
 

 

ABSTRACT  

BREUNIG, JAMIE LEIGH. Synthesis and Biological Evaluation of Heterocycle Containing 
Natural Products (Under the direction of Dr. Joshua G. Pierce)  

 

Nature is a rich 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 also inspired the development of natural product 

derivatives and purely synthetic therapeutics. First, this work reports the enantioselective formal 

synthesis of thienamycin. We developed a synthetic route using asymmetric reduction and a series 

of diastereoselective 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 A, and analogs, using a previously developed  multicomponent 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 structure-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 synthesis of dentigerumycin, focusing on the synthesis of non-canonical amino 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 the discovery and clinical launch of several key classes of antibiotics. Highlighted 

in Figure 1 are antibiotic classes’ introduction to clinical use and year of resistance.  The golden 

era profoundly impacted human health, introducing a wide range of antibiotic classes in a relatively 

short period, including beta-lactams, sulfonamides, and tetracyclines. These antibiotics were 

primarily derived from natural products, sourced from the metabolism of bacteria and 

fungi.1 These antibiotics were relatively easy to isolate from low-throughput fermentation and 

whole-cell screening methods.2  However, the rapid success of the golden era was followed by a 

decline in antibiotic development. The 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 platform, a method of screening soil microbes and 

actinomycetes for natural products, which had been instrumental in 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 antimicrobial scaffolds, the 1960s ushered in an era of 

medicinal chemistry. This period focused on utilizing chemical synthesis to access derivatives of 

natural products that were already 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 became increasingly necessary. Although this method is 
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limited, it is still effective when synthesizing derivatives of unexplored natural products by 

accessing a large library of new analogs with potentially improved activity.  

Antibacterial drug discovery has improved with advancements and innovation of new 

technology. In addition to traditional natural product isolation, high-throughput screening, 

genomic type, and target-based approaches have been developed to discover new natural 

products.3 High-throughput screening was a new technique to quickly access and screen many new 

antibiotic scaffolds. However, the efforts to identify new antibiotics through high-throughput 

screening were largely unsuccessful.4  For example, GSK employed this approach for 7 years, 

yielding very few drug leads and no candidates for development.5 Genomic and target-based 

approaches have been instrumental in identifying genes involved in bacterial interactions and 

growth. These methods employ advanced screening techniques to specifically target and study 

disease states, enabling a deeper understanding of microbial behavior.2  With the advancement of 

technology and innovations, it is promising for future natural product discovery.4 
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Figure 1. Antibiotic development timeline; highlighting select classes of antibiotics clinical 

introduction and antibiotic resistance.  

The typical pattern is that a new drug comes to market, resistance emerges, new derivatives 

are developed, and the mechanism of resistance is never fully understood.6 Being able to identify 

the mechanism of action for antibiotic resistance can help in understanding how to overcome it. 

Currently, antimicrobial resistance has emerged against all known classes of antibiotics and 

continues to grow at an alarming rate. Resistance is a natural evolutionary process, driven by 

selective pressure exerted on microbial populations when antibiotics are used.7 Factors such as the 

inherent adaptability of bacteria, horizontal gene transfer, and their ability to mutate all contribute 

to the development of resistance.8 However, 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 drives the spread of antimicrobial resistance.  
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The Centers for Disease Control and Prevention (CDC) has stated that we are already living 

in a post-antibiotic era, where antibiotics are becoming increasingly ineffective, and fewer new 

ones are being discovered. According to a 2019 report, there are 2.8 million antibiotic-resistant 

infections in the U.S. each year, resulting in over 35,000 deaths.9   The CDC also categorizes the 

most threatening bacterial strains in the country based on their threat level (Table 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 treatment.10  

Table 1.  CDC 2019 report of antibiotic resistance threats their classifications and threat level 
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Nine of the sixteen bacterial strains (Table 1) are Gram-negative bacteria, yet Gram-

negative bacteria are more difficult to treat. Gram-negative bacteria are particularly more prone to 

developing resistance compared to Gram-positive bacteria. This is primarily due to 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 Gram-negative organisms a significant advantage in evading the effects of treatment. 

Whereas Gram-positive bacteria do not have an outer membrane, this 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 continuing antibiotic development 

projects. Pharmaceutical companies are hesitant to invest in antibiotic research due to high costs 

and the continued effectiveness of existing antibiotics.8 As a result, many companies have halted 

antibiotic development projects, contributing to the gap between the discovery of new antibiotics 

and their availability to patients.6  

In response to rising resistance, some treatment strategies focus on reserving newer, more 

potent antibiotics for when older treatments fail. For example, methicillin-resistant Staphylococcus 

aureus (MRSA) is typically treated first with vancomycin. If vancomycin proves ineffective, then 

daptomycin is often used as an alternative.3  Infections caused by drug-resistant bacteria often 

result in poorer outcomes for patients. These infections can be more 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 spread, it is only a matter of time before 

the current arsenal of antibiotics becomes ineffective. 
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Natural Products and Drug Discovery  

Natural products play a crucial role in therapeutic treatments, due to their diversity and 

broad range of biological activities. In addition to their biological activity, their chemical 

complexity makes them attractive targets for synthetic chemists. However, this complexity often 

makes them challenging to access. While natural products remain a promising source of novel 

compounds, many traditional sources have already been explored, yielding few discoveries. This 

underscores the need for exploration and unconventional approaches to natural product discovery, 

particularly by exploring uncharted environments such as our oceans, mutualistic co-evolved 

bacteria, and sequencing of the human microbiome.4 Though natural products have evolved to 

thrive in the biological world, they have not been optimized for human use. This leaves vast 

potential for identifying new natural products and analogs with improved activity through the 

combined efforts of synthetic chemistry and biology. 

 

Figure 2. FDA-approved therapeutics that are natural product-derived or natural product-inspired. 
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Between 1981 and 2019, approximately 34% of FDA-approved small molecule drugs were 

natural products, while 35% were synthetic or semisynthetic mimics or inspired by natural 

products.11 Figure 2 highlights a few FDA-approved natural products and natural product-derived 

products. Natural 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 challenges. 

Nitrogen Heterocycles in Drugs  

Nitrogen-containing 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 FDA-approved small-molecule 

drugs incorporate nitrogen-based heterocycles as central architectural elements.12,13  On average, 

these drugs contain 3.1 nitrogen atoms per molecule, highlighting the prevalence and importance 

of nitrogen heterocycles in drug design.14  

The significance of nitrogen-containing 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 agents. For instance, they are 

found in anti-inflammatory, antidepressant, anticonvulsant, anti-diabetic, antibacterial, and 

anticancer drugs.12  Their ability to interact with biological systems in various ways makes them 

particularly valuable in treating a range of diseases. 
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Figure 3. Examples of FDA-approved drugs containing a nitrogen heterocycle. 

 Nitrogen-containing heterocycles are commonly found in nature, often as subunits in 

complex natural products with known biological activity. Additionally, many synthetic derivatives 

based on these nitrogen heterocycles have been developed and are now widely used in medicine. 

Prominent examples are shown in Figure 3, including diazepam (an anxiolytic), isoniazid (an anti-

tuberculosis agent), chlorpromazine (an antipsychotic), metronidazole (an antimicrobial), 

barbituric acid (a sedative), captopril (an antihypertensive), chloroquine (an anti-malarial), and 

azidothymidine (an antiviral).13  These drugs, derived from nitrogen-containing heterocycles, 

underscore the versatility and therapeutic potential of these compounds in addressing a variety of 

health conditions. 

 Nitrogen-containing 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 containing heterocycles, many of which exhibit promising biological activity. Our work 

focuses on 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 generation of analogs. These 

synthetic routes hold potential for broader application in medicinal chemistry and drug discovery. 
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Chapter 2: An Enantioselective Formal Synthesis of Thienamycin 

Portions of this Chapter are reprinted with permission from Jamie L. Breunig, You-Chen Lin, 

and Joshua G. Pierce* An enantioselective formal synthesis of thienamycin. Tetrahedron Lett. 

2024, 155132. 
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Introduction:  Beta-lactam Antibiotics  

Penicillin, a naturally derived antibiotic, was the first beta-lactam antibiotic discovered in 

the 1920’s by Alexander Fleming.1  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 diseases.1,2  Its 

success laid the foundation for the development of future antibiotics. 

Beta-lactam antibiotics quickly gained widespread use in the medical field due to their 

remarkable effectiveness, affordability, and minimal side effects.2  However, by the late 1960s, 

the extensive and rapid use of these drugs led to the development of antibiotic resistance. This 

growing resistance posed a serious threat to the efficacy of beta-lactams, making it increasingly 

difficult to treat infections. The emergence of resistance underscored the urgent need for the 

development of new beta-lactam compounds with alternative structural scaffolds aimed at 

overcoming resistance 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 1960.3  Initially, methicillin (2.2) was widely used to treat infections 

caused by penicillin-resistant bacteria, particularly Staphylococcus aureus. However, 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 isoxazolyl penicillins (2.5), such as oxacillin, which were more resistant to 

bacterial resistance mechanisms.3  
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Figure 4. Evolution of penicillin antibiotics, 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 infections.3  Following 

amoxicillin, additional penicillin derivatives were developed to target specific bacterial pathogens 

and further expand the range of treatment options. These included extended-spectrum penicillins, 

such as piperacillin (2.6), which was effective against even more resistant strains of 

bacteria.3  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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Figure 5. Different classes of beta-lactams  

The class of penicillin beta-lactams was soon followed by the development of new classes 

of beta-lactam antibiotics, including monobactams, cephalosporins, and carbapenems (Figure. 5). 

Cephalosporins were first isolated in 1948 from a sewage system on the Italian island of 

Sardinia.3  These antibiotics feature a 4:6 fused ring system, which includes a dihydrothiazine ring 

and a beta-lactam 4-membered ring. The 6-membered 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 cephalosporins have been synthesized to 

enhance their activity against a broader range of bacterial pathogens and to overcome resistance 

mechanisms (Figure 6).3  
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Figure 6. Cephalosporin and monobactam antibiotics  

The first monocyclic beta-lactam, sulfazecin (2.16), was reported in 1979 and 1981, 

marking an important step in the development of monobactams.3  However, the first monobactam 

to reach the market was aztreonam (2.17), a semi-synthetic compound introduced in 

1984.3  Monobactams are characterized by a unique structure consisting of a single beta-lactam 

ring, which distinguishes them from other beta-lactam classes, like the penicillins and 

cephalosporins, that feature fused ring systems. In monobactams, a sulfonic acid group is attached 

to the nitrogen atom of the beta-lactam ring. This structural feature plays a key role in the 

antibiotic’s stability and spectrum of activity.3  Aztreonam (2.17), as the first clinically utilized 
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monobactam, became a valuable option for treating infections caused by gram-negative organisms, 

particularly in patients with allergies to other beta-lactams. 

Mechanism of Action 

All beta-lactam antibiotics are bactericidal agents that work by inhibiting cell wall 

synthesis.4 The bacterial cell walls are essential for a bacterium’s growth and development. The 

cell wall gets its rigid shape from the tightly cross-linked peptidoglycan layer. The peptidoglycan 

layer is composed of glycan chains, consisting of a repeating pattern two aminoglycosides, N-

acetylmuramic acid (NAM) and N-acetylglucosamine (NAG). NAM and NAG have crosslinked  

bonds in which D-Ala crosslinks with free amino acids from peptides in adjacent glycan strands.  

During this process, transpeptidase enzymes, specifically penicillin-binding proteins (PBPs), 

catalyze the cross-linking process.  

 

Figure 7. Comparison of penicillin and D-Ala D-Ala 

Beta-lactams target transpeptidase enzymes that are involved in synthesizing the bacterial 

cell wall, thereby inhibiting cell wall synthesis. Beta-lactams have structural, geometric, and 

stereochemical similarities to the D-Ala-D-Ala of the pentapeptide attached to NAM (Figure 

7).3,5  Therefore, when a beta-lactam antibiotic is introduced into the system, it can be mistaken 

for the crosslinking of D-Ala and react with the PBP, forming a covalent bond.  The beta-lactam 

acylates the active-site serine, which is essential for PBPs. Once the beta-lactam is introduced into 

the system, it blocks further cross-linking, weakening the peptidoglycan layer. When the cell 

becomes weak, it is susceptible to cell lysis and death.  
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Beta-Lactam Antibiotic Resistance 

One of the primary mechanisms by which bacteria develop resistance to beta-lactam 

antibiotics is through the hydrolysis of the beta-lactam ring by ɓ-lactamase enzymes (Scheme 1). 

These enzymes were first discovered just a few years before penicillin became widely used in 

clinical settings. However, ɓ-lactamases are among the oldest known enzymes, predating the 

advent of therapeutic antibiotics.5  Over time, these enzymes have adapted to effectively render a 

wide variety of beta-lactam antibiotics ineffective, making them a critical factor in antibiotic 

resistance. 

 

Scheme 1. Hydrolysis of the beta-lactam ring by beta-lactamase enzymes 

To date, more than 2,770 distinct natural isolates of ɓ-lactamases have been 

identified.5  This extensive diversity highlights the remarkable adaptability of these enzymes. The 

continued evolution of ɓ-lactamases is primarily driven by the overuse and misuse of beta-lactam 

antibiotics in clinical and agricultural settings, which provides selective pressure for the survival 

of resistant bacterial strains. When ɓ-lactamases hydrolyze the beta-lactam ring of these 

antibiotics, they render the drugs ineffective by disrupting the molecular structure essential for 

their antimicrobial activity. The hydrolysis of the beta-lactam ring renders the antibiotic incapable 

of inhibiting cell wall synthesis, thereby eliminating its bactericidal properties. 

Carbapenem Antibiotics  

Carbapenem antibiotics are considered to be one of the last lines 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 beta-lactam classes. They feature a 4:5 fused ring 

system with a double bond between C-2 and C-3, an external cystine, and a hydroxyethyl side 

chain. These structural characteristics contribute to their potency and stability against β-lactamase 

enzymes, which helps combat antibiotic resistance.6,7  

 

Figure 5. Olivanic Acid, clavulanic acid, and thienamycin 

The search for ɓ-lactamase inhibitors had begun due to the emergence of bacterial ɓ-

lactamases and their threat to the use of penicillin. The first inhibitor discovered in the 1970s was 

olivanic acid (2.20), which possessed a carbapenem backbone. Although promising, olivanic acid 

was unstable and did not penetrate the bacterial cell wall.6  Following olivanic acid were two new 

ɓ-lactamase inhibitors: clavulanic acid (2.21) and thienamycin (2.22). Clavulanic acid was isolated 

from S. clavuligerus and was the first ɓ-lactamase inhibitor clinically available.6  However, the 

discovery of thienamycin had a more significant impact on the scientific community.  

 

Figure 8. Key features of thienamycin 

In 1979, Merck Laboratories discovered thienamycin (2.22), the first carbapenem 

antibiotic, isolated from the soil microorganism Streptomyces cattleya.8,9  Thienamycin consists 
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of a 4:5 fused ring system featuring a hydroxyethyl side chain, an exocyclic cysteine residue, and 

a trans-configuration between the 5-position and 6-position (Figure 8). Thienamycin 

demonstrated potent antimicrobial activity against Gram-negative bacteria, Gram-positive 

bacteria, and anaerobes (Table 2). 

Table 2. Thienamycin MIC activity 

 

Although potent, thienamycin proved to be unstable in aqueous conditions, undergoing 

mild base hydrolysis above pH 8.6,8  Thienamycin is highly reactive to nucleophiles, such as 

cysteine and thienamycin’s own primary amine, forming a dimer.6  Due to the promising 

antimicrobial activity, but lack of chemical and structural stability, thienamycin served as a parent 

compound for future carbapenem antibiotics. 

In 1985, following thienamycin, imipenem (2.23), an N-formimidoyl derivative of 

thienamycin, was the first carbapenem clinically available for the treatment of complex bacterial 

infections.6,10  Imipenem was more stable to basic conditions, had high affinity for PBPs, and was 

stable against ɓ-lactamases. The primary amine on thienamycin was replaced with an amidine 

group, which has a higher basicity, ensuring protonation at physiological pH.3 This removes the 

nucleophilic property, which was a primary issue with thienamycin. However, imipenem was 

deactivated by dehydropeptidase-I  (DHP-I), found in the human renal brush border, and was 

quickly metabolized. To overcome this imipenem needed to be co-administered with a reversible 

inhibitor of DHP-I like cilastatin or betamipron.7   The search for new carbapenem antibiotics 
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continued. Currently, there are four FDA-approved carbapenem antibiotics (Figure 9): 

meropenem (2.24), doripenem (2.25), ertapenem (2.26), and biapenem (2.27).7   

 

Figure 9. U.S. FDA-approved carbapenem antibiotics 

Meropenem (2.24), approved in 1996, was the first carbapenem resistant to hydrolysis by 

human DHP-I.3  It differed structurally from previous carbapenems by featuring a methyl group at 

the C1-position. The FDA later approved ertapenem (2.26) in 2001, and doripenem (2.25) in 2007, 

both analogs of meropenem (2.24). Compared to meropenem, these drugs have longer half-lives, 

allowing for once-daily dosages.3,7  Structural modifications have also made these compounds 

negatively charged at physiological pH, increasing their lipophilicity and contributing to their 

extended half-lives.3  Biapenem (2.27), approved in 2001 in Japan, shares the 1β-methyl group 

found in previous carbapenems. However, biapenem features a triazolium group instead of a 

pyrrolidine, which enhances its broad-spectrum activity and stability.3  

Carbapenems have better stability against ɓ-lactamases compared to other beta-lactam 

antibiotics. Studies have reported key features and modifications of carbapenems that increase 
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activity and stability. The C1-position is important for potency and stability against ɓ-lactamases. 

Substitutions at the C1-position, specifically a methyl group, help prevent hydrolysis by DHP-I 

due to steric effects shielding the carbonyl group.6,7  The hydroxyethyl side chain also helps 

prevent hydrolysis by β-lactamase, by displacing water needed for hydrolysis.7  An R-

configuration at the C8-position is crucial for this resistance to hydrolysis and the trans-

configuration across the C5-position and C6-position in carbapenems have also contributed to 

activity against bacterial strains with beta-lactamase resistance mechanisms.6,7   

As demonstrated, modifying thienamycin has proven successful in the development of new 

carbapenem antibiotics. Accessing a 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 scaffolds. In this work, our focus was on obtaining an enantioselective precursor that 

could serve as a key azetidine intermediate for the future synthesis of novel antibiotic scaffolds, 

contributing to the ongoing fight against bacterial resistance. 

Previous Enantioselective Synthetic Strategies 

Previous total and formal syntheses of thienamycin have been reported.11–27  Since our 

work focuses on an enantioselective route, this section will specifically highlight previous 

enantioselective synthetic methods, and the starting materials used to access the key azetidinone 

scaffold of thienamycin. Figure 10 highlights previous enantioselective synthetic strategies 

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

Salzmannôs Approach  

In 1980, Salzmann and colleagues at Merck Laboratories published an enantioselective 

route to thienamycin, utilizing L-aspartic acid, a chiral amino acid, to set the stereochemistry of 

the molecule (Scheme 2).28  In 1982, Merck Laboratories published a new approach that shortened 

the initial route, also using aspartic acid.29 Both routes begin with L-aspartic acid (2.28), converted 

to dibenzyl aspartate p-toluenesulphonate (2.32). K2CO3 and TMSCl were used to neutralize the 

dibenzyl aspartate p-toluenesulphonate to afford 2.33. The trimethylsilyl derivative was treated 

with t-butylmagnesium chloride, then underwent acid hydrolysis to afford azetidinone 2.34.  

 

Scheme 2. Salzmann’s approach using L-aspartic acid 

Georgôs Approach 

The use of 3-hydroxybutyrates as a chiral building block in a one-pot procedure for 

azetidinones was first shown by Georg and Hart (Scheme 3).30–32  Since then, many other groups 
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have become interested in exploring these one-pot reactions using 3-hydroxybutyrate.33,34 This 

approach provided a more streamlined and cost-effective method to access azetidinones. 

Highlighted in Scheme 3 is an example of this one-pot reaction by Georg.  

 

Scheme 3. Example using 3-hydroxybutyrates as a chiral building block. 

Daviesô Approach  

Davies’ and co-workers published a formal total asymmetric synthesis of (+)-thienamycin 

(Scheme 4).12 This route’s key step is the use of lithium amides that undergo diastereoselective 

Micheal additions to access chiral starting material. The route begins with lithium amide (2.31) 

undergoing a Micheal addition with the unsaturated ester to yield 2.38. Removal of the allyl group 

with Wilkinson’s catalyst was followed by a tert-butyl deprotection with TFA yielded compound 

2.39. The ɓ-amino acid was cyclized under Ohno’s conditions to yield beta-lactam 2.40.  

 

Scheme 4. Davies’ and co-workers’ synthetic strategy 



25 

 

Evansô Approach 

Evans and co-workers utilized Evans’ chiral auxiliary in their synthetic route to 

thienamycin to control the stereochemistry (Scheme 5).35  The synthesis began with the 

preparation of oxazolidinone 2.29 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 chain (2.41). 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 oxazolidinone 2.42 (dr: 97:3). Transamination with AlCl3 and 

methoxyamine hydrochloride gives methoxyamine 2.43 in 79% yield. The alcohol was mesylated, 

and an intramolecular SN2 cyclization with K₂CO₃ formed the beta-lactam ring 2.45. Finally, 

methoxyamine was cleaved through dissolving metal reduction with lithium, affording the desired 

product 2.46. 

 

Scheme 5. Evans’ asymmetric formal synthesis of thienamycin 



26 

 

Evans’ route consisted of nine steps and demonstrated a high overall yield. Stereochemistry was 

introduced into the compound with Evans’ chiral auxiliary. The key step in forming the beta-

lactam ring was an intramolecular SN2 reaction. This synthetic approach to the beta-lactam 

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 synthetic approach drew inspiration from Evan’s formal synthesis and synthetic 

methods developed during our synthesis of batzelladine (Scheme 6).36,37 The route began with an 

allylation of methyl cyanoacetate and allyltrimethylsilane promoted by BCl3, accessing beta-

ketoester 2.48 in 40% yield. Our key strategy in this route was an asymmetric reduction followed 

by a series of diastereoselective reactions to set the stereochemistry  
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Scheme 6. Enantioselective formal synthesis of thienamycin 

throughout the molecule. An asymmetric reduction with inexpensive reagents, NaBH4 and D-(-)-

tartaric acid, was used to access our desired enantiomer (2.49) (85% ee). Esters bearing 

substituents capable of chelation and are functionalized at the Ŭ or ɓ-position are compatible with 

the asymmetric reduction being used.38  The chirality from the tartaric acid is being transferred, 

which complexes to NaBH4 (2.56) to access our desired product enantioselectively (Figure 11).38   
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Figure 11. a) Chiral NaBH4-D-tartaric acid complex. b) Asymmetric reduction of β-ketoester 

Following the asymmetric reduction, the ester underwent a transamidation with O-

methylhydroxylamine hydrochloride and LiHMDS at -78 ºC to afford O-methylhydroxymate 

2.50.39 Similar to Evans’ route, the secondary alcohol in 2.50 was mesylated and undergoes an 

intramolecular SN2 reaction promoted by K2CO3 to form the beta-lactam ring (2.52) with the 

desired stereochemistry in 95% yield.36 Next, a diastereoselective aldol addition at -78 ºC was 

used, employing the kinetic enolate generated by LiHMDS, that subsequently underwent the aldol 

addition with acetaldehyde to form 2.53 in 60% yield. The aldol addition proved to be highly 

diastereoselective, isolating only one 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 alcohol, followed by a reduction. Dess-Martin oxidation conditions 

were used to afford the ketone in compound 2.54. SmI2 proved to be the best reducing agent for 

accessing the hydroxyethyl side chain diastereoselectively. SmI2 promoted a radical reduction 

favoring the thermodynamic product, which was critical as hydride reductions did not provide the 

desired stereochemistry. Under the same reaction conditions, SmI2 can simultaneously cleave the 

methoxy group, affording the deprotected product (2.55).40 The final step involved the TBS 

protection of the secondary alcohol with TMSCl and imidazole to access the azetidinone precursor 

2.46.36,41  
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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 diastereoselective reactions. An aldol addition, SmI2 

reduction/cleavage, and TBS protection afforded the final product. To achieve the desired 

diastereoselectivity, an SmI2 reduction had to be used over a traditional hydride reduction. This 

precursor and method can be used for future development efforts towards new antibiotic scaffolds. 

Future Directions 

In the future, work towards synthesizing different antibiotic scaffolds from a key beta-

lactam intermediate using our enantioselective route is feasible (Scheme 7). Antibiotic scaffolds 

of interest are carbacepham and carbapenem skeletons due to their biological activity. To 

synthesize the different antibiotic scaffolds, we will begin with a beta-lactam starting material. We 

can access the beta-lactam with the route used in our formal synthesis. An intramolecular SN2 

cyclization to form the beta-lactam would be followed by cleavage of the methoxy group with 

SmI2. A metal carbenoid could be used in an N-H insertion onto the beta-lactam. There are no 

previous reports of an N-H insertion onto a beta-lactam, allowing us to explore this reaction. The 

ester substrate would undergo a ring-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 beta-lactam could be altered.  
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Scheme 7. Retrosynthesis for future antibiotic scaffolds 

First, we would synthesize a diazo compound to react with a metal catalyst, forming a metal 

carbenoid intermediate. The reactivity of insertion depends on the carbenoid, and there are three 

major groups: acceptor, acceptor/acceptor, and donor/acceptor. Acceptors feature an electron-

withdrawing group, and donors feature an electron-donating group. An acceptor/ acceptor 

carbenoid is the most electrophilic, making it the most reactive but not the most selective.42 

Donor/acceptor carbenoids have enhanced stability and have been shown in previous N-H 

insertion reactions. 43–46 

We synthesized a diazo compound to act as a donor/acceptor carbenoid and accessed a 

benzyl-containing diazo compound (Scheme 8). Phenylacetaldehyde, ethyl diazoacetate, and DBU 

afforded the diazoketol compound (2.65). Followed by dehydration of an alcohol to access our 

desired diazo-compound (2.66), which was reacted with Rh2(OAc)4 to form a carbenoid 

intermediate to insert onto N-H. However, this diazo compound was unsuccessful and did not 

insert into the beta-lactam.  

 

Scheme 8. 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 N-H insertion (Scheme 9).47 Ethyl acetoacetate, DBU, and p-toluenesulfonyl 

azide underwent a Regitz diazo transfer to access an alpha carbonyl diazo ester (2.68). The ketone 

was reduced with NaBH4 and dehydrated to afford a vinyl group (2.69). The final diazo compound 

(2.70) proved challenging to work with when stored for an extended period. It began to polymerize 

if not used immediately after it was formed.  

 

Scheme 9. Synthesis of ethyl-containing diazo compound 

With the diazo ester (2.70) in hand, a more simplistic approach to access a beta-lactam was used 

as a model system for the initial investigation of the N-H insertion reaction. The beta-lactam (2.72) 

was accessed through an alternative route that was not stereoselective (Scheme 10). 

Allylmagnesium bromide was added the beta-lactam (2.71) through a Grignard addition, 

eliminating the sulfonyl group and installing the allyl group in the same position on the ring. With 

our beta-lactam and diazo-compound in hand we were ready for the N-H insertion. Rh2(OAc)4 was 

first employed as a catalyst for this transformation.  

 

Scheme 10. Grignard reaction to access beta-lactam starting material 
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The beta-lactam and Rh2(OAc)4 were dissolved in the desired solvent (Table 3). Then diazo 

compound dissolved in CH2Cl2 (0.6 M) was added dropwise. The reactions were stopped after 18 

hours and analyzed by ¹H NMR with an internal standard to calculate the yield. The most 

promising solvent used was DCE, yielding 20% of the desired product.  

 

Scheme 11. Rh carbinoid N-H insertion 

In the future, we plan to optimize the reaction conditions for the N-H insertion. We would 

first attempt to run the entire reaction in DCE, as it provided the best yield in CH2Cl2/DCE. Once 

the solvent system is optimized, different rhodium species could be tried, such as Rh2(S-DOSP), 

Rh2(TPA)4, and Rh2(R-PTTL)4.43,46 We only used Rh2(OAc)4, and it would be essential to 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-H insertions. 48 

Table 3. Reaction conditions for Rh. carbinoid N-H insertion 

 

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-H insertions.49–51 By incorporating this type of carbenoid we 

could increase reactivity. Once the N-H insertion is optimized, a RCM reaction would be used to 

form the six membered ring of the carbacephem core. Different Grubbs’ catalysts could be tried 

for the RCM. Once the ring is formed, an isomerization of the alkene is needed to form the final 

product carbacephem core. Isomerization could be completed by using DBU. This route would 

access a carbacephem core, but we could alter it to access a variety of different ring systems. 

Changing the size of the ring formed during RCM would access different antibiotic scaffolds. We 

would need to modify the length of the carbon chain on the beta-lactam to adjust the ring size. 

Accessing the antibiotic scaffolds would allow us to create a library of compounds for biological 

evaluation.  
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Experimental Data  

 

Methyl 3-oxohex-5-enoate (2.48).  A solution of methyl cyanoacetate (1.8 mL, 20 mmol,1.0 

equiv) and allylmethylsilane (3.5 mL, 22 mmol,1.1 equiv) in anhydrous CH2Cl2 was cooled to 0 

°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 aqueous solution of NaHCO3 upon completion. The 

aqueous layer was extracted with CH2Cl2 (3x), the combined organic layers were washed with 

brine, dried (NaSO4) and evaporated under reduced pressure. The crude mixture was purified via 

silica flash column chromatography to give 2.48 (1.31 g, 46%) as a colorless oil: 

Rf = 0.36 (10% EtOAc in hexanes).  

1H NMR  (500 MHz, CDCl3) δ 5.90 (ddt, J = 17.2, 10.2, 7.0 Hz, 1H), 5.25 – 5.14 (m, 2H), 3.73 (s, 

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

13C NMR  (176 MHz, CDCl3) δ 200.7, 167.6, 129.6, 119.9, 52.5, 48.5, 47.8. 

IR  (cm-1) 2971, 1729, 1666, 1649, 1483, 1400, 1370, 1349, 1243, 1183, 1169, 1003, 880. 

HRMS (m/z) calculated for C7H10O3Na [M+Na]+ 165.05222, found 165.05207.  

*  characterization data consistent with that reported previously1 

 

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 cooled to -20 ºC. Compound 2.48 (1.36 g, 9.49 

mmol, 1 equiv) was added dropwise and stirred for 48 h at -20 ºC. The reaction was monitored by 
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TLC and was quenched with a saturated aqueous solution of NH4Cl and diluted with EtOAc upon 

completion. The organic layer was extracted with EtOAc (3x), washed with brine, dried (Na2SO4), 

concentrated under reduced pressure and purified by silica flash column chromatography to yield 

2.49 (1.06 g, 78%) as a clear oil with 85% ee by HPLC (CHIRALPAK- IC  column, 250 x 4.6 

mm; 235 nm; mobile phase A (hexane) and B (i-PrOH), 99: 1; retention time: 65.06 min (major) 

and 69.31 min (minor)): 

Rf = 0.37 (30% EtOAc in hexanes).  

1H NMR  (500 MHz, CDCl3) δ 5.82 (ddt, J = 16.5, 11.0, 7.1 Hz, 1H), 5.17 – 5.09 (m, 2H), 4.14 – 

4.05 (m, 1H), 3.71 (s, 3H), 2.53 (dd, J = 16.4, 3.4 Hz, 1H), 2.48 – 2.40 (m, 1H), 2.35 – 2.21 (m, 

2H). 

13C NMR  (176 MHz, CDCl3) δ 173.3, 134.0, 118.4, 67.5, 51.9, 41.1, 40.6. 

IR  (cm-1) 3161, 2987, 2952, 2768, 1664, 1646, 1573, 1426, 1306, 1088. 

HRMS (m/z) calculated for C7H12O3Na [M+Na]+ 167.0678, found 167.0676. 

[Ŭ]23
D = +8.8, (c = 2.1, MeOH). 

*  characterization data consistent with that reported previously.52 

 

(S)-3-Hydroxy-N-methoxyhex-5-enamide (2.50). A suspension of O-methyl-hydroxylamine 

hydrochloride (1.18 g, 13.2 mmol,1 equiv) in anhydrous THF (132 mL, 0.01 M) at -78 °C and 

under nitrogen atmosphere was added LiHMDS (32.9 mL, 32.9 mmol, 1 M solution in THF, 5 

equiv). After 10 min a solution of compound 2 in a minimal amount of anhydrous THF (13.2 

mL,1.0 M) was added. The reaction was stirred for 2-4 h and quenched with a saturated aqueous 
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solution of NH4Cl, warmed to rt, extracted with EtOAc (3x), and concentrated under reduced 

pressure. The aqueous layer was concentrated, the salt was washed with EtOAc, and the organic 

layers were combined. After concentration, the crude product was purified using silica flash 

column chromatography to afford 2.50 (949 mg, 91%) as a white solid: 

Rf  = 0.19 (75% CH2Cl2 in acetone). 

1H NMR  (600 MHz, CD3OD) δ 5.87 (ddt, J = 17.3, 10.2, 7.1 Hz, 1H), 5.14 – 5.07 (m, 2H), 4.09 

– 4.03 (m, 1H), 3.70 (s, 3H), 2.28 – 2.23 (m, 3H), 2.18 – 2.13 (m, 1H). 

13C NMR  (176 MHz, CDCl3) δ 169.9, 133.8, 119.1, 67.5, 64.7, 41.6, 39.8. 

IR  (cm-1) 3161, 2987, 2952, 2768, 1664, 1646, 1573, 1426, 1306, 1088. 

HRMS (m/z) calculated for C7H14NO3 [M+H] + 160.0968, found 160.0966.  

[Ŭ]23
D = +1.1, (c = 1, MeOH). 

 

 

(S)-1-(Methoxyamino)-1-oxohex-5-en-3-yl methanesulfonate (2.51). To a solution of 

compound 2.50 in anhydrous pyridine (5.72 mL, 1 M) at 0 °C was added MsCl (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 in CH2Cl2. The solid was 

filtered and the filtrate was concentrated under reduced pressure, then purified using silica flash 

column chromatography to afford 2.51 (660 mg, 97%) as a viscous yellow oil: 

Rf  = 0.18 (60% EtOAc in hexanes). 

1H NMR  (500 MHz, Methanol-d4) δ 5.86 (ddt, J = 17.3, 10.4, 7.2 Hz, 1H), 5.24 – 5.17 (m, 2H), 

5.11 – 5.04 (m, 1H), 3.71 (s, 3H), 3.06 (s, 3H), 2.64 – 2.51 (m, 2H), 2.50 – 2.43 (m, 2H). 
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*residual EtOAc present due to the volatile nature of the compound 

13C NMR  (151 MHz, CDCl3) δ 144.4, 131.7, 120.2, 78.6, 64.8, 39.4, 38.3, 37.9. 

IR  (cm-1) 3271, 2999, 1724, 1577, 1567, 1476, 1454, 1398, 1252, 1210, 1109, 1075, 1031, 1010, 

952. 

HRMS (m/z) calculated for C8H16NO5S [M+H]+ 238.0744, found 238.0744. 

[Ŭ]23
D = +50.8, (c = 1.6, MeOH). 

 

(R)-4-Allyl -1-methoxyazetidin-2-one (2.52).  A solution of compound 2.51 (547 mg, 2.28 mmol, 

1 equiv) in anhydrous acetone (22.8 mL, 0.1 M) was added K2CO3 (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 crude product as a yellow oil. The crude product was purified 

using silica flash column chromatography to afford 2.52 (317 mg, 98%) as a light yellow oil: 

Rf = 0.24 (30% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 5.80 (ddt, J = 17.2, 10.5, 6.9 Hz, 1H), 5.20 – 5.13 (m, 2H), 3.97 –

3.89 (m, 1H), 3.79 (s, 3H), 2.76 (dd, J = 13.7, 5.2 Hz, 1H), 2.61 – 2.52 (m, 1H), 2.44 – 2.37 (m, 

2H). 

13C NMR  (126 MHz, CDCl3) δ 163.9, 132.5, 118.8, 64.1, 56.3, 37.3, 36.8. 

 IR  (cm-1) 3425, 1834, 1588, 1428, 1400, 1400, 1204, 1092, 1018, 947. 

HRMS (m/z) calculated for C7H12NO2 [M+H] + 142.0863, found  142.0860.  

[Ŭ]23
D = +14.15, (c = 1, MeOH). 
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(3S,4R)-4-Allyl -3-((S)-1-hydroxyethyl)-1-methoxyazetidin-2-one (2.53). To a solution of β-

lactam 2.52 (0.286 g, 2.01 mmol, 1 equiv) in anhydrous THF (20.1 mL, 0.1 M) at -78 ºC was added 

LiHMDS   (6.03 mL, 6.03 mmol, 3 equiv, 1 M in THF). The mixture was stirred for 2 h at -78 ºC, 

then acetaldehyde (0.8 mL, 14.07 mmol, 7 equiv) was added. The mixture was stirred for an 

additional 15 min. The reaction was monitored by TLC until completion, then was quenched with 

a saturated aqueous solution of NH4Cl and allowed to warm to rt gradually. The mixture was 

extracted with EtOAc (x3), dried (Na2SO4), and concentrated under reduced pressure to afford the 

crude product as a yellow oil. The crude product was purified using silica flash column 

chromatography to afford 2.53 (223 mg, 60%) as a yellow oil: 

Rf = 0.29 (50% EtOAc in hexanes). 

1H NMR  (600 MHz, CDCl3) δ 5.80 (ddt, J = 17.2, 10.4, 7.0 Hz, 1H), 5.24 – 5.12 (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), 2.65 – 2.62 (m, 1H), 

2.60 – 2.54 (m, 1H), 2.46 – 2.38 (m, 1H), 1.30 (dd, J = 6.4, 1.1 Hz, 3H). 

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

13C NMR  (151 MHz, CDCl3) δ 164.9, 132.8, 132.5, 119.1, 118.9, 66.2, 64.9, 64.2, 64.0, 59.5, 

56.5, 36.7, 36.5, 21.9, 21.7. 

IR (cm-1) 3414, 3006, 2928, 1741, 1387, 1146, 1053, 969, 882. 

HRMS (m/z) calculated for C9H16NO3 [M+H] + 186.1125, found 186.1121. 

[Ŭ]23
D = +18.7, (c = 1.3, MeOH). 
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(3S,4R)-3-Acetyl-4-allyl-1-methoxyazetidin-2-one (2.54).  To a solution of compound 2.53 

(0.202 g, 1.09 mmol, 1 equiv) in anhydrous CH2Cl2 (10.9 mL, 0.1 M) and solid NaHCO3 (0.246 

g, 2.92 mmol, 2.68 equiv).  Dess-Martin 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 NaHCO3 and Na2S2O3. After stirring the resultant slurry at rt for 1 h 

the reaction mixture was diluted with Et2O and H2O. The layers were separated, and the aqueous 

layer was extracted with Et2O (2x). The combined organic layers were combined and washed with 

a saturated aqueous solution of NaHCO3, H2O, and brine before being dried (MgSO4), filtered, 

and concentrated under reduced pressure. The crude product was purified via silica flash column 

chromatography to yield 2.54 (87.8 mg, 44%) as a dark yellow oil: 

Rf  = 0.61 (50% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 5.84 – 5.73 (m, 1H), 5.19 (dt, J = 7.1, 1.5 Hz, 1H), 5.16 (d, J = 1.4 

Hz, 1H), 4.36 (ddd, J = 7.0, 4.9, 2.2 Hz, 1H), 3.79 (s, 3H), 3.64 (d, J = 2.3 Hz, 1H), 2.54 – 2.61 

(m, 1H), 2.39- 2.46 (m, 1H), 2.31 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 199.4, 159.9, 131.9, 119.3, 64.2, 62.3, 57.5, 35.2, 30.1. 

IR  (cm-1) 1053, 1183, 1454, 1565, 1631, 1711, 1821, 2067, 2928. 

HRMS (m/z) calculated for C9H14NO3 [M+H] + 184.0968, found 184.0965. 

[Ŭ]23
D = +10.3, (c = 1.35, MeOH) 

 

(3S,4R)-4-Allyl -3-((R)-1-hydroxyethyl)azetidin-2-one (2.55). To a solution of β-lactam 2.54 

(0.190 g, 1.03 mmol, 1 equiv) in degassed THF (25.9 mL, 0.04 M) was added degassed H2O (1.2 

mL) at 0 °C. To this solution was added a 0.1M solution of SmI2 in THF (72.4 mL, 7.24 mmol, 7 
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equiv) at 0 ºC. 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 aqueous NaHCO3 (white 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 brine (1x), dried (MgSO4), 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 afford 2.55 (52.6 mg, 25%, d.r. 4.6:1) as a 

colorless oil: 

Rf  = 0.13 (50% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 6.33 (s, 1H), 5.83 – 5.71 (m, 1H), 5.16 – 5.08 (m, 2H), 4.20 – 4.14 

(m, 0.92H), 4.09 – 4.02 (m, 0.20H), 3.72 (t, J = 6.7 Hz, 0.93 H), 3.53 (t, J = 6.5 Hz, 0.17H), 2.83 

(d, J = 5.1 Hz, 1H), 2.45 – 2.31 (m, 2H), 1.29 (d, J = 6.2 Hz, 0.44 H), 1.26 (d, J = 6.4 Hz, 2.61H). 

13C NMR  (151 MHz, CDCl3) δ 169.1, 133.6, 133.2, 118.4, 66.1, 64.7, 63.3, 62.6, 50.9, 50.3, 39.4, 

39.0, 21.7, 21.5. 

IR  (cm-1) 3092, 2997, 2932, 1832, 1735, 1429, 1400. 

HESI (m/z) calculated for C8H14NO2 [M+H] + 156.1019, found 156.1016. 

[Ŭ]23
D = +19.9, (c = 1.7, MeOH). 

 

(3S,4R)-4-Allyl -3-((R)-1-((tert -butyldimethylsilyl)oxy)ethyl)azetidin -2-one (2.46). To a 

solution of compound 2.55 (28.3 mg, 0.182 mmol, 1 equiv) in DMF (0.5 M) were added tert-

butyldimethylsilyl 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 (MgSO4). The concentrated crude material was 

purified via silica flash column chromatography to afford 2.46 (48 mg, 97%, d.r. 4.6:1) as a white 

waxy solid: 

Rf = 0.32 (20% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 5.83 – 5.72 (m, 1H), 5.16 – 5.09 (m, 2H), 4.22 – 4.13 (m, 1H), 3.74 

– 3.67 (m, 0.83 H), 3.62 (t, J = 6.1 Hz, 0.17 H), 2.94 – 2.90 (m, 0.18 H), 2.81 – 2.76 (m, 0.83 H), 

2.47 – 2.38 (m, 1H), 2.37 – 2.28 (m, 1H), 1.29 (dd, J = 6.4, 1.3 Hz, 0.47 H), 1.21 (dd, J = 6.2, 1.3 

Hz, 2.58 H), 0.92 (d, J = 1.3 Hz, 1.14 H), 0.90 – 0.86 (m, 8.33 H), 0.10 (d, J = 1.2 Hz, 1H), 0.07 

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

13C NMR  (126 MHz, CDCl3) δ 168.5, 133.9, 118.2, 65.6, 63.9, 50.3, 39.6, 25.9, 22.9, 18.1, -4.8. 

IR  (cm-1) 3217, 3058, 2999, 2943, 2907, 2870, 2820, 2385, 2302,1815, 1700, 1413,1318, 1282, 

1226, 1206, 1161, 1120, 1070, 1038, 1016.  

HRMS (m/z) calculated for [M+H]+ 270.18838, found 270.18836. 

[Ŭ]23
D = +3.5, (c = 0.5, MeOH). 

 

Ethyl 2-diazo-3-hydroxy-4-phenylbutanoate (2.65).  To a solution of ethyl diazoacetate (0.50 g, 

3.81 mmol, 1 equiv) in anhydrous CH3CN (7.6 mL, 0.5 M) at rt under argon was added 

successively a solution of DBU (0.05 mL, 0.305 mmol, 0.08 equiv) in  anhydrous CH3CN 

(3.75mL, 0.9 M) and phenylacetaldehyde (0.39 mL, 3.05 mmol, 0.8 equiv) in anhydrous CH3CN 

(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 aqueous NaHCO3 and then extracted with CH2Cl2 (3x). Then concentrated under reduced 

pressure, and purified by silica flash column chromatography to yield  2.65 (253.6 mg, 28%): 

1H NMR  (500 MHz, Chloroform-d) δ 7.33 (t, J = 7.4 Hz, 1H), 7.26 (td, J = 8.3, 4.2 Hz, 2H), 4.92 

– 4.87 (m, 1H), 4.23 (q, J = 7.1, 1.4 Hz, 1.46H), 4.12 (q, J = 7.2 Hz, 0.35H), 3.01 (qd, J = 13.8, 

7.0 Hz, 1H), 1.27 (t, J = 7.0 Hz, 2H). 

 

Ethyl (E)-2-diazo-4-phenylbut-3-enoate (2.66). To a solution of compound 2.65 (0.154 g, 0.653 

mmol, 1 equiv) and Et3N (0.368 mL, 2.61 mmol, 4 equiv) in of CH2Cl2 (4.0 mL, 0.16 M) at 0 ºC 

was slowly added to a solution of POCl3 (0.09 mL, 0.98 mmol, 1.5 equiv) in CH2Cl2 (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 dried (Na2SO4). The crude product was purified via 

silica flash column chromatography to afford 2.66 (72.1 mg, 51%):  

1H NMR  (500 MHz, Chloroform-d) δ 7.39 – 7.21 (m, 4H), 7.06 (dd, J = 15.3, 6.8 Hz, 1H), 5.98 

(dd, J = 15.4, 1.5 Hz, 1H), 5.45 (dd, J = 6.7, 1.5 Hz, 1H), 4.25 – 4.05 (m, 2H), 1.28 – 1.16 (m, 

3H). 

 

Ethyl 2-diazo-3-oxobutanoate (2.68).  To a solution of ethyl 3-oxobutanoate (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 azide (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 (Na2SO4). The solvent was evaporated under reduced 

pressure, and purified by silica flash column chromatography to afford 2.68 (962.9 mg, 80%): 

Rf = 0.32 (10% EtOAc in hexanes). 

1H NMR  (500 MHz, Chloroform-d) δ 4.29 (q, J = 7.1 Hz, 2H), 2.47 (d, J = 0.9 Hz, 3H), 1.32 (t, J 

= 7.1Hz, 3H). 

 

Ethyl 2-diazo-3-hydroxybutanoate (2.69). To a solution of compound 2.68 (0.97 g, 6.15 mmol, 

1 equiv) in MeOH (9.6 mL, 0.64 M) at 0 ºC was slowly added NaBH4 (0.35 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 (Na2SO4), the solvent was evaporated under reduced pressure and was purified by silica 

flash column chromatography to afford 2.69 (666 mg, 68%) as bright yellow oil: 

Rf = 0.14 (10% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 4.93 (q, J = 6.5, 2.5 Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 1.40 

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

 

Ethyl 2-diazobut-3-enoate (2.70). To a solution of compound 2.69 (0.666 g, 4.18 mmol, 1 equiv) 

and Et3N (1.71 g, 16.73 mmol, 4 equiv) in CH2Cl2 (26 mL, 0.16 M) at 0 °C was slowly added a 

solution of POCl3 (0.59 mL, 6.27 mmol, 1.5 equiv) in CH2Cl2 (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 (Na2SO4). 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, Chloroform-d) δ 6.17 (dd, J = 17.4, 11.0 Hz, 1H), 5.11 (d, J = 11.0 Hz, 1H), 

4.85 (d, J = 17.4 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H). 

 

4-Allylazetidin -2-one (2.72). Allyl magnesium bromide (18.0 mL, 8.12 mmol, 3.5 equiv) was 

added dropwise to a solution of 4-(phenylsulfonyl)-2-azetidinone (0.5 g, 2.32 mmol, 1 equiv) in 

THF (18.0 mL, 1 M) at -78 °C. The resulting solution was warmed to rt, stirred for 12 h, quenched 

with a solution of saturated aqueous NH4Cl. The aqueous layer was extracted with EtOAc (3x), 

the organic layers were combined, washed with brine, dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified via silica flash column chromatography to afford 

2.72 (138.4 mg, 54%) as a colorless oil:  

Rf = 0.16 (20% EtOAc in hexanes). 

1H NMR  (500 MHz, Chloroform-d) δ 6.22 (s, 1H), 5.76 (ddt, J = 13.8, 9.8, 6.9 Hz, 1H), 5.17 – 

5.07 (m, 2H), 3.71 – 3.65 (m, 1H), 3.10 – 3.03 (m, 1H), 2.60 (dt, J = 14.7, 1.9 Hz, 1H), 2.35 (ddd, 

J = 28.8, 14.3, 7.6 Hz, 2H).  

LRMS  (m/z) calculated for C6H10NO [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 Rh2(OAc)4 (5 mol%) in DCE (0.5 mL, 0.2M) was added a solution of diazo-compound (0.3 

mmol) in CH2Cl2 (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%).  

SI References: 

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

towards the Synthesis of Rugulactone. Molecules 2018, 23 (3), 640.  
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Chapter 3: Total Synthesis and Biological Evaluation of Leopolic 

Acid A and Analogs 

Portions of this Chapter are reprinted with permission from Jamie L. Breunig, M. Alejandro 

Valdes-Pena, Andrew W. Ratchford, and Joshua G. Pierce* Total Synthesis and Microbiological 

Evaluation of Leopolic Acid A and Analogues. ACS Bio. Med. Chem. Au 2024, 4, 95–99. 
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Introduction : Leopolic Acid A 

Leopolic acid A was isolated in 2012 from the Crimean Mountains in Ukraine (Figure 12). 

It was found in a soil sample from the rhizosphere of the plant Juniperus excels, which contained 

a terrestrial actinomycete, Streptomyces sp., that produced leopolic acid A.1   Leopolic acid A was 

screened against both Gram-positive and Gram-negative bacterial strains (Table 4), with the 

isolation team reporting modest antimicrobial activity (16 ɛg/mL against S. aureus) via an 

unknown mechanism of action.1  In addition to its antibacterial activity, leopolic acid A was also 

tested against fungal strains and human colon carcinoma cells. 

 

Figure 12. Leopolic acid A  

Structurally, leopolic acid A features a 2,3-pyrrolidinedione core with an aliphatic chain attached 

to a urea-containing dipeptide. The urea containing dipeptide is composed of L-valine and L-

phenylalanine. Actinomycetes, a group of soil-dwelling bacteria known for their prolific 

production of bioactive metabolites, have previously been reported to produce urea-containing 

peptides with a variety of biological activities. For example, microbial alkaline protease inhibitors 

(MAPI)-α and β are peptides produced by actinomycetes that inhibit proteases, important enzymes  
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Table 4. MIC and IC50 data for leopolic acid A 

 

involved in many physiological processes.1  Additionally, actinomycetes have been shown to 

produce the GE203072 factor A and B compounds, which possess antimicrobial properties, as well 

as HIV -1 protease inhibitors, which have potential therapeutic applications in antiviral 

treatments.1  Pacidamycins, another group of urea-containing peptides from actinomycetes, exhibit 

significant antibacterial activity, further demonstrating the diverse pharmacological potential of 

urea-containing peptides from this microbial group.1  
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Figure 13. 2,3-pyrrolidinedione containing natural products 

 To date, 2,3-pyrrolidinedione cores are only found in 3 natural products shown in Figure 

13, leopolic acid A (3.1), phenopyrrozin (3.2) and p-hydroxyphenopyrrozin (3.3).2  The most 

structurally similar natural products related to the 2,3-pyrrolidinedione core of leopolic acid A are 

derived from tetramic acid incorporating metabolites. Two of these compounds are nocamycins 

and lydicamycin, both of these compounds feature a tetramic acid motif (3.4, Figure 13), which 

is a 2,4-pyrrolidinedione.1   This differs from the 2,3-pyrrolidinedione 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 biofilms.3  These biofilms are structured microbial communities that play 

a significant role in persistent infections, including those associated with medical devices, wounds, 

and chronic systemic infections.3,4  

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 
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to various surfaces (Figure 14).4,5  Bacteria use quorum sensing, a form of communication in 

which bacteria secrete small organic signaling molecules to monitor their population density and 

coordinate their activities.6  Quorum sensing is used to coordinate surface attachment and biofilm 

formation. Once a bacterial cell attaches to the surface, it 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.5  

 

Figure 14. Biofilm formation mechanism 

Bacteria in the biofilm state are more difficult to treat due to their increased tolerance and 

higher prevalence of antimicrobial resistance.7  One 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 

environmental stress. Within biofilms, persister cells—bacterial subpopulations that persist in a 

dormant state—exhibit multidrug tolerance as a phenotypic trait, rather than genetic 

mutations.3,8  As biofilms enter the stationary phase, tolerance to antibiotics increases. These 

persister cells contribute to the biofilm’s ability to be up to 1,000 times more tolerant to antibiotics 

than planktonic bacteria.4  
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Currently approved antibiotics are largely ineffective at disrupting biofilms or addressing 

infections associated with them. The clinical approaches to treating biofilms are limited and 

depend mainly on the type of bacteria causing the infection and its location.4 Conventional 

antibiotics may reduce biofilm formation but typically fail to eradicate it completely. Treatments 

for biofilms are often used in 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 are being 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, presenting 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 co-workers published their synthesis, which was achieved in 11 steps (Scheme 

12).9  The route began with a Michael addition to ethyl acrylate (3.5) in the presence of PMB, 

followed by a Dieckmann cyclization with diethyl oxalate to form the 2,3-pyrrolidinedione core 

(3.6). The 2,3-pyrrolidinedione exists as a keto-enol tautomer, with the enol being benzyl-

protected using BnBr and K2CO3 to afford compound 3.7. The PMB protecting group was removed 

under oxidative conditions using CAN to afford 2,3-pyrrolidinedione 3.8. Dallavalle and 

colleagues reported that the ester was essential for the stability of the 2,3-pyrrolidinedione, a 

stability issue that has also been observed by other groups. 
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Scheme 12. Dallavalle and co-workers' total synthesis of leopolic acid A. 

With the deprotected pyrrolidinone (3.8) in hand, the free amine was deprotected using n-

BuLi and then coupled with a pentafluorophenyl ester of N-Boc-Val. The ester was subsequently 

reduced with DIBAL at -78 ºC to yield alcohol 3.11, which was then oxidized with PCC to access 
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aldehyde 3.12. A Wittig olefination with n-nonyltriphenylphosphonium bromide and n-BuLi 

afforded compound 3.13. The Boc group on valine was removed with TFA, and the resulting amine 

was treated with triphosgene, DIPEA, and L-phenylalanine benzyl ester to afford compound 3.15. 

Finally, the benzyl groups in 3.15 were removed using H2 and 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 reported, which exhibited slightly improved antimicrobial 

activity (8 ɛg/mL against S. aureus).10  

Pierce Groupôs Previous Work  

In the Pierce group, 2,3-pyrrolidinediones and 4-oxazolidinones have been of continued 

interest due to their promising antimicrobial and anti-biofilm properties. In 2014, our group 

developed a synthetic method to access 4-oxazolidinones, specifically for the total synthesis of 

synoxazolidinones A and B.11 We demonstrated that by carefully selecting reagents, we could 

control chemoselectivity, allowing for the formation of either the 2,3-pyrrolidinedione or 4-

oxazolidinone core (Scheme 13). All reactions begin with an imine and pyruvic acid as the starting 

material.  

 

Scheme 13. Imine acylation/enol addition chemoselectivity 

Treatment with DCC or cyanuric chloride resulted in the undesired 2,3-pyrrolidinedione (3.16), 

while the combination of oxalyl chloride and DMF led to the desired 4-oxazolidinone (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 C-C selectivity (for the 2,3-pyrrolidinedione) or C-O selectivity (for the 4-

oxazolidinone).2,12–20  

For this work, we are focusing on achieving C-C selectivity to form 2,3-pyrrolidinediones. 

The versatile multicomponent reaction involves an aldehyde, an amine, and a pyruvic acid 

derivative with a methyl ester (Figure 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 the 2,3-pyrrolidinedione core. 

 

Figure 15. Versatile multicomponent reaction, highlighting the chemoselectivity 

Different generations of 2,3-pyrrolidinedione libraries have been synthesized and their 

biological activity has been tested against different strains of S. aureus and biofilms. The first 

generation was published in 2018 by Cusumano and coworkers, featuring 3-hydroxy-1,5-dihydro-

2H-pyrrol-2-ones and their antimicrobial activity against planktonic bacteria.13 The route begins 

with an Erlenmeyer reaction to access the azlactone (3.21), which was hydrolyzed to afford the 
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pyruvic acid derivative (3.22, Scheme 14). The carboxylic acid on the pyruvic acid was methylated 

with MeI and DBU to afford ester 3.23. The methyl ester pyruvic acid derivative was used in the 

multicomponent reaction with varying aldehydes and amines to easily functionalize the 2,3-

pyrrolidinedione core.  

 

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

pyrrolidinedione core 

An SAR study was conducted, too, and the lead compounds (Figure 16) were tested against 

MRSA and methicillin-resistant S. epidermidis (MRSE). They all feature a p-trifluoromethyl in 

the 4-position and an ethyl side chain in the 5-position. Different amines were used to synthesize 

each lead compound, including benzyl (3.25), alkyl (3.26), cyclohexane (3.27), and phenyl (3.28) 

groups. The four compounds exhibited moderate MIC values ranging from 2 to 64 ɛg/mL (Table 

5). These results demonstrate the potential of 2,3-pyrrolidinediones as antibiotic scaffolds. 
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Figure 16. Cusumano and coworkers lead compounds. 

Table 5. MIC data for the first-generation 2,3-pyrrolidinediones. 

 

As a follow-up to the previously reported 2,3-pyrrolidinediones, an expanded library of 15 

new analogs has been synthesized.14  The target compounds were designed based on the structures 

of previously identified active compounds. All target molecules feature an electron-deficient aryl 

group, p-trifluoromethyl phenyl substituent at the 4-position, which was the most active in prior 

studies.13 The 5-substituted and N-substituted positions of the core were further explored and 

optimized.  
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Figure 17. Most active 2nd generation 2,3-pyrrolidinediones 

The most active 2,3-pyrrolidinediones are shown in Figure 17. The 5-position showed little 

tolerance for change, favoring an ethyl substituent. The most active analogs favored N-

substitutions of N-pentyl (3.29), N-p-fluoro-aryl (3.30), and N-aryl (3.31).  This set of compounds 

was tested against MSSA, MRSA, and biofilms (Table 6). The antibiofilm properties were tested 

through two different assays: Minimum Biofilm Inhibition and Minimum Biofilm Eradication 

Concentrations (MBEC). The most active compounds shown in Figure 17 displayed more than 

80% biofilm inhibition and modest potency against planktonic bacteria (MIC 16-32 ɛg/mL).14  

Table 6. MIC activity, % biofilm inhibition, and MBEC data of 2nd generation 2,3-

pyrrolidinediones 

 

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 optimization of 2,3-pyrrolidones was 

required due to aqueous solubility issues that arose during biological testing. Overcoming aqueous 

solubility problems is necessary to fully evaluate 2,3-pyrrolidinediones antimicrobial potency.  A 
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new set of compounds was synthesized to improve aqueous solubility, antibiofilm properties, and 

antimicrobial activity. 

In this new series of pyrrolidinediones, the N-substituent was further explored while 

retaining a 4-p-tripfluoromethyl phenyl and a 5-ethyl moiety on the core (Figure 18).2 A novel 

library of monomers and dimers (Figure 18) was synthesized to enhance solubility, antimicrobial 

activity, and anti-biofilm properties. Aza-diamines were used as linkers, which activated the 

compounds. Additionally, the length of the linker significantly impacted activity, with linkers 

between 5 and 8 atoms in length exhibiting the strongest antimicrobial activity (Table 7). 

 

Figure 18. Third generation 2,3-pyrrolidinediones – monomers and dimers  

Table 7. MIC and MBEC activity of third-generation 2,3-pyrrolidinediones 
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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 trans-cyclohexyl dimer (3.36) 

demonstrated potent antimicrobial activity (MIC = 8 ɛg/mL) and antibiofilm activity (MBEC = 16 

ɛg/mL) (Table 7).2 Based on the SAR study performed the compounds were more effective at 

clearing performed bacterial biofilms than killing bacteria in the planktonic state. The most active 

monomers and dimers, as shown in Table 7, had significantly low MBEC/MIC ratios, indicating 

that they can eradicate biofilms at concentrations close to those required to kill planktonic bacteria.    

 Our Synthetic Route to Leopolic Acid A  

Our synthetic approach to leopolic acid A involves 9 steps (6 step longest linear sequence) 

and uses a versatile and convergent synthetic method to access leopolic acid.21  The retrosynthetic 

strategy shown in Scheme 15, begins with a benzyl deprotection, followed by a coupling reaction 

between the 2,3-pyrrolidinedione core and an activated dipeptide. After the multicomponent 

reaction, the 2,3-pyrrolidinedione undergoes deprotection. This multicomponent reaction involves 

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

 

Scheme 15. Retrosynthetic plan for leopolic acid A 
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Previous group members synthesized the pyruvic acid for the multicomponent reaction using an 

Erlenmeyer reaction (Scheme 16). To obtain the desired pyruvic acid, we employed the same 

method. Undecanal (3.37) was reacted with N-acetylglycine, NaOAc, and Ac2O at 90 °C to yield 

an azlactam intermediate (3.38). This azlactam was then hydrolyzed and methylated to access 

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. 

 

Scheme 16. Erlenmeyer reaction to access fragment A 

The multicomponent reaction was attempted using a variety of solvents (MeOH, CH3CN, 

DMF, and CH2Cl2), but none were successful. The failure may is most likely due to impurities in 

the starting material. As a result, we decided to explore an alternative route to access fragment A 

(Scheme 17). This new approach involved accessing a different 2,3-pyrrolidinedione containing a 

terminal alkene, instead of the aliphatic side chain. The presence of a terminal alkene necessitated 

incorporating an olefin metathesis reaction, followed by hydrogenation, to generate the alkyl side 

chain. 

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

reacted with dimethyl oxalate, successfully yielding the beta-ketoester featuring a terminal alkene 
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(3.44, Scheme 17). was used in the However, when this multicomponent reaction, no product was 

formed, and only the starting material was recovered.  

 

Scheme 17. 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 by 1H 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 

to attack the amine. To ensure our starting material is in the enol form, we synthesized a silyl enol 

ether, which stabilizes the enolate by trapping it with TMSCl (Scheme 18). 

 

Scheme 18. Synthesis of silyl enol ether for the multicomponent reaction 

The silyl enol ether (3.46) was unsuccessful in the multicomponent reaction, with only the starting 

material being recovered after silica flash column chromatography. As an alternative, a stepwise 

multicomponent reaction was attempted (Scheme 19) to install the enol or enolate. In this 

approach, the enol and imine were prepared in separate reaction vessels. LiHMDS was used to 
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generate the enolate from the pyruvic acid, while the imine was formed by reacting formaldehyde 

with 2,4-dimethoxybenzylamine. The imine was added dropwise to the enolate, but no product 

was observed. 

 

Scheme 19. Stepwise approach to the multicomponent reaction  

Given that the previous efforts were unsuccessful, we decided to use a starting material 

that had been successfully employed by our group in the past. Cinnamaldehyde was utilized in the 

Erlenmeyer reaction, followed by hydrolysis with HCl to yield the pyruvic acid (3.50, Scheme 

20). The carboxylic acid was then methylated with MeI to obtain the desired ester (3.51) for 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 experiments. The only difference in this experiment was the source of the aldehyde. We used 

both formaldehyde solution (37 wt.% in H2O) and paraformaldehyde, both of which have been 

effective in other multicomponent reactions. Therefore, the failure may be specific to this system. 

 

Scheme 20. Erlenmeyer reaction to access known pyruvic acid derivative 
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After several unsuccessful attempts to access the pyruvic ester derivative, we developed a 

straightforward one-step method using a Grignard addition, as shown in Scheme 21. Freshly 

prepared n-undecane magnesium bromide was reacted with dimethyl oxalate to yield the desired 

starting material (3.40) for the multicomponent reaction. Formaldehyde solution (37 wt.% in H2O) 

and paraformaldehyde were both tested in the multicomponent reaction, with MeOH used as the 

solvent due to its higher polarity compared to CH2Cl2, 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 in the 1H NMR analysis. 

 

Scheme  21. Grignard Addition to access the pyruvic acid ester derivative in one step. 

To address this issue, a new approach to the multicomponent reaction was explored, 

thinking about the mechanism. Previous literature has shown examples of organocatalytic 

Mannich reactions with formaldehyde that may be suitable for forming the 2,3-pyrrolidinedione 

core, due to the mechanistic similarities.22,23  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 electron-withdrawing 

group (EWG) was present on the pyruvic ester derivative, helping to stabilize the enol form, a 

crucial step for the reaction. The enol form is important because it acts as the nucleophile and 

attacks the imine. By using a proline-catalyzed reaction, proline can help activate the pyruvic ester 

derivative, facilitating its role as a nucleophile and forming an enamine (Scheme 22).  
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Scheme 22. Proline-catalyzed Mannich reaction  

Both paraformaldehyde and formaldehyde solution (37 wt.% in H2O) were tested in this 

reaction. The aldehyde and DMB-amine were stirred in one pot to form the imine, followed by the 

addition of the pyruvic acid ester derivative and L-proline. The reaction accessed both cyclized 

(3.41) and uncyclized (3.58) 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 temperature in the absence of a catalyst.  

Returning to traditional multicomponent reaction conditions, formaldehyde, DMB-amine, 

and pyruvic ester were reacted in MeOH at elevated temperatures. The temperature increased to 

44 °C and 55 °C, yielding 36% and 52%, respectively.  Scheme 23 highlights the entire forward 

route of leopolic acid A. Like previously discussed, the synthetic route begins by using a Grignard 

reaction to synthesize the pyruvic ester starting material (3.47). This starting material was used in 

the multicomponent reaction to form the 2,3-pyrrolidinedione core (3.40). Followed by a benzyl 

protection of the enol and a DMB deprotection using TFA to afford compound 3.39.  
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Scheme 23. Synthetic route to prepare leopolic acid A 

With the 2,3-pyrrolidinedione core prepared, the next step is to synthesize the ureido 

dipeptide for coupling (Scheme 24). To create an unsymmetrical urea, we used triphosgene.  We 

purchased L-phenylalanine benzyl ester hydrochloride and L-valine t-butyl ester hydrochloride to 

provide orthogonal protecting groups on each end of the dipeptide. Both peptides reacted with 

DIPEA and triphosgene to form the protected ureido dipeptide. The t-butyl protecting group was 

then removed under acidic conditions. 
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Scheme 24. Synthesis of ureido dipeptide fragment. 

Now we needed to activate the ureido dipeptide for coupling. The free carboxylic acid was 

activated for coupling using N-hydroxysuccinimide, EDCI, and DMAP to install the N-

hydroxysuccinimide activating group onto the ureido dipeptide (3.67). To complete the synthesis 

of leopolic acid A (Scheme 23), various coupling conditions were tested, with n-BuLi and 

LiHMDS proving to be the most effective. For the final coupling step, n-BuLi, a common reagent 

for amide and lactone couplings, was used. This coupling reaction yielded compound 3.37, which 

was subsequently benzyl-deprotected to access leopolic acid A (3.1). 

SAR Study  

The convergent and versatile synthetic route developed for leopolic acid A provides a 

foundation for creating a range of novel analogs of the natural product. We began by focusing on 

derivatizing the 4- and 5-positions of the 2,3-pyrrolidinone core, a process made efficient by our 

multicomponent reaction. By using different aldehydes and keeping the 4-n-decane, we derivatized 

the 5-position and accessed methyl (3.68), ethyl (3.69), propyl (3.70), phenyl (3.71), and 
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cyclohexyl (3.72) analogs (Scheme 25). 5-substituted derivatives were isolated as mixtures of 

diastereomers in some cases.   

 

Scheme 25. 5-position analogs multicomponent reaction. 

 Initially, when making analogs of the core, DMB amine was removed before benzyl 

protecting the enol (Scheme 26). The analogs were more stable than the leopolic acid A core with 

only hydrogen in the 5-position. They did not decompose during deprotection when they ran 

overnight. However, when remaking these analogs, the cores were benzyl-protected and then the 

DMB amine was deprotected to follow a standard protocol. 

 

Scheme 26. Benzyl protection and DMB-deprotection 
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Having our desired 2,3-pyrrolindinediones with modifications in the 5-position in hand, 

we coupled the cores to L-Val and L-Phe urea-containing dipeptides used in the total synthesis of 

leopolic acid A (Scheme 27). The methyl (3.83), ethyl (3.84), propyl (3.85), and phenyl (3.86) 

analogs were successfully coupled, but the cyclohexyl analog (3.87) did not couple under these 

conditions. The cyclohexyl analog could have too much steric hindrance, blocking the coupling 

reaction from taking place.  

 

Scheme 27. General coupling conditions for 5-position analogs. 

Since the coupling reaction was low-yielding, different conditions for the ethyl analog were 

tried to find more favorable conditions. The first condition tried was DCC and DMAP24, with 

unactivated dipeptide, but no reaction occurred and only starting material was recovered. We then 

attempted to use NaH with an activated dipeptide heated to reflux, but only recovered the starting 

material. A strong non-nucleophilic base was tried, LiHMDS at -78 °C. This reaction yielded 

product, but also unreacted pyrrolidinone. A previous paper with a similar substrate found that 

raising the temperature to -50 °C increases the nucleophilicity of the pyrrolidinone.25  

The best conditions found were using LiHMDS (2 equiv) at -55 ºC 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 but was easier to handle than n-BuLi. Making this change removed a major byproduct that 
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forms when n-BuLi reacts with the dipeptide, rather than the 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 yields. The 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, and propyl cores were all coupled using the new 

conditions.  

The phenyl analog underwent a benzyl deprotection with 10% Pd/C under an H2 

atmosphere to afford compound 3.91. These conditions were tried for the ethyl analog but were 

unsuccessful. The reaction yielded the starting material.  More aggressive conditions were tried 

using BBr3 to fully convert the starting material to compound 3.89. Moving forward, BBr3 was 

used to access the methyl (3.88) and propyl (3.90) analogs. All the analogs that are functionalized 

at the 5-position are shown in Figure 19. 

 

Figure 19. Analogs optimizing 5-position: methyl, ethyl, propyl, and phenyl 

It was important for us to determine if the ureido dipeptide chain was contributing to activity, or 

if it was there for solubility purposes only. A series of alanine-containing dipeptides was 

synthesized to couple to a 2,3-pyrrolidinone core to perform an alanine scan. The same procedure 
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was used to access the ureido dipeptides: using triphosgene, DIPEA, and a desired combination of 

protected L-Ala, L-Val, or L-Phe (3.92-3.94, Figure 20). The t-butyl protected carboxylic acid 

was deprotected with TFA in CH2Cl2 to access the ureido dipeptides (3.95-3.97, Figure 20).   

 

Figure 20. Alanine-containing dipeptides  

Activation conditions using EDCI, DMAP, and hydroxysuccinamide were tried on all three 

alanine-containing dipeptides. These conditions only activated the L-Val-L-Ala dipeptide (3.96, 

Figure 20). New conditions were tried, activating the dipeptide with EDCI and pentafluorophenol. 

All the ureido dipeptides were successfully activated under these conditions (Scheme 28). The 

pentafluorophenol-activated ureido dipeptides were coupled to the 2,3-pyrrolidinedione using 

LiHMDS at -55 °C (Scheme 28). L-Val-L-Ala and L-Ala-L-Ala coupled to the pyrrolidinedione 

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

 

Scheme  28 . Pentafluorophenol-activated dipeptide coupling reaction    
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L-Ala-L-Phe did not fully dissolve in THF; the solution was cloudy white. Solubility 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 L-Ala-L-Ala to an ethyl-containing core (3.104, Figure 21) since 

previous 2,3-pyrrolidinones were more active with an ethyl substituent. The coupled products with 

alanine-containing dipeptides are shown in Figure 21.  

 

Figure 21. Coupled products with alanine containing dipeptides 

Lastly, a benzyl deprotection with BBr3 was tried on compound 3.101. 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.  Compound 3.103 was deprotected using BBr3, since it still contains valine next to the core 

(Scheme 29). Compound 3.104 was deprotected with 10% Pd/C, H2 to access the desired product 

(3.106, Scheme 29).  

 

Scheme 29. Deprotection conditions based on the dipeptide chain 
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Next, we aimed to derivatize the 4-position by replacing the aliphatic pyruvic acid seen in leopolic 

acid A. We decided to incorporate a p-trifluoromethyl phenyl (3.23), p-Cl-phenyl (3.113), and p-

Br-phenyl (3.114) into the 2,3-pyrrolidinedione core. First, we synthesized the pyruvic acid 

starting materials through an Erlenmeyer reaction to access the azlactone (Scheme 30). The 

azlactone is treated with HCl, followed by esterification using TMSCl in MeOH.  

 

Scheme 30. Synthetic route to access pyruvic acid starting material 

With the pyruvic ester starting materials in hand, they were used in the multicomponent reaction 

with DMB-amine and formaldehyde to afford the p-trifluoromethyl phenyl (3.115), p-Br-phenyl 

(3.116), p-Cl-phenyl, and (3.117) into the 2,3-pyrrolidinedione core (Scheme 31). 

 

Scheme 31. Multicomponent reaction exchanging out the pyruvic acid starting material 
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 Following the multicomponent reaction, the enol was benzyl-protected, and then DMB was 

removed with TFA to afford the 2,3-pyrrolidinedione core, which was ready for coupling (3.121- 

3.123, Scheme 32).  

 

Scheme 32. Benzyl protection and DMB deprotection for 4-position analogs 

The 2,3-pyrrolidinedione cores were treated with LiHMDS to deprotonate the core, 

followed by the addition of L-Val and L-Phe ureido dipeptide activated by N-hydroxysuccinimide 

(Scheme 33).  The last step was a benzyl deprotection using H2, Pd/C or BBr3 to afford the final 

product (Scheme 33). The p-trifluoromethyl phenyl (3.127) and p-Cl-phenyl (3.128) derivatives 

were successfully deprotected. However, the p-Br-phenyl derivative was unstable to both 

deprotection conditions, leading to the Br elimination, and thus accessing a phenyl derivative 

(3.129).  
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Scheme 33. Coupling reaction and benzyl deprotection for 4-position analogs 

Biological Testing 

Leopolic acid A and its initial four analogs were screened for antimicrobial and antibiofilm 

activity against several S. aureus strains, including both methicillin-sensitive (MSSA 29213, 

MSSA 25923) and methicillin-resistant (MRSA 33591) strains, as well as for preformed biofilm 

eradication using the robust biofilm-forming strain S. aureus (MSSA 25923) (Table 8). Leopolic 

acid A (3.1) exhibited moderate antibacterial activity (MIC = 32 ɛg/mL) and potent antibiofilm 

activity, effectively eradicating preformed biofilms (MBEC = 16 ɛg/mL). Substituting an ethyl 

(3.89) or methyl (3.88) group at the 5-position slightly improved antimicrobial activity but 

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

Interestingly, the 5-propyl (3.90) analog showed the most potent antibiofilm activity 

(MBEC = 8 μg/mL). However, antimicrobial activity was >128 μg/mL across all tested S. aureus 

strains. The 5-phenyl (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 MBEC activity; V= vancomycin 

 

Next, we explored the impact of the ureido dipeptide on leopolic acid A's antimicrobial 

activity. To preserve the natural product, we replaced L-phenylalanine with L-alanine in the ureido 

dipeptide. This amino acid substitution resulted in the loss of antimicrobial activity, though some 
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antibiofilm activity remained. We then substituted both amino acids with L-alanine in compound 

3.104, which had previously shown the most promising antimicrobial activity. However, this 

modification reduced antibiofilm activity and completely shut down antimicrobial 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 4-position of leopolic acid A by using different pyruvic esters in 

the multicomponent reaction. The three new analogs accessed were p-trifluoromethyl phenyl 

(3.127), p-Cl-phenyl (3.128), and phenyl (3.129). Modifications at the 4-position were not 

tolerated, these changes reduced the antimicrobial (MIC = 256 ɛg/mL) and antibiofilm properties 

(MBEC = 256 ɛg/mL).  

Our limited SAR study revealed that both the 4-n-decane tail and the ureido-L-valine-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 ureido dipeptide and the 4-position exhibited very little tolerance for 

changes. While none of the compounds demonstrated potent activity, the most notable compounds 

were 3.90, 3.91, 3.105, and 3.106 which exhibited low MBEC:MIC ratios (< 0.5) against the three 

tested strains of S. aureus. These ratios are typically 100-1000 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 2,3-pyrrolidinediones in our group. All MBEC assays were 

conducted following standard protocols, and viable bacteria were quantified to confirm 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 biofilm-embedded bacteria. 

While the exact mechanism of action is not yet understood, these results suggest the potential for 

these compounds to target biofilm-associated infections. Their dual activity against both 

planktonic and biofilm bacteria make them promising candidates for antibiofilm treatments and 

warrants further investigation. 

Conclusion  

We have developed a versatile and convergent nine-step synthetic approach to leopolic 

acid A and a series of targeted analogs. Our studies revealed that leopolic acid A was sensitive to 

modifications at the 4-n-decane and ureido-L-valine-L-phenylalanine dipeptide, as antimicrobial 

activity was lost when non-natural substituents were incorporated. However, modifications at the 

5-position led to improvements in antimicrobial activity. Notably, the introduction of short n-alkyl 

substituents at the 5-position 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 2,3-pyrrolidinediones. 
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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 (pre-coated silica gel 60 F254 plates, 250 mm layer thickness) and 

visualization was accomplished with a 254 nm UV light and by staining with a KMnO4 solution 

(1.5 g of KMnO4, 10 g of K2CO3, 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). Reactions were also monitored by LC-MS 

(2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify the crude 

reaction mixtures and performed on a flash system utilizing pre-packed cartridges and linear 

gradients. Nexera Prep LCMS Preparative System (LC-40D) was used for purification of final 

compounds using Luna 5 μ C18 (2) 100 A, AXIA (75 x 30.00 mm 5 micron) column and LCMS 

solvent (0.1 % formic acid in water and 0.1% formic acid in acetonitrile). 1H and 13C NMR spectra 

were obtained on a 500, 600 or 700 MHz instrument in CDCl3, unless otherwise noted. Chemical 

shifts were reported in parts per million with the residual solvent peak used as an internal standard 

(CDCl3 = 7.26 ppm for 1H and 77.16 ppm for 13C, acetone-d6 = 2.84 ppm for water in 1H 205.22 

ppm for 13C NMR). 1H 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 proton-decoupled pulse sequence with a d1 of 1 second unless 

otherwise noted, and are tabulated by observed peak. High-resolution mass spectra were obtained 

on an ion trap mass spectrometer using heated electrospray ionization (HESI). Optical rotation was 
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measured on Jasco P-2000 polarimeter. Infrared spectra were determined on the Agilent Cary 630 

FTIR spectrometer and data are represented as frequency of absorption (cm-1). 

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 DMB-amine (0.5 equiv) was added dropwise. The reaction 

stirred overnight (18 h) at 55 ºC and monitored by LCMS. Upon completion, the MeOH was 

evaporated under reduced pressure and the crude oil was purified with silica flash column 

chromatography to afford the product.  

General Procedure B 

(2,3-pyrrolidinedione benzyl protection): Anhydrous K2CO3 was added at 0 °C to a stirred solution 

of 2,3-pyrrolidinedione 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 of the reaction, the mixture was diluted with EtOAc and washed with 

a saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by silica flash column chromatography. 

General Procedure C 

(DMB deprotection): The DMB protected -2,3-pyrrolidinedione was dissolved in CH2Cl2 and 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 material was purified by silica flash column 

chromatography.  
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Methyl 2-oxohex-5-enoate (3.44). To magnesium turnings (0.706 g, 28.5 mmol, 2.8 equiv), in 

anhydrous THF (16 mL, 0.78 M), was then added 4-bromo-1-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 behind) and added dropwise to a solution of dimethyl oxalate (1.21 g, 10.2 

mmol, 1 equiv) in THF (15 mL, 0.7 M) at -78 ºC. The reaction was then stirred at -78 ºC for 4 h. 

Upon completion, the reaction was quenched with a solution of saturated aqueous NH4Cl at -78 

ºC. 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 (3x). The combined organic layers 

were dried (Na2SO4), 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). 

1H NMR  (500 MHz, Chloroform-d) δ 5.88 – 5.74 (m, 1H), 5.10 – 4.99 (m, 2H), 3.86 (s, 3H), 2.95 

(m, 2H), 2.46 – 2.36 (q, 2H). 

LCMS  (m/z) calculated for C7H11O3 [M+H] + 143.06, found 141.30. 

 

Methyl (Z)-2-((trimethylsilyl)oxy)hexa-2,5-dienoate (3.46). Et3N (0.40 mL, 2.81 mmol, 1.4 

equiv) in THF (1.05 M) was added dropwise to a mixture of beta-ketoester (285 mg, 2.00 mmol, 

1 equiv) and TMSCl (0.31 mL, 2.4 mmol, 1.2 equiv) in THF (0.52 M) under 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 (MgSO4), and evaporated under reduced pressure to afford 3.46 (312 mg, 72%) as a 

colorless oil:  

1H NMR  (500 MHz, Chloroform-d) δ 5.80 (ddt, J = 16.6, 10.2, 6.3 Hz, 1H), 5.07 (dq, J = 17.1, 

1.7 Hz, 1H), 5.02 (dq, J = 10.1, 1.6 Hz, 1H), 3.75 (s, 3H), 2.91 (ddt, J = 7.8, 6.3, 1.7 Hz, 2H), 1.88 

– 1.82 (m, 2H), 0.21 (s, 9H).  

 

(2Z,4E)-2-Hydroxy-5-phenylpenta-2,4-dienoic acid (3.50). 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 ºC. 

After 1 h the reaction was cooled to rt and then to 0 ºC. 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 and heated to reflux overnight. After refluxing the solution was cooled 

to rt, and the product was collected via vacuum filtration and purified by trituration (CH2Cl2/ 

hexanes) to afford 3.50 (878 mg, 20%):  

1H NMR  (500 MHz, Methanol-d4) δ 7.48 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 7.7 Hz, 2H), 7.27 – 7.21 

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

 LRMS  (m/z) calculated for C11H9O3 [M-H]- 189.06, found 189.30 

 

Methyl (2Z,4E)-2-hydroxy-5-phenylpenta-2,4-dienoate (3.51). Phenylpyruvic acid (0.0729 g, 

0.376 mmol, 1 equiv) was added to dry DMF at 0 ºC under argon DBU (0.0573 mL, 0.376 mmol,  

51 equiv) was added followed by MeI (0.117 mL, 1.880 mmol, 5 equiv), and the mixture was 
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stirred at 0 ºC for 3 h. Upon consumption of starting material on TLC, the solution was then poured 

into a mixture of HCl (0.75M) and with Et2O (2x). The organic layer was washed with water (2x), 

a saturated aqueous solution of NH4Cl (for MeI quench), a saturated aqueous solution of NaHCO3 

(to remove any starting material present), dried (Na2SO4), and concentrated under reduced pressure 

to afford 3.51 (76.8 mg, 78%) as a light orange solid: 

 1H NMR  (500 MHz, Methanol-d4) δ 7.47 (d, J = 7.5 Hz, 2H), 7.31 (t, J = 7.8 Hz, 2H), 7.23 (td, 

J = 7.5, 5.5 Hz, 2H), 6.71 (d, J = 15.8 Hz, 1H), 6.39 (d, J = 11.3 Hz, 1H), 3.82 (s, 3H).  

LRMS  (m/z) calculated for C12H13O3 [M+H] + 205.08, found 205.3. 

 

 

Methyl 2-oxotridecanoate (3.53). To magnesium turnings (1.89 g, 77.8 mmol, 2.8 equiv) in THF 

(30 mL) were added 1-bromoundecane 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) at -78 ºC. The reaction was then stirred at -78 ºC for 4 h. Upon completion, 

the reaction was quenched with a saturated aqueous solution of NH4Cl at -78 ºC. 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 (Na2SO4), filtered, and the 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 yield 3.53 (5.26 g, 83%) as a colorless oil:  
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Rf = 0.50 (20% EtOAc in hexanes).  

1H NMR  (600 MHz, Chloroform-d) δ 3.86 (s, 3H), 2.83 (t, J = 7.3 Hz, 2H), 1.63 (p, J = 7.3 Hz, 

2H), 1.34 – 1.21 (m, 19H), 0.88 (t, J = 6.9 Hz, 3H).  

13C NMR  (151 MHz, Chloroform-d) δ 194.4, 161.6, 52.9, 39.3, 31.9, 29.6, 29.6, 29.4, 29.3, 29.3, 

28.9, 22.9, 22.7, 14.1.  

IR (cm-1) 2948, 2844, 1718, 1500, 1446, 1262, 1105.  

HRMS (m/z) calculated for C14H25O3 [M-H]- 227.16527, found 227.16553.  

 

4-Decyl-1-(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 H2O) 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 afford 3.41 (165 mg, 52%) as a dark yellow oil. Note that the purity of this compound was 

less than 95% due to issues in stability during purification. The compound was future purified after 

protection in the next step.  

Rf = 0.50 (50% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.10 (d, J = 8.1 Hz, 1H), 6.48 – 6.42 (m, 2H), 4.56 (s, 1H), 

3.81 (s, 3H), 3.79 (s, 3H), 3.58 (s, 1H), 2.28 (t, J = 7.8 Hz, 1H), 1.47 – 1.43 (m, 1H), 1.32 – 1.19 

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

13C NMR  (151 MHz, Chloroform-d) δ 167.51, 160.59, 158.44, 140.70, 130.74,120.91, 117.54, 

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  (cm-1) 3306, 2946, 2095, 1631, 1536, 1273, 1221, 1185.  

HRMS (m/z) calculated from C23H34NO2 [M-H]- 388.24933, found 388.24929. 

 

3-(Benzyloxy)-4-decyl-1-(2,4-dimethoxybenzyl)-1,5-dihydro-2H-pyrrol -2-one (3.60). 

Anhydrous K2CO3 (107 mg, 0.777 mmol, 1 equiv) was added at 0 °C to a stirred solution of 

compound 3.40 (302 mg, 0.777 mmol, 1 equiv) in anhydrous acetone (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 diluted with EtOAc and washed with a saturated aqueous solution of 

NaHCO3 and brine (x1). The organic layer was dried (Na2SO4), 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, Chloroform-d) δ 7.45 – 7.38 (m, 2H), 7.37 – 7.27 (m, 2H), 7.10 (d, J = 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 (t, J = 6.9 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 167.54, 160.60, 158.59, 143.89, 137.82, 133.73, 130.87, 

128.57, 128.42, 128.04, 118.04, 104.39, 98.63, 72.26, 55.53, 49.03, 40.73, 32.04, 29.73, 29.67, 

29.46, 28.36, 25.54, 22.83, 14.26.  

IR  (cm-1) 3012, 1640, 1631, 1597, 1480, 1390, 1275, 1239, 1172, 1010.  

HRMS (m/z) calculated for C30H42NO2 [M+H] + 480.31084, found 480.31022. 
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3-(Benzyloxy)-4-decyl-1,5-dihydro-2H-pyrrol -2-one (3.39). Compound 3.60 (1.3 g, 2.71 mmol, 

1 equiv) was dissolved in CH2Cl2 (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% yield) as a light tan semi-solid.  

Rf = 0.34 (20% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.42 – 7.39 (m, 2H), 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), 2.20 (t, J = 7.6, 6.9 Hz, 2H), 1.32 – 1.17 (m, 

16H), 0.88 (t, J = 7.1 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 170.50, 143.88, 137.56, 137.33, 128.57, 128.49, 128.18, 

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  (cm-1) 3306, 2673, 2158, 1744, 1621, 1500, 1457, 1379, 1319, 1273, 1195.  

HRMS (m/z) calculated for C21H32NO2 [M+H] + 330.24276, found 330.24330.  

 

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) in CH2Cl2 (0.11 M) was slowly 

added a mixture of L-phenylalanine benzyl ester hydrochloride (0.60 g, 2.05 mmol, 1 equiv) and 

DIPEA (0.8 mL, 4.5 mmol, 2.2 equiv) in CH2Cl2 (0.28 M) over a period of 30 min using a syringe 

pump. Upon completion of the L-phenylalanine addition, a solution of L-valine t-butyl ester 
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hydrochloride (0.433g, 2.05 mmol, 1 equiv) and DIPEA (0.8 mL, 4.52 mmol, 2.2 equiv) in CH2Cl2 

(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 with CH2Cl2, and quenched with 10% 

sodium bisulfate, saturated aqueous solution of NaHCO3, brine, dried (Na2SO4) and evaporated 

under reduced pressure to afford a clear crude oil. The crude oil was purified with silica flash 

column chromatography to yield 3.65 (631 mg, 68%) as a white solid:  

Rf = 0.26 (20% EtOAc in hexanes)  

1H NMR  (500 MHz, Chloroform-d) δ 7.37 – 7.34 (m, 3H), 7.31 – 7.28 (m, 2H), 7.21 (dd, J = 5.0, 

1.9 Hz, 3H), 7.02 (dd, J = 6.8, 2.8 Hz, 2H), 5.21 – 5.06 (m, 2H), 4.89 – 4.76 (m, 3H), 4.28 (dd, J 

= 8.9, 4.5 Hz, 1H), 3.14 – 3.04 (m, 2H), 2.07 (ddd, J = 13.7, 8.2, 3.6 Hz, 1H), 1.47 (s, 9H), 0.91 

(d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H).  

13C NMR  (151 MHz, Chloroform-d) δ 172.38, 172.13, 156.70, 135.99, 135.22, 129.45, 128.56, 

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 (cm-1) 3347, 2999, 1787, 1633, 1504, 1461, 1413, 1368, 1269, 1239.  

HRMS (m/z) calculated for C26H35N2O5 [M+H] + 455.25405, found 455.25280.  

[Ŭ]22
D = -8.17, (c = 0.62, MeOH). 

 

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

solution of compound 3.65 (0.613 g, 1.35 mmol, 1 equiv) in anhydrous CH2Cl2 (45.0 mL, 0.03 

M), TFA (13.5 mL, 0.1 M) was added at 0 ºC under argon. The reaction was stirred at rt for 3 h. 
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TFA and CH2Cl2 were evaporated under reduced pressure and the residue was re-dissolved 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).  

1H NMR  (500 MHz, Methanol-d4) δ 7.37– 7.33 (m, 3H), 7.32– 7.30 (m, 2H), 7.27 – 7.18 (m, 3H), 

7.15 – 7.11 (m, 2H), 5.17 – 5.06 (m, 2H), 4.62 (t, J = 6.4 Hz, 1H), 4.19 (d, J = 4.8 Hz, 1H), 3.05 

(qd, J = 13.7, 6.4 Hz, 2H), 2.13 (pd, J = 7.1, 5.1 Hz, 1H), 0.96 (d, J = 6.9 Hz, 3H), 0.91 (d, J = 6.9 

Hz, 3H).  

13C NMR  (151 MHz, Methanol-d4) δ 175.85, 173.68, 160.05, 137.77, 137.07, 130.48, 129.52, 

129.49, 129.32, 127.85, 67.90, 59.25, 55.83, 39.15, 32.00, 19.65, 17.81.  

IR (cm-1) 3386, 3284, 3120, 2945, 1718, 1426, 1401, 1340, 1230, 1161, 1070.  

HRMS (m/z) calculated for C22H27N2O5 [M+H] + 399.19145, found 399.19185.  

[Ŭ]22
D = +2.01, (c = 0.828, MeOH). 

 

2,5-Dioxopyrrolidin -1-yl(((S)-1-(benzyloxy)-1-oxo-3-phenylpropan-2-yl)carbamoyl)- L -

valinate (3.67). To a stirring solution of 3.66 (378 mg, 0.947 mmol, 1 equiv) in anhydrous CH2Cl2 

(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 n-hydroxysuccinimide (245 mg, 2.08 mmol, 2.2 equiv) was added and the 

reaction was heated to 30 ºC for 20 h. Upon completion, the solution was washed with 1 M HCl 

and brine, dried (MgSO4) and concentrated under reduced pressure. The crude product was 

purified with silica flash column chromatography to yield 3.67 (376 mg, 80%) as a white solid:  
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Rf = 0.25 (50% EtOAc in hexanes).  

1H NMR  (600 MHz, Chloroform-d) δ 7.36 (d, J = 6.7 Hz, 3H), 7.32 – 7.28 (m, 2H), 7.22 – 7.18 

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

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

13C NMR  (151 MHz, Chloroform-d) δ 172.31, 168.66, 168.48, 155.96, 135.81, 135.07, 129.52, 

128.61, 128.52, 126.96, 67.27, 56.49, 54.09, 31.70, 25.59, 18.72, 17.44.  

IR  (cm-1) 3362, 3008, 2924, 1871, 1798, 1698, 1668, 1593, 1433, 1368, 1118, 1049, 967, 859.  

HRMS (m/z) calculated for C26H28N3O7 [M-H]- 494.19327, found 494.19189. 

[Ŭ]22
D = -4.9, (c = 0.55, CH2Cl2). 

 

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

oxobutan-2-yl)carbamoyl)-L -phenylalaninate (3.37). To a stirring solution of compound 3.39 

(50.0 mg, 0.152 mmol, 1 equiv) in THF (3.04 mL, 0.05 M) at -78 ºC, a solution of 1.57 M n-BuLi 

(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 dipeptide 3.67 (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 with NH3Cl and extracted with 

EtOAc (3x), then was concentrated under reduced pressure. The crude oil was purified with silica 

flash column chromatography to afford 3.37 (34.4 mg) as a colorless oil. The product was carried 

forward into the next step. Yield is measured over two steps (see next step).  

LRMS (m/z) calculated for C43H56N3O6 [M+H] + 710.41, found 710.5. 
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Leopolic acid A (3.1). To a stirred solution of compound 3.37 (34 mg, 0.048 mmol, 1 equiv) in 

EtOAc (4.8 mL, 0.011 M) a catalytic amount of 10% Pd/C (10 mol%), and H2 was 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 crude product. The crude product was purified 

with preparative HPLC to afford 3.1 (8.7 mg, 11% over 2 steps) as a colorless oil:  

1H NMR  (700 MHz, DMSO-d6) δ 7.26 (t, J = 7.4 Hz, 2H), 7.18 (d, J = 7.7 Hz, 3H), 6.47 (d, J = 

9.3 Hz, 1H), 6.35 – 6.30 (m, 1H), 5.36 (dd, J = 9.4, 3.8 Hz, 1H), 4.25 (q, J = 6.8 Hz, 1H), 4.10 (d, 

J = 18.4 Hz, 1H), 4.00 (d, J = 18.4 Hz, 1H), 2.98 (dd, J = 13.6, 5.3 Hz, 1H), 2.85 (dd, J = 13.8, 7.3 

Hz, 1H), 2.35 – 2.25 (m, 2H), 2.00 (pd, J = 6.9, 3.7 Hz, 1H), 1.46 (p, J = 7.0 Hz, 2H), 1.31 – 1.16 

(m, 16H), 0.91 (d, J = 6.7 Hz, 3H), 0.85 (t, J = 6.9 Hz, 3H), 0.76 (d, J = 6.9 Hz, 3H).  

13C NMR  (151 MHz, DMSO-d6) δ 173.52, 172.37, 166.00, 140.93, 138.03, 129.46 (x2), 128.43, 

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  (cm-1) 3379, 2997, 2946, 2879, 2344, 2089, 1763, 1614, 1560, 1448, 1426, 1327, 1196, 1038.  

HRMS (m/z) calculated for C29H42N3O6 [M-H]- 528.30791, found 528.3079.  

[Ŭ]23
D = +34, (c = 0.35, MeOH).  

*data matches previous reported literature1 
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4-Decyl-1-(3,4-dimethylbenzyl)-3-hydroxy-5-methyl-1,5-dihydro-2H-pyrrol -2-one (3.68). 

General procedure A was followed using acetaldehyde (0.05 mL, 0.825 mmol, 1 equiv), β-

ketoester (0.20 g, 0.83 mmol, 1 equiv), and DMB amine (0.063 mL, 0.41 mmol, 0.5 equiv) and 

afforded 3.68 (195 mg, 59%) as a dark orange oil:  

Rf = 0.26 (30% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.09 (d, J = 8.3 Hz, 1H), 6.43 (d, J = 6.9 Hz, 2H), 4.86 (d, 

J = 15.3 Hz, 1H), 4.30 (d, J = 15.2 Hz, 1H), 3.80 (d, J = 8.7 Hz, 6H), 3.71 – 3.63 (m, 1H), 2.41 

(ddd, J = 15.4, 9.2, 6.7 Hz, 1H), 2.11 – 2.01 (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, Chloroform-d) δ 163.53, 160.33, 158.13, 140.32, 130.39, 117.73, 104.17, 

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  (cm-1) 3306, 2997, 2156, 1713, 1631, 1597, 1403, 1318, 1217, 1012.  

HRMS (m/z) calculated for C24H38NO2 [M+H]+ 404.27954, found 404.27850. 

 

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

General procedure A was followed with propionaldehyde (0.37 mL, 5.07 mmol, 0.6 equiv), β-

ketoester (2.00 g, 8.45 mmol, 1 equiv), and DMB amine (0.65 mL, 4.22 mmol, 0.5 equiv) and 

afforded 3.39 (986 mg, 28%) as a light-yellow oil:  

Rf = 0.17 (20% EtOAc in hexanes).  
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1H NMR  (500 MHz, Chloroform-d) δ 7.10 (d, J = 8.9 Hz, 1H), 6.66 (s, 1H), 6.45 – 6.40 (m, 2H), 

4.90 (d, J = 15.2 Hz, 1H), 4.16 (d, J = 15.1 Hz, 1H), 3.79 (d, J = 5.7 Hz, 7H), 2.44 (ddd, J = 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, J = 12.5 

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

13C NMR  (176 MHz, Chloroform-d) δ 167.95, 160.56, 158.39, 141.33, 130.74, 123.75, 117.92, 

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  (cm-1) 3189, 2878, 2326, 2024, 1756, 1631, 1597, 1347, 1273, 1267, 1170, 1139. 

HRMS (m/z) calculated for C25H40NO2 [M+H] + 418.29519, found 418.29546. 

 

4-Decyl-1-(2,4-dimethoxybenzyl)-3-hydroxy-5-propyl -1,5-dihydro -2H-pyrrol -2-one (3.70). 

General procedure A was followed using butyraldehyde (0.06 mL, 0.61 mmol, 0.6 equiv), β-

ketoester (0.25 g, 1.01 mmol, 1 equiv), and DMB amine (0.07 mL, 0.086 mmol, 0.5 equiv) and 

afforded 3.70 (208 mg, 48%) as a light yellow oil:  

Rf = 0.22 (20% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.12 – 7.07 (m, 1H), 6.45 – 6.40 (m, 2H), 4.87 (d, J = 15.2 

Hz, 1H), 4.19 (d, J = 15.2 Hz, 1H), 3.79 (d, J = 7.9 Hz, 6H), 2.44 (ddd, J = 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), 1.51 – 1.36 (m, 1H), 1.31 – 1.19 

(m, 15H), 1.01 – 0.91 (m, 2H), 0.85 (dt, J = 21.6, 7.1 Hz, 6H).  
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13C NMR  (151 MHz, Chloroform-d) 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  (cm-1) 3191, 2946, 2881, 2350, 1705, 1597, 1489, 1228, 1172, 1090, 1066.  

HRMS (m/z) calculated for C26H41NO2 [M+H] + 432.31084, found 432.30927. 

 

4-Decyl-1-(3,4-dimethylbenzyl)-3-hydroxy-5-phenyl-1,5-dihydro-2H-pyrrol -2-one (3.71). 

General procedure A was followed using benzaldehyde (0.05 mL, 0.495 mmol, 0.6 equiv), β-

ketoester (0.20 g, 0.83 mmol, 1 equiv), and DMB amine (0.06 mL, 0.412 mmol, 0.5 equiv) and 

afforded 3.71 (176 mg, 46%) as a light orange oil:  

Rf = 0.15 (20% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.32 (q, J = 7.7, 6.9 Hz, 3H), 7.05 (d, J = 3.5 Hz, 2H), 6.99 

(d, J = 8.2 Hz, 1H), 6.41 – 6.34 (m, 2H), 4.84 (d, J = 15.0 Hz, 1H), 4.59 (s, 1H), 3.79 (s, 3H), 3.70 

(s, 3H), 2.23 – 2.16 (m, 1H), 1.80– 1.76 (m, 1H), 1.33 – 1.17 (m, 16H), 0.87 (t, J = 7.1 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 167.81, 160.65, 158.52, 140.91, 136.19, 131.12, 128.81, 

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  (cm-1) 3200, 2984, 2876, 2348, 2108, 1631, 1536, 1346, 1187, 1090.  

HRMS (m/z) calculated for C29H40NO2 [M+H] + 466.29519, found 466.29385. 
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5-Cyclohexyl-4-decyl-1-(3,4-dimethylbenzyl)-3-hydroxy-1,5-dihydro -2H-pyrrol -2-one 

(3.72). General procedure A was followed with cyclohexanecarboxaldehyde (0.12 mL, 0.97 mmol, 

0.6 equiv), beta-ketoester (0.40 g, 1.62 mmol, 1 equiv), and DMB amine (0.12 mL, 0.81 mmol, 

0.5 equiv) and afforded 3.72 (227 mg, 30%) as a tan solid:  

1H NMR  (600 MHz, Chloroform-d) δ 7.05 (d, J = 8.4 Hz, 1H), 6.43 (s, 1H), 6.41 (d, J = 2.5 Hz, 

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

Hz, 1H), 2.52 (ddd, J = 14.7, 9.5, 6.8 Hz, 1H), 1.85 (ddd, J = 14.9, 9.0, 2.7 Hz, 1H), 1.80 – 1.74 

(m, 1H), 1.69 (dd, J = 23.2, 9.5 Hz, 2H), 1.54 – 1.35 (m, 3H), 1.31 – 1.21 (m, 16H), 0.87 (t, J = 

6.9 Hz, 3H) 

13C NMR  (151 MHz, Chloroform-d) δ 168.0, 160.3, 158.1, 141.4, 130.4, 124.5, 117.8, 104.2, 98.4, 

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/z) calculated for C29H46NO4 [M+H] + 472.67, found 472.5.  

 

3-(Benzyloxy)-4-decyl-1-(3,4-dimethylbenzyl)-5-methyl-1,5-dihydro-2H-pyrrol -2- one 

(3.73). General procedure B was followed using 2,3-pyrrolidinedione 3.68 (0.874 g, 2.17 mmol, 1 

equiv), K2CO3 (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).  

1H NMR  (500 MHz, Chloroform-d) δ 7.41 (d, J = 7.3 Hz, 2H), 7.31 (dt, J = 13.7, 7.0 Hz, 3H), 

7.08 (d, J = 8.8 Hz, 1H), 6.45 – 6.39 (m, 2H), 5.35 (d, J = 11.7 Hz, 1H), 5.28 (d, J = 11.7 Hz, 1H), 

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

1H), 2.34 – 2.31 (m, 1H), 1.91 – 1.86 (m, 1H), 1.71 – 1.49 (m, 1H), 1.32 – 1.16 (m, 16H), 1.16 – 

1.10 (s, 3H), 0.88 (t, J = 6.9 Hz, 3H).  

13C NMR  (151 MHz, Chloroform-d) δ 167.03, 160.36, 158.33, 143.43, 139.25, 137.71, 130.55, 

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 (cm-1) 2878, 2221, 2072, 1759, 1646, 1571, 1513, 1403, 1306, 1107, 1044.  

HRMS (m/z) calculated for C31H43NO2Na [M+Na]+ 516.30843, found 516.30707. 

 

3-(Benzyloxy)-4-decyl-1-(3,4-dimethylbenzyl)-5-ethyl-1,5-dihydro-2H-pyrrol -2-one (3.74). 

General procedure B was followed using 2,3-pyrrolidinedione 3.69 (0.963 g, 2.31 mmol, 1 equiv), 

K2CO3 (0.966 g, 6.92 mmol, 3 equiv.), and BnBr (0.61 mL, 5.07 mmol, 2.2 equiv) to yield 3.74 

(876 mg, 75%) as an oil: 

Rf = 0.25 (20% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.41 (d, J = 7.3 Hz, 2H), 7.34 – 7.27 (m, 4H), 7.10 (d, J = 

8.9 Hz, 1H), 6.46 – 6.40 (m, 2H), 5.37 (d, J = 11.7 Hz, 1H), 5.30 (d, J = 11.7 Hz, 1H), 4.89 (d, J 

= 15.2 Hz, 1H), 4.10 (d, J = 15.1 Hz, 1H), 3.79 (s, 6H), 3.74 (t, J = 3.5 Hz, 1H), 2.38 – 2.29 (m, 
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1H), 1.91 – 1.84 (m, 1H), 1.77 – 1.71 (m,1H), 1.53 – 1.48 (m, 1H), 1.32 – 1.12 (m, 16H), 0.88 (t, 

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

13C NMR  (176 MHz, Chloroform-d) δ 167.85, 160.39, 158.38, 144.33, 137.71, 136.82, 130.72, 

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, 22.83, 20.42, 14.26, 5.57.  

IR  (cm-1) 3630, 2999, 2864, 1787, 1679, 1595, 1482, 1316, 1273, 1196.  

HRMS (m/z) calculated for C32H46NO2 [M+H] + 508.34214, found 508.34249. 

 

3-(Benzyloxy)-4-decyl-1-(3,4-dimethylbenzyl)-5-propyl-1,5-dihydro-2H-pyrrol -2-one (3.75). 

General procedure B was followed using 2,3-pyrrolidinedione 3.70 (1.55 g, 3.58 mmol, 1 equiv), 

K2CO3 (1.50 g, 10.7 mmol, 3 equiv), and BnBr (0.95 mL, 7.88 mmol, 2.2 equiv) to yield 3.75 (377 

mg, 20%) as a dark brown oil:  

Rf = 0.43 (20%EtOAc in hexanes).  

1H NMR (500 MHz, Chloroform-d) δ 7.46 – 7.34 (m, 3H), 7.34 – 7.25 (m, 2H), 7.13 – 7.06 (m, 

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

Hz, 1H), 4.71 (s, 1H), 4.14 (d, J = 15.2 Hz, 1H), 3.79 (d, J = 1.4 Hz, 6H), 2.38 – 2.27 (m, 1H), 

1.79 – 1.73 (m, 2H), 1.47 – 1.41 (m, 1H), 1.33 – 1.11 (m, 17H), 0.88 (t, J = 6.9 Hz, 3H), 0.76 (t, J 

= 7.0 Hz, 3H), 0.67– 0.62 (m, 1H).  

13C NMR  (151 MHz, Chloroform-d) δ 167.60, 160.24, 158.20, 143.91, 137.56, 137.36, 130.57, 

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, 24.34, 22.70, 14.66, 14.13.  
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IR  (cm-1) 2989, 2879, 2753, 1638, 1562, 1498, 1442, 1323, 1277, 1137.  

HRMS (m/z) calculated for C33H48NO4 [M+H] + 522.35779, found 522.35681. 

 

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

General procedure B was followed using 2,3-pyrrolidinedione 3.71 (45.6 mg, 0.098 mmol, 1 

equiv), K2CO3 (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 a pale-yellow oil:  

Rf = 0.33 (20% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.44 (d, J = 7.2 Hz, 2H), 7.40 – 7.28 (m, 4H), 7.00 (d, J = 

8.2 Hz, 1H), 6.90 – 6.85 (m, 1H), 6.43 – 6.35 (m, 2H), 5.46 (d, J = 11.6 Hz, 1H), 5.37 (d, J = 11.6 

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

1H), 3.69 (d, J = 1.1 Hz, 3H), 2.14 (ddd, J = 14.8, 9.8, 5.7 Hz, 1H), 1.57 – 1.52 (m, 1H), 1.31 – 

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

13C NMR  (176 MHz, Chloroform-d) δ 167.55, 160.51, 158.50, 143.65, 138.61, 137.64, 136.08, 

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, 28.09, 24.60, 22.83, 14.26.  

IR  (cm-1) 2915, 2859, 2348, 2143, 1631, 1571, 1461, 1390, 1210, 1107.  

HRMS (m/z) calculated for C36H44NO4 [M-H]- 554.32758, found 554.32642. 
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3-(Benzyloxy)-5-cyclohexyl-4-decyl-1,5-dihydro -2H-pyrrol -2-one (3.77). General procedure B 

was followed using pyrrolidinone S-1 (0.099 g, 0.31 mmol, 1 equiv), K2CO3 (0.129 g, 0.928 mmol, 

3 equiv), and BnBr (0.08 mL, 0.68 mmol, 2.2 equiv) to yield 3.77 (77.5 mg, 61%) as a tan solid:  

1H NMR  (500 MHz, Chloroform-d) δ 7.40 (s, 1H), 7.37 (dd, J = 7.7, 2.7 Hz, 3H), 7.31 (dt, J = 

12.9, 7.1 Hz, 3H), 5.94 (s, 1H), 5.33 (d, J = 11.7 Hz, 1H), 5.21 (d, J = 11.7 Hz, 1H), 4.71 (s, 1H), 

3.79 (d, J = 2.6 Hz, 1H), 2.38 (td, J = 11.7, 9.2, 5.6 Hz, 1H), 1.81 – 1.73 (m, 2H), 1.65 (t, J = 14.2 

Hz, 4H), 1.55 (td, J = 13.8, 12.1, 3.2 Hz, 1H), 1.39 – 1.32 (m, 1H), 1.32 – 1.17 (m, 17H), 1.13 – 

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

13C NMR  (151 MHz, Chloroform-d) δ 169.9, 143.8, 139.9, 137.4, 128.7, 128.6, 128.3, 128.0, 

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, 29.5, 29.3, 29.2, 26.2, 

25.8, 24.6, 24.2, 22.2, 22.7, 14.1 

HRMS (m/z) calculated for C27H42NO2 [M+H] + 412.32101, found 412.32124. 

 

3-(Benzyloxy)-4-decyl-5-methyl-1,5-dihydro -2H-pyrrol -2-one (3.78). General procedure C 

was followed using 2,3-pyrrolidinedione 3.73 (771 mg, 1.56 mmol, 1 equiv) in TFA (10.4 mL) in 

CH2Cl2 (10.4 mL, 0.05 M) to yield 3.78 (535 mg, 80%) as a light yellow oil:  

Rf = 0.08 (20% EtOAc in hexanes).  
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1H NMR  (500 MHz, Chloroform-d) δ 7.27 (d, J = 7.3 Hz, 1H), 7.23 –7.17 (m, 3H), 6.42 (s, 1H), 

5.13 (s, 2zH), 3.81 (q, J = 6.7 Hz, 1H), 3.70 – 3.55 (m, 1H), 2.25 – 2.15 (m, 1H), 1.81 – 1.74 (m, 

1H), 1.21 – 0.98 (m, 18H), 0.75 (t, J = 7.0 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 170.4, 143.3, 143.1, 137.2, 128.7, 128.7, 128.5, 128.3, 72.7, 

51.4, 32.0, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 28.2, 22.8, 18.4, 14.3.  

IR (cm-1) 3250, 3012, 2878, 2111, 1709, 1620, 1469, 1271, 1195, 1120.  

HRMS (m/z) calculated for C22H34NO2 [M+H] + 344.25841, found 344.25882.  

 

3-(Benzyloxy)-4-decyl-5-ethyl-1,5-dihydro-2H-pyrrol -2-one (3.79). General procedure C was 

followed using 2,3-pyrrolidinedione 3.74 (869 mg, 1.71 mmol, 1 equiv) in TFA (11.4 mL) in 

CH2Cl2 (11.4 mL, 0.05 M) to yield 3.79 (611 mg, 65%) as an orange oil: 

Rf = 0.30 (20% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.40 (d, J = 7.4 Hz, 2H), 7.35 – 7.28(m, 3H), 6.41 (s,0.32 

H), 6.04 (s, 0.13H), 5.33 – 5.21 (m, 2H), 3.88 (dd, J = 7.1, 3.6 Hz, 1H), 2.35 (td, J = 12.1, 9.7, 5.7 

Hz, 1H), 1.87 – 1.79 (m, 1H), 1.78 – 1.72 (m, 1H), 1.41 – 1.14 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H), 

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

13C NMR  (151 MHz, Chloroform-d) δ 169.86, 143.81, 140.50, 137.34, 128.59, 128.31, 128.04, 

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  (cm-1) 3291, 3092, 2948, 2745, 2294, 2069, 1752, 1612, 1483, 1370, 1241, 1137.  

HRMS (m/z) calculated for C23H36NO2 [M+H] + 358.27406, found 358.27343. 
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3-(Benzyloxy)-4-decyl-5-propyl-1,5-dihydro-2H-pyrrol -2-one (3.80). General procedure C was 

followed using 2,3-pyrrolidinedione 3.75 (2.12 g, 4.05 mmol, 1 equiv) in TFA (27 mL) and CH2Cl2 

(27 mL, 0.05 M) to yield 3.80 (676 mg, 45%) as a dark brown oil:  

Rf = 0.08 (20% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.83 (s, 1H), 7.40 – 7.37 (m, 2H), 7.36– 7.30 (m, 3H), 5.25 

– 5.18 (m, 2H), 3.99 – 3.94 (m, 1H), 2.37 (ddd, J = 17.1, 9.4, 5.6 Hz, 1H), 1.88 (ddd, J = 14.0, 8.7, 

5.2 Hz, 1H), 1.70 (ddt, J = 10.8, 7.8, 4.3 Hz, 1H), 1.38 – 1.32 (m, 1H), 1.31 – 1.17 (m, 19H), 0.93 

– 0.86 (m, 6H).  

13C NMR  (176 MHz, Chloroform-d) δ 171.46, 143.24, 143.02, 137.07, 128.76, 128.53, 128.37, 

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  (cm-1) 3427, 2881, 2348, 2091, 1705, 1633, 1450, 1303, 1202, 1053.  

HRMS (m/z) calculated for C24H38NO2 [M+H] + 372.28971, found 372.28859. 

 

3-(Benzyloxy)-4-decyl-5-phenyl-1,5-dihydro-2H-pyrrol -2-one (3.81). General procedure C was 

followed using 2,3-pyrrolidinedione 3.76 (22 mg, 0.04 mmol, 1 equiv) in TFA (0.27 mL) in 

CH2Cl2 (0.27 mL, 0.05 M) to yield 3.81 (3.42 mg, 21%) as a light tan semi-solid:  
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Rf = 0.33 (30% EtOAc in hexanes).  

1H NMR  (600 MHz, Chloroform-d)7.44 – 7.42 (m, 2H), 7.37– 7.31 (m, 3H), 7.31 – 7.28 (m, 3H), 

7.04 – 7.00 (m, 2H), 5.88 (s, 1H), 5.43 (d, J = 11.7 Hz, 1H), 5.32 (d, J = 11.7 Hz, 1H), 4.83 (s, 

1H), 2.25 – 2.17 (m, 1H), 1.59 (dt, J = 14.1, 7.3 Hz, 1H), 1.31 – 1.05 (m, 18H), 0.88 (t, J = 7.1 Hz, 

3H).  

13C NMR  (176 MHz, Chloroform-d) δ 169.78, 143.58, 141.35, 137.38, 137.05, 129.01, 128.84, 

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  (cm-1) 3263, 3071, 3002, 2945, 2741, 2348, 1910, 1754, 1612, 1461, 1368, 1282, 1226, 1120, 

1044, 956, 868. 

HRMS (m/z) calculated for C27H36NO2 [M-H]- 404.25950, found 404.25925. 

 

5-Cyclohexyl-4-decyl-3-hydroxy-1,5-dihydro-2H-pyrrol -2-one (S-1). General procedure C was 

followed using pyrrolidinone 3.77 (0.203 g, 0.429 mmol, 1 equiv) in TFA (2.9 mL) in CH2Cl2 (2.9 

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

Rf = 0.33 (50 % EtOAc in hexanes). 

1H NMR  (600 MHz, Chloroform-d) δ 6.50 (s, 1H), 3.88 (s, 1H), 3.80 (q, J = 8.9, 7.9 Hz, 2H), 2.48 

(dt, J = 15.5, 8.0 Hz, 1H), 2.02 (ddd, J = 20.0, 9.6, 4.9 Hz, 1H), 1.82 (d, J = 13.7 Hz, 1H), 1.71 (q, 

J = 15.7, 14.7 Hz, 2H), 1.58– 1.52 (m, 1H), 1.35 – 1.22 (m, 14H), 1.14 (ddd, J = 28.6, 24.4, 13.2 

Hz, 1H), 0.88 (t, J = 6.9 Hz, 3H). 

LRMS  (m/z) calculated for C20H36NO2 [M+H] + 322.50, found 322.4.  
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(((2S)-1-(3-decyl-4-hydroxy-2-methyl-5-oxo-2,5-dihydro-1H-pyrrol -1-yl)-3-methyl-1-

oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.88). To a stirred solution of 2,3-pyrrolidinedione 

3.78 (0.15 g, 0.44 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 

dipeptide 3.67 (0.238 g, 0.480 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 solution of NH4Cl. It was then extracted 

with EtOAc and 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 (122 mg, 0.168 mmol, 1 equiv) was dissolved in CH2Cl2 

(0.04M) and cooled to -10 ºC. Then a solution of BBr3 (0.8 mL, 0.84 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 with CH2Cl2 and quenched slowly 

with a saturated aqueous solution of NaHCO3 at 0 ºC. The reaction mixture turned pink and then 

pale orange when fully quenched. The product was extracted with CH2Cl2 (2x) and then washed 

with brine and dried (Na2SO4). The crude product was purified by Prep HPLC to afford 3.88 (33.7 

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

1H NMR  (700 MHz, DMSO-d6) δ 1H NMR (700 MHz, DMSO) δ 7.31 – 7.25 (m, 2H), 7.22 – 

7.16 (m, 3H), 6.48 – 6.43 (m, 1H), 6.37 – 6.32 (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), 2.12 – 2.07 (m, 
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1H), 2.03 – 1.90 (m, 1H), 1.53 – 1.48 (m, 1H), 1.39 (s, 1H), 1.30 – 1.18 (m, 19H), 0.90 (dd, J = 

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

13C NMR  (176 MHz, DMSO-d6) δ 173.66, 171.92, 165.42, 157.34, 140.24, 137.35, 133.80, 

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  (cm-1) 3437, 2950, 2803, 2346, 1772, 1590, 1523, 1387, 1187.  

HRMS (m/z) calculated for C30H41N3O6 [M-H]- 542.32356, found 542.32420.  

[Ŭ]20
D = +19, (c = 0.5, MeOH). 

 

(((2S)-1-(3-decyl-2-ethyl-4-hydroxy-5-oxo-2,5-dihydro-1H-pyrrol -1-yl)-3-methyl-1-

oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.89). To a stirred solution of 2,3-pyrrolidinedione 

3.79 (0.100 g, 0.279 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 

dipeptide 3.67 (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 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 to the next step. 

The benzyl protected starting material (20 mg, 0.027 mmol, 1 equiv) was dissolved in 

CH2Cl2 (0.04 M) and cooled to -10 ºC. Then a solution of BBr3 (0.13 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 with CH2Cl2 and 
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quenched slowly with a saturated aqueous solution of NaHCO3 at 0 ºC. The reaction mixture turned 

pink and then pale orange when fully quenched. The product was extracted with CH2Cl2 (2x) and 

then washed with brine and dried (Na2SO4). 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, DMSO-d6) δ 9.46 (s, 1H), 7.28 – 7.14 (m, 5H), 6.48 – 6.35 (m, 1H), 6.35 – 

6.25 (m, 1H), 5.43 – 5.35 (m, 1H), 4.59 – 4.52 (m, 1H), 4.24 (s, 1H), 3.00 (dd, J = 35.8, 13.7 Hz, 

1H), 2.86 (q, J = 6.8 Hz, 1H), 2.24 (s, 1H), 2.10 – 1.88 (m, 3H), 1.70 – 1.59 (m, 1H), 1.54 – 1.47 

(m, 1H), 1.40 (s, 1H), 1.30 – 1.19 (m, 16H), 0.93 (dd, J = 7.0, 3.0 Hz, 1H), 0.91 – 0.89 (m, 2H), 

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

(td, J = 7.5, 3.0 Hz, 3H).  

13C NMR  (176 MHz, DMSO-d6) δ 172.6, 166.9, 159.8, 157.9, 141.9, 131.5, 129.9, 129.8, 128.5, 

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, 20.9, 20.8, 20.3, 20.2, 16.9, 16.4, 14.4, 

5.8, 5.5.  

IR (cm-1) 3362, 2948, 2881, 2810, 2387, 2330, 1765, 1679, 1640, 1545, 1482, 1370, 1230.  

HRMS (m/z) calculated for C31H45N3O6 [M+H] + 558.35376, found 558.35420.  

[Ŭ]20
D = +63, (c = 0.38, MeOH).  

 

(((2S)-1-(3-(2,2,2,2,2,2,2-heptamethyl-2ᾊ9-propyl) -4-hydroxy-5-oxo-2-propyl-2,5-dihydro-

1H-pyrrol -1-yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-L -phenylalanine (3.90). To a stirred 

solution of 2,3-pyrrolidinedione 3.80 (0.15 g, 0.403 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 dipeptide 3.67 (0.220 g, 0.444 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 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 to -10 ºC. Then a solution of BBr3 (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 with CH2Cl2 and quenched 

slowly with a saturated aqueous solution of NaHCO3 at 0 ºC. The reaction mixture turned pink and 

then pale orange when fully quenched. The product was extracted with CH2Cl2 (2x) and then 

washed with brine and dried (Na2SO4). The crude product was purified by preparative HPLC to 

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

1H NMR  (700 MHz, DMSO-d6) δ 9.45 (s, 1H), 7.28 (t, J = 7.5 Hz, 2H), 7.23 – 7.14 (m, 3H), 6.47 

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

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

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

= 1.8 Hz, 0.51H), 2.40 (q, J = 1.9 Hz, 0.48H), 2.37 – 2.31 (m, 1H), 2.06 – 1.94 (m, 2H), 1.61 – 

1.55 (m, 1H), 1.55 – 1.48 (m, 1H), 1.45 – 1.39 (m, 2H), 1.36 (p, J = 7.0 Hz, 1H), 1.27 (d, J = 9.6 

Hz, 1H), 1.23 (s, 8H), 1.21 (s, 1H), 0.95 – 0.91 (m, 6H), 0.89 – 0.87 (m, 3H), 0.80 – 0.77 (m, 3H), 

0.72 (d, J = 7.0 Hz, 2H).  
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13C NMR  (176 MHz, DMSO-d6) δ 173.66, 171.92, 165.42, 157.34, 140.24, 137.35, 133.80, 

129.24, 128.14, 128.11, 126.36, 56.89, 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  (cm-1) 3435, 2986, 2945, 2863, 2400, 2333, 1763, 1647, 1551, 1482, 1390, 1308, 1247, 1163.  

HRMS (m/z) calculated for C32H50N3O6 [M+H] + 572.36941, found 572.36961. 

 

(((2S)-1-(3-(2,2,2,2,2,2,2-Heptamethyl-2ᾊ9-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 3.81 (35.6 mg, 0.0.356 mmol, 1 equiv) in THF (0.05 M) at -78 ºC, 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 dipeptide 3.67 (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 %), H2 was 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 the crude product. The crude product was purified by 

preparative HPLC to afford 3.91 (7.6 mg, 14% over two steps) as a clear oil: 
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1H NMR  (700 MHz, DMSO-d6) δ 9.82 (s, 1H), 7.31 (t, J = 7.5 Hz, 2H), 7.26 (t, J = 7.5 Hz, 2H), 

7.22 – 7.17 (m, 2H), 7.13 (dt, J = 17.3, 7.7 Hz, 3H), 7.08 (t, J = 7.1 Hz, 1H), 6.44 – 6.20 (m, 1H), 

6.17 – 5.89 (m, 1H), 5.45 (s, 1H), 5.36 (dd, J = 9.1, 3.5 Hz, 1H), 3.87 (s, 1H), 2.91 (dd, J = 13.1, 

5.6 Hz, 1H), 2.87 (dd, J = 13.2, 4.8 Hz, 1H), 2.23 (dt, J = 14.9, 7.9 Hz, 1H), 2.06 – 1.98 (m, 1H), 

1.68 (ddd, J = 14.3, 8.7, 5.7 Hz, 1H), 1.37 – 1.30 (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, DMSO-d6) δ 171.73, 166.18, 157.50, 140.84, 137.33, 131.84, 129.80, 

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  (cm-1) 3347, 2999, 2946, 2881, 2328, 2095, 1698, 1640, 1508, 1448, 1375, 1338, 1165.  

HRMS (m/z) calculated for C35H44N3O6 [M-H]- 604.33921, found 604.34017.  

[Ŭ]23
D = -40, (c = 0.95, MeOH). 

 

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 CH2Cl2 (0.11 M) was slowly added a 

mixture of L-alanine benzyl ester hydrochloride (0.60 g, 2.75 mmol, 1 equiv) and DIPEA (0.5mL, 

6.1 mmol, 2.2 equiv) in CH2Cl2 (9.8 mL, 0.28 M) over a period of 30 min using a syringe pump. 

Once the first amino acid was added a solution of L-alanine t-butyl ester hydrochloride (0.499 g, 

2.75 mmol, 1 equiv) and DIPEA (0.5 mL, 6.05 mmol, 2.2 equiv) in CH2Cl2 (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 CH2Cl2, and quenched with 10% sodium bisulfate, a saturated 

aqueous solution of NaHCO3, and brine. Then dried (Na2SO4) and evaporated to afford a crude 
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oil. The crude oil was purified via silica flash column chromatography to yield 3.92 (859 mg, 89%) 

as a white solid: 

Rf = 0.11 (20% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.32 (d, J = 4.5 Hz, 5H), 5.19 (dd, J = 12.4, 2.5 Hz, 1H), 

5.11 (d, J = 12.3 Hz, 1H), 4.52 (p, J = 7.0 Hz, 1H), 4.34 (p, J = 7.1 Hz, 1H), 1.44 (s, 9H), 1.34 (d, 

J = 7.2 Hz, 3H), 1.30 (d, J = 7.1 Hz, 3H).  

13C NMR  (151 MHz, Chloroform-d) 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 (cm-1) 3345, 2950, 2108, 2059, 1633, 1524, 1407, 1161.  

HRMS (m/z) calculated for C18H26N2O5Na [M+Na]+ 373.17339, found 373.17209.  

[Ŭ]23
D = -33.95, (c = 0.291, MeOH). 

 

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 CH2Cl2 (0.11 M) was slowly added a 

mixture of L-alanine benzyl ester hydrochloride (0.60 g, 2.8 mmol, 1 equiv) and DIPEA (0.5 mL, 

6.1 mmol, 2.2 equiv) in CH2Cl2 (9.8 mL,0.28 M) over a period of 30 min using a syringe pump. 

Once the first amino acid was added a solution of L-valine t-butyl ester hydrochloride (0.57 g, 2.8 

mmol, 1 equiv) and DIPEA (0.5 mL, 6.1 mmol, 2.2 equiv) in CH2Cl2 (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 CH2Cl2, and quenched with 10% sodium bisulfate, a saturated 

aqueous solution of NaHCO3, and brine. Then dried (Na2SO4) and evaporated to afford a crude 
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oil. The crude oil was purified via silica flash column chromatography to yield 3.93 (0.818 g, 79%) 

as a white solid: 

Rf = 0.15 (20% EtOAc in hexanes).  

1H NMR  (600 MHz, Chloroform-d) δ 7.38 – 7.30 (m, 5H), 5.20 (d, J = 12.4 Hz, 1H), 5.14 (d, J = 

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

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

13C NMR  (151 MHz, Chloroform-d) δ 174.1, 172.5, 156.9, 135.6, 128.7, 128.5, 128.2, 67.1, 58.4, 

49.1, 31.7, 28.2, 19.1, 19.0, 17.6.  

IR  (cm-1) 3405, 2967, 2883, 2074, 1804, 1601, 1597, 1340, 1221, 1185, 1155.  

HRMS (m/z) calculated for C20H31N2O5 [M+H] + 379.22275, found 379.22282.  

[Ŭ]23
D = -24.5 (c = 1.046, MeOH). 

 

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 in CH2Cl2 (0.11 M). 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 CH2Cl2 (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 t-butyl ester hydrochloride (0.37 g, 2.1 mmol, 1 equiv) and DIPEA (0.8 mL, 

4.5 mmol, 2.2 equiv) in CH2Cl2 (4.1 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 CH2Cl2, and quenched 

with 10% sodium bisulfate, a saturated aqueous solution of NaHCO3, and brine. Then dried 
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(Na2SO4) and evaporated to afford a crude oil. The crude oil was purified via silica flash silica 

chromatography to yield 3.94 (0.673 g, 77%) as a white solid:  

1H NMR  (600 MHz, Chloroform-d) δ 7.38 – 7.33 (m, 3H), 7.31 – 7.27 (m, 2H), 7.21 (dd, J = 5.1, 

1.9 Hz, 2H), 7.19 – 7.17 (m, 1H), 7.04 – 7.01 (m, 2H), 7.00 – 6.97 (m, 1H), 5.16 (dd, J = 12.2, 4.3 

Hz, 1H), 5.09 (dd, J = 12.2, 6.6 Hz, 1H), 4.81 (s, 2H), 4.36 – 4.29 (m, 1H), 3.10 – 3.03 (m, 2H), 

1.46 (d, J = 0.9 Hz, 9H), 1.31 (d, J = 7.1 Hz, 2H) 

13C NMR  (151 mHz, Chloroform-d) δ 173.2, 172.4, 156.2, 136.1, 135.3, 129.6, 128.7, 128.7, 

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/z) calculated for C24H31N2O5 [M+H] + 427.51, found 427.3. 

 

(((S)-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 CH2Cl2 (16.8 mL, 0.03 M), TFA (5.0 mL, 0.1 

M) was added at 0 ºC under argon. The reaction was stirred at rt for 3 h. TFA and CH2Cl2 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 to afford 3.95 (99.6 mg, 64%) as a white solid: 

Rf = 0 (50% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.38 – 7.30 (m, 6H), 5.74 (bs, 2H), 5.20 (d, J = 12.3 Hz, 

1H), 5.14 (d, J = 12.3 Hz, 1H), 4.56 (s, 1H), 4.41 (s, 1H), 1.35 (dd, J = 10.4, 7.2 Hz, 6H).  

13C NMR  (176 MHz, Chloroform-d) δ 174.16, 158.10, 135.28, 128.63, 128.45, 128.11, 67.26, 

49.03, 29.70, 18.94, 18.68, 17.78.  

IR (cm-1) 3269, 3049, 2974, 2939, 2095, 1728, 1692, 1592, 1327, 1224.  
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HRMS (m/z) calculated for C14H19N2O5 [M+H] + 295.12885, found 295.12787.  

[Ŭ]23
D = -21.96, (c = 0.532, MeOH). 

 

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

compound 3.93 (283 mg, 0.747 mmol, 1 equiv) in anhydrous CH2Cl2 (24.9 mL, 0.03 M), TFA (7.5 

mL, 0.1 M) was added at 0 ºC under argon. The reaction was stirred at rt for 3 h. TFA and CH2Cl2 

were evaporated under reduced pressure and the residue was re-dissolved in toluene. Toluene was 

evaporated under reduced pressure and the crude oil was purified via silica flash column 

chromatography to afford 3.96 (239 mg, 99%) as a white solid:   

Rf = 0 (20% EtOAc in hexanes).  

1H NMR  (500 MHz, Chloroform-d) δ 7.39 – 7.31 (m, 5H), 6.27 – 6.18 (m, 1H), 5.20 (d, J = 12.3 

Hz, 1H), 5.14 (d, J = 12.4 Hz, 1H), 4.61 (q, J = 7.2 Hz, 1H), 4.34 (s, 1H), 2.14 – 2.06 (m, 1H), 

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

13C NMR  (151 MHz, Chloroform-d) δ 176.1, 174.7, 158.9, 135.3, 128.8, 128.6, 128.2, 67.5, 58.4, 

49.3, 30.7, 19.3, 18.9, 17.9.  

IR (cm-1) 3304, 2958, 1782, 1649, 1593, 1465, 1221, 1154.  

HRMS (m/z) calculated for C16H23N2O5 [M+H]+ 323.16015, found 323.15897. 

[Ŭ]21
D = -13.68, (c = 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 

compound 3.94 (663.1 mg, 1.55 mmol, 1 eq) in anhydrous CH2Cl2 (51.9 mL, 0.03 M), TFA (15.5 

mL, 0.1 M) was added at 0 ºC under argon. The reaction was stirred at rt for 3 h. TFA and CH2Cl2 

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 high vac to 3.97 (367 mg, 64%) as a white 

solid: 

1H NMR  (500 MHz, Chloroform-d) δ 7.36 (dt, J = 5.1, 2.5 Hz, 3H), 7.29 (dd, J = 6.6, 2.6 Hz, 2H), 

7.22 – 7.17 (m, 3H), 6.98 (q, J = 3.4, 3.0 Hz, 2H), 5.31 (d, J = 7.7 Hz, 1H), 5.17 (d, J = 12.1 Hz, 

2H), 5.10 (d, J = 1.9 Hz, 1H), 4.80 (d, J = 6.7 Hz, 1H), 4.36 (t, J = 13.4 Hz, 1H), 3.09 (d, J = 5.8 

Hz, 2H), 1.37 (d, J = 7.2 Hz, 3H). 

 

Benzyl (((S)-1-oxo-1-(perfluorophenoxy)propan-2-yl)carbamoyl)-L-alaninate (3.98). A 

solution of EDCI (195 mg, 1.00 mmol, 1.03 equiv) in CH2Cl2 (7.7 mL, 0.13 M) was added to a 

stirred solution of protected dipeptide 3.95 (287 mg, 0.975 mmol, 1 equiv) and pentafluorophenol 

(181 mg, 0.975 mmol, 1 equiv) in CH2Cl2 (16.3, 0.06 M) at rt under argon. After 24 h the solution 

was washed with 1 M HCl and extracted with CH2Cl2. The organic layers were combined and 

dried (Na2SO4) and concentrated under reduced pressure to afford the crude product and purified 

via silica flash column chromatography to yield 3.98 (318.2 mg, 71%) as a white solid: 

Rf = 0.45 (50%EtOAc in hexanes).  
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1H NMR  (700 MHz, Chloroform-d) δ 7.39 – 7.32 (m, 5H), 5.21 (d, J = 12.3 Hz, 1H), 5.15 (d, J = 

12.3 Hz, 1H), 5.05 (d, J = 7.6 Hz, 1H), 4.92 (d, J = 7.7 Hz, 1H), 4.82 (p, J = 7.3 Hz, 1H), 4.55 (p, 

J = 7.3 Hz, 1H), 1.57 (d, J = 7.3 Hz, 3H), 1.41 (d, J = 7.2 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 173.93, 170.47, 156.02, 135.47, 128.78, 128.60, 128.28, 

67.35, 49.18, 48.91, 19.07, 18.70.  

IR  (cm-1) 3427, 3340, 1815, 1759, 1474, 1461, 1364, 1323, 1319, 1230, 1200.  

HRMS (m/z) calculated for C20H16F5N2O5 [M-H]- 459.09849, found 459.09878.  

[Ŭ]23
D = -26.2, (c = 0.479, CH2Cl2). 

 

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 CH2Cl2 (8.4 mL, 0.13 M) was added to a 

stirred solution of 3.97 (311.8 mg, 1.05 mmol, 1 equiv) and pentafluorophenol (197 mg, 1.05 

mmol, 1 equiv) in CH2Cl2 (17.7 mL, 0.06 M) at rt under argon. After 24 hours the solution was 

washed with 1 M HCl and extracted with CH2Cl2. The organic layers were combined and dried 

(Na2SO4) and concentrated under reduced pressure to afford the crude product and purified via 

silica flash column chromatography to yield 3.99 (129.8 mg, 23%) as a white solid: 

1H NMR  (500 MHz, Chloroform-d) δ  7.37 (d, J = 6.4 Hz, 1H), 7.31 (dd, J = 7.4, 2.3 Hz, 0H), 

7.21 (q, J = 2.7 Hz, 1H), 7.02 – 6.98 (m, 1H), 5.19 (d, J = 12.1 Hz, 0H), 5.12 (d, J = 12.1 Hz, 0H), 

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 CH2Cl2 (8.6 mL, 0.13 M) was added to a 

stirred solution of protected dipeptide 3.96 (349 mg, 1.08 mmol, 1 equiv) and pentafluorophenol 

(201 mg, 1.08 mmol, 1 equiv) in CH2Cl2 (18.0 mL, 0.06 M) at rt under argon. After 24 hours the 

solution was washed with 1 M HCl and extracted with CH2Cl2. The organic layers were combined 

and dried (Na2SO4) and concentrated under reduced pressure to afford the crude product and 

purified via silica flash column chromatography to yield 3.100 (232.5 mg, 44%) as a white solid:  

Rf = 0.31 (20% EtOAc in hexanes).  

1H NMR  (700 MHz, Chloroform-d) δ 7.40 – 7.30 (m, 5H), 5.21 (d, J = 12.3 Hz, 1H), 5.19 – 5.12 

(m, 2H), 4.99 (dd, J = 9.0, 3.8 Hz, 1H), 4.78 (dd, J = 8.9, 4.7 Hz, 1H), 4.56 (p, J = 7.3 Hz, 1H), 

2.34 (pd, J = 6.9, 4.7 Hz, 1H), 1.41 (d, J = 7.2 Hz, 3H), 1.07 (d, J = 6.8 Hz, 3H), 1.00 (d, J = 6.9 

Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 173.92, 169.46, 156.50, 135.47, 128.77, 128.59, 128.27, 

67.36, 58.14, 49.27, 31.39, 19.12, 19.08, 17.55.  

IR  (cm-1) 3327, 2982, 2372, 2324, 1810, 1737, 1653, 1579, 1539, 1482, 1316, 1282, 1172, 1111, 

1012.  

HRMS (m/z) calculated for C22H20F5N2O5 [M-H]- 487.12979, found 487.12972.  

[Ŭ]23
D = -16.19, (c = 0.177, CH2Cl2). 
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(((S)-1-(4-(2,2,2,2,2,2,2-Heptamethyl-2ᾊ9-propyl)-3-hydroxy-2-oxo-2,5-dihydro-1Hpyrrol -1-

yl)-3-methyl-1-oxobutan-2-yl)carbamoyl)-L-alanine (3.105). To a stirred solution of 2,3-

pyrrolidinedione 3.39 (135 mg, 0.410 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 dipeptide 3.100 in THF (1.1 equiv) 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 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 to -10 ºC. Then a solution of BBr3 (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 with CH2Cl2 and 

quenched slowly with a saturated aqueous solution of NaHCO3 at 0 ºC. The reaction mixture turned 

pink and then pale orange when fully quenched. The product was extracted with CH2Cl2 (2x) and 

then washed with brine and dried (Na2SO4). The crude product was purified by preparative HPLC 

to afford 3.105 (3.9 mg, 2% over 2 steps) as an orange oil: 

1H NMR  (700 MHz, DMSO-d6) δ 8.21 (s, 1H), 6.44 (d, J = 7.6 Hz, 1H), 6.33 (d, J = 9.3 Hz, 1H), 

5.35 (dd, J = 9.3, 3.8 Hz, 1H), 4.10 (d, J = 18.4 Hz, 1H), 4.00 (d, J = 18.4 Hz, 2H), 2.30 (hept, J = 

7.2 Hz, 2H), 2.04– 1.99 (m, 1H), 1.46 (p, J = 7.0 Hz, 2H), 1.29 – 1.19 (m, 14H), 0.93 (d, J = 6.8 

Hz, 3H), 0.85 (t, J = 7.0 Hz, 3H), 0.77 (d, J = 6.9 Hz, 3H).  
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13C NMR  (176 MHz, DMSO-d6) δ 175.12, 172.23, 165.98, 157.24, 140.86, 128.55, 56.59, 48.20, 

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  (cm-1) 3437, 2987, 2876, 2801, 2391, 2326, 2110, 1899, 1789, 1657, 1599, 1463, 1415, 1347, 

1308, 1269, 1195, 1096, 1019, 988, 950.  

HRMS (m/z) calculated for C23H40N3O6 [M+H] + 454.29116, found 454.29012.  

[Ŭ]22
D = -34.95, (c = 0.052, MeOH). 

 

(((2S)-1-(2-Ethyl-3-(2,2,2,2,2,2,2-heptamethyl-2ᾊ9-propyl) -4-hydroxy-5-oxo-2,5- dihydro-

1H-pyrrol -1-yl)-1-oxopropan-2-yl)carbamoyl)-L -alanine (3.106). To a stirred solution of 2,3-

pyrrolidinedione 3.79 (102 mg, 0.286 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, a solution of 1 

M LiHMDS (0.6 mL, 0.571 mmol, 2 equiv) was added dropwise. The mixture was stirred for 1 h. 

Then the activated dipeptide 3.98 (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 aqueous solution of 

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

was purified with silica flash column chromatography and carried forward to the next step. 

To a stirred solution of benzyl protected 2,3-pyrrolidinedione (82.4 mg, 0.130 mmol, 1 

equiv) in EtOAc (0.01 M) a catalytic amount of 10% Pd/C (10 mol %), H2 was 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 afford 3.106 (1.7 mg, 1% over 2 steps) as a clear oil: 

1H NMR  (700 MHz, Methanol-d4) δ 5.50 – 5.45 (m, 1H), 4.65 (dd, J = 4.6, 2.7 Hz, 0.46H), 4.58 

(dd, J = 4.8, 2.5 Hz, 0.63H), 4.27 – 4.23 (m, 1H), 2.60 – 2.53 (m, 1H), 2.38 – 2.25 (m, 1H), 2.12 

– 2.05 (m, 1H), 1.75 –1.72 (m, 1H), 1.64 – 1.58 (m, 1H), 1.54 –1.47 (m, 1H), 1.40 – 1.26 (m, 22H), 

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

13C NMR  (176 MHz, DMSO-d6) δ 173.69, 166.40, 156.73, 141.30, 131.16, 87.61, 69.76, 56.77, 

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  (cm-1) 3356, 2922, 2762, 2358, 2078, 1724, 1696, 1560, 1456, 1385, 1364, 1239.  

HRMS (m/z) calculated for C23H40N3O6 [M+H] + 454.29116, found 454.29054.  

[Ŭ]20
D = -36, (c = 1.29, MeOH). 

 

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

stirred solution of triphosgene (38.3 mg, 0.126 mmol, 0.37 equiv) in CH2Cl2 (0.11 M) was slowly 

added a mixture of L-phenylalanine benzyl ester hydrochloride (0.10 g ,0.34 mmol, 1 equiv) and 

DIPEA (0.13 mL, 0.75 mmol, 2.2 equiv) in CH2Cl2 (1.2 mL, 0.28M) over a period of 30 min using 

a syringe pump. Once the first amino acid was added a solution of L-valine benzyl ester 

hydrochloride (83.6 mg, 0.342 mmol, 1 equiv) and DIPEA (0.13 mL, 0.75 mmol, 2.2 equiv) in 

CH2Cl2 (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 CH2Cl2, and quenched with 10% sodium 

bisulfate, a saturated aqueous solution of NaHCO3, and brine. Then dried (Na2SO4) 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).  

1H NMR  (700 MHz, Chloroform-d) δ 7.38 – 7.28 (m, 10H), 7.17 (dt, J = 10.1, 3.6 Hz, 3H), 6.99 

– 6.96 (m, 2H), 5.22 – 5.10 (m, 4H), 5.04 (dt, J = 12.2, 2.9 Hz, 2H), 4.86 (td, J = 8.1, 4.0 Hz, 1H), 

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

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

13C NMR  (176 MHz, Chloroform-d) δ 173.31, 172.45, 156.76, 136.04, 135.56, 135.32, 129.63, 

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  (cm-1) 3349, 2997, 2926, 2868, 2326, 2093, 1743, 1666, 1571, 1398.  

HRMS (m/z) calculated for C29H32N2O5Na [M+Na]+ 511.22034, found 511.21896.  

[Ŭ]22
D = -11.37, (c = 1.09, MeOH).  

 

(((S)-1-Carboxy-2-phenylethyl)carbamoyl)-L-valine (3.138). To a stirred solution of S-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 

%), H2 was 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 the crude product. The crude 

product was purified using reverse phase silica flash chromatography (C18) to obtain 3.138 (50.2 

mg, 31% yield) as a white solid: 
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Rf = 0 (10% MeOH in CH2Cl2). 

1H NMR  (600 MHz, Methanol-d4) δ 7.30 – 7.18 (m, 5H), 4.55 (dd, J = 6.8, 5.4 Hz, 1H), 4.18 (d, 

J = 4.9 Hz, 1H), 3.13 (dd, J = 13.8, 5.4 Hz, 1H), 3.01 (dd, J = 13.8, 6.9 Hz, 1H), 2.13 (hd, J = 7.1, 

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

13C NMR  (176 MHz, Methanol-d4) δ 175.95, 175.51, 160.13, 138.15, 130.55, 129.37, 127.73, 

59.29, 55.48, 39.12, 31.98, 19.63, 17.85.  

IR  (cm-1) 3342, 3012, 2945, 2782, 1793, 1677, 1508, 1400, 1290, 1148.  

HRMS (m/z) calculated for C15H21N2O5 [M+H] + 309.14450, found 309.14362.  

[Ŭ]21
D = +49.87, (c = 0.84, MeOH).  

 

Methyl (Z)-2-hydroxy-3-(4-(trifluoromethyl)phenyl)acrylate ( 3.23). N-acyl-glycine (3.36 g, 

28.7 mmol, 1 equiv), sodium acetate (2.59 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. The solid was 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 HCl was added, then heated to reflux overnight. The solid was filtered with 1 M HCl and CH2Cl2 

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, 13.2 mmol, 1 equiv) in anhydrous MeOH (44 mL, 

0.3 M) was added TMSCl (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 reduced pressure. 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 semi-solid:  

1H NMR  (600 MHz, Chloroform-d) δ 7.89 – 7.81 (m, 2H), 7.63 – 7.58 (m, 2H), 7.55 – 7.49 (m, 

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

13C NMR  (151 MHz, Chloroform-d) δ 166.44, 140.69, 130.22, 130.04, 125.47, 125.45, 109.45, 

102.82, 53.68.  

IR  (cm-1) 3427, 2945, 2348, 2093, 1754, 1709, 1631, 1629, 1448, 1426, 1401, 1338, 1262, 1217, 

1157, 1118, 1057, 997, 962.  

HRMS (m/z) calculated for C11H10F3O3 [M+H] + 247.05766, found 247.05705. 

 

Methyl (Z)-3-(4-bromophenyl)-2-hydroxyacrylate (1.114). N-acyl-glycine (2.67 g, 22.6 mmol, 

1.1 equiv), sodium acetate (1.87 g, 22.6 mmol, 1.1 equiv), 4-bromobenzaldehyde (4.0 g, 20 mmol, 

1 equiv), and acetic anhydride (5.9 mL, 62 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. The 

solid was 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 HCl was added, then heated to reflux overnight. The solid 

was filtered with 1 M HCl and CH2Cl2 to obtain a light orange solid. The crude product (2.63 g) 

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 TMSCl (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 reduced pressure. 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 semi-solid:  

1H NMR  (500 MHz, Acetone-d6) δ 8.39 (d, J = 1.5 Hz, 1H), 7.77 (d, J = 8.3 Hz, 2H), 7.55 (d, J 

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

13C NMR  (176 MHz, Chloroform-d) δ 166.61, 139.62, 133.11, 131.78, 131.50, 122.13, 110.05, 

53.53.  

IR  (cm-1) 3435, 3012, 2974, 2097, 1910, 1716, 1642, 1442, 1407, 1357, 1308.  

HRMS (m/z) calculated for C10H10BrO3 [M+H] + 256.98078, found 256.97991. 

 

Methyl (Z)-3-(4-chlorophenyl)-2-hydroxyacrylate (3.113). N-acyl-glycine (3.59 g, 30.4 mmol, 

1.1 equiv), sodium acetate (2.52 g, 30.4 mmol, 1.1 equiv), 4-chlorobenzaldehyde (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 °C for 1 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 a round bottom flask and 6 M HCl was added, then heated to reflux overnight. 

The solid was filtered with 1 M HCl and CH2Cl2 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 TMSCl (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 under reduced 

pressure. The crude solid was purified via column flash chromatography to afford the product 

(1.74 g, 52% yield) as a white semi-solid: 
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1H NMR  (500 MHz, Chloroform-d) δ 7.69 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 6.48 – 

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

13C NMR  (176 MHz, Chloroform-d) δ 166.47, 139.33, 133.69, 132.54, 131.09, 128.68, 109.87, 

53.37.  

IR  (cm-1) 3435, 2978, 2786, 2093, 1964, 1789, 1469, 1450, 1349, 1310.  

HRMS (m/z) calculated for C10H10ClO3 [M+H] + 213.03130, found 213.03070.  

 

1-(3,4-Dimethylbenzyl)-3-hydroxy-4-(4-(trifluoromethyl)phenyl) -1,5-dihydro-2Hpyrrol -2-

one (3.115). General procedure A was followed using 3.23 (1.2 g, 4.9 mmol, 1 equiv), 

formaldehyde (37 wt% in H2O) 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, Chloroform-d) δ 7.71 (d, J = 8.1 Hz, 2H), 7.62 (d, J = 8.1 Hz, 2H), 7.20 (d, 

J = 8.0 Hz, 1H), 6.49 (d, J = 9.5 Hz, 2H), 6.46 (s, 1H), 4.71 (s, 2H), 4.09 (s, 2H), 3.88 (d, J = 1.4 

Hz, 3H), 3.83 (d, J = 1.4 Hz, 3H).  

13C NMR  (176 MHz, Chloroform-d) δ 166.83, 161.08, 158.70, 143.46, 131.20, 126.30, 125.67, 

125.65, 116.91, 114.99, 104.55, 98.81, 55.66, 55.58, 47.91, 41.57.  

IR (cm-1) 3118, 2973, 2818, 2356, 2348, 2048, 1709, 1647, 1513, 1474, 1312, 1273, 1073.  

HRMS (m/z) calculated for C20H19F3NO4 [M+H] + 394.12607, found 394.12502. 
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4-(4-Bromophenyl)-1-(3,4-dimethylbenzyl)-3-hydroxy-1,5-dihydro-2H-pyrrol -2-one (3.116). 

General procedure A was followed with 3.114 (1.58 g, 6.17 mmol, 1 equiv), formaldehyde (37 

wt% in H2O) solution (0.27 mL, 3.7mmol, 0.6 equiv) and 2,4- dimethoxybenzylamine (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).  

1H NMR  (600 MHz, Chloroform-d) δ 7.47 (s, 3H), 7.16 (d, J = 8.2 Hz, 1H), 6.97 (s, 1H), 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, Chloroform-d) δ 166.92, 160.85, 158.53, 142.08, 131.74, 131.19, 130.97, 

127.58, 121.28, 116.89, 115.42, 104.36, 98.64, 55.50, 55.43, 47.73, 41.31.  

IR  (cm-1) 3120, 2973, 2348, 1916, 1703, 1575, 1493, 1390, 1219.  

HRMS (m/z) calculated for C19H17BrNO4 [M-H]- 402.03464, found 402.03290. 

 

4-(4-Chlorophenyl)-1-(3,4-dimethylbenzyl)-3-hydroxy-1,5-dihydro-2H-pyrrol -2-one (3.117). 

General procedure A was followed with 3.113 (1.68 g, 7.94mmol, 1 equiv), formaldehyde (37 wt% 

in H2O) solution (0.35 mL, 4.8 mmol, 0.6 equiv) and 2,4- dimethoxybenzylamine (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).  

1H NMR  (700 MHz, Chloroform-d) δ 7.55 – 7.52 (m, 2H), 7.34 – 7.29 (m, 2H), 7.17 (d, J = 8.2 

Hz, 1H), 7.05 (s, 1H), 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, Chloroform-d) δ 167.03, 161.00, 158.68, 141.96, 133.27, 131.11, 130.89, 

128.96, 127.46, 117.07, 115.50, 104.52, 98.79, 55.65, 55.57, 47.93, 41.45.  

IR  (cm-1) 3096, 2984, 2827, 2385, 2115, 1983, 1748, 1482, 1360, 1245, 1133.  

HRMS (m/z) calculated for C19H17ClNO4 [M-H]- 358.08516, found 358.08558. 

 

3-(Benzyloxy)-1-(3,4-dimethylbenzyl)-4-(4-(trifluoromethyl)phenyl) -1,5-dihydro -2Hpyrrol -

2-one (3.118). General procedure B was followed using 2,3-pyrrolidinedione 3.115 (64.3 mg, 1.63 

mmol, 1 equiv), K2CO3 (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, Chloroform-d) δ 7.71 (d, J = 8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 7.50 – 

7.42 (m, 2H), 7.38 – 7.30 (m, 3H), 7.16 (d, J = 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, Chloroform-d) δ 166.56, 160.86, 158.66, 146.30, 137.32, 131.13, 128.62, 

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  (cm-1) 2965, 2807, 2069, 1977, 1709, 1595, 1441,1316, 1252.  

HRMS (m/z) calculated for C27H23F3NO4 [M-H]- 482.15847, found 482.15826. 
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3-(Benzyloxy)-4-(4-bromophenyl)-1-(3,4-dimethylbenzyl)-1,5-dihydro-2H-pyrrol -2- one 

(3.119). General procedure B was followed using 2,3-pyrrolidinedione 3.116 (0.379 g, 0.938 

mmol, 1 equiv), K2CO3 (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, Chloroform-d) δ 7.48 (dd, J = 8.6, 1.5 Hz, 2H), 7.46 – 7.41 (m, 4H), 7.39 – 

7.28 (m, 3H), 7.15 (d, J = 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, Chloroform-d) δ 166.84, 160.79, 158.64, 145.16, 137.44, 131.78, 131.12, 

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 (cm-1) 3315, 3066, 2984, 2385, 2087,1715, 1497, 1474, 1424, 1301.  

HRMS (m/z) calculated for C26H23BrNO4 [M-H]- 492.08159, found 492.08212. 

 

3-(Benzyloxy)-4-(4-chlorophenyl)-1-(3,4-dimethylbenzyl)-1,5-dihydro -2H-pyrrol -2- one 

(3.120). General procedure B was followed using 2,3-pyrrolidinedione 3.117 (43.3 mg, 1.20 mmol, 

1 equiv), K2CO3 (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, Chloroform-d) δ 7.59 – 7.55 (m, 2H), 7.48 – 7.45 (m, 2H), 7.40 – 7.29 (m, 

5H), 7.17 (d, J = 8.1 Hz, 1H), 6.50 – 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, Chloroform-d) δ 166.88, 160.82, 158.67, 145.05, 137.48, 133.85, 131.08, 

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 (cm-1) 3373, 2984, 2907, 2106, 1621, 1472, 1390, 1258.  

HRMS (m/z) calculated for C26H25ClNO4 [M+H] + 450.14666, found 450.14529. 

 

3-(Benzyloxy)-4-(4-(trifluoromethyl)phenyl) -1,5-dihydro-2H-pyrrol -2-one (3.121). General 

procedure C was followed using 2,3-pyrrolidinedione 3.118 (209 mg, 0.432 mmol, 1 equiv) and 

TFA (2.9 mL) in CH2Cl2 (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, Chloroform-d) δ 7.77 (d, J = 8.2 Hz, 2H), 7.60 (d, J = 8.1 Hz, 2H), 7.44 (d, 

J = 8.0 Hz, 2H), 7.34 (dtd, J = 11.0, 7.1, 6.5, 1.8 Hz, 3H), 6.18 (s, 1H), 5.66 (s, 2H), 4.24 (d, J = 

1.4 Hz, 2H).  

13C NMR  (126 MHz, Chloroform-d) δ 169.42, 146.07, 137.07, 135.45, 128.68, 128.44, 128.41, 

127.12, 126.59, 125.68, 125.65, 125.62, 125.17, 72.39, 43.40.  

IR (cm-1) 3340, 3017, 2870, 2728, 2132, 1912, 1752, 1483, 1293.  

HRMS (m/z) calculated for C18H13F3NO2 [M-H]- 332.09039, found 332.09020. 
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3-(Benzyloxy)-4-(4-bromophenyl)-1,5-dihydro-2H-pyrrol -2-one (3.122). General procedure C 

was followed using 2,3-pyrrolidinedione 3.119 (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, Chloroform-d) δ 7.56 – 7.52 (m, 2H), 7.50 – 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, Chloroform-d) δ 170.22, 144.90, 137.14, 132.22, 131.93, 130.87, 130.22, 

128.63, 128.36, 128.01, 122.70, 72.39, 43.61.  

IR (cm-1) 3146, 3071, 2937, 2315, 2119, 1944, 1769, 1592, 1353,1234.  

HRMS (m/z) calculated for C17H15BrNO2 [M+H] + 344.02807, found 344.02728. 

 

3-(Benzyloxy)-4-(4-chlorophenyl)-1,5-dihydro-2H-pyrrol -2-one (3.223). General procedure C 

was followed using 2,3-pyrrolidinedione 3.120 (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, Chloroform-d) δ 7.62 – 7.59 (m, 2H), 7.42 (d, J = 7.1 Hz, 2H), 7.33 (qd, J = 

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, Chloroform-d) δ 169.75, 144.82, 137.21, 134.42, 130.51, 128.99, 128.63, 

128.40, 128.34, 127.75, 72.36, 43.46, 29.88.  

IR  (cm-1) 3157, 3055, 2945, 2876, 2350, 1649, 1646, 1597, 1476, 1472, 1372, 1347, 1133, 1087, 

1021, 941.  

HRMS (m/z) calculated for C17H13ClNO2 [M-H]- 298.06403, found 298.06370. 

 

(((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 (3.127). To a stirred solution of 2,3-

pyrrolidinedione 3.121 (73 mg, 0.22 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 dipeptide 3.67 (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 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 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 %), H2 was 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 crude product. The crude product was purified with Prep 

HPLC to afford 3.127 (34.6 mg, 30% over 2 steps) as a white solid: 
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1H NMR  (600 MHz, DMSO-d6) δ 12.60 (s, 1H), 11.18 (s, 1H), 8.00 (d, J = 8.2 Hz, 2H), 7.80 (d, 

J = 8.3 Hz, 2H), 7.29 (t, J = 7.5 Hz, 2H), 7.24 – 7.17 (m, 3H), 6.55 (d, J = 9.3 Hz, 1H), 6.38 (d, J 

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

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

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

13C NMR  (176 MHz, DMSO-d6) δ 173.65, 172.38, 165.64, 157.31, 143.67, 137.32, 135.68, 

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  (cm-1) 3364, 2986, 1813, 1774, 1687, 1595, 1355, 1278.  

HRMS (m/z) calculated for C26H27F3N3O6 [M+H] + 534.18465, found 534.18370.  

[Ŭ]21
D = +34.9, (c = 0.9, MeOH). 

 

(((S)-1-(3-Hydroxy-2-oxo-4-phenyl-2,5-dihydro-1H-pyrrol -1-yl)-3-methyl-1- oxobutan-2-

yl)carbamoyl)-L -phenylalanine (3.129). To a stirred solution of 2,3- pyrrolidinedione 3.122 (51 

mg, 0.14 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 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. 
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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 %), H2 was 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 crude product. The crude product was purified with 

preparative HPLC to afford 3.129 (8.01 mg, 9% over 2 steps) as a clear oil. 

1H NMR  (600 MHz, DMSO-d6) δ 7.81 (d, J = 7.8 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.38 – 7.30 

(m, 1H), 7.28 (t, J = 7.5 Hz, 2H), 7.20 (d, J = 7.5 Hz, 3H), 6.54 (d, J = 9.3 Hz, 1H), 6.37 (d, J = 

8.0 Hz, 1H), 5.45 (dd, J = 9.3, 3.8 Hz, 1H), 4.58 (d, J = 17.6 Hz, 1H), 4.51 (d, J = 17.6 Hz, 1H), 

4.31-4.29 (m, 1H), 3.00 (dd, J = 13.7, 5.4 Hz, 1H), 2.86 (dd, J = 13.8, 7.4 Hz, 1H), 2.10-2.05 (m, 

1H), 0.95 (d, J = 6.8 Hz, 3H), 0.79 (d, J = 6.8 Hz, 3H).  

13C NMR  (176 MHz, DMSO-d6) δ 172.35, 165.96, 157.34, 141.76, 137.51, 131.68, 129.29, 

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  (cm-1) 3353, 3027, 2960, 2924, 2089, 1718, 1653, 1545, 1392, 1239, 1187, 1023.  

HRMS (m/z) calculated for C25H26N3O6 [M-H]- 464.18271, found 464.18206.  

[Ŭ]21
D = +7.92, (c = 0.7, MeOH). 

 

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

oxobutan-2-yl)carbamoyl)-L-phenylalanine (3.128). To a stirred solution of 2,3- 
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pyrrolidinedione 3.223 (38.7 mg, 0.129 mmol, 1 equiv) in THF (0.05 M) at -47 ºC, 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 dipeptide 3.67 (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 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 to the next step. 

The benzyl protected starting material (40 mg, 0.06 mmol, 1 equiv) was dissolved in 

CH2Cl2 (0.04 M) and cooled to -10 ºC. Then a solution of BBr3 (0.29 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 with CH2Cl2 and 

quenched slowly with a saturated aqueous solution of NaHCO3 at 0ºC. The product was extracted 

with CH2Cl2(2x) and then washed with brine and dried (Na2SO4). The crude product was purified 

by Prep HPLC to afford 3.128 (13.3 mg, 22% over 2 steps) as a white solid: 

1H NMR  (700 MHz, Methanol-d4) δ 7.86 – 7.83 (m, 2H), 7.46 – 7.44 (m, 2H), 7.27 (t, J = 7.5 Hz, 

2H), 7.24 – 7.21 (m, 2H), 7.21 – 7.18 (m, 1H), 5.55 (d, J = 4.1 Hz, 1H), 4.59 – 4.54 (m, 2H), 4.47 

(d, J = 17.4 Hz, 1H), 3.12 (dd, J = 13.8, 5.1 Hz, 1H), 3.01 (dd, J = 13.8, 6.8 Hz, 1H), 2.23 – 2.20 

(m, 1H), 1.07 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H).  

13C NMR  (176 MHz, Methanol-d4) δ 174.22, 167.25, 160.21, 143.49, 138.17, 135.29, 131.94, 

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  (cm-1) 3418, 2904, 2344, 2156, 1780, 1605, 1508, 1448, 1355, 1210, 1068.  

HRMS (m/z) calculated for C25H25ClN3O6 [M-H]- 498.14374, found 498.14297.  

[Ŭ]22
D = +26.09, (c = 0.599, MeOH). 
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Evaluation and Biological Activity 

General Information ï 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 at -80 °C until use. Bacteria was streaked onto tryptic-soy agar for colony 

isolation. Mueller-Hinton broth (MHB, 211443-BD) and D-glucose (CAS: 492-62-6) were 

purchased from Fisher Scientific. Tryptic soy agar (TSA, cat. # 22091) and Linezolid (cat. # 

P70014) were purchased from Sigma-Aldrich, and Vancomycin HCl (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 repeated 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 

spectrophotometer. 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 (CLSI) M07-A8, Vol. 29 (2) 

MSSA (ATCC 29213 and 25923) and MRSA (ATCC 33591) was grown in MHB for 6- 8 h; this 

culture was used to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacterial suspension 

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 (typically 128 µg/mL). Linezolid 

(from a 10 mM DMSO stock) or vancomycin (from a 10 mM DMSO stock) 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. The plate was 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 using S. aureus (ATCC 25923, ATCC 29213, 

ATCC 33591) and the Calgary Biofilm Device (CBD) to determine MBEC values for various 

compounds of interest (Innovotech, product code: 19111).2,3 The Calgary device is a 96-well 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 to a new base well for MBEC testing. For the MBEC assay, an overnight culture 

of MSSA (ATCC 25923) was adjusted to 0.5 McFarland in MHB-G. The CBD was inoculated 

with 165 µL 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 96-well plate containing serial dilutions of the test compounds 

(“challenge plate”) and incubated at 37 °C for 24 hours. The CBD lid was then removed from the 

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 the base well. 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 literature4,5,6 to perform the MBEC assays 

as previously reported.7 Bacterial biofilms 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 are de-attached from the pegs via 

sonication into a new growth media rescue plate 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 rescue media plates (check Figure S1). 

 

Given the unusual set of data we initially obtained, especially for compound 3.90 (but also for 3.1, 

3.91 and 3.105) in which the MBEC literature; but not unprecedented. Human-derived 

antimicrobial peptides have shown the capacity to inhibit and/or eradicate bacterial biofilms of 

Burkholderia spp., P. aeruginosa, and multispecies biofilms through the disruption of stress 

response regulators8,9. As a follow-up experiment to determine if there were viable bacteria in the 

treatment supernatant resulting from the MBEC assay, we performed an MBEC treatment 

supernatant enumeration assay to enumerate the bacterial cells that escaped the biofilm by serial 



139 

 

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 

compounds 3.1 and 3.90 due to their similar activities against 25923 biofilms (16 and 8 µg/mL 

respectively) and their larger difference of activity against planktonic cells in the MIC assay (32 

and >128 µg/mL respectively). Compounds 3.1 and 3.90 were enumerated at 2x their MBECs 

(treatment doses: 32 µg/mL and 16 µg/mL, respectively) and 2x their MICs (treatment doses: 64 

µg/mL and 128 µg/mL, respectively (Figure 2). Compound 16’s MIC treatment dose reflected the 

upper limit of study from the initial in vitro testing stage. Of note, no viable cells were recovered 

from any of the compound 3.1 treatment wells tested. Compound 3.90 displayed a higher number 

of cells than those in the untreated wells. All untreated controls displayed growth in both the 

assay’s terminal media rescue plate and the enumeration of the PBS-only supernatant (Figure 1. 

Step 2). The lower limit of detection for the assay was 100 CFU/mL.  

 

These results confirm those seen in previous MIC/MBECs and more accurately characterizes 

compound 3.90 as capable of biofilm eradication with non-lethal effects (also observed for 

compound 3.105), while compound 3.1 simultaneously eradicates the biofilm phenotype with 

lethal effects. While this phenomenon has literature precedent, present in antimicrobial peptides 

across varied species of biofilm-forming pathogenic bacteria, the juxtaposition of observed effects 
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of compound 3.90 and compound 3.1 warrant a deeper investigation which lies outside the scope 

of this study.  

Photos of Enumeration Assay: Leopolic acid A, 3.1  (left); Analog, 3.90 (right)  
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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 used to treat Type I diabetes.1  Peptides occupy a unique space between 

small molecules and biologics, playing essential roles in human physiology as hormones, 

neurotransmitters, growth factors, and antibacterial agents.2,3 Over 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.3  More recently, advancements in genomics and 

peptidomics have provided powerful new approaches for identifying therapeutic peptides. 

Additionally, high-throughput screening techniques enable scientists to rapidly evaluate vast 

libraries of molecules. Common strategies for discovering new peptide drugs include targeting 

known signaling pathways with specific receptors, de novo peptide ligand screening, and 

leveraging genomic or peptidomic insights.3 These advancements continue to drive innovation in 

peptide therapeutics, expanding their potential in modern medicine. 

Peptides have emerged as promising therapeutic agents for various conditions, including 

diabetes, cancer, and fungal and bacterial infections.1,3–8  While 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 and permeability limit administration methods, typically requiring 

intravenous injection.2  Peptides also struggle to cross the blood-brain barrier, making them 

ineffective for central nervous system targets—though from a toxicology standpoint, this can be a 
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beneficial trait.3  Another drawback is their biological instability. Peptides are rapidly metabolized 

and cleared from the body, primarily through proteolytic degradation and renal filtration.3 Despite 

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 development.1 Compared to linear peptides, cyclic 

peptides exhibit greater biological activity, binding to their targets with higher affinity and 

selectivity due to their restricted conformational flexibility.3,9  Additionally, cyclization enhances 

stability by protecting the amide backbone from enzymatic degradation, as the rigid structure limits 

access to proteases.3,9 Furthermore, cyclization can improve membrane permeability by increasing 

intramolecular hydrogen bonding, which enhances solvation and reduces the peptide’s polar 

surface area.9  

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 fungal infections during 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 millions of deaths each year.10,11  According 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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Figure 23. FDA-approved antifungal therapeutics  

Fungi are evolutionarily close to humans, which presents a unique challenge for the 

development of antifungal drugs. Due to this close evolutionary relationship, many potential drug 

targets in fungi are also present in human cells, thereby limiting the scope for developing effective 

treatments that do not harm the host.10  Currently, the FDA has approved a few classes of 

antifungal drugs, including azoles, echinocandins, and amphotericin B (Figure 20).10,12  In 2023, 

the FDA approved Rezfungin, a cyclic peptide antifungal shown in Figure 24.1   It is an oral 

medication and an analog of anidulafungin (4.5), a naturally occurring cyclic peptide.1   While 

these treatments have shown some  
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Figure 24. Rezfungin antifungal agent and anidulafungin 

success, they are not always effective, particularly against more resistant or difficult-to-treat fungal 

infections. Given the limitations of existing antifungal therapies and the growing problem of drug 

resistance, it is crucial for the scientific community to 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 - Fungus Mutualism Leads to New Drugs  

Mutualism refers to a symbiotic relationship in which both species involved benefit from 

their interaction. One example of mutualism is the long-established relationship between ants and 

fungi, which has evolved over at least 50 million years.13 In 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 active small molecules.14  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 bring to it.15,16   This chemical defense system is 
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crucial for maintaining the health and stability of the entire mutualistic relationship. Over time, 

this relationship has led to the diversification of the ants, their fungal cultivars, and even the garden 

parasites that interact with both.15,16  The coevolution of these species highlights the complexity 

and interdependence of their mutualistic association. Moreover, 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 coworkers.14  It is produced as part of 

the mutualistic relationship between actinobacteria and fungus-growing ants (Figure 25). In their 

study, Clardy and coworkers isolated the bacterium Pseudonocardia sp., the fungal cultivar, and 

the parasitic fungus Escovopsis sp. from an Apterostigma dentigerum ant nest collected in 

Gamboa, Panama, in 2001.14  The Pseudonocardia strain was found to produce dentigerumycin, 

which exhibited strong inhibitory activity against Escovopsis from 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. 
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Figure 25. Mutualistic relationship to access dentigerumycin 

Dentigerumycin is a cyclic depsipeptide characterized by its incorporation of highly 

modified amino acids, including two piperazic acid (Piz) units, γ-hydroxypiperazic acid, β-

hydroxyleucine, and N-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 limited. However, 

available studies suggest that it exhibits antimicrobial activity, particularly against the fungal 

parasite Escovopsis. Furthermore, dentigerumycin demonstrates inhibitory effects against various 

strains of Candida albicans, with a MIC of 1.1 ɛM, highlighting its potential as an antimicrobial 

agent.14  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 products.17,18  While these compounds differ in their core structures 

due to variations in their amino acid composition, all three natural products incorporate piperazic 

acid moieties. Piperazic acid was first discovered in 1971, is a distinctive cyclic hydrazine-

containing amino acid, known for its unusual structural features.19  Piperazic acids are found in a 

variety of natural products with biological activity. 20,21  Structurally, piperazic acid moieties have 

a constrained conformation, locking the amino acid in place, which can induce beta-turns.20  This 

unique amino acid significantly contributes to the biological activity and structural diversity of 

these natural products, positioning them as valuable targets for further study in the context of 

antimicrobial and other bioactive properties. 

 

Scheme 34. 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, the KtzI-encoded gene cluster was 

identified as corresponding to the piperazic acid-containing kutznerides.22  It was subsequently 

shown that free N-OH-L-ornithine served as an intermediate in the biosynthetic pathway. 

Following this discovery, the piperazate synthase KtzT enzyme was found to convert N-OH-L-

ornithine into L-piperazic acid (Scheme 34).23  Over the years, various biosynthetic, synthetic, and 

chemical strategies have been developed to access piperazic acids.19–21,24–26  
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A commonly used synthetic route to access piperazic acid is by a proline-catalyzed  

asymmetric α-hydrazination (Scheme 35). Both (R)- and (S)-piperazic acids can be synthesized 

through a proline-catalyzed asymmetric α-hydrazination.27 The synthetic route commences with 

bromoaldehyde, dibenzylazodicarboxylate, and catalytic proline in CH3CN, resulting in an 

asymmetric α-hydrazination. Depending on the desired enantioselectivity, either D- or L-proline 

can be used. The resulting aldehyde, which is unstable, was reduced in the same pot using NaBH₄ 

to yield an alcohol, which was then TBS-protected. Next, the silyl-protected compound underwent 

cyclization with NaH, followed by deprotection with TBAF. Finally, the unprotected alcohol was 

oxidized with TEMPO to form the piperazic acid moiety. 

 

Scheme 35. Proline-catalyzed asymmetric α-hydrazination piperazic acid synthesis 

Piperazic acids are often challenging to work with, primarily due to their limited reactivity. 

In natural products containing piperazic acid, the N2-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 at N2, which is caused by stereoelectronic effects.24,28 Since 

1979, it has been established that only acylating agents could be used to add to the N2 position of 
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piperazic acid.29 In most cases, a silver salt is required to promote the acylation reaction. While 

AgCN is typically used for silver-promoted acylation, this reagent is highly toxic.30–34  Fortunately, 

alternative silver salts, which are safer to handle, have been reported to effectively facilitate these 

acylation reactions.31  

Our Synthetic Route  

There is no previously reported synthetic route to dentigerumycin. Our synthetic route was 

inspired by previously reported cyclic peptide syntheses containing Piz moieties.21,31–37  



153 

 

 

Scheme 36. 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 between the N2-position of Piz and a 

carboxylic acid. This comes from a coupling of Piz-Ala and the alcohol in hydroxyleucine. The 

left-hand side of the depsipeptide core will be formed through a series of coupling reactions.  
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N-OH-Ala 

The synthetic route for N-OH-Ala amino acid (Scheme 37) begins with the reaction of D-

methyl lactate with OTf2, 2,6-lutidine, and NH2OBn, which lead to the formation of methyl ester 

4.18. Saponification of methyl ester 4.18 then yielded the corresponding carboxylic acid, which 

was subsequently allyl protected to afford 4.19. However, during the allyl protection step, a double 

addition was observed, which resulted in lower yields.  

 

Scheme 37. 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 synthesize (R)-piperazic acid followed a 3-step synthetic 

route published in 2013, which was originally designed for (S)-piperazic acid using D-proline 

(Scheme 38).38 However, we adapted the route by substituting D-proline with L-proline to access 

the desired stereochemistry. The route began with DBAD, an aldehyde, and catalytic L-proline to 

form the hydrazine aldehyde (4.11) through asymmetric α-hydrazination. In the same pot, the 

aldehyde underwent a Pinnick oxidation. The final step involved an intramolecular cyclization and 

Cbz deprotection in a single step, using NaOH to yield the target piperazic acid. 
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Scheme 38. Process chemistry route to piperazic acid  

Unfortunately, our attempt using this shortened route was unsuccessful, as we were unable 

to obtain the carboxylic acid (4.21). We hypothesized that the difference in scale, from kilogram-

scale process chemistry to our milligram-scale reaction, was a contributing factor. As a result, we 

opted for a more widely used, longer synthetic route, as detailed in the literature earlier.27 

 

Scheme 39. (R)-piperazic acid synthesis 

The revised approach in Scheme 39 also involved an asymmetric α-hydrazination using 

DBAD, an aldehyde, and catalytic L-proline. Temperature control was critical for this reaction, as 
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it must be maintained at 0 ºC; temperatures lower than this significantly slow the reaction rate. 

Instead of oxidizing the aldehyde (4.11) to a carboxylic acid, we reduced it with NaBH4 to afford 

alcohol 4.12. This was followed by TBS protection and intramolecular cyclization to afford 

compound 4.14. The alcohol was then oxidized using a modified version of the TEMPO oxidation 

to obtain the carboxylic acid (4.16).27  Finally, the Cbz group was selectively deprotected to yield 

compound 4.22.33  Two deprotection conditions—NaOH and KOH—were tested, with KOH 

providing the higher yield. 

 

Scheme 40. Esterification and Fmoc protection of Piz 

The two piperazic acid moieties in the core of dentigerumycin require different 

functionalization strategies, based on how we plan to assemble the core structure (Scheme 40). 

For one piperazic acid, the N2-position must have a free nitrogen, and the carboxylic acid needs 

to be esterified. To form the ester, the compound was treated with SOCl2 in MeOH to afford 4.23.  

For the second piperazic acid, the N2-position needed to be Fmoc-protected, with the carboxylic 

acid left free for coupling. The Fmoc protection was carried out using TMSCl, DIPA, and FmocCl 

to afford 4.24.39  
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Hydroxypiperazic acid  

The synthetic route to (S,S)- γ-hydroxypiperazic acid was inspired by previously reported 

methods for cyclic peptide total syntheses.40,41 The synthetic route shown in Scheme 41 began 

with L-glutamic acid being treated with diazotization conditions to form lactone 4.26. To reduce 

the carboxylic acid to an alcohol, a borane-dimethyl sulfide complex was employed. The resulting 

alcohol (4.27) was then protected with TBDPS to access lactone 4.28. 

 

Scheme 41. Synthetic route to access protected lactone  

To install a trans-alcohol on lactone 4.28, LiHMDS was used to generate the anion, which was 

then trapped with MoOPH (Scheme 42). MoOPH was synthesized following standard 

protocols.42  Molybdenum trioxide and a 30% hydrogen peroxide solution were stirred at 40 ºC, 

producing a yellow solution. This solution was then cooled to room temperature, and HMPA was 

added to yield intermediate 4.31. Finally, pyridine was added to complete the formation of MoOPH 

(4.32). 

 

Scheme 42. Synthesis of MoOPH and alpha hydroxylation of lactone. 
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The trans-alcohol (4.29) was first treated with triflic anhydride, followed by exposure to tert-butyl 

carbazate, resulting in the formation of hydrazide 4.33. This reaction is sensitive, and an 

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, the free nitrogen was protected using 

TrocCl. The TBDPS group was then removed under mildly acidic conditions to afford intermediate 

4.35, deprotection of the hydroxyl group. The next step was to form a bicyclic system that could 

be opened to yield γ-hydroxypiperazic acid. Our initial approach involved activating the alcohol 

with triflic anhydride to form the bicyclic product, followed by Boc deprotection in the same pot. 

However, despite numerous attempts to optimize the conditions, we were unable to isolate the 

desired bicyclic compound 4.36. 

 

Scheme 43. Hydrazine formation synthesis  

We began to reconsider the activation method for the alcohol, recognizing its importance in 

facilitating the cyclization. Rather than attempting a one-pot reaction, we opted for a more stepwise 

approach to achieve the desired bicyclic compound (Scheme 44). Lactone 4.35 was first treated 

with MsCl and Et3N to form the mesylated compound 4.37. We then tested various bases, solvents, 

and temperatures in an effort to promote an intramolecular SN2 reaction 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 various attempts to form the bicyclic product, we suspect that the issue lies with the 

substrate (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 successful examples in the 

literature involve two Boc protecting groups. 

 

Scheme 44. Mesylation of lactone 
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Table 9. Conditions for cyclization 

 

We had to take a new approach to accessing (S,S)-γ-hydroxypiperazic acid (Scheme 45). 

The route we used is based on a method for synthesizing (R,R)-γ-hydroxypiperazic acid, which 

employs (R)-4-benzyl-2-oxazolidinone to control stereochemistry.41 For our target substrate, (S)-

4-benzyl-2-oxazolidinone was deprotonated with n-BuLi and acylated to access compound 4.40. 

Next, freshly prepared LDA was added to 4.40, followed by DBAD to access the desired 

compound 4.41. After removal of the chiral auxiliary, bromolactonization of 4.42 with NBS 

afforded the lactone 4.43. This lactone is similar to the previous approach, except that a bromine 

atom is substituted for the alcohol. Additionally, Boc groups are used to protect both nitrogen in 
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the hydrazine, which addresses issues encountered with the previous Troc group and the leaving 

group used. 

 

Scheme 45. Hydroxypiperazic acid synthesis 

With lactone 4.43 in hand, NaHMDS was used to deprotonate the second Boc-protected nitrogen, 

which then displaced the bromine to form the bicyclic compound 4.45. Finally, acid-catalyzed ring 

opening, Boc deprotection, esterification, Cbz protection, and TBS protection yielded the desired 

(S,S)-γ-hydroxypiperazic acid (4.47). 

Connecting the Fragments  

With (R)-Piz (4.24) and Ala-OBn (4.20) in hand, various coupling conditions were 

explored. Traditional reagents such as EDCI, EEDQ, 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 through an acylation (Scheme 46). An acyl chloride 

was generated by treating Fmoc-protected (R)-Piz (4.24) with SOCl2. The Fmoc group was used 

since it will not be removed under acidic conditions. Biphasic coupling conditions, saturated 
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NaHCO3 and CH2Cl2, were used for Ala-OBn (4.20) and the acyl chloride (4.48) to yield the 

coupled product 4.49. 

 

 

Scheme 46. Acylation and coupling reaction  

Next, 4.49 was deprotected to remove the allyl group, exposing the free carboxylic acid 

(Scheme 47). 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 to the N2-position of the (R)-Piz 

ester derivative (4.23, Scheme 47). 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 4.50 was treated with thionyl chloride. However, after several attempts, we 

were unable to generate the acyl chloride successfully. It was eventually determined that the 

dipeptide was undergoing decomposition, which hindered the desired transformation.31  
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Scheme 47. Acylation to form the left-hand fragment 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 Piz-Ala fragment, which would decompose (Scheme 48). The left 

side of the core will be constructed through a coupling reaction. This approach involves generating 

the acyl chloride on the Fmoc-protected Piz, which will then couple with the amine of the 

dipeptide. The dipeptide will be derived from the Fmoc-protected Ala-OBn and the methyl ester 

derivative of Piz. 
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Scheme 48. Revised retrosynthetic route 

The starting materials for the new route involve a slight modification to the Ala-OBn amino 

acid (Scheme 49). We began with the previously Alloc-protected Ala-OBn (4.20), which was first 

Fmoc-protected to access 4.53. Finally, the Alloc group was removed, yielding the desired amino 

acid (4.54) for coupling.  

 

Scheme 49. Ala-OBn modified synthesis 

With both (R)-Piz (4.23) and Ala-OBn (4.54) prepared, the first coupling reaction can be 

performed to access dipeptide 4.56. Ala-OBn was treated with oxalyl chloride to form an acyl 

chloride, which then reacted with the N2-position on (R)-Piz. For the next coupling step, the amine 

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 cyclization (4.58). Controlling the reaction time 

and concentration was crucial to minimizing this unwanted cyclization.  
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Scheme 50. Acyl chloride coupling reaction to form dipeptide 4.57 

With the deprotected dipeptide (4.57) in hand, Fmoc-protected (R)-Piz (4.24) was treated with 

oxalyl chloride, resulting in the formation acyl chloride 4.59 (Scheme 51). The acyl chloride (4.59) 

was then coupled with the dipeptide (4.57) under biphasic conditions to yield tripeptide 4.52. The 

next peptide would be coupled to the N2-position of the northern (R)-Piz. A Fmoc deprotection 

was performed to access 4.60. Tripeptide 4.60 was unstable on silica; the crude material will be 

carried forward to the next coupling reaction with β-OH-Leu.  

 

 

Scheme 51. Left-hand fragment of depsipeptide core 
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ɓ-OH-Leu 

The synthesis of the ɓ-OH-Leu fragment begins with an α,β-unsaturated ester 4.61 which 

underwent a Sharpless asymmetric dihydroxylation, accessing diol 4.62 (Scheme 52). Next, the 

diol was treated with SOCl2 and Et3N to obtain the 2,3-cyclic sulphite intermediate that was 

oxidized to a 2,3-cyclic sulphate (4.63). Nucleophilic addition of NaN3 afforded ester 4.64. 

 

Scheme 52. Hydroxyleucine synthesis 

We plan to complete this synthesis by TBS protecting the secondary alcohol, followed by reducing 

the azide to an amine (Scheme 53). The amine will then be benzyl-protected, which will be 

necessary for future steps. Lastly, saponification of the ester will yield the β-OH-Leu fragment that 

is ready to be added to the cyclic peptide core of dentigerumycin.  

 

Scheme 53. Future plans for accessing the hydroxyleucine fragment 
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Coupling Piz-OH and Ala-OMe 

With Piz-OH (4.47, Scheme 54) in hand, we now need to explore coupling conditions to 

add Ala-OMe to the carboxylic acid of Piz-OH. It is important to identify conditions that do not 

epimerize the stereocenters, which would result in a mixture of diastereomers. First, the ester on 

Piz-OH was saponified using LiOH (2 M) to afford a carboxylic acid (4.68), and the crude material 

was carried forward.  

 

Scheme 54. Hydroxyleucine and alanine coupling  

The first attempt to couple Piz-OH and Ala-OMe used traditional coupling conditions with 

EDCI, HOBt, and Et3N, yielding a mixture of diastereomers (4.70) based on the 1H NMR and 

LCMS trace. Next, we attempted HATU, HOAt, and DIPEA, which yielded a single diastereomer 

as determined by ¹H NMR and LCMS traces.  

Conclusion 

In conclusion, we have successfully synthesized the key modified amino acids for 

synthesizing the core of dentigerumycin: (R)-Piz, (S,S)-Piz-OH, Ala-OH, and β-Leu-OH. These 

building blocks are crucial for the synthesis of dentigerumycin’s core structure. Additionally, we 
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explored various coupling conditions to effectively access the left-hand side of the core. To 

facilitate this, acyl chloride couplings were used to add to the N2-position of Piz, a critical step in 

assembling the core structure. These efforts represent an important contribution in the total 

synthesis of dentigerumycin, with further work needed to complete the synthesis and optimize the 

coupling conditions for remainder of the molecule 

Future Plans  

In the future, we plan to complete the total synthesis of dentigerumycin and generate a 

library of analogs for biological testing. To access the core of the natural product we need to 

successfully couple the remaining two amino acid fragments and complete a macrocyclization. To 

begin β-Leu-OH will undergo an acyl chloride formation and then addition to the N2- position on 

Piz. This coupling reaction will most likely require the presence of a silver salt, as seen in our 

previous coupling conditions at the N-2 position of Piz. A TBS deprotection will reveal the free 

alcohol for coupling with dipeptide 4.60. Traditional coupling conditions such as DCC should 

suffice for coupling the carboxylic acid and alcohol.  With compound 4.75 in hand we can now 

access the core through a macrocyclization. First, the ester will be saponified with LiOH. Then the 

macrocyclization will take place at the N2-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 the N2-position of the Piz. Lastly, a global 

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 remain stable 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 reactions. Decomposition can be due to intramolecular side reactions or peptide 

degradation. The second factor to consider is the epimerization of our set stereocenters during each 

step. During the remaining steps, there 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, it is shown that the type of additive can have a significant effect on yield 

and selectivity.21,31,32  A final factor to consider is macrocyclization. Macrocyclizations can be 

challenging and depend heavily on conformational restraint and functional group 

preorganization.43,44 
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Scheme 55. 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 evaluate its antifungal and antibacterial activity. Building on this, we plan to access 

other compounds in the dentigerumycin family and develop a library of novel dentigerumycin 



171 

 

analogs. Dentigerumycin A-F are attractive targets due to their structural similarities to 

dentigerumycin.14,15,45,46  We can utilize our route with slight modifications to access different 

compounds in the dentigerumycin family.  Given 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 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 (pre-coated silica gel 60 F254 plates, 250 mm layer thickness) and 

visualization was accomplished with a 254 nm UV light and by staining with a KMnO4 solution 

(1.5 g of KMnO4, 10 g of K2CO3, 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). Reactions were also monitored by LC-MS 

(2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify the crude 

reaction mixtures and performed on a flash system utilizing pre-packed cartridges and linear 

gradients. 1H and 13C NMR spectra were obtained on a 500, 600 or 700 MHz instrument in CDCl3, 

unless otherwise noted. Chemical shifts were reported in parts per million with the residual solvent 

peak used as an internal standard (CDCl3 = 7.26 ppm for 1H and 77.16 ppm for 13C, acetone-d6 = 

2.84 ppm for water in 1H 205.22 ppm for 13C NMR). 1H 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 proton-decoupled pulse 

sequence with a d1 of 1 second unless otherwise noted, and are tabulated by observed peak. High-

resolution mass spectra were obtained on an ion trap mass spectrometer using heated electrospray 

ionization (HESI). Optical rotation was measured on Jasco P-2000 polarimeter. Infrared spectra 

were determined on the Agilent Cary 630 FTIR spectrometer and data are represented as frequency 

of absorption (cm-1) 
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Methyl (benzyloxy)-L-alaninate (4.17). To a stirred solution of methyl (R)-(+)-lactate (0.50 g, 

4.61 mmol, 1 equiv) in dry CH2Cl2 (1.7 M) under argon was added OTf2 (1.07 mL, 5.072 mmol, 

1.1 equiv) dropwise at 0 °C. After 15 min of stirring at 0 °C, 2,6-lutidine (0.65 mL, 5.487 mmol, 

1.2 equiv) was added dropwise. After another 15 min BnONH2 (1.81 mL, 9.22 mmol, 2 equiv) in 

dry CH2Cl2 (5.1 M) was added dropwise and allowed to stir at 0 °C for 10 min, then warmed to rt 

and stirred overnight. Upon completion, the reaction was diluted with CH2Cl2 and washed with 

water (2x), 1 M aq. HCl (2x) and brine. The organic layer was dried with Na2SO4, concentrated 

and purified by silica flash chromatography to afford a light-yellow oil (0.937 mg, 97% yield):  

Rf = 0.46 (35% EtOAc in hexanes). 

1H NMR (500 MHz, CDCl3) δ 7.36 – 7.27 (m, 5H), 4.71 (s, 2H), 3.75 (s, 3H), 3.71 (q, J = 7.1 Hz, 

1H), 1.21 (d, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 174.83, 137.84, 128.50, 128.47, 127.96, 76.45, 59.00, 52.20, 

15.01. 

HRMS (m/z) calculated for C11H16NO3 [M+H] + 210.11302, found 210.11282. 

IR (cm-1)1148, 1204, 1442, 1767, 2967. 

[Ŭ]22
D = -43.0, (c = 2.01, EtOH). 
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(Benzyloxy)-L-alanine (4.18). To a stirred solution of ester (0.655 g, 3.13 mmol, 1 equiv) in THF/ 

H2O (7:3, 0.14 M) was added 1 N aq. 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 aq. solution was 

acidified with 1 M HCl (pH 3-4) and extracted with EtOAc (3x). The organic layer was dried over 

Na2SO4, concentrated, and purified with silica chromatography to afford a white solid (0.579 g, 

95% yield): 

Rf = 0 (100% EtOAc) stained with ninhydrin.  

1H NMR  (500 MHz, MeOD4) δ 7.38 – 7.24 (m, 5H), 4.71 (s, 2H), 3.66 (q, J = 7.0 Hz, 1H), 1.21 

(d, J = 7.1 Hz, 3H). 

13C NMR  (176 MHz, MeOD4) δ 177.38, 139.11, 129.42, 129.28, 128.80, 77.13, 59.86, 15.02. 

HRMS (m/z) calculated for C10H14NO3 [M+H] + 196.09737, found 196.09683. 

IR (cm-1)1353, 1502, 1647, 1815, 2874, 2937. 

[Ŭ]22
D = -36.94, (c = 1, MeOH). 

 

Allyl (benzyloxy)-L-alaninate (4.20). A solution of Ala-OBn 4.18 (0.453 g, 2.32 mmol, 1 equiv) 

in DMF (0.33 M) was cooled to 0 ºC. DIPEA (0.52 mL, 3.01 mmol, 1.3 equiv) and allyl bromide 

(0.26 mL, 3.01 mmol, 1.3 equiv) were added at 0 ºC, warmed to rt, and stirred overnight. Upon 
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completion, the reaction was quenched with water and extracted with EtOAc (3x). The organic 

phase was washed with water (1x), brine (1x), and dried with Na2SO4 and then concentrated in 

vacuo. and purified by silica flash chromatography to afford a light-yellow oil (0.22 g, 41% yield): 

Rf = 0.50 (20 % EtOAc in hexanes). 

1H NMR  (700 MHz, CDCl3) δ 7.34 (d, J = 4.4 Hz, 4H), 7.31 – 7.27 (m, 1H), 5.92 (ddt, J = 17.2, 

10.4, 5.7 Hz, 1H), 5.34 (dq, J = 17.2, 1.5 Hz, 1H), 5.25 (dd, J = 10.5, 1.3 Hz, 1H), 4.72 (s, 2H), 

4.66 (dt, J = 5.7, 1.4 Hz, 2H), 3.74 (q, J = 7.1 Hz, 1H), 1.23 (d, J = 7.1 Hz, 3H). 

13C NMR  (176 MHz, CDCl3) δ 174.08, 137.86, 132.00, 128.48, 128.46, 127.94, 118.56, 76.42, 

65.65, 59.09, 15.00. 

HRMS (m/z) calculated for C13H18NO3 [M+H] + 236.12867, found 236.12831. 

IR  (cm-1) 1141, 1204, 1372, 1439, 1510, 1811, 2878, 2941. 

[Ŭ]22
D = -37.88 (c = 1.44, EtOH). 

 

Allyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-L -alaninate (4.53). FmocCl 

(0.33 g, 1.24 mmol, 1.1 equiv) was added to a stirred solution of 4.20 (0.26 g, 1.13 mmol, 1 equiv) 

in 1,4-dioxane/ sat. bicarbonate solution (1:1, 0.21 M) at 0 ºC then warmed to rt and stirred for 15 

h. Upon completion the reaction mixture was extracted with EtOAc (3x). The combined organic 

extracts were washed with brine (1x), dried with Na2SO4, and concentrated in vacuo. The crude 

oil was purified by silica flash chromatography (1:9 EtOAc/ hexane) to afford 4.53 (0.43 g, 84% 

yield) as a colorless oil: 

Rf = 0.25 (10% EtOAc in hexanes). 



176 

 

1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 7.6 Hz, 2H), 7.67 (dd, J = 14.9, 7.5 Hz, 2H), 7.41 (t, J 

= 7.5 Hz, 2H), 7.37 – 7.26 (m, 7H), 5.84 (ddt, J = 16.4, 10.8, 5.6 Hz, 1H), 5.28 (d, J = 16.8 Hz, 

2H), 5.16 (d, J = 10.5 Hz, 1H), 4.91 (d, J = 10.0 Hz, 1H), 4.76 (dd, J = 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, J = 10.6, 6.8 Hz, 1H), 4.29 (t, J = 6.6 Hz, 

1H), 1.48 (d, J = 7.3 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 170.28, 158.33, 143.78, 143.51, 141.40, 141.34, 135.19, 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/z) calculated for C28H28NO5 [M+H] + 458.19675, found 458.19625. 

IR  (cm-1) 693, 738, 1014, 1066, 1126, 1282, 1394, 1446, 1707, 2885, 2945, 2989, 3034. 

[Ŭ]21
D= -10.13 (c = 1.34, CHCl3). 

 

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-L -alanine (4.54). FmocCl (0.339 g, 

1.30 mmol, 1.10 equiv) was added to a stirred solution of 4.53 (0.278 g, 1.18 mmol, 1.00 equiv) 

in 1,4-dioxane / sat. bicarbonate solution (1:1, 0.21 M) at 0 ºC. 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 with brine (1x), dried with Na2SO4, and 

concentrated in vacuo. The crude oil was purified by silica flash chromatography (1:9 

EtOAc/hexane) to afford 4.54 (0.4409, 82% yield) as a light brown foam: 

Rf = 0.31 (5% MeOH in CH2Cl2). 



177 

 

1H NMR  (500 MHz, CDCl3) δ 7.73 (dd, J = 7.6, 1.0 Hz, 2H), 7.67 – 7.60 (m, 3H), 7.38 (t, J = 7.5 

Hz, 2H), 7.33 – 7.25 (m, 9H), 4.86 (d, J = 9.9 Hz, 1H), 4.74 – 4.63 (m, 3H), 4.58 (m, 1H), 4.27 (t, 

J = 6.3 Hz, 1H), 1.44 (d, J = 7.4 Hz, 3H). 

13C NMR  (176 MHz, CDCl3) δ 174.94, 143.67, 141.36, 134.99, 129.46, 128.64, 128.42, 127.80, 

127.19, 125.12, 125.02, 120.00, 78.57, 67.90, 58.15, 47.19, 13.95. 

HRMS (m/z) calculated for C25H24NO5 [M+H] + 418.16545, found 418.16433. 

IR  (cm-1) 693, 738, 1014, 1066, 1126, 1282, 1342, 1394, 1446, 1707, 2945, 3034. 

[Ŭ]21
D = -7.46, (c = 1.2, CHCl3). 

 

5-Bromopentanal (4.10). Ethyl 5-bromovaleriate (10.0 g, 45.9 mmol, 1.0 equiv) was dissolved in 

dry CH2Cl2 (0.15 M) and cooled down to -78 °C, followed by dropwise addition of DIBAL-H (1.0 

M solution in hexane, 45.9 mL, 45.9 mmol). After 1 h, a saturated Rochelle salt solution was 

added, and the mixture was warmed to rt and stirred for 1 h. The aqueous layer was extracted with 

CH2Cl2 (3x). The combined organic layers were dried over Na2SO4, concentrated, and purified 

with silica flash chromatography (15:85 EtOAc/hexane) to afford 4.10 (6.65 g, 88% yield) as a 

clear oil: 

Rf = 0.15 (10% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 4.13 (q, J = 7.1 Hz, 2H), 3.41 (t, J = 6.6 Hz, 2H), 2.33 (t, J = 7.3 

Hz, 2H), 1.95 – 1.86 (m, 2H), 1.83 – 1.73 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

13C NMR  (176 MHz, CDCl3) δ 201.88, 42.98, 33.14, 32.05, 20.77. 

HRMS (m/z) calculated for C5H10BrO [M+H]+ 164.99150, found 164.98379. 

IR  (cm-1) 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 5-bromopentanal (3.98 g, 24.1 mmol, 1.50 equiv) and dibenzyl azodicarboxylate 

(5.00 g, 16.1 mmol, 1.00 equiv) in anhydrous CH3CN (123 mL, 0.13 M) at 0 °C was added (L)-

proline (0.187 g, 1.6091 mmol, 0.1 equiv). After stirring the mixture at 0 °C for 15 h, anhydrous 

ethanol (43.5 mL, 0.37 M) and NaBH4 (0.496 g, 12.9 mmol, 0.80 equiv) were added, and the 

mixture was stirred at 0 °C for 40 min. The reaction was quenched at 0 ºC with a saturated aq. 

NH4Cl solution, then concentrated. The crude material was diluted with EtOAc and H2O, washed 

with brine (1x) and dried over Na2SO4. The crude material was purified with silica flash 

chromatography to afford 4.12 (5.92 g, 80% yield) as a white solid: 

Rf = 0.25 (30% EtOAc in hexanes). 

1H NMR  (700 MHz, CDCl3, mixture of rotamers) δ 7.41 – 7.26 (m, 10H), 6.69 – 6.42 (m, 1H), 

5.27 – 5.07 (m, 4H), 4.39 (m, 1H), 3.60 – 3.26 (m, 3H), 1.93 – 1.70 (m, 2H), 1.57 – 1.35 (m, 2H). 

13C NMR  (176 MHz, CDCl3, mixture of rotamers) δ 157.10, 141.01, 135.58, 128.82, 128.78, 

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/z) calculated for C21H26BrN2O5 [M+H] + 465.10251, found 465.10256. 

IR (cm-1)723, 753, 813, 872, 909, 939, 977, 1021, 1059, 1126, 1200, 1260,1334, 1424, 1498, 1536, 

1677, 1715, 2945, 3034, 3243, 3504. 

[Ŭ]23
D = -5.97, (c = 1.04, CHCl3) 

 



179 

 

diBenzyl (R)-1-(5-bromo-1-((tert-butyldimethylsilyl)oxy)pentan-2-yl)hydrazine-1,2-

dicarboxylate (4.13). To a stirred solution of alcohol 4.12 (5.96 g, 12.8 mmol, 1.00 equiv) and 

imidazole (4.36, 64.1 mmol, 5.00 equiv) in DMF (183.1 mL, 0.07 M) was added TBSCl (2.44 mL, 

14.7 mmol, 1.15 equiv) and the mixture was stirred for 3.5 h. Upon completion, the reaction 

mixture was diluted with EtOAc, washed with brine (2x), and dried over Na2SO4. The crude 

mixture was concentrated in vacuo. and purified by silica flash chromatography (35:65 

EtOAc/hexane) to afford 4.13 (5.4311g, 73% yield) a white solid:  

Rf = 0.10 (90% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3, mixture of rotamers) δ 7.32 (bs, 10H), 5.13 (bs, 4H), 4.20 (d, J = 72.7 

Hz, 1H), 3.67 – 3.37 (m, 4H), 3.36 – 3.02 (m, 1H), 2.19 (s, 1H), 2.07 – 1.74 (m, 1H), 1.52 – 1.33 

(m, 1H), 0.83 (s, 9H), 0.02 (d, J = 8.4 Hz, 6H). 

13C NMR  (176 MHz, CDCl3, mixture of rotamers) δ 157.11, 156.53, 136.08, 135.78, 128.73, 

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, 18.15, -5.33, -5.41.  

HRMS (m/z) calculated for C27H40BrN2O5Si [M+H]+ 579.18899, found 579.18927. 

IR  (cm-1) 775, 842, 939, 1103, 1208, 1252, 1282, 1327, 1409, 1446, 1498, 1700, 1744, 2855, 2878, 

2930, 3302. 

[Ŭ]21
D = +9.86, (c = 0.95, MeOH). 

 

diBenzyl (R)-3-(((tert-butyldimethylsilyl)oxy)methyl)tetrahydropyridazine -1,2-

dicarboxylate (4.14). To a stirred solution of 4.13 (2.96 g, 5.11 mmol, 1.00 equiv) in DMF (31.9 

mL, 0.16 M) was added NaH (0.332 g, 8.68 mmol, 1.70 equiv) at 0 ºC. After stirring for 1 h at 0 
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ºC the reaction mixture was quenched slowly with saturated aq. NH4Cl and diluted further with 

H2O. It was then extracted with EtOAc (3x), washed with brine (1x), dried over Na2SO4, and 

concentrated in vacuo. The crude residue was purified by silica flash chromatography to afford 

4.14 (2.39 g, 94% yield) as a colorless oil: 

Rf = 0.25 (10% EtOAc in hexanes). 

1H NMR (600 MHz, DMSO, 130 ºC) δ 7.35 – 7.27 (m, 10H), 5.19 – 5.08 (m, 4H), 4.23 (s, 1H), 

3.98 (d, J = 12.7 Hz, 1H), 3.73 (d, J = 7.0 Hz, 1H), 3.59 (t, J = 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, CDCl3) δ 155.53, 155.08, 136.39, 136.22, 128.68, 128.63, 128.60, 128.32, 

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/z) calculated for C27H39N2O5Si [M+H]+ 499.26282, found 499.26324. 

IR  (cm-1) 2945, 2870, 1871, 1394, 1282, 1282, 1081. 

[Ŭ]20
D = +14.57, (c = 1.16, CHCl3). 

 

diBenzyl (R)-3-(hydroxymethyl)tetrahydropyridazine -1,2-dicarboxylate (4.15). To a solution 

of 4.14 (3.00 g, 6.02 mmol, 1.00 equiv) in THF (37.6 mL, 0.16 M) at 0 ºC was added TBAF (7.22 

mL, 0.5 M, 1.2 equiv). After stirring at 0 ºC for 1 h, the reaction was quenched with saturated brine 

and extracted with EtOAc (3x). The combined organic extracts were washed with brine (1x), dried 

over Na2SO4, and concentrated in vacuo. The crude oil was purified by silica flash chromatography 

to afford 4.15 (1.66 g, 72% yield) as a colorless oil: 

Rf = 0.29 (50% EtOAc in hexanes). 
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1H NMR  (700 MHz, CDCl3, mixture of rotamers) δ 7.41 – 7.26 (m, 10H), 5.27 – 5.05 (m, 4H), 

4.50 (m, 1H), 4.22 – 4.03 (m, 1H), 3.66 (m, 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, CDCl3, mixture of rotamers) δ 156.86, 154.95, 135.90, 135.77, 128.77, 

128.72, 128.65, 128.60, 128.58, 128.52, 128.34, 128.26, 128.11, 127.99, 127.89, 68.57, 68.22, 

68.04, 60.59, 60.00, 19.77, 19.43.  

HRMS (m/z) calculated for C21H25N2O5 [M+H] + 385.17635, found 385.17590. 

IR (cm-1) 693, 738, 820, 865, 909, 969, 1051, 1141, 1215, 1260, 1319, 1357, 1401, 1446, 1498, 

1700,2870, 2945,3459. 

[Ŭ]19
D = -12.7 (c = 1.10, CHCl3) 

 

(R)-1,2-bis((Benzyloxy)carbonyl)hexahydropyridazine-3-carboxylic acid (4.16). To a solution 

of 4.15 (1.61 g, 4.19 mmol, 1.00 equiv) in CH3CN (0.27 M) and H2O (2.11 M) at 0 ºC, iodobenzene 

diacetate (4.126 g, 12.556 mmol, 3 equiv) was added, and TEMPO (0.2014 g, 1.2556 mmol, 0.3 

equiv). After 30 min of stirring at 0 ºC the reaction was quenched with saturated aqueous sodium 

bisulfate, extracted with EtOAc (3x), dried over Na2SO4 and concentrated in vacuo.  The crude 

residue was purified by silica flash chromatography (reverse phase 0->99% CH3CN in H2O) to 

afford a white solid (1.27 g, 76% yield):  

Rf = 0.29 (50% EtOAc in hexanes). 

1H NMR  (600 MHz, DMSO, 130 ºC) δ 7.38 – 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, CDCl3, mixture of rotamers) δ 156.86, 154.95, 135.90, 135.77, 128.77, 

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, 55.01, 53.54, 45.46, 44.74, 44.23, 23.16, 22.88, 

22.60, 19.77, 19.43. 

HRMS (m/z) calculated for C21H23N2O6 [M+H]+ 399.15561, found 399.15518. 

IR (cm-1) 693, 738, 835, 865, 909, 954, 991, 1051, 1088, 1126, 1185, 1252, 1282, 1357, 1409, 

1498, 1700, 2952. 

[Ŭ]18
D = +20. 67, (c = 1.07, CHCl3).  

 

(R)-1-((Benzyloxy)carbonyl)hexahydropyridazine-3-carboxylic acid (4.22). To carboxylic 

acid  4.16 (1.26 g, 3.15 mmol, 1.00 equiv) in anhydrous THF (24.2 mL, 0.13 M) was added freshly 

pulverized KOH (0.88 g, 15.8 mmol, 5.00 equiv). The reaction was stirred for 12 h, and upon 

completion, the reaction turned into a gel-like consistency. Saturated sodium bicarbonate and 

hexanes were added, and the aqueous layer was then acidified to pH 4 with 1 M HCl solution. The 

aqueous layer was extracted with EtOAc (3x), maintaining pH 4 throughout the extraction. Then, 

the organic layers were concentrated in vacuo. and purified by reverse-phase silica flash 

chromatography to afford 4.22 (0.725 g, 87% yield) as an off-white solid:  

Rf = 0.46 (10% MeOH in CH2Cl2). 

1H NMR  (700 MHz, DMSO, 130 ºC) δ 12.70 (s, 1H), 7.39 – 7.29 (m, 5H), 5.11 – 5.05 (m, 2H), 

3.86 – 3.78 (m, 1H), 3.38 – 3.34 (m, 1H), 3.06 (s, 1H), 1.89 (dq, J = 8.5, 4.1 Hz, 1H), 1.68 (q, J = 

4.4 Hz, 1H), 1.53 (q, J = 10.6 Hz, 2H). 
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13C NMR  (176 MHz, DMSO) δ 172.67, 155.10, 136.96, 128.37, 127.80, 127.56, 66.23, 57.86, 

54.92, 27.09, 22.91. 

HRMS (m/z) calculated for C13H17N2O4 [M+H] + 265.11883, found 265.11853. 

IR  (cm-1)1208, 1275, 1372, 1416, 1700, 1841, 3019, 3347. 

[Ŭ]20
D = +26.86, (c =1, MeOH). 

 

(R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-1-((benzyloxy)carbonyl)hexahydropyridazine-

3-carboxylic acid (4.24). Carboxylic acid 4.22 (0.315 g, 1.19 mmol, 1.00 equiv) was treated with 

TMSCl (0.30 mL, 2.38 mmol, 2.00 equiv) and DIPEA (0.35 mL, 2.026 mmol, 1.70 equiv) in 

anhydrous CH2Cl2 (2.77 mL, 0.43 M) at reflux for 2 h. After 2 h the reaction was cooled to 0 ºC 

and FmocCl (0.405 g, 1.55 mmol, 1.30 equiv) was added in 3 portions and allowed to stir at rt for 

18 h. Upon completion, the reaction was quenched with water, extracted with CH2Cl2 (3x), and 

concentrated in vacuo. The crude residue was purified by silica flash chromatography to afford 

4.24 (0.469 g, 81% yield) as a light-yellow foam: 

Rf = 0.43 (10% MeOH in CH2Cl2). 

1H NMR  (600 MHz, DMSO, 130 ºC) δ 7.85 – 7.81 (m, 2H), 7.61 (dd, J = 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 (dd, J = 

10.5, 6.3 Hz, 1H), 4.21 (t, J = 6.4 Hz, 1H), 3.96 (m, 1H), 1.91 – 1.85 (m, 1H), 1.79 (s, 1H), 1.67 

(s, 1H), 1.45 (s, 1H). 

13C NMR  (176 MHz, CDCl3, mixture of rotamers) δ 170.60, 157.12, 153.77, 143.09, 141.57, 

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/z) calculated for C28H27N2O6 [M+H] + 487.18691, found 487.18670. 

IR  (cm-1) 1111, 1223, 1275, 1372, 1431, 1849, 2162, 2900, 3049. 

[Ŭ]22
D = +3.35, (c = 2.5, CH2Cl2). 

 

1-Benzyl 3-methyl (R)-tetrahydropyridazine-1,3(2H)-dicarboxylate (4.23). SOCl2 (0.17 mL, 

2.33 mmol, 2.45 equiv) was added dropwise at 0 ºC to a stirred solution of 4.22 (0.252 g, 0.952 

mmol, 1.00 equiv) in anhydrous MeOH (2.69 mL, 0.52 M). The reaction mixture was heated at 

reflux for 3 hours, followed by evaporation. The crude residue was dissolved in CH2Cl2 and sat. 

Na2CO3. The mixture was extracted with CH2Cl2 (3x), and the combined organic layers were dried 

with Na2SO4 and concentrated in vacuo. to afford the product (0.186 g, 70%) as a dark brown oil: 

Rf = 0.43 (50% EtOAc in hexanes). 

1H NMR  (700 MHz, CDCl3) δ 7.39 – 7.33 (m, 4H), 7.31 (ddd, J = 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 (dd, J = 10.3, 3.3 Hz, 1H), 3.13 (s, 1H), 2.06 (m, 

1H), 1.81 – 1.64 (m, 2H), 1.63 – 1.54 (m, 1H). 

13C NMR  (176 MHz, CDCl3) δ 171.53, 155.40, 136.53, 128.63, 128.26, 128.11, 67.73, 58.44, 

52.22, 44.90, 27.53, 23.42.  

HRMS (m/z) calculated for C14H19N2O4 [M+H] +  279.13448, found 279.13400. 

IR (cm-1) 1178, 1237, 1312, 1387, 1424, 1677, 1849, 3019. 

[Ŭ]22
D = +19.75, (c = 1.1, CHCl3).  
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(S)-5-Oxotetrahydrofuran -2-carboxylic acid (4.25). A solution of sodium nitrite (3.55 g, 50.5, 

1.50 equiv) in water (2.12 M) was added dropwise to a mixture of L-glutamic acid (5.00 g, 33.6 

mmol, 1.00 equiv) in water and concentrated HCl (4.20 mL, 12 M) at 0 ºC under vigorous stirring 

and allowed to warm to rt overnight. Evaporation of water to dryness gave a pale-yellow oil along 

with colorless crystals, then EtOAc was added. The insoluble material was filtered off, and the 

filtrate was dried over Na2SO4.  The filtrate was concentrated in vacuo to afford a viscous oil (3.52 

g, 80% yield): 

Rf = 0.10 (10% MeOH in CH2Cl2). 

1H NMR  (500 MHz, CDCl3) δ 5.02 – 4.97 (m, 1H), 2.73 – 2.51 (m, 4H), 2.47 – 2.34 (m, 1H). 

13C NMR  (176 MHz, CDCl3) δ 176.08, 174.35, 75.20, 26.70, 25.82, 21.08. 

HRMS (m/z) calculated for C5H5O4 [M-H]- 129.01878, found 129.01776. 

IR  (cm-1) 1085, 1215, 1424, 1528, 1975, 2952. 

[Ŭ]20
D

 = +7.7, (c = 5, MeOH). 

 

(S)-5-(Hydroxymethyl)dihydrofuran -2(3H)-one (4.27). Carboxylic acid 4.25 (3.52 g, 27.1 

mmol, 1.00 equiv) was dissolved in anhydrous THF (1.49 M) and stirred for 20 min at -78 ºC. A 

2 M solution of borane-dimethyl sulfide complex in anhydrous THF (14.9 mL, 29.8 mmol, 1.10 

equiv) was added dropwise at -78 ºC then warmed to rt and stirred overnight. The reaction was 

quenched at 0 ºC cautiously by the addition of MeOH, then was concentrated in vacuo. The crude 

residue was purified by silica flash chromatography to afford 4.27 (2.19 g, 70%) as a white semi-

solid: 

Rf = 0.34 (4% MeOH in EtOAc). 
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1H NMR  (500 MHz, CDCl3) δ 4.67 – 4.58 (m, 1H), 3.95 – 3.85 (m, 1H), 3.74 – 3.60 (m, 1H), 2.68 

– 2.46 (m, 2H), 2.31 – 2.21 (m, 1H), 2.19 – 2.08 (m, 1H). 

13C NMR  (176 MHz, CDCl3) δ 177.93, 80.95, 64.20, 28.80, 23.25. 

HRMS (m/z) calculated for C5H9O3 [M+H] + 117.05517, found 117.05487. 

IR  (cm-1) 954, 1163, 1394, 1797, 2922. 

[Ŭ]21
D = +52.5, (c = 0.26, CH3Cl). 

 

(S)-5-(((tert-Butyldiphenylsilyl)oxy)methyl)dihydrofuran -2(3H)-one (4.28). A solution of 

butyrolactone 4.27 (2.17 g, 18.7 mmol, 1.00 equiv) in anhydrous DMF (27.1 mL, 0.69 M) at 0 °C 

was added imidazole (2.04 g, 29.9 mmol, 1.60 equiv) and TBDPSCl (5.02 mL, 18.7 mmol, 1.00 

equiv) and the solution was allowed to warm to rt and stirred for 3 h. EtOAc and a saturated 

solution of NH4Cl were added. The organic phase was washed with water (2x), brine (1x), dried 

over Na2SO4, and concentrated in vacuo. The crude residue was purified using silica flash 

chromatography to afford 4.28 (4.1302 g, 62%) as a white solid:  

Rf = 0.21 (20% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 7.68 – 7.64 (m, 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, J = 11.4, 3.4 Hz, 1H), 2.68 (ddd, J = 17.4, 10.2, 7.1 Hz, 1H), 

2.51 (ddd, J = 17.8, 10.1, 6.5 Hz, 1H), 2.35 – 2.17 (m, 2H). 

13C NMR  (176 MHz, CDCl3) δ 177.59, 135.79, 135.68, 133.10, 132.69, 130.07, 130.06, 127.99, 

80.11, 65.61, 28.71, 26.89, 23.80, 19.34. 

HRMS (m/z) calculated for C21H30NO3Si [M+NH4]+ 372.19950, found 372.19851. 

IR (cm-1) 1204, 1353, 1439, 1510, 1815, 2840, 2986. 
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[Ŭ]21
D = +27.5, (c = 1.01, CH3Cl). 

 

(3R,5S)-5-(((tert-Butyldiphenylsilyl)oxy)methyl) -3-hydroxydihydrofuran -2(3H)-one (4.29). 

A solution of lactone 4.28 (3.00 g, 8.46 mmol, 1.00 equiv) in anhydrous THF (21.2 mL, 0.4 M) 

was treated with 1 M solution of LiHMDS in THF (15.2 mL, 15.2 mmol, 1.80 equiv) at -78 °C. 

After 1 h, MoOPH (4.26 g, 9.82 mmol, 1.16 equiv) was added in 3 portions and the mixture was 

allowed to warm to -30 °C over 4 h. Saturated sodium sulfite was added, the organic layer was 

separated, and the aqueous layer was extracted with EtOAc (3x). The combined organic layers 

were washed with brine (1x), dried with Na2SO4, and concentrated in vacuo. The crude residue 

was purified with silica flash chromatography to afford 4.29 (1.93 g, 62%) as a colorless oil: 

Rf = 0.12 (20% EtOAc in hexanes). 

1H NMR  (600 MHz, CDCl3) δ 7.68 – 7.64 (m, 4H), 7.46 – 7.38 (m, 6H), 4.60 (ddt, J = 8.5, 5.3, 

3.3 Hz, 1H), 3.88 (dd, J = 11.4, 3.3 Hz, 1H), 3.69 (dd, J = 11.4, 3.4 Hz, 1H), 2.68 (ddd, J = 17.5, 

10.2, 7.1 Hz, 1H), 2.51 (ddd, J = 17.8, 10.2, 6.4 Hz, 1H), 2.33 – 2.18 (m, 2H), 1.06 (s, 9H). 

LRMS  (m/z) calculated for C21H26O4Si [M+H] +  371.5, found 371.1. 

IR (cm-1) 1141, 1204, 1815, 2878, 2941. 

[Ŭ]20
D = + 45.3, (c = 1, CH3Cl). 

 

tert-Butyl 2-((3S,5S)-5-(((tert-butyldiphenylsilyl)oxy)methyl) -2-oxotetrahydrofuran -3-

yl)hydrazine-1-carboxylate (4.33). To a solution of 4.29 (0.50 g, 1.35 mmol, 1.00 equiv) in 

anhydrous CH2Cl2 (0.31 M) was added 2,6-lutidine (0.23 mL, 2.02 mmol, 1.50 equiv) and OTf2 
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(0.28 mL, 1.35 mmol, 1.00 equiv) successively at 0 ºC. After stirring for 1 h at 0 ºC, tert-butyl 

carbazate (0.360 g, 2.70 mmol, 2.00 equiv) in CH2Cl2 (1.5 M) was added, followed by 2,6-lutidine 

(0.23 mL, 2.02 mmol, 1.50 equiv). The reaction mixture was refluxed overnight, then quenched 

with 1 M HCl at rt. The organic layer was separated and the aqueous layer was extracted with 

CH2Cl2 (3x). The combined organic layers were washed with brine, dried with Na2SO4, 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 hexanes). 

1H NMR  (500 MHz, CDCl3) δ 7.66 – 7.58 (m, 5H), 7.45 – 7.35 (m, 8H), 4.78 (ddt, J = 7.7, 5.6, 

2.9 Hz, 1H), 3.93 (dd, J = 11.5, 3.0 Hz, 1H), 3.68 (dd, J = 11.4, 2.9 Hz, 1H), 2.86 (t, J = 5.7 Hz, 

2H), 1.53 (s, 8H), 1.00 (s, 9H). 

LRMS (m/z) calculated for C26H36N2O5S [M+H]+ , found 485.3. 

[Ŭ]20
D = + 17.0, (c = 0.9, CHCl3). 

 

2-(tert-Butyl) 1-(2,2,2-trichloroethyl) 1 -((3S,5S)-5-(((tert-butyldiphenylsilyl)oxy)methyl) -2-

oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate (4.34).  Hydrazide 4.33 (0.368 g, 0.759 

mmol, 1.00 equiv) was dissolved in CH2Cl2 (3.80 mL, 0.2 M) and cooled to 0 ºC. A saturated 

bicarbonate solution (0.6 M, 1.50 equiv) was added then TrocCl (0.197 g, 0.911 mmol, 1.20 equiv) 

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 CH2Cl2 (3x). The 

combined organic layers were washed with brine (1x), dried with Na2SO4, and concentrated in 
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vacuo. The crude residue was purified with silica flash chromatography to afford 4.34 (0.443 g, 

89% yield) as a white foam.  

Rf = 0.86 (50% EtOAc in hexane). 

1H NMR (500 MHz, CDCl3) δ 7.66 (ddd, J = 8.1, 6.6, 1.6 Hz, 4H), 7.47 – 7.36 (m, 6H), 4.88 (s, 

2H), 4.78 (d, J = 6.6 Hz, 1H), 4.51 (m, 1H), 3.91 (dd, J = 11.8, 3.4 Hz, 1H), 3.75 (dd, J = 11.9, 4.0 

Hz, 1H), 2.60 – 2.46 (m, 1H), 1.42 (d, J = 10.4 Hz, 8H), 1.05 (s, 9H). 

13C NMR (176 MHz, CDCl3) δ 172.56, 155.05, 135.83, 135.67, 133.07, 132.68, 130.09, 130.04, 

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/z) calculated for C29H38Cl3N2O7Si [M+H]+ 659.15139, found 659.15026. 

IR  (cm-1) 1118, 1189, 1264, 1439, 1465, 1767, 1882, 2948. 

[Ŭ]18 = +20.09, (c = 0.48, MeOH). 

 

2-(tert-Butyl) 1-(2,2,2-trichloroethyl) 1 -((3S,5S)-5-(((methylsulfonyl)oxy)methyl)-2-

oxotetrahydrofuran-3-yl)hydrazine-1,2-dicarboxylate (4.37). To a solution of 4.35 (0.100 g, 

0.232 mmol, 1.00 equiv) in anhydrous CH2Cl2 (0.54 mL, 0.43 M) was cooled to 0 ºC. Then was 

added Et3N (0.04 mL, 0.348 mmol, 1.50 equiv) and MsCl (0.03 mL, 0.348 mmol, 1.50 equiv). The 

reaction mixture was stirred for 1.5 h and then quenched with a saturated solution of NH4Cl and 

extracted with EtOAc (2x). The combined organic extracts were dried with Na2SO4 and 

concentrated in vacuo. The crude residue was purified by silica flash chromatography to afford 

4.37 (75.0 mg, 65%) as a thick white oil: 

Rf = 0.13 (40% EtOAc in hexanes). 
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1H NMR  (500 MHz, CDCl3) δ 5.15 (s, 1H), 4.76 (s, 2H), 4.74 – 4.66 (m, 1H), 4.52 – 4.43 (m, 

1H), 4.37 – 4.27 (m, 1H), 3.08 (s, 3H), 2.75 – 2.55 (m, 1H), 2.39 (m, 1H), 1.47 (d, J = 5.6 Hz, 9H). 

13C NMR (176 MHz, CDCl3) δ 171.58, 155.05, 94.43, 82.88, 78.34, 76.15, 74.52, 68.90, 37.98, 

28.24, 28.13. 

HRMS (m/z) calculated for C14H22Cl3N2O9S [M+H]+ 499.01116, found 499.01031. 

IR  (cm-1) 1189, 1264, 1316, 1614, 1890,3034, 3209. 

[Ŭ]18
D

 = + 23.48, (c = 1.04, MeOH). 

 

(S)-4-Benzyl-3-(pent-4-enoyl)oxazolidin-2-one (4.40). To a solution of pentenoic acid (2.03 mL, 

19.4 mmol, 1.00 equiv) and Et3N (3.00 mL, 21.3 mmol, 1.10 equiv) in anhydrous THF (0.4 M), 

pivaloyl chloride (2.52 mL, 20.3 mmol, 1.05 equiv)  was dropwise at -78 °C and stirred for 1 h at 

0 °C. In a separate RBF, a solution of (S)-4-benzyl-2-oxazolidione (3.64 g, 20.3 mmol, 1.05 equiv) 

in anhydrous THF (0.4 M) was cooled to -78 °C then n-BuLi (11.3 mL, 20.346 mmol, 1.05 equiv) 

was added dropwise and stirred for 30 min. The oxazolidinone solution was then added to the first 

solution dropwise and stirred at -78 °C for 15 min, then warmed to 0 °C and stirred for 1 h. The 

reaction mixture was quenched with saturated NH4Cl and extracted with EtOAc (3x). The 

combined organic layers were washed with brine (1x) and dried with Na2SO4. The organic phase 

was concentrated in vacuo. and purified by silica flash chromatography to afford 4.40 (3.21 g, 

64%) as a colorless oil: 

Rf = 0.33 (25 % EtOAc in hexanes). 
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1H NMR  (600 MHz, CDCl3) δ 7.36 – 7.31 (m, 2H), 7.30 – 7.26 (m, 1H), 7.22 – 7.19 (m, 2H), 5.89 

(ddt, J = 16.9, 10.2, 6.5 Hz, 1H), 5.11 (dq, J = 17.1, 1.7 Hz, 1H), 5.04 (dq, J = 10.2, 1.4 Hz, 1H), 

4.68 (ddt, J = 9.5, 7.4, 3.2 Hz, 1H), 4.22 – 4.15 (m, 2H), 3.30 (dd, J = 13.4, 3.4 Hz, 1H), 3.10 (ddd, 

J = 17.1, 7.8, 6.8 Hz, 1H), 3.02 (dt, J = 17.2, 7.4 Hz, 1H), 2.76 (dd, J = 13.4, 9.7 Hz, 1H), 2.46 

(tdt, J = 9.2, 6.5, 1.5 Hz, 2H). 

13C NMR  (151 MHz, CDCl3) δ 172.69, 153.59, 136.82, 135.40, 129.55, 129.09, 127.49, 115.87, 

66.35, 55.29, 38.06, 34.95, 28.30. 

HRMS (m/z) calculated for C15H18NO3 [M+H] + 260.12867, found 260.12796. 

IR (cm-1) 1223, 1364, 1394, 1685, 1849, 2930. 

[Ŭ]22
D = +52.4, (c = 1.3, CHCl3). 

 

di-tert-Butyl 1-((S)-1-((S)-4-benzyl-2-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) in anhydrous THF 

(46.7 mL, 0.33 M) was added a precooled solution at -78 ºC of imide 4.40 (4.00 g, 15.4 mmol, 

1.00 equiv) in anhydrous THF (46. 7 mL, 0.33 M) and stirred for 30 min at -78 ºC. A precooled 

solution of DBAD (4.16 g, 1.15 mmol, 1.15 equiv) in anhydrous CH2Cl2 (93.4 mL, 0.19 M) was 

added and stirred for 1 min, then quenched with glacial acetic acid (2.32 mL, 40.1 mmol, 1.05 

equiv). The reaction mixture was partitioned between CH2Cl2 and pH 7 phosphate buffer; the 

aqueous phase was washed with CH2Cl2 (3x). The combined organic layers were washed with 
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saturated NaHCO3, dried with Na2SO4, and concentrated in vacuo. The crude residue was purified 

by silica flash chromatography to afford 4.41 (3.69 g, 49%) as a yellow oil:  

Rf = 0.68 (50% EtOAc in hexanes). 

1H NMR  (500 MHz, CDCl3) δ 7.36 – 7.27 (m, 3H), 7.22 (dd, J = 6.9, 1.8 Hz, 2H), 6.01 – 5.84 (m, 

2H), 5.20 – 5.04 (m, 2H), 4.58 (s, 1H), 4.18 (d, J = 4.9 Hz, 2H), 3.33 (s, 1H), 2.62 (m, 3H), 1.47 

(d, J = 6.1 Hz, 18H). 

13C NMR  (176 MHz, CDCl3) δ 173.93,154.99, 152.81, 135.38, 133.91, 129.55, 129.51, 129.17, 

127.54, 118.01, 66.66, 55.75, 53.57, 37.71, 33.43, 28.35, 28.25. 

HRMS (m/z) calculated for C25H36N3O7 [M+H] + 490.25533, found 490.25445. 

IR (cm-1) 1178, 1223, 1357, 1849, 2945, 3146. 

[Ŭ]17
D = + 49.98, (c = 0.65, MeOH). 

 

(S)-2-(1,2-bis(tert-Butoxycarbonyl)hydrazineyl)pent-4-enoic acid (4.42). A 2.0 M solution of 

LiOH (3 equiv) was added to 4.41 (0.410 g, 1.03 mmol, 1 equiv) in THF (0.38 M) and stirred for 

3 h at 0 ºC. The reaction was diluted with Et2O upon completion, and the layers were separated. 

The aqueous layer was acidified with HCl to pH 3-4 and extracted with EtOAc (3x). The combined 

organic layers were dried with Na2SO4 and concentrated in vacuo. The crude residue was purified 

with silica flash chromatography to afford 4.42 (0.2084, 61%) as a white solid: 

Rf = 0.30 (10% MeOH in CH2Cl2). 

1H NMR (500 MHz, CDCl3) δ 5.84 – 5.68 (m, 1H), 5.12 – 5.02 (m, 2H), 4.11 – 4.02 (m, 1H), 2.68 

(dd, J = 13.0, 7.2 Hz, 1H), 2.55 (q, J = 12.4 Hz, 1H), 1.46 – 1.39 (m, 18H). 

HRMS (m/z) calculated for C15H25N2O6 [M-H]- 329.17126, found 329.17169. 
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IR (cm-1) 0.30 (10% MeOH in CH2Cl2). 

[Ŭ]23
D = -14.7, (c = 1.3, CHCl3). 

 

di-tert-Butyl 1-((3S,5S)-5-(bromomethyl)-2-oxotetrahydrofuran-3-yl)hydrazine-1,2-

dicarboxylate (4.43). N-bromosuccinimide (0.108 g, 0.602 mmol, 1.00 equiv) was added to a 

solution of 4.42 in anhydrous toluene (0.14 M) at 0 ºC. After 45 min, the resulting orange solution 

was diluted with EtOAc and quenched with sat. aqueous Na2S2O3. The layers were separated and 

the combined organic layers were washed with brine, dried with Na2SO4, and concentrated in 

vacuo. The crude residue was purified with silica flash chromatography to afford 4.43 (0.137 g, 

56%) as a light yellow oil:  

Rf = 0.48 (40% EtOAc in hexanes). 

1H NMR (500 MHz, CDCl3) δ 6.46 (s, 1H), 5.27 – 4.83 (m, 1H), 4.59 (m, 1H), 3.54 (dd, J = 19.6, 

6.9 Hz, 2H), 2.73 (s, 1H), 2.30 (d, J = 12.3 Hz, 1H), 1.47 (s, 18H). 

13C NMR (176 MHz, CDCl3) δ 172.49, 155.65, 154.37, 82.85, 81.96, 75.49, 33.10, 30.51, 28.27. 

HRMS (m/z) calculated for C15H26BrN2O6 [M+H] + 409.09742, found 409.09670. 

IR (cm-1) 1126, 1230, 1357, 1513, 1685, 1871, 2960, 3146. 

[Ŭ]19
D = +19.53, (c = 0.22, CHCl3). 

 

di-tert-Butyl (1S,5S)-7-oxo-6-oxa-2,3-diazabicyclo[3.2.1]octane-2,3-dicarboxylate (4.45). To 

a solution of 4.44 (0.967 g, 2.36 mmol, 1.00 equiv) in anhydrous DMF (0.2 M) at -78 ºC was added 

a 1 M solution of NaHMDS (3.19 mL, 3.19 mmol, 1.35 equiv). After 1.5 h the reaction was 
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quenched with sat. aqueous NH4Cl and extracted with EtOAc (3x). The combined organic layers 

were washed with brine, dried with Na2SO4, and concentrated in vacuo. The crude residue was 

purified with silica flash chromatography to afford 4.45 (0.417g, 54%) as an off white foam: 

Rf = 0.6 (50% EtOAc in hexanes). 

1H NMR  (700 MHz, CDCl3) δ 4.95 – 4.84 (m, 1H), 4.70 (s, 1H), 4.48 – 4.22 (m, 1H), 3.19 (s, 

1H), 2.34 (m, 1H), 2.06 (d, J = 12.4 Hz, 1H), 1.49 (s, 9H), 1.47 (s, 2H), 1.45 (s, 7H). 

13C NMR  (176 MHz, CDCl3) δ 170.87, 154.40, 134.72, 82.18, 74.75, 74.43, 57.31, 47.31, 36.28, 

28.30, 28.13. 

HRMS (m/z) calculated for C15H24N2NaO6 [M+Na]+ 351.15321, found 351.15170.  

IR (cm-1) 1133, 1256, 1394, 1707, 1797, 2870, 2978. 

[Ŭ]20
D = -5.44, (c = 0.5, CHCl3). 

 

1-Benzyl 3-methyl (3S,5S)-5-hydroxytetrahydropyridazine -1,3(2H)-dicarboxylate (4.46). 

TFA (4.5 mL, 0.23 M) was added to 4.45 (0.413 g, 1.26 mmol, 1.00 equiv) at 0 ºC and stirred for 

30 min at 0 ºC and then 4 h at rt. Then the reaction mixture was recooled to 0 ºC and anhydrous 

MeOH (5.47 mL, 0.23 M) was added, the reaction was allowed to warm to rt and stirred overnight, 

then concentrated in vacuo.  

The crude residue was dissolved in anhydrous CH2Cl2 (13.9 mL, 0.09 M) and cooled to -20 ºC. 

Et3N (0.35 mL, 2.52 mmol, 2.00 equiv) and benzyl chloroformate (0.22 mL, 1.51 mmol, 1.20 

equiv) were added and stirred for 1 h at -20 ºC. Upon completion, the reaction mixture was 

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 Na2SO4. The crude residue was concentrated and purified 

by flash silica chromatography to afford 4.46 (0.14 g, 38%) as a colorless oil: 

Rf = 0.31 (10% MeOH in CH2Cl2) 

 

1-Benzyl 3-methyl (3S,5S)-5-((tert-butyldimethylsilyl)oxy)tetrahydropyridazine -1,3(2H)-

dicarboxylate (4.47).  To a stirred solution of 4.46 (0.149 g, 0.507 mmol, 1.00 equiv) in anhydrous 

DMF (1.44 mL, 0.35 M) was added imidazole (0.174 g, 2.53 mmol, 5 equiv) and DMAP (6.00 

mg, 0.05 mmol, 0.10 equiv). Once all solids were dissolved, TBSCl (0.385 g, 2.53 mmol, 5 equiv)  

was added and the reaction was allowed to stir overnight. The reaction was quenched with a sat.  

solution of NH4Cl and extracted with EtOAc (3x). The combined organic layers were washed with 

water (2x), brine (2x), dried with Na2SO4 and concentrated in vacuo. The crude residue was 

purified by silica flash chromatography to afford 4.47 (0.195 g, 94%) as a brown oil:  

Rf = 0.10 (20% EtOAc in hexanes). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.29 (m, 6H), 5.22 (d, J = 12.3 Hz, 1H), 5.14 (d, J = 12.3 

Hz, 1H), 4.15 (s, 1H), 3.74 (s, 3H), 3.73 – 3.63 (m, 1H), 3.57 (dd, J = 11.5, 3.0 Hz, 1H), 2.77 (s, 

1H), 2.24 (d, J = 12.8 Hz, 1H), 1.66 – 1.53 (m, 1H), 0.86 (s, 10H), 0.05 (s, 6H). 

13C NMR  (176 MHz, CDCl3) δ 170.83, 155.68, 136.38, 128.65, 128.34, 128.17, 67.89, 65.70, 

57.47, 52.39, 51.69, 37.65, 29.83, 25.81, 18.14, -4.65, -4.68. 

HRMS (m/z) calculated for C20H33N2O5Si [M+H]+ 409.21587, found 409.21512. 

IR  (cm-1) 1290, 1424, 1483, 1625, 1975, 2035, 2341, 2751, 2900, 3019. 

[Ŭ]20
D = +12.34, (c = 0.54, CHCl3). 
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(3S,5S)-1-((Benzyloxy)carbonyl)-5-((tert -butyldimethylsilyl)oxy)hexahydropyridazine-3-

carboxylic acid (4.68).  2 M LiOH (1.15 mL) was added to a solution of OH-Piz 4.47 (0.192 g, 

0.470 mmol, 1 equiv) in anhydrous THF (1.92 mL, 0.244 M) at 0 ºC. The reaction was stirred for 

1 h. Upon completion, the reaction was diluted with EtOAc and acidified with 1 M HCl (2-3 pH). 

The layers were separated, and the aqueous layer was extracted with EtOAc (3x) the combined 

organic layers were washed with brine, dried with Na2SO4 and concentrated in vacuo. to afford a 

dark orange crude oil (0.185 g, 99%). The crude oil was carried forward without purification. 

Rf = 0.29 (10% MeOH in CH2Cl2). 

1H NMR  (500 MHz, CDCl3) δ 7.39 – 7.31 (m, 5H), 5.34 – 4.99 (m, 1H), 4.73 (m, 1H), 3.93 (m, 

1H), 3.54 (m, 1H), 2.11 – 2.03 (m, 2H), 1.29 – 1.23 (m, 1H), 0.95 – 0.91 (m, 3H), 0.90 – 0.82 (m, 

9H), 0.12 – 0.03 (m, 6H). 

13C NMR (176 MHz, CDCl3, mixture of rotamers) δ 174.28, 150.68, 135.71, 128.74, 128.60, 

128.34, 127.01, 126.17, 68.66, 65.10, 26.11, 25.80, 20.38, 18.10, 1.20, -2.91, -5.05, -5.09. 

LRMS (m/z) calculated for C19H31N2O5Si [M+H]+ 395.20022, found 395.3. 

 

(S)-2-((R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-1-

((benzyloxy)carbonyl)hexahydropyridazine-3-carboxamido)propanoic (allyl carbonic) 

anhydride (4.49). Piperazic acid 4.24 (104 mg, 0.214 mmol, 2.00 equiv) was dissolved in 
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anhydrous CH2Cl2 (0.42 mL, 0.5 M) and oxalyl chloride (0.18 mL, 2.14 mmol, 20.0 equiv) was 

added. The reaction was stirred at rt for 2 h and then was concentrated in vacuo and dried under 

high vac. 

  NaHCO3 (46.7 mg, 0.557 mmol, 5.20 equiv) and a solution of freshly prepared acyl 

chloride in anhydrous CH2Cl2 (0.27 mL, 0.4 M) were added to a solution of Ala-OBn 4.20 (25.2 

mg, 0.107 mmol, 1.00 equiv) in CH2Cl2/H2O (0.4 M, 1:1) at 0 ºC. The reaction was stirred for 1.5 

h then extracted with EtOAc (3x). The combined organic extracts were washed with brine, dried 

with Na2SO4 and concentrated in vacuo. The crude residue was purified with silica flash 

chromatography, affording 4.49 as a colorless oil (46.6 mg, 62%): 

Rf = 0.5 (20% EtOAc in hexanes). 

1H NMR  (600 MHz, DMSO, 130 ºC) δ 7.82 (d, J = 7.6 Hz, 2H), 7.59 (t, J = 6.8 Hz, 2H), 7.43 – 

7.32 (m, 8H), 7.32 – 7.21 (m, 9H), 5.89 (m, 1H), 5.30 (dq, J = 17.3, 1.6 Hz, 1H), 5.20 (dq, J = 

10.6, 1.5 Hz, 1H), 5.09 (d, J = 12.8 Hz, 1H), 4.98 (d, J = 13.1 Hz, 1H), 4.91 (s, 2H), 4.66 (d, J = 

7.3 Hz, 1H), 4.59 (ddt, J = 5.7, 2.8, 1.5 Hz, 2H), 4.52 (d, J = 6.6 Hz, 1H), 4.48 (s, 1H), 4.19 (t, J = 

6.3 Hz, 1H), 3.98 (d, J = 13.0 Hz, 1H), 2.84 (s, 2H), 2.81 (s, 3H), 2.06 (s, 1H), 1.82 – 1.73 (m, 

1H), 1.64 (s, 1H), 1.40 (m, 5H). 

13C NMR  (176 MHz, CDCl3, mixture of rotamers) δ 170.11, 155.86, 155.64, 143.85, 143.30, 

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, 118.78, 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/z) calculated for C41H42N3O8 [M+H] + 704.29719, found 704.29632. 

IR  (cm-1) 1073, 1223, 1275, 1282, 1387, 1864, 3012. 
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[Ŭ]22
D = + 3.54, (c = 1.01, MeOH). 

 

N-((R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-1-

((benzyloxy)carbonyl)hexahydropyridazine-3-carbonyl)-N-(benzyloxy)-L -alanine (4.50). To 

a stirred solution of 4.49 (41.6 mg, 0.059 mmol, 1.00 equiv) in anhydrous CH2Cl2 (0.45 mL, 0.13 

M) was added Pd(PPh3)4 (2.06 mg, 0.002 mmol, 0.03 equiv) followed by PhSiH3 (0.02 mL, 0.118 

mmol, 2.00 equiv). The reaction was stirred for 1 h, diluted with H2O and extracted with CH2Cl2 

(3x) The combined organic extracts were dried with Na2SO4, and concentrated in vacuo. The crude 

oil was purified with silica flash chromatography (10% MeOH in CH2Cl2) to afford 4.50 as a 

colorless oil (14.1 mg, 34%): 

Rf = 0.29 (5% MeOH in CH2Cl2). 

1H NMR (600 MHz, DMSO, 130 ºC) δ 7.84 (dt, J = 7.5, 1.0 Hz, 2H), 7.80 (dt, J = 7.5, 0.9 Hz, 

2H), 7.42 – 7.26 (m, 15H), 6.21 (s, 2H), 5.17 – 5.05 (m, 3H), 4.98 (d, J = 10.3 Hz, 1H), 4.78 (s, 

1H), 3.98 – 3.90 (m, 1H), 3.81 (dd, J = 10.1, 3.2 Hz, 1H), 3.09 (ddd, J = 13.0, 11.3, 3.3 Hz, 1H), 

1.87 – 1.74 (m, 2H), 1.63 (q, J = 12.4 Hz, 1H), 1.57 – 1.47 (m, 1H), 1.42 (d, J = 7.0 Hz, 3H).  

HRMS (m/z) calculated for C38H38N3O8 [M+H] +  664.26589, found 664.26531. 

IR  (cm-1) 1081, 1148, 1163, 1275, 1424, 1513, 1700, 2937. 

[Ŭ]22
D = -82.83, (c = 0.76, MeOH). 
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1-Benzyl 3-methyl (R)-2-(N-(((9H-fluoren-9-yl)methoxy)carbonyl)-N-(benzyloxy)-L -

alanyl)tetrahydropyridazine-1,3(2H)-dicarboxylate (4.56). To a solution of Fmoc-Ala-OBn 

4.54 (0.315 g, 0.755 mmol, 1.5 equiv) in CH2Cl2 (5.80 mL, 0.13 M) at 0 ºC was added oxalyl 

chloride (0.22 mL, 2.52 mmol, 5.0 equiv) and 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 a solution of 4.23 (0.140 g, 0.503 mmol, 1.0 equiv) in toluene (12.6 mL, 0.04 M) at 0 

ºC was added Ag2CO3 (0.210 g, 0.755 mmol, 1.5 equiv) then a solution of acyl chloride in toluene. 

The reaction mixture was then heated to 70 ºC and stirred for 3 h. Then the reaction mixture was 

cooled to 0 ºC and quenched with a sat. solution of NaHCO3 and then extracted with EtOAc (3x). 

The combined organic layers were washed with brine and dried over Na2SO4 and concentrated in 

vacuo. The crude residue was purified by flash silica column chromatography to afford a white 

foam (0.219 g, 64%): 

Rf = 0.20 (30% EtOAc in hexanes). 

1H NMR  (600 MHz, DMSO, 130  ºC ) δ 7.87 – 7.78 (m, 3H), 7.64 (d, J = 7.5 Hz, 2H), 7.40 (p, J 

= 7.2 Hz, 2H), 7.35 – 7.28 (m, 14H), 7.22 (s, 2H), 5.13 (m, 3H), 4.91 (s, 1H), 4.77 (d, J = 9.8 Hz, 

1H), 4.59 (m, 3H), 4.29 (s, 1H), 4.08 (q, J = 6.7 Hz, 1H), 3.46 (s, 2H), 1.99 – 1.47 (m, 6H), 1.28 

(m, 2H). 

13C NMR  (176 MHz, CDCl3, mixture of rotamers) δ 173.08, 172.38, 171.32, 170.14, 157.31, 

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, 68.03, 67.87, 67.64, 60.55, 58.20, 52.38, 

47.42, 47.30, 21.20, 14.34, 14.11. 

HRMS (m/z) calculated for C39H40N3O8 [M+H] + 678.28154, found 678.28039. 

IR (cm-1) 1111, 1223, 1275, 1372, 1431, 1849, 2162, 2900, 3049. 

[Ŭ]22
D = +31.56, (c = 0.41, MeOH). 

 

1-Benzyl 3-methyl (R)-2-((benzyloxy)-L-alanyl)tetrahydropyridazine-1,3(2H)-dicarboxylate 

(4.57). Et2NH (0.17 mL, 1.61 mmol, 5 equiv) was added to a solution of dipeptide 4.56 (0.218 g, 

0.322 mmol, 1 equiv) in anhydrous CH3CN (2.68 mL, 0.12 M). The reaction was monitored using 

LCMS to observe when intramolecular cyclization biproduct formation began. After stirring at rt 

for 30 min, the reaction mixture was concentrated in vacuo then purified with silica flash 

chromatography to afford 4.57 (67.7 mg, 46%) as a foamy white solid: 

 Rf = 0.37 (50% EtOAc in hexanes). 

 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.27 (m, 10H), 5.14 (s, 2H), 4.54 (bs, 2H), 4.39 (d, J = 13.4 

Hz, 1H), 4.12 (t, J = 6.5 Hz, 1H), 3.41 (s, 3H), 2.98 (t, J = 12.9 Hz, 1H), 2.18 – 2.03 (m, 2H), 1.75 

(m, 2H), 1.56 (d, J = 13.8 Hz, 1H), 1.14 (d, J = 7.0 Hz, 3H), . 

13C NMR (176 MHz, CDCl3) δ 170.06, 165.23, 135.55, 128.81, 128.60, 128.43, 128.38, 128.09, 

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/z) calculated for C24H30N3O6 [M+H] + 456.21346, found 456.4. 
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2-((9H-Fluoren-9-yl)methyl) 1-benzyl (3R)-3-((benzyloxy)((2S)-1-(2-((benzyloxy)carbony l)-

6-(methoxycarbonyl)tetrahydropyridazin -1(2H)-yl)-1-oxopropan-2-

yl)carbamoyl)tetrahydropyridazine-1,2-dicarboxylate (4.52).  To piperazic acid 4.24 (0.134 g, 

0.277 mmol, 2.0 equiv) in anhydrous CH2Cl2  (0.55 mL, 0.5 M) was added oxalyl chloride (0.24 

mL, 2.77 mmol, 20 equiv). The reaction was stirred for 2 h then concentrated in vacuo to access 

the acid chloride. 

NaHCO3 (60.4 mg, 0.719 mmol, 5.2 equiv) and a solution of acid chloride in CH2Cl2 (0.34 

mL, 0.4 M) were sequentially added to a solution of dipeptide 4.57 (63.0 mg, 0.138 mmol, 1.0 

equiv) in CH2Cl2/H2O (1:1, 0.4 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 Na2SO4 and concentrated in vacuo. The crude residue was difficult to purify and 

carried forward (0.11 g crude): 

*A small amount of material was purified to obtain characterization data 

Rf = 0.07 (30% EtOAc in hexanes) UV active stains with PMA. 

1H NMR : high temperature experiments did not resolve the spectra. 

IR  (cm-1) 1044, 1088, 1126, 1193, 1252, 1357, 1401, 1446,1700, 2363, 2952. 

HRMS (m/z) calculated for C52H54N5O11 [M+H] + 924.38198, found 924.38031. 

[Ŭ]20
D = +10.52, (c = 0.52, MeOH). 
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1-Benzyl 3-methyl 2-(N-(benzyloxy)-N-((R)-1-((benzyloxy)carbonyl)hexahydropyridazine-3-

carbonyl)-L -alanyl)tetrahydropyridazine-1,3(2H)-dicarboxylate (4.60). Et2NH (0.04 mL, 

0.357 mmol, 3.0 equiv) was added to a solution of tripeptide 4.52 (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 

was carried forward: 

Rf = 0.16 (50% EtOAc in hexanes) not UV active, stains with PMA. 

LRMS  (m/z) calculated for C37H44N5O9 [M+H] + 702.31, found 702.4. 

 

Benzyl (3S,5S)-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) 

and OH-Piz 4.68 (20.0 mg, 0.05 mmol) were dissolved in anhydrous DMF (0.09 M). Then DIPEA 

(0.05 mL, 0.30 mmol), HOAt (20.7 mg, 0.15 mmol) and HATU (58.4 mg, 0.15 mmol) were added 

and stirred for 1 day. Upon completion the reaction mixture was concentrated in vacuo. The crude 

residue was dissolved in EtOAc and washed with 1 M HCl, sat. NaHCO3, brine, and dried with 
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Na2SO4. Then it was concentrated in vacuo. and purified by silica flash chromatography to afford 

4.71 as a brown oil (17.1 mg, 70%): 

Rf = 0.29 (10% MeOH in CH2Cl2). 

1H NMR (600 MHz, DMSO, 70 ºC) δ 8.32 (s, 1H), 7.40 – 7.28 (m, 5H), 5.15 – 5.10 (m, 1H), 5.09 

– 5.03 (m, 1H), 4.31 (dp, J = 14.6, 7.3 Hz, 1H), 3.85 (tt, J = 7.0, 3.7 Hz, 1H), 3.64 (d, J = 4.0 Hz, 

3H), 3.59 (d, J = 13.6 Hz, 2H), 3.37 (q, J = 5.8 Hz, 1H), 3.29 (d, J = 17.5 Hz, 1H), 1.93 (dt, J = 

12.8, 4.7 Hz, 1H), 1.82 (s, 1H), 1.26 (dd, J = 11.3, 7.4 Hz, 4H), 0.83 (s, 9H), 0.07 – 0.00 (m, 6H). 

13C NMR  (176 MHz, DMSO, mixture of rotamers) δ 173.06, 170.09, 136.69, 128.33, 127.88, 

127.64, 66.46, 66.19, 65.11, 51.88, 47.32, 40.02, 29.01, 25.81, 25.62, 25.54, 17.66, 16.82, -3.20. 

LCMS (m/z) calculated for C23H38N3O6Si [M+H]+ 480.3, found 480.3. 

IR  (cm-1) 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 AD-mix-a and 

methansulfonamide (0.38 g, 3.90 mmol) in t-BuOH (6.7 mL) and H2O (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 t-BuOH (1 mL) was added. After being stirred overnight at 0 °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 for over 1 h. The 

reaction mixture turned from yellow to an off-white color within 10 minutes. The aqueous layer 

was extracted with ethyl acetate (3 × 30 mL). 

The combined organic layers were washed with brine (75 mL), dried over anhydrous Na2SO4 and 
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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% EtOAc in petroleum ether). 

1H NMR  (600 MHz, CDCl3) δ 4.30 (q, J = 1.9 Hz, 1H), 3.83 (s, 3H), 3.50 (d, J = 7.5 Hz, 1H), 

3.04 (d, J = 4.9 Hz, 1H), 1.87 (dh, J = 8.4, 6.7 Hz, 1H), 1.04 (d, J = 6.7 Hz, 3H), 0.98 (d, J = 6.7 

Hz, 3H). 

13C NMR  (151 MHz, CDCl3) δ 174.73, 77.96, 71.37, 53.01, 31.35, 19.19, 19.10. 

[Ŭ]21
D = -9.3, (c = 0.145, CHCl3). 

 

Methyl (4R,5S)-5-isopropyl-1,3,2-dioxathiolane-4-carboxylate 2,2-dioxide (4.63) Et3N (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 CH2Cl2 (5.6 mL, 0.22 M) at 0 °C. The ice bath was removed after 5 

min and the mixture stirred at room temperature. After another 5 minutes, the reaction was 

quenched with a saturated aqueous solution of NH4Cl (1.4 mL) and then extracted with t-butyl 

methyl ether (3 × 5.6 mL). The combined organic extracts were washed with brine (2.2 mL), dried 

over anhydrous Na2SO4. The filtrate was concentrated in vacuo to give the desired intermediate 

(brown) which was used directly in the next step without further purification. 

  Sodium periodate (0.32 g, 1.48 mmol) and a solution of ruthenium Chloride (2.6 mg, 0.01 

mmol) in H2O (0.8 mL) were sequentially added to a solution of the above crude compound in 

CH3CN/H2O (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 with H2O (2.2 mL) and then extracted with t-butyl methyl ether 

(3x). The combined organic layers were washed with brine, dried over anhydrous Na2SO4 and 
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concentrated in vacuo. The residue was purified by silica flash chromatography to afford product 

(0.18 g, 63% over two steps) as a colorless oil: 

Rf = 0.28 (20% EtOAc in petroleum ether). 

1H NMR  (700 MHz, CDCl3) δ 4.95 (d, J = 6.3 Hz, 1H), 4.79 (t, J = 5.7 Hz, 1H), 3.90 (s, 3H), 2.22 

(h, J = 6.7 Hz, 1H), 1.11 (d, J = 8.2 Hz, 2H), 1.08 (d, J = 8.3 Hz, 3H). 

13C NMR  (176 MHz, CDCl3) δ 166.09, 88.21, 77.98, 53.89, 31.30, 17.90, 16.89. 

[Ŭ]21
D = -46.8, (c = 0.22, CHCl3). 

 

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 sulfate 4.63 (0.1 g, 0.45 mmol) in acetone/H2O (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% 

H2SO4 (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 extracted with t-butyl methyl ether (3 × 

2.3mL). The combined organic layers were washed with brine (1 mL), dried over anhydrous 

Na2SO4, and concentrated in vacuo. The residue was purified to afford 4.64 (40 mg, 48%) as a 

colorless oil: 

Rf  = 0.4 (20% EtOAc in petroleum ether), after treatment with acid. 

1H NMR  (700 MHz, CDCl3) δ 3.93 (d, J = 6.5 Hz, 1H), 3.84 (s,32H), 3.68 (t, J = 6.0 Hz, 1H), 

2.32 (s, 1H), 1.96 – 1.89 (m, 1H), 1.00 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 7.9 Hz, 3H). 

[Ŭ]21
D = -47.9, (c = 0.145, CHCl3). 
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