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General Introduction:  

Carbohydrate chemistry has greatly evolved in an effort to supply ever more complex natural cellular 

components needed for the study, treatment, and prevention of various diseases and disease 

mechanisms. Bacterial, fungal and viral glycans are inevitably heterogeneous substances, for which 

absolute purity is extremely difficult to attain within a reasonable period of time. The necessity to 

make life better for the population has led chemists to espouse this undertaking and carry it in the 

right direction. The in-depth knowledge of the structure of microbial antigens and related components 

that participate in the host immune recognition response has laid down a rich context for chemists’ 
research interests in this field. 

Construction of many biomolecules has been undertaken in a chemical strategy to provide them in a 

fully defined state. The quality of each synthetic molecule can be quickly assessed by established 

analytical methods anywhere around the world. It is in particular free of other immuno-active 

substances. Over the years, many protocols have been developed to effectively build complex 

oligosaccharides. Yet, there are still gaps to fill in an effort to create ever more powerful and 

convenient methodologies, in order to construct these types of molecules in a few months if not days. 

The most effective technology for containing infectious diseases has been the 

immunization/vaccination strategy. Its acceptability predates the elimination of such infections such 

as smallpox and the curtailing of other diseases, including polio and measles, that the world has 

witnessed a number of decades ago. Vaccine design aims toward an agent that triggers the immune 

system to activate the entire mechanism for recognition, destruction, and future defense against all 

active pathogenic components. We have seen one of the worst scenarios the world has faced in our 

lifetime with the Covid-19 epidemic. The same approach has made it possible to arrest the devastating 

effect of this infection with a variety of vaccine technologies.  

The scope of this thesis entails the synthesis of glucosamine oligosaccharides related to a bacterial 

antigen and a bacterial pathogen-associated molecular pattern, which could be used as vaccine-

related antigens and adjuvants, respectively. Chapter one discusses the biological role of pathogenic 

glycans on the host immune system, including the different signaling cascades, as well as general 

considerations for carbohydrate synthesis.  

Chapter two focuses on a comprehensive literature review of fluorous-tagged-assisted synthesis of 

oligosaccharides, and on the preparation of fluorous tagged glycosyl donors and glycosyl acceptors of 

varying fluorine chain length. A variety of innovations starting from traditional heavy fluorous tags and 

liquid-liquid extraction to fluorous solid phase extraction and light fluorous tag technology, is 

discussed. New fluorous tagged donors and acceptors were designed and synthesized for a 

differential-doubly-tag glycoside coupling strategy, as well as for single-fluorous -tag glycosylation. 

The following chapter (chapter-three) provides detailed glycosylation protocols for preparing partial 

E. coli O-antigen trisaccharides. Preliminary studies with the differential fluorous tag strategy 

confirmed that the various fluorous tag glycosyl donors are fully soluble in common reaction solvents 

whereas the solubility of the fluorous glucosamine acceptors was problematic and decreases as the 

length of the fluorine chain increases. The coupling reactions gave only traces of product in most 

instances, which is attributed to the strong hydrogen bond by the fluorous amide deactivating the 

nucleophilic hydroxyl group. Designing new acceptors bearing a 2-azido functionality instead of a 

fluorous amide improved both the solubility and reactivity of precursors. Studying the traditional 
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single fluorous tag coupling with different non-fluorous 2-azido acceptors overcame these limitations 

and proceeded in high yield. A strategy introducing the differential fluorous tag after the coupling was 

elaborated. Another issue encountered was the purification of the coupling reaction mixture. 

Exhaustive silica gel chromatography was low-yielding and offered no clean product. Analytical HPLC 

data on the analytical perfluorophenyl (PFP) column opened a window of hope for effective isolation 

of compound of interest from the recovered reaction substrates. A combined hydrophobic and 

fluorophilic approach appears to deliver an optimum solution to this problem. Furthermore, we tested 

preparative reverse phase purification of the coupling reaction mixtures, which appears to provide an 

effective compromise for synthetic purposes. This progress allows us to further the synthesis of target 

trisaccharide structures by a fluorous-hydrophobic tag approach. 

The fluorous tag glucosamine donor was used to prepare a disaccharide analog of the peptidoglycan 

partial structure in chapter four. In both chapter three and four the fluorous amide on the glucosamine 

participated efficiently in the control of the newly created stereocenter. Unfortunately, coupling to 

the peptide moiety proved ineffective. These compounds may lead to novel PPR agonists for use as 

vaccine adjuvants, or antagonists for the study and treatment of septic shock. 

Finally, chapter five presents the experimental conditions and data in all the syntheses conducted. 

The conclusions and perspectives of this work are provided in a final chapter.  

  



 

 

13 

Resume 

 

Dans un but de recherches de molécules immunologiquement actives, nous avons visé la construction 

de saccharides antigéniques partiels et d'analogues de disaccharides peptidoglycanes riches en 

glycosamines, en utilisant de nouvelles étiquettes fluorées amides en C2 de longueur de chaînes 

variable. L'amide fluoré a contrôlé avec succès la stéréochimie anomérique par une participation 

anchimérique en C2 au cours de la synthèse de disaccharides, de trisaccharides et d'autres composés 

modèles. 

Dans notre effort initial d'employer une stratégie de double-marquage fluoré pour la préparation de 

disaccharides β(1→3) de glucosamine modèles, un panel d'accepteurs et de donneurs de glycosides 

fluorés ont été préparés et purifiés par chromatographie traditionnelle sur colonne de gel de silice. La 

glycosylation avec double marquage a été entravée par des accepteurs de glycosides fluorés peu 

solubles et peu réactifs. La CCM fluorée s'est avérée à la fois efficace et nécessaire pour récupérer le 

donneur de glycoside, l’accepteur de glycoside et le disaccharide couplé dans ces réactions à faible 

rendement. 

Dans une approche alternative, la glycosylation traditionnelle à simple marqueur fluoré a été testée 

avec des accepteurs de glycoside non-fluorés préalablement préparés, et a ainsi révélé la tendance de 

désactivation de l'amide fluoré >> NH-amide > phtalimide, tel le confirment les rendements isolés 

relatifs, suggérant la désactivation de l'hydroxyle nucléophile par la liaison hydrogène de l’amide 

comme facteur significatif dans leur faible réactivité en tant qu'accepteurs de glycoside. Dans cette 

stratégie, des accepteurs 2-azido ont été préparés et ont fourni avec succès les disaccharides de 

glucosamine β(1→3) visés. Les dérivés de glucosamine marqués par un amide fluoré se sont révélés 

être des donneurs de glycoside très efficaces. De plus, ces progrès nous ont inspirés à étendre 

davantage la synthèse à une structure partielle trisaccharidique de l’antigene de E. coli O142 et à un 

peptidoglycane disaccharide de la cytotoxine trachéale (TCT). La synthèse des trisaccharides nous a 

permis d'effectuer une stratégie de marquage fluoré différentiel pour le contrôle du deuxieme 

stéréocentre formé et pour la synthèse iterative d’oligosaccharides. 

La fonction principale de la chimie du fluor ici, cependant, était également de permettre une 

purification rapide des intermédiaires synthétiques et des composés cibles. Les monosaccharides 

marqués au fluor ont été efficacement purifiés par chromatographie sur colonne de gel de silice 

standard, mais d'autres intermédiaires et molécules cibles n'ont pas pu être purifiés par cette 

méthode. En raison de l'indisponibilité du gel de silice fluoré et des colonnes fluorées, nous avons 

testé les colonnes perfluorophényle. Nos données expérimentales ont révélé que les interactions 

fluorophiles et hydrophobes entre les composés synthétiques et la colonne PFP a fourni une bonne 

résolution. D'autres études sur l'utilisation de la colonne de phase inverse ont donné des résultats 

HPLC généralement similaires. Ainsi la chromatographie préparative en phase inverse s’est avérée très 
efficace pour la purification des mélanges réactionnelles. De plus, le gel de silice fluoré préparé dans 

notre groupe a démontré un pouvoir de résolution considérablement amélioré afin de purifier 

rapidement les intermédiaires synthétiques par rapport au gel de silice traditionnel. 
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Abstract 

 

In the quest for immunologically active molecules, we aimed towards the construction of glycosamine-

rich partial antigen saccharides and peptidoglycan disaccharide analogs using novel C2 fluorous amide 

tags of varying chains length. The fluorous amide successfully controlled the anomeric 

stereochemistry by anchimeric C2-participation in the synthesis of disaccharides, trisaccharide and 

other model compounds. 

In our initial effort to employ this method for the preparation of model glucosamine β(1→3) 

disaccharides, a panel of fluorous tag glycoside acceptors and donors were prepared and purified by 

traditional silica gel column chromatography. Double-fluorous tag glycosylation was hampered by 

poorly soluble and poorly reactive fluorous glycoside acceptors. Fluorous TLC was found to be both 

effective and essential in order to recover the fluorous glycoside donor, fluorous acceptor and doubly 

fluorous coupled disaccharide in these low-yielding reactions. 

In an alternative approach, traditional single-fluorous tag glycosylation was tested with previously 

prepared non-fluorous glycoside acceptors, and thus revealed the deactivation trend effect from 

fluorous amide >> NH-amide > phthalimide, as confirmed by the relative recovered yields, suggesting 

the deactivation of the nucleophilic hydroxyl by the amide hydrogen bond as a significant factor in 

their poor reactivity as glycoside acceptors. In this strategy, 2-azido acceptors were prepared and 

successfully furnished the desired glucosamine β(1→3) disaccharides. The fluorous amide-tagged 

glucosamine derivatives were shown to be very effective glycoside donors. Additionally, this progress 

inspired us to further extend the synthesis to a trisaccharide partial E. coli O142 O antigen structure 

and a tracheal cytotoxin (TCT) peptidoglycan disaccharide. The trisaccharide synthesis allowed us to 

perform a “differential fluorous tagging afterwards” strategy for the control of a newly formed 

stereocenter for iterative oligosaccharide synthesis. 

The primary function of fluorous chemistry here, however, was also to allow for facile purification of 

synthetic intermediates and the target compounds. All fluorous-tagged monosaccharides were 

efficiently purified by standard silica gel column chromatography, but purification of further 

intermediates and target molecules by this method failed. Due to the unavailability of fluorous silica 

gel and fluorous columns, we tested the perfluorophenyl columns. The experimental data revealed 

the fluorophilic and hydrophobic interaction between the synthetic compounds and the PFP column 

provided good resolution. Further studies on the use of RP column yielded generally similar HPLC 

results, and preparative reverse phase chromatography provided an effective solution for the 

purification of coupling reaction mixtures. Furthermore, fluorous silica gel prepared in our group has 

demonstrated a vastly improved resolving power for rapidly purifying synthetic intermediates 

compared to traditional silica gel. 
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CHAPTER ONE: Introduction 

BIOLOGICAL ROLES OF CARBOHYDRATES 

The chemical synthesis of biopolymers such as carbohydrates and functionalized structures thereof is 

crucial for advancement in the life sciences, and the development of more reliable synthetic 

techniques for their assembly continues to be an active realm of research.1,2 Carbohydrates are 

undoubtedly the most diverse biomolecules available on Earth when compared to lipids, proteins and 

nucleic acids. The structural complexity, heterogeneity, and difficulty entailed in purifying them has 

hampered our understanding of their detailed biological functions and possible applications in 

medicine and pharmaceuticals.3 The recent advances in carbohydrate synthesis, identification and 

purification have considerably improved the opportunities in this field. A ray of hope arises as we gain 

insight into the numerous roles of carbohydrates in the host’s cellular events and disruption thereof, 
such as during bacterial and viral infections, development and growth of tumors, metastasis, and 

septic shock, and in the context of deadly diseases such as AIDS, cancer, meningitis, and septicemia. 

For example, synthetic carbohydrate vaccines and therapeutics continue to present considerable 

medicinal potential for the protection, prevention, and containment of many of the world’s diseases. 
Our understanding of the detailed mechanism of the pathogenic processes and their relationship to 

disease will be enhanced as the structure, conformation, and activity of carbohydrates continue to be 

given in-depth study. The many critical innovations in the development of effective methodologies 

and isolation approaches have yet to provide a reliable and general technique for the preparation of 

carbohydrates. Although considerable advances in glycoside and oligosaccharide synthesis have 

already been achieved, a variety of synthetic targets containing challenging glycosidic linkages, as well 

as the development of new strategies and methods, remain interesting areas of research. 

HOST PATHOGEN RECOGNITION AND THE IMMUNE SYSTEM 

Microorganisms such as bacteria, virus, and parasites that invade a host are characterized by signature 

molecules which are recognized by the immune system to initiate a complex chain of responses. The 

immune system consists of a coordinated network of biological processes that responds to foreign 

molecules. 

-Pathogen recognition receptors (PRR) on dendridic cells (DC), macrophages, epithelial cells, etc. 

mediate the innate immune response, recognize microbial components known as pathogen-

associated molecular patterns (PAMPs) that are essential for the survival of the microorganism and 

are therefore difficult for the microorganism to alter. Activation of the PRRs induce the production of 

cytokines to activate all components of the immune system.  

-B cells are antibody-producing cells and an important part of acquired immunity which recognize the 

pathogen itself based on surface antigens. Their action leads to the pathogen being tagged for 

destruction (opsonization). Ultimately, upon activation of the helper T cells, B-cells ensure 

immunological memory.  

-Helper T-cells (Th1 and Th2) recognize intracellular components of the pathogen, displayed on major 

histocompatibility complex (MHC II) after phagocytosis of the pathogen. In response to the presence 

of pathogen-derived molecules on MHC II, the helper T-cells strongly activate the adaptive immunity 

system. A subset of long-lived activated helper T-cells persist as memory T cells. 
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-Killer T-cells, macrophages, and neutrophils carryout the destruction of unwanted materials and 

pathogens from the body. Killer T cells are activated as part of adaptive immunity by binding to 

pathogen-derived antigens on the MHC I receptor of another cell. Macrophages and neutrophils 

mediate both innate and acquired immunity. 

Innate immunity 

The body’s first, rapid and usually non-specific line of defense is achieved by the innate immune 

system within cells such as dendritic cells, macrophages, monocytes, neutrophils and epithelial cells. 

They are coordinated at the first stage of the defense to quickly respond to conserved microbial 

cellular components known as pathogen associated molecular patterns (PAMPs) as an inherent 

defense against infection. In essence, invading pathogens are attacked because innate cell receptors 

discriminate between self and a variety of pathogen-produced materials. This response is elicited by 

conserved components of invading microbes that are sensed by pattern recognition receptors (PRR). 

Several classes of PRRs, including Toll like receptors (TLR) and cytoplasmic receptors, recognize distinct 

microbial components and directly activate immune cells.4, 5,6 Three major classes of cytosolic PRR 

receptors are comprised of NOD-like receptors, RIG (retinoic acid inducible gene)-like receptors, and 

cytosolic DNA sensors.7 Together, the different families of PRR play a significant function for inducing 

the synthesis and secretion of cytokines and the activation of other host defense processes that are 

paramount for both innate and acquired immune responses. 

Adaptive immunity 

As a subset of the immune system, the adaptive or acquired immune system is composed of a 

coordinated group of cells and processes aimed at removing a specific invading pathogen once the 

organism has been exposed to it, and at protecting against future occurrence. Both an antibody 

response and a cell-mediated response participate in a coordinated way to recognize specific 

molecular structures of the pathogen, in order to eliminate it and to prime the immune system against 

future infections. Acquired (adaptive) immunity is therefore defined by specificity and develops by 

clonal selection from a vast collection of T-cells and B-cells bearing antigen-specific receptors. This 

route also has the ability to set up a sort of immunological memory that can retrieve past pathogens 

binding pattern as a basis for specific recognition and elimination of foreign threats upon re-

emergence. While innate immunity is rapid, adaptive cells take longer to develop, because it creates 

a memory signature (immunological memory) and delivers long-lasting protection. This sets the basis 

for vaccine development for conferring host immunity by presenting various extracellular antigens 

characteristic of specific bacterial and viral infections. 

PRRs and PAMPs; Partners for innate host defense 

Protection by the innate immune system against invasive pathogens are initiated when PAMPs are 

identified by the PRRs of the host. In mammals, these PAMPs are recognized specifically by their 

respective extracellular toll-like receptors (TLRs) or intracellular NOD-like receptors (NLRs): 

peptidoglycans and lipopeptides mainly by TLR2, double-stranded RNA by TLR3, lipopolysaccharide 

(LPS) by TLR4, single-stranded RNA by TLR7, and bacterial CpG DNA by TLR9.6 Nucleotide-binding 

oligomerization domain (NOD) -like receptors or NOD-like receptors/nucleotide-binding domain and 

leucine-rich repeat containing gene family (NLRs) belong to the large family of cytosolic PRRs,8 the 

most widely described forms are classified into NOD1 and NOD2 receptors. Both NOD1 and NOD2 

sense monomeric fragments of bacterial peptidoglycan (PGN) known as muropeptides. NOD1 
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recognizes specific muropeptides from Gram-negative bacteria, bearing a meso-diaminopimelate 

(DAP) on natural and synthetic residues.9,10 Muramyl dipeptide (MDP), a structural scaffold present in 

both Gram-negative and Gram-positive peptidoglycans, is reported as the best-known agonist for 

NOD2.11 Similar to TLRs, NOD1 and NOD2 directly elicit transcription of innate immune response 

genes.12 The synergistic response between these receptors (NLRs and TLRs) to a number of agonists 

(ligands/PAMPs) lie in the early stages of developing potential adaptive and hard immunity. The 

combined effect between Toll-like receptors (TLRs) and nucleotide binding oligomerization domain 

receptors (i.e., NOD1 and NOD2), the two major groups of PRRs involved in innate recognition, has 

shown both significant agonistic and antagonistic effects.13 

TLR-NLR Synergistic response 

Both in vitro and in vivo experimental data imply that NODs and TLRs, as key drivers for innate host 

defense, synergize with each other in inducing the production of cytokines and antimicrobial peptides. 

There are possible useful consequences of NOD-TLR synergy: In sepsis, where synergistic effects 

contribute to unwarranted proinflammatory cytokine production, suppression of NOD1, and/or NOD2 

in addition to TLR4 blockade may be essential to achieve therapeutic benefit. Conversely, controlled 

synergistic combined doses of NOD and TLR agonists administered before infection or vaccination 

could serve as a principle for boosting innate resistance against bacterial pathogens and for improving 

vaccine effectiveness. 

The production of cytokines including TNF, IL-1β, IL-6, IL-8 and IL-10 has been shown to be 

synergistically increased upon stimulation of human peripheral blood mononuclear cells (PBMC) with 

NOD1 agonist (M-triDAP) or a NOD2 agonist (MDP or M-triLYS) in combination with a TLR1,2 

(Pam2CSK4) or TLR4 (LPS) agonist.14–18 Similarly, synergistic interactions between NOD1 and TLR5,7,8 

and between NOD2 and TLR3, but not TLR5, agonists have revealed interesting features of the 

interplay between the extracellular and intracellular PRRs. Furthermore, cytokine production by 

human and mouse DCs15,19,20 and by mouse macrophages21 is associated with a synergistic 

combination of synthetic NOD1 or NOD2 agonists with TLR2 or TLR4 agonists. The synergy between 

NOD1 or NOD2 agonists and some specific TLRs triggers is illustrated by the fact that these induced 

responses in DCs only in combined action:19,20,22,23 For instance, muramyl dipeptide and FK-156 (a 

NOD1 agonist) alone do not induce IL-12p70 production by DCs, but only do so when combined with 

LPS or lipid A (a TLR4 agonist).  

A combination of NOD2 and TLR2 agonists in human monocyte-derived DCs was reported to 

synergistically induce the production of CD80, CD83, CD86 and MHC class II.24 Synergy in the 

production and expression of IL-8 was also observed with NOD1 or NOD2 agonists combined with 

TLR2, TLR4 or TLR9 agonists.25 Another report established a simple additive effect rather than synergy 

between NOD2 agonist MDP and monophosphorylated lipid A (a TLR4 agonist) in mouse bone 

marrow-derived DC that produce CD80, CD86 and MHC class II,20 whereas the expression of CD40, 

CD80 and CD86 in human DCs was affected infra-additively by the presence of NOD1 or NOD2 agonist 

with different TLR agonists.19  

In another report, neither NOD1/NOD2 nor TLR agonists alone or in combination induce cytokine or 

chemokine production in oral epithelial cells. Nevertheless, different TLR agonists synergize with both 

FK-156 (NOD1 agonist) and MDP (NOD2 agonist) to induce the production of peptides and proteins 

with antimicrobial functions, such as hBD2 and PGRP-1𝛼.26 
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The potential application of innate immune cell activation with appropriate agonist combinations is a 

key strategy for a form of broad vaccination to protect the population from a range of deadly diseases 

that claim hundreds of thousands of lives worldwide.27 In vitro experimental data established the 

prolongation of survival in animal models by NOD or TLR agonist before inoculation with lethal doses 

of bacterial pathogens, an effect of enhanced bactericidal activities of innate immune cells and the 

prevention of excessive cytokine release upon bacterial challenge.28–32 However, improved protection 

by a synergistic combination NOD/TLR agonists gave better results and at lower concentrations than 

individual agonists.33 Henceforth, a more robust model for the prevention of highly infectious disease 

by this method will undoubtedly lead to more efficacious and general vaccines that are urgently 

needed. The study of synergistic agonists in other response pathways (such as reprogramming innate 

immune cells) could improve several immune impairments as evidenced from Bacillus Calmette–
Guérin (BCG) vaccine,34 to enhance early intervention, extending survival and reducing complicating 

health incidents such as sepsis.35–38  

In the context of septic shock, simultaneous obstruction of the synergistic receptors’ response in order 

to prevent excessive inflammatory response could be a promising strategy for treatment. Controlled 

suppression of PRR activation can limit cytokine production, thereby arresting the inflammation. 

Extensive research for neutralizing the effect of LPS (endotoxin) as a proinflammatory pathogenic 

compound has been an enthusiastic field of clinical research. The interaction of LPS with TLR4 is 

blocked by Eritoran, an antagonist for MD2-TLR4.39 However, the anti-LPS treatment could still not 

completely block the synergistic response with NOD1/NOD2 due to the abnormally high concentration 

of peptidoglycan fragments in the plasma of septic patients.40 The efficacy of this Eritoran as a single 

agent thus remains unreliable.39,41 The use of synthetic heterocyclic NOD1/NOD2 response antagonist 

molecules, such as benzimidazole, indole, or purine derivatives, are among the ongoing endeavors to 

deliver the therapeutic need for sepsis and septic shock.42–44 Supporting the lethal role of NOD 

receptors in sepsis, NOD2-/- mice with polymicrobial sepsis and in the Enterococcus faecalis sepsis 

model have shown better survival 45,46 Similarly, targeting the process further downstream, a potent 

receptor interacting protein 2 (RIP2) inhibitor (SB203580) blocks NOD1 and NOD2 signaling in mice 

with polymicrobial sepsis, thereby raising survival chances. IκB kinase (IKK) inhibitors have 

demonstrated improved survival function or alleviated the deterioration of vital functions seen in 

animals with polymicrobial sepsis.47–50 It is thus another therapeutic target because both NOD1/2 and 

TLRs signal through IKK/NF-𝜅B. Therefore, utilizing these established results, a synergistic combination 

of NOD and TLR antagonists in a clinical setting for the treatment of sepsis may pave a way for more 

enhanced drug regimens. 

TLR-NLR antagonistic effect 

These combined interactive studies also revealed a number of antagonistic NOD-TLR mechanisms. 

Inhibitory characteristics of NOD agonists on TLR-induced response could be exploited to understand, 

describe and arrest abnormal cellular responses in a variety of diseases. To demonstrate this, an 

investigation on bone marrow-derived macrophages and DCs from NOD2-/- mice showed enhanced 

NF-𝜅B and MAPK activation along with higher IL-1𝛽, IL-6, and TNF mRNA presentation upon LPS and 

poly-I:C induction in vitro.51 However, a majority of the established reports in Crohn’s disease patients 
homozygous for NOD2 null mutations depicted unchanged responses to TLR agonists in 

PBMCs.14,17,52,53 Likewise, splenocytes from NOD2–/– mice, as compared to wild-type splenocytes, 

generated additional IL-12 and IL-18 in response to agonists of TLR2 (but not of several other TLRs, 
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and TLR-induced TNF and IL-10 production remained undisturbed).54 Furthermore, a concentration of 

10 𝜇g/ml of MDP NOD2 agonist has been described to down-regulate IL-1𝛽 expression induced by a 

TLR2/1 agonist (peptidoglycan) in murine peritoneal macrophages in vitro. However, MDP did not 

affect IL-1𝛽 production induced by LPS (injected at a high concentration of 1 𝜇g/ml) and up-regulated 

TLR2-induced IL-10 and TNF production.55 An analogous report established that in murine splenic 

macrophages in vitro, MDP at 10–100 𝜇g/ml specifically down-regulated IL-12 production induced 

through TLR2 exclusively.54 An explicit answer to the opposing data about positive and negative 

regulation of MDP on TLR-mediated activation made it clear that MDP at low concentrations (1–25 𝜇g/ml) activates TLR2-induced TNF production by monocytes, whereas at a high concentration (100 𝜇g/ml) suppresses it.56 

Further insight was obtained from sequential stimulus application; TNF, IL-1𝛽, and IL-8 secretion in 

response to TLR4 and TLR2 agonists was sharply inhibited after 24–48 h pretreatment of human 

monocyte-derived macrophages with MDP (at 100 𝜇g/ml).57 However, a 24 h pretreatment of human 

monocytes with 0.1–10 𝜇g/ml MDP by Kullberg et al., down-regulated TNF production induced 

through TLR4 but not through TLR2, and did not affect IL-6 or IL-10 production induced through either 

receptor in a study of mutated NOD2 in Crohn’s disease.58 In another research report by Watanabe et 

al., MDP had no effect on TLR-induced TNF after 24 h pretreatment of human monocyte-derived DCs, 

but suppressed IL-6 and IL-12p40 production induced by diverse TLR agonists. Additionally, MDP 

administration to mice (100 𝜇g for 3 consecutive days) deactivated IL-6, IL-12, and TNF production by 

mesenteric lymph node and lamina propria mononuclear cells restimulated in vitro with diverse TLR 

agonists.59 These results will continue to reshape our understanding of the complex inhibitory effects 

of NOD receptor agonists on the TLR-induced responses; an important principle for receptor 

antagonist discovery and for our understanding of pathological and non-pathological receptor 

function. 

Pathogens have evolved multiple strategies to evade and attack the host immune system. Several viral 

proteins inhibit host immune responses, block viral antigen presentation, or interfere with the 

induction of cell death. It is not surprising that many immune system signaling cascades are 

antagonized in a number of infection models.60–67 Bacteria and fungi thus escape the TLR system, as 

certain pathogens have altered forms of the typical TLR ligands, such as the LPSs from H. pylori, P. 

gingivalis, and L. pneumophila and flagellin of H. pylori and C. jejuni.68 Conversely, some pathogens 

mediate TLR2 activation to their advantage for long-term infection through TLR2’s antagonistic effect 
on other immune processes.69–71 

Recognition by B-cells 

B-cell recognition of pathogens initiates an antibody response where the cells are activated to secrete 

immunoglobulins (Ig, antibodies). Antigens (short for antibody generators) are defined as the class of 

non-self-molecules which bind to specific B-cell receptors and trigger the production of the 

corresponding antibodies. These are proteins that circulate in the bloodstream and lymphs (hence the 

term humoral immunity) which bind to foreign molecules of the pathogen thus protecting against 

interaction with the host, a process called opsonization. Antibodies are Y-shaped globular proteins 

produced by B-cells that are tailored to identify specific pathogenic antigens to neutralize the 

pathogen’s harmful effect and to mark it for removal by macrophages.  
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Mammalian antibodies comprise of IgA, IgD, IgE, IgG and IgM and differ in their biological 

characteristics and kind of antigen targeted. A specific B cell receptor that resembles a membrane-

bound antibody are expressed by B cells and binds to particular antigen that is not normally present 

in the host. This encounter is usually in the native form of the pathogen by the B cells which then 

receives additional signals from helper T cells (predominantly Th2), and differentiates into effector 

cells, also called plasma cells. The plasma cells are short-lived and secrete the corresponding 

antibodies that bind to the antigens, and thus target it for phagocytosis and initiate the complement 

cascade. In response to further T-cell signaling, about 10% of cells survive to become long-lived 

antigen-specific memory B cells programmed with antigen-specific antibodies, which can be recruited 

in a future event if the host re-encounters the same pathogen, and thus limit the effect to very mild 

symptoms. 

Structure of bacterial cell walls  

As the initial recognition by the B-cells will likely take place with the intact form of the pathogen, B-

cell mediated antibody response will typically target molecules on the surface of the bacteria.  

Furthermore, we have seen that the innate immune response is also in large part driven by recognition 

of bacterial cell wall components by the PRRs. A schematic view of the bacterial cell wall structure of 

Gram negative and Gram-positive bacteria are shown in Figure 1. 

 

Gram positive      Gram negative 

Figure 1: Schematic representation of bacterial cell walls. Reproduced from J. G. Black 1999 

LPS and O-antigen 

Lipopolysaccharide refers to the large molecules and principal components of the outer membrane of 

gram-negative bacterial cell walls. LPS is comprised of a covalently joined hydrophobic domain, lipid 

A, and a polysaccharide which is composed of the inner core, the outer core, and the O-antigen (Figure 

2). It stabilizes the structural integrity of the cell wall and shields the bacteria from certain external 

chemical and biological attacks. LPS is released as part of physiological processes of membrane vesicle 

trafficking in the form of outer membrane vesicles (OMVs)72. It is a potent endotoxin, as its presence 

in the mammalian blood system triggers a strong immune response by activation of the TLR4 PRR, and 

the release of cytokines such as TNF-. 
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Figure 2: Chemical structure of a bacterial LPS and O-antigen. Reproduced from Shang 2015 

The repetitive polymeric glycan chain bound to the core oligosaccharide of LPS is termed the O-

antigen, O-polysaccharide, or O-side chain. The composition of the O-side chain varies from one strain 

to another, for instance different E. coli bacterial strain produce nearly about 170 serotypes73. The 

structural diversity arises from the sugar composition and the position and stereochemistry of the 

glycoside linkages, but also from the presence or absence of non-carbohydrate substituents. The 

repeating unit pattern and in some instances nonstoichiometric modification thus play a significant 

role in shaping O-antigen structural variation, and hence recognition by the immune system. O-

antigen is found in the outer surface of bacterial cell wall and is therefore the potential target for the 

initial B-cell mediated host immune response. 

Recognition by T-cells 

T-cells strongly participate in cell-mediated immune response by recognizing a variety of foreign 

structures from pathogens, which are displayed on the surface of the host’s cells. T-cells sense the 

presence of either intracellular or extracellular pathogens from the peptide, glycolipid, or other 

fragments derived from the digestion of the pathogen’s biomolecules, displayed on specific surface 

receptors of the cells. Transporting these foreign peptides to the cell surface is mediated by 

specialized host-cell glycoproteins encoded in a large cluster of genes. This gene complex is known as 

the major histocompatibility complex (MHC). 

MHC I and II 

The major histocompatibility complex primarily code for cell surface proteins which play a 

fundamental role in the adaptive immune system. They are divided into two classes, MHC I and MHC 

II (Figure 3). Class II MHC may be present on all type of cells but are most commonly found on 

professional antigen-presenting cells (APCs), such as macrophages, B-cells, and in particular dendritic 

cells. Following antigenic protein uptake and degradation within endocytic vesicles various fragments 

are returned and displayed as epitopes on the MHC II at the surface of antigen presenting cells. 

Epitope recognition by immunologic structures, in particular T-cells, is only possible on the cell surface 

in presence of the MHC complex. The MHC class I differs in that it displays fragments from the 

proteasome and is therefore able to report on the presence of intracellular antigens.  
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Figure 3: Schematic representation of major class of major histocompatibility complexes (MHC). Reproduced from Janeway 

2001 

T cell receptors 

A protein complex found on the surface of T-cells responsible for recognizing fragments of antigen 

bound to the MHC is known as the T-cell receptor (TCR). The binding affinity between TCR and antigen 

peptide is relatively low and non-specific, as many TCRs recognize the same antigen peptide and vice 

versa. TCR is hetero dimer composed of two different protein chains that bears some analogy to the 

short arm of an antibody. In 95% of human T-cells, the TCR consist of an alpha (ɑ) chain and beta (β) 
chain (encoded by TRA and TRB, respectively), whereas in 5% of T-cells, the TCR consist of gamma and 

delta (γ/δ) chains (encoded by TRG and TRD, respectively). The engagement between the TCR and 
antigenic peptide/MHC results in the activation of the T-lymphocyte through activation or release of 

a variety of transcription factors, including those for the relevant cytokines. 

TH I and TH II and the killer T cells 

The helper T cells Th1 and Th2 are two type of effector T cells that can be induced by recognition of 

antigens on the MHC II of APCs. They bear a CD4 protein that recognizes the MHC II complex. They 

primarily serve as immune response mediators for initiating and amplifying the adaptive immune 

response. They direct other cells to perform cytotoxic or phagocytic functions and therefore cannot 

kill infected cells or clear pathogens by themselves. The Th1 responses are more effective against 

intracellular pathogens (viruses and bacteria that are inside host cells). Th1 produces Interferon-

gamma, which activates the bactericidal activities of macrophages, induces B cells to accelerate the 

production of antibodies and activates cell-mediated immunity via killer T-cells, macrophages and 

neutrophils. Th2 response on another hand is characterized by the release of Interleukin 5, which 

induces eosinophils in the clearance of parasites and Interleukin 4 and 13, which facilitate B cell 

isotype switching and B-cell proliferation.  

Conversely, killer T cells attack cells infected with pathogens.74 Killer T cells are activated when their 

T-cell receptor binds its antigen in a complex with the MHC I receptor of another cell. Recognition of 
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this complex is aided by a coreceptor on the T cell, known as CD8. When an activated killer T cell 

recognizes an antigen, it releases cytotoxins, such as perforin, which form pores in the target cell's 

plasma membrane, allowing ions, water and toxins to enter. The production of other messengers such 

as granulysin (a protease) induces the target cell to undergo apoptosis, a programmed cell death.75 

Vaccine and Vaccine design 

Vaccination is a very effective strategy for preventing and eradicating a wide range of deadly diseases, 

including devastating infections of virus (such as, covid-19, polio, measles, smallpox, etc.) and bacterial 

(such as, tetanus, diphtheria) origin. Over the last century, vaccine development has undoubtedly 

saved many lives in both emerging and developed countries. The potential displayed by carbohydrate 

antigens as important targets for developing efficacious vaccines is clear from the wide range of 

carbohydrate-based vaccines currently in use. However, the use of heterogeneous carbohydrate 

mixtures from bacterial sources has its problems. Unlike proteins, oligosaccharide synthesis requires 

an entire series of genes, and therefore cannot be conveniently introduced by the gene insertion or 

mRNA strategies that were so successful with the Covid-19. Chemical modification of the antigenic 

motifs has also proven to be a productive tool to advance carbohydrate-based vaccines and 

diagnostics. However, the production of vaccines based on fully defined, chemically homogeneous 

synthetic carbohydrate antigens has recently seen the day, and the trend will necessarily continue in 

that direction. Recent technological advancement in tools for glycan synthesis and modification, high-

throughput screening of biological samples, and 3D structural analysis may further drive this process 

in innovative directions.76 

The binding sites of B cell membrane immunoglobulins (B cell receptor, BCR) recognize cell-surface 

glycans or glycan epitopes (fragments of antigenic polysaccharides). However, polysaccharides induce 

only short term, IgM-dependent immune response because they are T cell-independent antigens that 

fail to efficiently trigger immunological memory.77 Long lasting memory response is achieved through 

conjugation of these glycans to a carrier proteins forming a T-cell dependent antigen. This response is 

followed by the differentiation of polysaccharide-specific B cells to plasma cells. Proliferation of 

plasma cells and affinity maturation of secreted antibodies as a result of pathogen reinfection or 

vaccine booster shot in the case of vaccine.78 The success of glycoconjugate vaccines has been 

demonstrated in preventing infectious diseases caused by Neisseria meningitidis, Haemophillus 

influenza, and Streptococcus pneumoniae.79 Some disadvantages of purified CPS-based vaccines, 

including method of isolation and purification, structural instability and cellular contaminants is 

extremely difficult to be excluded. These are important factors for high cost per dose of the final 

vaccine. 

An alternative option for producing carbohydrate B-cell epitopes is a chemical synthetic strategy that 

is attractive for its reproducibility, cost effectiveness, and its ability to provide fully defined 

carbohydrate structures. These opportunities are demonstrated by the potency and protective effect 

of a Haemophillus influenzae type b (Hib) vaccine based on a synthetic oligosaccharide, developed in 

Cuba and marketed around the world,80 as well as by the studies of Globo H and SSEA-4, among a 

number of interesting targets in the development of antitumor vaccines, based on chemical81 and 

chemoenzymatic82,83 methods.  



 

 

26 

SYNTHETIC CARBOHYDRATES 

General aspects 

Oligosaccharides associated with pathogens are extremely complex and their study is quite a 

challenging and interesting one. The diversity in carbohydrate composition, branching, and 

stereochemistry allows for the existence of a multitude of pathogenic serotypes in nature, which is a 

potential strategy for the microorganism to evade immune recognition. In the medical sciences, the 

understanding of the basis of carbohydrate structural diversity is a valuable field of investigation for 

studying the mechanism and function of pathogen serotype generation, as well as for developing 

effective vaccines. Convenient methods to deliver ɑ and or β glycoside bonds in an efficient and 

stereo- and regio-controlled way has been a challenging and a continuing area of endeavor for 

carbohydrate chemists. 

 
Figure 4: Basic requirements for glycoside bond formation. X = leaving group; Y = orthogonal leaving group for iteration. 

In this context, several strategies for glycoside bond formation have been established and 

documented, and in laboratory practice there is still need for the development of effective 

methodologies for the synthesis and purification of complex glycostructures. Glycostructures are 

polymeric in nature built by assembly of monomers through the formation of glycosidic bonds 

between the hemiacetal anomeric group of one sugar, called the glycosyl donor, and one of the 

alcohol or hemiacetal groups of another sugar, called the glycosyl acceptor (Figure 4). This reaction 

creates a new stereochemistry, that must be controlled. Due to the similarity in the reactivity of 

different hydroxyls on the monosaccharides, a strategy is also necessary to install this bond at the 

right position. Nature uses a very large family of enzymes, the glycosyl transferases, to achieve this, 

and a different enzyme is needed for each glycoside coupling. Well over a dozen genes are thus 

involved in the production of a single O-antigen.84 For chemists, protecting group manipulation allows 

for differential protection of monosaccharide polyols: a leaving group is introduced at the anomeric 

position of the glycosyl donor; on the glycosyl acceptor, one of the hydroxyls is left free while others 

are fully blocked with appropriate protecting groups installed regioselectively, and in many cases, 

these groups are discriminated chemoselectively to allow for iterative complex carbohydrate 

synthesis. Likewise, the choice of protecting groups is of utmost importance for steric and electronic 

factors that govern glycoside reactivity and successful glycosylation. In the presence of the right 

reagents (a promoter system) and conditions, the nucleophile on the glycosyl acceptor will displace 

the leaving group from the donor in a stereoselective manner, thus establishing a glycoside bond. The 

many factors that influence this reaction will be pointed out below. 

Objectives 

Amino sugars are an abundant class of carbohydrates found in nature and which play a role in a 

multitude of biological processes. Among them, it is a core structural unit of many bacterial 

polysaccharides. Notably, repeating glycosamine units are found in a variety of bacterial structures, 

while they are rarely found in mammalian systems (Figure 5).84 For instance, a variety of bacterial O-
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antigens and capsular polysaccharides, as well as the bacterial cell wall peptidoglycan contain oligo-

glycosamine backbones. Chemical synthesis of these structures is an interesting endeavor because 

they are important virulence factors that are targets of both the innate and adaptive immune systems 

and play a major role in host-pathogen interactions. GlcpNAc-β-D-(1→3)-GalpNAc-ɑ-D-(1→3)-

GalpNAc trisaccharide fragment from the E. coli and the peptidoglycan GlcpNAc-β-D-(1→4)-GlcpNAc-

peptide disaccharide chain will be our target molecules. 

    

Bacterial peptidoglycan 

fragment 

Escherichia coli O142 

O-antigen 

polysaccharide 

Salmonella typhi 

capsular polysaccharide 

Pseudomonas cichorii O-

antigen polysaccharide 

Figure 5: Structure of bacterial antigens and peptidoglycan. 

Stereochemistry 

Stereoselective 1,2-trans-β-D-glycosylation 

Building 1,2-trans-glycosidic bonds for glucosamine and galactosamine requires a C2 participating 

group that will direct the incoming nucleophile acceptor selectively to the opposing face to provide 

the equatorial glycoside. After departure of the leaving group by the action of promoter in an SN1-

type mechanism, Lewis basic nitrogen protecting groups such as acetamides and aminocarbonyls form 

an oxazocarbenium ion intermediate. The glycosyl acceptor then approaches this intermediate from 

the top face due to the steric hinderance exerted by the newly formed five membered ring ion which 

blocks the bottom face, thereby yielding preferentially a 1,2-trans glycoside bond (Figure 6A). The 

stereochemistry of the product does not depend on the initial configuration of the anomeric leaving 

group of the donor. In the mannosamine and stereochemically related cases (rhamno-, altro-, talo-, 

ido-, etc.), one will obtain the axial -anomer. However, in the case of carbonyl-protected 

aminosugars, in particular natural N-acetyl glycosamines, there is also the possibility of forming a 

stable oxazoline by deprotonation, a route which is not available in non-aminosugars. Stereoselective 

C2 directed 1,2-trans glycosylation remains the most reliable stereocontrol element in oligosaccharide 

synthesis. 

Stereospecific glycosylation 

Controlling the glycoside formation in favor of the 1,2-cis stereoisomer in the gluco- or galacto- series 

is necessary for the preparation of many oligosaccharides and remains a more challenging task. A C2 

participating group is unnecessary on the donor and should be avoided. The formation of the -

glycoside is achievable by a stereospecific SN2-like glycosylation to afford the glycoside with inversion 

of stereochemistry upon displacement of the leaving group by the nucleophilic acceptor (Figure 6B). 

Stereospecific inversion is possible using various anomeric leaving groups with a careful choice of 
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reagents and conditions but is rather difficult to control. The reaction can proceed by a mechanism 

ranging from a pure SN2 with little or no positive charge on the carbon, through intermediate 

mechanisms in which the length of the bond between the anomeric carbon and leaving group and the 

amount of positive charge on the sugar ring increases, all the way to an SN1 mechanism via a tight ion 

pair. The stereochemistry of the product in each of these cases depends on the anomeric 

configuration of glycoside donor, which in this case requires the thermodynamically less favorable, 

but more reactive -anomer of the anomeric leaving group. Starting from the axial glycoside donor by 

this mechanism gives access to the equatorial -glycoside. In another strategy, in-situ rapid 

equilibrium anomerization of the stable ɑ-glycosyl bromide to the kinetically more reactive β-anomer 

by the action of tetraethylammonium bromide, reacts preferentially with glycosyl acceptor.85 This 

accesses the desired stereochemistry of the reactive precursor, and delivers high yielding reactions.  

Stereoselective 1,2-cis-ɑ-D-glycosylation 

Performing an SN2‐type reaction on the anomeric carbon is difficult, and an SN1-type mechanism in 

the reaction of a glycosyl donor with a non-C2-participating group and a weak nucleophile is more 

reliable. The glycosylation reaction involves the formation of an oxocarbenium ion on the anomeric 

carbon of the glycosyl donor, stabilized by the O-5 resonance form. The addition of the nucleophilic 

glycosyl donor occurs stereoselectively from the axial position. The Fürst-Plattner is the most widely 

used transition state model to explain this stereoselectivity (Figure 6C). The substituents on the 

pyranose ring prefer an equatorial position in the transition state. Rehybridization of the anomeric 

carbon during addition from the -face leads to a boat conformation, whereas addition from the -

face proceeds via a more favorable chair transition state. This transition state applies to a solvent-

separated ion pair, so the difference in conditions with a stereospecific substitution via a tight-ion pair 

may be a subtle one. In addition, the presence of a solvent or additive molecule on the opposite face 

from the attacking nucleophile in the transition state cannot be neglected and is discussed below. 

 
Figure 6: Transition state models for glycosylation. A. anchimeric C2-participation; B. stereospecific inversion; C. Fürst-

Plattner model for axial glycosylation in the absence of C2-participation. 
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Other models, such as a Giese-like model via addition to the convex face of a boat transition state can 

also be used. The preference for the formation of the axial O-glycoside in the absence of a C2-

participating group is often termed the kinetic anomeric effect but should not be confused with the 

thermodynamic anomeric effect, below, which only applies when the O-glycoside is formed under 

equilibrium conditions, such as a Fischer glycosylation. Several additional factors such as 

intramolecular delivery, protecting groups, promoters, additives, solvents, temperature, 

concentration, and addition sequence continue to show promising effects for improving 

stereoselectivity. Many advances are thus ongoing in developing suitable reagents with a number of 

anomeric leaving groups (described below) for achieving stereocontrol of the anomeric center, and 

have been well-reviewed.86 

The thermodynamic anomeric effect 

The anomeric effect is the observed thermodynamic preference of polar substituents for the axial 

position at the anomeric position of a sugar. In the initial observation, the substituents in 

cyclohexanes, such as cyclohexanol or its methyl ether, preferably assume the equatorial position over 

the axial one, due to fewer nonbonded interactions with other substituents (C3 and the C5 hydrogen 

atoms in this case) on the ring. 87 Therefore, the conformational mixture of this substituted molecule, 

at equilibrium, contains 89% of the equatorially oriented hydroxyl and 11% of the conformer with 

axially oriented hydroxyl or methoxy group. In contrast, the equilibrium mixture of two D-

glucopyranose anomers contains 63% of equatorial (β) and 36% of axial (α) anomer. Similarly, 
conformational equilibria studies of other glycopyranose anomers revealed a significant increase in 

the percentage of axially oriented anomers. The preference for axial orientation of the C1 substituent 

in D-glucopyranose was found to increase with the increase of electronegativity of the C1 

substituent.88 The work of Pacsu showed that β-anomers of acetylated alkyl glycopyranosides 

anomerize in the presence of stannic chloride or titanium tetrachloride in chloroform to their α-

anomers, indicating the greater thermodynamic stability of anomeric alkoxy group in the axial 

orientation.89 Extensive study on the β- to α-anomerization of several acetylated methyl 

glycopyranosides during sulfuric acid catalyzed acetolysis ruled out the complexing effect of Lewis acid 

catalysts 90,91,92. Later studies with a variety of electronegative anomeric substituents confirmed a 

force responsible for favoring the axial anomer, defined as the anomeric effect, estimated to be 

greater than 1.5 kcal/mol. 

The anomeric effect can be explained in terms of molecular orbital interactions involving the pair of 

nonbonding electrons on the ring oxygen that destabilize equatorially oriented C1 electronegative 

substituents and stabilize axially oriented ones. The anomeric effect was originally considered to be 

an electrostatic effect that destabilizes the equatorially oriented C1 electronegative substituent 

through dipolar interaction with the two pairs of nonbonding electrons on the ring oxygen. The 

analogy put down by Edward 93 from a study on the stereochemistry of some α-halocyclohexanones 

by Corey 94 proposed that the equatorially oriented electronegative aglycon group such as O-alkyl, 

halogen, etc., is subjected to energetically unfavorable dipolar interactions with the resultant dipole 

between two unshared electron pairs of the ring oxygen atom since these two dipoles are coplanar 

and parallel. This destabilization was considered to be larger than the two syn–axial interactions 

between the axially oriented aglycone and the C3 and C5 hydrogen atoms in the α-D-anomer, and as 

a result the heteroatom substituents such as Cl, OH, and OR at C1 of pyranosides preferred an axial 

orientation. More recently, the anomeric effect has been explained by a stabilizing n–σ* interaction 
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that is possible only when the substituent is axially oriented.  Thus, both orbital bonding and 

electrostatic interactions of the O5 lone‐pair electrons can contribute to the anomeric effect. The 

nonbonding electrostatic interaction with the equatorial oxygen can also be regarded as a 

thermodynamically unfavorable n-n nonbonding pi interaction. This would lead to a thermodynamic 

destabilization of the β-anomer but would also explain the much greater nucleophilicity of the β-

alkoxy group in the formation of the β-trichloroacetimidate under kinetic control, as the nucleophilic 

electron pair is in the higher energy antibonding * orbital. Additional factors may also come into 

play, and there is a balance between the stabilizing anomeric effect which favors the α-anomer and 

other factors such as solvent effects and sterics which can favor the β-anomer, that contribute to the 

anomeric preference of a particular sugar.95  

Factors affecting efficient oligosaccharide assembly 

Protecting groups 

Protecting groups are indispensable tools in organic chemistry to allow for a sequential and selective 

activation of reactive functionalities.96,97 This is a way to silence/mask other protected groups until it 

is necessary to unveil them for a subsequent reaction. Of interest, is the ability to transform the 

protected group back to its initial functional group without affecting other functionalities within the 

molecule. Chemical carbohydrate synthesis poses a daunting challenge among biomolecules, because 

of the 4-5 exposed hydroxyl groups that must be protected at some point in order to develop complex 

oligosaccharide molecules. Regioselective synthesis of protected monosaccharide unit is sometimes 

complicated and requires special consideration for careful protecting group selection.97 The slight 

differences in reactivity between the hydroxyls, defined by steric, electronic, and stereochemical 

effects, helps to navigate among them. The characteristic structural diversity of carbohydrates in their 

linkage, branching, stereochemistry, and functionalization translate into a requirement in 

carbohydrate synthesis to strategically apply the diverse protecting groups at our disposal and to 

further develop novel ones. 98–100  

The different protecting groups for hydroxyls and amino sugars provide a pool of choices for 

carbohydrate chemists to allow for many alternative strategies. The protecting groups need to be both 

inserted and cleaved in a carefully planned sequence to allow for iterative carbohydrate synthesis. 

Orthogonality of the protecting groups is needed to tolerate the frequent coupling, protection and 

deprotection steps encountered in carbohydrate synthesis. In addition, the choice of protecting group 

closely fine tunes the substrates’ reactivity and solubility due to inductive effects, steric hindrance and 

stereoelectronic effects. Henceforth, their discovery will continue to serve and open windows for easy 

access to a well-defined homogeneous biological structures in oligosaccharide synthesis.101–103  

In carbohydrate synthesis, protecting groups can be categorized into terminal, late stage, iterative, 

and stereo-directing based on a combination of orthogonality and structural and electronic effects 

they may provide during later chemical steps. Terminal protecting groups will be removed last to 

reveal the free hydroxyl or amino groups, and must be stable to all of the reaction conditions during 

the synthesis; late-stage protecting groups will be removed late in the synthesis, in order to introduce 

a repeating sugar or modification (sulfate, phosphate) or to introduce a branching point; iterative 

protecting groups are required for reducing-to non-reducing synthesis in order to introduce the next 

sugar; and activatable protecting groups for the anomeric position are needed for non-reducing-to-

reducing and bi-directional oligosaccharide synthesis. The nature of the protecting group, particularly 
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at the C2 position, also plays a major role in the stereoselectivity of the glycosylation reaction. The 

protection conditions, deprotection conditions, and regioselectivity during the protection steps all 

need to be taken into account in the choice of protecting groups. Through their inductive and steric 

influence, protecting groups can render the glycosyl donor either more or less reactive, a key property 

for efficient and effective oligosaccharide synthesis; we then refer to the glycosyl donors as being 

“armed” or “disarmed”. All of these considerations must be taken into account in order to plan the 

synthesis of a complex oligosaccharide.  

Benzyl ethers 

Benzyl ethers are typically the most widely used terminal protecting groups and are considered as 

non-stereo-directing and electron donating, which can enhance the reactivity of the glycosyl donor 

(armed). Classically installed by Williamson ether synthesis with an arylmethyl halide and a strong 

base, such as NaH,96 or with Ag2O 104 to allow base labile functionalities to withstand the reaction. 

Benzyl group formation typically suffers from poor functional group compatibility and limited 

regioselectivity, and developing new procedures remains an unrelenting undertaking by chemists. 

Among the many novel conditions available, the use of benzyl imidates105,106 and reductive 

etherification of benzaldehyde107 offer alternative routes to form benzyl ethers under acidic 

conditions. Benzyl ethers are excellent terminal protecting groups, however, as they withstand most 

strong acidic and basic conditions and can be removed cleanly, usually after a long synthetic sequence, 

by birch reduction or hydrogenolysis without affecting the carbohydrate product.97 Substituted benzyl 

ethers, on the other hand, can be cleaved at an intermediate stage in the synthesis, orthogonally to 

other groups, making them very useful benzyl type late-stage or iterative protecting groups. P‐
Methoxybenzyl (PMB), 2‐naphthylmethyl (NAP), 3,4‐dimethoxybenzyl, o‐nitrobenzyl, p‐cyanobenzyl, 
p‐phenylbenzyl, 4‐azido‐3‐chlorobenzyl, p‐azidobenzyl and halogen‐substituted benzyl groups 

present the various options that can each be removed with specific reagents in the presence of many 

other functionalities and protecting groups. Their utility is demonstrated by their numerous 

applications in carbohydrate synthesis.96,108,109 

Allyl ethers 

Allyl ethers are another valuable class of ether protecting groups that are quite simple to prepare and 

possess moderate stability. Just like the benzyls, various substituted allyl protecting groups allow 

alternative deprotection modes that enhance their orthogonality. Different design of allyl ethers such 

as prenyl and cinnamyl not only offer structural diversity but also are supported by alternative removal 

schemes.110–113 As a rule, Williamson etherification with allyl bromide and NaH 114 easily furnishes the 

allyl protecting group, otherwise BaO allows base sensitive functionalities to withstand the alkylation 

process.115 In the event of base-labile functional groups, allylation is achieved by allyl imidates or allyl 

aldehyde and a reducing agent, catalyzed by an acid.116,117 Allyl carbonates provide a further 

alternative system for fast allylation when treated with Pd(PPh)4 or Pd(OAc)2 and PPh3 under neutral 

conditions.118 Several systems for deallylation with palladium or Nickel complexes in the presence of 

chosen additives to improve selectivity, have been reported.119,120 More classically, Gent and Gigg 

developed the isomerization of allyl to vinyl group in the presence of potassium tert-butoxide (tBuOK) 

in dimethyl sulfoxide (DMSO) or Wilkinson’s catalyst [Rh(PPh3)3Cl] and 1,4-diazabicyclo[2.2.2]octane 

(DABCO)121,122 that may either be accompanied by acid hydrolysis117,123 or oxidation124–126 in a two-step 

manner, to eventually expose the free alcohol.  
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Silyl ethers 

The third category of ether is the variety of modified silicon groups that constitutes trimethylsilyl 

(TMS), triethylsilyl (TES), triisopropylsilyl (TIPS), tert-butyldimethylsilyl (TBDMS) and tert-

butyldiphenylsilyl (TBDPS). These are widely applied in oligosaccharide synthesis because of their 

specific reactivity and steric hinderance, and are non-C2-participating.96,97 Their introduction is based 

on the use of silyl halide and or triflate in combination with a base/nucleophilic catalyst such as 

imidazole, pyridine, triethylamine (TEA), or 2,6-lutidine. 

The electronic and steric effects of the substituents on the silicon atom stabilize the silyl group. Steric 

hindrance generally stabilizes the silyl protecting group by raising the energy of the pentavalent 

intermediate during substitution. Electron-withdrawing substituents on the silicon increases its 

stability towards acidic conditions, while the reverse is the case in basic medium. Hence, the stability 

hierarchy towards acidic media follows: TMS <TES <TBDMS <TIPS <TBDPS while in the basic media the 

trend is: TMS <TES <TBDMS ~TBDPS <TIPS. Silyl deprotection can be achieved with a fluoride ion source 

such as tetrabutylammonium fluoride (TBAF), HF.Pyridine complex, or with acidic conditions, including 

strong acids for mild acid-resistant silyls.127,128 These lists provide important choices for both late-stage 

or iterative protecting groups in the design of oligosaccharide synthesis, as well as in the synthesis of 

the precursors. The steric bulkiness of the group allows them to selectively protect the primary 

hydroxyl in the presence of secondary hydroxyls, although silyl migration can provide some additional 

complexity during protecting group manipulation. 

Esters 

The chemistry of protecting groups in carbohydrate synthesis cannot be complete without mentioning 

esters because of the crucial role they play as typical temporary protecting groups, coupled with their 

ease of installation and removal in high yield. Most importantly, O-esters are the C2-participating 

groups of choice in the case of non-amino sugars. They are stable to the acidic conditions during 

glycosylation, which makes them suitable protecting groups in many oligosaccharides’ retrosynthetic 
plans, but do not survive basic reagents. Typically, esterification is ensured with acid chlorides or 

anhydrides in combination with pyridine or triethylamine and 4-dimethylaminopyridine (DMAP) as 

catalyst. Alternatively, a mild Steglich esterification with N, N’-dicyclohexylcarbodiimide (DCC) and 

DMAP catalyst permits the direct coupling of carboxylic acid and an alcohol reagent with satisfactory 

outcomes, in particular in the case of more complex carboxylic acids. 129 Procopiou et al. reported an 

alternative clean and very rapid acylation of different kinds of alcohols by TMSOTf catalysis in the 

presence of an acid anhydride.130,131 

Frequently employed esters in oligosaccharide synthesis include acetate, chloroacetate, 

dichloroacetate, trichloroacetate, benzoate, levulinate and pivaloate.97 As previously noted, esters are 

base labile, a significant point for their cleavage. Commonly, the Zemplen conditions with sodium 

methoxide in MeOH is one of the best-known esters deprotection method. Furthermore, NaOH or 

ammonia are other choices for ester removal. Moreover, selective nucleophilic cleavage of the 

anomeric ester is routinely used to expose anomeric hydroxyl for further conversion and activation.132 

The increasing base sensitivity of acetate is related to the number of electron-withdrawing chlorine 

atoms that follow the order; chloroacetate, dichloroacetate and trichloroacetate.133 Benzoates and 

pivalate are less sensitive to acid or base and less prone to acyl migration, and take longer reaction 

time or harsher conditions to be deprotected.97,134,135 However, their greater stability during the 

various synthetic steps during oligosaccharide synthesis make them attractive late-stage or iterative 
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protecting groups, and their greater steric hindrance is a useful property for their regioselective 

installation. Ester groups such as levulinates, chloroacetates, and a number of other substituted esters 

can be deprotected in an orthogonal fashion by nucleophilic substitution at the remote functional 

group. 

Cyclic acetals 

It is clear how acetals and ketals anchor diols to generate 1,3-dioxane or 1,3-dioxalane rings, therefore, 

ideal for diol control at a go. Typical scaffold employed in this group include acetonide or 

isopropylidene and benzylidene group that may be varied by phenyl, p-methoxybenzyl and 2-naphthyl 

moieties. A combination of 2,2-dimethoxy propane under acidic condition delivers five 1,2-O-

isopropylidine membered ring136 as thermodynamically favored major product. On the other end, 2-

methoxy propene favors the kinetically controlled mechanism for 1,3-O-isopropylidene six membered 

ring product.137,138 Additionally, benzylidene analogue favors the formation of six-membered ring 

adduct. Acetal and ketals are upon removed by acid and their manipulation, however, provides a 

significant approach for exposing either 4-O or 6-O hydroxyls for iterative synthesis. 

Amino N-protecting groups 

2-amino-2-deoxy sugars are an integral component of microbial-associated molecular patterns and O-

antigens, as well as a wide range of other key structures, such as ABO blood group antigens, chitin and 

chitosan, glycosaminoglycans, and peptidoglycans. The strong nucleophilicity of amine allows their 

protection in the presence of hydroxyls, with less complexity than in the case of oxygen protecting 

groups. The majority of natural amino groups are positioned at C2; therefore, amino protecting groups 

are effective targets for controlling the stereochemistry of glycosylation reactions involving amino 

sugar units. 

Amides, imides, sulfonamides, and carbamates represent C2 stereodirecting amino protecting groups 

that favor the 1,2-trans glycoside bond formation, whereas inactivating the amine by replacing it with 

an azido functionality remains the best non-participatory amine equivalent in order to establish the 

1,2-cis stereochemistry. Azides can be installed by diaxial ring opening of an 2,3-anhydro epoxide with 

NaN3 in aqueous DMF or more frequently, diazo transfer from triflic azide (TfN3) generated by a 

combination of NaN3, triflic anhydride (Tf2O) and CuSO4 as a catalyst with the native free amino sugar 

could be another choice.139 The use of acid chlorides/acid anhydrides or chloroformates broadly 

address amine protection to the corresponding amide and carbamate respectively on the saccharide 

units.96,97,140 The phthalimide protecting group is introduced by amide formation upon phthalic 

anhydride opening, followed by cyclization with Ac2O and pyridine.140,141 Modified phthalimides such 

as dichlorophthloyl (DCPhth)142 and tetrachlorophthaloyl (TCP)140 have been explored and offer 

excellent C2 participation for 1,2-trans glycosylation.140,141 

Similarly, azide group can be reduced to an amine by hydrogenolysis96,97 or Staudinger reaction.143 

Amide bonds such as trichloroacetimide (TCA) and trifluoroacetamide (TFA) are conveniently removed 

by treatment with Cs2CO3 144 or K2CO3.
145,146 Alternatively, direct conversion of TCA to acetimidate (Ac) 

is carried out by Bu3SnH or Zn reduction to afford the biologically common N-acetyl aminosugars.147,148 

Phthaloyl-type protecting groups can be deprotected with hydrazine. Chemoselective cleavage of 

DCPhth or TCPhth in the presence Phth group is possible based on the increasing number of chlorine 

atoms.140,142 The collection of N-amino protecting group is extended with a variety of carbamate 

protecting groups with selective deprotection methods. The alloxycarbonyl (Alloc) group can be 

hydrolyzed by iodine with water or with Pd(0).149,150 The t-butoxycarbonyl (Boc) group can be cleaved 
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with different acids, but may not survive many glycosylation conditions.97 The carboxybenzyl (Cbz) is 

removed by hydrogenolysis, and may serve as a terminal protecting group in conjuction with benzyl 

O-protecting groups.151 The fluorenylmethoxycarbonyl (Fmoc) group tolerates acidic conditions while 

its susceptibility to base makes it cleavable with piperidine. The trichloroethoxycarbonyl (Troc) on 

another hand is reduced with Zn under acidic conditions.152 Finally, methyl carbamate is deprotected 

with TMSCl and TEA.153 

 C2 participating groups 

The presence of C2 participating group serves to ensure 1,2-trans glycoside bond formation. In the 

case of non-amino sugars, esters are the overwhelming choice as C2-participating groups. They 

generate an oxocarbenium ion intermediate that control the attack by the nucleophile preferentially 

from the top face selectively. However, the attacking nucleophile may also react with the C2 carbonyl 

group, thus forming an orthoester, an unwanted product that can be rearranged to the O-glycoside 

compound at higher reaction temperature and longer reaction time. Isolating the orthoester instead 

of the O-glycoside is a common trap in glycosylation reactions. A small number of other Lewis basic 

protecting groups for anchimeric participation have been developed, in particular for 1,2-cis 

glycosylation.  

In the case of 2-deoxy-2-amino sugars, carbamates, amides and phthalimides represent the usual 

groups deploy in this regard.  Unfortunately, relatively few are effective C2 participating groups in 

practice, because of the formation of stable oxazoline byproduct. Only electron-deficient esters and 

carbamates, such as TCA, TFA, and Troc, and sulfonamides are reliable C-2 directing groups. 

Phthalimides are the C2-directing groups of choice, as they cannot form a stable oxazoline. 

Very recently, Gosh and Kulkarni among others, published excellent reviews of the most recent 

developments in protecting groups for carbohydrate synthesis.154–157 It highlights the progress in 

orthogonality achieved through structural modification in order to provide an arsenal of fully 

orthogonal protecting groups for oligosaccharide synthesis. In addition, with slight modifications, one 

class of protecting group can be transformed from non-stereodirecting to directing or vice versa, and 

by extension, provide an alternative discrimination tool with a variety of novel reagent combinations 

even within the same group.  

Anomeric leaving groups 

The development of chemical methods for glycosidic bond formation is a critical and challenging issue, 

in particular, for obtaining the 1,2-cis stereochemistry. For over a century, the development of glycosyl 

halides and other activated hemiacetals has undoubtedly led to progress, away from toxic reagents to 

more benign and safe chemicals, and towards methods that not only ensure expeditious synthesis but 

navigate the transformation in a controlled fashion.158 Many research efforts have been aimed at 

exploring alternative anomeric groups with specific applications to allow for facile access and 

improved results compared to existing methods. Nevertheless, the continued application and 

reliability of certain classical anomeric activated groups has confirmed their wide utility among 

carbohydrate chemists. 

There are many versatile anomeric leaving groups for efficient glycoside bond formation, these 

include the glycoside halides, O-imidates, thioglycosides, carbamate,159,160 carbonates,161,162 

selenosides,163,164 phthalates,165 phosphates/phosphites,166,167 disulfides,168,169  carboxybenzyls,170 
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alkynyls171–173 and n-pentenyls174,175 among others. We will highlight the progress developed over the 

years for the most widely employed groups below.  

Anomeric halide leaving groups. 

Typical glycosyl halides such as chlorides and bromides (Koenig’s donors) present the most widely 

employed halide donors and are prepared in a straightforward manner.176 -Glycosyl bromide donors 

are prepared from peracetylated sugars by HBr in acetic acid and can be activated with silver salts 

such as Ag2O, Ag2CO3, AgOTf, AgCl4, or other metal salts such as HgBr2, or Hg(CN)2.177 Glycosyl chlorides 

on the other hand are prepared with chlorinating agents including SnCl4, TiCl4, AlCl3. The peracteylated 

-glycosyl chloride can be obtained under kinetic control, and the -glycosyl chloride under 

thermodynamic control. Glycosylation of glycosyl halides with stereodirecting groups afforded 1,2-

trans glycosides.178  The presence of tetraalkylammonium halides favors the formation of the 1,2-cis 

stereochemistry by rapid equilibration of the halide and rate-determining substitution of the -

glycosyl halide, as described above. The application of these donors is to some extent limited by their 

poor stability, the undesirable use of excess toxic heavy metals, and need for desiccants and acid 

scavengers for reliable results.  

Later studies aimed at improved glycosyl halide donors for selective glycosidic bond formation led to 

the use of glycosyl fluorides,179 which can be prepared by the action of N,N-dimethylaminosulfur 

trifluoride (DAST)180,181 on the free hemiacetal sugar or HF-pyridine complex182 on the peracetylated 

saccharide. Many other fluorinating reagents are routinely employed on a variety of precursors to give 

better chemoselectivity183 to prepare glycosyl donors useful for the synthesis of highly challenging 

natural oligosaccharides. Activation is achieved with SnCl2-AgClO4
184 in the absence of a C2-

participating group for a difficult 1,2-cis glycosylation, or with a mild Lewis acid such as BF3.Et2O185 for 

an orthogonal glycosylation strategy. Fluoride sugar donors proved to be more stable, even under 

silica gel chromatography, easy to prepare, and can be activate by several choices of available reagents 

with significant benefits for orthogonal and convergent synthesis. 

The third class of glycosyl halides is the iodide, which despite its high reactivity has been developed 

for its synthetic advantages in certain glycosylation reactions. Generally the iodide is formed from 

TMSI186 and activated under mild basic conditions to give the glycosides of interest with good 

selectivity. 

Despite the stability issues and heavy metal risk, chemists continue to explore and harness alternative 

combinations for glycosyl halides because of their efficacy, reactivity and stereochemical 

selectivity.187–189  

Thioglycosides 

Thioglycosides, first introduced half a century ago,190 have a number of benefits over other glycosyl 

donors, in particular orthogonal activation, chemoselectivity between similar functionalities with 

varying alkyl or aryl substituents, and a large number of options of thiolation agents available. 

Thioglycoside protecting groups in particular open opportunities for non-reducing-to-reducing and 

bidirectional iterative synthesis. The most frequently used method for their preparation involves 

selective transacetilization of anomeric acetates with thiols and BF3.OEt2 Lewis acid as catalyst, with 

good to excellent yields.  The recent work of Escopy, Singh and Demchenko demonstrated that triflic 

acid also catalyzes thioglycoside transacetalization with high reaction rates and product yields.191 
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Thioglycosides can be activated with a broad range of thiophilic promoters. A mixture of NIS and triflic 

acid192 or AgOTf193 is a well-known promoter system for glycosylation. Furthermore, triflic anhydride 

with different organosulfur compounds such as diphenylsulfoxide (Ph2SO),194 1-

benzenesulfinylpiperidine (BSP),195 benzenesulfinylmorpholine,196 or dimethyl(methylthio)sulfonium 

ion (DMTST)197 are currently in use. Heavy metals salts e.g. Hg2+, Cu2+, Ag+ are no longer recommended 

thiophilic promoters in practice because of the threat to both health and the environment, and have 

been largely replaced by halonium and sulfonium ions.190,198 Mild halonium promoters such as NBS,199 

nitrosyl tetrafluoroborate (NOBF4),200 Br2/AgOTf,201 iodonium dicollidine perchlorate (IDCP),202 

NBS/TfOH,203 iodosobenzene-PhIO/Tf2O,204 I2
205 and bis(pyridine)iodonium tetrafluoroborate 

(IPy2BF4)206 were thoroughly evaluated. Their compatibility for various protecting groups related to 

armed or disarmed precursors, reactivity with hindered acceptors, stereochemical control, 

orthogonality and interesting yield have all favored their practical application. A promoter system 

based on catalytic amounts of trityl tetrakis(pentafluorophenyl)borate TrB(C6F5)4 with a variety of co-

promoters such as: NIS/NBS,207 iodine (I2), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ),208 or N-

(ethylthio)phthalimide (PhthNSEt)209 can activate thioglycosides bearing different protecting groups, 

and their use has been well documented in oligosaccharide synthesis.  

In 2008 and 2011, Ye Xin-Shan and co-workers developed the novel bromodimethylsulfonium bromide 

(BDMS)210 and O,O-dimethylthiophosphonosulfenyl bromide (DMTPSB)211 in combination with silver 

triflate for the convenient activation of poorly reactive thioglycosides. Furthermore, Kaeothip, S., 

Yasomanee J. P., and Demchenko A. V. demonstrated the formation of disarmed β-bromide 

intermediate from thioglycoside using Br2, which exclusively results in ɑ-glycoside disaccharide in the 

glycosylation reaction, although in low yield.212 The very recent effort by Escopy et al. reported the 

activation of different thioglycosides by palladium (II) bromide in the presence of propargyl bromide 

as an additive that provides high yielding and clean glycosylation reactions.213 This is supported by 

mechanistic study that propargyl bromide assists the reaction by creating an ionizing complex 

intermediate, which expedites departure of the leaving group. Interestingly, the same group and 

others have independently demonstrated new activator protocols and or truncated donors in an effort 

to improve important features such as chemoselectivity, stereoselectivity, orthogonality, 

environmental safety and yield.214–217 

To replace most acid promoter combinations, Basu N. et al. reported that trichloroisocyanuric acid 

(TCCA), a readily available, inexpensive, and shelf-stable reagent, with a catalytic amount of TMSOTf 

successfully displaces thioglycoside leaving groups (SEt, SPh and S-pTol) to generate a glycosidic 

bond.218 A similar example employed N-(p-Methylphenylthio)-ɛ-caprolactam in combination with 

trimethylsilyl trifluoromethanesulfonate (TMSOTf) as a competent thiophilic promoter system, to 

activate different thioglycosides.219 In a recent publication by Carthy and Zhu, a promoter system N-

trifluoromethylthiosaccharin/TMSOTf was effective at chemoselectively activating ethyl thioglycoside 

donors over phenyl glycoside acceptors in the glycosylation reaction even with armed or disarmed 

systems. The new promoter system is thus a promising candidate for iterative one-pot oligosaccharide 

synthesis.220  

A lanthanide metal salt such as La(OTf)3 in the presence of NIS was found to serve as efficient 

promoters for disarmed thioglycosides in glycosylation reactions.221 The solid and moisture-tolerant 

salt is simple to handle and surpassed the traditional catalyst systems such as TfOH and TMSOTf. 

HClO4–silica as supported acid catalyst was also reported as an alternative to traditional Lewis acid 
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promoters for the activation of ‘disarmed’ thioglycosides in conjunction with NIS.222 This was used as 

milder and safer protic acid source. The practical effectiveness of a related H2SO4–silica system was 

demonstrated in the synthesis of an O-antigen related oligosaccharide.223 

Pohl and co-workers introduced a novel promoter-free glycosylation technique, that used sub-

stoichiometric amounts of triphenyl bismuth ditriflate [Ph3Bi(OTf)2] to activate various thiopropyl 

glycosides.224  The strength and solubility of bismuth(V) salts made it a superior catalyst for 

glycosylation, which obviates the need for additives or co-promoters. The method by Vibhute et al. 

employing 3mol% of AuCl3 catalyst to activate thioglycoside in a versatile and high-yielding 

methodology represents further progress in this direction.225 The air- and water stable iodonium salt 

phenyl(trifluoroethyl)-iodoniumtriflimide was reported to activate a diversity of armed/disarmed 

thioglycosides based for glycosylation at ambient temperature.226 In another perspective, efficient 

light-induced glycosylation by activation of thioglycosides with Umemoto’s reagent (a photoinduced 

CF3 radical source) in the presence of Cu(OTf)2 was reported by Moa et al.227 Additionally, 

electrochemical O-glycosylation of primary alcohol acceptors with thioglycoside donors using sodium 

trifluoromethansulfonate as a supporting electrolyte has been reported.228 

O-imidates 

O-imidates represent the most common glycosyl donors among carbohydrate chemists for the 

assembly of oligosaccharides. Their preparation is quite simple, and their stability, stereocontrol, cost 

effectiveness, high yields and versatility makes them the most accessible to less experienced chemists. 

Trichloroacetimidates are foremost in this category, dating back the first o-imidates developed by 

Schmidt in 1980.229 It has gained broad application due to its outstanding properties and generality. 

The N-methyl acetimidate230 reported by Sinay could be regarded as the first O-imidate to be 

developed, but sadly exhibited low reactivity and lengthy preparation. Other investigated O-imidates 

include trifluoroacetimidate231 and N-phenyl trifluoroacetmidates,232 which have shown some utility 

in certain cases. Schmidt’s trichloroacetimidates can be prepared in a straightforward addition of 

trichloroacetonitrile (Cl3CCN) to the anomeric hydroxyl group catalysed by either organic or inorganic 

base. The stereochemical outcome of this transformation is upon guided by the type of base used. 

Strong bases such as NaH, Cs2CO3 or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) leads to α anomer 
under thermodynamic control, whereas the use of mild base like K2CO3 favors formation of the β 
anomer under kinetic control.  

The activation is attained with a catalytic amount of Lewis acids such as BF3.OEt2 
233 or TMSOTf 234, 

TBDMSOTf,235 Tf2O,236 ZnBr,237 or AgOTf.238 Stereocontrol of the glycosylation can be achieved by C2-

anchimeric participation, axial addition to solvent-separated ion pairs (kinetic anomeric effect), or 

stereospecific substitution. The glycosylation of trichloroacetimidates bearing C2-participating groups 

to give the 1,2-trans glycoside is extremely reliable. In the absence of C2 participating group, 

trichloroacetimidate donors with stronger Lewis acid such as TMSOTf usually afford the -glycosides, 

while milder acids like BF3.OEt2 at a very low temperature yields the product resulting from an 

inversion of stereochemistry of the trichloroacetimidate via a stereospecific SN2-like mechanism. As 

discussed above, Lewis basic solvents and additives can play a strong role in improving the 

stereoselectivity. The effect of BF3.Et2O and TMSOTf for the activation of trichloro- or (N-

phenyl)trifluoro-acetimidate donors of various sugars at different temperature for the selective 

formation of glycosides in high yields, has been extensively explored.239 Later studies established that 

In(III) salts works even better than BF3.Et2O with trichloroacetimidates.240 Nonetheless, the border 
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between the SN1 and SN2 mechanisms (and no reaction at all) is a subtle one in acetal systems, and 

only experiment can validate the optimal reaction condition for a specific oligosaccharide synthesis. 

Adinolfi et al recently reported a mixture of iodine and triethylsilane for the convenient activation of 

disarmed glycosyl trichloro- and N-phenyl-trifluoroacetimidates.241 Similarly, glycosylation reaction of 

armed trichloroacetimidates was conducted with catalytic amount of lanthanide salts like Sm(OTf)3 

under mild conditions.242 The stereochemical outcome has been shown to be fine-tuned with suitable 

choice of solvent and temperature. Encouraged by this result, the same group successfully extended 

their findings to Sc(OTf)3, Tb(OTf)3 and Yb(OTf)3, particularly toward 1,2-trans glycosylation of 

disarmed donors.243 Furthermore, with a catalytic amount of Yb(OTf)3, glycosylation with glycosyl N-

phenyl-trifluoroacetmidate was accomplished at room temperature with a variety of donors.244 

Following on these results, a more efficient and fast glycosylation with a novel powerful promoter 

Bi(OTf)3 for perbenzylated trichloro/N-phenyl-trifluoroacetimidate donors can provide a more 

practical and less toxic solution along this path.245 

Linhardt and co-workers also showed how silica supported perchloric acid (HClO4–SiO2), optimized to 

a 100:3 molar ratio, could perform the glycosylation with trichloroacetimidates in excellent yields.246 

Apart from its convenience (moisture stable and easily accessible) and safety level, it was also 

demonstrated to enhanced ɑ-selectivity in glycosylation.247 The use of acid-washed molecular sieves 

(4Å, AW 300 MS)248 and Amberlyst 15H+ acidic resin249 were independently reported to strongly 

activate trichloroacetimidates. These recyclable promoters offer interesting opportunities to replace 

the traditional Lewis acids such as TMSOTf and BF3.Et2O. 

A highly β-selective mannosylation with the mannopyranosyl trichloro- and N-phenyltrifluoro-

acetimidates using TMSB(C6F5)4 as a catalyst that served dual purpose as Lewis acid and cation trap 

was demonstrated in good yields by Tanaka et al.250 The formation of a tight ion pair between the 

oxonium ion intermediate and the tetraarylborate anion leads to the particularly challenging -

mannose stereocheimistry. Gotze, Pizner and Kunz validated the potential of AuCl (5-10 mol%) 

catalyzed glycosylation for precurors bearing highly acid-sensitive groups with good 

stereoselectivity.251,252 Glycosylation with AuCl3 and or an AuCl3-phenylacetylene combination was 

studied for various trichloroacemidate glycosyl donors at room temperature with excellent β-

selectivity. The yield with AuCl3-phenylacetylene catalyst was superior to the single catalyst and acid 

sensitive groups remained unaffected by the transformation. A later contribution by Peng and Schmidt 

revealed a new conceptual strategy with AuCl3 as initiator for the formation of a catalyst-acceptor 

adduct through an intramolecular dual catalysis pathway for stereospecific glycosylation with 

trichloroacetimidates.253 

The development of a moisture-tolerant cationic palladium (II) complex, with commercial 

Pd(CH3CN)4(BF4)2 as an efficient activator for glycosylation with glycosyl trichloroacetimidate donors 

exerts an unusual stereoselective directing effect towards 1,2-trans glycosides in the absence of C2 

participating group.254 The strategy employed 5 mole % of the catalyst and formed excellent yields for 

a variety disaccharides and glycopeptides under mild conditions. The authors invoke a complexation 

of the palladium catalyst with the C2 oxygen as a rationale for the stereoselectivity in the glucose 

series. Zandanel expanded the panel of chemical reagents for construction of 1,2-trans-glycosides 

with permethacrylated Schmidt reagents promoted by TMSNTf2 in moderate yield.255 Just recently, a 

practical application of benzoylglycine/thiourea cooperative catalysis for stereospecific glycosylation 

via activation of O-glycosyl trichloroacetimidate donors has been demonstrated by Dubey et al with 
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strong effect on the reaction rate, yield, and the stereospecificity.256 The amino acid-derived N 

benzoylglycine in the presence of Schreiner's thiourea is used as a protic acid catalyst for O–
glycosylation under mild reaction conditions at ambient temperature.  

The issue of recyclability, environmental impact, and cost effectiveness of so many of the reagents 

used in carbohydrate synthesis is addressed by photo-induced glycosylation, which has enticed 

attention for applications in chemical glycobiology in recent years. Though in its infancy, Iwata et al 

have shown that activation by naphthol photoacids under photoirradiation of glycosyl 

trichloroacetimidates donors can be a powerful and efficient tool to further advance carbohydrate 

synthesis.257 The related work by Liu et al in 2020 further showcases visible light activation of glycosyl 

trichloroacetimidates donors with eosin Y as an organophotoacid.258 Photocatalysis has yielded 

positive results and will hopefully be extended to future oligosaccharide synthesis.  

Solvent effects 

Solvent is inherently a factor that drives many chemical reactions. Effective solvolysis is rather critical 

for a molecule to interact at the reaction interface that will eventually deliver the product of the 

system in many organic syntheses. The choice of solvent plays an important role in achieving 

stereocontrolled glycosylation. In a general solvation sense, polar reaction solvents will increase the 

rate of glycosylation via a stereoselective SN1 type mechanism by stabilizing the charge separation 

between O-5 and β-O-1 while a stereospecific SN2 type mechanism is favored by nonpolar solvents. 

The solvent will in particular play a key role in differentiating between a glycosylation via a tight ion 

pair and a solvent-separated ion pair. Less polar solvents may also favor anchimeric C2 participation 

in 1,2-tans glycosylation. 

An unusually strong solvent effect is observed on the stereochemical outcome of many glycosylation 

reactions and the solvent is a major parameter in improving stereocontrol.259 This effect is of particular 

importance in the absence of C2 participation, to control the more challenging 1,2-cis glycoside 

formation. Ordinarily, non-polar solvent such as DCM, dichloroethane or toluene favor the ɑ-

glycosylation product through stereospecific substitution, while more polar solvents such as 

acetonitrile and diethyl ether260 show opposing effects, with the former favoring the equatorial O-

glycoside, and the latter the axial product. With more sterically demanding ether solvents including 

diethyl ether, tetrahydrofuran261 or dioxane,262 the presence of a solvent molecule preferentially at 

the equatorial position in the transition state directs the nucleophilic attack by the acceptor towards 

the axial position.263 This is the basis for 1,2-cis glycosylation bond formation with solvent 

participation. Conversely, the sterically undemanding linear acetonitrile generates an axial nitrilium 

intermediate hindering the axial approach by the acceptor and leads to - glycosides. Other solvent 

system, for instance nitromethane, afforded similarly strong effects.264 

Additives 

Other chemical additives are sometimes introduced in addition to promoters and catalysts to take 

part in the reaction and provide an assistance for controlling the mechanism and in particular the 

stereoselectivity of the glycosylation reaction. Several probes have been explored over the years to 

fine-tune the reactivity of one of the substrates for an expeditious and controlled synthesis, such as 

amides and formamides,265–267 iodide derivatives,268–270 phosphine oxides,271,272 sulfides273,274 and 

sulforxide/sulfinamides.275,276 In a very recent application, Wang L. et al 2018 demonstrated the use 

of a combination of trimethylsilyltriflate and DMF, which acts as an exogenous nucleophile for the 
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stereoselective construction of an α-glucosyl linkages to a secondary alcohol with a per-benzylated 

glucosyl trichloroacetimidate donor. Activation of the same imidate donor with trimethylsilyl iodide 

in the presence of triphenylphosphine oxide allows for the stereoselective 1,2-cis-glucosylation of 

primary alcohols.277 The pioneering effort of Park J. et al. group disclosed the efficient formation of 

stereoselective glycosylation of 2-azido-2-deoxy-glucoside by sulfonium ion intermediates: 

Glycosylation of 2-azido-2-deoxy-glycosyl trichloroacetimidate activated by TMSOTf afforded 

excellent ɑ-anomeric selectivity at higher temperatures in the presence of thiophene as an additive.273 

Mechanistic and computational studies provided strong evidence that the β-sulfonium ion is displaced 

by the attacking nucleophile from the acceptor when the trichloroacetimidate is activated in the 

presence of  PhSEt, favoring predominantly the ɑ-glycoside.  

Temperature 

Temperature plays a particularly critical role in glycosylation reactions. Its primary influence is in 

determining the selectivity based on the difference in enthalpy between the transition state for the 

favorable or unfavorable product. Another argument is that an intermolecular hydrogen bond 

between the two substrates at low temperature may be a contributing factor affecting the kinetics 

and stereochemical outcome of glycosylation.278 In addition, temperature will play a key role in 

switching between SN2, tight-ion pair, and solvent-separated ion pair mechanisms. Either the 1,2-trans 

or 1,2-cis product may be favored by lower temperatures.279–282,283,284 It is generally necessary to 

investigate the optimal temperature for each sugar condensations, a hurdle that needs careful 

screening to minimize time, resources and effort. 

Purification 

Purification is the most time-consuming part of oligosaccharide synthesis. The desired coupled 

product needs to be separated from the unreacted glycosyl acceptor, the hydrolyzed glycosyl donor 

(usually as a mixture of anomers), the by-product of the activating group (e.g., trichloroacetamide, 

disulfide compounds, etc.), degradation products, and other reaction components, with no large 

difference in polarity between them. The stereocontrol of the glycosylation step is not always perfect, 

in which case the product must also be separated from its anomer, which tends to be difficult. It is 

often necessary to perform multiple purifications to isolate the product in acceptable purity. In 

addition, there are typically a large number of regioselective protection steps to make the precursors, 

which adds considerably to the number of purifications. 

Automated and accelerated carbohydrate synthesis 

The considerable progress in oligosaccharide synthesis over the last thirty years has made the 

synthesis of complex, biologically relevant oligosaccharides accessible to organic chemists by chemical 

and enzymatic routes,285,286 including the industrial syntheses of complex, chemically defined 

carbohydrate drugs that are currently on the market as anticoagulants287 and vaccines.80 The 

carbohydrate community has convincingly demonstrated that it can make oligosaccharides. While 

many opportunities remain in developing ever more efficient and stereoselective reaction conditions, 

much of the progress to be made is in accelerating the process, so that new complex defined 

carbohydrates can be prepared in months rather than 5-10 years. The work of Seeberger et al. and 

others in developing solid-phase oligosaccharide synthesis is a key step in that direction,288 but, 

despite the strong results shown by solid-state oligosaccharide synthesis, this methodology is not yet 

accessible to the average non-carbohydrate research group, unlike solid-phase peptide or 
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oligonucleotide synthesis. There are several aspects of carbohydrate synthesis that make automation 

on solid-state particularly challenging: 

 Reaction conditions for the key glycosylation step are highly variable, are typically run at low 

temperatures in the presence of highly reactive Lewis acids and are rather temperamental. Unlike 

peptide and nucleotide synthesis, where there are a few broadly applicable reaction conditions, there 

are many glycosylation conditions, and more are constantly being developed. Functional group 

chemistry is a first approximation, and the idea that the activated acetal group of the glycosyl donor 

and the alcohol of the glycosyl acceptor will react in the same way regardless of the rest of the 

carbohydrate molecule is not always supported by experimental results.  

 There are complex issues of regiochemistry and stereochemistry that do not exist in peptide 

and nucleotide chemistry. The mantra of carbohydrate chemists is that there is one peptide sequence 

Ala-Ala-Ala; there is one nucleotide sequence AAA; there are 832 different trisaccharides Gal-Gal-Gal. 

Unlike phosphodiester and amide-forming reactions, the glycosylation reaction creates a new 

stereocenter, the control of which is of central concern in oligosaccharide synthesis. 

 Protecting groups play a highly strategic role in carbohydrate synthesis, far beyond the typical 

temporary capping of a functional group.97 In chemical oligosaccharide synthesis, the issue of 

regiochemistry is ultimately solved through protecting groups, and it is, therefore, necessary to 

control the regioselectivity of the protection steps. The structural variety of oligosaccharides requires 

a panel of varyingly orthogonal protecting groups: terminal, late-stage, and iterative protecting 

groups, as well as activatable protecting groups for the anomeric position. The nature of the 

protecting group, in particular at the C2 position, plays a key role in the stereoselectivity of the 

glycosylation reaction. The protection conditions, deprotection conditions, and regioselectivity in the 

protection steps all need to be taken into account in the choice of protecting groups. There is, 

therefore, no single universal set of protecting groups that are used for carbohydrate synthesis. 

 While progress in the field of solid-state carbohydrate synthesis will require, and therefore 

will drive considerable progress in our understanding of carbohydrate chemistry and heterogeneous 

phase reactions, fluorous tag methodology offers another powerful tool for automated 

oligosaccharide synthesis. By using fluorous tagged protecting groups, this methodology can be 

adapted in a straightforward manner to existing synthetic approaches. Fluorous analogs of many 

protecting groups used in carbohydrate synthesis are available for the synthesis of fluorous 

monosaccharide precursors, with relatively similar stabilities, protection and deprotection conditions, 

and regiochemical behavior to the traditional protecting groups. In short, while automated solid-state 

and F-tag carbohydrate synthesis will soon bring oligosaccharide synthesis to non-carbohydrate 

groups, in a more immediate sense, F-Tag synthesis can also bring accelerated synthesis to 

carbohydrate groups.  

 Oligosaccharide synthesis is therefore a particularly opportune application for fluorous tag 

assisted synthesis. An overview of F-tagged carbohydrate synthesis is provided in the next chapter to 

show both the progress and the opportunities in this field. In this thesis, we will apply fluorous tag 

methodology towards the synthesis of two vaccine-related targets, the E. coli 0142 antigens and the 

peptidoglycan fragment tracheal cytotoxin (TCT), which can be classified as an adjuvant because of its 

stimulating effects on the immune system (Figure 7). More specifically, we will investigate fluorous-

tagged non-reducing to reducing iterative synthesis of oligomers of glucosamine and galactosamine. 
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Amino sugars are a particular challenge in oligosaccharide synthesis due to their poor solubility and 

reactivity. 

                 

       Tracheal cytotoxin (TCT)                     E. coli O142 O-antigen polysaccharide            

    Figure 7: Structure of TCT and O142 O-antigen. 
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CHAPTER TWO: Synthesis of Novel F-tag Glycosyl Building Blocks 

INTRODUCTION 

Many factors contribute to the relative difficulty in making oligosaccharides compared to producing 

other biopolymers. Unlike an amide or phosphate diester bond formation, the synthesis of a glycosidic 

bond results in a new stereocenter that is often difficult to control. The syntheses of glycosyl building 

blocks require many reaction steps—far more than are required for protecting amino acid building 

blocks for instance. It is often necessary to synthesize large numbers and quantities of precursors to 

allow for optimization studies in order to develop an efficient synthetic route to complex 

oligosaccharides for biological applications.  

Fluorous tag synthesis offers a simplified purification protocol to reduce synthetic manipulations and 

improve yields, originally by liquid-liquid extraction for heavy fluorous-tagged scaffolds and more 

recently by solid phase extraction on stationary fluorous silica gel for fast and effective isolation of 

less heavily fluorinated molecules. An overview of F-tagged carbohydrate synthesis is provided here 

to show both the progress and the opportunities in this field.  

APPLICATIONS OF FLUOROUS TAG METHODOLOGY IN CARBOHYDRATE SYNTHESIS 

Fluorous-assisted synthesis is a strategy for performing stoichiometric or catalytic chemical 

conversions based on the limited miscibility of partially or fully fluorinated compounds in 

nonfluorinated media.289 It permits easy isolation of the fluorous compound from complex reaction 

mixtures and combines the advantages of solid- and liquid-phase synthesis.290–292 In practice, several 

parameters need to be adjusted to apply fluorous synthesis effectively. These include the availability 

of fluorous tagging groups, the number of fluorines required to render organic molecules "fluorous," 

and the overall efficacy with which fluorous substrates react in organic transformations. Over the 

years, many different incarnations of fluorous technology have appeared, each presenting advantages 

in particular contexts. 

Horváth and Rábai, in the early 90s', developed a fluorous biphasic reaction system (FBS) consisting of 

a fluorous phase containing a dissolved reagent or catalyst and another phase, which could be any 

common organic or aqueous solvent with limited solubility in the fluorous phase.293 Under vigorous 

stirring and or at higher temperatures, the fluorous and non-fluorous components become sufficiently 

miscible for the reaction to proceed efficiently. Upon cooling, there is complete separation of the 

fluorous and non-fluorous partners. In the case of a fluorous catalyst, the organic product can be 

decanted off, and the catalyst can be efficiently recycled. A variety of fluorous solvents with different 

miscibility, physical properties, and solvent properties are available. The ability to completely separate 

a catalyst or a reagent from the products under mild conditions can lead to industrial applications in 

homogeneous catalysis and the development of more environmentally benign processes. A significant 

number of fluorous chains are needed to entice otherwise organic molecules or transition metal 

complexes to partition into a fluorous phase to the extent necessary to avoid leaching of the catalyst. 

Still, the high molecular weights associated with heavy fluorous molecules are not detrimental, 

provided that the fluorous catalysts are efficient and can therefore be used in low molar ratios.294 

Dennis P. Curran and co-workers in another incarnation demonstrated in the late 1990s that the 

starting material of a multistep synthesis could be labeled with a fluorous "tag," the reaction sequence 

could be run under standard conditions in organic solvents, and the final products could be extracted 
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into a fluorous layer by liquid-liquid extraction (Fig 8). The use of this approach for conducting and 

purifying multicomponent reactions illustrated the power of the fluorous approach.295 Thus, 

successfully combining the experimental conditions of traditional organic synthesis in solution with 

the ease of purification of solid-phase synthesis provided a broadly applicable method for synthesizing 

small molecules. 

 
Figure 8: Different variations of fluorous synthesis 

Fluorous biphasic synthesis (FBS) and fluorous liquid-liquid extraction (FLLE) require "heavy fluorous 

chain" tags leading to compounds with about 60% fluorine by molecular weight to ensure complete 

partitioning into the fluorous layer and efficient liquid extraction in organic/fluorous biphasic or 

aqueous/organic/fluorous triphasic systems. On the other hand, many methods have been developed 

based on "light fluorous tagged" protecting groups, with 40% fluorine or less by molecular weight 

relying on a fluorous stationary phase rather than liquid-liquid extraction. 

Compounds labeled with light fluorous could be recovered with excellent purity by solid/liquid 

separation, first evolved as fluorous solid-phase extraction (FSPE),296 as an alternative to the 

liquid/liquid approach. FSPE in combination with light fluorous molecules (C3F7 to C10F21) has become 

the most widely used isolation technique. FSPE of heavy fluorous compounds can also be an attractive 

tool for its more robust separation and because water-free fluorophobic solvents can be used to elute 

the organic fraction. Although SPE has long been popular in chemical analysis, solid-phase extraction 

is increasingly used in chemical synthesis due to its relative simplicity and separation power. In FSPE, 

a crude mixture of fluorous, organic, and inorganic compounds is loaded onto fluorous silica gel and 

eluted in a first- pass with a "fluorophobic" solvent. The fluorous material adsorbs onto the column 

while the organic and inorganic materials elute with or near the solvent front. A second-pass elution 

with a "fluorophilic" solvent then elutes the fluorous compound in a single fraction or in several 

fractions. Apart from its simplicity, the FSPE procedure is attractive because no fluorous solvent is 

needed for either the reaction or the separation, and because the fluorous silica is robust and 

reusable. FSPE features high loading levels (sometimes 10% or more), and generally, only two 

fractions–organic and fluorous–are collected.  
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At the other extreme of chromatographic resolution, fluorous HPLC has been used to separate 

mixtures of fluorous-tagged compounds on a stationary phase bearing fluorocarbon chains in a high 

pressure/performance liquid chromatography mode. Several trademarks for these columns, such as 

Fluofix®, Fluoroflash™ among others, are available, many of which show broad utility for the chemical 

analysis of organic or biological molecules beyond fluorous synthesis.291,297–302 Fluorous columns 

present a significantly superior power for purifying mixtures of fluorous compounds (heavy and light 

fluorous, organic..) relative to standard reverse-phase columns. The more common pentafluorophenyl 

(PFP) columns can provide an intermediate compromise that combines fluorous and hydrophobic 

affinities.303 The significant retention affinity of fluorous motifs allows the efficient separation of 

multiple or differentially fluorous tagged compounds. For example, Curran and co-workers reported 

the separation of differentially F-tagged mappicine libraries prepared by a "split and pool" 

approach.304 Fluorous HPLC cleanly separated the different components based on fluorine content.  

 Fluorous flash chromatography bridges the gap between fluorous SPE and fluorous HPLC.294,305 

Fluorous phase silica gel is prepared by silylation of standard silica gel with ClSi(Me)2CH2CH2C6F13.306 It 

has a far higher affinity for fluorous compounds relative to organic compounds. Fluorous 

chromatography may be conducted on SPE cartridges with lower loading by collecting and analyzing 

several fractions,294 or preparatively by column chromatography. The successful purification of 

fluorinated compounds by column chromatography on fluorous reverse-phase silica gel predates 

Dennis P. Curran's report,306,307 but it can be particularly beneficial in the context of F-tag-assisted 

synthesis.  

 These innovations have led to the development over the years of readily accessible and 

versatile tagging reagents containing perfluoroalkyl chains. In particular, fluorous protecting groups 

such as fluorous benzyloxycarbonyl (F-Cbz),308,309 F-t-butyloxycarbonyl (F-Boc),310 F-

methylsulfonylethoxycarbonyl (F-Msc),311 F-benzyl,312 F-silyl,313 F-alkoxy ethyl ether,314 F-t-butyl,315,316 

F-p-methoxybenzyl (F-PMB),316 F-trialkoxybenzhydryl (F-Rink-type),316,317 F-propionate (Bpf),318,319 

among others,320 were reported in the literature to provide convenient F-Tags for fluorous synthesis. 

The fluorous chain is typically isolated from the reacting functional group by two or three methylene 

groups to maintain the reactivity of the corresponding non-fluorous protecting groups. 

The attractive qualities of light tag fluorous synthesis were outlined by W. Zhang:321 

1  Fluorous tag is inert to chemical reactions and has minimal effect on the attached molecules' 

reactivity. 

2  The solubility of the fluorous molecules in organic solvents may be equal or better than the 

untagged molecules because of the perfluoroalkyl chain's lipophilicity. 

3 Homogeneous reactions in organic solvents are faster than polymer-bound heterogeneous 

reactions. 

4 Literature reaction conditions can be applied with little or no modification. 

5  A large excess of fluorous reagent is not required in most cases. 

6  The measure of the stoichiometry of fluorous compounds is easier to determine accurately 

compared to immobilized compounds. 
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7 The reaction progress can be monitored by conventional analytical methods such as TLC, 

HPLC, MS, IR, and NMR. 

8 Both intermediates and final products can be purified either by fluorous methods or by normal 

and reverse-phase chromatography. 

9 Scale-up and automation are possible. 

F-tags in carbohydrate synthesis 

Over the last thirty years, the remarkable progress in oligosaccharide synthesis has made the synthesis 

of complex, biologically relevant oligosaccharides accessible to organic chemists by chemical and 

enzymatic routes,285,286 including the industrial syntheses of complex, chemically defined 

carbohydrate drugs that are currently on the market as anticoagulants287 and vaccines.80 The 

carbohydrate community has convincingly demonstrated its ability to produce complex 

oligosaccharides. Much of the progress is thus accelerating the process, so that newly defined 

carbohydrates can be prepared in 6-12 months rather than 5-10 years. Developing solid-phase 

oligosaccharide synthesis is a crucial step in this direction,288 but, despite the strong results shown by 

solid-state oligosaccharide synthesis, this methodology requires considerable expertise and 

optimization, and is therefore not yet accessible to the average non-carbohydrate research group, 

unlike solid-phase peptide or oligonucleotide synthesis. In addition, there are several aspects of 

carbohydrate synthesis that make it particularly challenging: 

 Finding optimal reaction conditions for the glycosylation step requires exhaustive 

experimentation. Reactions are typically run at low temperatures in the presence of highly reactive 

Lewis acids and are somewhat temperamental. Unlike peptide and nucleotide synthesis, where there 

are a few broadly applicable reaction conditions, there are a wide variety of glycosylation conditions, 

and many more need to be developed for general application. Functional group chemistry is a first 

approximation. The idea that the glycosyl donor's activated acetal group and the glycosyl acceptor's 

alcohol will react in the same way regardless of the rest of the carbohydrate molecule is not supported 

by the experimental results.  

 The central role of protecting groups in carbohydrate synthesis cannot be overemphasized, 

far beyond the typical temporary capping of a functional group.97 The issue of regiochemistry is 

ultimately solved through protecting groups in chemical oligosaccharide synthesis, and a full panoply 

of orthogonal terminal, late stage, iterative and C2-directing groups are required. A detailed 

knowledge of each protecting group is also necessary to control the regioselectivity of the protection 

steps. There is, therefore, no single set of protecting groups that are universally used for carbohydrate 

synthesis. 

 Purification is the most time-consuming part of oligosaccharide synthesis. It is necessary to 

separate the desired coupled product from the unreacted glycosyl acceptor, the hydrolyzed glycosyl 

donor (usually as a mixture of anomers), the by-product of the activating group (e.g., 

trichloroacetamide, disulfide compounds, etc.), degradation products, and other reaction 

components, with no large difference in polarity between them. Controlling the stereochemistry of 

the glycosylation step is not always perfect, in which case the product must also be separated from its 

anomer, which tends to be particularly challenging. It is often necessary to perform multiple 

purifications to isolate the product in acceptable purity. In addition, there are typically many 
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regioselective protection steps to make the precursors, which adds considerably to the number of 

purifications to be performed. 

 Fluorous tag methodology using fluorous tag protecting groups is a robust tool for 

oligosaccharide synthesis. It can be applied in a straightforward way to existing synthetic approaches. 

Fluorous analogs of many protecting groups used in carbohydrate synthesis are available to synthesize 

fluorous monosaccharide precursors, with relatively similar stabilities, protection and deprotection 

conditions, and regiochemical behavior to the traditional protecting groups. In short, while automated 

solid-state and F-tag carbohydrate synthesis will eventually bring oligosaccharide synthesis to non-

carbohydrate groups, in a more immediate sense, F-Tag synthesis can also bring accelerated synthesis 

to carbohydrate groups.  

 Oligosaccharide synthesis is, therefore, a particularly suitable application for fluorous-tag-

assisted synthesis. An overview of F-tagged carbohydrate synthesis is provided below with a focus on 

the aspects related to carbohydrate synthesis rather than on the preparation of the F-tags, which 

generally involve relatively accessible chemistry and has been discussed elsewhere.97 The choice of 

fluorous tag and synthetic strategy will be the principal subject, and although some experimental 

details are provided in the discussion to emphasize their similarity to traditional carbohydrate 

chemistry, complete synthetic schemes are not provided here, but can be found in the published 

review provided in the appendix.322 

Anomeric fluorous tags 

Installing a fluorous tag at the anomeric position of the reducing sugar is a strategy for reducing-to-

non-reducing iterative oligosaccharide synthesis with a single fluorous tag to efficiently separate the 

fluorous tagged oligosaccharide from the residual glycosyl donor and reaction by-products at each 

step. The fluorous tag methodology will generally not separate the coupled product from the 

uncoupled glycosyl acceptor. Hence, as in solid-phase synthesis, it is necessary to push the coupling 

reaction to completion; however, in contrast to solid-phase synthesis, this is usually possible with a 

few equivalents of the glycosyl donor and recycling through the reaction conditions once or twice. The 

reducing sugar anomeric tag has been the most widely used option, by analogy to solid-phase 

synthesis, as this position will not be involved in glycosylation reactions, by definition. The anomeric 

tag can be removed at the end of the synthesis or may serve as a linker for immobilization. 

Cleavable anomeric fluorous tags 

Mizuno and co-workers developed the "tag and sacrificial linker" concept to develop recyclable heavy 

fluorous tags for oligosaccharide and peptide synthesis using liquid-liquid fluorous extraction (Fig 9). 

The first example used a benzyl-type linker to efficiently introduce a hexakis(fluorous chain) alcohol 

and perform reducing-to-non-reducing synthesis.323 Glycosylation of the linker with a 2.0-fold excess 

of the phenyl tri-O-benzyl-6-O-Fmoc-thioglucoside donor, in the presence of N-iodosuccinimide (NIS) 

and triflic acid (TfOH) in dichloromethane - ethyl perfluorobutyl ether mixture, followed by 

deprotection of the Fmoc iterative protecting group gave the heavy F-tagged glycosyl acceptor. The 

reaction with a 2.0-fold excess of thioglycoside donor under the same conditions afforded the fluorous 

disaccharide 1, thus setting the basis for iterative reducing-to-non-reducing oligosaccharide synthesis. 

Each fluorous intermediate was isolated directly by a simple partitioning between FC72/MeOH or 

MeCN mixtures. The fluorous tag was cleaved by treatment with NaOMe and the heavy fluorous tag 

could be recovered in 91% yield with an FC72/MeOH partition system. After silica-gel column 
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chromatographic purification of the crude MeOH extract, the disaccharide was obtained at 56% 

overall yield.  

 The same group came up with a nearly related glutarate-linked anomeric ester heavy fluorous 

tag, hexakisfluorous chain-type butanoyl (Hfb) for the efficient iterative oligosaccharide assembly and 

recycling of the F-Tag, as demonstrated by the synthesis of the trisaccharide 2 using the 6-O-TBDPS 

group as the iterative protecting group, under similar conditions to those used above.324 ɑ-selectivity 

was enhanced using the tribenzyl 6-O-Fmoc iterative group and each synthetic intermediate could be 

monitored by TLC, NMR, and mass spectrometry. In addition, the use of the Hfb allows rapid 

purification of synthetic intermediates by partitioning between fluorous and organic solvents. 

 
Figure 9: Anomeric heavy-fluorous tagged glycosyl acceptors for reducing-to-non-reducing oligosaccharide synthesis. 

 Goto and Mizuno developed a dihydroquinone linker, a heavy fluorous tag derived from meso-

erythritol linked at the anomeric center to prepare a disaccharide unit 3325 (Fig 10). Fluorous–organic 

solvent partition efficiently isolated the fluorous synthetic intermediates. Unfortunately, the proton 

NMR signals from the tag’s meso-erythritol scaffold interfered with those of the sugar ring, 

complicating structure elucidation. In the same vein from the Mizuno group, chemical modification of 

an acid-resistant all-carbon-linked heavy fluorous tag via a bis-allylic alcohol was reported by Fukuda 

et al for the synthesis of disaccharide 4.326 Fluorous liquid-liquid extraction simplified the synthetic 

schemes by allowing fast purification and high isolated yields. The anomeric fluorous tag was removed 

by Pd(PPh3)4, and the initial heavy fluorous tag was efficiently recovered (>90% yield) along with free 

anomeric sugar. Many additional fluorous tags were inspired by these precedents.327,328 These results 

collectively establish the basis for efficient reducing-to-non-reducing iterative oligosaccharide 

synthesis by liquid-liquid extraction using heavy F-tags, which may find optimal applications in an 

industrial context, where the fluorous solvents can be handled and recycled efficiently.329  
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Figure 10: Dihydroquinone and allyl-linked anomeric heavy-fluorous tagged glycosyl acceptors for reducing-to-non-

reducing oligosaccharide synthesis. 

 An acid and base-stable light fluorous silyl ether tag developed by Rover and Wipf 313 has found 

application in the fluorous oligosaccharide synthesis reported by Manzoni et al.330,331(Fig 11). The 

fluorous silyl group was installed at the anomeric position of a glucosamine building block to 

synthesize disaccharide 5 and the Lewis a trisaccharide 6. Convenient TLC and MALDI MS reaction 

monitoring allowed the protection and coupling reactions to be driven to completion by multiple 

cycles. Coupling the β-trichloroacetimidate of galactose tetraacetate with 0.1 eq TMSOTf at -30 oC on 

the F-tagged glycosyl acceptor gave the -disaccharide 5 in 78% yield after two cycles. After a similar 

coupling using the related Troc-protected glucosamine, regioselective reductive opening of the 

benzylidene group with triethylsilane, trifluoroacetic acid and trifluoroacetic anhydride and coupling 

with the 2-O-benzyl-3,4-O-acetylfucose trichloroacetimidate under similar conditions gave the 

trisaccharide 6. The F-Tag was removed with TBAF to afford the Lewis a trisaccharide. The fluorous 

tag dramatically accelerated the synthesis of the trisaccharide by reducing the purification procedures 

to a simple fluorous solid-phase extraction, providing the trisaccharide in seven steps and 23% overall 

yield, average 81% per step, in only 3 days. 

 
Figure 11: Reducing-to-non-reducing oligosaccharide synthesis of the Lewis a trisaccharide using light-fluorous tagged 

anomeric O-silyl glycosyl acceptor. 

 Pohl and co-workers reported the automated iterative reducing to the non-reducing fluorous 

synthesis of polymannoside and polyrhamnoside oligosaccharides using a light fluorous allyl anomeric 

protecting group tag.332–334 Synthesis of linear 7 and branched mannose 8 oligosaccharides employing 

allyl anomeric fluorous-tag along with reaction conditions and FSPE protocols amenable to 

automation was demonstrated by Jaipuri and Pohl335 (Fig 12). The tag permitted fluorous SPE 

purification of all intermediates and was cleaved under standard palladium-mediated deallylation 

conditions. Multiple glycosylations with the 2-O-acetyl-tri-O-benzylmannose trichloroacetamidate in 

the presence of TMSOTf in dichloromethane at 5 oC and methanolysis of the iterative C-2 acetyl group 

in the crude SPE methanol extract delivered the tetra-ɑ-mannoside oligosaccharide 7 in 79% overall 

yield using only a total of 7 equivalents of the trichloroacetimidate donor. A more complex branched 

oligomannoside 8 was synthesized using an orthogonally protected 2-O-pivaloyl-3-O-levulonoyl-4-O-

benzyl-6-O-TBDPS glycosyl donor (Fig 12). The linker design improved the solubility in the reaction 

solvent and aqueous-organic solvent for purification protocol as a simple handle to facilitates scale-

up. Kohout and Pohl recently reported the automated synthesis of alpha(1→2),(1→3) L-rhamnan, and 

L-rhamnan sulfate fragments, e.g., 9.334 As solution-phase fluorous-tag-assisted chemistry evolves, 
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automation for robust and rapid oligosaccharide assembly will provide a solution to the demand for 

biologically relevant oligosaccharides. 

  
Figure 12: Anomeric light-fluorous tagged glycosyl acceptors for automated reducing-to-non-reducing oligosaccharide 

synthesis of oligomannans and rhamnans. 

 Using a β-directing C-5 carboxylate manuronate strategy, a fully automated solution-phase 

synthesis of the challenging β-(1→2); 10, β-(1→3); 11, and β-(1→6); 12-mannan oligomers was 

achieved by Tang and Pohl336 (Fig 12). The conjugation of the F-tag allyl alcohol with the 

trichloroacetimidate of methyl di-O-benzylmanuronate bearing a p-methoxybenzyl group at either the 

2-O- or 3-O- position was the starting point, catalyzed by TMSOTf at −20 °C. After 30 min, the solvent 
was removed and a ceric ammonium nitrate (CAN) solution in MeCN/H2O (1/9) was added to the 

mixture and vortexed for 1h to remove the iterative p-methoxybenzyl group. TLC confirmed the 

complete reaction, and the mixture was robotically transferred to the SPE station for FSPE purification. 

After the FSPE, the purified product underwent another glycosylation–deprotection–FSPE cycle, and 

the crude product was transferred from the synthesis platform and purified manually to afford the 

desired β(1→2) or β(1→3)-linked mannose oligosaccharides 10 and 11. The β(1→6)-oligomannoside 

12 was obtained similarly by reducing the ester group in place of CAN deprotection. The tags were 

removed by hydrogenation on palladium/C along with the terminal benzyl protecting groups. The 

methodology significantly improved the glycosylation reactions and thus limited the number of 

equivalents of glycosyl donor needed compared to solid-state synthesis, thereby considerably 

reducing the cost of oligosaccharide synthesis. 

 In a recent methodology paper, Kabotso and Pohl reported using a pentavalent bismuth 

complex to activate thioglycosides, which they exemplified utilizing a variety of anomeric fluorous 

tags.337 For example, a sialic acid thiophenyl glycoside was coupled to a dihydroquinone-linked 

fluorous tag in the presence of Ph3Bi(OTf)2 and isopropylthiol at room temperature to provide the 

fluorous sialic acid derivative 13. Although the reaction was somewhat sluggish, the stereoselectivity 

was high. Similarly, coupling adamantyl tetra-O-acetylthioglucoside under the same conditions 

provided the anomeric fluorous benzyl glucoside; deacetylation, tritylation, benzylation, and removal 

of the trityl group provided the fluorous glycosyl acceptor, which was coupled with a tri-O-benzoyl 

galacturonic acid thiopropyl glycoside donor under the same conditions to give the disaccharide 14. 

FSPE and MPLC efficiently purified all intermediates. The preparation of the disaccharide 15 using the 

bis-allyl linked fluorous tag bearing an iterative levulinate protecting group clearly shows the potential 

for iterative reducing-to-non-reducing oligosaccharide synthesis (Fig 13). 
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Figure 13: Anomeric F-tags for the synthesis of sialic acid and lacturonic acid derivatives 

 The Boons group has developed several efficient fluorous-tag-assisted syntheses of complex 

oligosaccharides. Zong et al. reported the modular, convergent synthesis of defined heparan sulfate 

fragments 17a,b (Fig 14) using an anomeric aminopentyl linker protected by a perfluorodecyl-tagged 

benzyloxycarbonyl group.338 Coupling the F-tagged aminopentyl alcohol to the trifluoro-N-

phenylacetamidate of the L-iduronic acid – D-azidoglucose disaccharide gave the F-tagged 

disaccharide 16 bearing late-stage levulinyl groups for installation of the sulfate groups and an Fmoc 

iterative protecting group. Deprotection of the iterative Fmoc and coupling to the same disaccharide 

donor in the presence of triflic acid in dichloromethane at -20 oC gives the suitably protected 

tetrasaccharide in 72% yield after one recycle, with excellent ɑ-stereoselectivity. Deprotection of the 

levulinate groups, sulfation with SO3-pyridine, saponification of the ester groups and the Fmoc group, 

Staudinger reduction of the azido groups to the amines, and either sulfation or acetylation provides 

the heparan sulfate tetrasaccharides 17a and 17b, which were subsequently debenzylated by 

hydrogenolysis. The F-tag allowed the authors to drive reactions to completion by recycling and 

simplified the notoriously difficult purification of these compounds, particularly the late stages of 

installing the sulfate and carboxylate groups. The use of trifluoroethanol to avoid the formation of 

micelles is noteworthy. This approach greatly simplified the synthesis due to improved selectivity, 

lower reagent use, facile purification, and the final steps of modifying the target molecule and set the 

basis for fluorous-tag assisted synthesis of defined heparan sulfate oligosaccharides. 

 In another important advance, Huang, Gao and Boons reported the synthesis of the highly 

complex, biologically relevant branched hexasaccharide moiety 18 of the GPI anchor of Trypanosoma 

brucei using a benzyl fluorous-tag at the anomeric position of the reducing sugar.339 The other 

anomeric configurations were controlled using complementary anchimeric C2-participations, with C-

2 pyrano[1,4]oxathiane glycosyl donors such as 19 to introduce 1,2-cis-glycosides and C-2 acetyl 

groups for 1,2-trans-glycosides. The light fluorous benzyl alcohol tag was glycosylated with the 

reducing mannose thioglycoside donor bearing a C2-directing acetyl group and orthogonal 

naphthylmethyl ether and levulinate iterative protecting groups. DDQ deprotection of the 

naphthylmethyl group and glycosylation with the oxidized oxathiane donor 19, a stoichiometric 

amount of triflic anhydride and 1,3,5-trimethoxybenzene in the presence of 2,6-di-tert-butyl-4-

methylpyridine in DCM at -40 oC gave the Gal-ɑ(1→3)Man disaccharide, thanks to the anchiomeric 

participation of the C2 group. Acid-mediated removal of the C-2 auxiliary and glycosylation with the 

trifluoro-N-phenylacetimidate of 3,4,6-tri-O-acetyl-2-O-benzyl-D-galactose with TfOH in DCM at -25 
oC gave the linear trisaccharide. Deprotection of the galactose 6-O-Nap group and iterative 

galactosylation using the triacetylated pyrano[1,4]oxothiane affords the branched pentasaccharide. 

Subsequently, acetylation of the free C2 group on the non-reducing galactose and deprotection of the 

levulinate group on the reducing mannose allowed coupling with the tri-O-benzyl-2-acetyl mannose 

trifluoro-N-phenylacetimidate donor to provide the protected hexasaccharide 18. The synthesis of this 
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compound was performed using a purification protocol based on fluorous solid-phase extraction at 

each step and recycling of the glycosylation steps to push the reactions to completion. Global 

deprotection by hydrogenation over Pd/C, followed by removal of the acetyl esters using sodium 

methoxide in methanol, furnished the target GPI anchor hexasaccharide. This is perhaps the most 

general demonstration of fluorous tag-assisted oligosaccharide synthesis to date and can be adapted 

to a wide variety of target structures. 

 
Figure 14: Fluorous tag-assisted synthesis of complex oligosaccharides by the Boons group 

 One-pot multienzyme (OPME) glycan assembly is another innovation using fluorous mixture 

synthesis to efficiently prepare complex oligosaccharides, as reported by Hwang et al.340 The light 

fluorous tag was extremely useful in overcoming the severe purification challenges and time 

constraints inherent in enzyme-based methodology. Light fluorous tagged glycosyltransferase 

acceptors with different lengths of perfluoroalkanes and oligoethylene glycol linkers were synthesized 

and tested to find optimal fluorous tags which were well tolerated by the glycosyltransferases used in 

OPME reactions, while allowing for facile purification of the products by FSPE. They found that 

lactosides bearing a triethylene glycol (TEG) or hexaethylene glycol (HEG) spacer, with a 

perfluorohexyl or perfluorooctyl tag, provided sufficiently good yields for practical preparation of 

glycosylated products. Glycosylation of the TEG-C6F13 tagged lactoside with the sugar nucleotide 

synthase/glycosyl transferase system PmST1 E271F/R313Y/NmCSS, Pd2,6ST/NmCSS, or 

EcGalK/BLUSP/PmPpA/a1-3GalT gave the trisaccharides 20-22 (Fig 15). Isolation of the products was 

achieved with excellent purity by centrifugation and FSPE, washing with water, and eluting the tagged 

trisaccharides with methanol, in 86%, quantitative, and 89% yield, respectively. The TEG/HEG-

C8F17/C6F13-tagged lactosides improved the substrates' solubility and increased the OPME 

glycosylation yields without compromising the FSPE purification process. In related work, Hatanaka 

showed that lactose and N-acetyl glucosamine bearing anomeric fluorous tags could be incorporated 

into cell membranes and be glycosylated by cellular enzymes.341 
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Figure 15: Fluorous-tag assisted one-pot multienzyme (OPME) glycan assembly 

Non-cleavable anomeric fluorous ponytails 

Fluorous tags have found an appealing application for the direct immobilization of sugars into 

carbohydrate arrays for biological screening. In so far as the fluorous moiety is not intended to be 

removed, it becomes a fluorous ponytail rather than a tag, although the distinction is semantic. 

Carbohydrates communicate with a wide diversity of proteins to mediate various biological processes 

that include inflammatory responses, pathogen invasion, cell differentiation, cell-cell communication, 

cell adhesion and development, and tumor cell metastasis, making glycosyl arrays a powerful tool for 

biological investigations.2 Carbohydrate chip innovations on glass slides, for instance, require minimal 

sample usage.342–345 These microarray methods rely on the covalent attachment of a compound to the 

slide and therefore need unique functional handles. 

 In another perspective, application in the carbohydrate microarray system could permit many 

bioassays. Pohl and others reported the concept of direct microarray formation based on noncovalent 

fluorous-based interactions. Ko, Jaipuri, and Pohl demonstrated that the strength of these interactions 

was sufficient for the construction of carbohydrate microarrays for biological screening.346 For such 

applications, the fluorous tag must be installed at the reducing sugar's anomeric position, followed by 

reducing-to-non-reducing linear carbohydrate synthesis. Various glycosyl donors were reacted with 

fluorous-tagged allyl alcohols, which were deprotected and hydrogenated to yield fluorous moieties 

23-28 (Fig 16). These results validate an efficient methodology for the synthesis of carbohydrate 

microarray chips for biological screening.  

 Chen and Pohl further reported new hydroxylamine-modified fluorous tags to directly 

immobilize reducing sugars into a noncovalent fluorous-based microarray platform. Simply mixing the 

secondary fluorous N, O-substituted hydroxylamine in acetonitrile with the unprotected free sugar in 

pH 2.5 phosphate buffer and incubating at 37 oC for 24 hours followed by straightforward purification 

by FSPE gave a library of fluorous-glycosides of glucose (29), galactose, mannose, glucosamine, lactose 

(30), maltose (31), maltotetraose and maltohexaose (Fig 16).347 Most of the sugars exist in the closed 

pyranose form; the mannoside was a mixture of pyranose and furanose forms, separated after 

acetylation and deprotected. Fluorous tag chemistry thus allows the direct formation of glycoarrays 

by noncovalent fluorous-fluorous interactions with minimal reaction steps, using either natural or 

synthetic oligosaccharides.  
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Figure 16: Anomeric fluorous tags for glycoarray production 

Terminal fluorous tag protecting groups 

Shifting the point of fluorous tag attachment beyond the anomeric position to other carbohydrate 

hydroxyls allows one to adjust the number of fluorines by the number of protecting groups and the 

length of the fluorine chain on each group. The methodology also permits for reducing-to-non-

reducing, non-reducing-to-reducing, and bidirectional oligosaccharide synthesis. These protecting 

groups will be cleaved in the final synthetic steps to unmask the sugar's free hydroxyl groups. It must 

therefore be stable to all of the prior coupling, functionalization, and deprotection conditions. Benzyl 

and acetyl groups are the most popular terminal protecting groups in oligosaccharide synthesis. They 

are converted to volatile by-products so that the oligosaccharide does not require further purification. 

In the fluorous case, the protecting group will be retained by fluorous liquid- or solid-phase extraction, 

so the main issue concerns any residues from the reagents. Although many fluorous protecting groups 

can be used as a terminal protecting group, providing they are stable to the previous coupling and 

deprotection steps, we will focus on fluorous benzyl groups in this section. 

 The application of a heavy-fluorous-tagged glucal to the synthesis of a disaccharide bearing 

multiple benzyl fluorous tags was perhaps the earliest known demonstration of fluorous-tagged 

carbohydrate synthesis by the Curran group. A silicon bridge was used to attach three fluorous chains 

to a benzyl group, to afford a novel protecting group for liquid-liquid extraction.312 Glucal protected 

with three tris(perfluoroalkylsilane)-substituted benzyl groups (Bnf) was coupled with diacetone 

galactose in the presence of toluenesulfonic acid in trifluorotoluene to furnish fluorous disaccharide 

32, which was extracted by three-phase extraction in 85% yield (Fig 17). Although limited in scope, 

this result demonstrates the possibility of placing the fluorous tag on the non-reducing sugar for non-

reducing-to-reducing iterative oligosaccharide synthesis. Unfortunately, the need for multiple 

fluorocarbon tails for effective liquid-liquid extraction also hinders the solubility of the compounds in 

nonfluorocarbon reaction solvents. Still, this result set the basis for further development of liquid-

liquid fluorous assisted carbohydrate synthesis.  
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Figure 17: Benzyl heavy fluorous tags for non-reducing-to-reducing and reducing-to-non-reducing oligosaccharide 

synthesis  

 Goto applied a benzyl heavy fluorous tag to synthesize the terminal disaccharide structure of 

class III mucin 33348 (Fig 17). The chain was attached to the galactose glycosyl acceptor by a 

regioselective n-Bu2SnO-directed Williamson ether synthesis. Glycosylation with the 

trichloracetimidate of tri-O-acetylazidoglucose in the presence of TMSOTf in DCM-diethyl ether 

provided the disaccharide 33. Isolation of fluorous intermediates was by liquid-liquid extraction 

without further purification, and the desired compound was obtained not only in high yield but in pure 

form. Due to the symmetrical nature of the fluorous moiety, the spectrum was sufficiently simple that 

the signals from the protecting group did not interfere with the analysis of the sugar ring protons. 

After hydrogenolysis, the fluorous alcohol was recovered from the fluorous layer in 94% yield and was 

recycled. 

 Kojima, Nakamura, Takeuchi reported a light fluorous benzyl protecting group version for 

fluorous tag-assisted carbohydrate synthesis.349 Reductive cleavage of the 4,6-O-F17benzylidene acetal 

with Et3SiH-TFAA affords the corresponding 6-O-F17benzyl-4-O-hydroxyl derivative in 98% yield. On the 

other hand, utilizing PhBCl2 as a Lewis acid provided the related 4-O-F17benzyl-6-O-hydroxyl compound 

in (96%) yield, making it possible to synthesize representative ɑ(1→4), β(1→4), ɑ(1→6), and β(1→6), 

disaccharides 34-37 (Fig 18). The separation of the fluorous intermediates by FSPE was 

straightforward. The fluorine atom content was around 21% at the final stage, and the fluorous 

compounds could also be purified by standard silica gel column chromatography. The F17Bn-group 

deprotection was achieved by hydrogenation with 10% Pd–C and the fluorous toluene was efficiently 

removed in EtOAc and MeOH by FSPE.  

 
Figure 18: Light fluorous benzyl protecting group derived from F17benzylidene acetal compounds 

Late-stage fluorous tag protecting groups  

The protecting groups deprotected in the penultimate steps of oligosaccharide synthesis, either to 

install multiple copies of a functionality (sugar, sulfate, phosphate, etc.) or simply before the 

deprotection of the terminal groups in the deprotection sequence are termed late-stage, and they 

include the following:  
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Fluorous ester groups 

Ester groups are often late-stage protecting groups of choice, providing they are not used as iterative 

groups and are compatible with the overall synthetic design. Miura and co-workers developed a novel 

ester-type heavy tag Bfp (bisfluorous chain propanoyl) group, prepared by alkylation then acylation of 

β-alanine.318,350 Three Bfp groups were introduced onto the reducing sugar glycoside acceptor for 

iterative oligosaccharide synthesis, using N,N-dicyclohexylcarbodiimide (DCC), and 4-

(dimethylamino)pyridine (DMAP). The synthesis of the β-1,6-linked gentiotetraose pentasaccharide 

38 by glycosylation sequences with the trichloroacetamidate of 6-O-TBDPS triacetyl-D-glucose in the 

presence of TMSOTf in Et2O at 0 °C followed by desilylation, was achieved using minimal column 

chromatography purification of the target oligosaccharide. Each synthetic intermediate was purified 

by simple FC-72-toluene fluorous-organic solvent extraction. Only three Bfp groups made it possible 

to extract the derivative of the pentasaccharide synthesized with the FC-72-organic solvent extraction 

and monitored by TLC, NMR, and MS.  

 
Figure 19: Late-stage fluorous ester protecting groups 

 The same group extended the strategy to the rapid synthesis of galabiose Gb2 39 and the Gb3 

40 oligosaccharide derivatives using fluorous–organic extraction purification319,351 (Fig 19). Miura et 

al. introduced the Bfp groups onto the two hydroxyl functions of allyl 4,6-O-benzylidene galactoside 

with DCC/DMAP. After benzylidene deprotection, the same group was again selectively introduced to 

the primary hydroxyl function to give the fluorous glycosyl acceptor, which was successfully 

glycosylated with an excess of the glycosyl donor (6 equiv.) promoted by TMS-OTf in ether–EtOC4F9 

afforded selectively the ɑ-linked fluorous disaccharide 39 (No β-isomer could be detected). The 

trisaccharide derivative of this molecule was synthesized efficiently using the galactosyl donor with 

two Bfp groups. Miura et al. also reported the novel heavy fluorous benzoyl protecting group TfBz 

(tris-fluorous chain-type benzoyl, Fig 19) and its application to synthesizing oligosaccharides, 

particularly for cases where the Bfp group was insufficient to draw the oligosaccharide into the 

fluorous layer.352 

Maza, de Paz, and Nieto, in a recent application synthesis of a sulfated, fully protected hexasaccharide 

as a glycosaminoglycan 41 mimetic, studied its interactions with different growth factors: midkine, 

basic fibroblast growth factor (FGF-2), and nerve growth factor (NGF) by a light ester-fluorous tag 

approach.353 The fluorous tag was introduced by selective acylation at the reducing end of 4-O- and 6-

O- diol using standard recipes; heptadecafluoroundecanoyl chloride, triethylamine, DMAP in CH2Cl2 at 

0 °C formed glycosyl acceptor.354 Condensation of the established fluorous tagged acceptor with 

trichloroacetimidate bound donor (2 equiv.) as a leaving group was catalyzed by TBSOTf at 0 °C. F-SPE 
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plus standard silica gel column chromatography purification yielded a clean disaccharide product. 

Treatment of the disaccharide with hydrazine monohydrate in pyridine/acetic acid buffer removed 

the levulinoyl tag that opened a way for chain elongation to trisaccharide. Subsequent isolation of the 

synthetic intermediate by F-SPE and a silica gel column purification when needed is followed by 

delevulination as pointed out to make available tri, tetra, pentasaccharide acceptors. Several 

glycosylation cycles require (2.5-3 equiv.) donor to establish the hexamer with an average of 90% yield 

per step. Selective removal of silylidine with (HF).py complex in THF at 0 °C resulted in hexaol, and 

sulfation with SO3.NMe at 100 °C by microwave heating to deliver the target molecule 41 (Fig 20). 

 
Figure 20: Light fluorous tag ester employed for the synthesis of hexamer derivative 

Fluorous O-carbamates 

 The first total synthesis of the natural product cucurbitoside A 42 was accomplished by Kojima 

et al. using a novel fluorous N-phenylcarbamoyl (FCar) protecting group (Fig 21).355 The FCar group was 

introduced onto glucose diacetonide in high yield by in situ Curtius rearrangement of the fluorous 

benzoic acid with diphenylphosphoryl azide, and after conversion to the triacetylated pyranose 

trichloroacetimidate, was glycosylated with the phenolic acceptor in the presence of BF3.Et2O in DCM 

at -20 oC. Deacetylation and formation of the benzylidiene provided the glycosyl acceptor in 8 steps 

using FSPE with single column chromatography. Coupling the trichloroacetimidate of the benzoyl D-

apiose donor with TMSOTf in DCM at -20 oC gave the protected cucurbitoside A 42, and the FCar group 

was selectively removed with Bu4NNO2. Its stability to most reaction conditions and orthogonal 

deprotection conditions make it an excellent late-stage protecting group. This example represents one 

of the few cases of fluorous tag-assisted bidirectional synthesis. 

  
Figure 21: Light fluorous N-phenylcarbamoyl (FCar) protecting group 

Fluorous silyl groups 

Zhang et al. from the Liu group reported one of the few clearcut examples of iterative non-reducing-

to-reducing oligosaccharide synthesis, using a single silyl fluorous tag on the trichloroacetimidate 

acceptor356 (Fig 22). The approach uses an excess glycosyl acceptor to ensure a high yield with respect 

to the F-tagged donor. The product formed after each glycosylation cycle is purified by simple fluorous 

solid-phase extraction (FSPE). The excess glycosyl acceptor is recovered and reused. A fluorous silyl 

group was attached to the primary hydroxyl group of the trichloroacetimidate glycosyl donor 43. 

Three equivalents of the toluyl thioglycoside acceptor were coupled with the tagged donor in 

anhydrous DCM at -40 °C in the presence of a catalytic amount of TMSOTf. The anticipated 

disaccharide 44 was isolated in 92.5% yield by FSPE. Thus, 95% of the excess glycosyl acceptor was 

recovered in pure form and could be recycled. The disaccharide was subsequently converted into the 
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trichloroacetimidate and purified by silica gel chromatography. After another cycle of glycosylation 

and F-SPE, the protected trisaccharide 45 was obtained in 93.7% yield (Fig 22) along with the excess 

glycosyl acceptor in 98% recovery. 

 
Figure 22: Non-reducing-to-reducing synthesis using a fluorous silyl protecting group 

Cap and Tag solid-state oligosaccharide synthesis 

 The Seeberger group used the same fluorous silyl tag in a novel capping-and-tagging (cap-tag) 

strategy to facilitate the purification of oligosaccharides prepared by automated solid-phase synthesis. 

Cap-tags render deletion sequences silent in subsequent coupling reactions. A first incarnation also 

separates unwanted, capped, and tagged products from the desired, untagged ones. Palmacci et al. 

reported that introducing fluorous silyl ether caps (F-Cap-tags) during automated solid-phase 

synthesis of oligosaccharides greatly simplifies post-synthetic workup and purification, as 

demonstrated for the syntheses of several trisaccharides.357 The F-cap-tagged deletion sequences 

were easily separated from the desired untagged product by FSPE. In a second incarnation, Carrel and 

Seeberger used pivaloyl caps during the automated solid-phase synthesis and the silyl fluorous F-Tag 

to cap the final desired oligosaccharide, which could be easily purified by gradient fluorous solid-phase 

extraction (FSPE), as illustrated by the synthesis of a model trisaccharide 46 (Fig 22).358 Liu et al. carried 

the concept further by combining solid-state and fluorous tag-assisted oligosaccharide synthesis. They 

performed the final glycosylation with a fluorous ester-tagged trichloroacetimidate glycoside donor 

to synthesize a complex glycopeptide fragment.359 

Fluorous mixture synthesis of oligosaccharides 

Tojino and Mizuno demonstrated solution-phase chemistry with fluorous tags for carbohydrate 

mixture synthesis and deconvolution.360 Fluorous oligosaccharide libraries were formed by fluorous 

mixture synthesis (FMS) using 4-alkoxyphenyl fluorous labels of different lengths at the anomeric 

position of the glycosyl acceptor, and either a fluorous ester tagged or an untagged glycosyl donor (Fig 

23). Glycosylation of a mixture of three galactose acceptors bearing C4F9, C6F13, or C8F17 alkoxyphenyl 

tags with a mixture of the trichloroacetimidate of galactose taking a C3F7-tagged ester group and the 

trichloroacetimidate of peracetyl 2-azidoglucose under standard conditions provided a combination 

of six disaccharides 47-52. Preparative fluorous silica gel HPLC resolved all six products, eluted in the 

order of total fluorine content of the tags. This method has the advantage of a single reaction mixture 

and separation for synthesizing six products and could be applied to oligosaccharide libraries 

consisting of two sets of structural units. 
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Figure 23: Fluorous mixture synthesis of a disaccharide library, in order of elution by F-HPLC 

Iterative protecting group fluorous tags 

Double fluorous tag for reducing-to-non-reducing iterative oligosaccharide synthesis 

In the iterative reducing-to-non-reducing oligosaccharide synthesis requires a glycosyl donor with an 

"iterative" protecting group, which can be deprotected in the presence of all other protecting groups 

for the free hydroxyl to react with the next glycosyl donor. However, any of the fluorous late-stage 

protecting groups above can, in principle, be used as an iterative protecting group. Only the Pohl group 

has explicitly reported an oligosaccharide synthesis with an iterative fluorous group, using a double 

fluorous label strategy for the synthesis of N-acetyl glucosamine oligomers. Park et al. selected an 

ester-fluorous protecting group among the different functionalities of fluorinated-protecting groups 

for its simple and readily automated deprotection conditions. The protected glucosamine 

trichloroacetamide donor 53 was coupled to the anomeric bis-allylic fluorous tag with TMSOTf in 

toluene at 0 oC to provide the doubly-tagged compound 54. (Fig 24). Clear cut separation was achieved 

by FSPE, eluting with increasing proportions of methanol in water. The excess donor eluted first, 

followed by unreacted/excess reagents. The desired doubly-tagged product was retained on the 

fluorous cartridge and thus eluted last from the cartridge using 100% methanol as eluent.361 

Deprotection of the ester fluorous tag and isolation of the glycosyl donor by extraction in toluene gave 

the glycosyl acceptor for iterative reducing to the non-reducing synthesis of oligomers of N-

acetylglucosamine with the glycosyl donor 53. 

  
Figure 24: Iterative acyl fluorous tag for reducing-to-non-reducing oligosaccharide synthesis 

 The first chemical synthesis of the conserved oligosaccharide unit corresponding to the 

dengue virus set out further progress by the Liu group.362 Zhang, Liu, and Liu reported that coupling a 

light-fluorous-tagged glycosyl donor to the untagged acceptor 55 gave the tetrasaccharide 56. The 

fluorous benzoyl group was designed and synthesized to withstand the acidic coupling conditions and 

yet be removable with a catalytic amount of base. The di-fluorous tagged strategy allowed the authors 

to efficiently separate the desired tetrasaccharide from the mono-fluorous-tagged donor and mono-

adduct trisaccharides and the untagged glycosyl acceptor by FSPE using a water-methanol-
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dichloromethane eluent (Fig 25). The convergent synthetic strategy offers high synthetic efficiency 

and significant savings in both time and solvents.  

  
Figure 25: Double light fluorous tag strategy for oligosaccharide synthesis 

 Kojima, Nakamura, and Takeuchi reported a light fluorous 4,6-O-F17benzylidene protecting 

group for fluorous tag-assisted carbohydrate synthesis.349 Although the authors did not explicitly show 

its use as an iterative protecting group, their results do indicate that if the benzylidiene were placed 

on the glycosyl donor, either hydrolysis or reductive cleavage of the 4,6-O-F17benzylidene acetal with 

Et3SiH-TFA or PhBCl2 would enable reducing to the non-reducing iterative synthesis of 1,4- or 1,6- 

linked oligosaccharides.  

Fluorous thioglycosides as activatable group 

Non-reducing-to-reducing and bidirectional oligosaccharide synthesis require the presence of an 

activatable group, which is inert as the sugar acts as a glycosyl acceptor and is then activated into a 

glycosyl donor for the next iteration. In principle, any of the anomeric protecting groups described in 

section 3 can be cleaved selectively to provide the free sugar, which can then be activated. However, 

thioglycosides are particularly popular activatable groups, as they are relatively inert yet can be 

activated oxidatively. Goto, Nuermaimaiti, and Mizuno reported the synthesis of a heavy fluorous 

thioglycoside 57 and showed its ability to act as glycosyl donor and glycosyl acceptor.363 Activation of 

the fluorous thioglycoside-bound donor 57 by NIS/TMSOTf afforded the disaccharide 58 in 71% yield 

(Fig 26). The same thioglyocoside 57 was transformed to its 3-O-acetyl-6-O-benzyl derivative to serve 

as a heavy fluorous acceptor. Glycosylation with the N-Phthglucosamine trichloroacetimidate with 

Cu(OTf)2 in DCM at 0 °C gave the LacdiNPhth disaccharide 59, a cancer-specific carbohydrate marker. 

Conversion of the thioglycoside with Br(CH2)6OH, NIS, and TMSOTf in DCM at 0 oC gave the 

disaccharide with an alkyl bromide chain for immobilization in 39% yield over six steps by partitioning 

between HFE7100:FC72 (2:1) and 95% aq. MeCN and single-column chromatography. These results 

clearly establish the use of this heavy fluorous tag for non-reducing-to-reducing oligosaccharide 

synthesis. 

 Jing and Huang reported a light tag fluorous anomeric thioglycoside activatable group in an 

armed and disarmed strategy for fluorous glycosyl building blocks 60-62 (Fig 26). The thioglycoside 

was stable under esterification, etherification, and deacetylation conditions. Still, it showed excellent 

reactivities in glycosylation reactions using several promotor systems such as N-iodosuccinimide 

(NIS)/AgOTf, NIS/TfOH, and p-TolSCl/AgOTf. Furthermore, the fluorous chain allowed for facile 

purification of the thioglycosides by fluorous solid-phase extraction. The fluorous thiol was recovered 

as the disulfide after the glycosylation reaction and could be recycled.364 Although the authors did not 

demonstrate its use as a glycosyl acceptor; these results nonetheless set the basis for non-reducing-

to-reducing F-tag assisted iterative oligosaccharide synthesis. 
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Figure 26: Activatable heavy and light thioglycoside fluorous tags 

Fluorous N-protecting groups 

Carbohydrate compounds with amino functionality are the second most abundant group in the realm 

of sugar biology. In the context of polarity, basicity, or reactivity associated with the free amino, N-

acetyl, or N-sulfate functionality of naturally occurring derivatives render them incompatible with 

many, if not most synthetic reaction conditions. Therefore, it is apparently necessary to be protected 

in the multistep synthetic scheme. Amino sugars are commonly protected using allyloxycarbonyl 

chloride (AllocCl), phthalic anhydride (Phth), 2,2,2-trichloroethyl chloroformate (TrocCl), and 

trichloroacetyl chloride (TCACl) to form carbamates or amides. Alternatively, the amino group can be 

carried as an azide (N3). 

Most importantly, C2-participation by the protecting group of 2-aminosugars plays a crucial role in 

controlling the stereoselectivity of the glycosylation reactions. Still, the possibility of forming relatively 

stable oxazoline precludes the use of the acetyl group itself, as well as many of the more common 

amino protecting groups.365–367 In most cases, deprotection of these groups in the target 

oligosaccharide affords the free amine, which is derivatized to the final N-acetyl or N-sulfate moiety. 

The trichloroacetyl amide, on the other hand, is transformed directly into an N-acetyl group in one 

step by reductive dehalogenation using AIBN and Bu3SnH.368 Unfortunately, inseparable mixtures may 

result from incomplete conversion when applied to higher oligosaccharides (e.g., hexamers), and 

removing the tin by-products can be a burden. Phthalimido groups require rather stringent 

deprotection conditions, which may lead to base-catalyzed side reactions, in particular in the case of 

uronic acids.369 The Alloc group can be removed under mild conditions but does not tolerate N-

iodosuccinimide and related halonium ion-mediated activation strategies of thioglycosides. To date, 

a small number of fluorous variants of nitrogen protecting groups that are amenable to fluorous 

separation and stereoselective glycosylation protocols of amines have been proposed. Of significant 

note is developing a new fluorous protecting group, Froc, analogous to the trichloethoxycarbonyl 

(Troc) group frequently used in carbohydrate synthesis.370 Tetra-O-acetylglucosamine was reacted 

with the FrocCl tagging agent with NaHCO3/H2O to give the corresponding Froc-protected glucosamine 

in excellent yield. Subsequent conversion steps afford the fluorous glycosyl acceptor 63, which was 

then coupled with tetra-O-acetylgalactose trichloroacetimidate as glycosyl donor, mediated by 

TMSOTf in CH2Cl2, to furnish the desired fluorous tagged Gal-β1,3-GlcNAc disaccharide 64 in 85% yield 

(Fig 27). Purification of the products was generally performed by standard fluorous solid-phase 

extraction techniques (F-SPE), but standard chromatographic purifications are also possible. The Froc 
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group can be deprotected under mild conditions with zinc in acetic acid. By analogy to the Troc group 

and based on the results below, the Froc group is expected to act as an efficient C2-participating 

group, although its use as a glycosyl donor has not yet been explicitly demonstrated. 

 
Figure 27: N-Fluorous tags for amino sugars. 

Two new fluorous photolabile-protecting groups (FNBC and FNB) and a base-labile protecting group 

(FOC) were reported by Roychoudhury and Pohl as new carbamate-type amine-protecting groups.371 

Their chemical precursors could be made from nontoxic reagents amenable to scale up. The FOC (1-

(((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyl)oxy)carbonyl) N-methyl 

imidazolium reagent could be added to tetra-O-acetyl glucosamine, leading to the FOC protected 

monosaccharide 65 after several common protection/deprotection steps, which the urethane was 

found to survive, including basic and acidic conditions. The FOC group was found to be an effective 

C2-participating group under BF3-etherate mediated glycosylation of the tetraacetate to yield 66, for 

example. Given FOC stability under Zemplén conditions, a strongly basic medium was used for 

deprotection, as the free amine was obtained using refluxing 6 M aqueous sodium hydroxide and 

subsequently acetylated to provide the N-acetylated moiety.  

 A linker bearing a fluorous amine protected with an FNB (fluorous o-nitrobenzyl) group was 

coupled with the FOC-protected tetra-O-acetylglucosamine to provide the doubly tagged molecule 

66. The FNB could be cleaved in high yield in the presence of FOC by light sources of wavelengths 

ranging from 300 to 365 nm to provide the Cbz-protected amine. In addition, a fluorous variant of the 

Cbz group, FNBC (fluorous o-nitrobenzyl carbamate) group, was also prepared to facilitate 

stereoselective glycosylation through anchimeric assistance. The tagged substrate 67 was designed to 

show the group's tolerance to various protection/deprotection conditions and its ability to act as a 

C2-participating group to introduce p-methoxybenzyl alcohol (Fig 27). Unfortunately, the 

photochemical deprotection was relatively low yielding, but it may be possible to cleave the group 

under non-photochemical conditions. 

Fluorous phosphate protecting groups 

Liu and Pohl reported a fluorous protecting group for the phosphate groups.372 The tag is designed 

based on the fluorous halo alcohol to facilitate purification in the synthesis of sugar phosphates. Due 

to its stability towards glycosylation protocols and orthogonality to other protecting groups, its 

application for synthesizing a disaccharide 68 from Leishmania was demonstrated in 94% yield. 

Deprotection was successful under mild reducing conditions using Zn/NH4HCOO in CH3CN/THF within 

2h. The fluorous phosphate group was applied to synthesize maltotrioside phosphate isomers to 

probe the Laforin enzyme activity by determining the most likely in vivo substrate for this enzyme.373 
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Unfortunately, the glycosylation of the fluorous phosphate gave the disaccharide 69 in poor yield as 

an inseparable ɑ,β-mixture. Nonetheless, the fluorous phosphate group eases purification of the 

intermediates and alternative to the late-stage installation of the phosphate group (Fig 28). 

 
Figure 28: Fluorous tagged protecting group for phosphate. 

RESULTS AND DISCUSSION 

As seen above, there are several strategies for the application of fluorous tags to oligosaccharide 

synthesis. Traditionally, a single fluorous tag, particularly on the glycosyl acceptor, was used for 

reducing to nonreducing oligosaccharide assembly. This permits separation of coupled product from 

excess non-fluorous-tagged glycosyl donor. A double fluorous tag approach employs fluorous motifs 

on both reaction substrates to separate the coupled oligosaccharide from both unreacted glycosyl 

donor and acceptor. Our interest focused on the application of differentially fluorous-tagged 

glucosamine glycosyl donors and acceptors, each bearing fluorous tags of different lengths, with the 

objective to separate the excess recovered donor, the unreacted acceptor, and the desired coupled 

glycoside, using simple purification protocols. Ideally, the precursors can be recovered in high purity, 

and thus be easily reusable for future couplings. 

By virtue of these objectives, and with an eye to the synthesis of the E. coli O142 O-antigen (Figure 7), 

we set out to synthesize glucosamine β(1→3) glucosamine disaccharides as model compounds to 

evaluate the feasibility of such a fluorous tag assisted strategy in our case. We chose to attach the 

fluorous tag on the C2 position of the glucosamine to study its capacity for anchimeric participation 

for the formation of 1,2-trans glycosidic bonds. The use of other C2 participating groups such as acetyls 

or most carbamates is particularly challenging because of the propensity for the formation of stable 

ozaxolines. However, we cannot completely underestimate the utility of variety of non-fluorous N-

protecting groups (preparation and deprotection conditions of selected groups mentioned earlier), 

applicable to glucosamines as depicted in the later table (table 1). Development of promising 

activatable anomeric leaving groups on the N-acetyl and other N-protected glucosamine have been 

clearly reviewed,374,375 and advances in reagent combinations are evolving to enhance reactivity. 

Nonetheless, fluorous tagged glucosamine donors provide additional innovation to undoubtedly 

facilitate rapid oligosaccharide synthesis and facile purification, thereby raising final yield of the 

products. For this reason, we chose not to isolate the fluorous moiety from the carbonyl group, but 

instead, take full advantage of the inductive effects of the fluorous amides. Other issues to address 

include the poor reactivity and solubility of glucosamines, and thus, we hope that our synthetic design 

could help attenuate these problems to set the basis for assembly of more complex oligosaccharides.  

In our initial studies, we chose to investigate the glycoside coupling reaction between two fluorous 

tagged D-glucosamine derivatives. We placed either a short or a long chain fluorous amide on nitrogen 

as a fluorous tag and a potential C-2 participating group (Fig 29). The combination of long and short 

tags may allow for easy separation of the two monosaccharides and the coupled product. The 
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trichloroacetimidate was chosen as the activating group on the donor and a thiophenyl glycoside as 

the activatable group on the glycoside acceptor for eventual iterative synthesis. A careful choice of 

convenient protecting groups on both the donor and the acceptor is also important in order to realize 

the synthesis. Acetate groups were chosen on the donor in preference over other commonly used 

ether groups such as TBS (tertbutyldimethylsilyl), TIPS (triisopropylsilyl), and PMB (4-methoxybenzyl) 

for convenience, but can be replaced with an orthogonal protecting group scheme for bidirectional 

synthesis. The 3-hydroxyl glucosamine acceptors are deactivated by the intramolecular hydrogen 

bond with the amide, which provides an additional challenge for the synthesis. We initially chose the 

4,6-O-benzylidene group for its convenience, despite its limited stability to the glycosylation 

conditions. The synthesis of the glucosamine acceptors and donors are described in this chapter. 

 

Figure 29: Initial design of the glycosyl donor and acceptor 

Synthesis of F-tag donors 

C7F15 F-tag acetylated donor 

The fluorous tag glycosyl donors were all derived from 1,3,4,6-tetra-O-acetyl--D-glucosamine 

hydrochloride by amide formation with a fluorous carboxylic acid derivative, followed by deprotection 

at the C-1 position and conversion to the OTCA glycoside donor (Scheme 1). The long chain donor N-

pentadecafluorooctanoyl glucosamine 71 was prepared using the commercial acid chloride (1.2 

equiv.) catalyzed by DMAP (3 equiv.), which effectively yielded the long chain N-perfluorous amide 69 

in 100% yield. Initial attempts by formation of the acid chloride from pentadecafluorooctanoic acid 

and thionyl chloride gave a very poor yield. The anomeric position was then selectively deprotected 

with hydrazine acetate to yield 70 in 87% yield. Treatment of trichloroacetonitrile (29.7 equiv.) in the 

presence of Cs2CO3 (0.6 equiv.) base to the free hemiacetal 70 gave the long N-fluorous amide 

trichloroacetimidate donor 71 after chromatographic purification on silica gel in 98% exclusively as α 
anomer. 

C3F7 F-tag acetylated donor 

Tetra-O-acetyl-glucosamine hydrochloride as starting material was treated with 3 equiv. of DMAP and 

heptafluorobutyric anhydride (1.2 equiv.) in anhydrous dichloromethane (DCM) to provide the 

perfluoropropyl fluorous amide 72 in 62% yield after silica gel chromatography. Selective deprotection 

of the anomeric ester with hydrazinium acetate in tetrahydrofuran (THF) gave the hemiacetal 73 in 

79% yield as a mixture of  and  isomers, in which the -anomer was major. Formation of the donor 

74 with trichloroacetonitrile (29.7 equiv.) in the presence of K2CO3 in dichloromethane provided a 

separable mixture of anomers in varying ratios up to 84% yield.  The major alpha isomer was used in 

subsequent coupling reactions (Scheme 1). 
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Scheme 1: Reagents and condition: a) C7F15COCl, DMAP, DCM, rt, 17h, 100%; (b) NH2NH3OAc, THF, 54 oC, 2h, 87%; (c) 

CCl3CN, Cs2CO3, DCM, MS 3Å, rt, 3.5h, 98%; (d) (C3F7CO)2O, DMAP, DCM, rt, 48h, 62%; (e) NH2NH3OAc, THF, 54 oC, 2h, 79%; 
(f) CCl3CN, K2CO3, DCM, MS 3Å, rt, 3.5h, 84%; (g) (C2F5CO)2O, DMAP, DCM, rt, 48h  (h) NH2NH3OAc, THF, 54 oC, 2h, 74%; (i) 

CCl3CN, K2CO3, DCM, MS 3Å, rt, 3.5h, 50%. 

C2F5 F-tag acetylated donor 

The synthesis of perfluoroethyl (C2F5) tagged donor began in the same manner with tetra-O-acetyl-

glucosamine hydrochloride with perfluoropropionic anhydride (1.2 equiv.) and 3 equiv. of DMAP 

catalyst in dry dichloromethane (DCM) to provide the fluorous amide 75 in 74% yield. Selective 

anomeric deacetylation was performed with hydrazinium acetate in tetrahydrofuran (THF), that 

afforded 74% free hemiacetal 76 as a mixture of  and  isomers, in which the -anomer was again 

major. Finally, the mini fluorous tagged donor 77 was accomplished when treated with a combination 

of trichloroacetonitrile (29.7 equiv.) and K2CO3 in dry dichloromethane, provided a separable mixture 

of anomeric acetimidates in varying ratios up to 50% yield (Scheme 1). 

C7F15 F-tag perbenzoylated donor 

In order to fully cover our studies, we prepared a donor with the more robust benzoyl protecting 

groups in place of the acetyls, in particular for the long C7F15 fluorinated tagged building block. The 

previously prepared perbenzoylated-N-allyloxy-glucosamine 78 was deprotected to the free amine by 

the action of diethylmalonate (DEM) over tetrakis-(triphenylphosphino)-palladium Pd(PPh3)4 in THF 

for 40hrs. After careful chromatographic separation of the yellow crude mixture on silica gel, the 

desired compound was obtained in 57% yield as a white foam 79. Scaling up this step was less efficient 

because the recovered DEM was quite cumbersome to remove due to the similar Rf value with desired 

product even when several eluent systems were tested. The fluorous amide functionality was 

introduced as with peracetate analogue using pentadecafluorooctanoyl chloride and DMAP at room 

temperature overnight. After purification, compound of interest 80 was obtained at 91% yield. In 

order to remove the anomeric benzoyl group selectively, we treated the 1,3,4,6-tetra-O-benzoyl-2-

deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoyl-amido)-β-D-glucopyranoside (79) 

with methylamine in absolute EtOH for 1h in THF. Chromatographic separation delivered the free 

hemiacetal mixture of ɑ/β anomers 81 as colorless crystal in 99% yield. This is followed by acetimidate 

formation as previously following similar procedures, to provide the trichloroacetimidate 82 

exclusively with the ɑ configuration (Scheme 2). 
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Scheme 2: Reagents and conditions: (a) DEM (8 eq.), Pd(PPh3)4 (0.05eq.), THF, rt, 40 h, 57%; (b) C7F15C(O)Cl (1.1eq.), DMAP 

(3eq.), DCM, rt, overnight, 91%; (c) methylamine, THF, rt, 1h, 98%; (d) CCl3CN (31eq.), Cs2CO3 (0.6eq.), MS 3Å, DCM, rt, 
overnight, 63%. 

Synthesis of F-tag acceptors 

C7F15 F-tag acceptor 

The synthesis of the first series of glycosyl acceptors was based on the strategy towards doubly tagged 

N-fluorous amide 1,3-disaccharides shown above (Scheme 1). The synthesis of the C7F15-tagged 

acceptor 85 began from the peracetylated N-fluorous amide 69 prepared above by acid-promoted 

substitution of the acetate at the C-1 position of the with thiophenol in the presence of BF3.OEt2 in 

dichloromethane, which yielded the thioglycoside 83 in 87% yield with good -selectivity (Scheme 3). 

The 3,4,6-O-triacetate--D-glucosamine thioglycoside 83 was deacetylated in the presence of MeOH: 

DCM and K2CO3 as a base to form the corresponding triol 84 in 73% yield. This is followed by 

transacetalisation of the O-4 and O-6 hydroxyls with benzaldehyde dimethyl acetal in acetonitrile and 

toluenesulfonic acid (TsOH.H2O) to furnish the benzylidene 85 in 60% yield having the free O-3 hydroxy 

alcohol as the reactive position of the nucleophilic glycoside acceptor. 

The triol intermediate 84 was subsequently dissolved in acetonitrile and treated with 2,2-

dimethoxypropane (DMP), and 1.5eq. of TsOH-H2O in an attempt to prepare the corresponding 4,6-

O-acetonide. Unfortunately, this was not successful, even when additional reagent was added, and 

the reaction was left stirring for some days. Delightfully, changing the solvent to dimethyl sulfoxide 

(DMSO) at elevated temperature (50 oC) overnight formed desired acetonide-protected glycosyl 

acceptor 86 in 41% yield. 

C3F7 and C2F5 F-tag acceptors 

The previously prepared C3F7 fluorous amide peracetate 72 was similarly converted to the phenyl 

thioglycoside 87, which was deacetylated and transformed into the 4,6-O-benzylidene 89 by 

transacetalisation in the presence of benzaldehyde dimethyl acetal and TsOH-H2O in acetonitrile in 

89% overall yield.  

The C2F5 F-tagged acceptor was similarly synthesized by an intern in our group, Aleida Gonzales, and 

it was utilized in the later studies below (Scheme 3). 
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Scheme 3: Reagents and conditions: (a) PhSH (2eq.), BF3OEt2 (5eq.), DCM, rt, 5h, 83%; (b) as a, 73%; (c) as in a, 82% (d) 

K2CO3, MeOH, rt, 4h, 89%; (e) benzaldehydedimethylacetal (2.9eq.), TsOH-H2O (1.5eq.), MeCN, rt, 48h, 60%; (f) DMP (6eq.), 
TsOH-H2O (1.5eq.), DMSO, 50 oC, 48h, 41%; (g) as in d, 75%;(h) as in e, 89%; (i) as in d, 87%; (j) as in e, 93%. 

Synthesis of non-fluorous glycosyl acceptors 

In order to determine the effect of the fluorous amide on the glycoside coupling reaction, and in 

particular the effect of the hydrogen bond between the fluorous amide and the nucleophilic 3-

hydroxyl group, we also prepared a number of non-fluorous glycoside acceptors. A number of 

common non fluorous glycosamine acceptors were available within the group, and their synthesis is 

not detailed here. 

Synthesis of 2-azido glycosyl acceptors 

We undertook a plan to synthesize 1,6-anhydro-2-azido-2-deoxy-4-O-benzyl and or 4-O-p-

methoxybenzyl glucoside derivatives with an eye towards biologically relevant molecules to be 

discussed in the coming chapters. Hence, we first envisioned to prepare both triacetyl glucal and 

galactal as illustrated in scheme 4.376 One-pot preparation of peracetylated glycosyl bromides from 

glucose and galactose was carried out by the action of excess acetic anhydride and a catalytic amount 

of HBr/acetic acid to effect peracetylation at ambient temperature, followed by the addition of excess 

HBr/acetic acid to allow for complete transformation to the anomeric peracetyl glycosyl bromides. 

The lower temperature is significant to circumvent formation of a furanosyl acetate byproduct. The 

excess HBr of the reaction mixture was neutralized with sodium acetate and the resulting solution was 

poured into a suspension of Zn/CuSO4 in water and acetic acid buffered with sodium acetate. Upon 

aqueous work-up, and solvent evaporation in vacuo, silica gel flash column chromatography delivered 

extremely pure samples of the two triacetylated glycals as clear oils (95 and 96) as confirmed by NMR 

analysis in good to excellent yields (Table 1). Removal of the acetyl groups from 95/96 under Zemplén 

conditions377 was followed by oxidative cyclization of the glycals to 1,6-anhydro-2-deoxy-2-iodo-β-D-
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glycopyranoses (97 and 98) in one step, by treatment with bis (tributyltin) oxide in anhydrous 

acetonitrile and later followed by the addition of iodine (I2) to afford the target compounds. 

  
Scheme 4: (step 1) Ac2O (5.7eqv.), HBr/AcOH (15.7eqv.), NaOAc (26.1eqv.), CuSO4 (0.35eqv.), Zn, AcOH (56.1eqv.), H2O; X = 
OAc, at 79%, Y = OAc at 76%; (step 2) NaOMe (0.3eqv.), MeOH, Bu3SnOSnBu3 (0.8eqv.), I2 (1.2eqv.), CH3CN, DCM; X = OH at 

46%, Y = OH at 41% (step 3) PMB-Cl/ Bn-Br (3eqv.), NaH (3eqv.) DMF; Note: X = OPMB at 40%, X = OBn at 99% (Glc), Y = 
OBn at 93% (Gal); (step 4) X = OPMB at 76%, X = OBn at 70%, Y = OBn at 89%. 

We observed in our case that it was quite imperative to ensure a highly inert atmosphere in this 

conversion and the later step involving addition of iodine could be performed in dry DCM by careful 

removal of former solvent (acetonitrile) with improved yield. 

With this reactive intermediate in hand, we anticipated to employ the fast one-pot procedure to Cerny 

epoxides (1,6:2,3-dianhydrohexopyranoses) and at the same time protect the C-4 alcohol by 

treatment of the 2-iodo derivative above with either benzyl bromide and or p-methoxybenzyl chloride 

in DMF at 0 oC to rt. After purification on silica gel, the desired compounds (99-101, entry 3; table 1) 

are isolated in excellent yield and high purity. This method facilitates rapid alkylation of C-4 of the 

dianhydro epoxide in one step,378 with a variety of protecting group reagents. 

Table 1: Yields for the synthesis of 1,6-anhydro glycosyl intermediates 95-104. 

Entry Compound X/Y Yield (%) 

1 95-Glc X = OAc 79 

96-Gal Y = OAc 76 

2 97-Glc X = OH 46 

98-Gal Y = OH 41 

3 99-Glc X = OPMB 40 

100-Glc X = OBn 99 

101-Gal Y = OBn 93 

4 102-Glc X = OPMB 76 

103-Glc X = OBn 70 

104-Gal Y = OBn 89 

 

Finally, we selectively opened the 2,3-epoxide by nucleophilic addition of NaN3 in aqueous DMF at 

120 oC overnight to afford the trans diaxial adducts (102-104, entry 4; table 1) efficiently and in an 

appreciable yield. Henceforth, the number of steps is minimized, and other functionalities can be 

installed at the different positions via suitable reactions. 
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The established azido alcohol intermediates 102-104 are key molecules in our synthetic efforts 

towards both 1,3- and 1,4 linked glycosamine disaccharides and constitute in as of themselves 

potential glycosyl acceptors, albeit highly hindered ones. Further structural modification provides a 3-

OH nucleophilic acceptors that are relatively analogous to the F-tagged amide acceptors prepared 

previously (Scheme 5). The intermediate 1,6-anhydro azido alcohol compounds 103-104 were 

dissolved in a separate reaction (for each compound) in dry DCM under an inert atmosphere which 

were treated with TMSSPh and ZnI2 in the presence of flame-activated molecular sieves (3Å) to install 

the iterative thioglycoside functionality at the anomeric position that can be further activated 

selectively for oligosaccharide elongation. The 3-O/6-O diol thioglycosides formed a mixture of 

stereoisomers ɑ/β, 1:8 as determined by NMR for the glucoside (105a, b) and 2:3 separable mixture 

for the galactoside sugar (106a, b), respectively. Although the stereochemistry of the phenyl glycoside 

has no significant impact on the subsequent chemistry, it would be unreasonable to attempt to 

develop new chemistry on a mixture of compounds. The separation of the thioglucoside anomeric 

mixtures however was extremely difficult on either traditional silica gel or reverse phase column 

chromatography (table 1). The 6-O alcohol was regioselectively silylated with tert-butyl diphenyl silyl 

chloride and imidazole at room temperature to afford 6-O-silyl molecule after silica gel column in an 

excellent yield for both sugars (107/108, entry 2; table 2). 

   
Scheme 5: Reagents and Conditions: (a)TMSSPh (3.4eqv.), ZnI2 (3eqv.), DCM, 3 h, rt; (b) TBDPS-Cl (1.2eqv), Imidazole 

(2.3eqv.), DCM, 2.5 h, rt; (c) Ac2O (25.3eqv.), Pyr., 0 oC to rt, 2 h; (d) NaOMe, MeOH, rt. X/Y = OBn. See table 2 for yields. 

In an attempt to improve the yield and stereochemical outcome for the 1,6-anhdro ring opening, and 

of particular importance, to avoid the tedious separation of thioglucopyranoside anomers, we 

investigated another approach by prior acetylation of the benzyl-protected azido alcohols (103 and 

104) in acetic anhydride and pyridine delivering excellent yield of the acetates 109 and 110, entry 3; 

table 2. It was hoped that the acetate may provide a kinetic 3-O-anchiomeric assistance or facilitate 

thermodynamic equilibration of the product. Unfortunately, subjecting the acetylated compound to 

the same TMSSPh, ZnI2, molecular sieve combinations did not yield the desired product, thus only 

starting material was recovered with this derivative. Therefore, acetylation apparently stabilizes the 

bicyclic compound in this reaction, and hence, the target molecule was not obtained by this route. We 

sought an alternative route to successfully convert these intermediates to the thioglycosides of 

interest. The action of Ac2O in TFA on either the 3-O-acetylated or the unacetylated bicyclic 

galactopyranose 104 or 110 led to the formation of tri-O-acetyl compound 114 (Scheme 6 and entry 

5; table 2), with improved yield (96%), though as an inseparable mixture of anomeric acetates (ɑ/β; 
3.7/1). Selective displacement of the anomeric acetate with thiophenol mediated by a Lewis acid (BF3-

OEt2) gave di-O-acetates thiogalactopyranoside 116 in good yield 80% as an easily separable 1/2 
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mixture of ɑ/β anomeric products. This route incidentally solved the supply shortage of the TMSSPh 

reagent that we experienced at the time. Following deacetylation and selective silylation of 6-OH as 

shown previously delivers sufficient supplies of the target glycoside acceptors 108, at least in the 

galactose series. 

  
Scheme 6: Reagents and Conditions: (a) Ac2O (63.88eqv.), TFA (6.83eqv.), 0 oC rt, overnight; (b) Thiophenol, BF3-OEt2, 

DCM, rt, 4.5 h; (c) NaOMe (0.3eqv.), MeOH, rt, overnight; (d) TBDPS-Cl (1.2eqv), Imidazole (2.3eqv.), DCM, 2.5 h, rt. X/Y = 
OBn. See table 3 for yields. 

The action of acetic anhydride on either 1,6-anhydro-2-azido-2-deoxy-4-O-benzyl-β-D-glucopyranose 

103 or its acetylated form 109 with trifluoroacetic acid and or triflic acid gave a rather a different 

outcome, and resulted in an unwanted product, 1,3,4,6-tetra-O-acetyl-2-azido-2-deoxy glucopyranose 

113 in an excellent yield (69-99%, mixture of anomers). The 4-O-benzyl group unfortunately could not 

withstand these conditions in the glucose series (entry 5, table 2). On the other hand, the galactose 

series of similar compounds 103 and 110 does deliver the desired tri-O-acetyl-2-azido-4-O-benzyl-2-

deoxy galactose compound 114 in excellent yield (entry 5, table 2). The origin of this difference in 

reactivity between the two epimers (103/104 and 109/110) is not immediately obvious. 

Table 2: Yields for the synthesis of thioglycoside glycosyl acceptors 105-116. Note: a) difficult separation, b) Inseparable and 

c) separable mixtures. 

Entry Compound X/Y Acid Yield (%) ɑ/β 

1 105-GlcN3 OBn -- 59 1/8a 

106-GalN3 -- 56 2/3b 

2 107-GlcN3 OBn -- 99 -- 

108-GalN3 -- 97 -- 

3 109-GlcN3 OBn -- 98 -- 

110-GalN3 -- 88 -- 

4 111-GlcN3 OBn -- No rxn -- 

112-GalN3 -- -- 

5 113-GlcN3 OAc TfOH 69 4.2/1 b 

113-GlcN3 TFA 99 8/1 b  

114-GalN3 OBn TFA 96 3.7/1 b  

6 115-GlcN3 OAc BF3-OEt2 69 1/3 b  

116-GalN3 OBn 80 1/2 c  

 

Transacetilisation of the anomeric acetate with thiophenol and BF3-OEt2 delivered a mixture of tri-O-

acetyl phenyl thioglucosides 115a, b with good yield and selectivity (69%; ɑ/β 4.2/1). In order to utilize 
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this unexpected intermediate, we attempted to convert it into the azido thioglycoside 119 bearing the 

identical protecting groups to the fluorous amides above. The O-acetyl groups were deacetylated by 

the action of NaOMe in MeOH; unfortunately, attempts to generate 4,6-O-benzilidene were 

unsuccessful employing the usual conditions in this case. Further attempts at protecting group 

manipulation can be made if needed, but the galactose series is perfectly appropriate for our intended 

studies, and is the stereochemistry required for the synthesis of the Escherichia coli O142 O-antigen 

polysaccharide. One alternative route to access these precursors (107 and 108) could be one pot 

azidochlorination of glycals.379 Then anomeric displacement of the 2-azido glycosyl chlorides with 

sodium thiophenolate will furnish β-thioglycoside,380 and upon structural modification will deliver 

target compounds in the future studies. 

Similarly, practical experience led us to seek out a variety of acceptors and to our delight, we could 

achieve this successfully by protecting group manipulations employing the synthetic intermediates 

above. Among our goals is enhanced yield and reactivity. In place of thiophenyl group, we prepared 

non fluorous tagged acceptors bearing an activatable O-pentenyl group starting from 1,3,6-triacetyl-

2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-galactopyranose 114 by substitution of the anomeric acetate with 

4-pent-1-ol and BF3-OEt2 at rt in dry DCM overnight. The transformation was not complete however 

until we increased the number of equivalents of the pentenol from 3 to 5 and of the Lewis acid from 

2 to 5, combined with longer reaction times, to provide appreciable yields of the pentenyl anomers, 

which could be robustly separated on silica gel. Initially, we aimed at a similar protocol as with 

thioglycosides, by 3-O and 6-O deacetylation followed by selective silylation of the 6-OH group, yet 

we observed a loss of regioselectivity as both free alcohols were protected by the silylating agent. The 

ratio of desired mono-silylated molecule 122 to the bis-silyl 123 is about 1:1.2, despite only using 1.2 

equivalents of the silyl reagent. Desilylation of the unwanted compound in dry THF with a solution of 

tetrabutyl ammonium fluoride (TBAF) restored the diol compound in excellent yield. Thereafter, this 

effect was minimized with 1 eq. of TBDPSCl instead of 1.2 eq. and 2 eq. of imidazole from 2.3 eq. which 

provided the desired compound 122 in excellent yield (Scheme 7). Interestingly, this new 3-O- glycosyl 

acceptor will show increased reactivity in coupling reactions when compared to the corresponding 

thiophenyl glycoside, suggesting a remote effect by the anomeric O-pentenyl group. 

  
Scheme 7: Reagents and Conditions: (a) 4-Pent-1-ol, BF3-OEt2, DCM, rt, 46%; (b) NaOMe (0.3 eq.), MeOH, rt, overnight, 

83%; (c) TBDPS-Cl (1 eq.), Imidazole (2 eq.), DCM, 3 h, rt, 98% for optimized route; (d) TBAF (1.1 eq.), THF, overnight, 75%. 
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Conclusion 

We have successfully prepared the synthetic precursors needed for oligosaccharide assembly of the 

model compounds and partial saccharide structures of the E. coli O-antigen. The details of these 

reactions will be shown in the forthcoming chapter. Furthermore, some of the intermediates 

described above will serve as starting materials in the chapter on the synthesis of peptidoglycan 

disaccharides. 

Strategically designed carbohydrate monomers are the necessary precursors for efficient construction 

of linear and branched oligosaccharides of biological interest. Simple yet effective methods for their 

preparation is therefore a key requirement that has been re-imagining and re-shaping the field over 

many years. Fluorous tagging strategy is one invention that offers a helpful method to curtail the 

purification steps and recover excess reagents in excellent purity. The synthesis of fluorous tagged 

precursors, including donors and acceptors bearing tags of varying fluorous chain length (C2F5, C3F7 

and C7F15), were successfully performed in excellent yields for most part. While their purification was 

achieved on traditional silica gel columns without significant hurdles, preliminary studies in the group 

by Loic Valade showed that the use of home-made fluorous silica gel will significantly accelerate scale-

up for future studies.  

The tagging steps were high-yielding and the F-tag was found to be C2-participating during the 

substitution of the anomeric acetate by thiophenol, leading exclusively to the -anomer, thus avoiding 

the laborious separations required in the 2-azido series. Further use of these fluorous tagged donors 

in glycosylation reactions will confirm its stereodirecting function, among other qualities. 

 



 

 

73 

CHAPTER THREE: Synthesis of Trisaccharides Corresponding to a Partial 

E coli O142 O-Antigen Oligosaccharide 

INTRODUCTION 

Carbohydrates are increasingly recognized as key targets in a variety of disease processes, yet their 

understanding and the development of glycotherapeutics have been restricted to some extent by the 

hurdles in accessing well-defined carbohydrate-based edifices, such as has been accomplished by 

automated synthesis of nucleic acids and peptides. After many research attempts and scientific 

discoveries to solve these challenges, a new approach built on solution-phase rather than solid-phase 

iterative protocols is the focus of the day. The synthesis of oligosaccharides is without doubt a 

laborious task, and light-fluorous tags allow for more rapid synthesis of carbohydrate molecules for 

biological applications as well as for the study of carbohydrate-protein interactions. Carbohydrates 

mediate many biological processes that include cell adhesion and differentiation, pathogen invasion, 

tumor cell metastasis, and inflammatory responses and are therefore of great interest for the era of 

carbohydrate-based pharmaceutical and vaccine development. Alas, the molecular basis for most of 

these carbohydrate interactions is not sufficiently well understood, in part because homogeneous 

well-defined oligosaccharides are still extremely difficult to obtain.381 

Oligosaccharides of diverse origins (bacteria, fungi, plants, viruses, and synthetic) have long been used 

both as pharmacological agents and as food ingredients.382 Vaccines based on carbohydrate antigens 

from biological sources have been used since 1923 against a host of diseases.383,384 Later, researchers 

relied upon the use of well defined, synthetic carbohydrate antigens.76,385 A Haemophilus influenza 

type b (Hib) vaccine was the first licensed glycoconjugate based on a synthetic carbohydrate, which 

proved more effective at preventing meningitis than vaccines derived from natural 

carbohydrates.80,386 The Pozsgay group reported the first synthesis of the shifted tetrasaccharide that 

mimics the O-Specific polysaccharide repeating unit of B. burgdorferi and of its bioconjugate 

form.387,388 Mulard and co-workers then established the synthesis of a number of Shigella flexneri 2a 

O-SP-related saccharide fragments,389 a major cause of the endemic form of shigellosis. Many new 

vaccines based on synthetic carbohydrate antigens, built with defined conjugate architectures are in 

development..
384,390,391

 

 The primary module for oligosaccharide synthesis is the diastereoselective glycosylation of a 

suitably protected glycosyl acceptor with a suitably protected glycosyl donor.98,392,393 Koenigs and 

Knorr reported the first chemical glycosylation a century ago,394 involving the coupling of a glycosyl 

bromide or chloride (glycosyl donor) with a hydroxyl component (glycosyl acceptor) upon activation 

of the former with an activating reagent.98 As discussed in chapter one, trichloroacetimidates,395,396 

prepared by the reaction of free sugars with trichloroacetonitrile and a base (K2CO3), are now used 

most frequently for glycoside coupling reactions, as are glycosyl sulfoxides,397–401 phosphites,402,403 and 

phosphates,404 thio-190 and pentenyl glycosides.405 Other stable and efficient reactive glycosyl donors 

have been developed.406 Several iterative strategies have been developed: linear reducing-to-non-

reducing synthesis by selective deprotection of an orthogonal protecting group; non-reducing-to-

reducing synthesis by selective activation of a non-reactive anomeric group e.g. thiophenyl or 

pentenyl glycoside; convergent two-directional synthesis; and sequential one pot strategies. 
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Oligosaccharides are generally not as easily accessible as oligopeptides and oligonucleotides by 

chemical and biological techniques. The major shortcomings with oligosaccharide synthesis include 

(a) an independent and multi-step sequence to access each precursor (b) a tedious work-up after each 

reaction step, (c) a time-consuming purification to separate the stereoisomers, and the overall low 

yield of the desired product. The control of the anomeric configuration of the product is among the 

major challenges contributing to low yields and difficult purifications. Glycosylation can occur via two 

possible reaction mechanisms, a stereoselective SN1 or a stereospecific SN2, often in competition. In 

the SN2 strategy, the stereochemistry depends on the stereochemistry of the starting material, which 

itself must be controlled. Unfortunately, it is very difficult to robustly obtain a pure SN2 mechanism 

with an acetal functional group. Using the SN1 mechanism (Figure 30), the stereochemistry is 

independent of the starting material stereochemistry, but can be controlled either through C-2 

participation or through the kinetic anomeric effect via a Fürst-Plattner-like transition state.407 The 

presence of a participating group such as an ester at C-2, which can provide an anchimeric effect, 

favors the formation of the dioxocarbenium intermediate directing the attack of the nucleophile 

acceptor 1,2-trans to the C-2 group in the transition state.408  

 

Figure 30: General mechanism of glycosylation reaction. 

The regiochemistry of the glycosylation is determined by the protection scheme of the acceptor. This 

generally requires lengthy multistep synthesis with several orthogonal protecting groups, particularly 

for branched oligosaccharides. However, Hung and co-workers reported a combinatorial, 

regioselective, orthogonal, and sequential one-pot procedure to efficiently obtain differentially 

protected monosaccharide precursors.409,410 

Fluorous technology has been utilized in many areas such as catalytic chemistry, combinatorial 

chemistry, parallel synthesis,411 and of interest to us, in carbohydrate synthesis and carbohydrate 

microarrays.346 As discussed in Chapter 2, Horváth and Rabái reported the first development in 

fluorous chemistry in 1994 using a fluorous biphasic system.293 In addition, Curran and co-workers in 

1997 came up with a novel fluorous synthetic approach, the “fluorous tag method”, using liquid-liquid 

extraction as a strategic alternative to solid-phase synthesis.295 Fluorous solvents such as 

perfluoroudecalin, FC-72, FC-770 are immiscible with organic solvents and water, hence form three 

layers upon mixing. Fluorous tags possess high solubility in fluorous solvents and thus easily isolated 
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from non-fluorinated compounds by partition between the fluorous and organic solvents. 

Alternatively, fluorinated compounds have strong affinities with fluorinated silica gel. This 

characteristic is employed in fluorous solid phase extraction F-SPE, which is an efficient technique that 

aid rapid purification and uses less solvent to elute the samples than traditional silica gel 

chromatography.305,412 Fluorous assisted solution-phase oligosaccharide synthesis is a relatively new 

technique. Perfluoroalkyl-tagged compounds offer efficient and speedy synthesis of oligosaccharides 

with minimum purification.295  However, Tanaka and co-workers reported that while heavy-fluorous 

tag provide selective extraction of the tagged compounds in fluorous solvents, they often reduce the 

reactivity of the tagged compounds.413 Light-fluorous tags could overcome this shortcoming, and the 

target oligosaccharides could be separated by solid-phase extraction with minimum effects on their 

reactivity.414 

Many carbohydrate antigens containing D-glucosamine and D-galactosamine have been reported.415 

During glycosylation, the ɑ-configuration at the anomeric position can be favored by the kinetic 

anomeric effect, while C-2 participation favors the β-stereochemistry.407 The stereochemistry 

therefore depends very strongly on the protecting group on the nitrogen. The azide group appears to 

be the most efficient non-participating group in this regard. Relatively few common N-protecting 

groups work as C2-participating groups, because of the formation of a stable oxazoline.416 The N-

trichloroacetate, N-trifluoroacetate, trichloroethoxycarbonyl,417 and phthalate418 protecting groups 

have been successfully reported as C2-participating groups in oligosaccharide synthesis. 

N-protected glucosamine donors in glycosylation 

The choice of the C2-participating protecting group is a key element in the success of glycosylation 

reactions involving glucosamine donors, and several excellent reviews have been published on this 

topic.374,375,419–422 It is difficult to properly evaluate the challenges based on the literature results alone: 

glycosylation reactions are highly structure-dependent, and the highest reported yield will not reflect 

the overall experience with a particular glycosyl donor; the more challenging the problem, the more 

innovative and efficient solutions will have been brought to bear, so one will find far more efficient 

results for a very difficult case than for a routine case; practical issues, such as solubility, purification, 

etc. are rarely addressed; and finally, the glycosyl donor is often used in excess, so that the result does 

not reflect the yield with respect to the donor. Ongoing progress in developing novel anomeric leaving 

groups, new activation conditions, and new protecting groups offer a wide variety of choices for 

glycosyl donors amenable to preparation of complex amino sugar oligosaccharide systems, as no 

single, universal solution has emerged. In the end, only the poor reputation of glucosamine among 

carbohydrate chemist attests to the challenges involved. Some specific examples of disaccharide 

syntheses with glucosamine donors are highlighted in Table 3. We have focused on the synthesis of 

GlcNAc disaccharides at the secondary positions (with few exceptions) of the acceptor using the most 

common C2-participating groups on the donor, using a small excees of donor. We have thus not 

discussed a number of significant novel protecting groups [N-allyloxycarbonyl (N-Alloc), N-

carboxybenzyl (N-Cbz), N,N-dithiasuccinoyl (N-Dts), e.t.c], as well as the de novo approaches via 

glycals, which are covered in the reviews.  

Christensen and coworkers investigated activation of anomeric acetate N-acetyl glucosamine donor 

activated via Sc(OTf)3 promoter for rapid access to β-O-glycosides (entry 1, table 3). The Glycosyl 

acceptor (1 eq.) consumed the donor (2 eq.) in the presence of 1.1 eq. of the promoter at 80 oC in 

DCM, affording an excellent yield (90% with respect to the acceptor). Following examples display 
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application of N-acetyl glucosamine donor bearing different activatable groups such as halides, esters 

and phosphates. Glycosylations using the native GlcNAc group has recently been reviewed by Beau et 

al., and reported yields range from 15-90%.375 

Equally important, thiomethyl-N, N-diacetyl glycosamines were reported to be activated by dimethyl 

(methylthio) sulfonium trifluoromethanesulfonate (DMTST). Coupling reaction was thus 

demonstrated with reactive acceptors containing 6-OH group affording 89% of β-linked disaccharide 

(entry 2, table 3). However, 6% oxazoline was isolated in this case and low yield of the glycosylation 

increases with weak glycosyl acceptors and hence raising oxazoline side product by 15%.423 

Activation of the tetraacetyl donor bearing C2-N-chloroacetyl by FeCl3 with glycosyl acceptor (entry 3, 

table 3) was demonstrated to afford β-O-glycoside at elevated temperature and prolonged reaction 

times.424 This donor could be coupled with acceptors of different reactivity and the introduction of 

electron withdrawing atoms to the C2 directing group is a strategy to minimize side reactions 

byproducts of glucosamine donors and enhance donor reactivity. In the subsequent examples, 

anomeric bromide425,426 bearing C2 dichloroacetyl glucosamine donor, Schmidt’s donor427 and 

thioethyl428 anomeric glucosamines donors designed with C2 trichloroacetamide as directing groups 

have illustrated versatile application and have shown significant reactivity particularly with 6-OH. On 

another hand, poor to moderate yield for the 3 and 4-OH hydroxyl groups during glycosylation 

reactions was observed. Activation of anomeric S-benzoxazolyl (S-Box) leaving group on the C2 N-

trifluoroacetimidate triacetate glucosamine donor with AgOTf in dichloroethane afforded excellent 

yield (89%) of the targeted disaccharide with O-3 secondary glycosyl acceptor. Subsequently, 

glycosylation with other type of acceptors similarly delivered excellent range yield (entry 6, table 3). 

Formation of ɑ-O-glycoside requires a non-participating group on the glucosamine donor, hence, 

GlcNAz bearing anomeric chloride and trifluoro-N-phenyl-acetimidate activatable groups have yielded 

30% and 73% respectively of the targeted disaccharide in the presence right conditions with 1,6-

anhydro-β-L-idopyranosyl 4-alcohol.429 The authors have successfully prepared other glucosamine 

donors bearing different anomeric leaving groups and performing similar glycosylation have yielded 

excellent results (26-84% yields). Similarly, glycosylation of activatable thiophenyl glucosamine donor 

prepared with C2 N-trichloroethoxycarbonyl (Troc) group was accomplished by NIS/TfOH thiophilic 

system at excellent yield (86%) with suitably protected 4-OH acceptor (entry 8a, table 3).430 The 

greater stability of this N-protecting group towards variety of functional group manipulation 

conditions (benzylation, hydrogenation, oxidation, glycosylation)431 made it popular candidate for 

complex oligosaccharide synthesis. Other anomeric leaving groups such as trichloroacetimidate, and 

thioglycosides can be activated with different promoter system, giving attractive range yield of the 

products (entry 8b-c, table 3). 

Table 3: Glycosylation of various N-protected and anomeric glucosamine donors. Note: d = glycosyl donor, a = glycosyl 

acceptor. 

entry d/a glycosylation Yield 

range (%) 

1a432 2:1 

 

90 

  Activated group Lewis acids  

1b433–437  Cl, Br Hg(CN)2, Sn(OTf)2, Ag2O/Ph2SnCl2 23-88 
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1c438  OPiv Sc(OTf)3,Fe(OTf)3.6DMSO, Cu(OTf)2 

Bi(OTf)3, Yb(OTf)3 

15-90 

1d439  phosphate Tf2NH 65 

1e440  trichloroacetimidate TMSOTf, TfOH 13-18 

2423 -- 

 

89 

3424 1:1 

 

60 

  Activated group Lewis acids  

3b441 2:1 OAll FeCl3 72 

4425,426 1.4:1 

 

9-47 

5427 -- 

 

56-90 

6442 1.1:1 

 

78-93 

7429 1.2:1 

 

30-73 

8a430 -- 

 

54-88 

  Activated group Lewis acids  

8b418,443–

445 

 trichloroacetimidate TMSOTf, TBSOTf, BF3.OEt2 76-88 

8c442,446  SPh, S-Box,  NIS/TfOH, MeOTf 81-82 

9447 1.3:1 

 

33 

10a448  

 

91 

  Activated group Lewis acids  
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10b449–452  STol, SiPr AgOTf/PTSCl, NIS/TMSOTf, 

BSP/DTBMP/Tf2O 

74-92 

10c453  Br AgOTf/collidine 51 

 

Activation of anomeric dimethylphosphinothioate -N-benzyloxycarbonyl glucosamine donor in the 

presence of 4-OH acceptor affords 33% of stereoselective β-glycoside disaccharide. This yield doubled 

with an acceptor bearing 6-OH was coupled with similar donor in the presence of tritylperchlorate-

iodine mixture (TrtClO4-I2), 0.6:1 (entry 9, table 3).447 N-phthaloyl (N-Phth) protecting group has been 

widely employed across carbohydrate chemists to mask the amino sugars. Its application compatible 

with various anomeric leaving groups as glycosyl donors is particularly significant for developing β 
glycoside bond. Of interest here is the glycosylation between two glucosamine moieties where the 

donor was prepared with trichloroacetimidate leaving group and both substrates containing C2 N-

phthaloyl protecting group. In this example, activation was achieved with catalytic amount of TMSOTf 

usually in DCM affording 91% of the desired disaccharide. Additionally, representative N-phthaloyl 

thioglycosides found useful application with different choice of Lewis acids (entry 10b-c, table3). 

Effort to develop convenient methods for complex carbohydrate assembly never ceases. Detailed 

progress made in this regard (glucosamine donors) have been fully reviewed as mentioned above, 

particular cases were shown here for the widely employed designs and yield range was also 

highlighted to report the average yield of different cases in the literature. Similarly, majority of the 

cases showed excess of the glycosyl donor. Thus, there are very few reports in which the yield is 

reported based on the glycosyl donor.424, 439  So, the yields are very high in general, but quite 

remarkable with respect to the donor.  This is an essential feature for a fluorous tagged donor, even 

better than recyclability. 

The current research focuses on the coupling reaction between two fluorous tagged D-glucosamine 

precursors in order to test whether the fluorous tag could also serve as an efficient C-2 participating 

group, and address whether the fluorous tag can provide additional advantages in the coupling 

reaction. In particular, we will focus on the synthesis of 1,3-glycosamine trisaccharides, such as the 

one that forms the core of the E. coli O142 O-antigen. 

RESULTS AND DISCUSSION 

Double F-tag glycosylation 

Double F-tag glycosylation is an expedient route that combines monosaccharides bearing fluorous 

tags of different length, in order to preclude the necessity to carry out tedious workups and time-

consuming purifications at the glycosylation stage. Detailed steps for the regioselective protection of 

individual hydroxyls in monosaccharide units used here were described in the previous chapter. The 

fluorous technology was therefore first investigated in order to speed up the synthesis of (1→3)-

glucosamine-glucosamine disaccharides as a model compounds towards the E. coli O142 O-antigen. 

The coupling of a glucosamine donor 74 tagged with a C3F7 amide chain with the glucosamine acceptor 

85 incorporating a C7F15 amide tag was first investigated by a procedure mediated by TMSOTf in DCM 

at -40 oC (table 4).454  
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Table 4: Differentially fluorous tagged glycosylation with C3F7-tagged donor 74 and C7F15-tagged acceptor 85.a 

Entry Acceptor 85 (eq.) Solvent Temperature (oC) Duration (h) Yield,124 (%) 

1 
0.7 DCM 

-40 → -10 

3 0 

2 

5 

0 

3 1.0 DCM:FC-770 0 

4 0.7 ACN 0 

5 1.0 DCM 3 0 

a. A mixture of 74 and 85 in the indicated solvent over flame activated 3Å sieves was stirred at -40 oC for 30 min and 
treated with TMSOTf (0.1 eq) and allowed to warm progressively to -10oC over the indicated duration 

Much to our surprise, there was no sign of the expected compound 124 (Scheme 8) by any 

spectroscopic analysis conducted (1H, 19F NMR, MS), under standard conditions (entry 1). However, it 

was apparent that the solubility of the precursors was poor at the glycosylation temperature. This is 

a possible physical explanation but finding the factors responsible for this deterrence requires further 

practical investigation. In entry 3, introduction of a fluorous solvent such as FC-770 (50µL) did not yield 

any improvement. Additional experiments were performed with longer reaction times (entry 2-4), 

substituting reaction solvent for acetonitrile (entry 4) or increasing the number of equivalents of the 

acceptor (entry 3 and 5). No trace of the target molecule 124 was observed. 

  
Scheme 8: Synthesis of double fluorous tagged disaccharides 124-125. 

Poor solubility is a recurrent problem with glucosamine precursors in general. This led us to carry out 

solubility test of the starting materials in an effort to determine optimal solvent choices towards target 

molecules (table 4). Glucosamine donors modified with either C3F7 74 or C7F15 71 at the C2 amide 

dissolved completely at reaction condition and therefore passed the test. On the other hand, there is 

slight difference when the two fluorous acceptors 89 and 85 were dissolved in DCM, however limited, 

but it means, as the number of fluorine decreases the solubility improves with our model fluorous 

acceptors.  Dissolution in other solvent systems such as acetonitrile and toluene did not provide any 

significant solubility even when stirring at room temperature for some hours, and addition of fluorous 

solvent (25 → 100) µL has no positive effect on the solubility. The fluorous acceptors were soluble in 

THF, however. 
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Table 5: Solubility test of fluorous precursors at -40 oC → rt 

Entry Compound Solvent Temperature Solubility observation 

1 C7F15 donor DCM 

-40 oC → rt 

Sufficiently soluble 
2 C3F7 donor DCM 

3 C3F7 acceptor DCM Poorly soluble 

4 C7F15 acceptor 

DCM 

Very insoluble; fluorous acceptors float 

out of the reaction phase upon stirring. 

DCM + 

FC-770 

MeCN 

MeCN + 

FC-770 

PhMe 

PhMe + 

FC-770 

5  THF  Sufficiently soluble 

 

In a further effort toward either a two-phase or a single phase co-solvent system, we performed 

miscibility analysis for DCM, MeCN, PhMe, perfluorodecalin (PFD) and perfluoro compound (FC-770) 

at various admixture ratios (table 5). This is pertinent because certain fluorous molecules may be 

soluble in the fluorous droplets or at the solvent interface, making it possible to run the reaction at 

hand. All organic and fluorous solvents were mixed at 5:1 ratio and in every mixture the bottom 

fluorous phase was not miscible with the organic layer at room temperature (entry 1-6, table 5). Upon 

subjecting the heterogeneous mixture to the reaction temperature of -40 oC, the fluorous phase 

quickly turned to a white (solid-like) phase. The colorless phase reappears on approaching room 

temperature. Similarly, a mixture of each organic solvent above with two fluorous ones in the ratio of 

20:2:1 (entry 7-9; Table 5) formed a homogeneous phase between the two fluorous solvents and 

immiscible with upper organic layers. In all cases, the fluorous solvents formed white phase at -40 oC. 

However, acetonitrile-fluorous admixture (entry 8), somewhat retained a colorless heterogeneous 

mixture below -20 oC, while other mixtures (entry 7 and 9) freeze near 0 oC. 

Table 6: Miscibility test for organic and fluorous solvents. 

Entry Solvents Admixture ratio Temperature Miscibility observation 

1 DCM:FC-770 

5:1 -40 oC → rt 

Colorless heterogeneous mixture 

that formed white (solid-like) 

phase at – 40 oC which melts near 

rt. 

2 MeCN:FC-770 

3 PhMe:FC-770 



 

 

81 

4 DCM:PFD 

5 MeCN:PFD 

6 PhMe:PFD 

7 DCM:PFD:FC-770 

20:2:1 

Heterogeneous 2 phase system; 

the white frozen fluorous phase 

disappears near 0 oC. 

8 MeCN:PFD:FC-770 

9 PhMe:PFD:FC-770 

 

With this result in hand, we attempted another glycosylation between the donor 74 and acceptor 85, 

both carrying similar C3F7 tags, motivated by the somewhat higher solubility of the acceptor (Scheme 

8). In a glimmer of hope, under the same conditions used for acceptor 85 in table 3, entry 2, we 

observed the presence of the desired compound 125 by mass spectrometry analysis only. However, 

the yield remains vanishingly low, so solubility alone does not seem to explain the result. This led us 

to test other combinations to gain further insight. Hence, we attempted four additional combinations 

of donor-acceptor precursors C7F15-C3F7, C7F15-C2F5, as well as the matched tag C7F15-C7F15 and C2F5-

C2F5 condensations. 

In the following scheme (Scheme 9 and Table 6), we sought to condense the most challenging, poorly 

soluble and unreactive C7F15 acceptor 85 with the similarly C7F15 fluorous tagged donor 71 activated by 

TMSOTf (0.1 eq.) in DCM at -40 oC to -5 oC without success (Entry 1). This reaction was repeated 

allowing reaction to reach room temperature with constant stirring, still failed (Entry 2). Adding FC-

770 (25 µL) as a cosolvent in DCM did not afford desired product 126 (Entry 3). However, condensing 

a 1:1 molar ration of the precursors in dry DCM and 0.2 eq. of the promoter, a trace of the expected 

disaccharide 126 was picked up by mass spectrometry analysis after silica gel column (Entry 4). In the 

beginning, we thought of a self-aggregation effect as the possible explanation to describe the 

observed result, but the negligible yield and unreproducible reaction suggested otherwise. Efforts to 

further address the solubility issue by running the reaction in dry THF that dissolved the precursors 

similarly provided only traces of the coupled product (Entry 5). Solubility thus did not seem to be the 

dominant factor in this reaction. In most events, a very clean recovered acceptor and the hydrolyzed 

donor were isolated after silica gel chromatography. 
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Scheme 9: Synthesis of double fluorous tagged disaccharide 126-129 

Additional glycosylation reactions with shorter fluorous chains on the acceptors were examined in 

Table 7. A more promising result for glycosylation with the C7F15-donor 71 and C3F7 acceptor 89 in 

equimolar amounts (entry 6) afforded the disaccharide 127 in a low, but measurable yield in a single 

experiment. Further attempts with 1.5 eq. of C2F5 acceptor 92 in dry acetonitrile gave traces of the 

expected compound 128 by mass spectrometry (entry 7). Completing this scheme, the coupling 

between the C2F5 acceptor 92 and a donor 77 bearing a similar fluorous tag are shown in table 6 (entry 

8-9) under similar conditions gave the disaccharide 129 in trace amounts. The coupling reactions are 

thus very low yielding and poorly reproducible, and their failure cannot be attributed to solubility 

alone. 

Finding a viable purification method remained truly challenging and problematic, as multiple 

traditional silica gel chromatographies did not allow us to isolate the desired product in sufficient 

purity for characterization. In the pursuit of improved purification, reverse phase chromatography or 

preparative silica gel TLC similarly afforded little separation. Therefore, it became extremely difficult 

to report yields even in the case where mass spectrometry revealed the presence of desired adduct 

after multiple purifications on a few milligram-scale reactions. Therefore, in an effort to test the 

original basis for the differential fluorous tag methodology, the potential of fluorous silica gel 

preparative TLC plate (Sigma Aldrich) was investigated. 

This separation is based on the affinity between the fluorous molecule and the fluorous silica gel 

stationary phase. This was applied to the unresolved reaction mixture for the C7F15-C3F7 disaccharide 

127 and C2F5-C2F5 disaccharide 129 and provided an extremely effective separation than neither 

standard nor reverse phase silica gel purification could provide. This is significant in making a first mild 

characterization in respect to our objectives. Pure samples of the disaccharides 127 and 129 were thus 

obtained for characterization, whereas traditional purification protocols prove fruitless. The 

disaccharides were obtained exclusively as the -disaccharide (J = 8.4 Herz, H’-1). Henceforth, we can 

conclude that the fluorous tagged amide acts as an efficient C2 participating group, but the fluorous 
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tag on the acceptors exert a deactivating effect. The differentially double-tagged strategy does allow 

for efficient separation of the residual donor, acceptor, and coupled product on fluorous silica gel.  

Table 7: Double fluorous tagged glycosylation 126-129a.  

Entry Combination A(eq.) Solvent T (oC) d (h) Yield (%) 

1 

C7F15-C7F15 

0.7 
DCM 

-40 → -5 4 

126; 0 2 -40 → rt 5 

3 DCM:FC-770 -40 → -5 3 

4 1.0 DCM -40 → -10 3 
126; traces 

5 0.7 THF 
-40 → -5 

4 

6 C7F15-C3F7 1.0 DCM 3 127; 18 

7 C7F15-C2F5 1.5 MeCN -40 → 0 4 128; traces 

8 

C2F5-C2F5 1.0 DCM -40 → -5 
2 

129; traces 9 

10 3 

a. A = acceptor, T = temperature, d = duration. A mixture of the donor and acceptor (A= number of equivalents) bearing 
fluorous tags of the indicated chain length in the indicated solvent over flame activated 3Å sieves was stirred at -40 oC for 

30 min and treated with TMSOTf (0.1 eq) and allowed to warm progressively to -10 oC over the indicated duration 

Traditional single F-tag glycosylation 

Having exhausted the doubly tagged strategy with our model monosaccharide units, we then 

attempted to glycosylate the fluorous glucosamine donors 71, 74, 77 with available non fluorous 

acceptors bearing free nucleophilic 3-OH and 4-OH groups 130, 131, 132. We hope in this way to 

determine whether the poor reactivity is due to the fluorous donor or the fluorous acceptors. Single 

fluorous tagging strategy will therefore be a proof of concept to determine whether broad application 

of the fluorous glucosamine donors can be envisioned as a reliable approach. 

1,3-glycosylation 

In an endeavor to construct a β(1→3) glycoside bond by single fluorous tag strategy, the various 

fluorous glucosamine donors 71, 74, and 77 were reacted with equimolar amounts of two different 3-

OH non fluorous glucosamine acceptors 130 or 131 by the action of TMSOTf promoter in DCM. The 

first attempts in this synthesis delivered more promising results based on the representative 

unoptimized yields in scheme 10, providing products 133, 134, and 135, in 24, 28 and 51% isolated 

yield, as clearly identified by mass spectrometry and NMR analysis. The products were isolated by 

normal phase silica chromatography, so the isolated yields are probably somewhat understated. The 

first non fluorous acceptor 130 differs in three respects to the model fluorous version by a 4,6-

acetonide functionality in place of the benzylidene, a C2 allyloxy carbonyl amide in place of fluorous 

amide and the O-pentenyl replacing the thiophenyl at the anomeric position. Similarly, the second 

acceptor 131 differs by N-phthaloyl group instead of C2 fluorous amide and the anomeric O-pentenyl 
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group. Coupling of the C3F7 or the C7F15 fluorous donors gave similar results, the yields being modest, 

but measurable; they were qualitatively far superior to the coupling with the fluorous acceptors. 

Coupling of a fluorous donor to the N-Phthaloyl protected acceptor gave an acceptable 51% yield, 

again, qualitatively significantly higher than the allyloxycarbonyl case. These results confirm the good 

reactivity associated with the fluorous amide glucosamine donor and highlight on the other hand the 

daunting issues observed with fluorous acceptors in the preceding approach. 

 
Scheme 10: Synthesis of singly fluorous tagged disaccharide. 133-136 

1,4-glycosylation 

Accordingly, the C7F15-fluorous glucosamine donor 71 was coupled in the same manner with non 

fluorous 4-OH acceptor 132 catalyzed by TMSOTf as Lewis acid in dry DCM. Gratifyingly, the expected 

disaccharide 136 was isolated in a good 43% yield by preparative TCL on silica gel plate. Based on these 

experimental results, it is apparent that the nucleophilicity trend follows the order N-phthalimide > 

NH-amide >> NH-fluorous amide. The strong electron-withdrawing effect by the fluorous chain and 

the hydrogen bond for the fluorous amide to the nucleophile, rather than reduced solubility, is linked 

to the reduced nucleophilicity of the fluorous acceptors, and hence the very low yields. The electron-

withdrawing effect of the fluorous amide is expected to strengthen the intramolecular hydrogen bond 

to the nucleophilic hydroxyl group. The fluorous tagged amides, however, act as excellent glycoside 

donors, with a complete -directing effect, and relatively little influence of the length of the fluorous 

chain. The acceptor bearing N-allyloxy C2 protecting group then showed increased yields, with a lesser 

hydrogen bond effect on the nucleophilic alcohol. Finally, N-phthalimide-based acceptors that do not 

encounter any hydrogen-bond deactivation effect on the nucleophilic alcohol; hence, incrementally 

better yields (51%). The yield was similar for the less challenging glycosylation adduct 136.  

Optimal yields have not been obtained for these representative reactions, as purification protocols 

were not sufficiently efficient, and the disaccharides were isolated on small scale. Undeniably, 

fluorous preparative TLC systematically showed good resolving power, yet it is limited to a few 

milligrams and is obviously unsuitable for larger-scale synthesis or broad optimization. Thus, we were 
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bound by this undertaking to seek out better purification alternatives in the ensuing synthesis 

involving modified acceptors in addition to possible optimization of reaction conditions, in particular, 

for the preparation of biologically relevant oligosaccharide fragments. 

Modified F-tag glycosylation strategy 

With the established C7F15-fluorous glucosamine donor, we embarked on another stride towards the 

synthesis of glucosamine oligomers using non-fluorous acceptors and extend the concept to the 

preparation of partial natural carbohydrate fragments. Additional methods for obtaining pure 

compounds will be investigated with the synthesized molecules, to allow for optimization and full 

characterization in a standard synthetic setting.  

Glycosylation of 2-azido glucosyl acceptors 

The singly fluorous tag strategy remains a coherent and dependable route to synthesize compounds 

for biological applications. Using the fluorous glucosamine donor 71, we investigated glycosylation 

reactions with new acceptors bearing an azide group at the C2 position, and anomeric O-pentenyl, 

thiophenyl or 1,6-anhydro group for direct or indirect iteration, and 4-O-benzyl, 6-O-tert-butyl 

diphenyl silyl group, with the free 3-OH alcohol as glycosyl acceptor. We initially envisioned a 

differentially double tagged strategy in which the second fluorous tag could be introduced after the 

coupling reaction. 

 
Scheme 11: Synthesis of modified singly fluorous tagged disaccharide 137-138. 

The 1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-glucopyranose-1.6 eq. (103) as a synthetic 

intermediate was used as a potential acceptor in our first attempt in combination with the C7F15-

glucosamine donor 71, TMSOTf in anhydrous DCM (entry 1, table 8). The fluorous tagged donor 

bearing the highest number of fluorine atoms was chosen to serve in all further syntheses because it 

is expected to show maximum affinity with the fluorous and hydrophobic purification phases. The 

above reaction yielded the desired result, despite the considerable steric hindrance of the axial 

hydroxyl group, affording a clean fraction 137 in 38% yield after two purifications by silica gel 

chromatography that was fully characterized by spectroscopic analysis (Mass spectrometry and NMR). 

The difficulty still remains in separating excess glycosyl acceptor from the desired compound by this 

means. Encouraged by this development, we then proceeded to couple an equimolar mixture of 

phenyl 2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-β-D-glucopyranoside acceptor 

107 and fluorous donor 71, in the presence of TMSOTf (0.1 equiv.) in DCM at -40 oC to -5 oC for 2 h 

(138b, entry 2, table 8). The optimum condition so far was found to be 2.1 equiv. of the acceptor, and 

0.1 equiv. of the Lewis acid in this context (138a, entry 3, 34%, table 8), again based on silica gel 

chromatography. 
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Table 8: 1,3 glycosylation protocol for the synthesis of 137-138.a  

Entry Acceptor Equiv. d(h) T (oC) Solvent 
L. A. 

(eq.) 

Yield 

(%) 

1 1,4-anhydroGlcN3 103 1.6 2 

-40 → -5 DCM 0.1 

38 

2 β-GlcN3 107b 1.0 2 19 

3 ɑ-GlcN3 107a 2.1 3 34 

a. d = duration, T = temperature, L.A. = Lewis acid. A mixture of the fluorous tagged donor 71 and the indicated acceptor 
(number of equivalents) in the indicated solvent over flame activated 3Å sieves was stirred at -40 oC for 30 min and treated 

with TMSOTf (0.1 eq) and allowed to warm progressively to -5 oC over the indicated duration. 

Guided by previous experiences on purification, we intended to examine purification protocol by 

analytical fluorous HPLC column. Sadly, these types of instruments are no longer available from our 

suppliers. Henceforth, we anticipated that it will be desirable to observe the interaction between 

fluorophilic and hydrophobic effects on an analytical pentafluorophenyl (PFP) HPLC column. This type 

of column has been demonstrated to purify protected carbohydrates including fluorinated 

compounds by Pohl group in high purity.455 Fortunately, our curiosity regarding this synergy yielded 

fruitful results. A robust analysis was performed by liquid chromatography/mass spectrometry 

(LC/MS) of the crude reaction mixture over a PFP column (gradient of 85/15 methanol/water to 100% 

methanol over 30 minutes). These results were obtained in a collaboration with the Casabianca group 

at the ISA UMR 5280. The result of the LC/MS analysis of 138a is shown in Figure 31. The compounds 

were eluted in the order of combined fluorophilic and hydrophobic effects: shortly after the solvent 

front was peaks associated with glycosyl donor 71 that is weakly visible at either 210 or 254 nm 

because it lacks UV active groups. This is followed by the strongest absorbance peak at 9 minutes that 

corresponds to the acceptor 107; then third peak at 16 minutes is the coupled product 138. Other 

peaks correspond to artifacts not related to our reaction mixture. It is noteworthy that although the 

acetylated fluorous amide is fairly weakly retained on the column, the effect on the separation of the 

acceptor and the coupled product is quite dramatic. It is therefore reasonable to speak of a combined 

fluorous hydrophobic effect.  

We became interested in trying a standard reverse phase (RP-C8) HPLC column and therefore compare 

with the result on the PFP column. Eluting the reaction mixture on a Poroshell C8 RP column by HPLC 

analytical mode (gradient of 85/15 acetonitrile/water + 0.1% TFA to 100% acetonitrile over 17.5 

minutes), the solvent front peak is followed by peaks related to glycosyl donor 71 around 3.4 min area; 

then clearly visible peak at 5.7 min as the acceptor 107 and disaccharide of interest 138a at 8.5 min 

as shown in the figure 3.2 (UV 254 nm). Although the resolution far superior with the PFP column, one 

again observes a strong fluorous-hydrophobic effect: the fluorous amide donor hemiacetal is only 

weakly retained by the C8 reverse phase column but exerts a significant effect on the separation of 

the fluorous coupled product from the non-fluorous acceptor. 
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Figure 31: LC/MS analysis of the glycosylation reaction mixture of 138a. PFP column (4.6 x 150 mm), gradient 85% MeOH-
H2O to 100% MeOH in 30 min and then back to starting gradient over 10 min. UV detection is 254 nm and the flow rate 0.6 

mL/min. 

 

Figure 32: HPLC analysis of the glycosylation reaction mixture of 138a. Poroshell RP C8 column (2.1 x 50 mm), gradient 85% 
MeCN-H2O + 0.1% TFA to 100% MeCN in 17.5 min. UV detection is 254 nm and the flow rate 0.8 mL/min. 

Preparative HPLC on PFP column was not found to be convenient for routine optimization. As a result, 

we successfully explored a reliable separation technique that could purify reaction mixtures of this 

type on a much larger scale. Hence, with a 40g reverse phase C 18 column on a Combiflash 

chromatographic MPLC system, we purified and characterized the disaccharide 138a at hand (entry 3, 

table 8). Similar purification conditions for fluorous tagged glycosides have been used previously by 

Kabotso and Pohl.337 The first compound to be eluted was related to glycosyl donor 71; then recovered 

acceptor 107 and lastly the desired disaccharide molecule (138a, β-isomer only) identified by mass 

spectrometry and NMR analysis. In the event, the hydrolyzed donor and recovered excess acceptor 

can be reused without further purification steps.  
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Glycosylation of 2-azido galactosyl acceptor 

Replacing the two azido-glucose acceptors 103 and 107 in scheme 11 with the corresponding azido-

galactose derivatives 104 & 108 will allow us to construct the disaccharide fragment from E. coli O142 

O-antigen and therefore reasonably invest our effort on the optimization of a compound from a 

biologically relevant setting. Encouraged by these preliminary results and with a robust purification 

protocol in hand, we expect that by varying the equivalents of acceptor and Lewis acid, reaction 

temperature and reaction duration would help us arrive at optimized conditions. The majority of 

reactions were performed by pre-stirring the mixed precursors over freshly flame-activated molecular 

sieves (4Å-powdered form) for at least an hour at room temperature before cooling and were run 

under intensely inert conditions to be the best empirical requirement for successful and high yielding 

glycosylation. 

Table 9: 1,3 Glycosylation protocol for the synthesis of 139-142.a 

Entry Acceptor Equiv. d(h) T (oC) Solvent 
L. A. 

(eq.) 
Yield (%) 

1 1,4-anhydroGalN3 4.7 3 -40 → -5 

DCM 0.1 

40 

2 ɑ-GalN3 1.0 2 -40 → -25 17 

3 ɑ-GalN3 1.4 4 -40 → 0 20 

4 ɑ-GalN3 1.0 3 -40 → 20 

 

0.25 23 

5 ɑ-GalN3 1.5 4 -40 → 0 

0.1 

33 

6 ɑ-GalN3 1.5 5 -78 → 0 23 

7 ɑ-GalN3 1.5 4 -40 → 0 THF traces 

8 β-GalN3 1.6 2 -40 → -25 

DCM 

40 

9 β-GalN3 0.75 4 -40 → 0 0 

10 β-GalN3 1.8 o/n -40 → rt BF3-OEt2 40 

11 β-GalN3 1.5 4 -40 → 0 

0.1 

57 

12 β-GalN3 1.5 4 -40 → rt 40 

13 β-GalN3 1.5 

o/n 

-40 → rt 62 

14 β-GalN3 1.5 -40 → rt 71 

15 β-GalN3-OPent 1.5 -40 → rt 90 

a. d = duration, T = temperature, L.A. = Lewis acid, o/n = overnight. A mixture of the fluorous tagged donor 71 and the 
indicated acceptor (number of equivalents) in the indicated solvent over freshly flame-activated 4Å sieves was stirred at rt 

for one hour, cooled to -40 oC and stirred for 30 min and was treated with TMSOTf (0.1 eq) and allowed to warm 
progressively to the indicated temperature over the indicated duration. 

In view of the above findings, 4.7 equivalents of the bicyclic acceptor 104 (entry 1, table 9) in the 

galactose series was glycosylated with usual fluorous donor 71 in the presence of TMSOTf promoter 

(0.1 eq.) from -40 → -5 oC for 3h reaction time. Applying the crude reaction mixture to the reverse 
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phase (RP-40g) column and elution with 80% MeOH-H2O to 100% MeOH delivered the recovered clean 

acceptor 104 and the desired molecule 139 in 40% yield, as well as traces of hydrolyzed donor. 

Although modest, 40% is an acceptable yield, considering the 1,3-diaxial interactions of the 

nucleophilic hydroxyl group with both substituents of the 1,6-anydro bridge. The 1,6-anhydro 

functionality of this disaccharide can in principle be opened by acetolysis to allow for structure 

extension, as a possible way forward. Next, we tried glycosylation with the C7F15-glucosamine donor 

82 bearing benzoate groups instead of acetyls (entry 3, table 9). With 1.4 equivalents of the acceptor 

mediated by TMSOTf (0.1 equiv.) in dry DCM, 20% of the expected disaccharide was isolated after RP 

column purification. This could be attributed to reduced reactivity and may be optimized by screening 

the promoter and reaction time among others. However, it seems that the robustness of the acetyl 

groups is not the dominant factor in these cases, so further studies were carried out on the acetylated 

donor 71.  

An in-depth study of the coupling between the fluorous glucosamine donor 71 and the galactose 

phenyl thioglycoside acceptor 108 was then carried out. The reaction of 71 and 108 in equimolar ratio 

with TMSOTf (0.1 eq.) from -40 → -25 oC for 2 hours gave the desired compound in moderate yield 

(17%, entry 2 table 9). By varying the duration of the reaction, equivalents of the promoter and that 

of the glycosyl acceptor (entries 3-12; excluding entry 7 and 10) we arrived at a better yield (57%, 

entry 11), but the reaction was inconsistent (entry 12, even though, 57% was obtained by letting the 

reaction stir at 0 oC for 1 h and 0 oC for entry 12 was attained progressively from -40 oC). The result 

was improved upon letting the reaction stir overnight up to room temperature (62% entry). Gladly, 

the current conditions have shown excellent reproducibility, and raising the scale to grams has 

afforded an even higher yield (71%, entry 14 table 9). Conducting the reaction in dry THF has not given 

any positive effect, as only traces of expected disaccharide was identified by spectroscopic analysis 

(entry 7). Similarly, substituting the Lewis acid with BF3-OEt2 (0.1 eq., entry 10, table 9) afforded only 

40% of the named disaccharide, albeit with an aglycon transfer byproduct (phenyl tri-O-acetyl-2-

deoxy-2-pentadecafluorooctanoylamido-β-thioglucoside) which was detected and fully isolated. It 

was established that 1.5 equivalent of the acceptor with fluorous donor 71 activated by TMSOTf is 

enough to drive the reaction to completion efficiently.  
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Scheme 12: Synthesis of modified singly fluorous tagged disaccharide 139-142. 

The potential of the purification system has also been demonstrated here with analytical LC/MS over 

PFP column and another by reverse phase (RP) in the HPLC analyses. The results in Figures 31 and 32 

validate the preparative separation technique, as these molecules behaved smoothly on the 

preparative reverse phase C-18 MPLC column and were isolated cleanly. The recovered glycosyl 

acceptor and hydrolyzed donor could be reused without further purification.  

 

Figure 33: LC/MS analysis of the glycosylation reaction mixture of 141. PFP HPLC column (4.6 x 150 mm), gradient 85% 
MeOH-H2O to 100% MeOH in 30 min and then back to starting gradient over 10 min. UV detection is 254 nm and the flow 

rate 0.6 mL/min. 

In both cases, the peaks associated with glycosyl donor was first eluted after the solvent front. This is 

accompanied by recovered excess acceptor 108 and last, the desired disaccharide 141 was eluted at 

15.3 min and 8.2 min on the PFP and RP by LC/MS and HPLC analysis respectively. Other small peaks 

are background noise or artifacts not related to our reaction mixture. The purification conditions by 

this method were similar to the tested compounds described in the previous section. 
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In the same vein, we made another acceptor replacing the anomeric thiophenyl by an O-pentenyl as 

an additional back-up in our synthetic design. With the optimized reaction protocol, 1.5 equivalents 

of this acceptor 122b consumed the donor 71 in the presence of TMSOTf (0.1 eq.) from -40 oC to rt 

overnight. Surprisingly, this step offered an excellent yield (90%, entry 15). Using the RP purification 

method, pure molecules 141 and 142 were isolated from their respective crude reaction mixture by 

RP column (40g) as before and permit full characterization by spectroscopic analysis. The effect of the 

remote anomeric substituent is quite remarkable: The O-pentenyl group gave significantly better 

results than the thioglycoside, and the β-thiogalactoside gave consistently better results than the ɑ-

thiogalactoside. It is unclear whether this is related to the transglycosylation reaction observed with 

BF3-etherate, or to a remote electronic effect. On this note, functional group manipulation, along with 

optimization of the other parameters have fully addressed the yield, reproducibility, solubility and 

reactivity challenges suffered initially. Although fluorous HPLC on a PFP preparative column and the 

differentially double fluorous tag after coupling strategy remain viable options, the fluorous-

hydrophobic strategy using a relatively polar fluorous glycoside donor and a hydrophobic non-fluorous 

glycoside acceptor turned to provide the most convenient and robust solution to the purification issue 

at the disaccharide level. This may also provide an interim solution for carbohydrate groups who do 

not have ready access to fluorous SPE and HPLC columns, but routinely use MPLC chromatography.  

 

 

Figure 34: HPLC analysis of the glycosylation reaction mixture. Poroshell RP C8 column (2.1 x 50 mm), gradient 85% MeCN-
H2O + 0.1% TFA to 100% MeCN in 17.5 min. UV detection is 254 nm and the flow rate 0.8 mL/min. 

Synthesis of O-antigen trisaccharides 

Progressing in the synthesis from the optimized disaccharides to the partial antigen trisaccharide 

structure is aimed at a proof of the developed strategy. Iterative transformation of the fluorous amide 

disaccharide towards either the - and -trisaccharide will constitute a general validation of single 

or multiple-fluorous tag non-reducing-to-reducing oligosaccharide synthesis. Two routes were 

designed in our synthesis to deliver these isomers within established protocols (Figure 35). After the 

single-fluorous tag synthesis of the disaccharide described above, the -directing azide can be 

converted directly into the trisaccharide in the presence of the azidoglycosyl acceptor, leading to the 

differentially fluorous GlcNAc-(1→3)GalNAc−(1→3)GalNAc trisaccharide after reduction of both 
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azide groups and introduction of two short fluorous tags. Alternatively, the disaccharide azide can be 

reduced and a second -directing fluorous amide tag can be introduced.  Iterative glycosylation with 

the azidoglycosyl acceptor will then lead to GlcNAc-(1→3)GalNAc−(1→3)GalNAc after reduction of 

the azide and introduction of a third fluorous amide,  as depicted in the sections below. 

 

 

Figure 35: Stereoselective synthesis of target trisaccharides. 

Coupling followed by F-tag afterwards 

The first step in this synthesis necessitates efficient activation of the anomeric thioglycoside to allow 

for successful nucleophilic attack by the glycosyl acceptor under appropriate conditions in a 

straightforward manner. Therefore, we set up a model reaction scheme to establish thioglycoside 

disaccharide activation optimally (Figure 35). With Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-

(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-1-thio-β-D-glucopyranoside (83) and 

Phenyl 2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ and or β-D-glucopranoside 

(107a/b) in the presence of a thiophilic promoter system,195 only 13% of the expected disaccharide 

138 was isolated after purification over C-18 column (table 10, entry 1). This disaccharide resembles 

the previously made disaccharide by trichloroacetimidate activation. Despite changing certain 

conditions, such as the number of equivalents of BSP, the reaction duration, and the stereochemistry 

of the thioglycoside, only little improvement was achieved with 24% yield, using 4.2 eq of BSP and 4 

hours reaction time (entry 2 and 3, table 10). 

Table 10: Preliminary test for thioglycoside activation in the glycosylations shown in scheme 13.a  

Entry D:A ratio Promoter system T (oC) d (h) Yield (%) 

1 1:1.5 (β) TTBP (2.0), BSP (1.1), Tf2O (1.2) 

-60 → rt 

8 13 

2 1:1.1 (ɑ) TTBP (2.0), BSP (2.0), Tf2O (1.2) 6 15 

3 1:1.5 (β) TTBP (2.0), BSP (4.2), Tf2O (1.2) 4 24 
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4 1:1.1 (ɑ) NIS (2.25), TfOH (0.75) -25 → 0 5 0 

a. A, D = glycosyl acceptor and donor respectively; T = temperature; d = duration. TTBP = 2,4,6-tri-tert-butylpyrimidine; BSP 
= benzenesulfinyl piperidine. A mixture of the fluorous tagged donor 83 and the acceptor 107a (ɑ) or 107b () in the 

indicated molar ratio in dichloromethane over freshly flame-activated powdered 4Å sieves was stirred at rt for one hour, 
cooled to the indicated temperature and stirred for 30 min, and was treated with the indicated promotor system and 

allowed to warm progressively to the indicated temperature over the indicated duration. 

 

  
Scheme 13: Preliminary test for thioglycoside activation in glycosylation 138b-138a. 

An alternative thiophilic recipe was tested (TfOH/NIS) because in all three previous entries, unreacted 

fluorous donor was fully recovered (entry 4).456 Substituting the promoter might activate the donor 

more adequately, thus raising the yield. Unfortunately, after 5 hr reaction time following the TfOH/NIS 

promoter combination, the compound of interest was not detected even by mass spectral analysis. 

Despite these results, we chose to test these coupling conditions in the real scenario towards 

trisaccharide. 

The singly fluorous tag disaccharide 138 bearing an anomeric thiophenyl as a departing group was 

ventured to react with the glycosyl acceptor 108 possessing a similar activatable leaving group by the 

inverse addition procedure (Scheme 3.6). Upon donor activation by the reagent system (TTBP, BSP 

and Tf2O) at -60 oC in anhydrous DCM and flame activated molecular sieves (4Å), the acceptor was 

then introduced and stirred from -60oC to room temperature (Table 10, entry 1). Unfortunately, there 

was no trace of the expected trisaccharide 147 or of either recovered starting material detected by 

mass spectrometry or NMR (Scheme 13). Thorough screening for efficient complex carbohydrate 

assembly is limited by the extremely difficult and time-consuming number of steps to prepare the 

precursors, let alone the capital resource requirements for reagents and equipment. To address this 

setback, although we felt that selective activation of the thioglycoside was ultimately possible, we 

redirected our efforts to a rather less ambitious but more predictable course by transforming the 

thioglycoside into Schmidt’s trichloroacetimidate donor combined with an acceptor having activatable 

anomeric O-pentenyl functionality. 

Deprotection of thiophenyl iterative protecting group on the glucoside fluorous disaccharide 138 was 

achieved by the action of N-bromo succinimide (NBS) in acetone.260 After chromatographic separation 

on silica gel, the desired inseparable mixture of disaccharide hemiacetals was isolated in moderate 

yield (143, 48%), and subsequent trichloroacetimidate formation was accomplished with CCl3CN (30 

eq.) and Cs2CO3 (0.6 eq.) which afforded separable anomeric mixtures of donor 145 (ɑ/β, 2/3) at 92% 
over silica gel. Surprisingly, in an analogy to the former deprotection, the phenyl thiogalactoside 

disaccharide 141 was not conveniently deprotected under similar conditions, providing inseparable 

mixtures of anomeric hemiacetal disaccharides and unreacted starting material. Hence, it became 
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imperative to seek out different reagents. To our delight, NIS/TFA in wet DCM overcame this difficulty 

in an excellent yield by driving the crude reaction mixture to complete product.457 An ɑ/β mixture of 
anomeric hemiacetal disaccharides (144; 70%) was obtained in an improved yield. This was later 

successfully transformed to Schmidt’s donor (146; 67%, Scheme 14). 

 
Scheme 14: Stereoselective synthesis of target trisaccharide 147-149. 

 

By reacting the glucosyl trichloroacetimidate disaccharide donor 145 and 1-O-pentenyl-galactosyl 

acceptor 122 in dry Et2O over the course of 4h with TMSOTf promoter system, the expected 

trisaccharide 148 was identified by mass spectrometric analysis. The crude reaction mixture was 

purified on RP C-18 column (4g), affording 20% of the expected trisaccharide. Improved separation 

was observed from NMR result when we deployed preparative HPLC separation over 

pentafluorophenyl column (table 11, entry 2), although the complexity of the NMR analysis could not 

allow us to evaluate selectivity in this reaction. A single pure molecule 148 was eluted after 9 minutes 

with a very small peak eluted after 10 minutes that is presumed to be the possible -isomer (Figure 

36).   
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Figure 36: Retention time for trisaccharide 148 over preparative PFP HPLC column (10.0 x 125 mm), gradient 95% MeOH-

H2O to 100% MeOH in 20 min. UV detection is 254 nm and the flow rate 7 mL/min. 

 

Table 11: Synthesis of trisaccharides 147-149.a  

Entry Disaccharide donor A (equiv.) Solvent T (oC) d (h) Yield (%) 

1 
Thiophenyl fluorous 

glucoside (138) 
108a (3.6) DCM -60 → rt o/n 0 

2 
Trichloroacetimidate 

fluorous glucoside (145) 
122a (1.9) 

Et2O 

-40 → 0 4 20 

3 
Trichloroacetimidate 

fluorous galactoside (146) 
122b (2.0) -40 → rt o/n 60 

a. A = glycosyl acceptor; T = temperature; d = duration; o/n = overnight. TTBP = 2,4,6-tri-tert-butylpyrimidine; BSP = 

benzenesulfinyl piperidine. A mixture of the indicated fluorous tagged disaccharide donor 83 and the acceptor 108a(ɑ) or 

108b () in the indicated molar ratio in the indicated solvent over freshly flame-activated powdered 4Å sieves was stirred 

at rt for one hour, cooled to -40 oC and stirred for 30 min, and was treated with the promotor system indicated in Scheme 

14 and allowed to warm progressively to the indicated temperature over the indicated duration. 

In the same way, a mixture of two azidogalactose donor trichloroacetimidate anomers 146 and β-O-

pentenyl galactoside acceptor 122b were condensed in dry Et2O, activated by TMSOTf (0.1 eq.), on a 

much larger scale. Reverse phase (RP) separation on C-18 column efficiently resolved the mixture of 

stereoisomeric products (ɑ/β: 5:2; 60%) (Table 11). The eluting order follows, the recovered acceptor 

122b, hydrolyzed disaccharide donor 144, and the two stereoisomers of compound 149. 

Purification of the reaction mixture by RP C-18 column allows us to separate and characterize pure ɑ-

trisaccharide from β-anomer. RP columns’ application in this regard has illustrated stronger 

hydrophobic interactions in going from the disaccharide to the trisaccharide molecules. Inserting 

multiple fluorous tags at this stage remains a viable option, in particular for very large-scale synthesis, 
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but has proven unnecessary at this stage. Although separation of the stereoisomers is possible, efforts 

are underway to improve the selectivity, for example with Lewis basic additives. 

F-tag followed by coupling approach 

To develop a selective route towards the titled trisaccharide bearing two β-glycoside bonds, the azide 

functional group has to be converted to a C2 participating N-protecting group. We therefore decided 

to amidate the liberated amine upon azide reduction with another fluorous chain of different fluorine 

atom length. With limited number of effective C2 participating protecting group on glycosamines, an 

additional different fluorous chain from the previously established C7F15 on the disaccharide donor 

will demonstrates further applicability and chemical suitability of this novel tags for the formation of 

reactive oxocarbenium ion intermediate during glycosylation. Furthermore, this effectively puts in 

place the differential double fluorous tag methodology as initially envisioned: increased fluorine 

content will result in higher fluorophilicity and by extension, may improve affinity on the solid phase 

in the course of an eventual fluorous phase purification. In a future incarnation, the crude coupling 

product can be carried through the reduction and fluoroacylation, and the various components 

separated by fluorous column chromatography.  

In the beginning, azide reduction was attempted by the action of palladium metal on carbon and 

toluenesulfonic acid monohydrate (TsOH-H2O) in methanol at room temperature under an H2 

atmosphere. The amine formed would then be coupled with a fluorous acyl chloride or anhydride in 

the presence of DMAP in anhydrous DCM in a two-step procedure. Unfortunately, starting from 

compound 141, the expected difluorous tagged disaccharide was not detected by either mass spectral 

or NMR analysis (entry 1, table 12). Instead, we chose to transform the azide to an amine group in the 

same disaccharide 141 by a Staudinger reaction (entry 2) with 3 eq. of triphenyl phosphine (Ph3P) in 

aqueous THF (v/v; 10:1).458,459 Mass spectrometry confirmed the presence of the amine and 

iminophosphorane disaccharide intermediate. After solvent evaporation and without purification, 

fluorous amide disaccharide (150) was subsequently made with perfluorobutyryl chloride (1.2 eq.) 

catalyzed by DMAP (3 eq.) in dry DCM at room temperature for 4 h.460,461 Upon purification by silica 

gel chromatography, the desired compound was obtained in moderate yield (49%) as a separable 

mixture of anomeric thioglycoside disaccharides (150). 

  
Scheme 15: Double fluorous tag β-stereoselective glycoside synthesis of trisaccharide 153. Reagents and conditions: a) i) 

Ph3P (3.2 eq.), THF-H2O, 17 h, 60 oC; ii) F7C3C(O)Cl (1.2 eq.), DMAP (3 eq.), DCM, 3 h, 49% two steps, b) NBS (2 eq.), 
Acetone, 3 h, rt, 86%, c) CCl3CN (30 eq.), Cs2CO3 (0.6), MS 3Å, DCM, 24 h, rt, 67%, d) TMSOTf (0.1 eq.), MS 4Å, DCM, 

overnight, -40 oC-rt, 97%. 
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The hydrolysis of the anomeric thioglycoside was successful with N-bromo succinimide (NBS, 2 eq.) in 

wet acetone at room temperature for 3 hours under constant stirring (Scheme 15). A separable 

mixture of hemiacetals (ɑ/β; 1:11.2, 151) was obtained in 86% yield. The action of trichloroacetonitrile 

and Cs2CO3 base under inert condition in dry DCM gave the Schmidt donor 152, as an inseparable 

mixture and in good yield (67%) after silica gel chromatography. 

Table 12: Reagents and conditions towards double fluorous tagging and synthesis of 1,2-trans glycoside trisaccharide153.a  

Entry S.M. Reagents T (oC) Solvent d (h) Yield (%) 

1  141 

(i) Pd/C (10% w), H2, TsOH-

H2O (1 eq.) 
rt 

MeOH 1 

0 
(ii) (F7C3CO)2O (1.2 eq.), 

DMAP (3 eq.) 
DCM 48 

2 141 

(i) Ph3P (3.2 eq.) 60 THF-H2O o/n 

49 (ii) F7C3C(O)Cl (1.2 eq.), 

DMAP (3 eq.) 
rt DCM 3 

3 150 NBS (2 eq.) rt Aq. Acetone 3 86 

4 151 
CCl3CN (30 eq.), Cs2CO3 

(0.6), MS 3Å 
rt DCM 24 67 

5 152 + 122b TMSOTf (0.1 eq.), -40 → rt DCM o/n 97 

a. S.M. = starting material; T = temperature; d = duration; o/n = overnight, rt = room temperature. See 
experimental section for conditions of each reaction. 

The usefulness of this strategy is validated in an advanced setting for the synthesis of different 

trisaccharides. The differentially fluorous tagged disaccharide donor 152 was then coupled with O-

pentenyl -galactoside acceptor 122b catalyzed by TMSOTf (0.1 eq.) in dry DCM (entry 4, table 12 and 

Scheme 15) as in the optimized procedure for disaccharide synthesis in the previous section. In the 

same way, purification over RP C-18 column (4g) gave a clean desired trisaccharide 152 in just 20 

minutes in a single separation. The excess glycosyl acceptor was eluted and recovered first, followed 

by the compound of interest collected in an excellent 97% yield and was identified by mass spectral 

and NMR analysis. 

Conclusion 

The application of multiple fluorous precursors for convenient β-1,3-glycoside bond formation was 

challenged by the poor solubility and reactivity of the designed fluorous acceptors. As the number of 

fluorine atoms increase on the glycosyl acceptor, so does the deactivation of the neighboring 

nucleophilic hydroxyl group. Fluorous glycosyl donors, on the other hand, have proven to have 

considerable potential for oligosaccharide synthesis. Fluorous amides exhibit excellent C2-

participating properties for high β-stereochemical control, and hence, may be adaptable to a wide 

diversity of contexts. The shift from poorly soluble and poorly reactive fluorous acceptors to the azido-

substituted acceptors has thus led to excellent yields, up to 90%, and a paradigm for the control of 

the stereochemistry of subsequent stereocenters in the synthesis of aminosugar oligosaccharides. The 
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combined fluorophilic and hydrophobic effect of the compounds synthesized has demonstrated great 

separation behavior on both analytical and preparative pentafluophenyl (PFP) HPLC columns. 

Furthermore, affordable and more widely available reverse phase (RP) C-18 MPLC columns present an 

effective alternative purification method. Differential fluorous tagging afterward for the construction 

of β-glycosidic bond on the model trisaccharide has in practice shown the best results with 97% 

isolated yield of trisaccharide molecule in a single separation step. The novel fluorous amides are 

therefore a promising purification handles and C2-directing N-protecting groups for glycosamines with 

a wide reagent tolerance for manipulation.  
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CHAPTER FOUR: Studies Toward the Synthesis of Partial Peptidoglycan 

Structures 

INTRODUCTION 

Peptidoglycan (PGN) is an essential component of many bacterial cell walls that has attracted research 

interest due to its immunostimulatory effects. It is the common bacterial cell wall component found 

on the outside of the cytoplasmic membrane of almost all bacteria.462 Apart from preserving cell 

integrity by withstanding various physical stresses, among its many biological and structural functions, 

it has historically been one of the leading targets for antibiotic studies, in particular the penicillins. 

Recent discoveries have confirmed the interplay between these common microbial structures with 

the host’s innate immune system in the response mechanism towards foreign organisms.463–465 These 

extremely conserved components, termed as microbe-associated molecular patterns (MAMPs) or 

pathogen-associated molecular patterns (PAMPs), comprise a number of bacterial cell wall 

components, such as peptidoglycans (PGN) and lipoproteins present in both Gram-positive and Gram-

negative bacteria, lipopolysaccharides (LPS) of the outer membrane peculiar to Gram negative 

bacteria, and lipoteichoic acids (LTA) found in Gram-positive bacteria. The central structural feature 

of PGN is an alternating β(1→4)-linked N acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) polysaccharide chain. The polysaccharide moieties are crosslinked by an oligopeptide to 

form a rigid three-dimensional structure. On the peptide scaffold are usually found diamino acids, 

such as L-lysine (in Gram-positive bacteria) or meso diaminopimelic acid (meso-DAP) (in most Gram-

negative and some Gram-positive bacteria) at AA3 (Figure 37). Eventually, other branched structures 

may be recognized as variation in some microbes: 1) diamino dicarboxylic acids, such as LL-DAP 

(Streptomyces albus and Propionibacterium petersonii), meso-lanthionine (Fusobacterium 

nucleatum), and 2,6-diamino-3-hydroxypimelate (Ampuraliella regularis); 2) diamino mono-carboxylic 

acids, such as a mixture of L- and D-lysine (Thermo-toga maritima), L-ornithine (Spirochetes, Thermus 

thermophilus, and Bifidobacterium globosum (incl. L-Lys)), L-2,4-diaacetyl-L-2,4-minobutyrate 

(Corynebacterium aquaticum), Ng diaminobutyrate (Corynebacterium insidiosum), and L-5 

hydroxylysine (Streptococcus pyogenes); and 3) cross-linking at AA2 (D-Glu) and containing L-

homoserine (Corynebacterium poinsettiae), L-alanine (Erysipelothrix rhusiopathiae), and L-glutamic 

acid (Arthrobacter J. 39) at AA3.466,467 The GlcNAc-MurNAc unit is condensed by transglycosylase 

action to form the glycan backbone of the peptidoglycan, which is subsequently followed by cross-

linking to a neighboring strand to generate the cell wall.  
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Figure 37: The basic structure of peptidoglycan. The glycan strands consist of alternating, (β1→4)-linked GlcNAc and 

MurNAc residues. Comprehensive reviews, 466,467 reported that Staphylococcus aureus (Gram-positive bacteria) peptide 
stem contains D-Glu-NH2 at AA2, L-lysine at AA3, and cross-linkage with the pentaglycine bridge. The peptidoglycan 

structure of Escherichia coli (Gram- negative bacteria), has different amino acid variations (D-Glu-OH at AA2, and meso-
diaminopimelic acid at AA3), and has D-Ala in the peptide stem. Fusobacterium nucleatum (Gram-negative bacteria), is 

known to have meso-lanthionine at AA3, whereas Spirocetes, Thermus thermophilus (Gram-negative bacteria) and 
Bifidobacterium globosum (Gram-positive bacteria), are known to have L-ornithine at AA3. Synthetic studies revealed that 
g-D-Glu-meso-diaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP) are the minimal active structures for the hNod1 

and hNod2 recognition, respectively. AA = Amino Acid. 

MAMPs or PAMPs trigger the host innate immune system through several pattern-recognition 

receptors (PRRs), which are significant for host’s defense against pathogenic bacteria. This 
phenomenon also results in the activation of the second class of defense mechanism in vertebrates, 

the adaptive (acquired) immune system.468 Bacterial PAMPs, such as PGN, LPS, lipoproteins/peptides, 

DNA (bacterial CpG-DNA) and viral RNA, thus serve as potent immunopotentiators and adjuvants for 

antibody production.  

A collection of PRRs, such as toll-like receptors (TLRs), nucleotide-binding oligomerization domain 

(NOD)-like receptors (NLRs), and retinoic acid inducible gene (RIG)-I-like receptors (RLRs), 

incorporating sensing mechanisms and roles have been well-reviewed.7,469–475 It was later recognized, 

though still poorly elucidated, that human NLRs proteins have functions in addition to pathogen-

mediated recognition, in many signal transduction mechanism such as tissue homeostasis, apoptosis, 

graft-versus-host disease and early development.476,477 

The NOD1 and NOD2 subfamily of NOD PRRs are both involved in sensing structurally distinct 

substructures from bacterial peptidoglycan.11,478,479 Peptidoglycan sensing by NOD1 or NOD2 triggers 

the production of proinflammatory cytokines and chemokines and the recruitment of neutrophils to 

the site of infection,480 and genetic variations in these molecules are linked with susceptibility to 

inflammatory diseases such as NOD1 for asthma,481 while NOD2 has been incriminated in the 

pathogenesis of Crohn’s disease, with recent promising efforts in stabilizing NOD2 sensing through its 

interaction with chaperone proteins for potential novel Crohn’s disease therapeutics.478,482  NOD1 and 

NOD2 are cytosolic proteins that are composed of leucine-rich repeat (LRR) domain at the carboxy 

terminus for ligand recognition; a central NOD domain for self-oligomerization/ ATPase activity; and 

an amino terminus caspase-recruitment domain (CARD) that engages distinct sensing pathways, which 

define the functional properties of the family members. NOD1 has one CARD domain, whereas NOD2 

has two CARD domains. NOD2 detects muramyl dipeptide MDP, the largest molecular pattern 

common to Gram-negative and Gram-positive bacteria.11 On the other hand, human and mouse NOD1 

specifically recognizes structures containing L-Ala-γ-D-Glu-meso-DAP and L-Ala-D-glu-meso DAP-D-
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Ala, respectively; a meso-diaminopimelic acid (meso-DAP) peptidoglycan more common to Gram-

positive bacteria (Figure 37).10 

The release of cell wall substructures such as peptidoglycan into the environment is connected with 

bacterial cell growth and septation, but also in pathological situations such as sepsis, by antibiotic-

induced bacterial necrosis.483,484 In the former case, cell wall biosynthetic peptidoglycan turnover and 

recycling pathways have been elucidated, indicating that a range of 30%–60% of the original cell wall 

components are reused in Gram-negative bacteria. The fragments are discharged into the 

environment after cell wall degradation and then transported back into the cell for subsequent 

biosynthesis of the cell wall.485–487 Lytic transglycosylase enzymes and an integral membrane protein 

AmpG permease are required for the recycling pathways, and for instance in E. coli and related enteric 

bacteria afford monomers of PGN to N-acetyl-1,6-anhydro-muramyl [(anh)MurNAc] moieties as the 

products, first detected, isolated, analyzed and reported in Bordetella pertussis as TCT.488–490 AmpG is 

a significant protein and plays a key role in recycling. Mechanistically,491 these enzymes are proposed 

to catalyze the acid activation of the GlcNAc-MurNAc glycosidic bond, initiating the formation of a 

reactive oxo-carbenium species. Subsequently, this undergoes intramolecular trapping by the C-6 

hydroxyl of the MurNAc saccharide to give the N-acetyl- glucosamine-1,6-anhydro-N-acetylmuramyl 

moiety such as found in TCT (figure 37), which corresponds to a disaccharide-tetrapeptide monomer 

of peptidoglycan that is produced by all gram-negative bacteria as they break down and rebuild their 

cell wall during growth. Its defined structure is N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramyl-

(L)-alanyl-γ-(D)-glutamyl-meso-diaminopimelyl-(D)-alanine in Bordetella pertussis.492 PGN monomers 

released into the environment are transported by the cytoplasmic protein AmpG and eventually 

cleavage of the peptide chain is achieved by AmpD-a peptidoglycan amidase whereas a glycosidase 

NagZ hydrolyze the glycosidic bond of structures such as TCT. These fragments are then taken back 

for de novo synthesis of cell wall, although they are also responsible for inducing eukaryotic 

peptidoglycan-recognition receptors of the host immune system, for instance NOD1 and NOD2 in 

humans, eliciting a potent pro-inflammatory response. Much broader experimental studies on the 

toxicity, virulence factors, and molecular interaction of TCT and other truncated structures of bacterial 

cell wall origin continue to contribute the drive for solid vaccine development.493–498 AmpG is inactive 

in B. pertussis, guaranteeing constant TCT expression into the external milieu499 in the log growth and 

virulent phases.500,501 This promotes ciliostasis and colonisation due to resulting damages of the 

ciliated cells of the airways (respiratory tract). In the event of failed ciliary movement, elimination of 

mucus, bacteria, and inflammatory debris from the respiratory tract is driven by coughing mechanism, 

causing eponymous paroxysmal cough. 

Further application of fluorous glucosamine donors for glycosylation with 1,6-anhydro muramyl 

derivative acceptors will show its versatility in a biologically relevant context. Purification on RP C 18 

column will also help determine the generality of the fluorous-hydrophobic protocol. In essence, 

purity, yield, and the opportunity for structural modification of the target molecules are the prime 

objectives for the chemical endeavor, therefore we envisaged to synthesize two peptidoglycan 

fragments in analogy to tracheal cytotoxin (TCT): A disaccharide GlcN-fluorous amide β(1→4)-MurN3-

L-Ala--D-Glu-L-Lys-D-Ala and monosaccharide 1,6-anhydro MurN-fluorous amide-L-Ala--D-Glu-L-

Lys-D-Ala glyco/muramyl tetrapeptides respectively (Figure 38). The study aimed to fashion out 

structure-activity relations of this molecules as ligands with the NOD family of immune receptors. 

Although Lys-type fragments are common to gram positive bacteria, biological examination of the 

fluorous analogs may reveal fascinating results with respect to agonistic or antagonistic activities. This 
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may provide improved and less toxic agonists to be used as adjuvants or potential antagonists for the 

treatment of sepsis associated with antibiotic treatment of severe infection. 

 

Figure 38: Fluorous peptidoglycan retrosynthesis 

RESULTS AND DISCUSSION 

Synthesis of acceptor for 1,4-peptidoglycan disaccharide 

In this undertaking, we planned to first form the 1,6-anhydro muramic acid derivatives 158 or 159 for 

two purposes (Scheme 16). This molecule will serve as the potential acceptor after deprotection of 

the 4-O protecting group as the basis for the preparation of a partial peptidoglycan disaccharide. On 

the other hand, we anticipated its use for the synthesis of a fluorous 1,6-anhydro muramyl 

tetrapeptide that is lacking the glucosamine moiety for comparative screening of their structure-

activity with respect to NOD2 agonistic or antagonistic activities. As analogues to natural 

peptidoglycan fragments, they are targeted for therapeutic interventions in several contexts. 

Correspondingly, the separation of both compounds from the crude reaction mixture will be aided by 

the affinity of fluorous tags in order to isolate clean target molecules quickly. In the first step (Scheme 

16), formation of trifluoromethanesulfonyl-(S)-2-propionic acid methyl ester was attempted by the 

action of an equimolar amount of Tf2O and 2,6-lutidine on (S)-(-)-methyl lactate in dry DCM from -70 
oC to rt. The reaction was quenched after 2 h by the addition of n-Hexane (20 mL). Upon 

chromatographic purification on silica gel, the desired intermediate was only observed in trace 

amounts by NMR analysis. This yield was obtained after careful solvent evaporation because in the 

preceding attempts, we lost desired molecule by evaporation when left unchecked. In the same effort, 
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substituting the base by pyridine at 0 oC to rt for 2 h allowed us to isolate 19% of the triflate methyl 

ester 155 (entry 2; table 13). 

Table 13: Activation of lactate esters. Note: d = duration, T = temperature. 

Entry R1 R2 Reagents T (oC) d (h) Yield (%) 

1 CH3 Tf Tf2O, 2,6-lutidine -70 → rt 2 (155) 0 

2 CH3 Tf Tf2O, pyridine 0 → rt 1.5 (155) 19 

3 CH3 Ts TsCl, DMAP, TEA 0 → rt 48 (156) 6 

4 C4H9 Tf Tf2O, pyridine 0 → rt 1.5 (157) 99 

 

To afford optimized conditions and to balance the volatility issue with this intermediate, we reasoned 

to replace triflate group with a tosylate (OTs) to better reflect the actual yield of the reaction. Addition 

of methyl (S)-(-)-lactate to a solution of TsCl in DCM at 0 oC was followed by DMAP (1 equiv.) and TEA 

(1.2 equiv.), and the mixture was stirred at room temperature for 2 days.502 Unfortunately, only a 6% 

yield of the corresponding tosylate 156 was obtained. Switching the methyl lactate to the bulkier n-

butyl (S)-(-)-lactate precursor allowed for efficient activation to the suitable intermediate 

trifluoromethanesulfonyl-(S)-2-propionic acid butyl ester 157, which was isolated in excellent yield 

(99%) (entry 4). This success facilitates the synthesis of 1,6-anhydro muramyl saccharide derivative 

158 as shown in scheme 16. Treatment of 102 and 103 with 1.5 eq. of NaH in a separate reaction 

followed by the triflate butyl ester 157 for 2 h afforded 158 and 159 in 53% and 96% yield respectively. 

Subsequently, the paramethoxyphenyl group of 157 was cleaved with DDQ in wet DCM in 62% yield. 

Attempts to remove the 4-O-benzyl functionality with BCl3 at -78 oC in DCM was not effective. 

Oxidative deprotection with sodium bromate (NaBrO3) and sodium dithionite (NaS2O4),503 however, 

successfully exposed the free 4-hydroxyl to provide the glycosyl acceptor 160 from the benzyl 

protected precursor 159 in 54% yield.  

 
Scheme 16: Synthesis of 1,6-anhydro muramyl derivative acceptor 160. 

Synthesis of peptidoglycan disaccharide 

The prepared compound 160 was employed as a glycosyl acceptor with the previously established 

trichloroacetimidate donor 71, using trimethylsilyl triflate (TMSOTf) over flame activated molecular 

sieves (MS, 4 Å) in dry DCM, at -40 oC, and delivered the disaccharide 161 in 67% yield. Pre-stirring the 

precursor mixtures for at least an hour and allowing the reaction to run overnight has a positive effect 

for ensuring complete glycosylation to provide an excellent 94% yield (table 14, entry 1-2). Similarly, 
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we tried to make same molecule with phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-

(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-1-thio-β-D-glucopyranoside (83) with 

the thiophilic promoter systems: BSP, TTBP and Tf2O in DCM. Surprisingly, only a 1:1 inseparable 

mixture of the starting materials was observed by NMR after purification protocol and analytical TLC 

single spot was truly misleading. Therefore, the disaccharide 161 was not made in this case (entry 3, 

table 14).  This indicates that the presence of a thioglycoside group on the acceptor was not the 

principal problem in the attempts described in the previous chapter. 

To strengthen the versatility of our established synthetic and purification process, an additional donor 

tri-O-benzoyl trichloroacetimidate 82 that is analogous to 71 in all respects apart from the presence 

of the more robust O-benzoyl groups. It’s intended coupling with acceptor 160 promoted by TMSOTf 

in dry DCM and activated MS (4 Å) while allowing it to warm to room temperature over 6 hours yielded 

the disaccharide 162, also in a very satisfactorily 87% yield (entry 5, table 14). Although we had 

originally attributed the improved yields to the robustness of the protecting groups, the later result in 

entry 2 shows that it should be attributed to slightly faster rearrangement of the orthoamide to the 

O-glycoside. These disaccharides thus prepared were purified on RP C18 columns and showed 

excellent purification by reverse phase that allow us to recover excess acceptor in the first elution in 

MeOH: H2O, 80:20 while clean disaccharides were released with 95:05 MeOH: H2O. 

Table 14: Protocols for partial peptidoglycan disaccharide synthesis 161-162. Note: T = temperature, d = duration, o/n = 

overnight. 

S/n Donor Reagents T ( oC) d (h) Yield (%) 

1 71 TMSOTf -40 → 0 5 67 

2 71 TMSOTf -40 → rt o/n 94 

3 83 BSP, TTBP, Tf2O -60 → rt 6 0 

4 82 TMSOTf -40 → 0 5 80 

5 82 TMSOTf -40 → rt 6 87 

 

 

  
Scheme 17: Fluorous assisted disaccharide synthesis as partial structure for peptidoglycan 161-162. 
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Subsequently, we were prompted to reduce the benzyl and azide groups of the muramic acid ester 

159 by hydrogenation under H2 (1.5 MPa) with Pd(OH)2 in THF to afford free 4-O hydroxyl and 2-amino 

group. Fluorous amidation with heptafluoro butyric anhydride and DMAP after solvent evaporation in 

DCM was expected to result in the fluorous debenzylated compound 163 in a one-pot synthesis. This 

would serve as 1,6-anhydro fluorous muramyl acceptor in a differentially doubly fluorous tag strategy 

for the preparation of peptidoglycan fragment. Unfortunately, the ester functionality did not 

withstand the conditions, leading to the corresponding 1,6-anhydro fluorous muramic acid, isolated 

in moderate yield along with recovered starting material. Alternatively, the initially targeted fluorous 

muramic acid butyl ester 164 was obtained by hydrogenation over Pd/C 10% w/w and TsOH-H2O in 

MeOH under H2 at rt for 1 h. Reaction with dodecafluorooctanoyl chloride and 3 equivalents of DMAP 

in DCM in this case, afforded 164 at 79% yield for the two steps. One expedient step to deliver glycosyl 

precursor for peptide coupling involved butyl ester cleavage of 162 and 164 with LiOH-H2O in THF/1,4-

dioxane/H2O. The 1,6-anhydro fluorous muramic acid derivative 165 was obtained in 90%, while for 

the disaccharide 162, the benzoates were partially cleaved in the reaction and the acid 166 was not 

isolated.  

 
Scheme 18: Fluorous glycopeptide synthesis: Conditions and Reagents: (a') i. Pd(OH)2, THF, H2 (1.5 MPa), rt, 1 h; ii. 

(F7C4)2O (1.1 eq.), DMAP (3 eq.), DCM, rt, overnight; (a) i. Pd/C 10% w, TsOH-H2O (1 eq.), MeOH, H, (1.5 MPa), rt, 1 h; ii. 
F15C7C(O)Cl (1.1 eq.), DMAP (3 eq.), DCM, rt, overnight, 79% over two steps; (b) LiOH-H2O (1.1 eq.), THF-1,4-Dioxane-H2O, 
rt, 4 h, 90%; (c) HOBT (1.3 eq.), WSCI-HCl (1.3 eq.), TEA (3 eq.), DMF, rt, 5 days. Red arrows indicate that the reaction was 

not successful. 

Peptide synthesis was performed on ABI-433a synthesizer using the Fmoc/HBTU strategy on Rink 

amide AM resin (200-400 mesh). The standard conditions from the manufacturer (FastMoc 0.1 mmol 

and 0.25 mmol) were used without modification, and the yield of each Fmoc removal from D-Ala, L-

Lys, -D-Glu, L-Ala series was determined by UV absorbance at 290.0 nm. At the completion of the 

tetrapeptide coupling sequence, after the Fmoc-N-protecting group of the terminal peptide was 



 

 

107 

cleaved, the peptide-bound resin was placed in the presence of the 1,6-anhydro fluorous muramic 

acid 165, EDCI-HCl (1.3 eq). and HOBT in a round bottom flask. The set-up was dried under vacuum, 

suspended in anhydrous DMF under argon and after the addition of TEA the reaction was stirred for 

five days at rt. The resin was filtered and washed with DMF and was resuspended in 95% TFA to cleave 

the peptide/glycopeptide from the resin. Both the DMF and TFA fractions were concentrated in vacuo 

and were purified on TMS-capped fluorous silica gel. Sadly, mass spectrometry and NMR analysis 

confirmed only the presence of unconsumed muramic acid 165 in the DMF wash, which was recovered 

pure after fluorous chromatography, as the only identifiable product. Mass spectrometry and NMR 

analysis of the fractions from the TFA cleavage of the resin was unable to confirm the presence of 

either the glycopeptide 168 or the cleaved tetrapeptide from 167. Further studies with shorter 

peptides and other coupling reagents and conditions are underway. 

 

CONCLUSION 

We have demonstrated the utility of N-fluorous amide glucosamines as very reactive glycosyl donors 

that undergo clean coupling reactions with few side-reactions, and are able to provide 

oligosaccharides in high yields, often in the 90% yield range with appropriately chosen acceptors. 

While acyl glycosyl donors are considered less reactive (deactivated), in both the acetyl and benzoate 

series, the fluorous amide glucosamine donors afforded excellent yields and solubility. Our experience 

in these cases thus show that the electronic influence of the C2 fluorous amide has a very positive 

effect compared to their C2 acetamide counterparts, which often lead to poor reactivity and the 

isolation of stable oxazolines. Both GlcN-Fluorous amide β(1→4)-1,6-anhydro MurN3 disaccharide and 

1,6-anhydro MurN-Fluorous amide monosaccharide were prepared in organic solvents efficiently 

using previously established procedures. The number of fluorine atoms has not restricted the 

synthetic schemes for reactivity or solubility. Therefore, the synthesis was performed free of fluorous 

co-solvents. The light fluorous tag synthesis permitted purification of the desired compound in a single 

chromatographic step over RP C 18 column. The desired molecule and recovered excess acceptor (in 

the case of the disaccharide) were isolated in pure form, best eluted from MeOH/H2O, 80:20 to pure 

MeOH gradient, and identification was achieved by spectroscopic means (NMR and MS). It is usually 

the case that some reaction conditions are incompatible with certain functionality, yet the fluorous 

amide has shown excellent tolerance with the chemistry tested and where incompatibility appears 

with other functionality, the pool of synthetic choices yielded alternative options. Although we have 

prepared the glycosyl starting materials and tetrapeptides, unfortunately, our first attempt to 

synthesize the fluorous muramic acid peptidoglycan derivative 168 was rather fruitless, and more 

study will be necessary. 
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CHAPTER FIVE: Experimental Section 

GENERAL INFORMATION 

Reagents and solvents 

Commercially available reagents used were purchased from standard accredited companies 

comprising of Sigma-Aldrich, Thermo Fisher Scientific, Fuorochem and or Carbosynth. Solvents were 

purchased from Thermo Fisher Scientific and VWR. Anhydrous ones (DCM, THF, DMF, CAN, MeOH…..) 
were obtained from PureSolv solvent purification system of Innovative Technology, or purchased from 

Sigma-Aldrich and Thermo Fisher Scientific. Molecular sieves 3Å/4Å were purchased from Thermo 

Fisher Scientific and activated by heat gun. Analytical HPLC H2O was obtained on an ACCU 20 Ultra-

Pure water system from Fisher Scientific. Analytical thin layer chromatography (TLC) was carried out 

on Macherey-Nagel silica gel 60 F254, viewed with a UV lamp at 254 nm or heated with heat gun after 

suspension on an acid stain (H2SO4/H2O/EtOH; 1/2/7). Preparative Fluorous silica gel 10cmx5cm and 

regular silica gel 20cmx10cm were all purchased from Sigma-Aldrich company. Flash silica gel column 

chromatography was performed with a Macherey-Nagel silica 60 M (0.04-0.063 nm). 

Nuclear Magnetic Resonance 

1H, 13C, 19F, COSY, HSQC, and HMBC NMR spectra were recorded on the Bruker spectrometers: Av 300, 

AVL 300, AV 400 and AV 500 at 298K by the CCRMN service team of the ICBMS, Lyon 1 as specified. 

The chemical shifts are indicated in ppm (parts per million) in reference to the residual deuterated 

solvent peak. Coupling constants (J-values) are recorded in Hz (Hertz). The abbreviations used for 

recording multiplicities were represented as follows: s = singlet, br = broad, d = doublet, dd = doublet 

of doublet, ddd = doublet of doublet of doublet, q = quartet and m = multiplicities. 

Mass Spectrometry 

High- and low-resolution mass spectrometry analysis were carried out on an MicroQTF II (50-20 000 

m/z) apparatus from Bruker. This has been duly serviced by the CCSM team in the ICBMS, Lyon 1 with 

Electrospray ionization mode. 

HPLC 

HPLC analysis was performed on UPLC Thermo Scientific Dionex UltiMate 3000 system equipped with 

a binary pump, an automated sampler and a variable wavelength UV detector. The columns and 

conditions used are: analytical InfinityLab Poroshell 120 EC-C8 RP HPLC column (2.1 x 50 mm; 2.7 

Micron) from Agilent gradient 85% MeCN-H2O + 0.1% TFA to 100% MeCN in 17.5 min. UV detection is 

254 nm and the flow rate 0.8 mL/min. Furthermore, analytical PFP HPLC column (4.6 x 150 mm; 5 µm), 

gradient 85% MeOH-H2O to 100% MeOH in 30 min. UV detection is 254 nm and the flow rate 0.6 

mL/min. Preparatory HPLC was carried out on preparative PFP HPLC column (10.0 x 125 mm; 5 µm), 

gradient 95% MeOH-H2O to 100% MeOH in 20 min. UV detection is 254 nm and the flow rate of 7 

mL/min. 

Reverse Phase C18 Chromatography 

This was performed on a CombiFlash Companion chromatogram from Serlabo Technologies and 

puriFlash 210 from interchim all in 40g or 4g RP C 18 columns. 
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EXPERIMENTAL SECTION 

 

 

1,3,4,6-tetra-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-β-

D-glucopyranose (69)  

To a solution of 1,3,4,6-tetra-O-acetyl-β-D-glucosamine hydrochloride (1g, 2.61mmol) in DCM (10mL) 

was added pentadecafluorouoctanoyl chloride (0.7mL, 2.87mmol, 1.2eq.) gently followed by DMAP 

(955.1mg, 7.82mmol, 3equiv.) at rt under argon. The homogeneous mixture was stirred at this 

condition overnight (18h). TLC confirmed complete reaction and the set up was diluted with EtOAc 

(150mL), washed with distilled H2O (100mLx3), NH4Cl(aq) (100mL), NaHCO3(aq) (100mL) and sat. NaCl(aq) 

(100mL). The aqueous layers were individually back extracted with EtOAc, and the combined organic 

layers were dried with anhydrous Na2SO4. Silica gel chromatography in 20%-100% EtOAc:PE afforded 

compound 1 as a pure white solid (1.946 g, 2.62 mmol, 100%). 

Rf = 0.08 (EtOAc:PE; 8/2) 

1H NMR (400 MHz, CDCl3) δ (ppm) 7.65 (d, J = 9.7 Hz, 1H, NH), 5.71 (d, J = 8.8 Hz, 1H, H-1), 5.47 (dd, J 

= 10.6, 9.7 Hz, 1H, H-3), 5.11 (t, J = 9.8 Hz, 1H, H-4), 4.46 (dd, J = 19.6, 9.7 Hz, 1H, H-2), 4.27 (dd, J = 

12.5, 5.1 Hz, 1H, H-6), 4.16 (dd, J = 12.5, 2.0 Hz, 1H, H-6), 3.95 (ddd, J = 10.0, 5.0, 2.1 Hz, 1H, H-5), 2.08 

(s, 9H, CH3C(O)2x3), 2.03 (s, 3H, CH3C(O)2). 

19F NMR (376 MHz, CDCl3) δ (ppm) -80.94 (t, J = 9.7 Hz), -120.28 (m), -121.78 (m), -122.20 (m), -122.89 

(m), -126.06 – -126.52 (m). 

13C NMR (101 MHz, CDCl3) δ (ppm) 172.34, 170.78, 169.52, 169.36, 158.09 (t, J = 26.5 Hz, C(O)N), 

91.84, 73.14, 72.33, 68.43, 61.91, 52.85, 20.76, 20.53, 20.26. 

HRMS (ESI, positive mode) m/z: C22H20F15NNaO10 [M+Na]+, calcd. 766.0732, found 766.0740. 
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1H NMR (400 MHz) of Compound 69 in CDCl3 

 

19F NMR (376 MHz) of Compound 69 in CDCl3 
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3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-α/β-D-

glucopyranose (70) 

To a solution of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-

pentadecafluorooctanoyl-amido)-β-D-glucopyranose (873mg, 1.175mmol, Az. toluenex3) in THF 

(15mL) was added hydrazinium acetate (80mg, 0.877mmol) at 54 oC and stirred for 2h under argon. 

Reaction progress was monitored by TLC, and then cooled to 0 oC before it was quenched with distilled 

water, diluted with EtOAc and aqueous work up with sat NaCl(aq) (50mLx3), then back extracted with 

EtOAc (100mL) and dried with Na2SO4. Silica gel chromatography in 30%-50% EtOAc: cyclohexane 

yielded colorless solid 70 (718 mg, 1.024 mmol, 87%). 

Rf = 0.53 (EtOAc: cyclohexane = 1:1) 

1H NMR (400 MHz, CDCl3) δ (ppm) 6.84 (d, J = 9.1 Hz, 1H, N-H), 5.38 (dd, J = 10.6, 9.7 Hz, 1H, H-3), 5.34 

(br s, 1H, H-1), 5.15 (t, J = 9.5 Hz, 1H, H-4), 4.34 (td, J = 10.6, 3.4 Hz, 1H, H-2), 4.28 – 4.21 (m, 2H, H-6; 

H-5), 4.15 (dd, J = 13.8, 4.0 Hz, 1H, H-6), 3.72 (br s, 1H, OH), 2.10 (s, 3H, CH3C(O)2), 2.04 (s, 3H, 

CH3C(O)2), 1.99 (s, 3H, CH3C(O)2). 

19F NMR (376 MHz, CDCl3) δ (ppm) -80.80 (t, J = 14.1, 5.7 Hz, 3F), -119.83 (qt, J = 277.4, 264.6 Hz, 2F), 

-121.59 (m, 2F), -122.02 (m, 2F), -122.31 – -123.02 (m, 4F), -126.14 (m, 2F). 

13C NMR (101 MHz, CDCl3) δ (ppm) 171.39, 171.10, 169.57, 157.83 (t, J = 26.1 Hz, C(O)N), 91.06, 70.27, 

68.09, 67.93, 61.99, 53.04, 20.87, 20.70, 20.42. 

HRMS (ESI, positive mode) m/z: C20H18F15NNaO9 [M+Na]+, calcd. 724.0633, found 724.0634 
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1H NMR (400 MHz) of Compound 70 in CDCl3 

 

19F NMR (376 MHz) of Compound 70 in CDCl3 
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3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-α-D-

glucopyranose-1-O-trichloroacetimidate (71) 

To a suspension of 3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-

pentadecafluorooctanoyl-amido)-ɑ/β-D-glucopyranose (718mg, 1.024mmol Az. toluenex3) was 

added flame activated MS 3Å, Cs2CO3 (19.5mg, 0.594mmol, 0.6eq) and dissolved in dry DCM (15mL) 

at rt and under argon. The reaction was further treated with CCl3CN (3.05mL, 30.413mmol, 29.7eq) 

and stirred for 3.5h. TCL in 30% EtOAc: cyclohexane confirmed complete reaction and was diluted with 

DCM and filtered over celite at vacuum. The aqueous work up was performed with sat NaCl (50mLx3) 

and back extracted the aqueous layers with DCM (100mL) and dried the combined organic layers with 

anhydrous Na2SO4. Silica gel chromatography in 20%-50% EtOAc: cyclohexane + 0.2% TEA yielded 

colorless form 71 as only ɑ-anomer product (603 mg, 0.713 mmol, 98%). 

Rf = 0.45; (EtOAc: cyclohexane, 3/7) 

1H NMR (300 MHz, CDCl3) δ (ppm) 6.77 (d, J = 8.4 Hz, 1H, NH), 6.45 (d, J = 3.6 Hz, 1H, H-1), 5.43 (dd, J 

= 10.6 Hz, 9.8 Hz, 1H, H-3), 5.27 (dd, J = 9.8 Hz, 1H, H-4), 4.53 (ddd, J = 10.6 Hz, 8.5 Hz, 3.6 Hz, 1H, H-

2), 4.28 (dd, J = 12.6, 4.2 Hx, 1H, H-6), 4.19 – 4.07 (m, 2H, H-5, H-6), 2.07 (s, 3H, Ac), 2.05 (s, 3H, Ac), 

2.03 (s, 3H, Ac). 

19F NMR (376 MHz, CDCl3) δ (ppm) -80.90 – -80.98 (m, 3F), -118.95 – -121.27 (m, 2F), -121.42 – -121.84 

(m, 2F), -121.88 – -122.31 (m, 2F), -122.35 – -123.17 (m, 4F), -125.84 – -126.69 (m). 

13C NMR (101 MHz, CDCl3) δ (ppm) 171.68, 170.72, 169.31, 160.14, 93.61, 90.50, 70.53, 70.11, 67.07, 
61.35, 52.83, 20.69, 20.57, 20.34. 

HRMS (ESI, positive mode) m/z: C22H18Cl3F15N2NaO9 [M+Na]+, calcd. 866.9731, found 866.9761. 
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1H NMR (300 MHz) of Compound 71 in CDCl3 

 

19F NMR (376 MHz) of Compound 71 in CDCl3 
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1,3,4,6-tetra-O-acetyl-2-deoxy-2-(4,4,4,3,3,2,2-heptafluorobutyramido)-β-D-glucopyranose (72) 

Compound 72 was synthesized in a similar manner to the synthesis of compound 69 with 

perfluorobutyric ahydride (0.4 mL, 1.563 mmol, 1.2 eq.). Silica gel chromatography in 20%-50% EtOAc: 

PE yielded the desired fluorous amide 72 as a white solid (436.1mg, 0.8026mmol, 88% yield). 

Rf = 0.07 (EtOAc: PE, 2/8) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.00 (d, J = 9.4 Hz, 1H, NH), 5.73 (d, J = 8.8 Hz, 1H, H-1), 5.31 (dd, J 

= 10.7, 9.4 Hz, 1H, H-3), 5.14 (t, J = 9.7 Hz, 1H, H-4), 4.39 (dd, J = 19.6, 9.4 Hz, 1H, H-2), 4.29 (dd, J = 

12.6, 4.8 Hz, 1H, H-6), 4.15 (dd, J = 12.5, 2.2 Hz, 1H, H-6), 3.88 (ddd, J = 9.9, 4.7, 2.2 Hz, 1H, H-5), 2.10 

(s, 3H, Ac), 2.10 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.04 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3) δ (ppm) -80.64 (t, J = 8.9 Hz, 3F), -121.08 (q, J = 8.9 Hz, 2F), -127.20 (m, 2F). 

13C NMR (75 MHz, CDCl3) δ (ppm) 172.02, 170.76, 169.47, 169.42, 91.93, 73.17, 72.14, 68.16, 61.76, 

53.18, 20.81, 20.65, 20.60, 20.40. 

LRMS (ESI, positive mode) m/z: C18H20F7NNaO10 [M+Na]+, calcd. 566.1, found 566.1. 

 

1H NMR (300 MHz) of Compound 72 in CDCl3 
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19F NMR (2882 MHz) of Compound 72 in CDCl3 

 

 

3,4,6-tri-O-acetyl-2-deoxy-2-(4,4,4,3,3,2,2-heptafluorobutyramido)-ɑ/β-D-glucopyranose (73) 

Compound 5 was synthesized in a similar manner to the synthesis of compound 70 and after complete 

reaction, silica gel chromatography in 20%-50% EtOAc: Cyclohexane yielded the desired hemiacetal 

73 as a colorless form (183 mg, 0.365 mmol, 52% yield). 

Rf = 0.54 (EtOAc: Cyclohexane, 1/1) 

1H NMR (300 MHz, CDCl3) δ (ppm): 6.86 (br d, J = 8.9 Hz, 1H, NH), 5.40 (dd, J = 10.7, 9.7 Hz, 1H, H-3), 

5.33 (d, J = 3.5 Hz, 1H, H-1), 5.14 (t, J = 9.5 Hz, 1H, H-4), 4.46 – 4.09 (m, 4H, H-2, 2H-6, H-5), 3.80 – 3.70 

(m, 1H, OH).  

19F NMR (282 MHz, CDCl3) δ (ppm): -81.50 (br t, 3F, J = 8.9Hz), -121 (dq, 1F, J4 = 9.0Hz, J2 = 278.7Hz), -

122.56 (dq, 1F, J4 = 9.9Hz, J2 = 277.8Hz), -127.87 – -127.99 (m, 2F).  
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1H NMR (300 MHz) of Compound 73 in CDCl3 

 

19F NMR (300 MHz) of Compound 73 in CDCl3 
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3,4,6-tri-O-acetyl-2-deoxy-2-(4,4,4,3,3,2,2-heptafluorobutyramido)-α-D-glucopyranose-1-O-

trichloroacetimidate (74) 

Compound 74 was synthesized in a similar approach to the synthesis of compound 71 and after 

complete reaction, silica gel chromatography in 20%-50% EtOAc: Cyclohexane +0.2% trimethylamine 

(TEA) gradient produced colorless fluorous amide 74 as a white solid (199mg, 0.308mmol, 84%). 

Rf 0.43 = (EtOAc: cyclohexane, 3/7). 

1H NMR (300 MHz, CDCl3) δ (ppm): 6.83 (br d, J = 8.3 Hz, 1H, N-H), 6.42 (d, J = 3.6 Hz, 1H, H-1), 5.38 

(dd, J = 10.6, 9.6 Hz, 1H, H-3), 5.24 (dd, J = 10.6, 9.7 Hz, 1H, H-4), 4.50 (ddd, J = 14.0, 8.6, 3.6 Hz, 1H, 

H-2), 4.26 (dd, J = 12.5, 4.3 Hz, 1H, H-6), 4.03-4.18 (m, 2H, H-6, H-5), 2.04 (s, 3H, Ac), 2.03 (s, 3H, Ac), 

2.01 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3). δ (ppm): -81.62 (br t, J = 8.7 Hz, 3F), -121.8 (dq, J4 = 8.7 Hz, J2 = 278.8 Hz, 

1F), -122.7 (dq, J4 = 8.7 Hz, J2 = 278.8 Hz, 1F), -127.9 – -128 (AB, 2F).  

 

1H NMR (300 MHz) of Compound 74 in CDCl3 
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19F NMR (300 MHz) of Compound 74 in CDCl3 

 

 

3,4,6-tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluoropropylamido)-ɑ/β-D-glucopyranose (76) 

Compound 76 was synthesized in a similar manner to the synthesis of compound 70 from 75 and after 

complete reaction, the crude reaction mixture was purified by silica gel chromatography in 20%-50% 

EtOAc: Cyclohexane yielded the desired hemiacetal 76 as a colorless form (1.08 g, 1.402 mmol, 74% 

yield). 

Rf = 0.50 (EtOAc: Cyclohexane, 1/1) 

1H NMR (300 MHz, CDCl3) δ (ppm) 7.27 (d, J = 9.1 Hz, 1H, N-H), 5.51 (br s, 1H, O-H), 5.22 (t, J = 10.1 Hz, 

1H, H-3), 5.13 (d, J = 3.2 Hz, 1H, H-1), 4.93 (t, J = 9.4 Hz, 1H, H-4), 4.24 –  4.07 (m, 2H, H-2, H-6), 3.98 

→ 3.89 (m, 2H, H-5, H-6), 1.88 (s, 3H, Ac), 1.84 (s, 3H, Ac), 1.78 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3) δ (ppm) -83.16 (m, 3F), -121.36 – -125.13 (m, 2F). 
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1H NMR (300 MHz) of Compound 76 in CDCl3 

 

19F NMR (300 MHz) of Compound 76 in CDCl3 
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3,4,6-tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluoropropylamido)-α-D-glucopyranose-1-O-

trichloroacetimidate (77) 

Compound 77 was synthesized in a similar methodology to the synthesis of compound 71 from 76 and 

after complete reaction and aqueous work-up, the crude residue was purified by silica gel 

chromatography in 20%-50% EtOAc: Cyclohexane +0.2% trimethylamine (TEA) gradient which after 

solvent evaporation afforded colorless fluorous imidate donor 77 as a colorless form (299 mg, 0.502 

mmol, 50%). 

Rf = 0.45 (EtOAc: cyclohexane, 3/7). 

1H NMR (300 MHz, CDCl3) δ (ppm) 6.87 (d, J = 8.4 Hz, 1H, N-H), 6.42 (d, J = 3.6 Hz, 1H, H-1), 5.37 (dd, J 

= 10.6, 9.7 Hz, 1H, H-3), 5.24 (dd, J = 10.6, 9.9 Hz, 1H, H-4), 4.57 – 4.44 (ddd, J = 10.8, 8.6, 3.5 Hz, 1H, 

H-2), 4.25 (dd, J = 12.6, 4.3 Hz, 1H, H-6), 4.17 – 4.06 (m, 2H, H-5, H-6), 2.04 (s, 3H, Ac), 2.02 (s, 3H, Ac), 

2.01 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3) δ (ppm) -83.01 (br s, 3F), -119.78 – -126.26 (m, 2F). 

 

1H NMR (300 MHz) of Compound 77 in CDCl3 
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19F NMR (300 MHz) of Compound 77 in CDCl3 

 

 

1,3,4,6-tetra-O-benzoyl-2-deoxy-β-D-glucosamine (79) 

To the suspension of 2-allyloxycarbonyl-1,3,4,6-tetra-O-benzoyl-2-deoxy-β-D-glucopyranose (1.692 

mmol, 1.15 g, 1 equiv.) azeotroped with toluene x3 was dissolved in anhydrous THF (25 mL) at room 

temperature under argon atmosphere. Diethyl malonate DEM (13.406 mmol, 2.04 mL, 7.92 equiv.) 

was added dropwise followed by tetrakis-(triphenylphosphino)-palladium Pd(PPh3)4 (0.0798 mmol, 92 

mg, 0.047 equiv.) gently and the resulting yellow solution was allowed to stir for about 40h at rt. When 

the TLC in cyclohexane: ethylacetate 7:3 confirmed complete consumption of the starting material, 

the reaction mixture was filtered through celite/silica plug, washed with ethylacetate and the filtrate 

was concentrated at reduced pressure in the vacuo. Purification of the crude residue on silica gel in 

cyclohexane: ethylacetate 80:20→70:30% eluent, afforded 575 mg as white form, 57% of desired 

compound 79. 

Rf = 0.23 (cyclohexane: ethylacetate, 7:3) 

1H NMR (300 MHz, CDCl3) δ (ppm): 8.15 – 7.30 (m, 20H, 4xAr), 5.99 (d, J = 8.2 Hz, 1H, H-1), 5.74 – 5.56 

(m, 2H, H-3, H-4), 4.60 (dd, J = 12.4, 3.1 Hz, 1H, H-6), 4.46 (dd, J = 12.4, 4.9 Hz, 1H, H-6), 4.33 – 4.25 

(m, 1H, H-5), 3.49 (dd, J = 9.2, 8.8 Hz, 1H, H-2). 
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1H NMR (300 MHz) of Compound 79 in CDCl3 

 

 

1,3,4,6-tetra-O-benzoyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-

β-D-glucopyranose (80) 

Compound 80 was synthesized via similar methodology as 69 with 1,3,4,6-tetra-O-benzoyl-2-deoxy-

β-D-glucosamine (553mg, 0.928mmol, 1equiv., az. with toluenex3) and pentadecafluorouoctanoyl 

chloride (1.021mmol, 0.25mL, 1.1eq.) in the reagent system. After complete reaction, the crude 

residue was purified by silica gel chromatography in cyclohexane: ethylacetate 80:20→70:30% 

gradient. Solvent evaporation of the desired fraction obtained compound 80 as a white form 836mg, 

91%. 

Rf = 0.32 (cyclohexane: ethylacetate, 7:3) 

1H NMR (300 MHz, CDCl3) δ (ppm): 8.20 – 7.28 (m, 21H, N-H 4xAr), 6.45 (d, J = 8.6 Hz, 1H, H-1), 6.13 

(dd, J = 10.1, 10.0 Hz, 1H, H-3), 5.95 (dd, J = 10.2, 9.7 Hz, 1H, H-4), 5.10 (q, J = 19.3, 9.7 Hz, 1H, H-2). 

4.68 (dd, J = 12.4, 2.8 Hz, 1H, H-6), 4.54 (dd, J = 12.4, 4.5 Hz, 1H, H-6), 4.38 (ddd, J = 9.7, 4.4, 3.1 Hz, 

1H, H-5). 

19F NMR (282 MHz, CDCl3) δ (ppm): -81.00 (t, J = 9.9 Hz, 3F, C-F3), -119.28 – -120.90 (AB, 2F, CF2), -

121.66 – -122.08 (m, 2F, CF2), -122.21 – -122.64 (m, 2F, CF2), -122.62 – -122.96 (m, 2F, CF2), -122.93 – 

-123.45 (m, 2F, CF2), -125.95 – -127.01 (m, 2F, CF2). 
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1H NMR (300 MHz) of Compound 80 in CDCl3 

 

19F NMR (282 MHz) of Compound 80 in CDCl3 
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3,4,6-tetra-O-benzoyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-

ɑ/β-D-glucopyranose (81) 

A solution of 80 (0.843mmol, 836mg, 1 equiv.) azeotroped with toluene was dissolved in anhydrous 

THF (9mL) and was added methylamine in absolute EtOH (33%, 1mL) at rt. The reaction set up was 

stirred for an hour, and analytical TLC confirmed disappearance of the starting material. The solvent 

was evaporated at vacuo and the crude residue was purified on silica gel column in cyclohexane: 

ethylacetate 80:20→70:30% gradient as eluent. Solvent evaporation of desired fraction yielded an 

ɑ/β mixtures of 81 as a white form. (745mg at 100%) 

Rf = 0.29/0.19 ɑ/β mixtures (cyclohexane: ethylacetate 8:2) 

1H NMR (300 MHz, CDCl3) δ (ppm): 8.11 – 7.30 (m, 15H, 3xAr), 7.3 (d, J = 8.8 Hz, 1H, N-H) 5.85 (dd, J = 

10.0, 9.7 Hz, 1H, H-3), 5.74 (dd, J = 10.1, 9.6 Hz, 1H, H-4), 5.50 (br d, J = 3.1 Hz, 1H, H-1), 4.71 – 4.38 

(m, 4H, H-2, H-5, 2xH-6), 3.25 (br s, 1H, O-H). 

19F NMR (282 MHz, CDCl3) δ (ppm): -80.76 (t, J = 9.9 Hz), -118.64 – -121.26 (m, 2F), -121.62 – -121.84 

(m, 2F), -122.12 – - 122.38 (m, 2F), -122.62 – -123.11 (m, 4F), -125.90 – -126.43 (m, 2F). 

 

1H NMR (300 MHz) of Compound 81 in CDCl3 
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19F NMR (282 MHz) of Compound 81 in CDCl3 

 

 

3,4,6-tetra-O-benzoyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-ɑ-

D-glucopyranose-1-O-trichloroacetimidate (82) 

Compound 82 was prepared from 81 (0.834mmol, 749mg, 1 equiv.) in the same manner other fluorous 

imidates (71, 74 and 77) were made. The crude mixture was eluted with cyclohexane: ethylacetate 

80:20→60:40% +0.2% TEA gradient by flash column chromatography and upon solvent removal, titled 

compound 82 was isolated as a white form. 543mg, 63%  

Rf = 0.52; (cyclohexane: ethylacetate, 8/2) 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.06 – 7.33 (m, 15H, 3xAr), 7.19 (d, J = 7.9 Hz, 1H, N-H), 6.68 (d, J 

= 3.5 Hz, 1H, H-1), 5.94 – 5.86 (m, 2H, H-3, H-4), 4.82 – 4.75 (m, 1H, H-2), 4.66 (dd, J = 12.2, 2.5 Hz, 1H, 

H-6), 4.63 – 4.56 (m, 1H, H-5), 4.51 (dd, J = 12.2, 4.5 Hz, 1H, H-6). 

13C NMR (101 MHz, CDCl3) δ (ppm): 167.69, 166.09, 165.17, 160.22, 134.06, 133.83, 133.34, 130.01, 
129.95, 129.86, 129.56, 128.61, 128.59, 128.55, 128.52, 127.97, 93.68, 90.63, 70.97, 70.82, 67.96, 

62.31, 53.62.  

19F NMR (376 MHz, CDCl3) δ (ppm): -80.91 (t, 3F, J = 9.9 Hz, CF3), -118.81 – -121.34 (AB, 2F, CF2), -

121.50 – -121.77 (m, 2F, CF2), -122.00 – -122.29 (m, 2F, CF2), -122.58 – -122.78 (m, 2F, CF2), -122.79 – 

-123.04 (m, 2F, CF2). 
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1H NMR (400 MHz) of Compound 82 in CDCl3 

 

19F NMR (376 MHz) of Compound 82 in CDCl3 
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Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-

1-thio-β-D-glucopyranoside (83) 

To a suspension of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluoro-

octanoylamido)-β-D-glucopyranose 69 (294mg, 0.53mmol, Az. toluene) dissolved in dry DCM (4mL) 

was treated with thiophenol (0.11mL, 1.06mmol, 2eq.), BF3.OEt2 (0.33mL, 2.65mmol, 5eq.) and stirred 

at room temperature for 5h under argon balloon. The reaction mixture was quenched with 1M Na2CO3 

(20mL) and stirred additional 15mins after complete reaction, the mixture was diluted with DCM 

(50mL), washed with 2:1 sat NaCl(aq.): Na2CO3(aq.) (30mLx2). The aqueous layers were individually back 

extracted with DCM and the combined organic layers were dried with anhydrous Na2SO4 and 

concentrated. Silica gel chromatography on the crude mixture was eluted with 20%-100% EtOAc: PE 

gradient and the titled fraction gave 83 as a white solid (259 mg, 0.326 mmol, 83%). 

Rf = 0.20; (EtOAc:PE, 2/8)   

1H NMR (300 MHz, CDCl3) δ (ppm): 7.53 – 7.46 (m, 2H, 2C-H, Ar), 7.43 (d, J = 9.6 Hz, 1H, N-H), 7.37 – 

7.26 (m, 3H, 3C-H, Ar), 5.37 (dd, J = 10.2, 9.9 Hz, 1H, H-3), 5.01 (dd, J = 10.2, 9.8 Hz, 1H, H-4), 4.70 (d, 

J = 10.4 Hz, 1H, H-1), 4.28 – 4.14 (m, 3H, H-2, 2H-6), 3.78 (ddd, J = 10.0, 5.0, 3.0 Hz, 1H, H-5), 2.06 (s, 

3H, Ac), 1.98 (s, 3H, Ac), 1.79 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3) δ (ppm): -80.88 (t, J = 10.0 Hz, 3F, CF3), -118.66 – -121.12 (m, 2F, CF2), -

121.30 – -121.82 (m, 2F, CF2), -122.83 – -122.28 (m, 2F, CF2), -122.26 – -122.62 (m, 2F, CF2), -122.30 – 

-123.00 (m, 2F, CF2), -125.94 – -126.42 (m, 2F, CF2). 

13C NMR (75 MHz, CDCl3) δ (ppm): 171.51, 170.69, 169.29, 133.65, 131.52, 129.19, 128.95, 86.58, 

76.14, 73.37, 68.52, 62.39, 53.39, 20.85, 20.47, 20.34. 

HRMS (ESI, positive mode) m/z: C26H22F15NNaO8S, [M+Na]+ calcd. 816.0686, found 816.0719 

[α]D
23.8 = -3° (C=10mg/mL in Acetone) 
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1H NMR (300 MHz) of Compound 83 in CDCl3 

 

19F NMR (282 MHz) of Compound 83 in CDCl3 
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Phenyl 2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-1-thio-β-D-

glucopyranoside (84) 

To a solution of Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluoro-

octanoylamido)-1-thio-β-D-glucopyranoside 83 (1.361 g, 1.715 mmol) in anhydrous DCM: MeOH (22 

mL, 1:3) was treated with catalytic amount of K2CO3. The homogeneous mixture was stirred for 4h at 

room temperature under argon. TLC in 10% MeOH: DCM confirmed complete conversion and the 

reaction was diluted with DCM: MeOH 10:1 (11mL), filtered over SiO2/celite at vacuum, extracted with 

10% MeOH: DCM (100mL) and dried over Na2SO4 to afford 84 as a colorless form (1.019 g, 89%). This 

was used for further reaction without purification. 

Rf = 0.52; (MeOH: DCM 1/9) 

19F NMR (282 MHz, MeOD) δ (ppm): -82.36 (tt, J = 10.2, 2.2 Hz, 3F, CF3), -120.70 (dt, J = 27.3, 13.3 Hz, 

2F, CF2), -122.10 – -122.49 (m, 2F, CF2), -123.83 – -123.22 (m, 2F, CF2), -123.43 – -123.91 (m, 4F, 2xCF2), 

-127.09 – -127.49 (m). 

13C NMR (75 MHz, MeOD) δ (ppm): 135.24, 132.58, 129.94, 128.56, 87.70, 82.22, 76.69, 71.90, 62.79, 

56.73. 

HRMS (ESI, positive mode) m/z: C14H19NaN3O9 [M+Na]+, calc. 690.0395, found 690.0402. 

 

1H NMR (300 MHz) of Compound 84 in MeOD 
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19F NMR (282 MHz) of Compound 84 in MeOD 

 

 

Phenyl 4,6-O-benzylidene-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-

pentadecafluorooctanoylamido)-1-thio-β-D-glucopyranoside (85) 

To a solution of Phenyl 2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-1-

thio-β-D-glucopyranoside (162mg, 0.24mmol) in CH3CN (6mL) was added tosylic acid (6.66mg, 

0.035mmol, 1.5eq.) followed by benzaldehyde dimethyl acetal (0.11mL, 0.7mmol, 2.92eq.). The 

homogeneous mixture was stirred over the weekend at room temperature under argon balloon and 

closed septum. The reaction progress was monitored by TLC 10% MeOH: DCM, Rf 0.59 and quenched 

with TEA (4mL). Product was extracted with EtOAc (100mL), aqueous work up with Na2CO3 (100mL) 

and sat. NaCl (100mL) and dried with Na2SO4. The organic phase was concentrated and dried at 

vacuum. Silica gel chromatography 100%-50% DCM: MeOH yielded 85 as a white solid (109 mg, 0.144 

mmol, 60%). 

1H NMR (400 MHz, DMSO) δ (ppm): 9.57 (d, J = 8.8 Hz, 1H, N-H), 7.46 – 7.27 (m, 10H, 2xAr), 5.69 (d, J 

= 5.9 Hz, 1H), 5.64 (s, 1H, PhC-H), 5.04 (d, J = 10.1 Hz, 1H, H-1), 4.25 (dd, J = 10.1, 4.6 Hz, 1H, H-6), 3.87 

– 3.70 (m, 3H, H-2, H-4, H-5), 3.58 – 3.44 (m, 2H, H-3, H-6), 3.34 (s, 1H, O-H). 

19F NMR (376 MHz, DMSO) δ (ppm): -80.14 – -80.32 (m, 3F, CF3), -117.60 – -119.83 (m, 2F, CF2), -121.24 

(m, 2F, CF2), -121.62 – -122.25 (m, 4F, 2xCF2), -122.52 (m, 2F, CF2), -125.78 (m, 2F, CF2). 
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13C NMR (101 MHz, DMSO) δ (ppm): 137.59, 133.48, 130.24, 129.12, 128.94, 128.08, 127.30, 126.35, 
100.66, 85.93, 80.50, 71.11, 70.18, 67.54, 55.58, 26.36. 

HRMS (ESI, positive mode) m/z: C27H20F15NNaO5S [M+Na]+, calcd. 778.0717, found 778.0693. 

[α]D
26 = -62° (C=1mg/mL in CHCl3/Acetone; 10:1) 

 

1H NMR (400 MHz) of Compound 85 in DMSO 

 

19F NMR (376 MHz) of Compound 85 in DMSO 
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Phenyl 4,6-O-acetonide-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanoylamido)-

1-thio-β-D-glucopyranoside (86) 

To the solution of 84 (0.321mmol, 214mg, 1 equiv., az. with toluene) in anhydrous DMSO (15mL) under 

argon atm and room temperature was treated with TsOH.H2O (0.482mmol, 92mg, 1.5equiv.), 2,2-

dimethoxypropane DMP (1.926mmol, 0.24mL, 6equiv.) and the reaction temperature was raised to 

50 ⁰C under argon and stirred overnight. Analytical TLC revealed uncomplete reaction, hence, 3 
equivalents of DMP was added to drive the reaction to completion for another day. The mixture was 

cooled down to rt, and diluted with H2O, washed with H2O (75mLx2), sat. Na2CO3(aq) (75mLx2), brine 

(100mL), dried over Na2SO4, filtered and concentrated at vacuo. Flash column chromatography of the 

crude mixture on silica gel in DCM: MeOH 95:05 → 60:40% as eluent provided 86 (94mg, 41%) as pale 

brown solid and recovered starting material (78 mg). 

Rf = 0.32; (DCM: MeOH 9.5/0.5) 

1H NMR (300 MHz, MeOD) δ (ppm): 7.50 – 7.24 (m, 5H, Ar), 4.86 (d, J = 10.4 Hz, 1H, H-1), 3.96 – 3.85 

(m, 2H, H-2, H-6), 3.79 (t, J = 10.4 Hz, 1H, H-6), 3.66 (t, J = 9.2 Hz, 1H, H-3), 3.57 (t, J = 9.2 Hz, 1H, H-4), 

3.33 (m, 1H, H-5), 1.51 (s, 3H, CH3), 1.37 (s, 3H, CH3). 

19F NMR (282 MHz, MeOD) δ (ppm): -82.36 (tt, J = 10.2, 2.2 Hz, 3F, CF3), -120.76 (dt, J = 27.3, 13.3 Hz, 

2F, CF2), -122.14 – -122.51 (m, 2F, CF2), -122.80 – -123.28 (m, 4F, 2xCF2), -123.48 – -123.87 (m, 2F, CF2), 

-127.10 – -127.42 (m, 2F, CF2). 

13C NMR (75 MHz, MeOD) δ (ppm): 134.37, 133.30, 129.99, 128.97, 100.96, 88.13, 75.22, 73.77, 72.78, 
62.95, 57.16, 29.38, 19.33. 



 

 

134 

 

1H NMR (300 MHz) of Compound 86 in MeOD 

 

19F NMR (282 MHz) of Compound 86 in MeOD 
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Phenyl 3,4,6-tri-O-acetyl-2-deoxy-2-(4,4,4,3,3,2,2-heptafluoropropylamido)-1-thio-β-D-

glucopyranoside (87) 

Compound 87 was prepared from 72 (0.156 mmol, 85 mg, 1 equiv.) in the same manner 83 was made. 

The crude mixture was eluted with MeOH/H2O; 80% → 100% by fluorous silica gel extraction (F-SPE) 

and upon solvent removal, titled compound 87 was isolated as a white form. 68 mg, 73%  

Rf = 0.20; (EtOAc: PE, 2/8)   

[α]D
22.7 = +9° (C=10mg/mL in Acetone) 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.55 – 7.27 (m, 1H, Ar), 7.11 (d, J = 9.3 Hz, 1H, N-H), 5.31 (dd, J = 

10.2, 9.5 Hz, 1H, H-3), 5.03 (t, J = 9.7 Hz, 1H, H-4), 4.77 (d, J = 10.4 Hz, 1H, H-1), 4.27 – 4.10 (m, 3H, H-

2, 2H-6), 3.76 (ddd, J = 10.0, 5.0, 2.9 Hz, 1H, H-5), 2.08 (s, 3H, Ac), 1.99 (s, 3H, Ac), 1.88 (s, 3H, Ac). 

19F NMR (282 MHz, CDCl3) δ (ppm): -80.49 (t, J = 9.1 Hz, 3F, CF3), -120.71 (dq, J = 70.4, 9.0 Hz, 2F, CF2), 

-126.83 (d, J = 12.7 Hz, 2F, CF2). 

13C NMR (75 MHz, CDCl3) δ (ppm): 207.27, 171.44, 170.70, 169.30, 133.65, 131.51, 129.18, 128.91, 

86.49, 76.10, 73.36, 68.55, 62.38, 53.35, 31.07, 20.84, 20.48, 20.40. 

 

1H NMR (300 MHz) of Compound 87 in CDCl3 
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19F NMR (282 MHz) of Compound 87 in CDCl3 

 

 

Phenyl 2-deoxy-2-(4,4,4,3,3,2,2-heptafluoropropylamido)-1-thio-β-D-glucopyranoside (88) 

Compound 88 was synthesized from 87 (0.115 mmol, 68 mg, 1 equiv.) in the same manner 84 was 

prepared. The crude mixture was eluted with MeOH: H2O (80:20%) by a fluorous silica gel extraction 

(F-SPE) and after solvent removal, titled compound 88 was obtained as a colorless form. 41mg, 75%  

Rf = 0.20; (EtOAc: PE, 2/8)   

1H NMR (300 MHz, DMSO) δ (ppm): 9.40 (d, J = 9.1 Hz, 1H, N-H), 7.51 – 7.15 (m, 5H, Ar), 5.29 (d, J = 

6.1 Hz, 1H, O-H), 5.18 (d, J = 5.1 Hz, 1H, O-H), 4.85 (d, J = 10.5 Hz, 1H, H-1), 4.65 (t, J = 5.7 Hz, 1H, H-3), 

3.81 – 3.60 (m, 2H, H-2, H-6), 3.56 – 3.38 (m, 2H, H-4, H-6), 3.22 – 3.13 (m, 2H, H-5, O-H). 
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1H NMR (300 MHz) of Compound 88 in DMSO 

 

 

Phenyl 4,6-O-benzylidene-2-deoxy-2-(4,4,4,3,3,2,2-heptafluoropropylamido)-1-thio-β-D-

glucopyranoside (89) 

Compound 89 was prepared from 88 (0.324 mmol, 151 mg, 1 equiv.) in the same manner 85 was 

made. The crude mixture was eluted with DCM: MeOH, 100% → 90:10 on silica gel flash column 

chrmatography and upon solvent removal, titled compound 89 was isolated as a white form. 201 mg, 

89%  

Rf = 0.56; (DCM: MeOH, 9/1)   

1H NMR (400 MHz, CDCl3) δ (ppm): 7.54 – 7.30 (m, 10H, 2xAr), 6.60 (d, J = 8.0 Hz, 1H, N-H), 5.55 (s, 1H, 

PhC-H), 5.15 (d, J = 10.4 Hz, 1H, H-1), 4.40 (dd, J = 10.5, 4.9 Hz, 1H, H-6), 4.22 (t, J = 8.5 Hz, 1H, H-3), 

3.80 (t, J = 10.1 Hz, 1H, H-6), 3.67 – 3.48 (m, 3H, H-2, H-4, H-5), 2.73 (br s, 1H, O-H). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.39 (t, J = 8.7 Hz, 3F, CF3), -120.29 – -120.51 (m, 2F, CF2), -126.65 

(s, 2F, CF2). 

13C NMR (101 MHz, CDCl3) δ (ppm): 136.81, 133.45, 129.62, 129.38, 128.90, 128.57, 126.36, 102.11, 
85.43, 81.36, 77.36, 71.43, 70.50, 68.58, 60.91, 56.89. 
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[α]D
25 = -10° (C=7mg/mL in EtOAc) 

 

1H NMR (400 MHz) of Compound 89 in CDCl3 

 

19F NMR (376 MHz) of Compound 89 in CDCl3 
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3,4,6- tri-O-acetyl-D-glucal (95) 

To a suspension of D-glucose anhydrous (0.056mol, 10g) was treated with acetic anhydride (30mL), 

and HBr/AcOH (7.1mL) and allowed to stir for 1h at room temperature in a water bath, after which 

HBr/AcOH (43mL) was added and stirred overnight. Anhydrous NaOAc (0.24mol, 20g) was added 

subsequently followed by a mixture of CuSO4.5H2O (0.020mol, 5.1g), Zn powder (1.928mol, 126g) in a 

solution of H2O (100mL), AcOH (180mL) and NaOAc (100g) was also added into the reaction mixture 

and stirred vigorously for 1.5h. The solid was removed by filtration and washed with EtOAc first 

(300mL) and followed by distilled water (300mL) immediately. The organic layer (in the filtrate) 

washed with NaHCO3 (300mL), brine (150mL), dried in MgSO4 and the solvent was removed at 

rotovap. Silica gel chromatography in 30% → 100% EtOAc: cyclohexane as eluent yielded colorless oil 

95 and NMR data consistent with literature376 (11.86g, 79%). 

Rf = 0.32; (cyclohexane: ethylacetate, 8/2) 

1H NMR (300 MHz, CDCl3) δ (ppm): 6.46 (dd, 1H, J = 6.2, 1.3 Hz, H-1), 5.33 (dddd, 1H, J = 3.3, 2.1, 1.3, 

0.7 Hz, H-3), 5.21 (dd, 1H, J = 7.5, 5.7 Hz, H-4), 4.84 (dd, 1H, J = 6.2, 3.3 Hz, H-2), 4.39 (dd, 1H, J = 11.7, 

5.4 Hz, H-6), 4.24 (ddd, 1H, J = 8.2, 5.8, 3.1 Hz, H-5), 4.18 (dd, 1H, J = 11.7, 3.1 Hz, H-6), 2.08 (s, 3H, 

OCOCH3), 2.07 (s, 3H, OCOCH3), 2.04 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 95 in CDCl3 
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3,4,6-tri-O-acetyl galactal (96) 

Compound 96 was prepared via slightly modified strategy as tri-O-acetyl glucal 95 but in this case from 

penta-O-acetyl galactopyranoside504 (23.5mmol, 9.2g). Silica gel chromatography in 30% →100% 

EtOAc: cyclohexane eluent system yielded colorless oil (5.023g, 76%). 

Rf = 0.35; (cyclohexane: ethylacetate, 7/3) 

1H NMR (300 MHz, CDCl3) δ (ppm): 6.44 (dd, J = 6.3, 1.7 Hz, 1H, H-1), 5.54 (ddd, J = 4.4, 2.6, 1.0 Hz, 1H, 

H-3), 5.41 (dt, J = 4.5, 1.6 Hz, 1H, H-4), 4.71 (ddd, J = 6.3, 2.7, 1.5 Hz, 1H, H-2), 4.25 (m, 3H, H-5, 2H-6), 

2.11 (s, 3H, OCOCH3), 2.07 (s, 3H, OCOCH3), 2.01 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 96 in CDCl3 

 

 

1,6-Anhydro-2-deoxy-2-iodo-β-D-glucopyranose (97) 

To a tri-O-acetyl-D-glucal 95 (17mmol, 4.494g) azeotroped with toluene (3x5mL) was dissolved in dry 

methanol (40mL) under argon atm at room temperature. This was then treated with NaOMe 

(5.1mmol, 270mg and 0.3 equiv.) and the reaction mixture was allowed to stir for 25minutes. TLC 

analysis in 100% ethyl acetate and or 1:1 toluene/acetone confirmed triols adducts. The reaction 

mixture was quenched with DOWEX 2x8-100 ion-exchange resin until the pH was 7 by strip paper, 



 

 

141 

filtered the reaction mixture through vacuum-sintered glass, washed with ethyl acetate and 

concentrated. The yellow syrup D-glucal (azeotroped with toluene, 3x5mL) was treated with activated, 

powdered molecular sieves 3Å (6.12g) in a Schlenched flask equipped with condenser and stirrer. The 

complete reaction system was exposed to vacuum and argon (3 cycles), and dry acetonitrile (60mL) 

was then added into the set-up. The resulting mixture was stirred with warming until the substrate 

sugar dissolved. Bis(tributyltin) oxide (6.72mL, 0.132mol, 0.8equiv.) was similarly added, and the 

resulting mixture was heated under reflux and argon for 3h; the reaction mixture was allowed to cool 

to room temperature and the solvent was removed by evaporation at reduced pressure and the 

residual oil dried under high vacuum with argon (several cycles). The residue was taken up in 

dichloromethane (60mL) under argon at room temperature and subsequently cooled in an ice/water 

bath. Iodine (19.8mmol, 5.03g, 1.2equiv.) was introduced to the dichloromethane solution, and a color 

change to dark brown was immediately observed. After 15min of constant stirring, the reaction 

mixture was filtered through celite plug to remove tin salt and molecular sieves. The celite was washed 

with dichloromethane and the combined filtrate was reduced to approximately 5mL in the rotary 

evaporator. This was dissolved in hexane (100mL) and stirred with sat. aqueous sodium thiosulfate 

(100mL) for weekend, at which the aqueous and organic phases were colorless. The aqueous phase 

was extracted with ethyl acetate (4x100mL), dried over anhydrous Na2SO4 and solvent evaporated. To 

the yellow oily crude residue was dissolved in methanol and some mixed silica gel and then 

concentrated. Flash column chromatography on silica gel, cyclohexane/acetone 3:2 as eluent afforded 

the desired product 97 as white solid that is consistent with previous literature (2.086g, 46% over two 

steps). 

Rf = 0.5; (toluene/acetone 1:1) 

1H NMR (300 MHz, (CD3)2CO) δ (ppm): 5.66 (br s, 1H, H-1), 4.69 (d, 1H, J= 4.6 Hz, OH), 4.53 (ddd, 1H, J 

= 4.7, 2.9, 1.6 Hz, H-5), 4.19 (dd, 1H, J = 7.3, 1.0 Hz, H-6), 4.20 –  4.15 (m, 1H, H-4), 3.94 (d, 1H, J = 6.7 

Hz, OH), 3.94 – 3.90 (m, 1H, H-2), 3.63 (dd, 1H, J = 7.0, 5.7 Hz, H-6), 3.68 – 3.62 (m, 1H, H-3);  

13C NMR (75 MHz, (CD3)2CO) δ (ppm): 104.52, 77.61, 76.38, 73.74, 66.58, 30.24. 
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1H NMR (300 MHz) of Compound 97 in CD3)2CO 

 

 

 

1,6-Anhydro-2-deoxy-2-iodo-β-D-galactopyranose (98) 

Compound 98 was synthesized from tri-O-acetyl-D-galactal 96 (3.706g, 13.612 mmol) in the same way 

97 was prepared. The desired intermediate was purified over silica gel column with 

cyclohexane/acetone 60→70% as eluent afforded white form and NMR data consistent with 

precedence (1.512g, 41% over two steps). 

Rf = 0.6; (toluene/acetone 1:1) 

1H NMR (300 MHz, (CD3)2CO) δ (ppm): 5.51 (br s, 1H, H-1), 4.64 (d, 1H, J = 3.9 Hz, O-H), 4.45 (d, 1H, J 

= 7.2 Hz, H-5), 4.39 – 4.30 (m, 2H, H-3, H-6), 4.30 – 4.16 (m, 3H, H-6, O-H, H-2), 3.59 (dd, 1H, J = 7.5, 

5.7 Hz, H-4). 

LRMS (ESI, positive mode) m/z: C6H9INaO4 [M+Na]+, calc. 294.9, found 294.9. 
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1H NMR (300 MHz) of Compound 98 in CD3)2CO 

 

 

1,6:2,3-Dianhydro-4-O-p-methoxybenzyl-β-D-glucopyranose (99) 

To the 1,6-anhydro-2-deoxy-2-iodo-β-D-glucopyranose 97 (272 mg, 1.0 mmol, 1 eqv.) coevaporated 

twice with toluene was dissolved in dry DMF (8mL) and cooled down to -20 ᴼC in a round bottomed 

flask equipped with stir bar and septum. The reaction mixture was then treated with p-methoxybenzyl 

chloride (391.53 mg, 2.5 mmol, 2.5 equiv.) followed by NaH (80 mg, 2 mmol, 2 equiv., 60% in mineral 

oil) and stirred over 3h (-20 ᴼC → rt). Water was added carefully and later diluted with Et2O after 

complete reaction. The aqueous layer was extracted four times with Et2O (75mL), the combined 

organic extracts was washed with brine (2x120mL), dried with MgSO4, filtered, and the solvent was 

removed at vacuum. Several flash chromatography on silica gel with cyclohexane: EtOAc; 9:1 → 7:3 
eluent afforded the titled epoxide as white solid (104mg, 0.394mmol, 40%),  

Rf = 0.7 in cyclohexane: ethylacetate, 7:3. 

1H NMR (300 MHz, CDCl3) δ (ppm):  7.29 (d, 2H, J = 8.6 Hz, arom.), 6.89 (d, 2H, J = 8.6 Hz, arom.), 5.68 

(d, 1H, J = 3.1 Hz, H-1), 4.65 (s, 2H, CH2-Ph), 4.49 – 4.43 (m, 1H, H-5), 3.79 (s, 3H, OMe), 3.72 – 3.58 (m, 

3H, H-4, 2H-6), 3.45 – 3.38 (m, 1H, H-3), 3.14 (ddd, 1H, J = 0.5, 1.5, 2.0 Hz, H-2).  
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1H NMR (300 MHz) of Compound 99 in CDCl3 

 

 

1,6:2,3-Dianhydro-4-O-benzyl-β-D-glucopyranose (100) 

The 1,6-anhydro-2-deoxy-2-iodo-β-D-glucopyranose 97 (136 mg, 0.5 mmol, 1 equiv.) azeotroped with 

toluene (3x5mL) was dissolved in dry DMF (5mL) and cooled down to 0 ᴼC in a round bottomed flask 

equipped with stir bar and septum. The reaction mixture was then treated with benzyl bromide (0.19 

ml, 1.5 mmol, 3 equiv) followed by NaH (60 mg, 1.5 mmol, 3 equiv., 60% in mineral oil) and stirred 

over 1h (0 ᴼC → r.t). The reaction set up was carefully treated with a mixture of distilled H2O and Et2O 

after complete reaction. The aqueous layer was extracted four times with Et2O (50mL), the combined 

organic extracts was washed with brine (2x100mL), dried with MgSO4, filtered and concentrated in 

vacuo. Flash chromatography on silica gel in (toluene 100%, and cyclohexane: acetone 80 → 60%) 

afforded the desired epoxide (130mg, 98%).  

Rf = 0.6 in cyclohexane: acetone, 3:2. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.45 – 7.34 (m, 5H, Arom), 5.69 (d, 1H, J = 3.0 Hz, H-1), 4.72 (br s, 

2H, CH2-Ph), 4.53 – 4.47 (m, 1H, H-4), 3.76 – 3.58 (m, 3H, H-5, 2H-6), 3.49 – 3.35 (m, 1H, H-2), 3.24 – 

3.13 (m, 1H, H-3). 

13C NMR (75 MHz, CDCl3) δ (ppm): 137.36, 128.61, 128.11, 127.82, 97.58, 73.79, 72.10, 71.59, 65.77, 
54.35, 47.78. 



 

 

145 

 

1H NMR (300 MHz) of Compound 100 in CDCl3 

 

1,6:2,3-Dianhydro-4-O-benzyl-β-D-galactopyranose (101) 

The 1,6-anhydro-2-deoxy-2-iodo-β-D-galactopyranose (1.5 g, 5.514 mmol, 1eqv) as starting material 

was transformed into the compound of interest in the same way as 100 was formed. Flash 

chromatography of the crude reaction mixture on silica gel in (toluene 100%, and cyclohexane: 

acetone 70%, and then finally 100% EtOAc as eluent) afforded the desired epoxide 101 (1.201 g, 93%), 

as colorless oil. 

Rf = 0.55 in cyclohexane: ethylacetate 6:4. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.40 – 7.30 (m, 5H, Arom), 5.62 (d, 1H, J = 4.8 Hz, H-1), 4.81 (d, 1H, 

J = 11.9 Hz, ½ CH2-Ph), 4.66 (d, 1H, J = 11.9 Hz, ½ CH2-Ph), 4.43 – 4.26 (m, 1H, H-5), 4.13 (dd, 1H, J = 

7.1, 1.3 Hz, H-6), 3.99 (dd, 1H, J = 5.9, 2.9 Hz, H-4), 3.56 (dd, 1H, J = 6.9, 6.5 Hz, H-6), 3.51 (dd, 1H, J = 

4.1, 2.9 Hz, H-2), 3.28 (ddd, 1H, J = 4.0, 2.9, 1.0 Hz, H-3). 
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1H NMR (300 MHz) of Compound 101 in CDCl3 

 

 

1,6-anhydro-2-azido-2-deoxy-4-O-p-methoxybenzyl-β-D-glucopyranose (102) 

To a solution of 1,6:2,3-dianhydro-4-O-p-methoxybenzyl-β-D-glucopyranose 99 (0.14mmol, 37mg, 

azeot. in tol) in dry DMF: H2O (9:1) was treated with NaN3 (0.84mmol, 54.61mg, 6 equiv.) and raised 

the reaction temperature from rt to 120 ᴼC and stirred overnight in a round bottomed flask equipped 

with stir bar, septum and an argon balloon. The reaction mixture was cooled to room temperature 

after complete reaction for 18 hours and poured into a mixture of H2O and Et2O. The aqueous phase 

was extracted three times with Et2O and the combined organic layers was washed with brine, dried 

over Na2SO4 and the solvent was removed with rotovap. Flash chromatography of the residue on silica 

gel (cyclohexane: EtOAc 9:1 → 7:3) afforded the desired azide as colorless oil (34mg, 79%). 

Rf = 0.6 in cyclohexane: ethylacetate 1:1. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.30 (d, 2H, J = 8.8 Hz, arom.), 6.89 (d, 2H, J = 8.8 Hz, arom.), 5.45 

(s,  1H, H-1), 4.67 – 4.53 (m, 3H, CH2-Ph, H-5), 3.93 (dd, 1H, J = 7.5, 0.6 Hz, H-6),  3.90 – 3.83 (m, 1H, H-

3), 3.81 (s, 3H, OMe), 3.68 (dd, 1H, J = 5.3, 4.5 Hz, H-6), 3.39 – 3.30 (m, 1H, H-4), 3.22 (br d, 1H, J = 3.5 

Hz,  H-2), 2.55 (br s, 1H, O-H). 

LRMS (ESI, positive mode) m/z: C14H17NaN3O5 [M+Na]+, calc. 330.1, found 330.1. 

[α]D
22.6 = -10° (C=10mg/mL in Acetone) 
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1H NMR (300 MHz) of Compound 102 in CDCl3 

 

1,6-anhydro-2-azido-2-deoxy-4-O-benzyl-β-D-glucopyranose (103) 

1,6:2,3-dianhydro-4-O-benzyl-β-D-glucopyranose (5.336 mmol, 1.25 g, azeot. in toluene) was 

converted into the titled compound 103 in the same manner 102 was prepared. Crude reaction 

mixture was purified by flash chromatography on silica gel in (cyclohexane: EtOAc 80→ 70% as eluent) 

which gave white solid (1.02 g, 70%) after solvent evaporation. 

Rf = 0.56 in cyclohexane: ethylacetate 1:1. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.44 – 7.30 (m, 5H, Arom), 5.47 (br s, 1H, H-1), 4.69 (AB, 2H, CH2-

Ph), 4.64 – 4.58 (m, 1H, H-5), 3.95 (dd,1H, J = 7.6, 0.6 Hz, H-6), 3.93 – 3.87 (m, 1H, H-3), 3.70 (dd,1H, J 

= 7.6, 5.4 Hz, H-6), 3.44 – 3.35 (m, 1H, H-4), 3.28 – 3.18 (m, 1H, H-2), 2.40 (br s, 1H, O-H). 

[α]D
22.6 = -9° (C=10mg/mL in Acetone)  
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1H NMR (300 MHz) of Compound 103 in CDCl3 

 

 

1,6-anhydro-2-azido-2-deoxy-4-O-benzyl-β-D-galactopyranose 104 

To a solution of 1,6:2,3-dianhydro-4-O-benzyl-β-D-galactopyranose (0.0157mol, 3.679g, azeot. in tol) 

was transformed into the desired compound 104 in the manner as 102. Flash chromatography on silica 

gel in (toluene 100%; 200ml, cyclohexane: EtOAc 65% as eluent) delivered colorless oil (3.856g, 

0.0139mmol, 89%). 

Rf = 0.68 in cyclohexane: ethylacetate 1:1. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.48 – 7.28 (m, 5H, Arom), 5.51 – 5.26 (m, 1H, H-1), 4.82 – 4.57 

(AB, 2H, CH2-Ph), 4.51 – 4.39 (m, 1H, H-5), 4.36 (d, 1H, J = 7.6 Hz, H-6), 4.17 – 4.01 (m, 1H, H-3), 3.82 

(dd, 1H, J = 4.7, 4.5 Hz, H-4), 3.66 (dd, 1H, J = 7.1, 5.5 Hz, H-6), 3.62 – 3.52 (m, 1H, H-2), 2.80 (br s, 1H, 

O-H). 

LRMS (ESI, positive mode) m/z: C13H15NaN3O4 [M+Na]+, calc. 300.1, found 300.1. 
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1H NMR (300 MHz) of Compound 104 in CDCl3 

 

 

Phenyl 2-azido-4-O-benzyl-2-deoxy-1-thio-ɑ/β-D-glucopyranoside (105) 

To a solution of 1,6-anhydro-2-azido-2-deoxy-4-O-benzyl-β-D-glucopyranose (0.231mg, 0.833mmol, 

1equiv., azeotroped with toluene) in anhydrous DCM (8mL) was added (thiophenyl)trimethyl silane 

TMSSPh (0.55mL, 2.891mmol, 3.472quiv.) in a round bottomed flask (50mL) equipped with clean stir 

bar, septum and an argon balloon. The mixture was heated until a clear solution of the reaction set 

up is obtained. Molecular sieves 3Å and ZnI2 (0.798g, 2.499mmol, 3 equiv.) were then added and 

allowed stirring at room temperature for 3h. The reaction mixture was filtered through celite plug, 

washed with DCM and concentrated in vacuo. The concentrated residue was dissolved in AcOH (20mL) 

and stirred at rt for 30 minutes, poured into separatory funnel, added some sat aq. Na2CO3 and 

extracted with EtOAc. The combined organic layers were washed with sat aq. Na2CO3 and brine, dried 

over Na2SO4, filtered and concentrated at vacuo. Flash column chromatography of the concentrated 

residue on silica gel in (toluene: ethylacetate 75 →25%) as eluent afforded separable compounds as 

white solids (191 mg, 59%). 

Rf = 0.7 for ɑ anomer, 0.9 for β anomer in toluene: ethylacetate 1:1. 

Data for ɑ-anomer. 1H NMR (300 MHz, CDCl3) δ (ppm): 7.56 – 7.27 (m, 10H, 2xArom), 5.54 (d, 1H, J =  

5.4 Hz, H-1ɑ), 4.85 – 4.73 (AB, 2H, CH2-Ph), 4.22 (ddd, 1H, J = 9.9, 6.2, 3.1 Hz, H-3), 3.96 (dd, 1H, J = 

10.1, 8.9 Hz, H-5), 3.88 – 3.69 (m, 3H, H-2, 2H-6), 3.55 (dd, 1H, J = 9.9, 8.8 Hz, H-4), 2.66 (br s, 1H, O-

H), 1.70 (br s, 1H, O-H). 
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Data for β -anomer. 1H NMR (300 MHz, CDCl3) δ (ppm): 7.45 – 7.26 (m, 10H, 2xArom), 4.82 – 4.67 (AB, 

2H, CH2-Ph), 4.48 (d, 1H, J = 10.2 Hz, H-1β), 3.92 (dd, 1H, J = 12.2, 2.6 Hz, H-6), 3.73 (dd, 1H, J = 12.2, 

4.2 Hz, H-6), 3.62 (dd, 1H, J = 9.3, 9.0 Hz, H-3), 3.44 (dd, 1H, J = 9.6, 9.0 Hz, H-4), 3.35 (dddd, 1H, J = 

9.6, 6.8, 4.3, 2.5 Hz, H-5), 3.27 (dd, 1H, J = 10.3, 9.3 Hz, H-2). 

 

1H NMR (300 MHz) of Compound 105a (ɑ-anomer) in CDCl3 

 

1H NMR (300 MHz) of Compound 105b (β-anomer) in CDCl3 
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Phenyl 2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-thio-galactopyranoside 106 

A solution of 1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-galactopyranose (1.778mmol, 493mg, 

1equiv.) in anhydrous DCM (15mL) was converted to the titled compound overnight in a similar 

manner to the synthesis of 105. The concentrated residue was purified on silica gel in cyclohexane: 

ethylacetate 80:20 → 30: 70% as eluent afforded a separable anomer ɑ/β 1/1.3 products 
(contrary to the glucopyranose sugar) 387mg, 0.999mmol, 56% as white solids.  

Rf = 0.81/0.48 for ɑ/β in 1:1 CH: EA. 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.53 – 7.28 (m, 10H, 2xArom), 5.66 (d, 1H, J = 

5.3 Hz, H-1), 4.80 – 4.72 (AB, 2H, CH2-Ph), 4.43 – 4.35 (m, 1H, H-5), 4.17 (ddd, 1H, J = 11.6, 5.4, 1.5 Hz, 

H-2), 3.95 – 3.89 (m, 2H, H-3, H-4), 3.81 (dd, 1H, J = 11.3, 6.9 Hz, H-6), 3.65 (dd, 1H, J = 11.3, 5.3 Hz, H-

6), 1.56 (br s, 1H, OH). 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.61 – 7.27 (m, 10H, 2xArom), 4.77 – 4.68 (AB, 

2H, CH2-Ph), 4.45 (d, 1H, J = 9.8 Hz, H-1), 3.91 (dd, 1H, J = 11.3, 7.2 Hz, H-6), 3.81 (dd, 1H, J = 2.8, 0.9 

Hz, H-3),  3.69 – 3.51 (m, 4H, H-6, H-5, H-2, H-4), 1.87 (br s, 1H, OH). 

 

1H NMR (300 MHz) of Compound 106a (ɑ-anomer) in CDCl3 
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1H NMR (300 MHz) of Compound 106b (β-anomer) in CDCl3 

 

 

Phenyl 2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ or β-D-glucopranoside 

107 

The phenyl 2-azido-2-deoxy-4-O-benzyl-1-thio-ɑ or β-D-glucopyranoside (0.232mmol, 90mg, 1 equiv., 

azeotroped with toluene) was dissolved in anhydrous DCM (2mL) under argon atmosphere in a round 

bottom flask equipped with stir bar, septum and an argon balloon. Imidazole (0.535mmol, 36.4mg, 

2.3equiv) and TBDPS-Cl (0.278mmol, 71µL, 1.2equiv.,) was subsequently added to the reaction set up. 

The reaction mixture was stirred at room temperature for 2h30mins after which TLC in cyclohexane: 

ethylacetate 8:1 confirmed complete reaction. The reaction mixture was quenched with MeOH (0.2 

mL) and the solvent was evaporated at reduced pressure with rotovap. Flash column chromatography 

on silica gel (cyclohexane: ethylacetate; 95 →90%, afforded the desired compound as colorless oil in 

99%.  

Rf = 0.3/0.4; ɑ/β in cyclohexane: ethylacetate; 8:1. 

LRMS (ESI, positive mode) m/z: C35H39N3NaO4SSi [M+Na]+, calc. 648.2, found 648.2 

Data for ɑ-anomer. 1H NMR (300 MHz, CDCl3) δ (ppm): 7.76 – 7.24 (m, 20H, 4xArom), 5.63 (d, 1H, J =  

5.3 Hz, H-1ɑ), 4.91 – 4.75 (AB, 2H, CH2-Ph), 4.25 (ddd, 1H, J = 9.7, 2.9, 1.6 Hz, H-5), 4.04 (dd, 1H, J = 

11.7, 3.4 Hz, H-6), 4.00 (m, 1H, H-3, H-2), 3.85 (dd, 1H, J = 10.3, 5.3 Hz, H-6), 3.76 (dd, 1H, J = 9.6, 8.8 

Hz, H-4), 2.80 (br s, 1H, OH).  
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Data for β-anomer. 1H NMR (300 MHz, CDCl3) δ (ppm): 7.81 – 7.20 (m, 20H, 4xArom), 4.81 – 4.68 (AB, 

2H, CH2-Ph), 4.48 (d, 1H, J = 10.1 Hz, H-1β), 4.03 (dd, 1H, J = 11.5, 1.8 Hz, H-6), 3.94 (dd, 1H, J = 11.5, 

3.4 Hz, H-6), 3.72 – 3.59 (m, 2H, H-3, H-4), 3.40 – 3.30 (m, 2H, H-2, H-5), 2.35 (br s, 1H, OH). 

[α]D
25 = +10° (C=32mg/mL in EtOAc, ɑ-anomer) 

 

1H NMR (300 MHz) of Compound 107a (ɑ-anomer) in CDCl3 

 

1H NMR (300 MHz) of Compound 107b (β-anomer) in CDCl3 
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Phenyl 2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ or β-D-

galactopyranoside 108 

To the suspension of phenyl 2-azido-2-deoxy-4-O-benzyl-1-ɑ or β -D-thio-galactopyranoside 

(0.431mmol, 167mg, 1 equiv., azeotroped with toluene) was transformed into the titled compound 

108 in a similar methodology to the preparation of 107 above. Flash column chromatography on silica 

gel (cyclohexane: ethylacetate; 10:1,) afforded the desired compound 262mg as colorless oil in 97%.  

Rf = 0.23 in cyclohexane: ethylacetate; 8:1. 

HRMS (ESI, positive mode) m/z: C35H39N3NaO4SSi [M+Na]+, calc. 648.2315, found 648.2323. 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.65 – 6.98 (m, 20H, 4xArom), 5.40 (d, 1H, J = 

5.4 Hz, H-1), 4.80 – 4.61 (AB, 2H, CH2-Ph), 4.38 – 4.26 (m, 1H, H-5), 4.04 – 4.00 (m, 1H, H-4), 3.97 (dd, 

1H, J = 10.6, 5.4 Hz, H-2), 3.87 – 3.73 (m, 1H, H-3), 3.80 (dd, 1H, J = 10.1, 8.5 Hz, H-6), 3.61 (dd, 1H, J = 

10.1, 5.8 Hz, H-6), 2.25 (br s, 1H, OH), 1.00 (s, 9H, 3xCH3);  

13C NMR (75 MHz, CDCl3) δ (ppm): 138.05, 135.75, 135.71, 135.64, 134.93, 133.19, 133.06, 133.01, 

132.96, 132.00, 130.10, 130.03, 129.77, 129.16, 129.10, 128.82, 128.76, 128.44, 128.35, 128.27, 

128.08, 127.99, 127.98, 127.93, 127.89, 127.85, 125.43, 87.62, 76.45, 75.77, 71.51, 70.74, 62.25, 

61.82, 29.83, 27.04, 26.98, 26.69, 19.33. 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.61 – 7.01 (m, 20H, 4xArom), 4.76 – 4.59 (AB, 

2H, CH2-Ph), 4.28 (d, 1H, J = 9.8 Hz, H-1), 3.95 – 3.88 (m, 1H, H-5), 3.84 – 3.76 (m, 2H, H-6, H-4), 3.50 – 

3.38 (m, 3H, H-3, H-2, H-6), 2.27 (br s, 1H, OH), 1.00 (s, 9H, 3xCH3);  

13C NMR (75 MHz, CDCl3) δ (ppm): 138.23, 135.68, 135.64, 133.04, 132.76, 130.08, 130.02, 128.99, 

128.63, 128.01-127.92, 127.55, 86.43, 78.93, 75.28, 75.25, 74.60, 63.46, 61.97, 27.03, 19.31. 

[α]D
27 = +107° (C=7mg/mL in CHCl3-ɑ-anomer) 

[α]D
27 = +42° (C=27mg/mL in CHCl3-β-anomer) 
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1H NMR (300 MHz) of Compound 108a (ɑ-anomer) in CDCl3 

 

 

1H NMR (300 MHz) of Compound 108b (β-anomer) in CDCl3 
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3-O-Acetyl-1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-glucopyranose (109) 

To a solution of 1,6-anhydro-2-azido-4-O-benzyl-β-D-glucopyranose (1.01mmol, 280mg, 1equiv.) 

dissolved in anhydrous pyridine (6.06mmol, 4.9mL, 60equiv.) at rt in a clean round bottom flask 

equipped with clean stir bar, septum and argon atmosphere. The solution was cooled down to 0 ⁰C in 
crushed ice bath, stirred for 15 minutes before the addition of Ac2O (25.553mmol, 2.4mL, 25.3equiv.). 

This was stirred for 2h at rt. The reaction progress was monitored by TLC analysis in cyclohexane: 

ethylacetate (2:1), quenched the reaction mixture with ethanol (10mL) at 0 ⁰C and the solvent was 
removed at reduced pressure rotovap by coevaporation with toluene (2x10mL). The crude mixture 

was purified on silica gel in cyclohexane: ethylacetate 70:30 → 0:100% as eluent yielded the desired 

compound 316 mg, as colorless syrup 98%.  

Rf = 0.50 in cyclohexane: ethylacetate (2:1). 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.43 – 7.29 (m, 5H, Arom), 5.51 (br s, 1H, H-1), 5.10 – 5.01 (m, 1H, 

H-3), 4.48 (d, 1H, J = 12.4 Hz, ½ CH2-Ph), 4.70 (d, 1H, J = 12.4 Hz, ½ CH2-Ph), 4.65 – 4.56 (m, 1H, H-5), 

3.94 (dd, 1H, J = 7.6, 0.9 Hz, H-6), 3.75 (dd, 1H, J = 7.6, 5.8 Hz, H-6), 3.30 – 3.25 (m, 1H, H-3), 3.23 – 

3.17 (m, 1H, H-2), 2.09 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 109 in CDCl3 
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3-O-Acetyl-1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-galactopyranose 110 

A solution of 1,6-anhydro-2-azido-4-O-benzyl-β-D-galactopyranose (1.616mmol, 448mg, 1equiv.) was 

converted into targeted compound 31b via similar strategy for the preparation of 31a. The crude 

mixture was purified on silica gel in cyclohexane: ethylacetate 70:30 → 0:100% as eluent and after 

solvent evaporation gave the desired compound 453mg, as colorless syrup 88%. 

Rf = 0.65 in cyclohexane: ethylacetate (2:1). 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.39 – 7.28 (m, 5H, Arom), 5.45 – 5.40 (m, 1H, H-1), 5.38 (ddd, 1H, 

J = 8.1, 3.0, 1.4 Hz, H-3), 4.62 (d, 1H, J = 11.5 Hz, ½ CH2-Ph), 4.48 (d, 1H, J = 11.6 Hz, ½ CH2-Ph), 4.46 – 

4.41 (m, 1H, H-5), 4.39 (d, 1H, J = 7.6 Hz, H-6), 3.91 – 3.83 (m, 1H, H-4), 3.70 (dd, 1H, J = 7.6, 5.6 Hz, H-

6), 3.55 – 3.40 (m, 1H, H-2), 2.12 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 110 in CDCl3 

 

 

1,3,4,6-tetraacetyl-2-azido-2-deoxy-ɑ/β-D-glucopyranose 113 

To a solution of 1,6-anhydro-2-azido-4-O-benzl-2-deoxy-β-D-glucopyranose and or 3-O-acetyl moiety 

(1.277mmol, 354mg, 1 equiv.) azeotroped with tol. was treated with acetic anhydride (81.575mmol, 

7.7mL, 63.88equiv.) in a round bottom flask equipped with stir bar, septum and argon atmosphere at 
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rt. The reaction mixture was cooled down to 0 ⁰C, added TfOH (8.722mmol, 0.77mL, 6.83equiv.) and 
the complete reaction set up was stirred overnight at rt. The reaction mixture was diluted with DCM 

after total transformation and then the solvent was coevaporated at vacuo with toluene. The residue 

was purified on silica gel in cyclohexane: ethylacetate 80:20 → 60:40% as eluent, afforded the titled 

compound as white solid 284mg, 60%. 

Rf = 0.39 in cyclohexane: ethylacetate 7:3. 

1H NMR (300 MHz, CDCl3) δ (ppm): 6.30 (d, 1H, J = 3.6 Hz, H-1ɑ), 5.55 (d, 1H, J = 8.6 Hz, H-1β), 5.46 
(dd, 1H, J = 10.5, 9.5 Hz, H-3), 5.11 (dd, 1H, J = 10.5, 9.5 Hz, H-4), 4.30 (dd, 1H, J = 12.4, 4.1 Hz, H-6), 

4.12 – 4.00 (m, 2H, H-5, H-6), 3.66 (dd, 1H, J = 10.5, 3.6 Hz, H-2), 2.20 (s, 3H, OCOCH3), 2.11 (s, 3H, 

OCOCH3), 2.08 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3). 

LRMS (ESI, positive mode) m/z: C14H19NaN3O9 [M+Na]+, calc. 396.1, found 396.1. 

 

1H NMR (300 MHz) of Compound 113 in CDCl3 

 

 

1,3,6-triacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-galactopyranose 114 

1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-galactopyranose (9.943mmol, 2.757mg, 1equiv.) 

azeotroped with toluene (x2) was dissolved in Ac2O (50mL, 65 equiv.) at rt in RB flask equipped with 

stir bar, septum and argon balloon. The solution was cooled down to 0 ⁰C in an ice bath, treated with 
TFA (68mmol, 5.2mL, 6.83equiv.) and then allowed to stir overnight at rt. Analytical TLC confirmed 

complete conversion and the reaction mixture was coevaporated with toluene at reduced pressure in 
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the vacuo. Concentrated residue was purified on silica gel in cyclohexane: ethylacetate 75:25→ 

40:60% eluent that yielded inseparable ɑ/β 4:1 compound 4.031g 96%, as colorless oil. 

Rf = 0.55 in cyclohexane: ethylacetate 7:3. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.41 – 7.30 (m, 5H, Arom), 6.29 (d, 1H, J =  3.6 Hz H-1ɑ), 5.49 (d, 

1H, J = 8.5 Hz, H-1β), 5.25 (dd, 1H, J = 11.1, 2.8 Hz, H-3), 4.71 (d, 1H J = 11.4 Hz, ½ CH2-Ph), 4.56 (d, 1H 

J = 11.4 Hz, ½ CH2-Ph), 4.23 – 4.02 (m, 5H, H-2, H-4, H-5, 2H-6), 2.15 (s, 3H, OCOCH3), 2.13 (s, 3H, 

OCOCH3), 2.01 (s, 3H, OCOCH3).  

LRMS (ESI, positive mode) m/z: C19H23NaN3O8 [M+Na]+, calc. 444.1, found 444.1. 

 

1H NMR (300 MHz) of Compound 114 in CDCl3 

 

 

Phenyl 3,4,6-triacetyl-2-azido-2-deoxy-1-thio-ɑ/β-D-glucopyranoside 115 

To the suspension of 1,3,4,6-tetraacetyl-2-azido-2-deoxy-ɑ/β-D-glucopyranose (0.429mmol, 160mg, 

1equiv.) azeotroped with toluene was dissolved in anhydrous DCM (5mL) in a RB flask equipped with 

stir bar, septum and argon atmosphere at rt. The reaction flask was treated with thiophenol (1.5mmol, 

0.154mL, 3.5equiv.) and followed by BF3.OEt2 (1.797mmol, 0.463mL, 4equiv.) dropwise. This was 

stirred at rt under argon atmosphere overnight. Analytical TLC on the reaction mixture confirmed 

complete reaction, and saturated Na2CO3(aq) was added to the reaction flask and stirred for 10 minutes, 

washed with Na2CO3(aq)/NaCl (1:2, 150mL), and the aqueous was back extracted with DCM and the 

combined organic phase was dried over Na2SO4, filtered and concentrated at reduced pressure in the 
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rotovap. The crude mixture was purified on silica gel in cyclohexane: ethylacetate 70:30 → 60:40% as 

eluent, yielded ɑ/β mixture of the desired product 106mg, 69% colorless form. 

Rf = 0.45 in cyclohexane: ethylacetate 7:3. 

LRMS (ESI, positive mode) m/z: C18H21NaN3O7S [M+Na]+, calcd. 446.1, found 446.1. 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.63 – 7.11 (m, 5H, Arom), 5.64 (d, 1H, J = 5.6 

Hz, H-1), 5.35 (dd, 1H, J = 10.5, 9.3 Hz, H-3), 5.05 (dd, 1H, J = 10.2, 9.2 Hz, H-4), 4.60 (ddd, 1H, J = 10.3, 

5.2, 2.2 Hz, H-5), 4.30 (dd, 1H, J = 12.4, 5.2 Hz, H-6), 4.08 (dd, 1H, J = 10.4, 5.6 Hz, H-2), 4.03 (dd, 1H, J 

= 12.4, 2.3 Hz, H-6), 2.10 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 2.03 (s, 3H, OCOCH3). 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.63 – 7.11 (m, 5H, Arom), 5.08 (dd, 1H, J = 

10.2, 9.5 Hz, H-3), 4.93 (dd, 1H, J = 10.2, 9.5 Hz, H-4), 4.50 (d, 1H, J = 10.2 Hz, H-1), 4.28 (m, 2H, 2H-6), 

3.69 (ddd, 1H, J = 10.0, 4.9, 2.5 Hz, H-5), 3.41 (dd, 1H, J = 10.0, 9.9 Hz, H-2), 2.08 (s, 3H, OCOCH3), 2.06 

(s, 3H, OCOCH3), 2.01 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 115 in CDCl3 

 

 

Phenyl 3,6-diacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-thio-galactopyranoside 116 

To the suspension of 1,3,6-triacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-galactoopyranose 

(0.532mmol, 224mg, 1equiv.) was transformed into the titled adduct in a similar way to compound 
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115 over the course of 4h30mins. The crude mixture was purified on silica gel in cyclohexane: 

ethylacetate 80:20→60:40% as eluent, yielding separable ɑ/β product 202mg, 80% as pale brown oil. 

Rf = 0.45/0.29 ɑ/β in cyclohexane: ethylacetate 8:2. 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.54 – 7.27 (m, 10H, 2xArom), 5.67 (d, 1H, J = 

5.5 Hz, H-1), 5.12 (dd, 1H, J = 11.1, 2.9 Hz, H-3), 4.70 (d, 1H, J = 11.4 Hz, ½ CH2-Ph), 4.63 – 4.53 (m, 1H, 

H-5), 4.54 (d, 1H, J = 11.4 Hz, ½ CH2-Ph), 4.50 (dd, 1H, J = 11.1, 5.5 Hz, H-2), 4.19 (dd, 1H, J = 11.3, 7.2 

Hz, H-6), 4.06 (dd, 1H, J = 11.3, 5.6 Hz, H-6), 4.08 – 4.05 (m, 1H, H-4), 2.13 (s, 3H, OCOCH3), 1.96 (s, 3H, 

OCOCH3). 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.64 – 7.23 (m, 10H, 2xArom), 4.81 (dd, 1H, J = 

10.1, 2.9 Hz, H-3), 4.67 (d, 1H, J = 11.4 Hz, ½ CH2-Ph), 4.53 (d, 1H, J = 11.4 Hz, ½ CH2-Ph), 4.48 (d, 1H, J 

= 10.1 Hz, H-1), 4.30 (dd, 1H, J = 11.2, 6.7 Hz, H-6), 4.09 (dd, 1H, J = 11.2, 6.2 Hz, H-6), 3.92 (dd, 1H, J = 

2.8, 0.7 Hz, H-4), 3.87 (dd, 1H, J = 10.1 Hz, H-2), 3.71 (dd, 1H, J = 7.3, 6.1 Hz, H-5), 2.09 (s, 3H, OCOCH3), 

2.02 (s, 3H, OCOCH3). 

 

1H NMR (300 MHz) of Compound 116a (ɑ-anomer) in CDCl3 
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1H NMR (300 MHz) of Compound 116b (β-anomer) in CDCl3 

 

 

Phenyl 2-azido-4-O-benzyl-2-deoxy-ɑ and β-D-thio-galactopyranoside 118 

General procedure 

To the phenyl 3,4-diacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-thio-galactopyranoside (1equiv.) 

azeotroped with toluene was dissolved in anhydrous MeOH in an RB flask equipped with stir bar, 

septum and argon atmosphere at rt. NaOMe (0.84equiv.) was added gently over reaction flask and 

then allowed to stir under above condition overnight. The set up was monitored by TLC in 

cyclohexane: ethylacetate and upon complete deacetylation, the solvent was evaporated at reduced 

pressure in the rotovap. The crude product was purified by flash column chromatography on silica gel 

in cyclohexane: ethylacetate 60:40→1:1 as eluent, yielding target adduct as white solid. 

Rf = 0.20 in cyclohexane: ethylacetate 7:3 94% for ɑ-adduct. 

Rf = 0.13 in cyclohexane: ethylacetate 6:4 98% for β-adduct. 

NMR data same as similar compound above. 

 

Pentenyl 3,6-diacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-galactopyranoside 120 
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To the suspension of 1,3,6-triacetyl-2-azido-4-O-benzyl-2-deoxy-ɑ/β-D-galactopyranose (2.895mmol, 

1.220g, 1 equiv.) azeotroped with toluene was dissolved in dry DCM (25mL) under argon atmosphere 

in the RB flask equipped with stir bar, septum at rt. BF3.OEt2 (14.24mmol, 3.66mL, 5 equiv., 48% in 

diethyl ether) was later added dropwise, then 4-pent-1-ol (17.8mmol, 1.84mL, 6.1 equiv.) and the 

complete reaction set up was allowed to stirred for a 48 hours at rt. TLC analysis was performed on 

the reaction mixture in CH: EA 7:3, with no substantive difference from the starting material. 1 

equivalent of BF3.OEt2 (0.91mL) was added and stirred additional 5h at rt. The reaction was cooled 

down to 0 ⁰C, quenched with TEA (2.5mL) and stirred for 20 minutes. The solvent was evaporated at 
reduced pressure in the vacuo and the residue was purified by silica gel column in cyclohexane: 

ethylacetate 10:1→ 8:2 as eluent, yielded separable ɑ/ β; 1/2.8 products 601mg as colorless oil at 
46%. 

Rf = 0.65(ɑ), 0.35(β), in cyclohexane: ethylacetate 7:3. 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.40 – 7.28 (m, 5H, Arom.), 5.89 – 5.72 (m, 1H, 

HC=CH2), 5.31 (dd, J = 11.1, 2.9 Hz, 1H, H-1), 5.09 – 4.91 (m, 3H, H-3 HC=CH2), 4.71 (d, J = 11.5 Hz, 1H, 

½ CH2-Ph), 4.53 (d, J = 11.4 Hz, 1H, ½ CH2-Ph), 4.18 (dd, J = 8.2, 5.1 Hz, 1H, H-4), 4.11 – 3.99 (m, 3H, H-

2, 2H-6), 3.80 (dd, J = 11.1, 3.5 Hz, 1H, H-5), 3.70 (dt, J = 9.7, 6.6 Hz, 1H, ½ CH2), 3.54 – 3.45 (m, 1H, ½ 

CH2), 2.19 – 2.07 (m, 5H, CH2, OCOCH3), 2.02 (s, 3H, OCOCH3), 1.79 – 1.62 (m, 2H, CH2). 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.41 – 7.27 (m, 5H, Arom.), 5.81 (ddt, J = 16.9, 

10.2, 6.7 Hz, 1H, HC=CH2), 5.10 – 4.93 (m, 2H, HC=CH2), 4.75 – 4.65 (m, 2H, H-1, CH-Ph), 4.56 (d, J = 

11.5 Hz, 1H, CH-Ph), 4.35 – 4.21 (m, 2H, H-6, H-3), 4.05 (dd, J = 11.1, 7.0 Hz, 1H, H-4), 3.93 (dt, J = 9.5, 

6.3 Hz, 1H, ½ CH2), 3.88 – 3.78 (m, 2H, H-2, H-6), 3.69 – 3.49 (m, 2H, H-5, ½ CH2), 2.21 – 2.05 (m, 5H, 

CH2, OCOCH3), 2.00 (s, 3H, OCOCH3), 1.82 – 1.62 (m, 2H, CH2). 

1H NMR 

(300 MHz) of Compound 120a (ɑ-anomer) in CDCl3 
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1H NMR (300 MHz) of Compound 120b (β-anomer) in CDCl3 

 

 

Pentenyl 2-azido-4-O-benzyl-2-deoxy-ɑ & or β-D-galactopyranoside 121 

The titled compounds were synthesized in a similar way to deacetylation protocol above. The crude 

product was purified by flash column chromatography on silica gel in cyclohexane: ethylacetate 

70:30→60:40%, yielded desired adduct as white solid. 

Rf = 0.35; cyclohexane: ethylacetate 7:3, 76mg, 72% for ɑ-anomer. 

Rf = 0.23; cyclohexane: ethylacetate 6:4, 301mg, 83% for β -anomer 

Data for ɑ anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.41 – 7.31 (m, 5H, arom.), 5.91 – 5.71 (m, 1H, 

HC=CH2), 5.14 – 4.85 (m, 3H, HC=CH2, H-1), 4.80 – 4.67 (m, 2H, CH2-Ph), 4.15 – 4.04 (m, 1H, H-3), 3.93 

– 3.60 (m, 5H, H-4, 2H-6, H-5, ½ CH2), 3.53 – 3.41 (m, 2H, H-2, ½ CH2), 2.24 – 2.03 (m, 2H, CH2), 1.82 – 

1.62 (m, 2H, CH2). 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.44 – 7.29 (m, 5H, arom.), 5.81 (ddt, J = 16.9, 

10.2, 6.7 Hz, 1H, HC=CH2), 5.11 – 4.91 (m, 2H, HC=CH2), 4.76 (ABX, J = 11.7 Hz, 2H, CH2-Ph), 4.26 (d, J 

= 7.8 Hz, 1H, H-1), 3.94 (dt, J = 9.4, 6.3 Hz, 1H, ½ CH2), 3.84 (dd, J = 11.2, 7.0 Hz, 1H, H-3), 3.76 (dd, J = 

3.2, 0.9 Hz, 1H, H-6), 3.66 – 3.41 (m, 5H, H-6, H-2, ½ CH2, H-4, H-5), 2.23 – 2.05 (m, 2H, CH2), 1.85 – 

1.67 (m, 2H, CH2). 
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1H NMR (300 MHz) of Compound 121a (ɑ-anomer) in CDCl3 

 

1H NMR (300 MHz) of Compound 121b (β-anomer) in CDCl3 
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Pentenyl 2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ and β -D-galactopranoside 

122 

The titled compounds were prepared in a similar manner to silylation protocol above with 2 equiv. of 

imidazole, 1 equiv. of TBDPS-Cl for 3h. The reaction progress was monitored by TLC in toluene: DCM 

8:2 which confirmed complete reaction. MeOH (1mL) was added to the reaction mixture and the 

solvent was removed at reduced pressure in the vacuo. The residue was purified by column on silica 

gel in toluene: DCM 80: 20→ 70: 30 as eluent, giving the target compound as colorless oil. 

Rf = 0.08, in toluene: DCM 70: 30 for ɑ-anomer. 53mg, 98%. 

Rf = 0.16, in toluene: DCM 80: 20 for β-anomer. 111mg, 74%. 

LRMS (ESI, positive mode) m/z: C34H43NaN3O5Si [M+Na]+, calc. 624.3, found 624.3. 

Data for ɑ anomer 1H NMR (400 MHz, CDCl3) δ (ppm): 7.71 – 7.27 (m, 15H, 3xArom.), 5.92 – 5.65 (m, 

1H, HC=CH2), 5.14 – 4.91 (m, 2H, HC=CH2), 4.89 – 4.78 (m, 2H, H-1, ½ CH2-Ph), 4.72 (d, J = 11.6 Hz, 1H, 

½ CH2-Ph), 4.14 – 4.03 (m, 2H, H-3, ½ CH2), 3.97 – 3.31 (m, 7H, ½ CH2, H-4, H-5, 2xH-6, O-H, H-2), 2.17 

– 2.06 (m, 2H, CH2), 1.75 – 1.61 (m, 2H, CH2), 1.10 (s, 9H, C(CH3)3). 

13C NMR (101 MHz, CDCl3) δ (ppm): 138.16, 138.05, 135.75, 135.67, 135.64, 133.18, 133.16, 130.07, 

130.03, 129.95, 128.82, 128.73, 128.26, 128.13, 127.96, 127.94, 115.20, 98.22, 76.95, 75.73, 70.73, 

68.59, 67.72, 62.11, 61.38, 30.40, 28.72, 27.02, 19.34. 

Data for β anomer 1H NMR (300 MHz, CDCl3) δ (ppm): 7.68 – 7.28 (m, 15H, 3xArom.), 5.79 (ddt, J = 

16.9, 10.2, 6.7 Hz, 1H, HC=CH2), 5.09 – 4.87 (m, 2H, HC=CH2), 4.75 (ABX, J = 11.6 Hz, 2H, CH2-Ph), 4.17 

(d, J = 7.6 Hz, 1H, H-1), 4.00 – 3.77 (m, 4H, ½ CH2, H-3, H-4, H-6), 3.56 – 3.37 (m, 4H, H-6, H-2, H-5, ½ 

CH2), 2.25 – 2.03 (m, 3H, CH2, O-H), 1.80 – 1.60 (m, 2H, CH2), 1.08 (s, 9H, C(CH3)3). 

[α]D
27 = +4° (C=17mg/mL in CHCl3-β-anomer) 

[α]D
27 = +54° (C=33mg/mL in CHCl3-ɑ-anomer) 
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1H NMR (400 MHz) of Compound 122a (ɑ-anomer) in CDCl3 

 

 

1H NMR (300 MHz) of Compound 122b (β-anomer) in CDCl3 
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General procedure for desilylation505 of bis silylated compound 121. 

To the solution of the starting material in dry THF in the round bottomed flask equipped with stir bar, 

septum and an argon atmosphere was added a solution of tetrabutyl ammonium fluoride TBAF (1.5 

equiv.) at 0 ⁰C and stirred for 24h till room temperature. After analytical TLC, reaction mixture was 
quenched with sat. aq. NaHCO3 and the two layers separated. Aqueous layer was back extracted with 

EtOAc, and the combined organic phase dried over NaSO4, filtered and the solvent was evaporated 

with rotovap. Silica gel chromatography on the concentrated residue with cyclohexane: ethylacetate 

8:2 → 6:4 gave the desired fraction as white solid after solvent evaporation. 

Rf = 0.35; cyclohexane: ethylacetate 7:3, 26mg, 75% for ɑ-anomer. 

Rf = 0.23; cyclohexane: ethylacetate 6:4, 99mg, 69% for β -anomer. 

NMR data same as similar compound above. 

 

EXPERIMENTAL FOR CHAPTER THREE 

General optimized procedure for glycosylation with trichloroacetimidate donors 

A mixture of glycosyl donor and acceptor was coevaporated with toluene (three times) in a flame-

dried round bottomed flask and then dried under high vacuum pump overnight. Flame-dried 

molecular sieves (powder form) were added and exposed to argon-vacuum several times. The reaction 

flask was quickly equipped with stir bar, septum, argon balloon, dissolved in anhydrous solvent and 

stirred for 1-2 hours at room temperature. Reaction temperature was cooled down to – 40 oC and 

after 30 minutes of constant stirring, a solution of TMSOTf was added and kept for additional 30 

minutes. The condition was raised to – 5 oC and then at 0 oC for 2 hours and subsequently to rt 

overnight. The reaction mixture was quenched with sat. aq. NaHCO3, stirred for 10 minutes and 

filtered. The filtrate was washed with distilled water, backed extracted with DCM and the combined 

organic solutions was dried over NaSO4, filtered and then concentrated with rotary evaporator at 

reduced pressure. The residue is purified according to the procedure described in each case and 

characterized below. 

 

Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-4,6-O-benzylidene-2-deoxy-2-(4,4,4,3,3,2,2-heptafluorobutyramido)-1-

thio-β-D-glucopyranoside. (127) 
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A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

α-D-glucopyranose-1-O-trichloroacetimidate donor (94mg, 0.111mmol) and phenyl 4,6-benzylidine-

2-deoxy-(4,4,4,3,3,2,2-pentadecafluorotriamido)-1-thio-β-D-glucopyranoside acceptor (60mg, 

0.108mmol) was azeotroped with toluene (3mLx3) and dried at vacuum overnight. The mixture was 

then flushed with argon several times after being treated with flame-activated molecular sieves (3Å), 

stir bar and septum. The reaction set-up was dissolved in anhydrous DCM (2mL) and stirred for 1h 

under argon at rt. The mixture was cooled down to -40 °C and stirred additional 20 minutes before a 

solution of TMSOTf (0.2M in DCM, 50µL, 0.2mmol) was introduced to the reaction dropwise. The 

reaction stirred for 20 minutes at this temperature and then warmed up to -5 °C over a period of 

1h33mins before it was quenched with TEA (0.1mL) and allowed to warm up to rt. The mixture was 

filtered over filter paper, with tiny solid residue left over the paper. The filtrate was washed with H2O, 

sat. NaCl, dried with anhydrous Na2SO4, filtered and concentrated at vacuum. The purification was 

performed with fluorous preparative TLC in MeOH: H2O→ 80:20% yielded improved separation. Silica 

gel chromatography on the remaining part of the residue in EtOAc: Cyclohexane 20% and monitored 

by TLC in 20% EtOAc: Cyclohexane, Rf 0.1 gave quite a good result. 

LRMS (ESI, positive mode) m/z: C43H36F22NaN2O13S [M+Na]+, calc. 1261.1, found 1261.1. 

1H NMR (500 MHz, Acetone) δ (ppm): 8.86 (d, J = 9.3 Hz, 1H, N’-H), 8.42 (d, J = 9.1 Hz, 1H, N-H), 7.57 

– 7.29 (m, 10H, 2x Arom.), 5.78 (s, 1H, CH(O)2-Ph), 5.43 – 5.33 (m, 3H, H’-3, H’-1, H-1), 5.26 – 5.20 (m, 

1H, H-3), 5.03 (dd, J = 10.2, 9.8 Hz, 1H, H’-4), 4.94 (dd, J = 10.1, 9.7 Hz, 1H, H-4), 4.35 – 3.99 (m, 6H, H-

6a, H’-6a, H’-6b, H’-2, H-6b, H-2), 3.93 (ddd, J = 10.1, 5.5, 2.4 Hz, 1H, H’-5), 3.62 (ddd, J = 10.0, 8.7, 4.4 

Hz, 1H, H-5), 2.03 (s, 3H, OC(O)CH3), 2.00 (s, 3H, OC(O)CH3), 1.93 (s, 3H, OC(O)CH3). 

13C NMR (126 MHz, Acetone) δ (ppm): 170.80, 170.72, 170.65, 170.36, 170.28, 170.00, 169.95, 138.63, 
133.36, 133.10, 132.43, 129.88, 128.93, 128.57, 127.24, 102.03, 98.25, 87.69, 86.16, 79.54, 78.43, 

76.57, 73.89, 72.73, 72.34, 71.33, 69.72, 69.43, 68.97, 62.94, 20.80, 20.66, 20.64, 20.59, 20.33. 
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1H NMR (500 MHz) of Compound 127 in Acetone D6 

 

19F NMR (471 MHz) of Compound 127 in Acetone D6 

 

 

Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluorotriamido)-β-D-glucopyranosyl)-

(1→3)-4,6-O-benzylidene-2-deoxy-2-(3,3,3,2,2-pentafluorotriamido)-1-thio-β-D-

glucopyranoside. (129) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluorotriamido)-α-D-glucopyranose-1-O-

trichloroacetimidate donor (70mg, 0.12mmol) and phenyl 4,6-benzylidine-2-deoxy-(3,3,3,2,2-

pentafluorotriamido)-1-thio-β-D-glucopyranoside acceptor (53mg, 0.10mmol) was azeotroped with 

toluene (2mLx3) and dried at vacuum. The mixture was dissolved in DCM (3mL) with activated 

molecular sieves being added (3Å) and stirred for 45 minutes under argon at room temperature. The 

reaction was then cooled to -40 °C and stirred additional 15 minutes before TMSOTf (0.2M in DCM, 

70µL, 0.2mmol) was introduced to the reaction dropwise. The reaction stirred for 20 minutes at this 

temperature and then warmed up to -5 °C over a period of 1.45h before it was quenched with TEA 

(0.1mL) and allowed to warm to rt. The mixture was then diluted with DCM (10mL) and filtered over 

cotton using pipette. The residue was washed with distilled water (10mL), sat. NaCl (10mL) and the 

aqueous layer was back extracted with DCM and the combined organic layers were dried with 

anhydrous Na2SO4 and concentrated at vacuum. Silica gel chromatography in 2%-10% MeOH: DCM 
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and monitored by TLC in 30% EtOAc: Cyclohexane gave a mixture of two inseparable spots Rf 0.1 and 

0.5. Similarly, Silica gel preparatory TLC did not resolve this issue. 

Fluorous preparatory TLC however afforded better fraction in tiny amount in MeOH: H2O; 80/20 

eluent and therefore allowed for easy characterization. 

LRMS (ESI, positive mode) m/z: C37H36F10NaN2O13S [M+Na]+, calc. 961.2, found 961.2. 

1H NMR (300 MHz, Acetone) δ (ppm): 8.81 (d, J = 8.5 Hz, 1H, N-H’), 8.45 (d, J = 9.1 Hz, 1H, N-H), 7.61 

– 7.25 (m, 10H, 2x Arom.), 5.78 (s, 1H, CH(O)2-Ph), 5.36 (d, J = 8.4 Hz, 1H, H’-1), 5.21 (dd, J = 10.5, 9.4 

Hz, 1H, H’-3), 5.14 (d, J = 10.6 Hz, 1H, H-1), 4.94 (dd, J = 10.2, 9.5 Hz, 1H, H’-4), 4.43 (t, J =  10.0 Hz, 1H, 

H-3), 4.32 – 3.96 (m, 6H, H’-5, 2xH’-6, H’-2, 2xH-6), 3.88 (t, J = 10.0 Hz, 1H, H-4), 3.67 – 3.54 (m, 2H, H-

2, H-5), 2.02 (s, 3H, OC(O)CH3), 1.92 (s, 3H, OC(O)CH3), 1.88 (s, 3H, OC(O)CH3). 

 

1H NMR (300 MHz) of Compound 129 in Acetone D6 

 

 

Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-4,6-O-acetonide-2-deoxy-allyloxycarbonyl-β-D-glucopyranoside 

(133) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

α-D-glucopyranose-1-O-trichloroacetimidate donor (37mg, 0.044mmol) and pentenyl 4,6-O-
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acetonide-2-deoxy-allyloxycarbonyl-β-D-glucopyranoside acceptor (30mg, 0.081mmol) was 

azeotroped with toluene (2mLx3) and dried at vacuum. The mixture was treated with activated 

molecular sieves (3Å), stir bar, septum, and an argon balloon. The reaction set-up was dissolved in 

anhydrous DCM (1mL) and stirred for 1h30 under argon at rt. The mixture was cooled down to -40 °C 

and a solution of TMSOTf (0.2M in DCM, 50µL, 0.2mmol) was introduced to the reaction dropwise. 

The reaction was stirred for 30 minutes at this temperature and then warmed up to -10 °C over a 

period of 1h before it was quenched with TEA (0.1mL) and allowed to warm to rt. The mixture was 

filtered over celite and washed with DCM. The filtrate was washed with sat. NaCl, dried with 

anhydrous Na2SO4, filtered and concentrated at vacuum.  Silica gel chromatography of the residue in 

EtOAc: Cyclohexane 20→50%, monitored by TLC in 30% EtOAc: Cyclohexane, yielded a fraction with 

the desired compound (13mg, 24%) tied with other undesired fragments; oxazoline and acceptor as 

confirmed by mass spectral result.  

LRMS m/z (ESI)+ for C38H45O15F15N2, [M+Na]+, calc. 1077.2; found 1077.3. 

 

Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(4,4,4,3,3,2,2-heptafluorobutyramido)-β-D-

glucopyranosyl)-(1→3)-4,6-O-acetonide-2-deoxy-propoxycarbonyl-β-D-glucopyranoside 

(134) 

A mixture of donor (29.7mg, 0.046mmol) and acceptor (17.09mg, 0.046mmol) was azeotroped with 

toluene (2mLx3) and dried at vacuum overnight. The mixture was dissolved in dry DCM (1mL) with 

flame activated molecular sieves (3Å) added and stirred for 45 minutes at room temperature under 

argon atmosphere. The reaction was then cooled down to -40 °C and stirred additional 15 minutes 

before TMSOTf (0.2M in DCM, 50µL, 0.2mmol) was introduced to the reaction dropwise. The reaction 

stirred for 20 minutes at this temperature and then warmed up to -5 °C over a period of 2h before it 

was quenched with TEA and allowed to warm at rt. The mixture was then diluted with DCM (20mL) 

and washed with sat. aq. NaCl. The aqueous layer was back extracted with DCM and the combined 

organic layers were dried with anhydrous Na2SO4 and concentrated at vacuum. Silica gel 

chromatography in 20%-50% EtOAc: cyclohexane afforded the disaccharide as a white solid (11 mg, 

28%).  

Rf = 0.08 in 30% EtOAc: PE. 

HRMS (ESI, positive mode) m/z: C34H45F7NaN2O15 [M+Na]+, calcd 877.2600, found 877.2586; [M+H]+, 

calcd 855.2781, found 855.2802. 

1H NMR (400 MHz, CDCl3) δ (ppm): 5.91 (ddt, J = 11.2, 10.5, 5.7 Hz, 1H, CH=CH2), 5.85 – 5.71 (m, 1H, 

CH=CH2), 5.61 – 4.73 (m, 7H, 2xCH2=CH, H-1, H’-1, H’-3), 4.70 – 4.42 (m, 3H, H’-4, H’-5, H-4), 4.30 – 

4.19 (m, 1H, H’-2), 3.98 – 3.64 (m, 5H, H-2, 2xH’-6, 2xH-6), 3.58 (t, J = 9.3 Hz, 1H, H-3), 3.52 – 3.43 (m, 

1H, H-5), 3.41 – 3.21 (m, 2H, OCH2CH=CH2), 2.11 (s, 3H, OC(O)CH3), 2.03 (s, 3H, OC(O)CH3), 1.98 (s, 3H, 

OC(O)CH3), 1.77 – 1.60 (m, 4H, OCH2CH2CH2, CH2CH2CH=CH2), 1.54 – 1.43 (m, 2H, OCH2CH2CH2-), 1.42 

(s, 6H, (CH3)2O2). 
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19F NMR (376 MHz, CDCl3) δ (ppm): -80.43 (t, J = 8.9 Hz, 3F), -120.47 (ABq, J = 79.1, 8.6 Hz, 2F), -126.88 

– -126.98 (m, 2F). 

 

1H NMR (400 MHz) of Compound 134 in CDCl3 

 

1H-1H COSY (400 MHz) of Compound 134 in CDCl3 



 

 

174 

 

Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluorotriamido)-β-D-glucopyranosyl)-

(1→3)-4,6-O-benzylidene-2-deoxy-2-pthalimido-1-thio-β-D-glucopyranoside (135) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(3,3,3,2,2-pentafluorotriamido)-α-D-glucopyranose-1-O-

trichloroacetimidate donor (43mg, 0.072mmol) and pentenyl 4,6-O-acetonide-2-deoxy-2-

phthalimido-β-D-glucopyranoside acceptor (25mg, 0.054mmol) was azeotroped with toluene (3mLx2) 

and dried at vacuum overnight. The mixture was then flushed with argon several times after addition 

of flame activated molecular sieves (3Å), stir bar and septum. The reaction set-up was dissolved in 

anhydrous DCM (2mL) and stirred for 45minutes under argon at rt. The mixture was cooled down to -

40 °C and stirred additional 20 minutes before a solution of TMSOTf (0.2M in DCM, 50µL, 0.2mmol) 

was introduced to the reaction dropwise. The reaction was stirred for 20 minutes at this temperature 

and then warmed up to -5 °C over a period of 1h10mins before it was quenched with TEA (0.1mL) and 

allowed to warm to rt. The mixture was filtered over cotton in the pipette. The filtrate was washed 

with distilled H2O, sat. NaCl, dried over anhydrous Na2SO4, filtered and concentrated at vacuum. The 

concentrated residue confirms the presence of the desired product by mass spectral analysis. Silica 

gel chromatography on the residue in EtOAc: Cyclohexane 10 → 30% and MeOH: EtOAc 10%, yielded 

a pale yellow form as the desired fraction 25mg, 51%. 

 Rf = 0.2 in 30% EtOAc: Cyclohexane. 

LRMS (ESI, positive mode) m/z: C41H43F5NaN2O15 [M+Na]+, calc. 921.2, found 921.2. 

1H NMR (300 MHz, CDCl3) δ (ppm): 8.01 – 7.31 (m, 9H), 6.34 (d, J = 7.0 Hz, 1H, N-H’), 5.70 – 5.43 (m, 

3H, CH=CH2, CH(O)2-Ph, H’-3), 5.35 (d, J = 8.5 Hz, 1H, H’-1), 5.15 (d, J = 8.8 Hz, 1H, H-1), 4.96 (dd, J = 

10.0, 9.5 Hz, 1H, H’-4), 4.82 – 4.61 (m, 3H, CH=CH2, H-4), 4.40 (dd, J = 10.5, 4.5 Hz, 1H, H’-6), 4.26 (dd, 

J = 10.1, 8.6 Hz, 1H, H-3), 3.92 – 3.66 (m, 5H, H’-6, 2xH-6, H’-2, H’-5), 3.48 – 3.30 (m, 3H, H-2, OCH2-

CH2), 3.06 (dd, J = 12.4, 2.1 Hz, 1H, H-5), 2.08 – 1.82 (m, 12H, CH2CH=CH2, 3xOC(O)CH3; each singlet), 

1.73 – 1.44 (m, 2H, OCH2-CH2-CH). 

19F NMR (282 MHz, CDCl3) δ (ppm): -83.46 (t, J = 1.5 Hz, 3F), -123.58 (dq, J = 11.2, 1.3 Hz, 2F). 
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1H NMR (300 MHz) of Compound 135 in CDCl3 

 

1H-1H COSY (282 MHz) of Compound 135 in CDCl3 
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Benzyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→4)-3,6-O-benzyl-2-deoxy-2-pthalimido-β-D-glucopyranoside (136) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-heptafluorotriamido)-α-D-

glucopyranose-1-O-trichloroacetimidate donor (128mg, 0.157mmol) and benzyl 4,6-dibenzyl-2-

deoxy-phthalimido-β-D-glucopyranoside acceptor (110mg, 0.190mmol) was azeotroped with toluene 

(3mLx3) and dried at vacuum pump overnight. The mixture was then flushed with argon several times 

after being treated with flame activated molecular sieves (3Å), stir bar and septum. The reaction set-

up was dissolved in anhydrous DCM (2mL) and stirred for 1h under argon at rt. The mixture was cooled 

down to -40 °C and stirred an additional 20 minutes before a solution of TMSOTf (0.2M in DCM, 75µL, 

0.2mmol) was introduced to the reaction flask dropwise. After additional stirring for 20 minutes at 

this temperature was then warmed up to -5 °C over a period of 2h25mins before it was quenched with 

TEA (0.1mL) and warm to rt. The concentrated residue confirmed the presence of the desired product 

by mass spectral analysis and NMR in acetone D6. Preparative TLC on silica gel plate in Cyclohexane: 

EtOAc 70% yielded the following fractions. 

Rf = 0.75 in cyclohexane : ethylacetate; 70:30, 60mg, 42%. 

HRMS (ESI, positive mode) m/z: C55H49F15NaN2O12 [M+Na]+, calc. 1285.2781, found 1285.2786. 

1H NMR (300 MHz, Acetone D6), δ (ppm): 8.82 (d, 1H, J = 9.5 Hz, N-H’), 7.93 – 6.79 (m, 19H, 3xArom, 

Ph), 5.39 (dd, 1H, J = 10.6, 9.3 Hz, H’-3), 5.19 (d, 1H, J = 8.4 Hz, H’-1), 5.17 (d, 1H, J = 8.4 Hz, H-1), 5.05 

(dd, 1H, J = 10.1, 9.5 Hz, H’-4), 4.92 (d, 1H, J = 12.4 Hz, ½ CH2-Ph), 4.75 – 4.65 (AB, 2H, CH2-Ph), 4.67 

(d, 1H, J = 12.5 Hz, ½ CH2-Ph), 4.52 (d, 1H, J = 12.5 Hz, ½ CH2-Ph), 4.51 (d, 1H, J = 12.4 Hz, ½ CH2-Ph), 

4.34 – 3.92 (m, 8H, H-6, H’-6, H-4, H-3, H’-2, H-2, H’-6, H-6), 3.71 (ddd, 1H, J = 7.5, 4.9, 2.5 Hz, H’-5), 

3.64 (m, 1H, H-5), 1.97 (s, 3H, OC(O)-CH3), 1.93 (s, 3H, OC(O)-CH3), 1.93 (s, 3H, OC(O)-CH3);  

19F NMR (282 MHz, Acetone D6), δ (ppm): -81.56 (t, 3F, J = 10.2 Hz, CF3), -118.63 – -120.89 (dq, 2F, 

CF2), -121.70 – -122.15 (m, 2F, CF2), -122.24 – -122.67 (m, 2F, CF2), -122.66 – -123.44 (m, 4F, 2xCF2), -

126.42 – -126.91 (m, 2F, CF2); 
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1H NMR (300 MHz) of Compound 136 in Acetone D6 

 

19F NMR (282 MHz) of Compound 136 in Acetone D6 
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3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl-(1→3)-1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-glucopyranose (137) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-heptafluorotriamido)-α-D-

glucopyranose-1-O-trichloroacetimidate donor (105mg, 0.124mmol) and 1,6-anhydro-2-azido-4-O-

benzyl-2-deoxy-β-D-glucopyranose acceptor (55mg, 0.198mmol) was coupled in a similar manner to 

the synthesis of compound (136) above. Purification of the crude reaction mixture on silica gel 

chromatography in Cyclohexane: ethyl acetate 60% as eluent yielded the desired compound as a white 

solid (61mg, 50%). 

Rf = 0.8 in cyclohexane: ethylacetate; 1:1. 

1H NMR (300 MHz, CDCl3), δ (ppm): 7.46 – 7.28 (m, 5H, Arom.), 6.81 (d, 1H, J = 9.3 Hz, N-H), 5.489(br 

S, 1H, H-1), 5.26 (dd, 1H, J = 10.9, 9.2 Hz, H’-3), 5.08 (dd, 1H, J = 9.5, 9.2 Hz, H’-4), 4.24 (dd, 1H, J = 

12.4, 4.6 Hz, H’-6), 4.79 – 4.48 (m, 4H, CH2-Ph, H’-1, d, J = 9.2 Hz, H-5), 4.19 – 3.95 (m, 3H, H’-2, H’-6, 

H-3), 3.90 (d, 1H, J = 7.5 Hz, H-6), 3.69 (ddd, 1H, J = 7.5, 4.9, 2.3 Hz, H’-5), 3.65 (dd, 1H, J = 7.5, 5.9 Hz, 

H-6), 3.49 (br s, 1H, H-4), 3.02 (s, 1H, H-2), 2.06 (s, 3H, OC(O)CH3), 2.05 (s, 3H, OC(O)CH3), 2.01 (s, 3H, 

OC(O)CH3);  

13C NMR (75 MHz, CDCl3), δ (ppm): 171.77, 170.74, 169.39, 164.05, 137.44, 128.69, 128.20, 128.02, 
100.09, 99.12, 75.15, 74.96, 74.29, 72.44, 71.62, 71.51, 68.44, 64.97, 61.98, 58.28, 54.33, 20.81, 20.67, 

20.34;  

19F NMR (282 MHz, CDCl3), δ (ppm): -80.72 (t, 3F, J = 9.9 Hz, CF3), -118.35 – -121.44 (dq, 2F, CF2), -

121.40 – -121.72 (m, 2F, CF2), -121.81 – -122.14 (m, 2F, CF2), -122.38 – -122.87 (m, 4F, 2xCF2), -125.97 

– -126.21 (m, 2F, CF2). 

HRMS (ESI, positive mode) m/z: C33H31F15N4NaO12 [M+Na]+, calc. 983.1593, found 983.1591. 
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1H NMR (300 MHz) of Compound 137 in CDCl3 

 

19F NMR (282 MHz) of Compound 137 in CDCl3 
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Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ-D-

glucopyranoside (138a) 

To the mixture of glycosyl donor (55mg, 0.065mmol, 1 equiv.) and glycosyl acceptor (85mg, 

0.136mmol, 2.1 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(2.5mL) and TMSOTf (14µL of fleshly prepared 0.5M solution in DCM, 0.0066mmol) dropwise. The 

crude reaction mixture was confirmed to contain the desired compound by LC-MS and Mass Spec. 

Purification on the reversed-phase column (40g) using Combiflash purification machine (MeOH: H2O; 

75:25 → 100%) as eluent yielded the desired product 29mg, 34% as a white form. 

Rf = 0 in CH: EA 8:1   

1H NMR (300 MHz, CDCl3), δ (ppm): 7.67 – 7.23 (m, 21H, 4xAomr-H, N-H), 5.64 (d, 1H, J = 4.3 Hz, H-1), 

5.33 (dd, 1H, J = 10.2, 9.9 Hz, H’-3), 5.14 (dd, 1H, J = 9.7, 9.6 Hz, H’-4), 5.07 (d, 1H, J = 10.7 Hz, ½ CH2-

Ph), 4.89 (d, 1H, J = 8.4 Hz, H’-1), 4.54 (d, 1H, J = 10.7 Hz, ½ CH2-Ph), 4.39 – 4.23 (m, 3H, H’-2, H-4, H’-
6), 4.05 (dd, 1H, J = 12.2, 1.5 Hz, H’-6), 3.97 – 3.75 (m, 5H, H-3, H-2, H-6, H-6, H’-5), 3.64 (ddd, 1H, J = 

6.6, 4.2, 2.3 Hz, H-5), 2.10 (s, 3H, OC(O)CH3), 2.03 (s, 3H, OC(O)CH3), 1.99 (s, 3H, OC(O)CH3), 1.04 (s, 

9H, t-Bu); 

19F NMR (282 MHz, CDCl3), δ (ppm): -80.797 (t, 3F, J = 9.8, Hz, CF3), -118.65 – -120.94 (dq, 2F, CF2), -

121.29 – -121.70 (m, 2F, CF2), -121.81 – -122.17 (m, 2F, CF2), -122.29 – -122.53 (m, 2F, CF2), -122.55 – 

-122.86 (m, 2F, CF2), -125.95 – -126.26 (m, 2F, CF2); 

HRMS (ESI, positive mode) m/z: C55H55F15N4NaO12SSi [M+Na]+, calcd 1331.2959, found 1331.2952; 

[M+H]+, calcd 1309.3140, found 1309.3167. 
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1H NMR (300 MHz) of Compound 138a in CDCl3 

 

19F NMR (282 MHz) of Compound 138a in CDCl3 
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Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-β-D-

glucopyranoside (138b) 

To the mixture of glycosyl donor (79mg, 0.093mmol, 1 equiv.) and glycosyl acceptor (61mg, 

0.097mmol, 1 equiv.) was also glycosylated as described in the general procedure in an anhydrous 

DCM (2.5mL) and TMSOTf (19µL of fleshly prepared 0.5M solution in DCM, 0.0094mmol) dropwise. 

The crude reaction mixture was confirmed to contain the desired compound by LC-MS and Mass Spec. 

Purification on the reversed-phase column (40g) using Combiflash purification machine (MeOH: H2O; 

78:22 → 100%) as eluent yielded the desired product 23mg, 19% as a white form.  

Rf = 0.01 in CH: EA 8:1   

1H NMR (300 MHz, CDCl3), δ (ppm): 7.79 – 7.14 (m, 20H, 4xArom-H), 6.93 (d, 1H, J = 9.3 Hz, N-H), 5.28 

(dd, 1H, J = 11.2, 9.9 Hz, H’-3), 5.09 (dd, 1H, J = 9.8, 9.5 Hz, H’-4), 5.02 (d, 1H, J = 11.0 Hz, ½ CH2-Ph), 

5.01 (d, 1H, J = 8.3 Hz, H’-1), 4.53 (d, 1H, J = 11.0 Hz, ½ CH2-Ph), 4.49 (d, 1H, J = 10.1 Hz, H-1), 4.27 – 

4.14 (m, 2H, H’-2, H’-6), 3.95 (ddd, 1H, J = 14.0, 11.9, 1.7 Hz, H-6), 3.84 (dd, 1H, J = 11.4, 3.9, Hz, H-6), 

3.72 (dd, 1H, J = 9.2, 9.0 Hz, H-3), 3.72 – 3.64 (m, 1H, H’-5), 3.60 (dd, 1H, J = 9.4, 8.9 Hz, H-4), 3.40 – 

3.32 (m, 1H, H-5), 3.28 (dd, 1H, J = 9.9, 9.4 Hz, H-2), 2.02 (s, 3H, OC(O)CH3), 2.00 (s, 3H, OC(O)CH3), 

1.93 (s, 3H, OC(O)CH3), 1.08 (s, 9H, t-Bu); 

19F NMR (282 MHz, CDCl3), δ (ppm): -80.72 (t, 3F, J = 10.1, Hz, CF3), -118.21 – -120.59 (dq, 2F, CF2), -

121.27 – -121.60 (m, 2F, CF2), -121.77 – -122.09 (m, 2F, CF2), -122.18 – -122.43 (m, 2F, CF2), -122.49 – 

-122.81 (m, 2F, CF2), -125.93 – -126.20 (m, 2F, CF2);  

HRMS (ESI, positive mode) m/z: C55H55F15N4NaO12SSi [M+Na]+, calcd 1331.2959, found 1331.2908; 

[M+H]+, calcd 1309.3140, found 1309.3105. 
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1H NMR (300 MHz) of Compound 138b in CDCl3 

 

19F NMR (282 MHz) of Compound 138b in CDCl3 
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3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl-(1→3)-1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-galactopyranose (139) 

A mixture of 3,4,6 tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-heptafluorotriamido)-α-D-

glucopyranose-1-O-trichloroacetimidate donor (73mg, 0.0863mmol) and 1,6-anhydro-2-azido-4-O-

benzyl-2-deoxy-β-D-galactopyranose acceptor (137mg, 0.494mmol) was coupled in a similar manner 

to the synthesis of compound (136). Purification on the reversed-phase column (40g) using Combiflash 

purification machine (MeOH: H2O; 78:22 → 100%) as eluent yielded the desired compound as a white 

solid (35mg, 40%). 

Rf = 0.08 in cyclohexane: ethylacetate, 8:1. 

HRMS (ESI, positive mode) m/z: C33H31F15N4NaO12 [M+Na]+, calc. 983.1593, found 983.1591. 

 

Phenyl (3,4,6-tri-O-benzoyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ-

D-galactopyranoside (140) 

To the mixture of glycosyl donor (105mg, 0.102mmol, 1 equiv.) and glycosyl acceptor (90mg, 

0.144mmol, 1.4 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(2mL) and TMSOTf (20µL of fleshly prepared 0.5M solution in DCM, 0.01mmol) dropwise, run over a 

period of 5hrs. The crude reaction mixture was confirmed to contain the desired compound by Mass 

Spectral analysis and purification of the crude residue on the preparative silica gel plate (20x10) cm in 

cyclohexane: ethylacetate; 8:2 as eluent afforded the desired product 31mg, 20% as a pale-yellow 

form. 

Rf = 0.5 in cyclohexane: ethylacetate, 8:2. 

HRMS (ESI, positive mode) m/z: C70H61F15N4NaO12SSi [M+Na]+, calcd. 1517.3429, found 1517.3472; 

[M+H]+, calcd. 1495.3609, found 1495.3647. 

[α]D
27 = +22° (C=21mg/mL in CHCl3) 
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Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ-D-

galactopyranoside (141a) 

To the mixture of glycosyl donor (72mg, 0.085mmol, 1 equiv.) and glycosyl acceptor (78mg, 

0.125mmol, 1.5 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(1mL) and TMSOTf (17µL of fleshly prepared 0.5M solution in DCM, 0.0085mmol) dropwise. The crude 

reaction mixture was confirmed to contain the desired compound by LC-MS and Mass Spec. 

Purification of the crude residue on the reversed-phase column (40g) using Combiflash purification 

machine (MeOH: H2O; 80:20 → 100%) as eluent afforded the desired product 37mg, 33% as a white 

form. 

1H NMR (300 MHz, CDCl3), δ (ppm): 7.66 – 7.12 (m, 20H, 4xArom-H), 6.99 (d, 1H, J = 9.5 Hz, N-H), 5.57 

(d, 1H, J = 5.5 Hz, H-1), 5.36 (dd, 1H, J = 10.6, 9.4 Hz, H’-3), 5.17 (dd, 1H, J = 9.7, 9.5 Hz, H’-4), 4.93 (d, 

1H, J = 11.1 Hz, ½ CH2-Ph), 4.87 (d, 1H, J = 8.3 Hz, H’-1), 4.57 (d, 1H, J = 11.1 Hz, ½ CH2-Ph), 4.42 – 4.08 

(m, 6H, H’-6, H-5, H-2, H’-2, H-3, H’-6), 3.89 – 3.63 (m, 4H, H’-5, H-4, 2H-6), 2.10 (s, 3H, OC(O)CH3), 2.06 

(s, 3H, OC(O)CH3), 2.02 (s, 3H, OC(O)CH3), 1.04 (s, 9H, t-Bu);  

13C NMR (126 MHz, CDCl3) δ (ppm): 166.84, 166.73, 166.08, 166.03, 165.25, 138.54, 138.25, 135.77, 
135.68, 133.84, 133.80, 133.78, 133.48, 133.42, 133.31, 133.28, 133.23, 133.16, 132.97, 132.39, 

132.00, 129.99, 129.95, 129.93, 129.91, 129.88, 129.81, 129.77, 129.50, 129.48, 129.21, 129.00, 

128.70, 128.66, 128.64, 128.60, 128.51, 128.34, 128.23, 128.17, 128.10, 128.02, 127.89, 127.87, 

127.85, 127.76, 127.44, 101.98, 101.74, 87.74, 87.13, 82.66, 79.33, 78.98, 77.36, 76.49, 75.64, 75.20, 

74.84, 72.69, 72.51, 72.30, 72.18, 71.80, 69.41, 69.28, 62.71, 62.69, 62.65, 61.63, 60.47, 55.60, 55.36, 

29.85, 26.93, 19.24. 

19F NMR (282 MHz, CDCl3), δ (ppm): -80.76 (t, 3F, J = 10.0, 0.0 Hz, CF3), -119.84 (dt, 2F, J = 100.8, 13.2 

Hz, CF2), -121.35 – -121.70 (m, 2F, CF2), -121.79 – -122.13 (m, 2F, CF2), -122.21 – -122.50 (m, 2F, CF2), 

-122.56– -122.86 (m, 2F, CF2), -125.97 – -126.20 (m, 2F, CF2). 

HRMS (ESI, positive mode) m/z: C55H55F15N4NaO12SSi [M+Na]+, calcd 1331.2982, found 1331.2959; 

[M+H]+, calcd 1309.3140, found 1309.3080. 
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1H NMR (300 MHz) of Compound 141a in CDCl3 

 

19F NMR (282 MHz) of Compound 141a in CDCl3 
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Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-β-D-

galactopyranoside (141b) 

To the mixture of glycosyl donor (389mg, 0.46mmol, 1 equiv.) and glycosyl acceptor (445mg, 

0.711mmol, 1.5 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(4mL) and TMSOTf (8µL of fleshly opened, 0.046mmol, 0.1 equiv.) dropwise. The crude reaction 

mixture was confirmed to contain the desired compound by LC-MS and Mass Spec. Purification of the 

crude residue on the reversed-phase column (40g) using Combiflash purification machine (MeOH: 

H2O; 80:20 → 100%) as eluent afforded the desired product 425mg, 71% as a colorless form. 

Rf = 0.65 in cyclohexane: ethylacetate, 7:3. 

1H NMR (500 MHz, CDCl3) δ (ppm): 7.69 – 7.09 (m, 21H, 4xArom-H, N-H’), 5.45 (dd, J = 10.7, 9.5 Hz, 

1H, H’-3), 5.12 (t, J = 9.7 Hz, 1H, H’-4), 4.96 – 4.88 (m, 2H, ½ CH2-Ph, H’-1), 4.55 (d, J = 11.3 Hz, 1H, ½ 

CH2-Ph), 4.40 (d, J = 9.9 Hz, 1H, H-1), 4.32 (dd, J = 12.4, 4.5 Hz, 1H, H’-6), 4.23 – 4.13 (m, 2H, H’-2, H’-
6), 4.02 (d, J = 2.3 Hz, 1H, H-4), 3.88 – 3.74 (m, 4H, H’-5, H-2, 2H-6), 3.56 – 3.48 (m, 2H, H-3, H-5), 2.05 

(s, 3H, OC(O)CH3), 2.04 (s, 3H, OC(O)CH3), 2.01 (s, 3H, OC(O)CH3), 1.05 (s, 9H, t-Bu). 

13C NMR (126 MHz, CDCl3), δ (ppm): 171.55, 170.56, 169.40, 138.54, 135.70, 135.64, 133.22, 133.13, 
132.42, 131.84, 129.98, 129.95, 129.17, 128.99, 128.35, 128.23, 128.08, 127.96, 127.92, 127.90, 

127.55, 125.43, 101.29, 87.15, 82.28, 79.20, 77.98, 74.85, 72.16, 71.66, 68.85, 62.43, 61.95, 61.78, 

54.90, 29.83, 26.94, 20.76, 20.67, 20.24, 19.26. 

19F NMR (470 MHz, CDCl3), δ (ppm): -80.79 (t, 3F, J = 0.0, 0.0 Hz, CF3), -119 – -120 (m, 2F, CF2), -121.42 

– -121.74 (m, 2F, CF2), -121.90 – -122.16 (m, 2F, CF2), -122.31 – -122.54 (m, 2F, CF2), -122.61 – -122.90 

(m, 2F, CF2), -126.02 – -126.27 (m, 2F, CF2);  

HRMS (ESI, positive mode) m/z: C55H55F15N4NaO12SSi [M+Na]+, calcd 1331.2959, found 1331.2960; 

[M+H]+, calcd 1309.3140, found 1309.3135. 

[α]D
27 = +16° (C=9mg/mL in CHCl3) 
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1H NMR (500 MHz) of Compound 141b in CDCl3 

 

19F NMR (470 MHz) of Compound 141b in CDCl3 
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Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-β-D-

galactopyranoside (142) 

To the mixture of glycosyl donor (95mg, 0.112mmol, 1 equiv.) and glycosyl acceptor (101mg, 

0.168mmol, 1.5 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(3mL) and TMSOTf (2µL of fleshly opened, 0.0112mmol, 0.1 equiv.) dropwise. The crude reaction 

mixture was confirmed to contain the desired compound by Mass Spectral data and purification was 

performed on the reversed-phase column (40g) using Interchim purification machine (MeOH: H2O; 

75:25 → 100%) as eluent afforded the desired product 129mg, 90% as a colorless form. 

Rf = 0.5 in cyclohexane: ethylacetate, 7:3. 

HRMS (ESI, positive mode) m/z: C54H59F15N4NaO13Si [M+Na]+, calcd. 1307.3501, found 1307.3501. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.68 – 7.22 (m, 16H, 3xArom-H, N-H’), 5.80 (ddt, J = 16.9, 10.2, 6.7 

Hz, 1H, CH2CH=CH2), 5.45 (dd, J = 10.7, 9.5 Hz, 1H, H’-3), 5.15 (t, J = 9.7 Hz, 1H, H’-4), 5.06 – 4.86 (m, 

4H, CH=CH2, H’-1, ½ CH2-Ph), 4.58 (d, J = 11.2 Hz, 1H, ½ CH2-Ph), 4.34 (dd, J = 12.4, 4.5 Hz, 1H, H’-6), 

4.28 – 4.19 (m, 3H, H’-6, H-1, H’-2), 3.95 – 3.72 (m, 6H, H-3, 2H-6, H-2, H-4, H’-5), 3.52 – 3.38 (m, 3H, 

H-5, OCH2-CH2), 2.20 – 2.10 (m, 2H, CH2-CH=CH2), 2.09 (s, 3H, OC(O)CH3), 2.06 (s, 3H, OC(O)CH3), 2.04 

(s, 3H, OC(O)CH3), 1.78 – 1.64 (m, 2H, OCH2-CH2-CH=CH2), 1.07 (s, 9H, t-Bu). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.84 (t, J = 9.9 Hz, 3F), -119.98 (dt, J = 25.9, 12.6 Hz, 2F), -121.21 

– -121.75 (m, 2F), -121.84 – -122.21 (m, 2F), -122.33 – -123.21 (m, 4F), -125.94 – -126.37 (m, 2F). 

13C NMR (101 MHz, CDCl3) δ (ppm): 171.52, 170.58, 169.33, 157.98 (t, J = 26.7 Hz, C-amide), 138.35, 

138.09, 135.65, 135.62, 133.33, 129.91, 128.62, 128.22, 127.87, 127.84, 127.67, 114.97, 102.71, 

101.53, 80.56, 75.30, 75.09, 74.95, 72.10, 71.84, 69.29, 68.83, 63.17, 62.56, 62.02, 54.75, 53.54, 30.14, 

28.80, 26.89, 20.73, 20.64, 20.25, 19.26. 

[α]D
27 = -11° (C=10mg/mL in CHCl3) 
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1H NMR (400 MHz) of Compound 142 in CDCl3 

 

19F NMR (376 MHz) of Compound 142 in CDCl3 
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Phenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-thio-ɑ/β-

D-glucopyranoside (138) 

To the suspension of glycosyl donor (0.095 mmol, 75mg) azeotroped with toluene, 1-(phenylsulfinyl) 

piperidene BSP (0.396 mmol, 83mg, 4.2 equiv.), 2,4,6-tri-tert-butylpyrimidine TTBP (0.190 mmol, 

47mg, 2 equiv.) and flame activated molecular sieves (4Å-powdered form) was thoroughly dried under 

vacuum pump for 48 hrs. Stir bar and septum was equipped to this set-up and exposed to argon-

vacuum several times, dissolved in dry DCM (1.5 mL) and stirred at room temperature under argon 

balloon for 30 minutes. Reaction temperature was cooled down to -60 oC and stirred additional 30 

minutes, treated with Tf2O (0.114 mmol, 19µL, 1.2 equiv.), stirred for 5 minutes and then added a 

solution of glycosyl acceptor (0.141 mmol, 88mg, 1.5 equiv. in dry DCM; 2mL) gently and further 

stirred for 2 minutes all at -60 oC and finally warmed to rt (3 hrs). the reaction mixture was quenched 

with sat aq. NaHCO3 (2mL), filtered and extracted through celite plug. The filtrate was then washed 

NaHCO3 and brine (50mL each) and back extracted with DCM in each case. The combined organic 

phase was dried over anhydrous Na2SO4, filtered and the solvent was removed with rotary evaporator 

at reduced pressure. Concentrated residue was purified by the usual RP C-18 column 40g and 

additional preparative TLC on silica gel plate in cyclohexane: ethylacetate 8:2 to afford titled 

compound 30mg, 24%. 

The characteristic analysis results are similar to the same compounds prepared by 

trichloroacetimidate donor above. 

 

 

(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-ɑ/β-D-

glucopyranose (143) 

To the solution of thioglycoside disaccharide (0.0764mmol, 100mg; azeotroped with toluene) in 

acetone (2mL) was added Acetone/water (2mL, 9:1; v/v) followed by NBS (0.197mmol, 35mg, 2.6 

equiv.) in one portion and stirred at rt over argon atmosphere for 45 minutes. Analytical TLC confirmed 

complete reaction and therefore quenched the reaction with NaHCO3 (120mg) and stirred for 10 

minutes. The solvent was evaporated at vacuo, diluted the residue with EtOAc (80mL). the organic 

layer was washed with distilled water until pH neutral, then brine (50mL), dried over Na2SO4, filtered 

and concentrated at vacuo under reduced pressure. The crude reaction mixture was purified on silica 

gel column chromatography in cyclohexane: ethylacetate 70:30 → 100% ethylacetate, affording a 

colorless oil 45mg, 48% after solvent evaporation. 
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Rf = 0.61 in cyclohexane: ethylacetate 7:3 

LRMS (ESI, positive mode) m/z: C49H51F15NaN4O13Si [M+Na]+, calcd. 1239.3, found 1239.3. 

19F NMR (282 MHz, CDCl3) δ -80.78 (t, J = 9.9 Hz), -118.48 – -121.09 (ABX, m, 2F), -121.32 – -121.76(m, 

2F), -121.80 – -122.22 (m, 2F), -122.29 – -122.58 (m, 2F), -122.59 – -122.94 (m, 2F), -125.90 – -126.41 

(m, 2F). 

 

1H NMR (300 MHz) of Compound 143 in CDCl3 
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19F NMR (282 MHz) of Compound 143 in CDCl3 

 

 

(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-1-ɑ/β-D-

galactopyranose (144) 

To a vigorously stirred solution of the thiogalactoside disaccharide (0.276mmol, 361mg) dissolved in 

DCM/H2O (3.3mL, 10:1; v/v) at rt was then added NIS (0.280mmol, 63mg, 1 equiv.) and TFA (21µL, 

0.280mmol, 1equiv.) at 0 oC and allowed to stir at this condition in RB flask equipped with stir bar, 

septum and argon atmosphere for 1 hour. Analytical TLC confirmed complete transformation and sat. 

Na2S2O3(aq.) (2mL) and stirred additional 5 minutes. The reaction mixture was diluted with EtOAc, 

washed with sat. NaHCO3(aq.) and back extracted. The combined organic phase was dried over 

anhydrous MgSO4, filtered and concentrated at reduced pressure in the rotary evaporator. The 

residue was purified by silica gel column chromatography in cyclohexane: ethylacetate 80:20 → 100% 

ethylacetate as eluent and after solvent evaporation afforded 277mg, 70% desired adduct as colorless 

crystal. 

Rf = 0.32/0.65 in cyclohexane: ethylacetate 7:3. 

HRMS (ESI, positive mode) m/z: C49H51F15N4NaO13Si [M+Na]+, calcd. 1239.2875, found 1239.2872. 
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1H-1H COSY (300 MHz) of Compound 144 in CDCl3 

 

19F NMR (282 MHz) of Compound 144 in CDCl3 
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(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl) -(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ/β-D-

glucopyranose-1-O-trichloroacetimidate (145) 

Compound 145 was prepared from 138 (0.0361mmol, 44mg, 1 equiv.) in the same manner other 

fluorous imidates (71, 74, 77 and 82) were made. The crude mixture was eluted with cyclohexane: 

ethylacetate 70:30→60:40% +0.2% TEA gradient by flash column chromatography and upon solvent 

removal, titled compound 145 was isolated as a colorless form, 45mg, 3:2 separable mixture of ɑ/β, 
92%. 

Rf = 0.35/0.29; ɑ/β in cyclohexane: ethylacetate, 7/3. 

HRMS (ESI, positive mode) m/z: C51H51Cl3F15N5NaO13Si [M+Na]+, calcd. 1382.1971, found 1382.1954. 

 

1H NMR (300 MHz) of Compound 145 in CDCl3 
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19F NMR (282 MHz) of Compound 145 in CDCl3 

 

 

(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl) -(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ/β-D-

galactopyranose-1-O-trichloroacetimidate (146) 

Compound 146 was prepared from 144 (0.148mmol, 180mg, 1 equiv.) in the same manner other 

fluorous imidates (71, 74, 77, 82 and 145) were made. The crude mixture was eluted with cyclohexane: 

ethylacetate 90:10→40:60% +0.2% TEA gradient by flash column chromatography and upon solvent 

removal, titled compound 146 was isolated as a colorless form, 176mg nearly 1:1 separable mixture 

of ɑ/β, 87%. 

Rf = 0.55/0.39; ɑ/β in cyclohexane: ethylacetate, 7/3. 

HRMS (ESI, positive mode) m/z: C51H51Cl3F15N5NaO13Si [M+Na]+, calcd. 1382.1971, found 1382.1954. 

1H NMR-ɑ-anomer (300 MHz, CDCl3) δ (ppm): 7.61 – 7.27 (m, 16H, 3xPh, N-H’), 6.42 (br. s, 1H, H-1), 

5.47 (dd, J = 10.7, 9.5 Hz, 1H, H’-3), 5.14 (t, J = 9.7 Hz, 1H, H’-4), 5.01 (d, J = 11.0 Hz, 1H, ½ CH2-Ph), 

4.92 (d, J = 8.3 Hz, 1H, H’-1), 4.65 (d, J = 11.0 Hz, 1H, ½ CH2-Ph), 4.39 – 4.19 (m, 4H, H’-2, H’-6, H-3, H’-
6), 4.11 – 4.02 (m, 3H, H-2, H-4, H-5), 3.91 (ddd, J = 10.1, 4.4, 2.3 Hz, 1H, H’-5), 3.84 – 3.67 (m, 2H, 2H-

6), 2.07 (s, 3H, C(O)2CH3), 2.01 (s, 6H, 2x C(O)2CH3), 1.03 (s, 9H, t-Bu). 
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19F NMR (282 MHz, CDCl3) δ (ppm): -80.80 (t, J = 10.0 Hz, 3F), -119.90 (dt, J = 139.7, 13.1 Hz, 2F), -

121.31 – -121.71 (m, 2F), -121.71 – -122.23 (m, 2F), -122.34 – -122.95 (m, 4F), -126.01 – -126.29 (m, 

2F). 

For ɑ-anomer 

 

1H NMR (300 MHz) of Compound 146a in CDCl3 
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19F NMR (282 MHz) of Compound 146a in CDCl3 

For β-anomer 

 

1H NMR (300 MHz) of Compound 146b in CDCl3 

 

19F NMR (282 MHz) of Compound 146b in CDCl3 
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Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-(2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ/β-D-

glucopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ-D-

galactopyranoside (148) 

A mixture of glycosyl donor (0.0330mmol, 45mg, 1eq.) and an acceptor (0.0498mmol, 30mg, 1.5eq.) 

was azeotroped with toluene three times and dried over high vacuum pump for 48 hrs. Flame activate 

mol. Sieves (4Å-powder), dried stir bar and septum were equipped to the reaction flask and exposed 

to argon-vacuum several times. This was dissolved in dry diethyl ether (2mL) and stirred at rt for 1 h. 

the reaction set-up was cooled down to -40 oC, stirred additional 30 mins before treatment with a 

solution of TMSOTf (0.00495 mmol, 10µL, 0.15 eq.; 0.5M in Et2O) gently with constant stirring over 30 

mins. The temperature was raised to -20 oC and then stirred for 2h at 0 oC under crushed ice. The 

reaction was quenched as in the general procedure. Reaction mixture was purified over RP column 

(4g) with Interchim purification machine that affords 11mg, 20% of desired fraction as colorless oil. 

This fraction was used for additional preparative HPLC on PFP column. 

Rf = 0.56 in cyclohexane: ethylacetate 7:3. 

HRMS (ESI, positive mode) m/z: C83H92F15N7NaO17Si2 [M+Na]+, calcd. 1021.1959, found 1021.1971. 

 

 

Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-(2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-ɑ/β-D-

galactopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-β-D-

galactopyranoside (149) 

A mixture of glycosyl donor (0.125mmol, 170mg, 1eq.) and an acceptor (0.259mmol, 1566mg, 2eq.) 

was glycosylated as in 148 above and the reaction was quenched as in the general procedure. Reaction 

mixture was purified over RP column (40g) with Interchim purification machine (eluent: MeOH: H2O; 

75:25 → 100%) that affords 134mg separable mixture of ɑ/β; 5:2, 60% of desired fraction as colorless 

oil. This fraction was used for additional preparative HPLC on PFP column. 

Rf = 0.65/0.48 ɑ/β; in cyclohexane: ethylacetate 7:3. 

HRMS-ɑ (ESI, positive mode) m/z: C83H92F15N7NaO17Si2 [M+Na]+, calcd. 1822.5741, found 1822.5733; 

[M+H]+, calcd. 1800.5921, found 1800.5914. 
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HRMS-β (ESI, positive mode) m/z: C83H92F15N7NaO17Si2 [M+Na]+, calcd. 1822.5741, found 1822.5745; 

[M+H]+, calcd. 1800.5921, found 1800.5924. 

1H NMR- ɑ-anomer (500 MHz, CDCl3) δ (ppm): 7.70 – 7.27 (m, 31H, 6xPh, N-H’’), 5.82 (ddt, J = 16.9, 

10.2, 6.6 Hz, 1H, HC=CH2), 5.42 – 5.35 (m, 1H, H’’-3), 5.28 (d, J = 3.4 Hz, 1H, H’-1), 5.15 (t, J = 9.7 Hz, 

1H, H’-4), 5.07 – 4.91 (m, 4H, CH=CH2, CH2-Ph), 4.80 (d, J = 8.3 Hz, 1H, H’’-1), 4.62 (t, J = 10.8 Hz, 1H, 

CH2-Ph), 4.41 – 4.29 (m, 2H, H’’-2, H’’-6), 4.28 – 4.20 (m, 1H, H’-3), 4.18 – 4.13 (m, 2H, H’’-6, H’-4), 4.06 

(d, J = 7.9 Hz, 1H, H-1), 4.02 (br. s, 1H, H-3), 3.92 (dd, J = 10.8, 3.5 Hz, 1H, H-6), 3.88 – 3.75 (m, 7H, H’-
2, H-4, H’’-5, 2xH’-6, H-2, H’-5), 3.73 – 3.69 (m, 1H, H-5), 3.66 (dd, J = 10.3, 5.8 Hz, 1H, H-6), 3.48 – 3.35 

(m, 2H, CH2), 2.20 – 2.12 (m, 2H, CH2), 2.05 (s, 3H, C(O)2CH3), 2.01 (s, 3H, C(O)2CH3), 1.96 (s, 3H, 

C(O)2CH3), 1.79 – 1.64 (m, 2H, CH2), 1.07 (s, 9H, t-Bu), 1.04 (s, 9H, t-Bu). 

19F NMR (471 MHz, CDCl3) δ (ppm): -80.77 (t, J = 9.7 Hz, 3F), -119.89 (q, J = 277.4 Hz, 2F), -121.27 – -

121.75 (m, 2F), -121.78 – -122.18 (m, 2F), -122.23 – -122.56 (m, 2F), -122.58 – -122.98 (m, 2F), -125.88 

– -126.34 (m, 2F). 

13C NMR (126 MHz, CDCl3) δ (ppm): 171.64, 170.57, 169.35, 138.25, 138.16, 138.08, 135.69, 135.63, 

135.62, 133.44, 133.15, 133.08, 129.97, 128.73, 128.42, 128.32, 127.93, 127.92, 127.91, 127.67, 

127.55, 115.14, 101.95, 101.86, 93.93, 77.77, 76.33, 75.35, 75.28, 74.97, 74.62, 72.33, 72.01, 71.93, 

70.76, 70.21, 69.47, 68.45, 63.10, 62.85, 62.14, 61.86, 59.81, 54.59, 30.16, 29.84, 28.78, 26.98, 26.96, 

26.65, 20.75, 20.69, 20.20, 19.38, 19.26. 

[α]D
25.2 = +27° (C=34mg/mL in CHCl3-ɑ-anomer) 

[α]D
25.3 = +11° (C=9mg/mL in CHCl3-β-anomer) 

For ɑ-anomer 
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1H NMR (500 MHz) of Compound 149a in CDCl3 

 

19F NMR (471 MHz) of Compound 149a in CDCl3 

For β-anomer 

 

1H NMR (500 MHz) of Compound 149b in CDCl3 
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19F NMR (471 MHz) of Compound 149b in CDCl3 

 

 

Phenyl-(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-

D-glucopyranosyl) -(1→3)-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-2-(4,4,4,3,3,2,2-

pentabutyramido) -1-thio-ɑ/β-D-galactopyranoside (150) 

To the solution of starting material (0.210mmol, 275mg, 1eq., azeotroped three times with toluene) 

in dry THF-H2O (15mL, 10:1; v/v) in an RB flask equipped with stir bar, septum and argon atmosphere. 

The setup was stirred at 60 oC for few minutes and then treated with triphenyl phosphine (0.672mmol, 

176mg, 3.2eq.), then connected to bubbler and stirred overnight. Analytical TLC in cyclohexane: 

ethylacetate, 7:3 confirmed complete reaction. The reaction mixture was cooled down and the solvent 

removed, coevaporated with toluene several times and finally the concentrated residue dried vacuo 

and used for further transformation without purification. Suspension of the dried residue (0.210mmol, 

269mg, 1eq.-based on quantitative yield) was dissolved dry DCM (10mL) and was followed 

heptafluorobutyryl chloride (0.252mmol, 38µL, 1.2 eq.) dropwise at rt. DMAP (0.63mmol, 77mg, 3eq.) 

was subsequently added and the homogeneous solution was stirred under argon and after 4 hrs., 

analytical TCL in cyclohexane: ethylacetate confirmed consumed starting material. The reaction 

mixture was diluted with EtOAc and H2O, washed with saturated aqueous NH4Cl, NaHCO3 (50mL each) 

and back extracted with EtOAc, dried over Na2SO4, filtered, and concentrated at vacuo. Purification 

was performed by silica gel column chromatography, eluted with cyclohexane: ethylacetate 80:20 → 

100% afforded separable mixture of ɑ/β; 1:6.6, 152mg, 49% over two steps as colorless form. 
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Rf = 0.45/0.52; ɑ/β in cyclohexane: ethylacetate 7:3. 

LRMS-amine intermediate -IHM.3.168A-(ESI, positive mode) m/z: C55H58F15N2O12SSi [M+H]+, calcd. 

1283.3, found 1283.3. 

HRMS (ESI, positive mode) m/z: C59H56F22N2NaO13SSi [M+Na]+, calcd. 1501.2813, found 1501.2815. 

1H NMR (β-anomer) (400 MHz, CDCl3) δ (ppm): 7.66 – 7.12 (m, 20H, 4xPh), 6.83 (d, J = 9.1 Hz, 1H, N-

H’), 6.68 (d, J = 6.7 Hz, 1H, N-H), 5.28 – 5.15 (m, 2H, H-3, H’-3), 5.08 (t, J = 9.6 Hz, 1H, H’-4), 4.93 (d, J = 

11.2 Hz, 1H, ½ CH2-Ph), 4.71 (dd, J = 10.5, 1.8 Hz, 1H, H-1), 4.65 (d, J = 8.2 Hz, 1H, H’-1), 4.60 (d, J = 

11.2 Hz, 1H, ½ CH2-Ph), 4.29 (dd, J = 12.4, 4.5 Hz, 1H, H’-6), 4.26 – 4.09 (m, 3H, H’-2, H-5, H’-6), 3.85 – 

3.65 (m, 5H, H-4, 2xH-6, H’-5, H-2), 2.05 (s, 3H, C(O)2CH3), 2.00 (s, 3H, C(O)2CH3), 1.97 (s, 3H, C(O)2CH3), 

1.04 (s, 9H, t-Bu). 

13C NMR (101 MHz, CDCl3) δ (ppm): 171.60, 170.55, 169.47, 138.60, 135.69, 135.66, 133.21, 133.06, 

132.36, 131.97, 130.00, 129.97, 129.14, 128.35, 128.25, 128.16, 127.94, 127.93, 127.71, 101.27, 83.74, 

79.05, 78.00, 77.36, 75.94, 75.03, 72.36, 71.88, 68.19, 62.29, 61.77, 54.83, 54.14, 26.90, 20.76, 20.65, 

20.17, 19.22. 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.43 (t, J = 8.9 Hz, 3F), -80.80 (t, J = 9.9 Hz, 3F), -118.92 – -120.64 

(m, 4F), -121.51 – -121.75 (m, 2F), -121.95 – -122.22 (m, 2F), -122.28 – -122.51 (m, 2F), -122.66 – -

122.90 (m, 2F), -126.03 – -126.28 (m, 4F). 

 

1H NMR (400 MHz) of Compound 150b in CDCl3 
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19F NMR (376 MHz) of Compound 150b in CDCl3 

 

 

(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl) -(1→3)-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-2-(4,4,4,3,3,2,2-

pentabutyramido) -1-ɑ/β-D-galactopyranose (151) 

To the solution of thioglycoside disaccharide (0.101mmol, 150mg; azeotroped with toluene) in 

acetone (1mL) was added Acetone/water (2mL, 9:1; v/v) followed by NBS (0.203mmol, 36mg, 2 equiv.) 

was transformed to the titled compound as compound 143. The crude reaction mixture was purified 

on silica gel column chromatography in cyclohexane: ethylacetate 90:10 → 50% ethylacetate, 

affording a colorless form 110mg, ɑ/β, 1:11, 86% after solvent evaporation. 

Rf = 0.42/0.32 in cyclohexane: ethylacetate 7:3. 

HRMS (ESI, positive mode) m/z: C53H38F22N2NaO4Si [M+Na]+, calcd. 1409.2753, found 1409.2729. 
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1H NMR (300 MHz) of Compound 151 in CDCl3 

 

19F NMR (282 MHz) of Compound 151 in CDCl3 
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(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl) -(1→3)-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-2-(4,4,4,3,3,2,2-

pentabutyramido) -ɑ-D-galactopyranose-1-O-trichloroacetimidate (152) 

Compound 152 was prepared from 151 (0.0793mmol, 110mg, 1 equiv.) in the same manner other 

fluorous imidates (71 etc.) were made. The crude mixture was eluted with cyclohexane: ethylacetate 

90:10→70:30% +0.2% TEA gradient by flash column chromatography and upon solvent removal, titled 

compound 152 was isolated as a colorless oil, 81mg at 67%. 

Rf = 0.58 in cyclohexane: ethylacetate, 7/3. 

HRMS (ESI, positive mode) m/z: C55H52Cl3F22N3NaO14Si [M+Na]+, calcd. 1552.1825, found 1552.1815. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.67 – 7.13 (m, 7H, 3xPh, N-H’, N-H), 6.05 (d, J = 6.6 Hz, 1H, H-1), 

5.29 (dd, J = 10.5, 9.5 Hz, 1H, H’-3), 5.18 (t, J = 9.6 Hz, 1H, H’-4), 4.96 (d, J = 8.4 Hz, 1H, H’-1), 4.87 (d, J 

= 11.2 Hz, 1H, ½ CH2-Ph), 4.56 (d, J = 11.2 Hz, 1H, ½ CH2-Ph), 4.40 – 4.28 (m, 2H, H’-2, H’-6), 4.21 – 4.05 

(m, 3H, H-2, H’-6, H-6), 3.96 (td, J = 6.6, 1.8 Hz, 1H, H-5), 3.85 – 3.64 (m, 4H, H’-5, H-3, H-4, H-6), 2.07 

(s, 3H, C(O)2CH3), 2.05 (s, 3H, C(O)2CH3), 2.02 (s, 3H, C(O)2CH3), 1.05 (s, 9H, t-Bu). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.64 (t, J = 8.6 Hz, 3F), -80.81 (t, J = 9.9 Hz, 3F), -117.74 (q, J = 

8.1 Hz, 2F), -119.58 (dt, J = 137.7, 13.0 Hz, 2F), -121.33 – -121.77 (m, 2F), -121.93 – -122.21 (m, 2F), -

122.23 – -122.52 (m, 2F), -122.66 – -122.95 (m, 2F), -125.99 – -126.31 (m, 2F), -126.86 – -127.21 (m, 

2F). 

13C NMR (101 MHz, CDCl3) δ (ppm): 171.21, 170.69, 169.42, 137.91, 135.70, 135.67, 133.13, 133.05, 

130.05, 130.03, 128.40, 128.25, 127.95, 127.92, 127.91, 105.30, 100.68, 80.64, 77.36, 76.13, 74.94, 

72.93, 72.44, 72.17, 68.26, 67.43, 61.84, 61.80, 54.62, 26.95, 20.77, 20.66, 20.30, 19.28. 
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1H NMR (400 MHz) of Compound 152 in CDCl3 

 

19F NMR (376 MHz) of Compound 152 in CDCl3 
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Pentenyl (3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-

β-D-glucopyranosyl)-(1→3)-4-(O-benzyl-6-O-tert-butyl-diphenylsilyl-2-deoxy-2-(4,4,4,3,3,2,2-

pentabutyramido)-β-D-galactopyranosyl)-(1→3)-2-azido-4-O-benzyl-6-O-tert-butyl-diphenylsilyl-2-

deoxy-β-D-galactopyranoside (153) 

To the mixture of glycosyl donor (80mg, 0.0522mmol, 1 equiv.) and glycosyl acceptor (60mg, 

0.0997mmol, 1.9 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(2mL) and TMSOTf (1.5µL of fleshly opened, 0.00783mmol, 0.15 equiv.) dropwise. The crude reaction 

mixture was confirmed to contain the desired compound by Mass Spectral data and purification was 

performed on the reversed-phase column (4g) using Interchim purification machine (MeOH: H2O; 

60:40 → 100%) as eluent afforded the desired product 100mg, 97% as a colorless form. 

Rf = 0.56, cyclohexane: ethylacetate, 7:3. 

HRMS (ESI, positive mode) m/z: C87H93F22N5NaO18Si2 [M+Na]+, calcd. 1992.5595, found 1992.5645. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.66 – 7.00 (m, 30H, 6xPh), 6.70 (d, J = 9.1 Hz, 1H, N-H’’), 6.61 (d, J 
= 5.9 Hz, 1H, N-H’), 5.79 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, HC=CH2), 5.21 – 4.93 (m, 6H, H’-3, H’’-3, H’’-4, 

½ CH2-Ph, HC=CH2), 4.89 – 4.52 (m, 5H, H’’-1, H’-1, ½ CH2-Ph, CH2-Ph), 4.41 – 4.28 (m, 2H, H’’-6, H’’-2), 

4.22 – 4.10 (m, 2H, H-1, H’’-6), 4.11 – 3.21 (m, 14H, ½ CH2, H’-6, H’’-5, H’-6, H’-5, H-3, H-4, H-6, H’-2, 

H’-4, ½ CH2, H-6, H-2, H-5), 2.17 – 2.09 (m, 2H, CH2), 2.07 (s, 3H, C(O)2CH3), 2.03 (s, 3H, C(O)2CH3), 2.00 

(s, 3H, C(O)2CH3), 1.03 (s, 9H, t-Bu), 0.86 (s, 9H, t-Bu). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.35 (t, J = 9.3 Hz, 3F), -80.76 (t, J = 9.9 Hz, 3F), -118.78 – -120.24 

(m, 4F), -121.41 – -121.64 (m, 2F), -121.86 – -122.17 (m, 2F), -122.17 – -122.42 (m, 2F), -122.60 – -

122.87 (m, 2F), -125.91 – -126.20 (m, 4F). 

13C NMR (101 MHz, CDCl3) δ (ppm): 171.40, 170.51, 169.46, 138.88, 138.86, 138.17, 135.69, 135.64, 

135.59, 133.35, 133.30, 132.99, 132.92, 130.11, 130.08, 129.81, 128.43, 128.23, 128.15, 128.08, 

128.04, 128.01, 127.95, 127.88, 127.79, 127.71, 127.29, 115.00, 102.80, 102.40, 101.25, 99.72, 79.67, 

77.36, 76.71, 75.68, 75.53, 75.36, 75.19, 74.82, 74.59, 72.44, 71.90, 69.36, 68.03, 62.83, 62.63, 61.73, 

61.50, 56.55, 54.82, 30.19, 28.81, 27.01, 26.97, 26.80, 26.72, 20.78, 20.66, 20.18, 19.15, 19.03. 

[α]D
27 = -14° (C=10mg/mL in CHCl3) 
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1H NMR (400 MHz) of Compound 153 in CDCl3 

 

19F NMR (376 MHz) of Compound 153 in CDCl3 

 

 

 



 

 

210 

EXPERIMENTAL FOR CHAPTER FOUR 

 

 

155 

To a clean round bottom flask equipped with stir bar, septum and an argon balloon was introduced 

tosyl chloride (5.770mmol, 1.100g, 1.1 equiv.) dissolved in anhydrous DCM (10mL). The reaction 

mixture was cooled down to 0⁰C in an ice bath, then treated with methyl (s)-(-)-lactate (5.245mmol, 

0.5mL, 1 equiv.), DMAP (5.245mmol, 0.641g, 1 equiv.), TEA (0.294mmol, 0.46mL, 1.2 equiv.) and finally 

stirred the reaction set up from 0⁰C to rt for two days. The reaction progress was monitored by TLC in 
cyclohexane: ethylacetate 4:1. The reaction was diluted with DCM (50mL), washed with sat aq. NH4Cl 

(50mLx2), back extracted the aqueous phases with DCM and the combined organic layers was dried 

over Na2SO4, filtered, and concentrated at vacuo. Flash column of the crude product on silica gel 

(cyclohexane: ethylacetate 80:20 → 60:40%) as eluent afforded the desired adduct in 6% yield as pale-

yellow oil. 

Rf = 0.4 in cyclohexane: ethylacetate 80:20.  

1H NMR (300 MHz, CDCl3) δ 9ppm): 7.78 (d, J = 8.3 Hz, 2H, 2xArom-CH), 7.33 (d, J = 8.1 Hz, 2H, 2xArom-

CH), 4.92 (q, J = 6.9 Hz, 1H, CH-CH3), 3.64 (s, 3H, O-CH3), 2.42 (s, 3H, Ph-CH3), 1.48 (d, J = 6.9 Hz, 3H, 

CH-CH3). 

 

1H NMR (300 MHz) of Compound 155 in CDCl3 
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157 

To a solution of anhydrous pyridine (0.53mL, 6.549mmol, 1.1 equiv.) in anhydrous DCM (30mL) was 

added Tf2O (1.1L, 6.546mmol, 1.1 equiv.) at 0⁰C in a clean round bottom flask was equipped with stir 

bar, septum and an argon balloon. After 10 minutes of constant stirring, then was introduced to the 

reaction mixture Butyl (s)-(-)-lactate (0.86mL, 1.786mmol, 1 equiv.) dropwise under argon atmosphere 

and stirred at this condition for 1.5h. The reaction mixture was quenched with a mixture of distilled 

H2O and Et2O. The biphasic layer was separated, and the aqueous layer was back extracted with Et2O 

(x4). The combined organic layers were dried over Na2SO4, filtered, and concentrated at reduced 

pressure in the vacuo at 25⁰C, which afforded 1.656g, 99% of the concentrated residue as pale-yellow 

syrup. 

1H NMR (300 MHz, CDCl3) δ (ppm): 5.20 (q, J = 7.0 Hz, 1H, CH-CH3), 4.31 – 4.14 (m, 2H, O-CH2), 1.68 

(d, J = 7.0 Hz, 3H, CH-CH3), 1.74 – 1.56 (m, 2H, CH2-CH2-CH2-O), 1.48 – 1.28 (m, 2H, CH3-CH2-CH2), 0.92 

(t, J = 7.4 Hz, 3H, CH3-CH2). 

 

1H NMR (300 MHz) of Compound 157 in CDCl3 
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1,6-anhydro-2-azido-4-O-p-methoxybenzyl-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-

glucopyranose (158). 

A suspension of 1,6-anhydro-2-azido-4-O-p-methoxybenzyl-2-deoxy-β-D-glucopyranose acceptor 

(2.154mmol, 662mg, 1equiv.) azeotroped with toluene was dissolved in dry DCM (20mL) in a clean RB 

flask equipped with stir bar, septum, and argon atmosphere at rt. NaH (3.231mmol, 78mg, 1.5equiv. 

60% in mineral oil) was added to the reaction solution and stirred at rt for 15minutes. Lactic triflate 

donor (2.990mmol, 832mg, 1.3equiv. dissolved in DCM) was treated to the reaction flask dropwise 

and stirred for 2h. Reaction progress was monitored by TLC in chloroform: acetone 100:2, and then 

quenched the mixture with crushed ice, washed with NaHCO3(aq)(150mL), brine (150mL), back 

extracted the aqueous layer with DCM and the combined organic phase was dried over Na2SO4, 

filtered, and concentrated at vacuo. The crude mixture was purified on silica gel column in chloroform: 

acetone 100:1→80:20 as eluent, yielding a pale-yellow syrup 498mg at 53%. 

Rf = 0.23, in chloroform: acetone 100:2. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.30 (d, 2H, J = 8.7 Hz, CH2Arom), 6.89 (d, 2H, J = 8.7 Hz, CH2Arom), 

5.71 – 5.10 (m, 1H, H-1), 4.68 – 4.44 (m, 3H, CH2-Ph, H-5), 4.26 (q, 1H, J = 13.9, 6.9 Hz, CH), 4.21 – 4.12 

(m, 2H, OCH2), 3.94 (dd, 1H, J = 7.5, 6.9 Hz, H-6), 3.73 – 3.65 (m, 1H, H-6), 3.59 – 3.36 (m, 2H, H-3, H-

2), 3.30 – 3.12 (m, 1H, H-4),   1.69 – 1.59 (m, 2H, CH2-H2C-O), 1.41 (d, 3H, J = 6.9 Hz, CH3-CH), 1.45 – 

1.24 (m, 2H, CH2-CH3), 0.94 (t, 3H, J = 7.3 Hz, CH3-CH2).  

LRMS (ESI, positive mode) m/z: C21H29NaN3O7 [M+Na]+, calc. 458.2, found 458.2. 

 

1H NMR (300 MHz) of Compound 158 in CDCl3 

 



 

 

213 

 

1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-glucopyranose 

(159) 

A suspension of 1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-β-D-glucopyranose acceptor (1.042mmol, 

289mg, 1equiv.) azeotroped with toluene was dissolved in dry DCM (12mL) in a clean RB flask 

equipped with stir bar, septum, and argon atmosphere at rt. NaH (1.563mmol, 38mg, 1.5equiv. 60% 

in mineral oil) was added to the reaction solution and stirred at rt for 15minutes. Lactic triflate 

(1.563mmol, 435mg, 1.5equiv. dissolved in DCM) was treated to the reaction flask dropwise and 

stirred for 2h. Reaction progress was monitored by TLC in chloroform: acetone 100:1, and then 

quenched the mixture with ice, washed with NaHCO3(aq), brine, back extracted the aqueous layer with 

DCM and the combined organic phase was dried over Na2SO4, filtered, and concentrated at vacuo. The 

crude mixture was purified on silica gel column in chloroform: acetone 100:1→1:1 as eluent yielding 

pale yellow syrup 339mg at 96%. 

Rf = 0.30 in chloroform: acetone 100:1. 

1H NMR (300 MHz, CDCl3) δ 9ppm): 7.43 – 7.24 (m, 5H, Ph), 5.44 (s, 1H, H-1), 4.75 – 4.53 (m, 3H, H-5, 

CH2-Ph), 4.13 (tt, J = 4.0, 2.1 Hz, 2H, O-CH2-CH2), 4.01 – 3.86 (m, 1H, CH-CH3, H-6), 3.69 (dd, J = 7.2, 6.0 

Hz, 1H, H-6), 3.56 (s, 1H, H-3), 3.48 (s, 1H, H-2), 3.28 (s, 1H, H-4), 1.64 (dt, J = 14.7, 6.8 Hz, 2H, CH2-

CH2-CH2), 1.50 – 1.22 (m, 5H, CH2-CH2-CH3, CH-CH3) 0.94 (t, J = 7.4 Hz, 3H, CH2-CH2-CH3). 

 

1H NMR (300 MHz) of Compound 159 in CDCl3 
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1,6-anhydro-2-azido-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-glucopyranose (160) 

A solution of 1,6-anhydro-2-azido-4-O-p-methoxybenzyl-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-

butyl]-β-D-glucopyranose (1.010mmol, 440mg, 1equiv. azeotroped with tol.) was dissolved dry 

DCM:H2O (5mL; 10:1) and followed by the addition of DDQ (1.614mmol, 370mg, 1.6equiv.) at 0 ⁰C in 

an ice bath, stirred the reaction flask equipped with stir bar, septum and argon atmosphere for 2h. 

TLC in cyclohexane:ethylacetate 8:2 confirmed complete reaction, filtered the reaction mixture 

through celite plug, washed with DCM and the filtrate was extracted with H2O (50mLx2), back extract 

with DCM (50mLx2) and the combined organic phase was washed with brine (75mL), dried over 

Na2SO4, filtered and concentrated at vacuo. The crude mixture was purified by flash column 

chromatography on silica gel in cyclohexane: ethylacetate 80:20 → 50:50 as eluent, 198mg at 62% 

yield. 

Rf = 0.065 in cyclohexane: ethylacetate 6:4. 

1H NMR (300 MHz, CDCl3) δ (ppm): 5.45 – 5.40 (m, 1H, H-1), 4.57 – 4.50 (m, 1H, H-5), 4.22 – 4.12 (m, 

4H, OCH2, CH, H-6), 3.83 – 3.79 (m, H-3), 3.77 (dd, 1H, J = 7.3, 5.9 Hz, H-6), 3.59 – 3.51 (m, 2H, H-4, H-

2), 2.66 (br s, 1H, OH), 1.69 – 1.59 (m, 2H, CH2-H2CO), 1.42 (d, 3H, J = 6.9 Hz, CH3-CH), 1.45 – 1.32 (m, 

2H, CH2-CH3), 0.94 (t, 3H, J = 7.4 Hz, CH3-CH2). 

LRMS (ESI, positive mode) m/z: C13H21NaN3O6 [M+Na]+, calc. 338.1, found 338.1. 

[α]D
22.9 = +53° (C=10mg/mL in Acetone) 

 

1H NMR (300 MHz) of Compound 160 in CDCl3 
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1,6-anhydro-2-azido-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-glucopyranose (160) 

To the azeotroped solution of 1,6-anhydro-2-azido-4-O-benzyl-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-

butyl]-β-D-glucopyranose (0.528mmol, 214mg, 1equiv.) was added in EtOAc (5mL) and then a solution 

of NaBrO3 (5.28mmol, 797mg, 10equiv.) in distilled H2O (20mL) was added to the reaction mixture. 

The set-up was allowed to stir vigorously in an Erlenmeyer flask (50mL) equipped with a rod stir bar 

and septum for 2h at rt and the two-phase system was treated with a solution of Na2S2O4(aq) 

(5.28mmol, 919mg, 10equiv.) dropwise over 10 minutes at rt at which the mixture turned orange in 

color, stirred for 1h and monitored by TLC in cyclohexane: ethylacetate; 6:4. The mixture was diluted 

with EtOAc after completion and separated the organic-phase in a separatory funnel, back extracted 

the aqueous phase with EtOAc and the combined organic layers was washed with sat. Na2S2O3(aq) at 

which the color changed from orange to colorless. Dried the organic phase over Na2SO4, filtered and 

concentrated at vacuo. The crude residue was purified on silica gel in cyclohexane: ethylacetate 

70:30→50:50 as eluent, affording 90mg as colorless oil at 54%. 

Rf = 0.32 in cyclohexane: ethylacetate, 6:4. 

1H NMR (300 MHz, CDCl3) δ (ppm): 5.50 – 5.35 (m, 1H, H-1), 4.60 – 4.45 (m, 1H, H-5), 4.20 – 4.09 (m, 

4H, OCH2, CH, H-6), 3.81 – 3.76 (m, H-3), 3.75 (dd, 1H, J = 7.4, 6.0 Hz, H-6), 3.58 – 3.49 (m, 2H, H-4, H-

2), 2.96 (br s, 1H, OH), 1.67 – 1.56 (m, 2H, CH2-H2CO), 1.40 (d, 3H, J = 6.9 Hz, CH3-CH), 1.43 – 1.30 (m, 

2H, CH2-CH3), 0.92 (t, 3H, J = 7.4 Hz, CH3-CH2). 

LRMS (ESI, positive mode) m/z: C13H21NaN3O6 [M+Na]+, calc. 338.1, found 338.1. 

[α]D
22.9 = +53° (C=10mg/mL in Acetone) 
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1H NMR (300 MHz) of Compound 160 in CDCl3 

 

 

(3,4,6-tri-O-acetyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl)-(1→4)-1,6-anhydro-2-azido-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-

glucopyranose (161) 

To the mixture of glycosyl donor (130mg, 0.154mmol, 1 equiv.) and glycosyl acceptor (73mg, 

0.230mmol, 1.5 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(2.5mL) and TMSOTf (3µL of fleshly opened bottle, 0.0154mmol, 0.1eq.) dropwise. The crude reaction 

mixture was confirmed to contain the desired compound by Mass Spec. Purification on the reversed-

phase column (40g) using Interchim purification machine (MeOH: H2O; 70:30 → 100%) as eluent 

yielded the desired product 144mg, 94% as a white form. 

Rf = 0.081 in cyclohexane: ethylacetate, 7:3   

HRMS (ESI, positive mode) m/z: C33H37F15N4NaO14 [M+Na]+, calcd. 1021.1959, found 1021.1954. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.21 (d, J = 7.9 Hz, 1H, N-H’), 5.61 (dd, J = 10.7, 9.3 Hz, 1H, H’-3), 

5.43 (s, 1H, H-1), 5.31 (d, J = 8.3 Hz, 1H, H’-1), 5.05 (t, J = 9.7 Hz, 1H, H’-4), 4.47 (d, J = 5.4 Hz, 1H, H-5), 

4.25 – 4.03 (m, 6H, 2H’-6, H’-2, H-3, H-6, CH), 3.87 – 3.65 (m, 5H, H-5, H-2, H-6, O-CH2-CH2), 3.45 (s, 
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1H, H-4), 2.05 (s, 3H, OCOCH3), 2.01 (s, 3H, OCOCH3), 1.97 (s, 3H, OCOCH3), 1.66 – 1.55 (m, 2H, CH2-

H2CO), 1.40 (d, J = 6.9 Hz, 3H, CH3-CH), 1.40 – 1.30 (m, 2H, CH2-CH3), 0.91 (t, J = 7.4 Hz, 3H, CH2-CH3). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.90 (t, J = 9.9 Hz, 3F), -119.74 (q, J = 29.1, 15.2 Hz, 2F), -121.40 

– -121.82 (m, 2F), -121.95 – -122.25 (m, 2F), -122.33 – -122.62 (m, 2F), -122.69 – -122.98 (m, 2F), -

126.04 – -126.41 (m, 2F). 

13C NMR (101 MHz, CDCl3) δ (ppm): 172.68, 170.62, 170.43, 169.55, 100.64, 98.00, 77.10, 75.07, 74.93, 

73.66, 72.22, 70.59, 68.78, 65.29, 64.83, 61.86, 60.32, 56.12, 30.62, 20.71, 20.60, 20.28, 19.13, 18.84, 

13.68. 

[α]D
27 = +30° (C=11mg/mL in CHCl3) 

 

1H NMR (400 MHz) of Compound 161 in CDCl3 
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19F NMR (376 MHz) of Compound 161 in CDCl3 

 

 

(3,4,6-tri-O-benzoyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-β-D-

glucopyranosyl)-(1→4)-1,6-anhydro-2-azido-2-deoxy-3-O-[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-

glucopyranose (162) 

To the mixture of glycosyl donor (179mg, 0.173mmol, 1 equiv.) and glycosyl acceptor (82mg, 

0.260mmol, 1.5 equiv.) was glycosylated as described in the general procedure in an anhydrous DCM 

(2mL) and TMSOTf (40µL of fleshly opened bottle, 0.02mmol, 0.1eq.) dropwise. After reaction time, 

the crude reaction mixture was confirmed to contain the desired compound by Mass Spec. Purification 

on the reversed-phase column (40g) using Combiflash purification machine (MeOH: H2O; 80:20 → 

100%) as eluent yielded the desired product 179mg, 87% as a white form. 

Rf = 0.32 in cyclohexane: ethylacetate, 7:3. 

HRMS (ESI, positive mode) m/z: C48H43F15N4NaO14 [M+Na]+, calcd. 1207.2428, found 1207.2435; 

[M+H]+, calcd. 1185.2609, found 1185.2626. 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.03 – 7.11 (m, 16H, 3xPh, N-H’), 6.18 (dd, J = 10.6, 9.6 Hz, 1H, H’-
3), 5.68 (t, J = 9.7 Hz, 1H, H’-4), 5.48 (d, J = 8.2 Hz, 1H, H’-1), 5.43 (s, 1H, H-1), 4.65 (dd, J = 12.3, 2.6 Hz, 
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1H, H-6), 4.50 (dd, J = 12.3, 4.9 Hz, 1H, H-6), 4.45 (d, J = 5.5 Hz, 1H, H-5), 4.40 (ddd, J = 9.8, 4.7, 2.8 Hz, 

1H, H’-5), 4.26 – 4.01 (m, 4H, H’-2, CH, OCH2-CH2), 3.89 (d, J = 7.2 Hz, 1H, H-6), 3.76 (s, 1H, H-2), 3.70 

(s, 1H, H-3), 3.50 (t, J = 6.6 Hz, 1H, H-6), 3.45 (s, 1H, H-4), 1.63 – 1.54 (m, 2H, OCH2-CH2), 1.37 – 1.21 

(m, 5H, CH2-CH2, CH-CH3), 0.90 (t, J = 7.4 Hz, 3H, CH2-CH3). 

19F NMR (376 MHz, CDCl3) δ (ppm): -80.92 (t, J = 9.9 Hz, 3F), -119.53 – -120.22 (m, 2F), -121.57 – -

121.91 (m, 2F), -122.09 – -122.37 (m, 2F), -122.37 – -122.61 (m, 2F), -122.81 – -123.06 (m, 2F), -126.18 

– -126.42 (m, 2F). 

13C NMR (101 MHz, CDCl3) δ (ppm): 172.63, 166.69, 166.11, 165.23, 133.86, 133.69, 133.39, 129.92, 

129.76, 129.71, 129.50, 128.60, 128.55, 128.51, 128.28, 100.72, 98.01, 77.35, 75.11, 74.55, 73.33, 

72.58, 71.52, 69.73, 65.23, 64.70, 62.86, 60.46, 56.09, 30.59, 19.10, 18.79, 13.68. 

[α]D
25 = +11° (C=15mg/mL in EtOAc) 

 

1H NMR (400 MHz) of Compound 162 in CDCl3 
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19F NMR (376 MHz) of Compound 162 in CDCl3 

 

 

1,6-anhydro-4-O-benzyl-2-deoxy-2-(8,8,8,7,7,6,6,5,5,4,4,3,3,2,2-pentadecafluorooctanamido)-3-O-

[(1R)-1-(ethoxycarbonyl)-butyl]-β-D-glucopyranose (164). 

A mixture of starting material (1.356mmol, 550mg, 1 eq., azeotroped with tol.) and TsOH-H2O 

(1.356mmol, 258mg, 1eq.) in an RB reaction flask equipped with stir bar, septum and argon 

atmosphere was dissolved in dry MeOH (45mL). Another reaction flask, ovum-dried and exposed to 

argon several times was equipped with stir bar and added Pd/C 10% w of the starting material: 55mg). 

A solution of the first flask was transferred unto the second under argon at rt, purged three times with 

H2(g) under vacuum line and stirred under H2(g) for 50 minutes. Analytical TLC confirmed complete 

reaction and the reaction mixture was filter through celite plug, washed with MeOH and concentrated 

at vacuo and dried under vacuum pump. The residue was further dissolved in dry DCM (10mL), then 

treated with pentadecafluorooctanoyl chloride (1.492mmol, 370µL, 1.1 eq.), DMAP (4.065mmol, 

497mg, 3 eq.) and the entire reaction set-up was stirred at rt overnight. Analytical TLC on the reaction 

mixture confirmed complete reaction and was diluted with H2O and EtOAc. Aqueous work-up was 

performed with sat. aq. NH4Cl, NaHCO3, NaCl. The combined organic layer was dried over anhydrous 

Na2SO4, filtered and concentrated at vacuo. Purification was carried out by silica gel column 
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chromatography eluted with cyclohexane: ethylacetate 70:30 → 60:40% which affords 835mg pale 

yellow oil at 79% after solvent evaporation. 

Rf = 0.56 in cyclohexane: ethylacetate 6:4. 

LRMS (ESI, positive mode) m/z: C28H28F15NaNO7 [M+Na]+, calcd. 798.2, found 798.1. 

1H NMR (300 MHz, CDCl3) δ (ppm): 7.54 (d, J = 8.3 Hz, 1H, N-H), 7.42 – 7.28 (m, 5H, Ph), 5.38 (s, 1H, H-

1), 4.63 (ABX, CH2-Ph), 4.62 (d, J = 5.1 Hz, 1H, H-5), 4.24 – 4.08 (m, 5H, O-CH2-CH2, CH, 2H-6), 3.81 – 

3.72 (m, 1H, H-3), 3.51 – 3.40 (m, 2H, H-2, H-4), 1.69 – 1.55 (m, 2H, O-CH2-CH2), 1.47 – 1.32 (m, 5H, 

CH-CH3, CH2), 0.93 (t, J = 7.3 Hz, 3H, CH2-CH3). 

19F NMR (282 MHz, CDCl3) δ (ppm): -80.73 (tt, J = 9.9, 2.1 Hz), -119.64 – -120.04 (m, 2F), -121.40 – -

121.75 (m, 2F), -121.75 – -122.11 (m, 2F), -122.40 – -122.84 (m, 4F), -125.93 – -126.25 (m, 2F). 

 

1H NMR (300 MHz) of Compound 164 in CDCl3 
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19F NMR (282 MHz) of Compound 164 in CDCl3 

 

 

Compound-165 

To the solution of the starting material (0.722mmol, 50mg, 1 eq., azeotroped with tol.) was added a 

suspension of LiOH-H2O (0.795mmol, 33mg, 1.1 eq.) in an RB flask equipped with stir bar and glass 

stopper.THF—1,4-dioxane-H2O (14mL; 4:2:1 v/v) was added to the reaction flask and allowed to stir 

at rt for 4 hrs. Analytical TLC confirmed complete reaction. It was neutralized by Dowex H+ and filtered 

under vacuum line and concentrated. The residue was purified by silica gel column chromatography 

(eluent: cyclohexane: ethylacetate 80:20 → 70:30%, DCM: MeOH 80:20 → 60:40%, +0.01% AcOH in 

each gradient) and after solvent evaporation, a colourless oil 467mg was recovered at 90% yield. 

Rf = 0 in cyclohexane: ethylacetate 7:3. 

HRMS (ESI, positive mode) m/z: C24H20F22NNaO7 [M+Na]+, calcd. 742.0892, found 742.0893; [M+H]+, 

calcd. 720.1073, found 720.1075. 

1H NMR (500 MHz, CDCl3) δ (ppm): 7.43 – 7.28 (m, 5H, Ph), 7.23 (d, J = 8.6 Hz, 1H, N-H), 5.49 (s, 1H, H-

1), 4.74 – 4.55 (m, 3H, CH2-Ph, H-5), 4.28 – 4.15 (m, 1H, H-6), 4.12 (d, J = 8.8 Hz, 1H, H-2), 3.83 (dd, J = 

7.5, 5.6 Hz, 1H, H-6), 3.53 – 3.49 (m, H-3, H-4). 
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13C NMR (126 MHz, CDCl3) δ (ppm): 176.32, 173.92, 136.56, 128.92, 128.70, 128.00, 100.03, 77.36, 

76.29, 75.88, 74.76, 74.20, 72.12, 65.73, 51.01, 48.54, 20.67, 17.81. 

19F NMR (471 MHz, CDCl3) δ (ppm): -80.72 (t, J = 9.9 Hz, 3F), -119.63 – -119.98 (m, 2F), -121.35 – -

121.70 (m, 2F), -121.79 – -122.13 (m, 2F), -122.26 – -122.57 (m, 2F), -122.57 – -122.85 (m, 2F), -125.93 

– -126.26 (m, 2F). 

 

1H NMR (500 MHz) of Compound 165 in CDCl3 
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19F NMR (471 MHz) of Compound 165 in CDCl3 
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CONCLUSION AND FUTURE PERSPECTIVES 

The fluorous tag oligosaccharide assembly strategy has been developed in recent years to simplify 

purification steps during and after carbohydrate synthesis. Synthetic intermediates and final reaction 

products can be isolated in a straightforward manner in high purity. In our initial effort to employ this 

method for the preparation of model glucosamine β(1→3) disaccharide has led to poorly soluble and 

unreactive fluorous glycosyl acceptors. All fluorous tag glycosyl precursors were prepared and purified 

by traditional silica gel column chromatography. However, fluorous TLC showed that the differential 

fluorous tag strategy did allow clean separation of the donor, acceptor and coupled disaccharide over 

fluorous solid phase. In addition, the C2 fluorous amides on the donors cleanly control the 

stereochemical outcome of the glycosylation as evident from then pure -disaccharides isolated by 

fluorous TLC. Direct doubly fluorous tag (1→3) glycosylation was therefore hampered by the poor 

reactivity of the acceptors. Double fluorous tag glycosylation for the β(1→4) linkage may confirm the 

extent of nucleophilic hydroxyl deactivation by the hydrogen bond of the fluorous amide acceptor. 

In an alternative approach, traditional single fluorous tag glycosylation was tested with a fluorous 

glycosyl donor and previously prepared non-fluorous glycosyl acceptors, and thus revealed the 

deactivation trend effect from fluorous amide >> to NH-amide > to phthalimide as confirmed by the 

relative recovered yields. Despite the somewhat lengthy synthetic schemes, new acceptors in this 

strategy were prepared and successfully furnished the desired disaccharides in the glycosylation 

reactions in yields reaching up to 90%. Consequently, from these model disaccharides we synthesized 

trisaccharides corresponding to a partial structure the E. coli O142 O-antigen. The trisaccharide 

synthesis allowed us to perform a strategy of differential fluorous tagging after coupling, which 

allowed us to control the newly formed stereocenter: whether the azide was reduced and acylated 

before or after the second coupling determined the stereochemistry of this step, providing either the 

, or ,-trisaccharides in excellent yields. We have therefore surmounted the deactivation 

challenge with a 2-azido glycosyl acceptors and have established a general scheme for 

stereocontrolled non-reducing-to-reducing fluorous-tag-assisted synthesis of aminosugar 

oligosaccharides.  

At the beginning of this study, even trace amounts of coupled product could not be purified by 

traditional silica gel methodology. As fluorous silica gel and columns are no longer available from our 

suppliers, we proposed to try perfluorophenyl (PFP) columns by virtue of combined hydrophobic and 

fluorophilic properties associated with our target molecules. Analytical PFP column in LC/MS HPLC 

demonstrated its strong effect for isolating these compounds efficiently. Both preparative HPLC on 

PFP columns and preparative reverse phase MPLC on C18 cartridges proved extremely efficient. For 

the same purpose, we prepared homemade fluorous silica gel according to the straightforward 

published procedure, and as we expected, it demonstrated good affinity for purifying our synthetic 

intermediates. An apparent synergy between hydrophobic and fluorophilic effects of the relatively 

polar fluorous donor and the hydrophobic acceptors validate the concept of fluorous-hydrophobic 

programming for oligosaccharide synthesis. 

Additionally, this progress inspired us to further extend the synthesis analogs of the tracheal cytotoxin 

(TCT) peptidoglycan disaccharide. The glycosidation reaction between fluorous donors and 1,6-

anydromuramic acid azide derivative again proved extremely successful, with yields around 90% and 

complete -selectivity. Unfortunately, preliminary attempts at solid-state coupling these compounds 
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to the tetrapeptide moiety failed, and further studies will be needed to determine appropriate 

conditions and analytical methods for this reaction.  

Future considerations involve completing the full synthesis of the E. coli O-antigen pentasaccharide 

according to the protocols developed in chapter 3. Conjugation of the resulting pentenyl 

pentasaccharide can be with a carrier protein such as keyhole limpet haemocyanin (KLH) by previously 

illustrated methods506,507 could certainly furnish a glycoconjugate vaccine for immunological studies. 

This is conceivable based on the summary scheme (scheme 19). A modified O-pentenyl glycosyl 

acceptor bearing 4-O-p-methoxybenzyl protecting group will allow us to resynthesize trisaccharide 

analogue A with two different types of benzyl ethers for chemoselective cleavage of one group over 

the other. On another hand, a fluorous fucosamine donor can be coupled to the O-pentenyl acceptor 

122b (Scheme 7) used in this study to synthesize a disaccharide B as a partial structure corresponding 

the E. coli O142 O-antigen structure. Now, in a similar fashion to the established protocol, O-pentenyl 

of B can be transformed to anomeric trichloroacetimidate leaving group, and upon PMB deprotection 

of A, the two precursors will allow us to construct a branched doubly fluorous tagged pentasaccharide 

C. Conversely, converting the O-pentenyl group of A or of 149 (Scheme 14) to the trichloroacetimidate, 

fluorous tag cleavage of the corresponding disaccharide B, and subsequent condensation of these 

intermediates, will provide a linear singly fluorous tagged pentasaccharide D. Reduction of the azide 

groups and formation of fluorous or non-fluorous amides followed by global deprotection will yield 

the target compounds. We hope that these compounds will be actualized in the future through the 

established methodology and will be tested for vaccine design. 

 

Scheme 19: Summary scheme for the synthetic pentasaccharide target compound. 
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