.84, 73.39, 72.82, 69.93, 63.84, 29.37.
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-methoxytetrahydrofuran-2-
yl)thio)ethyl 2-phenylacetate (3H): The titular compound was synthesized in accordance to the
procedure outlined for 2A. The crude was purified by flash chromatography (15% ethyl

acetate/hexanes) to give pure 3H (XX% yield).

H NMR (400 MHz, CDCls) & 7.42 — 7.22 (m, 15H), 5.23 (d, J = 4.0 Hz, 1H), 4.63 (d, J = 12.0 Hz,
1H), 4.59 (d, J = 13.2 Hz, 2H), 4.52 (d, J = 12.1 Hz, 1H), 4.34 (ddd, J = 11.2, 7.5, 6.3 Hz, 1H),
4.28 — 4.20 (m, 2H), 4.08 (t, J = 5.3 Hz, 1H), 3.64 (d, J = 4.9 Hz, 3H), 3.56 (td, J = 10.6, 4.5 Hz,

2H), 3.43 (s, 3H), 2.96 (ddd, J = 13.9, 7.5, 6.4 Hz, 1H), 2.87 — 2.79 (m, 1H).

3C NMR (101 MHz, CDCls) & 171.37, 138.14, 137.60, 133.90, 129.35, 128.63, 128.49, 128.42,
128.16, 128.01, 127.72, 127.69, 127.17, 85.68, 83.39, 81.72, 77.86, 77.48, 77.16, 76.84, 73.36,

72.45,70.63, 64.15, 58.29, 41.27, 29.30.
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-methoxytetrahydrofuran-2-

ylhthio)ethyl 2-diazo-2-phenylacetate (4H): The titular compound was synthesized in
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accordance to the procedure outlined for 4A. The crude was purified by flash chromatography

(15% ethyl acetate/hexanes) to give pure 4H (XX% yield).

H NMR (600 MHz, CDCls) & 7.49 — 7.44 (m, 2H), 7.39 — 7.36 (m, 2H), 7.34 — 7.24 (m, 10H), 7.18
(tt, J = 7.3, 1.2 Hz, 1H), 5.23 (d, J = 4.0 Hz, 1H), 4.62 (d, J = 11.9 Hz, 1H), 4.58 (d, J = 12.1 Hz,
2H), 4.53 — 4.46 (m, 2H), 4.40 (ddd, J = 11.1, 7.7, 6.3 Hz, 1H), 4.25 (td, J = 5.3, 4.0 Hz, 1H), 4.09
(t, J = 5.4 Hz, 1H), 3.65 (dd, J = 5.0, 4.0 Hz, 1H), 3.61 (dd, J = 10.7, 3.9 Hz, 1H), 3.56 (dd, J =
10.6, 5.0 Hz, 1H), 3.43 (s, 3H), 3.02 (ddd, J = 13.9, 7.6, 6.2 Hz, 1H), 2.89 (ddd, J = 13.9, 7.7, 6.3

Hz, 1H).

3C NMR (151 MHz, CDCls) & 164.90, 138.22, 137.72, 129.05, 128.52, 128.44, 128.17, 128.02,
127.75, 127.72, 125.97, 125.51, 124.11, 83.55, 81.87, 78.01, 77.37, 77.16, 76.95, 73.45, 72.53,

70.71, 64.14, 58.36, 29.65.
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-
((triisopropylsilyl)oxy)tetrahydrofuran-2-yl)thio)ethyl 2-phenylacetate (3l): The titular
compound was synthesized in accordance to the procedure outlined for 2A. The crude was

purified by flash chromatography (15% ethyl acetate/hexanes) to give pure 3H (XX% yield).

"H NMR (400 MHz, CDCls) d 7.32 (dq, J = 13.5, 4.9 Hz, 12H), 5.17 (d, J = 3.3 Hz, 1H), 4.70 (d, J

=11.6 Hz, 1H), 4.63 —4.47 (m, 3H), 4.28 (dddd, J =35.2, 11.1, 7.9, 5.2 Hz, 4H), 4.04 (dd, J = 6.1,

187



4.4 Hz, 1H), 3.64 (s, 2H), 3.62 (d, J = 3.3 Hz, 1H), 3.54 (dd, J = 10.6, 5.1 Hz, 1H), 2.99 (ddd, J =

13.9, 7.6, 6.3 Hz, 1H), 2.82 (ddd, J = 13.9, 7.7, 6.3 Hz, 1H), 1.10 (p, J = 2.4, 2.0 Hz, 18H).

3C NMR (101 MHz, CDCls) & 171.29, 138.14, 137.86, 133.90, 129.32, 128.58, 128.33, 128.31,
127.84, 127.75, 127.73, 127.60, 127.11, 88.88, 81.19, 79.82, 77.43, 77.11, 76.79, 75.76, 73.38,

72.39,71.02, 64.18, 41.21, 29.22, 18.08, 18.06, 12.57.
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2-(((3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-3-
((triisopropylsilyl)oxy)tetrahydrofuran-2-yl)thio)ethyl 2-diazo-2-phenylacetate (4l): The
titular compound was synthesized in accordance to the procedure outlined for 4A. The crude was

purified by flash chromatography (15% ethyl acetate/hexanes) to give pure 4H (XX% yield).

H NMR (400 MHz, CDCls) & 7.49 (d, J = 8.0 Hz, 2H), 7.39 (t, J = 7.8 Hz, 2H), 7.32 (q, J = 5.8,
5.1 Hz, 9H), 7.19 (t, J = 7.4 Hz, 1H), 5.16 (d, J = 3.3 Hz, 1H), 4.68 (d, J = 11.6 Hz, 1H), 4.59 (d, J
= 12.0 Hz, 1H), 4.55 — 4.47 (m, 3H), 4.47 — 4.27 (m, 3H), 4.04 (dd, J = 6.1, 4.4 Hz, 1H), 3.63 (dd,
J =10.6, 3.3 Hz, 1H), 3.54 (dd, J = 10.6, 5.1 Hz, 1H), 3.05 (ddd, J = 13.8, 7.5, 6.2 Hz, 1H), 2.88

(dt, J = 13.9, 7.1 Hz, 1H), 1.08 (dd, J = 5.4, 2.5 Hz, 19H).

3C NMR (101 MHz, CDCls) 5 164.79, 138.10, 137.84, 128.94, 128.31, 128.30, 127.84, 127.74,
127.71, 127.58, 125.82, 125.43, 123.93, 88.83, 81.20, 79.80, 77.38, 77.06, 76.74, 75.74, 73.39,

72.38, 71.00, 63.95, 29.50, 18.05, 18.03, 12.55.
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4.5.2 Furanosylation Reaction

O BnO o
O)krrph o

N, o Cu(0TH), o)

BnO + BnO > OBn OBn
O—pS BnO— 5 DCM, 4A MS BnO R

OMe rt, 12 h BnO
OBn

OBn OBn OMe

(2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-2-((((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-

((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran (6A):
An oven-dried 4 mL vial was charged with the diazo thioglycoside donor (1.4 equiv.), methyl 2,3,5-
tri-O-benzyl glucopyranoside (1.0 equiv.), copper (ll) triflate (10 mol%), some powdered 4A
molecular sieves, and freshly distilled DCM (50 mL/mmol). The reaction was stirred at room
temperature for 12 hours and, upon completion by TLC, was quenched via addition of a saturated
solution of sodium bicarbonate. The product was extracted with DCM (3x), the organic layers were
combined, dried over anhydrous sodium sulfate, and concentrated under reduced pressure. The
product yield and anomeric ratio were determined by '"H NMR of the crude. (86%, a:f = 8:1). The

"H NMR of compound 6A matches the literature report.’™

BnO

(2R,3R,4R,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(pent-4-en-1-
yloxy)tetrahydrofuran (6B): Prepared in accordance with the procedure for 6A, (84%, o/pf =

15:1). The "H NMR of compound 6B matches the literature report.?’
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(2R,3R,4R,58)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(prop-2-yn-1-
yloxy)tetrahydrofuran (6C): Prepared in accordance with the procedure for 6A, (90%, o/p3 = 5:1).

The "H NMR of compound 6C matches the literature report.®

BnO

i | (o]
OBn OBn

(2R,3R,4R,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-isopropoxytetrahydrofuran
(6D): Prepared in accordance with the procedure for 6A, (86%, a/f = 4:1). The '"H NMR of

compound 6D matches the literature report.’

BnO

i | (0]
OBn OBn

(2R,3R,4R,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(cyclohexyloxy)tetrahydrofuran
(6E): Prepared in accordance with the procedure for 6A, (96%, a/f = 9:1). The '"H NMR of

compound 6E matches the literature report.®
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BnO
0
0
OBn OBn

S
~

—

(2R,3R,4R,58)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(((1S,2R,5S)-2-isopropyl-5-
methylcyclohexyl)oxy)tetrahydrofuran (6F): Prepared in accordance with the procedure for

6A, (85%, o/p = 5:1). The 'H NMR of compound 6F matches the literature report.2’

e DL,

OBn OBn

(2R,3R,4R,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(((3S,8S,9S,10R,13R,14S,17R)-
10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)oxy)tetrahydrofuran (6G): Prepared in
accordance with the procedure for 6A, (80%, o/p = 10:1). The '"H NMR of compound 6G matches

the literature report.”

BnO

i | (0]
OBn OBn

(2R,3R,4R,5R)-2-(((3S,5S,7S)-adamantan-1-yl)oxy)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran (6H): Prepared in accordance with the procedure for 6A,

(82%, a/P = 6:1). The '"H NMR of compound 6H matches the literature report.”
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(3aR,5R,5aS,8aS,8bR)-5-((((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran (6l): Prepared in accordance with the procedure for 6A,

(88%, o/p = 9:1). The 'H NMR of compound 6l matches the literature report.?

BnO

OBn OBn

BzO

BzO
BzO
OMe

(2R,3R,4S,5R,6S)-2-((((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl tribenzoate (6J): Prepared in accordance with the procedure for 6A, (86%, o/p = 8:1).

The 'H NMR of compound 6J matches the literature report.®

BnO

0Bn OBn \B"©

BnO
BnO

OMe
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(2R,3R,4S,5S,6S)-3,4,5-tris(benzyloxy)-2-((((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran (6K):
Prepared in accordance with the procedure for 6A, (90%, o/f = 5:1). The 'H NMR of compound

6K matches the literature report.°

BnO

(0]
(0]
OBn OBn 0Bz
-0
BzO
BzO
OMe

(2R,3R,4S,5S,6S)-2-((((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl tribenzoate (6L): Prepared in accordance with the procedure for 6A, (88%, o/p = 5:1).

The "H NMR of compound 6L matches the literature report.

BnO
(o]

O
BnO BnO
0O

X

0~ L|-0

0
O\\<
(3aR,5R,6S,6aR)-6-(((2R,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)-5-(2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-
dimethyltetrahydrofuro[2,3-d][1,3]dioxole (6M): Prepared in accordance with the procedure for

6A, (88%, o/p = >20:1). The '"H NMR of compound 6M matches the literature report.™
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BnO o)

BnO BnO O*

(3aR,5R,6R,6aR)-6-(((2R,3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)-5-(2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-
dimethyltetrahydrofuro[2,3-d][1,3]dioxole (6N): Prepared in accordance with the procedure for

6A, (84%, o/p =>20:1). The '"H NMR of compound 6N matches the literature report."

BnO
o

OBn OBn\

(2S,3S,4R,5R)-2-allyl-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran (60):
Prepared in accordance with the procedure for 6A, (82%, o/p = a-exclusively). The 'TH NMR of

compound 60 matches the literature report.?

BnO
(o]

N ~Ts

OBn OBn)
Ph

N-benzyl-N-((2S,3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl)-
4-methylbenzenesulfonamide (6P): Prepared in accordance with the procedure for 6A, (70%,

a/B = 3:1). The '"H NMR of compound 6P matches the literature report.
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(0]
BnO BnO
O~

OBn Bnho

BnO
BnO OMe

(2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-2-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran (7A):
Prepared in accordance with the procedure for 6A, (86%, a/f = 1:5). The 'H NMR of compound

7A matches the literature report.’®

/\/\/

)

BnO BnO
l r:O\| }

OBn

(2R,3R,4S,5R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(pent-4-en-1-
yloxy)tetrahydrofuran (7B): Prepared in accordance with the procedure for 6A, (82%, a/p =

1:10). The 'H NMR of compound 7B matches the literature report.”

I

o)

BnO BnO
O\

OBn

(2R,3R,4S,5R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-isopropoxytetrahydrofuran
(7C): Prepared in accordance with the procedure for 6A, (84%, o/pf = 1:4). The '"H NMR of

compound 7C matches the literature report.®
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BnO BnO
O~

4

OBn

(2R,3R,4S,5R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(((1S,2R,5S)-2-isopropyl-5-
methylcyclohexyl)oxy)tetrahydrofuran (7D): Prepared in accordance with the procedure for

6A, (88%, o/p = 1:6). The 'H NMR of compound 7D matches the literature report.”

(2R,3R,4S,5R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(((3S,8S,9S,10R,13R,14S,17R)-
10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)oxy)tetrahydrofuran (7E): Prepared in
accordance with the procedure for 6A, (88%, a/p = 1:5). The '"H NMR of compound 7E matches

the literature report.” 4
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o)

BnO BnO
l FO\|I

OBn

(2S,3S,4R,5R)-2-(((1R,3R)-adamantan-1-yl)oxy)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran (7F): Prepared in accordance with the procedure for 6A,

(92%, a/B = B-exclusive). The '"H NMR of compound 7F matches the literature report.” '

(3aR,5R,5aS,8aS,8bR)-5-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran (7G): Prepared in accordance with the procedure for 6A,

(94%, a/B = 1:5). The '"H NMR of compound 7G matches the literature report.®'?

BnO BnO %
O~
(0}
OBn BzO
BzO
BzO OMe

(2R,3R,4S,5R,6S)-2-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-

((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
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3,4,5-triyl tribenzoate (7H): Prepared in accordance with the procedure for 6A, (90%, o/p =

1:5.5). The '"H NMR of compound 7H matches the literature report.''

O
BnO BnO
O~

O,
OBn AcO

AcO
AcO OMe

(2R,3R,4S,5R,6S)-2-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl triacetate (71): Prepared in accordance with the procedure for 6A, (86%, o/} = 1:4).

The "H NMR of compound 71 matches the literature report.®

BnO BnO
O~
oen
OBn BnO -0
BnO
OMe

(2R,3R,4S,5S,6S)-3,4,5-tris(benzyloxy)-2-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran (7J):
Prepared in accordance with the procedure for 6A, (90%, o/p = 1:>20). The 'H NMR of compound

7J matches the literature report.™
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BnO BnO
O~

(o)=1o
OBn BzO -0
BzO

OMe
(2R,3R,4S,5S,6S)-2-((((2R,3S,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl tribenzoate (7K): Prepared in accordance with the procedure for 6A, (90%, a/pf =

1:>20).

H NMR (500 MHz, CDCls) & 8.12 — 8.07 (m, 2H), 7.97 — 7.93 (m, 2H), 7.86 — 7.81 (m, 2H), 7.54
— 7.48 (m, 2H), 7.45 — 7.33 (m, 8H), 7.31 — 7.27 (m, 7H), 7.25 — 7.20 (m, 7H), 5.92 (t, J = 10.0
Hz, 1H), 5.85 (dd, J = 10.0, 3.3 Hz, 1H), 5.65 (dd, J = 3.3, 1.8 Hz, 1H), 5.11 (d, J = 4.1 Hz, 1H),
4.90 (d, J = 1.9 Hz, 1H), 4.82 (d, J = 11.7 Hz, 1H), 4.62 — 4.50 (m, 4H), 4.43 (s, 1H), 4.37 (d, J =
12.0 Hz, 1H), 4.23 (ddd, J = 9.8, 6.1, 2.0 Hz, 1H), 4.13 — 4.05 (m, 3H), 3.93 (dd, J = 11.4, 2.1 Hz,

1H), 3.68 (dd, J = 11.4, 6.1 Hz, 1H), 3.53 — 3.48 (m, 2H), 3.41 (s, 3H).

3C NMR (151 MHz, CDCls) & 165.75, 165.61, 138.38, 138.24, 138.13, 133.54, 133.50, 133.24,
130.15, 129.96, 129.88, 129.46, 129.39, 129.32, 128.71, 128.58, 128.46, 128.44, 128.41, 128.23,
127.86, 127.81, 127.75,127.73, 127.71, 101.31, 98.49, 84.37, 83.64, 80.69, 77.37, 77.16, 76.95,

73.37,72.60, 72.38, 72.27, 70.54, 70.38, 70.34, 67.45, 66.30, 55.53.
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(3aR,5R,5aS,8aS,8bR)-5-((((2S,3R,4S,5S)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-
bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran (8A): Prepared in accordance with the procedure for 6A,

(78%, a/B = 1:3). The '"H NMR of compound 8A matches the literature report.®

OBn
-0
BnO o
OBn
BzO R
BzO
BzO ome

(2R,3R,4S,5R,6S)-2-((((2S,3R,4S,5S)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl tribenzoate (8B): Prepared in accordance with the procedure for 6A, (82%, o/p = 1:4).

The 'H NMR of compound 8B matches the literature report.'31°

OBn
-0
BnOJ | O
OBn
0Bz
BzO -0
BzO
OMe

(2R,3R,4S,5S,6S)-2-((((2S,3R,4S,5S)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)tetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-pyran-
3,4,5-triyl tribenzoate (8C): Prepared in accordance with the procedure for 6A, (80%, a/p = 1:4).

The "H NMR of compound 8C matches the literature report.''°
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BnO

OBn OMe

BnO

BnO

OBnOMe

(2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-2-((((2S,3R,4R,5R)-4-(benzyloxy)-5-
((benzyloxy)methyl)-3-methoxytetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-
pyran (9): Prepared in accordance with the procedure for 6A, (92%, o/ = a-exclusively). The 'H

NMR of compound 9 matches the literature report.™

BnO
o]

O
OBn OTIPS

BnO
BnO

OBnOMe

(((2S,3R,4R,5R)-4-(benzyloxy)-5-((benzyloxy)methyl)-2-(((2R,3R,4S,5R,6S)-3,4,5-
tris(benzyloxy)-6-methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydrofuran-3-
yl)oxy)triisopropylsilane (10): Prepared in accordance with the procedure for 6A, (90%, a/f =

a-exclusively). The '"H NMR of compound 10 matches the literature report.°

BnO
O
(0]
OBn F
(0]
BnO
BnO o8
"OMe
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(2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-2-((((2S,3R,4R,5R)-4-(benzyloxy)-5-
((benzyloxy)methyl)-3-fluorotetrahydrofuran-2-yl)oxy)methyl)-6-methoxytetrahydro-2H-

pyran (11): Prepared in accordance with the procedure for 6A, (86%, o/ = a-exclusively).

H NMR (600 MHz, CDCls) & 7.37 — 7.19 (m, 28H), 5.22 (dd, J = 5.8, 3.9 Hz, 1H), 4.95 (d, J =
10.9 Hz, 1H), 4.84 — 4.76 (m, 3H), 4.73 — 4.68 (m, 2H), 4.65 (d, J = 12.1 Hz, 1H), 4.60 (d, J = 3.5
Hz, 1H), 4.50 (dd, J = 22.5, 11.9 Hz, 2H), 4.43 (d, J = 12.1 Hz, 1H), 4.21 — 4.15 (m, 2H), 4.00 —
3.92 (m, 2H), 3.78 — 3.66 (m, 3H), 3.54 (ddd, J = 9.6, 7.1, 3.2 Hz, 2H), 3.45 (dd, J = 10.9, 3.4 Hz,

1H), 3.34 (s, 3H).

3C NMR (151 MHz, CDCls) & 138.92, 138.62, 138.26, 137.86, 137.68, 128.39, 128.35, 128.30,
128.28, 128.05, 127.88, 127.87, 127.83, 127.80, 127.68, 127.61, 127.49, 127.45, 101.00, 100.90,
98.21, 88.72, 87.38, 82.08, 80.39, 79.96, 77.57, 75.66, 75.50, 75.40, 75.00, 73.45, 73.42, 72.78,

70.03, 68.76, 66.54, 55.10.
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4.5.3 Appendix 1

Spectra Relevant to Chapter 4
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CHAPTER 5

Summaries, Conclusions, and Future Directions

Herein, we have highlighted the importance of furanosides in natural products and of
diastereoselective transformations relating to these furanosides. Through the synthesis of two
generations of furanosyl donor, we have introduced into the ethos the concept of earth-abundant,
diastereoselective, furanosylation. Significant improvements have been made in the development
of second-generation donors over first-generation donors and have led to the possibility of the

development of third-generation donors and beyond.

5.1 Synthesis of First-Generation Donors

While carbohydrates and, indeed, furanosides specifically are one of the most common
motifs found in natural products, they remain woefully underrepresented in pharmaceutical
formulations. As of 2018 there were nearly 20,000 FDA approved drugs available on the market,
of which only a few dozen contain furanosides. This is in stark contrast to the facts that roughly

50% of all newly approved drugs are natural products or compounds based on them and that
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carbohydrates are so common in natural products that this motif is found in 90% of all discovered

natural products.

We first sought to develop a system by which a donor could be activated under mild earth-
abundant catalysis for difficult 1,2-cis furanosylations (Chapter 2). To this end, we turned our
attention to the underexplored world of enynal carbenes. These carbene precursors can be
activated under mild conditions and, importantly, lack a reputation for instability. The
decomposition of enynal compounds leads to the formation of stable, unreactive furans as

opposed to the release of gaseous elemental nitrogen in common diazo compounds.

For this, we synthesized a series of first-generation donors featuring an enynal moiety that
can be activated under copper (1) triflate at room temperature. This allowed for the facile synthesis
of O-furanosides with moderate yields and diastereoselectivity. This was the first example of

diastereoselective earth-abundant catalytic 1,2-cis furanosylation documented in the literature.

5.2 Synthesis of Second-Generation Donors

Based on the development of our first-generation donors, we modified our donor and
refined our structure to produce the second-generation of furanosyl donor (Chapter 4). For this,
we wanted to improve several aspects of our first-generation donor. While generally more
inexpensive than rare earth catalysts, copper (I) catalysts are usually more expensive than their
copper (Il) counterparts as well as being more moisture sensitive. We also found that catalyst
loading for some of our first-generation substrates was higher (30 mol%) and believed we could
decrease loading with our modified donor. The present literature suffered from numerous other
deficiencies that we sought to address such as the lack of a general strategy that can be applied

to the formation of N-, O-, and C-furanosides. Finally, we wanted to develop additive-free
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conditions that would be amenable to solid-phase synthesis as there are currently no known

methods of 1,2-cis selective solid-phase synthesis for furanosylation.

For this, we turned our attention to a diazo-based approach. Our lab has an extensive
background in diazo-derived carbenes and we decided to leverage this knowledge to the creation
of our second-generation of furanosyl donor. Our solution to the aforementioned problems was
an elegant one. We sought to take the relative stability of the benchtop stable thioglycoside and
combine it with easily accessible diazo compounds. This strategy will allow us to bridge the gap
between thioglycosides that require harsh conditions for activation and diazo compounds which

have a propensity for instability.

Our second-generation furanosyl donor solved many of the problems associated with our
first-generation donor. We were able to demonstrate a general glycosylation strategy that resulted
in selective 1,2-cis furanosylation for O-, N-, and C-nucleophiles. This methodology reacted in a
facile manner with copper (Il) triflate with loading no higher than 10 mol%. Of note, as opposed
to our first-generation donor, we were able to activate our second-generation donor under

additive-free conditions which makes the method conducive to automated solid-phase synthesis.

5.3 Future Directions and Scope of Work

The process behind developing our second-generation donors led to much insight for
potential future directions. We easily foresee the development of third-generation donors that can
be activated under earth-abundant iron catalysis or blue LED. Results from our second-generation
donor showed minor reactivity under blue LED conditions, but they led to mostly unproductive
decomposition. We believe that by restricting the orientation of the diazo to be in close proximity
to the sulfur atom in the thioglycoside, we can lower the energy of activation for the reaction to
initiate such that activation with iron or blue LED can be facile.
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Total Number of Students Taught (Through June 2024): 765

CHEM1315 — General Chemistry (I): 84 students, 5 sections, Recitation and Lab
CHEM3152 — Organic Chemistry Lab: 155 students, 7 sections, Lab

CHEM3152-010 — Organic Chemistry Lab Lecture: 502 students, 5 sections, Lecture
CHEM3164 — Organic Chemistry I: 1 section, Lecture Aide

CHEM4444 — Advanced Synthesis/Spectral Characterization: 24 students, 3 sections, Lab
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INVITED TALKS
Saint John Fisher University, Rochester, NY Jan 2023

PUBLICATIONS

[1] Bidhan Ghosh, Adam Alber, Chance W. Lander, Yihan Shao, Kenneth M. Nicholas, and
Indrajeet Sharma, ACS Catalysis 2024 14 (2), 1037-1049 DOI: 10.1021/acscatal.3c05237

[2] Adam Alber, Bidhan Ghosh, Chance W. Lander, Yihan Shao, and Indrajeet Sharma
Manuscript in preparation

RESEARCH EXPERIENCE
e Experienced in running reaction from low milligram to multigram scale.
e Experienced in mentoring undergraduate researchers, first-year graduate students,
and high school researchers.
e [Experienced in structural analysis and characterization.

o 'HNMR

o BCNMR

o 2D NMR
= COSY
= HSQC
= HMBC

= DEPT 45, 90, 135
o Mass Spectrometry
= Gas Chromatography
= Thin Layer Chromatography
o Infrared Spectroscopy
o UV-Vis
e Experienced in workups and purifications from low milligram quantities up to
several gram quantities.
e Maintained and operated IR and MS instruments.

ACTIVITIES
AND
VOLUNTEERING
Head of Marketing,
St. John Fisher College Gaming Club Fall 2015 - Spring 2016

e Coordinated Super Smash Bros. Charity Tournament
e Manage and Maintain club social media accounts

Vice President

St. John Fisher College Gaming Club Fall 2016 - Spring 2018
e Organized annual 25-hour Extra Life charity livestream
e Led weekly club meetings
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