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On fait la science avec des faits comme une maison avec des pierres;  

mais une accumulation de faits n'est pas plus une science  

qu'un tas de pierres n'est une maison. 

 

Science is built up of facts, as a house is built of stones; 

but an accumulation of facts is no more a science 

 than a heap of stones is a house. 

 

Henri Poincaré, La Science et l’Hypothèse, 1905 
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Abstract 

In the field of drug design and development, medicinal chemists use a variety 

of tools to quickly generate a series of hit compounds controlling a specific 

biological target and culminating in a lead compound. Process chemists seek 

efficient methods to synthesize the lead compounds provided by the medicinal 

chemists and using readily available and inexpensive starting materials, shortcuts 

and simpler routes. With this in mind, we aimed to design, develop and apply 

chemical tools to generate hit compounds, but also developing new simpler 

methods to make pharmaceutically relevant compounds. In this context, this thesis 

has two goals. In the first part, we focused on the enzyme prolyl oligopeptidase, 

reviewing its involvement in neurological disorders, such as Alzheimer’s disease, 

and the efforts of several researchers to synthesize potent, selective inhibitors 

resembling the natural substrates of this enzyme. We proposed another method, 

using small pseudopeptidic and peptidomimetic inhibitors as chemical tools to 

better understand the shape, size and electronics of inhibitors and generate a more 

potent, selective prolyl oligopeptidase inhibitor. From our series of compounds, 

we discovered a few potent and highly selective, covalent inhibitors, one of them 

pseudo-peptidic (IC50 = 3-7 nM) and the other peptidomimetic (IC50 = 20-700 

nM). In the second part of this thesis, with the goal of being able to exploit sugars 

in medicinal chemistry, we first reviewed the methods that exist to 

regioselectively functionalize the various hydroxyls of hexopyranosides. We 

compiled these methods into a table which chemists could consult when they are 

seeking to perform a specific reaction on a specific sugar. We then proposed to 

use a hydrogen bond accepting protecting group which can direct subsequent 

reactions to specific sites on sugars in an effort to reduce the number of protection 

and deprotection steps. We applied this protecting-directing group and developed 

methods to regio- and stereoselectively glycosylate sugars (> 80% yield of one 

regioisomer), one of the most challenging and complex reactions in the field of 

carbohydrate chemistry. 
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Résumé 

Lors de la conception d’un nouveau principe actif, les chimistes médicinaux 

disposent d’un grand nombre d’outils leur permettant de générer rapidement une 

série de composés ayant une action spécifique. L’optimisation du procédé 

chimique requiert l’utilisation et le développement de méthodes toujours plus 

simples, rapides et peu couteuses. Ainsi, nous avons souhaité concevoir et utiliser 

quelques outils chimiques permettant de résoudre certains de ces problèmes. Cette 

thèse présente des outils spécifiques à la chimie médicinale et la chimie des 

procédés. Dans un premier temps, nous nous sommes intéressés à une enzyme : la 

prolyl oligopeptidase. Nous avons tout d’abord répertorié un grand nombre de 

données, quant à son implication dans certains troubles neurologiques (ex. : 

maladie d’Alzheimer), ainsi que de nombreux programmes de recherche visant le 

développement de nouveaux inhibiteurs conçus à partir de la structure du substrat 

naturel. Dans l’optique de mieux comprendre l’environnement chimique du site 

de liaison de l’enzyme et concevoir notre propre inhibiteur sélectif, nous avons 

synthétisé et testé une série de composés pseudo-peptidiques et 

peptidomimétiques. Lors de cette étude, nous avons identifié deux inhibiteurs 

covalents, actifs et sélectifs : l’un pseudo-peptidique (IC50 = 3-7 nM), l’autre 

peptidomimétique (IC50 = 20-700 nM). Dans la deuxième partie de cette thèse, 

nous avons rapporté les méthodes déjà existantes permettant une 

fonctionnalisation régioselective des différents groupements alcools des 

hexopyranosidases afin de rendre plus accessible l’utilisation des sucres en chimie 

médicinale. La compilation de cette recherche bibliographique dans une table 

permettra aux chimistes de facilement sélectionner la méthode la plus adéquate. 

Afin de réduire le nombre d’étapes (protections et déprotections) associées à la 

chimie des sucres, nous avons appliqué le groupement protecteur-directeur 

développé précédemment dans notre laboratoire à une des plus complexes 

reactions de la chimie des sucres, obtenant ainsi une méthode de glycosylation 

directe, régio- et stéréosélective (> 80% rendement pour un seul isomère). 
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Thesis outline 

As medicinal chemists, we often take clues from Nature when designing drugs. 

For example, in structure-based drug design, medicinal chemists design scaffold-

based drugs to control (either activating or blocking) a specific, biologically-

relevant target, knowing the three-dimensional structure of their target. In ligand-

based drug design, new scaffolds are contrived from known inhibitors or 

substrates of the target. Applying this strategy, medicinal chemists targeting the 

enzyme prolyl oligopeptidase (POP) have been designing novel inhibitors. In 

Chapter 1, we will review the potential role of the enzyme POP in a variety of 

neurological disorders, as well as the inhibitors that medicinal chemists have 

designed and assayed thus far to validate POP as a therapeutic target. From our 

review, we proposed a pharmacophore which medicinal chemists could use to 

design novel, more selective and potent POP inhibitors. We also noted that there 

are several enzymes which have very similar substrate specificity and act 

similarly to POP, an issue that is largely ignored when researchers design POP 

inhibitors. In Chapter 2, we designed and synthesized a series of pseudopeptidic 

and constrained, bicyclic potential inhibitors, having specific three-dimensional 

shapes and sizes. These compounds were conceived in order to better understand 

the geometric constraints of a selective and potent drug to target POP in 

organisms expressing multiple enzymes with very similar functions. 

In addition to amino acids, Nature also possesses a library of carbohydrates to 

build up complex structures with very specific and diverse shapes and sizes. 

Inspired by Nature, a few medicinal chemists aim to utilize and incorporate 

simple carbohydrate building blocks as scaffolds. In fact, these seemingly simple 

scaffolds allow researchers to access a wide variety of shapes and sizes, offering 

more diversity than any other commonly used starting material, such as amino 

acids. Yet, considering the potential of carbohydrate-based drugs, few embark on 

incorporating them into their scaffold design as these seemingly simple building 

blocks are, synthetically, quite complex to use because they offer a number of 

similar functional groups. More research needs to be done before medicinal 
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chemists can truly exploit the possibilities that carbohydrate-based drug design 

could offer. Chemists need easy, efficient, non-toxic methods to incorporate 

carbohydrates into their synthetic routes. Thus, in the second part of this thesis, 

starting with Chapter 3, we will review the available methods to selectively 

functionalize and glycosylate sugars, finding that researchers have developed a 

few methods, either taking advantage of the innate reactivity of the hydroxyls of 

carbohydrates to functionalize carbohydrates, incorporating diverse additives and 

catalysts into their methods, or pre-functionalizing the substrate prior to 

performing the reactions of interest. From this study, we found that most methods 

were inefficient, only applicable to a specific substrate or using reagents that 

could never be used in a medicinal chemistry setting (based on toxicity and cost). 

Following this review, in Chapter 4 and Chapter 5, we will offer details on our 

method to selectively functionalize carbohydrates, in which we selectively protect 

the most easily accessed position of a carbohydrate (the primary hydroxyl) with a 

group that can actually modify and manipulate the accessibility and reactivity of 

the other hydroxyls of the substrate. In these chapters, we will demonstrate that 

this protecting group can actually be applied to the most complex of reactions in 

carbohydrate chemistry: the glycosylation reaction. We applied our simpler, 

protecting group strategy to regio- and stereo-selectively glycosylate a 

carbohydrate to produce a single disaccharide in yields greater than 80%, which is 

higher than any reported methods for this reaction. 

In the final chapter, Chapter 6, we briefly summarize the results and 

contributions to knowledge of this thesis. 
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Chapter 1  Inhibitors of prolyl oligopeptidases for the 
therapy of human diseases: Defining diseases and 
inhibitors 
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1.1  Abstract 

Within the last 10 years, brain-cell-expressed prolyl oligopeptidases (POPs) 

have been linked to a number of neurological disorders while microorganism-

derived POPs have been associated with the infectious potential of pathogens. The 

selective inhibition of POPs over other peptide-cleaving enzymes became a 

promising strategy for the treatment of a variety of human disorders, including 

Chagas disease. POPs cleave proline-containing peptides and neuropeptides on 

the carboxy-side of internal proline residues. However, their wide distribution in 

most organs and cells, as well as the number of other prolyl peptidases, represent 

a formidable challenge for achieving selective inhibition. Herein, we will review 

the biological roles of POPs and discuss the various strategies for designing and 

synthesizing inhibitors and the results of these strategies, while also considering 

how selectivity is achieved. The research highlighted herein will facilitate, if not 

guide future designs of therapeutics towards POPs. 

1.2  Introduction 

The activity and lifetime of proteins or peptides in living organisms are highly 

dependent on their processing by proteolytic enzymes also known as proteases. 

Proteases perform different tasks including post-translational modifications of 

proteins (e.g., cleavage of inactive zymogens to the corresponding active 

enzymes), regulation of peptide functions and digestion of proteins into smaller 

peptides. Some proteases, the exopeptidases, can only cleave a few amino acids 

off the C-terminal or N-terminal ends of proteins, while others, the 

endopeptidases, can hydrolyze internal peptide bonds. Most proteases are highly 

specific and can only process a limited number of substrates with defined amino 

acid sequences. Similarly, some substrates are only processed by a very small 

number of proteases. For instance, many biologically active peptides are protected 

from general proteolytic degradation by evolutionarily conserved prolines.
1,2

 

Proline residues impose conformational constraints and kinks in the secondary 

structure and folding of peptides or proteins,
3
 which in turn require very specific 
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enzymes to process them. In fact, only a few proteolytic enzymes, referred to as 

proline-specific proteases, can accommodate the particular shape of proline-

containing peptides in their active site and cleave off the amino acid chain 

adjacent to proline residues. Among these enzymes, prolyl oligopeptidase (POP, 

EC 3.4.21.26) is a post-proline-endopeptidase, cleaving peptides on the carboxy-

side of proline residues located in the core of peptide chains. 

Over the last two decades, researchers have linked abnormal mammalian POP 

activity to neurological disorders. To better understand and treat these different 

diseases and to minimize toxicity and side effects, inhibitors of POP must be 

potent and also selective for the target enzyme. Given the many seemingly similar 

enzymes grouped under proline-specific proteases, we aim to first highlight the 

similarities and differences between a few of the enzymes of this family. In a 

subsequent part of this perspective article, we will focus on one proline-specific 

peptidase, POP, and discuss the structure-activity relationship of inhibitors 

developed as potential therapeutic drugs treating neurological disorders. 

Furthermore, we will discuss two possible pharmacophores, one encompassing 

features to achieve selectivity for POP over other proline-specific proteases, and 

another one ranking features to improve inhibitor potency. We believe that the 

data collected within this review will guide the future development of novel, 

selective POP inhibitors as more effective candidate drugs (CDs). 

This perspective article focuses on a selection of reports that illustrate our 

discussion on POP inhibitors and their inhibitory potency and selectivity. In no 

way do we claim to detail an exhaustive review of all the literature in this domain. 

However, most of the key articles and inhibitors are covered and are 

representative of the literature and patents as of today. Männistö and co-workers 

recently reviewed several POP inhibitors evaluated in preclinical animal models, 

which will only be mentioned when appropriate.
4 
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1.3  Proline-specific exo- and endopeptidases 

1.3.1 Proline-specific peptidases 

Researchers have found proline-specific proteases and peptidases in bacteria, 

protozoa, plants and animals, including mammals. Despite close similarities 

between proline-specific peptidases in these different organisms (most of them 

belong to the serine-protease class of enzymes), these enzymes do not seem to 

share similar functions. For example, mammalian proline-specific peptidases can 

easily process small peptides (such as small peptide hormones), but can only 

cleave larger proteins once proteases have processed them into smaller fragments, 

whereas proline-specific proteases from microorganisms can digest larger 

substrates.
5-7

 The expression of proline-specific proteases and peptidases in 

almost all living organisms suggests that they play major roles in regulating 

biological functions via the processing of critical biologically active peptides. 

1.3.2 Proline-specific exopeptidases: the family of Pro-

aminodipeptidases, CD26/DPPIV and FAP-/seprase 

Dipeptidyl peptidase IV (DPPIV/CD26, EC 3.4.14.5) is a dimeric type II 

integral membrane glycoprotein (Mol. Wt. 220 kDa), mainly expressed by 

epithelia. DPPIV is a strict exopeptidase which releases X-Pro (or X-Ala) 

dipeptide from the free N-terminus of peptides. DPPIV is itself a target of great 

therapeutic interest and inhibitors of DPPIV are clinically used for the treatment 

of type 2 diabetes.
8
 Clearly, selectivity for POP over DPPIV is critical for the 

development of POP inhibitors as drugs. 

Fibroblast activation protein- (FAP-/seprase)
9
 is a dimeric type II integral 

membrane prolyl dipeptidase with a molecular weight and an enzymatic activity 

comparable to DPPIV, but also displaying endoproteolytic gelatinase and 

collagenase activities
8,10-16

 comparable to POP. However, FAP-α/seprase may 

respond differently to some inhibitors developed against POP.
17

 FAP-/seprase is 

a cell surface antigen of reactive fibroblasts in cancer, such as melanoma or 
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sarcoma,
1
 found at remodeling stroma, in tumors and healing wounds,

18
 and in 

serum.
17

 In fact, Santos and co-workers recently found that they could reduce 

tumor sizes in mice by inhibiting FAP-/seprase, demonstrating that FAP is a 

potential therapeutic target.
19

 The DPPIV family of proline-specific exopeptidases 

will not be reviewed in detail here since many recent reviews have been 

published.
20,21 

Prolyl oligopeptidases have received different names such as post-proline 

cleaving enzyme (PPCE)
22,23

 and proline endopeptidase (PEP)
24,25

 before they 

were named prolyl oligopeptidases. The POP enzyme family evolved before the 

archae, prokaryota and eukaryota and was highly conserved during evolution 

(Figure 1.1). In mammals, prolyl oligopeptidase (POP) (EC 3.4.21.26) is a post-

proline-endopeptidase of 80 kDa, which belongs to the S9a subfamily.
1,2,12,26-28

 

Mammalian POP is widely expressed, and most highly in the brain.
26

 Proline-

specific endoproteases are also widely distributed in plants, bacteria and fungi. 

POP may be secreted and is involved in the invasive properties of parasites.
29 

Proline-specific serine proteases, including POP, exhibit similarities in their 

catalytic behaviour: preference for proline in the substrate’s P1-position, similar 

rate constants, and a mechanism of substrate-assisted catalysis, which means that 

the interaction between enzyme and substrate promotes conformational changes 

in the substrate, a productive binding resulting in hydrolysis of the prolyl-bond.
30

 

Given these similarities, selective POP inhibition over other proline-specific exo- 

and endopeptidases remains a challenge. 
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Figure 1.1 Alignment of the primary POP sequences from various species (bovine, 
pig, mouse, rat, human, chicken). The residues in direct contact with the bound 
inhibitor 1 (see below) are highlighted in red. 
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1.4  POP and other proline-specific peptidases as 

potential therapeutic targets 

1.4.1 POP as a therapeutic target 

Researchers have shown that POP participates in several aspects and functions 

of the central nervous system (CNS), including learning, memory, mood, 

hypertension, eating, and in some neurodegenerative diseases such as Alzheimer’s 

and Parkinson’s diseases. Subsequently, POP has been identified as a potential 

target in cognitive function, memory and neurodegenerative disorders such as 

amnesia, Alzheimer’s disease and depression (detailed reviews in references 31-

33). As a result, researchers have designed inhibitors targeting POP for its role in 

neurological diseases. Although correlations and straightforward conclusions 

were not always obvious, preclinical studies suggested an interest mainly for 

memory and learning disorders compared to other disorders. We have found little 

information on the potential of such molecules in infectious, oncological or 

inflammatory disorders, and their possible therapeutic role in these diseases will 

not be discussed here. 

1.4.2 POP and protein aggregation 

In vitro, POP inhibitors suppressed the production of -amyloid in cells.
34

 

However, POP activity may be responsible for generating -amyloid, but this 

activity is inhibitor- or cell-dependent,
35

 suggesting either that several proteases 

with comparable specificity are acting or that the enzymes are located in different 

cell compartments. In vivo, POP inhibitors have been mainly evaluated in animal 

models of Alzheimer’s disease (models such as the brain of aged mouse or aged 

rat and transgenic mice expressing human amyloid precursor protein, APP), 

generally improving the deteriorated cognitive and memory functions, as well as 

decreasing the amyloid deposition.
36-41

 Although seemingly linked with 

Alzheimer’s disease, POP was not found to be associated with activated glial cells 

in amyloid plaques in the brains of people with the disease.
37

 In addition, 
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conflicting results have been reported in the literature. For example, Kohsaka and 

Nakajima showed that the POP inhibitors 1-2 (JTP-4819
34

) or 1-3 (Y-29794
38

) 

(Figure 1.3) abolished the formation of -amyloid.
34,38

 Others demonstrated that 

POP inhibitors had no effect on -amyloid levels in certain cell types, indicating 

that other proteases are involved or that the enzymes producing the -amyloid 

peptides, as well as the -amyloid precursor, were located in different cell 

compartments than the -amyloid peptides.
35

 Researchers noted, through 

immunostaining, that POP and amyloid -peptide were co-localized in the brain 

of age-accelerated mice,
42

 although POP activity seems to be associated with 

neuronal damage rather than with -amyloid accumulation.
43

 In this latter report, 

only POP-like activity was determined, without precise characterization of the 

exact enzyme. 
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Figure 1.2 Selected POP inhibitors. 

Fragments of several other intracellular proteins of the CNS, that are also 

known to aggregate, are potential substrates for POP,
44

 suggesting that POP 

inhibitors may have an effect on neurodegenerative disorders, slowing the 

aggregation of a number of proteins. In vitro recombinant POP accelerated the 

aggregation of -synuclein,
45

 a protein found in the Lewy body in the brains of 

people suffering from Parkinson’s disease. The presence of POP caused -

synuclein to aggregate, without truncating -synuclein. Interestingly, when POP 

inhibitors were added (for example, 1-1 and 1-4 (UAMC 00021
45

)), -synuclein 

aggregation was reversed. Whereas -synuclein is not a substrate for POP, POP 
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can hydrolyze fragments of -synuclein at the Pro138-Asp139 bonds,
44

 

suggesting cooperation between several proteases. 

1.4.3 Role of POP in the central nervous system (CNS) 

Männistö demonstrated that POP and/or POP-like activity is distributed 

throughout the CNS of humans and rats,
46,47

 possibly indicating a role for POP in 

motor functions, and also at the cellular level in protein processing and 

secretion.
37,48

 Männistö co-localized POP with components of the inositol-

phosphate pathways
46, 47

 and with several neuropeptides.
47,49

  

 

Table 1.1 Selected potential neuropeptide substrates of POP.32,50
 

Bioactive substrates of POP Peptide sequence References 

Angiotensin I         DRVYIHPFHL 52,54,55 

Bradykinin  

potentiating peptide 

       pGLUGGWPRPGPEIPP 56 

Bradykinin         RPPGFSPFR 52,57 

Luliberin (LHRH)      pEHWSYGLRPGNH
2
 54,58 

Melantropin    SYSMEHFRWGKPVNH
2
 59 

Neurotensin        pELYENKPRRPYIL 52,60 

Oxytocin         CYIQNCPLGNH
2
 52,61 

Substance P            RPKPQQFFGLM 52,55 

Thyroliberin            pEHPNH
2
 54,62,63 

Tuftsin             TKPR 59 

Vasopressin         CYFQNCPRG 55 

LHRH: leuteinizing hormone releasing hormone. 
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From these studies, the interaction of POP with the components of the inositol-

phosphate pathways has been postulated in neurological diseases. However, 

researchers have yet to confirm the exact mode-of-action and the peptide 

mediator(s) involved, postulating only that several neuropeptides may be 

involved.
32,50

 In fact, the actual neuropeptide substrates of POP remain uncertain, 

although the enzyme has the ability to hydrolyze several peptide hormones and 

neuropeptides in vitro (Table 1.1).
1,8,12,27,51-53

 

Neurons in the brain express POP, but the level of expression is different in 

various areas of the brain, and is age-dependent.
37

 POP is a synaptosomal 

membrane peptidase
27

 localized intracellularly,
48

 mainly in the perinuclear space, 

associated with the cytoskeletal tubulin in human neuroblastoma and glioma cells. 

POP inhibition does not change the intracellular localization of POP, nor its 

association with tubulin. Thus, association of POP with tubulin is independent of 

its peptidase activity. In glioma cells, antisense techniques or POP inhibition 

resulted in increased inositol 1,4,5-triphosphate concentrations with decreased 

POP activity, further supporting that POP is involved in this pathway. Substance 

P (one of the substrates of POP in vitro) may mediate this process, binding to its 

neurokinin-1 receptor and may modulate cellular pathways important in learning 

and memory function.
64

 Thus, the cellular localization of POP suggests functions, 

such as intracellular trafficking, sorting and secretion. 

1.4.4 POP inhibition in animal models 

POP inhibitors showed beneficial effects, reducing cognitive deficits in 

monkeys having Parkinson’s disease symptoms induced by the drug 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MTPT), killing neurons in specific regions of 

the brain.
65

 Morain hypothesized that the inhibitors reduced neuropeptide 

degradation.
40,41,66-68 

In animal models from preclinical studies, POP inhibitors could reverse age-

related or neurodegeneration-related memory loss. Alterations in the inositol 

pathway explain, at least in part, the effects of POP inhibitors for bipolar 
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disorders in experimental models. Synthetic POP inhibitors increase 

concentrations of some neuropeptides, which are potential substrates of POP, 

supporting the role of POP in some neurological disorders. POP-like activity 

decreased in brain extracts of animals treated with these inhibitors. We note that 

the preclinical and clinical evaluations of POP inhibitors suffer from several 

problems. The role of POP in the brain may go beyond neuropeptide processing, 

including regulating intracellular pathways, neuroprotection, perhaps even acting 

as an anti-apoptosis agent. In addition, most published information evaluated 

“POP-like” activity, without detailed characterization of the actual protease 

displaying the activity in order to confirm enzyme identity. Neuropeptides may 

have multiple hydrolysis sites and associated peptidases, in addition to a site for 

POP. 

1.4.5 Passage through the blood brain barrier (BBB) 

Researchers have reported many synthetic POP inhibitors, of which most are 

substrate-like short amino acid pseudopeptides which have little potential of 

crossing the BBB, a very unfavourable pharmacokinetics characteristic. In most 

preclinical studies, researchers evaluated the inhibition of POP-like activity in 

animal brain extracts after the animals were treated with POP inhibitors. 

However, in their published papers, researchers did not definitely prove the 

mechanism of a transport of POP inhibitors across the BBB. None measured the 

levels of the inhibitors in brain extracts, and more importantly, the distribution of 

the inhibitors between the brain compartments, in particular the brain vasculature 

forming the BBB, and the brain parenchyma. Some authors have used artificial 

membranes to evaluate permeability to membrane models, but this is still not 

representative of the BBB.
69,70 

The lone fact that these molecules have an effect on CNS pathologies does not 

prove that they were physically transported into the brain parenchyma: inhibitors 

may indirectly act in the blood, they may be trapped in the CNS vasculature 

where they exert their action, or they may in fact reach the brain parenchyma. 
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Techniques to study these possibilities are established but not easy to perform: 

using (mostly radioactive, but not always) inhibitors, animals are bled before their 

organs are removed, and the organs and the blood can be separately evaluated to 

determine whether the inhibitors are present (or absent) in each; to differentiate 

whether inhibitors are trapped either in the brain vasculature or the brain 

parenchyma, brain vessels are separated from brain parenchyma, and again, 

researchers can properly determine whether the inhibitors and enzyme are present 

(or absent) in the two compartments. To the best of our knowledge and according 

to the published papers, researchers have not systematically separated the organs 

from the blood, nor brain vessels from brain parenchyma, nor have they 

thoroughly characterized and analyzed the contents of each, therefore none have 

definitely proved inhibitor transport across the BBB. The vascular density of the 

brain is too high for researchers to perform autoradiography to localize 

radioactive molecules. Although fluorescent reporters could be attached to 

inhibitors, these fluorescent tags may alter their bio-disposition. 

In order for researchers to successfully develop efficient treatments for the 

diseases of the CNS, therapeutic agents must be transported across the specialized 

vascular system of the brain, the blood-brain barrier (BBB), a huge obstacle in the 

development of therapies of the CNS, preventing the brain from taking up most 

(>98%) small molecules and all large molecules using transvascular routes after 

the inhibitors are administered intravenously.
71

 The BBB is a system of vascular 

cellular structures mainly represented by tight junctions between endothelial cells, 

and an ensemble of enzymes, receptors, efflux pumps and transporter systems 

which all control and limit the access of molecules to the brain, either by para-

cellular or trans-cellular pathways. The presence of tight junctions between cells, 

precluding molecules of any size from diffusing para-cellularily, the lack of 

fenestrae and the low occurrence of pinocytic vesicles differentiate endothelial 

cells of the BBB from endothelial cells of the rest of the body. Numerous 

detoxifying enzymes as well as drug efflux systems such as the ATP-driven efflux 

pumps of the multidrug resistance (MDR) pathways can expel many hydrophilic 

as well as hydrophobic agents. Furthermore, a basement membrane of 
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perivascular cells and the astrocytes’ extended processes, the astrocyte end-feet 

which cover the vast majority of the abluminal surface of the BBB capillaries and 

which contact the endothelial cells, also help to seal the interstitial space of the 

brain from the circulating plasma. Therefore, all the structures forming the BBB 

constitute a diffusion barrier not only for large molecules, but also for small 

molecules. Also, under normal conditions, the lack of pinocytosis of endothelial 

cells of the BBB limits trans-cellular transport, which alone can move therapeutic 

agents across the BBB. 

The BBB is naturally breached in a few sites along the mid-line of the brain, 

known as the circumventricular organs. Here the capillaries are fenestrated, 

allowing relatively free exchange between the blood and the brain. Besides these 

few sites, the BBB is the bottleneck of the development of drugs for CNS 

diseases. Transport across the BBB requires transport across the luminal and 

abluminal membranes of the capillaries and the associated cells forming the BBB 

and across the basement membrane surrounding these cells. Whereas passive 

diffusion allows a few lipid-soluble molecules to pass freely from the blood to the 

interstitium of the brain, ionic solutes are unable to cross. And, even if the brain 

cerebral endothelium takes them up, these solutes will be trapped in the 

endothelium or efflux pumps will extrude them toward the blood. These ionic 

solutes will not reach the brain parenchyma. Therefore, most therapeutic drugs do 

not cross the BBB, unless invasive processes or chemical modifications of drugs 

with recognition and transcytosis ligands open the BBB (for a more detailed 

review see 71). Families of influx transporters expressed at the BBB include the 

carrier-mediated transporters of small molecules, the receptor-mediated 

transporters, or adsorptive-mediated endocytosis. However, the drugs must 

structurally resemble the normal transporter substrates in order to be recognized. 

A small molecule that is an inhibitor of POP, but also resembling a natural BBB 

transporter substrate would have to be designed in order for the POP inhibitor to 

cross the BBB in this way. 
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1.4.6 Clinical trials 

The role of proline-specific peptidase activity has been almost exclusively 

studied in preclinical models of neurological diseases and clinical data of POP 

inhibitors are scarce. Among the very few inhibitors investigated in humans, 1-5 

(S-17092
72

) and 1-2 are the most widely studied (and reported) POP inhibitors. 1-

2 was orally administered to young healthy male volunteers as a single daily dose, 

or three times per day, for one week.
73

 In this study, the plasma and urine 

concentration of 1-2 were determined; standard plasma assays were performed 

and the plasma level of several neuropeptides was quantified. Overall, researchers 

observed acceptable pharmacodynamics and pharmacokinetics profiles with the 

only abnormal finding being a transient elevation in plasma cholinesterase in the 

multiple-dose study. They observed no strong evidence of changes in plasma 

neuropeptide levels, whereas in a pre-clinical study in rats, the researchers noted 

brain neuropeptide levels increased in animals treated with 1-2.
40 

In another pre-clinical study, the Morain group found that, 60 min after oral 

administration of 1-5, POP-like activity was reduced in all brain regions whereas 

levels of substance P and -melanocyte-stimulating hormone increased.
68,72

 This 

study in rodents was followed by studies in humans. A short (1 week) human 

phase I exploratory trial with 1-5 (Figure 1.3) single and repeated doses, in 

healthy elderly volunteers showed that circulating POP-like activity was inhibited, 

but circulating levels of neuropeptides were not measured.
72,74

 The inhibitor was 

rapidly absorbed after oral administration (within one hour) and the inhibition of 

POP-like activity in the blood lasted from 0.5 h - 1 h (peak) to 12 h. However, the 

researchers did not characterize and identify the enzyme responsible for this POP-

like activity in the blood, therefore we cannot be sure that this decreased enzyme 

activity was due to POP inhibition and not inhibition of an enzyme with a similar 

function. The percentage of enzyme inhibition was not obviously different 

between doses, but the duration of inhibition was dose-dependent. The inhibitor 

was well tolerated and no abnormalities in standard laboratory parameters were 

detected. The Morain group used electroencephalography (EEG) to measure drug 
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penetration into the human brain, drug efficacy and the duration of the drug’s 

effects. Increased alpha band in quantitative EEG, as well as improved cognitive 

memory tests, were observed in the volunteers, but these effects were not-dose-

dependent. 

 

Figure 1.3 Selected POP inhibitors. 

1.5  POP structural information 

A number of crystal structures of POP either unbound (PDB codes: 1vz2,
30

 

1h2w
75

) or bound to various ligands (1h2y,
75

 1o6g
76

) have been reported, but the 

catalytic serine was mutated to alanine for many of these structures (1uoq,
77

 

1uoo,
77

 1h2z
75

). Two structures include 1-1 covalently bound to porcine POP 

 



 

Chapter 1 

 

− 19 − 

(1qfs
28

, Figure 1.4, porcine muscle POP, resolution 2.00 Å and 1h2y,
75

 porcine 

brain POP Y473F, resolution 1.78 Å) and another includes Cbz-Ala-prolinal 

covalently bound to microbial POP (2bkl,
78

 Myxococcus xanthus POP, resolution 

1.50 Å) resulting in information on the binding mode of covalent inhibitors. 

Structures of POP cocrystallized with non covalently bound inhibitors (3eq9) 

have been reported as well.
79 

 

Figure 1.4 Crystal structure of inhibitor 1-1 bound to porcine POP (left). Phe173, 
Cys255, Tyr473, Phe476, catalytic Ser554, Ile591, Trp595 and Arg643 are shown. 
Structure and affinities for POP from various species for inhibitor 1 (right). 

The crystal structure of purified porcine brain POP shows a cylindrical 

structure (60x50Å) consisting of an -peptidase domain, where the central 

tunnel of an unusual -propeller covers the catalytic triad (Ser554, His680 and 

Asp641).
28

 The crystal structure of POP in complex with the inhibitor Cbz-Pro-

prolinal
28

 suggests conformational changes, consistent with the observation that 

the rate-limiting step of catalysis involves a conformational change.
80

 In this early 

report, reagents (such as N-ethylmaleimide) react with an unpaired cysteine 

(Cys255) on the propeller domain of the enzyme, impairing important 

conformational changes and inhibiting the enzyme. Interestingly, when 

crystallized, the rigid seven-bladed propeller acts as a gate which appears to be 

too narrow to allow passage of the substrate, thus controlling the selectivity of the 

enzyme. In addition, the active site entry is narrower than the average diameter of 

most peptides and small proteins, thus preventing longer sequences from 

uncontrolled degradation. The lack of an apparent entrance for the substrate 
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further supports substantial conformational changes of POP prior to substrate 

binding, involving flexible regions of the protein. A small tunnel between the 

flexible N-terminal segment of the peptidase domain and the facing hydrophilic 

loop of the propeller domain was identified as a possible entry passage for the 

substrate. 

1.6  POP inhibition 

1.6.1 Proline-specific proteases 

Researchers have linked proline-specific protease activity with several human 

diseases, such as cancer, neurodegenerative or immunological/inflammatory 

disorders. Thus, modulating the activity of proline-specific proteases may be a 

relevant therapeutic approach. Substrates for proline-specific proteases include 

autocrine peptides (produced by the cells expressing the proteases) or paracrine 

peptides (produced by cells other than the cells expressing the proteases). 

Therefore, inhibitors may be developed for the inhibition of extracellular 

proteases, either secreted or whose catalytic site is inserted in the outer cell 

membrane, or for the inhibition of intracellular proteases. While drugs developed 

for inhibiting extracellular protease activity have been very successful, targeting 

intracellular proteases and evaluating inhibitors in intact cells has been much 

more difficult.
81

 

Since comparable proline-specific peptidase activities are found in many 

locations in and outside cells, the exact site, mode of action, and biological 

target(s) of these inhibitors cannot necessarily be attributed to inhibition of one 

enzyme. To avoid side-effects and toxicity of inhibitors, researchers must develop 

compounds that selectively inhibit proline-specific protease activity of one 

enzyme. 

1.6.2 Potent and selective inhibition 

With data suggesting that POP inhibitors can modulate memory and other 

neurological disorders, interest in mammalian POP and POP inhibitors increased. 
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To this end, hundreds of natural or synthetic compounds have been tested.
82

 Many 

of them are substrate analogs, of which 1-1, 1-2, 1-7 (ONO1603
39

), 1-6 (SUAM-

1221
36

) and 1-5, are the most studied. However, the reported inhibitors were 

evaluated on POP enzymes from several species, including microorganisms and 

mammals. For instance, testing 1-1 on Flavobacterium meningosepticum,
5
 as well 

as rabbit,
83

 mouse,
84

 and bovine origin
5
 revealed species-dependent Ki values 

(Figure 1.4). Therefore, comparing inhibitory potency of molecules between 

species is not recommended as a screening strategy, and published information 

must carefully address this. In this article, we will therefore focus our discussion 

on mammalian POP inhibitors. All the available biological data, and the species 

that this data applies to, is given. 

1.6.3 Inhibition of POP in human diseases 

The S1 site of POP typically accommodates a proline residue. However, POP 

sometimes can also accommodate an alanine residue, although the rate of 

hydrolysis at this residue is much lower than with proline. The S1’ site is typically 

occupied by a hydrophobic residue, located on the right side of the scissile bond 

(Figure 1.5), although arginine may also be at that location, as in neurotensin, a 

substrate of POP. 

 

Figure 1.5 Interaction sites (Sx) of POP active site with portions (Px) of substrate or 
inhibitor. 

As reviewed above, brain cell-expressed prolyl oligopeptidases (POPs) have 

been linked to a number of neurological disorders. The selective inhibition of 

POPs over other peptide-cleaving enzymes as a therapeutic approach has been 
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explored, mainly with the development of peptidic and pseudo-peptidic inhibitors, 

as well as a few non-peptidic molecules. To develop more potent and selective 

POP inhibitors, medicinal chemists need to better understand the key inhibitor 

sites for selectivity and potency. By highlighting and comparing the beneficial 

and detrimental changes to the sites of POP inhibitors, we will define an optimal 

pharmacophore of POP inhibitors. In this perspective article, we will develop this 

pharmacophore by grouping known-inhibitors according to their key sites (P3, P2, 

P1), in relation to mammalian POP. For the following sections of this article, we 

will review all structural changes to each of these key inhibitor sites (P3, P2, P1). 

When necessary, we will mention recent (from 2000 to present), relevant patents, 

since De Nanteuil, Portevin, and Lepagnol provided an extensive review of 

inhibitors patented prior to 1998.
82

 Furthermore, we have noted that many of the 

patented compounds closely resemble compounds previously published in 

journals. Among several examples, a series of compounds (structures not 

disclosed) very similar to 1-3 were patented as POP inhibitors  in 2009.
85 

1.7  Peptididic, pseudo-peptididic and peptidomimetic 

POP inhibitors 

From as early as 1983, with the discovery by the Wilk group that 1-1 

selectively inhibited POP from rabbit brain (Ki = 14 nM) over a number of other 

peptidases such as papain, trypsin and chymotrpysin,
83

 researchers have 

thoroughly investigated the effects of structural changes at P1, P2 and P3 of 

peptidic, pseudopeptidic and peptidomimetic inhibitors. Early efforts came from 

academia with groups in the US,
22,56,86

 Japan,
5,22,23,87-99

, Belgium,
100,101

 France,
102-

106
 Hungary,

79,107
 as well as from industrial research groups (e.g., Zeria 

Pharmaceuticals,
108,109

 Ajinomoto,
110

 Meiji Seika Kaisha,
111,112

 Japan 

Tobacco,
40,41,76,113-116

 Pfizer,
117

 and Servier
36,72

). Most of the research efforts, from 

academia and the pharmaceutical industry, focused on developing pseudo-

peptidic and peptidomimetic POP inhibitors. Recently, a group from Finland has 

further developed a number of pseudo-peptidic inhibitors,
118-128

 as did industrial 
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efforts from Genentech
129

 and GlaxoSmithKline.
130

 Interestingly, to our 

knowledge, all the reported inhibitors bind to the S3, S2, S1 sites of the catalytic 

site while only one (1-4)
45

 of these reported small molecule inhibitors may fill the 

S1’, S2’ and S3’ pockets of POP. 

1.7.1 Modification of P3 for optimal binding 

We selected inhibitors with representative variations at P3 and depicted them in 

Figure 1.6. Tight binding of inhibitors to POP often requires a hydrophobic group 

at P3 (e.g., Cbz group of 1-1) to interact with the hydrophobic S3 pocket lined 

with several nonpolar residues such as Phe173, Met235, Cys255, Ile591 and 

Ala594.
28

 In fact, most of the known substrates feature a polar or hydrophobic 

residue, but no charged residues at this position. When the Cbz group was 

replaced with a phenyl-acyl group of varying chain length (1-6
36,108,131

 Figure 

1.3), a chain length of 3 carbon atoms (phenylbutanoyl) was found to be optimal 

for low nanomolar inhibition of POP originating from various species. The 

obtained potency of 1-6 on bovine brain POP was comparable to the IC50 of 1-8 

having a shorter Cbz group at P3.
94

 Clearly, the substitution of an oxygen by two 

methylene groups is reasonable.
94,131

 When the floppy chain of 1-6 was 

constrained (1-9a-d),
109

 the observed IC50 on canine brain POP was improved (by 

one to two orders of magnitude). Further investigation of the P3 site with acyl and 

alkenyl groups of varying chain length led to the conclusion that octanoyl (1-10) 

was the longest acyl group that could be tolerated at P3 to favorably fill and 

interact with the S3 pocket of POP.
107

 Not only do longer alkyl chains lead to 

poor solubility, but probably also to steric clashes in the S3 pocket and large 

entropy penalties upon binding, resulting in less potent inhibitors.
107

 Although 

most of the reported investigations on P3 inhibitor-enzyme interaction 

recommend flexible linkers to properly fill the S3 site of POP and to avoid any 

detrimental clashes with the protein, long and rigid moieties have also been 

successfully introduced (1-11). However, additional changes to these molecules 

were also required to achieve potent inhibition, rendering their direct comparison 
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with other inhibitors difficult.
124

 Similarly, the large and bulky fluorescein tag 

was best tolerated at P3 if a five-carbon linker was employed although high 

nanomolar activities were still recorded with a single carbon.
125

 

The Toide group successfully replaced the oxygen of the Cbz group with a 

nitrogen (as in 1-2).
113,114

 This demonstrates that a hydrogen bond donor (1-2), a 

hydrogen bond acceptor (1-1) and a methylene group (1-6) are tolerated at 

position P3. 

Researchers also modified the phenyl of the Cbz group of 1-1. SAR data show 

that the phenyl ring could successfully be replaced with isosteric heterocycles (1-

12),
108

 large, more rigid groups such as 3-phenoxybenzoyl (1-13)
97

 or Fmoc (1-

14),
86

 non aromatic groups such as 3-cyclohexylpropionyl (1-15)
97

 and tert-butyl 

(1-16)
121

 and also with constrained (i.e., cyclized) moieties such as 

tetrahydronaphthylacetyl (1-9a-d) and indanoylacetyl (1-17a-b).
109

 Similarly, 

Portevin et al. successfully introduced (2-phenylcyclopropyl)carbonyl (1-18) as a 

rigidified version of 4-phenylbutanoyl, yielding an even more potent inhibitor 

(IC50 of 1.2 nM on POP from rat brain).
36

 More recently, Kanai et al. explored 

different highly rigid aromatic groups at P3, preparing phthalimido (1-19), 

quinoxalinone (1-20) and the bulkier hydantoinyl (1-21) derivatives,
79

 while Jarho 

et al. focused on pyridine (1-22), all with varying acyl chain lengths.
127

 The 

introduction of an ionizable group such as pyridine is expected to increase the 

water solubility of the otherwise hydrophobic phenyl rings. In fact, Jarho and co-

workers noted that the logP of the inhibitor dropped significantly while the 

inhibitor potency was maintaining (IC50 of 2.1 nM on POP from pig brain), when 

they substituted the phenyl ring by a pyridine ring.
127

 The introduction at P3 of 

diaminophosphinyl substituents has also been investigated as surrogates for the 

Cbz group of 1 and analogues.
132 

Although size (length, bulk, etc.) has been thoroughly investigated, only a 

few reports detail stereochemical requirements of the P3 subsite (1-17a,b).
95,109

 

These studies demonstrate that configuration does not have a major impact on 

potency (one order of magnitude for 1-17a vs. 1-17b). 



 

Chapter 1 

 

− 25 − 

 

Figure 1.6 P3 substitutions. 

1.7.2 Modification of P2 for optimal binding 

The S2 pocket of POP has no distinguishing feature that would entail substrate 

or inhibitor selectivity at this site, although a few residues (Asn534, Tyr453 and 
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Arg618) may be key as they are conserved in members of the POP family.
78

 A 

selection of inhibitors highlighting some interesting P2 modifications is given in 

Figure 1.7. In most cases, P2 was kept as a proline, a proline derivative or a 

proline mimic. In only a few examples, researchers investigated replacing the 

proline residue at P2 with other amino acid residues (such as valine in 1-

23).
6,133

The Yoshimoto group substituted the proline at P2 by thiazolidine-S-

oxide, increasing inhibitor potency.
94

 The potency further increased when 

thiazolidine was used (1-24).
93,94,108

 The combined data indicate that subtle 

changes either steric or electronic in nature affect the inhibitor binding.
93,94,100,107-

109
 A few groups searched for a suitable replacement of the P2 amino acid. A few 

groups have successfully replaced proline with some non-natural amino acids 

containing perhydroindole (1-18 and 1-5), azabicyclo[2.2.2]octane (1-25) and 

azabicyclo[2.2.1]heptane.
36

 Similarly, tetrahydroisoquinoline (1-26),
102-104

 

cyclohexyl (1-27)
117

 and indoline (1-28)
117

-based POP inhibitors were reported. 

Wallén et al. functionalized the proline at P2 with either methyl or tert-butyl at 

position 5 of the ring, testing both (R) and (S) configurations (1-29). Although the 

substitution did not lead to drastic increase or loss of potency, they found that the 

(R) stereochemistry was optimal.
121

 These results along with the results for 

compound 1-30
5
 clearly indicate that there is some unexplored space in the S2 

pocket of the POP binding site that could be filled to improve inhibitor binding. 

Wallén et al. later substituted a cyclopent-2-enecarbonyl (1-31) for the proline at 

P2, yielding inhibitors equipotent to 1-6, but also more lipophilic which could 

improve cell permeability.
123

 However, the cyclopent-2-enecarbonyl-unit of 1-31 

could act as a Michael acceptor to any nucleophilic species (with, for example, 

the thiol of a cysteine side-chain), forming a covalent bond upon binding and 

leading to undesired side effects. Very recently, researchers showed that 

substituting the γ-CH2 of proline with a γ-CF2-group (1-32) could enhance the 

inhibitory activity by adding an extra hydrogen-bond with the enzyme, but also by 

inducing a slight shift in the bound pose.
79

 The opening of the ring and the use of 

a succinic acid core led to the development of 7.
134 
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The carbonyl group between the two pyrrolidine rings of 1-1 has been shown 

to interact with the protein binding site (PDB code: 1h2y). In fact, removal of this 

oxygen led to a complete loss of potency (1-33).
94

 

The stereochemistry at P2 has also been investigated through a variety of 

inhibitor structures. The Arai group showed that the natural proline 

stereochemistry is crucial for optimal activity (1-34 vs. 1-24).
108

 Replacing the 

asymmetric carbon by a flat sp2 carbon or amide nitrogen also led to a significant 

loss of potency (1-31 vs. 1-35, 1-36).
123,128

 

To date, most of the modifications at P2 are designed to mimic the proline 

residue of 1-1 and significant changes should be made if we aim to develop more 

“drug-like” molecules. In this context, phenyl rings have been used 

successfully.
85,135

 In fact, a closer look at the natural substrates (Table 1.1) reveals 

that a number of other residues can be tolerated at this position and should guide 

the design of novel inhibitors. In addition, the activity of a series of Fmoc-

aminoacylpyrrolidine-2-nitriles such as 1-14 and 1-37 revealed that an alanine or 

a charged arginine residue can suitably replace the P2 proline of 1-1 with only a 

small loss of binding affinity.
86 
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Figure 1.7 P2 substitutions. 

1.7.3 Modification of P1 for optimal binding 

The S1 pocket is lined with several hydrophobic residues (Trp595, Phe476, 

Val644, Val580 and Tyr599) allowing the proline ring of its substrate to fit tightly 

and stack with the indole ring of Trp595, and rendering POP very specific for 

substrates having residues that can tightly fit within this pocket.
28

 A selection of 

P1 modifications are given in Figure 1.8. The chemical nature of the P1 

substituent governs whether the designed inhibitor will act covalently or non-

covalently. If P1 is a pyrrolidine, the inhibitor acts in a non-covalent fashion (for 
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example, 1-6). The pyrrolidine mimics the right-hand-side ring in 1-1. When 

comparing non-covalent inhibitors, compounds with a thiazolidine (1-38) at P1 

were found to be more potent than pyrrolidine- (1-8) thiazolidine S-oxide- (1-39) 

and oxazolidine- (1-40) containing compounds.
93,94,104

 Portevin et al. further 

explored non-reactive heterocycles at P1 finding comparable potency with 2- and 

3-pyrrolines (1-41, 1-42), pyrroles (1-43) and isoxazolidine (1-44).
36

 The amide 

bond was also converted into the thioxo amide bond (1-45) but with significant 

loss of potency.
105

 Addition of an oxygen to 1-6 led to 1-46 which demonstrated 

significantly lower potency. 

 

Figure 1.8 P1 substitutions. 

Once more, the structural modifications at P1 reported to date focused on 

proline mimics. However, as we can see from the structures of the substrates, POP 

is very selective for proline residues (alanine residues are tolerated but with a 

significant decrease in protease activity) and drastic changes at P1 are expected to 

correlate with a loss of inhibitory potency.
108

 In fact, the oxygen of the P1 ring in 

1-40 is most likely facing the catalytic serine oxygen (which reacts with the 

carbonyl in 1-1) leading to severe electrostatic repulsions. 
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1.7.4 P1’ substitution, covalent versus non-covalent inhibitor 

If the C-terminus at P1 ends with a reactive functional group, such as an 

aldehyde, hydroxyacetyl or nitrile, then the inhibitor will most likely covalently 

bind with the catalytic serine of the active site of the enzyme (Figure 1.9).
136

 

Researchers introduced phosphonate esters at P1 (structure not shown), which 

they claimed to induce a covalent bond with the active site serine, resulting in 

irreversible inhibition of the enzyme.
137

 The formation of a covalent bond has 

been hypothesized based on kinetic studies and further confirmed by X-ray 

crystallography of POP co-crystallized with 1-1 (Figure 1.4). Investigation of 

active-site specific, covalent inhibitors of POP can be traced back as early as 1977 

with chloromethyl ketone derivatives of a few dipeptides (Figure 1.9, 1-47)
22

 and 

then the discovery of 1-1 in 1983.
5,83

 Later, SAR studies confirmed that covalent 

inhibitors were more potent than non-covalent inhibitors (1-48 vs. 1-1
5,100

).
121,124

 

Extensive SAR has shown that aldehydes (1-49) could be replaced with α-keto 

heterocycles like in 1-50, with a concomitant increase in inhibitory 

potency.
106,111,112

 Other reactive groups, such as terminal boronates (1-51)
129

 and 

hydroxymethyl ketones (1-2),
116

 were also shown to inhibit POP with improved 

potency over the corresponding non covalently acting structures. Acetal 

derivatives of 1-1 and thiazolidine analogues were also prepared as exemplified 

by ZTTA (1-52)
138

 but were less potent, exhibiting high nanomolar inhibitory 

activity.
100

 Further studies showed that -ketoesters
111

 exhibited nanomolar 

inhibitory activity. 

Vendeville and co-workers closely examined the impact of a reactive group 

attached to 1-26 showing that aldehydes and nitriles can be advantageously 

replaced by -chloromethylketones and -hydroxymethylketones.
104

 However, 

kinetic studies of analogues of 1-11 revealed that the association and dissociation 

were faster for the nitrile derivative (KYP-2047, 1-53)
126

 than for the 

hydroxymethyl ketone and aldehyde.
122

 As a result, the half life of these covalent 

inhibitors was controlled by slow dissociation.
122 126

 Similar observations were 

made with 1-9, 1-54, 1-55.
109 
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Figure 1.9 Reactive functional groups. 

1.7.5 Non-peptidic POP inhibitors 

Thus far, very few non-peptidic POP inhibitors have been reported. From a 

library of traditional Chinese medicine, the natural product berberine (Figure 

1.10, 1-56) was identified as a weak POP inhibitor (IC50 found to be 145000 

nM).
139

 In particular, berberine was efficient for the treatment of patients with 

bipolar affective disorders as they present increased levels of POP activity in 

serum.
140

 Later on, further screening of plant extracts led to the discovery of 

Baicalin (1-57) from Scuttellaria baicalensis. Baicalin was found to act as a 

prodrug with the sugar moiety being hydrolyzed in the gut. Rat gut -

glucuronidase cleaves baicalin, releasing the active polyphenol portion (baicalein) 

which can potentially cross the blood brain barrier, and other biological barriers, 

according to parallel artificial membrane permeability assay data, and inhibit POP 

in the brain. Baicalin showed POP selectivity, exhibiting significantly less 

inhibition of DPPIV
70

 The major advantage of compounds like berberine and 

baicalin is that they have been used in humans for years without noticeable side 
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effects. This is a clear advantage over novel synthetic inhibitors with a priori 

unknown pharmacokinetic and toxicokinetic profiles. 

Inspired by the structure of berberine, isoquinolium derivatives, like 1-58, were 

prepared as potential POP inhibitors and other analgues (structures not disclosed) 

were patented as POP inhibitors in 2008.
140

 In addition to being POP inhibitors, 

these compounds also crossed parallel lipid artificial membranes.
69

 Very recently, 

Haffner chose to step away from peptidic POP inhibitors by constraining them 

into pyrrolidinyl pyridone and pyrazinone analogues. All the reported analogues 

exhibited nanomolar inhibitory potency for POP, and 1-59 could be co-

crystallized with the enzyme, showing the key interactions formed in the bound 

complex.
130

 To our knowledge 1-3 (Figure 1.3) is the only drug-like POP inhibitor 

that has been discovered by screening of a collection of molecules and not 

through rational design starting from 1-1.
135 

 

Figure 1.10 Examples of non-peptidic POP inhibitors. 

Compounds 1-4, 1-56 and 1-57 are structurally different from the other 

inhibitors described above. In fact, the authors do not give details on whether 

these bind to the active site of POP or an allosteric site. 
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1.7.6 Selectivity of POP inhibitors 

There are three levels of selectivity important in the design of POP inhibitors. 

The first is that the inhibitors are selective for POP over all other proteases and 

peptidases. Yoshimoto et al. verified that their covalent inhibitor (1-47) was 

selective for POP over other serine proteases like trypsin, chymotrypsin, elastase 

and papain, Figure 1.11).
22

 Secondly, the inhibitors must bind selectively to POP 

and must not bind to other enzymes cleaving peptides at sites adjacent to proline 

residues, such as dipeptidyl aminopeptidase 2 and IV (DPP2 and DPPIV), 

aminopeptidase P (APP), and others. For example, selectivity of 1-3 for POP over 

DPPIV, proline iminopeptidase, APP, prolidase and prolyl-carboxypeptidase was 

noted, although no explanation for this observation was given.
113

 Similarly, 

synthesized Fmoc-aminoacylpyrrolidine-2-nitriles (1-14) selectively inhibited 

POP over DPPIV (no DPPIV inhibition detected at 5 μM inhibitor), but no 

rationalization was given.
86

 Poor selectivity for FAP- and POP against DPPIV 

was achieved with synthesized boronate inhibitors (1-60, 1-61), but better 

selectivity for POP versus DPPIV with decreased FAP-α/seprase inhibitory 

activity as demonstrated by Wolf and co-workers.
129,141

 Lawandi et al. 

successfully developed a series of bicyclic scaffold-based inhibitors (like 1-62) to 

selectively inhibit POP activity over other proline-specific peptidase activity.
142

 

Finally, as for the third level of selectivity, inhibitors should be able to 

discriminate between POP from different species (not discussed here). 
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Figure 1.11 Selective POP inhibitors. 

1.7.7 Structure-based design of POP inhibitors 

The available structural information was further exploited to understand the 

ligand binding process. For instance, docking inhibitors to the crystal structure 

1qfs using GOLD in combination to CoMSIA analysis of the ligands shed light on 

the key interactions between the ligands and the protein binding site
124

 while 

docking inhibitors to the crystal structure 1h2w (porcine POP) with AutoDock 

provided hints on the binding of benzimidazolium derivatives.
69

 Using the linear 

interaction energy method (LIE),
143,144

 Kánai et al. have attempted to derive 

binding free energies from computations.
79

 Applied to six different ligands, this 

molecular dynamics-based method not only identified the weakest binder (no 

inhibition at 0.1 M) and the strongest binder within the set, but also predicted the 

IC50 within two orders of magnitude (binding free energies within 2.5 kcal). More 
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recently, Lawandi et al. have reported the successful development of novel, potent 

and selective inhibitors (1-62), guided by docking with the program FITTED which 

considers covalently bound inhibitors.
142 

1.8  Conclusions and prospects 

1.8.1 POP and POP-like inhibition 

Researchers focused on developing POP inhibitors because they hypothesized 

that compounds able to positively modulate the brain levels of neuropeptides 

which are important in cognitive process, neurodegeneration or in age-related 

cognitive decline, may be of clinical and therapeutic interest. Researchers have 

demonstrated some of these positive effects, in vivo, in preclinical animal models 

of these diseases of the CNS and in the few reported phase 1 clinical trials, none 

of the inhibitors showed any toxicological or safety problems. Toward this goal of 

treating diseases of the CNS, researchers have studied behavioral pharmacology 

in animals, evaluated enzyme inhibition, either in human or animal blood, and in 

animal brain extracts, and for some studies, researchers even quantified how POP 

inhibitors affected brain levels of neurotransmitters. Most studies extracted the 

whole brain from animals and then measured POP activity, without thoroughly 

characterizing the enzyme affected. Furthermore, in many cases of potentially 

effective POP inhibitors, no in vivo testing has been reported for their potential 

application in other diseases where in vitro cell models suggested a role for POP 

in infectious, oncological or inflammatory disorders. In this Perspective, we 

restricted our evaluation of their possible clinical interest to CNS disorders. 

Despite promising preclinical and clinical results, researchers have yet to 

evaluate POP inhibitors in large human clinical trials for memory disorders. 

Furthermore, several aspects of the physiology of POP and its inhibitors are 

missing and must be addressed before their therapeutic interests can be clearly 

evaluated: 

 Where is (are) the exact target enzyme(s) of POP inhibitors located? 

 Are these enzymes intracellular or extracellular? 
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 Which are the exact biological substrates of POP and POP-like 

enzymes? 

 Do these POP inhibitors pass the BBB? And, if yes, how? 

 Are these inhibitors trapped in the cerebral vasculature, where they may 

exert their effects? 

 What is the role and the impact of other POP-like activities in the 

evaluation of inhibitors in biological models? 

A number of biological processes and diseases are linked to POP and will most 

likely motivate more research on this enzyme towards the development of POP 

inhibitors. POP activity may lead to both quantitative and qualitative changes in 

the signaling potential of bioactive peptides and inhibitors of POP activity may be 

developed as valuable chemotherapeutic agents for neurological disorders. For 

instance, the use of 1-2 has shown promising applications for the treatment of 

sensorimotor dysfunctions caused by brain trauma.
145

 A combination of physical 

therapy with drug treatment with 1-2 induced enhanced functional recovery in rats 

with focal forebrain ischemia.
145

 However, the observed effects may originate 

from families of proline-specific enzymes having comparable activity, but having 

either related or unrelated sequence and structure homology. Researchers have yet 

to pinpoint the exact origin of the observed effects of these inhibitors. The 

published information on neurological diseases reviewed here suggests multiple 

targets for the inhibitors of the proline-specific proteases and peptidases. The 

effects of the reported inhibitors may result from an indirect effect regulating 

other pathways than the pathways initially targeted. 

Given the expression of these proline-specific enzymatic activities in most 

tissues, if not in most cells, an approach to consider for future development 

includes the preparation of pro-drugs, combining, for example, a POP inhibitor 

with a cell-targeting agent (for examples, see references 71, 146) in order to 

improve the delivery of these potential therapeutic agents to the cells to be treated. 

Both natural and synthetic compounds have been evaluated for their effects on 

proline-specific endoproteases. However, in most cases enzymes from different 

species, either from microorganisms or mammals, have been used to evaluate 
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many of the reported inhibitors. Translating inhibitor potentials measured on POP 

from one species to a different species must be done very carefully, knowing that 

differences exist between proline-specific endoproteases of different origin. 

Furthermore, the therapeutic potential of the known proline-specific endoprotease 

inhibitors and of future generations of inhibitors can only be exploited if we can 

develop an inhibitor exhibiting a high level of selectivity for a enzyme of one 

species. 

1.8.2 Selective and potent POP inhibitors 

In order to guide the design of novel selective inhibitors, we summarized the 

necessary SAR data in Figure 1.12, Figure 1.13 and Figure 1.14. We can combine 

the information from Figure 1.12 into a first pharmacophore (Figure 1.13) to 

develop inhibitors selective for POP over other proline-specific proteases 

including FAP-α/seprase, DPPIV, DPP8 and DPP9.
129,147,148 

 

Figure 1.12 General considerations to design inhibitors of either DPPIV, DPP8, 
DPP9, POP or FAP-α/seprase. 

 

Figure 1.13 Achieving selectivity for POP over DPPIV, DPP8, DPP9 and FAP-
α/seprase. 

We have also combined all the information from the structure-activity 

relationship data into a schematic representation of the functional/structural 

requirements of a peptidomimetic POP inhibitor that can be visualized and used 

for the design of future generations of potent, selective inhibitors. 
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Figure 1.14 Optimal pharmacophore for achieving potency for POP (top), key 
interactions between inhibitors and POP (bottom). 

Covalent inhibitors are more potent than the non-covalent inhibitors developed 

thus far, although subnanomolar non covalent inhibitors have been discovered (1-

20). This is not surprising given the trends in drug design towards incorporating 

covalent modifiers highlighted in a few recent reviews.
149,150 

Generally, there is a need to direct future drug design towards more drug-like, 

non-peptidic compounds. Very few studies on drug-like molecules have been 

reported. In fact, only 1-37, analogues of 1-37 and 1-3
135

 have been derived from 

a hit discovered by screening while most of the other inhibitors mimic 1-1. Given 

the availability of crystal structures,
28,76

 we were surprised to find that only a few 

potent POP inhibitors were developed using computational methods based on 

these structures. Drug-like candidates could be obtained by virtual screening for 

example, a strategy we are currently exploring in our laboratories. 
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Chapter 2 Constrained peptidomimetics reveal 
detailed geometric requirements of covalent prolyl 
oligopeptidase inhibitors 

We used the criteria generated from our review in Chapter 1 to design a series 

of pseudopeptidic and constrained, bicyclic potential inhibitors having specific 

three-dimensional shapes and sizes. These compounds were conceived in order to 

better understand the geometric constraints of a selective and potent drug to target 

POP in organisms expressing multiple enzymes with very similar functions. 

Herein we discuss the synthesis of this series and the results of the biological 

assays performed on this series. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter, aside from a few additions and corrections, is reproduced with 

permission from Lawandi, J.; Toumieux, S.; Seyer, V.; Campbell, P.; Thielges, S.; 

Juillerat-Jeanneret, L.; Moitessier, N. “Constrained peptidomimetics reveal 

detailed geometric requirements of covalent prolyl oligopeptidase inhibitors.” 

Journal of Medicinal Chemistry 2009, 52, 6672-6684. Copyright 2009 American 

Chemical Society.  



 

Chapter 2 

 

− 58 − 

2.1  Abstract 

Prolyl oligopeptidases cleave peptides on the carboxy side of internal proline 

residues and their inhibition has potential in the treatment of human brain 

disorders. Using our docking program FITTED, we have designed a series of 

constrained covalent inhibitors, built from a series of bicyclic scaffolds, to study 

the optimal shape required for these small molecules. These structures bear nitrile 

functional groups that we predicted to covalently bind to the catalytic serine of the 

enzyme. Synthesis and biological assays using human brain-derived astrocytic 

cells and endothelial cells and human fibroblasts revealed that these compounds 

act as selective inhibitors of prolyl oligopeptidase activity compared to prolyl-

dipeptidyl-aminopeptidase activity, are able to penetrate the cells and inhibit 

intracellular activities in intact living cells. This integrated computational and 

experimental study shed light on the binding mode of inhibitors in the enzyme 

active site and will guide the design of future drug-like molecules. 

2.2  Introduction 

Prolyl oligopeptidase (POP, EC 3.4.21.26) is a large (about 80 kDa), highly 

conserved and widely distributed prolyl-selective serine endoprotease. Unlike 

other serine proteases, prolyl oligopeptidase can accommodate proline residues 

(and less frequently alanine residues) in its active site, cleaving short peptides on 

the carboxy side of these residues.
1
 Over the last 15 years, abnormal POP activity, 

particularly in many regions of the brain,
2
 has been linked to a number of 

diseases.
3-5

 As a consequence, POP is believed to be a target for the treatment of 

neurodegenerative (e.g., Alzheimer’s disease) and psychiatric (e.g., bipolar 

disorder
6
) disorders. A number of POP inhibitors, including covalent inhibitors 

such as Cbz-Gly-prolinal (2-1), Cbz-Pro-prolinal (2-2)
7
 and JTP-4819 (2-3),

8, 9
 

and non covalent inhibitors (e.g., SUAM-1221 (2-4)
10

 and S-17092-1 (2-5)
11

) 

have been prepared and evaluated in various experimental models. Some of these 

POP inhibitors were found to improve memory and learning
12

 in animal models of 

brain disorders and to prevent amyloid-like depositions.
13-15

 A few of these 
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inhibitors also exhibited good pharmacokinetic and safety profiles and were able 

to penetrate the blood-brain barrier.
16

 However, none has yet reached advanced 

clinical trials, and drug candidates are yet to be developed. 

 

Figure 2.1 Selected POP inhibitors. 

Although many POP inhibitors have been reported, a better understanding of 

the geometric and electronic requirements for a potent and selective POP inhibitor 

is still necessary in order to design improved POP inhibitors. Our aim in this 

study was not only to achieve selective inhibition of POP activity over other 

prolyl-specific proteases but also to reveal the optimal shape, size and electronic 

requirement of a potent POP inhibitor. To reach these goals, we have exploited an 

approach integrating structures available from X-ray crystallography data, 

docking predictions, higher level computations (e.g., density functional theory, 

DFT) and chemical tools. We have combined and applied all of these techniques, 

also evaluating the inhibition of enzymatic activity, to reveal insight into binding 

and inhibition modes that each of them alone cannot predict. Using this strategy, 

we have designed a series of pseudo peptidic and peptidomimetic inhibitors, many 
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of which are built around bicyclic scaffolds. These scaffolds closely mimic the 

known prolyl oligopeptidase inhibitor Cbz-Pro-prolinal (2-1, Figure 2.1). 

We report herein docking predictions of a series of inhibitors into the active 

site of POP, followed by the synthesis and biological evaluation of the designed 

inhibitors in human cells. Of the entire series of compounds, one bicyclic scaffold 

exhibits high nanomolar inhibition of prolyl oligopeptidase activity and high 

selectivity over prolyl-dipeptidyl aminopeptidase activity in human brain 

astrocyte-derived cells, human brain-derived endothelial cells and human 

fibroblasts. Combining results from the computational modeling and biological 

evaluation, optimal inhibitor geometry is revealed. 

2.3  Results 

2.3.1 Computer-Aided Design of constrained inhibitors 

We combined structural knowledge from reported inhibitor structures, docking 

experiments and evaluation of synthetic feasibility to design a series of inhibitors. 

To date, no crystal structure for the human isoform of prolyl oligopeptidase has 

been reported. However, a structure of POP from porcine brain (PDB code: 

1h2y), which demonstrates 97% identity with the human form is available and can 

be used for docking experiments.
17

 

As illustrated in Figure 2.2, this ligand-based design led us to the selected 

scaffold-based inhibitors, designed to mimic Fmoc-Ala-pyrrolidine-2-carbonitrile 

(2-7), previously shown to be a non-competitive inhibitor selective for POP over 

DPP-IV,
18

 and Cbz-Gly-prolinal (2-1). Several pieces of evidence,
18

 including a 

crystal structure of Cbz-Pro-prolinal bound to POP
17

 indicate that both inhibitors 

2-1 and 2-7 are most likely reacting with the active site serine. For this work, we 

hypothesized that the designed inhibitors will also bind covalently to POP and 

covalent docking was carried out. 
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Figure 2.2 Pseudo peptidic inhibitors inspired from 2-1 and 2-7. 

We used the latest version of our docking program FITTED (version 2.6)
19-21

 to 

dock various covalent inhibitors, mainly built around rigid, bicyclic scaffolds. 

However, we first had to modify the program to perform covalent docking. With 

the novel implementations in the program, FITTED can now automatically identify 

reactive functional groups in the ligands (e.g., aldehydes, nitrile), and then dock 

these ligands, evaluating both the non-covalent and covalent binding modes 

simultaneously. As mentioned in the design section, we planned to develop 

constrained structures that would mimic pseudopeptidic inhibitors. The major 

interaction of these compounds is the covalent bond. However, the scoring of the 

binding of covalent inhibitors requires to consider the reactivity of the reactive 

group (i.e., nitrile or aldehyde) which can vary significantly from one compound 

to another, as shown by Bayly and co-workers on a set of nitrile derivatives.
22

 As 

the scoring of covalent bonds would require more advanced and much more time 

consuming techniques to be accurate, our strategy cannot rely on generated 

scores. Instead, we applied a strategy that verified that the docked poses 

maintained the covalent bond and at least 2 of the 3 major interactions observed 

with these pseudo peptides. We have successfully applied this strategy to the 

design of metalloenzyme inhibitors as the metal coordination is not well scored 

either.
23
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Typically, a docking program used in conjunction with a scoring function 

predicting the binding affinity of the docked ligand, gives high scores to good 

binders. However, none of the currently available scoring functions can handle 

covalent bonds formed upon docking. Thus, we visually inspected the docked 

poses, hypothesizing that if the bound pose retained the key interactions observed 

in the crystal structure, the docked ligand should be active. This assumption has 

been successfully exploited in other medicinal chemistry programs such as the 

development of nanomolar metalloprotease inhibitors.
23

 Compound 2-2 binds to 

POP through two hydrogen bonds with the side chains of an arginine (Arg643) 

and a tryptophan (Trp595), while the 5-membered ring proline ring sits on the 

aromatic ring of the Trp595 side chain. We predicted, using FITTED, that when 

bound to POP, the bicyclic structure 2-8b should retain the key interactions made 

by 2-2 (Figure 2.3). We therefore prioritized 2-8b for immediate synthesis. 

Synthetic routes enabling the synthesis of a small set of analogues of 2-8b, with 

different ring sizes and heteroatoms, were developed. By varying only a few 

atoms of the bicyclic scaffold, small changes in geometry and chemical properties 

were calculated. For example, DFT calculations were carried out on the analogous 

scaffolds 2-8b and 2-9b and revealed significant differences in the electronic 

distributions making the nitrile of 2-9b less reactive (DFT results not shown).  

In order to evaluate the impact of the conformational constraint of the bicyclic 

structures, we also designed and prepared a series of pseudo-peptides, closely 

resembling the bicyclic scaffolds, in order to compare the bioactivity of the 

flexible dipeptide to that of the corresponding rigid bicyclic scaffolds. From the 

docking study, we predicted that the five-membered proline ring of compounds 2-

11a and 2-12a,b sits on the aromatic side chain of Trp595. Our docking studies 

also indicated that this interaction should be disrupted when a six-membered ring 

(2-14) is introduced; a loss of potency is expected. We chose to also synthesize 2-

14 and test it to validate our docking predictions.  
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Figure 2.3 Docked designed covalent inhibitor (2-8b, green) overlaid with crystal 
structure of Cbz-Pro-prolinal (2-2, yellow). 

2.3.2 Chemistry 

Synthesis of the pseudopeptidic inhibitors.  

The series of pseudo-peptides, incorporating either a piperidine-2-carbonitrile 

or pyrrolidine-2-carbonitrile moiety, was synthesized as described in Scheme 2.1. 

To synthesize Cbz-Gly-L/D-pyrrolidine-2-carbonitrile (2-11a,b) and Cbz-L/D-Ala-

L-pyrrolidine-2-carbonitrile (2-12a,b), the pyrrolidine nitrile portions were 

prepared from L- and D-Pro methyl esters using previously reported procedures 

(see Experimental Section). Then, the nitrile derivatives were coupled to Cbz 

protected Ala and Gly residues. In parallel, we also prepared the racemic 

compound 2-14 from pipecolinic acid 2-13. The procedures used to prepare the 

pyrrolidine-2-carbonitriles were not as successful on pipecolinic acid 2-13. We 

therefore used slightly different methods to make 2-14 (listed in steps f-i of 

Scheme 2.1). 
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Scheme 2.1 Synthesis of the pseudopeptidic inhibitors. 

(a) Boc2O, Et3N, DMAP, CH2Cl2, 40%; (b) NH3 (aq) 28%, THF, 60˚C, 89%; (c) 
(CF3CO)2O, Et3N, THF, 0˚C, 74-83%; (d) CF3CO2H, CH2Cl2, 0˚C, 29-53%; (e) RCOOH 
(Cbz-Gly-OH or Cbz-Ala-OH or Cbz-D-Ala-OH), Et3N, HOBt, EDCI, CH2Cl2, 30-65%; (f) 
Boc2O, Et3N, 1,4-dioxane/H2O, 82%; (g) ClCO2Et, Et3N, THF, -15˚C then NH3 (aq) 
28%, rt, 83%; (h) (CF3CO)2O, Et3N, CH2Cl2, 0 ˚C, 52-68%; (i) HCl, 1,4-dioxane, 90%. 

Synthesis of the bicyclic scaffolds.  

Following the synthesis of the pseudo dipeptides, we synthesized the (5,5) 

fused scaffolds as enantiopure compounds or diastereomeric mixtures enriched in 

the diastereomer that we predicted to be most active from the docking and the 

initial results from the biological testing (Scheme 2.2).
24-28

 After protection of the 

amine and acid functions of allyl Gly rac-2-15,
29

 we oxidized the alkene to the 

corresponding aldehyde rac-2-16 in quantitative yields.
30

 Reaction of this 

aldehyde (rac-2-16) with L-Cys-OMe at room temperature, and then at 50˚C for 

several days in pyridine afforded the first two bicyclic structures 2-17a and 2-17b 

after careful chromatographic separation. Alternatively, we repeated this same 

procedure to prepare the desired bicyclic structures 2-17c and 2-17d as a 

separable 1:1 diastereomeric mixture. The same approach was applied to other 
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amino acids and we synthesized the scaffolds 2-18a and 2-18b from rac-2-16 and 

L-Ser-OMe and 2-19a and 2-19b from rac-2-16 and L-Thr-OMe.  

 

Scheme 2.2 Synthesis os the bicyclic scaffolds. 

(a) TMSCl, CH3OH, 0°C to R.T.; (b) CbzCl, Et3N, 0°C; (c) O3, CH2Cl2; then DMS (d) L-
Cys-OMe, pyridine, molecular sieves; then pyridine, 50°C, 4 days, 48% 2-17a,b 
(over 3 steps); (e) L-Ser-OMe, pyridine, molecular sieves; then pyridine, 50°C, 4 
days, 49% of 2-18a,b (over 3 steps); (f) (i) D-Cys-OH, pyridine, molecular sieves; 
then pyridine, 50°C, 4 days, (ii) TMSCHN2, CH2Cl2 33% of 2-17c,d (over 4 steps); (g) 
L-Thr-OMe, pyridine, molecular sieves; then pyridine, 50°C, 4 days, 35% of 2-19a,b 
(over 3 steps); (h) L-homo-Cys-OH, pyridine, 50°C, 4 days (i) TMSCHN2, CH2Cl2, 32% 
of rac-2-20 (over 4 steps). 

In order to probe the geometric requirement for optimal binding and to probe 

the computational predictions, the size of the right-hand 5-membered ring was 
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expanded to 2-20 as a mimic of 2-14. rac-2-20 was prepared following synthetic 

routes similar to the one used previously (Scheme 2.2). In contrast to the synthesis 

of the 5,5-bicyclic structures, none of the other possible diastereomers were 

isolated in a large enough amount to enable any further transformations. In 

addition, our docking studies predicted a distorted binding mode and further 

efforts to make the other isomers were deemed unnecessary. 

Two additional diastereomeric scaffolds (2-23a and 2-23b) were prepared from 

L- and D-Glu (2-21a,b) using a modified strategy reported by Subasinghe et al.
26

 

This strategy relies on the intermediate 2-22 which upon treatment with Cys 

afforded the desired structure in a single step (Scheme 2.3).Two additional 

diastereomeric scaffolds (2-23a and 2-23b) were prepared from L- and D-Glu (2-

21a,b) using a modified strategy reported by Subasinghe et al.
26

 This strategy 

relies on the intermediate 2-22 which upon treatment with Cys afforded the 

desired structure in a single step (Scheme 2.3). 

 

Scheme 2.3 Synthesis of the bicyclic scaffolds (part 2). 

(a) CbzCl, 4 N NaOH, 0°C to rt., 21h; (b) (CH2O)n, cat. pTsOH, toluene, reflux, 3h; (c) 
(COCl)2, cat. DMF, CH2Cl2, quant.; (d) LiAl[OtBu]3H, THF; (e) (i) L-CysOMe•HCl, 
pyridine, 24 h; (ii) 50°C, 3 days; (f) K2CO3, CH3OH, 6-8% over 6 steps. 

 



 

Chapter 2 

 

− 67 − 

Functionalization of the scaffolds to covalent inhibitors.  

The covalent functionality was added to each of the scaffolds once formed 

(Scheme 2.4).  

 

Scheme 2.4 Functionalization of the scaffolds to covalent inhibitors. 

(a) NH3, CH3OH, rt., quant.; (b) (CF3CO)2O, Et3N, THF, rt., 27-81%. 
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For this purpose, we converted each of the methyl esters into the corresponding 

amides, 2-24a through 2-28b, using ammonia
31

 which we then transformed into 

the corresponding nitriles with good to excellent yields by dehydration.
32

 

Confirming the stereochemistry of the various diastereomers.  

Given that 2-17a-d are reported in the literature,
25,33

 providing stereochemistry 

identified by NOE experiments, we compared NMR data from our purified 

compounds to the reported data. For all other bicyclic compounds, both COSY 

and NOESY experiments were performed to identify the isolated diastereomers 

(Figure 2.4). In addition, only one stereogenic center is made throughout the 

synthesis while the other two already appear in the starting amino acids. When 

racemic allyl glycine was used two stereogenic centers needed to be assigned. 

 

Figure 2.4 Selected NOE identifying the stereochemistry of the isolated 
compounds. 

To further confirm the stereochemistry of the scaffolds, we simply compared 

the 
1
H NMR spectra of the novel scaffolds to those of 2-8a-b (Figure 2.5).  
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Figure 2.5 Comparison of 
1
H NMR spectra, confirming stereochemistry of isolated 

dieastereomers. The peaks refer to the two hydrogen atoms on carbon # 5 (see 2-
8b in Figure 2.4). 
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2.3.3 Biological Evaluation 

Enzyme inhibition in cell extracts 

POP activity was measured using the fluorogenic substrate Z-Gly-Pro-AMC 

and prolyl-dipeptidyl-aminopeptidase (DPPIV) activity with the fluorogenic 

substrate Gly-Pro-AMC using the human brain astrocyte-derived LN18, LN229 

and LNZ308 glioblastoma cells, the human brain-derived HCEC endothelial cells 

and the human lung-derived PO03 and skin-derived PG98/5 fibroblasts. The 

initial inhibition screening experiments were performed using cell extracts, 

obtained by extracting cell layers in PBS-0.1% Triton X-100 to determine the 

potential of the developed inhibitors to inhibit total cellular enzyme activities 

(Table 2.1). All compounds were found to be very selective for POP activity over 

DPP IV activity in cell extracts. 
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Table 2.1. Inhibition of POP activity and DPP-IV endoprotease activity in cell extracts. 

 Z-Gly-Pro-AMC (POP activity)
a
 Gly-Pro-AMC (DPP IV activity)

a
 

Compound human astrocyte-

derived cells 
b
 

human brain-derived 

endothelial cells
c
 

human 

fibroblasts
d
 

human astrocyte-

derived cells 

human brain-derived 

endothelial cells 

human 

fibroblasts 

Z-Pro-NH2 + - + - - - 

Z-Pro-CN - + - - - - 

Boc-Pro-

CN 

- - - - - - 

Pro-CN - - - - - nd 

2-11a +++ +++ +++ - - - 

2-11b +++ +++ +++ - - - 

2-12a +++ +++ +++ - - - 

2-12b +++ +++ +++ - - - 

2-14 ++ + + - - - 

2-17a + - + - - - 

2-17b - - + - - - 
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2-24a - - - - - - 

2-24b - - - - - - 

2-8a + ++ + - - - 

2-8b +++ +++ +++ - - - 

2-8c + + - - - - 

2-8d + ++ + - - - 

2-9a,b - - + - - - 

2-29a,b + + - - - - 

rac-2-30 - - + - - - 

2-31a ++ ++ ++ - -- -- 

2-31b ++ ++ ++ - - -- 

a
 -: no inhibition at 100 M; +: 10-50% inhibition at 100 M; ++: > 50% inhibition at 100 M; +++: > 90% inhibition at 20 M; nd: 

not determined; 
b
 LN18, LN229, LNZ308: human glioblastoma cells; 

c
 HCEC: human brain-derived endothelial cells; 

d
 PO03: human 

lung-derived fibroblasts; PG98/5: human skin-derived fibroblasts. 
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Enzyme inhibition in intact living cells  

In order to evaluate the potential of these molecules to inhibit membrane-

inserted enzymes as well as to penetrate cells and inhibit intracellular enzymatic 

activities, the inhibition of POP activity was also evaluated with the same 

compounds in intact living cells (Table 2.2). 
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Table 2.2 Inhibition of POP endoprotease activity in intact living cells 

 Z-Gly-Pro-AMC (POP activity)
a
 

Compound human astrocyte-derived cells human brain-derived endothelial cells human fibroblasts 

Z-Pro-NH2 + - - 

Z-Pro-CN - - + 

Boc-Pro-CN - - - 

Pro-CN - - - 

2-11a +++ +++ +++ 

2-11b +++ +++ +++ 

2-12a +++ +++ +++ 

2-12b +++ +++ +++ 

2-14 + - - 

2-17a - - + 

2-17b - - + 

2-24a - - - 
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2-24b - - - 

2-8a - + + 

2-8b +++ +++ +++ 

2-8c - - - 

2-8d - + - 

2-9a,b - - + 

2-29a,b - + - 

rac-2-30 - - - 

2-31a ++ + ++ 

2-31b ++ ++ ++ 

a
 -: no inhibition at 100 M; +: 10-50% inhibition at 100 M; ++: > 50% inhibition at 100 M; +++: > 90% inhibition at 20 M.



 

Chapter 2 

 

− 76 − 

As shown in Table 2.2, the inhibitors not only inhibit POP activity in cell 

extracts, but also this proteolytic activity in intact living cells. Out of all the 

compounds tested, compounds 2-11a, 2-11b, 2-12a, 2-12b and 2-8b were the best 

inhibitors of POP activity. In order to obtain more detailed information 

concerning the potency of 2-11a, 2-11b, 2-12a, 2-12b and 2-8b as POP inhibitors, 

the IC50 values were determined in cell extracts and in intact cells (Figure 2.6 and 

Table 2.3). 

 

Figure 2.6 Dose-response of POP activity by 2-11a, 2-11b, 2-12a, 2-12b and 8b in 
intact cells (PBS) and in cell extracts (PBS-Triton). 

Compounds 2-12a and 2-11a are the most potent inhibitors of POP activity of 

our series, displaying low nanomolar IC50 values. They are also very selective 

over DPPIV activity, both in cell extracts and in intact cells (data not shown). The 

2-8b 2-8b 

2-11a 2-12a 
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inhibition of POP activity, as defined by IC50, is about 10 fold higher in cell 

extracts than in intact cells, possibly reflecting the partial efficacy of these 

inhibitors of crossing the cell membrane. 

 

Table 2.3 IC50 values [nM] for the inhibition of POP endoproteolytic activity activity 
in intact living cells and in cell extracts. 

 LN229 (nM) LNZ308 (nM) HCEC (nM) 

Compound Intact 

cells 

Cell 

extract 

Intact 

cells 

Cell 

extract 

Intact 

cells 

Cell 

extract 

2-11a 325 20 590 20 180 95 

2-11b 3400 430 >4000 430 2800 690 

2-12a 28 3 29 5 20 7 

2-12b 7,500 1,400 4,700 1,200 6,600 2,000 

2-8b 2,000 500 2,500 200 1,300 700 

2.4  Discussion 

2.4.1 POP and other prolyl peptidases 

The family of serine peptidases able to cleave peptide bonds after a prolyl 

residue comprises exopeptidases such as the cell plasma-membrane anchored 

DPPIV/CD26 and FAP-α/seprase, and the intracellular DPP8, DPP9, and 

endopeptidases, mainly represented by the widely distributed intracellular prolyl 

oligopeptidase (POP). POP and/or POP-like activity have been found in many 

regions of the brain,
2,34

 and has been associated with the cleavage of oligopeptides 

involved in memory and the processing of amyloid precursor protein to β-

amyloid.
15

 Studies on animal models suggested that POP inhibition may lead to 

improved memory and learning in rodents,
13,35

 to reverse scopolamine-induced 

amnesia in rats
36

 and to enhance cognition in Parkinson’s disease.
37

 Human POP 

levels are reduced in different stages of depression, increased in maniac and 
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schizophrenic patients, and the enzyme is reactivated to normal levels by anti-

depressants.
38

 Conflicting data regarding altered POP activity
13,39

 have been 

reported in patients with Alzheimer’s disease. Thus, POP activity may represent a 

target for the treatment of neurological disorders. However, FAP-α/seprase, and 

possibly the DPP8/DPP9 proteases also display post-prolyl hydrolytic 

endoproteolytic activities.
34

 Therefore, several proteases may share the 

endoproteolytic activity attributed to POP. Highly specific POP inhibitors 

therefore need to be designed in order to further explore this enzyme and its 

function. 

As our long-term aim is to develop POP inhibitors targeting POP expressed in 

the brain, and as most of the information concerning POP and its inhibitors was 

obtained in brain models, we evaluated the inhibitory potency of our compounds 

in human brain-derived cells of astrocytic origin (glioblastoma cells) and 

endothelial cells as a model of cells forming the blood-brain barrier. As POP and 

POP activity are widely expressed in many other cells, we also evaluated the 

inhibitory potential of the inhibitors in human fibroblasts of the lung or the skin, 

as models for non brain-derived cells. Selectivity for endoproteolytic POP activity 

over exoproteolytic DPPIV activity can easily be obtained due to the different 

chemical properties of their catalytic site since DPPIV binds to charged terminal 

residues while POP does not. Selectivity for other prolyl-specific endoproteolytic 

activities is challenging and in fact rarely reported.
40

 

2.4.2 Constrained POP inhibitors 

In contrast to non-covalent competitive inhibitors which can adjust their 

orientation and translation in the enzyme binding site, the orientation of covalent 

inhibitors is tightly controlled by the forming covalent bond and any seemingly 

minor change in shape can have a significant impact on the binding affinity. The 

docking study and biological testing of the scaffold-based structures revealed 2-8a 

and 2-8b as potent POP inhibitors. The biological evaluation of the analogues 

provided more in depth information about the required functional groups and 
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stereochemical features of the inhibitors. First, comparing 2-8a/b to 2-17a/b and 

2-24a/b revealed that the nitrile functional group is essential for optimal binding 

most likely through the postulated covalent bond with the catalytic serine. Then 

the predicted drop in activity observed from 2-11a to 2-14 and from 2-8a to rac-

2-30 confirmed that mimicking the Pro ring of Cbz-Gly-prolinal (2-1) with a 

larger ring results in loss of binding affinity. Unlike with the 5-membered ring 

systems mimicking Pro, this expanded 6-membered ring cannot fit into the 

binding site without clashing with the enzyme or disrupting the key hydrogen 

bonds and hydrophobic interactions. The bound pose is distorted when compared 

to the crystal structure, as revealed by our docking studies.  

Furthermore, the replacement of the sulfur atom of 2-8b by an oxygen atom (in 

2-9b) resulted in a complete loss of activity. Although reduction in inhibitory 

potency has been observed when moving from thiooxazoline to oxazoline,
41

 such 

a large drop in affinity is unexpected. Again, we hypothesize that these changes 

are magnified by the fact that these inhibitors bind covalently. This seemingly 

subtle change actually leads to reduced ring size, C-S bonds being significantly 

longer than C-O bonds. As for rac-2-30, the increase to a 6-membered ring 

resulted in a different shape of the whole molecule, hence a different binding 

affinity. To further probe the differences between these two structures, DFT 

calculations were carried out and revealed a significantly different electronic 

distribution and a much less polarized (i.e., less reactive) nitrile group in 2-9b 

when compared to 2-8b. This reduced reactivity may prevent the covalent 

binding. 

The stereochemistry of the molecular scaffolds was also critical for the 

inhibition of POP endoproteolytic activity (2-8a vs. 2-8b, 2-8c or 2-8d). As 

expected, the natural amino acid configuration is required at the nitrile position 

(2-8a vs. 2-8c; 2-8b vs. 2-8d or 2-11a vs. 2-11b) in order to mimic the natural 

Pro-containing substrate of the enzyme. More interestingly, the optimal 

configuration of the left-handed stereogenic center (carbon 6 in Figure 2.7) of the 

scaffold mimics the D-amino acid configuration (2-8a vs. 2-8b). In order to 
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investigate this specific observation, we prepared the corresponding pseudo-

peptides 2-12a and 2-12b (Figure 2.7). When moving from Gly to L-Ala (2-11a to 

2-12a), the inhibition increased by an order of magnitude. More interestingly, 

when the configuration of the Ala residue was inverted (2-12a to 2-12b) (Figure 

2.7), inhibition was still observed but dropped by a factor of 500. Similarly, when 

the Pro stereogenic center is inverted, 2-11a versus 2-11b, inhibition is observed, 

although with a higher IC50 for the D-isomer. This data suggests that the 

stereochemistry at these two centers have an impact on the potency.  

 

Figure 2.7 Effect of cyclization on inhibitory potency. 

As shown in Figure 2.8, the proposed binding mode of 2-12a is very similar to 

the experimentally observed binding mode of Cbz-Pro-prolinal. The proline ring 

stacks on Trp595 and interacts with Phe476, while the terminal phenyl ring 

interacts with Phe173 and the two hydrogen bonds between carbonyls of the 

inhibitor and the enzyme are retained. In contrast, 2-12b does not fit as nicely in 

the binding site and a hydrogen bond is lost, resulting in a significant drop in 

potency. When constraining 2-12a and 2-12b into 2-8a and 2-8b, a loss of activity 

is observed from 2-12a to 2-8a, while a slight increase is observed from 2-12b to 

2-8b. We rationalize that the stereochemistry of the carbon C1 which is imposed 

by the synthetic pathway influences the binding (Figure 2.8, Figure 2.9). 
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Comparing the crystal structure of Cbz-Pro-prolinal, co-crystallized with POP 

(PDB code: 1h2y), and the docked conformations of 2-12a, 2-12b, 2-8a and 2-8b, 

shows that, when compared to 2-8a, 2-8b adopts a shape that more closely 

replicates the interactions of the enzyme with Cbz-Pro-prolinal (Figure 2.8). This 

observation is consistent with the measured inhibitory potencies of these 

inhibitors on POP, where we noted that 2-8b was more potent than all the other 

bicyclic structures. Interestingly, the binding mode and more specifically of the 

position of the proline ring of 2-12b and 2-8b are fairly similar while the binding 

mode of 2-12a and 2-8a are quite different as are the measured potencies. In 

practice, the cyclization of 2-12b corresponds to the substitution of the two 

hydrogen atoms highlighted by grey spheres of Cbz-D-Pro-prolinal in Figure 2.9 

by a covalent bond and to the production of 2-8b. In contrast, the proline γ-carbon 

(shown in yellow) is not positioned to be covalently linked to the γ -carbon of the 

Cbz-L-Pro-prolinal. As a result, when 2-12a is cyclized into 2-8a, 2-8a cannot 

adopt the bioactive conformation of 2-12a.  

Further docking studies with 2-31c, an epimer of 2-31a revealed that the 

binding mode should be very similar to Cbz-Pro-prolinal and 2-31c is therefore 

expected to be a tight binder. Unfortunately, all our synthetic efforts to make 2-

31c proved unsuccessful. This last observation will now guide our future synthetic 

efforts to make constrained bicyclic POP inhibitors. 

2.4.3 POP activity and selectivity in intact cells 

The inhibitory potency of these compounds was maintained in intact living 

cells (Table 2.2). These experiments demonstrate that the developed inhibitors are 

penetrating the cells, a key feature if POP inhibitors have to be efficient as 

therapeutic agents for neurodegenerative diseases, since their target enzyme is 

intracellular. Moreover, when assessed for inhibition toward DPPIV activity, none 

of the compounds exhibited inhibition at concentrations as high as 100 μM. This 

data clearly demonstrates the high selectivity of 2-8a and 2-8b for POP activity.  
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Overall, these molecules achieved excellent selectivity for inhibition of POP 

endoproteolytic activity over inhibition of DPPIV exoproteolytic activity in 

soluble enzyme activities extracted from relevant cell models and in human intact 

living astrocyte-derived cells, human brain-derived endothelial cells and human 

primary fibroblasts. 

 

Figure 2.8 (a) Structure of Cbz-Pro-prolinal co-crystalized with POP. (b) Docked 
structures of 2-12a, 2-12b, 2-8a and 2-8b (yellow) superposed to the crystal 
structure of Cbz-Pro-prolinal (green). 
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Figure 2.9 Effect of cyclization on inhibitory potency. 

2.5  Conclusion 

We have used a series of constrained peptidomimetics to better understand 

some important inhibitor shape requirements leading to more potent inhibitors of 

prolyl oligopeptidase. We first used a novel feature of our docking program 

FITTED to dock covalent inhibitors to the binding site of prolyl oligopeptidase and 

to select a lead scaffold for synthesis. Based on this docking study, two were 

selected for synthesis (2-8a and 2-8b). In order to validate our predictions, several 

analogues of different sizes, stereochemistry and shapes were also prepared. 

Exhaustive biological evaluation confirmed our prediction and identified 2-8b as 

a potent, highly selective and cell-permeant POP inhibitor (IC50 of 200-700 nM). 

Through this series of seemingly similar compounds, we demonstrated that 

scaffolding is very sensitive to seemingly subtle changes such as the substitution 

of a sulfur atom by an isosteric oxygen atom. The docking studies also identified 

the configuration of the stereogenic center at the ring junction as a limiting factor 

for optimal activity and will lead our design of the second generation of more 

potent inhibitors. 
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2.6  Experimental section 

2.6.1 Synthesis 

General remarks 

All commercially available reagents were used without further purification, 

unless otherwise stated. 4 Å molecular sieves were dried at 100°C prior to use. 

Optical rotations were measured on a JASCO DIP 140 in a 1dm cell at 20°C. 

FTIR spectra were recorded using a Perkin Elmer Spectrum One FT-IR. 
1
H and 

13
C NMR spectra were recorded on Varian mercury 400 MHz, 300 MHz or Unity 

500 spectrometers. Chemical shifts are reported in ppm using the residual of 

chloroform as internal standard (7.26 ppm for 
1
H and 77.160 ppm for 

13
C). TLC 

visualization was performed by UV or by development using KMnO4, 

H2SO4/MeOH or Mo/Ce solutions. Chromatography was performed on silica gel 

60 (230-40 mesh). Low resolution mass spectrometry was performed by ESI 

using a Thermoquest Finnigan LCQDuo. High resolution mass spectrometry was 

performed by EI Peak matching (70 eV) on a Kratos MS25 RFA Double focusing 

mass spectrometer or by ESI on a IonSpec 7.0 tesla FTMS at McGill University. 

Prior to biological testing, reversed phase HPLC was used to verify the purity of 

compounds on an Agilent 1100 Series instrument equipped with VWD-detector, 

C18 reverse column (Agilent, Zorbax Eclipse XDB-C18 150mm*4.6mm, 5μm), 

UV detection at 254 nm. All measured purities are listed in a table in the 

experimental section “HPLC analysis of purity.” All tested compounds were 

95% pure, except for compounds 2-14, 2-17a, 2-24b (90% pure) which were 

not active according to our biological tests. 

Synthesis of the dipeptides 

(2S)-N-(tert-butoxycarbonyl)proline methyl ester
42

 

To a solution of L-proline methyl ester hydrochloride (1.00 g, 6.06 mmol) in 10 

mL of dry CH2Cl2 was added Boc2O (2.90 g, 13.3 mmol), Et3N (0.92 mL, 6.61 
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mmol) and DMAP (0.81 g, 6.64 mmol) at 0 °C under Ar. After 18 h, the crude 

mixture was washed with aqueous HCl 0.5 M, saturated aqueous NaHCO3 

solution, H2O and brine. The organic phase was dried over Na2SO4, filtered, 

concentrated in vacuo and purified by flash chromatography (petroleum 

ether/ethyl acetate; 85/15) to give (2S)-N-(tert-butoxycarbonyl)proline methyl 

ester (0.552 g, 40% yield). 

 

C11H19NO4 ; Mol. Wt. = 229.27 

Rf = 0.35 (Pet Ether/EA, 9:1) 

1
H NMR (CDCl3, 300 MHz)  4.21 (dd, lH), 3 70 (s, 3H), 3.58-3.30 (m, 2H), 

2.30-1.75 (m, 4H), 1.40 (s, 9H). 

 

 (2S)-N-(tert-butoxycarbonyl)pyrrolidine-2-carboxamide
43
 

(2S)-N-(tert-butoxycarbonyl)proline methyl ester (0.552 g, 2.4 mmol) was 

heated in a mixture of THF and 28% aqueous NH3 (2/9, v/v) at 60 °C for 18 h 

under Ar. The reaction mixture was concentrated to give Boc-L-Pro-NH2 (0.460 

g, 89%), used in the next step without any further purification. 

 

C10H18N2O3 ; Mol. Wt. = 214.26 

Rf = 0.85 (CH2Cl2/Acet, 8:2) 

1
H NMR (400 MHz, CDCl3)  7.50-7.01 (m, 2H), 4.87 (m, 1H), 4.35 (m, 1H), 

3.44 (m, 1H), 2.00-1.75 (m, 4H), 1.43 (s, 9H). 

 

(2S)-N-(tert-butoxycarbonyl)-pyrrolidine-2-carbonitrile
43
 

TFA anhydride (0.39 mL, 2.80 mmol), was added to a solution of (2S)-N-(tert-



 

Chapter 2 

 

− 86 − 

butoxycarbonyl)pyrrolidine-2-carboxamide (0.501 g, 2.33 mmol) and Et3N 

(0.779 mL, 5.59 mmol) in dry THF (6 ml) under Ar at 0°C. The reaction was 

stirred at 0 °C for another 6 h. After addition of CH2Cl2, the organic phase was 

washed with a saturated aqueous NaHCO3 solution, dried over Na2SO4, filtered 

and concentrated in vacuo to afford (2S)-N-(tert-butoxycarbonyl)-pyrrolidine-2-

carbonitrile (0.393 g, 86%, brown oil) used in the next step without any further 

purification. 

 

C10H16N2O2 ; Mol. Wt. = 196.25 

Rf = 0.89 (Pet Ether/EA, 5:4) 

1
H NMR (400 MHz, CDCl3)  4.43 (m, 1H), 3.54-3.30 (m, 2H), 2.30-1.98 (m, 

4H), 1.49 (s, 9H). 

 

 (2S)-pyrrolidine-2-carbonitrile (TFA salt)
44
 

(2S)-N-(tert-butoxycarbonyl)-pyrrolidine-2-carbonitrile (0.202 g, 1.03 mmol) 

was dissolved in dry CH2Cl2 (5 mL) under Ar and TFA (2 mL) was added at 0 °C. 

The reaction was stirred at 0 °C for 2 h. The solvent was evaporated and the 

product was crystallized in Et2O, yielding the white TFA salt of (2S)-pyrrolidine-

2-carbonitrile (0.110 g, 51% yield, white powder). 

 

C5H8N2, Mol. Wt. = 96.13 

Rf = 0.46 (Pet Ether/EA, 5:2) 

1
H NMR (400 MHz, CD3OD)  4.92 (s, 1H), 4.68 (t, 1H), 3.47-3.35 (m, 2H), 

2.52-2.43 (m, 1H), 2.32-2.07 (m, 3H). 

 

 



 

Chapter 2 

 

− 87 − 

rac-N-(tert-butoxycarbonyl)-piperidine-2-carboxylic acid
45
 

DL-Pipecolinic acid (3.00 g, 23.2 mmol) and Et3N (3.24 mL, 23.2 mmol) were 

dissolved in 1,4-dioxane (32 mL) and H2O (21 mL). Boc2O (5.58 g, 25.5 mmol) 

was added, and the solution was stirred for 24 h at rt. The solvent was evaporated, 

and the residue was extracted in EtOAc. The solution was washed with aqueous 

5% HCl and brine. The organic layer was dried over Na2SO4, filtered, and 

evaporated to obtain rac-N-(tert-butoxycarbonyl)-piperidine-2-carboxylic acid 

(4.39 g, 82% yield, white powder). 

 

C11H19NO4, Mol. Wt. = 229.27 

Rf = 0.1 (CH2Cl2/Acet, 7:3) 

1
H NMR (CDCl3)  10.93 (s, 1H), 4.92-4.74 (bd, 1H), 3.98-3.91 (m, 1H), 2.95 

(m, 1H), 2.20 (s, 1H), 1.66-1.23 (m, 14H). 

 

rac-N-(tert-butoxycarbonyl)-piperidine-2-carboxamide
43

 

To a solution of rac-N-(tert-butoxycarbonyl)-piperidine-2-carboxylic acid 

(4.26 g, 18.6 mmol) and Et3N (2.60 mL, 18.7 mmol) in dry THF (25 mL) under 

Ar at -15 °C, was added dropwise a solution of ethyl chloroformate. The resulting 

reaction mixture was stirred for 1 h. 28% aqueous NH3 (6 mL) was then added 

dropwise and the solution was warmed to rt and stirred for another 4 h. The 

solution was concentrated and the residue extracted with EtOAc, washed with 

10% aqueous citric acid, a saturated aqueous NaHCO3 solution, then brine, dried 

over Na2SO4, filtered and concentrated in vacuo to give rac-N-(tert-

butoxycarbonyl)-piperidine-2-carboxamide (3.53 g, 83% yield, oil). 
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C11H20N2O3, Mol. Wt. = 228.29 

Rf = 0.70 (CH2Cl2/Acet, 7:3) 

1
H NMR (400 MHz, CDCl3)  6.12 (m, 2H), 4.70 (m, 1H), 4.11 (m, 1H), 2.70 (m, 

1H), 2.25 (m, 1H), 1.46 (s, 9H), 1.70–1.38 (m, 5H). 

 

rac-2-piperidine-2-carbonitrile (HCl salt)
46

 

TFA anhydride (0.18 mL, 1.32 mmol), was added to a solution of rac-N-(tert-

butoxycarbonyl)-piperidine-2-carboxamide (0.200g, 0.88 mmol) and Et3N 

(0.37 mL, 2.64 mmol) in dry CH2Cl2 (3 ml) under Ar at 0°C. The reaction was 

stirred at 0 °C for another 6 h. The solution was washed with water, a HCl 

solution (0.5N) and a saturated aqueous NaHCO3 solution, dried over Na2SO4, 

filtered and concentrated in vacuo to afford rac-N-(tert-butoxycarbonyl)-

piperidine-2-carbonitrile (0.125 g, 68% yield, white crystals)

 

C11H18N2O2, Mol. Wt. = 210.27 

Rf = 0.90 (CH2Cl2/Acet, 7:3) 

1
H NMR (400 MHz, CD3OD)  5.24 (bs, 1H), 4.04 (bs, 1H), 2.92 (bs, 1H), 1.94-

1.80 (m, 2H), 1.70-1.68 (m, 3H), 1.45 (s, 9H). 

 

rac-2-piperidine-2-carbonitrile 

rac-N-(tert-butoxycarbonyl)-piperidine-2-carbonitrile (0.100 g, 0.48 mmol) in 

1,4-dioxane (5 mL) was treated with 4 N HCl for 45 min at rt. The reaction 

mixture was then filtered, washed with Et2O, concentrated in vacuo to afford the 

HCl salt of rac-2-piperidine-2-carbonitrile (0.064 g, 92% yield, white powder).
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C16H11ClN2, Mol. Wt. = 146.62 

Rf = 0.1 (CH2Cl2/Acet, 7:3) 

1
H NMR (400 MHz, CD3OD)  3.84 (d, 1H), 3.38 (d, 1H), 3.03 (t, 1H), 2.24 (d, 

1H), 1.94-1.86 (m, 2H), 1.72-1.69 (m, 3H). 

 

General procedure for dipeptide coupling. Anhydrous Et3N (2 equiv.) was 

added dropwise to a stirred solution of amino acid (1 equiv.) (TFA or HCl salt), 

N-benzyloxycarbonyl-glycine or N-benzyloxycarbonyl-alanine or N-

benzyloxycarbonyl-D-alanine (1 equiv.) and HOBt (0.6 equiv.) in CH2Cl2 under 

Ar. The resulting solution was cooled to 0 °C. A solution of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (1.05 equiv.) in CH2Cl2 was 

then added dropwise. The reaction mixture was warmed up to rt, stirred until 

completion (tlc monitoring, 16 to 20h) then washed with 0.2 N aqueous HCl, 

saturated aqueous NaHCO3, dried over Na2SO4, filtered and concentrated in 

vacuo. Flash chromatography afforded the dipeptides. 

 

N-benzyloxycarbonylamino-glycine-2S-pyrrolidine-2-carbonitrile (2-11a) 

Following the general procedure, (2S)-pyrrolidine-2-carbonitrile (TFA salt) 

(0.080 g, 0.38 mmol) reacted with Cbz-Gly-OH afforded after flash 

chromatography (CH2Cl2/acetone; gradient of 98/2 to 95/5) N-

benzyloxycarbonylamino-glycine-2S-pyrrolidine-2-carbonitrile (2-11a) (63 mg, 

58%)  
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C15H17N3O3, Mol.Wt. = 287.31 

Rf = 0.60 (CH2Cl2/Acet, 8:2) 

IR (cm
-1

): 2956, 2476, 1716, 1656 

[α]D = −78.1 (c 0.96, CH3OH) 

1
H NMR (CDCl3, 300 MHz)  7.41-7.27 (m, 5H), 5.75 (s, 1H), 5.12 (s, 2H), 4.74 

(m, 1H), 4.05 (dd, 1H), 3.94 (dd, 1H), 3.59 (m, 1H), 3.41 (m, 1H), 2.35-2.07 (m, 

4H). 

13
C NMR (CDCl3, 75 MHz)  167.6, 156.5, 136.4, 128.6, 128.3, 128.1, 118.1, 

67.1, 46.7, 45.5, 43.6, 30.0, 25.2. 

HRMS (ESI+) calc’d for [C15H17N3O3 + Na]
+
: 310.11621. Found: 310.11591. 

 

N-benzyloxycarbonylamino-L-alanine-2S-pyrrolidine-2-carbonitrile (2-12a) 

Following the general procedure, (2S)-pyrrolidine-2-carbonitrile (TFA salt) 

(0.075 g, 0.36 mmol) reacted with Cbz-L-Ala-OH afforded, after flash 

chromatography (petroleum ether/ethyl acetate; gradient of 5/2 to 5/3), N-

benzyloxycarbonylamino-L-alanine-2S-pyrrolidine-2-carbonitrile (2-12a) (37 mg, 

34%). 

 

C19H19N3O3, Mol. Wt. = 301.34 

Rf = 0.70 (CH2Cl2/Acet, 7:3) 

IR (cm
-1

): 3314, 2927, 1715, 1653 

[α]D = −96.4 (c 0.56, CH3OH) 

1
H NMR (CDCl3, 300 MHz)  7.39-7.29 (m, 5H), 5.59 (d, 1H), 5.08 (dd, 2H), 

4.78 (m, 1H), 4.48 (m, 1H), 3.66 (m, 2H), 2.34-2.11 (m, 3H), 1.65 (m, 1H,), 1.38 

(d, 3H).  
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13
C NMR (CDCl3, 75 MHz)  171.8, 155.8, 136.4, 128.7, 128.3, 128.1, 118.2, 

67.1, 48.4, 46.6, 46.5, 29.9, 25.4, 18.4. 

HRMS (ESI+) calc’d for [C16H19N3O3 + Na]
+
: 324.13186. Found: 324.13168. 

 

N-benzyloxycarbonylamino-D-alanine-2S-pyrrolidine-2-carbonitrile (2-12b) 

Following the general procedure, (2S)-pyrrolidine-2-carbonitrile (TFA salt) 

(0.080 g, 0.38 mmol) reacted with Cbz-D-Ala-OH afforded after flash 

chromatography (hexanes/ethyl acetate; gradient of 5/2 to 6/4) N-

benzyloxycarbonylamino-D-alanine-2S-pyrrolidine-2-carbonitrile (2-12b) (56 mg, 

49%) as a mixture of rotamers. 

 

C19H19N3O3, Mol. Wt. = 301.34 

Rf = 0.70 (CH2Cl2/Acet, 7:3) 

IR (cm
-1

): 3308, 2931, 1711, 1652 

[α]D = −34.6 (c 0.43, CH3OH) 

1
H NMR (CDCl3, 400 MHz)  7.41-7.28 (m, 5H), 5.70 (d, 1H), 5.40 (d, 1H), 5.11 

(m, 2H), 4.67 (m, 1H), 4.53 (m, 1H), 3.87-3.78 (m, 1H), 3.65-3.42 (m, 1H), 2.42-

2.06 (m, 4H), 1.45 (d, 3H), 1.34 (d, 3H). 

13
C NMR (CDCl3, 75 MHz)  171.5; 155.6, 136.3, 128.7, 128.3, 128.1, 118.1, 

67.2, 67.1, 48.5, 48.4, 47.4, 46.9, 46.5, 46.4, 32.4, 30.1, 25.2, 23.2, 18.6, 18.2. 

HRMS (ESI+) calc’d for [C16H19N3O3 + Na]
+
: 324.13186. Found: 324.13189. 

 

N-benzyloxycarbonylamino-glycine-2R-pyrrolidine-2-carbonitrile (2-11b) 

Following the general procedure, (2R)-pyrrolidine-2-carbonitrile (TFA salt) 

(0.034 g, 0.16 mmol) reacted with Cbz-Gly-OH afforded after flash 

chromatography (CH2Cl2/acetone gradient of 98/2 to 95/5) N-

benzyloxycarbonylamino-glycine-2R-pyrrolidine-2-carbonitrile (2-11b) (31 

mg, 66%). 
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C15H17N3O3, Mol.Wt. = 287.31 

Rf = 0.60 (CH2Cl2/Acet, 8:2) 

IR (cm
-1

): 3327, 2927, 1722, 1661 

[α]D = −36.4 (c 0.88, CH3OH) 

1
H NMR (CDCl3, 400 MHz) same as 11a. 

13
C NMR (CDCl3, 75 MHz) same as 11a. 

HRMS (ESI+) calc’d for [C15H17N3O3 + Na]
+
: 310.11621. Found: 310.11621. 

 

N-benzyloxycarbonylamino-glycine-rac-piperidine-2-carbonitrile (2-14) 

Following the general procedure, rac-2-piperidine-2-carbonitrile (HCl salt) 

(0.100 g, 0.691 mmol) reacted with Cbz-Gly-OH afforded after flash 

chromatography (CH2Cl2/acetone (gradient of 98/2 to 95/5) N-

benzyloxycarbonylamino-glycine-rac-piperidine-2-carbonitrile (2-14) (31 mg, 

30%) 

 

C16H16N3O3, Mol. Wt. = 301.34 

Rf = 0.87 (CH2Cl2/Acet, 8:2) 

IR (cm
-1

): 3327, 2950, 1722, 1661 

1
H NMR (CDCl3, 400 MHz)  7.42-7.29 (m, 5H), 5.75 (bs, 1H), 5.68 (bs, 1H), 

5.13 (s, 2H), 4.13 (dd, 1H), 3.98 (dd, 1H), 3.70 (m, 1H), 3.31 (m, 1H), 2.08-1.40 

(m, 6H). 

13
C NMR (CDCl3, 125 MHz)  167.4, 156.4, 136.4, 128.7, 128.2, 117.1, 67.2, 

42.9, 42.4, 41.8, 28.4, 25.1, 20.5. 

HRMS (ESI+) calc’d for [C16H19N3O3 + Na]
+
: 324.13186. Found: 324.13187. 
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Synthesis of the bicyclic scaffolds 

Methyl (2S)-2-[N-(benzyloxycarbonyl)amino]pent-4-enoate
29

 

To a suspension of allylglycine (rac-2-15, 550 mg, 4.78 mmol) in 11 mL of dry 

MeOH at 0°C was added TMSCl (1.9 mL, 15.0 mmol). The resulting mixture was 

stirred at 0 °C for 2 h. After stirring for another 12 h at rt, the mixture was cooled 

to 0 °C and Et3N (2.70 mL, 19.4 mmol) was slowly added, followed by CBzCl 

(0.80 mL, 5.68 mmol). The reaction was stirred for 4 h at 0°C, concentrated in 

vacuo, dissolved in 2M HCl and extracted with EtOAc. The solution was then 

dried over Na2SO4, filtered, concentrated in vacuo and used without any further 

purification in the next reaction. 

 

C14H17NO4, Mol. Wt. = 263.29 

Rf = 0.35 (H/EA, 9:1) 

 

Synthesis of rac-2-16
30

 

Ozone was bubbled through a solution of the oil in CH2Cl2 (50 mL) at -78°C for 

30 minutes. Excess of ozone was removed by bubbling Argon through the 

solution. Dimethyl sulfide (2 mL, excess) was then added. The resulting mixture 

was stirred at rt for 16 h, concentrated in vacuo, re-dissolved in EtOAc, washed 

with saturated aqueous NaHCO3, dried over Na2SO4, filtered and concentrated to 

give a colorless oil which was pure enough to be used in the next step without 

further purification. 
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C13H15NO5, Mol. Wt. = 265.26 

Rf = 0.1 (H/EA, 1:1) 

General procedure for scaffold synthesis. A solution of L-Cysteine methyl ester 

(or D-cysteine, L-serine methyl ester, L-threonine methyl ester rac-homocysteine) 

hydrochloride (1.2 to 1.7 equiv.) and aldehyde (rac-2-16) (1.0 equiv.) in pyridine 

was stirred at rt for 15 h under Ar and then at 50 °C for 3 days. The excess 

pyridine was evaporated. When L-Cysteine methyl ester, L-serine methyl ester and 

L-threonine methyl ester were used, the residue was redissolved in CH2Cl2, 

washed with 5% aqueous HCl, saturated aqueous NaHCO3, water and brine, dried 

over Na2SO4, filtered and concentrated in vacuo. When D-Cysteine and rac-

homocysteine were reacted, the residue was acidified to about pH 2 with 1N 

aqueous HCl and partitioned between CH2Cl2 and water. The organic layer was 

washed with brine, dried over Na2SO4, filtered and concentrated in vacuo. The 

residue was redissolved in THF and treated with a 2.0 M 

(trimethylsilyl)diazomethane (TMSCH2N2) solution for 16 h. The solution was 

then stirred with saturated aqueous NaHCO3, and extracted with CH2Cl2. The 

organic phase was dried over Na2SO4, filtered and concentrated in vacuo. All 

crude residues were purified by flash chromatography (toluene/diethyl ether, 

gradient of 9:1 to 8:2) to yield the corresponding bicyclic scaffolds. 

 

(2R,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-17a) and 

(2R,5S,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-17b) 

Following the general procedure, L-Cys-OMe (1.00 g, 5.84 mmol) and rac-2-16 

(1.10 g, 4.15 mmol) afforded the corresponding bicyclic scaffolds 2-17a (434 mg, 
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30%) and 2-17b (265 mg, 18%). 

 

C16H18N2O5, Mol. Wt. = 350.39 

Rf = 0.35 (Tol/Ether, 1:1) 

2-17a: 
1
H NMR (300 MHz, CDCl3)  7.36 (s, 5H), 5.23 (bd, 1H), 5.19-5.17 (m, 

1H), 5.13 (s, 2H), 5.08-5.04 (m, 1H), 4.50-4.42 (q, 1H), 3.78 (s, 3H), 3.53-3.36 

(m, 2H), 2.77-2.70 (m, 1H), 2.49-2.39 (m, 1H). 

13
C NMR (75 MHz, CDCl3)  175.0, 170.2, 156.1, 136.1, 128.6, 128.3, 128.3, 

67.3, 64.0, 58.6, 53.1, 52.2, 37.1, 30.0. 

HRMS (EI+) calc’d for [C16H18N2O5S]
+
: 350.09364. Found: 350.09310.

 

C16H18N2O5, Mol. Wt. = 350.39 

Rf = 0.30 (Tol/Ether, 1:1) 

2-17b: 
1
H NMR (300 MHz, CDCl3)  7.35 (s, 5H), 5.35 (bd, 1H), 5.16-5.14 (m, 

2H), 5.12 (s, 2H), 4.67 (q, 1H), 3.77 (s, 3H), 3.37-3.35 (m, 2H), 3.26-3.15 (m, 

1H), 2.10-2.00 (m, 1H). 

13
C NMR (75 MHz, CDCl3)  171.3, 169.6, 156.05, 136.1, 128.7, 128.4, 128.2, 

67.2, 61.7, 57.8, 54.7, 53.1, 38.5, 35.1. 

HRMS (EI+) calc’d for [C16H18N2O5S]
+
: 350.09364. Found: 350.09268. 

 
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(2S,5R,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-17c) and 

(2S,5R,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-17d) 

Following the general procedure and treatment with TMSCH2N2 (5 mL, excess), 

D-Cys (1.00 g, 6.35 mmol) and rac-2-16 (1.10 g, 4.15 mmol) afforded the 

corresponding bicyclic scaffolds 2-17c (194 mg, 13%) and 2-17d (291 mg, 20%).

 

C16H18N2O5, Mol. Wt. = 350.39 

Rf = 0.30 (Tol/Ether, 1:1) 

2-17c: The characterization data are same as for 2-17b. 

 

C16H18N2O5, Mol. Wt. = 350.39 

Rf = 0.35 (Tol/Ether, 1:1) 

2-17d: The characterization data are the same as for 2-17a. 

 

 (2S,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

oxabicyclo[3.3.0]octane-2-carboxylic acid methyl ester and (2-18a) and 

(2R,5S,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

oxabicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-18b) 

Following the general procedure, L-Ser-OMe (0.250 g, 1.61 mmol) and rac-2-16 

(0.250 g, 0.943 mmol) afforded the corresponding bicyclic scaffolds 2-18a and 2-

18b as an inseparable mixture (154 mg, 49%). 
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C16H18N2O6, Mol. Wt. = 334.32 

Rf = 0.45 (H/EA, 3:7) 

2-18a and 2-18b:
 1

H NMR (400 MHz, CDCl3)  7.35 (s, 5H), 5.30 (bs, 1H), 5.17-

5.19 (d, 1H), 5.13 (s, 2H), 5.09-5.07 (d, 1H), 4.49-4.43 (q, 1H) 3.78 (m, 3H), 

2.97-2.90 (m, 1H), 2.69-2.64 (m, 1H), 2.52-2.29 (m, 3H), 1.95-1.86 (m, 1H).
 

13
C NMR (125 MHz, CDCl3)  177.4, 174.1, 170.4, 170.0, 156.1, 136.2, 128.7, 

128.4, 90.8, 89.3, 89.2, 70.0, 67.4, 57.2, 55.2, 54.1, 53.0, 52.9, 52.5, 36.1, 31.1. 

HRMS (ESI+) calc’d for [C16H18N2O6 + Na]
+
: 357.10571. Found: 357.10533. 

 

 (2S,3R,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-oxa-6-

methylbicyclo[3.3.0]octane-2-carboxylic acid methyl ester and (2-19a) 

(2S,3R,5S,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-oxa-6-

methylbicyclo[3.3.0]octane-2-carboxylic acid methyl ester (2-19b)
 

Following the general procedure, L-Thr-OMe (0.680 g, 4.01 mmol) and rac-2-16 

(0.825 g, 3.11 mmol) afforded the corresponding bicyclic scaffolds 2-19a and 2-

19b as an inseparable mixture (380 mg, 35%). 
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C17H20N2O6, Mol. Wt. = 348.35 

Rf = 0.47 (H/EA, 3:7) 

IR (cm
-1

): 3338, 3018, 1713 

2-19a and 2-19b: 
1
H NMR (400 MHz, CDCl3)  7.33 (s, 8H), 5.60 (bs, 0.5 H), 

5.49 (bs, 1H), 5.20-5.19 (bd, 2H), 5.11 (s, 4H), 4.69-4.67 (q, 1H), 4.43-4.42 (q, 

0.5 H), 4.26-4.17 (m, 1.5H), 4.11-4.09 (m, 1.5H), 3.76 (d, 6H), 3.08-3.04 (m, 1H), 

2.64-2.58 (m, 0.5H), 2.28-2.22 (m, 0.5 H), 1.96-1.89 (m, 2H), 1.49-1.48 (d, 3H), 

1.43-1.42 (d, 2H).
 13

C NMR (100 MHz, CDCl3)  177.40, 173.76, 170.19, 169.74, 

156.07, 136.14, 128.63, 128.32, 128.25, 128.20, 90.60, 88.79, 79.82, 79.39, 67.28, 

67.22, 63.97, 61.59, 54.03, 52.87, 52.45, 35.89, 31.09, 19.85, 19.39. HRMS 

(ESI+) calc’d for [C17H20N2O6 + Na]
+
: 371.12136. Found: 371.12086. 

 

 (2R,6R,8R)-1-Aza-8-benzyloxycarbonylamino-9-oxo-5-

thiabicyclo[4.3.0]nonane-2-carboxylic acid methyl ester (rac-2-20) 

Following the general procedure and treatment with TMSCH2N2 (5 mL, excess), 

rac-homoCys (0.60 g, 3.50 mmol) and rac-2-16 (0.568 g, 2.14 mmol) afforded 

the corresponding bicyclic scaffolds rac-2-20 (250 mg, 32%). 

 

C17H20N2O5, Mol. Wt. = 364.42 

Rf = 0.65 (Tol/Ether, 1:1) 

IR (cm
-1

): 3324, 2953, 1697 
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1
H NMR (400 MHz, CDCl3)  7.36-7.35 (m, 5H), 5.29 (bd, 1H), 5.19, (d, 1H), 

5.12 (s, 2H), 5.07 (dd, 1H), 4.46 (q, 1H), 3.78 (s, 3H), 2.96-2.90 (m, 1H), 2.68 (dt, 

1H), 2.49 (m, 1H), 2.39-2.30 (m, 2H), 1.95-1.86 (m,1H). 

13
C NMR (75 MHz, CDCl3)  171.5, 170.3, 156.3, 136.2, 128.7, 128.4, 128.3, 

67.3, 54.9, 52.9, 51.9, 51.4, 33.2, 26.8, 25.4. HRMS (ESI+) calc’d for 

[C17H20N2O5S + H]
+
: 365.11657. Found: 365.11685. 

 

 (S)-benzyl 5-oxo-4-(3-oxopropyl)oxazolidine-3-carboxylate (2-22a) and (R)-

benzyl 5-oxo-4-(3-oxopropyl)oxazolidine-3-carboxylate (2-22b) 

To a solution of L or D-Glutamic acid (5.0 g, 34.0 mmol) in 4 N NaOH (17 mL) at 

0
o
C was added benzyl chloroformate (7.8 mL, 54.7 mmol) dropwise over a period 

of 10 min, then stirred at rt for 16 hours. The solution was extracted with diethyl 

ether, acidified to pH 2 with 4N HCl and extracted with ethyl acetate. The organic 

phase was then dried over Na2SO4, filtered and concentrated in vacuo (5.6 g, 59 

%, oil). 

 

C13H15NO6, Mol. Wt. = 281.26 

Rf = 0.1 (H/EA, 1:1) 

1
H NMR (300MHz, acetone-d6)  7.29-7.41 (m, 5H), 6.64-6.66 (d, 1H), 5.09 (s, 

2H), 4.29-4.36 (m, 1H), 2.47-2.53 (m, 2H), 2.17-2.28 (m, 1H), 1.98-2.05 (m, 1H). 

To a solution of the crude oil (5.6 g, 20.1 mmol) in toluene (125 mL), under Ar, 

was added paraformaldehyde (4.02 g, excess) and p-toluenesulfonic acid (0.40 g, 

2.12 mmol equiv.). The mixture was refluxed for 3 h with removal of water using 

a Dean-Stark, then filtered through a pad of silica and concentrated in vacuo. The 

crude product was purified by flash chromatography (Hex/EtOAc/AcOH, gradient 



 

Chapter 2 

 

− 100 − 

of 8/2/0.01 to 1/1/0.01) to yield the desired intermediate oxazolidinone (3.02 g, 

51%, oil). 

 

C14H15NO6, Mol. Wt. = 293.27 

Rf = 0.2 (H/EA, 1:1) 

1
H NMR (400MHz, CDCl3) δ 7.39-7.35 (m, 5H), 5.55 (br, 1H), 5.24-5.19 (m, 

3H), 4.42-4.39 (t, 1H), 2.57-2.15 (m, 4H).  

 

To a stirred solution of the intermediate oxazolidinone (2.08 g, 7.1 mmol) in 

CH2Cl2 (50ml) under Ar were added distilled oxalyl chloride (0.91 mL, 10.6 

mmol) and dimethylformamide (0.055 mL, 0.70 mmol). The solution was stirred 

for 1 h at rt, then the solvents were evaporated to give the crude product (quant. 

yield) which was immediately dissolved in dry THF (50 mL) and cooled to -78°C. 

To the stirred solution was added lithium tri-tert-butoxyaluminum hydride (1.89 

g, 7.45 mmol) slowly. The mixture was stirred for 4 h, slowly warming to 0°C, 

quenched with water and then filtered through Celite. The filtrate was extracted 

with CH2Cl2, washed with water and brine, dried over Na2SO4, and concentrated 

in vacuo to afford the aldehyde 2-22a or 2-22b which were used without further 

purification (1.27 g, 65%, orange oil). 



 

Chapter 2 

 

− 101 − 

 

C14H15NO5, Mol. Wt. = 277.27 

Rf = 0.6 (H/EA, 1:1) 

1
H NMR (400 MHz, CDCl3) 9.70 (br, 1H), 7.41-7.33 (m, 5H), 5.53 (br, 1H), 

5.24-5.15 (m, 3H), 4.39-4.36 (t, 1H), 2.70-2.15 (m, 4H). 

 

 (2R,5S,8S)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxylic acid methyl ester (2-23a) 

Following the general procedure, L-Cys-OMe (0.45 g, 2.6 mmol) and 2-22a (0.60 

g, 2.16 mmol) provided the cyclized intermediate as an oil. To a solution of this 

crude mixture in MeOH (25 mL) was added K2CO3 (0.40 g, 2.9 mmol). After 

stirring for another 4h, the reaction was quenched with water and extracted with 

CH2Cl2. The organic phase was washed with brine, dried over Na2SO4, filtered 

and concentrated in vacuo. The crude product was purified by flash 

chromatography (Hex/EtOAc, gradient 6/4 to 1/1) to afford the corresponding 

bicyclic scaffolds 2-23a (116 mg, 32%). 

 

C17H20N2O5S, Mol. Wt. = 364.42 

Rf = 0.35 (H/EA, 1:1) 

1
H NMR (300 MHz, CDCl3)7.36-7.31 (m, 5H), 5.51 (br, 1H), 5.13-5.08 (m, 

3H), 4.97-4.90 (m, 1H), 4.33-4.16 (m, 1H), 3.76 (s, 3H), 3.41-3.33 (m, 1H), 3.28-

3.21 (m, 1H), 2.65-2.53 (m, 1H), 2.43-1.74 (m, 4H). 
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HRMS (EI+) calc’d for [C17H20N2O5S]
+
: 364.10929. Found: 364.10896. 

 

 (2R,5S,8R)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxylic acid methyl ester (2-23b) 

As for 2-23a, L-Cys-OMe (0.95 g, 5.5 mmol), 2-22b (1.27 g, 4.60 mmol) then 

K2CO3 (0.72 g, 5.2 mmol) afforded after flash chromatography (Hex/EtOAc, 

gradient 6/4 to 1/1) the corresponding bicyclic scaffolds 2-23b (372 mg, 25%). 

 

C17H20N2O5S, Mol. Wt. = 364.42 

Rf = 0.35 (H/EA, 1:1) 

IR (cm
-1

): 3324, 2953, 1697 

[α]D = −160.0 (c 0.12, CH3OH) 

1
H NMR (300 MHz, CDCl3)7.37 (s, 1H), 5.60-5.46 (m, 1H), 5.39-5.33 (m, 1H), 

5.20 (bs, 2H), 4.95 (bs, 1H), 4.39 (bs, 1H), 3.77 (s, 3H), 3.43-3.21 (m, 1H), 3.27-

3.17 (m, 1H), 2.31 (bs, 1H), 2.20-2.14 (m, 4H). 

HRMS (EI+) calc’d for [C17H20N2O5S]
+
: 364.10929. Found: 364.10847. 

General procedure for formation of the amides 

A stirred solution of the ester (either 2-24a-d, 2-25a,b, 2-26a,b, rac-2-27, 2-

28a,b) in a solution of ammonia in methanol (ca. 7N solution) was reacted for 1h 

at rt. The corresponding amides were obtained in quantitative yields. Storage 

leads to partial isomerization. 2-24a,d, 2-24b,c, 2-28a and 2-28b were fully 

characterized. However, the other amides (2-25a,b, 2-26a,b, rac-2-27) were 

reacted in the next step without further purification. 

 

 (2R,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxamide (2-24a,d) 

Following the general procedure for formation of the amide, 2-17a and 2-17d 

were reacted to give 2-24a and 2-24d. 
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C15H17N3O4, Mol. Wt. = 35.38 

Rf = 0.7 (CH2Cl2/Acet, 1:1) 

IR (cm
-1

): 3333, 2951, 1683 

1
H NMR (400 MHz, (CD3)2CO)  7.38-7.36 (m, 5H), 7.11 (bd, 2H), 6.76 (bs, 

1H), 5.24-5.23 (dd, 1H), 5.10 (s, 2H), 4.81 (t, 1H), 4.37-4.29 (q, 1H), 3.48-3.47 

(m, 2H), 2.58-2.52 (m, 2H). 

13
C NMR (300 MHz, (CD3)2CO)  174.9, 171.9, 156.8, 137.8, 129.2, 128.8, 

128.7, 67.0, 64.9, 60.0, 53.4, 37.0, 31.5. 

LRMS (ESI+) calc’d for [C15H17N3O4S + Na]
+
: 358.08. Found: 358.17. 

 

 (2R,5S,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carboxamide (2-24b,c) 

Following the general procedure for formation of the amide, 2-17c and 2-17d 

were reacted to give 2-24b and 2-24c. 
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C15H17N3O4, Mol. Wt. = 35.38 

Rf = 0.7 (CH2Cl2/Acet, 1:1) 

IR (cm
-1

): 3334, 1708, 1688 

1
H NMR (400 MHz, (CD3)2CO)  7.44-7.26 (m, 5H), 7.22 (bs, 1H), 6.75-6.72 (d, 

1H), 6.64 (bs, 1H), 5.16 (t, 1H), 5.10 (s, 2H), 4.91-4.89 (m, 1H), 4.84-4.77 (m 

(1H), 3.52-3.48 (dd, 1H), 3.91-3.24 (m, 1H), 3.07-3.01 (m, 1H), 2.14-2.05 (m, 

1H). 

13
C NMR (75 MHz, CDCl3)  172.4, 171.4, 156.9, 138.0, 129.2, 128.7, 66.8, 62.0, 

60.3, 55.2, 38.2, 34.8. 

LRMS (ESI+) calc’d for [C15H17N3O4S + Na]
+
: 358.08. Found: 358.15. 

 

 (2R,5S,8S)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxamide (2-28a) 

Following the general procedure for formation of the amide, 2-23a was reacted to 

give 2-28a. 

 

C16H19N3O4, Mol. Wt. = 349.40 

Rf = 0.25 (CH2Cl2/Acet, 6:4) 

IR (cm
-1

): 3309, 2954, 1675, 

1644 

1
H NMR (300 MHz, CDCl3) 7.41-7.28 (m , 5H), 7.10 (bs, 1H), 5.79 (d, 1H), 

5.33-5.28 (m, 2H), 5.08-5.02 (m, 2H), 4.88 (dd, 1H), 3.69 (dd, 1H), 3.53 (dd, 1H), 

3.26 (dd, 1H), 2.34 (ddd, 1H), 2.23 (dt, 2H), 1.79 (ddd, 1H). 
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13
C NMR (75 MHz, CDCl3)  171.4, 167.7, 156.7, 135.9, 128.7, 128.5, 128.1, 

67.5, 62.1, 61.9, 52.1, 30.8, 28.6, 27.4. 

HRMS (EI+) calc’d for [C16H19N3O4S]
+
: 349.10963. Found: 349.10893. 

 

 (2R,5S,8R)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxamide (2-28b) 

Following the general procedure for formation of the amide, 2-23b was reacted to 

give 2-28b. 

 

C16H19N3O4, Mol. Wt. = 349.40 

Rf = 0.27 (CH2Cl2/Acet, 6:4) 

IR (cm
-1

): 3329, 2947, 1671, 1659 

1
H NMR (400 MHz, CDCl3) 7.40-7.30 (m, 4H), 6.45 (s, 1H), 5.63 (s, 1H), 5.35 

(s, 1H), 5.21-5.15 (m, 1H), 5.13 (s, 2H), 4.86 (t, 1H), 4.34-4.20 (m, 1H), 3.67 (dd, 

1H), 3.12 (dd, 1H), 2.48-2.38 (m, 1H), 2.38-2.25 (m, 1H), 2.13-2.02 (m, 1H), 

1.87-1.74 (m, 1H). 

13
C NMR (75 MHz, CDCl3) 171.0, 169.8, 156.3, 136.3, 128.7, 128.4, 128.3, 

67.2, 61.8, 61.1, 51.6, 30.2, 29.8, 25.3, 24.9. 

HRMS (EI+) calc’d for [C16H19N3O4S]
+
: 349.10963. Found: 349.10863. 

General procedure for formation of the nitriles 

To a stirred solution of the amide (either 2-24a,d, 2-24b,c, 2-25a,b, 2-26a,b, rac-

2-27, 2-28a or 2-28b) in dry THF, under Ar, at 0°C, was added TFA anhydride 

(1.2 equiv.) and Et3N (2.0 equiv.). The reaction was stirred for 1 to 3 hours at rt. 

The solution was extracted with CH2Cl2, washed with a saturated NaHCO3, dried 

over Na2SO4 and concentrated in vacuo. Further purification of the residue by 

flash column chromatography afforded the nitrile derivative. 
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 

 (2R,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carbonitrile (2-8a) and (2S,5R,7R)-1-Aza-7-

benzyloxycarbonylamino-8-oxo-4-thiabicyclo[3.3.0]octane-2-carbonitrile (2-

8d) 

Following the general procedure for formation of the nitrile, 2-24a (238 mg, 0.71 

mmol) or 2-24d (90 mg, 0.12 mmol) afforded 8a (114 mg, 51%) or 2-8d (69 mg, 

81%). 

 

C15H15N3O3, Mol. Wt. 317.36 

Rf = 0.8 (CH2Cl2/Acet, 9:1) 

IR (cm
-1

): 3398, 2935, 1726, 1699 

1
H NMR (400 MHz, (CD3)2CO)  7.42-7.29 (m, 5H), 7.07 (d, 1H), 5.42-5.41 (m, 

1H), 5.40 (d, 1H), 5.10 (s, 2H), 4.39 (q, 1H), 3.74-3.68 (m, 1H), 3.52-3.48 (m, 

1H), 2.71-2.55 (m, 2H). 

13
C NMR (75 MHz, (CD3)2CO)  175.6, 156.8, 137.9, 129.2, 128.8, 118.1, 67.1, 

64.5, 52.2, 48.3, 39.0. 

HRMS (ESI+) calc’d for [C15H15N3O3S + Na]
+
: 340.07263. Found: 340.07229. 

 

 (2R,5S,7R)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

thiabicyclo[3.3.0]octane-2-carbonitrile (2-8b) and (2S,5R,7S)-1-Aza-7-

benzyloxycarbonylamino-8-oxo-4-thiabicyclo[3.3.0]octane-2-carbonitrile (2-

8c) 

Following the general procedure for formation of the nitrile, 2-24b (15 mg, 
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0.04mmol) or 2-24c (55 mg, 0.16 mmol) afforded 2-8b (11 mg, 79%) or 2-8c (40 

mg, 77%). 

 

C15H15N3O3, Mol. Wt. 317.36 

Rf = 0.8 (CH2Cl2/Acet, 9:1) 

IR (cm
-1

): 3345, 2941, 1711, 1690 

1
H NMR (400 MHz, (CD3)2CO)  7.38-7.25 (m, 5H), 6.80 (d, 1H), 5.55-5.51 (m, 

1H), 5.75 (t, 1H), 5.08 (s, 2H), 4.79-4.72 (m, 1H), 3.49-3.37 (m, 2H), 3.14-3.07 

(m, 1H), 2.26-2.18 (m, 1H). 

13
C NMR (75 MHz, (CD3)2CO)  172.4, 156.7, 138.0, 129.2, 128.7, 128.7, 117.5, 

114.0, 66.9, 61.6, 55.0, 54.8, 48.1, 37.8, 36.6. 

HRMS (ESI+) calc’d for [C15H15N3O3S + Na]
+
: 340.07263. Found: 340.07247. 

 

 (2S,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-

oxabicyclo[3.3.0]octane-2-carbonitrile and (2-9a) (2R,5S,7R)-1-Aza-7-

benzyloxycarbonylamino-8-oxo-4-oxabicyclo[3.3.0]octane-2-carbonitrile (2-

9b) 

Following the general procedure for formation of the nitrile, 2-25a,b (17 mg, 0.05 

mmol) afforded 2-9a,b (10 mg, 66%). 

 

C15H15N3O4, Mol. Wt. = 301.30 

Rf = 0.35 (CH2Cl2/EA, 9:1) 

IR (cm
-1

): 3332, 2952, 1707 
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2-9a,b: 
1
H NMR (400 MHz, CDCl3)  7.36 (s, 6H), 5.13-5.30 (m, 3H), 5.12 (s, 

3H), 4.77-4.84 (m, 1H), 4.59-4.65 (m, 1H), 4.47-4.52 (m, 1H), 4.38-4.43 (m 

0.3H), 4.02-4.24 (m, 1.7H), 3.72-3.78 (m, 0.3H), 3.09-3.16 (m, 1H), 2.67-2.74 (m, 

0.3H), 2.36-2.44 (m, 0.3H), 2.01-2.08 (m, 1H). 

13
C NMR (125 MHz, CDCl3)  174.4, 155.9, 135.9, 128.7, 128.5, 128.4, 128.3, 

116.8, 116.4, 90.6, 89.1, 70.7, 70.6, 67.5, 53.7, 45.4, 43.4, 35.1. 

HRMS (ESI+) calc’d for [C15H15N3O4 + Na]
+
: 324.09548. Found: 324.09527. 

 

 (2S,3R,5S,7S)-1-Aza-7-benzyloxycarbonylamino-8-oxo-4-oxa-6-

methylbicyclo[3.3.0]octane-2-carbonitrile and (2-29a) (2S,3R,5S,7R)-1-Aza-7-

benzyloxycarbonylamino-8-oxo-4-oxa-6-methylbicyclo[3.3.0]octane-2-

carbonitrile (2-29b) 

Following the general procedure for formation of the nitrile, 2-26a,b (100 mg, 

0.30 mmol) afforded 2-29a,b (51 mg, 54%). 

 

C16H17N3O4, Mol. Wt. = 315.32 

Rf = 0.55 (CH2Cl2/EA, 9:1) 

IR (cm
-1

): 3332, 2932, 1712 

2-29a,b:
 1

H NMR (400 MHz, CDCl3)  7.36 (s, 5H), 5.30-5.23 (m, 2H), 5.12 (s, 

2H), 4.63 (q, 1H), 4.43 (q, 1H), 4.20 (q, 1H), 3.17-3.09 (m, 1H), 2.71-2.64 (m, 

0.1H), 2.41-2.33 (m, 0.1H), 2.05-1.97 (m, 1H), 1.53-1.51 (d, 3H), 1.43 (d, 1H). 

13
C NMR (75 MHz, CDCl3)  174.4, 155.9, 136.0, 128.7, 128.5, 128.3, 116.5, 

116.1, 90.5, 88.9, 80.7, 67.5, 53.5, 51.9, 49.4, 35.3, 18.9, 18.2. 

HRMS (ESI+) calc’d for [C16H17N3O4 + Na]
+
: 338.11113. Found: 338.11096. 

 
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(2RS,6RS,8RS)-1-Aza-8-benzyloxycarbonylamino-9-oxo-5-

thiabicyclo[4.3.0]nonane-2-carbonitrile (rac-2-30) 

Following the general procedure for formation of the nitrile, rac-2-27 (59 mg, 

0.17 mmol) afforded rac-2-30 (24 mg, 42%). 

 

C17H17N3O3S, Mol. Wt. = 331.39 

Rf = 0.3 (H/EA, 7:3) 

IR (cm
-1

): 3271, 2952, 1717, 1689 

1
H NMR (400 MHz, CDCl3)  7.36 (s, 5H), 5.42 (bs, 1H), 5.20 (bs, 2H), 5.13 (s, 

2H), 4.42 (q, 1H), 3.35 (t, 1H), 2.83-2.79 (m, 1H), 2.53-2.48 (m, 1H), 2.41-2.33 

(m, 1H), 2.33-2.17 (m, 1H), 2.00-1.94 (m, 1H). 

13
C NMR (100 MHz, CDCl3)  170.5, 156.1, 136.0, 128.7, 128.5, 128.3, 115.9, 

67.5, 54.4, 51.4, 41.9, 32.8, 28.2, 24.8. 

HRMS (ESI+) calc’d for [C16H17N3O3S + Na]
+
: 354.08828. Found: 354.08831. 

 

 (2R,5S,8S)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxylic carbonitrile (2-31a) 

Following the general procedure for formation of the nitrile, 2-28a (23 mg, 0.07 

mmol) afforded 2-31a (9 mg, 39%). 

 

C16H17N3O3S, Mol. Wt. = 331.39 

Rf = 0.49 (H/EA, 6:4) 

IR (cm
-1

): 3366, 2952, 1695, 1656 

[α]D = −130.8 (c 0.12, CH3OH) 

1
H NMR (500 MHz, CDCl3)  7.42-7.28 (m, 5H), 5.62 (s, 1H), 5.34 (dd, 1H), 

5.12 (q, 2H), 4.95 (s, 1H), 4.23 (s, 1H), 3.40 (dd, 1H), 3.31 (dd, 1H), 2.53 (bd, 

1H), 2.40 (bd, 1H), 1.97-1.78 (m, 2H). 
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13
C NMR (125 MHz, CDCl3)  167.6, 156.6, 136.3, 128.7, 128.7, 128.6, 128.3, 

128.2, 116.7, 67.2, 62.3, 52.3, 48.5, 33.2, 29.8, 27.9, 27.7. 

HRMS (EI+) calc’d for [C16H17N3O3S]
+
: 331.09906. Found: 331.09817. 

 

 (2R,5S,8R)-1-Aza-8-benzyloxycarbonylamino-9-oxo-4-

thiabicyclo[3.4.0]nonane-2-carboxylic carbonitrile (2-31b) 

Following the general procedure for formation of the nitrile, 2-28b (40 mg, 0.11 

mmol) afforded 2-31b (10 mg, 27%). 

 

C16H17N3O3S, Mol. Wt. = 331.39 

Rf = 0.45 (H/EA, 6:4) 

IR (cm
-1

): 3322, 2926, 1712, 1663 

[α]D = −208.1 (c 0.09, CH3OH) 

1
H NMR (500 MHz, CDCl3)  7.36 (s, 5H), 5.74 (s, 1H), 5.68 (s, 1H), 5.12 (s, 

3H), 4.30-4.18 (m, 1H), 3.30 (dd, 2H), 2.52-2.31 (m, 2H), 2.19-2.02 (m, 1H), 

1.92-1.76 (m, 1H). 

13
C NMR (125 MHz, CDCl3) 168.7, 156.1, 136.2, 128.7, 128.4, 128.3, 116.8, 

67.2, 61.9, 51.8, 48.5, 33.7, 29.8, 24.9. 

HRMS (EI+) calc’d for [C17H20N2O5S]
+
: 331.09906. Found: 331.09795. 

2.6.2 HPLC analysis of purity 

To verify the purity of all compounds used for biological tests, analytical 

reverse phase HPLC was performed on an Agilent 1100 Series instrument 

equipped with VWD-detector, C18 reverse column (Agilent, Zorbax Eclipse 

XDB-C18 150mm*4.6mm, 5μm), UV detection at 254 nm. Depending on the 

compound, two different conditions were used: condition A (50% acetonitrile, 

50% water, 1 mL/min) or condition B (50% methanol, 50% water, 1 mL/min) or 

condition C (60% water, 40% acetonitrile, 1 mL/min) or condition D (70% water, 

30% acetonitrile, 1 mL/min).  
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Table 2.4 HPLC analysis of purity of final compounds 

Compd 
Analysis 

condition 

Retention time 

(min.) 
Purity (%) 

2-11a B 4.3 98.7 

2-11b B 4.5 98.8 

2-12a B 5.9 98.0 

2-12b B 5.7 98.2 

2-14 B 8.7 92.5 

2-17a A 3.8 91.9 (9:1 of 2-17a: 2-17b) 

2-17b A 3.3 96.7 (1:9 of 2-17a: 2-17b) 

2-24a D 5.2 98.0 

2-24b D 4.7 93.6 

2-8a C 7.3 97.9 

2-8b C 6.7 99.7 

2-8c A 3.5 98.9 (18:1 of 2-8c:2-8d) 

2-8d A 3.8 96.0 (1:4 of 2-8c:2-8d) 

2-9a,b A 3.0 95.8 (1:10 of 2-9a:2-9b) 

2-29a,b B 3.7 98.1 (1:21 of 2-29a:2-29b) 

rac-2-30 B 7.6 95.7 

2-31a B 5.8 97.6 

2-31b B 6.7 97.3 

2.6.3 Docking study 

The protein structure (1h2y) was downloaded from the protein databank and 

prepared as reported previously.
19

 It was next prepared for docking using 
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PROCESS, a module of our docking program FITTED.
21

 The ligands were prepared 

using Maestro and SMART, a third module of FITTED. They were subsequently 

docked using the FITTED docking engine and defaults parameters. For the covalent 

docking to be used, the Ser554 has been selected as a reactive residue. 

2.6.4 Biological evaluations 

The human glioblastoma-derived cell lines LN18, LN229 and LNZ308 were a 

kind gift of AC Diserens, Neurosurgery Department, Lausanne, Switzerland, the 

immortalized human brain-derived HCEC cells have been kindly provided by D. 

Stanimirovic, Ottawa, Canada, and the human fibroblasts PO03 and PG98/5 cells 

have been prepared in Lausanne form human lung and skin surgical samples, 

respectively, according to protocols accepted by the Hospital Ethics Committee. 

Cells were routinely grown in DMEM culture medium containing 4.5 gL 

glucose, 10% fetal calf serum (FCS) and antibiotics (all from Gibco, Basel, 

Switzerland). One to two days before evaluation, cells were seeded in 48-well 

plates (Costar, Corning, NY, USA) in complete medium in order to reach 

confluence on the day of experiment. On the day of experiment, the culture 

medium was removed, and either 200 μL phosphate-buffered saline (PBS, pH 7.2-

7.4) were added in half of the wells or 200 μl PBS containing 0.1 % Triton X-100 

(Fluka, Buchs, Switzerland) were added in the other half of the wells, for the 

evaluation of the inhibition of POP and DPP IV activities in intact cells or cell 

extracts, respectively. Experiments were performed in duplicate wells. 

The synthetic molecules were dissolved at 10 mg/mL in methanol, then diluted 

1:10 in H2O, and 1 or 5 μL of the water solution were added to duplicate PBS and 

PBS-Triton wells, followed after 5-10 min at room temperature by Gly-Pro-AMC 

or Z-Gly-Pro-AMC substrates (1 mg/mL DMSO, both from Bachem, Bubendorf, 

Switzerland), final concentration 10 μM. Increase in fluorescence at λex/λem = 

360/460 nm was recorded for 30 min at 37 °C in a thermostated multiwell 

fluorescence reader (Cytofluor, PerSeptive BioSystems, Switzerland). For the 

determination of IC50, cells in PBS or in PBS-Triton X-100 were exposed to 
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decreasing concentrations of the inhibitors, then determination of residual activity 

was measured, and plotted against inhibitor concentration. IC50 values were 

determined graphically. 
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Chapter 3 The reactivity of the hydroxyls of different 
sugars is condition dependent 

Previous chapters focused on amino acids and peptides in scaffold design in 

medicinal chemistry. While amino acids are widely used, medicinal chemists 

could also investigate carbohydrates as chiral sources. However, given the 

complextity of carbohydrate chemistry, carbohydrates remain largely under-

explored in medicinal chemistry. Herein, we review the existing methods that 

chemists use to selectively functionalize various carbohydrates, as steps towards 

exploit carbohydrates as chiral sources. 
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3.1  Abstract 

Glucose can be described as one of Nature’s simple building blocks. Yet to an 

Organic Chemist, this simple building block represents a major challenge because 

of its multiple hydroxyl groups thereby limiting its applications. How can we 

target one hydroxyl on a compound that has so many? To address the 

regioselectivity issue and develop efficient synthetic routes, a few studies were 

done to better understand the differences in reactivity between the secondary 

hydroxyls of various sugars, while others focused on how to overcome this order 

of reactivity, innate in each sugar. We aim to review the studies revealing the 

differences in reactivity of the hydroxyls of hexopyranosides, also highlighting 

the various methods available to selectively functionalize or glycosylate a sugar at 

different positions. From our review, we found that some research groups have 

utilized the innate differences in reactivity of the hydroxyls to selectively 

functionalize one position of a sugar over the others. Others used extrinsic factors, 

such as adding catalysts or introducing other functional groups on the sugar, to 

overcome the innate order of reactivity. Overall, we realized that many reports 

contradict each other, and most researchers do not offer any explanations or 

justifications for the observed trends in reactivity. 

3.2  Introduction 

Many organisms use sugars as building blocks for more complex structures in 

nature such as cellulose in plants and chitin in crustaceans. To construct these 

large polysaccharides, these organisms use powerful enzymes which perform 

reactions regio- and stereo-selectively on these sugar building blocks. The 

enzymes build polysaccharides in an efficient process that yields a large amount 

of the desired product quickly, without wasting energy and without generating 

undesired side products such as unwanted isomers. As synthetic chemists, we 

wonder how we could perform such efficient reactions when Nature’s seemingly 

simple building blocks are actually quite complex because of the number of 
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stereocenters and similar functional groups. More often than not, researchers 

aiming to perform a reaction at a specific hydroxyl on a sugar will perform a 

series of protections and deprotections in a process that is wasteful, costly, time 

consuming, and, in the end, yielding little product. To better understand how one 

could perform a reaction selectively on a sugar, Williams and Richardson first 

attempted
1,2

 to rank the secondary hydroxyls of three sugars (methyl -D-

glucopyranoside(3-2), methyl -D-mannopyranoside (3-2) and methyl -D-

galactopyranoside (3-3), Figure 3.1) according to how reactive each hydroxyl is 

under benzoylation conditions.  

 

Figure 3.1 Position numbering of methyl α-D-glucopyranoside (3-1), 
mannopyranoside (3-2) and galactopyranoside (3-3) as well as methyl β-D-
glucopyranoside (3-4). 

 

Scheme 3.1 Benzoylation of methyl α-D-glucopyranoside. 

By benzoylating each sugar with an excess of benzoyl chloride in pyridine and 

carefully isolating and analyzing the di- and tri-benzoylated products from the 

mixture (such as 3-5 and 3-6 in Scheme 3.1), Williams and Richardson 

established that the primary hydroxyl at position 6 of each of the sugars reacted 

first (perhaps because this position is the most accessible of them all) and 
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observed the following reactivity trends for the secondary hydroxyls: 2-OH > 3-

OH > 4-OH for the glucopyranoside, 3-OH > 2-OH > 4-OH for the 

mannopyranoside, and finally 2-OH, 3-OH > 4-OH for the galactopyranoside. 

Williams and Richardson discussed that intramolecular hydrogen-bonding 

possibly influences the reactivity of each hydroxyl. While the adjacent anomeric 

position may contribute an extra hydrogen bond to the 2-OH, thereby increasing 

the reactivity of the 2-OH of the glucopyranoside, the 2-OH is axial in the 

mannopyranoside, rendering the 2-OH less reactive than the 3-OH. Intramolecular 

hydrogen bonding is unlikely in pyridine, the basic solvent used for their 

benzoylation experiments. Interestingly, they observe similar reactivities when 

they ran their experiments in carbon tetrachloride, a solvent that cannot provide 

any hydrogen bonding (unlike pyridine), thereby promoting the intramolecular 

hydrogen bonding of the sugar. 

In a second part to the study of hydroxyl reactivity,
3
 Williams and Richardson 

examined how reactive the secondary hydroxyls would be under similar 

benzoylation conditions, but when the primary hydroxyl was eliminated from 

each sugar system; in other words, the 6-OH was replaced with a 6-H (3-7).  

 

Scheme 3.2 Benzoylation of methyl 6-deoxy-α-D-mannopyranoside. 

Again, the 4-OH does not react under the benzoylation conditions used, while 

the 2-OH and 3-OH of methyl 6-deoxy-α-D-mannopyranoside are benzoylated 

(forming 3-8). They concluded that the hydroxyl (or rather the benzoylated 

hydroxyl since this position is benzoylated rapidly) at position 6 is not to blame 

for the “non-reactivity” of the 4-OH. They also confirm the results of Williams 

and Richardson, namely that the 4-OH is the least reactive. Kondo, Miyahara and 

Kashimura
4
 also confirmed that the order of reactivity of the secondary hydroxyls 

of methyl 6-deoxy-α- and β-D-glucopyranosides was the same as the order that 
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Williams and Richardson previously observed for methyl α- and β-D-

glucopyranosides. 

This ground-breaking work demonstrates that the hydroxyls of different sugars 

have different intrinsic reactivity patterns that vary depending on the sugar 

explored. However, none of these studies reveal whether extrinsic factors, such as 

the sterics of the reagent, also influence the products formed. Furthermore, neither 

of these studies provided an easy method to selectively react at one hydroxyl over 

all the other hydroxyls. Such a method would greatly simplify the number of steps 

a chemist is required to perform when attempting to react at a specific position of 

a sugar, thereby reducing the amount of waste generated, the amount of time 

necessary, and the financial resources required to perform such reactions. 

The aim of this chapter is to provide a review of the different methods that 

chemists have explored over the last 40 years to selectively react at one position 

of a sugar in a minimal number of reactions, without going through several extra 

steps of protections and deprotections prior to the desired reaction. For the 

purpose of this thesis, we will mainly highlight methods applied to selective 

acylation and glycosylation of hexopyranosides. Many of the methods reviewed 

here have been successfully applied to furanosides, and also alkylation chemistry 

of pyranosides. Rather than listing all the reported methods, we have organized 

these methods according to whether they take advantage of the intrinsic reactivity 

of the hydroxyls of sugars, or whether extrinsic factors are used to overcome the 

innate reactivity of the hydroxyls. 

3.3  Selective methods to functionalize sugars based on 

the intrinsic reactivity of the hydroxyls 

Several methods take advantage of the innate reactivity of the hydroxyls in 

order to regioselectively functionalize a sugar. 
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3.3.1 4-Dimethylaminopyridine (DMAP) catalyzed acylations 

of alcohols 

DMAP and chiral DMAP derivatives are now quite commonly used as 

catalysts (catalytically or stoichiometrically) in many reactions, including peptide 

bond formation,
5
 Morita-Baylis Hillman reaction,

6
 and Michael addition.

7
 For 

carbohydrate chemists especially, DMAP-catalyzed acylation of alcohols 

represents an essential tool to functionalize sugars. In 1901, Verley and Bolsing
8
 

developed the first procedure for acylation of hydroxyls using acetic anhydride 

and pyridine. This reliable procedure is widely used, even today, for acetylation 

of carbohydrates. It was not until the late 60’s that Höfle and Steglich discovered 

that DMAP and 4-pyrrolidinopyridine catalyzed the acylation reaction, not only 

speeding up the reaction but also rendering this new set of conditions applicable 

to large-scale synthesis.
9
 Fersht and Jencks originally proposed a mechanism for 

DMAP-catalyzed acylation in 1970 (Scheme 3.3),
10

 based on results from a three-

part study on the hydrolysis of acetic anhydride (part I),
11

 catalyzed by pyridine 

(part II)
12

 and other tertiary amines (part III).
13

 

 

Scheme 3.3 Mechanism of DMAP catalysis using acylating agents such as acetic 
anhydride or acetyl chloride. 

In a review of DMAP-catalyzed acylations, Vorbrüggen briefly discussed the 

mechanism of this reaction, attempting to rationalize why DMAP is such a 

powerful catalyst when compared to pyridine and triethylamine. In fact, DMAP 

and 4-pyrrolidinopyridine catalyze acylation reactions better than other bases due 

to their nucleophilicity. The nitrogen is acylated, forming N-acylpyridinium salts 

which exist as ion pairs where the charge renders the N-acylpyridinium more 

electrophilic.
14

 The mechanism of nucleophilic catalysis of 4-
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dialkylaminopyridines was further studied in 1979,
15

 and again in 2005, when 

Zipse and co-workers performed a more detailed computational study of DMAP-

catalyzed acetylation of alcohols. They not only confirmed the mechanism in 

Scheme 3.3, but also determined that the hydroxyl that is acetylated is most likely 

deprotonated by the acetate counterion generated, and not DMAP or other bases 

used (such as triethylamine).
16

 

3.3.2 DMAP-catalyzed acylation of sugars 

Given the versatility of DMAP, Kurahashi, Mizutani and Yoshida acetylated 

unprotected carbohydrates using DMAP. They acetylated octyl--D-

glucopyranoside (3-9, Scheme 3.4), as well as the -anomer (3-11, Scheme 3.5), 

in order to rank the hydroxyls according to their relative reactivity.  

 

Scheme 3.4 DMAP-catalyzed acetylation of octyl--D-glucopyranoside. 

 

Scheme 3.5 DMAP-catalyzed acetylation of octyl-α-D-glucopyranoside. 

Unlike the uncatalyzed acylation reactions performed with an excess of 

acylating agent (mentioned in the introduction), the 6-OH hardly reacts for both 
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the α- and β-D-glucopyranosides (3-11 and 3-10) when a limiting amount of the 

acylating agent is added to the reaction. Clearly then, the 6-OH is not the most 

reactive position on the sugar under these conditions, even though it is sterically 

the least hindered. Furthermore, the 2-OHs of the glucopyranosides hardly react, 

if at all. The main positions that do react on each of the glucopyranosides are the 

3-OH and the 4-OH, which react fairly equally for the β-stereoisomer (Scheme 

3.4), while the 4-OH is three times more reactive for the α-stereoisomer (Scheme 

3.5). Clearly, the stereochemistry at the anomeric position affects the reactivity of 

the hydroxyls and the outcome of acetylation. Upon comparing the reactions in 

Scheme 3.4 and Scheme 3.5 with Scheme 3.1, we find that the acylating agent 

also differs: in Scheme 3.1, the reagent is an acyl chloride, while in Scheme 3.4 

and Scheme 3.5, the reagent is an anhydride, demonstrating that the reactivity 

may also depend on the acylating agent used (the role of the acylating agent is 

further discussed in section 3.6 ). Applying the same conditions to octyl-- and 

octyl--D-mannopyranosides and octyl-- and octyl--D-galactopyranosides 

allowed the authors to better understand the effect of the stereochemistry of the 

hydroxyls at positions 2 and 4 on the relative reactivities of the hydroxyls. In 

these cases, the stereochemistry of the anomeric position did not affect the order 

of reactivity of the hydroxyls, which was determined as 4-OH > 6-OH > 3-OH > 

2-OH for the mannopyranosides, and as 6-OH > 4-OH 3-OH > 2-OH for the 

galactopyranosides.
17

  

 

Scheme 3.6 Regioselective acylation of position 2 over position 3 of 4,6-O-
benzylidene methyl α-D-glucopyranoside. 
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Using just triethylamine and either acetic or benzoic anhydride, Hung and co-

workers
18

 showed that various glucopyranosides, such as 3-13, could be 

selectively functionalized at position 2 without any catalysts or additives, 

although an excess (9 equivalents) of triethylamine was used (yields vary between 

65 and 93%, Scheme 3.6). Interestingly, they obtain an almost random mono-

functionalization of the sugars when pyridine is used instead of triethylamine. 

Using benzyl chloroformate, Morère et al.
19

 mono-functionalized several 

sugars. Combining two bases in their reaction conditions, namely DMAP and 

DABCO, Morère et al. could selectively install a benzyloxycarbonyl in high 

yields.  

 

Scheme 3.7 Morère et al. apply a combination of bases to selectively functionalize 
methyl α-D-glucopyranoside. 

In fact, they were able to put a benzyloxycarbonyl group at position 2 of 6-O-(4-

methoxytrityl) methyl α-D-glucopyranoside (3-16) (80% yield of 3-17, Scheme 

3.7) and 6-O-(4-methoxytrityl) methyl α-D-galactopyranoside (74% yield), and 

selectively at position 3 (and not position 2) of 6-O-(4-methoxytrityl) methyl α-D-

mannopyranoside (85% yield). Again for the mannopyranoside, the equatorial 

position 3 was more reactive compared to the axial 2-OH. Interestingly, when the 

β-isomer of the glucopyranoside was subjected to the same conditions, a mixture 

of products, functionalized at either position 2 or 3, was obtained (31% at position 

2, 43% at position 3), further demonstrating the influence of the orientation of the 

anomeric position. The reactivity pattern from Morère mirrors that from Williams 

and Richardson with benzoyl chloride. 

Procopio and colleagues
20

 selectively acylated position 2 of 6-O-trityl methyl 

α-D-glucopyranoside (3-18), yielding 3-19 (72.6 %). They used a combination of 
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BOP-Cl and DMAP which, along with the desired acid, most likely first form the 

mixed anhydride of BOP-Cl with that acid (Scheme 3.8). However, the necessary 

control experiments are not performed to determine, firstly, whether the acyl 

pyridinium forms from the reaction of DMAP with the mixed anhydride, and 

secondly, whether a symmetric anhydride forms from the reaction of the mixed 

anhydride with another equivalent of the acid. 

 

Scheme 3.8 Regioselective acylation using benzoic acid, DMAP and BOP-Cl. 

3.3.3 Silyl 

A wide variety of silyl ether derivatives of carbohydrates can be formed for the 

protection of hydroxyls, and, more importantly, 1,2- and 1,3-diols.
21

 For instance, 

Corey explored di-isopropylsilyl and di-tert-butylsilyl di-triflates to protect 1,2-, 

1,3-, and 1,4-diols (a few examples shown in Figure 3.2).
22
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Figure 3.2 A few examples of silyl protection of 1,2-, 1,3- and 1,4-diols (3-20, 3-21 
and 3-22) which Corey developed. 

The Miethchen group
23

 applied branched oligosilyl triflates with silyl spacers 

(as in 3-25) as protecting groups for some fructopyranose sugars (3-23), leaving 

only one secondary hydroxyl available (Scheme 3.9) for further functionalization. 

 

Scheme 3.9 A one-step protection of two positions of a fructopyranoside. 

Arias-Peréz and Santos
24

 disilylated methyl and allyl α-D-mannopyranosides, 

at various temperatures, to establish the order of reactivity of the secondary 

hydroxyls from the disilylated products observed. At low temperatures, mainly 

the 3,6-disilylated product formed, while at higher temperatures, the 2,6-

disilylated product was predominant. From this data, Arias-Peréz and Santos not 

only derived the order of reactivity of the hydroxyls (3-OH > 2-OH > 4-OH), but 

also that at higher temperatures, the silyl group migrated from position 3 to 

position 2. In fact, they could manipulate which position the TBDPS group 

migrated to using different bases: stronger bases like n-butyllithium forced 

migration of the TBDPS from position 3 of 3-26a to position 4, the less hindered 

position compared to the 2-OH (kinetic conditions yielding 3-26b), while softer 

imidazole base (longer reaction times and higher temperatures) promoted 

 

 



 

Chapter 3 

 

− 130 − 

migration from position 3 of 3-26a to position 2 (the thermodynamic product 3-

26c) (Scheme 3.10). 

 

Scheme 3.10 Controlled TBDPS migration. 

3.3.4 Glycosylations on minimally protected acceptors 

A few groups have glycosylated minimally protected acceptors in order to 

determine if long synthetic routes of protections and deprotections are actually 

necessary. 

 

Scheme 3.11 Glycosylation of allyl 2-acetamido-6-O-TBDPS-2-deoxy-β-D-
glucopyranoside with a galactose trichloroacetimidate. 

The Roy group synthesized N-acetyllactosamine derivatives (such as 3-29), 

finding that a 6-O-TBDPS allyl β-D-glucopyranoside acceptor (3-27) could be 

selectively glycosylated with 3-28 at position 4 without protecting any of the 

other positions of the sugar (Scheme 3.11).
25

 The Pakulski group investigated the 
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mannosylation (in other words, glycosylation using a mannose-based donor) of 6-

O-TBDPS benzyl-α-D-mannopyranoside and allyl α- and β-D-mannopyranoside 

(3-30).
26

 They observed the α-D-mannopyranosides could be selectively 

glycosylated with 3-31 at position 3, when the 2-, 3-, and 4-OHs were 

unprotected.  

 

Scheme 3.12 Mannosylation of allyl 6-O-TBDPS-α-D-mannopyranoside. 

Their best results were obtained for allyl 6-O-TBDPS-α-D-mannopyranoside 

(3-30) when they used either BF3.OEt2 (70% yield of glycosylation at position 3) 

or with TMSOTf (56% yield of glycosylation at position 3, Scheme 3.12). 

Interestingly, for allyl 6-O-TBDPS-β-D-mannopyranoside, Pakulski observed 

lower yields (68% yield or less) and a mixture of disaccharides containing a much 

higher amount of product mannosylated at position 2. Furthermore, for benzyl 6-

O-TBDPS-α-D-mannopyranoside, the yields were also significantly lower, 

although they were able to selectively mannosylate the acceptor at position 3 

using TMSOTf (34% yield). 

3.3.5 The influence of the hydrogen bond network 

In explaining the results of their acylation experiments, Williams and 

Richardson mentioned the influence of the intramolecular hydrogen bond 

network.
1,2

 In fact, several groups have investigated this intramolecular hydrogen 

bond network to better understand the order of reactivity of the hydroxyls on 
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sugars.
17,27-32

 Surprisingly, Williams and Richardson performed their experiments 

in pyridine, a solvent that is able to hydrogen bond with the sugar, a fact which 

renders this inference of the intramolecular hydrogen bond network seemingly 

less plausible. However, a few groups have discovered that even in hydrogen 

bonding solvents, although it may be weakened, the intramolecular hydrogen 

bond network still exists,
27,31,32

 supporting Williams and Richardson’s theory that 

the internal hydrogen bond network influences acetylation reactions of sugars, 

even when the reactions are performed in pyridine.
 

 

Figure 3.3 Davies proposed intramolecular hydrogen bond networks of methyl α-D-
glucopyranoside (3-1) and the α-anomer of glucose (3-33). 

From a few 
1
H NMR studies, Davies found that for methyl-α-D-glucopyranoside 

(3-1), only one intramolecular hydrogen bond existed between the hydroxyls at 

position 4 and 6, while for the α-anomer of glucose (3-33), Davies demonstrated 

that glucose has an extensive hydrogen bond network, as in Figure 3.3.
27

 Brewster 

rationalized the reactivities of the hydroxyls of glucose by determining the 

acidities of the hydroxyls of α-D-glucopyranose (and β-maltose). To do this, they 

performed computational calculations using a semiempirical molecular orbital 

(AM1) framework. From their calculations, Brewster determined that the position 

6-OH is the least acidic along with the following order of acidity: 1-OH > 4-OH > 

3-OH > 2-OH > 6-OH. This would explain why Kurahashi, Mizutani and Yoshida 

observe very little acylation of position 6 in their experiments, even though this 

primary OH is free. On the other hand, position 6-OH sometimes seems the most 

reactive towards alkylation and acylation because it is the least hindered position 

and therefore electrophiles can easily access this position.
28

 Thus if more than an 

equivalent of acylating agent is used on an unprotected pyranoside, researchers 
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(such as Williams and Richardson) observe di-acylation, the 6-OH being one of 

the positions acylated. 

Kurahashi, Mizutani and Yoshida propose that the internal hydrogen bond 

network of octyl-α-D-glucopyranoside (Figure 3.4) can account for the reactivity 

patterns which they observed experimentally in Scheme 3.5.
17

 

 

Figure 3.4 Kurahashi Muzutani and Yoshida proposed the hydrogen bond network 
of octyl-α-d-glucopyranoside supports DMAP-catalyzed acylation of the 4-OH (3-
34a) over the 3-OH (3-34b), the 2-OH (3-34c) and the 6-OH (3-34d). 

For example, even though position 6 is the most accessible position from a steric 

point of view, the 6-OH is the least acylated position because this flexible primary 

hydroxyl does not hydrogen bond well (3-34d). On the other hand, position 4 is 

preferentially acylated because the positive charge can be thoroughly delocalized 

through the hydrogen bond network (as in 3-34a). Kurahashi, Mizutani and 

Yoshida also performed semi-empirical calculations (PM3) to quantify the proton 
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affinities of the hydroxyl groups of monosaccharides, finding that the reactivity 

trend parallels the proton affinities, in other words, position 4 has a higher proton 

affinity than the 3-OH and 2-OH. The measured proton affinities mirror the 

hydroxy-nucleophilicities in this case. 

Pakulski attributed the results from the mannosylation experiments to the 

hydrogen bond network of the mannopyranosides used (3-30a-a’ and 3-35a-a” in 

Scheme 3.13).
26

 

 

Scheme 3.13 Some possible hydrogen bonds that could explain why the 2-OH of 
allyl 6-O-TBDPS β-D-mannopyranoside (shown in 3-35a-a”) reacts more than in the 
α-form (shown in 3-3-a-a’). 

In fact, allyl 6-O-TBDPS β-D-mannopyranoside should be capable of an extra 

hydrogen bond, between the 2-OH and the anomeric O-allyl (3-35a”) because 

they are in a cis-configuration of the sugar, and therefore close enough to interact. 

The 2-OH could therefore have a slightly more negative charge in the β-form than 

in the α-form, rendering it slightly more nucleophilic in the β-form. Thus, 

mixtures containing predominantly products mannosylated at position 3, but also 

at position 2 are observed. 

From these efforts, we can clearly see that the hydrogen bond network 

influences reactions (whether simple acylation reactions or more complex 

glycosylations) performed on unprotected or partially protected sugars. 

3.4  Extrinsic methods which internally deliver the 

reagent 

Some researchers have chosen to replicate enzyme active sites creating 

compounds or peptides capable of hydrogen-bonding with the substrate, reacting 

with the reagent and internally delivering the reagent to a specific position. 
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3.4.1 DMAP-based catalysts 

Kurahashi, Mizutani and Yoshida continued their work on DMAP-catalyzed 

acylation, using DMAP analogues with acid moieties (3-36a-e) capable of 

hydrogen bonding with the sugars (Scheme 3.14). In this case, they found that the 

6-OH is the most reactive for the octyl-- and octyl--D-glucopyranosides and 

galactopyranosides. The 4- and 6-OH positions of the mannopyranosides reacted 

equally. Interestingly, while di-acylation was previously inevitable, as in Scheme 

3.1, Kurahashi, Mizutani and Yoshida have developed a method which avoids this 

issue.
33

 

 

Scheme 3.14 Acetylation catalyzed by DMAP analogues. 

In the quest for more efficient catalysts for acylation of sugars, Kawabata and 

colleagues incorporated DMAP analogues into short di- and tri-peptides (such as 

3-37). Initially, the catalysts were used to enantioselectively acylate meso-1,2- 

and 1,3-diols.
34,35

 These catalysts and others were also applied to selective 

acylation of sugars. Kawabata hypothesized that the catalysts can wrap around the 
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sugar being acylated, directly delivering the acyl group to a specific position: only 

the 4-OH is selectively acylated (Scheme 3.15). Once again, the intrinsic 

reactivity of the sugar has been manipulated, and the usual the reactivity (or rather 

the accessibility) of position-6 is quenched and the acyl group is delivered very 

specifically.
36,37

 

 

Scheme 3.15 Acylation catalyzed by tri-peptide containing DMAP. 

Recently, the Kawabata group used this same catylyst with other anhydrides, 

for example bearing an amino acid, successfully installing a N-Cbz-phenylalanine 

at position 4 of octyl β-D-glucopyranoside (3-9).
38
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Scheme 3.16 Acylation catalyzed by tetra-peptide containing DMAP. 

The Kawabata group also developed other catalysts still featuring DMAP (like 

3-40 of Scheme 3.16), also showing that changing the acylating agent from the 

anhydride to the acyl chloride allows them to switch from acylating the position 

4-OH to the position 6-OH.
39

 

3.4.2 Peptidic catalysts 

The Kawabata group was not the only group to develop peptidic catalysts to 

perform selective acylation reactions. Miller constructed and screened a series of 

longer peptides to catalyze acetylation reactions.
40

 Of the series, peptide 3-43 was 

particularly noteworthy as it favoured acetylation at position 3 over position 4 

(97:3) of a glucosamine substrate (3-42), whereas the same substrate was 

acetylated at position 4 in the absence of the peptide catalyst (Scheme 3.17). 

Furthermore, when the catalyst was absent, a significant portion of di-acetylated 

product was recovered, while in the presence of the catalyst, di-acetylation did not 

occur.  
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Scheme 3.17 Selective acetylation of position 3 over position 4 of a glucosamine 
substrate 3-42, catalyzed by peptide 3-43. 

On the other hand, when peptide 3-45 catalyzes the reaction, the secondary 

hydroxyl at position 4 is acetylated predominantly, while the primary hydroxyl 

reacts to a lesser extent, and finally positions 3 and 2 react about equally (Scheme 

3.18).  

 

Scheme 3.18 Optimized acylation catalyzed by a short peptide. 
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Instead of using peptides, the Vasella group selectively benzoylated methyl 6-

O-TBDPS-β-D-glucopyranoside(3-46), in the presence of a chiral diamine (3-

47).
41

 Although they give little explanation to the regioselectivity they observe, 

they infer that the hydrogen bond network of the sugar may influence the outcome 

of the reaction.
42

 

 

Scheme 3.19 Chiral diamine (3-47) catalyzed acylation of methyl-6-O-TBDPS-β-D-
glucopyranoside (3-46). 

3.5  Extrinsic methods which pre-functionalize the sugar 

Researchers have developed many methods to pre-functionalize sugars with tin 

or boron derivatives, or salts, prior to performing the reaction of interest. 

3.5.1 Organotin derivatives 

Although Hanessian reviewed many of the applications of organotin 

derivatives of various sugars,
43

 a few among them are worth mentioning here. 

Acylation via stannyl ether derivatives 

Ogawa and Matsui prepared stannyl ethers of methyl α-D-glucopyranoside (3-

1), mannopyranoside (3-2) and galactopyranoside (3-3), as well as methyl β-D-

galactopyranoside which they benzoylated.
44,45
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Scheme 3.20 Stannyl ethers promote regioselective acylations. 

Interestingly, when the methyl α-D-glucopyranoside (3-1) was treated with 

bis(tributyltin) oxide, Ogawa and Matsui hypothesized that stannyl ethers formed 

at positions 2 and 6 (3-49 in Scheme 3.20). Subsequent benzoylation therefore 

occurred at positions 2 and 6 of methyl α-D-glucopyranoside (3-50, 81% yield). 

When treated in the same way, benzoylation occurred at positions 3 and 6 of 

methyl α-D-mannopyranoside (3-2) (90% yield) and methyl β-D-

galactopyranoside (95% yield). On the other hand, benzoylation of methyl α-D-

galactopyranoside (3-3) actually yielded four products, the product mono-

benzoylated at position 6, di-benzoylated at positions 2 and 6, and positions 3 and 

6, and finally the tri-benzoylated product at positions 2, 3, and 6 (yields of 21, 10, 

20, and 41% respectively).  

Acylation via stannylene acetals 

When conventional acylation methods failed to be regioselective and following 

preliminary work on regioselective tosylation of nucleosides using tin,
46,47

 

Munavu and Szmant turned to dibutylstannylene acetals to selectively 

functionalize partially-protected methyl β-D-hexopyranoside sugars.
48

 

Acylation occurred exclusively at position 2 for the -D-glucopyranoside, but was 

non selective for the β-anomer (3-13b) (Scheme 3.21).  
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Scheme 3.21 Selective benzoylation via a stannylene acetal intermediate. 

The stannylene acetal of 4,6-O-benzylidene methyl -D-glucopyranoside 

formed at positions 2 and 3, most likely because the anomeric methoxy could 

stabilize the tin acetal (Figure 3.5). On the other hand, when the stereochemistry 

of the starting sugar does not allow for stabilization of the stannylene acetal, 

acylation was non-selective, as for the 4,6-O-benzylidene of methyl -D-

glucopyranoside (3-52) and methyl -D-mannopyranoside (3-53). 

 

Figure 3.5 Stannylene acetal of methyl -D-glucopyranoside (3-52) compared to 

methyl -D-glucopyranoside (3-53). 

The importance of the anomeric center was further demonstrated when 

Munavu and Szmant acylated the unprotected methyl - and -D-

glucopyranosides under the same conditions: the -isomer was acylated at 

position 2 (as expected from the previous experiments), while the -isomer, 

lacking the possible anomeric stabilization of the 2,3-stannylene acetal, reacted at 

position 6, the primary alcohol (80% yield of 6-O benzoylated product). 

In a further exploration of stannylene acetals, Nashed and Anderson
49

 

compared the reactivity of axial hydroxyls with equatorial hydroxyls of 

stannylene acetals of a partially protected galactopyranoside and 

mannopyranoside. As expected, they found that the equatorial hydroxyls were 

more reactive: the 3-O of the galactopyranoside 3-54 reacted selectively to 
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benzoylation (as in Scheme 3.22), and the equatorial 3-O of the mannopyranoside 

was most reactive and predominantly alkylated over the axial 2-O position.
49,50

  

 

Scheme 3.22 Stannylene acetal 3-55 for regioselective acylation of a partially 
protected galactopyranoside 3-54. 

Nashed and Anderson found that the conditions developed to benzoylate the 

equatorial position of the galactopyranoside actually yielded the mannopyranoside 

benzoylated selectively at the axial position 2 (3-59a). They also developed 

conditions to selectively benzylate the equatorial hydroxyl, position 3. Thus, 

unlike Munavu and Szmant, Nashed and Anderson found optimal conditions for 

functionalizing either the equatorial hydroxyl at position 3 or the axial hydroxyl, 

at position 2 (as shown in Scheme 3.23).  

 

Scheme 3.23 Stannylene acetal for regioselective acylation of a partially protected 
mannopyranoside. 

David and Thieffry
51

 also successfully used stannylene acetals not only to 

selectively acylate sugars, but also to oxidize a 4,6-O-benzylidene--D-

galactopyranoside (3-63) at position 3 and a 2,6-O-di-benzoyl--D-

galactopyranoside (3-60) at position 4 (Scheme 3.24).  
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Scheme 3.24 Selective oxidation at position 3 of a 3,4-stannylene acetal of a 
galactopyranoside. 

Benzoylation conditions were also applied to galacto- and glucopyranosides 

protected at positions 2 and 6 (3-60 and 3-67, respectively). In both cases, 

although position 4 should be activated by the stannylene acetal, position 4 was 

unreactive and thus position 3 was selectively benzoylated (Scheme 3.25).  

 

Scheme 3.25 Selective benzoylation of position 3 of a galactopyranoside and a 
glucopyranoside. 

Several groups have also used this type of chemistry to perform regioselective 

glycosylations.
52-54
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Scheme 3.26 Glycosylation of a galactopyranoside acceptor via a stannylene 
acetal intermediate. 

The Kaji group examined using stannylene acetals to selectively glycosylate 

sugars. In fact, starting with a sugar protected at position 6 (either with a trityl or 

TBDMS group), glycosylation occurred at position 3. On the other hand, for 

sugars with a free primary hydroxyl at position 6 (as in 3-3), the acetal formed 

between positions 4 and 6, and glycosylation occurred selectively at position 6 (3-

71 of Scheme 3.26).
55

  

 

Scheme 3.27 TBAF mediated glycosylation of a 3,4-O-stannylene acetal yields a 3-
O-glycoside. 

The Kaji group later developed a new method to switch from glycosylation at 

position 6 to position 3 of the glycosyl acceptor, without protecting position 6 
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prior to glycosylation of the glycosyl acceptor.
56

 Simply using TBAF as an 

additive to the glycosylation reaction, they are able to glycosylate at position 3 of 

the glycosyl acceptor (3-72). Most likely, the 3,4-stannylene acetal, formed 

initially, quickly reacts with the fluoride source forming 3-73, releasing the 

position 3 alkoxide (3-74) which is more reactive and easily glycosylated 

(Scheme 3.27). Thus, without TBAF, glycosylation occurs at position 6 of the 

acceptor, but with TBAF, glycosylation occurs at position 3. 

More recently, Namazi and Sharifzadeh
57

 this organotin-based chemistry to 

install an acrylate and a methacrylate at position 2  of methyl 4,6-O-benzylidene-

α-D-glucopyranoside (49% yield with acryloyl chloride and 45% with 

methacryloyl chloride) and of methyl 4,6-O-benzylidene-α-D-galactopyranoside 

(45% yield with acryloyl chloride and 58% with methacryloyl chloride). Heidecke 

and Lindhorst
58

 applied the same stannylene acetal chemistry to selectively install 

a phthalimidopropyl group at position 3 of methyl-α-D-galactopyranoside (77% 

yield). 

3.5.2 Organoboron derivatives 

Given that sugars readily complex to boronates,
59-61

 the Aoyama group 

investigated how to utilize those complexes to selectively alkylate
62

 and 

glycosylate
63

 sugars. In their initial studies, the Aoyama group selectively 

alkylated fucopyranosides at position 3, going through a 3,4-boronate 

intermediate. More recently, they applied these same boronate intermediates to 

glycosylations (Scheme 3.28).  



 

Chapter 3 

 

− 146 − 

 

Scheme 3.28 A peracetylated bromide glycosyl donor reacts with an activated 3,4-
boronate of a fucopyranoside. 

From the boronic activation of various sugars, they observe that some sugars 

are glycosylated at position 3 (such as methyl 6-O-trityl-α-D-galactopyranoside in 

a 91% yield, methyl α-D-mannopyranoside in a 32% yield, and methyl α-L-

fucoside 3-75 in a 93% yield of 3-77). Unfortunately, this method was hardly 

applicable to other sugars, which were glycosylated at position 6 (like both 

methyl α- and octyl β-D-glucopyranosides in 24% and 35% yields respectively). 

In most cases, yields are lower because trisaccharides are formed, when both 

positions 3 and 6 are glycosylated. In fact, the only instances of high yields are 

with fucoside 3-75 (Scheme 3.28), which lacks a hydroxyl at position 6, and the 

galactopyranoside they used, in which the hydroxyl at position 6 is protected.
62

  

3.5.3 Salt additives 

Many researchers have selectively functionalized sugars by first adding salts to 

the reaction mixture, prior to adding the functionalizing agent. Initially, Avela, 

Melander and Holmbom formed copper(II) chelates of various sugars to observe 

if the chelate would influence the outcome of alkylation.
64,65
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Scheme 3.29 Avela compare sodium hydride the reactivity of 4,6-O-benzylidene-
methyl-α-D-glucopyranoside to copper(II) chloride used following treatment with 
sodium hydride. 

In fact, if only one equivalent of sodium hydride was used, Avela found that 

position 2 reacted to alkylation, yielding mainly 3-78a. If an excess of sodium 

hydride was used, Avela found that the sugar would react at positions 2 and 3, 

yielding 3-78c. On the other hand, if the mono-sodium alkoxide reacted with 

copper(II) chloride prior to functionalization, Avela noted that position 3 reacted 

predominantly, yielding 3-78b, not position 2, the reason being that the copper 

sticks to the first site of deprotonation (position 2) and therefore alkylation can 

only occur at position 3 (Scheme 3.29). Although the authors do not infer this 

from their results, perhaps the hydrogen bond network of the sugar may play a 

role in that position 2 seems to be the most acidic, leading to copper blocking the 

2-O from alkylation. 

Eby and Schuerch
66

 formed dianions of various α-D-hexopyranoside starting 

materials with two equivalents of sodium hydride and used copper(II) salt, namely 

copper(II) chloride to chelate the dianion, deactivating it prior to alkylation (using 

either methyl, benzyl, or allyl iodide). In this way, Eby and Schuerch alkylated a 

number of different sugars, protected at various positions.  
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Scheme 3.30 Selective alkylation in the presence of copper(II) chloride. 

For example, when positions 4 and 6 were protected as a benzylidene (as in 

Scheme 3.30), alkylation occurred at position 3 of the sugar (66-95% yield of 

mainly 3-79b), confirming Avela’s results. When positions 2 and 3 were 

benzylated, alkylation occurred at position 4 (51-100% yield). They later 

continued with selective alkylation and acylations, finding that copper salts (as 

opposed to mercury salts) eliminated any disubstitution reactions, favouring 

mono-functionalization of the starting materials.
67

 

 

Scheme 3.31 Acetylation using zinc(II) chloride. 

In 1990, Hanessian and Kagotani
68

 acetylated various methyl α-D-

hexopyranosides (including 3-1). The selectivity observed was highly dependent 

on the presence of zinc(II) chloride in their experiments (Scheme 3.31). 
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Scheme 3.32 Selective benzoylation in the presence of nickel(II) chloride. 

More recently, Gangadharmath and Demchenko
69

 compared chloride salts of 

zinc, platinum and nickel to observe their effect on benzoylation of sugars, 

finding that the nickel(II) chloride salt yielded the most selective benzoylation of 

3-13 (Scheme 3.32) and benzylation. 

 

Scheme 3.33 Selective benzoylation in the presence of copper(II) chloride. 

 

Scheme 3.34 Optimized conditions to acylate a sugar using copper(II) 
acetylacetonate. 

Osborn also selectively acylated and alkylated 4,6-O-benzylidene-α- and β-D-

gluco- and galactopyranosides (such as 3-81) at position 3, first forming the 

copper(II) chelate prior to further functionalization (Scheme 3.33).
70

 The Osborn 
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group also successfully applied this chemistry to glycosylate these sugars, also 

selectively at position 3.
71

 

The Osborn group continued to optimize the conditions to functionalize sugars 

in the presence of copper(II), screening other copper sources. In fact, while 

copper(II) chloride requires a first step deprotonating the sugar in order to 

strongly interact with the sugar, other copper sources like copper(II) 

acetylacetonate (Cu(acac)2) interact strongly with the sugar without the need for 

deprotonating. Thus, they optimized conditions to acetylate 3-81 (Scheme 3.34)
72

 

 

Scheme 3.35 Selective functionalization of methyl α-L-rhamnopyranoside with 
molybdenum(V) chloride. 

Evtushenko
73

 investigated molybdenum(V) chloride as catalyst for selective 

acylation of deoxyhexoses such as 3-84 (Scheme 3.35).  

 

Scheme 3.36 Stepwise protection of methyl α-D-glucopyranoside (3-1) with 
catalytic dimethyl tin(IV) chloride. 
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The Onomura group
74

 used catalytic amounts of dimethyl tin(IV) chloride to 

selectively mono-benzoylate various methyl α- and β-D-hexopyranosides such as 

3-1(72-91% yield). In fact, they used dimethyl tin(IV) chloride at each step to 

protect methyl α-D-glucopyranoside, leaving, in the end, only position 4 of 3-86 

free for further selective functionalization. Deprotonation and subsequent 

functionalization in the first step of the synthesis occurs at position 2 which is the 

most open position, having one equatorial hydrogen nearby as opposed to a 

bulkier equatorial hydroxyl (position 3), hydroxymethyl (of position 6) (Scheme 

3.36). 

3.6  The role of the acylating agent 

Many of the methods presented thus far differ, not only through the use of a 

variety of catalysts or additives, but also through the acylating agent used. In fact, 

only a few research groups addressed the role of the acylating agent when 

selectively protecting sugars, and yet the following examples clearly illustrate that 

the acylating agent used influences the selectivity of the reaction and therefore the 

products formed. Kattnig and Albert researched the mechanism of DMAP-

catalysis, investigating specifically the influence of different acylating agents and 

bases on DMAP catalyzed acylation reactions.
75 
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Scheme 3.37 Detailed mechanism of DMAP-catalyzed acylations illustrating the 
role of the counterion (X

-
) or base. 

Homogeneous acylations with acetyl chloride, pyridine (as a base) and DMAP 

(as a catalyst) are faster than those with acetic anhydride under the same 

conditions. The reverse is true for heterogeneous acylations with acetic anhydride 

and potassium carbonate (as a base) which are faster than those using acetyl 

chloride under the same conditions. Updating Scheme 3.3, which illustrated the 

proposed mechanism for DMAP-catalyzed acylations, to include the base used for 

these reactions and the deprotonation step, we obtain Scheme 3.37.  

Kattnig and Albert further investigated the influence of pyridinium ion pair 

formed, which Guibe-Jampel, Le Corre and Wakselman began to examine in 

1979.
76

 

 

Figure 3.6 Acetate counterion can direct acylation to secondary hydroxyls. 

If the base is “unavailable” to deprotonate the nucleophile Y-H, like when 

using insoluble potassium carbonate, the counterion (either acetate or chloride 

provided by the acylating agent) may act as the base. If the counterion is a 
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chloride or a cyanide, deprotonation can only occur at one position, most likely 

the most accessible position 6. On the other hand, if the counterion is an acetate 

ion, the acetate oxygens can hydrogen bond to position 6 and position 3 or 4. In 

this way, deprotonating a secondary hydroxyl, at either position 3 or 4, is possible 

and the electrophile can add onto a secondary hydroxyl, while acylation of the 

primary position is suppressed (Figure 3.6). 

In fact, the acylating agent affects the position acylated even when acylating 

stannylene acetal intermediates. In their paper on benzoyl migration, Zhang and 

Wong form several multi-acylated sugars using an excess of BzCl and Bu2SnO at 

higher temperatures (70-100°C) hypothesizing that the stannylene acetals of 3-87 

at position 2 may coordinated with the anomeric methoxy, while the acetal at 

position 6 may coordinate to the ring oxygen (depicted in Scheme 3.38). From 

their experiments, Zhang and Wong were able to confirm the order of reactivity of 

the hydroxyls as 6-OH > 2-OH > 3-OH > 4-OH. 

 

Scheme 3.38 Multi-benzoylation of methyl α-D-glucopyranoside. 

With this in mind, the Ramström group
77

 investigated how to manipulate 

stannylene acetals and generate sugars acylated at multiple, specific positions of 

methyl β-D-galactopyranoside. The Ramström group found that benzoylation of 

methyl β-D-galactopyranoside at low temperatures yielded the 3,6-dibenzoylated 

sugar, but at high temperatures, the 4,6-dibenzoylated product was observed, 

indicating that benzoyl migration most likely occurred with heat. Knowing also 

that acetyls migrate much more readily at room temperature, the acetylating agent 

and the number of equivalents of reagents were varied to better understand how to 

specifically multi-acetylate the sugar. With 2.2 equivalents of dibutyltin oxide and 
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acetyl chloride, acetylation occurred at positions 4 and 6 (35% yield), while when 

3.3 equivalents of dibutyltin oxide were used, acetylation occurred at positions 3, 

4 and 6 with acetyl chloride (57% yield). Given the reactivity observed for 

benzoylation, the 3,6-di-acetylated product was most likely formed first but one 

of the acetyls migrated from position 3 to position 4. On the other hand, when 

acetylation was performed using acetic anhydride, methyl β-D-galactopyranoside 

was acetylated at positions 3 and 6 with 2.2 equivalents of dibutyltin oxide and at 

positions 2, 3 and 6 with 3.3 equivalents of dibutyltin oxide. Interestingly, no 

migration was observed with acetic anhydride. 

 

Figure 3.7 Mechanism for acetate-facilitated acetyl migration. 

Ramström hypothesizes that the chloride counterion can coordinate to the 

organotin at position 4 (3-88b), which in turn can also coordinate with the acetyl 

oxygen at position 3 (3-88c), thereby promoting migration of the tin to position 3 

and the acetyl to position 4 (3-88d) (Figure 3.7). On the other hand, in the 

presence of the acetate counterion, the tin at position 3 can only coordinate with 

the acetate which reduces the reactivity of the tin, which in turn can no longer 

coordinate with the acetyl at position 3.Thus, more factors than just the additive 

or catalyst used affect the products formed during regioselective functionalization 

of sugars. 
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3.7  Tethering 

Many groups formed disaccharides from sugars that were first tethered 

together with different linkers, prior to glycosylation.  

 

Figure 3.8 Some examples of linkers which researchers use to tether the glycosyl 
donor to the acceptor. 

The Hindsgaul group
78,79

 used methylene tethers (3-89), while Stork tethered the 

glycosyl donor to the acceptor using a silicon linker (as in 3-90 of Figure 3.8).
80

 

The Ito group
81-83

 used benzylidene tethers (3-91). Others
84-87

 tether donor and 

acceptor with a succinic acid linker (or other diacid moieties as in 3-92).  

3.7.1 Orthoesters 

Wang and Kong form ortho esters from their glycosyl donors for glycosylation 

of almost fully protected glycosyl acceptors.
88,89
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Scheme 3.39 Selective glycosylations through ortho esters. 

Applied to sugars where positions 4 and 6 are the only free positions, 

glycosylation occurs at position 6 of 3-93 (Scheme 3.39), while if positions 3 and 

4 are available, only position 3 reacts.
88,90

 Wang and Kong later applied this same 

chemistry to form trisaccharides.
89

 More recently, Kong reviewed all of the 

available orthoester methods for selective glycosylations (including this one).
91

 

3.7.2 Peptidic tethers 

More recently, the Fairbanks group
92

 tethered a glycosyl donor to a peptide, 

which in turn was tethered to a mostly unprotected glycosyl acceptor (3-96). 

 

Figure 3.9 Peptide tethering glycosyl acceptor and donor for glycosylation. 
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Subsequent glycosylation revealed that the peptide used to tether joining the 

donor and acceptor actually influences the position of glycosylation on the 

acceptor. For example, the acceptor of 3-96 (shown in Figure 3.9) was 

glycosylated exclusively at position 3 (56% yield), while if the two glycines of the 

peptide were replaced with one proline, glycosylation occurred mainly at position 

2. 

3.8  Methods for selective deprotection of sugars 

In further attempts to selectively manipulate one hydroxyl among so many on a 

sugar, a few researchers have opted to selectively remove a protecting group, 

rather than selectively install one. 

3.8.1 Selective removal of an acyl group 

Several groups have investigated how to selectively transesterify an acetate 

from per-acylated sugars, using such reagents as sodium methoxide,
93

 ammonium 

carbonate,
94

 and more recently methylamine.
95

 

 

Scheme 3.40 Wang’s method for selective removal of the anomeric acyl group of 
various peracylated glycopyranosides. 

Wang and co-workers
96

 worked on selective de-acylation of the anomeric 

position of various peracylated sugars, using a combination of zinc chloride and 

zinc oxide (Scheme 3.40). 
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Scheme 3.41 Selective deacetylation with lithium hydroperoxide. 

Hanessian and Kagotani
68

 found that lithium hydroperoxide could be used to 

selectively remove one acetyl, at position 2 (50% isolated yield of tri-acetylated 

product), from methyl 2,3,4,6-tetra-O-acetyl-α-D-glucopyranoside (3-99), most 

likely through selective chelation of the cis protected diol at positions 1 and 2. In 

fact, this method was also applicable on substrates having a benzylidene between 

positions 4 and 6, once again, only the acetyl at position 2 was removed (44% 

yield). Of course, if the anomeric position was also acetylated as in the penta-

acetylated methyl α-D-glucopyranoside, lithium hydroperoxide removed the 

acetyls at position 2, as well as the anomeric position. 

3.8.2 Selective cleavage of 4,6-O-benzylidenes 

Researchers have developed many methods to open the 4,6-O-benzylidene 

ring, yielding either the 4-O-benzylated sugar or the 6-O-benzylated sugar 

depending on the reagents and the conditions used (Figure 3.10). 

 

Figure 3.10 Two possible paths for cleavage of 4,6-O-benzylidene, either by Path a, 
leading to a 6-O benzyl ether or, by Path b, leading to a 4-O benzyl ether. 

Recently, Daragics and Fügedi
97

 listed most of these methods, noting that the 

ring opening reaction, although seemingly easy, is actually quite challenging 

because many of the reaction conditions are incompatible with other protecting 
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groups bound to the starting material sugar, are sensitive to temperature and 

humidity, etc. In fact, most of the methods are hazardous, expensive and may not 

be applicable for more complex, bulkier sugars, thus limiting their utility.  

In search of a clean, easier method to form 4-O benzyl ethers from 4,6-O 

benzylidenes (3-101), Daragics and Fügedi screened different borane complexes 

(BH3.THF, BH3.SMe2, BH3.NMe3) as hydride donors, all used in conjunction 

with TMSOTf (Scheme 3.42). While BH3.SMe2 seemed to be non-selective, 

yielding equal amounts of the 4-O and 6-O benzyl ether products, BH3.NMe3 

specifically cleaved the benzylidene from position 4, yielding the 6-O benzyl 

ether (3-102, 84% yield), while BH3.THF yielded exclusively the 4-O-benzyl 

ether (3-103, 96% yield).  

 

Scheme 3.42 Two methods to cleave 4,6-O-benzylidenes using borane, yielding 
either the 4-O or the 6-O benzyl ether. 

Various Lewis acids (TMSOTf, Sc(OTf)3, ZnI2, AlCl3, BF3.OEt2) were also 

screened, but TMSOTf yielded the fastest reaction, complete in only one hour. 

The reaction conditions developed were not only compatible with different types 

of benzylidenes, but also safe to use with substrates having other types of 

protecting groups. Unfortunately, Daragics and Fügedi gave no explanation for 

the observed regioselectivity. On the other hand, in 2005, the Hung group 

performed NMR studies of the benzylidene ring opening reaction of 3-104 with 

either BD3.THF or Et3SiD (Scheme 3.43). 

 



 

Chapter 3 

 

− 160 − 

 

Scheme 3.43 First experimental evidence on mechanism of benzylidene ring 
opening reaction using either a borane or a silane reducing agent. 

They found that given the bulk surrounding the 4-O-position of the sugar, a 

larger, hindered reagent, such as triethylsilane cannot reduce the 4-O-benzyl 

cation 3-105, therefore, reducing with triethylsilane yields the 6-O benzyl ether 

(3-106 and 3-107). On the other hand, the borane reagent is small enough to 

access and reduce the 4-O benzyl cation and therefore reducing with this reagent 

yields the 4-O benzyl ether.
98

 

3.8.3 Selective removal of benzyls 

Several groups have reported selective removal of benzyl groups under acidic 

conditions, leading to sugars acetylated at the de-benzylated positions (in a 

process known as “acetolysis”).
99-104

 More recently, the Yamada group
105,106

 

focused on a newer method for the selective removal of benzyls at positions 1 and 

6 of 3-110, followed by acetylation of these positions (Scheme 3.44). 
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Scheme 3.44 Selective de-benzylation. 

Given the methods for selective removal of the 1-O acetyl, one can imagine 

that the pyranose 3-113 could then be transformed into a glycosyl donor. 

Furthermore, if the perbenzylated starting material had a 1,2-acetylidene, their 

benzyl cleavage method led to the formation of the 1,2,6-tri-O-acetylated product, 

which could in turn be transformed to a glycosyl donor leading to more selective 

glycosylations courtesy of neighbouring group participation. 

3.8.4 Selective deprotection of silyl groups 

Only a few papers focus on selectively removing silyl protecting groups from 

persilylated sugars.  

 

Scheme 3.45 Selective removal of TBDMS groups from a persilylated D-
gluconolactone using BCl3. 

For example, the Lin group
107

 developed a method to selectively removal the 

TBDMS protection of 3-114 from primary alcohols in the presence of secondary 

TBDMS protected sites, using boron trichloride (BCl3) (Scheme 3.45). They 

found that their method was also applicable to benzyl 2,3,4,6-O-TBDMS α-D-
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manno- and galactopyranosides, but they did not apply their method to a 

glucopyranoside. 

3.9  Summary 

We have summarized the results of this review in Table 3.1 which can serve as 

a useful reference tool for researchers seeking to perform a selective reaction on a 

hexopyranoside. 

3.10  Conclusion and outlook 

From the many methods presented above to selectively protect and deprotect a 

variety of sugars, we find that performing any type of reaction selectively on a 

sugar presents many issues, from the type of reagent used, to the general 

conditions, to the substrate’s orthogonal protections, stereochemistry, etc. These 

issues are even more apparent when researchers look into how to perform 

regioselective glycosylations. Levy and Fügedi wrote in 2006 that “The holy grail 

of glycosylations – the generally applicable, stereoselective and technically 

simple glycosylation method – has yet to be found.”
108

 However, considering that 

we see regioselective glycosylations as the “holy grail” of carbohydrate 

chemistry, we find that there are significantly fewer groups publishing research on 

regioselective glycosylation. Perhaps, few embark on this quest for reasons such 

as the sheer number of possible products that can form during a single 

glycosylation experiment between a glycosyl donor and a glycosyl acceptor, 

leading to complicated separation and identification of products. And, while in the 

case of simpler acylation chemistry experiments, we envision that one main 

difficulty researchers face when attempting to characterize the possible products 

is determining the modified position, for glycosylation products, we see that not 

only does the position of glycosylation need to be determined, but also the 

stereochemistry, whether alpha or beta. Indeed, the quest for a simple, selective 

glycosylation method is intimidating. 
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Researchers have followed a few impressive paths in a quest to find this “holy 

grail” in carbohydrate chemistry. However, most researchers seem to report end 

results from the path they have chosen, rather than explaining why they chose that 

path. Methods are applied and products are analyzed, and, only a few research 

groups provided some rationale for their results. Furthermore, few have designed 

methods which they predict and prove to form a specific product. In many cases, 

the hydrogen bond network of the sugar substrate is mentioned, as an after-fact, 

rather than in the forefront of the research, considering that this network seems to 

influence so many of the reactions performed on sugars. In fact, none of these 

methods truly seek to manipulate the hydrogen bond network to their advantage 

with a goal in mind. If in fact the hydrogen bond network is the key to many of 

these methods, much more work needs to be done to seek how to use this network 

to form the desired product in a few steps. In the next chapters, we will explore 

the path which the Moitessier group has chosen to explore, attempting to 

manipulate the hydrogen-bond network of sugars in order to perform 

regioselective functionalizations and glycosylations on minimally protected 

sugars. 
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Table 3.1 Summary of the available methods to selectively functionalize position 2, 3 or 4 of hexopyranosides. 

Goal  Starting material Conditions yield or conversion and 

ratios of products 

Scheme Ref 

2-OAc 

or   

2-OBz  

9 equiv Et3N, 1.4 equiv. Ac2O or Bz2O, 

CH2Cl2 

80% yield (Ac2O) 

93% yield (Bz2O) 

only the 2-O-isomer reported 

3.6 18 

2-OCbz 

 

4.0 equiv. CbzCl, 0.7 equiv. DMAP, 2.5 

equiv. DABCO, CH2Cl2, 0°C, 15 min 

80% yield 

only the 2-O-isomer reported 

3.7 19 

2-OBz 

 

1.2 equiv. PhCOOH, 1.2 equiv. DMAP, 

2.4 equiv. BOP-Cl, Pyr., R.T., 15h 

88.9% yield of 

2-OBz : 3-OBz : 4-OBz 

72.6 : 2.5 : 13.8 

3.8 20 

2-OTBDPS 

 

3,2-TBDPS shift 

higher temperature, mild base, long 

reaction time 

3,6-OR : 2,6-OR : 4,6-OR 

20 :69 : 11 

R = TBDPS 

3.10 24 

2-OBz 

 

a) 1 equiv. Bu2SnO, CH3OH, reflux 

b) 1.1 equiv. BzCl, 1.1 equiv Et3N, rt 

95% yield 

2-OBz : 3-OBz 

94 : 1 

3.21 48 
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2-OBz 

 

a) 1 equiv. Bu2SnO, CH3OH, reflux 

b) excess BzCl, 12-15°C, dioxane 

2-OBz : 3-OBz 

major : minor 

3.23 49 

2-OMe 

 

a) 1 equiv. NaH 

b) 2.4 equiv. MeI 

87% conversion 

2-OBz : 3-OBz : 2,3-OBz  

7: 1 : 3 

3.29 64 

65 

2-OBz 

 

a) 2.1 equiv. NaH 

b) 1 equiv. NiCl2 

c)1.2 equiv. BzCl 

85% yield 

2-OBz : 3-OBz : 2,3-OBz  

100: 0 : 0 

3.32 69 

2-OBz 

 

0.05 equiv. Me2SnCl2, 1.2 equiv. BzCl, 2 

equiv. DIPEA 

82% yield 

only the 2-O-isomer reported 

3.36 74 

3-OAc 

 

0.7 equiv. Ac2O, 0.05 equiv. DMAP, 

K2CO3, CHCl3, rt., 1h 

quant. yield 

2-OAC : 3-OAc : 4-OAc : 6-OAc 

2 : 42 : 37 : 19 

3.4 17 

1,3-

glycosydic 

linkage 
 

0.2 equiv. TMSOTf, trichloroacetimidate 

3-31, CH2Cl2, -40°C, 40 min 

56% yield 

1,2 : 1,3 : 1,4 glycosidic linkage 

0 : 100 : 0 

3.12 26 
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3-OAc 

 

0.7 equiv. Ac2O, 2 mol% peptidic 

catalyst 3-43, Tol, rt 

88% conversion 

3-OAc : 4-OAc 

97 : 3 

3.17 40 

3-OBz 

 

1.2 equiv. BzCl, 1.2 equiv. Et3N, 0.05 

equiv. chiral diamine 3-47, CH2Cl2 

91% conversion 

2-OBz : 3-OBz : 4-OBz 

4 : 96 : 0 

3.19 41 

3-OBz 

 

a) 1 equiv. Bu2SnO, CH3OH, reflux 

b) 3 equiv. BzCl, rt 

81% yield 

only the 3-O-isomer reported 

3.22 49 

50 

3-O 

oxidation 

 

a) 1 equiv. Bu2SnO, benzene, reflux 

b) Br2, 4Å MS, benzene 

46-72% yield 

only 3-O-oxidation reported 

3.24 51 
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3-OBz 

 

a) 1 equiv. Bu2SnO, benzene, reflux 

b) 1.1 equiv. BzCl, rt 

74% yield 

only 3-O-isomer reported 

3.25 51 

3-OBz 

 

a) 1 equiv. Bu2SnO, benzene, reflux 

b) 1.1 equiv. BzCl, rt 

81% yield 

3-OBz : 4OBz 

59 : 22 

3.25 51 

1,3-

glycosidic 

linkage 

 

a) Bu4NF, CH3CN 

b) glycosyl bromide 3-70 

42% yield 

1,3 : 1,6-glycosidic linkage 

20 : 1 

3.27 55 

1,3-

glycosidic 

linkage 

 

1.2 equiv. Ag2CO3, glycosyl bromide 3-

76,THF 

93% yield 

only 1,3-glycoside reported 

3.28 63 
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3-OMe 

 

a) 1 equiv. NaH, 2 equiv. CuCl2 

b) 2.4 equiv. MeI 

92% conversion 

2-OMe : 3-OMe : 2,3-OMe 

1 : 4 : 0 

3.29 64 

65 

3-OBn 

 

a) 2 equiv. NaH, CuCl2 

b)5  equiv. BnI 

92% conversion 

2-OBn : 3-OBn 

20 : 80 

3.30 66 

3-OAc 

 

a) 1 equiv. CuCl2, DME 

b) 1 equiv. AcCl, Et3N 

61% conversion 

2OAc : 3OAc : 2,3OAc 

0 : 6 : 4 

3.33 70 

3-OAc 

 

a) 1 equiv. Cu(Oacac)2, DME 

b) 1 equiv. AcCl, Et3N 

70% conversion 

2-OAc : 3-OAc : 2,3-OAc 

1 : 11 : 2 

3.34 72 

3-OAc 

 

a) 0.01 equiv. MoCl5, DME 

b) 32 equiv. Ac2O 

91% yield 

2-OAc : 3-OAc : 4-OAc :di-OAc 

0 : 94 : 0 : 6 

3.35 73 
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3-OBoc 

 

0.05 equiv. Me2SnCl2, 1.1 equiv. Boc2O, 

2 equiv. DIPEA, 1.1 equiv. DMAP 

88% yield 

only 2-O-isomer reported 

3.36 74 

4-OAc 

 

0.7 equiv. Ac2O, 0.05 equiv. DMAP, 

K2CO3, CHCl3, rt., 1h 

98% yield 

2-OAc : 3-OAc : 4-OAc : 6-OAc 

0 : 25 : 61 : 14 

3.5 17 

4-OTBDPS 

 

low temperature, strong base 3,6-OR : 2,6-OR : 4,6-OR 

6 : 20 : 73 

R = TBDPS 

 24 

1,4-

glycosidic 

linkage 

 

1 equiv. BF3.Et2O, trichloroacetimidate 

3-28, CH2Cl2, -45°C, 1 h 

68% yield 

only 1,4-glycoside reported 

3.11 25 

4-OAc 

 

0.7 equiv. (i-PrCO)2O, 10 mol% peptidic 

DMAP-based catalyst 3-38, 

collidine,CHCl3, -50°C, 1h 

98% yield 

2-OAc : 3-OAc : 4-OAc : 6-OAc 

1 : 0 : >99 : 0 

3.15 36 

37 

4-Oi-Pr 

 

1.1 equiv. (i-PrCO)2O, 10 mol% peptidic 

DMAP-based catalyst 3-42, collidine, 

Tol, rt, 12h 

66% yield, R = iPrCO 

2-OR : 3-OR : 4-OR : 6-OR 

0 : 10 : 60 : 30 

3.16 39 
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4-OAc 

 

0.7 equiv. Ac2O, 2 mol% peptidic 

catalyst 3-45, CH2Cl2/Tol, 0°C, 15 h 

100% conversion 

2-OAc : 3-OAc : 4-OAc : 6-OAc 

9:11:58:22 

3.18 40 

4-O 

oxidation 

 

a) 1 equiv. Bu2SnO, benzene, reflux 

b) Br2, 4Å MS, benzene 

73% yield 

only 4-O-oxidation reported 

3.24 51 

6-OAc 

 

0.7 equiv. Ac2O, 2 mol% DMAP-based 

catalyst 3-36a, CH2Cl2/Tol, 0°C, 15h 

quant. 

2-OAc : 3-OAc : 4-OAc : 6-OAc 

0 : 9 : 16 : 75 

3.14 33 

6-Oi-Pr 

 

1.1 equiv. i-PrCOCl, 10 mol% peptidic 

DMAP-based catalyst 3-40, collidine, 

Tol 

rt, 12h 

77% yield 

2-OR : 3-OR : 4-OR : 6-OR 

0 : 4 : 9 : 87 

R = i-PrCO 

3.16 39 

1,6-

glycosidic 

linkage 

 

a) 1.5 equiv. Bu2SnO, MeOH reflux 

b) 2 equiv. glycosyl bromide 3-70, Ag-

silica alumina CH2Cl2 50°C, 22h 

73% yield 

only 1,6-β-glycoside reported 

3.26 55 
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6-OTs 

 

0.05 equiv. Me2SnCl2, 1.2 equiv. TsCl, 2 

equiv. DIPEA 

93% yield 

only 6-OTs reported 

3.36 74 

1,6-

glycosidic 

linkage 

 

a) 1 equiv. AgOTf, glycosyl bromide 3-

76, 1 equiv lutidine, DMF, 4Å MS 

b) Ac2O, Pyr 

c) 0.1 equiv. TMSOTf, CH2Cl2, 4Å MS, 

0° C 

76% yield 

only 1,6-glycoside reported 

3.39 88 

90 
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Chapter 4 Regioselective glycosylation of position 2 
of sugars using directing-protecting groups 

Contrary to the methods reviewed in Chapter 3, in Chapter 4 we selectively 

protect the most easily accessed position of a carbohydrate (the primary hydroxyl) 

with a group that can actually modify and manipulate the accessibility and 

reactivity of the other hydroxyls of the substrate. Herein, we will demonstrate that 

this protecting group can actually be applied to the most complex of reactions in 

carbohydrate chemistry: the glycosylation reaction with a benzylated glucosyl 

donor.  
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4.1  Abstract 

Performing reactions on free sugars is daunting because all sugars, like D-

glucose, bear multiple hydroxyls which are difficult to chemically differentiate. 

We hypothesize that a dipyridyl-based protecting group installed at position 6 of a 

glucopyranoside, which can hydrogen bond to positions 3 and 4 and provide 

enough bulk around these positions. This group would direct glycosylation to the 

2-OH. To test this approach of using directing-protecting groups, we glycosylated 

a series of 6-O-protected methyl α-D-glucopyranoside acceptors, protected at 

position 6, with a 2,3,4,6-tetra-benzylated glucopyranose trichloroacetimidate 

donor. A variety of commonly used protecting groups, as well as pyridyl-based 

protecting groups, were screened. We found that while most of the 6-O-protected 

sugars were glycosylated mainly at position 3, the 6-O-protected sugar bearing 

two pyridyl rings was mainly glycosylated at position 2 (57-61 % yield, 1:1.8 

mixture of α/β). This method proves that a hydrogen-bond accepting protecting 

group, such as our directing-protecting group, installed at position 6 can 

significantly influence which position of the glucopyranoside acceptor is 

glycosylated. 

4.2  Introduction 

4.2.1 Background 

One of Nature’s vital building blocks is D-glucose. Chemists seek to use this 

building block as efficiently as Nature does, but working with the polyol that is 

glucose seems to be more intimidating and challenging for chemists than for 

Nature. Unlike Nature, chemists must perform several chemical transformations, 

such as protection and deprotection steps on the multiple hydroxyls of glucose 

and other sugars, in order to selectively react at one position. The question that 

remains unanswered is how can a chemist possibly perform a reaction as difficult 

as a glycosylation selectively and efficiently when glucose has so many hydroxyls 

that are seemingly identical? In the quest for an easy, regioselective and 
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stereoselective glycosylation method, researchers have yet to come up with a high 

yielding, selective method to glycosylate sugars, more specifically to form a 

specific disaccharide between two glucose molecules, in a high yield and with 

minimal side products. A few researchers have faced the challenge of performing 

regioselective reactions on sugars, proposing a number of methods: for example, 

several groups utilized tin to form sugar-tin intermediates prior to functionalizing 

the sugar,
1
 while others tethered the glycosyl acceptor to the glycosyl donor with 

a short peptide linker,
2
 among many other methods reviewed in Chapter 3. 

Unfortunately, most of these methods are hardly practical and often not green, 

especially on a large scale: tin is highly toxic, short peptides still need to be 

synthesized and coupled to the carbohydrates prior to performing the desired 

reaction.  

In an effort to minimize the number of steps and protecting groups in a 

glycosylation reaction, the Cmoch group proposed that the hydrogen bond 

network of allyl 6-O-TBDPS-α-D-mannopyranoside (4-1) rendered position 3 the 

most reactive position towards glycosylation with a tetra-benzoylated mannose 

trichloroacetimidate (4-2). (Scheme 4.1).
3
 In fact, the Cmoch group obtained a 

56% yield of one product, the 3-O-glycoside (4-3).  

 

Scheme 4.1 Regioselective mannosylation at position 3 of 6-O-TBDPS-allyl-α-
mannopyranoside (4-1). 

Of course, position 2 is axial in mannose and less reactive, and the two 

positions left to react are positions 3 and 4. Based on prior work from Williams 

and Richardson,
4
 we know that position 3 should be the most accessible and 

reactive. Unfortunately, this method applies only to mannose and the authors do 

not test their conditions on other sugars, and most importantly, on glucose.  
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In 1965, Williams and Richardson proposed that the internal hydrogen bond 

network of each sugar may influence the reactivity of the hydroxyls.
4
 With this in 

mind, we have chosen a different path to attack the issue of performing a reaction 

selectively on a sugar: we aim to manipulate the hydrogen bond network innate in 

a sugar, thereby influencing the reactivity of the hydroxyls of the sugar under 

investigation. 

 

Scheme 4.2 Manipulation of the hydrogen bond network renders position 3 more 
nucleophilic, but also hindered and position 2, less hindered, but also less 
nucleophilic. 

In 2005, our group reported that a judiciously-designed trityl-like protecting 

group containing two pyridine rings separated by a short linker, could be easily 

installed at position 6 and hydrogen bond with the 3- and 4-OHs of the 6-O-
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protected methyl α-D-glucopyranoside (as in 4-4 of Scheme 4.2).
5
 This directing-

protecting group modifies the internal hydrogen bond network and influences the 

reactivity of the sugar, rendering the 3-OH more reactive to small electrophiles 

(like acetic anhydride) and the 2-OH more accessible to larger electrophiles (like 

pivaloyl chloride or TBSOTf). 

This directing-protecting group was never applied to glycosylations, a reaction 

known to be more challenging than the esterifications and silyl ether formations 

listed above. If researchers could use such a protecting group to direct and control 

which hydroxyl would react during a glycosylation experiment, this would 

represent a milestone towards a method that is regioselective, but also user-

friendly. In fact, many fields could benefit from such an easy method to 

regioselectively glycosylate sugars: in medicinal chemistry, sugars can be 

attached to drugs in order for cells to uptake the drug (drug addressing) and 

carbohydrate-based drugs would also be more feasible; in any field involving 

nucleic acid synthesis, where reactions need to be performed selectively on the 

sugar ribose; in materials science, where sugars could be used as building blocks. 

In this chapter, we seek to apply the di-pyridyl directing-protecting group to 

glycosylation chemistry and to develop a method to react a glucopyranoside 

acceptor with a glucopyranose donor and form disaccharides regioselectively. We 

found that, with the di-pyridyl directing-protecting group at position 6, we could 

selectively glycosylate the 2-OH of the 6-O-protected sugar with a tetra-

benzylated glucopyranose trichloroacetimidate (40-60% yield of a mixture of α- 

and β-anomers). We also determined that this directing-protecting group worked 

well with methyl α-D-mannopyranoside and octyl β-D-glucopyranoside.  
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4.2.2 Challenges of regioselective glycosylations 

The challenges of regioselective glycosylations which we expected to 

encounter and aimed to overcome in this study are as follows: 

 Regioselectivity: we are looking for conditions that will allow us to 

selectively react at one hydroxyl over all the hydroxyls of minimally 

protected sugars. 

 Stereoselectivity: the glycosidic linkage that is set can be either α or β, 

therefore we need to find a method that can allow us to form one 

stereoisomer or the other. 

 Synthetic efficiency: we need to find a method that is less wasteful, less 

time-consuming and more user-friendly than a series of protections and 

deprotections prior to glycosylation. 

 Polyglycosylation: we are aiming for conditions that will maximize the 

yield of the desired disaccharide, while minimizing the over-glycosylation 

of the starting material, leading to unwanted trisaccharides. 

4.2.3 Objectives and methods 

In the first part of our research to find the best method to overcome these 

challenges, we wanted to screen a number of protecting groups (13 total), 

installed at position 6 of methyl α-D-glucopyranosides, to determine which of the 

6-O- and 4,6-O-protected sugars could be regioselectively glycosylated with a 

tetra-benzylated glucopyranose trichloroacetimidate (Scheme 4.3).   
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Scheme 4.3 General glycosylation reaction between 13 different glycosyl acceptors 
and one glycosyl donor which would lead to the formation of 84 possible 
disaccharides. 

To this end, we prepared two series of glycosyl acceptors featuring a variety of 

protecting groups, installed at position 6, so that we could see the influence of 

these groups on subsequent glycosylation reactions. The preparation of these 6-O-

protected glucopyranosides is described in section 4.3.1. Given that we aimed to 

glycosylate a total of 13 different acceptors with one donor, we expected up to 84 

possible products (6 per acceptor starting material). We would then have to purify 

each of these products and characterize them individually. Time-wise, this was 

not feasible. Furthermore, the 
1
H-NMR spectrum of the sugar backbone and the 

benzylic protons of 2,3,4,6-tetrabenzyl glucopyranose trichloroacetimidate 

overlap the region of the 
1
H-NMR spectra of the sugar backbone of all of the 6-O-

protected glucopyranosides which we prepared. Therefore, we could not 

characterize the products using 2-D NMR studies as it would be impossible for us 

to attribute a signal to each proton of the disaccharide with a high degree of 

certainty. We needed to find an efficient method to analyze all the possible 

products. 

We devised an alternate route (Scheme 4.4) to analyze all the products of our 

glycosylation reactions: if, after glycosylating each of the 13 6-O-protected 

glucopyranosides, we remove the protecting groups at position 6 from the crude 

mixtures, we technically would be left with only 6 possible products, identical for 

all 13 protecting groups initially installed on the 13 acceptors.  
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Scheme 4.4 Revised method to screen different 6-O-protected glucopyranosides, 
first glycosylating to form potentially 84 products, then deprotecting position 6 of 
these to obtain only 6 possible products identical for all the reactions and which 
can easily be analyzed using HPLC. 

These products could be analyzed using analytical HPLC, which would also 

allow us to determine the ratios of the 6 products in each sample of the crude 

mixtures. Furthermore, preparing each of the 6 possible products using typical 

protection and deprotection chemistry and analyzing these using analytical HPLC 

would allow us to also identify each of the products formed for each of our 

glycosylation reactions. The preparation of these 6 reference disaccharides is 

described in section 4.3.2. 

In section 4.3.3, we explore the application and results of the strategy shown in 

Scheme 4.4. 

4.3  Results and discussion 

4.3.1 Preparation of the 6-O-protected glucopyranosides 

We prepared the first series (4-7 to 4-14) of 6-O-protected methyl α-D-

glucopyranosides (depicted in Figure 4.1) from commercially available reagents 

and using reported methods (detailed in the Experimental Section). 
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Figure 4.1 First series of 6-O and 4,6-O-protected methyl α-D-glucopyranosides. 
Protecting groups selected are those which carbohydrate chemists typically use. 

The second series (4-4, 4-15 to 4-18) included the directing-protecting groups 

initially designed to influence and direct functionalization reactions to either 

position 2 or 3 depending on the bulkiness of the reagent. This second series of 6-

O-protected sugars featuring hydrogen-bond acceptors are shown in Figure 4.2. 

Each protecting group of the second series features one or two pyridyl rings able 

to hydrogen bond with the sugar hydroxyl at position 4, as well as at position 3 

(for the di-pyridyl-based protecting group). 

 

Figure 4.2 Second series of 6-O-protected methyl α-D-glucopyranosides. Protecting 
groups chosen feature one or two pyridyl ring which has been shown to hydrogen-
bond with the sugar. 

Contrary to the first series, we had to synthesize the protecting groups of the 

second series prior to installing them at position 6 of methyl-α-D-glucopyranoside 

(4-19). 
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Scheme 4.5 Synthesis of 4-15. 

We prepared 4-15 by reacting methyl α-D-glucopyranoside (4-19) with 

commercially available picolinyl chloride (Scheme 4.5). 

 

Scheme 4.6 Synthesis of 4-16. 

To prepare 4-16, we performed a lithium-halogen exchange between 2-

bromopyridine (4-20) and butyllithium, rendering position 2 of the pyridine ring 

more nucleophilic. Then we added the corresponding lithium salt to 4,4'-

dimethylbenzophenone, yielding this trityl alcohol-like group (4-21). We then 

substituted the alcohol for a chloride (4-22) and this trityl chloride-like group 

could be coupled to the sugar yielding 4-16 (15-55% yield) (Scheme 4.6).  
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Scheme 4.7 Synthesis of 4-4. 

The di-pyridyl protecting group (4-27) was prepared from 2-bromo-6-picolinic 

acid (4-23). We first esterified 4-23, then performed a Sonogashira coupling to 

substitute the bromide with 2-ethynyl-pyridine yielding 4-25. Then, 

hydrogenation of the triple bond reduced it to a flexible alkyl linker (as in 4-26), 

which is necessary for the terminal pyridine to be able to interact with position 3 

of the sugar. A double Grignard addition of p-tolylmagnesium bromide on the 

ester renders the protecting group (4-27) bulkier and more trityl-like. Finally we 

substituted the alcohol for a chloride which enabled us to couple it to the sugar, 

forming 4-4 (Scheme 4.7). 
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Scheme 4.8 Preparation of 4-17 via saponification of 4-26, followed by Mitsunobu 
coupling to 4-19. 

Alternatively, instead of performing the double Grignard addition to yield the 

bulky, “trityl-like” protecting group 4-27, we also saponified 4-26 to the 

corresponding acid which was then coupled to 4-19 via a Mitsunobu reaction 

(Scheme 4.8). However, we found that the 6-O-protected glucopyranoside 4-17 

was not easily separated from the starting material 4-19 as both are very polar. On 

the other hand, separating 4-19 from 4-29 (Scheme 4.9) was easier, at which point 

we could reduce the alkyne of 4-29 to the corresponding flexible linker, yielding 

4-17 (38% yield). 

 

Scheme 4.9 Alternate route to 4-17, coupling saponified 4-26 prior to reduction. 

The glucopyranoside 4-18 was synthesized using the same route which we 

previously reported.
5
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4.3.2 Preparation of the glycosyl donor and reference 

compounds for glycosylation 

Prior to evaluating how the protecting group at position 6 influences the 

glycosylation reaction of these acceptors, we needed to prepare the glycosyl donor 

(4-31, Scheme 4.10) using standard procedures.
6
 We also prepared the six 

possible regio- and stereoisomers 4-36a/b, 4-37a/b and 4-41a/b, which were 

needed as HPLC reference compounds (Scheme 4.11 and Scheme 4.12).  

 

Scheme 4.10 Formation of 2,3,4,6-tetra-benzylated glucopyranose 
trichloroacetimidate 4-31. 

We began by first differentiating the two hydroxyl groups of 4-12 (Scheme 

4.11). Mono-acetylation of 4-12 with acetic anhydride led to regioisomers 4-32 

and 4-33 which we could separate by column chromatography. We then 

glycosylated 4-32 and 4-33 using the trichloroacetimidate donor 4-31, yielding 

separable disaccharides 4-34a and 4-34b and non-separable disaccharides 4-35a 

and 4-35b (Scheme 4.11). Both anomers 4-34a and 4-34b were sequentially 

deprotected by hydrolysis in acidic medium and Zemplén deacetylation to give 

target compounds 4-36a and 4-36b in good yields. Similarly, the benzylidene and 

the acetals of compounds 4-35a and 4-35b were removed yielding the 

corresponding separable mixture of anomers 4-37a and 4-37b. 
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Scheme 4.11 Preparation of reference compounds 4-36a, 4-36b, 4-37a and 4-37b. 

a) Ac2O (1.1 eq.), DMAP, K2CO3, CH2Cl2, 47% (4-32), 40% (4-33); b) 2,3,4,6-tetra-O-
benzyl glucopyranosyl trichloroacetimidate 4-31, TMSOTf, 4Å MS, CH2Cl2, 84% (4-
34a/4-34b = 2:1), 72% (4-35a/4-35b = 2:1); c) preparative HPLC separation; d) AcOH 
/ THF / H2O, 1:1:1, 40°C; e) MeONa, CH3OH, 90% (4-36a), 93% (4-36b), 93% (4-37a + 
4-37b). 

The last two reference compounds were prepared from readily available 

triacetylated glucopyranoside 4-39. As illustrated in Scheme 4.12, we 

peracetylated triol 4-8, reacting 4-8 with acetic anhydride in presence of DMAP 

yielding the fully protected monosaccharide 4-38. Triacetylated compound 4-38 

was subsequently treated with a fluoride source to generate 4-39 which forms 

after the acetyl at position 4 migrates to position 6 (Passacantilli and co-workers’ 

procedure
7
). Both glycosylation partners (4-31 and 4-39) were next reacted to 

give disaccharides 4-40a and 4-40b which were inseparable. These two fully 

protected compounds were subjected to Zemplén deacetylation, forming the target 
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disaccharides 4-41a and 4-41b, which unfortunately remained inseparable even 

after extensive chromatographic work. 

 

Scheme 4.12 Preparation of reference compounds 4-41a and 4-41b. 

a) Ac2O (10 eq.), DMAP, Et3N, CH2Cl2, 100%; b) TBAF, THF, 0°C then rt, 84% ; c) 4-
31, TMSOTf, 4Å MS, CH2Cl2, 79%; d) MeONa, CH3OH, 91%. 

Analytical HPLC conditions were found where 2, 3 and 4-glycosylated isomers 

(4-36a, 4-36b, 4-37a, 4-37b, 4-41a and 4-41b) were clearly identified on 

chromatograms. In addition, the ratios of model mixtures of known composition 

were accurately reproduced on chromatograms with an accuracy of 0.5%. 

However, even if the isomers 4-36a, 4-36b, 4-37a and 4-37b were separated, the 

epimers 4-41a and 4-41b eluted with identical retention times on silica gel and 

reversed phase HPLC columns. Therefore, the ratio of the stereoisomers 4-41a to 

4-41b could not be determined. 

4.3.3 Regioselectivity of the glycosylation reaction with a 

benzylated glycosyl donor 

With the 13 protected glucopyranosides and the 6 reference disaccharides 

prepared, we were ready to investigate the influence of the protecting groups on 

the regioselectivity of the glycosylation reaction (Table 4.1). All the following 

glycosylation reactions were performed in dichloromethane, a solvent which 

favours hydrogen bonding and therefore may enhance the influence of the 

pyridyl-containing protecting groups on the regioselectivity of the reactions. 
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These partially protected glucopyranoside acceptors were reacted with one 

equivalent of glycosyl donor in presence of TMSOTf and yielded many, if not all, 

of the 6 possible isomers 4-36a/b, 4-37a/b and 4-41a/b after deprotection (Table 

4.1). Quick filtration on a silica gel pad enabled the isolation of the six expected 

disaccharides in combined yields of 30 to 55%. The use of a single equivalent of 

donor reduced the amount of trisaccharides and made our evaluation more reliable 

because we eliminated the formation of compounds which may interfere with our 

analysis. In fact, at this stage, we were looking for a regioselective reaction, and 

not necessarily a high yielding reaction. 

As expected, we detected no trisaccharides in the reaction mixture which could 

have formed from di-glycosylation of the acceptors. The conversion (calculated 

from the amount of remaining starting material) and yields of disaccharides were 

equivalent, indicating that all the starting material which was consumed was 

transformed into disaccharides and that the steps of deprotection and filtration did 

not alter the ratio of regioisomers. We also observed that the benzylidene groups 

and the second series of hydrogen bond accepting protecting groups reduced the 

reactivity of the hydroxyl groups leading to the lowest conversions (4-4 ~ 30%, 4-

12-4-14 ~ 30-40%). These results are consistent with the data obtained previously 

with the acetylation of these protected glucopyranoside derivatives.
5
 

Unfortunately, we could not use 4-17 in this experiment because it was insoluble 

in the reaction solvent. In fact, from some preliminary acylation experiments 

(unpublished work), we found that, in this same solvent, the product from mono-

acetylation of 4-17 was soluble and then reacted again with the reagents used, 

leading to a mixture of polyacylated products and insoluble 4-17. Given that we 

are trying to avoid polyglycosylation of our starting material, 4-17 was not used in 

this study.  
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We summarize the results of our first batch of experiments in Table 4.1. 

 

Table 4.1 Regioselectivity of the glycosylation of the secondary hydroxyl groups of 
4-4, 4-8-4-18. 

 

Entry 
Starting 

material 

Protecting 

Group 

2-OGlu 

4-36a/b (%)
a)

 

3-OGlu 

4-37a/b (%)
a)

 

4-OGlu 

4-41a/b (%)
a)

 

1 4-7 Tr 39 (1:1.1) 53 (1:4.2) 8 

2 4-8 TBDPS 39 (1.0:1) 57 (1:1.4) 4 

3 4-9 TBDMS 40 (1.3:1) 56 (1.1:1) 4 

4 4-10 Ac 24 (1.6:1) 60 (1:1.2) 16 

5 4-11 Bz 27 (1.5:1) 69 (1:1.2) 4 

6 4-12 MeOPhCH 41 (1.4:1) 59 (1:1.6) - 

7 4-13 PhCH 45 (1.8:1) 55 (1:7.9) - 

8 4-14 NO2PhCH 45 (2.2:1) 55 (1:2.1) - 

9 4-15 PyrC(O) 35 (1.1:1) 53 (1:1.2) 12 

10 4-16 Pyr(Tol)2C 40 (1:1.1) 56 (1:1.4) 4 

11 4-4 
Pyr-(CH2)2-

Pyr(Tol)2C 
65 (1.6:1) 33 (1.6:1) 2 

12 4-18 
Ph-(CH2)2-

Pyr(Tol)2C 
45 (1:1) 51 (2.2:1) 4 

a
HPLC analysis of the mixtures after filtration on a silica gel pad, α:β ratios are given in 

brackets.  
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We next analyzed the observed regioselectivities and the effect of protecting 

groups. In agreement with the amount of acetylation at position 2 of 4-4, 4-7-4-18 

previously reported (6 to 19%),
5
 we observed that a significant amount of 

glycosylation of the bulky donor 4-31 occurred at position 2 of the acceptors 

especially of 4-4, forming compounds 4-36a and 4-36b (24 to 45%, entries 1-8) 

after deprotection. Furthermore, for the reaction of 4-31 with the bulky TBDPS or 

trityl group containing derivatives 4-7 and 4-8, we observed 4-8% of 4-O 

glycosylated products 4-41a and 4-41b, while the small acetylated derivative 4-10 

gave larger amounts of 4-41a/b (16%, entry 4). As expected, steric effects were 

more prominent in the glycosylation than in the acetylation reaction. The 

glycosylation of the bulky donor led to increased amounts of 2-O glycosylated 

compounds 4-36a/4-36b (24 to 41%, entries 1-10) relatively to the acetylation 

reaction (6 to 19%). Furthermore, 4-O glycosylated products were favoured when 

we switched from ethers (entries 1-4) to esters (entries 5, 6 and 11). The electron-

donating or withdrawing groups on the benzylidene ring also induced effects on 

the regioselectivity (entries 6-8) of glycosylation (4-14 vs. 4-12). 

We were also pleased to observe the influence of the pyridyl ring of 4-16 

which reduced glycosylation at position 4 (4-7 vs. 4-16, 4-18 and 4-4, entries 1 

and 10 to 12) while apparently not interfering with the Lewis acidic conditions 

required for glycosylation. This is additional proof demonstrating the strong 

hydrogen bond between the directing/protecting group and the hydroxyl at 

position 4. Even more gratifying was the reversal of selectivity observed with 4-4 

(4-36/4-37: 65:33, entry 11) as compared to 4-16 (4-36/4-37: 40:56, entry 10). 

Position 3 is more reactive, and yet we observed glycosylation at position 2, most 

likely due to the hindrance of the second pyridine ring that hydrogen bonds to the 

hydroxyl of position 3. To prove the importance of the terminal pyridyl ring of 4-

4, the terminal phenyl analogue 4-18 was reacted under the same conditions. We 

expected that, in the absence of this second critical hydrogen bond, the selectivity 

of glycosylation of 4-18 compared to 4-4 would be affected. Indeed, once this 

hydrogen bond interaction was removed (entries 10 and 12), the selectivity of 
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glycosylation returned to a level consistent with the earlier single hydrogen bond-

controlled reactions (entries 10 and 12 vs. 11). This observation demonstrates the 

critical role of the nitrogen of the terminal pyridyl group of 4-4 which indeed may 

provide bulk and block position 3 from being glycosylated.  

4.3.4 Optimization of the glysosylation methodology with a 

benzylated glycosyl donor 

Unlike other reported methods, our strategy favours glycosylation of position 2 

over positions 3 and 4. To probe the applicability of this methodology towards the 

synthesis of large amounts of disaccharides, we further optimized the conditions 

to improve the regioselectivity and conversion rate of the reaction. The optimized 

procedure requires portionwise addition of 4-31 and TMSOTf at –50°C. Under 

these conditions, glycosylation of 4-4 led to 40-60% (isolated yield) of the 2-O 

glycosylated products 4-36a/b, 8-11% of the other four possible isomers and 

recovered starting material. Complete conversion may have resulted in the 

formation of trisaccharides (uncharacterized). Interestingly, 4-16 exhibited higher 

di-glycosylation rates, further demonstrating the role of the terminal pyridyl ring 

to block positions 3 and 4 from reacting (entry 10).  

We next expanded the scope of our study to other hexopyranosides having 

different hydrogen bond patterns, such as a β-D-glucopyranoside (4-42), an α-D-

mannopyranoside (4-43) and an α-D-galactopyranoside (4-44) (Figure 4.3). With 

these extra acceptors, we also aimed to further elucidate the role of hydrogen 

bonds in the regioselectivity of this reaction. The derivatives 4-43 and 4-44 were 

prepared in one step from methyl -D-mannopyranoside and methyl -D-

galactopyranoside. 
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Figure 4.3 More 6-O-protected hexopyranosides to verify the scope of our method 

As for the methyl α-D-glucopyranoside, the octyl--glucopyranoside 4-32 was 

glycosylated with good regioselectivity although with lower yields and 

conversions due to the presence of the bulky octyl group (entry 4).  

As mentioned in the introduction, the Cmoch group demonstrated that they 

could selectively glycosylate 6-O TBDPS-protected mannopyranosides at position 

3 over position 2.
3
 However, we expected that, as observed for the 

glucopyranoside derivative 4-4, our di-pyridyl protecting group could shut down 

the reactivity of 4-43 leading to lower conversions (entry 5, Table 4.2). As 

expected, when 4-43 was reacted with an excess of 4-31 and Lewis acid, we 

isolated a mixture of disaccharides (41% yield), glycosylated at position 3 (entry 

6), consistent with Cmoch’s results. In fact, we were expecting that 4-43 would be 

glycosylated at position 3 over position 2 as position 2 is much less accessible for 

α-D-mannopyranosides.   
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Table 4.2 Regioselectivity of glycosylation of the secondary hydroxyl groups of 4-
4, 4-16, 4-42, 4-43 and 4-44. * 

 

Entry 
Starting 

material 
2-O  % 2-O

a)
 % 3-O

a)
 % SM 

1 4-16
c)

 4-45a/b 13-28 (1:7.7) 28-37 (1:5.1) 0-34 

2 4-4 4-46a/b 47 (1:1.5)  8 (1:1.8) 41 

3 4-4 4-46a/b 57-61 (1:1.5-1.8) 9-11 (1:1.4-1.9) 0-8 

4 4-42 4-47a/b  28 (1.5:1) nd
b)

 50 

5 4-43
d)

 4-48a/b - - >90 

6 4-43 4-48a/b nd
b) 

41 (1.2:1) 52 

7 4-44 4-49a/b Complex mixture 

a
 α:β ratios are given in brackets. 

b
 not determined (<10%). 

c
 ran at -70

o
C. 

d
 reacted with one 

equivalent of 4-31. * 1,4-glycosylation products were not determined in any of the entries. 

 

While the hydrogen bond network observed in the mannose derivative 4-43 is 

similar enough to that of the glucopyranoside derivatives 4-16, 4-4 and 4-42, 

experimental evidence indicate that the hydroxyl at position 3 of the galactose 

derivative 4-44 is not hydrogen bonding with the di-pyridyl protecting group. As 

a result, the regioselectivity drops with 4-44 and a complex mixture of isomers 
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(recovered 4-44 and disaccharides) is produced (i.e., lower regioselectivity) (entry 

7). 

4.4  Postulated mechanism 

With our mono-pyridyl-based protecting groups, which can be selectively 

installed at position 6, we have observed that the 4-OH is less reactive, while the 

adjacent 3-OH is more reactive. Glycosylation is directed to position 3. We can 

also seek out position 2 by using a protecting group with two pyridine rings, one 

to hydrogen-bond to the 4-OH and the other to the 3-OH. With this di-pyridyl 

protecting group, glycosylation at the position 2-OH is now favoured. Our 

hydrogen bond-accepting protecting groups operate by modifying the 

intramolecular hydrogen bond network observed in non protected carbohydrates. 

Clearly, we observed preference for the two 2-O glycosylated isomeric 

disaccharides (more than 80% of the 6 possible isolated isomers) when a bulky 

glycosyl donor was used, while 3-O isomers were predominant when using a 

smaller reagent (like with acetylating reagents as previously reported). 

 

Figure 4.4 The influence of the di-pyridyl-based protecting group on the 
regioselectivity of reactions. 

This study demonstrates that these pyridyl-based protecting groups can be used 

in different ways (Figure 4.4) as they enhance the nucleophilicity of hydroxyl 

groups (increase selectivity for the acetylation at position 3) but also the steric 

hindrance around selected hydroxyls (increased steric bulk around the 3-OH 
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reduces its accessibility to bulky reagents such as glycosyl donors, while position 

2 is free to react with bulky reagents). 

Interestingly, unlike for all the 6-O-protected glucopyranosides from our first 

series (4-7 to 4-14), we found that we had to treat the crude mixtures with TBAF 

after glycosylating the 6-O-pyridyl-protected glucopyranosides because a fraction 

of the products seemed to bear TMS protections (based on NMR analysis of the 

crude mixtures). Therefore, we propose two possible mechanisms for the 

glycosylation reaction which could explain why glycosylation at position 2 is 

favoured (Scheme 4.13). 

 

Scheme 4.13 Postulated mechanisms. 

The first possibility is that the TMSOTf activation of the trichloroacetimidate 

is slow and therefore, prior to this, the terminal-pyridyl reacts with the TMSOTf. 

This TMS-pyridine can therefore transfer its TMS group to the sugar, most likely 

at position 3, thereby blocking the 3-OH from reacting further. The only available 

position at this point would be position 2. Alternately, if activation of the 

trichloroacetimidate donor is fast enough, this step will occur first, and this 
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activated donor will quickly react at the most accessible position, in other words 

position 2. The remainder of the TMSOTf could react with the disaccharide. In 

both cases, the products would bear one or more TMS groups, requiring an extra 

step of TBAF-mediated deprotection to remove them. From this work, we cannot 

confirm which of these two mechanisms actually occurs. Furthermore, although 

our method is regioselective as our starting materials are mainly glycosylated at 

position 2 (or 3 in the case of the mannopyranoside used), our method is not yet 

stereoselective, in that we obtain a mixture of α- and β-linked disaccharides. We 

could improve this method by switching the glycosyl donor from a 2,3,4,6-tetra-

benzylated donor to a 2,3,4,6-tetra-benzoylated group of which the 

stereochemistry at position 2 of the donor has been shown to influence the 

stereochemistry of the glycosidic linkage formed.  

In this Chapter, our major goal was to assess the effects of protecting groups 

on the regioselectivity of glycosylation reactions. Our strategy relied on a 

deprotection step prior to the analysis of the regioisomer mixtures. This 

deprotection was intended to remove the protecting group at position 6 while not 

removing the protecting groups (benzyl ethers) of the donor. This strategy could 

not be applied to benzoylated donors as benzoyl groups would have been cleaved 

while removing the protecting groups at position 6 of the 13 acceptors. At this 

stage, as the effect of pyridyl-containing protecting groups is demonstrated and 

regioselectivity is achieved, we turned our attention to a more efficient and 

stereoselective approach. In Chapter 5, we will present our results for the 

glycosylation of a small series of sugar acceptors with a 2,3,4,6-tetra-benzoylated 

glucopyranose trichloroacetimidate. 

4.5  Conclusion 

With the goal of rendering sugars more accessible as starting materials for 

chemists, we developed a protecting group that can be installed at position 6 of a 

variety of sugars and that bears two pyridyl rings. Through its ability to hydrogen 

bond with positions 3 and 4 of the sugar it is attached to, this protecting group 
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renders position 3 more nucleophilic, but also less accessible to larger reagents. 

For this reason, with small reagents, position 3 is functionalized, while with larger 

reagents, such as a glycosyl donor, position 2 is functionalized. This protecting 

group allowed us to regioselectively glycosylate methyl 6-O-protected-α-d-

glucopyranoside at position 2 (58-61% yield), producing a mixture of α and β 

anomers (1:1.5-1.8). To our knowledge none of the other reported method can so 

easily favour position 2 of glucopyranosides over position 3. The results of this 

chapter present another line of evidence that protecting-directing groups are a 

valuable tool for regioselective functionalization of sugars.  

4.6  Experimental section 

4.6.1 General remarks 

Solvents were distilled and dried by standard methods; THF and ether, from 

Na/benzophenone; and CH2Cl2 from P2O5. All commercially available reagents 

were used without further purification. 4 Å molecular sieves were dried at 100°C 

prior to use. Melting points are uncorrected and recorded with a Büchi capillary 

tube melting-point apparatus. Optical rotations were measured on a Perkin Elmer 

141 polarimeter in a 1 dm cell at 20°C or a JASCO DIP 140 in a 1dm cell at 

20°C. FTIR spectra were recorded on a Perkin Elmer Spectrum 1000 on NaCl 

windows or KBr pellets or using a Perkin Elmer Spectrum One FT-IR. 
1
H and 

13
C 

NMR spectra were recorded on Bruker AC 250 (250 MHz) or DRX 400 (400 

MHz) and Varian mercury 400 MHz, 300 MHz or Unity 500 spectrometers. 

Chemical shifts are reported in ppm using the residual of chloroform as internal 

standard (7.260 ppm for 
1
H and 77.16 ppm for 

13
C). Mass spectra were recorded 

on either a Trio 1000 Thermo Quest spectrometer in the electron impact mode or 

a Platform Micromass in the electrospray mode or EI Peak matching (70 eV) on a 

Kratos MS25 RFA Double focusing mass spectrometer or by ESI on a IonSpec 

7.0 tesla FTMS at McGill University. Elemental analyses were obtained on a 

Perkin Elmer 240C microanalyser. Analytical thin-layer chromatography was 
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performed on Merck 60F254 pre-coated silica gel plates. TLC visualization was 

performed by UV or by development using KMnO4, H2SO4/MeOH or Mo/Ce 

solutions. Chromatography was performed on silica gel 60 (230-40 mesh). 

Analytic reverse phase HPLC was performed on two C18 columns: Kromasyl 

C18 10 μm, from A.I.T. Chromato (Le Mesnil le Roi, France) and Platinum C18 

10 μm, from Alltech (Laarne, Belgium). A flow rate of 1.0 mL min-1 was used 

with a mobile phase of CH3CN/H2O (gradient A: 50%-70% within 45 min., 

gradient B: 70-90% within 40 min.). UV detection was monitored at 254 nm. 

4.6.2 Synthesis 

Synthesis of the first series of 6-O-monoprotected carbohydrates5 

Methyl 6-O-trityl-α-D-glucopyranoside (4-7) 

To a solution of glucopyranoside 4-19 (5.1 g, 0.026 mol) in pyridine (50 mL), was 

added DMAP (30 mg, 0.25 mmol) and trityl chloride (7.2 g, 0.026 mol). The 

resulting mixture was stirred for 3 days, then concentrated in vacuo, redissolved 

in CH2Cl2, washed with water and brine, dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by column chromatography 

(CH2Cl2, then CH2Cl2/MeOH, 19:1) to give 4-7 as a white solid (7 g, 61 %). 

 

C26H28O6 ; Mol. Wt. = 436.50 

Rf = 0.3 (CH2Cl2/CH3OH, 9:1) 

1
H NMR (300 MHz, CDCl3) δ 7.48-7.20 (m, 20H), 4.77 (d, J = 3.8, 1H), 3.67 (dt, 

J = 6.7, 7.6, 2H), 3.50 (ddd, J = 5.3, 8.8, 13.3, 3H), 3.42 (d, J = 2.7, 3H), 3.41-

3.31 (m, 2H). 

 

Methyl 6-O-t-butyl-diphenylsilyl-α-D-glucopyranoside (4-8) 

To a solution of glucopyranoside 4-19 (2.0 g, 0.01 mol) in DMF (20 mL) was 

added TBDPSCl (2.7 mL, 0.01 mol) and imidazole (2.25 g, 0.03 mol). After 
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stirring overnight, the solution was concentrated in vacuo. The residue was 

redissolved in CH2Cl2, washed with water, brine, dried over Na2SO4, filtered, 

concentrated in vacuo to give 4-8 as a white solid after washing with hexanes (3.6 

g, 80% yield). 

 

C23H32O6 ; Mol. Wt. = 432.58 

Rf = 0.7 (CH2Cl2/CH3OH, 9:1) 

1
H NMR (400 MHz, CDCl3) δ 7.69 (ddd, J = 1.6, 6.2, 7.9, 4H), 7.50-7.35 (m, 

6H), 4.74 (d, J = 3.8, 1H), 3.88 (d, J = 4.5, 2H), 3.72 (t, J = 8.9, 1H), 3.66-3.55 

(m, 2H), 3.51 (dd, J = 3.9, 9.5, 1H), 3.43-3.34 (m, 3H), 1.10-1.01 (s, 9H). 

 

Methyl 6-O-t-butyl-dimethylsilyl-α-D-glucopyranoside (4-9) 

To a solution of glucopyranoside 4-19 (5.0 g, 0.024 mol) in DMF was added 

DMAP (30 mg, 0.25 mmol), Et3N (4.3 mL, 0.03 mol) and TBDMSCl (4.3 g, 

0.029 mol) at 0 ºC. The solution was stirred for 3 days, then concentrated in 

vacuo, washed with water and brine, dried over Na2SO4, filtered and concentrated 

in vacuo. The residue was purified by column chromatography (CH2Cl2, then 

CH2Cl2/MeOH, 19:1) to yield 4-9 as a white powder (2.8 g, 38 % yield). 

 

C13H28O6Si ; Mol. Wt. = 308.44 

Rf = 0. 5 (CH2Cl2/CH3OH, 9:1) 

1
H NMR (400 MHz, CDCl3) δ 4.75 (d, J = 3.8, 1H), 3.85 (qd, J = 4.9, 10.6, 2H), 

3.74 (t, J = 9.1, 1H), 3.60 (dt, J = 4.8, 9.8, 1H), 3.53 (t, J = 9.1, 2H), 3.42 (s, 3H), 

0.90 (s, 9H). 

 

Methyl 4,6-O-benzylidene-α-D-glucopyranoside (4-13) 

To a solution of glucopyranoside 4-19 (5.0 g, 0.026 mol) in DMF (40 mL) was 

added benzaldehyde dimethyl acetal (4.6 mL, 0.031 mol) and CSA (0.6 g, 2.6 
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mmol). The solution was stirred at rt for 2 days, then concentrated in vacuo to 

yield 4-13 (quant. yield). 

 

C14H18O6 ; Mol. Wt. = 282.29 

Rf = 0.2 (H/EA, 3:7) 

1
H NMR (400 MHz, CDCl3) δ 4.75 (d, J = 3.8, 1H), 3.85 (qd, J = 4.9, 10.6, 2H), 

3.74 (t, J = 9.1, 1H), 3.60 (dt, J = 4.8, 9.8, 1H), 3.53 (t, J = 9.1, 2H), 3.42 (s, 3H), 

0.90 (s, 9H). 

 

Synthesis of the second series of 6-O-monoprotected carbohydrates5 

Methyl 6-O-picolinyl α-D-glucopyranoside (4-15) 

Following the same procedure as reported. 

 

C25H27NO6 ; Mol. Wt. = 437.48 

 

Methyl 6-O-(di-p-tolyl-(2-pyridyl)methanol (4-21) 

Following the same procedure as reported, from 4-20 and 4,4’-

dimethylbenzoyphenone. 
 

 

C20H19NO ; Mol. Wt. = 289.37 

 

Methyl 6-O-(ditolyl-(2-pyridyl)methyl) α-D glucopyranoside (4-16) 
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Following the same procedure as reported, from 4-21 and 4-19. 

 

C13H12N2O2 ; Mol. Wt. = 228.25 

 

2-bromopicolinic acid methyl ester (4-24) 

To a solution of 6-bromopicolinic acid (5.3 g, 0.026 mol) in DMF was added 

CsCO3 (16 g, 0.05 mol) and iodomethane (2 mL, 0.045 mol). The resulting 

solution was stirred at rt, overnight, then filtered through Celite and concentrated 

in vacuo. The resulting residue was redissolved in EtOAc and washed with water 

and brine, dried over Na2SO4, filtered, concentrated in vacuo to yield 4-24 as a 

white solid used directly in the next step. 

 

C7H6BrNO2 ; Mol. Wt. = 216.03 

Rf = 0.8 (EA) 

1
H NMR (200 MHz, CDCl3) δ 8.09 (d, J = 4.0, 8.0, 1H), 7.78- 7.60 (m, 2H), 3.96 

(s, J = 18.3, 3H). 

 

6-Pyridin-2-yl-ethynyl-pyridine-2-carboxylic acid methyl ester (4-25) 

To a solution of bromopicolinic acid methyl ester 4-24 (0.026 mol) and 2-

ethynylpyridine (3.09 g) in Et3N/THF (1:1, 120 mL) were added copper iodide 

(35 mg, 0.17 mmol) and PdCl2(PPh3)2 (702 mg, 1.0 mmol). The resulting mixture 

was heated to 60 ºC and stirred for 2 h. The solid suspension was filtered through 

Celite, concentrated in vacuo to yield 4-25 as a brown oil used directly in the next 

step. 
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C14H10N2O2 ; Mol. Wt. = 238.24 

Rf = 0.25 (EA) 

1
H NMR (400 MHz, CDCl3) δ 8.71-8.60 (m, J = 5.1, 10.3, 1H), 8.12 (dd, J = 1.0, 

7.8, 1H), 7.87 (t, J = 7.8, 1H), 7.83-7.76 (m, 1H), 7.74-7.60 (m, 2H), 7.34-7.28 

(m, 1H), 4.02 (s, 3H). 

 

6-Pyridin-2-yl-ethyl-pyridine-2-carboxylic acid methyl ester (4-26) 

A suspension of the ester 4-25 (0.026 mol) and 10% Pd/C (10 g) in methanol was 

stirred for 24 h under hydrogen. Argon was bubbled through the solution, which 

was then diluted with CH2Cl2, filtered through Celite and concentrated in vacuo to 

yield 4-26 which was used in the next step without further purification. 

 

C14H14N2O2 ; Mol. Wt. = 242.27 

Rf = 0.4 (EA) 

1
H NMR (200 MHz, CDCl3) δ 8.55 (d, J = 4.9, 1H), 7.96 (d, J = 7.7, 1H), 7.79-

7.38 (m, 3H), 7.21-7.02 (m, 2H), 4.01 (s, 3H), 3.31 (dd, J = 7.2, 16.2, 4H). 

 

Methyl 6-O-[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methanol (4-

27) 

To a solution of 4-26 in THF (0.026 mol) was added dropwise p-tolylmagnesium 

bromide (57 mL, 1M in THF) at 0 ºC.. The solution was slowly warmed to rt and 

stirred overnight, then quenched with saturated NH4Cl, diluted with CHCl3, and 
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washed with saturated NaHCO3, water and brine. The organic extracts were dried 

over Na2SO4, filtered, concentrated in vacuo. The residue was purified by column 

chromatography (H/EA, 7:3) to yield 4-27 as a brown oil (7.0 g, 70% yield over 4 

steps). 

 

C27H26N2O ; Mol. Wt. = 394.51 

Rf = 0.74 (H/EA, 1:1) 

1
H NMR (200 MHz, CDCl3) δ 8.53 (d, J = 4.6, 1H), 7.50 (t, J = 7.7, 2H), 7.21-

7.00 (m, 14H), 2.34 (s, 6H). 

 

Methyl 6-O-[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl-α-D-

glucopyranoside (4-4) 

A solution of 4-27 in water (32 mL) and HCl (3.6 mL) was heated at 100 ºC for 1 

h, then concentrated in vacuo, rinsed with toluene and concentrated again. The 

resulting brown residue (4-28) was redissolved in AcCl (7.2 mL) and SOCl2 (10.8 

mL) and stirred for 2 days at rt, then concentrated in vacuo, rinsed with toluene 

and concentrated again to yield a beige foam. To this foam was added a solution 

of glucopyranoside 4-19 (3.1 g, 0.016 mol) in pyridine (70 mL). The resulting 

mixture was stirred for 5 days, then concentrated in vacuo, redissolved in CH2Cl2 

and washed with water and brine, dried over Na2SO4, filtered, concentrated in 

vacuo. The residue was purified by column chromatography to yield 4-4 as a 

beige foam (1.1 g, 48% yield). 
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C34H38N2O6 ; Mol. Wt. = 570.68 

Rf = 0.4 (CH2Cl2/CH3OH, 9:1) 

1
H NMR (500 MHz, CDCl3) δ 8.59-8.53 (m, 1H), 7.54 (ddd, J = 3.4, 7.2, 12.6, 

2H), 7.37 (d, J = 8.3, 2H), 7.27 (s, 1H), 7.24 (d, J = 8.1, 1H), 7.11 (dd, J = 8.5, 

16.0, 7H), 7.04 (d, J = 7.5, 1H), 4.70 (d, J = 3.9, 1H), 3.92 (t, J = 9.0, 1H), 3.88-

3.79 (m, 2H), 3.64 (dd, J = 3.8, 9.1, 1H), 3.35 (s, 3H), 3.30-3.22 (m, 2H), 3.23-

3.12 (m, 2H), 2.35 (s, 3H), 2.32 (s, 3H).

 

6-Pyridin-2-yl-ethyl-pyridine-2-carboxylic acid 

To a solution of NaOH (0.457 g, 11.4 mmol) in H2O/MeOH (2.5:1, 43 mL,) was 

added 6-Pyridin-2-ylethynyl-pyridine-2-carboxylic acid methyl ester (0.908 g, 

3.81 mmol) at 0 ºC. The solution was stirred for 2h and then the product was 

precipitated from solution by acidifying to pH 2 with 5% HCl aqueous. The 

precipitate is vacuum filtered, washed with H2O and co evaporated with toluene 

to give a yellow powder (90.4% yield). 

 

C13H8N2O2 ; Mol. Wt. = 228.25 

Rf = 0.0 (EA) 

IR (cm
-1

): 1683 
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1
H NMR (400 MHz, CDCl3) δ 8.68 (d, J=4.8, 1H), 8.21 (d, J=7.8, 1H), 7.97 (t, 

J=7.8, 1H), 7.84 (d, J=7.8, 1H), 7.76 (t, J=7.7, 1H), 7.64 (d, J=7.1, 1H), 7.37 – 

7.32 (m, 1H). 

13
C NMR (500MHz, DMSO) δ 165.50, 150.47, 150.38, 149.20, 141.35, 141.24, 

138.36, 136.96, 130.40, 127.81, 124.63, 124.28. 

HRMS (EI+) calc’d for [C13H8N2O2 + H]
+
: 225.06585. Found: 225.06551. 

 

Methyl 6-O [6-pyridin-2-yl-ethynyl-pyridine-2-carboxylate] α-D-

glucopyranoside (4-29) 

To a solution containing 6-Pyridin-2-ylethynyl-pyridine-2-carboxylic acid (0.156 

g, 0.696 mmol), 4-19 (0.135 g, 0.696 mmol) and PPh3 (0.365 g, 1.392 mmol) in 

DMF (11 mL) at 0°C was added DIAD (0.273 mL, 1.392 mmol). The mixture 

was slowly warmed to rt, stirred for 3 days, then concentrated in vacuo. The 

residue is purified by chromatography to yield 4-29 as a light yellow foam (5% 

MeOH in DCM then 6%) (61.7% yield). 

 

C20H24N2O7 ; Mol. Wt. = 404.41 

Rf = 0.45 (CH2Cl2/CH3OH, 9:1) 

IR (cm
-1

):3403 (broad), 1732 

[]D = +69.2 (c 0.11, CH3OH) 

1
H NMR (400 MHz, CDCl3) δ 8.64 (s, 1H), 8.06 (d, J=7.6, 1H), 7.86 (t, J=7.6, 

1H), 7.74 (dd, J=7.6, 15.3, 2H), 7.63 (d, J=7.6, 1H), 7.34-7.28 (m, 1H), 4.75 (s, 

1H), 4.66 (s, 2H), 4.59 (s, 1H), 3.89 (s, 2H), 3.63 (s, 3H), 3.39 (s, 3H). 

13
C NMR (300MHz, CDCl3) δ 164.15, 150.04, 148.16, 142.64, 141.82, 137.68, 

136.65, 130.89, 127.97, 124.82, 123.86, 99.61, 88.71, 87.29, 74.04, 71.97, 70.344, 

69.57, 65.15, 55.16. 

HRMS (EI+) calc’d for [C20H20N2O7 + Na]
+
: 423.11627. Found: 423.11664. 

  



 

Chapter 4 

 

− 216 − 

Methyl 6-O [6-pyridin-2-yl-ethyl-pyridine-2-carboxylate] α-D-

glucopyranoside (4-17) 

To a solution of 4-29 (1.08 g, 2.70 mmol) in MeOH (50mL) was added Pd 10wt% 

on activated carbon (1.031 g) and H2 for 6h. The solution was quenched with 

CH2Cl2 and filtered through Celite. The residue was purified by column 

chromatography (CH2Cl2/CH3OH, 95:5 to 94:6) to yield 4-17 as a white powder 

(0.421 g, 38.7%) 

 

C20H24N2O7 ; Mol. Wt. = 404.41 

Rf = 0.2 (CH2Cl2/CH3OH, 9:1) 

IR (cm
-1

): 3369 (broad), 1732 

[]D = +75.9 (c 0.11, CH3OH) 

1
H NMR (400 MHz, CDCl3) δ 8.49 (s, 1H), 7.87 (d, J=7.6, 1H), 7.70-7.56 (m, 

2H), 7.51 (s, 1H), 7.44 (s, 1H), 7.10 (dd, J=7.3, 11.4, 1H), 4.73 (s, 1H), 4.67-4.49 

(m, 2H), 3.93-3.77 (m, 2H), 3.55 (s, 2H), 3.37 (s, 3H), 3.31-3.13 (m, 4H) 

13
C NMR (300MHz, CDCl3) δ 164.95, 161.46, 160.29, 148.81, 147.08, 137.39, 

136.80, 126.58, 123.20, 122.84, 121.40, 99.53, 73.89, 71.86, 70.30, 69.53, 64.82, 

55.02, 49.95, 37.67, 37.58. 

HRMS (EI+) calc’d for [C20H24N2O7 + H]
+
: 405.16563. Found: 405.16564. 

 

Synthesis of the glycosyl donor 

2,3,4,6-tetra-O-benzyl α-D-glucopyranosyl trichloroacetimidate(4-31)
6
 

To a solution of 2,3,4,6-tetra-O-benzyl α/β-D-glucopyranose 4-30 (2.02 g, 0.0037 

mol) in CH2Cl2 (60 mL) was added trichloroacetonitrile (3.2 mL, 0.032 mol) and 

DBU (16 drops). The resulting yellow solution was stirred at room temperature 

overnight, then concentrated in vacuo. The residue was purified by column 

chromatography (Tol/EA/Et3N, 200:5:2) to yield the trichloroacetimidate as a 

colorless oil (2.12 g, 82% yield). 
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C36H36Cl3NO6, Mol. Wt. = 685.03 

Rf = 0.8 (Tol/EA, 9:1) 

1
H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 7.39-7.28 (m, J = 5.1, 13.4, 22H), 

7.24-7.14 (m, 3H), 6.57 (d, J = 3.3, 1H), 4.98 (t, J = 8.6, 1H), 4.89 (q, J = 11.2, 

3H), 4.81-4.67 (m, 2H), 4.58 (dt, J = 12.2, 15.4, 4H), 4.13-3.97 (m, 2H), 3.88-

3.74 (m, 4H), 3.70 (d, J = 10.8, 2H). 

Synthesis of reference compounds 

Methyl 3-O-acetyl-para-methoxy-4,6-O-benzylidene α-D glucopyranoside 

(4-32) and Methyl 2-O-acetyl-para-methoxy-4,6-O-benzylidene α-D 

glucopyranoside (4-33) 

To a suspension of 4-12 (2.15 g, 6.9 mmol) and K2CO3 (4.4 g, 32 mmol) in 

CH2Cl2 (400 mL) was added acetic anhydride (0.78 mL, 8.3 mmol) and DMAP 

(77 mg, 1.4 mmol). After stirring for 5 h, the reaction mixture was concentrated 

and the resulting mono- and diacetylated compounds were separated (silica gel, 

H/EA, 4:1 then 3:2) to afford isomers 4-32 (1.15 mg, 47%, white crystals) and 4-

33 (991 mg, 40%, white powder) along with the diacetylated compound (344 mg, 

12%). 

 

C11H19NO4 ; Mol. Wt. = 229.27 

Rf = 0.24 (H/EA, 1:1) 

[]D  = +92.8 (c 0.9, CHCl3) 

mp: 175°C 

IR (neat/NaCl): 3474, 1741 cm
-1

 

Data for 4-32: 
1
H NMR (250 MHz, CDCl3)  7.39 (d, 2H, J = 8.9 Hz), 6.88 (d, 

2H, J = 8.9 Hz), 5.45 (s, 1H), 5.22 (dd, 1H, J = 9.5, 9.5 Hz), 4.80 (d, 1H, J = 3.5 

Hz), 4.29 (dd, 1H, J = 3.5, 9.5 Hz), 3.87 (m, 1H), 3.81 (s, 3H), 3.75 (dd, 1H, J = 
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9.5, 9.5 Hz), 3.65 (m, 1H), 3.56 (dd, 1H, J = 9.5, 9.5 Hz), 3.47 (s, 3H), 2.29 (d, 

1H, J = 11.0 Hz), 2.12 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  170.9, 159.9, 129.4, 127.4, 113.4, 101.3, 100.0, 

78.5, 72.1, 71.6, 68.6, 62.6, 55.4, 55.1, 20.9.  

 

C17H22O8, Mol. Wt. = 354.35 

Rf = 0.34 (H/EA, 1:1) 

[]D =  +93.6 (c 0.8, CHCl3) 

mp: 123°C 

IR (neat/NaCl): 3480, 1741 cm
-1

 

Data for 4-33: 
1
H NMR (250 MHz, CDCl3)  7.43 (d, 2H, J = 8.9 Hz), 6.90 (d, 

2H, J = 8.9 Hz), 5.51 (s, 1H), 4.96 (d, 1H, J = 4.5 Hz), 4.81 (dd, 1H, J = 4.5, 9.5 

Hz), 4.29 (dd, 1H, J = 3.5, 9.5 Hz), 4.18 (ddd, 1H, J = 2.0, 9.5, 9.5 Hz), 3.82 (m, 

1H), 3.81 (s, 3H), 3.75 (dd, 1H, J = 9.5, 9.5 Hz), 3.54 (dd, 1H, J = 9.5, 9.5 Hz), 

3.41 (s, 3H), 2.57 (bs, 1H), 2.17 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  170.6, 159.9, 129.3, 127.4, 113.4, 101.6, 97.2, 81.0, 

73.3, 68.5, 68.1, 61.8, 55.1, 55.0, 20.6. 

 

Methyl 3-O-acetyl-para-methoxy-4,6-O-benzylidene-2-O-(2’,3’,4’,6’-tetra-

O-benzyl-α-D-glucopyranosyl)-α-D glucopyranoside (4-34a) and methyl 3-O-

acetyl-para-methoxy-4,6-O-benzylidene-2-O-(2’,3’,4’,6’-tetra-O-benzyl-β-D-

glucopyranosyl)-α-D glucopyranoside (4-34b) 

To a solution of pyranoside 4-32 (307 mg, 0.87 mmol), glucopyranosyl 

trichloroacetimidate 4-31 (652 mg, 0.95 mmol) and 4Å MS in dry CH2Cl2 (25 

mL) was added a freshly prepared 0.1 M solution of TMSOTf in CH2Cl2. The 

resulting mixture was stirred for 1 h then quenched with a drop of Et3N, diluted 

with CH2Cl2, washed with 1M NaHCO3 and brine, dried over MgSO4 and 

concentrated in vacuo. The isomers were separated by chromatography (H/EA, 

4:1) to afford regioisomers 4-34a (425 mg, 56%, colorless oil) and 4-34b (215 

mg, 28%, white crystals). 
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C51H56O13, Mol. Wt. = 876.98 

Rf = 0.43 (H/EA, 7:3) 

[]D =  +48.5 (c 1.1, CHCl3) 

IR (neat/NaCl, cm
-1

): 1755 

Data for 4-34a: 
1
H NMR (250 MHz, CDCl3)  7.40 (d, 2H, J = 8.9 Hz), 7.32 (m, 

20H), 6.88 (d, 2H, J = 8.9 Hz), 5.62 (dd, 1H, J = 9.5, 9.5 Hz), 5.43 (s, 1H), 4.96 

(d, 1H, J = 11.5 Hz), 4.91 (d, 1H, J = 3.5 Hz), 4.86 (d, 1H, J = 3.5 Hz), 4.84 (d, 

1H, J = 11.5 Hz), 4.82 (2d, 2H, J = 11.5 Hz), 4.65 (d, 1H, J = 11.5 Hz), 4.59 (d, 

1H, J = 11.5 Hz), 4.46 (2d, 2H, J = 11.5 Hz), 4.28 (dd, 1H, J = 4.5, 9.5 Hz), 3.96 

(dd, 1H, J = 9.5, 9.5 Hz), 3.92 (m, 1H), 3.88 (m, 1H), 3.81 (s, 3H), 3.79 (dd, 1H, J 

= 3.5, 9.5 Hz), 3.74-3.60 (m, 3H), 3.53 (dd, 1H, J = 9.5, 9.5 Hz), 3.54 (dd, 1H, J = 

3.5, 9.5 Hz), 3.51 (dd, 1H, J = 9.5, 9.5 Hz), 3.43 (s, 3H), 2.02 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  169.4, 159.9, 138.6, 138.3, 138.2, 137.7, 129.4, 

128.3-127.3, 113.4, 101.3, 97.5, 95.8, 81.4, 79.3, 79.2, 77.2, 75.4, 74.7, 74.6, 

73.2, 72.9, 70.6, 69.8, 68.7, 68.1, 62.2, 55.1, 55.0, 20.9. 

 

C51H56O13, Mol. Wt. = 876.98 

Rf = 0.30 (H/EA, 7:3) 

[]D = +35.7 (c 0.7, CHCl3) 

IR (neat/NaCl, cm
-1

): 1755 

Data for 4-34b: 
1
H NMR (250 MHz, CDCl3)  7.40 (d, 2H, J = 8.9 Hz), 7.32 (m, 

18H), 7.19 (m, 2H), 6.88 (d, 2H, J = 8.9 Hz), 5.65 (dd, 1H, J = 9.5, 9.5 Hz), 5.45 

(s, 1H), 5.07 (d, 1H, J = 3.5 Hz), 4.94 (d, 1H, J = 11.5 Hz), 4.92 (d, 1H, J = 11.5 

Hz), 4.82 (d, 1H, J = 11.5 Hz), 4.78 (d, 1H, J = 11.5 Hz), 4.70 (d, 1H, J = 11.5 

Hz), 4.57 (d, 1H, J = 11.5 Hz), 4.52 (2d, 2H, J = 11.5 Hz), 4.50 (d, 1H, J = 7.5 

Hz), 4.30 (dd, 1H, J = 4.5, 10.0 Hz), 3.95 (dd, 1H, J = 4.5, 10.0, 10.0 Hz), 3.82 
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(dd, 1H, J = 3.5, 9.5 Hz), 3.81 (s, 3H), 3.75-3.58 (m, 4H), 3.58-3.45 (m, 3H), 3.43 

(m, 1H), 3.45 (s, 3H), 1.79 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  169.8, 159.9, 138.4, 138.3, 137.82, 137.79, 129.4, 

128.3-127.2, 113.4, 105.0, 101.2, 100.3, 84.5, 81.4, 79.7, 78.6, 77.5, 75.5, 74.9, 

74.6, 74.3, 73.3, 70.1, 69.0, 68.8, 62.1, 55.3, 55.1, 20.6. 

 

Methyl 2-O-acetyl-para-methoxy-4,6-O-benzylidene-3-O-(2’,3’,4’,6’-tetra-

O-benzyl-α/β-D-glucopyranosyl)-α-D glucopyranoside (4-35a/4-35b) 

Following the same procedure as for compounds 4-36a and 4-36b, 

glucopyranoside 4-33 (415 mg, 1.17 mmol) and 4-31 (882 mg, 1.29 mmol) led to 

a inseparable mixture of regioisomers 4-35a and 4-35b (740 mg, 72% 4-35a/4-

35b = 2:1). 

 

C51H56O13, Mol. Wt. = 876.98 

Rf = 0.40 (H/EA, 7:3) 

IR (neat/NaCl, cm
-1

): 1754 

1
H NMR (1:1 mixture, 250 MHz, CDCl3)  7.38-7.23 (m, 38x0.5H), 7.20-7.08 

(m, 5x0.5H), 7.00 (m, 0.5H), 6.86 (d, 2x0.5H, J = 8.9 Hz), 6.76 (d, 2x0.5H, J = 

8.9 Hz), 5.58 (d, 0.5H, J = 3.0 Hz), 5.48 (s, 0.5H), 5.48 (s, 0.5H), 5.00 (d, 1H, J = 

3.0 Hz), 4.99 (d, 1H, J = 3.0 Hz), 4.95 (m, 4x0.5H), 4.88-4.32 (m, 17x0.5H), 4.27 

(dd, 0.5H, J = 5.0, 10.0 Hz), 4.26 (dd, 0.5H, J = 5.0, 10.0 Hz), 4.05 (m, 0.5H), 

3.94-3.82 (m, 4x0.5H), 3.82 (s, 3x0.5H), 3.81-3.70 (m, 5x0.5H), 3.71 (s, 3x0.5H), 



 

Chapter 4 

 

− 221 − 

3.69-3.55 (m, 5x0.5H), 3.52-3.43 (m, 2x0.5H), 3.42 (s, 3x0.5H), 3.41 (s, 3x0.5H), 

3.27 (m, 0.5H), 2.05 (s, 3H), 1.97 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  170.1, 169.9, 160.1 159.8, 138.6-137.6, 129.6, 

129.3, 128.1-127.2, 113.5, 113.2, 102.9, 101.8, 101.3, 97.3, 97.1, 95.7, 84.5, 82.4, 

82.0, 81.1, 79.7, 78.4, 77.5, 77.1, 75.3, 75.2, 74.6, 74.5, 73.6, 73.3, 73.2, 71.9, 

70.9, 70.3, 70.1, 68.7, 68.6, 68.5, 68.3, 62.3, 61.7, 55.0, 54.8, 20.7, 20.6. 

 

Methyl 2-O-(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-α-D-

glucopyranoside (4-36a) 

A solution of 4-34a (550 mg, 0.63 mmol) in an equimolar mixture of 

AcOH/THF/H2O (60 mL) was stirred at 50°C for 3 h then concentrated in vacuo. 

Flash purification by chromatography (H/A, 4:1 then 1:4) afforded the diol, pure 

enough for the next step. Thus, the residue was dissolved in MeOH then a 

catalytic amount of freshly prepared MeONa/MeOH solution was added. After 

stirring for 3 h, the mixture was concentrated and purified by chromatography 

(CH2Cl2/MeOH, 19:1) to afford disaccharide 4-36a (416 mg, 90%, white 

crystals). 

 

C41H48O11, Mol. Wt. = 716.81 

Rf = 0.48 (EA) 

tR = 24.2 min (gradient A) 

[]D = +95.1 (c 0.7, CHCl3) 

mp: 156°C 

IR (neat/NaCl, cm
-1

): 3441 

1
H NMR (400 MHz, CDCl3)  7.32 (m, 18H, Ph), 7.18 (m, 2H, Ph), 5.00 (d, 1H, J 

= 11.0 Hz, CH2Ph), 4.92 (d, 1H, J1’-2’ = 4.5 Hz, H-1’), 4.86 (d, 1H, J = 10.5 Hz, 

CH2Ph), 4.85 (d, 1H, CH2Ph), 4.84 (d, 1H, J1-2 = 3.5 Hz, H-1), 4.78 (d, 1H, J = 

12.0 Hz, CH2Ph), 4.65 (d, 1H, CH2Ph), 4.58 (d, 1H, J = 11.5 Hz, CH2Ph), 4.51 (d, 

1H, CH2Ph), 4.48 (d, 1H, CH2Ph), 4.12 (ddd, 1H, J4-5 = 10.0, J5’-6’ = 2.0, J5’-6’ = 

5.5 Hz, H-5), 4.06 (dd, 1H, J2’-3’ = 9.5, J3’-4’ = 9.5 Hz, H-3’), 3.88 (dd, 1H, J2-3 = 

9.5, J3-4 = 9.5 Hz, H-3), 3.82 (m, 2H, H-6’, H-6’), 3.72-3.64 (m, 3H, H-5, H-6, H-
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6), 3.60 (dd, 1H, H-2’), 3.56 (dd, 1H, H-4’), 3.47 (dd, 1H, J4-5 = 9.5 Hz, H-4), 

3.45 (dd, 1H, H-2), 3.42 (s, 3H, OMe), 2.94 (bs, 1H, OH), 2.28 (bs, 1H, OH), 1.97 

(bs, 1H, OH) 

13
C NMR (65 MHz, CDCl3)  138.6, 137.9, 137.8, 137.5 (Ph), 128.2-127.3 (Ph), 

97.0 (C-1), 94.8 (C-1’), 81.4 (C-3’), 79.1 (C-2’), 77.4 (C-4), 76.8 (C-4’), 75.3, 

74.9, 73.1, 72.5 (CH2Ph), 72.0 (C-3), 70.7 (C-5’), 70.0 (C-2), 69.7 (C-5), 68.1 (C-

6’), 61.3 (C-6), 54.8 (OMe); LRMS (EI+, m/z, %): 625 (5) (M-Bn
+
), 522 (7), 431 

(12), 325 (17), 281 (26), 253 (100), 181 (100) 

Anal. calcd for C41H48O11: C, 68.70; H, 6.75; found: C, 68.90; H, 6.78. 

 

Methyl 2-O-(2’,3’,4’,6’-tetra-O-benzyl-β-D-glucopyranosyl)-α-D-

glucopyranoside (4-36b) 

Following the same procedure as for disaccharide 4-36a, disaccharide 4-34b (250 

mg, 0.285 mmol) led to disaccharide 4-36b (195 mg, 93%, white powder). 

 

C41H48O11, Mol. Wt. = 716.81 

Rf = 0.52 (EA) 

tR = 24.6 min (gradient A) 

IR (neat/NaCl): 3422 cm
-1 

[]D = +54.7 (c 0.8, CHCl3) 

1
H NMR (250 MHz, CDCl3)  7.32 (m, 18H, Ph), 7.17 (m, 2H, Ph), 4.93 (d, 1H, J 

= 11.0 Hz, CH2Ph), 4.92 (d, 1H, J1-2 = 4.0 Hz, H-1), 4.92 (d, 1H, J = 10.5 Hz, 

CH2Ph), 4.86 (2d, 2H, CH2Ph), 4.83 (d, 1H, J = 10.5 Hz, CH2Ph), 4.70 (d, 1H, J1’-

2’ = 8.0 Hz, H-1’), 4.59 (d, 1H, J = 12.0 Hz, CH2Ph), 4.57 (d, 1H, CH2Ph), 4.52 

(d, 1H, CH2Ph), 3.91 (dd, 1H, J2-3 = 8.5, J3-4 = 8.5 Hz, H-3), 3.87 (dd, 1H, J5-6 = 

3.5, J6-6 = 11.5 Hz, H-6), 3.80 (dd, 1H, J5-6 = 4.5 Hz, H-6), 3.73-3.61 (m, 4H, H-

3’, H-5’, H-6’, H-6’), 3.61-3.49 (m, 5H, H-2, H-2’, H-4, H-4’, H-5), 3.39 (s, 3H, 

OMe), 3.21 (bs, 1H, OH), 2.71 (bs, 1H, OH), 2.09 (bs, 1H, OH) 
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13
C NMR (65 MHz, CDCl3)  138.3, 138.0, 137.9, 137.8 (Ph), 128.4-127.6 (Ph), 

103.8 (C-1’), 99.5 (C-1), 84.8 (C-3’), 82.0 (C-2’), 80.9 (C-4), 77.9 (C-4’), 75.6, 

75.1, 74.9, 73.4 (CH2Ph), 74.6 (C-2), 72.4 (C-3), 70.5, 70.4 (C-5, C-5’), 69.0, (C-

6’), 62.1 (C-6), 55.2 (OMe) 

LRMS (EI+, m/z, %): 625 (7) (M-Bn
+
), 593 (5), 522 (7), 431 (49), 325 (55), 313 

(61), 253 (75), 181 (78), 91 (100) 

Anal. calcd for C41H48O11: C, 68.70; H, 6.75; found: C, 68.75; H, 6.77. 

 

Methyl 3-O-(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-α-D-

glucopyranoside (4-37a) and Methyl 3-O-(2’,3’,4’,6’-tetra-O-benzyl-β-D-

glucopyranosyl)-β-D-glucopyranoside (4-37a) 

Following the same procedure as for 4-36a, the mixture 4-35a/4-35b (309 mg, 

0.352 mmol) was deprotected into the separable (HPLC, H/EA, 3:1) 4-37a (160 

mg, 62%, colorless oil) and 4-37b (79 mg, 31%, colorless oil). 

 

C41H48O11, Mol. Wt. = 716.81 

Rf = 0.59 (EA) 

tR = 27.2 min (gradient A) 

[]D = +80.6 (c 0.5, CHCl3) 

IR (neat/NaCl): 3447 cm
-1

 

Data for 4-37a:
 1

H NMR (400 MHz, CDCl3)  7.32 (m, 18H, Ph), 7.15 (m, 2H, 

Ph), 4.94 (d, 1H, J = 11.0 Hz, CH2Ph), 4.91 (d, 1H, CH2Ph), 4.91 (d, 1H, J1’-2’ = 

4.5 Hz, H-1’), 4.84 (d, 1H, J = 11.0 Hz, CH2Ph), 4.83 (d, 1H, J = 10.5 Hz, 

CH2Ph), 4.83 (d, 1H, J1-2 = 3.5 Hz, H-1), 4.71 (d, 1H, CH2Ph), 4.58 (d, 1H, J = 

12.0 Hz, CH2Ph), 4.51 (d, 1H, CH2Ph), 4.50 (d, 1H, CH2Ph), 4.10 (m, 1H, H-3), 

4.03 (dd, 1H, J2-3 = 9.5, J3-4 = 9.5 Hz, H-3’), 3.89 (dd, 1H, J5-6 = 3.5, J6-6 = 11.5 

Hz, H-6), 3.81 (dd, 1H, J5-6 = 4.5 Hz, H-6), 3.73 (m, 1H, H-5), 3.70-3.62 (m, 3H, 

H-5’, H-6’, H-6’), 3.62-3.49 (m, 4H, H-2, H-2’, H-4, H-4’) 3.46 (s, 3H, OMe), 

3.22 (bs, 1H, OH), 2.11 (bs, 1H, OH), 1.70 (bs, 1H, OH) 
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13
C NMR (65 MHz, CDCl3)  138.3, 137.7, 137.4, 137.1 (Ph), 128.6-127.6 (Ph), 

99.7, 99.5 (C-1, C-1’), 86.9 (C-3), 82.3 (C-3’), 79.3 (C-2’), 77.8 (C-4’), 75.6, 

74.9, 74.0, 73.4 (CH2Ph), 71.0, 70.7, 70.5, 70.1 (C-2, C-4, C-5, C-5’), 68.3 (C-6’), 

62.4 (C-6), 55.2 (OMe) 

LRMS (EI+, m/z, %): 625 (3) (M-Bn
+
), 522 (3), 431 (55), 325 (65), 313 (49), 91 

(100); Anal. calcd for C41H48O11: C, 68.70; H, 6.75; found: C, 68.65; H, 6.77.  

 

C41H48O11, Mol. Wt. = 716.81 

Rf = 0.70 (EA) 

tR = 31.9 min (gradient A) 

IR (neat/NaCl): 3429 cm
-1

  

[]D = +68.3 (c 1.0, CHCl3) 

Data for 4-37b:
 1

H NMR (400 MHz, CDCl3)  7.34 (m, 18H, Ph), 7.18 (m, 2H, 

Ph), 5.06 (d, 1H, J = 11.0 Hz, CH2Ph), 4.94 (d, 1H, J = 11.0 Hz, CH2Ph), 4.83 

(2d, 2H, J = 11.0 Hz, CH2Ph), 4.80 (d, 1H, J1’-2’ = 4.0 Hz, H-1’), 4.78 (d, 1H, 

CH2Ph), 4.58-4.48 (m, 4H, H-1, CH2Ph), 3.99 (dd, 1H, J5-6 = 4.0, J6-6 = 11.5 Hz, 

H-6), 3.80 (dd, 1H, J5-6 = 5.0 Hz, H-6), 3.70 (2dd, 2H, J2-3 = 9.0, J3-4 = 9.0, J2’-3’ = 

9.0, J3’-4’ = 9.0 Hz, H-3, H-3’), 3.68-3.60 (m, 3H, H-2, H-5, H-5’), 3.60-3.51 (m, 

5H, H-2’, H-4, H-4’, H-6’, H-6’), 3.44 (s, 3H, OMe), 2.33 (bs, 1H, OH), 2.15 (bs, 

1H, OH), 1.77 (bs, 1H, OH) 

13
C NMR (65 MHz, CDCl3)  138.3, 138.0, 137.7, 137.5 (Ph), 128.4-127.7 (Ph), 

104.2 (C-1’), 99.0 (C-1), 86.9 (C-3), 84.6 (C-3’), 81.9 (C-2’), 77.7, 74.3 (C-4, C-

4’), 75.7, 75.1, 73.5 (CH2Ph), 71.1, 69.6 (C-2, C-5, C-5’), 68.8 (C-6’), 62.9 (C-6), 

55.1 (OMe) 

LRMS (EI+, m/z, %): 625 (3) (M-Bn
+
), 593 (2), 522 (3), 431 (30), 325 (35), 281 

(65), 253 (100), 181 (96) 

Anal. calcd for C41H48O11: C, 68.70; H, 6.75; found: C, 68.70; H, 6.72. 

 

Methyl 2,3,6-tri-O-acetyl-4-O-(2’,3’,4’,6’-tetra-O-benzyl-α/β-D-

glucopyranosyl)-α-D-glucopyranoside (4-40a/4-40b) 
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Following the same procedure as for disaccharides 16a and 16b, coupling of 

compounds 4-38 (351 mg, 1.10 mmol) and 4-31 (1.5 g, 2.19 mmol) led to an 

inseparable mixture of disaccharides 4-40a and 4-40b (730 mg, 79% 4-40a/4-40b 

= 2.4:1). 

 

C47H54O14, Mol. Wt. = 842.92 

Rf = 0.61 (H/EA, 7:3) 

IR (neat/NaCl): 1745 cm
-1

 

1
H NMR (400 MHz, CDCl3)  7.32 (m, 18H), 7.14 (m, 2H), 5.61 (dd, 0.7H, J = 

9.5, 9.5 Hz), 5.45 (m, 0.3H), 4.95-4.24 (m, 13H), 3.98-3.41 (m, 8H), 3.40 (s, 3H), 

2.11 (s, 3H), 2.04 (s, 3H), 2.03 (s, 0.9H), 1.95 (s, 2.1H) 

13
C NMR (65 MHz, CDCl3)  170.2, 170.1, 169.7, 138.5-137.5, 128.3-127.3, 

102.8, 98.9, 96.3, 84.5, 82.3, 81.1, 80.0, 77.2, 76.4, 75.5, 75.4, 75.3, 75.0, 74.7, 

74.5, 73.5, 73.3, 73.0, 71.4, 70.9, 70.6, 70.5, 69.4, 68.7, 68.3, 68.0, 62.6, 61.7, 

55.1, 55.0, 20.7, 20.7, 20.5. 

 

Methyl 4-O-(2’,3’,4’,6’-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (4-41a/4-41b) 

A solution of disaccharides 4-40a and 4-40b (710 mg, 0.84 mmol) in MeOH (10 

mL) was treated with a catalytic amount of freshly prepared solution of 

MeONa/MeOH. After stirring for 3 h and concentration, the residue was purified 

by chromatography (CH2Cl2/MeOH, 19:1) to afford disaccharides 4-41a/4-41b 

(545 mg, 91%, 4-41a/4-41b = 2.4:1). 
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C41H48O11, Mol. Wt. 716.81 

Rf = 0.48 (EA) 

tR = 28.1 min (gradient A) 

IR (neat/NaCl): 3412 cm
-1

 

1
H NMR (400 MHz, CDCl3)  7.33 (m, 18H), 7.14 (m, 2H), 5.02-4.71 (m, 6H), 

4.61-4.40 (m, 4H), 4.07-3.43 (m, 12H), 3.42 (s, 3H), 2.37 (m, 1H), 2.20 (d, 1H, J 

= 8.0 Hz) 

13
C NMR (65 MHz, CDCl3)  138.1-136.8, 128.4-127.6, 102.9, 100.2, 99.0, 84.4, 

81.9, 81.7, 80.2, 80.0, 78.8, 77.7, 77.5, 75.5, 75.4, 75.1, 74.8, 74.2, 73.9, 73.8, 

73.3, 73.2, 72.0, 71.7, 71.2, 70.2, 70.0, 68.4, 61.0, 60.6, 55.2, 55.0 

LRMS (EI+, m/z, %): 625 (2) (M-Bn
+
), 522 (2), 431 (33), 325 (20), 281 (30), 253 

(93), 181 (100) 

Anal. calcd for C41H48O11: C, 68.70; H, 6.75; found: C, 68.77; H, 6.77. 

Glycosylations 

General procedure (Table 1). To a solution of 4-4, 4-7-4-16, 4-18 (0.25 

mmol) and glucopyranosyl trichloroacetimidate 4-30 (0.25 mmol) in dry CH2Cl2 

(25 mL) was added a freshly prepared 0.1 M solution of TMSOTf. The resulting 

mixture was stirred for 1 h then quenched with a drop of Et3N, diluted with 

CH2Cl2, washed with 1M NaHCO3 and brine, dried over MgSO4 and concentrated 

in vacuo. For the systematic glycosylation reactions, the residue was deprotected 

without further purification (Table 1).  

 

Deprotection. 4-7, 4-16, 4-4 and 4-18 were stirred in a mixture of 

TFA/CH2Cl2 (1:1, 10 mL) for 5 h. 1c, 1d were reacted with TBAF (0.75 mL of a 

1M solution in THF, 0.75 mmol) and AcOH (0.05 mL, 1.0 mmol) in THF (10 

mL). 4-12-4-14 were heated at 40 °C in a mixture of AcOH/H2O/THF (1:1:1, 20 
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mL) for 3 h. 4-10, 4-11, and 4-15 were stirred in a MeONa/MeOH solution for 5 

h. Standard workup and filtration on a silica gel pad (eluent hexanes/EtOAc 1:1 

then 0:1) led to the isolated disaccharides. 

 

Glycosylation-optimized procedure (Table 2). To a solution of 4-4 prepared 

as reported previously (0.50 mmol) in dry CH2Cl2 (50 mL) was added a freshly 

prepared solution of TMSOTf (2 mL, 0.1 M) and a freshly prepared solution of 

glucopyranosyl trichloroacetimidate 4-31 (2 mL, 0.50 mmol, 0.25 M) at -50°C. 

The resulting mixture was stirred for 1 h. This protocol was repeated two to three 

times (TMSOTf, 2 x 2 mL, trichloroacetimidate 8, 2 x 2 mL). After stirring for a 

further 3 hours at -50°C, the reaction was quenched with a drop of Et3N. The 

resulting mixture was diluted with CH2Cl2, washed with 1M NaHCO3 and brine, 

dried over MgSO4 and concentrated in vacuo. The crude mixture was next treated 

with TBAF in THF to cleave any silyl ethers formed. The solution was 

concentrated and the residue was filtered on a silica gel pad and analyzed by 

HPLC and further purified by chromatography (H/EA, gradient from 2:3 to 0:5) 

to afford 4-46a (120 mg, 22%), 4-46b (214 mg, 39%), together with another two 

regioisomers (21 mg, 4% and 39 mg, 7%).  

 
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 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl 2-

O-(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-α-D-glucopyranoside (4-

46a) 

 

C68H72N2O11, Mol. Wt. 1093.31 

Rf = 0.57 (CH2Cl2/MeOH, 9:1) 

tR = 33.2 min (gradient B) 

IR (neat/NaCl): 3409 cm
-1 

[]D = +56.2 (c 0.8, CHCl3) 

1
H NMR (250 MHz, CDCl3)  8.45 (d, 1H, J = 4.5 Hz), 7.54-6.92 (m, 34H), 6.40-

5.80 (bs, 1H (OH)), 5.02 (d, 1H, J = 11.0 Hz), 4.95 (d, 1H, J = 3.5 Hz), 4.85 (2d, 

2H, J = 11.0 Hz), 4.79 (d, 1H, J = 3.5 Hz), 4.77 (d, 1H, J = 11.0 Hz), 4.72 (d, 1H, 

J = 11.0 Hz), 4.62 (d, 1H, J = 11.0 Hz), 4.52 (d, 1H, J = 11.0 Hz), 4.43 (d, 1H, J = 

11.0 Hz), 4.27 (d, 1H, J = 10.0 Hz), 4.13 (dd, 1H, J = 9.5, 9.5 Hz), 4.08 (m, 1H), 

3.90-3.53 (m, 9H), 3.42 (s, 3H), 3.44-3.06 (m, 4H), 2.36 (s, 3H), 2.34 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  161.9, 160.9, 160.3, 149.0, 140.8, 140.0, 138.9, 

138.4, 137.9, 137.1, 136.9, 136.6, 136.4, 129.3, 128.8, 128.5, 128.3, 127.9, 127.7, 

127.6, 123.2, 121.8, 121.2, 121.1, 97.5, 95.6, 86.9, 81.8, 79.6, 77.7, 77.2, 75.5, 

74.9, 73.5, 73.4, 72.8, 71.4, 70.1, 69.6, 68.4, 66.1, 55.0, 38.7, 38.0, 21.0. 

 

 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl 2-

O-(2’,3’,4’,6’-tetra-O-benzyl-β-D-glucopyranosyl)-α-D-glucopyranoside (4-

46b) 
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C68H72N2O11, Mol. Wt. 1093.31 

Rf = 0.66 (CH2Cl2/MeOH, 9:1) 

tR = 35.4 min (gradient B) 

IR (neat/NaCl): 3400 cm
-1

 

[]D = +52.3 (c 0.5, CHCl3) 

mp: 74°C 

1
H NMR (250 MHz, CDCl3)  8.41 (d, 1H, J = 3.5 Hz), 7.54-6.98 (m, 34H), 5.28 

(d, 1H, J = 11.0 Hz), 4.96 (d, 1H, J = 11.0 Hz), 4.93 (d, 1H, J = 3.5 Hz), 4.83 (2d, 

2H, J = 11.0 Hz), 4.80 (d, 1H, J = 11.0 Hz), 4.70 (d, 1H, J = 7.5 Hz), 4.58 (d, 1H, 

J = 11.0 Hz), 4.55 (d, 1H, J = 11.0 Hz), 4.50 (d, 1H, J = 11.0 Hz), 4.32-4.10 (bs, 

1H, OH), 4.19 (dd, 1H, J = 9.0, 9.0 Hz), 3.89 (m, 2H), 3.75-3.53 (m, 8H), 3.58 

(m, 1H), 3.45 (s, 3H), 3.47-3.05 (m, 4H), 2.37 (s, 3H), 2.34 (s, 3H) 

13
C NMR (65 MHz, CDCl3)  161.8, 160.7, 160.4, 149.3, 141.1, 139.6, 138.9, 

138.7, 138.1, 137.4, 136.9, 136.8, 136.5, 129.5, 128.5, 128.4, 128.3, 128.0, 127.9, 

127.6, 127.5, 123.1, 122.3, 121.3, 121.2, 105.3, 99.8, 87.0, 84.7, 81.9, 81.8, 77.7, 

75.6, 75.0, 74.6, 74.5, 74.3, 73.4, 71.6, 69.3, 69.2, 66.7, 55.3, 39.1, 38.2, 21.0. 

 

 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl 3-

O-(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-α-D-glucopyranoside 

tR = 36.8 min (gradient B). 

 

 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl 3-

O-(2’,3’,4’,6’-tetra-O-benzyl-β-D-glucopyranosyl)-α-D-glucopyranoside 

tR = 40.5 min (gradient B). 
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2,3,4-tri-O-acetyl-6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-

methyl}-octyl-β-D-glucopyranoside (4-42a) 

Following the same procedure as for the preparation of 4-4, octyl--D-

glucopyranoside (3.50 g, 12.0 mmol) and 4-27 (1.10 g, 2.79 mmol) led to 4-42. 

Acetylation was carried out to facilitate its purification. Thus a solution of acetic 

anhydride (6.5 mL, excess) in pyridine (30 mL) in CH2Cl2 was added to the crude 

mixture. After stirring for 16 h, the solution was concentrated to provide, after 

flash chromatography (H/EA, 4:1 then 3:2), 4-42a (1.03g, 46%) 

 

C39H41N2O8, Mol. Wt. = 665.75 

Rf = 0.5 (H/EA, 1:1) 

IR (neat): 2927, 2856, 1755 cm
-1

 

[]D = +25.5 (c 0.10, CHCl3) 

1
H NMR (400 MHz, CDCl3) δ8.49 (bd, 1H, J = 4 Hz), 7.63 (d, 1H, J = 8 Hz), 

7.49 (t, 1H, J = 8 Hz), 7.43-7.37 (m, 3H), 7.28 (s, 1H), 7.06 (3d, 5H J = 7 Hz), 

6.85 (d, 1H, J = 7.5 Hz), 6.77 (d, 1H, J = 7.5 Hz), 5.24 (t, 1H, J = 9.5 Hz), 5.15 (t, 

1H, J = 9.5 Hz), 5.06 (t, 1H, J = 8 Hz), 4.50 (d, 1H, J = 8 Hz), 3.95-3.89 (ddd, 

1H, J = 6.5 Hz, 9.5 Hz), 3.57-3.51 (m, 2H), 3.33 (dd, 1H, J  = 2 Hz, 11 Hz), 3.12-

3.07 (m, 5H), 2.31 (s, 6H), 2.05 (s, 3H), 2.00 (s, 3H), 1.76 (s, 3H), 1.67-1.57 (m, 

2H), 1.34-1.26 (m, 10H), 0.89-0.85 (t, 3H, J = 7 Hz) 

13
C NMR (75 MHz, CDCl3) δ170.62, 169.56, 169.08, 162.92, 161.59, 159.44, 

149.07, 140.63, 14016, 136.54, 136.51, 136.27, 129.49, 129.39, 128.19, 128.14, 

123.27, 121.01, 120.73, 118.82, 100.91, 86.63, 73.40, 73.37, 71.68, 69.96, 68.79, 

62.21, 37.64, 37.31, 31.94, 29.63, 29.43, 26.08, 22.78, 21.17, 20.85, 20.57, 14.23. 

HRMS (EI+) calc’d for [C47H59N2O9 + H]
+
: 795.42151. Found: 795.42232. 

 

6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-octyl-β-D-

glucopyranoside (4-42) 
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A solution of 4-42a (1.03 g, 1.30 mmol) in MeOH (80 mL) was stirred in 

presence of MeONa (280 mg, 5.2 mmol) for 2 h. The solution was neutralized 

with IR120H resin, filtered and concentrated to provide pure 4-42 (light yellow 

foam, 760 mg, 88%). 

 

C33H35N2O5, Mol. Wt. = 539.64 

Rf = 0.30 (DCM/MeOH, 9:1) 

IR (DCM solution): 3380, 2925, 2856, 

1451 cm
-1 

[]D = +11.9 (c 0.16, CHCl3) 

1
H NMR (400 MHz, CDCl3) δ 8.65 (bs, 1H), 7.63, (bs, 1H), 7.59-7.52 (m, 2H), 

7.39 (d, 2H, J = 7.5 Hz), 7.28 (s, 1H), 7.21 (d, 3H, J = 8 Hz), 7.14 (d, 3H, J = 8 

Hz), 7.08 (d, 3H, J = 8 Hz), 4.31 (d, 1H , J = 8 Hz), 3.82-3.74 (m, 3H), 3.62-3.59 

(m, 1H), 3.49-3.39 (m, 2H), 3.37-3.33 (t, 1H , J = 8 Hz), 3. 28-3.26 (m, 1H), 3.20-

3.18 (m, 2H), 2.37 (s, 3H), 2.30 (s, 3H), 1.60-1.53 (m, 2H), 1.28-1.23 (m, 10H), 

0.87-0.84 (t, 3H, J = 7 Hz) 

13
C NMR (75 MHz, CDCl3) δ161.82, 160.63, 160.59, 149.43, 142.05, 138.23, 

138.14, 137.25, 137.07, 136.90, 130.41, 128.76, 127.87, 123.41,122.80, 121.70, 

121.67, 103.00, 87.24, 75.55, 75.21, 74.33, 73.93, 70.34, 67.86, 39.47, 38.58, 

31.92, 29.67, 29.50, 29.31, 26.04, 22.77, 21.26, 21.18, 14.24. 

HRMS (EI+) calc’d for [C41H52N2O6 + H]
+
: 669.38981. Found: 669.39095. 

 

 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-octyl 2-O-

(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-β-D-glucopyranoside (4-47a) 

and (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-octyl 2-O-

(2’,3’,4’,6’-tetra-O-benzyl-β-D-glucopyranosyl)-β-D-glucopyranoside (4-47b) 

Following the optimized procedure for glycosylation, 4-42 (105 mg, 0.157 mmol), 

4-31 (3 x 0.63 mL of a 0.25M solution in CH2Cl2), TMSOTf (3 x 640 mL, 0.1M 

solution in CH2Cl2) and TBAF (480 L, 1M solution in THF) led to a mixture of 
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isomers from which 4-47a (21 mg, 11 %), and 4-47b (32 mg, 17 %) were isolated 

by flash chromatography (gradient H/EA 1:9 to 3:2). 

 

C67H69N2O10, Mol. Wt. = 1062.27 

Rf = 0.2 (H/EA, 1:1) 

[]D = +11.1 (c 0.11, CHCl3) 

1
H NMR (400 MHz, CDCl3)

 
δ

 
8.47 (bd, 1H, J = 5 Hz), 7.54-7.47 (m, 2H), 7.39-

7.27 (m, 20H), 7.25-7.7.23-7.19 (m, 3H), 7.19-7.16 (m, 3H), 7.13-7.08 (m, 4H), 

7.04-7.01 (m, 2H), 5.54 (d, 1H, J = 3.5 Hz), 4.99 (d, 1H, J = 11 Hz), 4.89-4.77 

(m, 4H), 4.65 (dd, 2H, J = 6.5 Hz, 12 Hz), 4.61-4.48 (m, 4H), 4.40 (d, 1H, J = 12 

Hz), 4.08 (t, 1H, J = 9 Hz), 3.85-3.68 (m, 7H), 3.68-3.60 (m, 4H), 3.55- 3.47 (m, 

1H), 3.42-3.30 (m, 2H), 3.30-3.15 (m, 5H), 3.06 (dt, 1H, J = 5.5 Hz, 10 Hz), 3.00-

2.92 (m, 1H), 2.37 (s, 3H), 2.32 (s, 3H), 1.54-1.47 (m, 2H), 1.18 (bs, 10H), 0.84 

(t, 3H, J = 9 Hz) 

13
C NMR (75 MHz, CDCl3) δ161.8, 160.8, 160.5, 150.0, 141.6, 139.2, 138.8, 

138.7, 138.3, 138.2, 137.7, 137.0, 136.9, 130.1, 128.7, 128.4, 128.4, 128.2, 128.1, 

128.1, 128.0, 127.8, 127.7, 127.7, 127.6, 123.4, 122.4, 121.6, 121.4, 103.2, 96.1, 

87.1, 82.0, 79.8, 77.9, 77.8, 75.7, 75.1, 75.0, 73.5, 72.2, 70.0, 69.8, 68.6, 67.2, 

52.2, 39.0, 38.3, 31.9, 30.0, 29.6, 29.3, 26.1, 25.2, 22.7, 21.2, 21.2, 20.3, 14.2, 

13.7. 

HRMS (ESI+) calc’d for [C75H86N2O11 + H]
+
: 1191.63044. Found: 1191.63148. 
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C67H69N2O10, Mol. Wt. = 1062.27 

Rf = 0.14 (H/EA, 1/1) 

[]D = +9.2 (c 0.16, CHCl3) 

1
H NMR (400 MHz, CDCl3)

 
δ

 
8.45 (d, 1H, J = 4.5 Hz), 7.52 (t, 1H, J = 8 Hz), 

7.44-7.27 (m, 21H), 7.24-7.23 (m, 2H), 7.19-7.15 (m, 4H), 7.10-7.07 (m, 4H), 

7.04-7.00 (m, 2H), 5.16 (d, 1H, J = 11 Hz), 4.92 (dd, 2H, J = 7 Hz, 9 Hz), 4.85-

4.78 (m, 3H), 4.63 (dd, 2H, J 9 Hz, 14 Hz), 4.67-4.51 (m,4H), 4.43 (d, 1H, J = 7.5 

Hz), 3.86 (dd, 1H, J = 7.5 Hz, 16 Hz), 3.81-3.69 (m, 8H), 3.58-3.42 (m, 4H), 

3.39-3.34 (m, 2H), 3.26-3.05 (m, 5H), 2.36 (s, 3H), 2.31 (s, 3H), 1.49-1.47 (m, 

2H), 1.18 (bs, 10H), 0.85 (t, 2H, J = 3.5Hz) 

13
C NMR (75 MHz, CDCl3) δ161.9, 160.9, 160.5, 149.4, 141.7, 138.9, 138.8, 

138.7, 138.5, 138.3, 137.7, 137.0, 136.8, 136.7, 130.1, 128.7, 128.5, 128.5, 128.4, 

128.4, 128.3, 128.1, 127.9, 127.8, 127.7, 127.6, 123.3, 122.2, 121.5, 121.4, 103.1, 

102.0, 87.1, 85.1, 82.6, 81.2, 78.1, 76.3, 75.7, 75.1, 75.0, 74.9, 74.3, 73.7, 73.7, 

69.8, 69.0, 67.1, 62.5, 52.2, 39.2, 38.4, 36.8, 32.0, 29.8, 29.5, 29.4, 29.0, 28.8, 

25.9, 24.8, 22.8, 21.2, 21.2, 20.3, 14.3, 13.7. 

HRMS (ESI+) calc’d for [C75H86N2O11 + H]
+
: 1191.63044. Found: 1191.63061. 

 

6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl-α-D-

mannopyranoside (4-43) 

Following the same procedure as for the preparation of 4-4 methyl--D-

mannopyranoside (3.10 g, 16.0 mmol) and 4-27 (1.60 g, 4.06 mmol) led, after 
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purification by flash chromatography (CH2Cl2/MeOH, gradient 98:2 to 9:1), to 4-

43 (brown foam, 1.80 g, 85 %). 

 

C34H38N2O6 ; Mol. Wt. = 570.68 

Rf = 0.35 (DCM/MeOH, 9/1) 

IR (CDCl3 solution): 3372 (broad), 

2924, 1451 cm
-1 

[]D = +104.4 (c 0.10, CHCl3) 

1
H NMR (400 MHz, CDCl3)

 
δ

 
8.59-8.58 (d, 1H, J = 3.5 Hz), 8.06 (bs, 1H), 7.61-

7.55 (m, 2H), 7.43-7.41 (d, 2H, J= 8 Hz), 7.30-7.28 (d, 1H, J= 8 Hz), 7.23-7.21 

(d, 2H, J = 8 Hz), 7.18-7.12 (m, 4H), 7.08-7.06 (d, 3H, J = 7.5 Hz), 4.68 (d, 1H, J 

= 1 Hz), 4.09-4.07 (m, 2H, ), 4.02 (s, 1H), 3.87-3.82 (m, 1H), 3.43-3.39 (t, 1H, J 

= 9 Hz), 3.30 (s, 3H), 3.29-3.20 (m, 2H), 3.15-3.09 (m, 2H), 3.07-3.00 (m, 2H), 

2.37 (s, 3H), 2.29 (s, 3H) 

13
C NMR (75 MHz, CDCl3) δ161.99, 160.65, 160.52, 149.29, 142.46, 138.13, 

137.88, 137.26, 137.21, 136.76, 130.66, 128.77, 127.62, 123.46, 122.91, 121.74, 

121.65, 100.83, 87.43, 72.50, 70.62, 70.05, 69.64, 68.59, 55.25, 39.54, 38.65, 

21.25, 21.16.  

HRMS (EI+) calc’d for [C34H38N2O6 + H]
+
:571.28026. Found: 571.28081. 

 

 (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-octyl 2-O-

(2’,3’,4’,6’-tetra-O-benzyl-α-D-glucopyranosyl)-α-D-mannopyranoside (4-48a) 

and (6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-octyl 2-O-

(2’,3’,4’,6’-tetra-O-benzyl-β-D-glucopyranosyl)-β-D-mannopyranoside (4-48b) 

Following the optimized procedure for glycosylation, 4-43 (90 mg, 0.157 mmol), 

4-31 (4 x 0.63 mL of a 0.25M solution in CH2Cl2), TMSOTf (4 x 640 mL, 0.1M 

solution in CH2Cl2) and TBAF (480 L, 1M solution in THF) led to a mixture of 

isomers from which 4-48a and 4-48b (70 mg, 41 %, 1.2:1 mixture) were isolated 

by flash chromatography (gradient H/EA 1:4 to 3:2). 
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C68H72N2O11, Mol. Wt. 1093.31 

Rf = 0.14-0.10 (H/EA, 1:1) 

 

1
H NMR (400 MHz, CDCl3)

 
δ 8.51 (d, J = 4.0 Hz, 1H), 8.45 (d, J = 4.0 Hz, 1H), 

7.48–7.46 (m, 1H), 7.46–7.41 (m, 2H), 7.39 (s, 1H), 7.38 – 7.21 (m, 43H), 7.20–

7.12 (m, 5H), 7.12-7.00 (m, 12H), 7.00–6.90 (m, 3H), 6.87 (d, J = 7.6 Hz, 1H), 

5.00 (d, J = 10.3 Hz, 1H), 4.92 (dd, J = 3.6 Hz, 7.4, 2H), 4.86 (s, 1H), 4.83–4.69 

(m, 8H), 4.69–4.64 (m, 2H), 4.59 (s, 1H), 4.57 – 4.48 (m, 5H), 4.47 – 4.38 (m, 

3H), 4.21 (t, J=9.2, 1H), 4.04 (s, 1H), 4.00 – 3.86 (m, 6H), 3.81 (s, 1H), 3.80 – 

3.66 (m, 7H), 3.66 – 3.55 (m, 5H), 3.55 – 3.51 (m, 2H), 3.42 (tdd, J=4.3, 12.2, 

14.3, 7H), 3.32 – 3.26 (m, 4H), 3.23 (s, 2H), 3.15 (m, 10H), 2.31 (s, 6H), 2.27 (d, 

J=5.0, 6H) 

13
C NMR (75 MHz, CDCl3) δ162.25, 162.21, 161.31, 161.16, 160.31, 160.29, 

149.31, 149.15, 141.57, 141.06, 140.50, 139.71, 138.71, 138.66, 138.29, 138.15, 

138.08, 137.94, 137.75, 137.18, 137.00, 136.84, 136.75, 136.72, 136.70, 136.64, 

136.50, 136.45, 136.15, 129.87, 129.62, 129.17, 129.06, 128.7-127.6 (m), 123.51, 
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123.45, 121.35, 121.19, 121.14, 103.43, 100.95, 100.20, 99.57, 87.06, 87.05, 

86.80, 84.58, 82.23, 81.97, 81.31, 79.76, 79.67, 77.86, 77.61, 75.86, 75.67, 75.24, 

75.18, 71.71, 71.50, 71.37, 70.81, 70.60, 70.07, 68.70, 68.67, 66.29, 65.86, 54.89, 

54.80, 38.78, 38.68, 38.22, 38.19, 21.18, 21.09. 

4-48b HRMS (ESI+) calc’d for [C68H72N2O11 + H]
+
: 1093.52089. Found: 

1093.52043. 

4-48a HRMS (ESI+) calc’d for [C68H72N2O11 + H]
+
: 1093.52089. Found: 

1093.51987. 

 

6-O-{[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl}-methyl-α-D-

galactopyranoside (4-44) 

Following the same procedure as for the preparation of 4-4 methyl--D-

galactopyranoside (3.10 g, 16.0 mmol) and 4-27 (1.60 g, 4.06 mmol) led, after 

purification by flash chromatography (gradient 98:2 to 9:1), to 4-44 (brown foam, 

330 mg, 14 %). 

 

C34H38N2O6 ; Mol. Wt. = 570.68 

Rf = 0.35 (DCM/MeOH, 9/1) 

IR (CDCl3 solution): 3361 

(broad), 2924, 1451 cm
-1

 

[]D = +99.9 (c 0.15, CHCl3) 

1
H NMR (400 MHz, CDCl3)

 
δ 8.65 (bs, 1H), 7.58 (bs, 1H), 7.50 (t, 1H, J = 7.5 

Hz), 7.18 (dd, 2H, J = 8 Hz, 21 Hz), 7.08 (d, 8 Hz), 7.03 (d, 1H, J = 7.5 Hz), 4.79 

(d, 1H, J = 2.5 Hz), 4.60 (bs, 1H), 3.98 (dd, 1H, J = 6.5 Hz, 8 Hz), 3.92 (bs, 2H), 

3.47 (t, 1H, 8.5 Hz), 3.33 (s, 3H), 3.31-3.14 (m, 4H), 3.10 (dd, 1H, J = 5.5 Hz, 8 

Hz), 2.37 (s, 3H), 2.31 (s, 3H) 

13
C NMR (75 MHz, CDCl3) 161.72, 160.92, 160.19, 149.18, 142.05, 138.89, 

137.53, 136.73, 136.69, 136.44, 130.08, 128.53, 128.44, 128.02, 123.10, 121.89, 
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121.40, 121.17, 99.99, 86.96, 70.39, 70.17, 69.26, 69.16, 63.26, 55.35, 38.62, 

37.93, 21.09, 21.02. 

HRMS (EI+) calc’d for [C34H38N2O6 + H]
+
: 571.28026. Found: 571.28003. 
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Chapter 5 Regio- and stereoselective glycosylation of 
position 3 of sugars using directing-protecting groups 

The glycosylation method presented in Chapter 4 is regioselective, but not 

stereoselective. Furthermore, identification of the products is very difficult. In this 

chapter, we will show that our glycosylation method, applied with a benzoylated 

glucosyl donor, yields a highly regio- and stereoselective reaction where only a 

single isomer is obtained which can be identified using 2-dimensional NMR 

techniques. 
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5.1  Abstract 

Several years ago, Hanessian (with his Chiron approach) proposed to use 

carbohydrates as an inexpensive source of chirality. Indeed, D-glucose would be a 

very useful starting material in many chiral syntheses if it were not for its polyol 

nature which renders it very complicated to exploit. We showed in Chapter 4 that 

a di-pyridyl-based protecting group installed at position 6 of a sugar can influence 

the regioselectivity of reactions by increasing the steric bulk around position 3. 

This steric bulk renders this position less accessible than position 2 to bulky 

electrophiles, like glycosyl donors. In practice, when glycosylated with a tetra-

benzylated glucopyranose donor, the 6-O-di-pyridyl-protected sugar reacts 

primarily at position 2, although with poor stereoselectivity (57-61% yield of a 

1:1.5-1.8 mixture of α/β). We hypothesize that switching to a 2,3,4,6-tetra-

benzoylated glucopyranose donor will allow us to control the stereoselectivity of 

the glycosylation of the 6-O-dipyridyl-protected sugars. To prove this hypothesis, 

we glycosylated a series of 6-O-protected glucopyranosides with this 2,3,4,6-

tetra-benzoylated glucopyranose donor. Gratifyingly, the stereoselectivity of the 

glycosylation reaction was optimal, producing only β-linked disaccharides. 

Interestingly, we also found that the 6-O-di-pyridyl-protected sugars were 

glycosylated at position 3 in an 80-90% yield (and not at position 2 as expected 

from previous results). Thus, through the use of different glycosyl donors, we can 

either glycosylate the 6-O-di-pyridyl-protected sugar acceptors at position 2 or 

position 3. The results of Chapters 4 and 5 offer a simple, yet versatile approach 

to selective carbohydrate functionalization. 

5.2  Introduction 

5.2.1 Background 

Carbohydrate chemists seek to utilize Nature’s building block D-glucose as 

efficiently as Nature does. While Nature possesses a variety of enzymes to 

perform a reaction selectively on these small, but complex building blocks, 
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chemists use protecting groups which they install on the building block prior to 

performing the reaction of interest. However, the multi-step routes using these 

protecting groups are still far from being as efficient as Nature and its enzymes. 

We have shown, in Chapter 4, that we could avoid a multi-step strategy to 

glycosylate position 2 of methyl α-D-glucopyranoside: we enhanced the reactivity 

of position 2, simply by using a specifically designed, di-pyridyl-based protecting 

group, regioselectively installed at position 6. The regioselectivity of the 

glycosylation reaction was altered, in that 6-O-protected glucopyranosides, 

protected with traditional, bulky protecting groups (like a trityl or TBDPS group) 

were glycosylated mainly at position 3. In this previous chapter, we proved that a 

properly designed protecting group can orient the glycosylation and therefore 

addressed the issue of regioselectivity. 

 

Scheme 5.1 Optimized reaction conditions from Chapter 4, for glycosylating a 6-O-
monoprotected glucopyranoside with a tetra-benzylated glucopyranose donor. 

Despite the progress we reported in the previous chapter, the stereoselectivity 

of the reaction was still in need of improvement. From the glycosylation method 

we presented in the previous chapter, we consistently obtain a mixture of 

products, with α- and β-glycosidic linkages (Scheme 5.1), which are difficult to 

separate (in some cases inseparable) and rarely exceeding a 2:1 ratio of α:β. Our 

previous strategy relied on the preparation of the 6 possible stereo- and 
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regioisomers, these references compounds being used to identify the components 

of the glycosylation product mixtures. Thus, we needed to synthesize each of 

these reference compounds separately, through typical protection and 

deprotection steps and compare these reference compounds to the products 

obtained from our glycosylation experiments, using HPLC. 

5.2.2 Revisiting the challenges of regioselective glycosylation 

Recalling the challenges of glycosylation, the method presented in Chapter 4 

addressed some of the issues, but not others: 

 Regioselectivity: we can glycosylate 6-O-protected glucopyranoside, 

favouring reaction at position 2 over positions 3 and 4, but the selectivity 

could still be improved upon. 

 Stereoselectivity: our method forms the glycosidic linkages that are both α 

and β, and these isomers are often difficult to separate. Since we always 

obtain both, this method does not allow us to form one stereoisomer or the 

other. This issue remains to be addressed. 

 Synthetic efficiency: we can glycosylate a minimally protected sugar into 

a 2-O-disaccharide, without the need to perform several tedious steps of 

protections and deprotections. However, we also needed to prepare several 

extra reference compounds (using traditional protection and deprotection 

strategies) in order to identify the products formed. Herein, we will revise 

this strategy. 

 Polyglycosylation: we have minimized the over-glycosylation of the 

starting material, leading to unwanted trisaccharides. 

The main challenges that still could be improved upon are stereoselectivity and 

efficiency.  

5.2.3 Objectives and methods 

“Neighbouring group participation” is one of the easiest methods to achieve 

stereoselectivity in a glycosylation reaction. Switching from the 2,3,4,6-
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tetrabenzylated glucopyranose to a 2,3,4,6-tetrabenzoylated glucopyranose donor, 

the stereochemistry of the acyl group at position 2 will dictate the stereochemistry 

of the product formed, as illustrated in Figure 5.1. 

 

Figure 5.1 Illustration of the neighbouring group participation of an acyl group at 
position 2 and its effects on the stereoselectivity of a subsequent reaction with a 
nucleophile. 

Using a benzoylated donor instead of a benzylated donor would conveniently 

eliminate the numerous benzylic protons which clutter the 
1
H-NMR spectra of the 

products from our previous experiments. A disaccharide prepared from a 

benzoylated donor would thus lead to clearer 
1
H-NMR spectra in the region of 6-

3ppm. As a result, 2D-NMR analysis of the products would also be easier and 

appropriate NMR methods should allow us to identify the stereo- and 

regioisomers, without the need for another set of numerous reference compounds. 

Herein, we opted for NMR analysis of mixtures and separated isomers in place of 

HPLC analysis based on reference compounds. 

In this chapter, we aimed to develop glycosylation conditions that are both 

regioselective, controlled by the di-pyridyl protecting group and stereoselective, 

controlled by the stereochemistry at position 2 of the trichloroacetimidate donor, 

through neighbouring group participation. To this end, we first glycosylated a 

small series of 6-O-protected glucopyranoside acceptors (including an acceptor 

having an indol-based protecting group at position 6 acting as a hydrogen-bond 
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donor) with a 2,3,4,6-tetra-benzoylated glucopyranose trichloroacetimidate donor. 

We then tested the effect of pre-incubating the di-pyridyl-protected acceptors with 

TMSOTf prior to glycosylating them. Contrary to the results from Chapter 4, 

when we switched to the less reactive tetra-benzoylated donor, the 

glucopyranosides protected with the di-pyridyl-based protecting group were 

selectively glycosylated at position 3 (80-90% yield) and only the 1,3-β-linked 

disaccharides were formed. In comparison, the 6-O-TBDPS-protected acceptor 

was glycosylated at both positions 2 and 3 in a nearly 1:1 mixture and in poor 

yields (38% yield). Our experiments pre-incubating the acceptor with TMSOTf 

prior to the actual glycosylation revealed that we could switch back to 

glycosylating the acceptor at position 2. The results of these experiments confirm 

that our di-pyridyl-based protecting group can be used as an efficient alternative 

to regioselectively and stereoselectively glycosylate a sugar, instead of a multi-

step route of protections and deprotections. 

5.3  Results and discussion 

To optimize the stereoselectivity of the glycosylation reaction, we prepared a 

small set of 6-O-protected glycosyl acceptors (Figure 5.2). We also had to prepare 

a new donor, bearing an acyl group at position 2 which would allow us to control 

the stereochemistry of the new glycosidic linkage.  
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Figure 5.2 Series of 6-O-protected glucopyranoside acceptors and 2,3,4,6-tetra-
benzoylated glucopyranose donor 5-4 which were used to optimize the regio- and 
stereoselectivity of the glycosylation reaction. 

Given that several groups have reported that 2,3,4,6-tetra-benzoylated donors are 

significantly less reactive then the tetra-benzylated donor used in Chapter 4, 
1, 2

 

we added an extra 6-O-protected acceptor (5-8), featuring an indole ring which 

we predicted to hydrogen bond with the sugar, hopefully rendering the acceptor 

more reactive than the acceptors bearing hydrogen bond acceptors. 

5.3.1 Preparation of the hydrogen bond donating protecting 

group and optimization of its coupling to a sugar 

We prepared trityl-like alcohol (5-15) from indole (5-12) according to 

Katritzky’s method.
3
 Ironically, in the first step of preparing our hydrogen bond 

donating directing-protecting group, we performed a Mannich reaction to install a 

directing-protecting group at position 1 (the amine) of the indole ring, attaching a 

tertiary amine, as in 5-13, which could direct lithiation to position 2 instead of 
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position 3, the most reactive position of the indole ring. Thus, benzophenone 

could be added selectively to position 2 of the indole ring of 5-13, yielding 5-14. 

Reduction of the protecting group with sodium borohydride next released the 

indole amine, forming 5-15. Using chlorination conditions developed for the 

pyridyl-based protecting groups, we attempted to substitute the chloride for the 

alcohol. Unfortunately, we chlorinated position 3 of the indole first. Very little 

indole-protected sugar was recovered, and the little that was had a chloride at 

position 3 of the indole ring (as in 5-17). 

 

Scheme 5.2 Synthesis of the protecting group 5-15 and its coupling to 5-16. 

Since our initial attempt to install 5-15 onto the sugar failed, we explored other 

chlorination methods, attempting to optimize the chlorination conditions and 

successfully couple the indole-protecting group to the sugar with a higher yield 

(Table 5.1). However, all the methods tested led to little more than traces of the 

product 5-17 (although chlorinated at position 3 of the indole ring) or 

decomposition of the indole-protecting group and possibly even some 

dimerization of the indole-protecting group. 
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Table 5.1 Methods tested to chlorinate (or mesylate) the indol-2-
yldiphenylmethanol prior to coupling to methyl α-D-glucopyranoside. 

 

A 

Functionalization of 5-15 

B 

Conditions coupling to 5-16  
Yield 

SOCl
2
, DMF, DCM, 45°C, O/N Pyridine, DMAP, rt, O/N traces  

SOCl2, DMF, THF, O/N to 48h Pyridine, DMAP, rt, O/N 0 

SOCl2, Et3N, DCM, 45°C, 8h Pyridine, DMAP, rt, O/N 0 

SOCl
2
, Et

3
N, DCM, 45°C, 8h Pyridine, DMAP, 115°C, O/N 0  

SOCl
2
, Et

3
N, DCM, 45°C, 8h Pyridine, silica, 115°C, O/N 0  

SOCl
2
, DMF, DCM, 45°C, 8h Pyridine, DMAP, 115°C, O/N 0  

SOCl
2
, DMF, DCM, 45°C, 8h Pyridine, silica, 115°C, O/N 0  

MsCl, Et
3
N, DCM Pyridine, DMAP, rt, O/N 0  

 

Since chlorination of the indole position 3 seemed to be occurring each time 

(or decomposition of the indole protecting group), we then synthesized the same 

protecting group, but starting from 3-methyl indole (5-18), so that the reactivity of 

position 3 would not interfere with our coupling methods (as in Scheme 5.3). 
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Scheme 5.3 Preparation of 5-21 and its coupling to 5-16. 

However, we were still unable to successfully chlorinate and couple this new 

protecting group to 5-16. 

We then investigated alternatives to the chlorination step, testing if we could 

activate the alcohol using Brønsted or Lewis acids (including Yb(OTf)3 as a 

Lewis acid based on Sharma’s work
4
), prior to coupling to the sugar, (Table 5.2). 

However, in each case, we isolated little to none of the desired product. Various 

solvents were also tested to better solubilize the unprotected sugar, with little 

success. 
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Table 5.2 Attempts to directly couple the indyl-diphenyl methanol to a sugar. 

 

Reagent Solvent Temp % Yield 

pTSA ACN rt 0 

pTSA DMF rt 0 

pTSA DMF 150 °C 0 

10% Yb(OTf)
3
 DCM rt 0 

10% Yb(OTf)
3
 ACN rt traces 

10% Yb(OTf)
3
 ACN 65 °C traces 

50% Yb(OTf)
3
 ACN rt traces 

100% Yb(OTf)
3
 ACN rt traces 

10% Yb(OTf)
3
 

DCM/DMF 

1:1 rt traces 

10% Yb(OTf)
3
 DCM/DMF 

1:1 
rt traces 

10% Yb(OTf)
3
 Bmim.pf6 rt 0 

10% Yb(OTf)
3
 

H2O/dioxane 

1:1 rt traces 

10% Yb(OTf)
3
 DMF 150 °C 

5-17 by 

NMR 
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We found that the best method to install the protecting group onto the sugar 

was first using a Lewis acid to activate the protecting group and then coupling it 

to 2,3,4-tribenzylated methyl α-D-glucopyranoside 5-23 (62% yield). This result 

proved that one of the major issues with the coupling step could be the solubility 

of methyl α-D-glucopyranoside, and not activation of the protecting group. 

Unfortunately, this intermediate was not very useful as the benzyl groups could 

not be removed by hydrogenation without first hydrogenating at the benzylic 

position of the trityl-like protecting group, yielding 5-23 and 5-25 (Scheme 5.4). 

 

Scheme 5.4 Coupling the indyl diphenyl methanol to a 2,3,4-tribenzylated methyl α-
D-glucopyranoside. 

In order to better solubilize the sugar, many researchers have used octyl- 

glucopyranosides which are soluble in such solvents as chloroform and 

dichloromethane. Thus, we attempted to couple our protecting group to octyl β-D-

glucopyranoside (5-26) directly using a Lewis acid (Table 5.3). Optimized 

coupling conditions involve portion-wise addition of both the sugar and Lewis 

acid. In fact, too high a concentration of octyl β-D-glucopyranoside (5-26) could 

lead to micelle formation and lower the availability of the 6-OH for coupling, 

hence lower yields.  
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Table 5.3 Coupling of 5-21 to octyl β-D-glucopyranoside (5-26). 

 

Reagent Solvent Temp % Yield* 

10%Yb(OTf)
3
 DCM rt 5 

10%Yb(OTf)
3
 DCM 45°C 19 

10%Yb(OTf)
3
 DCM rt 50-80

§
 

* Yield determined by NMR. 
§ 

4 equiv. 5-26 used 

 

With this new method for installing 5-21 at position 6 of octyl β-D-

glucopyranoside, we obtained a 50-80% NMR yield of 5-27 (35-52% isolated 

yield). 

5.3.2 Regioselectivity of the glycosylation reaction with a 

benzoylated glycosyl donor 

Researchers have widely used the tetra-benzoylated glycosyl donor and several 

procedures for its preparation have been reported. Starting from D-glucose (5-28), 

we first per-benzoylated 5-29,
5
 then selectively deprotected the anomeric benzoyl 

to afford 5-30. Interestingly, we tested several of the reported methods using a 

variety of bases to form the trichloroacetimidate 5-4, but we found that several 

were irreproducible. In fact, the method which we applied in Chapter 4 to prepare 

the trichloroacetimidate of 2,3,4,6-tetra-benzyl glucopyranose did not work with 

the benzoylated sugar. The only base that did work for this step was potassium 
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carbonate. Furthermore, we found that the formation of the trichloroacetimidate 

was much slower, requiring 4 to 6 days to go to completion. 

 

Scheme 5.5 Formation of the 2,3,4,6-tetra-benzoylated glucopyranose 
trichloroacetimidate 5-4. 

We then glycosylated our series of acceptors with our per-benzoylated donor 

5-4. As mentioned, our previous sets of glycosyl reference compounds (used in 

Chapter 4) were no longer valid because we changed the donor. Fortunately, 

products formed with the new donor 5-4 yielded significantly clearer NMR 

spectra, no longer cluttered with the benzylic protons which prevented any 

possible 2D-NMR analysis of the products. Thus, rather than preparing another 

set of reference compounds, we were able to perform extensive 2D-NMR 

experiments (COSY, HSQC and HMBC) of each product in order to determine 

the position of the glycosidic linkage formed.  
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Figure 5.3 Stacked NMR spectra of products of glycosylation of methyl 6-O-TBDPS 
α-D-glucopyranoside (5-7), showing the crude mixture (top spectrum, in dark blue) 
containing only the two disaccharides (middle and bottom spectra, shown in light 
blue and purple) and the starting material (spectrum not shown). 

For example, when we glycosylated methyl 6-O-TBDPS α-D-glucopyranoside 

(5-7), we isolated only two disaccharides, as expected from the crude NMR of the 

reaction (Figure 5.3). We then performed a COSY experiment for each of the 

disaccharides (Figure 5.4 and Figure 5.5). In a COSY experiment, each axis 

corresponds to the 
1
H-NMR spectrum of the sample. The COSY experiments 

reveal 
1
H-

1
H correlation between protons that are coupled to each other (located 

on the same or adjacent heavy atoms such as on carbons) as peaks off the 

diagonal of the spectrum. Combining the information from each peak allows us to 

assign each signal of the 
1
H-NMR spectrum to a proton of the isolated 

disaccharides.  
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Figure 5.4 COSY of 5-31. 

 

Figure 5.5 COSY of 5-32. 

 

We also performed HSQC experiments (for example, Figure 5.6 and Figure 

5.7, as well as others given in the Appendix), correlating 
1
H and 

13
C which are 

covalently bound. These experiments allowed us to attribute each of the protons 

H2 

H1’ 

H1’ 

H3 
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of the disaccharide to a signal in the 
13

C-NMR spectra and therefore to assign 

each of the carbon peaks.  

 

Figure 5.6 HSQC of 5-31. 

 

Figure 5.7 HSQC of 5-32. 
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H2 

C2 C1’ 
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Figure 5.8 HMBC of 5-31. In red, the interaction of C2 with H1’ is circled and in blue, 
the interaction of C1’ with H2 is circled. 

 

 

Figure 5.9 HMBC of 5-32. In red, the interaction of C1’ with H3 is circled and in blue, 
the interaction of C3 with H1’ is circled 

Finally, HMBC (for example, Figure 5.8 and Figure 5.9, as well as others 

given in the Appendix) reveal correlations between 
1
H and 

13
C which are weakly 

H2 

C1’ 
C2 

H1’ 

C1’ 

H3 

H1’ 

C3 
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coupled (2 or 3 bonds apart). Combined, these experiments helped us identify at 

which position of the acceptor is attached the donor. 

The results of our initial experiments are summarized in Table 5.4. As 

expected, when we applied our optimized glycosylation method with portion-wise 

addition of donor 5-4 and TMSOTf, we obtained one single product with both 5-1 

and 5-9 in high yields (80-90% isolated yield, entries 3-5). Clearly, the 6-O-di-

pyridyl-protected sugars were vastly more selective than the 6-O-protected sugar 

bearing a TBDPS group (entries 3-5 vs. entry 1). Furthermore, in agreement with 

the results of Chapter 4, 5-9 was slightly less reactive than 5-1, while 5-10 and 5-

11 were significantly less reactive and in fact hardly reacted at all (entries 6 and 

7). Interestingly, from the 2D-NMR studies of all the disaccharides formed, we 

discovered that both the disaccharides formed in entries 3, 4 and 5 were attached 

via a 1,3-glycosidic linkage, and not the 1,2-link we were expecting from our 

previous results with the benzylated donor. Unfortunately, the sugar bearing a 

hydrogen bond donating indole ring proved to be unstable under our glycosylation 

conditions, leading to decomposition of the starting material within seconds of 

adding the Lewis acid to the reaction mixture (entry 8).  
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Table 5.4 Results of glycosylation experiments performed with 2,3,4,6-
tetrabenzoylated glucopyranose trichloroacetimidate (5-4).*

§ 

 

Entry Starting 

material 

Reaction 

temp °C 

2-O  3-O  2-O 

(%)
a
 

3-O 

(%)
a
 

SM 

(%)
a
 

1 5-7 -50 5-31 5-32 18 20 62 

2 5-6 -50 5-33 5-34 Complex mixture 

3 5-1 +5 5-35 5-36 nd 90 0 

4 5-1 -50 5-35 5-36 nd 80 0 

5 5-9 -50 5-37  5-38  traces 87 <10 

6 5-10 -50 5-41 5-40 nd nd
b
 >90 

7 5-11 -50 5-41 5-42 nd nd >90 

8 5-27 -50 5-43 5-44 0 0 0
ǂ
 

* 1,4-glycosylation products were not determined in any of the entries. 
§
Yields vary depending on 

quality of reagents used. 
ǂ
 Deprotection of starting material occurred within seconds of adding 

TMSOTf. 
a
 Only the β-stereoisomers were isolated. 
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5.3.3 Effect of pre-incubating the acceptor with TMSOTf prior 

to reacting with a benzoylated glycosyl donor 

For the glycosylations from both Chapter 4 and Chapter 5, performed on the 

starting materials bearing the directing-protecting groups, we had to treat our 

crude mixtures with TBAF to remove any TMS groups attached to our products. 

Given that we only encountered this issue with the sugars bearing the directing-

protecting groups, we hypothesized that the terminal pyridyl rings may react with 

the TMSOTf prior to becoming glycosylated. To test this hypothesis, we titrated 

5-1 with increasing amounts of the Lewis acid to see if, in fact, TMS groups were 

attached to the sugar. The NMR spectra of the resulting mixtures are shown in 

Figure 5.10. 

 

Figure 5.10 NMR titration of the 5-1 with increasing amounts of TMSOTf: 0 
equivalents of TMSOTf (indigo), 0.5 equivalents of TMSOTf (teal), 1 equivalent of 
TMSOTf (purple), 1.5 equivalents of TMSOTf (plum). 
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From our titration experiment, we clearly see that the presence of TMSOTf 

affects the entire sugar, including the directing-protecting group. The two tolyl-

methyl peaks of the protecting group of 5-1 were clearly distinct from each other 

by NMR (two singlets at 2.35 and 2.31 ppm, indigo spectrum of Figure 5.10), 

most likely because the protecting group surrounded and interacted with the 

asymmetric environment of the sugar. However, with increasing amounts of 

TMSOTf, these two distinct singlets merge into one (plum spectrum of Figure 

5.10), indicating that the protecting group may have moved away from the chiral 

environment. The aromatic groups of the protecting group were also affected, 

with noticeable shifts of the 
1
H-NMR peaks of the terminal pyridine ring. The 

TMSOTf also affected the protons of the sugar backbone, which move downfield 

on the NMR spectra. Although from this information, we can gather that some 

element (either one of the pyridine ring nitrogen or the sugar hydroxyls) may 

react with the TMSOTf, we cannot identify the position of the TMS group(s). 

Table 5.5 Glycosylation experiment in which the acceptor was pre-incubated with 
TMSOTf (1 equiv.) prior to adding in the donor (1 equiv.) and more TMSOTf (2-4 
equiv.). *

§
 

 

Entry Starting 

material 

Reaction 

temp 

2-O 3-O 2-O 

(%)
a
 

3-O 

(%)
a
 

SM 

(%) 

1 5-1 -50°C 5-35 5-36 32 28 40 

2 5-9 -50°C 5-37  5-38  16 4 80 

* 1,4-glycosylation products were not determined in any of the entries. 
§
Yields vary depending on 

quality of reagents used. 
a
 Only the β-stereoisomers were isolated. 
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If the terminal pyridine actually chelates or reacts with the TMSTOf, we 

expect that position 3 would be less nucleophilic, since the terminal pyridine can 

no longer activate position 3. This should have an effect on glycosylation, 

disfavouring glycosylation at position 3, but also favouring position 2. Therefore, 

we repeated our glycosylation experiments, this time pre-incubating 5-1 and 5-9 

with the Lewis acid, prior to introducing the donor. The results of these 

experiments are summarized in Table 5.5. As before the 6-O-protected methyl α-

D-glucopyranoside (5-1) was more reactive than the octyl β-D-glucopyranoside 

(5-9) (entry 1 vs. entry 2). However, neither reaction went to completion. 

Interestingly, by pre-incubating with the Lewis acid, glycosylation at position 2 

becomes more prevalent. 

5.4  Revised mechanism 

Two mechanisms can be envisioned to explain this change in regioselectivity 

when we switched from the benzylated donor 5-2 to the benzoylated donor 5-4. In 

Chapter 4, we proposed two mechanisms that could explain why position 2 of the 

acceptor was glycosylated with the benzylated donor. The first postulated 

mechanism begins with the Lewis acid activating the donor, which then reacts 

with the acceptor.  In this case, the regioselectivity would simply be induced by 

steric effects. Given that the pyridyl rings most likely act as hydrogen bond 

acceptors interacting with the hydroxyl groups, the bulk of the protecting group 

around positions 3 and 4 would disfavour the reaction at those positions. This is 

what we observe when we glycosylate our acceptors with the reactive benzylated 

donor: the sugars react predominantly at position 2, the least hindered position.  



 

Chapter 5 

 

− 262 − 

 

Figure 5.11 Revised postulated mechanism. 

The second mechanism would imply the reaction of one of the pyridyl rings 

with TMSOTf that may be subsequently internally delivered to OH-3, which 
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would be temporarily protected. Subsequent glycosylation would be 

regioselective because position 3 was silylated. This would explain the presence 

of TMS-protected derivatives in the reaction medium (although silylation could 

also occur after glycosylation). Since the benzylated donors are known to be quite 

reactive, we expect that the benzylated donor is activated much faster than the 

Lewis acid / Lewis base reaction. The hydrogen bond between the pyridyl rings 

and the sugar most likely attenuate the basicity or Lewis basicity of the pyridyl 

ring. On the other hand, benzoylated glycosyl donors are known to be 

significantly less reactive.
1, 2

 The most reactive position (position 3 based on 

previous work
6
) reacts with this unreactive donor. It is also plausible that with this 

donor, the Lewis acid (TMSOTf) / Lewis base (terminal pyridine ring) reaction 

may occur more quickly than TMSOTf activation of the donor. In fact, during our 

experiments, we noted that the acceptor seems unreactive until a full equivalent of 

TMSOTf is added. It appears that the pyridyl groups may abstract the TMSOTf, 

prior to its activating the donor, disrupting the hydrogen bond between the pyridyl 

ring and position 3 and liberating it. Position 3 is now free to react and position 3 

is the only position glycosylated. However, if the acceptor is pre-incubated with 

TMSOTf for a longer period of time and without the presence of any donor, the 

terminal pyridyl ring may begin to slowly transfer the silyl group from the 

pyridyl-nitrogen to position 3 of the sugar. Position 3 is therefore no longer 

available to react and therefore we observed glycosylation of position 2 as well as 

position 3.  

5.5  Conclusion 

The pyridyl-based protecting groups used in this chapter are hydrogen bond 

acceptors which operate by modifying the intramolecular H-bond network 

observed in non-protected carbohydrates. With our di-pyridyl-based protecting 

group installed at position 6 of methyl α-D-glucopyranoside, we observed 

preference for the two 2-O glycosylated isomeric disaccharides when a reactive 

glycosyl donor was used (Chapter 4). On the other hand, we can selectively 
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glycosylate at position 3 with a less reactive, benzoylated donor. In fact, with this 

benzoylated donor, we can selectively form disaccharides at position 3 with 

isolated yields greater than 80% of only one single stereoisomer. This study 

clearly demonstrates that these di-pyridyl-based protecting groups, in contrast to 

traditional protecting groups, can be used in different ways, either to enhance the 

nucleophilicity of hydroxyl groups, increasing the reactivity at position 3 with 

small reagents or less reactive glycosyl donors, or to increase the steric hindrance 

around selected hydroxyls, around positions 3 and 4 for glycosylation with bulky 

reagents and reactive glycosyl donors. 

We have developed a unique strategy to prepare glucose-glucose disaccharides 

in a highly efficient (yields in the range of 90%), highly regioselective (one single 

regioisomer) and highly stereoselective (β-anomer only) manner. This 

methodology improves on all the established methods by providing one single 

isomer out of the 6 possible in over 80% yield. It also provides a flexible way to 

produce either 2-O or 3-O isomers starting from the exact same 6-O-protected 

acceptor. 

5.6  Experimental section 

5.6.1 General remarks 

Solvents were distilled and dried by standard methods; THF and ether, from 

Na/benzophenone; and CH2Cl2 from P2O5. All commercially available reagents 

were used without further purification. 4 Å molecular sieves were dried at 100°C 

prior to use. Melting points are uncorrected and recorded with a Büchi capillary 

tube melting-point apparatus. Optical rotations were measured on a JASCO DIP 

140 in a 1dm cell at 20°C. FTIR spectra were recorded using a Perkin Elmer 

Spectrum One FT-IR. 
1
H and 

13
C NMR spectra were recorded on Varian mercury 

400 MHz, 300 MHz or Unity 500 spectrometers. Chemical shifts are reported in 

ppm using the residual of chloroform as internal standard (7.260 ppm for 
1
H and 

77.16 ppm for 
13

C). Mass spectra were recorded on either a Trio 1000 Thermo 
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Quest spectrometer in the electron impact mode or a Platform Micromass in the 

electrospray mode or EI Peak matching (70 eV) on a Kratos MS25 RFA Double 

focusing mass spectrometer or by ESI on a IonSpec 7.0 tesla FTMS at McGill 

University. Analytical thin-layer chromatography was performed on Silicycle 

60F254 pre-coated silica gel plates. TLC visualization was performed by UV or 

by development using KMnO4, H2SO4/MeOH or Mo/Ce solutions. 

Chromatography was performed on silica gel 60 (230-40 mesh). 

5.6.2 Synthesis  

Synthesis of hydrogen-bond donating protecting group and its 

coupling to a sugar and other 6-O-protected sugars not mentioned in 

Chapter 4 

1-[(N,N-dimethylamino)methyl]indole (5-13)
3
 

To a suspension of indole 5-12 (5 g, 0.04 mol) in water (15 mL) was added 

formaldehyde (3.2 mL, 37% aqueous solution) and dimethylamine (4.5 mL, 40% 

aqueous solution) over 30 min at 0 ºC. The mixture was stirred for 3 h, then 

warmed to rt overnight. The solution was extracted twice with diethyl ether, and 

the organic phases were combined and extracted with a 2 N HCl solution. The 

acid extracts were made alkaline with 40 % NaOH solution, then extracted with 

diethyl ether, dried over Na2SO4, filtered, concentrated in vacuo to give 5-13 as a 

clear oil which was directly used in the next step. 

 

C11H14N2, Mol. Wt. = 174.24 

Rf  = 0.5 (Tol) 

1
H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 7.9, 1H), 7.47 (d, J = 7.7, 1H), 7.25-

7.18 (m, 1H), 7.15 (d, J = 3.2, 1H), 7.12 (ddd, J = 2.5, 4.8, 12.0, 2H), 6.57-6.44 

(m, 1H), 4.77 (s, 2H), 2.32 (s, 6H). 

 

 [1-[(N,N-dimethylamino)methyl]indol-2-yl]diphenyl-methanol (5-14)
3
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To a solution of 5-13 (4.01 g, 23 mmol) dissolved in freshly distilled THF (60 

mL) under argon was added butyllithium (50 mmol, 31.25 mL, 1.6M in hexane) 

dropwise over 5 min at -78 ºC. The resulting yellow solution was stirred for 

another 10 min at -78 ºC, then warmed to 0 ºC over 45 min. The solution was re-

cooled to -78 ºC and then a solution of benzophenone (9.1 g, 50 mmol in 10 mL 

THF) was added dropwise. The solution turned dark green. The mixture was 

stirred for 1 h at -78 ºC and then warmed to rt overnight. After quenching with 

water and extracting with diethyl ether, the organic layer was dried over Na2SO4, 

filtered, concentrated in vacuo to give 5-14 as white granules (from CHCl3-

hexane) after a quick filtration through silica (1.4 g, 17 % yield). 

 

C24H24N2O, Mol. Wt. = 356.46 

Rf = 0.6 (H/EA, 8:2) 

1
H NMR (400 MHz, CDCl3) δ 9.01 (s, 1H), 7.54-7.45 (m, 6H), 7.41-7.28 (m, 

6H), 7.20 (t, J = 7.3, 1H), 7.08 (t, J = 7.4, 1H), 5.86 (s, 1H), 4.11 (s, 2H), 2.16 (d, 

J = 13.0, 6H). 

 

Indol-2-yldiphenylmethanol (5-15)
3
 

To a solution of N-protected indole 5-14 (500 mg, 1.4 mmol) dissolved in 

ethanol/THF (1:1), was added a large excess of sodium borohydride (65 g, 1.7 

mmol). The mixture was refluxed for several hours, then concentrated in vacuo. 

The residue was treated with water, extracted with EtOAc and dried over Na2SO4, 

filtered, concentrated in vacuo to yield the product following column 

chromatograph (CHCl3) and precipitation to 5-15 as a white powder  (171 mg, 41 

% yield) with hexanes. 
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C21H17NO, Mol. Wt. = 299.37 

Rf = 0.7 (H/EA, 8:2) 

1
H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 7.57 (d, J = 7.7, 1H), 7.36 (s, 11H), 

7.27–7.06 (m, 2H), 6.15 (s, 1H), 3.15 (s, 1H). 

 

3-methyl-1-[(N,N-dimethylamino)methyl]indole (5-19) 

To a suspension of 3-methyl-indole 5-18 (1 g, 8 mmol) in water/dioxane (1:1, 4 

mL) was added formaldehyde (0.6 mL, 37% aqueous solution) and 

dimethylamine (1 mL, 40% aqueous solution) over 30 min at 0 ºC. The mixture 

was stirred for 3 h, then warmed to rt overnight. The solution was extracted twice 

with diethyl ether, and the organic phases were combined and extracted with a 2 

N HCl solution. The acid extracts were made alkaline with 40 % NaOH solution, 

then extracted with diethyl ether, dried over Na2SO4, filtered, concentrated in 

vacuo to give 5-19 as a clear oil (1.1 g, 65 % yield) which was directly used in the 

next step. 

 

C12H16N2, Mol. Wt. = 188.27 

Rf = 0.3 (H/EA, 9:1) 

IR (neat/NaCl) 3453 cm
-1

 

1
H NMR (200 MHz, CDCl3) δ 7.57 (d, J = 7.5, 1H), 7.41 (d, J = 8.0, 1H), 7.28 – 

7.06 (m, J = 8.4, 14.8, 15.3, 2H), 6.93 (s, 1H), 4.70 (s, 2H), 2.33 (s, 3H), 2.30 (s, 

6H). 

 

 [3-methyl-1-[(N,N-dimethylamino)methyl]indol-2-yl]diphenyl-methanol 

(5-20) 

To a solution of 5-19 (1.0 g, 5.3 mmol) dissolved in freshly distilled THF (15 mL) 

under argon was added butyllithium (10 mmol, 6.7 mL, 1.6M in hexane) dropwise 

over 5 min at -78 ºC. The resulting yellow solution was stirred for another 10 min 
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at -78 ºC, then warmed to 0 ºC over 45 min. The solution was recooled to -78 ºC 

and then a solution of benzophenone (1.92 g, 10 mmol in 2 mL THF) was added 

dropwise. The solution turned dark green. The mixture was stirred for 1 h at -78 

ºC and then warmed to rt overnight. After quenching with water and extracting 

with diethyl ether, the organic layer was dried over Na2SO4, filtered, concentrated 

in vacuo to give 5-20 as white granules (from CHCl3-hexane) after a quick 

filtration through silica (1.3 g, 65 % yield). 

 

C25H26N2O, Mol. Wt. = 370.49 

Rf = 0.6 (H/EA, 7:3) 

IR (CHCl3) 3453 cm
-1

 

1
H NMR (300 MHz, CDCl3) δ 7.57-7.40 (m, 5H), 7.33 (dt, J = 3.8, 12.1, 6H), 

7.28-7.19 (m, 2H), 7.12 (dd, J = 4.3, 11.0, 1H), 4.08 (s, 2H), 2.26-2.09 (m, 7H), 

1.35 (s, 3H). 

13
C NMR (75 MHz, CDCl3) δ 146.68, 139.40, 137.64, 128.99, 128.19, 128.13, 

128.08, 127.41, 122.73, 119.44, 119.33, 112.73, 108.65, 78.00, 65.60, 41.39, 9.25. 

 

3-Methylindol-2-yldiphenylmethanol (5-21) 

To a solution of N-protected indole 5-20 (426 mg, 1.25 mmol) dissolved in 

ethanol/THF (1:1, 5 mL), was added sodium borohydride (48 mg, 1.3 mmol). The 

mixture was refluxed for several hours, then concentrated in vacuo. The residue 

was treated with water, extracted with EtOAc and dried over Na2SO4, filtered, 

concentrated in vacuo to yield the product following column chromatograph 

(CHCl3) and precipitation to 5-21 as a white powder with hexanes (361 mg, 92 % 

yield). 
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C22H19NO, Mol. Wt. = 313.39 

Rf = 0.25 (H/EA, 8:2) 

IR (CHCl3) 3534, 3448 cm
-1

 

1
H NMR (300 MHz, CDCl3) δ 8.08 (s, 1H), 7.56 (d, J = 7.6, 1H), 7.37 (s, 9H), 

7.32-6.97 (m, J = 7.4, 17.8, 19.0, 4H), 2.98 (s, 1H), 1.89 (d, J = 0.8, 3H). 

13
C NMR (75 MHz, CDCl3) δ 144.99, 137.77, 134.27, 129.97, 128.44, 128.00, 

127.65, 122.19, 119.34, 118.78, 110.96, 108.81, 79.27, 9.68. 

 

Octyl 6-O-3-methylindol-2-yldiphenylmethyl-β-D-glucopyranoside (5-27) 

To a stirred solution of 5-21 (350 mg, 1.1 mmol) in DCM (10 mL) was added 

octyl β-D-glucopyranoside 5-26 (162 mg, 0.56 mmol) every 30 min for a total of 8 

addtions and Yb(OTf)3 (34 mg, 0.05 mmol) ever 2 hours for a total of 2 additions. 

The resulting mixture was stirred overnight at rt, then concentrated in vacuo. The 

resulting residue was purified by column chromatography (H/EA gradient, from 

8:2 to 1:1) to yield 5-27 as a brown solid (35% yield). 

 

C36H45NO6, Mol. Wt. = 587.75 

Rf = 0.22 (H/EA, 1:1) 

IR (CHCl3) 3367 cm
-1 

[]D = -28.5 (c 0.2, CHCl3) 



Methyl 6-O-(diphenyl-(2-pyridyl)methanol
6
 

To a flask containing butyllithium (28 mL, 0.044 mol) was added a solution 2-

bromopyridine (6.66g, 0.042 mol) in diethyl ether (125 mL) at -78 ºC. The 

resulting solution was stirred for 1 h (turned dark orange). A solution of 

benzophenone (8.2 g, 0.045 mol) in diethyl ether (50 mL) was added dropwise 

(color change to light yellow) at -78 ºC. The resulting mixture was stirred 
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overnight at rt. Then diluted with CH2Cl2, and then washed with HCl (5 % 

aqueous). The aqueous extract was washed with diethyl ether, then neutralized 

with saturated NaHCO3 aqueous solution, then made basic to pH 9 with aqueous 

5M NaOH, and extracted with diethyl ether. The combined organic extracts were 

washed with water, dried over Na2SO4, filtered, concentrated in vacuo to give a 

white solid after washing with methanol and filtering off the yellow filtrate 

(8.06g, 73% yield).  

 

C18H15NO, Mol. Wt. = 261.32 

Rf = 0.5 (H/EA, 1:1) 

1
H NMR (400 MHz, CDCl3) δ 8.60 (ddd, J = 1.0, 1.7, 4.8, 1H), 7.64 (td, J = 1.8, 

7.7, 1H), 7.33-7.27 (m, 10H), 7.16-7.04 (m, 1H), 6.32-6.27 (m, 1H). 

 

Methyl 6-O-(diphenyl(2-pyridyl)methyl) α-D glucopyranoside (5-6)
6
 

To a slurry of NaH (0.5g, 0.126 mol) in THF was added dropwise at 0 ºC a 

solution of methyl 6-O-(diphenyl-(2-pyridyl)methanol (2.2 g, 0.0084 mol) in 

THF. The resulting solution was stirred for 1 h at 0 ºC, then SOCl2 (0.8 mL, 0.011 

mol) was added. The solution was warmed to rt over 5 h, diluted with CHCl3, 

wshed with aqueous, saturated NaHCO3, water and brine, dried over Na2SO4, 

filtered, concentrated in vacuo. To the residue was added a solution of 

glucopyranoside (4.9 g, 0.025 mol) in pyridine. The resulting solution was stirred 

for 5 days, then concentrated in vacuo, redissolved in CH2Cl2, washed with water, 

brine dried over Na2SO4, filtered, concentrated in vacuo. Following column 

chromatography (DCM, then DCM/MeOH, 19:1), the oil was precipitated with 

DCM-hexanes to give a white powder after drying (0.563 g, 15% yield). 
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C25H27NO6, Mol. Wt. = 437.48 

Rf = 0.3 (CH2Cl2, CH3OH) 

1
H NMR (400 MHz, CDCl3) δ 8.54 (d, J = 4.1, 1H), 7.65 (td, J = 1.8, 7.9, 2H), 

7.45 (d, J = 7.6, 4H), 7.41-7.32 (m, 8H), 7.32-7.28 (m, 4H), 7.21 (dd, J = 5.0, 7.5, 

2H), 4.76 (d, J = 3.9, 1H), 4.06 (t, J = 9.4, 1H), 3.85 (t, J = 9.3, 1H), 3.75-3.58 (m, 

4H), 3.30 (s, J = 16.1, 4H), 2.89 (s, 1H), 2.16 (d, J = 9.2, 1H). 

Synthesis of the glycosyl donor 

1,2,3,4,6-perbenzoylated α/β-D-glucopyranoside (5-29) 

To a solution of 5-28 (5.7 g, 0.032 mol) in pyridine (125 mL) was added dropwise 

BzCl (24 mL, 0.20 mol) at 0ºC. The solution was slowly warmed to rt and stirred 

overnight. The crude mixture was diluted with water, then extracted with EA, 

washed with HCl (5% aq.), brine, dried over Na2SO4, filtered, concentrated in 

vacuo to yield a colorless oil (quant. yield). 

 

C41H32O11; Mol. Wt. = 700.69 

Rf = 0.8 (H/EA, 2:1) 

1
H NMR (300 MHz, CDCl3) δ 8.21 – 8.10 (m, 3H), 8.07 – 7.99 (m, 2H), 7.98 – 

7.92 (m, 2H), 7.89 (d, J = 7.3, 3H), 7.76 – 7.41 (m, 9H), 7.41 – 7.27 (m, 6H), 6.86 

(d, J = 3.7, 1H), 6.33 (t, J = 10.0, 1H), 5.87 (t, J = 9.9, 1H), 5.69 (dd, J = 3.7, 

10.3, 1H), 4.68 – 4.56 (m, 2H), 4.54 – 4.41 (m, J = 4.8, 12.8, 1H).

 

2,3,4,6-perbenzoylated α/β-D-glucopyranose (5-30) 

To a solution of 5-29 (0.032 mol) in THF (200 mL) was added methylamine (13.4 

mL, 40% aq. solution) dropwise at 0ºC. The resulting mixture was stirred for 2 h 
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at 0ºC, diluted with Tol and concentrated in vacuo. The crude residue was purified 

by column chromatography (H/EA, 100:25, then 100:35) to yield a brown foam 

(84% yield). 

 

C34H28O10; Mol. Wt. = 596.58 

Rf = 0.2 (H/EA, 2:1) 

1
H NMR (500 MHz, CDCl3) δ 8.10 (d, J = 7.1, 2H), 8.08-8.04 (m, 2H), 7.98 (dd, 

J = 6.1, 7.5, 2H), 7.93 (dd, J = 7.6, 9.0, 2H), 7.91-7.84 (m, 2H), 7.61 (t, J = 7.4, 

1H), 7.58-7.45 (m, 5H), 7.45-7.33 (m, 8H), 7.29 (t, J = 7.8, 1H), 6.25 (t, J = 9.9, 

1H), 5.79-5.71 (m, 2H), 5.32 (dd, J = 3.6, 10.2, 1H), 4.73-4.62 (m, 2H), 4.46 (dd, 

J = 4.3, 12.1, 1H).

 

2,3,4,6-tetra-O-benzoyl α-D-glucopyranosyl trichloroacetimidate (5-4) 

To a solution of 2,3,4,6-tetra-O-benzoyl α/β-D-glucopyranose (1.08 g, 0.0018 

mol) in CH2Cl2 (10 mL) was added trichloroacetonitrile (0.85 mL, 0.085 mol) and 

K2CO3 (0.89 g, 0.0064 mol). The resulting solution was stirred at room 

temperature for 4 to 6 days, then filtered through Celite and concentrated in 

vacuo. The residue was used without further purification (1.25 g, 94% yield). 

 

C36H28Cl3NO10; Mol. Wt. = 740.97 

Rf = 0.7 (H/EA, 2:1) 

1
H NMR (400 MHz, CDCl3) δ 8.63 (s, 1H), 8.08-8.00 (m, 3H), 8.00-7.91 (m, 5H), 

7.91-7.83 (m, 3H), 7.54 (dt, J = 7.4, 19.8, 4H), 7.43 (dd, J = 5.1, 10.2, 5H), 7.37 

(t, J = 7.7, 5H), 7.30 (t, J = 7.7, 3H), 6.83 (d, J = 3.7, 1H), 6.27 (t, J = 10.0, 1H), 

5.82 (t, J = 9.8, 1H), 5.62 (dd, J = 3.7, 10.2, 1H), 4.69-4.59 (m, 2H), 4.48 (dd, J = 

5.5, 12.9, 1H). 
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Glycosylations 

General procedure. To a solution of the acceptor (0.50 mmol) in dry CH2Cl2 (50 

mL) was added a freshly prepared solution of TMSOTf (2 mL, 0.1 M) and a 

freshly prepared solution of glucopyranosyl trichloroacetimidate 5-4 (2 mL, 0.50 

mmol, 0.25 M) at -50°C. The resulting mixture was stirred for 1 h. This protocol 

was repeated two to three times (TMSOTf, 2 x 2 mL, trichloroacetimidate 8, 2 x 2 

mL). After stirring for a further 3 hours at -50°C, the reaction was quenched with 

a drop of Et3N. The resulting mixture was diluted with CH2Cl2, washed with 1M 

NaHCO3 and brine, dried over MgSO4 and concentrated in vacuo. The crude 

mixture was next treated with TBAF in THF to cleave any silyl ethers formed 

(except in the case of reaction mixtures from 5-7). The solution was concentrated 

and the residue was purified by column chromatography (H/EA, gradient from 7:3 

to 1:1) to afford the corresponding products. 

(6-O-[t-butyl-di-phenyl-silyl]-methyl 2-O-(2’,3’,4’,6’-tetra-O-benzoyl-β-D-

glucopyranosyl)-α-D-glucopyranoside (5-31) and (6-O-[t-butyl-di-phenyl-

silyl]-methyl 3-O-(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-α-D-

glucopyranoside (5-32) 

Following the general glycosylation procedure, 5-7 (1 equiv.) was reacted with 5-

4 (1 equiv.) yielding both 5-31 and 5-32 (18% : 20%, 5-31/5-32). 

 

C57H88O15Si, Mol. Wt. = 1011.15 

Rf = 0.3 (H/EA, 7:3) 

IR (CHCl3) 3494, 1724 cm
-1

 

[]D = +54.7 (c 0.12, CHCl3) 

1
H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 7.9, 2H), 7.98 (d, J = 7.8, 2H), 7.93 (d, 

J = 7.7, 2H), 7.83 (d, J = 7.8, 2H), 7.70 (t, J = 7.3, 4H), 7.51 (dt, J = 6.7, 9.4, 3H), 

7.47-7.27 (m, 19H), 5.93 (t, J = 9.6, 1.1H), 5.64 (t, J = 9.7, 1H), 5.61-5.54 (m, 
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1.2H), 5.35-5.30 (m, 0.2H), 5.25 (d, J = 7.8, 0.2H), 5.05 (d, J = 7.9, 1H), 4.78 (d, 

J = 12.2, 1.2H), 4.72 (d, J = 3.8, 1H), 4.67-4.63 (m, 0.2H), 4.50-4.41 (m, 0.4H), 

4.38 (dd, J = 6.7, 12.1, 1H), 4.26-4.19 (m, 1.2H), 4.14-4.04 (m, 0.2H), 3.96 (d, J = 

10.7, 1H), 3.93-3.89 (m, 0.2H), 3.85 (dd, J = 5.5, 10.8, 1.2H), 3.72 (dd, J = 8.0, 

17.1, 2H), 3.68-3.63 (m, J = 5.4, 1.2H), 3.59-3.53 (m, J = 9.0, 2H), 3.39 (s, 3H), 

3.27 (s, 0.5H), 2.82 (s, 0.2H), 2.64 (s, 0.2H), 1.92 (d, 0.7H), 1.05 (s, 10H). 

13
C NMR (126 MHz, CDCl3) δ 166.37, 166.29, 166.24, 165.96, 165.91, 165.82, 

165.55, 165.40, 165.35, 165.33, 136.01, 135.81, 135.80, 135.75, 135.64, 133.83, 

133.74, 133.72, 133.68, 133.61, 133.58, 133.55, 133.45, 133.38, 133.26, 130.22, 

130.13, 130.03, 130.00, 129.96, 129.89, 129.83, 129.68, 129.67, 129.47, 129.39, 

129.30, 129.16, 129.10, 129.05, 128.86, 128.81, 128.68, 128.67, 128.61, 128.60, 

128.54, 128.52, 128.46, 128.41, 128.16, 127.86, 127.84, 127.71, 102.78, 101.39, 

99.27, 98.86, 90.62, 87.86, 81.24, 77.41, 72.88, 72.77, 72.64, 72.35, 72.32, 72.28, 

72.21, 71.82, 71.67, 71.01, 70.63, 70.23, 69.59, 69.52, 68.66, 67.97, 64.33, 63.42, 

63.05, 55.21, 55.00, 36.77, 27.06, 26.92, 24.82, 19.47, 19.37. 

HRMS (ESI+) calc’d for [C57H58O15Si + Na]
+
: 1033.34372. Found: 1033.34436. 

 

C57H88O15Si, Mol. Wt. = 1011.15 

Rf = 0.2 (H/EA, 7:3) 

IR (CHCl3) 3494, 1724 cm
-1

 

[]D = +43.4 (c 0.17, CHCl3) 

1
H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 8.2, 2H), 7.97 (d, J = 7.1, 2H), 7.93 (d, 

J = 7.3, 2H), 7.83 (d, J = 5.8, 2H), 7.71-7.65 (m, 5H), 7.55-7.49 (m, 4H), 7.45-

7.33 (m, 17H), 7.30 (dd, J = 8.3, 16.5, 4H), 5.95 (t, J = 9.6, 1H), 5.67 (t, J = 9.7, 

1H), 5.58 (dd, J = 7.9, 9.8, 1H), 5.25 (d, J = 7.9, 1H), 5.05 (d, J = 7.9, 0.3H), 4.77 

(d, J = 3.2, 2H), 4.73 (dd, J = 3.3, 15.1, 1H), 4.43 (dd, J = 5.8, 12.2, 1H), 4.40-
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4.34 (m, J = 12.4, 0.4H), 4.23-4.18 (m, J = 6.5, 0.2H), 4.07 (t, J = 6.8, 0H), 3.93 

(dd, J = 7.1, 16.3, 1H), 3.85 (t, J = 4.8, 2H), 3.76-3.69 (m, J = 9.1, 0.5H), 3.66-

3.61 (m, 1H), 3.58-3.54 (m, 2H), 3.39 (s, 0.8H), 3.27 (s, 3H), 1.04 (s, 11H). 

13
C NMR (126 MHz, CDCl3) δ 166.29, 166.24, 165.91, 165.82, 165.55, 165.35, 

165.33, 135.81, 135.80, 135.75, 133.83, 133.74, 133.72, 133.68, 133.61, 133.54, 

133.44, 133.38, 133.27, 133.26, 130.13, 130.03, 130.00, 129.95, 129.91, 129.90, 

129.88, 129.68, 129.67, 129.47, 129.39, 129.15, 128.86, 128.80, 128.66, 128.61, 

128.60, 128.46, 128.41, 127.85, 127.84, 127.71, 102.77, 101.39, 99.27, 98.86, 

87.86, 81.24, 72.88, 72.76, 72.64, 72.32, 72.28, 72.21, 71.83, 71.66, 71.01, 70.64, 

69.53, 68.66, 64.33, 63.42, 63.07, 55.21, 55.00, 36.77, 26.94, 26.92, 24.82, 19.46, 

19.37. 

HRMS (ESI+) calc’d for [C57H58O15Si + Na]
+
: 1033.34372. Found: 1033.34419.  

 

(6-O-[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl-methyl 3-O-

(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-α-D-glucopyranoside (5-36) 

Following the general glycosylation procedure, 5-1 was reacted with 5-4 yielding 

only 5-36 (90% yield). 

 

C68H64N2O15, Mol. Wt. = 1149.24 

Rf = 0.3 (H/EA, 4:6) 

IR (CHCl3, cm
-1

): 3489, 1730 

[]D = +59.8 (c 0.11, CHCl3) 

1
H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 4.8, 1H), 7.99 (dd, J = 7.3, 12.3, 5H), 

7.92 (d, J = 7.3, 3H), 7.83 (d, J = 7.3, 2H), 7.59-7.17 (m, 28H), 7.05 (t, J = 8.5, 

6H), 6.84 (t, J = 8.3, 2H), 5.91 (t, J = 9.7, 1H), 5.65-5.52 (m, 2H), 5.11 (d, J = 8.0, 

1H), 4.75 (dd, J = 3.3, 8.7, 2H), 4.35 (dd, J = 6.5, 12.2, 1H), 4.18 (ddd, J = 2.7, 
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6.4, 9.4, 1H), 4.04 (s, 1H), 3.76 (dd, J = 7.0, 10.9, 2H), 3.71-3.57 (m, 2H), 3.43 (s, 

3H), 3.33 (dd, J = 5.8, 10.1, 1H), 3.13 (s, 4H), 2.32 (s, 6H), 2.00 (d, J = 7.1, 1H). 

13
C NMR (75 MHz, CDCl3) δ 166.26, 165.83, 165.55, 165.34, 163.10, 161.63, 

159.63, 149.20, 141.09, 140.82, 136.55, 136.50, 136.22, 133.71, 133.51, 133.43, 

133.27, 130.04, 129.96, 129.89, 129.51, 129.36, 129.27, 129.19, 128.82, 128.70, 

128.59, 128.45, 128.40, 128.27, 123.28, 121.04, 120.77, 119.36, 102.52, 87.25, 

86.59, 72.80, 72.29, 71.08, 70.94, 69.54, 69.30, 37.62, 21.19. 

HRMS (ESI+) calc’d for [C68H64N2O15 + H]
+
: 1149.43795. Found: 1149.43769. 

 

(6-O-[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl-octyl 3-O-

(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-β-D-glucopyranoside (5-38) 

Following the general glycosylation procedure, 5-9 was reacted with 5-4 yielding 

5-37 (87% yield). 

 

C75H78N2O15, Mol. Wt. = 1247.43 

Rf = 0.3 (H/EA, 1:1) 

IR (CHCl3) 3494, 1730 cm
-1

 

[]D = +21.0 (c 0.12, CHCl3) 

1
H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 4.5, 1H), 8.28-8.23 (m, 1H), 7.98 (t, J 

= 8.1, 6H), 7.93-7.85 (m, 5H), 7.82 (d, J = 7.4, 3H), 7.57 (d, J = 7.9, 2H), 7.50 (d, 

J = 7.2, 4H), 7.42 (d, J = 3.0, 7H), 7.40-7.28 (m, 18H), 7.22 (t, J = 7.7, 3H), 7.05 

(d, J = 7.9, 7H), 6.84 (t, J = 8.3, 2H), 5.91 (t, J = 9.7, 1H), 5.63-5.52 (m, 2H), 5.10 

(d, J = 8.0, 1H), 4.73 (d, J = 10.1, 1H), 4.37-4.29 (m, 2H), 4.21 (d, J = 7.9, 2H), 

4.18-4.13 (m, 1H), 4.07 (s, 1H), 3.87 (d, J = 9.6, 1H), 3.64 (d, J = 9.5, 1H), 3.55-

3.50 (m, 2H), 3.48-3.38 (m, 5H), 3.34-3.30 (m, 1H), 3.12 (s, 6H), 2.29 (s, 9H), 

1.63-1.57 (m, 5H), 1.28-1.22 (m, 14H), 0.85 (d, J = 6.8, 6H). 
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13
C NMR (75 MHz, CDCl3) δ 171.26, 166.24, 165.82, 165.38, 165.32, 163.07, 

161.59, 159.61, 149.16, 141.00, 140.81, 136.50, 136.48, 136.22, 133.67, 133.39, 

133.24, 130.00, 129.93, 129.86, 129.47, 129.37, 129.31, 128.82, 128.70, 128.56, 

128.51, 128.42, 128.38, 128.23, 123.29, 121.03, 120.75, 119.43, 102.53, 102.49, 

88.36, 86.50, 86.35, 75.18, 72.99, 72.72, 72.08, 69.99, 69.61, 64.10, 63.05, 60.51, 

37.65, 37.58, 34.78, 31.90, 31.71, 29.82, 29.73, 29.48, 29.35, 26.15, 22.78, 21.18, 

14.32, 14.25, 14.21. 

HRMS (ESI+) calc’d for [C75H78N2O15 + H]
+
: 1247.54750. Found: 1247.54653. 

 

(6-O-[6-(2-pyridin-2-yl-ethyl)-pyridin-2-yl]-di-p-tolyl-methyl-octyl 2-O-

(2’,3’,4’,6’-tetra-O-benzoyl-β-D-glucopyranosyl)-β-D-glucopyranoside (5-37) 

Pre-incubating 5-9 with TMSOTf (1 equiv.) and then following the general 

glycosylation procedure, 5-9 was reacted with 5-4 yielding both 5-37 and 5-38 

(16% : 4%, 5-37/5-38). 

 

C75H78N2O15, Mol. Wt. = 1247.43 

Rf = 0.25 (H/EA, 1:1) 

IR (CHCl3) 3463, 1730 cm
-1

 

[]D = +47.2 (c 0.07, CHCl3) 

1
H NMR (500 MHz, CDCl3) δ 8.55-8.43 (m, 2H), 8.14-8.07 (m, 1H), 8.03-7.93 

(m, 5H), 7.87 (dd, 5H), 7.56-7.29 (m, J = 71.4, 23H), 7.22-7.17 (m, 3H), 7.13-

6.95 (m, J = 21.9, 10H), 5.91 (t, 1H), 5.72 (t, 1H), 5.55 (t, 1H), 5.42 (d, 1H), 4.64-

4.56 (m, 1H), 4.51-4.42 (m, 1H), 4.41-4.27 (m, 3H), 4.18-4.08 (m, 2H), 4.02-3.91 

(m, 2H), 3.73-3.62 (m, 6H), 3.51-3.38 (m, 4H), 3.31-3.24 (m, 2H), 3.24-3.12 (m, 

5H), 3.11-3.04 (m, 3H), 2.32 (d, J = 31.6, 10H), 1.69-1.52 (m, 17H), 1.34-1.11 

(m, 47H), 0.93-0.78 (m, 20H). 
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13
C NMR (126 MHz, CDCl3) δ 166.27, 166.03, 165.75, 165.31, 161.92, 160.93, 

160.52, 149.45, 141.81, 138.73, 137.81, 137.05, 136.86, 136.66, 133.41, 133.26, 

133.11, 133.05, 130.19, 130.04, 130.01, 129.96, 129.93, 129.82, 129.80, 129.16, 

129.13, 128.80, 128.75, 128.67, 128.63, 128.48, 128.43, 128.39, 128.33, 128.13, 

127.92, 123.31, 122.42, 121.53, 121.44, 101.87, 101.30, 87.16, 81.36, 75.90, 

74.63, 73.54, 73.42, 72.86, 72.15, 70.16, 70.00, 67.40, 63.46, 39.36, 38.39, 31.99, 

29.87, 29.50, 29.44, 25.98, 22.81, 21.23, 21.16, 14.27. 

HRMS (ESI+) calc’d for [C75H78N2O15 + H]
+
: 1247.54750. Found: 1247.54906. 

5.7  References 

1. Cid, M. B.; Alfonso, F.; Martín-Lomas, M. A comparative study of the 

influence of protecting groups on the reactivity of chiro-inositol glycosyl 

acceptors. Synlett 2005, 2052-2056. 

2. Bohn, M. L.; Colombo, M. I.; Stortz, C. A.; Rúveda, E. A. A comparative 

study of the influence of some protecting groups on the reactivity of d-

glucosamine acceptors with a galactofuranosyl donor. Carbohydr. Res. 2006, 341, 

1096-1104. 

3. Katritzky, A. R.; Lue, P.; Chen, Y. X. An alternative route to 2-substituted 

indoles via N-aminal-directed lithiation. J. Org. Chem. 2002, 55, 3688-3691. 

4. Sharma, G. V. M.; Prasad, T. R.; Srinivas, R. B. p-Methoxy 

diphenylmethanol (MDPM), p-phenyl diphenylmethanol (PDPM), and p-

phenylphenyl diphenylmethanol (PPDPM) - protecting groups for alcohols - 

protection and deprotection. Synth. Commun. 2004, 34, 941-950. 

5. Egusa, K.; Kusumoto, S.; Fukase, K. Solid-phase synthesis of a 

phytoalexin elicitor pentasaccharide using a 4-azido-3-chlorobenzyl group as the 

key for temporary protection and catch-and-release purification. Eur. J. Org. 

Chem. 2003, 3435-3445. 

6. Moitessier, N.; Englebienne, P.; Chapleur, Y. Directing-protecting groups 

for carbohydrates. Design, conformational study, synthesis and application to 

regioselective functionalization. Tetrahedron 2005, 61, 6839-6853. 



 

Chapter 6 

 

− 279 − 

Chapter 6 Conclusions and contributions to 
knowledge 

In the first part of this thesis, we discussed the potential role of the enzyme 

prolyl oligopeptidases in diseases. We not only reviewed the reported inhibitors, 

but we also developed a pharmacophore that researchers could use in the design 

of novel, selective prolyl oligopeptidase inhibitors. From our review, we found 

that several researchers are targeting prolyl oligopeptidase, offering mainly 

pseudopeptidic, but also a few non-peptidic inhibitors. Many of the reports would 

benefit from a few extra experiments to verify that their inhibitors, which were 

designed to target POP, are not targeting other prolyl oligopeptidases of the same 

family. Our review article is in the ASAP the Journal of Medicinal Chemistry 

have formally accepted our review and it will be published in the coming weeks. 

We also designed a series of small bicyclic scaffolds bearing nitriles capable of 

covalently attaching to the targeted enzyme POP. We not only developed a good 

inhibitor of POP activity (IC50 = 200 nM), which is selective for POP over other 

prolyl oligopeptidase enzymes and membrane permeable, we also learned the 

importance of the shape of covalent inhibitors. Our results culminated in an article 

which is now published in the Journal of Medicinal chemistry. Furthermore, we 

now know which scaffolds must be synthesized next to achieve a more potent and 

stable POP inhibitor. 

In the second part of this thesis, we reviewed the available methods to 

selectively perform a reaction on a sugar, discovering that although researchers 

have developed a few methods for selectively functionalizing sugars, few discuss 

the reasons for the observed selectivity. We also noted that some reports are 

contradictory to each other, indicating that these methods may be sensitive to 

subtle differences in conditions which are not described and may influence the 

products obtained. Amidst this melee of reports, we attempted to organize the 

methods into logical categories, finding that many researchers utilize and depend 

on the innate reactivity of the hydroxyls of sugars (most likely arising from an 
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intramolecular hydrogen bond network) to perform selective reactions on these. 

We compiled a table summarizing all the methods that can be used to selectively 

functionalize each of the positions. Outlining such crucial information as starting 

materials, reagents, conditions and references that would be required to 

selectively functionalize a position of a sugar, this table will be a valuable 

reference tool to any researcher aiming to perform a reaction at a specific position 

of a sugar. This review will be submitted for publication in the coming weeks. 

We also successfully applied a protecting group which we designed in 2005 to 

render glycosylation of the 6-O-mono-protected sugar more selective. In fact, 

with a reactive donor, we could selectively glycosylate at position 2 of the 

glucopyranosides, usually a less reactive position for this type of reaction. Even 

though with a less reactive donor, we expected to glycosylate at the same position 

as with a reactive donor, we surprisingly glycosylated the glucopyranosides at 

position 3, in yields (> 80% yield) higher than any other reported methods that we 

know of. We proposed a mechanism to explain our results and revised the role of 

our protecting group in the reaction since we found that it must participate in the 

glycosylation reactions we performed. We will expand the scope of this method to 

other sugars and attempt to develop more user-friendly methods to glycosylate at 

position 2 or at position 3 of the glucopyranoside. 

 

“There is nothing like looking, if you want to find something. 

You certainly usually find something, if you look,  

but it is not always quite the something you were after.” 

J.R.R. Tolkien The Hobbit 

 

http://thinkexist.com/quotes/j.r.r._tolkien/
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Appendix 

Supplementary information for Chapter 2 

 

C15H15N3O4, Mol. Wt. = 301.30 

Rf = 0.35 (CH2Cl2/EA, 9:1) 

2-9a: 
1
H NMR (500 MHz, CDCl3) 7.35 (s, 5H), 5.32 (s, 1H), 5.24 (s, 1H), 5.13 

(s, 2H), 4.39 (s, 1H), 4.28 (s, 1H), 4.21 (s, 1H), 2.66 (s, 1H), 2.36 (s, 1H), 1.99 (s, 

3H), 1.43 (d, 3H). 

13
C NMR (126 MHz, CDCl3) 177.40, 155.84, 135.89, 131.05, 128.94, 128.76, 

128.54, 128.39, 116.44, 90.54, 80.61, 67.63, 51.91, 32.07, 29.84, 18.92. 

 

C16H17N3O4, Mol. Wt. = 315.32 

Rf = 0.55 (CH2Cl2/EA, 9:1) 

2-29a: 
1
H NMR (500 MHz, CDCl3) 7.36 (s, 6H), 5.37 (s, 1H), 5.25 – 5.17 

(m, 1H), 5.13 (s, 2H), 4.86 – 4.79 (m, 0.5H), 4.80 – 4.72 (m, 1H), 4.65 – 4.57 (m, 

0.5H), 4.53 – 4.44 (m, 1H), 4.43 – 4.33 (m, 1H), 4.29 – 4.19 (m, 1H), 4.16 – 4.08 

(m, 1H), 4.07 – 3.98 (m, 1H), 3.15 – 3.04 (m, 0.5H), 2.75 – 2.60 (m, 1H), 2.36 (s, 

1H), 2.08 – 1.94 (m, 1H). 

13
C NMR (125 MHz, CDCl3) 177.45, 174.39, 155.81, 135.94, 128.76, 128.55, 

128.40, 116.77, 116.37, 90.64, 89.12, 70.72, 70.57, 67.63, 67.51, 53.67, 51.79, 

45.39, 43.37, 35.01.  
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Supplementary information for Chapter 5 

 
Figure A.1 COSY of 5-36 

 

Figure A.2 HSQC of 5-36 
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Figure A.3 HMBC of 5-36 

 
Figure A.4 COSY of 5-37 
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Figure A.5 HSQC of 5-37 

 

Figure A.6 HMBC of 5-37 
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Figure A.7 COSY of 5-38 

 

Figure A.8 HSQC of 5-38 
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Figure A.9 HMBC of 5-38 

 


