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A New Aminoglycoside Antibiotic Effective Against NpmA-Expressing Escherichia coli

Abstract

Aminoglycoside antibiotics (AGAs) are pseudo-oligosaccharide natural products that have
provided effective treatments for life-threatening bacterial infections for over seventy years.
Decades of clinical use has resulted in the widespread proliferation of aminoglycoside resistance
genes which, when coupled with longstanding toxicity challenges, limits the utility of
aminoglycosides in a clinical setting. While the most common mechanism of resistance to AGAs
comes in the form of aminoglycoside modifying enzymes (AMEs), ribosomal RNA
methyltransferases (RMTs) that directly modify the AGA binding site are increasingly concerning
as they frequently coincide on mobile genetic elements containing resistance genes to other
antibiotic classes. In 2003, a novel plasmid-mediated aminoglycoside resistance methyltransferase
(NpmA) was identified in a clinical isolate of Escherichia coli that provides extensive resistance
to the entire class of AGAs. As of starting this research, no AGA is reported to overcome this

resistance mechanism. This dissertation presents synthetic advancements and exploratory studies
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towards next-generation aminoglycoside antibiotics seeking to overcome RMT mechanisms of
resistance.

In chapter 1, I discuss AGAs as a natural product class and their history. I review
mechanisms of action, the basis for antibacterial activity, as well as the biosynthetic origins. I
additionally discuss the basis for mammalian toxicity to AGAs and for bacterial resistance, and
modern strategies for circumventing both.

In chapter 2, I provide a history of semisynthetic modifications to aminoglycosides. With
particular focus on modifications that have translated to clinical efficacy and overcoming
resistance, I review the most promising changes to the aminoglycoside scaffold in designing next-
generation AGA therapeutics.

In chapter 3, I present my efforts to prepare fully synthetic 2-deoxystreptamine (2-DOS)
as a protected component for an improved synthesis of next-generation AGAs. I describe a key
design strategy hinging on intramolecular aldol reaction to establish contiguous equatorial
stereocenters during the cyclohexane annulation. Several approaches were examined to access the
desired aldolization intermediate to no avail: a tandem addition to a y,0-epoxyenone, a
stereoselective union between a functionalized organometallic nucleophile and an optically active
cyanohydrin, and a linear approach utilizing Vince’s lactam as a readily differentiated chiral pool
building block. Previous syntheses are also discussed.

In chapter 4, I describe the design and synthesis of C5’-modified AGAs to counter NpmA
resistance. Two synthetic strategies are explored: a partially synthetic strategy featuring the union
of a synthetic ring I glycosyl donor with a semisynthetic ring II-IV acceptor, and a semisynthetic
strategy providing access to a diversifiable C6’-carboxylic acid. Key transformations include a

diastereoselective Corey-Bakshi-Shibata reduction of a glutamate-derived aryl ketone to directly
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yield a C5-aryl lactol, the glycosylation between a C5-phenyl deoxyglycoside donor and
pseudotrisaccharide glycosyl acceptors, and the decarboxylative elimination of an aminoglycoside
B-hydroxy acid to yield a 4’-deoxypentenoside. Synthetic pitfalls are simultaneously discussed as
potential avenues for future AGA semisynthesis endeavors. With this chemistry, novel AGAs were
prepared and evaluated against NpmA-expressing bacteria.

For chapter 5, as part of an unrelated research project, I present the mechanism proposed
for the transformation of cyclopentanone to a dienoic acid and reveal it to be in error. I show that
carbon 11 derives not from dimethylsulfoxide as proposed, but from dichloromethane present in
the “quenching” solution. The intermediacy of an a-chloromethyl ketone and its subsequent
fragmentation in the presence of hydroxide ion is supported by additional experiments, and by

extensive literature precedent.
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Chapter 1. Introduction to Aminoglycoside Antibiotics: Structure, Mechanism of Action,

and Biological Properties



1.1. Discovery of Aminoglycoside Antibiotics — Isolation History

Aminoglycoside antibiotics (AGAs) have been in continuous clinical use for over seven
decades.! The premier member of the family, Streptomycin, was isolated by Professor Albert
Schatz in 1943 while he was pursuing graduate studies under Professor Selman Waksman (Figure
1.1).2 Streptomycin proved effective against mycobacteria, making it the first treatment option for
tuberculosis,® and further established microorganisms as viable sources for antimicrobial agents
and chemotherapies. Streptomycin additionally proved effective in treating gram-negative
bacterial infections, including those caused by Pseudomonas aeruginosa, as well as gram-positive
infections resistant to penicillin. Output of streptomycin grew globally over the three years after

isolation to support both clinical studies and the advancement of early semisynthetic derivatives .*

NH; NH,
HQ o
HO NH HO NH, NH;
OH HO o]
o HoN 0
e HN NH. HN & Ho HoN
2 HO o NH, HO H,N HoN 2
H HO o
o] OH o o NH,
HsC S NH HO NH, Y
HO —CHj3 o}
HN HaN Og O OH lo} A HO 0 CH
OH X k%/ 3
o OH \?\7\ Ho W OoH CHHN L
2
oH HO  NH,
streptomycin neomycin B kanamycin A gentamicin C1a
(1943) (1949) (1957) (1963)

Figure 1.1. Representative aminoglycoside antibiotics and their isolation year.

While streptomycin was isolated from Streptomyces griseus, other aminoglycoside
antibiotics were later identified from various species of soil bacteria (Figure 1.1). Select examples

include neomycin (1949),% Paromomycin (1956),° Kanamycin A (1957),” gentamicin (1963),%



tobramycin (1967),° and sisomicin (1970).'° Many of these compounds displayed efficacy against
bacterial infections but clinical usage has varied over time. Toxicity was one consideration: despite
neomycin exhibiting efficacy against streptomycin-resistant bacteria, its usage was limited due to
dangerous toxicity.!""!> At present, gentamicin is the most prescribed aminoglycoside, and is
produced as a complex mixture of many components (the majority components are gentamicin Ci,
Cia, and Ca, Figure 1.2).!3 !> Aminoglycosides are generally useful for emergency and life-
threatening infections due to the lack of allergic response and broad-spectrum antimicrobial
activity. Aminoglycosides are also applicable as inhalant drugs for the treatment of cystic fibrosis
patients,'¢ and they additionally remain part of some drug cocktails used in the treatment of
tuberculosis.!”

1.2. Aminoglycoside Nomenclature and Structure

Since the isolation of streptomycin, a large variety of aminoglycosides have been
developed both from natural sources and semisynthesis campaigns. The naming conventions that
differentiate members within the class are with respect to the producing organism: compounds
isolated from Streptomyces species are allocated the suffix ‘-mycin’ while those isolated from
Micromonospora and Bacillus are given the suffixes ‘-micin’ and ‘-osin’, respectively.

All aminoglycosides share a common aminocyclitol motif (Figures 1.1 and 1.2, shown in
blue) that is by itself meso until additional carbohydrate units are appended.'® This highly
substituted cyclohexane ring, dubbed streptamine with respect to the parent compound,'” has its
numbering convention denoted in Figure 1.2C. A disaccharide unit attached at the C4 hydroxyl of
streptamine constitutes the remainder of the streptomycin structure. However, streptomycin is

unique among aminoglycosides as most members of the family contain 2-deoxystreptamine as the
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core scaffold (Figure 1.2A-B). These aminoglycosides can be further categorized by the
glycosylation pattern of the 2-deoxystreptamine core: 4,5-subsubstituted aminoglycosides (Figure
1.2A) and 4,6-disubstituted aminoglycosides (Figure 1.2B). In all cases, and glucosyl ring with
varying degrees of hydroxylation is attached to the C4-hydroxyl. More complex attachments at the
4-position are tolerated as seen with apramycin (Figure 1.2C). Additional structural variety is
observed when the remaining glycosyl subunits are added. In the 4,5-disubstituted subfamily,
members such as neomycin have a paromobiosyl moiety attached to the C5-hydroxyl group,
whereas butirosin has only a ribose. For the 4,6-disubstituted subfamily, they may broadly be
categorized as kanamycins or gentamicins, with sisomicin as an outlier in structure featuring an
unsaturated sugar linked at the C4’-hydroxyl. These structures differ at the C6- carbohydrate
component, both 3-aminosugars; in gentamicin a tertiary alcohol is a noteworthy structural
element. Those that do not fall within those subfamilies may be classified as “atypical”
aminoglycosides such as apramycin, which features a unique dialdose (octose) sugar linkage to
the C4-hydroxyl that is additionally coupled to a 4-aminoglucose.

Aminoglycoside rings are numbered using longstanding conventions in aminoglycoside
literature (Figure 1.2). Typically, the glucosamine-type carbohydrate linked though the C4-
hydroxyl is referred to as ring I followed by the aminocyclitol as ring II. Thereafter, additional
carbohydrates can be numbered by counting away from the 2-deoxystreptamine ring. Carbon and
position numbering for the carbohydrates is consistent with standards in carbohydrate chemistry.

The aminocyclitol unit, usually 2-deoxystrepamine, is counted without priming and takes priority.



A. 4,5-Disubstituted Aminoglycosides
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Figure 1.2. (A) Aminoglycoside antibiotics bearing additional glycosides linked through the C4 and
CS hydroxyls. (B) Aminoglycoside antibiotics bearing additional glycosides linked through the C4
and C6 hydroxyls. (C) Aminoglycoside antibiotics which are monosubstituted on 2-

deoxystreptamine.



The glucose-type sugar linked at C4 then takes single-primed numbering for its carbons, and
additional carbohydrate units are given additional primes as necessary (e.g. 2, 3°, etc...).
1.3. Aminoglycoside Biosynthesis

Most aminoglycoside carbohydrate units are biosynthetically derived from building blocks
such as glucose, xylose, and ribose.?’ The aminocyclitol 2-deoxystreptamine originates from
glucose 6-phosphate that undergoes oxidation and elimination to yield a vinyl ketone (Figure 1.3).
Hydridic 1,2-reduction of the ketone and type II Ferrier rearrangement forms the cyclohexane
structure, which after sequential transamination reactions forms 2-deoxystreptamine. Glucose 6-
phosphate also serves as the precursor to myo-inositol upstream in the streptamine biosynthetic
pathway. Oxidation, transamination, and guanidinylation occurring twice in sequence affords the

bis-guanidinylated structure.?!

OPOz%
t transamination
— Hom ’m,
OH 7H0P03 HO OH Type 1l H

transammatlon

Ferrier OH
glucose 6 DhOSphate 2-deoxy-scyllo-inosose 2-deoxystreptamine
OPO5* NH
OH
1 H NH, H,NT “NH
HO,,, HO,,, WOPOz% z PO.2- [0] . 2
//éo\ , \ - - ) “\O : HO:@:OPOSZ HO"‘ “\OPOBZ’
L —_—
HO” Y transamination
& HO™ " OH HO” " “oH HN” N ~oH
on OH H NANHC_)H
myo-inositol phosphate scyllo-inosamine 2

streptadine 6-phosphate
Figure 1.3. The biosynthetic conversion of glucose 6-phosphate to 2-deoxystreptamine and bis-

guanidinylated streptamine phosphate.

The disaccharide portion of paromomycin is constructed by glycosylation between UDP-
glucosamine, from glucose 6-phosphate, and 2-deoxystreptamine (Figure 1.4).2> An additional
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Figure 1.4. Biosynthetic construction of 2-deoxystreptamine family antibiotics.

transamination converts this structure to neamine, the disaccharide parent to neomycin. Glucose
6-phosphate similarly serves as the precursor to ring IV of neomycin and to ring I1I of kanamycin®’
by comparable transformations. Ring III of 4,5-disubstituted aminoglycosides is an unmodified
ribose glycosylated at C3, while ring III of gentamicin and sisomicin is constructed using a unique
radical S-adenosyl methionine methyltransferase.?**> Apramycin, an atypical aminoglycoside,
bears a structurally unique ring II bicyclic dialdose moiety.?® The biosynthetic pathway for the
octose construction proceeds via aldolization between an N-acetylated enolate, generated from
either N-acetyl glucosamine or galactosamine, and a 6’-oxolividamine electrophile (Figure 1.5).

The subsequent acetal formation yields aprosamine from lividamine (3’-deoxyparomamine).
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Figure 1.5. Biosynthesis of the aprosamine dialdose core from lividamine. Bonds constructed in the

[6+2] coupling reaction are shown in red.

1.4. Mechanism of Action

Critical to bacterial life is the construction of proteins from genetic information in the form
of RNA, the process of translation that occurs in the ribosome. The bacterial ribosome is composed
of two subunits,?” a large 50S subunit and a small 30S subunit; these subunits are each constructed
from both ribosomal RNA (rRNA) and ribosomal proteins, which together match incoming
messenger RNA (mRNA) strands with aminoacyl transfer RNA (tRNA) to translate a developing
peptide chain. Recognition of tRNA occurs at the interface of the two subunits, wherein the tRNA
must bind the A site, be recognized as correct by the ribosome and undergo peptide bond formation
to extend the developing peptide in the P site, and ultimately translocate to the E site for ejection
from the ribosome.

Ribosomal translation can be broken down into four distinct phases: initiation, elongation,

termination, and recycling (Figure 1.6).?%?’ Aminoglycosides bearing 2-deoxystreptamine as their
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Figure 1.6. Aminoglycoside antibiotics bind the bacterial ribosome and interfere with multiple

stages of translation. Figure adapted from reference 29.

core derive their bactericidal activity by interfering with multiple stages of protein translation.>*-
34 Primarily, 2-deoxystreptamine antibiotics bind in the decoding region near helix 44 of the 30S
subunit, where translational fidelity is reduced and continuous tRNA readthrough is promoted
(Figure 1.7).%° Similarly, ribosomal translocation and recycling is inhibited by binding interactions
with helix 69 in the large subunit.*®*” Streptomycin has a distinct but nearby binding site to typical
aminoglycosides and is thought to interfere with translation by increasing the rate at which

structurally similar tRNAs are incorporated.



Figure 1.7. Aminoglycosides bind in the 30S subunit within helix 44 (Blue) of the ribosomal RNA;
a nearby binding site in helix 69 (orange) is also known. Bases A1408, A1492, and A1493 are shown
in green. (PDB: 4V53). Figure adapted from reference 36.

Codon-anticodon helix formation between aminoacyl tRNA and mRNA at the ribosomal A
site is responsible for the accuracy of translation, which has an error frequency of less than one
per thousand.*>* However, energetic differences between mRNA and near-cognate tRNA helix
formation do not account for the high level of accuracy,* which supports the critical role of the
ribosome in improving the correctness of translation. Two critical residues in helix 44, A1492 and
A1493, alongside G530 in the rRNA are crucial to ribosomal recognition of tRNA correctness in
the A site.* Binding of tRNA induces a conformational shift in the dynamic ribosome structure,
wherein A1492 and A1493 rotate into an extra-helical conformation and form stabilizing contacts
within the codon-anticodon helix. With incorrect tRNA in the A-site, insufficient stabilizing
interactions are generated which allows disassociation of near-cognate tRNA away from the

ribosome.
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All 2-deoxystreptamine class aminoglycosides share overlapping binding sites within the
bacterial ribosome, regardless of 4,5-disubstitution or 4,6-disubstitution; apramycin also binds in
an identical region despite being 4-monosubstituted. Both NMR*® and crystallographic studies
display how binding of 2-deoxystreptamine antibiotics interferes with the hydrogen bonding
network in helix 44, causing displacement of A1492 and A1493 identical to translational
readthrough (Figure 1.8).3%3%4! A dense network of hydrogen bonds between aminoglycosides and
the rRNA as well as electrostatic contacts by the protonated amines with the RNA phosphates
assist in stabilizing the flipped-out conformation. By stabilizing the extra-helical conformation of

A1492 and A1493, continuous readthrough of non-cognate tRNA is promoted, which results in the

Figure 1.9. (A) Gentamicin (yellow) and neomycin (orange) share a binding site within helix
44 of the decoding region (PDB:4V52 and 4V53). (B) Cartoon depiction of aminoglycoside
hydrogen-bonding interactions for 4,5-disubstituted members with the bacterial ribosome.

Figure adapted from reference 41.
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Figure 1.10. Both gentamicin (yellow) and neomycin (orange) bind in the helix 69 region (dark
grey, PDB: 4V52 + 4V53). In the absence of aminoglycosides, the bacterial ribosome helix 69
(white) adopts a conformation allowing interaction with the ribosome recycling factor (yellow,
PDB: 4V54).
synthesis of nonsense proteins by misreading of mRNA. This binding mode 1s shared among all
2-deoxystreptamine aminoglycosides (Figure 1.9).

X-ray crystallographic insight also displays 2-deoxystreptamine aminoglycosides bind in
the helix 69 large subunit rRNA, where they inhibit translocation of complete peptides and restrict

ribosomal recycling.**-*¢ By restricting the movement of the large subunit and inhibiting the ability
12



of the ribosome recycling factor to displace helix 69, the inter-subunit flexibility that allows for
translocation is restricted (Figure 1.10).
1.5. Aminoglycoside Uptake and Bactericidal Activity

Contrary to most ribosome-targeting antibiotics, streptomycin and 2-deoxystreptamine

1.3 While we understand the structural

aminoglycosides are not bacteriostatic, but bactericida
nature of aminoglycoside binding and mechanism of action, a direct correlation between
translational fidelity and the downstream bactericidal activity has not been established.*” One
hypothesis is that misfolded proteins resulting from disrupted translation insert themselves into
bacterial membranes, activating stress- and redox-response systems as well as causing membrane
depolarization.*® Ultimately, this is thought to result in the presence of periplasmic proteases and
the generation of reactive oxygen species.* Alternatively, introduction of mistranslation by
mutating ribosomal proteins S4 or S5 does not result in loss of bacterial cell viability.*® Thus, there
is no mechanism known by which mistranslation causes activation of these stress response
pathways.

Mechanistic support is still needed for the entry of aminoglycosides into bacterial cells. No
transporters are known, and there is no uptake system displaying substrate specificity.’! Uptake
overall is non-saturable and proposed to occur over three phases.’ In the first, electrostatic
interactions between the positively charged amines and outer membrane anions,
lipopolysaccharides in Gram-negative bacteria or teichoic acids in Gram-positive bacteria,
promote an energy-independent association. Some mobility through membrane porins is thought

to occur. The energy-dependent phase I (EDPI) requires a transmembrane potential and follows

the energy-independent phase. Aminoglycosides will slowly accumulate during this second phase,

13
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Figure 1.11. (A) Uptake of both gentamicin and streptomycin is split between slow accumulation
(EDPI) and rapid uptake (EDPII). Strains with AME resistance display drastically impeded
accumulation. (B) Uptake of streptomycin changes based on growth conditions: (e) cells are
grown under aerobic conditions. () cells are grown under anerobic conditions. (m) cells have been
poisoned at the time indicated by an arrow and have reduced energy consumption. Figures are

taken from reference 54.

and an initial antibiotic response induces mistranslation that ultimately lowers membrane integrity
following the insertion of misfolded proteins into the membrane.> Lastly, the corruption of the
membrane results in significantly increased aminoglycoside uptake in the energy-dependent phase
II (EDPII). During EDPII, aminoglycoside entry into the cell is greatly accelerated as evidenced
by increased ATP hydrolysis. The highly increased aminoglycoside entry saturates ribosomes,
ultimately leading to greatly restricted protein synthesis. In summary, the initially slow ionic
interaction phase is followed by EDPI, which leads to rapid uptake in EDPII and cell death (Figure
1.11A).

Reliance on the electron transport chain for aminoglycoside uptake is further demonstrated

by anaerobic organisms having intrinsic resistance to aminoglycosides (Figure 1.11B).>* Naturally,
14



active translation is also necessary for aminoglycosides to exhibit their activity, as well as

1.°° Despite having a recognizable three-

subsequently drive the self-promoted uptake of EDPI
phase uptake process, definitive machinery that assists in their self-promoted uptake remains
unidentified.
1.6. Bacterial Resistance to Aminoglycosides

As with many classes of antibiotics, aminoglycosides have become decreasingly utilized
due to the dissemination of antimicrobial resistance genes.>! Aminoglycoside resistance spread is
driven in part by antibiotic misuse worldwide as well as a general decline in antibiotic discovery
campaigns over the last several decades.’® Multi-drug resistant pathogens, especially those within
the ESKAPE list (Enterobacteria, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterococcus faecium), make up the bulk of
nosocomial infections (Table 1.1) which carry resistance to many classes of antibiotics.

Aminoglycoside resistance can be broadly divided into three categories: covalent
modification of the aminoglycoside scaffold by modifying enzymes, enzymatic modification of
the ribosomal binding site, and changes to membrane permeability as well as expression of efflux
systems. These will be discussed individually and in further detail below.>’
1.6.1. Aminoglycoside Modifying Enzymes

Cofactor-dependent modification of the drug scaffold is the most common mechanism of
resistance to aminoglycosides, and this is achieved by aminoglycoside modifying enzymes
(AMEs).! These can be present in both Gram-positive and Gram-negative pathogens and can be

expressed concurrently with one another to provide higher levels of resistance; these enzymes
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frequently have multiple substrates upon which they act. Many of these enzymes are easily spread
due to their occurrence on mobile genetic elements such as plasmids, transposons, and integrons.>’

AMEs themselves can be divided into three sub-categories: aminoglycoside N-
acetyltransferase (AAC), aminoglycoside O-phosphotransferase (APH), or aminoglycoside O-
nucleotidyltransferase (ANT). The convention for nomenclature®® places a number in parenthesis
following the enzyme type to designate the position modified by the enzyme; this number is

followed by a Roman numeral and letter to indicate the resistance profile and gene, respectively.

Table 1.1. Occurrence of gentamicin resistance in several regions between 1998-2007.¢
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To demonstrate, both APH(3’)-I and APH(3’)-Illa phosphorylate the 3’-hydroxyl of
aminoglycosides, but they are different genes and enzymes with different resistance profiles.

The 2-deoxystreptamine substitution pattern of additional carbohydrates determines the
individual aminoglycoside susceptibility to AMEs (Figure 1.12). AMEs are most effective at lower

aminoglycoside concentrations,”’ where they inactivate the drugs in the energy independent and
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Figure 1.12. (A) Susceptibility of 4,5-disubstituted aminoglycosides to modifying enzymes. (B)

Susceptibility of 4,6-disubstituted aminoglycosides to modifying enzymes.

EDPI phases of aminoglycoside uptake and preclude the later self-promoted accumulation of
aminoglycosides within the bacterial cell.”!
1.6.1.1. Aminoglycoside Acetyltransferase (AAC)

The acetyl-CoA cofactor-dependent enzymes that acetylate the multiple amine functional
groups on aminoglycosides are the aminoglycoside acetyltransferases (AAC). The ring I and ring
IT amines of aminoglycosides are extremely critical for ribosome binding, and acetylation of the
amines reduces the electrostatic interaction by removing charge and additionally introduces steric
clashing in the binding site.!'

Being a widely conserved structural motif, the 6’-amine becomes acetylated by the most
widely disseminated acetyltransferase, AAC(6°).3! In Gram-negative bacteria, the AAC(6°)-1
isoform is most commonly found, while in Pseudomonas only AAC(6’)-1I is observed.’® A
bifunctional enzyme AAC(6’)/APH(2”") contains the isoform AAC(6’)-le and is commonly

observed in Staphylococcus and Enterococcus species. A chromosomal copy of an aac(6’) gene
17



can be found in E. faecium and Acinetobacter spp. that contributes to their intrinsic aminoglycoside
resistance, while most aac(6’) genes are encoded non-chromosomally.’®>° AAC(6’) enzymes have
highly promiscuous active sites and structural homology to the N-acetyltransferase superfamily,
as supported by X-ray crystallography of this AME bound to aminoglycosides (Figure 1.13).60-6

AAC(3) enzymes are exclusively found in Gram-negative bacteria, including a large
percentage of Acinetobacter and Pseudomonas isolates.>! This class of enzymes unfortunately
targets the most clinically relevant 4,6-disubstituted aminoglycosides, with lesser activity against
the 4,5-disubstituted family members. The AAC(3)-1V isoform is uniquely active against the

3

atypical aminoglycoside apramycin,®® an investigational 4-monosubstitued family member that is

not modified by the majority of AMEs.

A

Figure 1.13. (A) Binding of kanamycin C (yellow, PDB: 1V0C) and paromomycin (orange, PDB:
2VQY) with acetyl-CoA (teal) in the AAC(6°-Ib binding site.®! (B) Tobramycin (green) bound to
the Acinetobacter spp. AAC(6°)-1g (PDB: 4EVY).%?
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AAC(2’) is not commonly detected and generally unique to Providencia strains and to a
lesser extent Mycobacteria.®* A chromosomal aac(2’)-la gene is found within P stuartii in
nosocomial settings that provides resistance to both 4,5- and 4,6-disubstituted aminoglycosides.’’
Clinical isolates of E. coli transformed with AAC(2’) isoforms become highly resistant to the 4,5-
disubstitued aminoglycosides neomycin and paromomycin.®

The AAC(1) gene is extremely rare in clinical contexts and has less detrimental effects on
antibiotic activity. The most recently developed aminoglycosides for clinical use all possess the
N1-(S)-4-amino-2-hydroxybutyramide side chain which lowers the relevance of this enzyme.
1.6.1.2. Aminoglycoside Phosphotransferase (APH)

Aminoglycoside phosphotransferase (APH) kinase enzymes phosphorylate the multitude
of hydroxyls that decorate the aminoglycoside scaffold in an ATP or GTP-dependent manner.'!?
By phosphorylating the hydroxyls and introducing a negative charge, the ionic binding affinity for
the ribosomal binding site is greatly reduced.®!

The most prevalent aminoglycoside phosphotransferase in both dissemination and number
of isoforms is the APH(3”) enzymes. In Gram-negative bacteria, APH(3)-I is frequently found?®
and provides resistance to 4,5-disubstituted aminoglycosides as well as some 4,6-disubstituted
family members (e.g. kanamycin). A chromosomal aph(3 ”)-II gene can be found in Pseudomonas
aeruginosa that confers resistance to any aminoglycoside with a 3’-hydroxyl group. In Gram-
positive pathogens, the APH(3’)-Illa isoform provides widespread resistance to 4,5- and 4,6-
disubstituted aminoglycosides; in the 4,5-disubstituted subfamily, this enzyme additionally acts as
a bifunctional APH(5”") enzyme which can additionally phosphorylate the 5°-hydroxyl of ring III.

This can be punishing even for aminoglycosides such as lividomycin, which lack a 3’-hydroxyl
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but are still modified by this enzyme at the 5”-position.’® The promiscuous phosphorylation
activity can be attributed to the open binding site observed by its X-ray crystallography data
(Figure 1.14).°7 Acinetobacter spp. gain considerable resistance to critically important
aminoglycosides due to the frequency of APH(3)-VI resistance.

As part of the bifunctional AAC(6’)/APH(2”’) family of enzymes, APH(2”) enzymes
provide high levels of gentamicin resistance; these enzymes are not typically found as enzymes
isolated from the acetyltransferase domain, although some isolated phosphotransferases are
known.® The phosphotransferase of E. faecium, APH(2”’)-11a has reported X-ray crystallographic
structures, which similarly displays an open binding site for promiscuous aminoglycoside

activity.®

A B

Figure 1.14. (A) Binding of neomycin (orange, PDB: 1L8T) and kanamycin A (orange, PDB:
2B0Q) to APH(3’)-1I1a and a nonhydrolyzable nucleotide (teal).®’ (B) Gentamicin (green) bound
to the E. faecium APH(2”)-11a (PDB: 3HAM).®
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APH(6) is less clinically relevant as it only effects streptomycin. Furthermore, APH(4) and
APH(9) provide resistance to the non-canonical aminoglycosides hygromycin and spectinomycin
but these are not common in the clinic.?!

1.6.1.3. Aminoglycoside Nucleotidyltransferase (ANT)

- ) : -~ g
Figure 1.15. (A) Binding of kanamycin B (yellow, PDB: 4WQL) and kanamycin A (orange,
PDB: 2B0Q) to ANT(2”). (B) Kanamycin A (yellow) bound to dimeric ANT(4’)-la and
cocrystallized with nonhydroylyzable nucleotide substrate (PDB: 1KYN).”!

The aminoglycoside nucleotidyltransferase (ANT) family of enzymes utilize ATP as a
cofactor to form a covalent linkage between adenosine monophosphate and a hydroxyl on the
aminoglycoside scaffold.*® The most clinically significant enzyme, ANT(2”)-1, is common among
Gram-negative species such as Pseudomonas aeruginosa and Acinetobacter baumannii; this
isoform provides high-level gentamicin resistance (Figure 1.15A).” An enzyme only found in

Gram-positive bacteria is the isoform ANT(4’)-1 that can phosphorylate either the 4’- or 4”-

hydroxyl groups of aminoglycosides (Figure 1.15B).”! This enzyme is found in over 30% of
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Staphylococcus strains, and contributes to the multi-drug resistance of methicillin resistant
Staphylococcus aureus (MRSA). ANT(4°)-11 was first seen in Pseudomonas aeruginosa but has
since been detected in other Gram-negative pathogens.”? Streptomycin is susceptible to action by
ANT(3”) and ANT(6) enzymes, while ANT(9) nucleotidylates spectinomycin.!

1.6.2. Modification of the Ribosomal Target

The highly conserved nature of the ribosome makes point mutations in the 16S rRNA a
rare occurrence. However, the point mutation A1408G provides complete resistance to 2-
deoxystreptamine aminoglycosides due to the loss of stabilizing interactions with helix 44.” Most
pathogens carry multiple copies of rRNA genes,’* making single point mutations clinically
irrelevant for antibiotic resistance; these single mutations are a more significant form of resistance
in mycobacteria which only carry single copies of rRNA genes.”

Ribosomal methyltransferases (RMTs)’® originate in aminoglycoside-producing
actinomycetes and encompass another mechanism of resistance by which the bacterial ribosome
undergoes modification. Producing organisms, among them actinomycetes and later the
gentamicin producing Micromonospora purpurea, host enzymes that provide self-sustainability in
the presence of their antimicrobial metabolites.””’”® In 2003, RMTs ArmA as well as the RmtA-D

" and K. pneumoniae.® Since this

family were discovered from plasmids in P. aeruginosa
discovery, ArmA and related RMTs that methylate N7 of G1405 have become globally
disseminated.®! By methylating this position, all 4,6-disubstituted aminoglycosides lose activity as
the introduced methyl group at N7 both electrostatically clashes with the 3”’-amine and creates

steric bulk to disfavor aminoglycoside binding; this RMT family does not provide resistance to

4,5-disubstituted aminoglycosides such as neomycin (Figure 1.16).
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Figure 1.16. (A) RMT resistance to 4,5-disubstituted aminoglycosides arises from NI-
methylation of base A1408 by NpmA. (B) 4,6-disubstituted aminoglycosides are susceptible to
both NpmA methylation of A1408 and also ArmA methylation at G1405.

A second family of RMTs methylates N1 of base A1408 in the aminoglycoside binding
site.®? These S-adenosyl-methionine cofactor-utilizing enzymes, NpmA or KamB, confer complete
resistance to all 2-deoxystreptamine aminoglycosides, 4,5- or 4,6-disubstituted as well as the
atypical aminoglycoside apramycin.

While still less common than AMEs as a mechanism of resistance, RMTs pose a
challenging threat of mobile genetic elements that provide high levels of resistance to the majority
of aminoglycosides seen in the clinic. Especially concerning, these genes®*** frequently coincide
with resistance elements to other classes of antibiotics. For example, the N7-G1405
methyltransferase ArmA is known to coincide on the same plasmid as New Delhi metallo-f-
lactamase 1 (NDM-1), which itself provides high levels of B-lactam resistance; the spread of
aminoglycoside RMT resistance will undoubtedly lead to surges in multi-drug resistant pathogens.
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1.6.3. Efflux Flux and Membrane Susceptibility Changes

Membrane permeability changes are one mechanism by which P. aeruginosa exhibits
aminoglycoside resistance.®® The two-component regulatory system PhoP-PhoQ confers structural
changes to the outer membrane lipopolysaccharide layer in response to polyamines®® or Mg?*
starvation,®’ leading to aminoglycoside resistance. In addition, the EDPI phase of aminoglycoside
uptake is restricted in response to electron-transport chain mutations®® as well as the repression of
respiratory pathways by nitric oxide production,®® which altogether slows aminoglycoside
threshold buildup leading to self-promoted uptake on the route to cell death.

Efflux is a significant contributor to aminoglycoside resistance that acts synergistically
with changes in outer membrane permeability, particularly with Gram-negative pathogens like

Pseudomonas aeruginosa.’® The resistance nodulation division (RND) family of transmembrane
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Figure 1.17. (A) Cryo-EM model and cross-section of the RND multidrug efflux system of E.
coli, AcrAB-TolC. (B) A schematic mechanism and outline for the AcrAB-TolC efflux system

(figures taken from reference 93).
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efflux enzymes are exclusively found in Gram-negative bacteria and have three components: the
RND membrane pump, a periplasmic membrane fusion protein (MFP), and an outer-membrane
factor (OMF).”1”? The extensive size of the pump allows transport of aminoglycosides from inside

the cell directly to the extracellular space (Figure 1.17).%3

RND pumps in aminoglycoside efflux
are distinct from those that export other antibiotics in which their binding pockets are far more
hydrophilic; the hydrophobic binding sites used to efflux other classes make aminoglycosides poor
substrates for these systems. Aminoglycoside efflux systems are named MexXY-OprM in
Pseudomonas aeruginosa, AcrAD-TolC in Escherichia coli, and AdeAB-AdeC in Acinetobacter

194

baumannii. These pumps become overexpressed in response to aminoglycoside treatment”™ and

are a common occurrence in multi-drug resistant pathogens.*°
1.6.4. Resistance Conclusions

Geographical location correlates with the expression and detection of many different
resistance phenotypes, and these mechanisms can occur together or in isolation.”> A summary of
the most common resistance genes for the ESKAPE pathogens is shown below (Table 1.2). The
most recently approved aminoglycoside, plazomicin (2018), was designed to overcome numerous
modes of AME resistance. However, future aminoglycoside development must overcome the

widely disseminated RMT mechanisms of resistance such as ArmA; plazomicin remains

susceptible to both N7-G1405 and N1-A1408 RMT resistance.
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Table 1.2. The most frequently occurring resistance phenotypes among ESKAPE pathogens.

Pathogen Most common resistance determinants

Enterococci’® APH(3”)-IlIa, AAC(6°)/APH(2”")

S. Aureus®’ AAC(6’)-Ie/APH(2”"), ANT(4’)-1a, APH(3)-11Ia

K. pneumoniae’® AAC(6’)-Ib, ANT(3”’)-Ia, ANT(2”)-Ia

Acinetobacter Efflux upregulation, AAC(3)-I, APH(3’)-VI, AAC(6’)-I, ANT(2”)-I,

spp.”%100 AAC(3)-11, ArmA

P. aeruginosa®-'*! Efflux upregulation, AAC(6°)-1I, ANT(2”")-1, chromosomal APH(3’)-
I, AAC(6°)-1, AAC(3)-I, ArmA

Enterobacteriaceae” | AAC(3)-1I, AAC(6°)-1, ANT(2”)-I, ArmA, AAC(3)-1

1.7. Toxicity of Aminoglycosides

From its early clinical development in the 1940s, streptomycin has readily observed
nephrotoxic and ototoxic events at higher doses.!®> These adverse effects are observed with
aminoglycosides of both natural and semisynthetic origin. Structure-toxicity relationships have

103104 and a lower number of amine groups'® as indicators of

correlated lower amine basicity
improved safety profiles. Due to natural similarity in the bacterial ribosomal with the human
counterparts, the toxicity of aminoglycosides can be attributed to off-target toxicity by inhibiting
mammalian cytosolic and mitochondrial ribosomes. Work by Prof. Erik C. Bottger has identified
the atypical aminoglycoside apramycin as having an improved safety profile on account of its
higher selectivity in bacterial ribosome binding.!% Semisynthetic analogs that have benefited

aminoglycoside selectivity and correlates with observed toxicity will be discussed further in

Chapter 2. While mechanisms of aminoglycoside toxicity are not fully characterized, the primary

107-109 110,111

side effects and relevant biochemical pathways for their nephrotoxicity and ototoxicity

will be discussed in the sections to follow.
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1.7.1. Aminoglycoside Nephrotoxicity

No metabolic transformations are performed on aminoglycosides; they are instead
processed by glomerular filtration through the urine.!'? Driven by the polycationic interaction of
aminoglycosides well extracellular phospholipids,'’* up to 5% of administered antibiotic is
absorbed by epithelial cells.!”” Myeloid bodies occur at the same time as lysosomal accumulation
of aminoglycosides and results in swelling.!"* The rupture of the lysosome releases both
aminoglycosides and hydrolase enzymes which disrupt cellular structure and downstream results
in apotosis.!?” Definitive targets leading to tubular necrosis are unknown, but this symptom at high
doses is the prerequisite for renal shutdown.

The ability of an aminoglycoside to disrupt membrane function is correlated with their
nephrotoxicity.! In general, 4,5-disubstituted aminoglycosides display the highest levels of
nephrotoxicity while 4,6-disubtituted members and streptomycin are more tolerated.!'!?

Perhaps the most significant breakthrough in aminoglycoside-induced nephrotoxicity was
advances in pharmacokinetic understanding for aminoglycosides. At clinically relevant
concentrations of aminoglycoside antimicrobial activity, kidney tubular cells displayed saturable
kinetics for aminoglycoside uptake.''® The antimicrobial activity was additionally correlated with
peak serum level, or “Cmax driven” efficacy, as opposed to length of high concentration exposure.

116

Additional animal models'"® and human pharmacokinetic studies indicated that gentamicin, when

administered once daily, had measurably lower kidney cell concentrations when distributed in
multiple doses or continuous infusions.!!” Once-daily dosing is now the accepted standard for
aminoglycoside treatment as it maintains serum drug levels lower than that required for binding to

tissue receptors. 1811
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1.7.2. Aminoglycoside Ototoxicity

Ototoxic events during aminoglycoside therapy are irreversible, unlike their nephrotoxic
counterparts; in some reports a permanent 30% loss of hearing has been described following
antibiotic treatment.''® Aminoglycoside ototoxicity generally occurs in two forms: cochlear hair
cell damage within the ear that results in hearing loss (Figure 1.18),!!'! or vestibular impairment
that is associated with dizziness.!'? Cochlear toxicity damages hearing across frequency ranges but
may not be detected early due to initial onset of hearing loss falling outside ranges generally tested.
New semisynthetic derivatives seek to circumvent the ototoxic effect of aminoglycosides be
improving the selectivity for the bacterial ribosome, and these will be discussed further in Chapter

2.

0 um 50
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Figure 1.18. (A) Microscopic examination of guinea pig inner hair cells (IHC) and outer hair
cells (OHC) layers following saline treatment for 14 days. The hair cells remain undamaged. (B)
Treatment of guinea pigs with gentamicin over 14 days reveals extensive damage to the IHC and

OHC layers. Figure taken from reference 127.

Aminoglycoside entry into the inner ear cells occurs minutes after administration.'?® The
half-life of aminoglycosides in the inner ear cells can exceed 30 days, far longer than the 3—5 hour

half-life serum concentrations.'?! Therefore, the effects of aminoglycoside damage can continue
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long past clearance from the bloodstream. The cochlear hair cells are the primary target of
aminoglycosides which become damaged upon treatment.!'” These cells are responsible for
auditory signal transmission as well as balance; these cells cannot be regenerated if damaged which
explains the irreversibility of aminoglycoside-induced hearing loss. Accumulation in the cochlear
hair cells is thought to result from aminoglycoside uptake through cation-sensitive
mechanotransducer channels.

Side effects are observed in up to 20% of patients following aminoglycoside treatment.
Ototoxic events are of far greater likelihood when patients have point mutations in the
mitochondrial 12S rRNA, specifically nucleotide 1555 (A1555G) or the less common C1494U
mutant.!?»! The change in the mammalian ribosome brings more structural similarity to the
bacterial ribosome, resulting in promoted aminoglycoside binding. Inhibition of mammalian
ribosomes is thought to result in aminoglycoside-associated ototoxicity. However, the mechanism
of hair cell death is not fully characterized. Aminoglycoside chelation with transition metals is a
known phenomenon and is also associated with increased free radical formation. The reactions of
aminoglycosides in cells are also thought to result in reactive oxygen species'?*; these effects are
consistently reduced in a guinea pig model'>> wherein chelating iron is concurrently dosed at the
same time as aminoglycosides. Gentamicin is known to promote the formation of radicals in the
presence of transition metals. Aminoglycoside dosing has been demonstrated to result in redox-
response pathways stimulating superoxide radical generation by NADPH oxidase.!?¢ Both the
inhibition of mitochondrial ribosomes and the interference with redox function are likely related

and important precursors in aminoglycoside ototoxicity pathways.
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Chapter 2. Overview of Aminoglycoside Semisynthesis: Semisynthetic Achievements and

Site-Selective Modifications



2.1 Semisynthesis of Aminoglycoside antibiotics — Historic Examples

Billions of years of evolutionary pressure have molded aminoglycoside antibiotics as
chemical weapons in an inter-species struggle for survival. Naturally, the properties that have made
these molecules effective within their microbial communities do not necessarily make them
suitable for use in humans to treat infection. Medicinal chemists have utilized these secondary
metabolites as starting materials in semisynthesis, the chemical modification of natural products
to create non-natural derivatives.! In this section, the semisynthesis of several aminoglycosides
approved for use in humans will be discussed as examples of success with the practice. In addition,
targeted modifications to different positions on the drug scaffold will be presented as strategies for
new aminoglycoside discovery. Comprehensive reviews of site-selective aminoglycoside
modification and related patents have been published previously,>* and this chapter will seek to
cover molecules that have achieved clinical success or provide early hints at the direction of next-
generation aminoglycoside development.

The first semisynthetic modification of aminoglycosides occurred just three years after the
isolation of  streptomycin, where a platinum-catalyzed hydrogenation afforded

dihydrostreptomycin*

that bared comparable antimicrobial activity while having improved
chemical stability (Figure 2.1); this drug was later found to have a different toxicological profile.’

Both streptomycin and dihydrostreptomycin continue to find clinical use or maintain utility in

veterinary medicine.
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Figure 2.1. Hydrogenation of streptomycin provided access to dihydrostreptomycin, an

aminoglycoside of improved chemical stability.

The dissemination of aminoglycoside modifying enzymes (AMEs, Chapter 1, section
1.6.1) led to interest in semisynthetic modification to remove the liabilities for covalent drug
inactivation.® Meiji-Seika of Japan developed dibekacin semisynthetically from kanamycin B

(Figure 2.2).” By deoxygenating at C3” and C4’, the susceptibility to APH(3’) and ANT(4) as the
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Figure 2.2. Semisynthesis of dibekacin from kanamycin B.
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most common AMEs was removed, at the cost of worsened toxicity.® Displaying activity against
Staphylocci and Pseudomonas, dibekacin launched worldwide except for the United States in
1975.°

Perhaps the most impactful semisynthetic discovery came with the isolation of butirosin,
which carries the (S)-4-amino-2-hydroxybutyryl (HABA) side chain.!® In comparison to
ribostamycin, which lacks the HABA chain, butirosin displays activity against Pseudomonas and
other strains which are resistant to ribostamycin and kanamycin.!! Scientists at Bristol-Myers

developed amikacin from kanamycin A in 1972 by appending this side chain over three steps

NHCbz

NH; o) NHCbz o] NH;
H,N H2N
H2N02 HZNOZ 1. OO Hoo2 ~ 2
NH, o H;m,NH2 S HO NH
o} o)

HO—N% —_— B
2. Pd, H
0 OH o OH i o OH
HO OH 45%, 2 steps HO OH 22%, 2 steps HO OH
NH, NH, NH;
kanamycin A amikacin
(1957) (1972)

Figure 2.3. Semisynthesis of amikacin from kanamycin A.

(Figure 2.3). Attachment of the HABA chain to amikacin provides protection from the C2’-
hydroxyl by steric shielding and similarly reduces susceptibility to the APH(3’) and AAC(3)
resistance phenotypes.!>!® This structural change with amikacin was also associated with an
alleviated nephrotoxicity relative to kanamycin.!*!> Process routes for aminoglycoside
development typically have similarly low yields and low step counts; the syntheses will typically
utilize regioselective strategies in amine functionalization that provide poor yields of desired
intermediates. X-ray crystallography displays the binding of the HABA chain in comparison to
other aminoglycosides provides two additional hydrogen bond contacts within the bacterial

ribosome, suggestive of an improved affinity (Figure 2.4).'®
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Figure 2.4. Crystal structures of amikacin (yellow, PDB: 8EV6) and kanamycin A (green, PDB:

8EV7). The HABA chain of amikacin reaches deeper into the helix 44 pocket and can gain

additional hydrogen bonding interactions.!¢

The success of amikacin led to the development of arbekacin as a second-generation
semisynthetic aminoglycoside.!” Developed in 1973 as an acylated derivative of dibekacin, the
synthesis of arbekacin occurs in five steps and utilizes a unique chelating agent to restrict the
reactivity of several amine groups (Figure 2.5).!%2° Arbekacin is comparably toxic to dibekacin®
and retains activity against Gram-positive species that express APH(3”), ANT(4”), ANT(4”), and
the bifunctional AAC(6°)/APH(2”") enzymes. Since its approval in Japan in 1990, arbekacin has
seen extensive use for the treatment of MRSA infections.®

Acylated aminoglycosides were continuously explored as seen with the advancement of
isepamicin as a semisynthetic analog of gentamicin B (Figure 2.6).2° Proceeding in four steps, the
semisynthesis also suffers from low yields due to acylation regioselectivity issues. Introduction of
a propionic aminoalcohol side chain with isepamicin improved its activity against ANT(2”’)-

42



HoN
Smmb Zn(OAc), O, FsC” “OEt O,
? OH 85% Q OH 95% ? OH
HOXC OH HoXC OH HOXS OH

NH, NH, _<NH
CF3
o
dibekacin
(1971) NHCbz

(o]
O
HO N
o
(6]

(o]

NH;
o]
NHCbz
5 ‘ﬁ HoN (o] NH,
HO )\\/\/ o
NHCbz o NHCbz
CbzHN

HO NH = (0]

H NH =

o OH Pd, H, 0 y NH; °© % OH
OH -— HO NH = -—

HOXS OH o OH 0 OH
NH 74%, 3 steps OH HO OH

2 o NH

HO OH
NH, CF3—<

arbekacin
(1972)

Figure 2.5. The semisynthetic aminoglycoside dibekacin, derived from kanamycin B, is used as
starting material in the 5-step synthesis of arbekacin.
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Figure 2.6. The first semisynthetic derivative of gentamicin, isepamicin, was prepared by a 4-
step sequence in 1978.
expressing strains, although isepamicin is not as effective as gentamicin complex against
Pseudomonas.*® With lower observed toxicity than gentamicin complex, isepamicin gained
Japanese approval in 1988.%!

In 1976, alkylation of sisomicin by reductive amination yielded netilmicin, which later

became approved globally in 1985 (Figure 2.7).° In an optimized procedure making use of
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Figure 2.7. The synthesis of netilmicin from sisomicin proceeds via a selective 3-step synthesis
in 57% yield. A direct reductive amination at the Cl-amine provides netilmicin but only in a

reduced 25% yield.

chelation chemistry to selectively acetylate three of the five amines, the synthesis of netilmicin
from sisomicin proceeds in three steps and 57% yield.?>?* Despite early indications in animal
models of reduced toxicity, later studies in humans display comparable toxicity profiles to past
aminoglycoside antibiotics.®

The most recently approved member of the aminoglycoside class would not arrive for three
more decades until the approval on plazomicin in 2018 (Figure 2.8). Plazomicin was developed by
Achaogen to combat widespread resistance to fluoroquinolone and carbapenem antibiotics in
Gram-negative bacteria; resistance to amikacin developed within ten years of its introduction
which furthered the need for Gram-negative active compounds.?®> Plazomicin is synthesized in 7
steps from sisomicin in 0.16% overall yield due to costly HPLC purifications and regioselection
challenges.?®?’ The critical advancement for plazomicin is the introduction of the hydroxyethyl
group at the C6’-amine by reductive amination. Alkylation at the C6’-amine protects against the
AAC(6’) and AAC(6°)/APH(2") resistance phenotypes which would normally cripple many 4,6-

disubstituted aminoglycosides.?® Coupled with the HABA side chain, plazomicin retains activity
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Figure 2.8. Plazomicin is prepared from sisomicin in 7 steps and 0.16% overall yield. Plazomicin

was approved for cUTI and other systemic infections lacking other treatment options in 2018.

against the majority of aminoglycoside modifying enzymes, with the notable exception in the
uncommon AAC(2’) phenotype; this enzyme is normally found chromosomally encoded in P
stuartii.*®* Plazomicin displays a superior spectrum of activity when compared against all other
approved aminoglycosides. However, like all 4,6-disubstituted aminoglycosides, plazomicin
succumbs to expression of G1405 ribosomal methyltransferases such as ArmA; it also does not
overcome the N1-A1408 methylation caused by NpmA..27?%3% Promising toxicity studies’! led to
plazomicin’s FDA approval in 2018 for complicated urinary tract infections or infections with few
available treatment options.

The work of Prof. David Crich has elucidated the individual activities of gentamicin

components via semisynthesis (Figure 2.9).>>3* While gentamicin complex is typically depicted
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as its primary component, gentamicin Cla, commercial gentamicin is a mixture of several
aminoglycoside natural products not adequately resolved in the production process. Starting from
sisomicin, they accessed multiple gentamicin congeners that display various methylation patterns
on ring I and determined the individual antiribosomal and antimicrobial activities. Unsurprisingly,

gentamicin Cla was the most active congener but was unique in its low ototoxicity risk as
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Figure 2.9. Gentamicin components may be individually prepared from sisomicin by
semisynthesis. Gentamicin X2 was also accessed but is not depicted on account of its comparably

poor antiribosomal activity.
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determined by mitochondrial ribosome inhibition. The individual components also displayed
different susceptibility to AAC(6”) phenotypes and all lost activity against AAC(3). When coupled
with the minor differences in activity and humanized ribosome inhibition, they determined that
there was little need for improved resolution of gentamicin components and the mixtures currently
obtained by fermentation would remain acceptable dosage forms.

2.2 Ring I Modification

The glucosamine or purpurosamine unit that constitutes ring I of most 2-deoxystreptamine
aminoglycosides has been heavily explored by semisynthesis in pursuit of new antibiotics. The
exploration is driven in part by the wide array of AME:s that target ring I by acetylation of the C6’-
and C2’-amines or by modification of the C3’- and C4’-hydroxyls. Clinically, the major
advancements of semisynthesis have been seen in the dideoxygenation of the glucosamine residue
in the production of dibekacin which overcame APH(3’) and ANT(4’) resistance. The
advancement of plazomicin highlights the potential in C6’-amine alkylation to circumvent
AAC(6’) resistance.

Crich and co. believed ribosomal target selectivity would be a guiding factor in the
development of next-generation aminoglycoside antibiotics without ototoxic side effects. To better
understand aminoglycoside ribosome selectivity, the collaboration developed humanized hybrid
ribosomes for E. coli to mimic the mammalian cytosolic, mitochondrial, and deafness-sensitivity
mutant mitochondrial (A1555G) ribosomes.>*> Semisynthetic access to 4°,6’-acetals as well as 4°-
O-ethers of paromomycin revealed markedly improved bacterial ribosome selectivity (Figure
2.10A). The 4’-O-ethyl derivative showed promising activity with little inhibitory activity for

human-type ribosomes and indicated C4’ as an exciting avenue for aminoglycoside development.

47



OH OH

—0
AT " TR
HaN HoN HO HoN
HO o] NH, —— HO o] NH; HO o] NH;
o on > o OH + o OH
H,N OH HoN OH HoN oH
2 \?Q?\o OH 2 070 OH 2 070 OH
HO  NH, HO  NH, OH NH,

paromomycin paromomycin 4',6'-acetals

% on
HO HO OH
Hg% H,N HO\E?\O O,
HaN Ref. 36 HO H,N
HO Om’NHz —_— H2N &
OH fo) NH,

o —_— HO
H,N OH
9]

HO  NH,

paromomycin
paromomycin 4'-O-glycosides

Figure 2.10. (A) Paromomycin ethers and acetals were prepared by Crich and evaluated for
ribosomal inhibitory activity. (B) Later studies showed 4’-glycosylation of the paromomycin

scaffold to also provide improved ribosomal selectivity.

The utility of hybridized ribosomes to assess aminoglycoside selectivity paved the way for
the synthesis of paromomycin 4’-O-glycoside products.’® Regioselective reduction of the
perbenzylated-perazidated acetal of paromomycin to unveil to C4’-hydroxyl facilitated an
exhausted survey of glycosylated products (Figure 2.10B). These pseudopentasaccharides
displayed modest activity against ESKAPE pathogens, and the ribosomal inhibition data
established strong links between inhibitory activity with in vitro MIC data. Aminoglycoside 4°-O-
glycosylation prevented action by the ANT(4’) resistance determinant in MRSA and E. coli, but
this modification did not rescue against APH(3’) resistance.

Extension of the 4’-O-alkylation strategy to overcome aminoglycoside ribosomal

selectivity was performed by Crich and co. for both the 4,5- and 4,6-disubstituted aminoglycoside
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antibacterial activity.’

families. In the kanamycin family, alkylation at the C4’-hydroxyl resulted in significant losses in
antimicrobial activity, except in the case of kanamycin B having two amines on ring I at C2’ and
C6’ (Figure 2.11).3” For kanamycin B, C4’-alkylation resulted in only minor losses in activity for
the bacterial ribosome, and all analogs lost some potency in MIC assays against E. coli when
compared to the parent natural product. Benzylidene acetal formation resulted in significant
declines in activity for the kanamycin family. Kanamycin B 4’-O-alkylation did not result in
improved selectivity for the bacterial ribosome and these analogs were not pursued further;
however, these modifications rescued the scaffold from AMEs that target the C4’-hydroxyl.

In the neomycin series, 4’-O-alkylation provided protection against the widespread AMEs
that covalently modify this position and rescues neomycin from their activity (Figure 2.12).% This
series did not overcome modifications to the APH(3’) resistance phenotype, while the 4,5-
disubstituted aminoglycosides from this work remained active against strains carrying AAC(3) and

AAC(2’) resistance. While di-functionalizations between the C6’-amine and other positions were
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deleterious to antibacterial potency, 6’-N-hydroxyethyl modified neomycins were rescued from
AAC(6’) resistance phenotypes. Additionally, this modification provided noticeable increases in
selectivity for bacterial over mammalian ribosomes, suggestive of a reduced toxicity risk.

Crich and Bottger expanded their work on 4’-O-alkylated 4,5-disubstituted
aminoglycosides to the synthesis of bicyclic ring I analogs mimicking the structure of apramycin,>’

an atypical aminoglycoside with uniquely selective bacterial ribosome binding (Figure 2.13).

Gratifyingly, a bicyclic paromomycin analog displayed comparable activity to its parent against
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Figure 2.13. Inspired by the bicyclic ring II of apramycin (blue), Crich prepared bicyclic

paromomycin analogs with improved bacterial ribosome selectivity.*’

MRSA and E. coli while retaining activity against the ANT(4”), APH(3”), and AAC(6’) resistance
determinants. The enhanced rigidity imparted to the structure in the bicycle favors the native

ribosomal interaction to improve antiribosomal activity. Additionally, these modifications
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increased selectivity for the bacterial ribosome as compared to eukaryotic mitochondrial and
cytosolic ribosomes and was expected to have a greater therapeutic index. Bicyclized analogs were
later shown to be sensitive to ring size when imparting conformational rigidity.*°

Alkylation of the 2’-amine has previously been investigated as a strategy to overcome
ribosomal selectivity limitations and improve activity against aminoglycoside modifying enzymes
in 4,5-disubstituted aminoglycosides (Figure 2.14).*! While in neomycin, several manipulations of
both N-alkylation or deletion were tolerated, paromomycin and ribostamycin analogs suffered in
their antiribosomal activity due to loss of a critical basic amine and disruption of the hydrogen
bond network with ring III. Conformationally restricted analogs that had been described similarly
suffered in their activity.*> While the 2’-N-alkylation is tolerated with more than five basic primary
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Figure 2.14. 2°-N-alkylated aminoglycosides reduced the activity of AAC(2’) against the 4,5-
disubstituted scaffold. However, this modification was only useful when a requisite number of
amines elsewhere in the structure provided tolerable binding affinity changes with 2’-

modification.*!

amines in the parent structure, these modifications are highly deleterious to activity in the absence
of the five suitably oriented primary amines elsewhere in the structure. This modification provided
modest increases in selectivity, indicating the neomycin functionalization at the C2’-amine may

provide a definitive strategy to overcome AAC(2’) resistance while simultaneously reducing the
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toxicological risk. One rationalization for the observed increase in ribosomal selectivity is
attributed to the subtle increase in binding through the C4’-C-H stacking interaction with the
ribonucleobase at position 1491 in a CH-= interaction.

Ricci and colleagues evaluated the N/-methanesulfonylated sisomicin (N1MS) analog for
antimicrobial activity and ototoxic potential (Figure 2.15).* Sulfonylation at this position

significantly reduced the total charge of this 4,6-disubstiuted aminoglycoside and resulted in a
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Figure 2.15. Sulfonylation of sisomicin provides analogs with significantly reduced ototoxic
potential.

rescue of cochlear hair cells in vivo. This modification was additionally associated with minimal
loss of antibiotic activity. Larger sulfonyl groups and bis-sulfonylation were less tolerated,
although all modifications reduced the ototoxic potential. N1IMS was as much as 17-fold less toxic
than sisomicin and thought to lower absorption through cochlear mechanoelectrical transducer
channels due to the increased molecular size and reduced charge.

A significant development in the 4,5-disubstituted aminoglycosides was made with the
synthesis of propylamycin by Crich (Figure 2.16).** Replacement of the C4’-hydroxyl with a
propyl or ethylthio moiety reduced the susceptibility to ANT(4”) and APH(3’) resistance while
retaining antimicrobial activity. These modifications furthermore rescued cochlear hair cells in an

in vivo guinea pig model and displayed lowered ototoxicity risk when compared to gentamicin.
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Figure 2.16. The semisynthetic aminoglycoside propylamycin was prepared from paromomycin

and has reduced ototoxicity in vivo.**

The synthesis of propylamycin proceeded in 10 steps and 11% overall yield on a 100-gram scale.
Additional analogs derivatized at the C5”’-hydroxyl were later explored to overcome APH(3’)
modification of the ribosyl 5”-hydroxyl but displayed a worsened ribosomal selectivity.*
Deoxygenation of propylamycin at the 3’-position showed no improvement relative to
propylamycin and thus 4’-propylation was sufficient for inhibiting the action of AMEs targeting
C3.

A collection of work by Hanessian demonstrated the ability to selectively deoxygenate ring
I at C3’ in 4,5-disubstituted aminoglycosides under palladium catalysis.***® By functionally
creating a neomycin-sisomicin hybrid (Figure 2.17),* the new analog displayed >32-fold
improvement in activity against Pseudomonas with a chromosomal aph(3’) gene and

Staphylococcus aureus expressing ANT(4’) as compared to neomycin. The analogous
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Figure 2.17. Hanessian and co. describe the evolution of paromomycin to a structurally

hybridized analog across several publications.*®

transformation to yield a paromomycin (C6’-hydroxyl) variant suffered in its baseline activity
against E. coli and K. pneumoniae.
2.3 Ring Il Modification

The core motif that is present in aminoglycosides, 2-deoxystreptamine, is generally
glycosylated at C4 and either C5 or C6 to yield the current arsenal of natural products with clinical
relevance.*” Given the dense functionalization about this cyclohexane, little effort has been made
to further functionalize this ring; The chemistry that has been explored has been fruitless except
N1 acylation (e.g. HABA chain) shielding against AAC(3) isoforms. Conversely, direct
modification of the C3-amine is known to cause significant decreases in activity due to the loss of
critical binding contacts in the bacterial ribosome.*°

Hanessian provided a survey of modified HABA chains appended to neomycin when trying
to reduce toxicity (Figure 2.18).°! Introduction of B,B-difluorination to the HABA chain resulted
in a marked decrease in liver toxicity.”> When combined with the concurrent modifications through
the synthesis to dideoxygenation both ring I and ring IV, these analogs retained activity against
multiple resistance enzymes and present a new potential for semisynthetic aminoglycoside

development. Difluorination of the HABA chain is hypothesized to reduce the basicity and charge
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Figure 2.18. Hanessian and co. prepare neomycin derivatives with fluorinated HABA chains.

The difluorinated analog shown displayed significantly reduced kidney toxicity in vitro.>?

of structural amines, a factor that is correlated with toxicological risk as seen with the improved
toxicity of NIMS.

Aside from HABA introduction, the non-glycosylated hydroxyls have been explored for
both inversion, fluorination, and deletion as possible aminoglycoside analogs. The discovery team
at Meiji-Seika developed access to 5-epi-arbekacin and the 6’-N-methylated analog.**™° In

combination with the HABA chain, these modifications enabled the arbekacin scaffold to

overcome MRSA expressing ANT(4’) and the bifunctional AAC(6’)-APH(2”’)-Ib enzymes.
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Figure 2.19. The team of Ikeda at Meiji Seika prepared 6’-N-methyl-5-epi-arbekacin by a 10-
step semisynthesis from arbekacin. Later studies would lead to the discovery of diepimeric

analogs such as TS2307 (not depicted) and its 6’-N-methylated congener.’>>*
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Importantly, 6’-amine methylation was necessary to overcome the AAC(6’) phenotype analogous
to the gentamicin or plazomicin scaffold, and displayed improved activity against Pseudomonas
relative to arbekacin. While analog chemistry for accessing the 5-epi-arbekacin analogs allowed
invertive halogenation to occur, the 5-epi-halo derivatives possessed lowered antimicrobial
activity.

2.4 Ring III & IV modification

Changes to ring III for the kanamycin family of 4,6-disubstituted aminoglycosides resulted
in significant losses of antiribosomal activity for ring III benzylidene acetal products (see Figure
2.11).37 Alternatively, 4°-O-ethers of kanamycin B showed few losses in their ability to inhibit
translation, as well as minimal losses in antimicrobial activity; however, these were associated
with negligible changes to ribosomal selectivity. Unlike C4’-modified analogs, modification to
ring III by benzylidene acetalization or alkylation at C4”* did not rescue kanamycin B from AME
resistance. Comparable observations that C4’-modification may yield improved aminoglycosides
were noted by the Chang laboratory using a glycodiversification approach.>® The replacement of
ring III in 4,6-disubstituted aminoglycosides with alkylamine chains is known to serve as
acceptable surrogates based on the antimicrobial activity of these products.®’

The work of Ikeda on novel arbekacin derivatives led to investigation of doubly epimeric
analogs to overcome the remaining AMEs AAC(6’)-APH(2”) and ANT(4°).>* In previously
showing that 5-epi-arbekacin derivatives displayed increased stability towards these phenotypes,
they prepared 5,4”-diepi-arbekacin as well as 6’-N-methylated analogs and found they displayed
enhanced activity towards these resistance phenotypes (Figure 2.19). Both the diepi- and diepi-6’-
N-methylated analogs showed comparable activity to arbekacin against S.aureus, E. coli, and P.

aeruginosa. Both analogs displayed improved MICs when compared to arbekacin against MRSA
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expressing ANT(4’) and the bifunctional AAC(6’)-APH(2”) enzyme. Additionally, the N-
methylated derivative gained substantial activity against Pseudomonas expressing the AAC(6°)-Ib
isoform; together these results indicate doubly-epimeric aminoglycosides, including an epimerized
stereocenter on ring III, as viable strategies to overcome AME resistance phenotypes. The
culmination of these studies was found in the Meiji-Seika compound TS2037 that was evaluated
in vivo.>> In a MRSA infection model, TS2037 proved more effective by EDso than those of
arbekacin, gentamicin, vancomycin, or linezolid. In both susceptible and resistance P. aeruginosa
infection models, TS2037 displayed greater efficacy than tobramycin, arbekacin, or gentamicin.
In a N-acetyl-B-glucosaminidase (NAG) assay for kidney tubular cell stability, TS2037 led to
increased release of NAG suggesting greater nephrotoxicity risk that may be offset by an
adjustment in dosing consistent with its improved spectrum of activity. As of now TS2037 remains
investigational.

In the 4,5-disubstituted aminoglycosides, the analogous modifications to ring IV as the
C6’-amine functionalization described earlier (see Figure 2.12) provided modest changes to
ribosomal selectivity patterns; ring IV modifications to neomycin and paromomycin are consistent

with the hypothesis that ring IV serves primarily as a cationic anchor in the bacterial ribosome.>

CHs L
HO—
HOO N Ref. 59-60 O~ TN L HN
NH 25"
HO 2 o) OH
o} HsC
0
Hokﬂrcm OH OH
CHoHN
Geneticin Exaluren

Figure 2.20. The natural product geneticin was converted into the experimental stop codon-

readthrough therapeutic Exaluren and is designed to target mammalian cytosolic ribosomes.
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This has been further established in prior work from Chi-Huey Wong, wherein replacement of the
neomycin ring IV with alkyl diamine chains results in reduced ribosomal binding while retaining
antibiotic efficacy.’® Modifications to ring III in this series have significant implications for
ribosomal selectivity. ELX-02 (Exaluren) is a specifically engineered aminoglycoside designed to
selectively target mammalian cytosolic ribosomes (Figure 2.20).%%" The chiral secondary alcohol
positioned at C6’ on ring I alongside a 5°’-amine moiety enhances the mammalian ribosome codon
readthrough with implications for treating premature stop codon diseases such as cystic fibrosis.
The other position of interest in the ring III subunit of 4,5-disubstituted aminoglycosides, C2”,
which was selectively probed by Hanessian through an arsenal of C2’’-O-ether paromomycin
analogs.®! The alkylated ring 111 ethers displayed comparable MIC values to paromomycin against
E. coliand S. aureus. These compounds additionally displayed an alternative ring III binding mode

based on X-ray crystallography.

apramycin R’O OH

apralogs

Figure 2.21. Multiple groups have targeted the apramycin scaffold for modification to overcome

both aminoglycoside resistance and ototoxicity.

Research from both Crich and Fridman shows that ribosylation can improve activity and
ribosomal target selectivity for apramycin derivatives (Figure 2.21).5%% Prior work from Fridman
provided proof of concept that ribosylation of the C5-hydroxyl of neamine derivatives improves

the preference for prokaryotic ribosome inhibition, while the 4,6-disubstituted aminoglycosides
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suffered from additional glycosylations at C5.%* The “apralogs” developed by Crich specifically
gained some resistance to action by the AAC(3)-IV resistance determinant, one of the only AME
isoforms problematic for the apramycin parent scaffold. Lead compounds from this study were
advanced to in vivo studies that demonstrated superior activity compared to the parent in a mice
thigh infection model; ex vivo studies with mouse cochlear explants revealed a reduced risk of
ototoxicity as predicted by ribosomal target selectivity.

Due to the improved toxicological profile of the atypical aminoglycoside apramycin,
another synthetic campaign focused on this subfamily for semisynthetic discovery campaigns.
Otsuka and colleagues described the modification of aprosamine from which several analogs
showed improved activity compared to apramycin against carbapenem-resistant
Enterobacteriacea, MRSA, and vancomycin-resistant enterococci.® The most promising members
within this series featured deoxygenation at C5 of 2-deoxystreptamine or further appending of the
HABA chain to ring I to shield against AAC(3) resistance.

2.5 Summary

A majority of aminoglycoside semisynthetic modifications have involved the removal or
shielding of groups functionalized by AMEs on the neamine core; this is accomplished by
dideoxygenation of 3°,4’-diol, 6’-N-methylation, and N/-acylation. In light of the semisynthetic
accomplishments of plazomicin, recent research programs have shifted focus towards new
aminoglycosides that both overcome multiple resistance determinants, especially G1405
methyltransferase phenotypes, and simultaneously display reduced ototoxic potential. Despite
these semisynthetic precedents, no new clinical candidate has advanced that overcomes NpmA

resistance.
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Chapter 3. Fully Synthetic 2-Deoxystreptamine: Historic Syntheses and Efforts Towards a

Next-Generation Route



3.1 Introduction
At the core of all aminoglycoside antibiotics is an aminocyclitol subunit, usually 2-
deoxystreptamine, which is appended with glycosides to form the antibiotic structure (Figure 3.1,
blue)."? The conservation of 2-deoxystreptamine across aminoglycoside subfamilies is indicative
of its role in affinity for the bacterial ribosome; minor changes to 2-deoxystreptamine can have
significant impact on both the toxicology and activity of analogs. Perhaps the most critical
semisynthetic discovery was the introduction of the (S)-4-amino-2-hydroxybutyramide (HABA)
side chain at the C1 amine of 2-deoxystreptamine; attachment of the HABA chain to the C1 amine
of kanamycin A results in the superior clinical agent amikacin. The HABA side chain was also
introduced in the development of arbekacin and the most recently approved member of the
aminoglycoside class, plazomicin. While several other modifications to 2-deoxystreptamine have
been explored, none have been as fruitful as the HABA chain for activity and protection again
modifying enzymes. An ideal synthesis of 2-deoxystreptamine would necessarily permit selective
incorporation of the HABA chain so as to provide resistance to activity of AAC(3) isoforms.>*
Modifications at the C3 amine have historically been detrimental to activity and have thus not

been explored for overcoming AAC(3) resistance.’

/)OH
NH, NHZ NH2
HO 0 HO
HO H,N HO
H,N

NH,
kanamycin A amikacin arbekacin plazomicin
(1957) (1972) (1972) (2018)

Figure 3.1. AGAs with 2-deoxystreptamine (blue) and some clinically relevant antibiotics with

the C1 amine HABA side chain.
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3.2 Syntheses of 2-deoxystreptamine

Derived biosynthetically from glucose-6-phosphate, 2-deoxystreptamine is meso in its
native form, which brings forward the synthetic question of strategy for inducing asymmetry.
Because of this, 2-deoxystreptamine for biological and synthetic studies typically originates from
semisynthetic degradation of aminoglycoside natural products. Select examples exist to prepare 2-
deoxystreptamine by de novo methods that do not originate from carbohydrates and will be
discussed, including a total synthesis developed within the Myers laboratory.

3.2.1 Methods for resolution of meso 2-deoxystreptamine

Degradation of natural products has been a ubiquitous source of the individual
carbohydrate and 2-deoxystreptamine subunits in the discovery of new aminoglycoside antibiotics.
As 2-deoxystreptamine is itself meso when not conjugated to additional carbohydrates, several
strategies for the resolution of 2-deoxystreptamine in protected form have been explored
previously (Figure 3.2).

Prolific in the aminoglycoside research area, the group of Professor Chi-Huey Wong
disclosed two separate enzymatic methods for resolution of meso 2-deoxystreptamine.®’ In the
first, 2-deoxystreptamine was selectively alloc protected at the C3-amine by action of the protease
subtilisin BPN’, giving triol 1 in 76% yield and 99% ee (Figure 3.2A). The second utilized the
diazido-triacetate of 2-deoxystreptamine 2 in a regioselective hydrolysis by the Candida antarctica
lipase, providing alcohol 3 in 71% yield (Figure 3.2B). Prinzbach described the reaction of the E.
coli penicillin amidase promoting hydrolysis of amide 4; following global acetylation the
acetamide 5 was obtained in 76% yield over two steps with 97% ee.® The Wong group also

disclosed a chemical method for resolving 2-deoxystreptamine derivative 6.° A chiral dipyran

67



0

A AIIyIO)l\OAIIyI
HoN NH, subfilisin BPN' AllocHN NH,
HO™ ™ “oH 76%, 99% ee HO™ ™y oH
OH OH
1
B )
N3 N3 Candida antarctica lipase N3 N3
AcO™ “'OAc 71% HO™ “'OAc
OAc OAc
2 3
C H H - . H
Bn\n/N N\n/Bn 1. Penicillin amidase AcHN N\n’Bn
o) \\Q’ o 2.Ac,0 e N o
HO OH OH 76%, 2 steps, 97% ee ¢ OAc OAc
4 5
b N3 N3 N3 N3
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Figure 3.2. Select examples for resolution of meso 2-deoxystreptamine. (A) Aminotriol 1 can be
accessed from 2-deoxystreptamine by the protease subtilisin BPN’. (B) The Candida antarctica
lipase selectively hydrolyzes triacetate 2 to give 3. (C) Penicillin amidase can differentiate the

two amides of 4. (D) Triol 6 can be resolved following protection as the bis-spiroketal 7.

would selectively protect the C5 and C6 hydroxyl as spiroketals in the presence of
camphorsulfonic acid, giving 7 in 50% yield following an acetylation. These methods demonstrate
that resolution of 2-deoxystreptamine has been a rich resource for the preparation of new
aminoglycoside antibiotics, despite the inability to conveniently modify the cyclohexane

scaffold.'®
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3.2.2 Racemic and asymmetric syntheses of protected 2-deoxystreptamine

The unique aminocyclitol motif 2-deoxystreptamine has been an inspiration for synthetic
chemists since its structure was elucidated.!! While most syntheses (many outlined in reference 1)
begin with carbohydrate!? or highly oxygenated cyclohexanes'® such as myo-inositol, a handful of
syntheses prepare 2-deoxystreptamine via de novo synthetic design. Two groundbreaking
syntheses are described in Figure 3.3; Dijkstra reported in 1968 that dinitroarene 8 could be fully
hydrogenated to give all-cis 1,3-diamino-4,5,6-trihydroxycyclohexane (Figure 3.3A).!

Acetylation produced diacetamide 9 in 39% over the 2 steps. Subsequent oxidations mediated by

0, 1.Rh/Pt, H2 AcHN NHAc 1. Pt02 0, AcHN NHAc 1. Pt02 0, AcHN NHAG
: ; 2. AczO : ; : 2. Na( Hg ; : 2. Na( Hg HOW “'OH

39%, 2 steps 54%, 2 steps 54%, 2 steps OH
1
HN—NH
1. NBS, AIBN - 1. Et4NOAc . NoHg Raney Ni
O\\O — s 0o Jo — 5 ] Jo—— [ ] ——> 2p0s
2. H,0,, TFA Y 2. NH,4 HOY “OH  80%, 2 steps
64%, 2 steps Br 91%, 2 steps OH OH
13 14 15

Figure 3.3. Two approaches to synthetic 2-deoxystreptamine. (A) Dijkstra approach featuring
global hydrogenation of dinitropyrogallol 8. (B) Prinzbach approach demonstrating a double
epoxide opening of 14.
platinum (IV) oxide and oxygen followed by a sodium amalgam reduction inverted one of the
hydroxyl stereocenters, giving 10. Repeating this sequence inverted the hydroxyl opposite on the
ring, providing 11.

An intuitive disconnection for 2-deoxystreptamine can be made from sequential additions
to epoxides by amines to set the relative trans relationships with the adjacent hydroxyls. This was
the approach of Prinzbach in 1975 where the epoxide 12 from 1,4-cyclohexadiene was first

converted to an allylic bromide and oxidized once more to give bisepoxide 13 (Figure 3.3B)."° A
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substitution reaction by tetracthylammonium acetate followed by aminolysis of the intermediate
acetate ester yielded alcohol 14 in 91% for the two step sequence. Finally, the epoxide additions
were realized in tandem via the addition of hydrazine, forming an intermediate bicycle 15 that was
reduced with Raney nickel to give 2-deoxystreptamine.

Van Delft and colleagues have disclosed two separate syntheses of 2-deoxystreptamine
which utilized non-carbohydrate building blocks.!®!” The first of which was a racemic approach
that began with the Diels-Alder adduct of cyclopentadiene and p-benzoquinone 16 (Figure 3.4).'8
19,20

Two sequential reductions furnished intermediate 17, first reported by Takano and Ogasawara.

Nucleophilic epoxidation and Luche reduction provided alcohol 18, which then underwent retro-

1. NaBH,4 QTBS
CeCI3 1. H20, 1.FVT A
EC@ ECO o
2. PdCIz(dppf 2. NaBH, 2. TBSCI
NH,CO,H CeCly 71%, 2 steps 19
56%, 2 steps 17 39%, 2 steps 18
1. NaNj
2. mCPBA
3. Yb(OTf)3, NaN;
EtN

48%, 3 steps

HOW “OH
OTBS
20

Figure 3.4. Racemic van Delft synthesis of meso diazide 20.

Diels-Alder by flash vacuum thermolysis and hydroxyl silylation to afford alkene 19. A three-step
sequence furnished meso 2-deoxystreptamine analog 20: azide opening of the epoxide, epoxidation
using meta-chloroperbenzoic acid, and finally a lewis-acid promoted addition of sodium azide.
Overall, this synthesis proceeded in nine steps and 7% yield of 20 from 16.

A second, asymmetric synthesis was later disclosed which utilized allylglycine derivative

21 (Figure 3.5).!7 Addition of 2-lithiothiazole followed by diastereoselective reduction with
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Figure 3.5. Asymmteric van Delft synthesis of 2-deoxystreptamine building block 25 from
allylglycine derivative 21.

sodium borohydride provided an intermediate benzylic alcohol. Benzyl ether formation and p-
methoxybenzyl amine deprotection by ceric ammonium nitrate provided carbamate 22 in 54%
yield over the 4 steps. Activation of the thiazole with methyl trifluoromethanesulfonate generated
an imidazolium that was then reduced to provide aldehyde 23 in 83% yield over 3 steps. Grignard
addition and ring-closing metathesis by Grubbs Il gave a cyclohexene, whose silylation with
TBSCI gave silyl ether 24. To complete the synthesis of 25, dihydroxylation of 24 followed by the
treatment with thionyl chloride and an additional oxidation generated a cyclic sulfate intermediate.
Cyclic sulfates are proposed to have better selectivity in the final step, azidation by treatment with
lithium azide, ultimately giving 25 in 7% yield over 14 steps from 21.

As part of a synthetic program to develop fully synthetic aminoglycoside antibiotics, Dr.
Fan Liu developed a first-generation synthesis of orthogonally protected 2-deoxystreptamine
suitable to use in the preparation of gentamicin derivatives for her thesis project in the Myers group

(Figure 3.6).2! Critical to the success of this synthesis was the development of an intramolecular

71



A O

(0] (o]
H3C
HO. OCHs (CH3CO)z, C(OCHa)3 Ha CC:;I' Oj)LOCH;,v CeCI3 NaBH,
. n H " y H
© OCHj3 CSA, CH30H HaCry ., LOCHj t-BuLi 3CO 60% dr > 20:1 3CO o

HO 759G, 64% noed o7 73% 30-- OCH3 H3c-- OCH;

0 ? 0 HyCO

26 27

OEt
1. CH30ONH+HCI,

1. DIBAL H,-78°C CH3OH, 65°C
PhCOzH DIAD . Co- OBz H3CO' 3 H3co--
Pphs THE 3C' OCH; 2 PMBZNH HaCrs 2. LiAlHg, NaOCH3 HaClyN v
25°C. 78% HiCO Yb(OTf)3 HaCO ~78°C t0 60 °C H,CO

CH3CN, 0°C N(PMB), N(P'V'B
dr > 20:1 3. TfN3, CuSOy4
Toluene, H,0 on‘hogonal/y protected
58%, 3 steps 2-deoxystreptamine

OH NH, ring |
NO, HsC o z N OCbz o]
o HaCOm 3 mc—&&wsph —_— L] N ring Il
2
éﬁwsph HSCU BN - N,
c

HO
N HsCO HaC OBn Y

N(PMB), ring Il
33 32 34 HONS CHs
ring | ring Il ring Il CH3HNOH

gentamicin C1a

Figure 3.6. (A) Dr. Fan Liu's synthesis of 2-deoxystreptamine and the preparation of fully

synthetic gentamicin Cla. (B) Components used in the synthesis of gentamicin Cla.

Mannich reaction which proceeded with high diastereoselectivity (>20:1), attributable to the fusion
to the butanediacetal (BDA) protecting group. Fan’s synthesis began with the BDA protection of
(+)-dimethy] tartate 26 to give diketal 27. Mono-addition of lithiated ethyl vinyl ether produced an
a-alkoxy enone 28, which was diastereoselectively reduced under Luche conditions to provide
allylic alcohol 29. However, the so obtained incorrect diastereomer necessitated a Mitsunobu
inversion with benzoic acid to generate diester 30. The diester 30 was then reduced with DIBAL-
H, and intramolecular Mannich reaction was achieved with a combination of bis-para-
methoxybenzyl amine and ytterbium (III) triflate, providing b-amino ketone 31 in 40% yield for
the two steps. A three-step sequence consisting of oxime formation, directed reduction with lithium
aluminum hydride, and diazotransfer from trifluoromethanesulfonic azide afforded protected 2-
deoxystreptamine with a hydroxyl at C4 primed for coupling to ring I glycosyl donors. She

simultaneously developed syntheses of purpurosamine and garosamine thioglycosyl donors 33-34
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that were coupled to 32 in sequence. Deprotection then completed the total synthesis of gentamicin
Cla. Some noteworthy aspects of this synthesis are the orthogonality in the C1 and C3 amine
protecting groups and the preparation of each aminoglycoside ring with non-carbohydrate building
blocks. Unfortunately, despite access to the 4,6-disubstituted family of aminoglycosides with the
ability to incorporate the HABA chain, no antibiotics developed from this chemistry were able to
circumvent ribosomal methyltransferase resistance mechanisms.

While pursuing my graduate studies, the Sarlah group disclosed an asymmetric synthesis
of 2-deoxystreptamine en route to the 4,5-disubstituted aminoglycoside ribostamycin (Figure
3.7).22 Many methods for dearomative animation have been developed within their laboratory, and
here the synthesis began by the enantioselective cycloaddition between N-methyl-1,2,4-triazoline-
3,5-dione 35 and benzene with concurrent copper-mediated allylic reduction; this formally
provides the 1,2-hydroamination product 36 in 92% ee, 65% yield on gram scale. Boc-protection
of the resulting urazole facilitated anti-selective epoxidation to 37 and, following Boc-
deprotection, enabled the 5-exo-tet cyclization to establish the C1 and C3 amine stereocenters in
masked form. Benzylation of the resulting allylic alcohol yielded 38, which was followed by
bromohydrin formation and epoxide reversion under basic conditions to establish the C5 hydroxyl
stereochemistry in 39. This simultaneously allowed the C4-hydroxyl stereocenter to be introduced
by anti-addition to the epoxide with lithiated acetophenone oxime, providing 40. With the
stereochemistry of 2-deoxystreptamine established, the ribose fragment 41 was installed by
concurrent thiolation and activation with silver perchlorate, coupling the ribose donor with
complete b-selectivity to afford 42. Reduction of the oxime mediated by an acetic acid solution of

zinc metal unmasked the C4-hydroxyl, allowing glycosylation between azidated neosamine donor
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Figure 3.7. Sarlah group synthesis of ribostamycin. 2-DOS numbering is denoted in red.
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44 and acceptor 43 to yield a protected ribostamycin 45. Conversion of the urazole to a
cyclic diazene was achieved under basic conditions, and a final hydrogenolysis of the azides and
benzyl groups revealed ribostamycin; this synthesis was achieved in 14 steps with 1.4% overall

yield.

3.3 Intramolecular Aldolization strategy to 2-deoxystreptamine

Several factors contributed to routes used while pursuing protected 2-deoxystreptamine.
First, we desired a highly convergent and diastereoselective coupling between two
stereochemically rich components, ideally setting multiple stereocenters for 2-DOS in one
transformation. Even in the absence of such a transform, we recognized the importance of
orthogonality in the C1 and C3 amine protecting groups analogous to Fan’s first-generation
synthesis,?! thereby allowing incorporation of HABA-like side chains and the potential for C3
modification. Differing from the first-generation strategy was a focus on accessing 4,5-
disubstituted aminoglycosides as opposed to their 4,6-subfamily members, thereby intrinsically
gaining activity in the presence of highly disseminated G1405 methyltransferases such as arm4.>
We furthermore recognized that glycosylation at C5 could occur prior to that at C4, as the inverse
synthesis might hinder the reactivity at the C5-hydroxyl in the presence of a C4 glycoside.?* With
these factors in mind, we proposed a retrosynthesis as outlined in Figure 3.8. Upon accessing my
desired aldol reaction, I intended to utilize the C4 hydroxyl to set the C3 amine stereochemistry of
47 by a directed reduction from an intermediate such as 48 (Figure 3.8A). The protection of 48
would arise from aldol product 49, itself generated from ketoaldehyde 50. The disconnection to 50
would provide multiple disconnections to access such an intermediate from oxidation of a

hydroxyketone, such as 51, or olefins 52 and 53 (Figure 3.8B). Hydroxyketone 51 would be
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Figure 3.8. (A) Retrosynthesis from 2-deoxystreptamine acceptor 47 to ketoaldehyde aldol
precursor 50 with generic protecting groups for the C1 amine and C6 hydroxyl. (B) Potential
disconnections to 50 from hydroxyketone 51 or alkenes 52 and 53 and their respective

components.

traceable to stereodefined gd-epoxyenone 54 which we intended to join with aminoalcohols such
as 55;%° the diphenyl backbone would be removed in the final aminoglycoside hydrogenolysis.
Alternatively, diolefin 52 could be accessed via stereoselective reduction of a metalated imine
formed from 56°° undergoing coupling with optically active cyanohydrin 57. Lastly, olefin 53
could serve as a precursor to 50 via ozonolysis and would be accessed from commercially available

and optically pure Vince’s lactam 58.%7
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3.3.1 Preparation and reactivity of a y,0-epoxyenone

I first desired to explore the reactivity of epoxyenone 54 and its potential “snap” together
with aminoalcohol 55. Precedent for such a transform was limited, and the reaction of amines with
such an epoxyketone might be liable to reversibility in the aza-Michael addition and funnel

material towards epoxide alkylation products.?®

TBSCI, Imidazole ~ CBr,, PPh, Br PPh,, Toluene EPhs
K‘ﬁ O ! (0] - 0
—_— >
DMF CH,CI then NaHCO3 (aq.), CH,Cl,
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W NBn ~ H
Ph OTBS
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65 80%

Figure 3.9. Synthesis of components epoxyenone 54 and aminoalcohol 55 that failed to merge,
instead promoting silyl migration.

Starting from dihydroxy acetone 59, monosilylation was achieved with TBSCI giving silyl
ether 60 in 65% yield (Figure 3.9). Appel reaction’® of the remaining alcohol with carbon
tetrabromide and triphenylphosphine generated a-bromoketone 61 in 55% yield. Haloketone 61
was transformed into olefination reagent 62 by treatment with triphenylphosphine and a
subsequent basification to generate the phosphorane in 65% yield over two steps. To establish the

epoxide stereochemistry, commercially available (R)-glycidol 63 was oxidized with Dess-Martin
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periodinane,?” and in the same flask the addition of phosphorane 62 resulted in olefination with
high E-selectivity due to the stabilization of the phosphorane by the vicinal ketone. To prepare 55,
diphenyl-aminoalcohol 54 used in the preparation of pseudoephenamine? served as a valuable
precursor. The inversion of the alcohol stereochemistry to yield our desired (/S,25)-
diphenylaminoethanol has been demonstrated on multi-kilogram scale. Reductive amination then
provided 55 in 34% yield over the three steps.

With the desired components in hand, initial experimentation inspired the use of
trifluoroethanol as solvent to promote aza-Michael reaction due to the increased acidity relative to
other protic solvents. However, substituted morpholine 65 could never be identified in the crude

mixtures, even with consumption of 54. Instead, conjugated enal 66 could be obtained as the sole
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Figure 3.10. (A) Synthesis of alternative epoxyenone 68 that also undergoes silyl migration to
69. (B) An unsaturated ester 71 reacts with aminoalcohol 55 by epoxide addition and not Michael
reaction. (C) Azidoalcohol 73 may add to epoxide 71, but amine deprotection does not result in

access to morpholine 75.
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product in 80% yield, the result of a silyl group transfer following deprotonation by 55. I explored
numerous strategies to circumvent this mode of reactivity (Figure 3.10). I first prepared TIPS-
protected enone 68 by olefination of phosphorane 67 (obtained by analogous synthesis of 54 in
Figure 3.9, not depicted) with glycidaldehyde in 57% yield; I expected that a bulkier silyl
protecting group would suppress the migration reactivity (Figure 3.10A).>° However, upon
treatment of this epoxyenone with 55 in trifluoroethanol no reaction occurred until the mixture
was heated, then yielding extended enal 69 in 90% yield. Commercially available phosphorane 70
was used to generate unsaturated ester 71 to investigate aminoalcohol addition in the absence of
any migratory group. Unfortunately, reaction with 55 occurs by alkylation at the epoxide terminus
and not via aza-Michael addition, producing 72 in 20% after HPLC purification. Use of a less
substituted amine component similarly results in epoxide alkylation, with small amounts of
internal epoxide alkylation (~5%) observed. Lastly, I generated azidoalcohol 73 by diazotransfer
with triflic azide. Coupling of 71 and 73 promoted by boron trifluoride diethyl etherate afforded
ether 74 in 39% yield. Despite this initial coupling, azide deprotection of 74 failed to produce the
desired morpholine scaffold 75; careful study of the crude NMR suggested that the incorrect

stereochemistry for the amine was obtained as the major product.

3.3.2 Preparation and attempted union with an optically active cyanohydrin

With discouraging results from a proposed epoxyenone addition, I explored the chemistry
of an optically active cyanohydrin coupling with organometallic and reducing agents in tandem.>!
Starting from commercial phosphonate ester 76, a one-pot aldolization and olefination yielded
allylic alcohol 77 in 61% following distillation (Figure 3.11). Protection of the alcohol as the TBS

ether gave 78, and DIBAL-H reduction of the unsaturated ester gave 79 in 89% yield over two
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Figure 3.11. Preparation of component halide 80 and optically active cyanohydrin 83, as well as
noteworthy byproducts.

steps. Halogenation was achieved with triphenylphosphine and carbon tetrabromide to provide
allylic halide 80 in 74% yield.?® To generate the cyanohydrin, a small body of literature pointed to
the oxynitrilase enzyme from almonds as a convenient source for enantioselective cyanation of
aldehydes.*> Among these substrates, prenal 81 was compatible with the (R)-oxynitrilase of
almond flour and was successfully transformed into cyanohydrin 82 with 96% ee in 40% yield.
Protection as the TBS ether proceeded in 90% yield, but unfortunately product 83 could not be
successfully coupled with 80 under a variety of metalation or reduction conditions. A common
source of non-productive reactivity lay with the allylic halide 80. This reagent was especially prone
to proto-dehalogenation and homocoupling, affording 85 and 86 as major byproducts, respectively.

Alternatively, in the event of successful organometallic preparations, the high acidity of the
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Figure 3.12. Synthesis of Reetz aldehyde 93 and aldolization with pseudoephenamine
glycinamide 94.

cyanohydrin proton was prone to exchange, as identified from experimental quenches with
deuterated media to generate 87. Lastly, benzylation of 82 could be achieved, affording 88; but
this substrate was similarly recalcitrant to organometallic coupling or reduction, and with these

results we shifted our focus to alternative approaches.

3.3.3 Aldolization of pseudoephenamine glycinamide with a Reetz aldehyde

We briefly considered the aldolization reaction between N, N-dibenzylaminoaldehydes that
were developed by Manfred Reetz*®> and known to be slow to epimerize relative to other a-
heteroatom aldehydes. This route appealed to us due to the potential in having oxygenation at C2
of the streptamine ring. Alternatively, the serine building block of choice may be modified to
facilitate alkylation as opposed to aldol reaction, giving canonical 2-deoxystreptamine at the end

of the synthesis. Starting from serine methyl ester 89, benzylation of the amine with excess benzyl
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bromide provided N,N-dibenzylated 90 in 90% yield (Figure 3.12). TBS protection of the side
chain alcohol proceeded in 89% yield, affording 91. Lithium borohydride allowed the reduction
of the C-terminal ester, providing aminoalcohol 92 in 85% yield. Lastly, Swern oxidation provided
aldehyde 93 in 86% yield and reasonable purity without the need for chromatography.
Pseudoephenamine glycinamide 94, developed for stereoselective aldol reactions in the Myers
group as a modern counterpart to pseudoephedrine, was prepared via literature procedures from
commercial 64.>* However, upon aldolization, diamine 95 was generated in poor yields with low
diastereoselection (43%, 2:1 d.r. and not determined). With this result and recognizing the likely
difficulty of introducing the C5 component, we quickly pivoted from this strategy and pursued

other sources for 2-deoxystreptamine.
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Figure 3.13. A linear synthesis from Vince’s lactam 58 provided access to differentiated

cyclopentene 53, ultimately allowed exploration of the aldol reaction of 50.
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3.3.4 A differentiated cyclopentene prepared from Vince's lactam
I identified cyclopentene 53 as a potential precursor to ketoaldehyde 50. A differentially protected
cyclopentene could likely be prepared from commercially available Vince’s lactam 58 following
epoxidation and opening lactam by solvolysis (Figure 3.13).?7 In the forward sense, 58 was first
protected as the fert-butylcarbamate 96 in 98% yield. Subsequent exposure to mCPBA for four
days generated the exo epoxide 97 exclusively in 96% yield. With activation by the carbamate,
methanolysis of the lactam by sodium methoxide and subsequent elimination of the epoxide
formed allylic alcohol 98 in 87% yield for a single transformation. Benzylation of the resulting
alcohol 98 to give 99, and DIBAL-H reduction of the ester product provided 100 in 40% yield
over two steps. Silylation of the primary alcohol gave access to 53 in 89% yield. With differentiated
cyclopentene 53 in hand, ozonolytic cleavage of the alkene and reduction by triphenylphosphine
cleanly yielded ketoaldehyde 50 following chromatography. An array of conditions was explored
to induce aldolization, all of which led to decomposition or b-elimination byproducts that were
non-productive to accessing hydroxyketone 101.
3.4 Semisynthetic 2-deoxystreptamine from neomycin B

With the aldolization reaction explored, we turned to semisynthetic access to 2-
deoxystreptmaine derivatives. Strong precedent existed from the work of van Delft, as well as prior
optimizations within the Myers laboratory (Figure 3.14).2!%> Starting from neomycin B, acidic
methanolysis led to fragmentation of the ring II — ring III glycosidic linkage to yield crude
neamine, which could be globally azidated using trifluoromethanesulfonic azide to give tetraazide

102 in 70% yield after both steps. Careful monitoring of the acetylation of 102 could selectively
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Figure 3.14. Degradation of neomycin B led to semisynthetic 2-deoxystreptamine acceptors 106,

107, and 108.

acylate the 3°,4’-diol, as well as the more reactive C6-hydroxyl of ring I to yield triacetate 103 in
60% yield. Treatment of C5-hydroxyl 103 with dimethoxy methane and phosphorous pentoxide
generated the MOM-protected triacetate 104 in 95% yield. The more accessible C3’ and C4’
acetates were selectively solvolyzed with methanolic potassium fert-butoxide to give diol 105 in
98% yield. Lastly, periodate-mediated cleavage of the diol, followed by alkyl amine condensation
on the dialdehyde intermediate eliminated the glycosidic bond between rings I and 11, providing
2-deoxystreptamine acceptor 106 in 91% yield; this synthesis gave 106 in 37% overall yield from
neomycin B on decagram scale. This acceptor has notable features in the orthogonal protection
between the C5 and C6 hydroxyls and has some slight differentiation of the azides due to the

vicinal acetate at C6. In expecting the MOM group to potentially be cumbersome late stage, as
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well as desiring a ring II-IV glycosyl acceptor for paromomycin derivatives, I prepared diol 107
by treatment of 106 with trifluoroacetic acid in dichloromethane. Subsequent para-
methoxybenzylation via the trichloroacetimidate reagent occurred preferentially at the more
electron-rich C4 hydroxyl, giving PMB-protected 108 in 47% yield. These 2-deoxystreptamine
acceptors could serve as coupling partners to ring I glycosyl donors in the pursuit of antibiotics

overcoming NpmA resistance.

3.5 Summary

In summary, I have proposed and explored the synthesis of protected 2-deoxystreptamine
via four notable routes. These strategies relied on an intramolecular aldolization of an intermediate
keto-aldehyde, which was ultimately accessed from Vince’s lactam in 17% yield over 7 steps.
However, the desired cyclohexane annulation failed to be realized, necessitating the preparation
of 2-deoxystreptamine derivatives semisynthetically from neomycin B. This semisynthesis
provided access to 2-deoxystreptamine analog 106 in 37% over 6 steps from neomycin B,

alongside diol 107 and para-methoxybenzylated derivative 108.
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3.7 Experimental Section

General Experimental Procedures. All reactions were performed in flame-dried round-bottom
flasks fitted with rubber septa under positive argon pressure, unless otherwise noted. Air- and
moisture-sensitive liquids were transferred via syringe. Organic solutions were concentrated by
rotary evaporation (house vacuum, ca. 25-40 Torr) at <40 °C, unless otherwise noted. Analytical
thin-layer chromatography (TLC) was performed using glass plates precoated with silica gel (0.25
mm, 60 A pore-size, 230-400 mesh, Merck KGA) impregnated with a fluorescent indicator (254
nm). TLC plates were visualized by exposure to ultraviolet light, then stained with an aqueous
potassium permanganate (KMnQO4), aqueous Ceric Ammonium Molybdate (CAM), ethanolic
ninhydrin, or ethanolic bromocresol green stain and briefly heated using a heat gun; visualization
of deprotected aminoglycosides was also achieved by exposing the plate to 20% sulfuric acid in
ethanol and charring with a heat gun. Flash-column chromatography was performed as described
by Still et al.,*® employing silica gel (60 A, 15-40 uM, EMD Millipore Corp.). All temperature
measurements of reaction mixtures refer to the temperature of the heating/cooling bath unless
otherwise specified. Structural assignments were made with additional information from gCOSY,
gHSQC, and gHMBC experiments.

Materials. Commercial solvents and reagents were used as received.

Instrumentation. Proton magnetic resonance (‘H NMR) spectra were recorded on Bruker 400
(400 MHz) or 500 (500 MHz) NMR spectrometers at 23 °C. Proton chemical shifts are expressed
in parts per million (ppm, 6 scale) and are referenced to residual protium in the NMR solvent
(CHCI3, 6 7.26, CD30OD, o 3.45, C¢Ds¢, 0 7.16, DO & 4.79). Data are represented as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m =

multiplet and/or multiple resonances, br = broad), coupling constant (J) in Hertz (Hz) and

&9



integration. Carbon nuclear magnetic resonance spectra ('*C NMR) were recorded on Bruker 400
(100 MHz) NMR spectrometers at 23 °C. Carbon chemical shifts are expressed in parts per million
(ppm, o scale) and are referenced to the carbon resonances of the NMR solvent (CDCls, 6 77.16,
CDs0D, 6 49.03 and CeDs, 6 128.06). Infrared (IR) spectra were obtained using a Bruker ALPHA
FT-IR spectrometer. Data are represented as follows: frequency of absorption (cm™), intensity of
absorption (s = strong, m = medium, w = weak, br = broad). High resolution mass spectra were
obtained at the Harvard University Mass Spectrometry Facility using the Thermo Q Exactive Plus

Orbitrap mass spectrometer via Electrospray lonization (ESI).
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OH

TBSCI, Imidazole ~ §H
0 o~ 0
DMF

OH 65% oTBS
59 60

1-((tert-butyldimethylsilyl)oxy)-3-hydroxypropan-2-one (60)

To a flame-dried flask charged with a magnetic stir bar under Ar atmosphere was added
dihydroxyacetone 59 (10.81 g, 120 mmol, 3 equiv) followed by anhydrous DMF (80 mL) and
imidazole (3.54 g, 52 mmol, 3 equiv). At room temperature, TBSCI (6.03 g, 40 mmol, 1 equiv)
was added in three portions over 5 minutes, and the reaction stirred overnight. The reaction was
quenched by addition of water (100 mL) and the aqueous phase extracted with diethyl ether (4 x
100 mL). Drying of the combined organic phases with sodium sulfate, filtration, and concentration
under rotary evaporation provided the crude material, which was further purified by flash
chromatography on silica gel, eluting with a gradient from 5-20% ethyl acetate in hexanes to
provide product 60 upon concentration as a clear oil (5.3 g, 25.9 mmol, 65%). The product tended
to dimerize upon storage and could be cracked by distillation under high vacuum and temperature.
Rt (20% ethyl acetate in hexanes, KMnQOj4): 0.20

'H NMR (500 MHz, CDCls): § 4.50 (d, ] = 4.8 Hz, 2H), 4.31 (s, 2H), 2.98 (t, ] = 4.9 Hz, 1H), 0.92
(s, 9H), 0.10 (s, 6H).

FTIR (neat), cm™': 3468 (br), 2954 (m), 2930 (m), 1729 (s)

HRMS (ESI-TOF) m/z: [M+H]" Caled for CoH2105Si 203.1109; Found 203.1103.
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OH Br

Kﬁ CBr4, PPh3 Kﬁ
o) o)
OTBS CH;Cly, 0°C OTBS

55%
60 61

1-bromo-3-((zert-butyldimethylsilyl)oxy)propan-2-one (61)

To a flame-dried flask charged with a stir bar under Ar atmosphere was added hydroxy ketone 60
(3.76 g, 18.4 mmol, 1 equiv) followed by anhydrous dichloromethane (70 mL) and the solution
cooled to 0 °C by ice water bath. Triphenylphosphine (5.31 g, 20.2 mmol, 1.1 equiv) and carbon
tetrabromide (6.71 g, 20.2 mmol, 1.1 equiv) were added in sequence, and the reaction stirred for 2
hours at 0 °C. The reaction was quenched by addition of saturated aqueous sodium bicarbonate
solution (70 mL) and the layers allowed to separate. The aqueous layer was washed with
dichloromethane (1 x 70 mL) and the combined dichloromethane portions dried over sodium
sulfate, filtered, and concentrated to give the crude material. Purification by flash chromatography
on silica gel, eluting with a gradient from 0-15% ethyl acetate in hexanes, provided 61 as a
colorless oil (2.7 g, 10.1 mmol, 55%).

R¢: (20% ethyl acetate in hexanes, KMnQO4): 0.60

'"H NMR (500 MHz, CDCls): & 4.38 (s, 2H), 4.14 (s, 2H), 0.95 (s, 9H), 0.13 (s, 6H).

FTIR (neat), cm’': 2954 (m), 2930 (s), 2858 (m), 1729 (s).

HRMS (ESI-TOF) m/z: [M-Br]" Calcd for CoH19BrO»Si 187.1149; Found 187.1079
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Br PPhs, Toluene, 23 °C HPhs
'
then NaHCOg3; (aq.), CH,Cl, KE
OTBS 65% OTBS
61 62

1-((tert-butyldimethylsilyl)oxy)-3-(triphenyl-l S-phosphaneylidene)propan-2-one (62)

To a flask containing a stir bar and a solution of bromoketone 61 (2.7 g, 10.1 mmol, 1 equiv) in
toluene was added triphenylphosphine (2.65 g, 10.1 mmol, 1 equiv). A white precipitate began to
form and while stirring at ambient temperature for 30 minutes thickened into a slurry. The white
suspension was then cooled to 0 °C and the solids collected by filtration. The crude solids were
dissolved in dichloromethane and water (5:1, 25 mL) and solid sodium bicarbonate (1.70 g, 20.2
mmol, 2 equiv) were added, and the suspension stirred vigorously for 5 minutes at ambient
temperature. The mixture was diluted with dichloromethane (80 mL), the layers separated, and the
organic phase dried on sodium sulfate. Filtration and concentration under vacuum provided the
phosphorous ylide 62 as a yellow solid (2.95 g, 6.58 mmol, 65%).

'"H NMR (600 MHz, CDCl3): § 7.72 — 7.38 (m, 15H), 4.29 (d, ] = 26.1 Hz, 1H), 4.10 (s, 2H), 0.93
(s, 9H), 0.11 (s, 6H).

FTIR (neat), cm™': 3056 (w), 2593 (m), 2927 (m), 2854 (m), 1569 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C27H340,PSi 449.2060; Found 449.2061.
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L~CH
PPh
'
CHZCl oTBS
62 78% 54

(R,E)-1-((tert-butyldimethylsilyl)oxy)-4-(oxiran-2-yl)but-3-en-2-one (54)

To a solution of (R)-glycidol (200 nL, 3.01 mmol, 1 equiv) in dichloromethane (16.7 mL) was
added solid sodium bicarbonate (2.53 g, 30.1 mmol, 10 equiv) and the solution cooled to 0 °C.
Dess-Martin periodinane (1.53 g, 3.61 mmol, 1.2 equiv) was added, the ice bath removed, and the
solution stirred for 4 hours at ambient temperature. The solution was then diluted with an additional
portion of dichloromethane (5.6 mL) and phosphorane 62 (1.76 g, 3.91 mmol, 1.3 equiv) was
added, and the solution then stirred overnight. The solution was then cooled to 0 °C and a 1:1
mixture of saturated aqueous sodium thiosulfate:saturated aqueous sodium bicarbonate (totaling
50 mL) was added, and the solution then allowed to warm to room temperature over 30 minutes
with stirring. The mixture was poured into a separatory funnel containing dichloromethane (100
mL), followed by vigorous extraction of the mixture into the dichloromethane portion. The
separated aqueous phase was washed with an additional portion of dichloromethane (50 mL) and
the combined organic layers washed with water (100 mL) and brine (100 mL). The organic phase
was dried on sodium sulfate, filtered, and concentrated under vacuum to give crude material which
was further purified by flash chromatography on silica gel grading from hexanes to 30% ethyl
acetate in hexanes, affording epoxyenone 54 as a yellow oil (570 mg, 2.35 mmol, 78%).

Rt (50% ethyl acetate in hexanes, KMnQOj4): 0.66
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'H NMR (500 MHz, CDCls): § 6.75 (d, J = 15.9 Hz, 1H), 6.62 (dd, J = 15.9, 7.2 Hz, 1H), 4.32 (s,
2H), 3.47 (ddd, ] = 6.9, 4.1, 2.5 Hz, 1H), 3.07 (dd, ] = 5.5, 4.2 Hz, 1H), 2.72 (dd, J = 5.6, 2.5 Hz,
1H), 0.92 (s, 9H), 0.09 (s, 6H).

13C{'H} NMR (125 MHz, CDCL): & 197.9, 143.8, 127.2, 68.9, 50.8, 49.6, 25.9, 18.5, -5.3.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C12H2303Si 243.1411; Found 243.1412.
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PhCHO, AcOH

OH NaBH,CN OH
- A __NHB
PH krNHz > PR % n
Ph CH;OH Ph
0°C-23 °C 55
72%

(1S,2S5)-2-(benzylamino)-1,2-diphenylethan-1-ol (55)

To an oven-dried flask charged with a stir bar under Ar atmosphere was added (/S,25)-2-amino-
1,2-diphenylethan-1-ol (450 mg, 2.11 mmol, 1 equiv) and anhydrous methanol (23 mL). The
solution was cooled to 0 °C, and acetic acid (5 drops), benzaldehyde (240 ni, 2.32 mmol, 1.1
equiv), and sodium cyanoborohydride (146 mg, 2.32 mmol, 1.1 equiv) were added in sequence.
The mixture was allowed to warm to room temperature while stirring overnight. After 20 hours,
LCMS indicated complete consumption of starting material and the solution was quenched with
saturated aqueous sodium carbonate (50 mL). The mixture was extracted into ethyl acetate (200
mL), and the organic layer washed with saturated aqueous sodium carbonate (200 mL) and brine
(200 mL). The organic layer was dried on sodium sulfate, filtered, and concentrated to provide the
crude material, which was purified by flash chromatography on silica gel, grading from 5% — 10%
methanol + 0.1% triethylamine in dichloromethane. The concentrated product fractions provided
N-benzylated aminoalcohol 55 (458 mg, 2.11 mmol, 72%).

Rf: (10% methanol + 0.1% triethylamine in dichloromethane, KMnOx): 0.50

'H NMR (600 MHz, CDCls): § 7.40 — 7.36 (m, 1H), 7.35 — 7.30 (m, 2H), 7.29 — 7.20 (m, 5H),
7.18 = 7.13 (m, 3H), 7.05 (m, 4H), 4.70 (s, 1H), 4.61 (d, J = 8.5 Hz, 1H), 3.73 (d, J = 13.0 Hz, 1H),
3.67(d,J=8.6 Hz, 1H), 3.58 (d, ] = 13.0 Hz, 1H).

BC{'H} NMR (125MHz, CDCls): § 141.2, 139.8, 128.7, 128.6, 128.5, 128.4, 128.0, 127.9, 127.8,
127.7,127.6, 127.3, 127.1, 127.0, 77.9, 69.8, 51 .4.
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HRMS (ESI-TOF) m/z: [M+H]" Calcd for C21H22NO 304.1696; Found 304.1694.
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OH

. NHBnN
Ph
o, Ph O
NP 0 HO ™
OTBS TFE OTBS
54 80% 66

(2Z,4E)-2-((tert-butyldimethylsilyl)oxy)-6-hydroxyhexa-2,4-dienal (66)

A solution of epoxyenone 54 (5.00 mg, 21.0 umol, 1 equiv) in trifluoroethanol (20 nL) was treated
with a 1 M solution of 55 (12.4 mg, 41 pmol in 40 pL TFE, 2 equiv) at room temperature. The
mixture was allowed to stir overnight and then concentrated. Purification by reverse phase HPLC,
eluting from 5-95% acetonitrile in water over 40 minutes, gave aldehyde 66 (4.00 mg, 16.8 pmol,
80%).

"H NMR (600 MHz, CDCl3): § 9.17 (s, 1H), 6.82 (ddt, J = 15.5, 11.0, 1.7 Hz, 1H), 6.24 — 6.15 (m,
2H), 4.30 (dd, J =5.4, 1.7 Hz, 2H), 0.97 (s, 9H), 0.19 (s, 6H).

BC{'H} NMR (151MHz, CDCl5): § 188.80, 149.99, 138.50, 130.75, 123.95, 63.42, 25.97, 25.93,

18.80, -3.95.
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l/\/OH
PPh, 63 o
—_—
OTIPS CH2Cl, 68 OTIPS
67 57%

(R,E)-4-(oxiran-2-yl)-1-((triisopropylsilyl)oxy)but-3-en-2-one (68)

To a solution of (R)-glycidol 63 (10.0 mg, 0.135 mmol, 1 equiv) in DCM (750 uL) was added
DMP (68.7 mg, 0.162 mmol, 1.2 equiv) at room temperature. The solution stirred vigorously for
1.5 hours and phosphorane 67 (prepared analogously to 62 from 60, 70.0 mg, 0.143 mmol, 1.06
equiv) was added as a DCM (1.00 mL) solution. This mixture was stirred overnight at ambient
conditions and quenched by addition of 50% saturated sodium bicarbonate solution/50% saturated
sodium thiosulfate solution. After stirring for 10 minutes, the phases were separated and the
aqueous washed with dichloromethane (3 x 7 mL). The combined organic layers were washed with
saturated aqueous sodium bicarbonate (5 mL) and brine (5 mL), dried on sodium sulfate, filtered,
and concentrated to give crude material. Purification by flash chromatography on silica gel, eluting
with 5% ethyl acetate in hexanes, gave epoxy enone 68 as a yellow oil (22 mg, 0.077 mmol, 57%).
'"H NMR (600 MHz, CDCls): § 6.89 (d, J = 15.8 Hz, 1H), 6.65 (ddd, ] = 15.8, 7.4, 1.4 Hz, 1H),
4.36 (s, 2H), 3.54 — 3.36 (m, 1H), 3.08 (ddd, J = 5.6, 4.1, 1.3 Hz, 1H), 2.73 (dt, ] = 5.5, 1.9 Hz,
1H), 1.19 - 1.11 (m, 3H), 1.07 (d, J = 7.3 Hz, 18H).

BC{'H} NMR (151MHz, CDCls): 5 198.3, 144.0, 127.1, 69.3, 50.9, 49.6, 18.0, 12.0.

FTIR (neat), cm™': 2943 (m), 2865 (m), 1698 (m), 1630 (m).
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0., 55 Ph
N (0]
l/\/\E —— > HOM)LH
68 OTIPS 9’0% 69 OTIPS

(2Z,4E)-6-hydroxy-2-((triisopropylsilyl)oxy)hexa-2.,4-dienal (69)

A solution of 68 (10.0 mg, 0.035 mmol, 1 equiv) in trifluoroethanol (200 uL) was treated with 55
(10.7 mg, 0.035 mmol, 1 equiv) at room temperature. The mixture was allowed to stir overnight,
and LC/MS monitoring indicated formation of a new product. The temperature was raised to 50
°C and stirring continued for another 18 hours (40 hours total). The reaction was halted by cooling,
diluting with DCM (3 mL), and concentrated under reduced pressure. Purification by flash
chromatography, grading from 0- 50% ethyl acetate in hexanes gave dienal 69 (9.00 mg, 0.032
mmol, 90%).

'"H NMR (400 MHz, CDCl3): § 9.19 (s, 1H), 6.98 — 6.75 (m, 1H), 6.30 — 6.06 (m, 2H), 4.35 — 4.26
(m, 2H), 1.34 — 1.23 (m, 3H), 1.07 (d, J = 7.5 Hz, 18H).

BC{'H} NMR (101MHz, CDCls): § 188.7, 150.6, 138.1, 129.8, 124.2, 63.6, 29.9, 18.2, 13.8.

FTIR (neat), cm’': 3358 (br), 2923 (s), 2862 (s), 1685 (s), 1634 (m).
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Ethyl (R,E)-3-(oxiran-2-yl)acrylate (71)

A solution of (R)-glycidol 63 (100.0 mg, 1.35 mmol, 1 equiv) and solid sodium bicarbonate (1.13
g, 13.5 mmol, 10 equiv) in DCM (7.5 mL) was treated with DMP (687 mg, 1.62 mmol, 1.2 equiv)
at room temperature. The solution stirred vigorously for 2 hours and phosphorane 70 (611 mg,
1.76 mmol, 1.3 equiv) was added as a solid followed by additional DCM (2 mL). The solution
stirred vigorously overnight and was quenched by addition of 50% saturated aqueous sodium
bicarbonate/50% saturated aqueous sodium thiosulfate (20 mL). The mixture was stirred for 10
minutes, and the phases separated and diluted with additional DCM (25 mL). The aqueous layer
was washed with an additional portion of DCM (25 mL) and the combined organic layers washed
with saturated aqueous sodium bicarbonate (50 mL) and brine (50 mL). The organic phase was
dried on sodium sulfate, filtered, and concentrated to give crude; purification was achieved by
flash chromatography on silica gel, eluting with 5% ethyl acetate in hexanes to give 71 (109 mg,
0.769 mmol, 57%).

'"H NMR (500 MHz, CDCls): § 6.62 (dd, J = 15.7, 7.4 Hz, 1H), 6.18 (d, ] = 15.7 Hz, 1H), 4.20 (q,
J=7.1 Hz, 2H), 3.52 — 3.42 (m, 1H), 3.19 — 3.00 (m, 1H), 2.72 (dd, J = 5.5, 2.5 Hz, 1H), 1.29 (t,

J=7.1Hz, 3H).

101



ethyl (R,E)-5-(benzyl((1S,2S)-2-hydroxy-1,2-diphenylethyl)amino)-4-hydroxypent-2-enoate
(72)

A solution of epoxide 71 (20.0 mg, 0.141 mmol, 1 equiv) in trifluoroethanol (280 pL) at room
temperature was treated with aminoalcohol 55 (42.7 mg, 0.141 mmol, 1 equiv) and the mixture
stirred overnight at 50 °C. The solvent was removed under reduced pressure and the crude mixture
was purified by HPLC, eluting from 5% to 95% acetonitrile in water (+0.1% formic acid) over 40
minutes, to yield tertiary amine 72 (13 mg, 0.029 mmol, 20%).

"H NMR (400 MHz, CDCl3): § 7.51 — 7.29 (m, 5H), 7.24 — 6.99 (m, 10H), 6.83 (dd, ] = 15.6, 4.8
Hz, 1H), 6.06 (dd, J =15.7, 1.7 Hz, 1H), 5.15 (d, ] = 10.3 Hz, 1H), 4.24 — 4.09 (m, 4H), 3.95 (d,J
=10.3 Hz, 1H), 3.26 (dd, J = 13.3, 1.6 Hz, 1H), 3.03 — 2.88 (m, 1H), 2.66 (dd, J = 13.9, 6.9 Hz,
1H), 1.47 — 0.86 (m, 3H).

BC{'H} NMR (101MHz, CDCl3): § 166.4, 148.1, 141.2, 138.9, 129.9, 129.2, 128.9, 128.3, 128.2,

128.0, 127.5, 121.5,73.2, 72.6, 70.8, 60.6, 56.7, 55.8, 14.4.
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(1S,2S5)-2-azido-1,2-diphenylethan-1-ol (73)

Preparation of TfN3 (caution: triflic azide is explosive when neat. Readers are advised to only
handle triflic azide as a solution in dichloromethane or preferably, toluene):

Sodium azide (1.341 g, 20.63 mmol, 4.4 equiv) was dissolved in water (3.4 mL) and stirred
vigorously, then toluene (3.4 mL) was added, and the mixture cooled to 0 °C. T,0 (1.743 mL,
10.32 mmol, 2.2 equiv) was added dropwise to the biphasic mixture and stirred for 0.5 hours. After
0.5 hours, the reaction was warmed to room temperature and stirred for an additional 1.5 hours.
The reaction was quenched with 2 mL of saturated aqueous NaHCOj3 solution, and the two phases
were allowed to separate. The aqueous phase was extracted twice with toluene (3 mL) and the
organic phases were all combined. The organic solution was adjusted to a final volume of 10.3 mL
to yield a 1 M solution of triflic azide, which was used immediately without storage.

Diazo transfer:

(1S,25)-2-amino-1,2-diphenylethan-1-ol (1.00 g, 4.69 mmol, 1 equiv) was added to water (6 mL)
and cooled to 0 °C. Copper (II) sulfate pentahydrate (59 mg, 0.234 mmol, 0.05 equiv) and sodium
bicarbonate (1.576 g, 18.75 mmol, 4 eq) were added. The mixture was then diluted with methanol
(41 mL) and the prepared triflic azide solution (1 M in toluene, 10.3 mL, 10.32 mmol, 2.2 eq) was
added. The mixture was allowed to warm to room temperature and stirred for 2.5 hours. The
solution was then filtered and saturated NH4Cl solution was added (5 mL); the volatiles were then
evaporated. The remaining aqueous solution was extracted with diethyl ether (3x20 mL), washed

with saturated Na>xCOj3 (2x 20 mL), brine (20 mL) and dried over Na>SOs. To concentrated crude
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material was further purified by flash chromatography, grading from hexanes to 50% ethyl acetate
in hexanes to give azido alcohol 73 as an oil (1.041 g, 4.35 mmol, 93%).

"H NMR (400 MHz, CDCls): § 7.28 — 7.23 (m, 3H), 7.21 (m, 3H), 7.09 (m, 4H), 4.75 (d,J = 7.9
Hz, 1H), 4.62 (d, J = 7.9 Hz, 1H), 2.74 (s, 1H).

BC{'H} NMR (101MHz, CDCls): § 139.36, 136.14, 128.66, 128.32, 128.29, 127.97, 127.01,
78.14, 73.08.

FTIR (neat), cm™': 3412 (br), 3066 (w), 3032 (m), 2103 (s).
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ethyl (S,E)-4-((1S8,25)-2-azido-1,2-diphenylethoxy)-5-hydroxypent-2-enoate (74)

A solution of epoxide 71 (20.0 mg, 0.141 mmol, 1 equiv) and azidoalcohol 73 (101 mg, 0.422
mmol, 3 equiv) in DCM (280 pL) was cooled to - 20 °C with a salt+ice bath and boron trifluoride
diethyl etherate (36 puL, 0.281 mmol, 2 equiv). The ice bath was removed, and after warming to
room temperature and stirring for an additional hour the reaction was quenched with addition of
water. The aqueous was washed with ethyl acetate (5 mL), and the combined organics washed with
sat. ag. sodium bicarbonate solution (5 mL) and brine (5 mL), dried on sodium sulfate, filtered,
and concentrated to give crude material. Purification by flash chromatography on silica gel,
grading from hexanes to 50% ethyl acetate in hexanes gave 74 (21 mg, 0.055 mmol, 39%).

'H NMR (400 MHz, CDCls): & 7.24 —7.13 (m, 6H), 7.03 (m, 4H), 6.68 (dd, ] = 15.7, 5.1 Hz, 1H),
5.97 (dd,J=15.7, 1.8 Hz, 1H), 4.74 (d, ] = 8.6 Hz, 1H), 4.58 (d, J = 8.5 Hz, 1H), 4.20 — 4.06 (m,
3H), 3.82 (d, J=11.3 Hz, 1H), 3.67 (d, J = 11.7 Hz, 1H), 2.79 (s, 1H), 1.30 — 1.20 (m, 3H).
BC{'H} NMR (101MHz, CDCl3): § 166.02, 144.37, 137.48, 135.75, 128.63, 128.57, 128.34,
127.94, 127.71, 122.88, 85.94, 79.01, 71.73, 64.31, 60.58, 14.37, 14.31.

FTIR (neat), cm': 3468 (br), 3063 (w), 3033 (w), 2982 (m), 2929 (m), 2102 (s), 1711 (s), 1657

(m).
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Ethyl 2-(hydroxymethyl)acrylate (77)

To a three-necked round bottom flask fitted with a condenser and thermometer was added
paraformaldehyde (9.93 g, 331 mmol, 4.12 equiv), water (23.0 mL), and 1 N phosphoric acid (0.83
mL). The cloudy solution was heated to 90 °C and stirred vigorously for 2.5 hours to form a clear
solution. The solution was cooled to room temperature and triethyl phosphonoacetate 76 (18.0 g,
80.0 mmol, 1 equiv) was added. An aqueous solution of potassium carbonate (12.54 g, 91 mmol,
1.13 equiv in 12.4 mL water) was added dropwise by syringe pump over 1 hour. During this time,
the reaction temperature remained between 30-40 °C. Following complete addition of the
potassium carbonate solution, the reaction was stirred for 5 minutes between 3540 °C, cooled to
0 °C by ice bath, and then diethyl ether (40 mL) and brine (30 mL) were added. The aqueous layer
was extracted with diethyl ether (3 x 20 mL) and the combined organics were washed with brine
(2 x 20 mL), dried on magnesium sulfate, filtered, and concentrated to provide a clear liquid. The
residue was distilled (150 °C at 10 torr) to afford 77 as a clear liquid (6.35 g, 48.8 mmol, 61%).
Rt (33% ethyl acetate in hexanes, KMnQO4): 0.30

'H NMR (400 MHz, CDCls): § 6.25 (d, J=0.9 Hz, 1H), 5.82 (d, ] = 1.4 Hz, 1H), 4.32 (dd, ] = 1.4,
0.8 Hz, 2H), 4.24 (q, J = 7.2 Hz, 2H), 2.29 (s, 1H), 1.31 (t, J = 7.1 Hz, 3H).

BC{'H} NMR (101 MHz, CDCl3): § 166.50, 139.67, 125.73, 62.72, 61.02, 14.29.

FTIR (neat), cm’': 3434 (br), 2984 (m), 2909 (w), 2869 (w), 1707 (s), 1637 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CsH1103 131.0703; Found 131.0703.
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Ethyl 2-(((zert-butyldimethylsilyl)oxy)methyl)acrylate (78)

To a solution of 77 (1.63 g, 12.52 mmol, 1 equiv) in anhydrous dichloromethane (25.1 mL) under
Ar atmosphere at 0 °C was sequentially added TBSCI (2.26 g, 15.03 mmol, 1.4 equiv),
triethylamine (5.24 mL, 37.6 mmol, 3 equiv), and DMAP (153 mg, 1.25 mmol, 0.1 equiv). Solution
was stirred at 0 °C for 40 minutes then allowed to stir at room temperature for 4 hours before an
additional TBSCI portion (380 mg, 2.52 mmol, 0.2 equiv) was added. The solution was stirred
overnight at ambient conditions and diluted then dichloromethane (30 mL). The organic layer was
washed with 1 N hydrochloric acid (20 mL), saturated aqueous sodium bicarbonate (20 mL), and
brine (20 mL). The organic layer was dried on magnesium sulfate, filtered, and concentrated to
give a yellow liquid, which was further purified by flash chromatography on silica gel, eluting
with a gradient from hexanes to 1% ethyl acetate in hexanes. Product containing fractions were
combined and concentrated to give silyl ether 78 as a clear oil (2.94 g, 12.0 mmol, 96%).

Rf: (10% Ethyl acetate in hexanes, CAM): 0.78

'H NMR (400 MHz, CDCI3): § 6.25 (q, J = 2.0 Hz, 1H), 5.90 (q, J = 2.1 Hz, 1H), 437 (t, ] = 2.1
Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 1.30 (t, ] = 7.1 Hz, 3H), 0.92 (s, 9H), 0.09 (s, 6H).

BC{'H} NMR (101 MHz, CDCls): § 165.98, 139.92, 123.57, 61.51, 60.51, 25.88, 18.35, 14.22, -
5.43.

FTIR (neat), cm™': 2956 (m), 2930 (m), 2886 (w), 2858 (m), 1714 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C12H2505Si 245.1567; Found 245.1571.
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2-(((tert-butyldimethylsilyl)oxy)methyl)prop-2-en-1-ol (79)

In a flame-dried flask charged with a stir bar under Ar atmosphere, a solution of 78 (376 mg, 1.54
mmol, 1 equiv) in diethyl ether (10.3 mL) was cooled to -78 °C and diisobutyl aluminum hydride
solution (25% w/w in toluene, 3.33 mL, 4.62 mmol, 3 equiv) was added dropwise over 10 minutes.
The reaction was stirred for 2 hours at this temperature then quenched by the addition of Rochelle’s
salt solution (10 mL) and further diluted with ethyl acetate (8 mL). The quenched mixture stirred
vigorously at room temperature until two distinct layers formed, after which the organic layer was
separated and the aqueous extracted further with ethyl acetate (2 x 3 mL). The combined organic
layers were washed with brine (8 mL), dried on magnesium sulfate, filtered, and concentrated to
yield allylic alcohol 79 as a clear liquid, sufficiently pure without the need for chromatography
(290 mg, 1.44 mmol, 93%).

R (20% ethyl acetate in hexanes, KMnQ4): 0.40

'"H NMR (400 MHz, CDCls): § 5.16 — 4.85 (m, 2H), 4.23 (s, 2H), 4.16 (d, ] = 1.2 Hz, 2H), 2.12 (s,
1H), 0.91 (s, 9H), 0.08 (s, 6H).

BC{'H} NMR (101 MHz, CDCl3): § 147.59, 111.20, 65.21, 64.75, 25.99, 18.42, -5.30.

FTIR (neat), cm™': 3344 (br), 2954 (m), 2929 (m), 2857 (m), 1658 (w).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C1oH2302Si 203.1462; Found 203.1464.
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((2-(bromomethyl)allyl)oxy)(fert-butyl)dimethylsilane (80)

To a solution of alcohol 79 (994 mg, 4.91 mmol, 1 equiv) in anhydrous dichloromethane (16.4
mL) at 0 °C was added carbon tetrabromide (2.44 g, 7.37 mmol, 1.5 equiv) and triphenylphosphine
(1.55 g, 5.89 mmol, 1.2 equiv), sequentially. The reaction was stirred at 0 °C for 40 minutes then
quenched by the slow addition of saturated aqueous sodium bicarbonate solution (6 mL) and
warmed to room temperature. The phases were separated and the aqueous washed with ethyl
acetate (3 x 6 mL). The combined organic layers were washed with brine (10 mL), dried on
magnesium sulfate, filtered, and concentrated. The concentrated crude residue was further purified
by flash chromatography on silica gel, grading from hexanes to 1% ethyl acetate in hexanes to
provide allylic bromide 80 as a clear oil (960 mg, 3.62 mmol, 74%).

Rt (10% ethyl acetate in hexanes, KMnOs): 0.93

'"H NMR (400 MHz, CDCl3): 6 5.25 (q, J = 1.0 Hz, 1H), 5.24 (q, J = 1.5 Hz, 1H), 4.27 (t,J=1.3
Hz, 2H), 4.01 (d, J = 0.7 Hz, 2H), 0.92 (s, 9H), 0.10 (s, 6H).

BC{'H} NMR (101 MHz, CDCl5): § 144.98, 114.97, 63.63, 32.96, 26.03, 18.50, -5.25.

FTIR (neat), cm’': 2954 (m), 2929 (m), 2884 (w), 2857 (m), 1715 (w).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C10H22BrOSi 265.0618; Found 265.0622.
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(R)-2-hydroxy-4-methylpent-3-enenitrile (82)

Preparation of HCN solution: A solution of sodium cyanide (8.74 g, 178 mmol, 1.5 equiv) in water
(300 mL) was treated with acetic acid dropwise until a pH of 5.5 was reached (pH paper). The
aqueous solution of hydrogen cyanide was extracted into ethyl acetate (400 mL), and this solution
added directly to the swollen flour mixture containing aldehyde as described below.

Flour preparation and cyanation: Commercial almond flour (Whole Foods’ Bob’s Red Mill, 30
g) was defatted by washing on a paper filter with ethyl acetate until a dripping volume of 500 mL
filtrate had been reached. The flour was air dried in the fume hood for 4 hours, then transferred to
a round-bottomed flask containing a stir bar (Note: at this stage the mass of almond flour was now
reduced to 17 g from defatting). A solution of pH 5.5 citrate buffer (0.02 M) was added, and the
flour allowed to swell for 20 minutes at room temperature. To this mixture, 3-methyl-but-2-enal
81 (10.0 g, 119 mmol, 1 equiv) was added, followed by the previously prepared HCN solution,
and the reaction transferred to a cold room at 4 °C where it stirred for 3 days. The solution was
then filtered through a pad of Celite®, dried on sodium sulfate, filtered once more, and
concentrated to yield crude residue. The crude material was purified by flash chromatography on
silica, grading from 10% ethyl acetate to 50% ethyl acetate in hexanes to provide cyanohydrin 82
as a yellow oil (4.6 g, 41.4 mmol, 35%, 96% ee by Mosher’s ester)

Rf: (25% Ethyl acetate in hexanes, KMnOs): 0.43
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'H NMR (400 MHz, CDCls): § 5.39 (dtd, ] = 8.6, 2.8, 1.5 Hz, 1H), 5.11 (dd, ] = 8.7, 2.0 Hz, 1H),
1.80 (t, J = 1.9 Hz, 3H), 1.75 (dd, J = 2.8, 1.5 Hz, 3H).

13C{'H} NMR (101 MHz, CDCLs): & 142.04, 119.55, 119.52, 58.01, 25.67, 18.49.

FTIR (neat), cm™': 3415 (br), 2978 (m), 2918 (m), 1675 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CsH1oNO 112.0757; Found 112.0755.
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(R)-1-cyano-3-methylbut-2-en-1-yl (R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoate (82m)
To a flame-dried flask charged with a stir bar under Ar atmosphere was transferred a solution of
cyanohydrin 82 (10 mg, 0.09 mmol, 1 equiv) in dichloromethane (800 n1l.). Sequentially, pyridine
(22 L, 0.27 mmol, 3 equiv) and (S)-Mosher’s acid chloride (32 ni, 0.17 mmol, 1.9 equiv) and
the reaction allowed to stir at ambient temperature while monitoring by TLC. After 2 hours, the
reaction was partitioned between diethyl ether and water (5 mL), the aqueous layer extracted with
additional ether (3 x 3 mL), and the combined organic phases dried on sodium sulfate. Filtration,
concentration under vacuum, and purification of the resulting residue by flash chromatography on
silica, eluting with 10% ethyl acetate in hexanes, yielded mosher ester 82m as a clear oil (24 mg,
0.073 mmol, 81%). Analysis of the '’F NMR determined the ee of the starting material to be 96%.
'H NMR (400 MHz, CDCl3): § 7.47 (m, 2H), 7.44 — 7.39 (m, 3H), 6.16 (d, J = 9.1 Hz, 1H), 5.47

~5.24 (m, 1H), 3.58 (s, 3H), 1.80 (d, J = 1.5 Hz, 3H), 1.77 (d, J = 1.4 Hz, 3H).
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(R)-2-((tert-butyldimethylsilyl)oxy)-4-methylpent-3-enenitrile (83)

A solution of cyanohydrin 82 (205 mg, 1.84 mmol, 1 equiv) in anhydrous DMF (6.00 mL) was
transferred to a flame-dried flask charged with a stir bar under Ar atmosphere. Imidazole (377 mg,
5.53 mmol, 3 equiv) and TBSCI (361 mg, 2.40 mmol, 1.3 equiv) were added sequentially, and the
solution stirred overnight at ambient temperature. The reaction was quenched by the addition of
water, stirred for 15 minutes, and then poured onto diethyl ether (10 mL). The separated aqueous
layer was washed with additional ether (2 x 5 mL) and the combined ether layers washed with
10% w/w aqueous lithium chloride solution (3 x 10 mL), water (10 mL), and lastly brine (10 mL).
The organic phase was dried on sodium sulfate, filtered, and concentrated; purification by flash
chromatography on silica, grading from hexanes to 10% ethyl acetate in hexanes, provided the
silylated cyanohydrin 83 as a clear oil (374 mg, 1.66 mmol, 90%). Product may be volatile, use
caution when drying under high vacuum.

R (25% Ethyl acetate in hexanes, KMnQO4): 0.86

'"H NMR (400 MHz, CDCls): § 5.33 (dq, J = 8.4, 1.4 Hz, 1H), 5.08 (d, ] = 8.4 Hz, 1H), 1.77 (s,
3H), 1.72 (t,J=1.1 Hz, 3H), 0.90 (d, J = 1.0 Hz, 9H), 0.16 (s, 3H), 0.13 (s, 3H).

BC{'H} NMR (101 MHz, CDCl5): § 139.12, 121.31, 119.64, 59.12, 25.67, 18.51, 18.22, -4.80, -
4.83.

FTIR (neat), cm’': 2955 (m), 2930 (m), 2858 (m), 1673 (w).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C12H24NOSi 226.1622; Found 226.1619.
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(R)-2-(benzyloxy)-4-methylpent-3-enenitrile (88)

To a flame-dried flask charged with a stir bar under Ar atmosphere was added cyanohydrin 82 (205
mg, 1.84 mmol, 1 equiv), benzyl trichloroacetimidate (685 ni., 3.69 mmol, 2 equiv) and anhydrous
dichloromethane (18 mL). The solution was cooled to 0 °C, and trimethylsilyl
trifluoromethanesulfonate (67 i, 0.37 mmol, 0.2 equiv) was added dropwise. The ice bath was
removed, allowing the reaction to warm to room temperature, and stirred overnight. The reaction
was quenched after 20 hours by addition of water (18 mL). The mixture was poured onto 50%
saturated aqueous sodium bicarbonate solution (100 mL) and following vigorous shaking the
organic layer separated. The aqueous layer was extracted with dichloromethane (3 x 50 mL), and
the combined organic layers dried on magnesium sulfate, filtered, and concentrated. Purification
by flash chromatography on silica, eluting with 2.5% ethyl acetate in hexanes, afforded benzylated
cyanohydrin 83 as an oil (170 mg, 0.845 mmol, 46%).

R¢: (25% Ethyl acetate in hexanes, KMnQOs): 0.74

'H NMR (400 MHz, CDCls): § 7.30 — 7.22 (m, 6H), 5.29 (ddt, J = 7.2, 3.0, 1.5 Hz, 1H), 4.71 —
4.65 (m, 2H), 4.49 — 4.44 (m, 2H), 1.69 (d, J = 1.5 Hz, 3H), 1.53 (d, J = 1.4 Hz, 3H).

BC{'H} NMR (101 MHz, CDCl3): § 142.57, 136.12, 128.81, 128.60, 128.55, 128.48, 127.93,
117.76,71.42, 64.04, 25.76, 18.59.

FTIR (neat), cm™': 3022 (w), 2916 (m), 1766 (m).
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HRMS (ESI-TOF) m/z: [M+H]" Calcd for C13Hi6NO 202.1226; Found 202.1223.
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Methyl dibenzyl-L-serinate (90)

To a suspension of 89 (100 mg, 0.642 mmol, 1 equiv) in THF (1.60 mL) and DMSO (400 pL) was
added benzyl bromide (230 pL, 1.93 mmol, 3 equiv) and sodium carbonate (273 mg, 2.57 mmol,
4 equiv) in sequence. The mixture was stirred vigorously and brought to 60 °C and maintained at
this temperature for 24 hours. After cooling, the mixture was diluted with water (20 mL), the
aqueous separated and further washed with diethyl ether (3 x 10 mL). The combined organics were
washed with brine (12 mL), dried over magnesium sulfate, filtered, and concentrated to give the
crude material. Purification by flash chromatography, eluting with 15% ethyl acetate in hexanes,
gave 90 as a colorless oil (173 mg, 0.578 mmol, 90%).

'H NMR (400 MHz, CDCls): § 7.31 — 7.26 (m, 4H), 7.25 — 7.17 (m, 6H), 3.86 (d, J = 13.5 Hz,
2H), 3.74 (s, 3H), 3.70 (dd, J = 7.5, 2.7 Hz, 2H), 3.63 (d, ] = 13.4 Hz, 2H), 3.51 (dd, ] = 8.0, 7.0
Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 171.85, 138.78, 129.10, 128.65, 128.62, 127.54, 127.04,
65.36, 61.90, 59.46, 54.93, 51.56.

FTIR (neat), cm™': 3436 (br), 3028 (m), 2950 (m), 1728 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C13H22NO3 300.1594; Found 300.1600.
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methyl NV, N-dibenzyl-O-(zert-butyldimethylsilyl)-L-serinate (91)

A solution of alcohol 90 (1.74 g, 5.81 mmol, 1 equiv) in DMF (19.4 mL) was treated with TBSCI
(1.14 g, 7.56 mmol, 1.30 equiv), imidazole (0.594 g, 8.72 mmol, 1.50 equiv), and DMAP (0.071
g, 0.581 mmol, 0.10 equiv) at room temperature sequentially. The reaction was stirred for 19 hours
and diluted with ethyl acetate (60 mL). The solution was washed with 1 N HCI (3 x 20 mL) and
brine (20 mL), then dried on magnesium sulfate. Filtration, concentration, and purification via
flash chromatography on silica gel, eluting with 3% ethyl acetate in hexanes, gave 91 as a colorless
oil (2.14 g, 5.17 mmol, 89%).

"H NMR (400 MHz, CDCls): § 7.42 — 7.37 (m, 4H), 7.34 — 7.27 (m, 4H), 7.25 — 7.19 (m, 2H),
3.99 (dd, J =10.2, 6.5 Hz, 1H), 3.94 (d, J = 14.3 Hz, 2H), 3.88 (dd, J = 10.1, 6.0 Hz, 1H), 3.75 (s,
3H), 3.68 (d, J = 14.1 Hz, 2H), 3.55 (t, J = 6.1 Hz, 1H), 0.85 (s, 9H), -0.01 (s, 6H).

BC{'H} NMR (101 MHz, CDCI3): § 172.18, 140.02, 128.84, 128.33, 127.04, 63.14, 62.84, 55.59,
51.22,25.91, 18.28, -5.45, -5.50.

FTIR (neat), cm™: 3028 (w), 2951 (m), 2942 (m), 2855 (m), 1734 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C24H3¢NO3Si 414.2459; Found 414.2462.
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(R)-3-((tert-butyldimethylsilyl)oxy)-2-(dibenzylamino)propan-1-ol (92)

A solution of 91 (1.077 g, 2.60 mmol, 1 equiv) in diethyl ether (17.4 mL) was cooled to 0 °C and
treated with lithium borohydride (252 mg, 10.42 mmol, 4 equiv) and methanol (420 pL)
sequentially. After 10 minutes, the ice bath was removed, and the solution stirred at ambient
conditions for 3 hours. The reaction was quenched by the addition of saturated aqueous ammonium
chloride (15 mL), and the aqueous layer extracted with ethyl acetate (3 x 5 mL). The combined
organic phases were washed with brine (10 mL), dried on magnesium sulfate, filtered, and
concentrated. The crude material was purified by flash chromatography on silica gel, grading from
hexanes to 5% ethyl acetate in hexanes, to give 92 as a clear oil (0.850 mg, 2.20 mmol, 85%).

'"H NMR (400 MHz, CDCl3): § 7.35 — 7.27 (m, 8H), 7.25 — 7.22 (m, 2H), 3.90 (d, J = 13.4 Hz,
2H), 3.86 (dd, J = 10.6, 6.1 Hz, 1H), 3.74 (dd, J = 10.6, 5.8 Hz, 1H), 3.66 (d, J = 13.4 Hz, 2H),
3.61 —3.51 (m, 2H), 3.01 (dq, J = 9.0, 5.8 Hz, 1H), 2.90 (s, 9H), 0.09 (s, 3H), 0.09 (s, 3H).
BC{'H} NMR (101 MHz, CDCl;): & 139.77, 129.10, 128.57, 127.28, 61.05, 59.93, 59.73, 54.24,
26.03, 18.29, -5.38, -5.42.

FTIR (neat), cm™': 3449 (br), 3028 (W), 2952 (m), 2927 (m), 2855 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C23H3sNO,Si 386.2510; Found 386.2512.

118



(COCI),, DMSO 0]
KENB ny Et3N ’ NBn,
92 OTBS CH2C€|3260/_078 °C 93 OTBS

(5)-3-((zert-butyldimethylsilyl)oxy)-2-(dibenzylamino)propanal (93)
A solution of oxalyl chloride (2.0 M in DCM, 260 pL, 0.519 mmol, 2 equiv) in dichloromethane
(1.0 mL) was cooled to - 78 °C and DMSO (81 pL, 1.14 mmol, 4.4 equiv) was added dropwise.
This solution was stirred for 10 minutes, and alcohol 92 (100 mg, 0.259 mmol, 1 equiv) as a DCM
solution (1.4 mL) was added dropwise over 2 minutes. After stirring an additional 18 minutes,
triethylamine (325 pL, 2.33 mmol, 9 equiv) was added. The resulting solution was stirred 25
minutes, removed from the cooling bath, and diluted with water (5 mL). The organic layer was
separated and the aqueous washed with dichloromethane (3 x 2 mL). The combined organic layers
were washed with dilute aqueous HCI solution (3 mL), water (3 mL), saturated aqueous sodium
bicarbonate (3 mL), and brine (2 x 3 mL). The organics were dried on magnesium sulfate, filtered,
and concentrated to give a crude film, which was diluted in hexanes and minimal ethyl acetate and
then passed through a plug of cotton to give aldehyde 93 after concentration as a yellow oil (85.6
mg, 0.223 mmol, 86%).
'H NMR (400 MHz, CDCls): 6 9.73 (s, 1H), 7.40 (d, J = 6.9 Hz, 4H), 7.36 — 7.29 (m, 4H), 7.27 —
7.21 (m, 2H), 4.05 (dd, J = 5.7, 1.3 Hz, 2H), 3.89 (d, J = 3.1 Hz, 4H), 3.39 (t, ] = 5.7 Hz, 1H), 0.91
(s, 9H), 0.09 (s, 3H), 0.08 (s, 3H).
FTIR (neat), cm™': 3028 (w), 2927 (m), 2855 (m), 1720 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C23H34NO>Si 384.2353; Found 384.2356.

119



o Boc,0, Et;N, DMAP 0
y - %
HN BocN

CH,Cl,
58 98% 96

tert-butyl (I1R,45)-3-0xo0-2-azabicyclo[2.2.1]hept-5-ene-2-carboxylate (96)

In a flame-dried flask charged with a stir bar under an Ar atmosphere (/R,4S)-2-
azabicyclo[2.2.1]hept-5-en-3-one 58 (500 mg, 4.58 mmol, 1 equiv) was combined with
triethylamine (702 ni, 5.04 mmol, 1.1 equiv), DMAP (5.6 mg, 0.046 mmol, 0.01 equiv), and
dichloromethane (4.6 mL). The solution was cooled to 0 °C, and solid Boc-anhydride (1.10 g, 5.04
mmol, 1.1 equiv) was added in portions. The cooling bath was removed, and the solution stirred
at ambient temperature for 24 hours, then poured onto water (20 mL). The aqueous layer was
washed with dichloromethane (3 x 15 mL) and the combined organic phases dried on magnesium
sulfate, filtered, and concentrated to produce crude material. Purification by flash chromatography
on silica, grading from hexanes to 15% ethyl acetate in hexanes, provided N-Boc Vince’s lactam
96 as a white solid (935 mg, 4.47 mmol, 98%).

R (25% Ethyl acetate in hexanes, KMnOj): 0.36

"H NMR (400 MHz, CDCls): § 6.88 (dd, J = 5.4, 2.2 Hz, 1H), 6.65 (ddd, J = 5.0, 3.2, 1.5 Hz, 1H),
4.94 (d, J =2.2 Hz, 1H), 3.37 (ddt, J = 3.2, 1.6, 0.8 Hz, 1H), 2.34 (dt, J = 8.5, 1.6 Hz, 1H), 2.14
(dt, J=8.5, 1.5 Hz, 1H), 1.49 (s, 9H).

B3C{'H} NMR (101 MHz, CDCls): § 176.36, 150.53, 140.15, 138.34, 82.73, 62.52, 55.05, 54.57,
28.17.

FTIR (neat), cm™': 2980 (m), 1789 (s), 1758 (s), 1703 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C11H;6NOs 210.1125; Found 210.1125.
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tert-butyl (1S,4S,5R)-7-0x0-3-0xa-6-azatricyclo[3.2.1.0>*]octane-6-carboxylate (97)

In a flame-dried flask charged with a stir bar under an Ar atmosphere, a solution of N-Boc lactam
96 (311 mg, 1.49 mmol, 1 equiv) in anhydrous dichloromethane (12 mL) was treated with meta-
chloroperbenzoic acid (75% w/w, 1.10 g, 4.78 mmol, 3.22 equiv) at room temperature. The
solution stirred for 4 days and was then concentrated under vacuum, directly loaded onto a silica
column, and purified by flash chromatography grading from 5-20% ethyl acetate in hexanes.
Product containing fractions yielded a white solid 97 (323 mg, 1.43 mmol, 96%).

R (25% Ethyl acetate in hexanes, KMnO4): 0.37

'"H NMR (400 MHz, CDCls): § 4.62 (t, ] = 1.6 Hz, 1H), 3.78 (dd, ] = 3.6, 1.3 Hz, 1H), 3.62 (dd, J
=3.6, 1.6 Hz, 1H), 3.19 — 2.94 (m, 1H), 1.82 (dt, J =10.4, 1.7 Hz, 1H), 1.64 (dt, J =10.4, 1.8 Hz,
1H), 1.53 (s, 9H).

BC{'H} NMR (101 MHz, CDCl;): & 173.62, 149.89, 83.55, 59.10, 53.28, 50.15, 48.50, 28.20,
27.24.

FTIR (neat), cm™': 2981 (m), 1786 (s), 1766 (s), 1708 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C11H1sNOsNa 248.0893; Found 248.0892.
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methyl  (3R,4R)-4-((tert-butoxycarbonyl)amino)-3-hydroxycyclopent-1-ene-1-carboxylate
98)

Sodium methoxide (1 M in anhydrous methanol) was prepared immediately prior to use by transfer
of solid sodium to a flame-dried flask under Ar, cooling the flask to 0 °C, and adding anhydrous
methanol to create a 1 M solution (based on mass of sodium) after complete sodium dissolution.
A solution of epoxy-lactam 97 (323 mg, 1.43 mmol, 1 equiv) in anhydrous methanol (14.3 mL)
was treated with the freshly prepared sodium methoxide (1 M in methanol, 143 i, 0.143 mmol,
0.1 equiv) at 0 °C. The consumption of 97 was monitored by TLC, and after complete consumption
(1 hour), the ice bath was removed, and the reaction allowed to stir overnight at ambient
temperature (the intermediate TLC spot disappears after stirring overnight and the appearance of
the 98 as product on TLC is noted). The reaction was neutralized by addition of Amberlite™ CGS50
(Type I) hydrogen form until the pH of solution measured less than 7 (pH paper). The mixture was
poured onto a plug of Celite®, eluting with methanol (100 mL), and the concentrated residue
purified by flash chromatography on silica gel, grading from hexanes to 20% ethyl acetate in
hexanes, to afford hydroxyester 98 (320 mg, 1.24 mmol, 87%).

Rt (25% Ethyl acetate in hexanes, KMnOg): 0.18

"H NMR (400 MHz, CDCls): § 6.65 (q, J = 1.0 Hz, 1H), 4.92 (s, 1H), 4.82 (dq, J = 6.0, 2.1 Hz,
1H), 4.35 (s, 1H), 3.96 (tdd, J = 8.4, 5.8, 4.1 Hz, 1H), 3.76 (s, 3H), 3.05 (dddd, J = 16.0, 8.7, 2.2,

1.2 Hz, 1H), 2.32 (ddt, J = 15.9, 8.3, 2.2 Hz, 1H), 1.46 (s, 9H).
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BC{'H} NMR (101 MHz, CDCl3): § 164.92, 157.47, 142.63, 133.74, 83.86, 80.77, 61.22, 51.99,

35.95, 28.46.
FTIR (neat), cm’': 3366 (br), 2978 (m), 1685 (s), 1524 (m).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C12H;9NOsNa 280.1155; Found 280.1154.
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methyl (3R,4R)-3-(benzyloxy)-4-((fert-butoxycarbonyl)amino)cyclopent-1-ene-1-carboxylate
99)

A solution of alcohol 98 (303 mg, 1.18 mmol, 1 equiv) in anhydrous THF (2.36 mL) was cooled
to 0 °C and benzyl bromide (560 ni, 4.71 mmol, 4 equiv) and then sodium hydride (60% w/w
dispersion in mineral oil, 51.8 mg, 1.30 mmol, 1.1 equiv) were added in sequence while stirring.
The ice bath was removed, the reaction monitored by TLC and quenched after 1 hour by the
addition of saturated aqueous ammonium chloride solution at 0 °C. Once bubbling subsided, the
mixture was partitioned between water (10 mL) and ethyl acetate (10 mL). The layers were
separated, and the aqueous layer washed with ethyl acetate (2 x 10 mL). The combined organic
layers were washed with brine (10 mL), dried on magnesium sulfate, filtered, and concentrated to
give the crude. Purification was achieved by flash chromatography on silica, grading from hexanes
to 15% ethyl acetate in hexanes to give product ether 99 (212 mg, 0.61 mmol, 52%).

R¢: (25% Ethyl acetate in hexanes, KMnQOj4): 0.42

'H NMR (400 MHz, CDCls): § 7.38 — 7.27 (m, 5H), 6.67 (d, J = 2.0 Hz, 1H), 4.75 — 4.69 (m, 2H),
4.65(d,J=11.8 Hz, 1H), 4.51 (dd, ] =4.1, 2.0 Hz, 1H), 4.21 (s, 1H), 3.74 (s, 3H), 3.22 — 2.95 (m,
1H), 2.64 —2.21 (m, 1H), 1.46 (s, 9H).

BC{'H} NMR (101 MHz, CDCls): § 164.93, 155.26, 139.59, 138.08, 137.36, 128.55, 128.04,
127.90, 88.44, 79.78, 71.65, 56.34, 51.90, 37.14, 28.50.

FTIR (neat), cm': 2976 (m), 2866 (m), 1702 (s), 1686 (s), 1637 (w).
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HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C19H2sNOsNa 370.1625; Found 370.1625.
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tert-butyl ((/R,2R)-2-(benzyloxy)-4-(hydroxymethyl)cyclopent-3-en-1-yl)carbamate (100)

A solution of ester 99 (39.0 mg, 0.112 mmol, 1 equiv) in anhydrous dichloromethane (950 mL)
was cooled to - 78 °C and diisobutyl aluminum hydride (25% w/w in toluene, 172 ni., 0.258 mmol,
2.3 equiv) was added dropwise. The solution stirred at this temperature while monitoring by TLC
and quenched after 2 hours by the addition of Rochelle’s salt solution (5 mL). The stirring mixture
was allowed to warm to room temperature while vigorously stirring, and after the appearance of
distinct layers, the phases were separated and the aqueous washed with dichloromethane (3 x 5
mL). The combined organic layers were washed with water (10 mL) and brine (10 mL), dried on
sodium sulfate, filtered, and concentrated. Purification by flash chromatography on silica, grading
from 20-50% ethyl acetate in hexanes to afford alcohol 100 as a white solid (27.4 mg, 0.086 mmol,
76%).

R¢: (50% Ethyl acetate in hexanes, KMnQOj): 0.26

'"H NMR (400 MHz, CDCl;3): § 7.40 — 7.27 (m, 5H), 5.70 (q, J = 1.9 Hz, 1H), 4.72 (d, ] = 11.1 Hz,
2H), 4.61 (d, J = 11.8 Hz, 1H), 4.37 (s, 1H), 4.24 — 4.08 (m, 3H), 2.90 (dd, J = 17.1, 7.6 Hz, 1H),
2.11(dd,J=17.1,3.8 Hz, 1H), 1.83 (s, 9H).

BC{'H} NMR (101 MHz, CDCls): § 155.42, 148.17, 138.46, 128.46, 128.12, 127.72, 123.51,
89.31, 79.59, 71.20, 61.64, 55.94, 38.41, 28.53.

FTIR (neat), cm™': 3325 (br), 2977 (m), 2860 (m), 1685 (s).

HRMS (ESI-TOF) m/z: [M+H]" Caled for C1sHa6NO4 320.1856; Found 320.1856.
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tert-butyl ((1R,2R)-2-(benzyloxy)-4-(((tert-butyldimethylsilyl)oxy)methyl)cyclopent-3-en-1-
yl)carbamate (53)

A solution of Allylic alcohol 100 (130 mg, 0.407 mmol, 1 equiv) in anhydrous dichloromethane
(4.07 mL) was cooled to 0 °C and diisopropylethylamine (107 pL, 0.611 mmol, 1.5 equiv) was
added. TBSOTf (112 pL, 0.488 mmol, 1.2 equiv) was added dropwise, and the consumption of
starting material monitored by TLC. After 2 hours, the reaction was quenched by the addition of
saturated aqueous sodium bicarbonate (6 mL), the cold bath removed, and the mixture stirred
vigorously for 15 minutes while warming to room temperature. The phases were separated, and
the aqueous layer washed with dichloromethane (2 x 6 mL). The combined organic layers were
dried on magnesium sulfate, filtered, and concentrated to provide the crude material, which was
further purified by flash chromatography on silica gel grading from hexanes to 30% ethyl acetate
in hexanes, affording product 53 as a gum (157 mg, 0.362 mmol, 89%).

Rf: (10% Ethyl acetate in hexanes, KMnQOs): 0.37

'"H NMR (400 MHz, CDCl3): § 7.39 — 7.24 (m, 5H), 5.66 (d, ] = 1.9 Hz, 1H), 4.83 —4.55 (m, 3H),
4.35(d,J=2.4Hz, 1H), 4.23 —4.07 (m, 3H), 2.88 (dd, J = 17.6, 7.4 Hz, 1H), 2.18 — 1.96 (m, 1H),
1.46 (s, 9H), 0.90 (s, 9H), 0.06 (s, 6H).

BC{'H} NMR (101 MHz, CDCl3): § 155.39, 148.08, 138.68, 128.47, 128.11, 127.67, 122.99,
89.47,79.57,71.09, 62.14, 55.98, 38.53, 28.56, 26.02, 18.47, -5.23, -5.28.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C24Hs0NO4Si 434.2722; Found 434.2724.
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tert-butyl ((2S,3R)-2-(benzyloxy)-6-((tert-butyldimethylsilyl)oxy)-1,5-dioxohexan-3-
yl)carbamate (50)

A solution of silyl ether 53 (30 mg, 69 mmol, 1 equiv) in anhydrous dichloromethane (700 ni) was
cooled to - 78 °C, and ozone was bubbled through the solution while stirring until the appearance
of a light blue color. Immediately, the flask was relocated and the flask sparged with nitrogen gas
to remove the excess ozone, noted by the disappearance of the blue tint of the solution. Thereafter,
triphenylphosphine (35 mg, 0.13 mmol, 1.9 equiv) was added in one portion, and the solution
stirred overnight while slowly warming to room temperature. After a total of 16 hours the solution
was concentrated under vacuum and purification of the crude was performed by flash
chromatography on silica gel, grading from 20—40% ethyl acetate in hexanes to give ketoaldehyde
50 (19 mg, 41 mmol, 59%) as a clear oil.

R¢: (25% Ethyl acetate in hexanes, KMnOj4): 0.20-0.40 (streaking)

'H NMR (400 MHz, CDCls): 6 9.67 (s, 1H), 7.38 — 7.28 (m, 5H), 5.02 (d, J = 9.3 Hz, 1H), 4.80
(d, J=11.6 Hz, 1H), 4.67 —4.56 (m, 1H), 4.42 (d, J = 11.6 Hz, 1H), 4.11 (d, J = 2.8 Hz, 1H), 4.03
(s, 2H), 2.96 — 2.70 (m, 2H), 1.39 (s, 9H), 0.92 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H).

BC{'H} NMR (101 MHz, CDCls): § 209.20, 200.64, 155.14, 137.01, 128.73, 128.52, 128.45,
83.42, 80.12, 73.23, 69.34, 46.58, 39.95, 28.53, 28.37, 25.90, 18.37, -5.37, -5.42.

FTIR (neat), cm™': 2929 (m), 2857 (m), 1711 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C24H40NO6Si 466.2619; Found 466.2612.
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neomycin B
(2R,3S,4R,5R,6R)-5-azido-2-(azidomethyl)-6-(((/R,2R,3S,4R, 65)-4,6-diazido-2,3-
dihydroxycyclohexyl)oxy)tetrahydro-2H-pyran-3,4-diol (102)

In a 1 L round-bottom flask, charged with neomycin B trisulfate salt hydrate (26.0 g, 35.1 mmol,
1 equiv) methanol (600 mL) and concentrated hydrochloric acid (55 mL) were added. The flask
was fitted with a reflux condenser, and the solution stirred while brought to reflux where it
remained overnight. The mixture was allowed to cool to room temperature, after which the solution
was partially concentrated under rotary evaporation to approximately half volume. The remaining
solution was placed in the refrigerator (- 20 °C) for 30 minutes, and the resulting precipitate was
collected by vacuum filtration. Washing of the collected solids with chilled (0 °C) diethyl ether
and drying under vacuum provided neamine tetrahydrochloride (13.3 g, 28.4 mmol, 99%), which
was used without further purification.

Preparation of Trifluoromethanesulfonyl azide (CAUTION: This reagent is known to be
explosive when neat and should only be handled as a solution in dichloromethane or toluene):
A solution of sodium azide (44.0 g, 677 mmol, 24 equiv) in a 1:1 mixture of water and toluene
(330 ml) was cooled to 0 °C and while vigorously stirring, trifluoromethanesulfonic anhydride

(57.2 mL, 338 mmol, 12 equiv) was added dropwise by addition funnel. After complete addition,
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the ice bath was removed, and the solution stirred for 2 hours at ambient temperature. The reaction
was quenched by the addition saturated aqueous sodium bicarbonate until bubbling subsided. The
phases were then separated, and the aqueous washed with toluene (165 mL). The combined organic
phases furnish a nominally 1 M TfN3 solution which was used immediately.

Diazotransfer to neamine tetrahydrochloride:

A solution of neamine tetrahydrochloride (13.2 g, 28.2 mmol, 1 equiv) was dissolved in water (300
mL) and methanol (1.00 L) a solution copper (II) sulfate pentahydrate (704 mg, 2.82 mmol, 0.1
equiv) in 4:3:3 triethylamine:water:methanol (100 mL) was added. Lastly the freshly prepared
T{N3 solution was added dropwise while vigorously stirring. The solution became a dark blue
color, and over 4 hours while stirring at room temperature assumed a green tint. Solid sodium
bicarbonate (13.0 g) was added, and the solution stirred for an additional 10 minutes. The volatiles
were removed under vacuum, and the remaining aqueous residue was washed with ethyl acetate
(3 x200 mL). The combined organic phases were washed with saturated aqueous sodium carbonate
(2 x 300 mL). The concentrated crude material was purified by flash chromatography on silica gel,
grading from 30-85% to afford tetraazidoneamine 102 as a white solid (8.50 g, 19.9 mmol, 71%,
70% over 2 steps).

Ry (66% Ethyl acetate in hexanes, KMnQOj): 0.56

'H NMR (400 MHz, CD30D): § 5.65 (d, ] = 3.8 Hz, 1H), 4.18 (ddd, ] =9.9, 5.5, 2.4 Hz, 1H), 3.88
(dd, J =10.5, 8.8 Hz, 1H), 3.55 — 3.34 (m, 6H), 3.31 — 3.24 (m, 2H), 3.13 (dd, J = 10.5, 3.8 Hz,
1H), 2.26 (dt, J =12.9,4.2 Hz, 1H), 1.43 (q, ] = 12.3 Hz, 1H)

*HRMS (ESI-TOF) m/z: [M+Na]" Calcd for Ci2H3N1206Na 449.1370; Found 449.1376.

130



N3 N3

HO (o) Ac,0, Pyridine o AcO 0
HO N3 AcO N

N3O CH,Cl,, 0 °C Nj
, O

102 OH 103 OAc

(2R,3R,4R,5R,6R)-6-(((IR,2S,3S,4R,6S5)-3-acetoxy-4,6-diazido-2-hydroxycyclohexyl)oxy)-5-
azido-2-(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (103)

In a 500 mL round-bottom flask, a solution of tetraazidoneamine 102 (8.3 g, 19.5 mmol, 1 equiv)
in 1:1 dichloromethane:pyridine (147 mL) was cooled to 0 °C and acetic anhydride (147 mL, 1560
mmol, 67 equiv) was added. The cooling bath was removed, and the solution allowed to warm to
23 °C and stirred for 1.5 hours. The solution was then further diluted with dichloromethane (140
mL) and poured onto chilled (0 °C), stirring saturated aqueous sodium bicarbonate solution (500
mL). After bubbling subsided, the layers were separated and the organic layer washed with water
(2 x 65 mL). The volatiles were removed under vacuum and the remaining residue was suspended
in ethyl acetate (130 mL), washed with saturated ammonium chloride solution (2 x 130 mL) and
brine (130 mL). The organic phase was dried on sodium sulfate, filtered, and concentrated, and
purification was achieved by flash chromatography on silica gel, grading from 10-70% ethyl
acetate in hexanes to afford tetraazidoneamine triacetate 103 as a white solid (6.5 g, 11.8 mmol,
60%). Major byproduct is the tetra-acetylated derivative which may co-elute if the elution gradient
increases quickly.

Rf: (40% Ethyl acetate in hexanes, KMnOa): 0.48

'H NMR (400 MHz, CDCl3): § 5.47 (dd, J = 10.4, 9.4 Hz, 1H), 5.35 (d, ] = 3.6 Hz, 1H), 5.03 (m,

1H), 4.91 (t,J = 9.8 Hz, 1H), 4.33 (ddd, J = 10.2, 4.9, 2.8 Hz, 1H), 3.68 — 3.63 (m, 2H), 3.53 (ddd,
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J=12.5,10.0, 4.5 Hz, 1H), 3.44 — 3.29 (m, 4H), 2.39 (dt, J = 13.1, 4.3 Hz, 1H), 2.17 (s, 3H), 2.09
(s, 3H), 2.05 (s, 3H), 1.61 (q, ] = 12.7 Hz, 1H).

13C{'H} NMR (101 MHz, CDCls): & 169.67, 98.81, 78.64, 74.14, 73.54, 69.76, 69.57, 69.37,
60.58, 58.35, 57.62, 50.71, 31.73, 20.64.

FTIR (neat), cm™': 2926 (m), 2103 (s), 1742 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C1sH24N1209Na 575.1687; Found 575.1702.

132



N
H3C\ PN /CH3
AcO Q o 0 AcO Q
AcO N, P,05 AcO N,

N3O r N3O
HM’NS CH2C|2 MOMM’NS

OAc OAc
103 95% 104

(2R,3R,4R,5R,6R)-6-(((IR,2S,3S,4R,6S5)-3-acetoxy-4,6-diazido-2-
(methoxymethoxy)cyclohexyl)oxy)-5-azido-2-(azidomethyl)tetrahydro-2H-pyran-3,4-diyl
diacetate (104)

A solution of Triacetylated neamine tetraazide 103 (6.50 g, 11.8 mmol, 1 equiv) in
dichloromethane (138 mL) was treated while stirring with dimethoxy methane (8.95 mL, 100
mmol, 8.5 equiv) and phosphorous pentoxide (24.7 g, 87 mmol, 7.4 equiv) in sequence. The
resulting mixture was stirred for 1 hour at ambient temperature, and then poured onto a mixture of
ice and saturated aqueous sodium bicarbonate (300 mL). After the ice completed melting, the
phases were separated, and the organic layer washed with water (300 mL) and brine (300 mL).
The organic layer was dried over sodium sulfate, filtered, and concentrated to provide the MOM-
ether 104 as an off-white solid (6.67 g, 11.2 mmol, 95%).

Rf: (30% Ethyl acetate in hexanes, KMnQOys): 0.47

'"H NMR (400 MHz, CDCls): 6 5.52 (d, ] = 3.8 Hz, 1H), 5.47 (dd, ] = 10.7, 9.4 Hz, 1H), 5.05 (t,J
=9.7 Hz, 1H), 497 (t, J =9.7 Hz, 1H), 4.82 (d, J = 6.9 Hz, 1H), 4,74 (d, J = 6.9 Hz, 1H), 4.51
(ddd, J = 10.0, 4.9, 2.7 Hz, 1H), 3.62 — 3.56 (m, 2H), 3.50 — 3.43 (m, 2H), 3.39 — 3.28 (m, 6H),
2.39 (dt,J=13.2,4.5, 1H), 2.16 (s, 3H), 2.10 (s, 3H), 2.06 (s, 3H), 1.63 (q, J=12.7 Hz, 1H).
BC{'H} NMR (101 MHz, CDCls): § 170.20, 170.16, 169.74, 99.94, 98.09, 84.29, 78.89, 74.60,
70.14, 69.44, 69.36, 60.92, 58.55, 58.22, 56.75, 50.81, 31.60, 21.15, 20.74, 20.71.

FTIR (neat), cm™': 2961 (w), 2100 (s), 1748 (s).
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HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C20H23N12010Na 619.1949; Found 619.1973.
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(1S,2S,3R,4S,6R)-4,6-diazido-3-(((2R,3R,4R,5S,6R)-3-azido-6-(azidomethyl)-4,5-
dihydroxytetrahydro-2H-pyran-2-yl)oxy)-2-(methoxymethoxy)cyclohexyl acetate (105)

A solution of MOM-ether 104 (6.70 g, 11.2 mmol, 1 equiv) in dry methanol (100 mL) was treated
with potassium fert-butoxide (1M in THF, 2.25 mL, 2.25 mmol, 0.2 equiv) at ambient conditions.
The solution stirred for 1 hours at this temperature, and was then neutralized by the addition of 2
M hydrochloric acid (1.25 mL). The solvents were evaporated, and the remaining residue purified
by flash chromatography on silica gel, grading from 30—70% ethyl acetate in hexanes to yield diol
105 (5.64 g, 11.0 mmol, 98%) as a white solid.

Rt (66% Ethyl acetate in hexanes, KMnQOj4): 0.68

'H NMR (400 MHz, CDCl3): § 5.49 (d, ] = 3.8 Hz, 1H), 4.95 (t, ] = 9.6 Hz, 1H), 4.82 (d, ] = 6.8
Hz, 1H), 4.75 (d, J = 6.8 Hz, 1H), 4.22 (ddd, ] = 9.9, 4.3, 2.9 Hz, 1H), 3.98 (t, ] = 9.4 Hz, 1H),
3.65 — 3.36 (m, 5H), 3.33 (s, 3H), 3.23 (dd, J = 10.5, 3.8 Hz, 1H), 2.99 (bs, 1H), 2.86 (bs, 1H),
2.35(dt,J =13.2,4.5 Hz, 1H), 2.16 (s, 3H), 1.60 (q, J = 12.7 Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 170.29, 100.04, 98.26, 84.31, 78.30, 74.74, 71.67, 71.54,
71.29, 62.97, 59.20, 58.39, 56.85, 51.26, 31.97, 21.26.

FTIR (neat), cm™': 3430 (br), 2938 (m), 2100 (s), 1743 (m).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C16H24N1208Na 535.1738; Found 535.1807.
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(1S,2S,3R,4S,6R)-4,6-diazido-3-hydroxy-2-(methoxymethoxy)cyclohexyl acetate (106)

To a solution of diol 105 (5.76 g, 11.2 mmol, 1 equiv) in methanol (453 mL) was added solid
sodium periodate (18.03 g, 84 mmol, 7.5 equiv) and the solution stirred overnight at ambient
temperature. A white precipitate had formed, which was removed by filtration, and the filtrate then
concentrated, dissolved in ethyl acetate (400 mL), and washed with water (2 x 200 mL) and brine
(2 x 200 mL). The organic phase was dried over sodium sulfate, filtered, and the solvents removed
under vacuum. The residue was re-dissolved in methanol (470 mL) and n-propylamine (2.77 mL,
33.7 mmol, 3 equiv) was added at room temperature. After 1.5 hours of stirring, an additional
portion of n-propylamine (0.95 mL, 11.6 mmol, 1 equiv) was added and stirring continued for 1
hour. The solvents were then removed under reduced pressure, and the residue purified by flash
chromatography on silica gel, grading from 20-40% ethyl acetate in hexanes to afford 2-
deoxystreptamine derivative XX as an orange solid (3.09 g, 10.3 mmol, 91%).

Rt (50% Ethyl acetate in hexanes, KMnQj4): 0.52

'H NMR (400 MHz, CDCl3): § 4.96 (t, ] = 9.9 Hz, 1H), 4.77 (d, J = 7.0 Hz, 1H), 4.66 (d, J = 7.0
Hz, 1H), 4.30 (d, J = 1.5 Hz, 1H), 3.53 — 3.38 (m, 6H), 2.21 (dt, J = 13.4, 4.5 Hz, 1H), 2.14 (s,
3H), 1.45 (dd, J = 25.9, 12.6 Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 169.93, 98.47, 84.14, 75.61, 74.13, 59.99, 58.56, 56.37,
31.90, 20.91.

FTIR (neat), cm': 3419 (br), 2899 (m), 2096 (s), 1742 (s).
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HRMS (ESI-TOF) m/z: [M+NH,4]" Calcd for C10H20N705 318.1520; Found 318.1519.
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(1S8,28,3R,4S,6R)-4,6-diazido-2,3-dihydroxycyclohexyl acetate (107)

A solution of glycosyl acceptor 106 (100 mg, 0.333 mmol, 1 equiv) in anhydrous dichloromethane
(2.22 mL) was treated with trifluoroacetic acid (1.11 mL, 14.3 mmol, 43 equiv) and the solution
stirred overnight. The solvents were removed under reduced pressure, and the remaining residue
purified by flash chromatography on silica gel, grading from 30-50% ethyl acetate in hexanes to
provide 2-DOS diol 107 as an off-white solid (51 mg, 0.199 mmol, 60%).

Ry (50% Ethyl acetate in hexanes, KMnOg): 0.24

'"H NMR (400 MHz, CDCI5): § 4.79 (s, 2H), 4.74 (t, ] = 9.7 Hz, 1H), 3.53 (ddd, ] = 12.5, 10.1, 4.5
Hz, 1H), 3.40 — 3.23 (m, 3H), 2.11 (dt, J = 13.2, 4.4 Hz, 1H), 2.05 (s, 3H), 1.31 (q, J = 12.5 Hz,
1H).

BC{'H} NMR (101 MHz, CDCls): § 172.07, 77.49, 77.44, 74.79, 61.81, 59.72, 33.02, 20.97.
FTIR (neat), cm™': 3359 (br), 2924 (w), 2495 (br), 2099 (s), 1734 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CsH13N¢O4 257.0993; Found 257.0991.
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(1S,2S,3R,4S,6R)-4,6-diazido-2-hydroxy-3-((4-methoxybenzyl)oxy)cyclohexyl acetate (108)
To a solution of 2-DOS diol 107 (55 mg, 0.22 mmol, 1 equiv) in anhydrous dichloromethane (1.1
mL) was cooled to 0 °C and treated with p-methoxybenzyltrichloroacetimidate (56 mL, 0.27
mmol, 1.23 equiv) and camphorsulfonic acid (5 mg, 0.02 mmol, 0.1 equiv) in sequence. The
reaction was monitored by TLC, stirring overnight and then quenched by addition of saturated
aqueous sodium bicarbonate (5 mL) and extracting with dichloromethane (3 x 5 mL). The
combined organic phases were dried on sodium sulfate, filtered, and concentrated to yield the
crude. Purifcation by flash chromatography on silica gel, grading from hexanes to 30% ethyl
acetate in hexanes afforded PMB-protected 2-DOS 108 as a solid (38 mg, 0.10 mmol, 47%).

R¢: (50% Ethyl acetate in hexanes, CAM): 0.73

'H NMR (400 MHz, CDCl3): § 7.32 (d, ] = 8.6 Hz, 2H), 6.89 (d, ] = 8.7 Hz, 2H), 4.92 — 4.82 (m,
2H), 4.72 (d, J = 10.6 Hz, 1H), 3.80 (s, 3H), 3.54 (td, ] = 9.5, 2.3 Hz, 1H), 3.44 (dddd, J = 12.4,
9.8,5.6,4.5Hz,2H), 3.29 (t, ] =9.4 Hz, 1H), 2.46 — 2.38 (m, 1H), 2.23 (dt, J = 13.4, 4.6 Hz, 1H),
2.15 (s, 3H), 1.44 (dt, J =13.4, 12.5 Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 170.80, 159.78, 130.19, 129.75, 114.24, 83.85, 75.91, 75.47,
74.25, 60.11, 58.29, 55.42, 32.50, 20.99.

FTIR (neat), cm™': 3468 (br), 2925 (m), 2095 (s), 1739 (s).

HRMS (ESI-TOF) m/z: [M+Na]* Calcd for C16H20NsOsNa 399.1387; Found 399.1380.
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Chapter 4. Design and Synthesis of C5’-modified Aminoglycosides Against

NpmA Resistance



4.1 Introduction

Aminoglycoside antibiotics are highly susceptible to microbial resistance enzymes. While
aminoglycoside modifying enzymes (AMEs) are the dominant form of proliferated
aminoglycoside resistance genes,' in recent years ribosomal methyltransferases (RMTs) have
become increasingly disseminated.? RMTs are of particular concern due to the primary family of
aminoglycosides for clinical treatment being within the 4,6-disubstituted subfamily, which are

inactive against both N7-G1405 methylation from ArmA or RmtB-G protein family members.
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Figure 4.1. A selection of aminoglycoside antibiotics and their activity against NpmA-expressing

E. coli*
Methyltransferase resistance also frequently coincides on mobile genetic elements harboring genes

providing resistance to other classes of antibiotics such as b-lactams.> Perhaps even more
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concerning, a novel plasmid-mediated aminoglycoside resistance gene (NpmA) was reported in
2007 in a clinical isolate that promotes methylation of N1 of base A1408.* The disruption of the
critical hydrogen bonding with A1408 responsible for aminoglycoside activity causes complete
resistance among this class of antibiotics (Figure 4.1).° Even the most recently approved member
of the aminoglycoside class, plazomicin (2018), which was designed to overcome numerous AME

mechanisms of resistance cannot overcome N7-G1405 or N1-A1408 RMT activity (Figure 4.2).°

B B m
OH E B 2
- E DB D ) 1
R NH » B a ¥ 2
—0 ——0 o 2 E a § h ﬁ 2
HoN 8 steps HyN
HoN HoN 2 ., B ] *’ 2
0 0.16% overall 0 OH
NH
’m, 2 Tl : E § 2
Ho&%,cm Ho&&%,cm B a g 3
CH3HNOH CH3HNOH B &
si(s;)gr;:)c;in plazomicin B B
(2018)
E m
E B

Figure 4.2. Plazomicin, a semisynthetic derivative of sisomicin, was approved in 2018 and
overcomes multiple mechanisms of AME resistance. However, the drug remains susceptible to

RMT forms of resistance such as ArmA or NpmA.6

As of beginning this dissertation, no aminoglycoside is reported to overcome NpmA resistance,
while its detection has been noted in multiple countries. The natural product paromomycin has
been shown to lose comparably less activity in the presence of mA 1408 due to rotation of the C6’-
hydroxyl permitting some interaction with the methylated ribonucleobase.> While there is some
fitness cost purported by the expression of this resistance gene,” NpmA is known to be tolerable
across several species of gram-negative bacteria. Considering these reports, we sought to explore
new scaffolds for the aminoglycoside class of antibiotics seeking to overcome this resistance
mechanism. We first explored 5’-modified neamine scaffolds hoping to avoid electrostatic clashing

with methylated A1408 (mA1408) and gain affinity through contacts elsewhere in the binding
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domain. Additionally, I utilized a molecular modeling software, Molecular Operating Environment
(MOE), to design analogs that might retain affinity in the presence of mA 1408 by introducing a
cation-p interaction.® Finally, en route to analogs that might participate in weak hydrogen bonds
with mA1408, a decarboxylative elimination reaction yielded a semisynthetic 4’-
deoxypentenoside;’ the chemistry of this unique motif for aminoglycosides was explored in hopes
of providing a pathway to C5’-arylation, but instead provides a strategy for ring I scission from

the aminoglycoside scaffold using a variety of methods.

4.2 Design of NpmA Overcoming Analogues

In seeking to overcome NpmA resistance, we considered multiple scaffolds to explore that
were synthetically tractable. We first believed that circumventing of NpmA resistance might be
achieved by bypassing the introduced steric clash within the binding sight and extending hydrogen
bonding contacts elsewhere or to adjacent ribonucleobases (Figure 4.3). This would be
accomplished by the development of pseudodisaccharide molecules that would be screened for
initial activity and prepared from the coupling of a C5-allyl glycosyl donor and the semisynthetic
glycosyl acceptor 106 (Figure 4.4).!° Globally deprotected neamine derivatives such as 109 (R =

NHz, OH, etc...) could be traced to C5’-allyl pseudodisaccharide 110 by HABA chain coupling

Avoid clash, gain

other binding site H N

H 7 N/+= N%'
'C—NS 4 y ) mA1408

NH, RN
HO Q Resistance to 4' o NH,
Ho H2N modifying 3’ HoN OW Resistance to
RN O/m, HaN o] 1 2 modifying
HO NH, enzymes "o - NH BH
5 "OH

OH enzymes

contacts

R

3 L ; & gain of affinity
Option to append additional glycosides

neamine 5'-modified neamines

Figure 4.3. Design of C5’-modified neamine scaffold aminoglycosides. The rationale for

different features of the scaffold is presented.

143



HO
R \ MOMES:;&’M
OAc
NH 106
HNO y—/—J m— : '
2
NH OH MOMmNs \
OAc o
109 110 OH

11

Figure 4.4. Retrosynthesis for the design of C5’-modified neamine derivatives. R = NHz, OH.

and allyl group modification. Allyl glycoside 110 additionally provides access to further glycosidic
coupling by deprotection of the C5-MOM ether or C6-acetate. The intuitive disconnection for
pseudodisaccharide 110 would be a glycosylation reaction between a synthetic ring I glycosyl
donor 111 and coupling with semisynthetic 2-deoxystreptamine analog 106. Lactol 111 could be
prepared from D-glutamate and would provide access to multiple donors to optimize the
glycosylation reaction with 106.

In the absence of activity from C5’-modified neamine derivatives, I additionally explored

the crystal structure of neomycin B bound to the e. coli ribosome (MOE, PDB: 4V52). With the

A1408
"'»_
He o Nf’@
W N ) mA1408
H2N
o . Cation-r interaction

with methylated A1408

OH NH,

C5'-phenyl-3',4'-dideoxy paromomycin

Figure 4.5. (Left) MOE modeling of C5’-phenyl AG 112, PDB: 4V52. The phenyl group
optimally orients to act as a p-donor for the positively charged methyl of mA1408. Hydrogen
bond distance is denoted in A as a green line. (Right) a cartoon depiction of 112 and it’s

hypothesized interaction with mA1408.

144



H,N OH Nj OBn
070 OH ‘070 OBn
NPh
Ph, .,
OH NH, OBn N o JU
112 15 0" CFs
N3

Figure 4.6. Retrosynthesis for the preparation of C5’-arylated aminoglycosides.

knowledge that the ring I binding site can accommodate the larger structures from apramycin or
semisynthetic analogs such as propylamycin, I designed C5’-phenyl aminoglycoside 112 (Figure
4.5); minimization within MOE in the presence of mA 1408 suggested a proper conformation for
a cation-p interaction. To access arylated aminoglycosides at C5’, we turned to the recent
disclosure of a pseudotrisaccharide acceptor for rings II — IV of aminoglycosides and unprotected
at the C4 hydroxyl, 113 (Figure 4.6)."" Glycosylation between acceptor 113 and synthetic ring I
glycosyl donors of type 114 as precursors to 112 following hydrogenolysis of an intermediate such
as pseudotetrasaccharide 115. The hydrogenation of a C5 aryl sugar conjugate has been previously
demonstrated, suggesting that the benzylic C5’ and pyran ring oxygen bond may be less
reductively labile.'?

Modeling studies suggested that more exotic heterocycles containing N-H bonds would
provide additional affinity via hydrogen bonding with the nearby phosphate of A1493. Such C5’-
heterocyclic aminoglycosides could hydrogen bond to A1408 in the absence of NpmA expression

and potentially retain antibiotic activity against multiple strains of bacteria. The benefit of arylation
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Figure 4.7. MOE modeling of 116 in the AGA binding site. (Left) 116 binding with mA1408
shows a putative cation-p interaction while gaining a hydrogen bond. (Middle) 116 binding with

A1408 in the absence of NpmA retains the ring I pseudo-base pairing interaction. (Right)
Structure of 116.

can be further examined with C5’-imidazole aminoglycoside 116 (Figure 4.7). Proper positioning
of the N-H within the heterocycle is hypothesized to allow interaction with A1408 and
simultaneously allow rotation to serve as p-donor for mA 1408, concurrently gaining a hydrogen
bond with a nearby phosphate of A1493.
4.3 Synthesis of C5 -allyl lactol donor and preparation of C5’-modified pseudodisaccharides

We initially pursued C5’-homologated pseudodisaccharides to overcome NpmA resistance
by bypassing the site of methylation and gaining additional contacts elsewhere in the binding
domain. Precedent was established by the existence of complex ring I aminoglycosides such as
apramycin and in the hydroxyethyl C6’-amine modification of plazomicin that overcomes
AAC(6) resistance. Additionally, differentiation of 110 at the C5 and C6 hydroxyls would
facilitate additional glycosylation reactions if an initial scaffold showed promise in minimal

inhibitory concentration assays.
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Figure 4.8. Synthesis of diversifiable pseudodisaccharide 110 and regioselective introduction of

HABA-side chain yielding protected analog 123.

We began our pursuit with the synthesis of preparation of lactol 111 from D-glutamic acid
(Figure 4.8). Diesterification was achieved with TMSCI in methanol, and subsequent diazotransfer
with copper (II) sulfate and triflic azide'® provides an intermediate azide 117 (not depicted, see
experimental section) in 92% yield. Regioselective functionalization of the side chain ester was
achieved by reduction with DIBAL-H,'* favoring the more electron rich ester, to provide aldehyde
118 in 67% yield. Introduction of the allyl chain at C5’ was accomplished by treatment of 118 with
Leighton reagent 119 in chilled toluene,'® diastereoselectively forming homoallylic alcohol 120 in
80% yield with greater than 10:1 dr. Treatment of 120 with DIBAL-H provided lactol 111 in 91%
yield, bringing to question the choice of glycosylation method. Glycosylations to yield a-anomeric
linkages of 2-deoxysugars are notably challenging due to the necessary absence of participating

groups.'® After deliberation, activation of 111 as an imidate donor was achieved with
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trichloroacetonitrile and cesium carbonate, giving trichloroacetimidate 121 nearly quantitatively.!”
Trichloroacetimidate donors have wide precedent in glycosylations, and are noteworthy for their
ease of preparation, they are readily used without chromatography and can be prepared directly
prior to glycosylation, and multiple reagents for activation. In the glycosylation between 121 and
106, TMSOTT in cold dichloromethane provided pseudodisaccharide 110 in 78% yield on gram
scale, slightly favoring the a-anomer 2:1. The poor selectively could not be overcome without
severely compromising total yield across a range of reaction temperatures, solvents, and activation
methods; a noteworthy result was that the addition of TMSI to the glycosyl acetate congener of
121 in the presence of triphenylphosphine oxide would provide 110 with complete anomeric
selectivity, albeit in diminished 36% yield due to instability of the intermediate glycosyl iodide.
With 110 in hand, the HABA chain was introduced by regioselective Staudinger reduction of the
C1 azide by treatment with trimethylphosphine followed by coupling of N-hydroxysuccimide ester

122 to afford diversifiable intermediate 123.'%
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Figure 4.9. Transformation of 123 into diversifiable intermediate 126 and synthetic

aminoglycoside 127.
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Figure 4.10. Transformation of 126 into synthetic aminoglycosides 130 and 133.

Pseudodisaccharide 123 served as a valuable precursor to C5’-homologated
aminoglycosides. Reductive ozonolysis of the allyl chain yielded 124 in 49% yield, allowing direct
deprotection of the 2-deoxystreptamine ring by methanolysis and generation of dry hydrochloric
acid (Figure 4.9) to provide triol 125 quantitatively. Alternatively, mesylation of 124 to give 126
in 89% yield provided a C7° modification handle. Deprotection of 125 was achieved by
hydrogenation with Pearlman’s catalyst,'” affording 28% of 127 after HPLC purification.
Methanesulfonate 126 could be readily converted into azide 128, whose deprotection to
intermediate 129 and subsequent hydrogenation provided 130 in 16% yield (Figure 4.10).
Displacement of the sulfonate in 126 with deprotonated phenol afforded phenyl ether 131 in 41%
yield. The deprotection sequence repeated as before first provided 132 quantitatively, and later 133

following hydrogenation and HPLC purification in 9% yield.
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Antibiotic candidates 127, 130, and 133 were evaluated alongside gentamicin C complex
(gentamicin) and amikacin against a collection of E. coli expressing ribosomal methyltransferase

resistance phenotypes ArmA and NpmA (Figure 4.11).%°

All analogs displayed significantly
impaired activity against E. coli and S. auereus laboratory strains, with noteworthy absence of
activity against efflux-deficient (AtolC) and membrane-compromised (LptD) strains. No
compounds displayed activity against methyltransferase expressing strains. Given the
pseudodisaccharide neamine shows modest activity against these strains of E. coli,?! these results

indicate a loss of interaction with A1408, and subsequently all antimicrobial activity, in C5’-

homologated aminoglycosides.
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Figure 4.11. Antibiotic activity of C5’-homologated aminoglycosides 127, 130, and 133 as

compared to gentamicin and amikacin.
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Figure 4.12. Preparation of pseudotrisaccharide acceptor 113 from paromomycin.

4.4 Preparation of C5 -phenyl lactol donor and union with pseudotrisaccharide acceptors

We envisioned that C5’-arylation might introduce bifunctional motifs capable of gaining
periphery ribosomal hydrogen bonding contacts while introducing a substrate-receptor cation-n
interaction. Targeting 112, I prepared the recently reported pseudotrisaccharide acceptor 113!! and
explored the glycosylation with synthetic ring I glycosyl donor 114. Starting from commercially
available paromomycin sulfate, global azidation with triflic azide provided perazidated
paromomycin 134 in 90% yield (Figure 4.12). Benzylidene acetal formation was achieved with
neat benzaldehyde and formic acid at 4 °C, giving 135 in 52% yield. Global benzylation gave
perbenzylated 136, followed by tosic acid acetal cleavage gave diol 137 in 72% yield for the two
steps. Lastly, a one-pot sequence provided 113 following oxidation of the diol, hydroxylation, and
ring I glycosidic bond cleavage. The preparation of 113 from paromomycin proceeded in 13% over

5 steps.
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Figure 4.13. Synthesis of trifluoroacetimidate donor 114.

To prepare C5-arylated glycosyl donors, we turned to regioselectively functionalized
glutamate derivative 118 (Figure 4.13). Pinnick oxidation?? gave mono acid 138, and acyl halide
formation followed by transthioesterification afforded 139 in 70% yield over three steps.
Palladium-catalyzed Fukuyama coupling?® facilitated access to aryl ketone 140, which was
gratifyingly reduced under CBS conditions®* to directly isolate the lactol donor 142 without the
need for an additional ester reduction. During the initial screening of CBS conditions, benzylic
alcohol 141 demonstrated lactonization in solution, and thus 142 may be obtained selectively by

careful raising of the reaction temperature to minimize overreduction to 143 (Figure 4.14). With
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Figure 4.14. CBS reduction screening table and yields of products 141, 142, and 143.
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Figure 4.15. Glycosylation between 113 and 114 to yield 115 and subsequently discovered

fragmentation of the ring I glycosidic linkage.

acceptor 113 and glycosyl donors in hand, the coupling to prepare 115 was explored. Dehydrative
glycosylation methods utilizing 142 as a donor resulted in decomposition.!! Gratifyingly, the triflic
acid promoted glycosylation between 114 and 113 provided 115 with complete anomeric
selectivity in 36% yield (Figure 4.15). Unfortunately, all debenzylation methods resulted in
fragmentation of the ring I-ring II glycosidic linkage, providing deprotected pseudotrisaccharide
144 as the sole product in lieu of arylated aminoglycoside 112. Limited examples for C5-aryl sugar
deprotections are known, and with these initial results I turned to prepare an alternative acceptor
acetylated at the hydroxyl groups.

An alternative glycosyl acceptor for rings II-IV, acetylated except at the C4-hydroxyl, has
been previously described® but relied on both an enzymatic resolution of a 2-deoxystreptamine
triacetate as well as a glycosylation that is not regioselective. I recognized 2-deoxystreptamine
analog 108 would serve as a valuable coupling partner to a ring IlI-ring IV glycosyl donor that
may be prepared from neomycin. Starting from neomycin B, global azidation to provide hexaazide
145 followed by acetylation with acetic anhydride in pyridine provided 146 in 56% yield over 2

steps (Figure 4.16A).26 Cleavage of the ring III-1V glycosidic bond was achieved with boron
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Figure 4.16. (A) Coupling of thioglycoside 147 and acceptor 108 en route to 149. Glycosylation

between 114 and 149 proceeds in poor yield but facilitates access to C5’-phenyl analog 112. (B)

Pseudodisaccharide analog 152 is prepared by coupling of 107 and 114 with subsequent

deprotection.
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trifluoride etherate, giving access to 147 by trapping the intermediate oxocarbenium with p-
thiocresol. The byproduct neamine triacetate 103 could be separated following acetylation to
isolate 147 in 43% yield. Glycosylation between 108 and 147 was promoted by activation of the
thioglycoside with N-iodosuccinimide and silver (I) triflate, giving PMB-protected acceptor 148.
Deprotection of the PMB group was accomplished with DDQ, giving 149 in 85% yield.
Unfortunately, the glycosylation between newly prepared 149 and glycosyl donor 114 proceeded
only in 30% vyield, attributable to the reduced nucleophilicity of the disarmed peracetylated
acceptor 149. While deprotection of tetrasaccharide 150 could be achieved by methanolysis of the
acetate esters and global azide reduction to give 112, we determined this strategy would not be
suitable for the preparation of structurally diverse C5’-aryl aminoglycosides; this was due both to

the poor glycosylation reactivity and the early stage at which diversity of the aryl group was

NH, NH,
HaN, HO H,N 0 NH
H,N Ho | 2 W~ 2 HaN,

O
Ho Nz Ho NH %

o] 0 OH 50 HO OH
0 o OH HoN °
HO CH3 HO OH HaN & OH
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Gentamicin C1a Amikacin 152

O =~~~ )
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Figure 4.17. Activity of C5’-phenyl analogs against E. coli expressing RMT resistance

determinants.
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introduced. Coupling of diol 107 with 114 proceeded with high regioselection for the C4-hydroxyl,
giving 151 in 84% yield alongside 15% of the C5-glycosylated coproduct. Attempted unions of
147 with 151 gave only succinimide adduct and no glycosylation product. Antibiotic candidates
112 and 152 were prepared and evaluated against E. coli harboring npmA (Figure 4.17).
Gratifyingly, 112 rescues the aminoglycoside structure from NpmA resistance exclusively, and has
limited antimicrobial activity in the absence of methylated A1408. These data establish C5’-
arylation as a potential avenue of development for AGAs seeking to overcome NpmA resistance.
4.5 Synthesis and reactivity of an aminoglycoside 4’-deoxypentenoside.

Several methods for the functionalization of Cé6-acids of carbohydrates were explored in
the development of an aminoglycoside CS5’-arylation reaction. Starting with perazidated

paromomycin 134, benzylidene acetal formation could instead be achieved with catalytic copper
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Figure 4.18. Synthesis of 6’-acid 155 from perazidated paromomycin 134.
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(I) triflate and benzaldehyde dimethyl acetal, generating 135 in solution (Figure 4.18).%’
Quenching of the reaction and direct addition of pyridine, acetic anhydride, and DMAP yielded
fully protected 153 in 74% yield; copper (I) triflate as acetalization promoter provides significant
advantages by removing a tedious workup of formic acid and benzaldehyde as well as removing a
chromatographic purification to allow a one-pot acetylation.?® Tosic acid deprotection of the
benzylidene acetal gave 154, and subsequent primary alcohol oxidation was accomplished with
bis-acetoxy iodobenzene (BAIB) and TEMPO to give C6’-acid aminoglycoside 1585.

Aminoglycoside 6’-amides were hypothesized to participate in weak hydrogen bonding with
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Figure 4.19. Reactivity of 6’-acid 155 primarily results in ring I cleavage.

methylated A1408, and thus HATU mediated coupling of 155 with aniline hydrochloride gave 156
(Figure 4.19). Unfortunately, amide 156 and related products from peptide coupling displayed

hydrolytic instability during the deprotection and purification steps. The primary 6’-amide of
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Figure 4.20. Synthesis of analogs 162, 164, and 165 from 4’-deoxypentenoside 159.

neamine has been previously reported?® and additionally results in a several-hundred fold loss of
ribosomal inhibition activity, suggesting that these amide compounds would likely be inactive as
antimicrobial candidates. Inspired by recent developments in decarboxylative arylation
methodologies,*® I prepared the phthalimide esters 157 and 158 from 155 by DIC coupling,
affording both the tetrahydro and tetrachloro analogs in 50% yield. However, all methods explored
for anomeric radical generation returned acid 155 from hydrolysis upon workup, or in some cases
pseudotrisaccharide 149 was obtained as the sole product of ring I cleavage. Turning to a collection
of literature on the reactivity of 4’-deoxypentenosides from Alexander Wei,*' I prepared 4’-
deoxypentenoside 159 from 155 by inducing decarboxylative elimination with
dimethylformamide dineopentyl acetal (DMFDNA). I envisioned the allylic acetate would serve

as a suitable leaving group for C5’ functionalization. Transition metal-mediated methods for allylic
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acetate displacement resulted exclusively in fragmentation between ring I and ring II, returning
149. Epoxidation of 159 was cleanly achieved with cold solutions of dimethyl dioxirane (DMDO),
giving 4’-epoxypentenoside 160 in >95% yields. A broad survey of organometallic reagent
couplings revealed that attempts to arylate C5’ of the epoxide resulted only in decomposition or
ring I loss, again giving 149.

A serendipitous discovery identified the type I Ferrier reactivity of 159 that could facilitate
coupling with trifluoroborate salts (Figure 4.20).>* The exploratory reaction between 159 and
potassium allyltrifluoroborate gratifyingly generated 161 in 67% as a single diastereomer,
migrating the olefin with loss of the C3’ acetate. Expanding this chemistry to aryl trifluoroborate
reagents has resulted in decomposition or regeneration of pseudotrisaccharide 149. Deprotection
by sequential acetate methanolysis and Staudinger reduction®> provided aminoglycoside 162
following ion-exchange resin chromatography in 20% yield. Deoxypentenoside 159 was
quantitatively deacetylated to give polyhydroxylated 163, whose deprotection via
trimethylphosphine or palladium-mediated hydrogenation afforded 164 and 165, respectively.
Antibiotic candidates 162, 164, and 165 were evaluated for antimicrobial activity against E. coli
to determine their activity against ribosomal methyltransferase expressing strains. All compounds
from this study exhibited complete loss of activity, including E. coli lacking membrane or efflux
system integrity (Figure 4.21). Alongside the minimal inhibitory concentrations of 127, 130, and
133, these data display a definitive correlation between loss of A1408 interaction and loss of
antibiotic efficacy. The pseudodisaccharide heptopyranosides demonstrate that A1408 methylation

cannot be circumvented by homologation of the ring I sugar to gain binding affinity elsewhere in
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the ribosome. Likewise, truncation of the sugar to avoid clashing with methylated A1408 fails to
retain activity, as mechanistically interaction with A1408 is critical to reduce the fidelity of

bacterial translation.

4.5 Summary

I have developed the synthesis of C5-allyl and C5-aryl glycosyl donors for the generation
of new aminoglycoside antibiotics and incorporated them into pseudodisaccharide and
pseudotetrasaccharide antibiotic candidates, respectively. The syntheses rely on diastereoselective
functionalization of aldehyde 118 by Leighton’s allylation reagent or the CBS reduction of phenyl
ketone 140. Trihaloacetimidate reagents prepared from the respective lactols facilitated the

couplings with cyclohexane acceptors 106, 107, 113, and 149. New aminoglycoside antibiotics
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were assessed against E. coli where it was determined the loss of interaction with A1408 on ring I
was highly deleterious to antimicrobial activity. Both the C5-allyl derived heptopyranosides and
the deoxypentenoside-derived pseudotetrasaccharides failed to overcome methyltransferase
resistance, and additionally lacked activity against wild type strains. The C5’-arylation capabilities
for aminoglycosides appear limited based on the chemistry explored herein, but initial studies
indicate that this motif may be beneficial against NpmA resistance, as determined from the
susceptibility of NpmA-expressing E. coli to 112.

Moving forward, we hope that the chemistry described herein paves a path to the discovery
of new aminoglycoside antibiotics. With routes to analogs of significant structural diversity, the
next-generation aminoglycoside library will hopefully empower our antibiotic arsenal against the

highly concerning methyltransferase resistance phenotypes.
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4.7 Experimental Section

General Experimental Procedures. All reactions were performed in flame-dried round-bottom
flasks fitted with rubber septa under positive argon pressure, unless otherwise noted. Air- and
moisture-sensitive liquids were transferred via syringe. Organic solutions were concentrated by
rotary evaporation (house vacuum, ca. 25-40 Torr) at <40 °C, unless otherwise noted. Analytical
thin-layer chromatography (TLC) was performed using glass plates precoated with silica gel (0.25
mm, 60 A pore-size, 230-400 mesh, Merck KGA) impregnated with a fluorescent indicator (254
nm). TLC plates were visualized by exposure to ultraviolet light, then stained with an aqueous
potassium permanganate (KMnQO4), aqueous Ceric Ammonium Molybdate (CAM), ethanolic
ninhydrin, or ethanolic bromocresol green stain and briefly heated using a heat gun; visualization
of deprotected aminoglycosides was also achieved by exposing the plate to 20% sulfuric acid in
ethanol and charring with a heat gun. Flash-column chromatography was performed as described
by Still et al.,*® employing silica gel (60 A, 15-40 uM, EMD Millipore Corp.). All temperature
measurements of reaction mixtures refer to the temperature of the heating/cooling bath unless
otherwise specified. Structural assignments were made with additional information from gCOSY,
gHSQC, and gHMBC experiments. Sephadex resin chromatography was performed by allowing
10 g of CM Sephadex-C25 to swell overnight in 125 mL DI water at 4 °C and stirred vigorously
until homogenous. The mixture was then poured onto a column, and 50 mL 5% aqueous
ammonium hydroxide, 50 mL 5% saturated aqueous ammonium chloride, and 250 mL DI water
were used in sequence to condition the column. The crude aminoglycoside deprotection was loaded
onto the column using a small amount of 10% aqueous acetic acid, and 250 mL of DI was eluted
followed by increasing amounts of ammonium hydroxide solution; generally, 20 mL eluent batches

were used increasing by 0.1% and grading from 0.1% to 0.7% ammonium hydroxide solution.
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Products were detected using a combination of TLC, staining with ninhydrin and 20% sulfuric
acid in methanol to verify fractions, and mass spectrometry. The combined fractions were acidified
using glacial acetic acid (150 pL) and lyophilized to give acetate salts of the products.

Materials. Commercial solvents and reagents were used as received.

Instrumentation. Proton magnetic resonance ('"H NMR) spectra were recorded on Bruker 400
(400 MHz) NMR spectrometers at 23 °C. Proton chemical shifts are expressed in parts per million
(ppm, 0 scale) and are referenced to residual protium in the NMR solvent (CHCI3, 6 7.26, CD;0D,
0 3.45, CsDes, 6 7.16, D20 6 4.79). Data are represented as follows: chemical shift, multiplicity (s
= singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet and/or multiple resonances,
br = broad), coupling constant (J) in Hertz (Hz) and integration. Carbon nuclear magnetic
resonance spectra ('>*C NMR) were recorded on Bruker 400 (100 MHz) NMR spectrometers at 23
°C. Carbon chemical shifts are expressed in parts per million (ppm, d scale) and are referenced to
the carbon resonances of the NMR solvent (CDCl3, 6 77.16, CD30D, ¢ 49.03 and C¢Ds, 6 128.06).
Infrared (IR) spectra were obtained using a Bruker ALPHA FT-IR spectrometer. Data are
represented as follows: frequency of absorption (cm™), intensity of absorption (s = strong, m =
medium, w = weak, br = broad). High resolution mass spectra were obtained at the Harvard
University Mass Spectrometry Facility using the Thermo Q Exactive Plus Orbitrap mass

spectrometer via Electrospray Ionization (ESI).
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. . 92%
D-glutamatic acid 117

dimethyl (R)-2-azidopentanedioate (117)

Diesterification of D-glutamate:

A solution of D-glutamate (5.00 g, 34.0 mmol, 1 equiv) was cooled to 0 °C and trimethylsilyl
chloride (19 mL, 150 mmol, 4.4 equiv) was added dropwise over 10 minutes. The cooling bath
was removed, the solution stirred for 18 hours, and the solvents then removed under vacuum. The
crude dimethyl-glutamate was dried under high vacuum for 2 hours.

Preparation of TfNs:

Sodium azide (9.72 g, 149 mmol, 4.4 equiv) in a 1:1 mixture of water and toluene (50 mL total)
was stirred vigorously and cooled to 0 °C. Trifluoromethane sulfonic anhydride (12.6 mL, 74.7
mmol, 2.2 equiv) was added dropwise and the solution stirred for 30 minutes at 0 °C. The cooling
bath was removed, and the solution stirred at room temperature for 1 hour. The reaction was
quenched by addition of saturated aqueous sodium bicarbonate (12 mL) and the phases separated.
The aqueous was washed with toluene (2 x 20 mL) and the combined organic phases (totaling 75
mL) produce a ~1 M solution of TfNs.

Diazotransfer to dimethyl D-glu:

Crude dimethyl glutamate as a solution in water (44 mL) was cooled to 0 °C and copper (II) sulfate
pentahydrate (424 mg, 1.70 mmol, 0.05 equiv) and sodium bicarbonate (11.41 g, 136 mmol, 4
equiv) were added in sequence. The stirring mixture was diluted with methanol (295 mL), and the

solution of TfN3 in toluene was added dropwise. The mixture was allowed to warm to room
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temperature and stirred for an additional 2.5 hours. The solution was then filtered through a fritted
funnel and saturated aqueous ammonium chloride solution (30 mL) was added. The volatile
solvents were removed by rotary evaporation and the remaining aqueous residue extracted with
diethyl ether (3 x 50 mL). The combined organic layers were washed with saturated aqueous
sodium carbonate (2 x 50 mL) and brine (50 mL), then dried over sodium sulfate. The filtered and
concentrated crude material was further purified by flash chromatography on silica, grading from
hexanes to 30% ethyl acetate in hexanes, giving the product azide 117 as a clear oil (6.23 g, 31.2
mmol, 92%).

R¢: (25% Ethyl acetate in hexanes, KMnOj4): 0.28

'"H NMR (400 MHz, CDCls): § 4.00 (dd, J = 8.7, 5.1 Hz, 1H), 3.79 (s, 3H), 3.68 (s, 3H), 2.56 —
2.37 (m, 2H), 2.18 (dtd, J = 14.2, 7.5, 5.1 Hz, 1H), 2.00 (dddd, J = 14.1, 8.7, 7.5, 6.5 Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 172.77, 170.54, 61.12, 52.84, 51.94, 29.91, 26.58.
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methyl (R)-2-azido-5-oxopentanoate (118)

A solution of diester 117 (2.00 g, 9.94 mmol, 1 equiv) in diethyl ether (100 mL) was cooled to - 78
°C and diisobutylaluminum hydride (25% in toluene, 8.02 mL, 11.9 mmol, 1.2 equiv) was added
dropwise over 6 minutes. The solution was stirred at this temperature for 2.5 hours; water (34 mL)
was added at - 78 °C and the resulting suspension allowed to warm slowly to room temperature
with stirring. The opaque gel that formed was filtered through Celite®, eluting with additional
ether (250 mL), and the concentrated residue purified by flash chromatography on silica, grading
from 20-60% diethyl ether in hexanes to yield aldehyde 118 (1.14 g, 6.65 mmol, 67%). Caution:
aldehyde 118 is volatile and the usage of ether for purification is advised to avoid the need for
extending drying on a vacuum pump.

Rt (25% Ethyl acetate in hexanes, KMnQOs): 0.44

'H NMR (400 MHz, CDCls): 8 9.78 (s, 1H), 4.01 (dd, J = 8.4, 5.2 Hz, 1H), 3.80 (s, 3H), 2.62 (ddt,
J=173,6.5,1.0 Hz, 2H), 2.19 (dtd, J = 14.5, 7.3, 5.2 Hz, 1H), 2.01 (dddd, J = 14.5, 8.4, 7.3, 6.5
Hz, 1H).

BC{'H} NMR (101 MHz, CDCls): § 200.33, 170.50, 61.06, 52.91, 39.68, 23.91.

HRMS (ESI-TOF) m/z: [M+NH4]" Calcd for CsH13N403 189.0982; Found 189.0983.
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methyl (2R,55)-2-azido-5-hydroxyoct-7-enoate (120)

A solution of silane reagent 119 (1.90 g, 7.10 mmol, 1.5 equiv) in toluene (18 mL) was cooled to
- 10 °C and aldehyde 118 (810 mg, 4.73 mmol, 1 equiv) as a toluene solution (6 mL) was added
dropwise over 3 minutes. The solution stirred at - 10 °C for 2.5 hours, and 10% (w/w) citric acid
(19 mL) and ethyl acetate (19 mL) were added. The biphasic mixture was vigorously stirred for
15 minutes, and the phases separated. The aqueous was washed with additional ethyl acetate (2 x
25 mL) and the combined organic phases were dried on magnesium sulfate, filtered, and
concentrated. Purification by flash chromatography on silica gel, grading from 15-50% ethyl
acetate in hexanes provided the product 120 as a yellow oil (790 mg, 3.70 mmol, 78%, >10:1 dr).
R¢: (50% Ethyl acetate in hexanes, KMnQOj): 0.49

'H NMR (400 MHz, CDCI3): § 5.80 (dddd, J = 16.5, 11.2, 7.9, 6.6 Hz, 1H), 5.18 — 5.11 (m, 2H),
3.92 (dd, J =8.6, 5.0 Hz, 1H), 3.79 (s, 3H), 3.72 — 3.60 (m, 1H), 2.37 — 2.25 (m, 1H), 2.23 - 2.14
(m, 1H), 2.13 -2.01 (m, 1H), 1.87 — 1.76 (m, 1H), 1.72 (brd, J = 3.0 Hz, 1H), 1.64 (ddd, J =19.3,
9.8,4.6 Hz, 1H), 1.58 — 1.48 (m, 1H).

BC{'H} NMR (101 MHz, CDCl3): § 171.1, 134.3, 118.8, 70.3, 62.3, 52.7, 42.3, 32.8, 28.1.

FTIR (neat), cm™': 3412 (br), 2930 (w), 2102 (s), 1740 (s), 1437 (w), 1203 (m), 1076 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CoH1¢N30O3Na 214.1186; Found 214.1187.
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(3R, 65)-6-allyl-3-azidotetrahydro-2H-pyran-2-ol (111)

A solution of hydroxyester 120 (790 mg, 3.70 mmol, 1 equiv) in anhydrous dichloromethane (37
mL) was cooled to - 78 °C and DIBAL-H (25% weight in toluene, 6.23 mL, 9.26 mmol, 2.5 equiv)
was added dropwise. The reaction was stirred for 1.25 hours, then quenched by the addition of
propionaldehyde (430 ni, 1.5 eq) and 1 N hydrochloric acid (11 mL). The mixture was allowed
to warm to room temperature and diluted with water (20 mL) and brine (5 mL). The separated
dichloromethane layer was washed with brine (100 mL), and the combined aqueous phases were
washed with ethyl acetate (3 x 50 mL). The combined ethyl acetate layers were washed with brine
(100 mL), and the organic phases were all combined, dried on sodium sulfate, filtered, and
concentrated. Purification by flash chromatography on silica gel, grading from hexanes to 20%
ethyl acetate in hexanes provided lactol 111 as a white solid (618 mg, 3.37 mmol, 91%, 1:1 a:b).

R¢: (50% Ethyl acetate in hexanes, KMnQOj4): 0.63

'"H NMR (400 MHz, CDCls): § 5.87 — 5.72 (m, 2H, H7’a,B), 5.24 (d, J = 3.1 Hz, 1H, H1’«), 5.17
—4.98(m, 4H, H8a,f), 4.56 (dd, J =7.5, 5.1 Hz, 1H, H1’B), 4.09 — 3.98 (m, 1H, H5’a), 3.62 (d, J
=5.0Hz, 1H, OHP), 3.57 — 3.43 (m, 1H, H5’f), 3.20 (ddd, J =12.9,9.2, 5.2 Hz, 2H, H2’a,p), 3.06
(d, J=3.0 Hz, 1H, OHa), 2.44 — 2.14 (m, 4H, H6’a,p), 1.94 — 1.76 (m, 2H), 1.74 — 1.64 (m, 2H),

1.51 — 1.20 (m, 4H).
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13C{'H} NMR (101 MHz, CDCls): § 134.5 (C7°0), 134.1 (C7’B), 117.7 (C8’B), 117.4 (C8’«), 98.4
(C1°B), 92.2 (C1’w), 75.8 (C5°B), 67.7 (C5° ), 62.1 (C2°B), 58.6 (C2°a), 39.8 (C6’w,B), 30.0 (),
29.7 (B), 28.1 (B), 22.1 (av).

FTIR (neat), cm': 3383 (br), 2932 (w), 2102 (s), 1740 (s), 1299 (w), 1065 (w).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for CsHi3N30,Na 206.0900; Found 206.0900.
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(28,3 R,6S5)-6-allyl-3-azidotetrahydro-2H-pyran-2-yl 2,2,2-trichloroacetimidate (121)

A solution of lactol 111 (15 mg, 0.082 mmol, 1 equiv) in dichloromethane (4.5 mL) was treated
with trichloroacetonitrile (82 ni, 0.82 mmol, 10 equiv)) and cesium carbonate (5.3 mg, 0.016
mmol, 0.2 equiv). The solution was stirred for 1 hour and filtered through a cotton plug. The
resulting trichloroacetimidate product 121 (25.5 mg, 0.078 mmol, 95%) was suitably pure and
used in glycosylation reactions without purification. Note: trichloroacetimidates are known to
decompose on silica, affording the trichloroacetamide.

R¢ (20 % ethyl acetate-hexanes, KMnQOys): 0.44

"H NMR (400 MHz, C¢De): & 8.61 (s, 1H, NH), 5.71 (d, J = 8.3 Hz, 1H, H1"), 5.77 — 5.60 (m, 1H,
H7%),5.09 —4.86 (m, 2H, H8’), 3.10 (dddd, J = 13.3, 11.5, 7.2, 3.6 Hz, 2H, H2’, H5"), 2.25 - 2.11
(m, 1H, H6”), 2.05 - 1.93 (m, 1H, H6’), 1.56 — 1.42 (m, 1H), 1.41 — 1.13 (m, 1H), 1.08 — 0.77 (m,
2H).

B3C NMR (100 MHz, CeDs): 8 161.7 (C=N), 134.5 (C7°, 117.6 (C8°), 100.0 (C1¢), 76.4 (C5°), 60.5
(C29),40.0 (C6), 29.4, 28.5. (-CCI3 not observed)

FTIR (neat), cm™': 3341 (w), 2929 (w), 2103 (s), 1674 (s), 1294 (m), 1046 (s).

HRMS (ESI-TOF) m/z: [M+Na]" C10H13C13N4O2Na 350.9967; Found: 350.9964.

173



N3

HO
\ MOMmNa \
OAc

o 106 o)

B e) a
y 7]/0% TMSOTf o N N

3 Xy

HN CH,Cl,, -78 °C MOMO 3

OAc
121 78%, 2:1 a:p 110

(1S,2S,3R,4S,6R)-3-(((2R,3R, 65)-6-allyl-3-azidotetrahydro-2 H-pyran-2-yl)oxy)-4,6-diazido-
2-(methoxymethoxy)cyclohexyl acetate (110)

Glycosyl donor 121 (1.09 g, 3.33 mmol, 2 equiv) and 2-DOS acceptor 106 (500 mg, 1.67 mmol,
1 equiv) were combined with a stir bar in a flame-dried flask and concentrated from toluene 3x,
then dried under high vacuum for an additional 0.5 hours. The mixture was dissolved in anhydrous
dichloromethane (17 mL) and cooled to - 78 °C under Ar atmosphere. TMSOTTf (60 ni, 0.333
mmol, 0.2 equiv) was then added dropwise and the reaction stirred for 1.5 hours. Quenching with
triethylamine (0.5 mL), warming to room temperature, filtering through Celite®, and
concentrating provided the crude material. Purification was achieved by flash chromatography on
silica gel, grading from hexanes to 50% ethyl acetate in hexanes, to provide product as a mixture
of anomers 110 (483 mg, 1.04 mmol, 62%, 2:1 a:b). Reactions tended to perform with higher
yields on smaller scale. The addition of mol. sieves can help with dryness on a smaller scale.

R¢ (50 % ethyl acetate-hexanes, CAM): 0.70

'H NMR (500 MHz, CDCls): § 5.86 — 5.75 (m, 2H, H7’a,B), 5.40 (d, J = 3.5 Hz, 1H, H1’«a), 5.13
—5.03(m, 4H, H8’a,,B), 4.99 — 4.89 (m, 3H, H6a,8, MOM-CH?2 B), 4.82 (d, J = 6.8 Hz, 1H, MOM-
CH2 a), 4.73 (d, J = 6.9 Hz, IH, MOM-CH2 «), 4.61 (d, ] =7.9 Hz, 1H, H1°B), 4.59 (d,J=7.2
Hz, 1H, MOM-CH2 B), 4.12 (dtd, J = 8.5, 6.3, 2.3 Hz, 1H, H5’a), 3.71 — 3.63 (m, 1H, H4a), 3.60

—3.52 (m, 3H, H50,p, H4B), 3.43 (dddd, J = 29.8, 12.5, 10.0, 4.5 Hz, 5H, Hlo,p, H3a,B, H5'B),
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3.33 (s, 3H, MOM-CH3 p), 3.31 (s, 3H, MOM-CH3a), 3.22 — 3.14 (m, 1H, H2’B), 3.09 (ddd, J =
12.7,4.3,3.8 Hz, 1H, H2’a), 2.36 — 2.25 (m, 4H, H6’a,,, H20a,B), 2.21 (ddd, J = 14.1, 6.8, 2.7 Hz,
2H, H6’0,p), 2.16 (s, 3H, COCH3 B), 2.15 (s, 3H, COCH3 ), 2.08 (ddd, J =25.4, 12.7, 3.8 Hz,
2H, H3a,B), 1.96 — 1.80 (m, 3H, H3’a,, H4 ), 1.69 — 1.63 (m, 1H, H4’B), 1.56 (q, J = 12.7 Hz,
2H, H20,B), 1.49 — 1.37 (m, 1H, H4’a), 1.36 — 1.25 (m, 1H, H4’B).

3C NMR (125 MHz, CDCl3): 8 170.3 (C=0 a), 170.1 (C=0 B), 134.4 (7°a), 134.1 (7°B), 117.6
(8°B), 117.3 (8’a), 104.3 (1’B), 99.9 (MOM-CH2 a), 98.5 (MOM-CH2 B), 98.1 (I’a), 84.6 (5a),
81.6 (5B), 77.9 (4P), 77.4 (4a), 75.5 (5°B), 74.8 (6a), 74.6 (6P), 68.1 (5’a), 61.1 (1a,p/3a,pB), 61.1
(2°B), 59.8 (1a,p/3a,PB), 58.5 (1a,p/30,p), 58.5 (1a,p/3a.B), 58.1 (2°a), 56.8 (MOM-CH3 B), 56.0
(MOM-CH3 a), 39.9 (6’a), 39.9 (6’B), 32.3 2a), 32.2 (2B), 29.9 (4’a), 29.7 (4°B), 28.3 (3°B), 22.3
(3’a), 21.3 (COCH3 a), 21.2 (COCH3 B).

FTIR (neat), cm’': 2947 (w), 2101 (s), 1748 (m), 1373 (m), 1226 (m), 1036 (m).

HRMS (ESI-TOF) m/z: [M+Na]" CisH27N9OgNa 488.1977; Found: 488.1977.
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(1S8,28,3R,4S,6R)-3-(((2R,3R, 65)-6-allyl-3-azidotetrahydro-2 H-pyran-2-yl)oxy)-4-azid o-6-
((S)-4-azido-2-(benzyloxy)butanamido)-2-(methoxymethoxy)cyclohexyl acetate (123)

A solution of allyl glycoside 110 (77 mg, 0.17 mmol, 1 equiv) in THF (0.7 mL) was treated with
saturated aqueous sodium bicarbonate (0.1 mL) and trimethylphosphine solution (1 M in THF, 182
ni, 0.182 mmol, 1.1 equiv) in sequence at room temperature. The reaction stirred for 2.5 hours,
then was quenched by the addition of diethyl ether (3 mL), saturated aqueous sodium carbonate
(0.2 mL), and brine (0.5 mL). The layers were separated, and the aqueous washed with additional
ether (2 x 3 mL). The combined organic layers were dried on sodium sulfate, filtered, and
concentrated to give crude intermediate N/-amine (not depicted).

The crude amine was dissolved in anhydrous dichloromethane (1 mL) alongside HABA chain 122
(66 mg, 0.20 mmol, 1.2 equiv) and DIPEA was added (87 ni, 0.50 mmol, 3 equiv) at room
temperature. The solution stirred overnight, and was quenched by the addition of ethyl acetate (3
mL) and 10% w/w citric acid solution (1 mL). The separated aqueous layer was washed with ethyl
acetate (2 x 3 mL), and the combined organics dried on sodium sulfate, filtered, and concentrated
to give the crude material. Purification by flash chromatography provided N/-amide 123 (53 mg,

0.081 mmol, 49%). Minor impurities from HABA chain starting material.
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'H NMR (500 MHz, CDCl3): § 7.43 — 7.31 (m, 5H, -OCH2Ph), 6.70 (d, ] = 8.5 Hz, 1H, NH), 5.82
(ddt, J=17.2,10.2, 7.0 Hz, 1H, H7), 5.40 (d, J = 3.4 Hz, 1H, HI"), 5.14 — 5.03 (m, 2H, H8"), 4.82
(d, J = 6.7 Hz, 1H, MOM-CH?2), 4.85 — 4.75 (m, 1H, H6), 4.74 (d, ] = 6.7 Hz, 1H, MOM-CH2),
4.58 (d, J = 11.9 Hz, 1H, -OCH2Ph), 4.52 (d, J = 11.8 Hz, 1H, -OCH2Ph) 4.20 — 4.11 (m, 1H,
H5°), 4.02 - 3.95 (m, 1H, H1), 3.93 (dd, J = 8.0, 4.2 Hz, 1H, H2”), 3.69 — 3.57 (m, 2H, H4, H5),
3.47 - 3.41 (m, 1H, H3), 3.34 (dd, J = 7.3, 6.4 Hz, 1H, H4™), 3.30 (s, 3H, MOM-CH3) 3.11 - 3.05
(m, 1H, H2"), 2.30 (dt, J = 13.3, 6.6 Hz, 1H, H6"), 2.22 (ddd, ] = 12.9, 8.5, 4.3 Hz, 1H, H6’, H2),
2.14 - 2.04 (m, 1H, H3"), 2.07 (s, 3H, COCH3), 2.02 — 1.94 (m, 1H, H3”), 1.92 — 1.81 (m, 3H,
H3”, H3’, H4%), 1.42 (ddd, J = 16.9, 13.0, 3.4 Hz, 1H, H4"), 1.28 (dd, J = 25.2, 12.4 Hz, 1H, H2).
13C NMR (100 MHz, CDCL3): & 172.0(C=0), 171.7 (C=0), 136.8 (OCH2Ph), 134.5 (7°), 129.0
(OCH2Ph), 128.7 (OCH2Ph), 128.3 (OCH2Ph), 117.2 (8°), 99.3 (MOM-CH2), 98.3 (1°), 83.9 (5),
77.8 (4), 77.4 (2), 74.5 (6), 73.6 (OCH2Ph), 68.1 (5°), 59.8 (3), 58.1 (2°), 56.5 (MOM-CH3),
47.6 (1), 47.4 (4”), 40.0 (6°), 33.0 (2), 32.2 (3”), 29.9 (4°), 22.4 (3°), 21.2 (COCH3). FTIR (neat),
em: 3351 (br), 2944 (w), 2101 (s), 1733 (w), 1663 (w), 1531 (w), 1247 (m), 1029 (m).

HRMS (ESI-TOF) m/z: [M+H]" C29H41N100g 657.3103; Found: 657.3104.
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(1S,2S,3R,4S,6R)-4-azido-6-((S)-4-azido-2-(benzyloxy)butanamido)-3-(((2R,3 R, 65)-3-azid o-
6-(2-hydroxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2-(methoxymethoxy)cyclohexyl acetate
(124)

A stream of ozone was passed through a solution of pseudodisaccharide 123 (53.0 mg, 0.08 1 mmol,
1 equiv) in dichloromethane (1.0 mL) and methanol (1.0 mL) at - 78 °C until the solution took a
light blue color. Stirring continued for 5 minutes and the residual ozone was then removed by
bubbling nitrogen through the solution. The solution was warmed to 0 °C and sodium borohydride
(15.3 mg, 0.404 mmol, 5 equiv) was added in two portions over 1 hour. The solution was then
poured onto saturated aqueous ammonium chloride solution (1.0 mL) and the mixture washed with
ethyl acetate (5 mL). The aqueous was washed with additional ethyl acetate (3 x 5 mL), and the
combined organic layers dried on sodium sulfate, filtered, and concentrated. The crude material
was purified by flash chromatography on silica gel, grading from 30—70% ethyl acetate in hexanes
to provide alcohol 124 (26.0 mg, 0.039 mmol, 49%) as a colorless oil.

R¢: (100% Ethyl acetate in hexanes, KMnOg4): 0.61

'H NMR (400 MHz, CDCl3): § 7.43 — 7.30 (m, 5H), 6.71 (d, J = 8.5 Hz, 1H), 5.43 (d, ] = 3.4 Hz,
1H), 4.84 —4.78 (m, 2H), 4.74 (d, ] = 6.7 Hz, 1H), 4.54 (q, J = 11.8 Hz, 2H), 4.31 — 4.22 (m, 1H),
4.03 -3.95 (m, 1H), 3.92 (dd, ] =8.0,4.1 Hz, 1H), 3.81 (ddd, J =11.4, 7.4, 4.1 Hz, 1H), 3.73 (ddd,

J=11.0, 6.3, 4.4 Hz, 1H), 3.66 (t, J = 8.7 Hz, 1H), 3.57 (t, J = 9.1 Hz, 1H), 3.54 — 3.46 (m, 1H),
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3.38 —3.32 (m, 2H), 3.31 (s, 3H), 3.09 (dt, J = 12.7, 4.2 Hz, 1H), 2.23 (dt, ] = 12.9, 4.3 Hz, 1H),
2.18 —2.08 (m, 1H), 2.07 (s, 3H), 1.95 (dddd, J =25.1, 17.4, 7.8, 4.0 Hz, 2H), 1.83 (ddd, J = 14.0,
7.9, 5.1 Hz, 2H), 1.79 — 1.63 (m, 2H), 1.51 (ddd, J = 25.3, 13.2, 3.7 Hz, 1H), 1.29 (dd, J = 23.0,
10.6 Hz, 1H).

BC{'H} NMR (101 MHz, CDCl5): § 172.0, 171.6, 136.7, 129.0, 128.7, 128.3, 99.4, 97.7, 84.0,
77.7,77.3,74.5,73.6,67.2,60.1, 57.9, 56.6, 47.6, 47.4, 38.0, 33.1, 32.1, 30.8, 22.3, 21.1.

FTIR (neat), cm’': 3344 (br). 2944 (w), 2098 (s), 1732 (m), 1663 (m), 1527 (m), 1240 (s), 1027
(s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C2sH41N 1009 661.3052; Found 661.3054.
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(8)-4-azido-N-((I1R,2S,3R,4R,5S)-5-azido-4-(((2R,3R, 65)-3-azid 0-6-(2-
hydroxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-
(benzyloxy)butanamide (125)

A solution of alcohol 124 (14.0 mg, 0.021 mmol, 1 equiv) in methanol (0.3 mL) was treated with
sodium methoxide solution (0.5 M in methanol, 212 ni_, 0.106 mmol, 5.00 equiv) at 23 °C. Stirring
proceeded for 2 hours at ambient conditions, and the mixture was then cooled to 0 °C while acetyl
chloride (23 ni, 0.318 mmol, 15.00 equiv) was added. The mixture was allowed to warm to room
temperature and stirred for an additional 2 hours before being poured onto a mixture of ethyl
acetate (5.0 mL) and saturated aqueous sodium bicarbonate solution (0.5 mL). The layers were
separated and the aqueous washed with ethyl acetate (2 x 5.0 mL). The combined organic phases
were dried on sodium sulfate, filtered, and concentrated to provide crude triol 125 (quantitative)
which was used without further purification.

'H NMR (500 MHz, CDCl3): § 7.44 — 7.30 (m, 5H), 6.68 (d, J = 7.9 Hz, 1H), 5.31 (d, J = 3.3 Hz,
1H), 4.62 (d, J = 11.6 Hz, 1H), 4.53 (d, J = 11.6 Hz, 1H), 4.21 (ddd, J = 11.4, 7.5, 3.6 Hz, 1H),
4.01 (dd, J=6.7,4.7 Hz, 1H), 3.97 (brs, 1H), 3.91 — 3.70 (m, 3H), 3.56 (dd, J = 12.8, 5.5 Hz, 1H),
3.51 -3.33 (m, 6H), 3.29 (t, ] = 9.7 Hz, 1H), 2.63 (brs, 1H), 2.23 (dt, J =12.9, 4.4 Hz, 1H), 2.14
—1.99 (m, 3H), 1.97 - 1.87 (m, 1H), 1.87 - 1.79 (m, 1H), 1.77 — 1.65 (m, 2H), 1.51 (ddd, J = 25 .4,

13.5, 3.9 Hz, 1H), 1.36 (dd, J = 25.1, 12.5 Hz, 1H).
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(S)-4-amino-N-((/R,2S,3R,4R,5S)-5-amino-4-(((2R,3R,6S5)-3-amino-6-(2-
hydroxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-
hydroxybutanamide (127)
To a solution of triol 125 (12.2 mg, 0.021 mmol, 1.00 equiv) in 4:1 acetic acid:water (1.0 mL total)
was added palladium hydroxide on carbon (20% w/w, 30.0 mg, 0.043 mmol, 2.00 equiv) at 23 °C.
The atmosphere was exchanged by briefly evacuating the flask, and backfilling with hydrogen and
then flushing with hydrogen for 5 minutes. The heterogenous mixture stirred for 7 hours and was
then filtered through a Celite® plug, washing with water (10 mL). The filtrate was concentrated
under vacuum and treated with ammonium hydroxide solution (10 mM, 6.0 mL) and concentrated
under vacuum. The remaining residue was purified by preparative HPLC on a Waters XBridge
BEH C18 column [5 pm, 250 x 10 mm, UV detection at 210 nm, solvent A: 10 mM ammonium
hydroxide in water, solvent B: 10 mM ammonium hydroxide in acetonitrile, injection volume: 2.0
mL (10 mM NH3, water), 0 % B for 5 min then gradient elution with 0—20 % B over 15 min,
flow rate: 5 mL/min]. The product containing fractions were combined and treated with 2 N HCl
(30 nL) and concentrated under vacuum to give 127 as the trihydrochloride salt (3.1 mg, 6.01 nmol
, 28%).

'H NMR (500 MHz, D,0): § 8.37 (d, J = 8.9 Hz, 1H), 5.51 (d, J = 3.4 Hz, 1H), 4.35 (dd, J = 8.0,
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4.0 Hz, 1H), 4.18 — 4.09 (m, 1H), 3.94 (ddd, J = 11.9, 10.4, 4.1 Hz, 1H), 3.86 — 3.80 (m, 1H), 3.77
~3.70 (m, 2H), 3.66 (t, J = 9.2 Hz, 1H), 3.61 — 3.49 (m, 3H), 3.24 — 3.13 (m, 2H), 2.29 (dt, ] =
12.7, 4.1 Hz, 1H), 2.19 (tdd, J = 11.0, 7.4, 4.0 Hz, 1H), 2.08 — 1.97 (m, 3H), 1.93 (dd, J = 13.5,
10.7 Hz, 2H), 1.79 (tt, J = 19.2, 9.5 Hz, 3H), 1.63 — 1.52 (m, 1H).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C17H35N407 407.2500; Found 407.2501.
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(18,2S,3R,4S,6R)-4-azido-6-((S)-4-azido-2-(benzyloxy)butanamido)-3-(((2R,3R, 6S5)-3-azido-
6-(2-((methylsulfonyl)oxy)ethyl)tetrahydro-2H-pyran-2-yl)oxy)-2-
(methoxymethoxy)cyclohexyl acetate (126)

A solution of alcohol 124 (27.0 mg, 0.041 mmol, 1.00 equiv) in dichloromethane (0.8 mL) at 0 °C
was treated with triethylamine (11 mL, 0.082 mmol, 2.00 equiv) and methanesulfonyl chloride (4.8
nL, 0.061 mmol, 1.50 equiv) in sequence. After 20 minutes, the solution was poured onto a
biphasic mixture of saturated aqueous ammonium chloride (1.0 mL) and ethyl acetate (3.0 mL).
The layers were separated and the aqueous extracted with additional ethyl acetate (2 x 5.0 mL).
The combined organic layers were dried on sodium sulfate, filtered, and concentrated to provide
crude mesylate 126 which was used without additional purification (27.0 mg, 0.037 mmol, 89%).
R¢: (50% Ethyl acetate in hexanes, KMnOg4): 0.31

'H NMR (500 MHz, CDCl3): § 7.43 — 7.30 (m, 5H), 6.71 (d, J = 8.7 Hz, 1H), 5.47 (d, J = 3.3 Hz,
1H), 4.87 —4.79 (m, 2H), 4.74 (d, J = 6.6 Hz, 1H), 4.53 (s, 2H), 4.43 —4.37 (m, 1H), 4.36 — 4.30
(m, 1H), 4.22 (dd, J=11.7, 8.7 Hz, 1H), 3.98 (td, J = 12.8, 4.5 Hz, 1H), 3.91 (dd, J = 8.1, 4.1 Hz,
1H), 3.69 —3.64 (m, 2H), 3.54 —3.46 (m, 1H), 3.37 - 3.33 (m, 1H), 3.32 (s, 3H), 3.07 (dt, ] = 12.8,
3.8 Hz, 1H), 3.02 (s, 3H), 2.24 — 2.10 (m, 2H), 2.06 (s, 3H), 1.99 — 1.78 (m, 6H), 1.53 — 1.35 (m,

2H).
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126 128

(1S,2S,3R,4S,6R)-4-azido-6-((S)-4-azido-2-(benzyloxy)butanamido)-3-(((2R,3 R, 65)-3-azid o-
6-(2-azidoethyl)tetrahydro-2H-pyran-2-yl)oxy)-2-(methoxymethoxy)cyclohexyl acetate
(128)

A solution of mesylate 126 (17.0 mg, 0.023 mmol, 1.00 equiv) in DMF (0.2 mL) was treated with
sodium azide (6.0 mg, 0.092 mmol, 4.00 equiv) at 23 °C and stirring proceeded for 21 hours. The
solution was diluted with ethyl acetate (1.0 mL), filtered, and concentrated to provide crude
material. Purification by flash chromatography on silica gel, grading from 20 — 40% ethyl acetate
in hexanes provided azide 128 as a white foam (10.2 mg, 0.015 mmol, 65%).

Rt (50% Ethyl acetate in hexanes, KMnQOj4): 0.51

'HNMR (500 MHz, CDCl3): § 7.44 —7.29 (m, 5H), 6.68 (d, J = 8.5 Hz, 1H), 5.44 (d, ] = 3.2 Hz,
1H), 4.88 — 4.78 (m, 2H), 4.74 (dd, ] = 6.6, 1.4 Hz, 1H), 4.57 (d, J = 11.8 Hz, 1H), 4.51 (d, J =
11.8 Hz, 1H), 4.25 - 4.12 (m, 1H), 4.04 — 3.95 (m, 1H), 3.93 (dd, J = 8.0, 4.1 Hz, 1H), 3.63 (dt, J
= 18.3, 8.8 Hz, 2H), 3.54 — 3.37 (m, 3H), 3.37 — 3.32 (m, 2H), 3.32 (s, 3H), 3.12 — 3.03 (m, 1H),
2.21(dt,J=13.2,4.4 Hz, 1H), 2.16 — 2.08 (m, 1H), 2.07 (s, 3H), 2.03 — 1.78 (m, 5H), 1.73 (dd, J
=13.3,6.6 Hz, 2H), 1.46 (dd, J =23.4, 11.5 Hz, 1H), 1.30 (dd, J = 24.6, 12.0 Hz, 2H).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C2sH40N 1305 686.3117; Found 686.3116.
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(8)-4-azido-N-((/R,2S,3R,4R,5S)-5-azid0-4-(((2R,3R,65)-3-azid0-6-(2-azidoethyl)tetrahydro-
2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-(benzyloxy)butanamide (129)

A solution of azide 128 (10.2 mg, 0.015 mmol, 1.00 equiv) in methanol (0.3 mL) was treated with
sodium methoxide solution (0.5 M in methanol, 149 i, 0.074 mmol, 5.00 equiv) at 23 °C. Stirring
proceeded for 2 hours at ambient conditions, and the mixture was then cooled to 0 °C while acetyl
chloride (16 ni, 0.223 mmol, 15.00 equiv) was added. The mixture was allowed to warm to room
temperature and stirred for an additional 2 hours before being poured onto a mixture of ethyl
acetate (5.0 mL) and saturated aqueous sodium bicarbonate solution (0.5 mL). The layers were
separated and the aqueous washed with ethyl acetate (2 x 5.0 mL). The combined organic phases
were dried on sodium sulfate, filtered, and concentrated to provide crude diol 129 (quantitative)
which was used without further purification.

'H NMR (500 MHz, CDCls): § 7.45 — 7.30 (m, 5H), 6.62 (d, ] = 7.7 Hz, 1H), 5.31 (d, J = 3.2 Hz,
1H), 4.64 (d,J =11.6 Hz, 1H), 4.53 (d, ] = 11.6 Hz, 1H), 4.15 — 4.07 (m, 1H), 4.03 (dd, ] = 6.5,
4.8 Hz, 1H), 3.90 — 3.81 (m, 1H), 3.71 (d, J = 2.3 Hz, 1H), 3.56 (td, J = 9.0, 2.3 Hz, 1H), 3.51 —
3.35 (m, 7H), 3.29 (td, ] = 9.9, 3.0 Hz, 1H), 3.22 (d, J = 3.1 Hz, 1H), 2.23 (dt, J = 13.1, 4.4 Hz,
1H), 2.14 - 2.00 (m, 3H), 1.97 — 1.91 (m, 1H), 1.84 (dd, J = 13.5, 2.7 Hz, 1H), 1.75 (dt, ] = 12.1,

4.3 Hz, 2H), 1.46 (ddd, ] =25.3, 13.3, 3.9 Hz, 1H), 1.34 (dd, ] = 24.9, 12.4 Hz, 1H).
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(8)-4-amino-N-((/R,2S,3R,4R,5S5)-5-amino-4-(((2R,3 R, 65)-3-amino-6-(2-
aminoethyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-
hydroxybutanamide (130)

To a solution of diol 129 (8.9 mg, 0.015 mmol, 1.00 equiv) in 4:1 acetic acid:water (1.0 mL total)
was added palladium hydroxide on carbon (20% w/w, 20.0 mg, 0.029 mmol, 2.00 equiv) at 23 °C.
The atmosphere was exchanged by briefly evacuating the flask, and backfilling with hydrogen and
then flushing with hydrogen for 5 minutes. The heterogenous mixture stirred for 7 hours and was
then filtered through a Celite® plug, washing with water (10 mL). The filtrate was concentrated
under vacuum and treated with ammonium hydroxide solution (10 mM, 6.0 mL) and concentrated
under vacuum. The remaining residue was purified by preparative HPLC on a Waters XBridge
BEH C18 column [5 pm, 250 x 10 mm, UV detection at 210 nm, solvent A: 10 mM ammonium
hydroxide in water, solvent B: 10 mM ammonium hydroxide in acetonitrile, injection volume: 2.0
mL (10 mM NH3, water), 0 % B for 5 min then gradient elution with 0—15 % B over 15 min,
flow rate: 5 mL/min]. The product containing fractions were combined and treated with 2 N HCl
(30 nL) and concentrated under vacuum to give 130 as the tetrahydrochloride salt (1.3 mg, 2.4
mmol , 16%).

'H NMR (500 MHz, D,0): § 5.67 (d, J = 3.3 Hz, 1H), 4.35 (dd, ] = 8.1, 4.0 Hz, 1H), 4.15 — 4.06

(m, 1H), 3.98 —3.91 (m, 1H), 3.90 — 3.82 (m, 1H), 3.67 (t, ] = 9.3 Hz, 1H), 3.61 — 3.48 (m, 3H),
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3.22 —3.10 (m, 4H), 2.34 — 2.27 (m, 1H), 2.19 (d, ] = 4.7 Hz, 1H), 2.08 — 1.87 (m, 7H), 1.81 (dd,
J=252, 12.5 Hz, 2H), 1.63 (dd, ] = 19.6, 11.7 Hz, 1H).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C17H36N50¢ 406.2660; Found 406.2659.
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126 131

(18,2S,3R,4S,6R)-4-azido-6-((S)-4-azido-2-(benzyloxy)butanamido)-3-(((2R,3R, 6S5)-3-azido-
6-(2-phenoxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2-(methoxymethoxy)cyclohexyl acetate
(131)

A solution of mesylate 126 (16.0 mg, 0.022 mmol, 1.00 equiv) and phenol (6.1 mg, 0.065 mmol,
3.00 equiv) in DMF (0.2 mL) was treated with cesium carbonate (21.2 mg, 0.065 mmol, 3.00
equiv) at 23 °C. The solution was allowed to stir for 23 hours, and then poured onto a mixture of
ethyl acetate (1.0 mL) and saturated aqueous sodium bicarbonate (1.0 mL). The layers were
separated, and the aqueous layer washed with ethyl acetate (2 x 5.0 mL). The combined organic
layers were dried on sodium sulfate, filtered, and concentrated to provide crude material.
Purification by flash chromatography on silica gel, grading from 20-40% ethyl acetate in hexanes
yielded aryl ether 131 (6.6 mg, 9.0 mmol, 41%)).

Rt (50% Ethyl acetate in hexanes, KMnQj4): 0.47

'H NMR (400 MHz, CDCls): § 7.45 — 7.31 (m, 5H), 7.30 — 7.22 (m, 2H), 6.92 (dd, ] = 7.8, 1.0 Hz,
2H), 6.89 — 6.80 (m, 1H), 6.52 (d, J = 8.8 Hz, 1H), 5.48 (d, J = 3.3 Hz, 1H), 4.83 —4.77 (m, 1H),
4.73 (d,J=5.7 Hz, 1H), 4.66 (t, ] = 9.7 Hz, 1H), 4.54 (s, 2H), 4.33 (d, J = 11.9 Hz, 1H), 4.18 (dd,
J=15.6, 6.5 Hz, 1H), 4.06 — 3.99 (m, 1H), 3.98 — 3.86 (m, 2H), 3.62 (t, ] = 9.3 Hz, 1H), 3.54 (t,J

= 8.9 Hz, 1H), 3.46 — 3.38 (m, 1H), 3.37 — 3.33 (m, 1H), 3.32 (s, 3H), 3.11 (d, J = 12.7 Hz, 1H),
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2.15 (q, J = 12.1 Hz, 1H), 2.06 (s, 3H), 2.03 — 1.77 (m, 6H), 1.57 — 1.45 (m, 1H), 0.90 (dd, J =
25.3, 12.5 Hz, 1H).

BC{'H} NMR (101 MHz, CDCl3): § 171.9, 171.5, 159.1, 136.8, 129.7, 129.0, 128.7, 128.2, 120.7,
114.7,99.2, 97.4, 83.6, 77.4, 77.3, 74.6, 73.5, 65.7, 64.1, 60.0, 58.1, 56.6, 47.4, 35.3, 32.9, 32.2,
30.7,29.9,22.4,21.2.

FTIR (neat), cm™': 3351 (br). 2923 (w), 2100 (s), 1734 (m), 1668 (m), 1527 (m), 1244 (s), 1029
(s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C34H4sN 1009 737.3365; Found 737.3361.
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(S)-4-azido-N-((IR,2S,3R,4R,5S)-5-azido-4-(((2R,3R,65)-3-azid0-6-(2-
phenoxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-
(benzyloxy)butanamide (132)

A solution of aryl ether 131 (6.6 mg, 0.009 mmol, 1.00 equiv) in methanol (0.3 mL) was treated
with sodium methoxide solution (0.5 M in methanol, 90 ni, 0.045 mmol, 5.00 equiv) at 23 °C.
Stirring proceeded for 2 hours at ambient conditions, and the mixture was then cooled to 0 °C
while acetyl chloride (9.5 i, 0.134 mmol, 15.00 equiv) was added. The mixture was allowed to
warm to room temperature and stirred for an additional 2 hours before being poured onto a mixture
of ethyl acetate (5.0 mL) and saturated aqueous sodium bicarbonate solution (0.5 mL). The layers
were separated and the aqueous washed with ethyl acetate (2 x 5.0 mL). The combined organic
phases were dried on sodium sulfate, filtered, and concentrated to provide crude diol 132
(quantitative) which was used without further purification.

'"H NMR (500 MHz, CDCls5): § 7.38 (dddd, J = 19.5, 8.2, 7.5, 3.0 Hz, 5H), 7.23 (dd, J = 8.6, 7.4
Hz, 2H), 6.90 (dd, J = 8.7, 0.9 Hz, 2H), 6.88 — 6.82 (m, 1H), 6.49 (d, J =7.7 Hz, 1H), 5.38 (d, J =
3.3 Hz, 1H), 4.64 (d, J = 11.5 Hz, 1H), 4.53 (d, ] = 11.5 Hz, 1H), 4.23 (dd, J = 11.8, 5.0 Hz, 1H),
4.15(ddd,J=9.4,7.6,3.7 Hz, 1H), 4.03 (ddd, J = 11.3, 8.0, 5.2 Hz, 2H), 3.84 — 3.73 (m, 1H), 3.47
—3.29 (m, 1H), 3.07 (t, ] = 9.7 Hz, 6H), 2.20 — 2.00 (m, 5H), 2.00 — 1.87 (m, 5H), 1.52 (ddd, J =

17.1,13.9,4.3 Hz, 1H), 1.03 (dd, J =25.0, 12.5 Hz, 1H).
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(8)-4-amino-N-((/R,2S,3R,4R,5S5)-5-amino-4-(((2R,3 R, 65)-3-amino-6-(2-
phenoxyethyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydroxycyclohexyl)-2-
hydroxybutanamide (133)

To a solution of diol 132 (5.8 mg, 0.009 mmol, 1.00 equiv) in 4:1 acetic acid:water (1.0 mL total)
was added palladium hydroxide on carbon (20% w/w, 15.0 mg, 0.0.021 mmol, 2.37 equiv) at 23
°C. The atmosphere was exchanged by briefly evacuating the flask, and backfilling with hydrogen
and then flushing with hydrogen for 5 minutes. The heterogenous mixture stirred for 7 hours and
was then filtered through a Celite® plug, washing with water (10 mL). The filtrate was
concentrated under vacuum and treated with ammonium hydroxide solution (10 mM, 6.0 mL) and
concentrated under vacuum. The remaining residue was purified by preparative HPLC on a Waters
XBridge BEH C18 column [5 pm, 250 x 10 mm, UV detection at 210 nm, solvent A: 10 mM
ammonium hydroxide in water, solvent B: 10 mM ammonium hydroxide in acetonitrile, injection
volume: 2.0 mL (10 mM NH3;, water), 0 % B for 5 min then gradient elution with 0—35 % B over
30 min, flow rate: 5 mL/min]. The product containing fractions were combined and treated with 2

N HCI (30 nL) and concentrated under vacuum to give 133 as the trihydrochloride salt (0.5 mg,

0.84 Mol , 9%).
'H NMR (500 MHz, D,0): § 7.38 (t, ] = 8.0 Hz, 2H), 7.05 (t, J = 7.4 Hz, 1H), 7.02 (d, J = 8.6 Hz,
2H), 5.49 (d, J = 3.3 Hz, 1H), 4.29 (dd, J = 8.0, 4.0 Hz, 1H), 4.27 — 4.19 (m, 2H), 4.17 — 4.09 (m,

1H), 3.90 — 3.83 (m, 1H), 3.76 (t, J = 9.8 Hz, 1H), 3.59 (t, ] = 9.4 Hz, 1H), 3.57 — 3.51 (m, 1H),
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3.51 — 3.38 (m, 2H), 3.13 (dd, J = 13.4, 6.4 Hz, 2H), 2.21 — 2.10 (m, 2H), 2.09 — 1.87 (m, 6H),
1.61 (dt, J=22.2, 11.2 Hz, 2H).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C23H39N4O7 483.2813; Found 483.2816.
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118 138
(R)-4-azido-5-methoxy-5-oxopentanoic acid (138)
A solution of aldehyde 118 (657 mg, 3.84 mmol, 1 equiv) in 4:1 THF:H>O (193 mL) was treated
in sequence with sodium dihydrogen phosphate (2.21 g, 18.4 mmol, 4.8 equiv), amylene (24.4 mL,
230 mmol, 60 equiv), and lastly a 1.0 M solution of sodium chlorite (1.666 g, 18.4 mmol, 4.8
equiv) in water (18.4 mL) at ambient temperature. After 20 minutes, the solution was diluted with
100 mL each of water and DCM, and the solution acidified with 6 M HCI until pH was < 3 (pH
strip). The phases were separated following vigorous mixing, and the aqueous layer washed with
DCM (2 x 100 mL). The combined organic layers were dried on sodium sulfate, filtered, and
concentrated to give the crude. Purification by flash chromatography* on silica, eluting from DCM
to 5% methanol in DCM gave acid 138 (711 mg, 3.80 mmol, 99%).
*The reaction can be carried through without column chromatography for the purposes of acid
halide and thioester preparation.
Rf: (5% methanol in DCM, bromocresol green): 0.28
'H NMR (400 MHz, CDCls): § 4.05 (dd, J = 8.7, 5.1 Hz, 1H), 3.82 (s, 3H), 2.64 — 2.48 (m, 2H),
2.28 —2.14 (m, 1H), 2.08 — 1.96 (m, 1H).

HRMS (ESI-TOF) m/z: [M+CI]" Caled for CéHoN304C1 222.0287; Found 222.0282.
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Methyl (R)-2-azido-5-0x0-5-(phenylthio)pentanoate (139)

Acid 138 (1.09 g, 5.84 mmol, 1 equiv) in DCM (29.2 mL) was treated at 0 °C with anhydrous
DMF (3 drops) and oxalyl chloride (neat, 1.02 mL, 11.7 mmol, 2 equiv) in sequence. Note large
amount of gas evolution. After bubbling subsided, the ice bath was removed and the solution stirred
at ambient temperature while monitoring by TLC for consumption of 138.* After 2.5 hours the
solution was concentrated under vacuum, briefly dried on high vacuum for ~10 minutes, and used
immediately in the preparation of thioester 139.

*Quenching of a reaction aliquot with methanol allows for monitoring of the reaction by checking
for appearance of methyl ester 117 and consumption of 138.

Intermediate acid halide was dissolved in DCM (29.2 mL) and cooled to 0 °C. Pyridine (660 pL,
8.18 mmol, 1.4 equiv) and thiophenol (840 puL, 8.18 mmol, 1.4 equiv) were added. Consumption
of acid halide was monitored by TLC (check for consumption of intermediate 117 from methanol
quench), and then quenched by addition of 1 N HCI and diethyl ether (20 mL). The separated
aqueous layer was washed with additional portions of ether (3 x 20 mL), and the combined organic
phases were washed with water (30 mL) and brine (30 mL). The organics were dried on magnesium
sulfate, filtered, and concentrated to give crude thioester, which was purified by flash
chromatography on silica, grading from hexanes to 5% ethyl acetate in hexanes, to afford 139 as
a yellow oil (1.142 g, 4.09 mmol, 70%).

Rf: (10% ethyl acetate in hexanes, KMnOx): 0.27
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'H NMR (400 MHz, CDCLy): & 7.26 (s, 5H), 3.89 (dd, J = 8.7, 5.0 Hz, 1H), 3.65 (s, 3H), 2.76 —
2.56 (m, 2H), 2.15 — 2.04 (m, 1H), 1.90 (dddd, J = 14.1, 8.8, 7.4, 6.3 Hz, 1H).

13C{'H} NMR (101 MHz, CDCL): § 196.37, 170.40, 134.63, 129.73, 129.41, 127.37, 61.01, 52.94,
39.17, 26.89.

FTIR (neat), cm': 2954 (m), 2105 (s), 1741 (s), 1700 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C12H13N303SNa 302.0570; Found 302.0577
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methyl (R)-2-azido-5-oxo0-5-phenylpentanoate (140)

In a flame dried vial containing a stir bar under Ar was added anhydrous zinc (II) chloride (1.57 g,
11.5 mmol, 3.22 equiv) and the solid dried under high vacuum with application of a heat gun for
5 minutes. Once cooled, the zolid zinc chloride was suspended in anhydrous THF (20 mL),
ultrasonicated until the solution became cloudy, and cooled to 0 °C. Phenylmagnesium bromide
(1.0 M in THF, 8.23 mL, 8.23 mmol, 2.3 equiv) was added slowly dropwise, and the solution
allowed to stir for 3 hours at room temperature.

Separately, a solution of thioester 139 (1.00 g, 3.58 mmol, 1 equiv) in THF (7.5 mL) was treated
with bis(triphenylphosphine)palladium (II) chloride (126 mg, 0.179 mmol, 0.05 equiv). The
phenylzinc chloride solution was transferred by canula to the stirring combination of 139 and
catalyst at room temperature. After 30 minutes, the reaction was quenched by addition of saturated
aqueous ammonium chloride (50 mL) and diluted with ethyl acetate (50 mL). The separated
aqueous layer was washed with ethyl acetate (3 x 25 mL), and the combined organic layers dried
on magnesium sulfate, filtered, and concentrated. Purifcation by flash chromatography on silica
gel, grading from hexanes to 5% ethyl acetate in hexanes, gave 140 as yellow oil (630 mg, 2.55
mmol, 71%).

Rt (10% ethyl acetate in hexanes, KMnOs): 0.25

'H NMR (400 MHz, CDCls): § 7.90 — 7.57 (m, 2H), 7.39 — 7.33 (m, 1H), 7.30 — 7.22 (m, 2H),
3.89 (dd, J=8.5,5.1 Hz, 1H), 3.60 (s, 3H), 3.03 — 2.77 (m, 2H), 2.23 — 2.06 (m, 1H), 1.93 (dddd,

J=14.4,85,7.5, 6.0 Hz, 1H).
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BC{'H} NMR (101 MHz, CDCl3): 5 198.48, 170.83, 136.67, 133.49, 128.83, 128.14, 61.33, 52.87,

34.15, 25.79.
FTIR (neat), cm': 2954 (m), 2103 (s), 1741 (s), 1683 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C12H13N303Na 270.0849; Found 270.0849.
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(3R,65)-3-azido-6-phenyltetrahydro-2H-pyran-2-ol (142)

A solution of 140 (450 mg, 1.82 mmol, 1 equiv) and (R)-MeCBS catalyst (1.0 M in toluene, 182
puL, 0.182 mmol, 0.1 equiv) in THF( 3.64 mL) was cooled to - 20 °C and treated with borane-
diethylaniline (DEA) complex (230 pL, 1.27 mmol, 0.7 equiv). The solution was allowed to slowly
warm to room temperature after 30 minutes and stirred overnight. The reaction was quenched at 0
°C by addition of methanol (1.5 mL) and then 1 N HCI (5 mL) and stirred for 15 minutes at room
temperature. The layers were separated and the aqueous washed with ethyl acetate (3 x 10 mL),
and the combined organics washed with water (10 mL) and brine (10 mL). Drying on magnesium
sulfate, filtration, and concentration provided crude material that was purified by flash
chromatography on silica gel, grading from hexanes to 10 % ethyl acetate in hexanes, to give lactol
142 (200 mg, 0.912 mmol, 50%). Characterization is representative of the 1:1 ratio of anomers.
Rt (20% ethyl acetate in hexanes, KMnQj4): 0.47

'H NMR (400 MHz, CDCl3): § 7.40 — 7.27 (m, 10H), 5.41 (t, J = 3.2 Hz, 1H), 5.04 (dd, J = 11.7,
2.4 Hz, 1H), 4.74 (dd, ] = 7.8, 4.5 Hz, 1H), 4.50 (dd, J = 11.0, 2.3 Hz, 1H), 3.41 — 3.26 (m, 3H),
2.91(dd, J=3.3, 1.6 Hz, 1H), 2.35 - 2.12 (m, 2H), 2.06 — 1.89 (m, 4H), 1.82 — 1.54 (m, 4H).
BC{H} NMR (101 MHz, CDCl3): & 141.45, 140.74, 128.64, 128.61, 128.09, 127.92, 126.19,
126.00, 98.81, 92.74, 78.30, 70.38, 61.93, 58.43, 32.84, 32.54, 28.63, 22.65.

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C11H13N30,Na 242.0900; Found 242.0892.
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(3R,65)-3-azido-6-phenyltetrahydro-2H-pyran-2-yl (E)-2,2,2-trifluoro-N-phenylacetimidate
(114)

A solution of lactol 142 (50.0 mg, 0.228 mmol, 1 equiv) in DCM (2.28 mL) was treated with 2,2,2-
trifluoro-N-phenylacetimidoyl chloride (95 mg, 0.456 mmol, 2 equiv) and cesium carbonate (149
mg, 0.456 mmol, 2 equiv) at room temperature. After 4.5 hours, the mixture was filtered through
Celite® and concentrated under reduced pressure. Purification by flash chromatography on silica,
grading from hexanes to 2% ethyl acetate in hexanes, gave product 114 as a wax (40 mg, 0.10
mmol, 45%).

"H NMR (400 MHz, CDCls): § 7.40 — 7.27 (m, 10H), 5.41 (t, ] = 3.2 Hz, 1H), 5.04 (dd, J = 11.7,
2.4 Hz, 1H), 4.74 (dd, ] = 7.8, 4.5 Hz, 1H), 4.50 (dd, ] = 11.0, 2.3 Hz, 1H), 3.41 — 3.26 (m, 3H),
291 (dd,J=3.3,1.6 Hz, 1H), 2.35 - 2.12 (m, 2H), 2.06 — 1.89 (m, 4H), 1.82 — 1.54 (m, 4H).
BC{'H} NMR (101 MHz, CDCls): & 139.98, 129.54, 129.44, 128.73, 128.61, 128.47, 127.99,
125.74, 124.32, 120.43, 119.35, 78.42, 59.64, 31.77, 28.58.

FTIR (neat), cm™': 3033 (w), 2930 (m), 2103 (s), 1715 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C19HisF3N4O2 391.1376; Found 391.1375.
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(2R,3R,4R,5R,65)-3-azido-6-(azidomethyl)-4,5-bis(benzyloxy)-2-(((2R,3R,4R,5S)-4-
(benzyloxy)-2-((benzyloxy)methyl)-5-(((/R,2R,3S,5R, 65)-3,5-diazido-2-(((2R,3R, 6S5)-3-azido-
6-phenyltetrahydro-2H-pyran-2-yl)oxy)-6-(benzyloxy)cyclohexyl)oxy)tetrahydrofuran-3-
yhoxy)tetrahydro-2H-pyran (115)

Acceptor 113 was prepared as described previously and the associated spectra are attached in
Appendix A. In a flame-dried flask charged with a stir bar, acceptor 113 (80 mg, 0.079 mmol, 1
equiv) and donor 114 (61.9 mg, 0.159 mmol, 2 equiv) were combined and concentrated from
benzene three times. The mixture was dissolved in anhydrous ether (1.6 mL) and 4AMS were
added (150 mg); the solution was stirred for 30 minutes at room temperature. The stirring solution
was cooled to - 60 °C and a solution of TfOH (0.1 M in ether®, 79 p, 7.93 umol, 0.1 equiv). The
reaction was monitored by TLC, slowly warming to - 40 °C after 2 hours, and to - 20 °C after 5
hours. After 6 total hours the reaction was quenched by addition of triethyl amine and filtered
through a cotton plug. The concentrated crude material was purified by flash chromatography on
silica, grading from 10% ethyl acetate in hexanes to 30% ethyl acetate in hexanes, affording

pseudotetrasaccharide 115 as a wax (35 mg, 0.029 mmol, 36%). *The solution of TfOH in ether
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was prepared from neat TfOH (stored in a Schlenk flask at - 20 °C) and anhydrous ether at room
temperature. The solution was always prepared, used immediately, and never re-used.

'H NMR (400 MHz, CDCl3): & 7.44 — 7.27 (m, 23H), 7.24 — 7.11 (m, 7H), 6.20 (d, ] = 3.4 Hz,
1H), 5.68 (d, J =5.8 Hz, 1H), 5.03 (dd, J = 11.8, 2.4 Hz, 1H), 4.94 (d, J = 10.7 Hz, 1H), 4.90 (d, J
=1.9 Hz, 1H), 4.65 (dd, J = 17.0, 11.4 Hz, 2H), 4.58 (d, J = 6.8 Hz, 1H), 4.55 (d, J = 6.9 Hz, 1H),
447 (d,J=5.7Hz, 1H), 4.43 (d, ] = 2.2 Hz, 1H), 4.40 (s, 1H), 4.33 — 4.23 (m, 4H), 4.02 — 3.94
(m, 2H), 3.89 (dd, ] =10.3,2.2 Hz, 1H), 3.83 —3.75 (m, 3H), 3.66 (dd, J = 12.9, 8.5 Hz, 1H), 3.58
(dd, J =10.3, 3.2 Hz, 1H), 3.47 (dddd, J = 19.4, 12.5, 9.7, 4.6 Hz, 2H), 3.34 (t, ] = 2.4 Hz, 1H),
3.25(t,J=9.3 Hz, 1H), 3.11 (d, J = 2.5 Hz, 1H), 2.96 — 2.85 (m, 2H), 2.34 (td, J = 12.7, 3.7 Hz,
1H), 2.24 (dt, J = 13.2, 4.6 Hz, 1H), 2.00 — 1.93 (m, 1H), 1.91 — 1.84 (m, 1H), 1.61 (qd, J = 13.0,
3.4 Hz, 1H), 1.44 — 1.31 (m, 1H).

BC{'H} NMR (101 MHz, CDCl3): § 142.04, 138.71, 138.16, 137.72, 137.19, 137.12, 128.82,
128.64, 128.57, 128.51, 128.46, 128.36, 128.32, 128.00, 127.97, 127.87, 127.83, 127.51, 127.41,
126.66, 126.27,105.98, 98.73,96.32, 84.47, 82.70, 82.23, 81.97, 77.36, 75.66, 75.08, 74.51, 73.48,
73.35, 73.00, 72.48, 71.83, 71.65, 70.66, 70.27, 60.83, 60.58, 57.39, 51.24, 32.82, 29.85, 23.07.
FTIR (neat), cm™: 3032 (m), 2923 (m), 2097 (s), 1727 (m).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for Ce3He7N15011Na 1232.5037; Found 1232.5039.
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(28,3R,4R,5R,6R)-6-(((2R,3R,4R,5S5)-4-acetoxy-5-(((1S,2S8,3R,5S,6R)-2-acetoxy-3,5-diazido-
6-((4-methoxybenzyl)oxy)cyclohexyl)oxy)-2-(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-
azido-2-(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (148)

Thioglycoside 147 has been described elsewhere.?® Donor 147 (145 mg, 0.228 mmol, 1.1 equiv)
and acceptor 108 (78 mg, 0.207 mmol, 1 equiv) were combined and co-evaporated from toluene
three times, then suspended in dry DCM (4.2 mL) and dried over 4AMS (200 mg) at room
temperature for 30 minutes. At the same time, a separate solution of silver triflate (32 mg, 0.124
mmol in 500 pL toluene, 0.6 equiv) was dried over 4AMS (40 mg). The solution of donor and
acceptor was cooled to - 40 °C, and NIS (51.3 mg, 0.228 mmol, 1.1 equiv) was to the cold solution.
The silver triflation solution was then transferred by syringe to the glycosylation flask dropwise,
and the glycosylation immediately warmed to - 20 °C to continue stirring. After 4 hours, the
reaction was quenched by the addition of triethyl amine (150 pL), stirred for 15 minutes while
warming to room temperature, and then filtered through Celite®. Purification by flash
chromatography on silica gel, grading from 10 —40% ethyl acetate in hexanes, gave PMB-acceptor
148 (138 mg, 0.155 mmol, 75%).

Rf: (5% ethyl acetate in hexanes, CAM): 0.55
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"H NMR (400 MHz, CDCl3): § 7.38 (d, J = 8.6 Hz, 2H), 6.86 (d, ] = 8.7 Hz, 2H), 5.22 (d, ] = 2.1
Hz, 1H), 5.03 (q, J = 2.9 Hz, 2H), 4.91 (m, 4H), 4.86 (d, ] = 2.0 Hz, 1H), 4.70 (t, ] = 2.3 Hz, 1H),
4.60 (d, J =10.0 Hz, 1H), 4.45 — 4.37 (m, 2H), 4.36 — 4.27 (m, 2H), 4.21 (dd, J = 12.0, 6.1 Hz,
1H), 4.06 (s, 1H), 3.78 (s, 3H), 3.68 — 3.54 (m, 3H), 3.46 — 3.22 (m, 4H), 2.74 (s, 15H), 2.21 (m,
1H), 1.46 — 1.34 (m, 1H).

BC{'H} NMR (101 MHz, CDCl3): § 177.64, 171.31, 170.72, 170.42, 169.93, 169.80, 168.67,
159.56, 130.43, 113.86, 107.13, 99.23, 82.23, 81.46, 79.27, 76.19, 75.31, 74.60, 73.52, 68.76,
65.79, 64.32, 60.51, 60.10, 58.48, 56.68, 55.34, 50.64, 32.08, 29.68, 21.15, 21.01, 20.86, 20.82,
20.78, 20.70, 14.29.

FTIR (neat), cm™': 2940 (w), 2100 (s), 1743 (s), 1709 (s).

HRMS (ESI-TOF) m/z: [M+NH4]" Calcd for C35sH4gN13016 906.3336; Found 906.3337.
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(25,3R,4R,5R,6R)-6-(((2R,3R,4R,55)-4-acetoxy-5-(((1S,2S,3R,5S,6R)-2-acetoxy-3,5-diazido-
6-hydroxycyclohexyl)oxy)-2-(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-
(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (149)

A solution of 148 (94 mg, 0.11 mmol, 1 equiv) in DCM (2.0 mL) and water (110 pL) at room
temperature was treated with DDQ (24 mg, 0.11 mmol, 1 equiv) with vigorous stirring. Each hour,
another 1 equiv portion was added and a 450 pL of 8:1 DCM:water was added for dilution. The
reaction was stopped after 5 hours (a total of 4 additional equivalents and dilutions occurred) by
addition of saturated aqueous sodium thiosulfate solution (10 mL). The mixture was washed with
DCM (3 x 10 mL), and the combined organics washed with water (10 mL) and brine (10 mL). The
organic layer was dried on magnesium sulfate, filtered, and concentrated. Purification by silica gel
chromatography, grading from 20-35% ethyl acetate in hexanes, gave acceptor 149 (69 mg, 0.094
mmol, 85%).

Ry (50% ethyl acetate in hexanes, CAM): 0.51

'"H NMR (400 MHz, CDCl5): § 5.04 (m, 3H), 4.94 — 4.86 (m, 2H), 4.71 (t, ] = 2.4 Hz, 1H), 4.54
(dd,J=7.7,4.6 Hz, 1H), 4.44 (dd, J=13.1,4.5 Hz, 1H), 4.37 —4.31 (m, 2H), 4.15 - 4.09 (m, 1H),
3.58(dd, J=13.0, 8.1 Hz, 1H), 3.50 — 3.37 (m, 4H), 3.35 (t, ] =2.4 Hz, 1H), 3.31 —3.20 (m, 1H),

2.20 (t,J = 4.6 Hz, 1H), 2.17 (s, 6H), 2.15 (s, 3H), 2.14 (s, 3H), 2.11 (s, 3H), 1.47 — 1.34 (m, 1H).
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13C{'H} NMR (101 MHz, CDCL): § 170.76, 170.10, 170.07, 169.92, 168.69, 107.10, 98.84, 84.84,
79.39, 75.27, 75.15, 74.59, 74.41, 73.49, 68.74, 65.83, 62.43, 59.41, 58.39, 56.67, 50.73, 32.07,
20.95, 20.85, 20.82, 20.78, 20.72.

FTIR (neat), cm': 3515 (br), 2926 (m), 2099 (s), 1742 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C27H3N12015Na 791.2315; Found 791.2290.
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(28,3R,4R,5R,6R)-6-(((2R,3R,4R,5S5)-4-acetoxy-5-(((1S,2S8,3R,5S,6R)-2-acetoxy-3,5-diazido-
6-(((2R,3R,6S5)-3-azido-6-phenyltetrahydro-2H-pyran-2-yl)oxy)cyclohexyl)oxy)-2-
(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-(azidomethyl)tetrahydro-2H-pyran-
3,4-diyl diacetate (150)

Donor 114 (30 mg, 0.077 mmol, 2.7 equiv) and acceptor 149 (22 mg, 0.029 mmol, 1 equiv) were
combined and concentrated from toluene three times. The residue was dissolved in diethyl ether
(290 pL) and dried by addition of 4AMS (100 mg) with stirring at room temperature for 30
minutes. The mixture was cooled to - 60 °C and TfOH solution (0.1 molar in ether, 29 uL, 2.9
pumol, 0.1 equiv) was added dropwise. After 2 hours, addition of triethylamine (100 pL) to quench
and filtering through celite at room temperature gave the crude, which was further purified by flash
chromatography on silica, grading from 15- 25% ethyl acetate in hexanes, to give tetrasaccharide
150 (8 mg, 0.008 mmol, 30%).

R (40% ethyl acetate in hexanes, CAM): 0.37

"H NMR (400 MHz, CDCl3): § 7.40 — 7.27 (m, 5H), 5.93 (d, J = 3.4 Hz, 1H), 5.37 (d, ] = 2.9 Hz,
1H), 5.11 — 4.99 (m, 3H), 4.94 — 4.83 (m, 4H), 4.74 — 4.63 (m, 1H), 4.45 (dd, J = 11.9, 2.4 Hz,

1H), 4.40 — 4.32 (m, 2H), 4.25 (dd, J = 12.0, 5.0 Hz, 1H), 4.09 — 4.04 (m, 1H), 3.91 (t, ] = 8.9 Hz,
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1H), 3.81 (t,J = 9.1 Hz, 1H), 3.59 (dd, ] = 13.0, 8.1 Hz, 1H), 3.56 — 3.49 (m, 1H), 3.47 — 3.35 (m,
2H), 3.32 (t, ] =2.2 Hz, 1H), 3.27 (dd, ] = 13.0, 4.5 Hz, 1H), 3.08 (dt, J = 12.5, 4.0 Hz, 1H), 2.32
(ddd, J = 16.0, 10.2, 4.0 Hz, 2H), 2.17 (s, 3H), 2.15 (s, 3H), 2.14 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H),
1.99 (ddd, J = 12.2, 6.8, 3.5 Hz, 2H), 1.82 — 1.68 (m, 2H), 1.58 — 1.43 (m, 2H).

13C{'H} NMR (101 MHz, CDCL): § 171.01, 170.24, 169.95, 169.68, 168.71, 141.46, 128.62,
128.00, 126.42, 106.84, 99.46, 96.83, 82.28, 79.57, 76.35, 75.64, 75.19, 75.02, 73.52, 70.59, 68.83,
65.80, 64.09, 60.42, 58.37, 57.41, 56.70, 50.71, 32.58, 32.08, 31.74, 29.86, 29.52, 23.13, 22.81,
21.00, 20.98, 20.94, 20.84, 20.68.

HRMS (ESI-TOF) m/z: [M+Na]" Caled for C3sH47N15016Na 992.3217; Found 992.32009.
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(2S8,3S,4R,5R,6R)-5-amino-2-(aminomethyl)-6-(((2R,3S,4R,5S)-5-(((I1R,2R,3S,5R, 65)-3,5-
diamino-2-(((2R,3R,65)-3-amino-6-phenyltetrahydro-2H-pyran-2-yl)oxy)-6-
hydroxycyclohexyl)oxy)-4-hydroxy-2-(hydroxymethyl)tetrahydrofuran-3-
yl)oxy)tetrahydro-2H-pyran-3,4-diol (112)

C5’-phenyl 150 (8.00 mg, 8.25 umol, 1 equiv) in anhydrous methanol (825 pL) was cooled to 0
°C and treated with freshly prepared sodium methoxide solution (0.1 M in methanol, 99 uL, 9.9
pmol, 1.2 equiv); the solution was allowed to warm to room temperature slowly and stirred
overnight. The reaction was quenched by addition of sat. aq. ammonium chloride solution (5 mL)
and the mixture washed with ethyl acetate (3 x 5 mL). The combined organic layers were dried on
sodium sulfate, filtered, and concentrated to give crude polyalcohol.

The crude poly-alcohol (6.3 mg, 8.3 umol, 1 equiv) was dissolved in THF (210 uL) and water (210
puL) and sodium hydroxide solution (2.0 M in water, 62 uL, 124 umol, 15 equiv) were added in
sequence. Trimethyl phosphine (1.0 M in THF, 69 pL, 69 umol, 8.3 equiv) was added the solution
immediately brought to 60 °C in an oil bath. Stirring at this temperature was maintained for 4 hours
and the reaction then quenched after cooling to room temperature via the addition of glacial acetic
acid (100 puL). The solution was washed with diethyl ether (3 x 3 mL), and the separated ether

layers discarded. The 10% acetic acid solution of crude 112 was purified by CM Sephadex-C25
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chromatography, grading from 0.1% to 0.7% ammonium hydroxide in water. The product-
containing fractions (identified by spotting on normal-phase TLC plates and charring in 80:20
ethanol:sulfuric acid) were combined, glacial acetic acid (150 pL) was added, and the product
dried by lyophilization to give 112 as the penta-acetate salt* (1.06 mg, 1.68 umol, 20%).

*the yield is reported on the basis of free-based compound while characterization is reported for
the penta-acetate salt.

"H NMR (400 MHz, D,0): § 7.46 (s, 5H), 5.72 (d, ] = 3.5 Hz, 1H), 5.37 (s, 1H), 5.27 (s, 1H), 5.06
(d,J=10.2 Hz, 1H), 4.55 -4.47 (m, 1H), 4.38 (s, 1H), 4.31 (s, 1H), 4.23 (m, 2H), 3.90 (d, J=10.2
Hz, 1H), 3.82 (m, 2H), 3.75 — 3.65 (m, 3H), 3.64 — 3.54 (m, 2H), 3.44 (dd, ] = 13.4, 6.5 Hz, 1H),
3.40 —3.33 (m, 1H), 3.30 — 3.20 (m, 2H), 2.29 (d, J = 13.1 Hz, 1H), 2.19 — 2.02 (m, 3H), 1.97 (s,
1H), 1.92 (s, 15H), 1.59 (d, J = 12.2 Hz, 1H).

BC{'H} NMR (101 MHz, D,0): § 181.30, 139.72, 128.91, 128.61, 126.48, 110.20, 95.31, 85.34,
81.14, 75.37, 73.38, 72.32, 67.83, 67.38, 60.62, 50.94, 50.29, 49.13,40.41, 23.13, 22.11.

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C2sH47N5011Na 652.3164; Found 652.3165.
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(1S,2S,3R,4S,6R)-4,6-diazido-3-(((2R,3R,6S5)-3-azido-6-phenyltetrahydro-2 H-pyran-2-
yloxy)-2-hydroxycyclohexyl acetate (151)

Donor 114 (38 mg, 0.098 mmol, 1 equiv) and acceptor 107 (25 mg, 0.098 mmol, 1 equiv) were
combined and concentrated from toluene three times. The residue was dissolved in diethyl ether
(1.95 mL) and dried by addition of 4AMS (100 mg) with stirring at room temperature for 30
minutes. The mixture was cooled to - 50 °C and TfOH solution* (0.1 molar in ether, 98 pL, 9.8
pmol, 0.1 equiv) was added dropwise. After 1 hour, the reaction was quenched by addition of
triethylamine (100 pL) and filtered through celite at room temperature to give the crude, which
was further purified by flash chromatography on silica, grading from 10-25% ethyl acetate in
hexanes, to give disaccharide 151 (37.5 mg, 0.082 mmol, 84%) + 15% of C5-regioisomer
(separable by column).

R¢: (50% ethyl acetate in hexanes, CAM): 0.88

'H NMR (400 MHz, CDCls): § 7.41 — 7.28 (m, 5H), 5.37 (d, J = 3.5 Hz, 1H), 5.09 (dd, J = 11.9,
2.3 Hz, 1H), 4.89 (t,J =9.9 Hz, 1H), 3.72 — 3.62 (m, 1H), 3.59 (d, J =3.6 Hz, 1H), 3.56 — 3.46 (m,
2H), 3.40 (ddd, J = 12.2, 9.8, 4.3 Hz, 1H), 2.33 (dt, J = 13.3, 4.5 Hz, 1H), 2.28 — 2.19 (m, 1H),

2.17 (s, 3H), 2.11 — 2.00 (m, 2H), 1.86 — 1.73 (m, 1H), 1.61 — 1.47 (m, 1H).
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13C{'H} NMR (101 MHz, CDCls): § 170.61, 141.29, 128.61, 127.96, 126.22, 99.44, 82.42, 75.32,
75.05, 71.04, 59.24, 58.23, 32.42, 32.38, 23.28, 20.98.
FTIR (neat), cm’': 3449 (br), 2947 (m), 2095 (s), 1742 (s).

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C19H23N9OsNa 480.1714; Found 480.1714.
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(18,2R,3R,4S,6R)-4,6-diamino-3-(((2R,3R,6S5)-3-amino-6-phenyltetrahydro-2H-pyran-2-
yDoxy)cyclohexane-1,2-diol

C5’-phenyl 151 (16 mg, 35 umol, 1 equiv) in anhydrous methanol (700 pL) was cooled to 0 °C
and treated with freshly prepared sodium methoxide solution (0.1 M in methanol, 350 pL, 35 pmol,
1 equiv); the solution was allowed to warm to room temperature slowly and stirred overnight. The
reaction was quenched by the addition of sat. ag. ammonium chloride solution (5 mL) and the
mixture washed with ethyl acetate (3 x 5 mL). The combined organic layers were dried on sodium
sulfate, filtered, and concentrated to give crude polyalcohol.

The crude polyalcohol (13 mg, 31 umol, 1 equiv) was dissolved in THF (780 pL) and water (780
puL) and sodium hydroxide solution (2.0 M in water, 195 pL, 391 umol, 12.5 equiv) were added in
sequence. Trimethyl phosphine (1.0 M in THF, 156 puL, 156 umol, 5 equiv) was added and the
solution immediately brought to 60 °C in an oil bath. Stirring at this temperature was maintained
for 5 hours and the reaction then quenched after cooling to room temperature via the addition of
glacial acetic acid (100 pL). The solution was washed with diethyl ether (3 x 3 mL), and the
separated ether layers discarded. The 10% acetic acid solution of crude 152 was purified by CM
Sephadex-C25 chromatography, grading from 0.1% to 0.7% ammonium hydroxide in water. The

product-containing fractions (identified by spotting on normal-phase TLC plates and charring in
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80:20 ethanol:sulfuric acid) were combined, glacial acetic acid (150 puL) was added, and the
product dried by lyophilization to give 152 as the triacetate salt* (4.56 mg, 13.5 umol, 43%).
*the yield is reported on the basis of free-based compound while characterization is reported for
the triacetate salt.

'"H NMR (400 MHz, D;0): § 7.55 — 7.38 (m, 5H), 5.64 (d, ] = 3.6 Hz, 1H), 5.04 (dd, J=11.2,2.2
Hz, 1H), 3.82 — 3.74 (m, 1H), 3.72 (dq, J = 11.7, 3.8 Hz, 1H), 3.65 (t, ] = 9.1 Hz, 1H), 3.55 (dd, J
=10.3,9.2 Hz, 1H), 3.47 (ddd, J = 12.5, 10.0, 4.2 Hz, 1H), 3.31 (ddd, ] = 12.4, 10.2, 4.2 Hz, 1H),
2.45 (dt,J=12.7,4.3 Hz, 1H), 2.19 — 2.05 (m, 3H), 2.00 — 1.92 (m, 1H), 1.92 (s, 3H), 1.78 (q, J =
12.5 Hz, 1H).

BC{'H} NMR (101 MHz, D,0): § 181.10, 139.82, 128.90, 128.60, 126.31, 96.78, 80.28, 75.07,
72.60, 72.20, 49.85, 49.09, 48.89, 30.35, 28.98, 23.03, 21.99.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C17H23N304338.2074; Found 338.2078.
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(25,3S,4R,5R, 65)-4-acetoxy-6-(((1R,2S,3S,4R, 65)-3-acetoxy-2-(((2S,3R,4R,5R)-3-acetoxy-5-
(acetoxymethyl)-4-(((2R,3R,4R,5R, 65)-4,5-diacetoxy-3-azido-6-(azidomethyl)tetrahydro-
2H-pyran-2-yl)oxy)tetrahydrofuran-2-yl)oxy)-4,6-diazidocyclohexyl)oxy)-5-azido-3-
hydroxytetrahydro-2H-pyran-2-carboxylic acid (155).

A solution of diol 154%7 (1.95 g, 1.95 mmol, lequiv) in 2:1 dichloromethane:water (40 mL) was
treated with bis(acetoxy)iodobenzene (1.89 g, 5.85 mmol, 3 equiv) and TEMPO (122 mg, 0.780
mmol, 0.4 equiv) were added. After 2 hours of vigorous stirring, the solution was quenched by
addition of sat. aq. sodium thiosulfate solution (40 mL) at 0 °C. The solution was acidified with 1
N HCI until pH was < 4 (pH strip), and the aqueous washed with ethyl acetate (3 x 50 mL). The
combined organics were dried on sodium sulfate, filtered, and concentrated to give the crude.
Purification by flash chromatography on silica, grading from DCM to 5% methanol in DCM gave
acid 155 (1.32 g, 1.31 mmol, 67%).

H NMR (400 MHz, CDCI3): 6 5.86 (d, J = 3.6 Hz, 1H), 5.38 (dd, J = 10.5, 8.9 Hz, 1H), 5.32 (d, J
=2.1 Hz, 1H), 5.03 (t,J =2.8 Hz, 1H), 4.99 — 4.90 (m, 2H), 4.88 (s, 1H), 4.76 (d, J = 9.8 Hz, 1H),
4.71 (t, J = 2.1 Hz, 1H), 4.46 — 4.39 (m, 2H), 4.29 (d, J = 7.8 Hz, 2H), 3.91 — 3.83 (m, 2H), 3.72

(t,J=8.7 Hz, 1H), 3.61 (dd, J = 13.0, 8.1 Hz, 1H), 3.57 - 3.51 (m, 1H), 3.49 — 3.40 (m, 1H), 3.32
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(t, J=2.3 Hz, 1H), 3.26 (dd, J = 13.0, 4.1 Hz, 1H), 3.20 (dd, J = 10.5, 3.4 Hz, 1H), 2.43 — 2.35 (m,
1H), 2.18 (s, 6H), 2.17 (s, 3H), 2.16 (s, 3H), 2.12 (s, 3H), 2.11 (s, 3H), 1.69 — 1.59 (m, 1H).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C35H46N 15021 1012.2987; Found 1012.3003.
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(28,3R,4R,5R,6R)-6-(((2R,3R,4R,5S5)-4-acetoxy-5-(((1S,2S,3R,5S,6R)-2-acetoxy-6-
(((25,3R,4R,55,65)-4-acetoxy-3-azido-6-(((1,3-dioxoisoindolin-2-yl)oxy)carbonyl)-5-
hydroxytetrahydro-2H-pyran-2-yl)oxy)-3,5-diazidocyclohexyl)oxy)-2-
(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-(azidomethyl)tetrahydro-2H-pyran-
3,4-diyl diacetate (157)

Acid 155 (600 mg, 0.593 mmol, 1 equiv) was combined with N-hydroxyphthalimide (116 mg,
0.712 mmol, 1.2 equiv) and DMAP (7.2 mg, 0.059 mmol, 0.1 equiv) in DCM (5.93 mL). DIC (102
puL, 0.652 mmol, 1.1 equiv) was added dropwise, and the mixture stirred overnight before being
quenched with water and filtered through celite, eluting with ethyl acetate. Flash chromatography
on silica, grading from 30- 45% ethyl acetate in hexanes, afford 157 (340 mg, 0.294 mmol, 50%).
'H NMR (400 MHz, CDCl3): 6 7.93 (dd, J = 5.5, 3.1 Hz, 2H), 7.83 (dd, J = 5.5, 3.1 Hz, 2H), 6.48
(d, J=2.9 Hz, 1H), 6.05 (d, ] = 2.7 Hz, 1H), 5.85 (dd, J = 9.4, 2.8 Hz, 1H), 5.32 (s, 1H), 5.06 (t, J
= 2.8 Hz, 1H), 4.99 — 4.89 (m, 3H), 4.73 (s, 1H), 4.59 — 4.49 (m, 1H), 4.47 — 4.42 (m, 1H), 4.33

(d, J=8.8 Hz, 2H), 4.13 (d, ] = 7.1 Hz, 1H), 3.67 — 3.54 (m, 1H), 3.49 — 3.37 (m, 1H), 3.37 - 3.25
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(m, 1H), 2.38 (d, J = 13.4 Hz, 1H), 2.20 (s, 6H), 2.18 (s, 3H), 2.15 (s, 6H), 1.64 (q, J = 13.5 Hz,
1H).

13C{'H} NMR (101 MHz, CDCL): § 170.90, 170.24, 161.55, 135.04, 129.00, 124.28, 107.60,
99.37, 98.40, 79.59, 78.11, 75.29, 74.95, 73.52, 65.80, 59.87, 58.23, 56.68, 49.55, 43.19, 32.07,
22.84,20.84, 20.71.

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C43H4gN16023Na 1179.2970; Found 1179.3007
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(28,3R,4R,5R,6R)-6-(((2R,3R,4R,5S5)-4-acetoxy-5-(((1S,2S,3R,5S,6R)-2-acetoxy-6-
(((25,3R,4R,5S,65)-4-acetoxy-3-azido-5-hydroxy-6-(((4,5,6,7-tetrachloro-1,3-
dioxoisoindolin-2-yl)oxy)carbonyl)tetrahydro-2H-pyran-2-yl)oxy)-3,5-
diazidocyclohexyl)oxy)-2-(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-
(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (158)

Acid 155 (125 mg, 0.124 mmol, 1 equiv) was combined with tetrachloro-N-hydroxyphthalimide
(39 mg, 0.130 mmol, 1.05 equiv) and DMAP (1.5 mg, 0.012 mmol, 0.1 equiv) in DCM (1.23 mL).
DIC (21 pL, 0.136 mmol, 1.1 equiv) was added dropwise, and the mixture stirred overnight before
being quenched with water and filtered through celite, eluting with ethyl acetate. Flash
chromatography on silica, grading quickly* from 30- 45% ethyl acetate in hexanes, afford 158 (79
mg, 0.061 mmol, 49%).

*Purification should be performed quickly due to hydrolysis of the product on silica.

'H NMR (400 MHz, CDCl3): § 6.45 (d, J = 2.9 Hz, 1H), 6.02 (d, ] = 2.6 Hz, 1H), 5.81 (dd, ] =9.3,
2.9 Hz, 1H), 5.29 (d, J = 2.4 Hz, 1H), 5.04 (dt, J = 5.7, 2.7 Hz, 3H), 4.96 — 4.84 (m, 4H), 4.76 —

4.67 (m, 2H), 4.58 —4.49 (m, 1H), 4.45 —4.37 (m, 1H), 4.36 —4.23 (m, 2H), 4.19 — 4.07 (m, 1H),
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3.82 (dd, J = 6.9, 2.7 Hz, 2H), 3.68 — 3.54 (m, 2H), 3.47 — 3.36 (m, 1H), 3.36 — 3.25 (m, 2H), 2.35
(dt, J=13.5, 4.5 Hz, 1H), 2.17 (s, 6H), 2.15 (s, 3H), 2.12 (d, ] = 1.0 Hz, 6H), 1.60 (q, ] = 12.9 Hz,
1H).

13C{'H} NMR (101 MHz, CDCL): § 170.88, 170.28, 170.20, 169.91, 169.71, 168.66, 157.42,
157.11, 141.32, 138.54, 130.75, 124.75, 113.62, 107.60, 107.11, 99.36, 98.85, 98.42, 84.84, 82.36,
79.61, 78.16, 75.76, 75.25, 74.92, 73.53, 68.81, 65.79, 65.69, 63.22, 58.28, 58.20, 56.67, 50.71,

42.47,32.00, 21.00, 20.94, 20.91, 20.82, 20.68.
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(28,3R,4R,5R,6R)-6-(((2R,3R,4S,55)-4-acetoxy-5-(((1S,2R,3R,5S,65)-2-acetoxy-6-
(((2R,3R,45)-4-acetoxy-3-azido-3,4-dihydro-2H-pyran-2-yl)oxy)-3,5-
diazidocyclohexyl)methyl)-2-(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-
(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (159)

Crude acid 155 (593 mg, 0.586 mmol, 1 equiv) was dissolved in anhydrous DMF in a microwave
vial and degassed for 15 minutes by bubbling argon through the solution. Dimethylformamide
dineopentylacetal (DMFDNA, 820 pL, 2.93 mmol, 5 equiv) was added and the vial immediately
heated to 120 °C with stirring under microwave irradiation for 20 minutes. The solution was
directly concentrated under vacuum to provide the crude, which was purified by flash
chromatography on silica gel, grading from 25-30% ethyl acetate in hexanes, to give olefin 159
(345 mg, 0.274 mmol, 62%).

R¢: (50% ethyl acetate in hexanes, CAM): 0.51

'H NMR (400 MHz, CDCls): § 6.34 (dd, J = 6.3, 1.4 Hz, 1H), 5.71 (d, ] = 2.5 Hz, 1H), 5.52 — 5.44
(m, 1H), 5.28 (d, J = 2.8 Hz, 1H), 5.03 (t, J = 2.8 Hz, 1H), 4.96 — 4.89 (m, 2H), 4.86 (d, J = 2.0
Hz, 1H), 4.84 (d,J=2.8 Hz, 1H), 4.70 (t,J = 2.3 Hz, 1H), 4.54 — 4.44 (m, 1H), 4.39 (t,J = 5.6 Hz,

1H), 4.32 — 4.23 (m, 2H), 4.10 — 4.04 (m, 1H), 3.78 (dt, ] = 26.9, 9.0 Hz, 2H), 3.63 — 3.54 (m, 2H),
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3.46 —3.35 (m, 2H), 3.34 — 3.26 (m, 2H), 2.30 (dt, = 13.5, 4.6 Hz, 1H), 2.17 (s, 3H), 2.15 (s, 3H),
2.12 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H), 1.46 (d, J = 13.0 Hz, 1H).

13C{'H} NMR (101 MHz, CDCL): § 171.31, 170.80, 170.37, 169.92, 169.76, 168.66, 142.75,
107.08, 100.26, 99.47, 97.56, 81.82, 79.60, 78.78, 75.87, 75.26, 74.84, 73.53, 68.83, 66.28, 65.82,
63.43, 60.54, 59.84, 59.02, 58.31, 56.71, 50.74, 32.07, 21.24, 21.02, 20.92, 20.89, 20.82, 20.69.

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C34H43N5018Na 972.2803; Found 972.2792.
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(28,3R,4R,5R,6R)-6-(((2R,3R,4S,55)-4-acetoxy-5-(((1S,2R,3R,5S,6S5)-2-acetoxy-6-
(((15,38,4R,5R,6R)-5-acetoxy-4-azido-2,7-dioxabicyclo[4.1.0] heptan-3-yl)oxy)-3,5-
diazidocyclohexyl)methyl)-2-(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-
(azidomethyl)tetrahydro-2H-pyran-3,4-diyl diacetate (160)

4’-deoxypentenoside 159 (30.0 mg, 0.032 mmol, 1 equiv) in DCM (320 pL) was cooled to - 55 °C
and pre-cooled DMDO solution (0.05 M in acetone, prepared and titrated according to reference
33,950 uL, 0.047 mmol, 1.5 equiv) was added dropwise. The reaction was maintained at - 55 °C
overnight, and after 20 total hours of stirring the house vacuum was applied to the vessel by needle
while the flask remained at - 55 °C for 15 minutes. The flask was then allowed to warm to 0 °C,
dried under house vacuum for 30 minutes, and then finally warmed to room temperature and dried
an additional 30 minutes. After concentration under vacuum, 160 was obtained as a white foam
(30 mg, 0.031 mmol, 99%).

Ry (50% ethyl acetate in hexanes, KMnQO4): 0.51

'H NMR (400 MHz, CDCls): § 5.62 (d, ] = 2.4 Hz, 1H), 5.58 (dd, J = 9.8, 2.2 Hz, 1H), 5.27 (d, J
=2.4 Hz, 1H), 5.01 (t, J = 2.9 Hz, 1H), 4.92 (d, ] = 2.8 Hz, 1H), 4.91 —4.85 (m, 2H), 4.69 (t,J =
2.3 Hz, 1H), 4.46 — 4.36 (m, 2H), 4.29 — 4.20 (m, 2H), 4.08 (ddd, J = 8.1, 4.5, 1.9 Hz, 1H), 3.82 —

3.72 (m, 2H), 3.61 — 3.52 (m, 2H), 3.46 — 3.33 (m, 3H), 3.30 (d, J = 2.5 Hz, 1H), 3.27 (dd, J =
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13.0, 4.5 Hz, 1H), 2.33 (dt, ] = 13.5, 4.5 Hz, 1H), 2.18 (s, 3H), 2.15 (s, 6H), 2.14 (s, 3H), 2.10 (s,
3H), 2.09 (s, 3H), 1.52 (q, J = 12.8 Hz, 1H).

13C{'H} NMR (101 MHz, CDCL): § 170.80, 170.58, 170.27, 169.93, 169.75, 168.68, 107.44,
99.26, 97.80, 82.20, 79.53, 76.38, 76.00, 75.71, 75.40, 74.94, 73.49, 68.77, 67.00, 65.77, 63.19,

59.83, 58.65, 58.19, 56.62, 53.21, 50.69, 31.92, 21.01, 20.95, 20.88, 20.86, 20.79, 20.66.
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(2S,3R,4R,5R,6R)-6-(((2R,3R,4R,55)-4-acetoxy-5-(((1S,28,3R,5S,6R)-2-acetoxy-6-
(((2R,3R,6R)-6-allyl-3-azido-3,6-dihydro-2H-pyran-2-yl)oxy)-3,5-diazidocyclohexyl)oxy)-2-
(acetoxymethyl)tetrahydrofuran-3-yl)oxy)-5-azido-2-(azidomethyl)tetrahydro-2H-pyran-
3,4-diyl diacetate (161)

4’-deoxypentenoside 159 (52.0 mg, 0.055 mmol, 1 equiv) and potassium allyltrifluoroborate (52.7
mg, 0.356 mmol, 6.5 equiv) were combined in a flame-dried vial under Ar and the mixture of
solids suspended in acetonitrile (550 puL). The solution was cooled to 0 °C and boron trifluoride
etherate (67 uL, 0.547 mmol, 10 equiv) was added dropwise. After 2 hours, the reaction was
quenched with sat. aq. sodium bicarbonate (3 mL), extracted with ethyl acetate (3 x 5 mL), and
the combined organic phases washed with water (5 mL) and brine (5 mL). The organic layer was
dried on magnesium sulfate, filtered, and concentrated. Purification by flash chromatography on
silica, grading from 20-30% ethyl acetate in hexanes, gave Ferrier product 161 (34.6 mg, 0.037
mmol, 67%).

Rt (50% ethyl acetate in hexanes, CAM): 0.54

'H NMR (400 MHz, CDCls): § 6.03 (dt, J = 10.3, 2.0 Hz, 1H), 5.83 (ddt, ] = 17.1, 10.3, 6.9 Hz,
2H), 5.75 (dt, J =10.4, 2.8 Hz, 1H), 5.70 (d, J = 3.2 Hz, 1H), 5.27 (d, J = 2.9 Hz, 1H), 5.20 - 5.10

(m, 2H), 5.03 (t, ] = 2.9 Hz, 1H), 4.92 (t, ] = 9.5 Hz, 1H), 4.87 — 4.83 (m, 2H), 4.72 — 4.66 (m,
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1H), 4.60 — 4.51 (m, 1H), 4.41 — 4.33 (m, 2H), 4.29 (td, ] = 5.9, 2.2 Hz, 1H), 4.18 (dd, J = 12.0,
5.5 Hz, 1H), 4.09 (ddd, J=8.1, 4.4, 1.8 Hz, 1H), 3.83 — 3.70 (m, 2H), 3.65 — 3.55 (m, 2H), 3.48 —
3.37 (m, 2H), 3.32 (t, ] = 2.2 Hz, 1H), 3.26 (dd, J = 13.0, 4.4 Hz, 1H), 2.37 (dp, ] =21.7, 7.3 Hz,
2H), 2.26 (dt, ] = 13.4, 4.6 Hz, 1H), 2.17 (s, 6H), 2.15 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 1.45 (q,
J=12.8 Hz, 1H).

13C{'H} NMR (101 MHz, CDCL): § 170.74, 170.31, 169.90, 169.73, 168.63, 133.82, 133.26,
120.78, 118.01, 107.20, 99.44, 95.80, 82.62, 79.36, 77.53, 76.12, 75.32, 74.85, 73.61, 70.70, 68.79,
65.78, 64.15, 59.67, 58.45, 56.66, 54.38, 50.70, 38.55, 32.19, 21.01, 20.93, 20.88, 20.79, 20.66.

HRMS (ESI-TOF) m/z: [M+NH4]" Calcd for C35sH49N16016 949.3507; Found 949.3507.
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162
(25,3S,4R,5R,6R)-6-(((2R,3S,4R,55)-5-(((1R,2R,3S,5R, 6S5)-2-(((2R,3R, 6 R)-6-allyl-3-amino-
3,6-dihydro-2H-pyran-2-yl)oxy)-3,5-diamino-6-hydroxycyclohexyl)oxy)-4-hydroxy-2-
(hydroxymethyl)tetrahydrofuran-3-yl)oxy)-5-amino-2-(aminomethyl)tetrahydro-2H-pyran-
3,4-diol (162)
C5’-allyl 161 (9.8 mg, 10.5 umol, 1 equiv) in anhydrous methanol (210 pL) was cooled to 0 °C
and treated with freshly prepared sodium methoxide solution (0.2 M in methanol, 58 pL, 11.5
pmol, 1.1 equiv); the solution was allowed to warm to room temperature slowly and stirred
overnight. The reaction was quenched by addition of sat. aq. ammonium chloride solution (5 mL)
and the mixture washed with ethyl acetate (3 x 5 mL). The combined organic layers were dried on
sodium sulfate, filtered, and concentrated to give crude polyalcohol.
The crude polyalcohol (7.5 mg, 10.4 pmol, 1 equiv) was dissolved in THF (260 pL) and water
(260 pL) and sodium hydroxide solution (1.0 M in water, 130 pL, 130 pumol, 12.5 equiv) were
added in sequence. Trimethylphosphine (1.0 M in THF, 80 puL, 80 pmol, 7.7 equiv) was added the
solution immediately brought to 60 °C in an oil bath. Stirring at this temperature was maintained
for 5 hours and the reaction then quenched after cooling to room temperature via the addition of

glacial acetic acid (100 pL). The solution was washed with diethyl ether (3 x 3 mL), and the
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separated ether layers discarded. The 10% acetic acid solution of crude 162 was purified by CM
Sephadex-C25 chromatography, grading from 0.1% to 0.7% ammonium hydroxide in water. The
product-containing fractions (identified by spotting on normal-phase TLC plates and charring in
80:20 ethanol:sulfuric acid) were combined, glacial acetic acid (150 puL) was added, and the
product dried by lyophilization to give 112 as the pentaacetate salt* (1 mg, 2 pmol, 20%).

*the yield is reported on the basis of free-based compound while characterization is reported for
the pentaacetate salt.

'"H NMR (400 MHz, D;0): § 6.35 — 6.19 (m, 1H), 6.03 — 5.83 (m, 2H), 5.51 (d, J = 2.6 Hz, 1H),
5.38 = 5.16 (m, 4H), 4.66 (t, J = 7.9 Hz, 1H), 4.49 (t, J = 5.4 Hz, 1H), 4.37 (dd, J = 4.9, 2.6 Hz,
1H), 4.34 —4.28 (m, 1H), 4.27 - 4.16 (m, 3H), 4.02 (dd, ] = 5.4, 2.4 Hz, 1H), 3.87 — 3.76 (m, 3H),
3.76 —3.66 (m, 2H), 3.58 — 3.48 (m, 2H), 3.46 — 3.32 (m, 2H), 3.31 —3.14 (m, 2H), 2.51 (t, J =7.1
Hz, 2H), 2.36 (dq, J = 13.1, 4.5 Hz, 1H), 1.92 (s, 15H), 1.62 (t, ] = 12.6 Hz, 1H).

BC{'H} NMR (101 MHz, D;0): § 181.39, 136.16, 134.51, 118.22, 110.24, 96.01, 92.58, 84.34,
81.41, 76.32, 73.73, 73.29, 70.25, 68.01, 67.50, 61.51, 51.04, 49.95, 48.80, 45.17, 40.45, 37.06,
23.19.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C25sHssNsO11 592.3188; Found 592.3198.
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(25,3S,4R,5R,6R)-5-amino-2-(aminomethyl)-6-(((2R,3S,4S,55)-5-(((1R,2S8,3S,5R, 6 R)-3,5-
diamino-2-(((2R,3R,4S)-3-amino-4-hydroxy-3,4-dihydro-2 H-pyran-2-yl)oxy)-6-
hydroxycyclohexyl)methyl)-4-hydroxy-2-(hydroxymethyl)tetrahydrofuran-3-
yhoxy)tetrahydro-2H-pyran-3,4-diol (164)

4’-deoxypentenoside 159 (40 mg, 42 pmol, 1 equiv) in anhydrous methanol (840 pL) was cooled
to 0 °C and treated with freshly prepared sodium methoxide solution (1 M in methanol, 42 pL, 42
umol, 1 equiv); the solution was allowed to warm to room temperature slowly and stirred
overnight. The reaction was quenched by the addition of sat. aq. ammonium chloride solution (5
mL) and the mixture washed with ethyl acetate (3 x 5 mL). The combined organic layers were
dried on sodium sulfate, filtered, and concentrated to give crude polyalcohol.

The crude polyalcohol (25 mg, 8.3 umol, 1 equiv) was dissolved in THF (900 pL) and water (900
puL) and sodium hydroxide solution (1.0 M in water, 450 pL, 450 umol, 12.5 equiv) were added in
sequence. Trimethylphosphine (1.0 M in THF, 233 pL, 233 umol, 6.5 equiv) was added the
solution immediately brought to 60 °C in an oil bath. Stirring at this temperature was maintained
for 5 hours and the reaction then quenched after cooling to room temperature via the addition of
glacial acetic acid (100 pL). The solution was washed with diethyl ether (3 x 3 mL), and the

separated ether layers discarded. The 10% acetic acid solution of crude 164 was purified by CM
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Sephadex-C25 chromatography, grading from 0.1% to 0.7% ammonium hydroxide in water. The
product-containing fractions (identified by spotting on normal-phase TLC plates and charring in
80:20 ethanol:sulfuric acid) were combined, glacial acetic acid (150 puL) was added, and the
product dried by lyophilization to give 164 as the pentaacetate salt* (10 mg, 12 pmol, 32%).

*the yield is reported on the basis of free-based compound while characterization is reported for
the pentaacetate salt.

'H NMR (400 MHz, D20): § 6.53 (d, J = 6.2 Hz, 1H), 5.53 (d, ] = 2.1 Hz, 1H), 5.38 — 5.22 (m,
2H), 5.24 — 5.11 (m, 1H), 4.51 (t, J = 5.7 Hz, 1H), 4.36 (dd, J = 4.8, 2.9 Hz, 2H), 4.31 (t, J =5.3
Hz, 1H), 4.24 (t, J=3.1 Hz, 1H), 4.20 — 4.14 (m, 1H), 4.07 (t, ] = 9.8 Hz, 1H), 3.89 (dd, J = 12.3,
3.5 Hz, 1H), 3.85 — 3.73 (m, 4H), 3.69 (t, ] = 9.8 Hz, 1H), 3.60 — 3.56 (m, 1H), 3.55 — 3.29 (m,
4H), 2.49 (dt,J =12.4,4.3 Hz, 1H), 1.94 (s, 15H), 1.83 (q, J = 12.2 Hz, 1H).

BC{'H} NMR (101 MHz, D;0): § 180.89, 142.77, 109.88, 102.10, 95.53, 95.27, 83.03, 81.36,
78.58, 75.94, 73.32, 72.01, 70.24, 67.67, 67.24, 61.94, 60.88, 51.95, 50.86, 49.81, 48.38, 40.43,
28.12,22.93.

HRMS (ESI-TOF) m/z: [M+Na]" Calcd for C22H41N5012Na 590.2644; Found 590.2643.
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(25,3S,4R,5R,6R)-5-amino-2-(aminomethyl)-6-(((2R,3S,4R,55)-5-(((1R,2R,3S,5R, 65)-3,5-
diamino-2-(((2R,3R,4S)-3-amino-4-hydroxytetrahydro-2H-pyran-2-yl)oxy)-6-
hydroxycyclohexyl)oxy)-4-hydroxy-2-(hydroxymethyl)tetrahydrofuran-3-
yhoxy)tetrahydro-2H-pyran-3,4-diol (165)

4’-deoxypentenoside 159 (26.0 mg, 27.4 umol, 1 equiv) in anhydrous methanol (550 pL) was
cooled to 0 °C and treated with freshly prepared sodium methoxide solution (0.2 M in methanol,
150 pnL, 30.0 umol, 1.1 equiv); the solution was allowed to warm to room temperature slowly and
stirred overnight. The reaction was quenched by the addition of sat. aq. ammonium chloride
solution (5 mL) and the mixture washed with ethyl acetate (3 x 5 mL). The combined organic
layers were dried on sodium sulfate, filtered, and concentrated to give crude polyalcohol.

The crude polyalcohol (19 mg, 8.3 umol, 1 equiv) was dissolved in equal parts water, methanol,
ethyl acetate, and acetic acid (totaling 560 pL). Palladium (II) hydroxide on carbon (20% w/w, 38
mg, 54 pmol, 2 equiv) was added and the atmosphere exchanged for nitrogen three times on a
Schlenk manifold, and then instead backfilled with hydrogen gas three times. The hydrogen
balloon bubbled gas through the solution (venting with a needle) for 10 minutes while stirring, and
then the needle removed and the hydrogenation stirred overnight. The reaction was halted by

passing the solution through a pad of celite, eluting with water. Acetic acid was added to make a
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~10% aqueous solution of 165 which was purified by CM Sephadex-C25 chromatography, grading
from 0.1% to 0.7% ammonium hydroxide in water. The product-containing fractions (identified
by spotting on normal-phase TLC plates and charring in 80:20 ethanol:sulfuric acid) were
combined, glacial acetic acid (150 pL) was added, and the product dried by lyophilization to give
165 as the pentaacetate salt™ (2 mg, 4 pmol, 10%).

*the yield is reported on the basis of free-based compound while characterization is reported for
the pentaacetate salt.

'"H NMR (400 MHz, D;0): § 5.50 (d, J = 2.9 Hz, 1H), 5.30 (d, ] = 2.0 Hz, 2H), 4.54 (dd, ] = 6.7,
4.8 Hz, 1H), 4.39 (dd, J =4.8,2.1 Hz, 1H), 4.32 (ddd, J = 6.8, 3.9, 1.5 Hz, 1H), 4.24 (t, ] = 3.1 Hz,
1H), 4.20 (ddd, J=7.7, 5.6, 3.8 Hz, 2H), 3.96 — 3.74 (m, 7H), 3.65 — 3.61 (m, 1H), 3.60 — 3.56 (m,
1H), 3.47 (dt, ] = 6.8, 2.8 Hz, 1H), 3.43 (d, ] = 6.8 Hz, 1H), 3.38 (dd, J = 13.8, 3.9 Hz, 1H), 3.38
—3.23 (m, 3H), 2.41 (dt, J = 12.5, 4.1 Hz, 1H), 2.04 (dq, J = 10.6, 3.6 Hz, 1H), 1.81 — 1.64 (m,
2H).

BC{'H} NMR (101 MHz, D,0): & 181.28, 110.23, 96.47, 95.48, 84.14, 81.18, 78.67, 75.50, 73.27,
72.54, 70.25, 67.74, 67.28, 64.52, 60.56, 60.46, 53.36, 50.88, 49.94, 48.67, 40.41, 29.46, 29.20,
23.13.

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C22H44N5012 570.2981; Found 570.2983.
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Chapter 5. Self-Condensation of Cyclopentanone to Form a Dienoic Acid: Resolution of a

Mechanistic Puzzle of Long Duration



5.1 Transformation Background and Original Mechanistic Proposal
In 1973, Comer and Temple described the self-condensation of cyclopentanone and its

subsequent fragmentation to an 11-carbon dienoic 166 in 59% yield after treatment with dimsyl

(0] (0] CH2

1. NaH, DMSO
O g How\@
2. 6N HCI 599%
166

Figure 5.1. The self-condesnation of cyclopentanone to give 166 as described by Comer and

Temple.

sodium (Figure 5.1).! The published transformation formed the basis of a contemporaneous patent
application? by the same authors, wherein it was stated “Dienoic acid §-methylene-1-cyclopentene-
1-pentanoic acid is obtained by reacting [sic] cyclopentanone with one chemical equivalent of
methylsulfinylmethide alkali metal salt in dimethyl sulfoxide.” Concurrent with the disclosure of
this transformation, they supplied mechanistic studies in proposition of the mechanism outlined in

Figure 5.2. Critical to the unique mechanism outlined below was the sigmatropic rearrangement

HaC,
/S\
_Nat, DMSO Hz Oéo/o

H3C\n
) 11CH, H HacsOH o 5=t
/U\/\)j\b o 1" H H o gm
HO 7 — if { 5
; 2 7
HSCH, _j H

Figure 5.2. Proposed mechanism for the formation of dienoic acid 1. Adapted from ref 1.

Copyright 1973 American Chemical Society.
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of an O-acyloxy sulfoxonium ylide, facilitating the C-1 and C-5 bond fragmentation. Following
this shift, elimination of methanethiol would yield 166 after protonation.

In 1974 Professor Stuart L. Schreiber (S.L.S., then a graduate student) replicated these
surprising results, and had on occasion the opportunity to discuss this mechanistic proposal with
Prof. R.B. Woodward. Following a detailed analysis of a full set of spectroscopic data it was
determined the structural assignment of 166 had been correct, further verified by Prof. Woodward
upon his own analysis. The issue of mechanism, a focal point of their discussion, was never
satisfactorily resolved despite lengthy and skeptical consideration, and the problem was set aside
when a different thesis project, not involving compound 166, was prioritized for study. The
problem resurfaced during reminiscences of graduate school and the question was posed anew:
what is the operative mechanism for the formation of 166? In this chapter, additional mechanistic
studies alongside substantial literature precedent provide support for an alternative mechanistic
proposal that we believe satisfactorily resolves a puzzle of roughly five decades in duration.

To support their original mechanistic proposal, Comer and Temple cited the results of two
mechanistic experiments that they had conducted. In the first of these they showed that the
proposed intermediate a-cyclopentylidenecyclopentanone, 167, was indeed transformed into

dienoic acid 166 under conditions replicating those of Figure 5.1, albeit in a reduced yield (26%,

1

a 1. NaH, DMSO Q GH,
2. 6N HCI 26% 10
167 166

Figure 5.3. Comer and Temple fragmentation of proposed intermediate 167 to 166.
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10
166-d,

Figure 5.4. Reported deuteration studies of product 166 when conducting the reaction in DMSO-
de.!

Figure 5.3). In the second, they showed that when the transformation of Figure 5.1 was conducted
in DMSO-ds (99.5%) in lieu of DMSO as the solvent, product 166 was obtained (yield not

specified, Figure 5.4) “partially deuterated at the methylene group (40%) and the ring vinyl proton

(75%)”.

5.2 Replication and new mechanistic evidence.

<5% >50%

0
1. NaH, DMSO-dj ) Bt
» HO
2. CH,Cl,, Et,0 S
D

Figure 5.5. Replicated deuteration with assignments supported by NMR experiments.

When we replicated this experiment, our NMR analysis of the product 166 revealed that
deuteration had occurred at C-2, C-7, and C-10 (>50%, Figure 5.5) but not C-11 (<5%) (Figure

5.5). Considering it more likely that C-11 originated from the dichloromethane present in the

0 0 11CD,
1. NaH, DMSO . .
» HO
2. CD,Cly, Et,0

166-d,

Figure 5.6. Incorporation of deuterated methylene following quench with CD>Cl,.
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& NaH, DMSO C,((? /\ CC'/(:C' Hoeﬁojjl:

168 169

170

Figure 5.7. New mechanistic proposal utilizing dichloromethane as electrophile.

quenching solution rather than DMSO as originally, we conducted the transformation depicted in
Figure 5.6 using dichloromethane-d> (99.9%) in lieu of CH2Clz in the quenching solution and
obtained dienoic acid 166 (23% yield) with >95% deuteration at C-11. This result is consistent
with the alternative mechanistic proposal depicted in Figure 5.7. In this proposal, self-condensation
of cyclopentanone in the presence of dimsyl sodium (1 equiv) in DMSO forms the dienolate
intermediate 168. During the quench, which takes place over an extended period (as specified in
the original protocol) we propose that alkylation of the dienolate 168 with dichloromethane as
electrophile forms the a-chloromethyl ketone 169 as an intermediate. Subsequent attack by
hydroxide then leads to fragmention of 169 to form 166 in its carboxylate form. As further support
for the revised mechanisms of Figure 5.7, I dependently prepared the proposed intermediate 169
in 91% yield by alkylation of the potassium enolate of 167 with iodochloromethane at 0 °C (Figure
5.8). When 169 was subsequently exposed to potassium hydroxide in DMSO and ether,
fragmentation occurred, and product 166 was obtained in 89% yield following an acidic workup.
5.3 Existing precedent for fragmentation of ketones to enoic acids.

The transformation of a-chloromethyl ketone 169 to dienoic acid 166 has considerable close

precedent (Figure 5.9).>7 For example, Eschenmoser and Fray reported in 1952 that sulfonate ester
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0 o o CH,

_ KOt-Bu, CICH, KOH, DMSO
THF Et,0, 23 °C HO
167 0°C to 23 °C 169 166
91% 89%

Figure 5.8. Synthesis of a-chloromethyl ketone 169 and its stepwise fragmentation to 166.

171 undergoes fragmentation to form carboxylic acid 172 in 82% yield upon exposure to aqueous
potassium hydroxide (Figure 5.9A.). Wenkert et. Al. disclosed a similar transformation arising
from treatment of a-dichloromethylketone 173 with potassium tert-butoxide (Figure 5.9B).*
Similarly, dibrominated camphor derivative 176 was shown to undergo fragmentation to exocyclic
olefin 177 in high yields after treatment with sodium methoxide (Figure 5.9C).% An even larger
array of nucleophiles was demonstrated by Hierold et, Al. to be competent in the fragmentation of
a-halomethyl-B-ketoesters. In addition to solvolysis products, the formation of amides or terminal
alcohols was achieved when utilizing amine or hydride nucleophiles, respectively.
5.4 Summary

Considering the studies reported herein and precedent cited, we believe the question of
mechanism for the transformation of Figure 5.1 to be resolved. Substantial precedent combined
with the stepwise fragmentation of an a-disubstituted halomethyl cyclopentanone provide support
for a correction to the originally proposed mechanism. NMR evidence also directly indicates
dichloromethane as the C-11 precursor in product 166. Deuterium incorporation from
dichloromethane-d> in the quenching solution negates DMSO as a deuterium donor, and the
absence of product formed when quenching the reaction with aqueous hydrochloric acid

demonstrates the necessity of dichloromethane for product formation.
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Figure 5.9. Selected examples of a-disubstituted ketone fragmentation. (A). Eschenmoser and

Fray reporting solvolysis of methanesulfonate 171. (B) A dichloromethylketone solvent addition

byproduct. (C) Methanolysis of camphor-derived 176. (D) Various nucleophiles add to and

fragment a-iodomethyl-p-ketoesters.
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5.6 Experimental Section

General Experimental Procedures. All reactions were performed in flame-dried round-bottom
flasks fitted with rubber septa under positive argon pressure, unless otherwise noted. Air- and
moisture-sensitive liquids were transferred via syringe. Organic solutions were concentrated by
rotary evaporation (house vacuum, ca. 25-40 Torr) at <40 °C, unless otherwise noted. Analytical
thin-layer chromatography (TLC) was performed using glass plates precoated with silica gel (0.25
mm, 60 A pore-size, 230-400 mesh, Merck KGA) impregnated with a fluorescent indicator (254
nm). TLC plates were visualized by exposure to ultraviolet light, then stained with an aqueous
potassium permanganate (KMnQOs) stain and briefly heated using a heat gun. Flash-column
chromatography was performed as described by Still et al.,* employing silica gel (60 A, 15-40 uM,
EMD Millipore Corp.). All temperature measurements of reaction mixtures refer to the
temperature of the heating/cooling bath unless otherwise specified. Structural assignments were
made with additional information from gCOSY, gHSQC, and gHMBC experiments.

Materials. Commercial solvents and reagents were used as received. Cyclopentylidene
cyclopentanone (2) was prepared as described by Sharma et al.,’ and the associated procedure is
described below.

Instrumentation. Proton magnetic resonance (‘H NMR) spectra were recorded on Bruker 400
(400 MHz) NMR spectrometers at 23 °C. Proton chemical shifts are expressed in parts per million
(ppm, 0 scale) and are referenced to residual protium in the NMR solvent (CHCIs, & 7.26, and
CesDs, 0 7.16). Data are represented as follows: chemical shift, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, p = quintet, m = multiplet and/or multiple resonances, br = broad), coupling

constant (J) in Hertz (Hz) and integration. Carbon nuclear magnetic resonance spectra ('>*C NMR)
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were recorded on Bruker 400 (100 MHz) NMR spectrometers at 23 °C. Carbon chemical shifts are
expressed in parts per million (ppm, 0 scale) and are referenced to the carbon resonances of the
NMR solvent (CDCl3, 6 77.16, and C¢De, 6 128.06). Infrared (IR) spectra were obtained using a
Bruker ALPHA FT-IR spectrometer. Data are represented as follows: frequency of absorption (cm”
1, intensity of absorption (s = strong, m = medium, w = weak, br = broad). High resolution mass
spectra were obtained at the Harvard University Mass Spectrometry Facility using the Thermo Q

Exactive Plus Orbitrap mass spectrometer via Electrospray lonization (ESI).
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O 0 CH,

NaH, DMSO
—_— =
51% 166
5-(cyclopent-1-en-1-yDhex-5-enoic acid (166)

Sodium hydride (60% w/w suspension in mineral oil, 514 mg, 12.8 mmol, 1.08 eq) was added to
vigorously stirring DMSO* (2.38 mL) at room temperature, and the stirred suspension brought to
70 °C by oil bath. Stirring continued at this temperature until gas evolution subsided (1 hour). The
cloudy-grey mixture was then cooled by a room temperature water bath, and cyclopentanone (1.00
g, 11.9 mmol, 1 eq) was added dropwise (notable exotherm and gas evolution, slow addition
advised). The reaction was maintained at 20 °C using an external water bath for 30 minutes, then
the bath removed, and the mixture stirred for 5 hours at ambient temperature. The solution was
poured onto a chilled (0 °C) solution of 1:1 ether:dichloromethane* (10 mL) and refrigerated (-20
°C) overnight. The precipitate was collected by vacuum filtration through a fritted funnel, and the
solids washed with 9:1 ether:dichloromethane (20 mL). The solid salts were redissolved in water
(15 mL) and acidified using 6 M HCI (1 mL) such that the pH was <4 (pH paper) and the aqueous
phase extracted into ether (15 mL). The organic phase was dried with MgSOs, filtered, and
evaporated to yield 1 (546 mg, 3.03 mmol, 51%) as an orange oil.” Additional purification can be
achieved with flash chromatography on silica gel, eluting with a gradient from 20% EtO in
hexanes to 50% Et>O in hexanes to provide 166 as an off-white/orange solid (428 mg, 2.38 mmol,
40%). Note: Our yields never met or exceeded that reported by Comer and Temple (59% prior to
an additional acidic precipitation)?, hence the discrepancy in the yield reported here with that
depicted in figure 1 within this chapter. Readers are additionally advised of the explosion hazard
associated with generating dimsyl sodium.

Rt: (50% ethyl acetate in hexanes, KMnOx): 0.34
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"H NMR (400 MHz, CDCls): § 5.80 (t, ] = 2.0 Hz, 1H), 4.93 (s, 1H), 4.91 (s, 1H), 2.51 —2.42 (m,
4H), 2.42 — 2.29 (m, 4H), 1.88 (m, 4H).

BC{'H} NMR (101 MHz, CDCls): § 179.1, 143.3, 143.1, 127.3, 112.0, 33.5, 33.39, 33.36, 32.7,
23.8,23.1.

"H NMR (400 MHz, C¢De¢): 8 5.65 (td, J = 2.6, 1.2 Hz, 1H), 4.93 (s, 1H), 4.86 (s, 1H), 2.38 (tq, J
=17.9, 2.1 Hz, 2H), 2.33 — 2.25 (m, 2H), 2.19 (td, J = 7.6, 1.1 Hz, 2H), 2.11 (t, J = 7.3 Hz, 2H),
1.81 — 1.66 (m, 4H).

BC{'H} NMR (101 MHz, C¢Ds): & 180.1, 143.4, 143.1, 126.9, 111.9, 33.32, 33.25, 32.6, 23.8,
23.1.

FTIR (neat), cm™': 3087 (br), 2953 (m), 2847 (m), 2255 (w), 1707 (s), 1626 (w), 1593 (w), 1411
(m), 1242 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C11Hi702 181.1223; Found 181.1224.

*Yields of 166-d>, when utilizing CD>Cl; in quenching media, and 166-dx (mixtures from d; to ds),
when utilizing DMSO-ds as solvent, were 23% and 16%, respectively.

T A small aliquot (100 pL) from the reaction mixture was instead quenched with 1M aq. HCI (as
opposed to dichloromethane-containing solutions) and extracted into diethyl ether (1 mL). The
organic layer was dried on magnesium sulfate, filtered, and concentrated to provide crude material,
which was identified as a mixture of 167 and its ,y-unsaturated isomer (section 4.3).

Utilizing CD,Cl: in the quenching solution affords 166 of mass: HRMS (ESI-TOF) m/z: [M+H]"

Calcd for C11H15D202 183.1349; Found 183.1349.
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167

[1.1'-bi(cyclopentvlidene)]-2-one (167)

Compound 167 was prepared according to literature precedent.> Cyclopentanone (10.00 g, 119
mmol, 1 eq) was combined with anhydrous triethylamine (6.63 mL, 47.6 mmol, 40 mol %) in a
sealed tube containing anhydrous lithium perchlorate (5.06 g, 47.6 mmol, 40 mol %, dried by
vacuum oven) and the mixture sonicated for 10 minutes. The tube was then heated by microwave
irradiation to 120 °C for 20 minutes, and after cooling was poured onto saturated aqueous
ammonium chloride solution (400 mL). The aqueous was extracted with ethyl acetate (3 x 200
mL), and the combined organics dried with magnesium sulfate, filtered, and concentrated to
provide crude orange material. Vacuum distillation (external oil bath at 140 °C, 10 torr, distillate

collected at 95 °C) of the crude material afforded 167 (4.4 g, 59.5 mmol, 49%) as a clear oil.

Rr (10% ethyl acetate in hexanes, KMnQOs): 0.40

'H NMR (400 MHz, CDCls) § 2.78 (it, J = 7.3, 2.8 Hz, 2H), 2.53 (tp, J = 7.6, 2.6 Hz, 2H), 2.29
(m, 4H), 1.91 (p, J = 7.6 Hz, 2H), 1.70 (tdd, J = 11.3, 9.4, 5.9 Hz, 4H).

BC{'H} NMR (101 MHz, CDCl;) § 207.4, 158.6, 127.9, 39.8, 34.3, 32.6, 29.5, 26.9, 25.2, 20.1.
FTIR (neat), cm™': 2956 (m), 2871 (m), 1710 (s), 1636 (s), 1413 (m), 1251 (s), 1168 (m).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for CioHisO 151.1117; Found 151.1119.
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91%
1-(chloromethvl)-[1.1'-bi(cyclopentan)]-1'-en-2-one (169)

Compound 167 was prepared according to literature precedent. To a solution of 167 (100 mg, 0.67
mmol, 1 eq) in THF (6.7 mL) was added potassium tert-butoxide solution (1.0 M in THF, 640 pL,
0.64 mmol, 0.96 eq) at 0 °C (ice water bath). The ice bath was removed, and the solution stirred at
ambient conditions for 30 minutes, and then re-cooled to 0 °C by ice bath. Thereafter,
chloroiodomethane (55 pL, 0.76 mmol, 1.13 eq) was added dropwise and the solution monitored
by TLC for consumption of starting material while slowly warming to room temperature. After 3
hours, the reaction was quenched by addition of aqueous potassium hydroxide (1 M in water, 2.0
mL, 2.0 mmol, 3 eq) and then neutralized with 1 M HCL. T The mixture was extracted with diethyl
ether (3 x 10 mL) and the combined organics dried on MgSOQsa, filtered, and concentrated to provide
crude material. This residue was further purified by flash chromatography on silica (grading from
hexanes to 5% ethyl acetate in hexanes) to afford 169 (120 mg, 0.6 mmol, 91%) as a deep brown

oil.

R (10% ethyl acetate in hexanes, KMnQOs): 0.53

'H NMR (400 MHz, CDCl3) § 5.62 (t, J =2.1 Hz, 1H), 3.73 (d, J = 10.9 Hz, 1H), 3.59 (d, J = 10.9
Hz, 1H), 2.44 — 2.09 (m, 8H), 2.06 — 1.75 (m, 4H).

BC{'H} NMR (101 MHz, CDCls) § 216.2, 140.2, 129.8, 56.8, 47.6, 37.8, 32.5, 31.7, 31.4, 23.2,

18.9.
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FTIR (neat), cm™: 3054 (w), 2954 (s), 2891(m), 2847 (m), 1738 (s), 1637 (w), 1404 (m), 1282
(m), 1153 (s).

HRMS (ESI-TOF) m/z: [M+H]" Calcd for C11Hi6C1O 199.0884; Found 199.0884.

T The presence of DMSO was critical for the fragmentation to occur. The quench using potassium

hydroxide was initially an attempt to induce fragmentation but was unsuccessful.
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o) CH,
KOH, DMSO
169 89% 166
5-(cvclopent-1-en-1-yl)hex-5-enoic acid (166) from 1-(chloromethvyl)-[1.1'-bi(cyvclopentan)]-

1'-en-2-one (169)

Compound 169 (21 mg, 0.11 mmol, 1 eq) was dissolved in anhydrous diethyl ether (340 puL) and
powdered potassium hydroxide (pellets ground with mortar and pestle, 18 mg, 0.32 mmol, 3 eq)
was added followed by anhydrous DMSO (90 pL). This mixture stirred for 3 days while
monitoring by TLC for starting material consumption, and then quenched with 1 M HCI (3 mL).
The mixture was extracted into diethyl ether (3 x 3 mL), and the combined organics washed with
water and brine (3 mL). The organic phase was dried on MgSOQs, filtered, and concentrated to
afford dienoic acid 1 (17 mg, 0.09 mmol, 89%). The material was spectroscopically identical to

166.

248



Appendix A. Catalog of Spectra



tBso._J_oH

60

T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

f1 (ppm)

250




tBso._J_oH

60

T T T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

251



tBso. _J_&r

61

T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

f1 (ppm)

252




tBso. _J_&r

61

T T T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

253



Ph

Q 1 _Ph
TBSO\)]\éP(
Ph
62
“/\ . . A UL “l
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05
f1 (ppm)

254



O Ph
| _Ph
tBso <,

62

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

255




54

O
I/_\\_<~OTBS

S N |

T
3.5 3.0
f1 (ppm)

256



OH

.. NHBnN
Ph* kT’

Ph
55

8.5 8.0

7.5

7.0

6.5

6.0

5.5

5.0

T
4.5
f1 (ppm)

257

T
4.0



OH

.. NHBnN
Ph*

Ph
55

T T T T
230 220 210 200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110
f1 (ppm)

258

T
100



lmL A‘ le{L_.M

T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

259



HO A

T T T T T T
230 220 210 200 190 180

T
170

T
160

T
150

T
140

T
130

T
120

T T
110 100
f1 (ppm)

260



HO

(wdd) 14

0.5

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f2 (ppm)

9.5

261



HO

[
° o
&
1
T T T T T T T T T T T T T T T T T T T T T T T T
10.5 100 95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05 -1.0
f2 (ppm)

262

f1 (ppm)



PPh,

O
OTIPS
67
T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

f1 (ppm)

263



8.5

8.0

7.5

7.0

6.5

6.0

5.5

T
5.0

T
4.5
f1 (ppm)

264

T
4.0



T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

265



(wdd) 14

| T |

my

OTIPS

68

0.5

1.5 1.0

2.0

3.0

4.0

4.5
f2 (ppm)

5.0

266



AN H
69 OTIPS
N M
9‘.5 9‘.0 8‘.5 8‘.0 7‘A5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘AO 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘5
f1 (ppm)

267



et ......J " . M[ " ki - e il 1 / N (TRTIPRTIR
: PN Ao A e AN VA AV SN M

T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20

f1 (ppm)

268



HO N
AN H
69 OTIPS
3800 = 3600 3400 3200 3000 2800 2600 = 2400 2200 = 2000 1800 1600 | 1400 1200 | 1000 800 600

Wavenumber [cml]

269



f1 (ppm)

270




T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

271



OH Bn (:)H
Vv N - (0]
Ph* Kr \/\/\f
Ph 72 OEt
" ‘ M L ‘ " et qu uvl' “ir TR " "
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 10 20
f1 (ppm)

272



G 0]
72 OEt
U\A«u Ji | )NH Il PLM__JJ_LJL_M
°
L
& w )
b
8 [ 3]
] B o
(]
NI
] " ; ﬁ L]
[} [ ]
N L
e L
i.'. ® &
T T T T T T T T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0
f2 (ppm)

273

f1 (ppm)



Ph*

.

OH

Ph

OH

Bn %
N Z O
OEt
72
L4
o
& 2
L 2
-2
B
o
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f2 (ppm)

274

f1 (ppm)



T
4.0
f1 (ppm)

275



PR NN
T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20
f1 (ppm)

276



PR NN
T T T T T T T T T T T T T T T T T T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

277



HO

- 0
o Z
. N E
o kr , O
Ph

. N

T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45
f1 (ppm)

278




HO

o”

AN
ph‘kr 3
7

0]

OEt
4

LLAL

T T T
220 210 200 190 180

T
170

T
160

T
150

T T
140 130 120

T
110

T
100
f1 (ppm)

279



HO

o”
v N; OFEt

74

Ph*

J

. ]
& &
©
.
Qo @
g )
®
@ . °o #
0 ggaw @ 0
0 e
@
-
8"
‘.
. @ g
(]
T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f2 (ppm)

280

f1 (ppm)



HO

110

-120

130

140

150

160

N\ P (0]
O‘
\ N; OEt
Ph
74
Ph
= %
_ .
— &8
— 8
= &
— @
— @
—
és éo %5 io és éo 55 gﬂ 45 4D 55 ;D is io LS io dS do ’&5

f2 (ppm)

281

f1 (ppm)



HO

N\ P (0]
O‘
P N; OEt
74
Ph
3é00 3éOO ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ ZéUO ‘ 2‘{00 ‘ 22‘00 ‘ 2600 léOU léOO ‘ 1‘{00 ‘ 12‘00 ‘ 1600 ‘ 8‘00 660

Wavenumber [cml]

282



HO

OEt
77

7.5

T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)

283

1.0

0.5



HO

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

284



HO

T T T T T T T T T T T T T T T T T T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

285



TBSO

78

OEt

f1 (ppm)

286




TBSO

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

287



TBSO

OEt
78

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

288



TBSO

7

T
8.5

8.0

T
7.5

T
7.0

T
6.5

6.0

T
5.5

T
5.0

T
4.5

T
4.0
f1 (ppm)

289

T
3.5

3.0



TBSO

7

T
210

T T
200 190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

290



TBSO

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

291



TBSO

80

Br

T
8.5

8.0

T
7.5

T
7.0

T
6.5

6.0

T
5.5

T
5.0

T
4.5

T
4.0
f1 (ppm)

292

T
3.5

3.0



TBSO

80

Br

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

293

T
90



TBSO

Br
80

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

294



HO™ “CN
T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

295



HO™
82

CN

T
210

T
200

T
100
f1 (ppm)

296




HO™ “CN
T T T T T T T T T T T T T T T T T T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

297



T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

298



TBSO™
83

CN

4.0

T
3.5
f1 (ppm)

299

3.0



TBSO" “CN
|
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

300



TBSO" “CN
83

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

301



BnO" “CN

88

T T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

302



BnO" “CN

88

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

303



BnO" “CN

88

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

304



NB Ny
H5CO
OH
90
8.0 75 7.0 65 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10 05
f1 (ppm)

305



NBn2
H5CO
J )
T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

306



NBI’]Z
HsCO

OH
90

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

307



N an
H4CO
OoTBS
91
U\h bl
8o 75 70 &5 60 55 50 45 40 35

f1 (ppm)

308




NB Ny
HsCO
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

309



NBn2
H4CO

OTBS
91

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

310



OH

N an
92 OTBS
M P J
8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 2.5 2.0 15 10 0.5 0.0
f1 (ppm)

311



OH
Nan

92 OTBS

T T T
210 200 190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

312

T
-10



OH

Nan

92 OTBS

T
3800

T
3600

T
3400

T
3200

T
3000

T
2800

T
2600

T T T
2400 2200 2000
Wavenumber [cml]

313

T
1800

T
1600

T
1400

T
1200

T
1000

T
800

T
600



NBn2
T T T T T T T T T T T T T T T T T T T T T T
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f1 (ppm)

314



NBn2

OTBS
93

O My g

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

315



27

96

8.0

7.5

7.0

6.5

6.0

5.5

5.0

T T
4.5 4.0
f1 (ppm)

316

3.5



BocN
96

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

317



BocN
96

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

318



o |

T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

f1 (ppm)

319




BocN
97

) LA

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90

f1 (ppm)

320




BocN
97

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

321



H3;CO
NHBoc
98 5
] N e
8.0 75 7.0 6.5 6.0 5.5 5.0 45 40 35 3.0 25 20 15 10 0.5
f1 (ppm)

322



H,CO

98

o

NHBoc

T
210

T
200

T
190

T
180

T T
170 160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

323

T
90



H3;CO
NHBoc

98

o
I

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

324



HsCO
NHBoc

99

o
vy)
=

ﬁ . VI S

T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

f1 (ppm)

325




H,CO

99

o

NHBoc

T
210

T
200

T
190

T
180

T T
170 160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

326



HsCO
NHBoc

99

o™
os]
35

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

327



HO
NHBoc

100 Bn

o

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

f1 (ppm)

328




HO
NHBoc

100 Bn

o

JJQ_L N

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80

f1 (ppm)

329




HO

100

o

Bn

NHBoc

T
3800

T
3600

T
3400

T
3200

T
3000

T
2800

T
2600

T T T
2400 2200 2000
Wavenumber [cml]

330

T
1800

T
1600

T
1400

T
1200

T
1000

T
800

T
600



A

T
8.5

8.0

T
7.5

T
7.0

T
6.5

6.0

T
5.5

T
5.0

T
4.5

T
4.0
f1 (ppm)

331

T
3.5

3.0



TBSO

NHBoc
1
=
53 OBn
1 J J WL 1 |
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

332



0) NHBoc

TBSO i ™0Bn

50

e MUL

T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

333



0) NHBoc

TBSO i ™0Bn

50

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

334




0) NHBoc

TBSO i ™0Bn

50

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

335



HO 0
HO Nj
Na o
HO N3
OH
102
R a MMLJ AL Aul_‘l
7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.s
f1 (ppm)

336



AcO O
AcO Nj
MO
HO N3
L 1§ JhU
8.0 75 7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 25 2.0 15 10 0.5
f1 (ppm)

337



AcO O
AcO Nj
N3o
oAy,

T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0 -10
f1 (ppm)

338



AcO O
AcO Nj
N3o
SOy,

T T T T T T T
3800 3600 3400 3200 3000

T
2800

T
2600

T T
2400 2200
Wavenumber [cml]

339

T T
2000

T T
1800

T T
1600

T
1400

T
1200

T
1000

T
800

T
600



AcO O
AcO Nj
SN
MOMO on N3
104 ¢
a0 75 70 &5 60 55 850 45 40 3s 30 25 20 15 1o os
f1 (ppm)

340



T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

341




AcO O
A
cO Nj
N3O
MOMO N3
OAc
104
3é00 ‘ 3600 ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 26‘00 ‘ 2400 ‘ 22‘00 ‘ 2600 ‘ 1é00 ‘ léOO ‘ 1400 ‘ 12‘00 ‘ 1600 ‘ 860 650

Wavenumber [cmi]

342



T T T
5.0 4.5 4.0

f1 (ppm)

343




W

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

344



HO -
HO

N3

RO

MOMO N3

OAc

105
3é00 ‘ 36‘00 ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 26;00 ‘ 2400 ‘ 22‘00 ‘ 2600 ‘ léOO ‘ léOO ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cmi]

345



4 N3

Mgl\(/)lmfm

OAc
106

T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

346



MOM

4 N3

HOM’NQ»

OAc
106

T
210

T T T T
200 190 180 170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

347



4 N3

M&\%M’Ns

OAc
106

T T T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

348



HIEI)O/mst

107

OAc

T
4.0
f1 (ppm)

349



HIEI)O/mst

107

OAc

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

350

T
90



HO

OAc
107

Ny,

HO

T
3800

T T
3600

T
3400

T
3200

T
3000

T
2800

T
2600

T T T
2400 2200 2000
Wavenumber [cmi]

351

T
1800

T T
1600

T
1400

T
1200

T
1000

T
800

T
600



T T
4.5 4.0 3.5
f1 (ppm)

352

Ll



HO N3
OAc
108

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

353



HO N3
OAc
108

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

354



f1 (ppm)

355




N3
T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

356



|

Ll

6.0

T
5.5
f1 (ppm)

357

T
5.0

T
4.5

T
4.0

T
3.5

3.0

T
2.5

2.0

T
1.5

T
1.0

T
0.5



al

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

358



MeO

;

N3 420

5.0

T
4.5
f1 (ppm)

359



T
230

T
220

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110
f1 (ppm)

360

T
100



T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

361



OH
N3
120.2
8.5 8.0 7.5 7.0 6.5 6.0 5.5 50 45 40 35 3.0 25 2.0 15 10 05
f1 (ppm)

362



N3
" - - M‘ ' ’ il " wx ﬂy " [
T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

363



OH

120.2

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

364



e L J@

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

f1 (ppm)

365



L]

T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

366



CCly

HN
121

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

367



;380
;360
;340
320
;300
;280
260
;240
;220
200
;180
160
;140
;120

100

T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

368



T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

369



0]
0]
No) N3
MOMM’N
OAc
123

H 'an

o

8.5

8.0

7.5 7.0

6.5

6.0

T T T
5.5 5.0 45 4.0 3.5
f1 (ppm)

370



0 N3
0
NBO Ns .,
MOMO/mOAfNH OBn
C

T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

371



0 N3
o}
Ns| _Ns .,
0Ny 0B
MOMO NH
OAc
123
3é00 ‘ 3éOO ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ ZéOO ‘ 2400 ‘ 22‘00 ‘ 2600 ‘ léOU ‘ 1(;00 ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cmi]

372



HO

o) N3
(0]

N3 N3 .,

O 2,

MOM M’N H OBn
OAc
124
8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 (;.5
f1 (ppm)

373



HO

o) N3
(0]

Ngl  Ns .,

O 2,

MOM M’N H OBn
OAc
124
1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éO 5‘0 “10 ?lO 2‘0 1‘0
f1 (ppm)

374



HO

0 N3
o)
N3 N3 .,
Oy 0B
MOMO NH
OAc
124
‘ 3§00 ‘ 36‘00 ‘ 3“00 ‘ 32‘00 ‘ 3600 ‘ Zi‘GOO ‘ ZéOO ‘ 2“100 ‘ 22‘00 ‘ 2(;00 ‘ 1§00 ‘ léOO ‘ 1‘;00 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cml]

375



HO

376



MsO

N3
MOM

O y oen

OAc
126

7.5 7.0 6.5 6.0

5.5

5.
fl(p

0
pm)

377



HO,

Jl b

T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0
f1 (ppm)

378



0 N3
Nyl N3 R s
O ’,
MOM(;mOA,NH OBn
C

128

Y

5.5

5.0
f1 (ppm)

T

4.5

379

4.0

3.5

T T T

3.0 2.5

2.0

T

1.5

1.0

0.5

T

0.0



0 Na
N3l Ns .,
S M’N H OBn
OH
129
8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 l‘.5 1‘.0 (;.5
f1 (ppm)

380



H,oN

o NH»>
)
HoN | HaN »’/J
HM’N H OH
OH
130
7‘.5 7‘.0 é.S é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)

381



PhO

0 Na
O
N3 N3 »’[,J
MOMM’N H OBn
OAc
131
8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35

f1 (ppm)

382



PhO

0 N3
O
Nso N .,
MOMM’NH OBn
OAc

T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130

T
120

T
110

T
100
f1 (ppm)

383



PhO

0 N3
O

Nyl N3 4
‘.
OBn

MOMM—NH
OAc
131
‘ 3é00 ‘ 3éOO ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 2600 ‘ 2‘%00 ‘ 22‘00 ‘ 2600 ‘ 1§00 ‘ léOO ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cml]

384



PhO

0 N3
o)
Nal N3
0Ny o8
OH
132
8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 l‘.5 1‘.0 (;.5

f1 (ppm)

385



PhO

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5

5.0
f1 (ppm)

386



o)
HO N,
BTN
HO 0 N3
o OH
N3
OH N3 134
7‘.5 7‘.0 6‘.5 é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)

387



HO 0
HO N,
N3o
HO M’Ns
OH
(0]
OH
‘O O OH

M WWUJJLJU L J |

T T T T T T T T
125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20

f1 (ppm)

388



EI==D

0.5

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

r5.5

6.0

6.5

f1 (ppm)



OH Nj

Ll HIIMM II |

134

[=] @

0

Qo B
o @

e
¢ )
Q
éo gj io 45 40 55 iO 55 iO fﬁ iO dj dﬂ

f2 (ppm)

390

10

20

30

40

50

60

70

80

90

100

110

120

f1 (ppm)



PhG o
(@] N
30
HO o/mst
OH
O
Nj OH
‘O O OH
OH N; 135
8.5 8.0 7.5 7.0 6.5 6.0 5.5 50 45 40

f1 (ppm)

391



T T
4.5 4.0

f1 (ppm)

392




HO 0
BnO N,
MO
BnO 0 N3
o OBn
N3 OBn
‘O O OBn
OBn N3
137
s N
8.5 8.0 75 70 6.5 6.0 5.5 50 45 40 35 3.0 25 20 15 10 05
f1 (ppm)

393



o OBn
N3 OBn
‘O O OBn
OBn Nj
113
8‘.5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)

394



BnO
o OBn
N3 OBn
‘O O OBn
OBn N3
113

T T T T T T T T
3800 3600 3400 3200 3000 2800

T
2600

T T
2400 2200
Wavenumber [cml]

395

T T
2000

T T
1800

T T
1600

T
1400

T
1200

T
1000

T
800

T
600



N3
T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

396



T T T
5.0 45 4.0
f1 (ppm)

397



H,CO SPh
N3
139
J . .
210 200 1% 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 1o
f1 (ppm)

398



H,CO SPh

139

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

399



N

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

T
4.5
f1 (ppm)

400

4.0



H;CO Ph
K
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)

401



H3CO Ph

140

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

402



T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

403



T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

110

T T
100 90
f1 (ppm)

404



0.0
0.5
1.0

1.5
2.0

2.5

3.0

3.5

(wdd) 14

4.0

4.5

5.0
5.5
6.0
6.5
7.0
7.5

8.0

il

I

—

OH

142

Ph

&

7.5 7.0 6.5 6.0 5.5 5.0 4.5
f2 (ppm)
405

8.0



W

T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

406



T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)

407



Ph

o)

114

CF;

T T
3800

T T
3600

T
3400

T T
3200

T
3000

T
2800

T
2600

T T
2400 2200
Wavenumber [cml]

408

T T
2000

T T
1800

T T
1600

T
1400

T
1200

T
1000

T
800

T
600



f1 (ppm)

409

N3
Moo
BnO 0 N3
o OBn
N OBn
‘O O OBn
OBn N3
115
7‘.5 7‘.0 é.S 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S



N3
Moo
BnO 0 N3
o OBn
N OBn
‘O O OBn
OBn N3
115
150 140 130 120 110 100 % 80 70 60 50 40 30 20 10
f1 (ppm)

410



N3
BnO 0 N3
o OBn
N3 QBn
O O OBn
OBn N3
115
‘ 38‘300 ‘ 3éOO ‘ 3400 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 2600 ‘ 2400 ‘ 22‘00 ‘ 2600 ‘ léOO ‘ léOO ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cml]

411



5.5

5.0

T
4.5

T
4.0
f2 (ppm)

412

T
3.5

T

3.0

T
2.5

f1 (ppm)



N3
Moo
BnO 0 N3
o OBn
N OBn
‘O O OBn
OBn N3
115

e l} 5
. @ =]
@
) K 8.® @
PR \ ‘b'@@ﬁi [ @
¢ 0 o
o 0o
0‘0

¥

T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

f2 (ppm)

413

20
;30
;40
Lo
;so
;70
;so
;90
;100
;110
;120
;130

140

f1 (ppm)



0 0
9
0ap '

0 o d uu@ ) ©

B ’ P g o6 0! w b

0 P @@@ ﬂ@@(@ w @ 0

o ¥
[ #
0 @@@@
@ﬂm RO
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f2 (ppm)

414

10
20
;30
4o
;50
;60
7o
;80
;90
;100
;110
120
;130
;140

150

160

f1 (ppm)



HO 0
HO N,
MO
HO 0 N3
o OH
N3 OH
‘0 O OH
OH Nj
145
é.S é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5
f1 (ppm)

415



HO 0
HO N,
MO
HO 0 N3
o OH
N3 OH
-0 O OH
OH N,
145
" I.A “l ]IAL . J h' A ‘
1‘35 1‘30 1‘25 1‘20 1‘15 1‘10 165 160 9‘5 9‘0 éS éO 7‘5 7‘0 éS éO 5‘5 5;0 4‘5 4‘0 3"5 3“0 2‘5 2‘0 1‘5 1‘0

f1 (ppm)

416



0.0

0.5

1.0

r1.5

2.0

2.5

3.0

3.5

F4.0

4.5

5.0

5.5

6.0

6.5

f1 (ppm)



10

20

30

40

50

60

70

80

90

100

110

-120

f1 (ppm)



AcO O
AcO N
Moyt
AcO 0 N3
o OAc
N3 OAc
-0 O OAc

i umwbuwm

8.0 7.5 7.0 6.5 6.0 5.5

5.0

T T
4.5 4.0

f1 (ppm)

419

3.5



AcO O
AcO N
N3O/m,
AcO 0 N3
o OAc
N3 OAc
-0 O OAc

I

T T T T T T T
190 180 170 160 150 140 130

T T T
120 110 100

f1 (ppm)

420

90 80 70 60 50



AcO O
AcO Nj
MO
AcO 0 N3
o OAc
OAc
\?l\?\o OAc
OAc N3

-
= o

=
= @

0.0

0.5

;2.0
Lo
;3.0
;3.5
;4.0
;4.5
Lso
;5.5
;6.0
;6.5
;7.0
;7.5

8.0

1 (ppm)



AcO O
AcO N
MO
AcO 0 N3
o OAc
N3 OAc
‘0 O OAc
_-; w L]
3 ® s '
[E— °
_ []
— e T
o O [}
N @ ° e
j— ¢
EE—— ] "
_ L]
13 12 11 10 5 8 6 5 4 3 2 1 0 1

f2 (ppm)

;20
;30
;40
;SD
;60
;70
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

1 (ppm)



AcO S

0]
N, OAc
(O] O OAc
OAc N3
147
7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 10 05 0

f1 (ppm)

423



AcO S

0]
N, OAc
‘O O OAc
OAc N,
147
180 170 160 150 140 130 120 110 10 90 8 70 60  s0 40 30 20 10
f1 (ppm)

424



CH3

OAc Nj
147
b
oﬂ
‘lf‘@I
i 0 8@
o B B
‘ ] 0 o
o 08
Pyl |
0% 9
()] 0
ol
80 75 70 65 60 55 S0 45 40 35 30 25 20 15 10 05 00

f2 (ppm)

425

0.0
;0.5
1o
;1.5
20
;2.5
;3.0
;3.5
Lao
Las
;5.0
;5.5
;6.0
Les
7.0
L7

8.0

f1 (ppm)



AcO S

0]
N, OAc
(O] O OAc
OAc N3
147
—_— .
— [
] b
13 12 11 10 5 7 5

f2 (ppm)

426

;20
30
4o
;50
;60
L70
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f1 (ppm)



CH;

AcO S
0]
N3 QAC
O O OAc
OAc N,
147
3é00 ‘ 36‘00 ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 2600 ‘ 2‘%00 ‘ 22‘00 ‘ 2600 ‘ léOO ‘ léOO ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 8‘00 660

Wavenumber [cmi]

427



N3

PMBO
AcO O/m’Ns

o OAc

N, OAc
0 O OAc

OAc N3 148

L

8.0 7.5 7.0 6.5 6.0 5.5

5.0

T
4.5

T
4.0
f1 (ppm)

428

3.5

3.0

2.5

2.0

1.5

1.0

0.5



OAc N3 148

L J JJ ol L “l

T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

429



N3

PMBO
AcO M’N3

o OAc

Nj OAc
0 O OAc

OAc N3 148

Y

00 o B P
# { @bm
1 I
b
D3 0
0 @,w G® 0 L "
0..0”
b . 0
o 4
75 70 65 60 55 50 45 40 35 30 25
f2 (ppm)

430

0.0

0.5

;2.0
Los
;3.0
s
Lao
Las
;5.0
;5.5
;6.0
;6.5
;7.0

7.5

8.0

f1 (ppm)



N3

PMBO
AcO M’N'g’

o OAc

N, OAc
0 O OAc

OAc N3 148

L3

0'0p

LJ L ‘M IIJKMMU 1‘ “l

f2 (ppm)

431

°
T
+@ o!

0 o

] d

@ ‘g

L]
3 2

L10
;20
;30
;40
;50
;60
L0
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f1 (ppm)



N3

PMBO
AcO M’N'g’

o OAc

N, OAc
0 O OAc

OAc N3 148

T T T T T T T T
3800 3600 3400 3200 3000 2800

T
2600

T T
2400 2200
Wavenumber [cmi]

432

T T
2000

T T
1800

T T
1600

T
1400

T
1200

T
1000

T
800

T
600



AcO
o) OAc
N, OAc
O OAc
OAc N3
149
7.5 7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 25 2.0 15 10 0.5 0.
f1 (ppm)

433



o) OAc
OAc
‘O O OAc
OAc N3
149
170 160 150 140 130 120 110 100

f1 (ppm)

434



L “

0
" O@
B e § w?
® K
T I
T & B
L
.@9 ‘
0% 00 G
ol 7
0
g0 75 7o es o 95 5o 45 40 35 30 2s 20 1s 1o os oo

f2 (ppm)

435

0.0

0.5

Lis
20
25
;3.0
L35
Lao
Las
;5.0
;5.5
L6.0
Less
70

7.5

8.0

f1 (ppm)



i 1l

|

;20
;30
;40
50
;60
L0
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f2 (ppm)

436

f1 (ppm)



Ll ol

|

)

0w ﬂ

" [30

| L 40

H [ so

] ‘| 1 N ;60
[70
L 80
L oo

v [ 100

L I [ 110

| L 120

‘ L 130

[ 140

| [ 150

' H L 160

"
g‘li 170
h 180

&]ﬂ L 190
] 200

T T
4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f2 (ppm)

437

f1 (ppm)



OAc
(0]
OAc
‘O O OAc
OAc N3
149
‘ 3é00 ‘ 36‘00 ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 26‘00 ‘ 2‘%00 ‘ 22‘00 ‘ 2600 ‘ 1é00 ‘ léOO ‘ 1400 ‘ 12‘00 ‘ 1600 ‘ 860 650

Wavenumber [cmi]

438



439

N3
s
AcO o) N3
o OAc
N OAc
O O OAc
OAc N3 150
7‘ 5 7‘ 0 E;.S 6‘ 0 5‘ 5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)



0]

N3
AcO M’Ns
o OAc
N OAc
‘O O OAc
OAc N3 150

MTP-06-064.11.fid

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90
f1 (ppm)

440



0.0
0.5
1o
L1s
;2.0
2.5
;3.0
s
Lao
;4.5
;5.0
;5.5
;6.0
;6.5
7.0

7.5

e
00 mwo@ﬁ
[y~ "]
o o
i
0
. ] '
0
b B @w% ! i
[}
il m oo
0 " D@ﬂ "
45 40 35 3.0 25 2.0 15 10
f2 (ppm)

441

8.0

f1 (ppm)



N3
s
AcO o] N3
o OAc
N OAc
\\.—EZ:J;SZi;r‘-() ()/\C
OAc N3 150
‘ . “3‘
dmo: Vo o}
oo o't
o 0
G
80 -
i .
i T
"f "
0
%
13 12 11 10 9 8 7 6 5 4 3 2 1
f2 (ppm)

442

20
30
40

50

" 60

70
80
90

100

" L110

120
2130
2140
;ISO
;160

170

f1 (ppm)



OH
HoN OH
O] O OH
OH NH; 112
7‘.5 7‘.0 6‘.5 é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)

443



H,N
HzNo/m,
HO o) NH;
o OH
HoN OH
0 O OH
OH NH; 112

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

444



" . "

]
LWl

E g@@l 0 o g a0

L

!
|
0
]
0
{
!
1

f2 (ppm)

445

5.0

5.5

6.0

6.5

7.0

F7.5

8.0

f1 (ppm)



20

s O F30

9y Q@ 50
(] ) 60
'

Q ~70

90

;100
;110
;120

130

T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

f2 (ppm)

446

f1 (ppm)



N3
Mot
HO N3
OAc
151

A

T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.C
f1 (ppm)

447



N3
MO
HO N3
OAc
151

T T T T T T
210 200 190 180 170 160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

448

T
-10



N N3
o
HO N3
OAc
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

449



H,N

N O
HO NH,

OH
152

T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

450



HoN
N O
HO NH,
OH
152
||
2‘10 260 1‘90 1130 1‘70 1‘60 1‘50 {40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éO 5‘0 4‘0 3“0 2‘0 1‘0 b -‘10

f1 (ppm)

451



N O
HO NH,

OH
152

A

o

1.0

r1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

r7.5

8.0

1 (ppm)



HoN
HO NH;
OH
152
—= o; I
[E— @ 90'
— 0 0g
s
N @
E— ’
b
13 12 11 10 9 8 7 6 3 2
f2 (ppm)

453

L2
L30
40
5o
Lo
L 70
50
Lo0
100
L 110
L 120
L 130
140
[ 150
L 160

170

1 (ppm)



H,N

N O
HO NH,

OH
152

[
I
[ L
W =
— 0 o 06g 80 [ 30
Fa0
— [ ® Ll T Mo
|
i
l

B }50

60

L [7°
o 80

90

13, "

%0

= &=
B8

b o) W [ 100
0 [
k110
n F120
_ . @ ' F
— ! @@ ! 0 | 130
‘ [
& | I 140
] L
0 150
160
1 .
)

170

] Q 180
i k190
I
)

200

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f2 (ppm)

454

1 (ppm)



AcO
o) OAc
Ng Ac
O OAc
7‘.5 7‘.0 é.S é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S
f1 (ppm)

455



T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

456




EBED

0.0

0.5

;2.0
L2s
;3.0
;3.5
;4.0
;4.5
5o
;5.5
;6.0
;5.5
;7.0

F7.5

8.0

f1 (ppm)



(0]
O OAc
153
12 11

f2 (ppm)

458

;20
30
4o
;50
;60
70
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f1 (ppm)



1“ Ll |me|| ||

I

i g

=4
e
=S e
=
=
=
= e
k-

Y

T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

f2 (ppm)

459

L 1o
;20
;30
;40
Lso
;60
L70
;80
;90
;IOO
;110
;120
;130
;140
;150
2160
;170
;180
;190

200

f1 (ppm)



OAc
(0]
OAc
‘O O OAc
OAc N
3 153
‘ 3é00 ‘ 3600 ‘ 34‘00 ‘ 32‘00 ‘ 3600 ‘ ZéOO ‘ 26;00 ‘ 2400 ‘ 22‘00 ‘ 2600 ‘ léOO ‘ 16‘00 ‘ 1“100 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cmi]

460



OH

HO 0
AcO N,
MO
AcO 0 N3
o OAc
N3 OAc
‘0 O OAc
OAc N3
154
1 ,_)L L J\
8.0 75 7.0 6.5 6.0 5.5 5.0 45 40

f1 (ppm)

461




HO~°

HO 0
AcO N,
MO
AcO 0 N3
o OAc
N3 OAc
-0 O OAc
OAc N3 155
| J L__
75 70 &5 6o 55 50 45 40 3s 30 fo o5

f1 (ppm)

462



HO~°

HO 0

AcO N,
MO

AcO 0 N3
o OAc

N3 OAc
X0) O OAc
OAc N3 155
2‘10 260 1‘90 1‘80 1‘70 1‘60 1‘50 1L10 1‘30 1‘20 1‘10 160 9‘0 éo 7‘0 éO 5‘0 40 ?lO 20 1‘0 -‘10
f1 (ppm)

463



HO~°

3 '
| \
! ‘ |
! b W ! \ |
] L
! " [ - l‘!’. g i i 3.5
! "o L i ! Leo
! | «.’ | | b [
, ' “ /! ‘ la.s
|
[ | "o " ‘ »
||\' U I] “l ' +5.0
” | | |
; ‘ " noe l ' ~5.5
} ' ! 6.0
o
) Le.
) i L
oy ) 7.0
} i : ,
) | 1 l7.5
' l L
) il ! Fs.0
T T T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00
f2 (ppm)

464

f1 (ppm)



HO
HO 0
AcO N,
MO
AcO 0 N3
o OAc
N3 OAc
\?Q?\o OAc
OAc N3 155
! B
3 12 11 1o 5
2 (ppm)

465

;20
30
4o
;50
;60
70
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f1 (ppm)



HN
HO %
AcO N,
N3 A A
AcO 0 N3
o OAc
N3 OAc
0] O OAc
OAc N3
156
_é) 0 8‘ 5 8‘ 0 7‘A5 7‘ 0 6‘ 5 é 0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 O.‘C
f1 (ppm)

466



HN
HO %
AcO N,
MO
AcO 0 N3
o OAc
N3 OAc
0] O OAc
OAc N3
156

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

467




HN
HO %
AcO N,
MO
AcO 0 N3
o OAc
N3 OAc
\?Q?\o OAc
OAc N3
156

|

B

T

5.5

T

5

T
.0 4.5

f2 (ppm)

468

T

4.0

f1 (ppm)



HN

HO
AcO

N3 OAc
‘O

OAc N3

ll i IMIH N l\

|

O
N3
NSO%
AcO 0 N3
o OAc
O OAc
156
) 00
a "o
&
' (]
'
(]
9
e
12 11 10 9 8 7 6 5
f2 (ppm)

469

20
30
40
50
60
70
80
o0
100
110
120
130
140
| 150
| 160

170

f1 (ppm)



HN
HO %
AcO N,
N3O’m,
AcO 0 N3
o OAc
N3 OAc
0] O OAc
OAc N3
156
38‘00 ‘ 36‘500 ‘ 3400 ‘ 32‘00 ‘ 3600 ‘ ZE‘GOO ‘ ZéDO ‘ 2“100 ‘ 22‘00 ‘ 2600 ‘ 1§00 ‘ léOO ‘ 1‘;00 ‘ 12‘00 ‘ 1600 ‘ 860 660

Wavenumber [cml]

470



T T T
5.0 4.5 4.0

f1 (ppm)

471




H
H
H
0]
N 5
o]
HO 0
AcO N,
NSO
AcO M’Ns
o OAc
N3 OAc
‘0 O OAc
OAc N3 157

T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

f1 (ppm)

472



N 5
(0]
HO 0
AcO N,
RS =
AcO 0 N3
o OAc
N3 OAc
\?Q?\o OAc
OAc N3 157
M 1
)
— oo i+ ol
j———] !
I i e
il
j
emm@
0 o@@ q .
] A '
= 0 @@ ﬁ 1
— i} ]
i P
1 nQ‘GG #y Du
ﬁ . ﬂwl Il
0 W

|

T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
f2 (ppm)

473

f1 (ppm)



T

f2 (ppm)

474

.
' @ L]
o
"0
9
)
)
T T T
4 3 2

20

30

« 40

;50
;60
;70
;80
;90

100

" k110

120
130

140

- 150

160

170

f1 (ppm)



T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

475

0.5



T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

476



Cl

Cl

Cl

Cl

(wdd) 14

m 9 W 9o mw 9o mw 9o u 9
m < < ©1H N O O N N
) IR ISR IS SN S ST SRS SRR ST ST |
o
4
(&)
<
o
[se]
zZ
£
o
(3]
= o

f

0.0

3.0 2.5 2.0 1.5 1.0 0.5

3.5

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

f2 (ppm)

477



OAc
\?\7\0 OAc
OAc Ny 158
1
JE— $ ® f
3 /I TRT WY
— 5 it ¢
= = -1m91: ‘
3 @0 '
i | L= e
— o ) !
3 4 '
— O e
—3 @,
e ‘Q ! Q
— . Qn
] '
13 12 11 10 7 5 5 4 3 2 1
£2 (ppm)

478

L2
L3
|40
5o
Lo
L 70
80
Lo0
100
L 110
L 120
L 130
140
[ 150
L 160

170

f1 (ppm)



fi [ ' ;100
" [ 110

[ 120
L 130
i § @ [ 140
L 150
! ' L 160
w o [ ﬂb' L 170

[ 180
[ 100
[ 200

T T T T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f2 (ppm)

479

f1 (ppm)



AcO N,
N3 O
AcO o) N3
o OAc
Nj OAc
XO) O OAc
OAc Nj

159

e JMLMM’LMWM

T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

f1 (ppm)

480




AcO N,
N3 o)
AcO o) N3
e} OAc
N OAc
‘O O OAc
OAc Nj

159

T T T T T T T T
210 200 190 180 170 160 150 140



AcO N,
N3O
AcO o) N3
e) OAc
Nj OAc
OAc N3
159

[=Jie:]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

r5.5

6.0

6.5

7.0

f1 (ppm)



AcO
o OAc
Nj OAc
OAc Nj
159
o d
‘% mg
.ot
o . 0 00
o 0 ¢
[ :
' o
0
13 12 11 10 5 8 7 6 5 4 1

f2 (ppm)

483

;20
;30
;40
;50
;60
;70
;80
;90
;100
;110
;120
;130
;140
;150
;160

170

f1 (ppm)



(0]
AcO N
MO
AcO o) N3
o OAc
N OAc
‘O O OAc
OAc N3
160
MMMM\LJ LJUL_JL___—A_
7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S

f1 (ppm)

484



O
AcO N
MO
AcO o) N3
o OAc
N OAc
‘O O OAc
OAc N3
160
1 | " ‘ l |
1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 éD FlO ‘;0 310 2‘0 1‘0

f1 (ppm)

485



N3

N3

AcO
AcO

OAc

OAc
‘O O OAc

N3

OAc N3

160

(wdd) 14

o n o wn o wn o n o wn o wn o n o wn o
o =} — — ~ ~ ) ™ < < n n © © N N ©
1 1 1 1 1 " 1 1 1 1 1 1 1 1 1 1 1 1
v
P,
= 2 E=3
E=9
w = = =
=
=.
D = =
e =) = & =
o = = =
=26 =
o o =
g =—=4
B @
e e
= PN
J—
= L=:9
n
-

486



20
30
40
50
60
L0
80
o0
[ 100
110
120
130
140
| 150
| 160

170

O
AcO N
Mo
AcO 0 N3
o OAc
N OAc
‘O O OAc
OAc N3
160
. UJMJM\LJ N

3 ' f ot

4 ]
N 41 0
—] v o0

_____;§§§%! : D? u,@@ 9
— o
P — ’ a.
— ’ L
13 12 11 10 9 8 7 5 5 4 3 2 1
f2 (ppm)

487

1 (ppm)



f2 (ppm)

488

O
AcO N
Moo
AcO o N3
o OAc
N OAc
O O OAc
OAc N3
160
|
60
— Y Hh
) o 9
] @'@0 0 il @ ﬂ@ | w
— v |
[— L] '
— | I B ﬁ J %9 %q\ulm ko
—— Gﬂ (] i ®,
' (B ] a b (1}
— i
B ] [ boo gy ﬁ
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05

L 10
L20
L 30
L4
L so
L 6o
L70
Ls0
Lo
[ 100
L110
[ 120
[ 130
[ 140
[ 150
" 160
L 170

180

190

1 (ppm)



7.5

7.0

6.0

5.5

5.0

T
4.5

T
4.0
f1 (ppm)

489



) O
N N2
30
AcO O/m—N3
o OAc
K OAc
O] O OAc
OAc N3 461

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

490



0.5

1.0

r1.5

2.0

2.5

3.0

3.5

4.0

f1 (ppm)

. "0
TR
! @9 ®
v Bl
L] i " O@ : e
by e o
m Imw @ “ )
B @
6.0 5.5 5.0 a5 4.0 35 3.0 25 20 15 10
f2 (ppm)

491




@ 20

40
s W . ;50
[ f ;60
o o
] ' ;80
;90
J , s ;100
;110
o ‘ 120
;130
;140
;150
;160

170

f2 (ppm)

492

f1 (ppm)



-0
HoN
HO 0 NH;
o OH
HoN OH
X0) O OH
OH NH,
162
. LUMLA I
7‘.5 7‘.0 6‘.5 é.o 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 d.S

f1 (ppm)

493



-0
HoN
s
HO o} NH;
o OH
HoN OH
0 O OH
OH NH,
162

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

494




-u-ueooo(a OO =]
e .

Il
L)
o0

1 (ppm)

T T T T T T T T T T T
4.0 3.8 3.6 34 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6

f2 (ppm)

\“f
== = v =
; 2
. ) = a@_
= S
&

495



L
‘ > "o , .
[ .
@ !
T e
o © !
1)
o b
"0 &
®, .
° @ °

T T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

f2 (ppm)

496

20
30
a0
5o
6o
70
so
o0
100
110
120
130
140
150
| 160

170

1 (ppm)



HoN
H2N O
HO 0 NH>
o OH
H,N OH
O] (0]
OH NH; 464
70 65 6.0 55 50 45 40 35 30 25 20 15 10 05

f1 (ppm)

497



HO HoN
H2N O
HO 0 NH;
0 OH
H,N OH
0 O OH

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

498



HoN
H2N O
HO 0 NH,
0 OH
O OH
164

‘o$'@eo<;

) 080

"
00

2.0 1.5

1.5

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

f1 (ppm)



®
@
®
09 ©
) - X>]
9
9 )
‘0
o
@
® o
)
-]
T T T T T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 1.0

f2 (ppm)

500

20
30
4o
50
60
70
80
90
;100
;110
;120
;130
;140

150

f1 (ppm)



T T
4.0 3.5

f1 (ppm)

501




HO
HoN
HZNO’m,
HO o} NH;
o OH
H,N OH
0 O OH
OH NH,
165

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100

f1 (ppm)

502




HO
HoN
NN
HO 0 NH,
o OH
H,N OH
0 O OH

T T T T T T T T T T T T T T T T T T T T T T T T T T
60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 32 3.0 28 26 24 22 20 18 1.6 14 12 1.0
f2 (ppm)

503

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

f1 (ppm)



R 1'

)
© o0 ©
(o]
>
[}
@8
g e
@@ o
0
®
@
Q
¢ O
)
T T T T T T T T T T T T T T T T
6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5  -1.0

f2 (ppm)

504

20
30
40
50
60
70
80
90
1100
110
;120

130

f1 (ppm)



0N

166

_

T
4.0
f1 (ppm)

505

3.5

3.0 2.5

2.0

1.5

1.0

0.5



HO

166

CH,

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

506



HO

166

CH,

T
3800

T
3600

T
3400

T
3200

T
3000

T
2800

T
2600

T T T
2400 2200 2000
Wavenumber [cml]

507

T
1800

T
1600

T
1400

T
1200

T
1000

T
800

T
600



0N

166

7.5 7.0 6.5

6.0

5.5

5.0

4.5

T
4.0
f1 (ppm)

508

3.5

3.0

2.5

2.0

1.5

1.0

0.5



HO

166

CH,

sl

T
210

T
200

T
190

T
180

T
170

T
160

T
150

T
140

T
130

T
120

T
110

T
100
f1 (ppm)

509

T
-10



HO

166

0
| —=
) <
i3 Hs-H;i: correlation

L i

je ’

8 i 0 pm——

0 ° ”~
0 0@0 ®° (\\~—
. H7-Hs & H7-Hio
U .
j correlation

;5 ;.0 é.S é.O F;.S E':.O 4.5 ‘J.O 3Y.5 3‘.0 5.5 2.0 1‘.5 1‘.0 (;.5 (;.0 !

2 (ppm)

510

r2.0

2.5

3.0

3.5

4.0

4.5

r5.0

F5.5

r6.0

6.5

7.0

f1 (ppm)



HO

166

8.0 7.5

7.0

T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

f2 (ppm)

511

110

120

130

140

f1 (ppm)



2 (ppm)

512

0 CH,
HO
166
L [ WLJl_)\_.
H7 correlates to Cgand Co
_— ] e @
8 (0 womgge @ |
Hii correlates to Cy4
Hy correlates to Cry
J— ' oo
L= - Hgs, Ho, and H
— NN - { 0 3 Y 10
— 0 0 mﬁ"' ® correlate to Cy
] (e
.. H» & H3 correlate to C;
iO iS ;D dS éO 55 iO 45 40 iS iO 25 iO fS fO &5 dO

;20
;30
L0
;50
;60
;70

;80

;90

;100
;110
;120
;130
;140
150
;160
;170
;180
;190

200

f1 (ppm)



<5%

>50%

>50%

0.96~
0.96%

—
5.0
f1 (ppm)

513




>95%

o) 11CD,
2 7
HO
10
166-d,
[ ¥
I
g £I5% 4
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)

514



167

T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

515



167

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

516



167

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber [cml]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

517




169

T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.C

f1 (ppm)

518



519

4 o T
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10
f1 (ppm)



Cl

169

T T T T T T T T T T T T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber [cmi]

T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

520




Stacked 'H NMR Spectra of 166 collected in CDCl3
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Aliquot of reaction (p.243) quenched with HCI — crude "H NMR contains 167 and its isomer,

not 166.

Distilled 167 (trace amounts of isomer)

f1 (ppm)
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