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Feeling my way through the darkness 

Guided by a beating heart 

I can't tell where the journey will end 

But I know where to start 

They tell me I'm too young to understand 

They say I'm caught up in a dream 

Well life will pass me by if I don't open up my eyes 

Well that's fine by me 

(Avicii, Wake me up) 
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Abstract 

 

Glycoconjugate vaccines are a very effective way to prevent bacterial and fungal infections. By 

conjugation of the saccharide antigen to a carrier protein, the T-independent antigen is converted to 

a T-dependent antigen, resulting in the production of high affinity antibodies as well as memory B-

cells. Today, most of the licensed glycoconjugate vaccines extract the required saccharide antigen from 

bacterial cultures. However, the isolation and purification of the polysaccharides are challenging. 

Synthetic polysaccharides are an effective alternative with great potential, as they are well-defined 

and characterized by minimal batch-to-batch variability.  

The pathogen Haemophilus influenzae (Hi) is a major cause of severe diseases, i.e. meningitis, sepsis 

and otitis, especially affecting young children. Among 6 identified serotypes, type b (Hib) is the most 

common and most virulent strain. Additionally, Hib is the first successful example of a vaccine based 

on synthetic carbohydrate antigens licensed and distributed in Cuba since 2004 with the tradename 

QuimiHib.  

In recent years, an increasing rate of infections caused by Hia raised some concern and currently, Hia 

causes up to 10 % of reported Haemophilus infections. This burden raised some concerns, as no vaccine 

targeting Hia is currently available or under development. The capsular polysaccharide (CPS) of Hia is 

a polymer of 4-β-D-Glc-(1→4)-D-ribitol-5-(PO4→) repeating units and is a potential antigen for a future 

protein-conjugated polysaccharide vaccine. To further explore the CPS of Hia as antigen, we 

synthesized well-defined oligosaccharides of different chain length of up to five repeating units using 

state of the art methodology.  

After synthetic optimization of all required monosaccharide building blocks, they were first assembled 

by means of fine-tuned glycosylation reactions to obtain disaccharide repeating units and finally 

combined using the well-known phosphoramidite approach. In particular, a bifunctional disaccharide 

building block with a phosphoramidite moiety and a temporary protecting group was used for 

oligomerization. After n coupling(s) using 4,5-Dicyanoimidazole (DCI) as condensating agent and (1S)-

(+)-(10-camphorsulfonyl)oxaziridine (CSO) for the oxidation in a one pot reaction, the temporary 

protecting group was removed giving the new oligomer (n+1) as new acceptor, which can be coupled 

again with the bifunctional building block in an iterative cycle.  

As last step, a C3 linker was introduced on each oligomer followed by a deprotection sequence. 

Additionally, the resulting oligosaccharides were further conjugated to CRM197 taking advantage of a 

di-N-hydroxysuccinimidyl adipate linker. Within this work, we successfully prepared five Hia oligomers 

containing up to five repeating units conjugated to CRM197 carrier protein. 
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The present PhD thesis comprises 10 chapters, including the References list (Chapter 9). Chapter 1 

reports a brief overview of the immune response against pathogens, with a particular focus on 

carbohydrate antigens, as well as the mechanism of action of glycoconjugate vaccines. Chapter 2 

describes the development of a historical vaccine and additionally, novel vaccine approaches are 

explained. In Chapter 3 the bacterium Haemophilus Influenzae (Hi) with its different serotypes is 

defined and additionally, the successful glycoconjugate vaccine approach targeting type b is specified 

more precisely. The aim of the thesis is reported in Chapter 4 giving a short overview of the state-of-

the-art and explaining further the idea of our approach. The experimental work is discussed in Chapter 

5 with a brief summary in Chapter 6 and furthermore, detailed procedures are given in Chapter 7. 

Besides, all NMRs are published in Chapter 10. 
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Abbreviations 

 

Ac Acetyl 

ACN Acetonitrile 

ADH Adipic acid dihydrazide 

All Allyl 
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CPS Capsular polysaccharide 
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HPLC High-performance liquid chromatography 
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HSA Human serum albumin 
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Me Methyl 
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MPBT S-(4-methoxyphenyl) benzenethiosulfinate 
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NIS N-Iodosuccinimide 

NK Natural Killer 
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OMP Outer membrane proteins 
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Ph Phenyl 
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PRP Polyribosyl -ribitol phosphate 

PTSA P-toluenesulfonic Acid 
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r.t. Room temperature 
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SCID Severe combined immunodeficiencies 
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t-BuOK Potassium tert-butoxide 
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1  Immunology and carbohydrates 

1.1  General overview: Innate and adaptive immune system 

Affected children with severe combined immunodeficiencies (SCID) are born without a fully efficient 

immune system and mostly these new-borns die by the age of 1 year.1 These diseases underline how 

important our immune system is and this system includes a collection of cells, chemicals and processes 

which protect the host from foreign antigens, such as microbes, viruses, parasites, cancer cells and 

toxins. The aim is the identification and a successful elimination, as well as any other kind of potential 

threat to the host, and the immune system compromises two distinct and interconnected arms, the 

innate immunity and the adaptive immunity (Figure 1).2 

 

Figure 1. Our immune system represents many different cells and is divided in the innate and adaptive immune response. 
This figure shows the important cells of the innate (left) and of the adaptive system (right). The overlapping cells appearing 
in the two systems are marked in green. 

 

Anatomical and physiological barriers are considered as first line of defence against pathogens and the 

immune system is part of it. Dendritic Cells (DC) belong to the innate immune response and are the 

most professional cells. APCs (Antigen-presenting cells) allow a continuous screening of the body by 

detecting and responding to Pathogen-Associated Molecular Patterns (PAMPs), structurally and 

chemically diverse compounds that are unique to foreign microorganisms, via a multiple set of 

Pathogen Recognition Receptors (PRRs), including peptidoglycan recognition proteins, scavenger 
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receptors, C-type lectin receptors typically containing a carbohydrate-binding domain (mannose-

binding lectin, DC-SIGN), and Toll-like receptors (TLRs). The latter is a family of proteins able to 

recognize a huge variety of PAMPs, such as lipopolysaccharides (LPS) of Gram-negative bacteria or 

pathogen-associated glycolipids/lipoproteins.3,4 

Besides DCs, several other cells are involved in the innate response: phagocytes (macrophages and 

neutrophils), mast cells, basophils, eosinophils, natural killer (NK) cells and innate lymphoid cells.3 

Within minutes after exposure of a pathogen, the innate immune system starts to generate co-

stimulatory molecules (cytokines and chemokines), creating the pro-inflammatory context needed to 

trigger a proper and robust antigen-specific adaptive immune response.5 

The adaptive immune response is mediated by B and T lymphocytes and recognizes pathogens with 

high affinity, providing the fine antigenic specificity required for complete elimination of the 

microorganism and the generation of the immunological memory. In the adaptive response T-cells are 

primed by APC (usually DCs, macrophages and B-cells). After antigen uptake (via PRRs) and its 

enzymatic degradation into the intracellular compartments, APCs translocate the resulting small 

peptide fragments to bind a group of proteins known as the major histocompatibility complex (MHC), 

to be eventually exposed on cell surface and presented to T-cell receptor (TCR) of T-cells. This crucial 

event, i.e. the ternary complex involving MHC, peptide fragments and TCR, is referred to as 

immunological synapse. In the immunological synapse, MHC molecules can present either endogenous 

(intracellular) peptides (MHC class I) or exogenous (extracellular) peptides (MHC class II). Depending 

on the antigen exposed on APC surface, the immunological synapse raises a complex cascade of events 

culminating in the activation and differentiation of T-cells into cytotoxic T lymphocytes (CTL or CD8+ 

cells) and/or T helper cells (TH or CD4+ cells). CTL are effector T-cells responsible for the cellular 

immunity, by destroying target cells infected by intracellular viruses and bacteria. Conversely, T- helper 

cells can not directly kill infected cells or clear pathogens, but stimulate the immune response by 

priming the maturation process of B-cells and driving their differentiation into plasma cells (antibody-

forming cells) and memory B-cells (humoral immunity).3,4 

Adaptive system, they represent 15% of peripheral blood leukocytes and they are defined by their 

production of immunoglobulin Ig (antibodies), which are B-cell antigen receptors. In total, there are 

five different isotypes of Ig: IgM, IgG, IgA, IgD and IgE, whereas some can be even further divided into 

subclasses. Furthermore, Ig molecules are proteins composed of two heavy (H) and two light (L) chains. 

In general, the adaptive system can take up to five days until its immune response depending on T-

cells and B-cells succeed.5,6,7 
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In the first antigenic exposure plasma cells secrete low-affinity IgM-type antibodies and provoke 

mostly a modest and short-term immune response. Memory B-cells, however, survive for a long time 

in the body and respond rapidly (from two to three orders of magnitude higher) to subsequent 

exposures to the same pathogen by eliciting high-affinity IgG antibodies, thus conferring long-term 

protection to the host. Therefore, the production of high titres of IgG leads to the establishment of the 

immunological memory and represents the overall objective of the vaccination practice.8 

 

1.2  Antigen depending immune response 

Bacteria are cause of several life-threatening diseases and our immune system is constantly active to 

protect our body against them. The activation of the immune response is triggered by recognition from 

APCs of antigens uniquely expressed on the pathogens surface (PAMPs), thus initiating the immune 

cascade which eventually leads to the identification and elimination of the disease-causing 

microorganism. More generally speaking, an antigen is any molecule which is identified by the immune 

system as foreign invader or as dangerous compound.9 The immune system is very unique and can 

elicit a specific immune response to these antigens with the aim of defending the host and/or to 

generate long-term memory response for future recurrence. Antigens such as polysaccharides or 

proteins are divided into two groups: T-cell dependent (TD) and T-cell independent (TI) antigens.  

Polysaccharides are T-cell independent antigens, which means that B cells are activated without any 

assistance neither from T-cells nor production of co-stimulatory proteins. Monomeric TI antigens are 

unable to activate B-cells, whereas polymeric TI antigens such as lipopolysaccharides can stimulate B-

cells by cross-linking their B-cell receptors (BCR). In Figure 2a the process of B-cell activation with T-

cell independent antigens such as polysaccharides is shown. After binding to the B-cell receptor, the 

B-cell is differentiated into plasma cells, and low affinity antibodies IgM are exclusively produced. No 

memory B-cells are generated within this mechanism of activation and no long-term protection to the 

host is evoked.10,11 

T-cell dependent antigens such as proteins are different in their B-cell response- herein T cells are 

involved (Figure 2b). As described in 1.1, APCs like DCs have specific PRRs on their surface and these 

receptors such as TLR can intercept the antigen and promote its engulfment by the immature DC. After 

antigen take up and release of specific cytokines and chemokines, immature DCs are transformed into 

mature cells. Mature DCs migrate to the draining lymph nodes, where they stimulate naïve T-cells 

through the previously described immunological synapse. Whether MHCI or MHCII are used depends 

on the chemical properties of the antigen. Additionally, different immunological responses are induced 

and either cytotoxic CD8+ T cells (with MHC class I) or T helper cells CD4+ (with MHC class II) are 
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released. Hence, CD4+ T cells provoke a conventional T-cell dependent immune response by 

interacting with B-cell through MHC class II complex and therefore, the B-cell becomes stimulated. 

Within this process their proliferation and most importantly, differentiation into plasma cells and 

memory B-cells emerge. Plasma cells are antibody producing cells (mainly low-affinity IgM antibodies) 

and are less favorite than memory B-cells as these cells survive for a long time and are important for a 

subsequent exposure of the antigen by forming high affinity IgG antibodies.10,12 

 

Figure 2. a) Simplified presentation of TI antigen response: The B-cell can recognize the TI antigen by its BCR and the B-cell is 
activated but only plasma cells eliciting low affinity antibodies (mostly IgM) are formed, whereas long-term memory B-cells 
are not produced. b) Simplified presentation of TD immune response. On the surface of a pathogen PAMPs can be recognized 
by PRR complexes on dendric cells and specific cytokines and chemokines are released. Additionally, the dendritic cell is 
transformed to a mature DC. Within the MHC protein complex the T-cell can bind to the antigen and different immunological 
pathways can be activated. If the antigen is presented by MHCII complex, naïve T-cells are primed as CD4+ T cells (T helper 
cells), which in turn start the maturation and proliferation of B-cells and ultimately leading to the production of memory B-
cells and high affinity IgG antibodies. 
 

Recent studies suggested that peptides are not the only existing T-cell epitopes (minimal portion of an 

antigen molecule needed to elicit a T cell-dependent immune response). Kasper et al. proposed a new 

model (vide infra), whereby not only peptide fragments, but also glycopeptides can be exposed by 

MHCII on APC surface.13 Likewise, it was recently discovered some polysaccharides demonstrate a 

typical behaviour of TD antigens, as they were found capable of activating the immune system 

following uptake and processing from APCs. Although these polysaccharides are structurally diverse, 
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all of them contain both a positive and a negative charge within a single repeating unit and therefore, 

they are usually referred to as zwitterionic polysaccharides.14 

1.3  Immunogenicity of glycoconjugate vaccines 

Carbohydrates are well-known and important for immune recognition. Polysaccharides uniquely 

expressed on the surface of pathogens are used as antigens for vaccines formulation since 1970s 

against Streptococcus pneumoniae, Neisseria meningitidis (groups A, C, Y and W) and Haemophilus 

influenzae infections. There is however, a general concern about carbohydrate-based vaccines. Since, 

most of the carbohydrates are T-cell independent immunogens, vaccines based on free and purified 

polysaccharides are poorly immunogenic in infants, young children and elderly (i.e. individuals with 

immature or compromised immune system). Polysaccharide-based vaccines induce only short-lasting 

antibody responses in adults and fail to generate conventional B-cell-mediated immunological memory 

in the population at risk. This can be circumvented by attaching the polysaccharide (or its fragment 

obtained by proper sizing of the native polysaccharide) to a protein carrier. In this way, TI antigens 

such as polysaccharides are transformed into TD antigens. This strategy opened a new era in the field 

of vaccinology. Glycoconjugate antigens are able to induce T-cell recruitment and immune memory B-

cell proliferation, with the production of long-lasting IgG antibodies specifically directed towards the 

carbohydrate strictly associated to the pathogen. Today, all current polysaccharide vaccines licensed 

for use in children are glycoconjugates.15,16 

Even if the first conjugate vaccine was licensed more than 30 years ago, we are still not able to fully 

explain the immune response to such glycoconjugates. Many scientists are investigating their 

mechanism of action, but little is known so far. Currently, it is stated that due to their hydrophilic 

character, polysaccharides are not able to enter the MHCII cavity, and consequently they cannot be 

efficiently presented to T-cells. Two different models to explain, how glycoconjugates can activate the 

adaptive immune system, will be briefly discussed herein. 15,17 

The traditional theory (Figure 3a) indicates that a B-cell binds through BCR the saccharide portion of 

the conjugate, afterwards the conjugate is internalized and processed. The glycoconjugate is taken 

into the endosome and the protein portion is digested by proteases to release peptide epitopes. These 

peptides bind to the MHCII complex to be presented to the receptor of CD4+ T cells in the context of 

the MHCII complex. This peptide-MHCII-activated T-cells complex releases cytokines to stimulate B-

cell maturation and immunoglobulin class switching from IgM to IgG occurs. Studies have been carried 

out, but the mechanism is not confirmed. As the polysaccharides are covalently linked to the carrier 

protein, it is not known, if the environmental conditions in the endolysosome are sufficient to cleave 

the bond between the carbohydrate and the protein.17,18 
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The new model by Kasper (Figure 3b) proposes that glycoconjugate antigens raise carbohydrate-

specific T cells clones called Tcarbs.19,13 After saccharide recognition from BCR, the glycoconjugate is 

taken up and processed, giving rise to glycopeptide epitopes that can be detected by the Tcarb on the 

cell surface in association with MHCII. Recent studies showed that Tcarbs-mediated immune response 

yields protective immunity in controlled in vivo models through either depletion or adoptive transfer 

of Tcarbs. In addition, Kasper showed that three out of four glycoconjugate vaccines induced adaptive 

immune response regulated by Tcarbs. But still, the mode of action is not fully understood, and the 

characterization of more Tcarbs on different models or the structural requirements for MHCII-

dependent carbohydrate presentation are under investigation.20 

 

Figure 3. Simplified presentation of two different theories how glycoconjugate vaccines can activate B cells with the help of 
T-cells. a) Peptides can bind MHCII complex and the T cell. b) Small fragments containing carbohydrate and a peptide moiety 
are binding on the MHCII complex and the T-cell. 
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There are different variables which influence the immunogenicity of conjugated vaccines. The size and 

length of the saccharide moiety is one of the important factors which should be considered, because 

they have an influence on the presentation of the antigen/epitope to the immune system. Studies from 

Peeters et al. identified that a synthetic tetramer of Haemophilus influenzae type b capsular 

polysaccharide repeating unit, conjugated to a protein induced antibody levels comparable to the 

commercial Hib conjugate.21 This observation was also confirmed by recent studies by Seeberger et 

al..22 The ratio of polysaccharide and protein is a further crucial factor. Recent studies evidenced that 

these two parameters, i.e. the saccharide chain length and the sugar loading on the protein, are strictly 

interconnected. Kasper et al. studied the effect of the molecular size of the conjugate and the degree 

of polysaccharide: protein crosslinking. It was confirmed that for GBS (Group B streptococcus) type 3 

conjugated to Tetanus Toxoid (TT) immunogenicity increased with molecular size of the polysaccharide 

and with the molecular size of the polysaccharide used for conjugation.23 Furthermore, high 

crosslinking decreased the level of protective epitopes. Another important characteristic for the 

immunogenicity is the spacer, which is often used to link the polysaccharide to the protein carrier. 

Some studies suggest that a rigid spacer such as cyclohexyl maleimide may induce an anti-linker 

immunological response eliciting undesired antibodies, while the target epitope is ignored. The nature 

of the protein carrier plays also a key role. Multiple times it has been reported that a faster antibody 

response to a glycoconjugate can be induced, when mice or humans are primed with two different 

carrier proteins to those which had not been primed. Though this observation is not always noted, and 

it can also not be explained. Carrier proteins employed in currently licensed glycoconjugate vaccines 

are CRM197 (cross-reacting material 197, a non toxic variant of the diphtheria toxin), tetanus toxoid 

(TT), diphtheria toxoid (DT), outer membrane protein complex and nontypeable Haemophilus 

influenzae protein D (PHiD). Nowadays, glycoconjugates use mostly CRM197 or tetanus toxoid as carrier 

proteins.20,24 

Costantino et al. reviewed the factors, which may induce immunogenicity of meningococcal vaccines. 

Besides the crucial variables mentioned above, the formulation of the vaccine is an additional 

parameter which might affect the immune response.25 
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2  Vaccines and its success 

2.1  History of vaccines 

In 1900, life expectancy in the U.S. was lower than 50 years old and often diseases such as pneumonia, 

influenzae, tuberculosis, diphtheria, smallpox, pertussis, measles and typhoid fever decreased the 

chance of survival and led to early mortality. A study between 1924 and 1988 describes that as a result 

of vaccination, many infections were prevented worldwide: 35 million cases of measles, 40 million 

cases of diphtheria, and a total number of 103 million cases of childhood diseases. In 2008, life 

expectancy increased to 78.7 years and heart diseases and cancer became the leading causes of death. 

Additionally, the highest decrease in mortality was seen for children and young adults, which were 

previously the most affected. Globally, we can say that vaccination, together with the hygiene practice 

and antibiotics improved our living standard tremendously. According to the World Health 

Organization (WHO) the development of vaccines saves every year more than 2.5 million people.26 

In Figure 4, a brief history of the development of vaccines is summarized. Everything began with the 

first written record of immunity in 430 BCE during the plague of Athens in Greece. In the History of the 

Peloponnesian War, Thucydides described that a disease killed one-third of the population during the 

second year of war between Athens and Sparta.15 

 

Figure 4. Development of different vaccine approaches in the historical timeline.15 
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The infection in Athens induced disorder for the law, women were not any longer obliged from their 

tight customs and people lost their religious belief. Thucydides reported also, that affected people 

never got the disease a second time. Still today, it is unknown whether the plague of Athens was caused 

by typhoid fever, epidemic typhus, bubonic plague, smallpox or even something else. The first report 

of an immunization being used to protect against infections comes from China in the tenth century. 

Chinese physicians found nasal inoculation of susceptible persons with material from smallpox lesions 

could raise immunity. Within this ‘variolation’ (Latin varius means spotted) pustules which were 

affected by a mild smallpox were dried and then blown into noses of infected people or were 

inoculated into scratched skin. The practice became known in several other regions, including Africa 

and India, prior to the 17th century and in western Europe variolation gained its popularity in the 18th 

century. After inoculation, children were mostly affected by severe symptoms which continued for the 

next seven to eight days with high fever, senseless speech and shooting pain in the armpits. When the 

variolation was successful individuals showed full protection against smallpox after 3 weeks. But this 

method was not safe and immunity was not assured, often people perished and it did not prevent the 

smallpox infection from spreading.15  

In 1796, variolation was further improved by Edward Jenner, an English physician. He noticed that 

milkmaids, after exposed to cowpox, showed immunity to infections of smallpox. Using cowpox could 

achieve the same results in variolation, but with much less side effects. In a textbook of the 20th century 

the vaccination process is described as following: 

A spot, usually on the upper arm, is scraped by a 

lancet, so that the outer layers of the epidermis 

are removed; the spot is then rubbed with an 

ivory point, quill or tube, carrying the virus.  

A slight and usually unimportant illness or indisposition 

follows, and the arm is sore for a time, a 

characteristic scar remaining.27 

 

This is known as official birth for vaccination. The name vaccination comes from vacca, the Latin word 

for cow. But Edward Jenner was not aware of the origin of the infections and no mechanism of action 

of his vaccine was known to this time. This was changed by Robert Koch and Louis Pasteur, when 

discovered that infectious diseases are caused by microorganism. Pasteur was the first scientist 

developing attenuated vaccines by drying, heating, exposing them to oxygen or passing them in 

different animal hosts. The first human vaccine which was developed with this mechanism contained 

a rabies virus, which was grown in a rabbit spinal cord and attenuated by exposure to air. Even if the 

immunization process was not safe, the procedure became known and people from all over the world 

(e.g. Europe, Russia and U.S.) came to Pasteur to get vaccinated.15 
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A few years later, it was discovered that tetanus diphtheria is caused by bacteria, and Emil von Behring 

and Shibasaburo Kitasato made a breakthrough that serum of animals, which were inoculated, could 

protect humans from infections. Then an attenuated vaccine against tuberculosis with the commercial 

name Bacille Calmette-Guerin (BCG) was licensed. Up to this day, BCG is the only clinically vaccine 

against tuberculosis. In the early 1900s, attenuated vaccines became more popular and more of them 

were developed i.e. against typhoid fever, plague and cholera and a few decades later against 

pertussis. In 1924, Gaston Ramon in Paris and Alexander Glenny in London, published a chemical 

inactivation method of toxins and this led to the discovery of a vaccine against diphtheria and tetanus. 

These two vaccines are up to today still available and currently used. The influenzae virus was found 

to be grown in embryonated eggs and until now, this procedure is known to produce vaccines against 

influenzae. In the 1940s scientist discovered that viruses can be grown in in vitro cultures of animal 

cells and this breakthrough was followed by novel developments of many vaccines such as 

poliomyelitis, measles, mumps, rubella, varicella, hepatitis A.15,26 

Smallpox infections are furthermore a perfect example of how effectively a vaccine can control an 

outbreak. Smallpox is caused by the variola virus which is a DNA virus of the genus Orthopoxvirus. After 

10 to 14 days of incubation period, the infected individuals develop symptoms like fever, malaise and 

headache followed by a maculopapular rash. These lesions turn into pustular after one to two days. 

The mortality rate is about 30%, whereas most of the deaths occur during the second week post-

infection. After developing a technique to produce a heat-stable, freeze-dried vaccine, the first large 

smallpox eradication effort was started in 1950 for the U.S. and later global eradication of smallpox 

was directed by D.A. Henderson. Even if in developing countries 80% of vaccine coverage was not 

achieved, a strategy called surveillance-containment or ring vaccination showed its success. Within this 

strategy cases of outbreaks were found and then individuals with possible contact became vaccinated. 

The World Health Organization declared the successful global eradication of smallpox in 1980.28 

Until today many vaccines are developed and licensed on the market, but still some are used with old 

methods. Nevertheless, the development of vaccines constitutes an incontrovertible breakthrough in 

science and health. Due to the introduction of vaccines many diseases have been prevented, and the 

number of deadly infections has been reduced.  
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2.2  Different vaccine approaches 

The original idea of isolating, inactivating and injecting the microorganism by Jenner and Pasteur is 

currently obsolete and nowadays, new technologies are discovered to improve and to invent future 

vaccines. In 2.2 different technologies used for vaccine development are described.  

2.2.1  Polysaccharide and Glycoconjugate vaccines 

The successful story of the antimicrobial vaccines based on polysaccharides began in 1917 by Dochez 

and Avery, when the capsular polysaccharide (CPS) of Streptococcus pneumoniae was isolated. 

Between 1923 and 1929 Avery and Heidelberger studied the CPS and understood its immunogenicity. 

In 1930, after injecting pure pneumococcal polysaccharides to patients, the first CPS-specific 

antibodies were discovered. Even when in the 40s carbohydrate-based vaccines were developed and 

licensed, the power of a vaccine was undervalued. Due to the introduction of new and effective drugs 

such as penicillin, chlortetracycline and chloramphenicol, the two vaccines lost their credits and no 

further research was performed. After emergence of antibiotic resistance, the idea of immunization 

with a vaccine caught on and new vaccines based on the CPS of bacteria were developed e.g. a vaccine 

targeting Hib. Even if carbohydrate-based vaccines showed good efficacy for individuals older than 5 

years, poor immune response in newborns and children less than 5 years was observed. No high 

concentration of protective antibodies after a single dose in infants and young children was detected. 

For the Hib vaccine children less than 2 years and immune deficient people indicated some 

immunological disadvantages. This was even more concerning as Hib meningitis cases emerge at 3 

months of age with a peak incidence at 9 months, meaning that the previous licensed vaccine was 

insufficient. These properties could be attributed to the use of polysaccharides as T-cell independent 

antigens.29,30,31  

Already in 1929, Avery and Goebel indicated that the immunogenicity of the CPS could be enhanced 

by coupling the sugar moiety to a protein. A prepared protein conjugate of pneumococcus type 3 was 

successfully assembled and further studies showed poor immunogenicity in rabbits but specific 

antibodies after reinjection and challenge with type 3 pneumococci were found. Robbins and 

Schneerson assimilated this observation and developed a more efficient vaccine using the CPS of Hib 

coupled to tetanus toxoid as a carrier protein. With this approach the concentration of long-lived 

protective antibodies as well as an immunological memory in infants was improved. Soon, further 

vaccines targeting different bacteria were licensed.29,32 
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In 2000 the conjugated technology was further improved and a vaccine PCV7 (Prevenar) targeting S. 

pneumonia and its seven serogroups (4, 6B, 9V, 14, 18C, 19F and 23F) was licensed. Prevenar is the 

first multivalent vaccine, i.e. directed against several serogroups and additionally, conjugated to a 

nontoxic mutant of diphtheria protein called CRM197. Prevenar is highly effective in children younger 

than 2 years, and infections caused by S. pneumoniae serotypes included in PCV7 were reduced after 

vaccination. Then, in 2010, PCV13 targeting six more serogroups of S. pneumoniae than PCV7 was 

licensed in the U.S. Nowadays, the 13-valent pneumococcal conjugate vaccine PCV13 is added in the 

routine national immunization programs of 138 countries according to the WHO. Additionally, other 

licensed glycoconjugate vaccines next to Hib and S. pneumoniae are Neisseria meninigitis and 

Salmonella typhi Vi. Neisseria meninigitis serotype A (MenA) is another successful example of the 

conjugated vaccine era. Before the introduction of a meningococcal vaccine (MenAfriVac), MenA was 

the leading cause of meningococcal meningitis in Africa. Due to this vaccine, meningococcal infections 

in the African meningitis belt were extremely decreased.31,33 

There are different possibilities to obtain the desired polysaccharides. Traditionally, they are obtained 

through extraction from bacterial medium via growing on a specific media, harvesting and then several 

purification steps are necessary to obtain a pure CPS (Figure 5). Additionally, full length 

polysaccharides often undergo undesired partial hydrolysis (chemical or enzymatic). 

 

Figure 5. The way to obtain CPS extracted from the bacteria. 

 

Poly/oligosaccharides from natural sources exist as heterogeneous mixtures of molecules with 

different degree of polymerization. These resulting oligosaccharides are size fractionated by SEC 

techniques and each pool is then chemically conjugated to the carrier protein.29 

Even if the majority of licensed carbohydrate-based vaccines are developed using extracted 

polysaccharides coupled to a carrier protein, several issues are noted, especially in vaccine 

manufacture. The purification step is highly complicated as well as heterogeneity and traces of 

bacterial contaminants (e.g. endotoxins, variants containing non-protective epitopes) cannot be 

avoided.34 
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Hence, not all glycoconjugate vaccines are approved by the authorities (FDA or EMA). The yield of the 

conjugation and the polysaccharides conjugated to the carrier protein is often not consistent batch to 

batch. Moreover, the carrier protein and the linker may also be immunogenic and induce an immune 

response against oneself. Future vaccines will therefore avail themselves of new and more advanced 

techniques of molecular biology, alternative carriers and novel conjugation methods. This means new 

carbohydrate-based vaccines are under investigation (Figure 6).34 ,31 

 

Figure 6. New vaccine approaches based on carbohydrates are under development. 

 

In glycoengineered (3rd generation) vaccines two different ideas are studied. In the last decade, Protein 

Glycan Coupling technology (PGCT) has been developed and within this approach a E.coli cell is 

transformed with three plasmids in order to express the glycoconjugate protein in vivo. PGCT involves 

three stages, whereas in the first stage the desired glycan is expressed; in the second stage the carrier 

protein is designed and expressed and finally in the third stage the glycan is coupled to the protein.35  

Another approach is called Generalized Modules for Membrane Antigens (GMMA), which simplify the 

purification of outer membrane antigens such as polysaccharides. GMMA can be used as a vehicle to 

deliver O-antigens to the immune system as the outside of GMMA mimic the bacterial surfaces with 

presentation of various exposed antigens. GMMA represent a technology with advantages such as low-

cost, high-production yields and ease of technology transfer to the end manufacturer. 36 

Furthermore, methods in carbohydrate chemistry have improved in the last decade and making the 

development of synthetic carbohydrate-based vaccines a reality (4th generation). Novel glycosylation 

methods such as the formation of several new glycosidic linkages in one synthetic operation resulted 

in faster achievement of well-defined oligosaccharide-structures.37 Furthermore, new approaches in 

automated synthetic systems such as ‘the glyconeer’ or the HPLC- assisted automated system will 

allow a faster synthesis of complex oligomers.38 Now the approach has to be still improved as the 

automated system results in multi-milligram product insufficient for structural characterization.39,40 

Also, enzyme-catalysed oligosaccharide assembly is an interesting tool for future vaccine design. A 

combination of these modern techniques will provide powerful tools towards novel carbohydrate 

antigens.36 
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Vaccine candidates making use of synthetic antigens have a number of advantages. From the 

manufacturing point of view, shorter oligosaccharide fragments facilitate the production and 

especially the following purification and characterization procedures, resulting also in high 

reproducibility and batch-wise consistency. Furthermore, chemical modification of the 

polysaccharides can improve some characteristics such as stability issues.41 Moreover, the synthetic 

manipulations enables the introduction of a linker with a functional group for further protein 

conjugation, leading to the development of new site-selective conjugation methods.36 

Advances in the carbohydrate synthetic chemistry made it possible to synthesize complex 

oligosaccharides. In 2004, the first synthetic glycoconjugate vaccine targeting Hib (QuimiHib) was 

licensed. This vaccine is highly effective and safe in children (< 99% protective efficacy).42 

Up to date, QuimiHib is still the only successful synthetic vaccine available on the market. Synthetic 

vaccines targeting S.flexneri type 2a O-PS (Pasteur Institute) and S. pneumoniae multivalent type 2, 3, 

5, 8, 14 CPS (Max Planck Institutes) as well as the chemoenzymatic synthesis based vaccine against 

N.meningitidis serogroup X CPS (GSK-Hannover University) are currently in clinical trials or under 

development, and their safety and efficacy are being tested. 36 

Conjugate vaccines are not only studied as antimicrobial agents, but these vaccines also find 

application in non- infectious diseases such as cancer and Alzheimer. Vaccines for cancer are classified 

into prevention and therapeutic vaccines. In particular, cancer immunotherapy is mostly targeting 

surface proteins of cancer cells such as PD-L1, or new potential targets such as tumor-associated 

carbohydrate antigens (TACAs). TACAs are small oligosaccharides structurally related to blood group 

determinants and gangliosides. The idea is to use TACAs as target antigens in active immunization 

procedures. However, TACAs are poorly immunogenic, T-cell independent and their low level of 

expression in normal tissues is probably making them self-molecules, hence tolerated by the immune 

system. Several research groups are working to overcome these issues and to develop specific 

glycoconjugate vaccines with high effectiveness based on TACAs. Further applications of conjugate 

vaccines are against Alzheimer diseases and for drug abuse. These vaccines are now under 

development or in clinical trials.31,36  
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2.2.2  Recombinant DNA technology 

In recombinant vaccines multiple defined antigens in the pathogen are modified and a new genetic 

recombination is formed in the presence of an adjuvant or when the gene sequence is then expressed 

by plasmids or harmless bacteria/virus.43 

The development of a vaccine against hepatitis B virus (HBV) emerged as a difficult task, because HBV 

cannot be cultivated in the laboratory and so the virus could not be grown and inactivated like in the 

original idea of Jenner. The scientist Hilleman developed a vaccine by purifying and inactivating virus-

like particles (VLPs) which are present in the plasma of chronically infected individuals. The vaccine 

showed efficacy, but infected individuals were required to generate the vaccine. Then, recombinant 

DNA technology became available and scientist at the University of California in Berkeley cloned the 

gene which encodes the surface antigen of HBV in yeast. This breakthrough was responsible for the 

successful assembly of HBV antigens in VLPs which where antigenically identical to those from the 

infected individuals. This technique was further commercialized by Merck and GlaxoSmithKline and 

the HBV vaccine is the first example in which no microorganisms were cultivated. Nowadays, for the 

development human papilloma virus 16 (HPV 16) and HPV 18 causing cervical cancer, this method of 

recombinant VLPs is used. Moreover, VLPs found their application in many other research areas such 

as influenzae virus, respiratory syncytial virus (RSV), norovirus and parvovirus are currently in early-

phase clinical studies. Furthermore, recombinant DNA technology is also used in the field of 

bacteriology to remove the toxicity from toxins. An example is the inactivated whole-cell pertussis 

vaccine, because of its real and purported side effects such as fever and encephalopathy. Using 

recombinant DNA technology, the pertussis toxin was detoxified by cloning and sequencing the operon 

of five genes. This operon is encoding the gene and then two amino acids in the active side of the toxin 

were selectively introduced. With this mutation the bacteria are not producing the pertussis toxin 

anymore and the vaccine became much safer. Clinical trials showed high efficacy and this formulation 

is tenfold more immunogenic than the one with a chemically detoxified toxin and additionally, long-

term immunity was noticed.15  

A huge advantage of recombinant vaccines is their purification, so that undesired contaminants are 

prevented, and a sufficient amount of antigen for the vaccine can be easily expressed.  
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2.2.3  A genome-based antigen approach called reverse 

vaccinology 

Another successful approach for the development of new vaccines is called ‘reverse vaccinology’. In 

reverse vaccinology, the genome sequence of the pathogen is screened and possible proteins as 

antigens are predicted by computer analysis. This approach has its origin with Neisseria meningitis 

serogroup B (MenB).44 

MenB causes worldwide more than 50% of all meningococcus infection cases. Its capsular 

polysaccharide is composed of an (α28)-linked polysialic acid, which is also expressed on human 

glycoproteins, hence the immune system recognizes the polysaccharide as self-antigen and no 

antibodies are produced. After sequencing and analysing novel potential antigens based on a peptide 

structure, the antigens were cloned and expressed in E.coli. Within immunization studies, three 

antigens were selected and combined with outer membrane vesicles (OMV) to gain a stronger immune 

answer. Since 2013, this vaccine is the first example developed by reverse vaccinology and is very 

successful. Nowadays, other vaccine candidates against bacteria which showed antibiotic-resistance 

e.g. Staphylococcus aureus or many others use this genome-based antigen approach.15 

In 2016, a new era of vaccinology was emerged: reverse vaccinology 2.0. Within this approach 

protective human antibodies are screened, different B-cells are sequenced and their corresponding 

antigen specificity and epitope are studied extensively.45 One successful example which can be named 

here is the respiratory syncytial virus (RSV) fusion protein (F). Due to the reverse vaccinology 2.0 a 

more efficient antigen against this pneumovirus for further vaccine development was found in less 

than 5 years and its clinical trials are currently on-going. 46 

Another successful example concerns the development of a vaccine against the Human 

immunodeficiency virus (HIV). Therefore, germline-targeting (GT) antigens are needed and due to the 

potential of reverse vaccinology 2.0. these antigens are identified, characterized, and further human 

monoclonal antibodies produced by infected or vaccinated humans are used to design antigen-derived 

peptides. These peptides aim to tailor the antibody immune response and are currently under clinical 

investigation.47 
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3  The bacteria Haemophilus Influenzae 

3.1  General overview 

The bacteria Haemophilus influenzae (Hi) was first isolated from the sputum of individuals with 

influenza pneumonia during the influenzae pandemic 1889-1892 by Robert Pfeiffer. Due to this 

observation it was misbelieved that the bacteria cause influenzae. Forty years later, the vital etiology 

of influenza became known. In 1920 the Society of American Bacteriologists renamed the bacteria 

Haemophilus influenzae to acknowledge the history of the first isolation (Greek: haemophilus means 

‘blood-loving’).48 Dr. Margaret Pittman identified capsulated and non-encapsulated strains in 1931 and 

capsulated ones can be further subdivided into 6 serotypes (a-f) according to the structural diversity 

of the capsular polysaccharide.49  

However, Haemophilus influenzae is a facultative anaerobe and has an absolute requirement of the 

growth factors NAD (factor V) and a source of hem (factor X). Additionally, the bacteria Haemophilus 

only host humans and are present in the respiratory tract of more than 90% of the population older 

than 1 year, 49% of which are carrier of Hi and 6.6% are encapsulated. Interestingly, around 20% of 

infants are colonized in the first year of life, and this rises over time. More than 50% of children 

between 5 to 6 years are carrier of Hi and this outlook is growing. Furthermore, children are mostly 

colonized by more than one strain, whereas adults are mainly infected by one strain only.50 Even if for 

most of the carrier the bacteria are not dangerous, for a small percentage they can be life threatening. 

Furthermore, also young children are carriers and this can lead to fast disease transmission (e.g. day 

care centres), as a single isolate can be passed to several individuals simultaneously. Normally, the 

bacteria are spread by airborne droplets and contact with secretions. However, infections caused by 

different serotypes or non-encapsulated remains a challenge.49 

The epidemiology of Hi depends on a successful colonization of the nasopharynx to cause severe 

diseases. The time between infection and the appearance of symptoms is between two and ten days, 

but the correlation between carriage and disease developing is not understood. Three factors have 

been found to increase risk for development of severe symptoms: lack of antibodies, the size of 

bacterial inoculum and the presence of viral infections.51 

The nasopharyngeal mucus, where Hi is attached, is also one of the first line of defence against 

pathogens. The human body has developed a system to protect the respiratory tract which is called 

´mucociliary escalator´. Within this system, the cilia on the surface of epithelial cells move forward and 

backward and due to this controlled movement mucus and any bacteria trapped within are propelled 

out. The bacteria Hi can escape the escalator by its cytotoxic nature.49 
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In Figure 7 the main stages for the development of invasive diseases are summarized.  

 

Figure 7. Development of invasive disease with Haemophilus influenzae. 

 

Moreover, Hi is selectively linked to non-ciliated cells, and after passing tight junctions, the bacteria 

get access to the submucosa. Afterwards, the mucosal area is crossed, Hi is exposed in the bloodstream 

where also the corresponding host immune defence is present. The mechanism how Hi enters the 

subarachnoid space and then the central nervous system is unclear. Probably the port into the CNS is 

the choroid plexus.49 

After entering into the bloodstream, the bacterium is exposed to the human immune system. Hi, as 

well as other bacteria, has however developed the so-called virulence factors to challenge and escape 

the immune system. The capsular polysaccharide, typically expressed by encapsulated strains, is one 

of the virulence factors. The capsular polysaccharide (CPS) of Hi is the major virulence factor for 

serotype b. This CPS is composed of linear teichoic acid containing ribose, ribitol and phosphate. This 

carbohydrate layer is on the outside of the bacteria surface, and its functions like resistance to 

desiccation, adherence, resistance to nonspecific and specific host immunity are important features as 

virulence factors. Another virulence factor is the pili, which is found in serotype b of the encapsulated 

and in almost half of the non-encapsulated strains. By binding to glycoproteins, pili can stimulate the 

attachment of bacterial cells to eukaryotic cells and cause agglutination of red blood cells.52 Outer 

membrane proteins as well as lipopolysaccharides are also important virulence factors for Hi. In 

particular, Hi has six to eight outer membrane proteins and two of them have been studied as antigens 

in future vaccine design for non-typeable strains.53, 54 

Within all these virulence factors, the bacterium challenges and tries to overcome the human immune 

system to cause mainly pneumonia and meningitis. 
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3.2  Diseases and their treatment 

Hi pathologies are divided into invasive and non-invasive disease. Invasive diseases are defined as 

isolation of Hi from a sterile site such as blood, synovial fluid or cerebrospinal fluid and are mostly 

caused by encapsulated Hi strains. For non-invasive diseases, non-encapsulated Hi strains are 

responsible and Hi is isolated from non-sterile sites such as the external ear. Moreover, common 

medical conditions such as otitis media and sinusitis are mostly not life threatening.55,56 

Serotype b (Hib) is the most virulent strain and it is responsible for the majority of serious invasive 

infections. Meningitis is an invasive disease caused by Hib and if untreated, it will lead to death. The 

most severe manifestation of Hib diseases is bacterial meningitis followed by pneumonia. But Hib can 

also cause other diseases such as septicaemia or epiglottitis. In the absence of vaccination, studies 

showed that Hib is the most common cause of bacterial meningitis in children under 5 years (Figure 

8).57 

 

Figure 8. Classical Hib diseases worldwide (excluding nonbacteremic pneumonia).58 

 

A post-vaccination study carried out between 2007 and 2014 in 12 European countries reported 10.624 

cases of invasive H.influenzae disease. This is an annual notification rate of 0.6 cases/100.000, but by 

country the rate changed from 1.6 cases in Norway to 0.1 cases in Cyprus. In this study, also the clinical 

presentation was reported. Most of them had septicaemia (61%), bacterial pneumonia (18%), 

meningitis (9%), osteomyelitis (1%), meningitis and septicaemia (1%), cellulitis (1%), epiglottitis (1%) 

or other (8%). 59 Non-typeable strains are often associated with acute otitis in children and sinusitis in 

adults and children and pneumonia is often reported. But also invasive diseases are caused by non-

typeable strains.60 

Normally, H.influenzae is treated by oral antibiotics such as ß-lactams, whereas some strains produce 

ß-lactamase and then other antibiotics are given (e.g. cephalosporins, amoxicillin-clavulanic acid). In 
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Spain and Japan, ß-lactamase negative, ampicillin-resistant strains are prevalent. So far, only a vaccine 

against serotype b is available, but further studies targeting NTHi are under development.61,62 

3.3  Non-encapsulated species and their fear 

Non-typable or non-encapsulated H. influenzae (NTHi) strains lack the capsular polysaccharide layer as 

virulence factor. They are considered to be one of the most common commensal organisms which are 

colonizing the nasopharynx. Up to 20% of all infants within their first year of life are carriers of non-

encapsulated strains and this number is increasing with age. After colonizing the nasopharynx, the 

bacteria can spread to the higher and lower respiratory tract and can cause inflammation and diseases. 

It is known that these strains are one of the major causes of respiratory tract infections, including acute 

otitis, cystic fibrosis and pneumonia as well as chronic bronchitis and chronic obstructive pulmonary 

disease (COPD) in the lower respiratory tract. According to Behrouzi et al. NTHi strains cause 20-30% 

of all episodes of acute otitis media and additionally, more than 40% of otitis media with effusion cases 

(chronic otitis media). For example, it is assumed that a higher density of colonization of the upper 

respiratory tract and the number of different isolates is linked to middle ear infections. Otherwise, 

studies about the role of NTHi in the upper airway microbiome are still ongoing as very little is known 

so far.63,64  

Furthermore, NTHi strains show a high range of variability in their outer membrane proteins, to 

challenge additionally the host innate immune system.63,64 

Studies showed that NTHi bacteria can play a role in the formation of biofilms in the respiratory tract 

of adults with COPD. In general, biofilms are an additional protection surrounding several bacterial 

cells of a polymer matrix attached to a solid surface. Within this biofilm, bacteria can develop antibiotic 

resistance.64 

Despite of the constant rising number of infections, no vaccine targeting NTHi strains is on the market. 

As these strains vary, only few markers for targeting in vaccine development are known. Most of the 

studies focus on the immunogenic outer membrane proteins (OMP) as target such as P1, P2, P4 and 

P6. P2 is a potential candidate and animal studies confirmed these. Additionally, P2 has a high 

variability and antibodies showed high specificity. Another alternative candidate is to target protein D. 

Interestingly, Protein D, which is also a surface-exposed OMP, occurs in all H. influenzae strains 

(including encapsulated strains a-f). This feature makes protein D a very attractive vaccine 

candidate.63,64 
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3.4  Encapsulated strains 

According to the capsular polysaccharide (CPS), the bacteria Haemophilus influenzae can be classified 

into 6 serotypes (a-f). These polysaccharides are located on the surface of a wide range of bacteria and 

are linked to the cell surface via covalent bond to phospholipid or lipid A molecules. Furthermore, their 

structure is organized in repeating units which can be substituted with organic and inorganic groups 

(e.g. phosphates). Some bacteria show a huge range of different serotypes: for example, more than 90 

different serotypes have been classified for Streptococcus pneumoniae.54 

The 6 different serotypes of Haemophilus influenzae are summarized in Table 1.  

Table 1. Different CPS structures of Haemophilus influenzae. 65,66 

Type CPS Structure 
a 4)-ß-D-Glc-(14)-D-ribitol-5-(PO4 
b 3)-ß-D-Rib-(11)-D-ribitol-5-(PO4 
c 4)-ß-D-GlcNAc-(13)-α-D-Gal-1-(PO4) 

 

d 4)-ß-D-GlcNAc-(13)-ß-D-ManANAc-(1 
 

e 3)-ß-D-GlcNAc-(14)-ß-D-ManANAc-(1 
e’ 3)-ß-D-GlcNAc-(14)-ß-D-ManANAc-(1 

f 3)-ß-D-GalNAc-(14)-α-D-GalNAc-l-(PO4 

 

All the CPS consist of one disaccharide, which is linked in some strains through a phosphodiester to the 

next repeating unit. In serotype d and e’ an additional cross-linkage to certain amino acids (L-serine, L-

threonine or L-alanine) or to ß-D-fructose is reported. 
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Serotype b in Hi is the most common and the most virulent one, followed by serotype a, which is more 

virulent than serotypes c-f.67 Of all infections caused by Haemophilus influenzae, 95% were caused by 

type b, including cellulitis, septic arthritis, epiglottitis, pneumonia and meningitis. Especially young 

children between 4 months and 4 years are in high risk. Before the introduction of a vaccine against 

Hib, meningitis among children younger than 5 years was 54/100.000 in the United States and 

23/100.000 in Europe.58 The capsular polysaccharide of Hib is an important virulence factor and is 

composed of ribose-ribitol disaccharide linked via phosphodiester bond to the subsequent repeating 

unit. According to the WHO, Hib causes 7-8 million cases of pneumonia and hundreds of thousands of 

deaths, mainly in developing countries. The highest disease burden is known for children between 4 

and 18 months of age. The number of (deadly) infections were highly reduced, when a vaccine became 

available and routine Hib vaccination of children was carried out.68  

Nowadays, in the post-Hib conjugate vaccine era, non-Hib strains are the major cause of invasive Hi 

infections. A recent study showed that 69% of invasive H. influenzae disease in North American Arctic 

is caused by non-b.69 Hia, Hie and Hif are the strains which are detected more frequently in certain 

populations. 70 Already in 1931, Margaret Pittman noted that a small percentage of infections were 

caused by Hia and Hif.71 Sutton et al. showed further that Hia and Hif resist antibody-free complement-

mediated bacteriolysis more than Hic, Hid and Hie strains.72 Most of Hia infections are reported in the 

Aboriginal population in Northern America.73 

Hia infections frequently occur in indigenous populations, and nowadays Hia is a leading cause of 

invasive H. influenzae disease in these populations. An outbreak was described in Alaska and data from 

the International Circumpolar Surveillance (ICS) program indicate an increasing number of Hia 

infections in Alaska as well as northern Canada.74,75 Furthermore, cases described of Hia as well as of 

Hib are mostly affecting young children.69 

A study in Europe between 1996 and 2006 was founded to investigate the epidemiology of invasive H. 

influenzae after the introduction of the glycoconjugate vaccine targeting Hib. Even after the 

introduction of the vaccine, infections are still mainly caused by Hib, followed by Hif and Hie. The 

clinical presentation of both the serotypes (Hie and Hif) is similar and comparable to non-typable Hi 

infections. Additionally, cases are mainly described in adults with underlying conditions.73 

Infections caused by Hic and Hid are very rare suggesting that they may not be particularly virulent.73 

No vaccine targeting other serotypes than Hib is currently on the market.  
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3.5  Hib and the story of a successful vaccine 

The CPS is the most important virulence factor of Hib and can induce immunogenicity. The first 

polysaccharide vaccine against Hib was based on the CPS and was licensed in the 1990s. Even if the 

vaccine showed good immunogenicity in adults, low antibody titers in infants did not lead to 

immunization against Hib. Therefore, Robbins and Schneerson developed a conjugated vaccine 

targeting Hib by using tetanus toxoid as a carrier protein linked with a spacer to the extracted and 

purified CPS. As the Hib CPS has no reactive groups such as amino groups or carboxyl moieties which 

can be directly linked to a protein, the hydroxyls of the carbohydrate moiety were randomly activated 

with cyanogen bromide (CNBr) to be converted into the corresponding cyanate esters. Further 

elongation was achieved by introduction of a bifunctional spacer, adipic acid dihydrazide (ADH). 

Eventually, condensation to tetanus toxoid as a carrier protein was carried out via carbodiimide-

mediated coupling to provide the first conjugate vaccine. Connaught Laboratories used a very similar 

protocol with diphtheria toxoid (DT) as a carrier protein. A clinical study in Finland showed that after 

three injections of Hib-DT to infants 80% protection against meningitis was observed. Hib-DT 

(ProHIBiT) was the first glycoconjugate vaccine and it was licensed in 1987 in the U.S. for immunization 

of 18-month-old children.29 

A study carried out in the USA, Sweden and Finland showed effectiveness of the conjugated vaccine 

using TT as carrier protein instead of DT. The results are displayed in Table 2. Furthermore, Hib-TT 

stimulated a 10-fold higher antibody response when compared to Hib CPS vaccine and the highest 

antibody subclass was IgG1. It should also be noted that after a third injection a maximum antibody 

concentration was measured. The glycoconjugate vaccine coupled to DT was later withdrawn from the 

market, as Hib conjugate vaccines using tetanus toxoid, meningococcal outer membrane protein or 

CRM197 were more efficient and higher levels of protective antibodies were observed.29,76 

Table 2. Antibody response in infants who were vaccinated with the age of 3 months, 5 months and 7 months (USA), in 
Sweden with the age of 3 months, 5 months and 12 months and in Finland aged 2, 4 and 6 months.29 

  µg Hib CPS antibody/ml of serum 

Study 

Location, n 

 
Before injection 

After injection 

Carrier protein First Second Third 

USA, 77 TT 0.06 0.60 4.85 11.0 

Sweden, 82 TT 0.08 0.47 3.71 12.6 

Finland, 87 DT 0.07 0.07 0.42 - 
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The licensed vaccines using extracted Hib CPS such as Hib-TT were around five ribosylribitolphosphate 

repeating units long. The manufacture process was adjusted to minimize purification and reaction 

steps. The enormous advances in carbohydrate synthetic chemistry made it possible a synthetic 

vaccine in 2004 (known with the tradename of Quimi-Hib), a real breakthrough in the field. Quimi-

Hib is the result of a collaboration between Cuban and Canadian research teams. It was developed in 

Cuba using a one-step polycondensation reaction of ribosylribitol phosphate repeating unit based on 

the H-phosphonate chemistry. After deprotection and purification, the oligomer with average seven 

repeating units (red in Figure 9) was conjugated to thiolated TT (green) through an N-

hydroxysuccinimidyl 3-maleimidopropionate linker (blue). This vaccine is highly effective and totally 

safe in children (< 99% protective efficacy).42 

 

Figure 9. First synthetic vaccine Quimi-Hib against Hib is based on the CPS. 

 

Up to date QuimiHib is still the only successful synthetic vaccine on the market, however the vaccine 

is not licensed everywhere.36 In Europe, four different monovalent Hib conjugates containing the 

polyribosyl-ribitol phosphate (PRP) as antigen linked to a protein carrier are available on the market 

and they are all based on CPS extracted from the bacteria.77 All four Hib vaccine types are highly 

efficient and reduced infections caused by Hib. PRP-OMPC vaccines have special use in populations at 

higher risk of early-onset disease e.g. Alaskans and Aboriginal Australians.34,78,79  

Starting from 1990, the number of European countries with routine Hib immunization programs 

increased and demonstrated high efficacy against Hib disease after primary vaccination. In 1986, 

Finland was the first European country introducing a monovalent conjugate Hib vaccine, followed soon 

after by Iceland and other countries in Scandinavia. In 1993 the first combined vaccine DTPw with Hib 

was approved followed by DTPa/Hib in 1996. Now several hexavalent vaccines containing Hib are 

licensed in Europe mostly containing Hib-TT. From a missing booster campaign in the United Kingdom, 

we learned that a booster vaccination after a DTPa/Hib vaccine combination is necessary not to lose 

herd protection. This experience also underlines the importance of ongoing surveillance to identify 

and early detect new oubreaks.78 



25 
 

Before the introduction of a Hib vaccine, 23/100.000 cases of Hib meningitis were reported in Europe.58 

Owing to the success of the vaccine, infections caused by Hib decreased within the vaccine coverage 

in Europe.  

In Figure 10, the notification rate in Europe by age is reported. While in the population older than 65 

years no significant change was observed, young children below one year old avail oneself by the 

introduction of the vaccine and a rate of 0.29/100.000 for 2014 is reported. Furthermore, the average 

European coverage of three doses of any Hib vaccine was 85% in 2014.78 

 

Figure 10. Notification rate of Hib infections by age distribution.78 

 

The introduction of Hib vaccine was a wide success worldwide. A study in the U.S. showed that 

infections caused by Hib decreased from the pre-vaccination level of 41/100.000 children per year 

(1987) to 1/100.000 children per year (1997). Overall cases in the U.S. were lowered by 98% among 

children 4 years of age or younger. Before the introduction of a vaccine, 19.500 Hib cases were 

described in the U.S., and now only 300 cases are reported. It also has to be stated that in low income 

countries the Hib vaccine was later and slower introduced in the routine vaccination programs. This 

has been mostly due to high vaccine costs and underestimation of Hib disease. But when the vaccine 

was available, it also showed great effectiveness. Successful studies were also reported in Kenya, 

where the vaccination against Hib reduced the incidence of invasive disease by 88% within three years. 

In Bangladesh, the vaccination program prevented over one third of Hib pneumonia cases and more 

than 90% of meningitis cases. In Uganda, experts estimated that within four years after the 

introduction of the Hib vaccine, infection were weakened by 85%. Even if these studies show the high 
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efficacy of the conjugate-polysaccharide vaccine against Hib, the worldwide Hib vaccination coverage 

was described at only 28% in 2008. This value represents an increase from the 8% in 1999, but the 

global coverage is still low.58,80, 81 

4  Studies towards a future vaccine targeting Hia 

4.1  Increased cases of Hia and the theory of serotype 

replacement 

While worldwide vaccination programs nearly declined infections caused by Hib, concerns were raised 

about a potential serotype replacement by non-type b strains. The rapid decline due to Hib vaccination 

might increase colonization by non-type b strains with the potential to become invasive. This 

phenomenon is known as serotype replacement and is discussed for Haemophilus influenzae type b. 

Especially, the increasing amount of cases reported by type a is noted (Figure 11).69 Serotype a is the 

second most virulent strain of Haemophilus influenzae and can cause as Hib invasive diseases like 

meningitis, bacterial pneumonia and septic arthritis mainly in children below 5 years of age. As 

previously discussed, CPS is often considered as very important virulence factor of Hib and is used as 

antigen for the development for a vaccine. The CPS of Hia and Hib is very structurally similar, but no 

cross protection is observed. This means that vaccines based on the CPS of Hib cannot protect against 

infections caused by Hia.82 

 

Figure 11. Worldwide distribution of invasive Haemophilus influenzae type a infections.83 
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In some North American Indigenous population infections caused by Hia are gradually increasing and 

have become now, in the post-Hib vaccine era, the new major cause of invasive disease. A study in 

Utah reported an annual incidence of invasive Hia disease increased from 0.8/100.000 (1996) in 

children and teens under the age of 18 years to 2.6/100.000 in 2008. Additionally, increasing incidence 

of invasive Hia disease are noted in Navajo and White Mountain Apache populations in southwestern 

USA and Alaska as well as in Northern Territories and western Provinces in Canada (Manitoba, 

Saskatchewan and British Columbia). Also, in Brazil and Papua New Guinea cases of invasive Hia disease 

are reported. Furthermore, up to now four outbreaks of invasive Hia disease are reported. Two of 

them in Alaska in 2003 and 2009-2011. In Nunavik, northern Canada, one was described in 2012-2013 

and the fourth one was reported in New Mexico. In summary the cases of Hia are increasing and 

currently most of the cases are described in Indigenous people.82 ,83 

The reason why indigenous individuals show a higher susceptibility for invasive Hia disease is unclear, 

but might include genetic, environmental and/or socioeconomic factors. Worldwide infections caused 

by Hia are still rare and data about serotype information are mostly missing in some countries. For 

example, in most of Asian and African countries systematic studies and serotype detections are 

missing, which makes it difficult to understand the exact number of cases caused by Hia.84 

So far, no vaccine targeting Hia is on the market. However, a group of scientists are working already 

on a vaccine targeting Hia by using extracted polysaccharides from the bacteria. Cox et al., reported 

the preparation of the extracted CPS and the preparation of two glycoconjugate candidates. The 

polysaccharide was activated by oxidation of the vicinal hydroxyls of the ribitol that were further 

coupled to the carrier protein CRM197 or to the protein D via direct reductive amination. No spacer to 

link protein and polysaccharide was used. Rabbits and mice models showed both promising outcomes, 

and antibodies which can facilitate bactericidal killing of Hia strains were detected. Interestingly, 

protein D conjugates generated an immune response to protein D in addition to the Hia CPS, but the 

resulting titers were smaller in comparison to CRM197 conjugates. In the study from Cox et al. CRM197 

proved to be a more appropriate carrier protein compared to protein D, but further studies with 

different carrier proteins such as tetanus toxoid, diphtheria toxoid and Neisseria outer membrane 

protein complex are still missing.85,86 

The ideal vaccine against the vast majority of Hi infections would be a bivalent formulation targeting 

both Hib and Hia, following the successful example of polyvalent vaccines against Streptococcus 

pneumoniae. Prevnar-13 is a conjugated vaccine targeting 13 different serogroups to provide 

comprehensive coverage of 85% of important pneumococcal serotypes.87 
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Moreover, extracted polysaccharides in vaccine manufacturing show some disadvantages and novel 

vaccine approaches are needed, such as synthetic vaccines. As far as we know, no synthetic vaccine 

targeting Hia is on the market nor under development.  

4.2  State of the art synthesis of CPS of Hia fragments 

The CPS structure of Hia was published in 1977 and studied by NMR by Branefors-Helander. The 

structure is composed of 4-O-ß-D-glucopyranosyl-D-ribitol residues joined through a phosphodiester 

between O-4 of the glucose and O-5 of the ribitol.88 The structure shows high similarity to the CPS of 

Hib (Figure 12), but the synthesis of Hia is hardly studied compared to the well-known synthesis of Hib 

CPS. 

 

Figure 12. The CPS structure of Hia and Hib are highly similar. 

 

More than 10 years after the paper of Branefors-Helander, a synthesis of repeating units with different 

positions of the phosphate was described (Figure 12).  

The acceptor 5-O-allyl-1,2,3-tri-O-benzyl-D-ribitol 1 was synthesized starting from 2,3-O-

isopropylidene-ß-D-ribofuranoside in a six-step synthesis. Glycosylation of acceptor 1 with a bromide 

donor 2 in the presence of 1:1 mercuric bromide-mercuric cyanide gave the desired disaccharide 3 in 

86% yield. The phosphate moiety was introduced via diphenylphosphoro(1,2,4-trizolidate) in good 

yields and after deprotection compound 4 was successfully obtained. Disaccharide 6 was synthesized 

by a similar approach using again a bromide donor with acceptor 1 in the presence of mercuric cyanide. 

Phosphorylation was obtained again using diphenylphosphoro(1,2,4-trizolidate). Hence deprotection 

led to the final molecule 7.89 
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Scheme 1. First and only synthesis for one repeating unit of Hia CPS published by Grzeszczyk in 1987.89 

 

This is the only published synthesis of Hia CPS fragments to date, and due to the lack of orthogonal 

protecting groups further elongation and synthesis of longer fragments is not feasible using this 

approach. Furthermore, no linker for protein conjugation was introduced and no preliminary biological 

studies have been reported.  

4.3  Prospects within this thesis 

Seeberger et al. published recently a study explaining the correlation between oligosaccharide chain 

length and the immune response towards the CPS of Hib. The synthesis of well-defined 

oligosaccharides of up to 10 repeating units additionally modified with a linker and further conjugated 

to CRM197 was reported.22 The results indicated that four repeating units were sufficient to induce 

immunogenicity. The close structural resemblance of Hib and Hia CPS suggested that the two 

polysaccharides might have similar structure-immunogenicity relationship.  

No synthesis of fragments longer than one repeating unit of Hia CPS has been reported as well as no 

epitope studies are known. Although the currently poor epidemiological relevance of Hia infections, 

the aforementioned phenomenon of the serotype replacement raised concerns that a vaccine 

targeting Hia might be needed in the future. 

Our aim was to provide preliminary results for a CPS-based semi-synthetic glycoconjugate vaccine 

targeting Hia (Figure 13). We aimed to synthesize well defined oligosaccharides of the CPS of Hia with 

up to five repeating units using state of the art methodology. 
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Figure 13. Our synthetic aim is the synthesis of different well-defined oligomers conjugated to a protein carrier with up to 
five repeating units. 

The synthesis of our target oligomers was highly challenging and had to be planned in advance. For the 

disaccharide as repeating unit orthogonal protecting groups were studied and novel glycosylation 

approaches to join the ribitol (marked in blue, Figure 13) with the glucose moiety (marked in red) were 

reviewed. The phosphodiester (marked in green) combines two disaccharides and the coupling of two 

repeating units for the CPS of Hia had never been described in the literature. Furthermore, the 

oligosaccharides bear a linker (marked in orange) for further conjugation to a carrier protein.  

 

 

 

The project was part of a European Training Network (ETN) funded in the framework of H2020 Marie 

Sklodowska-Curie ITN programme with the aim to rationally design well-defined and innovative 

glycoconjugate vaccines. In this project eight academic groups and two industrial partners were 

involved and within the project of the synthesis of Hia CPS fragments three partners are cooperating. 

The synthesis was carried out mostly at the University of Milan under the supervision of Prof. Luigi Lay 

and Dr. Laura Polito as well as at the Leiden University under the supervision of Dr. Jeroen Codée. The 

resulting oligomers were conjugated to a protein carrier (CRM197) and preliminary biological studies 

with the aim to identify the minimal protective epitope will be performed in cooperation with GSK 

(GSK Vaccines, Dr. Roberto Adamo and Dr. Maria R. Romano). 
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5  Our Synthetic approaches  

5.1  Retrosynthetic Analysis 

Initially, we designed a retrosynthetic approach for the preparation of different well-defined fragments 

of Hia CPS. The number of building blocks should be as little as possible to reduce the number of 

synthetic steps. In Scheme 2, the retrosynthesis to obtain defined fragments of the Hia CPS conjugated 

to a carrier protein is described.  

Protein conjugation was achieved by using the amine function on the linker to covalently bind each 

fully deprotected oligomer to a protein carrier. Furthermore, the C3 linker was introduced using P(III)-

chemistry on the protected oligomer 9. In our approach we planned to obtain compound 9 with x 

repeating units (x= 1,…,5) from the previous oligomer 10 (n-1, whereas n refers to 1-4) using Building 

Block I (disaccharide 11). Building Block I is an important intermediate, which will be required in every 

elongation step, and it has two important characteristics: the P(III) moiety on OH-4 coupled to glucose 

(marked in blue) and the easily removable temporary protecting group R on OH-1 at the ribitol (marked 

in orange). The elongation step can be iterated, until the desired chain length is achieved. For example, 

tetrasaccharide 9 (n = 2) was obtained from coupling of Building Block I (11) with Building Block II (12), 

containing a free hydroxy group on the ribitol moiety (marked in green) suited for phosphodiester 

formation. Different coupling procedures using P(III)-chemistry were considered and are described in 

more detail in section 5.4.1.  

Both of the required Building Blocks are very similar and consist of a glucose 1,4 -linked to the ribitol 

moiety. In particular, Building Block II (12) can be referred to as “capping” residue, as it can be 

elongated only in the direction of the downstream residue of the growing oligosaccharide chain. The 

configuration of the glycosidic linkage in disaccharides 13 (precursor of 12) and 14 can be 

stereoselectively achieved by using donors 15 and 17 with participating groups on OH-2 (protected as 

acetyl ester). Since none of disaccharides 13 and 14 are reported in literature, different glycosylation 

approaches were explored with different leaving groups on the donor. Unlike donor 15, donor 17 

needs an orthogonal protecting group at OH-4 (a tert-butyldimethylsilyl ether, TBS, was used in our 

approach) for further selective introduction of the P(III) moiety (marked in purple). The synthetic 

scheme is completed by the ribitol acceptor 16, bearing a temporary protection on the primary 

hydroxyl as triphenylmethyl ether (trityl, Tr) which is employed for the preparation of both 

disaccharides 13 and 14. The synthesis of compound 16 is described for the first time in this thesis, 

while some intermediates for the preparation of glucose donors 15 and 17 are known and published 

procedures have been adapted from the literature. 
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Scheme 2. Retrosynthesis of Hia CPS oligomers with different chain length conjugated to a carrier protein.  
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5.2  Synthesis of Disaccharide 14 

Disaccharide 14 is an important precursor of Building Block I. In this section a detailed synthesis of 

three different donors as well as the synthesis of acceptor 16 is described (Scheme 3). Furthermore, 

several reaction conditions for the glycosylation were screened to find the best approach.  

 

Scheme 3. Retrosynthetic analysis of disaccharide 14. 

5.2.1  Synthesis of the Donors 

The synthesis of three different donors for the preparation of disaccharide 14 is reported in this 

paragraph. All donors have two main features: a participating group (O-acetyl ester) to govern the 

stereochemistry in the glycosylation reaction and an orthogonal protecting group on O-4.  

 

Scheme 4. Synthesis of 22. Reagents and conditions: (a) p-Thiocresol, BF3 x Et2O, DCM, 0°C – rt, 2.5 h, 94% (b) NaOMe, MeOH, 
17 h, quant., (c) TMSCl, NEt3, DCM, 14 h, 65% or TMSOTf, HMDS, DCM, 2 h, 99%. 
 

 

Peracetylated glucose 18 was used as commercially available and affordable starting material. Then, 

the thiol group was introduced at the anomeric position and after deacetylation and silylation 

compound 22 was obtained (Scheme 4). Two different procedures were studied for the obtainment of 

the silylated product 22. At first, triethylamine and TMSCl were used but the formation of huge 
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quantities of salts as byproducts made the work-up challenging. Even buffering the silica in the 

chromatography with 1% of NEt3 could not prevent hydrolysis during the purification and the silylated 

compound 22 was obtained in a moderate yield of 65%.  

In 2012, Wang et al. reported a new silylation methodology that reduces the amount of base and the 

formation of byproducts to a minimum using HMDS and TMSOTf.90 

 

Scheme 5. Silylation mechanism using TMSOTf and HMDS. 

 

HMDS is an inexpensive silylating agent and can be activated by TMSOTf in a catalytic cycle (Scheme 

5). One equivalent of HMDS is capable to silylate two equivalents of hydroxy groups, resulting more 

convenient than the traditional method based on TMSCl. Furthermore, no large number of salts as 

byproducts is produced and the reaction time is shortened from hours to minutes. Only the evolution 

of ammonia appears but is needed to regenerate TMSOTf in the catalytic cycle.90 Using this novel 

procedure we obtained 22 in 99% yield and no purification was necessary.  

Compound 22 is an important intermediate and the TMS as temporary protecting groups play an 

essential role in the next regioselective one-pot reaction. TMS ethers are very acid sensitive and can 

be easily removed. Furthermore, O-TMS protection enhances the solubility in organic solvents 

compared to multiple hydroxy groups in compound 21. Finally, TMS play a key role mediating O4,O6 

arylidenation and 3-OH regioselective reductive arylmethylation in certain reaction. These 

characteristics were employed in the next reaction.90 

Recently, Beau et al. published a tandem catalytic reaction for a one-pot regioselective benzylation of 

glucopyranosides to minimize synthetic steps. The tandem process started from tetra-O-

trimethylsilylated thioglucoside 22 and p-toluene 3-O- benzyl-4,6-O-benzylidene-2-O-trimethylsilyl-1-

thio-ß-D-glucopyranoside 26 was achieved using Cu(OTf)2 as catalyst, PhCHO and TES as reagents in 

DCM and ACN as solvent mixture.91  
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Several other catalysts are known for this reaction, such as FeCl3x 6H2O or TMSOTf.92 Recently Beau et 

al. proposed a mechanism of this one-pot multistep protection protocol which is shown in Scheme 6.93 

 

Scheme 6. Regioselective benzylation starting from 22 to obtain 26. 

 

The first catalytic step gives the 4,6-O-benzylidene intermediate 23 and TMSOTMS as a byproduct. The 

second catalytic cycle, in which the catalyst promotes the site selective formation of the open chain 

mixed acetal 24 at O-3 followed by formation of the oxonium species 25. After reduction of the 

oxonium intermediate with TES, the benzylether 26 is produced giving TMSOTES as a byproduct. The 

remaining TMS group can be easily cleaved by TBAF or acidic conditions.  

Our attempts using either Cu(OTf)2 or FeCl3x 6H2O as catalyst, PhCHO and TES as reagents followed by 

treatment with TBAF are summarized in Table 3. 

Table 3. Different approaches for regioselective benzylation to give compound 27. 

 

Attempt catalyst Reagents Time Yield 

1 Cu(OTf)2 (0.01 eq) PhCHO (3 eq), TES (1.1 eq) 45 min - 

2 FeCl3x 6H2O (0.05 eq) PhCHO (3 eq), TES (1.1 eq) 30 min 49% 

3 FeCl3x 6H2O (0.05 eq) PhCHO *(4 eq), TES (1.1 eq) 60 min 57% 

* PhCHO was distilled;  

Apart from attempt 1, all approaches were performed using FeCl3x 6H2O as catalyst and more 

promising results were achieved. Furthermore, it was noticed that higher yields are reported when 

PhCHO was distilled and a yield of 57% after purification was obtained.  

Compound 27 was further acetylated in quantitative yield and reductive opening of the benzylidene 

acetal gave 28 in 82% yield over two steps (Scheme 7). Overall, the three-steps conversion of 

compound 22 into alcohol 28 was achieved in 41% yield. 
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Scheme 7. Reagents and conditions: (a) FeCl3 x 6H2O, PhCHO, TES, DCM: ACN (4:1), 0°C- r.t., 2 h, then TBAF (b) Ac2O, pyridine 
17 h, (c) TFA, TES, DCM, 0°C – r.t., 17 h, 41% over three steps from 22. 

 

To obtain the first desired thioglycoside 29, we silylated the remaining 4-OH with an orthogonal 

protecting group using TBSOTf and 2,6-Lutidine (Scheme 8).  

 

Scheme 8. Synthesis of thioglycoside 29 and imidate donors 31 and 32. Reagents and conditions: (a) TBSOTf, 2,6-Lutidine, 3 
h, 91%, (b) NBS, Aceton: water (9:1), 4 h, 63%, (c) Cl3CCN, DBU, DCM, 1 h, 79% for 31 and Cs2CO3, NPhTFACl, DCM, 17 h,95% 
for 32. 

 

To investigate the key glycosylation reaction, two alternative donors were prepared. Accordingly, the 

anomeric position of 29 was deprotected to obtain 30 using NBS in acetone/water, which gave only 

moderate yields. The reaction needed to be closely monitored as too many equivalents of NBS and a 

long reaction time led to the deprotection of the silyl group. Hence, the reaction was stopped after 4 

h and 25% of the starting material 29 was recovered after purification by flash chromatography. As a 

last step the two different leaving groups were introduced giving imidate donors 31 and 32. Even if our 

imidate donors are obtained as alpha/beta mixture and 32 even as a mixture of syn-anti epimers, no 

further characterization such as NMR studies at lower temperature were studied. Regardless of their 

configuration, the participation of the neighbouring group such as the acetyl group ensures the 

favoured beta glycosylation.  
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5.2.2  Acceptor 

The synthesis of acceptor 16, contained in both disaccharides 13 and 14, will be discussed in this 

section. D-Ribose 19 was chosen as a cost effective starting material and the first step was a Fischer 

glycosylation with allyl alcohol followed by protection of the primary hydroxy group (Scheme 9).  

 

Scheme 9. Our plan was to protect D-Ribose with an allyl followed by a trityl protecting group. 

 

Two different procedures are well-known and mostly used to introduce an allyl group at the anomeric 

position. In the first approach ribose is treated with Dowex H+ resin and allyl alcohol, whereas in the 

second approach H2SO4 as acid promoter is used.94, 95 After the allylation, the primary hydroxy group 

was provisionally protected using TrCl as orthogonal protecting group. Surprisingly, tritylation of the 

two crudes gave different outcomes (16% compared to 52%, Scheme 11) and two diverse molecules 

after the second step were obtained. Mass analysis showed the same mass, so we decided to 

investigate the results in more detail using NMR. 

To study the different outcomes of the two common procedures, ribose was subjected to Fischer 

glycosylation using both conditions described above and performing, instead of the tritylation, the 

standard O-acetylation of the crudes (Scheme 10).  

 

 

Scheme 10. Allylation studies using two different procedures followed by acetylation. Reagent and conditions: Dowex H+, 
allyl alcohol or H2SO4, allyl alcohol, (a) Ac2O, pyridine, 17 h. 
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Mass analysis of 35 and 37 showed again an identical result, but the NMR spectra were different and 

clearly indicated the formation of different molecules. After two-dimensional NMR experiments such 

as COSY, HSQC and HMBC, we identified different ring sizes. Using Dowex H+ only the α-isomer of the 

pyranose could be isolated, whereas using H2SO4 we could isolate two anomeric isomers (coloured in 

green and red). Their NMR spectra are reported in Figure 14. After careful analysis of the NMR spectra, 

we concluded that the treatment of D-Ribose with Dowex H+ and allyl alcohol provided the pyranose 

ring as major compound (compound 35), whereas using H2SO4 we obtained the furanoside 37 (Scheme 

11). The major difference was seen in the H4 signal of the 1H NMR. In the pyranose form the H4 is more 

downfield shifted compared to the furanose ring (Figure 14). 

Based on this result, treatment of D-Ribose with Dowex H+ and allyl alcohol followed by tritylation gave 

mostly the pyranoside 38, while using H2SO4 we obtained the desired furanoside 39 (Scheme 11).  

 

Scheme 11. Allylation of D-Ribose followed by tritylation. Reagent and conditions: Dowex H+, allyl alcohol or H2SO4, allyl 
alcohol, (a) TrCl, pyridine, 17 h, 60°C, 16% for 38 and 52% for 39. 

 

Moreover, considering the yields of the reactions, the results are in accordance with our hypothesis of 

the ring formation. Trityl is a well-known protecting group with a marked preference for primary 

hydroxy groups due to its steric hindrance. Hence, the low yield of 16% reported for the tritylation of 

34 is intelligible. In order to determine if the outcome observed with ribose is a general behaviour with 

other monosaccharides, we treated several other aldopentoses with Dowex H+ and H2SO4 in allyl 

alcohol. However, different pentoses did not show the same trend in the generation of the furanose 

and pyranose ring. 
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Figure 14. NMR results of two approaches to introduce an allyl protecting group at the anomeric position 
indicated different ring sizes. Using Dowex H+ we mainly obtained the pyranose form, whereas the use of 
H2SO4 in allyl alcohol gave the desired furanose form. 
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After investigating the first two steps in our acceptor synthesis, we proceeded with the protection of 

2-OH and 3-OH (Scheme 12). 

 

Scheme 12. Synthesis of 40. Reagents and conditions: NaH, BnBr, DMF, 0°C- r.t., 2 h, 94 %. 
 

 

Benzylation of furanoside 39 was carried out using standard conditions to obtain 40 in high yield. 

Additionally, after this step the anomeric mixture was for the first time separable by column 

chromatography. 

As next step the allyl group was cleaved through isomerization to propenyl ether followed by cleavage 

using I2 and water (Table 4). 

Table 4. Different approaches for isomerization of the allyl group in 40. 

 

Attempt Reagent A Reagent B Time A + B Yield 

1 [Ir(COD)(Ph2MeP)2]PF6 I2/H2O 0.5 h + 15 min  94% 

2 t-BuOK I2/H2O 20 h + 15 min 92% 

 

For the isomerization, a variety of catalysts are known such as rhodium and iridium catalysts, but with 

some of them up to 10% of the allyl ether is reduced to the undesired propyl ether. 

[Ir(COD)(Ph2MeP)2]PF6 is a well-known and effective catalyst, which can isomerize after hydrogen 

activation the allyl ether in high yields. Furthermore, with this approach the progress of the reaction 

can be easily monitored by NMR.96 Treating 40 with the Ir-catalyst gave the desired isomerization 

product 41, which was further cleaved by I2/H2O in a one pot reaction to give 42 in 94% yield over two 

steps. The unpleasant disadvantage using this method is that the Ir-catalyst is very expensive and 10 

mol% of the catalyst for each reaction was required. Hence, we were looking for an isomerization 

strategy using more cost-effective reagents, that were further suitable for scale up synthesis. More 

than 50 years ago t-BuOK in DMSO was already used for isomerization of an allyl group and high yields 

were reported.97 Use of t-BuOK and DMSO gave the desired intermediate 41 which was further treated 

with I2/H2O to obtain 42 in 92% yield over two steps. Both approaches gave the desired compound 41 

in excellent yields. Isomerization reactions using the Ir-catalyst gave the desired intermediate in very 



41 
 

little time (<30 min), whereas t-BuOK reactions were carried out overnight and an additional work-up 

after the isomerization was required (Table 4). Both the isomerization reactions were checked via NMR 

for their progress, as the Rf value of the propenyl and the allyl ether were identical. Nevertheless, the 

high costs of the Ir-catalyst favored the use of t-BuOK in this reaction.  

 

Scheme 13. Synthesis for acceptor 16. Reagents and conditions: (a) NaBH4, EtOH, 15min, quant., (e) BnBr, Bu4NBr, 5% NaOH, 
DCM, 17h, 64%. 

 

As next step, furanose 42 was reduced with NaBH4 to give the ribitol 43 in excellent yields followed by 

a regioselective phase transfer benzylation to obtain 16 in 64% yield. However, 32% of the undesired 

isomer 44 was isolated as byproduct and fully characterized (Scheme 13).  

5.2.3  Glycosylation approaches 

The key reaction of carbohydrate chemistry is the glycosylation reaction which couples donor and 

acceptor via a glycosidic (mostly O-glycosidic) bond. Nowadays, although many different strategies are 

known and applied, the glycosylation reaction remains a difficult transformation. Its outcome is 

influenced by many different parameters, such as the nature of the leaving group on the glycosyl 

donor, the promoter (mostly a Lewis acid), the protecting groups on both reaction partners, solvent 

and temperature. In particular, the control of the stereoselectivity, i.e. the  or  configuration of the 

newly formed glycosidic linkage, is still a challenge, and successful protocols must be established on a 

case-by-case basis. In a classical glycosylation reaction, the donor is equipped with an anomeric leaving 

group and the acceptor has an unprotected hydroxy group suited for a nucleophilic attack (Scheme 

14). Typically, all the other functional groups are masked with temporary protecting groups which 

influence the reactivity of the donor and acceptor. Electron-donating groups such as benzyl groups 

increase the reactivity, while electron-withdrawing groups decrease the reactivity. Additionally, 

protecting groups can help to direct the stereochemistry. 
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Interaction of the promoter with the leaving group leads to the activated donor 45, hence highly 

reactive intermediates are formed such as a flattened glycosyl cation stabilized via oxocarbenium 

cation 46 or, if the neighbouring group is an acyl, via bicyclic acyloxonium intermediate 47 (marked in 

red). Within a neighbouring group such as an acyl, the stereochemistry can be controlled, as the 

neighboring acyl group assists the departure of the activated leaving group to the formation of 48. 

Therefore, the acceptor can only attack from the backside to form 1,2-trans glycosidic bonds 

corresponding to ß-glycosides with glucosyl-type donors, while mannosyl-type donors deliver α-

glycosides.98 

 

 

Scheme 14. Glycosylation mechanism leveraging the participating effect of the neighbouring group. 
 

Due to the high reactivity of intermediates 46 and 47, many other side reactions can occur during a 

glycosylation reaction, such as hydrolysis, elimination, cyclization, rearrangement, orthoester 

formation, etc. Beside using strictly anhydrous reaction conditions, donor hydrolysis can be inhibited 

by addition of molecular sieves in the reaction mixture. In general, novel glycosylation reactions need 

to be studied carefully and the leaving group, the nature of the promoter as well as the protecting 

groups are important characteristics which influence the result.99,100 

Thioglycosides were introduced by Ferrier et al. in 1973 and since their introduction, these donors are 

widely used. Next to their relative ease of synthesis, they also show a highly stability and compatibility 

with several protection and deprotection conditions as well as their orthogonality of activation with 

several other glycosylation reactions. They are further applied in several novel one-pot oligosaccharide 

syntheses.101  
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Thioglycosides are activated using mild conditions such as metals salts like Hg2+, Cu2+ and Ag+ as well 

as organosulfur reagents (e.g. DMTST). Additionally, iodonium (di-γ-collidine) perchlorate (IDCP), N-

iodosuccininimide/triflic acid (NIS/TfOH) or NIS/TMSOTf are sources of highly thiophilic I+ and can 

activate thioglycosides. It is assumed that the activation is due to the iodination of the anomeric sulfur 

which leads to the departure of ISR and later to the corresponding disulfide RSSR and release of 

molecular iodine. The activation can also occur with bromonium sources (NBS). Crich et al. reported 

the activation of thioglycosides using 1-benzenesulfinyl piperidine (BSP)/Tf2O in the presence of TTBP. 

This system allowed the difficult formation of a ß-mannosidic linkage in excellent yield and 

stereoselectivity.102 Within this activation protocol, the S-thiophenyl species is formed in situ at -60°C 

and reacts further with the thioglycoside. This novel approach was further studied and other related 

activation systems including MPBT/ Tf2O or Ph2SO/ Tf2O were developed.101, 103 ,104,105 

Glycosyl imidates represent another versatile set of glycosyl donors. In 1980 Schmidt et al. introduced 

trichloroacetimidates and since then, they are widely used. These donors require a Lewis acid such as 

TMSOTf or BF3xEt2O for activation, and it is supposed that the Lewis acid coordinates to the nitrogen 

of the imidoyl leaving group and trichloracetamide is formed. Since trichloracetimidate has a lower 

basicity, the Lewis acid is released for the next catalytic cycle. More recently, N-

phenyltrifluoroacetimidates (PTFAI) were introduced which can also be activated by a Lewis acid.106 

Various promotors have shown good results: TMSOTf, I2-TES, Yb(OTf)3, TBSOTf, Bi(OTf)3 whereas the 

mechanisms are still under investigation. Additionally, trifluoroacetimidates are more stable and less 

reactive than trichloroacetimidates, due to the lower basicity of the nitrogen. Nowadays, both imidates 

are widely used and excellent yields are described in literature.103,107 

For the synthesis of disaccharide 14, three different donors were prepared: the thioglycoside 29, the 

trichloroacetimidate 31 and the N-phenyl trifluoroacetimidate 32 (Figure 15). A participating group 

such as an acetyl group may lead selectively to the desired ß-glycosidic bond due to the mechanism 

described above.  

 

Figure 15. Three different donors were successfully synthesized. 
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Table 5 reports different glycosylation conditions we applied with acceptor 16 to obtain the 

disaccharide 14. In all attempts coevaporation of both reaction partners with toluene was performed 

to minimize the amount of water in the reaction as well as molecular sieves were used to decrease 

hydrolysis of the donor.  

Table 5. Different glycosylation conditions to achieve disaccharide 14. 

 

 

Attempt Donor Temperature MS 4 Å Promotor Yield 

1 29 -40 °C MS 4 Å NIS (1.2 eq), TMSOTf (0.1 eq) 55% 

2 29 -40°C MS 4 Å  NIS (1.2 eq), TMSOTf (0.2 eq) 47% 

3 29 -60°C MS 4 Å NIS (1.4 eq), TMSOTf (0.2 eq) 46% 

4 29 -50°C - NIS (1.1 eq), TMSOTf (0.08 eq) 50% 

5 29 -60 °C – r.t. - Ph2SO (2.8 eq), TTBP (3 eq), 

Tf2O (1.4 eq) 

< 5% 

6 29 -40°C MS 4 Å  NIS (1.4 eq), AgOTf (0.2 eq) - 

7 31 -10°C – r.t. MS 4 Å  TMSOTf (0. 1 eq) < 10% 

8 32 -40°C Not necessary 
after 

optimization 

TMSOTf (0.05 eq) 82% 

 

In the first attempt, the disaccharide 14 was successfully obtained in a moderate 55% yield from 

thioglycoside 29 activated by freshly crystallised NIS and TMSOTf at -40°C. The yield was not improved 

by increasing or decreasing the amount of the cat. amount of Lewis acid and using different reaction 

temperatures (attempts 1-4). Van der Marel et al. introduced the diphenylsulfoxide-triflic anhydride 

as successful promoter combination for thioglycosides. Disappointingly, using 29, Ph2SO and Tf2O and 

additionally TTBP, the formation of the disaccharide 14 was obtained in less than 5% yield (attempt 5). 

Even a different well-known promotor system such as NIS/AgOTf was not giving any promising results 

of the glycosylation (attempt 6). After these attempts, we changed our strategy and studied the 

glycosylation using imidate donors 31 and 32.  

The 7th attempt describes the activation of trichloroacetimidate 31 with TMSOTf as Lewis acid. 

Unfortunately, only low yields (less than 10%) of the disaccharide were obtained, whereas other 
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byproducts of the glycosylation were analyzed. Higher temperatures and the acidic conditions 

removed the trityl group of the acceptor.  

Changing the imidate donor to 32 and using again TMSOTf as a promoter at -40°C disaccharide 14 was 

achieved in a yield of up to 82% after purification (attempt 8). It should be noticed that the use of too 

many equivalents of Lewis acid (up to more than 0.3 eq) and long reaction time of the glycosylation 

led to deprotection of the acid sensitive trityl group on the acceptor. Furthermore, after optimizing of 

glycosylation conditions reported in Table 5 (attempt 8) no molecular sieves were needed. Only 

disaccharide 14 with a ß-glycosidic bond was formed due to the participating group of the donor 32.  

 

5.2.4  Summary and conclusion 

In section 5.2 the synthesis of three different donors (29, 31 and 32) and of acceptor 16 as well as the 

coupling to disaccharide 14 are described.  

Starting from peracetylated glucose and via multiple protections and deprotection steps, the silylated 

glycoside 22 was obtained using two different approaches. We then screened diverse catalysts to 

optimize the conditions of the regioselective one pot reaction leading to the benzylidene formation as 

well as the selective 3-O-benzylation. The use of FeCl3 x 6H2O gave the best result. Then, acetylation 

and reductive opening of the benzylidene ring furnished 28 in good yields (41% over three steps). 

Finally, we introduced a silyl ether as orthogonal protection to obtain thioglycoside donor 29 in 7 steps 

from peracetylated glucose 18 in 35% overall yield. Next, compound 29 was hydrolysed and two 

different imidate donors, namely 31 and 32, were obtained in 17% and 21% overall yield, respectively. 

The optimized synthesis of donors 29, 31 and 32 is summarized in Scheme 15.  

 

Scheme 15. Optimized synthesis of donors 29, 31 an32. Reagents and conditions: (a) p-Thiocresol, BF3 x Et2O, DCM, 0°C – rt, 
2.5 h, 94% (b) NaOMe, MeOH, 17 h, quant., (c) TMSOTf, HMDS, DCM, 2 h, 99%, (d) FeCl3 x 6 H2O, PhCHO, TES, DCM: ACN 
(4:1), 0°C- r.t., 2 h, (e) Ac2O, pyridine 17 h, (f) TFA, TES, DCM, 0°C – r.t., 17 h, 41% over three steps, (h) TBSOTf, 2,6-Lutidine, 
3 h, 91%, (i) NBS, Aceton: water (9:1), 4 h, 63%, (j) ) Cl3CCN, DBU, DCM, 1h, 79% for 31 and Cs2CO3, NPhTFACl, DCM, 17 h, 
95% for 32. 
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The synthesis of acceptor 16 is described in Scheme 16. Starting from D-Ribose 19, we studied two 

different allylation procedures and we exposed the formation of two ring sizes. Using Dowex H+ and 

allyl alcohol gave mostly the pyranoside ring, whereas H2SO4 and allyl alcohol formed the desired 

furanoside, which was further tritylated giving compound 39. Then, after benzylation, the allyl group 

was removed by isomerization followed by cleavage with I2 and water (42). The propenyl ether was 

successfully synthesized by either using an Ir-catalyst or t-BuOK and both approaches gave similar high 

yields. As the Ir-catalyst is much more expensive, we decided to apply t-BuOK for the isomerization 

followed by the treatment with iodine and water. Ribose 42 was further reduced with NaBH4 giving 

the ribitol 43. As a last step in the acceptor synthesis, we employed a regioselective phase transfer 

benzylation of the primary hydroxyl to afford acceptor 16 in good yield. On the whole, the acceptor 16 

was synthesized in 7-step in 29% overall yield. 

 

Scheme 16. Synthesis of Acceptor 16. Reagents and conditions: (a) i. Allyl alcohol, H2SO4, ii. TrCl, pyridine 80°C, 17 h, 52% 
over two steps, (b) NaH, BnBr, DMF, 0°C- r.t., 2 h, 94%, (c) i. tBuOK, 4 h, DMSO, ii. I2, water, THF, 30 min, 92% over two steps, 
(d) NaBH4, EtOH, 15 min, quant., (e) BnBr, Bu4NBr, 5% NaOH, DCM, 17 h, 64%. 

 

Even if all donors were studied in different glycosylation attempts, donor 32 and acceptor 16 reacted 

smoothly using TMSOTf as promoter at -40°C. The glycosylation reaction proceeded fast and in very 

good yields (82%). Furthermore, no molecular sieves were required after optimization (Scheme 17).  

 

Scheme 17. Optimised glycosylation to obtain disaccharide 14. Reagents and conditions: TMSOTf (0.05 eq), 30 min, DCM, -
40°C, 82%. 

 

The disaccharide 14 is an important intermediate in the preparation of Building Block I, which is further 

discussed in 5.4. 
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5.3  Synthesis of Disaccharide 13 

Herein, the synthesis of disaccharide 13 is described. Different donors with different leaving groups 

were synthesized and tested in the coupling reaction with acceptor 16 (Scheme 18).  

 

Scheme 18. Retrosynthesis of disaccharide 13. 

 

5.3.1  Donor 

The synthesis of an imidate donor as well as a thio-donor are described in this chapter. However, all 

donors are already reported in the literature and starting materials were affordable and commercially 

available.108, 109 

The thioglycoside 50 was gained using intermediate 28, which was already available from the donor 

synthesis of disaccharide 14 described in detail in 5.2.1 (Scheme 19). 

 

Scheme 19. Synthesis of Donor 50. Reagents and conditions: (a) NaH, BnBr, DMF, 3 h, 56%. 

 

The synthesis of imidate donor 57 started from cheap starting material 18. The conversion of this 

compound into orthoester 49 is described in the literature and can be achieved by introduction of the 

orthoester ring on bromide 51, followed by deacetylation and benzylation (Scheme 20).110 However, 
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large quantities of compound 49 were already available in the lab of Prof. Lay and were used for the 

synthesis of hemiacetal 54 as described in Scheme 21.  

 

Scheme 20. Synthesis of orthoester 49. Reagents and conditions: (a) 33% HBr in AcOH, (b) 2,6-lutidine, MeOH/CH2Cl2 (c) 
MeONa, MeOH/CH2Cl2, (d) BnBr, NaH.110 

 

As orthoesters are acid sensitive, this lability can be used to open the five membered ring and two 

different acids were explored with the aim to achieve selectively compound 54 (Scheme 21).  

 

Scheme 21. Opening of the orthoester 49: 1st approach: (a) 60% AcOH, 30 min, 1,4-Dioxane, (b) Ac2O, pyridine, 19 h, (c) 
NH2NH2 AcOH (80%), MeOH, DMF, 19 h, 65% over three steps. 2nd approach: (d) PTSA, acetone:H2O 7:3, 45 min, 70%. 

 

Using aq. AcOH (60%) gave a mixture of the two isomers 54 and 55 in the undesired ratio of 1:2 

(Scheme 21). After acetylation of the crude and selective deacetylation of the anomeric position 

compound 54 was obtained in 65% overall yield over three steps. PTSA, which is also a mild acid and 

applied in opening of orthoesters, was used in the 2nd approach.111 Using a mixture of PTSA and water 

gave 54 in a single step in 70% yield.  



49 
 

In both approaches the target intermediate 54 was successfully obtained and the yields were 

comparable. The use of PTSA, however, required only one step, and it was therefore preferred to 

continue the synthetic route. The next step was the preparation of the imidate donor 57 (Scheme 22). 

 

Scheme 22. Synthesis of imidate donor 57. Reagents and conditions: Cs2CO3, NPhTFACl, DCM, 17 h, quant. 
 

Having 54 in our hands, the imidate donor 57 was successfully synthesized using common procedures. 

The 1H-NMR of 57 referred again to mixture of syn-anti epimers, but no further characterization was 

performed. 

 

5.3.2  Glycosylation 

As already described, almost each glycosylation reaction needs to be studied carefully and optimised. 

In order to obtain disaccharide 13, acceptor 16 and two donors with different leaving groups were 

studied (50 and 57, shown in Figure 16).  

 

Figure 16. Two different donors were studied for the glycosylation. 
 

 

The synthesis of acceptor 16 from ribose is described in detail in 5.2.2 and glycosylation attempts for 

disaccharide 13 are summarized in Table 6. As 13 is very similar to disaccharide 14 similar conditions 

such as equivalents of Lewis acid as well as different temperatures were screened.  

To avoid hydrolysis during the glycosylation reaction, all attempts were carried out using molecular 

sieves, as well as all starting materials were coevaporated with toluene before use. 
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Table 6. Different glycosylation approaches to achieve disaccharide 13. 

 

Attempt Donor Temperature MS Promoter Yield 

1 50 -60 to r.t. MS 4A NIS (1.2 eq), TMSOTf (0.2 eq) 52% 

2 57 -40°C MS 4A TMSOTf (0.05 eq) - 

3 57 -40°C MS 4A TMSOTf (0.1 eq) 64% 

4 57 -30°C Not required after 
optimization 

TMSOTf (0.07 eq) 76% 

 

Donor 50 activated with NIS and TMSOTf from -60°C until rt gave successfully disaccharide 13 in 

moderate yield of 52% (Table 6). Interestingly, changing again to the imidate donor 57 we carried out 

more promising reactions. Whereas using the same glycosylation conditions (temperature and amount 

of Lewis acid) than for disaccharide 14, resulted in no reaction (attempt 2), when we employed 0.1 eq 

of TMSOTf at -40°C the reaction proceeded well in 64% yield. This was even optimized by attempt 4 

using 0.07 eq of TMSOTf at -30°C (76%) and even in this case the use of molecular sieves was not 

necessary. Glycosylation conditions with more than 0.07 eq of the Lewis acid TMSOTf resulted in 

deprotection of the acid sensitive trityl group and more byproducts were detected. 

5.3.3  Summary and conclusion 

The previous sections describe the synthesis of the donor as well as a successfully glycosylation to 

obtain disaccharide 13 (Scheme 23). The synthesis of thioglycoside 50 and the trifluoroacetimidate 

donor 57 is illustrated, using intermediates available in the lab of Prof. Luigi Lay. Furthermore, except 

of the participating group for a ß glycosylation, no orthogonal protecting group for the donor of 

Building Block II was required. Thioglycoside 50 was achieved by benzylation of 28 and for the imidate 

donor 57 intermediate 49 was employed. For the opening of the orthoester ring of 49, two different 

acids were tested. In particular, the use of PTSA enabled the opening of the orthoester in 70% yield, 

followed by the introduction of the imidate to provide donor 57.  
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Scheme 23. Summarized synthesis of thioglycoside donor 50 and imidate donor 57. Reagents and conditions: (a) PTSA, 
aceton:H2O 7:3, 45 min, 70%, (b) Cs2CO3, NPhTFACl, DCM, 17 h, quant. 

 

The two different donors (50 and 57) were studied in different glycosylation conditions and the 

trifluoroacetimidate donor 57 gave better results. Using donor 57 and the previously described 

acceptor 16 in the presence of TMSOTf at -30°C gave the disaccharide 13 in high yields (76%) (Scheme 

24).  

 

Scheme 24. Best glycosylation to obtain disaccharide 13. Reagents and conditions: TMSOTf (0.07 eq), 30 min, DCM, -30°C. 
 

Interestingly, for both disaccharides (13 and 14) the use of the trifluoroacetimidate donors with 

TMSOTf as a promoter afforded the best results in the glycosylation. This is not astonishing as both 

disaccharides are very similar and only the donors are slightly different. Donor 57 reacted at -30°C 

whereas donor 32 to obtain disaccharide 14 performed better at -40°C. Moreover, both thioglycoside 

donors 29 and 50 gave very similar yields in the glycosylation reactions (not more than 55%). 
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5.4  Preparation of the Oligomers 

Four basic coupling procedures are known for the preparation of glycosyl phosphosaccharides, 

including phosphodiester, phosphotriester, phosphoramidite and hydrogenphosphonate (H-

phosphonate) approaches. All these methodologies include a coupling step which involves a P-

containing glycosyl building block acting as electrophile with the alcohol of the reaction partner 

working as a nucleophile. A variety of phosphosaccharides were synthesized within these approaches.  

 

Scheme 25. Historical coupling approaches for the preparation of glycosyl phosphosaccharides. 

 

The phosphodiester and phosphotriester methods are both based on P(V) chemistry and, until the 

introduction of the more modern approaches, represented the methodologies of choice for the 

synthesis of phosphosaccharides (Scheme 25). The phosphodiester approach uses only condensing 

agents for the coupling, such as dicyclohexylcarbodiimide (DCC). The reaction proceeds slowly and 

takes from 2 to 10 days, but the reaction time was reduced to 7 h by using 3-nitro-1-(2,4,6-

triisopropylbenzenesulfonyl)-1,2,4-triazole (TPS-NT). However, only moderate yields (up to 69%) are 

typically obtained with this approach.  

The phosphotriester method is characterised by the presence of an additional P-protecting group on 

the glycosyl phosphate compared to the phosphodiester approach (Scheme 25), and it was applied 

successfully in nucleotide chemistry. Additionally, higher yields in the condensation step are usually 

obtained. Using the phosphotriester method the first solid-phase synthesis of 

oligodeoxyribonucleotides was successfully accomplished, but unfortunately this approach showed to 

be less effective for the synthesis of glycosyl phosphosaccharides. Moreover, this methodology 

requires an additional second step to deprotect the phosphate ester after the coupling.112 

Nowadays, the most common approaches are the H-phosphonate and the phosphoramidite 

methodologies.  
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5.4.1  Phosphoramidite vs H-Phosphonate Methodology 

Phosphoramidite and H-Phosphonate protocols are based on P(III) chemistry. Both procedures shown 

in detail in Scheme 26 include two steps, the condensation followed by an oxidation to a phosphate.  

H-Phosphonate method was first described by van Boom’s group in the mid 1980s. Starting from 

commercially available reagents, such as salicylchlorophosphite, the desired H-phosphonate B can be 

obtained in good yields. The coupling step with a monohydroxy component in the presence of a 

condensing agent (typically pivaloyl chloride) is completed within 2-5 min and the resulting H-

phosphonate diester C is further oxidized to the desired phosphodiester G. Since more than 30 years, 

this method has been applied in very successfully couplings such as the synthesis of glycosyl 

phosphates of N-acetyl-α-D-glucosamine as well as (16)-linked phosphodiester containing N-acetyl-

α-D-mannosamine, which was not possible with the phosphoramidite approach.113 The 

phosphoramidite approach is very similar but requires an additional protecting group that needs to be 

removed, but its presence can also facilitate the purification of the resulting phosphosaccharide.  

The phosphoramidite approach was first described by Beaucage and Caruthers in 1980s.114 The 

preparation of phosphoramidite intermediate D is easy and straightforward by using standard organic 

chemistry procedures. After coupling with a monohydroxy component using 1-H tetrazole as 

condensation agent, phosphite E is further oxidized (mostly in situ) to a phosphodiester F. After 

removing the additional protecting group G is obtained in high yields.114 The phosphoramidite method 

found extensive application in the synthesis of biologically important nucleotides such as cytidine-5’-

monophospho-N-acetylneuraminic acid (CMP-Neu5Ac).115 Finally, the robustness of the 

phosphoramidite protocol is further proven by its effectiveness in the automated synthesis of 

oligonucleotides.112,116 

Both approaches are very effective and result in high yields and even if the phosphoramidite requires 

three steps to obtain the phosphosaccharide (coupling, oxidation and deprotection, Scheme 27), due 

to its suitability for use in automated synthesis we decided to apply this protocol for our synthesis of 

Hia oligomers. However, before applying the automated synthesis to the preparation of Hia oligomers, 

the solution phase chemistry needs to be optimized. Each coupling cycle comprises three reaction 

steps: condensation, oxidation and deprotection for the following coupling cycle (Scheme 27).  
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Scheme 26. Comparison of H-Phosphonate and phosphoramidite approach as coupling methods. 

 

Potential condensation reagents are shown in Table 7.  

Table 7. Comparison of possible condensation reagents.117 

Name  pKa Solubility in ACN 

1H-tetrazole 

 

4.9 0.5 M 

5-(ethylmercapto)-1H-tetrazole 

 

4.3 0.75 M 

4,5-dicyanoimidazole 

 

5.2 1.2 M 

5-(benzylmercapto)-1H-tetrazole 

 

4.1 0.44 M 
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For the condensation step several activators are known such as 5-(benzylmercapto)-1H-tetrazole, 5-

(ethylmercapto)-1H-tetrazole, 4,5-dicyanoimidazole and 1H-tetrazole (the most popular one). As 

shown in Table 7, 4,5-dicyanoimidazole (DCI) fully meets these requirements, thanks to its mild acidity 

and excellent solubility in ACN, even at low temperature. Additionally, previous studies showed that 

DCI promotes fast couplings with no observable side effects, and effective reactions with slight excess 

of phoshoramidite are reported.118 

These activators are shown in Table 7 and follow the same mechanism, which is exemplified in Scheme 

27 with 1H-tetrazole using N,N-diisopropylphosphoramidite.  

 

Scheme 27. Phosphoramidite chemistry. Every coupling cycle consist of three different steps: Condensation, oxidation and 
deprotection for the following cycle. 
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After protonation of the diisopropylamino group in A, the hydroxy group on the ‘acceptor D’ can attack 

the phosphorous of the phosphoramidite C giving the phosphite triester E.119,117 

The fluorenylmethyloxycarbonyl (Fmoc) and dimethoxytrityl (DMTr) are the temporary protecting 

groups most commonly used in automated synthesis. In particular, DMTr is acid labile and requires a 

strict control of the pH of the reaction medium to prevent its deprotection. For this reason, when using 

DMTr as a temporary protection the pKa of the activator is a key parameter, as well as the solubility in 

ACN, which is the most commonly used solvent for phosphoramidite couplings.117 

Next to the condensation step, the subsequent oxidation step also needed consideration. Iodine in 

aqueous pyridine is the most frequent reagent for the oxidation, but the formation of some undesired 

byproducts is reported. Furthermore, the use of aqueous basic conditions is unsuitable for some 

compounds. Several anhydrous methods have been developed and reported in literature, such as m-

chloroperbenzoic acid (MCPBA) in DCM, tert—butyl hydroperoxide (TBHP)/toluene solution in 

acetonitrile, bis(trimethylsilyl)peroxide in DCM, dimethyldioxirane in DCM and (1S)-(+)-(10-

camphorsulfonyl)oxaziridine (CSO) in acetonitrile. MCPBA is toxic and additionally generates m-

chlorobenzoic acid during the oxidation which can cleave acid labile temporary protecting groups such 

as DMTr. TBHP, CSO and bis(trimethylsilyl)peroxide are all commercially available, even expensive, and 

the silylated peroxide is rather explosive.120 We decided to employ CSO for the oxidation of E to F, due 

to its high solubility in ACN (Scheme 27). In this way, the oxidation could be performed at room 

temperature right after the condensation step in a one-pot reaction, obtaining satisfying reaction 

rates.  

Finally, the coupling product is transformed into a new acceptor for an iterative cycle. In particular, the 

dimethoxytrityl group in F is cleaved under mild acid conditions to deliver a free hydroxy group in G, 

which can attack the phosphoramidite in the following condensation step in an additional cycle. The 

three-steps cycle can be repeated until the desired chain length is obtained. In an automated system, 

all three steps (condensation, oxidation, and deprotection of DMTr) are carried out iteratively, until 

the desired oligomer is achieved. On the contrary, in solution phase the product of each coupling is 

isolated and purified via silica gel chromatography followed by size exclusion.  

 



57 
 

5.4.2 Synthesis of Oligomers: Approach I  

For Approach I, we synthesized two different building blocks. Compound 11 (building block I) was 

prepared from disaccharide 14, while compound 12 (building block II), representing the upstream 

residue of all oligomers, was synthesized from disaccharide 13 (Scheme 28). 

 

Scheme 28. Retrosynthetic analysis for building blocks I and II. 

 

Before starting to synthesize building block I, we prepared the phosphinite reagent 59, which was 

required for the introduction of the phosphoramidite in intermediate 11. Due to its high cost, 

phosphinite 59 was freshly prepared starting from cheap commercially available phosphine 58 

(Scheme 29).  

 

Scheme 29. Preparation of phosphinite 59. Reagents and conditions: 3-Hydroxypropionitrile, NEt3, 4 h, Et2O, up to 70%. 

 

Starting from phosphine 58 we generated the phosphinite 59 using triethylamine as a base and 3-

Hydroxypropionitrile as temporary protecting group for the phosphinite.  
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Strictly dry conditions were applied, and molecular sieves were added to avoid formation of hydrolysis 

byproducts. Usually, the reaction proceeded within 4 h at room temperature. The reaction progress 

was checked every hour by 31P-NMR and a shift of the phosphorous signal indicated conversion to the 

phosphinite (Figure 17). 

 

Figure 17. The reaction progress of the phosphinite synthesis was monitored by 31P NMR (A) and purification gave clean 
phosphinite (B). 

 

Furthermore, as the product is highly labile under acidic conditions, deuterated acetone for NMR 

analysis was used as a solvent. Hydrolysis byproducts cannot be completely avoided during the 

reaction and after completion compound 59 was isolated and purified by short column 

chromatography with buffered SiO2 (100% Hex, 2% NEt3). It should be also noted that 59 was always 

used within 24 h after preparation for the synthesis of a phosphoramidite. 

Disaccharide 14 was the precursor of building block I and has two important features: the 

phosphoramidite group (in blue) on the glucose moiety, and the dimethoxytrityl as temporary 

protecting group (in purple) on the ribitol. The dimethoxytrityl group is next to the protection group 

Fmoc a commonly used protecting group in the phosphoramidite couplings as well as in automated 

systems, but DmTr is highly acid labile. Hence, we introduced this orthogonal protecting group only a 

few steps before the coupling on our building block I.  
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To start the synthesis of building block I, the silyl and the trityl group were both deprotected in the 

following steps. As both protecting groups are acid labile, in theory they could be cleaved 

simultaneously using TFA (Scheme 30).  

 

 

Scheme 30. Simultaneous deprotection of the silyl and trityl group. Reagents and conditions: (a) TFA, DCM, 17 h. 

 

As the trityl group was more acid sensitive than TBS, its deprotection occurred faster delivering a 

primary hydroxy group. The reaction was stirred for more than 17 h and the formation of several 

products was observed by TLC. NMR analysis of the main product showed that the silyl ether was still 

in place, and probable intermolecular transesterification led to undesired product 61. Due to this 

unexpected outcome, we applied a two-steps deprotection sequence to obtain 60 (Scheme 31).  

 

Scheme 31. Synthesis of 62. Reagents and conditions: (a) TBAF (1.0 M in THF), 20 min 0°C, THF, (b) TFA, 0°C – r.t, 40 min, 
DCM, (c) DMTrCl, TEA, 19 h, 80% over three steps. 

 

First, the silyl ether was cleaved with 1 M TBAF in THF solution, followed by removal of the trityl group 

in acidic conditions to afford the desired alcohol 60. After optimization, crude 60 was further treated 

with dimethoxytrityl chloride and NEt3 to yield 62 in 80% over three steps.  
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Scheme 32. Preparation of building block I. Reagents and conditions: Phospinite 59, tetrazolide 63, DCM, r.t. 95%. 

 

Finally, building block I (i.e. phosphoramidite 10) was obtained in excellent yields (95%) by reacting 

compound 62 with phosphinite 59 in the presence of tetrazolide 63 (Scheme 32).  

Compound 11 will be used as iteration block for subsequent elongations in the synthesis of Hia 

oligomers with different chain length.  

Having building block I in our hands, building block II (i.e. compound 12) was prepared starting from 

disaccharide 13. As mentioned above, building block II is the upstream residue of each final oligomer, 

as it will be coupled with the iteration block 11 for further elongation. Likewise, building block II will 

be coupled to the linker in the synthesis of the single repeating unit of Hia polysaccharide.  

 

Scheme 33. Preparation of building block II. Reagents and conditions: TFA, DCM 0 °C- r.t, quant. 

 

Deprotection of the trityl group using acidic conditions (TFA in DCM at 0°C) proceeded fast and in 

excellent yields (Scheme 33).  

Each coupling consisted of a three steps sequence: condensation, oxidation and removal of the 

dimethoxytrityl protecting group. Previous studies with some already available intermediates in the 

Lab of Prof. Lay showed that it is key to perform the three steps in a row due to difficult separation of 

the intermediate after the oxidation to the phosphate. Scheme 34 shows in detail the first coupling 

cycle to achieve dimer 66.  
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Scheme 34. Synthesis of dimer 66. Reagents and conditions: DCI, DCM, MS 4 Ȧ, then CSO, then TCA (0.18 M in DCM), DCM, 
79%. 

 

Molecular sieves were used to avoid hydrolysis byproducts and starting from building bock II the 

condensation step was carried out with DCI and building block I. The resulting phosphite triester 64 

was oxidized using CSO in a one pot-reaction giving 65. The reaction was monitored by HPTLC, and the 

couplings proceeded fast in 2 h followed by the oxidation in 30 min. The molecular sieves were 

removed by filtration and an aqueous extraction was performed. Subsequently, deprotection of the 

dimethoxytrityl group was carried out after work-up with trichloroacetic acid (TCA). The reaction was 

quenched by MeOH/water and the dimer 66 was obtained in good yield (79%). All reactions are 

performed at r.t. and the condensation step was carried out under inert atmosphere.  
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In an additional cycle, dimer 66 can serve as a ‘new’ acceptor and was coupled to the bifunctional 

building block I (11). After condensation with DCI, oxidation with CSO and DMTr deprotection using 

TCA the trimer 67 was obtained. This procedure was iterated to obtain different oligomers up to the 

pentamer 69 as summarised in Scheme 35. After each cycle, the resulting oligomer was isolated and 

purified by silica gel and size exclusion chromatography (see Experimental Procedures). The success of 

the phosphoramidite approach was also proven by the high yields of each coupling step. 

 

Scheme 35. General overview of our oligomerization procedure using phosphoramidite approach to obtain up to the 
pentamer. Reagents and conditions: DCI, DCM, MS 4 Ȧ, then CSO, then TCA (0.18 M in DCM), DCM. 
 

All our oligomers 66-69 were characterized by NMR studies and the corresponding mass experiment.  
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Having the oligomers 66-69 in our hands, the next step was the preparation of the linker and its 

coupling to our oligomers, once again using the phosphoramidite approach. Accordingly, 

phosphoramidite 70 was obtained in 82% yield from freshly prepared phosphinite 59 and 3-

benzyloxycarbonylamino-1-propanol using tetrazolide salt 63 as activating agent (Scheme 36).  

 

Scheme 36. Preparation of the phosphoramidite 70 with our C3 Linker. Reagents and conditions: 3-(Cbz-amino)-1-propanol, 
tetrazolide 63, DCM, r.t. 82%. 

 

 

Scheme 37. General procedure for the coupling with the C3 Linker to our oligomers. Reagents and conditions: DCI, DCM, MS 
4 Ȧ, then CSO. 

 

Our four oligomers 66-69, as well as the monomer 12, were functionalized with the C3 linker using 

phosphoramidite 70 as described in Scheme 37. The coupling reactions were carried out again using 

DCI as a condensing agent, followed by oxidation with CSO at room temperature in a one-pot reaction. 

Oligomers 71-75 were obtained in good to high yields.  
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5.4.3  Coupling approach II  

In addition to the methodology described in section 5.4.2, we also explored an alternative approach 

based on different building blocks for the synthesis of Hia oligomers. This strategy was tested in a new 

synthesis of dimer 66. In particular, disaccharide phosphoramidite 76 was obtained from disaccharide 

12, while compound 59, available from the approach described in 5.4.2, was used as acceptor. 

Phosphoramidite 76 was prepared from disaccharide 12 and phosphinite 59 in excellent yield (up to 

98%) as previously reported (Scheme 38). 

 

Scheme 38. Reagents and conditions: Phosphinite 59, tetrazolide 63, DCM, r.t., 3 h, 98%. 
 

The major difference to the prior described coupling procedures were the nature of the building blocks. 

In this strategy, the bifunctional building block 62 serves as acceptor moiety (free 4-OH) with the 

dimethoxytrityl as a temporary protecting group. On the other hand, the phosphoramidite moiety is 

placed on the primary hydroxy group on disaccharide 76. 

 

Scheme 39. Different coupling procedure was applied to achieve the dimer 66 using phosphoramidite 76 and acceptor 62. 
Reagents and conditions: DCI, DCM, MS 4 Ȧ, r.t., 1 h then CSO, 30 min, then TCA (0.18 M in DCM), DCM, 30 min, 73%. 

 

The elongation strategy requires the introduction of the phosphoramidite group on the primary 

hydroxyl of the newly formed oligomer, followed by the subsequent coupling with acceptor 62. The 

coupling was carried out using the same conditions previously described. In the condensation step we 

used DCI followed by an oxidation with CSO in a one pot-reaction (Scheme 39). The last step was the 
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dimethoxytrityl deprotection using acidic conditions to obtain dimer 66 in good yields (73%). In 

Scheme 40 the two different approaches are summarized.  

 

Scheme 40. Comparison of the two different coupling approaches. 

 

Both phosphoramidite compounds 11 and 76 were synthesized and then coupled in high yields with 

the corresponding acceptor (12 and 62, respectively) using DCI and CSO for the oxidation. 

Despite of the different structure of the building blocks, the dimer 66 was successfully achieved with 

both approaches in comparable yields (79% for 1st approach and 73% for the 2nd approach). After all, 

the 2nd approach leads to some disadvantages, so that we decided to apply the 1st approach. The 

synthesis of the dimer 66 is successfully achieved and to continue this method to attain the trimer 67, 

the phosphoramidite building block needs to be prepared from the primary hydroxy group in 66 in an 

additional step. The dimer is already very precious, and reactions should be minimized. However, in 

the 1st approach, dimer 66 can be the new acceptor for the coupling to synthesize trimer 67 using 11 

as bifunctional building block without any further changes and therefore, we decided to apply the 1st 

approach for our couplings. 
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5.4.4  Deprotection of the oligomers 

The full deprotection of the synthesized oligomers was carried out by removal of the cyanoethyl group 

to deliver the phosphate using basic conditions followed by hydrogenolysis of the remaining protecting 

groups. A common procedure to deprotect the cyanoethyl is 30-33% ammonia in aqueous solution 

which, according to the pH, should also deprotect the acetyl esters simultaneously.  

 

Scheme 41. Mechanism of deprotection of the cyanoethyl goup with ammonia. Under these conditions, however, complete 
removal of the acetyl esters was unsuccessful. 

 

However, treating 71 with ammonia gave unfortunately 77, with the acetyl group still partially 

remaining and even longer reaction time gave always a mixture of partially acetylated oligomers. The 

mechanism for the deprotection of the cyanoethyl group with ammonia is shown in Scheme 41.  

 

Scheme 42. General deprotection sequence to obtain final synthetic oligomers 78-82. Reagents and conditions: NH3 (30-
33%), dioxane, water, 18 h, then H2, Pd black, AcOH, 2 -4 days, then NEt3, water, 24 h 
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Therefore, we decided to apply a different deprotection sequence. After treatment with ammonia and 

hydrogenolysis of the benzyl ethers and Cbz, full deacetylation was achieved using NEt3 and water. 

This deprotection sequence was successfully used on every oligomer giving five fully deprotected Hia 

oligomers with different chain length 78-82 (Scheme 42).  

 

5.4.5  Summary and conclusion 

Within this section we successfully described the application of the phosphoramidite approach to 

synthesize Hia oligomers with different chain length. First, the synthesis of building blocks 11 and 12 

is reported starting from disaccharides 13 and 14 (Scheme 43).  

 

Scheme 43. Preparation of Building Block I and II. Reagents and conditions: (a) TBAF (1.0 M in THF), 20 min 0°C, THF, (b) TFA, 
0°C – r.t, 40 min, DCM, (c) DMTrCl, TEA, 19 h, 80% over three steps, (d) Phospinite 59, tetrazolide salt 63, DCM, r.t. 95%, (e) 
TFA, DCM 0 °C- r.t, quant. 

 

Furthermore, the synthesis of dimer 66 was carried out using two building blocks 11 and 12. The 

bifunctional building block 11 was required for each elongation step using 12 as the first corresponding 

acceptor. Of note, disaccharide 12 represents the repeating unit for the synthesis of Hia oligomers 

(Scheme 44). 

The dimer can be then used in an iterative coupling as new acceptor using the general oligomerization 

sequence described before.  
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Scheme 44. General oligomerization sequence applying phosphoramidite approach to achieve up to the pentamer 69. 
Reagents and conditions: DCI, DCM, MS 4 Ȧ, then CSO, then, TCA (0.18 M in DCM), DCM. 
 

 

Every oligomerization cycle contains three steps: condensation using DCI and phosphoramidite 11, 

oxidation with CSO and deprotection of the temporary protecting group. All condensation as well as 

oxidation reactions were carried out at room temperature and proceeded a couple of hours 

(condensation) and 30 min (oxidation). The last step was the deprotection of the dimethoxytrityl group 

using acidic conditions. After each cycle the oligomer was isolated, purified and the resulting 

compound was employed as new acceptor in the next iterative cycle. With this approach we obtained 

four oligomers with different chain length 66-69 in good yields of up to 80%. 

Furthermore, we described two different coupling approaches using the phosphoramidite 

methodology to achieve the dimer 66 (described in 5.4.2 and 5.4.3). For both methods different 

building blocks were successfully synthesized. Additionally, both methods showed positive results and 

the yields for the dimer were comparable. However, the approach described in 5.4.3 showed some 

disadvantages as more synthetic steps are necessary for the iterative coupling. To achieve trimer 67, 

the primary hydroxy group on the dimer 66 must be converted into a phosphoramidite and can be 

then coupled to the bifunctional building block 59. Since the preparation of dimer 66 required several 

reaction steps, the least synthetic steps as possible should be performed on this precious intermediate. 

For this reason we decided to continue with the approach described in 5.4.2. 
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Scheme 45. Preparation of the phosphoramidite 70. Reagents and conditions: (a) 3-Hydroxypropionitrile, NEt3, 4h, Et2O, up 
to 70% (b) 3-(Cbz-amino)-1-propanol, tetrazolide salt 63, DCM, r.t. 82%. 

 

For further protein conjugation, we needed a linker on our oligomers using again the phosphoramidite 

approach for the coupling. At first, the phosphinite 59 was synthesized from the commercially available 

phosphine 58 followed by coupling with the C3 linker in good yields (Scheme 45). 

Then, for the coupling of the C3 linker we applied the same protocol of the phosphoramidite method 

which enabled the successful assembly of all oligomers (Scheme 46). 

 

Scheme 46. General approach for coupling with the C3 Linker. Reagents and conditions: 70, DCI, DCM, MS 4 Ȧ, then CSO. 

 

Our oligomers were coupled to the C3 Linker, using DCI for the condensation step followed by in-situ 

oxidation using CSO. We effectively obtained five oligomers (71-75) equipped with a linker for further 

protein conjugation.  

As next step, a deprotection sequence was employed for each oligomer in order to obtain our fully 

deprotected oligomers (Scheme 47). At first, the deprotection of the cyanoethyl group as well as the 

acetyl groups were attempted using aqueous ammonia. Unfortunately, the acetyl groups were only 

partially deprotected with this procedure, therefore we applied the following sequence: Treatment 

with ammonia, hydrogenolysis followed by deacetylation using NEt3. This deprotection scheme was 

employed for each oligomer (71-75) and we obtained after purification and cation exchange our final 

synthetic Hia oligomers (78-82).  
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Scheme 47. Overview of our synthetic deprotected oligomers bearing a linker. 

 

5.5  Preparation of the Hia glycoconjugates 

As next step all our well-defined oligomers were conjugated to a carrier protein and then further 

studied. Additionally, HSA-conjugates of the trimer and the pentamer were prepared as a control for 

future biological tests.  

5.5.1  Carriers and their chemistry 

Five different proteins for the protein conjugation are currently licensed: diphteria toxoid, tetanus 

toxoid, CRM197, Haemophilus protein D and the outer membrane protein complex of serogrup B 

meningococcus (OMPC). In addition to these five protein carries, others have been tested in 

preclincical studies and some are tested in clinical trials such as the recombinant non-toxic form of 

Pseudomonas aeruginosa exotoxin A. In order to select carriers for glycoconjugate vaccines a strong 

record of safety in conjugation with availability at industrial scale is essential and additionally, any toxic 

or enzymatic activity of the carrier should be removed before testing a protein as new carrier. 

Furthermore, manufacturability (yields, production cost and quality of the product) at large scale and 

according to cGMP are important requirements.121 

Moreover, nanoparticle systems are also being studied to combine the multivalent presentation of 

carbohydrates with special physio-chemical properties of nanoparticle system.121 

In order to link carbohydrates to the desired carrier protein, many approaches are nowadays known 

and summarized in Figure 18. Amino acid residues which are exposed on the protein surface and 

whose side chains have suitable functional groups such as primary amino groups of lysines and 

carboxylic groups of glutamic and aspartic acid residues are used for the covalent bond to the glycan. 

Carboxylic groups can react selectively with an amino or hydrazido linker attached to the sugar moiety 

by a carbodiimide mediated condensation. Lysines can be coupled using succinimido esters or cyano-

esters, squarate, or by direct reductive amination.34, 121 
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Figure 18. Different approaches are known to attach glycans to carrier proteins.121 

 

The protein carrier can also be modified for conjugation using hydrazides, bromoacetyl groups or 

maleimido groups which are reacting with carboxyl groups, cyanoesters or thiol groups on the 

carbohydrate moiety. Additionally, azido groups can also be introduced into proteins for coupling to 

glycans with alkynes via cycloaddition. In general, conjugation using the upper described conditions 

results in a random ratio carbohydrate to protein as well as a random display on the surface of the 

protein. Currently, a technology known as “bioconjugation” is emerging and herein the glycosylation 

site is placed selectively on the carrier protein.121 

5.5.2 Pre-activation and Conjugation to CRM197 

Cox et al. reported two studies in which the natural polysaccharide was activated by oxidation of the 

vicinal hydroxyls of the ribitol and then further coupled either to CRM197 or to the protein D. CRM197 

showed more promising results, and therefore, we decided to couple 78-82 to CRM197.85,86 

CRM197 is a 58 kDa nontoxic mutant of diphteria toxin with a substitution at position 52 from Glutamic 

amino acid to Glycine and hence, the protein does not require any chemical detoxification.122 
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Scheme 48. Preactivation and conjugation of the oligomers with CRM197. 

Nowadays, CRM197 can bei either isolated from Corynebacterium diphteria C7(ß197)tox(-) or produced 

by recombinant DNA techniques. Furthermore, CRM197 as protein carrier is used widely for licensed 

Hib, multivalent meningococcal and pneumococcal conjugate vaccines as well as other vaccines in 

development. Furthermore, we decided to activate our linker with the active ester method and then 

lysine residues on the carrier protein CRM197 are used for conjugation. 

For the first step, we activated 78-82 using di-N-hydroxysuccinimidyl adipate linker in DMSO containing 

triethylamine and the resulting active esters 83-87 were analysed by NMR to check their activation 

rate (100%). Next, CRM197 conjugation was achieved by targeting the most surface exposed lysine 

residues of the protein. In particular, overnight incubation of 83-87 with CRM197 in a 75:1 (Trimer 85, 

Tetramer 86 and Pentamer 87) and a 50:1 (Monomer 83 and Dimer 84) ratio resulted in the novel 

glycoconjugates 88-92, which were further studied by SDS-PAGE and BCA analysis.  
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5.5.3 Analysis of glycoconjugates 

The glycoconjugates 88-92 were characterized by SDS-PAGE to confirm the successful conjugation and 

to have preliminary data about their molecular weight and relative approximate sugar:protein ratio 

(Figure 19).  

 

Figure 19. SDS-PAGE of the novel glycoconjugates. 

 

The bicinchoninic acid (BCA) assay was first described by Smith et al. and the amount of protein can be 

quantified.123 The assay depends on the conversion of Cu2+ to Cu+ under alkaline conditions and the 

resulting Cu+ is then detected by reaction with BCA as a complex is formed with an intense purple 

color. The protein content of unknown samples can be determined spectrophotometrically by 

comparison with known protein standards such as BSA.124 

We were using the BCA assay to analyse the concentration of CRM197 in our glycoconjugates and the 

results are shown in Table 8.High loading of oligomer on the protein shows successful conjugation 

approach and for every glycoconjugate a loading higher than 20 was observed, except of the trimer.  

Table 8. Characteristics of the novel glycoconjugates 

Glycoconjugate Protein concentration (mg/ml)* Saccharide/Protein ratio** 

CRM197 + Monomer 0.290 ~ 25:1 

CRM197 + Dimer 0.534 ~ 19:1 

CRM197 + Trimer 0.494 ~ 13:1 

CRM197 + Tetramer 0.532 ~ 25:1 

CRM197 + Pentamer 0.541 ~ 20:1 

*  protein concentration determined by BCA analysis  ** Ratio was determined by SDS-PAGE and BCA analysis 

 

Within the reported protocol, five well-defined glycoconjugates were successfully prepared and their 

MALDI analysis to confirm the conjugation loading will be carried out very soon due to temporary 

unavailability of the instrument.  
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6 Resume and Outline 

Within this work, a successful synthetic route to achieve oligomers of Hia CPS with different chain 

lengths was reported. The synthesis of both disaccharide building blocks was carried out starting from 

ribose as acceptor and peracetylated glucose as donor on a multigram scale. Three different donors 

for building block I were successfully prepared. The overall yield of thiodonor 29 was 35%, whereas 

the two imidate donors, namely 31 and 32, were obtained in 17% and 21% overall yield, respectively. 

The acceptor 16 for both building blocks was synthesized in 7 synthetic steps in 29% overall yield. The 

thiodonor 50 and the imidate donor 57 for building block II were prepared from already available 

intermediates. However, for both disaccharides 13 and 14, different glycosylation reactions applying 

different donors, several Lewis acids as well as various reaction temperatures were screened. 

Eventually, the trifluoroacetimidate donors 32 and 57 activated by TMSOTf showed the best outcome 

of up to 82% (14) and 78% (13). 

We decided to apply the well-known phosphoramidite approach for the assembly of the building 

blocks and our two disaccharides 13 and 14 were slightly modified giving the bifunctional building block 

11 and the corresponding acceptor 12. The bifunctional building block has the phosphoramidite moiety 

as well as a tempory protecting group (DMTr), which is easily removable in acidic conditions after each 

coupling cycle. The first coupling was carried out using DCI as coupling reagent and CSO for in-situ 

oxidation to the resulting phosphate. After deprotection of the DMTr group in acidic medium, dimer 

66 was achieved in high yields (79%) and can be applied in an additional coupling cycle as new acceptor. 

Using the previous synthesized acceptor 66, a new coupling sequence using DCI and CSO as well as 

deprotection conditions to remove DMTr gave trimer 67. This approach was pursued to achieve 

tetramer 68 and pentamer 69. All oligomers (66-69) as well as the monomer 12 were further coupled 

using the phosphoramidite approach to a C3 linker 70 with a protected amine function suited for 

conjugation to the carrier protein. After deprotection 78-82 were conjugated to CRM197 taking 

advantage of a di-N-hydroxysuccinimidyl adipate linker. We successfully obtained five novel 

semisynthetic and well-defined Hia glycoconjugates (88-92).  

With the ongoing cooperation with Andrew Cox (National Research Council Canada), Roberto Adamo 

and Maria R. Romano (both GSK Vaccines, Siena, Italy), immunization studies will be carried out and 

the efficacy of our novel glycoconjugates will be tested. In this cooperation, Andrew Cox will provide 

the native Hia CPS, which will be also conjugated to CRM197 and used as a positive control. 

Furthermore, in vivo studies are planned to identify the minimal Hia glycoepitope with unconjugated 

synthetic oligosaccharides as well as glycoconjugates. Sera of immunised mice will be analysed by 

competitive ELISA. These studies will be carried out in the near future. 
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7 Experimental part 

7.1 General experimental methods 

All reagents were purchased from commercial suppliers and were used as supplied without further 

purification. Dry solvents such as DCM, MeOH, pyridine, toluene, DMF, ACN and THF were purchased 

from Sigma-Aldrich and were used without further purification. Non-anhydrous solvents were used 

from commercial suppliers.  

Analytical thin-layer chromatography (TLC) was performed on Merck precoated 60F254 plates (0.25 

mm), visualized by UV light at 254 nm and/or dipping the plates into stains: 

- molybdic solution (21 g of (NH4)4Mo4O24, 1 g of Ce(SO4)2, 31 ml of H2SO4 98%, 970 ml H2O)  

- sulphuric acid (50 ml of H2SO4 98%, 450 ml of MeOH, 450 ml H2O)  

- ninhydrin (2.7 g of 2,2-dihydroxyindane-1,3-dione, 27 ml of AcOH, 900 ml of EtOH) 

For some reactions High Performance Thin Layer Chromatography (HPTLC) (Merck precoated 60F254 

plates 0.20mm) were used and correspondently pursued. Flash chromatography was performed using 

Silica gel (SiO2, high-purity grade (Merck Grade 9385), pore size 60 Å, 230- 400 mesh particle size) from 

Sigma-Aldrich. Biotage SP1 system was used to purify some compounds. Normal phase Biotage SNAP 

cartridges (sizes from 3 g to 340 g, standard 50 μm silica) were employed. 

Freeze-drying of aqueous solutions was performed using Lio5P Lypholizer. 

1H,13C and 31P-NMR spectra were obtained on a Bruker AMX 400 instrument (400,100.6 MHz and 

162MHz for 1H,13C and 31P, respectively). All NMR measurements were performed at room 

temperature. The samples were prepared using deuterated solvents (CDCl3, CD3COCD3, D2O and CD3OD 

from Sigma Aldrich or Eurisotop). Chemical shifts are reported in ppm and coupling constants (J) in Hz. 

According to Gottlieb and Nudelman, the chemical shifts were referenced to the residual proton in the 

solvent. (i.e. CHCl3, 0.01% in 99.99% CDCl3). Multiplicities are abbreviated as: br (broad) s (singlet), d 

(doublet), t (triplet), hept (heptet), m (multiplet) or combinations thereof. 1H-NMR spectra were 

recorded for all the compounds. For unknown structures, characterization is reported by 1H-NMR, 13C-

NMR and 31P-NMR. 2-dimensional NMR experiments (COSY, HSQC and HMBC) were used to better 

assign peaks to the structure. 

Low resolution mass analysis was recorded in negative or positive mode on a Thermo Finnigan LCQ 

Advantage equipped with an ESI source. High resolution mass analyses were recorded on a Waters 

Micromass Q-Tof micro equipped with a LockSpray ESI source or on a Bruker Daltonics ICR-FTMS APEX 

II at C.I.G.A, University of Milan. 
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7.2 Experimental Synthetic Procedures 

7.2.1 Synthesis of Donor for Building Block I 

p-Methylphenyl 2,3,4,6-tetra-O-acetyl-1-thio-ß-D-glucopyranoside 20 

 

 

ß-D-pentaacetylated glucose (5.0 g, 12.81 mmol) was dissolved in anhydrous DCM (25 ml) under N2 

atmosphere. Then p-Thiocresol (33.43 mmol) at 0°C and after 5 min BF3xOEt2 (19.22 mmol) were 

added. After 2 h TLC showed full conversion (2:1 Hex:EtOAc) and the solvent was evaporated. The 

residue was dissolved in DCM and washed with NaHCO3 (sat.), water and brine and dried over Na2SO4. 

The residue was dissolved in Hex:EtOAc 3:1 and recrystallized. The crystals were filtrated and the 

filtrate was purified by flash chromatography (7:3 Hex:EtOAc). 

Yield:  5.5 g  94% 

Rf: 0.30 (2:1 Hex:EtOAc) 

The obtained analytical data are in agreement with those reported in literature.125  

1H NMR (400 MHz, Chloroform-d) δ 7.51 – 7.32 (m, 2H), 7.12 (d, J = 7.9 Hz, 2H), 5.21 (t, J = 9.4 Hz, 1H, 

H-3), 5.02 (t, J = 9.8 Hz, 1H, H-4), 4.93 (dd, J = 10.1, 9.3 Hz, 1H, H-2), 4.63 (d, J = 10.0 Hz, 1H, H-1), 4.34 

– 4.07 (m, 2H, 2x H6), 3.70 (ddd, J = 10.1, 4.9, 2.8 Hz, 1H, H-5), 2.09 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.01 

(s, 3H, CH3), 1.98 (s, 3H, CH3). 
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p-Methylphenyl 1-thio-ß-D-glucopyranoside 21 

 

20 (2.78 g, 6.12 mmol) was dissolved in MeOH (30 ml) and NaOMe (0.612 mmol, solid) was added. The 

reaction was stirred overnight and after 14 h TLC showed full conversion (100% EtOAc). Ion exchange 

resin Dowex H+ was added to neutralize the mixture and after filtration the solvent was evaporated. 

Yield: 1.82 g   100%   

Rf: 0.26 (100% EtOAc) 

The obtained analytical data are in agreement with those reported in literature.126 

1H NMR (400 MHz, Deuterium Oxide) δ 7.57 – 7.49 (m, 2H), 7.33 – 7.26 (m, 2H), 4.75 (d, J = 9.9 Hz, 1H), 

3.92 (dd, J = 12.5, 2.2 Hz, 1H), 3.74 (dd, J = 12.5, 5.6 Hz, 1H), 3.55 (t, J = 8.9 Hz, 1H), 3.49 (ddd, J = 9.8, 

5.7, 2.2 Hz, 0H), 3.46 – 3.41 (m, 0H), 3.41 – 3.31 (m, 1H), 2.37 (s, 3H). 
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p-Methylphenyl 2,3,4,6 tetra-O-trimethylsilyl-1-thio-ß-D-glucopyranoside 22 

 

PROCEDURE 1 

21 (1.8 g, 6.286 mmol) was dissolved in anhydrous DCM (31 ml) under N2 atmosphere and NEt3 was 

added. The reaction mixture was cooled to 0°C and TMSCl (37.72 mmol) was added slowly. The mixture 

was allowed to warm to r.t.. After 14 h the solvent was removed and the residue was dissolved in 

hexane (20 ml). The mixture was filtered over celite to give a red brown oil.  

The crude was purified via flash chromatography (12:1 Hex:EtOAc, 0.5% NEt3) to give a colourless oil.  

Yield: 2.36 g  65% 

PROCEDURE 2 

21 (1.83 g, 6.391 mmol) was dissolved in anhydrous DCM (30 ml) under N2 atmosphere. Then HMDS 

(14.06 mmol) was added and afterwards TMSOTf (0.639 mmol) was added slowly (NH3 is produced). 

NH3 was ‘evaporated’ using the pump during the reaction. After 2 h TLC (4:2 Hex:EtOAc) showed full 

conversion and water and DCM were added. The organic layers were washed with water and brine, 

then dried over Na2SO4. 

Yield. 3.636 g  99% 

Rf: 0.40 (15:1 Hex:EtOAc) 

No further purification was necessary. 

The obtained analytical data are in agreement with those reported in literature.127 

1H NMR (400 MHz, Chloroform-d) δ 7.43 (d, J = 8.2 Hz, 2H), 7.26 (CDCl3), 7.18 – 6.95 (m, 2H), 4.72 – 

4.37 (m, 1H), 3.79 (dd, J = 11.2, 2.3 Hz, 1H), 3.63 (dd, J = 11.1, 6.2 Hz, 1H), 3.60 – 3.38 (m, 3H), 3.26 (dt, 

J = 5.1, 2.5 Hz, 1H), 2.32 (s, 3H), 0.24 (s, 9H), 0.17 (s, 9H), 0.16 (s, 9H), 0.11 (s, 9H). 
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p-Methylphenyl 2-O-acetyl-3,6-di-O-benzyl -1-thio-ß-D-glucopyranoside 28 

 

22 (5.26 g, 9.15 mmol) was dissolved in anhydrous DCM (18.5 ml) under N2 atmosphere. Then freshly 

distilled benzaldehyde (36.59 mmol) was added. After 1 h at r.t. the mixture was cooled to 0°C and a 

solution of FeCl3x6H2O in ACN (0.46 mmol in 4.5 ml) and TES (10.98 mmol) were added. The reaction 

was slowly warmed to r.t. The progress of the reaction was checked by TLC (Rf 0.25 in 5:1 Hex:EtOAc). 

After 2 h the reaction was quenched by adding TBAF (1.0 M in THF). After 15 min, the reaction was 

diluted with EtOAc and the organic layer was washed with NaHCO3 (sat.), brine and dried over Na2SO4.  

The crude was used without any further purification. Pyridine (45 ml) and Ac2O (42.94 mmol) were 

added. The mixture was cooled to 0°C and DMAP (cat) was added. After 30 min at 0°C TLC showed 

complete conversion (Rf 0.35 in 4:1 Hex:EtOAc). The reaction was quenched with MeOH and the 

solvent was removed. The residue was diluted with EtOAc and washed with NaHCO3 (sat.), brine and 

dried over Na2SO4. 

Afterwards, the intermediate (4.93 g) was dissolved in anhydrous DCM (48 ml) and cooled to 0°C under 

N2 atmosphere. Then TES (48.66 mmol) and TFA (48.66 mmol) were added and after 10 min the ice 

bath was removed. The reaction showed full conversion after 17 h (TLC, 7:3 Hex:EtOAc) and the 

reaction was quenched with NaHCO3 (sat.). The reaction was diluted with NaHCO3 (sat.) and DCM. The 

organic layer was washed with NaHCO3 (sat.), brine and dried over Na2SO4. 

The product was purified via flash chromatography (8:2 Hex:EtOAc) to give a yellow oil.  

Yield: 1.888 g 41% over 4 steps 

Rf: 0.39 (7:3 Hex:EtOAc) 

The obtained analytical data are in agreement with those reported in literature.128 

1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.27 (m, 10H), 7.12 – 7.02 (m, 2H), 4.99 (dd, J = 10.0, 9.1 Hz, 

1H), 4.74 (s, 2H), 4.70 – 4.43 (m, 3H), 3.78 (dd, J = 4.6, 1.4 Hz, 2H), 3.70 (dd, J = 9.6, 8.9 Hz, 1H), 3.56 

(d, J = 9.0 Hz, 1H), 3.54 – 3.46 (m, 1H), 2.57 (s, OH), 2.32 (s, 3H), 2.06 (s, 3H). 
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p-Methylphenyl 2-O-acetyl-3,6-di-O-benzyl-4 -O-tert-butyldimethylsilyl -1-thio-ß-D-

glucopyranoside 29 

 

28 (0.846 g) was dissolved in anhydrous DCM (4 ml) under N2 atmosphere and cooled to 0°C. Then 

fresh distilled 2,6 Lutidine (4.325 mmol) and TBSOTf (3.326 mmol) were added. After 17 h TLC (8:2 

Hex:EtOAc) showed full conversion. 

The reaction was diluted with DCM and washed with NaHCO3 (sat.) and brine and dried over Na2SO4. 

The product was purified by flash chromatography (6:1 Hex:EtOAc). 

Yield: 904 mg 91%  

Rf: 0.53 (4:1 Hex:EtOAc) 

[α]D 
32 = + 26.2 (4.0 mg/ml) 

1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.37 (m, 2H, Ph), 7.40 – 7.15 (m, 10H, Ph), 7.13 – 6.80 (m, 

2H, Ph), 5.01 (dd, J = 10.0, 9.0 Hz, 1H, H-2), 4.72 (d, J = 11.5 Hz, 1H, 1xCH2Ph), 4.64 (d, J = 11.6 Hz, 1H, 

1xCH2Ph), 4.62 (d, J= 12.1 Hz, 1 H, 1xCH2Ph), 4.60 (d, J = 10.0 Hz, 1H, H-1), 4.51 (d, J = 11.9 Hz, 1H, 

1xCH2Ph), 3.80 (dd, J = 10.7, 2.0 Hz, 1H, H-6), 3.71 – 3.56 (m, 2H, H-5, H-6), 3.56 – 3.45 (m, 2H, H-3, H-

4), 2.29 (s, 3H, CH3), 1.92 (s, 3H, CH3), 0.85 (s, 9H,3x CH3), 0.00 (s, 3H CH3), -0.03 (s, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ 169.72 (Ccarbonyl), 138.55 (Ph-Cquat), 138.36 (Ph-Cquat), 137.86 (Ph-Cquat), 

132.72 (Carom), 129.70 (Carom), 128.44 (Carom), 127.71 (Carom), 127.61 (Carom), 127.56 (Carom), 127.39 (Carom), 

86.45 (C-1), 85.12 (C-3 or C-4), 80.97 (C-3 or C-4), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.35 

(CH2Ph), 73.57 (CH2Ph), 72.38 (C-2), 71.08 (C-5), 69.58 (C-6), 26.06 (CH3), 21.26 (CH3), 21.15 (CH3), 18.11 

(Cquat), -3.69 (CH3) , -4.62 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C35H46O6NaSSi 645.2682; found 645.2676 
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2-O-acetyl-3,6-di-O-benzyl-4 -O-tert-butyldimethylsilyl- D-glucopyranose 30 

 

29 (223 mg, 0.358 mmol) was dissolved in aceton (3.2 ml) and water (0.36 ml) and NBS (0.430 mmol) 

was added. After 1 h, 2 h, 3 h and 4 h NBS (0.086mmol x 4) was added and the reaction was monitored 

by TLC (8:2 Hex:EtOAc). Then a solution of sat. Na2S2O3 was added and the reaction was diluted with 

EtOAc. The organic layer was washed with NaHCO3 (sat.), brine and dried over Na2SO4. The product 

was purified via flash chromatography (8:2 Hex:EtOAc) to give the product and the starting material 

was recovered (0.0885 mmol, 25%).  

Yield: 117 mg  63% 

Rf: 0.19 (7:3 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.57 – 7.12 (m, 10H, 2 x Ph), 5.37 (t, J = 3.2 Hz, 1H, H-1β), 4.90 – 

4.80 (m, 1H, H-2 α, H-2β), 4.81 – 4.69 (m, 2H, CH2Ph), 4.69 – 4.53 (m, 2H, 1x, CH2Ph, H-1α), 4.49 (dd, J 

= 12.3, 6.6 Hz, 1H, 1x CH2Ph), 4.04 (ddd, J = 9.3, 6.9, 2.1 Hz, 1H, H-5β), 3.93 – 3.80 (m, 2H, H-3β,OH), 

3.75 – 3.60 (m, 2H, H-5α, 1xH6), 3.61 – 3.42 (m, 3H, H-3α, H-4α, H-4β, 1-H6), 1.86 (s, 3H), 0.81 (s, 3H, 

OAc), 0.81 (s, 9H, 3xCH3), -0.03 (s, 3H, CH3), -0.06 (s, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ 171.23 (Ccarbonyl), 170.47 (Ccarbonyl), 139.00 (Ph-Cquat), 138.54 (Ph-Cquat), 

137.89 (Ph-Cquat), 133.12 (Carom), 129.72 (Carom), 128.52 (Carom), 128.42 (Carom), 128.34 (Carom), 127.95 

(Carom), 127.83 (Carom), 127.52 (Carom), 127.33 (Carom), 127.10 (Carom), 126.95 (Carom), 95.70 (C-1), 90.34 (C-

1), 83.24 (C-3α or C-4α), 80.14 (C-3β), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 76.54 (C-3α or C-4α), 

76.03 (or C-2α), 75.14 (CH2Ph), 74.23 (C-2β), 73.57 (CH2Ph), 73.39 (CH2Ph), 71.45 (C-4β), 71.56 (C-5β), 

71.12 (C-5 α), 69.44 (C-6 β), 69.15 (C-6α), 25.99 (CH3), 20.90 (CH3), 18.08 (Cquat),-3.70 (CH3), 4.75 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C28H40O7NaSi 539.2441; found 539.2441. 
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2-O-acetyl-3,6-di-O-benzyl-4 -O-tert-butyldimethylsilyl -D-glucopyranosyl 1-( N-

pheny)- 2,2,2-trifluoroacetimidate) 32 

 

30 (1.79 g, 3.774 mmol) was dissolved in anhydrous DCM (11 ml) and cooled to 0°C under N2 

atmosphere. Then Cs2CO3 (6.93 mmol) and 2,2,2-Trifluoro-N-phenylacetimidoyl Chloride (5.19 mmol) 

were added and slowly warmed to r.t. After 2 h Cs2CO3 (3.456 mmol) and 2,2,2-Trifluoro-N-

phenylacetimidoyl Chloride (2.595 mmol) were added again. The solvent was evaporated and the 

product was purified via flash chromatography (8:2 Hex:EtOAc with 0.1 % NEt3).  

Yield: 2.2 g  92 % 

Rf: 0.42 (7:3 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.18 (m, 24H), 7.07 (td, J = 7.2, 1.4 Hz, 2H), 6.75 (t, J = 8.3 

Hz, 4H), 5.22 (d, J = 7.8 Hz, 1H), 5.10 – 4.97 (m, 1H), 4.79 (d, J = 11.9 Hz, 1H), 4.76 – 4.56 (m, 4H), 4.50 

(dd, J = 12.1, 2.8 Hz, 1H), 3.90 – 3.77 (m, 3H), 3.77 – 3.57 (m, 2H), 3.52 (t, J = 8.3 Hz, 2H), 1.90 (s, 3H), 

1.82 (s, 3H), 0.85 (s, 6H), 0.82 (s, 12H). 

13C NMR (101 MHz, CDCl3) δ 170.07, 169.30, 143.52, 138.78, 138.20, 129.29, 128.85, 128.59, 128.45, 

127.70, 127.64, 127.54, 127.48, 127.36, 126.97, 124.49, 120.77, 119.56, 95.26, 83.23, 80.26, 77.50, 

77.47 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.22, 74.91, 74.58, 73.40, 72.76, 72.15, 70.34, 68.75, 

68.54, 26.08, 26.01, 20.80, 20.63, 18.12, -3.67, -3.83, -4.79. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C36H44NO7NaF3Si 710.2737; found 710.2719. 
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2-O-acetyl-3,6-di-O-benzyl-4 -O-tert-butyldimethylsilyl - D-glucopyranosyl 1-(2,2,2-

chloro acetimidate) 31 

 

30 (0.072 g, 0.139 mmol) was dissolved in anhydrous DCM (1.4 ml) and Cl3CCN (0.695 mmol) was added 

under N2 atmosphere. Then DBU (cat.) was added and the reaction turned red. After 1 h TLC (5:5 

Hex:EtOAc) showed no starting material left and the solvent was evaporated. The product was purified 

via flash chromatography (8:2 Hex:EtOAc with 0.1 % NEt3). 

Yield: 73 mg  79% 

Rf: 0.82 (5:5 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.61 (s, 1H), 8.55 (s, 3H), 6.50 (d, J = 3.6 Hz, 3H), 5.85 (d, J = 7.2 Hz, 

1H), 5.30 (dd, J = 8.0, 7.2 Hz, 1H), 5.10 – 4.99 (m, 3H), 4.81 (d, J = 12.0 Hz, 3H), 4.73 (d, J = 11.9 Hz, 3H), 

4.71 – 4.48 (m, 11H), 4.00 – 3.92 (m, 3H), 3.92 – 3.90 (m, 1H), 3.90 – 3.85 (m, 6H), 3.78 (dd, J = 10.5, 

1.9 Hz, 1H), 3.75 – 3.63 (m, 9H), 3.58 (t, J = 8.0 Hz, 1H), 1.79 (s, 9H), 1.59 (s, 10H), 0.94 – 0.81 (m, 41H), 

0.09 – -0.05 (m, 28H).  

13C NMR (101 MHz, CDCl3) δ 170.19, 169.30, 161.35, 161.21; 138.80, 138.29, 128.44, 128.43, 128.40, 

127.77, 127.69, 127.65, 127.60, 127.48, 127.46, 96.15, 83.31, 80.23, 77.55, 77.48 (CDCl3), 77.16 

(CDCl3), 76.84 (CDCl3), 75.17, 75.11, 76.84, 75.17, 75.11, 74.45, 73.41, 73.04, 72.01, 70.40, 70.29, 68.76, 

68.51, 26.13, 26.04, 20.60, 18.15, -3.64, -4.78. 
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7.2.2 Synthesis of Donor for Building Block II 

2-O-Acetyl-3,4,6-tri-O-benzyl-D-glucopyranose 54 

 

Procedure 1 

49 (1 g, 1.974 mmol) was dissolved in 1,4 Dioxane (20 ml) and AcOH (60%, 39 ml) was added slowly. 

After 1 h TLC (1:1 Hex:EtOAc) showed full conversion and the solvent was evaporated and 

coevaporated with Tol.The crude was dissolved in pyridine (20 ml) and Ac2O (17.82 mmol) was added. 

The reaction was stirred for 17 h at r.t. and then the solvent was evaporated. The residue was dissolved 

in EtOAc and water and the organic layer was washed with NaHCO3 (sat.) and brine and dried over 

Na2SO4.  

The crude was dissolved in DMF (30 ml) and cooled to 0°C. Then a freshly prepared hydrazine acetate 

solution (7.722 mmol in MeOH) was added. The reaction was stirred for 17 h and slowly warmed to 

r.t. Then Et2O and NaHCO3 (sat.) were added and the organic layer were washed with brine and dried 

over Na2SO4. The product was purified by flash chromatography (5:5 to 4:6 Hex:EtOAc). 

Yield: 1.92 g  66% over three steps 

Procedure 2 

50 (530 mg, 1.04 mmol) was dissolved in a solution 7:3 of acetone-H2O and PTSA (60 mg, 0.31 mmol) 

was added. After 0.75 h TLC (7: 3 Hex:EtOAc) showed full conversion and the reaction was quenched 

with NEt3 until complete neutralization. The product was washed with EtOAc and brine, dried over 

Na2SO4, and concentrated in vacuo. The crude was purified via flash chromatography (5:5 Hex:EtOAc). 

Yield: 360 mg  70% 

Rf: 0.22 (5:5 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.23 (m, 13H, Ph), 7.24 – 7.09 (m, 2H, Ph), 5.42 (t, J = 3.4 Hz, 

1H, H-1), 4.89 (ddd, J = 10.0, 3.7, 1.2 Hz, 1H, H-2), 4.88 – 4.75 (m, 2H, 1x CH2Ph), 4.77 – 4.67 (m, 1H, 1x 

CH2Ph), 4.69 – 4.55 (m, 2H, 2x CH2Ph), 4.58 – 4.48 (m, 2H, 2x CH2Ph), 4.14 – 4.01 (m, 2H, H-3, H-4), 3.72 

(dt, J = 6.0, 1.6 Hz, 1H, 1xH-6), 3.73 – 3.64 (m, 2H, H-5, 1xH-6), 2.78 (dd, J = 3.4, 1.3 Hz, 1H, OH), 2.03 

(s, 3H, CH3), 2.01 (s, 1H). 

The obtained analytical data are in agreement with those reported in literature.129 
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2-O-Acetyl-3,4,6-tri-O-benzyl- D-glucopyranosyl 1-( N-phenyl)- 2,2,2-trifluoro 

acetimidate) 57 

 

54 (1.73 g, 3.512 mmol) was dissolved in anhydrous DCM (11 ml) and cooled to 0°C under N2 

atmosphere. Then Cs2CO3 (7.024 mmol) and NPhTFACl (5.268 mmol) were added. TLC (6:4 Hex:EtOAc) 

showed full conversion after 2 h. The solvent was evaporated and the product was purified via flash 

chromatography (8:2 Hex:EtOAc + 0.1% NEt3). 

Yield: 2.227 g  96% 

Rf: 0.51 (5:5 Hex:EtOAc) 

HRMS (ESI+) m/z = [M + Na]+ calculated for C37H36NO7NaF3 686.2342; found 686.2333. 

1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.37 (m, 1H), 7.38 – 7.22 (m, 14H), 7.21 – 6.92 (m, 4H), 6.94 

– 6.59 (m, 2H), 5.63 (s, 1H), 5.23 (t, J = 8.5 Hz, 1H), 4.94 – 4.74 (m, 3H), 4.75 – 4.44 (m, 5H), 3.83 (t, J = 

9.2 Hz, 1H), 3.80 – 3.33 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 169.23, 138.13, 138.05, 137.91, 128.89, 128.59, 128.14, 128.05, 127.97, 

127.85, 127.56, 124.57, 120.79, 119.52, 82.65, 77.48, 77.39, 77.38, 77.16, 76.84, 76.10, 75.19, 75.08, 

73.62, 72.12, 68.24, 20.79. 
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p-Methylphenyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio- ß-D-glucopyranoside 50 

 

28 (2.154 g, 4.235 mmol) was dissolved in anhydrous DMF (14 mL) and cooled to 0°C under N2 

atmosphere. Then NaH (60% suspension, 8.470 mmol) and BnBr (8.470 mmol) were added. After 3 h 

reaction showed complete conversion (TLC 8:2 Hex:EtOAc) and MeOH was added to quench the 

reaction. The mixture was diluted with Et2O and the organic phase was washed with water, brine and 

then dried over Na2SO4. The product was purified via flash chromatography (8:2 to 7:3 Hex:EtOAc). 

Yield: 1.43 g  56 % 

Rf: 0.33 (8:2 Hex:EtOAc) 

The obtained analytical data are in agreement with those reported in literature.130 

1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.37 (m, 2H), 7.37 – 7.23 (m, 10H), 7.19 (dd, J = 7.3, 2.2 Hz, 

2H), 7.07 – 7.00 (m, 2H), 5.06 – 4.89 (m, 1H), 4.78 (dd, J = 11.1, 5.8 Hz, 2H), 4.66 (d, J = 11.3 Hz, 1H), 

4.62 – 4.48 (m, 5H), 3.78 (dd, J = 11.1, 2.0 Hz, 1H), 3.72 (dd, J = 11.1, 4.7 Hz, 1H), 3.69 – 3.64 (m, 2H), 

3.51 (ddt, J = 6.7, 4.8, 2.0 Hz, 1H), 2.29 (s, 3H), 2.00 (s, 3H). 
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7.2.3 Synthesis of Ribitol Acceptor 

Allyl 5-O-trityl- D-ribofuranoside 33 

 

D-Ribose (5.0 g, 33.30 mmol) was dissolved in allyl alcohol (666.09 mmol) and cooled to 0°C. Then 

H2SO4 was added slowly and after 1 h the reaction was warmed to r.t. After 5 h the reaction (TLC 10:7 

CHCl3:MeOH) was neutralized with Amberlite (Na+ form), filtered and the solvent was evaporated. The 

product was not purified. 

The residue (4.56 g) was dissolved in anhydrous pyridine (60 ml) and TrCl (35.978 mmol) was added. 

The reaction was heated for 6 h at 60°C, then TrCl (20.8 mmol) was added again. The reaction was 

monitored by TLC (20:1 CHCl3: MeOH) and quenched with MeOH after 24 h. The solid was filtered off 

using celite. The solvent was evaporated and the residue was dissolved in EtOAc. The organic layer was 

washed with NaHCO3 (sat.), brine and dried over Na2SO4. The product was purified via column 

chromatography (7:3 Hex:EtOAc). 

Yield: 7.872 g 52% over two steps 

Rf: 0.62 (20:1 CHCl3:MeOH) 

1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.32 (m, 5H, Trt-Ph), 7.31 – 7.09 (m, 10H, Trt-Ph), 5.94 – 

5.82 (m, 1H, H-7α), 5.81 – 5.67 (m, 1H, H-7 β), 5.27 (dq, J = 17.2, 1.6 Hz, 1H, 1xH-8α), 5.23 – 5.02 (m, 

4H, H-8β, 2x H-8α, H-1α), 4.95 (s, 1H, H-1β), 4.35 – 4.25 (m, 1H, 1x H-6α), 4.25 – 4.18 (m, 2H, H-2α, H-

3β), 4.17 – 3.97 (m, 5H, 1x H-6β, 1x H-6α, H-4α,H-4ß, H-2β), 3.90 (dtt, J = 12.7, 6.2, 1.9 Hz, 2H, H-3α, 

1xH-6β), 3.41 – 3.19 (m, 3H, 1xH-5α, 2x H-5β), 3.10 (dd, J = 10.2, 3.9 Hz, 1H, 1xH-5α), 2.88 (d, J = 9.5 

Hz, 1H, OH-α), 2.61 (s, 1H, OH-β), 2.53 (d, J = 8.7 Hz, 1H, OH-α), 2.33 (s, 1H, OH-β). 

13C NMR (101 MHz, CDCl3) δ 143.85 (Cquat), 143.85 (Cquat), 134.06 (C7β), 128.82 (C7b), 128.00 (Carom), 

127.23 (Carom), 127.19 (Carom), 117.96 (C8α), 117.53 (C8β), 106.36 (C1β), 101.21 (C1α), 86.85 (C9), 84.60 

(C4α), 82.18 (C2β or C4β), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.46 (C2β or C4β), 72.85 (C3β), 

72.06 (C3α or C2α), 71.81 (C3α or C2α), 69.05 (C6α), 68.60 (C6β), 65.15 (C5β), 64.01 (C5α). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C27H28O5Na 455.1834; found 455.1831. 
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Allyl 2,3-di-O-benzyl-5-O-trityl- D-ribofuranoside 40 

 

39 (1.06 g, 2.451 mmol) was dissolved in anhydrous DMF (12 ml) and cooled to 0°C. Then NaH (60% 

suspension, 7.35 mmol) and BnBr (7.35 mmol) were added. The reaction was warmed slowly to r.t. 

over 18 h. The reaction was quenched with MeOH and diluted with Et2O and water. The organic layer 

was washed with NaHCO3 (sat.) and brine and dried over Na2SO4. The product was purified via column 

chromatography (6:1 Hex:EtOAc). 

Yield: 1.42 g  94% 

Rf: α-Isomer 0.66 (7:3 Hex:EtOAc), ß-Isomer 0.74 (7:3 Hex:EtOAc) 

α -Isomer [α]D 
32 = + 59.2 (4.5 mg/ml)  ß-Isomer [α]D 

33 = + 17.2 (6.2 mg/ml)   

α : 1H NMR (400 MHz, Chloroform-d) δ 7.36 – 7.06 (m, 25H, Ph), 5.92 (dddd, J = 17.0, 11.0, 6.5, 4.9 Hz, 

1H, H-7), 5.41 – 5.08 (m, 2H, 2xH-8), 5.04 (d, J = 4.1 Hz, 1H, H-1), 4.71 – 4.40 (m, 4H, 2x CH2-Ph), 4.24 

(dd, J = 13.4, 4.8 Hz, 1H, 1xH-6), 4.18 (q, J = 3.9 Hz, 1H, H-4), 4.10 (dd, J = 13.4, 6.6 Hz, 1H, 1xH-6), 3.82 

– 3.69 (m, 2H, H-2, H-3), 3.10 (dd, J = 10.1, 4.4 Hz, 1H, 1xH-5), 2.92 (dd, J = 10.1, 3.8 Hz, 1H, 1xH-5). 

α : 13C NMR (101 MHz, CDCl3) δ 143.92 (Trt-Cquat), 138.44 (Ph-Cquat), 138.11 (Ph-Cquat), 138.11 (Ph-Cquat), 

134.96 (C7), 128.80 (Carom), 128.49 (Carom), 128.33 (Carom), 128.07 (Carom), 127.56 (Carom), 127.12 (Carom), 

117.37 (Carom), 117.37 (C8), 100.13 (C1), 86.78 (C9), 82.28 (C4), 78.04 (C2), 77.48 (CDCl3), 77.16 (CDCl3), 

76.84 (CDCl3), 75.83 (C3), 72.59 (CH2-Ph), 72.29 (CH2-Ph), 68.78 (C6), 64.14 (C5). 

ß : 1H NMR (400 MHz, Chloroform-d) δ 7.37 (d, J = 7.2 Hz, 5H, Ph), 7.30 – 7.06 (m, 20H, Ph), 5.72 (ddt, 

J = 16.4, 10.9, 5.7 Hz, 1H, H-7), 5.22 – 4.95 (m, 3H, 2xH-8, H-1), 4.68 – 4.47 (m, 2H, CH2Ph), 4.43 – 4.27 

(m, 2H, CH2Ph), 4.25 (dt, J = 7.9, 4.1 Hz, 1H, H-4), 4.16 – 4.03 (m, 2H, H-3, 1xH-6), 3.86 (dd, J = 19.8, 5.5 

Hz, 2H, H-2, 1xH-6), 3.24 (dd, J = 10.1, 3.6 Hz, 1H, 1xH5), 3.05 (dd, J = 10.1, 4.7 Hz, 1H, 1xH-5). 

ß : 13C NMR (101 MHz, CDCl3) δ 144.16 (Trt-Cquat), 138.06 (Ph-Cquat), 137.94 (Ph-Cquat), 134.18 (C7), 

128.87 (Carom), 128.51 (Carom), 128.42 (Carom), 128.06 (Carom), 127.89 (Carom), 127.77 (Carom), 127.03 (Carom), 

117.49 (C8), 104.55 (C-1), 86.48 (C9), 80.72 (C4), 80.01 (C2), 78.40 (C3), 77.48 (CDCl3), 77.16 (CDCl3), 

76.84 (CDCl3), 72.56 (CH2-Ph), 72.45 (CH2-Ph), 68.58 (C6), 64.19 (C-5). 
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HRMS (ESI+) m/z = [M + Na]+ calculated for C41H40O5Na 635.2773; found 635.2783. 

2,3-di-O-benzyl-5-O-trityl- D-ribofuranose 42 

 

40 (8.58 g, 14.00 mmol) was dissolved in DMSO (28 ml) and tBuOK (30.80 mmol) was added. The 

reaction was stirred for 5 h and then diluted with EtOAc. The organic layer was washed with water, HCl 

(5 %) and brine and dried over Na2SO4. The product was not purified. 

The crude was dissolved in THF (50 ml) and water (15 ml) and I2 (28.00 mmol) was added. After 30 min 

a solution of sat. Na2S2O3 was added. The organic layer was washed with NaHCO3 (sat.), brine and dried 

over Na2SO4. The product was purified via flash chromatograpy (7:3 Hex:EtOAc). 

Yield: 6.71 g  84% 

Rf: 0.29 (7:3 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.16 (m, 25H, Ph), 5.54 – 5.29 (m, 1H, H-1), 4.83 – 4.44 (m, 

4H, 2xCH2Ph), 4.35 (dt, J = 4.8, 2.8 Hz, 1H, H-4 α), ), 4.32 – 4.25 (m, 2H, H-3ß, H-4ß), 4.19 (d, J = 11.3 

Hz, 1H, OH, α), 4.01 (t, J = 4.5 Hz, 1H, H-2 α), 3.94 (dd, J = 4.9, 1.9 Hz, 1H, H-3 α), 3.92 – 3.86 (m, 1H, H-

2ß), 3.44 (dd, J = 10.3, 2.9 Hz, 1H, 1xH-5ß), 3.20 (dd, J = 10.2, 5.0 Hz, 2H, 1xH-5 α , 1xH5ß), 3.10 (dd, J 

= 10.2, 3.6 Hz, 1H, 1xH5 α), 2.91 (d, J = 5.1 Hz, OH-ß). 

13C NMR (101 MHz, CDCl3) δ 143.78 (Trt-Cquat), 137.95 (ß-Ph-Cquat), 137.75 (ß-Ph-Cquat), 137.61 (α -Ph-

Cquat), 128.89 (Carom), 128.75 (Carom), 128.61 (Carom), 128.56 (Carom), 128.49 (Carom), 128.15 (Carom), 128.08 

(Carom), 128.00 (Carom), 127.94 (Carom), 127.24 (Carom), 100.30 (C1-ß), 96.32 (C1- α), 87.21 (C9), 87.00 (C9), 

81.38 (C4- α ), 80.97 (C4-ß), 80.49 (C2-ß), 78.10 (C2- α), 77.99 (C3- α), 77.48 (CDCl3), 77.16 (CDCl3), 

77.41 (C3ß), 76.85 (CDCl3), 72.86 (CH2-Ph- α), 72.61 (CH2-Ph- α), 72.54 (CH2-Ph-ß), 72.41 (CH2-Ph-ß), 

63.85 (C5- α), 63.61 (C5-ß) 

HRMS (ESI+) m/z = [M + Na]+ calculated for C38H36O5Na 595.2460; found 595.2466. 
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2,3-di-O-benzyl-5-O-trityl- D-ribitol 43 

 

42 (6.71 g, 11.72 mmol) was dissolved in EtOH absolute (40 ml) and a solution of NaBH4 (19.92 mmol 

in 20 ml of EtOH) was added. The reaction showed full conversion after 30 min and the pH was adjusted 

to pH =5 with a diluted solution of acetic acid in water. The organic layer was diluted with EtOAc and 

washed with water and brine and dried over Na2SO4. 

Yield: 6.78 g  quant. 

Rf: 0.29 (7:3 Hex:EtOAc) 

[α]D 
33 = + 15.4 (8.2 mg/ml) 

1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.37 (m, 6H, Ph), 7.37 – 7.19 (m, 17H, Ph), 7.13 (dd, J = 6.6, 

3.0 Hz, 2H, Ph), 4.83 – 4.31 (m, 4H, 2xCH2Ph), 4.02 (td, J = 6.6, 3.4 Hz, 1H., H-4), 3.93 – 3.66 (m, 4H, H-

3, H-2, 2xH-1), 3.40 (dd, J = 9.7, 3.3 Hz, 1H, H-5), 3.30 (dd, J = 9.7, 6.6 Hz, 1H, H-5), 2.69 (s, 1H, OH), 

2.36 (s, 1H, OH). 

13C NMR (101 MHz, CDCl3) δ 143.89 (Trt-Cquat), 138.13 (Ph-Cquat), 137.99 (Ph-Cquat), 128.84 (Carom), 128.62 

(Carom), 128.48 (Carom), 128.18 (Carom), 128.02 (Carom), 127.92 (Carom), 127.27 (Carom), 127.09 (Carom), 87.00 

(C9), 79.64 (C2 or C3), 79.41 (C2 or C3), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 74.03 (CH2-Ph), 

72.12 (CH2-Ph), 71.29 (C4), 64.83 (C5), 61.20 (C1). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C38H38O5Na 597.2617; found 597.2627. 

  



91 
 

1,2,3-tri-O-benzyl-5-O-trityl- D-ribitol 16 

 

43 (195 mg, 0.334 mmol) was dissolved in DCM (3.4 ml) and BnBr (0.441 mmol) and Bu4NBr (0.068 

mmol) were added. Afterwards 5 % of NaOH (800 µl) was added and the mixture was heated for 16 h 

at 50 °C. The reaction was monitored by TLC (3:1 Hex:EtOAc) and after 17 h no more starting material 

was observed. The reaction was diluted with DCM and the organic layer was washed with NaHCO3 

(sat.), brine and dried over Na2SO4. The product was purified by flash chromatography (8:2 Hex:EtOAc 

to 7:3 Hex:EtOAc). 

Yield: 144 mg  64% 

Rf: 0.24 (7:3 Hex:EtOAc) 

[α]D 
32 = + 20.4 (2.9 mg/ml) 

1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.33 (m, 6H, Ph), 7.32 – 7.12 (m, 22H, Ph), 7.01 (dd, J = 6.4, 

2.9 Hz, 2H, Ph), 4.65 – 4.35 (m, 6H, 3xCH2Ph), 4.01 – 3.92 (m, 1H, H-4), 3.83 (q, J = 4.4 Hz, 1H, H-2), 3.79 

– 3.69 (m, 2H, H-3, 1xH-1), 3.62 (dd, J = 10.3, 5.4 Hz, 1H, 1xH-1), 3.32 (dd, J = 9.6, 3.3 Hz, 1H, 1xH-5), 

3.23 (dd, J = 9.6, 6.3 Hz, 1H, 1xH-5), 2.82 (d, J = 4.0 Hz, 1H, OH). 

13C NMR (101 MHz, CDCl3) δ 144.04 (Trt-Cquat),, 138.54 (Ph-Cquat), 138.37 (Ph-Cquat), 138.28 (Ph-Cquat), 

128.87 (Carom), 128.50 (Carom), 128.43 (Carom), 128.32 (Carom), 128.06 (Carom), 127.94 (Carom), 127.81 (Carom), 

127.74 (Carom), 127.63 (Carom), 127.13 (Carom), 86.79 (C9), 79.19 (C2 or C3), 79.05 (C2 or C3), 77.48 

(CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 73.70 (CH2-Ph), 73.47 (CH2-Ph), 72.55 (CH2-Ph), 71.49 (C4), 69.73 

(C1), 64.96 (C5). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C45H44O5Na 687.3086; found 687.3091. 
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7.2.4 Synthesis of Disaccharides 13 and 14 

4-O-(2-O-acetyl-3,6-di-O-benzyl-4 -O-tert-butyldimethylsilyl - ß-D-glucopyranosyl)-

1,2,3,-tri-O-benzyl-5-O-trityl- D-ribitol 14 

 

Donor 32 (2.20 g, 3.20 mmol) and acceptor 16 (1.93 g, 2.90 mmol) were coevaporated with toluene 3 

times and put on the vacuum line overnight. Furthermore, MS 4 Å were activated and DCM was dried 

with them for 2 h. Donor and acceptor were dissolved under Ar in dry DCM (19 ml) and cooled to -

40°C. Then TMSOTf (0.146 mmol, 0.05 eq) was added slowly. After 10 min HPTLC (8:2 Hex:EtOAc) 

showed full conversion and the reaction was neutralized with NEt3 and diluted with DCM. The organic 

layer was washed with NaHCO3 (sat.), brine and dried over Na2SO4. 

The product was purified by flash chromatography (9:1 Hex:EtOAc). 

Yield: 2.78 g  82% 

Rf: 0.30 (4:1 Hex:EtOAc) 

[α]D 
33 = + 4.5 (3.9 mg/ml) 

1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.36 (m, 6H, Ph), 7.36 – 7.15 (m, 32H, Ph), 7.14 – 7.06 (m, 

2H, Ph), 5.11 (dd, J = 9.3, 7.9 Hz, 1H, H-2g), 4.84 (d, J = 7.9 Hz, 1H, H-1g), 4.78 – 4.64 (m, 2H, 2x CH2Ph), 

4.60 (dd, J = 11.6, 7.8 Hz, 2H, 2x CH2Ph), 4.54 – 4.46 (m, 2H, 2x CH2Ph), 4.46 – 4.38 (m, 3H, 3x CH2Ph), 

4.34 (s, 1H, 1x CH2Ph), 4.35 – 4.23 (m, 1H, H-4r), 3.93 (dd, J = 6.2, 4.3 Hz, 1H, H-3r), 3.74 – 3.62 (m, 4H, 

H-2r, 1xH-5r, H-4g, 1x H-6g), 3.56 (ddd, J = 12.5, 10.8, 6.0 Hz, 3H, 2 xH-1r), 3.49 (dd, J = 9.3, 8.4 Hz, 1H, 

H-6g), 3.45 – 3.36 (m, 3H, 2xH-5r, H-5g), 1.61 (s, 3H, CH3), 0.85 (s, 9H, 3x CH3), -0.02 (d, J = 1.1 Hz, 6H, 

2x CH3). 

13C NMR (101 MHz, CDCl3) δ 169.82 (Ccarbonyl), 144.09 (Trt-Cquat), 139.12 (Ph-Cquat), 138.83 (Ph-Cquat), 

138.80 (Ph-Cquat), 138.61 (Ph-Cquat), 138.52 (Ph-Cquat), 128.98 (Carom), 128.40 (Carom), 128.38 (Carom), 

128.25 (Carom), 128.23 (Carom), 128.07 (Carom), 127.90 (Carom), 127.64 (Carom), 127.48 (Carom), 127.45 (Carom), 

127.38 (Carom), 127.29 (Carom), 127.10 (Carom), 100.14 (C1g), 86.90 (C9), 83.80 (C3g), 79.40 (C3r), 78.93 

(C2r), 77.95 (C4r), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 76.79 (C5r), 74.93 (CH2-Ph), 73.94 (C2g), 
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73.87 (CH2-Ph), 73.58 (CH2-Ph), 73.23 (CH2-Ph), 72.51 (CH2-Ph), 71.20 (C4g), 70.62 (C1r or C6g), 69.34 

(C6g or C1r), 63.30 (C5r), 26.09 (CH3), 21.19 (CH3), -3.67 (CH3), -4.63 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C73H82O11NaSi 1185.5524; found 1185.5555. 

 

4-O-(2-O-acetyl-3,4,6-tri-O-benzyl-ß-D-glucopyranosyl)- 1,2,3,-tri-O-benzyl-5-O-trityl- 

D-ribitol 13 

 

Donor 57 (1.475 g, 2.22 mmol) and acceptor 16 (1.334 g, 2.01 mmol) were coevaporated with toluene 

3 times and put on the vacuum line overnight. Furthermore, MS 4Å were activated and DCM was dried 

with them.  

Donor and acceptor were dissolved under Ar in dry DCM (13.4 ml) and cooled to -30°C. Then TMSOTf 

(0.141 mmol, 0.07 eq) was added slowly. After 10 min HPTLC (15:5 Hex:EtOAc) showed full conversion 

and the reaction was neutralized with NEt3 and diluted with DCM. 

The organic layer was washed with NaHCO3 (sat.), brine and dried over Na2SO4. 

The product was purified by flash chromatography (9:1 Hex:EtOAc). 

Yield: 1.748 g  76% 

Rf: 0.54 (7:3 Hex:EtOAc) 

[α]D 
33 = - 3.4 (7.4 mg/ml 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.29 (m, 6H, Ph), 7.30 – 7.07 (m, 36H, Ph), 7.02 (dd, J = 6.7, 

2.9 Hz, 2H, Ph), 5.01 (dd, J = 9.3, 8.0 Hz, 1H, H-2g), 4.81 – 4.67 (m, 3H, H-1g, 2xCH2Ph ), 4.62 (d, J = 11.5 

Hz, 1H, 1x CH2Ph), 4.51 (d, J = 12.1 Hz, 3H, 3x CH2Ph), 4.48 – 4.38 (m, 2H, 2x CH2Ph), 4.38 – 4.31 (m, 3H, 

3x CH2Ph), 4.25 (d, J = 11.8 Hz, 1H, 1x CH2Ph), 4.20 (dt, J = 5.9, 3.8 Hz, 1H, H-4r), 3.83 (dd, J = 6.2, 4.2 

Hz, 1H, H-3r), 3.70 – 3.54 (m, 6H, H-3g, H-4g, H-2r, 1xH-6g, 2xH-1r), 3.50 (dd, J = 10.8, 6.2 Hz, 1H, 1xH-

6g), 3.40 – 3.32 (m, 3H, H-5g, 2xH-1r), 1.59 (s, 3H, OAc). 
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13C NMR (101 MHz, CDCl3) δ 169.78 (Ccarbonyl), 144.07 (Trt-Cquat), 139.10 (Ph-Cquat), 138.78 (Ph-Cquat), 

138.46 (Ph-Cquat), 138.18 (Ph-Cquat), 128.97 (Carom), 128.57 (Carom), 128.45 (Carom), 128.40 (Carom), 128.25 

(Carom), 128.11 (Carom), 127.97 (Carom), 127.78 (Carom), 127.72 (Carom), 127.68 (Carom), 127.49 (Carom), 127.34 

(Carom), 127.13 (Carom), 100.25 (C1g), 83.23 (C3g), 79.44 (C3r), 78.87 (C4g or C2r), 78.32 (C4g or C2r), 

78.16 (C4r), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.34 (C5g), 75.11 (CH2-Ph), 73.74 (CH2-Ph), 

73.58 (C2g), 73.29 (CH2-Ph), 72.52 (CH2-Ph), 70.52 (C6g), 69.03 (C1r), 63.44 (C5r), 21.19 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C74H74O11Na 1161.5129; found 1161.5098. 

7.2.5 Preparation of the Phosphinite 

2-cyanoethyl N,N,N′,N′-tetraisopropylphosphoramidite 59 

 

 

Before reaction: Put every glassware in the oven and activate 4 A MS (beats). 

Chlorodiisopropylphosphine (500 mg, 1.874 mmol) was dissolved in Et2O (9 ml) and MS 4 Å (500 mg) 

were added under Ar atmosphere. Then the mixture was cooled to 0°C and a solution of NEt3 (2.249 

mmol) and 3-Hydroxypropionitril (2.249 mmol) in Et2O (9 ml) was added very slowly. After 1h the 

icebath was removed and the mixture was stirred for 3h at r.t. Then the mixture was put on a column 

without any workup (100% Hex + 2% NEt3). The first 12 fractions were collected. 

Yield: 405 mg 72% 

1H NMR (400 MHz, Acetone-d6) δ 3.78 (dt, J = 7.2, 6.0 Hz, 2H, -CH2-CH2-CN), 3.60 (dp, J = 10.8, 6.8 Hz, 

4H, 4xCH), 2.74 (td, J = 6.0, 0.8 Hz, 2H, CH2-CH2-CN), 1.20 (dd, J = 8.0, 6.8 Hz, 24H, CH3). 

31P NMR (162 MHz, Acetone-d6) δ 122.78 

The obtained analytical data are in agreement with those reported in literature. 
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7.2.6 Preparation of Building Blocks I and II 

4-O-(2-O-acetyl-3,4,6-tri-O-benzyl-ß-D-glucopyranosyl)- 1,2,3-tri-O-benzyl- D-ribitol 

12 

 

13 (664 mg, 0.583 mmol) was dissolved in DCM (3.9 ml) and cooled to 0°C. Then TFA (5.83 mmol) were 

added and stirred for 30 min at 0°C. The reaction was quenched by adding NaHCO3 (sat.) and was 

diluted with DCM. The organic layer was washed with brine and dried over Na2SO4. 

The product was purified by flash chromatography (7:3 Hex:EtOAc). 

Yield 451 mg 86% 

Rf: 0.36 (7:3 Hex:EtOAc) 

[α]D 
33 = + 7.4 (3.6 mg/ml 

1H NMR (400 MHz, Chloroform-d) δ 7.60 – 7.03 (m, 32H, Ph), 5.04 (dd, J = 9.3, 8.0 Hz, 1H, H-2g), 4.81 

(d, J = 3.6 Hz, 1H, 1xCH2Ph), 4.78 (d, J = 3.3 Hz, 2H, 2xCH2Ph), 4.75 (d, J = 2.5 Hz, 1H,1xCH2Ph), 4.74 – 

4.64 (m, 2H, 2xCH2Ph), 4.64 – 4.59 (m, 2H, 3xCH2Ph), 4.59 – 4.51 (m, 3H, H-1g, 2xCH2Ph), 4.49 (s, 2H, 

1xCH2Ph), 4.44 (d, J = 12.1 Hz, 1H, 1xCH2Ph), 4.01 (dt, J = 4.1, 2.6 Hz, 2H, H-3r, H-4r), 3.86 (td, J = 5.5, 

3.0 Hz, 1H, H-2r), 3.79 – 3.61 (m, 9H, H-3g, H-4g, 2xH-6g, 2xH1r, 2xH5r), 3.44 (ddd, J = 9.6, 4.1, 2.2 Hz, 

1H, H-5g), 2.48 (t, J = 6.4 Hz, 1H, OH), 1.95 (s, 3H, OAc). 

13C NMR (101 MHz, CDCl3) δ 169.87 (Ccarbonyl), 138.49 (Ph-Cquat), 138.34 (Ph-Cquat), 138.27 (Ph-Cquat), 

138.06 (Ph-Cquat), 128.58 (Carom), 128.49 (Carom), 128.46 (Carom), 128.18 (Carom), 128.07 (Carom), 128.00 

(Carom), 127.95 (Carom), 127.88 (Carom), 127.83 (Carom), 127.77(Carom), 127.71 (Carom), 100.67 (C1g), 83.04 

(C3g), 80.11 (C3r, C4r), 80.03 (C2r, C4r), 78.31 (C2r), 78.03 (C4g), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 

(CDCl3), 75.30 (C5g), 75.18 (CH2-Ph), 74.44 (CH2-Ph), 73.69 (CH2-Ph), 73.67 (CH2-Ph), 73.53 (C2g), 72.61 

(CH2-Ph), 69.88 (C6g), 68.89 (C1r), 61.66 (C5r), 21.06 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C55H60O11Na 919.4033; found 919.4031. 
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4-O-(2-O-acetyl-3,4,6-tri-O-benzyl-ß-D-glucopyranosyl)- 1,2,3,-tri-O-benzyl-5-O-[(N,N,-

diisopropylamino) O-2-cyanoethyl-phosphoramidite]- D-ribitol 76 

 

12 (270 mg, 0.301 mmol) was dissolved in DCM (2.5 ml) under N2 atmosphere. Then the 

phosphoramidite (0.3 M of the phosphoramidite in DCM, 0.602 mmol) and the tetrazolide 63 (0.361 

mmol) were added. The reaction was stirred for 3 h at r.t. and then diluted with DCM and washed with 

(sat.) NaHCO3: brine (1:1) and dried over Na2SO4. The product was purified by flash chromatography 

(8:2 Hex:EtOAc 0.5% NEt3). 

Yield: 326 mg 98% 

Rf: 0.64 (6:4 Hex:EtOAc) 

1H NMR (400 MHz, Acetone-d6) δ 7.48 – 7.13 (m, 29H, Ph), 4.99 (ddd, J = 9.2, 7.9, 4.6 Hz, 1H, H-2g), 

4.87 (dd, J = 8.0, 1.5 Hz, 1H, H-1g), 4.85 – 4.70 (m, 5H, 5xCH2Ph), 4.70 – 4.60 (m, 3H, 3xCH2Ph), 4.58 (d, 

J = 2.6 Hz, 1H, 1xCH2Ph), 4.57 – 4.52 (m, 2H, 2xCH2Ph), 4.52 – 4.43 (m, 1H, 1xCH2Ph), 4.32 (dq, J = 6.6, 

3.3 Hz, 1H, H-4r), 4.08 – 3.59 (m, 12H, 2xCH, 2x H-1r, H-3g, H-4g, 2xH-6g, H-2r, H-3r, 2xH-5r, 2xH-6, 

2xH-8), 3.55 (tdd, J = 6.9, 5.3, 3.2 Hz, 1H, H-5g), 2.83 – 2.75 (m, 2H, 2x H-7), 2.05 (dq, J = 4.3, 2.2 Hz, 

15H, Aceton, OAc), 1.29 – 1.10 (m, 12H, 4xH-9). 

13C NMR (101 MHz, Acetone) δ 206.09 (Aceton), 169.95 (Ccarbonyl), 139.91 (Ph-Cquat), 139.73 (Ph-Cquat), 

139.51 (Ph-Cquat), 129.06 (Carom), 128.98 (Carom), 128.81 (Carom), 128.63 (Carom), 128.60 (Carom), 128.38 

(Carom), 128.11 (Carom), 128.03 (Carom), 101.57 (C1-g), 101.49 (C1-g), 83.80 (C-3g), 83.62 (C3-g), 80.55 (C2-

r, C3-r or C4-g), 80.39 (C2-r, C3-r or C4-g), 79.68 (C2-r, C3-r or C4-g), 79.62 (C2-r, C3-r or C4-g), 79.50 

(C2-r, C3-r or C4-g), 79.43 (C2-r, C3-r or C4-g), 79.25 (C2-r, C3-r or C4-g), 79.16 (C2-r, C3-r or C4-g), 

79.07 (C2-r, C3-r or C4-g), 76.00 (C5-g), 75.48 (CH2-Ph), 75.38 (CH2-Ph), 74.44 (CH2-Ph), 74.35 (CH2-Ph), 

74.27 (C2-g), 73.99, 73.75, 72.96, 72.90, 71.09 (C6-g), 69.80 (C1-r), 64.78 (d, J = 4.6 Hz,C5-r), 64.63 (d, 

J = 4.6 Hz, C5-r), 60.24 – 59.14 (m, C6), 43.74 (t, J = 13.2 Hz, C8), 30.42 (Aceton), 30.22 (Aceton), 30.03 

(Aceton), 29.84 (Aceton), 29.65 (Aceton), 29.46 (Aceton), 29.26 (Aceton), 25.20 (C9), 25.14 (C9), 25.07 

(C9), 24.96 (C9), 24.92 (C9), 21.43 (CH3), 20.85 (t, J = 6.8 Hz, C7). 

31P NMR (162 MHz, Acetone) δ 147.76, 147.24. 
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4-O-(2-O-acetyl-3,6-di-O-benzyl-ß-D-glucopyranosyl)- 1,2,3,-tri-O-benzyl-5-O-[bis(4-

methoxyphenyl)(phenyl)]- D-ribitol 62 

 

14 (0.227 g, 0.195 mmol) was dissolved in THF (2 ml) and cooled to 0°C. Then TBAF (1M in THF, 0.975 

mmol) were added. The reaction was stirred for 30 min at 0°C and another 30 min at r.t. Then NaHCO3 

(sat.) and DCM were added. The organic layer was washed with brine and dried over Na2SO4. No 

purification was performed. 

The crude was dissolved in DCM (1.5 ml) and cooled to 0°C. Then TFA (3.9 mmol) were added and after 

30 min TLC showed full conversion. The reaction was diluted with DCM and the organic layer were 

washed with NaHCO3 (sat.), brine and dried over Na2SO4. No purification was performed. 

The residue was dissolved in anhydrous DCM (2 ml) under N2-atmosphere and cooled to 0°C. Then NEt3 

(0.293 mmol) and DMTrCl (0.293 mmol) were added and the reaction was stirred for 17 h. Afterwards 

the reaction was diluted with DCM and water was added. The organic layer was washed with brine and 

dried over Na2SO4. The product was purified by flash chromatography (7:3 Hex:EtOAc + 0.1 % of NEt3) 

Yield: 170 mg 80 % over three steps 

Rf: 0.40 (6:4 Hex:EtOAc) 

[α]D 
33 = + 11.0 (5.5 mg/ml) 

1H NMR (400 MHz, Chloroform-d) δ 7.41 (dt, J = 8.0, 1.6 Hz, 2H, Ph), 7.37 – 7.14 (m, 36H, Ph), 7.13 – 

7.00 (m, 2H, Ph), 6.74 (dq, J = 8.9, 1.7 Hz, 4H, Ph), 5.03 (ddd, J = 9.5, 8.0, 1.5 Hz, 1H, H-2g), 4.87 – 4.70 

(m, 3H, H-1g, 2x CH2Ph), 4.61 (dd, J = 11.9, 1.4 Hz, 1H, 1x CH2Ph), 4.58 – 4.33 (m, 7H, 7x CH2Ph), 4.19 

(dd, J = 5.6, 2.8 Hz, 1H, H-4r), 3.85 (ddd, J = 6.1, 4.4, 1.5 Hz, 1H, H-3r), 3.80 – 3.28 (m, 15H, H-3g, H-4g, 

2x H-6, H-4r, 2x H-1r, 2x H-5r, 2xOMe), 2.87 (s, 1H, OH), 2.04 (d, J = 1.5 Hz, 3H, CH3). 

13C NMR (101 MHz, CDCl3) δ 169.72 (Ccarbonyl), 158.54 (Ph-Cquat), 158.53 (Ph-Cquat), 145.01 (Ph-Cquat),, 

139.01 (Ph-Cquat), 138.72 (Ph-Cquat), 138.66 (Ph-Cquat), 138.53 (Ph-Cquat), 137.74 (Ph-Cquat), 136.13 (Ph-

Cquat), 130.30 (Carom), 130.27 (Carom), 128.38 (Carom), 128.36 (Carom), 128.24 (Carom), 128.20 (Carom), 127.90 

(Carom), 127.86 (Carom), 127.84 (Carom), 127.78 (Carom), 127.62 (Carom), 127.60 (Carom), 127.47 (Carom), 127.41 

(Carom), 127.33 (Carom), 126.84 (Carom), 113.14, 100.07 (C1-g), 86.36 (Cquart), 82.53 (C3-g), 79.23 (C3-r), 
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78.68 (C2-r), 77.92 (C4-r), 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 74.32 (CH2-Ph), 73.89 (CH2-Ph), 

73.74 (CH2-Ph), 73.57 (CH2-Ph), 73.21 (CH2-Ph), 73.13 (CH2-Ph), 72.92 (CH2-Ph), 72.37 (CH2-Ph), 70.96 

(C6-g or C1-r), 70.35 (C6-g or C1-r), 63.20 (C-5r), 55.28 (OMe), 21.15 (CH3). 

HRMS (ESI+) m/z = [M + Na]+ calculated for C69H72O13Na 1131.4871; found 1131.4860. 

4-O-{2-O-acetyl-3,6-di-O-benzyl-4-O-[(N,N,-diisopropylamino) O-2-cyanoethyl-

phosphoramidite]-ß-D-glucopyranosyl}- 1,2,3,-tri-O-benzyl-5-O-[bis(4-

methoxyphenyl)(phenyl)]- D-ribitol 11 

 

59 (392 mg, 0.359 mmol) was dissolved in DCM under N2 atmosphere. Then a solution of the 

phosphoramidite (0.718 mmol, 0.3 M in DCM) was added followed by addition of the tetrazolide 63 

(0.466 mmol). The reaction turned white-pink. After 3 h 0.5 eq of the phosphoramidite was added 

again (0.180 mmol) and the reaction was warmed to 30 °C. After 6 h TLC showed full conversion (6:4 

Hex:EtOAc) and DCM was added. The organic layer was washed with (sat.) NaHCO3: brine (1:1) and 

dried over Na2SO4. The product was purified by flash chromatography (8:2 Hex:EtOAc + 0.5 % NEt3). 

Yield: 448 mg 95% 

Rf: 0.49 (7:3 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.38 (m, 2H, Ph), 7.39 – 7.06 (m, 36H, Ph), 6.84 – 6.57 (m, 

4H, Ph), 5.11 (ddd, J = 12.6, 9.5, 7.9 Hz, 1H, H-2g), 4.92 – 4.74 (m, 2H, H-1g, 1xCH2Ph), 4.69 (d, J = 11.2 

Hz, 1H, 1xCH2Ph), 4.67 – 4.39 (m, 7H, 7xCH2Ph), 4.34 (dt, J = 12.5, 4.6 Hz, 2H, H-2r, 1xCH2Ph), 3.92 (ddd, 

J = 15.1, 8.3, 4.1 Hz, 2H, H-3r,1xHx5r), 3.87 – 3.49 (m, 12H, OMe, 2x CH, H-3g, H-4g, 2xH-7, 2xH-6g, 

1xH-5r?), 3.49 – 3.34 (m, 2H, 2xH-1r), 2.34 (q, J = 6.4 Hz, 1H, 1xHx8), 2.22 – 1.97 (m, 3H, 3xH-8), 1.66 

(d, J = 13.7 Hz, 3H, CH3), 1.26 – 1.06 (m, 12H, CH3). 

13C NMR (101 MHz, CDCl3) δ 169.75, 169.69, 158.53, 145.10, 139.13, 138.80, 138.70, 138.61, 138.39, 

136.22, 130.34, 128.44, 128.37, 128.23, 128.10, 127.98, 127.88, 127.74, 127.70, 127.62, 127.47, 

127.38, 127.27, 126.82, 117.72, 113.16, 100.05, 99.91, 86.31, 83.48, 82.59, 79.35, 78.91, 78.16, 77.90, 

77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.95, 74.71, 74.66, 73.86, 73.63, 73.57, 73.55, 73.39, 
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73.24, 73.07, 72.87, 72.48, 70.58, 70.52, 69.72, 69.35, 63.04, 58.99, 58.76, 58.49, 58.24, 55.31, 43.72, 

43.59, 43.45, 43.32, 29.84, 24.85, 24.77, 24.60, 21.14, 20.13, 20.06, 19.94, 19.87. 

31P NMR (162 MHz, CDCl3) δ 152.34, 150.58. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C78H89N2O14NaP 1331.5949; found 1331.6008. 

7.2.7 Different Oligomerization Approach 

Dimer 66 

 

Procedure I 

Before reaction: 62 and phosphoramidite 76 were both coevaporated with ACN and put on the pump 

overnight. Furthermore MS 3 A were freshly activated. 

62 (330 mg, 0.302 mmol) was dissolved in ACN (1.5 ml) and DCI (0.362 mmol) and MS 3 A were added 

under Ar atmosphere. After 30 min a solution of the phosphoramidite 76 (0.400 mmol in ACN 800 µl + 

200 µl + 300 µl + 200 µl) were added. The reaction was monitored by HPTL (11.5: 8.5 Hex:EtOAc). After 

1 h CSO (0.604 mmol) were added and stirred for 15 min. Then the MS were filtered off and the 

reaction was diluted with DCM. The organic layer was washed with (sat.) NaHCO3: brine (1:1) and dried 

over Na2SO4. The crude was again dissolved in DCM (3 ml) and TCA (0.906 mmol, 0.18 M in DCM) was 

added. After 30 min the reaction was quenched by adding water. The organic phase was diluted with 

DCM and washed with (sat.) NaHCO3: brine (1:1) and dried over Na2SO4. The product was purified by 

Biotage.  

Biotage conditions 

Catridge SNAP KP-Sil25g 

Flow-rate 30 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 15 ml 
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Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 40%-80% 10.0 CV 

2 A/B 80%-82% 0.1 CV 

3 A/B 82%-100% 1.0 CV 

4 A/B 100% 2.0 CV 

 

Yield: 399 mg 73 % 

Rf: 0.37 (4:6 Hex:EtOAc) 

7.2.8 General Coupling Procedure  

Procedure II 

Before reaction: ‘acceptor’ and phosphoramidite were both coevaporated with ACN and put on the 

pump overnight. Furthermore MS 3 A were freshly activated. 

The ‘acceptor’ was dissolved in ACN (0.1M) and DCI and MS 3 A were added under Ar atmosphere. 

After 30 min a solution of the phosphoramidite in ACN was added. The reaction was monitored by 

HPTLC and after consumption of the starting materials CSO was added and stirred for additional 15 

min. Then the MS were filtered off and diluted with DCM. The organic layer was washed with (sat.) 

NaHCO3: brine (1:1) and dried over Na2SO4. The crude was again dissolved in DCM and TCA (0.18 M in 

DCM) was added. After 30 min the reaction was quenched by adding water and MeOH. The organic 

phase was diluted with DCM and washed with (sat.) NaHCO3: brine (1:1) and dried over Na2SO4. 

The product was purified by Biotage (and Sephadex LH-20 (DCM:MeOH 2:8) 
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Dimer 66 

 

12 (100 mg, 0.111 mmol) was coupled with phosphoramidite 11 (0.123 mmol in ACN 800 µl + 200 µl) 

using DCI (0.144 mmol) and CSO (0.222 mmol) followed by deprotection of DMTr with TCA (0.333 

mmol, 0.18 M in DCM). The product was purified by Biotage.  

Biotage conditions 

Catridge SNAP KP-Sil25g 

Flow-rate 30 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 10 ml 

 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 30%-68% 7.6 CV 

2 A/B 68% 1.0 CV 

3 A/B 68-70% 0.3 CV 

4 A/B 70-100% 1.0 CV 

5 A/B 100% 2 CV 

 

Yield: 160 mg 79 % 

Rf: 0.37 (4:6 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.21 (m, 54H), 5.21 – 5.00 (m, 2H), 4.92 – 4.68 (m, 8H), 4.69 

– 4.39 (m, 17H), 4.39 – 4.27 (m, 1H), 4.28 – 4.20 (m, 1H), 4.19 – 4.12 (m, 1H), 4.12 – 3.90 (m, 4H), 3.90 

– 3.57 (m, 14H), 3.45 (ddt, J = 12.9, 9.6, 4.1 Hz, 2H), 3.38 – 3.29 (m, 1H), 2.56 (d, J = 13.8 Hz, 1H), 2.36 

(q, J = 5.7 Hz, 1H), 2.20 (dt, J = 17.1, 6.2 Hz, 1H), 2.04 (s, 3H), 2.00 (s, 3H), 1.50 – 1.24 (m, 5H). 
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13C NMR (101 MHz, CDCl3) δ 169.97, 169.74, 169.59, 138.77 (Ph-Cquat), 138.56 (Ph-Cquat), 138.40 (Ph-

Cquat), 138.28 (Ph-Cquat), 138.18 (Ph-Cquat), 137.93 (Ph-Cquat), 137.84 (Ph-Cquat), 128.28 (Carom), 128.21 

(Carom), 128.14 (Carom), 127.93 (Carom), 127.83 (Carom), 127.60 (Carom), 127.51 (Carom), 116.71, 116.52, 

101.17 (d, J = 14.6 Hz, H-1g), 100.42 (d, J = 21.7 Hz, H-1g), 82.87, 82.74, 80.91, 80.09, 79.98, 79.29, 

79.19, 78.91, 78.84, 78.42, 78.32, 77.99, 77.87, 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.27, 

75.21, 74.99, 74.90, 74.38, 73.90, 73.64, 73.55, 73.45, 73.35, 72.71, 72.60, 72.47, 72.33, 69.72, 69.54, 

68.83, 68.63, 68.27, 68.16, 62.28, 62.23 (C-7), 61.42 (C-7), 46.77, 32.01, 29.78, 29.45, 22.78, 21.18, 

21.12 (CH3), 20.90 (CH3), 19.30 (d, J = 6.3 Hz, C8), 18.99 (d, J = 6.7 Hz, C8). 

31P NMR (162 MHz, Chloroform-d) δ -2.39 , -2.55 . 

HRMS (ESI+) m/z = [M + Na]+ calculated for C106H116NO24NaP 1840.7523; found 1840.7468. 

Trimer 67 

 

 

66 (161 mg, 0.089 mmol) was coupled with phosphoramidite 11 (0.118 mmol in ACN 200 µl+200 µl + 

100 µl + 100 µl) using DCI (0.107 mmol) and CSO (0.604 mmol) followed by deprotection of DMTr with 

TCA (0.267 mmol, 0.18 M in DCM). The product was purified by Biotage.  

Biotage conditions 

Catridge SNAP KP-Sil25g 

Flow-rate 33 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 10 ml 

 

  



103 
 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 45%-67% 5.8 CV 

2 A/B 67% 1.0 CV 

3 A/B 67%-75% 2.1 CV 

4 A/B 75%-100% 1 CV 

5 A/B 100% 5 CV 

 

Yield: 198 mg 80 % 

Rf: 0.43 (4:6 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.63 – 6.90 (m, 85H), 5.15 – 4.93 (m, 3H), 4.83 – 4.31 (m, 32H), 

4.26 (td, J = 12.0, 9.7, 3.6 Hz, 4H), 4.16 (qd, J = 6.8, 3.6 Hz, 1H), 4.12 – 4.05 (m, 1H), 4.05 – 3.96 (m, 1H), 

3.97 – 3.82 (m, 2H), 3.81 – 3.44 (m, 9H), 3.45 – 3.32 (m, 2H), 3.26 (dd, J = 9.7, 4.0 Hz, 1H), 2.46 (q, J = 

6.6 Hz, 1H), 2.27 (dt, J = 9.6, 6.3 Hz, 1H), 2.02 – 1.93 (m, 9H). 

13C NMR (101 MHz, CDCl3) δ 170.06, 169.82, 169.65, 169.57, 169.43, 138.81, 138.73, 138.61, 138.48, 

138.33, 138.19, 138.06, 137.97, 137.87, 128.48, 128.40, 128.08, 128.00, 127.92, 127.84, 127.76, 

127.68, 127.62, 116.79, 116.72, 116.61, 101.18, 100.60, 100.34, 82.95, 82.80, 80.92, 80.76, 80.64, 

80.28, 80.15, 80.04, 79.34, 79.22, 79.16, 78.90, 78.60, 78.52, 78.32, 78.03, 77.99, 77.91, 77.48 (CDCl3), 

77.16 (CDCl3), 76.84 (CDCl3), 75.57, 75.52, 75.31, 75.14, 75.07, 74.94, 74.44, 74.36, 74.16, 73.96, 73.53, 

73.50, 73.40, 72.76, 72.65, 72.53, 72.42, 72.35, 69.78, 69.61, 68.88, 68.70, 68.28, 68.22, 62.38, 62.25, 

61.46, 29.83, 21.18, 20.96, 19.32, 19.09, 19.03, 18.96. 

31P NMR (162 MHz, CDCl3) δ -1.70, -1.72, -1.75, -1.79, -1.82, -1.97, -2.00. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C157H172N2O37NaP2 2762.1012; found 2762.0999. 
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Tetramer 68 

 

67 (98 mg, 0.036 mmol) was coupled with phosphoramidite 11 (0.047 mmol in ACN 200 µl + 100 µl + 

100 µl) using DCI (0.043 mmol) and CSO (0.072 mmol) followed by deprotection of DMTr with TCA 

(0.108 mmol, 0.18 M in DCM). The product was purified by Biotage and additionally with Sephadex LH-

20 (8:2 MeOH:DCM). 

Biotage conditions 

Catridge SNAP Ultra 10g 

Flow-rate 17 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 7 ml 

 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 20%-50% 4.0 CV 

2 A/B 50%-79% 6.8 CV 

3 A/B 79%-80% 0.9 CV 

4 A/B 80% 1.0 CV 

5 A/B 80-100% 0.5 CV 

6 A/B 100% 4.9% 
 

Yield: 82 mg 62 % 

Rf: 0.25 (3:7 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.12 (m, 105H), 5.06 (dp, J = 16.5, 8.4 Hz, 4H), 4.86 – 4.33 

(m, 42H), 4.28 (p, J = 6.6 Hz, 5H), 4.19 (td, J = 7.2, 6.2, 2.7 Hz, 1H), 4.15 – 3.98 (m, 3H), 3.90 (dq, J = 

20.0, 6.2 Hz, 6H), 3.84 – 3.48 (m, 28H), 3.47 – 3.34 (m, 3H), 3.28 (dq, J = 7.3, 3.9, 3.0 Hz, 1H), 2.48 (q, J 

= 6.3 Hz, 1H), 2.27 (dp, J = 11.2, 5.5 Hz, 2H), 2.20 – 2.04 (m, 2H), 2.05 – 1.89 (m, 12H). 
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13C NMR (101 MHz, CDCl3) δ 170.02, 169.79, 169.75, 169.62, 169.57, 138.83, 138.81, 138.72, 138.63, 

138.60, 138.50, 138.36, 138.18, 138.13, 138.05, 137.97, 137.87, 128.57, 128.52, 128.47, 128.44, 

128.41, 128.36, 128.08, 128.05, 128.01, 127.90, 127.81, 127.76, 127.71, 127.68, 127.63, 127.59, 

116.75, 116.70, 116.67, 116.60, 116.56, 116.39, 101.16, 100.37, 82.96, 82.82, 80.95, 80.19, 80.07, 

78.35, 78.00, 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.33, 75.11, 75.01, 74.93, 74.42, 74.15, 

73.99, 73.95, 73.69, 73.60, 73.52, 73.50, 73.47, 73.39, 72.79, 72.65, 72.54, 72.46, 72.36, 72.33, 69.85, 

69.82, 69.79, 69.66, 68.96, 68.91, 68.34, 68.29, 68.26, 68.18, 62.25, 21.09, 19.31, 19.23, 19.10, 19.05, 

18.98, 18.96. 

31P NMR (162 MHz, CDCl3) δ -2.38, -2.45, -2.57, -2.65, -2.69. 

HRMS (ESI+) m/z = [M + 2Na]+ calculated for C208H227N3O50Na2P3 3705.4321; found 3705.4507. 

 

Pentamer 69 

 

68 (150 mg, 0.041 mmol) was coupled with phosphoramidite 11 (0.049 mmol in ACN 200 µl + 200 µl + 

180 µl) using DCI (0.057 mmol) and CSO (0.082 mmol) followed by deprotection of DMTr with TCA 

(0.205 mmol, 0.18 M in DCM). The product was purified by Biotage and additionally with Sephadex LH-

20 (8:2 MeOH:DCM). 

Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 5 ml 
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Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 50%-70% 1.5 CV 

2 A/B 70%-85% 8.0 CV 

3 A/B 85%-100% 2.0 CV 

4 A/B 100% 2.0 CV 

 

Yield: 153 mg 81 % 

Rf: 0.50 (2:8 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 8.20 – 6.81 (m, 146H), 5.27 – 4.92 (m, 5H), 4.87 – 4.33 (m, 32H), 

4.34 – 4.14 (m, 6H), 4.14 – 3.96 (m, 2H), 3.99 – 3.83 (m, 7H), 3.82 – 3.48 (m, 22H), 3.47 – 3.32 (m, 5H), 

3.32 – 3.22 (m, 1H), 2.55 – 2.42 (m, 1H), 2.34 – 2.21 (m, 2H), 2.21 – 2.06 (m, 1H), 2.08 – 1.87 (m, 15H). 

13C NMR (101 MHz, CDCl3) δ 170.03, 169.79, 169.68, 169.56, 169.54, 169.41, 138.80, 138.71, 138.62, 

138.60, 138.47, 138.41, 138.39, 138.33, 138.27, 138.25, 138.06, 137.99, 137.97, 137.92, 128.55, 

128.49, 128.46, 128.43, 128.37, 128.09, 128.06, 127.99, 127.91, 127.86, 127.83, 127.80, 127.76, 

127.72, 127.68, 127.65, 127.61, 116.89, 116.75, 116.55, 101.51, 101.44, 101.34, 101.23, 101.17, 82.94, 

82.80, 81.02, 80.85, 80.72, 79.36, 79.20, 78.98, 78.60, 78.51, 78.43, 78.35, 78.26, 78.08, 77.99, 77.90, 

77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.23, 75.12, 75.08, 75.03, 74.99, 74.95, 74.92, 74.29, 

74.23, 73.99, 73.95, 73.86, 73.60, 73.59, 73.55, 73.48, 73.45, 73.43, 73.40, 72.69, 72.61, 72.56, 72.53, 

72.49, 72.47, 72.36, 72.25, 72.23, 72.21, 72.18, 72.15, 69.79, 69.61, 69.53, 69.48, 69.43, 68.89, 68.71, 

68.35, 68.31, 68.26, 68.21, 68.19, 68.16, 68.02, 68.00, 67.95, 67.94, 67.92, 67.89, 62.31, 62.26, 62.21, 

62.01, 61.96, 29.83, 21.25, 21.17, 21.06, 20.98, 20.94, 20.90, 19.34, 19.27, 19.03, 18.95. 

31P NMR (162 MHz, CDCl3) δ -2.39, -2.44, -2.47, -2.51, -2.55, -2.57, -2.59, -2.62, -2.65, -2.69. 

HRMS (ESI+) m/z = [M + 3Na]+ calculated for C259H282N4O63Na3P4 4648.7629; found 4648.7876. 
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7.2.9 Coupling to the Linker 

7.2.9.1  Preparation of the Linker-Containing Phosphoramidite 

 

 

3-(Cbz-amino)-1-propanol was coevaporated with toluene and dissolved in DCM (1 ml) under Ar 

atmosphere. Then a solution of the phosphoramidite 55 (1.228 mmol in 3 ml DCM) and tetrazolide 63 

were added. The reaction was stirred for 4 h and then a solution of NaHCO3 (sat.) and brine (1:1) were 

added. The organic layers were washed with NaHCO3 (sat.) and brine (1:1) and dried over Na2SO4. The 

product was purified by flash chromatography to give the product 70. 

Yield: 273 mg 82 % 

Rf: 0.44 (5:5 Hex:EtOAc) 

1H NMR (400 MHz, Acetone-d6) δ 7.52 – 7.24 (m, 5H, Ph), 6.29 (s, 1H, NH), 5.06 (d, J = 3.0 Hz, 2H, 

CH2Ph), 4.03 – 3.53 (m, 6H, 2xCH, 2xH-3, 2xH-4), 3.28 (q, J = 6.6 Hz, 2H, 2xH-1), 2.74 (t, J = 6.0 Hz, 2H, 

2xH-5), 2.05 (p, J = 2.2 Hz, Aceton), 1.83 (p, J = 6.5 Hz, 2H, 2xH-2), 1.19 (dd, J = 6.8, 3.4 Hz, 12H, 4xCH3). 

13C NMR (101 MHz, Acetone) δ 206.26 (Aceton), 157.31(Ccarbonyl), 138.75 (Ph-Cquat), 129.36 (Carom), 

128.82 (Carom), 128.74 (Carom), 119.15 (CN), 66.56 (CH2-Ph), 62.26 (d, J = 17.4 Hz, C3), 59.64 (d, J = 18.3 

Hz, C4), 43.94 (d, J = 12.4 Hz, CH), 39.11 (C1), 32.46 (d, J = 7.2 Hz, C2), 30.60 (Aceton), 30.41 (Aceton), 

30.22 (Aceton), 30.03 (Aceton), 29.83 (Aceton), 29.64 (Aceton), 29.45 (Aceton), 25.13 (CH3), 25.06 

(CH3), 20.95 (d, J = 6.7 Hz, C5). 

31P NMR (162 MHz, Acetone) δ 147.17. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C20H32N3O4NaP 432.2028; found 432.2029. 
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7.2.9.2  General Procedure for the Coupling with the Linker 

Before reaction: ‘acceptor’ and phosphoramidite-Linker were both coevaporated with ACN and put on 

the pump overnight. Furthermore MS 3 A were freshly activated. 

Acceptor was dissolved in ACN and MS 3 A and DCI were added under Ar atmosphere. After 15 min a 

solution of the phosphoramidite in ACN (0.1 M in ACN) was added. After full conversion of the starting 

material CSO (2 eq)was added and the the reaction was stirred for additional 15 min. The mixture was 

filtered through a pad of celite and then washed with NaHCO3 (sat.) and brine (1:1) solution and dried 

over Na2SO4. The crude was purified by flash chromatography.  

Monomer 71 

 

12 (0.117 mmol) was coupled with the linker 70 (0.152 mmol) using DCI (0.152 mmol) and CSO (0.234 

mmol) as reported in the general procedure. 

The product was purified by Biotage. 

Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 5 ml 

 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 40%-70% 10 CV 

2 A/B 70%-72% 2.9 CV 

3 A/B 72%-100% 0.4 CV 

4 A/B 100% 5.8 CV 

 

Yield. 118 mg 83 %  
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Rf: 0.44 (2:8 Hex:EtOAc) 

1H NMR (400 MHz, ) δ 7.42 – 7.14 (m, 36H, Ph), 5.11 (d, J = 2.1 Hz, 2H, 2xCH2Ph), 5.06 (ddd, J = 9.0, 7.9, 

3.5 Hz, 1H, H-2g), 4.91 – 4.65 (m, 7H, 5xCH2Ph), 4.68 – 4.55 (m, 3H, 5xCH2Ph), 4.57 – 4.37 (m, 3H, 

4xCH2Ph), 4.39 – 4.23 (m, 3H, H-4r, 2xH5r), 4.23 – 3.96 (m, 7H,H-3r, 2xH-7, 2xH-9), 3.84 (tdd, J = 5.4, 

3.1, 2.0 Hz, 1H, H-4r), 3.80 – 3.59 (m, 7H, H-3g, H-4g, 2xH-6g, 2xH-1r), 3.47 (ddd, J = 9.3, 4.2, 2.1 Hz, 

1H, H-5g), 3.25 (s, 2H, 2xH11), 2.66 – 2.45 (m, 2H, 2xH-8), 2.02 (s, 3H, OAc), 1.82 (q, J = 6.1 Hz, 2H, 2xH-

10). 

13C NMR (101 MHz, CDCl3) δ 169.96 (Ccarbonyl), 156.57 (Ccarbonyl), 138.63 (Ph-Cquat), 138.54 (Ph-Cquat), 

138.39 (Ph-Cquat), 138.27 (Ph-Cquat), 138.10 (Ph-Cquat), 128.62 (Carom), 128.54 (Carom), 128.45 (Carom), 

128.13 (Carom), 128.04 (Carom), 127.94 (Carom), 127.83 (Carom), 127.74 (Carom), 127.68 (Carom), 101.46 (C1g), 

82.95 (C3g), 82.91 (C3r and C4r), 79.22 (C3r and C4r), 78.27 (C2r), 78.01 (C4g), 77.48 (CDCl3), 77.16 

(CDCl3), 76.84 (CDCl3), 75.19 (C5g), 75.08 (CH2-Ph), 74.05 (CH2-Ph), 73.63 (C2g), 73.56 (CH2-Ph), 73.48 

(CH2-Ph), 72.44 (CH2-Ph), 69.71 (C6g), 69.01 (C1r), 68.07 (C5r), 66.73 (CH2-Ph), 65.74 (C9), 61.98 (C7), 

37.26 (C11), 30.40 (C10), 29.83 (C10), 21.10 (CH3), 19.60 (C8). 

31P NMR (162 MHz, CDCl3) δ -1.14, -1.32. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C69H77N2O16NaP 1243.4908; found 1243.4948. 

Dimer 72 

 

66 (0.081 mmol) was coupled with the linker 70 (0.106 mmol) using DCI (0.097 mmol) and CSO (0.162 

mmol) as reported in the general procedure. 

The product was purified by Biotage. 
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Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 5 ml 

 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 40%-60% 2.0 CV 

2 A/B 60%-80% 7.9 CV 

3 A/B 80% 2.8 CV 

4 A/B 80%-85% 1.0 CV 

5 A/B 85%-100% 1.0 CV 
6 A/B 100% 5.9 CV 

 

Yield: 138 mg  79 % 

Rf: 0.51 (4:1 Hex:EtOAc) 

1H NMR (400 MHz, ) δ 7.98 – 6.84 (m, 67H), 5.25 – 5.09 (m, 1H), 5.08 – 4.84 (m, 5H), 4.78 – 4.13 (m, 

31H), 4.12 – 3.73 (m, 9H), 3.73 – 3.42 (m, 14H), 3.42 – 3.32 (m, 1H), 3.28 (t, J = 6.6 Hz, 1H), 3.13 (hept, 

J = 8.8, 7.0 Hz, 3H), 2.41 (dt, J = 12.2, 6.1 Hz, 2H), 2.21 (q, J = 6.0 Hz, 1H), 2.04 (dt, J = 17.3, 6.2 Hz, 1H), 

1.99 – 1.81 (m, 7H). 

13C NMR (101 MHz, CDCl3) δ 170.05, 169.80, 169.73, 169.62, 138.79, 138.44, 138.24, 138.02, 137.92, 

128.64, 128.50, 128.44, 128.21, 128.05, 127.92, 127.84, 127.78, 127.73, 127.68, 127.63, 116.76, 

116.64, 116.57, 101.36, 101.22, 82.93, 82.80, 80.95, 80.81, 79.80, 79.73, 79.64, 79.56, 79.34, 79.16, 

78.68, 78.60, 78.41, 78.34, 78.12, 77.99, 77.91, 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.35, 

75.29, 75.08, 75.04, 74.96, 74.28, 74.00, 73.60, 73.45, 73.42, 72.63, 72.49, 72.37, 69.76, 69.50, 68.89, 

68.31, 68.18, 68.08, 66.73, 65.72, 62.35, 62.31, 62.25, 62.00, 30.42, 30.37, 21.25, 21.17, 20.97, 19.62, 

19.58, 19.37, 19.31, 19.05, 18.99. 

31P NMR (162 MHz, CDCl3) δ -1.09, -1.33, -2.39, -2.54, -2.58. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C120H133N3O29NaP2 2164.8398; found 2164.8384. 
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Trimer 73 

 

67 (0.018 mmol) was coupled with the linker 70 (0.023mmol) using DCI (0.022 mmol) and CSO (0.036 

mmol) as reported in the general procedure. 

The product was purified by Biotage. 

Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 7 ml 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 70%-100% 10.0 CV 

2 A/B 100% 5.0 CV 

 

Yield: 46 mg  83 % 

Rf: 0.50 (9:14 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.12 (m, 83H), 5.33 – 5.20 (m, 1H), 5.17 – 4.96 (m, 5H), 4.87 

– 4.23 (m, 39H), 4.24 – 3.84 (m, 12H), 3.85 – 3.34 (m, 21H), 3.27 (dp, J = 18.6, 6.7, 4.5 Hz, 3H), 2.52 (p, 

J = 6.2 Hz, 2H), 2.28 (p, J = 5.8, 5.2 Hz, 2H), 2.24 – 1.90 (m, 12H). 

13C NMR (101 MHz, CDCl3) δ 195.62, 170.07, 170.03, 169.83, 169.82, 169.75, 169.73, 169.72, 169.63, 

169.59, 169.57, 169.46, 169.45, 156.54, 138.77, 138.67, 138.57, 138.45, 138.39, 138.31, 138.26, 

138.25, 138.01, 137.97, 137.88, 136.69, 128.62, 128.56, 128.48, 128.45, 128.41, 128.35, 128.19, 

128.05, 128.01, 127.98, 127.90, 127.82, 127.77, 127.75, 127.71, 127.66, 127.59, 116.84, 116.79, 

116.76, 116.74, 116.71, 116.63, 101.46, 101.37, 101.29, 101.24, 101.14, 100.10, 82.91, 82.76, 80.76, 
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80.62, 79.72, 79.71, 79.63, 79.62, 79.54, 79.29, 79.11, 79.01, 78.98, 78.96, 78.93, 78.89, 78.60, 78.58, 

78.49, 78.38, 78.27, 78.23, 78.09, 78.05, 77.96, 77.87, 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 

75.28, 75.23, 75.11, 75.01, 74.94, 74.92, 74.90, 74.22, 74.18, 74.11, 74.07, 74.02, 73.97, 73.93, 73.63, 

73.57, 73.51, 73.44, 73.38, 72.73, 72.71, 72.61, 72.43, 72.32, 69.80, 69.72, 69.70, 69.60, 69.51, 69.45, 

69.42, 68.94, 68.90, 68.86, 68.78, 68.65, 68.63, 68.38, 68.31, 68.26, 68.19, 68.17, 68.12, 68.06, 68.04, 

66.71, 65.75, 65.70, 65.65, 62.40, 62.35, 62.29, 62.24, 62.19, 62.02, 61.99, 61.94, 37.17, 37.15, 32.05, 

31.56, 30.43, 30.40, 30.37, 30.34, 29.82, 29.74, 29.48, 29.28, 29.07, 21.24, 21.16, 21.11, 21.05, 20.99, 

20.94, 19.64, 19.60, 19.57, 19.53, 19.35, 19.33, 19.31, 19.28, 19.24, 19.06, 19.00, 18.99, 18.94. 

31P NMR (162 MHz, CDCl3) δ -1.08, -1.33, -2.36, -2.47, -2.63, -2.67. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C171H189N4O42NaP3 3086.1887; found 3086.1917. 

Tetramer 74 

 

68 (0.013 mmol) was coupled with the linker 70 (0.036 mmol) using DCI (0.019 mmol) and CSO (0.026 

mmol) as reported in the general procedure. 

The product was purified by Biotage and size exclusion LH-20 (MeOH:DCM 8:2). 

Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 5 ml 
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Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 70%-90% 9.0 CV 

2 A/B 90%-100 0.5 CV 

3 A/B 100% 4.8 CV 

 

Yield: 26 mg  50% 

Rf: 0.46 (9:14 Hex:EtOAc) 

1H NMR (400 MHz, ) δ 7.62 – 6.96 (m, 103H), 5.24 (dd, J = 16.3, 7.1 Hz, 1H), 5.17 – 4.94 (m, 6H), 4.89 – 

4.22 (m, 53H), 4.22 – 3.12 (m, 43H), 2.65 – 2.43 (m, 2H), 2.40 – 2.20 (m, 2H), 2.12 (ddt, J = 17.1, 12.0, 

6.2 Hz, 2H), 2.07 – 1.88 (m, 13H). 

13C NMR (101 MHz, CDCl3) δ 138.85, 138.83, 138.73, 138.64, 138.63, 138.55, 138.52, 138.50, 138.46, 

138.44, 138.41, 138.38, 138.35, 138.31, 138.23, 138.07, 138.04, 128.64, 128.58, 128.58, 128.55, 

128.49, 128.47, 128.43, 128.38, 128.22, 128.21, 128.21, 128.09, 128.05, 128.03, 128.00, 127.95, 

127.92, 127.90, 127.86, 127.84, 127.79, 127.75, 127.69, 127.65, 127.62, 101.40, 101.33, 101.18, 

100.13, 82.98, 82.83, 80.98, 80.81, 79.40, 79.27, 79.20, 78.37, 78.30, 78.01, 77.48 (CDCl3), 77.16 

(CDCl3), 76.84 (CDCl3), 75.09, 75.03, 74.95, 74.91, 74.10, 74.05, 74.01, 73.97, 73.68, 73.62, 73.57, 73.48, 

73.45, 73.42, 72.67, 72.63, 72.48, 72.43, 72.41, 72.37, 72.35, 69.86, 69.83, 69.69, 69.65, 69.59, 69.56, 

69.51, 68.95, 68.91, 68.85, 68.31, 68.28, 68.25, 68.18, 68.09, 66.74, 65.74, 62.42, 62.38, 62.33, 62.31, 

62.26, 62.22, 62.05, 62.02, 62.00, 61.97, 37.25, 37.24, 29.84, 21.26, 21.18, 21.14, 21.07, 21.00, 19.67, 

19.64, 19.60, 19.33, 19.27, 19.05, 19.04, 18.97. 

31P NMR (162 MHz, CDCl3) δ -1.08, -1.33, -2.37, -2.45, -2.60, -2.67. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C222H245N5O55NaP4 4007.5376; found 4007.5422. 
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Pentamer 75 

 

69 (0.012 mmol) was coupled with the linker 70 (0.019 mmol) using DCI (0.019 mmol). After 2 h the 

linker 66 (0.012 mmol) was added again and after 5 h the reaction was oxidized using CSO (0.036 mmol) 

as reported in the general procedure. 

The product was purified by Biotage and size exclusion LH-20 (MeOH:DCM 8:2). 

Biotage conditions 

Catridge SNAP KP-Sil10g 

Flow-rate 15 ml/min 

Solvent A n-Hexane 

Solvent B Ethyl acetate 

Max. Fraction Volume 5 ml 

Gradient 

 Solvents Mix Length in column volume (CV) 

1 A/B 70%-90% 1.5 CV 

2 A/B 90%-100% 0.5 CV 

3 A/B 100% 2.0 CV 

 

Yield: 36 mg 61% 

Rf: 0.62 (9:14 Hex:EtOAc) 

1H NMR (400 MHz, Chloroform-d) δ 7.56 – 7.02 (m, 118H), 5.24 (dt, J = 13.4, 6.0 Hz, 1H), 5.17 – 4.94 

(m, 6H), 4.92 – 4.35 (m, 52H), 4.29 (dtd, J = 15.7, 11.4, 6.4 Hz, 8H), 4.24 – 3.98 (m, 8H), 3.90 (dtt, J = 

19.7, 11.3, 4.6 Hz, 8H), 3.84 – 3.47 (m, 28H), 3.45 – 3.33 (m, 1H), 3.35 – 3.10 (m, 4H), 2.52 (p, J = 6.1 

Hz, 2H), 2.27 (p, J = 8.0, 7.3 Hz, 2H), 2.11 (dtt, J = 9.8, 6.5, 3.8 Hz, 2H), 2.08 – 1.90 (m, 15H). 

13C NMR (101 MHz, CDCl3) δ 169.71, 169.60, 138.83, 138.72, 138.63, 138.51, 138.50, 138.36, 138.30, 

128.63, 128.57, 128.53, 128.47, 128.43, 128.37, 128.21, 128.08, 128.04, 127.92, 127.83, 127.78, 
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127.72, 127.68, 127.64, 127.60, 116.84, 116.76, 116.74, 101.38, 101.33, 101.31, 101.16, 82.97, 82.82, 

80.82, 79.39, 79.21, 78.29, 78.00, 77.48 (CDCl3), 77.16 (CDCl3), 76.84 (CDCl3), 75.02, 74.94, 74.05, 74.00, 

73.95, 73.93, 73.61, 73.45, 73.40, 72.79, 72.66, 72.57, 72.41, 72.36, 72.34, 69.85, 69.68, 69.63, 69.58, 

68.96, 68.84, 68.69, 68.40, 68.38, 68.35, 68.30, 68.28, 68.22, 68.14, 68.12, 66.77, 66.74, 66.72, 65.78, 

65.72, 62.46, 62.43, 62.38, 62.32, 62.25, 62.22, 62.04, 62.01, 61.99, 61.97, 37.27, 37.24, 21.17, 21.06, 

19.66, 19.59, 19.56, 19.39, 19.32, 19.29, 19.08, 19.03. 

31P NMR (162 MHz, CDCl3) δ -1.07, -1.09, -1.31, -1.34, -2.37, -2.39, -2.41, -2.44, -2.46, -2.51, -2.54, -

2.57, -2.59, -2.62, -2.64, -2.68. 

HRMS (ESI+) m/z = [M + Na]+ calculated for C274H305N6O67NaP5 4928.8866; found 4928.9087. 

7.2.10 General Procedure for Deprotection 

Starting material was dissolved in Dioxane and NH3 (aqueous solution 30-33 %, 1 ml for 10 µmol of 

starting material) and stirred for 18 h. Then the solvent was evaporated and the residue was 

coevaporated three times with milliQ H2O. Afterwards the sugar was dissolved in dioxane:water 

mixture and eluted through a column containing Dowex Na+ cation-exchange resin (type: 50WX8 Na+ 

form, stored on a 0.5 M NaOH in H2O, flushed with MilliQ H2O and MeOH before use). After the ion 

exchange the sugar was dissolved in 1,4-Dioxane:milli Q H2O (until completely dissolved) and 3-4 drops 

of glacial AcOH were added. The mixture was purged with Ar and afterwards, a scup of Pd black was 

added. The reaction was purged again with Ar and after a few minutes the atmosphere was exchanged 

to H2. The reaction was stirred for 2-4 days. Then the mixture was filtrated through a syringe containing 

a frit and concentrated in vacuo. The residue was dissolved in 2 mL of milliQ H2O and 50 µl of NEt3 

were added. The reaction was stirred for 24 h to give the fully deprotected products. The drude was 

purified by size exclusion chromatography (Toyopearl HW-40) and the pure compounds were dissolved 

in MilliQ H2O, eluted through a column containing Dowex Na+ cation-exchange resin (type: 50WX8 Na+ 

form, stored on a 0.5 M NaOH in H2O, flushed with MilliQ H2O and MeOH before use) and lyophilized. 
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Monomer 78 

 

71 (0.025 mmol) was deprotected using the general deprotection procedure.  

Yield: 6.0 mg 53% 

1H NMR (400 MHz, Deuterium Oxide) δ 4.68 (d, J = 7.8 Hz, 1H, H-1g), 4.17 (ddt, J = 8.5, 5.6, 3.0 Hz, 2H, 

H5r), 4.14 – 4.06 (m, 1H), 4.03 (q, J = 6.0 Hz, 2H), 3.98 – 3.89 (m, 2H), 3.87 (dt, J = 4.4, 2.5 Hz, 1H), 3.85 

(dd, J = 2.7, 0.9 Hz, 1H), 3.74 (dd, J = 12.4, 5.5 Hz, 1H), 3.66 (dd, J = 12.3, 7.3 Hz, 1H), 3.57 – 3.38 (m, 

3H), 3.33 (dd, J = 9.4, 7.9 Hz, 1H), 3.17 (t, J = 7.2 Hz, 2H, CH2-Linker), 2.04 (p, J = 6.6 Hz, 2H, CH2-Linker). 

13C NMR (101 MHz, D2O) δ 102.00, 78.72 (d, J = 7.4 Hz), 75.49, 75.33, 72.96, 71.41, 71.06, 69.29, 64.34 

(d, J = 5.1 Hz), 63.02 (d, J = 5.7 Hz), 62.26, 60.35, 36.82, 27.27. 

31P NMR (162 MHz, D2O) δ 0.85. 

HRMS (ESI-) m/z = [M]+ calculated for C14H29NO13P 450.1377; found 450.1373. 
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Dimer 79 

 

72 (0.025 mmol) was deprotected using the general deprotection procedure. 

Yield: 7.0 mg 57% 

1H NMR (400 MHz, Deuterium Oxide) δ 4.70 (dd, J = 7.9, 5.9 Hz, 2H, H-1g), 4.30 – 4.21 (m, 1H, H5r), 

4.21 – 3.99 (m, 6H), 3.99 – 3.78 (m, 10H), 3.78 – 3.61 (m, 5H), 3.62 – 3.44 (m, 2H), 3.45 – 3.38 (m, 2H), 

3.38 – 3.27 (m, 1H), 3.18 (t, J = 7.2 Hz, 2H, CH2-Linker), 2.04 (p, J = 7.3, 6.9 Hz, 2H). 

13C NMR (101 MHz, D2O) δ 102.27, 102.18, 79.05 (dd, J = 12.2, 7.8 Hz), 75.73, 75.60, 74.95, 74.91, 74.82, 

74.05, 74.00, 73.28, 73.15, 71.67, 71.62, 71.44, 71.33, 69.56, 65.39 – 64.83 (m), 64.81 – 64.48 (m), 

63.31 (d, J = 5.2 Hz), 62.54, 60.62, 60.47, 37.10, 27.62, 27.54. 

31P NMR (162 MHz, D2O) δ 1.25, 0.80. 

HRMS (ESI-) m/z = [M]+ calculated for C25H48NO25Na2P2 870.1786; found 870.1784. 
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Trimer 80 

 

73 (0.025 mmol) was deprotected using the general deprotection procedure. 

Yield: 8.9 mg 57% 

1H NMR (400 MHz, Deuterium Oxide) δ 4.74 – 4.62 (m, 3H, H-1g), 4.25 (dd, J = 10.2, 6.2 Hz, 2H, H5r), 

4.21 – 3.61 (m, 31H), 3.44 – 3.26 (m, 4H), 3.17 (t, J = 7.2 Hz, 2H, CH2-Linker), 2.03 (p, J = 6.5 Hz, 2H, CH2-

Linker). 

13C NMR (101 MHz, D2O) δ 102.00, 101.94, 101.90, 78.91, 78.90, 78.86, 78.83, 78.79, 78.73, 78.73, 

78.65, 75.47, 75.34, 74.69, 74.64, 74.60, 74.56, 74.53, 73.85, 73.83, 73.81, 73.79, 73.78, 73.75, 73.02, 

72.93, 72.93, 72.88, 71.41, 71.35, 71.18, 71.16, 71.07, 69.31, 64.78, 64.73, 64.72, 64.70, 64.69, 64.68, 

64.68, 64.61, 64.35, 64.32, 64.32, 64.30, 63.11, 63.06, 62.29, 60.36, 60.20, 60.20, 60.15, 36.83, 27.36, 

27.29. 

31P NMR (162 MHz, D2O) δ 0.84, 0.37. 

HRMS (ESI-) m/z = [M]+ calculated for C36H68NO37Na3P3 1268.2376; found 1268.2367. 
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Tetramer 81 

 

74 (0.025 mmol) was deprotected using the general deprotection procedure. 

Yield: 4.26 mg 57% 

1H NMR (400 MHz, Deuterium Oxide) δ 4.74 – 4.66 (m, 4H, H-1g), 4.25 (t, J = 8.2 Hz, 3H, H5r), 4.22 – 

3.28 (m, 50H), 3.17 (t, J = 7.2 Hz, 2H, CH2-Linker), 2.04 (p, J = 6.7 Hz, 2H, CH2-Linker). 

13C NMR (101 MHz, D2O) δ 102.25, 79.15, 75.73, 75.60, 74.91, 74.80, 74.02, 73.29, 73.20, 71.61, 71.44, 

71.34, 69.57, 64.91, 63.32, 62.55, 60.62, 60.47, 37.11, 27.56. 

31P NMR (162 MHz, D2O) δ 0.86, 0.39. 

HRMS (ESI-) m/z = [M]+ calculated for C47H88NO49Na4P4 1666.2966; found 1666.2983. 
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Pentamer 82 

 

75 (0.025 mmol) was deprotected using the general deprotection procedure. 

Yield: 3.25 mg 39% 

1H NMR (400 MHz, Deuterium Oxide) δ 4.70 – 4.60 (m, 5H, H-1g), 4.28 – 3.23 (m, 59H), 3.14 (t, J = 7.2 

Hz, 2H, CH2-Linker), 2.00 (p, J = 6.6 Hz, 2H, CH2-Linker). 

13C NMR (101 MHz, D2O) δ 102.25, 79.11, 79.04, 75.73, 75.60, 74.88, 74.77, 74.08, 73.28, 73.19, 71.60, 

71.42, 71.33, 69.56, 64.95, 64.61, 63.33, 62.54, 60.62, 60.42, 37.08, 27.61, 27.54. 

31P NMR (162 MHz, D2O) δ 0.83, 0.34. 

HRMS (ESI-) m/z = [M]+ calculated for C58H113NO61P5 1954.4459; found 1954.4484. 
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7.3 Protein conjugation 

7.3.1 Activation with SIDEA 

The liophilized polysaccharides were dissolved in water and DMSO, followed by addition of NEt3 (5 eq) 

and SIDEA (12 eq). The reaction was stirred for 3 h, then transferred to a 15 mL Falcon tube, 5mL of 

cold EtOAc was added and the mixture was cooled to 0°C. After 30 min a suspension was formed and 

the Falcon was further centrifuged for 10min (4°C, 4500 r/min). The solvent was taken out and the 

remaining suspension was again dissolved with EtOAc (5 mL) and centrifuged. The washing step was 

repeated for 10 times and finally the remaining solid was frozen and lyophilized.  

Table 9. Summarized conditions for the activation using SIDEA  

 

Oligomer µmol DMSO Water 

Monomer (n = 0) 3.1 180 µl 20 µl 

Dimer (n = 1) 3.1 180 µl 20 µl 

Trimer (n = 2) 1.9 270 µl 30 µl 

 Tetramer (n = 3) 1.9 270 µl 30 µl 

Pentamer (n = 4) 2.1 270 µl 30 µl 

Trimer * (n = 2) 2.5 270 µl 30 µl 

Pentamer * (n = 4) 1.9 270 µl 30 µl 

Trimer * and Pentamer * were used for further HSA conjugation 

 

 

7.3.2 CRM197 conjugation 

The activated oligomers were conjugated to CRM197 in sodium phosphate 1 M pH 7.2 at a protein 

concentration of 42.6 mg/mL, using a molar ratio of 75:1 saccharide to protein (Trimer, Tetramer and 

Pentamer) and a ratio of 50:1 (Monomer and Dimer), which were assessed by SDS page gel 

electrophoresis and purified by dialysis against a 10kDa MW cutoff membrane. 
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7.3.3 HSA conjugation 

The activated Trimer* and Pentamer* were conjugated to HSA in a sodium phosphate 1 M pH 7.2 at a 

protein concentration of 30.0 mg/mL using a molar ratio of 75:1 saccharide to protein. The 

glycoconjugates were further studied by SDS Page and purified by dialysis against a 10kDa MW cutoff 

membrane. 

 

7.4 General methods for the characterization of 

Glycoconjugate 

7.4.1 BCA 

The quantification of the total protein amount was performed by micro BCA (Thermo Scientifics). 

A 2 mg/mL solution of serum bovine albumin (BSA) was used to create a calibration curve in the 

range 5-20 μg/mL. Samples with unknown protein concentration were diluted with MilliQ water 

in order to obtain sample protein concentration in the range of the calibration curve with a final 

volume of 500 μL. The micro BCA reagent was prepared according to manufacturer instructions 

and 500 μL of the prepared BCA reagent was added to each sample. The mixture was further 

incubated for 1 h at 60°C and the absorbance at 562 nm was measured by spectrophotometer for 

each sample. Within these data, the protein concentration was recalculated. 

Table 10. Total amount of protein in all glycoconjugates analysed by BCA. 

 

Oligomer Total protein mg/mL 

CRM197-Monomer (n = 0) 0.290 

CRM197-Dimer (n = 1) 0.534 

CRM197-Trimer (n = 2) 0.494 

CRM197- Tetramer (n = 3) 0.532 

CRM197-Pentamer (n = 4) 0.541 

HSA-Trimer (n = 2) 0.902 

HSA-Pentamer (n = 4) 0.685 

 



123 
 

7.4.2 SDS-PAGE 

Sodium Dodecyl Sulfate- Polyacrylamide gel electrophoresis (SDS-PAGE) was performed on 3-8% pre-

casted polyacrylamide gel (NuPAGE®Invitrogen) using tris acetate as running buffer 

(NuPAGE®Invitrogen). 7 μg of protein were loaded for each sample. After electrophoretic running with 

a voltage of 150V for 45 min, the gel was stained with blue Coomassie. 
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SDS-PAGE HSA-Conjugates 

 

Analysis of HSA- Conjugates 

Glycoconjugate Protein concentration 

(mg/ml)* 

Saccharide/Protein ratio** 

HSA + Trimer 0.902 ~ 18:1 

HSA + Pentamer 0.685 ~ 16:1 

*  protein concentration determined by BCA analysis  ** Ratio was determined by SDS-PAGE and BCA analysis 

 


