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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND AND SIGNIFICANCE

Antibiotic use in modern medicine began in 1941 when penicillin, discovered by
Alexander Fleming,! was first administered to a patient infected with both staphylococci and
streptococci bacteria.? Treatment of the first patient was an amazing success, however, even
before the first human trials bacteria were already known to have developed a resistance to
penicillin.? Since then infectious bacteria have managed to keep pace with our ability to fight
them and have developed resistance mechanisms to nearly all of our current weapons. In
particular, the NDM-1 enzyme presents a major threat as it confers resistance to nearly all
antibiotics in clinical use.*> It is estimated that over 2 million people in the United States alone
suffer from antibiotic-resistant infections each year leading to the death of around 23,000 people
per year.3 Despite the rapid ability of bacteria to develop resistance to antibiotics, approvals for
new antibiotics have rapidly decreased from 28 in the 1980s to just 7 in the 2000s. The main
reasons for this decrease in development stem from the low profitability for antibiotics when
compared to other drugs and from the smaller number of groups working on antibiotic projects
in industry. The low profit margins are because antibiotics are generally given for 1 to 2 weeks to
cure a patient from an infection, as opposed to drugs for chronic conditions which bring in
revenue for the remainder of the patient’s life.>” Due to the low profitability and the merging of
drug companies, antibiotic groups are frequently shut down or merged which reduces the

number and diversity of projects.® 8 Although there has been something of a surge in antibiotic



research in the past decade resulting in the approval of several new drugs, there remains a need

to increase the momentum in order to keep antibiotic resistant pathogens at bay.%°

Antibiotics are divided into four categories based on their mechanism of action. Inhibition
of folic acid synthesis, as with sulfonamides, indirectly prevents DNA synthesis because folic acid
derivatives are used in the synthesis of purine and pyrimidine bases needed to build DNA.
Inhibition of enzymes involved in DNA replication as seen with quinolones and others. Cell wall
synthesis inhibitors, such as penicillin, inhibit enzymes involved in the synthesis of the
peptidoglycan which is used to make the bacterial cell wall. Finally, inhibitors of protein synthesis
such as aminoglycosides interfere with ribosomal translation processes to slow the synthesis of
proteins or reduce the fidelity of their synthesis.?

The first aminoglycoside, streptomycin 4, was discovered by Selman Waksman in 1943
through isolation from the soil bacteria Streptomyces griseus.'® This was the first antibiotic
effective against Mycobacterium tuberculosis (TB), which had previously been a death sentence.?
11 Since the introduction of streptomycin many other aminoglycosides have been discovered and
used as effective antibacterial agents for both Gram-positive and Gram-negative bacteria as well
as mycobacteria.'! Although aminoglycoside antibiotics (AGAs) are highly active against a broad
spectrum of bacteria, the issues associated with their use including nephrotoxicity, ototoxicity,
and resistance, have caused them to lose favor in the clinic. Recently, however, there has been a
resurgence in the study of AGAs with a focus on chemical modification to circumvent resistance

and increase selectivity especially in the ESKAPE pathogens.'>1>



1.2 STRUCTURE OF AMINOGLYCOSIDE ANTIBIOTICS

Aminoglycosides are based on an aminocyclitol ring, usually a 2-deoxystreptamine 1 or
streptidine 2 ring, substituted at various positions with amino sugars (Figure 1). The suffix of the
aminoglycoside name indicates which genus of bacteria the drug was isolated from: AGAs
isolated from Streptomyces end in mycin, and AGAs isolated from Micromonospora end in micin.
Due to the relatively high number of amines and hydroxy groups AGAs are very polar and highly
water soluble, which causes the oral bioavailability of the drug to be low making IV injection the

preferred route of administration.? 16
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Figure 1: Structures of 2-Deoxystreptamine, Streptidine, Paromomycin, and Streptomycin



The 2-deoxystreptamine (2-DOS) AGAs are subdivided into 4,5-substituted and 4,6-
substituted classes, although there are rare exceptions such as apramycin 5, which is
monosubstituted at the 4-position. The major examples of AGAs in the clinic, tobramycin 6 and
gentamicin 7, are members of the 4,6-series, however, there is growing interest in the 4,5-series

as clinical candidates.11-12. 17

NH» NHR;
Rz
HO © O
HoN H2N
HaN HaN
HO NH, HO NH;
O O
OH
HO\2 OH HO\2
NH, HTOH
tobramycin 6 gentamicin C4, C,, and Cq5o 7

C1:R1 =R2=Me
CZ: R1 =H, R2=Me

OH C’]A: R1=R2=H
0]
HoN
?Ho o OH
HOO .
O
NH
HoN 2
HmNHz
OH

apramycin 5

Figure 2: Structures of Apramycin, Tobramycin, and Gentamicin

1.3 AGA MECHANISM OF ACTION

The mechanism of action for aminoglycoside inhibition of protein synthesis is well
studied.*®29 Aminoglycosides inhibit protein synthesis in a concentration dependent manner as

opposed to a time dependent one, therefore, concentrations in excess of the minimum inhibitory



concentration (MIC) for a short period of time are more effective than long term concentrations
at the MIC.? In addition, aminoglycosides are able to kill bacterial cells as opposed to simply
stopping their growth as with some antibiotics, making AGAs a better choice for
immunocompromised patients. Although AGAs are effective against Gram-positive, Gram-
negative, and mycobacteria, they remain ineffective against anerobic bacteria due to their

uptake mechanism.

1.3.1 UPTAKE

There is some controversy as to whether AGAs diffuse through the cell membrane or pass
through porin channels to enter bacterial cells.?:?2 Nevertheless it is known that the uptake of
AGAs proceeds in three steps. First, due to the cationic nature of AGAs and the negative charge
of the lipopolysaccharide outer membrane, the drug is held at the membrane electrostatically.
Following this is an energy dependent phase | (EDPI) where the AGA passes through the cell
membrane. This is tied to cellular respiration, which explains why AGAs are ineffective against
anerobic bacteria. Finally, due to the buildup of faulty proteins essential for cell wall growth,

energy dependent phase Il begins (EDPII), where excess AGA may enter the cell.?

1.3.2 INHIBITION OF PROTEIN SYNTHESIS

Proteins are synthesized in the cell through translation of messenger RNA (mRNA) by
ribosomal RNA (rRNA), which selects amino acid building blocks by pairing the codons in the
mRNA to a specific set of anticodons in transfer RNA (tRNA).?3 Each tRNA has an amino acid which
the rRNA stitches to the growing peptide chain in sequence to make the protein. AGAs inhibit

protein synthesis by binding to the rRNA and interfering with translation.!! Proteins are



synthesized in much the same way in both prokaryotic and eukaryotic cells, which means the
AGAs must be selective for bacterial ribosomes although some activity against eukaryotic

ribosomes is inevitable.

Ribosomes consist of two subunits, large and small, as well as several proteins.
Prokaryotic ribosomes, as well as those found in mitochondria and chloroplasts, contain a 50S
and a 30S subunit, while eukaryotic ribosomes contain a 60S and a 40S subunit. AGAs bind to

helix 44 of the smaller subunit where the decoding A-site is located.?*2>

There are three decoding sites in rRNA; the aminoacyl site (A-site), the peptidyl site (P-
site), and the exit site (E-site). The A-site is where the mRNA initially binds to the ribosome and
waits to be paired with the tRNA containing the correct anticodon. Binding of the tRNA causes a
conformational change in the ribosome where rRNA bases A1492 and A1493 are flipped out of
the helix causing the mRNA-tRNA pair to move to the P-site. In the P-site the peptide attached to
the tRNA is transferred to the peptide chain being synthesized before the RNA passes to the E-

site where it exits the ribosome (Figure 3).%23
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Figure 3: Translation of mRNA

AGAs bind to the A-site through two major interactions; their cationic nature causes an
electrostatic interaction with the phosphate backbone of the rRNA as well as hydrogen bonding
interactions with various bases in the A-site.? 1! Some of these hydrogen bonding interactions
vary between AGAs, however, there are certain key interactions that are much more common.
These include the pseudo base pair between the amine or hydroxy group at the 6’-positon and
the ring oxygen of ring | with A1408 (Figure 4), as well as the 2-DOS hydrogen bonding network
to A1406, UG1494, and U1495. The binding of the AGA in this way stabilizes the flipped-out
conformation of A1492 and A1493 (Figure 5) which lowers the energy required for tRNA with
incorrect anticodons to bind and reduces the fidelity of translation. Proteins with the incorrect
amino acid sequence will not function properly and lead to cell death due to the buildup of

26-27

reactive oxygen species or production of free radicals due to oxidative stress.?8



Figure 4: A Pseudo Base Pair Interaction

Figure 5: A1492 and A1493 in the Flipped-out Conformation in the Complex of Thermus
Thermophilus 30S rRNA Subunit with Paromomycin PDBID:1FJG?°



1.4 RESISTANCE AND TOXICITY

Although AGAs have many desirable properties as antibacterial drugs, there are a few key
issues which have caused them to lose favor in the clinic. Thus, due to the similarity between
bacterial and human decoding A-sites, AGAs can be toxic to humans.3%3! Further, due to their
initial widespread and improper use combined with the rapid evolution of bacteria, many species
have developed AGA resistance. Although these problems may seem severe the source of these

issues is well studied allowing medicinal chemists to overcome them via rational modification.

1.4.1 RESISTANCE

Bacterial resistance to AGAs stems mostly from three distinct mechanisms; target
modification3?34, altered transport®>3¢, and substrate modification.3’3° Target modification
involves bacteria making changes to the A-site in the ribosome in order to prevent the AGAs from
binding. Altered transport can cause reduced uptake, where the process of AGAs entering the
cell is inhibited, as well as increased efflux, where the cell is able to remove AGAs after they have
passed through the membrane. Finally, the most prevalent resistance mechanism is substrate
modification using aminoglycoside modifying enzymes (AMEs), which modify functional groups
on the AGA in order to prevent it from fitting into the binding site. Due to the nature of bacteria
these resistance mechanisms are subject to horizontal gene transfer under the correct conditions

allowing them to spread quickly between species if infections are not treated properly.

Bacteria which produce AGAs naturally must have resistance mechanisms to ensure that

they are not killed by the compounds they produce. Although it is possible to modify AGAs to
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circumvent resistance, the most important measure for managing AGA resistance is proper use

of antibiotics.?

1.4.1.1 TARGET MODIFICATION

Target modification refers to alteration of the decoding A-site which can be done either
through methylation during a post translational modification or through a point mutation where
one RNA base is changed. These modifications are the least clinically relevant because they
mostly occur in bacteria which produce AGAs. Cases of nucleotide mutation such as A1408G give
high levels of resistance to 2-DOS AGAs and have been found in rare cases in Mycobacterium

tuberculosis.*%-41

Methylation of RNA bases is done by enzymes as a post translational modification in many
AGA producing bacteria.*?> The most clinically relevant methylases are in the arm family'* which
have been found in S. marcescens,?® K. pneumoniae,** and E. coli where they methylate G1405
(Figure 6).#* These modifications greatly reduce the activity of 4,6-substituted 2-DOS

aminoglycosides, but have little activity on the 4,5-series.*?
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Figure 6: Gentamycin C1A Shown Bound to G1405 and G1405 Drawn with Methylation. PDBID
4LF9

1.4.1.2 ALTERED TRANSPORT

Altered transport refers to methods bacteria use to lower the concentration of AGA in the
cell. Decreased uptake through the cell membrane can cause the internal concentration of AGAs
to be much lower than expected relative to the extracellular concentration. Although there is
controversy as to whether AGAs use porin channels to pass through the outer membrane, it is
known that P. aeruginosa strains with inactive porin proteins are resistant to gentamicin.''*> The
genes controlling the porin proteins are also known to affect the modification of
lipopolysaccharides, which can explain the difference in uptake if the AGAs do not pass through

porins.

Bacterial cells can also have efflux systems, which lower the concentration of AGAs in the

cell by pumping them out through the membrane. Strains of P. aeruginosa and E. coli are both
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known to have efflux systems, of which the most common family is the resistance nodulation
division (RND) which consists of an efflux pump paired with a periplasmic membrane fusion
protein and an outer-membrane factor.® The levels of resistance conferred by different efflux
pumps varies greatly. The MexAB-OprM pump found in P. aeruginosa is not very effective at
removing a therapeutic dose of AGA, however, MexXY in the same species grants a broad range
of AGA resistance. These efflux systems are only found in Gram-negative bacteria and are not

restricted to efflux of AGAs but also can remove other antibiotics and dyes.!?

1.4.1.3 AMINOGLYCOSIDE MODIFYING ENZYMES

The most prominent mechanism of AGA resistance in pathogenic bacteria is the
aminoglycoside modifying enzymes (AMEs). These enzymes covalently modify AGAs, which
prevents them from properly binding to the A-site due to steric constraints or blocking of key
hydrogen bonding interactions. Most AMEs are encoded on plasmids, which facilitates rapid
spread of resistance through horizontal gene transfer. There are three classes of AMEs
determined by the type of group added during modification. Aminoglycoside acetyl transferases
(AAC) acetylate amine groups, aminoglycoside phosphotransferases (APH) phosphorylate
hydroxy groups, and aminoglycoside nucleotidyltransferase (ANT) adenylate hydroxy groups on
the AGA.#’-8 AMEs are named based on the three-letter abbreviation of their class, the position
they modify, their phenotype expressed as a Roman numeral, and finally a letter annotating the
gene which encodes them.*® For example, AAC(3)-la will acetylate N-3 of gentamicin and
sisomicin, however, AAC(3)-VII will only acetylate gentamicin. Figure 5 shows some common

AGAs and the different AMEs that can modify them.
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Figure 7: Aminoglycoside Modifying Enzyme Targets

The most common type of AMEs are the AACs which can be found in both Gram-positive
and Gram-negative bacteria and cause resistance to a broad range of AGAs. There are four
subclasses of AACs which act on amines at the 1, 3, 2’, and 6’-positions common to most AGAs.!?
They are members of the GCN5-related N-acetyltransferase superfamily (GNAT), which notably
share very little commonality in amino acid sequence but are characterized by the similarity in
their folding pattern around their co-substrate, acetyl-CoA.>® GNAT enzymes are generally
promiscuous, and AACs have been found to act on different substrates in the cell indicating that

they may have originally fulfilled a different purpose before evolving to modify AGAs.



14

The five members of the ANT enzyme family modify hydroxy groups at the 9, 3, 4’, &/,
and 2”-positions of various aminoglycosides using ATP as a co-substrate. The most clinically
relevant member of this family is ANT(2”’)-la having been found in many strains of Gram-negative
bacteria and which causes high levels of gentamicin and tobramicin resistance in North

America.!! Nevertheless, ANT enzymes are the least prominent AMEs.

APHs use ATP as a co-substrate to phosphorylate hydroxy groups at the 4, 6, 9, 3’, 2”7, 3”,
and 7”’-positions of AGAs. The addition of a negatively charged phosphate group reduces binding
due to both steric bulk and electrostatic repulsion with the negatively charged RNA backbone.
The APH(3’)-llla enzyme has been found in numerous Gram-positive bacteria and grants

resistance to a broad range of AGAs including kanamycin 9, paromomycin 3, and neomycin 8.

Resistance from AMEs can be overcome by either inhibiting the AMEs, or more
commonly, synthetic modification of AGAs to block AME activity. Inspired by the natural AGA
butirosin 10, a semisynthetic derivative of kanamycin known as amikacin 11 was developed with
a 4-amino-2-hydroxybutyramide group on N-1, resulting in a recovery of activity against bacterial
strains with AAC(1) and AAC(3) enzymes. It has also been shown that alkylation of the 2’-amine

of paromomycin and neomycin restores activity against bacteria with an AAC(2’).%?
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benzoic acid, which resulted in the formation of 70(ax) as the minor isomer contrary to the First-
Plattner rule, as discussed below. HPLC purification resulted in isolation of 5% of the desired
70(ax) which was subjected to ring opening using TFA and acetic anhydride followed by Fischer
glycosylation in methanolic HCI. The resulting inseparable mixture of anomers was subjected to
hydrogenolysis conditions which gave the inseparable mixture 54 in 85% yield. The NMR spectra
of mixture 54 were well resolved and facilitated determination of 6-Hr and 6-Hs for the pure
isotopomer 53, due to the absence of a peak at 6 3.51 ppm, resulting from replacement of 6-Hs

with deuterium.

Scheme 16: Synthesis of a 4’-Deoxy-6’-(S)-deuterio Ring | Model

4.5 SYNTHESIS OF A 4’-DEOXY-4’-PROPYL-6’-(S)-DEUTERIO RING | MODEL

The deuterated propylamycin ring | model was made analogously to the non-deuterated
isotopomer. Epoxide 67 was alkylated with allylmagnesium chloride and copper iodide to give 71

in 36% yield (Scheme 17). Alcohol 71 was treated with NaOMe to form the 2,3-epoxide 72 in 99%



69

yield, followed by selective opening with benzylamine to 73 in 62% yield. Compound 73 was
subjected to hydrogenolysis conditions to give the amine 74, with reduction of the allyl group at
the 4-position, in 99% vyield. Stick’s reaction converted the amino group of 74 to the azide of 75
in 83% vyield. Ring opening with TFA and acetic anhydride followed by Fischer glycosylation with
methanolic HCl resulted in a 2:1 a/B mixture of 76 in 68% yield. Following silica gel flash column
chromatography, 76a and 76B were isolated in 11% and 9% vyield, respectively. The desired
anomer, 76a, was subjected to hydrogenolysis conditions to give the ring | model 56 with the
deuterium at the 6-position with the (S) configuration. The NMR spectra of this compound
matched those of the non-deuterated isotopomer, except for the absence of the 6-H;s signal at §

3.66 ppm and the associated couplings, facilitating assignment of the protons at the 6-position.
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Scheme 17: Synthesis of a 4’-Deoxy-4’-propyl-6’-(S)-deuterio Ring | Model

The change in regioselectivity in the ring openings of epoxides 69 and 72 with lithium
azide and benzylamine respectively is noteworthy. The opening of 72 with benzylamine is
consistent with the First-Plattner rule and stereo-electronic control, despite suffering from a
significant 1,3-diaxial interaction between the incoming nucleophile and the allyl group at the

transition state.

In the opening of 69 with azide the minor regioisomer follows the First-Plattner rule,

affording the product in directly in a chair conformation with two axial substituents. The major
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isomer on the other hand is necessarily initially formed in a twist-boat conformation, which then
relaxes to a chair with two equatorial substituents. Presumably this diversion from the usual
Furst-Plattner and Bartonian prediciton'® occurs because in the opening of the protonated
epoxide there is considerable charge build up on carbon at the transition state. This partial
positive charge on carbon is better accommodated on C-3 than on C-2 because of the absence of
electron-withdrawing B-C-O bonds. Thus, the need to stabilize partial charge at the transition

state overrides the stereo-electronic preferences of the Furst-Plattner rule.

It can also be argued that ring opening of the protonated epoxide of 69 by azide proceeds
with a loss of charge separation and so is highly exothermic, with a correspondingly early
transition state that is not susceptible to stereo-electronic control. Opening of the neutral
epoxide 72 by the neutral amine on the other hand proceeds with separation of charge and so is
less exothermic, has a later transition state, and correspondingly obeys the dictates of stereo-
electronic control. Finally, the selectivity of the opening of epoxide 72 is likely further aided by
the presence of the allyl group at the 4-position which shields C-3 from nucleophilic attack,

whereas C-3 is more accessible in 69 (Figure 30).
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Figure 30: Mechanism of Epoxide Opening

4.6 ANALYSIS OF SIDE CHAIN POPULATIONS

Since the advent of the Karplus equation,'%” several methods have been devised to extract
details about the conformation of bonds based on NMR coupling constants. The conformation of
the side chain in carbohydrates has been a topic of study for many groups,’?-8% 108-109 dqye to its
importance for carbohydrate-enzyme binding?® and influence on selectivity of glycosylation
reactions.'1%117 Rotation of the side chain is rapid enough that on the NMR time scale the
individual rotamers are not visible and the observed 3/ values are a time weighted average based
on the relative ratios of the populations of each side chain conformation and the limiting coupling
constants for each rotamer as described by Equations 1 and 2 (Figure 31). Equation 3 simply
states that the sum of the fractions of each population must total up to 1. With known limiting
coupling constants, the fractions of each conformation of the side can be calculated from these

equations.
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(1) *Jusuer = Jrggfag + Urgtfot T *Irtgftg
(2) *Jusnes = *Jsggfag + sgtfor + 3sitgftq
(3) 1=fyg+ fget+ fig
Figure 31: Equations for Determination of Side Chain Populations in Solution

Recently the Crich group described a study and evaluation of mimetics of each staggered
side chain conformation, with both the gluco and galacto-configurations to determine better
approximations of the limiting coupling constants for equations 1 and 2, allowing more accurate
calculation of the population of side chain conformations in solution using experimental 3/us 16
values.?® The relevant models for the gluco series are shown in Figure 32 with the coupling
constants for Her and Hes. The averages of these coupling constants were used as more accurate
limiting coupling constants, shown in Table 13, for calculation of side chain populations in the
model compounds synthesized above. The digital resolution of the spectra from which these
coupling constants are taken is 0.4 Hz indicating that the uncertainty in calculations based upon

these coupling constants is about 5%.%8
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Table 14: Side Chain Coupling Constants and Populations

Ring | Model Aminoglycoside 3usmer  usmes | fag  for  fuo

76 paromomycin 4.9 2.2 62 | 40 | -2

53 4-deoxy 58 | 25 | 51|47 2
paromomycin

55 propylamycin 5.3 2.2 58 | 44 | -2

4.7 DISCUSSION AND CONCLUSION

The calculations of side chain populations in ring | models indicate that there is a shift of
about 4% from the gg to the gt conformation from paromomycin to propylamycin with no change
in the population of the tg conformation. In the case of the 4-deoxy paromomycin ring | model,
there is an 11% decrease in population of the gg conformation leading to an 7% increase in the
population of the gt conformation, as well as a 5% increase in the population of the tg
conformation. Considering the small difference in these values combined with the uncertainty of
5% in the calculations there appears to be no significant change in conformation of the ring | side
chain when changing the substituent at the 4’-position. This leads to the conclusion that the
gauche effect, which states that electronegative atoms on neighboring carbons cause a
preference for a gauche conformation (Figure 34),°2 is the major factor in side chain populations

and steric influence from the 4-position has a minor effect.

OMe OMe OMe
H OMe H H MeO H
OMe
& H H H
OMe H H H
M H OMe H

Gauche Trans Gauche
Favored Disfavored Favored

Figure 34: Newman Projections of 1,2-Dimethoxyethane
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(d, J = 9.4 Hz, 1H, H-5’), 4.51 — 4.40 (m, 6H, PhCH,0), 4.35 (d, J = 12.2 Hz, 1H, PhCH,0), 4.33 (d, J
= 12.2 Hz, 1H, PhCH,0), 4.19 — 4.14 (m, 2H, H-3", H-5""), 3.92 (t, J = 4.6 Hz, 1H, H-2"), 3.85 (dd, J
=9.9, 8.4 Hz, 1H, H-3), 3.80 (t, J = 2.9 Hz, 1H, H-3""), 3.79 — 3.71 (m, 4H, H-5, H-4’, H-5", H-5""),
3.68 (t, J = 9.4 Hz, 1H, H-4), 3.55 — 3.50 (m, 2H, H-5”, H-6""), 3.50 — 3.42 (m, 2H, H-1, H-3), 3.31
(t,J = 2.3 Hz, 1H, H-2"""), 3.29 — 3.23 (m, 2H, H-6, H-4""), 3.11 (dd, J = 9.8, 3.6 Hz, 1H, H-2’), 3.03
(dd, J = 12.9, 4.1 Hz, 1H, H-6""), 2.20 (dt, J = 12.8, 4.6 Hz, 1H, H-2eq), 1.39 (q, J = 12.6 Hz, 1H, H-
2ax). 13C NMR (151 MHz, CDsOD/CDCls 4:1) & 171.9 (C-6’), 138.2, 138.1, 138.0, 137.6, 137.4,
137.3,128.3,128.2, 128.13, 128.10, 128.0, 127.94, 127.91, 127.9, 127.84, 127.82, 127.7, 127.58,
127.55, 127.4, 127.3, 127.2 (Ar), 106.7 (C-1”), 98.5 (C-1""), 96.2 (C-1’), 83.9 (C-6), 82.0 (C-3”),
81.8 (C-5), 81.5 (C-2”), 78.7 (C-3'), 75.8 (C-4), 75.7 (C-4”), 74.8 (PhCH,0), 74.6 (C-5”), 74.2
(PhCH,0), 73.2 (C-3"), 73.1 (PhCH.0), 72.9 (PhCH,0), 72.3 (PhCH20), 71.9 (C-4""), 71.8 (C-4), 71.7
(PhCH,0), 70.1 (C-5”"), 62.1 (C-2’), 60.4 (C-1), 59.7 (C-3), 57.2 (C-2"""), 50.9 (C-6"), 31.8 (C-2). ESI-

HRMS: m/z calc for CeoHgoN15015Na [M+Na]* 1322.4995, found 1322.5044.

1,3,2’,2"”,6’”’-Pentaazido-6,3’,2"”,5"”,3"”,4’"’-hexa-0-benzyl-6’-(N-methyl-N-
methoxy)amido-1,3,2’,2"””,6’”’-pentadeaminoparomomycin (18). Compound 17 (4.64 g, 3.57
mmol), DMAP (0.0911 g, 0.716 mmol) DMAP, and N,O-dimethylhydroxylamine hydrochloride
(0.5242 g, 5.37 mmol) were stirred under argon in 30 mL DCM followed by addition of DCC
(1.1051 g, 5.356 mmol) in 5.7 mL of DCM. After two hours DCC (0.3684 g, 1.785 mmol) in 1 mL of
DCM was added to the reaction mixture. After another hour no starting material was detected
by TLC and the reaction mixture was concentrated under vacuum. The crude residue was

dissolved in EtOAc and washed with 1IN HCl and brine, dried with Na»SO., filtered, and
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concentrated. The crude residue was then subjected to flash column chromatography over silica
gel with 40% EtOAc in hexanes. Following chromatography, the product still contained some
dicyclohexyl urea biproduct which was removed by dissolving the residue in a minimal amount
of toluene and filtering while cold. Concentration of the filtrate gave 3.22 g (2.40 mmol 67%) of
18 as a white foam. [a]p?3 = 89.10 (c = 1.0, CHCI3) *H NMR (600 MHz, CDCl3) 6 7.45—7.10 (m, 30H,
Ar-H), 6.28 (d, J = 3.5 Hz, 1H, H-1’), 5.66 (d, J = 6.2 Hz, 1H, H-1""), 4.97 (d, J = 10.5 Hz, 1H, PhCH,0),
4.88 — 4.82 (m, 3H, H-1", PhCH,0), 4.79 (br d, J = 9.1 Hz, 1H, H-5’), 4.67 (d, J = 10.5 Hz, 1H,
PhCH.0), 4.61 (d, J = 12.1 Hz, 1H, PhCH,0), 4.53 (d, J = 11.7 Hz, 1H, PhCH,0), 4.50 (d, J = 11.6 Hz,
1H, PhCH,0), 4.44 — 4.38 (m, 3H, PhCH,0), 4.30 (d, J = 12.0 Hz, 1H, PhCH,0), 4.27 —4.23 (m, 2H,
H-4"", PhCH,0), 4.22 (dd, J = 5.0, 2.0 Hz, 1H, H-3"), 4.04 (t, J = 9.4 Hz, 1H, H-3’), 4.01 — 3.95 (m,
2H, H-5, H-4’), 3.89 (dd, J = 6.2, 5.0 Hz, 1H, H-2"), 3.78 — 3.73 (m, 4H, H-4, H-5”, H-3"", H-5""),
3.72 (s, 3H, OCH3), 3.60 (dd, J = 12.9, 8.4 Hz, 1H, H-6""), 3.54 (dd, J = 10.4, 3.0 Hz, 1H, H-5"), 3.52
—3.42 (m, 2H, H-1, H-3), 3.32 (t, J = 2.5 Hz, 1H, H-2""), 3.28 (s, 3H, NCH3), 3.24 (t, J = 9.3 Hz, 1H,
H-6), 3.11 (d, J = 2.4 Hz, 1H, H-4"""), 3.03 (dd, J = 10.1, 3.5 Hz, 1H, H-2’), 2.89 (dd, J = 13.0, 4.1 Hz,
1H, H-6""), 2.24 (dt, J = 13.1, 4.6 Hz, 1H, H-2eq), 1.33 (g, J = 12.8 Hz, 1H, H-2ax). 13C NMR (151
MHz, CDCl3) 6 169.2 (C-6’), 138.2, 138.0, 137.8, 137.5, 137.0, 136.9, 128.7, 128.49, 128.47,
128.43,128.40, 128.36, 128.3, 128.24,128.17,128.1, 127.8, 127.62, 127.61, 127.5 (Ar), 105.8 (C-
1), 98.8 (C-1""), 96.3 (C-6), 84.5 (C-2""), 82.5 (C-4""), 82.2 (C-5), 81.8 (C-3’), 78.5 (C-3”), 75.6
(PhCH,0), 75.1 (PhCH,0), 74.6 (C-4), 74.3 (C-5’""), 73.4 (PhCH,0), 73.3 (PhCH,0), 72.9 (C-3""), 72.4
(PhCH0), 71.9 (C-4’), 71.7 (PhCH,0), 71.4 (C-4""), 69.9 (C-5”"), 68.5 (C-5’), 62.2 (C-2’), 62.1 (OCH3),
60.4 (C-1), 60.3 (C-3), 57.2 (C-2"""), 51.0 (C-6"""), 32.8 (C-2), 32.4 (NCHs). ESI-HRMS: m/z calc for

Ce7H7aN16015Na [M+Na]* 1365.5417, found 1365.5453.
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1,3,2’,2’”,6’”’-Pentaazido-6,3’,2",5",3""’,4’"’-hexa-0-benzyl-6’-methyl-ketone-4’-O-
trimethylsilyl-1,3,2’,2"”,6””’-pentadeaminoparomomycin (19). HMDS (0.55 mL, 2.6 mmol) was
added to a stirred solution of compound 18 (1.17 g, 0.87 mmol) in 8.7 mL MeCN under argon.
After three hours no starting material was detected by TLC. The reaction mixture was
concentrated under vacuum and the white foam was used without further purification. ESI-
HRMS: m/z calc for CzoHs2N16015SiNa [M+Na]* 1437.5813, found 1437.5868. 0.6 mL of 3M
MeMgCl in THF were added to a stirred solution of amide in 8.8 mL of THF at -78°C. The reaction
mixture was stirred for 5 minutes then transferred to an ice bath and stirred for another 10
minutes before quenching with 1 mL of NH4Cl solution. The THF was then removed under
vacuum, diluted with Et,0, and washed with NH4Cl solution and brine. The organic layer was
dried with Na;S0Os, filtered, and concentrated. The crude residue was purified over silica gel with
gradient elution of 0% ethyl acetate in hexanes to 80% to give 0.4673 g (0.3408 mmol, 39%) of
ketone 19 as a white foam. [a]p?® = 104.20 (c = 1.0, CHCI3) *H NMR (600 MHz, CDCl3) § 7.39-7.15
(m, 30H, Ar-H), 6.09 (d, J = 3.7 Hz, 1H, H-1"), 5.61 (d, J = 5.4 Hz, 1H, H-1"), 4.93 (d, / = 10.6 Hz, 1H,
PhCH;0), 4.88 (d, J = 1.9 Hz, 1H, H-1"""), 4.78 (s, 2H, PhCH,0), 4.72 (d, J = 10.7 Hz, 1H, PhCH0),
4.62 (d, J = 12.1 Hz, 1H, PhCH;0), 4.54 (d, J = 11.7 Hz, 1H, PhCH;0), 4.51 (d, J = 11.8 Hz, 1H,
PhCH:0), 4.47 — 4.41 (m, 3H, PhCH20), 4.40 (d, J = 4.5 Hz, 1H, H-5’), 4.34 — 4.23 (m, 4H, H-3", H-
4”, PhCH,0), 3.94 - 3.88 (m, 2H, H-5, H-2"), 3.82 - 3.76 (m, 3H, H-3’, H-5", H-5"""), 3.75 (t, /= 2.9
Hz, 1H, H-3"’), 3.63 (dd, J = 13.0, 8.5 Hz, 1H, H-6""’), 3.61 — 3.58 (m, 2H, H-4, H-4’), 3.56 (dd, J =
10.5, 3.4 Hz, 1H, H-5"), 3.48 —=3.39 (m, 2H, H-1, H-3), 3.35 (t, /= 2.7 Hz, 1H, H-2""’), 3.27 (t,/=9.3
Hz, 1H, H-6), 3.13 (d, / = 2.6 Hz, 1H, H-4"""), 2.94 — 2.88 (m, 2H, H-2’, H-6""), 2.27 (dt, /= 13.2, 4.6

Hz, 1H, H-2eq), 2.21 (s, 3H, CH3), 1.42 (q, J = 12.7 Hz, 1H, H-2ax), 0.04 (s, 9H, SiCHs). 13C NMR (151



83

MHz, CDCls) 6 204.6 (C-6'), 138.3, 138.1, 137.8, 137.6, 137.0, 136.9, 128.7, 128.5, 128.4, 128.34,
128.32, 128.28, 128.23, 128.18, 127.82, 127.77, 127.74, 127.71, 127.54, 127.53, 127.49, 127.47
(Ar), 106.3 (C-1"), 98.5 (C-1""), 96.3 (C-1), 84.0 (C-6), 82.2 (C-2""), 82.0 (C-4"’), 81.9 (C-5), 80.0 (C-
3’),76.1(C-5’), 75.5 (C-4), 75.4 (C-3”), 75.2 (PhCH,0), 75.0 (PhCH,0), 74.3 (C-5""), 73.3 (PhCH,0),
73.1 (PhCH,0), 72.9 (C-3""), 72.5 (C-4’), 72.4 (PhCH,0), 71.7 (PhCH,0), 71.5 (C-4""), 70.2 (C-5"),
62.8 (C-2'), 60.3 (C-1), 59.9 (C-3), 57.3 (C-2""), 51.1 (C-6""), 32.4 (C-2), 28.6 (CH3), 0.5 (SiCHs3). ESI-

HRMS: m/z calc for CeoH79N15014SiNa [M+Na]* 1392.5598, found 1392.5637.

1,3,2’,2’”,6’”’-Pentaazido-6,3’,2"",5",3""’,4’"’-hexa-0-benzyl-6’-C-methyl-4’-O-
trimethylsilyl-1,3,2’,2"”,6’”’-pentadeaminoparomomycin (20(R) and 20(S)), NaBH. (0.0179 g,
.4710 mmol) was added to a stirred solution of compound 19 (0.3228 g, .2355 mmol) in 2.4 mL
of 1:1 THF/MeOH. The reaction mixture was stirred for 20 minutes then concentrated and the
crude residue was dissolved in EtOAc, washed with water and brine, dried over Na,;SO4, and
concentrated to afford a 1:1 mixture of isomers of 20. Silica gel chromatography eluting with 16%
EtOAc in hexanes followed by 18% then 20% afforded the compounds 20(S) (118.6 mg, 0.0864
mmol, 37%) and 20(R) (123.0 mg, 0.0896 mmol, 38%) both as white foams. 20(R) [a]p%* = 97.00
(c=1.0, CHCl3), *H NMR (600 MHz, CDCl3) & 7.39 — 7.15 (m, 30H, Ar-H), 6.09 (d, J = 3.8 Hz, 1H, H-
1’), 5.63 (d, J = 5.4 Hz, 1H, H-1"), 4.95 (d, J = 10.6 Hz, 1H, PhCH,0), 4.91 (d, J = 1.9 Hz, 1H, H-1"""),
4.82 (d, J = 11.2 Hz, 1H, PhCH,0), 4.75 — 4.70 (m, 2H, PhCH,0), 4.62 (d, J = 12.1 Hz, 1H, PhCH,0),
4.56 (d,J = 11.8 Hz, 1H, PhCH0), 4.52 — 4.39 (m, 4H, PhCH,0), 4.33 — 4.30 (m, 2H, H-3", PhCH,0),
4.29 (q,J = 2.8 Hz, 1H, H-4""), 4.25 (d, J = 12.1 Hz, 1H, PhCH0), 4.02 — 3.97 (m, 1H, H-6"), 3.96 —

3.90 (m, 3H, H-5, H-5, H-2""), 3.83 —3.75 (m, 4H, H-3’, H-5", H-3"”", H-5"""), 3.70 — 3.63 (m, 2H, H-
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4,H-6""),3.57 (dd, J = 10.5, 3.4 Hz, 1H, H-5"), 3.50 — 3.41 (m, 2H, H-1, H-3), 3.37 (t, J = 2.6 Hz, 1H,
H-2"""), 3.29 (t, J = 9.3 Hz, 1H, H-6), 3.21 (dd, / = 9.9, 8.5 Hz, 1H, H-4’), 3.13 (t, J = 2.6 Hz, 1H, H-
4"),2.88 (dd, J = 13.0, 3.8 Hz, 1H, H-6""), 2.82 (dd, J = 10.2, 3.8 Hz, 1H, H-2"), 2.24 (dt, J = 13.2,
4.6 Hz, 1H, H-2eq), 1.42 (g, J = 12.7 Hz, 1H, H-2ax), 1.14 (d, J = 6.5 Hz, 3H, H-7’), 0.07 (s, 9H, SiCHs).
13C NMR (151 MHz, Chloroform-d) 6 138.4, 138.2, 137.9, 137.6, 137.0, 136.9, 128.7, 128.5, 128.4,
128.35, 128.33, 128.28, 128.2, 127.82, 127.79, 127.75, 127.71, 127.5, 127.45, 127.38, 127.37,
127.2 (Ar), 106.3 (C-1"), 98.5 (C-1""), 95.7 (C-1’), 84.1 (C-6), 82.2 (C-2""), 81.99 (C-5), 81.96 (C-4"),
80.3 (C-3"), 75.4 (C-3"), 75.02 (PhCH,0), 74.98 (C-4), 74.8 (PhCH,0), 74.4 (C-5"""), 74.3 (C-5’), 73.23
(C-4’), 73.21 (PhCH;0), 73.1 (PhCH,0), 72.9 (C-3"”), 72.4 (PhCH0), 71.7 (PhCH,0), 71.5 (C-4""),
70.4 (C-5”), 67.0 (C-6"), 63.3 (C-2’), 60.4 (C-1), 60.1 (C-3), 57.3 (C-2"”"), 51.2 (C-6"""), 32.5 (C-2), 16.4
(C-7’), 0.7 (SiCHs3). ESI-HRMS: m/z calc for CgoHsiN15O1SiNa [M+Na]* 1394.5754, found
1394.5784. 20(S) [a]p?3 = 97.20 (c = 1.0, DCM), *H NMR (600 MHz, CDCl3) § 7.39 — 7.16 (m, 30H,
Ar-H), 6.11 (d, J = 3.8 Hz, 1H, H-1’), 5.68 (d, J = 5.7 Hz, 1H, H-1"), 4.99 (d, J = 10.6 Hz, 1H, PhCH,0),
4.95 (d, J = 1.9 Hz, 1H, H-1"""), 4.78 (s, 2H, PhCH0), 4.73 (d, J = 10.5 Hz, 1H, PhCH,0), 4.63 (d, J =
12.1 Hz, 1H, PhCH>0), 4.58 (d, J = 11.9 Hz, 1H, PhCH,0), 4.52 — 4.44 (m, 3H, PhCH,0), 4.42 (d, J =
12.0 Hz, 1H, PhCH,0), 4.36 (dd, J = 4.8, 2.5 Hz, 1H, H-3"), 4.32 (d, J = 12.0 Hz, 1H, PhCH0), 4.30
(q,/=2.5Hz, 1H, H-4"), 4.25 (d, J = 12.1 Hz, 1H, PhCH>0), 4.00 (dd, J = 5.7, 4.8 Hz, 1H, H-2""), 3.94
(t, /= 8.9 Hz, 1H, H-5), 3.93 — 3.88 (m, 1H, H-6’), 3.84 — 3.80 (m, 2H, H-5", H-5""), 3.79 — 3.75 (m,
2H, H-3’, H-3"”), 3.68 (dd, J = 13.0, 8.7 Hz, 1H, H-6""), 3.61 (d, J = 9.7 Hz, 1H, H-5"), 3.58 (dd, J =
10.4, 2.9 Hz, 1H, H-5"), 3.54 (dd, J = 9.8, 8.7 Hz, 1H, H-4), 3.47 — 3.41 (m, 3H, H-1, H-3, H-4’), 3.39
—3.36 (m, 1H, H-2""), 3.28 (t, J = 9.3 Hz, 1H, H-6), 3.14 — 3.12 (m, 1H, H-4"""), 2.88 (dd, J = 13.1,

3.7 Hz, 1H, H-6"""), 2.76 (dd, J = 10.4, 3.8 Hz, 1H, H-2’), 2.24 (dt, J = 13.1, 4.5 Hz, 1H, H-2eq), 1.35



85

(g, J = 12.5 Hz, 1H, H-2ax), 1.27 (d, J = 6.5 Hz, 3H, CHs), 0.10 (s, 9H, SiCHs). 13C NMR (151 MHz,
CDCls) & 138.4, 138.3, 137.9, 137.6, 137.0, 136.9, 128.7, 128.5, 128.41, 128.36, 128.32, 128.27,
128.19, 127.81, 127.79, 127.65, 127.58, 127.53, 127.51, 127.4, 127.1 (Ar), 106.2 (C-1""), 98.6 (C-
1), 95.7 (C-1’), 84.4 (C-6), 82.4 (C-2"), 82.1 (C-4”), 82.0 (C-5), 80.1 (C-3’), 75.4 (C-3”), 75.1
(PhCH,0), 75.0 (PhCH,0), 74.8 (C-4), 74.6 (C-5), 74.5 (C-5""), 73.2 (PhCH,0), 73.0 (PhCH,0), 72.9
(C-3""), 72.4 (PhCH,0), 71.7 (PhCH,0), 71.5 (C-4""), 71.3 (C-4’), 70.3 (C-5"), 64.3 (C-6), 63.1 (C-
2’), 60.4 (C-1), 60.1 (C-3), 57.3 (C-2""), 51.2 (C-6""), 32.7 (C-2), 20.7 (C-7"), 0.6 (SiCH3). ESI-HRMS:

m/z calc for CeoHg1N15014SiNa [M+Na]* 1394.5754, found 1394.5760.

6’-(R)-C-methyl-paromomycin pentaacetate salt (22(R)). 1M TBAF solution in THF (0.051 mL)
was added dropwise to a stirred solution of compound 20(R) (26.7 mg, 0.0171 mmol) in 1.7 mL
of THF under argon. When the starting material was no longer visible by TLC, the reaction
mixture was diluted with Et,0 and washed with of NaHCO3 solution and brine. The organic layer
was then dried with Na;SOg, filtered, and concentrated to give the intermediate alcohol which
was used without further purification. The previous alcohol was stirred in 0.4 mL of 1:1
dioxane/10% AcOH in water with 58.0 mg of Pd/C under 50 psi of H, for 18 hours. Once the
reaction was determined to be complete by LCMS the reaction mixture was diluted with water
and filtered through Celite. The resulting crude product was purified over a CM Sephadex C-25
column. The column was washed with 100 mL of DI water and eluted with NH4OH in water
starting at 0.1% and increasing stepwise by 0.1% every 20 mL to 0.8%. Lyophilization of the
pure fractions with AcOH gave 2.6 mg (0.003 mmol) of the pentaacetate salt 22(R) as a white

solid in 18% yield. [a]p?® = 41.27 (¢ = 0.6, H20), *H NMR (600 MHz, D;0) § 5.55 (d, J = 3.9 Hz, 1H,
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H-1’), 5.31 (d, J = 2.8 Hz, 1H, H-1”), 5.19 (d, J = 1.8 Hz, 1H, H-1'"), 4.44 (dd, J = 6.5, 5.0 Hz, 1H, H-
3”),4.28 (dd, J = 5.0, 2.8 Hz, 1H, H-2"), 4.25 - 4.21 (m, 1H, H-5"""), 4.16 — 4.11 (m, 3H, H-6’, H-
4” H-3"),3.86 —3.79 (m, 2H, H-5" [1dTOCSY 3.82 (dd, J = 10.1, 2.5 Hz)], H-5"), 3.77 - 3.72 (m,
3H, H-5, H-3’, H-4"""), 3.70 (dd, J = 12.4, 4.9 Hz, 1H, H-5"), 3.61 (t, J = 9.4 Hz, 1H, H-4), 3.52 (dd, J
=10.4, 9.2 Hz, 1H, H-6), 3.48 — 3.43 (m, 1H, H-2"""), 3.38 — 3.32 (m, 2H, H-4’, H-6""), 3.29 (dd, J =
13.6, 3.9 Hz, 1H, H-6""), 3.20 (dd, J = 10.7, 3.9 Hz, 1H, H-2’), 3.17 — 3.06 (m, 2H, H-1, H-3), 2.20
(dt, J = 12.8, 4.3 Hz, 1H, H-2eq), 1.84 (s, 15H, AcOH), 1.51 (q, J = 12.6 Hz, 1H, H-2ax), 1.15 (d, J =
6.6 Hz, 3H, H-7"). 3C NMR (151 MHz, D,0) 6 181.4 (AcOH), 109.7 (C-1”), 96.9 (C-1’), 95.9 (C-1""),
84.5 (C-6), 81.3 (C-4”), 81.0 (C-4), 75.3 (C-3"), 75.1 (C-5"), 73.5 (C-5), 73.4 (C-2""), 70.37 (C-4"),
70.35 (C-3’), 70.26 (C-5""), 68.0 (C-3""), 67.5 (C-4""), 65.7 (C-6’), 60.3 (C-5”), 54.3 (C-2’), 51.0 (C-
2”), 50.2 (C-1), 49.3 (C-3), 40.4 (C-6""), 31.1 (C-2), 23.3 (AcOH), 14.8 (C-7’). ESI-HRMS: m/z calc

for C2aH47Ns5014 [|\/|+H]+ 630.3198, found 630.3212.

6’-(S)-C-methyl-paromomycin pentaacetate salt (22(S)). 1M TBAF solution in THF (0.075 mL)
was added dropwise to a stirred solution of compound 20(S) (32.8 mg, 0.024 mmol) in 2.3 mL of
THF under argon. When the starting material was no longer visible by TLC, the reaction mixture
was diluted with Et,0 and washed with of NaHCOs solution and brine. The organic layer was
then dried with Na;S0y, filtered, and concentrated to give the intermediate alcohol which was
used without further purification. The crude alcohol was stirred in 0.4 mL of 1:1 dioxane/10%
AcOH in water with 58.0 mg of Pd/C under 50 psi of H, for 18 hours. Once the reaction was
determined to be complete by LCMS the reaction mixture was diluted with water and filtered

through Celite. The resulting crude product was purified over a CM Sephadex C-25 column. The
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column was washed with 100 mL of DI water and eluted with NH4OH in water starting at 0.1%
and increasing stepwise by 0.1% every 20 mL to 0.8%. Lyophilization of the pure fractions with
AcOH gave 5.2 mg (0.006 mmol) of the pentaacetate salt 22(S) as a white solid in 25% vyield. [a]-
023 =50.87 (c = 0.6, H,0), *H NMR (600 MHz, D,0) § 5.61 (d, J = 3.8 Hz, 1H, H-1’), 5.31 (d, J = 2.5
Hz, 1H, H-1""), 5.20 (d, J = 1.8 Hz, 1H, H-1"""), 4.46 (dd, J = 6.7, 4.9 Hz, 1H, H-3"), 4.29 (dd, J = 5.0,
2.5 Hz, 1H, H-2"), 4.26 — 4.21 (m, 1H, H-5"""), 4.17 — 4.10 (m, 3H, H-6’ [1dTOCSY 4.13 (qd, J = 6.6,
1.6 Hz)], H-4”", H-3"""), 3.85 (dd, J = 12.4, 3.1 Hz, 1H, H-5""), 3.79 (dd, J = 10.8, 8.6 Hz, 1H, H-3’),
3.76 - 3.68 (m, 3H, H-5, H-5", H-4""’"), 3.59 — 3.50 (m, 4H, H-4, H-6, H-4’, H-5’), 3.49 — 3.45 (m,
1H, H-2""), 3.35 (dd, J = 13.7, 6.9 Hz, 1H, H-6""), 3.29 (dd, J = 13.6, 3.9 Hz, 1H, H-6"""), 3.21 (dd, J
=10.8, 3.8 Hz, 1H, H-2’), 3.16 (ddd, J =12.4, 10.4, 4.2 Hz, 1H, H-1), 2.96 (ddd, /= 12.1, 9.6, 4.3
Hz, 1H, H-3), 2.15 (dt, J = 12.9, 4.3 Hz, 1H, H-2eq), 1.84 (s, 15H, AcOH), 1.47 (q, J = 12.6 Hz, 1H,
H-2ax), 1.21 (d, J = 6.6 Hz, 3H, H-7’). 3C NMR (151 MHz, D20) 6 181.4 (AcOH), 109.8 (C-1"), 96.4
(C-1"),95.8 (C-1"), 84.8 (C-5), 81.8 (C-4), 81.2 (C-4”), 75.4 (C-5"), 75.2 (C-3"), 73.4 (C-2"), 73.2
(C-6), 70.3 (C-5""), 69.7 (C-3’), 69.5 (C-4’), 68.0 (C-3"), 67.4 (C-4"”"), 64.1 (C-6’), 60.1 (C-5"), 54.3
(C-2"),51.0(C-2""),50.4 (C-1), 49.4 (C-3), 40.4 (C-6"""), 31.5 (C-2), 23.3 (AcOH), 18.9 (C-7’). ESI-

HRMS: m/z calc for C24H47N5014 [M+H]* 630.3198, found 630.3209.

1,3,2’,2"”,6""’-Pentaazido-6,3’,2"”,5",3"",4""’-hexa-0-benzyl-4’,6’-O-benzylidene-6’-(S)-
C-methyl-1,3,2’,2"”,6"’-pentadeaminoparomomycin (21). A 1 M TBAF solution in THF (0.38 mL)
was added to a stirred solution of compound 20(S) (0.1722 g, 0.126 mmol) in THF (4.6 mL) under
Ar. After 2 hours the reaction mixture was diluted with Et;0, washed with aqueous saturated

NaHCOs solution and brine, dried with Na;S04, and concentrated. The resulting diol (0.1631 g,
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0.125 mmol, 99 %) was used in the next step without purification. Benzaldehyde dimethyl acetal
(23 pL, 0.15 mmol) was added to a stirred solution of diol (0.1631 g, 0.125 mmol) and CSA (3.2
mg, 14 pumol) in MeCN (3.3 mL). After 30 minutes CSA (2.2 mg, 9.5 umol) and benzaldehyde
dimethyl acetal (22 pL, 0.15 mmol) were added and the reaction mixture was stirred for an
additional 30 minutes monitoring by LCMS and TLC until starting material was consumed. The
reaction was quenched with EtsN, diluted with Et,0, and washed with aqueous saturated NaHCO3
solution and brine. The organic layer was concentrated and the resulting residue was purified
using silica gel column chromatography in 20 % EtOAc in hexanes to give the acetal 21 (0.1004 g,
0.0723 mmol) in 60 % yield as a white foam. [a]p?® = 66.05 (¢ = 1.0, CHCl3), *H NMR (600 MHz,
CeDs) 6 7.64 —7.59 (m, 2H, Ar-H), 7.52 = 7.49 (m, 2H, Ar-H), 7.46 — 7.42 (m, 2H, Ar-H), 7.32-7.28
(m, 4H, Ar-H), 7.20 (t, J = 7.8 Hz, 2H, Ar-H), 7.18 — 6.96 (m, 23H, Ar-H), 6.41 (d, J = 3.8 Hz, 1H, H-
1’), 5.98 (d, J = 5.5 Hz, 1H, H-1”), 5.71 (s, 1H, PhCH(O).), 5.06 (d, J = 11.5 Hz, 1H, PhCH.0), 5.00
(d,J=2.1Hz, 1H, H-1"""), 4.96 (d, J = 10.5 Hz, 1H, PhCH,0), 4.90 (d, J = 11.5 Hz, 1H, PhCH0), 4.67
(dd, J=10.3, 5.9 Hz, 1H, H-5’), 4.63 (q, J = 6.5 Hz, 1H, H-6’), 4.60 — 4.58 (m, 2H, H-4”, PhCH:0),
4.50 (dd, J = 4.8, 2.7 Hz, 1H, H-3”), 4.45 — 4.37 (m, 4H, H-3’, PhCH,0), 4.31 (d, J = 12.0 Hz, 1H,
PhCH:0), 4.29 (d, J = 12.0 Hz, 1H, PhCH20), 4.14 (t, /= 5.2 Hz, 1H, H-2"), 4.08 (d, J = 11.8 Hz, 1H,
PhCH:0), 4.00 - 3.97 (m, 2H, PhCH:0), 3.95 (dd, /= 10.5, 2.3 Hz, 1H, H-5"), 3.83 —=3.77 (m, 2H, H-
5,H-4’),3.75 (ddd, J = 8.4, 4.1, 2.0 Hz, 1H, H-5"""), 3.67 (t, /= 3.1 Hz, 1H, H-3""’), 3.59 (dd, / = 10.5,
3.1 Hz, 1H, H-5”), 3.56 (t, / = 9.3 Hz, 1H, H-4), 3.43 (dd, J = 12.8, 8.4 Hz, 1H, H-6""’), 3.35 (t, /= 2.8
Hz, 1H, H-2""), 3.13 (dd, J = 10.3, 3.8 Hz, 1H, H-2’), 2.96 (t, J = 2.6 Hz, 1H, H-4""’"), 2.85 (t, /= 9.5
Hz, 1H, H-6), 2.78 — 2.68 (m, 2H, H-3, H-6""’), 2.54 (ddd, J = 12.3, 9.7, 4.5 Hz, 1H, H-1), 1.36 (dt, J =

12.9, 4.6 Hz, 1H, H-2eq), 1.26 (d, J = 6.8 Hz, 3H, H-7’), 0.82 (q, J = 12.6 Hz, 1H, H-2ax). 3C NMR
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(151 MHz, CsDs) 6 138.7, 138.6, 138.44, 138.35, 137.9, 137.4, 137.3, 128.44, 128.35, 128.33,
128.24, 128.22, 128.18, 128.17, 128.15, 128.01, 128.00, 127.98, 127.90, 127.88, 127.6, 127.3,
127.2, 126.4 (Ar), 106.3 (C-1”), 98.8 (C-1"""), 97.3 (C-1’), 94.0 (PhCH(0),), 83.9 (C-6), 82.6 (C-2"),
82.5 (C-4”), 81.8 (C-5), 76.3 (C-4’), 76.3 (C-3'), 75.9 (C-3"), 75.5 (C-4), 74.94 (PhCH,0), 74.85
(PhCH,0), 74.2 (C-5""), 73.5 (C-3""), 73.1 (PhCH,0), 72.9 (PhCH,0), 72.4 (C-4"""), 72.2 (PhCH,0),
71.6 (PhCH,0), 70.4 (C-5”), 70.3 (C-6'), 65.3 (C-5), 62.8 (C-2’), 60.0 (C-1), 59.9 (C-3), 56.7 (C-2""),
51.0 (C-6"), 31.8 (C-2), 11.1 (C-7’). ESI-HRMS: m/z calc for C73H77N15014Na [M+Na]* 1410.5672,

found 1410.5674.

1,3,2’,2’”,6’”’-Pentaazido-6,3’,2",5"”,3’"”’,4’"’-hexa-0-benzyl-6’-C-dimethyl-4’-O-
trimethylsilyl-1,3,2’,2"”,6’”’-pentadeaminoparomomycin (23). 0.1 mL of 3M MeMgCl in THF
were added to a stirred solution of compound 19 (0.152 g, 0.111 mmol) in 1.1 mL of THF at -30°C.
The reaction mixture was stirred for 30 minutes before quenching with 0.5 mL of NH4Cl solution.
The reaction mixture was then diluted with Et,0 then washed with NH4Cl solution and brine. The
organic layer was dried with Na;S0y, filtered, and concentrated. The crude residue was purified
over silica gel in 20% EtOAc in hexanes to give 0.120 g (0.087 mmol, 78%) of compound 23 as a
white foam. [a]o?® = 102.28 (¢ = 1.0, CHCl3), *H NMR (600 MHz, CDCl3) & 7.40 — 7.15 (m, 30H, Ar-
H), 6.10 (d, J = 3.9 Hz, 1H, H-1’), 5.67 (d, J/ = 5.8 Hz, 1H, H-1"), 4.97 (d, /= 1.9 Hz, 1H, H-1"""), 4.96
(d, J=11.2 Hz, 1H, PhCH;0), 4.94 (d, J = 12.2 Hz, 1H, PhCH,0), 4.75 (d, J = 10.5 Hz, 1H, PhCH0),
4.64 (d, J = 11.5 Hz, 1H, PhCH;0), 4.63 (d, J = 12.1 Hz, 1H, PhCH,0), 4.58 (d, J = 11.9 Hz, 1H,
PhCH:0), 4.49 — 4.41 (m, 4H, PhCH20), 4.37 - 4.31 (m, 2H, H-3”, PhCH;0), 4.28 (q, / = 2.7 Hz, 1H,

H-4""), 4.25 (d, J = 12.1 Hz, 1H, PhCH,0), 3.97 — 3.91 (m, 2H, H-5, H-2""), 3.85 — 3.76 (m, 4H, H-3’,



