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Preface 

The realm of medicinal chemistry thrives on innovation, constantly seeking to unlock the 

potential of nature's building blocks for therapeutic benefit. This thesis delves into two 

captivating areas within this realm: glycomimetics and iminosugars. 
 

Natural carbohydrates, the essential building blocks known as sugars, play a pivotal role in 

biological processes. However, their inherent limitations, such as instability and poor 

bioavailability, often hinder their therapeutic potential. This is where glycomimetics come into 

play. These meticulously crafted synthetic molecules mimic the structures and functions of 

natural carbohydrates, offering a powerful tool for influencing biological pathways. The ability 

of glycomimetics to bind to the same carbohydrate-binding proteins (lectins) as their natural 

counterparts presents a unique strategy for therapeutic intervention. Unlike natural sugars, 

glycomimetics can be engineered to possess superior stability, increased bioavailability, and 

tailored targeting towards specific lectins. These advantages pave the way for the development 

of more potent and specific drugs with fewer side effects. The potential applications of 

glycomimetics encompass a broad spectrum of diseases, including viral infections, cancer 

metastasis, and inflammatory disorders. 
 

Within the fascinating world of glycomimetics lie iminosugars, a class of molecules with a 

unique structural twist. Iminosugars bear a striking resemblance to natural carbohydrates, but 

with a key distinction: a nitrogen atom replaces an endocyclic oxygen atom. This seemingly 

minor change significantly alters their biological properties. Iminosugars exhibit a remarkable 

range of bioactivities, including potent enzyme inhibition, immune modulation, and antiviral 

properties. The diverse therapeutic potential of iminosugars has fueled extensive research, 

leading to the development of several drugs that have progressed through clinical trials and 

even received regulatory approval. Some prominent examples include Miglustat, used to treat 

Niemann-Pick type C disease, Miglitol, an effective treatment for type 2 diabetes, and 1-

Deoxynojirimycin, a naturally occurring iminosugar with promising applications against viral 

infections and cancer. 
 

Immucilllins, a specific class of iminosugars, hold particular interest due to their diverse 

biological application. These molecules can interfere with the way certain organisms, like 

parasites, process essential molecules. Researchers are particularly interested in immucillin's 

ability to inhibit an enzyme called human purine nucleoside phosphorylase (PNP). Disrupting 

PNP function is a potential strategy for treating diseases like gout and some cancers. 

Nevertheless, research on immucillins continues to inform the development of new and 

improved medications. 
 



xx 
 

Chapter 2 embarks on a captivating journey of organic synthesis, focusing on the creation of 

Immucillin-H, a fascinating molecule with potent anticancer properties.  Building upon the 

groundwork laid in Chapter 1, this chapter delves into the intricacies of synthesizing 

Immucillin-H, a specific class of iminosugar known for its ability to influence the immune 

system. However, the story doesn't end there. Recognizing the importance of stereochemistry 

in biological activity, the chapter further explores the synthesis of stereochemical variants of 

Immucillin-H.  These variants, with slightly altered spatial arrangements of atoms, can offer 

valuable insights into the structure-activity relationship of this immunomodulatory molecule. 

 

Chapter 3 shifts the focus to another captivating member of the immucillin family - Immucillin-

A.  Building upon the knowledge gained in previous chapters, this chapter delves into the 

selective synthesis of Immucillin-A starting from a, D-ribonolactam. This strategic approach 

streamlines the synthetic process and offers a potentially efficient route to this valuable antiviral 

molecule. The chapter meticulously details the reaction steps involved, emphasizing the 

importance of achieving the desired stereochemistry and functional groups for Immucillin-A. 

 

The final chapter of this thesis culminates in the development of novel iminosugar analogs 

inspired by the immunostimulatory molecule KRN-7000.  This chapter leverages the 

knowledge gained in previous chapters on iminosugar synthesis and functionalization. Here, 

we design and synthesize a series of novel iminosugar analogs with structural similarities to 

KRN-7000. The focus lies on exploring the potential of these analogs to mimic or even surpass 

the immunostimulatory properties of KRN-7000.  By strategically modifying the structure of 

the iminosugar core, we aim to create potent immunomodulatory agents with potential 

therapeutic applications. 
 

This thesis offers a comprehensive exploration of glycomimetics, their synthesis, and their 

potential applications in the development of novel therapeutic agents. Each chapter builds upon 

the knowledge established in the previous one, providing a cohesive journey into this exciting 

area of research. 
 

As you delve into this exploration, you will gain a deeper understanding of the potential of 

glycomimetics, particularly iminosugars and immucillins, in drug discovery. Their ability to 

mimic natural sugars while offering advantages in stability and targeting makes them valuable 

tools for developing novel therapeutics across a broad spectrum of diseases. The future of this 

field holds immense promise, as ongoing research continues to unlock the secrets of these 

fascinating molecules, paving the way for advancements in human healthcare. 
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Significance of Glycomimetics: Synthesis and Examples 
 

 

1.1. Abstract 

 This study explores the significant roles of carbohydrates in energy metabolism, genetic 

material formation, and cellular processes. It highlights advancements in glycomimetics 

and iminosugars, synthetic analogs designed to mimic carbohydrates while overcoming 

natural limitations like metabolic instability. Due to their enhanced stability and specific 

binding capabilities, these compounds show promise in drug development, diagnostics, and 

materials science. The study also examines immucillins, particularly Immucillin-H and 

Immucillin-A, which inhibit purine nucleoside phosphorylase (PNP), effectively treating 

T-cell malignancies and various viral infections. This research underscores the diverse 

therapeutic applications of these compounds and the evolving landscape of drug design 

informed by enzymatic mechanisms and transition states. 

1.2. Carbohydrates and their Profound Significance 

Carbohydrates, Earth's most abundant organic compounds, transcend their role as mere 

energy sources.1 Composed of carbon, hydrogen, and oxygen, with a typical 2:1 hydrogen-

oxygen ratio, they encompass a diverse array of molecules classified as polyhydroxy 

aldehydes, ketones, or their derivatives. Beyond the fundamental definition, carbohydrates 

hold profound significance in the biological world.2,3 

Firstly, they serve as the primary fuel for living organisms. Glucose, the simplest 

carbohydrate, is readily metabolized through glycolysis to generate adenosine triphosphate 

(ATP), the universal energy currency of cells. Furthermore, complex carbohydrates like 

starch and glycogen act as readily available energy reserves, ensuring the survival of 

organisms during periods of energy scarcity.4,5 

The significance of carbohydrates extends far beyond energy provision. They constitute the 

structural backbone of genetic material, with the sugar molecules in DNA and RNA 
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forming athe foundation of the genetic code.6 Moreover, all cells are enveloped by a 

complex coat of carbohydrates known as glycans. These glycans are not merely passive 

decorations; they function as intricate identification tags, mediating crucial cell-cell 

recognition and adhesion processes essential for tissue development and immune function.7 

Carbohydrates are found in different biological conjugates, such as glycoproteins, 

proteoglycans, and glycolipids. These conjugates play vital roles in numerous fundamental 

biological processes, including cell signalling, the intricate metabolic pathways of 

glycolysis and gluconeogenesis, and signal transduction cascades.8 

The therapeutic potential of carbohydrates is immense. Their specific interactions with 

proteins and lipids make them ideal targets for drug development. However, inherent 

limitations, such as insufficient metabolic stability and poor permeation properties, often 

hinder their efficacy.9 To address these challenges, scientists have developed chemically 

modified versions of carbohydrates known as Glycomimetics.10 

In simple words, carbohydrates are not simply the fuel of life; they are the very building 

blocks of our existence. Their diverse functions span from energy provision and structural 

support to intricate communication and signalling within and between cells. While their 

limitations pose challenges for therapeutic applications, the development of Glycomimetics 

opens a new avenue for harnessing their immense potential in medicine. Understanding the 

profound significance of carbohydrates is crucial for appreciating the intricate web of life 

and the exciting possibilities they hold for the future of healthcare.11–13 

1.3. Glycomimetics 

Glycomimetics, a fascinating class of synthetic molecules, are designed to mimic 

carbohydrates' structural and functional properties.14 These intricate molecules, 

meticulously crafted by synthetic chemists, offer immense potential in various fields, 

particularly in the realm of medicine. While carbohydrates, the most abundant organic 

compounds on Earth, play a fundamental role in life, their inherent limitations often hinder 

their therapeutic application.15 This is where glycomimetics step in, offering a unique 

advantage – they possess the desired functionalities of carbohydrates without their inherent 

drawbacks. 
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The significance of glycomimetics lies in their ability to overcome the limitations of natural 

carbohydrates. Unlike their natural counterparts, glycomimetics can be meticulously 

designed to possess superior metabolic stability and improved permeation properties. This 

allows them to navigate the complex biological environment more effectively, reaching 

their target sites with greater potency and efficacy. Moreover, precise control over their 

chemical structure enables the creation of highly specific glycomimetics that can interact 

with specific proteins or lipids involved in various biological processes.15–17 This 

specificity opens up exciting possibilities for targeted therapeutic interventions. 

Furthermore, the field of glycomimetics presents a unique opportunity for scientific 

advancement. It serves as a bridge between the realms of chemistry and biology, allowing 

researchers to leverage the power of synthetic chemistry to understand and manipulate 

complex biological processes. The intricate interplay between the chemical structure and 

biological activity of these molecules allows for the creation of highly specific and 

functional mimics. Additionally, the vast amount of data available on carbohydrate-binding 

proteins provides valuable insights for the design and synthesis of precise glycomimetics 

with desired properties.18 The combination of chemistry and biology has enormous 

potential for discovering new therapeutic options. 

The applications of glycomimetics extend far beyond the realm of therapeutics. Their 

unique properties make them valuable tools in various fields, including: 

• Drug Development: Glycomimetics can be designed to target specific disease 

pathways, offering novel therapeutic avenues for various ailments. Their ability to 

mimic the interactions of carbohydrates with key biological molecules makes them 

ideal candidates for drug discovery and development. 

• Diagnostics: Glycomimetics can be utilized as highly specific probes to detect and 

identify disease biomarkers. Their ability to selectively bind to specific molecules 

makes them valuable tools for early diagnosis and disease monitoring. 

• Materials Science: The unique properties of glycomimetics can be harnessed to 

create novel materials with specific functionalities. For instance, glycomimetics can 

be incorporated into biocompatible materials for tissue engineering or drug delivery 

applications. 
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A well-designed glycomimetic can provide the following benefits: 

✓ Enhanced Stability 

✓ Enhanced affinities 

✓ Increased bioavailability 

✓ longer serum half-lives 

✓ Selective Binding 

✓ Reduced Immunogenicity 

✓ Improved Pharmacokinetics 

Glycomimetics presents a unique and promising approach to leveraging the potential of 

carbohydrates for therapeutic and technological advancements. Their ability to overcome 

the limitations of natural carbohydrates creates a vast array of possibilities in various fields, 

paving the way for a future where these synthetic mimics play a crucial role in improving 

human health and well-being. Additionally, the continued development of glycomimetics 

serves as evidence of the power of interdisciplinary collaboration between chemistry and 

biology, offering exciting prospects for future scientific breakthroughs.19–22 

1.3.1. Classification of glycomimetics 

Glycomimetics are synthetic molecules designed to mimic the structural and functional 

properties of carbohydrates. This allows them to interact with target proteins, particularly 

lectins, in place of natural carbohydrates. The most effective lectin antagonists often 

incorporate a natural carbohydrate fragment or a carbohydrate-like scaffold to guide the 

molecule toward the lectin's carbohydrate recognition domain (CRD). One common and 

effective modification employed in these scaffolds is deoxygenation. This process 

strategically removes or replaces non-essential oxygen atoms or hydroxyl groups with 

different atoms or groups. These modifications alter the molecule's overall properties, 

including its polarity, stability, conformation, ring flexibility, and hydrogen bonding 

patterns. Notably, deoxygenation often decreases polar surface area, which can 

significantly increase binding affinity. This improvement arises from creating new 

hydrophobic interactions with the protein and reducing the energy required to remove water 

molecules from the ligand during binding (desolvation penalty). It's important to note that 

not all carbohydrate-based drugs currently in clinical use primarily interact with 

lectins.14,23–25 
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Glycomimetics typically possess a carbohydrate or carbohydrate-like core structure, often 

further decorated with non-carbohydrate components. These additional elements enhance 

the interaction between the glycomimetic and its target lectin, leading to stronger and more 

specific binding. Furthermore, incorporating non-carbohydrate moieties can significantly 

decrease the ligand's overall polarity, improving its drug-like properties. Another crucial 

aspect of glycomimetic design is conformational preorganization. This refers to the 

molecule's inherent shape, which is pre-configured to minimize the entropic penalty 

associated with ligand binding. The following section will delve deeper into the 

classification of glycomimetics based on their structural features and provide a brief 

overview of their general characteristics.26,27 

1.3.1.1. Replacement of endocyclic oxygen 

The modification of the endocyclic oxygen atom in a carbohydrate scaffold with different 

atoms or groups results in the creation of various glycomimetics. Depending on the 

substituent used, these glycomimetics can be further classified based on the nature of the 

atom that replaces the endocyclic oxygen atom. This substitution leads to distinct classes 

of glycomimetics (Figure 1.3.1.1). 

• Replacement with carbon: Carbasugars (cyclitols) are a class of glycomimetics 

formed by replacing the endocyclic oxygen atom in a carbohydrate ring with a 

carbon atom. This structural modification eliminates the anomeric center, a key site 

for glycosidase and glycosyltransferase activity. Consequently, carbasugars exhibit 

enhanced metabolic stability against these enzymes, making them less susceptible 

to degradation. The absence of endocyclic oxygen also abolishes the anomeric 

effect, a phenomenon that influences the hydrogen bonding potential, ring 

flexibility, and overall conformation of the carbohydrate. This altered behaviour 

can be advantageous for designing carbasugars with specific binding properties 

tailored for target recognition.28 

• Replacement with nitrogen: Replacing the endocyclic oxygen with nitrogen in a 

monosaccharide ring yields iminosugars, one of the most extensively studied 

classes of monosaccharide mimics.29 These naturally occurring compounds are 

found in plants and microorganisms. The endocyclic nitrogen atom in iminosugars 

acquires a positive charge at physiological pH. This unique feature allows them to 

closely mimic the positively charged oxocarbenium ion transition state intermediate 
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formed during the activity of glycosyl-hydrolases and -transferases. This property 

has been harnessed for their development as potent inhibitors of these enzymes, 

leading to their clinical use in various therapeutic applications.30 

• Replacement with sulphur: Replacing the endocyclic oxygen with sulphur in 

sugars results in the formation of thio-sugars, which are generally more 

hydrophobic compared to their oxygen counterparts. This increased hydrophobicity 

has the potential to enhance their binding affinity to proteins through stronger 

hydrophobic interactions.31 

• Replacement with phosphorus: Phosphorus-based glycomimetics are a class of 

compounds where a phosphorus atom replaces either the anomeric carbon or the 

endocyclic oxygen atom in the sugar ring. These can be further categorized into 

three main groups. Phospha-sugars mimic the overall structure of carbohydrates but 

lack the endocyclic oxygen atom entirely. Phosphono-sugars (phostones): These 

possess a phosphorus atom linked to the anomeric carbon through a C-P bond. The 

phosphonolactone group (O–P=O) in phostones acts as a bioisostere of the 

hemiacetal group (O–C–OH) found in natural sugars. Phosphino-sugars (phostines, 

1,2-oxaphosphinanes): These feature a phosphorus atom incorporated into a five-

membered ring, mimicking carbohydrates' pyranose or furanose forms. The 

phosphinolactone group (O–P–O) present in phostines also serves as a bioisostere 

of the hemiacetal group.32,33 

 

Figure 1.3.1.1: Endocyclic oxygen replacement 

1.3.1.2. Alteration on the O-glycosidic linkage 

Another key classification of glycomimetics hinges on the nature of the glycosidic linkage. 

In natural O-glycosides, the oxygen atom connecting the sugar units poses a challenge. This 
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linkage is susceptible to breakdown by both chemical reactions and enzymes within the 

body, limiting the drug's pharmacokinetic properties like bioavailability and half-life in the 

bloodstream. To overcome this hurdle, a common strategy involves replacing the oxygen 

atom in the glycosidic linkage with another atom that forms a more stable bond.  Common 

alternatives include nitrogen, carbon, sulphur, or selenium, as illustrated in Figure 1.3.1.2. 

• C-glycosides and C-acylglycosides: They boast remarkable resistance to 

hydrolysis but their inherent structural difference involving a carbon linkage can 

lead to unintended conformational changes. This occurs because they lack the 

stabilizing exo-anomeric effect present in traditional O-glycosides.34 

• N-glycosides: N-glycosides are a type of glycomimetic where the glycosidic 

linkage involves an N-C bond. Acylated N-glycosides are commonly employed for 

the glycosylation of both synthetic and natural peptides. However, N-glycosidic 

bonds formed between two carbohydrate units through an N, O-acetal linkage are 

inherently unstable and rarely encountered in nature.35 

• Thioglycosides: These analogs of O-glycosides offer enhanced stability due to 

sulphur’s lower basicity compared to oxygen, making the S-glycosidic bond more 

resistant to hydrolysis. Thioglycosides not only exhibit diverse biological activities 

but also serve as valuable tools for studying carbohydrate-protein interactions 

through crystallographic techniques.35 

• Selenoglycosides: Similar to thioglycosides, selenoglycosides are used as glycosyl 

donors in oligosaccharide synthesis and offer additional applications in 

crystallographic studies of carbohydrate-protein interactions.36 

 

Figure 1.3.1.2: Alteration on the O-glycosidic linkage 

1.3.1.3. Replacement of OH functional groups 

Glycomimetics can also be classified based on modifications to their hydroxyl groups. 

Deoxygenation, the process of replacing a hydroxyl group with a hydrogen atom, leads to 

several beneficial effects. It reduces the molecule's overall polarity, making it easier for it 
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to exit the surrounding water molecules (desolvation) and potentially form new 

hydrophobic interactions with target proteins. Additionally, removing an electron-

withdrawing hydroxyl group increases the electron density of the remaining scaffold. This 

can enhance the nucleophilicity (electron-donating ability) of other hydroxyl groups, 

potentially strengthening interactions like metal coordination or hydrogen bonding.37 

Hydroxyl groups within glycomimetics can be further modified by replacing them with 

bioisosteres like fluorine (-F), methoxy (-OCH3), thiol (-SH), selenol (-SeH), and amine (-

NH2). Each substitution offers unique advantages, Fluorine, with its high electronegativity, 

creates a highly polarized C-F bond. This leads to increased lipophilicity (fat solubility), 

decreased acidity (lower pKa) of neighbouring hydroxyl groups, and altered hydrogen 

bonding capabilities. Additionally, fluorine substitution can destabilize the oxocarbenium 

ion transition state involved in enzymatic glycosidic bond hydrolysis, potentially inhibiting 

the enzyme's activity.37–41 

Etherification of hydroxyl groups is a common strategy in glycomimetic design to probe 

ligand binding requirements and can even be essential for recognition by specific lectins. 

Replacing oxygen with sulphur or selenium creates larger, more polarizable atoms. This 

leads to Increased lipophilicity, making the molecule more fat-soluble, Weaker hydrogen 

bond donor properties compared to hydroxyl groups Enhanced potential for π-interactions 

with target proteins. However, the synthesis of thioethers and selenoethers is often more 

challenging compared to ethers, and their redox instability limits their widespread use. 

Additionally, the amino group gains a positive charge at physiological pH, significantly 

altering its properties compared to the neutral hydroxyl group and diminishing its 

effectiveness as a mimic.42 

 

Figure 1.3.1.3: Replacement of OH functional groups 
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1.3.1.4. Replacement of H Atoms 

Glycomimetic design can also involve the strategic substitution of hydrogen atoms within 

the carbohydrate scaffold. Due to its small size, chemical stability, and inherent 

hydrophobicity, Fluorine is often used as a bioisostere for hydrogen. While it shares similar 

steric properties, its strong electron-withdrawing effect can significantly influence the 

behaviour of neighbouring functional groups. Other small, hydrophobic groups like 

alkynes, fluoroalkyl chains, hydroxyls, and hydroxymethyls can also be employed for 

hydrogen replacement. Replacing hydrogen with an alkyne group has been proposed to 

enhance conformational preorganization due to stronger van der Waals interactions 

compared to hydrogen.43–45 

Carboxylate groups are present in crucial glycan building blocks like neuraminic and uronic 

acids, yet their bioisosteric replacement in glycomimetic design remains uncommon. 

Traditional medicinal chemistry offers potential bioisosteres like amides, sulfonic acids, 

phosphonates, and tetrazoles. However, these alternatives are rarely employed in the 

development of glycan-based drugs, likely due to the critical role carboxylate interactions 

play in achieving effective binding with target molecules. This revised version provides a 

clearer structure and emphasizes the rationale behind hydrogen substitution in 

glycomimetics. It also highlights the specific properties of fluorine and other potential 

substitutes, while acknowledging the limited use of -CO2⁻ bioisosteres in glycan-based 

drugs due to the importance of carboxylate interactions.46,47 

 

Figure 1.3.1.4: Replacement of OH functional groups 

1.3.2. Importance of glycomimetic synthesis 

Mimicking the intricate code of sugars within glycomimetics is a formidable task. Lectins, 

proteins that decipher this code through oligosaccharide binding, further complicate 
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matters. Their large, flat, solvent-exposed binding sites inherently limit binding affinity. 

Yet, recent clinical trial triumphs with the galectin modulator TD139 and selectin 

antagonists like rivipansel and uproleselan have ignited excitement in the pharmaceutical 

industry, demonstrating the potential to conquer these challenges.48,49 

The most potent lectin antagonists leverage a natural sugar unit, usually a single sugar 

(monosaccharide), as an anchor. This anchor steers the molecule toward the lectin's 

carbohydrate recognition domain (CRD). It's then linked to scaffolds or extra fragments, 

allowing for additional interactions near the sugar-binding site on the target protein. Recent 

breakthroughs in carbohydrate chemistry have enabled a wider variety of structural tweaks, 

resulting in improved drug-like properties and better stability within the body (in vivo). 

Importantly, these modifications often aim to decrease the overall polarity of the ligand. 

This not only strengthens binding affinity but also improves how the drug travels passively 

through the body (passive permeation) and other pharmacokinetic parameters compared to 

the highly hydroxylated structures of natural carbohydrates.24,50 

 

Figure 1.3.2: Some important glycomimetic drugs55 

Glycomimetics as enzyme blockers hold promise for new treatments. Enzymes called 

glycoside hydrolases (GHs) and glycosyltransferases (GTs) help build sugar molecules 
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crucial for cell communication, immune response, inflammation, and even cancer spread. 

Changes in these sugar decorations, especially a type called sialylation, are linked to 

various diseases. Over 150 different GH and GT families exist, classified by their building 

block similarities. Many inhibitors for these enzymes have been discovered, aiding research 

into how they work and potentially leading to new drugs. Designing these successful 

blockers often involves mimicking a fleeting molecular shape, the transition state, formed 

during sugar breakdown. This state has a positive charge, which is mimicked in two ways: 

by flattening a sugar ring to match the transition state's shape or by adding groups that can 

become charged.51–54 

In conclusion, while mimicking the intricate code of sugars within glycomimetics presents 

a challenge, recent advancements are opening doors for novel therapeutic strategies. Lectin 

antagonists, designed to target specific sugar-binding proteins, are being optimized for 

stronger binding and improved drug-like properties. Glycomimetics can also act as enzyme 

inhibitors, mimicking a fleeting molecular shape crucial for sugar breakdown and 

potentially disrupting processes linked to various diseases.  Overall, the field of 

glycomimetic research holds immense promise for the future of medicine, offering exciting 

possibilities for new treatments that target cell communication, immune response, and even 

cancer progression. 

1.4. Introduction to iminosugar 

Iminosugars, natural or synthetic, are small organic molecules that mimic carbohydrates or 

the transition states formed during their breakdown. They achieve this mimicry by 

incorporating a nitrogen atom within their ring structure, replacing an oxygen atom. This 

substitution allows for not only single-ring (monocyclic) but also double-ring (bicyclic) 

scaffolds.56 In bicyclic iminosugars, the nitrogen atom can be strategically placed at a 

junction shared by both rings. Hydroxyl groups are the most common substituents on these 

rings, but nature also offers iminosugars with carboxylic acids and amides. Synthetic 

analogs further expand the possibilities with a wider variety of functional groups.57 

Natural iminosugars exhibit a remarkable diversity in structure, with five main classes 

identified (Figure 1.4): pyrrolidines, piperidines, indolizidines, pyrrolizidines, and nor-

tropanes. These molecules share the defining feature of a nitrogen atom replacing oxygen 

within their cyclic framework, mimicking the structure of sugars but with a key variation. 
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Each class is distinguished by its ring size and configuration, resulting in a wide array of 

structural possibilities. Pyrrolidines and piperidines are characterized by simple five- and 

six-membered rings, respectively. Indolizidines exhibit a more complex bicyclic structure 

with fused rings, while pyrrolizidines possess a five-membered ring containing a distinctive 

nitrogen bridge. Finally, nor-tropanes represent the most intricate class, featuring a bridged 

bicyclic structure reminiscent of the tropane alkaloid cocaine. This remarkable structural 

diversity within natural iminosugars suggests a broad spectrum of potential biological 

functions and applications58–61 

 

Figure 1.4: Classification of iminosugar with examples 

Iminosugars emerged as a leading class of modulators for carbohydrate-processing 

enzymes. This pioneering role has allowed scientists to achieve remarkable feats, including 

altering the glycosylation patterns of human cells, disrupting the metabolism of sugars and 

sugar-containing molecules (glycoconjugates), and modifying the sugar-dependent 

functionalities of proteins.62 Additionally, iminosugars have shown promise in blocking 
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interactions between host cells and infectious agents, offering a potential weapon against 

pathogens.63  These fascinating biological properties have positioned iminosugars as a 

promising new frontier for therapeutic drug development, with the potential to address a 

wide range of diseases.  

1.4.1. Significance of iminosugar C glycoside 

The inhibitory potential of iminosugars has expanded beyond glycosidases to encompass a 

wider range of medicinally relevant enzymes, including glycosyltransferases, 

metalloproteinases, nucleoside-processing enzymes, and sugar nucleotide mutases. This 

broad enzymatic target profile is particularly attractive due to the involvement of these 

enzymes in numerous fundamental biological processes. Consequently, iminosugars offer 

promising leads for the development of novel therapeutics across various disease areas. 

However, the focus on synthetically accessible derivatives has resulted in a predominance 

of simple iminoalditols related to 1-deoxynojirimycin lacking substituents at the anomeric 

position. This structural limitation compromises the ability of these iminosugars to mimic 

the full complexity of oligosaccharides or glycoconjugates when targeting carbohydrate-

processing enzymes. 

 

Figure 1.4.1.a: Representative structure of iminosugar 

A major challenge in using imino sugar analogs of glycosides is their natural instability. 

This is due to the weakness of the aminal linkage, which makes them unsuitable as 

biological probes or drug candidates. To address this issue, scientists have often replaced 

the oxygen atom in the aminal function with a methylene group. This results in imino-C-

glycosides, which offer significantly improved stability as glycoconjugate analogs. Since 

the groundbreaking synthesis of miglitol-hydroxylamine (also known as 

homonojirimycin), one of the simplest examples of this class, a considerable amount of 

synthetic effort has been focused on developing efficient and stereo chemically controlled 

methods for producing iminosugar C-glycosides.64,65 
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Figure 1.4.1.b: Potent molecules having iminosugar moiety66 

1.4.2. Synthesis of iminosugar C glycoside 

Iminosugar C-glycosides hold immense promise for drug discovery, but their synthesis 

presents significant hurdles. One major challenge lies in achieving precise control over the 

stereochemistry. These molecules often possess four or more contiguous stereocenters, 

meaning each carbon center can have two possible orientations. Precise control over these 

orientations is crucial for biological activity, requiring meticulous synthetic strategies.67 

Additionally, efficiently constructing the core piperidine or pyrrolidine ring, a key 

structural element, presents another obstacle. Finally, the high density of functional groups 

within iminosugar C-glycosides necessitates careful selection of protecting groups. These 

groups temporarily mask reactive sites during synthesis, preventing unwanted side 

reactions. Choosing the right protecting group, especially for the endocyclic amino group 

(an amine group within the ring), is critical for a successful synthesis.67–70 

Synthetic approaches to iminosugar C-glycosides fall into two main categories: 

1.4.2.1. Intramolecular Cyclization 

This approach involves constructing the C-glycosidic bond (the link between the 

iminosugar and the sugar unit) through a clever internal ring closure. This strategy often 
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relies on "key disconnections," which are imaginary bond breaks that guide the synthetic 

plan. Here, common disconnections involve C5/C4–N or C1–N bonds, representing the 

points where the internal cyclization occurs.71 

 

Figure 1.4.2.1: Intramolecular Cyclization approaches 

1.4.2.1a. Intramolecular reductive amination 

Reductive amination serves as a cornerstone reaction in organic synthesis for the 

preparation of iminosugar. This versatile transformation commences with a carbonyl group 

(C=O) of an aldehyde or ketone undergoing condensation with an amine to form an imine 

intermediate. The subsequent reduction of the imine furnishes the desired amine product.72 

The key advantage of reductive amination lies in its chemoselectivity, allowing for the 

targeted conversion of the carbonyl group while leaving other functional groups within the 

molecule intact. 

La Ferla et al. (Scheme 1.4.2.1a.I)73 presented a valuable strategy for synthesizing cyclic 

iminosugars. This approach begins with commercially available 2,3,4,6-tetra-O-benzyl-D-

glucopyranose which was converted to α, β-unsaturated esters 1 and utilizes a Michael 

addition to introduce a desired amino group and form 2. The resulting amine 2 then 
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undergoes intramolecular reductive amination to form the cyclic iminosugar structure. 

However, this cyclization requires prior oxidation of a secondary hydroxyl group (C7) to 

an electrophilic ketone. Nicotra et al. achieved this in four steps, converting compound 2 

to 3. Finally, Fmoc group removal and intramolecular reductive amination furnished the 

desired iminosugars 4 in good yield. 

 

Scheme 1.4.2.1a.I: Intramolecular reductive amination 

However, Cipolla et al. (2000)74 showcased the versatility of reductive amination in 

creating nojirimycin C-glycosides (Scheme 1.4.2.1a.II). Their method for -1-C-allyl 1-

deoxynojirimycin derivatives (7) leverages this chemoselectivity. The process starts with 

introducing an amine group onto a protected glucose derivative. Subsequent reaction with 

allyl magnesium bromide provides a stereoselective open-chain amino alcohol which on 

oxidation yielded 6. Further steps involving oxidation, Fmoc group removal, and reductive 

amination with Na(OAc)3BH yield the desired C-glycosides (7). This approach allows for 

further modifications on the allylic appendage, highlighting the flexibility it offers. 

 

Scheme 1.4.2.1a.II: Intramolecular reductive amination 

1.4.2.1b. Double reductive amination  

Double reductive amination (DRA) has emerged as a powerful tool for constructing the 

core framework of pyrrolidine and piperidine iminosugars. This versatile strategy leverages 
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the ability of reductive amination to selectively form carbon-nitrogen bonds. The process 

typically involves two consecutive reductive amination steps. In the first step, a dicarbonyl 

compound reacts with an amine or hydroxylamine to form a key intermediate, often 

containing a protected amino group. The second reductive amination step involves internal 

cyclization, where the newly introduced amine group attacks an electrophilic center within 

the molecule, forming the desired pyrrolidine or piperidine ring. This cyclization can be 

achieved through various strategies, including intramolecular reductive amination with a 

reducing agent like sodium borohydride. The key advantage of DRA lies in its ability to 

efficiently introduce the nitrogen atom and construct the cyclic core structure in a single 

reaction sequence, offering a streamlined approach to synthesizing these valuable 

iminosugars.67,69 

Jaggaiah et al. (2014)75 showcased the efficiency of double reductive amination for 

synthesizing an aza analog of β-C-Galactosyl Ceramide (β-C-GalCer) (Scheme 1.4.2.1b.I). 

Their strategy began with the preparation of a key intermediate, β-keto phosphonate 8 

(HWE precursor), derived from D-galactose in three steps. Diketone 9, crucial for the 

subsequent cyclization, was then synthesized from 8 through a three-step process involving 

an HWE reaction with phytosphingosine aldehyde and consecutive oxidations. Finally, the 

desired aza-β-C-GalCer precursor 10 was achieved using standard DRA conditions 

commonly employed for piperidine aza-sugars (ammonium formate and sodium 

cyanoborohydride). 

 

Scheme 1.4.2.1b.I: Intramolecular double reductive amination 

A similar procedure was employed to create aza-C-nucleosides by Momotake et al. 

(1998),76 which was shown in Scheme1.4.2.1b.II. Their method began with a protected 

hemiacetal 11 undergoing coupling with aryl lithium compounds, and the resulting 

intermediate will be subjected to subsequent oxidation, yielding the crucial diketone 13. 

Finally, they implemented DRA on compound 13 to achieve the desired aza-C-nucleoside 

14. DRA can also done by using alkyl or aryl amines, giving diversity nitrogen substitution. 
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These examples emphasize DRA's effectiveness as a streamlined strategy for constructing 

cyclic amines. 

 

Scheme 1.4.2.1b.II: Intramolecular double reductive amination 

1.4.2.1c. Intramolecular SN2 cyclization  

Classical methods for constructing piperidine and pyrrolidine rings in iminosugar C-

glycosides rely on two main strategies: displacing a leaving group with an amine or ring-

opening an epoxide. However, these approaches can lead to unintended products, hindering 

their broad applicability. Displacing a leaving group on a readily available D-sugar 

precursor, a common starting point, aims to establish the crucial C5-N bond. Unfortunately, 

this reaction often inverts the configuration at the C5 carbon atom. This inversion leads to 

the formation of an iminosugar belonging to the L-series, which is uncommon in nature and 

thus less desirable for mimicking natural sugar functions. Conversely, if the attack on the 

molecule comes from the nitrogen atom attached to C5 and targets a leaving group 

positioned at C1 (the other end of the sugar ring), the outcome is typically the formation of 

an α or β C-glycoside. While these C-glycosides are desirable, SN2 cyclization plays a key 

role in synthesizing iminosugar C-glycosides.67–69 

Radicamine B, a naturally occurring pyrrolidine-type iminosugar, has attracted interest due 

to its potential biological properties. Ribes et al. (2008)77 achieved a concise synthesis of 

radicamine B by leveraging a strategic intramolecular SN2 cyclization (Scheme 1.4.2.1c.I). 

Their approach began with Weinreb amide 15, which was efficiently converted to alcohol 

16 via a Grignard reaction and a stereoselective reduction with L-selectride. Subsequent 



Chapter-1              

  P a g e  | 19 

mesylation of 16 yielded compound 17. The key step involved subjecting crude 17 to acidic 

conditions, aiming to achieve a cascade reaction: cleavage of the acetonide and Boc 

protecting groups, followed by cyclization through the nucleophilic displacement of the 

mesyl group by the internal amine, forming the desired pyrrolidine ring. However, this 

reaction yielded an unexpected outcome – a 2:1 mixture of stereoisomeric pyrrolidines 18 

 

Scheme 1.4.2.1c.I: Intramolecular SN2 cyclization 

Moreno-Vargas et al. (2005)78 further expanded the applicability of intramolecular SN2 

cyclization by employing a dual leaving group strategy with an external nitrogen source 

(Scheme 1.4.2.1c.II). Tetrabutylammonium azide (generated in situ from trimethylsilyl 

azide (Me₃SiN₃) and tetrabutylammonium fluoride (Bu₄NF) in DMF) served as the external 

nucleophile. This approach facilitated chemoselective SN2 displacement of the mesyloxy 

groups at C-2 and C-5, leading to the formation of the pyrrolidine core. 

 

Scheme 1.4.2.1c.II: Double SN2 cyclization 

Beyond mesyl (Ms) groups, tosyl (Ts) groups can also serve as effective leaving groups in 

this intramolecular SN2 cyclization. Notably, both Ms and Ts groups can facilitate the 

desired cyclization to form the pyrrolidine ring. 
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1.4.2.1d. Aminoalkene cyclization 

The synthesis of C-glycosides from aminoalkene molecules can be achieved through amino 

alkenecyclization, also known as electrophile-induced cyclization. This technique involves 

the use of mercuric acetate or triflate and iodo-mediated cyclization procedures. In 1998, 

Bouix et al.79 reported an iodine-mediated intramolecular cyclization approach for 

synthesizing iminosugar C-glycoside analogs derived from arabinose phosphonates. This 

method hinges on a key step: an intramolecular iodoamination-cyclization reaction utilizing 

N-iodosuccinimide (NIS) as the iodine source. This electrophile-induced cyclization 

approach remains a valuable method due to its relative ease in producing various 

iminosugar derivatives. 

 

Scheme 1.4.2.1d: Intramolecular amino alkene cyclization 

1.4.2.1e. Reductive cyclization 

Reductive cyclization offers a versatile strategy for synthesizing C-glycosides. This method 

exploits the in-situ reduction of an azide moiety to an amine, which then undergoes 

intramolecular cyclization to form the C-glycoside core. This approach has gained 

significant traction in recent years, as evidenced by the numerous publications describing 

its application.  

 

Scheme 1.4.2.1e: Reductive cyclization 

Sugiyama et al. (2007)80 presented a one-pot chemoenzymatic strategy for synthesizing 

diverse iminosugars from readily available, non-phosphorylated donor substrates. This 

method capitalizes on the reductive cyclization of an intermediate azide to directly furnish 
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the desired iminosugar products. Notably, this approach offers its own advantages: not only 

does it enable iminosugar synthesis from non-carbohydrate starting materials, expanding 

substrate scope, but it also eliminates the need for protecting groups, simplifying the overall 

process. 

1.4.2.2 Electrophilic Iminosugar Donor 

 A longstanding challenge in sugar mimetic synthesis has been the early introduction of C1 

substituents, hindering late-stage diversification essential for creating libraries for high-

throughput screening. To address this, researchers aimed to develop a method for 

introducing these substituents at a late stage in the synthesis of aza-sugars. This method 

utilizes a pre-formed iminosugar fragment with an electrophilic (electron-loving) group 

attached at the C1 position (the carbon atom closest to the ring nitrogen). This electrophilic 

group then reacts with a suitable acceptor molecule, forming the C-glycosidic bond.71  

 

Figure 1.4.2.2: Intermolecular C glycosylation approaches 

This approach, also known as intermolecular iminosugar C-glycoside synthesis, offers a 

distinct advantage over other methods. The key lies in utilizing an iminosugar derivative as 

the starting material, streamlining the overall synthetic process. 
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1.4.2.2a Iminosugar C-glycosides from imines 

Imines are particularly valuable intermediates in intramolecular iminosugar C-glycoside 

synthesis owing to their inherent electrophilic character at the imine carbon. This 

electrophilic character makes them susceptible to nucleophilic attack by organometallic 

reagents, such as Grignard reagents or alkyllithium compounds. This nucleophilic attack 

initiates an irreversible coupling, ultimately leading to the formation of the desired C-

glycoside product.  

 

Figure 1.4.2.2a: Intermolecular C glycosylation of imins71 

Horenstein et al. (1993)81 pioneered the use of an imine intermediate for the synthesis of 

aza-C-nucleoside derivatives. Their approach involved sequential treatment of Iminoribitol 

with N-chlorosuccinimide (NCS) and lithium tetramethylpiperidide (LiTMP) to generate 

the desired imine. This intermediate then underwent a one-pot reaction with aryl Grignard 

reagents, furnishing the corresponding aza-C-nucleosides (Scheme 1.4.2.2a.II).  In contrast, 

Bosco et al. (2001)82 reported an alternative strategy for imine synthesis, employing lithium 

hydroxide instead of LiTMP. 

 

Scheme 1.4.2.2a.I: Intermolecular iminosugar C glycosylation using imine 

On the other hand, Szcześniak et al. (2014)83 achieved a more streamlined approach for 

imine synthesis by employing the Schwartz reagent to directly convert lactam molecules 

into cyclic imine products in a single step (Scheme 1.4.2.2a.III). This one-pot strategy 

eliminates the need for isolating the often-unstable imine intermediates, facilitating their 

immediate utilization in subsequent reactions. 
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Scheme 1.4.2.2a.II: Intermolecular iminosugar C glycosylation using imine 

1.4.2.2b Iminosugar C-glycosides from cyclic nitrones 

Cyclic nitrones offer a distinct advantage over their cyclic imine counterparts due to their 

enhanced stability. Unlike imines, which can be quite reactive and challenging to isolate, 

cyclic nitrones often exhibit greater stability, allowing for their purification through 

techniques like column chromatography. This stability makes cyclic nitrones attractive 

alternatives as intermediates in glycosylation reactions, a key step in the synthesis of 

iminosugar analogs. 

 

Scheme 1.4.2.2b: Iminosugar C glycosides from nitrones 

Tsou et al. (2008)84 capitalized on this advantage by employing a cyclic nitrone 

intermediate for the synthesis of aza-C-nucleoside derivatives. Their approach involved a 

Grignard reaction with aryl Grignard bromide, leveraging the nitrone's stability to facilitate 

isolation and subsequent transformation into the desired aza-C-nucleoside products. In 

contrast, Carmona et al. (2003)85 explored a different strategy for iminosugar synthesis. 

Their work focused on a 1,3 dipolar cycloaddition approach, utilizing cyclic nitrone and 

allyl alcohol as key reactants. This approach offers a distinct pathway for the construction 

of bicyclic iminosugar structures. 

1.4.2.2c. Iminosugar C-glycosides from iminoglycal 

Imino-glycals, carbohydrates with a C=C double bond between C-1 and C-2, serve as 

versatile starting materials for diverse organic molecules.86 Inspired by classical glycal 



          Glycomimetics 

 

chemistry, Dransfield et al. (2003)87 demonstrated that imino-glycals can undergo Lewis 

acid-mediated carbon-carbon bond formation (Scheme 1.4.2.2c.I). This approach leverages 

the allylic displacement of the C-3 acetate group, followed by stereospecific 

dihydroxylation, ultimately affording highly oxygenated iminosugar C-glycosides. 

 

Scheme 1.4.2.2c.I: Iminosugar C glycosides from imino glycal 

Oliveira et al.88 described a modified Heck reaction for the efficient synthesis of C-arylated 

azasugars (Scheme 1.4.2.2c.II). The Heck reaction, a powerful palladium-catalyzed method 

in organic synthesis, enables the controlled construction of carbon-carbon (C-C) bonds. In 

this approach, Correia et al. employed enecarbamates and aryl diazonium salts as coupling 

partners, achieving the desired C-arylation in a highly regio- and stereoselective manner. 

Notably, the reaction utilized 2,6-di-t-butylpyridine or 2,6-di-t-butyl-4-methylpyridine as 

bases. The resulting Heck product was then strategically converted to aza-C-glycosides 

through stereospecific hydroxylation. 

 

Scheme 1.4.2.2c.II: Iminosugar C glycosides from imino-glycal 

The synthesis and biological evaluation of natural and synthetic pyrrolidine and piperidine 

iminosugars have captivated researchers in both academic and industrial settings for 

decades. Initial efforts primarily focused on the development of efficient and 

stereoselective methods for synthesizing monovalent iminosugars with promising 

therapeutic activities, particularly those targeting diabetes. The success of iminosugars as 

a source of drug candidates has fuelled further research, with recent discoveries 

highlighting the potential of iminosugar C-glycosides in treating a wider range of diseases 

associated with carbohydrate transition state. 
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1.5. Immucillins 

Aza-C-nucleosides and their derivatives, particularly polyhydroxylated pyrrolidines with 

aryl or heteroaryl groups at the C-1 position, have garnered significant interest from 

chemists and biochemists for their diverse pharmacological activities.89 These activities 

include anticancer, antiviral, and antimicrobial properties. 

Human PNP has emerged as a potential player in the development of T-cell-related cancers 

and autoimmune disorders.90 This finding suggests that inhibiting PNP could offer a novel 

therapeutic strategy for treating these critical diseases. Understanding PNP's structure is 

crucial for developing such inhibitors.91 Fortunately, X-ray crystallography studies at 

various resolutions have revealed the existence of several PNP families. These structural 

insights, combined with data from NMR techniques, kinetic isotopic effects, and theoretical 

calculations, have enabled researchers to delve into the intricate details of the transition 

state formed during the breakdown of purine nucleosides by PNP.92–95 This detailed 

understanding of the enzyme's catalytic mechanism provides a blueprint for the 

development of specific PNP inhibitors. 

 

Figure 1.5a: A) PNP catalyzed Phosphorolysis of Purine Nucleosides; B) PNP catalyzed 

Transition State of Phosphorolysis of Purine Nucleosides 96 

Purine nucleoside phosphorylases (PNPs) are critical enzymes for processing purine 

molecules within cells. They act through a process called phosphorolysis (Figure 1.5a: A)96, 

breaking down purine nucleosides into their building blocks: ribose or deoxyribose sugars 

and purine bases. Interestingly, a genetic deficiency in PNP leads to impaired T-cell 

function.97 This is because PNP is essential for regulating deoxyguanosine triphosphate 

(dGTP) levels within T-cells. In healthy cells, PNP helps maintain a balanced pool of 
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deoxynucleotides, which are crucial for DNA synthesis. When PNP is absent, 

deoxyguanosine (dGuo) cannot be effectively broken down, leading to an accumulation of 

dGTP. This excess dGTP disrupts another enzyme, ribonucleotide reductase, which is vital 

for producing the building blocks of DNA.98 The resulting imbalance in deoxynucleotide 

pools triggers a form of cell death (apoptosis) in T-cells. This newfound understanding of 

PNP's role in T-cell function has opened exciting possibilities for therapeutic development. 

By designing specific inhibitors of human PNP (hPNP), there is a hope to develop 

treatments for T-cell lymphomas and autoimmune disorders where abnormal T-cell activity 

is involved.99 

Through a combination of kinetic isotope effects (KIE) and computational quantum 

chemistry, researchers have successfully proposed the mechanism by which PNP catalyzes 

phosphorolysis. Their work revealed a nucleophilic substitution reaction within the 

enzyme's active site (see Figure 1.5a: B).96 In this process, a phosphate molecule serves as 

a nucleophile, attacking the anomeric carbon of the nucleoside substrate. This attack leads 

to the formation of a short-lived intermediate known as an oxocarbenium ion. This unstable 

ion then decomposes, releasing the nucleobase and sugar 1-phosphate as products. The 

detailed understanding of this enzymatic transition state has provided a valuable blueprint 

for the design of novel PNP inhibitors. By targeting this specific transition state, scientists 

can develop drugs that effectively block PNP activity.100,101 

Armed with the detailed knowledge of the PNP transition state, researchers designed a new 

class of drugs called immucillins.102 These molecules act as mimics of the natural substrates 

for PNP at the crucial transition state with greater binding affinity. The first generation of 

immucillins can be broadly categorized into three groups based on the nucleosides they 

mimic: inosine (Immucillin-H), guanosine (Immucillin-G), and adenosine (Immucillin-A). 

These mimics effectively disrupt PNP activity.101 Following this success, scientists 

developed a second generation of immucillins with even more diverse pharmacological 

applications (Figure 1.5b). 

The first generation of immucillins, like Immucillin-H and Immucillin-G, were built with 

an aza-ribose sugar backbone linked to a purine base via a carbon-carbon bond. These 

mimicked an early stage in the enzyme's reaction cycle. Notably, forodesine and 

Immucillin-G displayed impressive inhibitory power against human PNP, with dissociation 

constants (Ki) of 56 and 42 picomolar (pM), respectively.100 Scientists further refined the 
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design with the second generation of immucillins. Ulodesine 47 and DADMe-immucillin-

G 48 are prime examples. This approach led to even stronger inhibition, with Ki values of 

8.5 pM and 7.0 pM for 47 and 48, respectively.103 This improvement highlights the 

importance of targeting the precise transition state for optimal enzyme inhibition. This 

finding paved the way for the development of next-generation immucillins with even more 

diverse acyclic (non-ringed) sugar backbones. Compounds like 49 (Ki= 3.4 pM) and 50 

(Ki= 2.1 pM) achieved record-breaking inhibitory power, surpassing all previous 

generations.104 These advancements demonstrate the ongoing efforts to refine immucillin 

design for maximum effectiveness.105 

 

Figure 1.5b: Structures of some relevant immucillins96 

The potential of immucillins goes beyond the lab. One success story is immucillin-H, which 

was approved in 2017 in Japan for treating a specific type of lymphoma called 

relapsed/refractory peripheral T-cell lymphoma (PTCL) after successful clinical trials.106 

This demonstrates the potential of immucillins in cancer treatment. Another promising 

candidate is immucillin-A, which has shown broad-spectrum antiviral activity in tests, 

effectively inhibiting over 20 viral species from ten different families. This suggests its 

potential use against various viral infections.107 On a different note, Ulodesine 47 has 

completed phase II clinical trials for treating gout, a severe inflammatory condition caused 

by high uric acid levels. Ulodesine's mechanism involves inhibiting hPNP, which helps 

regulate the production of purine precursors, ultimately reducing uric acid formation.108 

These examples illustrate the diverse applications of immucillins, from combating viruses 

to managing complex diseases like gout. 
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The global rise of infectious diseases and cancers necessitates the development of novel 

therapeutic strategies. Immucillins, a class of antiviral and anticancer drugs, have emerged 

as promising candidates due to their unique mechanism of action. This thesis delves into 

the synthesis of two key immucillins, Immucillin-A and Immucillin-H, with the aim of 

contributing to the advancement of these potential drugs. 

1.5.1. Immucillin-H 

Immucillin-H also known as Forodesine, or BCX-1777, is a highly effective inhibitor of 

the enzyme purine nucleoside phosphorylase (PNP). Developed by BioCryst 

Pharmaceuticals, forodesine was designed based on the enzyme's transition state for 

optimal inhibition. This drug exhibits promising activity against T-cell malignancies like T-

cell acute lymphoblastic leukemia (T-ALL) and cutaneous T-cell lymphoma.109 Early 

studies also suggest its potential application in managing some B-cell cancers.110,111 

 

Figure 1.5.1: Structures of immucillin-H 

Forodesine's effectiveness stems from its ability to disrupt the normal metabolism of purine 

nucleosides within T-cells.112 In healthy cells, PNP plays a critical role in breaking down 

these molecules. However, forodesine inhibits PNP, leading to an accumulation of 

deoxyguanosine (dGuo) in the cell.113 Since PNP is blocked, dGuo cannot be converted to 

guanine (Guo) for normal cell function. Instead, it gets converted to deoxyguanosine 

triphosphate (dGTP) through other pathways.114 This elevated dGTP level disrupts DNA 

synthesis and repair, ultimately leading to DNA damage and cell death (apoptosis).115 

Forodesine has demonstrated efficacy in treating relapsed and refractory T-cell leukemias, 

including T-ALL and cutaneous T-cell lymphoma.116 Studies have shown promising results 

when used as a single agent in these conditions, with minimal side effects. Research by 

Furman et al.117 suggests forodesine's effectiveness in treating relapsed T-cell leukemia 

after allogeneic hematopoietic stem cell transplantation (HSCT). Gore et al.118 further 

revealed that forodesine not only has a direct cytotoxic effect on leukemia cells but also 

promotes an immune response against cancer cells. Additionally, preclinical and clinical 

data support forodesine's potential application in B-cell ALL.  
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Forodesine's journey from discovery to clinical use is a testament to its potential.  Following 

successful clinical trials in Japan, forodesine received approval in 2017 for the treatment of 

relapsed/refractory peripheral T-cell lymphoma (PTCL).106 This approval marks a 

significant step forward in the fight against T-cell cancers. 

1.5.2. Immucillin-A 

Immucillin A (aka galidesivir or BCX-4430) was originally developed as a potential 

treatment for trichomoniasis, a parasitic infection caused by Trichomonas vaginalis. This 

parasite exhibits purine auxotrophy, relying on the salvage pathway for essential purine 

building blocks. Notably, T. vaginalis expresses a unique purine nucleoside phosphorylase 

(TvPNP) with a preference for adenosine as a substrate.119 This substrate specificity offered 

a window for selective targeting, and galidesivir demonstrated potent inhibition of TvPNP 

with a Ki of 87 pM. However, despite its high inhibitory activity, galidesivir displayed 

limited efficacy against trichomoniasis due to the presence of alternative purine salvage 

enzymes in the parasite.120 The initial research on galidesivir, however, revealed an 

unexpected benefit. In vitro antiviral assays demonstrated broad-spectrum activity against 

over 20 viral species belonging to ten distinct families. This included filoviruses (Ebola, 

Marburg) and flaviviruses (West Nile, Zika, Yellow fever), for which effective therapeutic 

options are scarce.107,121–124 

 

Figure 1.5.2: Structures of immucillin-A 

Clinical trials have established galidesivir's safety and tolerability profile.125 While initial 

studies explored its potential application for COVID-19 treatment due to activity against 

related coronaviruses (SARS, MERS),126 Phase I trials, although demonstrating a dose-

dependent reduction in viral load and good safety, ultimately did not lead to further 

development for COVID-19.127 However, the broad-spectrum antiviral activity of 

galidesivir positions it as a promising candidate for treating other viral diseases. Currently, 

galidesivir is undergoing advanced clinical development for the treatment of Marburg virus 

disease, a highly lethal filovirus closely related to Ebola.107 This highlights the potential of 

repurposing drugs with specific target mechanisms for broader therapeutic applications. 
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1.5.3. Synthesis of immucillin-H and immucillin-A 

On the synthetic front, most of the reports for obtaining immucillin-H with the key step for 

C-nucleoside synthesis being C-C bond formation between iminoribitol and aglycon 

moieties. In a linear synthesis, an imine derived from an N-halo amine, obtained from D-

gulono-1,4-lactone128, by base-catalyzed elimination, was utilized in the addition reaction 

with excess lithiated acetonitrile to afford a cyanomethyl C-glycoside derivative (Scheme 

1.5.3a), which culminated in forodesine with an overall yield of 3.7% in 20 steps.129  

 

Scheme 1.5.3a: Linear synthesis of forodesine through imine 

In a convergent route, adding a lithiated 9-deazahypoxanthine derivative, derived from 

isoxazole,130 to an imine afforded C-nucleoside in the key step (Scheme 1.5.3b), providing 

forodesine in an overall yield of 19% in 14 steps.131 

 

Scheme 1.5.3b: Convergent synthesis of forodesine through imine 



Chapter-1              

  P a g e  | 31 

Coupling the stable tri-O-benzyl cyclic nitrone, derived from D-ribose, with lithiated 9-

deazahypoxanthine derivative furnished hydroxylamine as separable diastereoisomers of 

β:α (7:1) (Scheme 1.5.3c), which resulted in forodesine in an overall yield of 8% in 11 

steps.132 

 

Scheme 1.5.3c: Convergent synthesis of forodesine through nitrone 

Cross-coupling of a stable aza-sugar lactam (Scheme 1.5.3d), derived from L-pyroglutamic 

acid, with lithiated 9-deazahypoxanthine followed by reduction furnished a mixture of β:α 

(4:1) of forodesine in an overall yield of 14% from 10 steps.133 

 

Scheme 1.5.3d: Convergent synthesis of forodesine through lactam 

On the synthetic front, most of the reports for obtaining galidesivir rely on the intermediary 

of forodesine that involves seven linear steps, including the incorporation of amine in the 

C-6 position of the purine (Scheme 1.5.3e).121 
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Scheme 1.5.3e: Synthesis of galidesivir from forodesine 

However, Evans et al. synthesized ampicillin-A, with the key step for C-nucleoside 

synthesis being C-C bond formation between iminoribitol and aglycon moieties.134 In a 

linear synthesis, an imine derived from an N-halo amine, obtained from D-Gulono-1,4-

lactone, by base-catalyzed elimination, was utilized in the addition reaction with excess 

lithiated acetonitrile to afford a cyanomethyl C-glycoside derivative (Scheme 1.5.3f), 

which culminated in galidesivir with an overall yield of 1.5% in 19 steps.129  

 

Scheme 1.5.3f: Linear synthesis of forodesine through imine 

BioCryst Pharmaceuticals, the developer of galidesivir, has secured patents for various 

synthetic routes to this promising antiviral agent.135 These patented methods demonstrate 

the flexibility in selecting starting materials for galidesivir synthesis. Notably, the 
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approaches encompass the utilization of both sugar-based and non-sugar-based precursors, 

highlighting the potential for diverse and potentially scalable synthetic strategies.136  

1.6. Conclusions and present work 

Glycomimetics, synthetic mimics of carbohydrates, overcome limitations like instability 

and poor absorption. These engineered molecules offer enhanced properties and targeted 

binding, making them valuable tools in drug development, diagnostics, and materials 

science. 

Iminosugars are a class of glycomimetics, representing a significant leap forward. By 

mimicking a crucial enzymatic transition state, they potently inhibit glycosyltransferases 

and glycosylhydrolases, enzymes vital for various biological processes. This inhibition 

disrupts sugar metabolism, glycosylation patterns, and even pathogen-host interactions, 

offering promise for treating diverse diseases like viral infections and cancer. 

Immucillins, a specific type of iminosugar, target purine nucleoside phosphorylase (PNP), 

an enzyme critical for purine metabolism in cells. Their design leverages a deep 

understanding of PNP's transition state, leading to highly specific and potent inhibitors. 

Forodesine (Immucillin-H) exemplifies this success. It disrupts purine nucleoside 

metabolism in T-cells, leading to DNA damage and cell death in T-cell malignancies. 

Forodesine's efficacy in treating these cancers has been clinically validated, paving the way 

for its approval in Japan. While forodesine tackles cancer, Immucillin-A showcases broad-

spectrum antiviral activity. Additionally, Ulodesine, another immucillin derivative, shows 

promise in managing gout by regulating uric acid production. 

These breakthroughs highlight the immense potential of glycomimetics, particularly 

iminosugars and immucillins. Their applications extend beyond cancer to viral infections, 

gout, and potentially more. As research refines these molecules, focusing on precise 

transition states and structural modifications, the impact of glycomimetic-based drug 

design on modern medicine is poised to grow significantly. 

While existing methods for synthesizing immucillin-H (forodesine) and immucillin-A 

(galidesivir) have paved the way for their initial clinical applications, these methods may 

have limitations in terms of efficiency, scalability, or cost-effectiveness. In contrast, this 

thesis specifically focuses on developing novel synthetic strategies for these crucial 

immucillins. Additionally, the research will explore the synthesis of iminosugar analogs of 
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KRN-7000, a compound that has shown promising therapeutic applications. By developing 

new synthetic approaches, this thesis aims to address the potential limitations of current 

methods and unlock the full therapeutic potential of these promising molecules. 
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Synthesis of Immucillin-H and its Stereochemical 

Variants 
 

2.1. Abstract 

The synthesis of forodesine, a potent iminosugar with significant immunosuppressive 

activity, involves the strategic assembly of its key subunits. The process begins with the 

functionalization of D-ribose to derive a lactam intermediate, followed by the construction 

of the pyrrolopyrimidine unit from readily available starting materials. Despite challenges 

in scaling and yields, optimizations in reductive amination and protection strategies have 

been pursued. The study also explores alternative routes to improve the efficiency and 

practicality of the synthesis, ultimately aiming to develop a viable method for producing 

forodesine and its analogs. 

2.2. Introduction 

Immucillins, a class of naturally occurring purine nucleoside analogs, have attracted 

considerable interest due to their diverse therapeutic potential.1 These compounds exhibit 

promising immunomodulatory and antibacterial properties, making them attractive 

candidates for treating various T-cell proliferative disorders such as psoriasis, rheumatoid 

arthritis, and T-cell lymphomas.2–4 Additionally, immucillins demonstrate activity against 

protozoan parasites responsible for malaria, trypanosomiasis, and sleeping sickness. This 

broad spectrum of bioactivity has spurred significant research efforts toward developing 

efficient and scalable synthetic methods for immucillins, particularly forodesine, a well-

studied representative with potent immunosuppressive activity.1,5,6 

Previous work by Evans et al. established a synthetic route for forodesine that relied on the 

key step of coupling an in situ generated imine derived from an aza-sugar intermediate with 

lithiated 9-deazahypoxanthine.7 This approach was followed by deprotection to furnish the 

final product. However, this method presents limitations. The aza-sugar synthesis reported 

by Fleet et al., which utilized D-gulonolactone as the starting material,8 is no longer readily 

applicable due to the limited commercial availability of D-gulonolactone. Additionally, 

while the reported imine and lithiated 9-deazahypoxanthine coupling delivered consistent 
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results,9 the process involved cumbersome manipulations that significantly hindered its 

scalability for large-scale production. 

These limitations in the existing synthetic routes for forodesine highlight the necessity for 

exploring alternative approaches. An ideal new method would address the challenges of 

precursor availability and scalability while offering a more efficient and streamlined 

synthesis of the aza-sugar intermediate and forodesine. This study aims to contribute to this 

ongoing research effort by investigating a novel synthetic route for forodesine, potentially 

paving the way for a more practical and commercially viable production method. 

2.3. Result and discussions 

The objective of this chapter is to develop novel routes for the synthesis of forodesine and 

its analogs. 

2.3.1. Synthetic plan for forodesine (Immucillin-H) 

 

Figure 2.3.1: Synthetic plan for forodesine 

D-ribose 



Chapter-2 

P a g e  | 49 

We aim to leverage the advantages of convergent synthesis. This strategy involves 

assembling a molecule from independent subunits, often leading to higher yields and purer 

products compared to linear syntheses. Forodesine, an iminosugar derivative of D-ribose, 

features a lactam (cyclic amide) linked to a pyrrolopyrimidine unit. Our plan involves 

synthesizing these subunits independently and then coupling them in a key step. The lactam 

will be derived from D-ribose to ensure the correct sugar stereochemistry.10 The 

pyrrolopyrimidine unit will be constructed from a substituted pyrrole, followed by a 

reaction with formamidine acetate. The pyrrole itself can be obtained from readily available 

diethyl aminomelanate and isoxazole.11 The crux of the synthesis lies in the organometallic-

assisted cross-coupling reaction between the synthesized lactam and the pyrrolopyrimidine 

unit. This reaction will forge the crucial bond that unites these subunits, ultimately leading 

to forodesine. Following forodesine's successful synthesis, we will then explore its 

conversion to the next target molecule, galidesivir. 

2.3.1.1. Synthesis of the lactam via D-ribose functionalization 

The synthesis commenced with selective protection of D-ribose's anomeric hydroxyl group 

as a methoxy ether (1-O-methyl-D-ribose) to control subsequent reactions (Scheme 

2.3.1.1a). Subsequent benzylation using benzyl bromide and sodium hydride transformed 

the remaining hydroxyls into benzyl ethers, yielding compound 2. The methoxy-protecting 

group was then strategically removed via cleavage with acid hydrolysis, generating 

hemiacetal intermediate 3. Dess-Martin periodinane, a mild oxidant, facilitated the 

dehydrogenation of the hemiacetal to form γ-lactone 4 and δ-lactone 5.10,12  

 

Scheme 2.3.1.1a: Synthesis of lactone form D-ribose 

D-ribose 
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Our initial hypothesis suggested that δ-lactone 5 originated from the hemiacetal 

intermediate 3 derived from the anomeric methoxy ether (1-O-methyl-D-ribose). However, 

subsequent analysis revealed the δ-lactone likely formed directly from the cyclic pyranose 

form of D-ribose present in the starting material. D-ribose exists in equilibrium between its 

furanose and pyranose forms, and the reaction conditions might have favored the pyranose 

form to lead to the observed δ-lactone product 5. 

The γ-lactone 4, on treatment with methanolic ammonia, converted the lactone to a 

hydroxy-carboxamide intermediate containing a secondary alcohol. Dess-Martin 

periodinane then mediated the oxidation of the alcohol to a ketone, generating a keto amide 

intermediate. This intermediate undergoes cyclization in the presence of methanolic 

ammonia, generating a mixture of lactam epimers (compound 8).10,12 Finally, reductive 

amination using the Kishi reduction selectively furnished the desired lactam 9. 

 

Scheme 2.3.1.1b: Synthesis of γ-lactone 9 

2.3.1.2. Synthesis of the pyrrolopiramidine partner 

Pyrrolo[3,2-d]pyrimidines have garnered renewed interest due to their potential as 

synthetic precursors to the immucillins. However, the synthetic routes to access this ring 

system remain limited. Traditionally, these syntheses involve either functionalized 

pyrimidines13 or the construction of the pyrimidine ring onto a substituted pyrrole.14 

Considering the readily available starting materials, we focused on the latter approach for 

pyrrolo[3,2-d]pyrimidine synthesis. A literature review identified two promising methods 

for this purpose. 
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Building upon the work of Furneaux et al. (1999),15 who reported a convenient synthesis 

of a pyrrole derivative from isoxazole and diethyl aminomalonate in five days, we aimed 

to leverage this route. Their method offers a readily available starting material for the 

synthesis of 9-deazahypoxanthine through subsequent treatment with formamidine acetate, 

achieving an overall yield of 45% (Scheme 2.3.1.2a). 

 

Scheme 2.3.1.2a: Synthesis of 9-deazahypoxanthine from isoxazole 

However, when we tried this method, significant challenges emerged during scale-up, 

including efficient reaction monitoring, workup at a larger scale, ensuring intermediate 

stability, and achieving consistent reproducibility. These challenges prompted us to explore 

alternative routes for the synthesis of 9-deazahypoxanthine. 

 

Scheme 2.3.1.2b: Synthesis of 9-deazahypoxanthine from ethyl(ethoxymethylene) 

cyanoacetate 

Another report published in 2009 by V.P. Kamath et al.16 offered a three-step route to 9-

deazahypoxanthine, as illustrated in Scheme 2.3.1.2b. This method starts with the synthesis 

of a pyrrole derivative. The pyrrole is formed by refluxing ethyl 
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(ethoxymethylene)cyanoacetate, diethyl aminomalonate, and sodium methoxide in 

methanol. Subsequent condensation of the purified pyrrole with formamidine acetate in 

refluxing ethanol yields an intermediate product. Finally, base-catalyzed decarboxylation 

of this intermediate 9-deazahypoxanthine in a reported overall yield of 51%. 

Unfortunately, replicating the reported yield and reaction times of this method proved 

challenging. Issues with reproducibility and long reaction times necessitated further 

optimization. In both cases, when we tried to reproduce the result, we got 13, only a 9% 

overall yield. To address these limitations, we explored novel reaction conditions for the 

synthesis of the substituted pyrrole starting from isoxazole. As shown in Table 2.3.1.2, we 

systematically investigated the impact of various parameters on the pyrrole yield. These 

parameters included the addition and incubation time of reagents, the amount of sodium 

methoxide (NaOMe), and the reaction temperature. 

Table 2.3.1.2: Optimization for compound 13 

 

Sl. 

No. 

Isoxazole 

(eq) 

NaOMe 

(eq) 

Time A 

(h) 

DEAM 

(eq) 

Temp 

(oC) 

Time B 

(h) 

Yield of 

13 (%) 

1 1 3 0.5 1 60 6 9 

2 1 3 0.5 1 60 12 4 

3 1 3 0.5 1 85 2 -- 

4 1 3 0.5 3 85 3 3.5 

5 1 1 0.5 1.1 60 3 -- 

6 1 2 0.5 1.1 60 6 7 

7 1 3 0.5 1.1 60 3 7 

8 1 3 0.5 1.1 60 3 5 

9 1 4 0.5 1.1 60 3 4 

12 1 3 0.5 0.9 60 6 6 

13 1 4 0.5 1.1 80 3 -- 

14 1 4 0.5 1.1 80 6 5 
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15 1 3 0.5 1.1 60 6 8 

16 1 3 0.75 1 60 6 7 

17 1 3 1 1 60 6 7 

18 1 3 1.5 1 60 6 6 

Our efforts culminated in the discovery of a novel route for synthesizing 9-

deazahypoxanthine (13) with an overall yield of 9%. While the yield may be considered 

modest, this method offers a significant advantage in reaction time. Our approach requires 

only 12 hours of heating, compared to several days needed in the previously described 

methods. 

 

Scheme 2.3.1.2c: Synthesis of compound 20 

To generate a key precursor 20 (Scheme 2.3.1.2c) suitable for the subsequent cross-

coupling reaction, compound 13 underwent a three-step functionalization process. The first 

step involved chlorination using phosphorus oxychloride under optimized conditions. This 

was followed by the selective replacement of the chlorine atom with a methoxy group via 

treatment with sodium methoxide, which yielded intermediate 18. Finally, to prepare 18 for 

the cross-coupling reaction, the pyrrole NH group was protected as a benzyloxymethyl 

ether. N-bromosuccinimide then mediated the introduction of a bromine atom at the desired 

position, furnishing the key intermediate 20. It is crucial to employ appropriate 

stoichiometry of NBS and portion-wise additions to prevent the formation of dibromo 

compounds. 

2.3.1.3. The cross-coupling reaction of 16 with ribose partner 
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With both key starting materials (compounds 9 and 20) prepared, we proceeded to the 

cross-coupling reaction utilizing organolithium chemistry. Compound 16, bearing a 

bromine atom, was subjected to lithium-halogen exchange using n-butyllithium in THF at 

-78 °C. The anticipated lithiated intermediate 20a was then treated with γ-lactam 9. 

Unfortunately, this attempt did not yield the desired cross-coupled product. In an effort to 

optimize the reaction, we explored alternative coupling partners. We replaced γ-lactam 9 

with both γ-lactone 4 and γ-lactol 3. However, none of these variations resulted in the 

formation of the targeted cross-coupled product. Notably, we were able to recover 

compound 19, the dehalogenated derivative of 20, from these reactions. 

 

Scheme 2.3.1.3: Cross-coupling attempts with compound 20 

The recovery of compound 19 suggested successful lithium-halogen exchange, indicating 

the formation of the nucleophilic intermediate (20a). However, the lack of desired cross-

coupling products in all attempts suggested that our sugar partners (lactam 9 and lactone 4) 

might not possess sufficient electrophilicity to effectively react with the nucleophile. So, 

we hypothesized that the hemiacetal functionality in lactol 3, acting as a masked aldehyde, 

could potentially offer some electrophilic character. However, this attempt was also 

unsuccessful. To address the apparent lack of electrophilicity, we opted to employ a 

stronger electrophile – ribose-aldehyde – as the next sugar partner in the cross-coupling 

reaction. 

2.3.2.1. Synthesis of ribonaldehyde 

Leveraging the inherent hemiacetal functionality in lactol 3, we strategically targeted the 

carbonyl group for selective protection. Employing 1,3-propane-dithiol under triflic acid 

catalysis afforded the desired compound 21 as mentioned in Scheme 2.3.2.1a. Following 

the successful aldehyde protection, we focused on protecting the remaining secondary 

alcohol in compound 21. Selective benzoylation using a suitable benzoylating agent (e.g., 

Benzoic acid, EDCI.HCl) yielded compound 22. Triflic acid catalyzed protection strategy 
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offered an advantage over using other Brønsted acids, as attempts with those resulted in the 

formation of an undesired by-product (structure 22a, see Figure 2.5.2.12) or a mixture of 

products. We suspected these issues might arise from competing reaction pathways with 

stronger Bronsted acids. Triflic acid, being a stronger Lewis acid, likely facilitated a more 

selective activation of the carbonyl group for the desired dithioacetal formation. 

The intermediate compound 22 stood just one step away from the coveted aldehyde 23. The 

cleavage of the 1,3-propanedithiol protecting group was efficiently achieved using N-

bromosuccinimide in a mixture of acetonitrile and water. This deprotection reaction 

proceeded smoothly within a short reaction time of 10 minutes. 

 

Scheme 2.3.2.1a: Synthesis of ribonaldehyde through aldehyde protection 

While the reported synthesis of ribonaldehyde delivers a good yield, the utilization of 1,3-

propanedithiol presents a significant health and safety concern. This compound is known 

to possess a potent and unpleasant odor, causing headaches and discomfort for researchers 

in close proximity. To mitigate these safety concerns and improve the overall laboratory 

experience, we sought an alternative route for the synthesis of target compound 23 (detailed 

in Scheme 2.3.2.1b). 

This approach involved a reduction of the lactol functionality in compound 3 to a diol. 

Followed selective protection of the primary alcohol using tert-butyldimethylsilyl chloride 

facilitated the compound 24. Following the successful primary alcohol protection, we 

focused on protecting the remaining secondary alcohol in compound 24. Selective 

benzoylation using benzoic acid in the presence of EDCI.HCl strategy yielded intermediate 

25, where the secondary alcohol was protected as a benzoyl ester. Subsequent deprotection 
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of the primary alcohol was achieved under mild acidic conditions using 2% hydrochloric 

acid in ethanol. The liberated primary alcohol was then subjected to selective oxidation, 

furnishing the desired ribonaldehyde 23. 

 

Scheme 2.3.2.1b: Synthesis of ribonaldehyde through aldehyde generation 

A common approach for silyl deprotection involves tetrabutylammonium fluoride. While 

we initially attempted this method for the cleavage of the TBDMS group in compound 25, 

we encountered an unexpected complication (Scheme 2.3.2.1c). TBAF is known to possess 

basic character, which can promote undesired side reactions under certain conditions.17 In 

this case, TBAF treatment resulted in the migration of the benzoyl protecting group from 

the secondary alcohol to the newly deprotected primary alcohol in compound 25. This 

yielded undesired product 26a, characterized by a free secondary alcohol and a primary 

benzoyl ester. Confirmation of this rearrangement was achieved through subsequent 

oxidation of 26a using Dess-Martin Periodinane reagent, which yielded ketone 23a instead 

of the desired ribonaldehyde 23. 

 

Scheme 2.3.2.1c: Undesired benzoyl migration 

To circumvent this issue and achieve selective deprotection of the TBDMS group, we opted 

for a milder acidic approach. Treatment with 2% hydrochloric acid in ethanol effectively 
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cleaved the silyl ether while preserving the benzoyl ester at the secondary alcohol position. 

This strategy provided the desired intermediate with free primary alcohol ready for the 

subsequent oxidation step. 

2.3.2.2. Cross-coupling with ribonaldehyde 

 With both the key coupling partners in hand (compound 20 and ribonaldehyde 23), we 

revisited the cross-coupling reaction. Employing the established procedure, nBuLi was 

used to achieve lithium-halogen exchange on compound 20, generating the anticipated 

lithiated intermediate 20a. Subsequent treatment of 20a with ribonaldehyde 23 was 

anticipated to yield the desired cross-coupled product. Unfortunately, this attempt, like the 

previous ones using different sugar partners, did not produce the targeted product. 

Recovery of the dehalogenated compound 19 from the reaction mixture indicated 

successful metal-halogen exchange. However, the absence of the desired cross-coupled 

product suggested potential incompatibility between the reaction intermediate (20) and the 

solvent. A review of the literature revealed that THF might not be an ideal solvent for this 

specific cross-coupling reaction. The basic nature of the lithiated intermediate (20a) could 

lead to proton abstraction from THF itself, resulting in the observed formation of the 

dehalogenated product 19.7 

Drawing on insights from the literature, we investigated the use of a solvent mixture for the 

cross-coupling reaction to address the incompatibility issues observed with THF. A 

combination of diethyl ether and anisole (4:1 ratio) was chosen based on its reported 

success in similar cross-coupling reactions. To achieve optimal reaction conditions, we 

further conducted an optimization process to maximize the yield of the cross-coupled 

product. 

Table 2.3.2.2: Optimization for compound 27 
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Further literature exploration identified another solvent system (methyl tert-butyl ether and 

anisole) reported for similar cross-coupling reactions.18 We incorporated this solvent 

mixture into our optimized reaction conditions. Interestingly, this new solvent system 

yielded a distinct product compound 28 instead of  compound 27 (Scheme 2.3.2.2). 

 

Scheme 2.3.2.2: Synthesis of diketone 29 

Subsequent analysis confirmed that compound 28 was indeed the cross-coupled product, 

but with the benzoyl protecting group (from compound 23) remaining intact. This 

suggested selective cross-coupling at the desired position. To achieve the deprotected 

product (27), treatment with NaOMe effectively removed the benzoyl group under mild 

conditions. This two-step sequence provided the desired compound 27 in a respectable 

overall yield of 60%. The final step involved the conversion of compound 27 into the 

S.No 20 

(eq) 

23 

(eq) 

nBuLi 

(eq) 

Solvent Temperature 

( 
o

C) 

27 

(%) 

1 1.5 1.0 2.25 THF 0 NR 

2 1.5 1.0 2.25 THF -78 Trace 

3 1.5 1.0 3.0 Et
2
O/Anisole(4:1)7 -78 25 

4 1.5 1.0 2.25 Et
2
O/Anisole(4:1) -78 14 

5 1.5 1.0 3 Et
2
O/Anisole(4:1) -40 Trace 

6 1.5 1.0 3 Et
2
O/Anisole(4:1) 0 NR 

7 1.5 1.0 3 Anisole -78 NR 

8 1.5 1.0 3 Toluene -78 NR 



Chapter-2 

P a g e  | 59 

corresponding diketone 29. This oxidation step serves as a crucial precursor for the 

subsequent double reductive amination, a key reaction in the synthesis of the targeted 

iminosugar. 

2.3.2.3. Double reductive amination using ammonia 

Our initial attempt at the double reductive amination of diketone 29 employed ammonium 

formate as the nitrogen source and NaCNBH3 as the reducing agent.19 Unfortunately, this 

reaction yielded a complex mixture of products, as evidenced by thin-layer 

chromatography. While the starting material was fully consumed, isolation of any specific 

product proved challenging via silica gel column chromatography. Only trace amounts of 

the desired product compound 30 were isolable using preparative TLC. 

 

Scheme 2.3.2.3a: Double reductive amination  

To optimize the reaction and achieve cleaner product formation, we embarked on a 

comprehensive optimization campaign. This involved systematically varying several 

reaction parameters: 

• Nitrogen source: CH3COONH4, HCOONH4, NH3 

• Reducing agent: NaBH4, Na(CH3COO)3BH, Et3SiH 

• Promoter: HCOOH, CH3COOH, BF3-OEt, HCl 

• Solvent: ACN, MeOH, DCM 

• Temperature: -78 °C, 0 °C, room temperature, reflux 

We explored various combinations of these parameters to identify a condition that would 

favor the selective formation of compound 30. However, these efforts were unsuccessful 

in achieving a clean reaction. Lower reaction temperatures resulted in no observed 



          Immucillin-H 

 

conversion, while reactions conducted at room temperature or higher yielded complex 

mixtures with complete consumption of the starting material. 

The stereochemistry of compound 30 was elucidated using a combination of 1D and 2D 

NMR techniques. The 1D nOe spectrum (Figure 2.3.2.3) provided valuable insights into 

the spatial proximity of specific protons. The assignment of sugar protons was achieved 

through the analysis of 2D NMR data. Selective 1D nOe experiments were then performed, 

irradiating protons 3 and 4 individually. The absence of a nOe enhancement between 

protons 1 and 3 indicated an antiperiplanar relationship. Conversely, irradiation of proton 

4 resulted in a nOe enhancement with proton 1, suggesting a synperiplanar arrangement. 

Additionally, the lack of nOe between protons 2 and 4 confirmed their antiperiplanar 

orientation. 

 

 

Figure 2.3.2.3: 1D nOe of compound 30 
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Based on this comprehensive NOE analysis, the stereochemistry of compound 30 was 

assigned, confirming it as the desired forodesine precursor. Deprotection of all protecting 

groups in compound 30 would furnish the target molecule, forodesine. Unfortunately, the 

current method for synthesizing compound 30 suffers from limitations in scalability and 

yield. This scarcity of material has precluded further characterization, such as deprotection 

to obtain forodesine. 

To rationalize the observed stereochemistry of compound 30, a plausible mechanism for 

the double reductive amination reaction is proposed (Scheme 2.3.2.3b). This mechanism 

highlights the potential factors that might influence the selectivity of hydride attack during 

each reductive amination step. 

 

Scheme 2.3.2.3b: A plausible mechanism for the formation of compound 30 

The reaction sequence commences with the condensation of ammonia with the diketone 29 

to form an iminium ion intermediate. Under the influence of the reduction condition, 

coordination of a borohydride moiety with the oxygen of the C-2' OBn group is envisioned. 

This chelation could potentially direct the delivery of the hydride from the si-face of the 

molecule, pushing the R group away from the OBn substituent.20 The subsequent reduction 

of the iminium ion by the hydride would then establish the desired stereochemistry at the 

newly formed amine center. 

Following this initial reduction, a second iminium ion is formed between the amine 

functionality and the remaining carbonyl. A similar chelation-assisted hydride delivery 

from the reducing agent, this time directed by the newly formed chiral center, would then 

lead to product 30 with the observed stereochemical configuration 
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2.3.2.4. Double reductive amination using ammine 

Given the challenges encountered with simple nitrogen sources in the double reductive 

amination, we explored an alternative approach utilizing a primary amine. A literature 

review identified a novel protocol employing para-substituted benzylamine as the nitrogen 

source, ZnCl2 as the promoter, NaCNBH3 as the reducing agent, and methanol as the 

solvent at 65 °C.21 We adapted these reaction conditions to our double reductive amination 

of diketone 29. This modification resulted in the successful formation of the iminosugar, 

compound 31. 

To further improve the reaction efficiency and selectivity, we embarked on an optimization 

campaign. By systematically varying reaction parameters, we aimed to improve the yield 

of the products. During this optimization process, two additional products were identified: 

an aromatic compound 32 and an oxy-sugar product 33. 

Table 2.3.2.4: Optimization for double reductive amination 

 

No. Nitrogen 

Source 

Reducing 

Agent 

Promoter Solvent Temp. 

(oC) 

Product 

1 p-MeBnNH2 NaCNBH3 Zncl2 MeOH 65 29 (65%)21 

2 p-MeBnNH2 NaCNBH3 AcOH MeOH 65 -- 

3 p-MeBnNH2 NaCNBH3 Zncl2 AcOH 80 31 (18%) 

4 NH2OH NaCNBH3 Zncl2 MeOH 65 -- 

5 NH3 NaCNBH3 Zncl2 MeOH 65 -- 

6 BnNH2 NaCNBH3 HCOOH MeOH 80 -- 

7 p-MeBnNH2 NaCNBH3 HCl MeOH 65 -- 

8 p-MeBnNH2 NaCNBH3 MgSO4 MeOH 65 -- 

9 p-MeBnNH2 Na(AcO)3BH AcOH DCE 27 30 (27%) 

10 p-MeBnNH2 NaCNBH3 TFA MeOH 65 -- 
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11 CH3COONH4 NaCNBH3 Zncl2 MeOH 65 -- 

12 HCOONH4 NaCNBH3 Zncl2 MeOH 65 -- 

13 CH3COONH4 NaCNBH3 Zncl2 MeOH 80 -- 

14 HCOONH4 NaCNBH3 Zncl2 ACN 65 -- 

15 p-MeBnNH2 NaCNBH3 Zncl2 ACN 65 -- 

The formation of compound 33 as an unexpected side product during the double reductive 

amination reaction was intriguing. While the desired outcome was iminosugar (compound 

31), the presence of an oxysugar product in a reaction mixture containing a nitrogen source 

was surprising. To elucidate the potential role of para-methylbenzylamine (the nitrogen 

source) in the formation of compound 33, a control experiment was conducted. The double 

reductive amination reaction was repeated under identical conditions but excluding the 

nitrogen source (Scheme 2.3.2.4a). Notably, the reaction still yielded compound 33, 

confirming that the nitrogen source was not directly involved in its formation. 

 

Scheme 2.3.2.4a: Synthesis of compound 33 

This observation suggests that the solvent, acetic acid, might be a contributing factor. The 

acidic nature of acetic acid could potentially promote intramolecular cyclization and 

subsequent reduction, leading to the formation of the oxy-sugar product. 

 

Scheme 2.3.2.4b: Synthesis of compound 32 
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The isolation of compound 32 as another unexpected side product presented an interesting 

mechanistic inquiry. Unlike the desired iminosugar (compound 31), this product possessed 

a substituted pyrrole ring. The reaction conditions employed a relatively nonpolar solvent 

(DCE) and stirred at room temperature for an extended period (24 hours) (Scheme 

2.3.2.4b). These reaction parameters differed significantly from the standard protocol for 

double reductive amination, which typically involves polar solvents and elevated 

temperatures. We propose that the low polarity of DCE might have disfavored the intended 

reduction pathway. The lack of polarity could have limited the stabilizing interactions 

between the reaction intermediates and the solvent, potentially leading to an alternative 

reaction pathway favoring aromatization and pyrrole ring formation. 

 

Scheme 2.3.2.4c: Synthesis of compound 3121 

Compound 31 exhibited all the spectral characteristics of our desired product (Scheme 

2.3.2.4c). Analysis by NMR and HRMS confirmed the molecular formula and mass, 

consistent with an N-substituted iminosugar bearing a pyrrolopyrimidine moiety. To 

definitively assign the stereochemistry of compound 31, a 1D nOe experiment was 

employed. The necessary sugar proton assignments were established using 2D NMR 

techniques. This information enabled the selective irradiation of protons 1 and 4 in the 1D 

nOe experiment 

The 1D NOE experiment yielded valuable insights into the spatial arrangement of protons 

within compound 31. Selective irradiation of proton 1 resulted in signal enhancements for 

both protons 4 and 3. This observation indicates that these three protons are coplanar within 

the molecule. Similarly, irradiation of proton 4 led to signal enhancements for protons 2 

and 1, suggesting that all sugar ring protons share the same spatial orientation. 

These nOe correlations are consistent with the proposed structure of compound 31 (Figure 

2.3.2.4). However, it is important to note that this analysis reveals a stereochemical 
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configuration distinct from the desired forodesine precursor. While compound 31 possesses 

the correct N-substitution and pyrrolopyrimidine core, the relative stereochemistry at 

specific sugar ring positions differs from the target molecule. 

 

 

Figure 2.3.2.4: 1D nOe of compound 31 

Compounds 30 and 31, both obtained through double reductive amination, exhibit distinct 

stereochemical configurations. To account for these diastereomeric outcomes, a plausible 

mechanistic rationale is proposed in Scheme 2.3.2.4d.21,22 
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Scheme 2.3.2.4d: A plausible mechanism for the formation of 31 

The reaction sequence commences with the condensation of the amine with the diketone, 

forming an iminium ion intermediate. However, unlike the previously proposed mechanism 

(for compound 30), chelation between the Lewis acidic metal center (Zn²⁺) and both 

carbonyl oxygen and the oxygen atom of the C-2' OBn group on the si-face is envisioned. 

This chelation could sterically hinder hydride attack from the reducing agent on the si-face. 

Consequently, hydride delivery is favored from the re-face opposite the OBn substituent, 

establishing the stereochemistry at the newly formed amine center. 

The subsequent reduction of the second imine functionality follows a similar logic. The 

newly formed chiral amine can adopt a conformation that positions the remaining ketone 

carbonyl group for hydride attack from the less hindered re-face. This diastereoselective 

reduction ultimately leads to the formation of compound 31, where all sugar ring protons 

reside on the same side of the plane. 

2.3.2.5. Synthesis of the stereochemical variant of forodesine 

While compound 31 did not represent the desired forodesine precursor, it offered the 

potential to access a stereoisomer of forodesine. To achieve this conversion, a deprotection 

strategy was employed. Compound 31 was subjected to reflux conditions in a concentrated 

HCl-methanol solution (6:1) for 3 days. This treatment aimed to cleave all protecting 

groups, including benzyl ethers, the benzyloxymethyl (BOM) group, and the methyl ether, 

to furnish the corresponding deprotected product, a diastereomer of forodesine. 
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Scheme 2.3.2.5: Synthesis of stereoisomer of forodesine 

Subsequent acetylation was performed for improved NMR analysis. The introduction of 

acetyl groups can simplify complex NMR spectra by shifting hydroxyl proton signals and 

enhancing the resolution of neighboring protons. 

While the ultimate objective of directly synthesizing forodesine was not achieved in this 

study due to limitations in the yield of the key intermediate 30 (forodesine precursor), a 

significant outcome was the successful synthesis of a stereoisomer of the forodesine 

precursor through double reductive amination. 

2.4. Conclusions 

This study explored a novel synthetic route toward forodesine, starting with ribonaldehyde 

and culminating in a double reductive amination step. While the initial conditions 

employing a simple nitrogen source failed to yield the desired forodesine precursor, a 

literature-inspired modification using para-methylbenzylamine as the nitrogen source 

successfully delivered the iminosugar scaffold (compound 31). However, detailed 

spectroscopic analysis, including 1D nOe experiments, revealed that compound 31 

possessed a stereochemical configuration distinct from the targeted forodesine precursor. 

A plausible mechanism was proposed to explain the observed stereochemical divergence 

during the double reductive amination, highlighting the potential role of chelation-

controlled hydride attack. 

We halted the further deprotection steps for the synthesis of a forodesine stereo analog due 

to the poor yield of the forodesine precursor (compound 30). Instead, we focused on 

studying the stereochemistry of the key intermediate (compound 31). This helped us gain 

valuable insights into the reaction pathway and the factors that influenced the 
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stereoselectivity. Our future efforts will be based on these findings to optimize the double 

reductive amination step for the direct synthesis of the forodesine precursor. 

2.5. Materials and methods  

2.5.1. General experimental conditions 

1H and 13C NMR spectra were obtained using a Bruker ASCENDTM-500 spectrometer at 

500 and 125 MHz, respectively. CDCl3 and CD3OD solvents were used to record the 

spectra. The NMR data is presented as chemical shifts in ppm (δ) along with integration, 

coupling constant in Hz, and multiplicity (s = singlet, bs= broad singlet, d = doublet, t = 

triplet, m = multiplet, dd = doublet of doublet, etc.). The HR-ESI-MS analysis was 

performed on a Thermo Scientific Exactive-LCMS instrument using the electrospray 

ionization method. The ions are reported in m/z using an Orbitrap analyzer. Optical rotation 

was measured on a JASCO P-2000 polarimeter. The reactions were monitored by silica gel 

G-60 F254 aluminum TLC plates, and the compounds were made visible by a short 

wavelength lamp; the TLC plate was charred after spraying with 15% sulfuric acid in 

ethanol. Chromatographic separations were carried out by conventional column 

chromatography on silica gel (100 - 200 mesh). The reagents were purchased at the highest 

commercial quality and used without further purification. 

2.5.2. Other experimental procedures 

2,3,5-tri-O-benzyl-D-ribonolactol (3): The hemiacetal compound 3 was synthesized using 

the Overkleeft protocol10 and confirmed by comparison of the NMR data available in the 

literature; 1H-NMR (CDCl3): δ 7.40 (25 H, m), 5.52 (1H, m), 5.19 (1H, m), 4.93 (1H, m), 

4.87 (2H, m), 4.78 (1Hm), 4.70 (2H, m), 4.58 (4H, m), 4.32 (1H, s), 4.17 (1H, s), 4.06 (1H, 

m), 3.92 (1H, m), 3.85 (1H, m), 3.71 (1H, m), 3.56 (2H, m), 3.40 (1H, s), 3.23 (1H, m) 

ppm; 13C-NMR (CDCl3): δ 138.99, 138.37, 138.10, 137.91, 137.84, 137.70, 128.55, 

128.48, 128.43, 128.22, 128.18, 127.94, 127.89, 127.80, 127.75, 127.68, 127.51, 127.48, 

127.43, 94.75, 92.00, 79.49, 75.30, 74.77, 74.54, 74.37, 74.04, 72.42, 71.43, 71.32, 70.60, 

62.37, 56.25 ppm; HR-ESI-MS: [M+Na]+ calculated for C26H28O5Na was m/z 443.1834, 

found 443.1837. 

(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)dihydrofuran-2(3H)-one (4): A 

solution of hemiacetal 3 (4.6 g, 10.92 mmol, 1 equiv.) was dissolved in DCM (200 mL), 
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followed by the addition of Dess-Martin periodinane (DMP) (6.95 g, 16.38 mmol, 1.5 

equiv.). The reaction mixture was stirred for 2 h at room temperature under an argon 

atmosphere. After the reaction was complete, as indicated by TLC, the mixture was 

quenched with saturated Na2S2O3(aq) (50 mL) and saturated NaHCO3(aq) (50 mL), it was 

then extracted with DCM (2 x 100 mL). The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. The resulting product was purified by column 

chromatography using hexane/EtOAc to afford 4  (3.98 g, 87% yield) and 5 (0.457 mg, 

10% yield).; 1H-NMR (CDCl3): δ 7.34 (13H, m), 7.19 (2H, d, J=6.05 Hz), 4.97 (1H, d, J 

=11.96 Hz), 4.74 (2H, m), 4.54 (3H, m), 4.43 (2H, m), 4.12 (1H, m), 3.69 (1H, dd, J=2.25, 

11.05 Hz), 3.58 (1H, dd, J=2.25, 11.00 Hz) ppm; 13C-NMR (CDCl3): δ 173.74, 137.24, 

137.14, 136.96, 128.57, 128.54, 128.52, 128.29, 128.14, 128.09, 128.01, 127.62, 81.81, 

75.38, 73.73, 73.67, 72.75, 72.42, 68.75 ppm; HR-ESI-MS: [M+Na]+ calculated for 

C26H26O5Na was m/z 441.1678, found 441.1662. 

3,4,5-tris(benzyloxy)tetrahydro-2H-pyran-2-one (5): formed along with 4 as a white 

solid (0.457 mg, 10% yield). 1H-NMR (CDCl3): δ 7.34 (15H, m), 5.11 (1H, d, J =12.16 

Hz), 4.98 (1H, d, J =12.16 Hz), 4.90 (1H, d, J =12.16 Hz), 4.70 (1H, d, J =12.16 Hz), 4.55 

(1H, d, J =11.96 Hz), 4.47 (2H, m), 4.30 (1H, dd, J =6.25, 10.55 Hz), 4.24 (1H, s), 3.86 

(1H, d, J =2.05 Hz), 3.81 (1H, m) ppm; 13C-NMR (CDCl3): δ 169.83, 138.07, 137.38, 

137.13, 128.62, 128.54, 128.27, 128.18, 128.09, 128.00, 127.88, 127.67, 127.59, 75.86, 

74.01, 73.62, 73.23, 72.66, 71.56, 67.06 ppm; HR-ESI-MS: [M+Na]+ calculated for 

C26H26O5Na was m/z 441.1678, found 441.1696. 

(2R,3S)-2,3,5-tris(benzyloxy)-4-oxopentanamide (7): In compound 4 (4 g, 9.55 mmol) 

was added, 7 N ammonia in MeOH (10 mL) and stirred at room temperature for 1 hour. 

The reaction mixture was diluted with MeOH (50 mL), and concentrated under reduced 

pressure. The resulting yellow-colored oil was dissolved in DCM (150 mL), and Dess-

Martin periodinane (6.08 g, 14.33 mmol, 1.5 equiv.) was added and stirred at room 

temperature for 90 mins. Upon completion of the reaction (from TLC analysis), saturated 

aqueous sodium thiosulphate (50 mL) was added and stirred vigorously until the reaction 

mixture became clear. The organic layer was then washed with saturated aqueous NaHCO3 

solution (3 x 100 mL), dried over anhydrous Na2SO4, concentrated, and purified using silica 

gel column chromatography (Hexane to 40% EtOAc in hexane) to afford compound 7 as a 

colorless viscous liquid (3.87 g, 94% yield over 2 steps). NMR spectral data of the open 
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chain product: 1H-NMR (500 MHz, CDCl3) δ 7.33 (15H, m), 6.61 (1H, s), 6.46 (1H, s), 

4.63 (5H, m), 4.52 (2H, m), 4.45 (1H, s), 4.39 (2H, m) ppm; 13C NMR (125 MHz, CDCl3) 

δ 205.7, 171.5, 137.6, 136.9, 136.5, 128.7, 128.5, 128.43, 128.42, 128.1, 128.08, 128.01, 

127.8, 83.3, 81.5, 74.2, 73.5, 73.3, 73.1 ppm; HR-ESI-MS:  [M+Na]+ calculated for 

C26H27NO5Na was m/z 456.1787, found 456.1792. 

(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-one (9): To 

compound 7 (3.87 g, 8.93 mmol), 7 N ammonia in MeOH (10 mL) was added and stirred 

at room temperature. After stirring the reaction mixture for 4 hours, diluted with MeOH (50 

mL), and concentrated under reduced pressure. The resulting viscous liquid was dried 

thoroughly under a high vacuum and then dissolved in freshly distilled dry CH3CN (20 

mL) under an argon atmosphere. The solution was then cooled to 0 °C using an ice-bath 

and Et3SiH (14.19 mL, 89.45 mmol, 10 equiv.) and BF3.Et2O (3.31 mL, 26.83 mmol, 3 

equiv.) was added dropwise and stirred for 20 mins. The reaction mixture was quenched by 

adding saturated aqueous NaHCO3 solution (50 mL), and extracted in EtOAc (150 mL). 

The organic layer was dried over anhydrous Na2SO4, and concentrated under reduced 

pressure to obtain an off-white flaky solid 9 (3.60 g 96% yield over 2 steps).; 1H-NMR 

(CDCl3) δ 7.23 (15H, m), 6.43 (1H, s), 4.82 (1H, d, J =11.93 Hz), 4.67 (1H, d, J =11.95 

Hz), 4.53 (1H, d, J =11.81 Hz), 4.38 (3H, m), 3.98 (1H, d, J =5.50 Hz), 3.78 (2H, m), 3.44 

(1H, dd, J =3.71, 9.79 Hz), 3.27 (1H, dd, J =5.98, 9.78 Hz) ppm; 13C-NMR (CDCl3): δ 

173.47, 137.49, 137.47, 137.40, 128.54, 128.48, 128.42, 128.35, 128.10, 128.01, 127.94, 

127.91, 127.69, 75.74, 74.33, 73.42, 72.20, 71.89, 70.40, 57.55 ppm; HR-ESI-MS:  

[M+Na]+ calculated for C26H27NO4Na was m/z 440.1838, found 440.1824. 

9-deazahypoxanthine (13): A 1.7 molar solution of NaOMe in methanol (127 mL, 217 

mmol, 3 equiv.) was cooled to below 8 °C using an ice bath. Isoxazole (5 g, 72.4 mmol, 1 

equiv.) was then added to the solution and stirred for 30 minutes. Subsequently, diethyl 

aminomalonate (15.3 g, 72.4 mmol, 1 equiv.) was added, and the mixture was gently heated 

to 60 °C and stirred for 6 hours under an argon atmosphere. After cooling the reaction 

mixture to room temperature, the methanol was removed using a rotary evaporator. The 

residue was quenched with water (200 mL) and extracted with CHCl3 three times (200 mL 

each). The combined organic layers were washed with brine (100 mL), dried over 

anhydrous Na2SO4, and concentrated under reduced pressure to afford a yellow solid 16 

(1.2 g, 8.56 mmol, 12% yield). This solid was then redissolved in methanol (20 mL), treated 
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with formamidine acetate (1.78 g, 17.13 mmol, 2 equiv.), and refluxed for 5 hours. The 

resulting precipitate was isolated by centrifugation, washed with cold methanol, and dried 

to obtain compound 13 as an off-white solid  (889 mg, 9% yield over 2 steps).; 1H-NMR 

(DMSO-d6) δ 8.49 (1H, s), 8.05 (1H, d, J =2.80 Hz), 7.06 (1H, d, J =2.76 Hz) ppm; 13C-

NMR (DMSO-d6) δ 154.21, 145.10, 142.01, 127.84, 118.26, 103.40 ppm; HR-ESI-MS:  

[M+H]+ calculated for C6H6ON3 was m/z 136.0505, found 136.0518. 

4-chloro-5H-pyrrolo[3,2-d]pyrimidine (17): 9-Deazahypoxanthine 13 (1.06 g, 7.85 

mmol) was heated under reflux in POCl3 (7 mL, 74.87 mmol, 9.5 equiv.). After heating the 

reaction mixture for 5 hours, the resulting mixture was poured in ice and neutralized by 

adding cold aqueous NaOH solution (4.5 M, 100 mL). Extraction using EtOAc (3 x 100 

mL) and subsequent evaporation of EtOAc afforded compound 17 as a pale yellow-colored 

solid (1.15 g, 95% yield). 1H-NMR (500 MHz, DMSO-d6) δ 12.47 (1H, s, NH), 8.64 (2H, 

s), 7.99 (2H, s), 6.75 (2H, d, J =2.24 Hz) ppm; 13C NMR (125 MHz, DMSO-d6) δ 151.4, 

149.7, 142.2, 135.0, 124.4, 102.8 ppm; HR-ESI-MS:  [M+H]+ calculated for C6H5ClN3 was 

m/z 154.0172, found 154.0167. 

4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (18): A solution of sodium methoxide (44 mg, 

0.81 mmol, 2.5 equiv.) in methanol (4 mL) was treated with compound 17. The reaction 

mixture was then refluxed for 22 hours. After cooling the reaction mixture to room 

temperature, it was quenched with distilled water (10 mL) and extracted with ethyl acetate 

(20 mL). The organic layer was dried over anhydrous Na2SO4, and concentrated under 

reduced pressure to afford an off-white solid identified as compound 18 (46 mg, 97% yield). 

1H-NMR (CDCl3): δ 9.16 (1H, s), 8.51 (1H, s), 7.37 (1H, s), 6.62 (1H, s), 4.07 (3H, s) ppm; 

13C-NMR (CDCl3): δ 155.97, 150.32, 150.23, 128.50, 115.20, 103.34, 53.50 ppm; HR-ESI-

MS: [M+Na]+ calculated for C7H8N3O was m/z 150.0662, found 150.0669. 

5-((benzyloxy)methyl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (19): The solid 18 

(108 mg, 0.72 mmol, 1 equiv.) was dissolved in anhydrous DMF (15 mL). The reaction 

mixture was cooled to 0 °C under an inert argon atmosphere, and then sodium hydride (60% 

suspension in mineral oil, 34 mg, 1.44 mmol, 2 equiv.) was added. After stirring for 15 

minutes, benzylchloromethyl ether (0.11 mL, 0.79 mmol, 1.1 equiv.) was added dropwise 

to the reaction mixture. The mixture was then stirred at room temperature for 3 hours. The 

reaction was quenched by adding ice, and the product was extracted using ethyl acetate 

twice (50 mL each time). The organic layer was washed with distilled water (5 x 50 mL) to 
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remove DMF, then dried over anhydrous sodium sulfate, and concentrated under reduced 

pressure. Silica gel column chromatography (EtOAc/hexane) of the crude yellow syrup 

afforded compound 19 as a colorless solid (132 mg, 68% yield). 1H-NMR (CDCl3): δ 1H-

NMR (CDCl3): δ 8.47 (1H, s), 7.34 (1H, s), 7.22 (5H, m), 6.61 (1H, s), 5.67 (2H, s), 4.40 

(2H, s), 4.04 (3H, s). ppm; 13C-NMR (CDCl3): δ 156.31, 151.53, 150.37, 136.87, 132.70, 

128.49, 128.01, 127.72, 115.64, 104.10, 70.12, 53.50 ppm; HR-ESI-MS:  [M+H]+ 

calculated for C15H15N3O2Na was m/z 270.1237, found 270.1259. 

5-((benzyloxy)methyl)-7-bromo-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine(20): 

Compound 19 (525 mg, 1.95 mmol) was treated with anhydrous THF (5 mL) and N-

bromosuccinimide (347 mg, 1.95 mmol, 1 equiv.). The NBS was added portion-wise (three 

portions of 116 mg each) with a 10-minute time interval between each addition. The 

reaction mixture was then stirred for 1.5 hours. After stirring, the reaction mixture was 

partitioned between EtOAc (25 mL) and distilled water (25 mL). The organic layer was 

washed with distilled water twice (25 mL each time) to remove any remaining water-

soluble impurities. The organic layer was then dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. Silica gel column chromatography (EtOAc/hexane) 

of the crude yilded white crystalline solid 20 (604 mg, 89% yield).; 1H-NMR (CDCl3): δ 

8.63 (1H, s), 7.47 (1H, s), 7.25 (3H, m), 7.33 (2H, m), 5.74 (2H, s), 4.51 (2H, s), 4.14 (3H, 

s) ppm; 13C-NMR (CDCl3): δ 156.41, 151.03, 148.45, 136.50, 131.54, 128.53, 128.16, 

127.70, 115.58, 92.44, 77.22, 70.43, 53.91 ppm; HR-ESI-MS:  [M+H]+ C15H15BrN3O2 

calculated for m/z 348.0342, found 348.0365. 

1,3,4-tris(benzyloxy)-4-(1,3-dithian-2-yl)butan-2-yl benzoate (22): Hemiacetal 3 (400 

mg, 0.95 mmol, 1 equiv.) was dissolved in toluene (7 mL). Under an inert atmosphere, 1,3-

propanedithiol (381 μL, 3.8 mmol, 4 equiv.) and a catalytic amount of triflic acid (8.3 μL, 

0.1 mmol, 0.1 equiv.) were added to the solution. The mixture was then stirred for 3 hours. 

The reaction was quenched with 3 M NaOH solution (5 mL), and the product was extracted 

with DCM (50 mL). The organic layer was dried over anhydrous Na2SO4 and concentrated 

under reduced pressure.The residue was then redissolved in dry DCM (10 mL). Benzoic 

acid (174 mg, 1.4 mmol, 1.5 equiv.), EDCI.HCl (364 mg, 1.9 mmol, 2 equiv.), and 4-

dimethylaminopyridine (12 mg, 0.1 mmol, 0.1 equiv.) were added, and the mixture was 

stirred for 12 hours under an inert atmosphere. The reaction was quenched with saturated 

NaHCO3 solution (10 mL), and the product was extracted with DCM (2 x 30 mL). The 
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combined organic extracts were dried over anhydrous Na2SO4 and concentrated. Finally, 

purification by column chromatography using a mixture of hexane and EtOAc afforded 

compound 22 as a viscous liquid (391 mg, 67% yield over 2 steps).; 1H-NMR (CDCl3): δ 

8.04 (2H, d, J =7.65 Hz), 7.58 (1H, t, J=7.35 Hz), 7.44 (4H, m), 7.30 (14H, m), 5.83 (1H, 

m), 5.00 (1H, d, J =11.21 Hz), 4.85 (1H, d, J =11.11 Hz), 4.69 (2H, dd, J =11.26, 17.16 

Hz), 4.51 (2H, d, J =12.41 Hz), 4.42 (1H, d, J =12.21 Hz), 4.16 (1H, dd, J=2.48, 7.18 Hz), 

3.91 (1H, dd, J =2.88, 7.18 Hz), 3.82 (2H, m), 2.83 (3H, m), 2.67 (1H, m), 2.07 (1H, m), 

1.91 (1H, m) ppm; 13C-NMR (CDCl3): δ 165.62, 138.15, 138.02, 137.73, 132.99, 130.31, 

129.76, 128.46, 128.41, 128.35, 128.29, 128.25, 128.11, 127.86, 127.66, 127.62, 127.49, 

81.37, 79.22, 74.16, 74.06, 73.30, 72.96, 68.49, 50.44, 31.51, 30.11, 26.29 ppm; HR-ESI-

MS:  [M+Na]+ calculated for C36H38O5S2Na was m/z 637.2058, found 637.2034. 

S-(3-(((3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-yl) 

thio)propyl) benzothioate (22a): 1H-NMR (CDCl3): δ 7.88 (2H, d, J=7.80 Hz), 7.50 (2H, 

t, J =7.30 Hz), 7.23 (16H, m), 5.15 (1H, d, J =3.90 Hz), 4.57 (2H, m), 4.50 (2H, m), 4.43 

(2H, m), 4.21 (1H, m), 3.95 (1H, m), 3.81 (1H, m), 3.50 (2H, m), 3.06 (2H, m), 2.66 (3H, 

m), 1.90 (2H, m) ppm; 13C-NMR (CDCl3): δ 191.73, 138.17, 137.68, 137.58, 137.06, 

133.37, 128.62, 128.45, 128.41, 128.35, 128.13, 128.04, 127.93, 127.87, 127.66, 127.59, 

127.23, 86.19, 81.74, 80.72, 78.08, 73.35, 72.29, 70.75, 29.84, 29.70, 27.78 ppm; HR-ESI-

MS:  [M+Na]+ calculated for C36H38O5S2Na was m/z 637.2058, found 637.2064. 

1,3,4-tris(benzyloxy)-5-oxopentan-2-yl benzoate (23): N-bromosuccinimide (833 mg, 

4.68 mmol, 8 equiv.) was dissolved in a mixture of acetonitrile and water (4:1 v/v). A 

solution of compound 22 (360 mg, 0.58 mmol, 1 equiv.) in pure acetonitrile (2 mL) was 

then added dropwise to the NBS solution while stirring. The reaction mixture was 

monitored by TLC and was completed within 10 minutes. The reaction was quenched with 

saturated NaHCO3 solution (10 mL), and the product was extracted with DCM twice (30 

mL each time). The combined organic extracts were dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. Finally, purification by column chromatography 

(hexane/EtOAc) afforded compound 23 as a viscous liquid (274 mg, 90% yield). 

A solution of compound 26 (390 mg, 0.74 mmol, 1 equiv.) was dissolved in DCM (25 mL). 

NaHCO3 (280 mg, 3.33 mmol, 4.5 equiv.) was added, followed by Dess-Martin periodinane 

(471 mg, 1.11 mmol, 1.5 equiv.). The reaction mixture was stirred at room temperature for 

2 hours. After monitoring by TLC to confirm completion, the reaction was quenched with 
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a saturated solution of Na2S2O3 (20 mL). The product was then extracted with DCM (50 

mL x 2). The combined organic extracts were dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. Finally, purification by column chromatography 

using a mixture of hexane and EtOAc afforded compound 23 as a viscous liquid (310 mg, 

80% yield); 1H-NMR (CDCl3) δ 9.45 (1H, d, J =1.17 Hz), 7.89 (2H, d, J =8.43 Hz), 7.49 

(1H, m), 7.36 (2H, m), 7.19 (15H, m), 5.50 (1H, m), 4.61 (2H, m), 4.53 (2H, m), 4.45 (1H, 

d, J =12.12 Hz), 4.35 (1H, d, J =12.15 Hz), 4.25 (1H, dd, J =2.84, 8.03 Hz), 4.01 (1H, dd, 

J =1.12, 2.76 Hz), 3.75 (2H, m) ppm; 13C-NMR (CDCl3): δ 202.04, 165.09, 137.98, 137.35, 

137.02, 133.27, 129.85, 129.66, 128.54, 128.53, 128.48, 128.37, 128.04, 128.03, 127.98, 

127.65, 82.10, 79.08, 73.19, 73.18, 73.08, 71.40 ppm; HR-ESI-MS:  [M+Na]+ calculated 

for C33H32O6Na was m/z 547.2097, found 547.2124. 

2,3,5-tris(benzyloxy)-4-oxopentyl benzoate (23a): A solution of compound 26a (94 mg, 

0.18 mmol, 1 equiv.) was dissolved in DCM (5 mL). Sodium bicarbonate (67.5 mg, 0.8 

mmol, 4.5 equiv.) was added, followed by Dess-Martin periodinane (DMP) (151.5 mg, 0.36 

mmol, 2 equiv.). The reaction mixture was stirred at room temperature for 2 hours. After 

monitoring by TLC to confirm completion, the reaction was quenched with a saturated 

solution of Na2S2O3 (5 mL). The product was then extracted with DCM (10 mL x 2). The 

combined organic extracts were dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. Purification by column chromatography using a mixture of hexane and 

EtOAc afforded compound 23a as a viscous liquid (79 mg, 84% yield). 1H-NMR (CDCl3) 

δ 7.97 (2H, d, J =7.70 Hz), 7.59 (1H, t, J =7.38 Hz), 7.44 (2H, t, J =7.63 Hz), 7.30 (15H, 

m), 4.72 (1H, d, J =11.61 Hz), 4.61 (4H, m), 4.48 (3H, m), 4.36 (1H, m), 4.28 (2H, m), 

4.20 (1H, m) ppm; 13C-NMR (CDCl3) δ 206.91, 166.18, 137.38, 137.23, 136.78, 133.15, 

129.72, 128.57, 128.46, 128.43, 128.22, 127.96, 81.05, 77.89, 74.28, 73.29, 73.20, 72.64, 

62.54 ppm; HR-ESI-MS:  [M+Na]+ calculated for C33H32O6Na was m/z 547.2097, found 

547.2107. 

1,3,4-tris(benzyloxy)-5-((tert-butyldimethylsilyl)oxy)pentan-2-ol (24): Ribonolactol 3 

(2.2 g, 5.24 mmol, 1 equiv.) was dissolved in a mixture of DCM and methanol (4:1 v/v, 25 

mL). Sodium borohydride (595 mg, 15.7 mmol, 3 equiv.) was then added, and the reaction 

mixture was stirred at 40 °C for 2 hours. The reaction was quenched with 1 M HCl (20 

mL), and the product was extracted with DCM three times (50 mL each time). The 

combined organic layers were dried over anhydrous Na2SO4 and passed through a silica 
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plug to remove any unwanted polar impurities, affording the reduced products. The residue 

was then dissolved in a dry DCM solution (25 mL). tert-butydimethyllsilyl chloride 

(TBDMSCl) (1.18 g, 7.86 mmol, 1.5 equiv.) and imidazole (714 mg, 10.48 mmol, 2 equiv.) 

were added under an inert argon atmosphere. The reaction mixture was stirred for 1 hour. 

After stirring, the reaction was quenched with saturated ammonium chloride solution (50 

mL), and the product was extracted with DCM three times (75 mL each time). The 

combined organic layers were dried over anhydrous Na2SO4 and purified by column 

chromatography using a mixture of hexane and EtOAc to afford the silylated products: 

compound 24 (1.9 g, 68% yield) and compound 24a (196 mg, 7% yield); 1H-NMR (CDCl3) 

δ 7.23 (15H, m), 4.65 (2H, m), 4.53 (2H, m), 4.45 (2H, m), 3.95 (1H, m), 3.88 (1H, m), 

3.72 (3H, m), 3.54 (2H, m), 2.90 (1H, d, J =3.83 Hz), 0.84 (9H, s), 0.00 (6H, s) ppm; HR-

ESI-MS:  [M+Na]+ calculated for C32H44O5SiNa was m/z 559.2856, found 559.2848. 

6,7,8-tris(benzyloxy)-2,2,3,3,11,11,12,12-octamethyl-4,10-dioxa-3,11-disilatridecane 

(24a):  1H-NMR (CDCl3) δ 7.27 (15H, m), 4.71 (2H, d, J =11.68 Hz), 4.65 (2H, s), 4.60 

(2H, d, J =11.68 Hz), 3.88 (1H, m), 3.78 (5H, m), 0.87 (18H, s), 0.00 (12H, s) ppm; HR-

ESI-MS:  [M+Na]+ calculated for C38H58O5Si2Na was m/z 673.3720, found 673.3729. 

1,3,4-tris(benzyloxy)-5-((tert-butyldimethylsilyl)oxy)pentan-2-yl benzoate (25): 2⁰ 

alcohol 24 (1.4 g, 2.62 mmol, 2 equiv.) was dissolved in dry DCM (20 mL) under an inert 

argon atmosphere. Benzoic acid (480 mg, 3.93 mmol, 1.5 equiv.), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDCI.HCl) (1.0 g, 5.24 mmol, 2 

equiv.), and 4-dimethylaminopyridine (32 mg, 0.26 mmol, 0.1 equiv.) were then added to 

the reaction mixture. The mixture was stirred for 12 hours. The reaction was quenched with 

a saturated solution of NaHCO3 (30 mL), and the product was extracted with DCM three 

times (30 mL each time). The combined organic extracts were dried over anhydrous Na2SO4 

and concentrated under reduced pressure. Finally, purification by column chromatography 

using a mixture of hexane and EtOAc afforded compound 25 as a viscous liquid (1.54 g, 

92% yield). 1H-NMR (CDCl3) δ 8.00 (2H, d, J =7.60 Hz), 7.54 (1H, t, J =7.38 Hz), 7.41 

(2H, t, J =7.65 Hz), 7.28 (15H, m), 5.68 (1H, m), 4.73 (2H, m), 4.63 (2H, m), 4.51 (1H, d, 

J =12.16 Hz), 4.42 (1H, d, J =12.16 Hz), 4.03 (1H, t, J =4.98 Hz), 3.91 (1H, dd, J =3.34, 

10.92 Hz), 3.82 (3H, m, J =5.93 Hz), 3.71 (1H, m), 0.85 (9H, s), 0.00 (6H, s) ppm; 13C-

NMR (CDCl3) δ 165.64, 138.54, 138.30, 138.28, 132.94, 130.41, 129.78, 128.38, 128.33, 

128.30, 127.98, 127.85, 127.70, 127.61, 127.49, 79.66, 78.21, 73.89, 73.21, 72.98, 72.51, 
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68.69, 62.79, 25.97, 18.33, -5.36 ppm; HR-ESI-MS:  [M+Na]+ calculated for 

C39H48O6SiNa was m/z 663.3118, found 663.3131. 

1,3,4-tris(benzyloxy)-5-hydroxypentan-2-yl benzoate (26): Compound 25 (942 mg, 1.47 

mmol, 1 equiv.) was desilylated by dissolving it in a solution of 2% hydrochloric acid in 

ethanol (EtOH) (20 mL) and stirring the mixture for 10 minutes. The reaction was quenched 

with a saturated NaHCO3 solution (25 mL), and the product was extracted with DCM (50 

mL x 2). The organic layer was then washed with distilled water (50 mL x 3) to remove any 

water-soluble impurities, followed by washing with brine (50 mL) to remove any remaining 

inorganic salts. Finally, the organic layer was concentrated under reduced pressure after 

drying over anhydrous Na2SO4. Purification of the residue by silica gel column 

chromatography using an EtOAc/Hexane afforded compound 26 as a colorless viscous 

liquid (728 mg, 94% yield). 1H-NMR (CDCl3): δ 7.95 (2H, d, J =7.78 Hz), 7.50 (1H, t, J 

=7.36 Hz), 7.37 (2H, t, J =7.57 Hz), 7.21 (15H, m), 5.61 (1H, m), 4.68 (1H, m), 4.58 (1H, 

m), 4.54 (2H, m), 4.46 (1H, m), 4.40 (1H, m), 4.01 (1H, m), 3.91 (1H, m), 3.74 (3H, m), 

3.64 (1H, m) ppm; 13C-NMR (CDCl3): δ 165.87, 138.02, 137.78, 133.15, 130.08, 129.77, 

129.68, 128.55, 128.50, 128.49, 128.46, 128.40, 128.37, 128.09, 128.00, 127.92, 127.69, 

78.66, 78.51, 74.14, 73.16, 72.29, 72.16, 72.02, 68.39, 64.26, 61.20, 60.96, 29.72 ppm; HR-

ESI-MS:  [M+Na]+ calculated for C33H34O6Na was m/z 549.2253, found 549.2266. 

2,3,5-tris(benzyloxy)-4-hydroxypentyl benzoate (26a): A solution of compound 25 (188 

mg, 0.3 mmol) in THF (5 mL) was stirred with a solution of tetrabutylammonium fluoride 

in THF (895 μL, 0.9 mmol, 3 equiv.) at room temperature for 4 hours. The reaction mixture 

was then quenched with 10 mL of saturated NH4Cl solution and extracted with DCM (20 

mL x 3). The combined organic extracts were dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. Purification by column chromatography using a 

mixture of hexane and EtOAc afforded compound 26a (148 mg, 94% yield) as a colorless 

viscous liquid. 1H-NMR (CDCl3) δ 7.94 (2H, d, J =7.82 Hz), 7.49 (1H, t, J =7.35 Hz), 7.36 

(2H, t, J =7.63 Hz), 7.22 (15H, m), 4.68 (3H, d, J =11.51 Hz), 4.56 (2H, t, J =10.65 Hz), 

4.43 (3H, m), 4.00 (2H, m), 3.75 (1H, m), 3.55 (2H, m), 2.64 (1H, m) ppm; 13C-NMR 

(CDCl3) δ 166.57, 137.95, 133.02, 130.12, 129.70, 128.47, 128.40, 128.12, 127.98, 127.90, 

127.83, 127.80, 127.76, 78.84, 77.88, 73.93, 73.44, 72.40, 71.00, 70.69, 64.12 ppm; HR-

ESI-MS:  [M+Na]+ calculated for C33H34O6Na was m/z 549.2253, found 549.2266. 
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2,3,5-tris(benzyloxy)-1-(5-((benzyloxy)methyl)-4-methoxy-5H-pyrrolo[3,2-d] 

pyrimidin-7-yl)pentane-1,4-diol (27): Thoroughly dried compound 20 (1.32 g, 3.8 mmol, 

1 equiv.) was taken in a 100 mL round-bottomed flask and dissolved in dry MTBE: Anisole 

(4:1, 25 mL) under argon atmosphere. The solution was cooled to -78 °C, and 2 M nBuLi 

solution in cyclohexane (2.85 mL, 5.7 mmol, 1.5 equiv.) was transferred using a syringe. 

After 5 min, aldehyde 23 (2 g, 3.8 mmol, 1 equiv.) in 5 mL of MTBE: Anisole (4:1) was 

transferred via cannula and the stirring was continued at -78 °C. After 3 hours, the reaction 

mixture was quenched with 15 mL of saturated NH4Cl solution and was allowed to warm 

to room temperature. The reaction mixture was partitioned between EtOAc (200 mL) and 

distilled water (200 mL). The aqueous layer was extracted with EtOAc (100 mL x 2) and 

the combined organic layers were dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The resulting crude syrup was dissolved in MeOH (30 mL), added 25% 

NaOMe in MeOH(w/v)(1.6 mL, 7.6 mmol, 2 equiv.) and stirred for 30 mins. after that the 

reaction mixture was diluted with cold water (50 mL) and extracted in EtOAc (100 mL x 

2). Organic layers were dried over anhydrous Na2SO4, and concentrated under reduced 

pressure. Silica gel column purification using EtOAc/hexane of the crude afforded 

compound 27 (646 mg) as a colorless viscous liquid in 60% yield (Yield calculated on the 

basis of isolated compound 27 and recovered debrominated 19 (600 mg)). 1H-NMR 

(CDCl3) δ 8.38 (1H, s), 7.21 (10H, m), 7.13 (10H, m), 7.00 (2H, m), 5.55 (2H, m), 5.28 

(1H, d, J =6.05 Hz), 4.63 (1H, d, J =11.71 Hz), 4.53 (1H, d, J =11.71 Hz), 4.47 (2H, d, J 

=11.96 Hz), 4.42 (2H, m), 4.33 (2H, s), 4.26 (2H, m), 4.20 (1H, m), 4.04 (3H, s), 3.76 (1H, 

dd, J =1.53, 7.73 Hz), 3.65 (1H, dd, J =2.45, 9.70 Hz), 3.57 (1H, dd, J =5.55, 9.65 Hz) 

ppm; 13C-NMR (CDCl3): δ 156.27, 149.65, 148.92, 138.25, 138.20, 138.07, 136.79, 

131.24, 128.50, 128.36, 128.18, 128.15, 128.01, 127.89, 127.78, 127.73, 127.62, 127.51, 

127.46, 117.54, 115.96, 81.72, 78.98, 76.85, 73.36, 73.08, 72.67, 71.51, 70.06, 69.84, 

67.96, 53.62 ppm; HR-ESI-MS:  [M+Na]+ calculated for C41H43N3O7Na was m/z 712.2993, 

found 712.3054. 

2,3,5-tris(benzyloxy)-1-(5-((benzyloxy)methyl)-4-methoxy-5H-pyrrolo[3,2-d] 

pyrimidin-7-yl)pentane-1,4-dione (29): A solution of compound 27 (500 mg, 0.72 mmol, 

1 equiv.) was dissolved in DCM (30 mL). Dess-Martin periodinane (768 mg, 1.81 mmol, 

2.5 equiv.) was added and the reaction mixture was stirred at room temperature for 2 hours. 

After monitoring by TLC to confirm completion, the reaction was quenched with a 

saturated solution of Na2S2O3 (30 mL). The product was then extracted with DCM (75 mL 
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x 2). The combined organic extracts were dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. And purification by column chromatography using a mixture of 

hexane and EtOAc afforded compound 29 as a viscous liquid (462 mg, 93% yield). 1H-

NMR (CDCl3): δ 8.53 (1H, s), 8.10 (1H, s), 7.20 (20H, m), 5.63 (1H, d, J =10.45 Hz), 5.53 

(2H, q, J =8.32 Hz), 4.71 (1H, d, J =11.71 Hz), 4.61 (2H, q, J =10.04 Hz), 4.54 (1H, m), 

4.51 (1H, m), 4.47 (1H, m), 4.42 (1H, s), 4.40 (3H, s), 4.36 (1H, m), 4.06 (3H, s) ppm; 13C-

NMR (CDCl3): δ 206.05, 190.96, 156.72, 152.02, 148.69, 138.04, 137.70, 137.58, 137.46, 

136.21, 128.56, 128.36, 128.32, 128.30, 128.21, 127.97, 127.83, 127.77, 127.75, 127.66, 

116.64, 83.59, 83.55, 77.76, 74.26, 73.09, 72.78, 72.57, 70.75, 53.91 ppm; HR-ESI-MS:  

[M+H]+ calculated for C41H40N3O7 was m/z 686.2861, found 686.2861. 

5-((benzyloxy)methyl)-7-((2S,3S,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl) 

pyrrolidin-2-yl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (30): To a solution of 

diketone 29 (81 mg, 0.12 mmol, 1 equiv.) in MeOH (6 mL) was added ammonium formate 

(37 mg, 0.9 mmol, 5 equiv.) and NaCNBH3 (37 mg, 0.59 mmol, 5 equiv.), and then the 

reaction mixture was stirred overnight at room temperature under argon atmosphere. The 

reaction mixture was quenched with sat. aq. NaHCO3 (20 mL), extracted with EtOAc (2×50 

mL), dried over anhydrous Na2SO4 and concentrated. Purification preparative TLC method 

afforded compound 30 (trace). 1H-NMR (CDCl3): δ 8.40 (1H, s), 7.19 (20H, m), 5.51 (2H, 

m), 4.59 (2H, m), 4.53 (2H, m), 4.47 (2H, m), 4.43 (1H, d, J =11.92 Hz), 4.32 (2H, s), 4.14 

(1H, t, J =5.61 Hz), 4.03 (3H, s), 3.96 (1H, t, J =5.23 Hz), 3.65 (1H, q, J =5.47 Hz), 3.58 

(2H, m) ppm; HR-ESI-MS:  [M+H]+ calculated for C41H43N4O5 was m/z 671.3228, found 

671.3250. 

5-((benzyloxy)methyl)-7-((2R,3S,4R,5S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-1-

(4-methylbenzyl)pyrrolidin-2-yl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (31): 

Diketone 29 (123 mg, 0.18 mmol, 1.0 equiv.) was dissolved in MeOH (3 mL). p-

Methylbenzylamine (94 μL, 0.72 mmol, 4 equiv.), NaBH3CN (34 mg, 0.54 mmol, 3 equiv.), 

and ZnCl2 (25 mg, 0.18 mmol, 1 equiv.) in MeOH (1.0 mL) were then successively added, 

and the mixture was stirred for 8 hours at 65 °C under condenser. After completion of the 

reaction as indicated by TLC, it was cooled to room temperature. The reaction mixture was 

then quenched with an aqueous KHSO4 (10 mL) solution and extracted with EtOAc. The 

organic layer was dried over anhydrous Na2SO4, concentrated under reduced pressure, and 

purified by column chromatography using a mixture of hexane and EtOAc to afford 
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compound 31 as a sticky solid (91 mg, 65% yield). 1H-NMR (CDCl3) δ 8.42 (1H, s), 7.53 

(1H, s), 7.21 (13H, m), 7.07 (3H, m), 7.00 (4H, m), 6.88 (4H, m), 5.49 (2H, s), 4.55 (3H, 

m), 4.37 (3H, m), 4.21 (2H, s), 4.09 (1H, d, J =11.96 Hz), 4.03 (5H, m), 3.92 (1H, dd, 

J=6.65, 9.20 Hz), 3.82 (1H, d, J =13.96 Hz), 3.67 (1H, t, J =10.96 Hz), 3.50 (1H, dd, J 

=5.10, 9.30 Hz), 3.33 (1H, dd, J =6.20, 11.81 Hz), 2.17 (1H, s) ppm; 13C-NMR (CDCl3): δ 

156.03, 150.31, 149.66, 138.96, 138.84, 138.69, 137.03, 136.24, 134.87, 129.62, 128.61, 

128.41, 128.23, 127.88, 127.85, 127.77, 127.57, 127.50, 127.36, 127.28, 127.16, 127.00, 

115.53, 79.83, 79.66, 73.13, 72.92, 72.71, 72.01, 69.73, 61.89, 58.55, 56.97, 53.47, 21.06 

ppm; HR-ESI-MS:  [M+H]+ calculated for C49H51N4O5 was m/z 775.3854, found 775.3874. 

5-((benzyloxy)methyl)-7-(3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-1-(4-methyl 

benzyl)-1H-pyrrol-2-yl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (32): Diketone 29 

(84 mg, 0.12 mmol, 1.0 equiv.) was dissolved in DCE (3 mL). p-Methylbenzylamine (16 

μL, 0.12 mmol, 1 equiv.), Na(OAc)3BH (37 mg, 0.30 mmol, 2.5 equiv.), and CH3COOH 

(14 μL, 0.25 mmol, 2 equiv.) were then successively added, and the mixture was stirred for 

24 hours. After completion of the starting material as indicated by TLC, it was cooled to 

room temperature. The reaction mixture was then quenched with a saturated solution of 

NaHCO3 (10 mL) and extracted with EtOAc. The organic layer was dried over anhydrous 

Na2SO4, concentrated under reduced pressure, and purified by column chromatography 

using a mixture of hexane and EtOAc to afford compound 32 as a sticky solid (25 mg, 27% 

yield). 1H-NMR (CDCl3): δ 8.51 (1H, s), 7.33 (2H, d, J =7.38 Hz), 7.22 (9H, m), 7.13 (4H, 

m), 7.10 (3H, m), 7.02 (2H, m), 6.81 (2H, d, J =7.72 Hz), 6.77 (1H, s), 6.48 (2H, d, J =7.67 

Hz), 5.46 (2H, s), 5.10 (2H, s), 5.04 (2H, s), 4.90 (2H, s), 4.33 (2H, s), 4.25 (2H, s), 4.09 

(2H, s), 4.03 (3H, s), 2.09 (3H, s) ppm; 13C-NMR (CDCl3): δ 178.42, 156.69, 150.87, 

148.97, 145.81, 138.73, 137.05, 136.41, 133.97, 128.51, 128.42, 128.27, 128.09, 127.94, 

127.82, 127.55, 126.92, 126.25, 115.70, 105.67, 76.95, 73.44, 69.97, 53.83, 49.53, 29.72 

ppm; HR-ESI-MS:  [M+Na]+ calculated for C49H46N4O5Na was m/z 793.3366, found 

793.3389. 

5-((benzyloxy)methyl)-7-((3S,4R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl) 

tetrahydrofuran-2-yl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidine (33): Diketone 29 (100 

mg, 0.15 mmol, 1.0 equiv.) was dissolved in CH3COOH (3 mL). NaBH3CN (28 mg, 0.44 

mmol, 3 equiv.), and ZnCl2 (30 mg, 0.218 mmol, 1.5 equiv.) in MeOH (1.0 mL) were then 

successively added, and the mixture was refluxed for 12 hours at 80 °C. After completion 
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of the reaction as indicated by TLC, it was cooled to room temperature and diluted with 

EtOAc (25 mL). The reaction mixture was then quenched with saturated solution of 

NaHCO3 (30 mL) solution and extracted with EtOAc. The organic layer was dried over 

anhydrous Na2SO4, concentrated under reduced pressure, and purified by column 

chromatography using a mixture of hexane and EtOAc to afford compound 33 as a sticky 

solid (17 mg, 18% yield). 1H-NMR (CDCl3): δ 8.46 (1H, s), 7.35 (1H, s), 7.19 (20H, m), 

5.44 (2H, m), 5.30 (1H, d, J =10.56 Hz), 4.72 (2H, s), 4.48 (3H, m), 4.29 (5H, m), 4.10 

(1H, t, J =5.73 Hz), 4.02 (3H, s), 3.81 (1H, dd, J =2.24, 10.46 Hz), 3.64 (1H, m) ppm; HR-

ESI-MS:  [M+H]+ calculated for C41H42N3O6 was m/z 672.3068, found 672.3073. 

(2S,3R,4S,5R)-2-(acetoxymethyl)-1-(4-methylbenzyl)-5-(4-oxo-4,5-dihydro-3H-

pyrrolo[3,2-d]pyrimidin-7-yl)pyrrolidine-3,4-diyl diacetate (35): To a solution of 

compound 31 (52 mg, 0.067 mmol) in MeOH (0.5 mL), and added concentrated 

hydrochloric acid (3 mL). The resulting mixture was heated to boil, and after 72 hours, the 

solvent was removed under reduced pressure to afford a brownish-red solid, which was 

dissolved in MeOH (0.5 mL) and diluted with DCM until a white precipitate was obtained. 

It was dissolved in pyridine (1 mL), and then acetic anhydride (0.5 mL) was added at room 

temperature and stirred. After 6 h, the reaction mixture was neutralized with excess 

saturated NaHCO3(aq) solution and extracted with EtOAc (20 mL x 2). The organic layer 

was washed with distilled water and dried with anhydrous Na2SO4. The resulting mixture 

was concentrated, and the residue was purified using hexane: EtOAc by silica gel column 

chromatography to obtain the triacetylated product 35 (21 mg, 63% yield). 1H-NMR 

(CDCl3): δ 10.58 (1H, s), 10.47 (1H, s), 7.84 (1H, s), 7.48 (1H, s), 6.99 (4H, s), 5.42 (1H, 

s), 5.32 (1H, s), 4.61 (1H, s), 4.07 (2H, m), 3.79 (1H, d, J=14.12 Hz), 3.60 (1H, d, J =14.15 

Hz), 3.47 (1H, m), 2.22 (3H, s), 1.95 (3H, s), 1.91 (3H, s), 1.89 (3H, s) ppm; 13C-NMR 

(CDCl3): δ 169.75, 140.40, 129.49, 128.99, 128.53, 72.99, 71.28, 64.40, 59.04, 58.01, 

55.85, 21.05, 20.79, 20.56 ppm; HR-ESI-MS:  [M+H]+ calculated for C25H29N4O7 was m/z 

497.2031, found 497.2052. 
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Figure 2.5.2.1: NMR spectra of α,β mixture of compound 3 
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Figure 2.5.2.2: NMR spectra of compound 4 
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Figure 2.5.2.3: NMR spectra of compound 5 
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Figure 2.5.2.4: NMR spectra of compound 7 
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Figure 2.5.2.5: NMR spectra of compound 9 
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Figure 2.5.2.6: NMR spectra of compound 13 
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Figure 2.5.2.7: NMR spectra of compound 17 
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Figure 2.5.2.8: NMR spectra of compound 18 
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Figure 2.5.2.9: NMR spectra of compound 19 
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Figure 2.5.2.10: NMR spectra of compound 20 
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Figure 2.5.2.11: NMR spectra of compound 22 
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Figure 2.5.2.12: NMR spectra of compound 22a 
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Figure 2.5.2.13: NMR spectra of compound 23 
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Figure 2.5.2.14: NMR spectra of compound 23a 
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Figure 2.5.2.15: NMR spectra of compound 24 

 

Figure 2.5.2.16: NMR spectra of compound 24a 
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Figure 2.5.2.17: NMR spectra of compound 25 
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Figure 2.5.2.18: NMR spectra of compound 26 
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Figure 2.5.2.19: NMR spectra of compound 26a 

 

 

 

 

 



Chapter-2 

P a g e  | 99 

Figure 2.5.2.20: NMR spectra of compound 27 
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Figure 2.5.2.21: NMR spectra of compound 29 
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Figure 2.5.2.22: NMR spectra of compound 30 

 

Figure 2.5.2.23: NMR spectra of compound 33
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Figure 2.5.2.24: NMR spectra of compound 31 
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Figure 2.5.2.25: NMR spectra of compound 32 
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Figure 2.5.2.26: NMR spectra of compound 35 
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Synthesis of Immucillin-A from D-Ribonolactam 
 

 

3.1. Abstract 

 The synthesis of galidesivir, a novel adenosine analog with broad-spectrum antiviral 

activity, is detailed, emphasizing its efficacy against various RNA viruses such as Ebola, 

Zika, and SARS-CoV-2. The process involves creating a forodesine precursor through an 

optimized synthetic route, addressing previous challenges in cross-coupling reactions. 

Utilizing a Grignard reaction for a key intermediate step, the synthesis is streamlined to 

improve yield and scalability. This method provides an efficient pathway to produce 

galidesivir, facilitating its potential therapeutic application in combating significant viral 

infections. 

3.2. Introduction 

Immucillin-A, also known as BCX4430 and Galidesivir, is a novel adenosine analog 

exhibiting a remarkably broad-spectrum antiviral profile.1 This characteristic stems from 

unique structural features (Figure 3.2).2 This feature disrupts viral replication, making 

galidesivir effective against a wide range of RNA viruses, including members of nine 

distinct families such as flavivirus, togavirus, bunyavirus, arenavirus, paramyxovirus, 

coronavirus, filovirus, orthomyxovirus, and picornavirus.3–6 In vitro and in vivo studies 

have demonstrated promising efficacy against various clinically significant viruses, 

including Ebola virus, yellow fever virus, Zika virus, and tick-borne flaviviruses. Notably, 

galidesivir is currently undergoing clinical investigation for the treatment of Ebola virus 

disease and yellow fever.7,8 Furthermore, preliminary phase 1 data suggests good 

tolerability and potential antiviral activity against SARS-CoV-2, the virus responsible for 

COVID-19.9 These findings highlight galidesivir's potential as a broad-spectrum antiviral 

therapeutic, warranting further clinical trials to confirm its safety and efficacy for specific 

viral diseases.10 

 
Figure 3.2: structure of Immucillin-A 
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Given galidesivir's promising pre-clinical and clinical data, its synthesis has become a 

scientific priority. Efficient and scalable synthetic methods are crucial to ensure the 

availability of sufficient quantities for ongoing clinical trials and, potentially, future 

therapeutic applications. 

3.3. Result and discussions 

The aim of this chapter is to discover novel methods for the synthesis of galidesivir. 

3.3.1. Synthetic plan for galidesivir (Immucillin-A) 

Building upon the findings of the previous chapter, this chapter explores an alternative 

synthetic route towards forodesine, a key precursor for the synthesis of galidesivir.3 In the 

previous chapter, the double reductive amination approach encountered challenges after the 

cross-coupling step, ultimately leading to a product distinct from the desired forodesine 

precursor. Therefore, this chapter presents a revised strategy that utilizes lactam as the 

coupling partner for a more controlled and efficient synthesis of the forodesine precursor. 

This approach aims to overcome the limitations encountered previously and ultimately 

facilitate the large-scale production of forodesine, which can then be readily converted to 

galidesivir. The overall synthetic strategy for galidesivir hinges on its precursor, forodesine. 

Forodesine itself can be divergently synthesized from a lactam derived from D-ribose. This 

lactam intermediate can then be coupled with a suitably substituted pyrrolopyrimidine, 

which can be ultimately obtained from 9-deazahypoxanthine. 

 

Figure 3.3.1: Synthetic plan for galidesivir 

D-ribose 
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3.3.1.1. Synthesis of coupling partners 

In accordance with the outlined synthetic plan, a convergent coupling strategy was adopted 

for the synthesis of forodesine, a key precursor for galidesivir. As previously described, the 

sugar moiety was envisioned as a γ-lactam (compound 2).11,12 This γ-lactam was 

successfully synthesized from D-ribose through an eight-step sequence, detailed in the 

previous chapter. 

 

Scheme 3.3.1.1a: Synthesis of γ-lactam 2 

The convergent coupling strategy for forodesine synthesis necessitated a suitably 

substituted pyrrolopyrimidine as the second coupling partner. To achieve this, compound 5 

was prepared, from 9-deazahypoxanthine.13,14 The synthesis of 9-deazahypoxanthine, as 

detailed in the previous chapter, involved the condensation of isoxazole and diethyl 

aminomalonate followed by a formamidine acetate reaction. 

 

Scheme 3.3.1.1b: Synthesis of compound 5 

3.3.1.2. The cross-coupling reaction of pyrrolopyrimidine 5 with γ-lactam 2 

Building upon the findings from the previous chapter, this chapter applies the optimized 

cross-coupling conditions to the γ-lactam 2. As previously described, the prior chapter 

identified a superior solvent system for this type of reaction15 compared to the butyllithium 

chemistry employed in THF. Therefore, we will utilize the same optimized conditions for 

the cross-coupling step involving γ-lactam 2. 

Compound 5 was subjected to lithium-halogen exchange using n-butyllithium in a pre-

cooled mixture of MTBE and anisole (Scheme 3.3.1.2a). The reaction was monitored, and 

the formation of the lithiated intermediate 5a was expected to occur within 5 minutes. 

Subsequent treatment with γ-lactam 2 aimed to achieve the desired cross-coupling product 
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(6). However, analysis of the reaction mixture revealed the absence of 6 and the sole 

presence of the dehalogenated product 7. 

 

Scheme 3.3.1.2a: Cross-coupling reaction of 5 with γ-lactam 2 

These observations suggested potential challenges with the cross-coupling step even under 

the optimized solvent system (MTBE:anisole) identified in the previous chapter. To 

elucidate the reasons behind the unsuccessful coupling, a closer examination of the reaction 

mechanism was undertaken. 

 

Figure 3.3.1.2a: resonance in γ-lactam 2 

 It was hypothesized that the lone pair on the lactam nitrogen atom might be participating 

in conjugation with the carbonyl carbon, thereby reducing its electrophilic character and 

hindering the desired reactivity (Figure 3.3.1.2a). To address this possibility, strategies to 

divert the lone pair away from the conjugation and enhance the electrophilic character of 

the carbonyl group were explored. 

 

Scheme 3.3.1.2b: Synthesis of compound 8 
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To address the potential influence of the lactam nitrogen lone pair on electrophilicity, N-

protection of γ-lactam 2 was undertaken. Treatment with di-tert-butyl dicarbonate in the 

presence of triethylamine successfully afforded N-Boc-protected lactam 8 in excellent yield 

(99%) (Scheme 3.3.1.2b). 

 

Figure 3.3.1.2b: Resonance in N-Boc-γ-lactam 8 

The introduced Boc group is anticipated to function beyond a simple protecting group. Its 

electron-withdrawing nature may act to delocalize the lone pair on the lactam nitrogen, 

reducing its conjugation with the carbonyl carbon (Figure 3.3.1.2b). This effect could 

potentially enhance the electrophilic character of the carbonyl group, facilitating the desired 

cross-coupling reaction with the lithiated intermediate 5. 

3.3.1.3. The cross-coupling reaction of pyrrolopyrimidine 5 with γ-lactam 8 

Encouraged by the successful N-protection of γ-lactam 2 (compound 8), the cross-coupling 

reaction with lithiated intermediate 5a was revisited (Scheme 3.3.1.3). While the reaction 

proceeded smoothly, analysis of the product revealed the formation of an unexpected open-

chain product 9 instead of the desired hemiaminal product 6. This structural assignment 

was confirmed by the presence of a characteristic signal at δ 193 ppm in the ¹³C NMR 

spectrum, indicative of a ketone group. 

 

Scheme 3.3.1.3: Cross-coupling with N-Boc lactam 

The cross-coupling reaction presented an unexpected hurdle. Instead of the desired cyclic 

hemiaminal intermediate 6, the reaction yielded open-chain intermediate 9. This 
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necessitated a significant change in our synthetic strategy to achieve the targeted forodesine 

precursor. Ideally, a simple reduction of hemiaminal 6 would have provided a readily 

transformable intermediate. Consequently, we explored various reduction conditions, as 

detailed in Table 3.3.1.3, with the aim of promoting the cyclization of intermediate 9 into 

the desired hemiaminal form. Unfortunately, none of these attempts proved successful. 

Neither the desired cyclization nor a tractable product mixture suitable for further 

purification could be obtained. Notably, the triethylsilane reduction conducted at -78 °C in 

dichloromethane, while resulting in a clean reaction mixture, offered no solace. Analysis 

revealed only recovered starting material (compound 9) with no evidence of the desired 

product formation. This unexpected outcome necessitated a critical evaluation of the 

reaction pathway and the development of an alternative strategy to access the desired 

intermediate. 

Table 3.3.1.3: Reduction conditions tried on compound 9 

 

Reducing Agent Promoter Solvent Temperature ( oC) 

NaCNBH3 TFA MeOH rt 

NaCNBH3 HCOOH MeOH rt 

Pd/C/H2 -- MeOH rt 

Et3SiH BF3.OEt2 ACN 0 

Et3SiH BF3.OEt2 DCM -78 

3.3.2. The turbo Grignard reagent 

Knochel et al. (2004)16 described a novel approach for the preparation of functionalized 

aryl magnesium compounds (Scheme 3.3.2) employing iPrMgCl·LiCl as the key reagent. 

This reagent was conveniently synthesized through the addition of iPrCl to a mixture of 

magnesium turnings and LiCl in a 1:1.1:1 ratio (iPrCl/Mg/LiCl) within THF. Notably, 

iPrMgCl·LiCl functions as a superior metal halogen exchange reagent. In simpler terms, 

this Grignard reagent itself can promote metal halogen exchange in another aryl halide, 
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converting it into the corresponding aryl Grignard reagent. The resulting functionalized aryl 

magnesium compounds can then participate in reactions with electrophiles, ultimately 

affording Grignard addition products.17 

 

Scheme 3.3.2a: Functionalization to aryl bromide using iPrMgCl·LiCl 

Building upon their previous work, the same research group subsequently published a 

follow-up study in the same year demonstrating the applicability of iPrMgCl·LiCl for metal 

halogen exchange in vinyl iodides (Scheme 3.3.2b).18 This expanded the scope of the 

reaction beyond aryl halides. A significant advantage of this reagent is its compatibility 

with various functional groups, including ester and alkene functionalities, which remain 

intact under the reaction conditions 

 

Scheme 3.3.2b: Functionalization to vinyl iodide using iPrMgCl·LiCl 

The demonstrated advantages of iPrMgCl·LiCl in metal halogen exchange, particularly its 

functional group tolerance, have propelled its adoption within the organic synthesis 

community. Consequently, it has garnered the popular moniker "turbo-Grignard reagent" 

due to its enhanced reactivity compared to traditional Grignard reagents. This widespread 

recognition has led to its commercial availability, facilitating its use in various synthetic 

endeavors.19 

3.3.2.1. The cross-coupling reaction using turbo Grignard reagent 

In light of the challenges encountered with the organolithium-mediated cross-coupling, the 

synthetic strategy was revised to explore Grignard reaction chemistry. Notably, the study 

by Knochel et al., 200416 demonstrated a remarkable rate acceleration for Br/Mg exchange 

in the presence of LiCl additives, particularly for functionalized heteroaryl magnesium 
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compounds. This approach was successfully applied in the key cross-coupling step for 

nucleoside synthesis of remdesivir. Inspired by these findings, we adopted similar reaction 

conditions for our cross-coupling reaction (Scheme 3.3.2.1). 

While the formation of the Grignard reagent intermediate 5b from compound 5 via Br/Mg 

exchange using the iPrMgCl·LiCl complex solution (1.3 M in THF) required a longer 

reaction time (12 hours), immediate subsequent treatment with lactam 8 furnished the 

desired hemiaminal product 22 in a satisfactory yield of 51%. This turbo-Grignard reagent-

mediated cross-coupling offers several advantages compared to the previously attempted 

nBuLi-mediated reaction. The Grignard approach utilizes a higher reaction temperature (-

20 °C) compared to the nBuLi reaction (-78 °C), potentially improving reaction efficiency. 

Most importantly, this method exhibits excellent compatibility with THF as the solvent. In 

contrast, the nBuLi reaction necessitated a mixture of MTBE and anisole, which can present 

challenges during isolation due to the high boiling point and poor water solubility of 

anisole. 

 

Scheme 3.3.2.1: Cross-coupling using turbo Grignard reagent 

Following the successful cross-coupling reaction that delivered the desired hemiaminal 

intermediate 6, the application of Kishi reduction conditions using dichloromethane as the 

solvent at -78 °C afforded the targeted forodesine precursor 10. This specific condition was 

chosen based on our previous exploration (Table 3.3.1.3), where it was the only one that 

preserved the starting material degradation (compound 9) during attempted cyclization. It 

is noteworthy that some starting material converted to compound 9 was also observed as a 

minor byproduct during this reduction step. Finally, global deprotection of compound 10 
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was achieved under concentrated hydrochloric acid, furnishing forodesine 17 as the final 

product in a commendable yield of 74%. 

Our method successfully established a novel and efficient synthetic route for forodesine 17, 

a key precursor for the antiviral agent galidesivir. The optimized strategy employed a 

Grignard reaction mediated cross-coupling step, followed by Kishi reduction and global 

deprotection, ultimately affording forodesine in a good yield. This approach effectively 

addressed the limitations encountered in previous attempts, offering a more scalable and 

potentially cost-effective method for forodesine production. 

3.3.2.2. Road map to galidesivir 

Building upon the successful synthesis of forodesine, further exploration can focus on the 

conversion of it into galidesivir, the target antiviral agent. Literature reports suggest a 

potential seven-step route for this transformation as explained in Scheme 3.3.2.2. This 

approach involves selective protection of the iminosugar nitrogen and hydroxyl 

functionality with Boc and acetyl groups, respectively. Subsequent chlorination using 

phosphoryl chloride would furnish intermediate 19. Finally, a sequence involving azide 

substitution for the chlorine atom using sodium azide, followed by reduction and global 

deprotection, could potentially yield galidesivir in a reported overall yield of 25% from 

forodesine.3 

 

Scheme 3.3.2.2: Synthetic route to galidesivir from forodesine 
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Intriguingly, upon closer examination of the reported synthetic scheme for galidesivir, a 

structural similarity was observed between intermediate 19 and our synthesized forodesine 

precursor (compound 10). This observation suggests potential opportunities for 

streamlining the overall synthetic strategy towards galidesivir in future endeavors. 

3.3.3. Concept of an advanced intermediate  

A comparative analysis of the structural features of forodesine precursor (compound 10) 

and intermediate 19 (identified in the galidesivir synthesis pathway) revealed a key 

difference beyond the protecting groups. While both compounds share identical functional 

groups and overall framework, compound 19 possesses a chlorine atom on the 

pyrrolopirimidine ring, whereas compound 10 features a methoxy group at the same 

position. 

Inspired by this observation, we envisioned the potential for a convergent synthetic 

strategy. By synthesizing a novel intermediate (compound 22) harboring a chlorine 

substituent on the pyrrolopirimidine ring similar to compound 19, we could potentially 

leverage this intermediate for the synthesis of both forodesine and galidesivir. This 

advanced intermediate could be obtained through a cross-coupling reaction using a chloro-

substituted pyrrolopirimidine coupling partner instead of the methoxy-substituted version 

employed in the current forodesine synthesis. 

 

Scheme 3.3.3: Concept of an advanced intermediate 22 

3.3.3.1. Synthesis of pyrrolopirimidine partner for advanced intermediate 

To achieve the synthesis of the proposed advanced intermediate 22, a modified 

pyrrolopirimidine precursor containing a chlorine substituent in place of the methoxy group 

is required. To address chemoselectivity concerns during subsequent cross-coupling 
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reactions, a strategic halogen exchange is planned. Bromine substitution with iodine is 

envisioned, as iodine undergoes magnesium-halogen exchange more readily compared to 

chlorine. This selective exchange will ensure that the desired chlorine group on the 

pyrrolopirimidine ring remains intact for the cross-coupling step. 

 

Scheme 3.3.3.1: synthesis of compound 25 

Building upon the pyrrolopirimidine synthesis strategy from the previous chapter, initial 

attempts focused on protecting the pyrrole nitrogen of compound 23 using BOM chloride 

to afford intermediate 24. However, the subsequent reaction of 24 with N-iodosuccinimide 

failed to yield the desired product (compound 25). Fortunately, an alternative reaction 

sequence proved successful. Treatment of compound 23 with NIS resulted in the formation 

of dihalo intermediate 26. Subsequent selective BOM protection of the pyrimidine nitrogen 

in compound 26 furnished the desired compound 25 with a commendable yield of 70%.20 

3.3.3.2. Synthesis advanced intermediate 

Leveraging the successful synthesis of the chlorinated pyrrolopirimidine intermediate 25, 

the cross-coupling reaction was explored. Employing the turbo-Grignard reagent 

(iPrMgCl·LiCl solution) at -50 °C facilitated chemoselective metal-halogen exchange at 

the iodine atom, leaving the chlorine intact. This exchange was significantly faster (5 

minutes) compared to the 12-hour reaction time observed for bromine exchange. The 

resultant Grignard intermediate 25a was immediately treated with lactam 8 at the same 

temperature, affording hemiaminal intermediate 27 (Scheme 3.3.3.2a). However, 

purification of 27 yielded a mixture of separable open-chain and closed-chain products (28 

and 27, respectively). 
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Scheme 3.3.3.2a: Utilisation of compound 25 in cross-coupling 

Intriguingly, the closed-chain hemiaminal 27 underwent a stereoselective reaction under 

Kishi reduction conditions using triethylsilane to furnish the desired pyrrolidine 

intermediate 22 (advanced intermediate). Unfortunately, this reduction also resulted in the 

undesired formation of open-chain byproduct 28. Subsequent attempts to convert the open-

chain intermediate 28 into the pyrrolidine product 22 using various reaction conditions, 

including repeated Kishi reduction attempts and Boc deprotection with trifluoroacetic acid 

followed by reduction of the resulting imine, were unsuccessful. 

Further investigation revealed the inherent instability of hemiaminal 27, leading to 

rearrangement into the more stable open-chain product 28 over time. This posed a 

significant challenge, as our initial strategy relied on the reduction of a stable hemiaminal 

intermediate. To overcome this obstacle, an alternative approach was devised to achieve 

the advanced intermediate using the open-chain product 28. Hence, mesylation of the 2° 

alcohol, by reduction of ketone for ring-closing to afford pyrrolidine was envisaged. To 

achieve this, the mixture containing hemiaminal 27 was treated with catalytic BF3·Et2O, 

promoting complete conversion to the open-chain isomer 28, as confirmed by ¹³C NMR 

spectroscopy. Subsequently, Luche reduction conditions were successfully applied to 

convert the ketone functionality in compound 28 to a secondary alcohol. Treatment of this 

alcohol with mesyl chloride then facilitated a cyclization reaction, furnishing the desired 

advanced intermediate 22 along with its C-1' epimer 22a in a combined yield of 87% (34: 

77%, 34a: 10%) over two steps. 
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Scheme 3.3.3.2b: Synthesis of advanced intermediate 

To determine the stereochemistry at C-1’ position, compounds 22 and 22a were treated with 

sodium methoxide, and the resulting C-6 methoxy substituted product (10) exhibited a 

specific optical rotation of +56.7°, which was in agreement with the reported value of 

+56.2°,15 with the desired ‘S’ configuration at C-1’ position. The undesired ‘R’ 

configuration at C-1’ position (10a structure mentioned in Figure 3.5.13) exhibited a 

specific optical rotation of +20.4°, which was in agreement with the reported value of 

+21.7°.15 

 

Figure 3.3.3.2a: Plausible pathways for stereoselective formation of compound 29 

Based on the overall addition-reduction-cyclization synthetic strategy for the synthesis of 

pyrrolidine in literature, vide supra, the reduction of ketone by NaBH4 is considered as the 

stereoselective step, which was explained by transition state models.21,22 Accordingly, 

Cram’s non-chelation or five-membered or Ce3+ chelation model (TS-1, Path A, Figure 

3.3.3.2a) favors the formation of mesylate A that leads to undesirable C-1’ epimer 

compound 22a. In a six-membered Ce3+ chelation model (TS-2, Path A, Figure 3.3.3.2a), 
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hydride attack from si-face delivers the formation of desired mesylate B, and subsequent 

cyclization affords desired compound 22. However, under Luche reduction conditions, 

possible coordination of methoxyborohydride with the oxygen atom of C-2’ OBn group 

next to the reaction site to deliver hydride from re-face to afford the undesired mesylate A 

cannot be ruled out, a rationale disregarded in reports involving addition-reduction-

cyclization synthetic strategy.  

 

Figure 3.3.3.2b: Plausible pathways for stereoselective formation of compound 22 

Cyclization of mesylate A is hindered by the steric factor, which prompts the positioning of 

mesylate group (I) to facilitate SN2 attack by C-2’ OBn group by anchimeric assistance (II) 

and subsequent unhindered and facile SN2 attack by NHBoc group affords the desired 

compound 22 (Path B, Figure 3.3.3.2b). On the other hand, an apparent SN2 attack by 

NHBoc with mesylate B affords compound 22. 

3.3.3.3. Utilization of advanced intermediate 

Building upon the successful synthesis of the key intermediate 22, further derivatization 

yielded the target compounds forodesine (Immucillin-H) and galidesivir (Immucillin-A).  

Treatment of compound 22 with methoxide afforded a C-6 methoxy substitution product 

in 70% yield over two steps. Global deprotection was then achieved under concentrated 

hydrochloric acid, furnishing forodesine (Immucillin-H) (Scheme 3.3.3.3). Alternatively, 

compound 22 was subjected to C-6 substitution with sodium azide. Subsequent reduction 

using palladium hydroxide under a hydrogen atmosphere (Pd(OH)2/H2) in methanol for 

three days facilitated global deprotection. Finally, treatment with 5N hydrochloric acid 

yielded galidesivir (Immucillin-A) in an overall yield of 59% over three steps. 
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Scheme 3.3.3.3: Utilization of advanced intermediate 22 

Finally, a standalone process for synthesizing Immucillin-H and Immucillin-A from a 

common intermediate is described against the existing routes that rely on Immucillin-H as 

the starting material for the synthesis of Immucillin-A. An addition-reduction-cyclization 

synthetic strategy was undertaken to afford the common intermediate, with chemoselective 

and stereoselective steps. We proposed the role of anchimeric assistance for 

stereoselectivity that facilitates even the undesired mesylate to afford the desired 

configuration of compound 22 at the C-1’ position. The advanced common intermediate 

offers an opportunity to vary the chloro substituent in the C-6 position with other 

nucleophiles to afford novel immucillin derivatives. 

3.4. Conclusions 

This chapter describes a novel and efficient synthetic route for forodesine (Immucillin-H) 

and the antiviral agents galidesivir (Immucillin-A). The approach leverages a convergent 

strategy utilizing a γ-lactam for cross-coupling. A key innovation involved overcoming the 

challenges associated with the electrophilic nature of the lactam carbonyl group. This 

hurdle was addressed by employing a Boc protecting group on the lactam nitrogen, which 

doesn’t serve as a mere protecting group but as an activating group to promote cross-

coupling. Furthermore, the study demonstrates the advantages of the turbo-Grignard 

reagent over conventional nBuLi for this reaction, offering chemoselectivity and 

compatibility with THF as a solvent. 

The most significant contribution lies in the development of a unified intermediate 

(advanced intermediate 22) for the synthesis of both forodesine and galidesivir. Existing 
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methods rely on forodesine as the starting material for galidesivir production. This work 

establishes a streamlined process bypassing this limitation. The unified intermediate is 

efficiently obtained through a chemoselective and stereoselective addition-reduction-

cyclization strategy. Notably, the proposed role of anchimeric assistance in this strategy 

offers a potential explanation for the observed stereoselectivity, even when an undesired 

intermediate forms. 

Finally, the presence of a strategically placed chlorine group in the advanced intermediate 

allows for further derivatization using various nucleophiles. This opens exciting avenues 

for the exploration of novel immucillin derivatives with potential therapeutic applications.  

3.5. Materials and methods  

3.5.1. General experimental conditions  

1H and 13C NMR spectra were obtained using a Bruker ASCENDTM-500 spectrometer at 

500 and 125 MHz, respectively. CDCl3, CD3OD, D2O and DMSO-D6 solvents were used 

to record the spectra. The NMR data is presented as chemical shifts in ppm (δ) along with 

integration, coupling constant in Hz, and multiplicity (s = singlet, bs= broad singlet, d = 

doublet, t = triplet, m = multiplet, dd = doublet of doublet, etc.). The HR-ESI-MS analysis 

was performed on a Thermo Scientific Exactive-LCMS instrument using the electrospray 

ionization method. The ions are reported in m/z using an Orbitrap analyzer. Optical rotation 

was measured on a JASCO P-2000 polarimeter. The reactions were monitored by silica gel 

G-60 F254 aluminum TLC plates, and the compounds were made visible by a short 

wavelength lamp; the TLC plate was charred after spraying with 15% sulfuric acid in 

ethanol. Chromatographic separations were carried out by conventional column 

chromatography on silica gel (100 - 200 mesh) and C-18 column. The reagents were 

purchased at the highest commercial quality and used without further purification. 

3.5.2. Other experimental procedures 

tert-butyl(3R,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-(5-((benzyloxy) 

methyl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidin-7-yl)-2-hydroxypyrrolidine-1-

carboxylate (6): Thoroughly dried compound 5 (2.8 g, 8.05 mmol, 1.5 equiv.) was taken 

in a 100 mL round-bottomed flask and dissolved in dry THF (25 mL) under argon 

atmosphere. The solution was cooled to 0 °C and 1.3 M iPrMgCl·LiCl solution in THF (9.3 
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mL, 12.08 mmol, 2.25 equiv.) was transferred using a cannula and stirred for 12 hours. 

After metal halogen exchange, the solution was cooled to -20 °C then the lactam 8 (2.78 g, 

5.37 mmol, 1 equiv.) in 8 mL of THF was transferred via cannula and the stirring was 

continued at -20 °C. After 3 hours, the reaction mixture was quenched with 5 mL of MeOH 

and was allowed to warm to room temperature. The reaction mixture was partitioned 

between EtOAc (150 mL) and distilled water (150 mL). The aqueous layer was extracted 

with EtOAc (100 mL x 2) and the combined organic layers were dried over anhydrous 

Na2SO4, and concentrated under reduced pressure. The resulting crude pale yellow colored 

syrup was purified using silica gel column chromatography (EtOAc/hexane) to obtain 

compound 6 as a colorless viscous liquid (2.15 g, 51% yield). 1H-NMR (CDCl3) δ 8.54 

(1H, s), 7.27 (20H, m), 5.64 (2H, s), 5.18 (1H, m), 4.80 (2H, m), 4.39 (5H, m), 4.18 (3H, 

m), 4.02 (6H, m), 3.63 (1H, m), 1.38 (4H, s), 1.17 (5H, s) ppm; 13C NMR (CDCl3) δ 156.43, 

151.04, 148.48, 138.32, 138.05, 136.51, 131.55, 128.53, 128.38, 128.23, 128.14, 128.02, 

127.71, 127.59, 115.60, 92.46, 76.91, 71.41, 70.44, 69.73, 60.71, 53.91, 53.42, 28.48, 28.31 

ppm; HR-ESI-MS: [M+H]+ calculated for C46H51N4O8 was m/z 787.3701, found 787.3693 

tert-butyl(2R,3R,4R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-oxopyrrolidine-1-

carboxylate (8): The compound 2 (3.60 g, 8.83 mmol, 1 equiv.) was dissolved in DCM (50 

mL), added (Boc)2O (3.85 g, 17.65 mmol, 2 equiv.), Et3N (2.7 mL, 19.41 mmol, 2.2 equiv.) 

and DMAP (0.11 g, 0.88 mmol, 0.1 equiv.), and stirred at room temperature. The reaction 

mixture was quenched with water (50 mL), and the product was extracted in DCM (250 

mL). The organic layer was dried using anhydrous Na2SO4, concentrated under reduced 

pressure, and purified using silica gel column chromatography (10% EtOAc in hexane to 

30% EtOAc in hexane) to obtain compound 8 as a colorless viscous liquid (4.46 g, 99% 

yield). 1H-NMR (500 MHz, CDCl3) δ 7.42 (2H, d, J=7.34 Hz), 7.35 (11H, m), 7.17 (2H, d, 

J=6.97 Hz), 5.05 (1H, d, J=12.16 Hz), 4.81 (2H, m), 4.67 (1H, d, J=12.07 Hz), 4.52 (1H, 

d, J=4.93 Hz), 4.45 (2H, s), 4.23 (1H, s), 4.09 (1H, d, J=5.05 Hz), 3.68 (1H, dd, J=3.68, 

10.00 Hz), 3.57 (1H, d, J=9.97 Hz), 1.55 (9H, s) ppm; 13C NMR (125 MHz, CDCl3) δ 

171.5, 149.9, 137.7, 137.6, 137.3, 128.5, 128.49, 128.45, 128.0, 127.93, 127.90, 127.5, 

83.3, 76.88, 74.8, 73.4, 72.8, 72.3, 68.0, 60.9, 28.0 ppm; HR-ESI-MS: [M+Na]+ calculated 

for C31H35NO6Na was m/z 540.2362, found 540.2377. 

tert-butyl((2R)-1,3,4-tris(benzyloxy)-5-(5-((benzyloxy)methyl)-4-methoxy-5H pyrrolo 

[3,2-d]pyrimidin-7-yl)-5-oxopentan-2-yl)carbamate (9): Thoroughly dried compound 5 

(1.21 g, 3.48 mmol, 1.5 equiv.) was taken in a 100 mL round-bottomed flask and dissolved 
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in dry MTBE: Anisole (4:1, 20 mL) under argon atmosphere. The solution was cooled to -

78 °C, and 2 M nBuLi solution in cyclohexane (2.6 mL, 5.22 mmol, 2.25 equiv.) was 

transferred using a cannula. After 5 min, lactam 8 (1.2 g, 2.32 mmol, 1 equiv.) in 5 mL of 

MTBE: Anizole(4:1) was transferred via cannula and the stirring was continued at -78 °C. 

After 3 hours, the reaction mixture was quenched with 15 mL of saturated NH4Cl solution 

and was allowed to warm to room temperature. The reaction mixture was partitioned 

between EtOAc (100 mL) and distilled water (100 mL). The aqueous layer was extracted 

with EtOAc (100 mL x 2) and the combined organic layers were dried over anhydrous 

Na2SO4, and concentrated under reduced pressure. The resulting crude pale yellow colored 

syrup was purified using silica gel column chromatography (EtOAc/hexane) to obtain 

compound 9 as a colorless viscous liquid (401 mg, 22% yield). 1H-NMR (CDCl3) δ 8.61 

(1H, s), 8.03 (1H, s), 7.18 (20H, m), 5.56 (2H, d, J=9.95 Hz), 5.37 (2H, d, J=10.10 Hz), 

4.62 (1H, d, J=11.41 Hz), 4.46 (3H, m), 4.31 (5H, m), 4.19 (1H, s), 4.05 (3H, s), 3.59 (2H, 

m), 1.27 (9H, s) ppm; 13C NMR (CDCl3) δ 193.74, 156.66, 152.11, 138.45, 138.23, 137.71, 

136.27, 128.55, 128.31, 128.18, 128.14, 128.06, 127.75, 127.72, 127.65, 127.37, 127.31, 

115.88, 83.42, 79.39, 78.92, 77.61, 72.62, 70.54, 69.29, 53.91, 51.24, 28.37, 27.44 ppm; 

HR-ESI-MS: [M+H]+ calculated for C46H51N4O8 was m/z 787.3701, found 787.3693. 

tert-butyl(2R,3R,4S,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(5-((benzyloxy) 

methyl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidin-7-yl)pyrrolidine-1-carboxylate (10): 

Compound 6 (200 mg, 0.25 mmol) dissolved in freshly distilled dry DCM (5 mL) under 

argon atmosphere. The solution was then cooled to -78 °C using an ice bath and Et3SiH 

(121 μL, 0.76 mmol, 3 equiv.) and BF3.Et2O (47 μL, 0.38 mmol, 1.5 equiv.) was added 

dropwise and stirred for 20 mins. The reaction mixture was quenched by adding saturated 

aqueous NaHCO3 solution (10 mL), and extracted in EtOAc (50 mL). The organic layer 

was dried over anhydrous Na2SO4, and concentrated under reduced pressure to obtain an 

off-white flaky solid 10 (123 mg 63% yield); 1H-NMR (CDCl3) δ 8.44 (1H, s), 7.39 (3H, 

m), 7.14 (17H, m), 5.28 (3H, m), 4.78 (2H, m), 4.36 (4H, m), 4.11 (9H, m), 3.63 (1H, m), 

1.38 (4H, s), 1.17 (5H, s) ppm; 13C NMR (CDCl3) δ 156.07, 155.39, 155.02, 149.65, 149.60, 

148.95, 138.59, 138.28, 138.01, 137.15, 137.00, 132.36, 132.23, 128.69, 128.39, 128.26, 

128.17, 128.08, 128.01, 127.91, 127.75, 127.62, 117.05, 116.08, 115.71, 115.50, 80.04, 

79.54, 78.90, 77.54, 76.89, 76.17, 73.37, 73.28, 71.36, 71.24, 71.03, 69.73, 67.97, 67.60, 

60.67, 58.24, 58.13, 53.48, 28.49, 28.32 ppm; HR-ESI-MS: [M+H]+ calculated for 

C46H51N4O7 was m/z 771.3752, found 771.3786. 
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Synthesis of compound 10/10a: To a solution of compound 22 or C1' epimer 22a (0.2 g, 

0.26 mmol) in MeOH (3 mL) was added NaOMe (0.07 g, 1.29 mmol, 5 equiv.) and heated 

under reflux. After 30 hours, the solvent was completely evaporated and the residue was 

partitioned between DCM (25 mL) and distilled water (25 mL). The organic layer was 

washed with brine (25 mL) and dried over anhydrous Na2SO4, concentrated and purified 

by silica gel column chromatography (40% EtOAc in hexane to 50% EtOAc in hexane) to 

afford compound 10 or 10a as a colorless viscous liquid. 

tert-butyl(2R,3R,4S,5R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(5-((benzyloxy) 

methyl)-4-methoxy-5H-pyrrolo[3,2-d]pyrimidin-7-yl)pyrrolidine-1-carboxylate(10a): 

1H-NMR (CDCl3) δ 8.54 (1H, s), 7.24 (20H, m), 5.68 (2H, m), 5.27 (1H, m), 4.88 (2H, m), 

4.71 (1H, m), 4.58 (3H, m), 4.45 (3H, m), 4.32 (2H, m), 4.11 (3H, m), 3.97 (1H, d, J=7.86 

Hz), 3.76 (1H, d, J=9.05 Hz), 1.28 (5H, s), 1.14 (4H, s) ppm; 13C NMR (CDCl3) δ 156.07, 

154.13, 149.89, 149.65, 138.79, 138.67, 138.56, 136.80, 130.32, 129.51, 128.43, 128.18, 

128.16, 128.10, 127.79, 127.73, 127.49, 127.35, 118.39, 116.39, 116.06, 82.80, 81.88, 

79.87, 77.46, 73.18, 72.85, 72.47, 72.20, 72.02, 70.65, 70.21, 69.23, 58.30, 57.87, 53.46, 

29.70, 28.43, 28.16 ppm; HR-ESI-MS: [M+H]+ calculated for C46H51N4O7 was m/z 

771.3752, found 771.3786. 

tert-butyl(2R,3R,4S,5S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-(5-((benzyloxy) 

methyl)-4-chloro-5H-pyrrolo[3,2-d]pyrimidin-7-yl)pyrrolidine-1-carboxylate (22): To 

compound 28 (1.45 g, 1.83 mmol, 1 equiv.) in MeOH (25 mL), CeCl3 (0.68 g, 2.74 mmol, 

1.5 equiv.) was added and cooled to -78 °C, and sodium borohydride (0.17 g, 4.58 mmol, 

2.5 equiv.) was added and stirred for 10 mins. The reaction mixture was quenched with 1 

M NaH2PO4 (20 mL) and extracted in DCM (100 mL x 3). The organic layer was dried over 

anhydrous Na2SO4, and passed through a silica plug to yield 1.4 g (96.3%) of the reduced 

product as a colorless viscous liquid. The reduced product was dissolved in dry DCM (30 

mL) and cooled to 0 °C, and added triethylamine (1.72 mL, 12.35 mmol, 7 equiv.), mesyl 

chloride (0.82 mL, 10.58 mmol, 6 equiv.) was added dropwise into the reaction mixture by 

maintaining an inert argon atmosphere. The reaction mixture was allowed to warm to room 

temperature and stirred. After 20 hours, the reaction mixture was quenched with saturated 

aqueous NH4Cl (100 mL), and extracted in DCM (100 mL x 3). The organic layer was 

washed with distilled water (2 x 50 mL), and brine (50 mL). Concentration of organic layer 

and purification by silica gel column chromatography (20% EtOAc in hexane to 30% 

EtOAc in hexane) afforded a separable mixture of compound 22 as a colorless viscous 
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liquid (1.09 g, 76.8% yield over 2 steps), and C1' epimer 22a.  as a colorless viscous liquid 

(0.14 g, 9.9% yield over 2 steps), culminating in an 8:1 ratio of compound 22 and its C1' 

epimer 22a. 1H-NMR (500 MHz, CDCl3) δ 8.73 (1H, d, J=9.41 Hz). 7.69-7.60 (1H, m), 

7.48-7.43 (2H, m), 7.28-7.19 (18H, m), 5.56 (1H, s), 5.38 (1H, d, J=10.67 Hz), 5.10-

5.27(1H, m), 4.94-4.78 (2H, m), 4.42-4.52 (3H, m), 4.31-4.03 (7H, m), 3.70-3.76 (1H, m), 

1.50 (5H, s), 1.26 (4H, s) ppm; 13C NMR (125 MHz, CDCl3) δ 155.3, 154.8, 150.5, 149.8, 

149.7, 142.2, 138.4, 138.1, 138.0, 137.9, 136.6, 136.4, 136.2, 128.4, 128.2, 128.19, 128.12, 

127.98, 127.92, 127.76, 127.70, 127.5, 124.2, 124.0, 116.9, 115.9, 80.2, 79.7, 78.7, 76.5, 

76.3, 76.0, 73.5, 73.3, 71.4, 71.3, 71.1, 69.8, 68.0, 67.6, 60.7, 57.8, 28.4, 28.3 ppm; HR-

ESI-MS: [M+H]+ calculated for C45H48ClN4O6 was m/z 775.3262, found 775.3269. 

5-((benzyloxy)methyl)-4-chloro-7-iodo-5H-pyrrolo[3,2-d]pyrimidine (25): To 

compound 23 (1.15 g, 7.46 mmol), anhydrous THF (25 mL) and N-Iodosuccinimide (1.68 

g, 7.46 mmol, 1 equiv.) were added and stirred the reaction mixture by protection from 

light. After 2 hours, the reaction mixture was partitioned between EtOAc (50 mL) and 

distilled water (50 mL). The organic layer was washed with distilled water (2 x 30 mL) and 

finally with brine (50 mL). The organic layer was dried over anhydrous Na2SO4, and 

concentrated under reduced pressure to yield pale yellow colored solid 26 which was 

directly used for the next step considering 100% yield. The solid was dissolved in 

anhydrous DMF (30mL), cooled to 0 °C and NaH (60% suspension in mineral oil, 0.45 g, 

11.17 mmol, 1.5 equiv.) was added to the stirring reaction mixture by maintaining an inert 

argon atmosphere. After one hour, benzylchloromethyl ether (1.56 mL, 11.17 mmol, 1.5 

equiv) was added to the reaction mixture dropwise, and allowed to stir for 48 hours at room 

temperature. The reaction mixture was quenched by adding ice, and the product was 

extracted using EtOAc (100 mL). The organic layer was washed with distilled water (5 x 

50 mL) to remove DMF, and dried over anhydrous Na2SO4, and concentrated under reduced 

pressure. Silica gel column purification (20% EtOAc in hexane to 30% EtOAc in hexane) 

of the crude yellow syrup afforded the compound 25 as a white crystalline solid (2.1 g, 70% 

yield over 2 steps), and 67% overall yield over 3 steps from 9-deazahypoxanthine. 1H-NMR 

(500 MHz, CDCl3) δ 8.85 (1H, s), 7.66 (1H, s), 7.28-7.32 (3H, m), 7.25 (2H, d, J=7.46 Hz), 

5.86 (2H, s), 4.57 (2H, s) ppm; 13C NMR (125 MHz, CDCl3) δ 153.1, 151.0, 142.9, 140.1, 

135.9, 128.5, 128.3, 127.6, 124.2, 76.9, 70.8, 59.4 ppm; HR-ESI-MS: [M+H]+ calculated 

for C14H12ClIN3O was m/z 399.9714, found 399.9717. 
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5-((benzyloxy)methyl)-4-chloro-5H-pyrrolo[3,2-d]pyrimidine (deiodo-25): 1H-NMR 

(CDCl3) δ 8.67 (1H, s), 7.49 (1H, d, J=3.11 Hz), 7.22 (5H, m), 6.68 (1H, d, J=3.10 Hz), 

5.77 (2H, s), 4.44 (2H, s) ppm; 13C NMR (CDCl3) δ 153.31, 150.44, 142.65, 136.86, 136.27, 

128.59, 128.22, 127.73, 124.02, 103.86, 76.58, 70.36 ppm; HR-ESI-MS: [M+H]+ 

calculated for C14H13ClN3O was m/z 274.0742, found 274.0755. 

tert-butyl((2R,3R,4R)-1,3,4-tris(benzyloxy)-5-(5-((benzyloxy)methyl)-4-chloro-5H-

pyrrolo[3,2-d]pyrimidin-7-yl)-5-oxopentan-2-yl)carbamate (28): Thoroughly dried 

compound 25 (1.9 g, 4.78 mmol, 1.5 equiv.) was taken in a 100 mL round-bottomed flask 

and dissolved in dry THF (20 mL) under argon atmosphere. The solution was cooled to -

50 °C and 1.3 M iPrMgCl·LiCl solution in THF (3.67 mL, 4.78 mmol, 1.5 equiv.) was 

transferred using a cannula. After 10 min, lactam 5 (1.65 g, 3.18 mmol, 1 equiv.) in 5 mL 

of THF was transferred via cannula and the stirring was continued at -50 °C. After 3 hours, 

the reaction mixture was quenched with 2 mL of MeOH and was allowed to warm to room 

temperature. The reaction mixture was partitioned between EtOAc (200 mL) and distilled 

water (200 mL). The aqueous layer was extracted with EtOAc (100 mL x 3) and the 

combined organic layers were dried over anhydrous Na2SO4, and concentrated under 

reduced pressure. The resulting crude pale yellow colored syrup was dried under vacuum, 

dissolved in DCM (25 mL), and cooled to -20 °C under argon atmosphere. Catalytic amount 

of BF3.OEt2 was added, after 30 min, the reaction mixture was quenched by adding 

saturated aqueous NaHCO3 solution (10 mL), and extracted in EtOAc (150 mL). Organic 

layers were dried over anhydrous Na2SO4, and concentrated under reduced pressure. Silica 

gel column purification (30% EtOAc in hexane to 40% EtOAc in hexane) of the crude pale 

yellow colored syrup afforded 1.63 g of compound 28 as a colorless viscous liquid in 79% 

yield (yield calculated on the basis of isolated compound 28 and recovered lactam 5 (0.29 

g). 1H-NMR (500 MHz, CDCl3) δ 8.90 (1H, s), 8.28 (1H, s), 7.39 (2H, d, J=7.01 Hz), 7.32-

7.26 (10H, m,), 7.21-7.18 (7H, m), 7.12 (2H, br s), 5.76 (1H, d, J=10.68 Hz), 5.47 (1H, d, 

J=10.70 Hz). 5.43 (1H, d, J=8.45 Hz), 5.35 (1H, br s), 4.71 (1H, d, J=11.37 Hz), 4.61-4.54 

(1H, m), 4.46-4.39 (5H, m), 4.27 (1H, s), 3.73-3.70 (1H, m), 3.67-3.64 (1H, t, J=7.48 Hz), 

1.34 (9H, s) ppm; 13C NMR (125 MHz, CDCl3) δ 193.2, 155.7, 152.0, 150.5, 143.7, 141.7, 

138.2, 137.9, 137.5, 135.8, 128.6, 128.4, 128.3, 128.2, 128.15, 128.12, 127.9, 127.7, 127.6, 

127.48, 127.45, 127.3, 124.3, 116.2, 83.7, 79.5, 79.1, 77.3, 72.9, 72.7, 72.6, 70.7, 69.1, 

51.1, 28.3 ppm; HR-ESI-MS: [M+Na]+ calculated for C45H47ClN4O7Na was m/z 813.3031, 

found 813.3027. 
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tert-butyl(2S,3S,4R,5R)-2-(4-azido-5-((benzyloxy)methyl)-5H-pyrrolo[3,2-

d]pyrimidin-7-yl)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidine-1-

carboxylate (30): 1H-NMR (CDCl3) δ 9.34 (1H, s), 7.23 (20H, m), 5.64 (2H, m), 5.35 (2H, 

m), 4.83 (3H, m), 4.50 (5H, m), 4.39 (2H, m), 4.25 (4H, m), 4.05 (1H, m), 3.74 (1H, m), 

1.49 (5H, s), 1.25 (4H, s) ppm; 13C NMR (CDCl3) δ 155.36, 141.72, 138.37, 138.05, 137.93, 

137.84, 137.27, 136.60, 130.86, 130.67, 130.48, 128.53, 128.46, 128.35, 128.26, 128.15, 

128.09, 127.96, 127.87, 127.79, 127.73, 127.66, 127.52, 119.51, 80.41, 79.85, 79.73, 78.00, 

77.78, 76.56, 73.51, 73.37, 71.57, 71.11, 67.89, 60.85, 57.87, 28.48, 28.30 ppm; HR-ESI-

MS: [M+H]+ C45H48N7O6 calculated for m/z 782.3661, found 782.3671. 

Forodesine/Immucillin-H: To a solution of compound 22 (0.2 g, 0.26 mmol) in MeOH (3 

mL) was added NaOMe (0.07 g, 1.29 mmol, 5 equiv.) and heated under reflux. After 30 

hours, the solvent was completely evaporated and the residue was partitioned between 

DCM (25 mL) and distilled water (25 mL). The organic layer was washed with brine (25 

mL) and dried over anhydrous Na2SO4, and passed through a small plug of silica to remove 

polar impurities. The resulting filtrate was concentrated to afford a colorless viscous liquid 

(0.19 g), dissolved in MeOH (0.5 mL), and added concentrated hydrochloric acid (3 mL). 

The resulting mixture was heated to boil, after 72 hours, the solvent was removed under 

reduced pressure to afford a brownish red colored solid, which was dissolved in MeOH 

(0.5 mL) and diluted with DCM until a white precipitate was obtained. The precipitate was 

filtered and washed with DCM, and dried to afford 0.055 g of BCX-1777 (70% yield over 

2 steps) as a white powder, and an overall yield of 38% from 2,3,5-tri-O-benzyl-D-

ribonolactone over 10 steps. 1H-NMR (500 MHz, DMSO-d6) δ 12.41 (s, 1H, NH-5), 12.16 

(s, 1H, NH-3), 10.30 (s, 1H, NH-1ꞌ), 8.35 (s, 1H, NH-1ꞌ), 7.93 (s, 1H, H-2), 7.63 (d, J=3.10 

Hz, 1H, H-6), 5.43 (brs, 3H, 3 x OH), 4.64 (d, J=6.90 Hz, 1H, H-2ꞌ), 4.47 – 4.44 (m, 1H, 

H-3ꞌ), 4.18 (t, J=4.42 Hz, 1H, H-4ꞌ), 3.73 (d, J=4.90 Hz, 2H, H-6ꞌ), 3.48 (q, J=4.92 Hz, 1H, 

H-5ꞌ) ppm; 13C NMR (125 MHz, DMSO-d6) δ 153.5, 142.8, 142.2, 127.3, 118.1, 109.2, 

73.9, 70.4, 65.0, 58.5, 56.5 ppm; HR-ESI-MS: [M+Na]+ calculated for C11H14N4O4Na was 

m/z 289.0913, found 289.0908. 

Galidesivir/Immucillin-A: To compound 22 (0.2 g, 0.26 mmol, 1 equiv.) in DMF (3 mL), 

NaN3 (0.08 g, 1.29 mmol, 5 equiv.) was added and stirred at 80 °C. After 10 hours, the 

reaction mixture was cooled to room temperature and poured into ice, and the product was 

extracted using DCM (3 x 20 mL). The organic layer was washed with distilled water (5 x 

60 mL) to remove DMF, and dried over anhydrous Na2SO4, and passed through a small 
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plug of silica to remove polar impurities to afford a colorless viscous liquid (0.18 g), which 

was dissolved in MeOH (3 mL) and Pd(OH)2/C (20% w/w) was added (0.2 g). H2 gas was 

purged through the reaction mixture for 5 mins and the suspension was stirred for 5 days 

under H2 atmosphere. The reaction mixture was filtered through celite (2 g) and the solvent 

was completely evaporated. To the resulting mixture aqueous 5N HCl (3 mL) was added 

and stirred at room temperature. After 30 mins, the solvent was evaporated to afford a 

brown colored solid, which was purified by C18 column chromatography (0.001 M HCl 

(aq.)) to afford 0.046 g of BCX-4430 (59 % yield over 3 steps) as a white powder, and an 

overall yield of 32% from 2,3,5-tri-O-benzyl-D-ribonolactone over 11 steps. 1H NMR (500 

MHz, D2O) δ 8.32 (s, 1H, H-2), 7.94 (s, 1H, H-8), 4.90 (d, J=8.90 Hz, 1H, H-1ꞌ), 4.69 (m, 

1H, H-2ꞌ), 4.37 (dd, J=3.57, 4.67 Hz, 1H, H-3ꞌ), 3.88 (d, J=4.65 Hz, 2H, H-5ꞌ), 3.81 (q, 

J=4.24 Hz, 1H, H-4ꞌ) ppm; 13C NMR (125 MHz, D2O) δ 149.4, 143.4, 138.1, 132.4, 112.7, 

105.0, 73.3, 70.4, 65.6, 58.5, 55.5 ppm; HR-ESI-MS: [M+H]+ calculated for C11H16N5O3 

was m/z 266.1253, found 266.1248. 
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Figure 3.5.3: NMR spectra of compound 6 
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Figure 3.5.4: NMR spectra of compound 8 
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Figure 3.5.5: NMR spectra of compound 9 
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Figure 3.5.6: NMR spectra of compound 10 
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Figure 3.5.7: NMR spectra of compound 10a 
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Figure 3.5.8: NMR spectra of compound 22 

 

 

 

 



          Immucillin-A 

 

Figure 3.5.9: NMR spectra of compound 25 
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Figure 3.5.10: NMR spectra of deiodo-25 
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Figure 3.5.11: NMR spectra of compound 26 
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Figure 3.5.12: NMR spectra of compound 28 
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Figure 3.5.13: NMR spectra of compound 30 
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Figure 3.5.14: NMR spectra of Forodesine/Immucillin-H 
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Figure 3.5.15: NMR spectra of Galidesivir/Immucillin-A 
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Synthesis of Iminosugar Analogues of KRN-7000 
 

 

4.1. Abstract 

 This chapter details the synthesis of novel iminosugar mimetics of KRN-7000 and its 

analogs, focusing on the development of aza-C-galactosylceramide through a convergent 

synthesis approach. Using Turbo Grignard reagent and cross-metathesis strategies, the 

synthesis aims to replace the natural galactose unit with an iminosugar derivative. 

Challenges in the synthesis, including difficulties with metal-halogen exchange and 

optimizing reaction conditions, are addressed. Alternative methods, such as click chemistry, 

are also explored to achieve the desired linkages. The synthesized compounds are intended 

to enhance the understanding and application of glycosphingolipids in immunological 

research and therapy. 

4.2. Introduction 

Glycosphingolipids (GSLs) are a fascinating class of molecules that act like cellular 

fingerprints on the surface of our cells. These intricate structures combine a sugar portion 

(glycan) with a fatty molecule (ceramide). The glycan moieties face outwards, like 

antennas, and play a crucial role in cellular communication. GSLs orchestrate a variety of 

essential biological processes through interactions with proteins and other sugars. They act 

as identification tags, allowing cells to recognize each other and participate in specialized 

functions like cell adhesion. They can also serve as docking stations for toxins, viruses, and 

bacteria, influencing how pathogens interact with our cells. Interestingly, GSLs can even 

influence how other proteins on the cell surface function, impacting processes such as stem 

cell development, nerve cell differentiation, and even cancer progression.1–6 

For these reasons, GSLs have become a hot topic in biological research. Scientists are 

particularly interested in creating well-defined GSLs to understand their specific roles in 

various biological processes. Since GSLs rely on both the sugar and lipid parts for their 

function, it's crucial to recreate the entire structure accurately. This will pave the way for 
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groundbreaking discoveries in biology and potentially lead to novel therapeutic 

applications.7–11 

 

Figure 4.2: Structure of KRN-7000 

The story of KRN-7000 begins in the tropical waters near Mauritius, where researchers 

focused on studying a particular marine sponge called Agelas mauritianus. During the 

1990s, scientists at Japan's Kirin Brewery Company began investigating extracts from this 

sponge for their potential biological activities. One of these extracts, named KRN-7000, 

showed an impressive ability to activate a specific type of immune cell known as invariant 

natural killer T (iNKT) cells. These iNKT cells play a crucial role in regulating the immune 

system, acting as a bridge between the innate and adaptive immune systems. KRN-7000, 

also known as alpha-galactosyl ceramide (α-GalCer), emerged as a potent stimulator of 

these cells, exhibiting promising immunostimulatory and anti-tumor characteristics. 

Further studies have revealed its potential to reduce tumor size in animal models, 

generating interest in its potential use for cancer immunotherapy.12–16 

The story of KRN-7000 goes beyond its initial discovery. The ability to synthesize the 

molecule and its analogs has fueled ongoing research. Chemists are now creating modified 

versions with altered properties, aiming to fine-tune the immune response for specific 

therapeutic applications. These analogs hold promise for targeting various diseases beyond 

cancer, including autoimmune disorders and infectious diseases.17 

4.3. Result and discussions 

This chapter aims to synthesize novel iminosugar mimetics of KRN-7000 and its analogs 

through convergent synthesis. 

4.3.1. Turbo Grignard reagent-assisted cross-coupling 

Initially, our goal was to create a novel KRN-7000 analog, aza-C-galactosylceramide. To 

achieve this, we envisioned replacing the natural galactose sugar unit in KRN-7000 with 

an iminosugar derivative derived from D-galactose. This modified sugar would then be 
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linked to the ceramide portion via a C-glycosidic bond.  Leveraging our successful 

application of Boc-protected lactams in convergent synthesis for previous projects, we 

planned to employ a similar approach here. The strategy involved the use of a special 

reagent, the Turbo Grignard reagent. This reagent would facilitate a metal-halogen 

exchange reaction within a vinyl iodide18 derived from phytosphingosine, and then it will 

be added to Boc-protected lactam. 

 

Figure 4.3.1: Synthetic plan for aza-C-galactosylceramide 

The crucial stages of the reaction encompassed the application of the Turbo Grignard 

reagent to facilitate the cross-coupling process between vinyl iodide and lactam. This 

elegant approach will ultimately result in the targeted synthesis of aza-C-

galactosylceramide. 

4.3.1.1. Synthesis of N-Boc-protected Lactam via D-Galactose Functionalization 

The synthesis of Boc-protected δ-lactam started with commercially available D-galactose. 
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Scheme 4.3.1.1: Synthesis of N-Boc lactam 6 

The synthesis began with selective protection of the D-galactose's anomeric hydroxyl 

group, forming an allyl ether (1-O-allyl-D-galactose). This was followed by an overnight 

reaction with benzyl bromide in the presence of sodium hydride (NaH), transforming it into 

compound 1. The allyl group was removed by refluxing compound 1 with potassium tert-

butoxide (t-BuOK) followed by hydrolysis with dilute hydrochloric acid (HCl). This 

resulted in a hemiacetal intermediate 2. Oxidation of the hemiacetal intermediate 2 using 

Dess-Martin periodinane, a mild oxidizing agent, converted compound 2 into δ-lactone 3. 

Treatment of lactone 3 with methanolic ammonia facilitated the conversion to hydroxy-

carboxamide, containing a secondary alcohol group. Oxidation with Dess-Martin 

periodinane transformed the secondary alcohol into a ketone group, forming a keto amide 

intermediate. This intermediate spontaneously underwent cyclization to yield a mixture of 

lactam epimers 4. Finally, reductive amination of the lactam epimer mixture 4 furnished 

lactam 5.19 The synthesis culminated in the N-Boc-protected lactam 6 after treatment with 

(Boc)2O. 

4.3.1.2. Preparation of Phytosphingosine with a Terminal Vinyl Iodide Moiety 

Starting from commercially available phytosphingosine, a phytosphingosine side chain 

functionalized with vinyl iodide was synthesized (Scheme 4.3.1.2a). Initially, the amine 



Chapter-4 

P a g e  | 149 

was protected as a tert-butyl carbamate 7, followed by the introduction of a silyl group to 

protect the primary alcohol temporarily to yield 8. Later silyl group was removed after 

isopropylidene protection on the vicinal diol, resulting in an intermediate containing a free 

primary alcohol 10.20 Oxidation of alcohol 10 using Dess-Martin periodinane in the 

presence of excess NaHCO3 to generate the aldehyde intermediate (11, phytosphingosine-

1-al). Unfortunately, 11 failed to provide the desired terminal vinyl iodide under subsequent 

Wittig reaction conditions. 

 

Scheme 4.3.1.2a: Synthesis of vinyl iodide functionalized phytosphingosine 12 

Scheme 4.3.1.2a proved unsuccessful in generating vinyl iodide functionalized 

phytosphingosine. To address this, we implemented a strategic modification in Scheme 

4.3.1.2b by protecting the amine group (-NH₂) with a benzyl group and a Boc group. This 

involved reacting compound 9 with benzyl bromide at subzero temperatures to prevent 

undesired desilylation by NaH. Subsequently, the silyl group was deprotected using TBAF 

to obtain primary alcohol 14. Dess-Martin periodinane oxidation was then performed on 

alcohol 14 in the presence of excess NaHCO₃. This reaction yielded aldehyde 15, which 

readily underwent a Wittig reaction with (iodomethyl)triphenylphosphonium iodide to 

furnish the desired vinyl iodide functionalized phytosphingosine 16 in 38% overall yield 

over 7 steps. 
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Scheme 4.3.1.2b: Synthesis of vinyl iodide functionalized phytosphingosine 16 

We achieved a variation of the vinyl iodide-functionalized phytosphingosine 18 by 

employing a different approach. Instead of protecting the vicinal diol with an 

isopropylidene group, we subjected compound 9 to benzylation. This strategy resulted in 

the co-benzylation of the diol, providing intermediate 17. Compound 17 can be efficiently 

converted to the desired product 18 using the same three-step process described earlier. 

This approach not only enhances the molecule's stability but also offers the significant 

benefit of reducing the overall number of synthetic steps (Scheme 4.3.1.2c). 

 

Scheme 4.3.1.2c: Synthesis of vinyl iodide functionalized phytosphingosine -18 

4.3.1.3. Cross-coupling attempt on N-Boc lactam and vinyl iodide appended 

phytosphingosine 

With both N-Boc lactam 6 and vinyl iodide-functionalized phytosphingosine (compounds 

16/18) available, we attempted a cross-coupling reaction mediated by isopropylmagnesium 

chloride lithium chloride complex (commonly known as the Turbo-Grignard reagent).  
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Scheme 4.3.1.3: Magnesium halogen exchange on compound 16/18 

Unfortunately, treatment of the vinyl iodide (16/18) with the Turbo-Grignard reagent did 

not result in the anticipated metal-halogen exchange. We explored various reaction 

conditions like different solvents (THF, MTBE, Et2O, anisole), temperature (-40, 0 and 27 

°C), and time (up to 30 hours) in an effort to promote the exchange, but none were 

successful. 

Since the Turbo-Grignard reagent failed to promote metal-halogen exchange on vinyl 

iodides 16/18, we explored n-butyllithium (n-BuLi) as an alternative. 

Table 4.3.1.3: Cross-coupling attempt on N-Boc lactam and vinyl iodide 

 

SL. No. Solvent 
Temperature (

o

C) 
Time (h) Product (17) 

1 THF 0 3 Nil 

2 THF -40 3 Nil 

3 THF -78 3 Trace 

4 THF -78 6 Trace 

5 Et
2
O -78 3 Nil 

6 MTBE: Anisole -78 3 Trace 

7 MTBE -78 3 Nil 

Gratifyingly, treatment of 16 with n-BuLi at -78 °C resulted in a rapid metal-halogen 

exchange. The resulting lithium complex was then reacted with N-Boc lactam 6. However, 

the reaction yielded a complex mixture. While column chromatography proved ineffective 

for purification, preparative TLC provided some fractions. High-resolution mass 

spectrometry (HRMS) analysis revealed the presence of the desired coupled product, 19 

(Figure 4.3.1.3). Unfortunately, attempts to optimize the reaction conditions and improve 
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the yield for the desired product were unsuccessful. Notably, vinyl iodide 18 completely 

failed to undergo the cross-coupling reaction. 

 

Figure 4.3.1.3: HRMS of compound 19 

4.3.2. cross-coupling through metathesis 

Unfortunately, our initial objective of achieving cross-coupling using the Turbo-Grignard 

reagent fell short. This setback presented a significant hurdle, as there weren't any 

established alternative methods to synthesize the desired KRN-7000 analog. However, 

rather than being deterred, we leveraged our chemical knowledge and strategic thinking to 

design a new KRN-7000 mimetic. This alternative molecule aims to mimic the key 

functionalities of KRN-7000 but through a synthetic route that is more amenable to our 

current capabilities. 

 

Figure 4.3.2: Synthesis plan for aza-C-galactosylceramide 
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Cross-metathesis emerges as a new strategy for our KRN-7000 analog synthesis. Unlike 

the prior method, this approach hinges on connecting the sugar and phytosphingosine 

portions through a controlled exchange of alkene partners. To achieve this, we strategically 

need to introduce alkenes into both building blocks. 

4.3.2.1. Synthesis of alkenylated aza galactose 

For our KRN-7000 analogue synthesis via cross-metathesis, we require an alkenylated 

azagalactose unit. Ideally, the alkene should be positioned at C-1 of the galactose ring for 

optimal reactivity after the subsequent cross-metathesis step. Considering the readily 

available reagents and previous experiences, we have opted for a Grignard reaction with 

allylmagnesium bromide for the alkenylation. This choice avoids potential complications 

encountered with vinylmagnesium bromide in previous attempts by our team.  

 

Scheme 4.3.2.1: Synthesis C-1 alkenylated azagalactose 

N-Boc lactam 6 reacted with allylmagnesium bromide at -78 °C, but instead of the desired 

product, we obtained open-chain ketone 21, similar to observations in a previous 

experiment discussed in the last chapter. To address this, ketone 21 was subjected to Luche 

reduction conditions, successfully converting it to the desired secondary alcohol 22. 

Subsequent treatment with mesyl chloride promoted a favorable SN2 reaction, resulting in 

the formation of C-1 β-alkenylated azagalactose 23 with the desired alkene regiochemistry 

(Scheme 4.3.2.1). 

However, a standard NaCNBH3 reduction on 21 followed by cyclization would likely yield 

an inseparable mixture of α and β-alkenylated aza galactoses. The Luche reduction offers 
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better regioselectivity, directing the reduction to the alcohol intermediate 22 and ultimately 

affording the C-1 β-alkenylated product 23. 

 

Figure 4.3.2.1: 1D nOe of compound 23 

The regioselectivity of the C-1 β-alkenylation in compound 23 was confirmed using a 1D 

nOe experiment and is shown in Figure 4.3.2.1. In this experiment, irradiating the proton 

at position 4 (H4) selectively resulted in an enhancement of the signal for the proton at 

position 8 (H8). Conversely, irradiating H8 led to signal enhancements for both H6 and H4. 

These observations indicate that all three protons (H4, H6, and H8) are positioned on the 

same side of the molecule. Since nOe relies on spatial proximity, this confirms that H4 

occupies the α-position relative to the anomeric carbon (C-1). Consequently, the alkene 

moiety in compound 23 must be in the β-configuration. 

4.3.2.2. Cross-coupling attempt through metathesis 

Having successfully obtained the C-1 β-alkenylated azagalactose 23, we turned our 

attention to the cross-metathesis reaction. To optimize resource utilization, we opted to 

employ a readily available simple alkene, 3-butenylbenzene, instead of a pre-functionalized 
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and potentially expensive alkenylated phytosphingosine. Unfortunately, the initial attempt 

at cross-metathesis using a second-generation Grubb’s catalyst proved unsuccessful. We 

then explored various reaction parameters, including solvent (THF, DCM), temperature, 

and reaction time, but none of these modifications yielded the desired product 

 

Scheme 4.3.2.2: Cross metathesis attempt 

4.3.3. Cross-coupling through Click reaction 

Given the challenges encountered with our initial cross-coupling attempts for connecting 

the sugar and lipid moieties, we have adopted a new strategy. Click chemistry, a powerful 

tool known for its efficiency and selectivity, now emerges as our preferred approach for 

forging the desired linkage between these crucial fragments. This method utilizes a copper-

catalyzed Huisgen cycloaddition reaction between an azide and an alkyne to form a stable 

triazole linkage. 

 

Figure 4.3.3: Click chemistry target 

Click chemistry offers several advantages for our KRN-7000 analog synthesis: 

• High Yield and Selectivity: Click reactions are renowned for their ability to deliver 

high product yields with excellent regioselectivity. This translates to a more 

efficient and streamlined synthesis. 

• Mild Reaction Conditions: Click chemistry typically operates under mild reaction 

conditions, minimizing the risk of degradation for sensitive sugar and lipid 

components. 
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• Orthogonality: Click reactions are often orthogonal to many other functional 

groups commonly found in complex molecules. This allows for selective coupling 

without affecting other functionalities present in our KRN-7000 analog precursors. 

By employing click chemistry as a reliable tool for triazole linkage formation, we aim to 

achieve a more efficient and robust synthesis of the desired iminosugar analogs of KRN-

7000. 

4.3.3.1. Synthesis of alkynylated galactose 

Similar to the alkenylation strategy, we envisioned employing a Grignard reaction for C-1 

alkynylation of the azagalactose unit. However, unlike allylmagnesium bromide, propargyl 

Grignard reagent (propargylmagnesium bromide) is not readily available in the market due 

to its limited shelf life. To overcome this hurdle, we opted for in-situ generation of 

propargyl Grignard reagent from propargyl bromide and magnesium metal.21,22 This freshly 

prepared Grignard reagent was then used to treat the N-Boc lactam 6 with the aim of 

obtaining 28. 

 

Scheme 4.3.3.1a: Propargylation on N-Boc lactam 

Unfortunately, the reaction yielded an unexpected side product 27 in addition to the desired 

product 28. This arose from the leftover propargyl bromide reacting with the N-Boc group 

on the already formed 28. The challenge lies in achieving a balance: if we wait for the 

complete conversion of propargyl bromide to the Grignard reagent, the pre-formed 

propargyl Grignard reagent may decompose, impacting the overall yield. Conversely, using 

propargyl bromide too early increases the likelihood of the undesired side reaction. 

An alternative approach emerged upon further evaluation. While the initial strategy 

produced the 28, it required a subsequent reduction cyclization step to furnish the desired 

intermediate C-1 propargylated aza galactose 29 for click reaction. We recognized an 
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opportunity to streamline the process. Reacting propargyl Grignard reagent directly with 

the hemiacetal precursor 2 could potentially yield intermediate 29 after the same reduction 

cyclization step (Scheme 4.3.3.1b). This approach not only gives an opportunity for late-

stage functionalization of sugar but also avoids the formation of the undesired side product 

27 observed with the previous method. Since hemiacetal 2 is an intermediate compound for 

N-Boc lactam synthesis 6, this streamlined strategy offers a significant reduction in steps 

(6 steps) and avoids the problematic side reaction. 

 
X = O, A- Reduction, X = N, A- Double Reductive Amination 

Scheme 4.3.3.1b: the idea of Propargylation on lactol 

Following our revised strategy, we treated hemiacetal 2 with the in-situ generated propargyl 

Grignard reagent. While this approach aimed to achieve the desired C-1 propargylated 

intermediate 30, we encountered a similar challenge that had been observed previously. 

Unreacted propargyl bromide remained in the reaction mixture, leading to the formation of 

an undesired side product 32 through alkynylation of the product itself. 

 

Scheme 4.3.3.1c: Propargylation on lactol 

The persistent issue with unreacted propargyl bromide during in-situ Grignard reagent 

generation prompted us to explore alternative approaches. We implemented the use of 

trimethylsilyl (TMS)-protected propargyl bromide, anticipating a more stable precursor for 
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Grignard formation.23 Unfortunately, the TMS-protected propargyl Grignard reagent failed 

to react with the hemiacetal 2. Given this setback, we opted to modify the reaction strategy 

by changing the sugar partner. Instead of the hemiacetal, we employed lactone 3 (Scheme 

4.3.3.1c) for the C-1 alkynylation reaction. 

 

Scheme 4.3.3.1d: Propargylation on lactol 

Treatment of lactone 3 with TMS-propargyl Grignard reagent at -50 °C afforded the desired 

C-1 propargylated hemiketal 34 in 67% yield. This intermediate served as a key precursor 

for the synthesis of the KRN-7000 oxy-sugar derivative. To achieve this, hemiketal 34 was 

first reduced to 35 using Kishi reduction conditions. Subsequent fluoride ion mediated 

desilylation afforded the click reaction partner, C-1 propargylated galactose 36.  

4.3.3.2. Synthesis of KRN-7000 analog 

 

Scheme 4.3.3.2: Synthesis of KRN-7000 analogue 
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C-1propargylated galactose 36 readily underwent a copper-catalyzed click reaction (CuI) 

with azido-phytosphingosine in the presence of DIPEA (Scheme 4.3.3.2). Finally, global 

deprotection via Pd/C reduction furnished the KRN-7000 analogue 37 in excellent yield. 

To facilitate NMR characterization, the final product was acetylated using acetic anhydride 

to 38. 

1H NMR techniques were used to confirm the β-C glycosylation at the C-1 position of the 

KRN-7000 analogue. Coupling constant values obtained from spectroscopic analysis 

played a key role in this confirmation (Figure 4.3.3.2).  

 

Figure 4.3.3.2: 1D nOe of compound 38 

Additionally, COSY analysis identifies the relationships between neighbouring protons in 

the molecule. It indeed helped to confirm the respective positions of the protons. H1'' 

appeared as a doublet of doublets (dd), indicating interactions with two other protons. It 

has a geminal coupling with proton 1' and vicinal coupling with H2 were quantified by their 

coupling constants, which were 15.3 Hz and 9.6 Hz, respectively. Interestingly, both H2 

and H3 protons appeared as triplets instead of doublets of doublets, suggesting a similar 

chemical environment for these protons. Furthermore, their respective coupling constants 

of 9.3 Hz and 9.8 Hz supported the idea of an axial-axial orientation for these hydrogens. 



          Aza- KRN-7000 

 

These coupling constants and multiplicities provide strong evidence for the β-orientation 

of the side chain (as an axial C-1 hydrogen is a characteristic feature of β-glycosidic bonds). 

4.3.3.3. Synthesis of iminosugar analogue of KRN-7000 

We initially envisioned synthesizing the C-1propargylated azagalactose derivative by 

oxidizing hemiketal 34 to a diketone intermediate. This intermediate would then be 

subjected to a double reductive amination to introduce the nitrogen atom and complete the 

azagalactose unit. Unfortunately, despite exploring various oxidation strategies, we were 

unable to obtain the desired diketone. This setback precluded the synthesis of the C-1 

propargylated azagalactose using this planned route. 

 

Scheme 4.3.3.3a: Proposed synthesis of C-1 propargylated azagalactose 

Following the challenges encountered with C-1 propargylation, we opted for a strategic 

shift towards N-propargylation of the lactam moiety. This approach leverages the lone pair 

of electrons on the nitrogen atom of 5 to directly react with propargyl bromide via an SN2 

reaction, efficiently yielding click reaction partner 42. This intermediate readily underwent 

a successful cycloaddition (click reaction) with azido-phytosphingosine under standard 

conditions, forming the triazole-linked product 43. 

 

Scheme 4.3.3.3b: Click reaction with N-propargylated azagalactolactam 
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From this key intermediate 43, we were able to diversify the synthesis and generate two 

distinct KRN-7000 glycomimetic analogs. Direct deprotection of 42 using Pd/C reduction 

yielded a lactam derivative of KRN-7000, compound 44. Conversely, selective reduction 

of the amide carbonyl in 43 with borane-dimethyl sulfide (BH3-DMS) followed by 

debenzylation afforded the C-1 deoxy iminosugar derivative (45) of KRN-7000. 

 

Scheme 4.3.3.3c: Synthesis of iminosugar analog of KRN-7000 

While our goal was to synthesize the iminosugar C-glycosidic analogue of KRN-7000, we 

encountered several challenges during the C-1 propargylation step. However, by 

strategically adapting a different approach and employing click reaction, we were able to 

successfully synthesize novel KRN-7000 analogues. These analogues offer valuable 

alternatives for further investigation and potential development. 

4.4. Conclusions 

The synthesis of KRN-7000 analogues explored multiple avenues to achieve iminosugar 

glycomimetics of KRN-7000. Initial attempts using cross-coupling reactions, including 

Turbo Grignard reagents and metathesis, proved unsuccessful. Challenges arose with 
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controlling the reactivity of in-situ generated propargyl Grignard reagents during C-1 

propargylation. However, this approach ultimately yielded the desired C-1 propargylated 

galactose intermediate using a lactone precursor and synthesised a KRN-7000 analogue 

with triazole linker 

To overcome limitations with C-1 propargylation, the synthetic strategy shifted towards N-

propargylation of the lactam moiety. This approach efficiently provided a click reaction 

partner through a direct SN2 reaction. Subsequent click reaction with azido-

phytosphingosine successfully furnished two novel KRN-7000 analogs 

Despite encountering setbacks with the initial turbo Grignard reaction, cross-metathesis, 

and C-1 propargylation strategy, the successful application of N-propargylation and click 

reaction paves the way for the development of novel KRN-7000 analogs with potential 

biological applications. Future efforts can focus on refining the C-1 propargylation 

approach and exploring the biological activity of the newly synthesized KRN-7000 

analogs. 

 

4.5. Materials and methods 

4.5.1. General experimental conditions:  

1H and 13C NMR spectra were obtained using a Bruker ASCENDTM-500 spectrometer at 

500 and 125 MHz, respectively. CDCl3 and CD3OD solvents were used to record the 

spectra. The NMR data is presented as chemical shifts in ppm (δ) along with integration, 

coupling constant in Hz, and multiplicity (s = singlet, bs= broad singlet, d = doublet, t = 

triplet, m = multiplet, dd = doublet of doublet, etc.). The HR-ESI-MS analysis was 

performed on a Thermo Scientific Exactive-LCMS instrument using the electrospray 

ionization method. The ions are reported in m/z using an Orbitrap analyzer. Optical rotation 

was measured on a JASCO P-2000 polarimeter. The reactions were monitored by silica gel 

G-60 F254 aluminum TLC plates, and the compounds were made visible by a short 

wavelength lamp; the TLC plate was charred after spraying with 15% sulfuric acid in 

ethanol. Chromatographic separations were carried out by conventional column 

chromatography on silica gel (100 - 200 mesh). The reagents were purchased at the highest 

commercial quality and used without further purification. 
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4.5.2. General procedure for debenzylation 

To prepare the respective product, a solution of benzyl-protected intermediate in 5 mL of 

MeOH was added with Pd/C and a few drops of conc. HCl, followed by purging H2 gas for 

2 minutes. The reaction mixture was stirred overnight under an H2 atmosphere. The 

resulting mixture was filtered through a Celite® pad after being diluted with MeOH. The 

filtrate was concentrated and precipitated in DCM to obtain the desired product.  

4.5.3. General procedure for Acetylation reaction 

Corresponding polyalcohol (15 mg) was dissolved in pyridine (1 mL), and then acetic 

anhydride (0.5 mL) was added at room temperature. After 6 h, the reaction mixture was 

neutralized with saturated NaHCO3(aq) solution and extracted with EtOAc (20 mL x 2). 

The organic layer was washed with distilled water and dried with anhydrous Na2SO4. The 

resulting mixture was concentrated, and the residue was purified using hexane: EtOAc by 

silica gel column chromatography to obtain the corresponding acetylated product. 

4.5.4. Synthesis of propargyl magnesium bromide 

Vigorously stirring a blend of Mg turnings (10 mmol, 240 mg, 1.6 equiv.) and HgCl2 (0.02 

mmol, 5.4 mg, 0.003 equiv.) in 3 mL of Et2O took place for approximately 10 mins at room 

temperature under an argon atmosphere. Subsequently, a small quantity of the 

corresponding propargylic bromide solution (6 mmol, 1.5 equiv.) in 6 mL of Et2O was 

introduced. As the reaction mixture began to bubble, it was cooled to 0 ºC, and the 

remaining propargylic bromide solution was added dropwise via a pressure-equalizing 

funnel. The reaction mixture was stirred for 1 hour, transitioning from 0 ºC to room 

temperature. 

4.5.5. General condition for C-1 propargylation  

A thoroughly dried corresponding sugar derivative (1.48 mmol, 1 equiv.) was dissolved in 

dry Et2O (4 mL) under an argon atmosphere. The solution was cooled to -50 °C, and freshly 

prepared propargyl magnesium bromide solution in THF (~9 mL, 6 mmol, 4 equiv.) was 

transferred using a cannula, and the stirring was continued at -50 °C. After 2 hours, the 

reaction mixture was quenched with 2 mL of MeOH and was allowed to warm to room 

temperature. The reaction mixture was partitioned between EtOAc (50 mL) and distilled 

water (50 mL). The aqueous layer was extracted with EtOAc (50 mL x 2), and the combined 

organic layers were dried over anhydrous Na2SO4 and concentrated under reduced pressure. 
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The residue was then purified through column chromatography using hexane/EtOAc to 

obtain the corresponding propargylated compound. 

4.5.6. Other experimental procedures 

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-2H-pyran-2-ol 

(2): The hemiacetal compound 2 was synthesized using the Overkleeft protocol19 and 

confirmed by comparison of the NMR data. 1H-NMR (CDCl3) δ 7.37 (30H, m), 5.32 (1H, 

m), 4.97 (2H, m), 4.84 (2H, m), 4.76 (3H, m), 4.69 (1H, m), 4.63 (1H, m), 4.51 (1H, m), 

4.44 (1H, m), 4.20 (1H, m), 4.07 (1H, m), 3.97 (2H, m), 3.91 (1H, m), 3.80 (1H, t, J=8.55 

Hz), 3.63 (1H, m), 3.57 (1H, m), 3.51 (1H, m) ppm; 13C-NMR (CDCl3) δ 138.65, 138.56, 

138.50, 138.41, 138.26, 137.87, 137.75, 128.46, 128.43, 128.35, 128.32, 128.28, 128.20, 

128.04, 128.02, 127.98, 127.86, 127.80, 127.79, 127.66, 127.60, 127.54, 97.80, 91.91, 

82.21, 80.75, 78.75, 76.61, 75.11, 74.76, 74.69, 74.59, 73.63, 73.58, 73.52, 73.50, 72.99, 

72.96, 69.52, 69.09, 68.95 ppm; HR-ESI-MS: [M+Na]+ calculated for C34H36O6Na was m/z 

563.2410, found 563.2419. 

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-2H-pyran-2-

one (3): A solution of hemiacetal 2 (5 g, 9.2 mmol, 1 equiv.) was dissolved in DCM (200 

mL), followed by the addition of Dess-Martin periodinane (DMP) (5.88 g, 13.8 mmol, 1.5 

equiv.). The reaction mixture was stirred for 2 h at room temperature under an argon 

atmosphere. After the reaction was complete, as indicated by TLC, the mixture was 

quenched with saturated Na2S2O3(aq) (50 mL) and saturated NaHCO3(aq) (50 mL), it was 

then extracted with DCM (2 x 100 mL). The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. The resulting product was purified by column 

chromatography using hexane/EtOAc to afford 3 (4.63 g, 93% yield). 1H-NMR (CDCl3) δ 

7.36 (2H, m), 7.45 (16H, m), 7.27 (2H, m), 5.22 (1H, d, J=11.01 Hz), 4.97 (1H, d, J=11.26 

Hz), 4.80 (2H, t, J=12.76 Hz), 4.72 (1H, d, J=11.86 Hz), 4.64 (1H, d, J=11.31 Hz), 4.51 

(3H, m), 4.37 (1H, m), 4.20 (1H, s), 3.92 (1H, dd, J =1.07, 9.59 Hz), 3.72 (2H, m) ppm; 

13C-NMR (CDCl3) δ 170.04, 137.81, 137.56, 137.42, 128.54, 128.53, 128.50, 128.40, 

128.05, 128.02, 128.00, 127.95, 127.91, 127.86, 127.57, 80.16, 77.35, 75.33, 74.77, 73.70, 

72.86, 72.57, 67.55 ppm; HR-ESI-MS: [M+Na]+ calculated for C34H34O6Na was m/z 

561.2253, found 561.2245. 

(3R,4S,5R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-6-hydroxypiperidin-2-one (4): A 

solution of lactone, 3 (4 g, 7.4 mmol, 1 equiv.) was dissolved in 7N NH3 in MeOH (20 mL) 
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and stirred for 1 h, a white precipitate was formed, and the reaction mixture was evaporated 

to dryness. DCM (150 mL) was added followed by Dess−Martin periodinane (DMP) (4.72 

g, 11.13 mmol, 1.5 equiv.), and the reaction mixture was stirred for 1 h at rt under an argon 

atmosphere. After the completion of the reaction indicated by TLC, the reaction mixture 

was quenched with saturated Na2S2O3(aq) (50 mL), saturated NaHCO3 (aq) (50 mL), and 

extracted with DCM (2 × 100 mL), the organic extracts were dried over anhydrous Na2SO4 

and concentrated. Purification by column chromatography using hexane/EtOAc afforded 4 

as a colorless viscous liquid (3.64 g, 71% yield over 2 steps). 1H-NMR (CDCl3) δ 7.46 (2H, 

m), 7.33 (17H, m), 7.24 (2H, m), 6.52 (1H, s), 5.21 (1H, d, J =11.28 Hz), 4.97 (1H, d, J 

=11.45 Hz), 4.85 (2H, d, J =11.49 Hz), 4.74 (1H, m), 4.61 (1H, d, J =11.30 Hz), 4.54 (3H, 

m), 4.41 (2H, m), 3.97 (1H, s), 3.88 (1H, s), 3.49 (1H, d, J =8.81 Hz), 3.56 (1H, d, J =8.82 

Hz) ppm; 13C-NMR (CDCl3) δ 171.97, 138.40, 138.27, 137.80, 136.84, 128.64, 128.61, 

128.57, 128.48, 128.47, 128.40, 128.34, 128.27, 128.18, 128.10, 127.99, 127.91, 127.87, 

127.83, 127.64, 127.62, 127.60, 82.13, 77.97, 77.66, 76.73, 75.16, 74.63, 73.84, 73.34, 

73.07 ppm; HR-ESI-MS: [M+Na]+ calculated for C34H35NO6Na was m/z 576.2362, found 

576.2381. 

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)piperidin-2-one (5): To a 

solution of 4 (2 g, 3.6 mmol, 1 equiv.) in ACN (50 mL) was added 13 mL formic acid, and 

NaCNBH3 (360 mg, 7.22 mmol, 2 equiv.), and then the reaction mixture was stirred at 60 

°C under an argon atmosphere for 2 h. The reaction mixture was cooled to 0 °C, quenched 

with saturated aqueous NaHCO3 (100 mL), and extracted with EtOAc (3 × 100 mL), and 

the organic layers were washed with H2O (2 × 50 mL), dried over anhydrous Na2SO4, and 

concentrated. Purification by column chromatography using hexane/EtOAc afforded 

compound 5 (1.57 g, 81% yield) as a white solid. 1H-NMR (CDCl3) δ 7.33 (20H, m), 6.02 

(1H, s), 5.21 (1H, d, J =11.15 Hz), 4.88 (2H, m), 4.78 (2H, m), 4.51 (3H, m), 4.04 (1H, d, 

J =7.82 Hz), 3.94 (1H, t, J =8.04 Hz), 3.61 (3H, m), 3.30 (1H, t, J =8.11 Hz) ppm; 13C-

NMR (CDCl3) δ 171.80, 138.35, 138.24, 137.74, 136.75, 128.66, 128.40, 128.32, 128.27, 

128.18, 128.10, 127.93, 127.65, 127.62, 127.60, 82.07, 77.96, 77.64, 76.73, 75.15, 74.59, 

73.85, 73.37, 73.12 ppm; HR-ESI-MS [M+Na]+ calculated for C34H35NO5Na was m/z 

560.2413, found 560.2417. 

tert-butyl(2R,3S,4S,5R)-3,4,5-tris(benzyloxy)-2-((benzyloxy)methyl)-6-oxopiperidine 

-1-carboxylate (6): The compound 5 (2.7 g, 5.0 mmol, 1 equiv.) was dissolved in DCM 

(50 mL). (Boc)2O (2.19 g, 10 mmol, 2 equiv.), Et3N (1.55 mL, 11.0 mmol, 2.2 equiv.) and 
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DMAP (0.61 mg, 0.5 mmol, 0.1 equiv.) was added then stirred at room temperature for 3 

h. The reaction mixture was quenched with water (50 mL), and the product was extracted 

in DCM (2 x 50 mL). The organic layer was dried using anhydrous Na2SO4, concentrated 

under reduced pressure, and purified using silica gel column chromatography to obtain 

compound 6 as a colorless viscous liquid (3 g, 94% yield). 1H-NMR (CDCl3) δ 7.45 (2H, 

d, J =7.20 Hz), 7.30 (17H, m), 7.20 (2H, d, J=7.30 Hz), 5.16 (1H, d, J =11.06 Hz), 4.74 

(2H, t, J =7.60 Hz), 4.71 (1H, m), 4.67 (2H, m), 4.57 (1H, d, J =12.01 Hz), 4.46 (1H, d, J 

=9.35 Hz), 4.39 (3H, s), 4.11 (1H, dd, J =2.43, 9.33 Hz), 4.02 (1H, m), 3.48 (1H, m), 3.43 

(1H, m), 1.50 (9H, s) ppm; 13C-NMR (CDCl3) δ 171.10, 152.51, 138.37, 138.29, 137.94, 

137.44, 128.45, 128.40, 128.35, 128.27, 128.25, 127.88, 127.84, 127.77, 127.67, 127.59, 

127.57, 83.33, 79.99, 74.91, 74.31, 73.34, 72.86, 72.48, 68.94, 56.48, 28.02 ppm; HR-ESI-

MS: [M+Na]+ calculated for C39H43NO7Na was m/z 660.2937, found 660.2929. 

tert-butyl((3S,4R)-1-((tert-butyldimethylsilyl)oxy)-3,4-dihydroxyoctadecan2yl) 

carbamate (8): Phytosphingosine (954 mg, 2.7 mmol, 1 equiv.) was added to 1 N NaOH 

(aq) (4.5 mL, 4 mmol, 1.5 equiv.), and the mixture was diluted with a solution of water-

ethanol (1:2, 36 mL). Then, (Boc)2O (956 mg, 4 mmol, 1.5 equiv.) was added and stirred 

at room temperature for 1h. The reaction mixture was quenched with saturated aqueous 

NH4Cl (50 mL) and extracted in EtOAc (100 mL x 3). The organic layer was washed with 

distilled water (2 x 50 mL) and brine (50 mL). It was then dried using anhydrous Na2SO4 

and concentrated under reduced pressure to obtain a crude syrup. It was dissolved in a 10 

mL solution of dry DCM and dry DMF (4:1) and cooled to 0 °C. Triethylamine (0.625 mL, 

4 mmol, 1.5 equiv.) TBDMSCl (688 mg, 4 mmol, 1.5 equiv.) and DMAP (28 mg, 0.27 

mmol, 0.1 equiv.) were added into the reaction mixture by maintaining an inert argon 

atmosphere. After 2 h, the reaction mixture was quenched with saturated aqueous NH4Cl 

(50 mL) and extracted in DCM (100 mL x 3). The organic layer was washed with distilled 

water (3 x 50 mL) and brine (50 mL). The concentration of organic layer and silica gel 

column chromatography purification afforded 8 as a colorless viscous liquid (1.16 g, 81% 

yield over 2 steps). 1H-NMR (CDCl3) δ 5.21 (1H, d, J =8.43 Hz), 3.91 (1H, d, J =9.85 Hz), 

3.82 (1H, bs), 3.75 (1H, m), 3.58 (2H, m), 3.25 (1H, bs), 2.93 (1H, bs), 1.67 (2H, m), 1.43 

(9H, s), 1.24 (24H, s), 0.89 (9H, s), 0.86 (3H, t, J =6.77 Hz), 0.09 (6H, s) ppm; 13C-NMR 

(CDCl3) δ 155.67, 79.63, 76.01, 73.38, 62.81, 51.60, 33.43, 31.93, 29.70, 29.67, 29.64, 

29.62, 29.37, 28.38, 25.96, 25.82, 22.69, 18.16, 14.12, -5.54, -5.64 ppm; HR-ESI-MS: 

[M+Na]+ calculated for C29H61NO5SiNa was m/z 554.4217, found 554.4212. 
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tert-butyl(2-((tert-butyldimethylsilyl)oxy)-1-((4S,5R)-2,2-dimethyl-5-tetradecyl-1,3-

dioxolan-4-yl)ethyl)carbamate (9): A solution of 8 (126 mg, 0.24 mmol, 1 equiv.) in dry 

DCM (5 mL) was prepared to which 2,2-dimethoxy propane (232 μL, 1.9 mmol, 8 equiv.) 

and PPTS (3 mg, 0.02 mmol, 0.1 equiv.) were added at 0 °C. The mixture was slowly 

warmed to room temperature and stirred for 3 hours. MeOH (5 mL) was added to the 

reaction mixture and stirred for one more hour. The solvents were then evaporated, and the 

residue was purified using silica gel chromatography to obtain compound 9 as a colorless 

liquid (122 mg) in 90% yield. 1H-NMR (CDCl3) δ 4.67 (1H, d, J =9.74 Hz), 4.00 (2H, m), 

3.78 (1H, d, J =9.66 Hz), 3.69 (1H, t, J =8.68 Hz), 3.60 (1H, d, J =9.50 Hz), 1.48 (3H, m), 

1.38 (13H, m), 1.22 (25H, m), 0.84 (9H, s), 0.81 (3H, t, J =6.90 Hz), -0.00 (6H, s) ppm; 

13C-NMR (CDCl3) δ 155.07, 107.80, 79.39, 77.94, 75.52, 62.91, 50.77, 31.93, 29.69, 29.66, 

29.54, 29.37, 29.09, 28.35, 26.25, 25.94, 25.90, 22.69, 18.35, 14.12, -5.48 ppm; HR-ESI-

MS: [M+Na]+ calculated for C32H65NO5SiNa was m/z 594.4530, found 594.4535. 

tert-butyl(1-((4S,5R)-2,2-dimethyl-5-tetradecyl-1,3-dioxolan-4-yl)-2-hydroxyethyl) 

carbamate (10): A solution of 9 (98 mg, 0.17 mmol) in THF (5 mL) was stirred with a 

solution of TBAF in THF (0.514 mL, 0.51 mmol, 3 equiv.) at room temperature for 3 hours. 

The reaction mixture was then quenched with 10 mL of saturated aqueous NH4Cl and 

extracted with 3 x 25 mL of EtOAc. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. Purification by column chromatography using 

hexane/EtOAc afforded compound 10 (77 mg, 99% yield) as a white solid. 1H-NMR 

(CDCl3) δ 4.99 (1H, d, J =8.40 Hz), 4.18 (1H, t, J =6.21 Hz), 4.10 (1H, d, J =5.59 Hz), 3.80 

(3H, m), 2.40 (1H, s), 1.58 (3H, s), 1.46 (13H, s), 1.26 (25H, m), 0.90 (3H, t, J =6.62 Hz) 

ppm; 13C-NMR (CDCl3) δ 155.42, 108.07, 79.75, 78.14, 77.87, 63.80, 51.08, 31.93, 29.69, 

29.66, 29.61, 29.58, 29.52, 29.36, 29.20, 28.35, 27.63, 26.76, 25.29, 22.69, 14.12 ppm; HR-

ESI-MS: [M+Na]+ calculated for C26H51NO5Na was m/z 480.3665, found 480.3674. 

tert-butylbenzyl(1-((4S,5R)-2,2-dimethyl-5-tetradecyl-1,3-dioxolan-4-yl)-2 

hydroxyethyl)carbamate (14): To a solution of compound 9 (300 mg, 0.52 mmol, 1 

equiv.) in DMF (4 mL) at -10°C, NaH (60% suspension in mineral oil) (31.4 mg, 0.8 mmol, 

1.5 equiv.) was added and the resulting mixture was stirred for 30 minutes. At the same 

temperature, benzyl bromide (0.1 mL, 0.8 mmol, 1.5 equiv.) was added dropwise and 

stirring was continued. After 24 h, the reaction mixture was quenched with ice and extracted 

with EtOAc (2 × 25 mL). The organic extracts were dried over anhydrous Na2SO4 and 

concentrated to obtain a crude syrup. It was redissolved in THF (5 mL) and added TBAF 
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solution in THF (2 mL, 2 mmol, 4 equiv) at room temperature and stirred for 4 hours. The 

reaction mixture was then quenched with 10 mL of saturated aqueous NH4Cl and extracted 

with 3 x 25 mL of EtOAc. The combined organic extracts were dried over anhydrous 

Na2SO4 and concentrated. Purification by column chromatography using hexane/EtOAc 

afforded compound 14 (227 mg, 79% yield over 2 steps) as a viscous liquid. HR-ESI-MS 

[M+Na]+ calculated for C33H57NO5Na was m/z 570.4134, found 570.4136. 

tert-butylbenzyl(1-((4S,5R)-2,2-dimethyl-5-tetradecyl-1,3-dioxolan-4-yl)-2-oxoethyl) 

carbamate (15): A solution of 14 (122 mg, 0.22 mmol, 1 equiv.) was dissolved in 5 mL of 

DCM. NaHCO3 (84 mg, 1 mmol, 4.5 equiv.) was added followed by Dess-Martin 

periodinane (DMP) (142 mg, 0.33 mmol, 1.5 equiv.). the reaction mixture was stirred for 1 

h at room temperature. It was quenched with 10 mL of saturated Na2S2O3(aq) and 10 mL 

of water. The mixture was then extracted with 3 x 25 mL of DCM. The combined organic 

extracts were dried over anhydrous Na2SO4 and concentrated. The resulting product was 

purified using hexane/EtOAc by column chromatography, which resulted in the formation 

of 15 (113 mg, 81% yield) as a viscous liquid. 1H-NMR (CDCl3) δ 9.72 (1H, s), 7.30 (5H, 

m), 4.75 (1H, m), 4.44 (1H, t, J =6.08 Hz), 4.14 (1H, d, J =14.91 Hz), 3.97 (1H, m), 1.47 

(14H, m), 1.28 (26H, m), 0.90 (3H, t, J =6.72 Hz) ppm; 13C-NMR (CDCl3) δ 198.92, 

155.94, 128.89, 128.79, 128.70, 127.91, 127.86, 127.71, 108.55, 107.16, 81.14, 77.78, 

64.85, 50.34, 31.94, 29.71, 29.67, 29.60, 29.50, 29.48, 29.38, 28.23, 22.70, 14.14 ppm; HR-

ESI-MS: [M+Na]+ calculated for C33H55NO5Na was m/z 568.3978, found 568.3983. 

tert-butylbenzyl(1-((4S,5R)-2,2-dimethyl-5-tetradecyl-1,3-dioxolan-4-yl)-3-iodoallyl) 

carbamate (16): A solution of (Iodomethyl)triphenylphosphonium iodide (3.5 g, 6.6 

mmol, 2.5 equiv.) in dry THF (50 mL) was stirred for 10 minutes at room temperature. 

Then, a solution of NaHMDS in THF (9.3 mL, 9.3 mmol, 3.5 equiv.) was slowly added to 

it at room temperature under a nitrogen atmosphere. After stirring for 45 mins, a solution 

of compound 15 (1.45 g, 2.6 mmol, 1 equiv.) in dry THF (10 mL) was added to the reaction 

mixture using a cannula and stirring was continued at rt for 3h. It was quenched with 

saturated aqueous NH4Cl (50 mL) and extracted with EtOAc (100 mL x 2). The organic 

layer was washed with excess water, dried over anhydrous Na2SO4, concentrated, and 

purified by column chromatography using hexane/ethyl acetate, which yielded the 

compound 16 (1.23 g, 70% yield) as a viscous liquid. 1H-NMR (CDCl3) δ 7.16 (5H, m), 

6.50 (2H, m), 4.82 (1H, s), 4.37 (3H, m), 4.03 (1H, d, J =8.50 Hz), 1.52 (2H, s), 1.40 (12H, 

m), 1.21 (27H, m), 0.81 (3H, t, J =6.80 Hz) ppm; 13C-NMR (CDCl3) δ 155.27, 136.92, 
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128.00, 126.90, 126.51, 107.77, 79.79, 77.78, 31.94, 29.71, 29.67, 29.62, 29.59, 29.52, 

29.49, 29.38, 28.34, 27.10, 24.88, 22.71, 14.14 ppm; HR-ESI-MS: [M+Na]+ calculated for 

C34H56INO4Na was m/z 692.3152, found 692.3161. 

tert-butylbenzyl((3S,4R)-3,4-bis(benzyloxy)-1-hydroxyoctadecan-2-yl)carbamate (17) 

: To a solution of compound 9 (600 mg, 1.12 mmol, 1 equiv.) in DMF (10 mL) at -10°C, 

NaH (60% suspension in mineral oil) (135 mg, 5.6 mmol, 5 equiv.) was added, and the 

resulting mixture was stirred for 30 minutes. To it, benzyl bromide (0.535 mL, 4.5 mmol, 

1.7 equiv.) was added dropwise and stirred for 30 h. The reaction mixture was quenched 

with ice and extracted with EtOAc (2 × 100 mL). The organic extracts were dried over 

anhydrous Na2SO4 and concentrated to obtain a crude syrup. It was the redissolved in THF 

(10 mL) then added a solution of TBAF in THF (4.5 mL, 4.5 mmol, 4 equiv.) and stirred at 

room temperature for 3 hours. The reaction mixture was then quenched with 10 mL of 

saturated aqueous NH4Cl and extracted with 3 x 50 mL of EtOAc. The combined organic 

extracts were dried over anhydrous Na2SO4 and concentrated. Purification by column 

chromatography using hexane/EtOAc afforded compound 17 (620 mg, 80% yield over 2 

steps) as a colorless viscous liquid. 1H-NMR (CDCl3) δ 7.31 (15H, m), 4.86 (1H, d, J 

=11.04 Hz), 4.66 (3H, m), 4.45 (2H, m), 4.20 (1H, m), 3.89 (2H, m), 3.56 (2H, m), 1.72 

(1H, m), 1.51 (10H, s), 1.31 (24H, s), 0.92 (3H, t, J =6.75 Hz) ppm; 13C-NMR (CDCl3) δ 

156.60, 138.75, 138.50, 128.62, 128.45, 128.38, 128.30, 128.18, 127.94, 127.74, 127.62, 

127.45, 80.96, 80.84, 78.69, 73.80, 72.55, 64.09, 60.79, 52.71, 31.97, 30.66, 29.76, 29.71, 

29.41, 28.46, 26.75, 22.74, 14.18 ppm; HR-ESI-MS: [M+Na]+ calculated for C44H65NO5Na 

was m/z 710.4760, found 710.4781. 

tert-butyl benzyl((3S,4R)-3,4-bis(benzyloxy)-1-oxooctadecan-2-yl)carbamate (17a): A 

solution of 17 (261 mg, 0.38 mmol, 1 equiv.) was dissolved in 5 mL of DCM. To the 

solution, NaHCO3 (143 mg, 1.7 mmol, 4.5 equiv.) and Dess-Martin periodinane (DMP) 

(241 mg, 0.57 mmol, 1.5 equiv.) were added. The mixture was stirred for 1 h at room 

temperature until the reaction was complete, as indicated by TLC. Then, the mixture was 

quenched with 10 mL of saturated Na2S2O3(aq) extracted with 3 x 25 mL of DCM. The 

combined organic extracts were dried over anhydrous Na2SO4 and concentrated. The 

resulting product was purified using hexane/EtOAc by column chromatography, which led 

to the compound 17a (208 mg, 80% yield) as a viscous liquid. 1H-NMR (CDCl3) δ 9.54 

(1H, s), 7.29 (15H, m), 4.55 (3H, m), 4.42 (2H, m), 4.18 (1H, mm), 3.85 (1H, m), 3.65 (1H, 

m), 1.71 (1H, m), 1.47 (10H, s), 1.30 (24H, s), 0.91 (3H, t, J =6.80 Hz) ppm; 13C-NMR 
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(CDCl3) δ 198.41, 155.64, 138.59, 138.07, 128.52, 128.42, 127.99, 127.85, 127.75, 127.63, 

127.46, 81.14, 79.94, 78.89, 73.01, 65.82, 52.47, 31.96, 30.87, 29.79, 29.74, 29.70, 29.67, 

29.40, 28.31, 26.64, 22.73, 14.16 ppm; HR-ESI-MS: [M+Na]+ calculated for C44H63NO5Na 

was m/z 708.4604, found 708.4608 

tert-butylbenzyl((4S,5R)-4,5-bis(benzyloxy)-1-iodononadec-1-en-3-yl)carbamate (18): 

A solution of (Iodomethyl)triphenylphosphonium iodide (293 mg, 0.82 mmol, 3 equiv.) in 

dry THF (4 mL) was stirred for 10 minutes at room temperature. Then, a solution of 

NaHMDS in THF (1.1 mL, 1.1 mmol, 4 equiv.) was slowly added at room temperature 

under a nitrogen atmosphere. The resulting solution was stirred for 45 mins. To it, a solution 

of compound 17a (187 mg, 0.27 mmol, 1 equiv.) in dry THF (2 mL) was added using a 

cannula. The reaction mixture was stirred for 6 hours, and then quenched with saturated 

aqueous NH4Cl (5 mL) and extracted with EtOAc (25 mL x 2). The organic layer was 

washed with water, dried over anhydrous Na2SO4, concentrated, and purified by column 

chromatography using hexane/ethyl acetate, which yielded compound 18 (140 mg, 63% 

yield) as a viscous liquid. 1H-NMR (CDCl3) δ 7.19 (15H, m), 6.51 (2H, m), 4.62 (2H, m), 

4.43 (2H, m), 4.33 (3H, m), 3.90 (1H, s), 3.35 (1H, m), 1.45 (11H, m), 1.19 (24H, s), 0.81 

(3H, t, J =6.74 Hz) ppm; 13C-NMR (CDCl3) δ 155.21, 138.98, 137.96, 128.29, 128.26, 

128.20, 127.83, 127.60, 127.43, 126.99, 126.75, 80.34, 73.66, 72.18, 62.80, 51.90, 31.96, 

30.18, 29.79, 29.75, 29.71, 29.41, 28.47, 26.41, 22.73, 14.17 ppm; HR-ESI-MS: [M+Na]+ 

calculated for C45H64INO4Na was m/z 832.3778, found 832.3792. 

tert-butyl (1,3,4,5-tetrakis(benzyloxy)-6-oxonon-8-en-2-yl)carbamate (21): To a 

solution of 6 (212 mg, 0.33 mmol) in  dry THF (5 mL), allyl magnesium bromide (1.2 mL, 

0.83 mmol, 2.5 equiv.) was added at -78 °C. After 6h, it was quenched with excess sat. aq. 

NH4Cl and extracted with EtOAc (50 mL x 2). The organic layer was washed with distilled 

water and dried over anhydrous Na2SO4. The residue was concentrated and then purified 

by silica gel column chromatography using hexane: EtOAc to obtain compound 21 (133 

mg) in 59% yield (pale yellow viscous liquid). 1H-NMR (CDCl3) δ 7.29 (20H, m), 5.82 

(1H, m), 5.12 (1H, d, J =10.20 Hz), 4.98 (2H, m), 4.54 (9H, m), 4.21 (2H, m), 4.08 (1H, s), 

3.94 (1H, m), 3.63 (2H, m), 3.32 (2H, m), 1.45 (9H, s) ppm; 13C-NMR (CDCl3) δ 208.66, 

155.52, 138.21, 138.13, 137.83, 137.36, 130.56, 128.44, 128.37, 128.32, 128.28, 128.24, 

128.10, 127.93, 127.75, 127.72, 127.65, 127.62, 118.60, 84.66, 79.77, 78.72, 73.59, 73.38, 

73.00, 69.26, 44.27, 28.42 ppm; HR-ESI-MS: [M+Na]+ calculated for C42H49NO7Na was 

m/z 702.3407, found 702.3410. 
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tert-butyl (1,3,4,5-tetrakis(benzyloxy)-6-hydroxynon-8-en-2-yl)carbamate (22): To 

compound 21 (160 mg, 0.23 mmol, 1 equiv.) in MeOH (3 mL), CeCl3 (87 mg, 0.35 mmol, 

1.5 equiv.) was added and cooled to -78 °C. To it sodium borohydride (22 mg, 0.59 mmol, 

2.5 equiv.) was added and stirred for 10 mins. The reaction mixture was quenched with 1 

M NaH2PO4 (20 mL) and extracted in DCM (25 mL x 3). The organic layer was dried over 

anhydrous Na2SO4 and passed through a silica plug to yield 141 mg (88%) of the reduced 

product 22 as a colorless viscous liquid. 1H-NMR (CDCl3) δ  7.21 (20H, m), 5.67 (1H, m), 

4.96 (3H, m), 4.79 (1H, m), 4.68 (1H, m), 4.61 (2H, s), 4.47 (2H, m), 4.36 (2H, m), 3.93 

(2H, m), 3.84 (1H, d, J =6.88 Hz), 3.71 (2H, m), 3.54 (2H, m,), 2.91 (1H, m), 2.27 (1H, m), 

2.17 (1H, m), 1.35 (9H, s) ppm; 13C-NMR (CDCl3) δ 155.61, 138.28, 138.04, 137.84, 

134.39, 128.42, 128.39, 128.34, 128.00, 127.74, 127.72, 127.63, 127.58, 117.30, 86.78, 

85.60, 82.55, 82.31, 79.31, 73.29, 71.84, 71.61, 69.11, 51.70, 37.38, 29.72, 28.40 ppm; HR-

ESI-MS: [M+Na]+ calculated for C42H51NO7Na was m/z 704.3563, found 704.3573.  

tert-butyl(2S,3S,4R,5S,6R)-2-allyl-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl) 

piperidine -1-carboxylate (23): The secondary alcohol 22 (159 mg, 0.23 mmol, 1 equiv.), 

was dissolved in dry DCM (5 mL) and cooled to 0 °C. Triethylamine (0.227 mL, 1.6 mmol, 

7 equiv.) was added. To it mesyl chloride (0.108 mL, 1.4 mmol, 6 equiv.) was added 

dropwise while maintaining an inert argon atmosphere. The reaction mixture was allowed 

to warm to room temperature and stirred for 24 h. It was quenched with saturated aqueous 

NH4Cl (5 mL) and extracted in DCM (20 mL x 3). The organic layer was washed with 

distilled water (2 x 20 mL), and brine (20 mL). The concentration of organic layer and 

purification by silica gel column chromatography afforded 23 as a colorless viscous liquid 

(49 mg, 47% yield). 1H-NMR (CDCl3) δ  7.24 (20H, m), 5.69 (1H, m), 4.99 (2H, d, J =12.85 

Hz), 4.43 (6H, m), 4.09 (1H, m), 4.00 (1H, m), 3.91 (1H, m), 3.77 (1H, s), 3.65 (3H, bs), 

3.57 (1H, m), 3.41 (1H, m), 3.19 (1H, m), 2.34 (1H, m), 2.26 (1H, m), 1.18 (9H, s) ppm; 

13C-NMR (CDCl3) δ 155.72, 138.36, 137.96, 137.90, 134.96, 128.46, 128.37, 128.32, 

128.21, 127.77, 127.61, 127.53, 116.79, 83.66, 83.36, 82.21, 81.05, 79.15, 73.23, 71.59, 

71.39, 69.27, 52.15, 33.13, 29.72, 28.42 ppm; HR-ESI-MS: [M+Na]+ calculated for 

C42H49NO6Na was m/z 686.3458, found 686.3461. 

tert-butyl prop-2-yn-1-yl(1,3,4,5-tetrakis(benzyloxy)-6-oxonon-8-yn-2-yl)carbamate 

(27): The conditions employed for the preparation of this compound were those described 

in the synthesis of propargyl magnesium bromide and General condition for C-1 

propargylation, 27 was afforded as a sticky solid (43 mg, 13% yield). 1H-NMR (CDCl3) δ 
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7.42 (4H, m), 7.32 (14H, m), 7.15 (2H, d, J =6.58 Hz), 5.07 (1H, d, J =9.68 Hz), 4.93 (1H, 

d, J =11.52 Hz), 4.59 (3H, m), 4.48 (1H, d, J =11.80 Hz), 4.40 (3H, m), 4.32 (1H, m), 4.23 

(1H, m), 4.19 (1H, d, J =9.45 Hz), 4.09 (1H, d, J =9.27 Hz), 3.63 (1H, m), 3.51 (1H, m), 

2.59 (2H, m), 2.41 (2H, m), 2.04 (1H, s), 1.70 (1H, s), 1.48 (9H, s) ppm; 13C-NMR (CDCl3) 

δ 188.53, 155.44, 138.08, 137.99, 137.62, 137.36, 128.86, 128.42, 128.36, 128.27, 128.18, 

127.94, 127.90, 127.80, 127.73, 127.66, 127.49, 95.47, 85.20, 81.49, 80.73, 79.51, 79.43, 

76.16, 74.73, 73.94, 72.95, 72.68, 70.33, 69.31, 49.45, 28.43, 19.30, 17.64 ppm; HR-ESI-

MS: [M+Na]+ calculated for C45H49NO7Na was m/z 738.3407, found 738.3398.  

tert-butyl (1,3,4,5-tetrakis(benzyloxy)-6-oxonon-8-yn-2-yl)carbamate (28): The 

conditions employed for the preparation of this compound were those described in the 

synthesis of propargyl magnesium bromide and the General condition for C-1 

propargylation, which afforded 28  as a sticky solid (121 mg, 38% yield). 1H-NMR (CDCl3) 

δ 7.25 (20H, m), 5.21 (1H, m), 5.08 (1H, d, J =8.75 Hz), 4.75 (2H, m), 4.62 (2H, m), 4.51 

(1H, m), 4.43 (2H, m), 4.35 (2H, m), 4.20 (1H, d, J =4.09 Hz), 3.94 (1H, m), 3.88 (1H, m), 

3.64 (1H, m), 3.50 (1H, m), 3.39 (1H, m), 2.52 (1H, bs), 1.64 (1H, bs), 1.35 (9H, s) ppm; 

13C-NMR (CDCl3) δ 170.47, 152.03, 138.50, 138.27, 137.87, 137.51, 128.51, 128.44, 

128.19, 128.14, 127.94, 127.90, 127.86, 127.80, 127.72, 127.48, 127.44, 127.33, 83.04, 

78.11, 77.70, 74.25, 74.22, 73.34, 72.98, 71.50, 71.33, 57.36, 27.95 ppm; HR-ESI-MS: 

[M+Na]+ calculated for C42H47NO7Na was m/z 700.3250, found 700.3266. 

1,3,4,5-tetrakis(benzyloxy)non-8-yne-2,6-diol (30): The conditions employed for the 

preparation of this compound were those described in the synthesis of propargyl 

magnesium bromide and the General condition for C-1 propargylation, 30 was afforded as 

a sticky solid (172 mg, 32% yield). 1H-NMR (CDCl3) δ 7.31 (20H, m), 4.79 (4H, m), 4.67 

(1H, m), 4.57 (1H, m), 4.48 (2H, m), 3.98 (5H, m), 3.55 (2H, m), 3.08 (2H, m), 2.44 (3H, 

m), 2.01 (1H, m) ppm; 13C-NMR (CDCl3) δ 138.04, 137.94, 137.75, 137.69, 128.54, 

128.48, 128.43, 128.40, 128.28, 128.22, 128.11, 128.08, 128.06, 128.02, 127.87, 127.72, 

80.90, 80.87, 79.08, 77.92, 75.19, 74.48, 73.74, 73.33, 70.75, 70.66, 70.11, 69.17, 24.15, 

18.91 ppm; HR-ESI-MS: [M+Na]+ calculated for C37H40O6Na was m/z 603.2723, found 

603.2735.  

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-2-(3-(trimethylsilyl)prop-

2-yn-1-yl)tetrahydro-2H-pyran-2-ol (34): The conditions employed for the preparation 

of this compound were those described in the synthesis of propargyl magnesium bromide 
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and the General condition for C-1 propargylation, 34 was afforded as a viscous liquid (647 

mg, 67% yield). 1H-NMR (CDCl3) δ 7.22 (20H, s), 4.87 (2H, t, J =12.33 Hz), 4.67 (1H, d, 

J =11.51 Hz), 4.62 (2H, m), 4.50 (1H, d, J =11.51 Hz), 4.41 (1H, d, J =11.81 Hz), 4.35 (1H, 

d, J =11.79 Hz), 4.04 (1H, t, J =6.35 Hz), 3.94 (3H, m), 3.54 (1H, t, J =8.38 Hz), 3.47 (1H, 

t, J =7.20 Hz), 3.00 (1H, s), 2.67 (1H, d, J =16.81 Hz), 2.43 (1H, d, J =16.81 Hz), 1.17 (1H, 

s), 0.00 (9H, s) ppm; 13C-NMR (CDCl3) δ 138.98, 138.43, 138.09, 138.07, 128.51, 128.48, 

128.43, 128.23, 127.98, 127.86, 127.76, 127.67, 127.60, 127.46, 100.87, 97.13, 88.99, 

80.92, 77.53, 75.64, 74.63, 74.60, 73.47, 72.46, 70.72, 68.67, 31.00, 0.00 ppm; HR-ESI-

MS: [M+Na]+ calculated for C40H46O6SiNa was m/z 673.2961, found 673.2969. 

trimethyl(3-((2S,3S,4R,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl) 

tetrahydro-2H-pyran-2-yl)prop-1-yn-1-yl)silane (35): A solution of compound 34 (203 

mg, 0.3 mmol, 1 equiv.) in ACN (10 mL) was prepared. Et3SiH (498 μL, 3.0 mmol, 10 

equiv.) and BF3-OEt2 (116 μL, 0.93 mmol, 3 equiv.) were added to the solution at -50 °C 

and stirred for 1h. The reaction mixture was then treated with saturated aqueous NaHCO3 

(10 mL) and extracted with EtOAc (2 × 30 mL). The extracts were washed with brine (25 

mL), dried over anhydrous Na2SO4, and concentrated. The resulting crude mixture was 

purified using hexane/EtOAc by column chromatography, and 35 was obtained as a 

colorless viscous liquid (166 mg, 84% yield). 1H-NMR (CDCl3) δ 7.21 (1H, m), 4.86 (2H, 

t, J =10.28 Hz), 4.67 (1H, d, J =11.71 Hz), 4.59 (2H, t, J =9.43 Hz), 4.50 (1H, d, J =11.61 

Hz), 4.41 (1H, d, J =11.76 Hz), 4.33 (1H, d, J =11.74 Hz), 3.90 (1H, s), 3.82 (1H, t, J =9.25 

Hz), 3.50 (4H, m), 3.27 (1H, m), 2.56 (2H, m), 0.00 (9H, s) ppm; 13C-NMR (CDCl3) δ 

138.91, 138.39, 138.26, 137.90, 128.37, 128.34, 128.09, 128.06, 127.94, 127.69, 127.65, 

127.58, 127.50, 127.25, 103.56, 86.36, 84.46, 77.78, 77.61, 77.16, 75.49, 74.41, 73.94, 

73.43, 72.06, 68.72, 23.53, 0.00 ppm; HR-ESI-MS: [M+Na]+calculated for C40H46O5SiNa 

was m/z 657.3012, found 657.3027. 

(2R,3S,4R,5S,6S)-3,4,5-tris(benzyloxy)-2-((benzyloxy)methyl)-6-(prop-2-yn-1-yl) 

tetrahydro-2H-pyran (36): A solution of 35 (130 mg, 0.2 mmol) in THF (5 mL) was 

stirred with a solution of TBAF in THF (800 µL, 0.8 mmol, 4 equiv.) at room temperature 

for 2 h. The reaction mixture was then quenched with 5 mL of saturated aqueous NH4Cl 

and extracted with 3 x 15 mL of EtOAc. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. Purification by column chromatography using 

hexane/EtOAc afforded compound 36 (112 mg, 98% yield). 1H-NMR (CDCl3) δ 7.35 (20H, 

m), 5.01 (2H, d, J =11.26 Hz), 4.81 (1H, d, J =11.71 Hz), 4.73 (2H, m), 4.67 (1H, d, J=11.71 
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Hz), 4.55 (1H, d, J =11.81 Hz), 4.47 (1H, d, J=11.76 Hz), 4.05 (1H, s), 3.93 (1H, t, J =9.30 

Hz), 3.65 (4H, m), 3.44 (1H, t, J =7.70 Hz), 2.73 (1H, d, J=16.91 Hz), 2.59 (1H, m), 2.03 

(1H, s), 1.66 (1H, s) ppm; 13C-NMR (CDCl3) δ 138.91, 138.35, 138.31, 138.01, 128.49, 

128.45, 128.44, 128.22, 128.20, 128.01, 127.85, 127.80, 127.70, 127.57, 127.46, 84.62, 

81.09, 77.82, 77.72, 75.54, 74.40, 73.73, 73.56, 72.19, 69.89, 68.85, 22.24 ppm; HR-ESI-

MS: [M+Na]+ calculated for C37H38O5Na was m/z 585.2617, found 585.2630. 

(2R,3S,4R,5S,6S)-2-(acetoxymethyl)-6-((1-(1,3,4-triacetoxyoctadecan-2-yl)-1H-1,2,3-

triazol-4-yl)methyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (38): A solution of 

compound 36 (90 mg, 0.16 mmol, 1 equiv.) and azido phytosphingosine (55 mg, 0.16 

mmol, 1 equiv.) in 4 mL of DMF was made at 0 °C. To this mixture, CuI (61 mg, 0.32 

mmol, 2 equiv.) and DIPEA (84 µL, 0.48 mmol, 3 equiv.) were added and stirred for 1 h 

under a nitrogen atmosphere. Once the starting materials were completely consumed (as 

indicated by TLC), the reaction mixture was quenched with 20 mL of saturated aqueous 

NH4Cl and extracted with 3 x 30 mL of EtOAc. The combined organic extracts were dried 

over anhydrous Na2SO4 and concentrated. The resulting triazole was purified by column 

chromatography using hexane/EtOAc and obtained as a colorless sticky solid. Upon 

debenzylation (mentioned in the general procedure for debenzylation) it yielded compound 

37 as a colorless crystalline solid (79 mg, 91% yield over 2 steps, [𝛼]𝐷
26 = +10.96° (c = 1, 

MeOH), HR-ESI-MS [M+H]+ calculated for C27H52N3O8 was m/z 546.3749, found 

546.3765). 37 (15 mg) was acetylated for NMR purposes (General acetylation procedure) 

and yielded 38 as a colorless viscous liquid (22.6 mg, 98% yield). 1H-NMR (CDCl3) δ 7.66 

(1H, s), 5.53 (1H, dd, J =3.51, 7.54 Hz), 5.46 (1H, d, J =2.91 Hz), 5.21 (1H, t, J =9.84 Hz), 

5.13-5.10 (1H, m), 5.06 (1H, dd, J =3.04, 9.93 Hz), 4.66 (2H, m), 4.40 (1H, dd, J=2.22, 

11.98 Hz), 4.08 (2H, m), 3.85 (1H, t, J =6.61 Hz), 3.73 (1H, t, J =9.23 Hz), 3.10 (1H, d, J 

=15.17 Hz), 2.92 (1H, dd, J =9.66, 15.26 Hz), 2.18 (3H, s), 2.13 (3H, s), 2.09 (3H, s), 2.06 

(3H, s), 2.04 (3H, s), 2.03 (3H, s), 2.00 (3H, s), 1.68 (2H, s), 1.53 (2H, q, J =6.85 Hz), 1.27 

(24H, m), 0.89 (3H, t, J =6.70 Hz) ppm; 13C-NMR (CDCl3) δ 170.43, 170.25, 170.23, 

170.21, 170.14, 169.88, 169.45, 144.14, 122.05, 74.16, 72.07, 72.03, 71.04, 69.24, 67.70, 

61.97, 61.30, 58.90, 31.90, 29.67, 29.64, 29.59, 29.50, 29.38, 29.33, 29.19, 28.65, 28.58, 

25.23, 22.67, 20.83, 20.78, 20.67, 20.65, 20.62, 20.58, 20.55, 14.08 ppm; HR-ESI-MS: 

[M+H]+ calculated for C41H66N3O15 was m/z 840.4488, found 840.4506. 

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-1-(prop-2-yn-1-yl) 

piperidin-2-one (42): Compound 5 (220 mg, 0.4 mmol, 1 equiv.) was dissolved in 5 mL 
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of DMF, and then 2 equiv. 60% NaH (32.7 mg, 0.8 mmol) was added while stirring the 

mixture at 0°C under a nitrogen atmosphere. Then, Propargyl bromide (0.111 µL, 1 mmol, 

2.5 equiv.) was added, and the reaction mixture was stirred for 6 h. Once a non-polar 

product was formed as indicated by TLC, the reaction mixture was quenched with 25 mL 

of H2O and then extracted twice with 50 mL of EtOAc. The combined organic extract was 

then dried over anhydrous Na2SO4 and concentrated. The residue was then purified through 

column chromatography using hexane/EtOAc to obtain compound 42 as a viscous liquid 

(203 g, 86% yield). 1H-NMR (CDCl3) δ 7.33-7.25 (20H, m), 5.27 (1H, s), 4.99 (1H, d, J 

=17.53 Hz), 4.85 (2H, s), 4.65 (1H, m), 4.56-4.45 (5H, m), 4.14 (1H, s), 3.95-3.79 (3H, m), 

2.21 (1H, s), 1.26 (2H, s) ppm; 13C-NMR (CDCl3) δ 159.96, 145.62, 137.89, 137.31, 

135.84, 128.57, 128.56, 128.48, 128.08, 128.01, 127.83, 127.74, 127.52, 127.30, 107.17, 

79.44, 73.53, 71.97, 71.90, 71.36, 70.12, 68.67, 57.10, 35.45 ppm; HR-ESI-MS: [M+Na]+ 

calculated for C37H38NO5Na was m/z  598.2569, found  598.2575. 

(3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-1-((1-(1,3,4-trihydroxy 

octadecan-2-yl)-1H-1,2,3-triazol-4-yl)methyl)piperidin-2-one (43): A solution of 

compound 42 (1 g, 1.73 mmol, 1 equiv.) and azido phytosphingosine (595 mg, 1.73 mmol, 

1 equiv.) in 25 mL of DMF was made at 0 °C. To this mixture, CuI (661 mg, 3.47 mmol, 2 

equiv.) and DIPEA (904 µL, 5.21 mmol, 3 equiv.) were added and stirred for 12 h under a 

nitrogen atmosphere. The starting materials were completely consumed, as indicated by 

TLC. The reaction mixture was then quenched with 50 mL of saturated aqueous NH4Cl and 

extracted with 3 x 75 mL of EtOAc. The combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated. The resulting triazole was purified by column 

chromatography using hexane/EtOAc and obtained 43 as a colorless sticky solid (1.53 g, 

96% yield). 1H-NMR (CDCl3) δ 7.74 (1H, s), 7.23-7.13 (20H, m), 4.89 (2H,m), 4.73 (1H, 

s), 4.63 (1H, t, J =12.45 Hz), 4.55-4.36 (6H, m), 4.27 (1H, s), 4.14 (1H, d, J =6.20 Hz), 

4.07 (1H, s), 3.98-3.83 (6H, m), 3.72 (1H, d, J =5.94 Hz), 3.43-3.33 (2H, m), 2.12 (2H, s), 

1.48 (1H, m),1.38- 1.15 (26H, m), 0.80 (3H, t, J =6.46 Hz) ppm; 13C-NMR (CDCl3) δ 

169.66, 137.96, 137.93, 137.74, 137.68, 128.47, 128.40, 128.33, 127.90, 127.83, 127.73, 

127.56, 78.66, 75.03, 74.75, 73.61, 73.48, 73.38, 72.86, 72.42, 70.43, 63.03, 61.12, 58.76, 

40.61, 32.65, 31.96, 29.75, 29.71, 29.40, 25.89, 22.73, 14.17 ppm; HR-ESI-MS: [M+H]+ 

calculated for C55H75N4O8 was m/z 919.5579, found 919.5611. 

(2R,3S,4R,5S)-2-(acetoxymethyl)-1-((1-(1,3,4-triacetoxyoctadecan-2-yl)-1H-1,2,3-

triazol-4-yl)methyl)piperidine-3,4,5-triyl triacetate (46): A solution of 43 (400 mg, 0.43 
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mmol, 1 equiv.) in anhydrous THF (15 mL) was prepared. BH3-DMS (1.087 mL, 2.175 

mmol, 5 equiv.) was added dropwise to the solution at 0 °C under an argon atmosphere. 

The reaction mixture was stirred at room temperature for 12 hours. The mixture was then 

cooled to 0 °C, and ethanol (5 mL) was added to stop the reaction. The solvent was removed 

under reduced pressure. The remaining mixture was partitioned between EtOAc (100 mL) 

and distilled water (100 mL). The aqueous layer was extracted thrice with EtOAc (100 mL 

each time). The organic layers were combined, dried using anhydrous Na2SO4, and 

concentrated under reduced pressure. The residue was then passed through a small plug of 

silica to remove polar impurities. It was upon debenzylation (mentioned in the general 

procedure for debenzylation) yielded compound 45 as a pale yellow solid (184.9 mg, 78% 

yield over 2 steps, [𝛼]𝐷
25 = +10.0° (c = 1, MeOH), HR-ESI-MS [M+H]+ calculated for 

C27H53N4O7 was m/z 545.3909, found 545.3936). 45 (15 mg) was acetylated for NMR 

purposes (General acetylation procedure) and yielded 46 as a colorless viscous liquid (22.6 

mg, 99% yield). 1H-NMR (CDCl3) δ 7.80 (1H, s), 5.49 (2H, m), 5.22 (1H, m), 5.16 (1H, t, 

J =7.14 Hz), 4.85 (1H, d, J =9.83 Hz), 4.71 (1H, dd, J =7.55, 11.82 Hz), 4.63 (1H, dd, J 

=4.77, 10.87 Hz), 4.58 (1H, s), 4.40 (1H, d, J =12.07 Hz), 4.15 (1H, t, J =9.59 Hz), 4.06 

(1H, d, J =15.52 Hz), 3.95 (1H, d, J =15.58 Hz), 3.21 (1H, dd, J =4.03, 11.25 Hz), 2.85 

(1H, m), 2.40 (1H, t, J =10.63 Hz), 2.15 (3H, s), 2.14 (3H, s), 2.06 (3H, s), 2.04 (3H, s), 

2.03 (6H, s), 1.99 (3H, s), 1.70 (2H, m), 1.57 (2H, m), 1.25 (24H, m), 0.88 (3H, t, J =6.51 

Hz) ppm; 13C-NMR (CDCl3) δ 170.6, 170.4, 170.3, 170.2, 170.15, 170.11, 169.5, 142.0, 

122.4, 71.9, 71.8, 71.2, 67.7, 67.4, 61.7, 61.0, 59.0, 57.3, 53.0, 47.4, 31.9, 29.7, 29.6, 29.6, 

29.5, 29.4, 29.3, 29.2, 28.4, 25.2, 22.6, 20.9, 20.86, 20.84, 20.81, 20.7, 20.69, 20.60, 14.1 

ppm; HR-ESI-MS: [M+H]+ calculated for C41H67N4O14 was m/z 839.4648, found 

839.4657. 

(2R,3S,4S,5R)-2-(acetoxymethyl)-6-oxo-1-((1-(1,3,4-triacetoxyoctadecan-2-yl)-1H-

1,2,3-triazol-4-yl)methyl)piperidine-3,4,5-triyl triacetate (47): Compound 43 (250 mg, 

0.43 mmol, 1 equiv.)  was on debenzylation (mentioned in the general procedure for 

debenzylation) yielded compound 44 as a colorless solid (150 mg, 99% yield, [𝛼]𝐷
26 = 

+24.16° (c = 1, MeOH), HR-ESI-MS [M+H]+ calculated for C27H51N4O8 was m/z 

558.3629, found 558.3641). 44 (15 mg) was acetylated for NMR purposes (General 

acetylation procedure) and yielded 47 as a colorless viscous liquid (22.6 mg, 99% yield). 

1H-NMR (CDCl3) δ 7.82 (1H, s), 5.69 (1H, s), 5.48 (1H, d, J=10.30 Hz), 5.41 (2H, d, J 

=10.25 Hz), 5.35 (1H, d, J =15.46 Hz), 5.11 (1H, t, J =7.05 Hz), 4.62 (1H, dd, J =7.23, 
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12.03 Hz), 4.55 (1H, dd, J =4.93, 11.18 Hz), 4.49 (1H, m), 4.44 (1H, d, J =12.06 Hz), 4.29 

(2H, m), 3.99 (1H, m), 2.17 (3H, s), 2.12 (6H, s), 2.06 (3H, s), 2.05 (3H, s), 2.04 (3H, s), 

2.03 (3H, s), 1.72 (2H, s), 1.55 (H, m), 1.25 (23H, s), 0.88 (3H, t, J =6.50 Hz) ppm; 13C-

NMR (CDCl3) δ 170.6, 170.3, 170.2, 170.3, 170.1, 169.7, 169.7, 169.4, 166.2, 143.3, 123.0, 

71.7, 71.6, 69.3, 68.9, 66.6, 61.4, 61.0, 59.1, 53.9, 38.7, 31.9, 29.7, 29.7, 29.6, 29.5, 29.4, 

29.4, 29.3, 28.6, 25.2, 22.7, 20.8, 20.7, 20.6, 14.1 ppm; HR-ESI-MS: [M+H]+ calculated 

for C41H65N4O15 was m/z 853.4441, found 853.4445. 
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Figure 4.5.7.1: NMR spectra of α,β mixture of compound 2 
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Figure 4.5.7.2: NMR spectra of compound 3 
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Figure 4.5.7.3: NMR spectra of compound 4 
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Figure 4.5.7.4: NMR spectra of compound 5 

 

 

 

 



          Aza- KRN-7000 

 

Figure 4.5.7.5: NMR spectra of compound 6 
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Figure 4.5.7.6: NMR spectra of compound 8 
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Figure 4.5.7.7: NMR spectra of compound 9 
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Figure 4.5.7.8: NMR spectra of compound 10 

 

 

 

 



          Aza- KRN-7000 

 

Figure 4.5.7.9: NMR spectra of compound 15 
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Figure 4.5.7.10: NMR spectra of compound 16 
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Figure 4.5.7.11: NMR spectra of compound 17 
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Figure 4.5.7.12: NMR spectra of compound 17a 
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Figure 4.5.7.13: NMR spectra of compound 18 
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Figure 4.5.7.14: NMR spectra of compound 21 
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Figure 4.5.7.15: NMR spectra of compound 22 
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Figure 4.5.7.16: NMR spectra of compound 23 
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Figure 4.5.7.17: NMR spectra of compound 27 
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Figure 4.5.7.18: NMR spectra of compound 28 
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Figure 4.5.7.19: NMR spectra of compound 30 
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Figure 4.5.7.20: NMR spectra of compound 34 
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Figure 4.5.7.21: NMR spectra of compound 35 
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Figure 4.5.7.22: NMR spectra of compound 36 
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Figure 4.5.7.23: NMR spectra of compound 38 
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Figure 4.5.7.24: NMR spectra of compound 42 
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Figure 4.5.7.25: NMR spectra of compound 43 
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Figure 4.5.7.26: NMR spectra of compound 46 
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Figure 4.5.7.27: NMR spectra of compound 47 
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This thesis introduces the foundational concepts of glycomimetics, emphasizing their critical roles in various 

biological processes and therapeutic applications. Chapter 1 underscores the necessity of synthetic 

glycomimetics to overcome the inherent limitations of natural carbohydrates, such as metabolic instability 

and poor bioavailability. It highlights the therapeutic potential of these synthetic analogs, particularly 

immucillins like Immucillin-H and Immucillin-A, in the treatment of T-cell malignancies and viral infections. 

By setting the stage with a thorough exploration of the current landscape and advancements in glycomimetic 

research, this chapter provides the necessary context for the detailed synthetic strategies and innovative 

approaches discussed in the subsequent chapters. 

Chapter-2 describes a novel approach to synthesizing forodesine, a potent iminosugar with 

immunosuppressive properties. The strategy focuses on the independent synthesis of the key subunits – a 

lactam derived from d-ribose and a pyrrolopyrimidine unit – followed by their coupling in a final step. 

Challenges were encountered in the synthesis of the lactam precursor using previously reported methods. The 

research described here addressed these limitations by exploring alternative reaction conditions and 

protecting group strategies. The pyrrolopyrimidine unit was successfully synthesized from readily available 

starting materials. However, the crucial cross-coupling reaction between the lactam and pyrrolopyrimidine 

unit proved unsuccessful using initial attempts. A different approach was then explored, employing ribose-

aldehyde as the sugar partner. This strategy ultimately yielded the desired cross-coupled product. Subsequent 

double reductive amination reactions furnished an iminosugar derivative. While this compound possessed the 

correct N-substitution and pyrrolopyrimidine core, it exhibited a stereochemical configuration distinct from 

the target forodesine molecule. Despite not achieving the direct synthesis of forodesine, this study 

successfully identified a route to access a stereoisomer of the forodesine precursor. Further optimization is 

needed to improve the yield of this key intermediate for the complete synthesis of forodesine. 

Chapter-3 describes a novel and efficient method for synthesizing galidesivir (Immucillin-A), a broad-

spectrum antiviral drug effective against various RNA viruses. The key lies in first obtaining forodesine 

(Immucillin-H), a precursor molecule. To achieve this, the chapter presents a revised strategy using lactam 

as the coupling partner, leading to a more controlled and efficient forodesine synthesis. This approach 

overcomes challenges encountered in previous cross-coupling reactions by utilizing a Grignard reaction for 

a crucial step. This streamlined approach improves yield and scalability of the forodesine synthesis. The 

method offers a viable pathway for galidesivir production, facilitating its potential application in combating 

significant viral infections. This chapter also highlights key innovations that contribute to this efficient 

synthesis. These include using a Boc protecting group to activate the lactam carbonyl group and overcome 

limitations in cross-coupling reactions. Additionally, the chapter describes the advantages of employing the 

turbo-Grignard reagent for chemoselective cross-coupling, with the added benefit of compatibility with THF 

solvent.  Most significantly, the work establishes a unified intermediate for the synthesis of both forodesine 

and galidesivir, bypassing limitations of existing methods that rely on forodesivir as the starting material. The 

chapter even proposes a possible explanation for the observed stereoselectivity during intermediate formation, 

involving anchimeric assistance. Overall, this work paves the way for streamlined galidesivir production and 

opens doors for the exploration of novel immucillin derivatives with potential therapeutic applications. 

Chapter-4 describes the synthesis of novel iminosugar analogs of KRN-7000, a potent immune stimulator. 

The main strategy involved replacing the natural galactose sugar unit in KRN-7000 with an iminosugar 

derivative and linking it to the ceramide portion through a C-glycosidic bond. Initial attempts focused on 

cross-coupling reactions using Turbo Grignard reagents and metathesis. However, these methods encountered 

challenges, particularly with controlling the reactivity of propargyl Grignard reagents. Click chemistry 

emerged as a successful alternative strategy. The chapter details the synthesis of C1-propargylated galactose 

and N-propargylated lactam intermediates. Both intermediates readily underwent click reactions with azido-

phytosphingosine to afford KRN-7000 analogs with triazole linkers. Although the desired C1-propargylated 

azagalactose intermediate remained elusive, the chapter successfully produced novel KRN-7000 analogs 

using click chemistry. These analogs hold promise for further investigation and potential development in the 

field of immunology. 



List of publications and conferences attended 

 

  

List of publications 

List of publications emanating from the thesis work 

1. Synthesis of Immucillins BCX‐1777 and BCX‐4430 from a Common 

Precursor. Krishnakumar K. A., & Lankalapalli R. S. European Journal of 

Organic Chemistry, 2022(25), (DOI:10.1002/ejoc.202200428) 

List of patents 

1. A PROCESS FOR THE SYNTHESIS OF BCX-1777 AND BCX-4430 

Indian Patent Application No. 202111061664 (Date of filing: 29/12/2021) 

International Application No. PCT/IN2022/051135 (Date of filing: 29/12/2022) 

Lankalapalli Ravi Shankar, Karunakaran Anitha Krishnakumar, Suresh Sanjay 

Varma, Velickakathu Omanakuttan Yadhukrishnan, Kapiya Sangeeth, Chekrain 

Valappil Shihas Ahammed, Bernard Prabha, Thangarasu Arun Kumar, 

Doddramappa Doddamani Shridevi, John Jubi, Kokkuvayil Vasu Radhakrishnan, 

Ayyappanpillai Ajayaghosh 

List of publications not related to thesis 

1. Cu (I)-azidopyrrolo [3, 2-d] pyrimidine Catalyzed Glaser–Hay Reaction under Mild 

Conditions. Thangarasu A. K., Yadhukrishnan V. O., Krishnakumar K. A., Varma 

S. S., & Lankalapalli R. S. ACS Organic & Inorganic Au, 2021. 2(1), 3-7. (DOI: 

10.1021/acsorginorgau.1c00015). 

 

2. Enzyme based bioelectrocatalysis over laccase immobilized poly-thiophene 

supported carbon fiber paper for the oxidation of D-ribofuranose to D ribonolactone. 

Thadathil D. A., Varghese A., Ahamed C. V. S., Krishnakumar K. A., Varma S. S., 

Lankalapalli R. S., & Radhakrishnan K. V. Molecular Catalysis, 2022 (524), 

112314. (DOI:10.1016/j.mcat.2022.112314) 

 

3. NMR-based Phytochemical Profiling of Palmyra Palm Syrup Infused with Dry 

Ginger, Black Pepper, and Long Pepper. Athira A. S., Kiruthika R., Ingaladal N., 

Krishnakumar K. A., Raveena N. K., Gopika B., Reshma M.V & Lankalapalli, R. 

S. Current Nutraceuticals, 2023.  4(1). (DOI: 

10.2174/2665978604666230112144757)+ 

Poster presentation 

1. Isolation of bio-active metabolites from rhizophore of Mangroove’s associated 

bacterial strains and their antibacterial effect on human pathogens., 32nd KSC, 2020. 

Krishnakumar K. A., Vikas G., Jesmina A. S., Dileep Kumar B. S., & Ravi 

Shankar Lankalapalli* (Poster presentation). 

 



 

 

P a g e  | 209 

ISOLATION OF BIO-ACTIVE METOBOLITES FROM RHIZOPHORE SOIL OF 

MANGROOVE’S ASSOCIATED BACTERIAL STRAINS AND THEIR 

ANTIBACTERIAL EFFECT ON HUMAN PATHOGENS 

Krishnakumar K. A.,#,† Vikas G.,#,† Jesmina A. S.,‡ Dileep Kumar B. S.,‡ and Ravi 

Shankar Lankalapalli† 

†Chemical Sciences and Technology Division, ‡Agro-Processing and Technology Division, 

and †‡Academy of Scientific & Innovative Research (AcSIR), CSIR-National Institute for 

Interdisciplinary Science and Technology (CSIR-NIIST), Thiruvananthapuram-695019, 

Kerala, India. 

#These authors contributed equally to this work. 

 

Introduction: Due to emergence of multidrug-resistant strains of bacteria and fungi, there 

is an ever-increasing demand for novel antibiotics with broad antimicrobial spectra. Soil is 

a rich source of microorganisms, which include neutral, beneficial and harmful organisms. 

One of the most important beneficial organisms are belonging to Actinomycetes, a diverse 

group of free living saprobic mycelial bacteria present abundantly in the soil, maintaining 

the structure and integrity of soil. Marine ecosystem constitutes oceans, the deep sea and 

the sea floor, estuaries and lagoons, salt marsh and intertidal zones, coral reefs and 

mangrove swamps. Mangrove soils are a brimful resource of microorganisms, and due to 

the dynamic physicochemical environment, microorganisms surviving in this area are 

equipped with various biomolecules, which has many potential applications in 

pharmaceutical industry. Moreover, many microorganisms isolated from mangroves are 

reported. In this context, we are screening all the bacterial strains including, Streptomyces 

being the major interest from soil sediments of selected mangroves. The Mangrove species 

chosen for this study include Excoecaria agallocha, and Avicennia officinalis that are 

some of the most abundant species available in Kerala coastal region. 

 

Materials and methods: Soil samples were collected from Ayram Thengu (9.125579° N, 

76.47731° E) of the Coastal region in kollam, Kerala, India and bought to the laboratory.1g 

of such soil were suspended in 9 ml sterile distilled water and was vortexed for a few 

minutes. From this, a wire loop of the suspension was streaked on Starch Casein Agar(SCA) 

plates in triplicates and incubated at 28±2°C for 14 to 28 days. The emerging colonies with 

different morphological characteristics were selected and the purified strains were 
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maintained on SCA slants. The viability of the strains was checked in NA, PDA and SCA, 

where SCA was the best, hence further storage and maintenance of the culture was done in 

SCA. 

The bacterial pathogens used for antibacterial studies were Bacillus cereus MTCC 

1305, , Mycobacterium smegmatis MTCC 993, Staphylococcus aureus MTCC 902, , (all 

Gram positive) and Escherichia coli MTCC 2622, Klebsiella pneumoniae MTCC 109, 

Proteus mirabilis MTCC 425, Pseudomonas aeruginosa MTCC 2642, Salmonella typhi 

MTCC 3216, (all Gram negative). All the bacterial strains were procured from Microbial 

Type Culture Collection and Gene Bank (MTCC), CSIR-Institute of Microbial Technology 

(IMTECH), Chandigarh, India. 

 

Results and discussion: In this study, a Streptomyces strain designated as ATEA-1 and 

ATAO-1 showing a broad-spectrum antibacterial activity against Staphylococcus aureus, 

Mycobacterium smegmatis, Bacillus cereus and Pseudomonas aeruginosa, also later 

showing inhibition against Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, 

Salmonella typhi. Further the metabolite in crude form was isolated by fermenting in a 

Starch Casein Broth after 6 days of incubation. The fermented broth was extracted using 

ethyl acetate and then evaporated under vacuum and concentrated. The crude extract was 

also subjected to antagonistic studies, of which ATEA-1 and ATAO-1 produced metabolic 

extract showed promising activity against the specified human pathogens. By optimizing a 

new media for growth and by statistical analysis we enhanced the production of the 

metabolite. When the characterization is complete we will get a clear idea of the compounds 

in metabolite. 
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Synthesis of Immucillins BCX-1777and BCX-4430 from a
Common Precursor
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A convergent route for the synthesis of BCX-1777 and BCX-4430
from a Boc-protected 2-pyrrolidinone, derived from 2,3,5-tri-O-
benzyl-d-ribonolactone, and a dihalogenated pyrrolopyrimidine
as the key starting materials is reported. A chemoselective
cross-coupling was achieved from the two key starting materials
in 79% yield. Luche reduction and mesylation resulted in the

stereoselective formation of an advanced intermediate in 77%
yield over two steps, which served as a precursor for synthesiz-
ing BCX-1777 and BCX-4430 in 38% (over 10 steps) and 32%
(over 11 steps) overall yields, respectively, from 2,3,5-tri-O-
benzyl-d-ribonolactone.

Introduction

Nucleoside analogues are the mainstay of therapeutic modal-
ities in treating viral infections.[1] SARS-CoV-2 or COVID-19
infection led to a global endeavor in repurposing nucleoside-
based drugs that resulted in remdesivir and molnupiravir as
FDA-approved drugs (Figure 1), and many more are at various
stages of developmental studies as potential hits for novel
antivirals. BCX-4430 (aka galidesivir or immucillin A, Figure 1), a
C-nucleoside analogue, is a broad-spectrum antiviral agent that
disrupts viral RNA-dependent RNA polymerase.[2] BCX-4430,
initially intended for hepatitis C virus, displayed in vivo antiviral
activity against several serious pathogens, including Ebola,
Marburg, Zika, Yellow fever, Rift Valley fever, and in vitro against
more than 20 RNA viruses.[3] BCX-4430 was repurposed for
COVID-19 by BioCryst Pharmaceuticals. Though the Phase I
clinical studies displayed promising results with a dose-depend-
ent decline in viral levels, and the drug was found to be safe
and well-tolerated, it was not pursued further for COVID-19.
However, BCX-4430 is in advanced clinical development to treat
Marburg viral disease,[3] the same family as Ebola with high
fatality. A related adenosine analogue, BCX-1777 (aka Forode-
sine or immucillin H, Figure 1), serves as a purine nucleoside
phosphorylase inhibitor that produces selective suppression of
T-cells, inducing apoptosis.[4] In Japan, BCX-1777 is sold under
the brand name Mundesine® for the treatment of relapsed or
refractory peripheral T-cell lymphoma.

On the synthetic front, most of the reports for obtaining
BCX-4430 rely on the intermediacy of BCX-1777 with the key
step for C-nucleoside synthesis being C� C bond formation
between iminoribitol and aglycon moieties. In a linear synthesis,
an imine derived from an N-halo amine, obtained from d-
gulono-1,4-lactone,[5] by base-catalyzed elimination, was utilized
in the addition reaction with excess lithiated acetonitrile to
afford a cyanomethyl C-glycoside derivative (Figure 2A), which
culminated in BCX-1777 with an overall yield of 3.7% in 20
steps.[6,7] In a convergent route, adding a lithiated 9-deazahy-
poxanthine derivative, derived from isoxazole,[8] to an imine
afforded C-nucleoside in the key step (Figure 2B), providing
BCX-1777 in an overall yield of 19% in 14 steps.[9] Coupling the
stable tri-O-benzyl cyclic nitrone, derived from d-ribose, with
lithiated 9-deazahypoxanthine derivative furnished hydroxyl-
amine as separable diastereoisomers of β:α (7 : 1) (Figure 2C),
which resulted in BCX-1777 in an overall yield of 8% in 11
steps.[10] Cross-coupling of a stable aza-sugar lactam (Figure 2D),
derived from l-pyroglutamic acid, with lithiated 9-deazahypox-
anthine followed by reduction furnished a mixture of β:α (4 :1)
of BCX-1777 in an overall yield of 14% from 10 steps.[11] A
detailed comparison of reported syntheses for BCX-1777 and
BCX-4430 are provided in Table S1 (Supporting Information). As
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Figure 1. Repurposed nucleoside-based drugs used against COVID-19 (top)
and compounds BCX-4430 and BCX-1777.
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stated earlier, the synthesis of BCX-4430 was dependent on
BCX-1777 that involved seven linear steps, including the
incorporation of amine in the C-6 position of the purine.[2,10] To
the best of our knowledge, the only report of a standalone
synthetic route of BCX-4430 without dependence on the
synthesis of BCX-1777 involved a tetrahydroxy tetrahydrofuran
chiral intermediate, and by using a highly advanced chiral
aminobenzyl-2-naphthol as the amine source.[12]

We report herein a novel process for synthesizing BCX-1777
and BCX-4430 in an expedient manner that is advantageous
over the reported routes that rely on synthesis of an advanced
common intermediate 9 (Scheme 2). In the present process, the
key chemoselective cross-coupling step to afford compound 8
involves two key starting materials, a stable Boc-protected
lactam 3 that is produced in five steps from 2,3,5-tri-O-benzyl-d-
ribonolactone 1, and a suitably dihalogenated pyrrolo[3,2-
d]pyrimidine 7, obtained from 9-deazahypoxanthine 5 in three

steps. Compared to the imine d-ribose precursor employed in
cross-coupling (Figure 2), lactam 3 serves as a convenient and
stable starting material. A subsequent stereoselective reaction
afforded the advanced intermediate 9 that serves as a common
precursor to facilitate a standalone process for the synthesis of
BCX-4430 and BCX-1777. The overall yield of BCX-1777 and
BCX-4430 was 38% in 10 steps and 32% in 11 steps,
respectively, from 2,3,5-tri-O-benzyl-d-ribonolactone 1. Further-
more, the chloro substituent of advanced intermediate 9 can be
substituted with various amines to provide adenosine receptor
agonists,[13] and 6-S-immucillin-H.[14]

Results and Discussion

The synthetic strategy of adding metallated species to Boc-
protected γ-lactam, followed by stereoselective reduction of the
ketone, and subsequent cyclization by SN2 displacement via
mesylation to afford pyrrolidine as an epimeric mixture i. e. an
addition-reduction-cyclization process was applied in several
total synthesis reports.[15–22] Accordingly, 2,3,5-tri-O-benzyl-d-
ribonolactone 1 was converted by established conditions in our
lab[23] to Boc-protected γ-lactam 3 (Scheme 1), and applied here
as a key starting material for cross-coupling reaction.[24] Next,
we envisaged a metallated-9-deazahypoxanthine and a chloro
substituent in C-6 position by chemoselective halogen-metal
exchange with Grignard reagent under controlled conditions.
Synthesis of 9-deazahypoxanthine 5 by reported method
suffered setback in our hands,[25] hence, we adopted a novel
condition in the presence of sodium methoxide for its synthesis
(Scheme 1), by heating. Though 9-deazahypoxanthine 5 was
obtained in a low yield, the duration of the reaction by heating
to 12 hours is an advantage compared to the reported method
which takes several days. 9-Deazahypoxanthine 5, by known
conditions,[9] was converted in three steps to dihalogenated
pyrrolo[3,2-d]pyrimidine 7 (Scheme 1) that serves as the second
key starting material. Alteration of the sequence of reactions
from intermediate 6, i. e., BOM protection followed by iodina-
tion with NIS led to a complex mixture.

The effect of LiCl additive on the rate of Br/Mg exchange
was spectacular in the preparation of functionalized hetero-
arylmagnesium compounds,[26] which was applied successfully
in the key cross-coupling step in nucleoside synthesis of

Figure 2. Key cross-coupling steps in synthesis of BCX-1777.

Scheme 1. Synthesis of Boc-protected γ-lactam 3 and dihalogenated pyrrolo[3,2-d]pyrimidine 7.
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remdesivir.[27] Initial attempts for cross-coupling lactam 3 were
made with bromo-9-deazahypoxanthine derivative with chloro
substituent in C-6 position using the commercially available
iPrMgCl·LiCl reagent, but the expected bromo-metal exchange
was sluggish. However, treatment of iodide 7 with iPrMgCl·LiCl
reagent indicated a faster Mg exchange as observed by TLC,
even at � 50 °C, and an immediate addition of lactam 3 after
5 min led to a chemoselective addition reaction to afford
intermediate 8 (Scheme 2). Purification of intermediate 8 led to
a separable mixture of open- and closed-chain products as
observed by the presence and absence of ketone carbonyl peak
in 13C NMR, respectively. The closed-chain compound 8 under-
went a stereoselective reaction under Kishi reduction conditions
using triethylsilane to afford the desired pyrrolidine 9 along
with the formation of an open-chain product 8. Repeated
attempts on open-chain compound 8 under Kishi reduction
conditions and variations failed to afford pyrrolidine 9. Attempts
of Boc group deprotection of compound 8 with trifluoroacetic
acid to form an imine followed by reduction was also not
fruitful. Hence, mesylation of the 2° alcohol, by reduction of
ketone for ring-closing to afford pyrrolidine was envisaged.
Accordingly, the compound 8 mixture was treated with catalytic
BF3.Et2O for converting closed-chain product to open-chain
product, confirmed by 13C NMR. Application of Luche reduction
conditions on compound 8 afforded the 2° alcohol, which upon
treatment with mesyl chloride facilitated the formation of
pyrrolidine 9 and its C-1’ epimer in 77% and 10% yields over
two steps, respectively. To determine the stereochemistry at C-
1’ position, compound 9 was treated with sodium methoxide

and the resulting C-6 methoxy substituted product exhibited a
specific optical rotation of +56.7°, which was in agreement
with the reported value of +56.2°, with the desired ‘S’
configuration at C-1’ position (see the Supporting
Information).[10] The undesired ‘R’ configuration at C-1’ position
exhibited a specific optical rotation of +20.4°, which was in
agreement with the reported value of +21.7° (see the
Supporting Information).[10]

Based on the overall addition–reduction–cyclization syn-
thetic strategy for the synthesis of pyrrolidine in literature, vide
supra, reduction of ketone by NaBH4 is considered as the
stereoselective step, which was explained by transition state
models.[18,21] Accordingly, Cram’s non-chelation or five-mem-
bered Ce3+ chelation model (TS-1, Path A, Scheme 3) favors the
formation of mesylate A that leads to undesirable C-1’ epimer
of compound 9. In a six-membered Ce3+ chelation model (TS-2,
Path A, Scheme 3), hydride attack from si face delivers the
formation of desired mesylate B and subsequent cyclization
affords compound 9. However, under Luche reduction con-
ditions, possible coordination of methoxyborohydride with the
oxygen atom of C-2’ OBn group next to the reaction site to
deliver hydride from re face to afford the undesired mesylate A
cannot be ruled out, a rationale disregarded in reports involving
addition-reduction-cyclization synthetic strategy. A substrate
analogous to mesylate A led to a reaction outcome that
supports anchimeric assistance, from unpublished results in our
lab (Scheme S1, see the Supporting Information). Cyclization of
mesylate A is hindered by the steric factor, which prompts the
positioning of mesylate group (I) to facilitate SN2 attack by C-2’

Scheme 2. Synthesis of BCX-1777 (10) & BCX-4430 (11).

Scheme 3. Plausible pathways for stereoselective formation of compound 9.
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OBn group by anchimeric assistance (II) and subsequent
unhindered and facile SN2 attack by NHBoc group affords the
desired compound 9 (Path B, Scheme 3). On the other hand, an
apparent SN2 attack by NHBoc with mesylate B affords
compound 9. As envisaged, compound 9 served as an
advanced intermediate that provided BCX-1777 (10) in 70%
yield over two steps, C-6 substitution by methoxide followed by
global deprotection in the presence of concentrated HCl.
Secondly, compound 9 was treated with sodium azide for C-6
substitution, followed by a reduction in the presence of
Pd(OH)2/H2 in methanol for three days to effect global
deprotection, and subsequent treatment with 5 N HCl afforded
BCX-4430 (11) in 59% yield over three steps.

Conclusion

In summary, a standalone process for synthesizing BCX-1777
and BCX-4430 from a common intermediate is described
against the existing routes that rely on BCX-1777 as the starting
material for the synthesis of BCX-4430. An addition-reduction-
cyclization synthetic strategy was undertaken to afford the
common intermediate, with chemoselective and stereoselective
steps. We proposed the role of anchimeric assistance for
stereoselectivity that facilitates even the undesired mesylate to
afford the desired configuration of compound 9 at the C-1’
position. The advanced common intermediate offers an oppor-
tunity to vary the chloro substituent in the C-6 position with
other nucleophiles to afford novel immucillin derivatives. The
present work was applied for a process patent application (No.
202111061664), filed in December 2021.

Experimental Section
tert-Butyl (2R,3R,4R)-1,3,4-tris(benzyloxy)-5-(5-((benzyloxy)meth-
yl)-4-chloro-5H-pyrrolo[3,2-d]pyrimidin-7-yl)-5-oxopentan-2-
yl)carbamate (8): Thoroughly dried compound 7 (1.9 g, 4.78 mmol,
1.5 equiv.) was taken in a 100 mL round-bottomed flask and
dissolved in dry THF (20 mL) under argon atmosphere. The solution
was cooled to � 50 °C and 1.3 M iPrMgCl·LiCl solution in THF
(3.67 mL, 4.78 mmol, 1.5 equiv.) was transferred using a cannula.
After 10 min, lactam 3 (1.65 g, 3.18 mmol, 1 equiv.) in 5 mL of THF
was transferred via cannula and the stirring was continued at
� 50 °C. After 3 hours, the reaction mixture was quenched with
2 mL of MeOH and was allowed to warm to room temperature. The
reaction mixture was partitioned between EtOAc (200 mL) and
distilled water (200 mL). The aqueous layer was extracted with
EtOAc (100 mL×3) and the combined organic layers were dried
over anhydrous Na2SO4, and concentrated under reduced pressure.
The resulting crude pale yellow colored syrup was dried under
vacuum, dissolved in DCM (25 mL), and cooled to � 20 °C under
argon atmosphere. Catalytic amount of BF3.OEt2 was added, after
30 min, the reaction mixture was quenched by adding saturated
aqueous NaHCO3 solution (10 mL), and extracted in EtOAc (150 mL).
Organic layers were dried over anhydrous Na2SO4, and concen-
trated under reduced pressure. Silica gel column purification (30%
EtOAc in hexane to 40% EtOAc in hexane) of the crude pale yellow
colored syrup afforded 1.63 g of compound 8 as a colorless viscous
liquid in 79% yield (Yield calculated on the basis of isolated
compound 8 and recovered lactam 3 (0.29 g)).

(3R,4R,5R)-tert-Butyl 3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-
(5-((benzyloxy)methyl)-4-chloro-5H-pyrrolo[3,2-d]pyrimidin-7-yl)-
2-hydroxypyrrolidine-1-carboxylate (9): To compound 8 (1.45 g,
1.83 mmol, 1 equiv.) in MeOH (25 mL), CeCl3 (0.68 g, 2.74 mmol,
1.5 equiv.) was added and cooled to � 78 °C, and sodium borohy-
dride (0.17 g, 4.58 mmol, 2.5 equiv.) was added and stirred for 10
mins. The reaction mixture was quenched with 1 M NaH2PO4

(20 mL) and extracted in DCM (100 mL×3). The organic layer was
dried over anhydrous Na2SO4, and passed through a silica plug to
yield 1.4 g (96.3%) of the reduced product as a colorless viscous
liquid. The reduced product was dissolved in dry DCM (30 mL) and
cooled to 0 °C, and added triethylamine (1.72 mL, 12.35 mmol,
7 equiv.), mesyl chloride (0.82 mL, 10.58 mmol, 6 equiv.) was added
dropwise into the reaction mixture by maintaining an inert argon
atmosphere. The reaction mixture was allowed to warm to room
temperature and stirred. After 20 hours, the reaction mixture was
quenched with saturated aqueous NH4Cl (100 mL), and extracted in
DCM (100 mL×3). The organic layer was washed with distilled
water (2×50 mL), and brine (50 mL). Concentration of organic layer
and purification by silica gel column chromatography (20% EtOAc
in hexane to 30% EtOAc in hexane) afforded a separable mixture of
compound 9 as a colorless viscous liquid (1.09 g, 76.8% yield over 2
steps), and C1’ epimer as a colorless viscous liquid (0.14 g, 9.9%
yield over 2 steps), culminating in an 8 :1 ratio of compound 9 and
its C1’ epimer.

Forodesine hydrochloride (10, BCX-1777): To a solution of
compound 9 (0.2 g, 0.26 mmol) in MeOH (3 mL) was added NaOMe
(0.07 g, 1.29 mmol, 5 equiv.) and heated under reflux. After
30 hours, the solvent was completely evaporated and the residue
was partitioned between DCM (25 mL) and distilled water (25 mL).
The organic layer was washed with brine (25 mL) and dried over
anhydrous Na2SO4, and passed through a small plug of silica to
remove polar impurities. The resulting filtrate was concentrated to
afford a colorless viscous liquid (0.19 g), dissolved in MeOH
(0.5 mL), and added concentrated hydrochloric acid (3 mL). The
resulting mixture was heated to boil, after 72 hours, the solvent
was removed under reduced pressure to afford a brownish red
colored solid, which was dissolved in MeOH (0.5 mL) and diluted
with DCM until a white precipitate was obtained. The precipitate
was filtered and washed with DCM, and dried to afford 0.055 g of
BCX-1777 (10, 70% yield over 2 steps) as a white powder, and an
overall yield of 38% from 2,3,5-tri-O-benzyl-d-ribonolactone over 10
steps.

Galidesivir hydrochloride (11, BCX-4430): To compound 9 (0.2 g,
0.26 mmol, 1 equiv.) in DMF (3 mL), NaN3 (0.08 g, 1.29 mmol,
5 equiv.) was added and stirred at 80 °C. After 10 hours, the reaction
mixture was cooled to room temperature and poured into ice, and
the product was extracted using DCM (3×20 mL). The organic layer
was washed with distilled water (5×60 mL) to remove DMF, and
dried over anhydrous Na2SO4, and passed through a small plug of
silica to remove polar impurities to afford a colorless viscous liquid
(0.18 g), which was dissolved in MeOH (3 mL) and Pd(OH)2/C (20%
w/w) was added (0.2 g). H2 gas was purged through the reaction
mixture for 5 mins and the suspension was stirred for 5 days under
H2 atmosphere. The reaction mixture was filtered through celite
(2 g) and the solvent was completely evaporated. To the resulting
mixture aqueous 5 N HCl (3 mL) was added and stirred at room
temperature. After 30 mins, the solvent was evaporated to afford a
brown colored solid, which was purified by C18 column chromatog-
raphy (0.001 M HCl (aq.)) to afford 0.046 g of BCX-4430 (11, 59 %
yield over 3 steps) as a white powder, and an overall yield of 32%
from 2,3,5-tri-O-benzyl-d-ribonolactone over 11 steps.
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