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Abstract 

O-GlcNAcylation is a post-translational modification that governs certain cellular

pathways essential for eukaryotic cell functioning including transcription, translation, and 

protein transport. Its activity has been discovered to relate closely with neurodegenerative 

disorders including Parkinson and Alzheimer disease. O-GlcNAcylation is facilitated by 

two enzymes: UDP-N-acetyl-D-glucosamine:polypeptidyl-transferase (OGT) transfers O-

GlcNAc onto serine and threonine residues; O-GlcNAcase (OGA) cleaves O-GlcNAc off 

to liberate a free protein substrate. In this dissertation, we focused on developing new 

chemical tools to better understand the effect of O-GlcNAcylation in a biological context. 

To monitor the activity of OGT in cell, we demonstrated the use of a fluorophore integrated 

O-GlcNAc intermediate which can be tolerated by UDP-N-acetylglucosamine

pyrophosphorylase and turned over by OGT to monitor O-GlcNAcylation in cells without 

the need of an engineered cell line. Upon further development, we envision this probe can 

potentially open the door to directly screen large numbers of OGT ligands in a cellular 

level. On the other hand, the use of OGA inhibitor has proven to decrease tau 

accumulation in tau-overexpression mice; aggregation of hyperphosphorylated tau is a 

pathological hallmark of Alzheimer disease. Current inhibitors have been hindered by the 

challenge of high total polar surface area hence lowering their permeability across blood 

brain barrier. We further investigated the effect of the side chain with the use of click 

chemistry approach to increase its versatility which allow quick tethering towards 

improving the pharmacokinetic of the inhibitors. To better access these iminocyclitol 

inhibitors, we also further developed new chemistries along with the incorporation of α-

chlorohydrin aldol-ring annulation approach to generate the polyhydroxy-pyrrolidine core 

structure. We also demonstrated effort towards synthesis of a non-saccharide OGA 

inhibitor which incorporate structural key elements of 1,2,-dideoxy-2’-ethylamino-α-D-

glucopyranoso-[2,1-d-2’-thiazoline] (Thiamet-G), 6-acetamido-6-deoxy-

castanospermine (6-Ac-Cas) and O-(2-acetamido-2-deoxy-D-glucopyranosylidene)-

amino-N-phenylcarbamate (PUGNAc). These inhibitors should prove useful, following 

further refinement, for the wider community. 

Keywords: O-GlcNAcylation; O-GlcNAc-transferase; O-GlcNAcase; Hexosamine

Biosynthetic Pathway; Chemical Tools 
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Chapter 1.  
 
An overview of O-GlcNAcylation and the enzymes 
involved with a focus on the current chemical tools for 
manipulating and monitoring O-GlcNAc modification. 

The numbers designated to synthetic compounds in this chapter relate only to 

Chapter 1. 

1.1. Biosynthesis and biological roles of the O-GlcNAc 
modification 

1.1.1. Introduction and discovery of O-GlcNAc  

Glycosylation is the biological process that involves covalent attachment of 

carbohydrates onto other biomolecules including proteins, lipids, and other carbohydrates. 

The resulting products are known as glycoconjugates and can be more specifically defined 

as, for example, glycoproteins in the case of attachment of the glycan to proteins or 

glycolipids in the case of attachment to lipids. Various forms of protein glycosylation are 

known and these can take place co-translationally or post-translationally, leading to a 

dramatic increase in the structural diversity of proteins.1 The various forms of glycosylation 

play numerous biological roles in all kingdoms of life ranging from bacteria through to 

humans.2-5 This thesis will touch only on glycosylation in mammals and, accordingly, I note 

here some of the classes of glycans that have been described according to the nature of 

the glycosidic linkage, carbohydrate structure, and subcellular localization. The best-

known forms of protein glycosylation occurring within the secretory pathway of cells 

include N-linked glycosylation, O-linked glycosylation including N-acetylgalactosamine 

(GalNAc) mucin-like glycosylation, glycophosphatidylinositol (GPI) anchored proteins, 

protein-linked glycosaminoglycans (GAGs,) and O-linked mannose glycans (O-Man) 

(Figure 1.1).  

The addition of N-acetylglucosamine (GlcNAc) in an O-linked manner (O-GlcNAc) 

is a distinctive form of O-glycosylation in mammals. Unlike other O-glycans that are 

elongated by the sequential addition of monosaccharides in the endoplasmic reticulum 
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(ER) and Golgi apparatus, which frequently involving elongation and branching of the 

glycan chain6, O-GlcNAcylation involves the attachment of a solitary GlcNAc moiety onto 

the hydroxyl side chain of serine or threonine residues of target proteins via a β-glycosidic 

linkage.7 Additionally, whereas other types of O-glycosylation occur within specialized 

organelles or are presented on the cell surface, the O-GlcNAc modification is the only 

widespread form of glycosylation that is generally accepted to occur within the nucleus 

and cytosol. O-GlcNAc was first discovered by Torres and Hart in 1983.7 This was 

accomplished using a tritiated uridine-5’-diphosphogalactose  (UDP-[3H]galactose) in 

conjunction with a purified bovine galactosyltransferase (GalT), which transfers a 

galactose residue onto terminal non-reducing GlcNAc residues to form a 1-4 glycosidic 

linkage.    

 

Figure 1.1  Selected common forms of glycosylation found within mammalian cell.     
A representative set of examples of different forms of glycosylation in vertebrate 
species. O-GlcNAcylation is the only form of glycosylation known in mammalian 
cytosol, which will be the focus of this thesis. Abbreviations: Ser/Thr – serine or 
threonine; Asn – asparagine; Man – mannose; Glc – glucose; Gal – galactose; 
Sia – sialic acid; Fuc – fucose; GlcNAc – N-acetyl glucosamine; Gal – N-acetyl 
galactosamine; GlcA – glucuronic acid. The symbols for saccharides follow the 
guidelines of the Consortium for Functional Glycomics (CFG). 
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By performing this experiment in lymphocytes,7 Hart and co-workers showed that the 

majority of the galactose-modified GlcNAc residues are found within the cell, and in 

particular in the cytoplasmic and nuclear fractions, as O-GlcNAc monosaccharide 

moieties. An additional study done using rat liver8 noted several observations: chromatin 

is highly abundant in O-GlcNAc, nucleopores of nuclear envelope are densely O-

GlcNAcylated, and O-GlcNAc is abundant within the cytoplasmic region of the cell. Since 

these initial observations, O-GlcNAc has been shown to play numerous important roles in 

cell and animal physiology. To date, hundreds of proteins have been explicitly shown to 

be O-GlcNAcylated proteins, and several thousand additional protein targets have been 

identified through global proteomic analyses.9 However, the functional roles of O-GlcNAc 

on most of these target proteins have not yet been fully defined.     

1.1.2. O-GlcNAcylation cycle is dynamic 

In comparison to the N- and O-glycans that are only degraded within lysosomes 

when the protein is recycled, the O-GlcNAc modification is a dynamic modification that is 

turned over on proteins such that installation and cleavage of O-GlcNAc may occur several 

times throughout the lifetime of a protein.10,11  This turnover is mediated by two enzymes: 

O-GlcNAc transferase (OGT; uridine diphospho-N-acetylglucosamine: polypeptide β-N-

acetylglucosaminyltransferase), which catalyzes the installation of the O-GlcNAc unit onto 

serine and threonine hydroxyl groups, and O-GlcNAcase (OGA; -N-

acetylglucosaminidase; hexosaminidase C), which hydrolyzes the glycosidic linkage to 

yield the free protein and carbohydrate (Figure 1.2).  

 

Figure 1.2  Chemical structure of the O-GlcNAc modification is found  on nuclear, 
cytoplasmic, and mitochondrial proteins of the cell.   
O-GlcNAc Transferase (OGT) and O-GlcNAcase (OGA) enzymes regulate the 
cycling of O-GlcNAc on protein targets.  
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1.1.3. Challenges in the detection of O-GlcNAc 

Although a large number of heavily-investigated proteins are O-GlcNAcyated, O-

GlcNAc remained undetected until the 1980s’ for several reasons. Firstly, the GlcNAc unit 

lacks a formal charge, hence its addition or removal does not usually affect the migration 

of proteins through polyacrylamide gels when analyzed by SDS-PAGE.12 Only a few 

exceptional cases such as nucleoporin 62 (Nup62) and specificity protein 1 (Sp1) 

transcription factor, which both possess multiple high stoichiometry glycosylation sites, 

exhibit a minor shift in protein migration on deglycosylation that may be observable by 

SDS-PAGE.13-15 Secondly, the glycosidic linkage of the O-GlcNAc modification of proteins 

can be hydrolysed by enzymes or acidic conditions during their isolation, leading to the 

loss of the O-GlcNAc unit. This arises because of the release of abundant hydrolases such 

as OGA and lysosomal hexosaminidases upon cell lysis when this is performed in the 

absence of suitable enzyme inhibitors. Thirdly, traditional analytical techniques for the 

detection of post-translational modifications, such as the most commonly used mass 

spectrometry methods, have limited value for the O-GlcNAc modification due to the lability 

of this modification under typical fragmentation and ionization conditions. In early 

examples which sought to analyze samples consisting of O-GlcNAc-modified peptides 

using electrospray ionization (ESI) and matrix-assisted laser desorption/ionization time-

of-flight (MALDI-TOF), the majority of O-GlcNAc was lost from peptides during ionization16. 

Recent efforts, however, using more sophisticated MS methods include electron transer 

dissociation (ETD)17 and, still more efficiently, ultraviolet photodissociation (UVPD)18, are 

starting to solve these problems and enable mapping O-GlcNAc sites with greater 

precision.  

1.1.4. UDP-GlcNAc is formed through the hexosamine biosynthetic 
pathway 

OGT catalyzes the transfer of O-GlcNAc onto a target protein acceptor using 

uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) as an activated glycosyl donor 

substrate.19,20 UDP-GlcNAc is the end-product of the hexosamine biosynthetic pathway 

(HBP) and is generated starting from available glucose within the cell (Figure 1.3). Levels 

of UDP-GlcNAc influence the activity of OGT and, because UDP-GlcNAc levels change 

depending on glucose availability, this is thought to be one way that OGT is regulated by 

nutrients including glucose.21-23 UDP is liberated as a byproduct upon protein O-
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GlcNAcylation by OGT and competitively inhibits OGT with a Ki value in the low 

micromolar range24. This fairly potent product inhibition is proposed to act as a mechanism 

of feedback regulation for OGT activity. Given these observations, OGT has been 

proposed to act as a nutrient sensor, since levels of protein O-GlcNAcylation are linked to 

cellular concentrations of UDP-GlcNAc. 

This nutrient responsive behaviour of O-GlcNAc levels occurs because 

approximately 2-5% total glucose taken up by the cell is metabolized through the HBP to 

generate UDP-GlcNAc25. Upon crossing the cell membrane, which is mediated by several 

glucose transporters (GLUT), glucose (Glc, 1) is converted into glucose-6-phosphate (Glc-

6-P, 2) by hexokinase. Next, Glc-6-P (2) undergoes isomerization through the action of 

phosphoglucose isomerase to generate fructose-6-phosphate (Fru-6-P, 3). The rate 

determining enzyme of this pathway, glutamine:fructose 6-phosphate amidotransferase 

(GFAT), converts Fru-6-P (3) into glucosamine 6-phosphate (Gln-6-P, 4) using glutamine 

as the donor of ammonia. The subsequent acetylation is carried out by glucosamine-6-

phsophate N-acetyltransferase (GNAT), in the presence of acetyl-coenzyme A (acetyl-

CoA), leading to formation of GlcNAc-6-P. Intriguingly, GlcNAc-6-P (7) can also be formed 

through a salvage pathway within mammals wherein, GlcNAc (5) that is available within 

the cytosol can be processed by N-acetylglucosamine-6-kinase into N-acetylglucosamine-

6-phosphate (6). Phosphoacetylglucosamine mutase (AGM) subsequently catalyses 

isomerization to move the 6’-phosphate group of the GlcNAc-6-P to the anomeric position, 

hence forming GlcNAc-1-P. Finally, N-acetylglucosamine-1-phosphate (7) can be 

converted into UDP-GlcNAc by UDP-N-acetyl glucosamine pyrophosphorylases (AGX1 

and AGX2) using uridine-5’-triphosphate (UTP) as a substrate, to form the activated 

glycosyl donor UDP-GlcNAc (8) as the end product of the pathway. 

HBP flux can be induced through several ways. One method is through exposure 

of cells to increased exogenous glucosamine (GlcN) or N-acetylglucosamine (GlcNAc), 

which bypasses the rate limiting step of the HBP which is catalyzed by GFAT. GlcN and 

GlcNAc can be transported by various GLUT enzymes across the cytoplasmic membrane 

and, as noted above, GlcNAc can be phosphorylated by the salvage enzyme GNK on the 

6-hydroxyl group to increase levels of N-acetylglucosamine-6-phosphate (6). Another 

method driving flux through the HBP is proposed to be by enhancement of free fatty acid 

(FFA) metabolism. As fructose-6-phosphate is also a substrate in the glycolysis pathway, 

a rate increase of FFA metabolism indirectly decreases the usage of Fru-6-P which, in 
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turn, increases its availability to the HBP26 as well as increasing the levels of acetyl-CoA, 

which is used by GNAT. Finally, the availability of uridine can likewise contribute to flux 

through the HBP by regulating the amount of UTP available for use by the AGX 

pyrophosphorylases.   

 

 

Figure 1.3  O-GlcNAcylation is regulated by nutrient flux via the hexosamine 
biosynthetic pathway (HBP).   
Glucose, which is taken up by the cell is converted through HBP into UDP-
GlcNAc which is used as a donor substrate by OGT. Therefore, increases in the 
cellular concentrations of glucose stimulates flux through the HBP to generate 
more UDP-GlcNAc and increased levels of O-GlcNAcylation within cells. 
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1.1.5. Selected examples of the biological importance of O-GlcNAc 
cycling 

There are a wide range of functions that are now starting to be recognized as being 

regulated by O-GlcNAc. The following sub-sections will highlight a small set of these 

proposed roles for O-GlcNAc. For further reading in this area, the reader is referred to 

some recent review papers.27,28  

O-GlcNAc regulates protein transcription and translation 

O-GlcNAc cycling has been shown to play a role in affecting the function of 

transcription factors, epigenetic modulators, and RNA polymerase.29 One of the best 

recognized roles of OGT as a transcriptional regulator is associated with polycomb (PcG) 

repression which is prominently observed in Drosophila. A collaborative work between the 

groups of Sinclair/Honda and Vocadlo have shown that Drosophila OGT is encoded by 

the Polycomb group (PcG) gene super sex combs (sxc).30 This observation was 

independently made by Gambetta et al.31, and these reports suggest a direct relationship 

between OGT activity in PcG-regulated epigenetic gene silencing, which is vital for 

organismal development. Another notable example was shown by Zhu and coworkers who 

demonstrated that O-GlcNAcylation occurs co-translationally to stabilize Sp1 nascent 

polypeptide chain.32 The Sp1 transcription factor has been found to affect proliferation, cell 

death, and immune responses. In fact, Sp1 is highly O-GlcNAcylated with up to six O-

GlcNAcylation sites33-36 having been found. Through co-translational O-GlcNAcylation, 

select nascent chains can be stabilized hence enabling efficient production of the 

corresponding full-length proteins. The modification was also found on the mature form of 

Sp1, which prevent the transcriptional factor from undergoing ubiquitin-proteasome 

mediated degradation.32 In the above mentioned work by Zhu and coworkers, O-GlcNAc 

was also shown to antagonize polyubiquitination of nascent chains, enabling their 

maturation into full length proteins32 and the same team has recently identified a larger set 

of O-GlcNAc modified nascent chains.37 More recently, the Walker group demonstrated 

that RNA splicing of highly conserved detained introns in OGT and OGT, can be regulated 

by O-GlcNAc, and this has emerged as a key mechanism by which O-GlcNAc can 

regulated OGT and OGA levels since both genes contain such conserved splice sites.38 
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O-GlcNAc modulates protein trafficking and proteostasis 

As alluded to in the above section, several studies have reported that O-GlcNAc 

modification of proteins is one means of controlling the proteolytic destruction of proteins. 

Proteins that are targeted for degradation are typically marked by polyubiquitination, which 

leads to their trafficking and degradation by the proteasome. The activity of 26S 

proteasome has been proposed to be suppressed by O-GlcNAc modification39, though 

this has not been replicated in follow on studies and remains somewhat speculative. One 

striking example is that of host cell factor-1 (HCF-1) which is involved in the regulation of 

cell cycle progression. Lazarus and team showed that during its proteolytic maturation, 

one of the repeat sequences found within HCF-1 is cleaved by OGT through a process 

that involves initial glycosylation of an aspartate residue.40   

O-GlcNAc is linked to neurodegenerative disease 

As ageing continues, brain metabolism, including sugar metabolism, declines 

especially within the neurons of patients diagnosed with Alzheimer disease (AD).41 

Patients suffering from Alzheimer disease manifest the presence of amyloid- oligomers 

and aggregates as well as increased phosphorylation of the microtubule-associated 

protein known as tau as well as aggregates of this protein that are known as neurofibrillary 

tangles. Oligomers of both of these misfolded proteins spread throughout the brain to 

trigger further misfolding, leading to the spread and accumulation of toxic oligomers and 

insoluble aggregates, thereby contributing to progression of the disease. 

Tau is essential for maintaining the stability of microtubules in neurons.42 Although 

tau undergoes abundant phosphorylation during the early stages of brain development, it 

is less phosphorylated in adulthood.43 Tau has been reported as being O-GlcNAc modified 

throughout adult life44. Tau protein, upon being abnormally hyperphosphorylated by 

kinases (Figure 1.4), aggregates to form tau oligomers and downstream neurofibrillary 

tangles, of which the oligomers are particularly toxic towards healthy neurons. Tau protein 

in the brains of healthy adults can be O-GlcNAcylated at over 12 different sites.45 One of 

the identified O-GlcNAc site, Ser-400, is reported as being important for impairing 

aggregation of full-length tau and various constructs.46 It has been proposed that O-

GlcNAc can compete with phosphorylation at various sites to prevent 

hyperphosphorylation47. Clinical findings have shown that AD patients displayed lower O-

GlcNAc levels in brain,47 though not all studies are in accord.48 The use of OGA inhibitors 
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that cause increased global and tau-specific O-GlcNAcylation such as Thiamet-G have 

been found to provide neuroprotection in AD brain.49 

-Amyloid precursor protein (APP) has essential roles in neural growth and repair, 

and is also linked to AD progression.50,51 APP possesses O-GlcNAc modification sites on 

the cytoplasmic tail52. Hyperphosphorylation of certain sites by cyclin-dependent kinase 1 

induces anomalous proteolysis giving rise to an increase in the release of amyloid-

beta(A)1-42 peptide fragments. Aggregation of these fragments produces oligomers and 

amyloid plaques found in AD brains. The cytoplasmic tail of APP comprises a G-protein 

binding site, and a specific sequence known to regulate endocytosis.53 O-GlcNAcylation 

of this region may, accordingly, affect activities of APP including metabolism, signaling, 

and trafficking. Consistent with the idea that O-GlcNAc can affect endocytosis, Tavassoly 

and co-workers have recently shown that increased O-GlcNAc level by inhibiting OGA, 

targets specific endocytosis pathways. As a result they observed reduced uptake of alpha-

synuclein preformed fibrils, though the mechanism by which endocytosis is affected 

remains unclear.54 

 

Figure 1.4  O-GlcNAcylation and phosphorylation occurs reciprocally to regulate 
protein functions.  
Certain proteins involved in neurodegenerative diseases possess O-GlcNAc 
modification sites that competes with phosphorylation by kinases. 

O-GlcNAc elevation is one form of stress response 

In mammals, elevated O-GlcNAcylation occurs on several proteins when 

responding to stress such as heat shock, UV exposure, oxidative stress, hypoxia, glucose 

deprivation, ischemia reperfusion injury, and ethanol.55 The causes of this elevation are 

not well known, but could be due to increased activity of OGT, increased glucose entering 

into cells, lower OGA activity, or possibly a combination of these factors. Such transient 

increases in O-GlcNAcylation appear to be a crucial mechanism of protecting cells from 

stresses. For example, O-GlcNAc levels reflect ambient temperature and confer heat 

resistance during ectotherm development.56 The overexpression of heat-shock proteins, 
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which are protein chaperones, is also known to protect cells from stress.57 The induction 

of heat-shock proteins such as HSP70 and HSP40 occurs faster, and these proteins turn 

over more slowly, when cellular levels of O-GlcNAc are increased.58 Furthermore, reduced 

levels of HSP70 and HSP40 are observed in cell lines in which OGT activity is reduced.55 

O-GlcNAc accordingly mediates stress tolerance, in part, by altering the levels of heat-

shock proteins. However, O-GlcNAc may also protect cells in other ways, for example, by: 

(1) stabilizing protein structure; (2) preventing protein–protein aggregation either directly 

or through the ability of HSP70 proteins to bind to O-GlcNAc59,60; (3) modulating signal 

transduction pathways implicated previously in cellular protection mediated by glucose 

availability; and finally, (4) altering the activity or localization of heat-shock proteins, many 

of which are known to be modified by O-GlcNAc.61 Regardless of the underlying 

mechanisms, increased O-GlcNAcylation on many proteins is a fairly rapid cellular 

response to a wide variety of cellular stresses. Elucidating how increasing O-

GlcNAcylation helps a cell to survive stressful conditions should improve our 

understanding of the roles of this ubiquitous post-translational modification. 

1.2. O-GlcNAc Transferase  

1.2.1. Enzyme structure, catalytic mechanism, and acceptor 
specificity 

OGT is classified as a member of GT family 41 -N-acetylglucosaminyltransferase 

within the Carbohydrate Active EnZymes (CAZy) database, a subset of GT-B superfamily 

of glycosyltransferases.62 First purified from rat liver cytosol8, this glycosyltransferase is 

among the most highly conserved proteins in metazoans20 and even more widely including 

in, for example, Caenorhabditis elegans63 and plants64 and on to Homo sapiens.63 

Interestingly, the OGT gene is located in a locus close to the centromere of the X-

chromosome65,66. Knock-out or deletion of the OGT gene has been shown to be lethal to 

mammals at the stage of embryogenesis and conditional knock-out in certain regions of 

the brain leads to acute neuronal death within those cells lacking functional OGT67,68.  

Three isoforms of OGT have been characterized within humans to date (Figure 

1.5A) and these vary based on the number of tetratricopeptide (TPR) repeats they contain: 

(i) a nucleocytoplasmic variant (ncOGT, 110kDa) containing 13.5 TPRs; (ii) a short variant 

(sOGT, 78kDa) containing 2.5 TPRs; and (iii) a mitochondrial variant (mOGT, 90kDa) 
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containing 9 TPRs. All these isoforms consist of five distinctive domains: (i) an amino-

terminal domain comprising of isoform-specific number of TPRs repeats; (ii) a transitional 

(H3) helix located between the amino- and carboxy-terminal domain; (iii) a carboxy-

terminal consisting of catalytic domain with two catalytic lobes (Cat1 and Cat2) possessing 

a Rossmann fold architecture; (iv) an intervening domain locating between the Cat1 and 

Cat2 (IntD); and (v) a putative phosphatidylinositol-binding region (PPO) located at the 

carboxy-terminal end.69,70  

 

Figure 1.5  Structure of human O-GlcNAc transferase (OGT).  
(A) Isoforms of OGT. Nucleocytoplasmic OGT (ncOGT) is the predominant and 
full-length form of OGT, containing 13.5 TPRs. The intermediate form, mOGT, 
contains 9 TPRS and a mitochondrial targeting sequence located at the N-
terminus. The shortest isoform, sOGT consists of 2.5 TPRs. (B) Model structure 
of full-length OGT [PDB 1W3B and 4N3B]. (C) Cartoon representation of OGT 
bound to UDP-GlcNAc [PDB 4GZ5].40 

The tandem array of TPRs, each unit of which is comprised of two antiparallel -helices, 

form an amphipathic channel that is believed to assist in protein substrate binding.71 A 
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recent study showed that a series conserved aspartate residues found in the TPR groove 

is important for binding of protein substrates and may therefore be important for substrate 

selection.72 The carboxy-terminal region contains the catalytic domain, which adopts a 

glycosyltransferase type-B (GT-B) tertiary structure. This catalytic domain is further 

divided into N-terminal, intervening (Int-D), and C-terminal sub-domains. 

The catalytic region is connected to the TPR array by the translational helix (H3). 

These two major domains are linked together by an unstructured region containing a 

nuclear localization sequence (NLS). Although a distinctive consensus sequence 

governing sites at which O-GlcNAc is installed is yet to be identified, studies have indicated 

that a proline residue at the −2 site of glycosylation appears to play a role in substrate 

recognition. Early work suggested that valine and alanine were preferred in the −3 and +2 

positions for regulating substrate selectivity. However, it has also been hypothesized that 

other factors, such as local substrate concentrations and the presence of other regulatory 

factors can control OGT activity and substrate selectivity.73 
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Figure 1.6  Structure of OGT active site in complex with UDP and a peptide acceptor 
and the proposed catalytic transfer mechanism of OGT. 
(a) X-ray crystal structure showing contacts of the UDP and acceptor substrate 
with important residues of the OGT active site. Figure adapted from King et al.28 
(b) Proposed transfer mechanisms of UDP-GlcNAc onto a peptide and its 
orientation with the active site of O-GlcNAc transferase. 

The structure of human OGT was first solved by the Walker group (Figure 1.5B, 

1.5C). Through careful examination, the active site of OGT was found to consist of an 

elongated cleft-like architecture which binds both the glycosyl donor UDP-GlcNAc and a 

peptide acceptor (Figure 1.6A). The process of transferring the sugar unit is proposed to 

occur through an ordered sequential bi-bi mechanism, in which the Leloir donor substrate 

UDP-GlcNAc initially binds to the active site, followed by the acceptor, which binds over 

top of the donor sugar.74,75 Catalysis occurs with an inversion of stereochemistry at the 

anomeric centre and results in the release of UDP as a by-product. While the precise 

A

B
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mechanism remains unclear, important residues such as His49874, Asp55475 and the -

phosphate76 moiety of UDP-GlcNAc have each been proposed to serve as a general base 

(Figure 1.6B). Structural investigation by the Walker group indicated a series of water 

molecules in the active site behaving as a proton shuttle to Asp55475. Mutation of Asp554 

into asparagine proved to be detrimental to catalysis,76 suggesting this residue as the most 

plausible general base75. 

1.3. O-GlcNAcase  

1.3.1. Enzyme structure, catalytic mechanism, and specificity 

Categorized as a member of CAZy glycoside hydrolase (GH) family 84 (GH84),62 

OGA (O-GlcNAcase, Hexosaminidase C) possesses activity against -N-

acetylglucosaminides as do lysosomal hexosaminidases A and B, however, OGA differs 

in its catalytic site by possessing a larger active site pocket. There are two major splice 

isoforms of OGA termed the long (OGA-L) and short (OGA-S) isoform (Figure 1.7A). Both 

OGA isoforms consist of the GH84 catalytic domain at the N-terminus, however the shorter 

isoform lacks a histone acetyltransferase-resembling (HATs) domain at the C-

terminus.77,78 The OGA HAT domain in any event, is inactive in OGA-L due to absence of 

essential residues, and its cellular function is yet to be determined.79,80    

The X-ray crystal structure of the catalytic domain of human OGA has been 

solved81-83 and indicates the enzyme adopts a homo-dimeric form (Figure 1.7B). The 

dimeric form is essential for optimal catalytic activity. A construct lacking a key helix (17) 

fails to dimerize and demonstrates a 100-fold reduction in catalytic efficiency. The catalytic 

domain, located in the N-terminus, contains the GH84 (/)8 barrel domain that is 

responsible for binding of substrates and inhibitors. The domain following the GH84 

domain is an -helical bundle (20 kDa) known as the stalk domain (Figure 1.7C). This 

stalk domain stabilizes the active site for efficient substrate and ligand binding. The last, 

and most C-terminal, domain is the inactive histone acetyl transferase (HAT) domain. 

Interestingly, during apoptosis, caspase-3 cleaves OGA within a disordered region 

between the GH84 and HAT domain, yet this does not alter the catalytic activity of OGA 

since the two fragments remain associated.79 
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Figure 1.7  Isoforms, domain structure, and three-dimensional structure of human O-
GlcNAcase.  
(A) OGA contains two types of isoforms including the long (OGA-L) and short 
isoform (OGA-S). (B) Solved structure of human O-GlcNAcase [PDB 5M7R]. (C) 

-Helical bundles in the stalk domains of the human O-GlcNAcase dimer [PDB 
5M7R].    

A neutral GH84 -glucosaminidase, OGA is a retaining enzyme which preserves 

the anomeric stereochemistry of the first formed hemiacetal product upon cleavage of the 

glycosidic bond of O-GlcNAc. OGA hydrolyzes the glycosidic bond through a substrate-

assisted catalytic mechanism involving participation of the substrate N-acetamido group. 

Nucleophilic attack of the acetamido group, mediated by the two key catalytic aspartate 

residues, Asp174 and Asp175, cleaves off the anomeric leaving group leading to formation 

of a bicyclic oxazoline intermediate. The oxazoline intermediate is then hydrolyzed by an 

incoming water molecule to yield the free GlcNAc hemiacetal with a -configuration at the 

anomeric center. The pH dependence of the catalytic activity of OGA follows a bell-shaped 

curve with a pH optimum of 6.5 that depends on the appropriate ionization states of the 

two catalytic aspartate residues participating in the mechanism.   

 

A

B C

Catalytic 

GH84
1         60                                    366  396                545              704                     916   

Stalk            pseudo HAT               

1         60                                    366  396                545           677   

OGA-L

OGA-S
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Figure 1.8  Two-step substrate-assisted catalytic mechanism used by GH84 O-
GlcNAcase, resulting in a retention of stereochemistry in the product.  
GlcNAc is cleaved off from proteins by O-GlcNAcase through a substrate 
assisted catalytic mechanism. Initially, the GlcNAc binds in a high-energy boat 
conformation. This is followed by formation and subsequent breakdown of a 
bicyclic oxazoline intermediate that leads to liberation of GlcNAc. 

The catalytic mechanism of OGA was further studied using synthetic substrates to 

generate a Taft-like linear free energy relationship. The nucleophilicity of the acetamido 

was examined by increasing the number of electronegative fluorine atoms attached to the 

adjacent methyl group of the N-acyl substituent. Using these substrates, the rate of 

catalysis was found to decrease as the carbonyl moiety loses its nucleophilicity84. This 

result clearly indicated a correlation between the catalytic rate of the hydrolysis and the 

nucleophilic strength of the carbonyl on the acetamido group, which supports the 

substrate-assisted mechanism. The oxazoline intermediate has also been directly 

observed using X-ray crystallography in combination with synthetic substrates and mutant 

forms of a GH84 bacterial homologue of OGA84. 

As noted above, Asp174 and Asp175 participate in catalysis by acting as a general 

acid/base catalytic residues. In the initial step of the mechanism, the carboxylate form of 

Asp174 residue orients the 2-acetamido moiety and acts as a general base to polarize this 

group. The nucleophilicity of the carbonyl is thereby enhanced, aiding its attack of 

anomeric center to form an oxazoline intermediate. Concurrently, Asp175 acts as a 

general acid that catalyzes breaking of the glycosidic linkage by protonating the departing 

anomeric leaving group. In the second step, Asp175 acts as a general base to assist the 

nucleophilic attack of a water molecule at the anomeric center of the oxazoline 
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intermediate. Simultaneously, Asp174 transfers a proton to the nitrogen of the oxazoline 

ring to facilitate expulsion of the 2-acetamido group. As a result, the glycosidic bond is 

cleaved and results in liberation of a GlcNAc residue with overall retention of 

stereochemistry.  

1.4. Using chemical tools as an approach for the detection 
and labeling of O-GlcNAc modified proteins 

To further understand the role of O-GlcNAcylation, there are several approaches 

that are used to detect and label O-GlcNAc modified proteins. In this section, we will be 

mainly discussing some of the more common methods including the most widely used 

chemoenzymatic approach (Section 1.4.1) and the general metabolic labeling 

approaches that have been advanced (Section 1.4.2).  

1.4.1. Chemoenzymatic Approach 

The β(1→4) galactosyltransferase from bovine milk (GalT) has been shown to 

catalyze the transfer of a galactose residue onto an O-GlcNAc unit via a β-(1,4) linkage. 

Taking advantage of this activity, Ramakrishnan et al. made a Y289L point-mutant of this 

β-1,4-N-galactosyltransferase (β4Gal-T1) enzyme, which allowed the enzyme to 

accommodate UDP-GalNAc as a substrate.85 This enzyme was subsequently used with 

UDP-GalNAc analogues bearing small reactive chemical functionalities at the 2-position 

(Figure 1.9)86. Since that time, several UDP-galactose derivatives have been developed 

and used with this GalTY289L mutant enzyme for chemoenzymatic labeling of O-GlcNAc 

sites.  

To illustrate by using an example, the original approach uses a UDP-N-

acetylgalactosamide analogue (9) bearing a ketone at the 2-position, which, upon transfer 

by GalTY289L onto an O-GlcNAc modified protein, enables oxime formation with a biotin-

aminooxy reagent (Figure 1.9). The biotin-conjugated O-GlcNAc can then be visualized 

either directly by using either streptavidin blotting or by detection after enrichment via 

streptavidin beads. When O-GlcNAcylated peptides that are modified in this way are 

subjected to tandem mass-spectrometry sequencing by collision-activated dissociation 

(CAD), a distinctive fragmentation pattern is seen that is diagnostic of the ketogalactose-

biotin tag. This approach therefore enables both enrichment and subsequent identification 
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of O-GlcNAc modified peptides. In an alternative approach, azide-modified UDP-N-

acetylgalactose (10) is used (Figure 1.9).87 The azide moiety can be coupled with an 

alkyne functionalized biotin reagent (11) using copper (I)-catalyzed azide-alkyne 

cycloaddition (CuAAC), and a similar downstream workflow involving binding to 

streptavidin beads as noted above enables both enrichment and mapping of O-GlcNAc 

sites in proteins.9 

 

Figure 1.9  Examples of chemoenzymatic approaches used for O-GlcNAc protein 
labeling.  
(a) Mass-tag chemoenzymatic labeling approach which uses kDa mass tags 
resulting in significant separation on the polyacrylamide gel. (b) Chemoenzymatic 
approach using mutated galactose transferase enzyme (Y289L GalT) and UDP-
GalNAz to label O-GlcNAc-modified proteins. In this example, upon enrichment, 
the labeled peptides are released by cleavage of the linker by irradiation with UV 
light.         

1.4.2. Metabolic labeling for O-GlcNAcylation visualization in cells 

In recent years, metabolic labeling approaches have been used to visualize O-

GlcNAcylation in cells. The first sub-section below will discuss some of the key aspects of 

biorthogonal chemistry. This section is followed by a second sub-section on incorporating 



19 

bioorthogonal functional groups as chemical handles into various metabolic chemical 

reporters for monitoring O-GlcNAc within cells.  

Bioorthogonal Chemistry 

Bioorthogonal chemistry has enabled the development of a wide range of 

unnatural metabolic chemical reporters for the study of O-GlcNAcylation. These metabolic 

chemical reporters contain reactive functional groups that can undergo bioorthogonal 

reactions that enable selective introduction of a fluorophore or affinity tag for detection and 

proteomic studies of modified proteins. 

In addition to the condensation of aminooxy and hydrazine functionalities with 

carbonyl units (Figure 1.10), the copper (I)-catalyzed azide-alkyne cycloaddition (CuAAc) 

is one of the most commonly performed bioorthogonal reactions due to its high speed and 

selectivity. CuAAc takes place rapidly at room temperature in the presence of Cu(I) to 

enable the chemoselective conjugation of a terminal alkyne onto an azide functionality to 

form a 1,2,3-triazole (Figure 1.10).88,89 CuAAc has been particularly successful in being 

applied to O-GlcNAc proteomics research wherein a biotinylated alkyne or azide-reagent 

is coupled to proteins that have been labeled with the corresponding azide or alkyne-

containing O-GlcNAc analogue. Subsequent enrichment using streptavidin beads and 

downstream MS proteomics enables identification of O-GlcNAc modified proteins. One 

disadvantage with using CuAAc, however, is the cytotoxicity of Cu(I), hence limiting its 

application to in vitro use on cell lysates.  

To tackle the issue of cytotoxicity induced by copper catalyst, the Bertozzi group 

developed the strain-promoted alkyne-azide cycloaddition (SPAAC) reaction, which 

eliminates the need for a copper catalyst.90 This is accomplished using a strained 

cyclooctyne, which lowers the HOMO-LUMO-gap of the cycloaddition reaction.91 The 

inherent ring strain on the alkyne induced by the cyclooctyne ring enables the 

cyclcooctyne to undergo Huisgen cycloaddition with an azide group in the absence of a 

catalyst. The strained reagents used in this approach have since been expanded to 

include difluorocyclooctyne92 and various dibenzylcyclooctyne93 derivatives. However, a 

drawback to SPAAC is the lower rate of cycloaddition94 relative to CuAAC as well as 

increased non-specific reactions in biological environments with nucleophilic thiols95 for 

example. 
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Recently, inverse electron-demand (IED) Diels-Alder reactions have been applied  

as a bioorthogonal labeling strategy for O-GlcNAc (Figure 1.10).96 These reactions entail 

the use of a functionalized cyclopropene, which undergoes rapid ligation with a tetrazine-

containing conjugate via a concerted pericyclic Diels-Alder reaction. However, these 

strained cyclopropene functionalities can also react adventitiously with nucleophilic thiols. 

 

Figure 1.10  Selected examples of bioorthogonal approaches.  
Using metabolic chemical reporters to undergo bioorthogonal approach with 
appropriate tags.   

Metabolic Chemical Reporters  

Metabolic glycan labeling strategies provide an approach to detect proteins that 

are modified with various forms of glycosylation, including those that are O-GlcNAcylated. 

This strategy uses metabolic chemical reporters, and in the case of O-GlcNAc these are 

most often analogues of GlcNAc or similar metabolites that bear reactive chemical 

functionalities (Figure 1.10). These metabolic reporters can be processed by the HBP 

within cells (Section 1.4.2.1), leading to the production of UDP-GlcNAc analogues that 

are accepted as substrates by OGT. The chemical functionalities present at these sites 

bearing these O-GlcNAc analogues installed by OGT permits bioorthogonal labeling of O-

GlcNAcylated proteins within a complex matrix comprising many other proteins and 

biomolecules. Notably, some of these metabolic chemical reporters can be interconverted 

enzymatically into isomeric UDP-donor sugars, with varying efficiency and tolerance 

based on the type and position of the chemical modification. As a result, given the 
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possibility of labeling more than just intracellular O-GlcNAcylation the selectivity of labeling 

is an important consideration, since promiscuous probes can label other glycans including 

cell surface mucin O-linked glycosylation or cell surface N-linked glycosylation. 

Nevertheless, despite these challenges, bioorthogonal metabolic labeling strategies have 

considerable utility for the study of glycosylation states within native biological systems 

and increasingly selective reporters have been developed over time. Notably, from the 

perspective of this thesis, this strategy has shown to be effective for enrichment of O-

GlcNAc proteins when combined with CuAAc to affinity purify such glycoproteins using 

streptavidin beads. 

GlcNAc Based Reporter Probes 

Vocadlo and colleagues reported the first metabolic feeding approach using per-

O-acetylated N-azido-acetylglucosamine (Ac4GlcNAz, 12, Figure 1.11), which can tag O-

GlcNAc modified proteins in living cells.13 The acetyl groups enhance permeation through 

the lipophilic cellular membrane. Upon de-O-acetylation through the action of non-specific 

cytosolic esterases, N-azido-acetylglucosamine (GlcNAz, Figure 1.13) is converted into 

UDP-GlcNAz through the action of the HBP in with the same manner as GlcNAc. O-

GlcNAc initially present on modified proteins can be substituted with O-GlcNAz through 

the cycling activity of OGT and OGA. The azide at the N-acyl position can be conjugated 

with biotin-containing reagents through the phosphine-based Staudinger ligation13 or 

CuAAc or SPAAC (Figure 1.10).97 In the original report, using Ac4GlcNAz in cultured 

human Jurkat T cells resulted in the tagging of intracellular proteins, including the heavily 

O-GlcNAcylated nucleoporin p62 (Nup62). GlcNAz has been subsequently used as 

chemical tool in a range of cultured cells and in vivo models to identify candidate O-

GlcNAcylated proteins. Application of this probe furthermore enabled purification and 

identification of O-GlcNAc modified proteins.98  

In 2011, Pratt and coworkers reported the use of per-O-acetylated N-butynyl-

glucosamine (Ac4GlcNAlk, 17) as an alternative MCR for O-GlcNAcylated proteins. Similar 

to azides, alkyne handles are small and often tolerated in cells. In this work, they showed 

that GlcNAlk is not interconverted into GalNAlk through the action of UDP-glucose 4-

epimerase (GALE), making it highly selective for detection of O-GlcNAc modified 

proteins.99 Tri-O-acetylated 6-alkynyl-6-deoxy-GlcNAc (Ac36AlkGlcNAc, 13) was also 

reported by Chuh and coworkers to be highly specific towards the tagging of O-GlcNAc 
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substrates. Using the 6‑Alkynyl-6-deoxy-GlcNAc (13), this team was able to identify 

O‑GlcNAc modification of apoptotic caspases.100 A range of other reporters have been 

developed.97  

 

Figure 1.11  Some metabolic chemical reporters for detection of O-GlcNAc modified 
proteins.  
These GlcNAc analogues possess chemical functionalities including alkyne, 
azide, and cyclopropene at the 2- or 6-position of the saccharide. The hydroxyl 
groups are protected with acetyl groups to enable permeation into cells and are 
cleaved within cells by esterases prior to entering the HSP.      

The Prescher group reported the first use of per-O-acetylated 

methylcyclopropene-tagged N-acetylglucosamine Ac4GlcNCyoc (15) that provides 

improved detection using a fast inverse electron-demand Diels-Alder reaction (DAinv) 

(Figure 1.10) on glycosylation.101 Ac4GlcNCyoc however is non-specific and can be used 

to monitor glycosylation of both cell-surface mucin-type O-glycoconjugates and O-

GlcNAcylated proteins.102 In an expansion of this work, the Wittman group successfully 

monitored O-GlcNAcylation on a single specific target protein by expressing the protein 

as a GFP fusion and labeling cellular proteins using the Ac4GlcNCyoc reporter (15), 

followed by its labeling in cells using dye-tetrazine conjugates to enable detection of 

protein specific glycosylation by monitoring Förster resonance energy transfer (FRET) by 

fluorescence lifetime imaging (FLIM).103 Both the Prescher and Wittman group observed 

similar trends wherein cells incubated with Ac4GlcNCyoc produced significantly higher 

signal intensity in comparison with cells treated with a galactose-configured variant 

(Ac4GalNCyoc). 
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GalNAc based reporter probes 

First reported by the Bertozzi group, N-azidoacetylgalactosamine (GalNAz, 18, 

Figure 1.12) is an alternative to GlcNAz that can be epimerized through the action of the 

mammalian enzyme UDP-galactose 4′-epimerase (GALE), which interconverts UDP-

GalNAc and UDP-GlcNAc (Figure 1.13).104 The use of GalNAz as compared to GlcNAz, 

has been shown to increase the labeling efficiency by avoiding the need for metabolism 

through phosphoacetylglucosamine mutase (AGM1). This strategy takes advantage of the 

GalNAc salvage pathway as well as the GALE interconversion pathways. The use of 

GalNAz however is not specific towards O-GlcNAc and this compound also leads to 

labeling  of mucin O-linked glycoproteins located on the cell surface, albeit at a much lower 

efficiency.105  

Similarly to their reported Poc-protected GlcNAc metabolic chemical reporter, the 

Pratt group also synthesized Poc-protected GalNAc (19, Figure 1.12).106 In-gel 

fluorescence comparison shows that efficiency of incorporation is much lower than the 

GlcNAc analogue. Despite the lower efficiency, GalPoc can be converted into the GlcNAc 

form, unlike the closely related analogue GalNAlk. This observation clearly indicates that 

minor alterations to the chemical structure of such reporters can influence their 

metabolism within the hexosamine biosynthetic pathway.    

 

Figure 1.12  Selected examples of GalNAc-based metabolic chemical reporters.  
GalNAc-based metabolic chemical reporters which have been used study O-
GlcNAcylation.  
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The attachment of O-acetyl groups onto some unnatural monosaccharides, which 

increases permeability across cell membranes was reported by Xing Chen and coworkers, 

under certain conditions, to result in non-enzymatic S-GlcNAcylation of cysteines. This 

was found to be the case with some of most widely used probes including Ac4GalNAz and 

Ac4GlcNAz.107 The use of non-O-acetylated monosaccharides however requires higher 

concentrations, in the millimolar range, and led to only moderate labeling of proteins. To 

circumvent this problem and address this undesired cysteine glycosylation, the Chen 

group developed 1,3-di-O-propionyl-N-azidoacetylgalactosamine GalNAz which showed 

high specificity towards labeling of O-GlcNAc proteins.108 This 1,3-di-O-proprionylated 

GalNAz probe (21, Figure 1.12) was shown to label O-GlcNAc with good efficiency and 

cause no S-GlcNAcylation. Notably, however, this non-enzymatic process does not 

always result in problematic labelling of thiols and use of suitable conditions enables their 

reliable use.109-111 

The mechanism of non-enzymatic S-glycosylation was recently addressed by the 

Chen group.112 They described that following the ring opening of anomeric deprotected 

Ac3GalNAz, the acyclic monosaccharide can undergo a base-promoted β-elimination to 

generate a Michael acceptor which can react through a Michael addition to reactive thiols. 

Such S-glycosylation in which protein cysteines attach to C-3 produces 3-thiolated sugars 

in their hemiacetal form.  
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 Figure 1.13  Conversion of GlcNAc- and GalNAc-based reporter probes into the 

corresponding UDP-GlcNAc analogues through GlcNAc- and GalNAc 
salvage pathways.  
The GlcNAc-based reporters containing chemical handle including the azido, 
alkyne and methylcyclopropene can be converted into the corresponding UDP-
GlcNAc analogues. GalNAc-based probes similarly can be converted into UDP-
GlcNAc analogues except for the alkyne chemical handle which is not tolerated 
by GALE. 
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Glucose Based Reporter Probes 

In 2016, the Pratt and Vocadlo groups reported per-O-acetylated 2-azido-2-deoxy-

glucose (23, Figure 1.14) as a new metabolic chemical reporter that can be used by OGT 

to modify protein substrates, which opened the door to a new set of O-GlcNAc metabolic 

chemical reporters.113,114 Using radioactive glucose, the Vocadlo group extended this 

observation by proposing that O-linked glucose may, under certain circumstances, be 

installed by OGT.114 This proposal was later confirmed by the Pratt group.113 Based on 

these findings, the Pratt group continued their exploration of azido-glucose modified on 

the 6-hydroxyl position.115 Upon incubation on mammalian cells, they discovered that the 

labeling pattern was consistent with O-GlcNAc modifications with other probes including 

Ac46AzGlc. Notably, its mean in-gel fluorescence intensity is comparable to its GlcNAc 

variant (Ac36AzGlcNAc, 16, Figure 1.11). However, the labeling efficiency of this probe is 

still approximately 5-fold lower relative than Ac4GalNAz. The corresponding UDP-6AzGlc 

donor sugars are used by OGT to modify protein substrates including nucleoporin and 

NEDD4 proteins.115 

 

Figure 1.14   Some selected examples of glucose-based metabolic chemical reporters.  
These glucose-based metabolic chemical reporters have been used to study O-
GlcNAcylation.  

These glucose-based reporter probes may serve as useful complementary tools 

for revealing undiscovered O-GlcNAc modified proteins that are not being detected 

through other metabolic chemical reporter probes. They may also shed light on the 

potential for O-linked glucose modification catalyzed by OGT. 

1.5. Methods to study the biochemical functions of O-
GlcNAcylation 

O-GlcNAc is proposed to possess biochemical properties that influence protein 

stability and protein-protein interactions and to thereby contribute to nutrient sensing, 

chromatin remodeling, transcription, and circadian rhythms.116 To understand the 

mechanisms and significance of these processes, methods to study the O-GlcNAc 
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modification and its effects on protein function have advanced. One method to study these 

functions is through blockade of OGT or OGA. Although widely used genetic knock out of 

enzymes can be problematic, in certain cases, such as when enzymes are essential for 

cell survival. In addition, knock-out strategies do not distinguish between catalytic 

functions of enzymes and their important non-catalytic roles in, for example, protein-

protein interactions. The use of the CRISPR-Cas9 system to make specific mutations by 

homologous recombination enables circumventing this limitation but is time consuming 

and requires engineering each tissue to be studied. Compared to genetic strategies, small-

molecule inhibitors provide an alternative approach to modulating enzyme activities and 

can be conveniently applied to any cell type or tissue. Other desirable features include the 

ability to alter the dosing concentration, the ability to generate well defined time courses, 

and the chance to examine the reversibility of effects by withdrawing inhibitor treatment. 

In these regards, the discovery of potent, target selective, and cellular-permeable 

inhibitors are critically useful chemical tools for studying the various complex roles of OGT 

and OGA in physiology and pathophysiology in both cells and animal models. Following 

from this discussion, cell-based assays that permit one to monitor OGA and OGT activity 

are a powerful method to gain insight into the cellular mechanisms regulating OGT and 

OGA activity within living cells and cell lysates. These cellular assays can be configured 

for the identification of particular responses when these enzymes are inhibited or knocked-

out, which in turn can provide useful insights into physiological processes and cellular 

events. Recent progress has also been made in developing technologies to study the 

activities of OGT and OGA in cells. Below follows an introduction and overview of inhibitors 

and cellular assays for OGA and OGT. 

1.5.1. Using small molecule as chemical tools for the inhibition of 
OGT 

Obtaining potent small molecule inhibitors of OGT has proven to be highly 

challenging. This is due to the larger and flexible characteristics of the OGT binding 

pocket. The use of high throughput screening assay has significantly improved 

effectiveness in discovery of lead molecules targeting OGT over the past recent years. 

Following from here will be a discussion of some of the early examples and recent 

breakthroughs in the identification of several potent and selective OGT inhibitors. 
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UDP/UDP-GlcNAc analogues  

One way to inhibit OGT in vitro is to mimic its natural substrates, which results in 

inhibitors that cause competitive inhibition of enzyme activity. Intriguingly, the reaction 

product UDP (25, Figure 1.15, IC50 = 1.8 M), as well as the unnatural C-UDP (26, Figure 

1.15, IC50 = 9 M)24 are among the more potent nucleotide-based inhibitors known. C1-

phosphonate (27) and S1-thiophosphate (28) analogues of UDP-GlcNAc have also been  

explored but showed weaker affinity with IC50 values of 41 M and 93 M, respectively.24 

All of these moderately-potent nucleotide-analogues, however, suffer from poor cell 

permeability. Moreover, these are all analogues of a common substrate used by various 

transferases within cells, which could lead to a range of potential off-target effects. For 

these reasons, these inhibitors have been limited to use in in-vitro studies. 

Alloxan  

Alloxan (29, Figure 1.15), a uracil analogue, was one of the first OGT inhibitors 

used that can reduce O-GlcNAc levels (IC50 = 18 M, EC50 = 100 M) in cultured 

mammalian cell lines and animal models.117 Alloxan is thought to be recognized as a 

glucose mimetic by pancreatic -cells,118-120 hence can be transported across cellular 

membrane through glucose transporter 2 (GLUT2).121 However, alloxan has also been 

reported to have a range of non-specific protein targets, including OGA.122 As such, 

alloxan has been reported to demonstrate significant cell toxicity, particularly in pancreatic 

cell lines, possibly due to its ability to generate of reactive oxygen species (ROS) in the 

presence of thiols.123 Furthermore, in pharmacokinetic studies alloxan displays a short 

half-life in water of less than 1.5 minutes124 under physiological pH and is therefore not a 

suitable candidate for  in-vivo applications. 

5SGlcNAc and derivatives 

A more recent method to inhibit OGT in cells relies on a Trojan-horse strategy to 

deliver a prodrug across cells. 2-Acetamido-2-deoxy-5-thio-α-D-glucopyranose 

(5SGlcNAc, 30, Figure 1.15) in its per-O-acetylated form (Ac45SGlcNAc) is capable of 

permeating across the plasma membrane. Upon entering the cells, Ac45SGlcNAc 

undergoes deacetylation by cellular esterases and then enters the GlcNAc salvage 

pathway to generate the nucleotide sugar donor analogue UDP-5SGlcNAc (31, Figure 

1.15), which can inhibit OGT in a competitive manner. Ac45SGlcNAc (30), however, 
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suffers from low aqueous solubility and requires formulation in DMSO, thus making it 

incompatible with use in animal studies. To address the solubility issue, the Vocadlo group 

further synthesized a panel of de-O-acetylated 5SGlcNAc derivatives with varying N-acyl 

substituents.125 Among these derivatives, 5SGlcNHex (32, Figure 1.15) was shown to be 

an effective cell-permeable inhibitor, and was able to decrease O-GlcNAc levels in a 

mouse model in a time-dependent and dose-dependent manner. 5SGlcNHex is converted 

within cells into 5SGlcNAc and therefore acts as an inhibitor in the same way as this 

compound. 5SGlcHex was also the first OGT inhibitor ever tested in an animal model and 

successfully reduced O-GlcNAc levels with minimal toxicity. This OGT inhibitor also further 

showcased the correlation between reduced O-GlcNAc levels and impaired production of 

the peptide hormone leptin and its downstream role in nutrient sensing. Ac45SGlcNAc has 

been quite widely used as a tool compound to study O-GlcNAc and the effects of reduced 

O-GlcNAc levels in various cell lines. One potential problem with these sugar analogues 

is that at higher concentrations they can significant lower UDP-GlcNAc levels within cells 

and they may affect other forms of glycosylation in this way by impairing other GlcNAc 

transferases.  

OSMI series  

Based upon the reported structure of OGT, UDP-GlcNAc binds to the active site in 

an extended conformation underneath the acceptor peptide. This makes the design of 

inhibitors particularly challenging because the inhibitor needs to bind to the active site of 

OGT either in the absence of a peptide acceptor or in manner enabling stacked-binding 

with an acceptor substrate binding over top. Furthermore, the active site of OGT is fairly 

hydrophilic and, so far, no consensus sequences for peptide substrates have been 

identified. 

The use of high throughput inhibitor screening in two campaigns by the Walker 

group has enabled the discovery of compounds containing a quinolinone-6-sulfonamide 

(Q6S) scaffold that bind weakly to OGT.126 This QS6 scaffold was improved through 

medicinal chemistry in a structure guided manner to generate an improved OGT inhibitor 

termed OSMI-1 (33, Figure 1.15).126 This inhibitor displays an IC50 value of 2.7 M and is 

capable of inhibiting OGT without qualitatively modifying cell surface N- and O-linked 

glycans upon evaluation in several mammalian cell lines. However, treatment using 50 

µM of OSMI-1 was shown to decrease the viability of Chinese Hamster Ovary (CHO) cells 
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by nearly 50% after 24 h. This toxicity has limited its widespread use as an OGT inhibitor.  

Based on OSMI-1, however, a second generation of OSMI inhibitors (OSMI-2, -3 and -4, 

34-36) were later showcased by the Walker group. These analogues contain various 

structural modifications of the phenolic ether and ester groups and are improved inhibitors 

with Ki values down to single digit nanomolar. These inhibitors were shown to have 

minimal toxicity while effectively inhibiting OGT in cells with low M IC50 values127 and are 

likely to be highly useful tools for studying OGT.  

Dyngo® series 

Dyngo® was initially as an inhibitor targeting dynamin GTPase, an enzyme 

responsible for endocytic membrane fission events.128,129 Using the direct fluorescent 

activity assay developed in the Vocadlo group (Section 1.5.3),130 Alteen and coworkers 

were able to identify a series of modestly potent inhibitors including Dyngo-4-070 and 

Dyngo-4a (37, 38, Figure 1.15), inhibiting OGT at an IC50 value as low as 6.3 µM. Inhibition 

on OGT using Dyngo-4a was shown to be non-competitive with respect to the glycosyl 

donor and peptide acceptor but occurred in a reversible manner. Discovery of these Dyngo 

series (37-39) could offer a new scaffold for derivation of more potent analogues for 

inhibition of OGT.     
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Figure 1.15  Structures of a selected set of OGT inhibitors.  
OSMI-series inhibitors along with their active forms, 5-thio analogues, nucleotide 
analogues, and hits from small molecule screening.  
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Table 1.1  Inhibition constants of selected OGT inhibitors. 

Inhibitor Potencies toward 
OGT (nM) 

UDP 1800[a] 

C-UDP 9000[a] 

UDP-S-GlcNAc 93000[a] 

UDP-C-GlcNAc 41000[a] 

Alloxan 18000[a] 

UDP5SGlcNAc 8000[b] 

5SGlcNHex 5000[c]  

Dyngo-4 a 6300[a]  

Dyngo-4-070 19000[a] 

OSMI-1  2700[a] 

OSMI-2 140[c] 

OSMI-3 5[c] 

OSMI-4 8[c] 

Potency of enzyme inhibitor measured using a IC50, b Ki, and c EC50, correspondingly.  

1.5.2. Using small molecules as chemical tools for the inhibition and 
imaging of OGA 

Streptozotocin  

Produced by the soil bacterium Streptomyces achromogens, streptozotocin (N-

methyl-N-nitrosoureido-D-glucosamine, STZ, 40, Figure 1.16) was among the earliest 

compounds used for the inhibition of OGA. STZ has been shown to inhibit hOGA 

competitively with Ki = 64 μM.131 Upon treatment of β-cells with STZ (40), cell-apoptosis 

was observed and this was initially attributed to cell-sensitivity towards inhibition of OGA 

and the resulting elevation of O-GlcNAc levels132,133. STZ (40) has been used in various 

biological studies in an effort to determine the effects of O-GlcNAc on cell-division cycle132, 

oocyte-maturation134, embryonic development135 and gene regulation34. Further study, 

however, determined that the use of STZ (40) inflicts DNA damage and induced the activity 

of poly (ADP-ribose) polymerase (PARP) - a signaling enzyme known for initiating 

enzymatic DNA-repair machinery upon detection of DNA breakage within cells.136 

Comparing STZ (40) with other OGA inhibitors, Gao and coworkers reported that STZ (40) 

specifically triggered protein-synthesis arrest, DNA breakage and cell-apoptosis, 

indicating the possibility of undesired reactivity beyond OGA inhibition137. Further, it is 

likely that -cells are especially sensitive to STZ (40) because of their high-level 
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expression of various glucose transporters that transport STZ (40). Indeed, the use of 

galactosyl-epimer-STZ also stimulates β-cell apoptosis without inhibiting OGA. Moreover, 

Vocadlo and team showed that STZ (40) does not induce time-dependent inhibition of 

OGA138 as had been previously proposed. Owing to severe cellular toxicity and off-target 

effects, STZ (40) is not a suitable tool for studying OGA and O-GlcNAc and should not be 

used for these purposes. 

PUGNAc 

O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate 

(PUGNAc, 41, Figure 1.16), first synthesized by Vasella and coworkers139, is a 

glyconohydroximolactone inhibitor reported by Dong and Hart to inhibit OGA purified from 

rat spleen with a Ki value of 52 nM140. Upon treatment of hepatocytes with PUGNAc (41), 

the resulting increased O-GlcNAcylation was shown to activate kinase Akt1, which is 

essential for resistance against cell-death during injury.141 PUGNAc (41) has also been 

used by the Lewis group to investigate the role of O-GlcNAc cycling in gene expression.142 

In particular, they discovered that O-GlcNAc modification occurs on certain residues of the 

C-terminal domain of RNA polymerase II which is essential for mRNA transcription. 

Further examination showed that cycling of the O-GlcNAc modification by both OGT and 

OGA is necessary for the initiation of transcription by RNA polymerase. The off-target 

inhibition of other cellular targets such as lysosomal -hexosaminidases (HexA/HexB) by 

PUGNAc (41), however, make this inhibitor poorly suited to studying O-GlcNAc and OGA 

when compared with some of the more selective inhibitors described below.  

Gluco-NAGStatin, PUGNAc imidazole hybrid, and GlcNAcstatins  

Isolated from Streomyces amakusaensis, the galacto-configured natural product 

NAGstatin started receiving significant attention ever since its initial discovery as a potent 

inhibitor of -hexosaminidase.143 Vasella and colleagues synthesized gluco-configured 

NAGstatin (42, Figure 1.16) and a gluco-configured PUGNAc-imidazole hybrid (43, 

Figure 1.16).144 In parallel, inspired by selective inhibitors from the Vocadlo group, the van 

Aalten group synthesized a gluco-NAGstatin (43) analogue bearing larger N-acyl 

substituents in place of the 2-acetamido group to obtain selectivity for binding to a bacterial 

OGA homologue over lysosomal hexosaminidases (HexA/HexB).145 Following this finding, 

they further developed a panel of what they termed GlcNAcstatin analogues variants A to 

H146,147, with varying substituents attached at the 2-amino position. In particular, analogue 



34 

G (44, Figure 1.16) displays a Ki of 4.1 nM against human OGA with >900000-fold 

selectivity over lysosomal hexosaminidases A/B. GlcNAcstatin G (44) is also shown to 

possess an EC50 value of 20 nM in HEK293 cells, as based on total O-GlcNAc levels 

detected by immunoassay. Using a Drosophila model, GlcNAcstatin has been used to 

investigate the role of O-GlcNAc in the regulation of fibroblast growth factor (FGF) 

signaling.148 FGF is a family of cell-signaling proteins essential for normal growth 

development and their malfunction leads to developmental defects. In addition, 

GlcNAcstatin has also been used in understanding the role of O-GlcNAc cycling in 

inflammatory signaling.149 

NAG-Thiazoline and NButGT 

NAG-Thiazoline (45, Figure 1.16) is a potent inhibitor of -hexosaminidases which 

was first synthesized by Knapp and coworkers150. Whitworth and colleagues synthesized 

NAG-thiazoline (45) and a panel of derivatives to aid in determining the catalytic 

mechanism of OGA.151 These NAG-thiazoline-derived inhibitors contained longer N-acyl 

chains, which revealed a more spacious 2-acetamido binding pocket in OGA, which 

tolerates bulkier substituents relative to the lysosomal hexosaminidases that have a 

constrained active site pocked in this region. This resulted in the development of the first 

inhibitors which that were highly selective for OGA, with some demonstrating >3000-fold 

selectivity for OGA over lysosomal hexosaminidase A and B. Notably, this panel of 

inhibitors included NButGT (46, Figure 1.16), which contains a butyryl chain on the 2-

position of the pyranose ring. NButGT (46) displayed a Ki value of 230 nM towards OGA 

and a 1200-fold selectivity over the lysosomal β-hexosaminidases. Notably, these 

thiazolines have been shown to be transition state analogues with a slope of unity when 

plotting log Ki against log KM/kcat of the correspondingly modified substrates.150 

Subsequently, using these tools the Vocadlo team compared the effects of NButGT (46) 

with PUGNAc (41) and reported that these inhibitors elevated O-GlcNAc levels in 3T3-L1 

adipocytes to a comparable extent. The use of PUGNAc (41), but not NButGT (46), 

triggered insulin resistance in adipocytes, which could arise from the poor selectivity of 

PUGNAc (41) and inhibition of the lysosomal beta-hexosaminidases, but more likely stems 

from an unknown off-target effect of PUGNAc. Among many other studies, using some of 

these NAG-thiazoline derivatives, the Chatham group reported that treatment of these 

inhibitors reduces tissue injury and improve contractile function recovery in rat hearts 

following reoxygenation injury.152 NAG-selenazoline (47, Figure 1.16) is another analogue 
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which closely resembles NAG-thiazoline but contains a selenium atom in place of sulfur. 

This analogue displays a 70-fold decrease in potency (Ki (Se) = 0.7 µM) as compared to 

NAG-thiazoline (45).153  

Thiamet-G and MK-8719 

Thiamet-G (TMG, 48, Figure 1.16) is an aminothiazoline analogue of NButGT first 

described by the Vocadlo group in 2008.49 Early studies suggested that by increasing the 

pKa of thiazoline ring, electronic interactions would be increased between the protonated 

amino group of the aminothiazoline ring and the adjacent deprotonated catalytic aspartate 

residue, increasing the binding affinity of this compound. This is indeed the case and TMG 

exhibits a Ki value of 2 nM against human OGA with a selectivity of 1:350,000 relative to 

human lysosomal hexosaminidases.154 Based on the crystal structure of btOGA in 

complex with TMG (48), TMG (48) retains a similar binding mode as NButGT (46) with its 

alkyl group extending to the bottom of the pocket. The addition of the exocyclic nitrogen 

and enhanced basicity increases interaction with the Asp242 catalytic residue of this 

bacterial enzyme. The high specificity of TMG (48) toward OGA in comparison to other 

hexosaminidases can be explained by the binding mode within the active site. TMG has 

been shown to possess an EC50 of 30 nM in the rat PC12 cell line without apparent toxicity 

and was therefore used in a series of preclinical Alzheimer Disease (AD) studies. In an 

early in vitro study, the Vocadlo group showed that inhibition of OGA using TMG (48) 

decreases phosphorylation of tau at pathological sites that normally induce aggregation 

of tau.49 As discussed earlier, tau hyperphosphorylation is a classical pathological 

hallmark closely related to aggregation and AD progression. Hence, inhibition of OGA may 

serve to reduce tau phosphorylation by increasing levels of O-GlcNAc. This strategy could 

therefore decrease tau aggregation and ameliorates the toxic effects of tau oligomers and 

neurofibrillary tangles within neurons. And indeed, TMG (48) treatment has been shown 

to reduce the formation of toxic tau species and alleviate the progression of neuronal loss 

in JNPL3 mice,49 a transgenic mouse model expressing mutant aggregation prone human 

tau. OGA inhibition via TMG (48) similarly reduces amyloid 42 production in a transgenic 

mouse model expressing aggregating tau and mutated APP.50 These results have been 

replicated by several other research groups in academia and industry.155,156 Altogether 

these results show that TMG (48) serves as a powerful selective research tool in further 

establishing the inhibition of OGA and rational manipulation of O-GlcNAc cycling as a 

therapeutic approach towards AD.  
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Although TMG (48) shows various desirable properties, it also possesses certain 

limitations that impedes its efficacy as a therapeutic agent in treating tauopathies. In order 

to achieve significant increases in O-GlcNAcylated proteins in brain, high level (>80%) 

OGA inhibition is essential.157 A recent study by Alectos and Merck showcased a series 

of structurally modified TMG (48) analogues which focused on reducing the total polar 

surface area (TPSA) as a means to increase their permeability and availability to brain.158 

The analogues were ranked in terms of their pharmacokinetic and pharmacodynamic 

features which led to the identification of OGA inhibitor and clinical candidate MK-8719 

(49, Figure 1.16). MK8719 has a Ki of 7.9 nM towards OGA, with O-GlcNAcylated proteins 

being increased by 2.17-fold after 24 hours following a single oral dosing of rats with 3 

mg/kg of inhibitor. MK-8719 (49) also showed a brain-over-plasma ratio of 20.5 at 24 hours 

upon treatment, greatly surpassing TMG (49) which only displays a brain-over-plasma 

ratio of only 2.7 after 24 h, supporting MK-8719 (49) having high permeability through the 

blood brain barrier. Currently, MK-8719 (49) has been shown to provide clear protection 

against neurodegeneration in preclinical AD models159 and has successfully completed 

phase I clinical trials and received FDA orphan drug designation for progressive 

supranuclear palsy (PSP). 

Iminocyclitol-34 and VV-347 

Extending from patented work from Summit PLC160, the Britton and Vocadlo 

laboratories recently reported the synthesis and evaluation of five-membered iminocyclitol 

inhibitors that bind to OGA with single-digit nanomolar Ki values.161 Structural studies with 

btGH84 showed that in comparison to other diastereomers, iminocyclitols having a (2R-

3S)-configuration resulted in excellent hydrogen bond interactions with key active site 

residues, helping explain their tight binding affinities. Pharmacokinetic analysis of 

iminocyclitol-34 (50, Figure 1.16) indicates good bioavailability, distribution, and blood-

brain-barrier permeability. Further analysis of sagittal sections of the cortex and 

hippocampus acquired from orally dosed C57/BL6 mice at different times indicates an 

increase in O-GlcNAc levels as compared to untreated mice. It is worth noting that the 

aliphatic variant of iminocyclitol-34, which possesses an n-butyl chain attached to the 

amine, inhibited btGH84 to a similar extent (Ki = 1.7 ± 0.3 nM). Recently, the Britton and 

Vocadlo groups described a new variant iminocyclitol VV-347 (51, Figure 1.16) with the 

substitution of a meta-trifluoromethyl onto the phenyl in which binds to the human form 
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OGA with good binding affinity (Ki = 8 nM) and also extends beyond the active site pocket, 

opening the door to tuning the pharmacokinetic properties of this molecule.81   

6-Ac-Cas 

Derived from castanospermine, 6-acetamido-6-deoxy-castanospermine (6-Ac-

Cas, 52, Figure 1.16) is an indolizidine alkaloid based inhibitor first synthesized by the 

Merrell Dow Research Institute162 and later shown by Macauley and coworkers to inhibit 

OGA.163 Macauley further applied 6-Ac-Cas to 3T3-L1 adipocytes and showed that insulin 

resistance is not a direct cause of elevated O-GlcNAc levels. 6-Ac-Cas, however, shows 

no selectivity, with low nanomolar inhibition observed for both hOGA and HexB. This 

indicates that inhibition of lysosomal hexosaminidases is not the cause of insulin 

resistance induced by PUGNAc. 

LSN3316612 

LSN3316612 (53, Figure 1.16) developed by Eli Lilly and Co emerged as a lead 

candidate for targeting OGA due its tight binding affinity (IC50 = 1.9 ± 0.8 nM), low 

molecular weight (364 Da) and limited number of hydrogen bond donors (HBD = 1), 

moderate lipophilicity (logP = 3.05, logD7.4 = 2.90), and absence of active efflux by protein 

pumps.  Given interest in OGA as a drug target, an OGA-selective PET ligand for 

determining target engagement in brain would be highly beneficial for drug development 

investigation process during both early-stage experimental studies and clinical trials. 

Using simple transformations LSN3316612 can be converted into positron emission 

topography (PET) radioligand containing either fluorine-18 or carbon-11. Initial studies 

were conducted using rhesus monkeys and mouse models and showed that these 

radiolabeled probes allowed imaging and quantifying OGA in the brains.164,165 

Diazaspirononane (+)-56 

Janssen reported a new non-saccharide type of OGA inhibitor derived from the 

high-throughput screening and identified a lead structure consisting of diazaspiroketone 

conjugated to a heteroaromatic component (IC50 = 3.2 µm). Further exploration effort by 

the Janssen team by introducing acetamidothiazole onto the heteroaromatic-spirocyclic 

scaffold led to an 800-fold increase in hOGA inhibitory activity. While the racemic form of 

56 showed a good half maximal inhibitory concentration, enantiomer (+)-56 (54, Figure 

1.16) showed better activity (cell IC50 = 17 nM) in cell-based inhibitory assays and a 15-
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fold improvement in potency as compared to the corresponding (−)-56 enantiomer. 

Assessment of (+)-56 using C57BL/6J showed a modest total cortex-to-plasma ratio of 

0.14, indicating potential to reach central nervous system that could perhaps be realized 

upon further optimization. 

 

Figure 1.16  Selected OGA inhibitors and PET ligands described in the literature.  
Various OGA inhibitors developed in the early days and the recently discovered 
tight binding variants. PUGNAc: O-(2-acetamido-2-deoxy-D-glycopyranosilidene)-
amino-N-phenylcarbamate; NAG-thiazoline: 1,2-dideoxy-2′-methyl-α-D-
glucopyranoso-[2,1-d]-Δ2′-thiazoline; NButGT: 1,2-dideoxy-2′-propyl-α-D-
glucopyranoso-[2,1-d]-Δ2′-thiazoline; Thiamet-G: 1,2-dideoxy-2'-ethylamino-α-D-
glucopyranoso-[2,1-d]-Δ2'-thiazoline; 6Ac-Cas: 6-acetamido-6-deoxy-
castanospermine. 
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Table 1.2  Compilation of the inhibition constants and corresponding selectivity of 
inhibitors. 

Inhibitor Potencies toward 
OGA (nM)a 

Selectivity for OGA over HexA/B 

STZ 1500000 30 

1-Acetamido-epi-valienamine 6200 5 

LOGNAc 1600 - 

PUGNAc 50 1 

Gluco-NAGstatin 420 0.25 

PUGNAc-imidazole hybrid 3800 - 

GlcNAcstatin G 4.1 ± 0.7 >900000 

NAG-Thiazoline 80 1 

NButGT 600 600 

ThiamEt-G 2.1 37000 

MK-8719 7.9 >10000 

Iminocyclitol-34  9 ± 2 Not reported 

VV-347 8 Not reported 

6-Ac-Cas 300 1 

LSN331662 1.9 ± 0.8 (IC50) Not reported 

(+)-56 5 (IC50) Not reported 

Inhibition was performed on bacterial or human O-GlcNAcase respectively. a Unless otherwise stated, inhibition 
constant (Ki) was reported as the default measurement.   

1.5.3. Assays for probing OGT and OGA activities 

The study of regulation of O-GlcNAcylation by OGT and OGA has been expanding 

owing to the therapeutic potential of modulating activities of these enzymes. Likewise, the 

demand for activity assays that can assist in discovering and validating inhibitors of these 

enzymes is increasing. The following are highlights of certain OGT and OGT assays in 

identifying binding fragments and inhibitors. 

OGT activity assay 

Using the radiolabeled natural donor sugar substrate, such as UDP-[1-14C] GlcNAc 

or UDP-[1-3H] GlcNAc, is the conventional method for in vitro OGT activity 

measurements.8 This method evaluates OGT activity by quantifying radiolabeled GlcNAc 

incorporation onto a protein substrate. Though robust, its tedious requirement for handling 

radioactive materials creates an extra hurdle in using this assay. 
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The Walker group subsequently introduced a donor displacement assay166 and a 

protease-protection assay167. The donor displacement assay for OGT uses a fluorescence 

polarization (FP) strategy, which assesses binding of inhibitors based on the change in 

fluorescence polarization of a fluorescein-modified UDP-GlcNAc analogue.168 The 

protease-protection assay exploits the phenomenon of Förster resonance energy transfer 

(FRET) using peptides that are substrates for a specific protease but for which 

glycosylation by OGT blocks protease activity.167 These assays, however, indirectly 

measure the glycosyltransferase activity of OGT, which leads to false positives and 

necessitates using a secondary OGT activity assay for validation positive hits. 

The Bertozzi group subsequently introduced an enzyme-linked immunosorbent 

assay (azido-ELISA)-based method using UDP-N-azidoacetylglucosamine (UDP-

GlcNAz) as an unnatural donor sugar and biotinylated peptide substrates.166 Upon 

glycosylation, the biotinylated peptide substrates are captured onto NeutrAvidin-coated 

microplates. The azide functionality allows covalently tagging by treatment with 

phosphine-FLAG, which can then be bound by horseradish peroxidase (HRP) conjugated 

α-FLAG antibody for colorimetric readout of HRP activity. This assay, however, is complex 

and because of the multiple steps can give a considerable number of false positives. 

The UDP-Glo™ assay is a recently launched commercial assay by Promega that 

measures the activity of glycosyltransferase (GT) enzymes through the detection of UDP 

release.169 In this assay, UDP formed during OGT action is converted into ATP, which is 

further transformed to a stable bioluminescence signal by pairing to the luciferase reaction 

components that are present in the assay mixture. This assay has demonstrated high 

sensitivity for detecting UDP, down to low nanomolar concentrations, and has been used 

for studying the activity and kinetic parameters of OGT. The luciferase used in the assay 

however is prone to interference by compounds with quenching or redox properties,170 

which can lead to false positives and affect the screening outcome. 

More recently, the Vocadlo group described a direct fluorescence-based assay for 

OGT.130  The OGT activity is assessed by monitoring the  glycosyltransferase reaction by 

using a UDP-GlcNAc donor substrate analogue in which the GlcNAc residue, bearing a 

BODIPY-FL fluorophore appended at the N-acyl position, is transferred onto biotinylated 

peptide substrates. OGT inhibitors can block binding or catalysis making this tool useful 

in high-throughput screening.130 This direct fluorescent assay obviates the need for 
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coupling-enzymes or detection reagents and also circumvents the need for radioactive 

sugar nucleotides. 

OGA activity assay 

To measure the activity of OGA, some of the commonly used enzyme substrates 

include fluorogenic glycosides such as 4-methylumbelliferyl 2-acetamido-2-deoxy-β-D-

glucopyranoside (4MU-GlcNAc)171, resorufin 2-acetamido-2-deoxy-β-D-glucopyranoside 

(Res-GlcNAc)49, and fluorescein di-2-acetamido-2-deoxy-β-D-glucopyranoside (FD-

GlcNAc)172, as well as chromogenic glycosides, including 4-nitrophenyl 2-acetamido-2-

deoxy-β-D-glucopyranoside (pNP-GlcNAc)173. Upon hydrolysis, the released fluorophores 

are active, allowing activity measurements using a fluorescence plate reader.174  

An alternative method includes the use of a fluorescence polarization (FP) probe, 

which was designed by the van Aalten team based on the competitive inhibitor 

GlcNAcstatin B.175 This probe tracks the polarization of the signal based on the rotational 

rate of the fluorescent molecule, with retention of polarization indicating the fluorophore is 

bound to OGA. This assay can be readily applied to screening for ligands of OGA but such 

polarization assays tend to lead to a relatively high level of false positives.   

Other choices include the commercially available AlphaLISA®176 and LANCE®177 

Ultra time-resolved Förster resonance energy transfer (TR-FRET) immunodetection 

assays. By using anti-O-GlcNAc antibodies, these assays require low enzyme 

concentration as well as no washing, making them easily miniaturized, making them 

attractive for high throughput screening.    

FRET-based cell activity assays 

One example of a cell-based assay to measure O-GlcNAc was developed by the 

Mahal group.178 This assay consists of fusion proteins acting as reporter of dynamic O-

GlcNAc levels in living cells. This biosensor reporter system is composed of two domains: 

the first domain consists of an enhanced cyan fluorescent protein (CFP) and lectin-domain 

(GafD) that binds to GlcNAc with modest affinity. Fused to this domain is a second domain 

consisting of a yellow fluorescent protein (YFP) bound to a CKII acceptor peptide 

sequence, which is a known substrate for OGT. Once O-GlcNAcylation of the CKII peptide 

occurs, GafD binds to the resulting O-GlcNAc residue and brings the two domains into 

closer proximity. The CFP and YFP fluorescent domains form a FRET donor-acceptor 
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pair. Therefore, glycosylation of this construct by OGT triggers an increase in FRET which 

serves as a useful reporter group for monitoring O-GlcNAc levels of this construct. 

However, only a modest increase of 7-30% FRET signal was observed upon dosage of 

cells with PUGNAc even in the presence of glucosamine, suggesting this tool has 

relatively modest sensitivity and limited its current utility.  

In a further study, the authors further improved the FRET efficiency by creating O-

GlcNAc Sensor 2 (OS2) by adjusting the length of linker. This change led to FRET 

efficiencies that were, on average, two-fold higher in comparison to the original O-GlcNAc 

sensor (OS)179 On top of that, the revised reporters could be targeted specifically to the 

nucleus, cytoplasm, or mitochondria using organelle-specific targeting peptides.179 This 

method enables real-time monitoring of O-GlcNAcylation in response to cellular 

stimulation or inhibition of OGA. Further refinement of this innovative reporter may 

ultimately lead to more sensitive designs that could see wider uptake. 

1.6. Thesis objectives  

The overarching goal for the research described in this thesis is to develop tools 

for the study of OGT and OGA in cells. Such chemical tools will help further our 

understanding of the biological roles of O-GlcNAc. In chapter 2, we describe the creation 

of fluorescent uridine 5’-diphospho-N-acetylglucosamine (UDP-GlcNAc) analogues in 

which the N-acyl group of glucosamine is modified with a suitable linker and fluorophore. 

Using human OGT, we show these donor sugar substrates permit direct monitoring of 

OGT activity on protein substrates in vitro. We show that feeding cells with a 

corresponding fluorescent metabolic precursor for the last step of the hexosamine 

biosynthetic pathway (HBP) leads to its metabolic assimilation and labeling of O-

GlcNAcylated proteins within live cells. This one-step metabolic feeding strategy permits 

labeling of O-GlcNAcylated proteins with a fluorescent glucosamine-nitrobenzoxadiazole 

(GlcN-NBD) conjugate that accumulates in a time and dose-dependent manner. Since no 

genetic engineering of cells is required, we anticipate this strategy should be generally 

amenable to studying the roles of O-GlcNAc in cellular physiology as well as to gain an 

improved understanding of the regulation of OGT within cells. The further expansion of 

this one-step in-cell labeling strategy should enable performing a range of experiments 

including two-colour pulse chase experiments and monitoring OGT activity on specific 

protein substrate in live cells. In chapter 3 we discuss the generation of new iminocyclitol 
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analogues as potent and selective inhibitors of O-GlcNAcase. Our main goal in this work 

is to increase the lipophilicity of the iminocyclitol family of OGA inhibitors with a view to 

improving their potencies and pharmacokinetic properties. In the course of this work, we 

also optimized the synthetic route to enable a more efficient synthesis of this class of 

inhibitor. We further improved the binding affinity of such iminocyclitols by exploring the 

effects of various substituents on the pyrrolidine ring nitrogen by varying both chain length 

and the pattern of substitution on the aryl ring. Enzyme inhibition assays indicated that a 

trifluoromethylphenyl substituent, as well as a series of aryl-substituted 1,2,3-triazoles, 

bind human O-GlcNAcase with very low nanomolar affinity. In chapter 4 we discuss the 

design and synthesis of a new class of acyclic OGA inhibitors that may offer benefits and 

could be used to elucidate the specific functions of O-GlcNAcylation in essential cellular 

processes.   
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Chapter 2.  
 
Direct one-step fluorescent labeling of O-GlcNAc 
modified proteins in live cells using metabolic 
intermediates  

The manuscript was published in J. Am. Chem. Soc. 2018, 140, 45, 15300 –15308. 

The designated numbers given to synthetic compounds in this chapter relate only to 

Chapter 2. 

2.1. Contributions 

Hong Yee Tan designed the synthetic route toward and synthesized the cell-

permeable probes. Dr. Razieh Eskandari and Dr. Matthew Alteen synthesized the UDP-

sugar analogues. The kinetic analysis of these analogues and Nup62 

expression/purification were performed by Hong Yee Tan and assisted by Mr. David Shen. 

Dr. Lianne Willems scaled up the synthesis of cell-permeable probes. Hong Yee Tan 

performed the dose dependent and time response experiment. David Shen performed the 

pull-down assay and generated recombinant OGT. Dr. Yanping Zhu performed the 

immunocytochemistry experiments, imaging, and data analysis. Dr. Ta-Wei Liu performed 

the OGT knock out experiments and immunoblotting. Dr. David Vocadlo supervised the 

project.  

2.2. Introduction 

The modification of hundreds of nuclear, cytoplasmic, and mitochondrial proteins 

by N-acetylglucosamine (GlcNAc) residues O-linked to serine and threonine residues (O-

GlcNAc)7 is emerging as a major regulator of cellular function.116,180 Roles for O-GlcNAc 

have recently been uncovered in regulating gene transcription,181 nutrient sensing,68,182 

and stress response.57,61 Furthermore, various diseases are associated with changes in 

O-GlcNAc modification such as cancers,183,184 cardiovascular disease185,186 and 

neurodegenerative disorders.187,188 Remarkably, despite the abundance of O-GlcNAc on 

hundreds of structurally diverse proteins within cells, only a single glycosyltransferase acts 

to install this modification. Uridine diphosphate-N-acetyl-D-glucosamine: polypeptidyl 



45 

transferase (OGT, GT family 41) uses 5-uridine diphosphate 2-acetamido-2-deoxy--D-

glucopyranose (UDP-GlcNAc) as a donor substrate to modify its target proteins.8,20 The 

glycoside hydrolase N-acetyl--D-glucosaminidase (OGA, GH84) cleaves off O-GlcNAc 

residues and returns proteins to their unmodified state.140,189 Given the central regulatory 

role of OGT in regulating cellular O-GlcNAcylation, how it distinguishes its substrates, the 

basis for its substrate preference, and its regulation within cells are accordingly topics of 

great interest.190-193  

To address these and other related questions, considerable effort has been 

allocated to creating chemical strategies to aid in studying protein O-GlcNAcylation.194,195 

For example, OGT has been found to be tolerant of subtle structural changes made to the 

donor substrate UDP-GlcNAc.13,196-198 This substrate tolerance has in turn enabled 

metabolic feeding of cells with analogues of GlcNAc, which are assimilated by cellular 

biosynthetic pathways, leading to labeling of O-GlcNAcylated proteins with analogues of 

GlcNAc bearing small bioorthogonal functional groups. Modification of the 2-acetamido 

group of GlcNAc, with azide,13 alkyne,99 cyclopropenyl,103 and N-propargyloxy-

carbamate,106 as well as replacement of the 6-hydroxyl group with azide199 or alkyne100 

functionalities has enabled subsequent chemoselective tagging of O-GlcNAcylated 

proteins with either affinity tags or fluorophores. These two-step metabolic feeding 

strategies have proven widely useful for inventorying O-GlcNAcylated proteins,99,100,199-202 

mapping O-GlcNAc to the genome,111 imaging O-GlcNAcylated proteins in situ,103,200,203 

and to uncover fundamental biology.32,100,201 
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Figure 2.1  Metabolic labelling strategy for cellular biosynthesis of UDP-GlcN--Ala-
NBD. 

Following diffusion into cells and deacetylation of Ac3GlcN--Ala-NBD-1-P(Ac-

SATE)2 to form GlcN--Ala-NBD-1-P, this active -phosphate sugar readily enters 

the biosynthetic pathway and is converted into UDP-GlcN--Ala-NBD, which can 
then be transferred by OGT onto a range of nucleocytoplasmic proteins. 

While these metabolic labeling strategies have demonstrated value, these 

approaches, as well as alternative chemoenzymatic labeling methods,86,204 all rely on a 

two-step process, which limits their scope in live cell imaging. Notably, most, though not 

all,200,205 GlcNAc precursor analogues give rise to conjugates that can be deglycosylated 

by OGA, which results in observed changes being an aggregate of both their installation 

and removal. Additionally, the potential for incomplete reactions for relatively slow 

ligations206 or non-specific reactions that may occur spontaneously when using excess of 

either metabolic probes or with various functionalities during some chemoselective 
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ligations,95,107 may limit the scope of potential applications that can be accessed using 

these strategies.  

Single step labeling methods that permit chemoenzymatic labelling of cell surface 

glycosylation have recently emerged.207 Inspired by these recent reports as well as work 

from the Kohler group, who showed metabolic feeding with a suitably protected, diazirine-

modified, GlcNAc-1-phosphate analogue (GlcNDAz) enabled labelling of O-GlcNAcylated 

proteins,205 we set out to develop a one-step metabolic labeling strategy that allows simple 

and direct visualization of O-GlcNAc modified proteins in vitro and directly within cells. We 

envisioned that this approach may ultimately facilitate studies focused on monitoring 

kinetics of protein-specific O-GlcNAc modification, intracellular trafficking of O-GlcNAc 

modified proteins within cells, as well as the cellular stability of O-GlcNAcylated proteins. 

2.3. Results and Discussion 

2.3.1. Direct fluorescent labeling 

During the course of ongoing studies, we found the use of the standard 

radioactivity-based glycosyltransferase assay for OGT193 to be somewhat cumbersome 

for use as a frequently used primary assay. We therefore were interested in developing a 

more convenient fluorescent assay to monitor glycosyl-transfer catalyzed by OGT. 

Analysis of the structure of human OGT, including a ternary complex with both donor and 

acceptor substrates bound,75 suggested that this enzyme might tolerate moieties 

appended to the 2-acetamido group that are significantly larger than the diazirine-

containing sidechain used by Kohler and coworkers205 or electrophilic derivatives used by 

Jiang and coworkers196.   
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Figure 2.2 Synthesized UDP-GlcNAc analogues and in-vitro qualitative screening.   
(A) UDP-GlcNAc analogues (1-4) attached to NBD with different linkers. 

Compound 1: UDP-GlcN--Ala-NBD, Compound 2: UDP-GlcN-AVA-NBD; 

Compound 3: UDP-GlcN-Gly--Ala-NBD; Compound 4: UDP-GlcNAc-PEG2-
NBD. (B) UDP-GlcNAc-NBD analogues (1-4) can be used as a sugar donor in an 
OGT assay with Nup62 as protein acceptor. UDP can effectively block the 
transfer suggesting the specific reactivity of the analogues as OGT substrates.  

We hypothesized that the small, photochemically robust fluorophore, 4-nitrobenz-

2-oxa-1,3-diazole (NBD, Figure 2.1) appended to GlcNAc might be tolerated by OGT. We 

reasoned that the low molecular weight of this fluorochrome, coupled with its amphiphilic 

physicochemical properties, should confer adequate solubility of downstream probes, yet 

not hinder their diffusion through the plasma membrane. We also recognized that 

positioning of this fluorochrome would be critical if it were to be tolerated by the enzymes 

NUP62 

1 2 3 4

+ + + + + + + + OGT

− + − + − + − + UDP

Fluorescence
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of the hexosamine biosynthetic pathway (HBP, Figure 2.1), which converts salvaged 

GlcNAc into UDP-GlcNAc. In particular, previous studies showed that GlcNAc 

pyrophosphorylase (AGX1), which converts N-acetyl--D-glucosamine-1-phosphate into 

UDP-GlcNAc, represents a biosynthetic bottleneck for analogues of GlcNAc.104 Indeed, 

engineering of cell lines through site-directed mutagenesis of the active site of AGX1 was 

required to enable efficient metabolic labeling using diazirine-containing GlcNAc 

precursors.205 Our examination of the AGX1 active site, however, suggested that linkers 

positioning the fluorophore away from the amide moiety might be better tolerated by this 

enzyme.  

Bearing these points in mind we designed a series of UDP-GlcNAc analogues in 

which the NBD fluorochrome was attached to the 2-acetamido position of GlcNAc through 

linkers of increasing length (Figure 2.2A) including -alanine (-Ala, 1), 5-amino valeric 

acid (AVA, 2), glycine--alanine (Gly--Ala, 3), and tetraethyleneglycol (PEG, 4). We 

accordingly prepared N-hydroxysuccinimidyl activated linkers appended to NBD using a 

facile and general procedure. We then coupled these activated esters with either uridine 

5’-diphospho-2-amino-2-deoxy-α-D-glucopyranose (UDP-GlcNH2, 5) or uridine 5’-

diphospho-N-aminoacetyl-α-D-glucosamine to obtain the final compounds (Scheme 2.1). 

The reaction of UDP-Glc-NH2 (5) with the N-hydroxysuccinimide esters (OSu) of NBD-β-

alanine (7), NBD-amino valeric acid (8) and NBD-PEG4 (9) in the presence of NaHCO3 in 

the mixture of MeCN:H2O afforded compounds (1), (2) and (4) accordingly. The reaction 

 

Scheme 2.1 Synthetic route towards UDP-GlcNAc analogues conjugated with   NBD 
fluorophore. 
NBD-Conjugated UDP-GlcNAc analogues were synthesized using compound 5 
and compound 6 as starting materials.  
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Figure 2.3 Kinetic analysis of hOGT catalyzed transfer of nucleotides at various 
protein concentrations. 

Kinetic analysis of hOGT catalyzed transfer of UDP-Gly--Ala-NBD (3) and UDP-

-Ala-NBD (1) onto CamKIV and Nup62 at various protein concentrations at a 
fixed substrate concentration. 

of UDP GlcNAc-NH2 (6) with NBD-β-alanine (7) using the same conditions gave us the 

analogue containing a glycine--alanine linker (3). We expected that these various linkers 

should enable the NBD group to adopt a range of positions away from the OGT active 

site. Moreover, they also have varying solubility, polarity, and flexibility, variations in which 

we felt might lead to preferences by OGT and the enzymes of the HBP, including AGX1. 

To qualitatively screen these potential donor substrates (1-4) we used nucleoporin 

p62 (Nup62), which is a well-established protein acceptor substrate for OGT,13,193,208 in 

reactions containing recombinant full length human OGT (hOGT). To confirm enzymatic 

transfer and more readily distinguish the best substrates from each other we included 

uridine diphosphate (UDP), a competitive inhibitor of OGT having a low nanomolar Ki  

value,8 to partially antagonize OGT (Figure 2.2B). The resulting reactions were analyzed 

by SDS-PAGE followed by laser fluorescence scanning of the acrylamide gel. 

Remarkably, all analogues were transferred by OGT onto Nup62, with probes 1, 3, and 4 

appearing to be more efficient than 2. Addition of 200 µM UDP reduced modification of 

Nup62, supporting transfer being catalyzed by OGT. We selected probes 1 and 3 for more 

detailed kinetic analysis since these linkers were more structurally related and could be 

more readily compared in downstream assays. 

Acceptor Donor Km(app)1 

(M protein substrate) 

kcat(app)1 
(nmol/min/mg hOGT) 

kcat/Km 

(10-3 nmol/min/mg hOGT/M acceptor) 

A. CamKIV UDP-GlcN-Gly--Ala-NBD, 3 35 ± 17 0.72 ± 0.19 24 ± 20 

B. Nup62 UDP-GlcN-Gly--Ala-NBD, 3 5.9 ± 1.3 0.35 ± 0.03 59 ± 26 

C. Nup62 UDP-GlcN--Ala-NBD, 1 0.70 ± 0.15 0.22 ± 0.01 314 ± 16 
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Figure 2.4 Kinetic analysis of hOGT catalyzed transfer of nucleotides at various 
substrate concentrations with fixed protein concentration. 

Kinetic analysis of hOGT catalyzed transfer of UDP-GlcN-Gly--Ala-NBD (3) and 

UDP-GlcN-Gly--Ala-NBD (1) onto CaMKIV and Nup62 at various substrate 
concentrations with fixed protein concentration. 

To establish quantitative measures of the kinetic parameters governing processing 

of these substrates by OGT, we next used the UDP-GlcNAc analogues 1 and 3 as sugar 

donors in OGT-catalyzed transfer reactions using the known O-GlcNAcylated protein 

acceptors: calcium/calmodulin-dependent kinase IV (CaMKIV)209 and Nup62208. 

Previously established kinetic parameters of Nup62 (Km(app)1 = 5.8 ± 0.7 M; kcat(app)1 = 0.84 

± 0.04 nmol/min/mg hOGT) and CaMKIV (Km(app)1 = 2.1 ± 0.5 M; kcat(app)1 = 0.037 ± 0.002 

nmol/min/mg hOGT) obtained using radioactively labeled UDP-GlcNAc, were used as the 

benchmark of OGT assay.193 To make quantitative measurements, we constructed as 

standard curve using lysozyme covalently modified with NBD as an in-gel standard. We 

then assessed transfer of the NBD-sugar moiety of UDP-GlcNAc analogues 1 and 3 by 

first using a fixed concentration of UDP-GlcN-Gly--Ala-NBD (3) and varying CaMKIV and 

Nup62 concentrations. For CamKIV we found no saturation up to the limit of solubility of 

the protein (Figure 2.3A). Therefore, the kcat(app)1 and Km(app)1 values obtained when using 

CamKIV should be considered estimates. Nevertheless, on the basis of a linear regression 

of the second order region of the Michaelis-Menten plot we observe that the kcat/Km values 

for both CamKIV and Nup62 when using donor substrate remained within approximately 

3-fold of the value observed when using UDP-GlcNAc (Figure 2.3A, 2.3B). Given that we 

saw no saturation for CaMKIV, we next used only Nup62 as an acceptor substrate when 

Acceptor[a] Donor Km(app)2 

(M[b]) 

kcat(app)1 
(nmol/min/mg hOGT) 

kcat/Km 

(10-3 nmol/min/mg hOGT/M acceptor) 

A. CamKIV UDP-GlcN-Gly--Ala-NBD, 3 3860 ± 350 1.60 ± 0.11 1.37 ± 0.14 

B. Nup62 UDP-GlcN-Gly--Ala-NBD, 3 51 ± 14 0.43 ± 0.03 8.3 ± 2.1 

C. Nup62 UDP-GlcN--Ala-NBD, 1 36 ± 6 0.30 ± 0.01 8.4 ± 1.5 
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examining UDP-GlcN--Ala-NBD (1) as a donor substrate. With this substrate we found 

by standard non-linear fitting, that the kcat/Km value for Nup62 was again comparable with 

that measured for UDP-GlcNAc using the radioactivity-based assay (Figure 2.3C). 

Overall, these data indicate that these unnatural donor sugars do not greatly perturb 

binding and modification of protein substrates as assessed using these two model 

proteins. 

We next varied the concentrations of donor substrates including UDP-GlcN-Gly--

Ala-NBD (3), and UDP-GlcN--Ala-NBD (1), while keeping fixed the concentration of the 

acceptor protein substrates. In this way we determined that the Km(app)2 values for both 

unnatural sugars ranged between 40- to 150-fold higher than the value measured for UDP-

GlcNAc (Figure 2.4), presumably due to the bulkier 2-N-acyl substituent. The kcat/Km 

values, which are the physiologically relevant rate constants since the cellular reactions 

are all in competition, are within 40-fold of the natural substrate UDP-GlcNAc. 

Interestingly, these differences in second order rate constants (kcat/Km) depended on the 

identity of the protein acceptor. In any event, these data show that hOGT processes both 

of these UDP-NBD-sugar conjugates (1 and 3) quite well, indicating they could potentially 

be useful substrates to replace the standard radioassay for directly measuring group 

transfer and thereby enable convenient monitoring of hOGT activity in vitro. Finally, we 

tested whether human OGA (hOGA) would remove this modification from proteins by 

incubating Nup62 that we had enzymatically glycosylated with GlcN-NBD with hOGA. 

Even over long incubation times, no decrease in fluorescence of the GlcN-NBD 

glycosylated Nup62 protein was observed indicating, as we expected,138 that this artificial 

GlcNAc sugar cannot be cleaved by OGA. More saliently for our objectives, based on 

these collective kinetic results, we expected that both UDP-GlcN--Ala-NBD (1) and UDP-

GlcN-Gly--Ala-NBD (3) would be competent substrates for OGT within the cellular milieu, 

with the fluorophore sugar modification accumulating on O-GlcNAcylated proteins over 

time. 

Given these promising results, we accordingly set out to synthesize membrane 

permeable biosynthetic precursors of UDP-GlcN--Ala-NBD (1) and UDP-GlcN-Gly--Ala-

NBD (3) that could diffuse into the cell and be assimilated by cellular biosynthetic 

pathways. Given that a diazirine-modified GlcNAc analogue proved an incompetent 

substrate for the early steps of the HBP in which N-acetylglucosamine kinase (NAGK) 
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phosphorylates the 6-hydroxyl of GlcNAc or N-acetylglucosamine-phosphate mutase 

(AGM1) isomerizes GlcNAc-6-P to GlcNAc-1-P,205 we considered using a suitably 

protected advanced intermediate within the HBP that would enable us to bypass these 

two enzymatic steps. Previous successes have been observed in metabolic feeding using 

per-O-acetylated 1-α-phospho-sugars in which the phosphate group is protected with 

either two O-acetoxymethyl210 or S-acetyl-2-thioethyl (SATE) groups205.  These protecting 

groups mask both hydrogen bond donors and charged groups yet are sufficiently stable 

to enable passage across the cell membrane, after which the protecting groups are 

removed through the action of intracellular carboxyesterases. Given our examination of 

the active site of AGX1, we were optimistic that Ac3GlcN--Ala-NBD-α-1-P(Ac-SATE)2 (10) 

and Ac3GlcN-Gly--Ala-NBD-α-1-P(Ac-SATE)2 (11) would be deacylated within cells to 

the corresponding α-phosphate sugars GlcN--Ala-NBD-α-1-P and GlcN-Gly--Ala-NBD-

α-1-P, which would in turn, through the action of AGX, be converted within the cell to donor 

sugars UDP-GlcN--Ala-NBD (1) and UDP-GlcN-Gly--Ala-NBD (3). Given our in vitro 

results described above, we reasoned that this strategy would lead to OGT modifying O-

GlcNAc modified proteins within cells directly with the corresponding fluorescent sugar. 

For the synthesis of Ac3GlcN--Ala-NBD-α-1-P(Ac-SATE)2 (10), we first attempted 

to couple per-O-acetylated glucosamine with NBD--Ala-OSu, followed by deprotection of 

anomeric acetate and installation of the protected phosphate moiety. Unfortunately, 

though the acylation and selective deprotection proceeded efficiently, we obtained only 

the undesired -phosphate that we attributed to steric hindrance by the NBD moiety. We 

therefore decided to install the phosphate group on 1,3,4,6-tetra-O-acetyl-2-azidoacetyl-

2-deoxy-D-glucopyranose (15) and 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy-D-

glucopyranose (16) prior to the N-acyl group in order to enable formation of the stereo-

chemically desired α-glycosyl phosphates (Scheme 2.2). 

Starting with glucosamine hydrochloride (12) we converted this to the 

corresponding 3,4,6-tri-O-acetyl-2-azido-2-deoxy-glucopyranoside (14) using imidazole-

1-sulfonyl azide followed by per-O-acetylation. Selective deprotection of the anomeric 

hydroxyl afforded 2-azido-2-deoxy-D-glucopyranose (18), which was subsequently 

converted into the protected phosphite ester through the use of a phosphoramidite, S,S'-

((((diisopropylamino)phosphanediyl)bis(oxy))bis(ethane-2,1-diyl)) diethanethioate, in the  
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Scheme 2.2.  Synthetic route towards Ac3GlcN-Gly--Ala-NBD--1-P(Ac-SATE)2 (10) and 

Ac3GlcN--Ala-NBD--1-P(Ac-SATE)2 (11).  
This strategy enables late-stage conjugation of NBD fluorophore through 
Staudinger-Vilarrasa reaction. 

presence of 1H-tetrazole. Low temperature oxidation of this phosphine intermediate using 

m-CPBA afforded 3,4,6-tri-O-acetyl-2-azido-2-deoxy--D-glucopyranosyl phosphate (20). 

Spectral characterization of amide (11) to establish the stereochemistry at the anomeric 

position revealed that H1 displayed a large NOE with the vicinal proton H2, confirming that 

the product was, as desired, α-configured. Ac3GlcN-Gly--Ala-NBD-α-1-P(Ac-SATE)2 (10) 

was similarly synthesized. 

With the two suitably protected candidate metabolic intermediates of the HBP in 

hand (10 and 11), we evaluated whether treatment of wild-type HeLa cells with these 

probes used at concentrations ranging from 25 to 200 µM resulted in modification of 

proteins with the fluorescent NBD-sugar analogues. Notably, the smaller diazirine-

containing precursor was reported as not being incorporated by WT HeLa cells, however, 

we felt that given the slightly longer linkers we used here in conjunction with our analysis 

of the AGX1 structure211, that these probes might be tolerated. Upon analysis of the 

lysates from treated cells using laser scanning fluorescence imaging of acrylamide gels, 

we were surprised to observe no modification of proteins when using Ac3GlcN-Gly--Ala-

NBD-α-1-P(Ac-SATE)2 (10), even when increasing probe concentrations up to 400 µM 

and incubating cells for up to 24 h. 
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Presumably, this failure to label proteins stems from limited or no conversion of 

precursor 10 into UDP-GlcN-Gly--Ala-NBD (3) by AGX1, though this idea remains 

speculative and it is possible this compound is simply catabolized within cells. However, 

upon incubation of cells with Ac3GlcN--Ala-NBD-α-1-P(Ac-SATE)2 11 we observed 

fluorescent labeling of cellular proteins. Cells treated for 24 h with 50 M of probe 11 

exhibited no visible signs of toxicity and continued to proliferate at a normal rate. The 

labeling efficiency of proteins in both MEF and HeLa cells treated for 8 hours at various 

doses of probe 11 showed a dose dependent increase in protein labeling (Figure 2.5C), 

as assessed by fluorescence intensity. These data suggest this approach should prove 

general for use with various cell lines. 

We next sought to establish whether known O-GlcNAc modified proteins are 

labeled using this one step labeling strategy. We therefore immunoprecipitated FG-

containing nucleoporins using monoclonal antibody MAb414, which readily precipitates 

Nup62, Nup153, and Nup214.212 Imaging of fluorescence associated with the resulting 

immunoprecipitated proteins and simultaneous detection of Nup62, Nup153, and Nup214 

using MAb414 revealed colocalization of fluorescence from NBD on three proteins with 

molecular weights corresponding to those of Nup62, Nup153, and Nup214. These data 

are consistent with Ac3GlcN--Ala-NBD-α-1-P(Ac-SATE)2 (11) being converted within 

cells to UDP-GlcN--Ala-NBD (1), which in turn is used by OGT to modify target proteins 

with the NBD-sugar analogue. 

We then turned to establishing whether we could use this probe in conjunction with 

fluorescence microscopy. This is of particular interest since recent reports have shown 

that metabolic two-step labeling, in conjunction with fluorescence lifetime imaging (FLIM) 

using genetically encoded fluorescent fusion proteins, can be used to quantify the extent 

of O-GlcNAc modification of target proteins of interest within cells.103,203 We therefore 

incubated MEF cells for 20 hours with 100 M Ac3GlcN--Ala-NBD--1-P(Ac-SATE)2 (11). 

After fixing and washing the cells fluorescence microscopy revealed widespread labeling 

throughout the cytoplasm and nucleus (Figure 2.5D). Immunocytochemical imaging of 

MAb414 immunoreactivity, superimposed over NBD fluorescence, supports the nuclear 

pore being modified with GlcN--Ala-NBD. Notably, we observe significant NBD 

fluorescence associated with what may be the nucleolus within cells. The basis for this 

labeling is unclear but given that many nuclear proteins are O-GlcNAc modified, this may 
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point to a specific set of proteins that are preferentially modified using this probe or 

alternatively, some non-specific accumulation of the probe within this compartment. 

 

Figure 2.5 Western blot and immunocytochemistry experiments performed using 
compound 11.  
Dose-dependent experiment performed on: (A) HeLa and (B) mouse embryonic 

fibroblast cell lines using concentrations from 0 to 200 M for 8 hours (C) Time-
course experiment performed on HeLa cells for up to eight hours; WCL: whole 
cell lysate (D) top left: nuclear membrane of HeLa cell lines stained with 
mAB414; top middle: nucleus of HeLa cell lines after incubated with compound 
11; top right: merged image depicting HeLa nucleus after treatment of compound 
11 and the nuclear membrane; bottom left: CTD110.6 stained HeLa cells 
indicating O-GlcNAcylated proteins; bottom middle: HeLa cells after treatment 
with compound 11; bottom right: merged image of depicting HeLa cells treated 
with compound 11 and the O-GlcNAcylated proteins in the cytoplasmic region. 
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Figure 2.6 Pulldown and OGT knock out experiments.  
(A) Immunoprecipitation of nucleopore proteins. Left lane: Western-blotting using 
mAB414 antibody indicates nucleopore proteins that are immunoprecipitated; 
Middle lane: Fluorescent bands indicate proteins that were glycosylated with 
NBD-linked GlcNAc mimic sugar; Right lane: Merger of left and middle lane 
indicates specific nucleopore proteins that have been modified with fluorophore 
sugar. (B) Left blot: Treatment of MEF cells with 4-HT for inducing expression of 
Cre, which resulted in knocking out OGT. Middle blot: Fluorescence signal 
detected from nuclear extract of control and OGT KO MEF cells after incubating 
with compound 11. Right blot: Fluorescence signal from immunoprecipitated 
Nup62 diminished after knocking out OGT. 
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To confirm that OGT is responsible for modification of the resulting proteins in cells 

we used engineered mouse embryonic fibroblast (MEF) cells [MEF(OGTF/Y)] in which the 

OGT gene is flanked by loxP recombination sites and also harbors a transgene encoding 

the Cre recombinase from which expression of Cre can be induced by treatment of cells 

with tamoxifen or related analogues.57 Accordingly, these cells enable inducible deletion 

of the OGT gene. We incubated these cells with 4-hydroxytamoxifen (4-HT), or vehicle 

alone, for 56 hours prior to treatment with 50 M Ac3GlcN--Ala-NBD--1-P(Ac-SATE)2 

(11) for 16 hours. We confirmed that OGT protein levels were greatly decreased by 

immunoblot and also observed, consistent with this decrease in OGT levels, that OGA 

levels also decreased, as did overall O-GlcNAc levels (Figure 2.6B). Notably, control cells 

having normal levels of OGT showed labeling of proteins when treated with 11 whereas 

cells in which the OGT gene had been deleted showed much reduced protein labeling. 

These data indicate that OGT is the principal enzyme responsible for fluorescent labeling 

of proteins with Ac3GlcN--Ala-NBD-α-1-P(Ac-SATE)2 (11) within cells. As an additional 

test whether OGT function is required for modification of O-GlcNAcylated proteins with 

unnatural metabolic precursor 11, we examined modification of nuclear pore protein 

Nup62 using these same cell lines. Immunoprecipitation of Nup62 from these cells 

revealed that only in cells containing normal levels of OGT did we observe significant 

GlcN--Ala-NBD-labeled Nup62. Collectively, these data provided strong evidence for 

OGT being responsible for fluorescent labeling of O-GlcNAcylated proteins by 11 within 

cells. 

2.4. Conclusion 

We show that OGT tolerates unnatural analogues of the donor substrate UDP-

GlcNAc in which the 2-acetamido group is replaced by relatively larger substituents 

including, as shown here, by fluorophores such as NBD. This observation should open the 

door to convenient new direct transfer assays for OGT that do not rely on the use of radio-

activity, which should prove useful for the wider community. We build on these 

observations to show that one step labeling of O-GlcNAcylated proteins within live cells 

can be realized by feeding cells with a suitable metabolic precursor that can be assimilated 

at a late stage by the hexosamine biosynthetic pathway. In particular, we find that feeding 

cells with suitably protected 1-phosphosugar analogues, exemplified here by Ac3GlcN---

Ala-NBD-α-1-P(Ac-SATE)2 (11), leads to labeling of known O-GlcNAcylated proteins such 
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as nucleoporins with a GlcN-NBD conjugate. We find the structure of the N-acyl linker 

moiety plays a key role in governing the utility of such probes and suggests that further 

tuning of the structure of such probes may enable more efficient labeling. Notably, genetic 

engineering of cells to express mutant AGX1 tolerant of modifications to the N-acyl group 

is unnecessary. Accordingly, we expect that this approach will prove useful in a wide range 

of cells to explore the physiological roles and regulation of O-GlcNAc in different cellular 

models.  

Though we find that OGT is clearly the principal transferase mediating the labeling 

of cells with GlcN-NBD it is possible that other transferases may tolerate this unnatural 

donor sugar, though given our observations this would likely be at a lower level of 

efficiency than OGT-catalyzed transfer. An obvious limitation to this one-step approach, 

shared with two-step metabolic labeling strategies, is that the kinetics of OGT-catalyzed 

transfer of these unnatural GlcNAc analogues do not match the kinetics of transfer of 

GlcNAc itself. Nevertheless, the application of such one step metabolic in cell labeling 

presents the possibility of performing a range of experiments.  

One can envision for example, generating additional probes that incorporate 

photophysically distinct fluorochromes that could enable two colour pulse-chase 

experiments. Additionally, we expect that engineering these metabolic precursors should 

permit delivery of other moieties of interest, such as biotin, which could enable simple 

proteomic strategies to studying O-GlcNAcylation. Perhaps most notably, this one step 

strategy may be used in conjunction with reports described recently in which fluorescence 

lifetime imaging (FLIM) to monitor the extent of modification of specific proteins of interest 

directly within cells.103,203 These FLIM studies made use of two-step chemoselective 

ligation chemistry, which does not permit time continuous imaging of protein modification 

in cells. Accordingly, this one-step metabolic feeding strategy, because this GlcN-NBD 

conjugate cannot be removed by OGA we expect that, when used in conjunction with 

genetically engineered proteins of interest fused to suitable fluorescent proteins, could 

permit monitoring the spatiotemporal action of OGT action on target proteins of interest 

within live cells in real time using FLIM. 
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2.5. Materials and methods 

2.5.1. General Method 

All NMR data for purified materials are provided in Appendix A. All reagents and 

solvents were obtained from commercial suppliers (Sigma-Aldrich, Alfa Aesar) and used 

without further purification unless otherwise stated. Product purification by flash column 

chromatography was accomplished using silica gel 60 (0.0010 - 0.063 mm). Thin layer 

chromatography was performed on 60 Å F254 silica plates with detection by UV light or 

staining using a basic solution of potassium permanganate. Technical grade solvents were 

used for chromatography and were distilled prior to use. NMR spectra were recorded at 

room temperature on Bruker AVANCE III (400 MHz and 500 MHz), Bruker AVANCE II 600 

MHz (TCI 600 and QNP 600) spectrometer. The residual solvent signals were taken as 

the reference (7.26 ppm for 1H NMR spectra and 77.0 ppm for 13C NMR spectra in CDCl3. 

Chemical shift () is reported in ppm, coupling constants (J) are given in Hz. The following 

abbreviations classify the multiplicity: br s = broad singlet, s = singlet, d = doublet, t = 

triplet, m = multiplet or unresolved. 

2.5.2. Protein Expression and Purification 

The generation of pET28a plasmids hosting the genes encoding CaMKIV, hOGT 

and MBP tagged-Nup62 were previously described.193 The plasmids were transformed 

into Tuner (λDE3) cells (Novagen) and selected on an LB agar plate containing 50 mg/L 

kanamycin (Bioshop). A colony was selected for a starter 19 culture which was grown in 

Luria-Bertani (LB) media at 37 ˚C overnight containing antibiotic. 10 ml of the starter 

culture was used to inoculate 1 L of LB containing the antibiotic and the culture was 

allowed to grow to an OD600 ≈ 0.6. Recombinant protein expression was induced by 

supplementing each culture with 0.5 mM IPTG (Bioshop) at 25 ˚C for 4 h. Cells were 

harvested by centrifugation, treated with 1 mg/ml lysozyme (Bioshop), sonicated, and 

centrifugation was used to remove insoluble cellular debris. The recombinant proteins 

were purified using a 5 ml HisTrap nickel column (GE Healthcare) according to the 

manufacturer’s protocol. Proteins were eluted using 50 mM sodium phosphate, 100 mM 

NaCl, 250 mM imidazole, pH 7.4, and then the buffer was exchanged to PBS (Lonza) 

using a PD-10 desalting column (GE Healthcare). The MBP tag was liberated from Nup62 

by the addition of 50 µg/ml of thrombin (Roche) and overnight incubation at 4 °C and then 
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re-purified using an MBP Trap column (GE Healthcare) to remove the MBP tag. Proteins 

were washed off the column using PBS containing 10 mM EDTA. The protein 

concentration was determined by Bradford assay (Bio-Rad) or nanodrop (ND-1000, 

NanoDrop Technologies) or DC assay (Bio-Rad). Proteins were concentrated using 

centrifugal concentrating devices and stored at either 4 ˚C or −20 ˚C until they were used 

in the assays. 

2.5.3. O-GlcNAc Transferase Assays 

hOGT assay for qualitative screening of sugar donor substrate activity were 

performed using 500 nM hOGT,100 µM of corresponding UDP-GlcN-NBD derivatives and 

34 µM Nup62. 200 µM UDP were added as negative controls. The reactions were carried 

out at 37 °C for 1.5 h. The reaction was terminated by the addition of Laemmli loading 

buffer (Bio-Rad) followed immediately by heating to 100 °C. The samples were subjected 

to SDS-PAGE and the gels were scanned using a Typhoon Imager 8600 (Amersham) in 

the fluorescence scan mode. hOGT assays to determine the kinetic parameters for OGT 

modification of protein substrates were carried out using 250 µM UDP-GlcN--Ala-NBD, 

various concentration of recombinant Nup62 or CaMKIV, and 500 nM hOGT at 37 °C for 

1 h. hOGT assays to determine the kinetic parameters for the UDP-sugar were carried out 

various concentrations of UDP-GlcN--Ala-NBD, 34 µM Nup62 or 50 µM CaMKIV, and 

500 nM hOGT at 37 °C for 1 h. The reactions were terminated by the addition of Laemmli 

loading buffer (Bio-Rad) followed immediately by heating to 100 °C. The samples were 

subjected to SDS-PAGE and the gels were scanned using a Typhoon Imager 8600 

(Amersham) in the fluorescence scan mode. The best contrast and brightness of the 

figures were achieved using ImageQuant 5.2 (Molecular Dynamics). The background rate 

in the absence of enzyme was subtracted, and the resulting rates were plotted against the 

substrate concentration using GraphPad Prism 6 to establish the apparent kcat and Km 

values for each substrate. 
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Figure 2.7  OGT kinetic assay for determination of the Michaelis constant (Km) values 

for UDP sugar analogues and protein substrates.  
Nup62 and CaMKIV were assayed with OGT (500 nM) using donor substrates at 
the concentrations indicated. The assay was allowed to proceed for 90 min and 
was stopped by the addition of protein loading buffer (5X). SDS-PAGE in-gel 
scanning using Typhoon TRIO+ (GE Health) excited with blue laser and filtered 
using 526 SP.  
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2.5.4. Cell Culture 

Wild-type and mutant HeLa AGX1(F383G) cell lines205 were generous gifts from 

Jennifer Kohler (University of Texas Southwestern Medical Centre). Wild-type HeLa cells 

were cultured using Dulbecco’s modified Eagle’s medium (DMEM; 4.5 g L-1 glucose) 

containing 10% (v/v) fetal bovine serum (FBS) with penicillin/streptomycin at 37°C in a 

water-jacketed, humidified CO2 (5%) incubator. The mutant HeLa cell line was cultured 

using the same conditions but with the presence of 1µg/ml of puromycin. The mouse 

embryonic fibroblast (MEF) cell line containing floxed OGT and expressing a chimeric Cre 

recombinase mutant estrogen receptor fusion (mER-Cre-2AGFP)57, which was a gift from 

Prof. Natasha Zachara (Johns Hopkins University). MEF cells were cultured in low glucose 

DMEM (1 gL-1 glucose) with 10% FBS (v/v) and 1% (v/v) penicillin/streptomycin at 37°C 

in a water-jacketed, humidified CO2 (5%) incubator. Typically, cells were plated at 25-50% 

confluency. Metabolic labelling in tissue culture cells using compound 11 were carried out 

at a cell confluency of 70% or greater. Prior to addition of the metabolic probe the cell 

culture media was replaced with low-glucose serum free DMEM. 

2.5.5. OGT Knock-Out 

The mouse embryonic fibroblast (MEF) cell line containing lentivirus encoding 

mutated estrogen receptor (mER)-Cre-2A-GFP construct has been described 

previously.57 Cells were cultured in low-glucose Dulbecco's modified Eagle's medium (1 

g/L glucose; ThermoFisher) with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 

penicillin/streptomycin at 37°C in a water-jacketed, humidified CO2 (5%) incubator. Cells 

were plated at 30-50% confluency. Unless otherwise noted, Cre-recombinase was 

activated to excise OGT by incubation with 1 µM 4-hydroxytamoxifen (4OHT in methanol, 

Bioshop) for 72 h after plating. The media and 4OHT were changed every 24 h. For 

metabolic labeling compound 11 was added to cell cultures (±4OHT) to a final 

concentration at 50 µM for 16 h before harvest at 72 h post-plating (~56 h post-4OHT 

treatment). 

2.5.6. Preparation of Nuclear Extract 

To obtain nuclear 11-labeled proteins, the nuclear extract was prepared according 

to the method of Schreiber and coworkers.213 Briefly, ~ 2x107 cells from 100 mm petri dish 
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(one-unit) were washed with PBS, dislodged and pelleted by centrifugation (5,000 rpm for 

5 min at 4°C) and pipetted up and down 20 times in 800 µl of Buffer A [10 mM HEPES pH 

7.9, 10 mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol (DTT) and 0.5 mM PMSF along with 

a protease inhibitor cocktail] and allowed to swell on ice for 15‐20 min, after which 50 µl 

of a 10% solution of NP-40 was added and the tube was vigorously vortexed for 10 sec. 

The homogenate was centrifuged for 5 min at 12,000 x g at 4°C then the pelleted nuclei 

were washed three times with the Buffer A and resuspended in 100 µl of Buffer C [20 mM 

HEPES (pH 7.9), 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF with a protease 

inhibitor cocktail] and the tube was agitated for 40 - 60 min on a shaking platform. The 

resulting nuclear extract was collected by centrifugation at 12,000 x g for 5 min at 4°C. 

The nuclear extract (supernatant) was either immediately used (recommended) or stored 

at −80°C until further use. One-unit (from ~2x107 cells) nuclear extract (100 µl) was 

precleared using 15-20 µl (bead volume) of Protein A/G agarose (ThermoFisher) with new 

added 150 µl PBS (~160 mM NaCl total now) for 30 min at 4°C on a rotator. The 

homogenate was centrifuged for 2 min at 7,500 rpm at RT and the supernatant was then 

transferred to a new iced-chilled tube for the next step.  

To prepare the protein samples for SDS-polyacrylamide gel electrophoresis, to a 

predetermined amount of nuclear extract (100 µl in buffer C) was sequentially added 4 

volumes of methanol, 1 volume of chloroform, and 3 volumes of water. The solution was 

then vortexed vigorously and centrifuged at 13,500 rpm for 20 min; the protein precipitate 

collected at the interface. The water/methanol mix on the top of the interface (nucleotide-

containing portion) was removed, being careful not to disturb the interface. Another 400 

µl of methanol was added to wash the precipitate and this was repeated twice. The 

solution was vortexed vigorously and centrifuged to obtain the protein precipitate as a 

pellet at the bottom of the tube. The supernatant was removed and the pellets briefly dried 

in a vacuum centrifuge. The pellets were resuspended in a suitable amount of rehydration 

buffer (1% SDS/50 mM Tris-HCl, pH 7.5). 

2.5.7. Immunoprecipitation 

Five units (from ~1x108 cells) ±4OHT precleared nuclear extracts were 

immunoprecipitated with anti-nuclear pore complex proteins antibody (1:500; mAb414, 

BioLegend) in parallel. Extracts were incubated with the primary antibody overnight at 4°C 
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and another 3 h with 50 µL (bead volume) of Protein A/G agarose, washed by rotation four 

times in low-salt Buffer C buffer [20 mM HEPES (pH 7.9), 150 mM NaCl with a protease 

inhibitor cocktail], and resuspended in SDS-PAGE sample buffer. Immunoprecipitates 

were separated on 4-20% polyacrylamide gradient gels (Bio-Rad) and antigens detected 

using anti-O-GlcNAc (CTD110.6, BioLegend), OGT (H-300, Santa Cruz Biotechnology), 

OGA (MGEA5, proteintech group), and actin (C4, Santa Cruz Biotechnology) antibodies 

by immunoblot. Fluorescent bands were visualized using an Amersham Imager 600 (GE 

Healthcare) with a light source of Epi-RGB blue light at 460 nm using a Cy2 emission filter. 

The gels were later stained using Coomassie to visualise all protein bands as an additional 

loading control. All the secondary antibodies for immunoblots were from LI-COR 

Biosciences. All antibodies were used as recommended by the suppliers. 

2.5.8. Mass Spectrometry 

Samples were desalted using a PD MidiTrap G-25 (GE Healthcare) into phosphate 

buffered saline. Samples were analyzed using Agilent 1200 HPLC and a Bruker maXis 

Impact Ultra-High-Resolution Quadrupole Time-of-Flight (UHR-QTOF) mass 

spectrometer equipped with ZORBAX 300SB-C8 column (Agilent Technology, 2.1  50 

mm, 3.5 m). Proteins were separated on the column using HPLC grade water with 0.1% 

formic acid as mobile phase and eluted into the mass spectrometer using a gradient 

consisting of HPLC grade acetonitrile with 0.1% formic acid. Ions were sprayed on positive 

mode with a voltage of 4200 V at 180°C using a rate of 8 L/min and data was acquired 

over a mass range of 300−2500 atomic mass units.  

2.5.9. Fluorescence Microscopy 

Hela cells seeded on cover slips were treated with 100 µM of compound 11 for 

20h. These cells were then either semi-permeabilized with 20 µg/ml digitonin and fixed 

with 4 % paraformaldehyde (PFA), or directly fixed with 4 % PFA after washing with cold 

PBS (4°C). Fixed cells were washed thrice with PBS, and then permeabilized by 0.2 % 

Triton X-100 for 2 min on ice. After washing with PBS twice, cells were blocked in PBS 

with 5 % BSA and 10 % normal goat serum (NGS) (HyClone) for 1 h followed by incubation 

with primary antibodies in PBS containing 5 % BSA and 5 % NGS overnight at 4 °C. After 

washing with PBS 5 times for 45 min, cells were incubated with fluorescent secondary 
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antibodies in PBS containing 5 % BSA and 5 % NGS at room temperature for 2 h in dark. 

Cells were again washed with PBS 5 times for 45 min. Finally, cover slips were mounted 

with anti-fade Vectashield Mounting Medium (Vector Laboratories) containing 1 µg/ml of 

DAPI (Sigma-Aldrich) onto Superfrost/Plus slides (Fisher Scientific) for 1 h at room 

temperature in dark. Cover slips were sealed with clear nail polish, and slides were stored 

in a dark box at 4 °C until they were imaged. Slides were analyzed by confocal microscopy. 

Three biological replicates were performed. Images were analyzed and processed using 

image processing software NIS-Elements AR 3.1 (Nikon). 

2.5.10. NBD-Modified Lysozyme Standard Preparation 

In a 2 ml Eppendorf tube, lysozyme (Ultra Pure, Bioshop®) (100 mg, 14.3 kDa), 4-

chloro-7-nitrobenzofurazan (13.95 mg, 10 equiv.) and NaHCO3 (6 mg, 10 equiv.) were 

dissolved into 1.4 ml of MeCN/H2O (1:1) followed by rocking overnight at RT. The resulting 

mixture was centrifuged (2000 x g) and the supernatant was diluted with PBS to give a 

final volume of 2.5 ml. The solution was loaded into PD MidiTrap G-25 (GE Healthcare) 

(pre-washed with 25 ml of PBS) and eluted using 3.5 ml of PBS by gravity. The stock 

concentration of the purified NBD-modified lysozyme sample was determined by 

extrapolation to standard curve of unmodified lysozyme of known concentration stain 

using Coomassie Brilliant Blue R-250. 

 

 

 

 

 

 

 

 

 



67 

A 
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Figure 2.8  Preparation of NBD-labelled lysozyme and its characterization.  
(A) Synthetic scheme for modifying NBD on the lysozyme. Details are described 
in the methods section above. (B) Deconvoluted peak intensities at z = 1 (left)/ z 
= 10 (right) yielded an average number of 1.23 - 1.28 NBD per molecule of 
lysozyme. 
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Figure 2.9  Characterization of NBD-labeled lysozyme as a standard sample.  

(A) The concentration of NBD-modified lysozyme standard was determined using a standard curve to be 28.9 µg/10 µl. (B) The 

linear range of the fluorescent signals for NBD-modified lysozyme was determined to be 0.03 µg – 0.23 µg (2.69 x 10-3 – 2.06 x 
10-2 nmol of NBD) and the NBD modified lysozyme had a relative fluorescent intensity of 2912 (arbitrary units) per nmol of NBD on 
the modified lysozyme. 
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2.5.11. Synthesis Procedures and Characterization 

Synthesis of NBD--Ala-NHS (7): To a flask of water (10 ml) was added -alanine 

(0.45 g, 5 mmol), NaHCO3 (1.3 g, 15 mmol) and a solution of 4-chloro-7-nitro-

benzofurazane (1.0 g, 5 mmol) in MeOH (40 ml). After stirring at 50 C for 1 h, the mixture 

was cooled to room temperature and the pH was adjusted to 1 using a solution of 2 M 

HCl. The crude mixture was concentrated under reduced pressure and the desired product 

was precipitated by the addition of water. The precipitated product was dissolved in 

NaHCO3 solution (0.4 g in 50 ml water) and precipitated again using 2 M HCl to give NBD-

-Ala (0.96 g, 76%) as a brown solid powder. To a solution N-HOSu (0.14 g, 1.2 mmol) in 

anhydrous dioxane and methylene chloride (1:1; 10 ml) was added NBD-β-Ala (0.25 g, 

1.0 mmol) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC; 0.23 

g, 1.2 mmol). After stirring for 4 h, the solvent was removed. The crude product was 

dissolved in ethyl acetate, washed with saturated brine, extracted with EtOAc (2X), and 

dried using Mg2SO4. The combined organic layers were concentrated under reduced 

pressure. The resulting crude product was subjected to purification with flash column silica 

gel chromatography (ethyl acetate) to give an orange/brown powder (0.3 g, 87%).214 1H 

NMR (400 MHz, CDCl3):  8.45 (d, J = 8.7 Hz, 1H), 6.29 (d, J = 8.7 Hz, 1H), 3.88 (bt, 2H), 

3.07 (t, J = 6.7 Hz, 2H), 2.79 (s, 4H) ppm; HRMS (m/z): [M+H]+ calculated for C13H12N5O7: 

350.0738; found 350.0733. 

Synthesis of S-(2-hydroxyethyl) ethanethioate: To a cold solution of thioacetic 

acid (4.1 ml, 55 mmol), 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU; 8.4 ml, 55 mmol) in 

toluene (20 ml) at 0C was added 2-bromoethanol (3.7 ml, 50 mmol). The reaction mixture 

was gradually warmed to room temperature and stirred for 3 hours. The reaction mixture 

was diluted with dichloromethane (200 ml) and washed with water (3 x 50 ml). The 

aqueous layer was extracted with dichloromethane (3 x 50 ml). The combined organic 

extracts were dried using Na2SO4 and concentrated under reduced pressure. The crude 

mixture was subjected to purification using flash column silica gel chromatography (ethyl 

acetate/dichloromethane = 5/95) to afford thioester (5.8 g, 96%). 1H NMR (400 MHz, 

CDCl3):  3.77-3.75 (t, 2H, J = 6.0 Hz), 3.09-3.07 (t, 2H, J = 6.0 Hz), 2.36 (s, 3H) ppm; 13C 

NMR (100 MHz, CDCl3):  196.3, 61.8, 32.1, 30.6 ppm. HRMS (m/z): [M+H]+ calculated 

for C4H9O2S: 121.0318; found: 121.0319. 
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Synthesis of phosphoramidate (S,S'-((((diisopropylamino)phosphanediyl) 

bis(oxy))-bis(ethane-2,1-diyl)) diethanethioate: To a flask of N,N-diisopropyl-

phosphorodichloridite (1.24 g, 5.8 mmol) in THF (35 ml) at −78C was added a solution of 

S-(2-hydroxyethyl) ethanethioate (1.36 g, 11.6 mmol) and Et3N (3.6 ml, 26 mmol) in THF 

(25 ml). The reaction mixture was gradually warmed to room temperature and stirred for 

2 h. Triethylammonium hydrochloride that formed in the solution was filtered off. 

Subsequently, the collected filtrate was concentrated under reduced pressure and the 

crude product subjected to purification using flash column silica gel chromatography 

(hexane/ethyl acetate = 98:2) to yield the desired material as a colourless oil (0.79 g, 

37%).215 1H NMR (400 MHz, CDCl3):  3.80-3.53 (m, 6H), 3.12 (t, 4H, J = 6.3 Hz), 2.33 (s, 

6H, CH3CO), 1.10 (d, 12H, J = 6.8 Hz) ppm; 13C NMR (100 MHz, CDCl3):  195.42, 62.16, 

61.98, 43.03, 42.90, 30.62, 30.57, 30.55, 24.63, 24.56 ppm; 31P NMR (CDCl3):  147.3 

ppm; HRMS (m/z): [M+H]+ calculated for C14H29NO4PS2: 370.1270; found: 370.1264. 

Synthesis of imidazole sulfonyl azide hydrochloride: To a suspension of ice 

cooled NaN3 (3.25g, 50 mmol) in acetonitrile (50 ml) was added sulfuryl chloride (4 ml, 50 

mmol) dropwise. The reaction mixture was gradually warmed to room temperature and 

stirred overnight. On the next day, the suspension was cooled to 0 C, followed by adding 

imidazole (6.48 g, 95 mmol) portion-wise. The resulting slurry was stirred for 3 h at room 

temperature. The mixture was diluted with ethyl acetate, washed with saturated aqueous 

sodium bicarbonate, dried, and filtered. A solution of non-aqueous hydrochloric acid in 

ethanol [obtained by dropwise addition of AcCl (5.33 ml, 75 mmol) to ice-cooled dry 

ethanol (19 ml)] was added dropwise to the ice-cooled filtrate with stirring. The desired 

product was collected from the reaction mixture by filtering, and the filter cake was washed 

with ethyl acetate to give the desired product as colourless needles (5.8 g, 61%).  1H NMR 

(500 MHz, D2O):  9.34 (s, 1H), 7.91 (s, 1H), 7.50 (s, 1H) ppm; 13C NMR (126 MHz, D2O): 

 137.7, 120.1 ppm. The NMR spectrum is identical as in previously reported literature.216 

Synthesis of 15: To a solution of glucosamine hydrochloride 12 (6.5 g, 30 mmol) 

in anhydrous MeOH (60 ml) under argon was added NaOMe (1.7 g, 30 mmol). The 

reaction mixture was stirred for 1.5 h at room temperature. Subsequently, Et3N (4.2 ml, 30 

mmol), chloroacetic anhydride (21.6 g, 120 mmol) and an additional 100 ml of anhydrous 

MeOH were added followed by overnight stirring. The reaction mixture was then 
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concentrated under reduced pressure. The first intermediate product obtained was purified 

on short silica plug (15% MeOH in DCM) and resuspended in anhydrous MeOH under 

argon. NaN3 (19.5 g, 300 mmol) was added into the reaction mixture and stirred overnight 

under reflux (70 °C). The reaction mixture containing second intermediate product was 

then concentrated under reduced pressure, followed by dissolving into pyridine (100 ml) 

under argon. Upon cooling to 0 °C, the reaction mixture was stirred for 7 h and gradually 

warmed to room temperature. With the complete consumption of second intermediate 

product, the reaction mixture was concentrated under reduced pressure. The crude final 

product was re-dissolved in EtOAc (300 ml), followed by washing with 1 M HCl (3 X 200 

ml), saturated aqueous NaHCO3 (1 X 200 ml) and water (1X 200 ml). Both the acidic and 

basic aqueous layers were reextracted with EtOAc (2 X 300 ml each). The combined 

organic layers were dried over MgSO4, filtered, and concentrated under reduced pressure. 

The crude product was subjected to purification using flash column silica gel 

chromatography  (hexane/ethyl acetate = 1:1) to yield the desired material as a colourless 

oil (5.7 g, 44% over three steps).217 1H NMR (500 MHz, CDCl3):  6.43 (d, J = 8.9 Hz, 2H), 

6.20 (d, J = 3.7 Hz, 1H), 5.78 (d, J = 8.7 Hz, 1H), 5.29 (t, J = 10.7 Hz, 1H), 5.21 (t, J = 9.6 

Hz, 1H), 5.14 (t, J = 9.7 Hz, 1H), 4.42-4.47 (m, 1H), 4.26 (dd, J = 12.5, 3.9 Hz, 1H), 4.11-

4.13 (m, 1H), 4.07 (dd, 1H, J = 2.3, 12.5), 4.00-4.04 (m, 1H), 3.93 (s, 2H), 3.91 (s, 2H), 

3.83 (dddd, J = 2.2, 2.3, 5.3, 9.8 Hz, 1H), 2.06 (s, 4H), 2.09 (s, 3H), 2.05 (s, 6H), 2.04 

(s,2H) ppm; 13C NMR (125 MHz, CDCl3):  171.5, 170.8, 170.6, 169.3, 1699.3, 169.1, 

168.7, 167.2, 166.9, 92.2, 90.2, 72.8, 72.2, 71.7, 71.1, 70.3, 69.8, 67.8, 67.4, 61.8, 61.6, 

61.5, 53.1, 52.6, 52.4, 51.2, 31.7, 20.9, 20.9, 20.7, 20.7, 20.5, 19.3, 13.9 ppm; HRMS 

(m/z): [M+Na]+ calculated for C16H22N4NaO10: 453.1234; found: 453.1239. 

Synthesis of 16: To a solution of glucosamine hydrochloride 12 (6.9 g, 32 mmol) 

in MeOH (500 ml) was added K2CO3 (10 g, 72 mmol), CuSO4•5H2O (80 mg, 0.32 mmol) 

and imidazole sulfonyl azide (10.5 g, 39 mmol). The reaction mixture was stirred for 3 h at 

room temperature. Upon complete consumption of starting material, the reaction mixture 

was concentrated under reduced temperature. The crude mixture was redissolved in 

pyridine (150 ml), followed by addition of acetic anhydride (60 ml) under 0 °C. The reaction 

mixture was stirred for 3 h at room temperature. Upon completion as monitored by thin 

layer chromatography, methylene chloride was added and washed with water (2 X 200 

ml), 1 M HCl (2 X 200 ml), and saturated aqueous NaHCO3. The aqueous layers were 

reextracted with methylene chloride (2 X 300 ml). The combined organic layers were dried 
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over MgSO4, filtered and concentrated under reduced pressure. The crude product was 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 3:1) to yield the desired material as a colourless oil (10.4 g, 87% over two 

steps).216,218 1H NMR (400 MHz, CDCl3)  6.30 (d, J = 3.7 Hz, 1H), 5.55 (d, J = 8.6 Hz, 

1H), 5.45 (dd, J = 10.4, 9.5 Hz, 1H), 5.18 – 4.99 (m, 4H), 4.30 (dt, J = 12.6, 3.8 Hz, 3H), 

4.17 – 3.98 (m, 5H), 3.80 (ddd, J = 9.7, 4.5, 2.1 Hz, 2H), 3.74 – 3.57 (m, 3H). 2.19 (2s, 

7H), 2.11 (s, 3H), 2.09 (s, 4H), 2.08 (s, 7H), 2.04 (s, 3H), 2.02 (s, 4H) ppm; 13C NMR (100 

MHz, CDCl3):  170.7, 169.9, 168.7, 92.7, 90.1, 72.9, 72.8, 70.9, 69.9, 68.0, 67.9, 62.7, 

61.5, 60.5, 21.1, 21.0, 20.8, 20.8, 20.7 ppm; HRMS (m/z): [M+Na]+ calculated for 

C14H19N3NaO9: 396.1019; found: 396.1016. 

Synthesis of 17: To a solution of azide 15 (0.86 g, 2 mmol) in anhydrous THF (10 

ml) under argon was added hydrazine acetate (0.18 g, 2 mmol). The reaction mixture was 

stirred for 16 h at room temperature. Upon complete consumption of starting material as 

monitored by thin layer chromatography, water was added into the reaction mixture 

followed by extraction with EtOAc (3 X 80ml). The combined organic layers were dried 

over MgSO4, filtered and concentrated under reduced pressure. The crude product was 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate =2:3) to yield white solid (0.26 g, 67%). 1H NMR (500 MHz, CDCl3)  6.66 (d, J = 

9.2 Hz, 1H), 5.37 – 5.30 (m, 1H), 5.28 (t, J = 3.6 Hz, 1H), 5.14 (t, J = 9.5 Hz, 1H), 4.29 (td, 

J = 9.8, 3.2 Hz, 2H), 4.25 – 4.19 (m, 2H), 4.17 – 4.11 (m, 1H), 3.93 (s, 2H), 3.90 – 3.83 

(m, 1H), 2.10 (s, 3H), 2.04 (s, 3H), 2.02 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3):  171.3, 

170.9, 169.4, 167.1,91.4, 70.7, 68.1, 67.7, 62.0, 52.5, 52.4, 20.8, 20.7, 20.6 ppm; HRMS 

(m/z): [M+Na]+ calculated for C14H20N4NaO9: 411.1128; found: 411.1124. 

Synthesis of 18: To a solution of azide 16 (0.75 g, 2.0 mmol) in anhydrous THF 

(10 ml) under argon was added hydrazine acetate (0.18 g, 2.0 mmol). The reaction mixture 

was stirred for 16 h under room temperature. After the starting material was consumed as 

observed in TLC, the crude mixture was washed with water followed by extraction with 

EtOAc (3X). The combined organic layers were dried over MgSO4 and filtered. 

Subsequently, the collected filtrate was concentrated under reduced pressure and 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 7:3) to yield the desired material as a colourless oil (0.55 g, 83%).218 1H NMR 

(500 MHz, CDCl3):  5.58 – 5.49 (m, 1H), 5.40 (t, J = 3.5 Hz, 1H), 5.13 – 4.98 (m, 2H), 
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4.75 (dd, J = 8.0, 5.2 Hz, ~0.6H), 4.34 – 4.18 (m, ~3H), 4.17 – 4.05 (m, 2H), 3.72 (dq, J = 

5.0, 2.7 Hz, ~0.6H), 3.47 (m, ~2H), 3.05 (d, J = 3.5 Hz, 1H), 2.10 (s, 3H), 2.09 (s, 6H), 

2.05 (s, ~4H), 2.02 (s, ~2H) ppm; 13C NMR (125 MHz, CDCl3):  170.9,169.9, 96.3, 92.2, 

72.7, 72.1, 70.6, 68.7, 68.5, 67.7, 64.9, 62.1, 61.6, 20.9, 20.8, 0.8, 20.7, 20.7 ppm; HRMS 

(m/z): [M+Na]+ calculated for C12H17N3NaO8: 354.0914; found: 354.0910.  

Synthesis of Ac3GlcNAz-α-1-P(Ac-SATE)2 (19): To a mixture of azide 17 (0.16 

g, 0.40 mmol) and phosphoramidite (0.18 g, 0.48 mmol) in THF (4 ml) was added 1H-

tetrazole solution (0.45 M in MeCN; 4.4 ml, 2.0 mmol). After the starting material was 

consumed as observed in TLC, the reaction mixture was cooled to −40 C and m-CPBA 

(0.13 g, 0.60 mmol) was added. The mixture was gradually warmed to room temperature 

and stirred until all the phosphine intermediate was fully consumed. The crude product 

was purified using flash column silica gel chromatography (hexane/ethyl acetate = 4:6) to 

give phosphate 19 (0.11 g, 40%) as a colourless oil. 1H NMR (400 MHz, CDCl3):  6.86 

(d, J = 8.9 Hz, 1H), 5.72 (dd, J = 6.1, 3.3 Hz, 1H), 5.27 (dd, J = 10.6, 9.7 Hz, 1H), 5.18 (t, 

J = 9.8 Hz, 1H), 4.39 (ddt, J = 10.9, 8.9, 3.2 Hz, 1H), 4.27 (dd, J = 12.4, 3.9 Hz, 1H), 4.23 

– 4.06 (m, 6H), 3.94 (d, J = 1.4 Hz, 2H), 3.17 (ddd, J = 17.5, 8.8, 4.2 Hz, 4H), 2.36 (s, 3H), 

2.35 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  

195.02, 194.80, 171.2, 170.7, 169.3, 167.5, 95.9, 95.8, 69.9, 69.8, 67.4, 66.8, 66.7, 66.6, 

61.5, 52.4, 52.2, 52.1, 30.7, 29.2, 29.2, 29.2 29.1, 20.8, 20.7, 20.7, 1.1 ppm; 31P NMR 

(240 MHz, CDCl3):  −3.37 ppm; HRMS (m/z): [M+Na]+ calculated for C22H33N4NaO14PS2: 

695.1070; found 695.1093. 

Synthesis of Ac3GlcN3-α-1-P(Ac-SATE)2 (20): To a mixture of azide 18 (0.13 g, 

0.40 mmol) and phosphoramidite (0.18 g, 0.48 mmol) in THF/MeCN (1:1) was added 1H-

tetrazole solution (0.45 M in MeCN; 4.4 ml, 2.0 mmol). After the starting material was 

consumed, the reaction mixture was cooled to −40 C and m-CPBA (0.13 g, 0.60 mmol) 

was added. The mixture was gradually warmed to room temperature and stirred until all 

the phosphine intermediate was fully consumed. The crude product was purified using 

flash column silica gel chromatography (hexane/ethyl acetate = 6.5:3.5) to give phosphate 

20 (0.18 g, 44%) as a colourless oil. 1H NMR (500 MHz, CDCl3):  5.80 (dd, J = 6.4, 3.3 

Hz, 1H), 5.43 (t, J = 9.9 Hz, 1H), 5.10 (t, J = 9.8 Hz, 1H), 4.31 (dd, J = 12.6, 4.0 Hz, 1H), 

4.26-4.12 (m, 7H), 4.09 (dd, J = 12.6, 2.1 Hz, 1H), 3.66 (dt, J = 10.5, 3.2 Hz, 1H), 3.30-

3.08 (m, 6H), 2.36 (s, 3H), 2.36 (s, 3H), 2.09 (s, 3H), 2.08 (s, 3H), 2.04 (s, 3H) ppm; 13C 



74 

NMR (125 MHz, CDCl3):  170.7, 170.1, 169.8, 95.7, 95.7, 95.6, 72.9, 70.8, 69.8, 67.9, 

66.9, 66.8, 66.7, 66.6, 64.1, 61.6, 61.4, 61.3, 30.8, 30.7, 29.4, 29.3, 20.9, 20.8, 20.7 ppm; 

31P NMR (240 MHz, CDCl3):  −3.37 ppm; HRMS (m/z): [M+Na]+ calculated for 

C20H30N3NaO13PS2: 638.0856; found 638.0867. 

Synthesis of Ac3GlcN-Gly-β-Ala-α-1-P(Ac-SATE)2 (10):  To a solution of 

compound 19 (40 mg, 59 mol) and NBD-Gly--Ala-NHS (41 mg, 0.12 mmol) in anhydrous 

THF (2 ml) under argon at 0C was added PBu3 (46 l, 0.18 mmol). The reaction mixture 

was gradually warmed to room temperature and stirred in the dark for 2 h. The resulting 

mixture was concentrated under reduced pressure, redissolved in methylene chloride and 

washed with saturated NaHCO3. The aqueous layer was repeatedly extracted with 

methylene chloride (2 X 30 ml). The combined organic layers were concentrated under 

reduced pressure, dried using MgSO4 and subjected to purification using flash column 

silica gel chromatography (methylene chloride/methanol = 97:3) to yield an orange solid 

(29 mg, 55%). 1H NMR (500 MHz, CDCl3):  8.47 (d, J = 8.6 Hz, 1H), 7.99 (s, 1H), 6.90 

(s, 1H), 6.81 (d, J = 8.7 Hz, 1H),  6.22 (d, J = 8.5 Hz, 1H), 5.72 (dd, J = 5.5, 3.2 Hz, 1H), 

5.25-5.15 (m, 2H), 4.37-4.35 (m, 1H), 4.31 (dd, J = 12.5, 3.8 Hz, 1H), 4.22-4.20 (m, 1H), 

4.18-4.11 (m, 6H), 3.92-3.87 (m, 2H), 3.80 (dd, J = 16.9 , 5.1 Hz, 1H), 3.18-3.14 (m, 4H), 

2.81-2.71 (m, 2H), 2.38 (s, 3H), 2.37 (s, 3H), 2.11 (s, 3H), 2.07 (s, 3H), 2.02 (s, 3H) ppm; 

13C NMR (125 MHz, CDCl3):  195.7, 195.4, 171.9, 171.0, 170.7, 169.5, 169.4, 136.7, 

96.5, 96.4, 70.2, 69.8, 67.1, 66.8, 61.5, 52.5, 52.4, 43.4, 30.8, 30.8, 29.8, 29.1, 29.1, 29.0, 

20.9, 20.7 ppm; 31P NMR (240 MHz, CDCl3):  −4.38 ppm; HRMS (m/z): [M+Na]+ 

calculated for C31H41N6NaO18PS2: 903.1554; found 903.1570. 

Synthesis of Ac3GlcN-β-Ala-α-1-P(Ac-SATE)2 (11): To a solution of compound 

20 (35 mg, 58 mol) and NBD--Ala-NHS (40 mg, 0.12 mmol) in anhydrous THF (2 ml) 

under argon at 0C was added PBu3 (45 l, 0.17 mmol). The reaction mixture was 

gradually warmed to room temperature and stirred in the dark for 2 h. The resulting mixture 

was concentrated, dissolved in methylene chloride and washed with saturated NaHCO3. 

The aqueous layer was repeatedly extracted with methylene chloride (2 X 30 ml). The 

combined organic layers were dried using MgSO4 and concentrated under reduced 

pressure. The resulting crude product was subjected to purification using flash column 

silica gel chromatography (methylene chloride/methanol = 98.5:1.5) to give an 

orange/brown powder (18.2 mg, 37%). 1H NMR (400 MHz, CDCl3)  8.48 (d, J = 8.7 Hz, 
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1H), 7.82 (s, 1H), 6.61 (d, J = 8.2 Hz, 1H), 6.20 (d, J = 8.8 Hz, 1H), 5.85 (dd, J = 6.9, 3.2 

Hz, 1H), 5.23-5.17 (m, 2H), 4.41-4.37 (m, 1H), 4.29 (dd, J = 12.5, 3.9 Hz, 1H), 4.21-4.10 

(m, 5H), 3.28-3.15 (m, 4H), 2.80-2.68 (m, 2H), 2.40 (s, 3H), 2.36 (s, 3H) ppm; 13C NMR 

(100 MHz, CDCl3)  196.1, 195.0, 171.4, 171.2, 170.7, 169.3, 144.5, 136.6, 105.1, 95.1, 

70.0, 67.5, 67.0, 66.9, 61.5, 52.8, 30.8, 30.7, 29.2, 29.1, 20.8, 20.7 ppm; 31P NMR (240 

MHz, CDCl3):  −3.18 ppm; HRMS (m/z): [M+Na]+ calculated for C29H38N5NaO17PS2: 

846.1340; found 846.1349.  

General synthetic procedure for NBD-conjugated UDP-GlcNAc analogues (1-

4): To a solution of UDP Glc-NH2
219,220 or UDP GlcNAc-NH2 (0.03 mmol) in 2 ml 

MeCN:H2O (1:1) was added NaHCO3 (13 mg, 0.154 mmol). The reaction was stirred for 

30 min at room temperature before adding (i) NBD-β-Ala-NHS; or (ii) NBD-AVA-NHS; or 

(iii) NBD-Gly--Ala-NHS; or (iv) NBD-PEG-NHS) (0.046 mmol). Following that, the 

reaction mixture was stirred at room temperature for 6 h. The reaction was then quenched 

with Amberlite® IR120 hydrogen form, filtered and lyophilized. Purification was performed 

using ZORBAX C18 HPLC column [0.1% ammonium bicarbonate in water (A) and 

methanol (B) mobile phase, t = 0 min, B = 3%; t = 30 min, B = 60%; t = 31 min, B = 90%], 

to yield the corresponding UDP-GlcNAc analogues 1 (56%), 2 (40%), 3 (75%) and 4 

(28%).  

UDP-GlcN--Ala-NBD (1): 1H NMR (600 MHz, D2O)  8.62 (1H, d, J = 9.43 Hz), 

7.84 (1H, d, J = 7.59 Hz), 6.53 (1H, d, J = 9.20 Hz), 5.82 (1H, d, J = 4.5 Hz), 5.77 (1H, d, 

J = 8.13 Hz), 5.58 (1H, m), 4.31-4.12 (5H, m), 4.06 (1H, m), 3.98-3.74 (5H, m), 3.57 (1H, 

t, J = 10.06 Hz), 2.91 (3H, m) ppm; 13C NMR(150 MHz, D2O)  173.75, 165.72, 151.88, 

141.33, 114.96, 102.18, 94.58, 88.64, 82.96, 73.88, 73.06, 70.93, 69.55,69.38, 64.94, 

60.35, 53.68, 53.61 ppm; 31P NMR (240 MHz, D2O):  -11.4, -11.5, -13.0, -13.1 ppm; 

HRMS (m/z): [M+H]+ for C24H32N7O20P2: 800.1133; found 800.1206. 

UDP-GlcN-AVA-NBD (2): 1H NMR (600 MHz, D2O)  8.56 (1H, d, J = 8.54 Hz), 

7.83 (1H, d, J = 8.54 Hz), 6.45 (1H, d, J = 9.42 Hz), 5.83 (2H, m) 5.51 (1H, dd, J = 2.99 

Hz, J = 7.36 Hz), 4.31-4.13 (4H, m), 4.04-3.76 (5H, m), 3.71 (1H, m), 3.66-3.58 (1H, m), 

2.45 (2H, m), 1.88-1.67 (4H, m) ppm; HRMS (m/z): [M+NH4]+ for C26H39N8O20P2: 845.1711; 

found 845.1730. 
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UDP-GlcN-Gly--Ala-NBD (3): 1H NMR (600 MHz, D2O)  8.57 (1H, d, J = 9.29 

Hz), 7.80 (1H, d, J = 8.07 Hz), 6.43 (1H, d, J = 8.96 Hz), 5.83 (1H, d, J = 4.16 Hz), 5.77 

(1H, m), 5.47 (1H, dd, J = 2.94 Hz, J = 7.46 Hz), 4.26 (2H, m), 4.21-4.08 (4H, m), 3.97 

(2H, m), 3.90-3.72 (6H, m), 3.35 (1H, m) ppm; 13C NMR (150 MHz, D2O):  173.7, 171.6, 

165.9, 151.5, 141.4, 139.2, 102.2, 94.2, 94.2, 88.4, 82.9, 82.9, 73.8, 72.9, 70.7, 69.3, 69.3, 

64.8, 60.2, 53.7, 53.6, 42.3, 39.5, 34.1 ppm;  31P NMR (240 MHz, D2O):  -11.4, -11.5, -

13.0, -13.1 ppm; HRMS (m/z): [M+H]+ calculated for C26H35N8O21P2: 857.1314; found 

857.1325. 

UDP-GlcNAc-PEG-NBD (4): 1H NMR (600 MHz, D2O):  8.61 (1H, d, J = 8.86 Hz), 

7.92 (1H, d, J = 8.04 Hz), 6.51 (1H, d, J = 8.98 Hz), 5.92 (1H, d, J = 4.34 Hz), 5.57 (1H, 

dd, J = 2.78 Hz, J = 7.20 Hz), 4.35 (2H, m), 4.28-4.17 (5H, m), 4.07 (1H, d, J = 10.84 Hz), 

3.99-3.81 (m, 8H), 3.80-3.70 (8H, m), 3.59 (1H, t, J = 9.58 Hz) ppm; 13C NMR (150 MHz, 

D2O):  172.39, 165.69, 151.26, 144.17, 143.84, 141.07, 138.75, 102.07, 93.86, 93.82, 

87.95, 82.69, 82.63, 73.32, 72.49, 70.24, 69.69, 69.25, 69.19, 69.11, 69.10, 69.04, 68.88, 

67.63, 64.40, 64.37, 59.82, 53.00, 52.94 ppm; 31P NMR (240 MHz, D2O):  -11.5, -11.6, -

13.2, -13.3 ppm; HRMS (m/z): [M+NH4]+ calculated for C29H45N8O23P2: 935.2028; found 

935.2030. 
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Chapter 3.  
 
Triazole-modified iminocyclitols enable structure-guided 
creation of sub-nanomolar inhibitors for human O-
GlcNAcase 

A draft manuscript based on this thesis chapter is currently in preparation. The 

designated numbers given to synthetic compounds in this chapter relate only to Chapter 

3. 

3.1. Contributions 

Hong Yee Tan synthesized the iminocyclitols substituted in the alkyl-phenyl series 

as well as the triazole-benzyl series with varying linker lengths using both the Weinreb 

amide and reductive-amination routes with the guidance and assistance of Dr. Vimal 

Varghese and Dr. Johannes Lehmann. Hong Yee Tan also performed the preliminary 

human O-GlcNAcase assay for the determination of Ki values for the lead and tight binding 

iminocyclitol-triazole inhibitors. Dr. Johannes Lehmann refined and optimized all the 

synthetic steps by establishing the TBS route and developed the iminocyclitol triazole 

inhibitor library. Victoria Rose performed synthesis of members of the triazole library 

compounds. Cameron Proceviat determined the Ki values of tight binding iminocyclitol-

triazole inhibitors. Alexandra Males crystallized the human OGA-inhibitor complexes and 

analyzed the diffraction data. Dr. Robert Britton and Dr. David Vocadlo supervised the 

project. 

3.2. Introduction 

O-linked β-N-acetylglucosamine (O-GlcNAc) glycosylation on intracellular proteins 

is among the most abundant protein modifications in eukaryotes.116 Cellular levels of O-

GlcNAc are dynamically regulated by just two enzymes; O-GlcNAc transferase (OGT)19,63 

and O-GlcNAc hydrolase (OGA)140,189. Cytoplasmic O-GlcNAc levels have been shown to 

affect key cellular processes including, for example, nutrient sensing,68,182 stress 

response,61,221 gene transcription,181 and proteosomal degradation32. In addition, O-

GlcNAc has in some cases been shown to compete with protein phosphorylation181,222-224 
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including on the microtubule-associated protein tau49. The potential importance of protein 

O-GlcNAc modification in Alzheimer Disease (AD) has been underscored by recent 

studies that generally show AD patient tissues have decreased levels of this 

modification187. Moreover, this observation is consistent with data indicating that glucose 

metabolism is impaired in the brains of AD patients225, suggesting that restoring levels of 

this modification may offer therapeutic benefits. 

Given these observations, modulation of O-GlcNAcylation through the use of small 

molecules has attracted major interest as a potential therapeutic approach to treating the 

tauopathies, which are a set of neurodegenerative diseases that are associated with 

abnormally hyperphosphorylated tau and its downstream oligomerization and 

aggregation187. Several known OGA inhibitors have emerged that bind to the OGA active 

site in a competitive manner and derive their potency by virtue of their resemblance to 

transition state structures that are stabilized by OGA154,226. Among these classes of 

inhibitors are potent compounds such as the class of aminothiazolines, which include 

Thiamet-G (1, Ki = 2.1 nM)49 (Figure 3.1A) and GlcNAcstatin derivatives that include 

GlcNAcstatin G24,145-147 (Ki = 4.1 nM). The optimization of Thiamet-G (1) to generate the 

clinically used OGA inhibitor MK-8719 (2) (Figure 3.1A) was recently reported. MK-8719 

has improved membrane permeability and correspondingly superior pharmacokinetic 

properties that were obtained by decreasing the total polar surface area (TPSA)158 of 

Thiamet-G. The major synthetic effort involved in optimizing this class of compound 

underscores the difficulty of using naturally occurring carbohydrates as starting materials 

that consequently require elaborate synthetic conversions for optimization. 

Recently, we detailed an efficient route to pyrrolidine based iminocyclitols227 that 

enables control of the stereochemistry of several key hydroxyl groups on the ring system. 

The most potent of those compounds, VV-347 (5, Figure 3.1A),  showed low nanomolar 

potency (Ki = 8 nM) towards human OGA (hOGA) and high selectivity over the functionally 

related lysosomal hexosaminidases that also cleave -N-acetylglucosamine residues off 

from various glycoconjugates.161 Structural insight of small molecules interacting with the 

active site of the enzyme have helped guide the development of potent inhibitors of 

OGA.161 The X-ray crystal structures of bacterial homologues of OGA228-230 have served 

as templates for design of OGA inhibitors. The structure of hOGA was recently reported,81-

83 which revealed the active site is present in a pocket positioned close to the homodimer 

interface. Interestingly, analysis of the binding mode of our early iminocyclitol inhibitors in 
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complex with hOGA revealed an interaction within proximity of the active site in which the 

pendent N-alkyl group extends to contact the other monomeric unit (Figure 3.1C). Here 

we focus on exploring this interaction by studying a panel of compounds in which we make 

systematic variations to the N-alkyl substituent of this class of iminocyclitols. We 

systematically examined the effects of changing the N-alkyl linker chain length and then 

evaluated the effects of various terminal substituted aryl groups. To support this effort, we 

also detailed a redesigned synthetic route that affords access to various advanced 

intermediates enabling convenient structural diversification. In particular, we use copper-

(I)-catalyzed alkyne-azide cycloaddition (CuAAC) to rapidly diversify these compounds. 

Notably, some of the resulting triazole inhibitors within these panels of compounds show 

sub-nanomolar potencies against human OGA. Structures of the most potent 

iminocyclitols revealed favorable interactions at the dimer interface in which the inhibitor 

bridges from one monomer active site to the surface of the other monomer, providing a 

clear structural rationale for the high potency of these inhibitors. 

 

Figure 3.1  Structure of OGA enzymes in complex with iminocyclitol-based inhibitors.  
Panel A: Thiamet-G (1, Ki = 2.1 nM) and MK-8719 (2, Ki = 7.9 nM)) which bind to 
human OGA at single-digit nanomolar potency. Iminocyclitol (3, Ki = 8 nM) which 

B                                C

A
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has the (2S, 3S) configuration binds with high micromolar potency. Panel B: 
Iminocyclitol bound onto the active site of Bacteroides thetaiotaomicron 
(BtOGA)161; Panel C (top and bottom left): co-crystal structure of iminocyclitol VV-
347 bound within the active site of human OGA reveals the presence of a groove 
adjacent to the active site in which the pyrrolidine ring is bound [PDB 5M7U]81. 
Panel C (right): The purple and grey colour of the human OGA indicates each 
monomeric subunit.   

3.3. Results and Discussions 

3.3.1. Synthetic route towards accessing side chain modification 

Previous work led to the identification of the optimal stereochemistry for hydroxyl 

substituents of the pyrrolidine ring of OGA iminocyclitol inhibitors.161 Synthesis of these 

pyrrolidines can be performed using a proline catalyzed tandem α-chlorination aldol 

reaction231 to yield the corresponding anti-aldol, syn-chlorohydrin product 8 with excellent 

diastereomeric selectivity (Scheme 3.1). In this work we have focused on understanding 

the potential benefits of varying the substituent present on the endocyclic nitrogen of the 

pyrrolidine ring. Initial results with substituted n-propyl aryls were promising.161 We 

therefore set out to develop a synthetic route that would allow convenient access to a 

range of suitable precursors to more widely explore the effects of varying this moiety. We 

envisioned one simple route to introduce late-stage diversification at this position would 

be to use cross-metathesis. Accordingly, we aimed to optimize the current synthetic 

route161 for quick access to an N-allyl intermediate that could be used in metathesis. To 

address this synthetic challenge, we considered the generalized route we previously used 

to prepare iminocyclitols (Scheme 3.1) and envisioned that we could modify the synthesis 

of the chlorohydrin intermediate 5 and access the desired late-stage N-allyl intermediate 

in a more convenient manner. We reasoned that aldehyde 11, containing a Weinreb-

amide, could be obtained from commercially available γ-butyrolactone 9 (Scheme 3.2). 

Treating γ-butyrolactone 9 with dimethyl aluminum chloride with N,O-dimethylamine, 

followed by Swern oxidation of the resulting hydroxy amide 10 afforded aldehyde 11. 

Proline-catalyzed -chlorination DKR-aldol reaction of aldehyde 11 yielded the desired -

chlorohydrin 12. 
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Scheme 3.1  Generalized scheme for one-pot (S)-proline-catalyzed -chlorination DKR-
aldol reaction of aldehydes to generate desired iminocyclitols. 
Formation of dioxalane-chlorohydrin intermediate as a facile access to 
stereochemically enriched iminocyclitols. 

Following our previous methods, we performed selective 1,3-syn reductive 

amination using chlorohydrin 12 but here used allyl amine to obtain amine 13. Subsequent 

intramolecular cyclization using NaHCO3 stirred at 100°C yielded bicycle 14, which after 

treatment with LiAlH4 led to the formation of aldehyde 15, which undergoes a retro-

Michael-hetero-Michael addition sequence when subjected to the basic conditions of a 

15% NaOH solution. During this process, the stereochemistry at the 2-position is inverted 

by locking the free secondary alcohol within the lactol product 16. Subsequent oxidation 

led to formation of lactone 17, which enabled us to diversify the N-allyl side chain by cross 

metathesis using various styrene derivatives. Iminocyclitols 19a-c were obtained in a one-

pot series of reactions following metathesis involving acid-catalyzed acetal cleavage and 

treatment with methylamine to open the lactone to generate the desired amide side chain 

(Scheme 3.2). These fluoroaromatic substituted iminocyclitols showed nanomolar affinity 

towards human OGA (19a, Ki = 21.8 ± 3.1 nM; 19b, Ki = 17.2 ± 1.7 nM; 19c, Ki = 20.8 ± 
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1.8 nM), yet none exhibited substantial improvement in inhibition constants relative to our 

previously reported iminocyclitol structures. 

 

Scheme 3.2  Synthetic access for side chain modification by reductive aminating series 
of amino-alkyne chain.  
(a) N,O-Dimethylamine hydrochloride, Me2AlCl, CH2Cl2, 87%; (b) i. (COCl)2, 

DMSO, CH2Cl2, −78°C; ii. Et3N, −78°C to 0°C, 75%; (c) (S)-Proline, 2,2-dimethyl-
1,3-dioxan-5-one, NCS, CH2Cl2, 76%; (d) i. Prop-2-en-1-amine, AcOH, 4Å MS, 
THF; ii. NaB(CN)H3, 81%; (e) NaHCO3, PhMe, 100°C, 63%; (f) LiAlH4, THF, 0°C 
to RT; (g) 50% aqueous NaOH, CH2Cl2, 64% over 2 steps; (h) TPAP, NMO, 4Å 
MS, CH2Cl2, 44%; (i) ethenylbenzene derivatives, Hoveyda-Grubbs 2nd 
generation, CH2Cl2, 27-52%; (j) i. HCl, MeOH; ii. MeNH2, MeOH, 43-53%.  

3.3.2. Establishing the optimal linker length for substituted side 
chains. 

Based on these results, we considered alternative ways to readily diversify the side 

chain and turned to exploiting 1,4 substituted 1,2,3-triazoles, which are conveniently 

accessible by Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC)88,89. Our initial attempt 

focused on preparing a series of iminocyclitols with a series of alkynes having varying 
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chain lengths, which can be prepared through Weinreb amide-containing 

aminochlorohydrin 20a-c as suitable synthetic intermediates. Using the general methods 

described above, we generated lactones 24a-c. The corresponding triazoles 25a-c were 

then formed using CuAAc in the presence of copper sulfate catalyst, and sodium 

ascorbate. Removal of the acetonide protecting group under acidic conditions, followed 

by ring opening of the lactone using methylamine, gave access to the set of benzyl-

substituted iminocyclitol-triazoles 26a-c. 

 

Scheme 3.3  Synthetic access for side chain modification by reductive aminating series 
of amino-alkyne chain.  
(a) N,O-Dimethylamine hydrochloride, Me2AlCl, CH2Cl2, 87%; (b) i. (COCl)2, 

DMSO, CH2Cl2, −78°C; ii. Et3N, −78°C to 0°C, 75%; (c) (S)-Proline, 2,2-dimethyl-
1,3-dioxan-5-one (4), NCS, CH2Cl2, 76%; (d) i. alkyne-amine, AcOH, 4Å M.S., 
THF; ii. NaB(CN)H3, 65-79%; (e) NaHCO3, PhMe, 100°C, 55-67%; (f) LiAlH4, 
THF, 0°C to RT; (g) 50% aqueous NaOH, CH2Cl2; (h) TPAP, NMO, 4Å M.S., 
CH2Cl2, 21-38% over 3 steps; (i) BnN3, CuSO4, sodium ascorbate, tert-
BuOH/H2O (1:1), 37-76%; (j) i. HCl, MeOH; ii. MeNH2, MeOH, 43-82%. X of 
compound 20-26 = CH2 (series a), (CH2)3 (series b), (CH2)4 (series c).  

In parallel to this effort, we also developed a route involving reductive amination 

(Scheme 3.4) using the key intermediate 34b, since this would allow later stage 

diversification. In this approach, starting alkyne-bearing aldehydes were coupled to benzyl 

azide using CuAAC and the resulting product oxidized to the desired series of benzyl 

triazole aldehydes. These benzyl triazole aldehydes were coupled to intermediate 11 by 
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reductive amination (Scheme 3.4, procedure i). Alternatively, the alkyne-bearing 

aldehydes can be coupled initially onto intermediate 35 followed by a later cycloaddition 

reaction (Scheme 3.4, procedure j).  

 

Scheme 3.4  Synthetic access to obtain compounds with different linker length via 
reductive amination of a series of benzyl-triazole aldehyde.  
(a) (S)-Proline, 2,2-dimethyl-1,3-dioxan-5-one, NCS, CH2Cl2, 44% (b) i. BnNH2, 
AcOH, 4Å M.S., THF; ii. NaB(CN)H3, 62%; (c) NaHCO3, PhMe, 100°C, 87%; (d) 
OsO4, NMO, THF:H2O (1:1), 0°C to RT, 66%; (e) NaIO4, EtOH:H2O (2:1), 64%; 
(f) SiO2, CHCl3, RT, 16 h, 65%; (g) TPAP, NMO, THF, 77%; (h) Pd/C, H2, MeOH; 
(i) i. AcOH, benzyl triazole aldehydes 35a-c, MeOH; ii. NaB(CN)H3; (j) i. Hex-5-
ynal, AcOH, MeOH; ii. NaB(CN)H3; iii. BnN3, CuSO4, sodium ascorbate, tert-
BuOH/H2O (1:1); (k) HCl, MeOH; ii. MeNH2, MeOH, 35-45% over 3 steps. X of 
compound 25-26 = (CH2)4 (series c), (CH2)5 (series d), (CH2)6 (series e). 
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Figure 3.2  Potency of triazole iminocyclitol inhibitors of hOGA having variable length 
side chains.  
The length of the linker of triazole iminocyclitol inhibitors has a marked effect on 
potency against hOGA. 

Subsequent transformations as described above led to the desired product 26a, 

(Ki = 880 ± 230 nM), which was much less potent than the previous compounds. However, 

synthesis of the series of analogues with longer carbon chain lengths revealed that tuning 

the distance between the iminocyclitol core and the heteroaryl group had a marked effect 

on inhibition of hOGA by these compounds. While the compound 26a with a single 

methylene linker showed poor activity, increasing the linker length resulted in increased 

potency. A five-carbon alkyl chain length was the most potent (26d, Ki = 0.66 ± 0.05 nM) 

but we decided to pursue the similarly potent species (26c, Ki = 1.5 ± 0.2 nM) since this 

was slightly more compact and less flexible than compound 26d.  
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To understand the variation in OGA affinities we obtained X-ray crystal structures 

of the selected molecules in complex with the previously crystallized homodimeric catalytic 

domain of hOGA (Figure 3.3). In addition to the previously described interactions of the 

poly-hydroxylated pyrrolidine161 within the protein active site, additional interactions of 

compound 26c involved π-stacking of the triazole ring to W679 in two alternate 

conformations, as well as the accessing of a secondary cleft in close proximity to the 

catalytic machinery. This cleft is formed between the two homo-dimeric subunits that is, 

to our knowledge, only found within the mammalian enzymes and not seen in bacterial 

homologues such at BtGH84. These additional interactions are likely responsible for the 

enhanced observed potency of 26c and 26d against human OGA as compared to the 

terminal alkyne compound lacking the triazole and aryl substituent (36, n = 4, Ki = 10 ± 1 

nM), The longer chain derivative 26e presumably has a linker that is too long to efficiently 

exploit these interactions. Given these observations we reasoned that greater potency 

could be realized by maintaining this four-carbon linker chain length and optimizing the 

aryl substituent of iminocyclitol 26c. 

 

Figure 3.3  X-ray crystal structure of OGA co-complex with triazole iminocyclitol 
inhibitor 26c.  
X-ray crystal structure of hOGA in complex with 26c shows the aryl substituent 
can extend into the cleft at the dimer interface to exploit additional 
protein:inhibitor interactions. hOGA residues that interact with inhibitor 26c 
(yellow) are highlighted with wider bond widths for both chain A, catalytic domain 
(orange), or chain B, stalk domain (red). The blue maximum-likelihood/σA-
weighted 2Fo-Fc map of 26c is contoured at 0.08 electrons Å-3. 
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3.3.3. Synthesis towards a panel of triazole-iminocyclitols 

While the synthetic routes we describe above (Scheme 3.3 and Scheme 3.4) were 

robust, we were eager to identify more step-efficient routes with higher yields focusing on 

the four-carbon chain length to generate a panel of compounds. We established a new 

sequence (Scheme 3.5) that started by using the known TBS-protected aldehyde 37232-

234 in the proline catalyzed α-chlorination aldol reaction to generate chlorohydrin 38 

(Scheme 3.5). This α-chlorination aldol reaction proceeded in 58% yield with a 4:1 

diastereomeric ratio of the desired syn-chlorohydrin. The alkyne side chain (n = 4) was 

introduced by 1,3-syn reductive amination of hex-5-yn-1-amine using sodium 

cyanoborohydride as a mild reducing agent to obtain intermediate 39 (Scheme 3.5). After 

thermal cyclizationg to make pyrrolidine 40 and TBS deprotection to liberate the primary 

alcohol 41, oxidative lactolization turned out to be unexpectedly challenging. In addition to 

the instability of the target aldehyde 22c (Scheme 3.5), selective oxidation of the primary 

alcohol, without disrupting the integrity of the terminal alkyne, was challenging. 

 

Scheme 3.5  Synthetic access towards iminocyclitol-triazole inhibitors using TBS route.  
(a) (S)-Proline, 2,2-dimethyl-1,3-dioxan-5-one, NCS, CH2Cl2, 66%; (b) i. hex-5-
yn-1-amine hydrochloride, Et3N, AcOH, 4Å M.S., THF; ii. NaB(CN)H3, 77%; (c)  
NaHCO3, PhMe, 100°C, 90%; (d) TBAF, THF, 93%; (e) IBX, EtOAc, 65°C, 4 h; (f) 
SiO2, DCE, 16 h, 72% over 2 steps; (g) TEMPO, BAIB, CH2Cl2, RT, 16 h, 56%; 
(h) BnN3, CuSO4, sodium ascorbate, THF/H2O; (i) i. HCl, MeOH; ii. MeNH2, 
MeOH, 33% over 2 steps.    
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Upon optimization of the reaction conditions, we obtained the best results by 

heterogeneous mixing of the starting material 40 in ethyl acetate with IBX as a mild 

oxidizing agent at 65°C. After four hours the reaction was filtered, concentrated and 

subsequently subjected to silica promoted epimerization to give us lactol 23c, which we 

further oxidized to lactone 24c using 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) in 

combination with [bis(acetoxy)iodo]benzene (BAIB)235 (Scheme 3.5). Having ready 

access to a fully protected iminocyclitol core bearing the desired linker with a terminal 

alkyne functionality 22c, which can be obtained either using the route involving a Weinreb 

amide aldehyde (11, Scheme 3.3), olefin-containing aldehyde (27, Scheme 3.4), or TBS-

protected aldehyde (38, Scheme 3.5) as starting precursors, allowed us to use CuAAC to 

quickly assemble a small library of 18 1,4-subsitituted 1,2,3-triazoles (Figure 3.4, 42a-r). 

All cycloaddition products were filtered and subsequently treated with catalytic amounts 

of HCl, followed by overnight treatment with methylamine. The desired products were 

obtained from the crude reaction mixtures by high-performance liquid chromatography to 

obtain the desired iminocyclitols (Figure 3.4). Among this panel are a range of groups 

including unsubstituted 42i, halogenated 42a-c and 42l, aryls as well as hetero- 42g, and 

bicyclic aryls 42d, 42j, 42k and 42o. We also included acidic 42q and basic 42n 

substituents on the aryl ring to assess the potential effects of incorporating charged 

groups.  

Access to these inhibitors with various aryl groups led to compounds that reached 

the detection limit of our hOGA enzyme assay, which was only able to provide accurate 

measurements down to Ki values of approximately 1.5 nM. This limit arose because of the 

sensitivity of the assay and the need to use 2 nM hOGA within the assay (Appendix B). 

We therefore developed a more sensitive assay which uses resorufin N-acetyl-β-D-

glucosamine (resorufin-GlcNAc) as a substrate. In this assay the bright fluorescent 

resorufin leaving group enables using a lower hOGA concentration in the assays of 0.2 

nM. The anion of resorufin is a good leaving group with a pKa value of ~6.0 and em = 585 

nm,  = 0.74;  = 5.6  104 M-1 cm-1174 and therefore is superior to 4-methylumbelliferyl N-

acety-β-D-glucosaminide (4MU-GlcNAc) for which the 4-methylumbeliferone is not as 

good a leaving group with a pKa value of 12.9 and em = 450 nm;  = 0.63;  = 1.7  103 

M-1 cm-1174.  
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Figure 3.4  Synthesized panel of iminocyclitol triazole inhibitors of human OGA. 
 (A) Cu-(I)-catalyzed Huisgen 1,3-dipolar cycloaddition was performed on 
iminocyclitol 24c which can be accessed through various routes (Scheme 3.3 – 
3.5) to obtain the target panel of inhibitors 42a-r. (B) These inhibitors 42a-r bear 
aryl substituents as shown with their respective inhibition constants shown below 
the structure and compound number.  

Accordingly, we could measure Ki values more accurately into the high picomolar range 

(Figure 3.4). Using this substrate, we observed that arylic triazoles were generally more 

potent than benzylic ones, which might derive from a larger π-system and a subsequent 

stronger interaction with W679. This hypothesis is further supported by the modest 
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potency of 42r, which lacks the second aryl group and shows no significant inhibitory 

activity at concentrations of up to 100 nM. The free carboxylic acid (42q, Ki = 29.4 ± 1.2 

nM) showed notably weaker inhibition, suggesting it too failed to capture this beneficial 

stacking interaction. 

 

Figure 3.5  Crystal structures of the hOGA in complex with benzyl-triazole 
iminocyclitol inhibitors 42a and 42c.  
Iminocyclitol inhibitors 42a (Panel A) and 42c (Panel B) bound to hOGA. The 
pocket of one monomeric unit and respective residues are coloured orange, and 
the pocket of the second monomeric unit and respective residues are coloured 
red. Residues that interact with benzyl-triazole iminocyclitol (shown in yellow) are 
shown with thicker bonds than the residues surrounding the active site; hydrogen 
bonds are shown by black dotted lines. The pink electron density map defines 
the maximum-likelihood/σA-weighted 2 Fo-Fc synthesis contoured at 0.08 
electrons Å-3 and is clipped to show the electron density for the benzyl-triazole 
iminocyclitol inhibitor.  

Based on this collective data, no clear tendency could be observed in terms of substitution 

pattern, size of substituents or charge density of the aryl groups. Instead, we found that 

aryl halides were among those displaying the highest potencies (42a, Ki = 193 ± 23 pM; 

42b, Ki = 239 ± 29 pM; and 42c, Ki = 302 ± 50 pM), which we reason could be due to 

favorable halogen-hydrogen interactions. 

To gain insight into the binding mode of the inhibitors bearing the triazole side 

chains, we obtained co-crystal structures of selected inhibitors from our panel, including 

inhibitors 42a and 42c, bound to hOGA. Interestingly, we found our most potent 

compound, the tribromoaryl triazole 42a, bound in two different conformations within the 
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active site pocket. While the iminocyclitol ring system occupies the carbohydrate binding 

site, the aryl triazole extension blocks the entrance of the pocket. In one conformation we, 

once again, observe π-stacking with W679 of the other hOGA monomer. The second 

conformation leaves the aryl group locked in a cleft formed between the two homo-dimeric 

subunits, forming a sandwich in which this group is positioned between Y069 of one 

monomer and W645 of the other monomer. Both conformations are likely a result of 

favorable stacking interactions, which offers a rationale for the observed sub-nanomolar 

Ki values measured for these compounds. 

3.4. Conclusion  

In summary, we have described a series of synthetic routes to new and improved 

iminocyclitol-based OGA inhibitors having picomolar affinities. These compounds are 

among the most potent hOGA inhibitors known. Potency appears to be driven by the 

conjugated π-aromatic system appended to the triazole taking advantage of a cleft that is 

present at the dimeric interface through pi-pi interactions with the second peptide chain of 

dimeric hOGA. Structure-activity studies revealed the optimal chain length required to 

enable these favorable interactions and gain potency in this was, as well as identifying 

halogen substituents on the aryl ring as a means of gaining potency. Notably, these 

compounds can be conveniently accessed in useful quantities from non-carbohydrate 

starting materials and should prove useful for in-vivo studies and enable optimization of 

pharmacokinetic properties of this series of compounds. We anticipate that these 

iminocyclitols bearing a triazole linker could be further developed as candidate 

therapeutics or tools for biological research. In particular, given the ease of appending 

several different groups through CuAAC chemistry, we see potential for these compounds 

as affinity-based reagents to enable examining protein-protein interactions involving 

mammalian OGA.  

3.5. Materials and methods 

3.5.1. General Synthetic Procedures 

All NMR data for purified materials are provided in Appendix B. All reactions were 

carried out with commercial solvents and reagents that were used as received. Flash 

chromatography was carried out with Geduran® Si60 silica gel (Merck). Concentration 



92 

and removal of trace solvents was done via a Büchi rotary evaporator using dry 

ice/acetone condenser, and vacuum applied from an aspirator or Büchi V-500 pump. All 

reagents and starting materials were purchased from Sigma Aldrich, Alfa Aesar, TCI 

America, and/or Strem, and were used without further purification. All solvents were 

purchased from Sigma Aldrich, EMD, Anachemia, Caledon, Fisher, or ACP and used 

without further purification, unless otherwise specified. Nuclear magnetic resonance 

(NMR) spectra were recorded using chloroform-d (CDCl3) or methanol-d (CD3OD). Signal 

positions () are given in parts per million from tetramethylsilane ( 0) and were measured 

relative to the signal of the solvent (1H NMR: CDCl3:  7.26; 13C NMR: CDCl3:  77.16). 

Coupling constants (J values) are given in Hertz (Hz) and are reported to the nearest 0.1 

Hz. 1H NMR spectral data are tabulated in the order: multiplicity (s, singlet; d, doublet; t, 

triplet; q, quartet; quint, quintet; m, multiplet), coupling constants, number of protons. NMR 

spectra were recorded on a Bruker Avance 600 equipped with a QNP cryoprobe (600 

MHz), Bruker 500 (500 MHz), or Bruker 400 (400 MHz). High-resolution mass spectra 

were performed on an Agilent 6210 TOF LC/MS, Bruker MaXis Impact TOF LC/MS, or 

Bruker micrOTOF-II LC mass spectrometer. Molecular ions [M+H+] are given in mass per 

charge (m/z). 

3.5.2. Human OGA inhibition assay  

Human OGA inhibition assays carried out using 4MU-GlcNAc as substrate: a 10 

mM stock of each respective inhibitor in DMSO was diluted in PBS buffer (pH 7.4) then 

serially diluted to yield the desired concentration ranges to generate full inhibition data. 

Thiamet-G was used as a positive control in all experiments by confirming the ability to 

accurately determine its potency. Inhibition assays were performed using 10 nM human 

OGA with 200 µM of 4MU-GlcNAc, which was selected based on the measured Km value 

of 0.2 mM. Enzyme was added to inhibitors and incubated for 5 minutes at 37°C, after 

which the reaction was initiated by the addition of substrate. 50 µL reactions were 

performed in triplicate in a NUNC 384 black well 384-well microplates. Fluorescence was 

then monitored continuously for 20 minutes at 37°C using a Spectramax M5 fluorescence 

plate reader set at 365 nm excitation and 445 nm emission wavelengths. Results were 

processed using GraphPad Prism. 

Human OGA inhibition assay carried out using resorufin-GlcNAc as substrate: a 

10 mM stock of respective inhibitor in DMSO was diluted in buffer (20 mM HEPES, 5 mM 
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EDTA, 150 mM KCl, pH 7.1) then serially diluted to yield the desired concentration ranges 

to generate full inhibition curves. Thiamet-G was used as a positive control in all 

experiments by confirming the ability to accurately determine its potency.  Inhibition 

assays were performed using 0.2 nM h-OGA with 15 µM of resorufin-GlcNAc, which was 

selected based on the measured Km value of 0.015 mM.  Enzyme was added to inhibitors 

and incubated for 5 minutes at room temperature, after which the reaction was initiated by 

the addition of substrate. 45 µL reactions were performed in triplicate in NUNC 384 black 

well 384-well microplates. Fluorescence was then monitored continuously for 20 minutes 

at 37°C in the BioTek Neo 2 fluorescence plate reader set at 572 nm excitation and 610 

nm emission wavelengths. Results were processed using GraphPad Prism. 

3.5.3. X-Ray Crystallography 

The production, purification and crystallisation of hOGA was conducted following 

the protocol outlined in Roth et al.81 Crystals of hOGA were soaked with a final 

concentration of 5mM for all of the inhibitors. Crystals with good in-house diffraction were 

sent to Diamond I04 and I03 beamlines and integrated using the Xia2 pipeline236. From 

the CCP4 software suite237, Aimless238,239, MOLREP240 with the model 5M7R were used. 

Multiple iterations of refinement in REFMAC241-246 and model building in COOT247 

produced the final structure. Figures of the structures were produced using CCP4mg248. 

3.6. Synthetic Procedures and Characterization 

4-Hydroxy-N-methoxy-N-methylbutanamide (10): N,O-Dimethyl hydroxylamine 

hydrochloride (19.9 g, 200 mmol) was dissolved in dichloromethane (1000 ml) and cooled 

under ice bath. Dimethyl aluminum chloride (2000 ml, 200 mmol, 1 M in hexane) was 

added dropwise via cannula over a period of 1 hour and the resulting mixture was stirred 

at that temperature for extra further hour. Following that, -butyrolactone 9 (14 ml, 182 

mmol) was added dropwise using a syringe over a period of 30 minutes and the mixture 

was subsequently allowed to warm to room temperature. The second mixture was stirred 

for 24 hours. Upon completion as judged by thin layer chromatography, reaction mixture 

was washed with water (300 ml) and the organic layer was collected. The aqueous layer 

was extracted with dichloromethane (150 ml x 3). The combined organic layers were 

washed with brine, dried over sodium sulfate, and concentrated under reduced pressure 
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to obtain crude 4-hydroxy-N-methoxy-N-methylbutanamide (23 g, 87%). Rf = 0.18 (ethyl 

acetate). The crude product was carried forward without purification. 1H NMR (400 MHz, 

CDCl3):  3.70 (m, 5H), 3.19 (s, 3H), 2.60 (t, J = 6.8 Hz, 2H), 1.90 (dddd, J = 12.6, 6.7, 

5.8, 1.3 Hz, 2H) ppm. NMR spectra are identical as in previously reported literature.249 

N-Methoxy-N-methyl-4-oxobutanamide (11): To a solution of oxalyl chloride 

(14.55 ml, 0.17 mol) and dichloromethane (450 ml) in a three-neck round-bottom flask 

cooled to −78°C was added a solution of dimethyl sulfoxide (23.44 ml, 0.33 mol) in 

dichloromethane (50 ml) dropwise over a period of 20 minutes. A solution of the crude 4-

hydroxy-N-methoxy-N-methylbutanamide 10 (23 g, 0.15 mol) in dichloromethane (75 ml) 

was added dropwise by cannula over a period of 20 minutes. After stirring the resulting 

mixture for 30 minutes, triethylamine (105 ml, 0.76 mol) was added. The resulting light-

yellow suspension was gradually warmed to 0°C and stirred for 2 hours. Upon completion 

as judged by thin layer chromatography, the mixture was washed using 1 M HCl solution, 

saturated sodium bicarbonate solution, and brine. The aqueous layers were extracted 

using dichloromethane and the combined organic layers were dried using sodium sulfate. 

The solvent was removed under reduced pressure to give crude product (16 g, 75%), 

which was carried forward without purification. Rf = 0.18 (pentane/ethyl acetate = 7:3).  1H 

NMR (400 MHz, CDCl3)  9.82 (d, J = 4.0 Hz, 1H), 3.71 (d, J = 3.2 Hz, 3H), 3.16 (d, J = 

3.3 Hz, 3H), 2.78 (td, J = 6.8, 6.2, 4.1 Hz, 4H) ppm; 13C NMR (100 MHz, CDCl3):  200.9, 

172.6, 61.2, 38.1, 32.3, 24.6 ppm. HRMS (m/z): [M+H]+ calculated for C6H12NO3: 

146.0812; found: 146.0792. 

(3R,4R)-3-Chloro-4-((S)-2,2-dimethyl-5-oxo-1,3-dioxan-4-yl)-4-hydroxy-N-

methoxy-N-methylbutanamide (12): To a stirred solution of 11 (15.5 g, 106.8 mmol) in 

dichloromethane (600 ml) was added L-proline (10.4 g, 90.8 mmol). Subsequently, N-

chlorosuccinimide (15.7 g, 117.5 mmol) and 2,2-dimethyl-1,3-dioxan-5-one (14.0 ml, 

117.5 mmol). The resulting solution was stirred for 40 hours, then was diluted with 

dichloromethane (600 ml) and washed with water (300 ml x 3). The aqueous layer was 

reextracted with dichloromethane (200 ml x 3). The combined organic layers were washed 

with brine, dried over sodium sulfate, and then concentrated under reduced pressure. The 

crude product was purified using silica gel flash column chromatography (pentane/ethyl 

acetate = 60/40 to pentane/ethyl acetate = 50/50) to obtain product as brown oil (25 g, 

76%). Rf = 0.66 (ethyl acetate). 1H NMR (400 MHz, CDCl3):  4.85 – 4.69 (m, 1H), 4.38 (d, 
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J = 8.9 Hz, 1H), 4.31 – 4.20 (m, 1H), 4.09 – 4.04 (m, 1H), 4.03 (dd, J = 2.5, 1.3 Hz, 1H), 

3.71 (s, 3H), 3.27 – 3.13 (m, 1H), 3.20 (s, 3H), 2.95 (dd, J = 16.8, 5.8 Hz, 1H), 1.50 (s, 

3H), 1.41 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  212.5, 170.5, 101.7, 72.7, 71.3, 66.4, 

61.4, 57.0, 36.6, 32.0, 23.7, 23.3 ppm. HRMS (m/z): [M+H]+ calculated for C12H21ClNO6: 

310.1052; found: 310.1050. 

 (3R,4R)-4-((4R,5R)-5-(Allylamino)-2,2-dimethyl-1,3-dioxan-4-yl)-3-chloro-4-

hydroxy-N-methoxy-N-methylbutanamide (13): To a solution of ketochlorohydrin 12 

(2.4 g, 7.75 mmol) in tetrahydrofuran (52 ml) containing activated 4Å molecular sieves 

was added allylamine (1.44 ml, 19.4 mmol) and glacial acetic acid (0.45 ml, 7.75 mmol) 

under N2 and the resulting mixture was stirred for 1 hour. Sodium cyanoborohydride (1.22 

g, 19.4 mmol) was then added to the mixture, which was then stirred for a further 1 hour. 

The reaction mixture was then diluted with dichloromethane and washed with brine. The 

extracted organic layer was dried (Na2SO4) and concentrated under reduced pressure. 

The crude product was purified using silica gel flash column chromatography 

(hexane/ethyl acetate = 90/10 to ethyl acetate only) to obtain product (2.2 g, 81%). Rf = 

0.47 (ethyl acetate). 1H NMR (500 MHz, CDCl3)  5.85 (ddt, J = 16.6, 10.4, 6.2 Hz, 1H), 

5.27 – 5.16 (m, 2H), 4.78 (ddd, J = 8.9, 4.8, 1.4 Hz, 1H), 4.16 – 4.04 (m, 1H), 3.90 – 3.81 

(m, 1H), 3.79 – 3.74 (m, 1H), 3.72 (s, 3H), 3.69 – 3.61 (m, 1H), 3.46 (dd, J = 13.7, 6.3 Hz, 

1H), 3.26 (dd, J = 14.1, 6.2 Hz, 1H), 3.22 (s, 3H), 2.99 –  2.89 (m, 1H), 2.89 – 2.79 (m, 

1H), 1.47 (d, 3H), 1.37 (s, 3H) ppm. HRMS (m/z): [M+H]+ calculated for C15H28ClN2O5: 

351.1681; found: 351.1683. 

2-((4aR,6S,7S,7aR)-5-Allyl-7-hydroxy-2,2-dimethylhexahydro-[1,3]dioxino-

[5,4-b]pyrrol-6-yl)-N-methoxy-N-methylacetamide (14): To a stirred solution of 

chloroaminoalcohol 13 (0.51 g, 1.45 mmol) in anhydrous toluene (9.7 ml) was added 

sodium bicarbonate (0.24 g, 2.91 mmol). The mixture was heated to 110°C and 

maintained at this temperature for 16 hours or until consumption of starting material was 

judged complete as determined by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude product was purified using silica gel 

flash column chromatography (ethyl acetate/pentane = 50/50) to obtain product (0.29 g, 

63%). Rf = 0.23 (ethyl acetate only). 1H NMR (400 MHz, CDCl3):  5.93 – 5.74 (m, 1H), 

5.23 (dd, J = 17.0, 1.5 Hz, 1H), 5.11 (dd, J = 9.5, 0.7 Hz, 1H), 4.13 (dd, J = 10.3, 4.4 Hz, 

1H), 4.09 (d, J = 4.2 Hz, 1H), 3.69 (s, 3H), 3.65 (dd, J = 9.9, 4.9 Hz, 1H), 3.30 (dd, J = 

14.0, 6.2 Hz, 1H), 3.19 (s, 3H), 3.03 (dd, J = 10.3, 4.0 Hz, 1H), 2.86 (td, J = 10.2, 4.4 Hz, 
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1H), 2.75 (dd, J = 15.4, 3.6 Hz, 1H), 2.51 (dd, J = 15.7, 10.7 Hz, 1H), 2.38 (s, 1H), 1.48 

(s, 3H), 1.46 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  172.2, 135.5, 117.7, 100.7, 73.7, 

73.6, 68.7, 66.9, 61.1, 58.9, 57.2, 36.5, 31.9, 29.1, 19.6, 14.0 ppm. HRMS (m/z): [M+H]+ 

calculated for C15H27N2O5: 315.1914; found: 315.1915. 

(4aR,5aR,8aS,8bR)-5-Allyl-2,2-dimethyloctahydro-[1,3]dioxino[5,4-

b]furo[2,3-d]pyrrol-7-ol (16): To a stirred solution of Weinreb amide 14 (1.23 g, 3.91 

mmol) in anhydrous tetrahydrofuran (28 ml) at 0°C was added lithium aluminum hydride 

(0.22, 5.87 mmol). The reaction mixture was stirred for 1 hour at 0°C. Upon complete 

consumption of starting material as judged by thin layer chromatography, the mixture was 

diluted with diethyl ether (15 ml). The unreacted lithium aluminum hydride was consumed 

by addition of a 15 % (by weight) solution of NaOH (0.22 ml). The crude mixture was 

concentrated under reduced pressure and resuspended in dichloromethane (16.4 ml). 

Sodium hydroxide (1.14 g, 28.5 mmol, prepared as 50% NaOH in water) was added into 

the reaction mixture. Upon complete consumption of reaction intermediate as determined 

by nuclear magnetic resonance spectroscopy, the crude mixture was diluted with 

dichloromethane (50 ml) and washed with water (50 ml). The aqueous layer was extracted 

with dichloromethane (50 ml x 3). The combined organic layers were dried over sodium 

sulfate and concentrated under reduced pressure to obtain the crude product (0.64 g, 64% 

over 2 steps). The crude product was carried forward without purification. Rf = 0.38 

(methanol/ethyl acetate = 1:14). 1H NMR (600 MHz, CDCl3):  5.77 (ddt, J = 16.7, 10.2, 

6.4 Hz, 1H), 5.69 (d, J = 5.0 Hz, 1H), 5.27 – 5.17 (m, 1H), 5.14 – 5.05 (m, 1H), 4.74 (t, J 

= 5.4 Hz, 1H), 4.25 (dt, J = 8.3, 5.6 Hz, 1H), 4.16 – 4.03 (m, 2H), 3.78 – 3.70 (t, J = 10.4 

Hz, 1H), 3.62 (dd, J = 9.6, 5.2 Hz, 1H), 3.13 (dd, J = 13.6, 6.0 Hz, 1H), 3.05 (dd, J = 13.6, 

7.1 Hz, 1H), 2.49 (td, J = 10.0, 4.4 Hz, 1H), 2.08 – 2.01 (m, 1H), 1.87 (dd, J = 13.6, 8.2 

Hz, 1H), 1.49 (s, 3H), 1.48 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3):  135.1, 117.7, 100.2, 

81.9, 78.0, 74.9, 66.3, 64.1, 55.4, 51.0, 32.8, 29.3, 19.8, 19.5 ppm. HRMS (m/z): [M+H]+ 

calculated for C13H22NO4: 256.1543; found: 256.1545. 

(4aR,5aR,8aS,8bR)-5-Allyl-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]furo-

[2,3-d]pyrrol-7(4H)-one (17): To a solution of allyl lactol 16 (0.64 g, 2.51 mmol) in 

dichloromethane (6.3 ml) containing 4Å molecular sieves was added tetra-

propylammonium perruthenate (0.265 g,  0.75 mmol) and N-methylmorpholine N-oxide 

(0.44 g, 3.765 mmol). The resulting mixture was stirred for 2 hours. Upon complete 

consumption of starting material as judged by thin layer chromatography, the mixture was 
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diluted with dichloromethane followed by quenching with Na2S2O3 solution. The crude 

mixture was concentrated, resuspended with ethyl acetate (80 ml), and filtered through a 

pad of Celite®. The filtrate was then washed with brine (50 ml) and the aqueous layer was 

extracted with ethyl acetate (3 x 50 ml). The combined organic layers were dried using 

Na2SO4 and concentrated under reduced pressure. The crude product was purified using 

silica gel flash column chromatography (hexane/ethyl acetate = 30/70 to ethyl acetate 

only) to obtain desired product (0.28 g, 44%). Rf = 0.21 (ethyl acetate/pentane = 1:1). 1H 

NMR (600 MHz, CDCl3)  5.72 (ddt, J = 16.7, 10.1, 6.3 Hz, 1H), 5.29 – 5.20 (m, 1H), 5.17 

– 5.12 (m, 1H), 5.03 (t, J = 5.2 Hz, 1H), 4.20 (dd, J = 8.5, 6.0 Hz, 1H), 4.10 (dd, J = 10.3, 

4.4 Hz, 1H), 3.74 (dt, J = 12.5, 7.8 Hz, 2H), 3.23 (dd, J = 14.0, 5.7 Hz, 1H), 3.12 (dd, J = 

14.0, 7.0 Hz, 1H), 2.78 (dd, J = 19.1, 1.9 Hz, 1H), 2.60 (td, J = 9.9, 4.4 Hz, 1H), 2.42 (dd, 

J = 19.1, 8.7 Hz, 1H), 1.49 (s, 3H), 1.48 (s, 3H) ppm. 13C NMR (150 MHz, CDCl3):  176.2, 

134.6, 118.2, 100.9, 79.9, 74.9, 66.0, 58.7, 55.1, 50.6, 29.1, 27.7, 19.3 ppm. HRMS (m/z): 

[M+H]+ calculated for C13H20NO4: 254.1387; found: 254.1390. 

(4aR,5aR,8aS,8bR)-5-((E)-3-(2-Fluorophenyl)allyl)-2,2-dimethylhexahydro-

[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (18a): To a solution of lactone 17 (25 

mg, 0.099 mmol) and 1-fluoro-2-vinylbenzene (58.8 µl, 0.493 mmol) in anhydrous 

dichloromethane (0.5 ml) was added Hoveyda-Grubbs’s 2nd generation catalyst (12.4 mg, 

0.02 mmol) under a stream of nitrogen. The tube was sealed and heated to 45 °C for 28 

hours or until consumption of starting material was judged complete as determined by thin 

layer chromatography. The crude product was purified using silica gel flash column 

chromatography (ethyl acetate/pentane = 1:9 to ethyl acetate only) to obtain product (15 

mg, 44%). Rf = 0.36 (ethyl acetate/pentane =1:1). 1H NMR (600 MHz, CDCl3)  7.49 – 

7.36 (m, 1H), 7.32 – 7.20 (m, 2H), 7.12 (t, J = 7.7 Hz, 1H), 7.09 – 7.02 (m, 1H), 6.72 (dd, 

J = 17.1, 6.7 Hz, 1H), 6.20 (ddd, J = 16.1, 7.6, 5.1 Hz, 1H), 5.07 (q, J = 4.6, 4.0 Hz, 1H), 

4.31 – 4.25 (m, 1H), 4.15 (dq, J = 9.2, 4.7 Hz, 1H), 3.86 – 3.70 (m, 2H), 3.46 – 3.40 (m, 

1H), 3.37 – 3.31 (m, 1H), 2.86 (dd, J = 19.1, 1.9 Hz, 1H), 2.68 (dd, J = 9.8, 4.5 Hz, 1H), 

2.49 (dd, J = 19.1, 8.8 Hz, 1H), 1.53 (s, 3H), 1.50 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3): 

 176.1, 161.0, 159.3, 129.2, 129.1, 128.7, 128.7, 127.5, 127.4, 125.5, 125.5, 124.2, 

124.2, 115.9, 115.7, 100.9, 79.9, 74.9, 66.1, 58.9, 55.1, 50.3, 29.1, 27.9, 19.3 ppm. HRMS 

(m/z): [M+H]+ calculated for C19H23FNO4: 348.1606; found: 348.1611. 
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(4aR,5aR,8aS,8bR)-2,2-Dimethyl-5-((E)-3-(4-(trifluoromethyl)phenyl)allyl)-

hexahydro-[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (18b): To a solution of 

lactone 17 (30 mg, 0.119 mmol) and 1-(trifluoromethyl)-4-vinylbenzene (106 µl, 0.71 

mmol) in anhydrous dichloromethane (0.7 ml) was added Hoveyda-Grubbs 2nd generation 

catalyst (15 mg, 0.024 mmol) under a stream of nitrogen. The tube was sealed and heated 

to 45 °C for 28 hours or until consumption of starting material was judged complete as 

determined by thin layer chromatography. The reaction mixture was concentrated under 

reduced pressure and the crude product was purified using silica gel flash column 

chromatography (ethyl acetate/pentane = 1:9 to ethyl acetate only) to obtain product (12.5 

mg, 27%). Rf = 0.33 (ethyl acetate/pentane = 1:1).1H NMR (500 MHz, CDCl3)  7.57 (d, J 

= 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 6.59 (d, J = 15.8 Hz, 1H), 6.19 (dt, J = 15.9, 6.4 

Hz, 1H), 5.05 (t, J = 5.1 Hz, 1H), 4.25 (ddd, J = 8.7, 5.5, 1.7 Hz, 1H), 4.12 – 4.09 (m, 1H), 

3.81 – 3.75 (m, 1H), 3.73 (d, J = 10.3 Hz, 1H), 3.44 – 3.37 (m, 1H), 3.37 – 3.30 (m, 1H), 

2.83 (dd, J = 19.0, 1.7 Hz, 1H), 2.71 – 2.62 (m, 1H), 2.46 (dd, J = 19.0, 8.6 Hz, 1H), 1.50 

(s, 3H), 1.48 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3):  175.9, 142.5, 139.3, 131.5, 128.8, 

126.5, 125.7, 125.6, 100.9, 79.9, 74.9, 66.1, 59.0, 55.2, 49.9, 29.1, 27.9 ppm; HRMS 

(m/z): [M+H]+ calculated for C20H23F3NO4: 398.1574; found: 398.1580. 

(4aR,5aR,8aS,8bR)-5-((E)-3-(2,6-bis(trifluoromethyl)phenyl)allyl)-2,2-

dimethylhexahydro-[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (18c): To a 

solution of lactone 17 (10.5 mg, 0.0415 mmol) and 1,3-bis(trifluoromethyl)-5-vinylbenzene 

(35 µl, 0.207 mmol) in anhydrous dichloromethane (0.5 ml) was added Hoveyda-Grubbs 

2nd generation catalyst (6 mg, 0.0096 mmol) under a stream of nitrogen. The tube was 

sealed and heated to 45 °C for 28 hours or until consumption of starting material was 

judged complete as determined by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude product was purified using silica gel 

flash column chromatography (ethyl acetate/pentane = 1:9 to ethyl acetate only) to obtain 

product (10 mg, 52%). Rf = 0.42 (ethyl acetate/hexane = 1:1).1H NMR (400 MHz, CDCl3) 

 6.64 (dt, J = 16.0, 1.6 Hz, 1H), 6.28 (dt, J = 16.0, 6.3 Hz, 1H), 5.06 (t, J = 5.0 Hz, 1H), 

4.26 (ddd, J = 8.6, 5.5, 1.7 Hz, 1H), 4.17 – 4.06 (m, 1H), 3.78 (dd, J = 9.6, 4.5 Hz, 1H), 

3.73 (d, J = 10.3 Hz, 1H), 3.39 (qdd, J = 14.6, 6.3, 1.6 Hz, 2H), 2.81 (dd, J = 19.0, 1.7 Hz, 

1H), 2.68 (td, J = 9.9, 4.4 Hz, 1H), 2.48 (dd, J = 19.0, 8.6 Hz, 1H), 1.51 (s, 3H), 1.48 (s, 

3H) ppm; 13C NMR (100 MHz, CDCl3):  175.8, 138.4, 132.3, 131.9, 130.6, 129.9, 126.1, 
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124.5, 121.8, 121.3, 101.0, 79.9, 74.9, 66.0, 58.9, 55.2, 49.6, 29.1, 27.9 ppm; HRMS 

(m/z): [M+H]+ calculated for 466.1448, found: 466.1452. 

2-((2R,3S,4R,5R)-1-(3-(2-Fluorophenyl)propyl)-3,4-dihydroxy-5-(hydroxy-

methyl)-pyrrolidin-2-yl)-N-methylacetamide (19a): To a solution of lactone 18a (15 mg, 

43.2 µmol) in methanol (0.9 ml) was added 10 % palladium on carbon (15 mg). The 

reaction mixture was stirred for 3 hours under an atmosphere of hydrogen. Upon complete 

consumption of starting material as judged by thin layer chromatography, the 

palladium/carbon was filtered off through silica plug. Aqueous hydrochloric acid (catalytic, 

1 M) was added, and the resulting mixture was stirred for 1 hour under room temperature, 

followed by the addition of 2 M methylamine in tetrahydrofuran (0.43 ml, 0.86 mmol). The 

reaction mixture was then concentrated under reduced pressure. The crude product was 

purified using silica gel flash column chromatography (methanol/dichloromethane = 10/90) 

to obtain product (7.2 mg, 49% over 2 steps). Rf = 0.15 (methanol/dichloromethane = 1:9). 

1H NMR (600 MHz, CD3OD):  7.26 (td, J = 7.6, 1.9 Hz, 1H), 7.19 (tdd, J = 7.4, 5.2, 1.8 

Hz, 1H), 7.08 (td, J = 7.5, 1.2 Hz, 1H), 7.01 (ddd, J = 10.5, 8.2, 1.2 Hz, 1H), 4.14 (t, J = 

6.2 Hz, 1H), 4.01 (dd, J = 5.9, 2.5 Hz, 1H), 3.65 (td, J = 6.5, 5.2 Hz, 1H), 3.58 (dd, J = 

11.4, 3.5 Hz, 1H), 3.52 (dd, J = 11.4, 5.4 Hz, 1H), 2.55 (dd, J = 14.9, 6.5 Hz, 1H), 2.41 

(dd, J = 14.9, 5.3 Hz, 1H), 1.86 – 1.71 (m, 2H) ppm; 13C NMR (150 MHz, CD3OD):  176.6, 

163.3, 161.7, 131.8, 131.8, 130.2, 130.1, 128.7, 128.7, 125.2, 125.1, 116.1, 115.9, 74.6, 

72.4, 70.9, 62.1, 61.8, 33.2, 29.8, 27.7, 27.7, 26.4 ppm. HRMS (m/z): [M+H]+ calculated 

for C17H26FN2O4: 341.1871; found: 341.1879. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(3-(4-(trifluoromethyl)-

phenyl)-propyl)pyrrolidin-2-yl)-N-methylacetamide (19b): To a solution of lactone 18b 

(9 mg, 25.8 µmol) in methanol (0.5 ml) was added 10 % palladium on carbon (9 mg). The 

reaction mixture was stirred for 3 hours under an atmosphere of hydrogen. Upon complete 

consumption of starting material as judged by thin layer chromatography, the 

palladium/carbon was filtered off. Aqueous hydrochloric acid (catalytic, 1 M) was added, 

and the resulting mixture was stirred for 1 hour under room temperature, followed by the 

addition of 2 M methylamine in tetrahydrofuran (0.25 ml, 0.52 mmol). The reaction mixture 

was then concentrated under reduced pressure. The crude product was purified using 

silica gel flash column chromatography (methanol/dichloromethane = 10/90) to obtain 

product (4.7 mg, 53% over 2 steps). Rf = 0.18 (methanol/dichloromethane = 1:19). 1H NMR 

(600 MHz, CD3OD):  7.57 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 4.15 (t, J = 6.0 
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Hz, 1H), 4.03 (dd, J = 5.8, 2.9 Hz, 1H), 3.70 (dd, J = 11.6, 5.3 Hz, 1H), 3.59 (qd, J = 11.5, 

4.3 Hz, 2H), 2.95 – 2.83 (m, 1H), 2.81 – 2.63 (m, 4H), 2.71 (s, 3H), 2.62 – 2.54 (m, 1H), 

2.48 – 2.40 (m, 1H), 2.01 – 1.77 (m, 2H) ppm; 13C NMR (150 MHz, CD3OD):  149.2, 

130.1, 126.2, 126.2, 74.4, 72.4, 71.7, 71.2, 62.9, 61.6, 34.4, 32.9, 30.5, 26.4 ppm. HRMS 

(m/z): [M+H]+ calculated for C18H26F3N2O4: 391.1839; found: 391.1843. 

2-((2R,3S,4R,5R)-1-(3-(3,5-Bis(trifluoromethyl)phenyl)propyl)-3,4-dihydroxy-

5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (19c): To a solution of aryl-

olefin lactone 18c (10 mg, 21 µmol) in methanol (0.5 ml) was added 10 % palladium on 

carbon (10 mg). The reaction mixture was stirred for 3 hours under an atmosphere of 

hydrogen. Upon complete consumption of starting material as judged by thin layer 

chromatography, the palladium/carbon was filtered off. Aqueous hydrochloric acid 

(catalytic, 1 M) was added, and the resulting mixture was stirred for 1 hour under room 

temperature, followed by the addition of 2 M methylamine in tetrahydrofuran (0.2 ml, 0.42 

mmol). The reaction mixture was then concentrated under reduced pressure. The crude 

product was purified using silica gel flash column chromatography 

(methanol/dichloromethane = 10/90) to obtain product (4.1 mg, 43% over 2 steps). Rf = 

0.13 (methanol/dichloromethane = 1:9). 1H NMR (500 MHz, MeOD)  7.83 (s, 2H), 7.77 

(s, 1H), 4.13 (t, J = 6.2 Hz, 1H), 4.00 (dd, J = 6.0, 2.6 Hz, 1H), 3.67 (q, J = 6.2 Hz, 1H), 

3.56 (qd, J = 11.5, 4.4 Hz, 2H), 3.35 (s, 1H), 2.91 – 2.81 (m, 2H), 2.81 – 2.72 (m, 2H), 

2.71 (s, 4H), 2.56 (dd, J = 14.9, 6.5 Hz, 1H), 2.42 (dd, J = 14.9, 5.4 Hz, 1H), 1.93 – 1.77 

(m, 2H) ppm; 13C NMR (150 MHz, MeOD):  174.2, 152.3, 128.2, 119.2, 72.6, 70.5, 69.2, 

60.5, 59.9, 32.3, 31.2, 28.8, 24.5 ppm; HRMS (m/z): [M+H]+ calculated for C19H25F6N2O4: 

459.1713; found: 459.1714. 

(3R,4R)-3-Chloro-4-((5R)-2,2-dimethyl-5-(prop-2-yn-1-ylamino)-1,3-dioxan-4-

yl)-4-hydroxy-N-methoxy-N-methybutanamide (20a): To a stirred solution of Weinreb 

amide 12 (124 mg, 0.4 mmol) in a flame-dried round bottom flask containing anhydrous 

tetrahydrofuran (2.7 ml) containing activated 4 Å molecular sieves was added propargyl 

amine (64 µl, 1 mmol) and acetic acid (22.9 µl, 0.4 mmol). After stirring the mixture for 30 

min, sodium cyanoborohydride (62.8 mg, 1 mmol) was added and the mixtures was stirred 

for an additional 30 min. Upon completion as judged by thin layer chromatography, the 

mixture was diluted with dichloromethane (50 ml), followed by washing with saturated 

brine (50 ml). The layers were separated, and the aqueous layer was extracted with 

dichloromethane (50 ml x 3). The combined organic layers were dried over Na2SO4 and 
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concentrated under reduced pressure. The crude mixture was subjected to purification 

using silica gel flash column chromatography (hexane/ethyl acetate = 90/10 to ethyl 

acetate only) to give the desired product (270 mg, 79%). Rf = 0.38 (ethyl acetate/hexane 

= 1:1). 1H NMR (400 MHz, CDCl3):  4.78 (ddd, J = 8.4, 5.3, 1.3 Hz, 1H), 4.18 (dd, J = 

11.6, 5.2 Hz, 1H), 3.89 (dd, J = 8.4, 1.4 Hz, 1H), 3.79 – 3.66 (m, 2H), 3.72 (s, 3H), 3.53 (t, 

J = 2.4 Hz, 2H), 3.22 (s, 4H), 3.08 (td, J = 9.2, 5.2 Hz, 1H), 2.89 (dd, J = 16.5, 4.9 Hz, 1H), 

2.30 (t, J = 2.4 Hz, 1H), 1.47 (s, 3H), 1.37 (s, 3H) ppm. HRMS (m/z): [M+H]+ calculated for 

C15H26ClN2O5: 349.1525; found: 349.1527. 

(3R,4R)-3-Chloro-4-((4R,5R)-2,2-dimethyl-5-(pent-4-yn-1-ylamino)-1,3-

dioxan-4-yl)-4-hydroxy-N-methoxy-N-methylbutanamide (20b): To a stirred solution of 

Weinreb amide 12 (32 mg, 0.103 mmol) in a flame-dried round bottom flask containing 

anhydrous tetrahydrofuran/methanol (1 ml, 1:1) containing activated 4 Å molecular sieves 

was added pent-4-yne-1-amine hydrochloride (30.9 mg, 0.258 mmol) and triethylamine 

(72 µl, 0.52 mmol). The reaction mixture was stirred for 15 minutes, followed by adding 

glacial acetic acid (28 µl, 0.41 mmol). After stirring the mixture for 30 min, sodium 

cyanoborohydride (16.2 mg, 0.258 mmol) was added and the mixtures was stirred for an 

additional 30 minutes. Upon completion as judged by thin layer chromatography, the 

mixture was diluted with dichloromethane (50 ml), followed by washing with saturated 

brine (50 ml). The layers were separated, and the aqueous layer was extracted with 

dichloromethane (50 ml x 3). The combined organic layers were dried over Na2SO4 and 

concentrated under reduced pressure. The crude mixture was subjected to purification 

using silica gel flash column chromatography (hexane/ethyl acetate = 90/10 to ethyl 

acetate only) to give the desired product (30 mg, 77%). Rf = 0.55 (ethyl acetate). 1H NMR 

(500 MHz, CDCl3):  4.79 (ddd, J = 9.1, 4.7, 1.4 Hz, 1H), 4.11 – 4.07 (m, 1H), 3.89 – 3.81 

(m, 1H), 3.72 (s, 3H), 3.69 (t, J = 7.7 Hz, 1H), 3.63 – 3.54 (m, 1H), 3.29 – 3.22 (m, 1H), 

3.22 (s, 3H), 3.00 – 2.93 (m, 1H), 2.93 – 2.86 (m, 2H), 2.73 – 2.62 (m, 1H), 2.25 (td, J = 

6.8, 2.6 Hz, 2H), 1.97 (t, J = 2.6 Hz, 1H), 1.70 (h, J = 6.8 Hz, 2H), 1.46 (s, 3H), 1.37 (s, 

3H). HRMS (m/z): [M+H]+ calculated for C17H30ClN2O5: 377.1838; found: 377.1839. 

(3R,4R)-3-Chloro-4-((4R,5R)-5-(hex-5-yn-1-ylamino)-2,2-dimethyl-1,3-dioxan-

4-yl)-4-hydroxy-N-methoxy-N-methylbutanamide (20c): To a stirred solution of 

Weinreb amide 12 (100 mg, 0.323 mmol) in a flame-dried round bottom flask containing 

anhydrous tetrahydrofuran/methanol (1 ml, 1:1) containing activated 4 Å molecular sieves 

was added hex-5-yn-1-amine hydrochloride (108 mg, 0.807 mmol) and triethylamine (0.11 
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ml, 0.807 mmol). The reaction mixture was stirred for 15 minutes, followed by adding 

glacial acetic acid (23 µl, 0.323 mmol). After stirring the mixture for 30 minutes, sodium 

cyanoborohydride (50.7 mg, 0.807 mmol) was added and the mixtures was stirred for an 

additional 30 minutes. Upon completion as judged by thin layer chromatography, the 

mixture was diluted with dichloromethane (70 ml), followed by washing with saturated 

brine (70 ml). The layers were separated, and the aqueous layer was extracted with 

dichloromethane (70 ml x 3). The combined organic layers were dried over Na2SO4 and 

concentrated under reduced pressure. The crude mixture was subjected to purification 

using silica gel flash column chromatography (hexane/ethyl acetate = 90/10 to ethyl 

acetate only) to give the desired product (82 mg, 65%). Rf = 0.56 (ethyl acetate). 1H NMR 

(400 MHz, CDCl3):  4.78 (dd, J = 9.2, 4.6 Hz, 1H), 4.35 (t, J = 7.1 Hz, 2H), 4.11 – 4.03 

(m, 2H), 3.87 (d, J = 8.3 Hz, 1H), 3.75 – 3.67 (m, 1H), 3.22 (s, 3H), 3.26 – 3.16 (m, 1H), 

3.22 (s, 3H), 2.50 (t, J = 8.2 Hz, 1H), 2.32 – 2.23 (m, 2H), 2.22 – 2.14 (m, 2H), 1.95 (t, J = 

2.6 Hz, 1H), 1.63 – 1.50 (m, 4H), 1.46 – 1.37 (2s, 6H) ppm. HRMS (m/z): [M+H]+ calculated 

for C18H32ClN2O5: 391.1994; found: 391.1996. 

2-((4aR,6S,7S,7aR)-7-Hydroxy-2,2-dimethyl-5-(prop-2-yn-1-yl)hexahydro-

[1,3]dioxino[5,4-b]pyrrol-6-yl)-N-methoxy-N-methylacetamide (21a): To a solution of 

aldol (42 mg, 0.12 mmol) in anhydrous toluene (0.8 ml) was added sodium bicarbonate 

(20.2 mg, 0.24 mmol) and stirred for overnight at 100 C. The reaction mixture was 

concentrated under reduced pressure, re-dissolved in dichloromethane (70 ml), and 

washed with water (70 ml). The layers were separated, and aqueous layer was extracted 

with dichloromethane (70 ml x 3). The combined organic layers were dried over sodium 

sulphate, concentrated under reduced pressure, and subjected to purification using silica 

gel flash column chromatography (ethyl acetate) to yield the desired product (21.7 mg, 

58%). Rf = 0.26 (ethyl acetate). 1H NMR (500 MHz, CDCl3):  4.17 (dd, J = 10.2, 4.3 Hz, 

1H), 4.12 (d, J = 5.0 Hz, 1H), 3.78 (t, J = 10.3 Hz, 1H), 3.70 (s, 3H), 3.67 (dd, J = 10.0, 5.0 

Hz, 1H), 3.50 – 3.37 (m, 2H), 3.19 (s, 4H), 3.02 (td, J = 10.3, 4.4 Hz, 1H), 2.79 (dd, J = 

16.2, 4.0 Hz, 1H), 2.55 (dd, J = 16.1, 9.9 Hz, 1H), 2.40 (s, 1H), 2.25 (t, J = 2.4 Hz, 1H), 

1.49 (s, 3H), 1.48 (s, 3H); 13C NMR (125 MHz, CDCl3):  172.2, 100.4, 78.6, 73.9, 73.5, 

73.4, 67.5, 66.1, 61.3, 57.2, 40.3, 29.2, 19.7 ppm. HRMS (m/z): [M+H]+ calculated for 

C15H25N2O5: 313.1758; found: 313.1760. 
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2-((4aR,6S,7S,7aR)-7-Hydroxy-2,2-dimethyl-5-(pent-4-yn-1-yl)hexahydro-

[1,3]dioxino[5,4-b]pyrrol-6-yl)-N-methoxy-N-methylacetamide (21b): To a solution of 

aldol (40 mg, 0.106 mmol) in anhydrous toluene (0.7 ml) was added sodium bicarbonate 

(17.8 mg, 0.212 mmol) and stirred for overnight at 100 C. The reaction mixture was 

concentrated under reduced pressure, re-dissolved in dichloromethane (70 ml), and 

washed with water (70 ml). The layers were separated, and the aqueous layer was 

extracted with dichloromethane (70 ml x 3).  The combined organic layers were dried over 

sodium sulphate, concentrated under reduced pressure, and subjected to purification 

using silica gel flash column chromatography (ethyl acetate) to yield the desired product 

(24 mg, 67%). Rf = 0.28 (ethyl acetate).  1H NMR (400 MHz, CDCl3):  4.12 – 4.04 (m, 

2H), 3.77 (t, J = 10.3 Hz, 1H), 3.69 (s, 3H), 3.62 (dd, J = 9.9, 4.7 Hz, 1H), 3.18 (s, 3H), 

3.00 (dd, J = 10.6, 3.9 Hz, 1H), 2.85 (td, J = 10.2, 4.2 Hz, 1H), 2.80 – 2.64 (m, 3H), 2.48 

(dd, J = 16.3, 10.8 Hz, 2H), 2.21 (tt, J = 7.3, 6.5, 1.9 Hz, 2H), 1.92 (t, J = 2.6 Hz, 1H), 1.61 

(dt, J = 14.2, 7.2 Hz, 2H), 1.47 (s, 3H), 1.45 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  

172.3, 100.2, 83.8, 77.3, 77.2, 77.0, 76.7, 73.9, 73.8, 69.4, 68.7, 67.4, 61.3, 59.5, 53.3, 

37.0, 29.3, 27.6, 19.8, 16.2 ppm. HRMS (m/z): [M+H]+ calculated for C17H29N2O5: 

341.2071; found: 341.2072. 

2-((4aR,6S,7S,7aR)-5-(Hex-5-yn-1-yl)-7-hydroxy-2,2-dimethylhexahydro-

[1,3]-dioxino[5,4-b]pyrrol-6-yl)-N-methoxy-N-methylacetamide (21c): To a solution of 

aldol (48.5 mg, 0.124 mmol) in anhydrous toluene (0.8 ml) was added sodium bicarbonate 

(20.8 mg, 0.248 mmol) and stirred for overnight at 100 C. The reaction mixture was 

concentrated under reduced pressure, re-dissolved in dichloromethane (70 ml), and 

washed with water (70 ml). The layers were separated, and the aqueous layer was 

extracted with dichloromethane (70 ml x 3).  The combined organic layers were dried over 

sodium sulphate, concentrated under reduced pressure, and subjected to purification 

using silica gel flash column chromatography (ethyl acetate) to yield the desired product 

(24 mg, 55%). Rf = 0.40 (ethyl acetate).  1H NMR (400 MHz, CDCl3):  4.13 – 4.05 (m, 

2H), 3.80 (t, J = 10.3 Hz, 1H), 3.70 (s, 3H), 3.64 (dd, J = 9.9, 4.7 Hz, 1H), 3.19 (s, 3H), 

3.01 (dd, J = 10.5, 4.1 Hz, 1H), 2.85 (td, J = 10.2, 4.4 Hz, 1H), 2.70 (d, J = 15.7, 3.5 Hz, 

1H), 2.65 – 2.57 (m, 1H), 2.50 (dd, J = 16.0, 10.4 Hz, 1H), 2.38 – 2.29 (m, 1H), 2.23 – 

2.15 (m, 1H), 1.94 (t, J = 2.6 Hz, 1H), 1.56 – 1.51 (m, 4H), 1.51 – 1.43 (2s, 6H). HRMS 

(m/z): [M+H]+ calculated for C18H31N2O5: 355.2227; found: 355.2228. 
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General synthetic procedure for compound 24a to 24c: Owing to the instability 

of intermediates 22 and 23, these intermediates were not purified to homogeneity, nor 

were they characterized in detail, and they were carried forward to the next steps to 

ultimately generate compound 24. To a stirred solution of Weinreb amide 21a-c (1 

equivalent) in anhydrous tetrahydrofuran (c = 0.15 M) at 0 °C was added lithium aluminium 

hydride (1.5 equivalent). The resulting solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The mixture was 

diluted with diethyl ether (1 volume equivalent of tetrahydrofuran) and cooled to 0 °C. The 

solution was then quenched using 15% aqueous sodium hydroxide solution (1 weight 

equivalent of lithium aluminium hydride) and stirred for 15 minutes. Upon drying with 

sodium sulphate, the resulting solution was then concentrated under reduced pressure 

and the crude intermediate 22a-c obtained was carried forward to next step without 

purification. Intermediate 22a (1 equivalent) was then resuspended in dichloromethane (c 

= 0.2 M) and was added 50% aqueous sodium hydroxide solution (2 equivalent). The 

resulting solution was stirred for overnight or until complete consumption of starting 

material as judged by thin layer chromatography. Crude intermediate lactol 23a-c was 

carried forward to next step without purification. Lactol 23a-c (1 equivalent) and N-

methylmorpholine N-oxide (1.5 equivalent) was resuspended in anhydrous 

dichloromethane (c = 0.4 M) containing activated 4 Å molecular sieves. The resulting 

solution was added tetrapropylammonium perruthenate (0.3 equivalent) and stirred for 2 

hours. The reaction mixture was concentrated under reduced pressure, re-dissolved in 

ethyl acetate and passed through a plug of silica. The filtrate was concentrated under 

reduced pressure and carried forward to the next reaction without purification. Crude 

yields over 3 steps: 24a (38%); 24b (21%); 24c (30%).  

(4aR,5aR,8aS,8bR)-2,2-Dimethyl-5-(prop-2-yn-1-yl)hexahydro-[1,3]dioxino-

[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (24a): Rf = 0.35 (ethyl acetate/pentane = 1:1). 1H 

NMR (600 MHz, CDCl3)  5.02 (t, J = 4.9 Hz, 1H), 4.28 (ddd, J = 8.7, 5.1, 1.5 Hz, 1H), 

4.14 (dd, J = 10.2, 4.4 Hz, 1H), 3.83 – 3.77 (m, 2H), 3.39 (t, J = 2.7 Hz, 2H), 3.02 (dd, J = 

19.1, 1.5 Hz, 1H), 2.81 (td, J = 9.9, 4.3 Hz, 1H), 2.52 (dd, J = 19.1, 8.5 Hz, 1H), 1.50 (s, 

3H), 1.49 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  175.8, 101.0, 79.9, 78.8, 74.7, 74.2, 

65.4, 59.6, 53.9, 36.6, 29.1, 28.9 ppm; HRMS (m/z): [M+H]+ calculated for C13H18NO4: 

252.1230; found: 252.1231.  



105 

(4aR,5aR,8aS,8bR)-2,2-Dimethyl-5-(pent-4-yn-1-yl)hexahydro-[1,3]dioxino-

[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (24b): Rf = 0.58 (ethyl acetate). 1H NMR (600 MHz, 

CDCl3)  5.03 (t, J = 5.1 Hz, 1H), 4.21 – 4.15 (m, 1H), 4.09 (dd, J = 10.1, 4.3 Hz, 1H), 3.73 

– 3.66 (m, 2H), 2.79 (dd, J = 19.0, 1.8 Hz, 1H), 2.67 – 2.55 (m, 3H), 2.45 (dd, J = 19.0, 

8.6 Hz, 1H), 2.28 – 2.16 (m, 2H), 1.99 – 1.95 (m, 1H), 1.57 – 1.55 (m, 2H), 1.50 (s, 3H), 

1.48 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  176.1, 100.9, 83.3, 79.9, 69.1, 66.1, 58.0, 

54.9, 45.1, 29.1, 27.4, 26.7, 19.4 ppm; HRMS (m/z): [M+H]+ calculated for C15H22NO4: 

280.1543; found: 280.1545. 

(4aR,5aR,8aS,8bR)-5-(Hex-5-yn-1-yl)-2,2-dimethylhexahydro-[1,3]dioxino-

[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (24c): Rf = 0.66 (ethyl acetate). 1H NMR (400 MHz, 

CDCl3)  5.03 (t, J = 5.1 Hz, 1H), 4.19 (ddd, J = 8.6, 5.6, 1.9 Hz, 1H), 4.07 (dd, J = 10.1, 

4.5 Hz, 1H), 3.81 – 3.63 (m, 2H), 2.76 (dd, J = 19.0, 1.8 Hz, 1H), 2.60 – 2.47 (m, 3H), 2.44 

(dd, J = 19.0, 8.7 Hz, 1H), 2.22 – 2.15 (m, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.59 – 1.48 (m, 

4H), 1.48 (s, 3H), 1.46 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3)  176.3, 100.9, 79.9, 74.9, 

68.8, 66.1, 57.9, 55.0, 46.1, 29.1, 27.1, 26.8, 25.9, 18.1 ppm. HRMS (m/z): [M+H]+ 

calculated for C16H24NO4: 294.1700; found: 294.1701.  

(4aR,5aR,8aS,8bR)-5-((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)-2,2-dimethyl-

hexahydro-[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (25a): To a stirred solution 

of lactone 24a (6.6 mg, 0.0263 mmol), CuSO45H2O (0.21 mg, 1.32 x 10-3 mmol) and 

sodium ascorbate (0.5 mg, 2.63 x 10-3 mmol) in tert-butanol/water (1:1, 0.13 ml) was 

added  benzyl azide (56 µl, 0.0276 mmol, 0.5 M in dichloromethane) and stirred for 1 hour. 

The reaction mixture was diluted with ethyl acetate (50 ml) and washed with water (50 ml). 

The layers were separated, and the aqueous layer was extracted with ethyl acetate (50 

ml x 3). The combined organic layers were dried using Na2SO4, filtered, concentrated 

under reduced pressure, and subjected to purification using silica gel flash column 

chromatography (ethyl acetate/hexane = 10/90 to ethyl acetate only) to yield the desired 

product (3.7 mg, 37 %). Rf = 0.45 (ethyl acetate). 1H NMR (600 MHz, CDCl3)  7.50 – 7.35 

(m, 3H), 7.35 – 7.28 (m, 3H), 5.71 – 5.43 (m, 2H), 5.11 – 4.98 (m, 1H), 4.24 – 4.12 (m, 

1H), 4.00 – 3.88 (m, 1H), 3.86 – 3.74 (m, 2H), 3.74 – 3.59 (m, 1H), 3.02 – 2.87 (m, 1H), 

2.80 – 2.62 (m, 1H), 2.57 – 2.38 (m, 1H), 2.20 – 2.05 (m, 1H), 1.58 (s, 3H), 1.46 (s, 3H) 

ppm; 13C NMR (150 MHz, CDCl3)  175.9, 129.2, 128.9, 128.0, 121.9, 100.9, 79.7, 76.8, 
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74.7, 65.6, 58.8, 55.0, 54.2, 42.5, 29.0, 27.9 ppm. HRMS (m/z): [M+H]+ calculated for 

C20H25N4O4: 385.1870; found: 385.1872. 

(4aR,5aR,8aS,8bR)-5-(3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propyl)-2,2-dimethyl-

hexahydro-[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (25b): To a stirred solution 

of lactone 24c (6.8 mg, 24 µmol), CuSO45H2O (0.2 mg, 1.2 µmol) and sodium ascorbate 

(0.5 mg, 2.4 µmol) in tert-butanol/water (1:1, 0.12 ml) was added  benzyl azide (51 µl, 26 

µmol, 0.5 M in dichloromethane) and stirred for 1 hour. The reaction mixture was diluted 

with ethyl acetate (50 ml) and washed with water (50 ml). The layers were separated, and 

the aqueous layer was extracted with ethyl acetate (50 ml x 3). The combined organic 

layers were dried using Na2SO4 and subjected to purification using silica gel flash column 

chromatography (ethyl acetate) to yield the desired product (7.6 mg, 75 %). Rf = 0.28 

(ethyl acetate only). 1H NMR (500 MHz, CDCl3)  7.38 – 7.35 (m, 4H), 7.27 – 7.26 (m, 1H), 

7.17 (s, 1H), 5.50 (s, 1H), 5.01 (t, J = 5.1 Hz, 1H), 4.21 – 4.15 (m, 1H), 4.01 (dd, J = 10.1, 

4.4 Hz, 1H), 3.68 (ddd, J = 10.2, 7.8, 3.1 Hz, 2H), 2.72 – 2.67 (m, 2H), 2.67 – 2.59 (m, 

2H), 2.54 – 2.49 (m, 3H), 2.41 (dd, J = 19.1, 8.7 Hz, 1H), 1.73 – 1.71 (m, 2H), 1.48 (s, 3H), 

1.47 (s, 3H) ppm. HRMS (m/z): [M+H]+ calculated for C22H29N4O4: 413.2183; found: 

413.2184.  

(4aR,5aR,8aS,8bR)-5-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butyl)-2,2-

dimethylhexahydro-[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (25c): To a stirred 

solution of lactone 24c (18 mg, 61.4 µmol), CuSO45H2O (0.5 mg, 3.1 µmol) and sodium 

ascorbate (1.2 mg, 6.1 µmol) in tert-butanol/water (1:1, 0.31 ml) was added  benzyl azide 

(0.13 ml, 64.5 µmol, 0.5 M in dichloromethane) and stirred for 1 hour. The reaction mixture 

was diluted with ethyl acetate (70 ml) and washed with water (70 ml). The layers were 

separated, and the aqueous layer was extracted with ethyl acetate (70 ml x 3). The 

combined organic layers were dried using Na2SO4 and subjected to purification using silica 

gel flash column chromatography (methanol/dichloromethane = 10/90) to yield the desired 

product (20 mg, 76 %). Rf = 0.27 (ethyl acetate only). 1H NMR (600 MHz, CDCl3)  7.40 – 

7.31 (m, 4H), 7.25 – 7.24 (m, 1H), 7.19 (s, 1H), 5.48 (s, 2H), 4.98 (t, J = 5.1 Hz, 1H), 4.14 

– 4.10 (m, 1H), 4.02 (dd, J = 10.1, 4.4 Hz, 1H), 3.72 – 3.65 (m, 2H), 2.75 – 2.61 (m, 4H), 

2.54 – 2.41 (m, 3H), 2.33 (m, J = 19.0, 8.7 Hz, 1H), 1.86 – 1.53 (m, 4H), 1.47 (s, 3H), 1.46 

(s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  176.2, 148.2, 134.8, 129.1, 128.7, 127.9, 100.9, 
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79.9, 74.9, 66.0, 57.8, 54.9, 54.0, 46.3, 29.1, 27.4, 27.0, 26.9, 25.3, 19.4 ppm. HRMS 

(m/z): [M+H]+ calculated for C23H31N4O4: 427.2340; found: 427.2341.  

2-((2R,3S,4R,5R)-1-((1-Benzyl-1H-1,2,3-triazol-4-yl)methyl)-3,4-dihydroxy-5-

(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (26a): To a stirred solution of 

lactone 25a (4 mg, 0.0104 mmol) in methanol (0.3 ml) was added aqueous hydrochloric 

acid (0.15 ml, 1 M). After stirring for 1 hour, the reaction mixture was added with 2 M 

methyl amine in tetrahydrofuran (0.2 ml, 0.4 mmol). Upon complete consumption of 

starting material as judged by thin layer chromatography, the reaction mixture was 

concentrated under reduced pressure and subjected to purification using silica gel flash 

column chromatography (methanol/dichloromethane = 30/70) to yield the desired product 

(3.2 mg, 82 %). Rf = 0.28 (methanol/dichloromethane = 1:4). 1H NMR (400 MHz, CD3OD): 

  7.89 (s, 1H), 7.48 – 7.27 (m, 5H), 5.59 (s, 2H), 4.27 – 4.12 (m, 1H), 4.12 – 4.04 (m, 1H), 

4.05 – 3.94 (m, 1H), 3.63 – 3.52 (m, 2H), 3.05 – 2.96 (m, 1H), 2.65 (s, 3H), 2.51 – 2.42 

(m, 2H) ppm. HRMS (m/z): [M+H]+ calculated for C18H26N5O4: 376.1979; found: 376.1987. 

2-((2R,3S,4R,5R)-1-(3-(1-Benzyl-1H-1,2,3-triazol-4-yl)propyl)-3,4-dihydroxy-5-

(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (26b): To a stirred solution of 

lactone 25b (7.6 mg, 18 µmol) in methanol (0.6 ml) was added aqueous hydrochloric acid 

(catalytic, 1 M). After stirring for 1 hour, the reaction mixture was added with 2 M methyl 

amine in tetrahydrofuran (0.18 ml, 0.36 mmol). Upon completes consumption of starting 

material as judged by thin layer chromatography, the reaction mixture was concentrated 

under reduced pressure and subjected to purification using silica gel flash column 

chromatography (methanol/dichloromethane = 10/90) to yield the desired product (3.85 

mg, 53%). Rf = 0.14 (dichloromethane/methanol = 17:3). 1H NMR (400 MHz, CD3OD):   

7.79 (s, 1H), 7.39 – 7.29 (m, 5H), 5.56 (s, 2H), 4.27 – 4.08 (m, 2H), 3.92 – 3.78 (m, 1H), 

3.78 – 3.64 (m, 2H), 3.54 – 3.44 (m, 1H), 3.12 – 2.90 (m, 1H), 2.82 – 2.73 (m, 2H), 2.71 

(s, 3H), 2.67 – 2.59 (m, 1H), 2.33 (s, 1H) ppm. HRMS (m/z): [M+H]+ calculated for 

C20H30N5O4: 404.2292; found: 404.2301. 

2-((2R,3S,4R,5R)-1-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butyl)-3,4-dihydroxy-5-

(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (26c): To a stirred solution of 

lactone 25c (10 mg, 23.4 µmol) in methanol (1 ml) was added aqueous hydrochloric acid 

(catalytic, 1 M). After stirring for 1 hour, the reaction mixture was added with 2 M methyl 

amine in tetrahydrofuran (0.23 ml, 0.47 mmol). Upon completes consumption of starting 
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material as judged by thin layer chromatography, the reaction mixture was concentrated 

under reduced pressure and subjected to purification using silica gel flash column 

chromatography (methanol/dichloromethane = 10/90) to yield the desired product (43%). 

Rf = 0.17 (dichloromethane/methanol = 17:3). 1H NMR (600 MHz, CDCl3):  7.76 (d, J = 

7.2 Hz, 1H), 7.43 – 7.28 (m, 5H), 5.56 (s, 2H), 4.55 – 4.27 (m, 1H), 4.24 – 4.07 (m, 1H), 

4.05 – 3.91 (m, 1H), 3.87 – 3.77 (m, 2H), 3.71 – 3.51 (m, 1H), 3.45 – 3.33 (m, 2H), 3.24 – 

3.14 (m, 1H), 2.92 (dd, J = 15.4, 8.2 Hz, 1H), 2.79 (dd, J = 24.0, 8.2 Hz, 2H), 2.73 (s, 3H), 

1.74 (m, 4H) ppm; 13C NMR (150 MHz, CDCl3):  171.3, 148.6, 136.9, 130.1, 130.0, 129.6, 

129.1, 129.1, 123.4, 73.6, 72.8, 72.5, 66.1, 59.7, 54.9, 54.2, 31.1, 27.3, 26.4, 25.9, 25.5 

ppm. HRMS (m/z): [M+H]+ calculated for C21H32N5O4: 418.2449; found: 418.2461. 

2-((2R,3S,4R,5R)-1-(5-(1-Benzyl-1H-1,2,3-triazol-4-yl)pentyl)-3,4-dihydroxy-5-

(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (26d): To a stirred solution of 

benzyl lactone 34 (40 mg, 0.13 mmol) in methanol (2 ml) was added 10% palladium on 

carbon (40 mg) and the atmosphere in the reaction vessel was purged using hydrogen 

gas. After debenzylation the palladium on carbon was filtered off and the 5-(1-benzyl-1H-

1,2,3-triazol-4-yl)pentanal (80 mg, 0.33 mmol) was added in the presence of catalytic 

amount of glacial acetic acid and 4Å molecular sieves. After stirring for 1.5 hours, sodium 

cyanoborohydride (21 mg, 0.33 mmol) was added and the reaction mixture was stirred for 

an additional 1.5 hours. After purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10), the resulting lactone was treated with aqueous 

hydrochloric acid (catalytic, 1 M) and stirred for 1 hour under room temperature. Upon 

completion of the reaction as determined by thin layer chromatography, 2 M methylamine 

in tetrahydrofuran (1.3 ml, 2.6 mmol) was added into the reaction mixture, which was 

stirred for a further hour. The resulting reaction mixture was concentrated under reduced 

pressure and subjected to purification using silica gel flash column chromatography to 

give the desired material (35% over 3 steps). Rf = 0.20 (dichloromethane/methanol = 

17:3). 1H NMR (600 MHz, CD3OD):  7.73 (s, 1H), 7.36 (dtd, J = 8.6, 6.8, 5.4 Hz, 3H), 7.31 

(dd, J = 8.1, 1.6 Hz, 2H), 5.55 (s, 2H), 4.40 – 4.17 (m, 1H), 4.14 – 4.01 (m, 1H), 3.99 – 

3.90 (m, 1H), 3.88 – 3.80 (m, 1H), 3.78 – 3.52 (m, 1H), 3.45 – 3.34 (m, 1H), 3.20 – 3.11 

(m, 1H), 2.92 (dd, J = 15.6, 8.0 Hz, 1H), 2.80 (dd, J = 15.6, 6.7 Hz, 1H), 2.72 (s, 3H), 2.70 

(d, J = 7.6 Hz, 1H), 1.92 – 1.60 (m, 4H), 1.40 (ddd, J = 19.0, 12.8, 5.6 Hz, 2H) ppm; 13C 

NMR (150 MHz, CD3OD):  171.3, 136.9, 130.0, 129.6, 129.1, 123.3, 73.6, 72.7, 72.5, 
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66.0, 59.8, 54.9, 54.4, 40.4, 31.1, 26.9, 26.4, 26.2, 25.8 ppm. HRMS (m/z): [M+H]+ 

calculated for C22H34N5O4: 432.2605; found: 432.2619. 

2-((2R,3S,4R,5R)-1-(6-(1-Benzyl-1H-1,2,3-triazol-4-yl)hexyl)-3,4-dihydroxy-5-

(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (26e): To a stirred solution of 

benzyl lactone 34 (40 mg, 0.13 mmol) in methanol (2 ml) was added 10% palladium on 

carbon (40 mg) and the atmosphere in the reaction vessel was purged using hydrogen 

gas. After debenzylation the palladium on carbon was filtered off and the 6-(1-benzyl-1H-

1,2,3-triazol-4-yl)hexanal (85 mg, 0.33 mmol) was added in the presence of catalytic 

amount of glacial acetic acid and 4Å molecular sieves. After stirring for 1.5 hours, sodium 

cyanoborohydride (21 mg, 0.33 mmol) was added and the reaction mixture was stirred for 

an additional 1.5 hours. After purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10), the resulting lactone was treated with aqueous 

hydrochloric acid (catalytic, 1 M) and the mixture was stirred for 1 hour under room 

temperature. Upon completion of the reaction as determined by thin layer 

chromatography, 2 M methylamine in tetrahydrofuran (1.3 ml, 2.6 mmol) was added into 

the reaction mixture, which was stirred for a further 1 hour. The resulting reaction mixture 

was concentrated under reduced pressure and subjected to purification using silica gel 

flash column chromatography to give the desired material (45%). Rf = 0.17 

(dichloromethane/methanol = 9:1). 1H NMR (600 MHz, CD3OD):  7.75 (d, J = 3.6 Hz, 1H), 

7.38 (ddd, J = 14.1, 7.8, 6.1 Hz, 3H), 7.35 – 7.31 (m, 2H), 5.57 (s, 2H), 4.52 – 4.21 (m, 

1H), 4.21 – 4.08 (m, 1H), 4.07 – 3.96 (m, 1H), 3.91 (d, J = 11.3 Hz, 1H), 3.89 – 3.81 (m, 

1H), 3.78 – 3.65 (m, 1H), 3.61 – 3.52 (m, 1H), 3.24 – 3.12 (m, 1H), 2.95 (dq, J = 22.1, 7.0, 

6.2 Hz, 1H), 2.84 (dd, J = 17.6, 11.1 Hz, 1H), 2.79 – 2.73 (m, 2H), 1.87 – 1.59 (m, 4H), 

1.55 – 1.33 (m, 6H) ppm; 13C NMR (150 MHz, CD3OD):  172.2, 136.9, 130.0, 129.6, 

129.0, 123.2, 73.6, 72.8, 72.5, 66.0, 59.8, 54.8, 54.5, 40.4, 31.1, 30.1, 29.5, 27.1, 26.4, 

26.0 ppm. HRMS (m/z): [M+H]+ calculated for C23H36N5O4: 446.2762; found: 446.2773. 

(S)-4-((1R,2R)-2-Chloro-1-hydroxypent-4-en-1-yl)-2,2-dimethyl-1,3-dioxan-5-

one (28): To a stirred solution of pent-4-enal (1.2 ml, 11.96 mmol) in dichloromethane (60 

ml) was added N-chlorosuccinimide (1.67 g, 12.6 mmol), (L)-proline (1.2 g, 10.17 mmol), 

followed by 2,2-dimethyl-1,3-dioxan-5-one (1.5 ml, 12.6 mmol), and was stirred for 18 

hours. The resulting brown solution was diluted with dichloromethane, followed by 

washing with water and brine. The organic layer was dried with Na2SO4 and concentrated 

under reduced pressure. The mixture was subjected to purification (pentane/ethyl acetate 
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= 90/10 to pentane/ethyl acetate = 40/10) using silica gel flash column chromatography to 

obtain the desired product (1.3 g, 44%). Rf = 0.26 (ethyl acetate/pentane = 20/80). 1H 

NMR (400 MHz, CDCl3)  5.91 – 5.77 (m, 1H), 5.23 – 5.11 (m, 2H), 4.41 (dd, J = 8.9, 1.5 

Hz, 1H), 4.28 (dd, J = 17.6, 1.5 Hz, 1H), 4.22 (ddt, J = 8.2, 6.7, 1.6 Hz, 1H), 3.97 (ddd, J 

= 8.8, 3.1, 1.7 Hz, 1H), 3.34 (dd, J = 3.1, 1.4 Hz, 1H), 2.80 – 2.58 (m, 2H), 1.51 (s, 3H), 

1.42 (s, 3H) ppm. NMR spectrum is identical as in previously reported literature.231 

(1R,2R)-1-((4R,5R)-5-(Benzylamino)-2,2-dimethyl-1,3-dioxan-4-yl)-2-chloro-

pent-4-en-1-ol (29): To a stirred solution of ketochlorohydrin 28 (1.3 g, 5.22 mmol) in 

tetrahydrofuran (34 ml) was added benzylamine (0.68 ml, 6.27 mmol) followed by acetic 

acid (0.3 ml, 5.2 mmol). The reaction mixture was stirred for two hours. Sodium 

cyanobohydride (392 mg, 6.24 mmol) was then added and stirred for another three hours. 

The reaction mixture was then diluted with dichloromethane and washed with water. The 

organic layers were dried over Na2SO4. The mixture was subjected to purification 

(pentane/ethyl acetate = 60/40) using silica gel flash column chromatography to obtain the 

desired product (1.1 g, 62%). Rf = 0.54 (ethyl acetate/pentane = 50/50).  1H NMR (400 

MHz, CDCl3)   7.48 – 7.28 (m, 5H), 5.87 (ddt, J = 17.1, 10.1, 6.9 Hz, 1H), 5.25 – 5.07 (m, 

2H), 4.23 (ddd, J = 8.9, 5.9, 1.4 Hz, 1H), 4.08 (dd, J = 11.5, 5.1 Hz, 1H), 3.89 (d, J = 12.6 

Hz, 1H), 3.84 – 3.78 (m, 1H), 3.76 – 3.73 (m, 1H), 3.72 – 3.65 (m, 1H), 3.56 (dd, J = 11.5, 

9.3 Hz, 1H), 2.74 – 2.61 (m, 1H), 2.57 (ddd, J = 15.4, 7.6, 6.1 Hz, 1H), 1.45 (s, 3H), 1.36 

(s, 3H) ppm. NMR spectrum is identical as in previously reported literature.161 

(4aR,6S,7S,7aR)-6-Allyl-5-benzyl-2,2-dimethylhexahydro-[1,3]dioxino[5,4-

b]pyrrol-7-ol (30): To a stirred solution of amino alcohol 29 (0.2 g, 0.59 mmol) in toluene 

(6 ml)  was added sodium bicarbonate (0.1 g) under nitrogen. The reaction mixture was 

heated to 100 °C for 18 hours. Upon complete consumption of starting material as judged 

by thin layer chromatography, the reaction mixture was then diluted with ethyl acetate and 

washed with water. The organic layers were dried over Na2SO4 and concentrated under 

reduced pressure. The crude reaction mixture was subjected to purification (pentane/ethyl 

acetate = 60/40) using silica gel flash column chromatography to obtain the desired 

product (0.14 g, 87%). Rf = 0.9 (ethyl acetate/pentane = 1:1). 1H NMR (400 MHz, CDCl3) 

 7.37 – 7.26 (m, 5H), 5.89 (ddt, J = 17.2, 10.2, 7.0 Hz, 1H), 5.21 – 5.06 (m, 2H), 4.03 – 

3.92 (m, 2H), 3.60 – 3.52 (m, 1H), 3.38 (t, J = 10.5 Hz, 1H), 3.24 (ddd, J = 10.4, 4.4, 0.6 

Hz, 1H), 2.82 – 2.70 (m, 1H), 2.33 – 2.23 (m, 1H), 2.21 – 2.14 (m, 1H), 1.41 (s, 3H), 1.39 

(s, 3H) ppm. NMR spectrum is identical as in previously reported literature.161 
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3-((4aR,6S,7S,7aR)-5-Benzyl-7-hydroxy-2,2-dimethylhexahydro-[1,3]dioxino-

[5,4-b]pyrrol-6-yl)propane-1,2-diol (31): To a stirred solution of alkene 30 (100 mg, 0.33 

mmol) and N-methylmorpholine N-oxide (77 mg, 0.66 mmol) in tetrahydrofuran (2.5 ml) 

was added osmium tetroxide (0.1 ml of 2.5 weight% osmium tetroxide in tert-butanol 

solution, 8.25 µmol) at 0 °C. The reaction mixture was gradually warmed to room 

temperature and stirred for two hours. Upon complete consumption of starting material as 

judged by thin layer chromatography, the reaction mixture was quenched using saturated 

Na2SO3 solution. The organic layer was dried over Na2SO4 and concentrated under 

reduced pressure. The crude reaction mixture was subjected to purification (ethyl acetate 

only to methanol/dichloromethane = 10/90) using silica gel flash column chromatography 

to obtain the desired product (74 mg, 66%). Rf = 0.1 (ethyl acetate/pentane = 50/50). 1H 

NMR (400 MHz, CDCl3, mixture of isomer)  7.30 (qd, J = 7.4, 3.0 Hz, 5H), 4.21 – 4.10 

(m, 1H), 4.10 – 4.00 (m, 1H), 3.99 – 3.87 (m, 1H), 3.71 (dt, J = 10.1, 4.1 Hz, 1H), 3.66 – 

3.54 (m, 1H), 3.48 (dt, J = 11.3, 5.9 Hz, 1H), 3.42 – 3.31 (m, 1H), 3.17 – 3.08 (m, 1H), 

3.07 – 2.93 (m, 1H), 2.91 – 2.76 (m, 1H), 1.91 (ddd, J = 15.5, 11.2, 4.6 Hz, 1H), 1.71 – 

1.54 (m, 1H), 1.47 – 1.32 (m, 6H) ppm. NMR spectrum is identical as in previously reported 

literature.161 

2-((4aR,6S,7S,7aR)-5-Benzyl-7-hydroxy-2,2-dimethylhexahydro-[1,3]dioxino-

[5,4-b]pyrrol-6-yl)acetaldehyde (32): To a stirred solution of triol 31 (140 mg, 0.41 mmol) 

in ethanol/water (2:1, 10.5 ml) was added NaIO4 (0.22 g, 1.03 mmol). The resulting mixture 

was stirred at room temperature for one hour or upon complete consumption of starting 

material as judged by thin layer chromatography. The reaction mixture was diluted with 

dichloromethane and washed with water. The combined organic layers were dried using 

Na2SO4 and concentrated under reduced pressure. The crude product (80 mg, 64%) 

obtained was carried forward to next reaction without silica gel flash column 

chromatography purification. Rf = 0.34 (ethyl acetate/pentane = 3:2). 1H NMR (400 MHz, 

CDCl3)  9.78 (s, 1H), 7.35 –  7.21 (m, 5H), 4.05 (d, J = 4.6 Hz, 1H), 3.88 (d, J = 12.9 Hz, 

1H), 3.68 – 3.55 (m, 1H), 3.42 (t, J = 10.4 Hz, 1H), 3.34 (dd, J = 10.5, 4.4 Hz, 1H), 3.12 (t, 

J = 6.2 Hz, 1H), 2.82 (td, J = 10.1, 4.4 Hz, 1H), 2.57 (dd, J = 6.3, 2.0 Hz, 1H), 1.42 (s, 3H), 

1.40 (s, 3H) ppm. NMR spectrum is identical as in previously reported literature.161 

(4aR,5aR,8aS,8bR)-5-Benzyl-2,2-dimethyloctahydro-[1,3]dioxino[5,4-b]furo-

[2,3-d]pyrrol-7-ol (33):  To a stirred solution of aldehyde 32 (700 mg, 2.29 mmol) in 

chloroform was added silica (1.58 g). The resulting mixture was stirred for 18 h or until 
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complete consumption of starting material as judged by thin layer chromatography. The 

crude product was subjected to purification using silica gel flash column chromatography 

(pentane/ethyl acetate = 50/50) to give the desired material (455 mg, 65%). Rf = 0.19 

(ethyl acetate/pentane = 1:1). 1H NMR (400 MHz, CDCl3)  7.37 – 7.25 (m, J = 7.4, 3.0 

Hz, 5H), 4.22 – 4.13 (m, 1H), 4.09 (d, J = 7.2 Hz, 1H), 4.00 – 3.86 (m, 1H), 3.75 – 3.68 

(m, 1H), 3.68 – 3.54 (m, 1H), 3.48 (td, J = 11.2, 5.7 Hz, 1H), 3.42 – 3.28 (m, 1H), 3.17 – 

3.08 (m, 1H), 3.06 – 2.93 (m, 1H), 2.91 – 2.75 (m, 1H), 1.91 (ddd, J = 15.5, 11.2, 4.6 Hz, 

1H), 1.74 – 1.63 (m, 1H), 1.63 – 1.54 (m, 1H), 1.43 – 1.34 (m, 6H) ppm. NMR spectrum is 

identical as in previously reported literature.161 

(4aR,5aR,8aS,8bR)-5-Benzyl-2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]furo-

[2,3-d]pyrrol-7(4H)-one (34) To a stirred solution of lactol 33 (650 mg, 2.13 mmol) and 

N-methylmorpholine N-oxide (399 mg, 3.41 mmol) in anhydrous dichloromethane (5.4 ml) 

containing 4Å molecular sieves was added tetrapropylammonium perruthenate (221 mg, 

0.63 mmol) under argon. The resulting mixture was stirred at room temperature for one 

hour or upon complete consumption of starting material as judged by thin layer 

chromatography. The reaction mixture was concentrated under reduced pressure, 

resuspended with ethyl acetate (70 ml), followed by washing with water (70 ml). The layers 

were separated, and the aqueous layer was extracted with ethyl acetate (70 ml x 3). The 

combined organic layers were dried using Na2SO4 and concentrated under reduced 

pressure. The crude product was subjected to purification using silica gel flash column 

chromatography (ethyl acetate) to give the desired material (498 mg, 77%). Rf = 0.41 (ethyl 

acetate/pentane = 1:1) 1H NMR (500 MHz, CDCl3)  7.31 – 7.18 (m, 5H), 4.98 (t, J = 5.1 

Hz, 1H), 4.12 – 4.04 (m, 1H), 3.75 (dd, J = 9.9, 4.5 Hz, 2H), 3.70 (d, J = 13.5 Hz, 1H), 3.62 

– 3.51 (m, 2H), 2.80 (dd, J = 19.1, 1.7 Hz, 1H), 2.65 (td, J = 9.8, 4.4 Hz, 1H), 2.30 (dd, J 

= 19.1, 8.7 Hz, 1H), 1.45 (s, 3H), 1.42 (s, 3H) ppm. NMR spectrum is identical as in 

previously reported literature.161 

General synthetic procedure for compound 35a to 35c: To a stirred solution of 

alkynyl alcohol (series a: hex-5-yn-1-ol; series b: hept-6-yn-1-ol; series c: oct-7-yn-1-ol; 1 

equivalent) in tetrahydrofuran/water (ratio = 2:1, c = 0.2 M) was added copper sulfate (0.3 

equivalent) and sodium ascorbate (0.6 equivalent). The resulting mixture was stirred at 

room temperature for overnight or upon complete consumption of starting material as 

judged by thin layer chromatography. The reaction mixture was concentrated under 

reduced pressure and subjected to purification using silica gel flash column 
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chromatography to give the intermediate benzyl triazole alcohol. The purified triazole 

intermediate was then resuspended in dichloromethane (c = 0.4 M) containing 4 Å 

molecular sieves. The resulting solution was added with N-methylmorpholine N-oxide (1.5 

equivalent) and tetrapropylammonium perruthenate (0.6 equivalent) under argon 

atmosphere. The mixture was stirred for one hour or upon complete consumption of 

starting material as judged by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude material was extracted three times 

using ethyl acetate. The combined extracted solution was concentrated under reduced 

pressure and the crude product was subjected to purification using silica gel flash column 

chromatography to give the desired materials. Yields over 2 steps: 35a (49%); 35b (43%); 

35c (55%). 

4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butanal (35a): Rf = 0.50 (ethyl acetate). 1H 

NMR (500 MHz, CDCl3)  9.76 (s, 1H), 7.40 – 7.33 (m, 3H), 7.25 (m, 2H), 7.21 (s, 1H), 

5.49 (s, 2H), 2.73 (t, J = 7.5 Hz, 2H), 2.52 (td, J = 7.3, 1.5 Hz, 2H), 1.99 (p, J = 7.4 Hz, 

2H) ppm; 13C NMR (125 MHz, CDCl3):  202.0, 147.4, 134.4, 129.1, 128.7, 128.0, 120.8, 

54.1, 43.1, 24.8, 21.7 ppm; HRMS (m/z): [M+H]+ calculated for C13H16N3O: 230.1288; 

found: 230.1289. 

5-(1-Benzyl-1H-1,2,3-triazol-4-yl)pentanal (35b): Rf = 0.52 (ethyl acetate). 1H 

NMR (500 MHz, CDCl3)  9.74 (t, J = 1.6 Hz, 1H), 7.43 – 7.32 (m, 3H), 7.27 – 7.23 (m, 

2H), 7.20 (s, 1H), 5.49 (s, 2H), 2.75 – 2.66 (m, 2H), 2.50 – 2.36 (m, 2H), 1.74 – 1.64 (m, 

4H) ppm; 13C NMR (150 MHz, CDCl3):  202.7, 134.5, 129.1, 128.7, 120.9, 54.3, 43.7, 

33.8, 28.9, 24.3 ppm; HRMS (m/z): [M+H]+ calculated for C14H18N3O: 244.1444; found: 

244.1448. 

6-(1-Benzyl-1H-1,2,3-triazol-4-yl)hexanal (35c): Rf = 0.55 (ethyl acetate). 1H 

NMR (600 MHz, CDCl3)  9.74 (t, J = 1.7 Hz, 1H), 7.40 – 7.32 (m, 3H), 7.26 – 7.24 (m, 

1H), 7.19 (s, 1H), 5.50 (s, 2H), 2.72 – 2.65 (m, 2H), 2.42 (td, J = 7.3, 1.7 Hz, 2H), 1.70 – 

1.59 (m, 4H), 1.40 – 1.33 (m, 2H) ppm; 13C NMR (150 MHz, CDCl3):  202.7, 134.9, 129.1, 

128.7, 128.0, 120.6, 54.1, 43.7, 34.2, 29.1, 28.6 ppm; HRMS (m/z): [M+H]+ calculated for 

C15H20N3O: 258.1601; found: 258.1603. 

(S)-4-((1R,2R)-4-((tert-Butyldimethylsilyl)oxy)-2-chloro-1-hydroxybutyl)-2,2-

dimethyl-1,3-dioxan-5-one (38): To a stirred solution of 4-((tert-butyldimethylsilyl)oxy)-
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butanal 37 (150 mg, 0.74 mmol) in dichloromethane was added L-proline (68 mg, 0.59 

mmol). Subsequently, N-chlorosuccinimide (98 mg, 0.74 mmol) and 2,2-dimethyl-1,3-

dioxan-5-one (115 mg, 0.89 mmol) were added. The resulting solution was stirred for 40 

hours and then diluted with dichloromethane and washed with water. The aqueous layer 

was extracted with dichloromethane (80 ml x 3). The combined organic layers were 

washed with brine (80 ml), dried over sodium sulfate, followed by concentration under 

reduced pressure. The crude product was subjected to purification using silica gel flash 

column chromatography (hexane/ethyl acetate = 90/10) to obtain the desired product as 

an oil (179 mg, 66%). 1H NMR (400 MHz, CDCl3):  4.50 (ddd, J = 9.6, 4.3, 1.59 Hz, 1H), 

4.41 (dd, J = 8.8, 1.5 Hz, 1H), 4.29 (dd, J = 17.6, 1.5 Hz, 1H), 4.07 (d, J = 17.6 Hz, 1H), 

3.94 (dd, J = 8.9, 1.6 Hz, 1H), 3.80 (dd, J = 7.0, 4.3 Hz, 2H), 3.42 (bs, 1H), 2.18 – 2.08 

(m, 1H), 2.05 – 1.95 (m, 1H), 1.51 (s, 3H), 1.41 (s, 3H), 0.89 (s, 9H), 0.08 (s, 3H), 0.06 (s, 

3H) ppm; 13C NMR (100 MHz, CDCl3):  212.2, 101.7, 72.9, 72.3, 66.7, 59.7, 59.0, 37.7, 

26.0, 24.0, 23.6, 18.4, −5.2, −5.3 ppm. HRMS (m/z): [M+H]+ calculated for C16H32ClO5Si: 

367.1702; found: 367.1708. 

(1R,2R)-4-((tert-Butyldimethylsilyl)oxy)-2-chloro-1-((4R,5R)-5-(hex-5-yn-1-

ylamino)-2,2-dimethyl-1,3-dioxan-4-yl)butan-1-ol (39): To a solution of ketochloro-

hydrin 38, (200 mg, 0.55 mmol) in anhydrous tetrahydrofuran (5.5 ml) containing activated 

4Å molecular sieves was added glacial acetic acid (31 µl, 0.55 mmol), triethylamine (153 

µl, 1.09 mmol), and hex-5-yn-1-amine hydrochloride (145 mg, 1.09 mmol) and under 

nitrogen. After stirring for 1 hour at room temperature, sodium cyanoborohydride (87 mg, 

1.4 mmol) was added into the solution. The reaction mixture was stirred overnight at room 

temperature. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was diluted with water (20 ml) and the layers were 

separated. The aqueous phase was extracted with ethyl acetate (20 ml x 3) and the 

organic layers were combined, washed with brine (20 ml), dried over sodium sulfate, and 

filtered. The filtrate was concentrated under reduced pressure and the residue was 

subjected to purification using silica gel flash column chromatography (hexane/ethyl 

acetate = 85/15 to 80/20) to yield the product as a clear oil (187 mg, 77%). 1H NMR (400 

MHz, CDCl3):  4.50 (ddd, J = 9.7, 4.2, 1.31 Hz, 1H), 4.07 (dd, J = 11.5, 5.1 Hz, 1H), 3.84 

– 3.75 (m, 3H), 3.71-3.64 (m, 1H), 3.55 (dd, J = 11.6, 9.3 Hz, 1H), 2.89 – 2.80 (m, 2H), 

2.60 – 2.53 (m, 1H), 2.19 (td, J = 6.6, 2.6 Hz, 2H), 2.11 – 2.00 (m, 1H), 1.99 – 1.95 (m, 

1H), 1.94 (t, J = 2.7 Hz, 1H), 1.66 – 1.46 (m, 5H), 1.45 (s, 3H), 1.34 (s, 3H), 0.89 (s, 9H), 
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0.07 (s, 3H), 0.06 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  99.2, 84.0, 78.0, 69.9, 68.9, 

63.7, 59.9, 59.6, 56.8, 46.3, 37.9, 29.4, 28.4, 26.1, 26.0, 19.6, 18.4, 18.3, −5.2, −5.3 ppm. 

HRMS (m/z): [M+H]+ calculated for C22H43ClNO4Si: 448.2644; found: 448.2641. 

(4aR,6S,7S,7aR)-6-(2-((tert-Butyldimethylsilyl)oxy)ethyl)-5-(hex-5-yn-1-yl)-

2,2-dimethylhexahydro-[1,3]dioxino[5,4-b]pyrrol-7-ol (40): To a solution of amino 

alcohol 39 (170 mg, 0.38 mmol) in toluene (7 ml) was added sodium bicarbonate (322 mg, 

3.8 mmol). The heterogenous mixture was sealed and heated to 110°C for 16 hours. After 

cooling to room temperature, the reaction was diluted with water (20 ml) and layers were 

separated. The aqueous fraction was extracted with ethyl acetate (80 ml x 3) and the 

combined organic fractions were washed with brine (80 ml), dried over sodium sulfate, 

filtered, and concentrated under reduced pressure. The residual oil was subjected to 

purification using silica gel flash column chromatography (hexane/ethyl acetate = 80/20) 

to yield the product as a colourless oil (140 mg, 90%). Rf = 0.21 (hexane/ethyl acetate = 

4:1). 1H NMR (400 MHz, CDCl3):  4.11 (dd, J = 10.22, 4.36 Hz, 1H), 4.03 (d, J = 4.34 Hz, 

1H), 3.84-3.76 (m, 1H), 3.72-3.74 (m, 2H), 3.59 (dd, J = 8.92, 3.98 Hz, 1H), 2. 87-2.55 (m, 

4H), 2.21-2.13 (m, 3H), 1.94 (t, J = 2.66 Hz, 1H), 1.78-1.50 (m, 6H), 1.48 (s, 3H), 1.44 (s, 

3H), 0.89 (s, 9H), 0.06 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3):  100.3, 84.3, 74.3, 74.2, 

70.3, 68.8, 67.8, 60.6, 59.7, 55.0, 46.4, 37.8, 37.7, 29.4, 26.5 26.1, 20.2, 18.4, 18.4, −5.2, 

−5.2 ppm. HRMS (m/z): [M+H]+ calculated for C22H42NO4Si: 412.2878; found: 412.2880. 

(4aR,6S,7S,7aR)-5-(Hex-5-yn-1-yl)-6-(2-hydroxyethyl)-2,2-dimethylhexa-

hydro-[1,3]dioxino[5,4-b]pyrrol-7-ol (41): To a solution of iminocyclitol 40 (125 mg, 0.3 

mmol) in tetrahydrofuran (3 ml) was added 1 M tetra-n-butylammonium fluoride in 

tetrahydrofuran (320 µl, 0.32 mmol) and stirred for 30 minutes. Upon complete 

consumption of starting material as judged by thin layer chromatography, the mixture was 

diluted with ethyl acetate (80 ml) and washed with brine (80 ml). The layers were 

separated, and the aqueous layer was extracted using ethyl acetate (80 ml x 3). The 

combined organic layers were dried over sodium sulfate and concentrated under reduced 

pressure. The crude product was subjected to purification using silica gel flash column 

chromatography (dichloromethane/methanol = 96/4) to yield the desired material (83 mg, 

93%). Rf = 0.25 (dichloromethane/methanol = 24:1). 1H NMR (400 MHz, CDCl3):  4.92 

(bs, 1H), 4.16 (dd, J = 10.24, 4.37 Hz, 1H), 4.09 (d, J = 4.59 Hz, 1H), 3.88-3.70 (m, 4H), 

2.95-2.55 (m, 4H), 2.31 (bs, 1H), 2.20 (td, J = 6.73, 2.67 Hz, 2 H), 2.03-1.96 (m, 1H), 1.95 
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(t, J = 2.64 Hz, 1H), 1.74-1.52 (m, 5 H), 1.51 (s, 3H), 1.45 (s, 3H) ppm; 13C NMR (100 

MHz, CDCl3):  100.6, 83.9, 74.5, 73.3, 72.6, 69.0, 67.3, 61.2, 59.9, 54.6, 32.4, 29.3, 28.0, 

26.4, 20.0, 18.3 ppm. HRMS (m/z): [M+H]+ calculated for C16H28NO4: 298.2013; found: 

298.2019. 

(4aR,5aR,8aS,8bR)-5-(Hex-5-yn-1-yl)-2,2-dimethyloctahydro-

[1,3]dioxino[5,4-b]furo[2,3-d]pyrrol-7-ol (23c) (Scheme 3.5): To a stirred solution of 

pyrrolidine 41 (75 mg, 0.25 mmol) in ethyl acetate (2.5 ml) was added 2-iodoxybenzoic 

acid (140 mg, 0.5 mmol) and warmed to 65°C for 4 hours. The heterologous mixture was 

filtered, and the filtrate was concentrated under reduced pressure. The residue was 

dissolved in dichloroethane (2.5 ml) and stirred with silica gel (300 mg) for 16 hours at 

room temperature. The reaction was filtered over cotton and the solvent was removed 

under reduced pressure. The crude mixture was subjected to purification using silica gel 

flash column chromatography to yield the desired product as a mixture of diastereomers 

(53 mg, 72%). Rf = 0.28 (dichloromethane/methanol = 96/4). 1H NMR (400 MHz, CDCl3): 

 5.71 (d, J = 4.9 Hz, 1H), 4.75 (dd, J = 5.39 Hz, 1H), 4.26 (dd, J = 6.05 Hz, 1H), 4.05 (dd, 

J = 10.1, 4.40 Hz, 1H), 3.74 (dd, J = 10.28 Hz, 1H) 3.59 (dd, J = 9.55, 5.09 Hz, 1H), 2.48 

– 2.38 (m, 3H), 2.24 – 2.16 (m, 3H), 2.08 – 2.01 (m, 1H), 1.95 (t, J = 2.65 Hz, 1H), 1.93 – 

1.85 (m, 1H), 1.62-1.50 (m, 4H), 1.50 (s, 3H), 1.49 (s, 3H) ppm; 13C NMR (100 MHz, 

CDCl3):  100.5, 78.3, 75.0, 68.9, 66.5, 63.2, 55.6, 46.7, 32.4, 29.9, 29.5, 27.1, 26.4, 19.7, 

18.3 ppm. HRMS (m/z): [M+H]+ calculated for C16H26NO4: 296.1856; found: 296.1857. 

(4aR,5aR,8aS,8bR)-5-(Hex-5-yn-1-yl)-2,2-dimethylhexahydro-[1,3]dioxino-

[5,4-b]furo[2,3-d]pyrrol-7(4H)-one (24c) (Scheme 3.5): To a stirred solution of lactol 

diastereomers 23c (100 mg, 0.34 mmol) in dichloromethane (0.34 ml) was added (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl  (10.6 mg, 68 µmol) and bis(acetoxy)iodobenzene (274 mg, 

0.85 mmol). The solution was stirred for 16 hours or until complete consumption of starting 

material as judged by thin layer chromatography. The reaction mixture was concentrated 

under reduced pressure and purified by column chromatography (hexane/ethyl acetate = 

50/50) to give the desired material (56 mg, 56%). Rf = 0.68 (ethyl acetate) 1H NMR (400 

MHz, CDCl3):  5.03 (t, J = 5.1 Hz, 1H), 4.26 – 4.13 (m, 1H), 4.07 (dd, J = 10.1, 4.4 Hz, 

1H), 3.77 – 3.65 (m, 2H), 2.76 (dd, J = 19.0, 1.5 Hz, 1H), 2.60 – 2.48 (m, 3H), 2.44 (dd, J 

= 19.0, 8.7 Hz, 1H), 2.20 (td, J = 6.7, 2.2 Hz, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.59 – 1.50 (m, 

3H), 1.48 (s, 3H), 1.46 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3):  176.2, 100.9, 83.9, 
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79.9, 74.9, 68.8, 66.1, 57.9, 55.0, 46.1, 29.1, 27.1, 26.8, 25.9, 19.4, 18.1 ppm. HRMS 

(m/z): [M+H]+ calculated for C16H24NO4: 294.1700; found: 294.1708. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(4-(1-(2,4,6-tribromo-

phenyl)-1H-1,2,3-triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42a):  To a 

stirred solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) was 

added 2-azido-1,3,5-tribromobenzene (13 mg, 36 µmol), CuSO45H2O (2.6 mg, 10.2 µmol) 

and sodium ascorbate (4 mg, 20.4 mmol). The solution was stirred for 1 hour or until 

complete consumption of starting material as judged by thin layer chromatography. The 

reaction mixture was concentrated under reduced pressure and the crude intermediate 

product was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10). The purified triazole lactone intermediate (20 mg, 

31 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen chloride 

(catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was added 

with 2 M methylamine in tetrahydrofuran (2.3 ml, 4.65 mmol) and stirred for extra 1 hour. 

Upon complete consumption of starting material as judged by thin layer chromatography, 

the reaction mixture was concentrated under reduced pressure and the crude product was 

subjected to purification using high-performance liquid chromatography to give the desired 

material (10.6 mg, 49% over 2 steps). 1H NMR (500 MHz, CD3OD):  8.13 (s, 2H), 8.07 (s, 

1H), 4.42 – 4.20 (m, 1H), 4.20 – 4.06 (m, 1H), 4.05 – 3.97 (m, 1H), 3.95 – 3.88 (m, 1H), 

3.87 – 3.70 (m, 1H), 3.63 – 3.46 (m, 1H), 3.45 – 3.35 (m, 1H), 3.31 – 3.21 (m, 1H), 3.00 – 

2.82 (m, 4H), 2.77 (s, 3H), 1.98 – 1.71 (m, 4H) ppm; 13C NMR (150 MHz, CDCl3):  170.2, 

136.7, 136.6, 126.7, 125.7, 124.5, 123.6, 117.8, 117.6, 72.8, 57.4, 54.8, 40.4, 32.6, 27.4, 

26.4, 25.4 ppm. HRMS (m/z): [M+H]+ calculated for C20H27Br3N5O4: 637.9608; found: 

637.9618. 

2-((2R,3S,4R,5R)-1-(4-(1-(4-Chlorophenyl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42b): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) was added  

1-azido-4-chlorobenzene (5 mg, 34 µmol), CuSO45H2O (2.6 mg, 10 µmol) and sodium 

ascorbate (4 mg, 20.4 µmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 

mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography (hexane/ethyl 
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acetate = 5/95). The purified triazole lactone intermediate (9 mg, 20.1 µmol) was then 

resuspended in methanol (1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) 

into the solution. After stirring for 1 hour, the reaction mixture was added with 2 M 

methylamine in tetrahydrofuran (1.5 ml, 3 mmol) and stirred for extra 1 hour. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction mixture was concentrated under reduced pressure and the crude product was 

purified using high-performance liquid chromatography to give the desired material (6.9 

mg, 47% over 2 steps). 1H NMR (600 MHz, CD3OD)  8.36 (d, J = 4.2 Hz, 1H), 7.85 (dd, 

J = 8.9, 2.2 Hz, 2H), 7.62 – 7.57 (m, 2H), 4.41 – 4.22 (m, 1H), 4.22  – 4.08 (m, 1H), 4.08 

– 3.99 (m, 1H), 3.97 – 3.89 (m, 1H), 3.85 (td, J = 12.6, 12.1, 3.1 Hz, 1H), 3.77 – 3.55 (m, 

1H), 3.48  –  3.37 (m, 1H), 3.28  – 3.18 (m, 1H), 3.10 – 2.80 (m, 4H), 2.73 (s, 3H), 1.97 – 

1.69 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  171.4, 149.3, 137.1, 135.5, 131.0, 122.8, 

122.8, 121.7, 73.7, 72.8, 72.5, 66.0, 59.8, 54.2, 32.1, 31.1, 27.2, 26.4, 25.9, 25.5 ppm. 

HRMS (m/z): [M+H]+ calculated for C20H29ClN5O4: 438.1903; found: 438.1903. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(4-(1-(4-(trifluorome-

thyl)-phenyl)-1H-1,2,3-triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42c):  

To a stirred solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) 

was added 1-azido-4-(trifluoromethyl)benzene (5 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 

µmol) and sodium ascorbate (2.7 mg, 13.6 mmol). The solution was stirred for 1 hour or 

until complete consumption of starting material as judged by thin layer chromatography. 

The reaction mixture was concentrated under reduced pressure and the crude 

intermediate product was subjected to purification using silica gel flash column 

chromatography (dichloromethane/methanol = 98/2). The purified triazole lactone 

intermediate (5 mg, 10.4 µmol) was then resuspended in methanol (1 ml) and added 

aqueous hydrogen chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the 

reaction mixture was added with 2 M methylamine in tetrahydrofuran (780 µl, 1.6 mmol) 

and stirred for extra 1 hour. Upon complete consumption of starting material as judged by 

thin layer chromatography, the reaction mixture was concentrated under reduced pressure 

and the crude product was subjected to purification using high-performance liquid 

chromatography to give the desired material (3 mg, 19% over 2 steps). 1H NMR (400 MHz, 

CD3OD)  8.49 (s, 1H), 8.10 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.5 Hz, 2H), 4.23 (d, J = 7.0 

Hz, 1H), 4.18 – 4.05 (m, 1H), 4.05 – 3.91 (m, 1H), 3.91 – 3.70 (m, 1H), 3.64 – 3.37 (m, 

1H), 3.05 – 2.82 (m, 4H), 2.76 (s, 3H), 2.07 – 1.29 (m, 4H) ppm; 19F NMR (376 MHz, 
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CD3OD)  −64.2, −77.4 ppm. HRMS (m/z): [M+H]+ calculated for C21H29F3N5O4: 472.2166; 

found: 472.2177. 

2-((2R,3S,4R,5R)-1-(4-(1-(1H-Indol-5-yl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42d): To a stirred 

solution of lactone 24c (8 mg, 27 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added  

5-azido-1H-indole (6.5 mg, 30 µmol), CuSO45H2O (2 mg, 8 µmol) and sodium ascorbate 

(3 mg, 16 µmol). The solution was stirred for 1 hour or until complete consumption of 

starting material as judged by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude intermediate product was subjected 

to purification using silica gel flash column chromatography (dichloromethane/methanol = 

90/10). The purified triazole lactone intermediate (9.3 mg, 20.6 µmol) was then 

resuspended in methanol (1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) 

into the solution. After stirring for 1 hour, the reaction mixture was added with 2 M 

methylamine in tetrahydrofuran (1.5 ml, 3.1 mmol) and stirred for extra 1 hour. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction was concentrated under reduced pressure and the crude product was subjected 

to purification using high-performance liquid chromatography to give the desired material 

(4.9 mg, 43% over 2 steps). 1H NMR (400 MHz, CD3OD)  10.89 (s, 1H), 8.25 (s, 1H), 

7.93 (d, J = 2.0 Hz, 1H), 7.59 – 7.50 (m, 2H), 7.39 (t, J = 2.7 Hz, 1H), 6.59 (t, J = 2.5 Hz, 

1H), 4.46 – 4.17 (m, 1H), 4.13 (s, 1H), 4.07 – 3.97 (m, 2H), 3.92 (d, J = 10.4 Hz, 1H), 3.88 

– 3.81 (m, 1H), 3.76 – 3.53 (m, 1H), 3.51 – 3.35 (m, 1H), 3.29 – 3.19 (m, 1H), 3.03 – 2.77 

(m, 4H), 2.73 (s, 3H), 2.01 – 1.67 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  171.1, 

137.5, 131.3, 129.6, 128.1, 122.3, 115.8, 113.8, 113.1, 103.2, 72.6 (HSQC), 71.7 (HSQC), 

69.4 (HSQC), 57.7, 40.4, 28.2 (HSQC), 26.4, 27.6, (HSQC), 25.3 (HSQC) ppm. HRMS 

(m/z): [M+H]+ calculated for C22H31N6O4: 443.2401; found: 443.2409. 

2-((2R,3S,4R,5R)-1-(4-(1-(4-Acetylphenyl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42e): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added  

1-(4-azidophenyl)ethan-1-one (6 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and 

sodium ascorbate (2.7 mg, 13.6 mmol). The solution was stirred for 1 hour or until 

complete consumption of starting material as judged by thin layer chromatography. The 

reaction mixture was concentrated under reduced pressure and the crude intermediate 
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product was subjected purification using silica gel flash column chromatography 

(dichloromethane/methanol = 97/3). The purified triazole lactone intermediate (6 mg, 13.2 

µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen chloride 

(catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was added 

with 2 M methylamine in tetrahydrofuran (990 µl, 1.98 mmol) and stirred for 1 hour. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction mixture was concentrated under reduced pressure and subjected to purification 

using high-performance liquid chromatography to give the desired material (5 mg, 33% 

over 2 steps). 1H NMR (600 MHz, CD3OD)  8.44 (s, 1H), 8.17 (d, J = 8.7 Hz, 2H), 7.98 

(d, J = 8.7 Hz, 2H), 4.60 (s, 1H), 4.18 (d, J = 6.1 Hz, 1H), 3.95 (s, 1H), 3.86 (d, J = 12.8 

Hz, 1H), 3.80 – 3.74 (m, 1H), 3.49 (s, 1H), 3.23 – 3.15 (m, 1H), 2.84 (t, J = 7.0 Hz, 3H), 

2.69 (s, 3H), 1.95 – 1.66 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  198.9, 149.6, 141.6, 

138.2, 131.3, 121.6, 121.0, 72.9, 57.3, 40.4, 27.4, 26.8, 26.4, 25.6 ppm. HRMS (m/z): 

[M+H]+ calculated for C22H32N5O5: 446.2398; found: 446.2397. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(4-(1-(p-tolyl)-1H-1,2,3-

triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42f): To a stirred solution of 

lactone 24c (7 mg, 24 µmol) in tetrahydrofuran/water (240 µl, 2:1) was added  1-azido-4-

methylbenzene (5 mg, 36 µmol), CuSO45H2O (1.2 mg, 4.8 µmol) and sodium ascorbate 

(2 mg, 10 mmol). The solution was stirred for 1 hour or until complete consumption of 

starting material as judged by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude intermediate product was subjected 

to purification using silica gel flash column chromatography (dichloromethane/methanol = 

90/10). The purified triazole lactone intermediate (6.9 mg, 16 µmol) was then resuspended 

in methanol (1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) into the solution. 

After stirring for 1 hour, the reaction mixture was added with 2 M methylamine in 

tetrahydrofuran (1.2 ml, 2.4 mmol) and stirred for extra 1 hour. Upon complete 

consumption of starting material as judged by thin layer chromatography, the reaction 

mixture was concentrated under reduced pressure and subjected to purification using 

high-performance liquid chromatography to give the desired material (4 mg, 42% over 2 

steps). 1H NMR (600 MHz, CD3OD)  8.26 (d, J = 4.0 Hz, 1H), 7.71 – 7.60 (m, 2H), 7.35 

(d, J = 8.0 Hz, 3H), 4.37 – 4.13 (m, 1H), 4.12 – 4.04 (m, 1H), 4.03 – 3.92 (m, 2H), 3.92 – 

3.82 (m, 2H), 3.82 – 3.64 (m, 1H), 3.58 – 3.34 (m, 2H), 3.22 – 3.13 (m, 1H), 2.95 – 2.85 

(m, 1H), 2.85 – 2.75  (m, 2H), 2.70 (d, J = 15.2 Hz, 3H), 2.39 (s, 3H), 1.91 – 1.64 (m, 4H) 
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ppm; 13C NMR (150 MHz, CD3OD)  171.4, 148.9, 140.4, 136.2, 131.4, 121.6, 121.4, 

121.3, 73.6, 72.8, 72.5, 66.1, 59.8, 54.7, 31.1, 27.2, 26.4, 25.9, 25.5, 21.1 ppm. HRMS 

(m/z): [M+H]+ calculated for C21H32N5O4: 418.2449; found: 418.2465. 

2-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-1-(4-(1-(pyridin-4-yl)-1H-

1,2,3-triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42g): To a stirred solution 

of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added 4-

azidopyridine (5 mg, 36 µmol), CuSO45H2O (2 mg, 7 µmol) and sodium ascorbate (4 mg, 

14 µmol). The solution was stirred for 1 hour or until complete consumption of starting 

material as judged by thin layer chromatography. The reaction mixture was concentrated 

under reduced pressure and the crude intermediate product was subjected to purification 

using silica gel flash column chromatography (dichloromethane/methanol = 90/10). The 

purified triazole lactone intermediate (9.8 mg, 23.8 µmol) was then dissolved in methanol 

(1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) into the solution. After stirring 

for 1 hour, the reaction mixture was added with 2 M methylamine in tetrahydrofuran (1.8 

ml, 3.6 mmol) and stirred for extra 1 hour. Upon complete consumption of starting material 

as judged by thin layer chromatography, the reaction mixture was concentrated under 

reduced pressure and subjected to purification using high-performance liquid 

chromatography to give the desired material (5.8 mg, 42% over 2 steps). 1H NMR (500 

MHz, CD3OD)  8.90 (s, 2H), 8.65 (s, 1H), 8.22 (d, J = 5.3 Hz, 2H), 4.43 – 4.19 (m, 1H), 

4.18 – 4.05 (m, 2H), 4.04 –3.93 (m, 1H), 3.93 – 3.84 (m, 1H), 3.83 – 3.54 (m, 1H), 3.51 – 

3.35 (m, 1H), 3.00 – 2.80 (m, 4H), 2.75 (s, 3H), 2.05 – 1.68 (m, 4H) ppm; 13C NMR (150 

MHz, CD3OD)  171.4, 151.8, 150.0, 145.5, 121.4, 115.5, 73.7, 72.8, 72.5, 66.1, 59.8, 

54.8, 54.2, 40.4, 31.1, 27.3, 27.1, 26.4, 26.4, 25.5 ppm. HRMS (m/z): [M+H]+ calculated 

for C19H29N6O4: 405.2245, found: 405.2251. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(4-(1-mesityl-1H-1,2,3-

triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42h): To a stirred solution of 

lactone 24c (10 mg, 36 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added 2-azido-

1,3,5-trimethylbenzene (6 mg, 37 µmol), CuSO45H2O (1.8 mg, 7.2 µmol) and sodium 

ascorbate (2.9 mg, 14.4 mmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 

mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography 
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(dichloromethane/methanol = 90/10). The purified triazole lactone intermediate (7 mg, 

15.4 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.2 ml, 2.3 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (4.3 mg, 27% over 2 steps). 1H NMR (600 MHz, CD3OD)  

7.87 (s, 1H), 7.04 (s, 2H), 5.46 (s, 1H), 4.41 – 4.12 (m, 2H), 4.12 – 4.04 (m, 1H), 4.04 – 

3.93 (m, 1H), 3.91 – 3.72 (m, 2H), 3.61 – 3.35 (m, 2H), 3.01 – 2.75 (m, 4H), 2.70 (s, 3H), 

2.51 (s, 3H), 2.32 (s, 3H), 1.90 (s, 6H), 1.87 – 1.63 (m, 4H) ppm; 13C NMR (150 MHz, 

CD3OD)  171.3, 148.5, 141.7, 136.2, 134.8, 130.2, 125.7, 74.2, 72.7, 72.5, 66.0, 59.8, 

53.9, 40.4, 31.7, 27.3, 26.4, 25.5, 25.3, 21.2, 17.2 ppm. HRMS (m/z): [M+H]+ calculated 

for C23H36N5O4: 446.2762; found: 446.2778. 

2-((2R,3S,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)-1-(4-(1-phenyl-1H-1,2,3-

triazol-4-yl)butyl)pyrrolidin-2-yl)-N-methylacetamide (42i): To a stirred solution of 

lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added 

azidobenzene (4.5 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and sodium ascorbate 

(2.7 mg, 13.6 mmol). The solution was stirred for 1 hour or until complete consumption of 

starting material as judged by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude intermediate product was subjected 

to purification using silica gel flash column chromatography (dichloromethane/methanol = 

90/10). The purified triazole lactone intermediate (11.3 mg, 27.4 µmol) was then 

resuspended in methanol (1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) 

into the solution. After stirring for 1 hour, the reaction mixture was added with 2 M 

methylamine in tetrahydrofuran (2.1 ml, 4.1 mmol) and stirred for extra 1 hour. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction mixture was concentrated under reduced pressure and the crude product was 

subjected to purification using high-performance liquid chromatography to give the desired 

material (5.6 mg, 42% over 2 steps). 1H NMR (400 MHz, CD3OD)  8.33 (s, 1H), 7.90 – 

7.80 (m, 2H), 7.62 – 7.53 (m, 2H), 7.52 – 7.42 (m, 1H), 4.17 (t, J = 5.6 Hz, 1H), 4.08 (d, J 

= 5.1 Hz, 1H), 3.84 – 3.70 (m, 1H), 3.67 (d, J = 4.1 Hz, 2H), 3.54 – 3.45 (m, 1H), 3.14 – 

3.01 (m, 1H), 2.92 – 2.84 (m, 1H), 2.82 (t, J = 7.3 Hz, 2H), 2.69 (s, 3H), 2.68 – 2.61 (m, 
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1H), 2.54 (dd, J = 14.7, 5.1 Hz, 1H), 1.84 – 1.60 (m, 4H) ppm; 13C NMR (150 MHz, 

CD3OD):  171.4, 149.1, 138.5, 131.0, 130.9, 130.0, 121.7, 121.4, 121.3, 73.6, 72.8, 66.0, 

60.1, 57.5, 54.2, 42.5, 31.2, 27.3, 26.4, 26.0, 25.5 ppm. HRMS (m/z): [M+H]+ calculated 

for C20H30N5O4: 404.2292; found: 404.2305. 

2-((2R,3S,4R,5R)-1-(4-(1-(2-(1H-Indol-2-yl)ethyl)-1H-1,2,3-triazol-4-yl)butyl)-

3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42j): To a 

stirred solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) was 

added 2-(2-azidoethyl)-1H-indole (6.3 mg, 34 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and 

sodium ascorbate (2.7 mg, 13.6 µmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 

mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 97/3). The purified triazole lactone intermediate (10.7 mg, 

22.3 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.7 ml, 3.5 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (5.5 mg, 35% over 2 steps).  1H NMR (600 MHz, CD3OD)  

7.44 – 7.35 (m, 2H), 7.29 (d, J = 8.1 Hz, 1H), 7.05 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.00 – 

6.93 (m, 1H), 6.91 (s, 1H), 4.65 – 4.53 (m, 4H), 4.15 (s, 1H), 3.85 – 3.70 (d, 1H), 3.69 – 

3.51 (m, 1H), 3.49 – 3.33 (m, 1H), 3.18 – 2.94 (m, 3H), 2.83 – 2.65 (m, 4H), 2.54 – 2.38 

(m, 1H), 1.74 – 1.38 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  138, 129.3, 128.4, 124.1, 

122.5, 119.7, 118.8, 112.4, 73.4, 72.7, 66.2, 59.9, 54.0, 52.6, 31.2, 30.8, 29.5, 27.4, 26.5, 

24.9 ppm. HRMS (m/z): [M+H]+ calculated for C24H35N6O4: 471.2714, found: 471.2715. 

2-((2R,3S,4R,5R)-1-(4-(1-(1H-Indazol-5-yl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42k): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) was added 

5-azido-1H-indazole (6 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and sodium 

ascorbate (2.7 mg, 13.6 µmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 
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mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 95/5). The purified triazole lactone intermediate (10 mg, 

22.1 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.7 ml, 3.5 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (5.7 mg, 37% over 2 steps).1H NMR (600 MHz, CD3OD)  8.41 

(d, J = 4.8 Hz, 1H), 8.37 – 8.17 (m, 2H), 7.91 (dd, J = 8.8, 2.0 Hz, 1H), 7.76 (d, J = 8.9 Hz, 

1H), 4.60 – 4.25 (m, 1H), 4.21 – 4.02 (m, 1H), 4.02 – 3.82 (m, 2H), 3.81 – 3.53 (m, 1H), 

3.52 – 3.38 (m, 1H), 3.16 – 3.00 (m, 1H), 2.98 – 2.80 (m, 3H), 2.80 – 2.70 (m, 2H), 2.05 – 

1.53 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  171.4, 132.5, 122.4, 121.7, 121.7, 115.6, 

114.1, 112.8, 73.6, 72.8, 72.5, 66.0, 59.8, 54.8, 54.2, 40.4, 31.2, 27.5, 26.4, 26.3, 25.5 

ppm. HRMS (m/z): [M+H]+ calculated for C21H30N7O4: 444.2354, found: 444.2367. 

2-((2R,3S,4R,5R)-1-(4-(1-(4-Fluorophenyl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42l): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (300 µl, 2:1) was added 

1-azido-4-fluorobenzene (5 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and sodium 

ascorbate (2.7 mg, 13.6 µmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 

mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10). The purified triazole lactone intermediate (10 mg, 

23.2 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.7 ml, 3.5 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (6.4 mg, 46% over 2 steps). 1H NMR (600 MHz, CD3OD):  

8.31 (s, 1H), 7.93 – 7.82 (m, 2H), 7.42 – 7.27 (m, 2H), 4.41 – 4.17 (m, 1H), 4.15 – 4.05 
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(m, 1H), 4.05 – 4.00 (m, 1H), 4.00 – 3.89 (m, 1H), 3.85 (td, J = 12.5, 3.3 Hz, 1H), 3.77 – 

3.52 (m, 1H), 3.52 – 3.34 (m, 1H), 3.29 – 3.19 (m, 1H), 2.94 (dd, J = 15.5, 7.8 Hz, 1H), 

2.86 (q, J = 7.2 Hz, 3H), 2.74 (s, 3H), 1.98 – 1.71 (m, 4H) ppm; 13C NMR (150 MHz, 

CD3OD):   171.4, 163.1, 149.2, 134.9, 123.7, 123.6, 121.9, 121.8, 117.8, 117.6, 73.6, 

72.7, 72.5, 66.0, 59.8, 54.2, 40.4, 31.1, 27.2, 25.9, 25.5 ppm. HRMS (m/z): [M+H]+ 

calculated for C20H29FN5O4: 422.2198; found: 422.2199. 

2-((2R,3S,4R,5R)-3,4-Dihydroxy-5-(hydroxymethyl)-1-(4-(1-(4-(5-oxo-4,5-

dihydro-1H-tetrazol-1-yl)benzyl)-1H-1,2,3-triazol-4-yl)butyl)pyrrolidin-2-yl)-N-

methylacetamide (42m): To a stirred solution of lactone 24c (10 mg, 34 µmol) in 

tetrahydrofuran/water (330 µl, 2:1) was added 1-(4-(azidomethyl)phenyl)-1,4-dihydro-5H-

tetrazol-5-one (8 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and sodium ascorbate 

(2.7 mg, 13.6 µmol). The solution was stirred for 1 hour or until complete consumption of 

starting material as judged by thin layer chromatography. The reaction mixture was 

concentrated under reduced pressure and the crude intermediate product was subjected 

to purification using silica gel flash column chromatography (dichloromethane/methanol = 

90/10). The purified triazole lactone intermediate (12 mg, 23.5 µmol) was then 

resuspended in methanol (1 ml) and added aqueous hydrogen chloride (catalytic, 1 M) 

into the solution. After stirring for 1 hour, the reaction mixture was added with 2 M 

methylamine in tetrahydrofuran (1.7 ml, 3.5 mmol) and stirred for extra 1 hour. The 

reaction mixture was concentrated under reduced pressure and the crude product was 

subjected to purification using high-performance liquid chromatography to give the desired 

material (6.6 mg, 39% over 2 steps). 1H NMR (400 MHz, CD3OD)  7.73 (s, 1H), 7.44 (d, 

J = 8.2 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 5.49 (s, 2H), 4.23 – 4.08 (m, 3H), 4.06 – 3.92 (m, 

1H), 3.90 – 3.77 (m, 2H), 3.62 – 3.45 (m, 1H), 3.45 – 3.34 (m, 1H), 3.26 – 3.12 (m, 1H), 

2.96 – 2.83 (m, 1H), 2.83 – 2.62 (m, 3H), 2.73 (s, 3H), 1.89 – 1.55 (m, 4H) ppm; 13C NMR 

(150 MHz, CD3OD)  170.4, 156.0, 140.8, 132.5, 131.0, 129.9, 128.8, 123.2, 120.0, 73.0, 

72.9, 68.9, 62.0, 61.6, 57.5, 54.5, 40.4, 30.8, 26.5, 26.4, 25.6 ppm. HRMS (m/z): [M+H]+ 

calculated for C22H32N9O5: 502.2521, found: 502.2518. 

2-((2R,3S,4R,5R)-1-(4-(1-((6-Aminopyridin-3-yl)methyl)-1H-1,2,3-triazol-4-

yl)butyl)-3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42n): 

To a stirred solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) 

was added tert-butyl (6-(azidomethyl)pyridin-3-yl)carbamate (9.2 mg, 37 µmol), 
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CuSO45H2O (1.7 mg, 6.8 µmol) and sodium ascorbate (2.7 mg, 13.6 mmol). The solution 

was stirred for 1 hour or until complete consumption of starting material as judged by thin 

layer chromatography. The reaction mixture was concentrated under reduced pressure 

and the crude intermediate product was subjected to purification using silica gel flash 

column chromatography (dichloromethane/methanol = 95/5). The purified triazole lactone 

intermediate (12 mg, 22.1 µmol) was then resuspended in dichloromethane and added 

with trifluoroacetic acid (0.3 µl, 5 µmol) into the solution. After stirring for 1 hour, the 

reaction mixture was added with 2 M methylamine in tetrahydrofuran (0.4 ml, 442 µmol) 

and stirred for extra 1 hour. Upon complete consumption of starting material as judged by 

thin layer chromatography, the reaction mixture was concentrated under reduced pressure 

and the crude product was subjected to purification using high-performance liquid 

chromatography to give the desired material (8.8 mg, 60% over 2 steps). 1H NMR (400 

MHz, CD3OD)  8.01 (s, 1H), 7.88 (s, 1H), 7.49 (s, 2H), 5.69 (s, 2H), 4.50 – 4.20 (m, 1H), 

4.19 – 4.04 (m, 1H), 4.01 – 3.89 (m, 1H), 3.87 – 3.34 (m, 2H), 3.29 – 3.09 (m, 1H), 2.94 

(dd, J = 15.6, 8.1 Hz, 1H), 2.78 (s, 3H), 1.97 – 1.63 (m, 4H) ppm; 13C NMR (150 MHz, 

CD3OD)  172.5, 163.1, 148.4, 146.6, 142.5, 136.4, 125.4, 123.7, 123.5, 72.7, 68.9, 66.0, 

61.6, 57.5, 55.3, 54.8, 40.4, 31.2, 29.9, 26.5, 25.9 ppm. HRMS (m/z): [M+H]+ calculated 

for C20H32N7O4: 434.2510; found: 434.2524. 

2-((2R,3S,4R,5R)-1-(4-(1-((1H-Benzo[d]imidazol-2-yl)methyl)-1H-1,2,3-triazol-

4-yl)butyl)-3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide 

(42o): To a stirred solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 

µl, 2:1) was added 2-(azidomethyl)-1H-benzo[d]imidazole (6.4 mg, 37 µmol), CuSO45H2O 

(1.7 mg, 6.8 µmol) and sodium ascorbate (2.7 mg, 13.6 mmol). The solution was stirred 

for 1 hour or until complete consumption of starting material as judged by thin layer 

chromatography. The reaction mixture was concentrated under reduced pressure and the 

crude intermediate product was subjected to purification using silica gel flash column 

chromatography (dichloromethane/methanol = 90/10). The purified triazole lactone 

intermediate (10.5 mg, 22.6 µmol) was then resuspended in methanol (1 ml) and added 

aqueous hydrogen chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the 

reaction mixture was added with 2 M methylamine in tetrahydrofuran (1.1 ml, 2.3 mmol) 

and stirred for extra 1 hour. Upon complete consumption of starting material as judged by 

thin layer chromatography, the reaction mixture was concentrated under reduced pressure 

and the crude product was subjected to purification using high-performance liquid 
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chromatography to give the desired material (7.3 mg, 43% over 2 steps). 1H NMR (400 

MHz, CD3OD)  7.97 (s, 1H), 7.69 (s, 2H), 7.44 (dd, J = 6.2, 3.0 Hz, 2H), 6.03 (s, 2H), 4.55 

– 4.22 (m, 1H), 4.20 – 4.06 (m, 1H), 4.01 (dd, J = 8.9, 4.7 Hz, 1H), 3.96 – 3.87 (m, 1H), 

3.86 – 3.74 (m, 1H), 3.70 – 3.43 (m, 1H), 3.34 (d, J = 12.5 Hz, 1H), 3.25 – 3.03 (m, 1H), 

2.98 – 2.84 (m, 1H), 2.81 (s, 3H), 2.78 (d, J = 4.9 Hz, 1H), 2.76 – 2.68 (m, 2H), 1.94 –  

1.66 (m, 4H) ppm; 13C NMR (150 MHz, CD3OD)  170.8, 162.9, 149.2, 148.7, 124.3, 124.0, 

111.9, 72.8, 71.7, 68.9, 57.5, 52.2, 40.4, 30.9, 27.2, 26.4, 25.9, 25.5 ppm. HRMS (m/z): 

[M+H]+ calculated for C22H32N7O4: 458.2510; found: 458.2517. 

2-((2R,3S,4R,5R)-1-(4-(1-(4-Acetamidobenzyl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42p): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) was added 

N-(4-(azidomethyl)phenyl)acetamide (7 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) 

and sodium ascorbate (2.7 mg, 13.6 mmol). The solution was stirred for 1 hour or until 

complete consumption of starting material as judged by thin layer chromatography. The 

reaction mixture was concentrated under reduced pressure and the crude intermediate 

product was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10). The purified triazole lactone intermediate (9.5 mg, 

19.7 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.5 ml, 3 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (6.4 mg, 39% over 2 steps). 1H NMR (400 MHz, CD3OD)  

7.75 (s, 1H), 7.58 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 5.53 (s, 2H), 4.28 – 4.19 

(m, 1H), 4.17 – 4.08 (m, 2H), 4.08 – 4.00 (m, 1H), 3.98 – 3.91 (m, 1H), 3.89 – 3.82 (m, 

2H), 3.78 (d, J = 9.2 Hz, 1H), 3.74 – 3.68 (m, 1H), 3.62 (d, J = 8.4 Hz, 1H), 3.58 – 3.52 

(m, 1H), 2.98 – 2.81 (m, 1H), 2.75 (s, 3H), 2.13 (s, 3H), 1.89 – 1.59 (m, 4H) ppm;  13C 

NMR (150 MHz, CD3OD)  178.2, 171.8, 140.3, 132.3, 129.9, 129.8, 123.3, 121.8, 121.4, 

72.9, 72.8, 66.1, 63.5, 62.9, 54.5, 40.4, 35.0, 26.9, 26.8, 26.4, 25.5, 23.8 ppm. HRMS 

(m/z): [M+H]+ calculated for C23H35N6O5: 475.2663; found: 475.2679. 
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4-(4-(4-((2R,3R,4S,5R)-3,4-Dihydroxy-2-(hydroxymethyl)-5-(2-(methylamino)-

2-oxoethyl)pyrrolidin-1-yl)butyl)-1H-1,2,3-triazol-1-yl)benzoic acid (42q): To a stirred 

solution of lactone 24c (10 mg, 34 µmol) in tetrahydrofuran/water (330 µl, 2:1) was added 

4-azidobenzoic acid (6 mg, 37 µmol), CuSO45H2O (1.7 mg, 6.8 µmol) and sodium 

ascorbate (2.7 mg, 13.6 mmol). The solution was stirred for 1 hour or until complete 

consumption of starting material as judged by thin layer chromatography. The reaction 

mixture was concentrated under reduced pressure and the crude intermediate product 

was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 90/10). The purified triazole lactone intermediate (7.9 mg, 

17.3 µmol) was then resuspended in methanol (1 ml) and added aqueous hydrogen 

chloride (catalytic, 1 M) into the solution. After stirring for 1 hour, the reaction mixture was 

added with 2 M methylamine in tetrahydrofuran (1.3 ml, 2.6 mmol) and stirred for extra 1 

hour. Upon complete consumption of starting material as judged by thin layer 

chromatography, the reaction mixture was concentrated under reduced pressure and the 

crude product was subjected to purification using high-performance liquid chromatography 

to give the desired material (4 mg, 26% over 2 steps). 1H NMR (400 MHz, CD3OD)  8.45 

(d, J = 4.7 Hz, 1H), 8.35 – 8.17 (m, 2H), 8.08 – 7.91 (m, 2H), 5.25 (s, 1H), 4.48 (d, J = 

11.3 Hz, 1H), 3.98 (dd, J = 12.9, 3.1 Hz, 1H), 3.84 (dd, J = 12.9, 2.3 Hz, 1H), 3.69 (s, 1H), 

3.14 – 3.01 (m, 1H), 2.89 (d, J = 8.0 Hz, 3H), 1.99 – 1.75 (m, 4H) ppm; 13C NMR (150 

MHz, CD3OD)  175.4, 174.0, 149.3, 132.2, 132.1, 121.7, 120.6, 73.0, 72.0, 62.2, 57.0, 

40.4, 33.5, 29.8, 27.4, 26.4, 25.5 ppm. HRMS (m/z): [M+H]+ calculated for C21H30N5O6: 

448.2191; found: 448.2201. 

2-((2R,3S,4R,5R)-1-(4-(1-(4-aminobutyl)-1H-1,2,3-triazol-4-yl)butyl)-3,4-

dihydroxy-5-(hydroxymethyl)pyrrolidin-2-yl)-N-methylacetamide (42r): To a stirred 

solution of lactone 24c (15 mg, 51 µmol) in tetrahydrofuran/water (600 µl, 2:1) was added 

tert-butyl (4-azidobutyl)carbamate (12 mg, 56 µmol), CuSO45H2O (2.5 mg, 10.2 µmol) 

and sodium ascorbate (4 mg, 20.4 mmol). The solution was stirred for 1 hour or until 

complete consumption of starting material as judged by thin layer chromatography. The 

reaction mixture was concentrated under reduced pressure and the crude intermediate 

product was subjected to purification using silica gel flash column chromatography 

(dichloromethane/methanol = 98/2). The purified triazole lactone intermediate (15 mg, 

29.6 µmol) was resuspended in methanol (1 ml), after which 2 M methylamine in 

tetrahydrofuran (44 µl, 89 µmol) was added. After stirring for 1 hour, the reaction mixture 
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was added with aqueous hydrogen chloride (catalytic, 3 M) and stirred for extra 1 hour. 

Upon complete consumption of starting material as judged by thin layer chromatography, 

the reaction mixture was concentrated under reduced pressure and the crude product was 

subjected to purification using high-performance liquid chromatography to give the desired 

material (16 mg, 43% over 2 steps). 1H NMR (600 MHz, CD3OD)  7.86 (s, 1H), 4.49 – 

4.39 (m, 2H), 4.25 – 4.04 (m, 1H), 4.04 – 3.91 (m, 1H), 3.90 – 3.77 (m, 1H), 3.78 – 3.47 

(m, 1H), 3.20 – 3.07 (m, 1H), 2.98 (s, 1H), 2.95 – 2.87 (m, 3H), 2.87 – 2.78 (m, 1H), 2.78 

– 2.70 (m, 3H), 2.70 – 2.65 (m, 1H), 2.51 (s, 3H), 2.01 – 1.92 (m, 2H), 1.88 – 1.65  (m, 

3H), 1.65 – 1.59 (m, 2H) ppm; 13C NMR (150 MHz, CD3OD)  172.2, 133.9, 117.2, 77.3, 

75.9, 59.3, 57.5, 57.3, 50.3, 42.5, 40.4, 40.1, 28.2, 27.3, 25.6, 25.3, 23.9 ppm. HRMS 

(m/z): [M+H]+ calculated for C18H35N6O4: 399.2714; found: 399.2719. 
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Chapter 4.  
 
Ring open carbohydrate inhibitors of human O-
GlcNAcase 

The designated numbers given to synthetic compounds in this chapter relate only 

to Chapter 4. 

4.1. Contributions 

Hong Yee Tan performed the synthesis and methodology development. The scale 

up of materials was assisted by Marjan Mohammad. Dr. Razieh Eskandari assisted in the 

cross-metathesis methodology work, prepared dehydroxylated fragments, and measured 

the inhibition constants of the individual fragments. Dr. David Vocadlo supervised the 

project. 

4.2. Introduction 

In recent years it has emerged that the microtubule associated protein tau, which 

is found abundantly within neurons where it serves to maintain axons250,251, is under 

normal conditions O-GlcNAcylated45,252,253. The serine and threonine residues that are O-

GlcNAc modified are the same as, or close to, those that are associated with the 

pathological phosphorylation of this protein that occurs in the neurodegenerative diseases 

known as the tauopathies. Loss of O-GlcNAc on tau, removal of which is catalyzed by the 

glycoside hydrolase known as O-GlcNAcase, in parallel with pathological dysregulation of 

various kinases, consequently is thought to enables the abnormal hyperphosphorylation 

of tau within the brain tissue of patients suffering from various tauopathies including 

Alzheimer Disease(AD).254,255 This hyperphosphorylation of tau decreases its solubility 

and changes its confirmation256, leading to the formation of toxic tau oligomers that spread 

throughout the brain257 and, consequently, neuronal cell death and downstream 

neurofibrillary tangles (NFTs) (Figure 4.1). The presence of these NFTs is one of the 

characteristic hallmarks of AD and is the pathological feature that most closely tracks with 

cognitive impairment.258,259 Recent efforts to generate disease modifying therapeutics for 

AD have increasingly focused on tau protein and ways of blocking this pathological 
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cascade49,158,260. One approach that has recently emerged is the development of small 

molecule inhibitors of the enzyme O-GlcNAcase49, with the idea being that enhancing O-

GlcNAcylation levels may block the pathological hyperphosphorylation of tau and slow 

disease progression50.  

 

Figure 4.1  Comparison between healthy and defective neurons with relate to tau 
binding. 
Top: defective microtubules however disintegrate with the subsequent loss of 
binding tau; Bottom: Healthy microtubules stay in shape when stabilized by 
binding tau. Image adopted from Brunden et al.261 

Toward this end, several small molecule inhibitors of OGA have been identified 

that work efficiently within cells to increase O-GlcNAcylation of proteins including tau226. 

Among these compounds, the transition state analogue Thiamet-G (2, Figure 4.3) is one 

of the most potent OGA inhibitors and has been reproducibly proven effective at blocking 

disease progression and neurodegeneration in tau transgenic mice49,50. However, due to 

its being a carbohydrate mimetic its high polarity limits its membrane permeability, 

including into brain158. Moreover, structural modification of inhibitors derived from 

carbohydrates is synthetically demanding, making it difficult to tune the properties of such 

molecules158. Nevertheless, the polarity of carbohydrate inhibitors, coupled with their low 
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molecular weights and high affinities for carbohydrate binding proteins confer excellent 

selectivity on these compounds. Motivated by the need for improved and readily tunable 

OGA inhibitors, we set out to rationally design a new class of OGA inhibitor that benefits 

from resemblance to carbohydrate-based inhibitors but is derived from non-carbohydrate 

building blocks that that enable more facile modification. 

 

Figure 4.2  Catalytic mechanism of OGA 
(A) Generally accepted catalytic mechanism proposed for hOGA involves 
substrate-assistance in which an oxazoline intermediate is formed, aided by two 
catalytic residues (D174 and D175) within the active site. R indicates leaving 
group. (B) Proposed transition state structure for the hOGA catalyzed hydrolysis 
of substrates.  

Several OGA inhibitors have been rationally designed based on knowledge of the 

catalytic mechanism used by this enzyme. OGA is a member of family GH84 of the CAZy 

classification system62, and uses a two-step substrate-assisted catalytic mechanism in 

which two enzymic residues figure prominently (Figure 4.2A). One of these, Asp175 acts 

as a general acid to facilitate departure of the leaving group, while the other, Asp174, acts 

to orient and polarize the 2-acetamido group of the substrate, enhancing its 
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nucleophilicity.262 Assisted in this way, the carbonyl oxygen of the 2-acetamido group 

attacks the anomeric carbon and displaces the leaving group through an exploded, SN2-

like transition state in which considerable positive charge builds up on the anomeric 

carbon and the endocyclic ring oxygen (Figure 4.2B). The resulting oxazoline 

intermediate is broken down by the attack of water at the anomic centre in what is the near 

microscopic reverse of the first step, leading to the hemiacetal with retained 

stereochemistry (Figure 4.2A). Thiamet-G has been proposed to derive its high potency 

(Ki = 2.1 nM)154 by its mimicking the oxazoline intermediate (Figure 4.2B)154, or a closely 

related transition state, present in the catalytic mechanism. Thiamet-G, has a pKa of 

7.68,154 making it positively charged at physiological pH and enabling the two  nitrogen 

atoms of the N-aminothiazoline moiety to form an ionic interaction with Asp174, which is 

deprotonated at physiological pH. The importance of this interaction is underscored by the 

100-fold greater potency of Thiamet-G as compared to its bioisostere NButGT (Ki = 230 

nM), which when protonated has a pKa value of 3.4. Both these inhibitors derive their 

selectivities for OGA over the functionally related GH20 lysosomal -hexosaminases 

HexA and HexB by virtue of structural differences within the active site pockets of these 

enzymes. 
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Figure 4.3  Design rationale of a new acyclic OGA inhibitor which comprises key 
structural features of known OGA inhibitors.  
(A) The design of the new inhibitor (1) is a combination of distinctive structural 
elements adopting from inhibitors Thiamet-G (2); PUGNAc (3), and 6-Ac-Cas (2), 
(B - D) Crystal structures of respective inhibitors Thiamet-G (2), PUGNAc (3), 6-
Ac-Cas (4) [PDB 2XJ7], and bound to the active site of OGA (E) the 
superposition form of all of the inhibitors within the OGA catalytic site generated 
using PyMOL suggested that each structural element of the proposed acyclic 
inhibitor consisting pyridine, thiazoline and the carbamate should bind tightly in 
similar fashion.   

OGA has a cavity of ~8Å in length formed by Cys215, Tyr219, and Trp278 that 

accommodates the 2-acetamido group of the substrate and can tolerate slightly longer 

alkyl chains at this position.82 The lysosomal -hexosaminidases, however, have a much 

more constrained pocket such that only a methyl group is tolerated. This difference is well 

illustrated by considering that O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-

phenylcarbamate (PUGNAc, 3, Figure 4.3), which is a potent inhibitor of OGA (Ki = 50 

nM)138,140,263, lacks selectivity and binds equally well to HexA and HexB138. PUGNAc is 

thought to derive its potency by mimicking the planar oxocarbenium ion-like transition state 

seen in the catalytic mechanism used by OGA.151 However, the importance of the phenyl 

group of PUGNAc, which is thought to mimic the leaving group is illustrated by the fact 

that LOGNAc, which lacks the phenyl moiety is a much weaker inhibitor (Ki = 2 M)264. 

Another effective inhibitor, 6-acetamido-6-deoxy-castanospermine (6-Ac-Cas, 4, Figure 

A B

C

D

E
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4.3) is based on the natural product castanospermine, which is a potent inhibitor of 

glycoside hydrolases because it is thought to emulate the positive charge of the transition 

state found in the reaction coordinate of glycoside hydrolases including OGA. Notably, the 

conformational constraints imposed by the hydroxypyrrolidine ring found in 6-Ac-Cas 

contributes to a 30-fold increase in potency compared to 2- acetamido-1,2-dideoxy-D-

nojirimycin (DNJNAc), which simply lacks the two bridging methylene units of the 

pyrrolidine ring of 6-Ac-CAS. 

Taking advantage of the reported structural information on the binding of Thiamet-

G,81 6-Ac-Cas163 and PUGNAc81 to the Bacteroides thetaiotaomicron homologue of human 

OGA (BtOGA), we set out to adopt key elements of these inhibitors and incorporate these 

features into a new inhibitor design. We envisioned that by linking these individual 

fragments we could obtain an inhibitor manifesting high potency and specificity265 towards 

OGA. Recognizing that direct combination of these features to yield a tricyclic scaffold 

would be problematic and such a composite molecule would likely be unstable, we were 

inspired to adopt an approach based on previous reports showing that acyclic inhibitors 

can adopt a conformation within the target enzyme active site that resembles that seen 

for the analogous cyclic carbohydrate-based inhibitor.  
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Figure 4.4  Immucilin transition-state inhibitors.  
(A): Inosine 5 is converted human purine nucleoside phosphorylases (PNP) to 
release hypoxanthine 6 as one of the products. (B) Four generations of immucilin 
transition-state analogues 7, 8, 9, and 10 for the inhibition of human purine 
nucleoside phosphorylases (PNP) with down to single-digit dissociation 
constants.     

This is nicely illustrated for the human purine nucleoside phosphorylase inhibitors where 

the acyclic form DADMe-Imm-H 9 and DATMe-Imm-H 10 bound to the phosphorylase 

active site with equal potency (Kd (9): 8.6 pm), or even more tightly (Kd (10): 5.2 pm), than 

the cyclic form Immucillin-H 7 and DADMe-Imm-H 8 (Kd (7): 56 pm, Kd (8): 8.5 pm,) (Figure 

4.4).266 The only other example of this strategy to our knowledge, with direct relevance to 

glycoside hydrolases, was reported some time ago by Fowler and team, where they 

showed the acyclic analogues of nojirimycin and 1-deoxynojirimycin were able to inhibit 

α-glycosidases to a similar extent as their cyclic carbohydrate counterparts267. Therefore, 

we envision that in place of a tricyclic framework, a structure in which the aminosugar ring 

would be acyclic would both make synthesis of this molecule feasible and also allow the 

dual five-member-ring systems to orient themselves in the optimal manner within the OGA 

active site. Moreover, we reasoned that the amine present within the pyrrolidine ring could 

be alkylated with various aryl substituents to capture interactions outside of the sugar 

binding site, as noted above for PUGNAc. Retrosynthetic analysis showed that the acyclic 
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inhibitor can be constructed through cross-metathesis or Wittig olefination of thiazoline 

and pyrrolidine fragments.  

4.3. Results and Discussions 

4.3.1. Retrosynthetic analysis 

As discussed above, in planning the synthesis of our target molecule 1 we chose 

to open the central ring to generate a compound bearing two five-membered rings. One 

of these would contain a thiazoline and the other a pyrrolidine and these would be linked 

together by a dihydroxylated linker (Scheme 4.1). We envisioned that the vicinal diol of 

target molecule 1 could be obtained in a one- or two-step process from oxidation of an 

alkene linker 11. This transformation could be accomplished using a wide range of 

methods including high-oxidation-state transition metals.  

One way of linking the thiazoline and pyrrolidine fragments to generate alkene 11 

is through olefin metathesis which involve the transalkylidenation of two terminal alkenes. 

This disconnection strategy brought us to olefin thiazoline 12 and olefin pyrrolidine 13. 

Construction of the pyrrolidine ring 13 could be accomplished by using a Dieckmann 

cyclization on the known amino diester 14268, which can be obtained from commercially 

available glycine ethyl ester 17. The aminothiazoline ring on the other hand could be 

formed through dehydrative cyclization of thiourea 15. Further disconnection of 15 led to 

us to consider amino alcohol 16 as an intermediate, which can be conveniently derived 

from the commercially available amino acid (L)-serine (18).  
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Scheme 4.1  Outline of retrosynthetic analysis for the synthesis of target molecule (1) 
with respective disconnecting approach.  
(a) Vicinal diol of target molecule 1 can be generated through dihydroxylation of 
alkene; (b) Disconnection of 11 leads to 12 and 13 which can be connected 
through olefin metathesis; (c) Pyrrolidine ring can be formed through Dieckmann 
condensation; (d) Substituents on the pyrrolidine ring can be attached through 
reductive amination or alkylation approach; (e) Diester can be formed through 
glycine ethyl ester via Michael addition or SN2; (f) Thiazoline ring can be formed 
via dehydrative cyclization reaction; (g) Thiourea can be formed through 
isothiocyanate-amine coupling reaction; (h) Olefin can be generated through 
Wittig approach.  
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4.3.2. Synthesis of thiazoline fragment and its oxazoline derivative 

 Starting from (L)-serine as the synthetic precursor, we generated methyl ester 20 

using acetyl chloride in methanol as previously described269. The initial plan was to convert 

this intermediate into thiourea 24 which bears a leaving group located at the β-position, 

which can be displaced to form the corresponding thiazoline 25. Treating amino alcohol 

20 with ethyl isothiocyanate in the presence of triethylamine in refluxing in 

ethanol/chloroform (1:1) (Route 1, Scheme 4.2) did not,  however, lead to the formation 

of desired thiourea 23 but instead led to thiohydantoin 22 as seen in a similar reaction 

reported by the Gleason group270. Following Route 2 (Scheme 4.2) with the conversion 

into chlorinated methyl serinate ester 21, the thiourea intermediate 24a was not obtained 

as a clean high-yielding major product with the treatment of triethylamine, since by thin 

layer chromatography we observed several new spots having similar polarities. 

 

Scheme 4.2  Initial attempts using early-stage urea formation as intermediate towards 
formation of thiazoline ester (25).  
Reaction conditions: (a) MeOH, AcCl, 0°C-RT, 79%; (b) ethyl isothiocyanate, 
Et3N, EtOH/CH2Cl2 (1:1), 86%; (c) PCl5, AcCl, 66%; (d) PCl5, AcCl; (e) MsCl, 

pyridine, −20°C to RT; (f) ethyl isothiocyanate, Et3N, THF, reflux. 

Given these observations, we decided to convert methyl ester 20 into olefin 30 

before attempting the cyclization by following an established route271. The amine of amino 

alcohol 20 was Boc-protected 26, followed by cyclization using acetone to protect both the 

hydroxyl and amine functionalities 27. Reduction using DIBAL at −78oC yielded (S)-

Garner’s aldehyde 28271. In performing a Wittig reaction using amino aldehyde 28, 

McKillop reported the use of KHMDS as opposed to n-butyllithium, which prevented 
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racemization while generating the required phosphorous ylide.271 This method proved 

suitable and afforded us with olefin 29. Subsequent removal of the protecting groups under 

acidic conditions yielded amino alcohol 30. Amino alcohol 30 was acylated using ethyl 

isothiocyanate to form thiourea 15. 

 

Scheme 4.3  Formation of oxazoline and thiazoline using distinctive conditions.  
Reaction conditions: (a) (Boc)2O, Et3N, 0°C, THF, 90%. (b) 2,2-

dimethoxypropane, BF3(OEt2), acetone, RT, 2 h, 91%. (c) DIBAL-H, −78°C, 

PhMe, 2 h, 70%. (d) PPh3CH3Br, KHMDS, −78°C to RT, THF, 18 h, 90%. (e) 
CF3COOH, CH2Cl2, RT, 2 h, 80%. (f) EtNCS, EtOH, RT, 1 h, 95%. (g) CDI, THF, 
RT, 72%. (h) MeI, THF, RT, 63%.   

Inspired by the work of Bernacki et al.,272 we applied the cyclization methodologies they 

reported in our synthesis to selectively convert thiourea 15 into thiazoline 13 or oxazoline 

31a. While the cyclization mechanisms were not described in the literature, we postulated 

two plausible mechanisms. When subjected to carbonyldiimidazole (CDI) (Scheme 4.3, 

condition g), the hydroxyl group of thiourea 15 displaces one of the imidazole units of CDI 

to form intermediate 32. This is followed by a favorable 5-exo-tet ring closure involving 

decomposition of the imidazole carbamate by sulfur to furnish thiazoline 13. Alternatively, 

when subjected to methyl iodide (Scheme 4.3, condition h), the sulfur of the thiocarbonyl 

group of compound 8 is alkylated to form intermediate 33. The lone pair of the nitrogen 
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subsequently displaces the dimethyl sulfide as a leaving group to yield oxazoline 31a 

(Scheme 4.3). 

4.3.3. Synthesis of pyrrolidine fragment and its derivatives 

 

Scheme 4.4  Formation of respective pyrrolidine derivatives.  
Reaction conditions: (a) ethyl acrylate, Et3N, EtOH, 73%. (b) Boc2O, aqueous 

NaOH, CH2Cl2, 90%. (c) LiHMDS, THF, −78°C, 5h, 93%. (d) Baker’s yeast, 
sucrose, water, 37°C, 40%. (e) TBSCl, imidazole, CH2Cl2, 15 h, 78%. (f) MOMCl, 
iPr2NEt, CH2Cl2, 15 h, 95%. (g) LiBH4, Et2O, 4 h, 64-76%. (h) TPAP, NMO, 

CH2Cl2/MeCN (9:1), 4Å M.S., 18 h, 78-97%. (i) LiHMDS, PPh3CH3Br, −78°C to 
RT, THF, 65-81%. (j) TBAF, THF, 2 h, 68%. (k) Ac2O, pyridine, DMAP, CH2Cl2, 
15 h, 68%. 

To generate the desired pyrrolidine fragment bearing the alkene we were inspired 

by the work of Sibi et al., who described synthesis of pyrrolidine 40a (Scheme 4.4, route 

1)273. Following this literature, the commercially available glycine ethyl ester was reacted 

under SN2 conditions with ethyl 3-bromo propionate to form the corresponding diester (14), 

which was subsequently Boc-protected. Under reaction conditions enabling kinetic 

control, the diester 35 was cyclized to form pyrrolidine 36 as a racemate with the preferred 

isomer being the major product. Through stereoselective reduction using Baker’s yeast, 
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pyrrolidine 37 was obtained as the desired isomer with a reported enantiomeric excess of 

over 80%274. We observed a significant lower yield of pyrrolidine 37 (40%) during the 

Baker’s yeast reduction in comparison to the reported literature due, most likely, to 

insolubility of the pyrrolidine 37 in water. The unreacted pyrrolidine was retrieved and 

subjected to another round of reduction by yeast. We next protected the hydroxyl group 

of pyrrolidine 37 with TBS (Route 1, Scheme 4.4), and followed this by lithium borohydride 

reduction in diethyl ether to give primary alcohol 39a. The hydroxyl group of alcohol 39a 

was then oxidized using Dess-Martin periodinane or TPAP to successfully give the 

corresponding aldehyde 40a. Upon addition of lithium bis(trimethylsilyl)amide (LiHMDS), 

methyl-triphenylphosphonium bromide was converted into its corresponding ylide, which 

was reacted with the aldehyde of TBS-protected pyrrolidine 40a to form olefin 41a in 

moderate yield.   

4.3.4. Binding affinity of the hydroxylated fragments 

To estimate the potential synergistic effects of tethering together the 

aminothiazoline and pyrrolidine rings on the binding affinity of the proposed acyclic 

inhibitor, we tested each fragment in their hydroxylated form to determine their respective 

inhibition constants. Toward this end, following deprotection, pyrrolidine 41a was oxidized 

using osmium tetroxide to give diastereomeric diol fragments 43a and 43b. The oxazoline 

fragment was dihydroxylated by Woodward dihydroxylation followed by deacetylation to 

give the corresponding diol (44). The dihydroxylated thiazoline fragment was not obtained 

despite exploring a range of oxidative conditions including the use of meta-

chloroperoxybenzoic acid (mCPBA), osmium tetroxide (OsO4), and potassium 

permanganate (KMnO4), presumably due to the presence of sulfur atom. Inhibition studies 

using the respective diastereomers indicate micromolar IC50 values for human OGA 

(Scheme 4.5, Appendix C). Inhibition studies with OGA using pyrrolidine 43c which lacks 

the primary hydroxyl group, however, showed weak binding (Kd = 607 µM). This 

observation suggests the hydroxyl group may be important for binding to OGA and is likely 

important in the design of the target acyclic inhibitor.  
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Scheme 4.5  Respective fragments display mid-µM inhibition range towards human 
OGA.  
Reaction condition (a) i. OsO4, NMO, acetone/water (9:1), 12 h; ii. CF3COOH, 
CH2Cl2, 2 h, 67% over 2 steps. Reaction condition (b): 6 M HCl, MeOH, 0°C to 
RT, 87%; Reaction condition (c): i. AgOAc, I2, AcOH; ii. K2CO3, MeOH, 10% over 
2 steps. Asterisk (*) denotes chirality center of the molecule.    

4.3.5. Fragment linking attempts through cross-metathesis 

With the olefin fragments in hand, we first attempted using the Hoveyda-Grubbs 2nd 

generation catalyst (HG-II), which is known for its ability to catalyze olefin metathesis. We 

first attempted using either thiazoline 13 and oxazoline 32 to engage in cross-metathesis 

with pyrrolidine 43 at a respective ratio of each fragment of 3:1 (Scheme 4.6). However, 

we observed neither compound 45a nor compound 45b as products when using 3 mol% 

of HG-II in anhydrous chloroform under argon at room temperature. We then decided to 

optimize the reaction conditions using oxazoline 31a as the default compound to perform 

cross-metathesis with pyrrolidine 41a. However, we observed no formation of products 

with gradual increases in catalyst concentrations (3/10/15 mol%) when performing the 

reactions at either at room temperature or under reflux (50°C). Switching the catalyst to 

Grubbs 2nd generation (15 mol%) with reflux also gave no observable products and only 

starting material remained. 
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Scheme 4.6  Attempted reaction conditions on cross metathesis of compounds A with 
corresponding pyrrolidine B.  
The reaction conditions were varied in ratio of individual starting materials, 
temperature, catalyst, and solvent. All reactions were performed under argon. 

These collective attempts suggested that that there could be compatibility issues 

between the oxazoline 31a and pyrrolidine 41a, although cross-metathesis resulting in self 

coupling of these fragments was also not observed. One possible scenario could be that 

the TBS protecting group located adjacent to the alkene is too bulky.   

 

Scheme 4.7  Attempted reaction conditions on cross metathesis of thiazoline A with 
corresponding pyrrolidine B.  
The reactions were all stirred initially at room temperature using 10 mol% of HG-
II in chloroform under argon for 18 h. The reactions were refluxed for an extra 18 
h when no adduct C were observed. A ratio of 3:1 with respect to thiazoline A 
and pyrrolidine B were used. 
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As a potential route to circumventing this problem, we replaced the TBS-protecting group 

with either MOM or Ac, which are both significantly smaller in size as compared to TBS 

(Route 2 to 3, Scheme 4.4). Using these pyrrolidines bearing smaller protecting groups 

(41b and 41d), however, did not yield the desired cross-metathesis products (45e-h) 

(Scheme 4.7). Attempts to use pyrrolidine 42 with the free hydroxyl group similarly yielded 

no desired product, possibly due to coordination of the lone pair with the catalyst, which 

could impair its activity. We then decided to attempt a control reaction. We used olefin 29 

which is a known compound used previously in successful cross-metathesis reactions275. 

Intriguingly, only pyrrolidine 41c was able to undergo cross-metathesis with olefin 29 in 

34% yield. This example suggests that the substituent located adjacent to the olefin 

influences the cross-metathesis reaction.  

 

Scheme 4.8  Attempted reaction conditions on cross metathesis of olefin A with 
corresponding pyrrolidine B.  
The reactions were all stirred initially at room temperature using 10 mol% of HG-
II in chloroform under argon for 18 h. The reactions were refluxed for an extra 18 
h when no adduct C were observed. A ratio of 3:1 with respect to olefin A and 
pyrrolidine B were used.  

4.3.6. Fragment linking attempts through Wittig olefination strategy 

In view of the setbacks regarding the previous strategy, we shifted to a new method 

and aimed to use a Wittig coupling to join oxazoline 31b and pyrrolidine 41b fragments 

together. In synthesizing Slaframine (64), Sibi and team illustrated a number of Wittig 

couplings (Scheme 4.9) involving use of a nucleophilic alaninol synthon276 (56) that are 

analogous to reactions we seek to perform, including several using pyrrolidine systems 

with similar substitutions and protecting groups (TBDMS and SEM).273 The required 

synthon (56) was previously prepared in three steps from the commercially available 

serine derivative 65 (Scheme 4.10, compound 65 to compound 47)276 and we followed 
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this route. Our plan was to generate a the phosphonium ylide oxazolidinone upon 

treatment with triphenylphosphonium salt 47276 in the presence of strong base, and 

subsequently react this with pyrrolidine aldehyde 40b. We anticipated that this strategy 

could resolve the presumed steric issues we faced in the cross-metathesis strategy. 

 

Scheme 4.9  Selected examples Wittig reaction conditions attempted by Sibi and team.  
Reaction condition as described by Sibi and team.273  

Therefore, following this route and starting from the commercially available 

oxazolidinone 65, the primary hydroxyl group was converted into a good leaving group 

using tosyl chloride in the presence of pyridine to form tosylate-oxazolidinone 66 (Scheme 

4,10). In the following step, displacement of the tosylate group of oxazolidinone 66 using 

sodium iodide in refluxing acetone yielded the corresponding iodo-oxazolidinone 67.276 
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Subsequently, 67 was treated with triphenylphosphine and refluxed in DMF to generate 

the desired phosphonium ylide (47).276 Using the literature conditions, we were able to 

observe formation of 68a and 68b in our initial attempts in 28% and 34% yield isolated as 

cis-olefins, respectively (Scheme 4.10). These results indicate that the presence of the 

protected hydroxyl group on the pyrrolidine ring does not hinder the reaction, supporting 

this approach as a feasible strategy to the target acyclic inhibitor (Scheme 4.11).  

 

Scheme 4.10  Synthesis of intermediate 47 and subsequent steps to generate compound 
68a and 68b.  
Reaction conditions: (a) TsCl, pyridine, 18 h, 78%; (b) NaI, acetone, reflux, 6 h, 

77%; (c) PPh3, DMF, 100°C, 54% (d) pyrrolidine aldehyde, THF, n-BuLi, −78°C, 
28-34%.  

4.4. Future work 

Several possible ways to address the shortcoming of the previous attempted 

conditions include screening for suitable bases for the Wittig reaction, exploring various 

solvent systems, and exchanging of protecting groups on the amine and the hydroxyl 

groups. An alternative route currently being pursued (Scheme 4.12) involves conversion 

of the oxazoline 81 into Boc-protected triphenylphosphoiodide salt 82 in anticipation of 

forming the corresponding ylide to react with aldehyde 40b. Toward this goal, we used 

commercially available amino alcohol 74, performed Boc-deprotection using trimethylsilyl 

iodide (TMSI),277,278 to form amino alcohol 75, followed by conversion to thiourea 76 using 
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ethyl isothiocyanate and sodium carbonate. Upon addition of iodomethane, oxazoline 78 

was obtained. While the efforts toward the remaining synthetic steps are underway, we 

expect that hydroxyl group of oxazoline 80 can be converted into iodide 82, which can be 

converted into phosphonium iodide salt 83 for use in Wittig olefination with the 

corresponding aldehyde (40b). The epoxidation reaction can be performed using various 

oxidation conditions to afford the diol 86 with the desired stereochemical outcome. 

 

Scheme 4.11  Proposed synthetic steps to generate adduct 74.  
Proposed and attempted reaction conditions: (a) LiOH, EtOH/H2O, reflux, 62% 
(series a); (b) EtNCS, Na2CO3, THF, 42% (series a); (c) MeI, THF, 46% (series 
a); (d) mCPBA; (e) NaOH, MeOH; (f) HCl, MeOH. 1Reaction conditions 
attempted on series a. Series a: R = H; series b: R = OMOM.  

With a structurally distinct scaffold, we anticipate this new acyclic OGA inhibitor 

should be a potent inhibitor, that could be more readily optimized than carbohydrate-based 

OGA inhibitors to have improved properties for use in vivo. The synergistic effect of each 

fragment, based on preliminary binding data, indicate the target molecule should bind to 

the OGA active site in the low nanomolar range or better.  
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Scheme 4.12  Alternate proposed synthetic steps to generate adduct 74. 
Reaction conditions: (a) TMSI, 74%; (b) EtNCS, Na2CO3, 71%; (c) MeI, THF, 
60%; (d) Boc2O; (e) TBAF; (f) TsCl, pyridine; (g) NaI, acetone; (h) PPh3, DMF; (i) 
n-BuLi, pyrrolidine 40b; (j) mCPBA; (k) NaOH, MeOH; (l) HCl, MeOH. 

Further chemical optimization can be performed by tuning this acyclic design to obtain 

desired pharmacokinetic properties and pharmacodynamic responses, as well as 

ensuring suitable metabolic stability. Future work could also be performed on sequential 

elimination or modification of hydrogen-bond donors and acceptors while maintaining 

potency and selectivity. These efforts could serve to optimize the total polar surface area 

(TPSA) of the molecule to improve its membrane permeability and thus improving brain 

penetration. Efforts toward the development of this acyclic molecule are underway.      

4.5. Materials and methods 

4.5.1. General Procedures 

All NMR data for purified materials are provided in Appendix C. All reagents and 

solvents were obtained from commercial suppliers (Sigma-Aldrich, Alfa Aesar) and used 

without further purification unless otherwise stated. Product purification by flash column 

chromatography was accomplished using silica gel 60 (0.0010 - 0.063 mm). Thin layer 
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chromatography was performed on 60 Å F254 silica plates with detection by UV light or 

staining using a basic solution of potassium permanganate. Technical grade solvents were 

used for chromatography and were distilled prior to use. NMR spectra were recorded at 

room temperature on Bruker AVANCE III (400 MHz and 500 MHz), Bruker AVANCE II 600 

MHz (TCI 600 and QNP 600) spectrometer. The residual solvent signals were taken as 

the reference (7.26 ppm for 1H NMR spectra and 77.0 ppm for 13C NMR spectra in CDCl3. 

Chemical shift () is reported in ppm, coupling constants (J) are given in Hz. The following 

abbreviations classify the multiplicity: br s = broad singlet, s = singlet, d = doublet, t = 

triplet, m = multiplet or unresolved. 

4.5.2. O-GlcNAcase inhibition assay 

All assays were carried out in Corning Costar® 96-well black polystyrene plate 

(LOT number: 13416010) in PBS pH 7.4 buffer (0.0025% BSA, 2.5 M DTT) with triplicate 

at 37oC for 20 minutes. Total assay volume was 200 l for both Ki and Km/Vmax 

determination. Prior to measurement, hOGA was incubated with respective inhibitors for 

10 minutes at 37oC. Fluorescence was monitored with respect to the extent of 4-

methylumbeliferone (EX 365 nm / EM 445 nm) liberated by using Spectramax M5 Plate 

Reader. A total of 10 to 12 inhibitor concentrations were tested, ranging from 1000 nM to 

0.5 nM (1/5 to 5 times the Ki value).    

4.5.3. Synthesis Procedures and Characterization 

Methyl-L-serinate hydrochloride (20): To an ice-cooled stirring solution of 

methanol (130 ml) was added acetyl chloride (30 ml) dropwise over 10 minutes. The 

solution was continued stirring for 5 minutes, followed by portion-wise addition of (L)-serine 

(10 g, 95.2 mmol). The resulting reaction mixture was gradually heated to reflux and 

heating was maintained for 2 hours. Upon completion as determined by thin layer 

chromatography, the reaction mixture was cooled to room temperature. Subsequently, the 

solvent was removed under reduced pressure to give crude methyl serinate hydrochloride 

as a white solid (11.7 g, 79%) which was carried forward for next step without purification. 

1H NMR (600 MHz, CD3OD):  4.09 (t, J = 3.8 Hz, 1H), 3.97 (dd, J = 11.8, 4.0 Hz, 1H), 

3.88 (d, J = 11.8 Hz, 1H), 3.81 (s, 3H) ppm; 13C NMR (150 MHz, CD3OD):  169.4, 60.7, 

56.1, 53.7 ppm. NMR spectra are identical to previously reported literature.279  
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Boc-L-serine methyl ester (26): To an ice-cooled solution of methyl serinate 

hydrochloride 20 (2.5 g, 16 mmol) and triethylamine (3.5 g, 34.5 mmol) in tetrahydrofuran 

(50 ml) was added a solution of di-tert-butyl dicarbonate (3.58 g, 15.9 mmol, in 25 ml of 

tetrahydrofuran) dropwise over 30 minutes. The suspension was gradually warmed to 

room temperature, stirred for 6 hours, followed by an additional 2 hours at 50 C. The 

resulting mixture was concentrated, washed with brine, extracted using diethyl ether, and 

dried using sodium sulfate. After filtration, the solvent was removed under reduced 

pressure and the crude product was subjected to purification using flash column silica gel 

chromatography (hexane/ethyl acetate = 60/40) to yield the desired material (2.9 g, 83%) 

as a white solid. Rf = 0.43 (hexane/ethyl acetate = 50/50). 1H NMR (500 MHz, CDCl3)  

4.39 (s, 1H), 3.96 (dd, J = 11.2, 3.9 Hz, 1H), 3.91 (dd, J = 7.8, 5.4 Hz, 1H), 3.79 (s, 3H), 

1.45 (s, 9H) ppm. NMR spectra are identical as in previously reported literature.271,280 

3-(tert-Butyl) 4-ethyl (S)-2,2-dimethyloxazolidine-3,4-dicarboxylate (27): To a 

solution of methyl N-Boc-serinate 26 (1.53 g, 6.95 mmol) and 2,2-dimethoxypropane (7.65 

ml, 62.8 mmol) in acetone (16 ml) was added boron trifluoride diethyl etherate (51 µl, 0.417 

mmol). The resulting solution was stirred at room temperature for 2 hours. After the 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction mixture was concentrated under reduced pressure. The residual oil was dissolved 

in chloroform, followed by washing with saturated sodium bicarbonate solution (50 ml), 

water (50 ml), and brine solution (50 ml). The organic layer was dried using Na2SO4 and 

the solvent was evaporated under reduced pressure. The crude mixture was subjected to 

purification using flash column silica gel chromatography (hexane/ethyl acetate = 20/1 to 

hexane/ethyl acetate = 80/10) to give a pale-yellow oil (1.65 g, 91%). Rf = 0.76 

(hexane/ethyl acetate = 50/50). 1H NMR (400 MHz, CDCl3 ,mixture of rotamers)  4.43 

(ddd, J = 10.0, 6.8, 2.7 Hz, 1H), 4.14 (dd, J = 16.1, 9.0 Hz, 1H), 4.04 (td, J = 9.5, 2.6 Hz, 

1H), 1.67-1.64 (m, 3H, t-Boc rotamer), 1.53-1.50 (m, 6H, t-Boc rotamer), 1.41 (s, 6H) ppm; 

13C NMR (100 MHz, CDCl3, mixture of rotamers):  171.7, 171,3, 151.2, 95.1, 94.4, 80.9, 

80.3, 66.3, 66.0, 59.3, 59.2, 52.3, 28.4, 28.3, 26.0, 25.2, 24.9, 24.4 ppm. NMR spectra are 

identical as in previously reported literature.271,280 

tert-Butyl (S)-4-foryl-2,2-dimethyloxazolidine-3-carboxylate (28): To a cooled 

solution of oxazoline ester 27 (0.82 g, 3.16 mmol) in toluene at −78C was added, over a 

period of 1 hour, 1.5 M diisobutylaluminum hydride (3.56 ml, 5.34 mmol) in toluene (6 ml) 
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using a dropping funnel. During the addition, the temperature was maintained below −65C 

at all times. The reaction mixture was then stirred for an additional 2 hours at −78C under 

an atmosphere of argon. Upon complete consumption of the starting material as judged 

by thin layer chromatography, the reaction was quenched slowly by adding cold methanol 

(2 ml) while keeping the reaction temperature below −65C. The resulting solution was 

treated with a concentrated aqueous solution of potassium sodium tartrate (9 g in 50 ml 

water) to break up the aluminum-containing emulsion. The resulting solution was stirred 

for 1 hour under room temperature, followed by extraction using ethyl acetate (50 ml x 3). 

After being concentrated, the crude mixture was subjected to purification using flash 

column silica gel chromatography (hexane/ethyl acetate = 10/90 to hexane/ethyl acetate 

= 50/100) to yield the desired material (0.51 g, 70%) as a yellow oil. Rf = 0.45 (hexane/ethyl 

acetate = 30/10). 1H NMR (400 MHz, CDCl3):  9.61-9.55 (m, 1H), 4.34-4.19 (m, 1H), 4.12-

4.07 (m, 1H), 1.66-1.52 (s, 9H) 1.43 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3):  199.4, 

152.6, 151.3, 95.1, 94.3, 81.3, 81.1, 64.7, 63.9, 63.5, 28.3, 26.7, 25.7, 24.7, 23.8 ppm. 

NMR spectra are identical as in previously reported literature.271,281   

tert-Butyl (R)-2,2-dimethyl-4-vinyloxazolidine-3-carboxylate (29): To a solution 

of methyltriphenylphosphonium bromide (0.895 g, 2.51 mmol) in anhydrous 

tetrahydrofuran (12.4 ml) at room temperature was added KHMDS (4.78 ml, 2.39 mmol, 

0.5 M in toluene) under an atmosphere of argon. The resulting yellow suspension was 

stirred for 1 hour, then cooled to −78C. A solution of Garner’s aldehyde 28 (0.33 g, 1.43 

mmol) in THF was added dropwise into the reaction mixture, which was then warmed to 

room temperature over 2 hours. Upon complete consumption of starting material as 

judged by thin layer chromatography, the reaction mixture was cooled to 0 °C and 

quenched by dropwise addition of saturated NH4Cl solution (2 ml). The reaction mixture 

was washed with brine solution (50 ml) and extracted with ethyl acetate (50 ml x 3). The 

combined organic layers were dried using Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was subjected to purification using flash column 

silica gel chromatography (hexane/ethyl acetate = 90/3 to hexane/ethyl acetate = 100/10) 

to yield the desired material (0.22 g, 68%). Rf = 0.63 (hexane/ethyl acetate = 9/1). 1H NMR 

(400 MHz, CDCl3, mixture of rotamers):  5.83 – 5.79 (m, 1H), 5.26-5.13 (m, 2H), 4.39 – 

4.26 (m, 1H), 4.04 (dd, J = 8.8, 6.2 Hz, 1H), 3.75 (dd, J = 8.8, 2.3 Hz, 1H), 1.61-1.43 (m, 

9H), 1.44 (s, 6H) ppm; 13C NMR (150 MHz, CDCl3, mixture of rotamers):  155.9, 151.9, 

137.4, 136.8, 135.4, 116.6, 116.1, 115.7, 93.9, 93.6, 80.2, 79.8, 79.6, 68.1, 68.0, 65.3, 
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59.7, 54.7, 28.4, 28.3, 27.2, 26.5, 24.9, 23.7 ppm. NMR spectra are identical as in 

previously reported literature.271,281 

(R)-2-Aminobut-3-en-1-ol (30): To a solution of oxazolidine (227 mg, 1 mmol) in 

dichloromethane (3 ml) was added trifluoroacetic acid (0.8 ml, 9.8 mmol). After complete 

consumption of starting material as judged by thin layer chromatography, the reaction 

mixture was concentrated under reduced pressure. The crude product was subjected to 

purification using flash column silica gel chromatography (methanol/dichloromethane = 

20/80) to yield the desired material (70 mg, 80%). Rf = 0.33 (methanol/dichloromethane = 

1/4). 1H NMR (400 MHz, CD3OD):  5.89 (ddd, J = 17.5 Hz, J = 10.5 Hz, J = 7.0 Hz, 1H), 

5.53 – 5.42 (m, 2H), 3.84-3.74 (m, 2H), 3.64 – 3.52 (m, 1H) ppm; 13C NMR (100 MHz, 

CD3OD):  132.4, 121.5, 63.0, 56.7 ppm. HRMS (m/z): [M+H]+ calculated for C4H10NO: 

88.0757; found: 88.0754. NMR spectra are identical as in previously reported literature.282 

(R)-1-Ethyl-3-(1-hydroxybut-3-en-2-yl)thiourea (15): To a solution of amino 

alcohol (82 mg, 0.94 mmol) in ethanol (2 ml) was added ethyl isothiocyanate (0.1 ml, 1.13 

mmol). The solution was gradually warmed to room temperature and stirred for one hour. 

Upon complete consumption of starting material as judged by thin layer chromatography, 

the mixture was concentrated under reduced pressure. The crude product was subjected 

to purification using flash column silica gel chromatography (hexane/ethyl acetate = 50/50 

to methanol/dichloromethane = 20/80) to yield the desired material (156 mg, 95%). Rf = 

0.28 (hexane/ethyl acetate = 50/50). 1H NMR (600 MHz, CDCl3):  5.83 (ddd, J = 17.3, 

10.5, 5.3 Hz, 1H), 5.45 – 5.19 (m, 2H), 3.83 (dd, J = 11.2, 3.8 Hz, 1H), 3.72 (dd, J = 11.1, 

5.8 Hz, 1H), 3.49 (s, 2H), 1.24 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (150 MHz, CDCl3):  181.7, 

134.4, 117.9, 64.9, 57.9, 39.3, 14.1 ppm; HRMS (m/z): [M+H]+ calculated for C7H15N2OS: 

175.0900; found: 175.1074.  

(R)-N-Ethyl-4-vinyl-4,5-dihydrothiazol-2-amine (13): To a solution of thiourea 15 

(0.17 g, 0.976 mmol) in anhydrous tetrahydrofuran (10 ml) was added 1,1’-

carbonyldiimidazole (0.237 g, 1.463 mmol) and the resulting mixture was stirred for 16 

hours. Upon completion of reaction as judged by thin layer chromatography, the resulting 

solution was concentrated under reduced pressure. The crude product was subjected to 

purification using flash column silica gel chromatography (hexane/ethyl acetate = 10/20 to 

methanol/dichloromethane = 10/90) to yield the desired material (0.11 g, 72%). Rf = 0.20 

(methanol/dichloromethane = 1:9). 1H NMR (500 MHz, CDCl3):  5.91 (ddd, J = 17.0, 10.2, 
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6.8 Hz, 1H), 5.27 (d, J = 17.1 Hz, 1H), 5.11 (d, J = 10.2 Hz, 1H), 4.71 (q, J = 7.1 Hz, 1H), 

3.44 (dd, J = 10.6, 7.4 Hz, 1H), 3.34 (q, J = 6.9 Hz, 2H), 3.08 (dd, J = 10.6, 7.1 Hz, 1H), 

1.19 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3):  161.4, 138.8, 115.0, 73.7, 39.8, 

39.5, 15.0 ppm. HRMS (m/z): [M+H]+ calculated for C7H13N2S: 157.0794; found 157.0799.  

(R)-N-Ethyl-4-vinyl-4,5-dihydrooxazol-2-amine (31a): To a solution of thiourea 

15 (0.27 g, 1.549 mmol) in anhydrous tetrahydrofuran (15 ml) was added methyl iodide 

(0.145 ml, 2.324 mmol). The resulting reaction mixture was stirred overnight. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

resulting solution was concentrated under reduced pressure. The crude product was 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 50/50 to methanol/dichloromethane = 20/80) to yield the desired material 

(0.134g, 63%). Rf = 0.29 (methanol/dichloromethane = 1:9). 1H NMR (600 MHz, CDCl3): 

 5.83 (ddd, J = 17.0, 10.2, 6.9 Hz, 1H), 5.49 (d, J = 17.0 Hz, 1H), 5.40 (d, J = 10.2 Hz, 

1H), 4.91 (t, J = 8.7 Hz, 1H), 4.83 (dd, J = 15.2, 7.3 Hz, 1H), 4.40 (dd, J = 8.5, 6.8 Hz, 1H), 

3.42 (q, J = 7.3 Hz, 2H), 1.30 (t, J = 7.3 Hz, 3H) ppm; 13C NMR (150 MHz, CDCl3):  161.8, 

132.2, 121.4, 74.9, 57.9, 38.0, 14.4 ppm. HRMS (m/z): [M+H]+ calculated for C7H13N2O: 

141.1022; found: 141.1023. 

tert-Butyl (R)-ethyl(4-vinyl-4,5-dihydrooxazol-2-yl)carbamate (31b): To a 

solution of oxazoline 31a (20 mg, 0.14 mmol) in anhydrous dichloromethane (0.7 ml) was 

added di-tert-butyl dicarbonate (47 mg, 0.21 mmol) and 4-dimethylaminopyridine (1.6 mg, 

0.014 mmol). The reaction mixture was stirred overnight at room temperature. Upon 

complete consumption of the starting material as judged by thin layer chromatography, 

the resulting solution was concentrated under reduced pressure. The crude product was 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 90/10 to hexane/ethyl acetate = 50/50) to yield the desired material (22.5 mg, 

67%). Rf = 0.43 (pentane/ethyl acetate = 3:2). 1H NMR (600 MHz, CDCl3)  5.84 (ddd, J = 

17.2, 10.2, 7.3 Hz, 1H), 5.50 (d, J = 17.0 Hz, 1H), 5.43 (d, J = 10.2 Hz, 1H), 4.91 (t, J = 

8.8 Hz, 1H), 4.82 – 4.72 (m, 1H), 4.42 (dd, J = 8.8, 7.1 Hz, 1H), 3.44 – 3.37 (m, 2H), 1.31 

(t, J = 7.3 Hz, 3H), 1.25 (s, 9H) ppm; 13C NMR (150 MHz, CDCl3)  161.2, 132.5, 121.8, 

74.6, 58.9, 38.2, 29.9, 14.8 ppm. HRMS (m/z): [M+H]+ calculated for C12H21N2O3: 

241.1552; found: 241.1561. 
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Ethyl 3-((2-ethoxy-2-oxoethyl)amino)propanoate (14): To a stirred solution of 

ethyl glycinate hydrochloride (2 g, 14.5 mmol) in ethanol (15 ml) was added ethyl acrylate 

(0.97 9.7 mmol) and triethylamine (2.1 ml, 9.7 mmol) and stirred for overnight at 60C. 

Upon complete consumption of starting material as judged by thin layer chromatography, 

the reaction mixture was washed with water (50 ml) and extracted with ethyl acetate (50 

ml x 3). The combined organic extracts were dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude mixture was subjected to purification using flash 

column silica gel chromatography (hexane/ethyl acetate = 90/10 to hexane/ethyl acetate 

= 50/50) to give a colourless oil (1.97 g, 77%). Rf = 0.36 (hexane/ethyl acetate = 1:1).  1H 

NMR (500 MHz, CDCl3):  4.19 (q, J = 7.0 Hz, 2H), 4.15 (q, J = 7.0 Hz, 2H), 3.42 (s, 2H), 

2.91 (t, J = 6.5 Hz, 2H), 2.52 (t, J = 6.5 Hz, 2H), 1.83 (s, 1H), 1.28 (t, J = 7.2 Hz, 3H), 1.26 

(t, J = 7.2 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3):  172.2, 172.0, 60.5, 60.2, 50.7, 44.6, 

34.7, 14.0 ppm. NMR spectra are identical as in previously reported literature.283 

Ethyl 3-((tert-butoxycarbonyl)(2-ethoxy-2-oxoethyl)amino)propanoate (35): 

To a stirred solution of diester 14 (21 g, 103.3 mmol) in chloroform (150 ml) was added di-

tert-butyl dicarbonate (30.7 g, 140.5 mmol). An aqueous solution of sodium hydroxide 

(12.4 g, 309.9 mmol) in water (600 ml) was added dropwise. The resulting solution was 

gradually warmed to room temperature and stirred for 16 hours. Upon completion of the 

reaction as judged by thin layer chromatography, the aqueous layer was extracted with 

chloroform. The organic layer was washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude mixture was purified through flash 

column silica gel chromatography (hexane/ethyl acetate = 90/10 to ethyl acetate only) and 

gave a colourless liquid (28.2 g, 90%). Rf = 0.25 (hexane/ethyl acetate = 1:1). 1H NMR 

(400 MHz, CDCl3, mixture of rotamers):  4.18-4.07 (m, 4H), 4.00 (s, 1H), 3.93 (s, 1H), 

3.56-3.49 (m, 2H), 2.63-2.57 (m, 2H), 1.46 (s, 4.5H), 1.40 (s, 4.5H), 1.28-1.21 (m, 6H) 

ppm; 13C NMR (125 MHz, CDCl3, mixture of rotamers):  172.4 (s), 172.1 (s), 170.3 (s), 

170.1 (s), 155.5 (s), 155.0 (s), 80.5 (s), 80.3 (s), 61.0 (t), 60.9 (t), 60.6 (t), 60.5 (t), 50.9 (t), 

50.1 (t), 44.9 (t), 44.8 (t), 34.2 (t), 33.7 (t), 28.3 (q), 28.2 (q), 14.24 (q), 14.17 (q), 14.1 (q) 

ppm. NMR spectra are identical as in previously reported literature.283 

1-tert-Butyl 2-ethyl 3-oxopyrrolidine-1,2-dicarboxylate (36): To a −78°C cooled 

solution of lithium bis(trimethylsilyl)amide (22.8 ml, 1.0 M) in anhydrous tetrahydrofuran 

(70 ml) was added diester 35 (5.8 g, 19 mmol) in tetrahydrofuran (25 ml). The solution 
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was stirred for 4 hours with the temperature allowed to gradually increase to −30°C and 

the reaction was then maintained at this temperature. The reaction mixture was then 

concentrated under reduced pressure. The crude mixture was subjected to purification 

using flash column silica gel chromatography (hexane/ethyl acetate = 90/10 to 

hexane/ethyl acetate = 80/20) to give the desired product (2.74 g, 56%). Rf = 0.71 

(hexane/ethyl acetate = 1:1). 1H NMR (500 MHz, CDCl3):  4.54 (~0.3H, m), 4.46 (~0.7H, 

m), 4.27 – 4.21 (m, 2H), 3.93-3.78 (m, 2H), 2.68 (t, J = 8.1 Hz, 2H), 1.41 (s, ~6H), 1.35 (s, 

~3H), 1.22 (t, J = 6.9 Hz, 3H) ppm; 13C NMR (125 MHz, CDCl3):  204.7, 204.2, 166.3, 

153.8, 81.2, 65.8, 65.4, 62.2, 60.4, 42.2, 41.6, 37.1, 36.4, 28.2, 21.0, 14.2 ppm. NMR 

spectra are identical as in previously reported literature.268 

1-(tert-Butyl) 2-ethyl (2R,3S)-3-hydroxypyrrolidine-1,2-dicarboxylate (37): To 

a solution of pyrrolidinone 36 (1 g, 3.89 mmol) in water (65 ml) was added sucrose (5.6 g, 

16.3 mmol) and Red Star baker’s yeast (3.7 g). The resulting slurry was swirled for 5 h at 

37oC in a shaker incubator. The resulting slurry was concentrated under reduced pressure 

and redissolved in methanol. Silica gel (10 g) was added into the solution followed by 

evaporation of the solvent under reduced pressure until the silica was dry and free flowing. 

The dry silica containing the crude product was subjected to purification using flash 

column silica gel chromatography (hexane/ethyl acetate = 90/10 to ethyl acetate only) to 

yield the desired material (0.38 g, 40%). Rf = 0.33 (hexane/ethyl acetate = 1:1). 1H NMR 

(400 MHz, CDCl3, mixture of rotamers):  4.54-4.51 (m, 1H), 4.30 (d, J = 6.9 Hz, ~0.4H), 

4.24 (d, J = 6.9 Hz, ~0.6 H), 4.16-4.12 (m, 2H), 3.60-3.53 (m, 1H), 3.45-3.36 (m, 1H), 2.75 

(br s, 1H), 1.97-1.94 (m, 2H), 1.38 (s, ~5.5H), 1.34 (s, ~3.5H), 1.22 (t, J = 6.7 Hz, 3H) ppm; 

13C NMR (125 MHz, CDCl3): 170.5, 170.3, 154.2, 153.8, 80.0, 79.7, 72.0, 71.2, 63.8, 63.3, 

61.0, 60.9, 44.1, 43.7, 32.5, 31.9, 28.3, 28.1, 14.2, 13.0 ppm. NMR spectra are identical 

as in previously reported literature.268 

1-(tert-Butyl) 2-ethyl (2R,3S)-3-((tert-butyldimethylsilyl)oxy)pyrrolidine-1,2-

dicarboxylate (38a): To an ice-cooled solution of pyrrolidine (0.46 g, 1.77 mmol) in 

anhydrous CH2Cl2 was added tert-butyl dimethylsilyl chloride (0.48 g, 1.8 mmol) followed 

by imidazole (0.18 g, 2.66 mmol). The reaction was gradually warmed to room 

temperature and stirred overnight. Upon complete consumption of starting material as 

judged by thin layer chromatography, the reaction mixture was concentrated under 

reduced pressure. The crude mixture was diluted with ethyl acetate (50 ml) and washed 
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with brine (50 ml). The organic layer was dried using Na2SO4, filtered, and concentrated 

under reduced pressure. The resulting crude product was subjected to purification using 

flash column silica gel chromatography (hexane/ethyl acetate = 10/90 to hexane/ethyl 

acetate = 70/30) to yield the desired material (0.57 g, 87%). Rf = 0.51 (hexane/ethyl 

acetate = 4:1). 1H NMR (400 MHz, CDCl3, mixture of rotamers):  4.58 – 4.46 (m, 1H), 

4.38 – 4.19 (m, 2H), 4.16 – 3.99 (m, 1H), 3.73 – 3.56 (m, 1H), 3.37 (tt, J = 10.5, 7.5 Hz, 

1H), 2.12 – 1.90 (m, 2H), 1.45 (s, 3H), 1.41 (s, 6H), 1.27 (td, J = 7.2, 5.6 Hz, 3H), 0.91 (s, 

3H), 0.86 (s, 9H), 0.07 (app. d, 6H) ppm; 13C NMR (125 MHz, CDCl3): 170.3, 154.4, 154.1, 

80.1, 79.9, 73.1, 72.3, 63.9, 63.4, 60.9, 60.8, 44.3, 43.8, 33.3, 32.6, 28.6, 28.5, 25.8, 25.7, 

18.2, 18.1, 18.1, 14.5, 14.2, −3.4, −4.7, −4.8, −4.9, −5.1 ppm. HRMS (m/z): [M+H]+ 

calculated for C18H36NO5Si: 374.2357; found: 374.2362.  

1-(tert-Butyl) 2-ethyl (2R,3S)-3-(methoxymethoxy)pyrrolidine-1,2-dicarboxy-

late (38b): To a solution of pyrrolidine (500 mg, 1.93 mmol) in dichloromethane was added 

N,N-diisopropylethylamine (6.5 ml, 4.82 mmol) with stirring. Chloromethyl methyl ether 

(6.5 ml, 9.64 mol) was added dropwise into the reaction mixture, which was stirred for 16 

hours at room temperature. Upon completion of the reaction as determined by thin layer 

chromatography, the resulting solution was concentrated under reduced pressure. The 

crude product was subjected to purification using flash column silica gel chromatography 

(hexane/ethyl acetate = 90/10 to hexane/ethyl acetate = 70/30) to yield the desired 

material (509 mg, 87%). Rf = 0.39 (hexane/ethyl acetate = 7:3). 1H NMR (400 MHz, 

CDCl3):  4.72-4.62 (m, 2H), 4.57-4.44 (m, 1H), 4.41-4.20 (m, 2H), 3.78-3.64 (m, 1H), 

3.60-3.40 (m, 2H), 3.38 (s, 3H), 2.18-2.08 (m, 2H), 1.49 (s, 7H), 1.44 (s, 2H), 1.31 (t, J = 

7.3 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3):  169.8, 169.6, 154.2, 153.6, 95.4, 95.2, 

79.9, 79.8, 76.2, 75.4, 62.0, 61.5, 80.7, 60.6, 55.5, 55.3, 44.0, 43.5, 30.3, 29.6, 28.3, 28.1, 

14.2, 14.0 ppm. NMR spectra are identical as in previously reported literature.268 

tert-Butyl (2S,3S)-3-((tert-butyldimethylsilyl)oxy)-2-(hydroxymethyl)-pyrroli-

dine-1-carboxylate (39a): To a stirred solution pyrrolidine 38a (0.58 g, 1.55 mmol) in 

diethyl ether (20 ml) was added 2 M lithium borohydride in tetrahydrofuran (5.45 ml, 10.9 

mmol). the resulting reaction mixture was stirred at reflux until consumption of starting 

material was judged complete by thin layer chromatography. The solvent was then 

removed under reduced pressure and the crude product was subjected to purification 

using flash column silica gel chromatography (hexane only to hexane/ethyl acetate = 
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60/40) to yield the desired material (0.31 g, 60%). Rf = 0.65 (hexane/ethyl acetate = 4:1). 

1H NMR (500 MHz, CDCl3):  4.39-4.37 (m, 1H), 3.84-3.77 (m, 2H), 3.69-3.66 (m, 1H), 

3.45-3.30 (m, 2H), 2.74-2.71 (m, 1H), 1.91-1.79 (m, 2H), 1.44 (s, 9H), 0.89-0.86 (m, 9H), 

0.01 (m, 6H); 13C NMR (125 MHz, CDCl3):  156.4, 154.4, 80.1, 79.9, 73.7, 72.9, 63.8, 

63.2, 62.1, 59.6, 44.5, 43.2, 33.2, 31.8, 28.4, 28.3, 25.6, 17.9, −4.7, −4.8, −5.2 ppm. HRMS 

(m/z): [M+H]+ calculated for C16H34NO4Si: 332.2252; found: 332.2261.  

tert-Butyl (2S,3S)-2-(hydroxymethyl)-3-(methoxymethoxy)pyrrolidine-1-car-

boxylate (39b): To an ice-cooled solution of pyrrolidine (100 mg, 0.329 mmol) in diethyl 

ether (2 ml) was added 2 M lithium borohydride in tetrahydrofuran (0.33 ml, 0.659 mmol) 

with stirring under an atmosphere of argon. The reaction mixture was stirred for 4 hours. 

Upon completion as judged by thin layer chromatography, the reaction was cooled to 0oC 

and quenched using saturated sodium bicarbonate (50 ml), washed with Rochelle’s salt 

(50 ml), brine (50 ml) and extracted using ethyl acetate (50 ml). The combined organic 

layer was dried over Na2SO4, filtered, and the solvent removed under reduced pressure. 

The crude product was subjected to purification using flash column silica gel 

chromatography (hexane/ethyl acetate = 50/50) to yield the desired material (58 mg, 68%). 

Rf = 0.25 (hexane/ethyl acetate = 1:1). 1H NMR (600 MHz, CDCl3):  4.72-4.60 (m, 2H), 

4.36-4.29 (m, 1H), 3.95-3.93 (app. br s, 1H), 3.89-3.80 (m, 1H), 3.75 (dd, J = 11.8, 5.9 Hz, 

1H), 3.46-3.40 (m, 2H), 3.37 (s, 3H), 2.15-1.90 (m, 2H), 1.46 (s, 9H) ppm; 13C NMR (150 

MHz, CDCl3):  156.3, 96.1, 95.7, 80.2, 80.1, 78.1, 77.3, 63.3, 62.5, 61.8, 59.3, 55.8, 44.7, 

43.5, 30.1, 29.2, 28.4 ppm. NMR spectra are identical as in previously reported 

literature.268 

tert-Butyl (2R,3S)-3-((tert-butyldimethylsilyl)oxy)-2-formylpyrrolidine-1-car-

boxylate (40a): To an ice-cooled solution of pyrrolidine 39a (53 mg, 0.16 mmol) in 

chloroform (1.6 ml) was added Dess-Martin periodinane (101.7 mg, 0.24 mmol). The 

reaction mixture was gradually warmed to room temperature. After complete consumption 

of starting material as judged by thin layer chromatography, saturated Na2S2O3 solution 

was used for quenching the reaction by vigorous stirring for 30 minutes. After removing 

the solvent under reduced pressure, the crude product was subjected to purification using 

flash column silica gel chromatography (hexane/ethyl acetate = 60/10 to hexane/ethyl 

acetate = 50/50) to yield the desired material (51 mg, 97%). Rf = 0.45 (hexane/ethyl 

acetate = 80/20). 1H NMR (500 MHz, CDCl3):  9.45 (d, J = 2.4 Hz, 0.33H, rotamer), 9.38 
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(d, J = 3.2 Hz, 0.67H), 4.68-4.63 (m, 1H), 4.08 (dd, J = 5.2, 2.7 Hz, 0.33 H, rotamer), 3.94 

(dd, J = 5.2, 3.2 Hz, 0.67H, rotamer), 3.69-3.53 (m, 2H), 1.96-1.84 (m, 2H), 1.46 (s, 3H, 

rotamer), 1.39 (s, 6H, rotamer), 0.83 (s, 9H), 0.04 (s, 3H), 0.02 (s, 3H) ppm; 13C NMR (125 

MHz, CDCl3):  201.0, 154.8, 153.9, 80.7, 80.3, 75.5, 74.3, 69.0, 68.7, 44.7, 44.6, 34.5, 

34.0, 28.4, 28.2, 25.6, 25.5, 17.9, 1.0, −4.8, −4.9, −5.3, −5.4 ppm. HRMS (m/z): [M+H]+ 

calculated for C16H32NO4Si: 330.2095; found: 330.2087.  

tert-Butyl (2R,3S)-2-formyl-3-(methoxymethoxy)pyrrolidine-1-carboxylate 

(40b): To Boc-protected pyrrolidine 39b (20 mg, 0.0765 mmol) in an anhydrous solution 

of dichloromethane and acetonitrile (0.2 ml, ratio of 9:1) was added N-methylmorpholine 

N-oxide (12.6 mg, 0.107 mmol) and tetrapropylammonium perruthenate (1.29 mg, 3.6 

mol). Upon completion of reaction as judged by thin layer chromatography, the solvent 

was evaporated under reduced pressure and the residue was extracted using ethyl 

acetate (50 ml). The solvent was removed under reduced pressure and the crude product 

was subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 50/50) to yield the desired material (13 mg, 66%). Rf = 0.53 (hexane/ethyl 

acetate = 1:1). 1H NMR (600 MHz, CDCl3):  9.51 (s, 0.33H, rotamer), 9.45 (s, 0.55H, 

rotamer), 4.62 (d, J = 7.0 Hz, 1H), 4.56 (d, J  = 6.8 Hz, 1H), 4.60 – 4.54 (m, 1H), 4.20-4.08 

(m, 1H), 3.70-3.55 (m, 2H), 3.31 (s, 3H), 2.09-2.05 (m, 1H), 2.00-1.91 (m, 1H), 1.46 (s, 

3H, rotamer), 1.39 (s, 6H, rotamer); 13C NMR (150 MHz, CDCl3):  200.1, 153.8, 95.2, 

80.9, 80.5, 79.1, 67.9, 67.6, 60.4, 55.8, 44.7, 44.6, 31.1, 30.6, 28.3, 28.2 ppm. HRMS 

(m/z): [M+H]+ calculated for C12H22NO5: 260.1492; found: 260.1495. NMR spectra are 

identical as in previously reported literature.268   

tert-Butyl (R)-2-formylpyrrolidine-1-carboxylate (40c): To pyrrolidine 39c (300 

mg, 1.5 mmol) in dichloromethane (15 ml) was added tetrapropylammonium perruthenate 

(105 mg, 0.3 mmol) and N-methylmorpholine N-oxide (264 mg, 2.25 mmol). The reaction 

mixture was stirred until complete as judged by thin layer chromatography. After 

evaporating the solvent under reduced pressure, the residue was extracted using ethyl 

acetate (50 ml), the organic later was then washed with brine (100 ml). The aqueous layer 

was extracted with ethyl acetate (50 ml x 3). The combined organic layers were dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude product was 

subjected to purification using flash column silica gel chromatography (hexane/ethyl 

acetate = 50/50) to yield the desired material (221 mg, 74%). Rf = 0.39 (hexane/ethyl 
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acetate = 3:1). 1H NMR (400 MHz, CDCl3)  9.68 – 9.30 (m, 1H, rotamer), 4.34 – 3.90 (m, 

1H), 3.67 – 3.32 (m, 2H), 2.18 – 1.79 (m, 4H), 1.47 (s, 3H, rotamer), 1.42 (s, 6H, rotamer) 

ppm. HRMS (m/z): [M+H]+ calculated for C10H18NO3: 200.1281; found: 200.1277. 

tert-Butyl (2S,3S)-3-((tert-butyldimethylsilyl)oxy)-2-vinylpyrrolidine-1-carbo-

xylate (41a): To a stirred solution of methyltriphenylphosphonium bromide salt (360 mg, 

1 mmol) in tetrahydrofuran (4.6 ml) was added 1 M lithium bis(trimethylsilyl)amide in 

tetrahydrofuran (1 ml, 1 mmol) dropwise under an atmosphere of argon. The resulting 

yellow suspension was stirred at room temperature, then cooled to −78°C. A solution of 

aldehyde 40a (150 mg, 0.455 mmol) in tetrahydrofuran (1 ml) was then added dropwise 

into the solution. The cooling bath was then removed, and the mixture was gradually 

warmed to room temperature. The reaction mixture was stirred 16 hours until complete as 

judged by thin layer chromatography. The reaction was quenched with methanol (5 ml), 

diluted with brine (80 ml), and extracted using ethyl acetate (80 ml). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

crude product was subjected to purification using flash column silica gel chromatography 

(hexane/ethyl acetate = 80/20) to yield the desired material (120 mg, 80%). Rf = 0.79 

(hexane/ethyl acetate = 1:1). 1H NMR (600 MHz, CDCl3)  5.90 – 5.73 (m, 1H), 5.28 – 

4.96 (m, 2H), 4.36 – 4.16 (m, 2H), 3.48 – 3.38 (m, 1H), 3.38 – 3.28 (m, 1H), 1.97 – 1.87 

(m, 1H), 1.87 – 1.75 (m, 1H), 1.43 (s, 9H), 0.88 (s, 9H), 0.07 (s, 6H) ppm;  13C NMR (150 

MHz, CDCl3)  155.0, 154.6, 135.1, 134.6, 115.8, 115.6, 79.4, 73.3, 72.8, 68.2, 62.7, 62.0, 

43.4, 42.9, 38.8, 30.4, 28.6, 28.5, 25.9, −4.8 ppm. HRMS (m/z): [M+H]+ calculated for 

C17H34NO3Si: 328.2302; found: 328.2306. 

tert-Butyl (2S,3S)-3-(methoxymethoxy)-2-vinylpyrrolidine-1-carboxylate 

(41b): To a stirred solution of methyltriphenylphosphonium bromide salt (970 mg, 2.72 

mmol) in tetrahydrofuran (14 ml) was added 0.5 M potassium bis(trimethylsilyl)amide in 

toluene (5.2 ml, 2.59 ml) dropwise under argon. After stirring for 1 hour, the reaction 

mixture was cooled to −78°C. Aldehyde 40b (400 mg, 1.54 mmol), already dissolved in 

dry tetrahydrofuran (1 ml), was added dropwise into the reaction mixture. The reaction 

mixture was gradually warmed to room temperature and then stirred for 16 hours. Upon 

complete consumption of starting material as judged by thin layer chromatography, the 

reaction mixture was quenched, washed with brine, followed by extraction using ethyl 

acetate (70 ml x 3). The combined organic layers were dried over Na2SO4, filtered, and 
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concentrated under reduced pressure. The crude product was subjected to purification 

using flash column silica gel chromatography (hexane/ethyl acetate = 50/50) to yield the 

desired material (321 mg, 81%). Rf = 0.48 (hexane/ethyl acetate = 2:1). 1H NMR (400 

MHz, CDCl3)  5.97 – 5.71 (m, 1H), 5.29 – 5.02 (m, 2H), 4.65 (s, 2H), 4.50 – 4.28 (m, 1H), 

4.21 (dt, J = 9.2, 6.4 Hz, 1H), 3.49 – 3.41 (m, 1H), 3.37 (s, 3H), 2.20 – 2.00 (m, 1H), 2.00 

– 1.81 (m, 1H), 1.43 (s, 9H) ppm; 13C NMR (150 MHz, CDCl3):  153.6, 134.3, 116.4, 95.9, 

79.5, 79.5, 60.8, 60.5, 55.7, 43.3, 42.6, 29.2, 28.4 ppm. HRMS (m/z): [M+H]+ calculated 

for C13H24NO4: 258.1700; found: 258.1704. 

tert-Butyl (R)-2-vinylpyrrolidine-1-carboxylate (41c): To a stirred solution of  

methyltriphenyl-phosphonium bromide (6 g, 16.9 mmol) in tetrahydrofuran (47 ml) was 

added potassium bis(trimethylsilyl)amide (32 ml, 15.9 mmol, 0.5 M in toluene) at room 

temperature. After stirring for 1 hour, the solution was cooled to −78 °C. Aldehyde 40c 

(1.87 g, 9.39 mmol) in tetrahydrofuran was added dropwise into the reaction mixture. The 

reaction mixture was gradually warmed to room temperature and stirred for 16 hours until 

complete as judged by thin layer chromatography. The solvent was removed under 

reduced pressure and the resulting crude product was subjected to purification using flash 

column silica gel chromatography (hexane/ethyl acetate = 50/50) to yield the desired 

material (1.20 g, 65%). Rf = 0.74 (hexane/ethyl acetate = 1:1). 1H NMR (600 MHz, CDCl3) 

 5.72 (ddd, J = 16.9, 10.4, 5.6 Hz, 1H), 5.07 – 5.01 (m, 2H), 4.27 (s, 1H), 3.38 (dd, J = 

8.2, 4.9 Hz, 2H), 1.99 (dq, J = 10.9, 7.8 Hz, 1H), 1.90 – 1.74 (m, 2H), 1.73 – 1.64 (m, 1H), 

1.43 (s, 9H) ppm; 13C NMR (150 MHz, CDCl3)  154.7, 138.9, 113.8, 79.7, 59.2, 46.4, 

31.9, 28.6, 23.1 ppm. HRMS (m/z): [M+H]+ calculated for C11H20NO2: 198.1489; found: 

198.1485. 

tert-Butyl (2S,3S)-3-acetoxy-2-vinylpyrrolidine-1-carboxylate (41d): To a 

stirred solution of pyrrolidine 42 (100 mg, 0.469 mmol) in chloroform (1.6 ml) was added 

pyridine (75 µl, 0.938 mmol), acetic anhydride (53 µl, 0.563 mmol), and 4-

dimethylaminopyridine (11 mg, 0.094 mmol). The reaction was stirred for 16 hours until 

complete as determined by thin layer chromatography. The mixture was concentrated 

under reduced pressure, washed with brine and extracted with ethyl acetate. The 

combined organic layers were dried with Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was subjected to purification using flash column 

silica gel chromatography (hexane/ethyl acetate = 90/10 to hexane/ethyl acetate = 80/20) 
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to yield the desired material (68%). Rf = 0.77 (hexane/ethyl acetate = 1:1). 1H NMR (600 

MHz, CDCl3)  5.71 – 5.52 (m, 1H), 5.25 – 5.01 (m, 3H), 4.58 – 4.41 (m, 1H), 3.52 – 3.39 

(m, 2H), 2.14 (dddd, J = 12.2, 7.5, 6.2, 4.4 Hz, 1H), 2.03 (s, 3H), 2.00 – 1.90 (m, 1H), 1.41 

(s, 9H) ppm; 13C NMR (150 MHz, CDCl3)  170.4, 133.5, 117.3, 79.8, 73.9, 60.7, 53.6, 

42.7, 28.5, 21.1 ppm. HRMS (m/z): [M+H]+ calculated for C13H22NO4: 256.1544; found: 

256.1565. 

tert-Butyl (2S,3S)-3-hydroxy-2-vinylpyrrolidine-1-carboxylate (42): To a stirred 

solution of pyrrolidine 41a (0.12 g, 0.367 mmol) in anhydrous tetrahydrofuran (4 ml) was 

added tetra-n-butylammonium fluoride (0.55 ml, 0.549 mmol, 1 M in tetrahydrofuran). The 

reaction was stirred for 2 hours until complete as judged by thin layer chromatography. 

The reaction mixture was concentrated under reduced pressure, washed with brine, and 

extracted with ethyl acetate. The combined organic layers were dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The crude product was subjected to 

purification using flash column silica gel chromatography (hexane/ethyl acetate = 50/50) 

to yield the desired material. Rf = 0.45 (hexane/ethyl acetate = 1:1). 1H NMR (600 MHz, 

CDCl3)  5.77 (dd, J = 17.4, 9.1 Hz, 1H), 5.36 – 5.21 (m, 1H), 5.21 – 5.05 (m, 1H), 4.38 – 

4.17 (m, 2H), 3.49 – 3.40 (m, 1H), 3.41 – 3.33 (m, 1H), 2.10 – 1.94 (m, 1H), 1.89 – 1.69 

(m, 1H), 1.39 (s, 9H) ppm; 13C NMR (150 MHz, CDCl3)  154.9, 134.5, 117.6, 79.7, 72.4, 

62.7, 43.3, 31.0, 28.5 ppm. HRMS (m/z): [M+H]+ calculated for C11H20NO3: 214.1438; 

found: 214.1443. 

1-((2R,3S)-3-hydroxypyrrolidin-2-yl)ethane-1,2-diol (43a) and (43b): To a 

stirred solution of pyrrolidine 42 (63 mg, 0.297 mmol) in acetone/water (3 ml, 9:1) was 

added osmium tetroxide (38 µl, 6 µmol, 4 wt. % in water) and N-methylmorpholine N-oxide 

(35 mg, 0.297 mmol). The reaction mixture was stirred for 12 hours until complete as 

judged by thin layer chromatography. The solvent was removed under reduced pressure 

and the crude product was subjected to purification using flash column silica gel 

chromatography (dichloromethane/methanol = 80/20) to yield the desired material. Rf = 

0.53 (dichloromethane/methanol = 9:1). The purified material (50 mg, 0.202 mmol) was 

then resuspended in dichloromethane (300 µl) and trifluoroacetic acid (309 µl, 4.04 mmol) 

was added. The resulting reaction mixture was stirred for 2 hours until completion as 

judged by thin layer chromatography. The reaction mixture was concentrated under 

reduced pressure and the crude product was subjected to purification using flash column 
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silica gel chromatography (dichloromethane/methanol = 80/20) to yield the desired 

material (29 mg, 67% over 2 steps). Diastereomer 43a: Rf = 0.24 

(dichloromethane/methanol = 9:1). 1H NMR (600 MHz, D2O)  4.68 (t, J = 3.5 Hz, 1H), 

4.14 – 4.08 (m, 1H), 3.78 (ddd, J = 12.0, 4.7, 1.1 Hz, 1H), 3.74 (ddd, J = 12.0, 5.4, 1.2 Hz, 

1H), 3.57 (td, J = 11.0, 7.7 Hz, 1H), 3.53 – 3.50 (m, 2H), 2.26 – 2.18 (m, 1H), 2.13 (ddd, J 

= 14.8, 7.9, 2.6 Hz, 1H) ppm; 13C NMR (150 MHz, D2O)  69.9, 67.3, 64.6, 63.3, 43.9, 32.0 

ppm. HRMS (m/z): [M+H]+ calculated for C6H14NO3: 148.0968, found: 148.0924. 

Diastereomer 43b: Rf = 0.23 (ethyl acetate/methanol/water = 6:3:1). 1H NMR (600 MHz, 

D2O)  4.56 (t, J = 3.7 Hz, 1H), 4.14 – 4.09 (m, 1H), 3.81 (ddd, J = 12.2, 3.3, 0.8 Hz, 1H), 

3.68 (ddd, J = 12.3, 5.2, 0.9 Hz, 1H), 3.60 – 3.49 (m, 2H), 3.45 (ddd, J = 12.1, 9.8, 2.9 Hz, 

1H), 2.26 (dtd, J = 14.1, 10.0, 4.1 Hz, 1H), 2.18 – 2.12 (m, 1H) ppm; 13C NMR (150 MHz, 

D2O)  69.6, 68.3, 65.7, 63.1, 42.7, 33.1 ppm. HRMS (m/z): [M+H]+ calculated for 

C6H14NO3: 148.0968; found: 148.0916.  

(2S,3S)-2-(hydroxymethyl)pyrrolidin-3-ol (43c): To a stirred solution of 

pyrrolidine 39b (18 mg, 0.07 mmol) in methanol (1 ml) cooled to 0°C was added 6 M HCl 

solution (0.1 ml). The resulting mixture was gradually warmed to room temperature and 

allowed to stir for three hours. Upon complete consumption of starting material as judged 

by thin layer chromatography, the reaction mixture was cooled to 0°C and the reaction 

was quenched with sodium bicarbonate solution (5 ml). The reaction mixture was 

concentrated under reduced pressure and subjected to flash column chromatography 

purification (methanol/dichloromethane = 30/70) to give the desired product (7 mg, 87%). 

Rf = 0.32 (methanol/dichloromethane = 3:7). 1H NMR (600 MHz, CD3OD)  4.42 – 4.38 

(m, 1H), 3.90 (dd, J = 11.8, 4.5 Hz, 1H), 3.81 (dd, J = 11.8, 8.9 Hz, 1H), 3.45 (dt, J = 8.6, 

4.1 Hz, 1H), 3.43 – 3.37 (m, 1H), 3.33 – 3.30 (m, 1H), 2.14 (dtd, J = 14.0, 9.9, 4.2 Hz, 1H), 

2.01 (dddd, J = 13.7, 7.8, 3.1, 1.5 Hz, 1H) ppm; 13C NMR (150 MHz, CD3OD)  70.6, 67.4, 

59.3, 44.1, 34.6 ppm. HRMS (m/z): [M+H]+ calculated for C5H12NO2: 118.0863; found: 

118.0863. 

(S)-(2-Oxooxazolidin-4-yl)methyl 4-methylbenzenesulfonate (66): To a stirred 

solution of oxazolidinone (100 mg, 0.854 mmol) in anhydrous pyridine (2 ml) cooled to 0°C 

was added tosyl chloride (250 mg, 1.315 mmol). The reaction mixture was gradually 

warmed to room temperature and allowed to stir for 6 hours until complete consumption 

of starting material as judged by thin layer chromatography. The reaction mixture was then 
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concentrated under reduced pressure and the residue was dissolved with 

dichloromethane. The solution was washed with 2 M HCl aqueous solution, dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The resulting solid was 

washed with pentane to remove excess tosyl chloride to yield the desired material (78%). 

Rf = 0.51 (ethyl acetate only). 1H NMR (400 MHz, CDCl3):  7.80 (d, J = 8.1 Hz, 2H), 7.39 

(d, J = 8.1, 2H), 5.52 (s, 1H), 4.49 (t, 1H), 4.18 – 3.97 (m, 4H), 2.48 (s, 3H) ppm; 13C NMR 

(100 MHz, CDCl3):  158.3, 145.7, 132.1, 130.2, 127.9, 69.7, 66.2, 50.9, 21.7 ppm. NMR 

spectra are identical as in previously reported literature.284 

(S)-4-(Iodomethyl)oxazolidin-2-one (67): To a stirred solution of tosylate 66 (0.16 

g. 0.59 mmol) in anhydrous acetone (6 ml) was added sodium iodide (0.415 g, 2.77 mmol). 

The reaction mixture was refluxed under an atmosphere of argon until complete 

consumption of starting material as judged by thin layer chromatography. Upon cooling 

the reaction, the excess sodium iodide was filtered off, followed by washing of the solid 

residue with ethyl acetate (80 ml). The collected filtrate was concentrated under reduced 

pressure. The crude yellow solid obtained was dissolved in ethyl acetate (80 ml) and 

washed using saturated sodium sulfite solution (50 ml) until the mixture become 

colourless. The aqueous layers were extracted with ethyl acetate (70 ml x 3). The 

combined organic layers were then dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was subjected to purification using flash column 

silica gel chromatography (hexane/ethyl acetate = 25/75 to methanol/dichloromethane = 

5/95) to give desired material as white solid (0.11 mg, 77%). Rf = 0.35 

(methanol/dichloromethane = 1:19). 1H NMR (400 MHz, CDCl3):  6.13 (s, 1H), 4.50 (t, J 

= 8.3 Hz, 1H), 4.14 – 4.09 (m, 2H), 3.24 – 3.21 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3): 

 159.5, 70.4, 53.0, 8.4 ppm. NMR spectra are identical as in previously reported 

literature.276 

(S)-(+)-4-(2-Oxazolidonyl-methyltriphenylphosphonyl iodide (47): To a 

solution of iodide 67 (177 mg, 0.78 mmol) in anhydrous dimethylformamide (4 ml) was 

added triphenylphosphine (2.05 g, 7.8 mmol) and stirred at 100°C for 60 hours until 

complete consumption of the starting material as determined by thin layer 

chromatography. After removal of dimethylformamide under reduced pressure, the 

resulting residue was washed with tetrahydrofuran/ether (100 ml, 1:1) using a Buchner 

funnel to remove excess triphenylphosphine, followed by using diethyl ether (50 ml) for 
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further washing of the solids. The crude product was then subjected to purification using 

flash column silica gel chromatography (hexane/ethyl acetate = 10/90 to 

methanol/dichloromethane = 5/95) to obtain desired product (206 mg, 54 %) as white solid. 

Rf = 0.20 (methanol/dichloromethane = 1:19). 1H NMR (400 MHz, D2O):  7.85 (m, 15H), 

4.54 (m, 1H), 4.38 (dt, J = 9.0, 2.0 Hz, 1H), 4.04 (dd, J = 9.0, 5.0 Hz, 1H), 3.96 (m, 1H), 

3.79 (m, 1H) ppm; 13C NMR (150 MHz, D2O):  160.9, 135.4, 135.4, 133.6, 133.5, 130.2, 

130.2, 70.9, 70.8, 70.8, 70.8, 67.8, 47.4, 47.4, 47.3, 47.3 ppm. NMR spectra are identical 

as in previously reported literature.276 

tert-Butyl (R)-2-((Z)-2-((R)-2-oxooxazolidin-4-yl)vinyl)pyrrolidine-1-carboxy-

late (68a): To a −78 °C cooled solution of oxazolidinone 47 (191 mg, 0.39 mmol) in 

anhydrous tetrahydrofuran (3.9 ml) was added 1 M lithium bis(trimethylsilyl)amide in 

tetrahydrofuran (0.74 ml, 0.74 mmol) dropwise over a period of five minutes, and the 

reaction mixture was allowed to stir for one hour, resulting in a yellow-orange solution of 

ylide. Following that, a solution of aldehyde 40c (70 mg, 0.35 mmol) in tetrahydrofuran 

(3.9 ml) was added dropwise into the −78 °C reaction mixture, stirred for 10 minutes, and 

then allowed to warm to room temperature. The reaction was quenched using saturated 

ammonium chloride solution (5 ml) and the tetrahydrofuran was removed under reduced 

pressure. The residue was partitioned between dichloromethane (50 ml) and water (50 

ml) and separated, and the aqueous layer was extracted with dichloromethane (50 ml). 

The combined organic layers were dried using Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was subjected to purification using flash column 

silica gel chromatography (hexane/ethyl acetate = 90/10 to ethyl acetate only) to yield the 

desired material (27.7 mg, 28%). Rf = 0.65 (ethyl acetate only). 1H NMR (600 MHz, CDCl3) 

  6.36 (s, 1H), 5.49 – 5.37 (m, 2H), 4.92 (q, J = 7.7 Hz, 1H), 4.52 (t, J = 8.4 Hz, 1H), 4.08 

– 4.03 (m, 1H), 3.35 (td, J = 10.1, 8.9, 6.0 Hz, 2H), 2.05 (ddt, J = 12.5, 9.2, 7.4 Hz, 1H), 

1.94 (dp, J = 15.6, 7.8 Hz, 1H), 1.91 – 1.82 (m, 1H), 1.68 – 1.62 (m, 1H), 1.43 (s, 9H) ppm; 

13C NMR (150 MHz, CDCl3)  158.9, 154.3, 134.4, 128.5, 79.9, 69.9, 53.1, 48.9, 46.5, 

31.5, 28.5, 24.0 ppm. HRMS (m/z): [M+H]+ calculated for C14H23N2O4: 283.1652; found: 

282.1646. 

tert-Butyl (2S,3S)-3-(methoxymethoxy)-2-((Z)-2-((R)-2-oxooxazolidin-4-yl)-

vinyl)pyrrolidine-1-carboxylate (68b): To a −78 °C cooled solution of oxazolidinone 47 

(88 mg, 0.179 mmol) in anhydrous tetrahydrofuran (1.8 ml) was added 1 M lithium 
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bis(trimethylsilyl)amide in tetrahydrofuran (0.34 ml, 0.34 mmol) dropwise over a period of 

five minutes, and the reaction mixture was allowed to stir for one hour, resulting in a yellow-

orange solution of ylide. Following that, a solution of aldehyde 40b (42 mg, 0.161 mmol) 

in tetrahydrofuran (1 ml) was added dropwise into the −78 °C reaction mixture, stirred for 

10 minutes, and then allowed to warm to room temperature. The reaction was quenched 

using saturated ammonium chloride solution (5 ml) and the tetrahydrofuran was removed 

under reduced pressure. The residue was partitioned between dichloromethane (50 ml) 

and water (50 ml) and separated, and the aqueous layer was extracted with 

dichloromethane (50 ml). The combined organic layers were dried using Na2SO4, filtered, 

and concentrated under reduced pressure. The crude product was subjected to 

purification using flash column silica gel chromatography (hexane/ethyl acetate = 90/10 to 

ethyl acetate only) to yield the desired material (18.7 mg, 34%). Rf = 0.51 (ethyl acetate 

only).  1H NMR (600 MHz, CDCl3)  6.33 (s, 1H), 5.65 (t, J = 9.9 Hz, 1H), 5.59 (t, J = 10.6 

Hz, 1H), 4.90 (q, J = 8.0 Hz, 1H), 4.67 (dd, J = 10.2, 6.9 Hz, 1H), 4.64 (d, J = 6.8 Hz, 1H), 

4.58 (d, J = 6.8 Hz, 1H), 4.24 – 4.17 (m, 1H), 4.11 – 4.06 (m, 1H), 3.45 (ddd, J = 11.9, 8.4, 

3.4 Hz, 1H), 3.39 – 3.30 (m, 1H), 3.31 (s, 3H), 2.20 – 2.12 (m, 1H), 2.02 (ddd, J = 18.4, 

8.7, 3.4 Hz, 1H), 1.43 (s, 9H) ppm; 13C NMR (150 MHz, CDCl3)  158.9, 154.2, 130.7, 

130.0, 96.3, 80.3, 76.7, 69.8, 55.8, 54.9, 48.9, 43.4, 29.7, 28.4 ppm. HRMS (m/z): [M+H]+ 

calculated for C16H27N2O6: 343.1864; found: 343.1858. 

tert-Butyl (R)-2-((R,Z)-3-amino-4-hydroxybut-1-en-1-yl)pyrrolidine-1-carbo-

xylate (69a): To a stirred solution of oxazolidinone 48a (50 mg, 0.177 mmol) in 

ethanol/water (1:1, 10 ml) was added lithium hydroxide (85 mg, 3.54 mmol). The reaction 

mixture was stirred at 80 °C for four hours or until complete consumption of starting 

material as judged by thin layer chromatography. The solvent was removed under reduced 

pressure and the resulting crude product was subjected to purification using flash column 

silica gel chromatography (methanol/dichloromethane = 10/90) to yield the desired 

material (28 mg, 62%). Rf = 0.25 (methanol/dichloromethane = 10/90).  1H NMR (400 MHz, 

CDCl3)  5.66 (t, J = 10.5 Hz, 1H), 5.45 (t, J = 10.2 Hz, 1H), 4.61 – 4.52 (m, 1H), 4.30 – 

4.23 (m, 1H), 3.68 (dd, J = 11.5, 4.4 Hz, 1H), 3.64 – 3.51 (m, 1H), 3.39 (td, J = 7.3, 3.7 

Hz, 2H), 3.28 (p, J = 1.6 Hz, 1H), 2.20 – 2.06 (m, 1H), 1.97 (dt, J = 14.5, 7.2 Hz, 1H), 1.66 

(dddd, J = 12.2, 6.6, 5.4, 4.0 Hz, 1H), 1.43 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3)  

156.5, 138.4, 124.5, 81.6, 63.2, 55.3, 50.7, 47.9, 32.9, 28.7, 25.0, 24.1 ppm. HRMS (m/z): 

[M+H]+ calculated for C13H25N2O3: 257.1860; found: 257.1830.  
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tert-Butyl (R)-2-((R,Z)-3-(3-ethylthioureido)-4-hydroxybut-1-en-1-yl)pyrroli-

dine-1-carboxylate (70a): To a stirred solution of amino alcohol 69a (28 mg, 0.109 mmol) 

in methanol (1.1 ml) was added sodium carbonate (35 mg, 0.328 mmol) and ethyl 

isothiocyanate (14 µl, 0.164 mmol). The reaction mixture was stirred for overnight or until 

complete consumption of starting material as judged by thin layer chromatography. The 

sodium carbonate was filtered off and the solvent was removed under reduced pressure. 

The resulting crude product was subjected to purification using flash column silica gel 

chromatography (ethyl acetate) to yield the desired material (16 mg, 42%). Rf = 0.13 

(hexane/ethyl acetate = 50/50). 1H NMR (600 MHz, CDCl3)  5.47 (t, J = 10.7 Hz, 1H), 

5.31 (s, 1H), 4.49 – 4.34 (m, 1H), 3.73 (t, J = 9.5 Hz, 1H), 3.67 – 3.53 (m, 2H), 3.41 (t, J = 

7.8 Hz, 1H), 3.35 (dt, J = 11.4, 6.9 Hz, 2H), 2.12 – 2.03 (m, 1H), 1.92 (dt, J = 13.5, 6.8 Hz, 

1H), 1.84 (dd, J = 13.0, 6.6 Hz, 1H), 1.63 (dd, J = 13.1, 6.2 Hz, 1H), 1.44 (s, 9H), 1.19 (td, 

J = 7.3, 1.9 Hz, 3H) ppm; 13C NMR (150 MHz, CDCl3)  154.9, 134.8, 127.3, 79.9, 64.4, 

60.8, 53.6, 46.9, 40.4, 37.6, 32.2, 28.6, 28.4, 24.2, 14.8, 14.6 ppm. HRMS (m/z): [M+H]+ 

calculated for C16H30N3O3S: 344.2002; found: 344.2010.  

tert-Butyl (R)-2-((Z)-2-((R)-2-(ethylamino)-4,5-dihydrooxazol-4-yl)vinyl)pyro-

lidine-1-carboxylate (71a): To a stirred solution of thiourea 70a (12 mg, 35 µmol) in 

tetrahydrofuran (0.4 ml) was added iodomethane (3.3 µl, 50 µmol). The reaction mixture 

was stirred overnight or until complete consumption of starting material as judged by thin 

layer chromatography. The solvent was evaporated under reduced pressure and the 

resulting crude product was subjected to purification using flash column silica gel 

chromatography (methanol/dichloromethane = 3/97) to yield the desired material (5 mg, 

42%) as white solid. Rf = 0.43 (methanol/dichloromethane = 10/90). 1H NMR (600 MHz, 

CDCl3)  5.54 (q, J = 8.1 Hz, 1H), 5.47 – 5.39 (m, 1H), 4.82 (t, J = 8.4 Hz, 1H), 4.47 – 4.40 

(m, 1H), 4.32 (s, 1H), 3.45 – 3.32 (m, 4H), 1.96 – 1.82 (m, 2H), 1.80 – 1.68 (m, 2H), 1.63 

(dt, J = 11.8, 5.9 Hz, 1H), 1.46 (s, 9H), 1.27 (t, J = 7.4 Hz, 3H) ppm; 13C NMR (150 MHz, 

CDCl3)  160.4, 155.2, 137.1, 136.2, 125.7, 125.7, 81.2, 80.3, 75.1, 74.8, 54.2, 53.6, 52.6, 

51.3, 46.9, 46.5, 38.1, 37.6, 31.6, 31.5, 29.7, 28.6, 28.4, 28.4, 24.1, 23.9, 14.7, 13.9 ppm; 

HRMS (m/z): [M+H]+ calculated for C16H28N3O3: 310.2125; found: 310.2170.  

(S)-2-Amino-3-((tert-butyldimethylsilyl)oxy)propan-1-ol (76): To a stirred 

solution of tert-butyl (S)-(1-((tert-butyldimethylsilyl)oxy)-3-hydroxypropan-2-yl)carbamate 

75 (50 mg, 0.16 mmol) in chloroform (1.6 ml) was added trimethylsilyl iodide (27 µl, 0.192 
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mmol). The reaction mixture was stirred until complete consumption of starting material 

as judged by thin layer chromatography. The solvent was removed under reduced 

pressure and the resulting crude product was subjected to purification using flash column 

silica gel chromatography (hexane/ethyl acetate = 90/10 to methanol/dichloromethane = 

20/80) to yield the desired material (24.3 mg, 74%). Rf = 0.1 (ethyl acetate only).  1H NMR 

(600 MHz, CDCl3)  4.03 – 3.93 (m, 3H), 3.90 – 3.81 (m, 2H), 0.92 (s, 9H), 0.14 (s, 3H), 

0.14 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  60.3, 59.4, 55.5, 28.6, 26.2, −4.9, −5.1 

ppm. HRMS (m/z): [M+H]+ calculated for C9H24NO2Si: 206.1571; found: 206.1588. 

(S)-1-(1-((tert-Butyldimethylsilyl)oxy)-3-hydroxypropan-2-yl)-3-ethylthiourea 

(77): To a stirred solution of amino alcohol 76 (74 mg, 0.36 mmol) in ethanol (3.6 ml) was 

added ethyl isothiocyanate (47 µl, 0.54 mmol) and sodium carbonate (115 mg, 1.08 mmol). 

The reaction mixture was stirred until complete consumption of starting material as judged 

by thin layer chromatography. The reaction mixture was diluted with ethyl acetate (30 ml) 

and washed with brine (30 ml). The organic layer was dried using Na2SO4, filtered, and 

concentrated under reduced pressure. The crude product was subjected to purification 

using flash column silica gel chromatography (methanol/dichloromethane = 10/90) to yield 

the desired material (74.8 mg, 71%). Rf = 0.46 (methanol/dichloromethane = 1:9). 1H NMR 

(600 MHz, CDCl3)  4.44 (s, 1H), 4.07 – 3.90 (m, 2H), 3.87 (d, J = 9.7 Hz, 1H), 3.77 (dd, 

J = 11.1, 4.5 Hz, 1H), 3.57 – 3.16 (m, 1H), 1.24 (t, J = 7.2 Hz, 3H), 0.89 (s, 9H), 0.09 (s, 

3H), 0.08 (s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  64.6, 64.4, 56.3, 29.8, 25.9, 18.3, 

−5.4, −5.4 ppm. HRMS (m/z): [M+H]+ calculated C12H29N2O2SSi: 293.1714; found: 

293.1708.   

(S)-4-(((tert-Butyldimethylsilyl)oxy)methyl)-N-ethyl-4,5-dihydrooxazol-2-

amine (78): To a stirred solution of thioester 77 (45 mg, 0.154 mmol) in tetrahydrofuran 

(1.5 ml) was added methyl iodide (14 µl, 0.231 mmol). Upon completion of the reaction as 

judged by thin layer chromatography, the reaction mixture was diluted with ethyl acetate 

(30 ml) and washed with brine (30 ml). The organic layer was dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude product was subjected to 

purification using flash column silica gel chromatography (methanol/dichloromethane = 

1:9) to give a yellow solid (24 mg, 0.093 mmol, 60%). Rf = 0.2 (methanol/dichloromethane 

= 1:9). 1H NMR (600 MHz, CDCl3)  4.74 (t, J = 8.6 Hz, 1H), 4.69 (dd, J = 8.6, 4.5 Hz, 1H), 

4.34 (dd, J = 8.4, 4.2 Hz, 1H), 3.78 (dd, J = 11.2, 3.6 Hz, 1H), 3.69 (dd, J = 11.1, 2.8 Hz, 
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1H), 3.37 (q, J = 7.3, 6.9 Hz, 2H), 1.28 (t, J = 7.3 Hz, 3H), 0.87 (s, 9H), 0.11 (s, 3H), 0.09 

(s, 3H) ppm; 13C NMR (150 MHz, CDCl3)  162.5, 72.7, 63.0, 56.9, 37.9, 29.8, 25.8, 14.7, 

−5.1, −5.4 ppm. HRMS (m/z): [M+H]+ calculated for C12H27N2O2Si: 259.1836; found: 

259.1837. 
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Appendix A 

Supporting information for Chapter 2 
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Supplemental figure: 1H NMR of compound 15. 



189 

 

Supplemental figure: 13C NMR of compound 15.  

 

 



190 

Supplemental figure: 1H NMR of compound 16. 
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Supplemental figure: 13C NMR of compound 16. 
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Supplemental figure: 1H NMR of compound 17. 
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Supplemental figure: 13C NMR of compound 17. 
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Supplemental figure: 1H NMR of compound 18. 
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Supplemental figure: 13C NMR of compound 18. 
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Supplemental figure: 1H NMR of compound 19. 
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Supplemental figure: 13C NMR of compound 19. 
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Supplemental figure: 31P NMR of compound 19. 
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Supplemental figure: 1H NMR of compound 20.  
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Supplemental figure: 13C NMR of compound 20. 
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Supplemental figure: 31P NMR of compound 20. 
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Supplemental figure: 1H NMR of compound 11. 
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Supplemental figure: 13C NMR of compound 11.  
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Supplemental figure: 31P NMR of compound 11. 
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Supplemental figure: NOESY NMR of compound 11. 
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Supplemental figure: 1H NMR of compound 10. 
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Supplemental figure: 13C NMR of compound 10. 
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Supplemental figure: 31P NMR of compound 10. 
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Supplemental figure: 1H NMR of compound 1. 
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Supplemental figure: 13C NMR of compound 1. 
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Supplemental figure: 31P NMR of compound 1. 
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Supplemental figure: 1H NMR of compound 2.  
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Supplemental figure: 1H NMR of compound 3.  
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Supplemental figure: 13C NMR of compound 3. 
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Supplemental figure: 31P NMR of compound 3. 
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Supplemental figure: 1H NMR of compound 4. 
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Supplemental figure: 13C NMR of compound 4. 
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Supplemental figure: 31P NMR of compound 4. 
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Supporting Information for Chapter 3 
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Figure B1. Morrison Ki plots for compounds 19a-c.  

19a: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 M; 19b: [hOGA] = 20 nM, [4MU-

GlcNAc] = 200 M; 19c: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 M.  
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Figures B2.  Morrison Ki plots for compounds 26a-e and 36.  

26a: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 M; 26b: [hOGA] = 20 nM, [4MU-

GlcNAc] = 200 M; 26c: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 M; 26d: [hOGA] 

= 20 nM, [4MU-GlcNAc] = 200 M; 26e: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 

M; 36: [hOGA] = 20 nM, [4MU-GlcNAc] = 200 M.  
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Supplemental Figure: Morrison Ki plots for compounds 42a-f. 
42a [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 20 µM, Km = 15 µM; 42b: 

[hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42c [hOGA] = 0.2 nM, 

[Resorufin-GlcNAc] = 15 M; 42d [hOGA] = 0.2 nM, [Resorufin-GlcNAc] 

= 15 M; 42e [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42f [hOGA] 

= 0.2 nM, [Resorufin-GlcNAc] = 15 M.  
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Supplemental Figure:  Morrison Ki plots for compounds 42g-l. 

42g [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42h: [hOGA] = 0.2 

nM, [Resorufin-GlcNAc] = 15 M; 42i [hOGA] = 0.2 nM, [Resorufin-

GlcNAc] = M; 42j [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42k 

[hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42l [hOGA] = 0.2 nM, 

[Resorufin-GlcNAc] = 15 M.  
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Supplemental Figure:  Morrison Ki plots for compounds 42m-r.  

42m: [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 42n: [hOGA] = 0.2 

nM, [Resorufin-GlcNAc] = 15 M; 42o: [hOGA] = 0.2 nM, [Resorufin-

GlcNAc] = 15 M; 42p: [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M; 

42q: [hOGA] = 0.2 nM, [Resorufin-GlcNAc] = 15 M. 42r: [hOGA] = 0.2 

nM, [Resorufin-GlcNAc] = 15 M. 
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Supplemental Figure: 1H NMR of compound 10. 
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Supplemental Figure: 1H NMR of compound 11. 
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Supplemental Figure: 13C NMR of compound 11. 
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Supplemental Figure: 1H NMR of compound 12. 



229 

 

Supplemental Figure: 13C NMR of compound 12.  
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Supplemental Figure: 1H NMR of compound 13. 
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Supplemental Figure: 1H NMR of compound 14. 
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Supplemental Figure: 13C NMR of compound 14.  
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Supplemental Figure: 1H NMR of compound 16. 
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Supplemental Figure: 13C NMR of compound 16.  
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Supplemental Figure: 1H NMR of compound 17. 
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Supplemental Figure: 13C NMR of compound 17.  
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Supplementa Figure: 1H NMR of compound 18a. 
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Supplemental Figure: 13C NMR of compound 18a.  
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Supplemental Figure: 1H NMR of compound 18b.  
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Supplemental Figure: 13C NMR of compound 18b.  
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Supplemental Figure: 1H NMR of compound 18c. 
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Supplemental Figure: 13C NMR of compound 18c.  
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Supplemental Figure: 1H NMR of compound 19a.  
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Supplemental Figure: 13C NMR of compound 19a.  
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Supplemental Figure: 1H NMR of compound 19b. 
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Supplemental Figure: 13C NMR of compound 19b.  
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Supplemental Figure 1H NMR of compound 19c. 
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Supplemental Figure 13C NMR of compound 19c.  
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Supplemental Figure: 1H NMR of compound 20a.  
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Supplemental Figure: 1H NMR of compound 20b.  
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Supplemental Figure: 1H NMR of compound 20c. 
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Supplemental Figure: 1H NMR of compound 21a.  
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Supplemental Figure: 13C NMR of compound 21a. 
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Supplemental Figure: 1H NMR of compound 21b.  
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Supplemental Figure: 13C NMR of compound 21b. 
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Supplemental Figure: 1H NMR of compound 21c.  
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Supplemental Figure: 1H NMR of compound 24a. 
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Supplemental Figure: 13C NMR of compound 24a.  
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Supplemental Figure: 1H NMR of compound 24b.  
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Supplemental Figure: 13C NMR of compound 24b. 
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Supplemental Figure: 1H NMR of compound 24c.  
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Supplemental Figure: 13C NMR of compound 24c.  
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Supplemental Figure: 1H NMR of compound 25a. 
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Supplemental Figure: 13C NMR of compound 25a.  
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Supplemental Figure: 1H NMR of compound 25b. 
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Supplemental Figure: 1H NMR of compound 25c.  
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Supplemental Figure: 13C NMR of compound 25c.  
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Supplemental Figure: 1H NMR of compound 26a.  
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Supplemental Figure: 13C NMR of compound 26a. 
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Supplemental Figure 1H NMR of compound 26b.  
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Supplemental Figure 13C NMR of compound 26b. 
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Supplemental Figure: 1H NMR of compound 26c.  
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Supplemental Figure: 13C NMR of compound 26c. 
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Supplemental Figure: 1H NMR of compound 26d.  
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Supplemental Figure: 13C NMR of compound 26d.  
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Supplemental Figure: 1H NMR of compound 26e. 
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Supplemental Figure: 13C NMR of compound 26e. 
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Supplemental Figure: 1H NMR of compound 28.  
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Supplemental Figure: 1H NMR of compound 29.  
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Supplemental Figure: 1H NMR of compound 30. 
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Supplemental Figure: 1H NMR of compound 31.  

 

 

 

 

 

 

 

 

 



282 

Supplemental Figure: 1H NMR of compound 32. 
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Supplemental Figure: 1H NMR of compound 33.  
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Supplemental Figure: 1H NMR of compound 34. 
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Supplemental Figure: 1H NMR of compound 35a.  
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Supplemental Figure: 13C NMR of compound 35a. 
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Supplemental Figure: 1H NMR of compound 35b. 
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Supplemental Figure: 13C NMR of compound 35b. 
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Supplemental Figure: 1H NMR of compound 35c.  
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Supplemental Figure: 13C NMR of compound 35c. 
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Supplemental Figure: 1H NMR of compound 38. 
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Supplemental Figure: 13C NMR of compound 38.  
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Supplemental Figure: 1H NMR of compound 39. 
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Supplemental Figure: 13C NMR of compound 39.  
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Supplemental Figure: 1H NMR of compound 40. 
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Supplemental Figure: 13C NMR of compound 40.  
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Supplemental Figure: 1H NMR of compound 41. 
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Supplemental Figure: 13C NMR of compound 41. 
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Supplemental Figure: 1H NMR of compound 23c. 
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Supplemental Figure: 13C NMR of compound 23c. 
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Supplemental Figure: 1H NMR of compound 42a. 
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Supplemental Figure: 13C NMR of compound 42a. 
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Supplemental Figure: 1H NMR of compound 42b.  
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Supplemental Figure: 13C NMR of compound 42b.  
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Supplemental Figure: 1H NMR of compound 42c. 
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Supplemental Figure: 19F NMR of compound 42c. 
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Supplemental Figure: 1H NMR of compound 42d. 
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Supplemental Figure: 13C NMR of compound 42d.  
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Supplemental Figure: 1H NMR of compound 42e. 
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Supplemental Figure: 13C NMR of compound 42e. 
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Supplemental Figure: 1H NMR of compound 42f. 
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Supplemental Figure: 13C NMR of compound 42f.  
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Supplemental Figure: 1H NMR of compound 42g. 
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Supplemental Figure: 13C NMR of compound 42g. 
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Supplemental Figure: 1H NMR of compound 42h.  
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Supplemental Figure: 13C NMR of compound 42h. 



317 

 

Supplemental Figure: 1H NMR of compound 42i.  
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Supplemental Figure: 13C NMR of compound 42i.  
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Supplemental Figure: 1H NMR of compound 42j.  
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Supplemental Figure: 13C NMR of compound 42j. 
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Supplemental Figure: 1H NMR of compound 42k. 
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Supplemental Figure: 13C NMR of compound 42k. 
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Supplemental Figure: 1H NMR of compound 42l. 
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Supplemental Figure: 13C NMR of compound 42l. 
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Supplemental Figure: 1H NMR of compound 42m.  
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Supplemental Figure: 13C NMR of compound 42m. 
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Supplemental Figure: 1H NMR of compound 42n.  
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Supplemental Figure: 13C NMR of compound 42n. 
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Supplemental Figure: 1H NMR of compound 42o.  
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Supplemental Figure: 13C NMR of compound 42o. 
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Supplemental Figure: 1H NMR of compound 42p. 
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Supplemental Figure: 13C NMR of compound 42p. 
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Supplemental Figure: 1H NMR of compound 42q. 
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Supplemental Figure: 13C NMR of compound 42q. 
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Supplemental Figure: 1H NMR of compound 42r. 
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Supplemental Figure: 13C NMR of compound 42r. 
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Supplemental Figure: Inhibition plots A: compound 43a; B: compound 43b; C: compound 44; D: 
compound 43c. 
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Supplemental Figure: 1H NMR of compound 20.  
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Supplemental figure: 13C NMR of compound 20.  
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Supplemental Figure: 1H NMR of compound 26. 
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Supplemental Figure: 1H NMR of compound 27. 
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Supplemental Figure: 13C NMR of compound 27. 
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Supplemental Figure: 1H NMR of compound 28.  
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Supplemental Figure: 13C NMR of compound 28.  
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Supplemental Figure: 1H NMR of compound 29. 
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Supplemental Figure: 13C NMR of compound 29.  
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Supplemental Figure: 1H NMR of compound 30.  
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Supplemental Figure: 13C NMR of compound 30.  
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Supplemental Figure: 1H NMR of compound 13.  
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Supplemental Figure: 13C NMR of compound 15.  
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Supplemental Figure: 1H NMR of compound 13.  
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Supplemental Figure: 13C NMR of compound 13.  
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Supplemental Figure: 1H NMR of compound 31a. 
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Supplemental Figure: 13C NMR of compound 31a. 
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Supplemental Figure: 1H NMR of compound 31b.  
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Supplemental Figure: 13C NMR of compound 31b.  

 

 



358 

Supplemental Figure: 1H NMR of compound 14. 
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Supplemental Figure: 1H NMR of compound 14.  
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Supplemental Figure: 1H NMR of compound 35.  
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Supplemental Figure: 13C NMR of compound 35.  
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Supplemental Figure: 1H NMR of compound 36.  
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Supplemental Figure: 13C NMR of compound 36.  
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Supplemental Figure: 1H NMR of compound 37. 
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Supplemental Figure: 1H NMR of compound 38a.  
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Supplemental Figure: 13C NMR of compound 38a.  
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Supplemental Figure: 1H NMR of compound 39a.  
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Supplemental Figure: 13C NMR of compound 39a.  
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Supplemental Figure: 1H NMR of compound 40a.  
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Supplemental Figure: 13C NMR of compound 40a.  
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Supplemental Figure: 1H NMR of compound 41a.  
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Supplemental Figure: 13C NMR of compound 41a. 
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Supplemental Figure: 1H NMR of compound 38b. 
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Supplemental Figure: 13C NMR of compound 38b.  
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Supplemental Figure: 1H NMR of compound 39b.  
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Supplemental Figure: 13C NMR of compound 39b.  
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Supplemental Figure: 1H NMR of compound 40b.  
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Supplemental Figure: 13C NMR of compound 40b.  

 



379 

Supplemental Figure: 1H NMR of compound 41b. 
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Supplemental Figure: 13C NMR of compound 41b.  
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Supplemental Figure: 1H NMR of compound 42. 
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Supplemental Figure: 13C NMR of compound 42.  
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Supplemental Figure: 1H NMR of diastereomer 43a.  
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Supplemental Figure: 13C NMR of diastereomer 43a.  

 

 

 

 

 

 

 

 

 



385 

 

Supplemental Figure: 1H NMR of diastereomer 43b.  
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Supplemental Figure: 13C NMR of diastereomer 43b.  

 

 

 

 



387 

 

Supplemental Figure: 1H NMR of compound 41d.  
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Supplemental Figure: 13C NMR of compound 41d.  
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Supplemental Figure: 1H NMR of compound 43c.  
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Supplemental Figure: 13C NMR of compound 43c.  
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Supplemental Figure: 1H NMR of compound 40c.  

 

 



392 

Supplemental Figure: 1H NMR of compound 41c. 



393 

 

Supplemental Figure: 13C NMR of compound 41c.  
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Supplemental Figure: 1H NMR of compound 66. 
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Supplemental Figure: 13C NMR of compound 66. 
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Supplemental Figure: 1H NMR of compound 67.  
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Supplemental Figure: 13C NMR of compound 67.  
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Supplemental Figure: 1H NMR of compound 47.  

 



399 

Supplemental Figure: 13C NMR of compound 47. 
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Supplemental Figure: 1H NMR of compound 68a.  
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Supplemental Figure: 13C NMR of compound 68a.  
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Supplemental Figure: 1H NMR of compound 68b.  
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Supplemental Figure: 13C NMR of compound 68b.  
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Supplemental Figure: 1H NMR of compound 69a.  
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Supplemental Figure: 13C NMR of compound 69b.  
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Supplemental Figure: 1H NMR of compound 70a.  
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Supplemental Figure: 13C NMR of compound 70a.  
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Supplemental Figure: 1H NMR of compound 71a.  
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Supplemental Figure: 13C NMR of compound 71a.  
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Supplemental Figure: 1H NMR of compound 76.  
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Supplemental Figure: 13C NMR of compound 76.  
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Supplemental Figure: 1H NMR of compound 77.  
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Supplemental Figure: 13C NMR of compound 77.  
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Supplemental Figure: 1H NMR of compound 78.  
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Supplemental Figure: 13C NMR of compound 78. 




