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Summary 

Glycosylation is the most common post-translational modification of proteins in living organisms and 

participates in several processes such as cell adhesion, signal transduction and immune responses. 

Glycans present on glycoproteins are associated with health and disease conditions and can be 

used as markers for diagnosis or as therapeutical agents. However, the main limitation that slows 

down the research on glycosylated biomolecules is the lack of homogeneous isoforms of 

glycoproteins. Thus, the need to have homogeneous materials has prompted the development of 

methods for synthesizing glycosylated proteins.  

This work is aimed to develop strategies and methodologies for synthesizing glycosylated 

molecules. Two projects were executed to synthesize glycosylated amino acids of Trypanosoma 

cruzi and variants of the human glycoprotein CD59. These syntheses relied on a solid-phase 

strategy and were achieved using automated systems eventually obtaining glycosylated amino 

acids, peptides, and glycopeptides.  

The first project (Chapter 2) focuses on establishing a strategy to synthesize homogeneous variants 

of human protein CD59. In this chapter three different strategies were investigated to find the 

suitable synthetic methodology for obtaining glycosylated and non-glycosylated protein variants of 

CD59. The optimized strategy involved sequential N- to C-terminal assembly of three CD59 

fragments 1-25, 26-44, and 45-78 by native chemical ligation of peptides and/or glycopeptides 

(Scheme I).  

 
Scheme I - Synthesis of human CD59 protein by native chemical ligation 

All fragments were synthesized by solid phase peptide synthesis as peptide hydrazides, using S-

acetamidomethyl (Acm) protected internal cysteines. Furthermore, two glycopeptides were 

synthesized by a convergent method that employed glycosylated amino acids to deliver the 
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fragment 1-25 containing an N-acetylglucosamine in position 18, and fragment 45-78 bearing N-

acetylgalactosamine in position 51. Finally, the conversion of the peptide or glycopeptide hydrazides 

to thioesters and its further ligation allowed the synthesis of two variants of human CD59 protein.  

The second project focuses on establishing a strategy for the solid-phase synthesis of glycosylated 

molecules using automated glycan assembly, particularly O-glycans derived from Trypanosoma 

cruzi parasite (Y strain) and the results are presented in chapter 3. Four building blocks were 

designed, prepared, and used to synthesize glycosyl amino acids containing glycans of different 

sizes (di-, tri-, and tetrasaccharides) under solid-phase conditions (Scheme II). Optimizing different 

deprotection conditions or post automation steps, a standard methodology to obtain these 

molecules was developed. This methodology can be applied to synthesize a wide range of 

molecules from mucin-like molecules or human mucins.  

 

 
Scheme II - Automated glycan assembly of glycosyl amino acid of T. cruzi Y strain mucins 

 

 

In conclusion, two methodologies were developed employing automated solid-phase based 

methods for the synthesis of glycosyl amino acids and variants of human CD59 protein. The 

synthetic methodologies developed in this thesis serve as an efficient strategy to deliver molecules 

that can act as models for structure-activity relationships studies using pure glycans, glycosyl amino 

acids and glycoproteins. Moreover, the methodology to synthesize glycosyl amino acids derived 

from mucins and mucin-like molecules will allow easy access to compounds that can be screened 

as epitopes for diagnostics, treatments for cancer and infectious diseases, and used as building 

blocks for glycopeptides or glycoprotein synthesis. 
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Zusammenfassung 

Die Glykosylierung ist die häufigste posttranslationale Modifikation von Proteinen in lebenden 

Organismen und ist an mehreren Prozessen wie Zelladhäsion, Signaltransduktion und 

Immunreaktionen beteiligt. Die auf Glykoproteinen vorhandenen Glykane werden mit Gesundheits- 

und Krankheitszuständen in Verbindung gebracht und können als diagnostische Marker oder als 

therapeutische Wirkstoffe verwendet werden. Die wesentliche Einschränkung, die die Erforschung 

glykosylierter Biomoleküle bremst, ist jedoch das Fehlen homogener Isoformen von Glykoproteinen. 

Der Bedarf an homogenen Materialien hat daher zur Entwicklung von Methoden zur Synthese 

glykosylierter Proteine geführt.  

Ziel dieser Arbeit ist die Entwicklung von Strategien und Methoden für die Synthese von 

glykosylierten Molekülen. Zwei Projekte wurden durchgeführt: Die Synthese glykosylierter 

Aminosäuren von Trypanosoma cruzi sowie die Synthese verschiedener Varianten des 

menschlichen Glykoproteins CD59. Deren Herstellung beruhte auf der Festphasen-Synthese und 

wurden mit automatisierten Systemen durchgeführt, um schließlich glykosylierte Aminosäuren, 

Peptide und Glykopeptide zu erhalten.  

Das erste Projekt (Kapitel 2) konzentriert sich auf die Entwicklung einer Strategie zur Synthese 

homogener Varianten des menschlichen Proteins CD59. In diesem Kapitel wurden drei 

verschiedene Strategien untersucht, um die geeignete Synthesemethode zur Gewinnung von 

glykosylierten und nicht-glykosylierten Proteinvarianten von CD59 zu finden. Die optimierte 

Strategie umfasste die sequentielle N- nach C-terminale Assemblierung der drei CD59-Fragmente 

1-25, 26-44 und 45-78 durch native chemische Ligation von Peptiden und/oder Glykopeptiden 

(Schema I).  

 

Schema I - Synthese des menschlichen CD59-Proteins durch native chemische Ligation 
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Alle Fragmente wurden durch Festphasen-Peptidsynthese als Peptidhydrazide synthetisiert, wobei 

S-Acetamidomethyl (Acm) geschützte interne Cysteine verwendet wurden. Darüber hinaus wurden 

zwei Glykopeptide durch eine konvergente Methode synthetisiert, bei der glykosylierte 

Aminosäuren verwendet wurden, um das Fragment 1-25 mit einem N-Acetylglucosamin in Position 

18 und das Fragment 45-78 mit einem N-Acetylgalactosamin in Position 51 zu erhalten. Schließlich 

ermöglichte die Umwandlung der Peptid- oder Glykopeptidhydrazide in Thioester und ihre weitere 

Ligation die Synthese von zwei Varianten des menschlichen CD59-Proteins.  

Das zweite Projekt befasst sich mit der Entwicklung einer Strategie für die Festphasen-Synthese 

glykosylierter Moleküle unter Verwendung der automatischen Glykan-Assemblierung, 

insbesondere von O-Glykanen aus dem Parasiten Trypanosoma cruzi (Y-Stamm). Diese 

Ergebnisse sind in Kapitel 3 dargestellt. Vier Bausteine wurden entworfen, hergestellt und zur 

Synthese von Glykosylaminosäuren mit Glykanen unterschiedlicher Größe (Di-, Tri- und 

Tetrasaccharide) unter Festphasenbedingungen verwendet (Schema II). Durch die Optimierung 

verschiedener Entschützungsbedingungen oder Post-Automatisierungsschritte wurde eine 

Standardmethodik zur Gewinnung dieser Moleküle entwickelt. Diese Methode kann zur Synthese 

einer breiten Palette von Molekülen angewandt werden, die von Mucin-ähnlichen Molekülen oder 

von menschlichen Mucinen abstammen. 

 

Schema II - Automatisierter Glykanaufbau von Glykosylaminosäuren aus T. cruzi 

Zusammenfassend wurden zwei Methoden entwickelt, bei denen automatisierte 

Festphasenverfahren für die Synthese von Glykosylaminosäuren und Varianten des menschlichen 

CD59-Proteins eingesetzt werden. Die in dieser Arbeit entwickelten Synthesemethoden dienen als 

effiziente Strategie zur Bereitstellung von Molekülen, die als Modelle für Studien zur Struktur-

Aktivitäts-Beziehung mit reinen Glykanen, Glykosylaminosäuren und Glykoproteinen dienen 

können. Darüber hinaus ermöglicht die Methodik zur Synthese von Glykosylaminosäuren, die von 

Mucinen und Mucin-ähnlichen Molekülen abgeleitet sind, einen einfachen Zugang zu 

Verbindungen, die als Epitope für die Diagnostik, die Behandlung von Krebs und 

Infektionskrankheiten untersucht und als Bausteine für die Synthese von Glykopeptiden oder 

Glykoproteinen verwendet werden können. 
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1. Introduction 

This chapter includes sections partly modified from the manuscript “Mucins and Pathogenic 

Mucin-Like Molecules are Immunomodulators During Infection and Targets for Diagnostics and 

Vaccines, Front. Chem. 2019, 7:710” .1  

 

Proteins are the most ubiquitous biomolecules present in nature and are responsible for several 

functional and structural processes in living things. The function of a protein is determined by its 

unique folded structure and the specific sequence of proteinogenic amino acids2-4. Once proteins 

are assembled, a wide range of biochemical modifications can be introduced to the reactive 

groups at the N- and C-terminus or the side chains of amino acids of the protein. These 

modifications, called post-translational modifications (PTMs), play essential roles in the structure 

and function of several proteins5-6. The post-translational modifications include glycosylation, 

lipidation, disulfide bond formation, phosphorylation, methylation, acetylation, and ubiquitination. 

In addition, PTMs regulate critical cellular events such as gene expression, signal transduction, 

protein-protein, cell-cell interaction, and communication between intracellular and extracellular 

environment7-8. 

 

Protein glycosylation is the most common and complex post-translational modification of proteins9-

10. It is present in all domains of life11-12 and plays a significant role in events such as signal 

transduction8, host-pathogen interaction13-16, immune responses17-18, cell-cell signaling19-20, cell 

differentiation21, cancer progression22-23, among others. Amino acids such as asparagine (Asn), 

serine (Ser), threonine (Thr), tryptophan (Trp), and tyrosine (Tyr) are found to be linked to 

carbohydrates which mainly include N-acetylglucosamine (GlcNAc), N-acetylgalactosamine 

(GalNAc), glucose (Glc), galactose (Gal) and mannose (Man)10. Depending on the position and 

type of carbohydrate, protein glycosylation can be the covalent attachment of N-linked glycans, 

O-linked glycans, C-linked mannose, phosphorylated glycans, glycosaminoglycans and 

glycosylphosphatidylinositol (GPI anchor)24-25. Although several types of linkages and moieties 

are linked to proteins, the most common and most studied types of glycosylation are N- and O-

glycosylation. The main aspects of these types will be discussed further later. 

 

The following sections will introduce the function of glycosylated proteins, structural 

characteristics, and biosynthesis. Then, the different methods for synthesizing glycoproteins will 

be discussed through subsections covering both the protein and the glycan parts. Subsequently, 

two prominent examples of glycoproteins will be discussed and outline the aim of the thesis 

introduced.  
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1.1. Glycoproteins 

Glycosylation of a protein occurs when a glycan is linked to the amino acid side chain of a protein. 

This process mainly occurs in the endoplasmic reticulum (ER) and Golgi apparatus25. 

Glycoproteins have essential functions in mammals and bacterial cells and the biology of viruses17, 

26-27. It has been estimated that more than half of all human proteins are expected to be 

glycosylated28-29. The atoms involved in the linkage and the connections between them determine 

the type of glycoprotein. Depending on the amino acid side chain to which the glycan is linked, 

proteins can be categorized as N-glycoproteins and O-glycoproteins. Another special modification 

found in many eukaryotic cells is the anchoring of the protein C-terminus to the membrane by 

covalent linkage to glycosylphosphatidylinositol (GPI)30, forming the so-called GPI-anchored 

glycoproteins (GPI-APs)31-32. 

 
Figure 1 – General structure for N-linked, O-linked, and GPI linked glycans 

 

Protein modification such as N- or O-glycosylation and glypiation (Figure 1) regulate the 

biophysical properties of proteins; therefore, they are involved in functions related to adhesion of 

molecules, protease inhibition, complement regulation, and prions33-34. Although these 

glycoproteins seem to play essential roles, and many efforts have been made to isolate and study 

them, there is a gap in the knowledge of these molecules compared to protein. The main reason 

is the inherent microheterogeneity observed when they are expressed and isolated35. Therefore, 

considerable efforts must be put into developing approaches that allow the synthesis of 

homogeneous glycoforms36 and study these types of molecules.  

 

1.1.1. N-glycosylation 

N-glycosylation is the most representative form of glycosylation and has been observed in all three 

domains of life37. N-glycoproteins have been linked to several biological processes, such as the 

promotion of proper folding of newly synthesized polypeptides and ER-associated degradation 

pathways in quality control38-40. These functions are transcendental since defects in the 

biosynthesis of glycoconjugates are responsible for congenital disorders41-42. Essential proteins 
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in mammals are N-glycosylated and have clinical and therapeutic significance, for instance, 

immunoglobulin G antibodies (IgG) and recombinant monoclonal antibodies (mAbs)43. In N-

glycoproteins, oligosaccharides are covalently attached through a β-linkage between N-acetyl-D-

glucosamine and the asparagine side chain present in polypeptide chains containing the 

consensus sequence (Asn-Xaa-Ser/Thr), where Xaa is any amino acid except proline. The N-

linked glycans can display a high diversity, and it varies among glycoproteins, cell types, tissues, 

and species40. 

N-glycans in eukaryotes share a core sequence and are classified as complex, oligomannose, 

and hybrid types (Figure 2a). They share the main core 

Manα1,6(Manα1,3)Manβ1,4GlcNAcβ1,4GlcNAcβ1Asn-X-Ser/Thr and depending on the type of 

glycan, this core can be further elongated (Figure 2b). 

 
Figure 2 – Selected structures of N- and O-glycans present in human glycoproteins. a) general 
structure of N-linked glycan types; b) examples of complex-type glycans; c) representatives structures 
of O-glycans present in human mucins (cores) and peripheral sequences (antigens). 

 

The biosynthesis of N-glycans occurs in two phases and two compartments of eukaryotic cells44. 

The first phase occurs at the ER membrane when an oligosaccharyltransferase (OST) catalyzes 

the “en bloc” transfer of the 14-mer dolichol-phosphate (Dol-P) bound oligosaccharide to the 

asparagine (Asn) acceptor in selected Asn-X-Ser/Thr site of the nascent protein. The second 

phase begins with processing reactions that trim the oligosaccharide chains catalyzed by 

glycosidases and glycosyltransferases in the lumen of the ER, followed by oxidative folding. When 

the glycoprotein is misfolded, it is recognized by ER degradation-enhancing α-mannosidase I-like 

(EDEM) proteins and targeted for ER degradation. The further trimming and elongation of the N-

glycan continue in the Golgi apparatus (cis-Golgi, medial-Golgi, trans-Golgi). This so-called 
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terminal glycosylation continues until the N-glycoprotein depending on the species-cell type and 

or protein has been assembled25, 37, 40, 44. 

1.1.2. O-glycosylation 

O-glycosylation is the second most common type of glycosylation known to date45, and up to 80% 

of all proteins in the secretory pathway contain this type of glycosylation46. O-glycoproteins are 

involved in various biological processes such as determining protein conformation47, cellular 

communication48, and progression of cancer49-50. Structurally, O-glycosylation occurs on amino 

acids that bear hydroxyl groups on their side chains. For example, in humans, the most common 

glycans bound to serine and threonine are N-acetylglucosamine (through a β-linkage, O-GlcNAc 

glycosylation), N-acetylgalactosamine (through α-linkage, known as mucin-type O-glycans)25. 

This class of O-glycans comprises six major basic core structures: terminal GalNAc (Tn), sialyl-

Tn antigens, and mucins cores 1-4 (Figure 2c). 

 
The biosynthesis of O-glycoproteins occurs more ambiguously due to the absence of a common 

glycan core as in N-glycoproteins biosynthesis51. O-linked glycosylation occurs in the Golgi 

apparatus after protein folding and starts with the addition of N-acetylgalactosamine on the 

serine/threonine residue of the protein backbone, catalyzed by the enzyme y N-

acetylgalactosaminyltransferase (GALNT) 52. The core structure Ser/Thr-α-GalNAc, called Tn 

antigen, is further extended by sequential addition of monosaccharides in a stepwise manner 

catalyzed by respective glycosyltransferases28, 45. This extension can be done with either α-(1-3)- 

or β-(1-3)-linked galactose or by β-(1-6)-, β-(1-3)-, or α-(1-6)-linked N-acetylglucosamine; and a 

high variable peripheral part containing fucose and N-acetyl neuraminic acid terminal units53. The 

variability in the monosaccharide that can be linked produces high heterogeneity in linear and 

branched glycan structures. 

Particularities in the biosynthesis of N- and O-glycoproteins make evident the heterogeneity of 

expressed glycoproteins and their multiple roles in biological processes. They can contain 

different glycans, multiple glycosylation sites, and slight modifications, as shown in figure 2. Efforts 

to deepen knowledge of their structure-activity relationship and further applications require the 

availability of homogeneous isoforms of glycoproteins and glycoconjugates. Therefore the 

development of approaches to obtain these molecules are of high significance. 

 

1.2. Synthesis of glycoproteins 

Glycoproteins play essential roles in nature, and understanding their structure and functions is 

crucial for developing protein-based therapeutics54. Several approaches for synthesizing 

glycoproteins, such as recombinant expression, enzymatic, chemical, and chemoenzymatic 

methods, have been established. This section contains information about glycoproteins synthesis 

using these representative methods. In addition, advancements in solid-phase peptide synthesis 

to obtain proteins will also be discussed. Further, approaches to synthesize the carbohydrate 
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components of glycoproteins, including oligosaccharides (specifically O-linked oligosaccharides), 

will be covered in section 1.2.5. 

1.2.1. Recombinant expression  

Isolation of homogeneous glycoproteins from living systems is difficult due to the structural 

diversity of oligosaccharides at a particular glycosylation site (microheterogeneity) and the 

requirement of multiple purification steps to isolate a homogeneous glycoform. However, 

recombinant expression allows the production of certain controlled glycoforms of glycoproteins by 

using genetically-engineered cell lines. An excellent example of this technology is Chinese 

hamster ovary cell lines (CHO), which express high levels of human α-2,3-sialyltransferase and 

produce highly sialylated glycoproteins55.  

Different mammalian expression systems have been optimized and used to express 

glycoproteins. For instance, CHO56, baby hamster kidney (BHK21)57, murine myeloma 58 and 

human cell lines59-60. Despite the differences in glycosylation patterns, yeast61, plants62, and insect 

cell63 systems have also been studied. The biological significance of glycoproteins and the 

advances in their recombinant expression have contributed to the field of therapeutic 

glycoproteins. Nowadays, monoclonal antibodies for cancer treatment and clotting factors are 

available in the pharmaceutical market64-65.  

 

1.2.2. Enzymatic synthesis of glycoproteins 

The enzymes employed in oligosaccharide synthesis, glycosyltransferases, and glycosidases, 

can be used to produce glycan-defined glycoproteins resembling biosynthesis. 

Glycosyltransferases catalyze the stereo- and regiospecific transfer of monosaccharides from a 

donor to an acceptor substrate. In addition, glycosidases catalyze the selective hydrolysis of 

glycosidic linkages either with retention or inversion of the configuration66-67. These enzymes have 

been isolated from natural sources or by heterologous overexpression in foreign hosts and have 

been proven to accept saccharides, glycolipids, and glycoproteins as substrates68. 

The discovery of a group of endoglycosynthases (glycosidases) derived from the endo-β-N-

acetylglucosaminidases (ENGases) was important because these enzymes hydrolyze N-glycan 

between the two N-acetylglucosamine residues yielding the protein bearing an N-

acetylglucosamine residue69. More interestingly, it was found that the mutant enzymes were able 

to transfer an intact N-glycan en bloc to a GlcNAc-peptide or protein acceptor to form a new natural 

N-glycopeptide or N-glycoprotein70-71. Other significant contribution in this field includes the 

oligosaccharyltransferase (PgIB), isolated from bacteria that can transfer N- as well as O-

glycans72, and the N-glucosyltransferase (NGT) isolated from Actinobacillus pleuropneumoniae 

that transfers a monosaccharide to the consensus N-glycosylation site (Asn-Xaa-Ser/Thr)73. 

Direct enzymatic glycosylation of proteins is a practical method for preparing homogeneous 

glycoproteins66. For example, the most common glycoform of Ribonuclease B (RNase), which 

contains high-mannose type oligosaccharides, was used to synthesize a sialyl Lewis X glycoform 



Introduction 
 

 
6 

of this protein. The high mannose glycan was cleaved and the variant having a single N-

acetylglucosamine at Asn 34 was obtained employing endoglycosidase-H. The transfer of UDP-

Gal mediated by β-1,4-galactosyltransferase (GALT) allowed the initial elongation to form 

Galβ1,4-GlcNAc. The disaccharide was further extended to a tetrasaccharide using different 

enzymes and resembling the stepwise biosynthesis of O-glycans to afford the controlled synthesis 

of the glycoform NeuAcα2,3-Galβ1,4(Fucβ-1,3)GlcNac-RNase74. The optimized mutant of Endo-

M (Endo-M N175A) was used in the transglycosylation reaction, transferring a complex-type 

glycan to produce a sialylated RNase C derivative75-76 (Scheme 1). 

 Scheme 1 - Enzymatic synthesis of homogeneous glycoform of Ribonuclease B; adapted from 
Schmaltz et al 77 

Despite the preference of enzymes for industrial-scale synthesis of glycoconjugates, the main 

limitation of this approach is the reduced number of enzymes available or the high cost of 

production, and the specificities of glycan substrates. Another problem arises from the 

heterogeneity of the product, as incomplete transformation in the stepwise enzymatic synthesis 

could produce mixtures, leading to difficulty in purification.  

 

1.2.3. Chemoenzymatic synthesis 

Chemoenzymatic synthesis emerges as a method to overcome some limitations that enzymatic 

and chemical synthesis (discussed later in sections 1.2.4 and 1.2.5) present. Combining the two 

methods has allowed the production of complex targets that are difficult to achieve by solely 

enzymatic or chemical synthesis. Two common examples are represented by the synthesis of 

saposin C and human erythropoietin (EPO). For the synthesis of saposin C, two molecules were 

chemically synthesized: a complex-type N-glycan octasaccharide oxazoline and a saposin C 

variant carrying GlcNAc. Subsequently, the glycan was transferred by transglycosylation reaction 

using the mutant glycosynthase Endo-M, obtaining the saposin C carrying the N-linked complex 

type nonasaccharide78. The synthesis of sialylated glycoforms of EPO was performed by 

sequential native chemical ligation of two synthetic peptides and three glycopeptides, the lately 

obtained by pseudoproline assisted Lansbury aspartylation. The sialylation was achieved by 
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enzymatic α-2,6-sialyltransferase from Photobacterium damsela (ST6). More interestingly, the 

biological recognition of the synthetic EPO was shown by forming 1:1 complexes with recombinant 

EPO receptor79. This method overcomes the complexity of synthesizing glycans containing sialic 

acid due to its known lability. 

Attractive target, such as the antigen CD52 that bears N- and O-glycans, was synthesized by 

chemoenzymatic methods. The process involved the solid-phase synthesis of glycopeptides 

bearing the monosaccharides (Asn-linked GlcNAc and Thr-linked GalNAc), followed by Endo-M 

N175A transglycosylation with a complex N-glycan and as the last step the extension of the O-

GalNAc sugar by T-synthase80. The synthesis of core-fucosylated triantenary complex type 

glycoforms of CD52 was also reported after discovering glycosynthase mutants derived from 

Elizabethkingia meningoseptica endoglycosidase F3 (Endo-F3)81. 

A similar chemoenzymatic strategy for the synthesis of O-glycopeptides was also recently 

presented. It included the chemical synthesis of the peptide core by SPPS and the enzymatic 

extension of the glycan epitopes using a commercially available peptide synthesizer82. This semi-

automated methodology can serve as inspiration for designing strategies that allow total 

chemoenzymatic synthesis of glycoproteins. 

Another potential strategy to produce homogeneous glycoproteins is enzymatic glycan 

remodeling. It requires a glycan trimming by glycosidases and the elongation to a defined structure 

using glycosyltransferases or mutant glycosidases. The remodeling of glycans can be done in 

intact isolated or expressed glycoproteins66. The site-selective chemoenzymatic glycosylation and 

remodeling of recombinant EPO show the versatility of this method. After expressing an unusual 

Man5GlcNAc2Fuc glycoform in the engineered HEK293 cell line, the core fucosylated GlcNAc 

EPO was obtained by employing glycosidase EndoH. Next, this glycoform was used for enzymatic 

transglycosylation catalyzed by mutant EndoF3-D165A, which led to an unexpected site selectivity 

for only two locations. Finally, the remaining was defucosylated and elongated with azide-tagged 

glycan oxazoline employing Endo-A, leading to site-selective glycan remodeling of EPO (Scheme 

2)83. 

 
Scheme 2 - Glycan remodeling of erythropoietin, adapted from Yang et al 83 

Another example is the in vitro enzymatic galactosylation of heterogeneous IgG glycoform. 

Recombinant GalT-1 and UDP-galactose allowed the synthesis of a homogeneous IgG glycoform 

bearing two galactosyl units with more than 98% of conversion on a kilogram scale84. Recently, a 

method for successive glycan remodeling in a solid-phase platform was reported. First, the IgG 

was immobilized onto protein A resins, and the glycosidases and glycosyltransferases were 

screened by solid-phase glycan remodeling (SPGR). This strategy allowed fast washing 
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conditioning and product purification filtration, speeding up the multi-step reactions. Then, after 

trimming and elongating the glycans present in the antibody, the characterization of the IgG 

products was done by PNGase F treatment, followed by fluorophore labeling of the glycans with 

further LC-MS analysis85. This exciting strategy can expand the platforms for glycan remodeling 

in glycoproteins.  

 

1.2.4. Chemical synthesis of glycoproteins (protein and peptides) 

Chemical synthesis is considered a robust methodology to obtain homogeneous glycoproteins 

because it allows the modification of the covalent structure of the protein (glycans installation, 

labeling, among others) as desired3. The development of native chemical ligation for protein 

synthesis (NCL) by Kent in 1994 revolutionized and expedited protein and glycoprotein synthesis. 

This methodology has been employed and improved during the last three decades, allowing the 

synthesis of multiple and exciting targets such as acid chemokine monocyte chemotactic 

glycoprotein-386 and glycosylated human interferon γ87, interleukin 288, and several variants of 

human erythropoietin (EPO)79, 89. 

 

1.2.4.1. Native Chemical Ligation 

Kent and coworkers introduced the native chemical ligation concept as a chemoselective reaction 

of two unprotected peptide segments forming an initial thioester-linked species that later rearrange 

to yield a native peptide bond at the ligation site90. The peptides should fulfill specific conditions: 

one should contain an N-terminal cysteine and the other a C-terminal thioester. The reaction 

occurs in two steps: 1) reversible thiol/thioester exchange (trans-thioesterification) of the C-

terminal thioester with the N-terminal cysteine and 2) spontaneous S→N-acyl shift that irreversibly 

forms the native peptide bond4 (Scheme 3). 

 
Scheme 3 - Mechanism of Native chemical ligation of two unprotected peptides 
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Sequential ligation strategies have also been developed to achieve one-pot native chemical 

ligation of proteins. This strategy required the orthogonal protection of the terminal cysteine and 

an efficient method for its removal, compatible with the NCL conditions. The main groups that 

have been used in the successful synthesis of proteins and glycoproteins are thiazolidine91-92, S-

acetamidomethyl (Acm)93-94 and disulfide95-96 among others. 

Cysteine is the least abundant proteinogenic amino acid in natural proteins, and it was considered 

the main limitation of NCL. A significant contribution was the desulfurization of cysteine to yield 

alanine, which is more abundant in natural proteins. In this method, Ala is selectively replaced by 

Cys to have suitable disconnection and ligation sites. Therefore, NCL followed by desulfurization 

has allowed the synthesis of non-cysteine-containing proteins97-98 and glycoproteins79. The 

extension of this methodology to other targets has been achieved by employing common amino 

acids such as thiol or selenol derivatives and mercapto and seleno amino acids. For example, in 

the diselenide selenoester ligation (DSL)99 a peptide selenophenyl ester reacts with a diselenide 

peptide giving an amide bond to selenocysteine in a rapid and additive-free manner (Scheme 4). 

Following the ligation, the products can be chemoselectively deselenized to produce native 

peptides and proteins, as shown in the synthesis of glycosylated human interferon γ87.  

 

Scheme 4 - Selected strategies for the synthesis of glycoproteins 

Other methods to overcome the limitation caused by the low abundance of cysteine are the 

Ser/Thr ligation (STL) and sugar-assisted ligation (SAL). STL consists of the chemoselective 

reaction between unprotected O-salicylaldehyde ester at the C-terminus and a peptide bearing a 

serine or threonine residue at the N-terminus (Scheme 4). This reaction yields an N,O-benzylidene 

acetal-linked intermediate that can be converted to the natural peptidic bond without further 

isolation100. Sugar-assisted ligation (Scheme 4) allows the synthesis of glycoproteins by 

employing a modified glycan bearing a sulfhydryl group at the acetamido moiety in C2, which acts 

as the nucleophile in the trans-thioesterification reaction with a peptide thioester101. Initially, this 
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method allowed the synthesis of cysteine-free β-O-linked and N-linked glycopeptides102, 

subsequently, optimization of the protocol allowed the synthesis of α-O-linked glycoprotein 

Diptericin ε94. 

1.2.4.2. Solid Phase Peptide Synthesis 

Peptides are the basic units required for glycoprotein synthesis. As shown in the previous section, 

peptides and glycopeptides are necessary to assemble glycoproteins employing ligation methods 

(NCL, DSL, STL, SAL), but also, due to their size and versatility, they are good candidates for 

peptide-based drugs103-104. Solid-phase peptides synthesis (SPPS) was introduced by Merrifield 

in 1963 and changed the former strategy of solution synthesis for an easier and more efficient 

methodology105. Automation of this process led to versatile and numerous syntheses of peptides 

using the less hazardous Fmoc-protocol106.  

 
Figure 3 –Solid-phase synthesis scheme and selected examples of solid supports, protective 
groups, linkers, and activators for SPPS. 



Introduction 
 

 11 

Chemical synthesis of peptides occurs from the C-terminal to the N-terminal residue, and the 

synthesis starts by attaching the first amino acid to the solid support bearing a linker. For this, the 

amino acid containing orthogonal protective groups in its α-amino and reactive side chain is 

activated for the coupling to the resin. The process continues with the deprotection of the α-amino 

group and the subsequent coupling of the following amino acid. Iterative cycles of deprotection 

and coupling until the desired peptide has been elongated delivers the on-resin fully protected 

product. After each deprotection and coupling cycle, washes remove the excess reagents and 

byproducts. Then, removal of the side chain protective groups and the cleavage is completed in 

the same step to yield the fully deprotected peptide (Figure 3). When a protected peptide is 

required, mild treatments allow the sole cleavage of the fully protected compound.  

 

In the SPPS using Fmoc-protocol, the deprotection occurs under basic conditions and, therefore, 

the removal of side protective groups and cleavage in acidic conditions. The selection of solid 

support, the linker, the protective groups for side chains, and the activator plays a significant role 

in the outcome of SPPS. Figure 3 represents a summary of the SPPS and the chemical structures 

of some of these aspects. Their influence on the synthesis will be explained below.  

The proper selection of solid support and the linker for SPPS is critical and relies on the resin 

reactivity, insolubility, and swelling properties107. The latter highly influences the diffusion and 

accessibility of the reagents108. Polystyrene (PS) cross-linked divinylbenzene (DVB) offers a better 

swelling factor than PS itself109. Polyethylene glycol-based (PEG) resins offer good swelling in 

organic and even aqueous solvents110. Polyamines and polyethylene glycols PEG-PS are suitable 

for synthesizing polar substrates111-112 and fully PEG resins such as ChemMatrix® were reported 

to improve the synthesis of long and complex peptides113. 

The resins are functionalized with different groups that allow specific chemical reactions to attach 

the amino acid to the solid support. The most common group attached to PS-resins is chloromethyl 

to form the Merrifield resin; however, other functionalizations are available108. The characteristics 

of the linker define the used chemistry, the cleavage conditions, and the C-terminal 

functionalization of the peptide. Typical C-terminal functions are carboxylic acid (Wang resin)108, 

amide (Rink amide114 and MBHA resins), and sulfonamides115. When the functionalization is not 

available in the commercial resin, it can be modified as desired; for instance, a functionalization 

of Wang116 and 2-chlorotritylchloride117-118 resins allowed obtaining peptide hydrazides. 

As mentioned above, the protective groups for the side chains must be acid labile to allow the 

cleavage and deprotection in the same step. Several groups have been studied for each amino 

acid, and the most common ones are depicted in Figure 3. Permanent protection of cysteine side 

chain for one-pot ligation purposes is achieved by using stable groups towards acidic and basic 

conditions such as acetamidomethyl (Acm) or compound forming disulfide bonds (StBu)108, 119. 

The coupling of the amino acids requires the activation of the α-carboxyl group. Different 

compounds have been studied for this purpose, and carbodiimide-based reagents have been 
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traditionally employed. However, they often cause partial racemization due to the high reactivity 

of the O-acylisourea and should be combined with additives such as 1-hydroxybenzotriazole 

(HOBt)120 or ethyl-2-cyan-2(hydroxymino)acetate (Oxyma)121 to form a less reactive and more 

stable ester, minimizing racemization108, 122. 

 

Another group of reagents derived from HOBt was developed to overcome the problems caused 

by carbodiimides during the coupling. The main types of reagents found in this group are 

aminium/uronium123 and phosphonium salts124. Aminium salts bear a positive charge at a carbon 

atom, and they tend to be more reactive than phosphonium salts. Therefore, coupling reagents 

derived from HOAt, such as HATU are the most potent coupling reagents125 among the existing 

activators. Although phosphonium salts react slower than uronium salts, their main advantage is 

that they do not react with the amino function to give the guanidine side product. Therefore, 

phosphonium salts do not cap the peptide chain. Multiple coupling reagents have been developed; 

nevertheless, there is not a coupling reagent that can be universally used in all coupling reactions. 

Particular attention must be given to the type of synthesis (manual, automated) and the functional 

groups on the molecules involved in the reaction125. 

It is essential to mention that recently a methodology in flow pushed the limits of SPPS, allowing 

the synthesis of homogeneous proteins. Therefore, the development of automated fast-flow 

peptide synthesis (AFPS) and its plans to incorporate peptides hydrazides and thioester for 

ligation reactions126 could contribute to the synthesis of larger glycosylated proteins.  

The synthesis of glycopeptides can be performed using the cassette-based approach and 

convergent method (Scheme 5). The cassete-based approach consists of the linear elongation of 

the peptide chain with a glycosylated amino acid127. The carbohydrate, usually a protected 

monosaccharide, is attached to an amino acid residue to generate N-linked and O-linked glycosyl 

amino acids. This pre-synthesized moiety is coupled to the growing peptide employing the desired 

activator, and the peptide chain can be further elongated by SPPS. The elongation of the glycan 

core can be done by chemical or enzymatic synthesis, as described above. This strategy has 

been widely used to synthesize N- and O-glycopeptides but is preferred for the latter ones.  

 
Scheme 5 - General strategies for the synthesis of glycopeptides 

 

The convergent method consists of the direct conjugation of a carbohydrate moiety with the 

peptide and is mainly used to synthesize N-glycopeptides. The N-glycan having an anomeric 
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amine is linked to the aspartic acid side chain of a fully assembled peptide through an amide bond 

employing Lansbury aspartylation conditions128. The amino acid side chains must be protected to 

avoid side reactions. Specifically, the aspartic acid must bear an orthogonal protective group that 

can be selectively removed prior to activating coupling agents129.  

Side reactions during SPPS can occur at various stages and depend on the sequence and the 

steps involved130. Base-catalyzed side reactions represent a problem because the repetitive base 

treatments lead to the successive formation of the side product, significantly affecting the 

synthesis of the desired peptide131. 

Aspartimide formation is considered the most documented and studied side reaction in peptide 

chemistry and is highly sequence and conformation dependent132-133. It occurs during the 

elongation of Asp-containing peptides due to a nucleophilic attack from the amide nitrogen of the 

preceding residue to the β-carboxyl moiety of Asp (Scheme 6). Several aspects accelerate or 

delay the extent of the aspartimide formation, such as the type of base, protecting group in the 

Asp moiety, resin, and solvent used130-134. Although several strategies have been developed, 

these do not achieve complete prevention in demanding sequences; therefore, several strategies 

might be necessary to prevent aspartimide formation. 

 
Scheme 6 - Base mediated aspartimide formation 

 
Another base-catalyzed side reaction is the glycan β-elimination that occurs during the synthesis 

of O-glycopeptides. O-glycosylated threonine coupled to the growing peptide can be converted 

into the β-methyl dehydroalanine during the deprotection cycle eliminating the glycan from the 

peptide135 by abstraction of the α-proton (Scheme 7). 

 
Scheme 7 - Base mediated β-elimination 

 
Although the SPPS process has been dramatically improved and optimized during the last 60 

years, the SPPS of long peptides (50-60 amino acids) containing difficult sequences still faces 

challenges108, 136 due to the possibility of generating byproducts from side reactions, truncation, 

deletion and aggregation of the growing peptide and glycopeptide126, 137. Therefore, the 
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combination of SPPS to obtain readily available peptides and glycopeptides and its further ligation 

remains the standard method for the chemical synthesis of glycoproteins. 

 

1.2.5. Methods for oligosaccharide synthesis 

As described in 1.2, glycoproteins can be accessed through several methods, although the glycan 

or glycosylated amino acid cores are always required prior to their synthesis. Oligosaccharide 

synthesis has been achieved using multidisciplinary approaches, including synthetic and 

biochemical methods. Chemical synthesis can provide access to a broad set of glycan structures; 

solution and solid-phase synthesis have demonstrated the versatility of the glycosylation reaction 

to obtain homogeneous polysaccharides. For instance, the synthesis of 150-mer employing 

Automated Glycan Assembly (AGA)138 or a 92-mer139 by solution-phase synthesis. However, 

these methods face several challenges due to the nature of carbohydrates140-141 and structural 

variations. Some possibilities include branching and the configuration of the linkages142 that 

demand orthogonal protection and control of stereoselectivity.  

 

1.2.5.1. Chemical glycosylation 

The chemical synthesis of oligosaccharides is based on the glycosidic bond formation, and it 

remains challenging because the glycosyl donor and glycosyl acceptor should be connected with 

proper stereo and regioselectivity143. The reaction consists of the nucleophilic attack of a hydroxyl 

group from the glycosyl acceptor on the anomeric carbon of the glycosyl donor. Regioselectivity 

is controlled by orthogonal protection and the reactivity of the free hydroxyl groups present in the 

glycosyl acceptor144, while stereoselectivity demands the control of several variables that will be 

later described. 

 

Several efforts have been made to describe the mechanism of the glycosylation reaction; 

however, it is not clearly understood yet. It is generally described as an SN1-like mechanism, but 

SN2-like has also been reported in the literature145. In its most straightforward way, the mechanism 

involves the promoter assisted-departure of the leaving group, forming a cationic species 

(acyloxonium or oxocarbenium), which is then attacked by the nucleophilic hydroxyl group of the 

glycosyl acceptor146 (Scheme 8). Nevertheless, the determination of the reaction mechanism is 

never straightforward and can be influenced by multiple factors147. 
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Scheme 8 – General mechanism of the glycosylation reaction with a participating and a non-
participating group. 
 

Numerous functional groups have been studied as leaving groups in carbohydrate chemistry145. 

Glycosyl donors are usually prepared as thioglycosides, imidates, phosphates, and halides. After 

the activation, the nucleophilic attack from the glycosyl acceptor to the cationic specie formed 

(glycosyl donor) can occur either from the top or the bottom, forming a 1,2-trans (mostly β-

configuration) or 1,2-cis glycosides (mostly α-configuration). Stereoselectivity is usually controlled 

by different means to achieve these two configurations. For example, neighboring group 

participation at C-2 allows 1,2-trans glycosides with high stereoselectivity. 

C2-acyl substituents form an acyloxonium ion complex with C-1, blocking the bottom face and 

favoring the attack of the nucleophile from the top face. On the other hand, the synthesis of 1,2-

cis glycosides is complex and requires the control of several factors to favor the formation of 1,2-

cis linkages. These factors include non-neighboring group participation at C-2, remote anchimeric 

assistance (remote group participation), conformation-restraining groups, and solvent and 

temperature effects.  

While using a participating group is required to form 1,2-trans linkages, the presence of a non-

participating group at C-2 is desirable to form 1,2-cis linkages. Moreover, remote participation of 

protective groups in other positions has been used to increase the selectivity for the 1,2-cis 

linkages. For instance, acyl (acetyl, benzoyl) groups at different positions C-6 and C-3 have been 

reported to increase selectivity for the 1,2-cis linkage in GlcN3 sugars148 and glucosyl donors149. 

Similar studies show the use of di-tert-butylsilylene to afford α-selective galactosylation150-151. 

These effects can be attributed to either steric or electronic shielding of the ring top face favoring 

the nucleophilic attack from the opposite side146. Temperature and solvent also influence 

stereoselectivity. Glycosylations performed at high temperatures will increase the formation of the 

more thermodynamically favored α-glycoside due to the anomeric effect146-147, 152. The use of 

ethereal solvents (diethyl ether, 1,4-dioxane) also favors α-glycosylation products153, while β-

glycosylation is predominantly formed when nitriles (acetonitrile) are used154 (Scheme 9).  
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Scheme 9 – Examples of strategies to achieve 1,2-cis glycosidic linkages. 

A plethora of studies to improve the outcome of the glycosylation reactions have been reported 

during the last century, and these significantly expedited the synthesis of oligosaccharides bearing 

complex functionalizations155. However, it remains challenging due to the high number of 

manipulations (protection, deprotection) and, therefore, multiple purification steps required to 

synthesize complex molecules found in nature. Nevertheless, after several months of work, a few 

milligrams with high purity and homogeneity can be obtained. Solution-phase synthesis is 

considered time-consuming and limited to a few specialized laboratories156-157. 

 

1.2.5.2. Automated Glycan Assembly 

Solution phase synthesis of carbohydrates has mainly been explored, and with the advances of 

the last decades, almost any structure can be synthesized using this technique. However, it is 

considered a long and tedious process156. On the other hand, solid-phase synthesis has shown 

to be efficient for assembling other biopolymers like peptides and oligonucleotides, and this 

inspired the use of this methodology in the carbohydrates field.  

Automated solid-phase synthesis of oligosaccharides was firstly described in 2001158. During the 

last 20 years, this technique has been improved and validated, showing high versatility. Nowadays 

is known as Automated Glycan Assembly (AGA)159. 

 

As with other solid-phase synthesis methods, the synthesis starts with functionalized solid support 

with an appropriate nucleophile required for the glycosylation reaction. Next, a glycosyl donor 

known as a building block is activated by a promoter or activator and undergoes a glycosylation 

reaction. The monosaccharide is fully protected with one or more orthogonal groups that can be 

selectively removed to continue with another glycosylation reaction. Iterative cycles of 

glycosylation and deprotection allow the on-resin elongation of the carbohydrate as desired. 

Critical steps such as acetylation of unreacted groups (capping) improve the outcome of the 
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synthesis160 and, therefore were included in the iterative cycles for AGA. Once the automated 

synthesis finishes, the oligosaccharide bound to resin is further treated as required 

(methanolysis158, sulfation161, phosphorylation162), then the glycan is cleaved from the solid 

support releasing a partially protected oligosaccharide that can be purified or used as a crude for 

hydrogenolysis to yield the fully deprotected moiety (Figure 4).  

 

Figure 4 – Automated Glycan Assembly of carbohydrates 

 
The solid support commonly used for AGA is Merrifield resin, a polystyrene cross-linked 

(divinylbenzene) polymer having good swelling properties. This resin is functionalized with a linker 

modified with a spacer or a monosaccharide. Some described linkers include metathesis-labile163-

164, base-labile165, and photocleavable linkers166. In addition, recent syntheses employ traceless 

photolabile linkers that offer the possibility to cleave the glycan with a spacer at the reducing end 

and are ready for conjugation, as well as free reducing end glycans167. 

The most common building blocks employed in AGA are thioglycosides, which present high 

reactivity and bench stability141. When a more reactive donor is required, thioglycosides are 

converted to phosphates and imidates. These monosaccharides are equipped with permanent, 

participating, and non-participating orthogonal protective groups that allow the regioselective 

formation of oligosaccharides. Stereoselectivity for the formation of 1,2-trans linkages is mainly 

driven by anchimeric remote assistance at C-2. A recent report shows a significant advance in 

forming 1-2-cis linkages that rely on several strategies such as enhanced remote assistance, 

temperature, and solvent control168. However, more optimizations are still required in this field. 

The most common orthogonal protective groups employed are fluorenyl-9-methoxycarbonyloxy 

(Fmoc), benzoyl (Bz), and levulinoyl esters (Lev). Moreover, 2-naphthylmethyl ether (Nap) and 

chloroacetate ester (AcCl) have also been employed162, 169. 
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During the last 20 years, AGA has shown a significant advance and substantial versatility for 

synthesizing linear and branched oligosaccharides derived from mammals166, 170, bacteria171-172 

and plants168, 173. In addition, the rapid access to linear molecules has allowed the structural study 

of oligosaccharides174-176. The most recent improvement to this technique is the integration of 

microwave to speed up the total time of the synthesis enabling rapid temperature adjustment169. 

Furthermore, automated Glycan Assembly has proven efficient for obtaining several molecules. 

Nonetheless, the scope of targets should be increased because the synthesis of rare and complex 

glycans such as bacterial carbohydrates and glycosylphosphatidylinositol is still exclusively 

performed in solution-phase synthesis. 

 

1.2.5.3. Enzymatic synthesis of oligosaccharides 

Enzymatic synthesis represents an alternative to solution and solid-phase synthesis of 

oligosaccharides. During enzymatic glycosylation, the formation of bonds is always stereo and 

regioselective, and no protecting group manipulations are required44, 19. In stark contrast to 

chemical synthesis, enzymatic reactions occur in aqueous solutions and only need limited control 

of the reaction conditions (temperature, pH)142.  

In nature, enzymes make oligosaccharides with high acceptor and donor specificity linearly from 

the reducing end. The enzymes used in oligosaccharide synthesis are glycosyltransferases and 

glycosidases/glycosynthases. The glycosyltransferases catalyze the stereo- and regiospecific 

transfer of a monosaccharide from a donor (nucleotide sugars, lipid phosphor-sugar, and sugar-

1-phosphates) to a nucleophilic substrate (oligo and polysaccharides and amino acid residue). 

Therefore, they have been widely used to prepare essential biomolecules such as carbohydrates 

and N- and O-glycoproteins66-67. In addition, glycosidases catalyze the selective hydrolysis of 

glycosidic linkages either with retention or inversion of the configuration. Since the hydrolytic 

reaction is an equilibrium, glycosidases can also be employed in the presence of excess 

glycosides to favor the product formation. This strategy showed to be efficient for the synthesis of 

glycosylated amino acids177.  

Although enzymatic synthesis occurs in mild conditions, protection of substrates is not required, 

and several glycosyltransferases have been characterized and used for oligosaccharide 

synthesis. Still, the identification and access to more enzymes are required142. To date, enzymatic 

methods are used for industrial-scale synthesis, and chemical methods remain the best practice 

in academic laboratories to provide new structures for exploratory research178. Combining 

chemical and enzymatic synthesis will bring further advances in glycan synthesis to allow access 

to complex glycans and glycosylated molecules. 

Despite the innovations in producing homogeneous glycoproteins by different methods, 

challenges should still be faced. Each target represents a specific challenge, and a meticulously 

choice of strategy for its ligation or expression is required, and novel and more efficient enzymes 

are still to be discovered. Chemical synthesis allowed access to several targets, but due to the 
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variability of glycan structures, the optimization and expansion of current methods are necessary. 

Therefore, it is essential to continue the efforts to develop methodologies that allow the synthesis 

of complex natural or modified glycoproteins that have biological relevance and can be further 

used in the pharmaceutical market.  

 

1.3. Selected examples of glycoproteins  

As described in the previous sections, glycoproteins are involved in essential functions of living 

organisms, leading to an interest in using them for diagnostics and treatments. Therefore, 

understanding of the structure-activity relationship and the finding of suitable epitopes for 

screening are required. In the following section, two interesting glycoproteins are presented. 

1.3.1. CD59  

CD59 is a glycosylphosphatidylinositol-anchored protein that inhibits the formation of the 

membrane attack complex (MAC), therefore protecting cells from undesired complement-

mediated cell lysis179-180. MAC has opsonizing properties and forms pores in the membrane of 

pathogens, which leads to an increased influx of water that bursts bacteria181. Enveloped viruses 

such as HIV incorporate CD59 in their lipid bilayer to inactivate the complement system, which 

prevents them from complement-mediated lysis182. 

The human CD59 glycoprotein (Figure 5), which can be isolated as a complex mixture of 

glycoforms from erythrocytes, consists of 77 amino acids, one C-terminal GPI anchor (Asn77), a 

single N-glycosylation site (Asn18) and a limited degree of O-glycosylation (e.g., on 

Thr51/Thr52)181. The structure is stabilized by five disulfide bonds involving cysteines 3-26, 6-13, 

19-39, 45-63, and 64-69183-185. NMR and crystallographic studies have confirmed that the fold of 

the protein comprises three β-strands (C, D, E), a single α-helix (α1), and a very small helix 

represented as (α1’). The N-terminal region is a primarily irregular loop but contains a small β-

ribbon (A) packed edge-on with the main β-sheet183, 186. 

 
Figure 5 – Crystal structure and amino acid sequence of CD59; taken from Huang et al 186 
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Human CD59 levels can present a high difference between cell types, but it is expressed in almost 

all tissues and circulating cells187-188. For instance, endothelial cells show higher expression levels 

than peripheral blood mononuclear cells (PMBCs)189-190. The presence of CD59 in several types 

of tissues and cells suggests that it might play an essential role in health and disease conditions. 

Neurons and endothelial cells upregulate the expression of CD59 to protect themselves from 

complement-mediated degeneration191. Moreover, studies have shown that on tumor cells/tissue, 

CD59 levels differ from the normal, which can be used as a biomarker for predicting 

pathologies192. Hyperexpression of CD59 protects tumor cells from immune attack by preventing 

MAC formation179. Inversely, age-related macular degeneration is related to lower expression of 

CD59193, and glycoprotein deficiency could cause paroxysmal nocturnal hemoglobinuria194. 

 
Although CD59 plays a crucial role in protecting normal cells from complement attack, it has been 

reported to protect cancer cells. In addition, studies have shown that soluble CD59 has potential 

use as a biomarker for the diagnosis of lung diseases and diabetes192, 195. However, there is no 

advanced understanding of the functions of CD59, especially those related to the immune cells (T 

lymphocyte, dendritic cells, macrophages, and B lymphocyte cells, among others)179. 

Furthermore, the biological activity of the protein can be related to its structure. Therefore 

homogeneous glycoforms of this glycoprotein can significantly contribute to the investigation of its 

functions and the development of efficient therapeutic strategies to apply CD59 as a target in 

immunotherapy as is desired by the medical science community. 

 

1.3.2. O-glycoproteins: mucins and mucin-like molecules 

Mucins and mucin-like molecules (MLMs) are highly O-glycosylated proteins present on the cell 

surface of mammals and other organisms13, 196-197. These glycoproteins are highly diverse in the 

apoprotein and glycan cores and play a central role in many biological processes and diseases53, 

198. Mucins are the most abundant macromolecules in mucus and are responsible for their 

biochemical and biophysical properties198-199. Mucin-like molecules cover various protozoan 

parasites200-201, fungi202, and viruses203. In humans, modifications in mucin glycosylation are 

associated with tumors in epithelial tissue204-205. These modifications distinguish between normal 

and abnormal cell206 conditions and represent important targets for vaccine development against 

some cancers22, 207-210. In addition, mucins and mucin-like molecules derived from pathogens are 

potential diagnostic markers and targets for therapeutic agents211-212.  
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Figure 6 – Variation of the protein-glycan and membrane linkage and glycan structures in 

human mucins and protozoan MLMs, taken from Pinzón et al 1 

 

Mucins contain variable glycosylated tandem repeat domains rich in proline (Pro), threonine (Thr), 

and serine (Ser) (PTS domains)199, 213, and cysteine-rich regions214 localized at the amino and 

carboxy terminus and interspersed between the PTS domains199, membrane-bound mucins have 

a common structure containing a transmembrane and a cytoplasmatic tail domain215. The 

apomucin, or protein core, and the oligosaccharides are different among mucins53. The structure 

of the O-glycans present in human mucins comprises three main parts: the GalNAc linked to the 

protein216-217; a backbone or extension part corresponding to an elongation of the GalNAc with 

either α-(1→3)- or β-(1→3)-linked galactose or by β-(1→6)-, β-(1→3)-, or α-(1→6)-linked N-

acetylglucosamine218; and a high variable peripheral part containing fucose and N-acetyl 

neuraminic acid terminal units53 (Figure 6). 

 

1.3.2.1. O-Glycans in T. cruzi 

Like human mucins, MLMs have domains rich in Pro, Thr, and Ser containing multiple O-

glycosylations. The glycan structure in MLMs from many pathogens is unknown, but some 

differences have been reported. For example, the surface of the protozoan parasite T. cruzi is 

covered with MLMs and GPI-anchored glycoconjugates, termed mucins and mucin-associated 

surface proteins219. Early reports describing particular features of MLMs glycans derived from T. 

cruzi determined that the glycans are linked to the protein by α-GlcNAc instead of α-GalNAc like 

in human mucins220-221 (Figure 7). Galactose constitutes the main residue for elongation, and its 

configuration varies depending on the strain and the stage of the parasite222. For instance, β-
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galactofuranose is present in the epimastigote stage223-226, while α-galactopyranose is more 

commonly found in trypomastigote mammal state parasite227. The other configuration, β-

galactopyranose, was identified in all the strains of epimastigotes and trypomastigotes222-223, 228.  

 

Figure 7 - Chemical structure of synthesized glycans from MLMs of Trypanosoma cruzi 

Colombiana strain (I, II, V-VII), Tulahuen strain (III, IV), and Y strain (VIII-XIII). 

The characterization of these glycan molecules and protein core has served as a model to 

synthesize mucin-like O-glycans, peptides, glycosyl-amino acids, and glycopeptides. Initial 

synthesis includes the preparation of the O-linked saccharides I-V (Figure 7) present in T. cruzi 

Colombiana and Tulahuen strains229. The first synthetic target was disaccharide I230, which is the 

basis of synthesizing other molecules, including trisaccharides II231, III, and IV232, tetrasaccharide 

V233, pentasaccharide VI234, and hexasaccharide VII235. Further reports include the synthesis of 

glycan VIII from the T. cruzi Y strain (Figure 7) 236. Glycosyl amino acids IX and X and 

disaccharides glycosides XI and XII derived from the T. cruzi Y strain were synthesized to study 

the mucins as substrates for trans-sialidase activities; i.e. a chemoenzymatic reaction on the 

glycosyl amino acid IX was used to obtain the glycopeptide XIII. These studies delivered 

information about the relaxed acceptor substrate specificity of the T. cruzi trans-sialidase, which 

is essential to understanding the role of this enzyme during T. cruzi infections237. 

Mucins and MLMs are becoming important markers for diagnostics and drug and vaccine design 

targets. For example, human mucin-based structures are used as targets for cancer 

immunotherapy212, and antibodies against ML-proteins are employed to discriminate T. cruzi 

lineages and diagnose Chagas disease211. However, mucins and MLMs research is still limited 

by access to pure materials and a poor understanding of the function of these molecules in 
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diseases. The heterogeneity and difficult characterization of isolated glycoproteins and the need 

for homogeneous drug and vaccine design material prompted the synthesis of mucin and MLM-

related structures. 

Human CD59 and glycosyl amino acids of T. cruzi are essential targets for diagnostic and 

treatments; homogeneous glycoforms of these derivatives are required for this purpose. 

Therefore, the development of strategies that allow the access to several glycoforms of human 

CD59 and glycosyl amino acids of T. cruzi to be screened represents an exciting research field. 

The contribution made to this field will be summarized in the following section (1.4) and further 

discussed in chapters 2 and 3. 

 

1.4. Aim of the thesis 

The main goal of this work was to develop strategies and methodologies for synthesizing 

glycosylated molecules. Two projects were conceived to establish the automated solid-phase 

synthesis of O-glycosyl amino acids and the application of synthetic glycopeptides in glycoprotein 

synthesis. 

The first project focused on establishing a strategy for synthesizing homogeneous variants of 

human CD59 using native chemical ligation. The aim of the project includes the design of a 

strategy to allow the synthesis of the protein without glycosylation and bearing and N- and O-

linked monosaccharides. In addition, the resulted glycoprotein should be suitable for further 

transformation, such as transglycosylation reactions, glycan enzymatic elongation, and the 

attachment of a glycosylphosphatidylinositol glycolipid. The structure of the target molecules, 

designed synthetic routes to prepare the peptides, and ligation of the fragments by native chemical 

ligation are described in chapter 2.  

The second project should establish a methodology to access glycans and glycosylated amino 

acids by employing automated glycan assembly targeting glycosyl amino acids of mucin-like 

molecules present on Trypanosoma cruzi (Y strain). A methodology for the synthesis of galactose-

containing glycans should be developed and applied to obtain O-glycosyl amino acids suitable for 

the synthesis of glycopeptides or for screening in biological applications.  

The synthetic methodologies described in the thesis should serve as an efficient way to deliver 

molecules that can act as models for structure-activity relationships studies using pure glycans 

and glycoproteins. In addition, they would contribute to the knowledge of the therapeutic potential 

of carbohydrates. The methodology to synthesize glycosyl amino acids derived from mucins and 

mucin-like molecules should also allow easy access to molecules that can be screened as 

epitopes for diagnostics, treatments for cancer and infectious diseases, and used as building 

blocks for glycopeptides or glycoprotein synthesis. Overall, the project results in this thesis should 

provide model strategies for synthesizing glycoproteins, their protein and carbohydrate cores and 

provide a platform for studying their biological properties. 
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2. Chemical synthesis of human CD59  

The development of strategies for the chemical synthesis of proteins and glycoproteins has driven 

the interest in obtaining several targets of biological interest. However, chemical protein synthesis 

is still a nascent technology requiring additional procedures and optimization of existing 

methodologies to overcome difficulties associated with assembling long sequences and complex 

protein modifications. A fundamental protein synthesis method uses peptides and glycopeptides 

obtained by the well-established SPPS. Despite the enormous advances, the SPPS of long 

peptides and peptides containing complex sequences is challenging and suffers from the 

accumulation of byproducts from side reactions, incomplete couplings, and the aggregation of the 

growing peptide chains126, 137. A significant challenge in glycoprotein synthesis is the synthesis of 

glycopeptides, where the difficulty inherent to carbohydrate synthesis converges with the 

limitations of peptide synthesis.  

Chemoenzymatic processes emerged as an alternative to solve the difficulties present in chemical 

glycoprotein synthesis, especially in the protein and glycans elongation steps. In these strategies, 

the protein part is recombinantly expressed or synthesized by ligation of chemically synthesized 

fragments. The glycans are incorporated either using synthetic glycopeptides or by enzymatic 

elongation of monosaccharide or oligosaccharides units. A recombinant protein expression limits 

the possibilities for functionalization to resemble the post-translational modifications of natural 

glycoproteins. In contrast, chemical synthesis allows for modifications at specific sites and the 

synthesis of large, tailored molecules such as glycoproteins.  

 

There is a need for homogeneous glycoforms of glycoproteins to determine the role of glycans in 

protein activity. This work envisioned establishing a strategy for synthesizing glycoproteins using 

the glycosylated human CD59 protein as a model. This glycoprotein contains an N- and O-

glycosylation at Asn-18 and Thr-51 and a C-terminal GPI anchor17. In addition, the project aimed 

the synthesis of a non-glycosylated protein and glycosylated variant of CD59 bearing 

monosaccharides to investigate further enzymatic modifications such as transglycosylation, 

enzymatic O-glycan elongation, and glypiation. 
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2.1. Strategy I: SPPS of the non-glycosylated CD59 

 

Scheme 10 - Retrosynthesis of a non-glycosylated CD59 

The retrosynthetic analysis to obtain CD59 without glycosylation considered one main 

disconnection between the GPI and the C-terminus of the protein and two fragments, a protein 

and a glycosylphosphatidylinositol (GPI). The synthesis strategy was envisioned using native 

chemical ligation between a C-terminal thioester of the non-glycosylated protein (CD59 1-77) and 

a cysteine-bearing GPI for protein glypiation. 

CD59 is a small protein containing 77 amino acids, which is a size commonly found in publications 

describing the SPPS of long peptides. Therefore, the SPPS of the whole CD59 sequence in one 

single process was evaluated first (Scheme 10). Considering the different methods to obtain 

peptide thioester by Fmoc-SPPS, the synthesis of a protein hydrazide as a thioester precursor 

was selected for this strategy (Scheme 11). Furthermore, peptide hydrazides are stable to the 

SPPS conditions and can be easily and rapidly converted into a thioester for the NCL reaction117. 

The natural CD59 sequence contains asparagine at the C-terminus (Asn-77), a residue prone to 

side reactions during the thioester formation and succinimide formation by cyclization of the 

asparagine side chain with the activated C-terminus116. Therefore, an alanine residue was added 

to the C-terminus to avoid this undesired reaction and facilitate the protein synthesis without 

alterations to the protein structure. 

 
Scheme 11 – Synthesis of partially protected non-glycosylated CD59. Reagents and conditions: 
a) MW-SPPS: coupling Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl 
cyano(hydroxyimino)acetate, DMF, deprotection: 20% piperidine in DMF; b) 
TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 
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The non-glycosylated protein synthesis was designed involving three main steps: a manual 

functionalization of the resin to install a linker for peptide hydrazide synthesis, coupling of the C-

terminal amino acid, and a MW-assisted SPPS for the elongation of the amino acid chain.  

The hydrazide-functionalized resin was prepared from Wang resin as described in the literature 

by reaction of the hydroxyl group with p-nitrophenyl chloroformate in the presence of N-methyl 

morpholine, followed by nucleophilic attack employing hydrazine monohydrate116 (Scheme 12).  

 

 
Scheme 12 – Functionalization of NovaPEG Wang resin. Reagents and conditions: a) p-nitrophenyl 
chloroformate, N-methyl morpholine, CH2Cl2, 0 °C to rt, overnight b) hydrazine monohydrate 
CH2Cl2/DMF (1:1) 0 °C to rt, overnight. 
 

The C-terminal Fmoc-Ala-OH was coupled manually to the hydrazine resin using DIC and 6-Cl-

HOBt activation. Considering the number of amino acids in the sequence, this first coupling was 

used to set the resin substitution to 0.15 mmol/g, which may allow peptide elongation and reduce 

the peptide aggregation. The resin loading was determined by UV Fmoc removal quantification 

using reported methods238. After obtaining the desired resin loading, unreacted hydrazine groups 

were capped, employing a solution of Ac2O/DIPEA/DMF (1:1:10) to deliver the resin ready for 

peptide elongation. 

Initial elongation by MW-assisted SPPS (residues 70-77) was performed at 75 °C using single 

cycles of 20% piperidine in DMF for Fmoc removal and coupling with DIC/Oxyma amino acid 

activation. Different conditions were needed only for three amino acids cysteine and histidine 

coupled at 50 °C and arginine at room temperature following literature protocols to prevent 

epimerization239 and δ-lactam formation by arginine240. Double deprotection and coupling cycles 

were performed from the residue 70. This change was necessary to avoid incomplete coupling or 

deprotections, especially in amino acids appearing double and consecutive in the sequence (Lys 

-66/Lys-65, Cys-64/Cys-63, and Tyr-62/Tyr-61). Three sites were selected to monitor the peptide 

elongation and synthesis progress: (Thr-52, Cys-39, and Leu-1). To do this, an aliquot of resin 

beads was taken from the reaction, a small-scale cleavage employing TFA was performed, and 

the obtained crudes were analyzed. 

LC-MS analysis of the cleaved peptides showed the progression of the synthesis (Figure 8). The 

chromatogram profile after Thr-52 showed a principal peak corresponding to the expected 26-

residues peptide and some deletion sequences (Figure 8a). Since the expected peptide was 

observed and detected as the main product, the elongation process proceeded until Cys-39. LC-

MS analysis at this point revealed the main peak corresponding to the desired product (Figure 

8b). However, the peaks corresponding to deletion sequences increased in intensity and number. 

The presence of the expected 39-residues peptide encouraged to continue the elongation of the 

sequence. Unfortunately, after completing the synthesis of the CD59 sequence (1-78), an 
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inseparable mixture of products was obtained, and none of the observed peaks could be assigned 

by MS to the protein (Figure 8c). 

 
Figure 8 - LC-MS analysis of the crude fragments synthesized with 2-CTC resin. Chromatogram 
recorded at 214 nm after cleavage a) 52-78; b) 39-78; c) 1-78. (RP-HPLC with C18 column, gradient: 
5 to 40% of ACN in water + 0.1% of HCOOH in 25 min). 

 

Despite the double cycles employed to assure complete Fmoc removal and amino acid coupling, 

total protein synthesis by MW-SPPS was unsuccessful, giving a complex mixture of peptides that 

could not be assigned. Furthermore, in agreement with the literature, the synthesis of this long 

peptide, containing more than 50 amino acids, presented several difficulties and side reactions 

without forming the desired peptide108. These results prompted a methodology change. Thus, the 

synthesis was not further optimized, and a new strategy employing native chemical ligation was 

considered for glycosylated and non-glycosylated CD59 synthesis. 

 

2.2. Strategy II: One-pot NCL C- to N- terminal assembly 

MW-SPPS of the full-length CD59 presented difficulties associated with the peptide size and 

difficulty of the sequence. Native chemical ligation is a methodology allowing the synthesis of long 

proteins using short peptides and offers advantages in obtaining complex proteins. Thus, this 

methodology was explored next to synthesize the target protein. Considering the high number of 

cysteine residues in the CD59 glycoprotein and their potential use as ligation points by NCL, 

several disconnections are possible for its synthesis by this strategy. Therefore, other different 

aspects were considered for the peptide selection, such as the sequence length and the position 

of the glycosylation sites. 
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2.2.1. Retrosynthetic analysis and strategy design 

Retrosynthetic analysis using NCL-based synthesis of non-glycosylated CD59 considered similar 

size peptide fragments and four ligations as a suitable method to obtain this protein variant. The 

starting point was the disconnection between the GPI and the C-terminus of the protein that 

requires a protein hydrazide and GPI to deliver the glypiated CD59 in the last step of the process. 

Like the previous strategy, this disconnection was selected due to difficulties synthesizing both 

parts. Then, three further disconnections in the protein part at residues 69, 45, and 26 delivered 

a set of four peptide fragments, three of them bearing an N-terminal cysteine for NCL (Scheme 

13). 

 
Scheme 13 - Retrosynthesis analysis of non-glycosylated CD59 leading to fragments 3-6 

A strategy involving sequential native chemical ligation of the peptide or glycopeptide fragments 

3-6 having Cys-26, Cys-45, and Cys-69 as junction points required specific modifications at the 

N- and C-terminus of these peptides. To allow future glypiation via NCL with a modified GPI, the 

CD59 C-terminus peptide fragment 6 may contain a hydrazide for further conversion into thioester 

after the protein core synthesis (Scheme 13).  

Additional essential factors were considered for the design of the four peptide fragments. First, all 

peptides may contain a hydrazide for conversion into the corresponding thioester. Second, the 

internal cysteines needed a protective group due to the high number of cysteines in CD59 and 

the possible formation of thiolactone side-products during the thioester synthesis. Finally, to 

perform C- to N-sequential ligations, the N-terminal cysteine of peptide fragments 4 and 5 also 

required protection. In this case, Fmoc was selected as the orthogonal protective group. 
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Four peptide hydrazides were designed for this strategy: Leu-1 to Ala-25 (3), Cys-26 to His-44 

(4), Cys-45 to Leu-68 (5), and Cys-69 to Ala-78 (6). The acetamidomethyl group (Acm) served as 

a protecting group for the side chains of internal cysteines 3, 6, 13, 19, 39, 63, and 64. The N-

terminal of the peptides 4 and 5 design included protection with a carbamate, such as the Fmoc 

group. The use of peptide hydrazides as thioester surrogates presents several advantages as 

they can be easily and rapidly converted to a peptide thioester and are unreactive under native 

chemical ligation unless activated. Therefore, they can be used as masked thioester in the 

convergent synthesis of proteins117.  

 

2.2.2. Solid-phase synthesis of CD59 peptide fragments 

Synthesis of CD59 peptide fragment 3 (1-25) 

 
Scheme 14 – Synthesis of peptide hydrazide 3. Reagents and conditions: a) MW-SPPS: coupling 
Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF b) TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 

The process started with the synthesis of the hydrazide-functionalized Wang resin using the 

protocol early described (Scheme 12)116. Next, Fmoc-Ala-OH was activated using DIC and 6-Cl-

HOBt and coupled manually to the hydrazine resin. The coupling efficiency was determined by 

Fmoc quantification, giving a loading of 0.43 mmol/g that corresponded to 84% of the reacted 

sites. Finally, the remaining unreacted groups were acetylated employing an Ac2O/DIPEA/DMF 

(1:1:8) solution.  

Initial attempts for synthesizing peptide 3 involved standard couplings with DIC/Oxyma and 

deprotections at 75 °C. Several products were detected by LC analysis after the peptide synthesis 

(Figure 9a). MS analysis of these products revealed the formation of various deletion sequences 

and the corresponding mass of the expected peptide with signals related to [M-18]2+, [M-36]2+, 

and [M-54]2+. Since the peptide contains three aspartic acid residues (Asp-Ala, Asp-Phe, Asp-

Cys(Acm)), the detected masses were associated with aspartimide formation at these residues. 

These results underlined the need of method optimization for synthesizing peptide 3. Two 

strategies focused on improving the synthesis; applying methods to reduce the aspartimide side-

reaction and optimizing the coupling conditions to avoid deletion sequences.  

 
Scheme 15 - Base mediated aspartimide formation 
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Aspartimide formation is a base-catalyzed side reaction commonly occurs in SPPS during the 

treatments with piperidine for the Fmoc removal241 (Scheme 15). This side reaction is usually 

associated with a peptide containing an Asp-Gly motif in the sequence. However, aspartimide can 

occur in other motifs depending mainly on the neighboring residue of aspartate133. 

Various strategies are reported to overcome efficiently the appearance of this cyclization reaction 

during SPPS242. These strategies were evaluated to improve the synthesis of peptide 3. The first 

strategy used piperazine instead of piperidine for Fmoc removal. Different reports described 

piperazine as a milder base for Fmoc-removal243 due to its associated pKa. An MW-SPPS of 

peptide 3 using a piperazine solution (10% w/v) in NMP/EtOH (90:10) showed a slight 

enhancement in the quality of the obtained products by LC-MS analysis (Figure 9b). The mass of 

the expected product was present. However, the general synthesis outcome did not improve; 

deletion sequences and aspartimide were still formed during the sequence elongation. 

 
Figure 9 - LC-MS analysis of the crude peptide 3 (CD59 1-25) synthesized under different 
deprotection conditions. Chromatograms were recorded at 214 nm after small scale cleavage (RP-
HPLC with C18 column, gradient: 5 to 40% of ACN in water + 0.1% of HCOOH in 25 min). a) 20% 
piperidine, 75 °C; b) 10% piperazine, 75 °C; c) 20% piperidine + 0.8% of HCOOH; 90 °C d) 20% 
piperidine + 0.8% of HCOOH; 75 °C. P: Peptide 3; A: deletion by-products; B: [M-18+2H]2+; C: [M-
36+2H]2+; D: [M-54+2H]2+; E: [M-Pro+2H]2+; F: [M-Asn+2H]2+; G: [M-Ala+2H]2+; H: [M+tBu+2H]2+.  

Literature reports have also presented aspartimide formation can be reduced using additives and 

acids in the deprotection solution241, 244. However, the two common additives (HOBt, and Oxyma) 

presented some drawbacks for their application in synthesizing peptide 3. HOBt is explosive under 

dry conditions and is not recommended for reactions at high temperatures. Ethyl 2-cyano-2-

(hydroxyamino)acetate (Oxyma) is expensive and commonly used in carbodiimide-mediated 

amino acid activation. The acid-mediated prevention of aspartimide formation studied by Mier and 

coworkers241 suggested the addition of formic acid as an efficient and cost-effective method to 

avoid aspartimide formation in SPPS. Thus, adding 0.8% formic acid to the deprotection solution 

(20% piperidine in DMF) was tested to synthesize the peptide fragment 3. 

An additional synthesis of 3 performed at 90 °C employing 20% piperazine + 0.8% of formic acid 

in DMF (v/v) revealed a significant improvement of the process with reduced aspartimide 

formation observed at only two sites (Figure 9c). Previous reports described the abstraction of the 
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amide backbone proton as the critical step in the cyclization leading to aspartimide formation. 

Therefore, the addition of acid increases the concentration of protonated base to prevent the 

undesired deprotonation of the amide backbone nitrogen, thus decreasing the percentage of 

aspartimide formation (Scheme 16)241, 245. 

 
Scheme 16 - Proposed mechanism of the action of the formic acid in the deprotection solution 

Changes in the temperature during the Fmoc removal may also contribute to aspartimide 

formation and its appearance in SPPS processes130-131, 246. Therefore, to analyze the temperature 

effect in the synthesis of peptide 3, a peptide preparation using deprotection solution with formic 

acid was also performed at 75 °C. Unfortunately, no further improvement was observed in the 

synthesis outcome (Figure 9d). Nevertheless, the addition of acid showed to be an effective way 

to reduce this side reaction in the MW-SPPS, becoming the standard deprotection solution of all 

following syntheses. 

Since aspartimide formation represented a big challenge for synthesizing peptide fragment 3, 

several other parameters were considered to minimize this side reaction in further synthesis. An 

analysis of the amino acids neighboring to aspartate in peptide 3 showed, in agreement with the 

literature, that the motifs Asp-Ala and Asp-Cys(Acm) had a pronounced tendency to form this side 

reaction133. Due to the position of these amino acids in the sequence, a second approach 

described in the literature to avoid aspartimide was considered for the synthesis of 3, which is the 

introduction of a bulkier protective group for the side chain of aspartic acid. This new protecting 

group was especially considered for the Asp-Ala motif closer to the C-terminus and should 

undergo many deprotection cycles. Furthermore, using a bulkier linker such as a trityl linker was 

also envisaged to reduce aspartimide formation at this position. 

Microwave-assisted SPPS increases the deprotection and coupling rates. However, MW heating 

might also accelerate side reactions such as racemization and/or aspartimide formation130, 243. 

Thus, the suggested temperatures for deprotection and coupling in the system were carefully 

analyzed in both cycles to diminish the extent of these side reactions. It was observed that 

reducing the coupling temperature might also reduce the deprotection temperature without a 

cooling system or long cooling times. By performing couplings at 75 °C, the temperature in the 

reaction vessel during deprotection presented significant differences between the programmed 

value (25 °C) and the measured value (50 °C). On the contrary, the difference between these 

values was more negligible using coupling cycles at 50 °C, which allowed temperature reduction 

to 38 °C during deprotections (Table 1). 
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Table 1 – Variation in the temperature under different coupling and deprotection conditions 

   

Step 
Initial 

Method  
Optimized 

method 
 

      
 

Coupling 75 °C 50 °C  

Deprotection (programmed) 25 °C 25 °C  

Deprotection (measured) 50 °C 38 °C  

      
 

      
     

The final optimization incorporated all the strategies mentioned above: use of formic acid in the 

deprotection solution, use of a bulkier protective group for the aspartic acid side chain, reduction 

of temperatures during deprotection and coupling, and use of a sterically hindered linker on the 

resin. Previous reports demonstrated the Asp(OMpe) applicability for reducing aspartimide 

formation133. However, the amino acid Asp(OEpe) was preferred because it contains a bulkier 

group that may protect by substantial steric hindrance the sensitive motifs (Asp-Ala, Asp-

Cys(Acm)). A 2-chlorotrityl chloride (CTC) linker on a PEG-PS resin was selected as the best 

combination of a hindered linker and solid support for synthesizing challenging peptides. In 

addition, double coupling and capping cycles in selected amino acids were included to avoid 

deletion sequences and the TFA cocktail cleavage K containing TFA/phenol/water/thioanisol/EDT 

(82.5/5/5/5/2.5) was incorporated in the strategy. This cocktail solution reduces the reaction 

between the electrophilic species generated during the global deprotection and the product. The 

optimized conditions for the synthesis of the peptide 3 are summarized in Table 2. 

Table 2 – Optimized conditions for the synthesis of peptide 3 

Step Optimized method 
 

    
 

Deprotection 20% piperidine + 0,8% formic acid in DMF, 25 °C  

Coupling DIC/Oxyma in DMF, 50 °C  

Bulkier groups 2-cloro trytyl chloride attached to the resin and Fmoc-Asp(OEpe)-OH  

Cocktail cleavage TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5)  

    
 

    
    

The new strategy to synthesize peptide 3 started with functionalizing the 2-chlorotrityl chloride 

resin as described in literature 117-118 employing 1 M hydrazine in THF (10 equiv.), followed by 

capping of unreacted groups employing 5% methanol in DMF (Scheme 17).  

 
Scheme 17 – Functionalization of 2-chloro trityl chloride resin with hydrazine in THF. Reagents 
and conditions: a) 1 M N2H4 in THF in DMF, rt, 2 h; b) 5% MeOH in DMF, rt, 15 min. 

The Fmoc-Ala-OH was manually coupled to the resin employing HATU as an activator and DIPEA 

as a base. Quantification of the Fmoc removal showed substitution of 0.28 mmol/g, corresponding 
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to 70% conversion of the active sites on the resin. After further capping of remaining reactive 

groups on the resin, the expensive Fmoc-Asp(OEpe)-OH was manually coupled to the resin using 

two equivalents and monitoring the coupling efficiency with a qualitative Kaiser test. Finally, the 

peptide was elongated using the optimized conditions for MW-SPPS. 

Analysis of the crude peptide showed an improvement in the synthesis. Although the strategy 

modifications reduced the reaction rates and fewer side products were observed, the aspartimide 

formation was not entirely suppressed. Nevertheless, this complex synthesis was significantly 

optimized, and the peptide hydrazide 3 was obtained with an acceptable 9% yield after purification 

(Figure 10).  

 
Figure 10 - LC-MS analysis of the crude peptide 3 using the optimized methodology. 
Chromatogram recorded at 214 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 
5 to 70% of ACN in water + 0.1% of HCOOH in 25 min). P: Product 3; A: deletion by-products; B: [M-
18+2H]2+; C: [M-Ser+2H]2+; D: [M-Val+2H]2+; E: not mass recorded.  

Synthesis of CD59 peptide fragment 4 (26-44)  

 
Scheme 18 - Synthesis of peptide hydrazide 4. a) MW-SPPS: coupling Fmoc-Amino acid, N,N’-
diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, deprotection: 20% piperidine in 
DMF b) TFA/TIPS/water (90:5:5), rt, 3 h. 

Sequential native chemical ligation from C- to N-direction required protection of the N-terminal 

Cys residue of the middle peptide fragments 4 and 5. This protection is used to avoid 

polymerization and/or cyclizations caused by intramolecular reactions during the thioester 

formation and ligations247. Reports showed that N-allyloxycarbonyl-S-tritylcysteine (Alloc-

Cys(Trt)-OH) is an efficiently protected amino acid for one-pot multiple peptide ligation248. 

However, expensive Pd catalyst and other metal complexes are required for the chemoselective 

deprotection when both Alloc and Acm groups are present in the same peptide248-249. In addition, 

careful chemical manipulation is necessary to prevent side reactions during the deprotection of 

cysteine with these reagents in aqueous solutions250. These considerations and a study by Mandal 

and coworkers250 suggested Fmoc-masking as a better group for protecting the N-terminal 

cysteine peptides. 
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The synthesis of 4 started with the hydrazide-functionalized resin, which was prepared as 

described before (Scheme 12). The first amino acid, Fmoc-His(Trt)-OH, was activated using DIC 

and 6-Cl-HOBt and coupled manually to the resin, and the peptide was elongated using the MW-

SPPS optimized conditions (Scheme 18). In this sequence, the internal cysteine (Cys-39) 

contained an Acm protection to avoid thiolactone formation during the thioester synthesis 

(Scheme 19). To ensure the N-terminal cysteine protection was intact, Fmoc-Cys(Trt)-OH was 

manually coupled after the elongation of the peptide by MW-SPPS. 

 
Scheme 19 – Possible side reaction during thioester synthesis having deprotected cysteine. 
Reagents and conditions: a) thiol, pH 6.8, rt. 

An initial attempt to synthesize the peptide using single deprotection and coupling cycles was 

delivered in four products by LC-MS (Figure 11a). The main peak P in the chromatogram 

corresponded to the expected peptide. However, a second peak showed the main deletion 

sequence lacking an isoleucine residue (peak A). Two additional peaks derived from a side 

reaction having a mass of [M+45]2+ were attributed to the incomplete removal of the Boc group in 

tryptophan (peaks B and C). A peak D corresponding to the carboxylate peptide was also 

detected.  

 
Figure 11 - LC-MS analysis of the crude peptide 4. Chromatogram recorded at 214 nm after small-
scale cleavage (RP-HPLC with C18 column, gradient: 5 to 40% of ACN in water + 0.1% of HCOOH in 
25 min (a, c, d) or 5 to 70% ACN in water + 0.1% of HCOOH in 17 min (b). P: Product 4; A: [M-Ile+2H]2+; 
B: [M-Ile+45+2H]2+; C: [M+45+2H]2+; D: [M-14+2H]2+; E: [M+26+2H]2+; G: [M-His+2H]2.  
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Synthesis of CD59 peptide fragment 5 (45-68) 

 
Scheme 20 - Synthesis of peptide hydrazide 5. a) MW-SPPS: coupling Fmoc-Amino acid, N,N’-
diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, deprotection: 20% piperidine in 
DMF b) TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 

The peptide hydrazide 5 also required the protection of the N-terminal cysteine using a Fmoc 

carbamate and protecting the vicinal Cys-63 and Cys-64 using the Acm group to avoid thiolactone 

side-products (Scheme 20). Attempts to synthesize this peptide on a hydrazine-functionalized 

Wang resin are presented in Figure 12. The initial synthesis was performed using standard 

deprotection with 20% piperidine in DMF, which resulted in product deletion sequences presenting 

aspartimide formation (Figure 12a). Contrary to the synthesis of peptide 3, the synthesis of 5 

improved using a piperazine solution (10% w/v) in NMP/EtOH (90:10) for deprotection, but the 

aspartimide was still detected (Figure 12b).  

 
Figure 12 - LC-MS analysis of crude peptide 5 employing different deprotection conditions. 
Chromatogram recorded at 214 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 
5 to 70% of ACN in water + 0.1% of HCOOH in 30 min (a, b) or 5 to 60% ACN in water + 0.1% of 
HCOOH in 25 min (c). a) 20% piperidine, 75 °C (Cys-45 to Leu-68); b) 10% piperazine, 75 °C (Thr-52 
to Leu-68); c) 20% piperidine + 0.8% of HCOOH 75 °C (Cys-45 to Leu-68); P: Product 5; A: [M-
18+2H]2+; B: [M-36+2H]2+; C: several deletion sequences; D: [M-Tyr+2H]2+; E: [M-Leu+2H]2+. 

 
The strategies adopted to optimize the synthesis of peptide 3 were also employed as a suitable 

method for the synthesis and elongation of peptide 5. The optimized synthesis was performed 

using 2-chlorotrityl hydrazine functionalized resin and 20% piperidine with 0.8% formic acid in 

DMF for the Fmoc removal. The temperature of the coupling and deprotection was reduced to 50 

°C and 25 °C, and a capping cycle was included in selected positions. The outcome of the 
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synthesis significantly changed after applying this modified method (Figure 12c). However, double 

coupling cycles were necessary for the second amino acid of repeated residues to avoid deletion 

sequences at these positions. After this optimization, the peptide 5 was obtained in a 9% yield 

after purification. 

Synthesis of CD59 peptide fragment 6 (69-78) 

 
Scheme 21 - Synthesis of peptide hydrazide 6. Reagents and conditions: a) MW-SPPS: coupling 
Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF b) TFA/TIPS/water (90:5:5), rt, 3 h. 

The synthesis of the peptide 6 was completed employing hydrazide-functionalized Wang resin 

that was also modified with Fmoc-Ala-OH116. The first amino acid was coupled using DIC and 6-

Cl-HOBt. MW-SPPS peptide elongation was completed using single deprotection and coupling 

cycles at 75 °C (Scheme 21). LC-MS analysis of the product showed an efficient synthesis of the 

peptide, and only a tiny amount of a byproduct lacking asparagine was observed (Figure 13a). 

Since the sequence contains three Asn residues, it was difficult to determine the exact position 

where the coupling was incomplete. Therefore, a double coupling for Asn-72 and Asn-70 was 

employed to assure complete conversion. After cleaving the peptide employing TFA/TIPS/water 

(90:5:5), the product presented major solubility problems hampering the peptide purification. This 

step was time demanding and represented the main challenge to obtaining the peptide due to the 

need to use purification only in small batches. The peptide 6 was isolated with a good yield of 

40%. 

 
Figure 13 - LC-MS analysis of peptide 6. Chromatogram recorded at 214 nm after small-scale 
cleavage (RP-HPLC with C18 column, gradient: 5 to 70% of ACN in water + 0.1% of HCOOH in 17 
min. a) crude peptide; b) pure peptide. P: Product 6; A: [M-Asn]+. 

2.2.3. Ligation of peptides fragments from C- to N-terminus direction 

The first NCL approach considered for the synthesis of CD59 was from C- to N-terminus direction 

using a one-pot process. This strategy allows the sequential ligation of peptides without 

intermediate purifications247, 250. To release the N-terminus after the ligation of the internal 

fragments 4 and 5, the methodology proposed by Mandal and coworkers using piperidine was 

envisioned for the Fmoc removal 250. The synthesis strategy consisted of three ligations and two 

deprotection reactions to get the non-glycosylated variant of human CD59 (Scheme 22). 
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Scheme 22 - Strategy for the one-pot approach for the synthesis of non-glycosylated CD59 

Ligation of peptide thioester 21 and peptide 6 

The first ligation involved a reaction between fragments 5 (Cys-45 to Leu-68) and 6 (Cys-69 to 

Ala-78). It required the conversion of the peptide hydrazide 5 into the peptide thioester 21 and the 

subsequent ligation with the peptide hydrazide 6 (Scheme 23). 

 
Scheme 23 - in situ formation of peptide thioester 21 and NCL to obtain peptide 22. Reagents 
and conditions: a) NaNO2, diazotization buffer pH 3, -10 °C b) MPAA pH 6.8, rt; c) NCL 6 M GdnHCl, 
0.1 M NaH2PO4, 0.05 M MPAA. 0.015 M TCEP, pH 6.8, not isolated. 

The in-situ formation of thioester 21 was performed in two steps. First, the C-terminal hydrazide 

was treated with sodium nitrate at pH 3 to form an acyl azide. Second, a significant excess of 4-

mercaptophenylacetic acid (MPAA) is added, and the acyl azide undergoes in-situ thiolysis. LC-

MS monitoring of the thioester formation revealed the fast conversion of the active azide into the 

expected product 21 (Figure 14a). The following addition of peptide 6 started the ligation to get 

peptide 22. The ligation progress was monitored at reaction times of 0, 3, and 21 h (Figures 14b 

to 14d). The chromatographic profile showed little formation of product 22, a large amount of 

cysteinyl peptide 6, and disulfide product 6a resulting from the reaction of 6 and the thiol in the 

ligation buffer. The oxidation of cysteine seems to play a significant role in avoiding ligation. The 

oxidized thiol is not nucleophilic and does not undergo the required transthioesterification with 21, 

affecting the reaction rate and progress. Efforts to isolate the product 22 using gel filtration resulted 

in the coelution of 22 and hydrolyzed thioester 21a. 
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Figure 14 - LC-MS analysis of the reaction progression. Chromatogram recorded at 214 nm after 
small-scale cleavage (RP-HPLC with C18 column, gradient: 10 to 50% of ACN in water + 0.1% of 
HCOOH in 19 min. a) in situ formation of thioester 21, b) chromatogram of the ligation reaction at t = 0 
h; c) chromatogram of the ligation reaction at t = 3h; d) chromatogram of the ligation reaction at t = 21 
h. 

The obtained mixture of 22 and 21a served for testing the Fmoc removal protocol in an aqueous 

buffer. Mandal and coworkers proposed the efficient removal of this group using 20% piperidine 

at pH 11250. However, a first experiment using this method delivered a complex mixture of products 

with incomplete removal of Fmoc from 21, suggesting potential difficulties in getting a 

straightforward Fmoc removal after the ligation, primarily due to the high pH that may affect 

glycosylated peptides having O-glycans. In conclusion, the one-pot C- to N- ligation approach was 

not appropriate for synthesizing the CD59 glycoprotein. It requires additional product 

manipulations after ligations that reduce the yields of the process and favor side reactions. 

Therefore, another strategy was considered for synthesizing CD59 using NCL. 

 

2.3. Strategy III: Synthesis of CD59 N- to C- terminus assembly 

Given the limitations of the previous strategies evaluated for synthesizing CD59, a new approach 

was considered for a protein synthesis from the N- to C-terminal direction requiring minor 

manipulations of the ligated fragments. Although this strategy requires purification after each 

ligation step, pure products enable monitoring the reactions and avoiding side reactions with 

unreacted fragments.  

There was no need for N-terminal protection in terminal fragments in this new strategy, and two 

new peptide fragments were required. However, considering the difficulties in the ligation of 

fragments 21 (Cys-45 to Leu-65) and 6 (Cys-69 to Ala-78) and the results obtained in the direct 

synthesis of non-glycosylated CD59, the synthesis of the extended peptide (Cys-45 to Ala-78) 

containing both fragments and without affecting the O-glycosylation appeared as the best 

alternative. Therefore, a new strategy that considered three fragments was evaluated. 

2.3.1. Retrosynthetic analysis and strategy design for CD59 synthesis 

The retrosynthetic analysis considering the length of the peptides and the glycosylation sites (Asn-

18 and Thr-51) showed the first potential disconnection between the GPI and the C-terminus of 
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the protein again, delivering the glycosylated protein and the modified glycosylphosphatidylinositol 

bearing a cysteine residue (Scheme 24). Two further disconnections within the protein delivered 

three peptide fragments for the non-glycosylated variant (Scheme 24a), and one peptide, and two 

glycopeptides for the glycosylated variant (Scheme 24b)—these glycopeptides required two 

glycosyl amino acids. 

 
Scheme 24 - Retrosynthesis of non- and glycosylated CD59. 

The new strategy involved native chemical ligation of three peptides (or glycopeptide) fragments 

using Cys-26 and Cys-45 as junction points. In addition, to allow future glypiation via NCL, the C-

terminus peptide fragment contains a hydrazide for the further thioester conversion and ligation 

with a glycosylphosphatidylinositol moiety bearing a cysteine residue. 

 

2.3.2. Solid-phase synthesis of CD59 peptide fragments 

The new approach required the synthesis of four new fragments, peptides 7 and 8 and 

glycopeptides 9 and 10 (Scheme 24).  

 

Synthesis of CD59 peptide fragment 7 (26-44) 

 
Scheme 25 - Synthesis of peptide hydrazide 7. Reagents and conditions: a) MW-SPPS: coupling 
Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF b) TFA/TIPS/water (90/5/5) 

The synthesis of the fragment Cys-26 to His-44 proceeded straightforwardly, employing the same 

method and conditions described to obtain 4. The only additional step was the removal of the 

Fmoc from the N-terminal residue (Scheme 25). After the synthesis, the peptide was obtained 
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with a good yield of 27%. The main reason for the yield improvement compared to the yield of 

peptide 4 was the better solubility of the peptide with the free N-terminus for purification. 

Synthesis of CD59 peptide fragment 8 (45-78) 

 
Scheme 26 - Synthesis of peptide hydrazide 8. Reagents and conditions: a) MW-SPPS: coupling 
Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF b) TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 

This peptide combined fragments 5 and 6 from the previous strategy. Therefore, the elongation 

of peptide 8 was performed employing the optimized methods for synthesizing peptides 5 and 6. 

The synthesis started with a 2-chlorotrityl hydrazine functionalized resin obtained as described 

before (Scheme 17) and the coupling of the first amino acid Fmoc-Ala-OH employing HATU and 

DIPEA. MW-SPPS was performed employing 20% piperidine + 0.8% formic acid in DMF for the 

Fmoc removal (Scheme 26). The first ten amino acids were coupled and deprotected at 75 °C, 

and the following coupling and deprotection cycles were performed at a lower temperature (50 °C 

and 25 °C, respectively). The analysis of the crude peptide 8 showed deletion sequences which 

difficulted the purification. However, the peptide was obtained in an acceptable 10% yield with 

more than 80% purity (Figure 15).  

 

Figure 15 - LC-MS analysis of peptide hydrazide 8. Chromatogram recorded at 214 nm (RP-HPLC 
with C18 column, gradient: 5 to 60% of ACN in water + 0.1% of HCOOH in 25 min. 
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Synthesis of CD59 N-glycopeptide fragment 9 (1-25) 

 
Scheme 27 – Synthesis of glycopeptide fragment 9. Reagents and conditions: a) MW-SPPS: 
coupling Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF; b) 11, PyBOP, DIPEA, DMF/DMSO (4:1), rt, overnight; c) 10% 
N2H4·H2O, THF/MeOH (1:1); d) TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 

The N-glycopeptide 9 was synthesized by following the optimized protocol for the MW-SPPS of 

the non-glycosylated fragment 3 (Scheme 27). The synthesis was monitored at several sites 

(Figure 16). The short peptide fragment (Cys-19 to Ala-25) did not present deletion sequences 

(Figure 16a). 

 

Building block 11 was synthesized from peracetylated N-acetylglucosyl amine, and a succinimide 

anhydride following previously reported protocols87, 251. A difference in regioselectivity was 

observed in the first attempt to synthesize 11 employing the method reported by Ibatullin et al.251. 

The reaction delivered the product of a nucleophilic attack on the α-carbonyl group of Fmoc-

aspartic anhydride exclusively, and none of the expected peracetylated glucosamine at the -

carbonyl group251-252. Further studies on the reaction concluded that the water content in the 

DMSO could be responsible for the change in the regioselectivity- The use of a new bottle of 

anhydrous DMSO delivered the product with the desired regioselectivity. These results showed 

the possible participation of water in an intermolecular hydrogen bond with the oxygen of the α-

carbonyl. This interaction can be strong enough to make the α-carbonyl more electrophilic, 

therefore, more susceptible to the nucleophilic attack (Scheme 28).  

 
Scheme 28 - A suggested mechanism for the differences in stereoselectivity in the N-Fmoc 
aspartic anhydride opening in DMSO 

Having the proper glycosylated asparagine in hand, the synthesis of 9 continued with the manual 

coupling of the amino acid employing PyBOP and DIPEA in a solvent mixture DMF/DMSO (4:1). 



Chemical synthesis of human CD59 
 

 43 

The phosphonium activator was used in significant excess to fully activate the glycosyl amino acid 

and did not induce capping at the N-terminus, a common reaction observed when more potent 

aminium activators like HATU are used. The addition of DMSO was necessary to fully solubilize 

the glycosylated asparagine. After the overnight reaction, a Kaiser test evidenced incomplete 

coupling. Thus, a double coupling was performed for additional three hours to obtain complete 

conversion by Kaiser test and LC-MS analysis after small-scale cleavage (Figure 16b). 

 
Figure 16 - LC-MS analysis of elongation of the crude N-glycopeptide 9. Chromatogram recorded 
at 254 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 5 to 60% of ACN in water 
+ 0.1% of HCOOH in 25 min (a-d) or 5 to 40% ACN in water + 0.1% of HCOOH in 25 min (e-f); a) Cys-
19 to Leu 24; b) FmocAsn((Ac)3-β-D-GlcNAc)-18 to Ala 25 c) Asp-12 to Ala-25; d) Pro-7 to Ala-25; e) 
1-25 (Ac)3GlcNAc; f) 1-25 GlcNAc. 

Peptide elongation was monitored at Asp-12, Pro-7, and Pro-1 (Figure 16c to 16f). LC-MS analysis 

showed the formation of the main product, proving that double coupling and capping at selected 

amino acids diminish the deletion sequences. Furthermore, the aspartimide formation was 

efficiently minimized by steric hindrance when bulkier moieties were used in the linker and as a 

side chain protective group for aspartic acid (Fmoc-Asp(OEpe)-OH). Once the elongation was 

finished, the on-resin deacetylation of glycosylated asparagine was performed employing 10% 

hydrazine monohydrate87 in THF/MeOH (1:1) to give a complete conversion after two hours. As a 

result, the glycopeptide hydrazide 9 was obtained with an acceptable yield of 13% after 

purification. 

Synthesis of CD59 O-glycopeptide fragment 10 (45-78) 

 
Scheme 29 - Synthesis of glycopeptide fragment 10. Reagents and conditions: a) MW-SPPS: 
coupling Fmoc-Amino acid, N,N’-diisopropylcarbodiimide, ethyl cyano(hydroxyimino)acetate, DMF, 
deprotection: 20% piperidine in DMF; b) 12, PyBOP, DIPEA, DMF:CH2Cl2 (1:1), rt, overnight; c) 10% 
N2H4·H2O, MeOH; d) TFA/phenol/water/thioanisol/EDT (82.5/5/5/5/2.5), rt. 
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The O-glycopeptide synthesis required special attention due to the possibility of a β-elimination of 

the glycan. In this base-catalyzed side reaction, the glycosylated threonine is converted into the 

β-methyl dehydroalanine, resulting in the glycan removal from the peptide135. The β-elimination 

reaction is commonly used to release O-linked oligosaccharides and allow the structural analysis 

of glycopeptides such as glycosylation sites and glycan structure determinations253-254. 

The O-glycopeptide was prepared employing the optimized method for synthesizing the peptide 

fragment 8 (Scheme 29). The MW-SPPS elongation was performed first until Thr-52, and the 

quality of the peptide was monitored by LC-MS (Figure 17a). This process delivered a product 

having the desired peptide as the main component. Then, the synthesis continued with the manual 

coupling of the glycosylated threonine 12 (provided by Dr. Götze). Glycosyl amino acid 12 was 

coupled by employing the same method as the glycosylated asparagine. The phosphonium 

reagent PyBOP completely activated the glycosyl amino acid and delivered complete coupling 

after the overnight reaction (Figure 17b). Next, the Fmoc removal of the glycosylated threonine 

was performed manually at room temperature. Since the β-elimination is also a base-catalyzed 

side reaction, 0.8% of formic acid was added to the deprotection solution to suppress it. Monitoring 

after each deprotection step revealed an excellent effect of the mixture, and the glycan was intact 

up to completing the synthesis (Figures 17c to 17f). 

 
Figure 17 - LC-MS analysis of elongation of the crude glycopeptide 10. Chromatogram recorded 
at 254 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 5 to 40% of ACN in water 
+ 0.1% of HCOOH in 25 min a) Thr-52 to Ala-78 b) FmocThr((Ac)3-β-D-GalNAc)-51 to Ala-78 c) Val-
50 to Ala-78; d) FmocAsp-49 to Ala-78; e) Phe-47 to Ala-78; f) 1-25 GlcNAc. 

Particular attention was given to the removal of O-acetyl groups. On-resin deacetylation of 

carbohydrates is commonly completed under Zemplen conditions158. However, the treatment of 

O-peptides with this strong base might induce β-elimination. Milder on-resin deacetylation of 

sensitive sulfated glycans155 and other methods are reported for on-resin deacetylation of 

glycopeptides255. Thus, several bases (LiOH, NaOH, NH3, and N2H4·H2O) were screened using 

methanol as a solvent to determine the most suitable deacetylation conditions for the O-

glycopeptide. The inspiration for employing methanol arose from previous reports of Singh et al 
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where they concluded that the use of protic solvent allows hydrogen bonding, reducing the base 

reactivity and the acidity of the α-proton255.  

Few milligrams of peptide-resin were treated with each base, and the outcome of the reaction was 

analyzed by LC-MS after two hours. The chromatogram for the acetylated glycopeptide (peak A) 

is shown in Figure 18a. The treatment with LiOH (Figures 18b and 18e) showed poor to no 

conversion and the reaction with a more reactive base NaOH evidenced a faster reaction; 

however, the β-elimination side product (peak C) was also observed (Figure 18c). Treatment with 

7 M ammonia showed faster deacetylation (peak P), some partial deacetylation (peak B), and a 

high-rate formation of side product (peak C) (Figure 18d). This outcome might be associated with 

the high ammonia concentration. Complete deprotection with a negligible β-elimination side 

product was obtained when treating the O-glycopeptide with 10% hydrazine monohydrate. Thus, 

this methodology was used without further optimization (Figure 18f). 

 
Figure 18 - LC-MS analysis of deacetylation of the O-glycopeptide crude fragment (45-78) 
employing different bases. Chromatogram recorded at 214 nm after small-scale cleavage (RP-HPLC 
with C18 column, gradient: 5 to 40% of ACN in water + 0.1% of HCOOH in 25 min. a) starting material; 
b) LiOH 10 mM in MeOH; c) NaOH 10 mM in MeOH; d) 7 M NH3 in MeOH; e) LiOH 10 mM in MeOH 
pH 9; f) 10% N2H4·H2O in MeOH; P: Product 10; A: glycopeptide bearing acetylated galactosamine; B: 
glycopeptide bearing partially acetylated galactosamine; C: β-elimination side product. 

After optimizing the synthesis and on-resin deacetylation, the deprotected O-glycopeptide was 

cleaved from the resin using cocktail K to obtain 10 with an acceptable 10% yield. Finally, having 

all the required peptide fragments in hand, the synthesis of the non-glycosylated and glycosylated 

variants of the human CD59 was evaluated.  
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2.3.3. Ligation of peptides fragments from N- to C- terminus direction 

The second approach considered for the synthesis of CD59 employing NCL was in the N- to C- 

direction. This strategy was selected because it requires fewer manipulations (deprotection) when 

compared with one-pot C- to N-terminus approach. The strategy required two ligation reactions to 

assemble the non-glycosylated and glycosylated variants of the human CD59 (Scheme 30). 

 
Scheme 30 - Strategy for N- to C- assembly of a glycosylated variant of CD59 

Ligation peptide fragments Leu-1 to Ala-25 or N-Leu-1 to Ala-25 and peptide 7 

 
Scheme 31 - in situ formation of peptide thioester 13 or 17 and NCL to obtain peptide hydrazide 
14 or glycopeptide 18. Reagents and conditions: a) NaNO2, diazotization buffer pH 3, -10 °C b) MPAA 
pH 6.8, rt, c) 7, NCL, 6 M GdnHCl, 0.1 M NaH2PO4, 0.05 M MPAA. 0.01 M TCEP, pH 6.8, not isolated. 

The first ligation involved the reaction of the two fragments closer to the N-terminus. Using 

separate Eppendorf tubes, this ligation was performed simultaneously for each protein 

(glycosylated and non-glycosylated variants). The process required the conversion of the peptide 

hydrazide 3 and glycopeptide hydrazide 9 into the corresponding peptide thioesters 13 and 17, 

respectively, and the subsequent ligation of these thioesters with the peptide hydrazide 7 (Scheme 

31).  
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Figure 19 - LC-MS analysis of the reactions progression. Chromatograms recorded at 214 nm after 
small-scale cleavage (RP-HPLC with C18 column, gradient: 10 to 50% of ACN in water + 0.1% of 
HCOOH in 19 min. Up: a) chromatogram of the ligation reaction at t = 1 h; b) chromatogram of the 
ligation reaction at t = 3 h; c) chromatogram of the ligation reaction at 21 h; Down: a) chromatogram of 
the ligation reaction at 1 h; b) chromatogram of the ligation reaction at t = 3 h; c) chromatogram of the 
ligation reaction at t = 21 h. 

The formation of the thioesters was performed in two steps, in situ activation with sodium nitrite 

at pH 3 and thiolysis employing MPAA at pH 7. These reactions were monitored by LC-MS and 

revealed the rapid formation of the expected thioesters 13 and 17. The ligation proceeded by 

adding the peptide hydrazide 7 to each reaction Eppendorf and the progress was monitored at t 

= 0 h, 3 h, and 17 h (Figure 19). The chromatographic profile after one hour showed the fast 

formation of the product 14 or 18 and disulfide bond formation between the cysteinyl peptide and 

the thiol present in the ligation buffer (MPAA), giving 7a. Analysis after three hours of reaction 

evidenced a shift in the retention time for the products. A detailed analysis of the mass signals 

also evidenced a disulfide bond between the products and MPAA (Figure 19c peak 14a or Figure 

19f peak 18a). Since the reaction was progressing, the mixture was stirred overnight. LC-MS 

analysis for 21 h reaction revealed that most of the peptide thioesters 23 and 24 hydrolyzed to 

give 23a and 24a (Scheme 32). The reaction was stopped, and the reaction mixtures were 

separated using gel filtration. However, the products could not be isolated in a significant amount.  

 
Scheme 32-Ligation products between peptide 23 or glycopeptide 24 and cysteinyl peptide7 
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The ligation with the peptide 3 and glycosylated peptide 9 to fragment 7 (Scheme 31) revealed 

several aspects that required modification. First, the high rate of hydrolysis showed that the 

aromatic thiol employed to obtain the thioesters was too reactive and required a careful pH control 

when adjusting it from pH 3 to pH 6.8. In addition, the formation of the disulfide bonds between 

the cysteinyl peptide and MPAA evidenced two main factors. The concentration of TCEP in the 

ligation buffer was too low, or the samples required a reduction prior to LC-MS analysis. Finally, 

the purification method required optimization and had to be changed. In conclusion, the 

optimization of the ligation reaction envisaged the following aspects: the use of an aliphatic thiol 

(sodium 2-mercaptoethanesulfonate – MESNa) in the thiolysis reaction256, the increasing of the 

TCEP concentration in the ligation mixture from 0.010 M to 0.015M, and incubation of the samples 

with TCEP before injection into the LC-MS and the migration from gel filtration to RP-HPLC for 

purification. 

 

Assembly of the non-glycosylated variant of human CD59 

 

The synthesis of the non-glycosylated variant of the protein was performed considering optimizing 

the ligation process. Special attention was given to the thioester formation for fragment Leu-1 to 

His-44 and the behavior of peptides under the NCL conditions.  

 
Scheme 33 - Formation of peptide thioester 13 and NCL to obtain peptide hydrazide 14. 
Reagents and conditions: a) NaNO2, diazotization buffer pH 3, -10 °C b) MESNa pH 6.8, rt, 57% over 
two steps; c) 7, NCL, 6 M GdnHCl, 0.1 M NaH2PO4, 0.05 M MPAA, 0.015 M TCEP, pH 6.8; 37%. 

The assembly of CD59 started with the ligation of the peptide thioester 13 and the peptide 

hydrazide 7 (Scheme 33). The peptide hydrazide 3 was treated with sodium nitrite and MESNa to 

obtain the peptide thioester 13 in a 57% yield after purification by RP-HPLC. The main reason for 

adding this purification step was the need to have better control of the thioester amount and the 

equivalents used in a ligation reaction. At the same time, this step removed side products derived 

from the poor control of the reaction pH; even if the pH was not correctly adjusted, the thioester 

was separated from the hydrolysis product. Using the pure thioester 13 the pH for the reaction 

was controlled by the ligation buffer required to dissolve the peptide fragments, which was 

carefully adjusted to pH=6.8 prior to addition to the peptides. The progress of the reaction was 

analyzed by LC-MS (Figure 20). A clean profile was observed at time zero when the reaction 

started (Figure 20a) and when the reaction finished (Figure 20b). The excellent outcome of the 

reaction was attributed to the use of a less reactive thioester and the precise control of the pH. 

The reaction mixture was incubated with 20 equivalents of TCEP for 30 min to avoid problems in 

the purification. After preparative RP-HPLC, the 44-residue glycopeptide hydrazide 14 was 

isolated with an acceptable 37% yield.  



Chemical synthesis of human CD59 
 

 49 

 
Figure 20 - LC-MS analysis of the reaction progression. Chromatogram recorded at 214 nm after 
small-scale cleavage (RP-HPLC with C18 column, gradient: 5 to 60% of ACN in water + 0.1% of 
HCOOH in 25 min. a) chromatogram of the ligation reaction at t = 0 h; b) chromatogram of the ligation 
reaction at t = 14 h; c) chromatogram and mass spectra of product 14. 

The use of thioester 13 delivered a clean ligation with peptide 7. However, the yield of isolated 

peptide hydrazide 14 was lower than expected, mainly due to the loss of material during the RP-

HPLC purification. Only one ligation was missing to complete the CD59 synthesis. Therefore, the 

in-situ thioester formation was envisaged for the second ligation reaction (Scheme 34). 

 
Scheme 34 - in situ formation of peptide thioester 15 and NCL to obtain a partially protected 
non-glycosylated variant of human CD59 16. Reagents and conditions: a) NaNO2, diazotization 
buffer pH 3, -10 °C b) MESNa pH 6.8; c) 8, NCL, 6 M GdnHCl, 0.1 M NaH2PO4, 0.05 M MPAA, 0.015 
M TCEP, pH 6.8 rt, not isolated. 

The synthesis of the thioester 15 following the described steps delivered a clean reaction 

according to the LC-MS monitoring (Figure 21a). The following pH adjustment and addition of 

peptide 8 started the ligation reaction. However, the lack of a suitable pH electrode hampered the 

determination of the reaction pH for the thiolysis and ligation reactions. Therefore, the pH setting 

was followed using pH paper. LC-MS analysis after 24 hours showed a complex mixture 

containing the starting cysteinyl peptide 8 and thioester 15, hydrolyzed thioester 15a, and the 

expected non-glycosylated variant of CD59 16 (Figure 21c). The hydrolysis of 15 was attributed 

to the difficulties in adjusting pH 6.8 for the thiolysis. 

 
Figure 21 - LC-MS analysis of the reaction progression. Chromatogram recorded at 214 nm after 
small-scale cleavage (RP-HPLC with C18 column, gradient: 15 to 55% of ACN in water + 0.1% of 
HCOOH in 30 min. a) in situ peptide thioester formation; b) chromatogram of the ligation reaction at t 
= 0 h; c) chromatogram of the ligation reaction at 24 h d) mass spectra of the peak corresponding to 
the product. 
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Since the thioester was formed in situ, a large amount of solid TCEP was required to quench the 

high thiol concentration present in the reaction mixture (100 equivalents). A complete reduction 

was observed after incubation for 30 min. The purification of 16 was evaluated using RP-HPLC. 

However, this was not possible due to the poor product solubility in water acetonitrile mixtures. 

Further attempts for purification using SEC did not deliver the pure protein and required additional 

passes until completely pure.  

This last strategy was successful in delivering the desired non-glycosylated variant of CD59. The 

developed methods showed to be efficient for synthesizing the peptide fragments and 

intermediates. Further studies are still required to improve product purification. However, the 

methodology optimization and the protocols used to get 16 were applied to assemble the 

glycoprotein. 

Synthesis of the glycosylated variant of human CD59 

 
Scheme 35 - Formation of peptide thioester 17 and NCL to obtain peptide 18. Reagents and 
conditions: a) NaNO2, diazotization buffer pH 3, -10 °C b) MESNa pH 6.8, rt; c) 7, NCL, 6 M GdnHCl, 
0.1 M NaH2PO4, 0.05 M MPAA, 0.015 M TCEP, pH 6.8, 58% over two steps. 

Following the optimized protocol for the ligation reactions used to get 16, the synthesis of the 

glycosylated variant of the protein started with the treatment of glycopeptide hydrazide 9 with 

sodium nitrite and MESNa to deliver the glycopeptide thioester 17 in 58% yield after RP-HPLC 

purification (Scheme 35). Next, the thioester 17 was dissolved in the ligation buffer at a pH of 6.8, 

and the peptide hydrazide 7 was added. The progress of the reaction was followed by LC-MS and 

is presented in Figure 22. 

The ligation proceeded similarly as in the non-glycosylated variant. LC-MS monitoring after one 

hour of reaction showed already formation of the product 18 (Figure 22b) and complete ligation 

after 14 h (Figure 22c). Elongation of the reaction time to 17 h did not improve the outcome of the 

process (Figure 22d).  

 

Figure 22 - LC-MS analysis of the reaction progression. Chromatogram recorded at 214 nm after 
small-scale cleavage (RP-HPLC with C18 column, gradient: 5 to 60% of ACN in water + 0.1% of 
HCOOH in 25 min. a) chromatogram of the ligation reaction at t = 0 h; b) chromatogram of the ligation 
reaction at t = 14 h b) chromatogram of the ligation reaction at t = 17 h. 
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The addition of 20 equivalents of TCEP reduced the oxidation products in the mixture and allowed 

the RP-HPLC purification of the expected glycopeptide hydrazide 18, which was isolated in 46% 

yield with more than 85% purity. With the 44-residues N-glycopeptide, the ligation of 18 with the 

O-glycopeptide was envisioned using the same protocol as the non-glycosylated variant. 

 
Scheme 36 - In situ formation of glycopeptide thioester 19 and NCL to obtain a partially 
protected glycosylated variant of human CD59 20. Reagents and conditions: a) NaNO2, 
diazotization buffer pH 3, -10 °C b) 10, MESNa pH 6.8, rt, 5% over two steps. 

The last ligation started with the synthesis of N-glycopeptide thioester 19 using the optimized 

conditions (Scheme 36). LC-MS analysis showed the formation of the N-glycopeptide thioester 19 

without side reactions and any significant difference compared with the synthesis of the non-

glycosylated thioester 15 (Figure 23a). Next, O-glycopeptide 10 was added to thioester 19 and 

started the ligation reaction. Analysis of the reaction progress showed that glycopeptide 10 was 

coeluting with the thiol (MPAA), mainly because the O-glycan attachment increases the polarity 

of the fragment (Figure 23b). Monitoring after 24 h indicated the successful formation of the 

glycoprotein 20 as well as a mixture of subproducts containing hydrolyzed N-glycopeptide 

thioester 19a, O-glycopeptide 10, and a byproduct that could not be identified 19b (Figure 23c). 

 
Figure 23 - LC-MS analysis for the synthesis of glycosylated CD59. Chromatograms were 
recorded at 214 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 15 to 55% of 
ACN in water + 0.1% of HCOOH in 30 min. a) chromatogram of the in situ formation of peptide thioester 
19; b) chromatogram of the ligation reaction at t = 0 h; c) chromatogram of the ligation reaction at 24 
h. 

Purification of the product was performed by RP-HPLC after TCEP reduction of the mixture. In 

contrast to the non-glycosylated, purification of the desired glycoprotein was possible by this 

method and delivered 20 in isolated form in 5% yield together with some mixed fractions. The LC-

MS analysis of the pure fraction is presented in Figure 24. The outcome of the process showed 

that the solubility improvement derived from the protein glycosylation also favored the purification 

step. 
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Figure 24 - LC-MS analysis of the partially protected glycoprotein CD59. Chromatogram recorded 
at 214 nm after small-scale cleavage (RP-HPLC with C18 column, gradient: 5 to 60% of ACN in water 
+ 0.1% of HCOOH in 25 min. a) chromatogram of pure glycosylated CD59 20; b) ESI-MS spectrum of 
the isolated glycoprotein 20. 

There were no significant differences in the reaction and ligation outcome to the synthesis of non- 

and glycosylated variants of the human CD59 by NCL. The conversion of the peptide hydrazide 

into the thioester and the ligation reactions showed similar results and successfully delivered the 

desired products. This similar behavior was explained by the small glycan size and the similar 

size and properties of both peptides and glycopeptides. This process displayed glycosylated 

amino acids having monosaccharides as excellent building blocks for transferring methods in 

protein and glycoprotein chemical synthesis.  

 

Deprotection of the glycosylated variant of human CD59 

 

The last step to complete the synthesis of the CD59 glycoprotein concerned the removal of the 

Acm groups. Although this group has been widely used as a permanent protective group for 

internal cysteines, the removal of Acm remains challenging247. Therefore, several deprotection 

reagents such as silver acetate257-258, mercury acetate94, and palladium complexes79, 93 have been 

employed in protein synthesis.  

Due to the high number of protected residues in glycoprotein 20, a highly efficient method was 

required to assure complete Acm removal. Based on previous reports describing problems when 

using silver or mercury acetate for Acm-removal, a method involving PdII, specifically PdCl2 
79, 93, 

was considered the most reliable strategy for deprotection of CD59 glycoprotein (Scheme 37). 

 
Scheme 37 – Deprotection of cysteines for glycoprotein 20. Reagents and conditions: a) 6 M 
GdmHcl, 0.2 M NaH2PO4, PdCl2 (30 equiv), pH 6.9, 4 h, rt. 

An initial screening employing the peptide fragment 3 with four Acm groups (Leu-1 to Ala-25) was 

used to determine the best conditions for the deprotection. Efficient and complete removal of the 

Acm groups was obtained by treatment with palladium chloride after 2 hours. Subsequently, these 

conditions were used to remove the Acm group from the glycoprotein in the mixed fractions 

obtained during the RP-HPLC purification (Figure 25). 
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The progress of the reaction was made following the peak corresponding to the Acm-protected 

glycoprotein 20 (Figure 25a). After 2 h of reaction, the palladium in a reaction aliquot was 

quenched by adding significant excess of DTT to avoid poor ionization in the MS, as described by 

Unverzagt and coworkers79. The LC-MS analysis showed that contrary to the efficient Acm 

removal observed with peptide 3, the reaction was not complete and starting material 20 and 

product 1 was present in the mixture (Figure 25b). Therefore, it was stirred for an additional 2 h 

(Figure 25c). Complete Acm removal was observed after 4 h of reaction. The need for longer 

reaction time was associated with a higher number of cysteines in 20. The initial experiment with 

peptide 3 was performed to remove four Acm groups, while in the glycoprotein 20, eight Acm 

groups had to be removed. 

 
Figure 25 - LC-MS analysis of the deprotection reaction progression. Chromatogram 
recorded at 214 nm after small-scale cleavage (RP-HPLC with C18 column, gradients: 5 to 70% 
of ACN in water + 0.1% of HCOOH in 15 min (a) and 5 to 60% of ACN in water + 0.1% of HCOOH 
in 25 min (b, c, and d); a) mixed fractions containing glycosylated CD59; b) 2 h reaction; c) 4 h 
reaction d) MS spectra of deprotected CD59 e) MS spectra of Acm-protected CD59. 

Having proved that the Acm-removal employing PdCl2 was a suitable method for the final 

deprotection of the glycoprotein in the mixed fractions, the reaction was evaluated on a small 

scale using a pure fraction of 20. LC-MS monitoring after 4 h showed a mixture of the fully 

protected and fully deprotected glycoprotein (Figure 26b).  

 
Figure 26 - LC-MS analysis of the deprotection reaction progression. Chromatogram recorded at 
214 nm after small-scale cleavage (RP-HPLC with C18 column, gradients: 5 to 60% of ACN in water 
+ 0.1% of HCOOH in 25 min a) pure Acm-protected glycoprotein; b) 4 h reaction; c) MS spectra of 
protected CD59; d) MS spectra of Acm-target glycoprotein 1. 
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The reaction outcome was associated with the solubility problems by dissolving the starting 

material 20 in the small volume used for the reaction (29 μL), which was not enough to dissolve 

the protected glycoprotein and bring the protected glycoprotein in contact with the solution 

containing PdCl2.  

These results showed the potency of the developed strategy to obtain a complex glycoprotein, 

such as CD59. Although the final product was not isolated, several processes and methods were 

optimized, and a versatile methodology was developed and employed to assemble glycosylated 

and non-glycosylated variants of the human glycoprotein CD59. 
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2.4. Conclusions and outlook 

 

A general methodology using NCL was designed and employed for the synthesis of non-

glycosylated and glycosylated variants of the human glycoprotein CD59. The primary sequence 

of the CD59 contains 77 amino acids and is modified with two glycosylation sites on the 

asparagine at position 18 and threonine at position 51. Different strategies were investigated to 

prepare the peptides and glycopeptides required to synthesize two protein variants. 

Three strategies were designed and tested for the assembly of the non-glycosylated CD59. A 

direct MW-SPPS synthesis of the whole protein sequence failed and led to a complex mixture of 

products. This mixture resulted from a combination of factors, including the sequence length (78 

residues) and some difficulties in ensuring complete couplings during the elongation, which 

yielded several deletion sequences. The presence of side reactions also occurred and contributed 

to the complexity of the synthesis, especially aspartimide formation. These results suggested the 

need for another strategy, such as NCL, to access the glycoprotein CD59 by chemical synthesis.  

NCL strategies were selected to access CD59 chemically. An NCL strategy involving a C- to N 

ligation approach required the synthesis and the ligation of four peptide fragments. Notably, an 

optimization was required to synthesize the peptides due to aspartimide formation and deletion 

sequences. The improvements included preventing aspartimide formation by using bulkier linkers 

bound to the resin, a bulk protective group for the Asp side chain, and the addition of formic acid 

in the solutions for Fmoc-removal. In addition, the peptide synthesis was also optimized by 

introducing double coupling cycles and capping at specific sites to overcome incomplete couplings 

and deletion sequences. 

The assembly of the non-glycosylated variant of the protein using the 4 four fragment strategy 

was affected by the incomplete removal of the N-terminal protective group, generating a complex 

product mixture. The need to avoid this deprotection step prompt investigating an NCL strategy 

with the N- to C- ligation approach. 

The N- to C-ligation strategy required the design and syntheses of three peptides and two 

glycopeptides, which were efficiently completed following the optimized protocols. The methods 

for the peptide synthesis allowed the synthesis of glycopeptides and the careful optimization of 

the on-resin deacetylation of GalNAc moiety without base-catalyzed β-elimination. Further 

optimization of ligation and Acm removal conditions delivered the desired product. This strategy 

demonstrated versatility and was applied in the synthesis of non- and glycosylated CD59 variants. 

Although the human CD59 variants were obtained, final products could not be isolated due to 

difficulties in the purification. Thus, the optimization of the purification methods is required.  
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The strategy developed in this work delivered two different variants of human CD59 glycoprotein, 

and these molecules can be used to screen reaction conditions to achieve glypiated variants of 

the protein and glycosylated variants bearing bigger glycan moieties. Further required steps to 

obtain a natural functional glycoprotein include the optimization of the folding conditions, the 

ligation of the glycosylphosphatidylinositol, and the development of a chemoenzymatic approach 

to elongate the glycans. 
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2.5. Experimental section  

2.5.1. Building blocks synthesis 

General methods 

Commercial grade solvents and reagents were used without further purification unless otherwise 

noted. Solvents employed for the peptide synthesis were all peptide synthesis grade. L-Fmoc 

amino acids and activators were purchased from Iris Biotech GmbH or Sigma Aldrich (Germany). 

2-CTC Protide resin was purchased from CEM GmbH (Germany). Anhydrous solvents were 

obtained from a Solvent Drying System (J.C. Meyer) and collected over molecular sieves (4 Å). 

Analytical thin-layer chromatography (TLC) was performed on 0.25 mm Kieselgel 60 F254 glass-

supported plates (Macherey-Nagel). Spots were visualized with UV light (254 nm), sugar stain 

(0.2 mL of 3-methoxyphenol in 200 mL of EtOH and 6 mL H2SO4), ceric ammonium molybdate 

stain (2 g Ce(SO4)2, 10 g (NH4)6Mo7O24·4 H2O, and 20 mL H2SO4 in 180 mL H2O) and vanillin 

stain (12 g vanilline, 2 mL H2SO4 in 200 mL of EtOH). Flash chromatography was performed on 

Silica gel 60 230-4 00 mesh (Sigma-Aldrich) using air forced flow. NMR spectra were obtained 

using Bruker Ascend 400 spectrometer at 400 MHz (1H) and 100 MHz (13C) and CDCl3 as 

solvent. Chemical shifts (δ) are reported in parts per million (ppm) relative to the respective 

residual solvent peaks (CDCl3: 7.26 ppm 1H, 77.2 ppm 13C, DMSO-D6 2.5 ppm 1H, 39.5 ppm 13C) 

unless stated otherwise. Bidimensional and non-decoupled experiments were performed to 

assign identities of peaks showing relevant structural features. NMR spectra were processed 

using MestreNova 14.2.3 (MestreLab Research).  

 

Analytical high-performance liquid chromatography was performed using an Agilent HP 1100 

system equipped with a diode array detector (DAD), an Agilent 1200 series equipped with a 

Multiple Wavelength Detector (MWD), or a Waters Acquity H-class UPLC equipped with a DAD 

detector and coupled to a Xevo G2-XS Q-TOF spectrometer (Waters). Analytical HPLC was 

performed using a YMC Hydrosphere C18 (50 mm X 3.0mm, S-3µm) column [A]. Preparative RP-

HPLC purifications were performed on a Knauer Semi-preparative HPLC system using a Synergy 

4μm Fusion RP 80 Å (250 x 21.2 mm) column [B] or a YMC Hydrosphere C18 S-5μm, 12nm (150 

x 10 mm) column [C]. Separations were completed using a linear gradient of eluent B (0.1% of 

formic acid in acetonitrile) in solvent A (0.1% of formic acid in water). Products were lyophilize 

using a Christ Alpha 2-4 LC plus freeze dryer. Centrifugation was carried out using a VWR 

MicroStar (Kinetic Energy 26 Joules Galaxy Mini Centrifuge) and a VWR Micro Star 17R 

centrifuge. UV absorbance measurements were recorded on the Shimadzu 1900i UV-Vis 

spectrophotometer using 1 cm quartz cuvettes. The propylene reactor vessels were shaken on 

the VWR Heidolph Vibramax 100 system. 
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Building Block Syntheses 

2-Acetamido-3,4-6-tri-O-acetyl-2-deoxy-α-D-glycopyranosyl chloride (25) 

 

D-glucosamine hydrochloride (20 g, 90.41 mmol) was suspended in acetyl chloride (70 mL) under 

argon atmosphere and 27 µL of HCl 37% was added dropwise at 0 °C. The mixture was stirred at 

rt overnight, diluted with CH2Cl2 (200 mL) and extracted with ice water, aqueous saturated 

NaHCO3 and water. The organic phase was dried over sodium sulfate and concentrated under 

reduced pressure. The product was purified by flash column chromatography using 

CH2Cl2/methanol (98:2) to give chloride 23 as a white solid (7.0 g, 19.14 mmol, 21%). Rf = 0.46 

(CH2Cl2/MeOH 95:5). 1H NMR (400 MHz, CDCl3) δ (ppm) 6.18 (d, J = 3.7 Hz, 1H, H-1), 5.87 (d, J 

= 8.8 Hz, 1H, NH), 5.32 (dd, J = 10.7, 9.4 Hz, 1H, H-3), 5.21 (t, J = 9.8 Hz, 1H, H-4), 4.53 (ddd, J 

= 10.7, 8.7, 3.7 Hz, 1H, H-2), 4.32 – 4.21 (m, 2H, H-6a, H-5), 4.18 – 4.08 (m, 1H, H-6b), 2.10 (s, 

3H, CH3), 2.04 (s, 6H, CH3), 1.98 (s, 3H, CH3).13C NMR (101 MHz, CDCl3) δ (ppm) 171.6 , 170.7, 

170.3, 169.3 (C=O x 4), 93.7 (C-1), 71.0 (C-5), 70.2 (C-3), 67.0 (C-4), 61.2 (C-6), 53.6 (C-2), 23.2 

(CH3-OAc), 20.8 (CH3-OAc), 20.7 (CH3-OAc). HRMS (m/z): Calcd for C14H20ClNO8Na [M+Na]+ 

388.0775, observed 388.0782. NMR data agreed with previously reported data 259, 260. 

 

2-Acetamido-3,4-6-tri-O-acetyl-2-deoxy-β-D-glycopyranoyl azide (26) 

 

Sodium azide (2.75 g, 42.37 mmol) in 45 mL of saturated NaHCO3 was added to a solution of 

glycosyl chloride 23 (5.40 g, 14.76 mmol) in CH2Cl2 (45 mL). Then, tetrabutylammonium hydrogen 

sulphate (4.81 g, 14.17 mmol) was added to the reaction and the mixture was stirred vigorously 

at rt during 2 h. Upon completion by TLC, the reaction mixture was diluted with EtOAc (100 mL) 

and the aqueous phase was extracted three times with EtOAc. The combined organic layers were 

washed with saturated aqueous NaHCO3 and brine, dried over Na2SO4, filtered and concentrated 

under reduced pressure. The product was purified by flash column chromatography using 

EtOAc:hex (6:1) to afford 24 as white solid (5.0 g, 13.43 mmol, 91%). Rf = 0.55 (neat EtOAc). 1H 

NMR (400 MHz, CDCl3 δ (ppm) 5.82 (d, J = 8.9 Hz, 1H, NH), 5.25 (dd, J = 10.6, 9.3 Hz, 1H, H-3), 

5.09 (t, J = 9.7 Hz, 1H, H-4), 4.77 (d, J = 9.3 Hz, 1H, H-1), 4.26 (dd, J = 12.4, 4.8 Hz, 1H, H-6a), 

4.16 (dd, J = 12.5, 2.3 Hz, 1H, H-6b), 3.91 (dt, J = 10.6, 9.1 Hz, 1H, H-2), 3.80 (ddd, J = 10.1, 4.8, 

2.3 Hz, 1H, H-5), 2.10 (s, 3H, CH3), 2.03 (d, J = 3.3 Hz, 6H), 1.97 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ (ppm) 171.1, 170.9, 170.6, 169.4 (C=O x 4), 88.5 (C-1), 74.0 (C-5), 72.2 (C-3), 68.1 (C-

4), 61.9 (C-6), 54.2 (C-2), 23.4 (CH3-OAc), 20.9 (CH3-OAc), 20.8 (CH3-OAc), 20.7 (CH3-OAc). 
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HRMS (m/z): Calcd for C14H21N4O8 [M+H]+ 373.1359, observed 373.1360. NMR data agreed with 

previously reported data 259, 260, 87. 

 

2-Acetamido-3,4-6-tri-O-acetyl-2-deoxy-β-D-glycopyranoyl amine (27) 

 

The glucopyranosyl azide 24 (1.5 g, 4.03 mmol) and 10% Pd/C (85.7 mg, 0.08 mmol) were added 

to a flask and purged with nitrogen three times. The mixture was dissolved in anhydrous THF (20 

mL), triethylamine (0.5 mL, 4.03 mmol) was added, and the flask was purged with hydrogen twice. 

After stirring the suspension during 3 h at rt, the reaction mixture was diluted with ethyl acetate 

(100 mL), filtered through Celite, and concentrated under reduced pressure. The crude product 

was obtained as a grey solid (1.15 g, 3.32 mmol, 83%). 1H NMR (400 MHz, CDCl3) δ (ppm) 5.79 

(d, J = 9.2 Hz, 1H, NH), 5.13 – 4.96 (m, 2H, H-3, H-4), 4.20 (dd, J = 12.3, 4.9 Hz, 1H, H-6a), 4.15 

– 4.05 (m, 2H, H-1, H-6b), 4.04 – 3.96 (m, 1H, H-2), 3.63 (ddd, J = 9.6, 4.8, 2.4 Hz, 1H, H-5), 2.08 

(s, 3H, CH3), 2.02 (d, J = 5.8 Hz, 6H, CH3), 1.96 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ (ppm) 

171.7, 170.9, 170.7, 169.5 (C=O x 4), 86.5 (C-1), 73.5 (C-5), 72.8 (C-3), 68.5 (C-4), 62.5 (C-6), 

54.9 (C-2), 23.4 (CH3-OAc), 20.9 (CH3-OAc), 20.9 (CH3-OAc), 20.8 (CH3-OAc). HRMS (m/z): 

Calcd for C14H22N2O8Na [M+Na]+ 369.1274, observed 369.1276. NMR data agreed with 

previously reported data 87. 

 

N-(Fluorenyl-9-methoxycarbonyl)-L-aspartic anhydride (28) 

 

A suspension of N-Fmoc-L-aspartic acid 4-tert-butyl ester (4 g, 9.72 mmol) in CH2Cl2 (13 mL) was 

cooled to 0 °C and trifluoroacetic acid (14.9 mL, 194.4 mmol) was added dropwise. The mixture 

was warmed to rt and stirred for 3 h. After reaction completion, toluene (100 mL) was added to 

the reaction and the solvent mixture was removed at reduced pressure. Fmoc-L-aspartic acid was 

obtained as a white powder and used for the next step without further purification (3.45 g, 9.72 

mmol, quantitative). Crude N-Fmoc-L-aspartic acid (3.45 g, 9.71 mmol) was dissolved in acetic 

anhydride (28 mL, 297.3 mmol) and the mixture was refluxed for 2 h at 95 °C. The reaction mixture 

was cooled to rt and a few milliliters of cold ether were added. A formation of a precipitate was 

observed and more diethyl ether was added. The formed precipitate was filtrated, washed with 

cold diethyl ether, and dried to give the N-Fmoc-aspartic anhydride 26 as a white powder (2.40 g, 

7.11 mmol, 73% over two steps). 1H NMR (400 MHz, DMSO-D6) δ (ppm) ) 8.21 (d, J = 7.6 Hz, 

1H, NH), 7.93 – 7.86 (m, 2H, H-Ar), 7.67 (d, J = 7.5 Hz, 2H, H-Ar), 7.45 – 7.39 (m, 2H, H-Ar), 7.34 

(tdd, J = 7.4, 2.2, 1.3 Hz, 2H, H-Ar), 4.65 (ddd, J = 10.0, 7.7, 6.2 Hz, 1H, H-α), 4.47 – 4.34 (m, 2H, 
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CH2-Fmoc), 4.25 (t, J = 6.5 Hz, 1H, CH-Fmoc), 3.24 (dd, J = 18.5, 10.0 Hz, 1H, H-β), 2.86 (dd, J 

= 18.5, 6.2 Hz, 1H, H-β). 13C NMR (101 MHz, DMSO-D6) δ (ppm) 172.2 (C=O β), 169.9 (C=O α), 

155.9, 143.7, 143.6, 140.8, 127.7, 127.2, 127.1, 125.1, 125.1, 120.2, 120.2 (12 C-Ar), 66.1 (CH2-

Fmoc), 50.4 (C-α), 46.6 (CH-Fmoc), 34.7 (C-β). HRMS (m/z): Calcd for C19H15NO5Na [M+Na]+ 

360.0848, observed 360.0854. NMR data agreed with previously reported data.251. 

 

Nα-(9-fluorenylmethoxycarbonyl)-N-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-

glucopyranosyl)-L-asparagine tertbutyl ester (29) 

 

Glycosyl amine 25 (0.7 g, 2.02 mmol), Fmoc-Asp-OtBu (0.83 g, 2.02 mmol) and N-

ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (0.5 g, 2.02 mmol) were stirred in anhydrous 

CH2Cl2 (20 mL) under argon at room temperature during 16 h. The crude mixture was 

concentrated in vacuo followed by addition of a mixture of hot EtOAc and petroleum sprit (1:1, v/v, 

50 mL). The suspension was filtered, the solid was collected and dried under reduced pressure 

to yield 27 as a grey solid (1.23 g, 1.66 mmol, 82%).1H NMR (400 MHz, DMSO-D6) δ (ppm) 7.75 

(d, J = 7.5 Hz, 2H, H-Ar), 7.60 (d, J = 7.5 Hz, 2H, H-Ar), 7.39 (t, J = 7.5 Hz, 2H, H-Ar), 7.30 (t, J = 

7.4 Hz, 2H, H-Ar), 7.20 (d, J = 8.2 Hz, 1H, NH-Glc), 6.08 (d, J = 8.0 Hz, 1H, NH-NHAc), 5.95 (d, 

J = 8.9 Hz, 1H, NH-Asn), 5.19 – 5.00 (m, 3H, H-1, H-3, H-4), 4.52 (dt, J = 9.0, 4.5 Hz, 1H, H-α), 

4.42 (dd, J = 10.4, 7.1 Hz, 1H, H-6a), 4.36 – 4.18 (m, 3H, H-6b, CH-Fmoc, CH2a-Fmoc), 4.18 – 

4.01 (m, 2H, H-2, CH2b-Fmoc), 3.74 (ddd, J = 9.8, 4.2, 2.2 Hz, 1H, H-5), 2.85 (dd, J = 16.5, 4.7 

Hz, 1H, H-βb), 2.70 (dd, J = 16.4, 4.4 Hz, 1H, H-βb), 2.13 – 2.00 (m, 9H, CH3), 1.96 (s, 3H, CH3), 

1.44 (s, 9H, OtBu). 13C NMR (101 MHz, DMSO-D6) δ (ppm) 172.5, 172.2, 171.2, 170.8, 170.1, 

169.4, 156.2 (C=O x 7), 144.0, 143.9, 141.4, 141.4, 127.8, 127.2, 125.3, 125.3, 120.1 (12 C-Ar), 

82.3 (C, tBu)), 80.4 (C-1), 73.6 (C-5), 73.0 (C-3), 67.6 (C-4), 67.2 (C-6), 61.7 (CH2-Fmoc), 53.6 

(H-2), 51.1 (C-α), 47.2 (CH-Fmoc), 38.0 (C-β), 28.0 (CH3, OtBu), 23.2 (CH3-OAc), 20.9 (CH3-

OAc), 20.7 (CH3-OAc). HRMS (m/z): Calcd for C37H45N3O13Na [M+Na]+ 762.2850, observed 

762.2861. NMR data agreed with previously reported data 87. 

 

Nα-(9-fluorenylmethoxycarbonyl)-N-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-

glucopyranosyl)-L-asparagine (11) 

 

Method A: The glucopyranosyl amine 25 (0.5 g, 1.44 mmol) and the aspartic anhydride 26 (0.49 

g, 1.44 mmol) were dissolved in anhydrous DMSO (2 mL) and stirred at rt under argon 

atmosphere. After 5 h, the mixture was diluted with water (30 mL) and extracted with chloroform 



Chemical synthesis of human CD59 
 

 61 

(3 x 100 ml). The organic phase was then washed with brine, dried over Na2SO4, and concentrated 

under reduced pressure. The product glycosylated amino acid 11 was purified by flash column 

chromatography CH2Cl2/MeOH 98:2 to 96:4 and obtained as a white solid (0.537 g, 0.785 mmol, 

54%). 

 

Method B: Glycosylated amino acid 27 (0.9 g, 1.22 mmol) was dissolved in a mixture of 

trifluoroacetic acid/H2O (10:1 v/v, 16.5 mL) at 0 °C and stirred for 3 h at rt Then, the solvents were 

removed in vacuo and the residue was co-evaporated with toluene (5 x 30 mL) and dried under 

reduced pressure to yield 11 as a grey solid (0.88, 1.19 mmol, 98%).  

 

Rf = 0.4 (CH2Cl2/MeOH 95:5). 1H NMR (400 MHz, DMSO-D6) δ (ppm) 8.62 (d, J = 9.2 Hz, 1H, 

NH-Glc), 7.91 (dd, J = 13.6, 8.3 Hz, 2H, H-Ar), 7.71 (d, J = 7.5 Hz, 2H, H-Ar), 7.55 (d, J = 8.5 Hz, 

1H, NH-Asn), 7.41 (td, J = 7.5, 1.1 Hz, 2H, H-Ar), 7.32 (td, J = 7.4, 1.2 Hz, 2H, H-Ar), 5.17 (t, J = 

9.5 Hz, 1H, H-1), 5.09 (t, J = 9.8 Hz, 1H, H-3), 4.81 (t, J = 9.8 Hz, 1H, H-4), 4.38 (td, J = 7.5, 5.5 

Hz, 1H, H-α), 4.32 – 4.14 (m, 4H, H-6a, CH2a-Fmoc, CH-Fmoc), 3.98 – 3.78 (m, 3H, H-2, H-5, 

CH2b-Fmoc), 2.65 (dd, J = 16.3, 5.4 Hz, 1H, H-βa), 2.50 (dd, overlapped by DMSO signal, H- βb) 

1.97 (d, J = 12.5 Hz, 6H, CH3), 1.90 (s, 3H, CH3), 1.71 (s, 3H, CH3).13C NMR (101 MHz, DMSO-

D6) δ (ppm) 173.1, 170.1, 169.9, 169.6, 169.6, 169.4, 155.9, 143.9, 143.8, 140.8, 129.0, 128.3, 

127.7, 127.2, 125.4, 125.3, 120.2, 78.1(C-1), 73.4 (C-3), 72.3 (C-5), 68.4 (C-4), 65.8 (C-6), 61.9 

(CH2-Fmoc), 52.1 (C-2), 50.0 (CH-α), 46.6 (CH-Fmoc), 36.9 (C-β), 22.7 (CH3-OAc), 20.6 (CH3-

OAc), 20.5 (CH3-OAc), 20.5 (CH3-OAc). HRMS (m/z): Calcd for C33H37N3O13Na [M+Na]+ 

706.2224, observed 706.2239. NMR data agreed with previously reported data260, 87. 

 

2.5.2. Methods for solid phase synthesis of peptides 

 

General methods for the solid phase peptides synthesis (SPPS) 

 

The synthesis of the peptides segments was performed from N- to C-terminus by automated 

microwave-assisted solid phase synthesis using a Liberty BlueTM peptide synthesizer (CEM 

corporation, Germany). Syntheses were achieved on a 30 mL Teflon reaction vessel using the 

CEM suggested conditions for 0.1 mmol scale. All solutions were freshly prepared and kept under 

nitrogen during the whole synthesis process. 

The functionalization of the resins, coupling of the first amino acid and glycosylated amino acids 

were performed manually in a 10- or 20 mL disposable polypropylene reactor equipped with 

plunger and 25 µm bottom frit (Multisynthech). Small-scale and full cleavage were performed 

manually in (2 mL or 10 mL) disposable polypropylene reactor equipped with plunger with 25 µm 

bottom frit (Multisynthech). All the solutions and solvents were transfer by suction. The reactions 

were shaken at room temperature on a VWR Heidolph Vibramax 100. The presence of free amino 
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groups during manual synthesis was detected using qualitative Kaiser test (solution A: 1 mL of a 

0.01M aqueous solution of KCN in 49 mL of pyridine, solution B: 1 g of ninhydrin in 20 mL of n-

butanol, solution C: 40 g of phenol in 20 mL of n-butanol). Resin loading was determined by 

following previously established procedures 238, 261. 

 

Functionalization of the resins to obtain C-terminal hydrazide peptides 

 

Functionalization of NovaPEG Wang resin (R1) 

 

NovaPEG Wang resin (500 mg, 0.305 mmol, 0.61 mmol/g commercial loading) was swollen in 15 

mL of CH2Cl2 at rt during 1 h. A cold solution of 4-nitrophenyl chloroformate (307.3 mg, 1.52 mmol) 

in CH2Cl2 (7 mL) was added, the polypropylene reactor was cooled to -20 °C for 1 h. Then, a 

solution of N-methylmorpholine (169 μl, 1.52 mmol) in CH2Cl2 (7 mL) was added to the resin and 

the mixture was warmed to rt and shaken overnight. The solvent was filtered off, and the resin 

was washed with CH2Cl2, DMF, MeOH, and CH2Cl2 (5 x 10 mL each solvent). A cold solution of 

hydrazine monohydrate (74 μL, 1.52 mmol) in CH2Cl2/DMF 1:1 (8 mL) was added to the resin and 

the mixture was shaken at rt overnight. The solvent was drained, and the resin was washed with 

DMF, CH2Cl2, DMF, MeOH, and CH2Cl2 (5 x 10 mL each solvent). 

 

Functionalization of 2-Cl-Trt-(Cl) (R2) 

 

To Cl-TCP(Cl) ProTide Resin (0.25g, 0.118 mmol, 0.47 mmol/g commercial loading) a solution of 

1M hydrazine in THF (1.2 mL, 1.175 mmol) in DMF (1 mL) was added and the suspension was 

shaken at rt during 1.5 h. The solution was filtered off and the resin was washed once with DMF 

(5 mL). A freshly prepared solution of hydrazine was added and the mixture was shaken for 30 

min. The solution was drained, and the resin was washed with DMF, CH2Cl2, and DMF (5 x 5 mL 

each solvent). Subsequently, a solution of 5% v/v of methanol in DMF (2 mL) was added to the 

resin and the mixture was shaken for 20 min. The solvent was filtered off and washed with DMF, 

CH2Cl2, MeOH, and DMF (5 x 5 mL each solvent). The functionalized resin was directly used for 

the coupling of the first amino acid 116. 
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General method for the coupling of the first amino acid on functionalized solid support 

NovaPEG Wang hydrazide 

Hydrazine functionalized NovaPEG Wang resin R1 (0.2 g, 0.122 mmol) was swollen in CH2Cl2 (5 

mL) for 30 min. The amino acid (0.61 mmol) was activated with DIC (95 µL, 0.5 mmol) and HOBt 

(93.4 mg, 0.61 mmol) in DMF and after 2 min added to the solid support. The suspension was 

shaken at rt overnight. The solution was drained, and the resin washed with DMF, CH2Cl2, DMF 

(4 x 4 mL each solvent). Resin loading was determined by following previously established 

procedures 238, 261. 

2CT Hydrazide ProTide 

Hydrazine functionalized trityl resin R2 (0.25 g, 0.118 mmol) was swollen in CH2Cl2 (5 mL) at rt 

for 30 min. The amino acid (0.47 mmol) was activated with HATU (169 mg, 0.44 mmol), DIPEA 

(164 µL, 0.94 mmol) in DMF (4 mL), and after 30 sec added to the solid support. After shaking the 

suspension overnight, the solution was drained and the resin was washed with DMF, CH2Cl2, and 

DMF (4 x 4 mL of each solvent). Resin loading was determined by following previously established 

procedures 238, 261  

General method for the manual coupling of amino acid or glycosylated amino acids 

Manual coupling of Fmoc-Cys(Trt)-OH 

The peptide-resin (0.1 mmol) was taken out of the synthesizer and placed in a polypropylene 

reactor. Fmoc-Cys(Trt)-OH (293 mg, 0.5 mmol) was activated with HOBt (77 mg, 0.5 mmol), DIC 

(77 µL, 0.5 mmol) in DMF (4 mL), and after 2 min added to the solid support. The suspension was 

shaken at rt overnight. The solution was drained, and the resin was washed with DMF, CH2Cl2, 

and DMF (4 x 4 mL each solvent). Subsequently, a mixture of Ac2O/DIPEA/NMP (1:1:1) was 

added to the resin and shaken for 20 min at rt, the solvent was filtered off and the resin was 

washed with DMF, CH2Cl2, MeOH, DMF (4 x 4 mL each solvent).  

*Coupling was monitored by Kaiser test and double coupling was performed when needed. 

 

Manual coupling of Fmoc-Asp(OEpe)-OH 

The peptide-resin (0.1 mmol) was taken out of the synthesizer and placed in a polypropylene 

reactor. Fmoc-Asp(OEpe)-OH (91 mg, 0.2 mmol) was activated with HATU (68 mg, 0.18 mmol), 

DIPEA (70 µL, 0.4 mmol) in DMF (2 mL) and after 30 sec added to the resin. The suspension was 

shaken at rt during 1h, the solution was drained, and the resin was washed with DMF (2 x 4 mL 

each solvent). A second coupling was performed with Fmoc-Asp(OEpe)-OH (45 mg, 0.1 mmol), 

HATU (34 mg, 0.09 mmol), DIPEA (35 µL, 0.2 mmol) in DMF (2 mL) during 1 h. Once draining the 
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solvent, the resin was washed with DMF, CH2Cl2, MeOH, and DMF (4 mL, 4 times each solvent). 

Subsequently, a mixture of Ac2O/DIPEA/NMP (1:1:1) was added to the resin and shaken for 30 

min at rt, the solvent was filtered off and the resin was washed with DMF, CH2Cl2, DMF, MeOH 

(4 x 4 mL each solvent). The resin was placed back in the synthesizer to continue the elongation. 

 

Manual coupling of glycosylated asparagine 

Solid support (0.08 mmol) was taken out of the synthesizer and placed in a polypropylene reactor. 

Fmoc-L-Asn((Ac)3-α-D-GlcNAc)-OH (219 mg, 0.32 mmol) was activated with PyBOP (208 mg, 0.4 

mmol), DIPEA (111 µL, 0.64 mmol) in DMF/DMSO (2.5 mL, 4:1) and after 2 min added to the 

resin. The suspension was shaken overnight, the solution was drained, and the resin was washed 

with DMF, CH2Cl2, MeOH, and DMF (4 x 4 mL each solvent). Subsequently, a mixture of 

Ac2O/DIPEA/NMP (1:1:1) was added to the resin and shaken during 2 h at rt, the solvent was 

filtered off and the resin washed with DMF, CH2Cl2, MeOH, DMF (4 x 4 mL each solvent). The 

resin was placed back in the synthesizer to continue the elongation. 

*Coupling was monitored by Kaiser test and double coupling was performed when needed. 

 

Manual coupling of glycosylated threonine 

The peptide-resin (0.08 mmol) was taken out of the synthesizer and placed in a polypropylene 

reactor. Fmoc-L-Thr((Ac)3-α-D-GalNAc)-OH (215 mg, 0.32 mmol) was activated with PyBOP (208 

mg, 0.4 mmol), DIPEA (111 µL, 0.64 mmol) in DMF (3 mL) and after 2 min added to the resin. 

The suspension was shaken overnight, the solution was drained, and the resin washed with DMF, 

CH2Cl2, MeOH, and DMF (4 x 4 mL each solvent). Subsequently, a mixture of Ac2O/DIPEA/NMP 

(1:1:1) was added to the resin and shaken at rt for 30 min, the solvent was removed and the resin 

was washed with DMF, CH2Cl2, MeOH, and DMF (4 x 4 mL each solvent).  

*Coupling was monitored by Kaiser test and double coupling was performed when needed. 

 

Manual deprotection after glycosylated amino acid 

Deprotection solution 2 mL (20% piperidine, 0.8% formic acid in DMF) was added to the resin, 

and the suspension was shaken at room temperature for 10 min. The solvent was drained, and 

the resin was washed with DMF, CH2Cl2, MeOH, and DMF (4 x 4 mL of each solvent).  

*Deprotection was monitored by Kaiser test and double deprotection was performed when 

needed. 

 

Manual elongation after glycosylated amino acid 

Fmoc amino acid* (0.24 mmol) was activated with HBTU (0.216 mmol) and DIPEA (0.48 mmol) 

in DMF (3 mL) and after 30 sec added to the resin. The suspension was shaken for 1h at rt, the 
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solution was drained, and the resin was washed with DMF, CH2Cl2, MeOH, DMF (4 x 4 mL each 

solvent). Subsequently, a mixture of Ac2O/DIPEA/NMP (1:1:1) was added to the resin and shaken 

for 30 min at rt, the solvent was filtered off and the resin was washed with DMF, CH2Cl2, MeOH, 

and DMF (4 x 4 mL each solvent).  

*Coupling was monitored by Kaiser test and double coupling was performed when needed. 

 

Capping 

The peptide-resin (0.08 mmol) was taken out of the synthesizer and placed in a polypropylene 

reactor and a mixture of Ac2O/DIPEA/NMP (1:1:1) was added to the resin and shaken for 30 h at 

rt, the solution was filtered off and the resin washed with DMF, CH2Cl2, MeOH, DMF (4 x 4 mL 

each solvent). The resin was placed back in the synthesizer to continue the elongation. 

Microwave assisted solid phase peptide synthesis  

Preparation of stock solutions 

Amino acid solution: Amino acids were dissolved in DMF to a final concentration of 0.2 M. 

Deprotection solution: A solution containing, 20% piperidine, 0.8% of formic acid in DMF was 

prepared.  

Activator solution (Act): A 0.5 M solution of N,N’-diisopropylcarbodiimide in DMF was prepared. 

Activator base solution (Act base): A 1 M solution of ethyl cyano(hydroxyimino)acetate (Oxyma 

Pure®) in DMF was prepared.  

Cycles used for SPPS 

Swelling: Peptide synthesis was performed at 0.1 mmol scale. Solid support bearing the first 

amino acid was placed in the reaction vessel and swollen in DMF at rt for 10 min. Prior to 

synthesis, all the main operations were calibrated, and the lines purged. After swelling, the solvent 

was drained, and the cycle was started. 

 

Fmoc removal (deprotection) and coupling: Deprotection solution (4 mL) was delivered to the 

reaction vessel and kept under nitrogen bubbling, the solution was drained, and the resin was 

washed with DMF (3x 4 mL, 17 s each, 10 s draining time). The amino acid solution (2.5 mL), 

activator (1 mL), and activator base (0.5 mL) were delivered and kept under nitrogen bubbling. 

After finishing the time given for the coupling, the solvent was filtered off and the resin was washed 

with DMF (4 mL, 10 s). The temperature of the reaction vessel and the time for deprotection and 

coupling cycles were adjusted to get various methods. The specifications of each method are 

shown in the following tables: 
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Single deprotection, single coupling at 75 °C (11 min) 

          
  Step Operation  Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  3 Wash DMF, 4 mL, 17 s, draining time 10 s   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Coupling 75 °C, 30 W, 5 min   
  7 Wash DMF, 4 mL, 17 s, draining time 10 s   
                               

Single deprotection, double coupling at 75 °C (16 min) 

          

  Step Operation Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  3 Wash DMF, 4 mL, 17 s, draining time 10 s   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Coupling 75 °C, 30 W, 5 min   
  7 Coupling 75 °C, 30 W, 5 min   
  8 Wash DMF, 4 mL, 17 s, draining time 10 s   
                               

Double deprotection, double coupling at 75 °C (19 min) 

          
  Step Operation Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  3 Deprotection 75 °C, 50 W, 3 min   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
  7 Coupling 75 °C, 30 W, 5 min   
  8 Coupling 75 °C, 30 W, 5 min   
  9 Wash DMF, 4 mL, 17 s, draining time 10 s   
                               

Double deprotection, double coupling at 50 °C (29 min) 

          
  Step Operation Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  3 Deprotection 75 °C, 50 W, 3 min   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
  7 Coupling 25 °C, 0 W, 2 min / 50 °C, 35 W, 8 min   
  8 Coupling 25 °C, 0 W, 2 min / 50 °C, 35 W, 8 min   
  9 Wash DMF, 4 mL, 17 s, draining time 10 s   
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Single deprotection at 25 °C, double coupling at 50 °C (52 min) 

          
  Step Operation Parameters   

            1 Deprotection 25 °C, 0 W, 10 min   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
  7 Coupling 50 °C, 35 W, 20 min   
  8 Coupling 50 °C, 35 W, 20 min   
  9 Wash DMF, 4 mL, 17 s, draining time 10 s   
                               

Double Arg coupling at 75 °C (63 min) 

          
  Step Operation Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  3 Deprotection 75 °C, 50 W, 3 min   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
  7 Coupling 25 °C, 0 W, 25 min / 75 °C, 35 W, 2 min   
  8 Coupling 25 °C, 0 W, 25 min / 75 °C, 35 W, 2 min   
  9 Wash DMF, 4 mL, 17 s, draining time 10 s   

                               

Final deprotection: Once the elongation of the peptide was finished, deprotection solution (4 mL) 

was delivered to the reaction vessel and kept under nitrogen bubbling. The solution was drained 

and the resin was washed with DMF (4 x 4 mL, 17 s each, 10 s draining time). The final 

deprotection of the peptide was performed using the following methods: 

 

Final deprotection at 75 °C (4 min) 

          
  Step Operation Parameters   

            1 Deprotection 75 °C, 50 W, 3 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
                               

Final deprotection at 25 °C (11 min) 

          
  Step Operation Parameters   

            1 Deprotection 25 °C, 0 W, 10 min   
  2 Wash DMF, 4 mL, 17 s, draining time 10 s   
  4 Wash DMF, 4 mL, 17 s, draining time 10 s   
  5 Wash DMF, 4 mL, 17 s, draining time 10 s   
  6 Wash DMF, 4 mL, 17 s, draining time 10 s   
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2.5.3. Post-automated synthesis steps  

On-resin deacetylation 

The solid support was swollen in DMF/CH2Cl2 (1:1) for 30 min. The solvent was removed, a 10% 

solution of hydrazine monohydrate in MeOH/THF (1:1) was added, and the suspension was 

shaken at rt for 2 h. The solvent was drained, and the resin was washed with CH2Cl2, DMF, MeOH, 

and CH2Cl2 (5 mL, three times each solvent).  

 

Cleavage 

Two cocktails were used for the cleavage of peptides and glycopeptides:  

          
  Solution Reagents Ratio   

            K TFA/phenol/water/thioanisol/EDT 82.5/5/5/5/2.5   

  B' TFA/TIPS/Water 90/5/5   

                               

Small-scale cleavage: Some beads of dry resin were transfer into a 2 mL polypropylene reactor 

and 300 µL of the cocktail solution were added. The suspension was shaken at rt, for 2 h. The 

solution was collected in a 2 mL Eppendorf tube and precipitated with cold Et2O (1.8 mL), mixed 

using a vortex and centrifuged. The supernatant was removed and the remaining precipitated was 

extracted with cold diethyl ether three times. The precipitate was dried using a nitrogen stream 

and dissolved in 10% of acetonitrile in water. The solution was analyzed by RP-HPLC and LC-

MS. 

 

Full cleavage: Dry resin was placed in a 10 mL polypropylene reactor and the cocktail solution 

(7 mL/200 mg of peptide-resin) was added. The suspension was shaken at rt for 2.5 h. The filtrate 

was collected in a 50 mL polypropylene tube and precipitated with cold Et2O (45 mL), mixed using 

a vortex and centrifuged. The supernatant was removed. The addition of cold diethyl ether, mixing 

and centrifugation was repeated three times. The precipitate was dried using a nitrogen stream 

and carried through purification. 
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2.5.4. Synthesis of peptides and glycopeptides protocols and chromatographic data 

Synthesis of non-glycosylated protein 2  

 

 

The synthesis of the non-glycosylated protein 2 was attempted using functionalized resin R2 (0.3 

g, 0.051 mmol, loading 0.17 mmol/g) bearing Fmoc-Ala-OH, as described in the general methods. 

The peptide was elongated by MW-SPPS using a 10 molar excess of the amino acid. The below 

table shows the deprotection and coupling cycles for each amino acid according to the parameters 

described in 2.5.2. 

    
Residue  Cycle 

    Asn-77, Leu-75, Gln-74, Asn-72, Phe-
71, Leu-68, Asp-67, Lys-66 

0.1 - Single deprotection single coupling 75 °C 

Lys 65 0.1 - Single deprotection double coupling 75 °C 

Glu-73, Glu-73, Asn-70 0.1 - Double deprotection double coupling 75 °C 

Cys-69, from Cys-64 to Leu-1 0.1 - Double deprotection double coupling 50 °C 

Arg-55, Arg-53 0.1 - Double arginine coupling 

 Final deprotection 75 °C 

             

To monitor the synthesis, a small-scale cleavage was performed after the coupling of residues 

Thr-52, Cys-39 and Leu-1. The crude peptide was analyzed by LC-MS using column [A] and a 

gradient of 5 - 40% MeCN in H2O (0.1 % HCOOH) over 25 min. The product was not isolated. 
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Synthesis of CD59 peptide fragment 3 (1-25) 

 

The synthesis of the peptide was performed on functionalized resin R2 (0.33 g, 0.092 mmol, 0.28 

mmol/g). Fmoc-Ala-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 5.4 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue and position  Cycle 

    Asp-24* 0.1 - Double deprotection double coupling 75 °C  

Phe-23, Ser 21, Ser 20*, Asn-18, Val-17, 
Ala-16, Thr-15*, Lys-14, Ala-11, Thr-10, 
Pro-9, Asn-8, Pro-7*, Asn-5*, Tyr-4, Gln-2, 
Leu-1 

0.1 - Single deprotection 25 °C double coupling 50 °C 

Cys-19, Cys-13, Cys-6, Cys-3 0.1 - Double deprotection double coupling 50 °C 

Asp-22*, Asp-12*, Manual coupling 

 Final deprotection 25 °C 

            * Capping cycle  

Cys-19, Cys-13, Cys-6, Cys-3: Fmoc-Cys(Acm)-OH 

Asp-22 and Asp-12: Fmoc-Asp(OEpe)-OH 

     

The peptide-resin was taken out of the synthesizer and was dried in vacuo. The full cleavage was 

performed using cleavage cocktail K. The crude product (101.6 mg) was dissolved in (20 mL) 10% 

MeCN/H2O + 0.1 % TFA, purified by semi-preparative RP-HPLC (column [B], 10-50% MeCN/H2O 

+ 0.1 % TFA over 35 min at 8 mL/min flow rate) and lyophilized.  

Yield of 3: 8.84 mg (2.97 µmol, 8.7%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS of 3: m/z C121H188N36O44S4 (2977.2 Da) calculated: 1489.6 [M+2H]2+, 

993.4 [M+3H]3+, 745.3 [M+4H]4+, observed: 1490.1 [M+2H]2+, 993.4 [M+3H]3+, 754.3 [M+4H]4+. 
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Synthesis of CD59 peptide fragment 4 (26-44) 

 

 

The peptide synthesis was performed on functionalized resin R1 (0.244 g, 0.04 mmol, loading 

0.17 mmol/g). Fmoc-Hys(Trt)-OH was coupled as described in the general methods. The peptide 

was elongated by MW-SPPS using a 12 molar excess of the amino acid. The table shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue and position Cycle 

    Glu-43, Phe-42, Lys-41, Trp-40, Lys-
38, Asn-37, Tyr-36, Val-35, Leu-33, 
Gly-32, Ala-31, Thr-29, Leu-27 

0.1 - Single deprotection single coupling 75 °C 

Gln-34, Lys-30, Ile-28 0.1 - Double deprotection double coupling 75 °C 

Cys-39 0.1 - Double deprotection double coupling 50 °C 

Cys-26 Manual coupling 

            Cys-39: Fmoc-Cys(Acm)-OH   

Cys-26 Fmoc-Cys(Trt)-OH   
  The peptide-resin was dried in vacuo and full cleavage was performed with cleavage cocktail K. 

The crude product (54.02 mg) was dissolved in (10 mL) 10% MeCN/H2O + 0.1% TFA, purified by 

semi-preparative RP-HPLC (column [B], 10 - 50% MeCN/H2O + 0.1% TFA over 35 min, 8 mL/min) 

and lyophilized. 

Yield of 4: 11.04 mg (4.26 µmol, 20.4%). LC-MS: column [A], 5 - 40% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS of 4: m/z C123H178N30O28S2 (2587.3 Da) calculated: 1294.6 [M+2H]2+, 

863.4 [M+3H]3+, 647.8 [M+4H]4+, 518.5 [M+5H]5+, observed: 1294.6 [M+2H]2+, 863.4 [M+3H]3+, 

674.8 [M+4H]4+, 518.5 [M+5H]5+. 
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Synthesis of CD59 peptide fragment 5 (45-68) 

 

 

The peptide synthesis was performed on functionalized resin R2 (0.34 g, 0.09 mmol, loading 0.26 

mmol/g). Fmoc-Leu-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 5.5 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue and position Cycle 

    Asp-67 0.1 - Double deprotection double coupling 75 °C 

Lys-66, Lys-65, Tyr-62, Tyr-61, Thr-60, Leu-
59, Glu-58, Asn-57, Glu-56*, Leu-54, Thr-52, 
Thr-51, Val-50, Asn-48, Phe-47, Asn-46, Cys-
45 

0.1 - Single deprotection 25 °C double coupling 50 °C 

Cys-64, Cys-63 0.1 - Double deprotection double coupling 50 °C 

Arg-55, Arg-53 0.1 - Double arginine coupling 

Asp-49* Manual coupling 

            * Capping cycle    

Cys-64, Cys-63: Fmoc-Cys(Acm)-OH   

Asp-49: Fmoc-Asp(OEpe)-OH   

     

The peptide-resin was dried in vacuo and full cleavage was performed using cleavage cocktail K. 

The crude product (58 mg) was dissolved in (10 mL) 10% MeCN/H2O + 0.1% TFA, purified by 

semi-preparative RP-HPLC (column [B], 10 - 50% MeCN/H2O + 0.1% TFA over 35 min, and 8 

mL/min flow rate) and lyophilized. 

Yield of 5: 5.43 mg (1.63 µmol, 9.4%). LC-MS: column [A], 5 - 70% MeCN/H2O + 0.1% HCOOH 

over 15 min. ESI-TOF-MS of 5: m/z C146H219N39O44S3 (3318.5 Da) calculated: 1107.2 [M+3H]3+, 

830.6 [M+4H]4+, 664.7 [M+5H]5+, observed: 1107.2 [M+3H]3+, 830.6 [M+4H]4+, 664.7 [M+5H]5+. 
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Synthesis of CD59 peptide fragment 6 (69-78) 

 

The peptide synthesis was performed on functionalized resin R1 (0.290 g, 0.092 mmol, loading 

0.318 mmol/g). Fmoc-Ala-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 5.4 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue Number Cycle 

    Asn-77, Glu-76, Leu-75, Gln-74, 
Glu-73, Phe-71 

0.1 - Single deprotection single coupling 75 °C 

Asn-72, Asn-70 0.1 - Double deprotection double coupling 75 °C 

Cys-69 0.1 - Double deprotection double coupling 50 °C 

 Final deprotection 75 °C 

             

The peptide-resin was dried in vacuo and full cleavage was performed with cleavage cocktail B’. 

The crude product (71.7 mg) was dissolved in (15 mL) of 10% MeCN in H2O (0.1% TFA), purified 

by semi-preparative RP-HPLC (column [B], 10 - 50% MeCN/H2O + 0.1% TFA over 35 min, and 8 

mL/min flow rate) and lyophilized. 

Yield of 6: 28.8 mg (24.09 µmol, 40.2%). LC-MS: column [A], 5 - 70% MeCN/H2O + 0.1% HCOOH 

over 15 min. ESI-TOF-MS of 6: m/z C48H74N16O18S (1194.5 Da) calculated: 1195.5 [M+H]+, 598.3 

[M+2H]2, observed: 1194.5 [M+H]+, 598.3 [M+2H]2+. 
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Synthesis of CD59 peptide fragment 7 (26-44) 

 

The peptide synthesis was performed on functionalized resin R1 (0.250 g, 0.105 mmol, loading 

0.42 mmol/g). Fmoc-Hys(Trt)-OH was coupled as described in the general methods. The peptide 

was elongated by MW-SPPS using 4.8 molar excess of the amino acid. The table below shows 

the deprotection and coupling cycles for each amino acid according to the parameters described 

in 2.5.2. 

    
Residue Number Cycle 

    Glu-43, Phe-42, Lys-41, Trp-40, Lys-38, 
Asn-37, Tyr-36, Val-35, Leu-33, Gly-32, 
Ala-31, Thr-29, Leu-27 

0.1 - Single deprotection single coupling 75 °C 

Gln-34, Lys-30, Ile-28 0.1 - Double deprotection double coupling 75 °C 

Cys-39 0.1 - Double deprotection double coupling 50 °C 

Cys-26 Manual coupling 

   Final deprotection 75 °C 
          Cys-39: Fmoc-Cys(Acm)-OH   

Cys-26 Fmoc-Cys(Trt)-OH   

   

The peptide-resin support was dried in vacuo and full cleavage was performed using cleavage 

cocktail K. The crude product (56.9 mg) was dissolved in (10 mL) 10% MeCN/H2O + 0.1% TFA, 

purified by semi-preparative RP-HPLC (column [B], 10 - 50% MeCN in H2O (0.1% TFA) over 35 

min, and 8 mL/min flow rate) and lyophilized. 

Yield of 7: 15.4 mg (6.51 µmol, 27%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS of 7: m/z C108H168N30O26S2 (2365.2 Da) calculated: 1183.6 [M+2H]2+, 

789.4 [M+3H]3+, 592.3 [M+4H]4+, 474.0 [M+5H]5+, observed: 1183.8 [M+2H]2+, 789.7 [M+3H]3+, 

592.5 [M+4H]4+, 474.3 [M+5H]5+. 
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Synthesis of CD59 peptide fragment 8 (45-78) 

 

The peptide synthesis was performed on functionalized resin R2 (0.26 g, 0.08 mmol, loading 0.32 

mmol/g). Fmoc-Ala-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 6.25 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue Number Cycle 

    
Leu-75, Gln-74, Glu-73*, Phe-71, Ala-68 0.1 - Single deprotection single coupling 75 °C 

Asn-77, Glu-76, Asn-72, Asn-70 0.1 - Double deprotection double coupling 75 °C 

Cys-69, Cys-64, Cys-63 0.1 - Double deprotection double coupling 50 °C 

Lys-66, Lys-65, Tyr-62, Tyr-61, Thr-60*, Leu-
59, Glu-58, Asn-57, Glu-56, Leu-54*, Thr-52, 
Thr-51*, Val-50, Asn-48, Phe-47, Asn-46, 
Cys-45 

0.1 - Single deprotection 25 °C double coupling 50 °C 

Arg-55, Arg-53 0.1 - Double Arginine Coupling 

Asp-49* Manual coupling 

 Final deprotection 25 °C 

            
*Capping cycle  

Cys-64, Cys-63: Fmoc-Cys(Acm)-OH   

Asp-49: Fmoc-Asp(OEpe)-OH   
     

The peptide-resin was dried in vacuo and full cleavage was performed with cleavage cocktail K. 

The crude product (155 mg) was dissolved in (30 mL) 10% MeCN/H2O + 0.0% TFA, purified by 

semi-preparative RP-HPLC (column [B], 10 - 50% MeCN/H2O + 0.1% TFA over 35 min, and 8 

mL/min flow rate) and lyophilized. 

Yield of 8: 14.8 mg (3.42 µmol, 9.6%). LC-MS: column [A], gradient 5 - 60 % MeCN in H2O (0.1 

% HCOOH) over 25 min. ESI-TOF-MS of 8: m/z C182H284N54O61S4 (4330.0 Da) calculated: 1444.3 

[M+3H]3+, 1083.5 [M+4H]4+, 867.0 [M+5H]5+, 722.7 [M+6H]6+, observed: 1444.9 [M+3H]3+, 1083.9 

[M+4H]4+, 867.3 [M+5H]5+, 723.0 [M+6H]6+. 
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Synthesis of CD59 glycopeptide fragment 9 (1-25) 

 

The peptide synthesis was performed on functionalized resin R2 (0.39 g, 0.08 mmol, loading 0.21 

mmol/g). Fmoc-Ala-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 6.25 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue Number Cycle 

    Asp-24* 0.1 - Double deprotection double coupling 75 °C * 

Phe-23, Ser 21, Ser 20*, Val-17, Ala-16, 
Thr-15*, Lys-14, Ala-11, Thr-10, Pro-9, 
Asn-8, Pro-7*, Asn-5*, Tyr-4, Gln-2, Leu-
1 

0.1 - Single deprotection 25 °C double coupling 50 °C 

Cys-19, Cys-13, Cys-6, Cys-3* 0.1 - Double deprotection double coupling 50 °C 

Asn-18*, Asp-22*, Asp-12* Manual coupling 

            * Capping cycle  

Cys-19, Cys-13, Cys-6, Cys-3: Fmoc-Cys(Acm)-OH 

Asn-18: Fmoc-L-Asn((Ac)3-β-D-GlcNAc)-OH 

Asp-22 and Asp-12: Fmoc-Asp(OEpe)-OH 

     

The peptide-resin was removed from the synthesizer and treated with a solution 10% N2H4·H2O 

in THF/MeOH (1:1) during 2 hours. The resin was washed with CH2Cl2, MeOH, CH2Cl2 and dried 

in vacuo. The full cleavage was performed with cleavage cocktail K. The crude peptide (132 mg) 

was dissolved in (30 mL) 10% MeCN/H2O + 0.1% TFA, purified by semi-preparative RP-HPLC 

(column [B], 10 - 50% MeCN/H2O + 0.1% TFA over 35 min, and 8 mL/min flow rate) and 

lyophilized. 

Yield of 9: 17.13 mg (5.38 µmol, 13%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS of 9: m/z C129H201N37O49S4 (3180.3 Da) calculated: 1591.2 [M+2H]2+, 

1061.1 [M+3H]3+, 796.1 [M+4H]4+, observed: 1591.7 [M+2H]2+, 1061.6 [M+3H]3+, 796.4 [M+4H]4+. 
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Synthesis of peptide hydrazide 10 

 

The peptide synthesis was performed on functionalized resin R2 (0.39 g, 0.08 mmol, loading 0.20 

mmol/g). Fmoc-Ala-OH was coupled as described in the general methods. The peptide was 

elongated by MW-SPPS using a 6.25 molar excess of the amino acid. The table below shows the 

deprotection and coupling cycles for each amino acid according to the parameters described in 

2.5.2. 

    
Residue Number Cycle 

    Leu-75, Gln-74, Glu-73*, Phe-71, Ala-68 0.1 - Single Deprotection Single Coupling 75 °C 

Asn-77, Glu-76, Asn-72, Asn-70 0.1 - Double Deprotection Double Coupling 75 °C 

Cys-69, Cys-64, Cys-63 0.1 - Double Deprotection Double Coupling 50 °C 

Lys-66, Lys-65, Tyr-62, Tyr-61, Thr-60*, 
Leu-59, Glu-58, Asn-57, Glu-56, Leu-54*, 
Thr-52 

0.1 - Single Deprotection 25 °C Double Coupling 50 °C 

Arg-55, Arg-53 0.1 - Double Arginine Coupling 

Asp-67, Thr-51*, Val-50, Asp-49, Asn-48*, 
Phe-47, Asn-46, Cys-45 

Manual coupling 

            
*Capping cycle  

Cys-64, Cys-63: Fmoc-Cys(Acm)-OH   

Thr-51: Fmoc-L-Thr((Ac)3-α-D-GalNAc)-OH 

Asp-49: Fmoc-Asp(OEpe)-OH    
  

The peptide-resin was removed from the synthesizer and treated with a solution 10% N2H4·H2O 

in MeOH during 2 hours. The resin was washed with CH2Cl2, MeOH, CH2Cl2 and dried in vacuo. 

The full cleavage was performed with cleavage cocktail K. The crude peptide (106 mg) was 

dissolved in (20 mL) 10% MeCN/H2O + 0.1 % TFA, purified by semi-preparative RP-HPLC 

(column [B], 10 - 50 % MeCN/H2O + 0.1 % TFA over 35 min, and 8 mL/min flow rate) and 

lyophilized. 

Yield of 10: 10.54 mg (2.32 µmol, 10%). LC-MS: column [A], 5 - 60 % MeCN in H2O + 0.1 % 

HCOOH over 25 min. ESI-TOF-MS of 10: m/z C190H297N55O66S4 (4533.0 Da) calculated: 1512.0 

[M+3H]3+, 1134.3 [M+4H]4+, 907.6 [M+5H]5+, 756.5 [M+6H]6+, observed: 1512.8 [M+3H]3+, 1083.9 

[M+4H]4+, 867.3 [M+5H]5+, 723.0 [M+6H]6+. 
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2.5.5. Ligation of peptides and glycopeptides protocols and chromatographic data 

 

General method for the thioester formation and ligation reactions 

The buffers were freshly prepared before every ligation reaction. The pH was adjusted using a pH 

meter VWR phenomenal (VWR international GmbH) previously calibrated at pH 4.0, 7.0, and 10.0. 

The reactions were performed in 2 mL Eppendorf tubes equipped with a rubber septum and a 

small magnetic stir bar to ensure the mixing of reactants under inert atmosphere. The employed 

buffers are listed below:  

 

Diazotization Buffer: 6 M GdnHCl, 0.2 M NaH2PO4, pH 3 

Ligation Buffer: 6 M GdnHCl, 0.1 M NaH2PO4, 0.05 M MPAA. 0.015 M TCEP, pH 6.8 

Acm Cleavage Buffer: 6 M GdnHCl, 0.2 M NaH2PO4, pH 6.9. Buffer was degassed with argon 

for 30 min. 

 
Synthesis of peptide thioester 13 

 

Peptide hydrazide 3 (5.01 mg, 1.68 µmol) was dissolved in 400 µL of diazotization buffer, cooled 

down to -15 °C, and a 0.5 M aqueous solution of NaNO2 (34 µL, 16.88 µmol) was added under 

stirring. After 20 min a solution of MESNa (26 mg, 159 µmol) in 50 µL of 1 M NaOH was added 

and the pH of the reaction was adjusted to 6.8 with 1 M NaOH. The reaction was slowly warmed 

to room temperature and stirred for 1 h. Subsequently, the reaction was diluted with (1 mL) 10% 

MeCN in H2O and the product was purified by semi-preparative RP-HPLC (column [C], 10 - 45% 

MeCN/H2O + 0.1% TFA over 30 min, and flow rate 1.8 mL/min) and lyophilized. 

Yield of 13: 2.99 mg (0.96 µmol, 57%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS S of 13: m/z C123H190N34O47S6 (3087.2 Da) calculated: 1544.6 

[M+2H]2+, 1030.1 [M+3H]3+, 772.8 [M+4H]4+, observed: 1512.8 [M+3H]3+, 1083.9 [M+4H]4+, 867.3 
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[M+5H]5+, 723.0 [M+6H]6+. HR-MS of 13: m/z C123H190N34O47S6 (3087.1847 Da) 1544.5924 

[M+2H]2+, 1030.0616 [M+3H]3+, observed: 1544.5619 [M+2H]2+, 1030.0450 [M+3H]3+. 

 

Synthesis of Peptide hydrazide 14 

 

Peptide thioester 13 (2.99 mg, 0.96 µmol) and peptide hydrazide 7 (2.91 mg, 1.23 µmol) were 

dissolved separately in 240 µL of ligation buffer and bubbled with argon. The solution of peptide 

7 was added to the Eppendorf containing 13 (2 mM final concentration) and stirred at rt overnight. 

Once complete ligation was shown by RP-HPLC, TCEP (5.5 mg, 19.2 µmol) was added to the 

mixture and incubated during 30 min. The reaction was diluted with (1 mL) 10% MeCN in H2O 

and the product was purified in two batches by semi-preparative RP-HPLC (column [C], 5 - 50% 

MeCN/H2O + 0.1% TFA over 25 min, 1.8 mL/min) and lyophilized. 

Yield of 14: 1.87 mg (0.35 µmol, 37%). LC-MS: column [A], 5 - 60% MeCN in H2O (0.1% HCOOH) 

over 25 min. HR-MS of 14: m/z C229H352N64O70S6 (5310.4276 Da) calculated: 1771.1425 

[M+3H]3+, 1328.6069 [M+4H]4+, 1063.0855 [M+5H]5+, 886.0713 [M+6H]6+, observed: 1771.3904 

[M+3H]3+,1329.0328 [M+4H]4+, 1063.4281 [M+5H]5+, 886.1866 [M+6H]6+. 

 

 

 

 

 



Chemical synthesis of human CD59 
 

 
80 

Synthesis of non-glycosylated protein CD59 16  

 

Peptide Hydrazide 14 (1.87 mg, 0.35 µmol) was dissolved in 80 µL of diazotization buffer and 

cooled down to -15 °C. A 0.5 M aqueous solution of NaNO2 (7 µL, 3.5 µmol) was added and the 

mixture was stirred for 20 min. Subsequently, a solution of MESNa (5.5 mg, 33.4 µmol) in 20 µL 

of 0.5 M NaOH was added and the pH of the reaction was adjusted to 6.8 with 1 M NaOH. The 

reaction was slowly warmed to room temperature and once formation of the thioester 15 was 

confirmed by RP-HPLC, peptide hydrazide 8 (1.87 mg, 0.43 µmol) dissolved in 80 µL of ligation 

buffer was added to the reaction Eppendorf and stirred at rt under argon overnight. Once no further 

conversion was shown by RP-HPLC, TCEP (10.10 mg, 35.2 µmol) and 50 µL of water were added, 

and the mixture was incubated for 30 min to obtain the Acm-Cys protected non-glycosylated 

protein CD59 16. 

Yield of 16: Not isolated. LC-MS: column [A], 5 - 60 % MeCN/H2O + 0.1 % HCOOH over 25 min. 

ESI-TOF-MS of 16: m/z C411H632N116O131S10 (9608.4 Da) calculated: 1512.0 [M+3H]3+, 1134.3 

[M+4H]4+, 907.6 [M+5H]5+, 756.5 [M+6H]6+, observed: 1512.8 [M+3H]3+, 1083.9 [M+4H]4+, 867.3 

[M+5H]5+, 723.0 [M+6H]6+. 

 

 

Synthesis of thioester 17 

 

Glycopeptide hydrazide 17 (3.39 mg, 1.06 µmol) was dissolved in 300 µL of diazotization buffer 

and cooled down to -15 °C. A 0.5 M aqueous solution of NaNO2 (21 µL, 10.65 µmol) was added 

and the mixture was stirred for 20 min. Subsequently, a pre-cooled to -10 °C solution of MESNa 

(17 mg, 104 µmol) in 40 µL of 1 M NaOH was added and the pH of the reaction was adjusted to 

6.8 with 1 M NaOH. The reaction was slowly warmed to room temperature and stirred for 1 h. 

After dilution with (1 mL) 10% MeCN/H2O, the peptide hydrazide 17 was purified by semi-

preparative RP-HPLC (column [C], 10 - 45% MeCN in H2O (0.1 % TFA) over 30 min, and 1.8 

mL/min flow rate) and lyophilized. 
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Yield of 17: 2.05 mg (0.62 µmol, 58%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. ESI-TOF-MS of 17: m/z C131H203N35O52S6 (3290.3 Da) calculated: 1646.1 [M+2H]2+, 

1097.8 [M+3H]3+, 823.6 [M+4H]4+, observed: 1646.8 [M+2H]2+, 1098.2 [M+3H]3+, 824.4 [M+2H]2+. 

HR-MS of 17: m/z C123H190N34O47S6 (3290.2641 Da) calculated: 1646.1320 [M+2H]2+, 1097.7547 

[M+3H]3+, observed: 1646.1047 [M+2H]2+, 1097.7361 [M+3H]3+. 

 

 

Synthesis of Peptide hydrazide 18 

 

Petide thioester 17 (2.05 mg, 0.62 µmol) and peptide hydrazide 7 (1.62 mg, 0.68 µmol) were 

dissolved separately in 150 µL of ligation buffer each and bubbled with argon. The solution of 

peptide 7 was added to the Eppendorf containing 17 (2 mM final concentration) and kept at rt 

overnight. Once complete ligation was shown by RP-HPLC, TCEP (3.6 mg, 12.5 µmol) was added 

to the mixture and the reduction was incubated for 30 min. Subsequently, the mixture was diluted 

with (1 mL) 10% MeCN in H2O, and the product was purified in two batches by semi-preparative 

RP-HPLC (column [C], 5 - 50 % MeCN in H2O (0.1 % TFA) over 25 min, and 1.8 mL/min flow rate) 

and lyophilized. 

Yield of 18: 1.51 mg (0.27 µmol, 44%). LC-MS: column [A], 5 - 60 % MeCN/H2O + 0.1 % HCOOH 

over 25 min. HR-MS of 18: m/z C237H365N65O75S6 (5513.5070) calculated: 1379.3767 [M+4H]4+, 

1103.7014 [M+5H]5+, 919.9178 [M+6H]6+, 788.6439 [M+7H]7+, observed: 1380.3228 [M+4H]4+, 

1104.0536 [M+5H]5+, 920.0405 [M+6H]6+, 788.7540 [M+7H]7+. 
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Synthesis of peptide hydrazide 20 

 

Peptide hydrazide 18 (1.51 mg, 0.27 µmol) was dissolved in 60 µL of diazotization buffer and 

cooled down to -15 °C. A 0.5 M aqueous solution of NaNO2 (6 µL, 2.97 µmol) was added and the 

mixture was stirred for 20 min. Subsequently, a cooled to -10 °C solution of MESNa (4 mg, 24.4 

µmol) in 20 µL of 0.5 M NaOH was added and the pH of the reaction was adjusted to 6.8 with 1 

M NaOH. The reaction was slowly warmed to room temperature. Once RP-HPLC confirmed 

formation of the thioester 19, the peptide hydrazide 10 (1.5 mg, 0.33 µmol) dissolved in 60 µL of 

ligation buffer was added to the reaction and the mixture was stirred at rt under argon overnight. 

Upon complete ligation by RP-HPLC, TCEP (8 mg, 27.9 µmol) in water (200 µL) was added, and 

the mixture was incubated for 30 min. After final dilution to (1 mL) with 10% MeCN in H2O, the 

Acm-protected glycosylated protein CD59 20 was purified in two batches by semi-preparative RP-

HPLC (column [B], 15 - 45 % MeCN in H2O (0.1% TFA) over 30 min, and 8 mL/min flow rate) and 

lyophilized. 

Yield of 20: 0.13 mg (0.013 µmol, 5%). LC-MS: column [A], 5 - 60% MeCN/H2O + 0.1% HCOOH 

over 25 min. HR-MS of 18: m/z C427H658N118O141S10 (10014.5153) calculated: 1431.6450 

[M+7H]7+, 1252.8144 [M+8H]8+, 1113.7239 [M+9H]9+, 1002.4515 [M+10H]10+, 911.4105 

[M+11H]11+, observed: 1432.0675 [M+7H]7+, 1253.0566 [M+8H]8+, 1113.9380 [M+9H]9+, 

1002.7444 [M+10H]10+, 911.6771 [M+11H]11+. 
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Removal of Acm group - Synthesis of glycoprotein 1 (Acm removal) 

 

Acm-protected CD59 glycoprotein 20 

 

Anhydrous PdCl2 (1.20 mg, 6.77 µmol) was suspended in 500 µL of Acm-cleavage buffer and 

shaken until complete dissolution to get a 13.5 mM PdII solution. 29 µL of the PdII stock solution 

(68.9 µg PdCl2, 0.389 µmol, 30 eq) were added to the Acm-protected glycoprotein 20. The mixture 

was stirred under argon and the exclusion of light. After 2h, A 10 µL aliquot of the reaction mixture 

was diluted to 100 µL with 10% MeCN in H2O, quenched by addition of 100 equiv DTT (regarding 

the Pd content in the aliquot) and analyzed by LC-MS. Since non-representative UV signal was 

observed in the chromatogram, the rest of the reaction mixture (19 µL) was quenched and 

analyzed by LC-MS to give a mixture of Acm-protected glycoprotein 20 and fully deprotected 

CD59 glycoprotein 1. 

 

Yield of 1: Not isolated. LC-MS: column [A], 5 - 60 % MeCN/H2O + 0.1 % HCOOH over 25 min. 

HR-MS of 18: m/z C403H618N110O133S10 (9446.2184) calculated: 1575.3697 [M+6H]6+, 1350.4598 

[M+7H]7+, 1181.7773 [M+8H]8+, 1050.5798 [M+9H]9+, 945.6218 [M+10H]10+, observed: 1575.7103 

[M+6H]6+, 1350.7516 [M+7H]7+, 1182.0209 [M+8H]8+, 1050.7976 [M+9H]9+, 94.8190 [M+10H]10+. 
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3. Establishing a methodology for the automated synthesis of 

O-glycosyl amino acids  

  

3.1. Glycans in the mucins of T. cruzi Y and Colombiana strains  

The structure of mucin-like molecules (MLMs) varies in number and distribution of glycans, as 

explained in section 1.3.2.1. The O-linked carbohydrates display significant structural variability 

and changes depending on the strain and the parasite’s lifestage222. The structure of O-glycans 

present in the mucins of T. cruzi Y strain (30-36) and Colombiana strain (36-38) was determined 

in 1995223 and 2004224, respectively. Both structures consist of branched glycans that vary in 

length and have as main constituents galactose β-(1→ 3), β-(1→ 4), or β-(1→ 6) linked to a core 

glucosamine, which is α-linked to threonine. Glycans with a 4,6-branched glucosamine are 

common in both strains. In addition, β-(1→ 3) and β-(1→ 6)-linked galactose is present in Y 

strain223. The main difference between the glycans in Y or Colombiana strain is the occurrence of 

β-D-Galf(1→4) in the MLMs of the Colombiana strain224 (Figure 27).  

 
Figure 27 - Chemical structures of O-glycans of T. cruzi Y and Colombiana strain 

The chemical synthesis of T. cruzi glycans has been widely explored over the last 30 years. The 

reports include synthesis up to hexasaccharides from Colombiana strain 232, 234, 262-266 and 

tetrasaccharide from T. cruzi strain267. However, the synthesis of glycosylated amino acids is 

limited and described only in a few reports237. The main limitations for accessing these molecules 

derive from the intricate formation of the 1,2-cis linkage between the amino acid and the glycan, 

as well as the molecule lability in basic conditions. The need for homogeneous structures to study 

the biology of the pathogen motivated the need for their chemical synthesis. In addition, mucin-

like molecules are potential markers and targets for diagnostics, prevention, and the prognosis of 

Chagas disease211, 268-269. Furthermore, they can contribute to combating other worldwide 

impacting, lifelong, life-threatening, or even possible epidemic diseases. Therefore, a significant 

contribution to the field would be the development of a general methodology for synthesizing 

glycosylated amino acids derived from T. cruzi employing Automated Glycan Assembly (AGA). 
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3.2. Results and discussion 

3.2.1. Retrosynthesis 

The O-linked glycans from T. cruzi Y and Colombiana strains contain three monosaccharides (D-

GlcNAc, D-Gal, D-Galf) and the amino acid (L-Thr). The glycans are connected through β-

glycosidic linkages, while an α-linkage is present between the glucosamine and the amino acid. 

An AGA of these molecules requires at least six orthogonally protected building blocks, five 

monosaccharides, and one amino acid (Scheme 38).  

A retrosynthetic analysis performed for structures 32, 35, and 38 revealed that these structures 

are accessible after a series of post-AGA manipulations of fully protected glycans, such as 

removing permanent protective groups and acetylation of the amine to obtain N-

acetylglucosamine. The AGA of the structures requires galactose building blocks 41, 42 and 43 

and glycosylated amino acid 39 or 40, which are constructed from glucosamine 44 or 47 and 

threonine 46 (Scheme 38).  

 
Scheme 38 - Retrosynthesis of glycans present in T. cruzi MLMs of Y and Colombiana strains 

Thioglycosides 41, 42, and 43 are suitable building blocks for AGA and were selected for stability 

and reactivity156, 270. The hydroxyl groups of these monosaccharides contained Fmoc and 

levulinoyl ester (Lev) as temporary protecting groups, benzyl ethers as permanent non-

participating groups, and a benzoyl ester as a permanent participating group. The amine of 

glucosamine was masked as an azide to avoid participation and assure α-selectivity. The (Cbz) 

carbamate was selected for the amino group protection in threonine (Figure 28).  
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Figure 28 - Set of building blocks for Automated Glycan Assembly 

 
To ensure α-linkage of the amino acid and glycan, the glycosylated amino acids 39 and 40 were 

synthesized prior to AGA. The process required temporary protection of the α-carboxylate as tert 

butyl ester 46 and glycosyl imidate donors. Thioglycoside building blocks 44 and 47 were 

converted into imidates 45 and 48 as described in the next section. After glycosylation of Thr 46, 

the hydrolysis of the tert butyl ester delivered a carboxylate suitable for esterification of the solid 

support. 

 

3.2.2. Building block synthesis 

Synthesis of galactose building block 41 

The galactose building block 41 was necessary to synthesize the target structures 38, 32, and 35 

and requires regioselective protection at the C2 and C3 hydroxyls for branched-chain elongation. 

The initial strategy to get a synthesis of 41 required five steps from commercially available 

precursor 49. The process started with a regioselective Fmoc-protection via a stannylene ketal to 

enhance the nucleophilicity of the C3-OH271 position and delivered the alcohol 50 in good yield 

(Scheme 39). 

 
Scheme 39 - Four-step strategy for the synthesis of 41. Reagent and conditions: a) Bu2SnO, Fmoc-
Cl, toluene, 70%; b) LevOH, DIC, DMAP, CH2Cl2, 80%; c) BH3·THF, TMSOTf, CH2Cl2, 65%; d) BnBr, 
Ag2O, CH2Cl2; e) TriBOT, TfOH, CH2Cl2. 

The following protection of the C2-OH to obtain intermediate 51 involved the addition of DMAP as 

a catalyst and showed problems derived from basicity. The base induced the Fmoc group removal 

and formation of non-desired products reducing the yield to 80%. A regioselective reductive 

opening of benzylidene with BH3·THF complex and TMSOTf delivered the C4-O benzylated 

product 52 in a good yield and was ready for the final benzylation to complete the synthesis of 

building block 41. The benzylation of the C6-O under basic conditions presented the main difficulty 

in the strategy. Due to two base-labile ester groups and their easy removal with NaH, the reactions 

can result in perbenzylated products and the loss of the desired orthogonality. Benzylation of 52 

was attempted under acidic conditions272 using benzyl trichloroacetimidate and neutral conditions 
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employing silver(I) oxide273. However, these reactions showed low to no conversion or ended in 

the decomposition of the starting material.  

 
Scheme 40 - Six-step strategy for the synthetis of 41. Reagent and conditions: a) Bz2O, DMAP, 
Et3N, CH2Cl2, 70%; b) BH3·THF, TMSOTf, CH2Cl2, 75%; c) HMDS, TMSOTf, PhCHO, Et3SiH, CH2Cl2, 
92%; d) NaOMe, MeOH, 96%; e) Bu2SnO, Fmoc-Cl, toluene, 87%; f) LevOH, DIC, DMAP, CH2Cl2, 
83%. 

To overcome the problem with the benzylation, a synthetic route to get 41 was designed using a 

six-step protocol and alternative temporary protecting groups in the intermediates (Scheme 40). 

In the first step, commercially available precursor 49 was benzoylated, giving the galactose 53 in 

70% yield. A following regioselective reductive opening of the benzylidene, under similar 

conditions used for 52, provided compound 54 in good yield. Previous reports described the 

conversion of 54 into the fully protected 55 under basic conditions274. However, this reaction was 

not reproducible and delivered galactose 55 in a meager yield. Best results delivered a one-pot 

benzylation of 54 via TMSOTf-catalyzed silylation275 in benzaldehyde and triethylsilane, giving 55 

in a high yield of 92%. Following steps involved saponification of benzoyl esters with sodium 

methanolate to get diol 56 and the regioselective Fmoc protection of C3-OH via a stannylene 

acetal. Final esterification of the remaining hydroxyl group in 57 using levulinic acid and 

DIC/DMAP for activation afforded the target building block 41 in 83% yield. Although this synthetic 

route included more steps due to alternative protection, the single synthetic steps were high-

yielding and delivered the desired building block in 40% overall yield (Scheme 40).  

 

Synthesis of galactose building block 42 

 
Scheme 41 - Synthetic route for the synthesis of building block 42. Reagents and conditions: a) 
HBr/AcOH, b) EtSH, Bu4NBr, 2,6-lutidine, CH3NO2, 71% over two steps; c) NaOMe, MeOH; d) BnBr, 
NaH, DMF, 88% over two steps; e) TMSOTf, EtSH, CH2Cl2, 73%; f) BzCl, DMAP, pyridine, CH2Cl2, 
94% over two steps. 

 
The synthesis of galactose building block 42 (Scheme 41) involved an analogous procedure to 

the one described by Thijssen276. The process started with the bromination of peracetylated 

galactose and was followed by subsequent bromide conversion into the orthoester 58 by 
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treatment with ethanethiol and 2,6-lutidine as a sterically-hindered base. The obtained orthoester 

was deacetylated under Zemplen conditions, and the resulting triol was benzylated via Williamson 

etherification to give the galactose orthoester 59 in 85% yield. Due to the instability of the 

orthoester during purification by silica gel column chromatography, these reactions proceeded 

with modest yields. The process continued with thioglycoside 60 formation by a Lewis acid 

promoted activation and rearrangement of orthoester 59 in the presence of ethanethiol. The 

addition of ethanethiol was necessary to displace the equilibrium and avoid the decomposition of 

the orthoester. Deacetylation under Zemplen conditions, followed by esterification of the resulting 

alcohol with benzoyl chloride, delivered the target galactose donor 42 in 43% overall yield. 

 

Synthesis of galactofuranose building block 43 

 
Scheme 42 - Synthetic route for the synthesis of building block 43. Reagents and conditions: a) 
EtSH, HCl, 55%; b) I2, MeOH; c) Ac2O, pyridine, 87% over two steps; d) EtSH, BF3·OEt2, CH2Cl2, 75%.  

The synthesis of building block 43 from D-galactose involved four steps and required the opening 

of the pyranose ring and the corresponding cyclization to galactofuranose. Starting from D-

galactose, a simultaneous acidic opening of the cyclic acetal and reaction of the aldehyde with 

ethanethiol delivered the dithioacetal 61 in 55 % yield. Next, cyclization of 61 by activating the 

thiol with iodine in methanol and following acetylation of the remaining hydroxyl groups delivered 

the methyl galactofuranoside 62. As described in literature277, the reaction delivered a 9:1 (β:α) 

anomeric mixture that was separated to give the β-linked methyl galactoside in good yield. Finally, 

hydrolysis of the methyl acetal in 62 with BF3·Et2O and following reaction with ethanethiol 

delivered the target thioglycoside 43 in 36% overall yield (Scheme 42). 

 

Synthesis of glucosamine building blocks 44 and 47 

 
Scheme 43 - Synthetic route to glucosamine intermediate 65. Reagents and conditions: a) TfN3, 
CuSO4, Et3N, ACN; b) Ac2O, pyridine, DMAP, 77% over two steps; c) PhSH, BF3 ·OEt2, CH2Cl2, 64%; 
d) NaOMe, MeOH; e) benzaldehyde dimethyl acetal, CSA, ACN, 89%. 

The synthesis of glucosamines 44 and 47 required the preparation of the benzylidene acetal 65 

as a common intermediate (Scheme 43). This precursor allows selective functionalization on 3-

OH and mild acidic cleavage of the benzylidene permit further protection. Following reported 
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methods278, the process initiated with the conversion of D-glucosamine hydrochloride into the 

corresponding glycosyl azide 63 by a diazo transfer reaction using triflic azide and the following 

peracetylation with acetic anhydride. Treatment of 63 with thiophenol and BF3·OEt2 yielded 

thioglycoside 64. This step showed low yield due to the difficulty of getting complete conversion 

of the starting material, even by adding an excess of Lewis acid. Alternate reactions were 

screened, changing the Lewis acid to SnCl4 and TfOH; however, the outcome was the 

overreaction of the thiol and subsequent substitution of the azide. Thus, the reaction was scaled 

up under BF3·Et2O activation. Finally, compound 64 was deacetylated under Zemplen conditions, 

and the obtained crude triol was reacted with benzaldehyde dimethyl acetal and CSA to get the 

benzylidene acetal 65 in 89% yield. The obtained derivative 65 was split into two portions and 

used to synthesize 44 and 47 as described below.  

 

The synthesis of the glucosamine 44 with orthogonal groups for 4,6 branching started with the 

reaction of intermediate 65 with benzyl bromide and sodium hydride to afford 66 in a good yield 

of 81%. Next, the benzylidene acetal was hydrolyzed under acidic conditions, and the resulted 

diol was protected at the primary alcohol using stochiometric Fmoc-Cl in pyridine to produce 67. 

Finally, Steglich esterification of the remaining hydroxyl group with levulinic acid, DIC, and DMAP 

afforded the target building block 44 in 77% yield (Scheme 44). 

  

 
Scheme 44 - Synthesis of glucosamine building block 44. Reagents and conditions: a) BnBr, NaH, 
DMF, 81%; b) p-TSA, MeOH:CH2Cl2 (4:1); c) Fmoc-Cl, pyridine, CH2Cl2, 80% over two steps d) LevOH, 
DIC, DMAP, CH2Cl2, 77% 

The glucosamine functionalized with orthogonal protecting groups at positions 3 and 6 was 

synthesized from the intermediate 65 (Scheme 45). The first step involved the C3-OH protection 

using Fmoc-Cl and pyridine to obtain 68. Next, this product was subjected to the regioselective 

reductive opening of benzylidene acetal using BH3·THF and catalytic amounts of TMSOTf to 

afford 69 in 62 %. In the final step, the remaining primary alcohol of 69 was reacted with levulinic 

acid, DIC, and DMAP to yield the target glucosamine building block 47. 

 

 
Scheme 45 - Synthetic route to building block 47. Reagents and conditions: a) Fmoc-Cl, pyridine, 
CH2Cl2, 78%; b) BH3·THF, TMSOTf, CH2Cl2, 62%; c) LevOH, DIC, DMAP, CH2Cl2, 68%. 
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Synthesis of glycosylated amino acids 39 and 40 

The control of the stereochemical outcome of a glycosylation reaction depends on various factors, 

including the neighboring group participation for PG at C2, remote anchimeric assistance (remote 

group participation), conformation-restraining groups, solvent, and temperature effects. However, 

the introduction of 1,2-cis glycosidic bonds still represents a challenge in carbohydrate 

chemistry146. Products having α-configuration are accessible by using several strategies and can 

profit from various effects and the thermodynamic stabilization given by an anomeric effect. Thus, 

the synthesis of glycosylated amino acids 70 and 71 was envisioned considering the absence of 

neighboring group participation at C2, remote anchimeric assistance, and solvent and 

temperature effects.  

The amine group from glucosamine was masked as azide, a C2 non-participating moiety. The 

glycosylations of the amino acid were performed in a solvent mixture containing ether and at room 

temperature. Ethers can interact with the oxocarbenium ion formed during the glycan donor 

activation blocking the -face for an attack of the nucleophile and favoring the selective α-product 

formation279. In addition, the α-glycoside is thermodynamically favored, and it is predominantly 

formed at high temperatures146. 

 
Scheme 46 - Glycosylation conditions for the synthesis of 70. Reagents and conditions: a) 
NIS/TfOH, Et2O:CH2Cl2 (6:1) 0 °C to rt; b) TMSOTf, Et2O:CH2Cl2 (6:1), (44%, only α), -15 °C to r.t; c) 
NBS, acetone:H2O (10:1) d) ClC=N(Ph)CF3, Cs2CO3, DMF, 83% over two steps. 

Glycosylation of donor 44 and threonine acceptor 46 was initially attempted using NIS and triflic 

acid (TfOH) as promoters in Et2O:CH2Cl2 (6:1) as a solvent mixture. Under these conditions, no 

product was detected after 45 min and further additions of NIS and TfOH (Scheme 46). Identical 

results were found during the attempts to glycosylate the amino acid 46 with the phenyl 

thioglycoside 47. These results showed a lack of reactivity from the thioglycosides to form the 

glycosylated amino acid. TLC and mass spectrometry monitoring of the reaction progress 

indicated that the unmodified donor was present during the whole reaction, suggesting that 

activation was not occurring. Likely, the lack of reactivity of the thioglycoside donor was derived 

from the electron-withdrawing effect of the ester protecting groups. Since the building block was 

designed for AGA, the levulinoyl ester could not be changed. Therefore more reactive donors, 

imidates 45 and 48, were selected for the synthesis.  
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Glucosamine donors 44 and 47 were converted into the corresponding imidates by hydrolysis of 

the thioglycosides employing NBS for activation (Scheme 46). The reaction of the obtained 

hemiacetals with 2,2,-trifluoro-N-phenylacetimidoyl chloride in the presence of cesium carbonate 

delivered the N-phenyl trifluoroacetimidates 45 and 48 in good yield after two steps. 

 
Scheme 47 - Synthesis of protected glycosylated amino acids 70 and 71. Reagents and 
conditions: a) TMSOTf, Et2O:CH2Cl2 (6:1), -15 °C to rt 

Glycosylation of the imidate donor 45 or 48 with threonine acceptor 46 in Et2O:CH2Cl2 delivered 

the desired products 70 and 71 in excellent α-selectivity (Scheme 47). It is not clear which 

modification of the donor contributed to the high selectivity; it seems to result from a combination 

of solvent and temperature effects, a non-participating group at C2, and remote anchimeric 

assistance from the levulinoyl ester and the Fmoc group at the C6-position. Large amounts of 

hydrolyzed donors accompanied the formation of the products, which were isolated in modest 

yields (~42%). Further optimization of the reaction conditions using a lower temperature (-25 °C) 

did not affect the reaction outcome but reduced the reaction rate. 

Table 3 – Evaluation of no acid 46 glycosylation using donors 45 and 48 at different scales 

              

Entry Donor 
Donor 
µmol 

Acceptor 
µmol 

Promoter 
µmol 

Product 
µmol 

Yield    
% 

              1 45 63.55 76.26 11.44 28 44 

2 48 63.55 76.26 11.44 27.12 43 

3 45 259.3 259.3 25.3 99.23 38* 

4 48 317.8 317.8 31.78 134.51 42 

5 45 1270 1270 127.1 153.3 12 

6 45 1450 1450 145 549.1 38* 

                                          * Accumulated yield for five different batches 
       

The glycosylation outcome with of amino acid 46 with donors 45 and 48 was evaluated at different 

scales and the results are compiled in Table 3. In the initial experiment, the acceptor was added 

in a 1.2 molar excess (Entry 1). Albeit that threonine was always recovered after chromatographic 

purification, this reaction delivered the product in only 44% yield and represented the best 

conditions for glycosylation. A reaction of 46 with imidate 48 delivered the product in a similar yield 
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to the glycosylation with donor 46 (Entry 2), suggesting a similar reactivity of both building blocks. 

Using an equimolar ratio of acceptor and donor did not induce differences in the reaction result, 

but it slightly reduced the yield to 42% when the reaction was scaled up five fold (Entry 4).  

The next step was upscaling the reaction to obtain enough material for AGA. Unexpectedly, 

glycosylation using ~1.3 mmol of both the donor and acceptor (upscaling of 20 times) resulted in 

a drastic drop in the product yield to 12% (Entry 5). Further optimizations and experiments did not 

show any improvement in the reaction results. Due to the reaction with imidate 48 delivered better 

results using ~300 µmol of material (medium-size scale), the reaction of 46 with 45 was performed 

in multiple batches at this scale. After combining the crude product of all batches in a single 

purification, the product 70 was isolated with a modest yield of 38% (Entry 6). This strategy was 

used to obtain enough material to continue with the deprotection of the carboxylate. 

Having the fully protected glycosylated amino acids 70 and 71, the hydrolysis of the t-butyl ester 

was performed as reported in the literature for analogous molecules280-281 employing 

trifluoroacetic acid. Treatment of the fully protected compounds 70 and 71 afforded 39 and 40 in 

yields of 75% and 70%, respectively. Despite the reported stability for the Cbz protective group, 

the concentrated acid affected the carbamate and partially removed the protection from the -

amino group delivering a mixture of products that required purification. 

3.2.3. Development of a strategy for the assembly of glycosylated amino acids of T. cruzi 

Y strain  

During the last 20 years, AGA has shown an excellent versatility for synthesizing linear and 

branched oligosaccharides derived from mammals, bacteria, and plants141. The methodology 

efficiently delivered molecules with a broad scope of monosaccharides such as Glc, Gal, Man, 

GalNAc, GlcNAc, GlcA, Rha, and Fuc. However, an expansion of AGA to obtain structures having 

glycans modifications is still underexplored. In a pioneer study, the synthesis of glycosylated 

threonine and a short protected glycopeptide was demonstrated using this methodology282. 

However, the reported method presents regular selectivity and any strategy for deprotection of 

the obtained molecules was presented. Despite the enormous progress in the glycan assembly 

and the importance of glycosylated amino acids, no further synthesis of this type of molecule using 

AGA has been reported. Considering the need to expand the limits of AGA and explore its 

applicability to obtain glycosylated amino acids that can be used as building blocks for the 

synthesis of glycopeptides or be screened as epitopes in biological applications, the development 

of a strategy for the AGA of glycosylated threonine derivatives from MLMs of T. cruzi was explored 

in this work.  

Automated glycan assembly methodology requires a Merrifield resin equipped with a linker and 

involves iterative cycles of glycosylation, capping, and selective deprotection steps. Some 

requirements and challenges in AGA were considered for synthesizing glycosylated amino acid 

building blocks for glycopeptide synthesis, i. e. the need for a free carboxylate in the final product 



Establishing a methodology for the automated synthesis of O-glycosyl amino acids 
 

 
94 

for further activation, which required modifications of the AGA standard conditions and linkers. 

Further considerations and possible side reactions to be studied during the synthesis included 

amino acid epimerization and β-elimination of the attached O-glycans in basic conditions.  

 

Initial screening of viability of automated glycan assembly 

 

To establish the glycosylation conditions for the assembly of glycosylated amino acids from T. 

cruzi MLM, two representative structures (72 and 73) of T. cruzi Y and Colombiana strains were 

initially synthesized (Scheme 48). The synthesis of these molecules was evaluated to verify the 

suitability of building blocks 41-44 and the AGA conditions for the synthesis of the 

tetrasaccharides 72 and 73 using previously reported conditions for analogous building blocks170. 

The process progress and product characterization involved small-scale cleavage of the 

compounds from the solid support and MS monitoring by MALDI-TOF MS. 

 
Scheme 48 – Retrosynthesis of target molecules for initial synthesis 

The automated glycosylations were completed on a home-built synthesizer using six equivalents 

of thioglycoside donor per cycle (based on resin loading) and NIS/TfOH activation. The general 

method comprised delivering building blocks to the reaction vessel at -20 °C and an incubation 

time of 5 min followed by activator delivery. Subsequently, the temperature of the reaction mixture 

was increased to 0 °C and maintained for 20 min. The capping of unreacted hydroxyl groups was 

performed with acetic anhydride and methanesulfonic acid. The selective removal of the 

temporary protecting groups was completed prior to glycosylations. Fmoc removal was 

accomplished by treatment with piperidine and the levulinoyl ester was removed with hydrazine 

acetate. After assembly of the oligosaccharide, the resin was transferred to a polypropylene 

reactor to continue with the Post-AGA steps.  
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Scheme 49 – Synthesis of tetrasaccharide 72 of T. cruzi Y strain MLM. Reagents and conditions: 
a) AGA: Protective group removal (Fmoc: piperidine in DMF, Lev: hydrazine acetate in 
pyridine/AcOH/H2O; Acidic wash: TMSOTf in CH2Cl2; Glycosylation: building block (4 eq), NIS/TfOH, 
CH2Cl2, -20 °C (5 min) to 0 °C (20 min); Capping: Ac2O, MsOH, CH2Cl2; b) PBu3, THF:H2O, o.n.; c) 
AcSH, o.n. 

The assembly of the carbohydrates was initially performed using the amino pentanol linker L2 to 

standardize the conditions for the glycan synthesis, then this knowledge was transferred to the 

preparation of the further glycosyl amino acids. The synthesis of tetrasaccharide 72 started with 

the glycosylation of Merrifield resin bearing a photo linker L2 with glucosamine 44 (Scheme 49). 

Then, tetrasaccharide 72 was assembled using iterative cycles of protective group removal (Fmoc 

or Lev), glycosylation with galactose building blocks 42 and 41, and capping. Due to the low 

reactivity observed with glucosamine 44, glycosylations with this building block required 40 min of 

reaction time for completion. MALDI-TOF MS analysis of the crude product showed an efficient 

synthesis of the tetrasaccharide without deletion sequences (Figure 29). 

 

Figure 29 – MS spectra after AGA of tetrasaccharide 72. MALDI-TOF MS of 72: m/z Calc for 
C116H122N4O25Na [M+Na]+ 1993.830, observed 1993.811. 

Oligosaccharide 72 linked to resin was used to standardize the reduction of the azide and the 

corresponding acetylation of the resulting amine to N-acetyl glucosamine (Scheme 49). Different 

conditions reported in literature for analogous structures were evaluated282-284. Staudinger 

reduction with tributylphosphine in THF did not deliver the expected on-resin azide reduction. MS 

analysis showed conversion of the starting material and formation of a product assigned to the 

iminophosphorane intermediate, which did not hydrolyze to the corresponding amine. Further 

addition of fresh reagents did not modify the outcome of the reaction. A change of the phosphine 

to trimethylphosphine resulted in no reaction; MALDI-TOF MS neither showed the mass of the 

product nor from the iminophosphorane. 
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Additional attempts to perform the hydrolysis of the product obtained with tributylphosphine during 

the amine acetylation with acetic anhydride and pyridine did not show the further reaction of this 

material; thus, this methodology was abandoned. On the contrary, the treatment of the azide 72 

with an excess of thioacetic acid for two days reduced the azide and delivered on-resin the 

acetylated amine in a single step. However, further efforts to reduce the reaction time were not 

successful and resulted in incomplete acetylation of glucosamine. Therefore, despite the reaction 

duration, this method was preferred as an effective methodology to perform on-resin conversion 

of azide into an acetamide in a one-pot process. 

Next, the synthesis of pentasaccharide 73 was evaluated as a proof of concept for the suitability 

of the strategy when synthesizing complex branched structures (Scheme 50). This structure 

displays more complexity than 72. Oligosacharide 73 contains a branched glycan with a double 

substitution on the glucosamine and galactose residues, requiring orthogonal removal of 

temporary protecting groups during the AGA. In addition, the assembly requires glycosylation with 

a galactofuranose donor. Considering the possible difficulties in following steps and the results 

described in a previous report285, the peracetylated thioglycoside 43 was selected as the most 

convenient donor.  

 

Scheme 50 – Synthesis of pentasaccharide 73 of T. cruzi colombiana strain. Reagents and 
conditions: a) AGA: Protective group removal (Fmoc: piperidine in DMF, Lev: hydrazine acetate in 
pyridine/AcOH/H2O; Acidic wash: TMSOTf in CH2Cl2; Glycosylation: building block (4 eq), NIS/TfOH, 
CH2Cl2, -20 °C (5 min) to 0 °C (20 min); Capping: Ac2O, MsOH, CH2Cl2; b) AcSH, o.n. c) NaOMe in 
THF/MeOH (4:1), 2 h.  

Solid support L2 was initially glycosylated with glucosamine 44, employing the conditions 

evaluated in the synthesis of 72. Unreacted groups on the linker were capped under the standard 

conditions, the Lev group was removed with hydrazine acetate, and the resin was washed with 

DMF and CH2Cl2. Elongation at C4-position of glucosamine was performed first due to the know 

lower nuclephilicity of C4-OH. Glycosylation with galactofuranose 43 was followed with elongation 

of the glycan at the C6-position of glucosamine by iterative cycles with galactose building blocks 

41, 42 up to complete the structure.  

The analysis of the product obtained after the assembly by MALDI-TOF MS showed the mass 

corresponding to the desired product 73 and the mass of a product containing a deletion of 

galactose 42. Two glycosylations were performed with this building block; thus, it was not possible 

to determine by MS which glycosylation step was incomplete. Considering the different reactivity 

of galactose hydroxyl groups, C3-OH > C2-OH286, this product was hypothesized to an incomplete 
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formation of the β-Gal-(1→2)-β-Gal linkage. Nevertheless, the product formation in this 

preliminary synthesis demonstrated the viability of the strategy. Thus, the remaining material was 

used to evaluate the post-AGA steps to complete the synthesis of 73. Treatment of the glycan-

resin with thioacetic acid showed complete conversion of the resulting amine. Lastly, previously 

described methods for on-resin ester saponification with sodium methoxide were used to 

hydrolyze the benzoyl and acetyl esters. The reaction proceeded smoothly, with sodium 

methoxide delivering the desired pentasaccharide.  

The syntheses of 72 and 73 were performed as a preliminary study to evaluate the AGA viability 

of these structures employing building blocks 41 – 44. The glycans bound to the resins did not 

receive further treatment. However, the established protocols were the base for synthesizing the 

glycosylated threonine using AGA.  

Coupling of the glycosylated amino acid to the solid support 

Screening of the coupling to the solid support (traceless linker) 

Several reports have demonstrated the versatility of the traceless linker in glycan synthesis 

obtaining molecules with a free reducing end for direct use162, 167, 284 or for further transformation 

into glycosyl donors to synthesize polysaccharides138. Nevertheless, building blocks with a free 

carboxylate are required for using glycosylated amino acids in glycopeptide synthesis. Thus, it 

was necessary establishing the application of an ester for the amino acid-resin linkage and its 

late-stage hydrolysis to release the free carboxylic acid. Some available resins and linkers for 

SPPS fulfill this requirement. However, the Merrifield resin bearing the traceless photolabile 

linker167 was envisioned to avoid further AGA optimization.  

The coupling of threonine to the secondary alcohol of a nitrophenyl linker was considered a good 

alternative for attaching the amino acid to the resin. This linkage is stable to the AGA conditions 

and enables access to the carboxylate by a photocleavage. Initial coupling conditions involved an 

4 molar excess of activated Fmoc-Thr-(OtBu)-OH and overnight reaction with the hydroxyl group 

of the linker L1 (Scheme 51). Fmoc cleavage and quantification of the dibenzofulvene-piperidine 

adduct were used to determine the coupling efficiency. Three general methods were evaluated 

for activating the amino acid and the coupling: a) by the formation of asymmetric anhydride of the 

amino acid, b) activation using the aminium reagent HATU to produce the active ester, and c) via 

formation of an acyl N-methylimidazolium cation.  

 
Scheme 51 - Threonine coupling to the solid support bearing a traceless linker. Reagents and 
conditions: a) Thr, DIC, pyridine, CH2Cl2:DMF (1:1), o.n.; b) Thr, HATU, DIPEA, CH2Cl2:DMF (1:1), 
o.n.; c) Thr, DIC, N-methylimidazole, CH2Cl2:DMF (1:1), o.n. 
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Although these three methodologies are commonly efficient in amide bond formation, two of them 

failed to give the desired ester. The poor reactivity was attributed to the low nucleophilicity of 

alcohols compared to amines, especially that of the secondary alcohol in the photolabile linker to 

attack the carbonyl group. In contrast, acyl activation using N-methylimidazolium cation formation 

afforded the formation of the ester Thr-L1. In this case, the high reactivity of the electrophile 

balanced the poor nucleophilicity of the alcohol in the reaction.  

The next step was to establish the conditions for coupling a glycosylated amino acid. Building 

block 39 activated with DIC was treated with N-methylimidazole and added to the resin-linker L1 

(Scheme 52). Previously used glycosylation protocols with a mannose building block resulted in 

loading for the traceless linker of 0.34 mmol/g167. Quantification of the Fmoc removal showed an 

efficient glycosylated amino acid coupling to the resin and delivered a resin loading of 0.24 

mmol/g, which was in agreement with the expected values. MALDI-TOF MS monitoring of the 

small-scale photocleavage products showed the effective glycosylated amino acid removal from 

the resin and the carboxylate function integrity.  

 
Scheme 52 - Coupling of glycosylated amino acid to the traceless linker. Reagents and 
conditions: a) DIC, N-methylimidazole, CH2Cl2:DMF (1:1), o.n. 

Despite the excellent result of the first coupling of the glycosylated amino acids 39 and 40 to the 

resin-linker L1, the reaction was not reproducible even by using a significant excess of expensive 

building blocks 39 or 40. The variations in the loading and the low nucleophilicity observed for 

resin-linker L1 affected the assembly of more complex structures. Thus, the standard form of this 

traceless linker was discharged for the synthesis of more significant glycosyl amino acids using 

AGA. A new linker modification was required to get an easy ester bond formation while fulfilling 

the stability requirements for AGA. To accomplish this a linker was designed as a photolabile 

nitroveratryl (NV) type-linker bearing a diazo function as a leaving group. The efficient synthetic 

approach to get this linker attached to the solid support was envisioned considering previous 

literature reports287-288, and it involved the linker synthesis and its conjugation of the resin.  

 
Scheme 53 - Synthesis of photolabile traceless diazo linker. Reagents and conditions: a) Allyl 
bromide, K2CO3, ethanol, 96%; b) TFA, KNO3, 60 °C 88%, c) Pd(PPh3)4, K2CO3, MeOH, 79%; d) 
Merrifield resin, 76, Cs2CO3, TBAI, CH2Cl2; e) 2,4,6-triisopropylbenzenesulfonyl hydrazide, THF; f) 
DBU, DMF. 
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The linker synthesis began with the allyl protection of vanillin using allyl bromide and potassium 

carbonate to obtain 74, which was nitrated with potassium nitrate and TFA giving 75 in 88% yield. 

Next, compound 75 was deallylated by treatment with Pd(PPh3)4 in methanol, and the resulting 

alcohol 76 was directly attached to Merrifield resin using cesium carbonate and TBAI giving the 

resin-linked aldehyde L-76. The coupling progress was monitored and confirmed by FT-IR 

analysis of the resin and the appearance of the IR signals of the aldehyde (1689 cm-1), nitro (1515 

cm-1), C-N stretching, and C-O stretching (1280 cm-1, 1060 cm-1), respectively (Figure 30). Next, 

the resin equipped with L-76 was treated with 2,4,6-triisopropylbenzenesulfonyl hydrazide to give 

the corresponding hydrazone L-77, exhibiting a disappearance of the IR carbonyl signal at 1689 

cm-1. A final treatment of L-77 with DBU delivered the dark orange photolabile diazo functionalized 

resin L3 (Scheme 53).  

 

Figure 30 - IR spectra of functionalized Merrifield resin with photolabile linker 

Screening of the coupling to the solid support (photolabile traceless diazo linker) 

To determine the applicability of the synthesized photolabile diazo functionalized solid support for 

amino acid coupling using an ester bond formation, a solution of Fmoc-Phe-OH was added to the 

resin. The reaction of the amino acid and the resin showed the formation of gas and a change in 

the resin color (dark to light orange). Quantification of resin loading using Fmoc removal showed 

a value of 0.5 mmol/g. In contrast, the synthesis of a methyl-6-nitroveratryl (MeNV) was efficient 

from apocynin (acetovanillon), but Fmoc-Phe-OH could not be coupled to this linker, and therefore 

L-76 was the resin of choice.  

To confirm the compatibility of the linker with solid-phase synthesis and the feasibility of the 

photocleavage, the Fmoc group of the Phe was removed, and the peptide was elongated to a 

hexapeptide using standard SPPS. MALDI-TOF MS after small-scale cleavage showed the 
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expected mass for the peptide (Figure 31). However, the time required to remove the compound 

had to be increased to 2 h to assure full cleavage of the molecule.  

 

Figure 31 – MS spectra of the synthesized hexapeptide. MALDI-TOF MS of 72: m/z Calc for 
C50H60N6O9Na [M+Na]+ 911.432, observed 911.450. 

After the successful coupling of Fmoc-Phe-OH and the peptide elongation and photocleavage, 

the coupling of glycosylated amino acid was envisioned using similar conditions (Scheme 54). 

 

 
Scheme 54 - Coupling of the glycosylated amino acid to photolabile diazo solid support L3. 
Reagents and conditions: CH2Cl2, o.n. 

The coupling of 39 to the solid support L3 was tested by adding a solution of 39 (1.3 equiv) in 

CH2Cl2 to the resin. Within seconds, bubbling (evolution of gas) and a change in the resin color 

were observed. The reaction proceeds by protonation of the diazo α-position by the carboxylate 

proton and a following nucleophilic attack from the carboxylate to the same position, resulting in 

the liberation of nitrogen and the formation of the ester bond (Scheme 55). Fmoc removal 

quantification revealed a successful and efficient glycosylated amino acid coupling to the resin in 

a single process. The use of a slight excess of building block without activation afforded an 

excellent conversion of 39-L3 and the observed loading of 0.35 mmol/g was suitable for the 

assembly of the carbohydrates. 

 

 
Scheme 55 - Mechanism for coupling of glycosylated amino acid to the photolabile diazo linker 
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The use of the new linker L3 showed better performance regarding previous results obtained for 

L1. Table 4 compares the two linkers employed to couple the glycosylated amino acid to the solid 

support. Coupling of a building block to L1 (Entry 1) required a significant excess of the activated 

amino acid (4-5 eq), making the strategy unsuitable for recovering the expensive glycosylated 

amino acid. On the other hand, the ester bond formation with the newly developed resin bearing 

the photolabile diazo linker L3 (Entry 2) was reproducible and performed better than the traceless 

linker. A significant reduction in the number of equivalents employed and the possibility of 

recovering the excess glycosylated amino acid after the coupling were the most significant 

advantages of this methodology.  

 

Table 4 - Comparison of conditions for coupling of 39 to functionalized solid supports 

 

Assembly of the oligosaccharides and glycosylated amino acids of T. cruzi MLM 

The results and the evaluated conditions for the AGA of T. cruzi glycans employing amino 

pentanol linker were considered for designing the solid-phase synthesis of glycosylated amino 

acids using the functionalized solid supports 39-L3 and 40-L3. First, the initial step of the process 

was eliminated with glycosyl amino acid coupling. Then, the subsequent elongation of the 

oligosaccharide was performed using two glycosylation cycles and four molar equivalents of 

building blocks per cycle. 

For the AGA run on the home-built synthesizer, the functionalized solid support 39-L3 or 40-L3 

was placed in the reaction vessel, and the resin was swollen for 20 min. Subsequently, selective 

removal of the temporary protecting group (Fmoc or Lev) was performed to reveal the appropriate 

hydroxyl for elongation, which was then followed by an acidic wash. Next, the thioglycoside donor 

(four equivalents based on resin loading) was delivered to the reaction vessel at an initial 

temperature of -20 °C, followed by the addition of the required activator solution. After 5 min, the 

temperature of the reaction mixture was increased to 0 °C and maintained for 20 min and 

subsequent capping of unreacted groups was performed with acetic anhydride and 

methanesulfonic acid. Iterative cycles of protective group removal, glycosylation, and capping 

allowed the assembly of the fully protected oligosaccharide. Finally, the resin was transferred to 

a polypropylene reactor to continue with the post-AGA steps on resin. 

            
Entry Linker 

BB 
Eq 

Reagent 
Reagent 

Eq 
Solvent 

            
1 

Traceless photolabile 
(L1) 

4 DIC, N-methyl imidazol 4, 4 
CH2Cl2:DMF 

1:1 

2 Photolabile diazo (L3) 1.3 - - CH2Cl2 
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Scheme 56 - Automated assembly of glycosylated amino acids of T. cruzi MLMs. Reagents and 
conditions: a) Protective group removal (Fmoc: piperidine in DMF, Lev: hydrazine acetate in 
pyridine/AcOH/H2O; b) TMSOTf in CH2Cl2; c) building block (4 eq), NIS/TfOH, CH2Cl2, -20 °C (5 min) 
to 0 °C (20 min); d) Ac2O, MsOH, CH2Cl2; e) hν (356 nm). 

This AGA development study was designed and completed to determine the best conditions for 

glycan synthesis. The protocols were completed on a small scale and served mainly for analytical 

purposes. MALDI-TOF MS Analysis after small-scale cleavage delivered information about 

products and intermediates formed in each reaction step. In addition, one of the products after the 

global deprotection was analyzed by LC-MS. 

Automated glycan assembly employing the optimized conditions on functionalized resin 39-L3 

and 40-L3 and building blocks 41 and 42 allowed the assembly of a library of fully protected 

oligosaccharides from disaccharides to tetrasaccharides 78-83 (Scheme 56). A double 

glycosylation cycle with four equivalents of building blocks per cycle was enough to deliver the 

structures; however, some deletion sequences were observed in the trisaccharide and 

tetrasaccharide synthesis. Since all the structures are branched and contain the same building 

block 42 in both chains, it was difficult to determine by MALDI-TOF MS which glycosylation was 

incomplete.  

In the synthesis of trisaccharide 79 and 82, it can be hypothesized that due to the higher reactivity 

and accessibility of the primary C6-OH this reaction was complete and therefore the deletion 

sequence corresponds to incomplete glycosylation in position C4-OH for 79 and C3-OH for 82 

(Scheme 57).  

 
Scheme 57 – Possible products in the synthesis of trisaccharide 82 

The assembly of tetrasaccharide 83 occurred with a deletion sequence resulting in the mixture of 

the product and a trisaccharide. Nonetheless, the assignment of the deletion sequence becomes 

difficult because the building block 42 is attached to two different carbohydrates (GlcNAc and Gal) 
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(Scheme 58). Therefore, specific analysis such as stepwise monitoring by MALDI-TOF MS or 

NMR is required to certainly assigned which glycosylation was not complete. 

 
Scheme 58 – Possible products in the synthesis of tetrasaccharide 83 

The established methodology for reducing the azide and acetylation of amines employing 

thioacetic acid was used with the library of glycosylated amino acids. One-pot reaction on resin 

allowed complete conversion of the azides (78-83) into acetamides (84-89), proving that the length 

of the structures and branching do not affect the reaction outcome.  

Screening to standardize deprotection conditions 

The use of benzoyl esters as participating groups to assure β-linkage was necessary during 

Automated Glycan Assembly. However, ester hydrolysis under basic conditions is challenging 

and can lead to the β-elimination of the glycan from the amino acid. Therefore, the hydrolysis of 

benzoates and acetates on the resin was tested with lithium hydroxide and hydrazine 

monohydrate. It is essential to highlight that these treatments hydrolyzed the ester linkage and 

released the glycosylated amino acid from the resin, reducing the process by one step. 

 

Scheme 59 – On-resin ester hydrolysis of 86 for removal of benzoates and cleavage from solid 
support. Reagents and conditions a) LiOH in THF/MeOH (4:1), 2 h, rt; b) 10% N2H4·H2O in THF:MeOH 
(1:1), 2 days, rt. 

On-resin ester hydrolysis of tetrasaccharide 86 (Scheme 59) using mild conditions (LiOH, 0.08 M) 

was performed in an optimal mixture of THF/MeOH (4:1). THF was necessary for resin swelling, 

and methanol improves lithium hydroxide solubility161 and reduces the nucleophilicity of the base 

and the acidity of the C-α-proton by hydrogen bonding255. After two hours, the glycosylated amino 

acid was cleaved from the resin, and the acetates were removed. Unfortunately, the β-elimination 

product and incomplete removal of benzoyls were observed. This trial indicated that the 

methodology was not suitable to perform the intended two-step reaction. 
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A second methodology to remove the benzoyl group involved the treatment of resin-bound 

trisaccharide 88 with 10% hydrazine monohydrate in THF/MeOH (1:1). Reaction for five hours 

resulted in the removal of products from the resin under the formation of a hydrazide. This product 

was attributed to the nucleophilicity of the hydrazine. Despite this result, the successful hydrolysis 

of benzoyl without the formation of other side reactions suggested this methodology as an 

alternative to complete the process in solution. The hydrazide product was dissolved in methanol 

(18 mg/mL), and hydrazine monohydrate (20%) was added. The reaction progress was monitored 

for five days until MALDI-TOF MS showed the complete hydrolysis of benzoyl esters. Despite this 

good outcome, β-elimination of the glycan was also detected. However, this strategy appeared 

appropriate for the ester hydrolysis and suggested two possible experiments.  

Screening to standardize global deprotection of the molecule 

A new approach was envisioned to find an efficient protocol for the global deprotection of the 

molecules. The strategy involved the photocleavage of the moieties 85 and 89 from the resin in 

delivering the glycosylated amino acid as carboxylate. Then, further treatment of the cleaved 

material in solution follows two different routes: 1) hydrogenolysis, ester hydrolysis (Scheme 60) 

and 2) ester hydrolysis, hydrogenolysis (Scheme 61). These strategies were evaluated to 

determine if a change in the order of the steps could affect the outcome of the reaction. 

 
Scheme 60 – Global deprotection strategy I. Reagents and conditions: a) hν (356 nm); b) Pd/C, t-
BuOH:EtOAc:THF:H2O (1:1:1:0.25), rt, 2 days; c) N2H4·H2O, MeOH, rt, 5 days. 

Strategy I started with the N-benzyloxycarbonyl (Cbz) and benzyl (Bn) removal from 89 by 

heterogeneous catalytic hydrogenolysis (Scheme 60). The initial reaction resulted in no 

conversion or reaction progress, even with the addition of a significant excess of Pd/C. 

Presumably, some thioacetic acid used to convert azide into acetamide remained after the 

reaction workup, and this reagent poisoned the palladium catalyst used in the experiment. 

Purification of protected 89 by gel filtration chromatography employing Sephadex LH 20 and 

CH2Cl2/MeOH (2:1) and the following hydrogenolysis of the isolated material showed efficient 

removal of the Cbz and Bn groups. Finally, treatment of the debenzylated material with hydrazine 

hydrate in methanol removed the acetate and benzoates, giving the desired glycosyl amino acid.  
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Scheme 61 - Global deprotection strategy II. Reagents and conditions: a) hν (356 nm); b) N2H4·H2O, 
MeOH, rt, 5 days; c) Pd/C, t-BuOH:EtOAc:THF:H2O (1:1:1:0.25), rt, 2 days. 

An analogous protocol was evaluated by treating trisaccharide 85 with 20% hydrazine 

monohydrate in methanol at 1 mg/mL glycan concentration (Scheme 61). These changes were 

considered to assure slow conversion and reduce the possibility of getting the β-elimination 

product. Monitoring the reaction progression by MALDI-TOF MS showed that benzoyl groups 

were slowly removed, and no side product was observed (Figure 32). After five days, the partially 

protected glycosylated amino acid was delivered. Final removal of the N-benzyloxycarbonyl (Cbz) 

and benzyl (Bn) groups by heterogeneous catalytic hydrogenolysis, removal of the catalyst by 

filtration, and RP-HPLC purification delivered the desired fully deprotected product 32 (Figure 33). 

 
Figure 32 - MS spectra of reaction progression strategy 2. a) MALDI-TOF MS of 85c: m/z Calc for 
C81H90N20O20Na [M+Na]+ 1433.598, observed 1433.689; b) MALDI-TOF MS of 32: m/z Calc for 
C24H42N2O18Na [M+Na]+ 669.233, observed 669.492. 
 

 
Figure 33 - Analytical RP-HPLC chromatograms of 32 a) crude reaction mixture P = [M+H]+ = 647 
expected product; b) pure product after RP-HPLC purification. 

Although the two strategies were efficient for the global deprotection, strategy I required the gel 

filtration of the compound to remove the excess of thioacetic acid, thus strategy II was chosen as 

the most suitable methodology for the global deprotection. Under optimized conditions, the post-

AGA process consisted of four steps: 1) on-resin azide to acetamide conversion using thioacetic 

acid, 2) removal of the compounds from the resin by photocleavage, 3) ester hydrolysis with 20% 

hydrazine monohydrate to delivered the partially protected molecule without β-elimination, and 4) 

catalytic hydrogenolysis for Cbz and Bn removal. 
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3.3. Conclusions and Outlook 

A general methodology for synthesizing glycosylated amino acids derived from T. cruzi was 

developed, representing the first report on the solid-phase synthesis of these molecules. A 

collection of six structures (78-83) was synthesized from two monosaccharide building blocks and 

an α-glycosylated amino acid bound to the resin. Some key modifications were essential for the 

optimization of the process: replacing thioglycosides 44 and 47 for more reactive imidates 45 and 

48 and replacing the traceless photolabile linker bound to Merrifield resin L1 to the photolabile 

diazo linker L3. This change was necessary to assure a good resin loading for glycan assembly, 

which was not afforded during conjugation of 39 to L1, presumably due to the low nucleophilicity 

of the secondary alcohol of the linker.  

Employing Automated Glycan Assembly, two linear and four branched structures were 

assembled, proving the generality of the protocol and the feasibility for the assembly of complex 

and straightforward structures under these conditions. However, the reproducibility of the 

glycosylations under the used conditions still require optimization to avoid deletion sequences and 

variations within different synthesis. The use of a more reactive donor (phosphate) for 42 should 

be tested to drive the reactions to complete conversion. A global deprotection strategy of ester 

hydrolysis and hydrogenolysis delivered the fully deprotected glycosylated amino acid 32. 

Additional work must be performed to complete the global deprotection of the remaining 

molecules.  

A new photolinker was designed, synthesized and evaluated to reduce the number of equivalents 

employed for the loading of amino acids. This linker proven to be efficient for automated glycan 

assembly and releasing carboxylate by photocleavage. Further developments include 

optimization of the acetamide synthesis from azide, application of gel filtration to avoid catalyst 

poisoning, and optimization of ester hydrolysis to avoid the β-elimination using a slow reaction of 

the diluted glycosylated amino acid with hydrazine monohydrate in methanol.  

The method developed in this work can be used to obtain other targets, such as mucin-like 

molecules of the T. cruzi Colombiana strain or O-glycosyl amino acids from human mucins. In 

future work, the synthetic glycosylated amino acids from T. cruzi MLMs can be used to evaluate 

the diagnostic potential of these molecules to detect Chagas infections in sera samples. This 

analysis will require printing the molecules onto activated glass slides and incubating them with 

sera from Chagas’ patients. The presence of anti-glycan antibodies will be detected using 

fluorescence tagged secondary antibodies. The fluorescence intensities of the different spots will 

be quantified to determine the best glycan binder.  
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3.6. Experimental Section  

3.6.1. Building blocks for AGA  

 

General Methods 

 

Solvents and reagents were of commercial grade and were used without further purification unless 

otherwise noted. Anhydrous solvents were obtained from a Solvent Drying System (J.C. Meyer) 

and further dried with molecular sieves (4 Å). Analytical thin layer chromatography was performed 

on 0.25 mm silica gel 60 F254 glass-supported plates (Macherey-Nagel). Compounds were 

visualized with UV light (254 nm), 3-methoxyphenol (0.2 mL in 200 mL of EtOH and 6 mL H2SO4, 

sugar stain), ceric ammonium molybdate stain (2 g Ce(SO4)2 g, 10 g(NH4)6Mo7O24·4 H2O and 20 

mL H2SO4 in 180 mL H2O) and vanillin stain (12 g vanilline, 2 mL H2SO4 in 200 mL of EtOH). 

Flash chromatography was performed using Silica gel 60 230-400 mesh (Sigma- Aldrich). NMR 

spectra were obtained using a Bruker Ascend 400 spectrometer at 400 MHz (1H) and 100 MHz 

(13C). CDCl3 and DMSO-D6 were used as solvents and chemical shifts (δ) are reported in parts 

per million (ppm) relative to the respective residual solvent peaks (CDCl3: 7.26 ppm 1H, 77.16 

ppm 13C, DMSO-d6 2.50 ppm 1H, 39.52 ppm 13C) unless stated otherwise. Bidimensional and non-

decoupled experiments were performed to assign identities of peaks showing relevant structural 

features. NMR spectra were processed using MestreNova 14.2.3 (MestreLab Research). Specific 

rotations were measured with an UniPol L1000 polarimeter (Schmidt & Haensch) at 25 °C and λ 

= 589 nm. Concentration (c) is expressed in g/100 mL in the solvent noted in parentheses. IR 

spectra were measured with a Spectrum 100 ATR-FTIR spectrometer (Perkin Elmer) and are 

reported in terms of frequency of absorption (v, cm-1). MALDI-TOF MS spectra were obtained on 

a Bruker Daltonics Autoflex Speed spectrometer. High-resolution mass spectra (ESI-HRMS) were 

recorded with a Xevo G2-XS Q-Tof mass spectrometer (Waters) coupled to an Acquity H-class 

UPLC. 
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Building Blocks and resins for AGA 

 

 

 

Galactose Building Blocks 

 

Ethyl 2,3-di-O-benzoyl-4,6-O-benzylidene-1-thio-β-D-galactopyranose (53) 

 

To a solution of ethyl 4,6-O-benzylidene1-thio-β-D-galactopyranoside (5 g, 16.0 mmol) in 150 mL 

anhydrous CH2Cl2, benzoic anhydride (14.5 g, 64.1 mmol) and DMAP (0.97 g, 8 mmol) were 

added under an Argon atmosphere. The solution was cooled to 0 °C and triethylamine (17.85 mL, 

0.128 mmol) was slowly added. The reaction mixture was stirred overnight at rt, diluted with 

CH2Cl2 and quenched by addition of MeOH at 0 °C. The solvent mixture was evaporated under 

reduced pressure. The residue was then dissolved in ethyl acetate and subsequently extracted 

with 1 M HCl, saturated NaHCO3, and brine. The organic phase was dried over Na2SO4, filtered 

and concentrated under reduced pressure. Purification of the product by flash chromatography 

hexanes/EtOAc (5:1) as eluent, afforded 53 as white solid (8.2 g, 15.7 mmol, 98%). Rf = 0.4 

(hexanes/EtOAc 5:1), 1H NMR (400 MHz, CDCl3) δ (ppm) 7.98 (m, J = 8.5, 4.1, 1.4 Hz, 4H, H-Ar 

benzoyl), 7.57 – 7.45 (m, 4H, H-Ar benzoyl), 7.43 – 7.31 (m, 7H, H-Ar benzoyl and benzylidene), 

5.96 (t, J = 9.9 Hz, 1H, H-2), 5.54 (s, 1H, CH benzylidene), 5.40 (dd, J = 10.0, 3.5 Hz, 1H, H-3), 

4.74 (d, J = 9.9 Hz, 1H, H-1), 4.63 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 4.42 (dd, J = 12.5, 1.6 Hz, 1H, 

H-6a), 4.10 (dd, J = 12.5, 1.8 Hz, 1H, H-6b), 3.73 (q, J = 1.5 Hz, 1H, H-5), 2.96 (m, J = 12.3, 7.5 

Hz, 1H, SCH2CH3), 2.81 (m, J = 12.2, 7.4 Hz, 1H, SCH2CH3),), 1.31 (t, J = 7.5 Hz, 3H, SCH2CH3). 
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13C NMR (101 MHz, CDCl3) δ (ppm) 166.28 (C=O Bz), 165.47 (C=O Bz), 137.7, 133.5, 133.3, 

130.0, 129.9, 129.6, 129.2, 129.1, 128.5, 128.5, 128.3, 126.4, 101.1 (CH benzylidene), 83.0 (C-

1), 73.9 (C-3), 73.9 (C-4), 70.0 (C-5), 69.3 (C-6), 67.2 (C-2), 23.0 (SCH2CH3), 14.9 (SCH2CH3). 

ESI-HRMS (m/z): Calcd for C29H28O7SNa [M+Na]+ 543.1453, observed 543.1455. NMR data 

agreed with previously reported data289. 

 

Ethyl 2,3-di-O-benzoyl-4-O-benzyl-1-thio-β-D-galactopyranose (54) 

 

To a solution of 53 (8.1 g, 15.6 mmol) in anhydrous dichloromethane (60 mL) at 0 °C, borane in 

THF (1 M, 46 mL, 46.2 mmol) and TMSOTf (560 µL, 3.1 mmol) were sequentially added under an 

Ar atmosphere. The mixture was stirred for 1.5 h and the reaction was quenched by portion-wise 

addition of a Et3N/MeOH (1:10) solution until no further gas evolved. The resulting mixture was 

coevaporated with MeOH to dryness. The product was purified by flash chromatography using 

2:1 hexanes/EtOAc to yield 54 as a white solid (6.02 g, 11.5 mmol, 75%) Rf = 0.39 

(hexanes/EtOAc 1:1), [𝛂]𝑫
𝟐𝟓 = +87.09 (c = 1, CHCl3). IR (ATR) (neat) νmax cm-1 3067 (C-H Ar), 

3035, 2930 (C-H Ar), 2872 (C-H Ar), 1720 (C=O), 1602, 1585, 1495, 1452, 1354, 1315, 1273 (C-

O ester), 1178, 1132, 1088 (C-O ether), 1069, 1027, 1001, 987, 937, 870, 802, 756, 735, 707, 

687, 675. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.00 – 7.93 (m, 4H, H-Ar benzoyl), 7.51 (q, J = 7.6 

Hz, 2H, H-Ar benzoyl), 7.37 (td, J = 7.7, 3.1 Hz, 4H, H-Ar benzoyl and benzylidene), 7.26 (d, J = 

2.7 Hz, 5H, H-Ar benzylidene), 5.90 (t, J = 10.0 Hz, 1H, H-2), 5.38 (dd, J = 10.0, 3.0 Hz, 1H, H-

3), 4.78 (d, J = 11.7 Hz, 1H, CHHPh), 4.69 (d, J = 9.9 Hz, 1H, H-1), 4.50 (d, J = 11.7 Hz, 1H, 

CHHPh), 4.17 (d, J = 3.0 Hz, 1H, H-4), 3.88 (dd, J = 11.2, 7.0 Hz, 1H, H-6a), 3.77 (t, J = 6.1 Hz, 

1H, H-5), 3.57 (dd, J = 11.2, 5.1 Hz, 1H, H-6b), 2.77 (qdd, J = 14.9, 9.9, 6.3 Hz, 2H, SCH2CH3), 

1.25 (t, J = 7.4 Hz, 5H, SCH2CH3). 13C NMR (101 MHz, CDCl3) δ (ppm) 166.1 (C=O), 165.6 (C=O), 

137.4, 133.6, 133.3, 130.0, 129.9, 129.6, 129.0, 128.7, 128.6, 128.5, 128.5, 128.2 (15 C-Ar), 84.0 

(C-1), 79.1 (C-5), 76.0 (C-3), 74.8 (CH2-Ph), 73.6 (C-4), 68.5 (C-2), 62.0 (C-6), 24.1(SCH2CH3), 

15.0 (SCH2CH3). ESI-HRMS (m/z): Calcd for C29H30O7SNa [M+Na]+ 545.1610, observed 

545.1606. 

 

Ethyl 2,3-di-O-benzoyl-4,6-di-O-benzyl-1-thio-β-D-galactopyranose (55) 

 

To a solution of 54 (6.0 g, 11.48 mmol) in CH2Cl2 (100 mL), TMSOTf (95 µL, 0.526 mmol) and 

HMDS (2.87 mL, 13.78 mmol) were added. The reaction mixture was stirred for 45 min at rt. The 

reaction was then flushed with nitrogen to remove the ammonia byproduct and the solvent was 
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then removed under reduced pressure. The residue was dissolved in anhydrous CH2Cl2 (100 mL), 

followed by addition of freshly activated 4Å molecular sieves (2 g) and benzaldehyde (2.40 mL, 

23.54 mmol). The mixture was stirred for 1 h and then cooled to -15 °C, at this temperature 

triethylsilane (9.2 mL, 57.75 mmol) and TMSOTf (477 µL, 2.64 mmol) were added, and stirred for 

1 h. The crude mixture was neutralized with Et3N and concentrated. Purification by flash column 

chromatography (hexanes/ethyl acetate 5:1) gave 55 as a white solid (6.48 g, 10.6 mmol, 92%). 

Rf = 0.65 (hexanes/EtOAc 5:1), [𝛂]𝑫
𝟐𝟓 = +43.21 (c = 1, CHCl3). IR (ATR) (neat) νmax cm-1 3065 (C-

H Ar), 3033 (C-H Ar), 2930, 2870, 1722 (C=O), 1602, 1585, 1496, 1452, 1353, 1315, 1273 (C-O 

ester), 1212, 1178, 1152, 1094 (C-O ether), 1070, 1027, 1001, 940, 889, 857, 802, 752, 734, 707, 

675.1H NMR (400 MHz, CDCl3) δ (ppm) 8.04 – 7.93 (m, 4H, H-Ar benzoyl), 7.52 (td, J = 7.5, 3.5 

Hz, 2H, H-Ar benzoyl), 7.43 – 7.16 (m, 14H. H-Ar benzyl), 5.91 (t, J = 9.9 Hz, 1H, H-2), 5.42 (dd, 

J = 10.0, 3.0 Hz, 1H, H-3), 4.73 (dd, J = 14.3, 10.7 Hz, 2H, 1-H, CHHPh), 4.57 – 4.45 (m, 3H, H-

1, CHHPh, CHHPh), 4.28 (d, J = 3.0 Hz, 1H, H-4), 3.95 (t, J = 6.6 Hz, 1H, H-5), 3.76 – 3.64 (m, 

2H, H-6a/b), 2.89 – 2.69 (m, 2H, SCH2CH3), 1.28 (t, J = 7.4 Hz, 4H, SCH2CH3). 13C NMR (101 

MHz, CDCl3) δ (ppm) 166.0 (C=O), 165.6 (C=O), 137.9, 137.8, 133.5, 133.2, 130.0, 129.9, 129.6, 

129.2, 128.6, 128.4, 128.4, 128.1, 128.0, 128.0, 127.8, 83.8 (C-1), 77.5 (C-5), 75.8 (C-3), 75.1 

(CH2-Bn), 74.3 (C-4), 73.6 (CH2-Ph), 68.6 (C-2), 68.2 (C-6), 24.1 (SCH2CH3), 15.0 (SCH2CH3). 

ESI-HRMS (m/z): Calcd for C36H36O7SNa [M+Na]+ 635.2079, observed 635.2068. 

 

Ethyl 4,6-di-O-benzyl-1-thio-β-D-galactopyranose (56) 

 

Compound 55 (6.40 g, 5.83 mmol) was dissolved in methanol (75 mL) at rt and 10 mL of NaOMe 

solution (1 M in methanol, 10.04 mmol) was added dropwise. The mixture was stirred for 2 h, then 

neutralized by addition of Amberlite IR 120 H+ form, filtered and concentrated under reduced 

pressure. The product was purified by flash column chromatography (hexanes/EtOAc 1:2) to 

afford 56 (4.06 g, 10.04 mmol, 96%) as a white solid. Rf = 0.25 (hexanes/EtOAc 2:1). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.39 – 7.25 (m, 10H, H-Ar benzyl), 4.70 (d, J = 1.9 Hz, 2H, CH2-Bn), 

4.50 (q, J = 11.7 Hz, 2H, CH2-Bn), 4.29 (d, J = 9.4 Hz, 1H, H-1), 3.92 (dd, J = 3.3, 1.0 Hz, 1H, H-

4), 3.73 – 3.63 (m, 4H, H-2, H-5, H-6a/b), 3.60 (dd, J = 9.2, 3.3 Hz, 1H, H-3), 2.73 (qd, J = 7.5, 

4.2 Hz, 2H, SCH2CH3), 1.30 (t, J = 7.4 Hz, 3H, SCH2CH3). 13C NMR (101 MHz, CDCl3) δ 138.4, 

137.8, 128.6, 128.6, 128.0, 128.0, 128.0, 128.0 (C-Ar), 86.3 (C-1), 77.6 (C-5), 76.2 (C-4), 75.4 (C-

3), 75.3 (CH2-Bn), 73.7 (CH2-Ph), 71.0 (C-2), 68.5 (C-6), 24.6 (SCH2CH3), 15.4 (SCH2CH3). ESI-

HRMS (m/z): Calcd for C22H28O5SNa [M+Na]+ 427.1555, observed 427.1576. NMR data agreed 

with previously reported data290. 
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Ethyl 3-O-(9-fluorenylmethoxycarbonyl)-4,6-di-O-benzyl-1-thio-β-D-galactopyranose (57) 

 

Compound 56 (4.0 g, 9.89 mmol) and dibutyltin oxide (4.92g, 19.78 mmol) were dissolved in 80 

mL of anhydrous toluene and refluxed using a Dean-Stark trap for 6 h. The mixture was cooled 

down to rt, followed by addition of Fmoc-Cl (3.07 g, 11.87 mmol). The reaction was stirred 

overnight and the solvent was removed under reduce pressure. The product was purified by flash 

column chromatography (hexanes/EtOAc 3:1) to yield 57 (5.40 g, 8.62 mmol, 87%) as a white 

solid. Rf = 0.51 (hexanes/EtOAc 2:1), [𝛂]𝑫
𝟐𝟓 = + 35.51; (c = 1, CHCl3). IR (ATR) (neat) νmax cm-1 = 

3069, 3033, 2930, 2871, 1720, 1602, 1585, 1495, 1452, 1354, 1315, 1274, 1178, 1132, 1090, 

1070, 1027, 1001, 960, 889, 870, 802, 754, 736, 707, 675. 1H NMR (400 MHz, CDCl3) δ (ppm) 

7.73 (tt, J = 7.5, 0.9 Hz, 2H, H-Ar, Fmoc), 7.62 (ddd, J = 14.1, 7.5, 1.0 Hz, 2H, H-Ar Fmoc), 7.47 

– 7.16 (m, 14H, H-Ar Fmoc and benzyl), 4.77 (dd, J = 9.7, 3.1 Hz, 1H, H-3), 4.65 (d, J = 11.4 Hz, 

1H, CHHPh), 4.54 – 4.47 (m, 2H, CHH-Fmoc, CH2-Ph), 4.48 – 4.40 (m, 3H, CHHPh, CHH-Fmoc, 

CH2-Ph), 4.38 (d, J = 9.7 Hz, 1H, 1-H), 4.27 (t, J = 7.1 Hz, 1H, CH-Fmoc), 4.10 – 3.98 (m, 2H, H-

2, H-4), 3.75 (ddd, J = 7.1, 5.8, 1.1 Hz, 1H, H-5), 3.66 – 3.57 (m, 2H, H6a/b), 2.83 – 2.65 (m, 2H, 

SCH2CH3), 1.30 (t, J = 7.5 Hz, 3H, SCH2CH3) 13C NMR (101 MHz, CDCl3) δ 154.8 (C=O), 143.6, 

143.0, 141.5, 141.4, 138.1, 137.8, 128.6, 128.4, 128.2, 128.0, 128.0, 128.0, 127.8, 127.3, 127.3, 

125.3, 125.2, 120.2, 86.7 (C-1), 80.8 (C-3), 77.2 (C-5), 75.2 (CH2-Bn), 74.2 (C-4), 73.6 (CH2-Bn), 

70.1 (CH2-Fmoc), 68.3 (C-6), 68.1 (C-2), 46.8 (CH-Fmoc), 24.6 (SCH2CH3), 15.4 (SCH2CH3). ESI-

HRMS (m/z): Calcd for C37H38O7SNa [M+Na]+ 649.2236, observed 649.2221. NMR data agreed 

with previously reported data165. 

 

Ethyl 2-O-levulinoyl-3-O-(9-fluorenylmethoxycarbonyl)-4,6-di-O-benzyl-1-thio-β-D-

galactopyranose (41) 

 

Compound 57 (5.40 g, 8.62 mmol) and levulinic acid (1.60 g, 13.79 mmol) were dissolved in 

CH2Cl2 (150 mL) and a solution of DIC (2.14 mL, 13.80 mmol) and DMAP (316 mg, 2.58 mmol) 

in CH2Cl2 (10 mL) was added at 0 °C. The mixture was warmed to rt and stirred for 2 h, then 

diluted with CH2Cl2 (100 mL) and filtered through a celite pad. The filtrate was extracted with 1 M 

HCl, saturated NaHCO3, and brine. The organic phase was dried over Na2SO4, filtered and 

concentrated under reduced pressure. Purification by flash column chromatography using 

hexanes/EtOAc (3:1) gave the final building block 41 (5.16 g, 7.12 mmol, 83%) as a colorless 

syrup. Rf = 0.47 (hexanes/EtOAc 2:1), [𝛂]𝑫
𝟐𝟓 = +29.48 (c = 1, CHCl3). IR (ATR) (neat) νmax cm-1 

=3031 (C-H Ar), 2927 (C-H Ar), 2871, 1748 (C=O), 1608, 1497, 1478, 1452, 1362, 1259 (C-O 
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ester), 1152, 1074 (C-O ether), 1028, 984, 909, 877, 784, 738, 697, 666.1H NMR (400 MHz, 

CDCl3) δ (ppm) 7.74 (ddt, J = 7.6, 4.2, 1.0 Hz, 2H, H-Ar, Fmoc), 7.66 – 7.58 (m, 2H, H-Ar, Fmoc), 

7.44 – 7.19 (m, 14H, H-Ar Fmoc and Benzyl), 5.47 (t, J = 9.9 Hz, 1H, H-2), 4.91 (dd, J = 10.0, 3.0 

Hz, 1H, H-3), 4.76 (d, J = 11.4 Hz, 1H, CHH-Ph), 4.55 – 4.34 (m, 6H, CHH-Ph, CH2-Bn, H-1, CH2-

Fmoc), 4.29 (t, J = 7.3 Hz, 1H, CH-Fmoc), 4.06 (dd, J = 3.1, 1.1 Hz, 1H, H-4), 3.74 (ddd, J = 7.6, 

5.5, 1.1 Hz, 1H, H-5), 3.67 – 3.56 (m, 2H, H6a/b), 2.84 – 2.50 (m, 6H, CH2-Lev, SCH2CH3), 2.11 

(s, 3H, CH3-Lev), 1.25 (t, J = 7.4 Hz, 3H, SCH2CH3). 13C NMR (101 MHz, CDCl3) δ 206.2 (C=O, 

ketone Lev), 171.6 (C=O Lev), 154.6 (C=O Fmoc), 143.6, 143.1, 141.4, 141.3, 138.0, 137.8, 

128.5, 128.4, 128.2, 128.0, 128.0, 128.0, 128.0, 127.8, 127.3, 125.4, 125.3, 120.2, 83.6 (C-1), 

78.8 (C-3), 77.2 (C-5), 75.1 (CH2-Ph), 74.0 (C-4), 73.6 (CH2-Ph), 70.3 (CH2-Fmoc), 68.3 (C-2), 

68.1 (C-6), 46.7 (CH-Fmoc), 38.0 (CH2-Lev), 28.1 (CH2-Lev), 29.9 (CH3-Lev) 23.9 (SCH2CH3), 

14.9 (SCH2CH3). ESI-HRMS (m/z): Calcd for C42H44O9SNa [M+Na] + 747.2604, observed 

747.2661. 

 

3,4,6-tri-O-acetyl-α-D-galactopyranose-1,2-O-(1-(ethylthio)-orthoacetate (58) 

 

Peracetylated galactopyranose (5.01 g, 12.84 mmol) was dissolved in CH2Cl2 (100 mL) and 33% 

HBr in AcOH (16 mL) was added dropwise at 0 °C. The reaction mixture was stirred at rt overnight, 

diluted with CH2Cl2, and washed with water (3 x 70 mL), saturated NaHCO3 (2 x 70 mL), and brine. 

The organic phase was dried under Na2SO4 and filtered. The solvent was removed under reduced 

pressure and the residue was taken up in nitromethane (30 mL), followed by addition of 2,6-

lutidine (2.24 mL, 19.26 mmol), ethanethiol (3.8 mL, 51.36 mmol) and tetrabutylammonium 

bromide (412.6 mg, 1.28 mmol). The mixture was stirred at rt for 72 h and the solution was then 

partitioned between EtOAc (50 mL) and aqueous saturated NaHCO3 (50 mL). The aqueous layer 

was extracted with EtOAc, dried under Na2SO4, filtered and evaporated under reduced pressure. 

The product was purified by flash column chromatography (hexanes/EtOAc 5:1) to give 58 (3.59 

g, 9.15 mmol, 71% over two steps) as a colorless oil. Rf = 0.74 (hexanes/EtOAc 1:1). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 5.83 (d, J = 5.0 Hz, 1H, H-1), 5.33 (dd, J = 3.7, 2.4 Hz, 1H, H-3), 5.00 

(dd, J = 6.6, 3.7 Hz, 1H, H-4), 4.29 – 4.21 (m, 2H, H-2, H-5), 4.13 – 4.00 (m, 2H, H-6), 2.58 (qd, 

J = 7.5, 2.1 Hz, 2H, SCH2CH3), 2.04 (s, 3H, CH3-acetyl), 2.00 (d, J = 1.2 Hz, 6H, CH3-acetyl), 1.84 

(s, 3H, CH3 orthoacetate), 1.19 (t, J = 7.4 Hz, 3H, SCH2CH3). 13C NMR (101 MHz, CDCl3) δ (ppm) 

170.3, 169.9, 169.6 (3C, C=O acetyl) 115.1 (CH-orthoacetate), 98.1 (C-1), 72.2 (C-2), 70.9 (C-4), 

68.9 (C-6), 65.4 (C-3), 61.4 (C-6), 28.7 (CH3-orthoacetate), 24.6 (SCH2CH3), 20.6 (CH3-acetyl), 

20.4 (CH3-acetyl), 14.8 (SCH2CH3). ESI-HRMS (m/z): Calcd for C16H24O9SNa [M+Na]+ 415.1039; 

observed 415.1050. NMR data agreed with previously reported data291. 
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3,4,6-tri-O-benzyl-α-D-galactopyranose-1,2-O-(1-(ethylthio)-orthoacetate (59) 

 

Acetylated orthoester 58 (3.50 g, 8.92 mmol) was dissolved in MeOH (100 mL) and freshly 

prepared solution of NaOMe (1 M in methanol) was added dropwise (2.5 mL) and the mixture was 

stirred at rt for 2 h. The reaction was stopped by addition of Amberlite resin H+ form until neutral. 

The resin was removed by filtration through cotton and the solvent was removed under reduced 

pressure. The residue was dissolved in DMF (70 mL), cooled to 0 °C and sodium hydride (1.29 g, 

53.62 mmol) was added to the reaction mixture. The resulting suspension was stirred for 15 min, 

followed by addition of benzyl bromide (4.78 mL, 40.22 mmol). The reaction mixture was allowed 

to warm up to rt and stirred overnight. The reaction was quenched by adding methanol, and 

volatiles were removed under reduced pressure. The residue was dissolved in CH2Cl2 and water, 

extracted three times with CH2Cl2 and the combined organic phases were dried over Na2SO4, 

filtered and concentrated under reduced pressure. The product was purified by flash column 

chromatography using hexanes/EtOAc (5:1) to obtain 59 (4.22 g, 7.86 mmol, 88% over two steps) 

as a colorless oil. Rf = 0.78 (hexanes/EtOAc 1:1). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.44 – 7.24 

(m, 15H, H-Ar), 5.82 (d, J = 4.7 Hz, 1H, H-1), 4.93 (d, J = 11.5 Hz, 1H, CHH-Ph), 4.80 (d, J = 12.2 

Hz, 1H, CHH-Ph), 4.64 (dd, J = 21.8, 11.9 Hz, 2H, CHH-Ph), 4.53 – 4.40 (m, 3H, CHH-Ph, H-2), 

4.04 (s, 1H, H-4), 3.99 (t, J = 2.4 Hz, 1H, H-5), 3.67 – 3.58 (m, 3H, H-3, H-6), 2.65 (q, J = 7.4 Hz, 

2H, SCH2CH3), 1.84 (s, 3H, CH3 orthoacetate), 1.27 (t, J = 7.5 Hz, 3H, SCH2CH3).13C NMR (101 

MHz, CDCl3) δ (ppm) 138.4, 138.1, 137.9, 128.5, 128.5, 128.4, 128.1, 128.0, 127.9, 127.8, 127.8, 

127.7 (18C-Ar), 115.6 (C-orthoacetate), 98.6 (C-1), 80.3 (C-3), 78.0 (C-2), 74.6 (CH2-Ph), 73.6 

(CH2-Ph), 73.4 (C-4), 72.6 (C-5), 71.5 (CH2-Ph), 68.2 (C-6), 29.4 (SCH2CH3), 24.8 (CH3 

orthoacetate), 15.2 (SCH2CH3). ESI-HRMS (m/z): Calcd for C31H36O6SNa [M+Na]+ 559.2130; 

observed 559.2142. NMR data agreed with previously reported data291. 

 

Ethyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio-β-D-galactopyranose (60) 

 

To a solution of orthoester 59 (4.20 g, 7.83 mmol) in CH2Cl2 (100 mL), 4Å molecular sieves (1.5 

g) and ethanethiol (0.58 mL, 7.83 mmol) were added. The solution was stirred for 1 h, cooled to 

0 °C and TMSOTf (89 µL, 0.49 mmol) was added. The reaction mixture was stirred for 4 h and 

quenched by the addition of Et3N, filtered through celite and evaporated to dryness under reduced 

pressure. The product was purified by flash column chromatography using hexanes/EtOAc (3:1) 
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to yield 60 (3.03 g, 5.65 mmol, 73%) as a white solid. Rf = 0.68 (hexanes/EtOAc 1:1). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.23 (ttd, J = 11.8, 6.1, 5.5, 2.5 Hz, 16H, H-Ar), 5.34 (t, J = 9.8 Hz, 1H, 

H-2), 4.87 (d, J = 11.7 Hz, 1H, CHH-Ph), 4.60 (d, J = 12.2 Hz, 1H, CHH-Ph), 4.48 (dd, J = 19.9, 

12.0 Hz, 2H, CHH-Ph), 4.41 – 4.30 (m, 2H, CHH-Ph), 4.26 (d, J = 9.9 Hz, 1H, H-1), 3.92 (d, J = 

2.7 Hz, 1H, H-4), 3.53 (s, 3H, H-5, H-6), 3.46 (dd, J = 9.7, 2.8 Hz, 1H, H-3), 2.72 – 2.52 (m, 2H, 

SCH2CH3), 1.96 (s, 3H, CH3-acetyl), 1.15 (t, J = 7.4 Hz, 3H, SCH2CH3).13C NMR (101 MHz, 

CDCl3) δ (ppm) 169.5 (C=O acetyl), 138.4, 137.8, 137.6, 128.2, 128.2, 127.9, 127.8, 127.8, 127.7, 

127.5, 127.3, 127.2 (18H, C-Ar), 83.4 (C-1), 81.2 (C-3), 77.2 (C-5), 74.2 (CH2-Ph), 73.4 (CH2-Ph), 

72.6 (C-4), 71.7 (CH2-Ph), 69.4 (C-2), 68.3 (C-6), 23.4 (SCH2CH3), 20. 9 (CH3-acetyl), 14.6 

(SCH2CH3). ESI-HRMS (m/z): Calcd for C31H36O6SNa [M+Na]+ 559.2130, observed 559.2139. 

NMR data agreed with previously reported data292. 

 

Ethyl 3,4,6-tri-O-benzyl-1-thio-β-D-galactopyranose (60a) 

 

Galactose 60 (3.03 g, 5.65 mmol) was dissolved in methanol (50 mL) and a freshly prepared 

solution of NaOMe (1M in methanol) was added dropwise (2 mL) until pH 10. The mixture was 

stirred at rt for 2 h. The reaction was stopped by addition of IR120 Amberlite resin (H+ form) until 

neutral pH. The resin was removed by filtration through cotton and the solvent was removed under 

reduced pressure. Purification by flash column chromatography (hexanes/EtOAc 4:1) afforded 

60a (2.79 g, 5.64 mmol, quant.) as a colorless oil. Rf = 0.60 (hexanes/EtOAc 1:1). 1H NMR (400 

MHz, CDCl3) δ (ppm) 7.40 – 7.06 (m, 16H, H-Ar), 4.82 (d, J = 11.6 Hz, 1H, CHH-Ph), 4.72 – 4.56 

(m, 2H, CHH-Ph), 4.53 (d, J = 11.6 Hz, 1H, CHH-Ph), 4.45 – 4.30 (m, 2H, CHH-Ph), 4.25 (d, J = 

9.6 Hz, 1H, 1-H), 3.95 – 3.86 (m, 2H, H-2, H-4), 3.60 – 3.48 (m, 3H, H-5, H-6), 3.38 (dd, J = 9.3, 

2.8 Hz, 1H, H-3), 2.74 – 2.53 (m, 2H, SCH2CH3), 1.22 (t, J = 7.4 Hz, 3H, SCH2CH3). 13C NMR 

(101 MHz, CDCl3) δ (ppm) 138.4, 137.9, 137.6, 128.3, 128.3, 128.0, 127.8, 127.6, 127.6, 127.5, 

127.3 (18H, C-Ar), 86.1 (C-1), 83.0 (C-3), 77.4 (C-5), 74.3 (CH2-Ph), 73.4 (CH2-Ph), 72.9 (C-4), 

72.1 (CH2-Ph), 69.5 (C-2), 68.4 (C-6), 24.0 (SCH2CH3), 15.1 (SCH2CH3). ESI-HRMS (m/z): Calcd 

for C29H34O6SNa [M+Na]+ 517.2025; observed 517.2042. NMR data agreed with previously 

reported data292. 

 

Ethyl 2-O-benzoyl-3,4,6-tri-O-benzyl-1-thio-β-D-galactopyranose (42) 

 

Deacetylated derivative 60a (2.79 g, 5.64 mmol) was dissolved in pyridine (35 mL) and benzoyl 

chloride (0.85 mL, 7.33 mmol) and DMAP (896 mg, 7.33 mmol) were added. The mixture was 

stirred at rt overnight. The reaction mixture was diluted with CH2Cl2 and quenched by addition of 
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MeOH at 0 °C. The solvent was removed under reduced pressure, the residue was dissolved in 

ethyl acetate and subsequently extracted with 1 M HCl, saturated NaHCO3, and brine. The product 

was purified by flash column chromatography using hexanes and ethyl acetate as eluent to yield 

building block 42 (3.17g, 5.29 mmol, 94%) as a white solid. Rf = 0.66 (hexanes/EtOAc 1:1). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 8.00 – 7.89 (m, 2H, H-Ar Bz), 7.54 – 7.46 (m, 1H, H-Ar Bz), 7.37 

(t, J = 7.7 Hz, 2H, H-Ar Bz), 7.33 – 7.15 (m, 10H, H-Ar Bn), 7.09 (q, J = 7.4, 6.4 Hz, 5H, H-Ar Bn), 

5.62 (t, J = 9.7 Hz, 1H, H-2), 4.92 (d, J = 11.6 Hz, 1H, CHH-Ph), 4.56 (dd, J = 12.0, 7.7 Hz, 2H, 

CHH-Ph), 4.47 – 4.33 (m, 4H, CHH-Ph, H-1), 3.98 (d, J = 2.7 Hz, 1H, H-4), 3.65 – 3.50 (m, 4H, 

H-3, H-5, H-6), 2.72 – 2.53 (m, 2H, SCH2CH3), 1.13 (t, J = 7.4 Hz, 3H, SCH2CH3). 13C NMR (101 

MHz, CDCl3) δ (ppm) 165.2 (C=O, Bz), 138.4, 137.6, 137.4, 132.8, 129.9, 129.7, 128.3, 128.1, 

128.0, 127.9, 127.8, 127.7, 127.5, 127.3 (24C, C-Ar), 83.5 (C-1), 80.8 (C-3), 77.3 (C-5), 74.2 (CH2-

Ph), 73.4 (CH2-Ph), 72.5 (C-4), 71.5 (CH2-Ph), 69.9 (C-2), 68.3 (C-6), 23.5 (SCH2CH3), 14.6 

(SCH2CH3). ESI-HRMS (m/z): Calcd for C36H38O6SNa [M+Na]+ 621.2287; observed 621.2296. 

NMR data agreed with previously reported data293. 

 

D-galactose diethyl dithioacetal (61) 

 

D-galactose (15 g, 0.083 mmol) was dissolved in concentrated HCl (12 mL) at rt and ethanethiol 

(12.3 mL, 0.166 mmol) was slowly added. The reaction mixture was stirred vigorously, releasing 

the pressure occasionally. After 5 min when temperature increased, a little amount ice water was 

added and the mixture stirred for 5 min more. Then, more ice water was added and the solid 

product was filtered and washed with small amount of cold water. Recrystallization from pure 

ethanol afforded 61 (13.20 g, 46.09 mmol, 55%) as a white crystalline solid. Rf = 0.42 

(CH2Cl2/MeOH 6:1). 1H NMR (400 MHz, DMSO-d6) δ (ppm) 4.52 (d, J = 7.8 Hz, 1H, OH), 4.45 (s, 

1H, OH), 4.28 (d, J = 8.0 Hz, 1H, OH), 4.17 (d, J = 6.7 Hz, 1H, OH), 4.08 (d, J = 7.9 Hz, 1H, OH), 

4.02 (d, J = 9.2 Hz, 1H, H-1), 3.87 (m, J = 9.4, 7.9, 1.5 Hz, 1H, H-4), 3.71 (m, J = 9.8, 7.1, 1.4 Hz, 

2H, H-2, H-5), 3.48 – 3.34 (m, 3H, H-3, H-6), 2.61 (m, J = 7.3, 5.5 Hz, 4H, SCH2CH3), 1.18 (t, J = 

7.4 Hz, 6H, SCH2CH3). 13C NMR (101 MHz, DMSO-d6) δ (ppm) 71.6 (C-2), 69.9 (C-5), 69.5 (C-

3), 69.3 (C-4), 63.2 (C-6), 54.7 (C-1), 24.2 (SCH2CH3), 23.7 (SCH2CH3), 14.5 (SCH2CH3). ESI-

TOF MS (m/z): Calcd for C10H22O5S2Na [M+Na]+ 309.1; observed 309.2. NMR data agreed with 

previously reported data294,277. 
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Methyl 2,3,5,6-tetra-O-acetyl-β-D-galactofuranoside(61) 

 

Dithioacetal 61 (3.0 g, 10.45 mmol) was dissolved in a solution of 2% I2 in MeOH (w/v, 250 mL) 

and stirred at rt for 7 h. Excess I2 was quenched by addition of solid sodium thiosulfate (Na2S2O3) 

until the color diminished, then solid sodium bicarbonate (NaHCO3) was added to neutralize the 

reaction mixture. Solvents were removed under reduced pressure to give a yellow solid, which 

was taken to the next step without purification. The crude was dissolved in equal volumes of acetic 

anhydride/pyridine (50 mL), the mixture was cooled to 0 °C and DMAP (128 mg, 1.05 mmol) was 

added. The reaction mixture was stirred overnight at rt and diluted with CH2Cl2 (100 mL), extracted 

with water, 1 M HCl, saturated NaHCO3, and brine. The organic phase was dried over Na2SO4, 

filtered, and the solvent was removed under reduced pressure. The crude was purified by flash 

chromatography using hexanes/EtOAc (3:2) to give 62 (β:α = 9:1), β isomer was isolated after 

column chromatography (3.28 g, 9.05 mmol, 87% over two steps). Rf = 0.47 (hexanes/EtOAc 1:1). 

1H NMR (400 MHz, CDCl3) δ (ppm) δ 5.37 (dt, J = 7.0, 4.1 Hz, 1H, H-5), 5.07 – 4.95 (m, 2H, H-2, 

H-3), 4.90 (s, 1H, H-1), 4.32 (ddd, J = 11.9, 9.6, 4.4 Hz, 1H, H-6a), 4.27 – 3.98 (m, 2H, H-4, H-

6b), 3.36 (d, J = 2.7 Hz, 3H, OCH3), 2.12 (s, 3H, CH3-acetyl), 2.09 (s, 3H, CH3-acetyl), 2.07 (s, 

3H, CH3-acetyl), 2.04 (s, 3H, CH3-acetyl). 13C NMR (101 MHz, CDCl3) δ (ppm) 170.6 (C=O, 

acetyl), 170.1 (C=O, acetyl), 170.1 (C=O, acetyl), 169.7 (C=O, acetyl), 106.6 (C-1), 81.3 (C-2), 

79.9 (C-4), 76.5 (C-3), 69.3 (C-5), 62.6 (C-6), 55.0 (OCH3), 20.9 (CH3-acetyl), 20.8 (CH3-acetyl), 

20.8 (CH3-acetyl), 20.7 (CH3-acetyl). ESI-TOF MS (m/z): Calcd for C15H22O10Na [M+Na]+ 385.1; 

observed 385.3. NMR data agreed with previously reported data295.  

 

Ethyl 2,3,5,6-tetra-O-acetyl-1-thio-β-D-galactofuranoside (43) 

 

A solution of 62 (3.18 g, 8.78 mmol) and ethanethiol (800 µL, 10.80 mmol) in anhydrous CH2Cl2 

(100 mL) was cooled to 0 °C, followed by dropwise addition of BF3·OEt2 (3.25 mL, 26.33 mmol) 

over 10min. The reaction mixture was stirred overnight allowing it to warm up to rt gradually, 

diluted with CH2Cl2 (200 mL), washed with aq. saturated NaHCO3, brine and dried with Na2SO4. 

The solvent was removed under reduced pressure and the product purified by flash column 

chromatography using hexanes/EtOAc (3:1 to 2:1) to yield building block 43 (2.6 g, 6.63 mmol, 

75%) as a colorless solid. Rf = 0.5 (hexanes/EtOAc 1:1). 1H NMR (400 MHz, CDCl3) δ (ppm) 5.37 

(ddd, J = 7.2, 4.5, 3.7 Hz, 1H, H-5), 5.30 (d, J = 2.2 Hz, 1H, H-1), 5.03 (t, J = 2.3 Hz, 1H, H-2), 

5.00 (ddd, J = 6.1, 2.4, 0.7 Hz, 1H, H-3), 4.36 (ddd, J = 6.1, 3.7, 0.7 Hz, 1H, H-4), 4.30 (dd, J = 
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11.8, 4.6 Hz, 1H, H-6a), 4.16 (dd, J = 11.7, 7.1 Hz, 1H, H-6a), 2.73 – 2.52 (m, 2H, CH2-SEt), 2.11 

(s, 3H, CH3-acetyl), 2.07 (d, J = 5.5 Hz, 6H, CH3-acetyl), 2.02 (s, 3H, CH3-acetyl), 1.26 (t, J = 7.4 

Hz, 3H, CH3-SEt). 13C NMR (101 MHz, CDCl3) δ (ppm) 170.6 (C=O, acetyl), 170.1 (C=O, acetyl), 

170.0 (C=O, acetyl), 169.7 (C=O, acetyl), 87.7 (C-1), 81.8 (C-2), 79.3 (C-4), 76.7 (C-3), 69.1 (C-

5), 62.6 (C-6), 25.3 (SCH2CH3), 20.9 (CH3-acetyl), 20.9 (CH3-acetyl), 20.8 (CH3-acetyl), 20.7 

(CH3-acetyl), 14.9 (SCH2CH3). ESI-TOF MS (m/z): Calcd for C16H24O9SNa [M+Na]+ 415.1; 

observed 415.2. NMR data agreed with previously reported data296. 

 

Synthesis of glucosamine building blocks 

 

Phenyl 2-azido-4,6-O-benzylidene-2-deoxy-1-thio-α-D-glucopyranose (65) 

 

Benzylidene acetal was synthesized from glucosamine hydrochloride (20 g, 92.75 mmol) in three 

steps following reported protocols278. The identity of the product was determined by NMR and 

comparison with the data from the literature278. Compound 65 was obtained as a white solid (11.13 

g, 28.88 mmol, 44% over three steps). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.43 (m, 4H, H-Ar), 

7.37 – 7.19 (m, 6H, H-Ar), 5.48 (d, J = 6.2 Hz, 2H, H-1, CH-benzylidene), 4.31 (m, 1H, H-5), 4.15 

(m, 1H, H-6a), 3.97 (td, J = 9.5, 2.8 Hz, 1H, H-3), 3.83 (dd, J = 10.0, 5.6 Hz, 1H, H-2), 3.67 (t, J = 

10.3 Hz, 1H, H-6b), 3.49 (t, J = 9.3 Hz, 1H, H-4).13C NMR (101 MHz, CDCl3) δ (ppm) 132.5 (CH-

Ar), 129.5 (CH-Ar), 129.2 (CH-Ar), 128.5 (CH-Ar), 128.1 (CH-Ar), 126.7 (CH-Ar), 102.2 (CH-

benzylidene), 87.8 (C-1), 81.7 (C-4), 70.8 (C-3), 68.5 (C-6), 63.9 (C-2), 63.4 (C-5). ESI-HRMS 

(m/z): Calcd for C19H19N3O4SNa [M+Na]+ 408.0993; observed 408.0978. 

 

Phenyl 2-azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-1-thio-α,β-D-glucopyranose (66) 

 

Benzylidene acetal 65 (5.56 g, 14.43 mmol) was dissolved in anhydrous DMF (80 mL). The 

solution was cooled to 0 °C and sodium hydride (692.3 mg, 28.85 mmol) was added to the reaction 

mixture. After stirring the suspension for 15 min, benzyl bromide (2.57 mL, 21.64 mmol) was 

added dropwise. The reaction mixture was allowed to warm up to rt, stirred for 5 h and quenched 

by addition of methanol at 0 °C. Volatiles were removed under reduced pressure. The residue 

was dissolved in CH2Cl2 (100 mL) and extracted twice with saturated NaHCO3 and brine, dried 

over Na2SO4, filtered and concentrated under reduced pressure. Product 66 was purified by flash 

column chromatography using 0 to 20% EtOAc in hexanes to yield a white solid (5.55 g, 11.67 
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mmol, 81% yield). Rf = 0.54 (hexanes/EtOAc, 4:1). Anomeric mixture α:β 1:0.7. [𝛂]𝑫
𝟐𝟓= - 84.9 (c 1, 

CHCl3). IR (ATR) (neat) νmax cm-1 2961 (C-H Ar), 2927 (C-H Ar), 2110 (N=N=N), 1455, 1376, 

1276, 1095 (C-O ether), 970, 743, 697. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.59 – 7.45 (m, 7H, 

H-Ar), 7.45 – 7.27 (m, 20H, H-Ar), 5.61 (s, 1H, CH-benzylidene), 5.58 (d, J = 4.7 Hz, 1H, H-1 α:β), 

5.05 – 4.89 (m, 2H, CHHPh), 4.88 – 4.75 (m, 2H, CHH-Ph), 4.57 (s, 1H, H-5), 4.53 – 4.36 (m, 2H, 

H-4), 4.24 (dd, J = 10.4, 4.9 Hz, 1H, H-6a), 4.03 – 3.93 (m, 2H, H-2), 3.85 – 3.72 (m, 3H, H-3 and 

H-6b) 13C NMR (101 MHz, CDCl3) δ (ppm) 132.6 (CH-Ar), 129.8 (CH-Ar), 128.6 (CH-Ar), 128.5 

(CH-Ar), 128.4 (CH-Ar), 128.1 (CH-Ar), 126.1 (CH-Ar), 101.6 (CH benzylidene), 87.9 (C-1), 82.8 

(C-3), 77.9 (C-2), 75.3 (CH2-Ph), 72.2 (C-5), 68.7 (CH2-C6), 63.9 (C-4). ESI-HRMS (m/z) Calc. for 

C26H25N3O4SNa, [M+Na]+ 498.1463; observed 498.1472. 

 

Phenyl 2-azido-3-O-benzyl-6-O-(9-fluorenylmethoxycarbonyl)-2-deoxy-1-thio-α,β-D-

glucopyranose (67) 

 

To a solution of 66 (5.55 g, 11.67 mmol) in 75 mL of MeOH/CH2Cl2 (4:1), p-TSA (1 g, 5.84 mmol) 

was added and the mixture was stirred at 35 °C for 5 h. The reaction mixture was diluted with 

CH2Cl2, extracted with saturated NaHCO3 and water. The organic phase was dried over Na2SO4 

and the solvent was removed under reduce pressure to get a glucosamine diol, which was used 

in the next step without further purification. The crude compound (4.52 g, 11.67 mmol) was 

dissolved in anhydrous CH2Cl2 (150 mL) and pyridine (2.14 mL, 23.3 mmol) was added. The 

mixture was stirred at rt for 15 min, subsequently cooled to 0 °C and Fmoc chloride (3.17 g, 12.25 

mmol) was slowly added. The reaction was stirred at rt for 2 h, diluted with CH2Cl2 (200 mL) and 

extracted with aqueous citric acid 0.5 M. The aqueous layer was extracted with CH2Cl2 and the 

organic layers were combined, dried over Na2SO4 and filtered. The solvent was removed under 

reduced pressure and the residue was purified by flash column chromatography (hexanes/EtOAc 

3:1) to yield 67 as a white solid (5.7 g, 9.35 mmol, 80% over two steps). Rf = 0.46 (hexanes/EtOAc, 

2:1), [𝛂]𝑫
𝟐𝟓= - 43.2 (c 1, CHCl3), IR (ATR) (neat) νmax cm-1 3503 (C-H Ar), 3067 (C-H Ar), 2957 (C-

H Ar), 2110 (N=N=N), 1748 (C=O), 1584, 1479, 1452, 1262 (C-O ester), 1077 (C-O ether), 970, 

787, 759, 741, 698. Anomeric mixture α:β 1:2 1H NMR (400 MHz, CDCl3) δ (ppm) 7.82 – 7.74 (m, 

3H, H Ar Fmoc), 7.61 (t, J = 6.5 Hz, 4H, H Ar Fmoc), 7.52 (dd, J = 7.9, 1.8 Hz, 2H, H-Ar), 7.47 – 

7.22 (m, 18H, H-Ar), 5.59 (d, J = 5.5 Hz, 1H, H-1), 4.97 (dd, J = 18.3, 11.1 Hz, 2H, CHHPh), 4.81 

(dd, J = 24.0, 11.1 Hz, 2H, CHH-Ph), 4.55 (dd, J = 12.0, 4.4 Hz, 1H, H-6a), 4.49 – 4.36 (m, 5H, 

H-5, H-6b, CH2-Fmoc), 4.33 – 4.21 (m, 2H, CH-Fmoc), 3.92 (dd, J = 10.1, 5.5 Hz, 1H, H-2), 3.69 

(dd, J = 10.1, 8.7 Hz, 1H, H-3), 3.65 – 3.55 (m, 1H, H-4) 13C NMR (101 MHz, CDCl3) δ (ppm) 

155.8 (C=O Fmoc), 143.3, 143.3, 141.4, 137.8, 133.8, 132.3, 129.3, 128.9, 128.4, 128.1, 127.3, 

125.3, 125.2, 120.2 (24C-Ar), 87.3 (C-1), 81.2 (C-3), 75.8 (CH2-Ph), 70.5 (C-4), 70.2 (CH2-Fmoc), 
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69.6 (C-5), 66.4 (C-6), 64.7, 63.7 (C-2), 46.8 (CH-Fmoc). ESI-HRMS (m/z) Calc. for 

C34H31N3O6SNa [M+Na]+ 632.1831, observed 632.1843. 

 

Phenyl 2-azido-3-O-benzyl-4-O-levulinoyl-6-O-(9-fluorenylmethoxycarbonyl)-2-deoxy-1-thio-α,β-

D-glucopyranose (44) 

 

Compound 67 (5.70 g, 9.35 mmol) was dissolved in anhydrous 170 mL of CH2Cl2 and cooled 

down to 0 °C. Subsequently, levulinic acid (1.53 mL, 14.96 mmol), DMAP (685 mg, 5.61 mmol) 

and DIC (2.32 mL, 14.96 mmol) were added and stirred for 3 h at rt The reaction was washed with 

1 M HCl, saturated NaHCO3, and brine. The solvent was removed under reduced pressure and 

the product was purified by flash column chromatography (hexanes/EtOAc 3:2) to yield 44 as a 

colorless foam (5.1 g, 7.21 mmol, 77%). Rf = 0.44 (hexanes/EtOAc, 1:1), [𝛂]𝑫
𝟐𝟓= -41.3 (c 1, CHCl3). 

IR (ATR) (neat) νmax cm-1 3023 (C-H Ar), 2956 (C-H Ar), 2903 (C-H Ar), 2109 (N=N=N), 1748 

(C=O), 1718 (C=O), 1584, 1498, 1479, 1451, 1441, 1401, 1363, 1255 (C-O ester), 1208, 1177, 

1151, 1070 (C-O ether), 1043, 1026, 1000, 970, 875, 786, 739, 691, 667. Anomeric mixture α:β 

1:2 1H NMR (400 MHz, CDCl3) δ (ppm) 7.67 (d, J = 7.5 Hz, 2H, Ar, Fmoc), 7.52 (dd, J = 7.5, 1.3 

Hz, 2H, Ar, Fmoc), 7.43 (dd, J = 7.6, 1.9 Hz, 2H, Ar), 7.37 – 7.12 (m, 14H, Ar), 5.50 (d, J = 5.5 

Hz, 1H, H-1), 5.03 (dd, J = 10.3, 9.0 Hz, 1H, H-4), 4.77 (d, J = 11.2 Hz, 1H, CH2-Bn), 4.63 (d, J = 

11.1 Hz, 1H, CHH-Ph), 4.49 (m, 1H, H-5), 4.38 – 4.08 (m, 5H, H-6a, H-6b, CH Fmoc, CH2-Fmoc), 

3.92 (dd, J = 10.2, 5.5 Hz, 1H, H-2), 3.75 (dd, J = 10.2, 9.0 Hz, 1H, H-3), 2.70 – 2-36 (m, 3H, 

CH2a/b-Lev), 2.27 (ddd, J = 17.2, 6.7, 5.7 Hz, 1H, CH2b-Lev), 2.01 (s, 3H, CH3-Lev). 13C NMR (101 

MHz, CDCl3) δ (ppm) 206.3 (C=O ketone), 171.8 (C=O ester), 155.0 (C=O Fmoc), 143.6, 143.4, 

141.5, 141.2, 137.5, 132.6, 129.4, 128.6, 128.2, 128.0, 127.3, 125.4, 125.3, 120.2 (24C, Ar), 87.1 

(C-1), 79.2 (C-3), 75.5 (CH2-Ph), 70.8 (C-4), 70.1 (CH2-Fmoc), 69.1 (C-5), 66.0 (C-6), 63.7 (C-2), 

46.8 (CH-Fmoc), 37.9 (CH2-Lev), 29.8 (CH3-Lev), 27.9 (CH2-Lev). ESI-HRMS (m/z) Calc. for 

C39H37N3O8SNa [M+Na]+ 730.2199, observed 730.2218. 

 

Phenyl 2-azido-3-O-benzyl-4-O-levulinoyl-6-O-(9-fluorenylmethoxycarbonyl)-2-deoxy-D-

glucopyranosyl N-phenyltrifluoroacetimidate (45) 

 

To a solution of 44 (2 g, 2.83 mmol) in acetone/water (9:1, 60 mL), N-bromo succinimide (1.76 g, 

9.89 mmol) was added and stirred overnight at rt. Upon completion, the reaction was diluted with 

CH2Cl2 (100 mL), washed with 10% aqueous solution of Na2S2O3, water and brine. The organic 

phase was dried over Na2SO4, filtered and concentrated in vacuo. The glucosamine lactol was 
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used for the next step without further purification. The crude compound (1.74 g, 2.83 mmol) was 

dissolved in anhydrous CH2Cl2 (12 mL) under an Argon atmosphere, subsequently Cs2CO3 (1.84 

g, 5.65 mmol) and 2,2,2-trifluoro-N-phenylacetimidoyl chloride (1.83 mL, 11.31 mmol) were added 

to the solution. The reaction was vigorously stirred at rt for 40 min, diluted with 100 mL of CH2Cl2, 

filtered through a plug of Celite and concentrated under reduced pressure. The product was 

purified by flash column chromatography hexanes/EtOAc (2:1) to yield 45 as a white foam (1.85 

g, 2.36 mmol, 83% over two steps). Rf = 0.44 (hexanes/EtOAc, 2:1). [𝛂]𝑫
𝟐𝟓 = 3.47 (c 1, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 7.67 (dd, J = 8.4, 0.9 Hz, 2H, Ar, Fmoc), 7.52 (dd, J = 9.9, 8.6 

Hz, 2H, Ar, Fmoc), 7.37 – 7.11 (m, 11H, Ar), 7.04 – 6.95 (m, 1H, Ar, NHPh), 6.79 (d, J = 7.6 Hz, 

2H, Ar, NHPh), 5.50 (s, 1H, 1-H), 5.03 (t, J = 9.6 Hz, 1H, H-4), 4.73 (s, 1H, CHH-Ph), 4.63 (d, J = 

11.3 Hz, 1H CHH-Ph), 4.33 (dd, J = 10.1, 7.2 Hz, 1H, CH2a-Fmoc), 4.26 – 4.10 (m, 4H, H-5, H-6, 

CH-Fmoc, CH2b-Fmoc), 3.65 (d, J = 9.0 Hz, 1H, H-2), 3.47 (d, J = 9.9 Hz, 1H, H-3), 2.70 – 2.46 

(m, 2H, CH2a-Lev), 2.39 (ddd, J = 17.3, 7.8, 5.3 Hz, 1H, CH2b-Lev), 2.26 (dt, J = 17.3, 6.1 Hz, 1H, 

CH2b-Lev), 1.98 (s, 3H, CH3-Lev).13C NMR (101 MHz, CDCl3) δ (ppm) 206.3 (C=O ketone), 171.7 

(C=O ester), 154.9 (C=O Fmoc), 143.5, 143.4, 141.4, 141.3, 137.5, 129.0, 128.7, 128.6, 128.2, 

128.2, 128.0, 127.3, 125.5, 125.4, 124.7, 120.2, 120.1 (24C, Ar), 119.3 (CF3), 95.4 (C-1), 80.1 (C-

3), 75.3 (CH2-Ph), 72.9 (C-5), 70.3 (CH2-Fmoc), 69.8 (C-4), 65.7 (C-6), 64.9 (C-2), 46.7 (CH-

Fmoc), 37.9 (CH2a-Lev), 29.8 (CH3-Lev), 27.9 (CH2b-Lev). ESI-HRMS (m/z) Calc. for 

C41H37F3N3O9Na [M+Na]+ 809.2410, observed 809.2361. 

 

Phenyl 2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4,6-O-benzylidene-2-deoxy-1-thio-α-D-

glucopyranose (68) 

 

To a solution of 65 (5.56 g, 12.97 mmol) in 100 mL of anhydrous CH2Cl2, pyridine (2.37 mL, 29.32 

mmol) was added and stirred at rt for 15 min. The reaction mixture was subsequently cooled down 

to 0 °C and Fmoc chloride (7.58 g, 29.32 mmol) was added. The mixture was stirred at rt for 5 h, 

diluted with CH2Cl2 (250 mL), and extracted with aqueous citric acid 0.5M. The aqueous layer was 

extracted with with CH2Cl2 and the organic layers were combined, dried over Na2SO4 and filtered. 

The solvent was removed under reduced pressure and the residue was purified by flash column 

chromatography with hexanes/EtOAc (3:1) to yield 68 (6.90 g, 11.35 mmol, 78%) as a white solid. 

Rf = 0.5 (hexanes/EtOAc, 3:1), [𝛂]𝑫
𝟐𝟎= -84.9 (c 1, CHCl3). IR (ATR) (neat) νmax cm-1 3067 (C-H Ar), 

2957 (C-H Ar). 2109 (N=N=N), 1756 (C=O), 1451, 1378, 1256 (C-O ester), 1097, 977, 758, 740, 

698. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.69 (d, J = 7.6 Hz, 2H, H-Ar Fmoc), 7.53 (t, J = 7.9 Hz, 

2H, H-Ar Fmoc), 7.48 – 7.42 (m, 2H, H-Ar SPh), 7.41 – 7.11 (m, 12H. H-Ar), 5.59 (d, J = 5.7 Hz, 

1H, H-1), 5.47 (s, 1H, CH benzylidene), 5.23 (t, J = 9.9 Hz, 1H, H-3), 4.49 – 4.34 (m, 3H, H-5, 

CH2-Fmoc), 4.25 – 4.13 (m, 2H, H-6a, CH Fmoc), 4.05 (dd, J = 10.3, 5.7 Hz, 1H, H-2), 3.71 (td, J 
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= 10.0, 6.5 Hz, 2H, H-4, H-6b). 13C NMR (101 MHz, CDCl3) δ (ppm) 154.3 (C=O, Fmoc), 143.3, 

143.3, 141.4, 136.8, 132.8, 132.6, 129.4, 129.3, 128.4, 128.4, 128.0, 127.3, 126.3, 125.3, 125.3, 

120.2 (18C, Ar), 101.9 (CH benzylidene), 87.8 (C-1), 79.4 (C-4), 74.9 (C-3), 70.6 (CH2-Fmoc), 

68.6 (C-6), 63.9 (C-5), 62.6 (C-2), 46.7 (CH-Fmoc). ESI-HRMS (m/z): Calcd for C34H29N3O6SNa 

[M+Na]+ 630.1674, observed 630.1678. 

 

Phenyl 2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4-O-benzyl-2-deoxy-1-thio-α-D-glucopyranose 

(69) 

 

A solution of 68 (6.90 g, 11.35 mmol) in CH2Cl2 (250 mL) was cooled to 0 °C, subsequently a 

borane solution (1 M in THF, 45.42 mL, 45.2 mmol) and TMSOTf (450 µL, 2.50 mmol) were added. 

The mixture was stirred at rt for 3 h and the reaction quenched by portion-wise addition of a 

Et3N/MeOH (1:10) solution until no further gas evolved. The resulting mixture was coevaporated 

with MeOH to dryness. The product was purified by flash column chromatography 

(hexanes/EtOAc 3:1) to afford 69 (4.30 g, 7.05 mmol, 62%). Rf = 0.33 (hexanes/EtOAc, 2:1), [𝛂]𝑫
𝟐𝟓 

= -84.9 (c 1, CHCl3), IR (ATR) (neat) νmax cm-1 3066 (C-H Ar), 2956 (C-H Ar), 2925 (C-H Ar), 2109 

(N=N=N), 1755 (C=O), 1584, 1479, 1452, 1387, 1258 (C-O ester), 1082 (C-O ether), 1027, 998, 

859, 783, 759, 739, 698. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.80 – 7.72 (m, 2H, H-Ar Fmoc), 

7.67 – 7.57 (m, 2H, H-Ar Fmoc), 7.54 – 7.44 (m, 2H, H-Ar), 7.43 – 7.23 (m, 12H, H-Ar), 5.63 (d, J 

= 5.6 Hz, 1H, H-1), 5.24 (dd, J = 10.6, 9.1 Hz, 1H, H-3), 4.71 – 4.52 (m, 3H, CHH-Ph, CH2-Fmoc), 

4.40 (dd, J = 10.5, 7.4 Hz, 1H, CH2-Fmoc), 4.33 – 4.20 (m, 2H, H-6a, CH-Fmoc), 4.01 (dd, J = 

10.6, 5.5 Hz, 1H, H-2), 3.80 – 3.70 (m, 3H, H-4. H-5, H-6b). 13C NMR (101 MHz, CDCl3) δ (ppm) 

154.5 (C=O, Fmoc), 143.4, 143.2, 141.4, 137.3, 132.8, 132.7, 129.4, 128.6, 128.2, 128.2, 128.1, 

128.1, 127.4, 127.3, 125.3, 125.2, 120.2 (18C, Ar), 87.0 (C-1), 78.4 (C-4), 75.6 (C-3), 75.0 (CH2-

Ph), 72.2 (C-5), 70.5 (CH2-Fmoc), 62.4 (C-6), 61.4 (C-2), 46.8 (CH-Fmoc). ESI-HRMS (m/z): 

Calcd for C34H31N3O6SNa [M+Na]+ 632.1831; observed 632.1822. 

 

Phenyl 2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4-O-benzyl-6-O-levulinoyl-2-deoxy-1-thio-α,β-

D-glucopyranose (47) 

 

 

Compound 69 (4.30 g, 5.0 mmol) was dissolved in anhydrous CH2Cl2 (150 mL), cooled down to 0 

°C and subsequently treated with DMAP (258 mg, 2.12 mmol), DIC (1.75 mL, 11.28 mmol), and 

levulinic acid (1.16 mL, 11.28 mmol). The solution was stirred and after completion as monitored 
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by TLC (3 h), the reaction was diluted with CH2Cl2 (150 mL), extracted with HCl 1M, saturated 

NaHCO3, and brine. The organic layer was dried under Na2SO4, filtered through a celite pad and 

concentrated under reduced pressure. The product was purified by flash column chromatography 

using hexanes/EtOAc (3:2) to yield glucosamine building block 47 as a colorless foam (3.40 g, 

4.80 mmol, 68%) Rf = 0.46 (hexanes/EtOAc, 1:1). [𝛂]𝑫
𝟐𝟓 = -41.3 (c 1, CHCl3). IR (ATR) (neat) νmax 

cm-1 3066 (C-H Ar), 2957 (C-H Ar), 2108 (N=N=N), 1752 (C=O), 1718, 1584, 1498, 1479, 1452, 

1441, 1387, 1360, 1253 (C-O ester), 1231, 1182, 1157, 1083 (C-O ether), 1027, 998, 967, 857, 

739, 699, 667. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.78 (ddt, J = 7.5, 5.4, 0.9 Hz, 2H, H-Ar Fmoc), 

7.65 (ddd, J = 11.5, 7.5, 1.0 Hz, 2H, H-Ar Fmoc), 7.56 – 7.46 (m, 2H, H-Ar), 7.46 – 7.21 (m, 12H, 

H-Ar), 5.66 (d, J = 5.5 Hz, 1H, H-1, α anomer), 5.26 (dd, J = 10.7, 9.0 Hz, 1H, H-3), 4.70 – 4.48 

(m, 4H, H-5, CHH-Ph, CH2a-Fmoc), 4.46 – 4.33 (m, 2H, H-6a, CH2b-Fmoc), 4.31 – 4.19 (m, 2H, 

H-6b, CH-Fmoc), 4.06 (dd, J = 10.6, 5.5 Hz, 1H, H-2), 3.74 – 3.64 (m, 1H, H-4), 2.79 – 2.64 (m, 

1H, CH2-Lev), 2.55 (t, J = 6.3 Hz, 2H, CH2-Lev), 2.20 (s, 3H, CH3-Lev).13C NMR (101 MHz, CDCl3) 

δ (ppm) 206.5 (C=O ketone), 172.5 (C=O ester), 154.4 (C=O Fmoc), 143.4, 143.2, 141.4, 137.1, 

132.8, 132.4, 129.3, 128.6, 128.2, 128.2, 128.1, 128.1, 128.0, 127.4, 127.3, 125.2, 125.2, 120.2 

(18C, Ar), 86.7 (C-1), 78.4 (C-3), 75.9(C-4), 75.0 (CH2-Ph), 70.5 (CH2-Fmoc), 69.9 (C-5), 62.8 (C-

6), 62.2 (C-2), 46.8 (CH-Fmoc), 37.9 (CH2-Lev), 30.0 (CH3-Lev), 27.8 (CH2-Lev). ESI-HRMS 

(m/z): Calcd for C39H37N3O8SNa [M+Na]+ 730.2199, observed 730.2170, 

 

Phenyl 2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4-O-benzyl-6-O-levulinoyl-2-deoxy-D-

glucopyranosyl N-phenyltrifluoroacetimidate (48) 

 

 

To a solution of 47 (2 g, 2.83 mmol) in acetone/water (9:1, 60 mL), N-bromo succinimide (1.76 g, 

9.89 mmol) was added and stirred overnight at rt Upon completion, the reaction was diluted with 

CH2Cl2 (100 mL), washed with 10% aqueous solution of Na2S2O3, water, and brine. The organic 

phase was dried over Na2SO4, filtered and concentrated in vacuo. The glucosamine lactol was 

used for the next step without further purification. The crude compound (1.74 g, 2.83 mmol) was 

dissolved in anhydrous CH2Cl2 (12 mL) under Argon atmosphere, subsequently Cs2CO3 (1.84 g, 

5.65 mmol) and 2,2,2-trifluoro-N-phenylacetimidoyl chloride (1.83 mL, 11.31 mmol) were added 

to the solution. The reaction was vigorously stirred at rt for 40 min, diluted with 100 mL of CH2Cl2, 

filtered through a plug of Celite and concentrated under reduced pressure. The product was 

purified by flash column chromatography hexanes/EtOAc (2:1) to yield 48 as a white solid (1,60 

g, 2.03 mmol, 72% over two steps). Rf = 0.38 (hexanes/EtOAc, 2:1). [𝛂]𝑫
𝟐𝟓 = 7.88 (c 1, CHCl3). 1H 

NMR (400 MHz, CDCl3) δ (ppm) 7.77 (ddt, J = 6.6, 5.6, 0.9 Hz, 2H, H-Fmoc), 7.68 – 7.55 (m, 2H, 

H-Fmoc), 7.46 – 7.16 (m, 12H, H-Ar), 7.16 – 7.10 (m, 1H, H-Ar NPh), 6.86 (d, J = 7.8 Hz, 2H, H-
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Ar NPh), 5.64 (s, 1H, H-1), 4.91 (s, 1H, H-3), 4.64 – 4.55 (m, 2H, CHH-Ph, CH2-Fmoc), 4.51 (d, J 

= 11.1 Hz, 1H, CHH-Ph), 4.43 (dd, J = 10.5, 7.1 Hz, 1H, CH2-Fmoc), 4.26 (dd, J = 9.2, 5.1 Hz, 

3H, H-6, CH-Fmoc), 3.82 – 3.64 (m, 2H, H-2, H-4), 2.73 (dt, J = 11.9, 6.4 Hz, 2H, CH2a-Lev), 2.65 

– 2.52 (m, 2H, CH2b-Lev), 2.18 (s, 3H, CH3-Lev).13C NMR (101 MHz, CDCl3) δ (ppm) 206.5 (C=O 

ketone), 172.4 (C=O ester), 154.5 (C=O Fmoc), 143.2, 143.1, 141.5, 141.4, 136.9, 129.0, 128.6, 

128.3, 128.1, 127.4, 125.2, 125.1, 124.8, 120.3 (24C-Ar), 119.3 (CF3), 95.5 (C-1), 78.8 (C-3), 75.0 

(CH2-Ph), 74.8 (C-4), 73.8 (C-5), 70.5 (CH2-Fmoc), 63.3 (C-2), 62.2 (C-6), 46.8 (CH-Fmoc), 37.9 

(CH2a-Lev), 30.0 (CH3-Lev), 27.9 (CH2b-Lev). ESI-HRMS (m/z) Calc. for C41H37F3N3O9Na [M+Na]+ 

809.2410, observed 809.2361. 

 

Synthesis of the Threonine Amino Acid Acceptor 

 

Nα-(carbobenzyloxy)-L-threonine tert-butyl ester (46) 

 

 

A mixture of t-BuOH (5.0 mL, 52.30 mmol), DIC (6.13mL, 39.62 mmol), and CuCl (227mg, 2.30 

mmol) was stirred at rt under the exclusion of light for 5 d. The mixture was diluted with CH2Cl2 

(25 mL), and a solution of Cbz-Thr-OH in CH2Cl2 (15 mL) and DIEA (300 µL) were added dropwise. 

The reaction mixture was stirred at rt for two days, diluted with CH2Cl2 (100 mL) and filtered 

through a celite pad. The organic layer was washed with aq. saturated NaHCO3, brine and dried 

over anhydrous Na2SO4. The solvent was evaporated under reduced pressure and the product 

was purified by flash column chromatography using hexanes/EtOAc (3:1) to yield the threonine 

acceptor 46 as a white solid (2.68 g, 8.66 mmol, 73%). Rf = 0.43 (hexanes/EtOAc, 3:1). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.35 (s, 5H, H-Ar), 5.59 (s, 1H, NH), 5.12 (s, 2H, CH2-Cbz), 4.31 – 4.17 

(m, 2H, H-α Thr, H-β Thr), 1.47 (s, 9H, CH3, OtBu), 1.23 (d, J = 6.4 Hz, 3H, CH3-Thr).13C NMR 

(101 MHz, CDCl3) δ (ppm) 170.3 (C=O tBu ester), 156.8 (C=O Cbz), 136.3, 128.6, 128.3, 128.2 

(5C-Ar), 82.7 (qC), 68.5 (C-β Thr), 67.2 (CH2-Cbz), 59.7 (C-α Thr), 28.1 (CH3, OtBu), 20.1 (CH3-

Thr). ESI-HRMS (m/z) Calc. for C16H23NO5Na [M+Na]+ 332.1474, observed 332.1469. NMR data 

agreed with previously reported data297. 
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Glycosylation of Threonine with glucosamine donors 

 

The glycosylation of threonine 46 with glucosamine building blocks 45 and 48 was evaluated 

under the following conditions: 

 

Table 5 – Conditions screened for glycosylation reaction 

                  

Entry Donor 
Donor 

g 
Acceptor 

g 
TMSOTf 

uL 
Solvent 

mL 
Concentration 

mM 
Product 

g 
Yield        

% 

                  1 4,6 0.05 0.023 2 5 13 0.025 44 

2 3,6 0.05 0.023 2 5 13 0.024 43 

3 4,6 0.204 0.08 5 9 29 0.090 38* 

4 3,6 0.250 0.098 6 10 29 0.122 42 

5 4,6 1.00 0.39 23 45 28 0.139 12 

6 4,6 1.14 0.448 26 50 29 0.498 38* 
                                                      

* Accumulated yield for 5 different batches 

                   

After optimization of the process, large scale glycosylation was performed in five batches of 200 

mg each (total 1 g) . 

 

For medium scale: A mixture of glucosamine donor (250 mg, 0.318 mmol) and threonine acceptor 

46 (98.3 mg, 0.318 mmol) was dissolved, co-evaporated twice with toluene and dried under high 

vacuum overnight. The remaining was dissolved in an anhydrous mixture of Et2O/CH2Cl2 (6:1, 11 

mL). Freshly activated 4Å molecular sieves were added and the suspension was stirred for 30 

min at rt under Argon. Subsequently, the mixture was cooled down to -15 °C, TMSOTf (7 µL, 0.04 

mmol) was added and stirred for 30 min at this temperature, then the ice bath was removed and 

reaction was stirred at rt for additional 30 min. 

 

The purification of the glycosylated threonine products was performed following two different 

protocols: 
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Nα-(carbobenzyloxy)-O-(2-azido-3-O-benzyl-4-O-levulinoyl-6-O-(9-fluorenylmethoxycarbonyl)-2-

deoxy-α-D-glucopyranosyl)-L-threonine tert-butyl ester (70) 

 

Compound 70 was separated by flash column chromatography using a stepwise gradient from 40 

to 50% of EtOAc in hexanes (for large scale the raw products were pooled and purified at once). 

The fractions containing the product were collected and the solvent was removed under reduced 

pressure. The remaining was treated with 7 mL of Ac2O/pyridine (1:1) and stirred at rt for 1h. The 

mixture was diluted with toluene and co-evaporated twice. The product was isolated by flash 

column chromatography using (2:1 hexanes/EtOAc) to give pure α-glycosylated amino acid 70 

(25.5 mg, 0.028 mmol 44%, 498 mg, 0.549 mmol, 38%). Rf = 0.51 (hexanes/EtOAc 2:1). 1H NMR 

(400 MHz, CDCl3) δ (ppm) 7.77 (d, J = 7.5 Hz, 2H, H Ar Fmoc), 7.61 (dd, J = 7.5, 4.2 Hz, 2H, H 

Ar Fmoc), 7.48 – 7.23 (m, 14H, H-Ar), 5.57 (d, J = 9.5 Hz, 1H, NH), 5.17 (s, 2H, CH2-Cbz), 5.11 

– 5.03 (m, 1H, H-4), 4.99 (d, J = 3.8 Hz, 1H, H-1, (α-linkage)), 4.81 (d, J = 11.1 Hz, 1H, CH2a-Bn), 

4.69 (d, J = 11.1 Hz, 1H, CH2b-Bn), 4.48 – 4.22 (m, 7H, H-α, H-β, H6, CH-Fmoc, CH2-Fmoc), 4.01 

(ddd, J = 9.0, 5.9, 2.6 Hz, 1H, H-5), 3.93 (d, J = 9.5 Hz, 1H, H-3), 3.40 (dd, J = 10.3, 3.8 Hz, 1H, 

H-2), 2.84 – 2.59 (m, 2H, CH2a-Lev), 2.57 – 2.47 (m, 1H, CH2b-Lev), 2.41 – 2.29 (m, 1H, CH2b-

Lev), 2.09 (s, 3H, CH3-Lev), 1.50 (s, 9H, OtBu), 1.32 (d, J = 6.4 Hz, 3H, CH3-Thr). 13C NMR (101 

MHz, CDCl3) δ (ppm) 206.3 (C=O ketone), 171.8(C=O ester), 169.2 (C=O carboxylate), 157.0 

(C=O Cbz), 155.0 (C=O Fmoc), 143.5, 143.4, 141.4, 141.4, 137.7, 136.4, 128.7, 128.7, 128.6, 

128.4, 128.3, 128.2, 128.0, 128.0, 127.9, 127.3, 125.4, 125.3, 124.9, 120.2 (24C-Ar), 99.1 (C-1), 

83.0 (C-tBu), 77.4 (C-3), 77.0 (C-β Thr), 75.1 (CH2-Bn), 70.8 (C-4), 70.2 (CH2-Fmoc), 68.6 (C-5), 

67.3 (CH2-Cbz), 66.1 (C-6), 63.3 (C-2), 59.5 (C-α Thr), 46.8 (CH-Fmoc), 37.9 (CH2a-Lev), 29.8 

(CH3-Lev), 28.1 (CH3, OtBu), 27.9 (CH2b-Lev), 19.1 (CH3-Thr). ESI-HRMS (m/z) Calc. for 

C49H54N4O13Na [M+Na]+ 929.3585, observed 929.3599. 

 

Nα-(carbobenzyloxy)-O-(2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4-O-benzyl-6-O-levulinoyl-2-

deoxy-α-D-glucopyranosyl)-L-threonine tert-butyl ester (71)  

 

The product was purified by flash column chromatography using a stepwise gradient from 30 to 

40% of EtOAc in hexanes. For the large scale synthesis of glycosylated threonine 71, the crude 
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of the five batches were pooled and purified at once. The pure α-glycosylated amino acid 71 

(0.122 mg, 0.105 mmol) was obtained as an amorphous white solid in 42% yield. Rf = 0.38 

(hexanes/EtOAc 3:2). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.65 (t, J = 6.6 Hz, 2H, H-Ar Fmoc), 

7.50 (dd, J = 12.6, 7.5 Hz, 2H, H-Ar Fmoc), 7.34 – 7.08 (m, 14H. H-Ar), 5.45 (d, J = 9.8 Hz, 1H, 

NH), 5.21 (dd, J = 10.7, 8.9 Hz, 1H, H-3), 5.03 (s, 2H, CH2-Cbz), 4.96 (d, J = 3.8 Hz, 1H, H-1 α 

anomer), 4.54 (d, J = 11.1 Hz, 1H, CH2a-Bn), 4.48 – 4.39 (m, 2H, CH2b-Bn, CH2a-Fmoc), 4.39 – 

4.23 (m, 2H, H-β Thr, CH2b-Fmoc), 4.25 – 4.09 (m, 4H, CH-Fmoc, H-α Thr, H-6), 3.88 (dt, J = 

10.5, 3.4 Hz, 1H, H-5), 3.51 (t, J = 9.5 Hz, 1H, H-4), 3.12 (dd, J = 10.7, 3.8 Hz, 1H, H-2), 2.65 (dt, 

J = 9.6, 6.3 Hz, 2H, CH2a-Lev), 2.47 (td, J = 6.7, 3.2 Hz, 2H, CH2b-Lev), 2.09 (s, 3H, CH3-Lev), 

1.38 (s, 9H, OtBu), 1.20 (d, J = 6.5 Hz, 3H, CH3-Thr). 13C NMR (101 MHz, CDCl3) δ (ppm) 206.5 

(C=O ketone), 172.5 (C=O ester), 169.2 (C=O carboxylate), 157.0 (C=O Cbz), 154.6 (C=O Fmoc), 

143.3, 143.2, 141.4, 137.1, 136.4, 128.9, 128.6, 128.6, 128.3, 128.2, 128.2, 128.1, 128.1, 128.0, 

127.3, 127.3, 125.2, 125.1, 120.2 (18C-Ar), 99.4 (C-1), 83.0 (C tBu), 77.4 (C-3), 76.7 (C-β Thr), 

75.8 (C-4), 75.1 (CH2-Bn), 70.4 (CH2-Fmoc), 69.2 (C-2), 67.2 (CH2-Cbz), 62.7 (C-6), 61.5 (C-2), 

59.4 (C-α Thr), 46.8 (CH-Fmoc), 37.9 (CH2-Lev), 30.0 (CH3-Lev), 28.0 (CH3, OtBu), 27.8 (CH2-

Lev), 19.1 (CH3 (Thr)). ESI-HRMS (m/z) Calc. for C49H54N4O13Na [M+Na]+ 929.3585, observed 

929.3561. 

 

Nα-(carbobenzyloxy)-O-(2-azido-3-O-benzyl-4-O-levulinoyl-6-O-(9-fluorenylmethoxycarbonyl)-2-

deoxy-α-D-glucopyranosyl)-L-threonine (39) 

 

A solution of 70 (251 mg, 0.277 mmol) was dissolved in a mixture trifluoroacetic acid/H2O (10:1 

v/v, 16.5 mL) at 0 °C and stirred for 2 h at rt. Then the solvents were removed in vacuo and the 

residue was co-evaporated with toluene (5 x 30 mL). The products were purified by flash column 

chromatography (CH2Cl2/MeOH/AcOH 94.5:5:0.5) to give the glycosylated threonine 39 (177 mg, 

0.208 mmol, 75%) as a white solid. Rf = 0.4 (CH2Cl2/MeOH/AcOH 94.5:5:0.5). Rf = 0.4 

(CH2Cl2/MeOH/AcOH 94.5:5:0.5). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.76 (d, J = 7.5 Hz, 2H, H 

Ar Fmoc), 7.66 – 7.57 (m, 2H, H Ar Fmoc), 7.46 – 7.24 (m, 14H, H-Ar), 5.66 (d, J = 8.5 Hz, 1H, 

NH), 5.14 (d, J = 1.7 Hz, 2H, CH2-Cbz), 5.11 – 5.02 (m, 2H, H-1 (α-linkage), H-4), 4.79 (d, J = 

11.1 Hz, 1H, CH2-Bn), 4.68 (d, J = 11.1 Hz, 1H, CH2-Bn), 4.51 – 4.17 (m, 7H, H-α, H-β, H-6, CH-

Fmoc, CH2-Fmoc), 4.01 (dq, J = 7.6, 2.9 Hz, 1H, H-5), 3.90 (t, J = 9.6 Hz, 1H, H-3), 3.51 (dd, J = 

10.1, 3.8 Hz, 1H, H-2), 2.79 – 2.57 (m, 2H, CH2a-Lev), 2.51 (ddd, J = 17.2, 8.0, 5.3 Hz, 1H, CH2b-

Lev), 2.40 – 2.26 (m, 1H, CH2b-Lev), 2.09 (s, 3H, CH3-Lev), 1.29 (d, J = 6.4 Hz, 4H, CH3-Thr). 13C 

NMR (101 MHz, CDCl3) δ (ppm) 206.5 (C=O ketone), 171.8 (C=O ester), 156.6 (C=O Cbz), 155.0 
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(C=O Fmoc), 143.5, 143.3, 141.4, 141.4, 137.5, 136.0, 128.8, 128.6, 128.5, 128.4, 128.1, 128.1, 

128.0, 127.3, 125.4, 125.3, 120.2 (24C-Ar), 98.5 (C-1), 77.9 (C-3), 76.5 (C-β Thr), 75.2 (CH2-Bn), 

70.7 (C-4), 70.2 (CH2-Fmoc), 68.8 (C-5), 67.6 (CH2-Cbz), 66.0 (C-6), 63.4 (C-2), 58.1(C-α Thr), 

46.7 (CH-Fmoc), 37.9 (CH2a-Lev), 29.8 (CH3-Lev), 27.9 (CH2b-Lev), 18.0 (CH3-Thr). ESI-HRMS 

(m/z) Calc. for C45H46N4O13Na [M+Na]+ 873.2959, observed 873.2984. 

 

Nα-(carbobenzyloxy)-O-(2-azido-3-O-(9-fluorenylmethoxycarbonyl)-4-O-benzyl-6-O-levulinoyl-2-

deoxy-α-D-glucopyranosyl)-L-threonine (40) 

 

A solution of glycosylated amino acid 71 (166 mg, 0.183 mmol) was dissolved in a mixture 

trifluoroacetic acid/H2O (10:1 v/v, 11 mL) at 0 °C and stirred for 2 h at rt. Then, the solvents were 

removed in vacuo and the residue was co-evaporated with toluene (5 x 30 mL). The product was 

purified by flash column chromatography (CH2Cl2/MeOH/AcOH 94.5:5:0.5) to give glycosylated 

amino acid 40 (109 mg, 0.128 mmol, 70%) as a white solid. Rf = 0.4 (CH2Cl2/MeOH/AcOH 

94.5:5:0.5). 1H NMR (400 MHz, CDCl3) δ (ppm) 7.73 (t, J = 6.9 Hz, 2H, H-Ar Fmoc), 7.59 (dd, J = 

16.6, 7.5 Hz, 2H, H-Ar Fmoc), 7.43 – 7.10 (m, 14H, H-Ar), 5.71 (d, J = 9.3 Hz, 1H, NH), 5.28 (d, 

J = 1.7 Hz, 1H, H-3), 5.10 (dd, J = 17.4, 5.1 Hz, 3H, H-1, CH2-Cbz), 4.64 – 4.42 (m, 5H, H-α Thr, 

H-β Thr,CH2-Bn, CH2-Fmoc-), 4.38 (dd, J = 10.5, 7.3 Hz, 1H, CH2-Fmoc), 4.31 – 4.17 (m, 3H, H6, 

CH-Fmoc), 3.96 (dt, J = 10.3, 3.4 Hz, 1H, H-5), 3.59 (t, J = 9.4 Hz, 1H, H-4), 3.35 (dd, J = 10.7, 

3.8 Hz, 1H, H-2), 2.82 – 2.63 (m, 2H, CH2a-Lev), 2.54 (td, J = 6.3, 3.2 Hz, 2H, CH2b-Lev), 2.18 (s, 

3H, CH3-Lev), 1.30 (d, J = 6.5 Hz, 3H, CH3-Thr). 13C NMR (101 MHz, CDCl3) δ (ppm) 206.9, (C=O 

ketone), 173.6 (C=O ester), 172.5 (C=O carboxylate), 157.0 (C=O Cbz), 154.6 (C=O Fmoc), 

143.4, 143.1, 141.4, 141.4, 137.0, 136.1, 129.0, 128.9, 128.7, 128.6, 128.6, 128.6, 128.3, 128.2, 

128.2, 128.2, 128.1, 128.0, 128.0, 127.3, 127.3, 126.3, 125.2, 125.1, 120.2, (18C-Ar) 98.8 (C-1), 

77.4 (C-3), 76.4 (C-β Thr), 75.8 (C-4), 75.1 (CH2-Bn), 70.4 (CH2-Fmoc), 69.4 (C-5), 67.5 (CH2-

Cbz), 62.6 (C-6), 61.7 (C-5), 58.3 (C-α Thr), 46.8 (CH-Fmoc), 37.9 (CH2a-Lev), 30.0 (CH3-Lev), 

27.8 (CH2b-Lev), 18.6 (CH3-Thr). ESI-HRMS (m/z) Calc. for C45H46N4O13Na [M+Na]+ 873.2959, 

observed 873.2933. 
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3.6.2. Development of a strategy for the solid phase peptide synthesis of glycosylated 

amino acids of T. cruzi Y strain MLMs 

 

General materials and methods 

 

The functionalization of the resins, coupling of the first amino acid and glycosylated amino acids 

were performed manually in a 2 mL disposable polypropylene reactor equipped with 25 µm bottom 

frit (Multisynthech), and all solutions and solvents were transfer by suction. All solvents employed 

were HPLC-grade. The solvents used to dissolve the building blocks and to prepare the solutions 

for activation, acidic wash and capping were taken from an anhydrous solvent system (J.C Meyer) 

and further dried over molecular sieves (4 Å). The automated syntheses were performed in a 

home-built synthesizer developed at the Max Plank Institute of Colloids and Interfaces. The 

building blocks were co-evaporated three times with toluene and dried overnight on high vacuum 

before use. Flask for preparation of moisture sensitive solutions and building blocks were oven 

dried and argon flushed prior to use. All solutions were freshly prepared and kept under argon for 

the automation run. The photocleavable linkers traceless photolinker (L1), aminopentyl (L2) and 

photolabile diazo linker (L3) were synthesized according to established protocols167,287. Resin 

loading was determined by following previously established procedures238,261. Analytical and 

preparative high-performance liquid chromatography was performed using Agilent 1200 series 

equipped with a Multiple Wavelength Detector (MWD) and a Evaporative Light Scattering Detector 

(ELSD) using the following columns [A] Hypercarb column, 150 x 4.60 mm and [B] Hypercarb 

column 5 µm 150 x 10. The solvent system used was eluent A: 0.1% of formic acid in water, eluent 

B: acetonitrile. Products were lyophilized using a Chris Alpha 2-4 LC plus freeze dryer. 

  



Establishing a methodology for the automated synthesis of O-glycosyl amino acids 
 

 129 

Coupling of the glycosylated amino acid to the solid support 

 

Screening of the coupling to solid support (traceless linker) 

 

Different conditions were screened to standardize the method for coupling the glycosylated amino 

acid to the solid support bearing the traceless photo labile linker (L1)167. 

                  
  Entry Resin  BB Eq Reagent Eq Solvent Outcome   

                    1 L1 4 DIC 2 CH2Cl2:DMF 1:1 Not coupled   
  2 L1 4 HATU, DIPEA 3,8:4 CH2Cl2:DMF 1:1 Not coupled   
  3 L1 4 DIC, N-methyl imidazole 4:4 CH2Cl2:DMF 1:1 Coupled   
                                                       

Symmetric anhydride method 

The solid support L1 (40 mg, 0.014 mmol, loading = 0.34 mmol/g) was swollen in CH2Cl2 (1.5 mL) 

for 30 min and solvent was drained. Fmoc-Thr-(OtBu)-OH (43.2 mg, 0.109 mmol) was dissolved 

in a mixture CH2Cl2/DMF 1:1 (1 mL) and subsequently DIC (8.4 µL, 0.054 mmol) and pyridine 

(9µL, 0.109) were added and stirred for 10 min. The activated amino acid was transferred to the 

polypropylene reactor and shaken overnight at rt. Coupling was monitored by determining the 

loading through Fmoc removal quantification at 290 nm using previously reported methods238,261.  

 

Aminium/Uronium method 

Solid support L1 (40 mg, 0.014 mmol, loading = 0.34 mmol/g) was swollen in CH2Cl2 (1.5 mL) for 

30 min and drained. Fmoc-Thr(OtBu) (21.62 mg, 0.054 mmol) was dissolved in a mixture 

CH2Cl2/DMF 1:1 (1 mL). HATU (20.68 mg, 0.052 mmol), and DIEA (14 µL, 0.051 mmol) were 

subsequently added and the mixture was stirred for 30 seconds. The activated amino acid was 

transferred to the polypropylene reactor containing the resin and shaken overnight at rt Solid 

support was washed with CH2Cl2 (3 x 1.5 mL), DMF (3 x 1.5 mL), and CH2Cl2 (3 x 1.5 mL) and 

dried. Coupling was monitored by determining the loading through Fmoc removal quantification 

using previously reported methods238. 

 

N-methylimidazolium method 

Solid support L1 (40 mg, 0.014 mmol, loading = 0.34 mmol/g) was swollen in CH2Cl2 (1.5 mL) for 

30 min and drained. Fmoc-Thr(OtBu)-OH (21.62 mg, 0.054 mmol) was dissolved in a mixture 

CH2Cl2/DMF 1:1 (1 mL), subsequently DIC (8 µL, 0.054 mmol), and N-methylimidazole (6 µL, 

0.075 mmol) were added and stirred for 1 min. The activated amino acid was transferred to the 

polypropylene reactor containing the resin and shaken overnight at rt Solid support was washed 

with CH2Cl2 (3 x 1.5 mL), DMF (3 x 1.5 mL), and CH2Cl2 (3 x 1.5 mL) and dried. Coupling was 

monitored by determining the loading through Fmoc removal quantification using previously 

reported methods238. 
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Coupling of the glycosylated amino acid to the solid support (traceless photolabile linker) 

Solid support L1 (40 mg, 0.014 mmol, loading = 0.34 mmol/g) was swollen in CH2Cl2 (1.5 mL) for 

30 min and then drained. 39 (46.3 mg, 0.054 mmol) was dissolved in a mixture CH2Cl2/DMF 1:1 

(1 mL), subsequently DIC (8.5 µL, 0.054 mmol), and N-methylimidazole (6 µL, 0.075 mmol) were 

added and stirred for 1 min. The activated BB was transferred to the reactor containing the resin 

and shaken overnight at rt. Solid support was washed with CH2Cl2 (3 x 1.5 mL), DMF (3 x 1.5 mL), 

and CH2Cl2 (3 x 1.5 mL) and dried. Coupling efficiency was determined by MALDI-TOF MS after 

small-scale cleavage and by Fmoc removal quantification261.The new loading of L1 bearing 39 

was 0.24 mmol/g. 

 

Coupling of the glycolsylated amino acid to the solid support (diazo traceless photolabile 

linker) 

 

4-(allyloxy)-3-methoxybenzaldehyde (74) 

 

To a suspension of vanillin (2 g, 13.15 mmol) in ethanol (50 mL) was added K2CO3 (2 g, 14.46 

mmol) and allyl bromide (1.25 mL, 14.46 mmol). The solution was refluxed at 70 °C until complete 

consumption of starting material was indicated by TLC. The solution was filtered to remove solid 

material and the filtrate was evaporated. The mixture was extracted with CH2Cl2 and the organic 

layer was dried over Na2SO4, filtered, concentrated under reduced pressure and purified by flash 

column chromatography (hexanes/EtOAc 2:1) to obtain compound 74 (2.42 g, 12.59 mmol, 96%). 

Rf = 0.43 (hexanes/EtOAc 2:1). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.83 (s, 1H), 7.41 (d, J = 7.6 

Hz, 2H), 7.00 – 6.93 (m, 1H), 6.07 (m, J = 17.2, 10.6, 5.4 Hz, 1H), 5.43 (m, J = 17.2, 1.5 Hz, 1H), 

5.33 (m, J = 10.5, 1.3 Hz, 1H), 4.69 (m, J = 5.4, 1.5 Hz, 2H), 3.93 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ (ppm) 191.1, 153.5, 149.9, 132.3, 130.2, 126.8, 118.9, 111.9, 109.2, 69.9, 56.1. HRMS 

(m/z) Calc. for C11H13O3 [M+H]+ 193.0864 , observed 193.0867. NMR data agreed with previously 

reported data298. 
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4-(allyloxy)-5-methoxy-2-nitrobenzaldehyde (75) 

 

To a solution of compound 74 (2.42 g, 12.59 mmol) in trifluoroacetic acid (9 mL) was added KNO3 

(1.40 g, 13.83 mmol) portion-wise at 10 °C. The resulting black solution was heated at 60 °C for 

4 h under argon. Upon complete consumption of starting material, the mixture was diluted with 50 

mL of CH2Cl2 and extracted with 50 mL of cold water. The organic phase was separated, and the 

aqueous layer was extracted once with CH2Cl2. The organic layers were combined and 

neutralized with saturated NaHCO3 until gas evolution ceased. The organic layer was dried over 

Na2SO4, filtered, concentrated under reduced pressure and purified by flash column 

chromatography (hexanes/EA 2:1) to provide compound 75 (2.61 g, 11.00 mmol, 88%). Rf = 0.53 

(hexanes/EtOAc 2:1). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.43 (s, 1H), 7.61 (s, 1H), 7.41 (s, 1H), 

6.07 (m, J = 17.2, 10.7, 5.4 Hz, 1H), 5.48 (m, J = 17.2, 1.4 Hz, 1H), 5.40 (m, J = 10.5, 1.2 Hz, 1H), 

4.75 (m, J = 5.6, 1.5 Hz, 2H), 4.01 (s, 3H). 13C NMR (101 MHz, CDCl3) δ (ppm) 187.9, 153.6, 

151.4, 143.8, 131.3, 125.7, 119.9, 110.0, 108.6, 70.5, 56.9. HRMS (m/z) Calc. for C11H12NO5 

[M+H]+ 283.0715, observed 283.0721. NMR data agreed with previously reported data299. 

 

4-hydroxy-5-methoxy-2-nitrobenzaldehyde (76) 

 

To a stirred solution of compound 75 (2.60 g, 10.96 mmol) in anhydrous MeOH (30 mL) a catalytic 

amount of Pd(PPh3)4 (380 mg, 0.33 mmol) was added under a nitrogen atmosphere. The solution 

was stirred for five minutes, and K2CO3 (4.54 g, 32.88 mmol) was added. The reaction mixture 

was stirred overnight at rt, the solvent was removed under reduced pressure and the residue was 

treated with aqueous citric acid 1M. The aqueous phase was extracted three times with CH2Cl2 

(50 mL). The combined organic layer was dried over Na2SO4, filtered, concentrated and purified 

by flash column chromatography (CH2Cl2/EtOAc = 15:1) to give 76 (1.72 g, 8.72 mmol, 79%). Rf 

= 0.43 (CH2Cl2/EtOAc 2:1). 1H NMR (400 MHz, (CD3)2CO) δ (ppm) 10.27 (s, 1H), 7.57 (s, 1H), 

7.43 (s, 1H), 4.05 (s, 3H). 13C NMR (101 MHz, (CD3)2CO) δ (ppm) 188.2, 152.6, 151.7, 145.5, 

125.3, 112.1, 111.1, 57.0. HRMS (m/z) Calc. for C8H8NO5 [M+Na]+ 198.0402, observed 198.0410. 

NMR data agreed with previously reported data300. 
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Conjugation of photolinker to resin (L-76) 

 

Merrifield resin HL (100-200 mesh, initial loading 1.0 mmol/g, 1g) was washed three times with 

CH2Cl2 swollen in CH2Cl2 for 30 min and drained. Subsequently, a mixture of 4-hydroxy-5-

methoxy-2-nitrobenzaldehyde (0.79 g, 4 mmol), cesium carbonate (1.63 g, 5 mmol) and TBAI 

(0.185 g, 0.5 mmol) in CH2Cl2 (15 mL) was added to the resin. The suspension was shaken 

overnight at rt, the solution was drained and the resin was washed successively with CH2Cl2, 

MeOH, CH2Cl2, DMF, MeOH, CH2Cl2 (3 x 15 mL, each solvent).  

 

On resin synthesis of the photolabile diazo linker (L3) 

 

Photolabile aldehyde carbamate modified Merrifield resin (1 g, 1.0 mmol) was treated with 2,4,6-

triisopropylbenzenesulfonyl hydrazide287 (0.90 g, 3 mmol) in anhydrous THF (15 mL). The 

suspension was shaken at rt for two days, drained, and washed THF, CH2Cl2, MeOH, THF, and 

DMF (15 mL, 3 x each solvent), to give a resin bound hydrazone L-77. A solution of 1,8-

diazabicyclo[5.4.0]undec-7-en (465 µL, 3 mmol) in DMF was added and the suspension was softly 

stirred for 7 min at rt, during this time, the resin turned red wine. Subsequently, the solid support 

was washed with THF, CH2Cl2, THF, DMF, and CH2Cl2 (15 mL, 3 x each), dried under vacuum 

and stored under the absence of light. 

 

Optimization of the coupling to solid support  

 

Solid support L3 (50 mg, 0.05 mmol) was swollen in CH2Cl2 for 30 min and then drained. A solution 

of Fmoc-Phe-OH (25 mg, 0.06 mmol) in 1 mL of CH2Cl2:DMF (1:1) was added to the resin and 

shaken overnight at rt After the addition of the amino acid bubbling (evolution of gas) and the 

change of color of the resin (deep red to orange) was observed. Coupling was monitored by 

determining the loading through Fmoc removal quantification using previously reported 

methods238. A loading of 0.511 mmol/g was obtained. To confirm that the resin was compatible 

for the synthesis, a peptide was elongated using standard SPPS by Fmoc and characterized by 

MALDI-TOF MS after small-scale cleavage. 
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Coupling of the glycosylated amino acid to the solid support  

 

Small-scale: Solid support L3 (50 mg, 0.02 mmol) was swollen in CH2Cl2 for 30 min and drained. 

A solution of glycosylated amino acid 39 or 40 (22.2 mg, 0.026 mmol) in 1 mL of CH2Cl2 was 

added to the resin, after some seconds bubbling (evolution of gas) was observed, the 

polypropylene reactor was closed and the suspension was shaken at rt overnight. Coupling 

efficiency was determined by MALDI-TOF MS after small-scale cleavage and by Fmoc removal 

quantification261 to obtain a loading of (0.35 mmol/g), corresponding to 71% efficiency . 

 

Large-scale: Solid support L3 (100 mg, 0.04 mmol) was swollen in CH2Cl2 for 30 min and drained. 

A solution of glycosylated amino acid 39 or 40 (46 mg, 0.054 mmol) in 2 mL of CH2Cl2 was added 

to the resin, after some seconds the evolution of gas was observed, the mixture was shaken at rt 

overnight. Coupling determination by MALDI-TOF MS after small-scale cleavage and through 

Fmoc removal quantification showed a loading of 0.33 mmol/g, corresponding to 67% efficiency. 

 

Procedure for automated solid-phase synthesis 

 

Preparation of stock solutions 

 

Building block solution: A 60 mM solution of each thioglycoside building block was prepared in 

anhydrous CH2Cl2. 

Acidic wash solution: A 41.3 mM solution of TMSOTf in anhydrous CH2Cl2 was prepared. 

Activator solution: A solution 0.15 M of recrystallized NIS and 0.015 M of triflic acid in a mixture 

containing anhydrous CH2Cl2 and anhydrous dioxane (2:1 v/v) was prepared. The solution was 

kept under ice-bath for the duration of the automation run. 

Pre-capping solution: A 10% (v/v) solution of piperidine in DMF was prepared. 

Capping solution: A solution containing (v/v) 10% acetic anhydride, 2% methanesulfonic acid in 

CH2Cl2 was prepared. 

Fmoc removal solution: A solution containing 20% piperidine in DMF was prepared. 

Lev removal solution: A 0.15 M solution of hydrazine acetate was prepared in a mixture containing 

pyridine/AcOH/H2O (v/v 32:8:2) and sonicated for 10 min. 

 

Modules 

 

Resin swelling (20 min) 

 

All automated synthesis were performed on 0.013 mmol scale. Solid support with different linkers, 

0.35 mmol/g traceless photolinker (L1), 0.30 mmol/g aminopentyl linker (L2) or 0.33 mmol/g 
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photolabile diazo linker (L3), bearing the glycosylated amino acid was placed in the synthesizer 

and swollen in CH2Cl2 for 20 min at rt prior to synthesis. During this time, all reagents lines were 

washed and primed. After swelling, the resin was washed with DMF, THF, and CH2Cl2 (2 mL, 3 x 

each solvent, 25 s). 

 

Acidic wash (20 min) 

 

The resin was swollen in 2 mL and the temperature of the reaction vessel was adjusted to -20 °C. 

Upon reaching the temperature, the acidic wash solution (1 mL) was added dropwise to the 

reaction vessel and mixed by Argon bubbling for 3 min. The acidic solution was drained, the resin 

was washed with 2 mL CH2Cl2 for 25 s and drained. 

 

                
  Action Cycles Solution Amount T (°C)  Incubation time   

                  Cooling - - - -20 15 min*   
  Deliver 1 CH2Cl2 2 mL -20 -   
  Deliver 1 Acidic wash 1 mL -20 3 min   
  Wash 1 CH2Cl2 2 mL -20 25 s   
                                                
  *time required to reach the desired temperature   

                Glycosylation (35 – 55 min) 

 

A solution containing the appropriate building block (1 mL) was delivered to the reaction vessel. 

After reaching the set temperature, the activator solution (1 mL) was added dropwise and the 

reaction mixture is kept at the same temperature for 25 minutes under argon bubbling. Once the 

time is completed, the solution was drained and the resin was washed with CH2Cl2, dioxane, 

CH2Cl2/dioxane (1:2, 3 mL, 20 s), CH2Cl2 (2 x 2 mL, 25 s each). The temperature of the reaction 

vessel was increased to 25 °C for the next cycle.  

 

                
  Action Cycles Solution Amount T (°C)  Incubation time   

                  Cooling - - - -20 -   
  Deliver 1 Building block  1 mL -20 -   
  Deliver 1 Activator  1 mL -20 -   
  Reaction 

time 
1     

-20 5 min   
  to 0 20 min   
  Wash 1 CH2Cl2 2 mL 0 5 s   
  Wash 1 CH2Cl2/Dioxane 

(1:2) 
2 mL 0 20 s   

  Heating - - - 25 -   
  Wash 2 CH2Cl2 2 mL > 0 25 s   
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Capping (30 min) 

The resin was washed with DMF (2 x 2 mL, 25 s each) and the pre-capping solution (2 mL) was 

delivered to the reaction vessel. After 1 min, the solution was drained and the resin was washed 

with CH2Cl2 (3 mL, three times, 25 s each) and drained. Then, capping solution (4 mL) was 

delivered and kept at 25 °C for 20 min, then the solution was drained and the resin washed with 

CH2Cl2 (3 mL, three times, 25 s each).  

                
  Action Cycles Solution Amount T (°C)  Incubation time   

                  Heating - - - 25 5 min*   
  Wash 2 DMF 2 mL 25 25 s   
  Deliver 1 Pre-capping  2 mL 25 1 min   
  Wash 3 CH2Cl2 2 mL 25 25 s   
  Deliver 1 Capping solution 4 mL 25 20 min   
  Wash 3 CH2Cl2 2 mL 25 25 s   
                                                 

Fmoc removal (9 min) 

The resin was washed with DMF (2 mL, three times, 25 s each) and the Fmoc removal solution 

(2 mL) was delivered to the reaction vessel and kept at 25 °C under argon bubbling for 5 min. The 

reaction vessel was drained and the resin was washed with DMF (3 x 3 mL, 25 s each) and CH2Cl2 

(5 x 2 mL, 25 s each). The temperature of the reaction vessel was decreased to 20 °C for the 

acidic wash.  

                
  Action Cycles Solution Amount T (°C)  incubation time   

                  Wash 3 DMF 2 mL 25 25 s   
  Deliver 1 Fmoc removal 2 mL 25 5 min   
  Wash 1 DMF 2 mL 25 25 s   
  Cooling - - - -20 -   
  Wash 3 DMF 2 mL < 25 25 s   
  Wash 5 CH2Cl2 2mL < 25 25 s   
                                                 

Lev removal (65 min) 

The resin was washed with CH2Cl2 (3 x 2 mL, 25 s each), after draining the reaction vessel, CH2Cl2 

(1.3 mL) was delivered to the reaction vessel and the temperature was adjusted to 25 °C. Lev 

removal solution (2 mL) was added to the reaction vessel and kept under Ar bubbling for 30 min. 

After repeating the procedure twice, the solvent was drained and the resin washed with DMF (3 

mL, three times, 25 s) and CH2Cl2 (2 mL, five times, 25 s each). 

                
  Action Cycles Solution Amount T (°C)  incubation time   

                  Wash 3 DMF 2 mL 25 25 sec   
  Deliver 1 Lev removal 2 mL 25 30 min   
  Wash 1 DMF 2 mL 25 25 sec   
  Cooling - - - -20 -   
  Wash 3 DMF 2 mL < 25 25 sec   
  Wash 5 CH2Cl2 2mL < 25 25 sec   
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Post synthesizer manipulations 

 

On-resin azide reduction and acetylation  

 

Staudinger reduction: The solid support (42 mg, 0.013 mmol) was swollen in THF (3 mL) for 15 

min and the solvent was drained. A solution of tributylphosphine 1 M in THF (0.5 mL, 0.50 mmol) 

in 5% of water in THF (1.5 mL) was added to the propylene reactor and shaken overnight. The 

mixture was drained, the resin washed with THF (3 x 3 mL), CH2Cl2 (3 x 3 mL), THF (3 x 3 mL), 

CH2Cl2 (3 x 3 mL) and a small-scale cleavage was performed to monitor the reaction by MALDI-

TOF MS. 

 

Thioacetic acid (one-pot azide to amide conversion): The resin (42 mg, 0.013 mmol) was swollen 

in THF (3 mL) for 15 min and the solvent was drained. Thioacetic acid (1 mL, 14 mmol) was added 

to the reactor and the suspension was shaken at rt for two days. The solvent was drained and the 

resin washed with THF (3 x 3 mL), CH2Cl2 (3 x 3 mL), THF (3 x 3 mL), CH2Cl2 (3 x 3 mL). A small-

scale cleavage was performed to monitor the reaction by MALDI-TOF MS. 

 

On resin hydrolysis 

 

Method A-Methanolysis: The glycan bound resin was transferred to a propylene reactor and 

swollen in THF for 30 min and the solvent was drained. Subsequently, a 0.5 M solution of NaOMe 

in MeOH (0.4 mL, 0.045 M) in THF/MeOH (4:1, 4 mL) was added and the resin was gently shaken 

for 2 h at rt After collection of the solution, the resin was washed with MeOH, THF and CH2Cl2 (4 

mL, three times each) and the washes were also collected. The solvent was removed under 

reduce pressure and the residue was analyzed by MALDI-TOF MS. Possible remaining 

compounds on resin were analyzed by small-scale photocleavage and MALDI-TOF MS.  

 

Method B-LiOH: The resin was transferred to a propylene reactor and swollen in THF (3 mL) for 

30 min and the solvent was drained. Then, a 1 M aqueous solution of LiOH (0.35 mL, 0.08 M) in 

THF/MeOH (4:1, 4 mL) was added and the suspension was gently shaken for 2 h at rt After 

collection of the solution, the resin was washed with MeOH, THF and CH2Cl2 (4 mL, three times 

each) and the washes were also collected. The solvent was removed under reduce pressure and 

the residue was analyzed by MALDI-TOF MS. Remaining resin was submitted to small-scale 

photocleavage and MALDI-TOF MS.  

 

Method C-Hydrazine monohydrate: The resin was transferred to a propylene reactor and swollen 

in THF (3 mL) for 30 min and the solvent was drained. Subsequently, hydrazine monohydrate 

(300 µL) in THF:MeOH (1:1, 3 mL) was added and the suspension was gently shaken for 2 h at 
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rt. After removal of the reaction solution by filtration, the resin was washed with MeOH, THF, and 

CH2Cl2 (3 x 4 mL each solvent). Reaction was monitored by MALDI-TOF MS. 

 

Cleavage from solid support 

 

Small-scale cleavage: To a small amount of resin (~0.5 mg) DMF (0.5 mL) was added and 

irradiated with a UV lamp (6 watt, 356 nm) for 1 h. DMF was removed using nitrogen stream and 

acetonitrile was then added to the resin and the resulting solution was analyzed by MALDI-TOF 

MS. 

 

Full cleavage: Resin was suspended in DMF (4 mL) and gently stirred while irradiated overnight 

using a LED lamp (43 watt, 370 nm, distance 3 cm) (Kessil PR160L). The solvent was drained 

and the resin washed with DMF (3 x 4 mL), after collecting the washes the solvent was removed 

under reduced pressure. 

 

Hydrolysis in solution 

 

Method A: Hydrazine monohydrate 10%: After photocleavage of the glycosylated amino acid, it 

was dissolved in a solution of hydrazine monohydrate (300 µL) in MeOH (3 mL) and was stirred 

at rt. To follow the progress of the reaction, a small aliquot of the reaction was monitored by 

MALDI-TOF MS. Once the reaction finished, it was cooled to 0 °C and acetone was slowly added 

and stirred for 30 min. Solvent was then removed under reduced pressure. 

 

Method B: Hydrazine monohydrate 20%: After photocleavage of the glycosylated amino acid, it 

was dissolved in a solution of hydrazine monohydrate (100 µL) in MeOH (0.5 mL, final 

concentration 18 mg/mL) and was stirred at rt. To follow the progress of the reaction, a small 

aliquot of the reaction was monitored by MALDI-TOF MS. Once the reaction finished, it was cooled 

to 0 °C and acetone was slowly added and stirred for 30 min. Solvent was then removed under 

reduced pressure. 

 

Method C: Hydrazine monohydrate 20%: After photocleavage of the glycosylated amino acid, it 

was dissolved in a solution of hydrazine monohydrate (600 µL) in MeOH (3 mL, final concentration 

1 mg/mL) and was stirred at rt. To follow the progress of the reaction, a small aliquot of the reaction 

was monitored by MALDI-TOF MS. Once the reaction finished, it was cooled to 0 °C and acetone 

was slowly added and stirred for 30 min. Solvent was then removed under reduced pressure. 
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Hydrogenolysis  

 

The crude compound was dissolved in 3.25 mL of t-BuOH:EtOAc:THF:H2O (1:1:1:0.25). To the 

vial, 10% Pd/C catalyst (four times the weight of the starting material) was added and the reaction 

sealed with a rubber septum and stirred while connected to a H2 balloon. The reaction progress 

was monitored by MALDI-TOF MS. Upon completion, the reaction was filtered and washed with 

t-BuOH and H2O. The filtrate was then concentrated under reduced pressure. 

 

Purification 

 

After global deprotection, the final compound was analyzed and purified using analytical RP-HPLC 

Agilent 1200 Series using method A and purified using method B. 

 

Method A: RP-HPLC-MS: column [A], 0 - 70 % MeCN/H2O + 0.1 % HCOOH over 30 min, 0.7 

mL/min. ELSD detector: 45 °C. 

Method B: RP-HPLC: column [B], 0 - 30 % MeCN/H2O + 0.1 % HCOOH over 30 min, 3 mL/min. 
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3.6.3. Assembly of the oligosaccharides and glycosyl amino acids of T. cruzi MLMs 

N-Benzyloxycarbonyl-5-aminopentyl 2-O-benzoyl-3,4,6-tri-O-benzyl-β-D-galactopyranosyl-

(1→2)-3-O-acetyl-4,6-di-O-benzyl-β-D-galactopyranosyl-(1→6)-[2-O-benzoyl-3,4,6-tri-O-benzyl-

β-D-galactopyranosyl-(1→4)]-2-N-acetyl-2-deoxy-α/β-D-glucopyranoside (72a) 

 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling  

Acidic wash   

Initiation   

Glycosylation BB 44 (6 equiv, 1 cycle, -20 °C for 5 min, 0 °C for 40 min) 

Capping   

Lev removal   

Acidic wash   

Glycosylation BB 42 (6 equiv, 1 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Fmoc Removal   

Acidic wash   

Glycosylation BB 41 (6 equiv, 1 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (6 equiv, 1 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Fmoc Removal   

Capping   

            

Post-AGA 

On-resin Staudinger   

Reduction and acetylation   

Full cleavage   

                  Resin was split and two different methodologies for azide reduction and acetylation were 

screened (On-resin Staudinger and one-pot azide to amide conversion). 

        Mass assignment tetrasaccharide 72a 

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        AGA Small-scale cleavage 1970.839 [M+Na]+ 1993.811 [72] 

    
 

  
On-resin Staudinger  Small-scale cleavage 1986.859 [M+H]+ 2146.300 Iminophosphorane 

    
 

  
Reduction and acetylation Small-scale cleavage 1986.859 [M+Na]+ 2009.849 [72a] 

                        
[SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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N-Benzyloxycarbonyl-5-aminopentyl 3,4,6-tri-O-benzyl-β-D-galactopyranosyl-(1→2)-[3,4,6-tri-O-

benzyl-β-D-galactopyranosyl-(1→3)]-(4,6-di-O-benzyl-β-D-galactopyranosyl-(1→6)-4-O-(β-D-

galactofuranosyl)-2-N-acetyl-2-deoxy-α/β-D-glucopyranoside (73b) 

 

  

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Acid wash   

Glycosylation BB 44(4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Lev Removal   

Acid wash   

Glycosylation BB 43 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Fmoc Removal   

Acidic wash   

Glycosylation BB 41 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Lev Removal   

Acid wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Fmoc Removal   

Acid wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

            

Post-AGA 

Reduction and acetylation   

Large-scale cleavage   

Methanolysis   

                           
Mass assignment pentasaccharide 73b 

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        
AGA Small-scale cleavage 2258.924 

[M+Na]+ 2281.417 [73] 

[M+Na]+ 1787.417 [73 - 42] 

    
 

  

Reduction and acetylation Small-scale cleavage 2274.944 
[M+Na]+ 2297.509 [73a] 

[M+Na]+ 1803.730 [73a - 42] 

    
 

  

Methanolysis Small-scale cleavage 1898.849 
[M+Na]+ 1921.606 [73b] 

[M+Na]+ 1489.610 [73b - 42] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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        Nα-(carbobenzyloxy)-O-(2-N-acetyl-3-O-benzyl-4-O-(3,4,6-tri-O-tribenzyl-2-O-benzoyl-β-D-

galactopyranosyl)-6-O-acetyl-2-deoxy-α-D-glucopyranosyl)-L-threonine (84) 

 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20min) 

Capping  

Fmoc Removal   

Capping   

          Post-AGA Reduction and acetylation   

                   

        Mass assignment disaccharide 84 

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        AGA Small-scale cleavage 1108.432 [M+Na]+ 1131.682 [78] 

        
Reduction and acetylation Small-scale cleavage 1124.452 [M+Na]+ 1147.543 [84] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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O-(2-N-acetyl-4-O-(β-D-galactopyranosyl)-6-O-(β-D-galactopyranosyl)-2-deoxy-α-D-

glucopyranosyl)-L-threonine (32) 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Fmoc Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

          

Post-AGA 

Reduction and acetylation   

Photocleavage   

Ester hydrolysis on solution    

Hydrogenolysis  

                   

        
Mass assignment trisaccharide 32  

        

Step Type of cleavage 
Expected 

mass 
Observed mass 

        AGA Small-scale cleavage 1602.641 [M+Na]+ 1626.150 [79] 

        
Reduction and acetylation Small-scale cleavage 1618.661 [M+Na]+ 1642.793 [85] 

        
Photocleavage Large-scale cleavage 1618.661 [M+Na]+ 1642.793 [85] 

        

Ester hydrolysis in solution 
Method B (5 days) 

n/a 1410.601 

[M+Na]+ 1433.689 [85a] 

[M+Na]+ 1001.740 [85a - 42] 

[M+Na]+ 1343.637 [85b] 

[M+Na]+ 911.860 [85b - 42] 

[M+Na]+ 1254.578 [85c] 

        
Hydrogenolysis (2 days) n/a 646,243 [M+Na]+ 669,492 [32] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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Nα-(carbobenzyloxy)-O-(2-N-acetyl-3-O-benzyl-4-(3,4,6-tri-O-benzyl-β-D-galactopyranosyl-

(1→2)-4,6-tri-O-benzyl-β-D-galactopyranosyl)-2-deoxy-α-D-glucopyranosyl)-L-threonine (86a) 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Fmoc Removal   

Acidic wash   

Glycosylation BB 41 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Fmoc Removal   

Capping   

            
Post-AGA 

Reduction and acetylation   

Ester hydrolysis on resin LiOH 

                   

        Mass assignment tetrasaccharide 86a  

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        AGA Small-scale cleavage 1988.798 [M+Na]+ 2009.795 [80] 

        
Reduction and acetylation Small-scale cleavage 2002.818 [M+Na]+ 2025.841 [86] 

        
On-resin hydrolysis 
Method B 

Ester hydrolysis 1736.735 
[M+Na]+ 1879.823 [86a] 

[M+Na]+ 1643.212 [β-elimination 
side product] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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Nα-(carbobenzyloxy)-O-(2-N-acetyl-3-O-(3,4,6-tri-O-tribenzyl-2-O-benzoyl-β-D-

galactopyranosyl)-4-O-benzyl-6-O-acetyl-2-deoxy-α-D-glucopyranosyl)-L-threonine (87) 

 

 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Fmoc Removal   

Acid wash   

Glycosylation BB 40 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Lev Removal   

Capping   

          Post-AGA Reduction and acetylation   

                   

        Mass assignment disaccharide 75  

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        AGA Small-scale cleavage 1108.432 [M+Na]+ 1132.695 [81] 

        
Reduction and acetylation Small-scale cleavage 1124.452 [M+Na]+ 1147.543 [87] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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Nα-(carbobenzyloxy)-O-(2-N-acetyl-3-O-(3,4,6-tri-O-benzyl-β-D-galactopyranosyl)-4-O-benzyl-6-

O-(3,4,6-tri-O-benzyl-β-D-galactopyranosyl)-2-deoxy-α-D-glucopyranosyl)-L-threonine hydrazide 

(88c) 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Fmoc Removal   

Acid wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Lev Removal   

Acid wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

          

Post-AGA 

Reduction and acetylation   

Ester hydrolysis on Resin   

Ester hydrolysis on solution    

                  Mass assignment trisaccharide 88c  

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        AGA Small-scale cleavage 1602.641 [M+Na]+ 1625.407 [82] 

        Reduction and 
acetylation 

Small-scale cleavage 1618.661 [M+Na]+ 1643.303 [88] 

        Photocleavage Large-scale cleavage 1618.661 [M+Na]+ 1643.303 [88] 
        

Ester hydrolysis on resin 
Method C 

Ester hydrolysis 1410.609 

[M+Na]+ 1726.792 [88a + THF adduct] 

[M+Na]+ 1656.722 [88a] 

[M+Na]+ 1621.743 [88b + THF adduct] 

[M+Na]+ 1552.720 [88b] 
[M+Na]+ 1189.500 [88c + THF adduct - 
42] 

        

Ester hydrolysis in 
solution  
Method B (5 days) 

n/a 1410.609 

[M+Na]+ 1448.688 [88c] 

[M+Na]+ 1212.549 [β-elimination side 
product] 

[M+Na]+ 1015.439 [88c - 42] 

[M+Na]+ 780.280 [[β-elimination side 
product - 42] 

      

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step 
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        O-(2-N-acetyl-3-O-(2-O-benzoyl-β-D-galactopyranosyl)-6-(2-O-benzoyl-β-D-galactopyranosyl-

(1→2)-3-O-acetyl-β-D-galactopyranosyl)-2-deoxy-α-D-glucopyranosyl)-L-threonine (89a) 

 

 

      
Step Modules Parameters 

      

AGA 

Resin swelling   

Fmoc Removal   

Acid wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping  

Lev Removal   

Acid wash   

Glycosylation BB 41 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Lev Removal   

Acidic wash   

Glycosylation BB 42 (4 equiv, 2 cycles, -20 °C for 5 min, 0 °C for 20 min) 

Capping   

Fmoc Removal   

Capping   

            

Post-AGA 

Reduction and acetylation   

Large-scale photocleavage   

Hydrogenolysis   

                          Mass assignment tetrasaccharide 89a  

        
Step Type of cleavage 

Expected 
mass 

Observed mass 

        
AGA Small-scale cleavage 1988.798 

[M+Na]+ 2009.698 [83] 

[M+Na]+ 1515.692 [83 - 42] 

        

Reduction and acetylation Small-scale cleavage 2002.818 
[M+Na]+ 2025.872 [89] 

[M+Na]+ 1531.780 [89 - 42] 

        

Photocleavage Large-scale cleavage 2002.818 
[M+Na]+ 2025.872 [89] 

[M+Na]+ 1531.780 [89 - 42] 

        

Hydrogenolysis n/a 1058.319 
[M+Na]+ 1081.518 [89a] 

[M+Na]+ 857.369 [89a - 42] 

                        [SM] = Product after AGA process, [P] = Expected product after the corresponding step  
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1H NMR (400 MHz, CDCl3) of 54 

 
13C NMR (101 MHz, CDCl3) of 54 
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1H, 1H COSY of 54 

 

13C, 1H HSQC of 54 
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1H NMR (400 MHz, CDCl3) of 55 

 

13C NMR (101 MHz, CDCl3) of 55 
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1H, 1H COSY of 55 

 

13C, 1H HSQC of 55 
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1H NMR (400 MHz, CDCl3) of 41 

 

13C NMR (101 MHz, CDCl3) of 41 
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1H, 1H COSY of 41 

 

13C, 1H HSQC of 41 
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13C, 1H HMBC of 41 
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1H NMR (400 MHz, CDCl3) of 66 

 

13C NMR (101 MHz, CDCl3) of 66 
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1H, 1H COSY of 66 

 

13C, 1H HSQC of 66 
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1H NMR (400 MHz, CDCl3) of 67 

 

13C NMR (101 MHz, CDCl3) of 67 
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1H, 1H COSY of 67 

 

 

13C, 1H HSQC of 67 
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1H NMR (400 MHz, CDCl3) of 44 

 

13C NMR (101 MHz, CDCl3) of 44 
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1H, 1H COSY of 44 

 

13C, 1H HSQC of 44 
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1H NMR (400 MHz, CDCl3) of 45 

 

13C NMR (101 MHz, CDCl3) of 45 
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1H, 1H COSY of 45 

 

13C, 1H HSQC of 45 
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1H NMR (400 MHz, CDCl3) of 68 

 

13C NMR (101 MHz, CDCl3) of 68 
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1H, 1H COSY of 68 

 

13C, 1H HSQC of 66 
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1H NMR (400 MHz, CDCl3) of 69 

 

13C NMR (101 MHz, CDCl3) of 69 
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1H, 1H COSY of 69 

 

13C, 1H HSQC of 69 
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1H NMR (400 MHz, CDCl3) of 47 

 

 

13C NMR (101 MHz, CDCl3) of 47 
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1H, 1H COSY of 47 

 

13C, 1H HSQC of 47 
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1H NMR (400 MHz, CDCl3) of 48 

 

13C NMR (101 MHz, CDCl3) of 48 
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1H, 1H COSY of 48 

 

13C, 1H HSQC of 48 
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1H NMR (400 MHz, CDCl3) of 70 

 

13C NMR (101 MHz, CDCl3) of 70 
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1H, 1H COSY of 70 

 

13C, 1H HSQC of 70 
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Coupled 13C, 1H HSQC of 70 

 

13C, 1H HMBC of 70 
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1H NMR (400 MHz, CDCl3) of 71 

 

13C NMR (101 MHz, CDCl3) of 71
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1H, 1H COSY of 71 

 

13C, 1H HSQC of 71 
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Coupled 13C, 1H HSQC of 71 

 

13C, 1H HMBC of 71 
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1H NMR (400 MHz, CDCl3) of 39 

 

13C NMR (101 MHz, CDCl3) of 39 
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1H, 1H COSY of 39 

 

13C, 1H HSQC of 39 
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Coupled 13C, 1H HSQC of 39 
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1H NMR (400 MHz, CDCl3) of 40 

 

13C NMR (101 MHz, CDCl3) of 40 
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1H, 1H COSY of 40 

 

13C, 1H HSQC of 40 
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FT-IR spectrum for the functionalization of the Merrifield resin with photolabile diazo liner 
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