ABSTRACT
BREUNIG, JAMIE LEIGH. Synthesis and Biologicdtvaluationof Heterocyat Containing
Natural Products (Under the direction of Dr. Joshua G. Pierce)
Nature is arich source of diverse and structurally complex natural products, many of which exhibit
a broad range of biological activities. Due to their significant biological effects, many natural
products have not only served as therapeutics but alsmeidghe development of natural product
derivatives and purely synthetic therapeutigisst, this work reports the enantioselective formal
synthesis of thienamycin. We developed a synthetic route using asymmetric reduction and a series
of diastereoseleiste reactions to access a key precursor of thienamycin, which could potentially
be used to develop future antibiotic scaffolds. In addition to our work on thienamycin, we
synthesized leopolic acid,Aandanalogsusinga previously developednulticomponent reaction.
Several of these analogs exhibited promising antibiofilm activity, with a particularly notable
minimum biofilm eradication concentration (MBEC) to minimum inhibitory concentration (MIC)
ratio. This work represents an initial sttu-activity relationship (SAR) for this natural product
and provides a foundation for further optimization of these bioactive scaffolds, particularly within
the context of bioactive pyrrolidinediones. Finally, we report on our ongoing efforts toward the
total synthes of dentigerumycin, focusing on the synthesisioftcanonicalamino acids and

coupling reactions aimed at constructing the core structure of dentigerumycin.
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Chapter 1: Natural Products and Their Role as Antibiotics

Introduction

The golden era of antibiotics began in the 1940s, marking a transformative period in
medicine with theliscovery and clinical launch of several key classes of antibidlighlighted
in Figure 1 areantibiotic classésintroduction to clinical use and year of resistan@de golden
eraprofoundly impactethuman health, introducing a wide range of antibiotic classes in a relatively
short period, including betiactams, sulfonamides, and tetracyclindbese antibiotics were
primarily derived from natural products, sourced from the metabolism of bacteria and
fungi.l These antibiotics wereelatively easy to isolate from lowhroughput fermentation and
whole-cell screening methods However, the rapid success of the golden era was followed by
declinein antibiotic developmeniThe widespread use of these antibiotics to treat diseases led to
the emergence of antimicrobial resistance. At the same time, the discovery of new antibiotic
scaffolds slowed considerably. The Waksman platfarmethod of screening soil microbes and
actinomycetes for natural productghich had been instrumental identifying new antibiotics
during the golden era, ceased to yield novel antibiotic classes by the 1960s, instead producing only
modifications of previously discovered compounds.

In response to the scarcity of new antimicrolsieaffolds the 1960s ushered in an era of
medicinal chemistry. This period focuseduiiizing chemical synthesis to access derivatives of
natural products that weadready known. By modifying these compounds, researchers aimed to
improve their properties, such as reducing required dosages and expanding their antimicrobial
spectrum. However, as synthetic derivatives also began to face limitations, a new approach to

discovering antimicrobial scaffolds becanmereasingly necessanAlthough this method is



limited, it is still effective when synthesizing derivatives of unexplored najpn@ducts by
accessing a large library of new analogs with potentially improved activity.

Antibacterial drug discovery has improved with advancements and innowatioew
technology. In addition to traditional natural product isolatidvgh-throughput screening,
genomic type,and targebased approaches have been developed to discover new natural
products® High-throughput screening was a new technique to quaktess and screemnynew
antibiotic scaffoldsHowever, the efforts to identify new antibiotics through Higroughput
screeningwere largely unsuccessfdl. For example GSK employed this approach for 7 years,
yielding very few drug leads and no candidates for developm&mnomic and targeiased
approaches have been instrumental in identifying genes involved in bacterial interactions and
growth. These methodsmploy advanced screening techniques to specifically target and study
disease states, enabliagdeeper understanding of microbial beha%¥iMith the advancement of

technology and innovations, it is promising fature natural product discovety.
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Figure 1. Antibiotic development timeline highlighting select classes of antibioticglinical

introductionand antibiotic resistance.

The typical pattern ithat a new drug comes to market, resistance emerges, new derivatives
are developed, and the mechanism of resistance is neveuridigrstood.Being able to identify
the mechanism of action fantibiotic resistance can help in understanding how to overcome it
Currently, antimicrobial resistance has emerged against all known classes of antitaoidcs
continues to grow at an alarming raiesistance is a natural evolutionary process, driven by
selective pressure exerted on microbial populations when antibiotics arékesgdrs such as the
inherent adaptability of bacteria, horizontal gene transfer, and their ability to mutate all contribute
to the development of resistarfcelowever, as previously mentioned, the overuse and misuse of
antibiotics accelerate this process. Additionally, the introduction of antibiotics into the
environment—through spills, agricultural runoff, or the use of antibiotics in livestock feed

further dives the spread of antimicrobial resistance.



The Centers for Disease Control and Prevention (CDC) has stated that we are already living
in a postantibiotic era, where antibiotics are becoming increasingly ineffecivé fewer new
ones are being discovered. According to a 2019 report, there are 2.8 million antdsistiant
infections in the U.S. each year, resulting in over 35@&&hs> The CDC also categorizes the
most threatening bacterial strains in the country based on their threafleblel 1). In July 2024,
the CDC released new data on antimicrobial resistance threats in the U.S. from 2021 to 2022,
showing a combined 20% increase in six bacterial strains resistant to antimicrobial tré@tment

Table 1. CDC 2019 report oéntibiotic resistance threats their classifications and threat level

Bacteria Gram Threat level
Carbapenem-resistant acinetobacter - Urgent
Clostridioides difficile + Urgent
Carbapenem-resistant Enterobacteriaceae - Urgent
Drug-resistant Neisseria gonorrhoeae - Urgent
Drug-resistant Campylobacter - Serious
ESBL-producing Enterobacteriaceae - Serious
Vancomycin-resistant Enterococci (VRE) + Serious
Multidrug-resistant Pseudomonas aeruginosa - Serious
Drug-resistant nontyphoidal Salmonella - Serious
Drug-resistant Salmonella serotype Typhi - Serious
Drug-resistant Shigella - Serious

Methicillin-resi Staphyl .

ethici 12;5::2‘[2?;}[}{?[{1))/ ococcus " Serious
Drug-resistant Streptococcus pneumoniae + Serious
Drug-resistant Mycobacterium tuberculosis / Serious

Erythromycin-resistant group A Streptococcus + Concerning

Clindamycin-resistant group B Streptococcus + Concerning




Nine of the sixteen bacterial straif§able 1) are Gramnegative bacterjayet Gram
negative bacteria are more difficult to tre&@atamnegative bacteriareparticularly more prone to
developing resistance compared to Gyawsitive bacteria. This igrimarily dueto the structural
features of their cell walls, including the outer membrane, which acts as a permeability barrier.
This barrier makes it difficult for antibiotics to penetrate and reach their targets within the bacterial
cell, giving Gramnegative orgasms a significant advantage in evading the effects of treatment.
WhereasGrampositive bacteria do not have an outer membraiés allows antibiotics to
penetrate the peptidoglycan layer more easily

It is increasingly concerning that, despite the growing need for new antibiotics,
pharmaceutical companies are showing a lack of interest in continotityotic development
projects Pharmaceutical companies are hesitant to invest in antibiotic research due to high costs
and the continued effectiveness of existing antibictiés.a result, many companies have halted
antibiotic development projects, contributing to the gap between the discovery of new antibiotics
and their availability to patienfs.

In response to rising resistance, some treatment strategies focus on reserving newer, more
potent antibiotics for when older treatments fail. For example, methialistantStaphylococcus
aureus(MRSA) is typically treated first with vancomycin. If vancomycin proves ineffective, then
daptomycin is often used as an alternativilmfections caused by drugsistant bacteria often
result in pooreputcomes for patients. These infections cammoee difficult to treat, necessitate
longer hospital stays, and increase the risk of complications. This method of preserving antibiotics
is only a temporary solution, as resistance continues to spraaanly a matter of time before

the current arsenal of antibiotics becomes ineffective.



Natural Products and Drug Discovery

Natural products play a crucial role therapeutic treatmentdueto their diversity and
broad range of biological activitiedn addition to their biological activity, hieir chemical
complexity makes them attractive targets for synthetic chemists. However, this complexity often
makes them challenging to access. While natural products ren@ionmgsing source of novel
compounds, many traditional sources have already been explored, yielding few discoveries. This
underscores the need f@xploration andinconventional approaches to natural product discovery,
particularly by exploring uncharted environmersisch as our oceans, mutualistic-esmlved
bacteria,and sequencing of the human microbichiEhough natural products have evolved to
thrive in the biological world, they have not been optimized for human Tiss leaves vast
potential for identifying new natural products and analogs with improved activity through the

combined efforts of synthetic chemistry and biology.
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Figure 2. FDA-approved therapeutics that are natpradductderived or natural produaspired



Between 1981 and 2019, approximately 34% of F&pproved small molecule drugs were
natural products, while 35% were synthetic or semisynthetic mimics or inspired by natural
productst! Figure 2 highlights a fewFDA-approved natural products and natural proetlerived
productsNatural products, along with their derivatives and mimics, have played a crucial role in
the development of therapeutics across a wide range of medical conditions. They have been
utilized in the treatment of infections, such as antibacterials and antifungals, as well as in oncology
for antitumor therapies. This highlights the ongoing importance of natural products and their

synthetic derivatives in addressing diverse health clugien

Nitrogen Heterocycles in Drugs

Nitrogencontaining heterocycles are abundant in nature and serve as key scaffolds in both
natural products and pharmaceutical molecules. These structures are vital in the design and
development of many therapeutic agents. As of 2020, 59% of all&iptoved smalimolecule
drugs incorporate nitrogemased heterocycles as central architectural elemi&htsOn average,
these drugs contain 3.1 nitrogen atoms per molecule, highlighting the prevalence and importance
of nitrogen heterocycles in drug design

The significance of nitrogecontaining heterocycles in drug discovery lies in their diverse
biological activities. These compounds exhibit a broad spectrum of pharmacological effects,
making them integral to the development of various therapeutic adgertsnstance, they are
found in antinflammatory, antidepressant, anticonvulsant, -dmbetic, antibacterial, and
anticancer drug¥ Their ability to interact with biological systemsmarious ways makes them

particularly valuable in treating a rangedifeases.
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Figure 3. Examples ofFFDA-approveddrugs containing a nitrogen heterocycle

Nitrogencontaining heterocycles are commonly foundniature, often as subunits in
complex natural products with known biological activity. Additionally, many synthetic derivatives
based on thesatrogenheterocycles have been developed and are now widely used in medicine.
Prominent exampleare shown ifrigure 3, including diazepam (an anxiolytic), isoniazid (an anti
tuberculosis agent), chlorpromazine (an antipsychotic), metronidazole (an antimicrobial),
barbituric acid (a sedative), captopril (an antihypertensive), chloroquine (amalatial), and
azidothymidine (an aiviral).13 Thesedrugs, derived from nitrogecontaining heterocycles,
underscore the versatility and therapeutic potential of these compounds in addressing a variety of
health conditions.

Nitrogencontaining heterocycles will be explored in greater detail in the following
chapters. The projects described herein focus on the synthesis of natural products that incorporate
nitrogen containindgheterocycles, many of which exhilmtomising biological activity. Our work

focuseson the development of versatile and efficient synthetic strategies that not only enable
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access to these complex molecules but also provide a platform for the gerwratialogs. These

synthetic routes hold potential for broader application in medicinal chemistry and drug discovery.
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Introduction;: Beta-lactam Antibiotics

Penicillin, a naturally derived antibiotic, was the first blaitam antibiotic discovered in
thel192 0 bysAlexander Flemind. Its discovery marked a groundbreaking moment in the history
of medicine, revolutionizing the treatment of bacterial infections and saving countless lives.
Penicillin was introduced into clinical practice during the 1940s, particularly during World War
II, and quickly became a widely prescribed treatment for a variety of bacterial disédses.
success laid the foundation for the developmerititafre antibiotics.

Betalactam antibiotics quickly gained widespread use in the medical field due to their
remarkable effectiveness, affordability, and minimal side effed¢tawever, by the late 1960s,
the extensive and rapid use of these drugs led to the development of antibiotic resistance. This
growing resistance posed a seridheeatto the efficacy of betéactams, making it increasingly
difficult to treat infections. The emergence of resistance underscored the urgent need for the
development of new befactam compounds with alternative structural scaffolds aimed at
overcoming restance mechanisms and ensuring continued efficacy in clinical settings.

The growing need for more effective penicillin antibiotics in the 20th century led to the
development of methicillin in 196®Initially, methicillin (2.2) was widely used to treat infections
caused by penicillmmesistant bacteria, particulartaphylococcus aureuslowever, the rise of
MRSA in the following decades diminished the drug's effectiveness, prompting the introduction
of alternative antibiotics. To combat MRSA infections, nafcillin was introduced, followed by the
development of isoxazolypenicillins (2.5), such as oxacillin, which were more resistant to

bacterial resistance mechanisims.
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Figure 4. Evolution of penicillinantibiotics, highlighting the structural changes.

As resistance continued to evolve, amoxicillin was introduced clinically, offering a broader
spectrum of activity and greater effectiveness against a variety of bacterial infécHotiswing
amoxicillin, additional penicillin derivatives were developed to target specific bacterial pathogens
and further expand the range of treatment options. These included exsgabddinpenicillins,
such as piperacilin(2.6), which was effective against even more resistant strains of
bacteri22 These ongoing advancements in penicillin derivatives reflect the continuous effort to
address the challenge of antibiotic resistance and improve the efficacy of treatments for bacterial

infections.
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The class of enicillin betalactamswas soon followed by the development of new classes
of betalactam antibiotics, including monobactams, cephalosporins, and carbapgneguns. 5).
Cephalosporins were first isolated in 1948 from a sewage system on the Italian island of
Sardinia® These antibiotics feature a 4:6 fused ring system, which includes a dihydrothiazine ring
and a betdactam 4membered ring. The-Giembered ring in cephalosporins is less strained than
in penicillin, making them less reactive with nucleophiles and more stable against hydrolysis. The
first natural cephalosporin antibiotic, cephalosporin C, was identified as a precursor to the broader
cephalosporin family. Since then, five generations of cephalospbamns been synthesized to
enhance their activity againstbaoader range of bacterial pathogens and to overcome resistance

mechanismgFigure 6).3
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Figure 6. Cephalosporin and monobactam antibiotics

The first monocyclic bet&actam, sulfazecin (2.16), was reported in 1979 and 1981,
marking an important step in the development of monobactardwmwvever, the first monobactam
to reach the market was aztreonafd.17), a semuisynthetic compound introduced in
19842 Monobactams are characterized by a unique structure consisting of a singlactzeta
ring, which distinguishes them from other bé&tetam classes like the penicilins and
cephalosporinsthat feature fused ring systems. In monobactams, a sulfonic acid group is attached
to the nitrogen atom of the be&ctam ring. This structural feature plays a key role in the

antibiotic’s st abi l3iAztyeonani2dl?), aptieedirstclinmically atilizeda c t i v i
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monobactam, became a valuable option for treating infections caugezhiegegative organisms,
particularly in patients with allergies to other b&tetams.
Mechanism ofAction

All betalactam antibiotics are bactericidal agents that work by inhibiting cell wall
synthesig.Thebact er i al cel l wal | s gawtkeand dewlepmeniha | for
cell wall gets itgigid shape from théightly crosslinked peptidoglycan layer. The peptidoglycan
layer is composed daflycan chains, consisting of rapeating pattertwo aminoglycosidesN-
acetylmuramic acid (NAM) andll-acetylglucosamine (NAGNAM and NAG have crosslinked
bondsin which D-Ala crosslinks withfree amino acids from peptides in adjacent glycan strands.
During this process, transpeptidase enzynsgecifcally penicillin-binding proteins (PBPs),

catalyze the crodsking process

R H R H Me
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< N Me
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21 2.18
penicillin D-Ala-D-Ala

Figure 7. Comparisonof penicillin and D-Ala D-Ala

Betalactams target transpeptidase enzymesadtainvolved in synthesizing the bacterial
cell wall, thereby inhibitingcell wall synthesisBetalactams havestructural, geometric, and
stereochemical similaritieso the DAla-D-Ala of the pentapeptide attached to NAMigure
7).35 Therefore, when a betactam antibiotic is introduced into the system, it can be mistaken
for the crosslinking oD-Ala and react with the PBP, forming a covalent bomte betaactam
acylates the activsite seringwhich isessential for PBP€nce the betéactam is introduced into
the system, it blocks furtherosslinking, weakening the peptidoglycan layer. When the cell

becomes weak, it is susceptiblectdl lysis and death
17



Beta-Lactam Antibiotic Resistance

One of theprimary mechaniss by which bacteria develop resistance to Hatéam
antibiotics is through the hydrolysis of the bé&tetam ring byb-lactamase enzyméScheme )1
These enzymes were first discovered just a few years before penicillin became widely used in
clinical settings. Howeveff)-lactamases are among the oldest known enzymes, predating the
advent of therapeutic antibiotiesOver time, these enzymes have adapted to effectively render a
wide variety of betdactam antibiotics ineffective, making them a critical factor in antibiotic

resistance.
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Schemel. Hydrolysis of the betéactam ring by betéactamase enzymes

To date, more than 2,770 distinct natural isolates bdactamases have been
identified® This extensive diversity highlights the remarkable adaptability of these enzymes. The
continued evolution db-lactamases iprimarily drivenby the overuse and misuse of bitetam
antibiotics in clinical and agricultural settings, which provides selective pressure for the survival
of resistant bacterial strains. Whdnlactamases hydrolyze the bddatam ring of these
antibiotics, they render the drugs ineffective by disrupting the molecular structure essential for
their antimicrobial activity. The Hdrolysis of the betéactam ringrenders the antibiotic incapable
of inhibiting cell wall synthesis, therel®liminating its bactericidal properties.

Carbapenem Antibiotics

Carbapenem antibioticare considered to bene ofthe last lins of defense for patients

who develop a bacterial infection and are hospitalized with a resistant strain of bacteria.
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Carbapenems differ structurally from other bleigtam classes. They feature a 4:5 fused ring
system with a double bond betweer2@nd C3, an external cystine, andhgdroxyethylside
chain. These structural characteri sitlactamasecont r

enzymes, which helps combat antibiotic resist&nce.
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Figure 5. Olivanic Acid, clavulanic acid, andhienamycin

The search forb-lactamase inhibitors had begun due to the emergence of baéterial
lactamases and their threat to the use of penicillin. The first inhibitor discaneifeel1970svas
olivanic acid(2.20), which possessed a carbapenem backbatikough promising, olivanic acid
was unstable and did not penetrate the bacterial celPwradllowing olivanic acid were two new
b-lactamase inhibitors: clavulanic ag®l21) and thienamycif2.22). Clavulanic acid was isolated
from S. clavuligerusand was the firsb-lactamase inhibitor clinically availabfe.However, the

discovery of thienamycihad amoresignificant impact orthe scientific community.
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Figure 8. Key features of thienamycin

In 199, Merck Laboratories discovered thienamyqia.22, the first carbapenem

antibiotic, isolated from the soil microorganisBtreptomyces cattley’s Thienamycin consists
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of a 4:5 fused ring system featuring a hydroxyethyl side chain, an exocyclic cysteine residue, and
a transconfiguration between the fposition and €osition (Figure 8). Thienamycin
demonstrated potent antimicrobial activity agairGtamnegative bacteria, Grampositive
bacteria and anaerobg&3able 2).

Table 2. Thienamycin MIC activity

Strain MIC (pg/mL)
P. aeruginosa 8

E. coli 2

B. fragilis 1

S. aureus 0.25

Although potent, thienamyciprovedto beunstablein aqueous conditionsindergoing
mild base hydrolysis above pH®8. Thienamycin is highly reactive to nucleophiles, such as

cysteine and thienamycin’s o%whue mrthe peomising a mi n e
antimicrobial activity, but lack of chemical and structural stability, thienamycin served as a parent
compound for future carbapenem antikasti

In 1985, following thienamycin, imipenenf2.23), an N-formimidoyl derivative of
thienamycin, washe first carbapenem clinically available for the treatment of complex bacterial
infections®1% Imipenem was more stable to basic conditions, had high affinity for RBEsvas
stable againsb-lactamasesThe primary amine on thienamycin was replaced with an amidine
group, whichhas a higher basicitygnsuring protonation at physiological gHhis removes the
nucleophilic property, which was a primary issw&h thienamycin.However, imipenem was
deactivated bydehydropeptidaske (DHP-1), found inthe human renal brush border, and was

quickly metabolized. To overcome this imipeneeeded to be eadministered with aeversible

inhibitor of DHPI like cilastatin or betamiproh. The search for new carbapenem antibiotics
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continued. Currently there are four FDAapproved carbapenemantibiotics Figure 9):

meropenen(2.24), doripenem 2.25), ertapenen{2.26), andbiapenemZ.27).”
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Figure 9. U.S.FDA-approvedcarbapenem antibiotics

Meropenem(2.24), approved in 1996, was the firshrbapenem resistant to hydrolysis by
human DHPI.3 It differed structurally from previous carbapenems by featuring a methyl group at
theC1-position The FDA later approveedrtapenen(2.26) in 2001,and doripeneni2.25) in 2007,
both analogs of meropenef2.24). Compared to meropenem, these drugs have longeliviesf
allowing for oncedaily dosage$.” Structural modifications have also made these compounds
negatively charged at physiological pH, increasing their lipophilicity and contributing to their
extended halfives2 Biapenem(2.27), approved in 200 Xmethylgral@m p a n,
found in previous carbapenems. However, biapenem features a triazolium group instead of a
pyrrolidine, which enhances its broadectrum activity and stability/.

Carbapenems have better stability aga$actamases compared to other Hatdam

antibiotics Studies have reported key features and modifications of carbapenems that increase
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activity and stability. The CZposition is important for potency and stability againdhctamases.
Substitutions at th€1-position, specifically a methyl group, help prevent hydrolpsiDHRI

due to steric effects shielding the carbonyl gréipThe hydroxyethyl side chainlso helps
prevent h y dlactarhages ibys disgdaging Bvater needed for hydrolysién R-
configuration at the G®osition is crucial for this resistance to hydrolysisd te trans
configuration across th€5-position andC6-position in carbapenems have also contributed to
activity against bacterial strains with bdéatamase resistance mechanigms.

As demonstrated, modifying thienamycin has proven succesghé thevelopment afew
carbapenem antibioticsAccessinga synthetic precursor of thienamycin would significantly
enhance future antibiotic development efforts. A versatile precursor would provide a flexible
platform for making targeted modifications, enabling the creation of a wide range of novel
antibiotic saffolds.In this work, our focus was on obtaining an enantioselective precursor that
could serve as a key azetidine intermediate fofuh@e synthesis of novel antibiotic scaffqlds

contributing to the ongoing fight against bacterial resistance.
Previous EnantioselectiveSynthetic Strategies

Previous total and formal syntheses of thienamycin have been repbiedince our
work focuses on an enantioselective routds section will specifically highlight previous
enantioselective synthetimethodsand the starting materials used to access the key azetidinone
scaffold of thienamycin.Figure 10 highlights previous enantioselective synthedicategies

developed by Salzmann, Georg, Davies, and Etraatsvill be discussed.
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Figure 10. Examples of enantiospecific methods to access thienamycin

Salzmanmbs Approach

In 1980, Salzmann and colleagues at Merck Laboratories published an enantioselective
route to thienamycin, utilizind.-aspartic acid, a chiral amino acid, to set the stereochemistry of
the moleculgScheme 228 In 1982, Merck Laboratories published a new approach that shortened
the initial route, also using aspartic aéiBoth routes begin withdaspartic aciq2.28), converted
to dibenzyl aspartatp-toluenesulphonat@.32). K2COz and TMSCI were used to neutralize the
dibenzyl aspartatp-toluenesulphonateo afford2.33. The trimethylsilyl derivative was treated

with t-butylmagnesium chloridéhen underwent acid hydrolysis to afford azetidin2r34.

o o Os_0Bn K,CO; o Os_0OBn
o )j\j/ TMSCI /U\j/
— —
HO™ BnO” BnO”

NH, OH NH,*TsOH NHTMS
2.28 2.32 2.33
o
1. -BuMgCl
w9 - OBn
2. acid hydrolysis NH
[0}

2.34

Scheme2.Sal zmann’' s agmgpatcacdh using L

Georgbs Approach
The use of dhydroxybutyrates as a chiral building block in a @& procedure for
azetidinones was first shown by Georg and Kacheme 33%-32 Sincethen, many other groups
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have become interested in exploring these-mutereactions using-Bydroxybutyrate®3-34This
approach provided a more streamlined and -effgictive method to access azetidinones.

Highlighted inScheme3 is an example of thisnepot reaction by Georg.

OH O 2 LICA

Me/\)LOEt THF, -20 °C to -10 °C

2.35

/

Scheme3. Example using dydroxybutyrates as a chiral building block.

Davied Approach

Davi es’ -wokkersdpubtisbed a formal total asymmetric synthesis ofthiehamycin
(Scheme #12This routé &ey step is the use of lithiumides that undergo diastereoselective
Micheal additionsto access chiral starting matefibk route begins witHithium amide(2.31)
undergang a Micheal addition with the unsaturated ester to y2&&8. Removal of the allyl group

with Wil kinson’s c at-atyldeptotecom with TF#yleltenl woengound y a t

239 Theb-ami no acid was cyclized unlattem24®hno’ s con:
/“'"\e o) NH,CI /""f =
Ph™ I Me3SiWLo ~
L Me;Si (0]
2.31 2.37 2.38
1.Wilkinson's cat. Me PPh3 H — SiMe;
H,O/MeCN )\ (PyS)2 5
- Ph” °NH O —_— N
2.TFA/ CH,CI CH5CN Ph
2-2 Me3SiW0H 3 (o] MZ/
2.39 2.40

Schemed.D a v i e €6w oa rkdymtieetic strategy
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Evan®® Approach

Evans and cevorkers utiized Evans'’ chiral

auxiliary i

thienamycin to control the stereochemist{@cheme %3° The synthesis bem with the

preparatiorof oxazolidinone2.29 in a single step from the chiral auxiliary. This auxiliary is used

to set the stereochemistry in the subsequent steps. A dibutylboryl enolate undergoes aldol addition,

selectively installing a hydroxyethyl side chdih41). The resulting secondary alcohol is TBS

protected, after which the terminal alkene is oxidized via ozonolysis. An allylation reaction with

allyl zinc yields the desired oxazolidinor#42 (dr: 97:3). Transamination with Alg and

methoxyamine hydrochloride gives methoxyani2®3in 79% yield. Th

and an intramolecular N3

e alcohaolasmesylated,

cyclizat i onedthé betdactdr @@R:45. Firmally,m

methoxyaminevascleaved through dissolving metal reduction with lithium, affording the desired

product2.46.
Me OH
\ boron triflate, | TBSO OH
0 DIPEA, Me o Ve N
/[( acetaldehyde J( 3 steps o
07N 07N o N_(
CH,Cl,, -78 °C \\/0 Me
Me 82% Me\\e“ 82% (over 3 steps) 7“.-k/0
Me Me Me "
o 24 (dr: 97:3)
prepared in 1 step
TBSO  OH TBSO  OMs
e MsCl Me/ik/% K,COj3
A(Cl Me X -
THF. 0 °C > pyridine, 0 °C 0P NH acetone, reflux
: 0™ "NH b 94% (over 2 steps)
79% bMe OMe
2.43 2.44
TBSO y TBSO p
Me—' Li Me—a 1
-
N, THF, NH3, -78 °C NH
o OMe 98% o
2.45 2.46
Schemes.Ev ans’ asymmetric for mal synt hesis of t
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Evans’ route consi st ed albigh overallryield. Sfeteechemistg watk d e mo
i ntroduced into the c¢ompoThekky step in formiag/thenbstd ¢ hi r
lactam ring was an intramoleculanXS reaction. This synthetic approach to the Watstam
precursor was of particular interest to our group due to its asymmetric strategy, and the precursor
itself holds potential for further synthetic modifications.
Our Synthetic Route

Our synt hetic approach drew inspiration f
methods developed during our synthesis of batzella@oeeme $.2637The route began with an
allylation of methyl cyanoacetate and allyltrimethylsilane promoted bys BiCtessing beta
ketoestel.48in 40% yield. Our key strategy in this romtsan asymmetric reduction followed

by a series of diastereoselective reactions to set the stereochemistry
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A~TMS

NaBH,
)?\//N BCl, O o D-tartaric acid .
i JJ\/U\/\ -
MeO CH,Cly, rt MeO X THF, -20 °C, 48 h
2.48 o, o
2.47 78% (85% ee
40% o (85% ee)
o OH MeONH,+HCI OH MsCl
L A LiHMDS j\/\ ° -
SN - >
MeO 245 THF, -78 °C O0Z > NH pyridine, 0 °C to rt
' 91% OMe 97%
2.50
OMs acetaldehyde
N K,CO3 % LIHMDS HQ y Y
f > N e e N
acetone, reflux N , -78° N
° I;IH (0] OMe o OMe
OMe 98% 60%
2-52 2.53
2.51
DMP fo) HO
NaHCO, H / Sml, H Y
Me > Me
CH,Cl,, rt N, THF/H,0 (23:1), 0 °C NH
44% 0" OMe 25% o
2.54 2.55
TBSCI TBSO H Y/
imidazole
Me
DMF, rt NH
o
97%
° 2.46

Scheme6. Enantioselective formal synthesis of thienamycin

throughout the molecule. An asymmetric reduction with inexpensive reagents.sMa8B-(-)-

tartaric acid, was used to access our desired enanti@2¥#9) (85% eg. Esters bearing

substituents capable of chelation and are functionalized &tdhle-position arecompatible with

the asymmetric reduction being us€dThe chirality from the tartaric acid is being transferred,

which complexes to NaBH2.56) to access our desired prodea@antioselectivelyFigure 11).38
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(o] A (0]
H @/0 \ o
: -0 b H o
H 'OH i| \\_\B' =
0 Meo” Ny 1S
2.56 <0’
R
2.57

Figure 11. a) Chiral NaBH-D-tartaricacidc o mp | ex . b) Asy m+keidester c r e d u

Following the asymmetric reduction, the ester underwent a transamidationOwith
methylhydroxylamine hydrochloride andHMDS at -78 °C to affordO-methylhydroxymate
250¥%Si milar to Evans’ r enl260ewas medylated samdcunderdoasrag a |l ¢
intramolecular §2 reaction promoted by K 0Osto form the betdactam ring (2.52) with the
desired stereochemistry in 95% yiékiNext, a diastereoselective aldol additionz8 °C was
used employingthekinetic enolategenerated by LIHMD Shat subsequently underwent the aldol
addition with acetaldehyde to foréh53 in 60% vyield. The aldol addition proved to be highly
diastereoselectivesolating onlyone compound. Unfortunately, the reaction conditions provided
the undesired stereochemistry of the secondary alcohol needed for our target molecule. A solution
to this issue was to oxidize the alcalollowed by a reduction. Degddartin oxidation conditions
were used to afford the ketonedompound2.54. Smk proved to be theest reducingigentfor
accessingthe hydroxyethyl side chain diastereoselectivéynl, promoted a radical reduction
favoring the thermodynamic product, which was critical as hydride reductions did not provide the
desired stereochemistry. Under the same reaction conditionsc&msimultaneously cleave the
methoxy group, affording the deprotected prod(&85).4° The final step involved thelBS
protection of the secondary alcohol with TMSCI and imidazole to access the azetidinone precursor

2463641
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Conclusion

An enantioselective formal synthesis of thienamycin was achieved in nine steps. The key
step in our route was an asymmetric reduction using chiral reagents. The asymmetric reduction set
the stereochemistry, followed by a series of diastereoselectiveoreactin aldol addition, Sml
reduction/cleavage, and TBS protection afforded the final product. To achieve the desired
diastereoselectivityan Smé reduction had to be used over a traditional hydride reduction. This
precursor and methazhn be used for ture development efforts towards new antibiotic scaffolds.
Future Directions

In the future, work towards synthesizing different antibiotic scaffolds frdreyabeta
lactam intermediatesing our enantioselective rousefeasible(Scheme7). Antibiotic scaffolds
of interest are carbacepham and carbampeskeletonsdue totheir biological activity. To
synthesize the different antibiotic scaffolds, we will begith a betalactam starting material. We
can access the besctam with the route used in our formal synthesis. An intramolecwiar S
cyclization to form the betkctam woull be followed by cleavage of the methoxy group with
Smlz. A metal carbenoid could be used in afHNnsertion onto the betlactam. There are no
previous reports of an-N insertion onto a betlactam, allowing us to explore this reaction. The
ester substrate would undergairg-closing metathesis (RCM) to form the bicyclic core. An
isomerization of the alkene would access a carbacepham skeleton. To access different antibiotic

scaffolds the length of the carbon chain on the-lztiam could be altered.
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(o}

OEt O.__OEt )
olefin

(0} isomerization (0] metahesis

\]\j N — \]\j | —

2.58 2.59

o OEt
y Rh. carbenoid OEt
o R N-H insertion \]t’i“"
™, —
"HJ

2.60 2.62

Scheme?. Retrosynthesis for future antibiotic scaffolds

First, we would synthesize a diazo compound to react with a metal catatgghga metal
carbenoid intermediate. The reactivity of insertion depends on the carbenoid, and there are three
major groups: acceptor, acceptor/acceptor, and donor/acceptor. Acceptors featiaetran
withdrawing group, and donors feature an electtonating group. An acceptor/ acceptor
carbenoid is the most electrophilic, making it the most reactive but not the most séfective.
Donor/acceptor carbenoids have enhanced stability and have been shown in pretdous N
insertion reactionst>46

We synthesized a diazo compound to act as a donor/acceptor carbenoid and accessed a
benzylcontainingdiazocompound $chemed). Phenylacetaldehyde, ethyl diazoacetate, and DBU
afforded the diazoketol compound.§5. Followed by dehydration of an alcohol to access our
desired diaze&compound (2.66), which was reacted with R{©Ac)s to form a carbenoid
intermediate to insert onto-N. However, this diazo compound was unsuccessful and did not

insert into the betéctam.

_0
o ©/2\64/ N2 Ot POC|3 ~ N2 Ot
EtoJ\éNz DBU Et;N -
MeCN, rt OH O CH,Cl,, 0 °C to rt o

2.63
28% 2.65 51% 2.66

\

Scheme8. Synthesis to access the diazo compound
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Based on previous literature, a different donor/acceptor diazo compound was synthesized
for the Rh. carbinoid M insertion Echeme9).#” Ethyl acetoacetate, DBU, apeoluenesulfonyl
azide underwent a Regitz diazo transfer to access an alpha carbonyl diaz@8télri(e ketone
was reduced with NaB+and dehydrated to afford a vinyl gro(#69. The final diazo compound
(2.70 provedchallenging to work with when stored for extended periodt began to polymerize

if not used immediately aftérwas formed

TN o o OH O

° e —>DBU )j\n/lk NaBH, )wl/u\
Me’ OEt > Me OEt
Me)l\)LOEt THF, rt N MeOH, 0°Ctort Nz
56% 2 62%

2.67 2.68 2.69

Et;N 9
CH,Cly, 0 °C to rt N,

56% 2,70

Schemed. Synthesis okthylcontainingdiazo compound

With the diazo estdR.70 in hand, a more simplistic approach to access alaetam was used

as a model system for the initial investigatafthe N-H insertion reaction. The betactam 2.72

was accessed through an alternative route that was not stereoseléitivemé 10).
Allylmagnesium bromide was added the bete@am (2.71) through a Grignard addition,
eliminating the sulfonyl group and installing the allyl group in the same position on the ring. With
our betalactam and diazeompound in hand we were ready for thélihsertion. Ra(OAc)swas

first employed as a catalyst for this transformation.

(ON Q /\/MgBr Y%
\S\\ (3.5 equiv)

° THF, NH
NH ot

0" o7 61% 2.72

SchemelO. Grignard reaction to access bédatam starting material
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The betdactam and R{OAc): were dissolved in the desired solvefiiaple 3). Then diazo
compounddissolved in CHCI> (0.6 M) was added dropwise. The reactions were stopped after 18
hours and analyzed by NMR with an internal standard to calculate the dieThe most

promising solvent used was DQ¥elding 20% of the desired product.

N2

\)J\n/oa

270 ¢ %
7 5 mol% Rha(OAC, _ N_
o
NH

solvent, rt, 18 h

Schemell Rh carbinoid NH insertion

In the future, we plan to optimize the reaction conditions for théiNsertion. We would
first attempt to run the entire reaction in DCEjtgsrovided the best yield in CiI2/DCE. Once
the solvent system is optimized, different rhodium species could be gteld as RI{S-DOSP),
Rhe(TPA)s, andRhp(R-PTTL)4.43:46We only used Ri{OACc)4, and it would beessentiako see if
another rhodium species would work more efficiently. A copper catalyst could be tried to form the
metal carbinoid, as previous literature shows that rhodium and copper are the two most common
metals used for N insertions?#8

Table 3. Reaction conditions for Rh. carbinoid-il insertion

Solvent Concentration (M) % Yield
CH,Cl, 0.2 7%
DCE 0.2 20%
toluene 0.2 0%
CHCl, 0.2 4%

*all run on 0.1 mmol scale

We could also try using an acceptor/acceptor metal carbenoid, which should have increased

electrophilic character. Acceptor/acceptor carbenoids have been shown in previous literature for
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intramolecular and intermolecular-N insertions*®>-51 By incorporating this type of carbenoid we

could increase reactivityDnce the NH insertion is optimized, a RCM reaction would be used to
form the six membered ring of the carbacaph c or e . Different Grubbs’
for the RCM. Once the ring is formedn isomerization of the alkene is needed to form the final
product carbace@m core. Isomerization could be completed by using DBU. This route would
access a carbacegh core, but we could alter it to access a variety of different rinteisgs
Changing the size of the ring formed during RCM would access different antibiotic scaffolds. We
would need tonodify the length of the carbon chain on the Hatdam to adjusthe ring size.
Accessing the antibiotic scaffolds would allow us to create a library of compounds for biological

evaluation.
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Experimental Data

O O

Meon\/u\/\

Methyl 3-oxohex5-enoate @.48). A solution of methyl cyanoacetate (1.8 mL, 20 mmol,1.0
equiv) and allylmethylsilane (3.5 mL, 22 mmol,1.1 equiv) in anhydrousGTHivas cooled to O

°C. Then boron trichloride (23.9 mL, 23.97 mmol, 1.0 M solution in heptane, 1.2 equiv) was added
dropwise. The resulting yellow solution was allowed to stir for 21 h. The reaction was monitored
by TLC and quenched with a saturated aquealistisn of NaHCQ upon completion. The
aqueous layer was extracted with £Hp (3x), the combined organic layers were wakkeath

brine, dried (NaS@) and evaporated under reduced pressure. The crude mixture was purified via
silica flash column chromatography to g&&8(1.31 g, 46%) as a colorless:oil

R = 0.36(10% EtOAcC in hexanes)

IH NMR (500 MHz,CDC4) & 5 .J¢ 07.2(16.2 7.0 Hz, 1H), 5.25.14 (m, 2H), 3.73 (s,

3H), 3.48 (s, 2H), 3.30 (df,= 7.0, 1.4 Hz, 2H).

13C NMR (176 MHz, CDC3) 6 200. 7, 167. 6, 129. 6, 119. 9,
IR (cnTl) 2971, 1729, 1666, 1649, 1483, 1400, 1370, 1349, 1243, 1183, 1169, 1003, 880.
HRMS (m/2 calculated for @H1003Na [M+Na}" 165.05222, found 165.05207.

* characterization data consistent with that reported previbusly

O OH

Meo)l\)\/\

Methyl (S)-3-hydroxyhex-5-enoate 2.49). Sodium borohydride (0.36 g, 41 mmol, 4.3 equiv) and
D-(-) tartaric acid (6.2 g, 41 mmol, 4.3 equiv) were suspended in anhydrous THF (102 mL, 0.4 M)
and the solution was heated to reflux for 3 h then cooledd8C. Compoun@.48(1.36 g, 9.49

mmol, 1 equiv) wasdded dropwise and stirred for 48 k2@ °C. The reaction was monitored by
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TLC and was quenched with a saturated aqueous solution gENIHd diluted with EtOAc upon
completion. The organic layer was extracted with EtOAc (3x), washed with brine, drighid@)la
concentrated under reduced pressure and purified by silica flash column chromatography to yield
2.49(1.06 g, 78%) as a clear oil with 858¢by HPLC CHIRALPAK-IC column, 250 x 4.6
mm; 235 nmmobile phase A (hexane) and BR{OH), 99: 1 retention time: 65.06 min (major)
and 69.31 min (minor))

Rf=0.37 (30% EtOAc in hexanes)

H NMR (500 MHz, CDC}) & 5 .J826.5(1d.@, 7.1 Hz, 1H), 5.175.09 (m, 2H), 4.14
4.05 (m, 1H), 3.71 (s, 3H), 2.53 (dbi= 16.4, 3.4 Hz, 1H), 2.48 2.40 (m, 1H), 2.35 2.21 (m,
2H).

13C NMR (176 MHz,CDC}) & 17 3. 3, 134. 0, 118. 4, 67. 5,
IR (cnTtl) 3161,2987, 2952, 2768, 1664, 1646, 1573, 1426, 1306, 1088.

HRMS (m/2 calculated for @H1203Na [M+Na}* 167.0678, found 167.0676.

[ BB} =+8.8, €=2.1, MeOH).

* characterization data consistent with that reported previdtisly

(S)-3-Hydroxy -N-methoxyhex5-enamide @.50). A suspension ofO-methythydroxylamine
hydrochloride (1.18 g, 13.2 mmol,1 equiv) in anhydrous THF (132 mL, 0.01 M)8atC and
under nitrogen atmosphere was adda#tMDS (32.9 mL, 32.9 mmol, 1 M solution in THF, 5
equiv). After 10 min a solution of compouritlin a minimal amount of anhydrous THF (13.2

mL,1.0 M) was added. The reaction was stirred fdri2and quenched with a saturated aqueous
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solution of NHCI, warmed to rt, extracted with EtOAc (3x), and concentrated under reduced
pressure. The agueous layer was concentrated, the salt was washed with EtOAc, and the organic
layers were combined. After concentration, the crude product was purified usingflsdiba

column chromatography to affo@50(949 mg, 91%) as a white salid

Rf=0.19(75% CHCI. in acetone)

IH NMR (600 MHz, CROD) & 5 J=817.3, (0Rd7tl Hz, 1H), 5.145.07 (m, 2H), 4.09

—4.03 (m, 1H), 3.70 (s, 3H), 2.282.23 (m, 3H), 2.18-2.13 (m, 1H).

3C NMR (176 MHz,CDC}) & 169. 9, 133. 8, 119.1, 67.5, 64.

IR (cnTl) 3161, 2987, 2952, 2768, 1664, 1646, 1573, 1426, 1306, 1088.
HRMS (m/2 calculated for @H14NO3 [M+H]* 160.0968, found 160.0966.

[ Bp=+1.1, €= 1, MeOH)

O OMs
MeO\N
H

N

(S)-1-(Methoxyamino)-1-oxohex5-en-3-yl methanesulfonate 251). To a solution of
compound2.50in anhydrous pyridine (5.72 mL, 1 M) at 0 °C was added MsCI (0.267 mL, 3.43
mmol, 1.2 equiv) dropwise. The mixture was stirred at 0 °C for 1 h and warmed to rt gradually.
The mixture was concentrated, and the crude residue was dissolved:@1.CHhe solid was
fitered and the filtrate was concentrated under reduced pressure, then purified using silica flash
column chromatography to affo@51 (660 mg, 97%) as a viscous yellow: olil

Rf = 0.18(60% EtOAc in hexanes)

1H NMR (500 MHz, Methanetl 4 ) & 5J=8763, 10.4, @.2 Hz, 1H), 5.245.17 (m, 2H),

5.11—5.04 (m, 1H), 3.71 (s, 3H), 3.06 (s, 3H), 2:62.51 (M, 2H), 2.56-2.43 (m, 2H).
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*residual EtOAc present due to the volatile nature of the compound
13C NMR (151 MHz, CDC%) O 144. 4, 131. 7, 120. 2, 78. 6, 6 4.
IR (cnvl) 3271, 2999, 1724, 1577, 1567, 1476, 1454, 1398, 1252, 1210, 1109, 1075, 1031, 1010,
952.

HRMS (m/2 calculated for @H16NOsS [M+H]*238.0744, found 238.0744.

[ B} =+50.8, €= 1.6, MeOH).

(R)-4-Allyl -1-methoxyazetidin2-one @.52). A solution ofcompound®.51(547 mg, 2.28 mmol,

1 equiv) in anhydrous acetone (22.8 mL, 0.1 M) was add€&0DK(3.82 g, 27.4 mmol, 12 equiv)

and the heterogeneous mixture was heated to reflux for 2 h. The reaction was monitored by TLC
until completion. The solid was removed by filtration and the filtrate was concentrated under
reduced pressure to provide the crymeduct as a yellow oil. The crude product was purified
using silica flash column chromatography to aff@r2(317 mg, 98%) as a light yellow pil

Rf = 0.24 (30% EtOACc in hexanes)

IH NMR (500 MHz, CDC3) & 5 .J807.2(10.8, 6.9 Hz, 1H), 5.205.13 (m, 2H), 3.9%

3.89 (m, 1H), 3.79 (s, 3H), 2.76 (dbs 13.7, 5.2 Hz, 1H), 2.6 2.52 (m, 1H), 2.44 2.37 (m,

2H).

13C NMR (126 MHz,CDC}) & 163. 9, 132. 5, 118. 8, 64. 1, 56 .
IR (cnrl) 3425, 1834, 1588, 1428, 1400, 1400, 1204, 1092, 1018, 947.
HRMS (m/2 calculated for @H12NO2 [M+H]*142.0863, found142.0860.

[ B8} =+14.15(c= 1, MeOH)
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(3S,4R)-4-Allyl -3-((S)-1-hydroxyethyl)-1-methoxyazetidin2-one 53). To a sol-uti on
lactam2.52(0.286 g, 2.01 mmol, 1 equiv) in anhydrous THF (20.1 mL, 0.1 M)&¢%C was added
LIHMDS (6.03 mL, 6.03 mmol, 3 equiv, 1 M in THF). The mixture was stirred for 2T8atC,

then acetaldehyde (0.8 mL, 14.07 mmol, 7 equiv) was added. The mixturdimeb for an
additional 15 min. The reaction was monitored by TLC until completion, then was quenched with
a saturated aqueous solution of MH and allowed to warm to rt gradually. The mixture was
extracted with EtOAc (x3), dried (N&Qs), and concentrad under reduced pressure to afford the
crude product as a yellow oil. The crude product was purified using silica flash column
chromatography to afford.53(223 mg, 60%) as a yellow oll

Rt = 0.29 (50% EtOAcC in hexanes)

HNMR (600 MHz, CDC$) 580 (ddtJ=17.2, 10.4, 7.0 Hz, 1H), 5.245.12 (m, 2H)4.12 (q,

J=7.1 Hz, 1H)4.00-4.06 (m, 0.76H), 3.96 4.00 (m, 0.24H), 3.79 (s, 3H), 2.6%.62 (M, 1H),
2.60—2.54 (m, 1H), 2.46-2.38 (m, 1H), 1.30 (ddl = 6.4, 1.1 Hz, 3H).

*residual EtOAc present due to the volatile nature of the compound

13C NMR (151 MHz, CDC4) & 164. 9, 132. 8, 132. 5, 119. 1,
56.5, 36.7, 36.5, 21.9, 21.7.

IR (cntl) 3414, 3006, 2928, 1741, 1387, 1146, 1053, 969, 882.

HRMS (m/2 calculated for @H16NO3 [M+H]* 186.1125, found 186.1121.

[ B} =+18.7 (c= 1.3, MeOH)



(3S,4R)-3-Acetyl-4-allyl-1-methoxyazetidin-2-one @.54). To a solution of compoun@.53

(0.202 g, 1.09 mmol, 1 equiv) in anhydrousCi (10.9 mL, 0.1 M) and solid NaHCS00.246

g, 2.92 mmol, 2.68 equiv)DessMartin periodinane (4.17 g, 1.47 mmol, 1.35 equiv) was added

in 3 batches over 6 min. The reaction was stirred vigorously for 2 h before being quenched with a
saturated aqueous solution of NaH£Dd NaSO3 After stirring the resultant slurry at rt for1 h

the reaction mixture was diluted withzZExand RO. The layers wereeparatedand the aqueous

layer was extracted with ED (2x). The combined organic layers were combined and washed with

a saturated aqueous solution of NaHCKO, and brine bef@ being dried (MgS®Q, filtered,

and concentrated under reduced pressure. The crude product was purified via silica flash column
chromatography to yiel@.54(87.8 mg, 44%) as a dark yellow:oil

Rt =0.61(50% EtOAc in hexanes)

I1H NMR (500 MHz, CDC$) & —5.738m, 1H), 5.19 (dtl= 7.1, 1.5 Hz, 1H),5.16 (d,= 1.4

Hz, 1H), 4.36 (dddJ= 7.0, 4.9, 2.2 Hz, 1H), 3.79 (s, 3H), 3.64Jds 2.3 Hz, 1H), 2.54-2.61

(m, 1H), 2.392.46 (m, 1H), 2.31 (s, 3H)

13C NMR (151 MHz,CDChk) o 199. 4, 159. 9, 131. 9, 119. 3, 6 -
IR (cnT!) 1053, 1183, 1454, 1565, 1631, 1711, 1821, 2067,.2928

HRMS (m/2 calculated for @H14NO3 [M+H]* 184.0968, found 184.0965.

[ B8} =+10.3 (c = 1.35, MeOH)

(3S,4R)-4-Allyl -3-((R)-1-hydroxyethyl)azetidin-2-one @55. To a s ol-lactam@d.s o f B
(0.190 g, 1.03 mmol, 1 equiv) in degassed THF (25.9 mL, 0.04 M) was added dega34é®H

mL) at O °C. To this solution was added a 0.1M solution of28MIHF (72.4 mL, 7.24 mmol, 7
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equiv) at 0 °C. The reaction changed from colorless to yellow to medium gray, and was followed
with TLC monitoring the disappearance of starting material. The reaction was stirred for an
additional 15 min at 0 °C and quenched with a solution of aqueou<Rakivhite emulsion
forms). The reaction was stirred for 5 min, diluted with EtOAc, and transferred to a separatory
funnel. The layers were separated and the aqueous layer was extracted with EtOAc (3x). The
combined organic layers were washed with bring),(firied (MgSQ), and the mixture was
concentrated under reduced pressure to afford the crude as a yellow oil. The crude material was
purified using silica flash column chromatography to affdfb(52.6 mg, 25%, d.r. 4.6:1) as a
colorless oil
Rf=0.13 (50% EtOAc in hexanes)
IH NMR (500 MHz, CDC$) & 6. 33 —581(m,1H))5,16-508 Bn32H), 4.26-4.14
(m, 0.92H), 4.09-4.02 (m, 0.20H), 3.72 (8= 6.7 Hz, 0.93 H), 3.53 (§,= 6.5 Hz, 0.17H), 2.83
(d,J=5.1 Hz, 1H), 2.45-2.31 (m, 2H), 1.29 (d] = 6.2 Hz, 0.44 H), 1.26 (d,= 6.4 Hz, 2.61H).
13CNMR (151 MHz,CDC$) & 169. 1, 133. 6, 133. 2, 118. 4, 6 6
39.0, 21.7, 21.5.
IR (cnTt) 3092, 2997, 2932, 1832, 1735, 1429, 1400.
HESI (m/2 calculated for @H14NO2 [M+H]* 156.1019, found 156.1016.
[ BB} =+19.9 (c= 1.7, MeOH).

TBSO | y

Me'
0

NH

(3S,4R)-4-Allyl -3-((R)-1-((tert -butyldimethylsilyl)oxy)ethyl)azetidin -2-one @46). To a
solution ofcompound2.55(28.3 mg, 0.182 mmol, 1 equiv) in DMF (0.5 Mjere added tert

butyldimethyilsilyl chloride (85.0 mg, 0.547 mmol, 3 equiv) and imidazole (41.1 mg, 0.602 mmol,
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3.3 equiv). The mixture was stirred under argon at rt for 16 h and then diluted with EtOAc. The
organic phase was washed with brine and dried (M@SIhe concentrated crude material was
purified via silica flash column chromatography to affard6(48 mg, 97%, d.r. 4.6:1) as a white
waxy solid

Rt = 0.32 (20% EtOAcC in hexanes)

IHNMR (500 MHz, CDC$) & —5.72§n8 1H), 5.16-5.09 (m, 2H), 4.22 4.13 (m, 1H), 3.74
~3.67 (m, 0.83 H), 3.62 (§,= 6.1 Hz, 0.17 H), 2.942.90 (m, 0.18 H), 2.8%2.76 (m, 0.83 H),
2.47—2.38 (m, 1H), 2.3%2.28 (m, 1H), 1.29 (dd= 6.4, 1.3 Hz, 0.47 H), 1.21 (dd= 6.2, 1.3

Hz, 2.58 H), 0.92 (dJ = 1.3 Hz, 1.14 H), 0.96.0.86 (m, 8.33 H), 0.10 (d,= 1.2 Hz, 1H), 0.07

(t, J= 1.5 Hz, 5H).

I3CNMR (126 MHz, ®™Clz) & 168. 5, 133. 9, 118. 2 18.1648. 6, 6 3.
IR (cntt) 3217, 3058, 2999, 2943, 2907, 2870, 2820, 2385, 2302,1815, 1700, 1413,1318, 1282,
1226, 1206, 1161, 1120, 1070, 1038, 1016.

HRMS (m/2 calculated for [M+H} 270.18838, found 270.18836.

[ @} =+3.5(c=0.5 MeOH)

EtO
N,

Ethyl 2-diazo-3-hydroxy-4-phenylbutanoate @.65). To a solution of ethyl diazoacetate (0.50 g,
3.81 mmol, 1 equiv) in anhydrous GEN (7.6 mL, 0.5 M) at rt under argon was added
successively a solution of DBU (0.05 mQ,305 mmol, 0.08 equiv) in anhydrous &I\

(3.75mL, 0.9 M) and phenylacetaldehyde (0.39 mL, 3.05 mmol, 0.8 equiv) in anhydreG8/CH

(7.6 mL, 0.04 M). After the mixture was stirred at rt for 15 h, the reaction was quenched with
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saturated agueous NaH@&nd then extracted with GBIz (3x). Then concentrated under reduced
pressure, and purified by silica flash column chromatography to €8 (253.6 mg, 28%):
1H NMR (500 MHz,Chloroformd) 783 (t,J= 7.4 Hz, 1H), 7.26 (td]= 8.3, 4.2 Hz, 2H), 4.92
—4.87 (m, 1H), 4.23 (@)= 7.1, 1.4 Hz, 1.46H), 4.12 (d,= 7.2 Hz, 0.35H), 3.01 (qd,= 13.8,
7.0 Hz, 1H), 1.27 () = 7.0 Hz, 2H).
o
Eto)j\'A/Q
N2
Ethyl (E)-2-diazo-4-phenylbut-3-enoate R.66). To a solution otompound2.65(0.154 g, 0.653
mmol, 1 equiv) and BN (0.368 mL, 2.61 mmol, 4 equiv) in of CBI> (4.0 mL, 0.16 M) at 0 °C
was slowly added to a solution of PQ(.09 mL, 0.98 mmol, 1.5 equiv) in GBIz (2.6 mL, 0.37
M) over 25 min. The resulting mixture was warmed to room temperature and stirred for 2 hours.
The solution was washed with water (2x) and driecc@@a). The crude product was purified via
silica flash column chromatography to aff@d6(72.1 mg, 51%):
IH NMR (500 MHz,Chloroformd) 7&9-7.21 (m, 4H), 7.06 (dd),= 15.3, 6.8 Hz, 1H), 5.98
(dd,J = 15.4, 1.5 Hz, 1H), 5.45 (dd= 6.7, 1.5 Hz, 1H), 4.25 4.05 (m, 2H), 1.28-1.16 (m,

3H).

Ethyl 2-diazo-3-oxobutanoate £.68). To a solution of ethyl-®xobutanoate (1.0 g, 7.68 mmol,

1 equiv) in 10 mL anhydrous THF at 0 °C was added DBU (1.42 g, 9.22 mmol, 1.2 equiv) The
resulting solution was stirred for 5 minutes at 0 °C. Afterwards, the solution-of 4
methylbenzenesulfonyl ake (11.11 g, 8.45 mmol, 1.1 equiv) in THF (10 mL, 0.8M) was added

over a period of 5 minutes. The resulting solution was warmed to rt and stirred for 4 hours. The
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solvent was evaporated under reduced pressure. The resulting residue was diluted with water and
extracted with diethyl ether (3x) and dried ¢S&u). The solvent was evaporated under reduced
pressure, and purified by silica flash column chromatography to a2t68{962.9 mg, 80%):
Rf=0.32(10% EtOAc in hexanes)

IH NMR (500 MHz,Chloroformd) & 4J.=7.9 Hz( 2H), 2.47 (d] = 0.9 Hz, 3H), 1.32 (1]

= 7.1Hz, 3H).

OH O

Me)\n/U\OEt

N
Ethyl 2-diazo-3-hydroxybutanoate 2.69). To a solution otompound2.68(0.97 g, 6.15 mmol,
1 equiv) in MeOH (9.6 mL, 0.64 M) at 0 °C was slowly added Na@85 g, 9.22 mmol, 1.5
equiv). The resulting solution was warmed to rt and stirred for 30 min. The solvent was evaporated
under reduced pressure and the residue was diluted with water. Then extracted with EtOAc (3x)
and dried (N&SQs), the solvent was evaporated under reduced pressure and was purified by silica
flash column chromatography to affa?d9 (666 mg, 68%) as bright yellow oil:
Rf=0.14(10% EtOAc in hexanes)
IH NMR (500 MHz,Chloroformd) & 4J=%.8, 2.6 4z, 1H), 4.25 (d,= 7.1 Hz, 2H), 1.40

(d,J=6.6 Hz, 3H), 1.28 (t) = 7.1, 3.1 Hz, 3H).

(o]

/\n)j\oa

N,
Ethyl 2-diazobut-3-enoate 2.70). To a solution otompound2.69(0.666 g, 4.18 mmol, 1 equiv)
and EgN (1.71 g, 16.73 mmol, 4 equiv) in GAI2 (26 mL, 0.16 M) at 0 °C was slowly added a
solution of POQ (0.59 mL, 6.27 mmol, 1.5 equiv) in CBIl2(17 mL, 0.37 M) over 25 min. The

resulting mixture was warmed to rt and stirred for 2 h. The solution was washed with water and
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dried (NaSQs4). The crude product was purified via silica flash column chromatography to afford
2.70(351.1 mg, 59%) as a bright orange sticky oil:

Rf = 0.28 (10% EtOAc in hexanes)

1H NMR (600 MHz,Chloroformd) & 6 J4 I7.4,(1H0Hz, 1H), 5.11 (d= 11.0 Hz, 1H),

4.85 (d,J=17.4 Hz, 1H), 4.27 (g} = 7.1 Hz, 2H), 1.30 (tJ= 7.1 Hz, 3H).

g
);N(H\/

4-Allylazetidin -2-one @.72). Allyl magnesium bromide (18.0 mL, 8.12 mmol, 3.5 equiv) was
added dropwise to a solutiai 4-(phenylsulfony2-azetidinone (0.5 g, 2.32 mmol, 1 equiv) in
THF (18.0 mL, 1 M) at78 °C. The resulting solution was warmed to rt, stirred for 12 h, quenched
with a solution of saturated aqueous M The aqueous layer was extracted with EtOAc (3x),
the organic layers were combined, washed with brine, driegS@ and concentrated under
reduced pressure. The crude residue was purified via silica flash caflwomatography to afford
2.72(138.4 mg, 54%) as a colorless oil:

Rf=0.16 Q0% EtOAc in hexanes)

'H NMR (500 MHz, Chloroforrd ) & 6. 22 ( sJ=1318H9)8,6.9%z, 1H), 5.(/d d t ,
5.07 (m, 2H), 3.7+ 3.65 (m, 1H), 3.16-3.03 (m, 1H), 2.60 (dt] = 14.7, 1.9 Hz, 1H), 2.35 (ddd,
J=28.8, 14.3, 7.6 Hz, 2H).

LRMS (m/2 calculated for @H10NO [M+H]* 112.07, found 112.5.
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Ethyl 2-(2-allyl-4-oxoazetidin-1-yl)but-3-enoate 2.73). To a solution of beta lactam (0.1 mmol)
and RhR(OAc)s (5 mol%) in DCE (0.5 mL, 0.2M) was added a solution of dieampound (0.3
mmol) in CHCl2 (0.5 mL, 0.6M) dropwise. The solution was stirred for 18 h at rt. Crude NMR
was taken with 10 microliters of hexamethyldisiloxane as an internal standard (20%).
Sl References:

(1) Tyrikos-Ergas, T.; Giannopoulos, V.; Smonou, |I. An Efficient Chemoenzymatic Approach

towards the Synthesis of Rugulactohkalecules2018 23 (3), 640.
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Introduction : Leopolic Acid A

Leopolic acid Awas isolated in 2012 from the Crimean Mountains in Ukrétigure 12).
It was found in a soil sample from the rhizosphere of the glamperus excs] which contained
a terrestrial actinomycet&treptomycesp., that produced leopolic acid!ALeopolic acid A was
screened against botBrampositive andGramnegative bacterial strainsg'gble 4), with the
isolation team reporting modest antimicrobial activity @@/mL againstS. aureu}p via an
unknown mechanism of actidnin addition to its antibacterial activity, leopolic acid A was also

tested against fungal strains and human colon carcinoma cells.

7 o H H o
HO NN
VSRR 0
Me . Me’ Meo
3.1

leopolic acid A

Figure 12 Leopolic acid A

Structurally, leopolic acid A features a ggrrolidinedione core with an aliphatic chain attached
to a ureacontaining dipeptide. Therea containingdipeptide is composed of-valine and
phenylalanine. Actinomycetes, a group of shilelling bacteria known for their prolific
production of bioactive metabolites, have previously been reported to produesontaming
peptides with a variety of biolazpl activities. For example, microbial alkaline protease inhibitors

(MAPH)-a and [ ar e dmbegastinamgcetess thatinlibdt prateases, important enzymes
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Table 4. MIC and 1Gso data for leopolic acid A

Test Organism MIC (ug/mL)
Candida albicans >64
Pichia anomala >64
Murcor hiemalis 32
Pseudomonas aeruginosa PA14 >64
Escherichia coli DH5a >64
Escherichia coli TolC >64
Micrococcus luteus 32
Staphylococcus aureus Newman 16
Bacullus subtilis 32
Mycobacterium diernhoferi 32

IC50 (ug/mL)

Human colon carcinoma cells HCT-116 ca. 20

involved in many physiological processesAdditionally, actinomycetes have been shown to
produce the GE203072 factor Aand B compounds, which possess antimicrobial progsevtiel,

as HIV-1 protease inhibitors, which have potential therapeutic applications in antiviral
treatments. Pacidamycins, another group of w@mtaining peptides from actinomycetes, exhibit
significant antibacterial activity, further demonstrating the diverse pharmacological potential of

ureacontaining peptides from this microbial grotp.
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Figure 13. 2,3-pyrrolidinedione containing natural products

To date, 2,3yrrolidinedione cores are only found in 3 natural prodabtsvn inFigure
13, leopolic acid A(3.1), phenopyrrozin(3.2) and p-hydroxyphenopyrrozin3.3).2 The most
structurally similar natural products related to the@8olidinedione core of leopolic acid A are
derivedfrom tetramic acid incorporating metabolites. Two of these compounds are nocamycins
and lydicamyai, bothof these compounds feature a tetramic acid nfdtf, Figure 13, which
is a 2,4pyrrolidinedione! This differs from the 2, ®yrrolidinedione core found in leopolic acid
A, as the carbonyl groups are positioned at different locations within the ring.
Biofilms and Tolerant Bacteria

Antimicrobial resistance resulting from genetic alterations in planktonic bacteria is not the
only obstacle in the development of effective antibiotics. Biofilms present an additional significant
challenge Approximately 80% of chronic and recurring microbial infections in the human body
are attributed to bacterial biofilnfisThese biofilms are structured microbial communities that play
asignificantrole in persistent infections, including those associated with medical devices, wounds,
and chronic systemic infectioRs.

Biofilms are organized populations of bacteria encased in an extracellular polymeric matrix

composed of carbohydrates, proteins, lipids, and extracellular DNA, which allows them to adhere

54



to various surfacefFigure 14).4° Bacteria use quorum sensing, a form of communicaiion
which bacteria secrete small organic signaling moleculesotator their population density and
coordinate their activities Quorum sensing is used to coordinate surface attachment and biofilm
formation. Once a bacterial cell attachesttoe surfacgit continues to grow and proliferate,
shielded by this protective matrix. At the end of the biofilm cycle, clusters of cells break away
from the main biofilm and can form new colonies on different surfaces, perpetuating the cycle of

infection?®

o / Bacteria dispersion
\\ " Planktonic bacteria - N

and bacteria release

- e

Bacterial adhesion Bacterial biofilm growth Bacterial biofilm maturation Bacterial recolonization of uninfected area

Figure 14. Biofilm formationmechanism

Bacteria in the biofilm state are more difficult to treat due to their increased tolerance and
higher prevalence of antimicrobial resistaic®ne of the primary defense mechanisms of
biofilms is that they typically exist in the stationary phase of the bacterial life cycle, where bacterial
growth is slow or halted entirely. This state helps biofilms survive both antibiotic treatment and
environmatal stress. Within biofilms, persister celibacterial subpopulationghatpersistin a
dormant state-exhibit multidrug tolerance as a phenotypic trait, rather than genetic
mutations®® As biofilms enter the stationary phase, tolerance to antibiotics increases. These
persister cells contribute to the biofilm s

than planktonic bacterta.
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Currently approved antibiotics are largely ineffective at disrupting biofilms or addressing
infections associated with them. Tloéinical approaches to treating biofilms are limited and
dependmainly on the type of bacteria causing the infection and its loc4tiGonventional
antibiotics may reduce biofilm formation but typically fail to eradicate it completedatments
for biofilms are often usedh conjunction with established antibiotics; however, in many cases,
surgical removal of infected implants or prolonged treatment regimens are necessary for achieving
successful clinical outcomes.

Efforts to develop antibiotics for biofilm treatment focus on compounds that can disrupt or
Kill the biofilm, as well as those that target the signaling and communication systems that regulate
biofilm formation. Natural products al&eing actively investigated as potential drugs for treating
biofilms. Given the limited options currently available, it is crucial to continue exploring new
antibiotics to combat biofilms. However, the mechanisms of action for these compounds remain

incompletely understood, pessting opportunities for further research into effective treatments.
Dallavalle Total Synthesis

To date, only one other group has reported the total synthesis of leopolic acid A. In 2016,

Dallavalle and cavorkers published their synthesis, which was achieved in 11 epeme

12).9 The route began with a Michael addition to ethyl acry(&té) in the presence of PMB,
followed by a Dieckmann cyclization with diethyl oxalate to form the@®;8olidinedione core

(3.6). The 2,3pyrrolidinedione exists as a keémol tautomer, with the enol being benzyl
protected using BnBrand2KOsto afford compoun@.7. The PMB protecting group was removed
under oxidative conditionsusing CAN to afford 2,3pyrrolidinedione 3.8 Dallavalle and
colleagues reported that the ester was essential for the stability of tpgr@&inedione, a

stability issue that haslso been observed by other graups
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leopolic acid A

Schemel?2. Dallavalle andco-workers'total synthesis of leopolic acid A.

With the deprotected pyrrolidinor{8.8) in hand, the free amine was deprotected using
BuLi and then coupled with a pentafluorophenyl ested-&8foc-Val. The ester was subsequently

reduced with DIBAL at78 °C to yield alcohaB.11, which was then oxidized with PCC to access
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aldehyde3.12 A Wittig olefination with n-nonyltriphenylphosphonium bromide ameBulLi
affordedcompounds.13 The Boc group on valine was removed with TFA, and the resulting amine
was treated with triphosgene, DIPEA, anghenylalanine benzyl ester to affardmpound3.15

Finally, the benzyl groupin3.15wereremoved using kHand Pd/C, resulting in the formation of
leopolic acid A. No SAR studies were conducted, and to the best of our knowledge, only one
analog of leopolic acid A has been reportedijclwhexhibited slightly improved antimicrobial

activity (8eg/mL againstS. aureus®
Pierce Groupbs Previous Work

In the Pierce group, 248yrrolidinediones and-éxazolidinones have been of continued
interest due to their promising antimicrobial and -dmfilm properties. In 2014, our group
developed a synthetic method to accessa&zolidinones, specifically fohe total synthesis of
synoxazolidinones A and.B We demonstrated that by carefully selecting reagents, we could
control chemoselectivity, allowing for the formation of either the®8olidinedioneor 4
oxazolidinonecore(Scheme 13 All reactions begin with an imine and pyruvic acid as the starting

material.

0

OH
o) Bn)J\[( o}
HO. DCC/DMAP or 3 (COCI),/DMF oh /\//(
[ N-DmMB (CNCI)3/NaCl 17 or PyBOP/DIPEA N—DMB
3 \S‘)'

Ph Ve THF/CH,CI, DMB. THF/CH,Cl,

I :
Me
3.16 H)\(V)s 3.19

3.18

Schemel3. Imine acylation/enolddition chemoselectivity

Treatment with DC@r cyanuric chloride resulted in the undesired@/8olidinedione(3.16),
while the combination of oxalyl chloride and DMF led to the desirexakolidinone(3.19 via

imine acylation/enol addition under mild conditions. This multicomponent reaction was further
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explored, and optimized conditions were developed to manipulate the chemoselectivity, achieving
either GC selectivity (for the 2:yrrolidinedione) or @O selectivity (for the 4
oxazolidinone).12-20

For this work, we are focusing on achievingcGselectivity to form 2,3yrrolidinediones.
The versatile multicomponent reaction involves an aldehyde, an amine, and a pyruvic acid
derivative with a methyl estdFigure 15). The amine and aldehyde first condense to form an
imine, which then reacts with the enol of the pyruvic acid derivative to generate an iminium ion.
This intermediate undergoes ring closure, followed by the loss of methanol, resulting in the

formation of he 2,3pyrrolidinedione core.

2,3-pyrrolidinediones

C-C chemoselectivity

o)
HO

(O
library synthesis S8

C-O chemoselectivity

,»° chemoselective
control

. |0 (@ “. versatile
:' Oﬁ)@) N ! multicomponent
H h H strategy
o
G /

Y=HorP

\\ - N ’
*._ readily available .
*s.. synthons .-’

Y

Figure 15. Versatilemulticomponent reaction, highlighting the chemoselectivity

Different generations of 2;Byrrolidinedione librarieshave beensynthesizedand their
biological activity hasbeentested against different strains 8f aureusand biofilms. The first
generation was published in 2018 by Cusumano and coworkers, featimpagdky-1,5dihydro
2H-pyrrol-2-onesandtheir antimicrobial activity against planktonic bactetfaThe route begins

with an Erlenmeyerreaction to access the azlactqBe21), which was hydrolyzed to afford the
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pyruvic acid derivativg€3.22,Scheme 13 The carboxylic acid on the pyruvic acid was methylated
with Mel and DBU to afforcester3.23 The methyl estepyruvic acid derivativewas used in the
multicomponent reaction with varying aldehydes and amines to easily functionalize the 2,3
pyrrolidinedione core.
o
H " acﬁgycla(}ilzcme _6MHCI _Mel, DBU
ACZO 110 °C 80 C DMF 0°C
F,C
3.20 3.2 3.22
o H2 HO.

X OMe _®

OH
F3C CH,Cl,, 0 °C
3.23

Scheme 14. Erlenmeyer reaction and onpot multicomponent reaction to access -2,3

pyrrolidinedione core

An SAR study was conducteo,and the lead compoundsigure 16) were tested against
MRSA and methicillinresistantS. epidermidigMRSE). They all feature g-trifluoromethyl in
the 4position and an ethyl side chain in th@désition. Different amines were used to synthesize
each lead compound, including ben@I29), alkyl (3.26), cyclohexang3.27), and phenyl3.29
groups. The four compounds exhibited moderate MIC values ranging from Zggnéd (Table

5). These results demonstrate the potential ofp2Bolidinediones as antibiotic scaffolds.
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Figure 16. Cusumano and coworkers lead compounds

Table 5. MIC data forthefirst-generation 2 dyrrolidinediones

Compound 3.25 3.26 3.27 3.28
S. aureus ATCC 33591 8 8 3
S. aureus NR 45898 % 32 8 8
S. aureus NR 45926 % 32 32 8
S. aureus NR 45906 8 4 2 8
S. aureus BAA-44 64 64 32 32
S. aureus BAA-1685 32 64 32 32
S. aureus ATCC 43300 32 64 64 64
S. aureus NR 46386 8 8 | 2 4
S. aureus ATCC 51625 8 4 16 8
units = pg/mL

As a follow-up to the previously report&3-pyrrolidinediones, a expanded librargf 15
new analog$ias been synthesizé#l The target compounds were designed based on the structures
of previously identified active compounds. All target molecules featuedeatrondeficientaryl
group, p-trifluoromethyl phenyl substituenat the 4position, which was the most active in prior
studies'® The 5-substitutedand N-substituted positionsf the corewere further explored and

optimized.
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Figure 17. Most active 24 generation 2,yrrolidinediones

The most active 2;pyrrolidinediones are shown igure 17. The 5position showed little
tolerance for changefavoring an ethyl substituent. The most active analogs favbdked
substitutionof N-pentyl(3.29, N-p-fluoro-aryl (3.30, andN-aryl (3.31). This set of compounds
wastested against MSSA, MRSA, and biofilriBable 6). The antibiofilm properties were tested
through two different assaysinimum Biofilm Inhibition and Minimum Biofilm Eradication
Concentration§MBEC). The most active compoundgsown inFigure 17 displayed more than
80% biofilm inhibition and modegiotencyagainst planktonic bacteria (MIC B2 eg/mL).14
Table 6. MIC activity, % biofilm inhibition, and MBEC dataof 29 generation 2,3

pyrrolidinediones

Compound 3.29 330 3
MIC (MSSA ATCC 25923) 32 16 16
MIC (MRSA ATCC 33591) 16 16 16
% Biofilm inhibition (5 yM) 59 22 5]
% Biofilm inhibition (40 yM) 85 81 85
MBEC (MSSA ATCC 25923) 512 128 128
units = pa/mL

Having compounds with promising antibiofilm properties was exciting due to the lack of
drugs on the market to treat biofilms. Biofilms are difficult to target due to their multicellular
nature and protection by an extracellular matrix. Further optimizatiaa 3-pyrrolidones was
required due taqueousolubility issues that arose during biological testdgercoming aqueous

solubility problems is necessary to fully evaluate-@y&olidinediones antimicrobial potency
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new set of compoundsassynthesized to improvaqueoussolubility, antibiofilm properties, and
antimicrobial activity.

In this newseries of pyrrolidinediones, theN-substituent was further explored while
retaininga 4p-tripfluoromethyl phenyl and a-8thyl moiety on the corérigure 18).2 A novel
library of monomers and dimefSigure 18) was synthesized to enhance solubility, antimicrobial
activity, andantibiofilm properties. Azaliamines were used as linkers, which activated the
compounds. Additionally, the length of the linkagnificantly impactedactivity, with linkers

between 5 and 8 atoms in length exhibiting the strongest antimicrobial afTiatie 7).

o}

HO, 'E HO 00 OH
| N® 5 J N\
5 F3C N N CF3
FiC Me :
Me Me
® ZNSNSNN N2 ® HNSNSNNK
H : H
H NH : 334,
2NN NN NH2 },{\/\N/\/\/N\/\;n,{
3.32 H
3.35
g H NH E
AN NS Y2 . -
N : L=

3.33

Figure 18. Third generation 2;pyrrolidinediones- monomers and dimers

Table 7. MIC and MBEC activityof third-generatior2,3-pyrrolidinediones

Compound 3.32 333 334 3.35 3.36
MIC (S. aureus 25923) 16 & 8 4 8
MIC (5. aureus 29213) 64 16 64 | 4 | 32
MIC (MRSA 33591) 64 16 64 8 32

MBEC (5. aureus 25923) 32 32 32 64 16

units = pg/mlL
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The library of monomers enabled the synthesis of dimers, which readily formed in the
reaction mixture during monomer synthesis. After optimization, a-tacishexyl dimer(3.36
demonstrated potent antimicrobial activity (MIC s@mL) and antibiofilm activity (MBEC = 16
eg/mL) (Table 7).?Based on the SAR stugyerformed the compounds were more effective at
clearing performedbacterial biofilms than kiling bacteria in the planktonic state. The most active
monomers and dimeras shown inlable 7, had significantly low MBEC/MIC ratios, indicating
that they can eradicate biofilms at concentrations close to those requiléglemktonic bacteria.

Our Synthetic Route to Leopolic Acid A

Our syntheticapproachto leopolic acid Ainvolves 9 steps (6teplongest linear sequence)
and uses versatileand convergent synthetic method to access leopolic?acitie retrosynthetic
strategyshown inScheme 15begins with a benzyl deprotection, followed by a coupling reaction
between the 2;Byrrolidinedione core and an activated dipeptide. After the multicomponent
reaction, the 2;pyrrolidinedione undergoes deprotection. This multicomponent reaction involves

formaldehyde, a pyruvic acid methyl ester derivative, and a protected amine.

O o H H o
deprotectlon
HO \ N N \n/N \:)LOH OBn
0 -
Mety, Me” “Me \j::j

peptide activation / protection /
coupling )i \n/ OBn :ﬁ/ deprotectlon
fragment B
(o}
MCR o
HO DMB
N- ﬁ (o}
\ Me\/\/\/\/\/\[])LOMe + J]\ + H,N-DMB
Me o H H
9
fragment A

Schemel5. Retrosynthetic plan for leopolic acid A
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Previous group members synthesized the pyruvic acid for the multicomponent reaction using an
Erlenmeyer reactioiScheme 1k To obtain thelesired pyruvic acid, we employed the same
method. Undecan#B.37) was reacted with-acetylglycine, NaOAc, and A©® at 90°C to yield

an azlactam intermedia{8.38. This azlactam was then hydrolyzed and methylatedctess
fragment A(3.40. However, some impurities were present that proved challenging to separate via
column chromatography. As a result, we decided to proceed with the multicomponent reaction and

plan to remove the impurities during the next purification step.

o N-acetyl glycine o 6 M HCI (o]
NaOAc o /\/W\/\)J\H/OH
> _—
3 Me
MeWLH Ac;0, 90 °C Me 9\ N/J\ reflux 7
Me 3.39
3.37 3.38
o paraformaldehyde fo)
2,4-dimethoxybenzylamine HO
TMSCI OMe N >
>  Me 7< » | N-DMB
MeOH o solvent, 0 °C to rt Me
28% 3.40 9
fragment A 3.41

Schemel6. Erlenmeyer reaction to access fragment A

The multicomponent reaction was attempted using a variety of solvents (MeQE&NCH
DMF, and CHCI2), but none were successful. The failure nsaynost likelydue to impurities in
the starting material. As a result, we decided to explore an alternative route to access fragment A
(Scheme 1Y. This new approach involvextcessing a different 2{3/rrolidinedionecontaining a
terminal alkene, instead of the aliphatic side chain. The presence of a terminalnalkesstated
incorporating an olefin metathesis reaction, followed by hydrogendatiggnerate the alkyl side
chain.

To access thiprecursor(3.44) for the multicomponent reaction, a Grignard reagent was

reacted with dimethyl oxalate, successfully yielding the-ketaestefeaturinga terminal alkene
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(3.44 Scheme T). was used in thdowever, when thisnulticomponent reaction, no product was

formed, and only the starting matenighs recovered

(o) o
THF, -78 °C
MeO/u\n/ome + NMgBr —_ X OMe

0,
(o) 3.43 2% 344 O

3.42

paraformaldehyde

2,4-dimethoxybenzylamine HO o
N >
7N » | N-DMB
CH,Cl,, 0 °C /

3.45

Schemel?. New approach to fragment A using a Grignard addition

The multicomponent reaction mechanism relies on the presence of an enol in the pyruvic
acid starting material. In previous examples, the starting material was predominantly in the enol
form, as confirmed byH NMR analysis. However, the pyruvic acid starting materials we have
used so far have been primarily in the keto form, which may explain the failure of the
multicomponent reaction. The enol form is crucial for the mechanism, as it acts as a nucleophile
toattack the amine. To ensure our starting mdtiig the enol form, we synthesized a silyl enol

ether which stabilizes the enolate by trapping it with TM§8¢heme 18

formaldehyde

TMSCI
0 Et.N OTMS 2,4-dimethoxybenzylamine TMSO. 2
3
o THF (o} CH,Cl, Z
0,
3.44 2% 3.46 3.47

Schemel8. Synthesis of silyl enol ethéor the multicomponent reaction

The silyl enol ethef3.46) was unsuccessful in the multicomponent reaction, with only the starting
material being recovered after silica flash column chromatography. Aleanative, a stepwise
multicomponent reaction was attemptegtlieme 9) to install the enol or enolate. In this

approach, the enol and imine were prepared in separate reaction vessels. LIHMDS was used to

66



generate the enolate from the pyruvic acid, while the imine was formed by reacting formaldehyde
with 2,4dimethoxybenzylamine. The imine was added dropwise to the enolate, but no product

was observed.

DMB_+_H
J{
0 0
LIHMDS (1 equiv) i H™ °H HO

=z OMe THE, -78 °C - WLOMe X | N-pmB

0 o . Z

Li
3.44 3.48 3.45

Schemel9. Stepwise approach to the multicomponent reaction

Given that the previous efforts were unsuccessful, we decided ta statingmaterial
that had been successfully employsdour group in the past. Cinnamaldehyde was utilized in the
Erlenmeyer reaction, followed hyydrolysis with HCI to yield the pyruvic aci(8.50, Scheme
20). The carboxylic acid was then methylated with Mel to obtain the desired(@&®rfor the
multicomponent reaction. However, the multicomponent reaction was unsuccessful, with only the
starting material observed. This result was surprising, as this approach had worked successfully in
prior experimentsThe only difference in this experiment was sbarce of the aldehyd#/e used
both formaldehyde solution (37 wt.% in28) and paraformaldehyd both of which have been

effective in other multicomponent reactions. Therefore, the failure may be specific spstieisn

1.N-acetyl glycine

lo) NaOAc [o) Vol DBU o)
ACQO el,
HM@ T D Meo” NN
. ,90° DMF, 0 °C

3.49 OH o0 OH

20% 3.50 ° 3.51
aldehyde HO. 2
2,4-dimethox@enzylamini | N—DMB
7\ - ~
CH,Cl,

3.52

Scheme20. Erlenmeyer reaction to access known pyruvic acid derivative
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After several unsuccessful attempts to access the pyruvic ester derivatoveyelaped a
straightforward onstep method using a Grignard addition,sh®wn in Scheme 21 Freshly
preparedn-undecane magnesium bromide was reacted with dimethyl oxalate to yield the desired
starting materia(3.40 for the multicomponent reaction. Formaldehyde solution (37 wt.%®) H
and paraformaldehyde were both tested in the multicomponent reaction, with MeOH used as the
solvent due to its higher polarity compared to2CH, which helps facilitate enol formation. Both
the formaldehyde solution and paraformaldehyde reactions showed trace amounts of product on

the LCMS. However, neither reaction yielded detectable product iHINMR analysis.

o (o]
THF, -78 °C
ome _ R OMe
Me/\/\/\/\/\/MgBr + Meo)j\n/ e — Me/\/\/\/\/\)j\n/
(]
3.53 3420 3.40 0

Scheme 21. Grignhard Addition taaccess the pyruvic acid ester derivative in one step.

To address this issue, a new approach to the multicompoeaation was explored
thinking about the mechanisnPrevious literature has shown examples of organocatalytic
Mannich reactions with formaldehyde that may be suitable for forming they&@idinedione
core, due to the mechanistic similarit@$3 In the multicomponent reaction, the process begins
with imine formation, followed by condensation with pyruvic ester derivative to generate the
iminium ion, which then undergoes cyclization. In previous reactions, an elecittwhrawing
group (EWG) was msent on the pyruvic ester derivative, helping to stabilize the enol &rm,
crucial stepfor the reaction. The enol form is important because it acts as the nucleophile and
attacks the imine. By using a proliatalyzed reaction, proline can help aate/the pyruvic ester

derivative, facilitatingts role asa nucleophile andlorming an enamineScheme 22
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Scheme22. ProlinecatalyzedMannich reaction

Both paraformaldehyde arfdrmaldehyde solution (37 wt.% in2@) were tested in this
reaction. The aldehyde and DM#Bnine were stirred in one pot to form the imine, followed by the
addition of thepyruvic acidester derivativend L-proline. The reactioraccessedboth cyclized
(3.41) and uncyclized3.58 products, marking the first time we observed product formation via
LCMS. This raised questions about the reaction rate and prompted us to explore the effect of
increasing the temperaturethe absence of a catalyst

Returning to traditional multicomponent reaction conditions, formaldehyde,2iMige,
and pyruvic ester were reacted in MeOH at elevated temperatures. The tempecatasedo
44 °C and 55°C, yielding 36% and 52%, respectivelfacheme 23ighlights theentireforward
route of leopolic acid A. Like previously discusséake synthetic route begins by using a Grignard
reaction to synthesize the pyruwsterstarting material3.47). This starting material was used in
the multicomponent reaction to forthe 2,3pyrrolidinedione corg€3.40. Followed by a benzyl

protection of the enol and a DMB deprotection using TFA to afford compai.std
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Scheme23. Synthetic route to prepare leopolic acid A

With the 2,3pyrrolidinedione core prepared, the next step is to synthesize the ureido
dipeptide for couplingScheme 23 To create an unsymmetrical urea, we used triphosgene. We
purchased tphenylalanine benzyl ester hydrochloride andaline t-butyl ester hydrochloride to
provide orthogonal protecting groups on each end of the dipeptide. Both pepadesiwith

DIPEA and triphosgene to form the protected ureido dipeptidet-Bbeyl protecting group was

then removed under acidic conditions
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Scheme24. Synthesis of ureido dipeptide fragment

Now we needdto activate thereidodipeptide for couplingThe free carboxylic acid was
activated for coupling using\N-hydroxysuccinimide, EDCI, and DMAP to install tHe-
hydroxysuccinimide activating group onto the ureido dipepfd@&). To complete the synthesis
of leopolic acid A(Scheme 23 various coupling conditions were tested, witfBuLi and
LIHMDS proving to be the most effective. For the final coupling steBuLi, a common reagent
for amide and lactone couplings, was used. This coupling reaction ymsdgzbund3.37, which
wassubsequently benzgeprotectedo accesdeopolic acid A(3.1).

SAR Study

The convergent andersatile synthetic route developed for leopolic acid A provides a
foundation for creating a range of novel analogs of the natural product. We befganudigig on
derivatizing the 4and 5positions of the 2;pyrrolidinone core, a process made efficient by our
multicomponent reaction. By using different aldehydes and keepingtaedanewe derivatized

the 5position and accessed methy.q9, ethyl @3.69, propyl @.70, phenyl 8.71), and
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cyclohexyl @.72) analogs(Scheme 2% 5-substitutedderivatives were isolated as mixtures of
diastereomers in some cases.

OMe o .

aoh HO
NH, + Me/\/\/\/\/\)]\n/ome —>a dehyde | N-DMB
o MeOH Me
MeO ° R
R: Me Me
b 0 0 HO)
3.68 3.69 3.70 3.71 3.72

Scheme25. 5-position analogs multicomponent reaction

Initially, when making analogs of the core, DMB amine was removed before benzyl
protecting the endlScheme 2§ The analogs were more stable than the leopolic acid A core with
only hydrogen in the Jposition. They did not decompose during deprotectitren theyran
overnight. However, when remaking these analogs, the coredermzgiprotected and then the

DMB amine wasleprotectedo follow a standard protocol.

]
o) K,CO3 o |
HO BnBr HO o) 7 TFA HO 7
| NH > | NH | | N-DMB ——— | N-DMB
Me f DMF Vet I Me CH,Cl, Me
9
o
BnO, M M
e e
N—-DMB _
o) e O
9
R 3.73 3.74 3.75 3.76
o)
H
° R
| NH
Me §
° R
3.77
o)
BnO
R: Me Me
NH
e b ) O
® R
3.78 3.79 3.80 3.81 3.82

Scheme26. Benzyl protection and DM&leprotection
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Having our desire@,3-pyrrolindinediones with modifications in thep®sition in hand,
we coupledthe cores to tVal and L-Phe ureaontaining dipeptidessed in the total synthesis of
leopolic acid A(Scheme 2). The methyl 8.83), ethyl (3.84), propyl 3.895, and phenyl 3.86
analogs were successfully coupled, but the cyclohexyl andl&g) (did not couple under these
conditions. The cyclohexyl analog could have too much steric hindratozking the coupling

reaction from taking place.

o] O o o]
o (o] BnO, H H
H H

qo)‘IN\n,N\E/U\OBn"‘ BnO { NH base g Me«\giléN)jN\n/N\é)Losn

(o] (o] B solvent 9 RMe Me0 \O
9

R: M M

O 1O

3.83 3.84 3.85 3.86 3.87

Scheme27. General coupling conditions forgosition analogs

Since the coupling reaction wiasv-yielding, different conditiongor the ethyl analog were
tried to find more favorableonditions. The first condition tried was DCC and DMARwith
unactivated dipeptidéut no reaction occurreahdonly starting material was recovered. en
attempted to use NaH with an activated dipeptide heated to reflux, but only recovestdting
material. A strong nonucleophilic base was tried, LIHMDS at8 °C. This reaction yielded
product, but also unreacted pyrrolidinone. A previous paper with a similar substratettiatind
raising the temperature t60 °C increases the nucleophilicity of the pyrrolidinéne.

The best conditions found were using LIHMDS (2 equiv}5at °C with the dipeptide
activated with hydroxysuccinamide in slight excess (1.1 equiv). These conditions consumed more
of the starting material than using 1.5 equiv of base. LIHMDS did not provide a great improvement

in yield butwas easier to handle thasBuLi. Making this change removed a major byproduct that
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forms when n-BuLi reacts with the dipeptide, rather th#me dipeptide adding to the 2,3
pyrrolidinone core. Using LIHMDS still yielded unidentified byproducts, which were not
investigated due to the scale on which the reactions were run. It was found that adding the
dipeptide dropwise provided better yieldehe coupling reaction would need to be further
investigated to improve the yield, trying different activating groups, temperatures, and the rate at
which the dipeptide is added. The methyl, ethyl, pragpyl cores were all coupled using the new
conditions.

The phenyl analogunderwenta benzyl deprotectiorwith 10% Pd/C under an H
atmosphere to afford compour3®l. These conditions were tried for the ethyl analog but were
unsuccessful. The reaction yielddt starting materialMore aggressive conditions were tried
using BBgto fully convert the starting material to compoud®9. Moving forward BBrs was
used to access the meth§188) and propyl 8.90) analogs. All the analogs that are functionalized

at the 5position are shown ikigure 19.

0 o o o
H H
HO H H N_ _N
| N N\H/N\-)LOH HO N \z)LOH
Me o i \ 0 X
S M
® 388 Me—<19 nd 389

o o o]

H g O HO, O w uw O

NN

N N__N

DO G ae T e e

o 3 ° o 3
Me 9

3.91
Me 3.90

Figure 19. Analogs optimizing gposition: methyl, ethyl, propyl, and phenyl

It was important for us to determine if theeidodipeptide chain was contributing to activity, or
if it was there for solubility purposes only. A series aéninecontaining dipeptides was

synthesized to couple to a Z$rrolidinone cordo perform an alanine scan. The same procedure
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was used to access theeidodipeptidesusing triphosgene, DIPEANd a desired combination of
protected EAla, L-Val, or L-Phe 8.92-3.A4, Figure 20). The t-butyl protected carboxylic acid

was deprotected with TFA in Gi&lz to access thareidodipeptides 3.95-3.97, Figure 20).

LA, >UITJL At L,

Q H H Q o H H o o o
10PN My os: 10PNy M osn WP
Me O Me " MO Me HO \n/ OBn
e e

Figure 20. Alanine-containingdipeptides

Activation conditions using EDCI, DMAPand hydroxysuccinamide were tried on all three
alaninecontainingdipeptides. These conditions only activated thédl-L-Ala dipeptide 8.96
Figure 20). New conditions were trie@ctivating the dipeptide with EDCI and pentafluorophenol.
All the ureido dipeptides were successfully activated under these cond{{@oieme 28 The
pentafluorophenedctivated ureido dipeptides were coupletb the 2,3pyrrolidinedioneusing
LIHMDS at-55 °C Scheme 8). L-Val-L-Ala and L-Ala-L-Ala coupledto the pyrrolidinedione

core,but L-Ala-L-Phe did not.

F
o)
F Fo o LiHMDS
H H\)L + BnO { NH ————— \ NJ\r OBn
F (o) Y Y “oBn THF, -55 °C
S Me
F R, O R, A

3.98 Ry =Me R, =Me 3.39 3.101 Ry;=Me R, = Me
3.99 R, =Me R, =Bn 3.102 R, =Me R, =Bn
3.100 R, = i-Prl R, = Me 3.103 R, = i-Prl R, = Me

Scheme 28. Pentafluorophenedctivated dipeptide coupling reaction
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L-Ala-L-Phe did not fully dissolve in THRhe solution was cloudy whit&olubility issues could

be the problem, and in the future, the solution could be heating to try to fully dissolve the dipeptide
for coupling. We also coupled-Ala-L-Ala to an ethylcontaining core3.104, Figure 2} since
previous 2,3oyrrolidinones were more active with an ethyl substituent. The coupled products with

alaninecontainingdipeptides are shown igure 21.

90 youw 9
o NJ\‘/N\H’N\.)LOBn OBn
\ :
Me O Me
9

3.101 3.103

\ Nj)\r OBn

3.104

Me
Me

Figure 21. Coupled productwith alanine containing dipeptides

Lastly, a benzyl deprotection with BBwas tried on compoun8l10L. The compound decomposed
during this reaction. This decomposition could be due to the lack of steric hindrance alanine is
providing in comparison to previous compounds that contained valine closest to the pyrrolidinone
core. Compoun@.1® was deprotected using BBsince it still contains valine next to the core
(Scheme 2). Compound3.104was deprotected with 10% Pd/C;td access the desired product

(3.105, Scheme 9).

90 4 4 9 90 4 x 9
N N N N
BnO \ N)i Y \._/U\OBn B6r, HO \ N)i Y \:)LOH
O M S - O M
Me{f, Me” “Me € CH,Cly, -10°C to rt Mef, Me” “Me €

3.103 3.105
0
i IR
{ NJ\r OBn 10% PdiC, H, MO { NJ\r A e OH
- Me O
Mo EtOAc M1, e
* mé 3.104 M 3.106

Scheme29. Deprotection coditions based othedipeptide chain
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Next, weaimed to derivatize the-dosition by replacinghe aliphaticpyruvic acidseen in leopolic
acid A.We decided to incorporatepatrifluoromethyl phenyl3.23, p-Cl-phenyl (3.113, andp-
Br-phenyl (3.114 into the 2,3pyrrolidinedione coreFirst, we synthesizedhe pyruvic acid
starting materials throughn Erlenmeyer reaction to access the azlact@sheme 3D The

azlactone is treated with H@pllowed by esterificatiomusing TMSCI in MeOH.

o N-acetyl glycine (o]

NaOAc Q 6 M HCI
H > 0o —>
Ac;0, 110 °C R N=( 80 °C
R

Me
3.20 R = CF, 3.21R = CF,
3.107R=Cl 3.109R =Cl
3.108 R = Br 3.110 R=Br
o o
OH
r OH R
3.22R = CFy 3.23R=CF,
3 R=cl 3.113R=Cl
3112R=Br 3114 R=Br

Scheme30. Synthetic route to access pyruvic acid starting material

With the pyruvicesterstarting materials in hand, they were used in the multicomponent reaction
with DMB-amine and formaldehyde afford thep-trifluoromethyl phenyl(3.115), p-Br-phenyl

(3.116), p-Cl-pheny| and(3.117) into the 2,3pyrrolidinedione cordScheme 3L

3.115 3.116 3.117

Scheme31. Multicomponent reaction exchanging out the pyruvic acid starting material
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Following the multicomponent reaction, the ewehs benzytprotected, and then DMRB/as
removedwith TFA to afford the 2,3yrrolidinedione core, whictvasready for coupling3.12%

3.123,Scheme 32

o} o} o}
K,CO
HO - 223 BnO - BnO
N-DMB BBr N DMB A {NH
—_—
DMF 0 °C to rt CH,Cl,
R R R

3.118 R=CF, 3.121R=CF,
3119 R=Br 3.122R=Br
3120 R=ClI 3.123R=Cl

Scheme32. Benzyl protection and DMB deprotection fopdsition analogs

The 2,3-pyrrolidinedione cores were treated with LIHMDS to deprotonate the core,
followed by the addition of tVal and L-Pheureidodipeptideactivated byN-hydroxysuccinimide
(Scheme 33 The last step was a benzyl deprotectising H, Pd/C or BBgto afford the final
product(Scheme 33 The p-trifluoromethyl phenyl(3.127 andp-Cl-phenyl (3.128 derivatives
were successfully deprotected. However, fh8r-phenyl derivative was unstable to both
deprotection conditiondeading to the Br elimination, and thascessing a phenyl derivative

(3.129.
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Scheme33. Coupling reaction and benzyl deprotection fgrakition analogs

Biological Testing

Leopolic acid A and its initial four analogs were screened for antimicrobial and antibiofilm
activity against severab. aureusstrains, including both methicilisensitive (MSSA 29213,

MSSA 25923) and methicilliesistant (MRSA 33591) strains, as well as for preformed biofilm

eradication using the robust biofifarming strainS. aureugMSSA 25923)Table 8). Leopolic

acid A(3.1) exhibited moderate antibacterial activity (MIC = 8@/mL) and potent antibiofilm
activity, effectively eradicating preformed biofilms (MBEC = 4§/mL). Substituting an ethyl

(3.89) or methyl (3.88) group at the fosition slightly improved antimicrobial activity but

decreased antibiofilm efficacy.
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Figure 22. Analogs prepared via the developed route

Interestingly, the %propyl (3.90) analog showed the most potent antibiofilm activity

(MBEC = 8 wupg/ mL) . However, anti micr oSbauraus act i

strains. The fphenyl (3.91) analog, on the other hand, had a detrimental effect on antibiofilm
activity and nearly abolished antimicrobial activity, with the exception of the MRSA strain.

Table 8. MIC and MBECactivity; V= vancomycin

Compound V. 31 3.88 3.89 3.90 3.91 3.105 3.106 3.138 3.127 3.128 3.129
MIC (MSSA 25923) 1 32 16 16 =128 128 =128 =128
1
1

MIC (MSSA 29213) 32 32 32 =128 =128 =128 =128

MIC (MRSA 33591) 32 16 16 =128 16 =128 =128
MBEC (5. aureus 25923) 16 64 64 & 64 32 64
MBEC (5. aureus 29213) 16 - - 8 - 32 - - - - =128
MBEC (5. aureus 33591) 16 - - 8 - 8 - - - - =128

(MBEC/MIC) ratio 2048 05 4 4 <006 <05 <025 <05 NA NA NA NA

V= vancomycin; units = pg/mL

Next, we explored the impact of the ureido dipeptide on leopolic acid A's antimicrobial
activity. To preserve the natural product, we replacgih&nylalanine with talanine in the ureido

dipeptide. This amino acid substitution resulted in the loss ahamtbial activity, though some
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antibiofilm activity remained. We then substituted both amino acids walahine in compound
3.104 which had previously shown the most promising antimicrobial activity. However, this
modification reduced antibiofilm activity and completslyut dowrantimicrobial activity.These
results highlight the crucial role of the ureido dipeptide in the compound's activity. We further
tested the isolated ureido dipeptide fragment, which was found to be completely inactive.

Lastly, we explored the-gosition of leopolic acid A by using different pyruvic esters in
the multicomponent reaction. The three new analogs accessedpyrfitaoromethyl phenyl
(3.127), p-Cl-phenyl (3.128, and phenyl(3.129). Modifications at the 4osition were not
tolerated, these changes reduced the antimicrobial (MIC =@5.) and antibiofilm properties
(MBEC = 256geg/mL).

Our limited SAR study revealed that both the-decane tail and the ureidovaline-L-
phenylalanine dipeptide are crucial for maintaining the antimicrobial activity of the natural
product. The only position where leopolic acid A showed tolerance to modification was at the 5
position; however, the ureid dipeptide and the-gosition exhibited very little tolerance for
changes. While none of the compounds demonstrated potent activity, the most notable compounds
were3.90 3.91, 3.105 and 3.106which exhibied low MBEC:MIC ratiog< 0.5)against the three
tested strains 08. aureus These ratios are typically 1€4MO00 times larger for frontline FDA
approved antimicrobial agents.

In all cases, we observed that the MBEC values were lower than the MIC values, which is
a trend not previously seen with the -pyarolidinediones in our group. All MBEC assays were
conducted following standard protocols, and viable bacteria were quantfieonfirm that the
compounds were dispersing the bacteria, rather than killing them, at concentrations lower than the

MIC. At concentrations equal to or greater than the MIC, all compounds showed no viable bacteria,
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indicating that they are equally effective at killing both planktonic and biefiimbedded bacteria.
While the exact mechanism of action is not yet understood, these results suggest the potential for
these compounds to target biofimsociated infectionsTheir dual activity against both
planktonic and biofilm bacteria make them promising candidates for antibiofiim treatments and
warrants further investigation.
Conclusion

We have developed a versatile and convergentsig syntheti@approach to leopolic
acid A and a series of targeted analogs. Our studies revealed that leopolic acid A was sensitive to
modifications at the--decane and ureidio-valine-L-phenylalanine dipeptide, as antimicrobial
activity was lost when nenatural substituents were incorporated. However, modifications at the
5-position led to improvements in antimicrobial activity. Notably, the introductishoft ralkyl
substituents at the-fosition resulted in surprisingly low MBEC:MIC ratios (<0.5), suggesting
potential as antibiofilm therapeutics. Further research is needed to fully elucidate the antimicrobial

potential of these 2;Byrrolidinediones.
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Experimental Data

General:

THF and dichloromethane were purified using an alumina filtration system. Starting materials
were purchased from a commercial chemical company and used as received. Reactions were
monitored by TLC analysis (pm@oated silica gel 60 F254 plates, 250 mm Hayeckness) and
visualization was accomplished with a 254 nm UV light and by staining with a KidalDtion

(1.5 g of KMnQ, 10 g of KCOs, and 1.25 mL of a 10% NaOH solution in 200 mL of water) and
ninhydrin solution (1.5 g ninhydrin in 100 mL EtOH). R&ans were also monitored by LKZS

(2.6 mm C18 50 x 2.10 mm column). Flash chromatography onv&® used to purify the crude
reaction mixtures and performed on a flash system utilizingppcked cartridges and linear
gradients. Nexera Prep LCMS Preparative System40QD) was used for purification of final
compounds using Lun &A™ x30.000mm35 mican) collir@n0andA_CMSA X
solvent (0.1 % formic acid in water and 0.1% formic acid in acetonittieand3C NMR spectra

were obtained ol 500, 600 or 700 MHz instrument in CR@Qlnless otherwise noted. Chemical
shifts were reported in parts per million with the residual solvent peak used as an internal standard
(CDChk= 7.26 ppm fofH and 77.16 ppm forC, acetoneal6 = 2.84 ppm for water itH 205.22

ppm for'3C NMR).*H NMR spectra were run at 500, 600 or 700 MHz and are tabulated as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, bs = broad singlet,
dd = doublet of doublets), number of protons, and coupling constaf¥#{sNMR spectra were

run at 126 MHz or 176 MHz using a protdecoupled pulse sequence with ad1 of 1 second unless
otherwise noted, and are tabulated by observed peak-regghution mass spectra were obtained

on an ion trap mass spectrometer using hegéetiospray ionization (HESI). Optical rotation was
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measured on JasceZB00 polarimeter. Infrared spectra were determined on the Agilent Cary 630
FTIR spectrometer and data are represented as frequency of absorptian (cm

General Procedure A

(2,3-pyrrolidinedione core synthesis): To a stirred solution of methyl ester in MeOH (0.125 M)
was added aldehyde (0.6 equiv), then Disieine (0.5 equiv) was added dropwise. The reaction
stirred overnight (18 h) at 55 °C and monitored by LCMS. Upon complethe MeOH was
evaporated under reduced pressure and the crude oil was purified with silica flash column
chromatography to afford the product.

General Procedure B

(2,3pyrrolidinedione benzyl protection): AnhydrokisCOswasadded at O °C to a stirred solution

of 2,3pyrrolidinedione in dry DMF and the reaction was stirred for 15 min, then BnBr was added
dropwise. The reaction mixture was allowed to warm to room temperature and was stirred
overnight. After completion ohte reaction, the mixture was diluted with EtOAc and washed with

a saturated NaCl solution. The organic layer was dried over anhydre@&ONdiltered and
concentrated in vacuo. The crude product puasied by silica flash column chromatography.
General Procedure C

(DMB deprotection): The DMB protected,3-pyrrolidinedione was dissolved in GBlzand TFA

was added dropwise at rt. The reaction was monitored by LCMS, and upon completion the solvent
and TFA was evaporated under reduced pressure to afford a dark purple oil. Toluene was added
and evaporated under reduced pressure. The crude matesiguwiffed by silica flash column

chromatography.

0]

WH(OMe

(0]
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Methyl 2-oxohex5-enoate 8.44). To magnesium turnings (0.706 g, 28.5 mmol, 2.8 equiv), in
anhydrous THF (16 mLQ.78 M), wasthen added-4éromo1-butene (1.65 g, 1.2 equiv) in THF

(16 mL) dropwise in aliquots as to not let the THF boil. The resulting suspension was then stirred
at rt for 10 minutes until it turned dark grey. The prepared Grignard was then pulled up in a syringe
(leaving unreacted Mg behiphdndadded dropwise to a solution of dimethyl oxalate (1.21 g, 10.2
mmol, 1 equiv) in THF (15 mL, 0.7 M) af8 °C. The reaction was then stirred 7@ °C for 4 h.

Upon completion, the reaction was quenched with a solution of saturated aquegCisalNA3

°C. EtOAc was then added and the reaction was let warm to room temperature. The phases were
then separated and the agueous layer was extracted with EtOAc (3x). The combined organic layers
were dried (N&SOQy), filtered, and solvent evaporated under reduced pressure to yield the crude
product as a yellow oil. The crude product was purified via silica flash column chromatography to
afford 3.44(1.04 g, 72%) as a colorless oil:

Rf=0.50 (20% EtOAc in hexanes)

HNMR (500 MHz,Chloroformd) 588-5.74 (m, 1H), 5.16-4.99 (m, 2H), 3.86 (s, 3H), 2.95

(m, 2H), 2.46-2.36 (q, 2H).

LCMS (m/2 calculatedfor C7H1103 [M+H] *143.06, foundl41.3.

OTMS
NS = OMe

(0}
Methyl (Z)-2-((trimethylsilyl)oxy)hexa-2,5-dienoate (3.46. EtsN (0.40 mL, 2.81 mmol, 1.4
equiv) in THF (1.05 M) was added dropwise to a mixture of-ketaester (285 mg, 2.00 mmol,
1 equiv) and TMSCI (0.31 mL, 2.4 mmol, 1.2 equiv) in THF (OMRunder argon. After 3.5 h,

pentane was added, and the reaction mixture was filtered. The filtrate was washed with water,
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brine, dried (MgS®), and evaporated under reduced pressure to aBfd6{312 mg, 72%) as a
colorlessoil:

IH NMR (500 MHz,Chloroformd) & 5 .J816.6( k0.8, 6.3 Hz, 1H), 5.07 (db= 17.1,
1.7 Hz, 1H), 5.02 (dqg] = 10.1, 1.6 Hz, 1H), 3.75 (s, 3H), 2.91 (ddit, 7.8, 6.3, 1.7 Hz, 2H), 1.88
—1.82 (m, 2H), 0.21 (s, 9H).

o

HO //

OH

(2Z,4E)-2-Hydroxy -5-phenylpenta-2,4-dienoic acid @.50. N-acetyl glycine (2.95 g, 24.9 mmol,

1.1 equiv), sodium acetate (2.25 g, 27.2 mmol, 1.2 equiv), and cinnamaldehyde (4.00 g, 22.7 mmol,
1 equiv) was dissolved in acetic anhydride (6.64 mL, 68.01 mmol, 3 equiv) and heated to 130 °C.
After 1 h the reaction waoled to rt and thento 0 °C. Ice was added into the reaction flask. Once
the solid has formed it was filtered via vacuum filtration and washed with cold water. The solid
was suspended in 3 M HCl andated to reflux overnight. After refluxing the solution was cooled

to rt, and the product was collected via vacuum filtration and purified by triturationGQlH
hexanes) to affor@.50(878 mg, 20%):

IHNMR (500 MHz, Methanetl 4 ) & JZ7.6Wz, 2HY7.32 (1= 7.7 Hz, 2H), 7.2%7.21

(m, 2H), 6.71 (d,) = 15.8 Hz, 1H), 6.40 (d] = 11.3 Hz, 1H)

LRMS (m/2 calculated for @HsO3[M-H]  189.06, foundl89.3

(0]

MeO = =

OH

Methyl (2Z,4E)-2-hydroxy-5-phenylpenta-2,4-dienoate @.51). Phenylpyruvic acid (0.0729 g,
0.376 mmol, 1 equiv) was added to dry DMF at O °C under argon DBU (0.0573 mL, 0.376 mmol,

51 equiv) was added followed by Mel (0.117 mL, 1.880 mmol, 5 equiv), and the mixture was
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stirred at 0 °C for 3 h. Upon consumption of starting material on TLC, the solution was then poured
into a mixture of HCI (0.75M) and with ED (2x). The organic layer was washed with water (2x),

a saturated aqueous solution of ;i (for Mel quench), a saturated aqueous solutioN&fiCG

(to remove any starting material present), driedk@@), and concentrated underreduced pressure
to afford3.51(76.8 mg, 78%) as a light orange solid:

1H NMR (500 MHz, Methanetl 4 ) & J=.7.5 Az, ZHY 7.31 (1) = 7.8 Hz, 2H), 7.23 (td,
J=7.5,55Hz, 2H), 6.71 (d,= 15.8 Hz, 1H), 6.39 (d] = 11.3 Hz, 1H), 3.82 (s, 3H).

LRMS (m/3 calculated for @&H1303 [M+H]* 205.08, found 205.3.

0

/\/\/\/\/\)]\H/OMe
Me

(o)
Methyl 2-oxotridecanoate 8.53. To magnesium turnings (1.89 g, 77.8 mmol, 2.8 equiv) in THF
(30 mL) were added-firomoundecane dropwise (7.5 mL, 33 mmol, 1.2 equiv) in anhydrous THF
(30 mL) in aliquots as to not let the THF boil. The resulting suspension was then stirred at r.t until
the solution was dark grey. The prepared Grignard was then pulled up in a syringe (leaving
unreacted Mg behind) and added dropwise to a solution of dimethyl oxalate (2.49 g, 27.8 mmol, 1
equiv) in THF (0.7 M) at78 °C. The raction was then stirred at8 °C for 4 h. Upon completion,
the reaction was quenched with a saturated aqueous solutions6fl Bit-78 °C. EtOAc was then
added and the reaction was let warm to room temperature. The phases were then separated, and
the aqueous layer was extracted with EtOAc (x2) and washed with brine. The combined organic
layers were dried (N&Oy), filtered, andthe solvent was evaporated under reduced pressure to
yield the crude product as a yellow oil. The crude product was purified by silica flash column

chromatography to yiel8.53(5.26 g, 83%) as a colorless oll:
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Rf=0.50 (20% EtOAc in hexanes).

!H NMR (600 MHz, Chloroforrd ) & 3. 86 (Js7.3HeHH), 1.63 (pJ&3F.3 HZ ,

2H), 1.34—1.21 (m, 19H), 0.88 (] = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroforrd ) & 194. 4, 161.6, 52.9, 39.3,
28.9,22.9,22.7,14.1.

IR (cntl) 2948, 2844, 1718, 1500, 1446, 1262, 1105.

HRMS (m/2 calculated for @H2503 [M-H]" 227.16527found 227.16553.

o

HO { N-DMB

Me
9

4-Decytl1-(3,4-dimethylbenzyl)-3-hydroxy-1,5-dihydro-2H-pyrrol -2-one  3.41). Methyl 2-
oxotridecanoate (0.20 g, 5.43 mmol, 1 equiv) was dissolved in MeOH (0.125 M) and was added
formaldehyde (37 wt% in £D) solution (0.04 mL, 4.85 mmol, 0.6 equiv) followed by-2,4
dimethoxybenzylamine (0.06 mL, 4.04 mmol, 0.5 equiv). The reaction followed general procedure
A to afford3.41 (165 mg, 52%) as a dark yellow oil. Note that the purity of this compound was
less than 95% dueto issues in stability during purification. The compound was future purified after
protection in the next step.

Rf=0.50 (50% EtOAc in hexanes).

H NMR (700 MHz, Chloroforrd ) & 7. 10 (d, -J36.42mB2HN14.58,1H)1 H) ,
3.81 (s, 3H), 3.79 (s, 3H), 3.58 (s, 1H), 2.28 (t, J = 7.8 Hz, 1H),-11423 (m, 1H), 1.321.19

(m, 15H), 0.87 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, Chloroforrd ) o 167.51, 160. 59, 158. 44,

104.23, 98.53, 55.39, 49.44, 40.94, 31.89, 29.58, 29.56, 29.51, 29.35, 29.33, 29.31, 28.05, 25.18,

22.68, 22.67, 14.11.
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IR (cnrt) 3306, 2946, 2095, 1631, 1536, 1273, 1221, 1185.

HRMS (m/2 calculated from €sH34NO2 [M-H]- 388.24933, found 388.24929.

o
BnO N-DMB
Me 0
3-(Benzyloxy)4-decyt1-(2,4-dimethoxybenzyl}1,5dihydro-2H-pyrrol -2-one 3.60.

Anhydrous KCOs (107 mg, 0.777 mmol, 1 equiv) was added at 0 °C to a stirred solution of
compound3.40(302 mg, 0.777 mmol, 1 equiv) emhydrousacetone (0.34 M) and the reaction

was stirred for 15 min, then BnBr (0.20 mL, 1.72 mmol, 2.2 equiv) was added dropwise. The
reaction mixture was allowed to warm to rt and was stirred overnight (18 h). After completion of
the reaction, the mixture was dit with EtOAc and washed with a saturated aqueous solution of
NaHCQz and brine (x1). The organic layer was dried {8l&s), filtered and concentrated under
reduced pressure. The crude product was purified by silica flash column chromatography to afford
3.60(211 mg, 57%) as a dark orange oil:

Rf=0.34 (20% EtOAc in hexanes).

1H NMR (500 MHz, Chloroforred ) & — 7738 @n52H), 7.3% 7.27 (m, 2H), 7.10 (d] = 8.1

Hz, 1H), 6.43 6.46 (m, 2H), 5.31 (s, 2H), 4.54 (s, 2H), 3.81 (s, 3H), 3.80 (s, 3H), 3.55 (s, 2H),
2.15 (t,J= 7.5 Hz, 2H), 1.32 1.08 (m, 16H), 0.88 (] = 6.9 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 167 .54, 160.60, 158.59, 14
128.57, 128.42, 128.04, 118.04, 104.39, 98.63, 72.26, 55.53, 49.03, 40.73, 32.0422873,
29.46, 28.36, 25.54, 22.83, 14.26.

IR (cntl) 3012, 1640, 1631, 1597, 1480, 1390, 1275, 1239, 1172, 1010.

HRMS (m/2 calculated for @H42NO2 [M+H]* 480.31084, found 480.31022.
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3-(Benzyloxy)4-decyt1,5-dihydro -2H-pyrrol -2-one @.39. Compound3.60(1.3 g, 2.71 mmol,

1 equiv) was dissolved in Gl (18.0 mL, 0.15 M) and TFA (18.0 mL) was added dropwise at

rt. The reaction was stirred for 3 h and monitored by TLC. Solvent and TFA were evaporated under
reduced pressure and the purple oily residue was purified by silica flash column chromatography
to yield 3.39(522 mg, 58% vyield) as a light tan sesoiid.

Rf=0.34 (20% EtOAc in hexanes).

1H NMR (700 MHz, Chloroforrd ) & — 7739 (#n22H), 7.34 (dd, J = 8.2, 6.6 Hz, 2H), 7-32

7.28 (m, 1H), 5.99 (s, 1H), 5.28 (s, 2H), 3.74 (s, 2H), 2.2Dt7.6, 6.9 Hz, 2H), 1.321.17 (m,

16H), 0.88 (tJ = 7.1 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 170.50, 143.88, 137.56, 13
72.42,44.82, 32.05, 29.74, 29.67, 29.61, 29.47, 29.46, 28.28, 25.80, 22.84, 14.27.

IR (cntl) 3306, 2673, 2158, 1744, 1621, 1500, 1457, 1379, 1319, 1273, 1195.

HRMS (m/2 calculated for @H32NO2 [M+H]* 330.24276, found 330.24330.

o)

SR
O)jN\n’N OBn
Me Meo

tert-Butyl(((S)-1-(benzyloxy)1-oxo-3-phenylpropan-2-yl)carbamoyl)-L -valinate (3.65. To a
stirred solution of triphosgene (0.229 g, 0.759 mmol, 0.37 equiv) iwOEKD.11 M) was slowly
added a mixture of Pphenylalanine benzyl ester hydrochloride (0.60 g, 2.05 mmol, 1 equiv) and
DIPEA (0.8 mL, 4.5 mmol, 2.2 equiv) in GBIz (0.28M) over a period of 30 min using a syringe

pump. Upon completion of the-phenylalanine addition, a solution ofvaline tbutyl ester
90



hydrochloride (0.433g, 2.05 mmol, 1 equiv) and DIPEA (0.8 mL, 4.52 mmol, 2.2 equiv)2GKCH

(0.5 M) was added in one portion. The reaction mixture was stirred at rt for 10 min and monitored
by LCMS for completion. The reaction mixture was diluted witheCH, and quenched with 10%
sodium bisulfate, saturated aqueous solution of NakjGfihe, dried (Ne&SQs) and evaporated

under reduced pressure to afford a clear crude oil. The crude oil was purified with silica flash
column chromatography to yiell65(631 mg, 68%) as a white solid:

Rf=0.26 (20% EtOAc in hexanes)

'H NMR (500 MHz, Chloroforned ) 8 — 7734 (873H), 7.3+ 7.28 (m, 2H), 7.21 (dd}= 5.0,

1.9 Hz, 3H), 7.02 (dd] = 6.8, 2.8 Hz, 2H), 5.2% 5.06 (m, 2H), 4.89-4.76 (m, 3H), 4.28 (dd},

= 8.9, 4.5 Hz, 1H), 3.14 3.04 (m, 2H), 2.07 (ddd,= 13.7, 8.2, 3.6 Hz, 1H), 1.47 (s, 9H), 0.91
(d,J=6.9 Hz, 3H), 0.85 (d] = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroforred ) 6 172. 38, 172. 13, 156. 70, 13
128.54, 128.51, 128.42, 126.93, 81.75, 67.10, 58.27, 54.06, 38.49, 31.58, 28.08, 21.06, 18.93,
17.53.

IR (cnrl) 3347, 2999, 1787, 1633, 1504, 1461, 1413, 1368, 1269, 1239.

HRMS (m/2 calculated for @H3ssN20s [M+H]* 455.25405, found 455.25280.

[ B =-8.17, €= 0.62, MeOH)

(0] H H (o)
HO)iN\n’N\/U\OBn
Me Meo \©

(((9)-1-(Benzyloxy)1-oxo-3-phenylpropan-2-yl)carbamoyl)-L -valine  (3.66. To a stirring

solution of compound.65(0.613 g, 1.35 mmol, 1 equiv) in anhydrous £ (45.0 mL, 0.03

M), TFA (13.5 mL, 0.1 M) was added at 0 °C under argon. The reaction was stirred at rt for 3 h.
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TFA and CHCI2 were evaporated under reduced pressure and the residue-gissoteed in
toluene. Toluene was evaporated under reduced pressure and the crude oil was purified via silica
flash column chromatography to afford the product (538 mg, 95%) as a white solid:

Rf=0.03 (20% EtOAc in hexanes)

HNMR (500 MHz, Methanetl 4 )  &7.38 (m33H), 7.327.30 (m, 2H), 7.2%7.18 (m, 3H),
7.15—7.11 (m, 2H), 5.175.06 (m, 2H), 4.62 (t] = 6.4 Hz, 1H), 4.19 (d] = 4.8 Hz, 1H), 3.05
(qd,J = 13.7, 6.4 Hz, 2H), 2.13 (pd = 7.1, 5.1 Hz, 1H), 0.96 (d,= 6.9 Hz, 3H), 0.91 (d]= 6.9

Hz, 3H).

13C NMR (151 MHz, Methanetl 4 ) 0 175. 85, 173. 68, 160. 05,
129.49, 129.32, 127.85, 67.90, 59.25, 55.83, 39.15, 32.00, 19.65, 17.81.

IR (cntl) 3386, 3284, 3120, 2945, 1718, 1426, 1401, 1340, 1230, 1161, 1070.

HRMS (m/2 calculated for @H27N20s [M+H]* 399.19145, found 399.19185.

[ @ =+2.01, (c = 0.828, MeOH).

(o]

o
(0]
H H
o o =
Me”~ “Me \©

2,5-Dioxopyrrolidin -1-yl(((S)-1-(benzyloxy }1-oxo-3-phenylpropan-2-yl)carbamoy|)- L-
valinate (3.67). To a stirring solution 08.66(378 mg, 0.947 mmol, 1 equiv) in anhydroussCH

(0.07 M) was added EDCI hydrochloride (551 mg, 2.84 mmol, 3 equiv) and DMAP (257 mg, 2.08
mmol, 2.2 equiv). Then-hydroxysuccinimide (245 mg, 2.08 mmol, 2.2 equiv) was added and the
reaction was heated to 30 °C for 20 h. Upon completion, the solutiowasied with 1 M HCI

and brine, dried (MgS&) and concentrated under reduced pressure. The crude pwdsic

purified with silica flash column chromatography to yi8lé7 (376 mg, 80%) as a white solid:
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Rf=0.25 (50% EtOAc in hexanes).

1H NMR (600 MHz, Chloroforrd ) & 3= &®Hz,(3Kd), 7.32 7.28 (m, 2H), 7.22-7.18

(m, 3H), 7.00 (ddJ = 6.7, 2.9 Hz, 2H), 3.12 (d,= 5.3 Hz, 2H), 2.83 (s, 4H), 2.28 (@= 10.8

Hz, 1H), 1.03 (dJ = 6.8 Hz, 3H), 1.00 (d] = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroforrd ) & 172.31, 168.66, 168. 48,
128.61, 128.52, 126.96, 67.27, 56.89,09 31.70, 25.59, 18.72, 17.44.

IR (cntl) 3362, 3008, 2924, 1871, 1798, 1698, 1668, 1593, 1433, 1368, 1118, 1049, 967, 859.
HRMS (m/2 calculated for @H2sN307 [M-H]494.19327, found 494.19189.

[ B =-4.9, (c =0.55, CLCL).

(o) (0] H H (o]
NI
N OB
Bnoy )j \g/ n
Me Me
ot 1

Benzyl(((S)-1-(3-(benzyloxy)4-decyl 2-oxo-2,5-dihydro -1H-pyrrol -1-yl)-3-methy|-1-

oxobutan-2-yl)carbamoyl)-L -phenylalaninate @3.37). To a stirring solution of compour@l39

(50.0 mg, 0.152 mmol, 1 equiv) in THF (3.04 mL, 0.05 My7& °C a solution of 1.57 M4BuL.i

(0.116 mL, 0.182 mmol, 1.2 equiv) was added dropwise. The reaction was stirred for 20 min and
then a solution of activated dipepti@®7(82.7 mg, 0.197 mmol, 1.1 equiv) in THF (1.90 mL,
0.088 M). The reaction mixture was stirred for 5 h and quenched widCNiid extracted with
EtOAc (3x), then was concentrated under reduced pressure. The crude oil was purified with silica
flash column chromatography to aff@dB7(34.4 mg) as a colorless oil. The product was carried
forward into the next step. Yield measured over two steps (see next step).

LRMS (m/2 calculated for GsHs6N30s [M+H]* 710.41, found 710.5.
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0 (o) (o)
Ho;ji:TJ%]:nlfn\¢JL0H
ot /)e Me” “Me \j[::]
Leopolic acid A 3.1). To a stirred solution of compourl37 (34 mg, 0.048 mmol, 1 equiv) in
EtOAc (4.8 mL, 0.011 M) a catalytic amount of 10% Pd/C (10 mol%), andd$ added. The
reaction mixture was sparged with hydrogen gas for 10 min and stirred at rt under hydrogen
atmosphere for 100 min. The reaction mixture was filtered through a@ elite¢ and washed with
EtOAc. The filtrate was concentrated to give the crude product. The crude product was purified
with preparative HPLC to affor@.1(8.7 mg, 11% over 2 steps) as a colorless oil:
1H NMR (700 MHz, DMSQd 6 ) & JZ 7.2z, 2HY, 7.18 (dl = 7.7 Hz, 3H), 6.47 (d] =
9.3 Hz, 1H), 6.35-6.30 (M, 1H), 5.36 (dd}= 9.4, 3.8 Hz, 1H), 4.25 (), = 6.8 Hz, 1H), 4.10 (d,
J=18.4Hz, 1H), 4.00 (= 18.4 Hz, 1H), 2.98 (dd,= 13.6, 5.3 Hz, 1H), 2.85 (dd= 13.8,7.3
Hz, 1H), 2.35-2.25 (m, 2H), 2.00 (pdl = 6.9, 3.7 Hz, 1H), 1.46 (@,= 7.0 Hz, 2H), 1.3+1.16
(m, 16H), 0.91 (dJ = 6.7 Hz, 3H), 0.85 (tJ = 6.9 Hz, 3H), 0.76 (d] = 6.9 Hz, 3H).
13CNMR (151 MHz,DMSGd 6 ) & 173. 52, 172. 37, 166. 00, 140
127.95(x2), 126.04, 56.69, 54.53, 46.21, 37.73, 31.28, 29.72, 28.98, 28.92, 28.90, 28.72, 28.68,
26.81, 24.82, 22.09, 19.70, 16.39, 13.95.

IR (cnrt) 3379, 2997, 2946, 2879, 2344, 2089, 1763, 1614, 1560, 1448, 1426, 1327, 1196, 1038.
HRMS (m/2 calculated for @H42N306 [M-H]- 528.30791, found 528.3079

[ B8} =+34, €= 0.35 MeOH)

*data matches previous reported literature

(o)

HO
| N-DMB
Me
9

Me
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4-Decyt1-(3,4-dimethylbenzyl)-3-hydroxy-5-methyl-1,5-dihydro-2H-pyrrol -2-one 3.69.

Gener al procedure A was followed wusing- acet a
ketoester (0.20 g, 0.83 mmol, 1 equiv), and DMB amine (0.063 mL, 0.41 mmol, 0.5 equiv) and
afforded3.68 (195 mg, 59%) as a dark orange oil:

Rf=0.26 (30% EtOAc in hexanes).

1H NMR (500 MHz, Chloroforred ) & 7= &3Hz, (1K), 6.43 (d] = 6.9 Hz, 2H), 4.86 (d,

J=15.3 Hz, 1H), 4.30 (dl= 15.2 Hz, 1H), 3.80 (dl = 8.7 Hz, 6H), 3.7+ 3.63 (m, 1H), 2.41
(ddd,J=15.4, 9.2, 6.7 Hz, 1H), 2.142.01 (m, 1H), 1.53 1.37 (m ,2H), 1.33-1.17 (m, 18H),

0.87 (t,J= 6.8 Hz, 3H).

13C NMR (151 MHz, Chloroforred ) o 163.53, 160. 33, 158. 13, 14
103.86, 98.37, 55.33, 55.29, 38.27, 38.06, 31.83, 31.81, 29.57, 29.50, 29.43, 29.27, 29.23, 27.82,
22.61, 16.08, 14.05.

IR (cnTt) 3306, 2997, 2156, 1713, 1631, 1597, 1403, 1318, 1217, 1012.

HRMS (m/2 calculated for @H3sNO2 [M+H]+ 404.27954, found 404.27850.

4-Decytl1-(2,4-dimethoxybenzyl)5-ethyl-3-hydroxy-1,5dihydro -2H-pyrrol -2-one 3.39.

Gener al procedure A was followed with propior
ketoester (2.00 g, 8.45 mmol, 1 equiv), and DMB amine (0.65 mL, 4.22 mmol, 0.5 equiv) and
afforded3.39(986 mg, 28%) as laght-yellow oil:

Rf=0.17 (20% EtOAc in hexanes).
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1H NMR (500 MHz, Chloroforrd ) & 7= 890Hz,(1H), 6.66 (s, 1H), 6.456.40 (m, 2H),

4.90 (d,J = 15.2 Hz, 1H), 4.16 @z 15.1 Hz, 1H), 3.79 (dl= 5.7 Hz, 7H), 2.44 (ddd,= 15.4,

9.4, 6.8 Hz, 1H), 1.99 1.87 (m, 2H), 1.65 1.61 (m, 1H), 1.49-1.42 (m, 2H), 1.25 (d] = 12.5

Hz, 16H), 0.87 (tJ = 6.9 Hz, 3H), 0.55 (tJ = 7.3 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 167. 95, 160.56, 158.39, 14
104.40, 98.60, 58.38, 55.51, 55.48, 38.23, 32.05, 29.84, 29.73, 29.48, 29.46, 29.43, 28.01, 24.47,
22.83, 20.49, 14.26, 5.78.

IR (cnTl) 3189, 2878, 2326, 2024, 1756, 1631, 1597, 1347, 1273, 1267, 1170, 1139.

HRMS (m/2 calculated for @sH4oNO2 [M+H]* 418.29519, found 418.29546.

(0]
HO

| N-DMB
Me

Me
4-Decyt1-(2,4-dimethoxybenzyl)}3-hydroxy-5-propyl -1,5-dihydro -2H-pyrrol -2-one ~ @3.70.
Gener al procedure A was followed wusing-butyr.
ketoester (0.25 g, 1.01 mmol, 1 equiv), and DMB amine (0.07 mL, 0.086 mmol, 0.5 equiv) and
afforded3.70(208 mg, 48%) as a light yellow oll:
Rf=0.22 (20% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforred ) & — 7707 (n21H), 6.45-6.40 (m, 2H), 4.87 (dl= 15.2
Hz, 1H), 4.19 (dJ = 15.2 Hz, 1H), 3.79 (d = 7.9 Hz, 6H), 2.44 (ddd,= 14.6, 9.4, 6.7 Hz, 1H),
1.99-1.93 (m, 1H), 1.85 1.78 (m, 1H), 1.59- 1.53 (m, 1H), 1.5+ 1.36 (m, 1H), 1.31-1.19

(m, 15H), 1.010.91 (m, 2H), 0.85 (dt] = 21.6, 7.1 Hz, 6H).
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13C NMR (151 MHz, Chloroforrad) 168.01, 160.56, 158.35, 141.22, 130.75, 124.87, 117.89,
104.42, 98.59, 58.25, 55.52, 55.49, 38.37, 32.04, 30.09, 29.81, 29.73, 29.71, 29.48, 29.46, 28.08,
24.53, 22.83, 22.81, 15.06, 14.25.

IR (cnmt) 3191, 2946, 2881, 2350, 1705, 1597, 1489, 1228, 1172, 1090, 1066.

HRMS (m/2 calculated for @H4iNO2 [M+H]* 432.31084, found 432.30927.

(0]
HO

| N-DMB
Me

4-Decyt1-(3,4-dimethylbenzyl)-3-hydroxy-5-phenyl-1,5-dihydro -2H-pyrrol -2-one G.7D.

Gener al procedure A was followed wusing-benzal
ketoester (0.20 g, 0.83 mmol, 1 equiv), and DMB amine (0.06 mL, 0.412 mmol, 0.5 equiv) and
afforded3.71(176 mg, 46%) as a light orange oil:

Rf=0.15 (20% EtOAc in hexanes).

IH NMR (700 MHz, Chloroforrd ) & 3= 713726.9(Hg, 3H), 7.05 (d,= 3.5 Hz, 2H), 6.99

(d,J =8.2 Hz, 1H), 6.426.34 (m, 2H), 4.84 (dl = 15.0 Hz, 1H), 4.59 (s, 1H), 3.79 (s, 3H), 3.70

(s, 3H), 2.23-2.16 (m, 1H), 1.801.76 (m, 1H), 1.33-1.17 (m, 16H), 0.87 (] = 7.1 Hz, 3H).

13C NMR (176 MHz, Chloroforred ) o 167.81, 160. 65, 158. 52, 14
128.45, 125.99, 117.81, 104.16, 98.52, 63.76, 55.51, 55.32, 39.09, 32.06, 32.04, 29.86, 29.74,
29.69, 29.63, 29.54, 29.45, 29.33, 27.81, 24.57, 22.83, 14.26.

IR (cntl) 3200, 2984, 2876, 2348, 2108, 1631, 1536, 1346, 1187, 1090.

HRMS (m/2 calculated for @H4oNO2 [M+H]* 466.29519, found 466.29385.
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5-Cyclohexyt4-decyt1-(3,4-dimethylbenzyl)-3-hydroxy -1,5-dihydro -2H-pyrrol -2-one

(3.72. General procedurk was followed with cyclohexanecarboxaldehyde (0.12 mL, 0.97 mmol,

0.6 equiv), bet&ketoester (0.40 g, 1.62 mmol, 1 equiv), and DMB amine (0.12 mL, 0.81 mmol,
0.5 equiv)and afforded.72(227 mg, 30%) as a tan solid:

'H NMR (600 MHz,Chloroformd) & 7J=B3 HZ, 1H), 6.43 (s, 1H), 6.41 (@5 2.5 Hz,

1H), 4.91 (d,)=15.3 Hz, 1H), 4.27 (d,= 15.3 Hz, 1H), 3.79 (d}= 2.1 Hz, 6H), 3.61 (d]= 2.1

Hz, 1H), 2.52 (dddJ= 14.7, 9.5, 6.8 Hz, 1H), 1.85 (dd#s 14.9, 9.0, 2.7 Hz, 1H), 1.801.74

(m, 1H), 1.69 (ddJ = 23.2, 9.5 Hz, 2H), 1.54 1.35 (m, 3H), 1.3+ 1.21 (m, 16H), 0.87 (tJ =

6.9 Hz, 3H)

13CNMR (151 MHz,Chloroformd) & 168 . 0, 160. 3, 158. 1, 141. 4,
62.9, 55.4, 55.3, 43.5, 39.1, 31.9, 29.6, 29.5, 29.3, 28.7, 27.9, 27.6, 27.1, 26.6, 26.6, 25.6, 22.7,
14.1.

LRMS (m/2 calculated for @H4sNO4 [M+H]* 472.67 found 472.5.

o]
BnO
| N-DMB
Me
° Me
3-(Benzyloxy)4-decyt1-(3,4-dimethylbenzyl)-5-methyl-1,5-dihydro-2H-pyrrol -2- one

(3.73. General procedure B was followed using-gy8rolidinedione3.68(0.874 g, 2.17 mmol, 1
equiv), KkC0O3(0.906 g, 6.50 mmol, 3 equiv), and BnBr (0.57 mL, 4.76 mmol, 2.2 equiv) to yield

3.73(780 mg, 73%) as a yellow oil:
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Rf=0.33 (20% EtOAc in hexanes).

H NMR (500 MHz, Chloroforrd ) & 0= A3 Hz,(2d), 7.31 (dt] = 13.7, 7.0 Hz, 3H),

7.08 (d, J = 8.8 Hz, 1H), 6.456.39 (m, 2H), 5.35 (d]=11.7 Hz, 1H), 5.28 (d = 11.7 Hz, 1H),

4.86 (d, J = 15.3 Hz, 1H), 4.26 @35 15.3 Hz, 1H), 3.80 (d, J = 3.8 Hz, 6H), 3.64Jg, 6.6 Hz,

1H), 2.34- 2.31 (m, 1H), 1.9%1.86 (m, 1H), 1.7+ 1.49 (m, 1H), 1.32-1.16 (m, 16H), 1.16

1.10 (s, 3H), 0.88 (1] = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroforrad ) o 167. 03, 160. 36, 158. 33, 14
128.72, 128.37, 128.05, 118.41, 104.38, 98.51, 72.37, 55.51, 55.48, 53.75, 37.74, 32.05, 32.04,
29.75, 29.72, 29.67, 29.48, 29.45, 29.43, 28.22, 24.33, 22.83, 16.37, 14.26.

IR (cntl) 2878, 2221, 2072, 1759, 1646, 1571, 1513, 1403, 1306, 1107, 1044.

HRMS (m/2 calculated for GH43NO2Na [M+Na}" 516.30843, found 516.30707.

0
BnO

| N-DMB
Me
9

Me
3-(Benzyloxy)4-decyt1-(3,4-dimethylbenzyl)-5-ethyl-1,5dihydro-2H-pyrrol -2-one  @.74).
General procedure B was followed using-gy8rolidinedione3.69(0.963 g, 2.31 mmol, 1 equiv),
K2C0Oz3(0.966 g, 6.92 mmol, 3 equiv.), and BnBr (0.61 mL, 5.07 mmol, 2.2 equiv) to 3/iéd
(876 mg, 75%) as an oil:

Rf=0.25 (20% EtOAc in hexanes).
'H NMR (500 MHz, Chloroforrd ) & 0 = A3IHz,(2Hd), 7.34-7.27 (m, 4H), 7.10 (d] =
8.9 Hz, 1H), 6.46-6.40 (m, 2H), 5.37 (d] = 11.7 Hz, 1H), 5.30 (d, J = 11.7 Hz, 1H), 4.89Xd,

= 15.2 Hz, 1H), 4.10 (d] = 15.1 Hz, 1H), 3.79 (s, 6H), 3.74 {t= 3.5 Hz, 1H), 2.38-2.29 (m,
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1H), 1.91-1.84 (m, 1H), 1.77Z1.71 (m,1H), 1.53-1.48 (m, 1H), 1.321.12 (m, 16H), 0.88 (t,

J=6.9 Hz, 3H), 0.39 (1) = 7.3 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 167 .85, 160.39, 158.38, 114
128.85, 128.71, 128.40, 128.09, 127.79, 127.12, 118.34, 104.40, 98.53, 72.37, 65.54, 57.33, 55.48,
37.65, 32.04, 29.76, 29.72, 29.68, 29.46, 29.43, 28.28, 24.40, 22.88, PO 26, 5.57.

IR (cnt?) 3630, 2999, 2864, 1787, 1679, 1595, 1482, 1316, 1273, 1196.

HRMS (m/2 calculated for @H4sNO2 [M+H]* 508.34214, found 508.34249.

o}
BnO
| N-DMB
Me
9
Me

3-(Benzyloxy)4-decyt1-(3,4-dimethylbenzyl)-5-propyl-1,5-dihydro-2H-pyrrol -2-one  @3.79.

General procedure B was followed using-gy8rolidinedione3.70(1.55 g, 3.58 mmol, 1 equiv),
K2C0O3(1.50 g, 10.7 mmol, 3 equiv), and BnBr (0.95 mL, 7.88 mmol, 2.2 equiv) to3.iek(377

mg, 20%) as a datrown oil:

Rf = 0.43 (20%EtOAcC in hexanes).

1H NMR (500 MHz, Chloroforred ) & — 7734 @np3H), 7.34 7.25 (m, 2H), 7.13-7.06 (m,

1H), 6.41— 6.45 (m, 2H), 5.36 (d] = 11.7 Hz, 1H), 5.28 (d] = 11.8 Hz, 1H), 4.86 (d] = 15.2

Hz, 1H), 4.71 (s, 1H), 4.14 (d,= 15.2 Hz, 1H), 3.79 (d, J = 1.4 Hz, 6H), 2:32.27 (m, 1H),
1.79-1.73 (m, 2H), 1.471.41 (m, 1H), 1.33-1.11 (m, 17H), 0.88 (1= 6.9 Hz, 3H), 0.76 (]

= 7.0 Hz, 3H), 0.670.62 (m, 1H).

13C NMR (151 MHz, Chloroforred ) 0 167.60, 160. 24, 158. 20, 14
128.76,128.57, 128.24, 127.94,127.66, 126.99, 118.19, 104.26, 98.37, 72.21, 65.40, 57.05, 55.38,

55.34, 37.64, 31.91, 29.80, 29.59, 29.54, 29.32, 29.30, 28.20, 24.33, 266, 14.13.
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IR (cnmt) 2989, 2879, 2753, 1638, 1562, 1498, 1442, 1323, 1277, 1137.

HRMS (m/2 calculated for GsH4sNO4 [M+H]* 522.35779, found 522.35681.

0
BnO

| N-DMB
Me

3-(Benzyloxy)4-decyt1-(3,4-dimethylbenzyl)-5-phenyl-1,5-dihydro -2H-pyrrol -2- one @3.76).

General procedure B was followed using -gy8rolidinedione 3.71 (45.6 mg, 0.098 mmol, 1
equiv), K2COs (41 mg, 0.29 mmol, 3 equiv), and BnBr (0.03 mL, 0.22 mmol, 2.2 equiv) to yield
3.76(22 mg, 40%) as paleyellow oil:

Rf=0.33 (20% EtOAc in hexanes).

'H NMR (700 MHz, Chloroforrd ) & 0 = A2Hz,(2Hd), 7.46-7.28 (m, 4H), 7.00 (d] =

8.2 Hz, 1H), 6.96-6.85 (m, 1H), 6.43-6.35 (m, 2H), 5.46 (d]= 11.6 Hz, 1H), 5.37 (d,J = 11.6

Hz, 1H), 4.82 (dJ = 15.0 Hz, 1H), 4.54 (s, 1H), 3.79 @= 1.0 Hz, 3H), 3.76 (d] = 14.9 Hz,

1H), 3.69 (dJ = 1.1 Hz, 3H), 2.14 (ddd),= 14.8, 9.8, 5.7 Hz, 1H), 1.571.52 (m, 1H), 1.3+

1.01 (m, 17H), 0.88 (] = 7.2, 1.0 Hz, 3H).

13C NMR (176 MHz, Chloroforred ) 0 167.55, 160. 51, 158. 50, 14
131.10, 128.88, 128.73, 128.47, 128.36, 128.16, 127.14, 118.17, 104.17, 98.47, 72.34, 65.58,
62.97, 55.52, 55.30, 38.63, 32.04, 29.69, 29.58, 29.50, 29.45, 29.30, 2830922483, 14.26.

IR (cnTt) 2915, 2859, 2348, 2143, 1631, 1571, 1461, 1390, 1210, 1107.

HRMS (m/2 calculated for @H44aNO4 [M-H]  554.32758, found 554.32642.
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BnO

Me

3-(Benzyloxy)5-cyclohexyt4-decyt1,5dihydro -2H-pyrrol -2-one  @3.77). General procedure B
was followed using pyrrolidinong-1 (0.099 g, 0.31 mmol, 1 equiv),2K03(0.129 g, 0.928 mmol,

3 equiv), and BnBr (0.08 mL, 0.68 mmol, 2.2 equiv) to y@ld7(77.5 mg, 61%) as a tan solid:

1H NMR (500 MHz, Chloroforrd ) & 7. 40 ( 9= 7.7) H7)Hz, 3H), 7B (di(=d d ,
12.9, 7.1 Hz, 3H), 5.94 (s, 1H), 5.33 {d5 11.7 Hz, 1H), 5.21 (d] = 11.7 Hz, 1H), 4.71 (s, 1H),
3.79 (d J= 2.6 Hz, 1H), 2.38 (td] = 11.7, 9.2, 5.6 Hz, 1H), 1.811.73 (m, 2H), 1.65 (] = 14.2

Hz, 4H), 1.55 (tdJ = 13.8, 12.1, 3.2 Hz, 1H), 1.391.32 (m, 1H), 1.32 1.17 (m, 17H), 1.13

1.02 (m, 2H), 0.89 (tJ = 6.8 Hz, 3H)

13C NMR (151 MHz,Chloroformd) & 169 . 9, 143. 8, 139. 9, 137.
127.7,126.9,77.2, 77.0, 76.8, 72.3, 65.4, 59.4, 38.9, 31.9, 31.0, 29.6, 29.6, 2929.29%,.2,
25.8,24.624.2,22.222.7,14.1

HRMS (m/2 calculated for @/H42NO2 [M+H]*412.32101, found 412.32124.

0]
BnO
| NH
Me
° Me

3-(Benzyloxy)4-decyt5-methyl-1,5-dihydro -2H-pyrrol -2-one  3.78. General procedure C
was followed using 2;yrrolidinedione3.73(771 mg, 1.56 mmol, 1 equiv) in TFA (10.4 mL) in
CH2Cl2 (10.4 mL, 0.05 M) to yieldB.78(535 mg, 80%) as a light yellow oil:

Rf=0.08 (20% EtOAc in hexanes).
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1H NMR (500 MHz, Chloroforrrd ) & 0= 237Hz, (1), 7.237.17 (m, 3H), 6.42 (s, 1H),

5.13 (s, 2zH), 3.81 (g1 = 6.7 Hz, 1H), 3.76-3.55 (m, 1H), 2.25-2.15 (m, 1H), 1.8+ 1.74 (m,

1H), 1.21-0.98 (m, 18H), 0.75 (] = 7.0 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 170. 4, 143.3, 143.1, 137. 2,
51.4, 32.0, 29.7, 29.7, 29.7, 29.6, 29.5, 29812 22.8, 18.4, 14.3.

IR (cntl) 3250, 3012, 2878, 2111, 1709, 1620, 1469, 1271, 1195, 1120.

HRMS (m/2 calculated for @Hsz4NO2 [M+H]* 344.25841, foun844.25882.

0
BnO

| NH
Me
9

Me
3-(Benzyloxy)4-decyts-ethyl-1,5-dihydro-2H-pyrrol -2-one  3.79. General procedure C was
followed using 2,3oyrrolidinedione3.74 (869 mg, 1.71 mmol, 1 equiv) in TFA (11.4 mL) in
CH2Cl2 (11.4 mL, 0.05 M) to yiel®B.79(611 mg, 65%) as an orange oil:

Rf=0.30 (20% EtOAc in hexanes).

1H NMR (500 MHz, Chloroforrd ) & 0 = A2Hz,(2K), 7.35 7.28(m, 3H), 6.41 (s,0.32

H), 6.04 (s, 0.13H), 5.335.21 (m, 2H), 3.88 (dd}= 7.1, 3.6 Hz, 1H), 2.35 (td,= 12.1,9.7, 5.7

Hz, 1H), 1.87-1.79 (m, 1H), 1.78 1.72 (m, 1H), 1.4+ 1.14 (m, 18H), 0.88 (1] = 6.9 Hz, 3H),

0.77 (t,J= 7.4 Hz, 3H).

13C NMR (151 MHz, Chloroforred ) d 169. 86, 143. 81, 140. 50, 13
72.37,55.59, 31.91, 29.60, 29.58, 29.54, 29.32, 28.15, 24.77, 24.38, 22.70, 14.13, 8.43.

IR (cnTl) 3291, 3092, 2948, 2745, 2294, 2069, 1752, 1612, 1483, 1370, 1241, 1137.

HRMS (m/2 calculated for @H3sNO2 [M+H]* 358.27406, found 358.27343.
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Me
3-(Benzyloxy)-4-decyt5-propyl-1,5dihydro-2H-pyrrol -2-one 3.80. General procedure C was
followed using 2,3pyrrolidinedione3.75(2.12 g, 4.05 mmol, 1 equiv) in TFA (27 mL) and &

(27 mL, 0.05 M) to yield3.80(676 mg, 45%) as a dark brown oil:

Rf=0.08 (20% EtOAc in hexanes).

'H NMR (700 MHz, Chloroforrrd ) & 7. 8 3 —1.3 (m, 2H) 7.367.30.(nd BH), 5.25

—5.18 (M, 2H), 3.99-3.94 (m, 1H), 2.37 (ddd=17.1, 9.4, 5.6 Hz, 1H), 1.88 (ddik 14.0, 8.7,

5.2 Hz, 1H), 1.70 (ddt]= 10.8, 7.8, 4.3 Hz, 1H), 1.381.32 (m, 1H), 1.3+ 1.17 (m, 19H), 0.93

—0.86 (m, 6H).

13C NMR (176 MHz, Chloroforred ) 6 171. 46, 143. 24, 143. 02, 13
72.88, 56.16, 33.95, 32.03, 29.71, 29.67, 29.64, 29.44, 29.41, 28.32, 24.63, 22.81, 18.30, 14.24,
14.04.

IR (cnrt) 3427, 2881, 2348, 2091, 1705, 1633, 1450, 1303, 1202, 1053.

HRMS (m/2 calculated for @H3zsNO2 [M+H]* 372.28971, found 372.28859.

0
BnO

Me

3-(Benzyloxy)4-decyts-phenyl-1,5dihydro-2H-pyrrol -2-one (381). General procedure C was
followed using 2,3oyrrolidinedione3.76 (22 mg, 0.04 mmol, 1 equiv) in TFA (0.27 mL) in

CH2ClI2 (0.27 mL, 0.05 M) to yielB.81(3.42 mg, 21%) as a light tan sesailid:
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Rf=0.33 (30% EtOAc in hexanes).

H NMR (600 MHz, Chloroforrad)7.44—7.42 (m, 2H), 7.377.31 (m, 3H), 7.3+ 7.28 (m, 3H),

7.04—7.00 (m, 2H), 5.88 (s, 1H), 5.43 @@= 11.7 Hz, 1H), 5.32 (d] = 11.7 Hz, 1H), 4.83 (s,

1H), 2.25-2.17 (m, 1H), 1.59 (dtl= 14.1, 7.3 Hz, 1H), 1.3 1.05 (m, 18H), 0.88 (t]= 7.1 Hz,

3H).

13C NMR (176 MHz, Chloroforred ) o 169. 78, 143. 58, 141. 35, 13
128.66, 128.54, 128.28, 127.24, 72.47, 59.52, 32.04, 29.71, 29.59, 29.50, 29.45, 29.34, 28.08,
24.66, 22.83, 14.27.

IR (cnTt) 3263, 3071, 3002, 2945, 2741, 2348, 1910, 1754, 1612, 1461, 1368, 1282, 1226, 1120,
1044, 956, 868.

HRMS (m/2 calculated for €H3sNO2 [M-H] 404.25950, found 404.25925.

0O
HO

| NH
Me
9

5-Cyclohexyt4-decyl3-hydroxy-1,5-dihydro-2H-pyrrol -2-one S-1). General procedure C was

followed using pyrrolidinon&.77(0.203 g, 0.429 mmol, 1 equiir) TFA (2.9 mL) in CHCl (2.9

mL, 0.05 M) to yieldS-1 (120.8 mg, 87%) as a tan solid:

Rf=0.33(50 % EtOAc in hexanes)

'HNMR (600 MHz, Chloroforrd ) & 6. 50 (s, 1HF89 39HLH)(248 1H),
(dt,J=15.5, 8.0 Hz, 1H), 2.02 (ddd= 20.0, 9.6, 4.9 Hz, 1H), 1.82 (@= 13.7 Hz, 1H), 1.71 (q,

J=15.7, 14.7 Hz, 2H), 1.581.52 (m, 1H), 1.35 1.22 (m, 14H), 1.14 (ddd= 28.6, 24.4, 13.2

Hz, 1H), 0.88 (tJ = 6.9 Hz, 3H)

LRMS (m/2 calculated for @H3sNO2 [M+H]* 322.50, found 322.4.
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HO ? 0 H H 0
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(((29)-1-(3-decyH4-hydroxy-2-methyl-5-oxo-2,5-dihydro -1 H-pyrrol -1-yl) -3-methyl-1-
oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.88). To a stirred solution of 2;Byrrolidinedione
3.78(0.15 g, 0.44 mmol, 1 equiv) in THF (0.05 M)-4¥ °C, a solution of 1 M LIHMDS (0.9 mL,

0.87 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h. Then the activated
dipeptide3.67(0.238 g, 0.480 mmol, 1.1 equiv) in THF (0.08 M) was added dropwise. The mixture
was stirred for 3 and quenched with a saturated aqueous solution of NH4CI. It was then extracted
with EtOAc andconcentrated under reduced pressure. The crude product was purified with silica
flash column chromatography and wagiear forward into the next step.

The benzyl protected starting material (122 mg, 0.168 mmol, 1 equiv) was dissolved@k CH
(0.04M) and cooled tdl0 °C. Then a solution of BB(0.8 mL, 0.84 mmol, 5 equiv) in Gi€l2 (1

M) was added dropwise. The reaction mixture was allowed to stir for 1.5 h while being monitored
by LCMS. Once completed the reaction mixture was diluted wita@#+and quenched slowly

with a saturated aqueous solution of NaH@O0 °C. The reaction mixture turned pink and then
pale orange when fully quenched. The prdduas extracted with C¥Cl> (2x) and then washed

with brine and dried (N&5Qu). The crude product was purified by Prep HPLC to affbB8(33.7

mg, 14% over 2 steps) as an oil:

1H NMR (700 MHz,DMSGd 6) & 1H NMR (700 -NB%(m, 2HHMIBD) & 7.
7.16 (m, 3H), 6.48 6.43 (m, 1H), 6.376.32 (M, 1H), 5.43-5.36 (M, 1H), 4.44-4.36 (m, 1H),

4.31-4.26(m, 1H), 3.03-2.95 (m,1H), 2.86-2.82 (m,1H), 2.46-2.40 (m, 1H), 212—2.07 (m,
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1H), 2.03— 1.90 (m, 1H), 1.53-1.48 (m, 1H), 1.39 (s, 1H), 1.301.18 (m, 19H), 0.90 (dd,=

14.3, 6.8 Hz, 3H), 0.85 (dd,= 8.3, 6.0 Hz, 3H), 0.75 (dd,= 18.7, 6.9 Hz, 3H).

13C NMR (176 MHz, DMSGd 6) & 173. 66, 171. 92, 165. 42, 1°¢
129.24, 128.14, 128.11, 126.36, 53.96, 53.29, 52.64, 37.54, 31.25, 30.32, 28.95, 28.92, 28.87,
28.70, 28.65, 26.68, 23.53, 22.06, 19.59, 17.79, 17.23, 16.19, 13.93.

IR (cntl) 3437, 2950, 2803, 2346, 1772, 1590, 1523, 1387, 1187.

HRMS (m/2 calculated for @H41N30e [M-H] 542.32356, found 542.32420.

[ 8% =+19, €= 0.5 MeOH)

T H H\)OJ\
NN
Me-, Me \©

(((25)-1-(3-decyt2-ethyl-4-hydroxy -5-ox0-2,5-dihydro -1 H-pyrrol -1-yl)-3-methy|-1-
oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.89. To a stirred solution of 2;Byrrolidinedione
3.79(0.100 g, 0.279 mmol, 1 equiv) in THF (0.05 M)-4t °C, a solution of 1 M LIHMDS (0.60
mL, 0.559 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h. Then the activated
dipeptide3.67(0.152 g, 0.308 mmol, 1.1 equiv) in THF (0.08 M) was added dropwise. The mixture
was stirred for 3 h and quenched with a saturated aqueous solutionsGi &l extracted with
EtOAc, then concentrated under reduced pressure. The crude product was purified with silica flash
column chromatography and was catrferward to the next step.

The benzyl protected starting material (20 mg, 0.027 mmol, 1 equiv) was dissolved in
CH2ClI2 (0.04 M) and cooled td0 °C. Then a solution of BB(.13 mL, 0.14 mmol, 5 equiv) in
CH2Cl2 (1.0 M) was added dropwise. The reaction mixture was allowed to stir for 1.5 h while

being monitored by LCMS. Once completed, the reaction mixture was diluted wi@GI&€ahd
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guenched slowly with a saturated aqueous solution of Nad#@@PC. The reaction mixture turned

pink and then pale orange when fully quenched. The product was extracted w@h (24) and

then washed with brine and dried @$&%). The crude product was purified by preparative HPLC

to afford 3.89(3.8 mg, 2% over 2 steps) as an orange oil:

1H NMR (700 MHz,DMSOd 6 ) & 9. 4 6—7(14(m, 5H)H)48-6.35 (N2 BH), 6.35

6.25 (M, 1H), 5.43 5.35 (m, 1H), 4.59-4.52 (m, 1H), 4.24 (s, 1H), 3.00 (db= 35.8, 13.7 Hz,

1H), 2.86 (q,J = 6.8 Hz, 1H), 2.24 (s, 1H), 2.101.88 (m, 3H), 1.76- 1.59 (m, 1H), 1.541.47

(m, 1H), 1.40 (s, 1H), 1.301.19 (m, 16H), 0.93 (dd),= 7.0, 3.0 Hz, 1H), 0.92 0.89 (m, 2H),

0.85 (dt,J= 7.2, 3.7 Hz, 3H), 0.79 (dd= 7.0, 3.0 Hz, 2H), 0.73 (dd= 7.1, 3.1 Hz, 1H), 0.45
(td,J=7.5, 3.0 Hz, 3}

3CNMR (176 MHz,DMSGd 6 ) & 172. 6, 166. 9, 159. 8, 157. 9,
128.4, 126.7,57.4, 56.9, 56.7, 40.6, 40.4, 40.3, 40.1, 40.0, 39.9, 39.8, 39.7, 31.8, 29.8, 29.5, 29.4,
29.4, 29.3, 29.2, 29.1, 29.1, 27.1, 27.0, 24.1, 24.0, 22.5, AW, 20.3, 20.2, 16.9, 16.4, 14 .4,

5.8, 5.5.

IR (cnTl) 3362, 2948, 2881, 2810, 2387, 2330, 1765, 1679, 1640, 1545, 1482, 1370, 1230.

HRMS (m/2 calculated for @H4sN30e6 [M+H]* 558.35376, found 558.35420.

[ B9 =+63, €= 0.38, MeOH).

0 0o (o)
Me )9 Me \©

(((29)-1-(3-(2,2,2,2,2,2,zheptamethy2’R-propyl) -4-hydroxy-5-oxo-2-propyl-2,5dihydro -
1H-pyrrol -1-yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.90. To a stirred

solution of 2,3pyrrolidinedione3.80(0.15 g, 0.403 mmol, 1 equiv) in THF (0.05 M)-4¥ °C, a
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solution of 1 M LIHMDS (0.8 mL, 0.807 mmol, 2 equiv) was added dropwise. The mixture was

stirred for 1 h. Then the dipepti®e67 (0.220 g, 0.444 mmol, 1.1 equiv) in THF (0.08 was

added dropwise. The mixture was stirred for 3 h and quenched with a saturated aqueous solution

of NH4Cl and extracted with EtOAc, then concentrated under reduced pressure. The crude product

was purified with silica flash column chromatography and was carried forward into the next step.
The benzyl protected starting material (55 mg, 0.073 mmol, 1 equiv) was dissolved in

CH2Cl2(0.04 M) and cooled tel0 °C. Then a solution of BB{0.4 mL, 0.366 mmol, 5 equiv) in

CH2Cl2 (1 M) was added dropwise. The reaction mixture was allowed to stir for 1.5 h while being

monitored by LCMS. Once completed the reaction mixture was diluted wigZ&hd quenched

slowly with a saturated aqueous solution of NaR@D °C. The reaction mixture turned pink and

then pale orange when fully quenched. The pobdvas extracted with C4Ll> (2x) and then

washed with brine and dried (B#0s). The crude product was purified by preparative HPLC to

afford 3.90(15.0 mg, 6% over two steps) as an orange oil:

IHNMR (700 MHz,DMSGd 6 ) & 9. 45 JX=§.5Hz12H)) 7.23-7.142n8 3H),6.47

(d,J = 9.4 Hz, 0.12H), 6.42 (dl = 9.5 Hz, 1H), 6.38 (dJ = 8.0 Hz, 1H), 6.33 (d] = 7.8 Hz,

0.11H), 5.42 (dJ = 8.4 Hz, 1H), 4.57 (t) = 3.6 Hz, 1H), 4.30 (td] = 7.8, 5.4 Hz, 1H), 3.22 (s,

1H), 3.21 (s, 1H), 2.98 (ddd= 13.8, 5.3, 0.0 Hz, 1H), 2.84 (dd= 13.8, 7.6 Hz, 1H), 2.60 (P,

= 1.8 Hz, 0.51H), 2.40 (g} = 1.9 Hz, 0.48H), 2.3% 2.31 (m, 1H), 2.06-1.94 (m, 2H), 1.6%+

1.55 (m, 1H), 1.55-1.48 (m, 1H), 1.45-1.39 (m, 2H), 1.36 (pJ = 7.0 Hz, 1H), 1.27 (d]= 9.6

Hz, 1H), 1.23 (s, 8H), 1.21 (s, 1H), 0.99.91 (m, 6H), 0.89-0.87 (m, 3H), 0.86-0.77 (m, 3H),

0.72 (d,J= 7.0 Hz, 2H).
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13C NMR (176 MHz, DMSGd 6) & 173. 66, 171. 92, 165. 42, 1°
129.24, 128.14, 128.11, 126.386.89 52.64, 37.54, 31.25, 30.32, 28.95, 28.92, 28.87, 28.70,

28.65, 26.68, 26.57, 23.53, 22.06, 19.59, 17.79, 17.23, 16.19, 13.93.

IR (cnmt) 3435, 2986, 2945, 2863, 2400, 2333, 1763, 1647, 1551, 1482, 1390, 1308, 1247, 1163.

HRMS (m/2 calculated for G2Hs0N306 [M+H]* 572.36941, found 572.36961.

LA R

N_ _N
HO\NJB/\\Q/ OH
Me—+, \©

(((29)-1-(3-(2,2,2,2,2,2, Heptamethyl-2R-propyl) -4-hydroxy-5-oxo-2-phenyl-2,5-  dihydro-

1H-pyrrol -1-yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.91). To a solution

of compound.81 (35.6 mg, 0.0.356 mmol, 1 equiv) in THF (0.05 M} &8 °C, a solution of 1.57

M n-BuLi (0.05 mL, 0.097 mmol, 1.1 equiv) was added dropwise. The reaction was stirred for 20
min and then a solution of activated dipepfBd&/(36.9 mg, 0.097 mmol, 1.1 equiv) in THF (0.08

M). The reaction mixture was stirred for 5 h and quenched with a saturated aqueous solution of
NH3Cl, extracted with EtOAc (3x and concentrated under reduced pressure. The crude product
was purified with silica flash column chromatography and was carried forward into the next
reaction.

To a stirred solution of benzyl protected starting material (51.1 mg, 0.065 mmol, 1 equiv)
in EtOAc (0.01 M) a catalytic amount of 10% Pd/C (10 mol %),wés added. The reaction
mixture was sparged with hydrogen gas for 10 min and stirred at rt under hydrogen atmosphere
for 100 min. The reaction mixture was filtered through a celite pad and washed with EtOAc (3x).
The filtrate was concentrated to give ttreide product. The crude product was purified by

preparative HPLC to affor8.91(7.6 mg, 14% over tweteps) as a clear oil:
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1H NMR (700 MHz,DMSGd 6 ) & 9. 82 J=.5HZ 2#), 7.26 Tt).=3.5 Hz( 2H),
7.22—7.17 (m, 2H), 7.13 (dt]= 17.3, 7.7 Hz, 3H), 7.08 (§,= 7.1 Hz, 1H), 6.44-6.20 (m, 1H),
6.17—5.89 (m, 1H), 5.45 (s, 1H), 5.36 (db= 9.1, 3.5 Hz, 1H), 3.87 (s, 1H), 2.91 (dds 13.1,
5.6 Hz, 1H), 2.87 (ddl= 13.2, 4.8 Hz, 1H), 2.23 (di,= 14.9, 7.9 Hz, 1H), 2.061.98 (m, 1H),
1.68 (ddd) = 14.3, 8.7, 5.7 Hz, 1H), 1.371.30 (m, 2H), 1.28 1.10 (m, 14H), 0.88-0.82 (m,
6H), 0.37 (d,J=7.0 Hz, 3H).
13C NMR (176 MHz, DMSGd 6) & 171. 73, 166. 18, 157. 50, 1 ¢
128.56, 128.33, 127.97, 127.80, 127.42, 126.77, 125.21, 60.32, 57.14, 34.46, 31.26, 29.71, 28.93,
28.78, 28.70, 28.65, 28.54, 26.49, 23.83, 22.08, 19.85, 15.99, 13.95.
IR (cntl) 3347, 2999, 2946, 2881, 2328, 2095, 1698, 1640, 1508, 1448, 1375, 1338, 1165.
HRMS (m/2 calculated for @H44N30s [M-H] 604.33921, found 604.34017.
[ @3} =-40, €= 0.95, MeOH).
o] 0
LA e,
Me O Me

Benzyl (((S)-1-(tert-butoxy)-1-oxopropan-2-yl)carbamoyl)-L -alaninate 3.92. To a stirred
solution of triphosgene (0.308 g, 1.02 mmol, 0.37 equiv) in@#{0.11M) was slowly added a
mixture ofL-alanine benzyl ester hydrochloride (0.60 g, 2.75 mmol, 1 equad)DIPEA (0.5mL,
6.1 mmol, 2.2 equiv) in C¥Cl2 (9.8 mL, 0.28 M) over a period of 30 min using a syringe pump.
Once the first amino acid was added a solutioh-afaninet-butyl ester hydrochloride (0.499 g,
2.75 mmol, 1 equiv) and DIPEA (0.5 mL, 6.05 mmol, 2.2 equiv) inCIK(5.7 mL, 0.5 M) was
added in one portion. The reaction mixture was stirred at rt for 10 min and monitored by LCMS.
Then, the mixture was diluted with GBIz, and quenched with 10% sodium bisulfate, a saturated

aqueous solution of &HCCs, and brine. Then dried (H8Os) and evaporated to afford a crude
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oil. The crude oil was purified via silica flash column chromatography to $i8@{(859 mg, 89%)

as a white solid:

Rf=0.11 (20% EtOAc in hexanes).

'H NMR (500 MHz, Chloroforrd ) & = 8%Hz,(5H), 5.19 (ddl = 12.4, 2.5 Hz, 1H),
5.11 (d,J = 12.3 Hz, 1H), 4.52 (p= 7.0 Hz, 1H), 4.34 (p) = 7.1 Hz, 1H), 1.44 (s, 9H), 1.34 (d,
J=7.2 Hz, 3H), 1.30 (d] = 7.1 Hz, 3H).

13C NMR (151MHz, Chloroformd) 174.4, 173.8, 156.7, 135.6, 135.5, 128.5, 128.3, 128.0, 81.6,
66.9, 49.2, 48.8, 27.9, 19.1, 18.7.

IR (cnTt) 3345, 2950, 2108, 2059, 1633, 1524, 1407, 1161.

HRMS (m/2 calculated for @gH26N20sNa [M+Na]" 373.17339, found 373.17209.

[ B8} =-33.95, €=0.291, MeOH)
(0] H H 0]
wiwwtosn
(o) e
Me Me

tert-Butyl (((S)-1-(benzyloxy)1-oxopropan-2-yl)carbamoyl)-L-valinate (3.93. To a stirred

solution of triphosgene (0.308 g, 1.02 mmol, 0.37 equiv) in@HO0.11 M) was slowly added a
mixture ofL-alanine benzyl ester hydrochloride (0.60 g, 2.8 mmol, 1 equiv) and DIPE&IKQ.5

6.1 mmol, 2.2 equiv) in C¢CI2(9.8 mL,0.28 M) over a period of 30 min using a syringe pump.
Once the first amino acid was added a solutiob-gélinet-butyl esterhydrochloride (0.57 g, 2.8
mmol, 1 equiv) and DIPEA (0.81L, 6.1 mmol, 2.2 equiv) in C¥Cl> (5.5 mL, 0.5 M) was added

in one portion. The reaction mixture was stirred at rt for 10 min and monitored by LCMS. Then,
the mixture was diluted with Ci€l2, and quenched with 10% sodium bisulfate, a saturated

aqueous solution of NaHCGQOand brine. Then dried (HM8Os) and evaporated to afford a crude
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oil. The crude oil was purified via silica flash column chromatography to $i6&i(0.818 g, 79%)

as a white solid

Rf=0.15 (20% EtOAc in hexanes).

1H NMR (600 MHz, Chloroforred ) & — 7730 (81 85H), 5.20 (dl = 12.4 Hz, 1H), 5.14 (d],=

12.3 Hz, 1H), 4.52 (q) = 7.2 Hz, 1H), 4.30 (d] = 4.3 Hz, 1H), 2.10 (pd] = 6.9, 4.4 Hz, 1H),

0.93 (d,J = 6.9 Hz, 3H), 0.86 (d] = 6.9 Hz, 3H).

13C NMR (151 MHz, Chloroforrrd ) &6 17 4. 1, 172. 5, 156. 9, 135.
49.1, 31.7, 28.2, 19.1, 19.0, 17.6.

IR (cnTt) 3405, 2967, 2883, 2074, 1804, 1601, 1597, 1340, 1221, 1185, 1155.

HRMS (m/2 calculated for @H31N20s [M+H]* 379.22275, found 379.22282.

[ BB} =-24.5 ¢=1.046, MeOH).
NS G
oJ\(N\n/N OBn
Me O

©

Benzyl (((S)-1-(tert-butoxy)-1-oxopropan-2-yl)carbamoyl)-L -phenylalaninate (3.94).

Triphosgene (0.229 g, 0.759 mmol, 0.37 equiv) was dissolved yCGKD.11M). A mixture of
L-phenylalanine benzyl ester hydrochloride (0.60 g, 2.1 mmol, 1 equiv) and DIPEA (0.8 mL, 4.5
mmol, 2.2 equiv) in CECIl2 (7.3 mL,0.28 M) was slowly added to the stirred solution of
triphosgene over a period of 30 min using a syringe pump. Once the first amino acid was added a
solution of L-alanine tbutyl ester hydrochloride (0.37 g, 2.1 mmol, 1 equiv) and DIPEA (0.8 mL,

45 mmol, 2.2 equiv) in CkCI2(4.12 mL, 0.5 M) was added in one portion. The reaction mixture
was stirred at rt for 10 min and monitored by LCMS. Then diluted with@Hland quenched

with 10% sodium bisulfate, aaturated aqueous solution of NaH{§@nd brine. Then dried
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(NaeSOy) and evaporated to afford a crude oil. The crude oil was purified via silica flash silica
chromatography to yiel8.94(0.673 g, 77%) as a white solid:
1H NMR (600 MHz, Chloroforred ) & — 7733 @83H), 7.3+ 7.27 (m, 2H), 7.21 (dd= 5.1,
1.9 Hz, 2H), 7.19-7.17 (m, 1H), 7.04 7.01 (m, 2H), 7.06-6.97 (m, 1H), 5.16 (dd}=12.2, 4.3
Hz, 1H), 5.09 (ddJ= 12.2, 6.6 Hz, 1H), 4.81 (s, 2H), 4.36.29 (m, 1H), 3.16- 3.03 (M, 2H),
1.46 (d,J= 0.9 Hz, 9H), 1.31 (d, J = 7.1 Hz, 2H)
13C NMR (151 mHz, Chloroforrd ) 6 173. 2, 172. 4, 156. 2, 136.
128.7, 128.6, 128.6, 128.6, 128.5, 127.1, 81.9, 67.3, 54.1, 49.6, 38.6, 28.1, 19.4
LRMS (m/J calculated for @H31N20s [M+H]* 427.51, found 427.3.
(o) o)

HOJ\rH\n’H\E/U\OBn

Me O Me
(((S9)-1-(Benzyloxy)1-oxopropan-2-yl)carbamoyl)-L-alanine (3.95. To a stirred solution of
3.92(176 mg, 0.502 mmol, 1 equiv) in anhydrous£Ci (16.8 mL, 0.03 M), TFA (5.0 mL, 0.1
M) was added at 0 °C under argon. The reaction was stirred at rt for 3 h. TFA a@Gt ®@kre
evaporated under reduced pressure and the residue was redissolved in toluene. Toluene was
evaporated under reduced pressure and the crude oil was purified via silica flash column
chromatography to afford.95(99.6 mg, 64%) as a white solid:
Rf =0 (50% EtOAc in hexanes).
H NMR (500 MHz, Chloroforred ) & — 7730 @18 6H), 5.74 (bs, 2H), 5.20 @@= 12.3 Hz,
1H), 5.14 (dJ = 12.3 Hz, 1H), 4.56 (s, 1H), 4.41 (s, 1H), 1.35 (@d,10.4, 7.2 Hz, 6H).
13C NMR (176 MHz, Chloroforrad ) 0 174.16, 158. 10, 135. 28,
49.03, 29.70, 18.94, 18.68, 17.78.

IR (cnmt) 3269, 3049, 2974, 2939, 2095, 1728, 1692, 1592, 1327, 1224.
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HRMS (m/2 calculated for @H19N20s [M+H]* 295.12885, found 295.12787.

[ B3 =-21.96, ¢ =0.532, MeOH)

(o] H H (o]
HO)JIN\"/N\/U\OBn
(0] e
Me Me

(((S)-1-(Benzyloxy)1-oxopropan-2-yl)carbamoyl)-L-valine (3.96. To a stirring solution of

compound3.93(283 mg, 0.747 mmol, 1 equiv) in anhydrous£CH (24.9mL, 0.03 M), TFA (7.5

mL, 0.1 M) was added at 0 °C under argon. The reaction was stirred at rt for 3 h. TFA #ig CH
were evaporated under reduced pressure and the residuedivesoieed in toluene. Toluene was
evaporated under reduced pressure and the crude oil was purified via silica flash column
chromatography to afford.96(239 mg, 99%) as a white solid:

Rf =0 (20% EtOAc in hexanes).

1H NMR (500 MHz, Chloroforrad ) & — 7731 @n95H), 6.27-6.18 (m, 1H), 5.20 (d} = 12.3

Hz, 1H), 5.14 (dJ = 12.4 Hz, 1H), 4.61 (q] = 7.2 Hz, 1H), 4.34 (s, 1H), 2.142.06 (m, 1H),

1.35 (d,J = 7.6 Hz, 3H), 0.93 (d] = 6.7 Hz, 3H), 0.83 (d] = 6.8 Hz, 3H).

13C NMR (151 MHz, Chloroforrrd ) &6 176 . 1, 174. 7, 158. 9, 135. 3,
49.3, 30.7, 19.3, 18.9, 17.9.

IR (cntl) 3304, 2958, 1782, 1649, 1593, 1465, 1221, 1154.

HRMS (m/2 calculated for @sH23N20s [M+H]+ 323.16015, found 323.15897.

[ B} =-13.68, €= 0.409, MeOH)
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(((S)-1-(Benzyloxy)1-oxo-3-phenylpropan-2-yl)carbamoyl)-L -alanine (3.97).To a solution of
compound3.94(663.1 mg, 1.55 mmol, 1 eq) in anhydrousZCi4 (51.9 mL, 0.03 M), TFA (15.5

mL, 0.1 M) was added at 0 °C under argon. The reaction was stirred at rt for 3 h. TFA #¢igd CH

were evaporated under reduced pressure and the residue was redissolved in toluene. Toluene was
evaporated under reduced pressure and the crude oil was purified via silica flash column
chromatography. The pure compound was dried on Yaghto3.97 (367 mg, 64%) as a white

solid:

'HNMR (500 MHz, Chloroforrad ) & 7J=3.16 2.5H,8H), 7.29 (dd=6.6, 2.6 Hz, 2H),
7.22—7.17 (m, 3H), 6.98 (o = 3.4, 3.0 Hz, 2H), 5.31 (d,= 7.7 Hz, 1H), 5.17 (d] = 12.1 Hz,

2H), 5.10 (dJ= 1.9 Hz, 1H), 4.80 (d] = 6.7 Hz, 1H), 4.36 (tJ = 13.4 Hz, 1H), 3.09 (d]= 5.8

Hz, 2H), 1.37 (dJ = 7.2 Hz, 3H).

F
F F o o
B<EVET N

F Me O Me

Benzyl (((S)-1-oxo-1-(perfluorophenoxy)propan-2-yl)carbamoyl)-L-alaninate  @.989. A

solution of EDCI (195 mg, 1.00 mmol, 1.03 equiv) in £Hp (7.7 mL, 0.13 M) was added to a

stirred solution of protected dipepti@®5 (287 mg, 0.975 mmol, 1 equiv) and pentafluorophenol

(181 mg, 0.975 mmol, 1 equiv) in GAI2(16.3, 0.06 M) at rt under argon. After 24 h the solution

was washed with 1 M HCI and extracted with £CHb. The organic layers were combined and

dried (NaSQ4) and concentrated under reduced pressure to dffierdrude product and purified

via silica flash column chromatography to yi@®8(318.2 mg, 71%) as a white solid:

Rf = 0.45 (50%EtOAc in hexanes).
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H NMR (700 MHz, Chloroforned ) 8 — 7732 (8195H), 5.21 (d] = 12.3 Hz, 1H), 5.15 (dl =

12.3 Hz, 1H), 5.05 (dl= 7.6 Hz, 1H), 4.92 (dl= 7.7 Hz, 1H), 4.82 (p] = 7.3 Hz, 1H), 4.55 (p,
J=7.3Hz, 1H), 1.57 (d] = 7.3 Hz, 3H), 1.41 (d]= 7.2 Hz, 3H).

13C NMR (176 MHz, Chloroformd ) 6 173.93, 170. 47, 156. 02,
67.35, 49.18, 48.91, 19.07, 18.70.

IR (cntl) 3427, 3340, 1815, 1759, 1474, 1461, 1364, 1323, 1319, 1230, 1200.

HRMS (m/2 calculated for GoH16FsN20s [M-H]- 459.09849, found 459.09878.

[ BB} =-26.2, €= 0.479, CHCL).

Benzyl (((S)-1-oxo-1-(perfluorophenoxy)propan-2-yl)carbamoyl)-L -phenylalaninate (3.99).

A solution of EDCI (211 mg, 1.09 mmol, 1.03 equiv) in £Hb (8.4 mL, 0.13 M) was added to a
stirred solution 0f3.97 (311.8 mg, 1.05 mmol, 1 equiv) and pentafluorophenol (197 mg, 1.05
mmol, 1 equiv) in CHCIz2 (17.7 mL, 0.06 M) at rt under argon. After 24 hours the solution was
washed with 1 M HCIl and extracted with @El2. The organic layers were combined and dried
(Na2SQs) and concentrated under reduced pressure to afford the crude product and purified via
silica flash column chromatography to yiédd9(129.8 mg, 23%) as a white solid:

H NMR (500 MHz, Chloroforred ) 7.87 (d, J = 6.4 Hz, 1H), 7.31 (dd, J = 7.4, 2.3 Hz, OH),
7.21 (g, J = 2.7 Hz, 1H), 7.626.98 (m, 1H), 5.19 (d, J = 12.1 Hz, OH), 5.12 (d, J = 12.1 Hz, OH),

4.87—4.72 (m, 1H), 3.12 (d, J = 5.0 Hz, 1H), 1.55 (d, J = 6.7 Hz, 3H).
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Perfluorophenyl (((S)-1-(benzyloxy)1-oxopropan-2-yl)carbamoyl)-L-valinate (3.100. A
solution of EDCI (216 mg, 1.11 mmol, 1.03 equiv) in £Hb (8.6 mL, 0.13 M) was added to a
stirred solution of protected dipepti@e96(349 mg, 1.08 mmol, 1 equiv) and pentafluorophenol
(201 mg, 1.08 mmol, 1 equiv) in GBIz (18.0 mL, 0.06 M) at rt under argon. After 24 hours the
solution was washed with 1 M HCl and extracted witheCH. The organic layers were combined
and dried (Ne&SQu) and concentrated under reduced pressure to afford the crude product and
purified via silica flash column chromatography to yi8ld® (232.5 mg, 44%) as a white solid:
Rf=0.31 (20% EtOAc in hexanes).
1H NMR (700 MHz, Chloroforned ) & — 7730 @05H), 5.21 (d] = 12.3 Hz, 1H), 5.19-5.12
(m, 2H), 4.99 (ddJ = 9.0, 3.8 Hz, 1H), 4.78 (dd,= 8.9, 4.7 Hz, 1H), 4.56 (@,= 7.3 Hz, 1H),
2.34 (pd J= 6.9, 4.7 Hz, 1H), 1.41 (d,= 7.2 Hz, 3H), 1.07 (d] = 6.8 Hz, 3H), 1.00 (d] = 6.9
Hz, 3H).
13C NMR (176 MHz, Chloroforred ) o 173.92, 169. 46, 156. 50, 13
67.36, 58.14, 49.27, 31.39, 19.12, 19.08, 17.55.
IR (cnrt) 3327, 2982, 2372, 2324, 1810, 1737, 1653, 1579, 1539, 1482, 1316, 1282, 1172, 1111,
1012.
HRMS (m/2 calculated for @H20FsN20s [M-H]-487.12979, found 487.12972.

[ B8} =-16.19, €=0.177, CHCL).
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Me+4, Me” "Me
((9)-1-(4-(2,2,2,2,2,2,Heptamethyl-2R-propyl) -3-hydroxy-2-oxo-2,5-dihydro -1 Hpyrrol -1-
yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-L-alanine @3.106). To a stirred solution of 2;3
pyrrolidinedione3.39 (135 mg, 0.410 mmol, 1 equiv) in THF (0.05 M)-4% °C, a solution of 1
M LIHMDS (0.8 mL, 0.819 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h.
Then the activated dipeptid100in THF (1.1 equiv) was added dropwise. The mixture was
stirred for 3 h and quenched with a saturated aqueous solutions@Gfiisittl extracted with EtOACc,
then concentrated under reduced pressure. The crude product was purified with silica flash column
chromatography and was carried forward to the next step.

The benzyl protected starting material (76.6 mg, 0.121 mmol, 1 equiv) was dissolved in
CH2Cl2(0.04 M) and cooled tel0 °C. Then a solution of BB(0.6 mL, 0.604 mmol, 5 equiv) in
CH2Cl2 (1.0 M) was added dropwise. The reaction mixture was allowed to stir for 1.5 h while
being monitored by LCMS. Once completed the reaction mixture was diluted wi1¢hd
guenched slowly with a saturated aqueous solution of Nad#@@PC. The reaction mixture turned
pink and then pale orange when fully quenched. Thdyct was extracted with G&l2 (2x) and
then washed with brine and dried @$&%). The crude product was purified by preparative HPLC
to afford3.1( (3.9 mg, 2% over 2 steps) as an orange oil:
1HNMR (700 MHz,DMSOd 6 ) & 8. 21 {=s7,6 H4, HH), £.336d] =498 HZ, tH),

5.35 (dd J= 9.3, 3.8 Hz, 1H), 4.10 (d,= 18.4 Hz, 1H), 4.00 (d} = 18.4 Hz, 2H), 2.30 (hepl,=
7.2 Hz, 2H), 2.041.99 (m, 1H), 1.46 (p] = 7.0 Hz, 2H), 1.29-1.19 (m, 14H), 0.93 (d, = 6.8

Hz, 3H), 0.85 (tJ = 7.0 Hz, 3H), 0.77 (d] = 6.9 Hz, 3H).
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3CNMR (176 MHz,DMSGd 6 ) & 175. 12, 172.23, 165. 98, 157

46.18, 31.27, 29.71, 28.96, 28.90, 28.88, 28.69, 28.66, 26.78, 24.82, 22.07, 19.71, 18.50, 16.26,
13.93.

IR (cnrt) 3437, 2987, 2876, 2801, 2391, 2326, 2110, 1899, 1789, 1657, 1599, 1463, 1415, 1347,
1308, 1269, 1195, 1096, 1019, 988, 950.

HRMS (m/2 calculated for @sHaoN30s [M+H]* 454.29116, found 454.29012.

[ @2 =-34.95, €=0.052, MeOH).

O o H n ©
HO N N
Oy on
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S

(((29)-1-(2-Ethyl-3-(2,2,2,2,2,2,zheptamethy F2’R-propyl) -4-hydroxy-5-0x0-2,5 dihydro-
1H-pyrrol -1-yl)-1-oxopropan-2-yl)carbamoyl)-L -alanine @.106). To a stirred solution of 2;3
pyrrolidinedione3.79 (102 mg, 0.286 mmol, 1 equiv) in THF (0.05 M)-47 °C, a solution of 1
M LiIHMDS (0.6 mL, 0.571 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h.
Then the activated dipeptid98(145 mg, 0.314 mmol, 1.1 equiv) in THF (0.08 M) was added
dropwise. The mixture was stirred for 3 h and quenched with a saturated agueous solution of
NH4Cland extracted with EtOAc, then concentrated under reduced pressure. The crude product
was purified with gica flash column chromatography and carried forward to the next step.

To a stirred solution of benzyl protected -pyrolidinedione (82.4 mg, 0.130 mmol, 1
equiv) in EtOAc (0.01 M) a catalytic amount of 10% Pd/C (10 mol %)v&k added. The reaction
mixture was sparged with hydrogen gas for 10 min and stirred at rt under hydrogen atmosphere

for 100 min. The reaction mixture was filtered through a celite pad and washed with EtOAc (3x).
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The filtrate was concentrated to give the crude product. The crude product was purified with
preparative HPLC to affor8.106 (1.7 mg, 1% over 2 steps) as a clear oil:

1H NMR (700 MHz, Methanetl 4 )  3-5.85.(n8, @QH), 4.65 (dd),= 4.6, 2.7 Hz, B16H), 4.58

(dd,J = 4.8, 2.5 HzP.63H), 4.27—4.23 (m, 1H), 2.66-2.53 (m, 1H), 2.38 2.25 (m, 1H), 2.12

—2.05 (m, 1H), 1.751.72 (m, 1H), 1.64-1.58 (m, 1H), 1.541.47 (m, 1H), 1.46-1.26 (m, 22H),

0.91 (t,J= 7.0 Hz, 3H), 0.58 (dt] = 22.6, 7.4 Hz, 3H).

13CNMR (176 MHz,DMSGd 6 ) & 173. 69, 166. 40, 156. 73, 141
48.18, 31.26, 28.98, 28.93, 28.88, 28.65, 28.65, 26.60, 23.58, 22.06, 20.37, 17.50, 13.93, 5.00.

IR (cnTt) 3356, 2922, 2762, 2358, 2078, 1724, 1696, 1560, 1456, 1385, 1364, 1239.

HRMS (m/2 calculated for @H4oN30e [M+H]* 454.29116, found 454.29054.

o , 4 O
Bno)b/\N\n/N\i)Losn
(o] -\©

Benzyl (((S)-1-(benzyloxy)1-oxo-3-phenylpropan-2-yl)carbamoyl)-L-valinate (S-3.1). To a

[ B =-36, c=1.29, MeOH)

stirred solution of triphosgene (38.3 mg, 0.126 mmol, 0.37 equiv) #OBKD.11 M) was slowly
added a mixture df-phenylalanine benzyl ester hydrochloride (0.10 g ,0.34 mmol, 1 equiv) and
DIPEA (0.13 mL, 0.75 mmol, 2.2 equiv) in GBI2(1.2 mL, 0.28M) over a period of 30 min using

a syringe pump. Once the first amino acid was added a solutidnrvafine benzyl ester
hydrochloride (83.6 mg, 0.342 mmol, 1 equiv) antPBA (0.13 mL, 0.75 mmol, 2.2 equiv) in
CH2CI2 (0.68 mL, 0.5 M) was added in one portion. The reaction mixture was stirred at rt for 10
min and monitored by LCMS. Then diluted with &@H2, and quenched with 10% sodium

bisulfate, a saturated aqueous solution of Nakl@@d brine. Then dried (N&Os) and evaporated
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to afford a crude oil. The crude oil was purified via silica flash column chromatography to yield
S$3.1(91.2 g, 55% yield) as a white solid:

Rf=0.21 (20% EtOAc in hexanes).

'H NMR (700 MHz, Chloroforrd ) & — 7728 @n810H), 7.17 (df, = 10.1, 3.6 Hz, 3H), 6.99

—6.96 (M, 2H), 5.22-5.10 (m, 4H), 5.04 (dtl= 12.2, 2.9 Hz, 2H), 4.86 (td= 8.1, 4.0 Hz, 1H),

4.49 (dd) = 8.8, 4.6 Hz, 1H), 3.10 (dd,= 13.8, 5.2 Hz, 1H), 3.06 3.01 (m, 2H), 2.15-2.07

(m, 1H), 0.90 (ddJ = 11.7, 6.8 Hz, 3H), 0.80 (dd= 21.8, 6.9 Hz, 3H).

13C NMR (176 MHz, Chloroformd ) 6 173.31, 172. 45, 156. 76, 13
129.58,128.73, 128.71, 128.61, 128.52, 128.47, 127.08, 127.07, 67.28, 67.17, 58.07, 54.13, 38.69,
31.61, 19.16, 17.68.

IR (cntl) 3349, 2997, 2926, 2868, 2326, 2093, 1743, 1666, 1571, 1398.

HRMS (m/2 calculated for @H32N20sNa [M+Na]" 511.22034, found 511.21896.

[ @ =-11.37, €= 1.09, MeOH).

(0] H H o
HO)I“\IJN\)LOH
©

(((S)-1-Carboxy-2-phenylethyl)carbamoyl)-L -valine (3.138. To a stirred solution d&-3.1 (258

mg, 0.528 mmol, 1 equiv) in EtOAc (52.8 mL, 0.01 M) a catalytic amount of 10% Pd/C (10 mol
%), H2was added. The reaction mixture was sparged with hydrogen gas for 10 min and stirred at
rt under hydrogen atmosphere for 100 min. The reaction mixture was filtered through a celite pad
and washed with EtOAc (3x). The filtrate was concentrated to givertiok product. The crude
product was purified using reverse phadica flash chromatography (C18) to obtaih38(50.2

mg, 31% yield) as a white solid:
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Rf=0 (10% MeOH in CHCL).

1H NMR (600 MHz, Methanet 4 ) & 7.78.(n3, 6H), 4.55 (dd},= 6.8, 5.4 Hz, 1H), 4.18 (d,
J=4.9 Hz, 1H), 3.13 (dd}= 13.8, 5.4 Hz, 1H), 3.01 (dd= 13.8, 6.9 Hz, 1H), 2.13 (hd= 7.1,

5.0 Hz, 1H), 0.97 (dJ = 6.8 Hz, 3H), 0.92 (d] = 6.9 Hz, 3H).

13C NMR (176 MHz, Methanetl 4 ) 0 175. 95, 175. 51, 160. 13,
59.29, 55.48, 39.12, 31.98, 19.63, 17.85.

IR (cntl) 3342, 3012, 2945, 2782, 1793, 1677, 1508, 1400, 1290, 1148.

HRMS (m/2 calculated for @sH21N20s [M+H]* 309.14450, found 309.14362.

[ @ = +49.87, ¢ = 0.84, MeOH).

\ OMe

OH
F5;C

Methyl (Z)-2-hydroxy-3-(4-(trifluoromethyl)phenyl)acrylate (3.23. N-acykglycine (3.36 g,
28.7 mmol, 1 equiv), sodium acetate (259 g, 31.6 mmol, 1.1 equiv), 4
(trifluoromethyl)benzaldehyde (5.00 g, 28.7 mmol, 1 equiv), and acetic anhydride (8.14 mL, 86.1
mmol, 3 equiv) were added to a 20 mL vial. The reaction was stirred at 90 °C for 1 hour, then
taken off heat allowing it to solidify into a yellow solid. Thdidavas broken up into fine pieces
and was filtered with cold water. The yellow solid was then added to a round bottom flask and 6
M HClwas added, then heated to reflux overnight. The solid was filtered MitHQ| and CHCk
to obtain a light orange sdl The crude product (3.07 g) was carried forward into the next step.

A solution of the crude product (3.07 g, 13.2 mmol, 1 equiv) in anhydrous MeOH (44 mL,
0.3 M) was added TMSCI (5.0 mL, 39 mmol, 3 equiv). The solution was heated to 60 °C for 24

hours and was monitored by LCMS. Then the solvent was evaporated under fgeégsace. The
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crude solid was purified via column flash chromatography to afford the product (1.2 g, 37% yield)

as a white sensolid:

1H NMR (600 MHz, Chloroforred ) & — 7781 @n92H), 7.63 7.58 (m, 2H), 7.55-7.49 (m,

1H), 7.32=7.27 (m, 1H), 6.60 (d] = 1.6 Hz, 1H), 6.53-6.52 (m, 1H), 3.95 (s, 3H).

13C NMR (151 MHz, Chloroforred ) 0 166. 44, 140. 69, 130. 22, 13
102.82, 53.68.

IR (cntl) 3427, 2945, 2348, 2093, 1754, 1709, 1631, 1629, 1448, 1426, 1401, 1338, 1262, 1217,
1157, 1118, 1057, 997, 962.

HRMS (m/2 calculated for €H10F303 [M+H]*247.05766, found 247.05705.

(0]

N OMe

OH
Br

Methyl (Z)-3-(4-bromophenyl)-2-hydroxyacrylate (1.114). N-acykglycine (2.67 g, 22.6 mmol,
1.1 equiv), sodium acetate (1.87 g, 22.6 mmol, 1.1 equimpobenzaldehyde (4.0 g, 20 mmol,
1 equiv), and acetic anhydride (5.9 mL, 62 mmol, 3 equiv) were added to a20 mL vial. The reaction
was stirred at 90 °C for hour, then taken off heat allowing it to solidify into a yellow solid. The
solid was broken up into fine pieces and was filtered with cold water. The yellow solid was then
added to around bottom flask antM8HCl was added, then heated to reflux overnight. The solid
was filtered with 1 M HCI and C¥Cl2 to obtain a light orange solid. The crude product (2.63 Q)
was carried forward into the next step.

A solution of the crude product (2.63 g, 10.8 mmol, 1 equiv) in anhydrous MeOH (36 mL,
0.3 M) was added TMSCI (4.1 mL, 32 mmol, 3 equiv). The solution was heated to 60 °C for 24

hours and was monitored by LCMS. Then the solvent was evaporated under fgeégsace. The
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crude solid was purified via column flash chromatography to afford the product (1.62 g, 58% yield)
as a white sensolid:

1H NMR (500 MHz, Acetonad 6 ) & JB=.13 Bz, {H), 7.77 (d] = 8.3 Hz, 2H), 7.55 (dl

= 8.3 Hz, 2H), 6.47 (s, 1H), 3.86 (s, 3H).

13C NMR (176 MHz, Chloroforred ) 0 166.61, 139. 62, 133.11,
53.53.

IR (cntl) 3435, 3012, 2974, 2097, 1910, 1716, 1642, 1442, 1407, 1357, 1308.

HRMS (m/2 calculated for @H10BrO3 [M+H]* 256.98078, found 256.97991.

o

N OMe

OH
Cl

Methyl (Z)-3-(4-chlorophenyl)-2-hydroxyacrylate (3.113). N-acytglycine (3.59 g, 30.4 mmol,
1.1 equiv), sodium acetate (2.52 g, 30.4 mmol, 1.1 equigjlatobenzaldehyde (4.00 g, 27.6
mmol, 1 equiv), and acetic anhydride (7.9 mL, 83 mmol, 3 equiv) were added to a 20 mL vial. The
reaction was stirred at 90 °Crfé hour, then taken off heat allowing it to solidify into a yellow
solid. The solid was broken up into fine pieces and was filtered with cold water. The yellow solid
was then added to around bottom flaski & M HCI| was added, then heated to reflux overnight.
The solid was filtered with 1 M HCl and CHI2 to obtain a light orange solid. The crude product
(3.07 g) was carried forward into the next step.

A solution of the crude product (3.07 g, 15.5 mmol, 1 equiv) in anhydrous MeOH (51.5
mL, 0.3 M) was added TMSCI (5.9 mL, 46.4 mmol, 3 equiv). The solution was heated to 60 °C
for 24 hours and was monitored by LCMS. Then the solvent was evaporated unasdred
pressure. The crude solid was purified via column flash chromatography to afford the product

(2.74 g, 52% yield) as a white sesdilid:
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1H NMR (500 MHz, Chloroforrrd ) & 0 = 3Hz,(2H), 7.33 (d] = 8.4 Hz, 2H), 6.48

6.44 (m, 2H), 3.93 (d] = 0.9 Hz, 3H).

13C NMR (176 MHz, Chloroforrd ) & 166. 47, 139.33, 133.69, 13
53.37.

IR (cnl) 3435, 2978, 2786, 2093, 1964, 1789, 1469, 1450, 1349, 1310.

HRMS (m/2 calculated for @H10ClOs [M+H]*213.03130, found 213.03070.

o)
HO

| N-DMB

F5C
1-(3,4-Dimethylbenzyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl) -1,5-dihydro-2Hpyrrol -2-
one @.1195. General procedure A was followed usir§y23 (1.2 g, 4.9 mmol, 1 equiv),
formaldehyde (37 wt% in ¥D) solution (0.22 mL, 2.9 mmol, 0.6 equiv) and -2,4
dimethoxybenzylamine (0.37 mL, 2.4 mmol, 0.5 equiv). The product crashed out of the solution
and was filtered off to obtain the product (646 mg, 34%) as a white solid:
Rf=0.42 (50% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforred ) & 7= &11Hz,(2H),,7.62 (d] = 8.1 Hz, 2H), 7.20 (d,
J=8.0 Hz, 1H), 6.49 (dJ = 9.5 Hz, 2H), 6.46 (s, 1H), 4.71 (s, 2H), 4.09 (s, 2H), 3.88 1.4
Hz, 3H), 3.83 (dJ = 1.4 Hz, 3H).
13C NMR (176 MHz, Chloroforred ) 0 166. 83, 161. 08, 158. 70, 14
125.65, 116.91, 114.99, 104.55, 98.81, 55.66, 55.58, 47.91, 41.57.
IR (cntl) 3118, 2973, 2818, 2356, 2348, 2048, 1709, 1647, 1513, 1474, 1312, 1273, 1073.

HRMS (m/2 calculated for @H19FsNO4 [M+H]*394.12607, found 394.12502.
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HO
| N-DMB

Br
4-(4-Bromophenyl)-1-(3,4-dimethylbenzyl)-3-hydroxy-1,5-dihydro-2H-pyrrol -2-one  3.119.
General procedure A was followed wiBh114(1.58 g, 6.17 mmol, 1 equiv), formaldehyde (37
wt% in H20) solution (0.27 mL, 3.7mmol, 0.6 equiv) and-2Z4methoxybenzylamine (0.47 mL,
3.1mmol, 0.5 equiv). The product crashes out of solution and was filtered off to obtain the product
(1.124 g, 45%) as a white solid.
Rf=0.45 (50% EtOAc in hexanes).
I1H NMR (600 MHz, Chloroforrrd ) & 7. 47 (Js=8.2 BzHIH), 6.97 (s,118l), 6(48 |
6.44 (m, 2H), 4.67 (s, 2H), 4.02 (s, 2H), 3.84 (s, 3H), 3.80 (s, 3H).
13C NMR (176 MHz, Chloroforred ) 0 166. 92, 160. 85, 158. 53, 14
127.58, 121.28, 116.89, 115.42, 104.36, 98.64, 55.50, 55.43, 47.73, 41.31.
IR (cnTt) 3120, 2973, 2348, 1916, 1703, 1575, 1493, 1390, 1219.

HRMS (m/2 calculated for @H17BrNO4 [M-H] 402.03464, found 402.03290.

o)
HO

| N-DMB
(o]
4-(4-Chlorophenyl)-1-(3,4-dimethylbenzyl)-3-hydroxy-1,5dihydro-2H-pyrrol -2-one @.117).
General procedure A was followed wRtL 13(1.68 g, 7.94mmol, 1 equiv), formaldehyde (37 wt%
in H20) solution (0.35 mL, 4.8 mmol, 0.6 equiv) and-Z}J4methoxybenzylamine (0.61 mL, 4.0
mmol, 0.5 equiv). The product crashes out of solution and was filtered off to obtain the product

(43.3 mg, 15%) as a white solid:
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Rf=0.13 (30% EtOAc in hexanes).

H NMR (700 MHz, Chloroforred ) & — 7752 Bn52H), 7.34 7.29 (m, 2H), 7.17 (d] = 8.2

Hz, 1H), 7.05 (s, 1H), 6.486.44 (m, 2H), 4.67 (s, 2H), 4.02 (s, 2H), 3.84 (s, 3H), 3.80 (s, 3H).

13C NMR (176 MHz, Chloroforrd ) & 167 .03, 161. 00, 158.68, 14
128.96, 127.46, 117.07, 115.50, 104.52, 98.79, 55.65, 55.57, 47.93, 41.45.

IR (cntl) 3096, 2984, 2827, 2385, 2115, 1983, 1748, 1482, 1360, 1245, 1133.

HRMS (m/2 calculated for @H17CINO4 [M-H]- 358.08516, found 358.08558.

0
BnO

| N-DMB

F5C
3-(Benzyloxy)1-(3,4-dimethylbenzyl)-4-(4- (trifluoromethyl)phenyl) -1,5-dihydro -2Hpyrrol -
2-one @B.118. General procedure B was followed using-gy8rolidinedione3.115(64.3 mg, 1.63
mmol, 1 equiv), KCOz(90.3 mg, 6.54mmol, 4 equiv), and BnBr (0.78 mL, 6.54 mmol, 4 equiv)
to yield 3.118(421 mg, 53%) as a light yellow oil:
Rf = 0.40 (30% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforrrd ) & @ =8&.2LHz,(2d), 7.55 (d] = 8.2 Hz, 2H), 7.56-
7.42 (m, 2H), 7.38 7.30 (m, 3H), 7.16 (d]= 8.0 Hz, 1H), 6.49-6.41 (m, 2H), 5.71 (s, 2H), 4.64
(s, 2H), 4.04 (s, 2H), 3.84 (s, 3H), 3.81 (s, 3H).
13C NMR (126 MHz, Chloroforred ) 0 166. 56, 160. 86, 158. 66, 14
128.41,127.12, 126.44, 125.55, 125.51, 124.13, 117.33, 104.50, 98.73, 72.22, 55.61, 55.56, 47.65,
41.10.
IR (cnTt) 2965, 2807, 2069, 1977, 1709, 1595, 1441,1316, 1252.

HRMS (m/2 calculated for €H23F3sNO4 [M-H]- 482.15847, found 482.15826.
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BnO
| N-DMB

Br
3-(Benzyloxy)4-(4-bromophenyl)-1-(3,4-dimethylbenzyl)-1,5-dihydro -2 H-pyrrol -2- one
(3.119. General procedure B was followed using -gy8rolidinedione 3.116 (0.379 g, 0.938
mmol, 1 equiv), KCOz(51.8 mg, 3.75 mmol, 4 equiv), and BnBr (0.45 mL, 3.75 mmol, 4 equiv)
to yield the product (230 mg, 50%) as a light yellow oil:
Rf=0.12 (20% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforred ) & 7J1=88, 1.6 Hzd2H), 7.46 7.41 (m, 4H), 7.39
7.28 (m, 3H), 7.15 (d] = 8.1 Hz, 1H), 6.49- 6.41 (m, 2H), 5.66 (s, 2H), 4.62 (s, 2H), 4.00 (s,
2H), 3.83 (d,J = 1.4 Hz, 3H), 3.80 (d, J = 1.4 Hz, 3H).
13C NMR (126 MHz, Chloroforred ) O 166. 84, 160. 79, 158. 64, 14
131.06, 128.58, 128.39, 128.22, 127.88, 125.06, 122.07, 117.45, 104.47, 98.70, 72.16, 55.60,
55.55, 47.63, 40.99.
IR (cnrt) 3315, 3066, 2984, 2385, 2087,1715, 1497, 1474, 1424, 1301.

HRMS (m/2 calculated for @H23BrNO4 [M-H] 492.08159, found 492.08212.

o)
BnO
| N-DMB
Cl
3-(Benzyloxy)-4-(4-chlorophenyl)-1-(3,4-dimethylbenzyl)-1,5-dihydro -2H-pyrrol -2- one

(3.120. General procedure B was followed using-gy8rolidinedione3.117(43.3 mg, 1.20 mmol,
1 equiv), KCOs3(66.6 mg, 4.82 mmol, 4 equiv), and BnBr (0.58 mL, 4.82 mmol, 4 equiv) to yield

the product (273 mg, 50%) as a light yellow oil:
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Rf=0.33 (30% EtOAc in hexanes).

1H NMR (600 MHz, Chloroforred ) & — 7755 Bn92H), 7.48 7.45 (m, 2H), 7.46-7.29 (m,

5H), 7.17 (d J= 8.1 Hz, 1H), 6.56-6.45 (m, 2H), 5.68 (s, 2H), 4.65 (s, 2H), 4.02 (s, 2H), 3.86 (S,

3H), 3.83 (s, 3H).

13C NMR (176 MHz, Chloroforred ) 0 166. 88, 160. 82, 158. 67, 14
130.71, 128.85, 128.58, 128.41, 128.22, 127.65, 125.10, 117.50, 104.52, 98.73, 72.18, 55.62,
55.57,47.71, 41.00.

IR (cnTt) 3373, 2984, 2907, 2106, 1621, 1472, 1390, 1258.

HRMS (m/2 calculated for @H25CINO4 [M+H]*450.14666, found 450.14529.

o]
BnO

| NH

F3C
3-(Benzyloxy)-4-(4-(trifluoromethyl)phenyl) -1,5dihydro-2H-pyrrol -2-one  @.121). General
procedure C was followed using Z@rrolidinedione3.118(209 mg, 0.432 mmol, 1 equiv) and
TFA (2.9 mL) in CHCI2 (2.9 mL, 0.15 M) to yield the product (73.6 mg, 51%) as a white solid:
Rf=0.10 (50% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforred ) & 0= &27Hz,(2H),,7.60 (d] = 8.1 Hz, 2H), 7.44 (d,
J = 8.0 Hz, 2H), 7.34 (dtd,= 11.0, 7.1, 6.5, 1.8 Hz, 3H), 6.18 (s, 1H), 5.66 (s, 2H), 4.2a%d,
1.4 Hz, 2H).
13C NMR (126 MHz, Chloroforrad ) o 169. 42, 146. 07, 137. 07, 13
127.12, 126.59, 125.68, 125.65, 125.62, 125.17, 72.39, 43.40.
IR (cnTt) 3340, 3017, 2870, 2728, 2132, 1912, 1752, 1483, 1293.

HRMS (m/2 calculated for @sH13F3NO2 [M-H]- 332.09039, found 332.09020.
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BnO

Br
3-(Benzyloxy)4-(4-bromophenyl)-1,5-dihydro -2H-pyrrol -2-one @.122. General procedure C
was followed using 2;pyrrolidinedione3.119(657 mg, 1.33 mmol, 1 equiv) and TFA (8.8 mL)
in CH2Cl2 (8.8 mL, 0.15 M) to yield the product (251 mg, 55%) as a white solid:
Rf=0.19 (50% EtOAc in hexanes).
1H NMR (500 MHz, Chloroforred ) & — 7752 @n62H), 7.56- 7.46 (m, 2H), 7.44-7.40 (m,
2H), 7.37—7.29 (m, 3H), 6.16 (s, 1H), 5.60 (s, 2H), 4.18 (S, 2H).
13C NMR (176 MHz, Chloroforred ) 6 170. 22, 144. 90, 137. 14,
128.63, 128.36, 128.01, 122.70, 72.39, 43.61.
IR (cnrt) 3146, 3071, 2937, 2315, 2119, 1944, 1769, 1592, 1353,1234.

HRMS (m/2 calculated for @zH15BrNO; [M+H]* 344.02807, found 344.02728.

0
BnO

| NH
cl
3-(Benzyloxy)4-(4-chlorophenyl)-1,5-dihydro-2H-pyrrol -2-one @3.223). General procedure C
was followed using 2;pyrrolidinedione3.120(251 mg, 0.556 mmol, 1 equiv) and TFA (3.7 mL)
in CH2Cl2 (3.7 mL, 0.15 M) to yield the product (40 mg, 24%) as a tan solid:
Rf=0.14 (50% EtOAc in hexanes).
1H NMR (700 MHz, Chloroforred ) & — 7759 @22H), 7.42 (dl = 7.1 Hz, 2H), 7.33 (qd], =

9.4, 8.9, 4.2 Hz, 5H), 6.15 (s, 1H), 5.60 (s, 2H), 4.18 (s, 2H).
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13C NMR (176 MHz, Chloroforrd ) & 169 . 75, 144. 82, 137. 21,
128.40, 128.34, 127.75, 72.36, 43.46, 29.88.

IR (cnt) 3157, 3055, 2945, 2876, 2350, 1649, 1646, 1597, 1476, 1472, 1372, 1347, 1133, 1087,
1021, 941.

HRMS (m/2 calculated for €H13CINO2 [M-H] 298.06403, found 298.06370.

O o
HO \ Nﬁ“ H fo)
Ty o
D

(((S)-1-(3-Hydroxy -2-oxo-4-(4-(trifluoromethyl)phenyl) -2,5-dihydro-1H-pyrrol -1-yl) - 3-
methyl-1-oxobutan-2-yl)carbamoyl)-L-phenylalanine @.127. To a stirred solution of 2;3
pyrrolidinedione3.121(73 mg, 0.22 mmol, 1 equiv) in THF (0.05 M)-4% °C, a solution of 1 M
LIHMDS (0.44 mL, 0.44 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h.
Then the activated dipeptide67(119 mg, 0.240 mmol, 1.1 equiv) in THF (0.08 M) was added
dropwise. The mixture was stirred for 3 h and quenched wittiaiasad agueous solution of
NH4Cland extracted with EtOAc, then concentrated under reduced pressure. The crude product
was purified with silica flash column chromatography and carried forward into the next step.

To a stirred solution of benzyl protected product, (114.5 mg, 0.1604 mmol, 1 equiv) in
EtOAc (16 mL, 0.011 M) a catalytic amount of 10% Pd/C (10 mol %)yv&k added. The reaction
mixture was sparged with hydrogen gas for 10 min and stirred at rt under hydrogen atmosphere
for 100 min. The reaction mixture was filtered through a celite pad and washed with EtOAc. The
fitrate was concentrated to give the crusteduct. The crude product was purified with Prep

HPLC to afford3.127 (34.6 mg, 30% over 2 steps a white solid:
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1H NMR (600 MHz,DMSGd 6) & 12.60 (s, 1H¥82HzRH)I780(@E,s, 1H
J = 8.3 Hz, 2H), 7.29 (= 7.5 Hz, 2H), 7.24-7.17 (m, 3H), 6.55 (d, J = 9.3 Hz, 1H), 6.381d,

= 7.9 Hz, 1H), 5.44 (dd= 9.3, 3.7 Hz, 1H), 4.62 (d,= 17.6 Hz, 1H), 4.55 (d, = 17.6 Hz, 1H),

4.31 (td J= 7.7,5.2 Hz, 1H), 3.00 (dd=13.8, 5.3 Hz, 1H), 2.86 (dd= 13.8, 7.7 Hz, 1H), 2.09

—2.04 (m, 1H), 0.95 (d] = 6.8 Hz, 3H), 0.79 (d] = 6.9 Hz, 3H).

13C NMR (176 MHz, DMSGd 6) & 173. 65, 172. 38, 165. 64, 1°¢
129.24,128.17, 127.15, 126.40, 125.47, 125.45, 124.91, 123.37,56.87, 53.97, 44.90, 37.48, 29.79,
19.70, 16.25.

IR (cnTt) 3364, 2986, 1813, 1774, 1687, 1595, 1355, 1278.

HRMS (m/2 calculated for @H27FsN30s [M+H]* 534.18465, found 534.18370.

[ B =+34.9, ¢=0.9, MeOH)

HO

(((S)-1-(3-Hydroxy -2-oxo-4-phenyl-2,5-dihydro -1H-pyrrol -1-yl)-3-methyI-1- oxobutan-2-
yl)carbamoyl)-L -phenylalanine @.129. To a stirred solution of 2;3yrrolidinedione3.122(51

mg, 0.14 mmol, 1 equiv) in THF (0.05 M) &7 °C, a solution of 1 M LIHMDS (0.30 mL, 0.30
mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h. Then the activated dipeptide
3.67(162 mg, 0.326 mmol, 1.1 equiv) in THF (0.08 M) was added dropwise. The mixture was
stirred for 3 h and quenched with a saturated aqueousosohf NH*Cland extracted with EtOAc,

then concentrated under reduced pressure. The crude product was purified with silica flash column

chromatography and was carried forward into the next step.
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To a stirred solution of benzyl protected product, (53.8 mg, 0.074 mmol, 1 equiv) in EtOAc
(7.4 mL, 0.011 M) a catalytic amount of 10% Pd/C (10 mol %)wds added. The reaction
mixture was sparged with hydrogen gas for 10 min and stirred at rt under hydrogen atmosphere
for 100 min. The reaction mixture was filtered through a celite pad and washed with EtOAc. The
filtrate was concentrated to give the crugeduct. The crude product was purified with
preparative HPLC to affor8.129(8.01 mg, 9% over 2 gbe) as a clear oil.
1H NMR (600 MHz, DMSOd 6 ) & J=.7.8 Mz, ZH), 7.44 (t) = 7.6 Hz, 2H), 7.38-7.30
(m, 1H), 7.28 (tJ = 7.5 Hz, 2H), 7.20 (d] = 7.5 Hz, 3H), 6.54 (d] = 9.3 Hz, 1H), 6.37 (d] =
8.0 Hz, 1H), 5.45 (ddl= 9.3, 3.8 Hz, 1H), 4.58 (d,= 17.6 Hz, 1H), 4.51 (d] = 17.6 Hz, 1H),
4.31-4.29 (m, 1H), 3.00 (dd)= 13.7, 5.4 Hz, 1H), 2.86 (dd = 13.8, 7.4 Hz, 1H), 2.12.05 (m,
1H), 0.95 (d,J = 6.8 Hz, 3H), 0.79 (d] = 6.8 Hz, 3H).
13C NMR (176 MHz, DMSGQGd 6 ) 0 172. 35, 165. 96, 157. 34, 1 ¢
129.19, 128.64, 128.47, 128.38, 128.32, 128.26, 128.12, 127.96, 127.84, 126.69, 126.31, 121.37,
56.82, 54.13, 45.00, 37.58, 29.86, 19.71, 16.30.
IR (cnrt) 3353, 3027, 2960, 2924, 2089, 1718, 1653, 1545, 1392, 1239, 1187, 1023.
HRMS (m/2 calculated for @H26N306 [M-H]- 464.18271, found 464.18206.

[ B} =+7.92, ¢=0.7, MeOH)

‘ D
(((S)-1-(4-(4-Chlorophenyl)-3-hydroxy-2-oxo-2,5-dihydro -1 H-pyrrol -1-yl) -3-methyl1-

oxobutan-2-yl)carbamoyl)-L-phenylalanine  @3.128. To a stirred solution of 2;3
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pyrrolidinedione3.223(38.7 mg, 0.129 mmol, 1 equiv) in THF (0.05 M}4f °C, a solution of 1
M LIHMDS (0.26 mL, 0.26 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h.
Then the activated dipeptid®67(141 mg, 0.284 mmol, 2.2 equiv) in THF (0.08 M) was added
dropwise. The mixture was stirred for 3 h and quenched with a saturated agueous solution of
NH4Cland extracted with EtOAc, then concentrated under reduced pressure. The crude product
was purified with silica flash column chromataghy and was carried forward to the next step

The benzyl protected starting material (40 mg, 0.06 mmol, 1 equiv) was dissolved in
CH2ClI2 (0.04 M) and cooled td0 °C. Then a solution of BB(.29 mL, 0.29 mmol, 5 equiv) in
CH2Cl2 (1.0 M) was added dropwise. The reaction mixture was allowed to stir for 1.5 h while
being monitored by LCMS. Once completed the reaction mixture was diluted wi€I&ahd
guenched slowly with a saturated aqueous solution of Nad#E@C. The product was extracted
with CH2Cl2(2x) and then washed with brine and dried{8(4). The crude product was purified
by Prep HPLC to affor®.128(13.3 mg, 22% over 2 steps) as a white solid:
HNMR (700 MHz, Methanetl 4 ) & 7.83.(n@ BH), 7.46 7.44 (m, 2H), 7.27 ()= 7.5 Hz,
2H), 7.24-7.21 (m, 2H), 7.2%+7.18 (m, 1H), 5.55 (d] = 4.1 Hz, 1H), 4.59-4.54 (m, 2H), 4.47
(d,J=17.4 Hz, 1H), 3.12 (dd,= 13.8, 5.1 Hz, 1H), 3.01 (dd= 13.8, 6.8 Hz, 1H), 2.232.20
(m, 1H), 1.07 (d,) = 6.8 Hz, 3H), 0.90 (d] = 6.9 Hz, 3H).
13C NMR (176 MHz, Methanetl 4) & 174 . 22, 167. 25, 160. 21,
130.57, 129.85, 129.44, 129.37, 129.34, 127.71, 121.46, 59.02, 55.52, 46.31, 39.18, 31.43, 20.18,
16.71.
IR (cntl) 3418, 2904, 2344, 2156, 1780, 1605, 1508, 1448, 1355, 1210, 1068.
HRMS (m/2 calculated for @sH25CIN3Os [M-H] 498.14374, found 498.14297.

[ @7 =+26.09, ¢ = 0.599, MeOH).
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Evaluation and Biological Activity

General Information i Biological Assays

Methicillin-resistant and methicillin sensitive Staphylococcus aureus (MRSA and MSSA
respectively) strains were obtained from the Laboratory of Professor Christian Melander (NCSU)
(ATCC 29213, and 33591) and Dr. Jessica Gilbertie (ATCC 25923). Bacteria were kept in frozen
stocks on glycerol at80 °C until use. Bacteria was streaked omygptic-soy agar for colony
isolation. MuellerHinton broth (MHB, 211448D) and Dglucose (CAS: 4952-6) were
purchased from Fisher Scientific. Tryptic soy agar (TSA, cat. # 22091) and Linezolid (cat. #
P70014) were purchased from Sigalarich, and Vancomycin HCI (cat. # BP29581) was
purchased from Fisher Scientific. Bacteria for biofilm inhibition were cultured overnight in TSB

G (tryptic soy broth with 0.5% glucose supplement) in 96 well plates. All assays were run in
technical with the MIC assays reped in, at minimum, biological duplicate and the MBECs
repeated in biological triplicate. All compounds were dissolved in molecular biology grade DMSO
as 10 mM stock solutions. Optical densities were measured using a Thermo Scientific Genesys 20
spectrophtometer. Data for biofilm inhibition, MBEC, and MIC assays were collected using a
BioTek ELx808 Microplate Reader.

Broth microdilution method for determination of minimum inhibitory concentrations

As prescribed by the Clinical and Laboratory Standards Institute (CLSHABQ®/ol. 29 (2)
MSSA (ATCC 29213 and 25923) and MRSA (ATCC 33591) was grown in MHB-f8r this
culture was used to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacigsigension

was aliquoted (0.5 mL) into 1.5 mL Eppendorf tubes and compound was added from a 10 mM
DMSO stock to achieve the desired initial starting concentration (typicallyd/28L). Linezolid

(from a 10 mM DMSO stock) or vancomycin (from a 10 mM DMS&Gck) were used as a positive
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control. Inoculated media not treated with compound served as the negative control. The MIC was
determined by micro broth dilution following the CLSI guidelines. The MIC was defined as the
lowest concentration of antibiotic with no visible growth. Theelats sealed and incubated under
stationary conditions at 37 °C. After 16 h, MIC values were recorded as the lowest concentration
of compound at which no visible growth of bacteria was observed.

Determination of the Minimum Biofilm Eradication Concentrations (MBEC) using the
Calgary Biofilm Device (CBD) on MSSA (ATCC 25923) biofilms

Biofilm eradication experiments were performed usthgaureugATCC 25923, ATCC 29213,

ATCC 33591) and the Calgary Biofilm Device (CBD) to determine MBEC values for various
compounds of interest (Innovotech, product code: 1923The Calgary device is a 96ell plate

with a lid containing 96 pegs that sit in the media contained in the bottom well. Biofilm are
established on the individual pegs. The established biofilm (contained on the individual peg) can
then be transferred taw@w base well for MBE@:sting. For the MBEC assay, an overnight culture

of MSSA (ATCC 25923) was adjusted to 0.5 McFarland in MEBBThe CBD was inoculated

with 165uL of the 0.5 McFarland and incubated at 37 °C for 24 hours to establish biofilms. The
CBD lid containing the established biofilms on individual pegs was removed, washed 3x with PBS
1X and transferred to another-@&ll plate containing serial dilutions ¢dhe test compounds
(“challenge plate”) and incubated at 37e °C fo
challenge plate, washed 3x with PBS 1X to remove any residual compound and placed into a new
96-well base plate containing fresh MHB. The plate was then sonicated for sonicated for 15
minutes to disperse biofilms on the pegs into the fresh MHB in tleewsalh After sonication, the

plate was incubated for 24 hours at 37°C. MBEC values were determined as the lowest test

concentration that resulted in no growth in the sonicate fluid.
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Additional Discussion Regarding MBEC Assay

We performed the MIC assays in accordance to what has been standardized in the literature. We
followed a protocol that has been informed by published literatifte perform the MBEC assays

as previously reportetiBacterial biofiims were preformed under microaerobic conditions and
subsequently treated with different concentrations of the antimicrobial in question. The
antimicrobials are then washed off and the remaining biofilms asdtdehed from the pegs via
smication into a new growth media rescplate for up to 24 hours. The optical density of the
rescue plate is then measured at a 600 nm wavelength (OD600) and used to determine bacterial
growth. The MBEC is defined as the minimum concentration at which bacterial growth was not

detected in the seue media plates (check Fig@®).
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Figure S1: Schematic MBEC assay procedure

Given the unusual set of data we initially obtained, especially for compg&@0¢but also foi8.1,

3.91 and 3.109 in which the MBEC literature; but not unprecedented. Hurerived
antimicrobial peptides have shown the capacity to ihtd@hd/or eradicate bacterial biofilms of
Burkholderia spp P. aeruginosa, and multispecies biofilms through the disruption of stress
response regulatér& As a followup experiment to determine if there were viable bacteria in the
treatment supernatant resulting frometMBEC assay, we performed an MBEC treatment

supernatant enumeration assay to enumerate the bacterial cells that escaped the biofilm by serial
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dilution (Figure 1, step 2). The rationale being that bacteria dispersed from the biofilms-by non

lethal means during treatment would remain viable in the treatment supernatant. We selected
compounds3.1 and3.90 due to their similar activities against 25923 biofilrd$ and 8ug/mL

respectively) and their larger difference of activity against planktonic cells in the MIC assay (32

and >128ug/mL respectively). Compoundsl and3.90were enumerated at 2x their MBECs
(treatment doses: 3&/mL and 16ug/mL, respectively) and 2x their MICs (treatment doses: 64

pug/mL and 12819 / mL , respectively (Figure 2). Compoun
upper limit of study from the initial in vitro testing stage. Of note, no viable cells were recovered

from any of the compoun8.1 treatmat wells tested. Compour2l90displayed a higher number

of cells than those in the untreated wells. All untreated controls displayed growth in both the
assay’s terminal medi a r es c u-enlypupanatent (Rigure 1.t he e

Step 2). The lower limit of detectidor the assay was 100 CFU/m

MBEC Treatment Supernatant Enumeration

100
10°
108
ior
108
0%
10
10°
102
10

et el el Lt L el L o

1 (LAA) B4 wg/mil
1 {LAA) 32 ug/ml
16 (propyl) 16 ugimil

16 (propyl) 128 ug/mi
Untreatad Corntrel

CFWml

These results confirm those seen in previous MIC/MBECs and more accurately characterizes
compound3.90 as capable of biofilm eradication with ntethal effects (also observed for
compound3.109, while compound3.1 simultaneously eradicates the biofilm phenotype with
lethal effects. While this phenomenon has literature precedent, present in antimicrobial peptides

across varied species of biofifarming pathogenic bacteria, the juxtaposition of observed effects
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of compound3.90and compound@.1 warrant a deeper investigation which lies outside the scope
of this study.

Photos of Enumeration Assay: Leopolic acid A3.1 (left); Analog, 3.90(right)

2x MIC (or upper limit treatment dose) for

2x MBEC of each compound vs 25923 Sk canmaiind
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Chapter 4: Efforts Towards the Total Synthesis of Dentigerumycin

Introduction

Peptides as Therapeutics

Therapeutic peptides have a long history, dating back to the 1920s when insulin, a naturally
derived peptide, was first usedtteat Type | diabete’s Peptides occupy a unique space between
small molecules and biologics, playing essential roles in human physiology as hormones,
neurotransmitters, growth factors, and antibacterial agei®ver the years, peptide drug
discovery has evolved significantly. Traditionally, researchers used naturally occurring peptides
as a starting point, modifying them through medicinal chemistry to enhance potency, selectivity,
stability, solubility, and reduce toxicity More recently, advancements in genomics and
peptidomics have provided powerful new approaches for identifying therapeutic peptides.
Additionally, highthroughput screening techniquegable scientists to rapidly evaluate vast
libraries of moleculesCommon strategies for discovering new peptide drugs include targeting
known signaling pathways with specific receptors, de novo peptide ligand screening, and
leveraging genomic or peptidomic insightfhese advancements continue to drive innovation in
peptidetherapeutics, expanding their potential in modern medicine.

Peptides have emerged as promising therapeutic agents for various conditions, including
diabetes, cancer, and fungal and bacterial infectirfsWhile they offer several advantages, they
also present challenges as therapeutics. One major limitation is their membrane impermeability,
which restricts them to extracellular and transmembrane targets. Additionally, their poor
gastrointestinal stability radl permeability limit administration methods, typically requiring
intravenous injectiod Peptides also struggle to cross the blbogin barrier, making them
ineffective for central nervous system targethough from a toxicology standpoint, this can be a
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beneficial trait? Another drawback is their biological instability. Peptides are rapidly metabolized
and cleared from the body, primarily through proteolytic degradation and renal filff&®spite

these challenges, peptides remain valuable due to their high efficacy and broad spectrum of
biological activity, making them powerful tools in drug development.

As of 2023, cyclic peptides account for 46% of the 146 approved therapeutic peptides,
highlighting their growing significance in drug developmé@tompared to linear peptides, cyclic
peptides exhibit greater biological activity, binding to their targets with higher affinity and
selectivity due to their restricted conformational flexibifity.Additionally, cyclization enhances
stability by protecting the amide backbone from enzymatic degradation, as therigid structure limits
access to proteaségFurthermore, cyclization can improve membrane permeability by increasing
intramol ecul ar hydrogen bonding, which enhan:
surface area.

Antifungal Therapeutics

Fungal pathogens are known to affect both plant and animal life, but the impact of fungal
infections on human health is often overlooked. The role of fungi in human health is severely
underappreciated. While many people experience superficial fungalam®diuring their lifetime
that are easy to treat, there are billions of more serious fungal infections worldwide that are difficult
to diagnose and treat, resulting in milions of deaths each§éarAccording to the CDC,
antifungal resistance is a growing problem that requires urgent attention. It is particularly
concerning that mortality associated with fungal infections remains high despite the availability of

antifungal treatments.
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Fungi are evolutionarily close to humans, which presents a unique challenge for the
development of antifungal drug3ue to this close evolutionary relationship, many potential drug
targets in fungi are also present in human cells, thdimiiing the scope for developing effective
treatments that do not harm the h¥stCurrently, the FDA has approved a few classes of
antifungal drugs, including azoles, echinocandins, and amphoterigig&e 20).1012 |n 2023,
the FDA approved Rezfungin, a cyclic peptide antifurefawn inFigure 241 It is an oral
medication and an analog of anidulafun@nb), a naturally occurring cyclic peptide.While

these treatments have shown some
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success, they are not always effective, particularly against more resistant or etifficait fungal
infections. Given the limitations of existing antifungal therapies and the growing problem of drug
resistance, it is crucial for the scientific comntyrtio focus on discovering new antifungal drug
scaffolds. Developing novel compounds with unique mechanisms of action is essential for

improving treatment options and combating the rising threat of fungal infections.

Insect - FungusMutualism Leads toNew Drugs

Mutualism refers to a symbiotic relationship in which both species involved benefit from
their interaction One exampleof mutualism is the longstablished relationship between ants and
fungi, which has evolved over at least 50 million yéais this relationship, ants maintain fungal
gardens by bringing plant materials back to their nests and using them to cultivate their fungal
crops. These cultivated fungi serve as a primary food source for the ants.

In addition to the direct benefits provided by the fungi, ants depend on bacterial symbionts,
primarily actinobacteria, that reside on their bodies to protect them from harmful fungal pathogens.
Actinobacteria are known for producing biologically activeanmolecules:* These bacterial
symbionts generate chemical defenses that not only protect the ants but also help safeguard the

fungal garden and the plant materials the ants bringetét. This chemical defense system is
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crucial for maintaining the health and stability of the entire mutualistic relationShipr time,
this relationship has led to the diversification of the ants, their fungal cultivars, and even the garden
parasites that interact with both1® The coevolution of these species highlights the complexity
and interdependence of their mutualistic associatvwreover, the small molecules produced by
these bacteria hold promise as a valuable source of new antimicrobial scaffolds.
Dentigerumycin Isolation

Dentigerumycin was isolated in 2009 by Clardy and cowoetsis produced as part of
the mutualistic relationship between actinobacteria and fuggging antgFigure 25). In their
study, Clardy and coworkers isolated the bactedRsaudonocardia spthe fungal cultivar, and
the parasitic fungugscovopsis spfrom an Apterostigma dentigerunant nest collected in
Gamboa, Panama, in 20841.The Pseudonocardiatrain was found to produce dentigerumycin,
which exhibited strong inhibitory activity againgscovopsigrom the same colony. Notably, the
fungal cultivar was not affected by dentigerumycin. This selective biological effect helps protect
the ants' food source and nest from parasitic fungi, ensuring the stability of their mutualistic

relationship.

148



mutualism mutualism

ﬁ F"\‘ *4'\\.

Pseudonocardia sp. Apterostigma dentigerum Fungal garden

l

HO
RI-PZ_~ 1 b L B-OH-Leu

| o
<
o
N Ala
N-OH-Ala_ kfo o @

Garden parasite

(R)-Piz 7-0H-Piz (Escovopsis)

Figure 25. Mutualistic relationship to acceskentigerumycin

Dentigerumycin is a cyclic depsipeptide characterized by its incorporation of highly
modified amino acids, including two piperazic adiiz) u ni thsy,dry xy pi perazi c
hydroxyleucine, andN-hydroxyalanine. In addition to these unique amino acids, dentigerumycin
features a polyketide derived pyran side chain, further contributing to its structural complexity.
Despite its intriguing structure, biological data on dentigerumycin remains linitedever,
available studies suggest that it exhibits artiobial activity, particularly against the fungal
parasiteEscovopsisFurthermore, dentigerumycin demonstrates inhibitory effects against various
strains ofCandida albicanswith a MIC of 1.1eM, highlighting its potential as an antimicrobial
agent!4 These findings suggest that dentigerumycin may be a promising candidate for further

investigation, particularly in the development of treatments for fungal infections.
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Piperazic Acid Synthetic Methods

Polyoxypeptins and aurantimycins, which have similar amino acids to dentigerumycin, are
the most closely related natural prod uct$® While these compounds differ in their core structures
due to variations in their amino acid composition, all three natural products incorporate piperazic
acid moieties. Piperaziacid wasfirst discovered in 1971lis a distinctive cyclic hydrazine
containing amino acid, known for its unusual structural feat\fr€Sperazic acids are found in a
variety of natural products with biological activif.21 Structurally piperazic acid moieties have
a constrained conformation, locking the amino acid in platéch can induce betturns2® This
uniqgue amino acigignificantly contributes to the biological activity and structural diversity of
these natural produgtpositioning them as valuabkargetsfor further study in the context of

antimicrobial and other bioactive properties.

Os__OH
0 Ktzl o 9 KtzT
HO(
HZN/\/\‘)LOH —> N oH —> NH
NH, 02 NH, AH
4.6 4.7 g

Scheme34. Biosynthesis of piperazic acid

The biosynthetic pathway of piperazic acid remained unknown for several decades and has
been the subject of ongoing debate and revision. In 2012, theeKtpided gene cluster was
identified as corresponding to the piperazic amtaining kutzneride® It was subsequently
shown that freeN-OH-L-ornithine servd as an intermediate in the biosynthetic pathway.
Following this discovery, the piperazate synthase KtzT enzyme was found to cNrOQ&ftL -
ornithine into L-piperazic acidScheme 3323 Over the years, various biosynthetic, synthetic, and

chemical strategies have been developed to access piperazit®dids2°
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A commonly used synthetic route to access piperazic aclayis prolinecatalyzed
a s y mme-hydrazinatiom(Scheme 3% Both R)- and §-piperazic acids can be synthesized
through a proline at al y z ed -lydryzimatier? The sgnthetic routescommences with
bromoaldehyde, dibenzylazodicarboxylate, and catalytic prolin€€HRCN, resulting inan
a s y mme-hydrazioatiom. Depending on the desired enantioselectivity, dither L-proline
can be used. The resulting aldehyde, whichisunstalals; e duced i n the same p
to yield an alcohol, whictvasthen TBSprotected. Next, the sihgrotected compound unadeent
cyclization with NaH, followed by deprotection with TBAF. Finally, the unprotected alacsasl

oxidized with TEMPO to form the piperazic acid moiety.

o)
* HJ\/\/\Br NHCbz
J 4.10 CbzN” NHCbz
N OBn L-proline H\n/'\/\/Br NaBH, Cbz’;‘
O N - ———— > Ho Br
N~ NN
4.9 CH,Cl, fo} EtOH
OBn 4.11 91% 412
TBSCI
imidazole .NHCbz NaH (j TBAF
CbhzN
= _——— _———
e 1BSO. I B - CbzN. .., OTBS -
B DMF, 40 °C Noz THF, 0 °C
100% 413 97% a4 100%
TEMPO
(j NaCIO
CbzN_ J.. _OH NaClO, Kj
gb s ————> CbzN_ ., OH
z MeCN Cbz 1]/
phosphate buffer (pH 6.8) o
4.15 4.16

90%

Scheme35. Prolinec at al y z e d -lydrazimaten tpiperazic acid synthesis

Piperazic acids are often challenging to work with, primarily dueto their limited reactivity.
In natural products containing piperazic acid, tH2-position is the most common site for
derivatization. However, this position is difficult to react with because of the reduced
nucleophilicity of the nitrogen atom B2, which is caused by stereoelectronic eff@¢£8Since

1979, it has been established that only acylating agentd be usedo add to théN2 position of
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piperazic acicf®In most cases, a silver salt is required to promote the acylation reaction. While
AgCN s typically used for silvepromoted acylation, this reagentighly toxic3%-34 Fortunately,
alternative silver salts, which are safer to handle, have been reported to effectively facilitate these
acylation reactiong!
Our Synthetic Route

There is no previously reported synthetic route to dentigerum@cinsynthetic route was

inspired by previously reported cyclic peptide syntheses containing Piz mélettes.
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pyran- coupling HO.

R N o TO macrocyclization N
- 7

O OH X Y o

— N“~0 + i
(o)
R kf 0

- HN
N CbzN .
N OTBS
C'“NK))‘\ ) ChbzN” OMe
+OTBS
BocN

gncm
coupling N o . mﬁBik coupling
— kfo " —

9 O OTBS
Csz

v
or B
SOHN n
N\H/Hk y OH
coupling (o) N\/J§

l;lez
NFmoc (o] OMe coupling [o)
BnO. + n + AIIocOJH"“‘
N 0 H'}‘ N—NFmoc HN
« 0 CbzN Cbz ~OBn
Cl

Scheme36. Retrosynthesis of dentigerumycin

Our retrosynthesis begins with a coupling of the pyran side chain with the depsipeptide core. The
depsipeptide core is formed through a macrocyclization betweeN2Hpesition of Piz and a
carboxylic acid. This comes from a coupling of-Ria and thealcoholin hydroxyleucine. The

left-handside of the depsipeptide core will be formed through a series of coupling reactions.
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N-OH-Ala

The synthetic route fdd-OH-Ala amino acid(Scheme37) begins with the reaction of-D
methyl lactate with O 2,6lutidine, and NHOBnN,which leadto the formation of methyl ester
4.18 Saponification of methyl estdr18then yielced the corresponding carboxylic acid, which
wassubsequently allyl protected afford4.19 However, during the allyl protection step, a double

additionwasobserved, which res@t in lower yields.

OTf,
2,6-lutidine
o NH,OBn
NaOH
> M M
MeoJ\fMe Meo™ N HO)H' °
CH,Cl, HN THF/H,0 HN
OH “OBn ~OBn
417 97% 95%
: 4.18 4.19
DIPEA o
allyl bromide \/\OJ\‘_‘Me
[EE— .
HN
DMF “OBn
41% 4.20

Scheme37. Ala-OBn synthetic route

(R)-Piperazic acid

(R)-Piperazic acid constitutes two of the five amino acid fragments in the core of
dentigerumycin. Our initial attempt to synthesiB)-piperazic acid followed a-8tep synthetic
route published in 2013, which was originally designed 8hpiperazic acid using proline
(Scheme 3838 However, we adapted the route by substitutingrBline with L-proline to access
the desired stereochemistry. The routgdnwith DBAD, an aldehyde, and catalyticproline to
form the hydrazine aldehydd.1)t hr ou g h a swydrazimatiorr. inche same pot, the
aldehyde underenta Pinnick oxidation. The final step involgeanintramolecular cyclizatiomand

Cbz deprotection ia single stepjsing NaOH to yield the target piperazic acid.
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(0] HJJ\/\/\Br

J 4.10 CbzN NaClo
N OBn L-proline H : Br o
N 40 = \ﬂ/\/\/ —XK >
Ten CH,Cl, a1 H,0, 0 °C
NHCb
CbzN” : NaOH (j
HO X Br ----e---eee---- » CbzN_ /., _OH
0 °C then 25 °C N
0 421 THF or DMF o
4.16

Scheme38. Process chemistry route to piperazic acid

Unfortunately, our attempt using this shortened route was unsuccessful, as we were unable

to obtain the carboxylic acif.21). We hypothesized that tkéfference in scalefrom kilogram

scale process chemistry to our milligracale reactionwas a contributing factor. As a result, we

opted for a more widely used, longer synthetic route, as detaitbe literature earliet’

o)
o) HJJ\/\/\Br
J 4.10
N OBn L-proline -
OYN 4.9 >
CH,CI
OBn zre
TBSCI
imi NH
imidazole Cbzr:l’ Chz
DMF TBSO A _~_ Br
7 0,
3% 4.13
TEMPO
Kj PhI(OAc),
CbzN_ ., OH ——>
N CH4CN/H,0
76%
4.15

_NHCbz
CbzN _NHCbz
M SB[ ek, CbzN
3 EtOH HO\/\/\/BI‘
411 80%
412
NaH Kj TBAF
——————> CbzN_ ., _OTBS —————>
DMF, 40 °C gbz i THF, 0 °C
94% 72%
414
Kj KOH (j
CbzN_ J. OH — 3 cbzN_ ). _OH
Noz T N
THF 87%
cbz I b Hol
4.16 4.22

Scheme39. (R)-piperazic acid synthesis

The revised approadh Scheme 3% |1 s o

i nvol v e d-hydrazinados ysmgnet r i ¢

DBAD, an aldehyde, and catalyticproline. Temperature control was critical for this reaction, as
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it must be maintained at 0 °C; temperatures lower than this significantly slow the reaction rate.
Instead of oxidizing the aldehyd£ 11) to a carboxylic acid, we reduced it with NaBtd afford

alcohol 4.12 This was followed by TBS protection and intramolecular cyclization to afford
compound4.14 The alcohol was then oxidized using a modifiedsion of the TEMPO oxidation

to obtain the carboxylic aci@.16).2” Finally, the Cbz group was selectivelgprotectedo yield
compound4.2233 Two deprotection conditiorsNaOH and KOH—were tested, with KOH

providing the higher yield.

OMe
socl
Csz.., OH — "2 5 n-"‘\ko
N 1]: MeOH N-NH

Cbz
4.22 81%

TMSCI OH
Csz.,,ll on —DIPEA n“‘”&o

N CH,Cl, N-NFmoc
then FmocClI Cbz
4.22 70% 4.24

SchemedO. Esterification and Fmoc protectiaf Piz

The two piperazic acid moieties in the cooé dentigerumycinrequire different
functionalization strategiebasedon how we plan to assemble the core struc{8otheme 40
For one piperazic acid, tHé2-position must have a free nitrogen, and the carboxylic acid needs
to be esterifiedTo form the ester, the compound was treated with S@@®IeOHto afford4.23
For the second piperazic acid, tH2-positionneeded tdbe Fmoeprotected, with the carboxylic
acid left free for couplingThe Fmoc protection was carried out using TMSCI, DIPA, and FmocCl

to afford 4.24.3°
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Hydroxypiperazic acid

The synthetic routéo (S,9- y-hydroxypiperazic acid was inspired by previously reported
methods forcyclic peptide total synthes&s41The synthetic routshown inScheme 41lbegan
with L-glutamic acidbeing treated with diazotization conditions to form lactdriZ6 To reduce
the carboxylic acid to an alcohol, a borahimethyl sulfide complex was employed. The resulting

alcohol(4.27) was then protected with TBDPS @ocess lactoné.28

o o NaNO, 2 O TBDPSCI o
HCI o BH3*SMe; o imidazole o
— > _Imidazole
HO OH H,0 o THF, -78 °C to rt DMF
NHZ 0
80% OH 70% OH 62% OTBDPS
4.25 4.26 4.27 4.28

Schemedl. Syntheticroute to accegsrotected lactone

To install a translcohol on lactond.28 LIHMDS was used to generate the anion, which was
then trapped with MoOPHScheme 42 MoOPH was synthesized following standard
protocols*? Molybdenum trioxide and a 30% hydrogen peroxide solution were stirred at 40 °C,
producing a yellow solution. This solution was then cooled to room temperature, and HMPA was

added toyield intermediate31 Finally, pyridine was added to complete the formation of MOOPH

(4.32.

(o] (0]
(o} 1.LiIHMDS (o}
—_— -+OH
TBDPSO 2. MoOPH TBDPSO
4.28 62% 4.29
"""""""""""""""""""" < J Y -
Os (0] 1.30% H,O pyridine
) O// 2 H'I)\/IP; : ?\l\Llo/(l) — - > T\NIII /T
Il . °
o o~ | \O THF o~ \\O
HMPA Py HMPA
v 4.30 4.31 4.32

................................................................................

Scheme42. Synthesis of MOOPH and alpha hydroxylation of lactone.
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The transalcohol(4.29 was first treated with triflic anhydride, followed by exposure to beittyl
carbazate, resulting in the formation of hydraz#l83 This reaction is sensitive, arah
incomplete reaction of triflic anhydride in the initial step can lead to the formation of unwanted
oxidized byproducts. Careful control of reaction conditions is critical to avoid this side reaction.
Once the hydrazine moiety was successfully installed,ftbe nitrogen was protected using
TrocCl. The TBDPS group was thenremoved underlynddidic conditions to afford intermediate

4.35 deprotection of the hydroxyl group. The next step was to form a bicyclic system that could
be opene dhydrogypipeiazcladd. Qur initial approach involved activating the alcohol
with triflic anhydride to form the bicyclic product, followed by8deprotection in the sanpet.
However, despite numerous attempts to optimize the conditions, we were unable to isolate the

desired bicyclic compound.36

OTf,

2 2,6-lutidine o TrocCl
\/?\Jﬁ-"OH then NH,NHBoc . \/?\J§—NH NaHCO;
TBDPSO CH,Cl, TBDPSO NHBoc —>CHCI3
4.29 62% 4.33 82%
TH,0 .
o 0 2,6-lutidine; then N
TBAF TFA NTroc
\/?\J§—NTroc L \/?ﬁ‘NTroc - E)
TBDPSO NHBoc THE HO N HBoc KOS o g
434 89% 435 2Cl vae N

Scheme43. Hydrazine formation synthesis

We began to reconsider the activation method for the alcohol, recognizing its importance in
facilitating the cyclization. Rather than attempting a-poereaction, wepted fora more stepwise
approach to achieve the desired bicyclic compoi@uheme 44 Lactone4.35was first treated

with MsClI and EiN to form the mesylated compoudd7. We then tested various bases, solvents,

and temperatures in an effort to promote an intramolecwa r&action to form the bicyclic
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product(Table 9). However, despite our efforts, each set of conditions tried either resulted in the
recovery of starting material or decomposition of the reaction.

After variousattempts to form the bicyclic product, we suspect that the issue lies with the
substrateg(4.37) rather than the reaction conditions. Notably, this type of reaction has not been
reported using a starting material with a Troc protecting group. We speculate that the problem may
arise from the steric or electronic effects of the Troc group, as all siatexamples in the
literature involvetwo Boc protectinggroups.

(0]
\)oj—NTroc l\éltsgill - \/‘?\J;_NT
HO NHBoc MsO .

CH2C|2 NHBoc
65% 4.37

\

Schemed4. Mesylation of lactone

159



Table 9. Conditions for cyclization

(o] N.
base UTroc
(o} —_—
r;lTroc : g
MsO NHBoc 0—\\0
4.37 4.36
Base Equiv Solvent Temp (°C) Time (h) Observed
2,6-lutidine 3-6 CH,Cl, 20 21 SM
LiHMDS 1.35 DMF 0-20 4 SM
NaHMDS 1.35 DMF 0 2 SM
t-BuOK 1.1 THF 20 18 SM
K3POy, 1.1 THF 20 20 SM
EtsN /
DMAP (5 mol%) 2 CHCl, 20 23 SM
ELN/ 2 DMF 20-50 23 SM
DMAP (5 mol%) )
t-BuOK 1.5 THF 20 29 SM
t-BuOK 11-22 THF 20 19-20 decomp
NaH 1.1 THF 20 26 SM
t-BuOK 1.1 THF 40 24 SM
t-BuOK 1.1 DMF 40 24 SM

We had to take a new approach to accessng-y-hydroxypiperazic acidqScheme 4h

The route we used is based on a method for synthesRiiy\-hydroxypiperazic acid, which

employs R)-4-benzyt2-oxazolidinone to control stereochemist®yFor our target substrateS){

4-benzyt2-oxazolidinone was deprotonated wittBuLi and acylatedo access compoundl4Q

Next, freshly prepared LDA was added 4340 followed by DBAD to access the desired

compound4.41 After remowal of the chiral auxiliary, bromolactonization df42 with NBS

afforded thdactone4.43 This lactone is similar to the previous approach, except that a bromine

atom issubstituted fothe alcohol. Additionally, Boc groups are used to protect both nitrogen in
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the hydrazine, which addresses issues encountered with the présoougroup and the leaving

group used.
(o] (o] LDA (1.05 equiv)
O,[( o n-BulLi o,l( o DBAD (1.2 equiv)
N+ U~ > N >
I\( cl THF, -78 °Ct0 0 °C I\( _ THF/CH,Cl,
Bn Bn 49%
40
4.39 64% 4.40
4.38 :
X A i P
0 i NBS
o NJI\,/\/ LiOH HOW o NHBoc
\‘—( BoclEl THF B N toluene NBoc
< ocN. Br:
Bn NHBoc 61% NHBoc 56%
4.41 4.42 4.43
(o] OMe (o) OMe
o TBSCI
NaHMDS 1. TFA 2. MeOH imidazole
EE— NBoc > NH —_— NH
DMF o I b )
NBoc 3.CbzCl ticbz DMF ticbz
54% 0 HO 94% TBSO
38%
4.45 4.46 4.47

Schemed5. Hydroxypiperazic acigynthesis

With lactone4.43in hand, NaHMDS was used to deprotonate the secong@dbected nitrogen,
which then displaced the bromine toform the bicyclic compaua8 Finally, acidcatalyzed ring
opening, Boc deprotection, esterification, Cbz protection, and TBS protection yielded the desired
(S,9-y-hydroxypiperazic acid4.47).
Connecting the Fragments

With (R)-Piz (4.24 and AlaOBn (4.20 in hand, various coupling conditions were
explored. Traditional reagents such as EDEEDQ, PyBOP, HATU, and HBTU/HOBt were
tested, but none led to the desired coupled product, with only starting materials being recovered.
The only successful coupling was achieved thraaughcylation(Scheme 4% An acyl chloride
was generated by treating Frpotected R)-Piz (4.24) with SOCp. The Fmoc group wassed

since it will not be removedinder acidic conditionsBiphasic couplingconditions, saturated
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NaHCQOs and CHCI2, were used foAla-OBn (4.20 and the acyl chlorid¢4.48 to yield the

coupled product.49

NCbz
(j soci fo) NFmoc
2 .NaHCO
CbzN_ J., OH ——7Z2 3 (j SN )H‘ sat 3
- CbzN_ .. cCI 07 Y ————> BnO,
N oc’g/ CH,Cl, zN. ¢

N CH,Cl, N~ 0
Fmoc HN\OBn k?o
62%
4.24 4.48 4.20 o
k
4.49

Schemed6. Acylation and coupling reaction

Next,4.49was deprotected to remove thllyl group, exposing the free carboxylic acid
(Scheme 4Y. This functional group provided a key handle to add to the core structure. Our strategy
was to generate an acyl chloride, which could then be coupled t2tpesition of the R)-Piz
ester derivativé4.23 Scheme 4Y). Acyl chlorides are known to be the only successful coupling
reagents at this position in Piz compounds, making this approach the most viable. To form the acyl
chloride, dipeptide.50 was treated withhionyl chloride. However, after several attempts, we
were unableto generate the acyl chloride successfullywas eventually determined that the

dipeptide was undergoing decomposition, which hindered the desired transforfhation.
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r;lez
NFmoc l;lez
PhSiH3 NFmoc
BnO\N 0 3 mol% Pd(PPh3), SOcCl,

CH,Cl,
o 34%

_<o_
|
v}
=]
% o
% /
—(Z
[e}Ne)
O>‘<
T
N
o
N

Scheme4?7. Acylation to formthe lefthandfragment of the core

New Approach to Dentigerumycin

To address the instability of the dipeptide, we have reordered the synthetic steps to avoid
forming an acyl chloride on the Pida fragment, which would decompog&cheme 48 The left
side of the core will be constructed through a coupling reaction. This approach involves generating
the acyl chloride on the Fmgwotected Piz, which wilthen couple with the amine of the
dipeptide. The dipeptide will be derived from the Frpoatected AlaOBn and the methyl ester

derivative of Piz.
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l;lez

NFmoc BnO_
. NH o

BnO., N coupling “‘J\fo o rIflmoc deprotection

. 0 :> N +  CbzN~ Cl :>
o CbzN~ OMe

N
CbzN~ OMe

BnO.

NFmoc
coupling H 9

v o]
» N “‘\
i ——> cbaN ome *+ C|)H—
N
CbhzN OMe FmocN_

OBn

Schemed8. Revised retrosynthetic route

The starting materials for the new route involve a slight modification to th®@Rlaamino
acid (Scheme 49 We began with the previously Allgootected AlaOBn(4.20), which was first
Fmocprotectedo acces#.53 Finally, the Alloc group was removed, yielding the desired amino

acid (4.54) for coupling.

o FmocCI o PhSiH3 (o)
\/\OJH“Me sat. NaHCO; vo Me Pd(PPhs) > HO Me
HN_ 1,4-dioxane FmocN_ CH,Cl, FmocN_
OBn 84% OBn 82% OBn
4.20 4.53 4.54

Scheme49. Ala-OBn modified synthesis

With both (R)-Piz (4.23 and AlaOBn (4.54) prepared, the first coupling reaction can be
performed to access dipeptidb6 Ala-OBn was treated with oxalyl chloride to form an acyl
chloride, which then reaetl with theN2-position on(R)-Piz. For the next coupling step, thmmine

in Ala-OBn (4.57) must be deprotected, a process that proved challenging. The Fmoc protecting
group was successfully removed using diethylamine. However, once deprotected, the free amine
was highly reactive and prone to intramolecular cycliza{@®b8. Controlling the reetion time

and concentration was crucial to minimizing this unwanted cyclization.

164



o o]
HOJj\l“Me oxalyl chloride _ Me ’H Ag,CO4
E N oh.o Cl +  CbzN OMe ———— >
mocNJ 2Ll FmocN toluene, 70 °C
OBn ~0Bn '
4.54 4.55 4.23 88%
BnO. BnO. : We

NFmoc NH : o _OBn
o Et,NH " ‘,k?o : YN
e\ 1]

Me*” o) o) ' N
€ ! S I ! ChbzN” )
CbzN”" OMe  MeCN CbzN~ OMe !
: 4.58

\intramolecular cyclization;
4.56 4.57 | byproduct

Schemes0. Acyl chloride couplingreactionto form dipeptidet.57

With the deprotected dipeptid€.57) in hand, Fmogrotected(R)-Piz (4.24 was treated with
oxalyl chloride, resulting in the formati@tyl chloride4.59(Scheme 5) The acyl chlorid€4.59
was then coupled with the dipeptife57) under biphasic conditions to yietldpeptide4.52 The
next peptide wuld be coupledto theN2-position of the norther(R)-Piz. A Fmoc deprotection

was performed to acceds6Q Tripeptide4.60wasunstable on silica; the crude material will be

carried forward to t h@©®Hleext coupling reaction
o o BnO\NH
Emo oxalyl chloride Emo I\‘FO o
ChzN’ OH > CbzN" (o IS N
CHoCl, Csz)LOMe
4.24 4.59
4.57
r;lez l;lez
NFmoc NH
Na,HCO; BnO. Ao Et,NH BnO., N,
—_— —_
H20/CH20|2 \“"kfo [o) THF \““I\fo o)
Csz)LOMe Cbzhi‘l))J\OMe
4.52 4.60

Schemesl. Left-hand fragment of depsipeptide core
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b-OH-Leu

The synthesis of th&-OH-Leu fragment begins witlan a ,-uBisaturated estef.61 which
undewenta Sharpless asymmetric dihydroxylatiaecessing dio#.62 (Scheme 52 Next, the
diol was treated with SOglnd EtN to obtain the 2&yclic sulphite intermediate thatas

oxidized to a 2,&yclic sulphate4.63. Nucleophilic addition of Nablafforded ester4.64

(DHQ),PHAL, K3Fe(CN)g OMe
o K20$O4'2H20, K2CO3 HO 1. SOC|2, Et3N, CH2C|2
N > 0 >
MeSO,NH,, 'BuOH-H,0 HO™ 2. NalOy4, RuCl3, MeCN/H,0O
74% 63%
4.61
4.62
OMe NaNs;, H,O-acetone OMe

o, ,0 then 20% aqg. H,SOy4, Et,0
N ’
N

o o 48%

4.63 4.64

Schemeb2. Hydroxyleucine synthesis

We plan tacomplete this synthesis by TBfotecting the secondary alcohol, followed by reducing
the azide to an amingScheme 58 The amine will then bdenzytprotected, which will be
necessary fduture steps. Lastlysaponification of the ester will yield teOH-Leu fragment that

Is ready to be added to the cyclic peptide core of dentigerumycin.

TBSOTf
N3 2,6-lutidine N3 1. Pd/C, H,

MeO\n/H_‘.\ ............. > Meo\ﬂ)\’“‘ ............. >

O OH

4.64 4.65

NHBn L|OH'H20 NHBn
MeO AN cecemeeeemeecccceea- > HO o

O OTBS
4.66 4.67

Schemeb3. Future plans for accessing the hydroxyleucine fragment
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Coupling Piz-OH and Ala-OMe

With PizOH (4.47, Scheme 54in hand we now need texplore coupling conditions to
add AlaOMe to the carboxylic acid of R2H. It is important to identifyconditions that do not
epimerizethe stereocentersyhich would result ima mixture of diastereomersirst, the ester on
PizzOH wassaponified using LIOH (2 M) to afford a carboxylic a¢il68, andthe crude material

was carried forward

EDCI
OMe
0O._OMe HOBt H
Y 2ML|OH i Et;N o N\/&o
: M :
HN MeoJH' & — N Me
1
ChzN_~orBs CozN “'OTBS NA, o ChzN
“OTBS
4.47 4.68 4.69
4.70
mix of diastereomers
HATU
OMe
0._OMe HOAt H
Y 2M L|OH 0 DIPEA OyN\/go
: M
HN * Me0” O HN Me
|
CbzN ChzN NH, CHZC'Q
OTBS ™OTBS CbzN
60% (crude) 70% “oTBS
4.47 4.68 4.69

4.71

Schemeb4. Hydroxyleucine and alanine coupling

The first attempt to couple P@H and AlaOMe usedtraditional coupling conditions with
EDCI, HOBLt, and EiN, yielding a mixture of diastereome(4.70 based on théH NMR and
LCMS trace. Nextwe attempted HATU, HOAt, and DIPEA, which yielded a single diastereomer

as determined by *H NMR and LCMS traces

Conclusion
In conclusion, we have successfully synthesized the rkedified amino acids for
synthesizing the core of dentigerumyciR)-Piz, (S,3-Piz-OH, Ala-OH, andp-Leu-OH. These

building blocks are cruci al for the synthesis
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explored various coupling conditions to effectivelgcessthe lefthand side of the core. To
facilitate this, acyl chloride couplings wausedto add to thé&2-position of Piz, a critical step in
assembling the core structure. These efforts represent an impodatmibution in the total
synthesis of dentigerumycin, with further work needed to complete the synthesis and optimize the
coupling conditions foremaindeof the molecule
Future Plans

In the future, we plan to complete the total synthesis of dentigeruraycrgenerate a
library of analogs for biological testingo access the core of the natural product we need to
successfully coupléhe remainingtwo amino acid fragments and complete a macrocyclizafion.
begin3-Leu-OH will undergo an acyl chloridrmation and theaddition tothe N2- position on
Piz. This coupling reaction will most likely require the presence of a silver asdteen in our
previous coupling conditiorst the N2 position ofPiz. A TBS deprotection will reveal the free
alcohol for coupling with dipeptid4.6Q Traditional coupling conditions such as DCC should
suffice for couplingthe carboxylic acid and alcoholWith compound4.75in hand we can now
access the core through a macrocyclization. Rhstester will be saponified with LIOH. Then the
macrocyclizationwill take placeat theN2-position of Piz and the free carboxylic acid. The
carboxylic acid will be treated with oxalyl chloride to access the acyl chloride. The acyl chloride
in the presence of a silver salt will then react with M2eposition of the PizLastly, a glolal
deprotection, coupling with the pyran side chain, and a TBS deprotection will afford
dentigerumycin.

Although these last few steps seem straightforward, multiple variables must be considered.
The first consideration is whether our peptides will rematable as acyl chlorides. We have

previously observed that some peptides are unstable when turned into acyl chlorides, decomposing
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or undergoing side reactiori3ecomposition can be dueto intramolecular side reactions or peptide
degradation. The second factorto consider is the epimerization of our set stereocenters during each
step. During theemaining stepsthere is a chance we could epimerize our compounds, resulting

in a mixture of diastereomers. We also need to determine the best coupling conditions for our
reactions. We most likely will need to use a silver salt additive to help promote the coupling
reaction. In literature, iis shown that the type of additive can have a significant effect on yield

and selectivity?131:32 A final factor to consider is macrocyclization. Macrocyclizations can be
challenging and depend heavily on conformation@straint and functional group

preorganizatiorf344
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dentigerumycin

Schemeb5. Proposed forward synthesis of the remaining steps to access dentigerumycin

Once dentigerumycin is accessed, its biological properties will be further explored. Our
group aims to evaluaits antifungal and antibacterial activity. Building on this, we plaadoess

other compounds in the dentigerumycin family atelelop a library of novel dentigerumycin
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analogs. Dentigerumycin AF are attractive targets due to their structural similarities to
dentigerumycirt#15.4546 \We can utilizeour routewith slight modifications to access different
compounds in the dentigerumycin famil@iven the vast potential for analogs, we will focus on
narrowing down the most promising candidates. To guide our selection of target analogs, we will
collaborate with a research group to identify key structural features of interest in these molecules.
With this insight, we can make informed decisions on structural modifications to optimize

biological activity.
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Experimental Data

General

THF anddichloromethane were purified using an alumina filtration system. Starting materials
were purchased from a commercial chemical company and used as received. Reactions were
monitored by TLC analysis (pi@ated silica gel 60 F254 plates, 250 mm layer tlaskh and
visualization was accomplished with a 254 nm UV light and by staining with a kMalOtion

(1.5 g of KMnQ, 10 g of KCOs, and 1.25 mL of a 10% NaOH solution in 200 mL of water) and
ninhydrin solution (1.5 g ninhydrin in 100 mL EtOH). Reactioresevalso monitored by L-®S

(2.6 mm C18 50 x 2.10 mm column). Flash chromatography opv&® used to purify the crude
reaction mixtures and performed on a flash system utilizingp@cked cartridges and linear
gradients!H and'*C NMR spectra were obtained on a 500, 600 or 700 MHz instrument insCDCI
unless otherwise noted. Chemical shifts were reported in parts per million with the residual solvent
peak used as an internal standard (GI>Ci.26 ppm fotH and 77.16 ppm forC, acetonel6 =

2.84 pprfor water intH 205.22 ppm fot3C NMR).H NMR spectra were run at 500, 600 or 700

MHz and are tabulated as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,

m = multiplet, bs = broad singlet, dd = doublet of doublets), number of protons, and coupling
constant(s)13C NMR spectra were run at 126 MHz or 176 MHz using a prdecoupled pulse
sequence with ad1 of 1 second unless otherwise noted, and are tabulated by observed peak. High
resolution mass spectra were obtained omarrap mass spectrometer using heated electrospray
lonization (HESI). Optical rotation was measured on Jas20(® polarimeter. Infrared spectra

were determined on the Agilent Cary 630 FTIR spectrometer and data are represented as frequency

of absorption (cmit)
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©

Methyl (benzyloxy}L-alaninate (4.17). To a stirred solution of methyR}-(+)-lactate (0.50 g,
4.61 mmo] 1 equiv)in dry CHCI2 (1.7 M) under argon was added QT1L.07 mL, 5.072 mmol,
1.1 equiv)dropwise at 0 °C. After 15 min of stirring at 0 °C, -jédine (0.65 mL, 5.487 mmol,
1.2 equiv)was added dropwise. After another 15 min BnQNH81 mL, 9.22 mmol, 2 equini
dry CH:Cl2 (5.1 M)was addediropwise and allowed to stir at 0 °C for 10 phen warmed td
and stirredovernight. Upon completigrthe reaction was diluted with CBl> and washed with
water (2x), IM aqg. HCI (2x) and brine. The organic layer was dried with9@, concentrated
and purified by silica flash chromatography to afford a hgditow oil (0.937 mg, 97% yield)
Rf=0.46 (35% EtOAc in hexage

IH NMR (500 MHz, CDC4) & —7.273n6, 5H), 4.71 (s, 2H), 3.75 (s, 3H), 3.71Xg, 7.1 Hz,
1H), 1.21 (dJ = 7.1 Hz, 3H).

13C NMR (176 MHz, CDC3) o 174. 83, 137. 84, 128. 50, 128.
15.01.

HRMS (m/2 calculated for @H16NOs [M+H]*210.11302, found 210.11282
IR (cnt1)1148, 1204, 1442, 1767, 2967

[U22p = -43.0 (c = 2.01, EtOH)
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(Benzyloxy)L-alanine (4.18. To a stirred solution of est@.655 g, 3.13 mmol, 1 equiw) THF/

H20 (7:3 0.14 M) was added Nl ag.NaOH(3.13 mL)dropwise at 0 °C. The reaction was warmed

to rt and stirred for 2.5 h until completion. The THF was evaporated, and the ag. solution was
acidified with 1 M HCI (pH 34) and extracted with EtOABx). The organic layer was dried over
NaSQ4, concentrated, and purified with silica chromatography to afford a white (@9 g,

95% yield)

Rf=0 (100% EtOAc) stained with ninhydrin

IH NMR (500 MHz, MeOD) & —7.243m8, 5H), 4.71 (s, 2H), 3.66 (g, J = 7.0 Hz, 1H21

(d, J=7.1 Hz, 3H).

13C NMR (176 MHz,MeOD) & 177 . 38, 139. 11, 129. 42, 129.
HRMS (m/2 calculated for @H14NOs [M+H]*196.09737, found 196.09683
IR (cnT1)1353, 1502, 1647, 1815, 2874, 2937

[U2%5 = -36.94 (c = 1, MeOH)

Allyl (benzyloxy)-L-alaninate (4.20. A solution of AlaOBn4.18(0.453 g, 2.32 mmol, 1 equiv)
in DMF (0.33 M)was cooled to 0 °C. DIPE®.52 mL, 3.01 mmol, 1.3 equiand allyl bromide

(0.26 mL, 3.01 mmol, 1.3 equivyere added at 0 °@yarmedto rt, and stirred overnight. Upon
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completion, the reaction was quenched with water and extracted with E8RAdhe organic
phase was washed with watéx), brine (1x), and dried with Ne&5Os and then concentrated in
vacuo. and purified by silica flash chromatography to affdighé&yellow oil (0.22 g, 41% yield)
Rf=0.50 (20 % EtOAc in hexage

IH NMR (700 MHz, CDC}) & 7J=31.4 HZ, 4H), 7.3+ 7.27 (m, 1H), 5.92 (ddf,= 17.2,
10.4, 5.7 Hz, 1H), 5.34 (dd,= 17.2, 1.5 Hz, 1H), 5.25 (dd= 10.5, 1.3 Hz, 1H), 4.72 (s, 2H),
4.66 (dt,J=5.7, 1.4 Hz, 2H), 3.74 (d,= 7.1 Hz, 1H), 1.23 (d] = 7.1 Hz, 3H).
13CNMR (176 MHz, CDC}) & 174.08, 137.86, 132.00, 128.
65.65, 59.09, 15.00.

HRMS (m/2 calculated for @H1sNOs [M+H]* 236.12867, found 236.12831
IR (cntl) 1141, 1204, 1372, 1439, 1510, 1811, 2878, 2941

[U22% = -37.88 € = 1.44, EtOH)

Allyl  N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)}L -alaninate (4.53. FmocClI

(0.33 g, 1.24 mmol, 1.1 equiv) was added to a stirred solutidn2éf(0.26 g, 1.13 mmol, 1 equiv)

in 1,4dioxane/ sat. bicarbonate solution (1:1, 0.21 M) at 0 °C then warmed to rt and stirred for 15
h. Upon completiorthe reaction mixture was extracted with EtOAc (3x). The combined organic
extracts were washed with brine (1x), dried withe8@&:, andconcentrated in vacuo. The crude

oil was purified by silica flash chromatography (1:9 EtOAc/ hexane) to aff&®(0.43 g, 84%

yield) as a olorlessoil:

Rf=0.25 (10% EtOAc in hexasp
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I1H NMR (500 MHz, CDC})d 7 . 367.6(Hd, 2H), 7.67 (ddl= 14.9, 7.5 Hz, 2H), 7.41 (§,

= 7.5 Hz, 2H), 7.3% 7.26 (m, 7H), 5.84 (ddf = 16.4, 10.8, 5.6 Hz, 1H), 5.28 (@= 16.8 Hz,

2H), 5.16 (d,J = 10.5 Hz, 1H), 4.91 (d= 10.0 Hz, 1H), 4.76 (dd,= 14.9, 8.6 Hz, 2H), 4.68 (dd,
J=10.7, 6.4 Hz, 1H), 4.64 4.58 (m, 2H), 4.55 (dd), = 10.6, 6.8 Hz, 1H), 4.29 (f,= 6.6 Hz,

1H), 1.48 (dJ = 7.3 Hz, 3H).

13C NMR (176 MHz, CDC$)d 170. 28, 118351,341.40, 144.31,. 135819, 131.59,
129.39, 128.56, 128.39, 127.80, 127.78, 127.16, 125.23, 125.07, 120.02, 120.00, 118.45, 78.49,
67.96, 65.93, 58.51, 47.18, 14.16.

HRMS (m/2 calculated for @sH28NOs [M+H]* 458.19675, found 458.19625

IR (cntl) 693, 738, 1014, 1066, 1126, 1282, 1394, 1446, 1707, 2885, 2945, 2989, 3034

[U2%p=-10.13 € = 1.34, CHCY).

Me
HO ‘

FmocN_
(o}

C

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy}L -alanine (4.54). FmocClI (0.339 g,

1.30 mmol, 110 equiv) was added to a stirred solutiorddb3(0.278 g, 1.18 mmol,.Q0 equiv)

in 1,4dioxane / sat. bicarbonate solution (1:1, 0.21 M) at 0 °C. The ice bath was removed, allowed
to warm to rt and stirred for 15 h. Upon completion the reaction mixture was extracted with EtOAc
(3x). The combined organic layers were washed wbtine (1x), dried with Ng5O4, and
concentrated in vacuo. The crude oil was purified by silica flash chromatography (1:9
EtOAc/hexane) to afford.54(0.4409, 82% vyield) as a light brown foam

Rf=0.31 (5% MeOH in CkCL).
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H NMR (500 MHz, CDC}) & 7 JF 736, 1(0cHd, 2H), 7.677.60 (m, 3H), 7.38 (1= 7.5

Hz, 2H), 7.33-7.25 (m, 9H), 4.86 (dl= 9.9 Hz, 1H), 4.74 4.63 (m, 3H), 4.58n, 1H), 4.27 (t,

J=6.3 Hz, 1H), 1.44 (d] = 7.4 Hz, 3H).

3CNMR (176 MHz, CDC}) & 174. 94, 143. 67, 141. 36, 134.
127.19, 125.12, 125.02, 120.00, 78.57, 67.90, 58.15, 47.19, 13.95.

HRMS (m/2 calculated for @H24NOs [M+H] *418.16545, found18.16433.

IR (cntl) 693, 738, 1014, 1066, 1126, 1282, 1342, 1394, 14A®/, 2945, 3034

[U)2%p = -7.46 (c = 1.2, CHCH).

HJ\/\/\Br

5-Bromopentanal (4.10. Ethyl 5-bromovaleriatg10.0g, 45.9mmol, 10 equiv)was dissolved in
dry CH:CI2 (0.15 M)andcooled down ta78 °C, followed by dropwisaddition of DIBAL-H (10

M solution in hexane45.9 mL, 45.9 mmol). After 1 h, a saturated Rochelle salt solution was
addedand the mixture was warmed taarid stirred for 1 hThe aqueous layer was extracteith
CH2Cl2 (3x). The combined organic layers were dried ovep3a, concentrated, and purified
with silica flash chromatography15:85 EtOAc/hexang)p afford4.10(6.65g, 8% yield) asa
clear oil

Rf=0.15 (10% EtOAc in hexage

1H NMR (500 MHz, CDC}) & 4J1=I73 HZ, 2H), 3.41 () = 6.6 Hz, 2H), 2.33 (t) = 7.3

Hz, 2H), 1.95-1.86 (m, 2H), 1.83-1.73 (m, 2H), 1.26 (t) = 7.1 Hz, 3H).

3C NMR (176 MHz,CDC}) & 201. 88, 42. 98, 33. 14, 32. 05,
HRMS (m/2 calculated for @H10BrO [M+H]* 164.99150, found 164.98379.

IR (cn?) 850, 924, 1029, 1126, 1193, 1275, 1401, 1461, 1602, 2870, 2945
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diBenzyl R)-1-(5-bromo-1-hydroxypentan-2-yl)hydrazine-1,2-dicarboxylate (4.12. To a
stirred solution of oromopentanal3.98 g, 24.1 mmol, 1Gequiv)and dibenzyl azodicarboxylate
(5.00 g, 161 mmol, 100 equiv)in anhydrousCH3CN (123 mL,0.13M) at 0 °C was added.}-
proline (0.187 g, 1.6091 mmol, 0.1 equiAfter stirring the mixture at 0 °C for 15 hnhydrous
ethanol(43.5 mL, 0.37 M)and NaBH (0.496 g, 128 mmol, 0.® equiv) were added, and the
mixture was stirred at 0 °C for 40 mifhhe reaction was quenched a®@ with a saturated aq.
NH4Cl solution, then concentrated. The crude material was diluted with EtOAczhdatdshed
with brine (1x) and dried over N&Os. The crude material was purified with silica flash
chromatography to afford.12(5.92 g, 80% yield) aa white solid

Rf=0.25 (30% EtOAc in hexage

IH NMR (700 MHz, CDC4, mixture ofrotamerg 0 —7.264(rh, DH), 6.69— 6.42 (m,1H),
5.27—5.07 (M,4H), 4.39 fn, 1H), 3.60—3.26 (M,3H), 1.93—1.70 (m, 2H), 1.5% 1.35 (m,2H).
13C NMR (176 MHz, CDC4, mixture ofrotamer & 157. 10, 141.01, 135.
128.73,128.70, 128.59, 128.42,128.21, 127.93, 127.79, 127.12, 68.87, 68.78, 68.09, 68.03, 65.50,
62.19, 32.63, 31.91, 29.22, 29.13, 24.57.

HRMS (m/2 calculated for @H26BrN20Os [M+H]*465.10251, found 465.10256

IR (cnT1)723, 753, 813, 872, 909, 939, 977, 1021, 1059, 1126, 1200, 1260,1334, 1424, 1498, 1536,
1677, 17152945, 3034, 3243, 3504

[U235 =-5.97, (c = 1.04, CHCY)

NHCb
CbzN" 0%

TBSO A _~_Br
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diBenzyl R)-1-(5-bromo-1-((tert-butyldimethylsilyl)oxy)pentan-2-yl)hydrazine-1, 2-
dicarboxylate (4.13. To a stirred solution of alcohdl.12(5.96 g, 12.8 mmol, .00 equiv) and
imidazole(4.36, 641 mmol, 500equiv)in DMF (183.1 mL, 0.07 Mwas added TBS{R.44 mL,
14.7 mmol, 1.15 equivand the mixture was stirred for 3.5 h. Upon completibre reaction
mixture was diluted with EtOAc, washed with bri@x), and dried over N&QOs. The crude
mixture was concentrated in vacuo. and purified by silica flash chromatograph§5 (35
EtOAchexane) to afford.13(5.4311g, 73% yielda white solid

Rf=0.10 (90% EtOAc in hexage

IHNMR (500 MHz,CDCsmi xt ur e o 7.32rps, iOld) B3 [,)4H)94.20 (d) =72.7
Hz, 1H), 3.67-3.37 (m, 4H), 3.36-3.02 (m, 1H), 2.19 (s, 1H), 2.671.74 (m, 1H), 1.52-1.33
(m, 1H), 0.83 (s9H), 0.02 (d,J = 8.4 Hz,6H).

13C NMR (176 MHz, CDC#, mixture ofrotamer§ & 157 .11, 156.53, 136.
128.62, 128.54, 128.47, 128.31, 128.23, 127.84, 68.54, 68.15, 67.79, 63.07, 62.48, 59.69, 58.38,
34.55, 34.29, 33.90, 29.15, 27.03, 26.85, 25.87, 1&133,-5.41.

HRMS (m/2 calculated for @H40BrN20OsSi [M+H]*579.18899, found 579.18927

IR (cntl) 775, 842,939, 1103, 1208, 1252, 1282, 1327, 1409, 1446, 1498, 1700, 1744, 2855, 2878,
2930, 33Q@.

[U21p = +9.86 (c = 0.95, MeOH)

Cbz@~,,, _OTBS

Cbz
diBenzyl R)-3-(((tert-butyldimethylsilyl)oxy) methy|)tetrahydropyridazine -1,2-
dicarboxylate (4.14). To a stirred solution 0£.13(2.96 g, 5.1 mmol, 100equiv)in DMF (31.9

mL, 0.16 M)was added NaKD.332 g, 8.68 mmol, 1.0 equiv) at 0 °CAfter stirring for 1 h aD
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°C the reaction mixture was quenchadwly with saturated aq. NKC| and diluted further with

H20. It was then extractedith EtOAc (3x), washed with bring1x), dried over NgSQs, and
concentrated in vacuo. The crude residue was purified by silica flash chromatography to afford
4.14(2.39 g, 94% yieldas a colorless oil

Rf=0.25 (10% EtOAc in hexasge

1H NMR (600 MHz, DMSQ130°Q & —7.273rB, 10H), 5.19 5.08 (m, 4H), 4.23 (s, 1H),

3.98 (dJ =12.7 Hz, 1H), 3.73 (d]= 7.0 Hz, 1H), 3.59 (tJ = 9.4 Hz, 1H), 3.09 (s, 1H), 1.82

1.61 (m, 2H), 1.48 (s, 1H), 0.87 (s, 9H), 0.02 (s, 6H).

13C NMR (176 MHz,CDC}) & 155.53, 155.08, 136.39, 136.
128.21, 128.05, 127.95, 127.79, 67.88, 67.73, 60.93, 54.43, 44.61, 25.98, 25.94, 19.00, 18.30,
5.32,-5.35,-5.42.

HRMS (m/2 calculated for G/HszoN20sSi [M+H]* 499.26282, found 499.26324

IR (cnTt) 2945, 2870, 1871, 1394, 1282, 1282, 1081

[U20 = +14.57 (c = 1.16, CHCY).

Csz~.,, _OH

N
Chz

diBenzyl (R)-3-(hydroxymethyl)tetrahydropyridazine -1,2-dicarboxylate (4.15. To a solution

0f 4.14(3.00 g, 6.02 mmol, .00equiv) in THF (37.6 mL,0.16 M) at °C was added TBAF/(22

mL, 0.5 M, 1.2 equiy. After stirring at0 °Cfor 1 h, the reaction was quenched with saturated brine
and extracted with EtOAc (3x). The combinegjanicextracts were washed with briftex), dried
over NaS0Qq, and concentrated in vacuo. The crodevas purified by silica flash chromatography
to afford4.15(1.66 g, 72% yield) aa wlorlessoil:

Rf=0.29 (50% EtOAc in hexage
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IH NMR (700 MHz, CDC4, mixture ofrotamer9 0 —7.264(rh, 10H), 5.2 5.05 (m, 4H),
4.50 (, 1H), 4.22—4.03 (m, 1H), 3.66m, 1H), 3.55—3.39 (M, 1H), 3.26-2.99 (m, 1H), 1.83
1.64 (m, 2H), 1.55-1.46 (m, 2H).
13C NMR (176 MHz, CDC#, mixture ofrotamery & 156 . 86, 154. 95, 135.
128.72, 128.65, 128.60, 128.58, 128.52, 128.34, 128.26, 128.11, 127.99, 63/58968.22,
68.04, 60.59, 60.00, 19.77, 19.43.
HRMS (m/2 calculated for @H2sN20s [M+H]*385.17635, found 385.17590
IR (cnTt) 693, 738, 820, 865, 909, 969, 1051, 1141, 1215, 1260, 1319, 1357, 1401, 1446, 1498,
1700,2870, 2945,3459
[U1% =-12.7 €= 1.10, CHGJ)

B!

CbZN\E‘;bz ,,E,OH
(R)-1,2-bis((Benzyloxy)carbonyl)hexahydropyridazine3-carboxylic acid (4.16). To a solution
0of4.15(1.61g, 4.9 mmol, 1L00equiv) in CH3CN(0.27 M)and HO (2.11 M)at 0 °Ciodobenzene
diacetate (4.126 g, 12.556 mmol, 3 equiv) was addred TEMPO(0.2014 g, 1.2556 mmol, 0.3
equiv) After 30 min of stirringat 0 °Cthe reaction was quenched with saturated aqueous sodium
bisulfate, extracted with EtOABx), dried over NaSOQs and concentrated in vacuo. The crude
residue was purified by silica flash chromatography (reverse pha88% CHsCN in H20) to
afford a white solid1.27 g, 76% yield)

Rf=0.29 (50% EtOAc in hexanes)
H NMR (600 MHz, DMSQ 130°Q 87.38—7.27 (m, 10H)5.23—5.00 (m, 4H), 4.12 3.87 (m,

1H), 3.06 (s, 1H), 2.02 1.41 (m, 4H).
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13C NMR (176 MHz, CDC#$, mixture of rotamefs & 156 . 86, 154. 95, 135.
128.72, 128.65, 128.60, 128.58, 128.52, 128.34, 128.26, 128.11, 127.99, 127.89, 127.60, 68.57,
68.47, 68.22, 68.04, 60.59, 60.00, 56.26, 55.77, 55854 45.46, 44.74, 44.23, 23.16, 22.88,
22.60, 19.77, 19.43.
HRMS (m/2 calculated for @H23N20s [M+H]+ 399.15561, found 399.15518
IR (cnl) 693, 738, 835, 865, 909, 954, 991, 1051, 1088, 1126, 1185, 1252, 1282, 1357, 1409,
1498, 1700, 2932
[U)28 = +20. 67 (c= 1.07, CHCY).
C)
CbzN_, /., _OH
T
(R)-1-((Benzyloxy)carbonyl)hexahydropyridazine3-carboxylic acid (4.22. To carboxylic
acid 4.16(1.26 g, 3.15 mmol, 00 equiv)in anhydroudHF (24.2 mL,0.13 M) was added freshly
pulverized KOH(0.88 g, 18 mmol, 500 equiv) The reaction was stirred for 12 dnd upon
completion, the reaction turned into a géde consistency. Saturated sodium bicarbonate and
hexanes were added, and the aqueous layer was then acidgiédi teith 1 M HCI solution. The
aqueous layer was extracted with EtOAc (3raintainingpH 4throughout the extraction. Then
the organic layers were concentrated in vacuo. and purified by redsse silica flash
chromatography to afford.22(0.725 g, 87% yield) aan offwhite solid
Rf=0.46 (10% MeOH in CkLCL).
1H NMR (700 MHz, DMSQ130°G & 12 . 7 0 —{.29,(m, 8H), .11 505 (B1.92H),
3.86—3.78 (m, 1H), 3.38 3.34 (m, 1H), 3.06 (s, 1H), 1.89 (dbg 8.5, 4.1 Hz, 1H), 1.68 (d,=

4.4 Hz, 1H), 1.53 (¢] = 10.6 Hz, 2H).
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ICNMR (176 MHz, DMSO) 6 172.67, 155. 10, 136. 96
54.92, 27.09, 22.91.
HRMS (m/2 calculated for @H17N204 [M+H]* 265.11883, found 265.11853
IR (cnr1)1208, 1275, 1372, 1416, 1700, 1841, 3019, 3347
[U2% = +26.86 (c =1, MeOH)
OH
A
-NFmoc
Cbz
(R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-1-((benzyloxy)carbonyl)hexahydropyridazine
3-carboxylic acid (4.24). Carboxylic acid4.22(0.315 g, 1.19 mmol,.Q0 equiv) was treated with
TMSCI (0.30 mL, 2.38 mmol, .B0 equiv) and DIPEA(0.35 mL, 2.026 mmol, 1(0requiv) in
anhydrousCH2Cl2 (2.77 mL, 0.43 Mt reflux for 2 h. After 2 h the reaction was cooled to 0 °C
and FmocCl0.4® g, 1.5 mmol, 1.3 equiv)was added in 3 portions and allowed to stir at rt for
18 h. Upon completion, the reaction was quenched with water, extracted witblZGBk), and
concentrated in vacuo. The crude residue was purified by silica flash chromatotpagdigrd
4.24(0.469 g, 81% yieldas alight-yellow foan
Rf = 0.43 (10% MeOH in 62Cl).
H NMR (600 MHz, DMSQ130°Q & -7.8181B, 2H), 7.61 (dd),= 7.6, 5.1 Hz, 2H), 7.42
—7.38 (m, 2H), 7.35-7.22 (m,7H), 5.11— 4.96 (m, 2H), 4.67 (s, 1H), 4.52 (s, 1H), 4.45 (@d,
10.5, 6.3 Hz, 1H), 4.21 (8,= 6.4 Hz, 1H), 3.96m, 1H), 1.91- 1.85 (m, 1H), 1.79 (s, 1H), 1.67
(s, 1H), 1.45 (s, 1H).
13C NMR (176 MHz, CDC4, mixture of rotamefs & 170. 60, 157.12, 153.
134.96, 128.88, 128.86, 128.73, 128.34, 128.17, 128.12, 128.04, 127.43, 127.35, 127.28, 125.08,

124.93, 120.34, 120.22, 120.18, 69.60, 68.93, 68.79, 47.21, 44.38, 23.64, 23.56, 20.45, 20.09.
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HRMS (m/2 calculated for @H27N20s [M+H] *487.18691, found 487.18670
IR (cntt) 1111, 1223, 1275, 1372, 1431, 1849, 2162, 2900,.3049

[U1225 = +3.35 (c = 2.5, CHCL).

OMe

o
N’NH

Cbz
1-Benzyl 3methyl (R)-tetrahydropyridazine-1,3(2H)dicarboxylate (4.23. SOCb (0.17 mL,
2.33mmol, 2.45equiv) was added dropwise at 0 °C to a stirred solutioh2#(0.252 g, 0.952
mmol, 100 equiv) in anhydrousMeOH (2.69 mL, 0.52 M) The reaction mixture was heated
reflux for 3 hours followed by evaporation. The crude residue was dissolved #CEGldnd sat.
NaCOs. The mixture was extracted with GEl2 (3x), and the combined organic layers were dried
with NaxSQOs and concentrated in vacuo. to afford the product (0.186 g, 70%) as a dark brown oil
Rf=0.43 (50% EtOAc in hexage
IH NMR (700 MHz, CDC#) & —7.333r8, 4H), 7.31 (ddd,= 8.6, 5.4, 2.6 Hz, 1H), 5.18 (s,
2H), 4.00 (d J= 13.3 Hz, 1H), 3.72 (s, 3H), 3.55 (dbs 10.3, 3.3 Hz, 1H), 3.13 (s, 1H), 2.08,(
1H), 1.81-1.64 (m, 2H), 1.63-1.54 (m, 1H).
13C NMR (176 MHz,CDC$) & 171. 53, 155. 40, 136. 53, 128.
52.22,44.90, 27.53, 23.42.
HRMS (m/2 calculated for @H19N204 [M+H]* 279.13448found 279.13400
IR (cnvl) 1178, 1237, 1312, 1387, 1424, 1677, 1849, 3019

[U225 = +19.75 (c = 1.1, CHCH).
HO
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(S)-5-Oxotetrahydrofuran -2-carboxylic acid (4.25. A solution of sodium nitrit€3.55 g, 50,
1.50 equiv)in water(2.12 M)was added dropwise to a mixturelsfjlutamic acid(5.00 g, 33.6
mmol, 100equiv)in water and concentrated H@l20 mL, 12M) at 0 °C under vigorous stirring
and allowed to warm to rt overnight. Evaporation of water to dryness gaveyepiae oil along
with colorless crystals, then EtOAc was added. The insolofaiterial was filtered offand the
filtrate was dried over N&Qu. The filtrate was concentrated in vacuo to afford a viscoy8.612
g, 80% yield):

Rf=0.10 (10% MeOH in CHCL).

1H NMR (500 MHz, CDC4) & —8.97qn2, 1H), 2.73-2.51 (m, 4H), 2.47 2.34 (m,1H).

3C NMR (176 MHz,CDC}) & 176 . 08, 174. 35, 75. 20, 26. 70,
HRMS (m/2 calculated for @Hs04 [M-H] 129.01878, found 129.01776

IR (cnrt) 1085, 1215, 1424, 1528, 1975, 2952

o
HO

(S)-5-(Hydroxymethyl)dihydrofuran -2(3H)-one (4.27). Carboxylic acid4.25 (3.52 g, 271

[U2% = +7.7, (c= 5, MeOH)

mmol, 100equiv)was dissolved in anhydrous THF (1.49 M) and stirred for 20 miA&®eC. A

2 M solution of boranelimethyl sulfide complex in anhydrous THE49 mL, 298 mmol, 1.D
equiv) was added dropwise af8 °C then warmed to rt and stirred overnight. The reaction was
guenched at 0 °C cautioudly the addition oMeOH, then was concentrated in vacuo. The crude
residue wapurified by silica flash chromatography afford4.27(2.19 g, 70%) as a white semi
solid:

Rf = 0.34 (4% MeOH in EtOAc)

185



IHNMR (500 MHz, CDC§) & —4.586n7, 1H), 3.95-3.85 (m, 1H), 3.74 3.60 (m, 1H), 2.68

—2.46 (M, 2H), 2.3+ 2.21 (m, 1H), 2.19-2.08 (m, 1H).

13C NMR (176 MHz,CDC}) & 177.93, 80.95, 64.20, 28.80,

HRMS (m/2 calculated for @H9O3 [M+H]* 117.05517, found 17.05487
IR (cnm?) 954, 1163, 1394, 1797, 2922
[U2%p = +52.5 (c = 0.26, CHCI).

0]

o)
TBDPSO

(S)-5-(((tert-Butyldiphenylsilyl)oxy)methyl)dihydrofuran -2(3H)-one (4.28. A solution of
butyrolactonet.27(2.17 g, 18.7 mmol, .00 equiv)in anhydrous DMFZ7.1 mL,0.69 M) at 0 °C

was added imidazolR.04 g, 29.9 mmol, 10Gequiv) and TBDPSCI[5.02 mL, 18.7 mmol, 1@
equiv) and the solution was allowed to warm to rt and stirred for 3 h. EtOAc and a saturated
solution of NHiClwere added. The organic phase was washed with water (2x), brine (1x), dried
over NaSQ4, and concentrated in vacuo. The crude residue was purified using silica flash
chromatography to afford.28(4.1302 g, 62%asa whitesolid:

Rf=0.21 (20% EtOAc in hexasge

IHNMR (500 MHz, CDCY) & —7.646n8 4H), 7.46-7.38 (m, 6H), 4.63 4.56 (m, 1H), 3.88
(dd,J=11.4, 3.3 Hz, 1H), 3.69 (dd= 11.4, 3.4 Hz, 1H), 2.68 (ddd= 17.4, 10.2, 7.1 Hz, 1H),

2.51 (dddJ=17.8, 10.1, 6.5 Hz, 1H), 2.352.17 (m, 2H).

3CNMR (176 MHz,CDC}) &6 177 .59, 1 35132769, 130.073130.06,8.27.99, 3 3 .

80.11, 65.61, 28.71, 26.89, 23.80, 19.34.
HRMS (m/2 calculated folC21H30NO3Si [M+NH4]* 372.19950, found 372.19851

IR (cnrt) 1204, 1353, 1439, 1510, 1815, 2840, 2986
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[U2% = +27.5 (c = 1.01, CHCI).

(o]

o
-+OH
TBDPSO

(3R,55)-5-(((tert-Butyldiphenylsilyl)oxy) methyl) -3-hydroxydihydrofuran -2(3H)-one (4.29.

A solution of lactonet.28(3.00 g, 8.46 mmol, .00equiv) in anhydrous THFZ12 mL, 0.4 M)
was treated with 1 M solutioaf LIHMDS in THF (15.2 mL, 15.2 mmol, 1Bequiv) at-78 °C.
After 1 h, MOOPH(4.26 g, 9.2 mmol, 1.16 equiv)wvas added in 3 portions and the mixture was
allowed to warm te30 °C over 4 h. Saturated sodium sulfite vadsled, therganic layer was
separated, and the aqueous layer was extracted with H&AcThe combined organic layers
were washed with brin€lx), dried with NaSO4, and concentrated in vacuo. Ttreideresidue
was purified with silica flash chromatography to affdr@9(1.93 g, 62%) as aotorlessoil:
Rf=0.12 (20% EtOAc in hexage

1H NMR (600 MHz, CDC4) & —7.646(r8, 4H), 7.46-7.38 (m, 6H), 4.60 (ddf,= 8.5, 5.3,
3.3 Hz, 1H), 3.88 (ddl = 11.4, 3.3 Hz, 1H), 3.69 (dd= 11.4, 3.4 Hz, 1H), 2.68 (ddd= 17.5,
10.2, 7.1 Hz, 1H), 2.51 (ddd = 17.8, 10.2, 6.4 Hz, 1H), 2.332.18 (m, 2H), 1.06 (s, 9H).
LRMS (m/3 calculated foIC21H2604Si [M+H]* 371.5, found 371.1

IR (cnl) 1141, 1204, 1815, 2878, 2941

[U2% = + 45.3 (c= 1, CHsCI).

0

(o]
NH
TBDPSO NHBoc

tert-Butyl 2-((3S,59)-5-(((tert-butyldiphenylsilyl)oxy)methyl) -2-oxotetrahydrofuran - 3-
yhhydrazine-1-carboxylate (4.33. To a solution 0f4.29 (0.50 g, 1.3 mmol, 1.00 equiv) in

anhydrous CHCI> (0.31 M)was added 2:4utidine (0.23 mL, 2.02 mmol, 1Gequiv)and OT$
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(0.28 mL, 1.3 mmol, 100 equiv) successively at 0 °C. After stirring for 1 h at 0 °C;latyl
carbazate (0.360 g,7Z2 mmol, 200equiv) in CHCI2 (1.5 M) was added, followed by 2létidine

(0.23 mL, 2.02 mmol, 1(equiv). The reaction mixture was refluxed overnight, then quenched
with 1 M HCI at rt. The organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (3x). The combined organic layers were washed withepriried with NaSQ4, and
concentrated in vacuo. The crude residue was purified by silica flash chromatography to afford
4.33(0.536 g, 82%) as a yellow foam

Rf=0.03 (20% EtOAc in hexasp

1H NMR (500 MHz, CDC}) & —7.586(16, 5H), 7.45-7.35 (m, 8H), 4.78 (ddfl= 7.7, 5.6,

2.9 Hz, 1H), 3.93 (dd] = 11.5, 3.0 Hz, 1H), 3.68 (dd= 11.4, 2.9 Hz, 1H), 2.86 (8,= 5.7 Hz,

2H), 1.53 (s, 8H), 1.00 (s, 9H).

LRMS (m/2 calculated for @H3zsN20sS [M+H]*, found 485.3

[U2% = + 170, (c= 0.9, CHC}).

o]

2-(tert-Butyl) 1-(2,2,2trichloroethyl) 1-((3S,55)-5-(((tert-butyldiphenylsilyl)oxy)methyl) -2-
oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate (4.34). Hydrazide4.33(0.368 g, 0.759

mmol, 100 equiv) was dissolved in Ci€l2 (3.80 mL, 0.2 M) and cooled to 0 °C. A saturated
bicarbonate solution (0.6 M, D&quiv) was added then TrocCl (0.197 g, 0.911 mmoD édziiv)

was added. The reaction mixture was warmed to rt and allowed to stir overnight. Upon completion,

the organic layer was separated and the aqueous layer was extracted with BK). The

combined organic layers were washed with brine (1x), dried wits®a and concentrated in
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vacuo.The crude residue was purified with silica flash chromatography to a4f841{0.443 g,
89% vyield) as a white foam.

Rf=0.86 (50% EtOAc in hexane)

H NMR (500 MHz, CDC$) & 7 . B=68.1,(6.6,d.6 Hz, 4H), 7.477.36 (m, 6H), 4.88 (s,
2H), 4.78 (d,) = 6.6 Hz, 1H), 4.51r, 1H), 3.91 (ddJ = 11.8, 3.4 Hz, 1H), 3.75 (dd= 11.9, 4.0
Hz, 1H), 2.60-2.46 (m, 1H), 1.42 (d] = 10.4 Hz, 8H), 1.05 (s, 9H).
3CNMR (176 MHz,CDC}) &6 172. 56, 155. 05, 135. 83, 135.
128.11, 127.99, 94.58, 82.59, 77.87, 76.49, 76.22, 63.98, 28.28, 28.16, 26.94, 19.41.
HRMS (m/2 calculated for @H3sClsN207Si [M+H]* 659.15139found 659.15026

IR (cnvl) 1118, 1189, 1264, 1439, 1465, 1767, 1882, 2948

[U]18 = +20.09 (c = 0.48, MeOH)

o]
o
\/‘\J§—rﬂTroc

MsO NHBoc
2-(tert-Butyl) 1-(2,2,2trichloroethyl) 1-((3S,59)-5-(((methylsulfonyl)oxy)methyl)-2-
oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate (4.37). To a solution 0f4.35(0.10 g,
0.232 mmol, 100equiv) in anhydrous C{Cl2 (0.54 mL, 0.43 M) was cooled to 0 °C. Then was
added E4N (0.04 mL, 0.348 mmol, 1®Gequiv)and MsCI (0.03 mL, 0.348 mmol, D&quiv). The
reaction mixture was stirred for 1.5 h and then quenched with a saturated solutionifaeH
extracted with EtOAc (2x). The combined organic extracts were dried witts@®laand
concentrated in vacu The crude residue was purified by silica flash chromatography to afford
4.37(75.0 mg, 65%) as #ick white oil:

Rf=0.13 (40% EtOAc in hexasg
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'H NMR (500 MHz,CDC$) & 5. 15 (s, 1HX66 (M 1H),&.5%4643 (M2 H) , 4
1H), 4.37-4.27 (m, 1H), 3.08 (s, 3H), 2.752.55 (m, 1H), 2.39, 1H), 1.47 (d,) = 5.6 Hz, 9H).
3CNMR (176 MHz,CDC$) & 171. 58, 155. 05, 94. 43, 82. 88,
28.24, 28.13.

HRMS (m/2 calculated for @H22CIsN209S [M+H]* 499.01116, found 499.01031

IR (cnt!) 1189, 1264, 1316, 1614, 1890,3034, 3209

[U]18 = + 23.48 (c = 1.04, MeOH)
(0]
oJ( 0
NA<_\;

(S)-4-Benzyt3-(pent-4-enoyl)oxazolidin-2-one (4.40. To a solution of pentenoic adi@.03 mL,
194 mmol, 100 equiv)and EtN (3.00 mL, 21.3 mmol, 1A equiv)in anhydrousTHF (0.4 M),
pivaloyl chloride(2.52 mL, 203 mmol, 1.05 equiv)was dropwise a{78 °C and stirred for 1 h at
0 °C. In a separate RBF, a solution 9f4-benzyt2-oxazolidione(3.64 g, 20.3 mmol, 1.05 equiv)
in anhydrousTHF (0.4 M)was cooled te78 °C them-BuLi (11.3 mL, 20.346 mmol, 1.05 equiv)
was added dropwise and stirred for 30 mine Bxazolidinone solutiowas then added to the first
solution dropwise and stirred at8 °C for 15 nn, then warmed to O °C and stirred for 1 h. The
reaction mixture was quenched with saturateds@lHand extracted with EtOA¢3x). The
combined organic layers wevegashed with brin€1x) and dried with N&SO4. The organic phase
was concentrated in vacuo. and purified by silica flash chromatography to afér(8.21 g,
64%) asa wlorlessoil:

Rf=0.33 (25 % EtOAc in hexage
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IHNMR (600 MHz, CDC}) & —7.313n6 2H), 7.36-7.26 (m, 1H), 7.22 7.19 (m, 2H), 5.89
(ddt,d= 16.9, 10.2, 6.5 Hz, 1H), 5.11 (dj= 17.1, 1.7 Hz, 1H), 5.04 (dd= 10.2, 1.4 Hz, 1H),
4.68 (ddtJ=9.5, 7.4, 3.2 Hz, 1H), 4.224.15 (m, 2H), 3.30 (dd),= 13.4, 3.4 Hz, 1H), 3.10 (ddd,
J=17.1,7.8, 6.8 Hz, 1H), 3.02 (dk= 17.2, 7.4 Hz, 1H), 2.76 (dd= 13.4, 9.7 Hz, 1H), 2.46

(tdt,J=9.2, 6.5, 1.5 Hz, 2H).

3CNMR (151 MHz,CDC}) & 172.69, 153.59, 136. 82, 135.

66.35, 55.29, 38.06, 34.95, 28.30.
HRMS (m/3 calculated for @H1sNOs [M+H] * 260.12867, found 260.12796.
IR (cnl) 1223, 1364, 1394, 1685, 1849, 2930

[U225 = +52.4 (c = 1.3, CHCY).

di-tert-Butyl  1-((9)-1-((S)-4-benzyl2-oxooxazolidin-3-yl) -1-oxopent-4-en-2-yl)hydrazine-
1,2-dicarboxylate (4.41) To a solution of freshly prepared LDA (1.05 equiv)aimhydrousrTHF
(46.7 mL,0.33 M) was added a precooled solutiah-78 °C of imide4.40(4.00 g, 15.4 mmol,
1.00 equiv) inanhydrousTHF (46. 7 mL,0.33 M) and stirred for 30 min af8 °C. A precooled
solution of DBAD @.16g, 1.15 mmol, 1.15 equiv) ianhydrousCH2Cl> (93.4 mL,0.19 M) was
added and stirred for 1 min, then quenched with glacial acetic 284 rfiL, 40.1 mmol, 1.05
equiv). The reaction mixture was partitioned betweenn@iand pH 7 phosphate buffer; the

aqueous phase was washed with2CH (3x). The combined organic layers were washed with
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saurated NaHC@, dried with NaSQs, and concentrated in vacuo. The crude residue was purified
by silica flash chromatography to affodd41(3.69g, 49%) as a yellow ail

Rf=0.68 60% EtOAc in hexans).

HNMR (500 MHz, CDC$) & —7.273n6 3H), 7.22 (dd}=6.9, 1.8 Hz, 2H), 6.0+ 5.84 (m,

2H), 5.20—5.04 (m, 2H), 4.58 (s, 1H), 4.18 @5 4.9 Hz, 2H), 3.33 (s, 1H), 2.681( 3H), 1.47

(d,J= 6.1 Hz, 18H).

3CNMR (176 MHz,CDC$) o6 173.93,154. 99, 152. 81, 135.

127.54, 118.01, 66.66, 55.75, 53.57, 37.71, 33.43, 28.35, 28.25.
HRMS (m/2 calculated for @H3eN307 [M+H]* 490.25533, found 490.25445
IR (cnl) 1178, 1223, 1357, 1849, 2945, 3146

[U175 = + 49.98 (c = 0.65, MeOH)

HO/U\M

Bocﬁ\
NHBoc

(5)-2-(1,2-bis(tert-Butoxycarbonyl)hydrazineyl)pent-4-enoic acid(4.42. A 2.0 M solution of
LiOH (3 equiv) was added #h41(0.410 g, 1.8 mmol, 1 equiv) inTHF (0.38 M) and stirred for

3 h at 0 °C. The reaction wdduted with EtO upon completion, and the layers were separated.
The aqueous layer was acidified with HCI to p# 8nd extracted with EtOAc (3x). The combined
organic layers werdried with NaSQs and concentrated in vacuo. The crude residue was purified
with silica flash chromatography to affoad42(0.2084, 61%) as a white salid

Rf = 0.30 (10% MeOH in 82Cl).

IHNMR (500 MHz, CDC$) & —5.688n 1H), 5.12-5.02 (m, 2H), 4.1+ 4.02 (m, 1H), 2.68
(dd,J=13.0, 7.2 Hz, 1H), 2.55 (d,= 12.4 Hz, 1H), 1.46-1.39 (m, 18H).

HRMS (m/2 calculated for @sH25N206 [M-H]- 329.17126found 329.17169
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IR (cnt?) 0.30 (10% MeOH in €2CL).

[U23 = -14.7, (c = 1.3, CHCH4).

di-tert-Butyl 1-((3S,59)-5-(bromomethyl)-2-oxotetrahydrofuran -3-yl)hydrazine-1, 2-
dicarboxylate (4.43. N-bromosuccinimide (0.108 g, 0.602 mmol0Q equiv) was added to a
solution of4.42in anhydrous toluene (0.14 M) at 0 °C. After 45 ntire resulting orange solution
was diluted with EtOAc and quenched with sat. aqueou$IM8. The layers were separated and
the combined organic layers were washed with brine, dried witts®&@and concentrated in
vacuo.The crude residue was purified with silica flash chromatography to a4fé48{0.137 g,
56%) as a light yellow ail

Rf=0.48 (40% EtOAc in hexasg

'H NMR (500 MHz,CDC}) & 6. 46 —483 (m,1H),)4.59n61HR 354 (ddJ=19.6,
6.9 Hz, 2H), 2.73 (s, 1H), 2.30 (d= 12.3 Hz, 1H), 1.47 (s, 18H).

BCNMR (176 MHz,CDC$) & 172. 49, 155. 65, 154. 37, 82. 85,
HRMS (m/2 calculated for @sH26BrN20s [M+H]*409.09742, found09.09670.

IR (cnT!) 1126, 1230, 1357, 1513, 1685, 1871, 2960, 3146

[U1% = +19.53 (c = 0.22, CHQJ).

(o)
NB

(o] | oc
NBoc

di-tert-Butyl (1S,5S)-7-0x0-6-o0xa-2,3-diazabicyclo[3.2.1]octane2,3-dicarboxylate (4.45. To
a solution o#.44(0.967g,2.36mmol, 100equiv) in anhydrous DMF (0.2 M) at8 °C was added

a 1 M solution of NaHMDS3.19 mL, 3.19 mmol, 1.35 equiv) After 1.5 h the reaction was
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guenched with sat. agueous NHand extracted with EtOAc (3x). The combined organic layers
were washed with brine, dried with p&04, and concentrated in vacuo. The crude residue was
purified with silica flash chromatography to affofd45(0.417g, 5%6) as a off white foam
Rf=0.6 (50% EtOAc in hexasg
H NMR (700 MHz, CDC8) & —4.849(1, 1H), 4.70 (s, 1H), 4.484.22 (m, 1H), 3.19 (s,
1H), 2.34 fn, 1H), 2.06 (d,J = 12.4 Hz, 1H), 1.49 (QH), 1.47 (s, 2H), 1.45 (s, 7H).
3CNMR (176 MHz,CDC$) & 170. 87, 154. 40, 134. 72, 82.18,
28.30, 28.13.
HRMS (m/2 calculated foC1sH24N2NaOs [M+Na]* 351.15321, foun®51.15170
IR (cntl) 1133, 1256, 1394, 1707, 1797, 2870, 2978
[U2% =-5.44 (c= 0.5, CHC}).

Os_OMe

NH

|
NCb
HO z

1-Benzyl 3methyl (3S,55)-5-hydroxytetrahydropyridazine -1,3(2H)}dicarboxylate (4.46).

TFA (4.5 mL, 0.23 M)was added t4.45(0.413 g, 1.26 mmol, 1.08quiv) at0 °C and stirred for

30 min at 0 °C and then 4 h at rt. Then tdctionmixture was recooled to 0 °C aadhydrous
MeOH (5.47 mL, 0.23 M)wvas added, the reaction was allowed to warm to rt and stirred overnight,
then concentrateh vacuo

The crude residue was dissolved in anhydrous@#{13.9 mL,0.09 M) and cooled te20 °C.

EtsN (0.35 mL, 2.52 mmol, 2.00 equignd benzyl chloroformatéd.22 mL, 1.51 mmol, 1.20
equiv) were added and stirred for 1 h-@0 °C. Upon completionthe reaction mixturavas

concentrated in vacuo. The crude residue was dissolved in EtOAc and washed with sat aqueous
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NH4Cl (1x), brine (1x), and dried with N&5O4. The crude residue was concentrated and purified
by flash silica chromatography afford4.46(0.14 g, 38%) as aotorlessoil:
Rf=0.31 (10% MeOH in CkCl2)

O~_OMe

NH

|
N
TBSO Cbz

1-Benzyl 3methyl (3S,55)-5-((tert-butyldimethylsilyl)oxy)tetrahydropyridazine -1,3(2H)-
dicarboxylate (4.47). To a stirred solution ¢f.46(0.149 g, 0.507 mmol, 1.00 equim)anhydrous
DMF (1.44 mL, 0.35 M)was added imidazol.174 g, 2.53 mmol, 5 equignd DMAP(6.00
mg, 0.05 mmol, 0.10 equivPnce all solids were dissolved, TBSQI385 g, 2.53 mmol, 5 equiv)
was added and the reaction was allowed to stir overnight. The reaction was quencleeshtith
solution of NHiCland extracted with EtOAc (3x). The combined organic layene washed with
water (2x), brine (2x), dried with NaSQs and concentrated in vacudhe crude residue was
purified by silica flash chromatography to affotdt7(0.195 g 94%)asa brown oil

Rf=0.10 (20% EtOAc in hexars}.

IHNMR (500 MHz, C-D7@b @n)6Hp5.22 (dB=812.3 Hz, 1H), 5.14 (d] = 12.3
Hz, 1H), 4.15 (s, 1H), 3.74 (s, 3H), 3.73.63 (m, 1H), 3.57 (dd,= 11.5, 3.0 Hz, 1H), 2.77 (s,
1H), 2.24 (dJ = 12.8 Hz, 1H), 1.66 1.53 (m, 1H), 0.86 (s, 10H), 0.05 (s, 6H).

13C NMR (176 MHz,CDC4) & 170. 8 3, 15512&634,,1281 3 67.83,85.70,1 2 8 . €
57.47,52.39, 51.69, 37.65, 29.83, 25.81, 184.45,-4.68.

HRMS (m/2 calculated for GoH33N20sSi [M+H]*409.21587, found 409.21512

IR (cntl) 1290, 1424, 1483, 1625, 1975, 2035, 2341, 2751, 2900, 3019

[U2% = +12.34 (c = 0.54, CHCJ).
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O~_OH

NH

|
N
TBSO Cbz

(3S,59)-1-((Benzyloxy)carbonyl)}5-((tert -butyldimethylsilyl)oxy)hexahydropyridazine -3-
carboxylic acid (4.68. 2 M LIOH (1.15 mL)was added to a solution 6fH-Piz 4.47(0.192 g,
0.470 mmol, 1 equivin anhydrousTHF (1.92 mL, 0.244 Mpat 0 °C. The reaction gatirred for

1 h. Upon completiorthe reaction was diluted with EtOAc and acidified witltHCI (2-3 pH).
The layers wereseparatedand the aqueous layer was extracted with EtOAc t{3x)combined
organic layers were washed with brine, dried with®&4 and concentrated in vacuo. to afford a
dark orangerudeoil (0.185 g, 9%). The crude oil was carried forward without purification.
Rf = 0.29(10% MeOH in CHCL).

H NMR (500 MHz, CDC$) & —7.313(8, 5H), 5.344.99 (m, 1H), 4.73r6, 1H), 3.93 in,
1H), 3.54 fn, 1H), 2.11-2.03 (m, 2H), 1.29-1.23 (m, 1H), 0.95-0.91 (m, 3H), 0.96-0.82 (m,
9H), 0.12—0.03 (m, 6H).

13C NMR (176 MHz, CDC4, mixtureof rotamery & 174.28, 150. 638, 135.
128.34, 127.01, 126.17, 68.66, 65.10, 2626180 20.38, 18.10, 1.202.91,-5.05,-5.09.
LRMS (m/2 calculated for @H31N205Si [M+H]*395.20022found 395.3.

¥Cbz
NFmoc

OAlloc
(9)-2-((R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-1-
((benzyloxy)carbonyl)hexahydropyridazine3-carboxamido)propanoic  (allyl  carbonic)
anhydride (4.49. Piperazic acid4.24 (104 mg, 0.214 mmol, 2.00 equiwas dissolved in

196



anhydrousCH2Cl2 (0.42 mL, 0.5 M)and oxalyl chloridg0.18 mL, 2.14 mmol, 20.0 equivyas
added. The reactiowas stirred at rt for 2 h and then was concentrated in vacuo and dried under
high vac.

NaHCQs; (46.7 mg, 0.557 mmol, 5.20 equignd a solution of freshly prepared acyl
chloride inanhydrousCH2Cl2 (0.27 mL, 0.4 M)were added to a solution of A@Bn4.20(25.2
mg, 0.107 mmol, 1.00 eqyitn CH2CIl2/H20 (0.4 M, 1:1)at 0 °C. The reaction was stirred for 1.5
h then extracted with EtOAc (3x). The combined organic extracts were washed with brine, dried
with N&SOs and concentrated in vacuo. The crude residue was purified with silica flash
chromatographyaffording4.49asa mlorlessoil (46.6 mg 62%):
Rf=0.5 (20% EtOAc in hexasg
1H NMR (600 MHz, DMSQ130°Q & 7J=8&3 HZ 2H), 7.59 (J = 6.8 Hz, 2H), 7.43
7.32 (m, 8H), 7.32 7.21 (m, 9H), 5.89n, 1H), 5.30 (dg) = 17.3, 1.6 Hz, 1H), 5.20 (dd,=
10.6, 1.5 Hz, 1H), 5.09 (d,= 12.8 Hz, 1H), 4.98 (d] = 13.1 Hz, 1H), 4.91 (s, 2H), 4.66 (@=
7.3 Hz, 1H), 4.59 (ddt]=5.7, 2.8, 1.5 Hz, 2H), 4.52 (d= 6.6 Hz, 1H), 4.48 (s, 1H), 4.19 {t=
6.3 Hz, 1H), 3.98 (dJ = 13.0 Hz, 1H), 2.84 (s, 2H), 2.81 (s, 3H), 2.06 (s, 1H), +.8273 (m,
1H), 1.64 (s, 1H), 1.40m, 5H).
13C NMR (176 MHz, CDC$ mixture of rotamens & 170. 11, 155. 86, 155,
141.39, 141.29, 136.52, 131.90, 131.71, 129.69, 129.62, 129.03, 128.70, 128.57, 128.53, 128.42,
128.29, 128.27, 128.08, 128.00, 127.88, 127.85, 127.82, 127.79, 127.74, 127.19, 127.16, 125.29,
125.15, 120.04, 1188, 118.61, 118.40, 78.85, 68.75, 67.80, 67.65, 66.13, 58.79, 58.11, 51.01,
49.76, 47.11, 46.92, 45.43, 44.19, 24.16, 23.62, 19.40, 18.62, 14.86, 14.70.
HRMS (m/2 calculated for GiH42N3O0s [M+H]*704.29719, found 704.29632

IR (cntl) 1073, 12231275, 1282, 1387, 1864, 3012
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[U225 = + 3.54 (c = 1.01, MeOH)

r;lez
NFmoc
BnO_
N (o)
(o)

A

o

I

N-((R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-1-
((benzyloxy)carbonyl)hexahydropyridazine3-carbonyl)-N-(benzyloxy)L -alanine (4.50. To
a stirred solution 04.49(41.6 mg, 0.059 mmol, 1.00 equiwv) anhydrous CECI> (0.45mL, 0.13
M) was added Pd(PBfa (2.06 mg, 0.002 mmol, 0.03 equifgllowed by PhSiH(0.02 mL, 0.118
mmol, 2.00 equiv)The reaction was stirred for 1 h, diluted with@Hand extracted with Ii€2Ck
(3x) The combined organic extracts were dried with32, and concentrated in vacuo. The crude
oil was purified with silica flastthromatography(10% MeOH in CHCI) to afford4.50as a
colorlessoil (14.1 mg, 34%)

Rf=10.29 (5% MeOH in CELCl).

1H NMR (600 MHz, DMSQ 130°Q & 7 J85, 1(0cHt, 2H), 7.80 (di,= 7.5, 0.9 Hz,
2H), 7.42—7.26 (m, 15H), 6.21 (s, 2H), 5.175.05 (m, 3H), 4.98 (d] = 10.3 Hz, 1H), 4.78 (s,
1H), 3.98—3.90 (m, 1H), 3.81 (dd}= 10.1, 3.2 Hz, 1H), 3.09 (dddz= 13.0, 11.3, 3.3 Hz, 1H),
1.87—1.74 (m, 2H), 1.63 (q] = 12.4 Hz, 1H), 1.571.47 (m, 1H), 1.42 (d]= 7.0 Hz, 3H).
HRMS (m/2 calculated for @H3sN3Os [M+H]* 664.26589, found 664.26531

IR (cn!) 1081, 1148, 1163, 1275, 1424, 1513, 1700, 2937

[U122, = -82.83 (c = 0.76, MeOH)
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BnO_
NFmoc

. (0]
[\ (0]

_N
CbzN OMe

1-Benzyl 3methyl (R)-2-(N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-L -
alanyl)tetrahydropyridazine-1,3(2H)dicarboxylate (4.56) To a solution of Fmo&la-OBn
4.54(0.315 g, 0.755 mmol, 1.5 equii) CH2CI2(5.80 mL,0.13 M) at 0 °C was added oxalyl
chloride (0.22 mL, 2.52 mmol, 5.0 equivgnd catalytic DMF (1 drop)The resulting reaction
mixture was allowed to warm to rt and stirred for 1 h, then concentrated and dried on high vac for
30 min.

To asolution 0f4.23(0.140 g, 0.503 mmol, 1.0 equiin) toluene(12.6 mL, 0.04 M)t 0
°C was added A€ 03(0.2104g, 0.755 mmol, 1.5 equithen a solution of acyl chloride in toluene.
The reaction mixture was then heated to 70 °C and stirred for 3 h. Then the reaction mixture was
cooled to 0 °C and quenched with a sat. solution of NakdD@ therextractedvith EtOAc (3x).
The combined organic layers were washed with baime dried over N&5Os and concentrated in
vacuo. The crude residue was purified byHlasica column chromatography afford a white
foam 0.219 g, 64%
Rf=0.20 (30% EtOAc in hexage
IHNMR( 600 MHz, DMSO,-7T8(M, 3H)° 7G4 (= 3.5 Hz, 281)7 7.40 (pJ
= 7.2 Hz, 2H), 7.35-7.28 (m, 14H), 7.22 (s, 2H), 5.181(3H), 4.91 (s, 1H), 4.77 (d,= 9.8 Hz,
1H), 4.59 tn, 3H), 4.29 (s, 1H), 4.08 (d,= 6.7 Hz, 1H), 3.46 (s, 2H), 1.991.47 (m, 6H), 1.28
(m, 2H).
13C NMR (176 MHz, CDC3, mixture of rotameds & 173 . 08, 172. 38, 171.

156.04, 143.92, 143.87, 143.81, 143.78, 143.71, 143.57, 135.68, 135.61, 135.25, 135.11, 129.65,
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129.62, 129.58, 128.79, 128.77, 128.70, 128.68, 128.58, 128.55, 128.49, 128.47, 128.43, 128.40,
128.34, 128.26, 127.93, 127.86, 127.83, 127.31, 127.28, 127.26, 125.34, 125.30, 125.26, 125.22,
125.15, 120.19, 120.14, 120.12, 120.07, 78.01, 68.80, 68.(8%,6¥7.64, 60.55, 58.20, 52.38,
47.42, 47.30, 21.20, 14.34, 14.11.

HRMS (m/2 calculated for GaH4oN30s [M+H]* 678.28154found 678.28039

IR (cnTl) 1111, 1223, 1275, 1372, 1431, 1849, 2162, 2900,.3049

[U2% = +31.56 (c = 0.41, MeOH)

BnO_
NH

v (0]
W (o)

N
Cbz[))LOMe

1-Benzyl 3methyl (R)-2-((benzyloxy)L-alanyl)tetrahydropyridazine-1,3(2H)dicarboxylate
(4.57. EtoNH (0.17 mL, 1.61 mmol, 5 equiwyas added to a solution of dipeptid.&6(0.218 g,
0.322 mmol, 1 equivipn anhydrous CEICN (2.68 mL, 0.12 M) The reaction was monitored using
LCMS to observe when intramolecular cyclization biproduct formation be¥faer stirring at rt

for 30 min, the reaction mixture was concentrated in vacuo then purified with silica flash
chromatography to afford.57(67.7 mg, 46%) aa foamy white solid

Rf=0.37(50% EtOAc in hexanes)

IHNMR (500 MHz, CDC$) & —7.273n% 10H), 5.14 (s, 2H), 4.54 (bs, 2H), 4.39(d 13.4

Hz, 1H), 4.12 (tJ = 6.5 Hz, 1H), 3.41 (s, 3H), 2.98 Jt= 12.9 Hz, 1H), 2.18 2.03 (m, 2H), 1.75

(m, 2H), 1.56 (d,) = 13.8 Hz, 1H), 1.14 (d] = 7.0 Hz, 3H), .

3CNMR (176 MHz,CDC}) &6 170. 06, 165. 23, 135. 55, 128. 8.
127.96, 127.84, 76.10, 75.70, 68.82, 55.82, 53.57, 52.36, 52.08, 50.76, 24.91, 23.78, 19.12, 15.31.

LRMS (m/2 calculated for @Hso0N306 [M+H]*456.21346found 456.4.
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RN (o)

N
Cbz[))(OMe

2-((9H-Fluoren-9-yl)methyl) 1-benzyl (3R)-3-((benzyloxy)((2)-1-(2-((benzyloxy)carbony )

e

6-(methoxycarbonyl)tetrahydropyridazin -1(2H)-yl) -1-oxopropan-2-
yl)carbamoyl)tetrahydropyridazine -1,2-dicarboxylate (4.52. To piperazic acidt.24(0.134 g,
0.277 mmol, 2.0 equivin anhydrousCH2Cl2 (0.55 mL, 0.5 M)was added oxalyl chlorid@®.24
mL, 2.77 mmol, 20 equiv)The reaction was stirred for 2 h then concentrated in vacuo to access
theacid chloride.

NaHCQ; (60.4 mg, 0.719 mmol, 5.2 equiahd a solution of acid chloride in G&I2 (0.34
mL, 0.4 M) were sequentially added to a solutiondabeptide 4.54163.0 mg, 0.138 mmol, 1.0
equiv) in CH2Cl2/H20 (1:1, 04 M) at 0 °C with stirring. After 1.5 h, the reaction mixture was
extracted with ethyl acetate (3x). The combined organic extracts were washed with brine, dried
over anhydrous N&Qs and concentrated in vacuo. Theide residue was difficult to purify and
carried forward @.11 g crude)
*A small amount of material was purified to obtain characterization data
Rf=0.07 (30% EtOAc in hexaneb)V active stains with PMA
H NMR: high temperature experiments did not resolve the spectra
IR (cntl) 1044, 1088, 1126, 1193, 1252, 1357, 14316,17002363, 2952
HRMS (m/2 calculated for €2Hs4Ns011 [M+H]*924.38198, found 924.38031

[U2% = +10.52 (c = 0.52, MeOH)
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1-Benzyl 3methyl 2-(N-(benzyloxy)N-((R)-1-((benzyloxy)carbonyl)hexahydropyridazine 3-
carbonyl)-L -alanyl)tetrahydropyridazine-1,3(2H)-dicarboxylate (4.60. EtNH (0.04 mL,

0.357 mmol, 3.0 equiv) was added to a solution of tripepti2(0.11 g, 0.12 mmol, 1.0 equiv)

in CH3CN (1.19 mL, 0.10 M) at rt and stirred for 1 h. Upon completion, the reaction mixture was
concentrated in vacuo. and placed on high vac. to dry. The crude material is unstable on silica and
wascarried forward

Rf=0.16 (50% EtOAc in hexanes) not UV active, stains with PMA

LRMS (m/2 calculated for @H44NsOg [M+H]*702.31, found702.4.

OMe

oM A

1)
cbzN_ .,
z ‘'OTBS

Benzyl (3S,55)5-((tert-butyldimethylsilyl)oxy) -3-(((S) 1-methoxy-1-oxopropan-2-
yl)carbamoyl)tetrahydropyridazine -1(2H)-carboxylate (4.71). Alanine (10.4 mg, 0.101 mmol)
andOH-Piz4.68(20.0 mg, 0.05 mmol) were dissolved in anhydrous DMF (0.09 M). Then DIPEA
(0.05 mL, 0.30 mmol), HOAt20.7 mg, 0.15 mmpland HATU £8.4 mg, 0.15 mmolvere added

and stirred for 1 dayJpon completion the reaction mixture was concentrated in vacuo. The crude

residue was dissolved in EtOAc and washed with 1 M HCI, sat. NaH@iDe, and dried with
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NaSOs. Then it was concentrated in vacuo. and purified by silica flash chromatography to afford
4.71as a brown oil (17.1 mg, 70%)

Rf=0.29 (10% MeOH in CkCl).

IHNMR (600 MHz, DMSQ70°Q & 8. 32 —7£8 (m,3H) 5.15- 510 @nP1H), 5.09
—5.03 (m, 1H), 4.31 (d@l = 14.6, 7.3 Hz, 1H), 3.85 (t1,= 7.0, 3.7 Hz, 1H), 3.64 (d,= 4.0 Hz,

3H), 3.59 (d,J = 13.6 Hz, 2H), 3.37 (q] = 5.8 Hz, 1H), 3.29 (d] = 17.5 Hz, 1H), 1.93 (d] =

12.8, 4.7 Hz, 1H), 1.82 (s, 1H), 1.26 (dds 11.3, 7.4 Hz, 4H), 0.83 (8H), 0.07—0.00 (m, 6H).
ICNMR (176 MHz, DMSO, mixture of rotamers) o
127.64, 66.46, 66.19, 65.11, 51.88, 47.32, 40.02, 29.01, 25.81, 25.62, 25.54, 17.663 1832,
LCMS (m/2 calculated for @H3sN306Si [M+H]*480.3 found 480.3

IR (cntl) 1126, 1178, 1252, 1349, 1409, 1454, 1521, 1670, 1707, 1744, 2326, 2356, 2855, 2930,

3288

Methyl (2R,3S)-2,3-dihydroxy -4-methylpentanoate (4.62).A mixture of 5.6 g of ADmix-a and
methansulfonamid€0.38 g, 3.90 mmol) i-BuOH (6.7 mL) and KO (7.5 mL) was stirred at

room temperature for 30 min and then cooled to 0 °C to give a suspension. A solution of ester (0.5
g, 3.9 mmol) in-BuOH (1 mL) was added. After being stirred overnight at O °C to rt. The solution
turned from red to yellow. The resultant mixture was quenched with solid sodium thiosulfate
pentahydrate (3.89 g, 15.60 mmol) and allowed to warm to room temperature fdr lovéhe
reaction mixture turned from yellow to an eftite color wthin 10 minutes. The aqueous layer

was extracted with ethyl acetate 3 X 30 mL).

The combined organic layers were washed with brine (75 mL), dried over anhyd e@G:/dad
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concentrated in vacuo. The crude was purified by flash chromatography to afford 0.47 g, 74%
white solid

Rf=0.35 (40% EtOACc in petroleum ether)

H NMR (600 MHz, CDC}) & 4J=310 H%, fH), 3.83 (s, 3H), 3.50 (@= 7.5 Hz, 1H),

3.04 (d,J= 4.9 Hz, 1H), 1.87 (dhl = 8.4, 6.7 Hz, 1H), 1.04 (d,= 6.7 Hz, 3H), 0.98 (d] = 6.7

Hz, 3H).

3C NMR (151 MHz,CDC}) & 174 . 73, 77. 96, 71. 37, 53.01,

[U2% =-9.3 (c = 0.145, CHGJ).

Methyl (4R,5S)-5-isopropyl-1,3,2dioxathiolane-4-carboxylate 2,2dioxide (4.63) EtsN (0.38

mL, 2.71 mmol) and thionyl chloride (0.10 mL, 1.36 mmol) were sequentially added to a solution

of 4.62(0.2 g, 1.2 mmol) in CkCl2 (5.6 mL, 0.22 M) at 0 °C. The ice bath wasnoved after5

min and the mixture stirred at room temperature. After another 5 minutes, the reaction was

guenched with a saturated aqueous solution oi@KL.4 mL) and then extracted witfbutyl

methyl ether (3 x 5.6 mL). The combined organic extracts were washed with brine (2.2 mL), dried

over anhydrous N&Os. The filtrate was concentrated in vacuo to give the desired intermediate

(brown) which was wused directly in the next step without further purification.
Sodium periodate (0.32 g, 1.48 mmol) andolution of ruthenium Chloride (2.6 mg, 0.01

mmol) in HO (0.8 mL) were sequentially added to a solution of the above crude compound in

CH3CN/H20 (2.4 mL/0.83 mL, 0.37 M) at 0 °C with stirring. The ice bath was removed. After 20

min, the reaction was quenched withQH(2.2 mL) and then extracted witibutyl methyl ether

(3x). The combined organic layers were washed with brine, dried over anhydrefs®sdad
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concentrated in vacuo. The residue was purified by silica flash chromatography to afford product
(0.18g, 63%over two stepsas a colorless oll

Rf=0.28 (20% EtOAc in petroleum ether)

'HNMR (700 MHz, CDC}) & 4J.=9.8Hz( 1), 4.79 (t] = 5.7 Hz, 1H), 3.90 (s, 3H), 2.22
(h,J=6.7 Hz, 1H), 1.11 (d] = 8.2 Hz, 2H), 1.08 (d] = 8.3 Hz, 3H).

13C NMR (176 MHz,CDC}) & 166 . 09, 88. 21, 77. 98, 53. 89,

[U21p = -46.8 (c= 0.22, CHCY).

N3
MeO\n)\"‘\k

O OH
Methyl (2S,3S)2-azido-3-hydroxy-4-methylpentanoate 4.64). Sodium azide (59 mg, 0.89
mmol) was added to a solution of cyclic sulf#t€3 (0.1 g, 0.45 mmol) in acetone/8 (1.16
mL/0.11 mL, 0.35 M) at room temperature with stirring. After 1.5 h, the solvent was removed in
vacuo, then placed in high vacuum to obtain a white solid. The crude residue was treated with 20%
H2S04 (2.3 mL) and ether (2.3 mL) and then vigorously stirred at room temperature for 24 h. The
ether layer was separated, and the aqueous layer was extracteebutiyh rhethyl ether (3 x
2.3mL). The combined organic layers were washed with brine (1 mL), dried over anhydrous
NaSO4, and concentrated in vacuo. The residue was purified to a4f64{40 mg, 486) as a
colorlessoil:
Rf = 0.4 (20% EtOAc in petroleum ether), after treatment with.acid
'H NMR (700 MHz, CDC}) o 3J=963% H¢, iH), 3.84 (s,32H), 3.68 = 6.0 Hz, 1H),
2.32 (s, 1H), 1.96 1.89 (m, 1H), 1.00 (d]= 6.9 Hz, 3H), 0.97 (d] = 7.9 Hz, 3H).

[(2%p = -47.9 (c = 0.145, CHCY).
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