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1. Introduction 

 

Amino acids and carbohydrates are often considered as building blocks of life and most of our 

fundamental cellular processes are essential on these structures.[1-2] Twenty two different 

proteinogenic amino acids are encoded by the genome. Their polymerization to peptides and 

proteins gives rise to a large variety of different sequences. This number becomes by 

magnitudes higher if one also considers the large number of different posttranslational 

modifications, e.g. phosphorylation or glycosylation. 

Besides amino acids, at least 32 different saccharides are known.[1] These do not only 

individually occur within cells but are often co- and posttranslationally attached to proteins 

(glycosylation). Glycoproteins are formed non-template driven which gives rise to countless 

different protein glycoforms (microheterogenity). Interestingly, more than fifty percent of all 

proteins are believed to be modified with glycans (glycosylated).[3] Therefore, protein 

glycosylation marks a very important progress in nature. It can have tremendous effects e.g. 

on peptide stability, solubility, activity and structure.[4] As a result, the investigation of 

glycoproteins is a highly interesting research area. For instance, altered glycosylation patterns 

can cause severe diseases (e.g. lysosomal storage diseases) and are therefore useful 

biomarkers.[5-7] For elucidation of distinct structure-activity relationships, single glycoforms 

are needed. However, their isolation from biological samples is often hampered by the large 

number of different congeners which are difficult to separate. Chemical synthesis via solid-

phase peptide synthesis (SPPS) can overcome this bottleneck.[6, 8] 

Two different synthetic approaches are commonly applied for the synthesis of natural N-

glycopeptides.[9-11] However, only one is capable of synthesizing larger peptides. It was 

pioneered by Lansbury and co-workers[10-11] in the 1990s and relies on heavy amino acid 

protecting group manipulations to allow the selective attachment of the glycan to the peptide. 

A promising alternative to the Lansbury approach utilizes thiocarboxylic acids (thioacids, 

RCOSH)[12-13] – a very unique functional group that allows highly chemoselective reactions. 

Due to the chemoselectivity, glycopeptides can be easily synthesized starting from 

unprotected thioacid-containing peptides. However, to date, no chemical method for the 

synthesis of thioacid-containing peptides via SPPS is known. This is likely to be attributed to 

the susceptibility of thioacids and their protected counterparts, thioesters. Therefore, the 

highly promising thioacid-mediated synthesis of glycopeptides has not yet found widespread 

application. 

The aim of this project was to find the missing puzzle piece, hence to design a building block 

for the direct incorporation of thioacids into peptides via SPPS. It should be fully compatible 

with standard Fmoc-SPPS conditions. Different thioacid-containing peptides will be 

synthesized and analyzed regarding side product formation. Next, their applicability for the 

synthesis of native glycopeptides should be examined using different protocols and 

carbohydrates. Furthermore, new applications of thioacid-containing peptides should be 

investigated. 
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2. State of Knowledge 

2.1. Chemistry of Thioacids 

 

Despite the close structural similarity to their oxygen counterparts (carboxylic acids, 

RCOOH), thioacids (RCOSH) possess a quite unique and diverse chemistry. The replacement 

of one oxygen atom with sulfur in a carboxylic acid was first achieved by Kekulé  in 1854 

(Scheme 1A).[14] By treating acetic acid (1) with phosphorous pentasulfide he obtained one of 

the simplest thioacids, acetic thioacid (2).  Since then, many thioacids have been synthesized 

and much effort has been made in elucidating the predominate tautomeric form of the COSH 

group – thiol 3 or thion form 4 (Scheme 1B).[15-17] IR- and UV spectroscopy suggests it 

predominately exists in the thiol form 3.[18] Nevertheless, Kato et al.[16] was able to detect the 

thion form 4 as major species in polar solvents at very low temperatures. On the other hand 

the thiol form 3 was favored in the solid state and nonpolar solvents. Furthermore, the fast 

equilibrium can be shifted towards the thiol form 3 by lowering the pH.[19] For better 

readability all thioacids in this dissertation are depicted in the thiol form 3. 

 

 
Scheme 1. (A) Synthesis of the first thioacid, acetic thioacid (2), by Kekulé.[14] (B) Thioacids exist in a 
tautomeric equilibrium of thiol 3 and thion form 4. 

 

In many cases, thioacids are more reactive than carboxylic acids.[18] For example, they are 

prone to oxidation[20] and tend to hydrolyze under acid[21] or base[22] (presumably after 

oxidation) catalysis. Additionally, they are also known to be significantly more acidic than 

carboxylic acids.[18] For instance, the already mentioned acetic thioacid (1) (pKa = 3.33) is 

roughly 30 times more acidic than acetic acid (pKa = 4.76).[23] The increased acidity of 

thioacids is usually explained by the larger size and more diffuse orbitals of the sulfur atom 

which allows better stabilization of the negative charge even though stabilization by 

resonance is less pronounced.[15] For the same reason thioacids (as well as thiols) are often 

better nucleophiles than their oxygen counterparts allowing highly chemoselective and unique 

reactions.[18] Three of them, the thioacid-azide ligation (cf. 2.1.1), nucleophilic aromatic 

substitution reactions (cf. 2.1.2) and the oxidative acylation (cf. 2.1.3) are discussed on the 

following pages.  
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2.1.1. Thioacid-Azide Ligation (TAL) 

 

In 1980, Hosein and Just[24] mentioned the reductive acetylation of an azide 5 while treating it 

with acetic thioacid (2) (Scheme 2). What was initially observed as an unwanted side reaction 

was later on exploited as a highly chemoselective reaction. In 1988, Rosen et al.[25] were able 

to synthesize different aliphatic as well as aromatic acetylated amines in yields of up to 92% 

by treating the corresponding azides with acetic thioacid. Most remarkably the reaction was 

finished within minutes under full retention of stereochemistry. Additionally, they proposed a 

first reaction mechanism based on two steps: First, reduction of the azide by trace impurities 

of hydrogen sulfide to yield the amine and second, rapid acetylation of the amine by acetic 

thioacid, a well-known reaction since 1898[26-27]. 

 

 
Scheme 2. Thioacid-Azide Ligation (TAL) with acetic thioacid (2). 

 

15 years later, Williams and co-workers[28-29] revealed by empiric observations, computational 

calculations and mass spectrometry (MS) that the TAL proceeds via a completely different 

and new reaction mechanism (Scheme 3). Key intermediate is the thiatriazoline 10/17 which 

decomposes to give the desired amide 13/19. They proposed two different reaction 

mechanisms depending on the electronic properties of the azide. Electron-rich azides 8 

(Scheme 3A) react with thion form 7 of the thioacid whereas electron-poor azides 15 (Scheme 

3B) react with the thiol form 14. Like this, they were able to explain the empiric observations 

that electron-deficient azides 15 react within minutes at room temperature whereas electron-

rich azides 8 need longer reaction times (days) and heating or RuIII catalysis[30]. These 

mechanistic findings were later on also confirmed by calculations of Gao.[31] 

Hence, some of the most reactive azides applied in the TAL are sulfonyl azides 20
[28] and 

highly electron-deficient tetrafluorinated phenyl azides 21
[32] (Figure 1A). Consistently, 

glycosyl azides 22/23
[28, 30, 33] which would be interesting building blocks in glyco(peptide) 

chemistry, react only sluggishly (Figure 1B).  

 

 
Scheme 3. Mechanistic insights in the reaction of a thioacid 7/14 with an (A) electron-rich azide 8 or (B) 
electron-poor azide 15 via thiatriazoline intermediate 10/17.[28-29]

 



5 
 

 
Figure 1. (A) Highly reactive electron-poor azides 20

[28] and 21
[32] commonly applied in TAL. (B) Glucosyl 

azides 22
[28, 30] and 23

[30, 33] for potential glycosylation of thioacids via TAL. 

 

During the last years, the TAL found broad application e.g. for the synthesis of glycosylated 

and fluorescently-labeled amino acids[34]. Due to its broad solvent tolerance including 

aqueous buffers it could be also applied for the labeling/ligation of peptides[33-36] and 

detection of thioacid-containing proteins in biological samples[37]. In carbohydrate chemistry 

the TAL with acetic thioacid (2) has found to be useful for the one-pot reduction/acetylation 

of complex azido-deoxy saccharides e.g. for the synthesis of tunicamycin.[38-39] 



6 
 

2.1.2. Nucleophilic Aromatic Substitution 

 

In 1998, Messeri et al.[40-41] developed a fast, mild and high-yielding acylation reaction using 

thioacids. Their work was based on preliminary observations by Fukuyama et al.[42-43] who 

found that secondary electron-deficient benzenesulfonamides 25 undergo rapid reaction (5–

10 min) with thiols 24 to yield secondary amines 28 (Scheme 4). Mechanistically the reaction 

is classified as a nucleophilic aromatic substitution. After ipso-attack of the thiol the so 

formed Meisenheimer complex 26 collapses under release of sulfur dioxide to form a 

secondary amine 28 and sulfide 27. 

 

 
Scheme 4. Synthesis of a secondary amine 28 via an addition-elimination mechanism.[42-43]

 

 

Since thioacids are good nucleophiles (cf. 2.1) Messeri et al.[40-41] hypothesized the 

application of thioacids instead of thiols would lead to the formation of acylated amines 

(Scheme 5). Indeed, treatment of sulfonamide 29 with acetic thioacid (2) forms a comparable 

Meisenheimer complex 30. Upon its collapse, amine 31 and the highly reactive thioester 32 

are released which subsequently undergo an acetylation reaction to form amide 33 and 

thiophenol 34.  

 

 
Scheme 5. Synthesis of acetylated amine 33 via an addition-elimination mechanism (R = p-methoxytoluol).[40-41] 

 

In 2009, Crich and co-workers[44-46] further expanded the scope of the reaction. They showed 

that besides sulfonamides one can also use the Sanger (35) or Mukayiama reagent (36) 

(Figure 2A) for thioacid activation. Most remarkably the reaction was compatible with 

aqueous solvent systems and caused significantly less epimerization than state of the art 

peptide coupling reagents (HATU, PyBOP, EDC). Due to this property, thioacids were also 
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applied in (glyco)peptide research for the synthesis of peptides[45-47] and even N-

glycopeptides[48-49] (Figure 2B). 

 

 
Figure 2. (A) Sanger (35) and Mukayiama reagent (36). (B) Two exemplary reactions of thioacid-containing 
peptides 37/40 with electron-deficient aromates 38/36 for peptide bond formation.[45, 47] 

 

In summary, the reaction of thioacids with electron-deficient aromates leads to the mild, 

selective and rapid formation of primary and secondary amides. Besides the TAL (cf. 2.1.1), 

this reaction marks another non-classical[50] yet highly feasible route for amid bond formation 

from thioacids. A third and maybe the most interesting way will be presented in the next 

chapter (cf. 2.1.3).  
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2.1.3. Thioacid-Amine Ligation, Oxidative Acylation 

 

In 1862[20], only 8 years after the first introduction of thioacids[14] (cf. 2.1), Kekulé discovered 

a new substance class – dithioperoxyanhydrides 43 (diacyl disulfides). This was achieved by 

treating different metal salts of acetic thioacid 42 with iodine (Figure 3A). In analogy to thiols 

which are oxidized to disulfides by iodine, thioacids form dithioperoxyanhydrides 43. Similar 

to their oxygen counterparts e.g. the well-known dibenzoyl peroxide[51] (45) (Figure 3B) 

acetyl disulfide (43) is only partially stable. It reacts with water and decomposes upon 

heating. Nevertheless, the substance class of diacyl disulfides gained more and more interest 

during the last decades.
[13, 52-61] Various different oxidizing agents have been developed for the 

oxidation of thioacids to dithioperoxyanhydrides and congeners thereof (Scheme 6). Among 

them are e.g. different metal salts[12, 56, 61-65] (especially CuII), iodine species[52-57] and 

oxygen[13, 66].  

 

 
Figure 3. (A) Oxidation of acetic thioacid salts 42 to diacetyl disulfide (43) by iodine.[20] (B) Dibenzoyl 
peroxide[51] (45), dithioperoxyanhydride oxygen analog known as a common radical reaction initiator. 

 

3

 
Scheme 6. Oxidation of thioacids 3 to dithioperoxyanhydrides 46, S-nitrosothioacids 47

[67-68], 
(acyldisulfanyl)metals 48

[12, 62-65] or S-silylthiol esters 49
[69-70], respectively. Conditions: a) I2

[52-55]
, KI3

[56] or 
ICl[57], b) DMSO/∆[58] or DMSO/O2

[13], c) K3[Fe(CN)6]
[56], d) 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine[59], e) 

Ru(bipy)3Cl2
[60], f) CdS nanoparticles[61], g) FeII/O2

[56]]. 

 

Oxidized and therefore activated thioacids have soon found to be reactive acylation agents for 

amines. By the end of the 19th century, Pawlewksi[26-27] was the first who described the fast, 

mild and high-yielding acetylation of anilines by thioacetic acid (2). Even though no 

mechanistic details were given at that time one can anticipate the participation of diacetyl 

disulfide (43). In the 1950s the groups of Jiu[71] and Wieland[55, 72] expanded the scope of the 
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reaction to amino thioacids 50 (Scheme 7A). Via iodine oxidation of thioacid 50, Wieland and 

co-workers synthesized unstable diacyl disulfide 51 which was subsequently used as acylation 

agent (Scheme 7A). Despite these promising first results, it took nearly half of a century until 

Liu and Orgel[56] rediscovered the great potential of diacyl disulfides as reagents for the 

highly efficient and mild acylation of amino acids (Scheme 7B). They did not only discover 

different oxidizing agents but also had a closer look at the reaction mechanism and revealed 

the general significance of the reaction also in matters of origin of life (see also Ghadiri and 

co-workers[66, 73]). In their experiments they treated e.g. phenylalanine (H-Phe-OH) with 

acetic thioacid (2) and potassium ferricyanide (oxidant) in aqueous buffer. Due to the 

application of an oxidant, the product 53 was obtained within minutes in quantitative yield. 

They proposed a two-step mechanism. First, the oxidized thioacid 43 undergoes a fast 

reaction with the amino acid to release sulfurated thioacid 54. In a slower second acylation 

step, 54 can react with another amino acid to form the second equivalent of amide 53. The 

high chemoselectivity of the reaction was proven by the usage of water as the solvent and 

unprotected substrates. 

 

 
Scheme 7. (A) Oxidation of amino thioacid H-Ala-SH (50) and subsequent reaction of the diacyl disulfide 51 
with a nucleophile by Wieland and Bartmann.[55] (B) Proposed mechanism for the acetic thioacid 2 promoted 
acetylation of phenylalanine by Liu and Orgel.[56] 

 

Since then many groups have used thioacids as acylating agents, especially in the field of 

peptide and glycopeptide science[12-13, 53, 60, 62-63, 67-69]. Surely, this can be attributed to the 

discovery of a myriad of different mild oxidizing agents and the high chemoselectivity of the 

reaction, tolerating hydroxy, carboxy and other functional groups. Two of the maybe most 

impressive works were published by the groups of Danishefsky[13] and Garner[12] in 2011 and 

2013, respectively (Scheme 8). Their syntheses of N-glycopeptides 58 as well as scope and 

limitations of these reactions are described in detail in one of the next chapters (cf. 2.2.3.3). 

 

 
Scheme 8. Synthesis of N-glycopeptides 58 from aspartic thioacid-containing peptides 56 and glycosyl 
amines 57 described by Danishefsky[13] and Garner[12]. 
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All in all, the application of thioacids as acylating agents is based on the oxidation of the 

thioacid to a reactive diacyl disulfide. These active esters rapidly yet highly chemoselectively 

undergo reaction with amines. In literature, a lot more reagents for the activation of thioacids 

are known, e.g. isonitriles[53, 74-76] and iso(thio)cyanates[77-78]. However, these variations as 

well as the activation of thioacids via a nucleophilic aromatic substitution (cf. 2.1.2) play a 

less important role in terms of atom economy. 
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2.2. Peptide and Glycopeptide Synthesis 

2.2.1. Incorporation of Unnatural Amino Acids 

 

Commonly, proteins are composed of the 20 natural canonical amino acids. Furthermore, 

selenocystein[79] (Sec/U) and pyrrolysine[80-81] (65) (Pyl/O) are known as the 21st and 22nd 

(non-canonical) amino acid. 

Nevertheless, sometimes the incorporation of unnatural amino acids into peptides and proteins 

is desirable – for instance for the site-specific labeling of certain amino acids.[82] During the 

last decades various different unnatural amino acids have been published (Figure 4 and Figure 

5). Among them are e.g. azido- 59
[83-84]/61

[85]/63
[86] and alkyne-modified 60

[87]/62
[88]/63

[86] 

derivatives which mimic natural amino acids such as lysine or phenylalanine.[82]  

 

 
Figure 4. Different azido- and alkyne-modified unnatural amino acids.[83-88] 

 

After incorporation into a peptide or protein, the azide and alkyne moieties allow easy protein 

modification e.g. via copper[89-90]- or strain-promoted[91] azide-alkyne cycloaddition. 

Although these and other unnatural amino acids can be easily incorporated via Fmoc-SPPS 

(or selective pressure[82]) the common restrictions in SPPS allow only the synthesis of smaller 

peptides/proteins (cf. 2.2.2). However, often the modification and labeling of larger peptides 

and natural proteins even in living systems (in vivo) is desirable. Therefore, new approaches 

were developed e.g. the expansion of the genetic code which is a powerful tool for the site-

selective incorporation of unnatural amino acids in vivo.[92] It exploits “the endogenous 

translational machinery to both recognize and incorporate exogenous amino acids”[92]. Basis 

for this approach is an orthogonal pair of amino acyl tRNA synthetase (aaRS) and tRNA. The 

tRNA anticodon often exploits the amber stop codon (TAG). In 2002, such an orthogonal pair 

was discovered in Methanosarcinae.[80-81] There it is responsible for the incorporation of 

pyrrolysine (65) at the amber stop codon sequence.  

Soon, the pyrrolysyl tRNA synthetase (PylRS) tRNA pair was found to be orthogonal in 

bacteria, eukaryotes and animals.[82] Furthermore, various modified pyrrolysine 

derivatives 66–69 were developed (Figure 5).[93-95] Usually, small reporter groups are 

accepted best, however also alkene 67 and alkyne 68 were accepted by the cellular machinery. 

Different PylRS mutants e.g. with an extended binding pocket further broadened the substrate 

scope.[82, 96] Crucial for the acceptance of unnatural derivatives seems to be an amide or 

carbamate linkage between lysine Nε and the reporter group due to the formation of hydrogen 

bonds.[96]  
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Figure 5. Pyrrolysine (65) and selected pyrrolysine mimics 66–69 that were successfully incorporated into 
proteins.[93-95]

 

 

For the site-selective labeling of proteins via the pyrrolysine system a few prerequisites have 

to be fulfilled (Figure 6). First, the expression system (e.g. E. coli) has to be transfected with 

two plasmids. The first plasmid encodes for PylRS and the corresponding tRNA. The second 

encodes for the protein of interest (POI). In that plasmid, the incorporation site of the 

unnatural pyrrolysine derivative 70 is encoded by an amber stop codon. The unnatural amino 

acid 70 (blue) is fed to the cells via the medium. Upon induction of gene expression, the POI, 

PylRS and its tRNA are expressed. Next, the tRNA is charged with the unnatural amino 

acid 70 by PylRS. Like this the amino acid 70 is incorporated in the POI. The site-selectively 

labeled protein can then be either directly labeled or isolated, purified and then further 

modified (e.g. fluorescently labeled). 

 

 
Figure 6. Incorporation (in vivo) of pyrrolysine analog 70 (blue) into proteins via the orthogonal PylRS/tRNA 
system. 
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Summing up, the incorporation of unnatural amino acids into peptides/proteins via SPPS or – 

more sophisticated – by site-selective incorporation via expansion of the genetic code allows 

for the synthesis of proteins with new properties allowing e.g. for precise localization[97] 

within living cells including tracking of cellular processes or countless further modifications 

via bioorthogonal chemistry[82]. 
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2.2.2. Solid-Phase Peptide Synthesis (SPPS) 

 

Introduced by Merrifield[98] in 1963, the solid-phase peptide synthesis (SPPS) has nowadays 

become the most important method for the synthesis of peptides (Scheme 9). Besides the 

obvious advantages such as easy purification by filtration, the great success of SPPS can be 

attributed to three main factors.[99] First, the introduction of the 9-

fluorenylmethoxycarbonyl[100] (Fmoc) amine protecting group which allowed safe and easy 

automation as well as UV reaction progress monitoring. Second, the introduction of backbone 

amide protecting groups to disrupt (aggregation-prone) secondary structures. Last but not 

least, the purity of commercially available amino acids for SPPS which has drastically 

improved over time. 
 

 
Scheme 9. General scheme for the synthesis of peptides 73 on the solid-phase (SPPS).  

 
 

2.2.2.1. Synthetic Strategies and Protecting Groups 

 

One of the biggest milestones in SPPS was undoubtedly the previously mentioned Fmoc[100] 

amino protecting group which was introduced nearly one decade after Merrifield’s[98] 

pioneering experiments. In contrast to classical tert-butyloxycarbonyl (Boc) amine 

protection[101] it allowed the liberation of the amino group under relatively mild conditions 

(Scheme 10). Typically, piperidine (79) (20% in DMF) is applied which is less destructive to 

peptides than highly acidic HBr, TFA or HF used in Boc-SPPS.[102] Mechanistically, 

piperidine (79) initiates a β-elimination leading to the free amine 76 and aromatic 

dibenzofulvene (77) which is subsequently trapped by excess piperidine 79. 
 

 
Scheme 10. Deprotection of Fmoc-protected peptides 74 with piperidine 79 and subsequent trapping of 
dibenzofulvene (77). 
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Over the course of time many more reagents for Fmoc deprotection have been reported and 

successfully applied (Figure 7). Among them are not only various amines such as 

piperazine[103-104] 80, morpholine[100, 104] 81, N-methylpyrrolidine[105-106] 82 and DBU[107] 83 

but also rather unintuitive reagents such as TBAF[108] 84 and sodium azide[109] 85. In 

combination with acid-labile side chain protecting groups[110] as well as resin linkers[111] 

Fmoc-SPPS gives straightforward access to various different peptides. 
 

 
Figure 7. Different nitrogen-containing bases (piperazine 80

[103-104], morpholine 81
[100, 104], N-

methylpyrrolidine 82
[105-106] and DBU[107] 83), TBAF 84

[108] and sodium azide 85
[109] for Fmoc deprotection.  

 

However, especially longer and unpolar sequences can lead to severe problems in Fmoc-

SPPS. The formation of secondary structures can lead to a poor solubility of the peptide and 

therefore incomplete deprotection and coupling reactions.[99] Finding ways to suppress and 

overcome these limitations was another important step in the history of Fmoc-SPPS. 

It has been known for a long time that the incorporation of secondary amino acids (e.g. 

proline) can lead to significant improved peptide solubility – an effect that lasts for up to six 

amino acids after incorporation of the secondary amino acid.[112-114] Based on these findings 

benzyl-derived protecting groups for the amide backbone were developed. Two of the most 

prominent ones are 2,4-dimethoxybenzyl (Dmb)[115] (86) and 2-hydroxy-4-methoxybenzyl 

(Hmb)[116] (87) (Figure 8A). Despite their drawbacks[117] (e.g. sluggish couplings due to steric 

hindrance) they have found application in Fmoc-SPPS and are nowadays commercially 

available as single amino acid building blocks and especially dipeptides[118-119] Fmoc-Xaa-

(Dmb/Hmb)Gly-OH (88) (Figure 8A). Besides improving coupling efficiencies, Dmb/Hmb 

protection is also known to efficiently suppress aspartimide (Asi) formation – a common side 

reaction in peptide chemistry (cf. 2.2.2.2).[118] Many more Dmb/Hmb-derived protecting 

groups have been developed even though they have not found widespread application.[99] 
 

 
Figure 8. (A) Dmb[115] (86) and Hmb[116] (87) backbone protection groups. Commercially available Dmb/Hmb-
protected dipeptides 88. (B) Ser-, Thr- or Cys-derived pseudoprolines[120-122] 89–91. Commercially available 
pseudoproline-protected dipeptides 92. The peptide backbone is depicted in red. 
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Another and probably the most prominent approach to suppress the formation of secondary 

structure motifs was pioneered by Mutter and co-workers[120-122] in the early 1990s. By the 

introduction of an oxazolidine they induced a “kink within the polypeptide backbone”[120] 

(Figure 8B). Thus, secondary structures are disrupted. Mechanistically this can be explained 

by a stronger preference for the cis rotameric form 94 of the tertiary amide bond (Scheme 

11A) – an effect that was already known for proline[113]. For better readability all 

pseudoprolines in this dissertation are depicted in the trans form 93. Besides enhancing the 

solubility, pseudoprolines do also efficiently suppress aspartimide formation (cf. 2.2.2.2).[123-

124] The main drawback of pseudoprolines is their sequence dependency. This means that they 

can be introduced only if a serine, threonine or cysteine occurs in the peptide sequence.  

 

 
Scheme 11. Equilibrium between the trans 93/95 and cis rotamers 94/96 of the tertiary amide bond in serine-
derived oxazolidines. The “kink” in the backbone is depicted in red. 

 

Over the course of time, pseudoproline derivatives with varying substituents were synthesized 

and analyzed regarding their influence on the cis/trans ratio.[125-131] Among them are e.g. 

trifluoromethyl pseudoprolines 95/96 which are more stable towards spontaneous hydrolysis 

than their dimethylated counterparts 93/94 (Scheme 11B).[129-131] Nevertheless, to date, only 

dipeptides of Mutter’s[121] dimethyl pseudoprolines are commercially available (Scheme 

11A). Most remarkably, these dipeptide derivatives of the kind Fmoc-Xaa-

Ser/Thr/Cys(Ψme,mepro)-OH (92) do not give rise to C-terminal racemization during coupling 

due to the pseudoproline (Figure 8B).[121, 132] 

 

Last but not least, it is noteworthy to mention that both, pseudoprolines and benzyl-based 

backbone protecting groups, can be cleaved with TFA. Therefore, they are fully compatible 

with Fmoc-SPPS global deprotection conditions. To summarize, the introduction of backbone 

protecting groups marked a big leap in Fmoc-SPPS. Together with high purity amino acid 

building blocks it allowed the synthesis of highly complex peptides and proteins consisting of 

about 100 amino acids.[99, 133-135]  
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2.2.2.2. Aspartimide Formation 

 

During Fmoc-SPPS many different side reactions can occur. The most severe one – 

aspartimide (Asi) formation – has been excessively studied and reviewed over the last decades 

(Scheme 12).[117, 119, 136-137] During aspartimide formation an aspartic acid (Asp)-containing 

peptide 97 is transformed into a cyclic succinimide 98 (aspartimide). Although, this occurs 

predominately under basic conditions (Fmoc deprotection) it can also be observed under 

acidic conditions[138-139]. The first step is either deprotonation of the amide nitrogen (base 

catalysis) or protonation of the side chain carbonyl (acid catalysis). Next, the (deprotonated) 

amide nitrogen of the amino acid in position n + 1 (relative to Asp) attacks the Asp side chain 

carboxylic group which is usually protected as an ester[110]. The protecting group leaves the 

molecule as the corresponding alcohol. The resulting aspartimide 98 can give rise to multiple 

following reactions e.g. the ring-opening by nucleophiles to yield peptide 101. Most 

prominent is the attack of piperidine and water. Since the ring-opening can also occur at the γ-

carbon, aspartimide formation ultimately leads to a mixture of α- 101 and β-peptides 102. 

Furthermore, aspartimides are prone to epimerization at the α-carbon.[140] Epimerization of 

imide 98 via hydroxy-dihydro-pyrrolone 99 leads to aspartimide 100. The latter can also 

undergo the described follow-up reactions yielding the peptides 103 and 104 which further 

complicates the situation. In summary, aspartimide formation can give rise to complex 

product mixtures that – especially for larger peptides – can be difficult to separate. 

 

Scheme 12. Base or acid-catalyzed formation and epimerization[140] of aspartimide 98/100. Ring-opening by 
nucleophiles (especially water and piperidine) leads to a complex mixture of α- 101/102 and β-peptides 103/104. 
Arrows indicate nucleophile attacking points. 

 

Since the discovery of aspartimide formation as a severe side reaction peptide chemists have 

searched for ways to overcome it. Obviously, the rate of Asi formation is dependent on the 

leaving group OPG (Scheme 12). Thus, new Asp side chain protecting groups have been 

developed (Figure 9). While benzyl (OBn)[138] 105 and allyl esters (OAll) 106 are known to 

possess a relative low stability against Asi formation, 3-methyl-3-pentyl (OMpe)[141] 108, 3-

ethyl-3-pentyl (OEpe)[142-143] 109 and especially recently published very bulky 5-n-butyl-5-
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nonyl (OBno)[142-143] 110 esters are very stable. State-of-the-art tert-butyl (OtBu) 107 esters 

can be found in-between All and Mpe.[142-143] 

 

 
Figure 9. Different ester protecting groups 105–110 for the aspartic acid side chain.  

 

Since the amide nitrogen serves as nucleophile during Asi formation it is obvious that for 

imino acid proline 111 in position n + 1 the latter cannot occur (Figure 10A).[144] In the same 

manner, the tertiary amides in e.g. Dmb/Hmb[118]- 112 or pseudoproline[123-124] protected 

peptides 113 are not able to form a cyclic imide (Figure 10B). Besides suppressing Asi 

formation, these protecting groups also enhance peptide solubility (cf. 2.2.2.1). 

 

 
Figure 10. Suppressed aspartimide formation in (A) Asp-Pro-containing peptides 111 and (B) Dmb/Hmb 112 or 
pseudoproline 113 protected peptides. 

 

In addition to protecting groups, the impact of different solvents[117], acidic additives[145-146] 

and milder Fmoc deprotection conditions[103, 105] have been studied in detail. In general, 

aprotic solvents such as THF and dichloromethane lead to less aspartimide. The amount can 

be further lowered by the addition of acidic modifiers to the coupling and/or deprotection 

solution in Fmoc-SPPS. Among them are e.g. formic acid[147], nitrophenols and N-

hydroxylamines such as HOBt (114). Mechanistically, they are believed to act as buffers 

(Scheme 13).[117] The equilibrium in the first step of base-catalyzed aspartimide formation – 

deprotonation of the amide nitrogen in peptide 97 to anion 115 – is shifted to starting 

material 97. Aspartimide formation is repressed. 

 

 
Scheme 13. Suppression of base-induced aspartimide formation by acidic modifier HOBt (114).[117] 
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Milder bases for Fmoc deprotection act via a comparable mechanism, especially when used in 

combination with acidic modifiers. In 1998, Aimoto and co-workers[105-106] presented a 

deprotection cocktail consisting of N-methylpyrrolidine (82), hexamethyleneimine (for 

quenching of dibenzofulvene (77)) and HOBt (114). Although their cocktail initially was not 

developed for the suppression of aspartimide formation, it turned out to be very effective in 

this regard.[136, 148] Similarly, Wade et al.[103] used a mixture of piperazine (80) and 

HOBt (114) to minimize aspartimide formation. The effectiveness was proven by treating the 

Asp-Gly-containing model peptide VKDGYI with either piperazine (6% in 0.1 M HOBt in 

DMF) or piperidine (20% in DMF) for 24 hours. For piperazine remarkable 74.9% of starting 

material were still intact in contrast to only 15.8% for piperidine. Nevertheless, one has to 

find the best compromise between aspartimide suppression and reasonable Fmoc deprotection 

kinetics for each and every sequence.[103] 

 

All these “extrinsic” factors such as deprotection conditions, solvent systems and the choice 

of protecting groups have in common that they can be varied. However, the formation of 

aspartimide is also highly sequence-dependent (Table 1).[144, 146]  

 
Table 1. Propensity of -Asp-Xaa- sequences to aspartimide formation; highly sensitive, +++++; weakly 
sensitive, + (table adopted from White and co-workers[142]). 
 

Preceding residue Degree of aspartimide formation  

Gly +++++  

Asn(Trt) +++  

Asp(OtBu) ++  

Arg(Pbf) ++  

Ser/Thr ++  

Cys(Acm) ++  

Cys(Trt) +  

Thr(tBu) +  

Ala +  

 

In general, Asp-Gly sequences show the highest tendency towards cyclization.[117, 137, 149-150] 

This is widely believed to be due to glycine being the least sterically demanding amino acid. 

No bulky side chain is available which could hinder the intramolecular attack of the amide. 

On the other hand, due to the tertiary amide, aspartimide formation is not possible for Asp-

Pro sequences.[144] In general, sterically demanding amino acids such as isoleucine and valine 

are least prone.[144] However, there are numerous exceptions. For instance, leucine a 

constitution isomer of isoleucin was found to be by far more susceptible than isoleucine and 

the smaller valine.[144] Together with the fact that also larger amino acids [144, 150], e.g. 

Asn(Trt), can give rise to significant amounts of Asi, this suggests that beta-branching might 

be a more important factor than the overall size of the amino acid. Furthermore, charged side 

chains and intramolecular catalysis play an important role.[144] For instance, a carboxylate ion 

in the side chain of Asp can suppress a second deprotonation of the amide while the 
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sulfur/oxygen atom in the side chain of methionine and threonine (despite beta-branching), 

respectively, catalyzes aspartimide formation. To further complicate matters, the just 

mentioned effects are highly dependent on the reaction conditions and can be completely 

converse in Boc-SPPS.[150] 

Taken together, steric but also electronic and conformational[151] effects seem to play an 

important role in aspartimide formation. These findings regarding sequence dependency can 

be particularly useful in synthesis planning – sequences which are expected to be susceptible 

towards aspartimide formation can e.g. be supported by (additional) protecting groups such as 

pseudoprolines (cf. 2.2.2.1). Despite many studies, also today, the formation of aspartimides 

can significantly hamper peptide synthesis. This is notably true for certain highly aspartimide 

prone sequences such as Asp-Gly and in general when the Asp side chain carboxylic group is 

activated – an important step in the synthesis of N-glycopeptides. Different techniques for 

their synthesis with a special regard to Asi formation will be described in the next chapter (cf. 

2.2.3).  
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2.2.3. Glycopeptide Synthesis 

 

In humans the majority of all proteins are expected to be modified with carbohydrates 

(glycosylated).[3] This modification can have a tremendous effect on protein stability, 

structure and activity.[152] Structurally, glycoproteins can be divided into two categories, O-

116/117 and N-glycoproteins 118, depending on where and how the carbohydrate moiety 

(glycan) is attached to the polypeptide chain (Figure 11). In O-glycoproteins the glycan is 

usually attached to the side chain hydroxy group of serine or threonine (Figure 11A). 

Different glycans may be attached. However, in many cases it is N-acetylgalactosamine 

(GalNAc, 116) that is further elongated at different positions or a single N-acetylglucosamine 

(GlcNAc, 117).[153] 

 

Figure 11. Generic structures of (A) O-GalNAc 116 and O-GlcNAc O-glycopeptides 117 and (B) N-
glycopeptides 118 with the peptide consensus sequence (Asn-Xaa-Ser/Thr) and core pentasaccharide. (C) Types 
of glycans found on N-glycoproteins (adopted from Unverzagt and Kajihara[154]). 

 

In N-glycoproteins 118 which are of particular interest for this dissertation the glycan is 

attached in the β-configuration to the side chain amide nitrogen of asparagine (Figure 

11B).[155-156] Despite a handful exceptions[157], N-glycosylation always occurs at a certain 

peptide consensus sequence – a tripeptide consisting of Asn-Xaa-Ser/Thr where Xaa can be 

any amino acid except for proline.[158] The glycan composition in N-glycopeptides is not 

random. The so-called core pentasaccharide consists of three mannose and two GlcNAc 

moieties which are connected as follows: Man(α1-3)-[Man(α1-6)]-Man(β1-4)-GlcNAc(β1-

4)-GlcNAc(β1-N)-Asn (Figure 11B).[159-160] Further co- and posttranslational modifications of 

the core pentasaccharide give rise to diverse structures (microheterogenity). These flexible 

structures can be classified in three subgroups depending on the glycan composition: high-

mannose type, complex type and hydride type (Figure 11C).[154] 
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As a consequence, it is difficult to isolate single peptide glycoforms from biological samples. 

However, the latter would be highly desirable since single glycoforms allow studying the 

impact of distinct glycosylation patterns and could thereby reveal concrete structure-activity 

relationships.[161] Ultimately, these findings can help to understand and tackle severe 

diseases.[6-7] 

Chemical synthesis is a powerful tool to overcome the bottleneck of isolating single peptide 

glycoforms from biological samples. In the next chapters different synthetic approaches for 

their synthesis will be presented in detail (cf. 2.2.3.1–2.2.3.3).  
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2.2.3.1. Linear Approach 

 

One way to synthesize N-glycopeptides is the so-called linear or stepwise approach. Here, 

pre-glycosylated asparagines 119 are applied in classical SPPS (Scheme 14).[9]  

 

 
Scheme 14. Linear approach for the synthesis of N-glycopeptides 58 (R = H or glycan). 

 

Since the glycan part in asparagine 119 bears reactive functional groups such as alcohols and 

carboxylic acids, glycan protection can be indispensable.[154] Despite protection, 

glycopeptides synthesized via the linear approach are usually rather small. This is mainly due 

to stability issues (hydrolysis of glycosidic bonds)[162], sluggish coupling[154], glycan-related 

side reactions[154] and aspartimide formation[163]. Still, by carefully controlling the reaction 

conditions noteworthy examples of glycopeptides synthesized by a stepwise approach have 

been reported.[161] For instance, Kajihara and co-workers[163] successfully applied glycosylated 

aspartic acid 120
[164] (Figure 12) in Fmoc-SPPS for the synthesis of a human protein CTLA-4 

fragment. They obtained the 22 amino acids long peptide fragment 129–150 in 30% yield and 

were able to further elongate it to a diglycosylated 38 amino acids long peptide by means of 

native chemical ligation[165] (NCL, cf. 4.4.4).  

 

 
Figure 12. Glycosylated asparagine building block 120

[164] for the linear synthesis of N-glycopeptides.[163] 

 

As in the last example, glycopeptides with more than about twenty amino acids are usually 

only available via fragment coupling (or NCL). Since these fragment condensations are often 

accompanied by epimerization [106, 154, 163] of the C-terminal amino acid, further approaches 

for the synthesis of N-glycopeptides were developed. These convergent approaches will be 

presented in the next chapter.  
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2.2.3.2. Convergent Approaches 

 

In contrast to the stepwise synthesis of N-glycopeptides (cf. 2.2.3.1) where the glycan is 

introduced before SPPS, in the convergent approach it is introduced at a late stage when the 

whole protein scaffold is already in place (Scheme 15). This method which was introduced by 

Lansbury and co-workers[10-11] in the early 1990s is also known as the Lansbury aspartylation.  

 

 
Scheme 15. Convergent approach for the synthesis of N-glycopeptides 122. 

 

In the convergent synthesis of N-glycopeptides 122, peptides 121 with a free aspartic acid are 

used as starting materials. These are usually synthesized on the solid-phase. After selective 

deprotection of one aspartic acid side chain the glycosyl amine 57 is coupled to it. The 

coupling can be either performed before or after[166] resin cleavage. In general, successful 

reaction is highly dependent on the coupling conditions since under basic conditions the 

activated carboxylic acid 123 rapidly cyclizes to the corresponding aspartimide 124 (Scheme 

16) (cf. 2.2.2.2).[10-11] In his cutting-edge experiments Lansbury and co-workers[10-11] found 

benzotirazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) and (2-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) to be the 

most potent coupling reagents. As a base they either used di-iso-propyethyl amine (DIPEA) or 

additional equivalents of glycosyl amine 57. Furthermore, the addition of HOBt (114) was 

found to be beneficial. 

 

 
Scheme 16. Two competing reactions: glycosylation to glycopeptide 122 versus cyclization to aspartimide 124. 
X = leaving group. 

 

Regarding coupling conditions little has changed over the last years. Nowadays, mainly (1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-

phosphate (HATU) in combination with DIPEA is used.[167] 

The main disadvantage in the convergent synthesis of glycopeptides is the lack of chemo- and 

regioselectivity. Sophisticated protecting group strategies have to be applied in order to 

selectively release the aspartic acid 121 side chain of interest. Commonly, cyclohexyl- 

(OCy)[11], 2-phenylisoproyl- (OPhiPr)[168], benzyl- (OBn)[11, 169] or allyl esters (OAll)[166] are 
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employed which can be selectively cleaved with dilute acid and/or palladium catalysis, 

respectively. However, these protecting groups are not the best in regard to the suppression of 

aspartimide formation during SPPS (cf. 2.2.2.2). 

In 2012, Unverzagt[123] and Danishefsky[124] independently discovered a significant advantage 

in the convergent synthesis of N-glycopeptides (Scheme 17). They found pseudoprolines 125 

in position n + 2 (rel. to aspartic acid) to be highly potent in suppressing aspartimide 

formation – during Fmoc-SPPS and glycosylation.  

 

 
Scheme 17. Pseudoproline-assisted aspartylation by Unverzagt[123] and Danishefsky[124]. 

 

The scope of the so-called pseudoproline-assisted aspartylation can be best illustrated by a 

synthetic example of Unverzagt and co-workers[123]. Hexapeptide Ala-Asp-Gly-Ser-Thr-

Gly 128/132 with the highly aspartimide-prone Asp-Gly motif (cf. 2.2.2.2) was synthesized 

on solid-phase either without (128, Scheme 18A) or with (132, Scheme 18B) a pseudoproline 

protection group in position n + 2. In both cases the aspartic acid side chain was protected as 

the corresponding allyl ester (cf. 2.2.2.2).  

 

 
Scheme 18. Comparison study of (A) classical aspartylation and (B) pseudoproline-assisted aspartylation.[123] 
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The ratio of desired fully protected peptide 128/132 to the corresponding aspartimide 129/133 

was determined to be 32:68 without and 95:5 with pseudoproline protection. The same 

beneficial effect was observed in the glycosylation reaction to N-glycopeptide 130/134. 

Starting form the backbone-unprotected peptide 127 nearly four times more aspartimide was 

formed as compared to the protected starting material 131 (23:77 versus 88:12). 

These findings clearly prove the tremendous effect of pseudoprolines in position n + 2 – both, 

during SPPS and aspartylation. Consequently, the application of pseudoprolines in position 

n + 2 has soon found widespread application for the synthesis of N-glycopeptides. This is 

particularly true since the consensus sequence for N-glycosylation always requires for Ser/Thr 

in position n + 2 (cf. 2.2). Recently, Unverzagt and co-workers[6] reported yet another 

milestone in N-glycopeptide chemistry. By a combination of NCL and pseudoproline-assisted 

aspartylation they claimed the first systematic synthesis of different bioactive glycoforms of a 

protein - human saposin D. (Though, they were not the first group to synthesize a native 

functional glycoprotein in general. This was achieved by was Kajihara and Dawson[8] in 

2008.) 

 

Although the results which can be achieved by pseudoproline-assisted aspartylation are quite 

impressive, the origin of the effect is not clearly understood to date (one hypothesis acts on 

the assumption that conformational changes due to a constrained backbone flexibility are 

responsible for the observed effect.[123]) and further mechanistic studies have to follow. 

Moreover, one may not forget the major drawback of the convergent approach for the 

synthesis of N-glycopeptides: the lack of regioselectivity. The peptide termini as well as all 

amino acid side chains except for the aspartic acid side chain of interest need to be protected 

and the selective release can be troublesome. Hence, ways to tackle this problem have been 

investigated. One solution – the application of aspartic thioacid instead of aspartic acid – will 

be presented in detail in the next chapter (cf. 2.2.3.3). 
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2.2.3.3. Thioacids in Glycopeptide Synthesis 

 

Thioacids 3 (RCOSH) are known to selectively react with amines in the presence of various 

other functional groups such as alcohols and carboxylic acids (cf. 2.1). They get readily 

oxidized to reactive acyl donors (e.g. dithioperoxyanhydrides 46) under neutral conditions and 

subsequently undergo a rapid and chemoselective reaction with amines to form amides. In 

contrast, their oxygen counterparts, carboxylic acids, need activation by coupling reagents 

under potential aspartimide-prone basic conditions.  

Based on these prerequisites, Danishefsky[13] and Garner[12] explored the potential of aspartic 

thioacid (-Asp(SH)-) in the synthesis of N-glycopeptides and developed impressive new 

aspartylation protocols in 2011 and 2013, respectively (Scheme 19A and Scheme 20A). They 

were able to synthesize aspartic thioacid-containing peptides 135/140 which were 

subsequently reacted with glycosyl amines to end up with native N-glycopeptides 136/141.  

 

 
Scheme 19. (A) Synthesis of N-glycopeptide 136 starting from aspartic thioacid-containing peptide 135. (B) 
Mechanistic considerations.[13] 

 

Even with highly complex oligosaccharides Danishefsky and co-workers[13] published yields 

of up to 75% (Scheme 19A). Most remarkably, activation (oxidation of the thioacids) was 

achieved by air oxygen (Scheme 19B). However, it is questionable whether only oxygen is 

responsible for the oxidation since DMSO which was used as solvent is also known[58] to 

oxidize thioacids even though at higher temperatures. Furthermore, they found the presence of 

HOBt (114) to be crucial for high yields. This can be explained mechanistically by the 

formation of a highly reactive OBt ester 137, a well-known reactive species[170] in peptide 

chemistry (Scheme 19B). Notably, all side chains in peptide 135 were unprotected which 

underlines the high chemoselectivity of the reaction. The main side product besides traces of 

aspartimide (≤ 5%) was hydrolysis (10–44%) of the thioacid to the free aspartic acid 

(-Asp(OH)-). 
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Only two years later Garner and co-workers[12] described a slightly improved version of 

Danishefsky’s[13] approach using copper(II) acetate as oxidizing agent (Scheme 20A). Due to 

the copper the reaction time could be reduced from 12 hours to only 30 minutes while 

maintaining full chemoselectivity even in the presence of free lysines. As for the 

Danishefsky[13] protocol only hydrolysis was observed as a side product. 

Unfortunately, no mechanistic insights were given. However, for comparable reactions Garner 

and co-workers claimed that the copper “does not simply involve an oxidative 

mechanism”[62]. This stands in contrast to the group of Gopi[63] which proposed an solely 

oxidative mechanism catalyzed by in situ formed copper sulfide 144 when using CuSO4 as 

starting material (Scheme 20B). In this context it is noteworthy to mention that copper (II) has 

also been found to catalyze the peptide bond formation between amino acid thioesters and 

amino acids – unfortunately again without giving mechanistic explanations.[171-172] 

 

 
Scheme 20. (A) Copper-mediated synthesis of N-glycopeptide 141

[12] starting from aspartic thioacid-containing 
peptide 140. (B) Mechanistic considerations[63].  

 

All in all, by utilizing aspartic thioacid instead of aspartic acid Danishefsky[13] and Garner[12] 

solved to problems at once. First, the addition of base to the reaction mixture was not 

necessary which rendered aspartimide formation negligible (cf. 2.2.2.2). Second, due to the 

chemoselective reaction between thioacids and (glycosyl) amines, side chain hydroxyl groups 

(Ser/Thr/Tyr) needed no protection. Most remarkably, at least for Garner’s[12] protocol, the N-

terminus as well as lysine side chain amines needed no protection either. Therefore, the 

convergent synthesis of N-glycopeptides via aspartic thioacids can solve the severe problem 

of missing regioselectivity during Lansbury aspartylation (cf. 2.2.3.2). 
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Despite their clear benefits, aspartic thioacids are not widely applied to date – most likely 

because the direct incorporation of aspartic thioacid into peptides via Fmoc-SPPS is 

challenging. Due to their susceptibility they give rise to severe side reactions. Thioesters (the 

common protected form of thioacids) are highly susceptible to nucleophilic attacks e.g. amide 

or aspartimide formation during Fmoc deprotection. Except for some preliminary 

approaches[173] which lack generality, to date no chemical method for the direct introduction 

of aspartic thioacid via Fmoc-SPPS is known.  

Hence, in Danishefsky’s[13] and Garner’s[12] seminal studies the starting material 56 was 

synthesized starting from the corresponding Lansbury aspartylation precursors 121 via 

thioesterification and subsequent thioacid liberation (Scheme 21). Obviously, the direct 

aspartylation of 121 to glycopeptide 58 according to Lansbury is the better choice comprising 

less synthetic steps and presumably better yields.  

 

 
Scheme 21. Synthesis of aspartic thioacid-containing peptides 56 via thioester 146 according to Danishefsky[13] 
and Garner[12]. The dotted arrow indicates a further possible synthesis route to aspart thioacid 56. 

 

As a consequence, during the last years, our group[148] and others[173] aimed at finding a direct 

access to aspartic thioacid-containing peptides 56 via Fmoc-SPPS (Scheme 21). Thus, O. 

Keiper[148] and J. Mannuthodikayil[33] screened for suitable aspartic thioacid protecting 

groups. First, various different non-peptidic model thioesters 147–150 (and others) were 

synthesized (Figure 13A) and subsequently tested for their stability against 20% piperidine in 

DMF via HPLC analysis (Figure 14A). The previously reported 2,4,6-trimethoxybenzyl 

(Tmob)[174] 149 and Mpe 150 thioesters were found to be stable for multiple hours while 

benzyl 148 and especially Trt thioester 147 decomposed very rapidly. With these first 

promising results in hand, aspartic thioacid-containing dipeptides 151–153 as well as a tert-

butyl protected aspartic acid dipeptide 154 (for comparison) were synthesized (Figure 13B). 

Again, their stability against 20% piperidine in DMF was analyzed by HPLC (Figure 14B). 

As expected, in the peptidic system the thioesters 151–153 were less stable than in the non-

peptidic system. This can be explained by neighboring group participation leading to 

aspartimide formation as an additional decomposition pathway (cf. 2.2.2.2). In detail, the 
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benzyl thioester 151 was completely decomposed within minutes while the Tmob 152 and 

Mpe 153 protected ones showed 50% degradation after approximately 1 to 1.5 hours. On the 

other hand, the tBu protected aspartic acid dipeptide 154 which was synthesized as a 

comparison showed a very high stability. These results clearly underlined the high 

reactivity/susceptibility of aspartic thioacid (in comparison to aspartic acid) and therefore the 

big challenge of applying aspartic thioacid in Fmoc-SPPS. 

Since a Tmob protected aspartic thioacid derivative was not believed to be stable enough for 

routine application in Fmoc-SPPS using piperidine, milder deprotection conditions were 

explored. Therefore, Tmob-protected dipeptide 152 was either treated with Aimoto’s[105-106] 

cocktail or DBU (cf. 2.2.2.1). In contrast to the treatment with piperidine, the dipeptide 152 

was completely stable with Aimoto’s cocktail or DBU for at least 7 hours. Since Tmob can be 

cleaved with TFA, Tmob thioesters were expected to be fully compatible with Fmoc-SPPS as 

long as piperidine is not applied as the deprotection reagent. 

 

 
Figure 13. (A) Selected non-peptidic model thioesters [148]

147–150. (B) Selected aspartic thioacid-containing 
model peptides 151–153 and aspartic acid-containing dipeptide 154.[148] 

 

 
Figure 14. Stability of (A) non-peptidic thioesters 147–150 and (B) peptidic (thio)esters 151–154 in 20% 
piperidine in DMF.[148] 
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Since the Tmob group looked quite promising, O. Keiper[148] synthesized Fmoc-Asp(STmob)-

OH (160) over 4 steps starting from commercially available Fmoc-Asp(OBn)-OH (155) 

(Scheme 22). First, the C-terminus was protected as 2-chlorotrityl ester to obtain fully 

protected aspartic acid 156. Next, the side chain benzyl ester was hydrogenolized and 

subsequently coupled with TmobSH (158) to yield thioester 159. Finally, the C-terminal ester 

was cleaved with diluted TFA to yield the desired aspartic thioacid building block 160. The 

low yield of 3% in the final deprotection step was not expected and a first indication of a 

possible low stability of aspartic thioacid 160. Consistently, coupling of Fmoc-Asp(STmob)-

OH (160) under various different conditions gave only very low yields[148] – presumably due 

to degradation via anhydride formation (Scheme 23).  

 

 
Scheme 22. Synthesis route for Fmoc-Asp(STmob)-OH (160) by O. Keiper[148]. 

 

 
Scheme 23. Postulated mechanism for the degradation of Fmoc-Asp(STmob)-OH (160) to anhydride 161. 

 

In 2015, Garner and co-workers[173] observed the same effect for Fmoc-Asp(STrt)-OH (164) 

which was synthesized starting from Fmoc-Asp(OH)-OAll (162) in 2 steps (Scheme 24). 

Aspartic thioacid 164 was highly unstable and decomposed via anhydride formation. 

These results clearly indicate a general stability issue with compounds of the type Fmoc-

Asp(SR)-OH. However, Garner and co-workers[173] were able to stabilize the structure motif 

by silylation of acid 164 to trimethylsilyl (TMS) ester 165 (Scheme 24). The TMS group 

which mimics a proton results in an improved overall stability while keeping the reactivity 

high enough for coupling reactions using N,N’-diisoproylcarbodiimide (166) (DIC) (Scheme 

25). Mechanistically, instead of a proton a TMS group is transferred to the DIC (166) during 

coupling. Despite this success, the building block Fmoc-Asp(STrt)-OTMS (165) was still not 

stable enough for a general application in Fmoc-SPPS. Aspartimide formation was observed 

as a severe side reaction limiting its scope significantly. 
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Scheme 24. Synthesis of Fmoc-Asp(STrt)-OTMS (165) according to Garner and co-workers[173]. 

 

 
Scheme 25. Proposed reaction mechanism for the coupling of Fmoc-Asp(STrt)-OH (165) with DIC (166).  

 

In conclusion, aspartic thioacid is a highly promising amino acid for the synthesis of N-

glycopeptides. In comparison to the classical Lansbury approach (cf. 2.2.3.2) a high chemo- 

and regioselectivity for the reaction with glycosylamines exists. However, the aspartic 

thioacid-glycosylamine-ligation has not yet found a widespread application. Most likely this 

is the case because no chemical method for the direct incorporation of aspartic thioacid into 

peptides via Fmoc-SPPS exists.  
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3. Objectives 

 

Aspartic thioacid-containing peptides 56 are interesting staring materials for the synthesis of 

N-glycopeptides 58 (Scheme 26).[12-13] The reaction of these unprotected peptides 56 with 

glycosyl amines 57 is not only highly chemoselective but also virtually free of aspartimide 

formation, one of the severest side reactions in peptide chemistry (cf. 2.2.2.2). However, no 

chemical method for the direct incorporation of aspartic thioacid into peptides via Fmoc-SPPS 

is known, dooming the thioacid-mediated aspartylation to a shadowy existence. 

All in all, the aim was to develop a simple, robust and general protocol for the synthesis of N-

glycopeptides 58 from beginning to end, meaning from synthesis of suitable building blocks 

for Fmoc-SPPS to isolation of the final N-glycopeptides 58. Like this, the highly promising 

approach of using thioacids for the synthesis of N-glycopeptides 58 should be made 

accessible for everyone. To this end, different new aspartic thioacid building blocks 169 

should be synthesized (Scheme 26). By using suitable protecting groups, these thioacids 169 

should resist Fmoc-SPPS conditions. During application in SPPS, a specific focus should be 

placed on aspartimide formation. Its dependency on diverse coupling and deprotection 

conditions should be compared by LC-MS analysis. By varying the amino acid in position 

n + 1 of peptide 170, the sequence dependency of aspartimide formation relating to aspartic 

thioacid should be investigated. 

 

 
Scheme 26. Fmoc-SPPS of aspartic thioacid-containing peptides 56 as starting materials for N-glycopeptides 58. 

 

With a robust protocol for the synthesis of aspartic thioacid-containing peptides in hand, their 

applicability for the thioacid-mediated aspartylation should be examined in detail. Different 

protocols should be investigated and compared using LC-MS analysis. Crucial points were 

expected to be the susceptibility of the free thioacid 56 as well as the choice of oxidizing 

agent. To explore the limits of the thioacid-mediated aspartylation, large peptides 56 as well 

as highly complex glycosyl amines 57 should be applied. 

Besides the synthesis of N-glycopeptides, further applications of thioacid-containing 

peptides 56 and their protected counterparts 170 should be examined. For example, an 

interesting aspartic thioacid-based peptide splicing mechanism (Scheme 27A) that has only 
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once been briefly noted by O. Keiper[148] in our group. Little to nothing is known about this 

reaction regarding cleavage specificity and efficiency of different aspartic thioacid-containing 

sequences. 

Bringing the investigations of thioacid-containing peptides to completion, the labeling of 

peptides 170 using TAL chemistry (Scheme 27B) and the suitability of aspartic thioesters 170 

for native chemical ligation (NCL, Scheme 27C) should be investigated. 

 

 
Scheme 27. Potential applications of thioacid-containing peptides 170 for (A) peptide cleavage, (B) peptide 
labeling via TAL chemistry and (C) NCL. 
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4. Results and Discussion 

4.1. Dipeptide Approach 

 

Aspartic thioacid derivatives of the kind Fmoc-Asp(SR)-OH are known to be unstable and are 

therefore no suitable building blocks for the incorporation of aspartic thioacid into peptides 

(cf. 2.2.3.3).[148, 173] By formal amidation of the carboxy group in aspartic thioacid 160 with a 

second amino acid, an aspartic thioacid-containing dipeptide 175 is obtained (Figure 15). 

Since anhydride formation is not possible anymore an improved overall stability of the 

thioacid functionality was expected. 

 

 
Figure 15. Comparison of the unstable aspartic thioacid derivative 160 and design of a novel and presumably 
more stable aspartic thioacid-containing building block 175. 

 
Although the applicability of the dipeptides 175 in peptide fragment coupling was expected to 

be limited due to epimerization via oxazolone formation[175], they were expected to be highly 

interesting model compounds to gain a better understanding of the stability of aspartic 

thioacids. Furthermore, they should be used as readily accessible and simple model 

compounds to investigate and evaluate different thioacid-mediated aspartylation protocols for 

the synthesis of N-glycopeptides.  

 

 

4.1.1. Synthesis of Building Blocks 

 

Alanine-containing dipeptide 175a was synthesized starting from Fmoc-Ala-OH (176) 

(Scheme 28). First, the C-terminus was protected. This protecting group was required to allow 

the selective cleavage of the aspartic acid side chain carboxy protecting group to later on 

selectively introduce the thioacid. Additionally, the C-terminal protection was needed to be 

cleavable in the presence of the Tmob thioester at a late stage. Initially, I decided for the 

highly acid-labile 2-chlorotrityl protecting group. However, this group turned out to be not 

sufficiently stable during synthesis and especially during silica gel chromatography leading to 

unwanted impurities. Finally, a 2-phenylisopropyl ester was chosen. While esterification 

using a peptide coupling reagent and 2-phenylisopropanol (180) failed, the application of the 

corresponding trichloroacetimidate 181 which can be synthesized and used as a solution in 

hexane[176] (Scheme 29A) led to the smooth formation of ester 177 in 57% yield. Fmoc 

deprotection, followed by coupling with Fmoc-Asp(OBn)-OH (155) yielded the dipeptide 178 

in 52%. The orthogonal benzyl protecting group allowed the selective introduction of the 
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thioacid. For this purpose, the benzyl group was removed by hydrogenolysis to form acid 179 

in 52% yield. The Tmob thiol (158) which was used for thioesterification in the next step was 

synthesized 68% yield over two steps starting from the corresponding aldehyde 182 (Scheme 

29B). After reduction to the alcohol using sodium borohydride, the thiol was formed 

according to Vetter[177] using thiourea. The so-formed TmobSH (158) was finally reacted with 

acid 179 using coupling reagent PyBOP to form the corresponding thioester. Subsequent C-

terminal deprotection using dilute TFA in dichloromethane yielded the desired aspartic 

thioacid-containing dipeptide 175a in 46% over two steps. 

 

 
Scheme 28. Synthesis route for aspartic thioacid-containing dipeptide building block 175a. 

 

 
Scheme 29. Synthesis of (A) trichloroacetimidate 181

[176] and (B) TmobSH[177] (158) starting from TmobCHO 
(182). 

 

Using the same synthetic route, two further derivatives varying in the amino acid in position 

n + 1 were synthesized by J. Zinngisser[178] in our group: Fmoc-Asp(STmob)-Ile-OH 175b 

and Fmoc-Asp(STmob)-Ser(tBu)-OH 175c (Figure 16). With these three bench-stable aspartic 

thioacid derivatives in hand, I next investigated their applicability in peptide coupling 

reactions.  
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Figure 16. Set of three aspartic thioacid-containing dipeptides 175a, 175b–c

[178] varying in the amino acid in 
position n + 1. 

 
 

4.1.2. Coupling in Solution 

 

In the past, all attempts to couple Fmoc-Asp(STmob)-OH (160) failed due to degradation.[148] 

Thus, I was highly interested in applying aspartic thioacid-containing dipeptides 175 in 

peptide couplings to study the influence of the amide bond in 175 compared to the carboxylic 

acid in 160 (Figure 15). 

To this end, I first coupled Ala-dipeptide 175a with H-Ala-OtBu in solution using standard 

peptide coupling conditions (Scheme 30A). The reaction mixture was analyzed by LC-MS. 

The formation of tripeptide 183 was observed as the main product in the chromatogram at 

254 nm (Figure 17). As expected, two isomers with the same mass were found which most 

likely derive from C-terminal epimerization of 175a upon activation (Scheme 30B) – a well-

known problem during fragment/segment coupling of peptides which proceeds via an 

oxazolone mechanism[175]. 

 

 
Scheme 30. C-terminal (A) elongation of aspartic thioacid-containing dipeptide building 175a and (B) 
epimerization of activated peptide 184 via oxazolone 185/187. 
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Figure 17. LC-MS chromatogram (254 nm) from the reaction mixture of the C-terminal elongation of 
dipeptide 175a (cf. Scheme 30). 

Nevertheless, dipeptide 175a was efficiently incorporated into tripeptide 183 and only minor 

amounts of aspartimide (Asi) were found. The desired tripeptide 183 could be isolated in an 

excellent yield of 93%. These findings clearly underline the improved stability of 

dipeptide 175a over Fmoc-Asp(STmob)-OH 160 due to the amide bond. Furthermore, I could 

show that the Tmob-thioester in dipeptide 175a is very resistant towards standard peptide 

coupling conditions (HBTU/HOBt/DIPEA in DMF). These findings were of particular 

interest and highly promising regarding a future application of Tmob-protected aspartic acid 

derivatives in Fmoc-SPPS.  

Asi

183

min2,5 5,0 7,5 10,0
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4.1.3. Application in Fmoc-SPPS 

 

Next, I tested the applicability of dipeptide 175a in Fmoc-SPPS. As first model sequence I 

decided for the tetrapeptide Glu-Asp-Ala-Ala containing the Asp-Ala motif. To allow a 

straightforward product analysis I chose a polystyrene resin with chlorotrityl linker which can 

be easily cleaved with dilute TFA leaving all peptide protecting groups intact (Scheme 31). 

First, the Fmoc-Ala pre-loaded resin was deprotected using Aimoto’s cocktail[106] (cf.2.2.2.2). 

Subsequently, the aspartic thioacid-containing dipeptide 175a was coupled using varying 

standard peptide coupling reagents. After another deprotection coupling cycle with glutamic 

acid, the resulting tetrapeptide was cleaved from the resin and analyzed by LC-MS regarding 

side product formation – especially aspartimide (Asi) and deletion sequences (–Xaa). In these 

and all further experiments, the peaks were assigned by mass spectrometry. 

 

 
Scheme 31. Application of aspartic thioacid-containing dipeptide 175a in Fmoc-SPPS for the synthesis of 
tetrapeptide 188. *: 25v/v% N-methylpyrrolidine, 2v/v% hexamethyleneimine, 4.2w/v% HOBt in a mixture (1:1) 
of NMP/DMSO.[106] 

 
Table 2. Investigation of different coupling conditions for the Fmoc-SPPS of tetrapeptide 188 (cf. Scheme 31). 
Conditions: 1 eq. HBTU/HOBt and 1.5 eq. DIPEA relative to amino acid (building block), deprotection with 
Aimoto’s cocktail[106] (3/5/7 min), solvent: NMP. 

 Coupling conditions Ratios LC-MS (254 nm) 

Entry 175a Glu ([–Dipeptide]1+[–Glu]2)/188 Asi/188 

1 2 eq., 2 h   4 eq., 1 h 0.67:1 0.05:1 

2 2 eq., 2 h3   4 eq., 1 h3 1.77:1     - 

3 2 eq., 2 h4   4 eq., 1 h4 1.88:1     - 

4 2 eq., 2 h5   4 eq., 1 h5 3.59:1     - 

5 5. eq, 2 h   4 eq., 1 h 0.23:1 0.04:1 

6 5. eq, 2 h   5. eq, 2 h 0.08:1 0.04:1 

7 5. eq, 2 h 10. eq, 2 h 0.08:1 0.05:1 
1: Dipeptide Fmoc-Glu(OtBu)-Ala-OH, 2: Tripeptide Fmoc-Asp(STmob)-Ala-Ala-OH, 3: HATU/HOAt instead 

of HBTU/HOBt, 4: PyBOP/HOBt instead of HBTU/HOBt, 5: COMU instead of HBTU/HOBt. 
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Table 2 summarizes the results using different coupling reagents, equivalents and reaction 

times. Using 2 eq. of dipeptide 175a (2 eq. HBTU/HOBT, 3 eq. DIPEA) and 4 eq. of Fmoc-

Glu-OH (6 eq. HBTU/HOBt, 6 eq. DIPEA) gave rise to only very low amounts of aspartimide 

(Asi) (entry 1, Figure 18A). However, significant amounts of deletion sequences (–Dipeptide 

and –Glu) were found which might either origin from incomplete coupling or incomplete 

deprotection. By applying HATU (entry 2), PyBOP (entry 3) or COMU (entry 4) as the 

coupling reagent no improvements could be achieved. However, using more equivalents of 

dipeptide 175a (entry 5, Figure 18B) and Fmoc-Glu-OH (entry  6) led to significant 

improvement and the ratio of deletion sequences to desired tetrapeptide 188 decreased to 

0.23:1 and 0.08:1, respectively. Importantly, the amount of aspartimide did not increase. 

Nevertheless, using even more equivalents of amino acid (entry 7, Figure 18C) did not further 

improve the ratio. Thus, the very mild deprotection according to Aimoto[106] presumably did 

not quantitatively remove all Fmoc protecting groups. 

 

 
Figure 18. LC-MS chromatograms (254 nm) from the Fmoc-SPPS of tetrapeptide 188 (cf. Scheme 31) after 
analytical resin cleavage. Conditions are given in Table 2. (A: entry 1, B: entry 5, C: entry 7) 

 

To summarize, in these preliminary experiments I was for the first time able to incorporate an 

aspartic thioacid into a small model peptide via Fmoc-SPPS. Since the final goal is the 

synthesis of N-glycopeptides, I next aimed at the synthesis of a naturally occurring N-

glycopeptide sequence. I chose the fragment 210–214 (Glu-Asn-Ala-Thr-Ala) of human 

haptoglobin which contains the N-glycosylated Asn-Ala-Thr motif (cf. 2.2.3) (Scheme 

32).[179] I started from the same Fmoc-Ala pre-loaded resin as before. After Fmoc 

deprotection, Fmoc-Thr-OH was coupled as the first amino acid. Two further deprotection 

coupling cycles with dipeptide Fmoc-Asp(STmob)-Ala-OH (175a) and Fmoc-Glu-OH 

yielded the desired pentapeptide 189 after resin cleavage. In this experiment I was particularly 

interested in whether I can completely omit deletion sequences (–Xaa) by optimizing 

A

B

C

Asi

-Dipeptide

188

min2,5 5,0 7,5 10,0 12,5 15,0

-Glu
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deprotection/coupling conditions and whether aspartimide formation becomes a more severe 

problem in sequences containing the naturally occurring N-glycosylation sequon (Asn-Xaa-

Ser/Thr, cf. 2.2.3). 

 

 
Scheme 32. Application of aspartic thioacid-containing dipeptide 175a in Fmoc-SPPS for the synthesis of 
pentapeptide 189. 

 

 
Table 3. Investigation of different conditions for the Fmoc-SPPS of pentapeptide 189 (cf. Scheme 32). 
Conditions: 1 eq. HBTU/HOBt and 1.5 eq. DIPEA relative to amino acid (building block), solvent: NMP.            

 Coupling conditions Ratios LC-MS (254 nm) 

Entry 175q Thr/Glu deprotection –Dipeptide/189 Asi/189 

1 2 eq., 2 h   4 eq., 1 h 3/5/7 min 0.09:1 0.35:1 

2 5 eq., 2 h   5 eq., 2 h 3/5/7 min 0.10:1 1.26:1 

3 5 eq., 2 h   5 eq., 2 h 2/4/6/8 min 0.04:1 1.16:1 

4 5 eq., 2 h1   5 eq., 2 h1 1/3/6 min1  - 1.00:0 
1: solvent: DMF instead of NMP, deprotection: 2% DBU in DMF[107] instead of Aimoto’s cocktail[106]. 

 

Table 3 summarizes the results using different equivalents of coupling reagent and 

deprotection conditions. Using the same initial conditions as for the Fmoc-SPPS of 

tetrapeptide 188 (cf. Table 2) I once again observed many peaks belonging to deletion 

sequences in the LC-MS chromatogram (entry  1, Figure 19A). Furthermore, high amounts of 

aspartimide were observed (ratio Asi/189 0.35:1) giving a first hint at the by far higher 

susceptibility towards aspartimide formation of this naturally occurring sequence 189 in 

comparison to tetrapeptide 188. By using more equivalents of amino acid (building block) and 

longer coupling times, the overall amount of deletion sequences could be lowered yet not 

completely suppressed (entry  2, Figure 19B). However, these conditions led to inacceptable 

high amounts of aspartimide (Asi). Since further optimizations regarding the deprotection 

reaction with Aimoto’s cocktail[106] (20 minutes of total deprotection time instead of 
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15 minutes) could not completely eliminate the occurrence of deletion sequences (entry  3, 

Figure 19C), questions about the general suitability of Aimoto’s[106] deprotection conditions 

raised. Hence, I next investigated DBU (2% in DMF) as the deprotection reagent (entry 4). 

However, these conditions were too harsh and exclusively yielded the corresponding 

aspartimide. 

 

 
Figure 19. LC-MS chromatograms (254 nm) from the Fmoc-SPPS of pentapeptide 189 (cf. Scheme 32) after 
analytical resin cleavage. Conditions are given in Table 3 (A: entry 1, B: entry 2, C: entry 3). 

 
In general, these first two Fmoc-SPPS results suggest that the dipeptides 175 are not yet a 

general solution to the problem of incorporating aspartic thioacid into peptides via SPPS. 

Despite the fact that the dipeptides 175 have a highly improved stability compared to Fmoc-

Asp(STmob)-OH 160 and certain appreciable success for the synthesis of tetrapeptide 188, 

one still faces problems regarding the overall stability of the protected thioacid. Obviously, 

aspartimide formation can become a severe problem under the basic conditions occurring 

during couplings and especially Fmoc deprotection. Due to the high susceptibility towards 

aspartimide formation, very mild Fmoc deprotection conditions are inevitable. However, these 

conditions can lead to significant impurities and therefore low yields due to incomplete 

deprotection. The completeness of deprotection and the susceptibility towards aspartimide 

formation have to be accurately balanced in order to achieve acceptable yields of the desired 

peptide. All in all, an even more stable structure motif than the dipeptides 175 would be 

highly desirable for a general and more convenient application in Fmoc-SPPS. 

Furthermore, the current “dipeptide approach” is accompanied with another major drawback: 

epimerization. Since a peptide fragment and not a single Fmoc-protected amino acid is 

coupled, C-terminal epimerization occurs. This well-known problem in peptide chemistry[175] 

can be tackled by altering the coupling conditions, e.g. using DIC/HOAt as the coupling 

reagent.[180] However, attempts by J. Zinngisser[178] in our group were only partially 

successful. Epimerization could be lowered (approx. 4.5:1) though not to an acceptable level. 
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Despite the challenges during application of the dipeptides 175a–c in Fmoc-SPPS, they are 

valuable tools for a better understanding of the stability of aspartic thioacids in peptides and a 

big step towards a general solution to the problem of incorporating thioacids into peptides via 

Fmoc-SPPS. In addition, they turned out to be valuable tools for studying the N-glycosylation 

of aspartic thioacid-containing peptides in small model peptides (cf. 4.4.1.1).  
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4.2. Tripeptide Approach 

 

At the beginning of this work (cf. 4.1), it was shown that dipeptides of the kind Fmoc-

Asp(STmob)-Xaa-OH (175) possess a highly improved stability when compared to Fmoc-

Asp(STmob)-OH (160). This “dipeptide approach” for the first time allowed the synthesis of 

aspartic thioacid-containing peptides 188/189 via Fmoc-SPPS. Nevertheless, the overall 

stability of the dipeptides 175 was still not high enough for a general application. This was 

also true because couplings were accompanied by C-terminal epimerization. 

Therefore, I came up with the idea of an improved “tripeptide approach”. The simplest idea to 

tackle the first problem, the stability of the thioacid, would be an improved protecting group. 

However, Tmob has already been heavily investigated in our group[148] and was found to be 

the best protecting group for our purposes (cf. 2.2.3.3). As a consequence, the only chance for 

further stabilization of the thioacid is via the adjacent amino acid(s). Pseudoproline backbone 

protecting groups (cf. 2.2.2.1) in position n + 1 suppress aspartimide formation since the 

amide nitrogen which usually serves as the nucleophile is protected. However, the 

incorporation of a pseudoproline in position n + 1 is only possible for a serine, threonine or 

cysteine at that position limiting the scope of accessible sequences significantly. Interestingly, 

pseudoprolines in position n + 2 do also minimize aspartimide formation (cf. 2.2.3.3). Since 

the sequon of N-glycopeptides always requires a serine or threonine in position n + 2, the 

incorporation of a pseudoproline is not disadvantageous regarding the number of accessible 

sequences. Most importantly, the pseudoproline in a tripeptide 190 (Figure 20) would also 

solve the second big problem of the “dipeptide approach”, C-terminal racemization. C-

terminal pseudoprolines, as e.g. commercially available in dipeptides of the kind Fmoc-Xaa-

Ser/Thr/Cys(Ψme,mepro)-OH (92, cf. 2.2.2.1), are known to allow racemization-free coupling. 

Hence, the described tripeptides 190 should solve all remaining problems of the “dipeptide 

approach” while meeting all requirements for Fmoc-SPPS. 

 

 
Figure 20. Comparison of the unstable and partially stable aspartic thioacid derivative 160 and 175, respectively. 
Design of a novel and presumably more stable and non-racemizing aspartic thioacid-containing tripeptide 
building block 190 for application in Fmoc-SPPS. 
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4.2.1. Synthesis of Building Blocks 

 

As first tripeptide building block Fmoc-Asp(STmob)-Ala-Thr(Ψme,mepro)-OH (190a) was 

synthesized (Scheme 33). The synthesis was planned via a comparable route as for the 

dipeptides 175 (cf. 4.1.1). Once again a C-terminal protecting group was required that can be 

cleaved at a late stage in the presence of the Tmob thioester and the highly acid-labile 

pseudoproline. Since the phenylisopropyl protecting group proved to be just right in the 

“dipeptide approach” I consistently relied on this protecting group. 

 

 
Scheme 33. Synthesis of aspartic thioacid-containing tripeptide building block 190a. 

 

The phenylisopropyl group was introduced to Fmoc-Thr-OH (191) via the known 

trichloroacetimidate 181
[176] to yield protected threonine 192 in very good yields. After Fmoc 

deprotection of threonine 192 it was coupled with Fmoc-Ala-OH using HBTU/HOBt to 

obtain dipeptide 193a in 86% yield. After another deprotection-coupling cycle with Fmoc-

Asp(OBn)-OH (155) the tripeptide scaffold 194a was obtained. In the next step, the aspartic 

acid side chain benzyl ester was selective cleaved in the presence of the phenylisopropyl ester 

to yield acid 195a in 47% over two steps. Next, the thioester and the pseudoproline needed to 

be introduced. Regarding aspartimide formation it was found to be beneficial to introduce the 

pseudoproline prior to the thioester. Accordingly, treatment of tripeptide 195a with 2-

methoxypropene under acid catalysis yielded the pseudoproline 196a in 69%. As an acidic 

catalyst, the very slightly acidic pyridinium p-toluenesulfonate (PPTS) was used to leave the 

acid-labile C-terminal protecting group intact. With pseudoproline 196a in hand, the thioester 

was readily introduced in 82% yield using TmobSH (158) and PyBOP. In this step it is 

noteworthy to mention that a lower temperature (–15 °C to 0 °C) led to less Asi formation and 
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therefore easier purification and higher yields. Finally, the C-terminal ester was cleaved using 

2% TFA in dichloromethane. Since the highly acid-labile pseudoproline gets partially 

hydrolyzed under these conditions another backbone protection step was added. All attempts 

to selectively cleave the ester in the final steps failed. Neither lowering the temperature nor 

using alternative weak acids such as trichloroacetic acid, camphorsulfonic acid or p-

toluenesulfonic acid were found to be superior to TFA. Nevertheless, the desired Ala-

tripeptide 190a, was isolated in 62% yield over the last two steps. The overall yield was 12% 

over 10 steps. 

In addition to Ala-tripeptide 190a five further tripeptide building blocks 190b–f, differing in 

the amino acid in position n + 1, were synthesized (Figure 21). They were synthesized via the 

same synthesis route as Ala-tripeptide 190a and the yield over all steps was in most cases 

comparable or significantly better as in the Ala case (15–40%, Scheme 34). Only for the 

challenging glycine sequence 190f the yield was slightly below (9%). 

 

 
Figure 21. Synthesized aspartic thioacid-containing tripeptides 190a–f. *: regarding the deprotected species. 

 

The choice of the amino acid in position n + 1 was of utmost importance since aspartimide 

formation is highly dependent on amino acid n + 1 – at least in the case of aspartic acid 

derivatives (cf. 2.2.2.2). Hence, I decided to cover the full range between highly (Asp-

Gly 190f) and medium (Asp-Asp(OtBu) 190b, Asp-Ala 190a) to barely (e.g. Asp-

Trp(Boc) 190e) aspartimide-prone sequences. Furthermore, the six different amino acids in 

position n + 1 can be classified to all four groups of different side chain chemical properties: 

unpolar (Asp-Ala 190a, Asp-Trp 190e), polar (Asp-Gly 190f, Asp-Ser 190d), basic (Asp-

Lys 190c) and acidic (Asp-Asp 190c). 

Like this I was able to study the general robustness of the “tripeptide approach” regarding 

sequence-dependent degradation of the aspartic thioacid – not only during Fmoc-SPPS but 

also regarding a future application in N-glycosylation reactions. 
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Scheme 34. Overview of the six synthesized aspartic thioacid-containing tripeptide building blocks 190a–f with 
varying amino acid in position n + 1. Xaa = a: Ala, b: Asp(OtBu), c: Lys(Boc), d: Ser(tBu), e: Trp(Boc), f: Gly. 
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4.2.2. Application in Fmoc-SPPS 

 

With the six different tripeptide building blocks 190a–f in hand, Fmoc-SPPS was performed. 

As first model peptide the fragment 205–214 (Phe-Leu-Asn-His-Ser-Glu-Asn-Ala-Thr-Ala) 

of human haptoglobin, containing the N-glycosylated Asn-Ala-Thr motif, was chosen.[179] 

The synthesis started from Fmoc-Ala-loaded 2-chlorotrityl-modified polystyrene resin 

(Scheme 35). Since the very mild Fmoc deprotection using Aimoto’s cocktail[106] caused 

problems in the “dipeptide approach”, slightly more basic piperazine[103] was used (6 w/w% in 

0.1 M HOBt in DMF) (cf. 4.1.3 and 2.2.2.2).  

 

 
Scheme 35. Application of tripeptide building blocks 190a–f in Fmoc-SPPS. Xaa = a: Ala, b: Asp(OtBu), c: 
Lys(Boc), d: Ser(tBu), e: Trp(Boc), f: Gly. 
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After Fmoc deprotection with piperazine for 5/15 minutes, Ala-tripeptide 190a was coupled 

using standard peptide coupling reagents HBTU/HOB/DIPEA in DMF. For complete 

coupling which was confirmed by the absence of free amino groups in the Kaiser test, a 

slightly prolonged coupling time of 3 hours was necessary. Next, another deprotection-

coupling cycle with Fmoc-Glu(OtBu)-OH was performed. At that stage (pentapeptide) a small 

resin sample was taken and the peptide was cleaved from the resin using dilute TFA. The 

chlorotrityl linker allowed the straightforward product analysis of fully protected peptides via 

LC-MS (Figure 22A). The chromatogram (254 nm) revealed highly pure pentapeptide 198a. 

Virtually no aspartimide 199a was found and as expected no racemization occurred. 

Furthermore, no deletion sequences could be detected which underlines the qualification of 

piperazine as Fmoc deblocking reagent. Encouraged by these first results I went on with the 

SPPS. After five further deprotection coupling cycles the resulting decapeptide was cleaved 

from the resin and was analyzed by LC-MS as described above (Figure 22B). Once again the 

chromatogram (254 nm) revealed only one major peak belonging to the desired 

decapeptide 200a. Only small amounts of aspartimide were found. The ratio of 

decapeptide 200a to aspartimide 201a was remarkably 96:4 (Table 4, entry 1). Finally, 

decapeptide 200a was preparatively cleaved from the resin, purified via silica gel 

chromatography and isolated in an excellent yield of 59%. 
 

 
Figure 22. LC-MS chromatogram (254 nm) of (A) Ala-pentapeptide 198a and (B) Ala-decapeptide 200a after 
analytical resin cleavage. 

 
Table 4. Ratio of desired peptide to aspartimide at the penta- and decapeptide stages as determined by 
integration of the corresponding peaks in the LC-MS chromatogram (254 nm). Isolated yields of 
decapeptides 200a–f. 

Entry Xaa 198/199 200/201 Isolated yield 

1 a: Ala    > 99:1     96:4 59% 

2 b: Asp(OtBu)       99:1     89:11 66% 

3 c: Lys(Boc)    > 99:1     99:1 72% 

4 d: Ser(tBu)    > 99:1     95:5 62% 

5 e: Trp(Boc)    > 99:1     94:6 52% 

6 f: Gly       96:4     12:88 n.d. 

min0 10 20 30 40 50 60

A

B

198a

201a

200a

199a



51 
 

These first SPPS results for the Ala-tripeptide 190a were highly promising regarding a 

general solution for the problem of incorporating aspartic thioacid into peptide via Fmoc-

SPPS. This is especially true when comparing the results with the “dipeptide approach” 

(cf. 4.1.3) in which racemization was a severe problem and the ratio of pentapeptide 189 to 

aspartimide was high (1:1.16) for the same pentapeptide sequence. 

Next, the tripeptides 190b–f were applied in Fmoc-SPPS. The results are summarized in 

Table 4. At the pentapeptide stages 198b–f only traces or minor amounts of aspartimide 

occurred. The (in aspartic acid-containing peptides) non to medium aspartimide-prone 

sequences (Asp-Ala/Lys(Boc)/Ser(tBu)/Trp(Boc), entries 1, 3–5) caused only traces of 

aspartimide 199 (cf. 2.2.2.2). In comparison, the Asp-Asp (99:1, entry 2) and especially the 

highly aspartimide-prone Asp-Gly (96:4) sequence caused significant amounts of aspartimide. 

This is in particular true when considering that the aspartic thioacid had to resist only one 

deprotection-coupling cycle after its incorporation. Nevertheless, all pentapeptides were 

obtained as the main product and it’s noteworthy to mention that the amount of aspartimide 

formed for these small peptides is negligible in practice. 

At the decapeptide stages 200b–f the same general trends could be observed. The amino acids 

in position n + 1 which are typically known (in aspartic acid-containing peptides) to cause 

only minor amounts of aspartimide such as Ala, Lys(Boc), Ser(tBu) and Trp(Boc) (entries 1, 

3–5) did so also for the aspartic thioacid decapeptides 200. The ratio of decapeptide 200 to 

aspartimide 201 was mostly between 99:1 (Lys decapeptide 200c, entry 3) and 89:11 (Asp 

decapeptide 200b, entry 2). Only the Asp-Gly sequence 200f caused significant amounts of 

aspartimide (12:88, entry 6) rendering the general application of Gly-tripeptide 190f in Fmoc-

SPPS for larger peptides unlikely. Nevertheless, all the other decapeptides 200a–e could be 

easily purified via silica gel chromatography and were isolated in good yields ranging from 52 

to 72% (Table 4). 

In summary, all six aspartic thioacid-containing tripeptides 190a–f were successfully 

synthesized and incorporated into peptides via Fmoc-SPPS. Side product formation, namely 

aspartimide formation, was a negligible problem for all sequences except for the glycine 

case 190f. Moreover, it could be shown that aspartimide formation in aspartic thioacid-

containing peptides follows the same rules regarding sequence dependency as for aspartic 

acid-containing peptides (cf. 2.2.2.2). The Asp(STmob)-Gly sequence is by far most 

susceptible to aspartimide formation, the Asp(STmob)-Asp(OtBu) sequence has a slightly 

increased risk. When comparing with the “dipeptide approach”, it is obvious that the 

tripeptides 190a–f possess a by far improved stability over the dipeptides 175. Like this, for 

the first time, larger aspartic thioacid-containing peptides were easily accessible in a high 

purity via standard Fmoc-SPPS.  
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4.2.3. Comparison with Other Approaches 

 

While the application of the tripeptides 190a–f in Fmoc-SPPS was under investigation 

(cf. 4.2.2), Garner and co-workers[173] published the synthesis of Fmoc-Asp(STrt)-

OTMS (165) for application in Fmoc-SPPS (cf. 2.2.3.3, Scheme 24 and Scheme 25). Initially, 

they wanted to apply Fmoc-Asp(STrt)-OH (164) which, however, proved to be not stable. 

Therefore, the structure was stabilized by replacing the carboxylic acid proton by a TMS 

group. Nevertheless, coupling of TMS ester 165 was, except for the least prone sequences e.g. 

Asp(STrt)-Val, accompanied by large amounts of aspartimide. For example, the hexapeptide 

H-Val-Gln(Trt)-Lys(Boc)-Asp(STrt)-Ala-Thr(Ψme,mepro)-NH2 with the, in this dissertation 

well investigated, Asp-Ala sequence was obtained in a 1:3 mixture with its aspartimide. 

According to our own preliminary studies regarding the stability of different thioesters (cf. 

2.2.3.3, Figure 14), these unsatisfactory results can be clearly attributed to the highly labile 

trityl thioester. Thus, I aimed at the synthesis of an improved building block Fmoc-

Asp(STmob)-OTMS (204) with a more stable thioester protecting group (Scheme 36) and 

wanted to compare it to the “tripeptide approach” in Fmoc-SPPS (cf. 4.2) 

 

 
Scheme 36. Synthesis of aspartic thioacid 204 for application in Fmoc-SPPS. 

 

For the synthesis of aspartic thioacid 204 I started from commercially available Fmoc-

Asp(OH)-OAll (202). The thioester was introduced in very good yields using the conditions 

previously applied for the synthesis of the aspartic thioacid-containing di- and 

tripeptides 175/190, PyBOP and TmobSH (158) at –15 °C. Next, the allyl ester was cleaved in 

analogy to Garner and co-workers[173] using Pd0 and PhSiH3. However, the purification of 

acid 160 turned out to be complicated. Since silica gel chromatography and recrystallization 

failed to remove all impurities, RP-HPLC had to be performed. In this context, it is 

noteworthy to mention that a very high purity of acid 160 is crucial for success of the final 

silylation step. Furthermore, TMS ester 204 cannot be purified by common methods anymore 

due to its very high tendency to hydrolyze. Indeed, it was found that TMS ester 204 was only 

accessible starting from thoroughly dried (lyophylization) acid 160 and freshly distilled 

trimethylsilyl chloride (over CaH2) in dry dichloromethane (over CaH2). Since TMS ester 204 

immediately hydrolyzed on TLC plates, the reaction course was monitored by 1H NMR in 

deuterated chloroform. Finally, the desired aspartic thioacid 204 was obtained in 78% yield 

and was immediately applied in Fmoc-SPPS according to Scheme 37. 
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Scheme 37. Application of aspartic thioacid 204 in Fmoc-SPPS for the synthesis of decapeptide 200a. 

 

To compare the suitability of aspartic thioacid 204 with the “tripeptide approach” (cf. 4.2.2), 

the same decapeptide sequence 200a was synthesized. In analogy to Garner and co-

workers[173] and according to the state-of-the-art method for the synthesis of N-

glycopeptides[123-124] (cf. 2.2.3.2) I introduced a pseudoproline dipeptide (Fmoc-Ala-

Thr(Ψme,mepro)-OH) prior to the aspartic thioacid. After another deprotection step the aspartic 

thioacid 204 was coupled using the conditions described by Garner and co-workers[173], 2 eq. 

amino acid 204, DIC, HOBt and DIPEA, each, in dichloromethane with a coupling time of 
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one hour. After one and six further deprotection-coupling cycle(s), respectively, the product 

composition after analytical resin cleavage was analyzed by LC-MS as described above (cf. 

4.2.2). At the pentapeptide stage 198a only traces of aspartimide 199a were found (Figure 

23A). No racemization could be detected. This result is identical to that of the “tripeptide 

approach” and underlines the tremendous effect of the TMS group in aspartic thioacid 204 

since coupling of Fmoc-Asp(STmob)-OH 160 was impossible due to degradation[148] (cf. 

2.2.3.3). At the decapeptide stage a ratio of 97:3 of decapeptide 200a to aspartimide 201a was 

found (Figure 23B). This result is nearly identical and within the error of measurement to that 

of the “tripeptide approach” (96:4). 

At first glance, these highly remarkable results render the application of Fmoc-Asp(STmob)-

OTMS (204) for the general synthesis of aspartic thioacid-containing peptides highly 

promising. In comparison to the “tripeptide approach” only one derivative for every sequence 

is needed which can be synthesized in three steps. Furthermore, only two equivalents of 

aspartic thioacid 204 with a coupling time of one hour were necessary. However, the 

synthesis of 204 proved to be difficult. The allyl deprotection to acid 160 gave only low 

yields and most importantly the final TMS ester 204 was not storable. Therefore, aspartic 

acid 204 always has to be freshly prepared prior to application in Fmoc-SPPS. This is in 

contrary to the future goal of a commercially available aspartic thioacid building block. 

All in all, both approaches are interesting and have different advantages as well as 

disadvantages though the final result in Fmoc-SPPS is the same. Due to its lability, aspartic 

thioacid 204 is likely not to find widespread application in industry while specialized 

laboratories will appreciate its broad applicability. On the other hand the bench-stable and 

easy to use tripeptides Fmoc-Asp(STmob)-Xaa-Ser/Thr(Ψme,mepro)-OH 190 could find a 

glorious future as omnipresent, commercially available aspartic thioacid building blocks such 

as Mutter’s[120-122] pseudoproline dipeptides from 1990’s did (cf. 2.2.2). 

 

 
Figure 23. LC-MS chromatogram (254 nm) of (A) Ala-pentapeptide 198a and (B) Ala-decapeptide 200a after 
analytical resin cleavage. 
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Finally, I wanted to compare the Fmoc-SPPS results of the “tripeptide approach” (cf. 4.2.2) to 

the state-of-the-art approach for the synthesis of N-glycopeptides – the pseudoproline-

assisted[123-124] synthesis of Asp(OAll)-containing peptides as precursors for Lansbury 

aspartylation (cf. 2.2.3.2). Like this, I wanted to get a better understanding of the general 

susceptibility of the decapeptide sequence Phe-Leu-Asn-His-Ser-Glu-Asp-Ala-Thr-Ala. 

Once again, I started from an Fmoc-Ala loaded 2-chlorotrityl modified polystyrene resin 

(Scheme 38). After Fmoc deprotection using piperazine, I coupled a pseudoproline dipeptide. 

In the next deprotection-coupling cycle the aspartic acid was introduced as Fmoc-Asp(OAll)-

OH. 

 

 
Scheme 38. Pseudoproline-assisted Fmoc-SPPS of decapeptide 207. 
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After one and six further deprotection-coupling cycles, respectively, the product composition 

after analytical resin cleavage was analyzed by LC-MS as described above. 

 

 
Figure 24. LC-MS chromatogram (254 nm) of (A) pentapeptide 205 and (B) Ala-decapeptide 207 after 
analytical resin cleavage. 

 

At the pentapeptide stage (Figure 24A) as well as at the decapeptide (Figure 24B) stage only 

traces of aspartimide 206/208 could be detected. The ratio of desired peptide 205/207 to 

aspartimide 206/208 was > 99:1 in both cases. Compared to the results of the “tripeptide 

approach” for the synthesis of Ala-penta-/decapeptide 198a/200a (> 99:1 and 96:4; cf. 4.2.2) 

less aspartimide is formed. At first glance, one could think this means that the state-of-the-art 

approach for the synthesis of N-glycopeptides via pseudoproline-assisted Lansbury 

aspartylation[123-124] (207→209→210) will give higher yields than the thioacid-mediated 

aspartylation[12-13] (190a→211→210) (Scheme 39 and cf. 2.2.3.2). However, one has to 

consider that the synthetic access via Lansbury aspartylation comprises more steps.  

 

 
Scheme 39. Synthesis of N-glycopeptide 210 via pseudoproline-asssisted (Lansbury) aspartylation[123-124] 
(207→209→210) or thioacid-mediated aspartylation[12-13] (190a→211→210). 
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Namely, the selective release of the aspartic acid side chain carboxy group from allyl 

ester 207. Furthermore, the aspartylation of aspartic acid 209 under basic conditions (cf. 

2.2.3.2) can promote aspartimide formation, further lowering the overall yield of 

glycopeptide 210. Although it is nearly impossible to predict which of the two procedures will 

finally give higher yields of N-glycopeptide 210, the two just described drawbacks render the 

slightly better results during Fmoc-SPPS of peptide 207 over 200a negligible. Taken together, 

with the now created direct access to aspartic thioacid-containing peptides (“tripeptide 

approach”) a new door was opened – the possibility of routinely applying the thioacid-

mediated aspartylation for the synthesis of N-glycopeptides as a coequal method to the 

(pseudoproline-assisted) Lansbury aspartylation (cf. 4.4.1). 
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4.3. Thioacid-Containing Pyrrolysine Mimics 

 

In the last chapters (cf. 4.2) it was shown that thioacid-containing peptides can be synthesized 

via Fmoc-SPPS using the tripeptides 190a–f or TMS ester 204. However, due to the common 

restrictions in SPPS, only smaller peptides are accessible (cf. 2.2.2). For the synthesis and 

labeling of whole proteins e.g. via the thioacid-azide ligation[33-34] with electron-deficient 

azides (cf. 2.1.1), another thioacid incorporation method is desirable.  

In collaboration with the group of D. Summerer from the TU Dortmund we aimed at using 

thioacid-containing pyrrolysine mimics in the PylRS/tRNA system (cf. 2.2.1) for the 

expression of thioacid-containing proteins in living cells. The synthesis of these new 

pyrrolysine analogs was conducted in our lab while the biological work was done by Dr. M. 

Schmidt from the Summerer group. 

 

4.3.1. Synthesis and Stability Tests 

 

First, I wanted to synthesize lysine 215 (Scheme 40). For a good enzymatic acceptance of 

lysine 215, a carbamate should be introduced at Nε (cf. 2.2.1). To this carbamate a 

phenylisopropyl-protected thioacid should be attached via a short methylene linkage. The 

phenylisopropyl protecting group was chosen due to its small size in comparison to other 

thioacid protecting groups[148] which should enhance enzymatic acceptance. Regarding 

stability a phenylisopropyl thioester is likely to be as stable as a mesityl thioester.[148] 

Therefore, in the first step the thioester was introduced to glycolic acid (212) using 2-

phenylisopropyl thiol (216) and PyBOP. The thiol 216 itself was synthesized starting from 

alcohol 180 which was reacted with Lawesson’s reagent (Scheme 41). This reaction 

proceeded in a very good yield of 90% and no purification was needed. Next, the alcohol 213 

was connected to Fmoc-Lys-OH using the conditions described by Schmidt et al.[181]. The 

hydroxyl group of 213 was activated using N,N’-disuccinimidyl carbonate (DSC) in MeCN. 

After approx. 1 hour, TLC showed complete consumption of starting material and the 

unstable active carbonate intermediate was purified by a short plug of silica before 

immediately reacting it with Fmoc-Lys-OH. The thioacid-modified lysine 214 was obtained 

in 28% yield over 2 steps. Finally, the Fmoc group in lysine 214 needed to be deprotected. 

This, however, proved to be complicated. 

 

 
Scheme 40. Route I for the synthesis of thioacid-modified lysine 215. 
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Scheme 41. Synthesis of 2-phenylisopropyl thiol (216). 

 

Neither treatment of Fmoc-protected lysine 214 with 2% DBU (DMF) nor with mildly basic 

Aimoto’s cocktail[106] led to the formation of the desired lysine derivative 215. Instead, 

degradation took place. In the case of treatment with Aimoto’s cocktail careful LC-MS 

analysis (Figure 25) of the reaction mixture led to the detection of a rapidly formed Fmoc-

protected cyclic imide 217 (Scheme 42) and dibenzofulvene 77.  

 

 
Figure 25. LC-MS chromatograms (254 nm) of lysine 214 after (A) 0 min, (B) 1 min and (C) 19 hours of 
treatment with Aimoto’s cocktail[106]. 

 

 
Scheme 42. Base-induced decomposition of lysine 214 to imide 218 via two possible reaction pathways. 
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Mechanistically, two reaction pathways are possible. The first one (left path) proceeds via 

imide 217 which is formed upon intramolecular attack of the carbamate nitrogen in 214. 

Subsequently, the five-membered cyclic imide 217 gets Fmoc-deprotected to amine 218. In 

the other pathway (right path) the Fmoc deprotection to amine 215 takes place prior to the 

cyclization. However, the presence amine 215 could not be detected in these experiments. 

Therefore, it is likely that the degradation of lysine 215 to imine 218 mainly proceeds via the 

left path. The fact that cyclization to imide 217 was faster than Fmoc deprotection to the 

desired lysine 215 once again underlines the high susceptibility of thioesters in general and 

particularly in the presence of (nucleophilic) neighboring groups. 

Next, piperidine, the state-of-the-art base for Fmoc-deprotection (cf. 2.2.2.1), was investigated 

as the base for Fmoc deprotection of lysine derivative 214. Even though, traces of product 215 

could be detected (Figure 26AB), the desired Fmoc deprotection to lysine 215 could not be 

favored over the unwanted cyclization to 217 by using piperidine as the base. Once again, the 

intramolecular cyclization was faster than the deprotection reaction, finally leading to 

imide 218 and free 77 as well as quenched dibenzofulvene 78 (Figure 26C).  

 

 
Figure 26. LC-MS chromatograms (254 nm) of lysine 214 after (A) 0 min, (B) 3 min and (C) 37 min of 
treatment with 5% piperidine in DMF. 

 

Since basic conditions for the final deprotection to lysine derivative 215 turned out to be not 

optimal and palladium-catalyzed hydrogenolysis[182] of the Fmoc group in 214 did not lead to 

the desired product either (no reaction), a new synthesis route was developed, omitting the 

final base treatment step (Scheme 43).  
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Scheme 43. Route II for the synthesis of thioacid-modified lysine 220. 

 

To circumvent the basic Fmoc deprotection step (Scheme 40), Boc-Lys-OH instead of Fmoc-

Lys-OH was used in the second synthesis approach (Scheme 43). I started from the same 

thioester-modified glycolic acid 213 which was activated with DSC as described above. After 

a quick rudimental purification of the labile activated carbonate via a short plug of silica, Boc-

Lys-OH was coupled to yield the thioacid-modified lysine 219 in 25% yield over two steps. 

Finally, the Boc group of 219 was removed using TFA in dichloromethane. In contrast to the 

Fmoc removal of the first synthesis route, the amine was smoothly liberated. After RP-HPLC 

purification the desired thioacid-modified lysine 220 was obtained as colorless TFA salt in 

63% yield. 

 

Since the overall stability of lysine 220 was questionable due to the neighboring group effect 

of the carbamate nitrogen, I also aimed at the synthesis of lysine 223 (Scheme 45). It differs 

from lysine 220 in an elongated ethylene linkage between the carbamate and the protected 

thioacid. Like this, intramolecular five-membered ring formation is not possible anymore and 

the corresponding six-membered cyclic imide might form more slowly. However, the overall 

larger structure might hamper enzymatic metabolism. 

 

 
Scheme 44. Synthesis route for second-generation thioacid-modified lysine 223. 

 

The synthesis was started from 3-hydroxypropionic acid (221) which, however, is not readily 

commercially available in a pure form (Scheme 44). This is most likely the case due to its 

propensity for elimination to form the α,β-unsaturated carbonyl compound acrylic acid. 

Therefore, alcohol 221 was synthesized according to R. Zao et al.[183] by basic hydrolysis of 

3-hydroxypropionitrile in 25% yield. With the acid 221 in hand, the thioester 222 was 

generated in analogy to the synthesis of lysine derivative 220 by using PhiPrSH (216) with 
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PyBOP. Next, the resulting thioester-modified alcohol 222 was activated by DSC under basic 

conditions. However, using the previously applied conditions (DSC, Et3N, MeCN) led to 

cleavage of the thioester with release of thiol 216. The same was true when using 4-

nitrophenyl chloroformate with Et3N for activation. Finally, DSC with only slightly basic 

pyridine was found to work and the activated carbonate intermediate could be coupled to Boc-

Lys-OH. During coupling, again only pyridine could be applied as the base. After Boc 

deprotection with TFA in dichloromethane, the second-generation thioacid-modified 

lysine 223 was obtained as TFA salt in 33% over three steps.  

 

With the two lysine derivatives 220 and 223 in hand, I tested their stability in different 

aqueous solutions prior to the biological application. Lysine 220 was dissolved (1 mM) in 

either Milli-Q (pH 6.6)/MeCN (1:1) or M9 Minimal Culture Medium (pH 7.5)/MeCN (1:1) 

and the stability of 220 was analyzed over time by integration of the corresponding peak in 

the LC-MS chromatogram (254 nm, Figure 27A). In the very slightly acidic Milli-Q/MeCN 

mixture, lysine 220 was found to be completely stable for at least 10 hours. This is in 

accordance with the observations that lysine 220 was stable to the acidic conditions during 

HPLC purification (MeCN/H2O, 0.1% TFA) and during NMR measurements in methanol-d4. 

In contrast, lysine 220 rapidly decomposed even in the only very slightly basic mixture of 

Minimal Medium/MeCN. The half-life value was approx. 80 minutes which rendered a future 

application in biological experiments impossible. 

 

 
Figure 27. Stability of 1 mM (A) lysine 220 in Milli-Q (pH 6.6)/MeCN (1:1) (red) or M9 Minimal Medium 
(pH 7.5)/MeCN (1:1) (blue) and (B) lysine 223 in 1% DMSO (M9 Minimal Medium (pH 7.5)). AUC: Area 
under curve 

 

Next, I tested the stability of lysine 223. To exactly mimic the conditions of future biological 

applications it was dissolved (1 mM) in 1% DMSO in M9 Minimal Medium (pH 7.5) and the 

stability was analyzed as described above (Figure 27B). The LC-MS chromatograms 

(254 nm) showed only minimal degradation over the time period of nearly one day. After 12 

and 18 hours still 99 and 97%, respectively, of starting material were intact. These in vitro 

results made us confident regarding an application of lysine 223 in the PylRS/tRNA system in 
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vivo. Furthermore, the hypothesis that lysine 223 with the longer ethylene linker might 

possess an improved stability over lysine 220, was confirmed. 

While the, regarding stability, promising lysine derivative 223 was under biological 

investigation, I aimed at the synthesis of third-generation thioacid-modified lysine 227 

(Scheme 45). This should contain the same stable ethylene linkage as lysine 223 but comprise 

an even more stable, yet larger and therefore likely to be less well enzymatically accepted, 

Tmob thioacid protecting group. The synthesis was started from sodium 3-

hydroxypropanoate (224). This was obtained from a commercially available aqueous solution 

(approx. 30% in water; containing approx. 9% of 3,3’-oxydipropionic acid as determined by 
1H NMR spectroscopy) of 3-hydroxypropionic acid (221) by neutralization with NaOH and 

subsequent lyophylization. 

 

 
Scheme 45. Synthesis route for a third-generation thioacid-modified lysine 227. 

 

Next, the Tmob thioester was introduced in 82% yield using TmobSH (158), PyBOP and 

DIPEA in DMF. The subsequent coupling to Boc-Lys-OH proved to be difficult. As for the 

synthesis of lysine 223, application of DSC with Et3N led to decomposition of the thioester 

moiety in 225. However, this time also the application of pyridine with DSC failed. No 

reaction took place. Hence, different bases with a basicity between pyridine (pKa 5.2)[184] and 

triethylamine (pKa 10.8) [184] were screened. Interestingly, incubation of thioester 225 in 

MeCN with Et3N or 4-(Dimethyl)aminopyridine (DMAP) (pKa 9.6)[185] alone did not lead to 

decomposition. However, after addition of DSC the thioester was cleaved, as indicated by the 

formation of a new spot on TLC undoubtedly belonging to TmobSH (158). All attempts to 

synthesize lysine 227 failed. This result is somewhat surprising because Tmob thioesters 

should be more stable than phenylisopropyl thioesters.[148] Hence, lysine 227 and precursors 

thereof should be more stable than lysine 223. However, here this is obviously not the case. 

The fact that the activation of alcohol 225 with DSC and pyridine led to no reaction might be 

a hint at a different nucleophilicity and/or basicity of the hydroxo group in 225 as compared 

to 222. However, only marginal differences in the 13C (and 1H) NMR spectra (Figure 28) of 

alcohol 225 and 222 can be found which do not allow for further speculation except for the 

fact that pyridine is not basic enough to promote the desired activation. The maybe most 

important question regarding an understanding of the degradation process is how it proceeds. 

The obvious answer would be an intramolecular lactone formation or the attack of one 

molecule alcohol 225 to the thioester of a second molecule 225. However, this seems not to 

be the case, since incubation of alcohol 225 with only base left the thioester unchanged. As a 
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result, the thioester degradation must take place during or immediately after activation to 

carbonate 230 (Scheme 46B). The different propensity to degradation of the short-chained 

thioester 213 versus the longer-chained thioesters 222/225 can be explained by Baldwin’s 

rules[186] (Scheme 46A). Activation of alcohol 213 leads to active carbonate 228 whose 

degradation via a 5-endo-trig reaction is disfavored. On the other hand (Scheme 46B), 

activation of alcohol 222 or 225 leads to active carbonate 230 which can either directly 

decompose by β-elimination to acrylic thioester 232 or via a favored 6-endo-trig reaction to 

form cyclic carbonate 231 and finally acrylic thioester 232. Furthermore, these mechanisms 

together with the 1H NMR data can explain why the activation of alcohol 225 was even more 

complicated than that of alcohol 222. The alpha carbonyl protons in thioester 225 are more 

acidic than that of thioester 222, therefore facilitating the described elimination reaction. Even 

though, these mechanisms nicely explain different reactivities, they cannot ultimately answer 

the question when and how the thioester moiety gets degraded to the corresponding thiol. 

 

 
Figure 28. 1H and 13C NMR signals (in CDCl3) for lysine thioester 222 and 225. 

 

 
Scheme 46. Hypothetical reaction mechanisms for the (A) disfavored 5-endo-trig degradation of carbonate 228 
after activation of alcohol 213 and (B) favored 6-endo-trig degradation of carbonate 230 to cyclic carbonate 231 
and subsequent decarboxylation to acrylic thioester 232. 

 

All in all, two different new thioacid-containing lysine derivatives 220 and 223 were 

synthesized. They differ in size of the linkage between carbamate and thioacid and thus in 

stability and presumably enzymatic acceptance in biological experiments. The longer-chain 

lysine 223 had a very high stability in M9 Minimal Medium cell culture medium and thus was 

a promising candidate for application in cell experiments using the PylRS/tRNA system. 
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4.3.2. Application in the Pyrrolysine System 

 

 
Figure 29. Incorporation (in vivo) of pyrrolysine analog 223 into proteins (e.g. GFP) via the orthogonal 
PylRS/tRNA pair plus isolation, characterization and labeling of the protein via TAL chemistry. 

 

With the stable thioacid-modified lysine 223 in hand, Dr. M. Schmidt from the Summerer 

group performed in vivo incorporation tests using the PylRS/tRNA system (Figure 29, 

cf. 2.2.1). First, E. coli. was transformed with two plasmids.[95] The first one encoded the 

PylRS (mutant with extended binding pocket[187]; Y306A, Y384F) and its cognate tRNA. The 

second plasmid encoded the green fluorescent protein[188] (GFP) with an amber stop codon, 

the incorporation site of pyrrolysine, in its sequence (GFP-Y39TAG[95, 189]). For easy protein 

purification, the GFP sequence also contained a C-terminal His6-tag. Hence, if lysine 223 is 

taken up by the cells, accepted by the PylRS and finally incorporated during translation, a 

cellular green fluorescence will occur. Otherwise, if any of the involved enzymes does not 

accept the artificial amino acid 223, translation will be stopped at the amber stop codon and 

the cells will show no fluorescence.  

For the incorporation tests, the cells were fed with lysine 223 which was previously dissolved 

in DMSO and added to the cell culture medium (M9 Minimal Medium) to a final 

concentration of 1 mM. As control experiment one colony was fed with H-Lys(Boc)-OH (66) 

(positive control) and one was given no additional amino acid (negative control). Next, the 
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protein expression was induced by the addition of arabinose (0.2 w/v%) for 5 or 22.5 hours. 

Finally, the cellular fluorescence was read out (Figure 30).  

 

 
Figure 30. Cellular fluorescence of E. coli. cultures after 5 h (blue) or 22.5 h of GFP expression with lysine 66 
(positive control), lysine 223 or no amino acid (negative control). 

 

The fluorescence intensities clearly showed that lysine 223 was less well incorporated than 

lysine 66 (positive control). Nevertheless, a significant effect could be observed for the 

incorporation of thioacid-modified lysine 223 when compared to the negative control. This is 

especially true for the longer expression time of 22.5 hours. Obviously, lysine 223 gets 

incorporated though not at a very high rate. These first encouraging experiments however do 

not answer the question whether lysine 223 is really incorporated in its original state or rather 

in a degraded form. For instance, thioester degradation via hydrolysis or imide formation 

might occur in the culture medium, within the cell or after incorporation into the protein 

which would lead to a false positive result. 

Therefore, in a second experiment, the small protein thioredoxin (TRX-R74TAG)[190] was 

expressed as described above (3 and 5 mM of lysine 223). Since TRX is not fluorescent, it can 

only be detected by SDS-PAGE and HRMS. After expression, the TRX expressing cells were 

chemically lysed, the protein was purified over Ni-NTA and analyzed by SDS-PAGE and 

HRMS (Figure 31). The gel nicely showed a dominant band at approx. 15 kDa which was 

absent for the negative control, hinting at the successful incorporation of lysine 223. For 

definite evidence the protein was analyzed using mass spectrometry of the full length protein 

and after digestion. Unfortunately, neither the desired full length mass (14989 Da) nor a 

fragment containing the desired amino acid was found. Three pairs (with or without N-

formylmethionine, ±159 Da) of different species with a mass of 14786/14945, 14856/15015, 

and 14929/15088 Da, respectively, were found. Interestingly, the mass peak of 

14856/15015 Da can be assigned to the protein containing a hydrolyzed thioester 

(14855/15014 Da). Unfortunately, the other two peaks could not be assigned. However, since 

their mass is also below the calculated one, it is likely that degradation occurred – either in the 
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culture medium, in the cell or during protein purification. Hence, the final protein labeling via 

TAL chemistry was omitted (Figure 29). 

 

 
Figure 31. (A) SDS-PAGE of purified thioredoxin expressed in absence of additional amino acid or in the 
presence of 3 or 5 mM lysine 223. (B) Full-length ESI-MS of thioredoxin expressed in the presence of 
lysine 223. 

 

In summary, SDS-PAGE and fluorescence experiments showed that the unnatural amino 

acid 223 was accepted by the PylRS/tRNA system and incorporated into two different 

proteins. However, no final evidence for the thioacid incorporation by mass spectrometry 

could be given. Due to lack of capacity and especially because the overall stability of the 

adjacent carbamate and thioacid was questionable, the project was not further investigated. 

Instead, the focus was laid on the different applications of aspartic thioacid-containing 

peptides which will be discussed in the next chapter.  
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4.4. Application of Aspartic Thioacid-Containing Peptides 

 

In 2011 and 2013, Danishefsky[13] and Garner[12], respectively, published a new approach for 

the synthesis of N-glycopeptides 58 starting from aspartic thioacid-containing peptides 56 

(Scheme 47, cf. 2.2.3.3).  

 

 
Scheme 47. Thioacid-mediated synthesis of N-glycopeptides 58 according to Danishefsky[13] and Garner[12].  

 

However, at that time no chemical method for the direct incorporation of aspartic thioacids 

into peptides via Fmoc-SPPS was known, dooming the thioacid-mediated aspartylation to a 

shadowy existence. Instead, aspartic thioacid-containing peptides 56 were synthesized from 

the corresponding Lansbury aspartylation precursors 121 via thioesterification and subsequent 

global deprotection (cf. 2.2.3.3, Scheme 21). 

In chapter 4.2 a solution to this problem was presented, the “tripeptide approach”. Like this, 

for the first time, a reliable and high-yielding synthetic access to aspartic thioacid-containing 

peptides 170 via Fmoc-SPPS was given (Scheme 48). In this chapter, different conditions for 

the synthesis of N-glycopeptides 58 were examined. Starting with the global deprotection, I 

afterwards compared different protocols for the thioacid-amine ligation. First, for different 

model systems (cf. 4.4.1.1) and afterwards for the complex aspartic thioacid-containing 

decapeptides 200a–e (cf. 4.4.1.2).  

Besides from the main goal, the synthesis of N-glycopeptides 58, I also examined other 

applications of thioacid-containing peptides 170, e.g. the labeling of peptides using TAL 

chemistry (cf. 4.4.2) or the application for Native Chemical Ligation (cf. 4.4.4).  

 

 
Scheme 48. Thioacid-mediated synthesis of N-glycopeptides 58 according to Danishefsky[13] and Garner[12].  
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4.4.1. Thioacid Ligations to Yield N-Glycopeptides 

 

Many different conditions for the ligation of thioacids with amines to form amides have been 

published in the past (cf. 2.1.3). Besides from the solvent, they mainly differ in the choice of 

oxidant which is necessary for activation of the thioacid. However, only two of these 

conditions have been successfully applied for the synthesis of N-glycopeptides 58 – 

copper(II) oxidation by Garner and co-workers[12] and air/DMSO oxidation by Danishefsky 

and co-workers[13] (cf. 2.2.3.3). To get a better understanding of the reaction, I compared the 

protocols of Danishefsky, Garner and others in different model systems to finally find the 

optimal conditions for aspartylation of larger aspartic thioacid-containing peptides. 

 

4.4.1.1. Glycosylation of Model Peptides 

 

The investigations of the thioacid-amine ligation were started for the model system Cbz-Ala-

STmob (234) (Scheme 49). Thioester 234 which was synthesized in one step starting form 

Cbz-Ala-OH (233) comprised the same Tmob thioacid protecting group as the 

decapeptides 200a–f. However, it was placed at the C-terminus of the amino acid and not in 

the side chain of an aspartic acid which simplifies the system regarding aspartimide formation 

(cf. 2.2.2.2). 

 

 
Scheme 49. Synthesis of Cbz-Ala-STmob (234). 

 

As amine for the ligation I applied benzyl amine and glycosyl amine 242 (Scheme 50). The 

glycosyl amine 242 as well as the glycosyl amine and –azide derivatives 238–241 for 

continuing studies were all synthesized starting from GlcNAc (237) (Scheme 51). First, 

GlcNAc (237) was transformed to the corresponding glycosyl azide 238 in very good yields 

(78%) by using Shoda’s reagent[191]. Azide 238 was then either hydrogenolized to the 

unprotected glycosyl amine GlcNAcNH2 (241) or peracetylated to form glycosyl azide 

Ac3GlcNAcN3 (239) (peracetylation performed by J. Mannuthodikayil[33] in our group). 

Further acetylation using conditions described by Rye and Withers[192] yielded glycosyl azide 

Ac3GlcN(Ac)2N3 (240) while hydrogenolysis of azide 239 led to glycosyl amine 

Ac3GlcNAcNH2 (242). All in all, two different glycosyl amines 241 and 242 and two 

electron-poor glycosyl azides 239 and 240 were synthesized.  
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Scheme 50. Deprotection and amidation of thioacid 234 with (A) BnNH2 or (B) Ac3GlcNAcNH2 (242). 

 

 
Scheme 51. Synthesis of the glycosyl azides Ac3GlcNAcN3 (239) (performed by J. Mannuthodikayil[33] in our 
group) Ac3GlcN(Ac)2N3 (240) as well as the glycosyl amines GlcNAcNH2 (241) and Ac3GlcNAcNH2

[33, 

191] (242). 

 

For the synthesis of amide 235, thioester 234 was treated with 80% TFA (in dichloromethane) 

and triisopropylsilane for 90 minutes (Scheme 50A). While the Cbz protecting group was 

found to be stable under these conditions, the thioacid was smoothly liberated. After removal 

of the deprotection solution the thioacid was used without further purification to circumvent 

potential degradation. Instead, it was immediately reacted with benzyl amine under various 

conditions (Table 5) and the reaction mixture was analyzed by LC-MS (Figure 32). First, I 

used the conditions described by Danishefsky and co-workers[13] (entry 1). Using 2 eq. of 

each benzyl amine and HOBt with molecular sieves (MS) 4 Å in dry DMSO for 18 hours led 

to clean product 235 formation (Figure 32A). So did the protocol of Garner and co-

workers[12], using 4 eq. of benzyl amine, 2 eq. of HOBt and 1 eq. of Cu(OAc)2·H2O in dry 

DMF (entries 2/3, Figure 32BC) with or without molecular sieves. Regarding product 

formation no significant differences to the Danishefsky protocol could be detected. 

Nevertheless, the Garner protocol convinced by a significantly shorter reaction time of only 

30 minutes. Furthermore, these first promising experiments showed that a one pot 

deprotection/amidation and therefore residual non-volatile cleavage products do not hamper 

the ligation reaction.  
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In contrast to the first two protocols, the use of iodine and DIPEA[53] (entry 4, Figure 32D) or 

copper sulfate in methanol[63] (entry 5, Figure 32E) as the oxidant, led to incomplete 

conversion. The chromatograms (254 nm) of both reactions still showed residual thioacid. 
Table 5. Investigation of different conditions for the deprotection/amidation of 234 (cf. Scheme 50). Equivalents 
are given in brackets. 

Entry Amine HOBt Oxidant Solvent Additives Time 

1 
BnNH2 

(2) 
(2) Air 

DMSO 

(dry) 
MS (4 Å) 18 h 

2 
BnNH2 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 

3 
BnNH2 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
MS (4 Å) 30 min 

4 
BnNH2 

(0.83) 
(2) 

I2 

(0.6) 

DMSO 

(dry) 

DIPEA (1.5) 

HOBt (2) 

MS (4 Å) 

30 min 

5 
BnNH2 

(1.05) 
- 

CuSO4·5H2O 

(0.3) 
MeOH - 5 min 

6 
242 

(2) 
(2) Air 

DMSO 

(dry) 
MS (4 Å) 24 h 

7 
242 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
MS (4 Å) 60 min 
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Figure 32. LC-MS chromatograms (254 nm) from the one-pot deprotection/amidation of 234 (cf. Scheme 50). 
Reaction conditions are given in Table 5 (A: entry 1, B: entry 2, C: entry 3, D: entry 4, E: entry 5). 

In these first experiments it could be shown that a one-pot deprotection/amidation works 

perfectly well. Furthermore, the amidation/glycosylation protocols of Danishefsky and Garner 

were found to be the best ones. Even though, no significant differences between these two 

protocols could be detected, it was expected that the long reaction of 18 hours in the 

Danishefsky protocol might lead to problems with more complex and therefore less stable 

thioacids and/or amines. Hence, I next applied a more complex and less stable amine in the 

ligation reaction, Ac3GlcNAcNH2 (242) (Scheme 50B). After deprotection as described 

above, the free thioacid was either treated with 2 eq. of glycosyl amine 242 and 2 eq. of HOBt 

in DMSO (Table 5, entry 6) or with 4 eq. of glycosyl amine 242, 2 eq. HOBt and 1 eq. of 

Cu(OAc)2·H2O in DMF (Table 5, entry 7) and the reaction mixtures were analyzed by LC-MS 

(Figure 33). 
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Figure 33. LC-MS chromatograms (254 nm) from the one-pot deprotection/N-glycosylation of 234 (cf. Scheme 
50). Reaction conditions are given in Table 5 (A: entry 5, B: entry 6). 

 

The chromatogram from the reaction mixture of the Danishefsky protocol showed severe side 

product formation and only small amounts of product 236 (Figure 33A). In contrast, the 

Garner protocol led to smooth formation of the desired amide 236 (Figure 33B). These results 

reinforced the hypothesis that the fast reaction of the copper-promoted thioacid-amine ligation 

according to Garner might be better suited for more complex molecules. 

Taken together, all tested conditions in these preliminary experiments led to formation of the 

desired amide 235/236. Only the protocols of Danishefsky and co-workers[13] and Garner and 

co-workers[12] led to complete conversion. The fast Garner protocol proved to be particularly 

useful for the application of glycosyl amine 242 which might hydrolyze or get partly 

deacetylated upon longer reaction times. 
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Next, I tested the reaction of glycosyl amine 242 with a more complex thioacid, Fmoc-

Asp(STmob)-Ala-OH (175a) (Scheme 52). In this second generation test system the thioacid 

is located in the side chain of an aspartic thioacid-containing dipeptide 175a. Therefore, it is 

comparable to the desired future application of the aspartic thioacid-containing 

decapeptides 200a–e. The best two conditions from the previous experiments were tested for 

the deprotection/amidation of thioacid 175a (Table 6): Danishefsky’s protocol (entry 1) and 

Garner’s protocol (entry 2). For both procedures the desired N-glycopeptide 243a was formed 

(Figure 34). As in the previous experiment, Danishefsky’s conditions (Figure 34A) led to 

more side product formation than Garner’s (Figure 34B).  

 

 
Scheme 52. Deprotection and N-glycosylation of aspartic thioacid 175a. 

 
Table 6. Investigation of different conditions for the deprotection/N-glycosylation of Ala-dipeptide 175a (cf. 
Scheme 52). Equivalents are given in brackets.  

Entry Amine HOBt Oxidant Solvent Additives Time Yield 

1 
242 

(2) 
(2) Air 

DMSO 

(dry) 
MS (4 Å) 18 h 28% 

2 
242 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 40% 

 

 

 
Figure 34. LC-MS chromatograms (254 nm) from the one-pot deprotection/N-glycosylation of Ala-
dipeptide 175a (cf. Scheme 52). Reaction conditions are given in Table 6 (A: entry 1, B: entry 2). 
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Many of the formed side products could be assigned by mass spectrometry (Figure 35). For 

example, in both cases minor amounts of aspartimide 251a were found which are most likely 

formed after thioacid activation to the corresponding dithioperoxyanhydride. Furthermore, 

hydrolysis and aminolysis of the (oxidized) thioacid to Fmoc-Asp(OH)-Ala-OH (244a) and 

Fmoc-Asp(NH2)-Ala-OH (245a), respectively, were observed. This can be explained by the 

crystal water of the copper salt (Cu(OAc)2·H2O) and ammonia liberation upon degradation 

(Scheme 53A) of the glycosyl amine 242, respectively. However, the occurrence of peaks 

with the mass of cleaved peptides 247–250 such as Fmoc-Asp(OH)-OH (247) as well as the 

formation of the tripeptide Fmoc-Asp(NH-Ala)-Ala-OH (246a) was puzzling at first. 

Nonetheless, after isolation of the peak with the mass of tripeptide 246a via RP-HPLC, the 

proposed structure of 246a could be undoubtedly confirmed by NMR spectroscopy (Figure 

36). The 1H-13C HMBC spectrum clearly showed cross peaks between NH-2’ and C1, 

between H2 and C1, between NH-2’’and C4 as well as between H3 and C4. Hence, one 

alanine is attached at the side chain and one at the C-terminus of the aspartic acid. 
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Figure 35. Side products 244a–246a, 247–250 and 251a formed during the thioacid-amine ligation of aspartic 
thioacid-containing dipeptides 175a with glycosyl amine 242.  

 

 
Scheme 53. (A) Acid-catalyzed hydrolysis of glycosyl amine 242 to GlcNAc (254). (B) Cleavage of the Asp-Pro 
amide bond under acidic conditions.[193] 

 

The amount of tripeptide 246a was particularly high when using Danishefsky’s conditions 

which could be a hint at the fact that this side reaction is triggered by long reaction times 

while rapid oxidation of the thioacid to the dithioperoxyanhydride (cf. 2.1.3) according to 

Garner promotes the desired glycosylation reaction.  
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Figure 36. 1H-13C HMBC of tripeptide 246a. Relevant cross-peaks are depicted as black (and blue) arrows in the 
structure. For H2 and H3 strong cross peaks are depicted in black, weak ones in blue. Cross peaks from the 1H-
13C HSQC spectrum are depicted in red. 

 

The aspartic acid derivatives 247–250 can only be explained by a peptide bond cleavage. In 

literature, the cleavage of Asp-Xaa sequences is known to occur upon prolonged acid 

treatment (48–120 h) and/or heating (Scheme 53B).[193-195] This is in particular the case for the 

Asp-Pro bond.[194-195] Mechanistically, it is believed that the aspartic acid carboxy group 

attacks the protonated backbone amide.[193, 196] Two truncated peptides are formed, the first 

one 256 with an aspartic anhydride at the C-terminus and the second one 257 with a proline at 

the N-terminus. The fact that this cleavage occurs mainly for Asp-Pro sequences was 

explained by the high pKa value of the amino group in (free) proline which leads to faster 

protonation and more efficient activation of the amide bond.[193] Since aspartic thioacid is a 

better nucleophile than aspartic acid (cf. 2.1), it is likely that the analogous reaction can occur 

with even worse leaving groups (other amino acids than proline). I call this reaction peptide 

cleavage using thioacids (CUT) (Scheme 54, blue path). During Tmob deprotection of Ala-

dipeptide 175a with TFA, the liberated thioacid 258a can initiate a CUT (cf. 4.4.2 for further 

studies on the peptide CUT).  
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Scheme 54. Proposed mechanism for the degradation of thioacid-containing dipeptides 175a–c via peptide CUT (blue path), nucleophilic attack (purple path) or aspartimide 
251a–c formation (green path). The desired reaction pathway is depicted in red. More degradation products are conceivable, however, only the ones actually observed during 
the glycosylation of the dipeptides 175a–c are depicted. * indicates that the formation of both constitutional isomers is possible. 

  



79 
 

Upon CUT of a dipeptide 175, a thioanhydride 260 and an amino acid 261 is formed (blue 

path). In case of the just examined Ala-dipeptide 175a, alanine 261a is released. 

Subsequently, the cyclic anhydride 260 can be reopened by a nucleophile at either of the two 

carbonyl groups giving rise to constitutional isomers (indicated by *). Possible nucleophiles 

in these reactions are, as described above, water, ammonia and glycosyl amine 242 yielding 

the thioacids 262*–264*. Interestingly, ring-opening in γ-position of thioanhydride 260 by the 

just released amino acid 261 can lead to a constitution isomer of 258 which after oxidation 

and a second nucleophilic attack gives rise to the di- and tripeptides 244*, 245* and 246 

(purple path). In analogy, the thioacids 262*–264* can also be activated (oxidized) to a 

dithioperoxyanhydride (blue path). A further nucleophilic attack by the described 

nucleophiles finally leads to a large variety of difunctionalized aspartic acid derivatives 247, 

248*, 265*, 249 and 250*. However, not all derivatives whose formation would be 

theoretically possible were actually observed (e.g. Fmoc-Asp(NH2)-NH2). Therefore, only 

products that were in fact identified by LC-MS are depicted in Scheme 54. 

With the mechanistic understanding, it is clear that a short deprotection time as well as a fast 

oxidation of thioacid 258 is necessary to suppress a peptide CUT. Furthermore, a high 

concentration of a reactive glycosyl amine is needed to favor the desired N-glycosylation over 

degradation of the dithioperoxyanhydride 259 via aspartimide formation or by attack of 

competing nucleophiles. Hence, the fast reaction according to Garner should be beneficial for 

obtaining glycopeptide 243a in high yields which was indeed true for the reaction of Ala-

dipeptide 175a. 

To underline the present findings, I next applied the aspartic thioacid-containing Ser- 175c 

and Ile-dipeptide 175b to the glycosylation conditions described by Danishefsky and Garner. 

First, the Ser-dipeptide 175c was investigated (Scheme 55). Applying the same conditions 

(Table 7) as for Ala-dipeptide 175a before, again led to less side products using Garner’s 

protocol (entry 2, Figure 37B) than Danishefsky’s (entry 1, Figure 37A). Nevertheless, both 

procedures led to the desired N-glycopeptide 243c as main product. 

 

 
Scheme 55. Deprotection and N-glycosylation of aspartic thioacid 175c. 

 

Using the conditions of Garner led to the formation of only two significant side products 247 

and 250 (Figure 37B). Both can be attributed to a CUT with a subsequent nucleophilic attack 

of water and glycosyl amine 242. This totally makes sense because water (1 eq. 

Cu(OAc)2·H2O) and four equivalents of glycosyl amine 242 are added. As expected, 

Danishefky’s protocol led to the formation of more and different side products. For example, 

high amounts of tripeptide 246c and CUT product 248 were formed. Once again, these 

findings can be explained by a slow oxidation process of 258c which promotes the CUT and 
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subsequent degradation processes. Interestingly, for the first time two sets of isomers 244c* 

and 245c*, respectively, were found. These findings underpin the hypothesis that 

isomerization of 258 via CUT and reopening of thioanhydride 260 by amino acid 261 in γ-

position can lead to constitutional isomers. Nevertheless, it cannot be completely ruled out 

that epimerization by direct abstraction of the CHα proton led to the formation of 

diastereomers. Regardless of the exact formation mechanism of 244c*/245c*, it can be noted 

that Garner’s conditions led to significantly less side product formation which can be 

mechanistically explained by a faster reaction. 

 
Table 7. Investigation of different conditions for the deprotection/N-glycosylation of Ser-dipeptide 175c (cf. 
Scheme 55). Equivalents are given in brackets.  

Entry Amine HOBt Oxidant Solvent Additives Time Yield 

1 
242 

(2) 
(2) Air 

DMSO 

(dry) 
MS (4 Å) 18 h 27% 

2 
242 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 34% 

 

 

 
Figure 37. LC-MS chromatogram (254 nm) from the one-pot deprotection/N-glycosylation of Ser-dipeptide 
175c (cf. Scheme 55). Reaction conditions are given in Table 7 (A: entry 1, B: entry 2). 
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Finally, I applied Fmoc-Asp(STmob)-Ile-OH (175b) in the one-pot deprotection/N-

glycosylation reaction (Scheme 56A, Table 8).  

 

 
Scheme 56. Deprotection and N-glycosylation of thioacid 175b with (A) Ac3GlcNAcNH2 (242) or (B) 
GlcNAcNH2 (241). 

 

Applying the conditions of Danishefky (Table 8, entry 1, Figure 38A) and Garner (Table 8, 

entry 2, Figure 38B), respectively, confirmed the previous results. Garner’s protocol was 

clearly superior, leading to less side product formation. Hence, in the final studies on the N-

glycosylation of aspartic thioacid-containing model peptides, I solely relied on the conditions 

described by Garner and co-workers and varied different parameters. First, I investigated a 

different thioacid, Fmoc-Asp(STmob)-Ile-OMe (267), since Danishefsky[13] and Garner[12] in 

their experiments constantly relied on C-terminally protected peptides (cf. 2.2.3.3).  

 

 
Figure 38. LC-MS chromatogram (254 nm) from the one-pot deprotection/N-glycosylation of Ile-dipeptide 175b 
(cf. Scheme 56). Reaction conditions are given in Table 8 (A: entry 1, B: entry 2). 
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Table 8. Investigation of different conditions for the deprotection/N-glycosylation of 175b (cf. Scheme 56 and 
Scheme 57). Equivalents are given in brackets.  

Entry Amine HOBt Oxidant Solvent Additives Time Yield 

    1 
242 

(2) 
(2) Air 

DMSO 

(dry) 
MS (4 Å) 18 h 30% 

    2 
242 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 52% 

    3* 
242 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 43% 

    4 
241 

(4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 32% 

    5 
241 

 (4) 
(2) 

Cu(OAc)2 

(1) 

DMF 

(dry) 
- 30 min 21% 

    6 
241 

 (4) 
(2) 

CuSO4·5H2O 

(1) 

DMSO 

(dry) 
- 30 min 48% 

    7# 
241 

 (4) 
(2) 

Cu(OAc)2·H2O 

(1) 

DMF 

(dry) 
- 30 min 57% 

* indicates that Fmoc-Asp(STmob)-Ala-OMe (267) was used instead of Ile-dipeptide 175b. # indicates that the 

improved reaction workup by centrifugation was applied. 

 

 
Scheme 57. C-terminal methylation of Ile-dipeptide 175b to methyl ester 267 and subsequent one-pot 
deprotection/N-glycosylation to glycopeptide 268. 

 

Therefore, Fmoc-Asp(STmob)-Ile-OMe (267) was synthesized in 88% yield by methylation 

of acid 175b using methyl iodide (Scheme 57). However, its application in the one-pot 

deprotection/N-glycosylation protocol according to Garner did not show an improvement over 

the C-terminal unprotected Ile-dipeptide 175b (entry 3). Thus, next the glycosyl amine was 

varied to GlcNAcNH2 (241) (Scheme 56B). Regarding a future application in larger peptides 

this was a very important step, since application of unprotected glycosyl amines (57) would 

save us a final carbohydrate deprotection step.  

Three different conditions were tested. First the standard conditions according to Garner, 

using Cu(OAc)2·H2O (entry 4, Figure 39A), second, I applied anhydrous copper acetate 

instead of the monohydrate (entry 5, Figure 39B) and third, Cu(SO4)·5H2O
[63] instead of 

copper acetate (entry 6, Figure 39C). The LC-MS chromatograms (254 nm) showed high 

amounts of product 266 in all three cases. Applying an unprotected glycosyl amine 241 

instead of a protected one is not disadvantageous which underlines the high chemoselectivity 

of the reaction. Interestingly, slight differences in the composition of side products occurred. 

For example, the application of copper sulfate pentahydrate led to more hydrolysis species, 

namely aspartic acid 248 and hydrolyzed dipeptide 244b than for the copper acetate 

experiments. Applying anhydrous copper acetate instead of the monohydrate slightly raised 
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the amount of amide species (250/245). Even though only negligible differences in the overall 

yield of N-glycopeptide 266 could be detected in the LC-MS chromatograms, the isolated 

yields after HPLC purification differed significantly (32%, 21% and 48%). This prompted me 

to have a closer look at the work-up procedure by Garner and co-workers[12] which was 

routinely applied in my experiments. Typically, at the end of the reaction (30 min) one 

volume of water was added and the reaction mixture was stirred for further 15 minutes. 

Afterwards, the formed precipitate was removed by filtration (syringe filter 0.45 µm, Garner 

and co-workers[12] 0.2  µm) and the filtrate was directly subjected to RP-HPLC. Since in my 

experiments the precipitate used to be quite voluminous and not as the expected brownish 

copper sulfide[63] (144), I hypothesized that the desired N-glycopeptide also partially 

precipitated, thus leading to unreproducible yields. Therefore, a new work-up procedure was 

established (entry 7). Instead of one volume, only 0.25 volumes of water were added which 

led to no visible precipitation. However, after stirring for 15 to 30 minutes and subsequent 

centrifugation (14000 rpm, 1 min) the mixture could be separated in a clear, blue-greenish 

supernatant and a brown precipitate which after drying comprised all typical chemical 

properties of copper sulfide (144). Subjection of the supernatant to RP-HPLC purification led 

the desired N-glycopeptide 266 in 57% yield which is not only significantly higher than in the 

previous experiments but also in the range of yields published by Garner and co-workers[12]. 

To conclude, the choice of copper salt seemed to be secondary. However, one should keep in 

mind that certain side product species might be favored by one or the other copper species 

which might be helpful if e.g. the occurrence of amide species becomes a severe side reaction.  

 

 
Figure 39. LC-MS chromatogram (254 nm) from the one-pot deprotection/N-glycosylation of Ile-dipeptide 175b 
(cf. Scheme 56). Reaction conditions are given in Table 8 (A: entry 4, B: entry 5, C: entry 6). 
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Last but not least, I briefly investigated whether glycosyl azides are also suitable for the 

synthesis of N-glycopeptides using the TAL reaction (Scheme 58). Since highly electron-

deficient azides are known to react best in these reactions (cf. 2.1.1), I applied the acetylated 

azides Ac3GlcNAcN3 (239) and Ac3GlcN(Ac)2N3 (240) for glycosylation of Ile-

dipeptide 175b. As base, I relied on the state-of-the-art, 2,6-lutidine (Table 9).[28-29]  

 

 
Scheme 58. Deprotection and N-glycosylation (TAL) of thioacid 175b with Ac3GlcNAcN3 (239) or 
GlcN(Ac)2N3 (240). 

 
Table 9. Investigation of different conditions for the deprotection/N-glycosylation (TAL) of 175b (cf. Scheme 
58). Equivalents are given in brackets. 

Entry Azide Base Solvent Time 

    1 
239 

(4) 

2,6-lutidine 

(2) 

DMF 

(dry) 
5 days 

    2 
239 

(4) 

2,6-lutidine 

(2) 

DMF 

(dry) 
2 days 

 

Unfortunately, only small amounts of product 243b were formed when using glycosyl 

azide 239 (entry 1, Figure 40). This can be mainly attributed to the very low reactivity of the 

azide 239.[30] It took five days until the thioacid was completely consumed which, as 

previously also seen for the Danishefsky protocol, can give rise to severe side product 

formation. The main species observed in the LC-MS chromatogram could be assigned to 

hydrolysis (244b*) whereas it is unclear if these species were really formed in the reaction 

mixture or rather by hydrolysis of oxidized species such as 259b during the measurement. 

Due to the heavy isomerization observed in the LC-MS chromatogram one can expect that a 

peptide CUT with subsequent reopening by isoleucine was involved in the degradation 

process (Scheme 54). Irrespective of the exact degradation pathways, it is obvious that the 

TAL reaction is no appropriate alternative to the copper-promoted N-glycopeptide synthesis. 

This was also true when applying the more electron-deficient glycosyl azide 240 instead 

of 239, even though it took only two days until the thioacid was completely consumed 

(entry 2).  
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Figure 40. LC-MS chromatogram (254 nm) from the one-pot deprotection/N-glycosylation (TAL) of Ile-
dipeptide 175b to N-glycopeptide 243b (cf. Scheme 58). Conditions are given in Table 9.  

 

All in all, in this chapter various conditions for glycosylation of aspartic thioacid-containing 

peptides 56 were successfully screened by using different model peptides. The copper-

promoted ligation, e.g. by using Cu(OAc)2·H2O
[12] in combination with a new and more 

reliable work-up procedure by centrifugation proved to be highly efficient. Furthermore, it 

could be shown that the deprotection and subsequent glycosylation can be performed in a one-

pot manner thus without a purification step in-between. With these very promising conditions 

in hand, I next moved on to the aspartic thioacid-containing decapeptides 200a–e as starting 

materials for the synthesis of larger N-glycopeptides 58.  
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4.4.1.2. Glycosylation of Decapeptides 

 

With the application of the tripeptides 190a–f (tripeptide approach, cf. 4.2) in Fmoc-SPPS, for 

the first time aspartic thioacid-containing peptides 146, e.g. the decapeptides 200a–e, were 

easily accessible in high yields. Additionally, in the last chapter, highly promising conditions 

for the synthesis of N-glycopeptides 58 starting from aspartic thioacid-containing 

peptides 146 were found (cf. 4.4.1.1). In this chapter I yet applied these optimized conditions 

to the decapeptides 200a–e for the synthesis of larger N-glycopeptides 58 with a completely 

natural structure. 

Since the one-pot deprotection/N-glycosylation approach proved to be highly efficient for the 

model peptides (cf. 4.4.1.1) I also applied this methodology to the decapeptides 200a–e 

(Scheme 59). First, the Ala-decapeptide 200a was deprotected using TFA/TIS/H2O 

(95:2.5:2.5, 0.2 mL/mg). These conditions are slightly harsher than those used for the 

deprotection of the model compounds due to the trityl protecting groups of Asn-3 and His-4. 

Nevertheless, a mixture of TFA/TIS/H2O (95:2.5:2.5) represents common standard conditions 

for the global deprotection of peptides which once again nicely illustrates the full 

compatibility of the Tmob-protected aspartic thioacid-containing peptides 200a–e with Fmoc-

SPPS. As deprotection time, I found 50–60 minutes to be just right, since longer reaction 

times promoted a peptide CUT (cf. 4.4.1.1 and 4.4.2).  

 

 
Scheme 59. Synthesis of N-glycopeptides 270a–e by one-pot deprotection/N-glycosylation of aspartic thioacid-
containing peptides 200a–e. 

 

After global deprotection of Ala-decapeptide 200a, the cleavage cocktail was immediately 

removed by evaporation and the resulting aspartic thioacid-containing peptide was mixed with 

four equivalents of glycosyl amine 241 and a solution of Cu(OAc)2·H2O (1 eq.) and HOBt 

(2 eq.) in dry DMF was added. After 30 minutes, the reaction mixture was worked-up using 

the newly developed centrifugation protocol (cf. 4.4.1.1). After the addition of 0.25 volumes 

of water and another 15–30 minutes of stirring, the reaction mixture was centrifuged 

(14000 rpm, 1 min) to separate the product 270a containing solution from insoluble copper 

sulfide. Next, the blue-greenish supernatant was analyzed by LC-MS (Scheme 60A). The 

chromatogram (254 nm) revealed a main peak belonging to the desired N-glycopeptide 270a. 

Even though further interpreting of the chromatogram was difficult due to many peaks from 

the cleaved protecting groups, the main side product could be identified to be a 
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decapeptide 272a with a free carboxy group in the side chain of the aspartic acid (Scheme 61). 

In analogy to aspartic thioacid-containing dipeptides 175a–c (Scheme 54) it is likely that this 

species was formed by hydrolysis of the activated aspartic thioacid 271a – either during 

reaction or during LC-MS analysis. Nevertheless, the chromatogram looked highly promising 

and after RP-HPLC purification of the supernatant, the N-glycosylated Ala-decapeptide 270a 

was obtained in a yield of 58% (Scheme 60, Table 10, entry 1).  

 

 
Scheme 60. LC-MS chromatogram (254 nm) of N-glycopeptides 270a (A) before and (B) after RP-HPLC. 

 

 
Scheme 61. Hydrolysis of activated thioacid 271a–e to aspartic acid 272a–e as a side reaction during synthesis 
of N-glycopeptide 270a–e (Scheme 59). 

 

The high yield of nearly 60% illustrates that the one-pot deprotection/N-glycosylation 

protocol can not only be applied to very small model peptides (cf. 4.4.1.1) but also to larger 

peptide fragments such as peptide 200a. Indeed, the sequence of glycopeptide 270a was taken 

from the human protein haptoglobin (205–214)[179] and could be synthesized in its 

glycosylated form in an overall yield of 34% starting from Ala-tripeptide 190a. For the first 

time, I was able to show the general feasibility of the tripeptide approach, starting from the 

building block 190a–f synthesis over Fmoc-SPPS now ultimately leading to chemoselective 

N-glycosylation. This clearly makes this approach for the synthesis of N-glycopeptides 58 a 

valuable alternative to the state-of-art convergent aspartylation according to Lansbury 

(cf. 2.2.3.2).  
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Table 10. Results from the one-pot deprotection/N-glycosylation of decapeptides 200a–e (Scheme 59). 

Entry Glycan Peptide Product Yield 

   1 241 200a 

 

58% 

   2 241 200b 

 

52% 

   3 241 200c 

 

61% 

   4 241 200d 

 

51% 

   5 241 200e 

 

77% 

   6 275 200a 

 

56% 

   7* 278 200a 
O

AcHN

OH

HO

OHO
O

OH

O
HO

HO

HO

O

O
HO O
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OH
O

HO
HO

O

HO

O

O

HO
HO

HO

O
HO O
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HO
O

HO
HO

HO

O

OH

OH

O

AcHN

OH

HO
O

NH

279

Fmoc-Phe-Leu-Asn-His-Ser-Glu-Asn-Ala-Thr-Ala-OH

 

21% 

* indicates that DMSO instead of DMF was used as the solvent. 

 

Next, I applied the decapeptides 200b–e to the deprotection/glycosylation protocol (Table 10, 

entries 2–5). After global deprotection of 200b–e, the free thioacids were reacted with 

glycosyl amine 241 as described above and the reaction mixture was analyzed by LC-MS. All 

four N-glycopeptides 270b–e were observed as the main product in the chromatograms 

(254 nm) and could be isolated in yields of 51% (Ser, entry 4) to 77% (Trp, entry 5) after RP-

HPLC. This relates to an overall yield of 32% (Ser) to 44% (Lys) over all steps starting from 

the tripeptides 190b–e. The different substrates 200a–e nicely demonstrated the high 

chemoselectivity of the thioacid-mediated glycosylation. For example, carboxy (270b) and 

hydroxy groups (270d) in direct neighborhood to the aspartic thioacid were well tolerated 
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during aspartylation. Furthermore a yield reduction due to steric hindrance, e.g. in 

glycopeptide 270e (Trp) was not observed. Most remarkably, N-glycopeptide 270c (Lys) was 

readily accessible even though the free lysine amino group was directly adjacent to the 

thioacid. Obviously, it is not a competitive nucleophile to the glycosyl amine 241. This might 

be due to the different pKa values of both amines. 10.54[184] for the lysine side chain amino 

group and approx. 4.9 for the glycosyl amine 241
[197]. Hence, the lysine amine is very likely 

to be protonated under the applied reaction conditions while the glycosyl amine 241 is not or 

only partially and can undergo reaction with the oxidized thioacid 271c. 

Next, I expanded the reaction scope to larger glycans. Therefore, the chitobiosyl amine 275 

was synthesized (Scheme 62). First, the starting material 273, synthesized by J. 

Mannuthodikayil[34] during his PhD, was deacetylated using sodium methylate in methanol. 

The unprotected glycosyl azide 274 was obtained in 87% yield. Subsequently, the azide was 

hydrogenolized using palladium on charcoal. Due to limited solubility of azide 274 in 

methanol, a mixture of water and methanol was used to finally obtain the desired chitobiosyl 

amine 275 in quantitative yield. 
 

 
Scheme 62. Synthesis of chitobiosyl amine 275 starting from peracetylated chiotbiosyl azide 273. 

 

With the glycosylamine 275 in hand, I applied it to the one-pot deprotection/N-glycosylation 

protocol (Scheme 63, entry 6). Using Ala-decapeptide 200a as the starting material, led to the 

formation of N-glycopeptide 276 in 56% yield over two steps and an overall yield of 33% 

starting from Ala-tripeptide 190a. Much to my delight, glycopeptide 276 was obtained in a 

comparable yield to glycopeptide 270a which contains only a monosaccharide. This 

promising result promoted me to go even on step beyond and apply the complex-type 

nonasaccharide 278 in the glycosylation step. 

 

 
Scheme 63. Synthesis of N-glycopeptide 276 by a one-pot deprotection/N-glycosylation of aspartic thioacid-
containing peptides 200a. 
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Nonasaccharide 278 was obtained in a one step synthesis from the corresponding azide 277 

which was kindly provided by C. Unverzagt from the University of Bayreuth. According to a 

published procedure[6], the azide 277 was smoothly reduced to the amine 278 using 1,3-

propanedithiol and DIPEA in dry methanol. After precipitation of the nonasaccharide 278 

using diethyl ether and multiple washings to remove excess of reagents and the formed 

disulfide, amine 278 was applied in the N-glycosylation reaction (Scheme 65, entry 7). 

 

 
Scheme 64. Synthesis of complex-type glycosyl amine 278 according to Unverzagt and co-workers.[6]

 

 

 
Scheme 65. Synthesis of complex-type N-glycopeptide 279 by a one-pot deprotection/N-glycosylation of 
aspartic thioacid-containing peptides 200a. 

 

Since glycosyl amine 278 was known to have a better solubility in DMSO than in DMF and 

the copper-promoted thioacid-amine ligation proved to be fully compatible with DMSO in my 

own and Garner’s[12] experiments, the second step (glycosylation) was conducted in DMSO. 

Hence, using the exact same conditions for the deprotection of Ala-decapeptide 200a and 

slightly altered conditions for the glycosylation step (DMSO instead of DMF) yielded the 

oligosaccharyl-modified N-glycopeptide 279 in 21% yield over two steps. Interestingly, 

raising the concentration from 12.5 mM peptide to 25 mM did not improve the yield. Even 
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though the yield for this glycosylation is lower than that obtained for the mono- 241 or 

disaccharide 275, respectively, it is still in an absolutely acceptable range, especially when 

keeping the high complexity (unprotected decapeptide and unprotected nonasaccharide) of 

this system in mind.  

All in all, I was able to show that the fully protected aspartic thioacid-containing peptides 

which are easily accessible via Fmoc-SPPS by using the tripeptides 190a–f, undergo facile 

global deprotection under acidic conditions and can be used without need for a purification 

step in a subsequent fast and highly chemoselective ligation to synthesize native N-

glycopeptides 58. These results pave the way for a broad application of thioacids in peptide 

chemistry – not only for the synthesis of N-glycopeptides but also for various other 

applications e.g. the splicing of peptides which will be presented in the next chapter. 
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4.4.2. Peptide Cleavage Using Thioacids (CUT) 

 

During his PhD studies, O. Keiper[148] observed the formation of trace impurities of 

thioanhydride 281 in a sample of previously purified aspartic thioacid-containing 

pentapeptide 280. A self-cleavage of the peptide had taken place (Scheme 66). This peptide 

cleavage using thioacids (CUT) could be triggered to complete conversion by the addition of 

HCl(aq.) to ultimately yield aspartic acid 283 and dipeptide 282. The intermediate 281 and 

product 283 could be identified by LC-MS and NMR spectroscopy, respectively.[148] 

 

 
Scheme 66. Peptide CUT of pentapeptide 280 and subsequent hydrolysis of thioanhydride 281 under acidic 
conditions observed by O. Keiper.[148]

 

 

The proposed mechanism acts on the plausible assumption that the peptide backbone in 280 

gets activated by a proton. Upon protonation the thioacid group of the aspartic thioacid attacks 

the amide bond. A thioanhydride 281 and a dipeptide 282 are formed. Upon prolonged 

treatment with aqueous acid the thioanhydride 281 hydrolyzes to aspartic acid 283. 

Interestingly, a comparable reaction is known in literature for at least half of a century.[193, 198] 

Under acidic conditions and long reaction times (up to 120 hours) and/or high temperatures 

especially the Asp(OH)-Pro bond is known to be susceptible (Scheme 67).[194-195] The partial 

or complete cleavage preferably takes place at the Asp carbonyl group (five- instead of six-

membered ring).[199] One and the maybe most straightforward proposed mechanism by Smith 

and co-workers[193] from 1970 acts on the assumption that the aspartic acid carboxy group in 

peptide 284 attacks its protonated peptide backbone (Scheme 67). 

 

 
Scheme 67. Proposed mechanism for the cleavage of Asp-Pro bonds under acidic conditions.[193] 

 

A five-membered cyclic anhydride 285 is formed which can subsequently hydrolyze to an 

aspartic acid 286. The increased susceptibility of the Asp-Pro bond is rationalized by the 

special chemical properties of proline, an imino acid.[193] It is believed that the high pKa 
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(10.64)[184] of the amino group in free proline facilitates protonation of the backbone and 

therefore simplifies the nucleophilic attack. However, the amino group of cysteine has a 

comparable high pKa (10.20)[184] which raises the question whether this hypothesis from the 

1970s is still tenable as sole explanation. One could also hypothesize that the cis amide bond 

which is induced by proline[113] facilitates the nucleophilic attack due to conformational 

changes. Hence, as for e.g. aspartimide formation (cf. 2.2.2.2), it is likely that multiple effects 

(e.g. sterics, electronics and conformation) influence the lability of Asp-Xaa bonds. 

Irrespective of the exact reason for the favored cleavage of Asp(OH)-Pro sequences, it seems 

to be obvious that the Asp(SH)-Xaa sequence has a higher susceptibility than the Asp(OH)-

Xaa sequence, since an Asp(SH)-Thr bond was readily cleaved in pentapeptide 280 (Scheme 

66). One easy explanation for this observation would be the higher nucleophilicity of the 

thioacid (cf. 2.1) compared to the carboxylic acid which makes the cleavage faster and less 

selective (regarding the nature of the amino acid in position n + 1). To get a better 

understanding of this peptide cleavage using thioacids (CUT), the peptide CUT of the 

decapeptides 200a–e was further investigated.  

 

4.4.2.1. Influence of the Amino Acid in Position n + 1 

 

During global deprotection of the aspartic thioacid-containing decapeptides 200a–e for the 

synthesis of N-glycopeptides 58 the deprotection time was limited to 50–60 minutes 

(cf. 4.4.1.2). Under these conditions, the CUT was restrained and a high yield of N-

glycopeptide 58 in the subsequent glycosylation step was guaranteed. However, it was 

expected that treatment of the decapeptides 200a–e with the deprotection cocktail for multiple 

hours would heavily shift the ratio of fully deprotected decapeptide 287a–e to 

thioanhydride 288 (Scheme 68). 

 

 
Scheme 68. Deprotection of decapeptides 200a–e using TFA/TIS/H2O. 

 

First, Ala-decapeptide 200a was investigated. Therefore, in an initial experiment, Ala-

decapeptide 200a was treated with TFA/TIS/H2O (95:2.5:2.5, 1 mL/mg) and the reaction 
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mixture was periodically analyzed by LC-MS for up to 16 hours (Figure 41A). The 

chromatograms (254 nm) revealed that a complete deprotection of peptide 200a was achieved 

in approx. 40 minutes. Longer reaction times led to a decreased ratio of deprotected 

decapeptide 287a to thioanhydride 288 due to a CUT. This can be nicely illustrated by 

integration of the peaks belonging to fully deprotected decapeptide 287a, thioanhydride 288 

and partially deprotected species and plotting against time (Figure 41B). The amount of 

peptide 287a peaked at around 40 minutes which was slightly faster than in the N-

glycosylation reactions due to an increased concentration of acid in this single experiment 

(1 mL/mg vs. 0.2 mg/mL). For doing chemistry with thioacid 287a, the reaction should be 

quenched at that time point. Longer treatment led to a very clean, complete and specific 

peptide CUT to exclusively yield thioanhydride 288. These results clearly support the 

previously proposed hypothesis that cleavage of Asp(SH)-Xaa bonds is faster and therefore 

less specific to the nature of Xaa than the cleavage of Asp(OH)-Xaa bonds which is generally 

limited to Asp-Pro bonds. 
 

 
Figure 41. (A) Selected LC-MS chromatograms (254 nm) from the reaction mixture of decapepetide 200a being 
treated with TFA/TIS/H2O (95:2.5:2.5, 1 mL/mg) for 20 min, 60 min or 15.75 hours. (B) Amount of deprotected 
peptide 287a (blue), thioanhydride 288 (red) and partially deprotected species (green) plotted against time by 
integration of the corresponding peaks in the LC-MS chromatograms (254 nm). 

 

 
Scheme 69. Influence of amino acid n + 1 on different peptide decomposition pathways. (A) Known sequence 
dependency of aspartimide formation due to the size of a.a. n + 1.[144, 146] (B) Known acid-catalyzed cleavage of 
Asp-Pro sequences due to electronic reasons.[193] (C) Hypothetical sequence dependency in peptide CUT due to 
the size of a.a. n + 1. (D) Hypothetical sequence dependency in peptide CUT due to electronic reasons. 
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Next, the decapeptides 200b–e were investigated. Inspired by the sequence dependency of 

aspartimide formation (Scheme 69A, cf. 2.2.2.2, faster ring formation for smaller a.a. n + 1) 

and Asp(OH)-Pro peptide cleavages (Scheme 69B, faster cleavage of Asp-Pro bonds due to 

electronic reasons), I hypothesized comparable tendencies for the peptide CUT (Scheme 

69CD). Hence, the CUT was expected to be notably faster for peptides with small 294 and/or 

electron-rich amino acids 296 in position n + 1. To study the influence of amino acid n + 1 

each decapeptide 200a–e was treated with TFA/TIS/H2O (95:2.5:2.5, 0.2 mL/mg) for 

60 minutes. After that time all protecting groups had been cleaved which greatly facilitated 

the peak analysis (LC-MS) and integration due to the lack of various partially deprotected 

species. The ratios of aspartic-thioacid containing decapeptide 287a–e to thioanhydride 288 

were determined after 60, 90 and 120 minutes. Mean values of two independent experiments 

were calculated.  

 
Table 11. Ratio of fully deprotected decapeptide 287a–e to thioanhydride 288 for the treatment of 
decapeptides 200a–e with TFA/TIS/H2O (95:2.5:2.5). The ratios were determined by integration of the 
corresponding peaks in the LC-MS chromatograms (254 nm) after 60, 90 and 120 minutes. Volumes of the side 
chains of the amino acids in position n + 1 and pKa values of the amino group of the free amino acids in position 
n + 1.  

Entry R 
Ratio 287/288 

V[200-201] [Å3] pKa
[184] 

60 min 90 min 120 min 

1   a = Ala 4.56:1 2.85:1 1.86:1        28.9 9.87 

2   b = Asp 7.39:1 4.28:1 3.10:1        41.4 9.90 

3   d = Lys 7.01:1 4.41:1 3.01:1        98.6 9.06 

4   d = Ser 4.13:1 2.51:1 1.74:1        29.0 9.21 

5   e = Trp   3.26:1*   1.86:1*   1.17:1*      167.3 9.41 
*: the amount of 287e was calculated by summing up the integrals of 287e and transient carbamic acid Fmoc-

FLNHSENW(NCOOH)TA-OH. 

 

In all five cases the thioanhydride 288 was formed. However, the ratios of decapeptide 287a–

e to thioanhydride 288 differed significantly (Table 11). For the amino acids Asp (7.39:1, 

entry 2) and Lys (7.01:1, entry 3) the ratio of decapeptide 287 to thioanhydride 288 was 

approximately two times higher than for Trp (3.26:1, entry 5) after a reaction time of 

60 minutes. The Ala (4.66:1, entry 1) and Ser sequence (4.13:1, entry 4) were found in 

between. The same trends could be observed after 90 and 120 min.  

On the assumption that the aspartic thioacid in 200a–e is released equally fast, there are 

significant differences in the rate of peptide CUT. This might be explained by the previously 

proposed hypothesis, that the CUT is dependent on the steric demand of the amino acid in 

position n + 1. Table 11 and Figure 42A nicely compare the ratios of peptide 287a–e to 

thioanhydride 288 with the volumes[200-201] of the amino acid side chains in position n +1. 

Accordingly, the ratio of desired decapeptide 287a–e to thioanhydride 288 was particularly 

low for very small amino acids in position n + 1, Ala and Ser (entry 1 and 4). This nicely fits 

to the hypothesis that steric hindrance might have an influence on the CUT rate. However, the 

ratio was even lower for the biggest of the investigated amino acids in position n + 1 (Trp, 
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entry 5), contradicting the hypothesis which would have suggested a very high stability of the 

Trp-peptide 287e. The sequences 287b–c containing the medium sized amino acids Asp 

(entry 2) and Lys (entry 3) were most stable. At least with the limited number of five different 

sequences 287a–e one could reason that both small and large amino acids in position n + 1 

promote a CUT. Regarding the small amino acids the lack of steric shielding might indeed be 

an explanation. On the other hand, the large tryptophan residue in 287e might have led to 

conformational changes in the peptide backbone, enhancing a CUT. Taken together, it is 

likely that sterics influence the CUT rate (Scheme 69C), however, other factors must play an 

important role as well. Further data points would be necessary to make a more precise 

statement. This is especially true because the five tested amino acids do not only differ in size 

but are also very different in their chemical nature, e.g. charges. Therefore, to further study 

the impact of sterics, the comparison of e.g. glycine (H), alanine (CH3), valine (isopropyl) and 

unnatural derivatives with an ethyl or tert-butyl residue as amino acids in position n + 1 

would be highly interesting. 

 

 
Figure 42. Ratio of fully deprotected peptide 287a–e to thioanhydride 288 plotted against (A) the volume of the 
residue of the amino acid in positon n + 1 (rel. to Asp(SH)) of 287a–e or (B) the pKa of the amino group of the 
free amino acid in position n + 1 (rel. to Asp(SH)) of 287a–e. 

 

Besides sterics, the second hypothesis was the dependency of a CUT from the electronic 

properties of the amino acid in position n + 1 (Scheme 69D), just as it was proposed for the 

cleavage of peptides 292 containing an Asp-Pro bond (Scheme 69B). Table 11 and Figure 

42B compare the pKa values of the amino groups of the (free) amino acids in position n + 1 

with the ratios of peptide 287a–e to thioanhydride 288. According to this data, the cleavage of 

the amino acid with the most basic amino group (Asp, entry 2) as well as the one with the 

most acidic amino group (Lys, entry 3) was slowest. The amino acids with a medium acidity 

of the amino group (Ser, entry 4 and Trp, entry 5) were cleaved the fastest. The data for the 

Lys-peptide 287d nicely fit to the proposed hypothesis that a low pKa leads to less protonation 

(activation) of the backbone, minimizing the CUT. However, the data for the Asp-

peptide 287b completely contradicts it. Interestingly, the alanine-containing sequence 287a 

(entry 1) which is nearly as basic as aspartic acid (yet sterically not demanding) was cleaved 
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quite efficiently. Therefore, the latter two examples clearly show that the CUT rate is not 

solely dependent on the pKa of the amino group of the free amino acid in position n + 1. 

Nevertheless, for a more profound understanding of the peptide CUT in regard of electronic 

effects, further investigations, e.g. the comparison of e.g. 2-fluoroalanine, 3-fluoroalanine and 

3,3,3-trifluoroalanine to alanine in position n + 1, would be highly interesting. 

Together with the results from the previous investigations regarding sterics, it is very likely 

that multiple effects play an important role in the CUT rate. Besides steric and electronic 

effects, other effects such as intramolecular catalysis through charged and protonated groups 

as well as conformational differences in the peptides 287a–e are likely to contribute, too.  

 

In addition to the preceding experiments regarding the influence of the amino acid in position 

n +1, I also investigated whether changes to the deprotection cocktail influence the ratio of 

decapeptide 287 to thioanhydride 288. However, this was not the case. Either a complete 

deprotection was not achieved (TFA/TIS/H2O (95:2.5:2.5) at 0 °C, TFA/PhOH/MsOH 

(95:2.5:2.5) and 1 M HBF4·anisole in TFA at 0 °C[202]) or the ratio did not change (TFA/TIS 

(99:1) and 60% TFA in CH2Cl2/TIS (95:5)). Nevertheless, I could show that the peptide CUT 

of Asp(SH)-Xaa bonds is a very efficient, clean and highly specific reaction for the cleavage 

of peptide bonds. For all amino acids Xaa it can be easily driven to completeness to 

exclusively yield the corresponding thioanhydride, a new class of peptides.  
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4.4.2.2. Mechanistic Considerations 

 

When treating e.g. the decapeptide 200a with TFA/TIS/H2O (95:2.5:2.5, 0.2 mL/mg) for 

multiple hours, a peptide CUT leads to the complete conversion to thioanhydride 288 (Figure 

43A). Subsequently, the thioanhydride 288 can be easily hydrolyzed to aspartic acid 298. The 

CUT as well as the hydrolysis proceed highly selective, leading to very pure 

thioanhydride 288 and aspartic acid 298, respectively. (Figure 43Β). 

 

 
Figure 43. (A) Peptide CUT of decapeptides 200a–e during treatment with TFA/TIS/H2O (95:2.5:2.5, 
0.2 mL/mg) and subsequent hydrolysis of thioanhydride 288 with aqueous acid to aspartic acid 298. (B) LC-MS 
chromatograms (254 nm) from the reaction mixture of Ala-decapeptide 200a with TFA/TIS/H2O after 1 and 
21 hours and after subsequent hydrolysis with 1% FA(aq.)/DMF (1:1). 

 

The peptide CUT with subsequent hydrolysis could be an interesting tool as highly selective, 

clean and most importantly traceless peptide splicing mechanism. A native peptide with C-

terminal aspartic acid is released with volatile hydrogen sulfide as the sole by-product. 

However, it is not completely clear if epimerization e.g. via direct enolization of 

thioanhydride 288 to dihydrothiophene 300 and thiophene 301 occurs (Scheme 70A). This 

would ultimately lead to a mixture of D- and L-configured aspartic acid 298. In addition, other 

thioanhydride hydrolysis mechanisms than two iterative nucleophilic attacks of water (as seen 

for thioanhydride 281)[148] cannot be completely ruled out. Most importantly, oxazolone 305 

formation[175] which is well-known during the coupling of activated peptide fragments (cf. 

4.1.2) could give rise to epimerization (Scheme 70B). Since the protonated thioacid 304 can 

be considered as an active ester, a comparable reaction could occur. An oxazolone 305 forms 
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which upon aromatization to oxazole 306 loses its stereogenic center. Ultimately, the reverse 

reaction sequence could finally yield epimerized aspartic acid 308. 

 

 
Scheme 70. Hypothetical racemization of a peptide thioanhydride 299 via (A) direct enolization or (B) 
oxazolone 305 formation[175] with subsequent enolization to oxazole 306. 

 

To completely rule out the formation of an epimerized aspartic acid 308 during the hydrolysis 

of thioanhydrides 299, I synthesized a small pentapeptide 309 for the release of dipeptide 311 

via a CUT (Scheme 71). I rationalized that the small size of peptide 311 would allow easier 

NMR and HPLC characterization than for heptapeptide 298. Using the previously described 

“tripeptide approach” (cf. 4.2), pentapeptide 309 was readily synthesized via Fmoc-SPPS 

starting from Ala-loaded 2-chlorotrityl-modified polystyrene resin. After resin cleavage using 

dilute TFA, the pentapeptide 309 was directly subjected to peptide CUT by dissolving it in 

TFA/TIS/H2O (95:2.5:2.5).  
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Scheme 71. Fmoc-SPPS of pentapeptide 309 and subsequent peptide CUT as well as hydrolysis to 
dipeptide 311. 

 

After the CUT, the solvent was removed and the residue was dissolved in diluted aqueous 

formic acid (1%) with DMF as co-solvent to hydrolyze the thioanhydride 310. After removal 

of trace impurities by HPLC purification, dipeptide 311 was obtained in 41% yield over all 

steps. 

 

 
Scheme 72. Synthesis of authentic (A) Fmoc-Ala-D-Asp-OH (315) and (B) Fmoc-Ala-L-Asp-OH (318). 

 

For better comparison and unambiguous evidence, I also synthesized authentic samples of 

Fmoc-Ala-D-Asp-OH (315) (Scheme 72A) and Fmoc-Ala-L-Asp-OH (318) (Scheme 72B). 

Therefore, Fmoc-Ala-OPfp (312) was either coupled with D- or L-aspartic acid. Both 

dipeptides 314 and 317 were obtained in an excellent yield (96 and 87%, respectively). After 
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deprotection of the tert-butyl ester with TFA, the D- and L-configured dipeptides 315/318 

were obtained in 96% and 91% yield, respectively. 

 

 
Figure 44. Stacked 13C NMR (151 MHz, methanol-d4) spectra of (A) 315 (D-isomer), (B) 318 (L-isomer), (C) 
311, (D) mixture of 311 and 318 (1:1), (E) mixture of 311, 315 and 318 (1:1:1), (F) mixture of 315 and 318 
(1:1). 

 

With the CUT peptide 311, and the two authentic samples 315 and 318 in hand, I investigated 

the diastereopurity of dipeptide 311. First, the authentic samples 315 and 318 were analyzed 

by RP-HPLC. However, it was not possible to resolve a mixture of the two epimers 315 and 

318. This result might seem negative at first sight, though it guaranteed that no isomer was 

lost during HPLC purification of dipeptide 311. Next, the three peptides were analyzed by 1H 

and 13C NMR spectroscopy (Figure 44). Especially 13C NMR spectra allowed the clear 

differentiation between the alanine methyl group of D- 315 (Figure 44A) and L-peptide 318 

(Figure 44B). The spectrum collected from the CUT sample 311 (Figure 44C) did not give 

rise to two sets of signals but rather the same set than the authentic L-isomer 318. 

Furthermore, a mixture (1:1) of 311 and authentic L-isomer 318 did not give rise to two sets 

of signals, either (Figure 44D). On the other hand a mixture (1:1:1) of 311 with the L-

isomer 318 and D-isomer 315 (Figure 44E) gave two sets of signals. So did a mixture (1:1) of 

native D-isomer 315 and L-isomer 318 (Figure 44F). Taken together, these results clearly 

show that (within the detection limit) neither the peptide CUT nor the subsequent hydrolysis 

led to epimerization of the C-terminal aspartic acid. Therefore, it is very likely that the 

hydrolysis indeed took place via a nucleophilic ring-opening by water and a subsequent attack 

of water to the (protonated) thioacid upon release of hydrogen sulfide. 
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In other words and to summarize, the peptide CUT reaction does not only highly efficiently 

and specifically cleave peptide bonds but is also completely traceless and yields a native L-

aspartic acid after hydrolysis of the thioanhydride. Therefore, the CUT represents one of the 

rare examples[203] of methods for the selective cleavage of peptide bonds. Furthermore, with 

peptide thioanhydrides, a completely new substance class was introduced to the field of 

peptide chemistry. Until now only one derivative of this class has been reported[204] which 

leaves plenty of room for the discovery of unique properties and new applications of peptide 

thioanhydrides.  
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4.4.3. Labeling of Peptides via TAL Chemistry 

 

In one of the last chapters, it was shown that aspartic thioacid-containing peptides 56 which 

are easily accessible via the “tripeptide approach” (cf. 4.2) are highly useful for the 

chemoselective synthesis of N-glycopeptides 58 (cf. 4.4.1). In this and the next chapter, 

further applications of aspartic thioacid-containing peptides, like labeling of peptides via TAL 

chemistry (cf. 2.1.1), were explored. Previously, it was shown by our group[33-34] and others[36] 

that the labeling of small aspartic thioacid-containing peptides with e.g. fluorescent probes is 

possible via a TAL. However, larger peptides such as the decapeptides 190a–e have not been 

applied yet. 

I started my investigations with the synthesis of two highly reactive azides 321 and 323 

(Scheme 73). Sulfonyl azide 321 was synthesized starting from benzoic acid 319 in analogy 

to a published procedure of Carreira and co-workers[205]. The acid was transformed to the 

methyl ester 320 by activation with thionyl chloride and subsequent nucleophilic 

displacement with methanol. Next, the crude precipitated ester 320 was reacted with sodium 

azide (85). The desired product could be crystallized by the addition of water to yield sulfonyl 

azide 321 in 71% yield over two steps. The tetrafluorophenyl azide 323 was synthesized in 

one step starting from pentafluorobenzoic acid ester 322.[32, 206] Nucleophilic aromatic 

displacement of one fluorine atom with sodium azide (85) readily yielded the desired 

azide 323 in 91% yield after crystallization.  

 

 
Scheme 73. Synthesis of electron-deficient (A) sulfonyl azide 321 and (B) tetrafluorophenyl azide[32, 206] 323 for 
application in the TAL. 

 

With the two different electron-deficient azides 321 and 323 in hand, I next applied them for 

the labeling of model peptide 175a using TAL conditions (Scheme 74). To keep the set-up as 

simple as possible I relied on a comparable one-pot procedure as previously established for 

the synthesis of N-glycopeptides 58 (cf. 4.4.1). Aspartic thioacid 175a was treated with 

TFA/TIS/H2O (95:2.5:2.5) for 60 minutes. The deprotection cocktail was removed and the 

residue was directly reacted with two equivalents of either azide 321 or 323 under basic 

conditions for one hour (Scheme 74). The solvent was removed by evaporation and the 

residue was dissolved in water/acetonitrile for subsequent HPLC characterization and 

purification. In both reactions the desired products 324/325 were formed (Figure 45AC) and 
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could be isolated in 73% (mixture with peptide 326, cf. Scheme 75) and 53% yield, 

respectively.  

 

 
Scheme 74. One-pot deprotection/TAL of aspartic thioacid 175a with azide 321 or 323. 

 

 
Figure 45. HPLC chromatograms (300 nm) from the TAL of dipeptide 175a. Reaction mixture of 175a with 
azide 321 (A) before and (B) after purification. Reaction of 175a with azide 323 (C) before purification and 
(D) after purification. (E) Purified side product 327. 

 

The chromatograms revealed that less side products were formed in the case of sulfonyl 

azide 321 (Figure 45A). This might be attributed to the limited stability of aromatic azide 323 

which is known to decompose to a reactive nitrene and nitrogen.[205] The nitrene subsequently 

can undergo insertion reactions to yield different side products. Hence, the application of 

sulfonyl azides generally might be superior to tetrafluorophenyl azides. Despite of the applied 

azide, in both reactions a side product 326/327 with the same mass as the desired labeled 

peptide 324/325 was formed. However, isomerization during TAL has not been described as 

severe side reaction yet. Hence, it was likely that the formation of the isomers 326/327 

originated not from the TAL but from the initial deprotection step (Scheme 75). During 

deprotection, to some extent a CUT (cf. 4.4.2) can occur, leading to thioanhydride 260 and 

alanine (328). Since alanine (328) is protonated, the CUT is irreversible. However, during the 

subsequent TAL a base is added. Deprotonation of alanine (328) takes place and can be 
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followed by a nucleophilic attack to the thioanhydride 260. Even though the opening of 

aspartic thioacid-derived thioanhydrides by amines is reported[46, 48-49] to regioselectively not 

take place in the γ-position, this obviously here is the case. After formation of isomerized 

thioacid 329, the TAL with azide 321 or 323 can lead to the formation of a product 

constitutional isomer 326/327. 

 

 
Scheme 75. Proposed mechanism (via peptide CUT) for the formation of a constitutional isomer 326/327 during 
the one-pot deprotection/TAL of dipeptide 175a. 

 

In contrast to product 324 (Figure 45B), 325 could be separated from its isomer 327 by means 

of HPLC purification (Figure 45DE). Subsequently, both peptides 325 and 327 were analyzed 

and compared by NMR spectroscopy. Even though only small amounts of peptide 327 were 

available, two-dimensional NMR spectroscopy (1H-13C HMBC) revealed decisive differences 

of the two structures (Figure 46). In peptide 325 cross peaks were observed between C1 and 

NHAla as well as between between C1 and H2 (Figure 46A). On the other hand, for 

peptide 327 cross peaks between C4 and NHAla and between C4 and H3 were observed 

(Figure 46B). These results clearly hint at the fact that the alanine in isomer 327 (and 

presumably also in peptide 326) is actually located in the side chain of the aspartic acid. 

Hence, the mechanism proposed in Scheme 75 can be considered to be very likely. 

To summarize, the two test reactions with dipeptide 175a revealed that the TAL reaction 

proceeds very smoothly. A one-pot deprotection/TAL procedure is possible, but can lead to 

the formation of a product constitutional isomer. Hence, the deprotection time should be kept 

as short as possible. In cases the desired labeled peptide cannot be separated from its 

constitutional isomer, it would be advised to conduct the reaction sequence in two separate 

steps. Regarding the azido component, a sulfonyl azide 20 turned out to be superior to an 

electron-deficient aromatic azide 21 in regard to side product formation. Therefore, in the next 

experiment, I relied on sulfonyl azide 321 for the labeling of aspartic thioacid-containing 

decapeptide 200a (Scheme 76).  
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Figure 46. 1H-13C HMBC spectra of (A) peptide 325 and (B) peptide 327. Relevant cross-peaks of 325 and 327 
are depicted as red (and blue) arrows in the corresponding structures. For H2 and H3 strong cross peaks are 
depicted in red, weak ones in blue. 
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To this end, decapeptide 200a was treated with TFA/TIS/H2O (95:2.5:2.5, 0.2 mL/mg) for 

50 minutes. The deprotection cocktail was immediately removed by evaporation and the 

residue was directly reacted with two equivalents of sulfonyl azide 321. After one hour, the 

reaction mixture was diluted with acetonitrile and analyzed by LC-MS. The chromatograms 

(254 nm) once again showed two peaks in close proximity. Since the chosen deprotection 

conditions are known (cf. 4.4.2.1) to give rise to nearly 20% of peptide CUT, it is likely that 

the second peak is caused by a constitutional isomer 331. Nevertheless, labeled 

decapeptide 330 was obtained in 76% yield after RP-HPLC purification and the identity could 

be confirmed by HRMS. 

 

 
Scheme 76. Labeling of peptide 200a via a one-pot deprotection/TAL. 

 

 
Figure 47. LC-MS chromatograms (254 nm) from the one-pot deprotection/TAL of decapeptide 200a with 
sulfonyl azide 321 (cf. Scheme 76) (A) before and (B) after HPLC purification. 

 

This result nicely illustrates that the labeling of aspartic thioacid-containing peptides 56 via 

TAL is not only a very fast reaction but also high-yielding and most importantly not limited to 

very small peptides. Therefore, besides the synthesis of N-glycopeptides 58 (cf. 4.4.1) and the 

peptide CUT (cf. 4.4.2), the TAL represents a third very interesting application of aspartic 

thioacid-containing peptides. One further promising application will be presented in the next 

chapter.  
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4.4.4. Native Chemical Ligation (NCL) 

 

Native Chemical Ligation (NCL) is a powerful tool for the synthesis of large peptides. The 

principle was pioneered by Wieland et al.[207] in 1953. More than 40 years later, in 1994, Kent 

and co-workers[165] introduced this methodology for the ligation of peptides which has soon 

found tremendous popularity. In NCL, a C-terminal peptide thioester 332 is ligated with a 

second peptide 333 containing an N-terminal cysteine. The thiol 333 attacks the peptide 

thioester 332 to form thioester 334. After an S→N acyl shift, the elongated peptide 335 with a 

native amide linkage is obtained. The reaction is of particular interest because it is highly 

chemoselective, proceeds in neutral aqueous buffer, at room temperature and is finished 

within minutes to hours. 

 

 
Scheme 77. Ligation of peptides 332 and 333 by means of NCL.[165] 

 

Much effort has been made in enhancing the scope of NCL. For instance, different additives 

were introduced. Among them are reducing agents (e.g. tris(2-carboxyethyl)phosphine 

(TCEP) or dithiothreitol (DTT)) to suppress thiol oxidation and exogenous thiols (e.g. 

thiophenol, 2-mercaptoethanesulfonic acid sodium salt (MesNa) or 4-mercaptophenylacetic 

acid (MPAA)) which promote a thioester exchange of 332 to a more reactive intermediate.[208-

209] Furthermore, ligations at other sites than cysteine have been investigated. Ultimately, this 

has been achieved by (unnatural) amino acids and ligation-desulfrization strategies.[210-211] 

Another milestone was reported ten years ago – the concept of iterative ligations.[211-212] By 

careful reactivity modulation, multiple thioesters can selectively react to yield a homogenous 

peptide. Taken together, NCL has proven to be a highly reliable method for the preparation of 

peptides. Undoubtedly, it is the state-of-the-art method for the synthesis of larger peptides 

which are not accessible by means of classical Fmoc-SPPS (cf. 2.2.2). 

In the “tripeptide approach” (cf. 4.2) aspartic thioacids are incorporated into proteins as Tmob 

thioesters. Since NCL in the side chain of aspartic acid is known[213], I wanted to investigate 

whether Tmob-protected aspartic thioacid-containing peptides which are readily available via 

the “tripeptide approach” are not only a valuable precursor for the synthesis of N-

glycopeptides (cf. 4.4.1) but also for the synthesis of branched peptides[214] via NCL. 

However, Tmob thioesters were initially designed to resist a nucleophilic attack[148]. In NCL 

the first and rate-determining step is a thioester exchange and therefore the nucleophilic attack 

of a thiol.[209] Together with the fact that aromatic thioesters are known to be more reactive in 

NCL than aliphatic ones[209], it was a highly interesting question whether Tmob-protected 

aspartic thioacid-containing peptides would be suitable substrates for NCL.  
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I started my investigations with the short model peptide 175b (Scheme 78A). To achieve 

water solubility of thioester 175b, the Fmoc group was removed with piperazine in DMF. 

After acidification with TFA and RP-HPLC purification, the Tmob thioester-containing 

dipeptide 336 was obtained in 65% yield. With the aspartic thioester-containing dipeptide 336 

in hand I next applied it in NCL using standard conditions[215] with MPPA as 

transesterification agent and TCEP as reducing agent (Scheme 78B). Thioester 336 and excess 

cysteine were dissolved in ligation buffer (6 M Gn·HCl, 100 mM Na2HPO4·12H2O, 50 mM 

TCEP·HCl, pH 7.4–7.5) and a solution of MPAA in ligation buffer was added to start the 

reaction (final concentration of thioester approx. 3 mM). The pH was readjusted to 7.5 and the 

reaction was kept at 37 °C with occasional swirling. LC-MS analysis after 45 minutes 

revealed one main peak belonging to the desired tripeptide 337 (Figure 48A). Furthermore, 

small amounts of starting material 336 and traces of the peptidic MPAA thioester were 

identified by MS. After 120 minutes, the mass of starting material 336 could not be detected 

anymore. Tripeptide 337 was formed without apparent side product formation. No 

aspartimide and only traces of hydrolysis could be detected.  

 

 
Scheme 78. (A) Synthesis of thioester 336 and (B) its application in NCL. 

 

 
Figure 48. LC-MS chromatograms (220 nm) of the NCL of thioester 336 (cf. Scheme 78) after (A) 45 min or 
(B) 120 min. 
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These first results show that Tmob thioesters in general and particularly in the side chain of an 

aspartic acid peptide are suitable substrates for NCL. However, the fact that the Tmob 

thioester was readily attacked by a thiol under the conditions of NCL raises questions. 

Initially, this thioester was screened and developed to resist nucleophilic attacks (of 

amines).[148] This could mean that the now observed susceptibility might have been missed 

and Tmob thioesters generally possess a low stability against thiols which are known to be 

good nucleophiles (cf. 2.1). In regard to the synthesis of cysteine-containing peptides via the 

“tripeptide approach” (cf. 4.2) this, on the other hand, might sound very disadvantageous at 

first. Sure, the observed susceptibility would be something to keep in mind when handling 

Tmob thioesters, however, the scope of the “tripeptide approach” would not be affected since 

cysteine residues are usually protected during Fmoc-SPPS. 

Taken together, the successful synthesis of NCL product 337 represents one of the rare 

examples of NCL being applied for the synthesis of branched peptides via the aspartic acid 

side chain. Due to their increased stability, branched peptides are of great interest e.g. in 

medicinal chemistry.[216] Hence, I next aimed at the synthesis of larger branched peptides via 

NCL. However, application of the aspartic thioester-containing decapeptides 200a–e requires 

making these peptides water soluble. Although the Fmoc group can be easily cleaved in 

presence of the Tmob thioester, it is quite unlikely that the resulting products would be water 

soluble. Furthermore, cleavage of the side chain protecting groups (except for the 

pseudoproline) is not possible in the presence of the thioester. Interestingly, conditions for the 

NCL in organic solvents have been reported by Engelhard and co-workers[217-218]. Therefore, a 

solution of MPAA (3.5 mM), cysteine (20 mM) and triethylamine (TEA, 20 mM) in dry DMF 

was prepared (Scheme 79). Subsequently, the solution was added to peptide 200a (3.5 mM) 

and the mixture was kept at 40 °C with occasional swirling. Unfortunately, periodical LC-MS 

analysis revealed only traces of the desired undecapeptide 338. The starting material 200a 

decomposed to unknown more polar species within one day.  

 

 
Scheme 79. Application of thioester 200a in NCL. 

 

Even though, cysteine was only partially soluble in DMF, it should be noted that no thioester 

exchange with MPAA could be detected, a very rapid process during NCL of dipeptide 336 in 

aqueous buffer. Since it was unclear whether thioester 200a was unreactive due to steric 

reasons (peptide conformation) or due to the reaction conditions, I next applied thioester 175b 

to the conditions of Engelhard and co-workers (Scheme 80). According to the previous 

experiment with thioester 336 (Scheme 78B) one would expect a rapid thioester exchange if 

Tmob thioesters do at all exchange under Engelhard’s conditions. 
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Scheme 80. Application of thioester 175b in NCL. 

 

Once again, neither a thioester exchange nor product 339 formation could be detected by LC-

MS analysis. Hence, it is quite likely that Tmob thioesters do not exchange under basic 

conditions in DMF. Moreover, this could mean that the observed rapid Tmob thioester 

exchange in aqueous buffer is indeed attributed to the special conditions of NCL and does not 

occur during application of Tmob thioester in e.g. Fmoc-SPPS.  

To summarize, I could show that Tmob protected aspartic acid derivatives are suitable starting 

materials for NCL. They rapidly undergo thioester exchange and yield branched peptides. 

Due to the nature of the Tmob thioester-containing decapeptides 200a–e, the application is 

currently limited to small peptides. However, this limitation could be abolished by using 

elsewise protected amino acids[110] during Fmoc-SPPS, e.g. trityl and PhiPr which can be 

cleaved in the presence of Tmob thioesters. 
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5. Summary and Outlook 

 

Within this work, six aspartic thioacid derivatives 190a–f differing in the amino acid in 

position n + 1 (rel. to the aspartic thioacid) have been synthesized (Scheme 81). These 

tripeptide building blocks 190a–f solve the long-standing problem in peptide chemistry of 

how to incorporate aspartic thioacid into peptides via Fmoc-SPPS. By a combination of well-

selected protecting groups, a very high stability of 190a–f during Fmoc-SPPS could be 

achieved. Like this, different decapeptides 200a–e were easily accessible in high yields (52–

72%) and with (in most cases) negligible side product formation using standard conditions. 

 

 
Scheme 81. Synthesis of six different aspartic thioacid building blocks 190a–f for application in Fmoc-SPPS and 
subsequent synthesis of N-glycopeptides. 

 

The aspartic thioacid in peptides 200a–e could be readily released with acid and in a 

subsequent highly chemoselective reaction been transformed to N-glycopeptides 270a–e, 276 

and 279 with a natural carbohydrate-peptide linkage. Most remarkably, a one-pot procedure 

could be established which yielded the N-glycopeptides in yields of up to 77%. Even 

application of a highly complex unprotected nonasaccharide 278 led to product formation 279 

in a remarkable yield of 21% over two steps. 

 

 
Scheme 82. Peptide cleavage using thioacids (CUT) to yield peptide thioanhydrides 340. Hydrolysis to aspartic 
acid 341 or regioselective ring-opening[46, 48-49] followed by nucleophilic aromatic substitution (cf. 2.1.2) of the 
thioacid to yield the elongated N-glycopeptide 58. 
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Besides the synthesis of N-glycopeptides, further applications of aspartic thioacid-containing 

peptides have been investigated. For instance, a novel peptide cleavage[148] reaction was 

studied in detail (Scheme 82). Thioacid-containing peptides 56 which are treated with acid for 

a prolonged time undergo a highly selective and clean CUT (cleavage using thioacids) to 

yield thioanhydrides 340. It could be shown that the CUT is dependent on the amino acid in 

position n + 1. Furthermore, clear evidence was brought that neither the CUT nor the 

subsequent hydrolysis to aspartic acid 341 is accompanied by epimerization. Therefore, the 

CUT joins the group of rare methods[203] for the selective and traceless cleavage of peptide 

bonds. Until now, only one derivative of the substance class of peptide thioanhydrides 340 is 

known.[204] With an easy access route to these highly interesting thioanhydrides 340 in hand, 

future applications now can be examined. For example, they could be used for the highly 

elegant synthesis of elongated N-glycopeptides 58 (Scheme 82). Key step would be the 

regioselective ring-opening[46, 48-49] of the thioanhydride 340 by the glycosyl amine 57. 

Afterwards, the thioacid gets coupled to a peptide, elongating the previously CUTted chain at 

the C-terminus. First experiments on this topic, have already been conducted by J. 

Zinngisser[219] in our group. 

Apart from this application, one could also think of other uses of the peptide CUT, e.g. for 

drug delivery. Acidic conditions as can be found e.g. in the stomach or around tumor cells[220] 

could be used to selectively release and deliver drugs via a CUT. The combination of spatial 

and temporal control (e.g. via a photo-cleavable thioacid protecting group) might be a very 

inspiring approach worth to investigate. 

Further investigated topics of this work include the labeling of thioacid-containing peptides 

via TAL chemistry, the use of aspartic thioacid-containing peptides for NCL and the synthesis 

and application of aspartic thioacid-modified lysines which gave interesting further insights in 

the chemical nature of aspartic thioacids. 

 

Taken together, a general and simple access route to the highly interesting, diverse and 

promising substance class of aspartic thioacid-containing peptides 56 and derivatives thereof 

was presented. For the first time, aspartic thioacid-containing peptides 56 have been made 

accessible for everyone by using simple standard Fmoc-SPPS and multiple applications of 

theses peptides have been demonstrated. Therefore, the presented results are likely to lead to 

completely new applications and horizons in peptide chemistry.  
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6. Zusammenfassung und Ausblick 

 

Im Rahmen dieser Arbeit wurden sechs Thioasparaginsäure-Derivate 190a–f synthetisiert, die 

sich hinsichtlich der Aminosäure in Position n + 1 (in Bezug auf die Thioasparaginsäure) 

unterscheiden (Schema 1). Diese Tripeptide-Bausteine 190a–f lösen ein langwährendes 

Problem der Peptidchemie, der Einbau von Thioasparaginsäure in Peptide mittels Fmoc-

SPPS. Durch Kombination ausgesuchter Schutzgruppen konnte eine sehr hohe Stabilität der 

Bausteine 190a–f in der Fmoc-SPPS erreicht werden. Auf diese Weise waren verschiedene 

Dekapeptide 200a–f in hohen Ausbeuten (52–72%) einfach und (in den meisten Fällen) mit 

vernachlässigbarer Nebenprodukt-Bildung zugänglich. 

 

 
Schema 1. Synthese von sechs verschiedenen Thioasparaginsäure-Bausteinen 190a–f zur Verwendung in der 
Fmoc-SPPS mit anschließender Synthese von N-Glykoproteinen. 

 

Die Thioasparaginsäure der Peptide 200a–f konnte problemlos entschützt und anschließend in 

einer chemoselektiven Reaktion zu den natürlich verknüpften N-Glykopeptiden 270a–e, 276 

und 279 umgesetzt werden. Bemerkenswerterweise konnte ein Eintopf-Verfahren etabliert 

werden, welches die N-Glykopeptide 270a–e, 276 und 279 in Ausbeuten von bis zu 77% 

ergab. Selbst die Verwendung eines hochkomplexen, ungeschützten Nonasaccharids 278 

führte in einer beeindruckenden Ausbeute von 21% über zwei Stufen zum gewünschten 

Produkt. 

Neben der Synthese von N-Glykopeptiden wurden weitere Anwendungen von 

Thioasparaginsäure-haltigen Peptiden untersucht - so zum Beispiel eine neuartige 

Peptidspaltungs-Reaktion (Scheme 83). Thiosäure-haltige Peptide 56, die für längere Zeit mit 

Säure behandelt werden, durchlaufen eine hochselektive und glatt verlaufende Selbstspaltung 

(CUT, cleavage using thioacids, deutsch: Spaltung mittels Thiosäuren) zu 

Thioanhydriden 340. Es konnte gezeigt werden, dass die CUT abhängig von der Aminosäure 

in Position n + 1 ist. Weiterhin wurde der Beweis erbracht, dass weder die CUT noch die 

anschließende Hydrolyse zu Asparaginsäure 341 von Epimerisierung begleitet ist. 

Demzufolge stellt die CUT eine potente Methode zur selektiven und spurlosen Spaltung von 
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Peptidbindungen dar – nur eine Hand voll weitere verlässliche Methoden zu diesem Zwecke 

sind bekannt.[203]  

 
Scheme 83. Peptidspaltung mittels Thiosäure (CUT) zu Thioanhydrid 340. Hydrolyse zu Asparaginsäure 341 
order regioselektive Ringöffnung[46, 48-49], gefolgt von einer nukleophilen aromatischen Substitution durch die 
Thiosäure (vgl. 2.1.2), um das verlängerte N-Glykopeptids 58 zu erhalten. 

 

Bis heute ist nur ein Derivat der Substanzklasse der peptidischen Thioanhydride 340 

bekannt.[204] Mit der hier präsentierten einfachen Zugangsroute zu Peptid-

Thioanhydriden 340, können nun zukünftige Anwendungen eben dieser untersucht werden. 

Denkbar wäre zum Beispiel die Verwendung zur sehr eleganten Synthese von N-

Glykopeptiden 58 (Scheme 83). Schlüsselschritt in dieser Synthese wäre die regioselektive 

Ringöffnung[46, 48-49] des Thioanhydrids 340 durch das Glycosylamin 57. Die so generierte 

Thiosäure könnte danach mit einem Peptid gekuppelt werden, sodass das zuvor gespaltene 

Peptid am C-Terminus verlängert wird. Erste Experiment diesbezüglich wurden in unserer 

Arbeitsgruppe bereits von J. Zinngisser[219] durchgeführt. 

Abgesehen von dieser möglichen Anwendung, sind viele weitere denkbar. So zum Beispiel 

die Verwendung des CUTs zur In vivo-Bereitstellung von Medikamenten. Das saure Milieu 

im Magen oder in der Nähe von Tumorzellen könnte dafür benutzt werden, Medikamente 

selektiv am Zielort freizusetzen. Diese Kombination aus räumlicher und zeitlicher Kontrolle 

(z.B. über eine photolabile Thiosäure-Schutzgruppe) könnte ein inspirierender neuer Ansatz 

sein, den es lohnt genauer zu untersuchen. 

Weitere im Rahmen dieser Arbeit untersuchte Themen beinhalten das Markieren von 

Thiosäure-haltigen Peptiden mittels TAL-Chemie, die Verwendung von Thioasparaginsäure-

haltigen Peptiden zur NCL und die Synthese von Thiosäure-modifizierten Lysinen, die 

allesamt weitere interessante Einblicke in die Chemie der Thiosäuren ergaben.  

 

Alles in allem wurde ein allgemeiner und einfacher Zugang zur hochinteressanten, 

vielfältigen und vielversprechenden Substanzklasse der Thiosäure-haltigen Peptide 56 und 

deren Derivate vorgestellt. Erstmalig konnten Thioasparaginsäure-haltige Peptide 56 mittels 

simpler Standard-Fmoc-SPPS für jedermann zugänglich gemacht werden. Zahlreiche 

Anwendungen dieser Peptide konnten aufgezeigt werden. Somit ist es wahrscheinlich, dass 

die vorgestellten Ergebnisse zu vollkommen neuen Anwendungen und Perspektiven in der 

Peptidchemie führen werden.  
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7. Experimental Part 

7.1. General Methods   

 

Technical solvents were distilled prior to use (petroleum ether, EtOAc, dichloromethane, 

methanol). Reagents for solid phase peptide synthesis were bought from Acros Organics 

(DBU; NMP, 99.5% for peptide synthesis), Apollo Scientific (HATU), Carbolution Chemicals 

(HBTU, PyBOP), GL Biochem (HOBt, anhydrous), Iris Biotech (DMF peptide grade; stored 

over molecular sieves 4 Å), Merck (2-chlorotriyl resin, DIC, HOAt, NMP), Sigma-Aldrich 

(COMU: 97%; DIPEA: BioSyn 99.5%; Hexamethyleneimine, 99%; N-Methylpyrrolidine, 

> 98%; Piperazine: BioUltra, anhydrous, > 99%). Palladium on charcoal was bought from 

Evonik or TCI. When necessary, reactions were conducted under inert atmosphere (argon or 

nitrogen) using the Schlenk technique. Solvents were dried by common methods 

(dichloromethane: calcium hydride, diethyl ether: CaH2, DMF peptide grade: molecular 

sieves 4 Å). Preparative flash column chromatography (FC) was performed with Kieselgel 60 

M (0.04–0.063 mm) from Machery-Nagel. Eluent mixtures are given in terms of 

volume/volume ratios. Preparative RP-MPLC purification was performed on a Reveleris X2 

from Büchi. Mobile Phase: acetonitrile in water, flow rate: 30 mL min-1. Stationary phase: 

Reveleris C18 (12 g). Preparative RP-HPLC purification was performed on a LC-20 A from 

Shimadzu. Degaser: DGU-20A3, pumps: LC-20AT, autosampler: SIL-20A, column oven: 

CTO-20AC, photodiode array detector: SPD-M20A, controller: CBM-20A. Mobile phase: 

acetonitrile (0.1% formic acid) in water (0.1% formic acid), flow rate: 9 mL min-1. Stationary 

phase: Phenomenex Kinetex C18 100 Å, AXIA (5 µm, 250 × 21.2 mm, column 1), Knauer 

Eurospher 100 Å C18 (10 µm, 250 × 16 mm, column 2) or Machery-Nagel Nucleodur 100 Å 

C18 endcapped (5 µm, 250 × 21 mm, column 3). LC-MS analysis was performed on a LCMS 

2020 from Shimadzu. Degaser: DGU-20A3, pumps: LC-20AD, autosampler: SIL-20AT HT, 

column oven: CTO-20AC, UV-vis detector: SPD-20A, controller: CBM-20A. Mobile phase: 

acetonitrile (0.1% formic acid) in water (0.1% formic acid), flow rate: 0.4 mL min-1. 

Stationary phase: Machery-Nagel Nucleodur C18 Gravity (3 µm, 125 × 4 mm, column 4) at 

40 °C, Phenomenex Kinetex C18 100 Å (2.6 µm, 150 × 4.6 mm, column 5) at 40 C. For 

analytical thin-layer chromatography (TLC), silica coated aluminum plates from Merck (60 

F254) were used. Spots were visualized by fluorescence quenching at 254 nm and/or by 

dipping in one of the following solutions followed by applying gentle heat: Vanillin: 6 g 

vanillin, 2.5 mL conc. H2SO4, 250 mL EtOH; KMnO4: 0.1% KMnO4 in NaOH(aq.) (1 M); 

Mostain: 10 g ammonium molybdophosphate, 0.2 g CeriumIV sulfate, 200 mL H2SO4(aq.) 

(10%); Anisaldehyde: 3.7 mL 4-anisaldehyd, 5 mL conc. H2SO4, 15 mL glacial acetic acid, 

135 mL EtOH; Ninhydrin: 0.15 g ninhydrin, 0.75 mL AcOH, 150 mL acetone. NMR spectra 

were collected at 300 K on an Avance III 400 or 600 MHz spectrometer from Bruker. 

Chemical shifts δ are given in ppm, coupling constants J were measured in Hz. As internal 

reference the signal of non or partly deuterated solvent was used (CDCl3: δH = 7.26, δC = 

77.16, methanol-d4: δH = 3.31, δC = 49.00; D2O: 4.79, DMSO-d6: δH = 2.50, δC = 39.52).[221] 

If necessary, two-dimensional spectra were collected (HSQC, COSY, HMBC, ROESY, 

NOESY). High-resolution mass spectrometry (ESI) was performed either on a micrOTOF II 
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spectrometer from Bruker or on a LTQ Orbitrap Velos from Thermo Scientific. Samples were 

dissolved in water, acetonitrile or mixtures of both. UV-Vis spectra were recorded on a Cary 

50 from Varian. 
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7.2. General Procedures  

 

General procedure 1: Fmoc deprotection and peptide coupling in solution 

Fmoc protected amino acid/peptide was dissolved in 20% piperidine (DMF) (0.01 mL µmol-1) 

and stirred at room temperature for 15 minutes. The solvents were removed under reduced 

pressure and the residue was repeatedly co-evaporated with toluene and subsequently dried in 

vacuo.  

For peptide coupling in solution, the carboxylic acid, HOBt and HBTU were 

dissolved/suspended in DMF or CH2Cl2 (4 mL mmol-1) and DIPEA was added. The mixture 

was stirred at room temperature for approx. 1 min before the deprotected amine, dissolved in 

DMF or CH2Cl2 (8 mL mmol-1), was added. The reaction mixture was typically stirred for 2 

to 5 hours at room temperature. 

 

General procedure 2: Thioesterification with PyBOP/DIPEA 

Carboxylic acid, PyBOP and thiol was dissolved in dichloromethane (5 mL mmol-1) and 

cooled to –15. DIPEA was slowly added over 30 minutes at that temperature and the reaction 

mixture was then stirred at room temperature for further 30 min. The solvents were removed 

under reduced pressure and the residue was purified by FC (silica). 

 

General procedure 3: Palladium-catalyzed hydrogenolysis of benzyl esters 

The benzyl ester was dissolved in EtOAc/MeOH (4:1, 30 mL mmol-1) and pyridine (3 eq.) 

was added. Palladium (10% on carbon, wetted with ca. 55% water, 0.19 g mmol-1 benzyl 

ester) was added and the mixture was stirred under a hydrogen atmosphere until TLC 

indicated complete conversion of starting material (30–90 min). The reaction mixture was 

immediately filtered through a short plug of celite and the solvents were removed under 

reduced pressure. The residue was repeatedly co-evaporated with toluene to remove any 

residual pyridine.  

 

General procedure 4: Palladium-catalyzed hydrogenolysis of glycosyl azides 

The glycosyl azide was dissolved in MeOH (15 mL mmol-1) and palladium (5% on carbon, 

wetted with ca. 55% water, 0.11 g mmol-1 azide) was added. The mixture was stirred under a 

hydrogen atmosphere until TLC indicated complete conversion and was then immediately 

filtered through a short plug of celite or a syringe filter (0.45 µm). In cases the solution was 

not colorless after filtration, it was stirred for further 5–15 min over activated carbon and was 

again filtered. The solvent was removed and the residual glycosyl amine was used without 

further purification.  

 

General procedure 5: Fmoc-SPPS 

Fmoc-SPPS was performed manually in a polypropylene syringe with PE frit installed at the 

outlet. During all steps the syringe was gently shaken. Preloaded dry 2-chlorotrityl 

polystyrene resin (cf. general procedure GP8) was swollen for at least three hours in DMF 

(10 mL g-1) and afterwards washed with DMF (2 × 1 min, 10 mL g-1). Fmoc deprotection was 
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performed using piperazine (6 w/w% in 0.1 M HOBt (DMF), 5 + 15 min, 10 mL g-1))[103]. The 

deprotection solution was freshly prepared on a daily base and stored at 4 °C between 

couplings. Before the first coupling the resin was washed with DMF (5 × 1 min, 10 mL g-1). 

Amino acids (5 eq., 5 eq. HBTU, 5 eq. HOBt, 7.5 eq. DIPEA) were preactivated for approx. 

1 minute and coupled for 2 (natural a.a.) or 3 hours (tripeptide building blocks 190a–f) in 

DMF (5–10 g mL-1). After coupling, the resin was washed with DMF (5 × 1 min, 10 mL g-1) 

and the procedure was repeated starting with Fmoc deprotection as mentioned above. In cases 

the Kaiser Test (cf. general procedure GP11) indicated incomplete coupling, the coupling 

was repeated using the same equivalents as mentioned above with a coupling time of 60 min. 

During synthesis of the six described decapeptides 200a–f this was always the case for the 

coupling of Fmoc-Asn(Trt)-OH. 

After the last coupling the resin was washed with DMF (5 × 1 min) and CH2Cl2 (5 × 1 min). 

In cases SPPS had to be stopped the resin was washed with DMF (5 × 1 min) and CH2Cl2 (5 × 

1 min) and stored at 4 °C overnight. 

 

General procedure 6: One-pot deprotection/N-glycosylation reaction 

Fully protected thioaspartic acid-containing peptide (1 eq.) was dissolved in TFA/TIS/H2O 

(95:2.5:2.5; 0.2 mL mg-1) and stirred at room temperature for 50–60 min. The solvents were 

immediately removed in vacuo. The residue was co-evaporated with toluene (3×) and further 

dried in vacuo.  

Subsequently, the peptide thioacid was ligated with glycosyl amines via a slightly modified 

protocol of Garner and co-workers[12]: A solution of HOBt (2 eq.) and Cu(OAc)2·H2O (1 eq.) 

in DMF (40 µL µmol-1 copper) was prepared by ultrasonication. Peptide thioacid (1 eq.) and 

glycosyl amine (4 eq.) were dissolved in DMF (40 µL µmol-1 peptide thioacid) and the copper 

solution was immediately added. The resulting mixture was stirred for 30 min at room 

temperature. 

Water was added (0.25 volumes rel. to DMF) and the mixture was stirred for 15 to 

30 minutes. The precipitate (CuS) was removed by centrifugation (1 min, 14000 rpm) and 

washed with DMF three times (3 × 1 min, 14000 rpm). The crude peptide in DMF/water was 

subjected to RP-HPLC (MeCN/H2O + 0.1% FA) and subsequently lyophilized to yield a 

colorless, fluffy solid. 

 

General procedure 7: Loading of 2-chlorotrityl PS resin 

Resin loading of 2-chlorotrityl PS resin was performed as described by Merck 

Novabiochem[222] (method 2-3, p. 2.17): After swelling of the 2-chlorotrityl PS resin in dry 

CH2Cl2 (10 mL g-1) for 60 min, carboxylic acid (1.2 eq.) and DIPEA (1.2 eq.) in dry 

dichloromethane (10 mL g-1) were added. After shaking for 2–3 hours the resin was washed 

with CH2Cl2/MeOH/DIPEA (17:2:1, 3 × 1 min), dichloromethane (3 × 1 min), DMF (2 × 

1 min) and CH2Cl2 (2 × 1 min). The resin was dried in vacuo over KOH or Silica Gel Orange.  
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General procedure 8: Determination of resin loading 

Resin loading was determined using the absorbance of 1-((9H-fluoren-1-

yl)methyl)piperidine (78) at 301 nm. Dry resin (3–4 mg) was shaken in 5 mL 20% piperidine 

(DMF) for three hours. A dilution series was prepared and the absorbance compared to 20% 

piperidine (DMF) was measured at 301 nm. A straight calibration line was calculated using 

the relative concentration and absorbance. According to Beer-Lambert-Law, the concentration 

of the deprotection solution and thereby the resin loading (mmol g-1) is calculated: A = c × d × 

ε (A: absorbance, c: concentration [M], d: path length [cm], ε: molar attenuation coefficient at 

301 nm, 7800 M-1 cm-1). The resin loading was determined to be 0.26–0.88 mmol g-1. 

 

General procedure 9: Analytical resin cleavage 

A small amount of pre-swollen (CH2Cl2) 2-chlorotrityl polystyrene resin beads were treated 

with TFA (0.5 mL, 0.5–1% in dichloromethane) for 1 min. The solution was subsequently 

neutralized with pyridine (10 µL) and the solvents were removed in vacuo. Water (2 mL) was 

added and the solution was immediately lyophilized. The residue was dissolved in 

MeCN/H2O (250 µL, 1:1), filtered through a syringe filter (0.45 µm) and analyzed by LC-

MS. 

 

General procedure 10: Preparative resin cleavage 

Peptide cleavage from 2-chlorotrityl PS resin was performed as described by Merck 

Novabiochem[222] (method 3-30, p. 3.30): The pre-swollen resin (CH2Cl2) was treated with 

TFA (1% in CH2Cl2, 2 min, 10 mL g-1) and filtered in a solution of pyridine (10% in 

methanol, 2 mL g-1). The acid treatment was repeated up to ten times. Subsequently, the resin 

was washed with dichloromethane (3 x 30 mL g-1), methanol (3 × 30 mL g-1), 

dichloromethane (2 × 30 mL g-1) and methanol (3 × 30 mL g-1). The combined filtrates were 

evaporated to dryness. Residual pyridine was removed by co-evaporation with toluene and the 

crude product was purified by FC (silica) or RP-MPLC. 

 

General procedure 11: Kaiser Test for free amino groups in SPPS 

A small amount of resin was mixed with each one drop of solution A, B and C (A: 5 g 

ninhydrin in 100 mL ethanol; B: 2 mL of 0.1 mM KCN(aq.) in 98 mL pyridine; C: 80 g phenol 

in 20 mL ethanol). The mixture was heated to 100 °C for 5–10 minutes. Blue to brown beads 

indicated the presence of remaining free amino groups whereas a yellow color indicated 

complete coupling and no free amino groups. 

 

General procedure 12: Deprotection of Tmob thioesters 

Tmob thioester (1 eq.) was dissolved in 80% TFA in dichloromethane (400 µL 0.02 mmol-1), 

TIS (5 eq. per protecting group) was added and the mixture was stirred for 90 minutes at room 

temperature. The solvent was removed by rotary evaporation and the residue was co-

evaporated with toluene to yield a colorless solid that was used without further purification. 
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General procedure 13: Ligation of peptide thioacids (Danishefsky protocol[13]) 

Thioacid (1 eq.), MS 4 Å (spatula tip) and amine (2 eq.) were dissolved in dry DMSO (400 µL 

0.02 mmol-1 thioacid) and stirred for typically 18 hours at room temperature. 

 

General procedure 14: Ligation of peptide thioacids (Garner protocol[12]) 

Cu(OAc)2·H2O (1 eq.) and HOBt (2 eq.) were dissolved in dry DMF (400 µL per 0.02 mmol) 

by ultrasonication and the greenish solution was added to the thioacid (1 eq.). Amine (4 eq.) 

was immediately added and the mixture was stirred for 30–60 minutes at room temperature. 
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7.3. Dipeptide Approach  

 

Synthesis of 175a 

 

2,4,6-Trimethoxybenzyl thiol (TmobSH) (158) 

 

 
C10H14O3S [214.28 g mol-1] 

 

2,4,6-Trimethoxybenzaldehyde (25.0 g, 127 mmol) was suspended in ethanol (175 mL) and 

NaBH4 (5.3 g, 140 mmol) was slowly added. The mixture was stirred for 30 minutes before 

the solvent was removed in vacuo. The residue was dissolved in water (175 mL) and was 

extracted with Et2O (4 × 100 mL). The combined organic phases were washed with water (2 × 

150 mL), dried (MgSO4) and the solvent was removed by evaporation. The crude benzylic 

alcohol was further reacted to the thiol 158 as descried by Vetter. After FC (silica, petroleum 

ether/EtOAc 5:1) TmobSH (158) was obtained as colorless solid (7.97 g, 68% over two 

steps). Spectroscopic data was in accordance with literature.[177] 

 

Fmoc-Ala-O-2-PhiPr (177) 

 

 
C27H27NO4 [429.52 g mol-1] 

 

Fmoc-Ala-OH (6.52 g, 20.9 mmol) was suspended in dichloromethane/petroleum ether 

(40 mL, 1:1) and a solution of trichloroacetimidate 181
[176] (22.02 mmol, approx. 2 M in 

petroleum ether/diethyl ether 1:1) was added. The reaction mixture was stirred overnight, the 

solvents were removed by rotary evaporation and the residue was suspended in 

dichloromethane (50 mL). The solid was filtered and the filtrate was concentrated in vacuo. 

The crude product was purified by FC (silica, petroleum ether/ethyl acetate 4:1→2:1) to yield 

phenylisopropyl ester 177 as semi-crystalline solid (5.12 g, 57%). TLC: Rf = 0.39 (petroleum 

ether/EtOAc 4:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 7.76 (d, J = 7.5 Hz, 

2H, Haryl), 7.62 – 7.55 (m, 2H, Haryl), 7.46 – 7.22 (m, 8H, Haryl), 5.33 (d, J = 7.7 Hz, 1H, NH), 

4.46 – 4.32 (m, 3H, CHα,Ala & CH2,Fmoc), 4.21 (t, J = 7.2 Hz, 1H, CHFmoc), 1.83 (s, 3H, 

CH3,PhiPr), 1.79 (s, 3H, CH3,PhiPr), 1.47 (d, J = 7.1 Hz, 3H CH3,Ala); 
13

C NMR (CDCl3, 

101 MHz): δ [ppm] = 171.7 (COAla), 155.7 (COONH), 145.2, 144.1, 144.0 (4 × Cquart,Fmoc), 

141.4 (Cquart,Ph), 128.5, 127.8, 127.5, 127.2, 125.3, 124.3, 120.1 (13 × Caryl), 83.3 (Cquart,PhiPr), 

67.1 (CH2,Fmoc), 50.2 (CHα,Ala), 47.3 (CHFmoc), 28.9, 28.3 (2 × CH3,PhiPr), 19.0 (CH3,Ala); 

HRMS: m/z calcd. for C27H27NO4Na+: 452.18323 [M+Na]+, found: 452.18177. 
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Fmoc-Asp(OBn)-Ala-O-2-PhiPr (178) 

 

 
C38H38N2O7 [634.73 g mol-1] 

 

Alanine 177 (5.17 g, 12.05 mmol) was deprotected and subsequently reacted with Fmoc-

Asp(OBn)-OH (10.73 g, 24.09 mmol) using HOBt (3.26 g, 24.09 mmol), HBTU (9.14 g, 

24.09 mmol) and DIPEA (6.30 mL, 36.14 mmol) in DMF (200 mL) according to general 

procedure 1. After 2.5 hours the solvent was removed by rotary evaporation and the residue 

was co-evaporated with toluene (2 ×). The resulting yellow oil was dissolved in ethyl acetate 

(100 mL) and extracted with sat. NH4Cl(aq.) (100 mL), sat. NaHCO3(aq.) (100 mL) and sat. 

NaCl(aq.) (100 mL). The organic layer was dried (MgSO4), filtered, the solvent was removed 

in vacuo and the residue was purified by FC (silica, petroleum ether/ethyl acetate 2.5:1) to 

yield dipeptide 178 as colorless foam (4.02 g, 52%). TLC: Rf = 0.42 (petroleum ether/EtOAc 

2:1; UV/vanillin); 1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.80 – 7.72 (m, 2H, Haryl), 7.56 (d, 

J = 7.5 Hz, 2H, Haryl), 7.44 – 7.22 (m, 14H, Haryl), 6.94 (d, J = 7.3 Hz, 1H, NHAla), 5.89 (d, J = 

8.7 Hz, 1H, NHAsp), 5.15 – 5.07 (m, 2H, CH2,Bn), 4.59 (br. s, 1H, CHα,Asp), 4.53 (dq, J = 7.2, 

7.2 Hz, 1H, CHα,Ala), 4.47 – 4.25 (m, 2H, CH2,Fmoc), 4.20 (t, J = 7.0 Hz, 1H, CHFmoc), 3.09 

(dd, J = 17.1, 3.2 Hz, 1H, CHH’Asp), 2.71 (dd, J = 17.4, 6.2 Hz, 1H, CHH’Asp), 1.81 (s, 3H, 

CH3,PhiPr), 1.76 (s, 3H, CH3,PhiPr), 1.43 (d, J = 7.1 Hz, 3H, CH3,Ala); 
13

C NMR (CDCl3, 

101 MHz): δ [ppm] = 171.9 (COOBn), 170.9, 169.8 (COAsp & COAla), 156.0 (COONH), 

145.2 (Cquart,PhiPr), 143.9, 143.8, 141.4 (4 × Cquart,Fmoc), 135.4 (Cquart,Ph), 128.7, 128.53, 128.49, 

128.4, 127.9, 127.4, 127.2, 125.2, 124.3, 120.13, 120.11 (18 × Caryl), 83.3 (Cquart,PhiPr), 67.4, 

67.1 (CH2,Fmoc & CH2,Bn), 51.0 (CHα,Asp), 49.0 (CHα,Ala), 47.2 (CHFmoc), 36.6 (CH2,Asp), 29.1, 

28.1 (2 × CH3,PhiPr), 18.3 (CH3,Ala); ESI-MS: m/z calcd. for C38H3N2O7Na+: 657.26 [M+Na]+, 

found: 657.10. 

 

 

Fmoc-Asp(OH)-Ala-O-2-PhiPr (179 

 

 
C31H32N2O7 [544.60 g mol-1] 

 

Dipeptide 178 (3.57 g, 5.64 mmol) and Pd/C (1.07 g, 5-10% on charcoal, 55% wet) was 

dissolved in ethyl acetate/methanol (155 mL, 4:1) and stirred under a hydrogen atmosphere 

for 30 minutes until TLC showed complete consumption of starting material. The reaction 

mixture was filtered through celite and the solvents were removed by rotary evaporation. The 
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crude product was purified by FC (silica, dichloromethane/methanol 15:1) to yield a colorless 

foam (1.58 g, 52%). TLC: Rf = 0.29 (dichloromethane/methanol 15:1; UV/vanillin); 1H NMR 

(methanol-d4, 400 MHz): δ [ppm] = 7.81 – 7.76 (m, 2H, Haryl), 7.64 (d, J = 7.4 Hz, 2H, Haryl), 

7.43 – 7.16 (m, 9H, Haryl), 4.55 (dd, J = 8.2 Hz, J = 5.0 Hz, 1H, CHα,Asp), 4.42 – 4.28 (m, 3H, 

CH2,Fmoc & CHα,Ala), 4.21 (t, J = 6.9 Hz, 1H, CHFmoc), 2.80 (dd, J = 16.6, 5.2 Hz, 1H, 

CHH’Asp), 2.67 (dd, J = 16.7, 8.3 Hz, 1H, CHH’Asp), 1.76 (s, 3H, CH3,PhiPr), 1.73 (s, 3H, 

CH3,PhiPr), 1.40 (d, J = 7.3 Hz, 3H, CH3,Ala); 
13

C NMR (methanol-d4, 101 MHz): δ [ppm] = 

174.0, 173.3 (COOH & COAsp), 172.5 (COAla), 158.3 (COONH), 146.7 (Cquart,PhiPr), 145.2, 

142.6 (4 × Cquart,Fmoc), 129.3, 128.8, 128.2, 128.0, 126.3, 125.4, 120.9 (13 × Caryl), 84.1 

(Cquart,PhiPr), 68.2 (CH2,Fmoc), 52.9 (CHα,Asp), 50.3 (CHα,Ala), 48.4 (CHFmoc (superimposed by 

solvent), 37.4 (CH2,Asp), 29.2, 28.7 (2 × CH3,PhiPr), 17.4 (CH3,Ala). ESI-MS: m/z calcd. for 

C31H32N2O7Na+: 567.21 [M+Na]+, found: 567.15. 

 

Fmoc-Asp(STmob)-Ala-OH (175a 

 

NH COOH
FmocHN

O

O

STmob  
C32H34N2O9S [622.69 g mol-1] 

 

Aspartic acid 179 (1.59 g, 2.92 mmol), TmobSH (158) (0.69 g, 3.21 mmol) and PyBOP 

(1.67 g, 3.21 mmol) were dissolved in DMF (7 mL) and DIPEA (1.12 mL, 6.42 mmol) was 

added. After stirring for 20 minutes at room temperature the solvent was removed by rotary 

evaporation and the residue was co-evaporated with toluene (2 ×). The orange solid was 

dissolved in dichloromethane (50 mL) and washed with sat. NH4Cl(aq.) (50 mL), sat. 

NaHCO3(aq.) (50 mL), water (50 mL) and sat. NaCl(aq.) (50 mL). The organic layer was dried 

(MgSO4), filtered and the solvent was removed in vacuo. The residue was dissolved in 

petroleum ether/ethyl acetate (2:1) and cooled with an ice cooling bath to aid precipitation. 

The colorless solid was collected by filtration and dried in vacuo (1.66 g, 2.25 mmol). The 

crude product was dissolved in dichloromethane (64.7 mL), TIS (2.3 mL, 11.23 mmol) was 

added followed by TFA (1.32 mL). After 5 minutes the reaction mixture was washed with 

water (50 mL) and the precipitate was collected by filtration. After drying the desired 

dipeptide 175a was obtained as colorless solid (839 mg, 46% over two steps). TLC: Rf = 0.31 

(dichloromethane/methanol 15:1; UV/vanillin); 1
H NMR (DMSO-d6, 400 MHz): δ [ppm] = 

12.55 (br. s., 1H, COOH), 8.23 (d, J =7.3 Hz, 1H, NHAla), 7.89 (d, J = 7.5 Hz, 2H, Haryl), 7.71 

(dd, J = 7.6 Hz, J = 3.6 Hz, 2H, Haryl), 7.66 (d, J =8.5 Hz, 1H, NHAsp), 7.42 (t, J = 7.5 Hz, 2H, 

Haryl), 7.32 (td, J = 7.5, 1.0 Hz, 2H, Haryl), 6.20 (s, 2H, Haryl,Tmob), 4.52 (ddd, J = 9.7, 8.9, 

3.8 Hz, 1H, CHα,Asp), 4.32 – 4.14 (m, 4H, CHα,Ala & CH2,Fmoc & CHFmoc), 4.10 – 4.05 (m, 2H, 

CH2,Tmob), 3.76 (s, 3H, OMe), 3.74 (s, 6H, 2 × OMe), 2.92 (dd, J = 16.4, 3.8 Hz, 1H, 

CHH’Asp), 2.86 (dd, J = 16.4, 9.8 Hz, 1H, CHH’Asp), 1.26 (d, J = 7.3 Hz, 3H, CH3,Ala); 
13

C 

NMR (DMSO-d6, 151 MHz): δ [ppm] = 196.0 (COS), 173.9 (COOH), 170.4 (COAsp), 160.7, 
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158.6 (3 × Cquart,Tmob), 155.7 (COONH), 143.8, 140.7 (4 × Cquart,Fmoc), 127.6, 127.0, 125.3, 

120.1 (8 × Caryl,Fmoc), 103.2 (Cquart,Tmob), 90.8 (2 × Caryl,Tmob), 65.7 (CH2,Fmoc), 55.8, 55.3 (3 × 

OCH3), 50.7 (CHα,Asp), 47.6, 46.6 (CHFmoc & CHα,Ala), 44.8 (CH2,Asp), 21.7 (CH2,Tmob), 16.9 

(CH3,Ala); HRMS: m/z calcd. for C32H35N2O9S
+: 623.20578 [M+H]+, found: 623.20464. 
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Coupling in Solution  

 

Fmoc-Asp(STmob)-Ala-Ala-OtBu (183) 

 

 
C39H47N3O10S [749.88 g mol-1] 

 
HCl·H-Ala-OtBu (44 mg, 0.24 mmol) was dissolved in DMF (3.85 mL) and DIPEA (84 µL, 

0.48 mmol) was added. In another flask Fmoc-Asp(STmob)-Ala-OH (101 mg, 0.16 mmol) 

and HOBt (22 mg, 0.16 mmol) were dissolved in DMF (1.28 mL) and the mixture was cooled 

to 0 °C. HBTU (61 mg, 0.16 mmol) was added, followed by DIPEA (42 µL, 0.24 mmol). The 

mixture was stirred for one minute before the alanine solution was added. LC-MS after 

15 minutes indicated complete conversion of starting material and the solvent was removed in 

vacuo. The residue was co-evaporated with toluene (3 ×) and the crude product was purified 

by FC (silica, dichloromethane/methanol 20:1) to yield tripeptide 183 (112 mg, 93%). LC-MS 

analysis (60–100% in 10 min, Rt = 9.4/9.6 min, column 4) revealed a double peak hinting at 

C-terminal racemization during fragment coupling. ESI-MS: m/z calcd. for C39H48N3O10S
+: 

750.13 [M+H]+, found: 750.15/750.20.  
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Application in Fmoc-SPPS  

 

Fmoc-Glu(OtBu)-Asp(STmob)-Ala-Ala-OH (188) 

 

 
C44H54N4O13S [878.99 g mol-1] 

 
Procedure A: Tetrapeptide 188 was synthesized on solid-phase starting from alanine-loaded 

(cf. general procedure 7) 2-chlorotrityl polystyrene resin (0.255 g mmol-1) as depicted in 

Scheme 31. The pre-swollen resin (at least 3 hours in NMP) was washed with NMP (10 mL g-

1) before the first deprotection/coupling cycle. Deprotection was achieved with Aimoto’s 

cocktails (3 + 5 + 7 min, 10 mL g-1).[106] After deprotection the resin was washed with NMP 

(5 × 1 min, 10 mL g-1). Next, the amino acid was coupled. Before the next 

deprotection/coupling cycle the resin was washed with NMP (5 × 1 min, 10 mL g-1). Fmoc-

Asp(STmob)-Ala-OH (2 eq.) (175a) was coupled with HBTU/HOBt (2/2 eq.) and DIPEA 

(3 eq.) for 2 hours in NMP, Fmoc-Glu(OtBu)-OH (4 eq.) was coupled with HBTU/HOBt 

(4/4 eq.) and DIPEA (6 eq.) for 1 hour in NMP. After the last coupling the resin was washed 

with NMP (3 × 1 min) and dichloromethane (3 × 1 min). Resin cleavage was achieved by 

shaking a few resin beads in 1% TFA in dichloromethane (0.5 mL) for 5–15 min. The solvent 

was removed and the residue was analyzed by LC-MS. ESI-MS: m/z calcd. for 

C44H55N4O13S
+: 879.35 [M+H]+, found: 879.25. 

Procedure B: As Procedure A but with HATU/HOAt instead of HBTU/HOBt. ESI-MS: m/z 

calcd. for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.30. 

Procedure C: As Procedure A but with PyBOP/HOBt instead of HBTU/HOBt. ESI-MS: m/z 

calcd. for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.30. 

Procedure D: As Procedure A but with COMU instead of HBTU/HOBt. ESI-MS: m/z calcd. 

for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.30. 

Procedure E: As Procedure A but with more equivalents for the coupling of Fmoc-

Asp(STmob)-Ala-OH (5 eq.), HBTU/HOBt (5/5 eq.), DIPEA (7.5 eq.). ESI-MS: m/z calcd. 

for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.30. 

Procedure F: As Procedure E but with more equivalents and a longer coupling time (2 h) for 

Fmoc-Glu(OtBu)-OH (5 eq.), HBTU/HOBt (5/5 eq.), DIPEA (7.5 eq). ESI-MS: m/z calcd. 

for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.25. 

Procedure G: As Procedure E but with more equivalents and a longer coupling time (2 h) for 

Fmoc-Glu(OtBu)-OH (10 eq.), HBTU/HOBt (10/10 eq.), DIPEA (15 eq). ESI-MS: m/z calcd. 

for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.25.  
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Fmoc-Glu(OtBu)-Asp(STmob)-Ala-Thr(tBu)-Ala-OH (189) 

 

 
C52H69N5O15S [1036.20 g mol-1] 

 
Procedure A: Tetrapeptide 189 was synthesized on solid-phase starting from alanine-loaded 

(cf. general procedure 7) 2-chlorotrityl polystyrene resin (0.255 g mmol-1) as depicted in 

Scheme 32. The pre-swollen resin (at least 3 hours in NMP) was washed with NMP (10 mL g-

1) before the first deprotection/coupling cycle. Deprotection was achieved with Aimoto’s 

cocktails (3 + 5 + 7 min, 10 mL g-1).[106] After deprotection the resin was washed with NMP 

(5 × 1 min, 10 mL g-1). Next, the amino acid was coupled. Before the next 

deprotection/coupling cycle the resin was washed with NMP (5 × 1 min, 10 mL g-1). Fmoc-

Asp(STmob)-Ala-OH (2 eq.) (175a) was coupled with HBTU/HOBt (2/2 eq.) and DIPEA 

(3 eq.) for 2 hours in NMP, Fmoc-Thr(tBu)-OH (4 eq.) and Fmoc-Glu(OtBu)-OH (4 eq.) were 

coupled with HBTU/HOBt (4/4 eq.) and DIPEA (8 eq.) for 1 hour in NMP. After the last 

coupling the resin was washed with NMP (3 × 1 min) and dichloromethane (3 × 1 min). Resin 

cleavage was achieved by shaking a few resin beads in 1% TFA in dichloromethane (0.5 mL) 

for 5–15 min. The solvent was removed and the residue was analyzed by LC-MS. ESI-MS: 

m/z calcd. for C52H70N5O15S
+: 1036.46 [M+H]+, found: 1036.35. 

Procedure B: As Procedure A but with more equivalents and longer coupling times. 5 eq. of 

amino acid/dipeptide, 5 eq. HBTU, 5 eq. HOBt, 7.5 eq. DIPEA, 2 hours. ESI-MS: m/z calcd. 

for C52H70N5O15S
+: 1036.46 [M+H]+, found: 1036.25. 

Procedure C: As Procedure B but with longer deprotection time (2 + 4+ 6 +8 min). ESI-MS: 

m/z calcd. for C44H55N4O13S
+: 879.35 [M+H]+, found: 879.25. 

Procedure D: As Procedure B but with DMF as solvent and deprotection with 2% DBU in 

DMF. ESI-MS (aspartimide): m/z calcd. for C42H56N5O12
+: 822.39 [M+H]+, found: 822.25. 
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7.4. Tripeptide Approach     

 

Synthesis of 190a–f 

 

Fmoc-Thr(OH)-O-2-PhiPr (192) 

 

 

C28H29NO5 [459.54 g mol-1] 

 

Trichloroacetimidate 181 was prepared according to Wessel et al.[176] using 2-phenylpropan-

2-ol (3.7 g, 27.2 mmol, 1 eq.), NaH (109 mg, 60% dispersion in mineral oil, 2.7 mmol, 0.1 eq) 

and trichloroacetonitrile (2.6 mL, 25.8 mmol, 0.95 eq.) in dry Et2O (8.8 mL). The 

trichloroacetimidate was obtained as yellowish solution in hexane (~0.75 M) which was used 

for esterification without further purification. Therefore, Fmoc-Thr(OH)-OH (191) (6.15 g, 

13.6 mmol, 0.5 eq.) was dissolved in EtOAc/CH2Cl2 (135 mL, 1:1) and the solution of 

imidate 181 was added. After 1.5 hours the solvents were evaporated under reduced pressure 

and the residue was dissolved in dichloromethane (200 mL). The organic layer was washed 

with NaOH(aq.) (2 × 650 mL, 0.2 M (removal of trichloroacetamide)), dried (MgSO4) and 

filtered. After removal of the solvent, the brown syrup was purified by FC (silica, petroleum 

ether/EtOAc/toluene 7.5:2.5:1) to yield a faint yellow foam (5.341 g, 86%). TLC: Rf = 0.28 

(petroleum ether/EtOAc/toluene 7.5:2.5:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz): 

δ [ppm] = 7.77 (δ, J = 7.5 Hz, 2H, Haryl), 7.63–7.55 (m, 2H, Haryl), 7.44–7.22 (m, 9H, Haryl 

(superimposed by solvent)), 5.52 (d, J = 9.1 Hz, 1H, NH), 4.54–4.36 (m, 3H, CH2,Fmoc & 

CHβ), 4.32 (d, J = 8.9 Hz, 1H, CHα), 4.23 (t, J = 7.0 Hz, 1H, CHFmoc), 1.89 (d, J = 5.1 Hz, 1H, 

OH), 1.82 (s, 3H, CH3,PhiPr), 1.81 (s, 3H, CH3,PhiPr), 1.26 (d, J = 6.3 Hz, 3H, CH3,Thr); 
13

C 

NMR (CDCl3, 101 MHz): δ [ppm] = 169.8 (COThr), 156.9 (COONH), 145.0 (Cquart,Ph), 144.0, 

143.9, 141.4 (4 × Cquart,Fmoc), 128.5, 127.9, 127.5, 127.2, 125.2, 124.4, 120.13, 120.11 (13 × 

Caryl), 83.9 (Cquart,PhiPr), 68.3 (CHβ), 67.3 (CH2,Fmoc), 59.5 (CHα), 47.3 (CHFmoc), 28.7, 28.5 

(2 × CH3,PhiPr), 20.0 (CH3,Thr); HRMS: m/z calculated for C28H29NO5Na+: 482.19379 

[M+Na]+, found: 482.19171. 

 

Fmoc-Ala-Thr(OH)-O-2-PhiPr (193a) 

 

 

C31H34N2O6 [530.62 g mol-1] 

 

According to general procedure 1, Fmoc-Thr(OH)-O-2-PhiPr (192) (5.3 g, 11.54 mmol, 

1 eq.) was deprotected with piperidine (115 mL, 20% in DMF) and reacted with Fmoc-Ala-

OH (4.31 g, 13.85 mmol, 1.2 eq.) using HOBt (1.87g, 13.85 mmol, 1.2 eq), HBTU (5.25 g, 
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13.85 mmol, 1.2 eq.) and DIPEA (4.83 mL, 27.7 mmol, 2.4 eq.) in dichloromethane (150 mL) 

for 3.5 hours. The reaction mixture was extracted with sat. NH4Cl(aq.) (200 mL), NaOH(aq.) 

(200 mL, 1 M) and H2O (2 × 200 mL). After drying (MgSO4) the solvent was removed under 

reduced pressure and the crude product was purified by FC (silica, petroleum ether/EtOAc 

1:1). Dipeptide 193a was obtained as colorless foam (5.566 g, 88%). TLC: Rf = 0.29 

(petroleum ether/EtOAc 1:1; UV/vanillin); 1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.75 (d, J 

= 7.5 Hz, 2H, Haryl), 7.57 (d, J = 7.4 Hz, 2H, Haryl), 7.44–7.16 (m, 9H, Haryl (superimposed by 

solvent)), 6.73 (d, J = 9.0 Hz, 1H, NHThr), 5.53 (d, J = 7.5 Hz, 1H, NHAla), 4.56 (dd, J = 9.0 

Hz, 2.6 Hz, 1H, CHα,Thr), 4.43–4.33 (m, 3H, CH2,Fmoc & CHβ,Thr), 4.33–4.24 (m, 1H, CHAla), 

4.18 (t, J = 7.1 Hz, 1H, CHFmoc), 2.37 (br. s, 1H, OH), 1.80 (s, 3H, CH3,PhiPr), 1.78 (s, 3H, 

CH3,PhiPr), 1.38 (d, J = 6.9 Hz, 3H, CH3,Ala), 1.19 (d, J = 6.9 Hz, 3H, CH3,Thr); 
13

C NMR 

(CDCl3, 101 MHz): δ [ppm] = 173.0 (COAla), 169.4 (COThr), 156.1 (COONH), 145.0 

(Cquart,Ph), 144.0, 141.4 (4 × Cquart,Fmoc), 128.5, 127.8, 127.4, 127.2, 125.2, 124.4, 120.1 (13 × 

Caryl), 83.8 (Cquart,PhiPr), 68.3 (CHβ,Thr), 67.3 (CH2,Fmoc), 57.9 (CHα,Thr), 50.8 (CHAla), 47.2 

(CHFmoc), 28.8, 28.4 (2 × CH3,PhiPr), 20.2 (CH3,Thr), 18.9 (CH3,Ala); HRMS: m/z calculated for 

C31H34N2O6Na+: 553.23091 [M+Na]+, found: 553.22961. 

 

Fmoc-Asp(OH)-Ala-Thr(OH)-O-2-PhiPr (195a) 

 

 

C35H39N3O9 [645.71 g mol-1] 

 

According to general procedure 1, Fmoc-Ala-Thr(OH)-O-2-PhiPr (193a) (1.92 g, 3.62 mmol, 

1 eq.) was deprotected with piperidine (37 mL, 20% in DMF) and reacted with Fmoc-

Asp(OBn)-OH (1.97 g, 4.42 mmol, 1.2 eq.) using HOBt (0.60 g, 4.42 mmol, 1.2 eq.), HBTU 

(1.68 g, 4.42 mmol, 1.2 eq.) and DIPEA (1.41 mL, 8.11 mmol, 2.4 eq.) in dichloromethane 

(30 mL) for 3.5 hours. The solvent was removed under reduced pressure and the residue was 

purified by FC (silica, petroleum ether/EtOAc 2:3) to yield dipeptide 194a as colorless foam 

(1.93 g) with still minor impurities. It was used for forward reaction sequence without further 

purification. 

According to general procedure 3, benzyl-protected tripeptide 194a (1.89 g, 2.56 mmol) was 

hydrogenated for 30 minutes. The product was purified by FC (silica, 

dichloromethane/methanol 10:1) to yield tripeptide 195a as off-white foam (1.10g, 47% over 

two steps). TLC: Rf = 0.34 (dichloromethane/methanol 10:1; UV/vanillin); 1
H NMR 

(methanol-d4, 400 MHz): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.66 – 7.58 (m, 2H, Haryl), 

7.40 – 7.32 (m, 4H, Haryl), 7.31 – 7.24 (m, 4H, Haryl), 7.21 – 7.15 (m, 1H, Haryl), 4.53 (t, J = 

7.1 Hz, 1H, CHAsp), 4.49 (q, J = 7.1 Hz, 1H, CHAla), 4.40 – 4.27 (m, 4H, CH2,Fmoc, CHα,Thr & 

CHβ,Thr), 4.18 (t, J = 7.0 Hz, 1H, CHFmoc), 2.80 (dd, J = 16.5 Hz, 6.5 Hz, 1H, CHH’Asp), 2.65 

(dd, J = 16.4 Hz, 7.0 Hz, 1H, CHH’Asp), 1.75 (s, 6H, 2 × CH3,PhiPr), 1.38 (d, J = 7.1 Hz, 3H, 
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CH3,Ala), 1.19 (d, J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (methanol-d4, 101 MHz): δ [ppm] = 

176.6 (COOH) 175.2 (COAla), 173.7 (COAsp), 170.5 (COThr), 158.4 (COONH), 146.7 

(Cquart,Ph), 145.21, 145.16, 142.5 (4 × Cquart,Fmoc), 129.2, 128.8, 128.2, 127.9, 126.2, 125.5, 

120.9 (13 × Caryl), 84.5 (Cquart,PhiPr), 68.4, 68.2 (CHβ,Thr & CH2,Fmoc), 60.3 (CHα,Thr), 53.4 

(CHAsp), 50.4 (CHAla), 48.3 (CHFmoc), 38.8 (CH2,Asp), 29.05, 28.97 (2 × CH3,PhiPr), 20.6 

(CH3,Thr), 18.1 (CH3,Ala); HRMS: m/z calcd. for C35H40N3O9
+: 646.27591 [M+H]+, found: 

646.27526. 

 

Fmoc-Asp(OH)-Ala-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (196a) 

 

 

C38H43N3O9 [685.77 g mol-1] 

 

Threonine-containing tripeptide 195a (1.90 g, 2.94 mmol, 1 eq.) was suspended in dry 

dichloromethane (41 mL) and 2-methoxypropene (2.95 mL, 58.83 mmol, 20 eq.), followed by 

MS 4 Å, was added. The mixture was cooled to 0 °C, PPTS (370 mg, 1.47 mmol, 0.5 eq.) was 

added and the reaction was allowed to warm to room temperature. After 3 hours the solution 

was washed with water (3 × 30 mL), was dried (MgSO4) and the solvent was removed by 

evaporation. The crude product was purified by FC (silica, dichloromethane/methanol 20:1) to 

yield pseudoproline-protected tripeptide 196a as colorless foam (1.39 g, 69%); TLC: Rf = 

0.11 (dichloromethane/methanol 20:1; UV/vanillin); HRMS: m/z calcd. for C38H43N3O9Na+: 

708.2892 [M+Na]+, found: 708.2890. 

 

Fmoc-Asp(STmob)-Ala-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197a) 

 

 

C48H55N3O11S [882.04 g mol-1] 

 

Tripeptide 196a (1.38 g, 2,01 mmol, 1 eq.), TmobSH (158) (473 mg, 2.21 mmol, 1.1 eq.) and 

PyBOP (1.05 g, 2.01 mmol, 1 eq.) were dissolved in dichloromethane (10.2 mL) and the 

solution was cooled to 0 °C. DIPEA (10.8 mL, 6.23 mmol, 3.1 eq.) was added dropwise at 0 

°C and the reaction mixture was then allowed to warm to room temperature. After 40 minutes 

the mixture was diluted with dichloromethane (20 mL) and was washed with sat. NH4Cl(aq.) (2 

× 30 mL), sat. NaHCO3(aq.) (30 mL) and sat. NaCl(aq.) (30 mL). The organic layer was dried 

(MgSO4) and the solvent was removed under reduced pressure. The crude product was 

purified by FC (silica, petroleum ether/EtOAc 2:1) to yield fully protected tripeptide 197a as 
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colorless foam (1.46 g, 82%). TLC: Rf = 0.18 (petroleum ether/EtOAc 2:1; UV/vanillin); 1
H 

NMR (CDCl3, 400 MHz, major conformer): δ [ppm] = 7.80 – 7.72 (m, 2H, Haryl), 7.60 (d, J = 

7.2 Hz, 2H, Haryl), 7.46 – 7.18 (m, 10H, Haryl & NHAla (superimposed by solvent)), 6.08 (s, 

2H, Haryl,Tmob), 5.83 (d, J = 8.7 Hz, 1H, NHAsp), 4.60 – 4.47 (m, 1H, CHα,Asp), 4.47 – 4.18 (m, 

7H, CH2,Fmoc, CHFmoc, CH2,Tmob, CHα,Ala, CHβ,Thr), 4.01 (d, J = 6.1 Hz, 1H, CHα,Thr), 3.78 (s, 

3H, OMe), 3.77 (s, 6H, 2 × OMe), 3.30 – 3.19 (m, 1H, CHH’Asp), 2.87 (dd, J = 16.3, 4.6 Hz, 

1H, CHH’Asp), 1.81 (s, 3H, CH3,PhiPr), 1.79 (s, 3H, CH3,PhiPr), 1.66 (s, 3H, CH3,pseudoproline), 1.54 

(s, 3H, CH3,pseudoproline), 1.50 (d, J = 6.4 Hz, 3H, CH3,Thr), 1.35 (d, J = 6.4 Hz, 3H, CH3,Ala); 
13

C 

NMR (CDCl3, 101 MHz, major conformer): δ [ppm] = 198.5 (COS), 170.1 (COAla), 168.9 

(COAsp), 168.3 (COThr), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.0 (COONH), 144.4 

(Cquart,Ph), 144.0, 143.8, 141.4 (4 × Cquart,Fmoc), 128.6, 128.4, 127.8, 127.7, 127.3, 125.3, 124.4, 

120.1 (13 × Caryl), 104.5 (Cquart,Tmob), 97.2 (Cquart,pseudoproline), 90.7 (2 × Caryl,Tmob), 84.9 

(Cquart,PhiPr), 75.0 (CHβ,Thr), 67.6 (CH2,Fmoc), 65.8 (CHα,Thr), 55.9 (2 × OMe), 55.5 (OMe), 52.0 

(CHα,Asp), 48.7 (CHα,Ala), 47.3 (CHFmoc), 44.8 (CH2,Asp), 27.9, 26.5 (2 × CH3,PhiPr), 23.9, 22.5 

(2 × CH3,pseudoproline), 20.4 (CH3,Thr) 19.0 (CH3,Ala); HRMS: m/z calcd. for C48H56N3O11S
+: 

882.36301 [M+H]+, found: 882.36107. 

 

Fmoc-Asp(STmob)-Ala-Thr(Ψ
Me,Me

pro)-OH (190a) 

 

 

C39H45N3O11S [763.86 g mol-1] 

 

C-terminal protected tripeptide 197a (5.00 g, 5.67 mmol) was dissolved in TFA (163 mL, 2% 

in dichloromethane) and stirred at room temperature for 15 min until TLC indicated complete 

disappearance of starting material. The reaction mixture was immediately diluted with toluene 

(160 mL) and the solvents were removed in vacuo. The residue was purified by FC (silica, 

dichloromethane/methanol 20:1→10:1→5:1) to yield a slightly brown solid which was 

subsequently dissolved in dry dichloromethane (80 mL). 2-Methoxypropene (5.43 mL, 

56.7 mmol, 10 eq.) and PPTS (130 mg, 0.57 mmol, 0.1 eq.) were added and the mixture was 

stirred at room temperature for a total of 27 hours while adding further portions of 2-

methoxypropene (10 eq.) after 2.5, 5 and 22 hours, respectively. The solution was diluted 

with dichloromethane (50 mL) and subsequently shaken with sat. NaHCO3(aq.) (50 mL). The 

colorless precipitate was filtered, washed with petroleum ether (600 mL) and dried in vacuo 

before being further purified by FC (silica, dichloromethane/methanol 10:1→8:1) to yield 

alanine-containing tripeptide building block 190a as off-white solid (2.67 g, 62%). TLC: Rf = 

0.29 (dichloromethane/methanol/toluene 10:1:1; UV/vanillin); 1
H NMR (methanol-d4, 

400 MHz, major conformer): δ [ppm] = 7.77 – 7.74 (m, 2H, Haryl), 7.67 – 7.60 (m, 2H, Haryl), 

7.40 – 7.33 (m, 2H, Haryl), 7.33 – 7.25 (m, 2H, Haryl), 6.09 (s, 2H, Haryl,Tmob), 4.66 (dd, J = 

9.0 Hz, 4.3 Hz, 1H, CHAsp), 4.47 (dd, J = 6.9 Hz, 6.8 Hz, 1H, CHAla), 4.42 – 4.29 (m, 2H, 
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CHH’Fmoc & CHβ,Thr), 4.29 – 4.11 (m, 4H, CHH’Fmoc, CHFmoc & CH2,Tmob), 4.08 (d, J = 6.5 Hz, 

1H, CHα,Thr), 3.72 (s, 3H, OMe), 3.70 (s, 6H, 2 × OMe), 3.06 (dd, J  = 15.9 Hz, 4.3 Hz, 1H 

CHH‘Asp), 3.00 (dd, J = 15.9 Hz, 9.0 Hz, 1H CHH‘Asp), 1.59 (s, 3H, CH3,pseudoproline), 1.55 (s, 

3H, CH3,pseudoproline), 1.43 (d, J = 6.0 Hz, 3H, CH3,Thr), 1.28 (d, J = 6.7 Hz, 3H, CH3,Ala); 
13

C 

NMR (methanol-d4, 101 MHz, major conformer): δ [ppm] = 198.4 (COS), 175.1 (COOH), 

172.1, 172.0 (COAsp & COAla), 162.5 (Cquart,Tmob), 160.5 (2 × Cquart,Tmob), 158.1 (COONH), 

145.3, 145.2, 142.54, 142.50 (4 × Cquart,Fmoc), 128.8, 128.2, 126.4, 126.3, 120.9 (8 × Caryl,Fmoc), 

105.4 (Cquart,Tmob), 97.8 (Cquart,pseudoproline), 91.6 (2 × Caryl,Tmob), 76.8 (CHβ,Thr), 68.4 (CHα,Thr), 

68.1 (CH2,Fmoc), 56.3 (2 × OMe), 55.7 (OMe), 53.2 (CHAsp), 49.8 (CHAla), 48.3 (CHFmoc), 45.8 

(CH2,Asp), 26.7, 24.2 (2 × CH3,pseudoproline), 23.1 (CH2,Tmob), 20.3 (CH3,Thr), 18.6 (CH3,Ala); 

HRMS: m/z calcd. for C39H46N3O11S
+: 764.28476 [M+H]+, found: 764.28256. 

 

Fmoc-Asp(OtBu)-Thr(OH)-O-2-PhiPr (193b) 

 

 

C36H42N2O8 [630.74 g mol-1] 

 

According to general procedure 1, threonine 192 (10.21 g, 22.2 mmol, 1 eq.) was deprotected 

with piperidine (220 mL, 20% in DMF) and subsequently reacted with Fmoc-Asp(OtBu)-OH 

(10.97 g, 26.7 mmol, 1.2 eq.), HOBt (3.6 g, 26.7 mmol, 1.2 eq), HBTU (10.12 g, 26.7 mmol, 

1.2 eq.) and DIPEA (9.3 mL, 53.3 mmol, 2.4 eq.) in dichloromethane (285 mL) for 4 hours. 

The reaction mixture was washed with sat. NaHCO3(aq.) (3 × 150 mL), H2O (3 × 150 mL) and 

sat. NaCl(aq.) (150 mL). The organic phase was dried (MgSO4) and the solvent was removed 

under reduced pressure. The product was purified by FC (silica, petroleum ether/EtOAc 

3:1→2:1→1:1) to yield a colorless foam (11.52 g, 82%). TLC: Rf = 0.18 (petroleum 

ether/EtOAc 2:1; UV); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 7.78 – 7.72 (m, 2H, Haryl), 

7.61 – 7.53 (m, 2H, Haryl), 7.43 – 7.20 (m, 9H, Haryl), 7.16 (d, J = 8.8 Hz, 1H, NHThr), 6.01 (d, 

J = 8.7 Hz, 1H, NHAsp), 4.67 – 4.58 (m, 1H, CHα,Asp), 4.55 (dd, J = 8.8, 2.7 Hz, 1H, CHα,Thr), 

4.45 – 4.33 (m, 3H, CHβ,Thr & CH2,Fmoc), 4.21 (t, J = 7.1 Hz, 1H, CHFmoc), 2.96 (dd, J = 17.1, 

4.7 Hz, 1H, CHH’Asp), 2.64 (dd, J = 17.8, 5.6 Hz, 1H, CHH’Asp), 2.14 (s, 1H, OH), 1.80 (s, 

3H, CH3,PhiPr), 1.78 (s, 3H, CH3,PhiPr), 1.43 (s, 9H, 3 × CH3,tBu), 1.23 (d, J = 6.4 Hz, 3H, 

CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 171.3, 171.1 (COAsp & COOtBu), 169.1 

(COThr), 156.1 (COONH), 145.1 (Cquart,Ph), 143.9, 143.8, 141.4 (4 × Cquart,Fmoc), 128.5, 127.9, 

127.4, 127.23, 127.22, 125.20, 125.19, 124.4, 120.11, 120.10 (13 × Caryl), 83.8 (Cquart,PhiPr), 

82.1 (Cquart,tBu), 68.5 (CHβ,Thr), 67.5 (CH2,Fmoc), 58.1 (CHα,Thr), 51.5 (CHα,Asp), 47.2 (CHFmoc), 

37.7 (CH2,Asp), 28.7, 28.4 (2 × CH3,PhiPr), 28.2 (3 × CH3,tBu), 20.1 (CH3,Thr); HRMS: m/z calcd. 

for C36H42N2O8Na+: 653.2833 [M+Na]+, found: 653.2828. 
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Fmoc-Asp(OBn)-Asp(OtBu)-Thr(OH)-O-2-PhiPr (194b) 

 

 

C47H53N3O11 [835.95 g mol-1] 

 

According to general procedure 1, dipeptide 193b (11.49 g, 19.1 mmol, 1 eq.) was 

deprotected with piperidine (205 mL, 20% in DMF) and reacted with Fmoc-Asp(OBn)-OH 

(10.20 g, 22.9 mmol, 1.2 eq.), HOBt (3.09 g, 22.9 mmol, 1.2 eq), HBTU (8.68 g, 22.9 mmol, 

1.2 eq.) and DIPEA (7.97 mL, 45.8 mmol, 2.4 eq.) in dichloromethane (245 mL) for 4 hours. 

The reaction mixture was washed with sat. NaHCO3(aq.) (3 × 100 mL) and H2O (3 × 100 mL). 

After drying (MgSO4) of the organic phase, the solvent was evaporated. The residue was 

purified by FC (silica, petroleum ether/EtOAc 3:1→2:1→3:2→1:1) to yield tripeptide 194b 

as colorless foam (15.29 g, 96%). TLC: Rf = 0.19 (petroleum ether/EtOAc 3:2; UV); 1
H 

NMR (CDCl3, 400 MHz): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.68 (d, J = 8.6 Hz, 1H, 

NHAsp1), 7.58 (d, J = 7.5 Hz, 2H, Haryl), 7.44 – 7.24 (m, 13H, Haryl), 7.21 – 7.10 (m, 2H, Haryl 

& NHThr), 5.81 (d, J = 7.9 Hz, 1H, NHAsp2), 5.09 (d, J = 12.3 Hz, 1H, CHH’Bn), 4.99 (d, J = 

12.3 Hz, 1H, CHH’Bn), 4.80 (ddd, J = 8.7, 4.8, 4.8 Hz, 1H, CHα,Asp1), 4.60 (dd, J = 9.1, 2.8 

Hz, 1H, CHα,Thr), 4.57 – 4.49 (m, 1H, CHα,Asp2), 4.49 – 4.31 (m, 3H, CH2,Fmoc & CHβ,Thr), 4.21 

(t, J = 6.9 Hz, 1H, CHFmoc), 3.08 – 2.95 (m, 2H, CHH’Asp1 & CHH’Asp2), 2.88 (dd, J = 17.2, 

6.9 Hz, 1H, CHH’Asp2), 2.58 (dd, J = 17.2, 5.3 Hz, 1H, CHH’Asp1), 1.79 (s, 3H, CH3,PhiPr), 1.78 

(s, 3H, CH3,PhiPr), 1.40 (s, 9H, 3 × CH3,tBu), 1.21 (d, J = 6.5 Hz, 3H, CH3,Thr); 
13

C NMR 

(CDCl3, 101 MHz): δ [ppm] = 171.9, 171.6 (COBn & CO), 170.4, 170.2 (2 × CO), 168.9 

(COThr), 156.2 (COONH), 145.3 (Cquart,PhiPr), 143.9, 143.6, 141.44, 141.42 (4 × Cquart,Fmoc), 

135.2 (Cquart,Bn), 128.7, 128.6, 128.5, 128.4, 127.92, 127.91, 127.25, 127.24, 125.2, 124.5, 

120.1 (18 × Caryl), 83.5 (Cquart,PhiPr), 82.0 (Cquart,tBu), 68.9 (CHβ,Thr), 67.7 (CH2,Fmoc), 67.4 

(CH2,Bn), 58.3 (CHα,Thr), 51.7 (CHα,Asp2), 49.9 (CHα,Asp1), 47.2 (CHFmoc), 36.4, 36.3 (CH2,Asp1 

& CH2,Asp2), 28.7, 28.5 (2 × CH3,PhiPr), 28.1 (3 × CH3,tBu), 20.1 (CH3,Thr); HRMS: m/z calcd. 

for C47H53N3O11Na+: 858.3572 [M+Na]+, found: 858.3573. 

 

Fmoc-Asp(OH)-Asp(OtBu)-Thr(OH)-O-2-PhiPr (195b) 

 

 

C40H47N3O11 [745.83 g mol-1] 
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Benzyl-protected tripeptide 194b (9.96 g, 13.36 mmol) was hydrogenated for 90 min as 

described in general procedure 3. The crude peptide was purified by FC (silica, 

dichloromethane/methanol 15:1→10:1) to yield aspartic acid peptide 195b as colorless foam 

(9.99 g, 73%). TLC: Rf = 0.32 (dichloromethane/methanol 10:1; UV/vanillin); 1
H NMR 

(methanol-d4, 400 MHz): δ [ppm] = 7.78 (dt, J = 7.6, 0.9 Hz, 2H, Haryl), 7.65 (d, J = 7.2 Hz, 

2H, Haryl), 7.42 – 7.33 (m, 4H, Haryl), 7.34 – 7.23 (m, 4H, Haryl), 7.23 – 7.14 (m, 1H, Haryl), 

4.80 (dd, J = 6.7, 5.9 Hz, 1H, CHα,Asp2), 4.52 (dd, J = 7.4, 5.9 Hz, 1H, CHα,Asp1), 4.41 – 4.26 

(m, 4H, CHα,Thr, CHβ,Thr & CH2,Fmoc), 4.21 (t, J = 7.0 Hz, 1H, CHFmoc), 2.89 (dd, J = 16.9, 5.9 

Hz, 1H, CHH’Asp1), 2.80 (dd, J = 16.5, 5.8 Hz, 1H, CHH’Asp2), 2.72 (dd, J = 16.8, 7.5 Hz, 1H, 

CHH’Asp1), 2.69 (dd, J = 16.5, 6.9 Hz, 1H, CHH’Asp2), 1.75 (s, 3H, CH3,PhiPr), 1.75 (s, 3H, 

CH3,PhiPr), 1.38 (s, 9H, 3 × CH3,tBu), 1.18 (d, J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (methanol-d4, 

101 MHz): δ [ppm] = 174.1 (COOH), 173.3 (COAsp1), 172.9 (COAsp2), 171.7 (COOtBu), 

170.2 (COThr), 158.4 (COONH), 146.7 (Cquart,Ph), 145.2, 145.1, 142.5 (4 × Cquart,Fmoc), 129.2, 

128.8, 128.2, 127.9, 126.27, 126.25, 125.5, 120.9 (13 × Caryl), 84.5 (Cquart,PhiPr), 82.5 

(Cquart,tBu), 68.6, 68.3 (CHβ,Thr & CH2,Fmoc), 60.2 (CHα,Thr), 53.1 (CHα,Asp2), 51.3 (CHα,Asp1), 

48.3 (CHFmoc), 37.8 (CH2,Asp2), 36.8 (CH2,Asp1), 29.1, 28.9 (2 × CH3,PhiPr), 28.3 (3 × CH3,tBu), 

20.5 (CH3,Thr); HRMS: m/z calcd. for C40H47N3O11Na+: 768.3103 [M+Na]+, found: 768.3119. 

 

Fmoc-Asp(STmob)-Asp(OtBu)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197b) 

 

 

C53H63N3O13S [982.16 g mol-1] 

 

Threonine-containing tripeptide 195b (9.96 g, 13.36 mmol, 1 eq.) was suspended in dry 

dichloromethane (175 mL), 2-methoxypropene (12.8 mL, 133.6 mmol, 10 eq.) was added and 

the mixture was cooled to 0 °C prior to the addition of PPTS (335 mg, 1.34 mmol, 0.1 eq.). 

The solution was then allowed to warm to room temperature. After a total reaction time of 2, 

4, 6.5 and 23 hours, respectively, further 2-methoxypropene (6.4 mL, 56.8 mmol, 5 eq.) and 

PPTS (168 mg, 0.67 mmol, 0.05 eq.) were added. After 27 hours, the solvent was removed 

and the residue was co-evaporated with toluene. The crude product was purified by FC (silica, 

dichloromethane/methanol 30:1→20:1→15:1→10:1) to yield a yellow foam which was used 

for forward conversion with still minor impurities.  

Aspartic acid-containing tripeptide 196b (10.49 g, 13.36 mmol, 1 eq.) was reacted with 

PyBOB (7.65 g, 14.69 mmol, 1.1 eq.), TmobSH (158) (3.15 g, 14.69 mmol, 1.1 eq.) and 

DIPEA (3.80 g, 29.39 mmol, 2.2 eq.) according to general procedure 2. The product was 

purified by FC (silica, petroleum ether/EtOAc 3:1→2:1) to yield a colorless foam (9.25 g, 

74% over two steps). TLC: Rf = 0.18 (petroleum ether/EtOAc 3:1; UV/vanillin); 1
H NMR 

(CDCl3, 400 MHz, major conformer): δ [ppm] = 7.79 – 7.72 (m, 2H, Haryl), 7.59 (d, J = 
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6.9 Hz, 2H, Haryl), 7.44 – 7.20 (m, 9H, Haryl (superimposed by solvent)), 7.07 (d, J = 7.8 Hz, 

1H, NHAsp2), 6.09 (s, 2H, Haryl,Tmob), 5.75 (s, 1H, NHAsp1), 4.68 (dd, J = 7.7, 5.2 Hz, 1H, 

CHα,Asp2), 4.65 (d, J = 5.6 Hz, 1H, CHα,Thr), 4.51 – 4.44 (m, 1H, CHα,Asp1), 4.44 – 4.31 (m, 

3H, CH2,Fmoc & CHβ,Thr), 4.30 – 4.18 (m, 2H, CH2,Tmob), 3.77 (s, 3H, OMe), 3.77 (s, 6H, 2 × 

OMe), 3.13 (d, J = 18.6 Hz, 1H, CHH‘Asp1), 2.88 – 2.79 (m, 1H, CHH‘Asp1), 2.76 – 2.68 (m, 

2H, CH2,Asp2), 1.82 (s, 3H, CH3,PhiPr), 1.78 (s, 3H, CH3,PhiPr), 1.65 (s, 3H, CH3,pseudoproline), 1.55 

(d, J = 6.2 Hz, 3H, CH3,Thr), 1.50 (s, 3H, CH3,pseudoproline), 1.45 (s, 9H, 3 × CH3,tBu); 
13

C NMR 

(CDCl3, 101 MHz, major conformer): δ [ppm] = 198.3 (COS), 169.6 (COOtBu), 168.9 

(COAsp1), 168.7, 168.5 (COAsp2 & COThr), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 155.8 

(COONH), 144.7 (Cquart,Ph), 143.9, 143.8, 141.32, 141.30 (4 × Cquart,Fmoc), 128.5, 127.7, 127.4, 

127.2, 125.2, 124.32, 124.27, 120.0 (13 × Caryl), 104.5 (Cquart,Tmob), 97.0 (Cquart,pseudoproline), 90.6 

(Caryl,Tmob), 84.4 (Cquart,PhiPr), 81.3 (Cquart,tBu), 74.9 (CHβ,Thr), 67.4 (CH2,Fmoc), 65.8 (CHα,Thr), 

55.8 (2 × OMe), 55.3 (OMe), 51.7 (CHα,Asp1), 49.5 (CHα,Asp2), 47.2 (CHFmoc), 44.7 (CH2,Asp1), 

39.7 (CH2,Asp2), 28.7 (CH3,PhiPr), 28.1 (3 × CH3,tBu), 27.6 (CH3,PhiPr), 26.4 (CH3,pseudoproline), 23.9 

(CH3,pseudoproline), 22.4 (CH2,Tmob), 20.6 (CH3,Thr); HRMS: m/z calcd. for C53H63N3O13SNa+: 

1004.3974 [M+Na]+, found: 1004.4005. 

 

Fmoc-Asp(STmob)-Asp(OtBu)-Thr(Ψ
Me,Me

pro)-OH (190b) 

 

 
C44H53N3O13S [863.98 g mol-1] 

 

C-terminal protected tripeptide 197b (9.08 g, 9.24 mmol) was dissolved in dichloromethane 

(275 mL) and cooled to 0 °C before TFA (5.6 mL, 0.073 mmol) was added. The mixture was 

then allowed to warm to room temperature. After 35 minutes, TLC showed complete 

disappearance of starting material and the mixture was immediately diluted with toluene 

(190 mL). The solvents were removed in vacuo and the residue was co-evaporated with 

toluene two times to yield a brownish foam which was then dissolved in dry dichloromethane 

(130 mL). 2-Methoxypropene (7.03 mL, 63 mmol, 10 eq.) was added and the mixture was 

cooled to 0 °C prior to the addition of PPTS (245 mg, 0.63 mmol, 0.1 eq.). The mixture was 

allowed to warm to room temperature and after 4, 8 and 24 hours, respectively, further 

portions of 2-methoxypropene (7.03 mL, 63 mmol, 10 eq.) and PPTS (245 mg, 0.63 mmol, 

0.1 eq.) were added. After a total of 27.5 hours, TLC showed complete conversion. Et3N (1 

mL) was added, the solvents were removed by evaporation and the residue was co-evaporated 

with toluene three times. The product was purified by FC (silica, dichloromethane/methanol 

20:1→15:1→10:1) to obtain the aspartic acid-containing tripeptide building block 198b as 

off-white foam (5.96 g, 75%). TLC: Rf = 0.37 (dichloromethane/methanol 10:1; 
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UV/anisaldehyde); HRMS: m/z calcd. for C44H53N3O13SNa+: 886.3191 [M+Na]+, found: 

886.3170. 

 

Fmoc-Lys(Boc)-Thr(OH)-O-2-PhiPr (193c) 

 

 
C39H49N3O8 [687.83 g mol-1] 

 

According to general procedure 1, Fmoc-Thr(OH)-O-2-PhiPr (192) (10.21 g, 22.2 mmol, 

1 eq.) was deprotected with piperidine (220 mL, 20% in DMF) and reacted with Fmoc-

Lys(Boc)-OH (12.50 g, 26.7 mmol, 1.2 eq.), HOBt (3.6 g, 26.7 mmol, 1.2 eq), HBTU 

(10.12 g, 26.7 mmol, 1.2 eq.) and DIPEA (9.3 mL, 53.3 mmol, 2.4 eq.) in dichloromethane 

(285 mL) for 4 hours. The reaction mixture was washed with sat. NaHCO3(aq.) (3 × 150 mL), 

H2O (3 × 150 mL) and sat. NaCl(aq.) (150 mL). The organic phase was dried (MgSO4) and the 

solvent was removed under reduced pressure. The product was purified by FC (silica, 

petroleum ether/EtOAc 1.5:1→1:1→1:2) to yield a colorless foam of 193c (14.15 g, 93%). 

TLC: Rf = 0.33 (petroleum ether/EtOAc 1:1; UV); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 

7.77 – 7.72 (m, 2H, Haryl), 7.63 – 7.51 (m, 2H, Haryl), 7.44 – 7.13 (m, 9H, Haryl), 6.89 (d, J = 

8.8 Hz, 1H, NHThr), 5.66 (d, J = 8.0 Hz, 1H, NHAsp), 4.82 – 4.59 (m, 1H, NHBoc), 4.55 (dd, J = 

8.8, 2.7 Hz, 1H, CHα,Thr), 4.44 – 4.30 (m, 3H, CHβ,Thr & CH2,Fmoc), 4.28 – 4.10 (m, 2H, 

CHα,Lys & CHFmoc), 3.12 – 2.92 (m, 2H, CH2,ε,Lys), 2.56 (br. s, 1H, OH), 1.89 – 1.52 (m, 8H, 2 

× CH3,PhiPr, CHH’β,Lys, CHH’β,Lys), 1.50 – 1.25 (m, 13H, 3 × CH3,tBu, CH2,γ,Lys, CH2,δ,Lys), 1.19 

(d, J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 172.5, 169.4 (COLys & 

COThr), 156.4 (COFmoc & COBoc), 145.1 (Cquart,Ph), 144.0, 143.9, 141.4 (4 × Cquart,Fmoc), 128.4, 

127.8, 127.3, 127.2, 125.2, 125.22, 124.4, 120.07, 120.05 (13 × Caryl), 83.8 (Cquart,PhiPr), 79.3 

(Cquart,tBu), 68.2 (CHβ,Thr), 67.3 CH2,Fmoc), 58.1 (CHα,Thr), 54.9 (CHα,Lys), 47.2 (CHFmoc), 40.1 

(CH2,ε,Lys), 32.4 (CH2,β,Lys), 29.5 (CH2,δ,Lys), 28.7 (CH3,PhiPr), 28.6 (3 × CH3,tBu), 28.5 

(CH3,PhiPr), 22.5 (CH2,γ,Lys), 20.2 (CH3,Thr); HRMS: m/z calcd. for C39H49N3O8Na+: 710.34119 

[M+Na]+, found: 710.34204. 
 

Fmoc-Asp(OBn)-Lys(Boc)-Thr(OH)-O-2-PhiPr (194c) 

 

 

C50H60N4O11 [893.05 g mol-1] 
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According to general procedure 1, dipeptide 193c (14.11 g, 20.5 mmol, 1 eq.) was 

deprotected with piperidine (205 mL, 20% in DMF) and reacted with Fmoc-Asp(OBn)-OH 

(10.98 g, 24.6 mmol, 1.2 eq.), HOBt (3.33 g, 24.6 mmol, 1.2 eq), HBTU (9.35 g, 24.6 mmol, 

1.2 eq.) and DIPEA (8.6 mL, 49.3 mmol, 2.4 eq.) in dichloromethane (260 mL) for 4 hours. 

The reaction mixture was washed with sat. NaHCO3(aq.) (3 × 100 mL) and H2O (3 × 100 mL). 

After drying (MgSO4) of the organic phase, the solvent was removed under reduced pressure. 

The residue was purified by FC twice (silica, petroleum ether/EtOAc 1:1→1:2) and was then 

recrystallized (280 mL, heptane/toluene/EtOAc 10:1:3) to yield a colorless powder (13.09 g, 

71%). TLC: Rf = 0.31 (petroleum ether/EtOAc 1:1.5; UV); 1
H NMR (CDCl3, 400 MHz): δ 

[ppm] = 7.79 – 7.70 (m, 2H, Haryl), 7.57 (d, J = 7.5 Hz, 2H, Haryl), 7.43 – 7.27 (m, 13H, Haryl), 

7.24 – 7.18 (m, 1H, Haryl), 7.04 – 6.95 (m, 1H, NHLys), 6.84 (d, J = 8.9 Hz, 1H, NHThr), 5.94 

(br. s, 1H, NHAsp), 5.14 – 5.03 (m, 2H, CH2,Bn), 4.78 – 4.65 (m, 1H, NHBoc), 4.63 – 4.55 (m, 

1H, CHα,Asp), 4.52 (dd, J = 8.9, 2.7 Hz, 1H, CHα,Thr), 4.48 – 4.31 (m, 4H, CH2,Fmoc, CHα,Lys & 

CHβ,Thr), 4.20 (t, J = 6.9 Hz, 1H, CHFmoc), 3.09 – 2.91 (m, 3H, CH2,ε,Lys & CHH’Asp), 2.80 (dd, 

J = 17.0, 6.0 Hz, 1H, CHH’Asp), 1.95 – 1.83 (m, 1H, CHH’β,Lys), 1.79 (s, 3H, CH3,PhiPr), 1.78 

(s, 3H, CH3,PhiPr), 1.71 – 1.62 (m, 1H, CHH’β,Lys), 1.47 – 1.24 (m, 13H, 3 × CH3,tBu, CH2,γ,Lys 

& CH2,δ,Lys), 1.19 (d, J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 171.8 

(CO), 171.6 (COBn), 170.6 (CO), 169.3 (COThr), 156.4, 156.3 (2 × COONH), 145.2 

(Cquart,PhiPr), 143.8, 143.7, 141.4 (4 × Cquart,Fmoc), 135.4 (Cquart,Bn), 128.7, 128.6, 128.5, 128.4, 

127.9, 127.4, 127.3, 125.2, 124.5, 120.2 (18 × Caryl), 83.7 (Cquart,PhiPr), 79.3 (Cquart,tBu), 68.4 

(CHβ,Thr), 67.6 (CH2,Fmoc), 67.2 (CH2,Bn), 58.1 (CHα,Thr), 53.4 (CHα,Lys), 51.4 (CHα,Asp), 47.2 

(CHFmoc), 40.1 (CH2,ε,Lys), 36.4 (CH2,Asp), 31.5 (CH2,β,Lys), 29.4 (CH2,δ,Lys), 28.8 (CH3,PhiPr), 

28.6 (3 × CH3,tBu), 28.5 (CH3,PhiPr), 22.6 (CH2,γ,Lys), 20.3 (CH3,Thr); HRMS: m/z calcd. for 

C50H60N4O11Na+: 915.41508 [M+Na]+, found: 915.41632. 

 

Fmoc-Asp(OH)-Lys(Boc)-Thr(OH)-O-2-PhiPr (195c) 

 

 

C43H54N4O11 [802.92 g mol-1] 

 

Benzyl-protected tripeptide 194c was hydrogenated for 90 minutes as described in general 

procedure 3. The crude product was purified by FC (silica, dichloromethane/methanol 

15:1→10:1) to yield tripeptide 195c as colorless foam (8.43 g, 72%). TLC: Rf = 0.27 

(dichloromethane/methanol 10:1; UV/vanillin); 1
H NMR (methanol-d4, 400 MHz): δ [ppm] 

= 8.11 (d, J = 7.8 Hz, 1H, NHLys), 7.92 (d, J = 8.6 Hz, 1H, NHThr), 7.78 (dt, J = 7.5, 0.9 Hz, 

2H, Haryl), 7.69 – 7.60 (m, 2H, Haryl), 7.42 – 7.34 (m, 4H, Haryl), 7.33 – 7.25 (m, 4H, Haryl), 

7.22 – 7.16 (m, 1H, Haryl), 4.54 (dd, J = 7.7, 5.7 Hz, 1H, CHα,Asp), 4.48 – 4.41 (m, 1H, 



140 
 

CHα,Lys), 4.41 – 4.28 (m, 4H, CHα,Thr, CHβ,Thr, CH2,Fmoc), 4.22 (t, J = 7.0 Hz, 1H, CHFmoc), 3.01 

– 2.90 (m, 2H, CH2,ε,Lys), 2.87 (dd, J = 16.9, 5.7 Hz, 1H, CHH’Asp), 2.72 (dd, J = 16.8, 7.7 Hz, 

1H, CHH’Asp), 1.93 – 1.80 (m, 1H, CHH’β,Lys), 1.76 (s, 3H, CH3,PhiPr), 1.75 (s, 3H, CH3,PhiPr), 

1.73 – 1.61 (m, 1H, CHH’β,Lys), 1.47 – 1.27 (m, 13H, 3 × CH3,tBu, CH2,γ,Lys, CH2,δ,Lys), 1.19 (d, 

J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (methanol-d4, 101 MHz): δ [ppm] = 174.4, 174.0, 173.4 

(COOH, COAsp & COLys), 170.4 (COThr), 158.4, 158.3 (COFmoc & COBoc), 146.7 (Cquart,Ph), 

145.22, 145.17, 142.5 (4 × Cquart,Fmoc), 129.2, 128.8, 128.2, 127.9, 126.3, 126.2, 125.5, 120.9 

(13 × Caryl), 84.5 (Cquart,PhiPr), 79.8 (Cquart,tBu), 68.4 (CHβ,Thr), 68.3 (CH2,Fmoc), 60.1 (CHα,Thr), 

54.6 (CHα,Lys), 53.0 (CHα,Asp), 48.3 (CHFmoc), 41.1 (CH2,ε,Lys), 36.9 (CH2,Asp), 32.7 (CH2,β,Lys), 

30.3 (CH2,δ,Lys), 29.1, 29.0 (2 × CH3,PhiPr), 28.8 (3 × CH3,tBu), 24.0 (CH2,γ,Lys), 20.6 (CH3,Thr); 

HRMS: m/z calcd. for C43H54N4O11Na+: 825.36813 [M+Na]+, found: 825.36902. 

 

Fmoc-Asp(STmob)-Lys(Boc)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197c) 

 

 

C56H70N4O13S [1039.25 g mol-1] 

 

Tripeptide 195c (8.40 g, 10.48 mmol, 1 eq.) was suspended in dry dichloromethane (150 mL) 

and 2-methoxypropene (10.0 mL, 104.8 mmol, 10 eq.) was added. PPTS was added (263 mg, 

1.05 mmol, 0.1 eq.) at 0 °C and the mixture was then allowed to warm to room temperature. 

After two and four hours, respectively, further portions of 2-methoxypropene (5.0 mL, 

52.4 mmol, 5 eq.) and PPTS (132 mg, 0.53 mmol, 0.05 eq.) were added. After a total of 

65 hours, TLC showed complete conversion and the solvents were removed by evaporation. 

The residue was co-evaporated with toluene two times and the crude product was purified by 

FC (silica, dichloromethane/methanol 1:0→20:1→10:1) to yield a yellow foam of 

pseudoproline-protected tripeptide 196c with still minor impurities (7.40 g). It was used for 

forward conversion without further purification. 

Tripeptide 196c (7.37 g, 8.75 mmol, 1 eq.) was thioesterified as described in general 

procedure 2 using PyBOP (5.01 g, 9.62 mmol, 1.1 eq.), TmobSH (158) (2.06 g, 9.62 mmol, 

1.1 eq.) and DIPEA (3.35 mL, 19.25 mmol, 2.2 eq.) in dichloromethane (150 mL) at –15 °C. 

The product was purified by FC (silica, petroleum ether/EtOAc 2:1→3:2) to yield a colorless 

foam (6.59 g, 72% over two steps). TLC: Rf = 0.17 (petroleum ether/EtOAc 2:1; 

UV/vanillin); HRMS: m/z calcd. for C56H70N4O13SNa+: 1061.45523 [M+Na]+, found: 

1061.45569. 
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Fmoc-Asp(STmob)-Lys(Boc)-Thr(Ψ
Me,Me

pro)-OH (190c) 

 

 

C47H60N4O13S [921.07 g mol-1] 

 

C-terminal protected tripeptide 197c (6.54 g, 6.30 mmol) was dissolved in dichloromethane 

(185 mL) and cooled to 0 °C before TFA (3.8 mL, 0.049 mmol, final concentration: 2% in 

dichloromethane) was added. The mixture was then allowed to warm to room temperature 

until TLC showed complete disappearance of the starting material (35 min). The mixture was 

immediately diluted with toluene (190 mL), the solvents were removed in vacuo and the 

residue was co-evaporated with toluene two times to yield brownish foam. Next, the foam 

was dissolved in dry dichloromethane (85 mL) and 2-methoxypropene (6.02 mL, 63 mmol, 10 

eq.) was added. PPTS (158 mg, 0.63 mmol, 0.1 eq.) was added at 0 °C and the mixture was 

then allowed to warm to room temperature. After a total of 23 hours, TLC showed complete 

conversion. Et3N (0.5 mL) was added, the solvents were removed by evaporation and the 

crude product was purified by FC twice (silica, dichloromethane/methanol 20:1→15:1→10:1, 

EtOAc + 2% AcOH). The combined product fractions were washed with sat. NaHCO3(aq.) 

(2 ×), water (2 ×), citric acid(aq.) (5%, 3 ×) water (2 ×) and sat. NaCl(aq.) (1 ×), was dried 

(MgSO4) and the solvent was removed by evaporation. Tripeptide building block 190c was 

obtained as off-white solid (2.86 g, 49%). TLC: Rf = 0.33 (EtOAc + 2% AcOH; UV); 

HRMS: m/z calcd. for C47H60N4O13SNa+: 943.37698 [M+Na]+, found: 943.37671. 

 

Fmoc-Ser(tBu)-Thr(OH)-O-2-PhiPr (193d) 

 

 

C35H42N2O7 [602.73 g mol-1] 

 

According to general procedure 1, Fmoc-Thr(OH)-O-2-PhiPr 192 (11.71 g, 25.5 mmol, 1 eq.) 

was deprotected with piperidine (255 mL, 20% in DMF) and reacted with Fmoc-Ser(tBu)-OH 

(11.74 g, 30.6 mmol, 1.2 eq.) using HOBt (4.14 g, 30.6 mmol, 1.2 eq), HBTU (11.61 g, 

30.6 mmol, 1.2 eq.) and DIPEA (10.66 mL, 61.2 mmol, 2.4 eq.) in dichloromethane (320 mL) 

for 2 hours. The reaction mixture was extracted with sat. NH4Cl(aq.) (3 × 75 mL), sat. 

NaHCO3(aq.) (2 × 75 mL) and H2O (75 mL) and afterwards dried (MgSO4). The solvent was 

removed under reduced pressure and the crude product was purified by FC (silica, petroleum 

ether/EtOAc 3:1→2.5:1→2:1). The serine dipeptide 193d was obtained as colorless foam 
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(12.831 g, 84%). TLC: Rf = 0.32 (petroleum ether/EtOAc 3:1; UV/KMnO4); 
1
H NMR 

(CDCl3, 400 MHz): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.65 – 7.53 (m, 2H, Haryl), 7.50 

– 7.15 (m, 10H, Haryl & NHThr), 5.76 (d, J = 6.4 Hz, 1H, NHSer), 4.56 (dd, J = 8.8, 2.4 Hz, 1H, 

CHα,Thr), 4.44 – 4.28 (m, 4H, CH2,Fmoc, CHβ,Thr & CHα,Ser), 4.23 (t, J = 7.3 Hz, 1H, CHFmoc) 

3.85 (dd, J = 8.6, 3.7 Hz, 1H, CHH’Ser), 3.42 (dd, J = 8.07, 8.0 Hz, 1H, CHH’Ser), 2.02 (br. s, 

1H, OH), 1.80 (s, 6H, 2 × CH3,PhiPr), 1.23 (d, J = 6.4 Hz, 3H, CH3,Thr), 1.18 (s, 9H, tBu); 
13

C 

NMR (CDCl3, 101 MHz): δ [ppm] = 171.0 (COSer), 169.3 (COThr), 156.2 (COONH), 145.1 

(Cquart,PhiPr), 144.0, 143.9, 141.4 (4 × Cquart,Fmoc), 128.5, 128.3, 127.8, 127.4, 127.2, 125.3, 

125.2, 124.4, 120.1 (13 × Caryl), 83.7 (Cquart,PhiPr), 74.4 (Cquart,tBu), 68.2 (CHβ,Thr), 67.3 

(CH2,Fmoc), 61.9 (CH2,Ser), 57.9 (CHα,Thr), 54.8 (CHα,Ser), 47.3 (CHFmoc), 28.6, 28.5 (2 × 

CH3,PhiPr), 27.5 (3 × CH3,tBu), 20.0 (CH3,Thr); HRMS: m/z calcd. for C35H42N2O7Na+: 625.2884 

[M+Na]+, found: 625.2887. 

 

Fmoc-Asp(OBn)-Ser(tBu)-Thr(OH)-O-2-PhiPr (194d) 

 

 

C46H53N3O10 [807.94 g mol-1] 

 

According to general procedure 1, serine dipeptide 193d (12.8 g, 21.25 mmol, 1 eq.) was first 

deprotected with piperidine (210 mL, 20% in DMF) and then reacted with Fmoc-Asp(OBn)-

OH (11.36 g, 25.5 mmol, 1.2 eq.), HOBt (3.45 g, 25.5 mmol, 1.2 eq.), HBTU (9.67 g, 

25.5 mmol, 1.2 eq.) and DIPEA (8.88 mL, 51 mmol, 2.4 eq.) in dichloromethane (270 mL). 

After four hours, the reaction mixture was washed with sat. NH4Cl(aq.) (2 × 75 mL), sat. 

NaHCO3(aq.) (2 × 75 mL) and H2O (75 mL). The organic layer was dried (MgSO4) and the 

solvent was removed in vacuo. The crude product was purified by FC (silica, petroleum 

ether/EtOAc 1:1→1:1.5) to yield a colorless foam (16.153 g, 96%). TLC: Rf = 0.36 

(petroleum ether/EtOAc 1:1; UV/vanillin); 1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.76 (d, J 

= 7.5 Hz, 2H, Haryl), 7.58 (d, J = 7.5 Hz, 2H, Haryl), 7.47 – 7.22 (m, 15H, 13 × Haryl, NHAsp & 

NHThr), 7.22 – 7.14 (m, 1H, Haryl), 5.86 (d, J = 8.2 Hz, 1H, NHSer), 5.11 (d, J = 12.3 Hz, 1H, 

CHH’Bn), 4.98 (d, J = 12.3 Hz, 1H, CHH’Bn), 4.67 – 4.48 (m, 3H, CHα,Asp, CHα,Ser & CHα,Thr), 

4.48 – 4.30 (m, 3H, CHβ,Thr & CH2,Fmoc), 4.21 (t, J = 7.0 Hz, 1H, CHFmoc), 3.89 (dd, J = 8.7, 

3.2 Hz, 1H, CHH’Ser), 3.42 (dd, J = 8.6, 5.9 Hz, 1H, CHH’Ser), 3.00 (dd, J = 17.4, 4.3 Hz, 1H, 

CHH’Asp), 2.86 (dd, J = 17.3, 7.4 Hz, 1H, CHH’Asp), 2.25 (br. s, 1H, OH), 1.79 (s, 3H, 

CH3,PhiPr), 1.78 (s, 3H, CH3,PhiPr), 1.22 (d, J = 6.4 Hz, 3H, CH3,Thr), 1.16 (s, 9H, 3 × CH3,tBu); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 171.9 (COBn), 170.4, 170.2 (COAsp & COSer), 169.1 

(COThr), 156.1 (COONH), 145.2 (Cquart,PhiPr), 143.8, 143.7, 141.4 (4 × Cquart,Fmoc), 135.4 

(Cquart,Bn), 128.7, 128.5, 128.4, 127.9, 127.3, 127.2, 125.2, 125.1, 124.5, 120.15, 120.13 (18 × 

Caryl), 83.5 (Cquart,PhiPr), 74.1 (Cquart,tBu), 68.5 (CHβ,Thr), 67.6 (CH2,Fmoc), 67.2 (CH2,Bn), 61.2 

(CH2,Ser), 58.0 (CHα,Thr), 53.8 (CHα,Asp), 51.4 (CHα,Ser), 47.2 (CHFmoc), 36.6 (CH2,Asp), 28.7, 
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28.4 (2 × CH3,PhiPr), 27.5 (3 × CH3,tBu), 20.0 (CH3,Thr); HRMS: m/z calcd. for 

C46H53N3O10Na+: 830.3623 [M+Na]+, found: 830.3632. 

 

Fmoc-Asp(OH)-Ser(tBu)-Thr(OH)-O-2-PhiPr (195d) 

 

 

C39H47N3O10 [717.82 g mol-1] 

 

According to general procedure 3, serine tripeptide 194d (16.15 g, 20.0 mmol) was 

hydrogenated for 85 minutes. After purification by FC (silica, dichloromethane/methanol 

10:1) the peptide acid 195d was obtained as colorless solid (12.284 g, 86%). TLC: Rf = 0.29 

(dichloromethane/methanol 10:1; UV); 1
H NMR (methanol-d4, 400 MHz): δ [ppm] = 7.78 

(dt, J = 7.6, 1.0 Hz, 2H, Haryl), 7.64 (d, J = 7.5 Hz, 2H, Haryl), 7.41 – 7.34 (m, 4H, Haryl), 7.33 

– 7.24 (m, 4H, Haryl), 7.22 – 7.13 (m, 1H, Haryl), 4.58 (dd, J = 7.7, 5.6 Hz, 1H, CHα,Asp), 4.51 

(dd, J = 5.7, 4.2 Hz, 1H, CHα,Ser), 4.45 – 4.28 (m, 4H, CHα,Thr, CHβ,Thr & CH2,Fmoc), 4.21 (t, J 

= 7.1 Hz, 1H, CHFmoc), 3.73 (dd, J = 9.0, 4.3 Hz, 1H, CHH’Ser), 3.54 (dd, J = 9.0, 5.8 Hz, 1H, 

CHH’Ser), 2.90 (dd, J = 16.9, 5.6 Hz, 1H, CHH’Asp), 2.73 (dd, J = 16.9, 7.7 Hz, 1H, CHH’Asp), 

1.76 (s, 3H, CH3,PhiPr), 1.75 (s, 3H, CH3,PhiPr), 1.19 (d, J = 6.5 Hz, 3H, CH3,Thr), 1.12 (s, 9H, 3 

× CH3,tBu); 
13

C NMR (methanol-d4, 101 MHz): δ [ppm] = 174.1 (COOH), 173.3 (COAsp), 

172.5 (COSer), 170.2 (COThr), 158.4 (COONH), 146.7 (Cquart,Ph), 145.1, 142.5 (4 × Cquart,Fmoc), 

129.2, 128.8, 128.2, 127.9, 126.3, 126.2, 125.5, 120.9 (13 × Caryl), 84.5 (Cquart,PhiPr), 74.9 

(Cquart,tBu), 68.5 (CHβ,Thr), 68.3 (CH2,Fmoc), 62.5 (CH2,Ser), 59.9 (CHα,Thr), 55.0 (CHα,Ser), 53.0 

(CHα,Asp), 48.3 (CHFmoc) 36.7 (CH2,Asp), 29.2, 28.9 (2 × CH3,PhiPr), 27.6 (3 × CH3,tBu), 20.7 

(CH3,Thr); HRMS: m/z calcd. for C39H47N3O10Na+: 740.3154 [M+Na]+, found: 740.3163. 

 

Fmoc-Asp(OH)-Ser(tBu)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (196d) 

 

 

C42H51N3O10 [757.88 g mol-1] 

 

Tripeptide 195d (12.0 g, 17.0 mmol, 1 eq.) was dissolved in dry dichloromethane (240 mL) 

and cooled to 0 °C. PPTS (430 mg, 0.17 mmol, 0.1 eq.) was added and subsequently 2-

methoxypropene (8.15 mL, 85 mmol, 5 eq.) was added over a period of two hours at 0 °C. 

The reaction mixture was allowed to warm to room temperature and was stirred for one hour. 

Then, another portion of 2-methoxypropene (8.15 mL, 85 mmol, 5 eq.) was added within two 

hours at 0 °C. After stirring at room temperature for 17 hours, one last portion of 2-
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methoxypropene (8.15 mL, 85 mmol, 5 eq.) was added over two hours at 0 °C. The mixture 

was allowed to warm to room temperature and was stirred for one hour before Et3N (0.5 mL) 

was added. The solvents were removed in vacuo and the crude product was purified by FC 

(silica, petroleum ether/EtOAc 1:1 + 1% AcOH). The combined product fractions were 

washed with sat. NaHCO3(aq.) (3 × 100 mL), citric acid(aq.) (5%, 3 × 100 mL), water (100 mL) 

and sat. NH4Cl(aq.) (100 mL). After drying of the organic phase (MgSO4), the solvents were 

removed in vacuo to yield the backbone-protected tripeptide 196d as colorless foam (9.98 g, 

78%). TLC: Rf = 0.34 (petroleum ether/EtOAc 1:1 + 1% AcOH; vanillin); 1
H NMR (CDCl3, 

400 MHz, major conformer): δ [ppm] = δ 7.73 (d, J = 7.6 Hz, 2H, Haryl), 7.61 – 7.53 (m, 2H, 

Haryl), 7.50 (d, J = 7.6 Hz, 1H, NHSer), 7.41 – 7.16 (m, 9H, Haryl), 6.06 (d, J = 8.9 Hz, 1H, 

NHAsp), 4.70 – 4.45 (m, 3H, CHα,Asp, CHα,Ser & CHα,Thr), 4.43 – 4.23 (m, 3H, CH2,Fmoc & 

CHβ,Thr), 4.20 (t, J = 7.1 Hz, 1H, CHFmoc), 3.63 – 3.55 (m, 1H, CHH’Ser), 3.34 (dd, J = 9.9, 8.0 

Hz, 1H, CHH’Ser), 2.94 (dd, J = 17.3, 5.2 Hz, 1H, CHH’Asp), 2.66 (dd, J = 17.2, 5.4 Hz, 1H, 

CHH’Asp), 1.81 (s, 3H, CH3,PhiPr), 1.78 (s, 3H, CH3,PhiPr), 1.68 (s, 3H, CH3,pseudoproline), 1.53 – 

1.44 (m, 6H, CH3,pseudoproline & CH3,Thr), 1.14 (s, 9H, 3 × CH3,tBu); 
13

C NMR (CDCl3, 101 

MHz, major conformer): δ [ppm] = 174.4 (COOH), 170.0 (COAsp), 169.3 (COSer), 168.7 

(COThr), 156.0 (COONH), 144.7 (Cquart,Ph), 144.0, 143.9, 141.4 (4 × Cquart,Fmoc), 128.6, 127.8, 

127.5, 127.2, 125.3, 124.3, 120.0 (13 × Caryl), 97.4 (Cquart,pseudoproline), 84.7 (Cquart,PhiPr), 74.9 

(CHβ,Thr), 73.9 (Cquart,tBu), 67.5 (CH2,Fmoc), 66.1 (CHα,Thr), 63.5 (CH2,Ser), 52.9 (CHα,Ser), 51.2 

(CHα,Asp), 47.2 (CHFmoc), 36.6 (CH2,Asp), 28.7, 27.7 (2 × CH3,PhiPr) 27.5 (3 × CH3,tBu), 26.6, 

24.0 (2 × CH3,pseudoproline), 20.8 (CH3,Thr); HRMS: m/z calcd. for C42H51N3O10Na+: 780.3467 

[M+Na]+, found: 780.3474. 

 

Fmoc-Asp(STmob)-Ser(tBu)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197d) 

 

 

C52H63N3O12S [954.15 g mol-1] 

 

According to general procedure 2, tripeptide 196d (9.94 g, 13.13 mmol, 1 eq.) was reacted 

with PyBOP (7.51 g, 14.44 mmol, 1.1 eq.), TmobSH (158) (3.09 g, 14.44 mmol, 1.1 eq.) and 

DIPEA (5.03 mL, 28.87 mmol, 2.2 eq.) in dichloromethane (60 mL) at –15 °C. Purification 

by FC (silica, petroleum ether/EtOAc 3:1→2.5:1→2:1) yielded peptide thioester 197d as 

colorless foam (10.424 g, 83%). TLC: Rf = 0.42 (petroleum ether/EtOAc 2:1; vanillin); 1
H 

NMR (CDCl3, 400 MHz, major conformer): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.60 (d, 

J = 7.2 Hz, 2H, Haryl), 7.44 – 7.15 (m, 10H, 9 × Haryl, NHSer), 6.08 (s, 2H, 2 × Haryl,Tmob), 5.77 

(d, J = 8.7 Hz, 1H, NHAsp), 4.58 (d, J = 6.0 Hz, 1H, CHα,Thr), 4.55 – 4.46 (m, 2H, CHα,Asp & 

CHα,Ser), 4.44 – 4.34 (m, 2H, CH2,Fmoc), 4.33 – 4.18 (m, 4H, CH2,Tmob, CHFmoc & CHβ,Thr), 3.78 

(s, 3H, OMe), 3.78 (s, 6H, 2 × OMe), 3.63 (dd, J = 8.1, 4.5 Hz, 1H, CHH’Ser), 3.35 (dd, J = 

9.7, 8.0 Hz, 1H, CHH’Ser), 3.21 (dd, J = 16.4, 5.4 Hz, 1H, CHH’Asp), 2.84 (dd, J = 16.6, 5.1 
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Hz, 1H, CHH’Asp), 1.81 (s, 3H, CH3,PhiPr), 1.79 (s, 3H, CH3,PhiPr), 1.72 (s, 3H, CH3,pseudoproline), 

1.54 (s, 3H, CH3,pseudoproline), 1.50 (d, J = 6.1 Hz, 3H, CH3,Thr), 1.18 (s, 9H, 3 × CH3,tBu); 
13

C 

NMR (CDCl3, 101 MHz, major conformer): δ [ppm] = 198.4 (COS), 169.1, 169.0, 168.6 

(COAsp, COSer & COThr), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 155.9 (COONH), 144.8 

(Cquart,Ph), 144.0, 143.82, 141.38 (4 × Cquart,Fmoc), 128.55, 127.81, 127.48, 127.26, 125.32, 

124.33, 120.06 (13 × Caryl), 104.5 (Cquart,Tmob), 97.2 (Cquart,pseudoproline), 90.7 (2 × Caryl,Tmob), 84.5 

(Cquart,PhiPr), 75.0 (CHβ,Thr), 73.9 (Cquart,tBu), 67.5 (CH2,Fmoc), 66.0 (CHα,Thr), 63.7 (CH2,Ser), 55.9 

(2 × OMe), 55.4 (OMe), 52.8 (CHα,Ser), 51.9 (CHα,Asp) 47.2 (CHFmoc), 44.8 (CH2,Asp), 28.5, 

27.9 (2 × CH3,PhiPr), 27.5 (3 × CH3,tBu), 26.6, 24.1 (2 × CH3,pseudoproline), 22.5 (CH2,Tmob), 20.8 

(CH3,Thr). 

 

Fmoc-Asp(STmob)-Ser(tBu)-Thr(Ψ
Me,Me

pro)-OH (190d) 

 

 

C43H53N3O12S [835.97 g mol-1] 

 

2-Phenylisopropyl-protected tripeptide 197d (10.38 g, 10.9 mmol) was dissolved in TFA 

(313 mL, 2% in dichloromethane) at 0 °C. The reaction mixture was allowed to warm to room 

temperature and was stirred for 55 minutes until TLC indicated complete disappearance of the 

starting material. The solution was immediately diluted with toluene (313 mL), the solvents 

were removed in vacuo and the residue was co-evaporated with toluene. The brown foam was 

dissolved in dry dichloromethane (150 mL) and cooled to 0 °C. PPTS (274 mg, 1.09 mmol, 

0.1  eq.) was added, followed by 2-methoxypropene (10.4 mL, 109 mmol, 10 eq., over 6 

hours). The solution was then allowed to warm to room temperature and was stirred for 

further 24 hours. Et3N (150 µL, 1.09 mmol, 0.1 eq) was added, the solvents were removed 

and the residue was co-evaporated with toluene two times. The crude product was purified by 

FC twice (silica, EtOAc→EtOAc + 0.5% AcOH→ EtOAc + 1% AcOH). The combined 

product fractions were washed with sat. NaHCO3(aq.) (2 × 100 mL), citric acid(aq.) (5%, 3 × 100 

mL), water (2 × 100 mL) and sat. NH4Cl(aq.) (100 mL). After drying of the organic phase 

(MgSO4) the solvents were removed in vacuo to yield tripeptide building block 190d as faint 

yellow foam (7.80 g, 90%). TLC: Rf = 0.29 (EtOAc + 1% AcOH; UV); HRMS: m/z calcd. 

for C43H53N3O12SNa+: 858.3242 [M+Na]+, found: 858.3248.  
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Fmoc-Trp(Boc)-Thr(OH)-O-2-PhiPr (193e) 

 

 

C44H47N3O8 [745.87 g mol-1] 

 

Dipeptide 193e was synthesized according to general procedure 1, by deprotecting Fmoc-

Thr(OH)-O-2-PhiPr (192) (1.00 g, 2.18 mmol, 1 eq.) with piperidine (44 mL, 20% in DMF) 

and subsequent coupling with Fmoc-Trp(Boc)-OH (1.38 g, 2.61 mmol, 1.2 eq.) using HBTU 

(0.99 g, 2.61 mmol, 1.2 eq.), HOBt (0.35 g, 2.61 mmol, 1.2 eq.) and DIPEA (0.91 mL, 

5.22 mmol, 2.4 eq.) in dichloromethane (55 mL). After stirring at room temperature for 

4.5 hours, the solvent was removed by evaporation and the residue was purified by FC (silica, 

petroleum ether/EtOAc 2:1→1.5:1). Trp-dipeptide 193e was obtained as colorless foam 

(974 mg, 60%). TLC: Rf = 0.23 (petroleum ether/EtOAc 2:1, UV/anisaldehyde); 1
H NMR 

(CDCl3, 400 MHz): δ [ppm] = 8.11 (d, J = 8.4 Hz, 1H, Haryl), 7.74 (d, J = 7.6 Hz, 2H, Haryl), 

7.58 (d, J = 7.8 Hz, 1H, Haryl), 7.50 (d, J = 9.3 Hz, 3H, Haryl), 7.42 – 7.14 (m, 11H, Haryl 

(superimposed by solvent)), 6.84 – 6.72 (m, 1H, NHThr), 5.61 – 5.51 (m, 1H, NHTrp), 4.70 – 

4.57 (m, 1H, CHα,Trp), 4.53 (dd, J = 8.8, 2.7 Hz, 1H, CHα,Thr), 4.41 – 4.23 (m, 3H, CH2,Fmoc & 

CHβ,Thr), 4.20 – 4.06 (m, 1H, CHFmoc), 3.31 – 3.11 (m, 2H, CH2,Trp), 2.29 (s, 1H, OH), 1.78 (s, 

3H, CH3,PhiPr), 1.75 (s, 3H, CH3,PhiPr), 1.61 (s, 9H, 3 × CH3,tBu), 1.11 (d, J = 6.4 Hz, 3H, 

CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 171.6 (COTrp), 169.1 (COThr), 156.2 

(COONHFmoc), 149.6 (COONHBoc), 145.0 (Cquart,Ph), 143.9, 143.8, 141.36, 141.35 (4 × 

Cquart,Fmoc), 135.6, 130.4 (2 × Cquart,Trp), 128.5, 127.8, 127.4, 127.2, 125.23, 125.21, 124.74, 

124.72, 124.4, 122.9, 120.1, 120.0, 119.1, 115.5 (18 × Caryl) 115.3 (Cquart,Trp), 83.9 (Cquart,tBu), 

83.8 (Cquart,PhiPr), 68.3 (Cβ,Thr), 67.5 (CH2,Fmoc), 58.1 (CHα,Thr), 55.2 (CHα,Trp), 47.1 (CHFmoc), 

28.9, 28.3, 28.1 (CH2,Trp, 3 × CH3,tBu, 2 × CH3,PhiPr), 20.1 (CH3,Thr); HRMS: m/z calcd. for 

C44H47N3O8Na+: 768.32554 [M+Na]+, found: 768.32534. 

 

Fmoc-Asp(OH)-Trp(Boc)-Thr(OH)-O-2-PhiPr (195e) 

 

 
C48H52N4O11 [860.96 g mol-1] 
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Dipeptide 193e (934 mg, 1.25 mmol, 1 eq.) was deprotected with piperidine (12.5 mL, 20% in 

DMF) and coupled with Fmoc-Asp(OBn)-OH (670 mg, 1.50 mmol, 1.2 eq.), HOBt (203 mg, 

1.50 mmol, 1.2 eq.), HBTU (570 mg, 1.50 mmol, 1.2 eq.) and DIPEA (523 mL, 3.01 mmol, 

2.4 eq.) in dichloromethane (16 mL) according to general procedure 1. After stirring for 

4 hours, the solvent was removed in vacuo and the residue was purified by FC (silica, 

petroleum ether/EtOAc 2:1→1:1) to obtain a colorless foam with still minor impurities 

(847 mg). 

The crude tripeptide 194e was subsequently hydrogenated for 40 minutes according to 

general procedure 3. The product was purified by FC (dichloromethane/methanol 

15:1→10:1) to yield a colorless foam (615 mg, 57% over two steps). TLC: Rf = 0.35 

(dichloromethane/methanol 10:1; UV/anisaldehyde); 1H NMR (CDCl3, 600 MHz): δ [ppm] = 

8.00 (br. s, 1H, Haryl), 7.72 (d, J = 7.6 Hz, 2H, Haryl), 7.55 – 7.40 (m, 4H, Haryl), 7.39 – 7.32 

(m, 2H, Haryl), 7.34 – 7.11 (m, 10H, 9 × Haryl & NHTrp (superimposed by solvent)), 7.09 (d, J 

= 9.7 Hz, 1H, NHThr), 5.92 (d, J = 8.4 Hz, 1H, NHAsp), 4.80 (dd, J = 7.5, 7.3 Hz, 1H, CHα,Trp), 

4.52 (dd, J = 9.1, 3.1 Hz, 1H, CHα,Thr), 4.52 – 4.46 (m, 1H, CHα,Asp), 4.34 – 4.20 (m, 3H, 

CHβ,Thr & CH2,Fmoc), 4.11 (t, J = 7.0 Hz, 1H, CHFmoc), 3.23 (dd, J = 15.0, 6.1 Hz, 1H, 

CHH‘Trp), 3.18 (dd, J = 15.1, 7.2 Hz, 1H, CHH‘Trp), 2.78 (dd, J = 16.6, 4.8 Hz, 1H, CHH‘Asp), 

2.69 (dd, J = 16.8, 7.4 Hz, 1H, CHH‘Asp), 1.72 (s, 3H, CH3,PhiPr), 1.71 (s, 3H, CH3,PhiPr), 1.58 

(s, 9H, 3 × CH3,tBu), 1.06 (d, J = 6.4 Hz, 3H, CH3,Thr); 
13

C NMR (CDCl3, 151 MHz): δ [ppm] 

= 173.8 (COOH), 171.4 (COTrp), 170.9 (COAsp), 169.2 (COThr), 156.2 (COONHFmoc), 149.9 

(COONHBoc), 145.0 (Cquart,Ph), 143.8, 143.6, 141.4 (4 × Cquart,Fmoc), 135.4, 130.4 (2 × Cquart,Trp), 

128.6, 127.9, 127.4, 127.2, 125.2, 124.7, 124.53, 124.47, 122.8, 120.1, 119.1 (17 × Caryl), 

115.6 (Cquart,Trp), 115.4 (Caryl), 83.95, 83.90 (Cquart,PhiPr & Cquart,tBu), 68.6 (CHβ,Thr), 67.5 

(CH2,Fmoc), 58.2 (CHα,Thr), 53.8 (CHα,Trp), 51.5 (CHα,Asp), 47.1 (CHFmoc), 36.4 (CH2,Asp), 28.8 

(CH3,PhiPr), 28.3 (3 × CH3,tBu), 28.1 (CH3,PhiPr), 26.8 (CH2,Trp), 19.8 (CH3,Thr); HRMS: m/z 

calcd. for C48H52N4O11Na+: 883.3525 [M+Na]+, found: 883.3550. 

 

Fmoc-Asp(OH)-Trp(Boc)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (196e) 

 

 
C51H56N4O11 [901.03 g mol-1] 

 

Threonine-tripeptide 195e (560 mg, 0.65 mmol, 1 eq.) was dissolved in dry dichloromethane 

(10 mL) and PPTS (16 mg, 0.065 mmol, 0.1 eq) was added. The solution was cooled to 0 °C 

and 2-methoxypropene (0.62 mL, 6.5 mmol, 10 eq.) was added dropwise. The mixture was 

then allowed to warm to room temperature. After 6 hours, further portions of PPTS (16 mg, 

0.065 mmol, 0.1 eq) and 2-methoxypropene (0.62 mL, 6.5 mmol, 10 eq.) were added at 0 °C. 
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The mixture was again allowed to warm to room temperature and was stirred for a total of 22 

hours. Triethylamine (27 µL, 0.13 mmol, 0.2 eq.) was added and the solvent was removed in 

vacuo. Residual pyridine and triethylamine was removed by repeated co-evaporation with 

toluene. The crude product was purified by FC (silica, dichloromethane/methanol 15:1) to 

yield the desired product 196e as colorless foam (439 mg, 75%). TLC: Rf = 0.36 

(dichloromethane/methanol 15:1; UV/anisaldehyde); 1
H NMR (CDCl3, 400 MHz, major 

conformer): δ [ppm] = 8.09 (d, J = 7.9 Hz, 1H, Haryl), 7.88 (d, J = 7.7 Hz, 1H, Haryl), 7.73 (d, 

J = 7.7 Hz, 3H, 2 × Haryl & NHTrp), 7.63 – 7.49 (m, 2H, Haryl), 7.41 – 7.07 (m, 12H, Haryl 

(superimposed by solvent)), 6.48 (d, J = 9.3 Hz, 1H, NHAsp), 4.68 (s, 2H, CHα,Asp & CHα,Trp), 

4.50 – 4.25 (m, 2H, CH2,Fmoc), 4.19 (t, J = 7.2 Hz, 1H, CHFmoc), 3.87 (dq, J = 6.0 Hz, 1H, 

CHα,Thr), 3.29 (d, J = 13.7 Hz, 1H, CHH’Asp), 3.18 (d, J = 17.8 Hz, 1H, CHH’Trp), 2.93 – 2.86 

(m, 1H, CHH’Asp), 2.84 (d, J = 5.7 Hz, 1H, CHβ,Thr), 2.76 (dd, J = 16.8, 5.4 Hz, 1H, CHH’Trp), 

1.73 (s, 3H, CH3,PhiPr), 1.64 (s, 3H, CH3,PhiPr), 1.59 (s, 9H, 3 × CH3,tBu), 1.50 (s, 3H, 

CH3,pseudoproline), 1.35 (s, 3H, CH3,pseudoproline), 0.70 (d, J = 6.1 Hz, 3H, CH3,Thr); 
13

C NMR 

(CDCl3, 101 MHz, major conformer): δ [ppm] = 174.8 (COOH), 170.2, 169.7 (COAsp & 

COTrp), 168.0 (COThr), 156.1 (COONHFmoc), 149.3 (COONHBoc), 144.6 (Cquart,Ph), 144.0, 

141.4 (4 × Cquart,Fmoc), 135.4, 130.0 (2 × Cquart,Trp), 128.5, 127.8, 127.5, 127.2, 125.3, 125.1, 

124.4, 124.2, 123.3, 120.0, 119.3, 115.5 (18 × Caryl), 114.8 (Cquart,Trp), 97.4 (Cquart,pseudoproline), 

84.6 (Cquart,PhiPr), 83.8 (Cquart,tBu), 74.2 (CHβ,Thr), 67.5 (CH2,Fmoc), 65.7 (CHα,Thr), 53.2 (CHα,Trp), 

51.5 (CHα,Asp), 47.2 (CHFmoc), 36.4 (CH2,Asp), 30.4 (CH2,Trp), 28.9 (CH3,PhiPr), 28.2 (3 × 

CH3,tBu), 27.2 (CH3,PhiPr), 26.4, 23.8 (2 × CH3,pseudoproline), 19.9 (CH3,Thr); HRMS: m/z calcd. 

for C51H57N4O11
+: 901.4018 [M+H]+, found: 901.4014. 

 

Fmoc-Asp(STmob)-Trp(Boc)-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197e) 

 

 
C61H68N4O13S [1097.29 g mol-1] 

 

Thioesterification of aspartic acid 196e (399 mg, 0.44 mmol, 1eq.) was achieved according to 

general procedure 2, using TmobSH (158) (104 mg, 0.49 mmol, 1.1 eq.), PyBOP (253 mg, 

0.49 mmol, 1.1 eq.) and DIPEA (170 µL, 0.49 mmol, 2.2 eq.) in dichloromethane (2.2 mL) at 

–15 °C. After removal of the solvent, the crude product was purified by FC (silica, petroleum 

ether/EtOAc 2:1) to yield a colorless foam of 197e (367 mg, 76%). TLC: Rf = 0.31 

(petroleum ether/EtOAc 2:1; UV/anisaldehyde); 1
H NMR (CDCl3, 400 MHz, major 

conformer): δ [ppm] = 8.20 (d, J = 8.2 Hz, 1H, Haryl), 7.98 (d, J = 7.6 Hz, 1H, Haryl), 7.77 (d, J 

= 7.5 Hz, 2H, Haryl), 7.67 – 7.55 (m, 2H, Haryl), 7.46 – 7.11 (m, 13H, 12 × Haryl & NHTrp 

(superimposed by solvent)), 6.06 (s, 2H, Haryl,Tmob), 5.82 (d, J = 8.7 Hz, 1H, NHAsp), 4.71 – 
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4.61 (m, 1H, CHα,Trp), 4.56 (s, 1H, CHα,Asp), 4.47 – 4.35 (m, 2H, CH2,Fmoc), 4.33 – 4.19 (m, 

3H, CH2,Tmob & CHFmoc), 3.90 (dq, J = 6.0, 5.9 Hz, 1H, CHβ,Thr), 3.76 (s, 3H, OMe), 3.75 (s, 

6H, 2 × OMe), 3.40 – 3.21 (m, 2H, CHH’Asp & CHH’Trp), 3.01 – 2.89 (m, 2H, CHH’Asp & 

CHH’Trp), 2.86 (d, J = 5.6 Hz, 1H, CHα,Thr), 1.74 (s, 3H, CH3,PhiPr), 1.66 (s, 3H, CH3,PhiPr), 1.65 

(s, 9H, 3 × CH3,tBu), 1.57 (s, 3H, CH3,pseudoproline), 1.40 (s, 3H, CH3,pseudoproline), 0.77 (d, J = 6.1 

Hz, 3H, CH3,Thr); 
13

C NMR (CDCl3, 101 MHz, major conformer): δ [ppm] = 198.5 (COS), 

169.2 (COTrp), 169.0 (COAsp), 168.4 (COThr), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.0 

(COONHFmoc), 149.5 (COONHBoc), 144.7 (Cquart,Ph), 144.0, 143.8, 141.4 (4 × Cquart,Fmoc), 

135.6, 130.4 (2 × Cquart,Trp), 128.5, 127.8, 127.4, 127.3, 125.3, 125.4, 124.4, 124.2, 123.4, 

120.1, 119.5 (17 × Caryl) 115.5, 115.4 (Caryl & Cquart,Trp), 104.6 (Cquart,Tmob), 97.2 

(Cquart,pseudoproline), 90.6 (2 × Caryl,Tmob), 84.4 (Cquart,PhiPr), 83.8 (Cquart,tBu), 74.2 (CHβ,Thr), 67.6 

(CH2,Fmoc), 65.6 (CHα,Thr), 55.9 (2 × OMe), 55.4 (OMe), 52.9 (CHα,Trp), 51.9 (CHα,Asp), 47.2 

(CHFmoc), 44.8 (CH2,Asp), 30.4 (CH2,Trp), 28.9 (CH3,PhiPr), 28.3 (3 × CH3,tBu), 27.3 (CH3,PhiPr), 

26.5, 23.8 (2 × CH3,pseudoproline), 22.5 (CH2,Tmob), 20.0 (CH3,Thr); HRMS: m/z calcd. for 

C61H69N4O13S
+: 1097.4576 [M+H]+, found: 1097.4558. 

 

Fmoc-Asp(STmob)-Trp(Boc)-Thr(Ψ
Me,Me

pro)-OH (190e) 

 

 
C52H58N4O13S [979.11 g mol-1] 

 

Phenylisopropyl ester 197e (327 mg, 0.30 mmol, 1 eq.) was dissolved in dichloromethane 

(8.4 mL) and TFA (170 µL, final concentration: 2% in dichloromethane) was added dropwise. 

After 30 minutes, TLC indicated complete conversion and the solution was diluted with 

toluene (10 mL). The solvents were removed by rotary evaporation and the residue was co-

evaporated with toluene three times. The crude product was dissolved in dry dichloromethane 

(4 mL), the solution was cooled to 0 °C and PPTS (7.5 mg, 0.03 mmol, 0.1 eq) was added. 2-

methoxypropene (290 µL, 2.98 mmol, 10 eq.) was added dropwise and the reaction mixture 

was allowed to warm to room temperature. After 3 hours, further portions of PPTS (7.5 mg, 

0.03 mmol, 0.1 eq) and 2-methoxypropene (290 µL, 2.98 mmol, 10 eq.) were added at 0 °C 

and the mixture was stirred at room temperature for another hour until TLC indicated 

complete conversion. Triethylamine (16 µL, 0.2 eq.) was added and the solvent was removed 

in vacuo. The crude product 190e was purified by FC (silica, dichloromethane/methanol 20:1 

→ 15:1) to yield an off-white foam (239 g, 82%). TLC: Rf = 0.49 (dichloromethane/methanol 

10:1, UV/anisaldehyde); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 8.17 (d, J = 8.1 Hz, 1H, 

Haryl), 7.76 (d, J = 7.8 Hz, 1H, Haryl), 7.72 (d, J = 7.6 Hz, 2H, Haryl), 7.59 – 7.50 (m, 2H, Haryl), 

7.50 – 7.41 (m, 2H, Haryl & NHTrp), 7.40 – 7.18 (m, 6H, Haryl (superimposed by solvent)), 6.29 
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(d, J = 8.7 Hz, 1H, NHAsp), 6.01 (s, 2H, Haryl,Tmob), 4.96 – 4.84 (m, 1H, CHα,Trp), 4.81 – 4.64 

(m, 1H, CHα,Asp), 4.40 – 4.13 (m, 5H, CH2,Fmoc, CH2,Tmob & CHFmoc), 4.08 (dq, J = 6.1, 6.1 Hz, 

1H, CHβ,Thr), 3.73 (s, 3H, OMe), 3.69 (s, 6H, 2 × OMe), 3.37 – 3.20 (m, 2H, CHα,Thr & 

CHH’Asp), 3.20 – 3.05 (m, 2H, CH2,Trp), 2.99 (dd, J = 16.7, 5.5 Hz, 1H, CHH’Asp), 1.63 (s, 9H, 

3 × CH3,tBu), 1.44 (s, 3H, CH3,pseudoproline), 1.38 (s, 3H, CH3,pseudoproline), 0.85 (d, J = 6.1 Hz, 3H, 

CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 198.6 (COS), 172.5 (COOH), 171.1 

(COAsp), 168.6 (COTrp), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.1 (COONHFmoc), 149.5 

(COONHBoc), 144.0, 143.8, 141.3 (4 × Cquart,Fmoc), 135.6, 130.2 (2 × Cquart,Trp), 127.8, 127.3, 

125.4 125.3, 124.9, 124.7, 123.2, 120.0, 119.3 (12 × Caryl,Tmob), 115.5, 114.8 (Caryl & Cquart,Trp), 

104.5 (Cquart,Tmob), 96.9 (Cquart,pseudoproline), 90.6 (2 × Caryl,Tmob), 83.8 (Cquart,tBu), 74.5 (CHα,Thr), 

67.7 (CH2,Fmoc), 65.9 (CHβ,Thr), 55.9 (2 × OMe), 55.4 (OMe), 52.5 (CHα,Trp), 51.9 (CHα,Asp), 

47.5 (CHFmoc), 45.0 (CH2,Asp), 30.0 (CH2,Trp), 28.3 (3 × CH3,tBu), 26.1, 23.7 (2 × 

CH3,pseudoproline), 22.5 (CH2,Tmob), 19.8 (CH3,Thr); HRMS: m/z calcd. for C52H58N4O13SNa+: 

1001.3613 [M+Na]+, found: 1001.3602. 

 

Fmoc-Gly-Thr(OH)-O-2-PhiPr (193f) 

 

 

C30H32N2O6 [516.59 g mol-1] 

 

Dipeptide 193f was synthesized according to general procedure 1, by deprotecting Fmoc-

Thr(OH)-O-2-PhiPr (192) (14.37 g, 31.28 mmol, 1 eq.) with piperidine (315 mL, 20% in 

DMF) and subsequent coupling with Fmoc-Gly-OH (11.16 g, 37.54 mmol, 1.2 eq.) using 

HBTU (12.24 g, 37.54 mmol, 1.2 eq.), HOBt (5.07 g, 37.54 mmol, 1.2 eq.) and DIPEA 

(13.08 mL, 75.08 mmol, 2.4 eq.) in dichloromethane (400 mL). After stirring at room 

temperature for 2.5 hours, the solvent was removed by evaporation and the residue was 

dissolved in EtOAc (600 mL). The organic phase was washed with sat. NaHCO3(aq.) (3 × 

150 mL), water (2 × 150 mL), NaOH(aq.) (150 mL, 1 µ), water (1 × 150 mL) and sat. NaCl(aq.) 

(3 × 150 mL). After drying (MgSO4), the solvent was removed and the residue was purified 

by FC (silica, petroleum ether/EtOAc 1:2→1:3). Glycine dipeptide 193f was obtained as 

colorless foam (10.12 g, 63%). TLC: Rf = 0.26 (petroleum ether/EtOAc 1:2, UV/vanillin); 1H 

NMR (CDCl3, 400 MHz): δ [ppm] = 7.75 (d, J = 7.5 Hz, 2H, Haryl), 7.57 (d, J = 7.5 Hz, 2H, 

Haryl), 7.43 – 7.20 (m, 9H, Haryl (superimposed by solvent)), 6.64 (d, J = 8.9 Hz, 1H, NHThr), 

5.45 (t, J = 5.7 Hz, 1H, NHGly), 4.59 (dd, J = 8.9, 2.5 Hz, 1H, CHα,Thr), 4.45 – 4.34 (m, 3H, 

CH2,Fmoc & CHβ,Thr), 4.20 (t, J = 7.0 Hz, 1H, CHFmoc), 3.90 (d, J = 5.4 Hz, 2H, CH2,Gly), 2.05 

(br. s, 1H, OH), 1.80 (s, 3H, CH3,PhiPr), 1.79 (s, 3H, CH3,PhiPr), 1.21 (d, J = 6.4 Hz, 3H, 

CH3,Thr); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 169.6, 169.5 (COGly & COThr), 156.7 

(COONH), 145.0 (Cquart,PhiPr), 143.9, 141.4 (4 × Cquart,Fmoc), 128.5, 127.9, 127.5, 127.3, 125.22, 

125.20, 124.4, 120.1 (13 × Caryl), 84.0 (Cquart,PhiPr), 68.4 (CHβ,Thr), 67.4 (CH2,Fmoc), 57.8 
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(CHα,Thr), 47.2 (CHFmoc), 44.5 (CH2,Gly), 28.7, 28.4 (2 × CH3,Ph), 20.3 (CH3,Thr); HRMS: m/z 

calcd. for C30H32N2O6Na+: 539.21526 [M+Na]+, found: 539.21539. 

 

Fmoc-Asp(OH)-Gly-Thr(ΟΗ)-O-2-PhiPr (195f) 

 

 
C34H37N3O9 [631.68 g mol-1] 

 

The dipeptide 193f (10.12 g, 19.60 mmol, 1 eq.) was deprotected with piperidine (195 mL, 

20% in DMF) and coupled with Fmoc-Asp(OBn)-OH (10.48 g, 23.52 mmol, 1.2 eq.), HOBt 

(3.18 g, 23.52 mmol, 1.2 eq.), HBTU (8.92 g, 23.52 mmol, 1.2 eq.) and DIPEA (8.20 mL, 

47.05 mmol, 2.4 eq.) in dichloromethane (250 mL) according to general procedure 1. After 

stirring at r.t. for 4 hours, the reaction mixture was diluted with dichloromethane (150 mL) 

and was washed with water (2 × 200 mL), sat. NaHCO3(aq.) (2 × 200 mL), water (200 mL) and 

sat. NaCl(aq.) (200 mL). After drying (MgSO4), the solvent was removed in vacuo and the 

residue was purified by FC (silica, petroleum ether/EtOAc 1:2→2:5) to obtain a colorless 

foam of 194f with still minor impurities (6.62 g). 

The crude tripeptide 194f was subsequently hydrogenated for one hour according to general 

procedure 3. The product was purified by FC (dichloromethane/methanol 15:1→10:1) to 

yield a colorless foam of 195f (6.08 g, 49% over two steps). TLC: Rf = 0.12 

(dichloromethane/methanol 10:1; UV/mostain); 1
H NMR (methanol-d4, 400 MHz): δ [ppm] 

= 7.82 – 7.75 (m, 2H, Haryl), 7.65 (t, J = 7.1 Hz, 2H, Haryl), 7.42 – 7.34 (m, 4H, Haryl), 7.34 – 

7.23 (m, 4H, Haryl), 7.21 – 7.14 (m, 1H, Haryl), 4.50 – 4.42 (m, 2H, CHAsp & CHα,Thr), 4.41 – 

4.30 (m, 3H, CH2,Fmoc & CHβ,Thr), 4.20 (t, J = 6.8 Hz, 1H, CHFmoc), 4.03 (d, J = 17.0 Hz, 1H, 

CHH’Gly), 3.82 (d, J = 17.0 Hz, 1H, CHH’Gly), 2.89 (dd, J = 16.9, 5.5 Hz, 1H, CHH’Asp), 2.75 

(dd, J = 16.9, 7.5 Hz, 1H, CHH’Asp), 1.75 (s, 3H, CH3,PhiPr), 1.74 (s, 3H, CH3,PhiPr), 1.18 (d, J = 

6.4 Hz, 3H, CH3,Thr); 
13

C NMR (methanol-d4, 101 MHz): δ [ppm] = 174.4, 174.0, 172.0, 

170.6 (4 × CO), 158.6 (COONH), 146.7, 145.22, 145.15 (4 × Cquart,Fmoc), 142.6 (Cquart,Ph), 

129.2, 128.8, 128.2, 128.0, 126.3, 125.5, 120.9 (13 × Caryl), 84.6 (Cquart,PhiPr), 68.7 (CHβ,Thr), 

68.3 (CH2,Fmoc), 60.0 (CHα,Thr), 53.2 (CHAsp), 48.3 (CHFmoc), 43.7 (CH2,Gly), 36.9 (CH2,Asp), 

29.2, 28.8 (2 × CH3,PhiPr), 20.4 (CH3,Thr); HRMS: m/z calcd. for C34H37N3O9Na+: 654.24220 

[M+Na]+, found: 654.24258.  
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Fmoc-Asp(OH)-Gly-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (196f) 

 

N
NH

O

O

FmocHN

OH

O

O

OO

 
C37H41N3O9 [671.75 g mol-1] 

 

For backbone protection, threonine-containing tripeptide 195f (6.21 g, 9.84 mmol, 1 eq.) was 

dissolved in dry dichloromethane (135 mL) and MS 4 Å was added. 2-methoxypropene 

(9.39 mL, 98.4 mmol, 10 eq.) was added and the mixture was cooled to 0 °C before PPTS 

(1.26 g, 4.92 mmol, 0.5 eq.) was added. The mixture was then allowed to warm to room 

temperature. After a total reaction time of 2.25 and 3.5 hours, further portions of 2-

methoxypropene (4.70 mL, 49.2 mmol, 5 eq.) and PPTS (0.63 g, 2.46 mmol, 0.25 eq.) were 

added. After four hours of total reaction time, the mixture was diluted with dichloromethane 

(100 mL) and extracted with water (3 × 150 mL) and sat. NH4Cl(aq.) (150 mL). The organic 

phase was dried (MgSO4) and the solvent was removed by evaporation. The residue was 

purified by FC (silica, dichloromethane/methanol 15:1→10:1) and residual traces of pyridine 

were removed by repeated co-evaporation with toluene. The pseudoproline-protected 

tripeptide 196f was obtained as colorless foam (5.99 g, 91%). TLC: Rf = 0.22 

(dichloromethane/methanol 10:1; UV/mostain); 1
H NMR (methanol-d4, 400 MHz, major 

conformer): δ [ppm] = 7.78 (d, J = 7.5 Hz, 2H, Haryl), 7.65 (d, J = 7.6 Hz, 2H, Haryl), 7.44 – 

7.15 (m, 9H, Haryl), 4.59 (t, J = 6.8 Hz, 1H, CHAsp), 4.43 – 4.29 (m, 4H, CH2,Fmoc, CHα,Thr & 

CHβ,Thr), 4.23 (t, J = 7.0 Hz, 1H, CHFmoc), 3.97 (d, J = 16.5 Hz, 1H, CHH’Gly), 3.48 (d, J = 

16.5 Hz, 1H, CHH’Gly), 2.88 (dd, J = 16.7, 5.5 Hz, 1H, CHH’Asp), 2.70 (dd, J = 16.7, 7.8 Hz, 

1H, CHH’Asp), 1.83 (s, 3H, CH3,PhiPr), 1.79 (s, 3H, CH3,PhiPr), 1.62 (s, 3H, CH3,pseudoproline), 1.49 

(d, J = 6.0 Hz, 3H, CH3,Thr), 1.45 (s, 3H, CH3,pseudoproline); 
13

C NMR (methanol-d4, 101 MHz, 

major conformer): δ [ppm] = 174.2 (COOH), 173.5 (COAsp), 170.2 (COThr), 167.8 (COGly), 

158.3 (COONH), 145.9 (Cquart,Ph), 145.24, 145.22, 142.6 (4 × Cquart,Fmoc), 129.5, 128.8, 128.5, 

128.2, 126.3, 125.5, 120.9 (13 × Caryl), 98.4 (Cquart,pseudoproline), 85.6 (Cquart,PhiPr), 76.7 (CHβ,Thr), 

68.2 (CH2,Fmoc), 66.4 (CHα,Thr), 53.0 (CHAsp), 48.5 (CHFmoc (superimposed by solvent)), 43.8 

(CH2,Gly), 37.2 (CH2,Asp), 29.2 (CH3,PhiPr), 28.0 (CH3,PhiPr), 27.3 (CH3,pseudoproline), 24.3 

(CH3,pseudoproline), 20.6 (CH3,Thr); HRMS: m/z calcd. for C37H41N3O9Na+: 694.27350 [M+Na]+, 

found: 694.27388. 

 

Fmoc-Asp(STmob)-Gly-Thr(Ψ
Me,Me

pro)-O-2-PhiPr (197f) 

 

N
NH

O

O

FmocHN

STmob

O

O

OO

 
C47H53N3O11S [868.01 g mol-1] 
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Thioesterification of aspartic acid 196f (5.97 g, 8.89 mmol, 1eq.) was achieved according to 

general procedure 2 using TmobSH (158) (2.09 g, 9.78 mmol, 1.1 eq.), PyBOP (5.09 g, 

9.78 mmol, 1.1 eq.) and DIPEA (3.41 mL, 19.57 mmol, 2.2 eq.) in dichloromethane (45 mL) 

at –15 °C. After removal of the solvent, the crude product was purified by FC (silica, 

petroleum ether/EtOAc/toluene 1:1:1) to yield a colorless foam (5.57 g, 72%). TLC: Rf = 0.23 

(petroleum ether/EtOAc/toluene 1:1:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz, major 

conformer): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.61 (d, J = 7.5 Hz, 2H, Haryl), 7.45 – 

7.21 (m, 9H (superimposed by solvent)), 7.22 – 7.13 (m, 1H, NHGly), 6.09 (s, 2H, Haryl,Tmob), 

5.86 (d, J = 8.6 Hz, 1H, NHAsp), 4.71 – 4.58 (m, 1H, CHAsp), 4.50 – 4.35 (m, 2H, CH2,Fmoc), 

4.35 – 4.18 (m, 4H, CH2,Tmob, CHβ,Thr & CHFmoc), 4.08 – 3.98 (m, 2H, CHH’Gly & CHα,Thr), 

3.79 (s, 3H, OMe), 3.78 (s, 6H, 2 × OMe), 3.50 (dd, J = 16.9, 3.4 Hz, 1H, CHH’Gly), 3.29 (dd, 

J = 16.7, 4.4 Hz, 1H, CHH’Asp), 2.99 (dd, J = 16.7, 5.6 Hz, 1H, CHH’Asp), 1.85 (s, 3H, 

CH3,PhiPr), 1.83 (s, 3H, CH3,PhiPr), 1.70 (s, 3H, CH3,pseudoproline), 1.54 – 1.49 (m, 6H, 

CH3,pseudoproline & CH3,Thr); 
13

C NMR (CDCl3, 101 MHz, major conformer): δ [ppm] = 198.5 

(COS), 169.9 (COAsp), 168.4 (COThr), 165.0 (COGly), 160.9 (Cquart,Tmob), 159.2 (2 × Cquart,Tmob), 

156.0 (COONH), 144.1 (Cquart,PhiPr), 143.8, 143.7, 141.3 (4 × Cquart,Fmoc), 128.6, 127.7, 127.2, 

125.2, 124.3, 120.0 (13 × Caryl), 104.3 (Cquart,Tmob), 97.6 (Cquart,pseudoproline), 90.5 (Caryl,Tmob), 

84.5 (Cquart,Ph), 75.4 (CHβ,Thr), 67.4 (CH2,Fmoc), 65.3 (CHα,Thr), 55.8 (2 × OMe), 55.3 (OMe), 

51.7 (CHAsp), 47.1 (CHFmoc), 44.7 (CH2,Asp), 42.8 (CH2,Gly), 28.6, 27.8 (2 × CH3,PhiPr), 26.9, 

23.9 (2 × CH3,pseudoproline), 22.4 (CH2,Tmob), 20.3 (CH3,Thr); HRMS: m/z calcd. for 

C47H53N3O11SNa+: 890.32930 [M+Na]+, found: 890.32952. 

 

Fmoc-Asp(STmob)-Gly-Thr(Ψ
Me,Me

pro)-OH (190f) 

 

 
C38H43N3O11S [749.83 g mol-1] 

 

For C-terminal deprotection, tripeptide 197f (5.44 g, 6.27 mmol, 1 eq.) was dissolved in 

dichloromethane (176 mL), triisopropylsilane (6.42 mL, 31.35 mmol, 5 eq.) was added and 

the solution was cooled to 0 °C. TFA (3.6 mL, final concentration: 2% in dichloromethane) 

was added and the mixture was allowed to warm to room temperature. After 35 minutes, TLC 

indicated complete consumption of starting material. Saturated NaHCO3(aq.) (60 mL) and 

water (100 mL) was immediately added and the colorless precipitate was filtered and dried by 

lyophylization. Further product was isolated from the filtrate which was acidified by adding 

sat. citric acid(aq.) and extracted with dichloromethane (8 × 100 mL). After removal of the 

solvent, the combined dry products were dissolved in dry dichloromethane (44 mL) and MS 

4 Å was added. The solution was cooled to 0 °C and 2-methoxypropene (3.0 mL, 31.35 mmol, 

5 eq.), followed by PPTS (400 mg, 1.59 mmol, 0.25 eq.) were added. After 30 and 60 
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minutes, respectively, further portions of 2-methoxypropene (1.5 mL, 15.68 mmol, 2.5 eq.), 

followed by PPTS (200 mg, 0.80 mmol, 0.13 eq.) were added. After a total reaction time of 

100 minutes, the reaction mixture was diluted with dichloromethane (50 mL) and extracted 

with water (2 × 50 mL) and sat. NH4Cl(aq.). The organic layer was dried (MgSO4) and the 

crude product was purified by FC (silica, dichloromethane/methanol 15:1→10:1). Further 

purification was achieved by RP-MPLC (50–60% acetonitrile in water, 0.1% FA) to yield 

glycine tripeptide building block 190f as colorless solid (2.06 g, 44%). TLC: Rf = 0.10 

(dichloromethane/methanol 10:1, UV/anisaldehyde); 1
H NMR (methanol-d4, 400 MHz, 

major conformer): δ [ppm] = 7.78 (d, J = 7.5 Hz, 2H, Haryl), 7.69 – 7.59 (m, 2H, Haryl), 7.37 (t, 

J = 7.5 Hz, 2H, Haryl), 7.29 (tdd, J = 7.5 Hz, 4.0 Hz, 1.1 Hz, 2H, Haryl), 6.09 (s, 2H, Haryl,Tmob), 

4.67 (dd, J = 9.0 Hz, 4.5 Hz, 1H, CHAsp), 4.43 – 4.31 (m, 3H, CHα,Thr, CHβ,Thr & CHH’Fmoc), 

4.27 (dd, J = 10.5 Hz, 7.3 Hz, 1H, CHH’Fmoc), 4.23 – 4.12 (m, 3H, CH2,Tmob & CHFmoc), 3.97 

(d, J = 16.5 Hz, 1H, CHH’Gly), 3.80 – 3.66 (m, 10H, 3 × OMe & CHH’Gly), 3.10 (dd, J = 

15.9 Hz, 4.5 Hz, 1H, CHH’Asp), 2.95 (dd, J = 15.8 Hz, 9.0 Hz, 1H, CHH’Asp), 1.64 (s, 3H, 

CH3,pseudoproline), 1.52 (s, 3H, CH3,pseudoproline), 1.46 (d, J = 5.9 Hz, 3H, CH3,Thr); 
13

C NMR 

(methanol-d4, 101 MHz, major conformer): δ [ppm] = 198.5 (COS), 173.2, 173.0 (COOH & 

COAsp), 167.9 (COGly), 162.5 (Cquart,Tmob), 160.5 (2 × Cquart,Tmob), 158.2 (COONH), 145.3, 

145.2, 142.6, 142.5 (4 × Cquart,Fmoc), 128.8, 128.2, 126.4, 126.3, 120.9 (8 × Caryl,Fmoc), 105.4 

(Cquart,Tmob), 98.4 (Cquart,pseudoproline), 91.6 (2 × Caryl,Tmob), 77.0 (CHβ,Thr), 68.3 (CH2,Fmoc), 66.0 

(CHα,Thr), 56.3 (2 × OMe), 55.7 (OMe), 53.2 (CHAsp), 48.5 (CHFmoc (superimposed by 

solvent)), 45.9 (CH2,Asp), 43.6 (CH2,Gly) 27.4, 24.3 (2 × CH3,pseudoproline), 23.1 (CH2,Tmob), 20.5 

(CH3,Thr); HRMS: m/z calcd. for C38H43N3O11SNa+: 772.25105 [M+Na]+, found: 772.25149. 
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Application in Fmoc-SPPS: Decapeptides 200a–f 

 

Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Ala-

Thr(Ψ
Me,Me

pro)-Ala-OH (200a) 

 

 
C121H139N13O22S [2159.57 g mol-1] 

 

Procedure A (tripeptide approach): Ala-decapeptide 200a was synthesized on solid-phase 

according to general procedure 5 (250 mg resin, 0.883 g mmol-1) and as depicted in Scheme 

35. Analytical resin cleavage was conducted at the penta- and decapeptide stage as described 

in general procedure 9. The ratio of desired peptide to aspartimide was 198a/199a > 99:1 at 

the penta- and 200a/201a 96:4 at the decapeptide stage as determined by integration of the 

corresponding peaks in the LC-MS chromatograms at 254 nm. Preparative resin cleavage was 

performed according to general procedure 10. Purification by FC (silica, 

dichloromethane/methanol 15:1, UV) yielded decapeptide 200a as colorless solid (280 mg, 

59%). TLC Rf = 0.34 (dichloromethane/methanol 15:1); HRMS: m/z calculated for 

C121H140N13O22SNa2+: 1091.4938 [M+H+Na]2+, found: 1091.4956. 

 

Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Asp(OtBu)-

Thr(Ψ
Me,Me

pro)-Ala-OH (200b) 

 

 
C126H147N13O24S [2259.69 g mol-1] 

 

Asp-decapeptide 200b was synthesized on solid-phase according to general procedure 5 

(50 mg resin, 0.590 g mmol-1) and as depicted in Scheme 35. Analytical resin cleavage was 

conducted at the penta- and decapeptide stage as described in general procedure 9. The ratio 

of desired peptide to aspartimide was 198b/199b 99:1 at the penta- and 200b/201b 89:11 at 

the decapeptide stage as determined by integration of the corresponding peaks at 254 nm. 

Preparative resin cleavage was performed according to general procedure 10. Purification by 

FC (silica, dichloromethane/methanol 20:1→15:1, UV/mostain) yielded decapeptide 200b as 

colorless solid (44 mg, 66%). TLC Rf = 0.27 (dichloromethane/methanol 15:1); HRMS: m/z 

calculated for C126H149N13O24S
2+: 1130.5291 [M+2H]2+, found: 1130.5288.  
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Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Lys(Boc)-

Thr(Ψ
Me,Me

pro)-Ala-OH (200c) 

 

 
C129H154N14O24S [2316.79 g mol-1] 

 

Lys-decapeptide 200c was synthesized on solid-phase according to general procedure 5 

(350 mg resin, 0.590 g mmol-1) and as depicted in Scheme 35. Analytical resin cleavage was 

conducted at the penta- and decapeptide stage as described in general procedure 9. The ratio 

of desired peptide to aspartimide was 198c/199c > 99:1 at the penta- and 200c/201c 99:1 at 

the decapeptide stage as determined by integration of the corresponding peaks in the LC-MS 

chromatograms at 254 nm. Preparative resin cleavage was performed according to general 

procedure 10. Purification by FC (silica, dichloromethane/methanol 12:1) yielded decapeptide 

200c as colorless solid (343 mg, 72%). TLC Rf = 0.19 (dichloromethane/methanol 15:1, UV); 

HRMS: m/z calculated for C129H155N14O24SNa2+: 1170.0490 [M+H+Na]2+, found: 1170.0510. 

 

Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Ser(tBu)-

Thr(Ψ
Me,Me

pro)-Ala-OH (200d) 

 

 
C125H147N13O23S [2231.68 g mol-1] 

 

Lys-decapeptide 200d was synthesized on solid-phase according to general procedure 5 

(50 mg resin, 0.590 g mmol-1) and as depicted in Scheme 35. Analytical resin cleavage was 

conducted at the penta- and decapeptide stage as described in general procedure 9. The ratio 

of desired peptide to aspartimide was 198d/199d > 99:1 at the penta- and 200d/201d 95:5 at 

the decapeptide stage as determined by integration of the corresponding peaks in the LC-MS 

chromatograms at 254 nm. Preparative resin cleavage was performed according to general 

procedure 10. Purification by FC (silica, dichloromethane/methanol 15:1) yielded decapeptide 

200d as colorless solid (41 mg, 62%). TLC Rf = 0.37 (dichloromethane/methanol 15:1, UV); 

HRMS: m/z calculated for C125H149N13O23S
2+: 1116.5316 [M+2H]2+, found: 1116.5313. 
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Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Trp(Boc)-

Thr(Ψ
Me,Me

pro)-Ala-OH (200e) 

 

 
C134H152N14O24S [2374.82 g mol-1] 

 

Lys-decapeptide 200e was synthesized on solid-phase according to general procedure 5 

(350 mg resin, 0.590 g mmol-1) and as depicted in Scheme 35. Analytical resin cleavage was 

conducted at the penta- and decapeptide stage as described in general procedure 9. The ratio 

of desired peptide to aspartimide was 198e/199e > 99:1 at the penta- and 200e/201e 94:6 at 

the decapeptide stage as determined by integration of the corresponding peaks in the LC-MS 

chromatograms at 254 nm. Preparative resin cleavage was performed according to general 

procedure 10. Purification by FC (silica, dichloromethane/methanol 20:1, UV) yielded 

decapeptide 200e as colorless solid (253 mg, 52%). TLC Rf = 0.18 

(dichloromethane/methanol 20:1); HRMS: m/z calculated for C134H153N14O24SNa2+: 

1199.0412 [M+H+Na]2+, found: 1199.0455. 

 

Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Gly-

Thr(Ψ
Me,Me

pro)-Ala-OH (200f) 

 

 
C120H137N13O22S [2145.55 g mol-1] 

 

Gly-decapeptide 200f was synthesized on solid-phase according to general procedure 5 

(250 mg resin, 0.883 g mmol-1) and as depicted in Scheme 35. Analytical resin cleavage was 

conducted at the penta- and decapeptide stage as described in general procedure 9. The ratio 

of desired peptide to aspartimide was 198f/199f 96:4 at the penta- and 200f/201f 12:88 at the 

decapeptide stage as determined by integration of the corresponding peaks in the LC-MS 

chromatograms at 254 nm.  
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Comparison with Other Approaches   

 

Fmoc-Asp(STmob)-OAll (203) 

 

 
C32H33NO8S [591.68 g mol-1] 

 

Fmoc-Asp(OH)-OAll (202) (300 mg, 0.76 mmol), PyBOP (435 mg, 0.84 mmol) and 

TmobSH (158) (179 mg, 0.84 mmol) were suspended in dichloromethane (4 mL) and the 

mixture was cooled to –15 °C. DIPEA (290 µL, 1.67 mmol) was added dropwise at –15 °C 

over a period of 30 minutes. The reaction mixture was then allowed to warm to room 

temperature. After a total reaction time of 60 minutes, the solvent was removed by rotary 

evaporation and the residue was purified by FC (silica, petroleum ether/ethyl acetate 2:1) to 

yield aspartic acid derivative 203 as colorless foam (409 mg, 91%). TLC: Rf = 0.50 

(petroleum ether/EtOAc 2:1; UV/vanillin); 1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.76 (d, J 

= 7.5 Hz, 2H, Haryl), 7.61 (d, J = 7.4 Hz, 2H, Haryl), 7.40 (t, J = 7.4 Hz, 2H, Haryl), 7.31 (td, J = 

7.5, 1.0 Hz, 2H, Haryl), 6.09 (s, 2H, Haryl,Tmob), 5.92 (ddt, J = 17.0, 10.5, 5.7 Hz, 1H, CH=CH2), 

5.80 (d, J = 8.6 Hz, 1H, NH), 5.34 (ddt, J = 17.2, 1.4, 1.4 Hz, 1H, CH=CHH’), 5.25 (ddt, J = 

10.5, 1.3, 1.3 Hz, 1H, CH=CHH’), 4.68 (dt, J = 5.7, 1.5 Hz, 2H, CH2CH=), 4.65 (dd, J = 8.9, 

4.6 Hz, 1H, CHα,Asp), 4.41 (dd, J = 10.5, 7.4 Hz, 1H, CHH’Fmoc), 4.35 (dd, J = 10.6, 7.2 Hz, 

1H, CHH’Fmoc), 4.30 – 4.20 (m, 3H, CH2,Tmob & CHFmoc) 3.792 (s, 3H, OMe), 3.790 (s, 6H, 2 

× OMe), 3.28 (dd, J = 16.5, 4.7 Hz, 1H, CHH’Asp), 3.13 (dd, J = 16.6, 4.4 Hz, 1H, CHH’Asp); 
13C NMR (CDCl3, 101 MHz): δ [ppm] = 197.7 (COS), 170.5 (CONH), 161.1 (Cquart,Tmob), 

159.3 (2 × Cquart,Tmob), 156.0 (COONH), 144.0 (), 143.9, 141.4, 141.4 (4 × Cquart,Fmoc), 131.7 

(CH=CH2), 127.8, 127.2, 125.3, 120.1 (8 × Caryl,Fmoc), 118.9 (CH=CH2), 104.4 (Cquart,Tmob), 

90.7 (Caryl,Tmob), 67.4 (CH2,Fmoc), 66.5 (CH2CH=), 56.0 (2 × OMe), 55.5 (OMe), 51.0 

(CHα,Asp), 47.3 (CHFmoc), 45.0 (CH2,Asp), 22.5 (CH2,Tmob). 

 

Fmoc-Asp(STmob)-OH (160) 

 

 
C29H29NO8S [551.61 g mol-1] 

 

Fmoc-Asp(STmob)-OAll (203) (394 mg, 0.67 mmol) was dissolved in dichloromethane 

(30 mL) and Pd(PPh3)4 (31 mg, 0.03 mmol) as well as PdSiH3 (328 µL, 2.66 mmol) were 

added. The mixture was stirred at room temperature until TLC indicated complete conversion 

(12 min). The solvent was removed by rotary evaporation and the residue was purified by RP-

HPLC (75% isocratic for 15 min, Rt = 10.3 min, column 1). It is noteworthy to mention that 

the purification by FC (silica, dichloromethane/methanol 10:1 or petroleum ether/ethylacetate 

(1:1 + 1% AcOH)) as well as recrystallization (mixtures of petroleum ether/ethyl acetate or 
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various alcohols + water) failed. The product 160 was obtained colorless fluffy solid (83 mg , 

22%). TLC: Rf = 0.41 (petroleum ether/EtOAc 2:1; UV/vanillin); 1
H NMR (CDCl3, 400 

MHz, major conformer): δ [ppm] = 8.40 (br. s, 1H, COOH), 7.76 (d, J = 7.5 Hz, 2H, Haryl), 

7.66 – 7.53 (m, 2H, Haryl), 7.40 (t, J = 7.5 Hz, 2H, Haryl), 7.32 (td, J = 7.5, 1.1 Hz, 2H), 6.10 

(s, 2H, Haryl,Tmo), 5.92 (d, J = 8.5 Hz, 1H, NH), 4.71 (ddd, J = 8.5, 4.8, 4.5 Hz, 1H, CHα.Asp), 

4.49 – 4.34 (m, 2H, CH2,Fmoc), 4.29 (s, 2H, CH2,Tmob), 4.24 (t, J = 7.1 Hz, 1H, CHFmoc), 3.783 

(s, 3H, OMe), 3.780 (s, 6H, 2 × OMe), 3.33 (dd, J = 16.9, 4.8 Hz, 1H, CHH’Asp), 3.18 (dd, J = 

16.9, 4.6 Hz, 1H, CHH’Asp); 
13

C NMR (CDCl3, 101 MHz, major conformer): δ [ppm] = 198.1 

(COS), 175.4 (COOH), 161.0 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.2 (COONH), 143.9, 

143.8, 141.4, 141.3 (4 × Cquart,Fmoc), 127.8, 127.2, 125.3, 120.0 (8 × Caryl,Fmoc), 104.3 

(Cquart,Tmob), 90.6 (2 × Caryl,Tmob), 67.5 (CH2,Fmoc), 55.9 (2 × OMe), 55.4 (OMe), 50.7 (CHα,Asp), 

47.2 (CHFmoc), 44.7 (CH2,Asp), 22.5 (CH2,Tmob); HRMS: m/z calcd. for C29H29NO8Na+: 

574.15061 [M+H]+, found: 574.14993. 

 

Fmoc-Asp(STmob)-OTMS (204) 

 

 
C32H37NO8SSi [623.79 g mol-1] 

 

In analogy to a procedure by Garner and co-workers[173], Fmoc-Asp(STmob)-OH (160) was 

dissolved in dry dichloromethane (2 mL, freshly distilled over CaH2) and TMS-Cl (0.96 mL, 

7.5 mmol, freshly distilled over CaH2) was added. The reaction mixture was stirred at room 

temperature for 40 minutes. The solvent was removed in vacuo and the colorless product was 

analyzed by 1H NMR in CDCl3. Since NMR spectroscopy revealed only approx. 80% 

conversion, the solid was again reacted with TMS-Cl as described above. After 2 hours, the 

solvent was removed in vacuo and the residue was co-evaporated with dry dichloromethane 

(3×). 1H NMR spectroscopy revealed approx. 95% conversion. Fmoc-Asp(STmob)-

OTMS (204) was obtained as colorless solid (73 mg, 78%). It is noteworthy to mention that 

due to rapid hydrolysis of the TMS ester, TLC is not a suitable method to follow the reaction 

progress. For the same reason mass spectrometry is not possible. 1
H NMR (CDCl3, 

400 MHz): δ [ppm] = 7.76 (d, J = 7.5 Hz, 2H, Haryl), 7.61 (d, J = 7.5 Hz, 2H, Haryl), 7.40 (t, J 

= 7.5 Hz, 2H, Haryl), 7.31 (t, J = 7.4 Hz, 2H, Haryl), 6.09 (s, 2H, Haryl,Tmob), 5.81 (d, J = 8.3 Hz, 

1H, NH), 4.57 (ddd, J = 8.4, 4.5, 4.5 Hz, 1H, CHα,Asp), 4.43 – 4.30 (m, 2H, CH2,Fmoc), 4.31 – 

4.18 (m, 3H, CH2,Tmob & CHFmoc), 3.791 (s, 3H, OMe), 3.787 (s, 6H, 2 × OMe) 3.25 (dd, J = 

16.3, 4.5 Hz, 1H, CHH’Asp), 3.11 (dd, J = 16.6, 4.5 Hz, 1H, CHH’Asp), 0.33 (s, 9H, SiMe3); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 197.7 (COS), 170.9 (COOSiMe3), 161.1 

(Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.0 (COONH), 144.1, 144.0, 141.41, 141.40 (4 × 

Cquart,Fmoc) 127.8, 127.2, 125.4, 120.1 (8 × Caryl,Fmoc), 104.5 (Cquart,Tmob), 90.7 (2 × Caryl,Tmob), 

67.4 (CH2,Fmoc), 55.9 (2 × OMe), 55.5 (OMe), 51.8 (CHα,Asp), 47.3 (CHFmoc), 45.1 (CH2,Asp), 

22.5 (CH2,Tmob), –0.3 (SiMe3). 
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Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(STmob)-Ala-

Thr(Ψ
Me,Me

pro)-Ala-OH (200a) 

 

 
C121H139N13O22S [2159.57 g mol-1] 

 

Procedure B (TMS approach): Decapeptide 200a was synthesized on solid-phase starting 

from alanine-loaded (cf. general procedure 7) 2-chlorotrityl polystyrene resin (41 mg,   

0.59 g mmol-1) as depicted in Scheme 37. Fmoc-SPPS was performed as described in general 

procedure 5 with two exceptions. The dipeptide Fmoc-Ala-Thr(ΨMe,Mepro)-OH was coupled 

in analogy to the tripeptide building blocks 200a–f. Before the coupling of Fmoc-

Asp(STmob)-OTMS (204) the resin was washed with dichloromethane (5 × 1 min, 10 mL g-

1). Fmoc-Asp(STmob)-OTMS (204) was coupled by using 2 eq. of amino acid together with 

DIC (2 eq.) and DIPEA (2 eq.) for one hour in dichloromethane. After the coupling of 204, 

the resin was washed with dichloromethane (5 × 1 min, 10 mL g-1) and then DMF (5 × 1 min, 

10 mL g-1). Analytical resin cleavage was conducted at the penta- and decapeptide stage as 

described in general procedure 9. The ratio of peptide to aspartimide was 198a/199a > 99:1 at 

the penta- and 200a/201a 97:3 at the decapeptide stage as determined by integration of the 

corresponding peaks in the LC-MS chromatograms at 254 nm. Preparative resin cleavage was 

performed according to general procedure 10. Purification by FC (silica, 

dichloromethane/methanol 15:1) yielded decapeptide 200a as colorless solid (40 mg, 77%). 

TLC Rf = 0.25 (dichloromethane/methanol 15:1, UV); HRMS: m/z calculated for 

C121H140N13O22SNa+: 1091.4938 [M+H+Na]2+, found: 1091.4956.  
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Fmoc-Phe-Leu-Asn(Trt)-His(Trt)-Ser(tBu)-Glu(OtBu)-Asp(OAll)-Ala-Thr(Ψ
Me,Me

pro)-

Ala-OH (207) 

 

 
C114H131N13O20 [2003.37 g mol-1] 

 

Procedure C (pseudoproline-assisted): Decapeptide 207 was synthesized on solid-phase 

according to general procedure 5 (350 mg resin, 0.883 g mmol-1) and as depicted in Scheme 

38. Fmoc-SPPS was performed as described in general procedure 5 with one exception. The 

dipeptide Fmoc-Ala-Thr(ΨMe,Mepro)-OH was coupled in analogy to the tripeptide building 

blocks 200a–f. Analytical resin cleavage was conducted at the penta- and decapeptide stage as 

described in general procedure 9 except for the decapeptide was dissolved in neat MeCN 

instead of MeCN/H2O (1:1). The ratio of peptide to aspartimide was 205/206 > 99:1 at the 

penta- and 207/208 > 99:1 at the decapeptide stage as determined by integration of the 

corresponding peaks in the LC-MS chromatograms at 254 nm.  
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7.5. Synthesis of Carbohydrate Derivatives 

 

2-Acetamido-2-deoxy-β-D-glucopyranosylazid (238) 

 

 
C8H14N4O5 [246.22 g mol-1] 

 

GlcNAcN3 238 was synthesized according to Shoda and co-workers.[191]  

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl azide (239) 

 

 
C14H20N4O8 [372.33 g mol-1] 

 

Ac3GlcNAcN3 (239) was synthesized by J. Mannuthodikayil[33] in our group. 

 

2-Acetamido-2-deoxy-β-D-glucopyranosylamine (241) 

 

 
C8H16N2O5 [220.25 g mol-1] 

 

Glycosyl azide 238 (150 mg, 0.41 mmol) was hydrogenolyzed according to general 

procedure 4. Glycosyl amine 241 was obtained as colorless solid. (133 mg, quant.). 

Spectroscopic data was in accordance with literature.[12]  

 

2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl amine (242) 

 

 
C14H22N2O8 [346.34 g mol-1] 

 

Glycosyl azide 239 (100 mg, 0.27 mmol) was hydrogenolyzed according to general 

procedure 4. Glycosyl amine 242 was obtained as colorless solid. (92 mg, quant.). 

Spectroscopic data was in accordance with literature. 
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2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranosyl-(1→4)-2-acetamido-3,6-di-

O-acetyl-2-deoxy-β-D-glucopyranosyl azide (274) 

 

 
C16H27N5O10 [449.42 g mol-1] 

 

Chitobiosyl azide 274 was synthesized according to Shoda and co-workers.[191] 

 

2-Acetamido-2-deoxy-β-D-glucopyranosyl-(1→4)-2-acetamido-2-deoxy-β-D-

glucopyranosyl amine (275) 

 
C16H29N3O10 [423.42 g mol-1] 

 

Chitobiosyl azide 274 (20 mg, 0.0445 mmol) was dissolved in methanol/water (1:1, 1 mL) 

and palladium (2 mg, 5% on carbon, wetted with ca. 55% water) was added. The mixture was 

stirred under a hydrogen atmosphere for 30 minutes until TLC showed complete conversion. 

The solution was filtered through a syringe filter (0.45 µm) and the solvent was removed 

under reduced pressure. Residual water was removed by lyophylization. The desired 

chitobiose 275 was obtained as colorless fluffy solid. Due to its known instability[223] it was 

used without further purification and identification (quantitative yield).  

 

Nonasaccharide glycosyl amine 278 
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C62H105N5O45 [1640.51 g mol-1] 

 

Complex glycosyl amine 278 was synthesized starting from the corresponding glycosyl 

azide 277 as described by C. Unverzagt and co-workers.[6] 
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Ac3GlcN(Ac)2N3 (240) 

 

 
C16H22N4O9 [414.37 g mol-1] 

 

In analogy to C. S. Rye and S. G. Withers[192], Ac3GlcNAcN3 (239) (200 mg, 0.54 mmol) and 

p-TsOH (51 mg, 0.27 mmol) were dissolved in iso-prenyl acetate (6.8 mL, dried over MS 4 Å) 

and heated to 65 °C. After 3.75 hours, TLC indicated complete conversion and the mixture 

was allowed to cool to room temperature. Et3N (0.75 mL) was added, the solvent was 

removed by rotary evaporation and the residue was co-evaporated with toluene (3 ×). The 

crude product was filtered through a short plug of silica (dichloromethane/methanol 40:1) to 

yield GlcNAc derivative 240 as colorless syrup (198 mg, 89%). TLC: Rf = 0.51 

(dichloromethane/methanol 40:1); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 5.84 (d, J = 

8.6 Hz, 1H, H-1), 5.81 (dd, J = 10.3, 8.8 Hz, 1-H, H-3), 5.09 (dd, J = 10.3, 8.8 Hz, 1H, H-4), 

4.35 (dd, J = 12.5, 4.7 Hz, 1H, H-6), 4.13 (dd, J = 12.5, 2.2 Hz, 1H, H-6’), 3.89 (ddd, J = 

10.3, 4.7, 2.2 Hz, 1H, H-5), 3.60 (dd, J = 10.3, 8.7 Hz, 1H, H-2), 2.38 (s, 3H, NAc), 2.36 (s, 

3H, OAc), 2.11 (s, 3H, NAc), 2.03 (s, 3H, OAc), 1.99 (s, 3H, OAc); 13
C NMR (CDCl3, 

101 MHz): δ [ppm] = 174.9 (NAc), 173.5 (NAc), 170.7 (OAc), 169.8 (OAc), 169.7 (OAc), 

87.2 (C-1), 73.8 (C-5), 70.4 (C-3), 69.0 (C-4), 61.9 (C-2), 61.9 (C-6), 27.9, 25.2 (2 × NAc), 

20.9, 20.8, 20.6 (3 × OAc). 
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7.6. Thioacid-Containing Pyrrolysine Mimics  

 

Synthesis 

 

2-Phenylisopropyl thiol (216) 

 

 
C9H12S [152.26 g mol-1] 

 

2-Phenylisopropyl alcohol (1 g, 7.25 mmol) and Lawesson’s Reagent (5.94 g, 14.7 mmol) 

were suspended in dichloromethane (40 mL) and water (1.2 mL) was added. The suspension 

was stirred for 15.5 hours at room temperature. The mixture was filtered and the filtrate was 

concentrated in vacuo. The residue was dissolved in water (50 mL) and was extracted with 

pentane (3 × 50 mL). The combined organic phases were dried (MgSO4), filtered and the 

solvent was removed by rotary evaporation. Thiol 216 was obtained as colorless liquid 

(1.01 g, 90%). Spectroscopic data was in accordance with literature.[224] 1
H NMR (CDCl3, 

400 MHz): δ [ppm] = 7.64 – 7.58 (m, 2H, Haryl), 7.40 – 7.33 (m, 2H, Haryl), 7.31 – 7.23 (m, 

1H, Haryl (superimposed by solvent)), 2.28 (br. s, 1H, SH), 1.88 (br. s, 6H, 2 × CH3). 

 

Glycolic acid (2-phenylisopropyl) thioester (213) 

 

 
C11H14O2S [210.29 g mol-1] 

 

Glycolic acid (30 mg, 0.39 mmol), PhiPrSH 216 (130 mg, 0.59 mmol) and PyBOP (205 mg, 

0.39 mmol) were dissolved in DMF (2 mL). DIPEA (170 µL, 0.99 mmol) was added and the 

reaction mixture was stirred for 40 minutes at room temperature. The solvent was removed by 

rotary evaporation and the residue was purified by FC (silica, petroleum ether/ethyl acetate 

4:1) to yield thioester 213 as colorless oil (44 mg, 53%). TLC: Rf = 0.38 (petroleum 

ether/EtOAc 4:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 7.58 – 7.52 (m, 2H, 

Haryl), 7.39 – 7.32 (m, 2H, Haryl), 7.29 – 7.23 (m, 1H Haryl (superimposed by solvent)), 4.16 (d, 

J = 4.6 Hz, 2H, CH2), 2.72 (t, J = 5.5 Hz, 1H, OH), 1.92 (s, 6H, 2 × CH3); 
13

C NMR (CDCl3, 

101 MHz): δ [ppm] = 199.7 (COS), 145.5 (Cquart,aryl), 128.3, 127.2, 126.20 (5 × Caryl), 68.2 

(CH2), 53.0 (Cquart,PhiPr), 29.3 (2 × CH3).  
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N
α
-Fmoc-N

γ
-((2-oxo-2-((2-phenylpropan-2-yl)thio)ethoxy)carbonyl)-L-lysine (214) 

 

 
C33H36N2O7S [604.72 g mol-1] 

 

Alcohol 213 (59 mg, 0.28 mmol) was dissolved in MeCN (4 mL), Et3N (156 µL, 1.12 mmol) 

was added and the mixture was cooled to 0 °C. DSC (66 mg, 0.26 mmol) was added and the 

reaction mixture was then allowed to warm to room temperature. After one hour, TLC 

indicated complete conversion and the solvent was removed by rotary evaporation. The 

residue was filtered through a short plug of silica (petroleum ether/ethyl acetate 1:1) to yield 

the activated species as colorless syrup. The syrup was dissolved in DMF (5 mL) and Fmoc-

Lys-OH (129 mg, 0.35 mmol) followed by DIPEA (162 µL, 0.94 mmol) was added. The 

suspension was stirred for one hour until TLC indicated complete conversion. The reaction 

mixture was diluted with Et2O (60 mL) and washed with sat. NH4Cl(aq.) (30 mL) and NaCl(aq.) 

(2 × 30 mL, 8%). The organic layer was dried (MgSO4), filtered and the solvent was removed 

by rotary evaporation to yield a colorless foam. The crude product 214 was purified by FC 

(silica, dichloromethane/methanol 10:1) to yield a colorless solid (42 mg, 28% over two 

steps). 1H NMR (DMSO-d6, 400 MHz): δ [ppm] = 7.88 (d, J = 7.5 Hz, 2H, Haryl), 7.71 (d, J = 

7.5 Hz, 2H, Haryl), 7.51 – 7.46 (m, 2H, Haryl), 7.45 (t, J = 5.6 Hz, NHε,Lys), 7.43 – 7.37 (m, 2H, 

Haryl), 7.36 – 7.27 (m, 4H, Haryl), 7.26 – 7.18 (m, 1H, Haryl), 7.17 (br. s, NHα,Lys), 4.51 (s, 2H, 

COOCH2COS), 4.36 – 4.17 (m, 3H, CH2,Fmoc & CHFmoc), 3.85 (ddd, J = 8.3, 8.2, 4.7 Hz, 1H, 

CHα,Lys), 2.97 (dt, J = 6.8, 6.3 Hz, 2H, CH2,ε,Lys), 1.79 (s, 6H, 2 × CH3), 1.75 – 1.66 (m, 1H, 

CHH’β,Lys), 1.64 – 1.50 (m, 1H, CHH’β,Lys), 1.47 – 1.35 (m, 2H, CH2,δ,Lys), 1.35 – 1.20 (m, 

2H, CH2,γ,Lys); 
13

C NMR (DMSO-d6, 101 MHz): δ [ppm] = 196.0 (COS), 155.8 (COONHε), 

154.9 (COONHα), 145.3 (Cquart,PhiPr), 143.9, 143.8, 140.7 (4 × Cquart,Fmoc), 128.04, 127.59, 

127.1, 126.8, 126.0, 125.3, 125.2, 120.1 (13 × Caryl), 67.4 (COOCH2COS), 65.4 (CH2,Fmoc), 

54.6 (CHα,Lys), 52.0 (Cquart,PhiPr), 46.7 (CHFmoc), 40.4 (CH2,ε,Lys), 31.3 (CH2,β,Lys), 29.1 

(CH2,δ,Lys), 28.7 (2 × CH3), 22.7 (CH2,γ,Lys).  

 

N
γ
-((2-oxo-2-((2-phenylpropan-2-yl)thio)ethoxy)carbonyl)-L-lysine (215) 

 

 
C18H26N2O5S [382.47 g mol-1] 

 

Procedure A: Fmoc-protected lysine 214 (1 mg, 1.65 µmol) was dissolved in DMF (980 µL) 

and DBU (20 µL, final concentration: 2% in DMF) was added. The reaction mixture was 

analyzed by LC-MS (20–95% in 10 min, column 4). After 1 min LC-MS indicated complete 
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conversion of the starting material 214. However, no product 215 was formed. Instead, the 

formation of a cyclic imide 218 could be detected. 

Procedure B: Fmoc-protected lysine 214 (0.1 mg, 0.165 µmol) was dissolved in Aimoto’s 

cocktail[106] (1 mL) and the reaction mixture was analyzed by LC-MS. No product formation 

could be detected. Instead, the formation of a cyclic imide 218 was observed.  

Procedure C: Fmoc-protected lysine 214 (1 mg, 1.65 µmol) was dissolved in 5% piperidine in 

DMF (1 mL) and the reaction mixture was analyzed by LC-MS. The formation of the desired 

lysine 215 could be detected, however, only in traces.  

Procedure D: Fmoc-protected lysine 214 (1 mg, 1.65 µmol) was dissolved in methanol 

(1 mL), Pd/C (1 mg, 5–10% on carbon, wetted with ca. 53% water) was added and the 

mixture was stirred under a hydrogen atmosphere. LC-MS analysis indicated no conversion 

even after 20 hours. 

Procedure E: As Procedure D but with methanol/AcOH (1:1) as the solvent instead of pure 

methanol. No conversion could be detected by LC-MS. 
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N
α
-Boc-N

γ
-((2-oxo-2-((2-phenylpropan-2-yl)thio)ethoxy)carbonyl)-L-lysine (219) 

 

 
C23H34N2O7S [482.59 g mol-1] 

 

Alcohol 213 (120 mg, 0.57 mmol) was dissolved in MeCN (5.5 mL), Et3N (161 µL, 

1.16 mmol) was added and the mixture was cooled to 0 °C. DSC (136 mg, 0.53 mmol) was 

added and the suspension was then allowed to warm to room temperature. After 15 minutes, 

TLC indicated complete conversion and the solvent was removed by rotary evaporation. The 

residue was filtered through a short plug of silica (petroleum ether/ethyl acetate 1:1) to yield 

the activated species as colorless oil. The oil was dissolved in DMF (5.5 mL) and Boc-Lys-

OH (141 mg, 0.57 mmol) followed by DIPEA (99 µL, 0.57 mmol) was added. After 30 

minutes, the reaction mixture was filtered and the solvent was removed by rotary evaporation. 

The crude product was purified by FC (silica, dichloromethane/methanol 10:1) to yield a 

colorless oil (65 mg, 25% over two steps). TLC: Rf = 0.42 (dichloromethane/methanol 10:1; 

UV/vanillin); 1
H NMR (DMSO-d6, 400 MHz): δ [ppm] = 7.53 – 7.47 (m, 2H, Haryl), 7.43 (t, 

J = 5.8 Hz, 1H, NHε,Lys), 7.36 – 7.29 (m, 2H, Haryl), 7.27 – 7.18 (m, 1H, Haryl), 6.83 (d, J = 

7.8 Hz, 1H, NHα,Lys), 4.51 (s, 2H, COOCH2COS), 3.87 – 3.75 (m, 1H, CHα,Lys), 2.96 (dd, J = 

6.7, 6.3 Hz, 2H, CH2,ε,Lys), 1.80 (s, 6H, 2 × CH3,PhiPr), 1.69 – 1.59 (m, 1H, CHH’β,Lys), 1.59 – 

1.47 (m, 1H, CHH’β,Lys), 1.47 – 1.16 (m, 13H, CH2,γ,Lys, CH2,δ,Lys & 3 × CH3,tBu); 
13

C NMR 

(DMSO-d6, 101 MHz): δ [ppm] = 196.0 (COS), 174.5 (COOH), 155.5, 155.0 (2 × COONH), 

145.3 (Cquart,PhiPr), 128.1, 126.8, 126.0 (5 × Caryl), 77.9 (Cquart,tBu), 67.4 (COOCH2COS), 53.7 

(CHα,Lys), 52.0 (Cquart,PhiPr), 40.2 (CH2,ε,Lys), 30.8 (CH2,β,Lys), 28.9 (CH2,Lys), 28.8 (2 × 

CH3,PhiPr), 28.2 (3 × CH3,tBu), 22.8 (CH2,Lys). ESI-MS: m/z calcd. for C23H33N2O7S
-: 481.20 

[M–H]-, found: 481.10. 

 

N
γ
-((2-oxo-2-((2-phenylpropan-2-yl)thio)ethoxy)carbonyl)-L-lysine trifluoroacetate (220) 

 

 
C20H27F3N2O7S [496.50 g mol-1] 

 

Boc-protected lysine derivative 219 (59 mg, 0.12 mmol) was dissolved in a solution of 20% 

TFA in dichloromethane (30 mL) and stirred for 20 minutes at room temperature. The 

reaction mixture was diluted with toluene (50 mL) and the solvents were removed by rotary 

evaporation. RP-HPLC purification (40–50% MeCN (0.1% TFA) in H2O (0.1% TFA) in 

10 min, Rt = 6.7 min, column 2), followed by lyophilization yielded lysine derivative 220 as 

colorless solid (38.0 mg, 63%). 1H NMR (methanol-d4, 400 MHz, major conformer): δ [ppm] 

= 7.52 (d, J = 7.8 Hz, 2H, Haryl), 7.30 (t, J = 7.6 Hz, 2H, Haryl), 7.20 (t, J = 7.3 Hz, 1H, Haryl), 
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4.52 (s, 2H, COOCH2COS), 3.89 (dd, J = 6.6, 6.1 Hz, 1H, CHα,Lys), 3.14 (t, J = 6.6 Hz, 2H, 

CH2,ε,Lys), 2.03 – 1.87 (m, 2H, CH2,β,Lys), 1.85 (s, 6H, 2 × CH3), 1.66 – 1.38 (m, 4H, CH2,γ,Lys 

& CH2,δ,Lys); 
13

C NMR (methanol-d4, 101 MHz, major conformer): δ [ppm] = 197.5 (COS), 

172.1 (COOH), 157.7 (COONH), 146.9 (Cquart,PhiPr), 129.1, 127.9, 127.2 (5 × Caryl), 69.1 

(COOCH2COS), 54.1 (CHα,Lys), 53.5 (Cquart,PhiPr), 41.4 (CH2,ε,Lys), 31.2 (CH2,β,Lys), 30.3 

(CH2,δ,Lys), 29.5 (2 × CH3), 23.1 (CH2,γ,Lys); ESI-MS: m/z calcd. for C18H27N2O5S
+: 383.16 

[M+H]+, found: 383.00. 

 

3-Hydroxypropionic acid (2-phenylisopropyl) thioester (222) 

 

 
C12H16O2S [224.32 g mol-1] 

 

2-Hydroxypropionic acid 221
[183] (450 mg, 5.00 mmol), PhiPrSH (216) (1.14 g, 12.50 mmol) 

and PyBOP (2.60 mg, 5.00 mmol) were dissolved in DMF (20 mL). Pyridine (1.00 mL, 

12.50 mmol) was added and the mixture was stirred for 75 minutes before DIPEA (2.13 mL, 

12.50 mmol) was added. The reaction mixture was stirred for further 30 min before the 

solvents were removed by rotary evaporation. The residue was co-evaporated with toluene 

(3 ×) and the crude product was purified by FC (silica, petroleum ether/ethyl acetate 3:1) to 

yield thioester 222 as colorless oil (289 mg, 26%). TLC: Rf = 0.27 (petroleum ether/EtOAc 

4:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 7.55 – 7.51 (m, 2H, Haryl), 7.33 

(dd, J = 8.5, 6.9 Hz, 2H, Haryl), 7.26 – 7.21 (m, 1H, Haryl), 3.80 (t, J = 5.5 Hz, 2H, CH2OH), 

2.69 (t, J = 5.6 Hz, 2H, CH2COS), 1.87 (s, 6H, 2 × CH3); 
13

C NMR (CDCl3, 101 MHz): δ 

[ppm] = 199.0 (COS), 145. 7 (Cquart,aryl), 128.3, 127.1, 126.2 (5 × Caryl), 58.8 (CH2OH), 46.3 

(CH2COS), 29.1 (2 × CH3). 

 

N
γ
-((3-oxo-3-((2-phenylpropan-2-yl)thio)propoxy)carbonyl)-L-lysine trifluoroacetate 

(223) 

 

 
C21H29F3N2O7S [510.53 g mol-1] 

 

Alcohol 222 (289 mg, 1.29 mmol) was dissolved in MeCN (12.6 mL), pyridine (417 µL, 

5.16 mmol) was added and the mixture was cooled to 0 °C. DSC (493 mg, 1.93 mmol) was 

added and the mixture was allowed to warm to room temperature. After 50 minutes, TLC 

indicated complete conversion and the solvent was removed by rotary evaporation. The 

residue was co-evaporated with toluene (2 ×) and the residue was purified by FC (silica, 

petroleum ether/ethyl acetate 1:1). The activated alcohol was obtained as colorless syrup and 

was dissolved in DMF (12.6 mL). Boc-Lys-OH (476 mg, 1.94 mmol) was added, followed by 
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pyridine (209 mL, 5.16 mmol) and the mixture was stirred at room temperature for 40 

minutes. The solvent was removed by rotary evaporation and the residue was co-evaporated 

with toluene (2 ×). The crude product was purified by FC (silica, dichloromethane/methanol 

15:1) to yield a light yellow syrup. This syrup was dissolved in a solution of 20% TFA in 

dichloromethane (60 mL) and stirred for 20 minutes at room temperature. The reaction 

mixture was diluted with toluene (60 mL) and the solvents were removed by rotary 

evaporation. RP-HPLC purification (30–50% MeCN (0.1% TFA) in H2O (0.1% TFA) in 

15 min, Rt = 13.9 min, column 1), followed by lyophilization yielded lysine derivative 223 as 

colorless solid (219 mg, 33% over three steps). 1
H NMR (methanol-d4, 400 MHz, major 

conformer): δ [ppm] = 7.56 – 7.49 (m, 2H, Haryl), 7.33 – 7.26 (m, 2H, Haryl), 7.24 – 7.17 (m, 

2H, Haryl), 4.19 (t, J = 6.1 Hz, 2H, COONHCH2CH2COS), 3.83 (dd, J = 6.9, 5.7 Hz, 1H, 

CHα,Lys), 3.10 (t, J = 6.7 Hz, 2H, CH2,ε,Lys), 2.74 (t, J = 6.1 Hz, 2H, COONHCH2CH2COS), 

2.01 – 1.77 (m, 8H, 2 × CH3 & CH2,β,Lys), 1.59 – 1.35 (m, 4H, CH2,γ,Lys  & CH2,δ,Lys); 
13

C 

NMR (methanol-d4, 101 MHz, major conformer): δ [ppm] = 197.7 (COS), 172.5 (COOH), 

158.7 (COONH), 147.0 (Cquart,Ph), 129.1, 127.8, 127.2 (5 × Caryl), 61.3 

(COONHCH2CH2COS), 54.5 (Cα,Lys), 53.8 (Cquart,PhiPr), 44.4 (COONHCH2CH2COS), 41.2 

(CH2,ε,Lys), 31.4 (CH2,β,Lys), 30.4 (CH2,δ,Lys), 29.4 (2 × CΗ3), 23.2 (CH2,γ,Lys); ESI-MS: m/z 

calcd. for C19H29N2O5S
+: 397.18 [M+H]+, found: 396.90; HRMS: m/z calcd. for 

C19H29N2O5S
+: 397.1792 [M+H]+, found: 397.1787. 

 

 

3-Hydroxypropionic acid (2,4,6-trimethoxybenzyl) thioester (225) 

 

 
C12H16O2S [224.32 g mol-1] 

 

Sodium hydroxide (220 mg, 5.5 mmol) was added to a commercially available solution of 3-

hydroxypropionic acid (30% in water, 1.67 mL) and the solution was lyophilized to obtain 

sodium salt 224 as colorless solid (614 mg). Carboxylate 224 (200 mg, 1.78 mmol), PyBOP 

(1.02g, 1.78 mmol) and TmobSH (158) (420 mg, 1.96 mmol) were suspended in DMF/DMSO 

(12 mL; 3:1) and DIPEA (685 µL, 3.93 mmol) was added. After 2.5 hours, the clear solution 

was concentrated by rotary evaporation and the residue was co-evaporated with toluene (3 ×). 

The crude product was purified by FC (silica, petroleum ether/ethyl acetate 3:1→2.5:1→2:1) 

to yield a colorless solid (421 mg, 82%). TLC: Rf = 0.22 (petroleum ether/EtOAc 2:1; 

UV/vanillin); 1
H NMR (CDCl3, 400 MHz): δ [ppm] = 6.10 (s, 2H, Haryl), 4.24 (s, 2H, 

CH2,Tmob), 3.90 (t, J = 5.6 Hz, 2H, CH2OH), 3.81 (s, 6H, 2 × OMe), 3.80 (s, 3H, OMe), 3.00 

(s, 1H, OH), 2.80 (t, J = 5.6 Hz, 2H, CH2COS); 13
C NMR (CDCl3, 101 MHz): δ [ppm] = 

200.1 (COS), 160.9 (Cquart,Tmob), 159.2 (2 × Cquart,Tmob), 104.5 (Cquart,Tmob), 90.6 (2 × Caryl), 

59.0 (CH2OH), 55.9 (2 × OMe), 55.4 (OMe), 45.8 (CH2COS), 22.2 (CH2,Tmob). 
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Stability Tests 

 

Stability of Lysine 220 

 

Lysine derivative 220 was dissolved in either A Milli-Q (pH 6.6)/MeCN (1:1), B M9 Minimal 

Medium (pH 7.5)/MeCN 1:1 or C pure MeCN (1 mM final concentration of lysine derivative) 

and the mixture was analyzed by LC-MS every 30 minutes (Figure 49). 

While lysine 220 was completely stable in A and C, slightly basic solution B led to rapid 

decomposition (t0.5 = approx. 80 minutes). 

 

 
Figure 49. Stability of lysine 220 in Milli-Q (pH 6.6)/MeCN (1:1) (red) and M9 Minimal Medium 
(pH 7.5)/MeCN (1:1) (blue) as determined by integration of the corresponding peaks in the LC-MS 
chromatograms at 254 nm.  
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Stability of Lysine 223 

 

Lysine derivative 223 was dissolved in 1% DMSO in M9 Minimal Medium (pH 7.5)/MeCN 

1:1 (1 mM final concentration of lysine derivative) and the mixture was analyzed by LC-MS 

every 30 minutes (Figure 50). After 18 hours, 97% of lysine 223 were still intact.  

 

 
Figure 50. Stability of lysine 223 in 1% DMSO in M9 Minimal Medium (pH 7.5)/MeCN (1:1) as determined by 
integration of the corresponding peaks in the LC-MS chromatograms at 254 nm.  
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7.7. Application of Aspartic Thioacid-Containing Peptides 

7.7.1. Thioacid Ligations to Yield N-Glycopeptides 

 

Glycosylation of Model Peptides 

 

Cbz-Ala-STmob (234) 

 

 
C21H25NO6S [419.49 g mol-1] 

 

Cbz-Ala-OH (233) (500 mg, 2.24 mmol), TmobSH (158) (575 mg, 2.69 mmol) and PyBrOP 

(1.25 g, 2.69 mmol) were dissolved in dichloromethane (11.4 mL) and DIPEA (975 µL, 

5.  mmol) was added dropwise. The reaction mixture was stirred for 45 minutes at room 

temperature. After dilution with dichloromethane (25 mL) the solution was washed with 

HCl(aq.) (2 ×  mL, 0.1 M), sat. NaHCO3(aq.) (50 mL) and sat. NaCl(aq.) (50 mL). The organic 

layer was dried (MgSO4) and concentrated by rotary evaporation. The crude product was 

purified by FC (silica, petroleum ether/ethyl acetate 2:1) to yield alanine 234 as colorless 

syrup which crystallized upon prolonged storage at –20 °C (531 mg, 57%). TLC: Rf = 0.45 

(petroleum ether/EtOAc 2:1; UV/vanillin); 1
H NMR (CDCl3, 400 MHz, major conformer): 

δ [ppm] = 7.39 – 7.27 (m, 5H, Haryl,Cbz), 6.10 (s, 2H, Haryl,Tmob), 5.28 (d, J = 8.4 Hz, 1H,NH), 

5.13 (d, J = 11.9 Hz, 1H, CHH’Cbz), 5.09 (d, J = 12.5 Hz, 1H, CHH’Cbz), 4.50 (dq, J = 7.7, 

7.4 Hz, 1H, CHα,Ala), 4.21 (s, 2H, CH2,Tmob), 3.80 (s, 3H, OMe), 3.79 (s, 6H, 2 × OMe), 1.41 

(d, J = 7.2 Hz, 3H, CH3,Ala); 
13

C NMR (CDCl3, 151 MHz, major conformer): δ [ppm] = 201.6 

(COS), 161.0 (Cquart,Tmob), 159.4 (2 × Cquart,Tmob), 155.6 (COONH), 136.4 (Cquart,Cbz), 128.6, 

128.3, 128.2 (5 × Caryl,Cbz), 104.5 (Cquart,Tmob), 90.6 (2 × Caryl,Tmob), 67.1 (CH2,Cbz), 56.7 

(CHα,Ala), 55.9 (2 × OMe), 55.5 (OMe), 22.3 (CH2,Tmob), 19.6 (CH3,Ala); HRMS: m/z calcd. 

for C21H25NO6SNa+ [M+Na]+: 442.1295, found: 442.1300. 

 

 

Cbz-Ala-NHBn (235) 

 

 
C18H20N2O3 [312.37 g mol-1] 

 

Thioester 234 (8.3 mg, 0.020 mmol) was deprotected according to general procedure 12 to 

yield Cbz-Ala-SH as colorless solid. 

Procedure A[13]: Cbz-Ala-SH was ligated with benzyl amine for 18 hours according to general 

procedure 13. The reaction mixture (1 µL) was diluted with MeCN/H2O (1 mL), filtered 

(syringe filter, 0.45 µm) and analyzed by LC-MS. ESI-MS: m/z calcd. for C18H21N2O3
+: 

313.15 [M+H]+, found: 312.95. 
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Procedure B[12]: Cbz-Ala-SH was ligated with benzyl amine for 30 min according to general 

procedure 14. The reaction mixture (1 µL) was diluted with MeCN/H2O (1 mL), filtered 

(syringe filter, 0.45 µm) and analyzed by LC-MS. ESI-MS: m/z calcd. for C18H21N2O3
+: 

313.15 [M+H]+, found: 312.95. 

Procedure C[12]: Cbz-Ala-SH was ligated with benzyl amine for 30 min according to general 

procedure 14 but with the addition of MS 4 Å (spatula tip). The reaction mixture (1 µL) was 

diluted with MeCN/H2O (1 mL), filtered (syringe filter, 0.45 µm) and analyzed by LC-MS. 

ESI-MS: m/z calcd. for C18H21N2O3
+: 313.15 [M+H]+, found: 312.90. 

Procedure D[53]: Cbz-Ala-SH, BnNH2 (1.8 µL, 0.020 mmol) and MS 4 Å (spatula tip) were 

charged in a vial and a solution of DIPEA (25.8 uL, 0.148 mmol) and HOBt (5.3 mg, 

0.039 mmol) in DMSO (400 µL), followed by iodine ( 1.5 mg, 0.012 mmol), were 

immediately added. The mixture was stirred for 30 minutes at room temperature and was then 

diluted with MeCN/H2O (1 mL), filtered (syringe filter, 0.45 µm) and analyzed by LC-MS. 

ESI-MS: m/z calcd. for C18H21N2O3
+: 313.15 [M+H]+, found: 312.95. 

Procedure E[63]: Cbz-Ala-SH was dissolved in dry MeOH (400 µL), BnNH2 (4.3 µL, 

0.04 mmol) was added, followed by CuSO4·5H2O (1.5 mg, 0.006 mmol). After stirring for 

5 minutes at room temperature, the reaction mixture (1 µL) was diluted with MeCN/H2O 

(1 mL), filtered (syringe filter, 0.45 µm) and analyzed by LC-MS. ESI-MS: m/z calcd. for 

C18H21N2O3
+: 313.15 [M+H]+, found: 312.90. 

 

LC-MS analysis (40–100% in 10 min, column 4) showed the formation of Cbz-Ala-NHBn 

(235) (Rt = 7.3–7.4 min) in all cases. However, the starting material Cbz-Ala-SH was not 

completely consumed for Procedures D and E.  

 

Cbz-Ala-NH-Ac3GlcNAc (236) 

 

 
C25H33N3O11 [551.55 g mol-1] 

 

Cbz-Ala-STmob (234) (8.4 mg, 0.02 mmol) was deprotected according to general 

procedure 12 to yield Cbz-Ala-SH as colorless solid. 

Procedure A[13]: Cbz-Ala-SH was ligated with Ac3GlcNAcNH2 (242) for 24 h according to 

general procedure 13. ESI-MS: m/z calcd. for C25H34N3O11
+: 552.22 [M+H]+, found: 552.00. 

Procedure B[12]: Cbz-Ala-SH was ligated with Ac3GlcNAcNH2 (242) for 60 min according to 

general procedure 14 but with the addition of MS 4 Å (spatula tip). ESI-MS: m/z calcd. for 

C25H34N3O11
+: 552.22 [M+H]+, found: 552.00. 

 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 40–100% in 10 min, column 4) showed the formation of Cbz-Ala-NH-
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Ac3GlcNAc (236) (Rt = 5.5 min) in both cases. However, side product formation was more 

pronounced for Procedure A. 
 

Fmoc-Asp(NH-(Ac3GlcNAc))-Ala-OH (243a) 

 

 
C36H42N4O14 [754.75 g mol-1] 

 

Fmoc-Asp(STmob)-Ala-OH (175a) (12.5 mg, 0.02 mmol) was deprotected according to 

general procedure 12 to yield Fmoc-Asp(SH)-Ala-OH as colorless solid. 

Procedure A[13]: Fmoc-Asp(SH)-Ala-OH was ligated with Ac3GlcNAcNH2 (242) for 18 h 

according to general procedure 13. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm) the mixture was directly 

submitted to RP-HPLC purification (40% for 5 min, 40–45% in 15 min, Rt = 14.8 min, 

column 1). Lyophilization yielded the desired glycopeptide 243a as colorless, fluffy solid 

(4.2 mg, 28%). Additionally, the side product Fmoc-Asp(NH-Ala)-Ala-OH (246a) (Rt = 

12.4 min) was isolated (1.6 mg, 16%). 1H NMR (DMSO-d6, 600 MHz, glycopeptide 243a): δ 

[ppm] = 8.50 (d, J = 9.2 Hz, 1H, CH2,AspCONH), 8.02 (d, J = 7.2 Hz, 1H, NHAla), 7.89 – 7.82 

(m, 4H, NHAc & 2 × Haryl), 7.68 (d, J = 7.5 Hz, 2H, Haryl), 7.42 – 7.35 (m, 3H, NHAsp & 2 × 

Haryl), 7.29 (t, J = 7.4 Hz, 2H, Haryl), 5.14 (dd, J = 9.5, 9.5 Hz, 1H, H1), 5.06 (dd, J = 9.8, 

9.8 Hz, 1H, H3), 4.78 (dd, J = 9.8, 9.8 Hz, 1H, H4), 4.37 (ddd, J = 8.7, 8.7, 4.2 Hz, 1H, 

CHα,Asp), 4.26 (dd, J = 12.9, 9.9 Hz, 1H, CHH’Fmoc), 4.19 – 4.07 (m, 4H, CHH’Fmoc, H6, 

CHα,Ala & CHFmoc), 3.90 (dd, J = 12.4, 2.2 Hz, 1H, H6’), 3.83 (ddd, J = 9.8, 9.8, 9.7 Hz, 1H, 

H2), 3.79 – 3.75 (m, 1H, H5), 2.53 (dd, J = 16.2, 4.2 Hz, 1H, CHH’Asp), 2.44 – 2.38 (d, J = 

16.2, 9.0 Hz 1H, CHH’Asp), 1.95 (s, 3H, OAc(C6)), 1.92 (s, 3H, OAc(C4)), 1.86 (s, 3H, 

OAc(C3)), 1.69 (s, 3H, NHAc), 1.21 (d, J = 7.3 Hz, 3H, CH3,Ala); 
13

C NMR (DMSO-d6, 

151 MHz, glycopeptide 243a): δ [ppm] = 174.0 (COOH), 171.0, 170.1, 169.9, 169.55 169.54, 

169.3 (6 × CO), 155.8 (COONH), 143.85, 143.83, 140.7 (4 × Cquart,Fmoc), 127.7, 127.1, 125.4, 

125.3, 120.1 (8 × Caryl), 78.0 (C1), 73.4 (C3), 72.2 (C5), 68.4 (C4), 65.7 (CH2,Fmoc), 61.8 (C6), 

52.1 (C2), 50.8 (CHα,Asp), 47.8 (CHFmoc), 46.6 (CHα,Ala), 37.3 (CH2,Asp), 26.0 (CH3), 25.9 

(CH3), 22.7 (CH3,NHAc), 20.6 (CH3,OAc), 20.44 (CH3,OAc), 20.41 (CH3,OAc), 17.3 (CH3,Ala); ESI-

MS: m/z calcd. for C36H43N4O14
+: 755.28 [M+H]+, found: 755.10. 1

H NMR (DMSO-d6, 

600 MHz, tripeptide 246a): δ [ppm] = 8.18 (d, J = 7.2 Hz, 1H, COα,AspNH), 8.10 (d, J = 

7.3 Hz, 1H, CH2CONH), 7.89 (d, J = 7.6 Hz, 2H, Haryl), 7.71 (dd, J = 7.5, 4.6 Hz, 2H, Haryl), 

7.43 – 7.39 (m, 3H, NHAsp & 2 × Haryl), 7.32 (t, J = 7.4 Hz, 2H, Haryl), 4.37 (td, J = 8.6, 

4.9 Hz, 1H, CHα,Asp), 4.29 – 4.08 (m, 4H, CH2,Fmoc, CHFmoc, CHα,Ala1 & CHα,Ala2), 2.53 – 2.46 

(m, 2H, CH2,Asp), 1.25 (d, J = 7.3 Hz, 3H, COα,AspNHCHCH3), 1.21 (d, J = 7.3 Hz, 2H, 

CH2CONHCHCH3); ESI-MS: m/z calcd. for C31H40N3O8
+: 498.19 [M+H]+, found: 497.95. 
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Procedure B[12]: Fmoc-Asp(SH)-Ala-OH was ligated with Ac3GlcNAcNH2 (242) for 30 min 

according to general procedure 14. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (35–40% in 20 min, Rt = 16.4 min, column 2). 

Lyophilization yielded the desired glycopeptide 243a as colorless, fluffy solid (6.0 mg, 40%). 

ESI-MS: m/z calcd. for C36H43N4O14
+: 755.28 [M+H]+, found: 755.15. 

 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 30–60% in 20 min, column 4) showed the formation of Fmoc-

Asp(NH-(Ac3GlcNAc))-Ala-OH (243a) for the Procedures A and B. However, side product 

formation was more pronounced for Procedure A. 
 

Fmoc-Asp(NH-(Ac3GlcNAc))-Ser(OH)-OH (243c) 

 

NH
FmocHN

O

O

COOH

OH

O

AcHN
AcO

AcO

AcO

NH

 
C36H42N4O15 [770.75 g mol-1] 

 

Fmoc-Asp(STmob)-Ser(OtBu)-OH (175c) (13.9 mg, 0.02 mmol) was deprotected according 

to general procedure 12 to yield Fmoc-Asp(SH)-Ser(OH)-OH as colorless solid. 

Procedure A[13]: Fmoc-Asp(SH)- Ser(OH)-OH was ligated with Ac3GlcNAcNH2 (242) for 

18 h according to general procedure 13. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (37–42% in 20 min, Rt = 18.4 min, column 1). 

Lyophilization yielded the desired glycopeptide 243c as colorless, fluffy solid (4.2 mg, 27%). 

ESI-MS: m/z calcd. for C36H43N4O15
+: 771.27 [M+H]+, found: 771.15. 

Procedure B[12]: Fmoc-Asp(SH)-Ser(OH)-OH was ligated with Ac3GlcNAcNH2 (242) for 30 

min according to general procedure 14. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (37–42% in 20 min, Rt = 18.2 min, column 1). 

Lyophilization yielded the desired glycopeptide 243c as colorless, fluffy solid (5.2 mg, 34%). 

ESI-MS: m/z calcd. for C36H43N4O15
+: 771.27 [M+H]+, found: 771.15. 

 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 30–60% in 20 min, column 4) showed the formation of Fmoc-

Asp(NH-(Ac3GlcNAc))-Ser(OH)-OH (243c) for both procedures. However, side product 

formation was more pronounced for Procedure A.  
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Fmoc-Asp(NH-(Ac3GlcNAc))-Ile-OH (243b) 

 

 
C39H48N4O14 [796.83 g mol-1] 

 

Fmoc-Asp(STmob)-Ile-OH (175b) (13.3 mg, 0.02 mmol) was deprotected according to 

general procedure 12 to yield Fmoc-Asp(SH)-Ile-OH as colorless solid. 

Procedure A[13]: Fmoc-Asp(SH)-Ile-OH was ligated with Ac3GlcNAcNH2 (242) for 18 h 

according to general procedure 13. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (45–57% in 20 min, Rt = 18.2 min, column 1). 

Lyophilization yielded the desired glycopeptide 243b as colorless, fluffy solid (4.8 mg, 30%). 

ESI-MS: m/z calcd. for C39H49N4O14
+: 797.32 [M+H]+, found: 797.20. 

Procedure B[12]: Fmoc-Asp(SH)-Ile-OH was ligated with Ac3GlcNAcNH2 (242) for 30 min 

according to general procedure 14. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (45–57% in 20 min, Rt = 19.0 min, column 1). 

Lyophilization yielded the desired glycopeptide 243b as colorless, fluffy solid (8.3 mg, 52%). 

ESI-MS: m/z calcd. for C39H49N4O14
+: 797.32 [M+H]+, found: 797.15. 

Procedure C: Fmoc-Asp(SH)-Ile-OH was dissolved in dry DMF (400 µL), 2,6-lutidine 

(2.3 µL, 0.02 mmol) was added, followed by glycosyl azide 239 (29.8 mg, 0.08 mmol). The 

reaction was stirred for 5 days at room temperature until LC-MS indicated complete 

conversion of the starting material. ESI-MS: m/z calcd. for C39H49N4O14
+: 797.32 [M+H]+, 

found: 797.15 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 30–60% or 40–65% in 20 min, column 4) showed the formation of 

Fmoc-Asp(NH-(Ac3GlcNAc))-Ile-OH (243b) as main product for the Procedures A and B. 

However, side product formation was more pronounced for Procedure A. Procedure C 

produced only traces of product 

 

Fmoc-Asp(STmob)-Ile-OMe 267 

 

 
C36H42N2O9S [678.80 g mol-1] 
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Fmoc-Asp(STmob)-Ile-OH (175b) (50 mg, 0.075 mmol) and K2CO3 (15.6 mg, 0.113 mmol) 

were suspended in DMF (0.5 mL) and methyl iodide (23.4 µL, 0.375 mmol) was added. After 

30 minutes, TLC indicated complete conversion and dichloromethane (4 mL) was added. The 

reaction mixture was washed with sat. NH4Cl(aq.) (4 mL) and the organic layer was dried 

(MgSO4). The solvent was removed in vacuo and the crude product was purified by FC 

(silica, petroleum ether/ethyl acetate 3:1) to yield Fmoc-Asp(STmob)-Ile-OMe (267) as 

colorless foam (45 mg, 88%). TLC: Rf = 0.13 (petroleum ether/EtOAc 3:1; UV/vanillin); 1
H 

NMR (CDCl3, 400 MHz): δ [ppm] = 7.77 (d, J = 7.5 Hz, 2H, Haryl), 7.59 (d, J = 7.5 Hz, 2H, 

Haryl), 7.40 (t, J = 7.4 Hz, 2H, Haryl), 7.32 (td, J = 7.4, 1.2 Hz, 2H, Haryl), 7.02 (d, J = 8.1 Hz, 

1H, NHIle), 6.09 (s, 2H, Haryl,Tmob), 5.92 (d, J = 7.9 Hz, 1H, NHAla), 4.68 – 4.59 (m, 1H, 

CHα,Asp), 4.54 (dd, J = 8.5, 4.8 Hz, 1H, CHα,Ile), 4.41 (d, J = 7.2 Hz, 2H, CH2,Fmoc), 4.25 (s, 

2H, CH2,Tmob), 4.22 (t, J = 7.0 Hz, 1H, CHFmoc), 3.79 (s, 3H, OMe), 3.79 (s, 6H, 2 × OMe), 

3.71 (s, 3H, COOMe), 3.25 (d, J = 16.6 Hz, 1H, CHH’Asp), 2.95 (dd, J = 17.3, 6.3 Hz, 1H, 

CHH’Asp), 1.99 – 1.83 (m, 1H, CHβ,Ile), 1.50 – 1.37 (m, 1H, CHH’Ile), 1.25 – 1.17 (m, 1H, 

CHH’Ile), 0.95 – 0.89 (m, 6H, 2 × CH3,Ile); 
13

C NMR (CDCl3, 101 MHz): δ [ppm] = 199.4 

(COS), 171.8 (COOMe), 170.1 (COAsp) 161.1 (Cquart,Tmob), 159.3 (2 × Cquart,Tmob), 156.0 

(COONH), 143.9, 143.8, 141.40, 141.39 (4 × Cquart,Fmoc), 127.9, 127.2, 125.2, 120.1 (8 × 

Caryl), 104.2 (Cquart,Tmob), 90.6 (2 × Caryl,Tmob), 67.5 (CH2,Fmoc), 57.0 (CHα,Ile), 55.9 (2 × OMe), 

55.4 (OMe), 52.2 (COOMe), 51.5 (CHα,Asp), 47.2 (CHFmoc), 45.0 (CH2,Asp), 37.7 (CHβ,Ile), 25.2 

(CH2,Ile), 22.6 (CH2,Tmob), 15.6, 11.7 (2 × CH3,Ile).  

 

Fmoc-Asp(NH-(Ac3GlcNAc))-Ile-OMe (268) 

 

 
C40H50N4O14 [810.85 g mol-1] 

 

Fmoc-Asp(STmob)-Ile-OH (175b) (13.6 mg, 0.02 mmol) was deprotected according to 

general procedure 12 to yield Fmoc-Asp(SH)-Ile-OMe as colorless solid.  

Fmoc-Asp(SH)-Ile-OMe was ligated with Ac3GlcNAcNH2 (242) for 30 min according to 

general procedure 14. One volume of water was added and the mixture was stirred for 

15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly submitted to 

RP-HPLC purification (53–63% in 20 min, Rt = 17.3 min, column 1). Lyophilization yielded 

the desired glycopeptide 268 as colorless, fluffy solid (6.9 mg, 43%). ESI-MS: m/z calcd. for 

C40H51N4O14
+: 811.34 [M+H]+, found: 811.20. 

 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 40–65% in 20 min, column 4) showed the formation of Fmoc-

Asp(NH-(Ac3GlcNAc))-Ile-OMe 268.  
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Fmoc-Asp(NH-(GlcNAc))-Ile-OH (266) 

 

 
C33H42N4O11 [670.72 g mol-1] 

 

Fmoc-Asp(STmob)-Ile-OH (175b) (13.3 mg, 0.02 mmol) was deprotected according to 

general procedure 12 to yield Fmoc-Asp(SH)-Ile-OH as colorless solid. 

Procedure A[12]: Fmoc-Asp(SH)-Ile-OH was ligated with GlcNAcNH2 (241) for 30 min 

according to general procedure 14. One volume of water was added and the mixture was 

stirred for 15 minutes. After filtration (syringe filter, 0.45 µm), the mixture was directly 

submitted to RP-HPLC purification (30–60% in 15 min, Rt = 13.5 min, column 1). 

Lyophilization yielded the desired glycopeptide 266 as colorless, fluffy solid (4.3 mg, 32%). 

ESI-MS: m/z calcd. for C33H43N4O11
+: 671.29 [M+H]+, found: 671.40. 

Procedure B[12]: Fmoc-Asp(SH)-Ile-OH was ligated with GlcNAcNH2 (241) for 30 min 

according to general procedure 14 but with anhydrous copper acetate instead of 

Cu(OAc)2·H2O. One volume of water was added and the mixture was stirred for 15 minutes. 

After filtration (syringe filter, 0.45 µm), the mixture was directly submitted to RP-HPLC 

purification (30–60% in 15 min, Rt = 13.5 min, column 1). Lyophilization yielded the desired 

glycopeptide 266 as colorless, fluffy solid (2.8 mg, 21%). ESI-MS: m/z calcd. for 

C33H43N4O11
+: 671.29 [M+H]+, found: 671.40. 

Procedure C: Fmoc-Asp(SH)-Ile-OH was ligated with GlcNAcNH2 (241) for 30 min 

according to general procedure 14 but with CuSO4·5H2O instead of Cu(OAc)2·H2O. One 

volume of water was added and the mixture was stirred for 15 minutes. After filtration 

(syringe filter, 0.45 µm), the mixture was directly submitted to RP-HPLC purification (30–

60% in 15 min, Rt = 13.8 min, column 1). Lyophilization yielded the desired glycopeptide 266 

as colorless, fluffy solid (6.4 mg, 48%). ESI-MS: m/z calcd. for C33H43N4O11
+: 671.29 

[M+H]+, found: 671.45. 

Procedure D[12]: As Procedure A but with an improved work-up. After 30 minutes, the 

reaction mixture was diluted with 0.25 volumes of water and was stirred for approx. 15 

minutes. The mixture was centrifuged (14000 rpm, 1 min), the precipitate was washed with 

DMF/H2O (4:1) three times and the supernatants were combined. Purification by RP-HPLC 

(30–60% in 15 min, Rt = 13.7 min, column 1) and lyophilization yielded the desired 

glycopeptide 266 as colorless, fluffy solid (7.6 mg, 57%). ESI-MS: m/z calcd. for 

C33H43N4O11
+: 671.29 [M+H]+, found: 671.45. 

 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 25–55% in 15 min, 60% in 5 min, column 5) showed the formation of 

Fmoc-Asp(NH-(GlcNAc))-Ile-OH (266) for all four procedures.  
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Fmoc-Asp(NH-(Ac3GlcN(Ac)2))-Ile-OH (269) 

 

 
C41H50N4O15 [838.86 g mol-1] 

 

Fmoc-Asp(STmob)-Ile-OH (175b) (13.3 mg, 0.02 mmol) was deprotected according to 

general procedure 12. Fmoc-Asp(SH)-Ile-OH was dissolved in dry DMF (400 µL), 2,6-

lutidine (2.3 µL, 0.02 mmol) was added, followed by glycosyl azide 240 (33.2 mg, 

0.08 mmol). LC-MS analysis (1 µL reaction mixture in 1 mL MeCN/H2O (1:1)) indicated 

complete conversion of starting material after 2 days. ESI-MS: m/z calcd. for C41H51N4O15
+: 

839.33 [M+H]+, found: 839.15. 

LC-MS analysis (1 µL undiluted reaction mixture in 1 mL MeCN/H2O (1:1) filtered through 

0.45 µm syringe filter, 40–65% in 20 min, column 4) showed only traces of Fmoc-Asp(NH-

(Ac3GlcN(Ac)2))-Ile-OH (269).  
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Glycosylation of Decapeptides 

 

Ala-Glycopeptide 270a 

 

 
C70H93N15O24 [1528.60 g mol-1] 

 

Glycopeptide 270a was synthesized according to general procedure 6 starting from 

decapeptide 200a (10.79 mg, 0.005 mmol). RP-HPLC purification (30–40% in 8 min, 40% 

for 7 min, Rt = 14.9 min, column 1), followed by lyophilization yielded the glycopeptide as 

colorless fluffy solid (4.45 mg, 58%). HRMS: m/z calcd. for C70H94N15O24
+ [M+H]+: 

1528.6591, found: 1528.6558. 

 

Asp-Glycopeptide 270b 

 

 
C71H93N15O26 [1572.60 g mol-1] 

 

Glycopeptide 270b was synthesized according to general procedure 6 starting from 

decapeptide 200b (11.30 mg, 0.005 mmol). RP-HPLC purification (32–36% in 8 min, 36% 

for 2 min, 36–40% in 10 min, Rt = 19.6 min, column 1), followed by lyophilization yielded 

the glycopeptide as colorless fluffy solid (4.09 mg, 52%). HRMS: m/z calcd. for 

C71H94N15O26
+ [M+H]+: 1572.6489, found: 1572.6490.  
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Lys-Glycopeptide 270c 

 

 
C73H100N16O24 [1585.69 g mol-1] 

 

Glycopeptide 270c was synthesized according to general procedure 6 starting from 

decapeptide 200c (11.58 mg, 0.005 mmol). RP-HPLC purification (30% for 5 min, 30–40% in 

15 min, Rt = 19.0 min, column 1), followed by lyophilization yielded glycopeptide 270c as 

colorless fluffy solid (4.81 mg, 61%). HRMS: m/z calcd. for C73H101N16O24
+ [M+H]+: 

1585.7169, found: 1585.7160. 

 

Ser-Glycopeptide 270d 

 

 
C70H93N15O25 [1544.59 g mol-1] 

 

Glycopeptide 270d was synthesized according to general procedure 6 starting from 

decapeptide 200d (11.16 mg, 0.005 mmol). RP-HPLC purification (32–36% in 8 min, 36% 

for 2 min, 36–40% in 10 min, Rt = 19.1 min, column 1), followed by lyophilization yielded 

glycopeptide 270d as colorless fluffy solid (3.97 mg, 51%). HRMS: m/z calcd. for 

C70H94N15O25
+ [M+H]+: 1544.6540, found: 1544.6554.  
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Trp-Glycopeptide 270e 

 

 
C78H98N16O24 [1643.73 g mol-1] 

 

Glycopeptide 270e was synthesized according to general procedure 6 starting from 

decapeptide 200e (11.87 mg, 0.005 mmol). RP-HPLC purification (35–39% in 8 min, 39% for 

2 min, 39–43% in 10 min, Rt = 18.4 min, column 1), followed by lyophilization yielded 

glycopeptide 270e as colorless fluffy solid (6.32 mg, 77%). HRMS: m/z calcd. for 

C78H99N16O24
+ [M+H]+: 1643.7013, found: 1643.7008. 

 

Glycopeptide 276 

 

 
C78H106N16O29 [1731.79 g mol-1] 

 

Glycopeptide 276 was synthesized according to general procedure 6 starting from 

decapeptide 200a (10.79 mg, 0.005 mmol). RP-HPLC purification (32–36% in 8 min, 36% 

for 2 min, 36–40% in 10 min, Rt = 19.1 min, column 1), followed by lyophilization yielded 

glycopeptide 276 as colorless fluffy solid (4.83 mg, 56%). HRMS: m/z calcd. for 

C78H107N16O29
+ [M+H]+: 1731.7384, found: 1731.7389.  
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Glycopeptide 279 

 

 

C124H182N18O64 [2948.88 g mol-1] 

 

Complex glycopeptide 279 was synthesized according to general procedure 6 starting from 

decapeptide 200a (1.65 mg, 0.76 µmol) using DMSO as the solvent. RP-HPLC purification 

(35–55% in 30 min, Rt = 9.7 min, column 1), followed by lyophilization yielded 

glycopeptide 279 as colorless fluffy solid (0.48 mg, 21%). HRMS: m/z calcd. for 

C124H183N18O64Na2+ [M+H+Na]+: 1486.0769, found: 1486.0836.  
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7.7.2. Peptide Cleavage Using Thioacids (CUT) 

 

Influence of the Amino Acid in Position n + 1 

 

Scheme 84. Initial peptide CUT experiment with Ala-decapeptide 200a. 

 

Decapeptide 200a (1 mg) was dissolved in TFA/TIS/H2O (95:2.5:2.5, 1 mL/mg) and stirred at 

room temperature. After 20, 40, 60, 90, 120, 240 and 945 minutes, aliquots were taken from 

the reaction mixture, diluted with MeCN (1:10) and analyzed by LC-MS. The ratio of 

completely deprotected aspartic thioacid-containing decapeptide 287a to aspartic 

thioanhydride hexapeptide 288a was analyzed by integration of the corresponding peaks in 

the LC-MS chromatograms at 254 nm. The ratios are given in Table 12. 

 
Table 12. Amount of partially deprotected species, decapeptide 287a and thioanhydride 288 for the treatment of 
decapeptide 200a (1 mg) with TFA/TIS/H2O (95:2.5:2.5, 1 mL mg-1). LC-MS spectra were collected after 20, 
40, 60, 90, 120, 240 and 945 min, respectively. The integrals were determined by integration of the 
corresponding peaks in the LC-MS chromatogram (254 nm). 

 Partially deprotected 287a 288 

20 min 13 78 9 

40 min   1 81 18 

60 min - 74 26 

90 min - 63 37 

120 min - 52 48 

240 min - 24 76 

945 min -   6 94 
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Scheme 85. Systematic evaluation of the peptide CUT using the five decapeptides 200a–e. 

 

Decapeptide 200a–e (typically 3–5 mg) was dissolved in TFA/TIS/H2O (95:2.5:2.5, 

0.2 mL/mg) and stirred at room temperature. After 60 minutes the deprotection was (almost) 

complete for all decapeptides 200a–e. Therefore, after 60, 90 and 120 minutes aliquots were 

taken from the reaction mixture, diluted with MeCN (1:10) and analyzed by LC-MS. The 

ratio of completely deprotected aspartic thioacid-containing decapeptide 287a–e to aspartic 

thioanhydride hexapeptide 288 was analyzed by integration of the corresponding peaks in the 

LC-MS chromatograms at 254 nm. The ratios for all decapeptides 200a-e are summarized in 

Table 13. 

 
Table 13. Ratio of fully deprotected decapeptide 287a–e to thioanhydride 288. The decapeptides 200a–e 
(typically 5 mg) were treated with TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for 60, 90 and 120 min, respectively, 
and the reaction mixture was analyzed by LC-MS. The ratios given are determined by integration of the 
corresponding peaks in the LC-MS chromatogram (254 nm).  

   ratio 287a–e/288 

 starting material measurement 60 min 90 min 120 min 

1 200a 

1 82:18 75:25 66:34 

2 82:18 73:27 64:36 

Ø 82:18 74:26 65:35 

2 200b 

1 89:11 82:18 77:23 

2 87:13 80:20 74:26 

Ø 88:12 81:19 75.5:24.5 

3 200c 

1 88:12 81:19 74:26 

2 87:13 82:18 76:24 

Ø 87.5:12.5 81.5:18.5 75:25 

4 200d 

1 81:19 72:28 64:36 

2 80:20 71:29 63:37 

Ø 80.5:19.5 71.5:28.5 63.5:36.5 

5 200e 

1 77:23* 65:35* 54:46* 

2 76:24* 65:35* 54:46* 

Ø 76.5:23.5* 65:35* 54:46* 
*: the amount of 287e was calculated by summing up the integrals of 287e and transient carbamic acid Fmoc-
FLNHSENW(NCOOH)TA-OH. 
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Mechanistic Considerations, Racemization During CUT 

 

Fmoc-Ala-Asp-OH (311) 

 

 
C22H22N2O7 [426.43 g mol-1] 

 

Pentapeptide 309 was synthesized on solid-phase according to general procedure 5 (50 mg 

resin, 0.590 g mmol-1). Preparative resin cleavage of the pentapeptide Fmoc-Ala-

Asp(STmob)-Ala-Thr(Ψme,mepro)-Ala-OH 309 was performed according to general 

procedure 10. To remove residual pyridine, the peptide was dissolved in dichloromethane 

(6 mL) and the solution was washed with aqueous citric acid (5%, 3 × 5 mL) and sat. 

NH4Cl(aq.) (1 × 3 mL). The organic layer was dried (MgSO4). After removal of the solvent, the 

pentapeptide 309 was used without further purification. Peptide 309 was dissolved in 

TFA/TIS/H2O (95:2.5:2.5, 1.67 mL) and stirred at room temperature for 20 hours. The 

solvents were removed by rotary evaporation and the residue was repeatedly co-evaporated 

with toluene. The thioanhydride 310 was then dissolved in 1% FA(aq.)/DMF (1:1, 55 mL). 

After 6 hours, the solvent was removed in vacuo and the residue was purified by RP-HPLC 

(35–55% in 20 min, Rt = 16.0 min, column 1). Dipeptide 311 was obtained as colorless, fluffy 

solid (6.28 mg, 41%). The absence of racemic product could be confirmed by 1H and 13C 

NMR. Therefore, 311 was mixed with either authentic Fmoc-Ala-L-Asp-OH (318) giving rise 

to a single set of signals or authentic Fmoc-Ala-D-Asp-OH (315) giving rise to two sets of 

signals. 1H NMR (methanol-d4, 600 MHz): δ [ppm] = 7.79 (d, J = 7.5, 2H, Haryl), 7.68 (d, J = 

7.5, 1H, Haryl), 7.65 (d, J = 7.6 Hz, 1H, Haryl), 7.39 (t, J = 7.5, 2H, Haryl), 7.31 (tt, J = 7.4, 

1.3 Hz, 2H, Haryl), 4.73 (t, J = 5.8 Hz, 1H, CHα,Asp), 4.41 – 4.28 (m, 2H, CH2,Fmoc), 4.27 – 4.15 

(m, 2H, CHα,Ala & CHFmoc), 2.84 (d, J = 5.7 Hz, 2H, CH2,Asp), 1.36 (d, J = 7.2 Hz, 3H, CH3); 
13

C NMR (methanol-d4, 151 MHz): δ [ppm] = 175.29 (COAla), 174.12, 173.94 (COAsp & 

COOH), 158.24 (COONH), 145.42, 145.18, 142.57 (4 × Cquart,Fmoc), 128.77, 128.76, 128.19, 

128.17, 126.31, 126.23, 120.89 (8 × Caryl), 68.05 (CH2,Fmoc), 51.90 (CHα,Ala), 50.16 (CHα,Asp), 

48.38 (CHFmoc), 36.96 (CH2,Asp), 18.23 (CH3,Ala); HRMS: m/z calcd. for C22H22N2O7Na+ 

[M+Na]+: 449.1319, found: 449.1314. 

 

Fmoc-Ala-D-Asp(OH)-OtBu (314) 

 

 
C26H30N2O7 [482.53 g mol-1] 
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Fmoc-Ala-OPfp 312 (300 mg, 0.63 mmol) was dissolved in dichloromethane (2.5 mL) and 

DIPEA (220 µL, 1.26 mmol) was added. A suspension of H-D-Asp(OH)-OtBu 313 in 

dichloromethane (2.5 mL) was prepared and subsequently added to the alanine solution. The 

mixture was stirred for 45 minutes at room temperature and was then diluted with 

dichloromethane (5 mL). The solution was extracted with HCl(aq.) (1 M, 5 × 5 mL) and dried 

(MgSO4). After removal of the solvent, the crude product was purified by FC (silica, 

dichloromethane/methanol 20:1→10:1) to yield dipeptide 314 as colorless foam (292 mg, 

96%). TLC Rf = 0.34 (dichloromethane/methanol 10:1); 1
H NMR (CDCl3, 400 MHz, major 

conformer): δ [ppm] = 7.75 (d, J = 7.5 Hz, 2H, Haryl), 7.61 – 7.52 (m, 2H, Haryl), 7.38 (t, J = 

7.4 Hz, 2H), 7.33 – 7.27 (m, 3H, NHAsp & Haryl), 5.68 (d, J = 7.8 Hz, 1H, NHAla), 4.70 (dt, J = 

8.4, 4.8 Hz, 1H, CHα,Asp), 4.44 – 4.31 (m, 3H, CHα,Ala & CH2,Fmoc), 4.20 (t, J = 7.1 Hz, 1H, 

CHFmoc), 3.00 (dd, J = 16.9, 5.0 Hz, 1H, CHH’Asp), 2.85 (dd, J = 16.7, 3.6 Hz, 1H, CHH’Asp), 

1.42 (s, 9H, 3 × CH3,tBu), 1.37 (d, J = 7.0 Hz, 3H, CH3,Ala); 
13

C NMR (CDCl3, 101 MHz, 

major conformer): δ [ppm] = 174.3 (COOH), 172.6 (COAla), 169.5 (COAsp), 156.3 (COONH), 

143.8, 141.43, 141.41 (4 × Cquart,Fmoc), 127.9, 127.2, 125.2, 120.1 (8 × Caryl), 83.1 (Cquart,tBu), 

67.5 (CH2,Fmoc), 50.5 (CHα,Ala), 49.4 (CHα,Asp), 47.2 (CHFmoc), 36.2 (CH2,Asp), 28.0 (3 × 

CH3,tBu), 19.0 (CH3,Ala); HRMS: m/z calcd. for C26H30N2O7Na+ [M+Na]+: 505.1945, found: 

505.1947. 

 

Fmoc-Ala-D-Asp(OH)-OH (315) 

 
C22H22N2O7 [426.43 g mol-1] 

 

Dipeptide 314 (15 mg, 31 µmol) was dissolved in TFA (60% in dichloromethane, 3 mL) and 

stirred at room temperature for 60 minutes. The solvents were removed in vacuo and the 

residue was co-evaporated with toluene. The desired dipeptide 315 was obtained as colorless 

solid (12.8 mg, 96%). 1H NMR (methanol-d4, 600 MHz): δ [ppm] = 7.79 (d, J = 7.2 Hz,  2H, 

Haryl), 7.68 (d, J = 7.5 Hz, 1H, Haryl), (d, J = 7.5 Hz, 1H, Haryl), 7.38 (t, J = 7.5 Hz, 2H, Haryl), 

7.31 (tt, J = 7.6, 1.5 Hz, 2H, Haryl), 4.73 (t, J = 5.6 Hz, 1H, CHα,Asp), 4.40 – 4.29 (m, 2H, 

CH2,Fmoc), 4.26 – 4.15 (m, J = 7.0 Hz, 2H, CHα,Ala & CHFmoc), 2.84 (d, J = 5.7 Hz, 2H, 

CH2,Asp), 1.35 (d, J = 7.2 Hz, 3H, CH3); 
13

C NMR (methanol-d4, 151 MHz): δ [ppm] = 

175.23 (COAla), 174.05, 173.80 (COAsp & COOH), 158.25 (COONH), 145.43, 145.16, 142.59, 

142.56 (4 × Cquart,Fmoc), 128.77, 128.76, 128.18, 128.16, 126.32, 126.21, 120.89 (8 × Caryl), 

68.07 (CH2,Fmoc), 52.04 (CHα,Ala), 50.15 (CHα,Asp), 48.37 (CHFmoc), 36.84 (CH2,Asp), 18.25 

(CH3,Ala); HRMS: m/z calcd. for C22H22N2O7Na+ [M+Na]+: 449.1319, found: 449.1315. 

 

Fmoc-Ala-L-Asp(OH)-OtBu (317) 
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C26H30N2O7 [482.53 g mol-1] 

 

Fmoc-Ala-OPfp 312 (100 mg, 0.21 mmol) was suspended in dichloromethane (0.8 mL) and 

DIPEA (110 µL, 0.63 mmol) was added. A suspension of HCl·H-L-Asp(OH)-OtBu 316 in 

dichloromethane (0.8 mL) was prepared and subsequently added to the alanine solution. The 

mixture was stirred for 45 minutes at room temperature. The solvent was removed by rotary 

evaporation and the crude product was purified by FC (silica, dichloromethane/methanol 

15:1→10:1) to yield dipeptide 317 as colorless foam (88 mg, 87%). TLC Rf = 0.29 

(dichloromethane/methanol 10:1); 1
H NMR (CDCl3, 400 MHz, major conformer): δ [ppm] = 

7.73 (d, J = 7.5 Hz, 2H, Haryl), 7.56 (t, J = 7.0 Hz, 2H, Haryl), 7.42 – 7.33 (m, 3H, Haryl & 

NHAsp), 7.32 – 7.27 (m, 2H, Haryl), 5.84 (d, J = 8.4 Hz, 1H, NHAla), 4.78 (ddd, J = 8.6, 4.4, 

4.1 Hz, 1H, CHα,Asp), 4.53 (dq, J = 8.1, 7.5 Hz, 1H, CHα,Ala), 4.43 – 4.26 (m, 2H, CH2,Fmoc), 

4.17 (t, J = 7.2 Hz, 1H, CHFmoc), 3.06 (dd, J = 17.6, 3.3 Hz, 1H, CHH’Asp), 2.75 (dd, J = 17.5, 

3.8 Hz, 1H, CHH’Asp), 1.45 (s, 9H, 3 × CH3,tBu), 1.37 (d, J = 7.0 Hz, 3H, CH3,Ala); 
13

C NMR 

(CDCl3, 101 MHz, major conformer): δ [ppm] = 174.3, 172.9, 169.5 (3 × CO), 156.5 

(COONH), 143.9, 143.8, 141.4 (4 × Cquart,Fmoc), 127.9, 127.2, 125.2, 120.1 (8 × Caryl), 82.7 

(Cquart,tBu), 67.6 (CH2,Fmoc), 50.3 (CHα,Ala), 48.8 (CHα,Asp), 47.1 (CHFmoc), 36.4 (CH2,Asp), 28.0 

(3 × CH3,tBu), 19.1 (CH3,Ala); HRMS: m/z calcd. for C26H30N2O7Na+ [M+Na]+: 505.1945, 

found: 505.1943. 

 

Fmoc-Ala-L-Asp(OH)-OH (318) 

 
C22H22N2O7 [426.43 g mol-1] 

 

Dipeptide 317 (15 mg, 31 µmol) was dissolved in TFA (60% in dichloromethane, 3 mL) and 

stirred at room temperature for 60 minutes. The solvents were removed in vacuo and the 

residue was co-evaporated with toluene. The desired dipeptide 318 was obtained as colorless 

solid (12.1 mg, 91%). 1
H NMR (methanol-d4, 600 MHz): δ [ppm] = 7.78 (d, J = 7.5, 2H, 

Haryl), 7.68 (d, J = 7.6, 1H, Haryl), 7.65 (d, J = 7.7 Hz, 1H, Haryl), 7.38 (t, J = 7.4, 2H, Haryl), 

7.31 (tt, J = 7.5, 1.2 Hz, 2H, Haryl), 4.73 (t, J = 5.7 Hz, 1H, CHα,Asp), 4.40 – 4.28 (m, 2H, 

CH2,Fmoc), 4.26 – 4.16 (m, 2H, CHα,Ala & CHFmoc), 2.84 (d, J = 5.7 Hz, 2H, CH2,Asp), 1.36 (d, J 

= 7.2 Hz, 3H, CH3); 
13

C NMR (methanol-d4, 151 MHz): δ [ppm] = 175.30 (COAla), 174.09, 

173.87 (COAsp & COOH), 158.23 (COONH), 145.40, 145.17, 142.56 (4 × Cquart,Fmoc), 128.77, 

128.75, 128.19, 128.16, 126.30, 126.22, 120.89 (8 × Caryl), 68.05 (CH2,Fmoc), 51.89 (CHα,Ala), 

50.12 (CHα,Asp), 48.37 (CHFmoc), 36.88 (CH2,Asp), 18.22 (CH3,Ala); HRMS: m/z calcd. for 

C22H22N2O7Na+ [M+Na]+: 449.1319, found: 449.1319.  
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7.7.3. Labeling of Peptides via TAL Chemistry 

 

4-(Azidosulfonyl)benzoic acid methyl ester (321) 

 

 
C8H7N3O4S [241.22 g mol-1] 

 

4-(Chlorosulfonyl)benzoic acid (1.485 g, 6.73 mmol, 1 eq.) was suspended in dry 

dichloroethane (15 mL) and thionyl chloride (8 mL) was added. The suspension was heated to 

reflux and 3 drops of dry DMF were added. The clear solution was heated for further 2 hours, 

cooled to 0 °C and ice cold methanol (13 mL) was added. After stirring at 0 °C for 15 

minutes, ice cold water (13 mL) was added and the reaction mixture was chilled at 4 °C until 

a colorless solid crystallized. The solid was filtered, washed with water and dried by 

lyophilization to yield the methyl ester as colorless solid. The ester was dissolved in acetone 

(16 mL), cooled to 0 °C and a aqueous solution of sodium azide (85) (660 mg, 10.1 mmol, 1.5 

eq; dissolved in 5 mL water) was added over 15 minutes at 0 °C. The reaction was mixture 

was allowed to warm to room temperature and was stirred for 17 hours. Water (14 mL) was 

added and the mixture was stored at –20 °C until a solid crystallized. The crude sulfonyl 

azide 321 was filtered, washed with ice cold acetone/water (1:1) and dried by lyophilization to 

yield a colorless solid (1.155 g, 71% over 2 steps). TLC: Rf = 0.53 (petroleum ether/EtOAc 

4:1; UV); 1H NMR (CDCl3, 400 MHz): δ [ppm] = 8.29 – 8.23 (m, 2 H, Haryl), 8.07 – 8.01 (m, 

2 H, Haryl), 3.99 (s, 3H, OMe); 13
C NMR (CDCl3, 101 MHz): δ [ppm] = 165.2 (CO), 142.2 

(Cquart,aryl), 135.9 (Cquart,aryl), 131.0, 127.7 (4 × Caryl), 53.0 (CH3). 

 

Labeled aspartic thioacid dipeptide 324 

 

 
C30H29N3O10S [623.63 g mol-1] 

 

Dipeptide 175a (20.0 mg, 0.023 mmol, 1 eq.) was dissolved in TFA/TIS/H2O (95:2.5:2.5; 

0.5 mL) and stirred at room temperature for one hour. The solvents were removed in vacuo 

and the residue was co-evaporated with toluene (3 ×) to yield a colorless solid. Sulfonyl 

azide 321 (15.4 mg, 0.064 mmol, 2 eq.) was added and the mixture was dissolved in DMF 

(320 µL). 2,6-lutidine (3.72 µL, 0.032 mmol, 1 eq.) was immediately added and the reaction 

mixture was stirred for 60 minutes. The solvent was removed by evaporation and the residue 

was co-evaporated with toluene (3 ×). The crude product was dissolved in MeCN/DMF (3:1) 
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and was purified by RP-HPLC (60–72% in 12 min, Rt = 9.2 min, column 1) to yield a 

colorless, fluffy solid after lyophilization (14.5 mg, 73%). Reinjection and NMR analysis 

revealed contamination with small amounts of isomer 326. 1
H NMR (DMSO-d6, 600 MHz): 

δ [ppm] = 12.58 (br. s, 1H, COOH/NHSO2), 12.36 (br. s, 1H, COOH/NHSO2), 8.15 (d, J = 

7.3 Hz, 1H, NHAla), 8.13 – 8.09 (m, 2H, Haryl), 8.07 – 8.00 (m, 2H, Haryl), 7.91 – 7.84 (m, 2H, 

Haryl), 7.70 – 7.63 (m, 2H, Haryl), 7.56 (d, J = 8.1 Hz, 1H, NHAsp), 7.44 – 7.38 (m, 2H, Haryl), 

7.33 – 7.28 (m, 2H, Haryl), 4.36 – 4.30 (m, 1H, CHα,Asp), 4.26 – 4.09 (m, 4H, CH2,Fmoc, CHFmoc 

& CHα,Ala), 3.83 (s, 3H, OMe), 2.68 – 2.62 (m, 1H, CHH’Asp), 2.58 (dd, J = 16.6, 10.6 Hz, 

1H, CHH’Asp), 1.22 (d, J = 7.2 Hz, 3H, CH3,Ala); HRMS: m/z calcd. for C30H29N3O10K
+: 

662.1205 [M+K]+, found: 662.1204. 

 

Labeled aspartic thioacid dipeptide 325 

 

 
C30H25F4N3O8 [631.54 g mol-1] 

 

Dipeptide 175a (20.0 mg, 0.023 mmol, 1 eq.) was dissolved in TFA/TIS/H2O (95:2.5:2.5; 

0.5 mL) and stirred at room temperature for one hour. The solvents were removed in vacuo 

and the residue was co-evaporated with toluene (3 ×) to yield a colorless solid. Azide 323 

(16.0 mg, 0.064 mmol, 2 eq.) was added and the mixture was dissolved in DMF (320 µL). 

Triethylamine (4.45 µL, 0.032 mmol, 1 eq.) was immediately added and the orange reaction 

mixture was stirred for 60 minutes. The solvent was removed by evaporation and the residue 

was co-evaporated with toluene (3 ×). The crude product was dissolved in MeCN/DMF (3:1) 

and was purified by RP-HPLC (55% isocratic for 20 min, Rt = 15.2 min, column 1) to yield a 

colorless, fluffy solid after lyophilization (10.7 mg, 53%). 1H NMR (DMSO-d6, 400 MHz): δ 

[ppm] = 10.48 (s, 1H, NHaryl), 8.16 (d, J = 7.2 Hz, 1H, NHAla), 7.88 (d, J = 7.5 Hz, 2H, 

Haryl), 7.74 – 7.60 (m, 3H, Haryl & NHAsp), 7.45 – 7.35 (m, 2H, Haryl), 7.29 (dd, J = 7.6 Hz, 2H, 

Haryl), 4.51 (td, J = 8.9, 4.3 Hz, 1H, CHα,Asp), 4.32 – 4.10 (m, 4H, CH2,Fmoc, CHFmoc & 

CHα,Ala), 3.93 (s, 3H, OMe), 2.87 (dd, J = 15.7, 4.4 Hz, 1H, CHH’Asp), 2.78 (dd, J = 15.2, 

8.9 Hz, 1H, CHH’Asp), 1.27 (d, J = 7.3 Hz, 3H, CH3,Ala); HRMS: m/z calcd. for 

C30H25F4N3O8K
+: 670.1209 [M+K]+, found: 670.1216; HRMS (isomerized dipeptide 327): 

m/z calcd. for C30H25F4N3O8K
+: 670.1209 [M+K]+, found: 670.1212.  
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Labeled aspartic thioacid decapeptide 330 

 

 
C70H86N14O23S [1523.59 g mol-1] 

 

Decapeptide 200a (10.0 mg, 4.63 µmol, 1 eq.) was dissolved in TFA/TIS/H2O (95:2.5:2.5; 

2 mL) and stirred at room temperature for 50 min. The solvents were removed by evaporation 

and the residue was co-evaporated with toluene (3 ×) to yield a colorless solid. Azide 321 

(2.2 mg, 9.26 mmol, 2 eq.) was added and the mixture was dissolved in triethylamine (0.05 M 

in DMF, 93 µL, 1 eq.). After stirring for 60 minutes, the reaction mixture was subjected to 

RP-HPLC purification (38–48% in 15 min, 48% for 3 min, Rt = 17.1 min, column 1) to yield 

a colorless, fluffy solid (5.4 mg, 76%). HRMS: m/z calcd. for C70H87N14O23S
+: 1523.5784 

[M+H]+, found: 1523.5799.  
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7.7.4. Native Chemical Ligation (NCL) 

 

TFA·H-Asp(STmob)-Ile-OH (336) 

 

 
C22H31F3N2O9S [556.55 g mol-1] 

 

Fmoc-Asp(STmob)-Ile-OH (175b) (28.4 mg, 43 µmol) was dissolved in a solution of 

piperazine (2 mL; 6 w% in DMF) and stirred at room temperature for 30 min. TFA (160 µL, 

2 mmol) was added and the solvents were removed by evaporation. The residue was co-

evaporated with toluene (3 ×), dried in vacuo and purified by RP-HPLC (30–55% in 15 min, 

Rt = 14.1 min, column 1) to yield a colorless, fluffy solid (15.5 mg, 65%). 1
H NMR 

(CD3CN/D2O 1:1, 400 MHz): δ [ppm] = 6.18 (s, 2H, Haryl), 4.32 (dd, J = 7.7, 5.0 Hz, 1H, 

CHα,Asp), 4.22 (d, J = 5.2 Hz, 1H, CHα,Ile), 4.15 (d, J = 2.9 Hz, 2H, CH2,Tmob), 3.74 (s, 3H, 

OMe), 3.73 (s, 6H, 2 × OMe), 3.20 (dd, J = 17.5, 5.0 Hz, 1H, CHH’Asp), 3.10 (dd, J = 17.5, 

7.7 Hz, 1H, CHH’Asp), 1.90 – 1.80 (m, 1H, CHβ,Ile), 1.45 – 1.32 (m, 1H, CHH’Ile), 1.45 – 1.32 

(m, 1H, CHH’Ile), 0.89 – 0.81 (m, 6H, 2 × CH3,Ile); 
13

C NMR (CD3CN/D2O 1:1, 101 MHz): δ 

[ppm] = 198.8 (COS), 174.6 (COOH), 168.5 (CONH), 162.1 (Cquart,Tmob), 160.0 (2 × 

Cquart,Tmob), 104.3 (Cquart,Tmob), 92.0 (Caryl), 58.8 (CHα,Ile), 56.8 (2 × OMe), 56.3 (OMe), 50.4 

(CHα,Asp), 43.7 (CH2,Asp), 37.6 (CHβ,Ile), 25.6 (CH2,Ile), 23.2 (CH2,Tmob), 15.9 (CHCH3,Ile), 11.9 

(CH2CH3,Ile); HRMS: m/z calcd. for C20H31N2O7S
 +: 443.1846 [M+H]+, found: 443.1851. 

 

H-Asp(Cys)-Ile-OH (337) 

 

 
C13H23N3O6S [349.40 g mol-1] 

 

Native Chemical Ligation of dipeptide 336 was performed according to a general procedure 

of Payne and co-workers[215]. TFA·H-Asp(STmob)-Ile-OH 336 (2.53 mg, 4.6 µmol) was 

dissolved in degassed ligation buffer (400 µL; 6 M Gn·HCl, 100 mM Na2HPO4·12 H2O, 

50 mM TCEP HCl, pH adjusted to 7.4–7.5 with NaOH(aq.) (2 M) or HCl(aq.) (1 M)). Cysteine 

(2.29 mg, 18.9 µmol) was dissolved in degassed ligation buffer (758 µL) and added to the 

peptide solution. A solution of MPAA in degassed ligation buffer (1 M; solubility was aided 

by the addition of degassed NaOH(aq.) (2 M)) was prepared and added (126 µL, 126 µmol) to 
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the peptide solution. The pH of the reaction mixture was adjusted to 7.4–7.5 with NaOH(aq.) 

(2 M) or HCl(aq.) (1 M) and the mixture was kept at 37 °C for 2 hours. After that time MeCN 

(150 µL) was added, the mixture was filtered through a syringe filter (0.45 µm) and subjected 

to RP-HPLC purification (10–30% MeCN (0.1% FA) in H2O (0.1% FA) in 20 min, Rt = 

16.9 min, column 3). Lyophylization yielded tripeptide 337 (1.15 mg, 72%) as colorless, 

fluffy solid. HRMS: m/z calcd. for C13H24N3O6S
 +: 350.1380 [M+H]+, found: 350.1373. 
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9. Appendix (Analytical Data)  

9.1. Dipeptide Approach 

 

Synthesis of Thioacid 175a 
 

 

1H NMR, 400 MHz, CDCl3 177 

13C 

NMR, 101 MHz, CDCl3 177  
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1H NMR, 400 MHz, CDCl3 178 

 

 
13C NMR, 101 MHz, CDCl3 178 
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1H NMR, 400 MHz, methanol-d4 179 

 

 
13C NMR, 101 MHz, methanol-d4 179 
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1H NMR, 600 MHz, DMSO-d6 175a 

 

 
13C NMR, 151 MHz, DMSO-d6 175a  
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LC-MS chromatogram (254 nm) of purified dipeptide 175a (60–100% in 10 min, Rt = 

7.1 min, column 4). 

 

 

 

 

 

Coupling in Solution 

 

 
LC-MS chromatogram (254 nm) of tripeptide 183 (60–100% in 10 min, Rt = 9.4/9.6 min, 

column 4).  
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Application in Fmoc-SPPS 

 

 
LC-MS chromatogram (254 nm) of tetrapeptide 188 after analytical resin cleavage. 

Procedure A (60–70% in 15 min, Rt = 12.8 min, column 4). 

 

 

 

 
LC-MS chromatogram (254 nm) of tetrapeptide 188 after analytical resin cleavage. 

(A) procedure B, (B) procedure C, (C) procedure D. (60–100% in 10 min, Rt = 8.5 min, 

column 4).  
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LC-MS chromatogram (254 nm) of tetrapeptide 188 after analytical resin cleavage. 

Procedure E (60–70% in 15 min, Rt = 12.8 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of tetrapeptide 188 after analytical resin cleavage. 

(A) procedure F, (B) procedure G (60–70% in 15 min, Rt = 13.2 min, column 4). 

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0

0

100

200

0

50

100

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0

0

100

200

0

50

100

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0

0

100

200

0

50

100

Asi 

188 

-Dipeptide 

-Glu 

Asi 
-Dipeptide 

188 

-Glu 

Asi 
-Dipeptide 

188 

-Glu 

A 

 

 

 

 
 

 

B 



211 
 

 

 

 
LC-MS chromatogram (254 nm) of tetrapeptide 189 (synthesized according to procedure A) 

after (A) analytical resin cleavage. (B) Purified pentapeptide isomer 1 and (C) purified 

pentapeptide isomer 2 (60–100% in 10 min, Rt = 9.3, 9.7 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of pentapeptide 189 after analytical resin cleavage. 

(A) procedure B, (B) procedure C (60–100% in 10 min, Rt = 9.4, 9.7 min, column 4). 
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LC-MS chromatogram (254 nm) of pentapeptide 189 after analytical resin cleavage 

(synthesized via procedure D) (60–100% in 10 min, Rt(aspartimide) = 7.5 min, column 4). 
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9.2. Tripeptide Approach       

 

Synthesis of 190a–f 
 

 
1H NMR, 400 MHz, CDCl3 192 

 
13C NMR, 101 MHz, CDCl3 192  
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1H NMR, 400 MHz, CDCl3 193a 

 

 
13C NMR, 101 MHz, CDCl3 193a  
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1H NMR, 400 MHz, methanol-d4 195a 

 

 
13C NMR, 101 MHz, methanol-d4 195a  
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LC-MS chromatogram (254 nm) of purified tripeptide 196a (60–100% in 10 min, Rt = 

9.0 min, column 4).  
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1H NMR, 400 MHz, CDCl3 197a 

 

 
13C NMR, 101 MHz, CDCl3 197a  
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1H NMR, 400 MHz, methanol-d4 190a 
 

 

 
13C NMR, 101 MHz, methanol-d4 190a  
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LC-MS chromatogram (254 nm) of purified tripeptide 190a (60–100% in 10 min, Rt = 

8.6 min, column 4).  
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1H NMR, 400 MHz, CDCl3 193b 

 

 
13C NMR, 101 MHz, CDCl3 193b  
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1H NMR, 400 MHz, CDCl3 194b 

 

 
13C NMR, 101 MHz, CDCl3 194b  
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1H NMR, 400 MHz, methanol-d4 195b 

 

 
13C NMR, 101 MHz, methanol-d4 195b  
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1H NMR, 400 MHz, CDCl3 197b 

 

 
13C NMR, 101 MHz, CDCl3 197b  
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1H-1H ROESY NMR, 400 MHz, CDCl3 197b 

 

 

 

 

 

 

 

 

 

 

LC-MS chromatogram (254 nm) of purified tripeptide 197b (90–100% in 10 min, Rt = 

7.0 min, column 5).  
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LC-MS chromatogram (254 nm) of purified tripeptide 190b (80–100% in 10 min, Rt = 

7.0 min, column 5).  
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1H NMR, 400 MHz, CDCl3 193c 

 

 
13C NMR, 101 MHz, CDCl3 193c  
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1H NMR, 400 MHz, CDCl3 194c 

 

 

13C NMR, 101 MHz, CDCl3 194c  
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1H NMR, 400 MHz, methanol-d4 195c 

 

 
13C NMR, 101 MHz, methanol-d4 195c  
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LC-MS chromatogram (254 nm) of purified tripeptide 197c (80–100% in 10 min, Rt = 

9.7 min, column 5).  

 

 

 

 
 

 

 

 

 

 

LC-MS chromatogram (254 nm) of purified tripeptide 190c (80–100% in 10 min, Rt = 

6.6 min, column  5).  
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1H NMR, 400 MHz, CDCl3 193d 

 

 
13C NMR, 101 MHz, CDCl3 193d  
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1H NMR, 400 MHz, CDCl3 194d 

 

 
13C NMR, 101 MHz, CDCl3 194d  
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1H NMR, 400 MHz, methanol-d4 195d 

 

 
13C NMR, 101 MHz, methanol-d4 195d  
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1H NMR, 400 MHz, CDCl3 196d 

 

 
13C NMR, 101 MHz, CDCl3 196d  
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1H-1H ROESY NMR, 400 MHz, CDCl3 196d  
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1H NMR, 400 MHz, CDCl3 197d 

 

 
13C NMR, 101 MHz, CDCl3 197d  
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1H-1H ROESY NMR, 400 MHz, CDCl3 197d 

 

 

 

 
 

 

 

 

 

LC-MS chromatogram (254 nm) of purified tripeptide 190d (80–100% in 10 min, Rt = 

7.0 min, column 5).  
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1H NMR, 400 MHz, CDCl3 193e 

 

 
13C NMR, 101 MHz, CDCl3 193e  
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1H NMR, 600 MHz, CDCl3 195e 

 

 
13C NMR, 151 MHz, CDCl3 195e  
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1H NMR, 400 MHz, CDCl3 196e 

 

 
13C NMR, 101 MHz, CDCl3 196e  
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1H-1H ROESY NMR, 400 MHz, CDCl3 196e  
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1H NMR, 400 MHz, CDCl3 197e 

 

 
13C NMR, 101 MHz, CDCl3 197e  
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1H NMR, 400 MHz, CDCl3 190e 
 

 
13C NMR, 101 MHz, CDCl3 190e  



244 
 

 
1H-13C HMBC NMR, 400 MHz, CDCl3 190e 

 

 

 

 
 

 

 

 

 

 

RP-HPLC chromatogram (254 nm) of purified tripeptide 190e (90–100% in 20 min, Rt = 

10.3 min, column 1).  
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1H NMR, 400 MHz, CDCl3 193f 

 

 
13C NMR, 101 MHz, CDCl3 193f 
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1H NMR, 400 MHz, methanol-d4 195f 

 

 
13C NMR, 101 MHz, methanol-d4 195f  
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1H NMR, 400 MHz, methanol-d4 196f 

 

 
13C NMR, 101 MHz, methanol-d4 196f  



248 
 

 
1H-1H ROESY NMR, 400 MHz, methanol-d4 196f  



249 
 

 
1H NMR, 400 MHz, CDCl3 197f 

 

 
13C NMR, 101 MHz, CDCl3 197f  
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1H-1H ROESY NMR, 400 MHz, CDCl3 197f  
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1H NMR, 400 MHz, methanol-d4 190f 

 

 
13C NMR, 101 MHz, methanol-d4 190f  
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1H-1H ROESY NMR, 400 MHz, methanol-d4 190f 

 

 

 

 
 

 

 

 

LC-MS chromatogram (254 nm) of purified tripeptide 190f (60–100% in 10 min, Rt = 

8.0 min, column 4).  
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Application in Fmoc-SPPS 

 

 
LC-MS chromatogram (254 nm) of Ala-pentapeptide 198a after analytical resin cleavage (50–

70% in 60 min, Rt = 38.9 min, column 4). Synthesized via Procedure A (tripeptide approach). 

 

 

 
LC-MS chromatogram (254 nm) of Ala-decapeptide 200a after analytical resin cleavage (65–

85% in 60 min, Rt = 44.2 min, column 4). Synthesized via Procedure A (tripeptide approach). 

 

 

 
LC-MS chromatogram (254 nm) of purified Ala-decapeptide 200a (70–90% in 20 min, Rt = 

18.2 min, column 4). Synthesized via Procedure A (tripeptide approach).  
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LC-MS chromatogram (254 nm) of Asp-pentapeptide 198b after analytical resin cleavage 

(60–100% in 20 min, Rt = 15.1 min, column 5). 

 

 

 
LC-MS chromatogram (254 nm) of Asp-decapeptide 200b after analytical resin cleavage (70–

100% in 20 min, Rt = 16.6 min, column 5). 

 

 

 
LC-MS chromatogram (254 nm) of purified Asp-decapeptide 200b (70–100% in 20 min, Rt = 

16.5 min, column 5). 
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LC-MS chromatogram (254 nm) of Lys-pentapeptide 198c after analytical resin cleavage (60–

100% in 20 min, Rt = 14.8 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of Lys-decapeptide 200c after analytical resin cleavage (60–

100% in 20 min, Rt = 15.7 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of purified Lys-decapeptide 200c (60–100% in 20 min, Rt = 

18.9 min, column 4).  
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LC-MS chromatogram (254 nm) of Ser-pentapeptide 198d after analytical resin cleavage (60–

100% in 20 min, Rt = 15.4 min, column5). 

 

 

 
LC-MS chromatogram (254 nm) of Ser-decapeptide 200d after analytical resin cleavage (70–

100% in 20 min, Rt = 18.0 min, column 5). 

 

 

 
LC-MS chromatogram (254 nm) of purified Ser-decapeptide 200d (70–100% in 20 min, Rt = 

17.9 min, column 5).  
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LC-MS chromatogram (254 nm) of Trp-pentapeptide 198e after analytical resin cleavage (60–

100% in 20 min, Rt = 18.0 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of Trp-decapeptide 200e after analytical resin cleavage (80–

100% in 20 min, Rt = 15.5 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of purified Trp-decapeptide 200e (80–100% in 20 min, Rt = 

15.5 min, column 4).  

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0

0

25

50

0

50

100

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0

0

10

0

50

100

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0 22,5 25,0

0

5

10

0

50

100

198e 

200e 

Asi 199e 

Asi 201e 

200e 



258 
 

 
LC-MS chromatogram (254 nm) of Gly-pentapeptide 198f after analytical resin cleavage (60–

75% in 20 min, Rt = 14.7 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of Gly-decapeptide 200f after analytical resin cleavage (70–

90% in 20 min, Rt = 13.1 min, column 4).  
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Comparison With Other Protocols 

 

 
1H NMR, 400 MHz, CDCl3 203 

13C NMR, 101 MHz, CDCl3 203  
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1H NMR, 400 MHz, CDCl3 160 

 

 
13C NMR, 101 MHz, CDCl3 160  
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LC-MS chromatogram (254 nm) of aspartic acid 160 (A) before and (B) after HPLC 

purification (60–100% in 10 min, Rt = 8.2 min, column 4).  
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1H NMR, 400 MHz, CDCl3 204 

 

 
13C NMR, 101 MHz, CDCl3 204  
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LC-MS chromatogram (254 nm) of (A) pentapeptide 198a after analytical resin cleavage (50–

70% in 60 min, Rt = 41.2 min, column 4), (B) decapeptide 200a after analytical resin cleavage 

(65–85% in 60 min, Rt = 43.9 min, column 4) and (C) decapeptide 200a after purification 

(65–85% in 60 min, Rt = 44.3 min, column 4). Synthesized via Procedure B (TMS approach). 
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LC-MS chromatogram (254 nm) of pentapeptide 205 after analytical resin cleavage (50–75% 

in 20 min, Rt = 15.7 min, column 4). 

 

 

 
LC-MS chromatogram (254 nm) of decapeptide 207 after analytical resin cleavage (70–90% 

in 20 min, Rt = 15.7 min, column 4). 

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0

0

10

20

0

50

100

254 nm

min

mAU
%

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 20,0

0

25

50

0

50

100

205 

207 



265 
 

  



266 
 

9.3. Synthesis of Carbohydrate Derivatives 

 

 
1H NMR, 400 MHz, CDCl3 240 

13C NMR, 101 MHz, CDCl3 240
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9.4. Thioacid-Containing Pyrrolysine Mimics 

 

Synthesis 

 

 
1H NMR, 400 MHz, CDCl3 216  
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1H NMR, 400 MHz, CDCl3 213 

 

13C NMR, 101 MHz, CDCl3 213  
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1H NMR, 400 MHz, DMSO-d6 214 

 

13C NMR, 101 MHz, DMSO-d6 214  
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1H NMR, 400 MHz, DMSO-d6 219 

 

 
13C NMR, 101 MHz, DMSO-d6 219  
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1H NMR, 400 MHz, methanol-d4 220 

 

 
13C NMR, 101 MHz, methanol-d4 220
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LC-MS chromatogram (254 nm) of lysine derivative 220 (A) before and (B) after HPLC 

purification (20–95% in 10 min, Rt = 6.4 min, column 4).  
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1H NMR, 400 MHz, CDCl3 222 

 

13C NMR, 101 MHz, CDCl3 222  
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1H NMR, 400 MHz, methanol-d4 223 

 

13C NMR, 101 MHz, methanol-d4 223



276 
 

 

 
LC-MS chromatogram (254 nm) of lysine derivative 223 (A) before and (B) after HPLC 

purification (20–95% in 10 min, Rt = 7.2 min, column 4).  
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1H NMR, 400 MHz, CDCl3 225 

 

13C NMR, 400 MHz, CDCl3 225  
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Stability Tests 

 

Stability of lysine 220 in Milli-Q (pH 6.6)/MeCN (1:1) (20–65 min in 10 min, Rt: 8.3–

8.4 min, column 4).  
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Stability of lysine 220 in M9 Minimal Medium (pH 7.5)/MeCN (1:1) (20–65 min in 10 min, 

Rt: 8.1–8.2 min, column 4). 
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Stability of lysine 223 in 1% DMSO in M9 Minimal Medium (pH 7.5) (20–65 min in 10 min, Rt: 8.6 min, 

column 4).
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9.5. Application of Aspartic Thioacid-Containing Peptides    

9.5.1. Thioacid Ligations to Yield N-Glycopeptides 

 

Glycosylation of Model Peptides 
 

 
LC-MS chromatogram (254 nm) of alanine derivative 234 (60–100% in 10 min, Rt = 7.4 min, 

column 4). 

 

 

 

 
1H NMR, 400 MHz, CDCl3 234  
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13C NMR, 151 MHz, CDCl3 234 

 

 

1H-1H ROESY NMR, 600 MHz, CDCl3 234  
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LC-MS chromatogram (254 nm) of Cbz-Ala-NHBn 235. (A) Procedure A, (B) Procedure B, 

(C) Procedure C, (D) Procedure D, (E) Procedure E (40–100% in 10 min, Rt: 7.3–7.4 min, 

column 4).  

 

 

 

 
LC-MS chromatogram (254 nm) of Cbz-Ala-NH-Ac3GlcNAc 236. (A) Procedure A, (B) 

Procedure B (40–100% in 10 min, Rt: 5.5 min, column 4).  
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LC-MS chromatogram (254 nm) of glycopeptide 243a and tripeptide 246a (Procedure A) 

(A) before HPLC, (B) purified 243a (30–60% in 20 min, Rt: 15.2 min, column 4) and (C) 

tripeptide 246a (30–60% in 20 min, Rt: 12.4 min, column 4).  
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1H NMR, 600 MHz, DMSO-d6 243a 

 

 
13C NMR, 151 MHz, DMSO-d6 243a  
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1H NMR, 600 MHz, DMSO-d6 426a 

 

 
1H-13C HSQC, 600 MHz, DMSO-d6  426a  
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1H-13C HMBC, 600 MHz, DMSO-d6 426a  
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LC-MS chromatogram (254 nm) of glycopeptide 243a (synthesized via Procedure B) (A) 

before and (B) after HPLC purification (30–60% in 20 min, Rt: 15.2 min, column 4). 
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LC-MS chromatogram (254 nm) of glycopeptide 243c (synthesized via Procedure A) (A) 

before and (B) after HPLC purification (30–60% in 20 min, Rt: 13.0 min, column 4). 

 

 

 

 

 
LC-MS chromatogram (254 nm) of glycopeptide 243c (synthesized via Procedure B) (A) 

before and (B) after HPLC purification (30–60% in 20 min, Rt: 12.9 min, column 4). 
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LC-MS chromatogram (254 nm) of glycopeptide 243b (synthesized via Procedure A) (A) 

before and (B) after HPLC purification (30–60% in 20 min, Rt: 14.3 min, column 4). 

 

 

 

 

  
LC-MS chromatogram (254 nm) of glycopeptide 243b (synthesized via Procedure B) (A) 

before and (B) after HPLC purification (30–60% in 20 min, Rt: 14.1 min, column 4). 
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1H NMR, 400 MHz, CDCl3 267 
 

 
13C NMR, 101 MHz, CDCl3 267  
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LC-MS chromatogram (254 nm) of glycopeptide 268 (A) before and (B) after HPLC 

purification (40–65% in 20 min, Rt: 18.8 min, column 4). 

 

 

 

 

 
LC-MS chromatogram (254 nm) of glycopeptide 266 (synthesized via Procedure A) (A) 

before and (B) after HPLC purification (25–55% in 15 min, to 60% in 5min, Rt: 16.2 min, 

column 5). 
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LC-MS chromatogram (254 nm) of glycopeptide 266 (synthesized via Procedure B) (A) 

before and (B) after HPLC purification (25–55% in 15 min, to 60% in 5min, Rt: 16.2 min, 

column 5). 

 

 

 

 

 
LC-MS chromatogram (254 nm) of glycopeptide 266 (synthesized via Procedure C) (A) 

before and (B) after HPLC purification (25–55% in 15 min, to 60% in 5min, Rt: 16.2 min, 

column 5).  
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LC-MS chromatogram (254 nm) of glycopeptide 266 (synthesized via Procedure D) (A) 

before and (B) after HPLC purification (25–55% in 15 min, to 60% in 5min, Rt: 16.1 min, 

column 5). 

 

 

 

 

 
LC-MS chromatogram (254 nm) of (A) glycopeptide 243b (synthesized via Procedure C) 

(40–65% in 20 min, Rt: 14.5 min, column 4) and (B) glycopeptide 269 (40–65% in 20 min, Rt: 

17.8 min, column 4).  
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Glycosylation of Decapeptides 200a–f 

 

 

 
LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Ala-

glycopeptide 270a (30–50% in 20 min, Rt = 11.8 min, column 4).  

 

 

 

 
LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Asp-

glycopeptide 270b (25–55% in 20 min, Rt = 13.7 min, column 4).  
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LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Lys-

glycopeptide 270c (25–55% in 20 min, Rt = 10.9 min, column 4). 

 

 

 

 

 
LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Ser-

glycopeptide 270d (25–55% in 20 min, Rt = 13.5 min, column 4).  
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LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Trp-

glycopeptide 270e (25–55% in 20 min, Rt = 15.5 min, column 4).  

 

 

 

 

 
LC-MS chromatogram (254 nm) (A) before and (B) after HPLC purification of Ala-

glycopeptide 276 (25–55% in 20 min, Rt = 13.4 min, column 4).  
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HPLC chromatogram (254 nm) (A) before and (B) after HPLC purification of Ala-

glycopeptide 279 (35–55% in 30 min, Rt = 9.7 min, column 1).  
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9.5.2. Peptide Cleavage Using Thioacids (CUT)  

 

Influence of the Amino Acid in Position n + 1 

 

 
LC-MS chromatograms (254 nm) for the treatment of Ala-decapeptide 200a with 

TFA/TIS/H2O (95:2.5:2.5, 1 mL mg-1) for the times given (30–60% in 20 min, Rt = 11.2, 

13.2 min, column 4). 
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experiment 1            experiment 2 

 

LC-MS chromatograms (254 nm) for the treatment of Ala-decapeptide 200a with 

TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for the times given (25–55% in 20 min, Rt = 16.0, 

17.1 min, column 4). 

 

 

 

 

 

 
experiment 1            experiment 2 

 

LC-MS chromatograms (254 nm) for the treatment of Asp-decapeptide 200b with 

TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for the times given (25–55% in 20 min, Rt = 14.9, 

17.0 min, column 5 (left) or 25–55% in 20 min, Rt = 16.0, 17.2 min, column 4 (right)). 
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experiment 1            experiment 2 

 

LC-MS chromatograms (254 nm) for the treatment of Lys-decapeptide 200c with 

TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for the times given (25–55% in 20 min, Rt = 12.2, 

14.9 min, column 5 (left) or 25–55% in 20 min, Rt = 13.1, 16.0 min, column 4 (right)). 

 

 

 

 

 

 
experiment 1            experiment 2 

 

LC-MS chromatograms (254 nm) for the treatment of Ser-decapeptide 200d with 

TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for the times given (25–55% in 20 min, Rt = 14.9, 

16.7 min, column 5 (left) or 25–55% in 20 min, Rt = 16.0, 16.9 min, column 4 (right)). 
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experiment 1            experiment 2 

 

LC-MS chromatograms (254 nm) for the treatment of Trp-decapeptide 200e with 

TFA/TIS/H2O (95:2.5:2.5, 0.2 mL mg-1) for the times given (30–60% in 20 min, Rt = 12.5, 

15.7, 16.7 min, column 4 (left) or 25–55% in 20 min, Rt = 16.0, 19.0, 19.9 min, column 4 

(right)).  
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Mechanistic Considerations, Racemization During CUT 

 

 
1H NMR, 600 MHz, methanol-d4 311 

 
13C NMR, 151 MHz, methanol-d4 311  
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1H NMR, 400 MHz, CDCl3 314 

 

 
13C NMR, 101 MHz, CDCl3 314  
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1H-1H NOESY NMR, 400 MHz, methanol-d4 314
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1H NMR, 600 MHz, methanol-d4 315 

 

 
13C NMR, 151 MHz, methanol-d4 315  
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1H NMR, 400 MHz, CDCl3 317 

 

 
13C NMR, 101 MHz, CDCl3 317  
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1H-1H NOESY NMR, 400 MHz, CDCl3 317  
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1H NMR, 600 MHz, methanol-d4 318 

 

 
13C NMR, 151 MHz, methanol-d4 318  



311 
 

 

 
1H NMR, 600 MHz, methanol-d4  Stacked spectra of (A) 315 (LD-isomer), (B) 318 (LL-

isomer), (C) 311, (D) mixture of 311and 318 (1:1), (E) mixture of 311, 318 and 315 (1:1:1), 

(F) mixture of 315 and 318 (1:1).  
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13C NMR, 151 MHz, methanol-d4  Stacked spectra of (A) 315 (LD-isomer), (B) 318 (LL-

isomer), (C) 311, (D) mixture of 311and 318 (1:1), (E) mixture of 311, 318 and 315 (1:1:1), 

(F) mixture of 315 and 318 (1:1).  
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RP-HPLC chromatogram (254 nm) of Fmoc-Ala-D-Asp-OH (315) (35–55% in 20 min, Rt = 

16.0 min, column 1). 

 

 

 
RP-HPLC chromatogram (254 nm) of Fmoc-Ala-L-Asp-OH (318) (35–55% in 20 min, Rt = 

16.0 min, column 1). 

 

 

 

 
RP-HPLC chromatogram (254 nm) (A) before and (B) after HPLC purification of Fmoc-Ala-

Asp-OH (311) (35–55% in 20 min, Rt = 16.0 min, column 1).  
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9.5.3. Labeling of Peptides via TAL Chemistry 

 

1H NMR, 400 MHz, CDCl3 321 

 

13C NMR, 101 MHz, CDCl3 321  
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HPLC chromatogram (254 nm) of peptide 324 (A) before and (B) after HPLC purification 

(60–72% in 12 min, Rt: 9.2 min, column 1).  
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1H NMR, 600 MHz, DMSO-d6 324 

 

 
1H NMR, 400 MHz, DMSO-d6 324  
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HPLC chromatogram (254 nm) of peptide 325 (A) before and (B) after HPLC purification 

(55% isocratic for 20 min, Rt: 15.1 min, column 1). 

 

 

 

 

 
LC-MS chromatogram (254 nm) of peptide 330 (A) before and (B) after HPLC purification 

(40–65% in 20 min, Rt: 8.5 min, column 1).  
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9.5.4. Native Chemical Ligation 

 

 
1H NMR, 400 MHz, CD3CN/D2O 1:1 336 

 
13C NMR, 101 MHz, CD3CN/D2O 1:1 336  
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LC-MS chromatogram (220 nm) of tripeptide 337 (A) before and (B) after HPLC purification 

(10–20% in 10 min, to 60% in 10 min, Rt: 10.4 min, column 5). 
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