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ABSTRACT 

Group A Streptococcus (GAS) is a leading cause of many deadliest diseases in humans, 

which lead to millions of deaths every year. GAS is the sole species of Lancefield group A and 

all GAS serotypes express the Lancefield group A carbohydrate (GAC), which is comprised of a 

polyrhamnose backbone with an immunodominant N-acetylglucosamine (GlcNAc) side chain. 

The hurdle towards a carbohydrate-based vaccine includes the potential of the GAC GlcNAc 

side chain to provoke cross-reactive antibodies that are relevant to the immunopathogenesis of 

rheumatic fever. Researchers have reported that antibodies to GAC lacking the GlcNAc side 

chain and containing only the polyrhamnose promoted opsonophagocytic killing of multiple 

GAS serotypes and protected against systemic GAS challenge after passive immunization. 

Several synthetic challenges associated with these oligosaccharide antigens, including sensitivity 

and reactivity of the substrate, etc. need to be addressed. Besides, lack of structure-activity 

relationships for the cross-reactive antibody makes it challenging to understand the pathogenesis 

of the GAS autoimmunity at a molecular level. Moreover, it greatly complicates the design and 

the development of safe and effective GAS vaccine candidates.  

In this dissertation, we have described a synthetic methodology that can rapidly provide a 

library of well-defined GAC oligosaccharides with different GlcNAc side chain variations and 



chain lengths. It is based on the use of a “key disaccharide” to modularly assemble GAC 

oligosaccharides with different chain variations and lengths. We have discovered two new 

chemical reactions, i.e., PMB migration and the “4+4” in situ bond cleavage polymerization. 

Having conducted comprehensive studies, we proposed effective mechanisms for the discovered 

reactions as we successfully synthesized biologically important GAC oligosaccharide antigens. 

Besides, we have collaborated with biologists at Utrecht University to conduct comprehensive 

biological investigations of the GAC library and the glycoconjugate vaccine candidate. Different 

types of GAS antibodies were investigated by the GAC-microarray. The binding study showed 

that each antibody recognized multiple compounds and exhibited distinct structure−binding 

relationships. The GAC-microarray data made it possible to investigate and validate the 

influences of different lengths and side-chain variations on the structure−binding relationships 

with type-specific antibodies. The array data supports a notion that the side-chain variation and 

length can have significant influences on the structure−binding relationships and provide 

valuable insights to the cross-reactivity associated with the autoimmunity of the GAS infections. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Group A streptococcus infections, disease burden, and current status 

 

Figure 1. S. pyogenes bacteria (also called Group A streptococcus) at 900x magnification1 

Group A Streptococcus (GAS) is a species of gram-positive bacteria. These bacteria are 

aero-tolerant, and they are parts of the skin microbiota. Group A streptococci are the 

predominant species that harbor the Lancefield group A antigen. They are round usually 

pathogenic, beta-hemolysis bacteria, which cause the destruction of red blood cells. The name 

“streptococcus pyogenes” is derived from Greek words; ‘“strepto” means a chain, “coccus” 

means berries, and “pyogenes” means pus-forming. Streptococcal cells tend to link in chains of 

round cells, as shown in Figure 1.1 

GAS infections are leading healthcare problems throughout the world. They can cause a 

wide range of diseases, including asymptomatic colonization, uncomplicated pharyngeal, skin 

infections, and life-threatening invasive illnesses such as sepsis, necrotizing fasciitis, and toxic 

shock syndrome. Pharyngitis may lead to delayed sequela as rheumatic fever, which is caused by 

an autoimmune reaction to Group A streptococci that results in valvular damage.2 In the 

developing world, rheumatic fever is the primary cause of acquired heart diseases in children, 
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adolescents, and young adults, responsible for at least 350,000 premature deaths per year.3 In the 

western world, it is renowned, but often overlooked, for causing tonsillitis and impetigo amongst 

teenagers. Despite its continued susceptibility to beta-lactam antibiotics, unexplained 

resurgences of invasive GAS infections occurred in the UK over the past 30 years.4 According to 

recent research, the resurgences were mainly due to the reappearance and/or increased 

circulation of a highly invasive clone of M1T1 GAS.11 This highlights the increased need for 

applying preventive methods against the spread and the resurgence of invasive GAS diseases and 

close surveillance of GAS in the community. There is currently no safe and efficacious 

commercial vaccine against GAS infection despite the high demand globally. Therefore, it would 

prove invaluable to achieve a safe and effective GAS vaccine.  

GAS is primarily transmitted by direct person-to-person contact or aerosol spread12. In a 

clinical setting, identification of GAS is recorded by the formation of beta-haemolytic, bacitracin 

sensitive colonies on 5% blood agar plates. GAS can be differentiated from other pathogenic 

streptococci serologically based on cell surface Lancefield antigens13. The “type A” antigen of 

GAS consists of a highly conserved {®2)[b-D-GlcNAc(1®3)]a-L-Rha(1®3)}a-L-Rha(1-}n 

polysaccharide as shown in Figure 2. Based on computer modeling, GAC polysaccharide chains 

adopt a helical conformation where the immunodominant N-acetylglucosamine residues are 

exposed on the periphery of the polyrhamnose backbone.5,14,15 Historically, based upon the 

surface M protein, GAS isolates have been subdivided into serological M types.16,17 

Contemporarily, based on sequencing of the hypervariable N terminal region of the M protein 

gene, GAS isolates have genealogically subtyped as emm types. The hypervariable N terminal 

region of the mature protein has been used for differentiating the classical M serotypes.18 
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Figure 2. Chemical structure and computer model structures of GAC polysaccharide with GlcNAc side chains 

The occurrence and distribution of different GAS serotypes in the developed world are 

vastly different from those reported in the developing countries. According to a recent global 

review of GAS epidemiology, 25 distinct emm types accounted for more than 90% of all GAS 

diseases in Europe, North America, Australia, New Zealand, and Japan.19 However, a much 

more diversified sequence types were reported in developing countries, none of which were 

significantly dominant19. The ten most prominent emm types in Europe, emm1, 3, 4, 5, 12, 28, 

81, 83, 87, and 89, purportedly account for over 70% of all invasive GAS infections.20, 21 

Because of the enormous diversity of the GAS subtype species, it is very difficult to find a 

conserved surface M protein coding sequence for the development of a universally effective 

vaccine. 

The pathophysiology of invasive GAS infection 

GAS is primarily disseminated via direct person-to-person contact or aerosol spread, and it 

is an obligate human pathogen with no known environmental reservoir. In the developing 

countries, the person-to-person spread of GAS infection can be readily facilitated by 

streptococcal impetigo pustules due to the lack of medical infrastructure and environmental 

hygiene.22, 23,24 In regions where endemic impetigo is less common, studies have shown that 
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clandestine infection of the oropharynx occurred with 15-20% GAS carriage rates among school-

aged children.25 These persistent carriers consist of an important reservoir for the spread of GAS 

infection in a community setting.26, 13 

Invasive GAS infections occur when the organism spreads from the initial nidus of 

superficial infection into the deeper host tissues, which is usually associated with the soft tissue 

of the skin. Invasive GAS infections can lead to a variety of clinical conditions, including 

ecthyma, cellulitis, and necrotizing fasciitis. Oral or parenteral penicillin is usually the initial 

treatment for invasive GAS skin infection, and an appropriate anti-staphylococcal agent, such as 

flucloxacillin, is often prescribed in concert with the initial penicillin treatment.27,23 In the severe 

case of necrotizing fasciitis, drainage or surgical debridement of the afflicted region is necessary 

due to the depth of soft tissue involvement.28 To control the systemic inflammatory symptoms of 

the underlying invasive GAS infection, it is necessary to treat patients with adjunct 

antimicrobials, such as clindamycin and adjunct intravenous immunoglobulin G therapy, due to 

the purported correlation between soft tissue diseases and the onset of streptococcal toxic shock 

syndrome.29,30 

Sepsis is a fatal inflammatory condition, and a wide range of bacterial, viral, and fungal 

pathogens can trigger sepsis. Sepsis oocurs when the immune system overproduces pro-

inflammatory cytokines in response to a severe systemic infection. Thus, the symptoms are 

largely immune-mediated. A series of non-focal symptoms including fever, chills, malaise, 

nausea, and vomiting occurs in the initial condition, and the associated inflammation progresses 

rapidly to cause reduced organ perfusion, clotting abnormalities, and respiratory distress if the 

underlying infection remains untreated.31, 32 The condition will eventually progress to a profound 

drop in arterial blood pressure and multi-organ failure.32,33  
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Streptococcal toxic shock syndrome is induced through the production of superantigenic 

toxins during invasive GAS infections.32, 33 The streptococcal toxic shock syndrome worsens the 

systemic inflammation associated with severe sepsis,34 as these superantigens induce systemic 

inflammation through the non-specific activation of host T-cells. As a result, incongruous release 

of pro-inflammatory cytokines occurs.35 Further, this condition triggers a feedback loop between 

cytokine release and immune cell activation, which precipitates the pathophysiological 

symptoms of streptococcal sepsis.34, 35  

Acute pharyngitis is one of the most frequently consulted conditions. Though only about 

30% of the cases can be attributed to GAS infection, the economic burden of streptococcal 

pharyngitis is too heavy.36 Except for the economic implications of GAS pharyngitis, it is also 

associated with seasonal outbreaks of acute rheumatic fever (ARF), since the typical GAS 

pharyngitis symptoms are mainly immune-mediated.36 ARF is an immune-mediated sequel of 

long-term GAS infection and it primarily affects the joints and cardiac tissues.37 Severe ARF can 

cause aggressive inflammation of the myocardium and heart valves, which can lead to first 

degree heart block and congestive heart failure.37 Antimicrobial chemotherapy treatment can 

resolve individual cases of ARF. However, it is not an efficient and cost-effective means for the 

treatment of a large population, especially in many regions of the developing world where GAS 

infections remain an endemic disease.38  

Though the pathophysiology of ARF is under debate, it has been shown that ARF results 

from the generation of human cross-reactive antibodies that recognize both GAS organism and 

host tissues.10,37 Studies have shown that the M protein can stimulate a myosin-reactive 

autoantibody response, as the M protein has similar alpha-helical structure compared with 

myosin.10,39,40 The cross-reactivity of the M protein raises concerns that M protein-based 
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vaccinations may induce ARF side effects. Therefore, the field of GAS vaccinology is shifting 

away from historically dominating M protein-based approaches.  

In addition to the M protein, the autoreactivity of antibodies, which recognize the native 

group A carbohydrate (GAC) GlcNAc side chain, against human tissues has been raised by 

several groups.7,8,9 Cunningham groups derived anti-GlcNAc monoclonal antibodies, which 

cross-react with human cardiac myosin and valvular laminin, from rheumatic carditis patients, 

further supported the cross-reactivity of native GAC GlcNAc side chain.10 It has been shown that 

rheumatic carditis patients are often present with high circulating anti-GAC antibody titers, and 

the current research results further explained these historical observations.41  

In recent years, Nizet and co-workers identified the genes responsible for GAC 

biosynthesis. They demonstrated that antisera raised against the polyrhamnose core of GAC, as 

purified from the ∆GacI mutant, may still provide significant broad-spectrum opsonophagocytic 

activity. These data provide researchers a great opportunity to develop a novel universal vaccine 

candidate and to investigate the autoreactive antibody epitope recognition pattern associated with 

GAC antigens. 

The host immunities towards GAS infection  

GAS infections usually involve a two-step process. The first step of GAS bacteria 

colonization is the attachment of the bacteria to pharyngeal and dermal epithelial cells. The 

second step overcomes the electrostatic repulsion of the host cell surface and forms covalent 

binding interactions between the bacteria and several ligands to transmit the GAS bacteria into 

the host tissues.42,13 Binding interactions with surface ligands enhance the bacteria resistance to 

the mechanical removal via the salivary flow and exfoliation, and the primary passive immunity 

to invasive GAS infections is provided by the epithelial barriers of the skin and oropharynx.13 
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Besides, a plethora of antimicrobial molecules secreted by the epithelial layer is involved in the 

pathogen colonization process.43, 44  

Studies have shown that cathelicidin LL-37 is a vital antimicrobial peptide in the process of 

killing the bacteria, and it also inhibits the growth of GAS bacteria during the infection.44,45,46 

Researchers have also utilized cathelicidin deficient mice to support further that this class of 

molecule plays a vital role in containing the GAS infection. The studies show that cathelicidin-

mice are more susceptible to the GAS infection compared with their wild-type counterpart.47 It is 

known that GAS produces SpeB and the streptococcal inhibitor of complement, which are 

capable of degrading LL-37, to evade the epithelial immunity of the host tissue. Thus, 

inactivation of cathelicidin is essential for the establishment of invasive GAS infections.48, 49  

Once the epithelial barrier has been breached, cell-mediated immunity by the recruitment 

of phagocytic cells to the sites of infection facilitates the clearance of the infecting GAS 

population. Early recognition of GAS includes the activation of the Toll-like receptor(TLR)-2 

and the intracellular pattern recognition receptor (PRR) NOD2. The TLR-2 signaling is triggered 

by GAS cell wall components, lipoteichoic acid and several other bacterial lipoproteins.54, 50, 55 

The PRR NOD2 signaling is trigger by peptidoglycan derived muramyl dipeptide moieties.51 

TLR-2/NOD2 activation releases proinflammatory cytokines and phagocyte chemo-attractants, 

which drive the early symptoms of sepsis. Early recognition of GAS and the phagocyte 

recruitment are essential for adequate clearance of the invading organism before incongruous 

activation of the adaptive immune response by the streptococcal superantigens.51,52,53 Failed 

containment and dissemination of GAS trigger activation of the alternative complement cascade, 

which ultimately results in the formation of C3 convertase. The plasma protein C3 is split by C3 

convertase into two fragments, denoted as C3a and C3b.56 The phagocyte recognizes the soluble 
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peptide opsonin C3b on the cell surface and ultimately destroys the invading organism.56 The 

alternative complement pathway plays a significant role in GAS clearance before the adaptive 

immune response, since it does not require functional antibody to promote efficient 

opsonisation.56 However, GAS has evolved several exoenzymes that degrade soluble 

components of the complement cascade to evade the innate immune response. Thus, the adaptive 

immunity plays an essential role in clearing the invasive GAS infection.  

The anti-streptococcal humoral immune response plays a crucial role in the process of 

clearing invasive GAS infections, and the clearance of superficial GAS infections is primarily 

mediated by opsonophagocytosis. Recognition and uptake of GAS by the surface antibody, more 

specifically, via phagocyte Fc receptors recognition, facilitate the clearance of the infection.57 

Humoral immunity has been shown to prevent ECM protein binding and can neutralize the 

activity of the secreted streptococcal exotoxins.58, 59, 60 Research shows that rabbits infected with 

GAS had a strong anti-SAg humoral immune response, and direct immunization with SpeA 

produced toxin neutralizing antibodies which protected against invasive GAS infection.61 

Clinically, it has been reported that sera from invasive GAS patients have lower neutralizing 

antibody titers than those from uncomplicated pharyngitis cases, which suggests that a strong 

humoral immune response protects against invasive GAS disease62, 63, 64. Efficient priming of the 

humoral immune response can effectively prevent invasive GAS infection, and it is a critical 

factor to be considered during the design process of the vaccine formulation. 

GAS vaccinology  

GAS vaccines can be generally divided into M protein-based and non-M protein-based 

vaccines. M protein-based vaccines are well-developed as compared to GAS carbohydrate-based 
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vaccines whereas research in this area is undergoing extensively.4 Table 1 shows the 

development status of current vaccine candidates. 

Candidate name/Identifier Stage of development 

Pre-clinical Phase I Phase II 
M protein: 6-valent N-terminal X X  
M protein: 26-valent N-terminal X X X 

M protein: 30-valent N-terminal X *  
M protein: minimal epitope J8 X X  

M protein: minimal epitope J14/p145 X   
M protein: C-repeat epitope (StreptInCor) X *  

M protein: C-repeat epitopes X   
Three conserved antigens(Combo) X   

GAS carbohydrate X   
GAS carbohydrate defective for GlcNAc side-chain X   

GAS C5a peptidase X   
Fibronectin-binding protein X   

Streptococcal protective antigen X   
Serum opacity factor X   

Streptococcal pyrogenic exotoxin A/B/C X   
Streptococcal pili (T antigen) X   

Serine protease (SpyCEP) X   
Nine common antigens X   

Identified but untested antigens:    
G-related 2-macroglobulin binding (GRAB) protein    

Metal transporter of streptococcus (MtsA)    
Superoxidase dismutase    

Lipoproteins    
 

Table 1. The development status of current vaccine candidates (*approaching trials).4 

 

Currently, there is no licensed effective and efficient vaccine available for the prevention of 

GAS infection. In the early anti-GAS vaccine formulations research, the goal was mainly aimed 
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to prevent scarlet fever, an inflammatory condition of the oropharynx that is associated with 

superantigen production following tonsillar colonization.65 The whole heat-killed GAS or 

crudely purified “Dick” antigens were used in human administration trails. These preparations 

can provide little protection against following streptococcal challenges, and often will induce a 

range of aggressive side effects. 66, 65, 67, 68  

Crudely purified cell wall extracts and M protein with different purities as vaccinations 

have been proven ineffective and resulted in significant morbidity in a series of human trials. 69, 

70, 71 In 1978, the administration of streptococcal extracts directly to human subjects was banned 

by the Federal Drug Administration due to the safety issues related with ARF side effects in 

response to a partially purified M3 protein vaccine72,73. This legislation changed the landscape of 

the clinical trial, and further shifted the human subjects of the early clinical trial to the use of an 

animal model for the development and evaluation of GAS vaccinations. The field of GAS 

vaccinology is, thus, divided into two broad categories, i.e., the M protein-based vaccines, and 

the non-M protein-based vaccines. Identification of a region of the M protein sequence that not 

only can serve as an effective antigen but also can circumvent the cross-reactivity associated 

with ARF is the main cause in the M protein-based vaccine development. In contrast, the non-M 

protein-based vaccine development sought to identify and characterize alternative surface 

antigens and to use those promising antigens for the design of novel vaccine candidates. 

1.   Contemporary M protein-based vaccines  

The M protein from GAS bacteria surface is attracting lots of research interests as it has 

long been known to contain type0 specific epitopes, which can be utilized to induce 

opsonophagocytosis and long-lasting immunological memory74, 75, 76. In the early 1980s, 

researches showed that the N terminus of the M protein, specifically the first 20 amino acids of 
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the M5 protein, was sufficient to evoke protective, type-specific immunity77. It has been recorded 

that over 100 distinct M types can be explored for the development of vaccine candidates. 

Researchers had designed multivalent hybrid molecules with several M protein isoforms in order 

to elicit broad-spectrum immunity against GAS infection74, 77, 78. Over the past decades, many 

multivalent hybrid M protein-based vaccine candidates containing a variety of N terminal 

epitopes were developed and tested in the pre-clinical setting. These research results showed that 

many of the vaccine candidates could successfully evoke the production of type-specific 

antibody in a rabbit model. The original monovalent fusion molecule has also been shown to 

provide type-specific protection against systemic GAS infection. All these studies showed that 

the induced humoral immunity could efficiently promote adaptive immune clearance of the GAS 

bacteria79.  

A 26 amino acids multivalent formulation vaccine candidate has been shown to include 85-

90% of serotype associated with pharyngitis and other invasive diseases using the data available 

from a multitude of North American epidemiological studies.80, 81 Besides, a novel vaccine 

candidate Septa B.2 was designed to include the streptococcal protective antigen Spa, and it had 

been shown to protect against iGAS infection in a murine model.82 Also, the growth of 84% of 

the represented serotypes was inhibited by rabbit antiserum raised against the multivalent 

formulation with the non-immune human whole blood supplementation.81 Interestingly, passive 

immunization of whole blood promoted opsonophagocytosis of several M4 GAS isolates in 

vitro, and no human cross-reactive antibodies were detected.81 These results suggest that the 

functional and cross serotype humoral immunity can be induced by the 26-valent formulation. 

Phase I and phase II human trials mostly repeat the earlier animal study results with strong 

antibody titers reported for the majority of the represented serotypes.81, 83 The 26-valent vaccine 
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is the only vaccine candidate that has reached phase II clinical trials. Since then the formulation 

changed to include the most prevalent serotypes in Europe in order to increase the geographical 

coverage.84 The new 30-valent vaccine candidate has been shown to fight against several 

serotypes that were not included within the formulation in addition to the majority of the 

represented serotypes.84, 85 

In summary, the multivalent vaccine candidate could theoretically facilitate 

opsonophagocytosis and provide a broad range of protection against invasive GAS infections. 

This requires the production of several multivalent vaccine candidates with a wide range of emm 

type coverage based on geographical differences in serotype prevalence.86 However, there are 

other problems which need to be addressed to achieve an effective vaccine candidate, such as the 

difference of emm types between the developed world and the developing world87, 88, the 

mutation propensity of the M protein in response to adaptive immune pressure, and induction of 

unusual serotypes due to the vaccination. All these problems will exert limitations on the 

multivalent formulation.  

The highly conserved C terminus is a very attractive target for various GAS vaccine 

formulations, even though the N terminus of the M protein has the most immunogenic epitopes 

which are expressed on the bacterial cell surface. The C repeat region shares many conserved 

sequences among different M protein isoforms.89, 90 In the late 1980s, it has been shown that the 

C repeat formulation vaccine candidate can reduce pharyngeal colonization through the 

generation of mucosal IgA in a mouse model.91, 90 However, it could not induce streptococcal 

phagocytosis and provide routine protection during systemic GAS challenges.90,91 It has been 

shown that the lack of T cell epitopes within the C terminal region led to the incapability of the C 

formulation to generate a comprehensive functional immune response.92 Immunoglobulin class 
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switching and the generation of memory B cells require the activation of T helper cells during 

the adaptive immune response.93,94 The B cell receptor recognizes and internalizes the protein 

antigen. The internalized protein antigens will be degraded and returned to the B cell surface as 

MHC class II associated peptides. Antigen-specific helper T cells will then recognize the peptide 

: MHC complexes, and provide the co-stimulatory signal required for B cell proliferation.94 The 

induction of B cell proliferation and the production of memory B cells are often not presented 

with small peptide antigens due to the lack of natural T cell epitopes.93,94 Therefore, it is often 

presented with a weak and short-lived humoral response when vaccinated with small peptides. 

Usually, the weak immunogenic molecules are often conjugated to “carrier” molecules in order 

to provide the co-stimulation required for efficient B cell proliferation.94,95  

Alternatively, we can select peptides containing naturally occurring B and T cell epitopes 

so that it will stimulate B cell and T helper cell responses simultaneously.92 These formulations 

can have the added-value and facilitate simultaneous priming of a cognate T cell response 

because the T cell epitopes present in the vaccine are derived from the antigen itself.92,95 It will 

also facilitate rapid co-stimulation of the humoral immune response following natural infection 

because it has the same T cell epitope with the challenge serotype.92 However, it has been shown 

that C terminal peptides containing T cell epitopes can generate heart cross-reactive T cells that 

could potentially stimulate rheumatic carditis in situ.92 Subsequently, this approach was not 

considered as an optimal strategy for the development of the M protein vaccine.  

The current J8 C-repeat vaccine formulation is comprised of a minimal B cell epitope, 

which conjugates to a diphtheria toxin carrier.96 The 12 aa peptide is contained within a 16 aa 

sequence in order to maintain the coiled-coil structure of the molecule and avoid the human 

cross-reactive T cell epitopes.96 However, the T helper cell response will come solely from naïve 
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T cells activation due to the lack of a dominant T cell epitope.95 Despite that, J8 can still 

stimulate a long-lasting memory B cell response against invasive GAS challenges as it has 

shown in a murine model.95,97  

2.   Non-M protein-based vaccine strategies  

Many alternative vaccine candidate antigens have been investigated for the development of 

new vaccine formulations, due to the inherent problems associated with M protein-based 

vaccines. Initially, scientists mainly resorted to applying well-characterized extracellular 

virulence factors, such as C5a peptidase, Group A Streptococcus carbohydrate antigens, and the 

fibronectin binding proteins, for the non-M protein vaccine formulations.98, 99, 100 With the advent 

of whole-genome sequencing era, genome sequencing can identify potential targets in silico by 

common structures in their amino acid sequence and produce the target for evaluation by 

recombinant expression.101, 102, 103 The reverse vaccinology can screen a large number of antigens 

very efficiently. However, it can be very laborious, and the uncertainty of the immunological 

function of the target can further complicate the process. 

C5a peptidase (ScpA), which is an extracellular endopeptidase, can cleave the soluble 

complement chemotaxin C5a to inhibit phagocyte recruitment.104 ScpA is not only expressed on 

the surface of all GAS serotypes, but also in the group B, G and C streptococci.105, 106 It has been 

shown that elimination of scpA in an intradermal airsac model can facilitate the phagocyte influx 

and clearance of the invasive GAS organism.107 Besides, ScpA disruption has also been shown to 

slow down the murine nasopharyngeal colonization. Thus, it can protect against superficial 

mucosal infection and invasive GAS disease.98 In a murine model, intranasal and parenteral 

immunization with recombinant ScpA can evoke mucosal IgA and serum IgG production and 
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prevent nasopharyngeal colonization.98, 105 In addition to antibody production, the vaccination 

induces humoral immunity to inhibit cleavage of C5a, which may restore phagocyte recruitment 

during the infection.105 This finding suggests that the leukocyte chemotactic activity of C5a may 

be restored by naturally acquired anti-ScpA antibodies in vitro.108 

The Streptococcus pyogenes cell envelope protease (SpyCEP), which is a conserved serine 

protease, can cleave the neutrophil chemotaxin IL-8 and help to facilitate streptococcal immune 

evasion.109, 110 It has been shown that heterologous expression of SpyCEP in a murine model 

facilitates bacterial dissemination and increase its ability to exist in the upper respiratory tract. 

These results suggest that SpyCEP may promote bacterial colonization in soft tissues and the 

oropharynx.111 Besides, it has also been reported that the SpyCEP activity and the recorded 

severity of disease outcome are positively correlated, which suggests that SpyCEP may indicate 

the severity of the human diseases.112 The previous observations also confirm these results and 

suggest that the attenuation of disease severity might be influenced by the SpyCEP activity.113, 109 

A CEP-5 vaccine candidate comprising the full-length SpyCEP peptide has been 

developed, and it has been shown that the vaccine can inhibit GAS dissemination and reduce 

disease severity in a murine model.112 It also has been reported that serum antibody derived from 

CEP-5 antigen can inhibit the IL-8 cleaving activity, which suggests that the SpyCEP based 

vaccine and the ScpA based vaccine have a similar mode of action. The protection functionality 

in both cases is mediated by phagocyte chemotaxis and bacterial opsonization. It has been 

reported that during average cell turnover, SpyCEP is shed from the GAS cell surface and can 

inhibit neutrophil chemotaxis.110, 114 These results support the protection model described in the 

previous research. The fibronectin binding proteins can promote bacterial colonization, and it has 

been reported that a wide range of protection against GAS infection can be provided by 
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neutralizing the fibronectin-binding proteins’ ligand-binding activity.115, 116,117 The fibronectin 

binding proteins are highly conserved which makes them a very attractive vaccine candidate that 

could offer a broad range of protection against GAS infection.118,119 It has been shown that the 

well-characterized fibronectin binding proteins based vaccine candidates can induce a strong 

immune response against systemic GAS challenges.115, 116, 117,120  

3.   The group A carbohydrate  

The cell surfaces oligosaccharides of the bacteria, parasites, and viruses are usually very 

different from those of their hosts. Various pathogens utilize carbohydrates to escape the host 

immune response and establish an infection. The cell surface oligosaccharides are also shown to 

prevent complement activation and phagocytosis inhibition.128 The functionalities of the cell 

surface carbohydrates of the pathogens include the provision of protective shields for their 

conserved viral protein epitopes,129,130,131,132 interaction with host cell surface receptors to 

facilitate viral spread,133,134,135 and induction of immunosuppressive responses,136 etc. The cell 

surface carbohydrate, therefore, is a very attractive target for developing promising vaccine 

candidates. 

Group A Streptococcus express the group A carbohydrate antigen (GAC) on the cell 

surface. GAC comprises polysaccharide repeating units of N-acetylglucosamine coupled to a 

polyrhamnose backbone121,122. It has been shown that GAS polysaccharides have a conserved 

and constant expression pattern, which makes them an attractive vaccine antigen for the 

development of new vaccine candidates. Isolated or synthetic GAC antigens have been utilized 

to formulate various vaccine candidates, which have been shown to confer protection in relevant 

mouse models. The analysis results support that high anti-GAS-PS antibody titers inversely 

correlated with GAS infection cases within high-risk populations. Pinto et al. investigated a 
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chemically synthesized core carbohydrate antigen for glycoconjugate GAS vaccine candidate 

and evaluated the efficiency of synthetic antigens with the comparison of the isolated GAS 

polysaccharide. The impact of antigen length and terminal residue composition has been 

explored and investigated in synthetic studies. 

 
Figure 3. Chemical structure and computer model structures of the side chain deficient GAC 

Traditionally, most of the carbohydrate antigens for vaccine development were isolated 

from biological sources. Powerful analytical instruments have enabled precise elucidation of the 

bacterial carbohydrate structure. The chemical nature of the native polysaccharides determined 

the serotype of the organism. The protective immunity against bacteria cell surface 

oligosaccharides is usually serotype-specific, and multivalent formulations with several types of 

the polysaccharides are preferred for the vaccine research. In fact, GAS is the sole species of 

Lancefield group A, and it expresses the conserved pattern of the GAC polysaccharide. The 

vaccine, therefore, can be formulated to contain the only serotype carbohydrate antigen to confer 

broad range protection against various GAS variants. 

In contrast to the conventional polysaccharide isolation, the synthetic approach could 

generate pure, homogeneous, and well-defined oligosaccharides, which contains a single reactive 

group for covalent conjugation. Based on the core antigenic determinants of long polysaccharide 
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chains, we could design synthetic oligosaccharides to evaluate how particular structural features, 

such as length, non-reducing end residue, and the composition, influence carbohydrate 

immunogenicity. Furthermore, we could synthesize well-defined substructures to study structure-

activity relationships or to determine a minimal epitope for eliciting immune responses. The 

major challenge for the development of synthetic carbohydrate vaccines is the chemical synthesis 

of oligosaccharides, which is highly labor and resource intensive, expensive and laborious 

process. With the advent of the automated synthesis technology and glycan microarrays, the 

development of various vaccines will be facilitated dramatically, and the field will be blooming 

for many efficient and cost-effective vaccines in the following decades.   

Carbohydrates are poor immunogens since, with only a few exceptions, they cannot be 

presented by MHC-antigen complex to the T-helper cells. Thus, most of them cannot induce a 

long-lived T-cell dependent immune response. It is, therefore, not an ideal vaccine 

formulation.139 This problem can be circumvented by conjugating the carbohydrate antigen to a 

carrier protein. The glycoconjugate vaccine can induce the T-cell-dependent immune response, 

and the “class-switching” mechanism will ensure to induce the B-cell response and generate 

memory B cells and antibodies that not only recognize the carrier protein portion of the vaccine 

but also recognize the carbohydrate portion of the vaccine. The discovery of the glycoconjugate 

vaccines originated from the 1930s; it has been shown that the carbohydrate-protein conjugates 

are capable of inducing an enhanced immune response in adults and children. 

Carbohydrate antigens have been shown to conjugate with various carrier proteins, such as 

tetanus toxoid, diphtheria toxoid and CRM197.140,141,142,143 Interestingly, researchers have 

proposed that short peptides and proteins incorporated with CD4+ T cell epitopes have better 

carrier properties. 145,146 The glycoconjugates technology appears to be generic and can provide 
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broad range of protection against various infections. As described before, carbohydrate antigens 

can only induce short-lived T-cell independent antibody response.123 In fact, anti-GAC IgG can 

be detected in the sera from healthy, recovered children, which indicates that the class switching 

occurred during the GAS infection. It is possible that both GAC T cell epitopes and the protein 

antigens are co-expressed on the cell surface during the infection.124 It has been shown that 

immunization with synthetic CAC-TT glycoconjugate vaccine can offer protection against GAS 

challenge in a mouse model.124,125 However, recent research studies indicated that immunization 

with the GAC antigens could lead to the generation of human cross-reactive antibodies that also 

recognize the heart tissue and result in the inflammation associated with rheumatic carditis.126 

Crude GAC purification methods that have been mentioned above may cause the co-purification 

of proteinaceous antigens, such as the M protein.127 This raised concerns about the validity of the 

protection data and the purported human cross-reactive antigen due to the potential influence of 

the M protein that was presented within the GAC preparations.127 

The synthetic glycoconjugate vaccine formulated by coupling chemically synthesized GAC 

oligosaccharides to the CRM197 was developed in recent years.6 It has been shown that this 

synthetic glycoconjugate vaccine can provide adequate protection against GAS infection in a 

mouse model.127 The new method for the synthesis of the GAC antigens may resolve the 

questions about human cross-reactivity antibody, and facilitate the analysis of the glycoconjugate 

vaccines. Thus, the new technique and theories in carbohydrate chemistry will address the 

challenges associated with synthesizing these complex molecules. This is the primary work that I 

have undertaken for my doctoral dissertation. I believe that successful application of cutting-

edge technology in carbohydrate chemistry to address the challenging problems for the synthesis 
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of these complex molecule will facilitate the development of the GAS vaccine and move the 

research forward into clinical trials. 

Carbohydrate chemistry 

1.   Chemical Synthesis of Complex Carbohydrates  

The synthesis of a disaccharide is a representative chemical synthesis of saccharides. The 

disaccharide can be synthesized by reacting a glycosyl donor equipping with a leaving group 

with the hydroxyl group of a glycosyl acceptor. This reaction is called glycosylation reaction, 

which usually can be promoted by an activating system. There are many challenges associated 

with the synthesis and analysis of complex carbohydrates: 1) The building blocks can form 

pyranose or furanose rings, therefore, synthetic chemists need to control the form of a specific 

building block in order to obtain the desired product; 2) The hydroxyl groups of complex 

carbohydrates intrinsically have similar reactivity, and appropriate protecting groups have to be 

incorporated into the synthetic strategies for differentiating the reactivity of a specific hydroxyl 

group at the target position. Therefore, the manipulation of various protecting groups can be a 

risky and daunting task. It is often required that the introduction and the deprotection of the 

protecting group have to be highly efficient and orthogonal with each other. 3) The stereo-

geometries of the newly formed glycosidic bonds can have two potential epimeric(anomeric) 

isomers. Thus, it is required to employ an appropriate strategy to assist the desired anomeric 

configuration formation, especially for certain difficult linkages such as b-mannosidic linkages. 
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Figure 4. carbohydrate numbering and the ring-closing process. 

 

Chemical synthesis offers many advantages for the potential applications in pharmaceuticals or 

biomarkers. In contrast to the conventional polysaccharide isolation, the synthetic approach 

could generate pure, homogeneous, and well-defined oligosaccharides, which contain a single 

reactive group for covalent conjugation. Based on the core antigenic determinants of long 

polysaccharide chains, we could design synthetic oligosaccharides to evaluate how particular 

structural features, such as length, non-reducing end residue, and the composition, influence 

carbohydrate immunogenicity. Furthermore, we could synthesize well-defined substructures to 

study structure-activity relationships or to determine a minimal epitope for eliciting immune 
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responses. Besides, as the technology develops in the chemical industry, sophisticated 

instruments for the chemically and enzymatically automated synthesis system will become 

widely available to assist the everyday work of chemists. The automated purification system is 

facilitating the R&D progress dramatically and can reduce the cost with minimal human 

supervision. AI and machine learning technologies help scientists to identify novel targets from a 

vast amount of data that have been generated over the past decades. The industry and academia 

are collaborating closely, and there will be significant development and synergies across 

different discipline and fields. 

2.   A brief review of synthetic strategies for carbohydrate synthesis 

 Ideally, the desired glycosylation reaction can be performed between two free sugars with 

complete control of reigo/stereochemistry to generate a single oligosaccharide. However, it is 

rare the case to have such an idealized condition in practice. Thus, scientists hava utilized 

mutated enzymes to facilitate the transformation by using the substrate-specific recognition 

properties of the enzymes. However, in a practical setting, the availability of the enzyme remains 

a significant hurdle for the synthesis of various biological active chemicals. Thus, chemistry has 

its unique advantage and challenges in application.  

 

 

Figure 5. Linkage configuration 

In the field of organic chemistry, it has been well established that protecting group 

strategies can successfully apply to various synthetic tasks. By blocking the functional groups 

with a set of protecting groups, it ensures that a particular functional group undergoes reaction 
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without disturbance of other reactants. In particular, carbohydrates present a unique problem as 

they have many nucleophilic and mildly acidic hydroxyl groups. Different hydroxyl groups 

interact with each other and are influenced by neighboring functionality. Therefore, 

modifications such as protecting groups at the hydroxyl can change the reactivity of the other 

hydroxyl groups. Chemists have devised many strategies to control the reactivity of different 

hydroxyl groups, and the success in the protecting group strategies leads to numerous chemical 

synthesis applications not only in the oligosaccharide synthesis but also in the preparation of 

carbohydrate mimics and natural products.   
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Figure 6. General glycosylation reaction with strategic selection of protecting groups 

Judicious selection of protecting groups can reduce the ambiguity in site selectivity during 

the reactions. The protecting groups can have favorable steric and electronic properties that can 

change the dynamic of a reaction. Protecting group selection needs to be thoroughly considered 

based on a comprehensive literature review. The most important factors to consider include 1) a 

given hydroxyl group needs to be able to protect selectively; 2) the reaction condition needs to be 

compatible with the selected protecting group; 3) and the protecting group needs to be able to 

deprotect selectively and conveniently. 



 

24 

O

OPG

PGO
PGO PGO

LG
Activator

O

OPG

PGO
PGO

OPG

O

OPG

PGO
PGO PGO OR

 

Figure 7. General activation of the glycosyl donor in the glycosylation process 

Many leaving groups can be used for glycosylation, and a range of different glycosyl donor 

systems can be exploited for the synthesis of various glycosides. Commonly used leaving groups 

to include bromides, chlorides, acetates, and certain less familiar leaving groups, such as 

fluorides, phenylselenides, or electrophiles, such as 1,2-anhydride/epoxides. Besides those 

leaving groups, we also need to consider the stability and the amenability of the temporarily 

masking leaving group at the anomeric center. It will dramatically facilitate the synthesis if the 

leaving group can perform straightforward chemo-selective transformations with significant 

stability.151 Therefore, chemists have strong preferences for thioglycosides as the glycosyl donor 

for oligosaccharide synthesis, as an arylthio group placed at the anomeric center satisfies the 

requirement. Literature over the past decades have described various methods for activating 

thioglycosides in detail.152-158 More efficient leaving group strategies have been developed over 

the past decade to facilitate the development of complex oligosaccharide synthesis. Particularly, 

anomeric acetimidates, n-pentenyl groups and vinyl glycosides that contain an unsaturated 

component at the anomeric center attracted great attention in the chemical strategy of complex 

carbohydrate synthesis. These leaving groups often have an SN1-like fashion to displace the 

unsaturated component during the glycosylation selectively. Naturally, implementation of these 

strategies requires a unique condition to maintain the reactivity of the glycosyl donor; on the 
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other hand, the stability of the donor will be dramatically affected, thus, suffering from 

hydrolysis, even in the trace moisture environment. 
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Figure 8. Various leaving groups of glycosyl donors 

A successful synthetic strategy design commands the subtle tuning of the reactivity. 

Chemists developed various strategies to assemble the complex oligosaccharide, such as linear 

sequence assembly, and more ideally, in a one-pot fashion. Fine-tuning and understanding the 

reactivity of various glycosyl donor make the one-pot strategy a realizable task. By carefully 

manipulating the reactivity of the donors, the building blocks can coexist and survive during the 

sequential glycosylation process. One-pot strategy can generate a fairly complex carbohydrate in 

a semi-controlled fashion efficiently. However, the main drawbacks of this strategy are the 

tedious purification process and low yield. The reactivity of the donor is dependent on both the 
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leaving group and the protecting group. Chemists also need to take the solvent effects into 

considerations. The first step of the glycosylation forms a cyclic oxonium ion upon activating the 

leaving group by the promoters. This is the critical determinant step for the glycosylation, and 

the oxonium ion formation is often influenced by torsional and electronic effects of the 

protecting groups. Therefore, it is critical to select an efficient leaving group and appropriate 

reaction conditions to stabilize the oxonium intermediate. 
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Figure 9. Anomeric effects. 

Fraser-Reid’s group reported the armed/disarmed strategy for fine-tuning of the 

reactivity.159-161 He firstly described that oxidative hydrolysis of the n-pentenyl glycoside with 

NBS in water is much faster when the C-2 protecting group was an ether than an ester. The 

concept is not limited to the n-pentenyl glycoside only, and it can also apply to thioglycosides 

and selenoglycosides. Later, Danishefsky and coworkers introduced the glycals for fine-tuning of 

the reactivity.162, 163 Ley et al. and Wong et al. further investigated glycosyl donor reactivity in 

various positions of the saccharide and utilized different strategies to design oligosaccharide 

synthesis.164-166 Extensive research has been conducted to determine the electronic effects during 

the glycosylation process. The deactivating power follows this order generally: N3 > OAcCl 
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(chloroacetate) > NPhth (phthalimido) > OBz > OAc > NHTroc > OBn > OH > OSilyl > H. 

Torsional strain can account for another important factor to influence the reactivity of the 

anomeric leaving groups. The formation of the cyclic oxonium ion flattens the 4C1 chair 

conformation in pyranosides, which leads to low reactivity, especially in the bicyclic glycosyl 

donors.  

An alternative approach for the glycosylation includes the concept of orthogonal 

glycosylation. In this case, glycosyl donors bear different leaving groups, which can be 

selectively activated. Therefore, the synthetic strategy can be designed in a way that involves 

minimal glycosylation manipulations. It is crucial to choose the leaving groups strategically, 

which requires to consider latency-oriented or condition-directed methods.  
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Figure 10. Oligosaccharide assembly strategies. 

Various synthetic strategies have been developed and applied to different kinds of complex 

oligosaccharides synthesis, including b-mannose, Sialic Acid containing carbohydrates, glycosyl 
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amino acids, C-linked glycosides, etc. These complex carbohydrates play a critical role in many 

biological processes, such as cell growth, differentiation, and adhesion, cell-mediated immune 

response and oncogenesis, etc. Therefore, it is critical to employ effective and efficient synthetic 

strategies for the synthesis of these important complex carbohydrates. Many research groups 

have focused on developing methodologies for these oligosaccharides synthesis, and it is a trend 

to incorporate chemical and biological methods to facilitate the development of these fields. 

Many potential applications of these biologically active materials in pharmaceutical and vaccine 

have drawn much attention not only in academia but also in the pharmaceutical R&D sector. 

The chemical strategy to the synthesis of complex carbohydrate requires chemists to 

consider the reactivity, regio-selectivity, and the stereo-selectivity. The tedious protection and 

deprotection process are mandated for the chemical synthesis, and the purification process often 

generates wastes, and the recovery efficiency needs to be considered during the manufacturing 

process. In order to overcome the problems associated with the chemical approaches, chemists 

resort to nature’s product, i.e. the uses of glycoprocessing enzymes. There are two main classes 

of enzymes in glycobiology, namely glycosyltransferases and glycosidases. The 

glycosyltransferases construct glycosidic bonds, and glycosidases cleave the bonds. Enzymatic 

synthesis requires an excellent leaving group from the anomeric center. For glycosyltransferases, 

the leaving groups are either nucleotide phosphate esters or phosphate groups. The enzyme 

recognizes the reactant or substrate with high precision through the so-called binding pocket. The 

glycosylation mediated by glycosyltransferases is highly stereo-selective, as the shape of the 

enzyme active site and the binding pocket have a specific mechanism to form a particular type of 

bond. The advantages of the enzymatic glycosylation are self-evident, which include high 

specificity and efficiency, no need of protecting groups, active under mild conditions, and 
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environmentally friendly. The main limitation of the enzymatic approach is the limited 

availability of enzymes and the occasional need for careful conditions.  
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Leaving group(LG) = nucleotide(di)phosphate for Leloir type  

Figure 11. General mechanisms of the glycosyltransferases. 

The mechanism of the glycosyltransferases is shown in Figure 11. Glycosyltransferases 

use specific pairs of sugar and nucleotide. The nucleotide diphosphate glycosyl donors are hard 

to synthesize. The catalytic residues in the active site of the enzyme can attack the hydroxyl 

group and induce a cascade reaction with the nucleotide glycosyl donor. The intermediate passes 

through an oxocarbenium-ion-like transition state. Then, donor and acceptor form the new 

glycosidic bond with certain metal mediation. A potential problem with the glycosyltransferases 

is product inhibition, and the use of membrane technology may provide a solution. The 

application of the glycosyltransferases has been shown in several literature reviews. 
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Figure 12.  Reverse hydrolysis process with glycosidase. 

Reverse hydrolysis process is shown in Figure 12. It involves a reaction between a donor 

and an acceptor to yield a glycoside and H2O. A high concentration of reactant, high 

temperature, and the use of organic co-solvents are commonly used to low the thermodynamic 

activity of water and to facilitate the process. The main limitation of this approach is the stability 

and the activity of the glycosidase.167-170  

An introduction to the discoveries and proposed mechanisms in this work 

We have conducted comprehensive studies to investigate various GAC oligosaccharides 

with different chain length and side chain GlcNAc variations. We also utilized microarray 

technology to investigate the epitope recognition of different antibodies toward the GAC library. 

Over five years of intensive research, we have discovered two new chemical reactions and 

proposed mechanism for these discoveries that have never been reported in the literature. Here, I 

will briefly summarize these discoveries and proposed mechanism to give the reader an overview 

of the significance of this work in terms of chemistry field. The biological evaluations of the 

synthetic glycoconjugate vaccine candidate and the corresponding glycan microarray results will 

be described in chapter two and chapter three in detail.   
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1.   PMB Migration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. PMB migration 

During the process of examining the optimal protecting group pattern and reaction 

condition, we discovered the PMB Migration surprisingly. In summary, an N-iodosuccinimide 

(NIS)/silver trifluoromethanesulfonate (AgOTf) promoted glycosylation of S24 with S31 and 

S14a with S31 gave monosaccharide 1 surprisingly. PMB migrates from the donor to the 

 

Donor
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acceptor, and no desired disaccharide product was formed. It can migrate under very mild 

conditions, and it is substrate dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Proposed PMB migration mechanism. 

We proposed a mechanism as shown in Scheme 1. The PMB protecting group is acid labile 

due to the p-π conjugation of the lone pair electron on the methoxy oxygen to the π system of the 

aromatic ring. The migration is probably an equilibrium process, and the migration path is 

favored assuming that the lower energy of the product is preferred during the process. This 

requires further support from dynamic molecular simulation and theoretical calculations. 

1.   The “4+4” in situ bond cleavage polymerization.  

The second important discovery is the “4+4” in situ bond cleavage polymerization. We 

discovered the new reaction during the assembly process of the polyrhamnose oligosaccharides. 

In summary, a TBSOTf promoted glycosylation of 9 with 10a in DCM at -40 °C~0 °C yielded a 

library of polyrhamnose oligosaccharides as shown in Figure 13. TLC showed a string of new 

OAcO

HO O O

O

NH

O
O

OAcO

OHO

O

OMe

SPh

H

OMe

O

OMe

OAcO

O O O

O

NH

O
O

OMe

OAcO

O O

O

OMe

SPh

O

H

Reaction intermediate

Migration path is favored

OAcO

O O O

O

NH

O
O

OMe

H



 

33 

spots, and high-resolution MALDI-MS of the reaction mixture showed an array of new products. 

Pure products can be obtained by LH20 and silica gel chromatography purification.  

 

 

 

 

 

 

 

 

  
 
 
 

Figure 13. The “4+4” in situ bond cleavage polymerization 

We proposed a “Push and Pull” mechanism as shown in Scheme 2. The mechanism shows 

the process of the in situ breakage of the acid labile 1,2-linkage to form the new acceptor, which 

could be further reacted with a tetra donor to yield the new product. Polymerization repeats this 

process until the reactivity of the substrate is too low to react.  
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Scheme 2. The proposed “Push and Pull” mechanism for “4+4” polymerization 

The proposed mechanism is based on: 1) model acid test suggested 1,3-linkage is acid 

stable, and 1,2-linkage is acid labile. The peaks corresponding to oligosaccharides without Lev in 

high-resolution MALDI-MS result from the in situ cleavage of the acid labile 1,2-linkage; 2) 

ester neighbor group participating effects; 3) the electron richness of the thiophenyl protecting 

group at the anomeric center increases the overall reactivity; 4) the steric hindrance and electron 

donating properties of the Nap protecting group might increase the breaking tendency of the 1,2-

glycosidic linkage. 

In summary, two new chemical reactions have been discovered in the process of 

synthesizing a new efficient GAS vaccine candidate. Detailed descriptions are included in 

chapter two and chapter three. The details about the biological valuation of the glycoconjugate 

vaccine and the glycan microarray results will also be covered in the following chapters. The 

binding study showed that each antibody recognized multiple compounds and exhibited distinct 

structure−binding relationships. The GAC-microarray data made it possible to investigate and 

validate the influences of different length and side-chain variations on the structure−binding 
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relationships with type-specific antibodies. This work will provide important insights into the 

cross-reactivity associated with the autoimmunity of the GAS infections. 
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Abstract 

Group A Streptococcus (GAS) is a leading cause of many leathal human diseases, and 

millions of people die each year due to severe GAS diseases, e.g., invasive infections, acute 

rheumatic fever (ARF), and rheumatic heart disease (RHD). It is the sole species of Lancefield 

group A and all GAS serotypes express the Lancefield group A carbohydrate (GAC), which is 

comprised of a polyrhamnose backbone with an immunodominant N-acetylglucosamine 

(GlcNAc) side chain. The hurdle toward a carbohydrate-based vaccine includes the potential of 

the GAC GlcNAc side chain to provoke cross-reactive antibodies relevant to the 

immunopathogenesis of rheumatic fever. Nizet et al. have reported that antibodies to GAC 

lacking the GlcNAc side chain and containing only polyrhamnose promoted opsonophagocytic 

killing of multiple GAS serotypes and protected against systemic GAS challenges after passive 

immunization. Synthetic challenges of these oligosaccharide antigens include: 1) Because of the 

lacking of the 6-OH as comparing with the common pyranoses, rhamnose is very sensitive and 

active under acidic conditions; 2) Selection of suitable and optimal protecting groups for this 

substrate; 3) Screening of the optimal glycosylation method; 4) The introduction of the right type 

of linker to this substrate and the timing for the addition. In this paper, we reported the chemical 

synthesis of those promising vaccine candidate antigens and the “4+4” in situ bond cleavage 

polymerization. Through comprehensive studies, we proposed mechanisms for the discovered 

reactions, and successfully synthesized the desired octasaccharide antigen by a highly convergent 

approach and a library of polyrhamnose oligosaccharides by the “4+4” in situ bond cleavage 

polymerization. These compounds are utilized for epitope mapping by glycan microarray and for 

the development of new glycoconjugate vaccine candidates. 
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Introduction 

Group A Streptococcus (GAS) infections are leading healthcare problems throughout the 

world. GAS causes a wide range of diseases, including asymptomatic colonization, 

uncomplicated pharyngeal, skin infections, and life-threatening invasive illnesses such as sepsis, 

necrotizing fasciitis, and toxic shock syndrome. Pharyngitis may lead to delayed sequela as 

rheumatic fever, which is caused by an autoimmune reaction to Group A streptococci that results 

in valvular damage.2 In the developing world, rheumatic fever is the primary cause of acquired 

heart disease in children, adolescents and young adults, responsible for at least 350,000 

premature deaths per year.3 There is currently no safe and efficacious commercial vaccine 

against GAS infection despite the high demand globally.  

GAS vaccines can be generally divided into M protein-based and non-M protein-based 

vaccines. GAS carbohydrate-based vaccines are less developed as compared to M protein-based 

vaccines, and research in GAS carbohydrate-based vaccines is undergoing extensively.4 The 

major challenge for the development of an anti-GAS vaccine is the diversity of GAS strains. All 

GAS serotypes express the Lancefield group A carbohydrate (GAC), which consists of {®2)[b-

D-GlcNAc(1®3)]a-L-Rha(1®3)}a-L-Rha(1-}n repeating units, and it could serve as a common 

antigen for the development of a universal GAS vaccine. Pinto et al. reported a core antigenic 

determinant–a hexamer structure of two repeating units based on the antibody-binding epitope of 

GAS-PS5. Costantino and co-workers evaluated optimal oligosaccharide length and terminal 

molecule residues by comparing the in vivo efficacy of CRM197 glycoconjugates of the native 

GAS-PS material versus that of the synthetic oligosaccharides.6   
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However, the autoreactivity of antibodies, which recognize the native GAC GlcNAc side 

chain, against human tissues has been raised by several groups.7,8,9 Cunningham groups derived 

anti-GlcNAc monoclonal antibodies that are cross-reactive for heart or brain tissue from patients 

with rheumatic fever.10 In recent years, Nizet and co-workers identified the genes responsible for 

GAC biosynthesis. They demonstrated that antisera raised against the polyrhamnose core of 

GAC, as purified from the ∆GacI mutant, may still provide significant broad-spectrum 

opsonophagocytic activity.1 

Although these antigens can be isolated from ∆GacI mutant, chemical synthesis offers a 

much more attractive approach. In contrast to the conventional polysaccharide isolation, the 

synthetic approach could generate pure, homogeneous, and well-defined oligosaccharides, which 

contain a single reactive group for covalent conjugation. Based on the core antigenic 

determinants of long polysaccharide chains, we could design synthetic oligosaccharides to 

evaluate how particular structural features, such as length, non-reducing end residue, and the 

composition, influence carbohydrate immunogenicity. Furthermore, we could synthesize well-

defined substructures to study structure-activity relationships or to determine a minimal epitope 

for eliciting immune responses. 

A number of synthetic challenges are included in the synthetic strategies of those 

oligosaccharide antigens. Firstly, because of the lacking of the 6-OH as comparing with the 

common pyranoses, rhamnose is very sensitive and active under acidic conditions. Therfore, it 

requires comprehensive studies of the stabilities of different linkages and subtle handling 

techniques. Secondly, the selection of the suitable protecting groups and screening of the optimal 

glycosylation method for this substrate require an exhaustive and challenging examining process. 
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Lastly, the addition of the right type of linker to this substrate and the timing for the addition are 

difficult problems that need to be solved.  

We reported here a highly convergent approach for the chemical synthesis of those 

promising vaccine candidate antigens and the “4+4” in situ bond cleavage polymerization. We 

have established a thorough examining process for the designed strategy, conducted 

comprehensive studies for the discovered reactions, and successfully synthesized these 

biologically important antigens for developing new GAS vaccine candidates. 

Discussions and results 

Synthetic strategy 
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Scheme 1. The designed “key disaccharide” retrosynthetic strategy  

The designed retrosynthetic strategy employed a key disaccharide to perform a convergent 

“2+2” and “4+4” glycosylation to synthesize the desired octasaccharide polyrhamnose antigen. 

We also equipped ester protecting groups at C-2 to utilize neighboring group participating effects 

to assist the a-selectivity, and employed the levulinoyl (Lev) ester as an orthogonal protecting 

group to differentiate the bottom C-2. Furthermore, we deployed an orthogonal protecting group 
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Scheme 2. Selection of the suitable protecting group combination. Reagents and conditions: a) S26, S30β, TBSOTf  0.05eq, DCM, -780C, 8 6%, 9 33%. 
b) S26, S29α, TBSOTf  0.05eq, DCM, -780C, No reaction. c) S24, S30β, TBSOTf  0.05eq, DCM, -200C, 10 43%.
d) S24, S29α, TBSOTf  0.05eq, DCM, -200C, 11 27%. e) S25, S29α, TBSOTf 0.05eq, DCM, -500C-00C, 4α 49%, 4β 7%, α:β 7:1. 
f) S25, S30β, TBSOTf 0.05eq, DCM, -780C-00C, 5 20%. g) S27, S30β, TBSOTf 0.05eq, DCM, -780C, 3β 10%, 2 70%. 
h) S27, S29α, TBSOTf 0.05eq, DCM, -780C-00C, 6 14%. i) S14α, NIS, AgOTf 0.5eq, DCM, -500C-00C, 1 63%. j) S24, TBSOTf  0.1eq, DCM, -500C-00C, 1 55%.

a-h

i or j

R=SPh, S14α
R=OCNPhCF3, S24

1S31

at C-3 position, such as 4-Methoxybenzyl ether (PMB) or 2-Naphthylmethyl ether (Nap), to 

further assemble the trisaccharide repeating units. This way, we could synthesize both 

polyrhamnose targets and GAS oligosaccharides with different GlcNAc side chain variations 

from one key disaccharide as shown in Scheme 1.  

Synthesis of the key disaccharide 
 

 

 

 

 

 

 

 

The assembly of the key disaccharide requires thorough screening of the suitable protecting 

group combination and the optimal glycosylation condition as shown in Scheme 2. We 

investigated 1) the electronic effects on C-4 position by employing standard electron donating 

protecting group or electron withdrawing protecting group; 2) the efficiency of the leaving group 

during the glycosylation; 3) the influence of the linker on the anomeric center. Firstly, we 

examined the electronic effects of C-4 position on both donor and acceptor with PMB at the C-3 

position on the donor. Benzyl ether (Bn) and acetyl ester (Ac) were selected to be the standard 

electron donating and electron withdrawing groups. We started with low temperature and mild 

promoting catalyst, as 6-Deoxy rhamnose substrate is very reactive. Tert-Butyldimethylsilyl 

PMB migration 
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trifluoromethanesulfonate (TBSOTf)-promoted coupling of S26 with S30b yielded disaccharide 

8 and orthoester 9 in moderate reactivity because the low temperature froze the glycosylation at 

the orthoester stage. TBSOTf-promoted coupling of S24 with S29a gave disaccharide 11 in low 

reactivity, suggesting C4-Ac electron withdrawing effects could reduce the reactivity. TBSOTf-

promoted coupling of S26 with S29a  and S24 with S30b  resulted in low yield or no reaction, as 

the reactivity of the donor and the acceptor did not match. Secondly, we examined the efficiency 

of the leaving group during the glycosylation and the influence of the linker on the anomeric 

center for this substrate. An N-iodosuccinimide (NIS)/silver trifluoromethanesulfonate (AgOTf) 

promoted glycosylation of S24 with S31 and S14a with S31 yielded monosaccharide 1 

surprisingly. PMB migrated from the donor to the acceptor, and no desired disaccharide product 

was formed (see Table 2, SI). It can migrate under very mild conditions, and it is substrate 

dependent. Thus, PMB protecting group is not suitable in this case, and we turned our attention 

towards Nap protecting group since it is more acid stable comparing to PMB. Then, we 

examined the electronic effects of C-4 position on both donor and acceptor with Nap at the C-3 

position on the donor. TBSOTf-promoted coupling of S27 with S29a  and S25 with S30b  

resulted in low yield, as the reactivity of the donor and the acceptor did not match. Because of 

the long-range participation of the C4-Ac on the donor, TBSOTf-promoted coupling of S25 with 

S29a  gave disaccharide 4  as a/b  mixture, even in the presence of the Lev neighbor group 

participation. This indicates that long-range participation competes with the neighbor group 

participation effect, and it has a dramatic influence on the stereo-configuration of the anomeric 

center.   
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Scheme 3. The optimal protecting group pattern for the key disaccharide glycosylation 

Entry Temperature/oC Catalyst and solvent Yield 

1 -78 0.05 eq TBSOTf, DCM 3b	
  10%; 2 70%	
  
2 -78~rt 0.1 eq TBSOTf, DCM 3b	
  75%	
  only	
  
3 -30~rt 0.1 eq TBSOTf, DCM 3b	
  57% only	
  
4 -30~rt 0.1 eq TMSOTf, DCM 3b 81% only	
  
5 -30~rt 0.25 eq TMSOTf, DCM 3b	
  43% only	
  
6 -30~rt 0.1 eq HOTf, DCM 3b 46% only	
  
7 0~rt 0.1 eq TMSOTf, DCM 3b Trace	
  
8 -30~rt 0.1 eq TMSOTf, CH3CN No reaction	
  

Table 1. The optimization of the key disaccharide glycosylation condition 

The optimal protecting group pattern with the best reactivity was achieved by glycosylation 

of S27 with S30b, as shown in Table 1, as it yielded high amount of disaccharide 3b and 

orthoester 2, even under very low temperature condition. The optimal protecting group 

combination is C3-Nap on the donor and C4-Bn on both donor and acceptor. The armed donor 

and acceptor with C-4 electron donating ether protecting group increase the reactivity of the 

substrate, and the overall electronic effects of both donor and the acceptor need to match with 

each other in order to achieve the best glycosylation reactivity. Further investigation of different 

temperature, catalysts, and solvents for the glycosylation of S27 with S30b, as shown in Table 1, 

revealed the optimal glycosylation condition for the key disaccharide synthesis. The low 

temperature will freeze the glycosylation process at the orthoester stage. Use of too much acid or 

use of weak/strong acid will decrease the reaction yield. The glycosylation process mainly takes 

place from -30 0C to 0 0C for this substrate. The key disaccharide 3b could be obtained in a yield 

of 87% through trimethylsilyl trifluoromethanesulfonate (TMSOTf) mediated glycosylation of 
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S27 with S30b in dichloromethane (DCM) in the presence of 4A molecular sieve under -30 oC~0 

oC (See Scheme 5, SI).  

“4+4” in situ bond cleavage polymerization 
 

 

 

 

 

 

The assembly of the polyrhamnose oligosaccharides and the “4+4” in situ bond cleavage 

polymerization are depicted in Scheme 4. Disaccharide assembly was performed by the optimal 

glycosylation method as described before. Glycosylation yield are very good for both a and b 

acceptors (See Scheme 5, SI). The anomeric thioglycoside of 3a was removed by NIS and a 

catalytic amount of AgOTf in the presence of the acid scavenger 2,4,6-Tri-tert-butylpyrimidine 

(TTBP) in wet DCM to afford 4 in 97% excellent yield. It was subsequently converted into the 

N-phenyltrifluoroacetimidate 5 by using standard conditions (72%, 97% respectively). The Lev 

ester of 3a was removed by hydrazine acetate in DCM:MeOH (1:1) to yield the acceptor 

6a (93% yield). In a TMSOTf promoted glycosylation of 5 with 6a in DCM at -30 °C~0 °C, we 

observed the product decomposition over the process. The 1,2-linkage of the tetrasaccharide is 

acid labile and can be cleaved under the acid glycosylation condition to yield the decomposed 

disaccharide products. Thus, a milder catalyst TBSOTf was used, the amount of acid was 

reduced to 0.075 eq, and the reaction temperature was decreased to -40 °C~0°C. With the 
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modified method, the glycosylation worked satisfyingly, and yield were very good for both a 

and b acceptors (See Scheme 6, SI). Then, the tetrasaccharide 7a was converted to the acceptor 

10a by the standard manipulation (99% yield). The anomeric thioglycoside of 7a was removed 

by NBS in acetone:PBS buffer (6:1) to afford 8 in 87% good yield, which was subsequently 

converted into the N-phenyltrifluoroacetimidate 9 by using standard conditions (87% yield). 

Surprisingly, a TBSOTf promoted glycosylation of 9 with 10a in DCM at -40 °C~0 °C yielded a 

library of polyrhamnose oligosaccharides (See SI). TLC showed a string of new spots, and high-

resolution MALDI-MS of the reaction mixture showed an array of new products. Pure products 

can be obtained by LH20 and silica gel chromatography purification.  

 

 

 

 

 

 

 

 

Next, the purified library of polyrhamnose oligosaccharides was deprotected to yield the 

final compounds, and the deprotection sequence is crucial for these compounds. Firstly, 

deprotection of the esters by sodium methoxide in methanol must be conducted in the first step to 

avoid b-elimination. Secondly, the anomeric thioglycoside was removed by NBS in acetone:10 

a) b) 

Figure 1. a) MALDI-MS and TLC of the “4+4” polymerization reaction mixture. b) H-H 2D COSY and HMBC confirmation of the 

structure integraty of the octasaccharide c) Proton spectrum of the deprotected polyrhamnose library and H-H 2D ROESY and H-H 2D 

COSY of the deprotected hexasaccharide 
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mM PBS buffer (6:1). Lastly, deprotection of the benzyl ether by 10% Pd/C in THF/H2O, and 

subsequent purification by P2 Bio Gel yielded pure final compounds. The three-steps 

deprotection yielded the desired products in good yield. The pure compounds could be used for 

the structure-activity analysis, the glycan microarray, and ELISA antibody binding studies. Two-

dimensional NMR experiments combined with high-resolution MALDI-MS confirmed the 

structural integrity of the compound. The JH−H coupling constants of non-reducing end anomeric 

protons were all between 169 and 170 Hz, indicating all α-glycosidic linkages. For protected 

compounds, all H2 connected with ester protecting group were down shifted (~5.6 ppm) 

compared with all H2 without ester protecting group connection (~3.8 ppm) as shown in H-H 2D 

COSY. All H3 connected with Nap protecting group were cross-talking with CNap-CH2, and all H3 

connected with Bn protecting group were cross-talking with CBn-CH2  as shown in HMBC. After 

deprotection, H-H 2D ROESY and H-H 2D COSY provided a second confirmation of the correct 

glycosidic linkage.  

We proposed a “Push and Pull” mechanism as shown in Scheme 5. The mechanism shows 

the process of the in situ breakage of the acid labile 1,2-linkage to form the new acceptor, which 

could be further reacted with a tetra donor to yield the new product. Polymerization repeats this 

process until the reactivity of the substrate is too low to react. The proposed mechanism is based 

on: 1) model acid test suggested that 1,3-linkage is acid stable, and 1,2-linkage is acid labile, and 

the peaks corresponding to oligosaccharides without Lev in high-resolution MALDI-MS were 

resulted from the in situ cleavage of the acid labile 1,2-linkage; 2) ester neighbor group 

participating effects; 3) the electron richness of the thiophenyl protecting group at the anomeric 

center increases the overall reactivity; 4) the steric hindrance and electron donating properties of 

the Nap protecting group might increase the breaking tendency of the 1,2-glycosidic linkage. 
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Scheme 5. The proposed “Push and Pull” mechanism for “4+4” polymerization 

Then, we investigated two possible strategies for the linker introduction: 1) introducing the 

linker at the final octasaccharide stage; 2) introducing the linker at the tetrasaccharide stage. 

Several failed attempts excluded the first strategy. Because the efficiency of the glycosylation 

and the reactivity of the substrate are low, no products were observed in the case of the 

octasaccharide linker introduction. The second strategy required installation of the linker on the 

tetrasaccharide first, then perform “4+4-linker” glycosylation. We explored the azido and the 

Cbz-protected amino linkers, and disappointedly, both “4+4-linker” reactions did not work (See 

Scheme 14, SI). Interestingly, glycosylation of the tetrasaccharide 7a with the Cbz-protected 

amino linker yielded the “1,2-linkage bond cleavage” disaccharide as the major product, and the 

yield of the desired tetrasaccharide were very low (Scheme 11, SI). However, glycosylation of 

the tetrasaccharide 9 with the Cbz-protected amino linker yielded the desired tetrasaccharide 

product only. The yield improved dramatically when using the azido linker as the acceptor 

(Scheme 12 and 13, SI), as azido group on the linker is a small-sized protecting group, and it 

does not bear any charge, thus, it has minimal effects during the glycosylation process. These 

observations suggest that the thiophenyl at the anomeric center increases the overall reactivity of 

the substrate. 
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Synthesis of the octasaccharide: replace Nap by Bn 
 

 

 

 

 

 

 

 

Based on the failed experiment of “4+4-linker” glycosylation, we hypothesized that the 

steric hindrance of C3-Nap might decrease the accessibility of the adjacent hydroxyl in the 

glycosylation process. In order to test this hypothesis, we decided to replace Nap by Bn and 

reassembled the building blocks as shown in Scheme 6. The assembly of the tetrasaccharide 24a 

by the optimal glycosylation methods described before was done in good yield (see Scheme 17, 

SI). Interestingly, a TBSOTf promoted “4+4-Bn” glycosylation of 26 with 27a in DCM at -40 

°C~0 °C yielded the octasaccharide with low reactivity and the substrate was not polymerized. 

The reactivity of the acceptor was quite low, and most of the donors were hydrolyzed or 

unreacted. We also observed the bond-cleavage product hexasaccharide from high-resolution 

MALDI-MS and TLC. However, the polymerization could not occur due to the low reactivity of 

the substrate (see Scheme 19, SI). 
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Scheme 6.  Synthesis of the tetrasacharide 24α. Reagents and conditions: a) TMSOTf, DCM; 79% b) NBS, Acetone:PBS 
Buffer(6:1),84%; c) Hydrazine acetate, DCM:MeOH(1:1), 80%; d) ClCNPhCF3, Cs2CO3, DCM, 80%; e) TBSOTf, DCM, 90%

S30α



 

68 

 

 

 

 

 

 

 

 

 

Installation of the azido linker was tested on donor 24a and 26. Interestingly, a N-

iodosuccinimide (NIS)/triflic acid (HOTf)-mediated glycosylation of the tetrasaccharide 24a 

with the azido linker yielded the desired tetrasaccharide 28 in 78% good yield, and the “1,2-

linkage bond cleavage” disaccharide, in this case, was the minor product. TMSOTf-mediated 

glycosylation of the tetrasaccharide 26 with the azido linker yielded only the desired 

tetrasaccharide 28 in 60% acceptable yield (see Scheme 21, SI). These observations suggested 

that substrates with C3-Nap have higher reactivity compared to those with C3-Bn, and C3-Nap 

increases the breaking tendency of the 1,2-glycosidic linkage. Then, the tetrasaccharide 28 was 

converted to the acceptor 29 by the standard manipulation (94% yield). The anomeric 

thioglycoside of 24a was removed by NBS in acetone:PBS buffer (6:1) to afford 25 in 87% 

yield, and it was subsequently converted into the N-phenyltrifluoroacetimidate 26 by using 

standard conditions (87% yield). Finally, a TBSOTf promoted glycosylation of 26 with 29 in 

DCM at -40 °C~0 °C yielded the octasaccharide 30 in 33% low yield. The reactivity was low, 

and we observed the bond cleavage product hexasaccharide after adding an excessive amount of 
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acid, which indicated that the ocatasaccharide was still quite acid sensitive. However, the 

polymerization could not occur due to the low reactivity of the substrate. Fortunately, the yield 

improved to 62% when the reaction was done at -30 °C~0 °C by using toluene as the solvent, as 

the polarity of the substrate is more similar to that of toluene according to the theory of 

"similarity and intermiscibility". Purification of the octasaccharide 30 by LH20 yielded pure 

products due to the large mass differences. Deprotection of the octasaccharide 30 by standard 

two-step procedure gave the final product 32 in 94% excellent yield.  

Conclusion 

In conclusion, a highly convergent synthetic strategy has been developed for the chemical 

synthesis of those promising vaccine antigens. We have described the thorough examining 

process of the synthesis of the “key disaccharide”, and the unexpected discoveries of “PMB 

migration” and the “4+4” in situ bond cleavage polymerization. We have established a 

comprehensive investigation process to address the challenges associated with those 

oligosaccharides, and proposed a “push and pull” mechanism for the “4+4” in situ bond cleavage 

polymerization. The synthetic oligosaccharides can be used for epitope mapping of various GAS 

antibody and patient serum by glycan microarray, which will provide important insights for the 

autoimmune cross-reactivity associated with GAC antigens and lay the foundation for the 

development of new GAS vaccine candidates.  
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General procedures 

NMR spectra were recorded in the NMR facility of Complex Carbohydrate Research 

Center, UGA, on a Varian Mercury 300 (300 MHz for 
1
H, 75 MHz for 

13
C), Varian Inova 500 

(500 MHz for 
1
H, 125 MHz for 

13
C), Varian Inova 600 with cryoprobe (600 MHz for 

1
H, 150 

MHz for 
13

C), Varian VNMRS 600 with cryoprobe (600 MHz for 
1
H, 150 MHz for 

13
C) or 

Varian Inova 800 with cryoprobe (800 MHz for 
1
H, 200 MHz for 

13
C). Chemical shifts are 

reported in parts per million (ppm) relative to tetramethylsilane (TMS) as the internal standard. 

NMR data is presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, dd = doublet of doublet, m = multiplet and/or multiple resonances), integration, coupling 

constant in Hertz (Hz). The assignments of 
1
H NMR peaks were made from 2D 

1
H-

1
H COSY, 

1
H-

13
C HSQC, 

1
H-

13
C HMBC, 

1
H-

1
H ROESY and 

1
H-

1
H TOCSY spectra. Mass spectra were 

recorded on an ABISciex 5800 MALDI-TOF-TOF, Bruker Microflex MALDI-TOF or Shimadzu 

LCMS-IT-TOF mass spectrometer. The matrix was used was 2, 5-dihydroxy-benzoic acid 

(DHB). TLC-analysis performed on Silica gel 60 F254 (EMD Chemicals inc.) with detection by 

UV-absorption (254 nm) when applicable, and by spraying with a solution of 

(NH4)6Mo7O24.H2O (25 g/L) in 5% sulfuric acid in ethanol followed by charring. Acid washed 

molecular sieves (4Å) were flame activated in vacuo. All moisture sensitive reactions were 

carried out under an argon atmosphere. Ambient temperature in the laboratory was usually 20 

°C. CH2Cl2 and CH3CN were distilled freshly from CaH2. Other commercially available reagents 

were obtained from Aldrich, Fisher or TCI and used as received.  
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The optimal glycosylation method 

According to the study of the selection of the protecting group combination and the 

optimization of the reaction condition, the optimal glycosylation method for this substrate is 

generally summarized as follows: 

Donor (1.2 eq) and acceptor (1.0 eq) were co-evaporated with toluene (3 × 3 mL) and dried 

under high vacuo overnight. Then, they were dissolved under argon in anhydrous DCM to 

maintain the acceptor concentration of 0.1 M. Freshly activated powdered 4Å acid washed 

molecular sieves were added at −40 °C, then the solution was argon purged 3 times and stirred 

under argon for 20 min. The appropriate type and amount of acid was added at -40 °C or -30 °C, 

and the temperature was maintained for additional 20 min before raising it to 0 °C naturally. The 

reaction mixture was quenched by the addition of a drop of Et3N (3 µL) at 0 °C. The mixture was 

diluted with DCM and filtered. Then the filtrate was concentrated under reduced pressure and the 

residue was purified by silica gel column chromatography or LH20. 

General procedure for the synthesis of (N-phenyl)-trifluoroacetimidate donor  

To a solution of hydroxyl precursor in CH2Cl2 at 0 °C was added trifluoro-N-

phenylacetimidoyl chloride (2.0 eq) and Cs2CO3 (2.0 eq). The reaction mixture was stirred for 3 

h and filtered through a pad of Celite, then concentrated in vacuo. The concentrates were purified 

by flash chromatography over silica gel (hexane/EtOAc/1% NEt3, 6/1 to 2:1, v/v) to give the (N-

phenyl)-trifluoroacetimidate donor as an anomeric mixture and was used directly. 

Global deprotection 

Deprotection sequence is crucial for the compound with thio-glycoside. Generally, 

deprotection of the esters by sodium methoxide in methanol must be conducted in the first step to 

avoid b-elimination. Secondly, deprotection of the thio-glycoside by NBS in acetone:10 mM 
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PBS buffer (6:1). Lastly, deprotection of the benzyl ether by 10% Pd/C hydrogenation. For 

compounds with GlcNAc side chain, firstly, deprotection of Troc by Zn and acetylation, and the 

rest of deprotection sequence was the same as described before. The final compound was 

purified by P2 or P4 column by DI water. 

In the case of the compound with an azide linker, deprotection of the esters by sodium 

methoxide in methanol should be conducted in the first step. Then, deprotection of the benzyl 

ether and reduction of the azide by 10% Pd/C hydrogenation yielded the final compound 

smoothly. The final compound was purified by P2 or P4 column by 0.1 M ammonium 

bicarbonate buffer as the eluent only; it will decompose on the column if using DI water. 

General procedure for conjugation  

Maleimide modified BSA or KLH was purchased from Thermo Scientific (Product 77116) 

and dissolved in DI water (10 mg/mL). The thiol-activated carbohydrate (1:1 by mass) was 

dissolved in 200 µL conjugation buffer and mixed with the protein solution. The mixture was 

gently stirred for 16 h at r.t. and then was purified by ultrafiltration using the filter with 10K 

NMWL five times (BSA) or spin column (KLH).  

MALDI-TOF analysis of conjugates  

The glycoconjugates were desalted using C18 ZipTip tips following the manufacturer’s 

protocol. The final concentration was ~ 1 µg µL
-1

. Sinapinic acid matrix was freshly prepared 

using the following protocol: 5 mg sinapinic acid was added to 500 µL 30% CH3CN/70% 

H2O/0.1%TFA. The mixture was vortexed and centrifuged. The supernatant was used as a 

matrix.  1 µL of conjugates sample was mixed with 2 µL matrix solution. 1 µL of the mixed 

sample was pipetted onto the MALDI plate. The spot was air dried before analysis using linear 
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Synthesis of building blocks 

 

 

 

 

 

 

 

 

Scheme 1. The generic synthetic strategy for the synthesis of building blocks 

 

  

 

 

 

 

 

 

Figure 1. Building blocks 
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Scheme 2. Selection of the suitable protecting group combination. Reagents and conditions: a) S26, S30β, TBSOTf  0.05eq, DCM, -780C, 8 6%, 9 33%. 
b) S26, S29α, TBSOTf  0.05eq, DCM, -780C, No reaction. c) S24, S30β, TBSOTf  0.05eq, DCM, -200C, 10 43%.
d) S24, S29α, TBSOTf  0.05eq, DCM, -200C, 11 27%. e) S25, S29α, TBSOTf 0.05eq, DCM, -500C-00C, 4α 49%, 4β 7%, α:β 7:1. 
f) S25, S30β, TBSOTf 0.05eq, DCM, -780C-00C, 5 20%. g) S27, S30β, TBSOTf 0.05eq, DCM, -780C, 3β 10%, 2 70%. 
h) S27, S29α, TBSOTf 0.05eq, DCM, -780C-00C, 6 14%. i) S14α, NIS, AgOTf 0.5eq, DCM, -500C-00C, 1 63%. j) S24, TBSOTf  0.1eq, DCM, -500C-00C, 1 55%.

a-h

i or j

R=SPh, S14α
R=OCNPhCF3, S24

1S31

Selection of the suitable protecting group 

 

 

 

 

 

 

 

 

 

Firstly, we examined the electronic effects of C-4 position on both donor and acceptor with 

PMB at the C-3 position on the donor. Bn and Ac were selected to be the standard electron 

donating and electron withdrawing groups, and donor S26 or S24 reacted with acceptor S29a or 

S30b respectively. We started with low temperature and mild promoting catalyst since the 6-

Deoxy rhamnose substrate is very reactive. For the reaction of S26 with S30b, the reactivity of 

the substrate was moderate, and low temperature froze the glycosylation at the orthoester stage. 

For the reaction of S24 with S29a, the reactivity of the substrate was low and only the desired a 

linkage was formed. For the C4-Ac and C4-Bn mixed combination, the reactivity of the donor 

and the acceptor did not match which led to low yield or no reaction. 

Secondly, we examined the efficiency of the leaving group during the glycosylation and the 

influence of the linker on the anomeric center for this substrate. When donor S24 or 

S14a reacted with acceptor S31, surprisingly PMB migrated from the donor to the acceptor and 
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no desired disaccharide product was formed (see Table 1, Supporting information). It can 

migrate under very mild conditions, and it is substrate dependent. Thus, PMB protecting group is 

not suitable in this case, and we turned our attention towards Nap protecting group, as it is more 

acid stable comparing to PMB.  

Then, we examined the electronic effects of C-4 position on both donor and acceptor with 

Nap at the C-3 position on the donor. Bn and Ac were selected to be the standard electron 

donating and electron withdrawing groups, and donor S25 or S27 reacted with acceptor S29a or 

S30b respectively. For the reaction of S25 with S29a, C4-Ac on the donor led to a/b isomers. 

This is due to the long-range participation of the C4-Ac on the donor, even if in the presence of 

the Lev neighbor group participation. For the C4-Ac and C4-Bn mixed combination, the 

reactivity of the donor and the acceptor did not match, which led to the low yield of the reaction. 

The best reactivity was achieved by reacting donor S27 with S30b.  Therefore, the optimal 

protecting group combination is C3-Nap on the donor and C4-Bn on both donor and acceptor.  
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Screening of the optimal reaction condition 

 

 

 

 

 

Scheme 3. Optimization of the disaccharide assemble condition 

Entry Temperature/oC Catalyst and solvent Yield 

1 -78 0.05 eq TBSOTf, DCM      3b 10%; 2 70% 

2 -78~rt 0.1 eq TBSOTf, DCM      3b 75% only 

3 -30~rt 0.1 eq TBSOTf, DCM      3b 57% only 

4 -30~rt 0.1 eq TMSOTf, DCM      3b 81% only 

5 -30~rt 0.25 eq TMSOTf, DCM      3b 43% only 

6 -30~rt 0.1 eq HOTf, DCM      3b 46% only 

7 0~rt 0.1 eq TMSOTf, DCM      3b Trace 

8 -30~rt 0.1 eq TMSOTf, CH3CN      No reaction 

 

Table 2. Model test results for the optimization of the disaccharide assemble condition 

After we selected the protecting group combination, we conducted a thorough reaction 

condition screening as it shown in Table 2. Firstly, we raised the temperature, and the yield 

improved dramatically, as the low temperature would freeze the glycosylation process at the 

orthoester stage. However, the glycosylation process for this substrate majorly happened below 0 

0C, since Entry 7 shows a trace amount of product forming under this condition. Secondly, we 

increased the strength of the promoting catalyst by using less hindered TMSOTf instead of 

TBSOTf, which improved the efficiency of the glycosylation. However, the use of too much acid 
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or too strong acid will decrease the reaction yield. Thirdly, DCM is generally the best solvent for 

this substrate. In summary, the optimal reaction condition for this substrate is -30 0C~0 0C, 0.1 eq 

TMSOTf as the promoting catalyst, DCM as the solvent. 
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PMB migration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. PMB Migration reactions 

It can migrate under very mild conditions, and it is substrate dependent. Thus, PMB 

protecting group is not suitable in this case, and we turned our attention towards Nap protecting 

group, as it is more acid stable comparing to PMB. 

 

Donor
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Proposed PMB migration mechanism 
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SPh
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Reaction intermediate

Migration path is favored

OAcO

O O O

O

NH

O
O

OMe

H

Scheme 4. Proposed PMB migration mechanism 

The PMB protecting group is acid labile due to the p-π conjugation of the lone pair electron 

on the methoxy oxygen to the π system of the aromatic ring. The migration is probably an 

equilibrium process, and the migration path is favored because of the lower energy of the 

product. *This requires further supports from dynamic molecular simulation and theoretical calculations. 
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Disaccharide assembly 

 

 

 

 

 

 

 

 

Scheme 5. Synthesis of the disaccharides 
 

Disaccharide assembly was performed by the optimal glycosylation method as described 

before. Glycosylation processes are very smooth for both a and b acceptors. The configuration 

of the thioglycoside does not affect the glycosylation. The acid test shows that disaccharides are 

stable in acidic condition, and 1,3-linkage is acid stable. The acid test is conducted by adding a 

drop of TMSOTf (an excessive amount) into a concentrated solution (~0.1 M) of the 

disaccharide in DCM, and monitored the reaction by TLC and MALDI immediately. 
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Tetrasaccharide assembly 

 

 

 

 

 

 

 

 

 

 

Scheme 6. Synthesis of the tetrasaccharides 

In the case of tetrasaccharide assembly, milder catalyst TBSOTf was used, and the amount 

of acid was reduced, due to the observance of the product decomposition when using TMSOTf 

as the catalyst. The acid test shows that the tetrasaccharide is acid labile, which is decomposed to 

hydrolyzed disaccharide donor and disaccharide acceptor. Thus 1,2-linkage is acid labile in this 

case. The acid test is conducted by adding a drop of TBSOTf (an excessive amount) into a 

concentrated solution (~0.1 M) of the tetrasaccharide in DCM, and monitored the reaction by 

TLC and MALDI immediately. 
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“4+4” Polymerization 

 

 

 

 

 

Scheme 8. “4+4” 

 

 

Figure 2. TLC of the ”4+4” polymerization Figure 3. MALDI of the “4+4” polymerization reaction mixture 

Figure 4. MALDI of the dodecasaccharide after LH20 purification 

 

Figure 5. MALDI of the tetradecasaccharide after LH20 purification 
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Table 4. A library of polyrhamnose oligosaccharides after LH20 purification 

In the case of “4+4”, instead of yielding the octasaccharide specifically, it yielded a library 

of polyrhamnose oligosaccharides unexpectedly due to the in situ bond-cleavage polymerization. 

The products can be first purified by LH20, and further purification by silica gel is needed. The 

peaks corresponding to oligosaccharides without Lev are very important for deciphering the 

mechanism of this “4+4” polymerization, and we proposed a “Push and Pull” mechanism:  

1) 1,3-linkage is acid stable, but 1,2-linkage is acid labile;  

2) Rhamnose is very reactive and sensitive under acidic condition comparing with common 

pyranoses, due to the lacking of 6-OH;  

3) Ester neighbor group participating effects give all a linkage;  

4) The electron richness of the thiophenyl protecting group at the anomeric center increases the 

overall reactivity;  

5) The steric hindrance and electron donating properties of the Nap protecting group plays a role. 

Di(DH+A)	 Tetra(DH+Agly)	 Hex(Hex+Hex-Lev)	 Octa(Octa+Octa-Lev)	 Deca(Deca+Deca-Lev)	 Dodeca(Dodeca+Dodeca-Lev)	 Tetradeca	
	

	

	
	

	

	

	

	

	

	

	

	

	

71mg	 135mg	 116mg	 101mg	 23mg	 9mg	 Detected	by	MALDI	
	

OH
OBnO

O OBz
OBnO

NapO OLev

OBnO
O OBz

SPh

OBnO
NapO OH

OBnO
O OBz

OH

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OH

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OH

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OH

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

OBnO
O OBz

OBnO
NapO OH

OBnO
O OBz

SPh

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO O



 

86 

Proposed “Push and Pull” mechanism for “4+4” polymerization 
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Scheme 9. Proposed ”Push and Pull” mechanism 
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Linker problems 

 

 

 

 

 

 

Solvent Catalyst Temp/oC Product Byproduct Yield 

DCM NIS/AgOTf -40-0 Minor Major 13% 

DCM BSP/TTBP/Tf2O -78 No No No 

DCM NIS/TBSOTf -40-0 Minor Major Low 

toluene:dioxane (1:3) NIS/AgOTf 0 Minor Major  Very low 

 

Table 5. Conditions for linker addition reactions 

In this case, instead of yielding the tetrasaccharide specifically, it yielded the disaccharide 

from the breakage of the acid labile 1,2-linkage as the major product, and the yield of the desired 

tetrasaccharide were very low. At that time, we thought the low yield might come from the low 

efficiency of the thio glycoside and the influence of the lone pair of electrons from the linker 

nitrogen, so we decided to try different linker and different leaving group. 
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Scheme 11. Linker addition-SPh 
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Table 6. Reaction condition for linker addition with N-Phenyl imidate 

 

 

 

 

 

Solvent Catalyst Temp/oC Product Byproduct Yield 

DCM TBSOTf 0.15 eq -40-0 Main No 92% 

 

Table 7. Reaction condition for N3-linker addition with N-Phenyl imidate 

Solvent Catalyst Temp /oC Product Byproduct Yield 

DCM TBSOTf 0.15 eq -40-0 Main No 36% 
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Scheme 12. Linker addition with N-Phenyl imidate 

Scheme 13. Linker addition with N-Phenyl imidate 
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With N-phenyl imidates as the leaving group, both reactions yield specifically the 

tetrasaccharide product without the disaccharide byproduct. The yield indeed improved 

dramatically when using the azide linker as the acceptor. The thio phenyl at the anomeric center 

plays a significant role in those reactions. 
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   dry DCM
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AW 4A MS

No Reaction

149  

 

 

OBnO
O OBz

O

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OH

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OLev

O
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+
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TBSOTf  0.15eq
   dry DCM

-40~0
AW 4A MS

No Reaction

N3

9 13  

 

 

Disappointedly, both reactions did not work. Donors are totally hydrolyzed in the end, and 

acceptors are left unreacted. The reactions were monitor by both TLC and MALDI, and no 

Scheme 14. Unsuccessful trail synthesis of the octasaccharide 



 

92 

product was detected. On the other hand, polymerization did not occur, which suggests that thio 

phenyl plays a very important role in the polymerization process. At this stage, we thought that 

the the steric hindrance of the Nap at C-3 of the acceptor might cause the trouble in the 

glycosylation process. Therefore, we decided to replace Nap by Bn.   
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Scheme 15. Deprotection of the polyrhamnose oligosaccharide 

Figure 6. NMR spectra of the deprotected polyrhamnose oligosaccharides 
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Modular synthesis: replace Nap by Bn 
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Disaccharide assembly 

 

 

 

 

 

 

Tetrasaccharide assembly 
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Scheme 19. 4+4-Bn 

 

 

 

 

 

 

Figure 7. TLC and MALDI of 4+4-Bn reaction 

The reactivity of the acceptor is quite low. It did not react even after adding 0.3 eq 

TBSOTf, so we added 1 eq HOTf in the second time. The product conversion was quite low due 

to the limited reactivity. We also observed the bond-cleavage product the hexasaccharide without 

lev from MALDI and TLC. However, polymerization did not occur even in the presence of the 

bond-cleavage product as the new acceptor, since the reactivity of the new hexasaccharide 

acceptor was even lower than that of the tetrasaccharide acceptor. Most of the donors were 

hydrolyzed or remained unreacted. Based on these observations, we concluded that subtle 

differences in the protecting group, such as replacing Nap with Bn, can influence the overall 

reactivity of the substrate, and Nap plays a vital role in the polymerization process.
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Scheme 21. Addition of linker 

The reactions of coupling the linker to the tetrasaccharide were tested by two different 

leaving group strategies that we have used before. In the case of the thio glycoside, the yield of 

the desired tetrasaccharide were good, but it still yielded two products because of the bond-

cleavage. However, the desired tetrasaccharide, in this case, is the major product, and the bond-

cleavage disaccharide is the minor product. This is the result of the lower reactivity of the 

substrate, and it suggests that Nap plays a role in the glycosylation process again. In the case of 

the N-phenyl imidate, it specifically yielded the desired tetrasaccharide product in good yield. 
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Figure 8. TLC and MALDI of the octasaccharide reaction 
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Finally, the octasaccharide was assembled from a convergent “4+4” coupling with the 

azide linker acceptor. The reactivity is moderate, and we observed the bond-cleavage product 

hexasaccharide without Lev after adding an excessive amount of acid, which suggests that the 

ocatasaccharide is still quite acid sensitive. However, the polymerization could not occur due to 

the low reactivity of the substrate. The reaction yield increased when using toluene as the 

solvent, as the polarity of the substrate is more similar to that of toluene than DCM according to 

the theory of “similarity and intermiscibility”. Purification of the final compound is quite easy. It 

could be easily purified by LH20 due to the large mass differences. This reaction is scalable 

easily. 
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Deprotection 
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Scheme 23. Deprotection of Octasaccharide 30. Reagent and conditions: a)NaOMe, MeOH; b) 10% Pd/C, THF/H2O, 94% 2steps.
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Figure 9. NMR spectra of the deprotected octasaccharide 32 
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Conjugation of the final product to carrier proteins 
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Scheme 24. Modification of the final octasaccharide 

Oligosaccharide modification: 

The final compound was dissolved in DI water (120 µL), then 3,3 ́-

dithiobis(sulfosuccinimidylpropionate) (DTSSP) (4.0 mg, 6.6 x 10
-3 

mmol) was added. The pH 

of the reaction mixture was adjusted to mild basic by monitoring the pH and adding NaOH 

solution (0.1 M). The reaction mixture was stirred for 4 h, and lyophilized. The residue was 

dissolved in DI water (100 µL). Dithiothreitol (DTT) (6 mg, 3.9 x 10
-2 

mmol) was added, the 

reaction mixture was stirred at 37 0C for 4 h and monitored by MALDI. The crude reaction 

mixture was loaded on a P-2 column directly using DI water as eluent to afford the thiol-

derivatized compound.  
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Scheme 25. Conjugation of the octasaccharide to BSA 

MALDI of standard BSA before conjugation 

MALDI of glyco-BSA conjugate after conjugation(5copies/BSA) 
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Figure 10. MALDI of the BSA glycoconjugate 
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Scheme 26. Conjugation of the octasaccharide to KLH 

 

 

 

 

 

 

 

 

 

The calculated sugar concentration for KLH-glycoconjugate is 309.2 µM. The final 

glycoconjugate sugar containing concentration is 53 µg/mL. Using the average molecular weight 

of the KLH 8×10*6 Da for calculation, the result is approximately 215 copies/KLH.  

Figure 11. Standard curve of the HPAEC analysis 
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Experimental procedure 

OBnO
NapO OH

SPh

 

       S12a      

Thiophenyl 3-O-naphthylmethyl-4-O-benzyl-a-L-rhamnopyranoside (S12a). A suspension 

of S8a (1.92 g, 5.54 mmol) and dibutyltin oxide (1.51 g, 6.10 mmol) in dry toluene (60 mL) was 

refluxed for 3 h under argon, then cool it to r.t. TBAB (1.96 g, 6.10 mmol), NapBr (1.35 g, 6.10 

mmol) were added and the reaction was refluxed overnight. The solution then diluted with ethyl 

acetate, washed by water, brine, dried with anhydrous MgSO4, and concentrated under reduced 

pressure. The resulting crude product was purified by flash chromatography over silica gel 

(hexane/EtOAc, 3:1 to 1:1, v/v) to give S12a (2.02 g, 75%) as a syrup. 1H NMR (300 MHz, 

chloroform-d) δ 7.90 – 7.76 (m, 5H, arom. H, Bn), 7.56 – 7.40 (m, 5H, arom. H, SPh), 7.38 – 

7.21 (m, 7H, arom. H, Nap), 5.55 (d, J = 1.5 Hz, 1H, H-1), 4.94 (d, J = 11.0 Hz, 1H, CH, Nap), 

4.86 (m, 2H, CH2, Bn), 4.69 (d, J = 10.9 Hz, 1H, CH, Nap), 4.31 (dd, J = 3.3, 1.6 Hz, 1H, H-2), 

4.27 – 4.19 (m, 1H, H-5), 3.95 (dd, J = 9.1, 3.2 Hz, 1H, H-3), 3.59 (m, 1H, H-4), 1.35 (d, J = 6.2 

Hz, 3H, Rha, CH3). 13C NMR (75 MHz, chloroform-d) (a/b) δ 138.30, 135.07, 134.12, 133.12, 

133.10, 131.42, 129.03, 128.44, 128.29, 127.98, 127.96, 127.89, 127.79, 127.74, 127.71, 127.34, 

126.87, 126.85, 126.29, 126.15, 125.86, 125.84, 125.81, 125.17, 87.10, 80.17, 80.11, 75.47, 

72.27, 70.17, 68.91, 65.35, 60.43, 26.93, 26.65, 26.27, 21.05, 17.83, 14.21, 13.51. HR-MALDI-

TOF/MS (m/z): calcd for C30H30NaO4S+ [M+Na]+:  509.1912; found, 509.1913. 
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OAcO
NapO OH

SPh

 

      S10a 

Thiophenyl 3-O-naphthylmethyl-4-O-acetyl-a-L-rhamnopyranoside (S10a). A suspension 

of S7a (4.44 g, 14.88 mmol) and dibutyltin oxide (4.04 g, 16.37 mmol) in dry toluene (100 mL) 

was refluxed for 3 h under argon, then cool it to r.t. TBAI (5.26 g, 16.37 mmol), NapBr (3.62 g, 

16.37 mmol) were added and the recation was refluxed overnight. The solution then diluted with 

ethyl acetate, washed by water, brine, dried with anhydrous MgSO4, and concentrated under 

reduced pressure. The resulting crude product was purified by flash chromatography over silica 

gel (hexane/EtOAc, 3:1 to 1:1, v/v) to give S10a (4.37 g, 67%) as a syrup. 1H NMR (300 MHz, 

chloroform-d) δ 7.96 – 7.67 (m, 2H, arom. H, Nap), 7.57 – 7.38 (m, 7H, arom. H, Nap, SPh), 

7.39 – 7.15 (m, 3H, arom. H, SPh), 5.56 (d, 1H, H-1), 5.14 (m, 1H, H-4), 4.95 – 4.66 (m, 2H, 

CH2, Nap), 4.29 (m, 1H, H-2), 4.24 – 4.11 (m, 1H, H-5), 3.82 (dd, J = 9.5, 3.3 Hz, 1H, H-3), 2.03 

(s, 3H, CH3, Ac), 1.19 (d, J = 6.3 Hz, 3H, Rha, CH3). 13C NMR (75 MHz, chloroform-d) δ 

170.05, 134.73, 133.19, 133.11, 131.30, 129.07, 128.46, 127.92, 127.73, 127.45, 126.78, 126.36, 

126.21, 125.59, 86.76, 77.19, 76.92, 72.46, 71.92, 69.74, 67.58, 21.00, 17.28. HR-MALDI-

TOF/MS (m/z): calcd for C25H26NaO5S+ [M+Na]+: 461.1513; found, 461.1514. 

OAcO
NapO OLev

SPh

S15α  

Thiophenyl 2-O-levulinoyl-3-O-naphthylmethyl-4-O-acetyl-a-L-rhamnopyranoside (S15a). 

To a solution of S10a (4.23 g, 9.67 mmol) in CH2Cl2 (60 mL) were added LevOH (1.97 mL, 
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19.3 mmol), EDC (5.56 g, 29.01 mmol), and DMAP (catalytic amount, adjusted to pH ~8). After 

stirring overnight at r.t., the reaction mixture was added to a solution of NaHCO3 (0.1 M) to 

quench the reaction. Next, the mixture was extracted with DCM (3 × 50 mL), and the combined 

organic extracts were concentrated in vacuo. The resulting crude product was purified by flash 

chromatography over silica gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S15a (4.00 g, 95%) as a 

syrup. 1H NMR (300 MHz, chloroform-d) δ 7.84 – 7.61 (m, 3H, arom. H, Nap), 7.48 – 7.10 (m, 

9H, arom. H, SPh, Nap), 5.56 (dd, J = 3.3, 1.7 Hz, 1H, H-2), 5.38 (d, J = 1.6 Hz, 1H, H-1), 5.02 

(m, 1H, H-4), 4.76 – 4.46 (m, 2H, CH2, Nap), 4.15 (dq, J = 9.8, 6.2 Hz, 1H, H-5), 3.76 (dd, J = 

9.7, 3.3 Hz, 1H, H-3), 2.83 – 2.42 (m, 4H, CH2-CH2, Lev), 2.06 (s, 3H, CH3, Ac), 1.97 (s, 3H, 

CH3, Lev), 1.13 (d, J = 6.2 Hz, 3H, Rha, CH3). 13C NMR (75 MHz, chloroform-d) δ 206.25, 

171.86, 169.95, 135.00, 133.42, 133.20, 133.03, 131.67, 129.13, 128.16, 128.08, 127.91, 127.76, 

127.70, 126.74, 126.20, 126.01, 125.81, 85.87, 74.74, 72.46, 71.23, 70.15, 67.78, 37.99, 29.72, 

28.19, 20.99, 17.39. HR-MALDI-TOF/MS (m/z): calcd for C30H32NaO7S+ [M+Na]+: 559.1912; 

found, 559.1913. 

OBnO
NapO OLev

SPh

S17α  

Thiophenyl 2-O-levulinoyl-3-O-naphthylmethyl-4-O-benzyl-a-L-rhamnopyranoside 

(S17a). To a solution of S12a (1.62 g, 3.33 mmol) in CH2Cl2 (50 mL) were added LevOH (0.68 

ml, 6.66 mmol), EDC (1.92 g, 10.00 mmol) and DMAP (catalytic amount, adjusted to pH ~8). 

After stirring overnight at r.t., the reaction mixture was added to a solution of NaHCO3 (0.1 M) 

to quench the reaction. Next, the mixture was extracted with DCM (3 × 50 mL), and the 

combined organic extracts were concentrated in vacuo. The resulting crude product was purified 
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by flash chromatography over silica gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S17a (1.60 g, 

82%) as a syrup. 1H NMR (300 MHz, chloroform-d) δ 7.80 – 7.64 (m, 5H, arom. H, Bn), 7.37 

(m, 5H, arom. H, SPh), 7.30 – 7.14 (m, 7H, arom. H, Nap), 5.58 (dd, J = 3.3, 1.7 Hz, 1H, H-2), 

5.35 (d, J = 1.6 Hz, 1H, H-1), 4.84 (m, 2H, CH, Nap, CH, Bn), 4.61 (m, 2H, CH, Nap, CH, Bn), 

4.15 (dq, J = 9.5, 6.2 Hz, 1H, H-5), 3.89 (dd, J = 9.3, 3.2 Hz, 1H, H-3), 3.43 (m, 1H, H-4), 2.62 

(m, 4H, CH2-CH2, Lev), 2.06 (s, 3H, CH3, Lev), 1.27 (d, J = 6.2 Hz, 3H, Rha, CH3). 13C NMR 

(75 MHz, chloroform-d) δ 171.95, 138.33, 135.18, 133.79, 133.27, 133.02, 131.73, 129.05, 

128.38, 128.14, 127.94, 127.72, 127.66, 127.61, 126.96, 126.13, 126.03, 125.91, 85.96, 80.13, 

78.24, 75.48, 71.74, 70.77, 69.04, 37.98, 29.78, 29.70, 28.12, 17.87. HR-MALDI-TOF/MS 

(m/z): calcd for C35H36NaO6S+ [M+Na]+: 607.2215; found, 607.2214. 

OAcO
PMBO OLev

OH

S19  

2-O-levulinoyl-3-paramethoxybenzyl-4-O-acetyl-L-rhamnopyranoside (S19). Compound 

S14a (3.25 g, 6.29 mmol) was dissolved in acetone (50 mL), and NBS (1.12 g, 6.29 mmol) was 

added at 0 oC. The solution was stirred for 5 h performed in the dark. The reaction was 

monitored by TLC. Upon completion of the reaction, the reaction mixture was added to an 

aqueous solution of NaHCO3 (0.1 M) to quench the reaction. The reaction mixture was extracted 

by DCM (3 × 50 mL). The organic extracts were dried with anhydrous MgSO4, and concentrated 

under reduced pressure. The crude product was purified by silica gel chromatography 

(hexane:EtOAc, 2:1 to 1:1, v/v) to provide pure compound S19 (2.63 g, 72%). 1H NMR (300 

MHz, chloroform-d) δ 7.18 – 7.05 (m, 2H, arom. H, PMB), 6.86 – 6.71 (m, 2H, arom. H, PMB), 

5.27 (m, 1H, H-2), 5.09 (m, 1H, H-1), 4.88 (m, 1H, H-4), 4.47 (m, 1H, CH, PMB), 4.25 (m, 1H, 
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CH, PMB), 3.93 (m, 1H, H-5), 3.81 (m, 1H, H-3), 3.77 – 3.69 (s, 3H, CH3, PMB), 2.67 (m, 4H, 

CH2-CH2, Lev), 2.10 (s, 3H, CH3, Ac), 1.95 (s, 3H, CH3, Lev), 1.12 (m, 3H, Rha, CH3). 13C 

NMR (75 MHz, chloroform-d) δ 172.90, 170.87, 160.06, 133.63, 130.85, 130.32, 130.21, 

128.91, 126.84, 114.63, 114.54, 112.43, 93.18, 76.73, 74.80, 74.43, 73.34, 73.18, 72.90, 71.65, 

71.33, 70.71, 69.87, 69.61, 67.36, 57.12, 56.12, 38.93, 30.62, 30.42, 29.30, 29.08, 21.83, 18.42. 

HR-MALDI-TOF/MS (m/z): calcd for  C21H28NaO9
+ [M+Na]+:  447.1713; found, 447.1712. 

OBnO
PMBO OLev

OH

S21  

2-O-levulinoyl-3-paramethoxybenzyl-4-O-benzyl-L-rhamnopyranoside (S21). Compound 

S16a (3.10 g, 5.49 mmol) was dissolved in acetone (50 mL), and NBS (0.98 g, 5.49 mmol) was 

added at 0 0C. The solution was stirred for 5 h performed in the dark. The reaction was 

monitored by TLC. Upon completion of the reaction, the reaction mixture was added to an 

aqueous solution of NaHCO3 (0.1 M) to quench the reaction. The reaction mixture was extracted 

by DCM (3 × 50 mL). The organic extracts were dried with anhydrous MgSO4, and concentrated 

under reduced pressure. The crude product was purified by silica gel chromatography 

(hexane:EtOAc, 2:1 to 1:1, v/v) to provide pure compound S21 (1.84 g, 71%). The spectrums 

match with reported literature.11 HR-MALDI-TOF/MS (m/z): calcd for C26H32NaO8
+ [M+Na]+: 

 495.2114; found, 495.2113.  

OAcO
PMBO OLev

SPh

S14α  
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Thiophenyl 2-O-levulinoyl-3-O-paramethoxybenzyl-4-O-acetyl-a-L-rhamnopyranoside 

(S14a). To a solution of S9a (4.67 g, 11.16 mmol) in CH2Cl2 (60 mL) was added LevOH (2.28 

ml, 22.32 mmol), EDC (6.42 g, 33.48 mmol) and DMAP (catalytic amount, adjusted to pH ~8). 

After stirring overnight at r.t., the reaction mixture was added to a solution of NaHCO3 (0.1 M) 

to quench the reaction. Next, the mixture was extracted with DCM (3 × 50 mL), and the 

combined organic extracts were concentrated in vacuo. The resulting crude product was purified 

by flash chromatography over silica gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S14a (5.65 g, 

98%) as a syrup. 1H NMR (300 MHz, chloroform-d) δ 7.46 – 7.40 (m, 2H, arom. H, SPh), 7.35 – 

7.17 (m, 5H, arom. H, PMB, SPh), 6.92 – 6.85 (m, 2H, arom. H, PMB), 5.55 (dd, J = 3.3, 1.8 Hz, 

1H, H-2), 5.43 (d, J = 1.7 Hz, 1H, H-1), 5.03 (m, 1H, H-4), 4.56 (d, J = 11.8 Hz, 1H, CH, PMB), 

4.35 (d, J = 11.8 Hz, 1H, CH, PMB), 4.22 (m, 1H, H-5), 4.12 (m, 1H, H-3), 3.81 (s, 3H, OMe, 

PMB), 3.74 (dd, J = 9.7, 3.3 Hz, 1H, H-3), 2.84 – 2.60 (m, 4H, CH2-CH2, Lev), 2.16 (s, 3H, CH3, 

Lev), 2.04 (s, 3H, CH3, Ac), 1.20 (d, J = 6.2 Hz, 3H, Rha, CH3). The spectrums match with 

reported literature.11 HR-MALDI-TOF/MS (m/z): calcd for C27H32NaO8S+ [M+Na]+:  539.1811; 

found, 539.1812.  

OBnO
PMBO OLev

SPh

S16α  

Thiophenyl 2-O-levulinoyl-3-O-paramethoxybenzyl-4-O-benzyl-a-L-rhamnopyranoside 

(S16a). To a solution of S10a (2.06 g, 4.42 mmol) in CH2Cl2 (50 mL) was added LevOH (0.91 

ml, 8.80 mmol), EDC (2.54g, 13.25 mmol) and DMAP (catalytic amount, adjusted to pH ~8). 

After stirring overnight at r.t., the reaction mixture was added to a solution of NaHCO3 (0.1 M) 

to quench the reaction. Next, the mixture was extracted with DCM (3 × 50 mL), and the 
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combined organic extracts were concentrated in vacuo. The resulting crude product was purified 

by flash chromatography over silica gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S16a (1.80 g, 

72%) as a syrup. 1H NMR (300 MHz, chloroform-d) δ 7.36 (m, 2H, arom. H, Bn), 7.34 – 7.13 

(m, 10H, arom. H, PMB, SPh, Bn), 6.78 (m, 2H, arom. H, PMB), 5.50 (dd, 1H, H-2), 5.32 (d, 

1H, H-1),  4.84 (d, J = 10.9 Hz, 1H, CH, Bn), 4.60 – 4.49 (m, 2H, CH, Bn, CH, PMB), 4.39 (d, J 

= 10.9 Hz, 1H, CH, PMB), 4.13 (dq, J = 11.9, 6.4 Hz, 1H, H-5), 3.80 (dd, J = 9.2, 3.4 Hz, 1H, H-

3), 3.38 (m, 1H, H-4), 2.76 – 2.42 (m, 4H, CH2-CH2, Lev), 2.10 (d, J = 4.6 Hz, 3H, CH3, Lev), 

1.25 (d, J = 6.2 Hz, 3H, Rha, CH3). 13C NMR (75 MHz, chloroform-d) δ 206.74, 172.49, 159.88, 

138.93, 132.28, 130.59, 130.39, 129.60, 128.91, 128.52, 128.26, 128.14, 114.49, 114.35, 86.52, 

80.62, 78.38, 75.96, 71.87, 71.35, 69.56, 55.80, 53.96, 38.56, 38.47, 30.37, 30.25, 28.68, 18.41. 

HR-MALDI-TOF/MS (m/z): calcd for  C32H36NaO7S+ [M+Na]+:  587.2213; found, 587.2212. 

OAcO
HO OBz

O NHCbz

S31  

N-benzyloxycarbonyl-5-aminopentyl O-2-benzoyl-4-acetyl-a-L-rhamonopyranoside (S31). 

A mixture of compounds S29a (5.00 g, 12.42 mmol) and N-benzyloxycarbonyl-5-aminopentanol 

(5.89 g, 24.84 mmol) was co-evaporated with toluene (3 × 3 mL), and dried under high vacuo 

overnight. Next, the compounds were dissolved in dry DCM (120 mL). The solution was cooled 

to -50 oC, and freshly activated acid washed 4Å MS (1.00 g) was added. The solution was argon-

purged 3 times, and stired at -50 oC for 20 min. NIS (4.19 g, 18.64 mmol) and AgOTf (1.59 g, 

6.21 mmol) were added at -50 oC, and the temperature was kept at -50 oC for 20 min. Then, the 

temperature was raised to 0 oC, and the reaction was monitored by TLC. The reaction was 

quenched by adding a saturated NaS2O3 solution, and the organic phase was washed by NaHCO3 
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(0.1 M), and the aqueous phase was extracted with DCM (3 × 50 mL). The combined organic 

extracts were dried with anhydrous MgSO4, filtered and the filtrate was concentrated under 

reduced pressure. The resulting crude product was purified by flash chromatography over silica 

gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S31 (6.00 g, 91.2%) as a syrup. 1H NMR (300 MHz, 

chloroform-d) δ 8.05 (m, 2H, arom. H, Cbz), 7.62 – 7.15 (m, 8H, arom. H, Cbz, Bz), 5.46 – 5.17 

(m, 2H, H-1, H-2), 5.13 – 4.74 (m, 5H, H-4, CH2, Cbz), 4.29 – 4.04 (m, 1H, H-3), 3.98 – 3.75 

(m, 1H, H-5), 3.67 (m, 1H, CH, Linker), 3.47 – 3.28 (m, 1H, CH, Linker), 3.17 (m, 2H, CH2, 

Linker), 2.22 – 1.74 (m, 3H, CH3, Ac), 1.27 – 1.21 (m, 3H, Rha, CH3).  13C NMR (75 MHz, 

chloroform-d) δ 171.53, 166.06, 133.50, 129.87, 129.81, 129.77, 129.34, 128.77, 128.53, 128.08, 

99.39, 97.19, 77.19, 74.96, 73.35, 72.74, 72.48, 71.00, 69.58, 68.87, 68.14, 67.89, 66.62, 66.03, 

40.94, 38.72, 29.69, 29.01, 28.92, 28.82, 23.35, 21.03, 17.54, 17.45. HR-MALDI-TOF/MS 

(m/z): calcd for  C28H35NNaO9
+ [M+Na]+:  552.2302; found, 552.2303. 

OAcO
HO OBz

SPh

S29α  

Thiophenyl 2-O-benzoyl-4-O-acetyl-a-L-rhamnopyranoside (S29a). Compoud S7a (10.79 g, 

36.1 mmol) was dissolved in DCM (250 mL). Then, trimethyl orthobenzoate (7.45 mL, 43.4 

mmol) and a catalytic amount of CSA were added at r.t. under argon. The reaction was stirred at 

r.t. for 2 h. The solution was concentrated under reduced pressure, and the resulting product was 

dissolved in 90% HOAc at r.t. The reaction was stirred at r.t. overnight. The solution was washed 

by NaHCO3 (0.1 M) to neutral, and the aqueous phase was extracted with DCM (3 × 50 mL). The 

combined organic extracts were dried with anhydrous MgSO4, filtered and the filtrate was 

concentrated under reduced pressure. The resulting crude product was purified by flash 
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chromatography over silica gel (hexane:EtOAc, 5:1 to 2:1, v/v) to give S29a (11.64 g, 80%) as a 

syrup. 1H NMR (300 MHz, chloroform-d) δ 8.19 – 7.90 (m, 2H, arom. H, Bz), 7.66 – 7.17 (m, 

8H, arom. H, Bz, SPh), 5.61 (m, 2H, H-1, H-2), 5.10 (m, 1H, H-4), 4.38 (dq, J = 9.7, 6.2 Hz, 1H, 

H-5), 4.23 – 4.03 (m, 1H, H-3), 2.10 (m, 3H, CH3, Ac), 1.28 (d, J = 6.3 Hz, 3H, Rha, CH3). 13C 

NMR (75 MHz, chloroform-d) δ 133.58, 131.75, 131.44, 129.86, 129.14, 128.56, 127.79, 87.47, 

85.76, 75.08, 74.77, 70.90, 69.58, 67.38, 21.03, 17.44. HR-MALDI-TOF/MS (m/z): calcd for 

 C21H22NaO6S+ [M+Na]+:  425.1111; found, 425.1112. 

OBnO
HO OBz

SPh

S30α  

Thiophenyl 2-O-benzoyl-4-O-benzyl-a-L-rhamnopyranoside (S30a). Compoud S8a (2.07 g, 

5.98 mmol) was dissolved in DCM (70 mL). Then, trimethyl orthobenzoate (1.23 mL, 7.2 mmol) 

and a catalytic amount of CSA were added at r.t. under argon. The reaction was stirred at r.t. for 

2 h. The solution was concentrated under reduced pressure, and the resulting product was 

dissolved in 90% HOAc at r.t. The reaction was stirred at r.t. overnight. The solution was washed 

by NaHCO3 (0.1 M) to neutral, and the aqueous phase was extracted with DCM (3 × 50 mL). The 

combined organic extracts were dried with anhydrous MgSO4, filtered and the filtrate was 

concentrated under reduced pressure. The reulting crude product was purified by flash 

chromatography over silica gel (hexane:EtOAc, 7:1 to 5:1, v/v) to give S30a (1.48 g, 56%) as a 

syrup. The spectrums match with reported literature.13 HR-MALDI-TOF/MS (m/z): calcd for 

C26H26NaO5S+ [M+Na]+:  473.1512; found, 473.1513. 
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OBnO
BnO OLev

SPh

S18α  

Thiophenyl 2-O-levulinoyl-3-O-benzyl-4-O-benzyl-a-L-rhamnopyranoside (S18a). To a 

solution of S13a (2.14 g, 4.91 mmol) in CH2Cl2 (30 mL) were added LevOH (1.01 mL, 9.82 

mmol), EDC (2.82 g, 14.73 mmol) and DMAP (catalytic amount, adjusted to pH ~8). After 

stirring overnight at r.t., the reaction mixture was added to a solution of NaHCO3 (0.1 M) to 

quench the reaction. Next, the mixture was extracted with DCM (3 × 50 mL), and the combined 

organic extracts were concentrated in vacuo.  The resulting crude product was purified by flash 

chromatography over silica gel (hexane:EtOAc, 4:1 to 2:1, v/v) to give S18a (2.15 g, 82%) as 

syrup. The spectrums match with reported literature.13 HR-MALDI-TOF/MS (m/z): calcd for 

C31H34NaO6S+ [M+Na]+:  557.2102; found, 557.2103. 

OAcO
PMBO OBz

O NHCbz

1  

N-benzyloxycarbonyl-5-aminopentyl O-2-benzoyl-3-paramethoxybenzyl-4-acetyl-a-L-

rhamonopyranoside (1). A mixture of compound S16a (69.5 mg, 0.1346 mmol) and compound 

S31�(59.4 mg, 0.1122 mmol) was co-evaporated with toluene (3 × 3 mL), and dried under high 

vaccuo overnight. Next, the compounds were dissolved in dry DCM (4 mL). The solution was 

cooled to -50 oC, and freshly activated acid washed 4Å molecular sieves (121.1 mg) was added. 

The solution was argon-purged 3 times, and stirred at -50 oC for 20 min. NIS (37.9 mg, 0.1683 

mmol) and AgOTf (14.4 mg, 0.0561 mmol) were added at -50 oC, after which the temperature 

was raised to 0 oC. The reaction was quench by adding a saturated aqueous NaS2O3 solution, and 
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the organic phase was washed with NaHCO3 (0.1 M). The aqueous phase was extracted with 

DCM (3 × 50 mL). The combined organic extracts were dried with anhydrous MgSO4, filtered 

and the filtrate was concentrated under reduced pressure. The resulting crude product was 

purified by flash chromatography over silica gel (toluene/acetone, 4:1, v/v) to give 1 (46 mg, 

63%) as a syrup. 1H NMR (300 MHz, chloroform-d) δ 8.12 – 8.04 (m, 2H, arom. H, Bz), 7.69 – 

6.97 (m, 10H, arom. H, Bz, Cbz, PMB), 6.84 (m, 2H, arom. H, Cbz), 5.32 – 5.27 (m, 1H, H-2), 

4.99 (m, 1H, H-4), 4.87 (d, 1H, H-1), 4.44 (m, 2H, CH2, PMB), 4.18 – 4.08 (m, 1H, H-3), 3.83 

(m, 1H, CH, Linker), 3.79 (s, 3H, OMe, PMB), 3.59 (m, 2H, H-5, CH, Linker), 3.22 (m, 3H, CH, 

Linker), 1.25 (d, J = 6.2 Hz, 3H, Rha, CH3). 13C NMR (75 MHz, chloroform-d) δ 171.50, 

158.90, 133.48, 129.86, 129.76, 129.71, 128.53, 128.44, 127.91, 127.84, 113.90, 113.64, 97.18, 

77.19, 74.96, 73.34, 68.86, 67.88, 67.12, 66.01, 55.26, 53.40, 52.65, 30.91, 29.68, 29.08, 23.38, 

21.02, 17.54, 7.67. HR-MALDI-TOF/MS (m/z): calcd for C36H43NNaO10
+ [M+Na]+:  672.2913; 

found, 672.2912. 

 

 

 

 

2 

4-O-benzyl-3-O-naphthylmethyl-1,2-(thiophenyl 4-O-benzy-2-O-benzoyl-3-yl-b-L-

rhamnopyranosid-2-yloxy-1-levulinoylidene)-b-L-rhamnopyranose (2). A mixture of 

compounds S27(107 mg, 0.1613 mmol) and S30b (48 mg, 0.1075 mmol) was co-evaporated 

with toluene (3 × 3 mL) and dried under vacuo overnight. Next, the mixture was dissolved in 

anhydrous DCM (2 mL) and placed under argon atmosphere. The freshly activated powdered 4Å 

OBnO
O OBz

SPh

OBnO
NapO

O

O

O
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acid wahsed MS (201.3 mg) was added at −78 °C, after which the solution was argon-purged 3 

times and stirred under argon for 20 min. TBSOTf (diluted 1:20 in DCM, 25 µL, 0.005441 

mmol) was added at -78 °C and the temperature was maintained at -78 °C for 30 min. The 

reaction mixture was quenched by the addition of Et3N (3 µL) at -78 °C. The mixture was diluted 

with DCM (50 mL) and filtered. The filtrate was concentrated under reduced pressure and the 

residue was purified by silica gel column chromatography (hexane:EtOAc, 3:1, v/v) to provide 

pure orthoester product 2 (70 mg, 70%) and pure product 3b (10 mg, 10%). 1H NMR (500 MHz, 

chloroform-d) δ 8.11 (m, 2H, arom. H, Bz), 7.82 – 7.13 (m, 25H, arom. H, Bz, Bn, SPh, Nap), 

5.89 (m, 1H, H-2,A), 5.27 (d, J = 2.5 Hz, 1H, H-1,B), 4.89 (d, J = 2.4 Hz, 1H, H-1,A), 4.87 (m, 

1H, CH, Bn), 4.83 (m, 1H, CH, Bn), 4.64 (m, 1H, CH, Nap), 4.58 (m, 2H, CH, Nap, CH, Bn), 

4.53 (m, 1H, H-2,B), 4.46 (m, 1H, CH, Bn), 3.98 (m, 1H, H-3,A), 3.67 (m, 1H, H-3,B), 3.49 (m, 

2H, H-4,A, H-5,A), 3.35 (m, 1H, H-4,B), 3.26 (m, 1H, H-5,B), 2.72 – 2.59 (m, 1H, CH, Lev), 

2.54 – 2.46 (m, 1H, CH, Lev), 2.32 (m, 1H, CH, Lev), 2.12 – 2.04 (m, 1H, CH, Lev), 1.90 (s, 

3H, CH3, Lev), 1.23 (m, 3H, Rha, CH3, A), 1.20 – 1.15 (m, 3H, Rha, CH3, B). 13C NMR (226 

MHz, chloroform-d) δ 168.81, 140.51, 136.09, 135.81, 133.89, 132.75, 131.66, 131.24, 131.04, 

131.03, 130.78, 130.66, 130.61, 130.52, 130.43, 130.40, 130.29, 130.18, 129.39, 128.72, 128.57, 

128.53, 127.24, 99.89, 88.06, 81.69, 81.39, 80.88, 79.23, 78.21, 78.08, 78.06, 78.01, 77.28, 

73.64, 72.86, 40.50, 32.40, 32.29, 21.14, 20.59. HR-MALDI-TOF/MS (m/z): calcd for 

C55H56NaO11S+ [M+Na]+:  947.3517; found, 947.3511. 

OBnO
O OBz

SPh

OAcO
NapO OLev  

           5b 
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Thiophenyl O-(4-O-acetyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-b-L-rhamnopyranoside. (5b) A mixture of compound S25 

(41 mg, 0.0673 mmol) and compound S30b (20 mg, 0.0449 mmol) was co-evaporated with 

toluene (3 × 3 mL) and dried under vacuo overnight. Next, the mixture was dissolved in 

anhydrous DCM (2 mL) and placed under argon atmosphere. The freshly activated powdered 4Å 

acid washed MS (51.3 mg) was added at −78 °C, after which the solution was argon-purged 3 

times and stirred under argon for 20 min.  TBSOTf (diluted 1:20 in DCM, 6 µL, 0.00130584 

mmol) was added at -78 °C and the temperature was maintained at -78 °C for 30 min. The 

reaction mixture was quenched by the addition of Et3N (3 µL) at -78 °C. The mixture was diluted 

with DCM (50 mL) and filtered. The filtrate was concentrated under reduced pressure and the 

residue was purified by silica gel column chromatography (hexane:EtOAc, 3:1, v:v) to provide 

the pure product 5b (8 mg, 20%). 1H NMR (600 MHz, chloroform-d) δ 8.09 – 7.60 (m, 4H, 

arom. H, Bz, Nap), 7.60 – 7.00 (m, 18H, arom. H, Bn, Nap, SPh), 5.60 (m, 1H, H-2,A), 5.57 (d, J 

= 1.7 Hz, 1H, H-1,A), 5.28 (m, 1H, H-4,A), 5.21 (m, 1H, H-2,B), 4.93 (d, J = 1.7 Hz, 1H, H-

1,B), 4.71 (m, 2H, CH, Bn, CH, Nap), 4.56 – 4.41 (m, 2H, CH, Bn, CH, Nap), 4.33 (dq, J = 9.9, 

6.3 Hz, 1H, H-5,A), 4.17 (dd, J = 9.8, 3.3 Hz, 1H, H-3,A), 3.87 – 3.59 (m, 2H, H-3,B, H-5,B), 

3.35 (m, 1H, H-4,B), 2.88 – 2.54 (m, 4H, CH2-CH2, Lev), 2.12 (m, 6H, CH3, Lev, CH3, Ac), 1.31 

– 1.17 (m, 6H, Rha, CH3,A,B). 13C NMR (151 MHz, chloroform-d) δ 172.00, 133.38, 132.90, 

131.78, 129.85, 129.13, 128.49, 128.15, 127.95, 127.92, 127.79, 127.58, 127.46, 127.35, 126.63, 

126.01, 125.91, 125.76, 99.48, 85.66, 79.45, 77.35, 75.53, 74.40, 73.82, 72.83, 71.66, 69.28, 

68.62, 67.93, 37.96, 30.16, 29.69, 28.10, 20.80, 17.76, 17.47. HR-MALDI-TOF/MS (m/z): calcd 

for C50H52NaO12S+ [M+Na]+:  899.3219; found, 899.3216 
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OAcO
O OBz

SPh

OBnO
NapO OLev  

                    6 

Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-acetyl-2-O-benzoyl-a-L-rhamnopyranoside. (6) A mixture of compound S27 (55 

mg, 0.0827 mmol) and compound S29a (22 mg, 0.0552 mmol) was co-evaporated with toluene 

(3 × 3 mL) and dried under vacuo overnight. Next, the mixture was dissolved in anhydrous DCM 

(2 mL) and placed under argon atmosphere. The freshly activated powdered 4Å acid washed 

molecular sieves (51.3 mg) was added at −78 °C, after which the solution was argon-purged 3 

times and stirred under argon for 20 min.  TBSOTf (diluted 1:20 in DCM,12 µL, 0.002611 

mmol) was added at -78 °C and the temperature was maintained at -78 °C for 30 min. The 

reaction mixture was quenched by the addition of Et3N (3 µL) at -78 °C. The mixture was diluted 

with DCM (50 mL) and filtered. The filtrate was concentrated under reduced pressure and the 

residue was purified by silica gel column chromatography (hexane:EtOAc, 3:1, v:v) to provide 

the pure product 6 (7 mg, 14%). 1H NMR (600 MHz, chloroform-d) δ 8.15 – 7.98 (m, 2H, arom. 

H, Bz), 7.84 – 7.13 (m, 20H, arom. H, Bn, Nap, Bz, SPh), 5.77 (dd, J = 3.5, 1.1 Hz, 1H, H-2,A), 

5.22 (dd, J = 3.3, 1.7 Hz, 1H, H-2,B), 5.10 (d, J = 1.7 Hz, 1H, H-1,B), 5.01 (m, 1H, H-4,B), 4.96 

(d, J = 1.1 Hz, 1H, H-1,A), 4.72 – 4.27 (m, 4H, CH2, Bn, CH2, Nap), 4.20 – 4.07 (m, 1H, H-5,B), 

3.97 (dd, J = 9.3, 3.5 Hz, 1H, H-3,A), 3.72 (dd, J = 9.8, 3.3 Hz, 1H, H-3,B), 3.56 (m, 1H, H-

4,A), 3.48 (dq, J = 9.4, 6.1 Hz, 1H, H-5,A), 2.70 – 2.53 (m, 4H, CH2-CH2, Lev), 2.09 – 2.01 (m, 

6H, CH3, Lev, CH3, Ac), 1.26 – 1.19 (m, 6H, Rha, CH3,A,B). 13C NMR (151 MHz, chloroform-
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d) δ 171.68, 170.22, 165.81, 137.40, 135.50, 133.96, 133.35, 133.16, 132.81, 131.15, 129.95, 

129.63, 129.01, 128.51, 128.40, 128.11, 127.91, 127.88, 127.80, 127.63, 127.59, 126.00, 125.82, 

125.77, 125.40, 98.84, 85.60, 80.82, 76.85, 76.31, 75.49, 74.99, 73.88, 72.25, 71.71, 69.05, 

67.53, 38.00, 29.68, 28.11, 22.68, 21.06, 18.31, 17.60. HR-MALDI-TOF/MS (m/z): calcd for 

C50H52NaO12S+ [M+Na]+:  899.3219; found, 899.3217. 

OAcO
O OBz

SPh

OAcO
NapO OLev  

              4a-a 

Thiophenyl O-(4-O-acetyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-acetyl-2-O-benzoyl-a-L-rhamnopyranoside. (4a-a) A mixture of compound S25 

(132 mg, 0.2143 mmol) and compound S29a (52 mg, 0.1429 mmol) was co-evaporated with 

toluene (3 × 3 mL) and dried under vacuo overnight. Next, the mixture was dissolved in 

anhydrous DCM (2 mL) and placed under argon atmosphere. The freshly activated powdered 4Å 

acid washed molecular sieves (51.3 mg) was added at −50 °C, after which the solution was 

argon-purged 3 times and stirred under argon for 20 min. TBSOTf (diluted 1:20 in DCM, 30 µL, 

0.0065292 mmol) was added at -50 °C and the temperature was maintained at -50 °C for 30 min. 

The reaction mixture was quenched by the addition of Et3N (3 µL) at -50 °C. The mixture was 

diluted with DCM (50 mL) and filtered. The filtrate was concentrated under reduced pressure 

and the residue was purified by silica gel column chromatography (toluene:EtOAc, 5:1, v:v) to 

provide the pure products 4a-a (52 mg, 49%) and 4b-a (7 mg, 7%). 1H NMR (500 MHz, 

chloroform-d) δ 8.02 (m, 2H, arom. H, Bz), 7.90 – 7.18 (m, 15H, arom. H, Nap, Bz, SPh), 5.67 – 

5.54 (m, 2H, H-1,A, H-2,A), 5.31 (m, 1H, H-4,A), 5.02 – 4.90 (m, 2H, H-2,B, H-1,B), 4.64 (m, 
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1H, H-4,B), 4.51 – 4.31 (m, 2H, CH, Nap, H-5,A), 4.22 (m, 1H, H-3,A), 3.85 – 3.63 (m, 2H, H-

3,B, H-5,B), 2.89 – 2.47 (m, 4H, CH2-CH2, Lev), 2.15 (m, 6H, CH3, Lev, CH3, Ac), 1.88 (s, 3H, 

CH3, Ac), 1.29 (m, 3H, Rha, CH3,A), 1.10 (m, 3H, Rha, CH3,B).  13C NMR (75 MHz, 

chloroform-d) δ 206.29, 171.87, 170.24, 169.98, 165.74, 135.26, 133.42, 133.27, 133.21, 132.89, 

131.80, 129.77, 129.30, 129.16, 128.48, 127.92, 127.89, 127.85, 127.59, 126.30, 126.04, 125.82, 

125.61, 99.36, 85.69, 75.50, 74.43, 73.83, 72.81, 71.98, 71.34, 68.79, 67.94, 67.42, 37.96, 29.69, 

28.17, 20.85, 20.82, 17.45, 17.29. HR-MALDI-TOF/MS (m/z): calcd for C45H48NaO13S+ 

[M+Na]+:  851.2821; found, 851.2827. 

OAcO
O OBz

SPh

OAcO
NapO OLev  

                 4b-a 

Thiophenyl O-(4-O-acetyl-3-O-naphthylmethyl-2-O-levulinoyl-b-L-rhamnopyranosyl)-

(1→3)-4-O-acetyl-2-O-benzoyl-a-L-rhamnopyranoside. (4b-a) A mixture of compound S25 

(132 mg, 0.2143 mmol) and compound S29a (52 mg, 0.1429 mmol) was co-evaporated with 

toluene (3 × 3 mL) and dried under vacuo overnight. Next, the mixture was dissolved in 

anhydrous DCM (2 mL) and placed under argon atmosphere. The freshly activated powdered 4Å 

acid washed molecular sieves (51.3 mg) was added at −50 °C, after which the solution was 

argon-purged 3 times and stirred under argon for 20 min. TBSOTf (diluted 1:20 in DCM, 30 µL, 

0.0065292 mmol) was added at -50 °C and the temperature was maintained at -50 °C for 30 min. 

The reaction mixture was quenched by the addition of Et3N (3 µL) at -50 °C. The mixture was 

diluted with DCM (50 mL) and filtered. The filtrate was concentrated under reduced pressure 

and the residue was purified by silica gel column chromatography (toluene:EtOAc, 5:1, v:v) to 
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provide the pure products 4a-a (52mg, 49%) and 4b-a (7mg, 7%). 1H NMR (500 MHz, 

chloroform-d) δ 8.09 (m, 2H, arom. H, Bz), 7.92 – 7.21 (m, 15H, arom. H, Nap, Bz, SPh), 5.71 

(d, J = 2.9 Hz, 1H, H-2,A), 5.12 (m, 1H, H-4,A), 4.78 (d, J = 12.5 Hz, 1H, CH, Nap), 4.63 (d, 

1H, H-1,B), 4.50 (d, J = 12.5 Hz, 1H, CH, Nap), 4.39 (m, 1H, H-5,A), 4.15 (m, 1H, H-3,A), 3.57 

– 3.48 (m, 1H, H-3,B), 3.37 (m, 1H, H-5,B), 2.76 – 2.39 (m, 4H, CH2-CH2, Lev), 2.13 (s, 3H, 

CH3, Lev), 2.09 – 1.99 (m, 6H, 2×CH3, Ac), 1.30 – 1.23 (m, 6H, Rha, CH3,A,B). 13C NMR (75 

MHz, chloroform-d) δ 171.63, 131.74, 130.02, 129.20, 128.42, 127.90, 126.77, 126.10, 125.84, 

110.00, 72.11, 71.00, 67.74, 67.27, 38.15, 30.91, 29.68, 27.94, 21.03. HR-MALDI-TOF/MS 

(m/z): calcd for C45H48NaO13S+ [M+Na]+:  851.2821; found, 851.2823. 

OBnO
O OBz

SPh

OBnO
NapO OLev  

          3b 

Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-b-L-rhamnopyranoside. (3b) Compound 3b was obtained by 

the optimal glycosylation method as described in the General Procedures. Yield: 87%. 1H NMR 

(500 MHz, chloroform-d) δ 8.26 – 8.05 (m, 2H, arom. H, Bz), 7.83 – 7.09 (m, 25H, arom. H, Bn, 

Nap, Bz, SPh), 5.87 (dd, J = 3.5, 1.1 Hz, 1H, H-2,A), 5.31 (m, 1H, H-2,B), 5.10 (d, J = 1.7 Hz, 

1H, H-1,B), 5.00 (d, J = 1.1 Hz, 1H, H-1,A), 4.94 (d, J = 11.5 Hz, 1H, CH, Nap), 4.71 (m, 2H, 

CH2, Bn), 4.60 – 4.53 (m, 2H, CH2, Bn), 4.43 (d, J = 11.4 Hz, 1H, CH, Nap), 4.19 – 4.06 (m, 1H, 

H-5,B), 4.00 (dd, J = 9.3, 3.5 Hz, 1H, H-3,A), 3.85 (dd, J = 9.4, 3.3 Hz, 1H, H-3,B), 3.64 – 3.49 

(m, 2H, H-4,A, H-5,A), 3.43 (m, 1H, H-4,B), 2.62 (m, 4H, CH2-CH2, Lev), 2.08 (m, 3H, CH3, 

Lev), 1.47 (d, J = 6.1 Hz, 3H, Rha, CH3,A), 1.37 – 1.25 (m, 3H, Rha, CH3,B). 13C NMR (75 
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MHz, chloroform-d) δ 206.03, 171.80, 165.65, 138.86, 137.58, 135.57, 134.10, 133.23, 132.86, 

131.22, 130.05, 129.73, 129.00, 128.52, 128.45, 128.39, 128.22, 128.06, 127.91, 127.87, 127.85, 

127.64, 127.59, 127.54, 127.37, 126.42, 125.93, 125.88, 125.73, 98.97, 85.65, 80.76, 79.45, 

77.72, 77.56, 76.30, 75.44, 74.26, 73.71, 71.83, 69.50, 68.76, 37.98, 29.75, 28.08, 18.35, 18.08. 

HR-MALDI-TOF/MS (m/z): calcd for C55H56NaO11S+ [M+Na]+:   947.3513; found, 947.3517. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (3a). Compound 3a was obtained by 

the optimal glycosylation method as described in the General Procedures. Yield: 72%. 1H NMR 

(500 MHz, chloroform-d) δ 8.07 – 8.02 (m, 2H, arom. H, Bz), 7.87 – 7.13 (m, 25H, arom. H, Bn, 

Bz, Nap, SPh), 5.66 (dd, J = 3.2, 1.8 Hz, 1H, H-2,A), 5.59 (d, J = 1.7 Hz, 1H, H-1,A), 5.46 (dd, J 

= 3.3, 1.9 Hz, 1H, H-2,B), 5.12 (d, J = 1.8 Hz, 1H, H-1,B), 4.84 - 4.47 (m, 6H, 2xCH2, Bn, CH2, 

Nap), 4.34 – 4.22 (m, 2H, H-3,A, H-5,A), 3.93 – 3.77 (m, 2H, H-3,B, H-5,B), 3.65 (m, 1H, H-

4,A), 3.41 (m, 1H, H-4,B), 2.78 – 2.63 (m, 4H, CH2-CH2, Lev), 2.15 (s, 3H, CH3, Lev), 1.36 (d, 

J = 6.2 Hz, 3H, Rha, CH3, A), 1.21 (d, J = 6.2 Hz, 3H, Rha, CH3, B). 13C NMR (75 MHz, 

chloroform-d) δ 138.57, 137.79, 135.47, 133.34, 131.86, 129.76, 129.09, 128.51, 128.28, 128.24, 

128.11, 128.00, 127.94, 127.90, 127.67, 127.64, 127.60, 127.47, 126.58, 125.98, 125.96, 125.81, 

99.45, 85.68, 80.42, 79.69, 77.90, 75.49, 74.73, 74.30, 71.62, 69.39, 69.20, 68.81, 38.03, 29.81, 
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28.15, 17.99, 17.82. HR-MALDI-TOF/MS (m/z): calcd for C55H56NaO11S+ [M+Na]+: 947.3513; 

found, 947.3518. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-

2-O-benzoyl-a-L-rhamnopyranoside (6a). Hydrazine acetate (390 mg, 4.232 mmol) was 

added to a solution of 3a (783 mg, 0.846 mmol) in a mixture of DCM and MeOH (1/1, v/v, 40 

mL). Stirring was continued until MALDI indicated the disappearance of the starting material 

(∼3 h). The reaction mixture was diluted with DCM (30 mL), washed with water (3 × 25 mL) 

and brine (25 mL), dried with anhydrouw MgSO4, and filtered. The crude product was purified 

by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1) to provide pure compound 6a (651 mg, 

93%). 1H NMR (500 MHz, chloroform-d) δ 8.02 – 7.91 (m, 2H, arom. H, Bz), 7.81 – 6.96 (m, 

25H, arom. H, Bn, Nap, Bz, SPh), 5.59 – 5.54 (m, 1H, H-2,A), 5.48 (d, J = 1.7 Hz, 1H, H-1,A), 

5.05 (d, J = 1.7 Hz, 1H, H-1,B), 4.88 – 4.30 (m, 6H, 2xCH2, Bn, CH2, Nap), 4.19 (m, 1H, H-

5,A), 4.13 (m, 1H, H-3,A), 3.89 – 3.86 (m, 1H, H-2,B), 3.69 (m, 2H, H-3,B, H-5,B), 3.52 (m, 

1H, H-4,A), 3.36 (m, 1H, H-4,B), 1.25 (m, 4H, CH2-CH2, Lev), 1.10 (d, J = 6.2 Hz, 3H, Rha, 

CH3,B). 13C NMR (75 MHz, chloroform-d) δ 138.49, 137.81, 135.31, 133.80, 133.29, 131.86, 

129.87, 129.77, 129.06, 128.60, 128.52, 128.48, 128.36, 128.28, 128.26, 128.03, 127.95, 127.92, 

127.88, 127.84, 127.73, 127.68, 127.63, 127.60, 127.50, 126.53, 126.18, 126.02, 125.67, 101.20, 

85.65, 80.43, 79.70, 79.50, 78.08, 76.80, 75.35, 74.77, 74.40, 72.21, 69.17, 69.13, 69.07, 68.45, 
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17.94, 17.72. HR-MALDI-TOF/MS (m/z): calcd for C50H50NaO9S+ [M+Na]+: 849.3212; found, 

849.3218. 
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2-O-levulinoyl-3-O-Naphthylmethyl-4-O-benzyl-a-L-rhamnopyranosyl-(1→3)-4-O-benzyl-

2-O-benzoyl-a-L-rhamnopyranose (4). To a mixture of compound 3a (940 mg, 1.016 

mmol), 2,4,6-tri-tert-butylpyrimidine (1.01 g, 4.062 mmol), and N-iodosuccinimide (457 mg, 

2.031 mmol) in wet DCM (50 ml) at 0 oC was added silver triflate (520 mg, 2.031 mmol). After 

stirring for 30 min, saturated aqueous Na2S2O3 was added and the mixture was stirred for an 

additional 30 min while warming to r.t. The reaction was extracted by DCM (3 × 50 mL), dried 

with anhydrous MgSO4, and the organic extracts were concentrated under reduced pressure. The 

crude product was purified by silica gel chromatography (hexane:EtOAc, 2:1 to 1:1) to provide 

pure compound 4 (821 mg, 97%). 1H NMR (500 MHz, chloroform-d) δ 8.00 – 7.92 (m, 2H, 

arom. H, Bz), 7.71 – 7.05 (m, 20H, arom. H, Bn, Nap), 5.32 (m, 2H, H-2,A, H-2,B), 5.19 (d, 1H, 

H-1,A), 4.99 (d, 1H, H-1,B), 4.79 – 4.35 (m, 6H, 2xCH2, Bn, CH2, Nap), 4.23 (m, 1H, H-3,A), 

3.98 – 3.90 (m, 1H, H-5,A), 3.78 (m, 1H, H-3,B), 3.76 – 3.68 (m, 1H, H-5,B), 3.46 (m, 1H, H-

4,A), 3.28 (m, 1H, H-4,B), 2.57 (m, 4H, CH2-CH2, Lev), 2.03 (s, 3H, CH3, Lev), 1.21 (d, J = 6.2 

Hz, 3H, Rha, CH3,A), 1.08 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR (75 MHz, chloroform-d) δ 

138.57, 137.79, 135.47, 133.34, 131.86, 129.76, 129.09, 128.51, 128.28, 128.24, 128.11, 128.00, 

127.94, 127.90, 127.67, 127.64, 99.45, 92.01, 80.42, 79.69, 77.90, 75.49, 74.73, 74.30, 71.62, 
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69.39, 69.20, 68.81, 38.03, 29.81, 28.15, 17.99, 17.82. HR-MALDI-TOF/MS (m/z): calcd 

for C49H52NaO12
+ [M+Na]+: 855.3513; found, 855.3519. 
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7β  

Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-

naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-b-L-

rhamnopyranoside (7b). Compound 7b was obtained by the optimal glycosylation method as 

described in the General Procedures. Yield: >52% (From Prep TLC). 1H NMR (500 MHz, 

chloroform-d) δ 8.22 – 8.16 (m, 2H, arom. H, Bz), 8.07 – 8.00 (m, 2H, arom. H, Bz), 7.87 – 6.95 

(m, 45H, arom. H, Bn, Nap, Bz, SPh), 5.85 (d, J = 3.4 Hz, 1H, H-2,A), 5.14 – 5.01 (m, 2H, H-

1,D, H-1,B), 4.97 (d, 1H, H-1,A), 4.93 (d, J = 1.9 Hz, 1H, H-1,C), 4.91 – 4.33 (m, 11H, 7xCH, 

Bn, 2xCH2, Nap), 4.26 (m, 1H, H-3,C), 4.20 (d, J = 11.4 Hz, 1H, CH, Bn), 4.02 (m, 1H, H-5,C), 

3.93 – 3.84 (m, 3H, H-3,D, H-3,A, H-5,A), 3.83 – 3.71 (m, 2H, H-5,B, H-3,B), 3.55 – 3.41 (m, 

4H, H-4,C, H-4,B, H-4,A, H-4,D), 3.38 (m, 1H, H-5,D), 2.66 (m, 4H, CH2-CH2, Lev), 2.11 (s, 

3H, CH3, Lev), 1.37 – 1.26 (m, 6H, Rha, CH3,C,D), 1.16 (d, J = 6.2 Hz, 3H, Rha, CH3,A), 1.05 

(d, J = 6.1 Hz, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 138.60, 137.90, 137.49, 

135.98, 135.52, 133.25, 133.10, 132.85, 131.27, 130.12, 129.75, 128.95, 128.48, 128.42, 128.39, 

128.25, 128.15, 127.97, 127.95, 127.89, 127.87, 127.78, 127.76, 127.72, 127.70, 127.64, 127.61, 

127.58, 127.52, 127.49, 127.38, 127.22, 126.50, 126.38, 126.10, 125.97, 125.87, 125.72, 125.67, 
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125.56, 100.54, 99.09, 85.56, 80.45, 80.28, 79.67, 78.51, 77.66, 77.07, 76.24, 75.30, 74.95, 

74.67, 74.29, 73.91, 72.85, 72.47, 71.51, 69.34, 69.11, 68.58, 68.18, 38.01, 29.75, 28.09, 18.24, 

18.12, 17.87, 17.72. HR-MALDI-TOF/MS (m/z): calcd for C99H100NaO20S+ [M+Na]+: 

1663.6523; found, 1663.6527. 
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7α  

Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-

naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranoside (7a). Compound 7a was obtained by the optimal glycosylation method as 

described in the General Procedures. Yield: 85%. 1H NMR (500 MHz, chloroform-d) δ 7.96 (m, 

4H, arom. H, Bz), 7.78 – 6.94 (m, 45H, arom. H, Bn, Nap, Bz, SPh), 5.53 (m, 1H, H-2,A), 5.50 – 

5.48 (m, 1H, H-2,C), 5.47 (d, J = 1.7 Hz, 1H, H-1,A), 5.01 (m, 2H, H-1,D, H-2,D), 4.98 (d, J = 

1.7 Hz, 1H, H-1,C), 4.81 – 4.26 (m, 12H, 4xCH2, Bn, 2xCH2, Nap), 4.22 (dd, J = 9.5, 3.2 Hz, 

1H, H-3,C), 4.17 – 4.10 (m, 1H, H-5,A), 4.05 (m, 1H, H-3,A), 3.84 – 3.77 (m, 4H, H-3,D, H-

5,D, H-5,C, H-2,B), 3.50 – 3.35 (m, 3H, H-4,C, H-4,A, H-4,B), 3.31 – 3.25 (m, 1H, H-4,D), 2.56 

(m, 4H, CH2-CH2, Lev), 2.01 (s, 3H, CH3, Lev), 1.21 – 1.14 (m, 6H, Rha, CH3,A,C), 1.06 (m, 

6H, Rha, CH3,B,D). 13C NMR (151 MHz, chloroform-d) δ 165.65, 137.74, 135.82, 135.52, 

133.27, 133.18, 133.14, 131.82, 129.81, 129.77, 129.74, 129.02, 128.46, 128.45, 128.42, 128.40, 

128.18, 128.14, 128.13, 128.02, 128.00, 127.93, 127.90, 127.88, 127.83, 127.78, 127.61, 127.59, 
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127.57, 127.53, 127.38, 127.28, 126.51, 126.32, 125.97, 125.88, 125.74, 125.72, 125.58, 100.97, 

99.12, 98.93, 85.55, 80.41, 79.96, 79.86, 79.67, 78.81, 77.66, 76.36, 75.34, 75.17, 74.68, 74.41, 

72.53, 72.26, 71.52, 69.33, 69.11, 69.09, 68.59, 68.39, 60.38, 38.01, 29.75, 28.09, 18.07, 17.88, 

17.73, 14.19. HR-MALDI-TOF/MS (m/z): calcd for C99H100NaO20S+ [M+Na]+: 1663.6523; 

found, 1663.6528. 
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            8 

4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1→3)-(4-O-benzyl-

2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranose (8). Compound 

7a (202 mg, 0.123 mmol) was dissolved in acetone:PBS buffer (6:1, 14 mL), and NBS (109 mg, 

0.615 mmol) was added at 0 oC. The solution was stirred for 5 h performed in the dark. The 

reaction was monitored by TLC. Upon completion of the reaction, the reaction mixture was 

added to an aqueous solution of NaHCO3 (0.1 M) to quench the reaction. The reaction mixture 

was extracted by DCM (3 × 50 mL). The organic extracts were dried with anhydrous MgSO4, 

and concentrated under reduced pressure. The crude product was purified by silica gel 

chromatography (hexane:EtOAc, 2:1 to 1:1, v/v) to provide pure compound 8 (191 mg, 87%). 1H 

NMR (500 MHz, chloroform-d) δ 8.21 – 7.99 (m, 4H, arom. H, Bz), 7.90 – 6.96 (m, 40H, arom. 

H, Bn, Nap, Bz), 5.60 – 5.54 (m, 1H, H-2,A), 5.45 (m, 1H, H-2,C), 5.33 – 5.24 (d, 1H, H-1,A), 
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5.10 (d, J=1.9Hz, 1H, H-1,D), 5.08 (d, J=1.8Hz, 1H, H-1,C), 5.06 (m, 1H, H-2,D), 4.93 – 4.42 

(m, 12H, 4xCH2, Bn, CH2, Nap), 4.37 (m, 1H, H-3,C), 4.31 (m, 1H, H-5,A), 4.24 (m, 1H, H-

3,A), 4.14 (m, 1H, H-3,B), 4.00 (m, 1H, H-3,D), 3.96 – 3.84 (m, 2H, H-5,C, H-5,B), 3.84 – 3.65 

(m, 3H, H-4,C, H-4,B, H-2,A), 3.60 – 3.51 (m, 1H, H-4,D), 3.46 (m, 2H, H-4,A, H-5,D), 2.70 – 

2.57 (m, 4H, CH2-CH2, Lev), 2.10 (s, 3H, CH3, Lev), 1.31 – 1.20 (m, 6H, Rha, CH3,A,C), 1.16 

(m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, chloroform-d) δ 206.20, 171.87, 165.87, 165.46, 

138.77, 138.62, 137.91, 135.88, 135.54, 133.23, 133.22, 133.20, 133.16, 132.89, 132.81, 130.15, 

130.09, 130.04, 129.94, 129.81, 129.80, 128.57, 128.48, 128.46, 128.44, 128.43, 128.38, 128.37, 

128.33, 128.31, 128.26, 128.21, 128.17, 128.15, 128.13, 128.07, 128.05, 128.03, 128.02, 127.96, 

127.94, 127.91, 127.89, 127.86, 127.81, 127.78, 127.75, 127.72, 127.64, 127.62, 127.60, 127.56, 

127.52, 127.42, 127.29, 126.55, 126.51, 126.34, 126.01, 125.98, 125.93, 125.92, 125.85, 125.79, 

125.76, 125.73, 125.60, 125.60, 100.84, 99.12, 98.91, 91.71, 80.45, 80.00, 79.88, 79.69, 78.90, 

77.67, 76.73, 76.48, 75.35, 75.04, 74.70, 74.66, 74.47, 73.27, 72.56, 72.34, 72.26, 71.55, 69.37, 

69.36, 68.95, 68.67, 68.61, 68.37, 67.69, 60.46, 38.03, 30.95, 29.82, 29.78, 28.11, 18.08, 18.07, 

18.00, 17.92, 17.79, 17.75. HR-MALDI-TOF/MS (m/z): calcd for C93H96NaO21
+ [M+Na]+: 

1571.6423; found, 1571.6427. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (10a). 

Hydrazine acetate (86 mg, 0.932 mmol) was added to a solution of 7a (306 mg, 0.186 mmol) in 

a mixture of DCM and MeOH (1/1, v/v, 20 mL). Stirring was continued until MALDI indicated 

the disappearance of the starting material (∼3 h). The reaction mixture was diluted with DCM 

(30 mL), washed with water (3 × 25 mL) and brine (25 mL), dried with anhydrous MgSO4, and 

filtered. The crude product was purified by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1, 

v/v) to provide pure compound 10a (284 mg, 99%).  1H NMR (500 MHz, chloroform-d) δ 8.04 – 

7.90 (m, 4H, arom. H, Bz), 7.80 – 6.94 (m, 45H, arom. H, Bn, Nap, Bz, SPh), 5.53 (m, 1H, H-

2,A), 5.51 (m, 1H, H-2,C), 5.47 (d, J = 1.8 Hz, 1H, H-1,A), 5.05 – 5.04 (m, 2H, H-1,D, H-2,D), 

5.03 (d, J = 2.0 Hz, 1H, H-1,C), 4.97 (d, J = 1.9 Hz, 1H, H-1,B), 4.80 – 4.25 (m, 12H, 4xCH2, 

Bn, 2xCH2, Nap), 4.19 (m, 1H, H-3,C), 4.16 – 4.10 (m, 1H, H-5,A), 4.09 – 4.02 (m, 1H, H-3,A), 

3.86 – 3.74 (m, 4H, H-3,D, H-5,D, H-5,C, H-2,B), 3.71 – 3.31 (m, 4H, H-4,C, H-4,A, H-4,B, H-

4,D), 1.23 – 1.13 (m, 6H, Rha, CH3,A,C), 1.05 (m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, 

chloroform-d) δ 165.65, 165.42, 138.65, 138.52, 137.95, 137.73, 135.83, 135.35, 133.85, 133.28, 

133.17, 133.15, 133.12, 132.92, 132.79, 131.81, 130.12, 129.80, 129.78, 129.74, 129.05, 129.02, 

128.45, 128.43, 128.40, 128.33, 128.23, 128.15, 128.14, 128.01, 127.93, 127.88, 127.86, 127.84, 

127.82, 127.79, 127.76, 127.65, 127.63, 127.59, 127.57, 127.53, 127.47, 127.29, 126.47, 126.30, 

126.13, 125.97, 125.87, 125.73, 125.67, 125.65, 125.57, 100.97, 100.85, 98.89, 85.55, 80.36, 

80.33, 79.92, 79.83, 79.73, 79.66, 79.63, 78.77, 76.30, 75.20, 74.77, 74.72, 74.39, 72.82, 72.63, 

72.27, 72.11, 69.13, 69.07, 68.40, 68.26, 29.69, 18.07, 17.93, 17.88, 17.74, 17.70, 17.66. HR-

MALDI-TOF/MS (m/z): calcd for C94H94NaO18S+ [M+Na]+: 1565.6212; found, 1565.6217. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-

naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-

4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (Hex). The Hexasaccharide is obtained from 

the “4+4” polymerization, and details are in the “4+4” polymerization section. 1H NMR (600 

MHz, chloroform-d) δ 8.04 – 7.90 (m, 6H, arom. H, Bz), 7.80 – 6.84 (m, 75H, arom. H, Bn, Bz, 

Nap, SPh), 5.51 (m, 1H, H-2,A), 5.47 (m, 3H, H-1,A, H-2,C, H-2,E), 5.37 – 5.30 (m, 1H, H-2,F), 

5.05 (m, 1H, H-1,C), 5.01 – 4.88 (m, 4H, H-1,E, H-1,F, H-1,B, H-1,D), 4.80 – 4.25 (m, 16H, 

6xCH2, Bn, 2xCH2, Nap), 3.85 – 3.64 (m, 6H, H-2,B, H-2,D, H-2,F, H-3,B, H-3,D, H-3,F), 2.53 

(m, 4H, CH2-CH2, Lev), 1.98 (m, 3H, CH3, Lev), 1.21 – 1.14 (m, 9H, Rha, CH3,A,C,E), 1.09 – 

1.01 (m, 9H, Rha, CH3,B,D,F). 13C NMR (151 MHz, chloroform-d) δ 171.76, 165.39, 138.66, 

137.86, 135.53, 133.87, 133.25, 133.18, 133.08, 132.85, 132.77, 131.80, 130.11, 130.03, 129.80, 

129.76, 129.73, 129.00, 128.45, 128.42, 128.39, 128.37, 128.35, 128.32, 128.25, 128.16, 128.11, 

128.09, 127.98, 127.95, 127.93, 127.87, 127.85, 127.83, 127.78, 127.76, 127.73, 127.70, 127.67, 

127.63, 127.61, 127.59, 127.57, 127.52, 127.35, 127.27, 127.23, 126.49, 126.29, 126.20, 125.97, 
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125.92, 125.85, 125.79, 125.69, 125.53, 85.52, 80.38, 79.86, 79.65, 77.66, 75.26, 75.18, 74.62, 

72.69, 72.54, 72.25, 72.19, 71.49, 69.31, 69.06, 68.55, 68.30, 38.00, 29.73, 29.69, 28.08, 18.02, 

17.87, 17.76, 17.71, 14.11. HR-MALDI-TOF/MS (m/z): calcd for C143H144NaO29S+ [M+Na]+: 

2379.9523; found, 2379.9528. 
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            Octa 

Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-

naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-

(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-

a-L-rhamnopyranosyl) (1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (Octa). The 

Octasaccharide is obtained from the “4+4” polymerization, and details are in the “4+4” 

polymerization section. 1H NMR (800 MHz, chloroform-d) δ 8.14 – 7.93 (m, 8H, arom. H, Bz), 

7.81 – 7.01 (m, 85H, arom. H, Bn, Bz, Nap, SPh), 5.57 – 5.51 (m, 4H, H-1,A, H-2,C, H-2,E, H-

2,G), 5.12 (d, J = 2.6 Hz, 1H, H-1,C), 5.10 – 4.99 (m, 6H, H-1,E, H-1,G, H-1,H, H-1,B, H-1,D, 

H-1,F), 4.88 – 4.32 (m, 24H, 8xCH2, Bn, 4xCH2, Nap), 3.91 – 3.73 (m, 8H, H-2,B, H-2,D, H-
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2,F, H-2,H, H-3,B, H-3,D, H-3,F, H-3,H), 2.64 – 2.56 (m, 4H, CH2-CH2, Lev), 2.05 (m, 3H, 

CH3, Lev), 1.29 – 1.20 (m, 12H, Rha, CH3,A,C,E,G), 1.15 – 0.99 (m, 12H, Rha, CH3, B,D,F,G). 

13C NMR (151 MHz, chloroform-d) δ 167.67, 165.40, 133.17, 133.07, 132.76, 132.28, 131.79, 

130.90, 130.88, 129.78, 129.73, 129.00, 128.79, 128.77, 128.45, 128.41, 128.38, 128.37, 128.32, 

128.25, 128.22, 128.15, 128.10, 127.94, 127.87, 127.85, 127.78, 127.73, 127.68, 127.65, 127.61, 

127.58, 127.56, 127.52, 127.21, 126.49, 126.19, 125.97, 125.92, 125.85, 125.68, 125.53, 74.61, 

72.18, 71.48, 68.87, 68.52, 68.26, 66.18, 65.89, 65.87, 65.01, 64.85, 64.71, 64.31, 64.26, 62.07, 

46.58, 44.54, 44.22, 43.06, 39.33, 38.41, 37.98, 37.08, 36.90, 36.45, 36.22, 36.12, 36.06, 35.40, 

35.21, 34.64, 34.32, 33.97, 33.72, 33.56, 33.50, 33.42, 33.33, 33.07, 31.96, 31.91, 31.61, 31.48, 

31.46, 31.03, 30.91, 30.57, 30.26, 30.15, 30.13, 30.04, 29.68, 29.65, 29.61, 29.47, 29.39, 29.36, 

29.30, 29.23, 29.11, 29.05, 28.98, 28.88, 28.85, 28.26, 28.06, 27.92, 27.44, 27.29, 27.27, 26.73, 

26.70, 26.60, 26.13, 26.11, 26.03, 25.95, 25.44, 25.29, 25.20, 25.17, 24.79, 23.91, 23.41, 22.91, 

22.78, 22.75, 22.68, 22.65, 22.61, 22.56, 22.53, 22.19, 20.70, 20.66, 20.20, 20.15, 20.08, 19.58, 

19.55, 19.33, 19.16, 18.88, 17.93, 17.86, 17.75, 17.70, 16.11, 15.91, 15.25, 14.38, 14.30, 14.24, 

14.13, 13.89, 12.17, 11.39, 11.18, 10.43. HR-MALDI-TOF/MS (m/z): calcd 

for C187H188NaO38S+ [M+Na]+: 3096.2523; found, 3096.2527. 
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      20a 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranoside (20a). Compound 20a was obtained by the 

optimal glycosylation method as described in the General Procedures. Yield: 80%. 1H NMR 
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(600 MHz, chloroform-d) δ 8.02 (m, 2H, arom. H, Bz), 7.74 – 7.04 (m, 23H, arom. H, Bn, Bz, 

SPh), 5.60 (m, 1H, H-2,A), 5.35 (m, 1H, H-1,A), 5.13 – 5.01 (m, 1H, H-1,B), 4.92 – 4.12 (m, 

8H, 3xCH2, Bn, H-3,A, H-5,A), 3.81 – 3.69 (m, 2H, H-3,B, H-5,B), 3.63 (m, 1H, H-4,A), 3.37 – 

3.30 (m, 1H, H-4,B), 2.73 – 2.59 (m, 4H, CH2-CH2, Lev), 2.14 (s, 3H, CH3, Lev), 1.15 (d, J = 

6.2 Hz, 3H, Rha, CH3,A), 0.90 (m, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 

181.94, 171.82, 165.61, 138.48, 133.76, 133.31, 131.81, 130.85, 129.75, 129.34, 129.04, 128.77, 

128.48, 128.47, 128.20, 128.17, 128.04, 128.01, 127.90, 127.88, 127.62, 127.60, 127.55, 127.42, 

99.31, 85.63, 80.49, 79.60, 77.61, 77.39, 75.49, 74.66, 74.23, 71.57, 69.34, 69.15, 68.71, 68.13, 

38.70, 38.01, 30.34, 29.81, 29.68, 28.90, 28.09, 22.97, 17.94, 17.75, 10.94. HR-MALDI-

TOF/MS (m/z): calcd for C51H54NaO11S+ [M+Na]+: 897.3412; found, 897.3418. 
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        21 

2-O-levulinoyl-3-O-benzyl-4-O-benzyl-a-L-rhamnopyranosyl-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranose (21). Compound 20a (1.00 g, 1.14 mmol) was dissolved in 

acetone:PBS buffer (6:1, 35 mL), and NBS (1.02 g, 5.72 mmol) was added at 0 oC. The solution 

was stirred for 5 h performed in the dark. The reaction was monitored by TLC. Upon completion 

of the reaction, the reaction mixture was added to an aqueous solution of NaHCO3 (0.1 M) to 

quench the reaction. The reaction mixture was extracted by DCM (3 × 50 mL). The organic 

extracts were dried with anhydrous MgSO4, and concentrated under reduced pressure. The crude 

product was purified by silica gel chromatography (hexane:EtOAc, 2:1 to 1:1) to provide pure 

compound 21 (750 mg, 84%). 1H NMR (600 MHz, chloroform-d) δ 8.17 – 7.93 (m, 2H, arom. H, 
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Bz), 7.70 – 7.00 (m, 18H, arom. H, Bn, Bz), 5.38 (m, 1H, H-2,A), 5.34 (m, 1H, H-1,A), 5.31 – 

5.26 (m, 1H, H-2,B), 5.04 (d, J = 2.0 Hz, 1H, H-1,B), 4.84 – 4.39 (m, 6H, 3xCH2, Bn), 4.34 – 

4.25 (m, 2H, H-3,A, H-5,A), 3.80 – 3.69 (m, 2H, H-3,B, H-5,B), 3.57 (m, 1H, H-4,A), 3.32 (m, 

1H, H-4,B), 2.71 – 2.57 (m, 4H, CH2-CH2, Lev), 2.13 (s, 3H, CH3, Lev), 1.32 – 1.28 (m, 3H, 

Rha, CH3,A), 1.13 (m, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 216.25, 208.91, 

171.81, 164.20, 133.25, 129.78, 128.46, 128.43, 128.19, 128.15, 127.98, 127.89, 127.60, 127.52, 

99.22, 91.83, 80.33, 79.62, 77.42, 75.35, 74.60, 72.88, 71.53, 69.40, 68.56, 67.85, 38.01, 29.80, 

28.09, 18.11, 17.74. HR-MALDI-TOF/MS (m/z): calcd for C45H50NaO12
+ [M+Na]+: 805.3312; 

found, 805.3314. 
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         23a 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (23a). Hydrazine acetate (263 mg, 2.86 mmol) was added to a 

solution of 23a (501 mg, 0.57 mmol) in a mixture of DCM and MeOH (1/1, v/v, 40 mL). 

Stirring was continued until MALDI indicated the disappearance of the starting material (∼3 h). 

The reaction mixture was diluted with DCM (30 mL), washed with water (3 × 25 mL) and brine 

(25 mL), dried with anhydrous MgSO4, and filtered. The crude product was purified by silica gel 

chromatography (hexane:EtOAc, 5:1 to 3:1) to provide pure compound 23a (353 mg, 80%). 1H 

NMR (600 MHz, chloroform-d) δ 8.10 – 7.95 (m, 2H, arom. H, Bz), 7.64 – 7.13 (m, 23H, arom. 

H, Bn, Bz, SPh), 5.62 (m, 1H, H-2,A), 5.54 (d, J = 1.8 Hz, 1H, H-1,A), 5.11 (d, J = 1.8 Hz, 1H, 
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H-1,B), 4.84 – 4.42 (m, 6H, 3xCH2, Bn), 4.26 (m, 1H, H-5,A), 4.20 (m, 1H, H-3,A), 3.90 (m, 

1H, H-2,B), 3.79 – 3.72 (m, 1H, H-5,B), 3.68 (m, 1H, H-3,B), 3.62 (m, 1H, H-4,B), 3.38 (m, 1H, 

H-4,A), 1.34 (d, J = 6.2 Hz, 3H, Rha, CH3,A), 1.15 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR 

(151 MHz, chloroform-d) δ 165.59, 137.83, 137.81, 133.77, 133.27, 131.82, 129.76, 129.04, 

128.53, 128.46, 128.42, 128.22, 127.95, 127.89, 127.86, 127.75, 127.63, 127.61, 127.49, 101.11, 

85.63, 80.53, 79.63, 79.44, 77.89, 75.44, 74.74, 74.37, 72.11, 69.15, 69.06, 68.37, 17.94, 17.68. 

HR-MALDI-TOF/MS (m/z): calcd for   C46H48NaO9S+ [M+Na]+: 799.3012; found, 799.3018. 
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       24a 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (24a). 

Compound 24a was obtained by the optimal glycosylation method as described in the General 

Procedures. Yield: 90%. 1H NMR (600 MHz, chloroform-d) δ 8.05 (m, 4H, arom. H, Bz), 7.69 – 

6.93 (m, 41H, arom. H, Bn, Bz, SPh), 5.61 – 5.57 (m, 1H, H-2,A), 5.54 (d, J = 1.8 Hz, 1H, H-

1,A), 5.50 (m, 1H, H-2,C), 5.36 (m, 1H, H-2,D), 5.06 (m, 2H, H-1,B, H-1,D), 5.02 (d, J = 2.0 

Hz, 1H, H-1,C), 4.84 – 4.29 (m, 12H, 6xCH2, Bn), 4.28 (m, 1H, H-3,C), 4.24 – 4.19 (m, 1H, H-

5,C), 4.14 (m, 1H, H-3,A), 3.88 (m, 1H, H-5,A), 3.85 – 3.75 (m, 3H, H-5,D, H-3,D, H-2,B), 3.71 

(m, 1H, H-3,B), 3.65 (m, 1H, H-5,B), 3.56 (m, 2H, H-4,A, H-4,C), 3.32 (m, 1H, H-4,D), 2.73 – 
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2.53 (m, 4H, CH2-CH2, Lev), 2.11 (s, 3H, CH3, Lev), 1.25 (m, 6H, Rha, CH3,A,C), 1.12 (m, 6H, 

Rha, CH3,B,D). 13C NMR (151 MHz, chloroform-d) δ 138.68, 138.59, 133.27, 133.14, 131.81, 

129.79, 129.75, 129.02, 128.46, 128.41, 128.20, 128.18, 128.15, 128.12, 127.96, 127.90, 127.83, 

127.77, 127.69, 127.67, 127.63, 127.57, 127.49, 127.39, 127.37, 127.27, 100.92, 98.99, 98.93, 

85.55, 80.55, 80.06, 79.85, 79.65, 78.78, 78.56, 77.58, 76.35, 76.29, 75.33, 74.64, 74.42, 72.48, 

72.12, 71.55, 69.36, 69.11, 69.06, 68.53, 68.40, 38.02, 28.09, 18.10, 17.91, 17.73. HR-MALDI-

TOF/MS (m/z): calcd for  C91H96NaO20S+ [M+Na]+: 1563.6212; found, 1563.6217. 
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         25 

4-O-benzyl-3-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl-(1→3)-(4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranose (25). Compound 24a (330 mg, 0.214 

mmol) was dissolved in acetone:PBS buffer (6:1, 21 mL), and NBS (191 mg, 1.071 mmol) was 

added at 0 oC. The solution was stirred for 5 h performed in the dark. The reaction was 

monitored by TLC. Upon completion of the reaction, the reaction mixture was added to an 

aqueous solution of NaHCO3 (0.1 M) to quench the reaction. The reaction mixture was extracted 

with DCM (3 × 50 mL). The organic extracts were dried with anhydrous MgSO4, and 

concentrated under reduced pressure. The crude product was purified by silica gel 

chromatography (hexane:EtOAc, 2:1 to 1:1) to provide pure compound 25 (285 mg, 92%).  1H 
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NMR (600 MHz, chloroform-d) δ 8.05 (m, 4H, arom. H, Bz), 7.64 – 7.00 (m, 36H, arom. H, Bn, 

Bz), 5.48 (m, 1H, H-2,A), 5.36 (m, 2H, H-1,A, H-2,C), 5.29 – 5.25 (m, 1H, H-2,D), 5.04 (m, 2H, 

H-1,B, H-1,D), 4.81 – 4.28 (m, 12H, 6xCH2, Bn), 4.24 (m, 2H, H-3,C, H-5,C), 3.89 – 3.76 (m, 

5H, H-3,A, H-5,A, H-5,D, H-3,D, H-2,B), 3.71 – 3.60 (m, 2H, H-3,B ,H-5,B), 3.52 (m, 2H, H-

4,A, H-4,C), 3.39 (m, 1H, H-4,D), 2.67 – 2.53 (m, 4H, CH2-CH2, Lev), 2.10 (s, 3H, CH3, Lev), 

1.23 (m, 6H, Rha, CH3,A,C), 1.11 (m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, chloroform-d) δ 

138.72, 138.33, 137.97, 133.21, 133.12, 129.88, 129.78, 128.45, 128.43, 128.41, 128.39, 128.17, 

128.14, 128.09, 127.94, 127.89, 127.78, 127.75, 127.67, 127.60, 127.48, 127.38, 127.33, 127.23, 

100.83, 91.75, 80.57, 79.94, 79.64, 77.57, 75.20, 74.63, 73.12, 72.47, 72.08, 71.54, 69.35, 68.89, 

68.51, 68.35, 67.81, 38.02, 29.78, 28.08, 18.07, 17.72, 17.68. HR-MALDI-TOF/MS (m/z): calcd 

for C85H92NaO21
+ [M+Na]+: 1471.6123; found, 1471.6128. 
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            27a 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (27a). Hydrazine acetate (44 mg, 

0.476 mmol) was added to a solution of 24a (147 mg, 0.095 mmol) in a mixture of DCM and 

MeOH (1/1, v/v, 20 mL). Stirring was continued until MALDI indicated the disappearance of the 

starting material (∼3 h). The reaction mixture was diluted with DCM (30 mL), washed with 
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water (3 × 25 mL) and brine (25 mL), dried with anhydrous MgSO4, and filtered. The crude 

product was purified by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1) to provide pure 

compound 27a (111 mg, 81%). 1H NMR (600 MHz, chloroform-d) δ 8.06 (m, 4H, arom. H, Bz), 

7.82 – 6.99 (m, 41H, arom. H, Bn, Bz, SPh), 5.58 – 5.49 (m, 2H, H-2,A, H-1,A), 5.11 (d, 1H, H-

1,B), 5.07 (d, J = 2.0 Hz, 1H, H-1,D), 5.04 (d, J = 2.0 Hz, 1H, H-1,C), 4.83 – 4.39 (m, 12H, 

6xCH2, Bn), 4.31 – 4.08 (m, 4H, H-3,C, H-5,C, H-3,A, H-5,A), 3.90 (m, 2H, H-5,D, H-3,D), 

3.86 – 3.78 (m, 2H, H-5,B, H-3,B), 3.71 (m, 2H, H-2,B, H-2,D), 3.69 – 3.49 (m, 4H, H-4,C, H-

4,A, H-4,B, H-4,D), 1.32 – 1.23 (m, 6H, Rha, CH3,A,C), 1.12 (m, 6H, Rha, CH3,B,D). 13C NMR 

(151 MHz, chloroform-d) δ 138.54, 138.36, 137.99, 137.92, 137.82, 133.87, 133.27, 133.09, 

131.81, 130.17, 129.82, 129.80, 129.76, 129.02, 128.48, 128.46, 128.43, 128.41, 128.21, 128.12, 

127.86, 127.85, 127.81, 127.74, 127.68, 127.66, 127.65, 127.57, 127.46, 127.34, 127.28, 100.95, 

100.74, 98.89, 85.56, 80.49, 80.05, 79.82, 79.74, 79.60, 78.77, 78.58, 76.86, 76.29, 75.36, 75.26, 

74.73, 74.69, 74.42, 72.60, 72.14, 72.04, 69.11, 69.05, 68.41, 68.19, 18.11, 17.92, 17.74, 17.64. 

HR-MALDI-TOF/MS (m/z): calcd for C86H90NaO18S+ [M+Na]+: 1465.5823; found, 1465.5829. 
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         Octa-Bn 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O- 
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benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-

rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-

benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranoside (Octa-Bn). Compound Octa-Bn was obtained by 

the glycosylation method as described in the “4+4-Bn” section. Yield: 26%. 1H NMR (600 MHz, 

chloroform-d) δ 8.14 – 7.92 (m, 8H, arom. H, Bz), 7.73 – 6.85 (m, 77H, arom. H, Bn, SPh), 5.51 

– 5.43 (m, 4H, H-1,A, H-2,C, H-2,E, H-2,G), 5.10 – 4.91 (m, 7H, H-1,C, H-1,E, H-1,G, H-1,H, 

H-1,B, H-1,D, H-1,F), 4.82 – 4.33 (m, 24H, 12xCH2, Bn), 3.93 – 3.58 (m, 4H, H-2,B, H-2,D, H-

2,F, H-2,H), 3.58 – 3.24 (m, 4H, H-3,B, H-3,D, H-3,F, H-3,H), 2.65 – 2.55 (m, 4H, CH2-CH2, 

Lev), 1.28 – 1.22 (m, 12H, Rha, CH3,A,C,E,G), 1.13 – 1.05 (m, 12H, Rha, CH3,B,D,F,H). 13C 

NMR (151 MHz, chloroform-d) δ 165.31, 131.79, 129.78, 129.00, 128.44, 128.32, 128.16, 

128.08, 127.90, 127.84, 127.77, 127.65, 127.29, 74.57, 71.52, 38.02, 17.72. HR-MALDI-

TOF/MS (m/z): calcd for C171H180NaO38S+ [M+Na]+: 2896.1923; found, 2896.1929. 
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             15 

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-(4-O-benzyl-3-O-naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (15). Compound 

15 was derived from the cleavage of 1,2-glycosyl linkage during the glycosylation of the 

tetrasaccharide with the linker. Details were described in the linker problem section. 1H NMR 

(600 MHz, chloroform-d) δ 8.06 (m, 2H, arom. H, Bz), 7.89 – 7.01 (m, 30H, arom. H, Bz, Bn, 
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Nap), 5.36 (s, 1H, H-2,A), 5.18 (m, 2H, CH2, Linker), 5.09 (d, 1H, H-1,B), 4.89 – 4.42 (m, 8H, 

CH2, Bn, CH2, Nap), 4.19 (m, 1H, H-3,A), 3.97 – 3.89 (m, 1H, H-2,B), 3.80 – 3.68 (m, 3H, H-

3,B, H-5,A, H-5,B), 3.65 – 3.14 (m, 7H, 3×CH2, Linker, H-4,B), 1.30 – 1.23 (m, 6H, Rha, 

CH3,A,B). 13C NMR (151 MHz, chloroform-d) δ 165.82, 138.52, 137.90, 135.34, 133.20, 

133.15, 132.94, 130.00, 129.77, 128.52, 128.49, 128.45, 128.40, 128.25, 128.23, 127.91, 127.88, 

127.85, 127.82, 127.76, 127.66, 127.54, 127.46, 127.31, 127.23, 126.50, 126.15, 125.99, 125.67, 

101.19, 97.00, 80.33, 79.72, 79.48, 78.06, 75.33, 74.69, 72.93, 72.12, 69.16, 68.27, 67.79, 67.71, 

67.62, 67.19, 67.13, 50.56, 50.25, 47.11, 46.16, 29.70, 29.15, 27.92, 27.51, 23.38, 18.06, 17.70. 

HR-MALDI-TOF/MS (m/z): calcd for C64H69NNaO12
+ [M+Na]+: 1066.4821; found, 1066.4828. 
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             12 

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-(4-O-benzyl-3-O-naphthylmethyl-2-

levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-

(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (12). Compound 12 was derived from the optimal 

glycosylation method as described in the General Procedures. Yield: 36%. 1H NMR (500 MHz, 

chloroform-d) δ 8.16 – 7.92 (m, 4H, arom. H, Bz), 7.92 – 7.01 (m, 50H, arom. H, Bn, Nap, SPh), 

5.17 (m, 2H, H-1,B, H-1,D), 5.08 (m, 2H, H-1,C, H-1,A), 4.94 – 4.39 (m, 14H, 5xCH2, Bn, 

2xCH2, Nap), 3.19 (m, 4H, H-4,C, H-4,A, H-4,B, H-4,D), 2.69 – 2.53 (m, 4H, CH2-CH2, Lev), 
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2.08 (s, 3H, CH3, Lev), 1.27 (m, 6H, Rha, CH3,A,C), 1.19 – 1.09 (m, 6H, Rha, CH3,B,D). 13C 

NMR (151 MHz, chloroform-d) δ 206.96, 171.80, 167.73, 137.87, 133.17, 132.84, 132.40, 

130.85, 129.99, 129.74, 128.76, 128.49, 128.43, 128.39, 128.36, 128.16, 128.10, 127.98, 127.93, 

127.90, 127.88, 127.85, 127.82, 127.76, 127.59, 127.57, 127.52, 127.50, 127.37, 127.21, 126.48, 

126.29, 125.95, 125.87, 125.71, 125.55, 99.07, 96.91, 79.99, 79.64, 77.63, 77.06, 75.32, 72.48, 

72.22, 71.48, 69.29, 68.57, 68.12, 67.13, 52.75, 45.75, 38.69, 37.98, 30.92, 30.32, 29.74, 29.68, 

29.08, 28.90, 28.06, 23.71, 22.96, 18.02, 17.98, 17.71, 14.04, 10.94, 8.54, 7.74. HR-MALDI-

TOF/MS (m/z): calcd for  C113H119NNaO23
+ [M+Na]+:  1880.8222; found, 1880.8228.  

 

OBnO
O OBz

OBnO
NapO O

OBnO
O OBz

OBnO
NapO OH

NCbz
Bn

O

   

    14 

N-Benzyl-N-benzyloxycarbonyl-5-aminopentyl O-(4-O-benzyl-3-O-naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-

benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranoside (14). Hydrazine acetate (15 mg, 0.163 mmol) was added to a solution of  12 

(61 mg, 0.033 mmol) in a mixture of DCM and MeOH (1/1, v/v, 10 mL). Stirring was continued 

until MALDI indicated the disappearance of the starting material (~3 h). The reaction mixture 

was diluted with DCM (30 mL), washed with water (3 × 25 mL) and brine (25 mL), dried with 

anhydrous MgSO4, and filtered. The crude product was purified by silica gel chromatography 

(hexane:EtOAc, 5:1 to 3:1) to provide pure compound 14 (49 mg, 85%). 1H NMR (600 MHz, 

chloroform-d) δ 8.04 (m, 4H, arom. H, Bz), 7.91 – 6.92 (m, 50H, arom. H, Bn, Bz, Nap, Cbz), 



 

142 

5.15 (m, 3H, H-1,C, H-1,D, H-1,A), 4.87 – 4.28 (m, 14H, 5xCH2, Bn, 2xCH2, Nap), 4.21 (m, 5H, 

H-3,C, H-5,A, H-3,A, H-2,D, H-2,B), 4.15 – 3.11 (m, 10H, H-3,D, H-5,D, H-5,C, H-2,B, H-3,B, 

H-5,B, H-4,C, H-4,A, H-4,B, H-4,D), 1.20 – 1.17 (m, 6H, Rha, CH3,A,C), 1.10 (m, 6H, Rha, 

CH3,B,D).  13C NMR (151 MHz, chloroform-d) δ 165.37, 138.53, 137.82, 133.18, 133.15, 

133.08, 132.92, 130.13, 129.78, 129.74, 128.44, 128.42, 128.39, 128.24, 128.21, 128.11, 128.03, 

127.98, 127.92, 127.87, 127.85, 127.82, 127.80, 127.75, 127.71, 127.64, 127.61, 127.53, 127.52, 

127.49, 127.44, 127.22, 126.45, 126.26, 126.11, 125.96, 125.85, 125.70, 125.65, 125.53, 100.98, 

100.84, 98.76, 96.94, 80.33, 79.87, 79.73, 79.62, 76.12, 75.21, 74.75, 74.62, 72.94, 72.61, 72.22, 

72.09, 69.07, 68.97, 68.34, 68.24, 67.62, 67.57, 51.25, 30.92, 28.96, 28.63, 23.36, 18.01, 17.99, 

17.88, 17.70, 17.65. HR-MALDI-TOF/MS (m/z): calcd for C93H99N3NaO19
+ 

[M+Na]+:  1584.6923; found, 1584.6928. 
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13 

5-azidopentyl O-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (13). Hydrazine 

acetate (18 mg, 0.191 mmol) was added to a solution of  11 (64 mg, 0.038 mmol) in a mixture of 

DCM and MeOH (1/1, v/v, 10 mL). Stirring was continued until MALDI indicated the 

disappearance of the starting material (~3 h). The reaction mixture was diluted with DCM (30 

mL), washed with water (3 × 25 mL) and brine (25 mL), dried with anhydrous MgSO4, and 
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filtered. The crude product was purified by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1) 

to provide pure compound 13 (55 mg, 92%). 1H NMR (600 MHz, chloroform-d) δ 8.17 – 7.93 

(m, 4H, arom. H, Bz), 7.91 – 6.97 (m, 40H, arom. H, Bn, Bz, Nap, Cbz), 5.59 – 5.48 (m, 1H, H-

2,C), 5.35 – 5.24 (m, 1H, H-2,A), 5.10 (m, 2H, H-1,C, H-1,D), 4.99 (d, 1H, H-1,B), 4.87 – 4.26 

(m, 12H, 4CH2, Bn, 2xCH2, Nap), 4.28 – 4.20 (m, 1H, H-3,C), 4.16 – 4.05 (m, 1H, H-3,A), 4.00 

– 3.16 (m, 13H, H-5,A, H-2,D, H-2,B, H-3,D, H-5,D, H-5,C, H-2,B, H-3,B, H-5,B, H-4,C , H-

4,A, H-4,B, H-4,D), 1.26 – 1.16 (m, 6H, Rha, CH3,A,C), 1.12 (m, 6H, Rha, CH3,B,D).  13C NMR 

(151 MHz, chloroform-d) δ 165.37, 138.53, 137.82, 133.18, 133.15, 133.08, 132.92, 130.13, 

129.78, 129.74, 128.44, 128.42, 128.39, 128.24, 128.21, 128.11, 128.03, 127.98, 127.92, 127.87, 

127.85, 127.82, 127.80, 127.75, 127.71, 127.64, 127.61, 127.53, 127.52, 127.49, 127.44, 127.22, 

126.45, 126.26, 126.11, 125.96, 125.85, 125.70, 125.65, 125.53, 100.98, 100.84, 98.76, 96.94, 

80.33, 79.87, 79.73, 79.62, 76.12, 75.21, 74.75, 74.62, 72.94, 72.61, 72.22, 72.09, 69.07, 68.97, 

68.34, 68.24, 67.62, 67.57, 51.25, 30.92, 28.96, 28.63, 23.36, 18.01, 17.99, 17.88, 17.70, 17.65. 

HR-MALDI-TOF/MS (m/z): calcd for C93H99N3NaO19
+ [M+Na]+:  1584.6923; found, 

1584.6928. 
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11 

5-azidopentyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-

naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-
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rhamnopyranoside (11). Compound 11 was derived from the optimal glycosylation method as 

described in the General Procedures. Yield: 92%.  1H NMR (600 MHz, chloroform-d) δ 8.03 (m, 

4H, arom. H, Bz), 7.90 – 6.89 (m, 40H, arom. H, Bn, Nap, Bz), 5.55 – 5.52 (m, 1H, H-2,C), 5.41 

(m, 1H, H-2,D), 5.35 – 5.24 (m, 1H, H-2,A), 5.08 (m, 2H, H-1,C, H-1,D), 4.87 – 4.30 (m, 15H, 

H-1,A, 4xCH2, Bn, 2xCH2, Nap), 4.27 (m, 2H, H-3,C, H-3,A), 4.14 – 4.07 (m, 1H, H-5,A), 3.94 

– 3.82 (m, 6H, H-3,D, H-5,D, H-5,C, H-2,B, H-3,B, H-2,C), 3.73 – 3.57 (m, 6H, H-5,B, CH2, 

Linker), 3.56 – 3.20 (m, 14H, H-4,C, H-4,A, H-4,B, H-4,D, CH2, Linker), 2.66 – 2.56 (m, 4H, 

CH2-CH2, Lev), 2.09 – 2.05 (m, 3H, CH3, Lev), 1.24 – 1.16 (m, 6H, Rha, CH3,A,C), 1.11 (m, 

6H, Rha, CH3,B,D). 13C NMR (151 MHz, chloroform-d) δ 206.95, 165.85, 133.18, 132.84, 

129.75, 128.41, 128.38, 128.17, 128.11, 127.97, 127.90, 127.86, 127.83, 127.59, 127.57, 127.52, 

127.37, 126.49, 125.96, 125.86, 125.71, 125.55, 96.94, 79.65, 77.63, 74.67, 72.95, 71.49, 69.31, 

68.57, 68.33, 67.62, 67.57, 51.26, 37.99, 30.92, 29.75, 29.69, 28.96, 28.62, 28.07, 23.36, 17.99, 

17.71. HR-MALDI-TOF/MS (m/z): calcd for   C98H105N3NaO21
+ [M+Na]+:  1682.7232; found, 

1682.7238. 
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29 

5-azidopentyl O-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (29). Hydrazine acetate (19 mg, 

0.207 mmol) was added to a solution of  28 (65 mg, 0.041 mmol) in a mixture of DCM and 
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MeOH (1/1, v/v, 10 mL). Stirring was continued until MALDI indicated the disappearance of the 

starting material (~3 h). The reaction mixture was diluted with DCM (30 mL), washed with 

water (3 × 25 mL) and brine (25 mL), dried with anhydrous MgSO4, and filtered. The crude 

product was purified by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1, v/v) to provide 

pure compound 29 (57 mg, 94%).  1H NMR (600 MHz, chloroform-d) δ 8.14 – 7.95 (m, 4H, 

arom. H, Bz), 7.73 – 6.92 (m, 36H, arom. H, Bn, Bz), 5.35 – 5.24 (m, 1H, H-2,A), 5.02 (m, 3H, 

H-1,B, H-1,D, H-1,C), 4.88 – 4.35 (m, 13H, H-1,A, 6xCH2, Bn), 4.18 – 4.05 (m, 2H, H-3,A, H-

3,C), 3.86 (m, 6H, H-2,B, H-2,D, H-3,B, H-3,D, CH2, Linker), 3.77 – 3.58 (m, 6H, H-5,C, H-

5,A, H-5,B, H-5,D, CH2, Linker), 3.59 – 3.19 (m, 9H, CH2, Linker, H-4,A, H-4,C, H-4,B, H-

4,D), 1.25 – 1.19 (m, 6H, Rha, CH3,A,C), 1.09 (m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, 

chloroform-d) δ 206.96, 165.28, 129.78, 129.75, 128.46, 128.44, 128.42, 128.39, 128.19, 128.16, 

128.09, 127.86, 127.83, 127.80, 127.72, 127.66, 127.64, 127.57, 127.45, 96.94, 79.56, 74.72, 

72.02, 69.02, 68.17, 67.62, 51.25, 30.92, 28.95, 28.62, 18.03, 17.69. HR-MALDI-TOF/MS 

(m/z): calcd for C85H95N3NaO19
+ [M+Na]+:  1484.6623; found, 1484.6628. 
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5-azidopentyl O-(4-O-benzyl-3-O-benzyl-2-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (28). Compound 

28 was derived from the optimal glycosylation method as described in the General Procedures. 
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Yield: 78%. 1H NMR (600 MHz, chloroform-d) δ 8.12 – 7.94 (m, 4H, arom. H, Bz), 7.67 – 7.00 

(m, 36H, arom. H, Bn, Bz), 5.49 (m, 1H, H-2,C), 5.37 – 5.26 (m, 2H, H-2,D, H-2,A), 5.09 – 4.96 

(m, 3H, H-1,B, H-1,D, H-1,C), 4.87 – 4.27 (m, 13H, H-1,A, 6xCH2, Bn), 4.26 (m, 1H, H-3,C), 

4.18 – 4.08 (m, 1H, H-3,A), 3.93 – 3.65 (m, 8H, H-2,B, H-5,C, H-5,A, H-3,B, H-3,D, CH2, 

Linker), 3.66 – 3.46 (m, 4H, H-5,B, H-5,D, CH2, Liknker), 3.44 – 3.18 (m, 6H, H-4,A, H-4,C, H-

4,B, H-4,D, CH2, Linker), 2.69 – 2.54 (m, 4H, CH2-CH2, Lev), 2.10 (s, 3H, CH3, Lev), 1.26 – 

1.18 (m, 6H, Rha, CH3,A,C), 1.14 – 1.06 (m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, 

chloroform-d) δ 133.18, 133.12, 129.94, 129.77, 129.75, 128.44, 128.42, 128.40, 128.28, 128.17, 

128.13, 128.08, 127.94, 127.88, 127.83, 127.79, 127.77, 127.65, 127.54, 127.48, 127.38, 127.32, 

127.22, 100.93, 98.96, 98.81, 96.95, 80.54, 80.00, 79.86, 79.63, 78.83, 78.43, 77.55, 77.10, 

76.27, 76.16, 75.36, 74.63, 74.57, 72.96, 72.44, 72.07, 71.52, 69.34, 68.89, 68.52, 68.35, 67.63, 

67.61, 51.25, 38.01, 28.95, 28.62, 28.07, 23.36, 18.03, 17.68. HR-MALDI-TOF/MS (m/z): calcd 

for   C90H101N3NaO21
+ [M+Na]+:  1582.6923; found, 1582.6928. 
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5-azidopentyl O-(4-O-benzyl-3-O-benzyl-2-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-
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rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-

benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranoside (30). Compound 30 was derived from the optimal 

glycosylation methods as described in detail in “4+4-Bn” section. Yield: 63%. 1H NMR (600 

MHz, chloroform-d) δ 8.14 – 7.91 (m, 8H, arom. H, Bz), 7.69 – 6.86 (m, 72H, arom. H, Bn, Bz), 

5.48 (m, 3H, H-2,C, H-2,E, H-2,G), 5.41 – 5.20 (m, 2H, H-2,H, H-2,A), 5.10 – 4.90 (m, 8H, H-

1,B-H), 4.85 – 4.26 (m, 26H, 12xCH2, Bn, CH2, Linker), 4.18 (m, 4H, H-3,C, H-3,E, H-3,G, H-

1,C), 3.90 – 3.57 (m, 16H, H-5,H, H-2,B, H-2,D, H-2,F, H-3,B, H-3,D, H-3,F, H-3,H, H-5,B, H-

5,D, H-5,F, H-5,C, H-5,E, H-5,G, CH2, Linker), 3.52 – 3.19 (m, 10H, H-4,C, H-4,E, H-4,G, H-

4,A, H-4,B, H-4,D, H-4,F, H-4,H, CH2, Linker), 2.60 (m, 4H, CH2-CH2, Lev), 2.12 – 2.01 (m, 

3H, CH3, Lev), 1.29 – 1.04 (m, 24H, Rha, CH3,A-H). HR-MALDI-TOF/MS (m/z): calcd 

for C178H189N3NaO39
+ [M+Na]+:  3015.2923; found, 3015.2927. 
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a-L-rhamnosyl-(1→3)-a-L-rhamnopyranose (33). 1H NMR (500 MHz, deuterium oxide) δ 

4.95 (d, J = 1.9 Hz, 1H, H-1,A), 4.92 (d, J = 1.7 Hz, 1H, H-1,B), 3.94 (m, 1H, H-2,B), 3.87 (m, 

1H, H-2,A), 3.82 – 3.74 (m, 1H, H-5,A), 3.74 – 3.65 (m, 3H, H-5,B, H-3,B, H-3,A), 3.36 (m, 2H, 

H-4,A, H-4,B), 1.18 – 1.13 (m, 6H, Rha, CH3,A,B). HR-MALDI-TOF/MS (m/z): calcd 

for C36H62NaO25
+ [M+Na]+:  917.3612; found, 917.3617. 
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a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)a-L-rhamnopyranose 

(34). 1H NMR (500 MHz, deuterium oxide) δ 5.09 (d, J = 1.7 Hz, 1H, H-1,B), 4.96 (d, J = 1.8 

Hz, 1H, H-1,A), 4.92 (d, J = 1.7 Hz, 1H, H-1,D), 4.83 (d, J = 1.9 Hz, 1H, H-1,C), 4.04 (m, 1H, 

H-2,C), 3.96 – 3.92 (m, 2H, H-2,B, H-2,D), 3.86 (m, 1H, H-2,A), 3.84 – 3.75 (m, 3H, H-5,B, H-

5,D, H-3,C), 3.75 – 3.67 (m, 3H, H-3,A, H-3,B, H-3,C), 3.66 – 3.59 (m, 1H, H-5,A), 3.44 – 3.25 

(m, 5H, H-4,A, H-4,B, H-4,C, H-4,D, H-5,C), 1.22 – 1.11 (m, 12H, Rha, CH3,A-D). HR-

MALDI-TOF/MS (m/z): calcd for C24H42NaO17
+ [M+Na]+:  625.2423; found, 625.2428. 
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a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-

(1→2)-a-L-rhamnosyl-(1→3)a-L-rhamnopyranose (35). 1H NMR (800 MHz, deuterium 

oxide) δ 5.06 (m, 2H, H-1,B, H-1,D), 4.90 (m, 2H, H-1,C, H-1,E), 4.02 (m, 2H, H-2,C, H-2,E), 

3.93 (m, 3H, H-2,B, H-2,D, H-2,F), 3.84 (m, 1H, H-2,A), 3.81 (m, 3H, H-3,A, H-3,C, H-3,E), 
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3.77 (m, 2H, H-3,B, H-3,D), 3.74 – 3.65 (m, 4H, H-5s), 3.64 – 3.57 (m, 2H, H-5s), 3.44 – 3.25 

(m, 6H, H-4,A-F), 1.20 – 1.11 (m, 18H, Rha, CH3,A-F). HR-MALDI-TOF/MS (m/z): calcd 

for C36H62NaO25
+ [M+Na]+:  917.3612; found, 917.3617. 
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a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-

(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)-a-L-

rhamnopyranose (36). 1H NMR (800 MHz, deuterium oxide) δ 5.08 – 5.03 (m, 3H, H-1,B, H-

1,D, H-1,F), 4.94 (d, J = 1.8 Hz, 1H, H-1,A), 4.90 (d, J = 1.8 Hz, 1H, H-1,H), 4.82 (m, 3H, H-

1,C, H-1,E, H-1,G), 4.02 (m, 3H, H-2,C, H-2,E, H-2,G), 3.95 – 3.92 (m, 4H, H-2,B, H-2,D, H-

2,F, H-2,H), 3.84 (m, 1H, H-2,A), 3.81 (m, 3H, H-3,B, H-3,D, H-3,F), 3.80 – 3.74 (m, 3H, H-5s), 

3.70 (m, 4H, H-3,A, H-3,C, H-3,E, H-3,G), 3.65 – 3.57 (m, 5H, H-5s), 3.47 – 3.23 (m, 8H, H-

4,A-H), 1.21 – 1.11 (m, 24H, Rha, CH3,A-H). HR-MALDI-TOF/MS (m/z): calcd 

for C48H82NaO33
+ [M+Na]+:  1209.4723; found, 1209.4728. 
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32 

5-aminopentyl O-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)- 

a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-a-L-rhamnosyl-

(1→3) a-L-rhamnopyranoside (32). 1H NMR (800 MHz, deuterium oxide) δ 5.07 – 5.03 (m, 

3H, H-1,B, H-1,D, H-1,F), 4.90 (d, 1H, H-1,H), 4.83 – 4.79 (m, 3H, H-1,C, H-1,E, H-1,G), 4.02 

(m, 3H, H-2,C, H-2,E, H-2,G), 3.93 (m, 4H, H-2,B, H-2,D, H-2,F, H-2,H), 3.83 (m, 4H, H-2,A, 

H-3,B, H-3,D, H-3,F), 3.75 – 3.49 (m, 10H, H-5,A-H, CH2, Linker), 3.46 – 3.29 (m, 8H, H-4,A-

H), 2.86 (m, 2H, CH2, Linker), 1.53 (m, 4H, 2×CH2, Linker), 1.31 (m, 2H, CH2, Linker), 1.15 

(m, 24H, Rha, CH3,A-H). HR-MALDI-TOF/MS (m/z): calcd for C53H93NNaO33
+ 

[M+Na]+:   1294.5612; found, 1294.5617. 
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Abstract  

Group A Streptococcus (GAS) infections are a global healthcare burden and cause millions 

of deaths each year. GAS is the sole species of Lancefield group A and all GAS serotypes 

express the Lancefield group A carbohydrate (GAC), which is comprised of a polyrhamnose 

backbone with an immunodominant N-acetylglucosamine (GlcNAc) side chain. The major 

challenge for the development of a safe and efficacious carbohydrate-based vaccine includes the 

potential of the GAC GlcNAc side chain to provoke cross-reactive antibodies relevant to the 

immunopathogenesis of rheumatic fever. Lack of structure-activity relationships for the cross-

reactive antibody makes it challenging to understand the pathogenesis of the GAS autoimmunity 

at a molecular level and dramatically complicates the design and the development of safe and 

effective GAS vaccine candidates. We describe here a synthetic methodology that can rapidly 

provide a library of well-defined GAC oligosaccharides with different GlcNAc side chain 

variations and chain length. It is based on the use of a “key disaccharide” to assemble GAC 

oligosaccharides with different chain variations and length modularly. Different types of GAS 

antibodies, including the anti-polyrhamnose antibody, the anti-Streptococcus Group A antibody, 

the anti-Streptococcus pyogenes GAC antibody, and the rabbit serum derived from immunization 

of the octa-polyrhamnose KLH-glycoconjugate were investigated by the GAC-microarray. The 

binding study showed that each antibody recognized multiple compounds and exhibited distinct 

structure−binding relationships. The GAC-microarray data made it possible to investigate and 

validate the influences of different length and side-chain variations on the structure−binding 

relationships with type-specific antibodies. Although the library does not cover larger 

oligosaccharides (>15 mono components), the array data support a notion that side-chain 

variation and length can have a significant influence on the structure−binding relationships and 
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provide valuable insights to the cross-reactivity associated with the autoimmunity of the GAS 

infections. 

Introduction 

Group A Streptococcus (GAS) infections cause at least 517,000 deaths each year according 

to recent population-based estimates, and it is a leading healthcare problem throughout the 

world.1 GAS causes a wide range of diseases, ranging from asymptomatic colonization, 

uncomplicated pharyngeal, skin infections, some forms of pneumonia, sepsis, necrotizing 

fasciitis, and toxic shock syndrome.2-5 GAS infections may lead to delayed sequela as rheumatic 

fever, rheumatic carditis, heart valve disease, and acute glomerulonephritis,6-10 which are caused 

by an autoimmune reaction to Group A streptococci.11 Rheumatic fever is the primary cause of 

acquired heart disease in children, adolescents and young adults, which causes at least 350,000 

deaths each year.12 Even though the global demands for an effective GAS vaccine remains high, 

there is currently no safe and efficacious commercial vaccine against GAS infection.  

GAS vaccines can be broadly divided into M protein-based and non-M protein-based 

vaccines. M protein-based vaccines are well developed. However, GAS carbohydrate-based 

vaccines are less developed compared to M protein-based vaccines, and research groups from all 

over the world are working on this issue to create an efficacious and safe GAS vaccine.13 All 

GAS serotypes express the Lancefield group A carbohydrate (GAC), which consists of {®2}[b-

D-GlcNAc(1®3)]a-L-Rha(1®3)}a-L-Rha(1-)n repeating units. This structure could serve as a 

common antigen for the development of a universal GAS vaccine. Pinto and Costantino’s groups 

have evaluated the hexamer core antigenic GAS glycoconjugate vaccine candidates and various 

length of synthetic GAC compounds as the glycoconjugate vaccine antigens.14,15 They 

demonstrated that the synthetic glycoconjugate vaccine candidates could provide a broad range 
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of protection against systemic GAS challenges.  However, the autoreactivity of the GlcNAc-

recognizing antibodies against human tissues has been raised by several groups.16,17,18 

Cunningham et al. derived anti-GlcNAc monoclonal antibodies cross-reactive for heart or brain 

tissue from patients with rheumatic fever.19 Nizet and co-workers identified the genes 

responsible for GAC biosynthesis.20 However, the recognition motif of the cross-reactive 

antibodies remains unclear. Lack of structure-activity relationships for the cross-reactive 

antibody makes it challenging to understand the pathogenesis of the GAS autoimmunity at a 

molecular level and greatly complicates the design and the development of a safe and effective 

GAS vaccine candidates. The major challenge for addressing this issue lies in the difficulties to 

obtain structurally well-defined GAC compounds with different chain length and side-chain 

variations. The problems associated with the compounds isolated from ∆GacI mutant can be 

addressed by the powerful toolbox of synthetic chemistry, which can be utilized to design and 

generate synthetic pure, homogeneous, and well-defined oligosaccharides to evaluate how 

particular structural features, such as lengths and side-chain variations, influence carbohydrate 

immunogenicity, and structure-activity relationships. 

Glycoarrays are emerging as a key glycomics technology. It requires only small amounts of 

oligosaccharides for fast and systematic evaluation of carbohydrate-protein interactions.21,22 

However, the difficulties of preparing a library of oligosaccharide antigens hamper the 

development of the glycan microarray. Here, we describe a synthetic methodology that can 

provide a library of the GAC oligosaccharide antigens with different GlcNAc side chain 

variations by a modular approach. Those synthetic oligosaccharides can be utilized for glycan-

microarray to investigate the recognition motif of the oligosaccharide antigens with various 

antibodies. The GAC-microarray was employed to investigate different types of GAS antibodies, 
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including the anti-polyrhamnose antibody, the anti-Streptococcus Group A antibody, the anti-

Streptococcus pyogenes GAC antibody, and the rabbit serum derived from immunization of the 

octa-polyrhamnose KLH-glycoconjugate. The binding study showed that each antibody 

recognized multiple compounds and exhibited distinct structure−binding relationships. The 

GAC-microarray data made it possible to investigate and validate the influences of different 

length and side-chain variations on the structure−binding relationships with type-specific 

antibodies.  

An attractive approach to determine structure−binding relationships between the antigen 

and antibodies can be realized by a customized library of GAC oligosaccharides. An important 

motivation to prepare the GAC oligosaccharides library with different backbone lengths and 

GlcNAc side chain variations is that the potential structural diversity can provide essential 

insights into the antibody recognition and the issue related with the cross-reactivity of the 

autoimmune antibody due to GAS infections. Notably, in the natural GAS bacteria system, the 

expressed GAC oligosaccharides may not contain the GlcNAc side chains on its polyrhamnose 

backbone consistently, resulting in the “patch” structure of the GAC oligosaccharide. This 

structure could have distinct impacts on the immune response of the host immune system, which 

may lead to mismatched immune responses when vaccinated with the full-GlcNAc GAS 

oligosaccharide formulation. We envisage that a customized library of GAC oligosaccharides 

library with different backbone length and GlcNAc side chain variations is expected to provide 

essential insights for structure−binding relationships of a variety of type-specific antibodies. The 

GAC microarray binding results will provide significantly important answers to the questions 

that will be of great interest for the GAS vaccine community. 
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Discussions and results 

Chemical synthesis of GAC oligosaccharides library with different GlcNAc 

side chain variations 

 We envisaged that the designed retrosynthetic strategy employing a selectively protected 

key disaccharide can provide a highly convergent and customized approach to access a variety of 

GAC oligosaccharides as shown in Scheme 1. A convenient set of orthogonal protecting groups, 

including Levulinic ester (Lev), 2-Naphthylmethyl ether (Nap) and thiophenyl ether (SPh), were 

employed for the glycosyl donor/acceptor formation and GlcNAc side chain installation. We 

have previously described an in situ “4+4” polymerization by which we can obtain a library of 

GAC polyrhamnose oligosaccharides, and we have shown the screening and optimization of the 

key disaccharide in the previous work. Here we describe the chemical synthesis of GAC 

oligosaccharides with different GlcNAc side chain variations. We will apply ester protecting 

groups at C-2 to assist the a-selectivity by utilizing neighboring group participating effects, and 

use the Lev ester as an orthogonal protecting group to differentiate the bottom C-2. We will 

employ the Nap orthogonal protecting group at C-3 position to further assemble the trisaccharide 

repeating units and the library GAC oligosaccharides with different GlcNAc side chain 

variations. 

 

 

 

 

 

Scheme 1. Retrosynthetic Analysis 
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Firstly, we investigated a divergent strategy to assemble the GAC oligosaccharides (as 

shown in SI. Scheme 1.) Compound S2 reacted with DDQ in chloroform:PBS buffer (9:1) 

yielded compound S3 in 92% excellent yield. A TMSOTf promoted glycosylation of compound 

S3 with compound S1 yielded expected compounds S4, S5, S6 with different GlcNAc side chain 

variations. However, the overall conversion of the glycosylation is moderate as shown by TLC 

and High-Resolution MALDI-MS (see SI). The purification of these compounds posed a 

significant problem, as most of the compounds decomposed on silica gel, which suggests that 

those compounds are quite acid sensitive. Besides, due to the small mass differences of these 

compounds, it could not be efficiently separated by LH20 column. The scalability of the reaction 

is another obstacle for this approach. Therefore, this divergent strategy is not suitable for the 

assembly of the GAC oligosaccharides with different GlcNAc side chain variations. 

Then, we decided to investigate a modular synthetic strategy to assemble the GAC 

oligosaccharides with different GlcNAc side chain variations as shown in Scheme 3. The 

building block synthesis is described in Scheme 2. The deprotection of the Nap of compound 1 

yielded compound 2 in 81% good yield. A TMSOTf promoted glycosylation of compound 2 

with compound S1 yielded the trisaccharide 4 in 95% excellent yield. Modular disaccharides and 

trisaccharide building blocks 1-10 were prepared by standard manipulations or were described in 

the previous work.  
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With these building blocks in hand, we decided to further investigate the influence of the 

C-3 protecting groups or C-3 GlcNAc on the glycosylation process. A TBSOTf promoted 

glycosylation of compound 7 with compound 8 yielded the pentasaccharide 11 in 22% poor 

yield. A TBSOTf promoted glycosylation of compound 7 with compound 9 yielded the 

pentasaccharide 12 in 31% poor yield. However, a TMSOTf promoted glycosylation of 

compound 5 with compound 10 yielded the pentasaccharide 13 in 75% good yield. A TBSOTf 

promoted glycosylation of compound 6 with compound 10 yielded the pentasaccharide 12 in 

82% good yield. A TBSOTf promoted glycosylation of compound 7 with compound 10 yielded 

the hexasaccharide 17 in 96% excellent yield. Comparing these results, it shows that when bulky 

aromatic protecting groups such as Nap or Bn are present at the C-3 position, the adjacent C-2 

hydroxyl will be blocked, and the reactivity of the C-2 hydroxyl in the glycosylation process will 

be dramatically decreased, as the aromatic ring can rotate around the O-CH2 bond and block the 

incoming glycosyl donors. However, when GlcNAc is present at the C-3 position, the adjacent 
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C-2 hydroxyl will not be blocked at all. The reactivity of the C-2 hydroxyl in the glycosylation 

process is excellent since the glycosidic bond between the GlcNAc and the rhamnose is more 

rigid, and the GlcNAc cannot rotate around the glycosidic bond. Therefore, the incoming 

glycosyl donors will not be blocked in the glycosylation process. The overall reactivity of the C-

2 hydroxyl is in the order of GlcNAc>Bn>Nap when these protecting groups or carbohydrate are 

at the adjacent C-3 position. Then, deprotection of the Lev on compounds 13 and 15 by 

hydrazine acetate yielded compound 14 and 16 in excellent yield. A TBSOTf promoted 

glycosylation of compound 7 with compound 14 yielded the octasaccharide 18 in 23% poor 

yield. Finally, a TBSOTf promoted glycosylation of compound 7 with compound 16 yielded the 

octasaccharide 19 in 43% acceptable yield in DCM and 37% acceptable yield in toluene. The 

low reactivity of the final octa-assembly glycosylation is due to the presence of the C-2 Nap or 

Bn bulky aromatic protecting groups, which blocks the incoming glycosyl donors as we have just 

explained before.  
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Scheme 3. Modular sythesis of the GAS oligosaccharide antigen library. Reagents and conditions: a) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 22%. 
b) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 31%. c) TMSOTf 0.3eq, -40~0oC, 4A AW MS, Dry DCM, 75%. d) TBSOTf 0.3eq, -40~0oC, 4A AW MS, 
Dry DCM, 82%. e)TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 96%. f) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 23%. g) TBSOTf 0.15eq, 
-40~0oC, 4A AW MS, Dry DCM, 43%; TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry Toluene, 37%
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Deprotection sequence is crucial for these compounds as shown in Scheme 4. Firstly, 

deprotection of the Troc by Zn reduction unmasked the amine group, which can be acetylated by 

acetyl anhydride subsequently. Secondly, deprotection of the esters by sodium methoxide in 

methanol must be conducted in this step to avoid b-elimination. Thirdly, the anomeric 

thioglycoside was removed by NBS in acetone:10 mM PBS buffer (6:1). Lastly, deprotection of 

the benzyl ether by 10% Pd/C in THF/H20, and subsequent purification by P2 Bio Gel yielded 

pure final compounds in good yield. The pure compounds could be used for the structure-activity 

analysis, the glycan microarray, and ELISA antibody binding studies. Two-dimensional NMR 

experiments combined with high-resolution MALDI-MS confirmed the structural integrity of the 

compound. *Compound 35* ,36* confirmed by HR-MALDI MS only due to limited quantity. The JH−H coupling constants 

of non-reducing end anomeric protons were all between 169 and 170 Hz, indicating all α-
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Scheme 5. The polyrhamnose antigen library

glycosidic linkages. The JH−H coupling constants of the reducing end anomeric protons show two 

separated peaks at 160Hz and 170Hz, which indicated b and a isomers respectively. 

 

Figure 1. NMR Spectra of deprotected GAC library. Left: Polyrhamnose library; Right: GAC library with GlcNAc variations. 
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Glycan microarray study 

 

Glycan microarrays containing synthetic GAC oligosaccharides with various length and 

side chain variations can be used to map the glycotopes that are recognized by antibodies. By the 

treatment with 2-[(methylamino)oxy]ethanamine, the synthetic GAC oligosaccharides were 

modified with an amino-containing linker, which can be printed on N-hydroxysuccinimide 

(NHS)–activated glass slides. The microarray printing was conducted by printing each sample as 

replicates of 2 (1 mM in a sodium phosphate (50 mM), pH 9.0 buffer). Then slides were 
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incubated in a saturated NaCl chamber overnight. The unreacted esters were quenched with 

ethanolamine (100 mM) and slides are ready for screening experiments. 

 

 

We initially screened the synthetic GAC library against the anti-polyrhamnose antibody 

(Figure. 2). The antibody recognizes only long-chain polyrhamnose oligosaccharides, and no 

recognition was found by synthetic GAC oligosaccharides with GlcNAc side chains (38-42). 

Notably, the anti-polyrhamnose antibody only recognizes 35* and 36* with significant binding 

strength, and smaller length structure, comparatively speaking, shows no or very weak binding 

towards the anti-polyrhamnose antibody. The binding strength maximized at the 

dodecasaccharide 35*, and further decreased at the tetradecasaccharide 36*. This result can be 

explained by the helical structure of the long chain polyrhamnose oligosaccharide, and it 

suggests that the antibody interacts with the helical backbone and it may require significant 

Figure 2. Glycan Microarray results for the anti-polyrhamnose antibody. 
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polyrhamnose backbone length (>10, optimal at 12, which is the helical structure with 2 cyclized 

repetition) to have strong binding strength. 

 

 

 

Secondly, we used the anti-streptococcus pyogenes GAC antibody to screen the synthetic 

GAC library (Figure. 3). The recognition results showed that the antibody specifically 

recognizes the synthetic GAC oligosaccharides with the GlcNAc side chains (39-42), and no 

recognition was presented for polyrhamnose oligosaccharides (30-36*). Interestingly, the 

antibody has no binding towards the trisaccharide 38, and similar intermediate levels of binding 

strength for both pentasaccharides (39 and 40). Notably, the antibody shows a strong binding 

strength towards hexasaccharide 41 and the maximum binding strength towards the 

octasaccharide 42. These results suggest that the anti-streptococcus pyogenes GAC antibody 

Figure 3. Glycan Microarray results for the anti-streptococcus pyogenes GAC antibody. 
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requires the presence of GlcNAc side chains on the periphery of the polyrhamnose backbone for 

the recognition, and it may require multiple GlcNAc side chains to fit in binding pockets. More 

specifically, the maximum binding strength was achieved by the octasaccharide 42, which 

suggests the distance between the two GlcNAc side chains plays an essential role in the binding 

process. A longer distance between the two GlcNAc side chains has different angles and 

different distances from the shorter hexasaccharide 41, as results of which the octasaccharide 42 

may fits better in binding pockets of the antibody.   

 

 

 

Lastly, we conducted the screening against the anti-Streptococcus Group A antibody with 

the synthetic GAC library (Figure. 4). The binding results showed a similar binding pattern with 

the binding results of the anti-streptococcus pyogenes GAC antibody. However, the binding 

Figure 4. Glycan Microarray results for the anti-Streptococcus Group A antibody 
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strengths are comparatively 2-4 times less than the previous one. Specifically, the antibody only 

recognizes the synthetic GAC oligosaccharides with the GlcNAc side chains (39-42), and no 

recognition was presented for polyrhamnose oligosaccharides (30-36*).  The antibody has a no 

binding towards the trisaccharide 38, and similar low levels of binding strength for both 

pentasaccharides (39 and 40). The binding strength towards the hexasaccharide 41 is an 

intermediate level, and the maximum binding strength was achieved by the octasaccharide 42. 

Comparing the binding strength of the hexasaccharide 41 and the octasaccharide 42, the ratio of 

the binding strength is 1:3, which is less than the previous 1:2 ratio. Comparing the 

pentasaccharides 39, 40 and the hexasaccharide 41, the ratio of the binding strength is about 1:3, 

which is less than the previous 2:3. These results suggest that the anti-streptococcus pyogene 

Group A antibody interacts similarly with the synthetic GAC oligosaccharides when comparing 

with the anti-streptococcus pyogenes GAC antibody, the differences lie in the strength of the 

interactions. Both antibodies exhibited a strong binding preference for the larger octasaccharide 

42, as the larger distance between the two GlcNAc provides different angles and distance to fit 

better in the binding pockets of these antibodies. 

 

 Figure 5. Glycan Microarray results for the rabbit serum derived from immunization of the octa-polyrhamnose KLH-glycoconjugate 
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The rabbit serum derived from immunization of the octa-polyrhamnose KLH-

glycoconjugate recognizes intermediate to long chain polyrhamnose structure with preferences 

for the long chain polyrhamnose. Interestingly, it also recognizes 40 and 42 structures with 

GlcNAc chains. It could be explained that the serum recognizes the "Patch" structures, as these 

structures have a polyrhamnose chain exposure. 

Glycan microarray analysis revealed different binding requirements for the anti-

polyrhamnose antibody, the anti-streptococcus pyogenes GAC antibody, the anti-Streptococcus 

Group A antibody, and the rabbit serum derived from immunization of the octa-polyrhamnose 

KLH-glycoconjugate. The anti-polyrhamnose antibody interacts with the synthetic GAC library 

differently from the anti-streptococcus pyogenes GAC antibody and the anti-Streptococcus 

Group A antibody. The latter two require the presence of the GlcNAc side chain on the periphery 

of the polyrhamnose backbone for the recognition. The anti-polyrhamnose antibody has 

preferences for the longer chain structure of the polyrhamnose oligosaccharides. The distance 

between the GlcNAc side chains plays an important role in recognition. This confirmed our 

initial hypothesis that in the native bacteria system, the expressed polysaccharide might have a 

“patch-structure”, which leads to the longer distance between the GlcNAc side chains. The 

“patch-structure” has different angles and distances between the two adjacent GlcNAc side 

chains; Therefore, it can better fit and bind in the binding pocket of the antibodies. The rabbit 

serum derived from immunization of the octa-polyrhamnose KLH-glycoconjugate recognizes not 

only polyrhamnose structures but also 40 and 42 structures with GlcNAc side chains. It could be 

explained by the polyrhamnose chain exposure within these structures. The results remain a great 

interest for the further detailed crystallography study between the antibody and the synthetic 

GAC oligosaccharides. 
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Conclusion 

In conclusion, we have established a comprehensive examining process for the key 

disaccharide modular strategy to assemble a library of GAC oligosaccharides with various length 

and GlcNAc side chain variations. We employed an orthogonally protected key disaccharide to 

facilitate the assembly process and built the library with the previously discovered “4+4” in situ 

polymerization. We utilized the glycan microarray technology to perform glycotype mapping 

with different type-specific antibodies, interpreted and developed a multi-GlcNAc “pocket-

fitting” binding theory based on the array binding results. The anti-polyrhamnose antibody, the 

anti-streptococcus pyogenes GAC antibody and the anti-Streptococcus Group A antibody exhibit 

distinct binding requirements according to the array results. The anti-polyrhamnose requires 

long-chain structure to have strong binding strength, and the binding strength maximized at 

double helical cycle dodecasaccharide level. The latter two antibodies require GlcNAc sides 

chains on the periphery of the polyrhamnose backbone, and multiple GlcNAc side chains 

enhance the binding strength. The “patch” structure of the customized octasaccharide has the 

maximum binding strength, as the two adjacent GlcNAc side chains have different angles and 

distances that leads to better fitting and stronger binding to the antibody. The rabbit serum 

derived from immunization of the octa-polyrhamnose KLH-glycoconjugate recognizes not only 

polyrhamnose structures but also 40 and 42 structures with GlcNAc side chains. It could be 

explained by the polyrhamnose chain exposure within these structures. Future directions can 

focus on conducting further screening against cross-reactive patient serum to reveal the binding 

requirements for the auto-reactivity of the antibody derived from GAS infection patients with 

rheumatic fever complications. Another point of interest of the binding results can focus on the 
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detailed crystallography study between the antibody and the synthetic GAC oligosaccharides to 

further clarify the antibody binding interaction mechanisms. 

General procedures 

NMR spectra were recorded in the NMR facility of Complex Carbohydrate Research 

Center, UGA, on a Varian Mercury 300 (300 MHz for 
1
H, 75 MHz for 

13
C), Varian Inova 500 

(500 MHz for 
1
H, 125 MHz for 

13
C), Varian Inova 600 with cryoprobe (600 MHz for 

1
H, 150 

MHz for 
13

C), Varian VNMRS 600 with cryoprobe (600 MHz for 
1
H, 150 MHz for 

13
C) or 

Varian Inova 800 with cryoprobe (800 MHz for 
1
H, 200 MHz for 

13
C). Chemical shifts are 

reported in parts per million (ppm) relative to tetramethylsilane (TMS) as the internal standard. 

NMR data is presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 

triplet, dd = doublet of doublet, m = multiplet and/or multiple resonances), integration, coupling 

constant in Hertz (Hz). The assignments of 
1
H NMR peaks were made from 2D 

1
H-

1
H COSY, 

1
H-

13
C HSQC, 

1
H-

13
C HMBC, 

1
H-

1
H ROESY and 

1
H-

1
H TOCSY spectra. Mass spectra were 

recorded on an ABISciex 5800 MALDI-TOF-TOF, Bruker Microflex MALDI-TOF or Shimadzu 

LCMS-IT-TOF mass spectrometer. The matrix was used was 2, 5-dihydroxy-benzoic acid 

(DHB). TLC-analysis performed on Silica gel 60 F254 (EMD Chemicals inc.) with detection by 

UV-absorption (254 nm) when applicable, and by spraying with a solution of 

(NH4)6Mo7O24.H2O (25 g/L) in 5% sulfuric acid in ethanol followed by charring. Acid washed 

molecular sieves (4Å) were flame activated in vacuo. All moisture sensitive reactions were 

carried out under an argon atmosphere. Ambient temperature in the laboratory was usually 20 

°C. CH2Cl2 and CH3CN were distilled freshly from CaH2. Other commercially available reagents 

were obtained from Aldrich, Fisher or TCI and used as received.  



 

172 

General procedure for the synthesis of (N-phenyl)-trifluoroacetimidate donor  

To a solution of hydroxyl precursor in CH2Cl2 at 0 °C was added trifluoro-N-

phenylacetimidoyl chloride (2.0 eq) and Cs2CO3 (2.0 eq). The reaction mixture was stirred for 3 

h and filtered through a pad of Celite, then concentrated in vacuo. The concentrates were purified 

by flash chromatography over silica gel (hexane/EtOAc/1% NEt3, 6/1 to 2:1, v/v) to give the (N-

phenyl)-trifluoroacetimidate donor as an anomeric mixture and was used directly. 

The optimal glycosylation method 

Donor (1.2 eq) and acceptor (1.0 eq) were co-evaporated with toluene (3 × 3 mL) and dried 

under high vacuo overnight. Then, dissolved it under argon in anhydrous DCM to maintain the 

acceptor concentration of 0.1 M. Freshly activated powdered 4Å acid washed molecular sieves 

were added at −40 °C, then the solution was argon purged 3 times and stirred under argon for 20 

min. The appropriate type and amount acid was added at -40°C or -30°C, and the temperature 

was maintained for additional 20 min before raising it to 0°C naturally. The reaction mixture was 

quenched by the addition of a drop of Et3N (3 µL) at 0°C. The mixture was diluted with DCM 

and filtered. Then the filtrate was concentrated under reduced pressure and the residue was 

purified by silica gel column chromatography or LH20. 

Global deprotection 

Deprotection sequence is very important for these compounds. Generally, deprotection of 

Troc by Zn and acetylation were conducted in the first step. Then, deprotection of the esters by 

sodium methoxide in methanol must be conducted in the second step to avoid b-elimination. 

Thirdly, deprotection of the thio-glycoside by NBS in acetone:10 mM PBS buffer (6:1). Lastly, 

deprotection of the benzyl ether by 10% Pd/C hydrogenation. The final compound was purified 

by P2 or P4 column by 0.1 M ammonium bicarbonate buffer. 
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Removal of Lev ester 

Hydrazine acetate (5 eq per Lev) was added to a solution of starting material in a mixture 

of DCM and MeOH (1/1, v/v, 0.02 M) and was stirred until TLC/MALDI indicated the 

disappearance of starting material (∼ 3 h). The reaction mixture was diluted with DCM (30 mL), 

washed with water (3 × 25 mL) and brine (25 mL), dried over MgSO4, and filtered. The crude 

product was purified by silica gel chromatography (hexane:EtOAc, 5:1 to 3:1) to provide the 

pure product. 

Removal of anomeric thiophenol 

The reactant was dissolved in acetone, and 2.5 eq NBS was added at 0 oC. The solution was 

stirred for 5 h performed in the dark. The reaction was monitored by TLC. Upon completion of 

the reaction, the reaction mixture was added to an aqueous solution of NaHCO3 (0.1 M) to 

quench the reaction. The reaction mixture was extracted by DCM (50 mL) three times. The 

organic extracts were dried with anhydrous MgSO4, and concentrated under reduced pressure. 

The crude product was purified by silica gel chromatography (hexane:EtOAc, 2:1 to 1:1) to 

provide pure products. 
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Synthesis of building blocks 

 

 

 

 

 

 

 

The synthesis of the key disaccharide 1 has been described previously. Start from the key 

disaccharide, deprotection of Nap by treatment with DDQ in chloroform/PBS buffer (9:1) at 0 oC 

yielded the acceptor disaccharide 2. Then a TMSOTf promoted glycosylation between the 

imidate donor S1 and the acceptor 2 yielded the trisaccharide building block 4 with 95% 

excellent yield. With the key disaccharide 1, the derivatization of 2 can be performed smoothly. 

The manipulation details have been described fully before, and methods for removing Lev, Nap, 

and installing N-Phenyl imidate have been described in the general method section. Briefly, 

removal of the anomeric thiophenol with NBS in acetone/H2O (6:1) yielded the hemiacetal 

which is further manipulated to obtain the imidate donor 5 by standard conditions. Removal of 

the Lev on the disaccharide 1 by hydrazine acetate yielded the acceptor 8. The imidate donor 6 

and the acceptor 9 with C3-Bn can be obtained in the same method. Finally, the trisaccharide 
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Scheme 1. The divergent strategy of assembly of the GAC oligosaccharides. Reagents and conditions: a) DDQ 5.0eq, Chloroform:PBS buffer(9:1), 92%. 
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building block 4 can be further derivatized to obtain the imidate donor 7 and acceptor 10 with 

similar methods. 

The trial of the divergent strategy  

 

 

 

 

 

 

 

 

 

 

 

The trial of the divergent strategy is firstly conducted to test the overall reactivity of the 

tetrasaccharide with two open hydroxyl groups. The initial thought was to employ 3 eq of 

monosaccharide donor S1 to push the equilibrium towards the products, with the expectation of 

yielding a small library of various branched compounds S4, S5, and the fully branched S6. As 

expected, results indeed showed three closely overlapped spots on the TLC plate. HR-MALDI 

shows strong signal peaks corresponding to these three branched compounds. However, the 

purification of these compounds posed a difficult problem. The molecular mass of these 

compounds is very close to each other, and the compounds can decompose during the silica 

column purification. The recovered yield is very disappointing. Another issue associated with 
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Scheme 3. Modular sythesis of the GAS oligosaccharide antigen library. Reagents and conditions: a) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 22%. 
b) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 31%. c) TMSOTf 0.3eq, -40~0oC, 4A AW MS, Dry DCM, 75%. d) TBSOTf 0.3eq, -40~0oC, 4A AW MS, 
Dry DCM, 82%. e)TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 96%. f) TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry DCM, 23%. g) TBSOTf 0.15eq, 
-40~0oC, 4A AW MS, Dry DCM, 43%; TBSOTf 0.15eq, -40~0oC, 4A AW MS, Dry Toluene, 37%
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this divergent approach is scalability. Therefore, this approach is not a very practical and suitable 

method for this project. 

The Modular approach to assemble the GAC library 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We decided to utilized a modular approach to assemble the GAC library with different side 

chain variations. This way, we can control the formation of the branch on different position and 

investigate the reactivity of the glycosylation under the influence of different neighboring 

protection groups.  

A TBSOTf promoted glycosylation of compound 7 with compound 8 yielded the 

pentasaccharide 11 in 22% poor yield. A TBSOTf promoted glycosylation of compound 7 with 

compound 9 yielded the pentasaccharide 12 in 31% poor yield. However, a TMSOTf promoted 
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glycosylation of compound 5 with compound 10 yielded the pentasaccharide 13 in 75% good 

yield. A TBSOTf promoted glycosylation of compound 6 with compound 10 yielded the 

pentasaccharide 12 in 82% good yield. A TBSOTf promoted glycosylation of compound 7 with 

compound 10 yielded the hexasaccharide 17 in 96% excellent yield.  

Comparing these results, it shows that when bulky aromatic protecting groups such as Nap 

or Bn are present at the C-3 position, the adjacent C-2 hydroxyl will be blocked, and the 

reactivity of the C-2 hydroxyl in the glycosylation process will be dramatically decreased, as the 

aromatic ring can rotate around the O-CH2 bond and block the incoming glycosyl donors. 

However, when GlcNAc is present at the C-3 position, the adjacent C-2 hydroxyl will not be 

blocked at all. The reactivity of the C-2 hydroxyl in the glycosylation process is excellent, as the 

glycosidic bond between the GlcNAc and the rhamnose is more rigid and the GlcNAc cannot 

rotate around the glycosidic bond. Therefore, the incoming glycosyl donors will not be blocked 

in the glycosylation process. The overall reactivity of the C-2 hydroxyl is in the order of 

GlcNAc>Bn>Nap when these protecting groups or carbohydrate are at the adjacent C-3 position.  

Then, deprotection of the Lev on compounds 13 and 15 by hydrazine acetate yielded compound 

14 and 16 in excellent yield. A TBSOTf promoted glycosylation of compound 7 with compound 

14 yielded the octasaccharide 18 in 23% poor yield. Finally, A TBSOTf promoted glycosylation 

of compound 7 with compound 16 yielded the octasaccharide 19 in 43% acceptable yield in 

DCM and 37% acceptable yield in toluene. The low reactivity of the final octa-assembly 

glycosylation is due to the presence of the C-2 Nap or Bn bulky aromatic protecting groups, 

which blocks the incoming glycosyl donors as we have just explained before. 
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Figure 6. NMR Spectra of deprotected GAC library with GlcNAc variations 

Deprotection of GAC oligosaccharides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Deprotection sequence is crucial for these compounds as shown in Scheme 4. Firstly, 

deprotection of the Troc by Zn reduction to unmask the amine group, then it can be acetylated by 

acetyl anhydride. Secondly, deprotection of the esters by sodium methoxide in methanol must be 

conducted in this step to avoid b-elimination. Thirdly, the anomeric thioglycoside was removed 

by NBS in acetone:10 mM PBS buffer (6:1). Lastly, deprotection of the benzyl ether by 10% 
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Scheme 5. The polyrhamnose antigen library

Figure 7. NMR Spectra of deprotected polyrhamnose library 

Pd/C in THF/H20, and subsequently purification by P2 Bio Gel yielded pure final compounds in 

good yield. The pure compounds could be used for the structure-activity analysis, the glycan 

microarray, and ELISA antibody binding studies. Two-dimensional NMR experiments combined 

with high-resolution MALDI-MS confirmed the structural integrity of the compound. *Compound 

35*, 36* confirmed by HR-MALDI-MS only due to limited quantity. The JH−H coupling constants of non-reducing end 

anomeric protons were all between 169 and 170 Hz, indicating all α-glycosidic linkages. The 

JH−H coupling constants of the reducing end anomeric protons show two separated peaks at 

160Hz and 170Hz, which indicated b and a isomers respectively. 
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Experimental procedure 

OBnO
O OBz

SPh

OBnO
BnO OLev  

          3 

Thiophenyl O-(4-O-benzyl-3-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranoside (3). Compound 3 was obtained by the optimal 

glycosylation method as described in the General Procedures. Yield: 80%.	
  1H NMR (600 MHz, 

chloroform-d) δ 8.02 (m, 2H, arom. H, Bz), 7.74 – 7.04 (m, 23H, arom. H, Bn, Bz, SPh), 5.60 

(m, 1H, H-2,A), 5.35 (d, 1H, H-1,A), 5.13 – 5.01 (d, 1H, H-1,B), 4.92 – 4.12 (m, 8H, 3xCH2, Bn, 

H-3,A, H-5,A), 3.81 – 3.69 (m, 2H, H-3,B, H-5,B), 3.63 (m, 1H, H-4,A), 3.37 – 3.30 (m, 1H, H-

4,B), 2.73 – 2.59 (m, 4H, CH2-CH2, Lev), 2.14 (s, 3H, CH3, Lev), 1.15 (d, J = 6.2 Hz, 3H, Rha, 

CH3,A), 0.90 (d, J = 7.2 Hz, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 181.94, 

171.82, 165.61, 138.48, 133.76, 133.31, 131.81, 130.85, 129.75, 129.34, 129.04, 128.77, 128.48, 

128.47, 128.20, 128.17, 128.04, 128.01, 127.90, 127.88, 127.62, 127.60, 127.55, 127.42, 99.31, 

85.63, 80.49, 79.60, 77.61, 77.39, 75.49, 74.66, 74.23, 71.57, 69.34, 69.15, 68.71, 68.13, 38.70, 

38.01, 30.34, 29.81, 29.68, 28.90, 28.09, 22.97, 17.94, 17.75, 10.94. HR-MALDI-TOF/MS 

(m/z): calcd for C51H54NaO11S+ [M+Na]+:  897.3312; found, 897.3318. 
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BnO
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OBz
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2-O-levulinoyl-3-O-benzyl-4-O-benzyl-a-L-rhamnopyranosyl-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranose (3H). Compound 3 (1.00 g, 1.14 mmol) was dissolved in 

acetone:PBS buffer (6:1, 35 mL), and NBS (1.02 g, 5.72 mmol) was added at 0 oC. The solution 

was stirred for 5 h performed in the dark. The reaction was monitored by TLC. Upon completion 

of the reaction, the reaction mixture was added to an aqueous solution of NaHCO3 (0.1 M) to 

quench the reaction. The reaction mixture was extracted by DCM (3 × 50 mL). The organic 

extracts were dried with anhydrous MgSO4, and concentrated under reduced pressure. The crude 

product was purified by silica gel chromatography (hexane:EtOAc, 2:1 to 1:1) to provide pure 

compound 3H (750 mg, 84%).  1H NMR (600 MHz, chloroform-d) δ 8.17 – 7.93 (m, 2H, arom. 

H, Bz), 7.70 – 7.00 (m, 28H, arom. H, Bn, Bz), 5.38 (m, 1H, H-2,A), 5.34 (m, 1H, H-1,A), 5.31 

– 5.26 (m, 1H, H-2,B), 5.04 (d, J = 2.0 Hz, 1H, H-1,B), 4.84 – 4.39 (m, 6H, 3xCH2, Bn), 4.34 – 

4.25 (m, 2H, H-3,A, H-5,A), 3.80 – 3.69 (m, 2H, H-3,B, H-5,B), 3.57 (m, 1H, H-4,A), 3.32 (m, 

1H, H-4,B), 2.71 – 2.57 (m, 4H, CH2-CH2, Lev), 2.13 (s, 3H, CH3, Lev), 1.32 – 1.28 (m, 3H, 

Rha, CH3,A), 1.13 (m, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 216.25, 208.91, 

171.81, 164.20, 133.25, 129.78, 128.46, 128.43, 128.19, 128.15, 127.98, 127.89, 127.60, 127.52, 

99.22, 91.83, 80.33, 79.62, 77.42, 75.35, 74.60, 72.88, 71.53, 69.40, 68.56, 67.85, 38.01, 29.80, 

28.09, 18.11, 17.74. HR-MALDI-TOF/MS (m/z): calcd for  C45H50NaO12
+ [M+Na]+: 805.3312; 

found, 805.3314. 
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Thiophenyl O-(4-O-benzyl-3-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (9).	
  Hydrazine acetate (263 mg, 2.86 mmol) was added to a 

solution of compound 3 (501 mg, 0.57 mmol) in a mixture of DCM and MeOH (1/1, v/v, 40 

mL). Stirring was continued until MALDI indicated the disappearance of the starting material 

(∼3 h). The reaction mixture was diluted with DCM (30 mL), washed with water (3 × 25 mL) 

and brine (25 mL), dried with anhydrous MgSO4, and filtered. The crude product was purified by 

silica gel chromatography (hexane:EtOAc, 5:1 to 3:1, v/v) to provide pure compound 9 (353 mg, 

80%). 1H NMR (600 MHz, chloroform-d) δ 8.10 – 7.95 (m, 2H, arom. H, Bz), 7.64 – 7.13 (m, 

23H, arom. H, Bn, Bz, SPh), 5.62 (m, 1H, H-2,A), 5.54 (d, J = 1.8 Hz, 1H, H-1,A), 5.11 (d, J = 

1.8 Hz, 1H, H-1,B), 4.84 – 4.42 (m, 6H, 3xCH2, Bn), 4.26 (m, 1H, H-5,A), 4.20 (m, 1H, H-3,A), 

3.90 (m, 1H, H-2,B), 3.79 – 3.72 (m, 1H, H-5,B), 3.68 (m, 1H, H-3,B), 3.62 (m, 1H, H-4,B), 

3.38 (m, 1H, H-4,A), 1.34 (d, J = 6.2 Hz, 3H, Rha, CH3,A), 1.15 (d, J = 6.2 Hz, 3H, Rha, 

CH3,B).13C NMR (151 MHz, chloroform-d) δ 165.59, 137.83, 137.81, 133.77, 133.27, 131.82, 

129.76, 129.04, 128.53, 128.46, 128.42, 128.22, 127.95, 127.89, 127.86, 127.75, 127.63, 127.61, 

127.49, 101.11, 85.63, 80.53, 79.63, 79.44, 77.89, 75.44, 74.74, 74.37, 72.11, 69.15, 69.06, 

68.37, 17.94, 17.68.  HR-MALDI-TOF/MS (m/z): calcd for  C46H48NaO9S+ [M+Na]+: 799.2912; 

found,  799.2918. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (1). Compound 1 was obtained by 
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the optimal glycosylation method as described in the General Procedures. Yield: 72%.1H NMR 

(500 MHz, chloroform-d) δ 8.07 – 8.02 (m, 2H, arom. H, Bz), 7.87 – 7.13 (m, 25H, arom. H, Bn, 

Bz, Nap, SPh), 5.66 (m, 1H, H-2,A), 5.59 (d, J = 1.7 Hz, 1H, H-1,A), 5.46 (m, 1H, H-2,B), 5.12 

(d, J = 1.8 Hz, 1H, H-1,B), 4.84 - 4.47 (m, 6H, 2xCH2, Bn, CH2, Nap), 4.34 – 4.22 (m, 2H, H-

3,A, H-5,A), 3.93 – 3.77 (m, 2H, H-3,B, H-5,B), 3.65 (m, 1H, H-4,A), 3.41 (m, 1H, H-4,B), 2.78 

– 2.63 (m, 4H, CH2-CH2, Lev), 2.15 (s, 3H, CH3, Lev), 1.36 (d, J = 6.2 Hz, 3H, Rha, CH3,A), 

1.21 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR (75 MHz, chloroform-d) δ 138.57, 137.79, 

135.47, 133.34, 131.86, 129.76, 129.09, 128.51, 128.28, 128.24, 128.11, 128.00, 127.94, 127.90, 

127.67, 127.64, 127.60, 127.47, 126.58, 125.98, 125.96, 125.81, 99.45, 85.68, 80.42, 79.69, 

77.90, 75.49, 74.73, 74.30, 71.62, 69.39, 69.20, 68.81, 38.03, 29.81, 28.15, 17.99, 17.82. HR-

MALDI-TOF/MS (m/z): calcd for  C55H56NaO11S+ [M+Na]+:  947.3412; found,  947.3418. 
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Thiophenyl O-(4-O-benzyl-3-O-naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-

2-O-benzoyl-a-L-rhamnopyranoside (8). Hydrazine acetate (390 mg, 4.232 mmol) was added 

to a solution of compound 1 (783 mg, 0.846 mmol) in a mixture of DCM and MeOH (1/1, v/v, 

40 mL). Stirring was continued until MALDI indicated the disappearance of the starting material 

(∼3 h). The reaction mixture was diluted with DCM (30 mL), washed with water (3 × 25 mL) 

and brine (25 mL), dried with anhydrous MgSO4, and filtered. The crude product was purified by 

silica gel chromatography (hexane:EtOAc, 5:1 to 3:1, v/v) to provide pure compound 8 (651 mg, 

93%).  1H NMR (500 MHz, chloroform-d) δ 8.02 – 7.91 (m, 2H, arom. H, Bz), 7.81 – 6.96 (m, 
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25H, arom. H, Bn, Nap, Bz, SPh), 5.59 – 5.54 (m, 1H, H-2,A), 5.48 (d, J = 1.7 Hz, 1H, H-1,A), 

5.05 (d, J = 1.7 Hz, 1H, H-1,B), 4.88 – 4.30 (m, 6H, 2xCH2, Bn, CH2, Nap), 4.19 (m, 1H, H-

5,A), 4.13 (m, 1H, H-3,A), 3.89 – 3.86 (m, 1H, H-2,B), 3.69 (m, 2H, H-3,B, H-5,B), 3.52 (m, 

1H, H-4,A), 3.36 (m, 1H, H-4,B), 1.25 (m, 3H, Rha, CH3,A), 1.10 (m, 3H, Rha, CH3,B).13C 

NMR (75 MHz, chloroform-d) δ 138.49, 137.81, 135.31, 133.80, 133.29, 131.86, 129.87, 

129.77, 129.06, 128.60, 128.52, 128.48, 128.36, 128.28, 128.26, 128.03, 127.95, 127.92, 127.88, 

127.84, 127.73, 127.68, 127.63, 127.60, 127.50, 126.53, 126.18, 126.02, 125.67, 101.20, 85.65, 

80.43, 79.70, 79.50, 78.08, 76.80, 75.35, 74.77, 74.40, 72.21, 69.17, 69.13, 69.07, 68.45, 17.94, 

17.72. HR-MALDI-TOF/MS (m/z): calcd for C50H50NaO9S+ [M+Na]+:  849.3121; found, 

 849.3126. 
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2-O-levulinoyl-3-O-Naphthylmethyl-4-O-benzyl-a-L-rhamnopyranosyl-(1→3)-4-O-benzyl-

2-O-benzoyl-a-L-rhamnopyranose (1H). To a mixture of compound 1 (940 mg, 1.016 

mmol), 2,4,6-tri-tert-butylpyrimidine (1.01 g, 4.062 mmol), and N-iodosuccinimide (457 mg, 

2.031 mmol) in wet DCM (50 mL) at 0 oC was added silver triflate (520 mg, 2.031 mmol). After 

stirring for 30 min, saturated aqueous Na2S2O3 was added and the mixture was stirred for an 

additional 30 min while warming to r.t. The reaction was extracted by DCM (3 × 50 mL), dried 

with anhydrous MgSO4, and concentrated under reduced pressure. The crude product was 

purified by silica gel chromatography (hexane:EtOAc, 2:1 to 1:1) to provide pure compound 1H 

(821 mg, 97%). 1H NMR (500 MHz, chloroform-d) δ 8.00 – 7.92 (m, 2H, arom. H, Bz), 7.71 – 
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7.05 (m, 20H, arom. H, Bn, Nap), 5.32 (m, 2H, H-2,A, H-2,B), 5.19 (d, 1H, H-1,A), 4.99 (d, 1H, 

H-1,B), 4.79 – 4.35 (m, 6H, 2xCH2, Bn, CH2, Nap), 4.23 (m, 1H, H-3,A), 3.98 – 3.90 (m, 1H, H-

5,A), 3.78 (m, 1H, H-3,B), 3.76 – 3.68 (m, 1H, H-5,B), 3.46 (m, 1H, H-4,A), 3.28 (m, 1H, H-

4,B), 2.57 (m, 4H, CH2-CH2, Lev), 2.03 (s, 3H, CH3, Lev), 1.21 (d, J = 6.2 Hz, 3H, Rha, CH3,A), 

1.08 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR (75 MHz, chloroform-d) δ 138.57, 137.79, 

135.47, 133.34, 131.86, 129.76, 129.09, 128.51, 128.28, 128.24, 128.11, 128.00, 127.94, 127.90, 

127.67, 127.64, 99.45, 92.01, 80.42, 79.69, 77.90, 75.49, 74.73, 74.30, 71.62, 69.39, 69.20, 

68.81, 38.03, 29.81, 28.15, 17.99, 17.82. HR-MALDI-TOF/MS (m/z): calcd for C49H52NaO12
+ 

[M+Na]+: 855.3513; found, 855.3519. 
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Thiophenyl O-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (2). Compound 2 was derived from the general method of Nap 

deprotection as described in the General Procedures. Yield: 81%. 1H NMR (500 MHz, 

chloroform-d) δ 8.16 – 7.98 (m, 2H, arom. H, Bz), 7.68 – 7.14 (m, 18H, arom. H, Bn, SPh), 5.63 

(m, 1H, H-2,A), 5.61 – 5.58 (m, 1H, H-1,A), 5.26 (m, 1H, H-2,B), 5.11 (d, J = 1.7 Hz, 1H, H-

1,B), 4.98 – 4.50 (m, 4H, 2xCH2, Bn), 4.34 – 4.22 (m, 2H, H-3,A, H-5,A), 4.02 (m, 1H, H-3,B), 

3.92 – 3.67 (m, 2H, H-5,B, H-4,A), 3.38 – 3.29 (m, 1H, H-4,B), 2.87 – 2.52 (m, 4H, CH2-CH2, 

Lev), 2.07 (s, 3H, CH3, Lev), 1.38 – 1.30 (m, 3H, Rha, CH3,A), 1.29 – 1.23 (m, 3H, Rha, 

CH3,B).  HR-MALDI-TOF/MS (m/z): calcd for C44H48NaO11S+ [M+Na]+:  807.2821; found, 

 807.2827. 
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Thiophenyl O-(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl)-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranoside (4). Compound 4 was prepared by the optimal 

glycosylation method as described in the General Procedures. Yield: 91%. 1H NMR (600 MHz, 

chloroform-d) δ 8.18 – 7.94 (m, 2H, arom. H, Bz), 7.75 – 6.99 (m, 18H, arom. H, Bn, Bz, SPh), 

5.64 (m, 1H, H-2,A), 5.52 (d, J = 2.2 Hz, 1H, H-1,A), 5.21 (m, 1H, H-2,B), 5.05 (d, 1H, H-1,B), 

5.01 – 4.31 (m, 8H, H-3,3G, H-4,3G, 2xCH2, Bn, CH2, Troc), 4.31 – 4.18 (m, 2H, H-3,A, H-

5,A), 3.94 (m, 3H, H-5,B, H-3,B, H-6,3G), 3.82 – 3.63 (m, 2H, H-6,3G, H-4,A), 3.52 (m, 1H, H-

2,3G), 3.40 – 3.33 (m, 1H, H-4,B), 3.13 (m , 1H, H-5,3G), 2.79 – 2.47 (m, 4H, CH2-CH2, Lev), 

2.19 (s, 3H, CH3, Lev), 2.03 (s, 3H, CH3, Ac), 1.97 (s, 3H, CH3, Ac), 1.94 (s, 3H, CH3, Ac), 1.35 

(m, 3H, Rha, CH3,A), 1.18 – 1.14 (m, 3H, Rha, CH3,B). HR-MALDI-TOF/MS (m/z): calcd 

for C59H66Cl3NNaO19S+ [M+Na]+:  1252.2921; found,  1252.2928. 
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Thiophenyl O-(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl)-(1→3)-(4-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (10). Compound 10 was derived from the general method of 
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Lev deprotection as described in the General Procedures. Yield: 76%. 1H NMR (600 MHz, 

chloroform-d) δ 8.15 – 8.01 (m, 2H, arom. H, Bz), 7.71 – 7.12 (m, 18H, arom. H, Bn, SPh, Bz), 

5.66 (m, 1H, H-2,A), 5.54 (d, J = 1.7 Hz, 1H, H-1,A), 5.12 (d, J = 1.8 Hz, 1H, H-1,B), 4.98 – 

4.83 (m, 2H, H-3,3G, H-4,3G), 4.79 – 4.38 (m, 7H, 2xCH2, Bn, CH2, Troc, H-1,3G), 4.25 – 4.16 

(m, 2H, H-3,A, H-5,A), 4.02 (m, 1H, H-6,3G), 3.97 (d, J = 2.6 Hz, 1H, H-2,B), 3.82 (m, 2H, H-

6,3G, H-3,B), 3.74 (m, 1H, H-5,B), 3.63 (m, 2H, H-4,A, H-6,3G), 3.43 (m, 1H, H-4,B), 3.30 – 

3.19 (m, 1H, H-5,3G), 2.00 (s, 3H, CH3, Ac), 1.96 (m, 6H, 2×CH3, Ac), 1.36 (d, J = 6.2 Hz, 3H, 

Rha, CH3,A), 1.14 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR (151 MHz, chloroform-d) δ 

169.22, 153.99, 133.68, 133.37, 131.85, 129.86, 129.75, 129.06, 128.61, 128.53, 128.38, 127.97, 

127.67, 127.58, 127.52, 126.90, 101.08, 100.86, 85.69, 80.65, 80.46, 79.83, 75.24, 74.28, 74.22, 

74.17, 71.65, 70.40, 69.13, 68.41, 68.06, 61.35, 56.09, 20.58, 17.92, 17.73. HR-MALDI-

TOF/MS (m/z): calcd for C54H60Cl3NNaO17S+ [M+Na]+:  1154.2521; found,  1154.2529. 
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 2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl-(1→3)-(4-

O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranoside (4H). Compound 4H was derived from the general method of anomeric 

thiophenol deprotection as described in the General Procedures. Yield: 98%. 1H NMR (600 

MHz, chloroform-d) δ 8.22 – 8.04 (m, 2H, arom. H, Bz), 7.71 – 7.13 (m, 13H, arom. H, Bn, Bz), 

5.42 (m, 1H, H-2,A), 5.26 (m, 1H, H-2,B), 5.03 (d, J = 1.8 Hz, 1H, H-1,A), 4.98 – 4.83 (m, 4H, 

H-3,3G, H-4,3G, CH2, Bn), 4.75 – 4.45 (m, 5H, H-1,B, CH2, Bn, CH2, Troc), 4.42 (m, 1H, H-
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3,A), 4.30 (m, 1H, H-5,A), 4.23 (m, 1H, H-5,B), 4.15 – 3.87 (m, 4H, H-3,B, H-6,3G, H-6,3G, H-

4,A), 3.55 (m, 1H, H-2,3G), 3.34 (m, 1H, H-4,B), 3.08 (m, 1H, H-5,3G), 2.76 – 2.52 (m, 4H, 

CH2-CH2, Lev), 2.18 (s, 3H, CH3, Lev), 1.97 (m, 3H, CH3, Ac), 1.93 (m, 6H, 2×CH3, Ac), 1.32 

(d, J = 6.2 Hz, 3H, Rha, CH3,A), 1.13 (d, J = 6.2 Hz, 3H, Rha, CH3,B). 13C NMR (151 MHz, 

chloroform-d) δ 170.61, 169.28, 165.72, 153.78, 138.52, 138.01, 133.36, 130.04, 129.93, 129.81, 

128.66, 128.54, 128.45, 128.39, 128.36, 128.03, 127.83, 127.56, 126.85, 100.87, 98.48, 91.96, 

80.41, 79.92, 77.29, 76.29, 75.26, 74.26, 74.07, 72.68, 71.83, 71.39, 68.50, 68.01, 67.82, 61.12, 

56.18, 37.96, 29.87, 28.01, 20.60, 20.58, 20.55, 18.07. HR-MALDI-TOF/MS (m/z): calcd 

for  C53H62Cl3NNaO20
+ [M+Na]+: 1160.2821; found,  1160.2828. 
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Thiophenyl O-(4-O-benzyl-3-O-Naphthylmethyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-

trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-benzyl-

a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (13). 

Compound 13 was derived from the optimal glycosylation method as described in the General 

Procedures. Yield: 75%. 1H NMR (600 MHz, chloroform-d) δ 8.06 (m, 4H, arom. H, Bz), 7.83 – 

7.03 (m, 38H, arom. H, Bn, Nap, SPh, Bz), 5.67 (m, 1H, H-2,A), 5.61 (m, 1H, H-3,3G), 5.58 – 

5.42 (m, 3H, H-1,A, H-2,D, H-2,C), 5.12 – 5.05 (m, 1H, H-1,C), 5.05 – 4.93 (m, 3H, H-1,3G, H-

1,B, H-4,3G), 4.89 – 4.42 (m, 12H, 4xCH2, Bn, CH2, Nap, CH2, Troc), 4.31 – 4.20 (m, 2H, H-



 

189 

3,D, H-5,A), 4.20 – 4.07 (m, 2H, H-3,A, H-2,B), 3.96 (m, 1H, H-3,B), 3.91 – 3.74 (m, 3H, H-

3,C, H-5,D, H-5,C), 3.67 – 3.48 (m, 4H, H-5,B, H-4,A, H-4,D, H-2,3G), 3.44 – 3.27 (m, 3H, H-

6,3G, H-4,B, H-5,3G), 2.71 – 2.56 (m, 4H, CH2-CH2, Lev), 2.08 (s, 3H, CH3, Lev), 1.94 (m, 9H, 

3×CH3, Ac), 1.29 – 1.20 (m, 6H, Rha, CH3,A,C), 1.18 – 1.02 (m, 6H, Rha, CH3,B,D).13C NMR 

(151 MHz, chloroform-d) δ 206.95, 170.31, 133.69, 133.37, 131.85, 129.79, 129.74, 129.03, 

128.55, 128.53, 128.43, 128.25, 128.20, 127.92, 127.83, 127.79, 127.67, 127.62, 127.58, 127.48, 

127.36, 127.12, 126.54, 125.94, 125.90, 125.75, 85.60, 80.13, 79.59, 76.90, 75.40, 75.30, 74.24, 

73.66, 72.58, 71.46, 71.14, 69.14, 68.62, 56.60, 37.99, 30.91, 29.72, 28.05, 20.61, 20.19, 18.04, 

17.85, 17.66. HR-MALDI-TOF/MS (m/z): calcd for C103H110Cl3NNaO28S+ 

[M+Na]+:  1968.5921; found,  1968.5928. 

OBnO
HO O

OBnO
O OBz

SPh

O

AcO

AcO
AcO

NHTroc

OBnO
O OLev

OBnO
O OBz

 

                          S5 

Thiophenyl O-(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl)-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-Naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (S5). Compound 

S5 was derived from the trial divergent strategy by the optimal glycosylation method as 

described in the General Procedures. Yield: Low, less than 5%. 1H NMR (600 MHz, chloroform-

d) δ 8.16 – 7.92 (m, 4H, arom. H, Bz), 7.71 – 7.08 (m, 31H, arom. H, Bz, Bn, SPh), 5.60 – 5.53 
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(m, 2H, H-1,A, H-2,A), 5.46 (m, 1H, H-2,D), 5.21 (d, 1H, H-1,B), 5.13 (d, 1H, H-1,D), 5.04 (d, 

1H, H-1,C), 4.95 (m, 2H, H-3,5G, H-4,5G), 4.91 – 4.48 (m, 10H, 4xCH2, Bn, CH2, Troc), 4.46 

(d, J = 8.7 Hz, 1H, H-1,5G), 4.24 (m, 3H, H-3,C, H-5,C, H-3,A), 4.18 – 4.06 (m, 1H, H-5,A), 

3.98 (m, 1H, H-3,D), 3.95 – 3.84 (m, 4H, H-2,B, H-3,B, H-6,5G, H-5,D), 3.80 (m, 2H, H-5,B, H-

4,A), 3.74 – 3.46 (m, 3H, H-4,C, H-2,5G, H-6,5G), 3.27 (m, 1H, H-4,B), 3.12 (d, J = 6.8 Hz, 1H, 

H-5,5G), 2.78 – 2.52 (m, 4H, CH2-CH2, Lev), 2.16 (s, 3H, CH3, Lev), 1.97 (s, 3H, CH3, Ac), 

1.94 (s, 6H, 2×CH3, Ac), 1.32 – 1.23 (m, 6H, Rha, CH3,A,C), 1.20 – 1.10 (m, 6H, Rha, 

CH3,B,D).13C NMR (151 MHz, chloroform-d) δ 133.33, 131.80, 129.80, 129.72, 129.04, 128.58, 

128.49, 128.46, 128.37, 128.03, 127.87, 127.82, 127.64, 127.56, 126.84, 100.88, 99.27, 98.45, 

85.53, 81.47, 80.34, 80.22, 79.10, 78.77, 77.03, 76.36, 75.50, 75.27, 74.50, 72.19, 71.81, 71.43, 

70.62, 69.20, 68.52, 68.38, 68.01, 61.09, 37.96, 28.00, 20.60, 17.99, 17.96, 17.81. HR-MALDI-

TOF/MS (m/z): calcd for  C92H102Cl3NNaO28S+ [M+Na]+:  1828.5321; found,  1828.5327. 
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Thiophenyl O-{2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl}-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-

trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-benzyl-

a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (17). 
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Compound 17 was derived from the optimal glycosylation method as described in the General 

Procedures. Yield: 93%. 1H NMR (600 MHz, chloroform-d) δ 8.10 (m, 4H, arom. H, Bz), 7.71 – 

7.01 (m, 31H, arom. H, Bn, Bz, SPh), 5.63 (m, 1H, H-2,A), 5.56 – 5.50 (m, 2H, H-1,A, H-2,C), 

5.44 (m, 2H, H-1,C, H-2,D), 5.27 – 5.18 (m, 2H, H-1,D, H-1,B), 5.03 (m, 2H, H-3,5G, H-4,5G), 

4.95 (m, 2H, H-3,3G, H-4,3G), 4.91 – 4.44 (m, 13H, 4xCH2, Bn, 2×CH2, Troc, H-1,5G), 4.31 – 

4.20 (m, 2H, H-3,C, H-5,C), 4.20 – 4.11 (m, 3H, H-3,A, H-2,B, H-6,3G), 4.06 – 3.77 (m, 7H, H-

3,D, H-6,5G, H-6,3G, H-5,A, H-3,B, H-5,D, H-2,3G), 3.76 – 3.44 (m, 6H, H-5,B, H-4,A, H-4,C, 

H-5,3G, H-2,5G, H-6,5G), 3.38 (m, 2H, H-4,B, H-4,D), 3.28 (m, 1H, H-5,5G), 3.15 (m, 1H, H-

2,3G), 2.80 – 2.48 (m, 4H, CH2-CH2, Lev), 2.16 (s, 3H, CH3, Lev), 2.03 – 1.90 (m, 18H, 6×CH3, 

Ac), 1.29 – 1.15 (m, 6H, Rha, CH3,A,C), 1.11 (m, 6H, Rha, CH3,B,D). 13C NMR (151 MHz, 

chloroform-d) δ 206.64, 170.55, 169.31, 153.83, 153.38, 138.03, 137.73, 133.69, 133.38, 131.85, 

129.96, 129.84, 129.75, 129.05, 128.65, 128.56, 128.54, 128.46, 128.36, 128.26, 127.93, 127.89, 

127.86, 127.80, 127.64, 127.58, 127.38, 127.08, 126.97, 100.91, 100.85, 100.69, 98.85, 95.46, 

85.62, 80.09, 79.84, 77.99, 75.26, 74.41, 74.28, 74.03, 73.71, 72.39, 71.79, 71.41, 71.16, 70.79, 

69.14, 68.90, 68.41, 68.03, 61.22, 56.56, 56.21, 37.95, 29.83, 28.00, 20.62, 20.59, 20.56, 17.87, 

17.66. HR-MALDI-TOF/MS (m/z): calcd for C107H120Cl6N2NaO36S+ [M+Na]+:  2273.5421; 

found,   2273.5424. 
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Thiophenyl O-(4-O-benzyl-3-O-Naphthylmethyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-

trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-benzyl-

a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside(14). 

Compound 14 was derived from the general method for Lev deprotection as described in the 

General Procedures. Yield: 76%. 1H NMR (600 MHz, chloroform-d) δ 8.14 – 7.98 (m, 4H, arom. 

H, Bz), 7.80 – 7.04 (m, 38H, arom. H, Bn, Nap, Bz, SPh), 5.61 (m, 1H, H-2,A), 5.56 – 5.50 (m, 

3H, H-1,A, H-3,3G, H-2,C), 5.21 (d, 1H, H-1,C), 5.12 (d, 1H, H-1,D), 5.05 – 4.99 (m, 2H, H-

1,B, H-4,3G), 4.96 (m, 1H, H-1,3G), 4.92 – 4.45 (m, 12H, 4xCH2, Bn, CH2, Nap, CH2, Troc), 

4.28 – 4.21 (m, 2H, H-3,D, H-5,A), 4.17 (m, 1H, H-2,D), 4.15 – 4.07 (m, 2H, H-3,A, H-2,B), 

3.98 (m, 2H, H-3,B, H-5,C), 3.90 – 3.73 (m, 2H, H-3,C, H-5,D), 3.70 (m, 1H, H-2,C), 3.66 – 

3.47 (m, 2H, H-4,D, H-5,B), 3.47 – 3.35 (m, 2H, H-4,A, H-4,B), 3.32 (m, 1H, H-5,3G), 1.94 (m, 

6H, 2×CH3, Ac), 1.63 (s, 3H, CH3, Ac), 1.28 – 1.23 (m, 6H, Rha, CH3,A,C), 1.15 (m, 6H, Rha, 

CH3,B,D).HR-MALDI-TOF/MS (m/z): calcd for   C98H104Cl3NNaO26S+ [M+Na]+:  1870.5521; 

found, 1870.5526. 
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Thiophenyl O-{2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl}-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(4-O-benzyl-3-O-Naphthylmethyl-a-L-

rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-

[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-

benzyl-a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside 

(18). Compound 18 was derived from the optimal glycosylation method as described in the 

General Procedures. Yield: 23%. 1H NMR (600 MHz, chloroform-d) δ 8.07 (m, 6H, arom. H, 

Bz), 7.68 – 6.92 (m, 51H, arom. H, Bn, Nap, SPh), 5.59 (m, 3H, H-2,A, H-2,E, H-1,A), 5.51 (m, 

1H, H-2,F), 5.29 (d, J = 2.6 Hz, 1H, H-1,F), 5.19 (m, 1H, H-2,C), 5.13 – 5.00 (m, 4H, H-3,5G, 

H-4,5G, H-1,C, H-1,3G), 5.00 – 4.33 (m, 18H, 6xCH2, Bn, CH2, Nap, H-1,D, H-3,3G, H-4,3G, 

H-1,5G), 4.32 – 4.05 (m, 6H, H-3,E, H-5,A, H-3,F, H-3,A, H-4,C, H-5,C), 4.03 – 3.25 (m, 15H, 

H-3,C, H-5,E, H-3,D, H-3,B, H-5,F, H-6,3G, H-6,5G, H-5,B, H-4,B, H-5,D, H-4,A, H-4,E, H-

4,D, H-4,F, H-2,D), 3.09 (m, 1H, H-2,B), 2.19 – 2.10 (m, 4H, CH2-CH2, Lev), 2.01 – 1.89 (m, 

21H, CH3, Lev, 6×CH3, Ac), 1.24 (m, 9H, Rha, CH3,A,C,E), 1.17 – 1.03 (m, 9H, Rha, 

CH3,B,D,F). HR-MALDI-TOF/MS (m/z): calcd for    C151H164Cl6N2NaO45S+ 

[M+Na]+:  2994.6925; found,   2994.6927. 
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Thiophenyl O-(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl)-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(3,4-O-benzyl-a-L-rhamnopyranosyl)-

(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (12). Compound 12 was derived 

from the optimal glycosylation method as described in the General Procedures. Yield: 31%. 1H 

NMR (600 MHz, chloroform-d) δ 8.18 – 7.93 (m, 4H, arom. H, Bz), 7.70 – 6.87 (m, 36H, arom. 

H, Bn, SPh), 5.64 – 5.55 (m, 1H, H-2,A), 5.55 – 5.49 (d, 1H, H-1,A), 5.26 – 5.18 (m, 1H, H-

2,C), 5.05 (d, J = 7.1 Hz, 1H, H-1,B), 5.00 – 4.79 (m, 4H, H-1,C, H-1,D, H-3,5G, H-4,5G), 4.81 

– 4.34 (m, 11H, 5xCH2, Bn, H-1,5G), 4.33 – 4.19 (m, 3H, H-3,C, H-5,C, H-3,A), 4.02 – 3.75 (m, 

4H, H-5,B, H-4,A, H-5,A, H-3,D), 3.77 – 3.45 (m, 5H, H-3,B, H-2,B, H-6,5G, H-4,A, H-5,D), 

3.43 – 3.27 (m, 2H, H-4,B, H-5,5G), 2.76 – 2.46 (m, 4H, CH2-CH2, Lev), 2.15 (s, 3H, CH3, Lev), 

2.06 – 1.89 (m, 9H, 3×CH3, Ac), 1.29 – 1.18 (m, 6H, Rha, CH3,A,C), 1.19 – 0.97 (m, 6H, Rha, 

CH3,B,D). HR-MALDI-TOF/MS (m/z): calcd for   C99H108Cl3NNaO28S+ [M+Na]+:  1918.5721; 

found,   1918.5725. 
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Thiophenyl O-(3,4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-

O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-

3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-benzyl-a-L-rhamnopyranosyl)}-(1→3)-4-
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O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (15). Compound 15 was derived from the 

general method for Lev deprotection as described in the General Procedures. Yield: 82%. 1H 

NMR (600 MHz, chloroform-d) δ 8.14 – 7.95 (m, 4H, arom. H, Bz), 7.72 – 7.02 (m, 36H, arom. 

H, Bn, Bz, SPh), 5.62 (m, 1H, H-2,A), 5.58 – 5.51 (m, 2H, H-1,A, H-2,D), 5.51 – 5.46 (m, 1H, 

H-2,C), 5.39 (m, 1H, H-1,D), 5.25 (m, 1H, H-1,C), 5.08 (d, J = 1.8 Hz, 1H, H-1,B), 5.05 – 4.94 

(m, 2H, H-1,3G, H-4,3G), 4.91 – 4.34 (m, 12H, 5xCH2, Bn, CH2, Troc), 4.34 – 4.07 (m, 6H, H-

3,D, H-5,A, H-3,A, H-2,B, H-3,B, H-5,C), 3.92 – 3.67 (m, 6H, H-5,D, H-3,C, H-5,B, H-4,A, H-

4,D, H-2,3G), 3.67 – 3.48 (m, 1H, H-6,3G), 3.40 (m, 1H, H-4,B), 3.37 – 3.27 (m, 1H, H-5,3G), 

2.74 – 2.52 (m, 4H, CH2-CH2, Lev), 2.12 (s, 3H, CH3, Lev), 1.95 (s, 6H, 2×CH3, Ac), 1.62 (s, 

3H, CH3, Ac), 1.33 – 1.18 (m, 6H, Rha, CH3,A,C), 1.13 (m, 6H, Rha, CH3,B,D).  HR-MALDI-

TOF/MS (m/z): calcd for   C99H108Cl3NNaO28S+ [M+Na]+:  1918.5721; found,   1918.5727. 
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Thiophenyl O-(3,4-O-benzyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-

rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl)-(1→3)-(4-O-benzyl-a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-

benzoyl-a-L-rhamnopyranoside (16). Compound 16 was derived from the general method for 

Lev deprotection as described in the General Procedures. Yield: 94%. 1H NMR (900 MHz, 

chloroform-d) δ 8.18 – 7.94 (m, 4H, arom. H, Bz), 7.67 – 7.02 (m, 36H, arom. H, Bn, Bz, SPh), 
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5.63 (m, 1H, H-2,A), 5.59 – 5.51 (m, 3H, H-1,A, H-2,C, H-3,3G), 5.24 (m, 1H, H-3,A), 5.15 – 

5.11 (m, 1H, H-4,A), 5.07 – 5.00 (m, 2H, H-1,B, H-1,3G), 4.97 (m, 1H, H-4,3G), 4.91 – 4.43 (m, 

12H, 5xCH2, Bn, CH2, Troc), 4.30 – 4.10 (m, 5H, H-3,D, H-5,A, H-2,D, H-3,A H-2,B), 4.02 – 

3.59 (m, 5H, H-3,B, H-5,C, H-3,C, H-5,D, H-5,B), 3.58 – 3.28 (m, 6H, H-2,3G, H-4,D, H-4,A, 

H-6,3G, H-4,B, H-5,3G), 2.01 – 1.87 (m, 9H, 3×CH3, Ac), 1.36 – 1.20 (m, 6H, Rha, CH3,A,C), 

1.22 – 1.07 (m, 6H, Rha, CH3,B,D). 13C NMR (226 MHz, chloroform-d) δ 170.35, 170.02, 

169.42, 165.84, 165.60, 138.45, 138.33, 138.06, 137.83, 137.69, 133.72, 133.39, 133.35, 131.86, 

129.91, 129.86, 129.82, 129.77, 129.76, 129.05, 129.01, 128.57, 128.56, 128.55, 128.52, 128.49, 

128.45, 128.41, 128.29, 128.25, 128.21, 127.97, 127.94, 127.87, 127.84, 127.75, 127.74, 127.73, 

127.64, 127.57, 127.39, 127.13, 101.10, 100.98, 100.43, 98.71, 85.64, 80.25, 80.17, 79.64, 79.59, 

79.43, 79.01, 78.61, 78.11, 77.96, 77.20, 75.38, 75.35, 74.89, 74.33, 73.72, 72.70, 71.98, 71.43, 

71.18, 70.68, 69.16, 69.00, 68.92, 68.63, 68.39, 68.31, 61.19, 56.63, 29.69, 20.62, 20.58, 20.24, 

18.09, 17.87, 17.77, 17.68, 1.02. HR-MALDI-TOF/MS (m/z): calcd for   C94H102Cl3NNaO26S+ 

[M+Na]+:  1820.5421; found,   1820.5427. 
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Thiophenyl O-{2-[[(2,2,2-trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-

glucopyranosyl}-(1→3)-(4-O-benzyl-2-O-levulinoyl-a-L-rhamnopyranosyl)-(1→3)-(4-O-

benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-(3,4-O-benzyl-a-L-rhamnopyranosyl)-

(1→3)-(4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranosyl)-(1→2)-{(2-[[(2,2,2-

trichloroethoxy)carbonyl]amino]-3,4,6-O-acetyl-b-D-glucopyranosyl)-(1→3)-(4-O-benzyl-

a-L-rhamnopyranosyl)}-(1→3)-4-O-benzyl-2-O-benzoyl-a-L-rhamnopyranoside (19). 

Compound 19 was derived from the optimal glycosylation method as described in the General 

Procedures. Yield: 43% in DCM, 37% in toluene. 1H NMR (900 MHz, chloroform-d) δ 8.25 – 

7.87 (m, 6H, arom. H, Bz), 7.74 – 6.94 (m, 49H, arom. H, Bn, SPh, Bz), 5.53 (m, 2H, H-2,A, H-

2,E), 5.21 (d, 1H, H-1,A), 5.16 – 4.82 (m, 10H, H-1,F, H-1,C, H-1,B, H-1,E, H-1,3G, H-3,5G, 

H-4,5G, H-2,C, H-3,3G, H-4,3G), 4.83 – 4.30 (m, 17H, 7xCH2, Bn, CH2, Troc, H-1,5G), 4.34 – 

4.09 (m, 2H, H-3,E, H-5,A), 4.07 – 3.01 (m, 23H, H-5,B, H-3,5G, H-4,B, H-4,A, H-5,D, H-3,F, 

H-3,A, H-4,C, H-5,C, H-6,3G, H-6,5G, H-3,C H-5,E, H-3,D, H-2,B, H-5,F, H-3,B, H-4,E, H-

4,A, H-2,D, H-5,5G, H-4,D, H-4,F), 2.67 (m, 4H, CH2-CH2, Lev), 2.26 – 2.05 (s, 3H, CH3, Lev), 

2.03 – 1.84 (m, 18H, 6×CH3, Ac), 1.52 – 1.16 (m, 9H, Rha, CH3,A,C,E), 1.20 – 0.78 (m, 9H, 

Rha, CH3,B,D,F). HR-MALDI-TOF/MS (m/z): calcd for   C147H162Cl6N2NaO45S+ 

[M+Na]+:   2944.6321; found,   2944.6327. 
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b-D-(Acetylamino)-2-deoxy-glucopyranosyl-(1→3)-a-L-rhamnosyl-(1→3)-a-L-

rhamnopyranose (20). Compound 20 was derived from the global deprotection method as 

described in the General Procedures. Yield: 90%. 1H NMR (600 MHz, deuterium oxide) δ 4.89 

(m, 1H, H-1,A), 4.80 – 4.74 (m, 1H, H-1,B), 4.54 (m, 1H, H-1,C), 4.07 (m, 1H, H-2,B), 3.85 – 

3.52 (m, 7H, H-2,A, H-3,A, H-5,A, H-5,3G, H-2,3G, H-5,B, H-5,3G), 3.51 – 3.22 (m, 4H, H-

3,3G, H-4,B, H-4,A, H-4,3G), 1.91 – 1.82 (m, 3H, NHAc), 1.11 (m, 6H, Rha, CH3,A,B).  13C 

NMR (151 MHz, deuterium oxide) δ 174.81, 157.38, 102.68, 102.59, 101.81, 93.83, 79.79, 

78.88, 77.59, 75.52, 75.47, 74.49, 73.53, 72.11, 71.48, 70.75, 70.70, 70.48, 70.07, 69.65, 69.40, 

69.17, 68.33, 66.49, 62.65, 60.44, 55.61, 30.11, 22.05, 19.08, 16.66, 16.44, 16.39. HR-MALDI-

TOF/MS (m/z): calcd for   C20H35NNaO14
+ [M+Na]+:   536.1911; found,   536.1917. 
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a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-[b-D-(Acetylamino)-2-deoxy-glucopyranosyl-

(1→3)]-a-L-rhamnosyl-(1→3)-a-L-rhamnopyranose (21). Compound 21 was derived from 

the global deprotection method as described in the General Procedures. Yield: 92% 1H NMR 

(600 MHz, deuterium oxide) δ 5.03 (m, 2H, H-1,A, H-1,B), 4.88 (m, 2H, H-1,B, H-1,D), 4.53 (d, 

1H, H-1,3G), 4.15 (m, 2H, H-2,B, H-2,D), 3.97 – 3.88 (m, 2H, H-2,A, H-2,C), 3.87 – 3.46 (m, 

10H, H-3,A, H-3,B, H-3,C, H-3,D, H-5,A, H-5,3G, H-5,C, H-5,B, H-2,3G, H-5,3G), 3.46 – 3.09 

(m, 7H, H-4,A, H-4,C, H-4,D, H-3,2G, H-4,B, H-4,C, H-5,D), 1.20 – 1.05 (m, 12H, Rha, CH3,A-
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D). HR-MALDI-TOF/MS (m/z): calcd for C32H55NNaO22
+ [M+Na]+:   828.3131; found, 

828.3137. 
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b-D-(Acetylamino)-2-deoxy-glucopyranosyl-(1→3)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-

(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnopyranose (22). Compound 22 was derived from the 

global deprotection method as described in the General Procedures. Yield: 89% 1H NMR (600 

MHz, deuterium oxide) δ 5.06 (m, 2H, H-1,A, H-1,C), 4.90 – 4.85 (m, 2H, H-1,B, H-1,D), 4.55 

(m, 1H, H-1,5G), 4.12 (m, 2H, H-2,B, H-2,D), 3.95 – 3.89 (m, 2H, H-2,A, H-2,C), 3.85 – 3.46 

(m, 11H, H-3,A, H-3,B, H-3,C, H-3,D, H-5,A, H-5,5G, H-5,C, H-2,5G, H-5,B, H-4,A, H-5,5G), 

3.46 – 3.16 (m, 6H, H-4,5G, H-4,D, H-3,5G, H-4,B, H-4,C, H-5,D), 1.93 – 1.81 (m, 3H, NHAc), 

1.23 – 1.05 (m, 12H, Rha, CH3,A-D). 13C NMR (151 MHz, deuterium oxide) δ 174.80, 102.60, 

101.98, 101.85, 100.63, 100.49, 93.80, 93.25, 79.79, 79.35, 77.98, 77.91, 76.94, 75.52, 73.55, 

72.03, 71.84, 71.68, 71.52, 71.21, 71.02, 70.71, 70.52, 69.77, 69.70, 69.68, 69.65, 69.24, 69.09, 

68.22, 61.31, 60.45, 55.61, 33.48, 30.11, 28.11, 22.05, 16.58, 16.51. HR-MALDI-TOF/MS 

(m/z): calcd for C32H55NNaO22
+ [M+Na]+:   828.3131; found,   828.3135. 
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b-D-(Acetylamino)-2-deoxy-glucopyranosyl-(1→3)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-

(1→2)-[b-D-(Acetylamino)-2-deoxy-glucopyranosyl-(1→3)]-a-L-rhamnosyl-(1→3)-a-L-

rhamnopyranose (23). Compound 23 was derived from the global deprotection method as 

described in the General Procedures. Yield: 94% 1H NMR (600 MHz, deuterium oxide) δ 5.03 

(m, 2H, H-1,A, H-1,C), 4.88 (m, 2H, H-1,B, H-1,D), 4.59 – 4.53 (m, 2H, H-1,3G, H-1,6G), 4.18 

– 4.09 (m, 2H, H-2,B, H-2,D), 3.85 – 3.46 (m, 17H, H-3,A, H-3,B, H-3,C, H-3,D, H-5,A, H-

5,3G, H-5,6G, H-5,C, H-2,3G, H-2,6G, H-5,B, H-4,A, H-5,3G, H-5,6G, H-4,6G, H-4,3G, H-

4,D), 3.47 – 3.17 (m, 5H, H-3,6G, H-3,3G, H-4,B, H-4,C, H-5,D), 1.87 (m, 3H, NHAc), 1.19 – 

1.05 (m, 12H, Rha, CH3,A-D). 13C NMR (151 MHz, deuterium oxide) δ 174.81, 174.37, 126.46, 

102.64, 93.82, 79.65, 76.98, 75.59, 75.51, 73.77, 73.55, 71.82, 70.75, 70.50, 69.71, 69.64, 69.26, 

68.26, 60.44, 55.75, 55.61, 22.10, 22.06, 16.67, 16.58, 16.52, 16.42. HR-MALDI-TOF/MS 

(m/z): calcd for  C40H68N2NaO27
+ [M+Na]+:   1031.3931; found,   1031.3937. 
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b-D-(Acetylamino)-2-deoxy-glucopyranosyl-(1→3)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-

(1→2)-a-L-rhamnosyl-(1→3)-a-L-rhamnosyl-(1→2)-[b-D-(Acetylamino)-2-deoxy-

glucopyranosyl-(1→3)]-a-L-rhamnosyl-(1→3)-a-L-rhamnopyranose (24). Compound 24 

was derived from the global deprotection method as described in the General Procedures. Yield: 

91%. 1H NMR (900 MHz, deuterium oxide) δ 5.05 (m, 3H, H-1,A, H-1,C, H-1,E), 4.93 – 4.85 

(m, 3H, H-1,B, H-1,D, H-1,F), 4.58 – 4.55 (m, 2H, H-1,3G, H-1,6G), 4.14 (m, 3H, H-2,B, H-

2,D, H-2,F), 3.98 – 3.54 (m, 13H, H-2,A, H-2,C, H-2,E, H-3,A, H-3,B, H-3,C, H-3,D, H-3,E, H-

3,F, H-5,A, H-5,3G, H-5,C, H-5,6G), 3.54 – 3.10 (m, 17H, H-2,3G, H-2,6G, H-5,B, H-4,A, H-

5,3G, H-4,C, H-4,D, H-4,E, H-4,F, H-3,3G, H-3,6G, H-4,B, H-4,C, H-5,D, H-5,E, H-5,F, H-

4,6G), 1.93 – 1.85 (m, 3H, NHAc), 1.14 (m, 18H, Rha, CH3,A-F). HR-MALDI-TOF/MS (m/z): 

calcd for C52H88N2NaO35
+ [M+Na]+:   1323.5123; found, 1323.5127. 
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CHAPTER 4 

CONCLUSIONS 

In the second chapter, a highly convergent synthetic strategy has been developed for the 

chemical synthesis of those promising vaccine antigens. We have described the thorough 

examining process of the “key disaccharide” synthesis, and the unexpected discoveries of “PMB 

migration” and the “4+4” in situ bond cleavage polymerization. We have established a 

comprehensive investigation process to address the challenges associated with those 

oligosaccharides, and proposed a “push and pull” mechanism for the “4+4” in situ bond cleavage 

polymerization. The synthetic oligosaccharides can be used for epitope mapping of different 

GAS antibodies and patient sera by glycan microarray. The glycan microarray data will provide 

essential insights for the autoimmunity associated with GAC antigens and lay the foundation for 

the development of new GAS vaccine candidates.  

In the third chapter, we have established a comprehensive examining process for the key 

disaccharide modular strategy to assemble a library of GAC oligosaccharides with various 

lengths and GlcNAc side chain variations. We employed an orthogonally protected key 

disaccharide to facilitate the assembly process and built the library with the previously 

discovered “4+4” in situ polymerization. We utilized the glycan microarray technology to 

perform glycotype mapping with different type-specific antibodies, interpreted and developed a 

multi-GlcNAc “pocket-fitting” binding theory based on the binding results. The anti-

polyrhamnose antibody, the anti-streptococcus pyogenes GAC antibody and the anti-

Streptococcus Group A antibody exhibit distinct binding requirements according to the array 
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results. The anti-polyrhamnose antibody requires long-chain structure to have strong binding 

strength, and the binding strength maximized at double helical cycle dodecasaccharide level. The 

latter two antibodies require GlcNAc sides chains on the periphery of the polyrhamnose 

backbone, and multiple GlcNAc side chains enhance the binding strength. The “patch” structure 

of the customized octasaccharide has the maximum binding strength, as the two adjacent 

GlcNAc side chains have different angles and distances that lead to better fitting and stronger 

binding to the antibody. The rabbit serum derived from immunization of the octa-polyrhamnose 

KLH-glycoconjugate recognizes not only polyrhamnose structures but also 40 and 42 structures 

with GlcNAc side chains. It could be explained by the polyrhamnose chain exposure within these 

structures. Future directions can focus on conducting further screening against cross-reactive 

patient sera to reveal the binding requirements for the auto-reactivity of the antibody derived 

from GAS infection patients with rheumatic fever complications. Another point of interest of the 

binding results can focus on the detailed crystallography study between the antibody and the 

synthetic GAC oligosaccharides to further clarify the antibody binding pocket interaction 

mechanisms. 
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APPENDIX A 

SUPPLEMENTARY DATA OF KEY PRODUCTS IN CHAPTER 2 
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APPENDIX B 

SUPPLEMENTARY DATA OF KEY PRODUCTS IN CHAPTER 3 
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