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Chapter 1 Antibiotics and Resistance

1.1 Introduction

“My dear, here we must run as fast as we can, just to stay in place. And if you wish to go anywhere you must

run twice as fast as that.” -Lewis Carroll, Through the Looking-Glass

In 1973 Leigh Van Valen proposed the red queen hypothesis to explain the observations we had
made between species.! Species must “run” or evolve just to survive. If a rabbit evolves faster legs to escape,
a fox that hunts this rabbit for sustenance is forced to evolve and overcome this new trait. This prompts the
cycle to repeat as species “run” as fast as they can just to stay in place. Since our first predecessors, humans
have been locked in this evolutionary race with our greatest adversary, bacteria. Our bodies evolve to purge

bacterial invaders, and the bacterial invaders evolve to overcome our adaptations. That is, until the critical

discovery of antibiotics.

1.2 Historical Context

Antibiotics, molecules with the ability to kill or at the very least
inhibit the growth of bacteria and other micro-organisms, are arguably one of
mankind’s most crucial discoveries. This scientific advancement allows us to
combat microorganisms without having to undergo the painful, and lengthy
process of natural selection. These critical tools began with the seminal work
of Paul Ehrlich in the late 1800s.% ® Ehrlich had envisioned a “magic bullet”
which while deadly to a pathogen, could be survived by the host. After 605
compounds, Ehrlich came across compound 606, Arsphenamine, which
would become commonly known as Salvarsan (1.1), the first cure for
syphilis*®. In a world which had thought that these diseases were inescapable

curses, Ehrlich had proven that we could fight back.

Ehrlich’s success led the German conglomerate, IG Farben to begin
investigating synthetic cures with the hypothesis that dyeing activity was
directly related to drug action.® &7 Their extensive screening led them to the

dye KL730, sulfamidochrysoidine, eventually known as Prontosil (1.2).
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Figure 1.1 Early Antibiotics



Prontosil became the first in class of the sulfa-drugs, cures for streptococcal infections. While these
discoveries were major strides toward modern medicinal chemistry, the start of the antibiotic era would only
begin after Alexander Flemings’s serendipitous discovery of penicillin (1.3) from mold that had grown

amidst colonies of plated Staphylococcus bacteria.5 8

The discovery of penicillin was the paradigm shift which gave us the power to treat a broad swath of
infections such as pneumonia, gonorrhea, and rheumatic fever. Before this wonder drug, a simple scratch and
resultant infection could have proved deadly. Importantly, the discovery of penicillin, an antibiotic isolated
from the fungus Penicillium rubrum, guided our approach to antibiotics toward natural products.®> ° Natural
products are tool compounds created by other organisms as evolutionary adaptations. Discovering and
copying the tools of nature, we entered the golden age of antibiotics (1945-1960s) which saw the discovery

of much of the arsenal we employ today.

1.3 Resistance

Since our discovery of the miracle of antibiotics, widespread misuse and overuse has led to the
emergence of antibiotic resistant bacteria. Furthermore, the rate at which novel antibiotics have been
discovered has seen a sharp decline in recent years.> 1° Coupled with the economic pressures and timelines of
drug development, it is unsurprising that many large pharmaceutical companies fear a lack of return when
developing new antibiotics and have exited the space.® 1° Today, multidrug resistant bacteria and a lack of

new treatments present a serious, growing threat to humanity. > 1!

To combat the evolution and emergence of drug-resistant bacteria, one must first understand how
antibiotic resistance is caused and what forms it manifests as. Antibiotic resistance is the evolutionary
adaptation of an organism to the selective pressure of antibiotics.'® Within each population of bacteria, there
exists the chance that one or multiple members contain adaptations which help them survive antibiotic
treatment. These adaptations are carried forward to the next generation and can even be refined over time.°
To complicate these matters further, horizontal gene transfer can confer bacterial resistance not just to
progeny, but to other bacteria via mobile genetic elements.'% 13 This means that antibiotic usage comes with

the risk of selecting for and developing bacterial species which render our current antibiotic arsenal obsolete.



1.3.1 Resistance: Prevention

Bacterial resistance manifests in three general categories: drug modification, target modification, and
prevention strategies.'® * Resistance begins with prevention of cellular uptake and retention within the
intracellular space where many drug targets lie. Prevention strategies (Figure 1.2) focus on barriers to
cellular entry and actively pumping antibiotics out of the cell through efflux pumps. Gram-negative bacteria
possess both an internal and external membrane which serves as a critical defense preventing many
antibiotics and toxic compounds from penetrating the cell.* The tightly packed lipopolysaccharides (LPS) of
the outer membrane limit hydrophobic compound entry through diffusion across this lipid bilayer.*> 6 The
porins of the outer membrane limit hydrophilic species through downregulation or modification of existing
channels.'® 17 If antibiotics manage to make it past the barriers, these bacteria can use efflux pumps to expel
the toxic substance before lethal concentrations are reached.'® 182! These efflux pumps can confer resistance

to a wide range of antibiotics.?
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Figure 1.2 Gram-negative cell antibiotic uptake and methods of resistance



1.3.2 Resistance: Drug Modification

Once a drug has made it inside of the cell, resistance takes the form of enzymes. Drug modification
strategies (Figure 1.3) utilize target-specific enzymatic modifications to erode drug affinity and efficacy.
These enzymatic modifications can target and destroy key functional sites of the drug such as the hydrolysis
of the B-lactam of penicillin by p-lactamases.?? In other cases, they can work to attach different functional
groups such as acetyl, phorphoryl, thio, nucleotidyl, or glycosyl groups thereby altering the sterics or
electronics of the drug seen in the aminoglycosides case.?>2° These modifications serve to prevent key

interactions such as hydrogen binding to target sites.
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Figure 1.3 Bacterial resistance from enzymatic drug modification

J

Antibiotic




1.3.3 Resistance: Target Modification

The last and most common layer of defense for the bacteria manifests as modification of the drug
target (Figure 1.4).1* This strategy allows the bacteria to add modifications which reduce drug target affinity
or activity. This can arise from a point mutation of the target encoding genes, enzymatic modification,
decoys, or bypass of the target.X* Methylation of target site by ribosomal methyltransferases is a common
form of resistance found in ribosome-targeting antibiotics such as aminoglycosides, macrolides, and
oxazolidinones.'* This methyl group serves to add a steric hinderance to lower target affinity. The use of
decoys can be seen in quinoline antibiotic resistance. Quinoline resistance protein is expressed and acts as a
14, 26

DNA mimic which engages in competitive binding with Topo Il, DNA gyrase, and Topo IV enzymes.
This activity decreases the window of formation of the lethal DNA-quinoline complexes.?®
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Figure 1.4 Bacterial resistance from drug target modification



1.4 Conclusion

Today, multidrug-resistant bacteria are a serious, growing problem. Importantly, multidrug-resistant
Gram-negative pathogen have evolved resistance to all known major antibiotic classes and present a critical
threat.> 1227 The discovery and introduction of antibiotics gave us tools that other organisms had developed
to fight these bacteria; however, it has also led to bacterial evolution. A new, evolutionary approach is
needed if we are to continue having useful antibiotics. Borrowing from Lewis Caroll again, we are once
again locked in an arms race where “we must run as fast as we can, just to stay in place. And if you wish to

go anywhere you must run twice as fast as that.”



Chapter 2: Aminoglycoside Antibiotics

2.1 Introduction

Aminoglycoside antibiotics (AGAS) are potent, broad-spectrum, high efficacy weapons against both

Gram-positive and Gram-negative bacteria. Streptomycin, the first in class AGA, was discovered and

isolated from the soil-dwelling bacteria Streptomyces griseus by Selman Waksman in 1943.28 AGAs target

the bacterial ribosome to disrupt the critical process of protein synthesis which leads to their antibiotic

activity. Introduced into the clinic in the mid-1940s, it would become the first antibiotic to successfully treat

tuberculosis and continues to be used to this day. The success of streptomycin led to the discovery and

introduction of new AGAs including neomycin (1949), gentamycin (1963), tobramycin (1967), and

sisomycin (1970).2° While AGAs are still clinically relevant today, the introduction of new antibiotics

containing fewer side effects such as carbapenems and fluoroquinolones in the 1970s and 1980s diminished

interest and development of AGAs. Bacterial resistance and immunity, particularly in Gram-negative

species, has renewed interest in these potent bactericidal compounds with the most recent addition of

plazomicin, a semisynthetic AGA from sisomicin developed by Achaogen.*

Table 2.1: Discovery of Representative AGAS

Entry AGA Source Year
1 Streptomycin Streptomyces griseus 1944
2 Neomycin Streptomyces fradiae 1949
3 Paromomycin Streptomyces rimosus forma paromomycinus 1956
4 Kanamycin Streptomyces kanamyceticus 1957
5 Gentamicin Micromonospora purpurea 1963
6 Tobramycin Streptomyces tenebrarius 1967
7 Apramycin Streptomyces tenebraius 1968
8 Sisomicin Genus micromonospora 1970
9 Butirosin Bacillus circulans 1971
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Figure 2.1 AGA core structures and parent compounds

The term ‘aminoglycoside’ broadly refers to a carbohydrate bearing an amino functionality. The
AGA structure consists of one or several of these aminosugars connected by pseudo-glycosidic linkages to a
diaminoclyclitol ring. Many AGASs contain a common paromamine core with the 2-deoxystreptamine (2-
DOS) (Figure 2.1) (2.2) substructure being appended at the 5- and 6- positions leading to the 4,5- or 4,6-
AGA classifications. The predominant chemical species of the 4,5-AGAs are the neomycin, paromomycin,
and ribostamycin families whereas the 4,6-AGAs contain the gentamicin, kanamycin, and netilmicin
families. While a myriad of AGAs exist, apart from spectinomycin, AGAs not derived from paromamine
have borne little to no clinical significance.?® Of the paromamine-derived AGAs, the three major classes are
the kanamycins (2.6), neomycins (2.7), and gentamycins (2.8). Kanamycins contain a 4,6-disubstituted 2-
DOS linked to both a 3-aminoglucose and 2,6-diaminoglucose. Neomycins contain a 4,5-disubstituted 2-
DOS linked to both a furanose and one or two aminohexose units. Lastly, gentamicins contain a 4,6-
disubstituted 2-DOS linked to two hexose units which can contain additional carbon side chains.?® Notably,
all 2-DOS based AGAs in clinical use are 4,6-AGAs.%!



2.3 AGA Uptake

To engage in their antibiotic activity, AGAs must first enter the cell. Cellular uptake of AGAS is
hypothesized to first begin with electrostatic interaction between positively charged AGAs and the
negatively charged LPS of the bacterial outer membrane.3> 3 The amino groups of the AGAs are heavily
protonated under physiological conditions and this strongly cationic nature is thought to drive this
nonspecific interaction. The cell then enters an energy dependent phase 1 (EDP1) which is characterized by
slow uptake correlated to AGA concentration. In this step, the aminoglycoside must move through the
periplasmic space and be transported through the inner membrane. Oxidative phosphorylation and electron
transport are necessary since inhibitors of these processes block uptake.®* Energy dependent phase 2 (EDP2)
leads to a rapid accumulation of AGAs and uses energy from electron transport and adenosine triphosphate
(ATP) hydrolysis. During this phase the AGAs bind to the bacterial 30S ribosomal subunit, interfering with
protein synthesis.®* The induced misreading during protein translation compromises cytoplasmic membrane
integrity and function resulting in increased AGA uptake, further protein translation errors, and repetition of

this cycle until cell death.®



2.4 AGA Activity

AGA s influence protein synthesis by direct interaction with ribosomal RNA, resulting in codon
misreading or the inhibition of the tRNA-mRNA complex translocation.3® The specific target is the open,
decoding A-site (Figure 2.2) of the aminoacyl-tRNA acceptor site, located on helix 44 of the 16S rRNA
subunit.®” Generally, AGAs form high-affinity hydrogen bonding complexes with three unpaired adenine
residues in the decoding loop, displacing the non-complementary adenines (A1492 and A1493) locking them
into a “flipped-out” orientation.®® This interaction serves to stabilize the decoding state with both A1492 and
A1493 outside of the internal loop serving to allow noncognate tRNA to bind and be misread leading to the

synthesis of faulty proteins.®’
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Figure 2.2 E. coli A-site closed to open form (left) and neomycin hydrogen bonding activity within A-site
RNAcentral; 16S rRNA from E. coli, PDB3J9Z, chain SA; Generated by R2DT using EC_SSU_3D template
by RiboVision (10.10.22)

The neamine/paromamine core serves as the main hydrogen bonding partner utilizing the 6’-
substituent and ring oxygen to form stable complexes with the N1 and N6 of the highly conserved A1408 of
the rRNA.3 The 2-DOS subunit hydrogen bonds to U1406, U1495, and G1494. The upper glucosamine unit
can bind A1407, A1493, A1492, and G1491 depending on substitution patterns.®® Additional rings may
impact specificity.
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2.5.1 AGA Resistance: Prevention

Widespread misuse and overuse of AGAs has resulted in a significant amount of bacterial resistance.
These forms of resistance have manifested in all three of the previously discussed strategies in chapter one.
The first layer of defense is barrier to cellular entry and intracellular concentration control via efflux pumps.
Changes in the negative charge of the LPS of the outer membrane of bacteria have been shown to confer
AGA-resistance.**2 This is likely due to weaker electrostatic interactions involved in initial drug-cell
association during uptake. Due to the oxygen dependent nature of AGA entry to the cell discussed earlier,
anaerobic bacteria are naturally resistant to AGAs.*® Furthermore, any changes which lead to defective
electron transfer chain components generate bacterial resistance if the bacteria can survive them.**® Energy-

dependent multidrug efflux pumps have been observed in resistant strains.*’

2.5.2 AGA Resistance: Drug Modification

The second strategy, drug modification, is the primary driver of antibiotic resistance in clinical
bacterial isolates.*® Three main types of aminoglycoside modifying enzymes (AMESs) have been identified

and are discussed below.

Aminoglycoside acetyltransferases (AACs) are AMEs that have been identified in both Gram-
positive and Gram-negative pathogen.*® AACs catalyze the regioselective N-acetylation of the AGA by an
acetyl-CoA donor. Of the nearly 50 known members of the AACs, AAC(1), AAC(3), AAC(2’), and
AAC(6) are the main categories.?® AAC(6’) targets the 6’-amino group which plays a crucial role in AGA-

rRNA binding and in doing so renders many useful AGA ineffective.®

Aminoglycoside phophotransferases (APHSs) are a group of AMEs mainly observed in Gram-positive
bacteria. APHs are kinases which catalyze the regiospecific O-phosphorylation of the y-phosphoryl group
from an ATP donor to an alcohol of the AGA. The introduction of a phosphate group drastically affects the
affinity of the AGA-rRNA interaction.’® %! The APHs can be classified into the APH(4)-1, APH(6)-I,
APH(9)-I, APH(3')-I to -VII, APH(2")-I to -IV, APH(3")-I, and APH(7")-I subcategories.?° The largest of
these, APH(3’)s, is widely disseminated within the Gram-positive bacteria and has been used as a traceable
resistance marker. APH(2’) is responsible for much of the resistance to the clinically used 4,6-AGAs,

namely gentamicin.>?

11



Aminoglycoside nucleotidyltransferases (ANTS) are a group of AMEs that are responsible for a
significant amount of Gram-negative AGA resistance.>®> ANTSs catalyze the O-adenylation of AGAs by Mg-
ATP donors. The main groups of ANTs are ANT(6), ANT(9), ANT(4"), ANT(3"), and ANT(2").2° While a

small group overall, adenylation by ANT(2’")s confer resistance to our clinically relevant 4,6-AGAs.>

2.5.3 Resistance: Target Modification

Lastly, bacteria can use the third defense strategy, drug target modification. Utilizing rRNA
methyltransferases, these enzymes can methylate the 16S rRNA at the critical N(1) of A1408 or N(7) of
G1405, positions crucial to drug binding.>* Methylation of G1405 adds steric hinderance which prevents
critical hydrogen bonding interactions for known 4,6-AGAs.>® Methylation of A1408 prevents the 6’-amino
group hydrogen bonding interaction and confers resistance to nearly all known AGAs.*® Originally these
methyltransferases were thought to be an evolutionary adaptation restricted to AGA producing bacteria to
protect themselves from their own weapons and this form of resistance is not currently of clinical
significance.® Recently, plasmid-mediated rRNA methyltransferases that confer high-level resistance to
AGAs have been documented and reported in a number of pathogens including Pseudomonas aeruginosa,
Klebsiella pneumoniae, Escherichia coli, Serratia marcescens, Proteus mirabilis, and Acinetobacter

baumannii, indicating that further spread is likely.>* 5663

12



2.6 Combatting Resistance

The immediate response to antibiotic resistance should be the reduction of both the overuse and
misuse of these agents to limit the rate at which resistance is developed. Resistance to antibiotics should be
anticipated and countermeasures against resistance mechanisms must be developed. To this end, modern
medicinal chemistry has been extensively utilized to develop new compounds. This has led to a wealth of

knowledge of primarily semisynthetic chemistry and structure-activity relationships (SARs).%*

A product of these libraries, plazomicin (2.9) is a next-generation derivative of sisomicin (2.10).
Plazomicin effectively avoids most AMEs through the combination of a hydroxyaminobutyric acid
substituent at the 1-position of the 2-DOS and an ethanolamine at the 6’-position (Figure 2.3).3° These added
side chains likely add steric blockage, shielding the AGA from AMEs. While plazomicin activity is only
affected by AAC(2’)-1, like all of the other clinically relevant AGAs it is still blocked by both the G1405 and
A1408 methyltransferases.®® The example of plazomicin is proof that we have come far and that the
abundant knowledge surrounding these compounds can be leveraged to generate new, improved AGAsS. It is
important to note that the challenges presented by methyltransferase activity are unlikely to be solved
without access to derivatives with deeper structural changes. This observation leads us to the heart of this

work; gaining synthetic access to structurally diverse AGAs.
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Figure 2.3 Latest generation AGA plazomicin and parent sisomicin, structural improvements in red
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Chapter 3: Scaffold Design and Progress

3.1 Introduction

In chapters one and two | introduced the discovery of antibiotics, the evolution of resistance to
antibiotics, AGAs as potent bactericidal weapons, known resistance to AGAs, and how researchers have
overcome this resistance in the next generation of AGAs. While semisynthetic efforts have proved fruitful in
developing the latest generations of AGAs through sidechain and functional group manipulations, fully
synthetic means are still required to probe deeper structural features. This idea is especially significant given
the emerging threat of bacterial methylation resistance and the structural confines this pressure places on
AGA:s. The goal of this project has been to design and develop a chemical scaffold which provides access to

the chemical space where these new AGAs reside.

14



3.2 Aminoglycoside Design Platform

The 4,5-AGA neomycin scaffold was chosen as a starting point for this work. While unaffected by
G1405 methylation, the parent neomycin structure suffers from many AMEs. These AMEs are AAC(1),
AAC(3), AAC(2’), APH(3’), ANT(4’), and AAC(6’). Neomycin family AGAs are also susceptible to A1408

methylation which may become an increasing concern in the future.
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Figure 3.1 Challenges to parent neomycin scaffold (left) and novel AGA (3.1) with improvements

Key modifications were designed around the current understanding of the literature surrounding
AGAs. Drawing from the recent success of plazomicin, the design (Figure 3.1) features a 1-
hydroxyaminobutyric acid and a 5’-ethanolamine side chain which should serve to sterically shield from
AMEs. It was noticed that several of the hydroxyl groups were unnecessary for AGA activity yet remained
targets for AMEs so the 2°’- and 3’- alcohols were removed. This should add to the hydrophobic nature of
the resultant AGA and in doing so increase the affinity of the electrostatic association involved in the uptake
of AGA into the bacterial cell. Lastly, the 4’-aclohol was replaced by a gem-difluoromethylene bioisostere
which should retain hydrogen bond donor capacity while removing the target of ANT(4’). Importantly, this
approach is fully synthetic which means that once established, deeper structural changes will be possible.
This should give our approach the adaptability to combat A1408 methylases, should they become more
prevalent.

15



3.3 Synthetic Strategy
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Novel AGA (3.1) 10 Steps from (S,S)-psuedoephenamine glycinamide (3.5)

Figure 3.2 Novel AGA (3.1) and retrosynthetic analysis to building blocks (3.2), (3.3), (3.4), and (3.5)

Having arrived at novel neomycin derived AGA (3.1), retrosynthetic analysis (Figure 3.2) traced
back to four key building block sugars (3.2), (3.3), (3.4), and (3.5) which could be joined via glycosidic
linkage. Importantly, fragments (3.2) and (3.5) possess alkenes as part of the design to facilitate the rapid

development of analogs at sites directly impacted by rRNA methylation.
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3.4 Synthesis of (3.4)%°

Building block (3.4) starts from 2-deoxyribose which undergoes peracetylation with acetic anhydride
and pyridine base to generate acetylated sugar (3.7). Following BF3OEt> mediated thioglycoside formation,
sugar (3.8) undergoes saponification to generate (3.9). Triisopropylsilyl ether protection to (3.10) followed
by carbonyldiimidazole mediated coupling with N-acetylglycine gave the 2-deoxyribose building block
(3.4).

HO

OH AcO OAc BF3OEt,, PhSH, AcO SPh
0 o NaOMe
Ac,0, Pyr. O DCM, -78 °C O MeOH
80% 80% 97%

OH OAc OAc
(3.6) (3.7) (3.8)
TIPSO
0N ijHA TIPSO sph HON o sSPh
HO ° © TIPSCI
= c DCM
DMAP, CDI
© NHAC N7 NH 92.5% OH 66% OH
(3.4) N (3.9)
' o} \—/ (3.10) :

Figure 3.3 Synthesis of 2-deoxyribose building block (3.4)
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3.5 Synthesis toward (3.2)%7°

Building block (3.2) is a de novo sugar starting from L-serine methyl ester. Following the synthesis
of Garner’s aldehyde, N-butoxycarbonyl protection followed by oxazolidine formation with 2,2-
dimethoxypropane gave methyl ester (3.12). Lithium aluminum hydride reduction to primary alcohol (3.13)
with subsequent Swern oxidation gave aldehyde (3.14). This aldehyde then underwent a Corey-Fuchs
reaction series to first generate dibromoalkene (3.15) which is primed to undergo Fritsch-Buttenberg-
Weichell rearrangement in the presence of ethyl Grignard to give (3.16). Sonogashira coupling of this
terminal alkyne to 2-bromofuran gave the disubstituted alkyne (3.17). Remaining in the route is the
dihydrofluorination across this alkyne followed by ozonolysis of the furan and capture of the resultant
carboxylate to the corresponding methyl ester (3.19). Following diisobutyl aluminum hydride reduction to
aldehyde (3.20) asymmetric addition of vinyl Grignard following chiral zinc conditions pioneered by Noyori
et al. should give allylic alcohol (3.21). Trifluoroacetic acid mediated ring opening of the oxazolidine should
provide diol (3.22), which following Swern oxidation and in-situ cyclization can generate de novo sugar
(3.23). Lastly, BFsOEt, mediated thioglycoside formation should provide building block (3.2).

o o ><0Me o
BOC,0, NEt, _~ "OMe_ LAH, ag. KOH
MeO OH ™ 960, MeO OH " BF;0Bt, 99%
NH, NHBoc 93% BOCN
(3.10) (3.11) (3. 12
Br.__B
r r o
CBry, PPh;, |
EtMgBr NEts, -78°C H/\ H/\
0°C BocN 87.5% BocN DMSO .
89% DIPEA, -78°C
(3.15) (3.14) 99%
S PACI,(PPhy),, Cul, ¢ | 7\ F - DCM/MeOH
N NEt3 80°C ~ 07N HF Pyr, THF, O 03, -78°C
o o CHyN,, Et,0
BocN4<' B (o] 1
r BocN4<’ !
3 16 BocN '
56% (3.17) (3.18) Y
NEtZ O
OH F
e pr P MgBr ? F F
XN~ N F DIBAI-H, MeO
TFA, MeCN/H,0 OH < Hexanes, -78°C
0°C—23°C o ZnEty, o O
Hexanes BocNg{'
‘ BocN o o BocN
Y (3.21) (3.20)
OH Q
N SF cl
= CI)S( F\  BFOEL, F A\
oH ... 9., F O ..P_’IS'_*_'O_E??.'\.", F O
DMSO, -78°C
NHBoc DIPEA, -78°C ~ BocHN &, BocHN  Spp,
(3-22) (3.23) (3.2)

Figure 3.4 Synthetic progress toward gem-difluoromethylene building block (3.2)
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3.6 Synthetic Plan for (3.3)%73

Synthesis toward (3.3) started with propargyl alcohol undergoing tert-butyldimethylsilyl ether

protection to generate (3.25). Following this synthetic plan would generate the alkynyl anion upon exposure

to n-butyl lithium and the disubstituted alkyne (3.26) upon capture with methyl chloroformate. Upon

appending the proline derived chiral auxiliary from the Enders group to generate (3.27), tetrabutylammonium

fluoride mediated butenolide formation should give (3.28). Upon activation by lithium hexamethyldisilazide

can be trapped as (3.30) with tert-butyldiphenylsilyl chloride. Using highly similar work pioneered by t
Schlessinger group as inspiration, the key Diels-Alder cyclization with diene (3.29) and mediated by

he

triisopropoxy titanium chloride should give (3.31) after mild aqueous cleavage of chiral proline auxiliary.

Reductive amination directed by the bridging oxygen should then give (3.33). Following Baeyer-Villiger

oxidation to (3.34), deprotection of the silyl ether should collapse the bridging ring system as it did in

Schlessinger’s example to arrive at (3.35). Following another reductive amination, this time directed by the

adjacent acetyl group, 2-DOS derivative (3.36) should be achieved. Benzylation of the free alcohol followed

by saponification of the acetyl group should give our orthogonally protected 2-DOS derivative (3.3).

0]
M 0
P . . MeO” “Cl H OMe
/ TBSCI, Imidazole / o MBU o 7 oMe oTBS __T_I§A_F__
o DCM, 57% Otes  THF. -78°C tbuOH THF
oTBS OMe
(3.24) (3.25) (3.26) (3.27) /<

g - 0 0
. O/T"O OTBDPS
NPMB, OBz Y Eo | AN P
MgSO, - &) el DEM . Nt o0 ~-o-ooet O‘
E THF 7]/ Then sat. aq. NH4CI <;/ THF, -78°C ~,, _OMe
| TBDPSO v, ~OMe o /(

o]
(3.31)
' (3.30) (3.29) (3.28)
(PMB);N OBy (PMB),N OBy (PMB),N 820
@ NaBH, Q mCPBA B2 1BAF o oAc  NHBn,
e eOH e - e oA T
/]/ e 7]/ THF “OAC THF ( ) 0 TTwl
TBDPSO TBDPSO TBDPSO (3.35) Then
3.34 . NaBH4
(3.32) (3.33) (3.34)
OH NaOMe OAc BnBr, NaH HO
BnO - -SEECUE BnO e SR
(PMB)ZMNBW MeOH (p.\mg)z,\,/m/man2 beM (PMB),N
(3-3) (3.37) (3.36)

Figure 3.5 Synthetic route to 2-DOS building block (3.3)
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3.7 Synthetic Plan for (3.5)% 70. 74

Synthetic route to (3.5) begins with (S,S)-pseudoephenamine glycinamide undergoing
diastereoselective aldolization with (R)-glyceraldehyde acetonide to generate chiral aminoalcohol (3.39).
Following cleavage of chiral auxiliary to (3.40) and esterification to (3.41), diazotransfer should give the a-
azide methyl ester (3.42). Tosic acid catalyzed migration of acetonide should reveal primary alcohol (3.43)
which can undergo Dess-Martin periodane oxidation to resultant aldehyde (3.44). Chelate-controlled
vinylation with divinylzinc gives allylic alcohol (3.45) which upon reduction to resultant aldehyde following
diisobutyl aluminum hydride reduction can undergo in situ acid catalyzed acetonide cleavage and cyclization
to de novo sugar (3.46). Peracetylation and the following BFsOEt> mediated thioglycoside formation should
provide the last building block (3.5).

7~ 2
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g oJ<
Ph O Me Ph O OH O OH
P , _ : NaOH
P A, LD L, P A\ N S T o -
N THF, 0°C . O THF:MeOH (1:1) O "MeOH. reflux .
K\,\',,e OH Me NH, O NHy O—( e, Teflx
M e h
(3.38) (3.39) Me < (3.40) Me ;
e OH 0} OH
Me
TfN3, K,CO3,
o 0 o*ko ..TSOH___ MeO o CuSO, MeO
.. Dess-Martin Periodane MeO)H/k-_/ Acetone N; O TTwmeon NH, oj<
: THF, -78°C : Me Mo Me
: N3  ~SOH (3.42) Me (3.41)
- (3.43)
' M M
e e
o o/kMe MgBr o O/\<Me DIBALH, OH OACOAC PhSH o SPh
o [ ze, o THEIEO, =% 'A'C'ZQF/PQ? LBROBL = 00"
MeO B Hexanes, -78°C  MeO \ y Then HCI pyr. OAc N DCM
Ny =0 Ny o 78 - 23°C OH Nj c Ns -78°C OAc N,
(3.44) (3.45) "HO (3.46) (3.47) (3.5)

Figure 3.6 Synthetic route to building block (3.5) from (S,S)-psuedoephenamine glycinamide
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3.8 Glycosylation Strategy and Final Maneuvers®® 70 775

With all 4 key building blocks in hand, the final unification can commence. Starting with (3.3) and
(3.2), glycosylation following conditions described by Crich et al. is hypothesized to give the a-linked
pseudodisaccharide. Ozonolysis of the terminal alkene of (3.2) and reductive amination of the resultant
aldehyde installs a protected ethanolamine side chain at the 6’-position. Ceric ammonium nitrate
deprotection of the N-paramethoxybenzyl groups yields the resultant amine which is used to install the
protected hydroxyaminobutyric acid side chain under basic conditions. Finally, saponification of the benzoyl
ester reveals glycosylation acceptor (3.48). Glycosylation with donor (3.4) should give the B-linked
pseudotrisaccharide via anchimeric assistance from the N-acetylglycine side chain. Saponification of this N-
acetylglycine side chain then reveals acceptor (3.49). Once more utilizing conditions established by Crich et
al., it is hypothesized that the a-linked pseudotetrasaccharide can be achieved. Ozonolysis of the terminal
alkene of the newly installed carbohydrate and reductive amination with dibenzylamine followed by a final
saponification of the remaining acetyl groups should give (3.50). The last deprotection steps of removing the
silyl ether with tetrabutylammonium fluoride, acid catalyzed butoxycarbonyl deprotection, and global

hydrogenation of the remaining protecting groups forges the desired novel 4,5-AGA (3.1).
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BocHN ) \\ _ OAc
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2) 05, DMS F 0 WANHAC BocHN NBn,
NBn, 3) NH,(CH,),0Bn BochiN NBn, OO NH 9) Tp0, TTBP, DCM
B0 Ll _NaGNBH; WO ,,),NJS!Tf,QH,,DQM TIPSO~ 7Bng o ... BSPOC
e N(PMB) ") CAN P o 8 NaOMe, MeOH BhO 10) O3, DMS 3
)DIPEA ¢ 11) NHBn,, NaCNBH; |
(3.3) N N BnO OH 12) NaOMe, MeOH |
3\/%0/ (3.48) (3.49) Ng '
OBn o N3 !
6) NaOMe, MeOH OH OBn
) F HNI Foanr
Me Me F F °
Me Me NBn,
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|/ o <M)HClDioxane s O "o
_S. =BSP ~35)PaiC, H O~ HO
" Ph”¥ I\O : BnO
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(3.52) (3.51) \?\Z\ N,
OH NHZ a OH N, (3.50)

Figure 3.7 Glycosylation strategy and late-stage manipulations toward novel AGA (3.1)
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3.9 Conclusion

The design and synthesis of a synthetic platform toward novel 4,5-AGAs has been initiated. To date,
building block (3.4) has been made, and significant progress has been made toward building block (3.2).
Continuation of this project should focus on the realization of the remaining 3 carbohydrate units and
unification to the desired (3.1). Once realized, the platform should be used to expand and probe the new

chemical space for AGAs which have increased potential, especially in response to emerging resistance.
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General Methods

Commercial reagents were used as received. Anhydrous solvents were taken from an MBRAUN solvent
purification system (MB SPS) and stored over 4 A or 3 A molecular sieves. All moisture-sensitive reactions
were performed in flame- or oven-dried round bottom flasks under an argon atmosphere. All air- or
moisture-sensitive liquids were transferred via oven-dried stainless-steel syringes or cannula. Reaction
temperatures were monitored and controlled via thermocouple thermometer and corresponding hot plate
stirrer. Flash column chromatography was performed as described by Still et. al. using silica gel 230-400
mesh. Analytical thin-layer chromatography (TLC) was performed on glass-backed Silica gel 60 F2s4 plates

(EMD/Merck KGaA) and visualized using UV, cerium ammonium molybdate stain, and anisaldehyde stain.

Instrumentation

'H NMR spectra were obtained on a Bruker 400 or 600 MHz spectrometer with reporting relative to
deuterated solvent signals. 'H NMR spectral data are presented as follows: chemical shifts (5 ppm),
multiplicity (s=singlet, d=doublet, dd=doublet of doublets, t=triplet, g=quartet, p=pentet, m=multiplet,
br=broad, app=apparent), coupling constants (J in Hz), integration, proton assignment. Deuterated
chloroform was calibrated to 7.26 ppm. Deuterated methanol was calibrated to 3.31 ppm. *3C NMR spectra
were obtained on a Bruker 100 MHz or 150 MHz spectrometer with reporting relative to deuterated solvent
signals. >°C NMR spectral data are presented as follows: chemical shifts (8 ppm), carbon assignment.
Deuterated chloroform was calibrated to 77.16 ppm. Deuterated methanol was calibrated to 49.0 ppm. Proton
and carbon assignments were made with the aid of 2D NMR technigques (COSY, HSQC).
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Synthetic Procedures

HO AcO
OH ¢ OAc
O Ac,0, Pyr. )
64%
OH OAc
(3.6) (3.7)

5-(acetoxymethyl)tetrahydrofuran-2,4-diyl diacetate: To an oven dried 1L flask and stir bar under argon was
added 2-deoxyribose (1.0eq, 10g, 75mmol) and pyridine (200mL). Reaction was cooled to 0°C and stirred
for 15 minutes before beginning addition of acetic anhydride (6eq, 42mL, 0.45mol) dropwise. After addition
reaction was warmed to room temperature and stirred for 12 hours until TLC showed full conversion of
starting material. Reaction was diluted with EtOAc and cooled to 0°C over 15 minutes. Mixture was then
transferred to separatory funnel and washed 12 times with 80mL portions of 1N HCI. Product 5-
(acetoxymethyl)tetrahydrofuran-2,4-diyl diacetate was purified via column chromatography (12.5g, 64%)
and verified via tHNMR as a mixture of anomers. *H NMR (400 MHz, CDCl3) § 6.43 —6.35 (m, 1H), 6.27
(t, J=2.8 Hz, 1H), 5.84 (dd, J = 6.8, 3.2 Hz, 1H), 5.37 — 5.20 (m, 3H), 5.20 — 5.06 (m, 3H), 4.35 — 4.25 (m,
2H), 4.22 — 4.12 (m, 1H), 4.12 — 3.98 (m, 2H), 3.87 (dd, J = 13.0, 2.8 Hz, 1H), 3.71 (dd, J = 12.5, 2.6 Hz,
1H), 2.56 — 2.44 (m, 1H), 2.38 — 2.18 (m, 4H), 2.18 — 2.00 (m, 32H), 1.98 — 1.87 (m, 1H)."®
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AcO OAc BF3OEty, PhSH, AcO sph
O DCM,-78°C o)
80% o

OAc OAc
(3.7) (3.8)

(3-acetoxy-5-(phenylthio)tetrahydrofuran-2-yl)methyl acetate: To an oven dried 100mL flask and stirbar under argon
was added 5-(acetoxymethyl)tetrahydrofuran-2,4-diyl diacetate (1.0eq, 1.00g, 3.84mmol) and dichloromethane
(50mL). Reaction vessel was cooled to -78°C, color is clear. Thiophenol (1.0eq, 423mg, 3.84mmol) from 1M stock
solution added dropwise. BFsOEt; added dropwise and solution stirred for 2 hours at -78°C. Color is clear. Solution
then warmed to 23°C. Solution changed from clear to pink and then to begin to change to yellow. Quenched with sat.
aq. NaHCO; solution. Extracted with EtOAc 3 times with 100mL portions. Dried over Na;SO4 and concentrated in
vacuo. Purified via column chromatography to yield (3-acetoxy-5-(phenylthio)tetrahydrofuran-2-yl)methyl acetate
(0.969, 80%), a mixture of anomers, verified by HNMR. *H NMR (400 MHz, CDCls) & 7.55 — 7.43 (m, 3H), 7.36 —
7.30 (m, 1H), 7.33 — 7.27 (m, 2H), 7.30 — 7.21 (m, 1H), 5.61 — 5.53 (m, 1H), 5.31 (dt, J = 10.3, 3.8 Hz, 1H), 5.20 -
5.04 (m, 2H), 4.31 (td, J = 12.2, 2.9 Hz, 1H), 4.29 — 4.09 (m, 1H), 3.80 (dd, J = 12.6, 4.5 Hz, 1H), 2.51 — 2.36 (m, 1H),
2.27 —2.13 (m, 1H), 2.16 — 1.99 (m, 10H).%°
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AcO o_+SPh NaOMe HO o_SPh
MeOH
97%
OAc OH
(3.8) (3.9)

2-(hydroxymethyl)-5-(phenylthio)tetrahydrofuran-3-ol: To an oven dried 500mL flask and stir bar under argon was
added substrate (1.0eq, 9.5g, 31mmol) and anhydrous MeOH (200mL). 1M NaOMe solution (3eq, 93mL, 93mmol)
was added. pH = 12. Solution stirred 12 hours at which TLC showed consumption of starting material. Color is yellow.
DOWEX resin added to neutralize. pH = 7. Filtered and concentrated in vacuo to yield 2-(hydroxymethyl)-5-
(phenylthio)tetrahydrofuran-3-ol (6.7g, 97%). Color = vibrant red. *HNMR showed mixture of anomers. *H NMR
(400 MHz, MeOD) 4 7.54 — 7.41 (m, 3H), 7.35-7.16 (m, 4H), 5.48 (t, J = 4.7 Hz, 1H), 4.27 — 3.88 (m, 2H), 3.87 —
3.45 (m, 3H), 2.30 (ddd, J = 13.4, 9.1, 4.3 Hz, 1H), 2.21 — 1.96 (m, 1H), 1.99 — 1.87 (m, 1H).%®
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HO

OH
(3.9)

SPh
O
—_—

TIPSO

TIPSCI
DCM
66%

SPh

)

OH
(3.10)

5-(phenylthio)-2-(((triisopropylsilyl)oxy)methyl)tetrahydrofuran-3-ol: To an 500mL oven dried flask and stir bar under

argon was added 2-(hydroxymethyl)-5-(phenylthio)tetrahydrofuran-3-ol (1.0eq, 5.61g, 24.8mmol), dichloromethane

(200mL), and imidazole (1.1eq, 1.86g, 27.3mmol). Color = yellow. Solution stirred for 15 minutes and then

triisopropylsilylchloride was added and color changed to milky. Solution stirred for 16 hours before TLC showed

conversion. Reaction was diluted with dichloromethane and transferred to a separatory funnel where it was washed

with DI H,O 50mL and extracted with 3 100mL portions of dichloromethane. Extracts were dried over Na;SO4and

concentrated in vacuo before being purified via column chromatography to yield 5-(phenylthio)-2-

(((triisopropylsilyl)oxy)methyl)tetrahydrofuran-3-ol (4.70g, 50%) mixture of anomers verified via HNMR. *H NMR
(400 MHz, CDCls) 6 7.53 — 7.45 (m, 4H), 7.37 — 7.26 (m, 5H), 7.22 (t, J = 7.3 Hz, 1H), 5.58 (dd, J = 9.6, 6.3 Hz, 1H),
5.14 - 4.97 (m, 3H), 4.91 — 4.79 (m, 1H), 4.76 (d, J = 8.5 Hz, 1H), 4.25 — 4.02 (m, 2H), 3.88 (d, J = 13.8 Hz, 1H), 2.79
—2.63 (m, 1H), 1.92 (ddd, J = 15.8, 9.6, 3.1 Hz, 1H), 1.26 (s, OH), 1.07 (d, J = 11.0 Hz, OH), 0.84 (s, 1H).%®
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TIPSO SPh

0
SPh
o NHA o
\Kj oo NHAS \Kj

OH N DMAP, CDI om/\NHA
N7 "NH 92.5% ¢
(3.10) \__J (34) §

TIPSO

5-(phenylthio)-2-(((triisopropylsilyl)oxy)methyl)tetrahydrofuran-3-yl acetylglycinate: To an oven dried 250mL flask
and stir bar under argon was added 5-(phenylthio)-2-(((triisopropylsilyl)oxy)methyl)tetrahydrofuran-3-ol (1.0eq,
1.70g, 4.44mmol), dichloromethane (100mL), and N-acetylglycine (1.3eq, 676mg, 5.78mmol). DMAP (5 mol%,
27.1mg, 0.222mmol) and CDI (1.3eq, 937mg, 5.78mmol) were added and the solution was stirred vigorously for 12
hours. Color = milky white. After conversion shown on TLC, the resultant solution was diluted with dichloromethane,
guenched with sat. ag. NaHCO3 solution. Mixture was moved to a separatory funnel where it was extracted with 3
portions of 100 mL dichloromethane. Extracts were dried over Na,SO4 and concentrated in vacuo. Concentrate was
purified via column chromatography to yield 5-(phenylthio)-2-(((triisopropylsilyl)oxy)methyl)tetrahydrofuran-3-yl
acetylglycinate (1.98g, 92.5%) verified via tHNMR. *H NMR (400 MHz, CDCls) 6 7.75 (d, J = 10.3 Hz, 1H), 7.56 —
7.46 (m, 2H), 7.44 - 7.18 (m, 3H), 5.81 - 5.71 (m, 1H), 4.82 — 4.41 (m, 1H), 4.10 — 4.03 (m, 1H), 3.94 (d, J = 10.9 Hz,
OH), 3.05 - 2.65 (m, 1H), 2.52 (d, J = 41.1 Hz, 1H), 2.05 (s, 1H), 1.37 — 1.23 (m, 1H), 1.18 — 0.99 (m, 27H).%
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MeO OH 96% ~ MeO OH

NH»> NHBoc
(3.10) (3.11)

methy| (tert-butoxycarbonyl)-L-serinate: To an oven dried 1L flask and stir bar under argon fitted with a
drop addition funnel was added methyl L-serinate--13-chlorane 1:1 (1.00eq, 159, 95mmol), tetrahydrofuran
(300mL), and triethylamine (2.10eq, 28mL, 0.2 mol) to main vessel. Tetrahydrofuran (100mL) and di-tert-
butyl dicarbonate (1.00eq, 22mL, 95mmol) was added to drop addition funnel. Solution was cooled to 0°C
and stirred for 15 minutes then dropwise addition proceeded after which reaction was warmed to 23°C and
stirred for 12 hours. At this point mixture was heated to 50°C for 3 hours before cooling, concentrating in
vacuo, and washing with sat. ag. NaHCOz3. Mixture was transferred to a separatory funnel and extracted with
ether in 3 200mL portions. Extracts were dried over Na,SO4 and concentrated in vacuo to yield methyl (tert-
butoxycarbonyl)-L-serinate (20.3g, 97%) verified via tHNMR. *H NMR (400 MHz, CDCl3) § 5.42 (s, 1H),
4.39 (s, 1H), 3.94 (qd, J = 11.2, 3.8 Hz, 2H), 3.79 (s, 3H), 1.53 (s, 1H), 1.46 (d, J = 8.7 Hz, 1H), 1.46 (s,

9H) &7
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3-(tert-butyl) 4-methyl (S)-2,2-dimethyloxazolidine-3,4-dicarboxylate: To a an oven dried 1L flask and stir
bar under argon was methyl (tert-butoxycarbonyl)-L-serinate (1.00eq, 20.0g, 91.2mmol), 2,2-
dimethoxypropane (9.00eq, 101mL, 821mmol), and anhydrous acetone (200mL). Reaction was cooled to
0°C and stirred for 15 minutes. BFsOEt (0.1eq, 1.29g, 9.12mmol) was added dropwise and color turned
orange. Left stirring for 2 hours until TLC showed completion. Reaction was quenched with triethylamine
(2.2mL) and concentrated in vacuo. The resultant was washed with sat. ag. NaHCO3 solution and extracted
with 3 portions of 200mL ether. Extracts were dried over Na,SO4 and concentrated in vacuo to give 3-(tert-
butyl) 4-methyl (S)-2,2-dimethyloxazolidine-3,4-dicarboxylate (22.0g, 93%) verified via 'tHNMR. *H NMR
(400 MHz, CDCl3) 6 4.38 (dd, J=7.0, 3.1 Hz, 1H), 4.14 (td, J = 9.1, 6.9 Hz, 2H), 4.04 (td, J = 9.5, 2.9 Hz,
2H), 3.76 (s, 5H), 1.66 (d, J = 13.6 Hz, 5H), 1.59 — 1.48 (m, 11H), 1.48 — 1.43 (m, 1H), 1.41 (s, 9H).%’
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(3.13)

tert-butyl (R)-4-(hydroxymethyl)-2,2-dimethyloxazolidine-3-carboxylate: To an oven dried 100mL flask and
stir bar under argon was added 3-(tert-butyl) 4-methyl (S)-2,2-dimethyloxazolidine-3,4-dicarboxylate
(1.00eq, 2.00g, 7.71mmol) and tetrahydrofuran (40mL). Solution was cooled to 0°C and stirred for 15
minutes. Lithium aluminum hydride 2.4M solution (1.50eq, 4.82mL, 11.6mmol) was added dropwise and
solution stirred another 10 minutes before warming to 23°C. Solution stirred for 20 minutes before TLC
showed completion at which point solution was cooled to 0°C and 10% ag KOH solution (5mL) was added
dropwise and mixture was warmed to 23°C and stirred for 1 more hour at which point it was filtered through
a pad of celite and washed with ether in 3 60mL portions. This filtrate was moved to a separatory funnel
where it was washed with agq. Wash and extraction with ether in 3 60mL portions gave extracts which were
dried over Na;SO4 and concentrated in vacuo to give crystalline tert-butyl (R)-4-(hydroxymethyl)-2,2-
dimethyloxazolidine-3-carboxylate (1.78g, 99.8%) verified via tHNMR. 'H NMR (400 MHz, CDCl3) & 4.10
(d, J=12.2 Hz, 1H), 3.82 (qd, J = 11.1, 3.9 Hz, 4H), 3.70 (d, J = 10.6 Hz, 2H), 2.17 (s, 5H), 1.49 (s, 3H),
1.46 (s, 15H), 1.41 (s, 1H).*
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(3.13) 99%

3.14

tert-butyl (S)-4-formyl-2,2-dimethyloxazolidine-3-carboxylate: To an oven dried 500mL 2 neck flask and
stir bar with fitted thermometer attachment, all under argon was added oxalyl chloride (1.5eq, 4.8mL,
56mmol), dichloromethane (150mL) and the liquid was cooled to -78°C. Internal temperature = -78°C.
DMSO (3.00eq, 8.0mL, 0.11mol) was added dropwise and the mixture was warmed to an internal -60°C.
Tert-butyl (R)-4-(hydroxymethyl)-2,2-dimethyloxazolidine-3-carboxylate (1.0eq, 8.70g, 38mmol) was added
dropwise and the mixture was warmed to an internal -45°C and stirred for 15 minutes at which point DIPEA
(6.0eq, 39mL, 0.23mol) was added dropwise and color became clear. The resultant solution was warmed to
0°C and extracted from a chilled 1N HCI wash with dichloromethane in 3 150mL portions. The extracts were
dried over Na,SO4 and concentrated in vacuo to give tert-butyl (S)-4-formyl-2,2-dimethyloxazolidine-3-
carboxylate (8.57g, 99%) verified by *HNMR. 'H NMR (400 MHz, CDCls) § 9.62 — 9.53 (m, 1H), 4.19 (dt, J
= 6.6, 3.2 Hz, 1H), 4.14 — 4.02 (m, 2H), 1.68 — 1.54 (m, 5H), 1.53 — 1.41 (m, 12H).5
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tert-butyl (R)-4-(2,2-dibromovinyl)-2,2-dimethyloxazolidine-3-carboxylate: To an 250mL oven dried flask
and stir bar under argon was added Carbon tetrabromide (2.00eq, 5.79g, 17.4mmol) and dichloromethane
(80mL) and the solution was cooled to -30°C. A solution of triphenylphosphine (4.00eq, 9.15g, 34.9mmol)
in dichloromethane (50mL) was added dropwise and the reaction was let stir 20 minutes after addition. At
this point the mixture was cooled to -78°C and tert-butyl (S)-4-formyl-2,2-dimethyloxazolidine-3-
carboxylate (1.00eq, 2.00g, 8.72mmol) solution in dichloromethane (30mL) and triethylamine (1.00eq,
1.22mL, 8.72mmol) was added dropwise with the noticed color change to orange and the resultant solution
stirred for another 10 minutes before warming to O°C and stirring for 1.5 hours with a noticed color change
to dark red. TLC showed conversion and reaction was quenched with sat. ag. NaHCO3 solution at which
point it was moved to a separatory funnel and extracted with ether in 3 80mL portions. Extracts were dried
over Na;SQO4 and concentrated in vacuo. Residue was purified via column chromatography to afford tert-
butyl (R)-4-(2,2-dibromovinyl)-2,2-dimethyloxazolidine-3-carboxylate (2.94g, 87.5%) verified by tHNMR.
'H NMR (400 MHz, CDCls) § 6.45 (s, 1H), 4.51 (s, 1H), 4.10 (dd, ] = 9.1, 6.3 Hz, 1H), 3.79 (s, 1H), 2.17 (s,
1H), 1.59 (d, J = 9.8 Hz, 3H), 1.54 — 1.40 (m, 13H).%8
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tert-butyl (R)-4-ethynyl-2,2-dimethyloxazolidine-3-carboxylate: To an 500mL oven dried flask and stir bar
under argon was added tert-butyl (R)-4-(2,2-dibromovinyl)-2,2-dimethyloxazolidine-3-carboxylate (1.00eq,
9.50g, 24.7mmol) and tetrahydrofuran (150mL). This mixture was cooled to 0°C and 3M ethyl Grignard
(2.00eq, 16.4mL, 49.3mmol) was added dropwise and the reaction stirred for 2 hours after which TLC
showed conversion so reaction was quenched with sat. ag. NaHCO3 solution and moved to a separatory
funnel where it was extracted with EtOAc in 3 portions of 100mL. Extracts were dried over Na2SO4 and
concentrated in vacuo. The resultant residue was purified via column chromatography to yield tert-butyl (R)-
4-ethynyl-2,2-dimethyloxazolidine-3-carboxylate (4.94g, 89%) verified via HNMR. *H NMR (400 MHz,
CDCl3) 6 4.54 (d, J =42.5 Hz, 1H), 4.07 — 3.97 (m, 2H), 2.26 (d, J = 4.8 Hz, 1H), 1.97 (s, 1H), 1.62 (s, 3H),
1.48 (s, 11H).%8
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tert-butyl (S)-4-(furan-2-ylethynyl)-2,2-dimethyloxazolidine-3-carboxylate: To an oven dried flask and stir
bar under argon and wrapped with tinfoil was added bis(triphenylphosphine) palladium (I1) dichloride
(PdCI2(PPhgz)2 (10 mol%, 0.31g, 0.43mmol), tert-butyl (S)-4-ethynyl-2,2-dimethyloxazolidine-3-carboxylate
(1.00eq, 0.98g, 4.3mmol), triethylamine (10eq. 6.1mL), and 2-bromofuran (5.00eq, 3.2g, 22mmol). Solution
was stirred for 15 minutes at 23°C then warmed to 40°C and stirred for 15 minutes. Cul (1 mol%, 8.3mg,
0.043mmol) was added and temperature was slowly raised to 80°C over a 30-minute period. Solution was
stirred 12 hours and TLC showed full consumption of starting material alkyne. Reaction was cooled to 23°C
and diluted with EtOAc. Solution was quenched with 1M HCI and transferred to a separatory funnel.
Mixture was extracted with three portions of EtOAc and dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified via column chromatography to yield tert-butyl (S)-4-(furan-2-
ylethynyl)-2,2-dimethyloxazolidine-3-carboxylate (718mg, 57% vyield), a yellow-white crystalline solid.
'HNMR (400MHz, CDCl3) & ppm: 7.37 (s, 1 H), 6.55 (s, 1 H), 6.37 (s, 1 H), 4.81 (d, 1 H, J = 45.10Hz), 4.11
(t,2HJ=4.20Hz), 1.66 (s, 3 H), 1.54 (s, 3H), 1.51 (s, 9 H)
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tert-butyldimethyl(prop-2-yn-1-yloxy)silane: To an 250mL oven dried flask and stir bar under argon was
added propargyl alcohol (1eq, 1.00g, 17.8mmol), imidazole (2.2eq, 2.67g, 39.2mmol) and dichloromethane
(100mL). The mixture was then cooled to 0°C and stirred for 30 minutes before tert-butyldimethylsilyl
chloride (1.05eq, 2.82g, 18.7mmol) was added after which a white suspension was observed. Reaction stirred
an additional 12 hours before TLC showed completion at which time the stir bar was removed and mixture
was concentrated in vacuo. This residue was diluted in hexanes and filtered through a silica plug washing
with 3 portions of 80mL hexanes. The filtrate was concentrated in vacuo to give tert-butyldimethyl(prop-2-
yn-1-yloxy)silane (1.73g, 57%) verified via tHNMR. *H NMR (400 MHz, CDCls) § 4.31 (d, J = 2.4 Hz, 2H),
1.28 (tt, J=10.8, 2.9 Hz, 1H), 0.91 (s, 9H), 0.13 (s, 6H).”"
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