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1. INTRODUCTION 

 

Bioactive small molecules, especially natural products, are of particular interest in numerous 

applications. In history, small molecules of natural sources such as bacteria,[2] plants,[3] fungi[4] 

or marine organisms like invertebrates[5] or sponges[6] have been directly used as therapeutics 

or as starting points for biological research,[7] for the development of chemical probes[8] or for 

drug discovery.[9] 

Natural products are ‘designed’ by nature and they have been evolved to address biological 

targets such as active or allosteric sites of proteins, synapses or receptors to evoke multifaceted 

effects. As all species are evolutionarily linked and thus share more-or-less similar biological 

processes, pathways and proteins, it is very likely that a natural compound derived from one 

organism also has the potency to induce a biological effect in a different unrelated organism. 

This turns natural products into highly powerful lead structures for drug discovery.  

However, despite all these advantages, the importance of natural compounds in drug discovery 

has slightly diminished within the last two decades. The main reasons for this development are 

technical barriers present in current high-throughput screening (HTS) assays of natural products 

against molecular targets.[10-11] Most HT screens that were run in the last decade at 

pharmaceutical companies are primary molecular assays.[12] These types of assays however 

focus solely on binding potency and directly exclude and overlook other relevant compound 

properties such as selectivity or pharmacokinetics. In fact, an important property of natural 

products (besides their potency) is their ‘metabolite-likenesses’ which is often associated with 

good pharmacokinetic properties.[13] Recent advancements within the field of HTS-supported 

drug discovery such as high-content screening,[14] phenotypic assays[15] or functional assays 

directly in model organisms[16] however have the potential to reveal the bioavailability and the 

metabolic properties of nature-derived compounds at an early stage and thus might contribute 

to a renaissance in natural products for drug and chemical probe discovery. In addition, the 

recently evolving research fields of metabolomics[17] and metagenomics[18] may also contribute 

to reshaping the future of natural product-based discovery. 

For evaluating the potential of natural products for drug and chemical probe discovery, applied 

chemistry plays a pivotal role. The total synthesis of natural compounds is still today not only 

considered as the premier class of organic chemistry but also provides access to highly complex 

and functionalised bioactive compounds. In fact, chemical synthesis is often the only way to 

provide enough material for extensive biological evaluations of a molecule of interest or to 

maintain the required constant access to a specific compound.  
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Notwithstanding applied synthetic chemistry is not only essential at the early stage of drug 

discovery but also offers a powerful toolbox to refine the biological properties of an elaborated 

lead structure, e.g. by chemical derivatization that aims at enhancing intended biological effects, 

bioavailability and selectivity while simultaneously decreasing unwanted side effects and 

off-target biological interactions.  
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2. THEORETICAL BACKGROUND 

 

2.1 Nature-derived macrocyclic compounds 

Among natural products, nature-derived macrocyclic compounds play an extraordinary role. 

More than a few of these macrocycles display interesting and diverse biological effects, like 

antifungal, immunosuppressive, anti-inflammatory, antibiotic or anticancer activities.[19-20] 

This broad variety of biological activities is a direct effect of structural benefits which are 

characteristic for this compound class. Their usually high complexity often leads to 

conformational preorganization enabling them to bind to targets very selectively. Besides, their 

remaining flexibility nevertheless avouches the possibility to efficiently interact in a 

non-covalent way with targets or other macromolecules.[21] 

Moreover, macrocycles can bury polar functional groups leading to a higher membrane 

permeability, as in comparison to their linear analogues, improving the bioavailability of these 

compounds. Likewise, cyclic products normally display a superior proteolytic stability.[22] 

Considering all these advantages of macrocyclic natural products, it is not surprising that 

current macrocyclic drugs are nearly always of natural origin. However, in contrast, this 

compound class has so far only been poorly explored within drug discovery.[22] The major 

reason for this discrepancy, tragically, is the advantageous structural complexity of these 

compounds, making them hardly accessible by chemical synthesis.  

Within the class of macrocyclic natural products, the subclass of macrocyclic peptides is of 

outstanding interest. A vast number of macrocyclic peptides are already in clinical use as potent 

chemotherapeutics. Among them, the class of macrocyclic antibiotics ranks as one of the most 

successful drug classes. Famous members of this class are for example Vancomycin[23] (1) and 

Daptomycin[24] (2) (Figure 1).   

Vancomycin, a macrocyclic glycopeptide antibiotic, was first isolated in 1952 from 

Streptomyces orientalis by Kornfield and shows remarkable bioactivity against gram-positive 

bacteria including penicillin-resistant Staphylococcus aureus (MRSA). Several total syntheses 

of Vancomycin (1) have been established so far and since 1958 it has been approved by the 

U.S. Food and Drug Administration for clinical use.[25-27] Till today Vancomycin (1) is one of 

the ‘blockbusters’ of the pharmaceutical industry. 

A more recent cyclic lipopeptide antibiotic in clinical use is Daptomycin (2), first isolated from 

Streptomyces roseosporus which was approved by the U.S. FDA in 2003.[24] Daptomycin (2) 
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depolarises the membrane of gram-positive bacteria and inhibits the bacterial biosynthesis of 

proteins, DNA and RNA.[28] 

 

 

Figure 1. Chemical structures of Vancomycin (1) and Daptomycin (2). 

 

The outstanding bioactivities of these two compounds are mostly attributable to their high 

complexity, although it is also this complexity that limits their pharmaceutical use due to 

synthetic intractability.[29] It is obvious that a chemical synthesis of such natural products is 

highly challenging. It is nevertheless very important to have a well-established synthetic route 

at hands, e.g. to study their structure-activity-relationships, for example by taking advantages 

of the entire chemical toolbox that is available.  

 

2.1.1 The natural product Zelkovamycin 

The macrocyclic heptapeptide Zelkovamycin (3) was first isolated in 1999 from the culture 

broth of Streptomyces sp. K96-0670 by the Ōmura group during their search for new bioactive 

natural products of microbial origin.[30] Actinobacteria, especially their largest genus 

Streptomyces,[31] have been proven to be a versatile source of bioactive compounds, e.g. for 

antibiotics, fungicides, bactericides or immunosuppressants.[32] 

Zelkovamycin displayed antimicrobial activity against Xanthomonas oryzae, Acheoleplasma 

laidlawii, Staphylococcus aureus, and Pyricularia oryzae, suggesting that this compound could 

represent a promising starting point for developing novel antibiotics. Unfortunately, no further 

biological evaluations of Zelkovamycin’s bioactivity, e.g. in cancer cell lines or other biological 

systems have yet been reported. 

Besides the isolation and the first very general biological assays, the same group also published 

in the same year the first structure elucidation of Zelkovamycin and assigned its structure as 

presented in Figure 1.[1] Accordingly, Zelkovamycin is a cyclic heptapeptide with an interesting 
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chemical structure, containing various rare and unusual amino acids. However, the 

stereochemistry of the natural product was not assigned at this time by the Ōmura group. Of 

note, the structure elucidation that led to the proposed molecular structure of Zelkovamycin will 

be discussed in more detail in section 4.1. 

 

 

Figure 1. Proposed chemical structure of Zelkovamycin (3) as assigned by Tabata et al. in 1999.[1] 

 

Zelkovamycin shares several structural elements also found in other bioactive natural 

compounds that played a prominent role in drug discovery.  

The thiazole moiety for example is present in a broad variety of thiopeptide antibiotics such as 

Thiostrepton (4),[33] Dolastatin 3 (5)[34] or Promothiocin A (6)[35] (Figure 2). These structurally 

complex, bioactive natural compounds are also secondary metabolites of actinomycetes and 

share similar biological activities such as efficient inhibition of the protein biosynthesis in 

gram-positive bacteria, including methicillin-resistant Staphylococcus aureus (MRSA).[36] 

 

 

Figure 2. Chemical structures of Thiostrepton (4), Dolastatin 3 (5) and Promothiocin A (6). 

 

Zelkovamycin furthermore harbours a 2-methyl dehydro threonine residue, a so far 

unprecedented amino acid in a peptide natural product. This unusual building block therefore 
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turns Zelkovamycin into a unique natural product and thus a challenging target in chemical 

synthesis. It also raises the question on the role of this so far undescribed moiety for bioactivity. 

Of note, less complex α-methyl or α,α-dimethyl amino acids have been described in only a few 

small molecule natural products like Sphingofungin F (7)[37] or Chlamydocin (8)[38] (Figure 3). 

These compounds have been reported to show antifungal, immunosuppressive or neurotrophic 

properties.[39]  

 

Figure 3. Chemical structures of Sphingofungin F (7) and Chlamydocin (8). 

 

In addition, α-methyl-substituted amino acids provide improved stability against proteolytic 

enzymes and have major impacts on the native structure of macrocyclic peptides by backbone 

rigidification, as recently reported by Thansandote et al..[40] Furthermore, Thansandote et al. 

also showed that α-methyl amino acids significantly improve the membrane permeability of 

macrocyclic peptides, even much stronger than N-methylated amino acids which are more 

commonly widespread in natural products.[40] 

 

The proposed 7-methoxy tryptophan residue of Zelkovamycin represents another very rare 

amino acid. Indeed, structurally related natural products usually harbour a 4-methoxy 

tryptophan residue. A direct comparison of Zelkovamycin’s molecular structure with other 

natural products reveals the Argyrins as a structurally very similar natural product class. The 

Argyrin natural product family currently consists of eight cycloheptapetide members 

(Argyrin A-H) (Figure 4).[41] Out of this eight macrocyclic natural products, seven are 

harbouring a 4-methoxy tryptophan moiety. A 7-methoxy tryptophan is not present in this 

family which again highlights the uniqueness of Zelkovamycin. 

Interestingly, Chen et al. performed a study on the impact of the methoxy tryptophan residue 

of the Argyrins for bioactivity and found that derivatives lacking the 4-methoxy tryptophan 

residue had a significant loss of biological activity. A 5-methoxy tryptophan was tolerated, but 

also showed decreased activity in direct comparison to Argyrin A (9).[42] Again, these results 

indicate that the proposed 7-methoxy tryptophan residue of Zelkovamycin is rather unusual. 
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2.1.2 The natural product family of the Argyrins 

   

Figure 4. Chemical structures of the Argyrin natural product family.  

 

The natural product family of the Argyrins was first isolated in 2002 from the culture broth of 

strains of the myxobacterium Archangium gephyra by Sasse et al. who identified them as 

macrocyclic heptapeptides.[43] First biological evaluations by Sasse and co-workers revealed 

promising antibiotic activities, growth inhibition of mammalian cell cultures and especially 

Argyrin B as a potent inhibitor of T-cell independent antibody formation by murine B cells.[43] 

Shortly after the first isolation of the Argyrins, Vollbrecht et al. assigned the structures of all 

eight family members as shown in Figure 4.[41] 

With the structures elucidated and encouraged by the promising biological properties, several 

total syntheses of the Argyrins and derivatives thereof have been established so far. The first 

total synthesis of Argyrin B (10) was published by Ley et al. in 2002,[44-46] followed by the 

synthesis of Argyrin F (15) by Bülow et al. in 2010,[47] Argyrin A (9) and E (14) by Wu et al. 

in 2011[48] and a synthesis of derivatives of Argyrin A (9) with a diversely substituted 

tryptophan residue by Chen et al. in 2014.[42] These total syntheses confirmed the previously 

made structure assignment by Vollbrecht et al..[41] 

Besides synthetic studies, further biological evaluations of Argyrins have been carried out and 

revealed new bioactivities. In 2008, Nickeleit et al. identified Argyrin A (9) as a proteasome 

inhibitor and reported an influence of Argyrin A (9) on the stability of the tumour suppressor 

protein p27Kip1.[49] Nickeleit et al. therefore proposed that Argyrins induce a stabilisation of the 

cellular levels of the tumour suppressor protein p27Kip1 by direct inhibition of the proteasome, 

thereby inducing cytotoxicity.[49] In 2012 Neyfeler et al. however identified the mitochondrial 

elongation factor G (EF-G1) as the cellular target of Argyrin B (10) and proposed that Argyrin 

application causes a shutdown of mitochondrial protein biosynthesis, thereby inducing the 

observed cytotoxicity in yeast and tumour cells.[50] 

 

Argyrin R1 R2 R3 R4 

A (9) CH3 H OCH3 H 

B (10) CH3 H OCH3 CH3 

C (11) CH3 CH3 OCH3 H 

D (13) CH3 CH3 OCH3 CH3 

E (14) CH3 H H H 

F (15) CH2OH H OCH3 H 

G (16) CH2OH H OCH3 CH3 

H (17) H H OCH3 H 
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To date, no further studies on the bioactivity of Argyrins have been made. It is therefore unclear 

if both proposed modes-of-action are linked or if only one of the two hypotheses is correct.  

 

2.2 Proteasome-targeting natural products and their use in chemotherapy 

Within the clinical application of natural products, cancer treatment is of outstanding 

importance. Not a few natural compounds have proven activities against cancer cell lines and 

have become powerful drugs in chemotherapy. Nevertheless, there is still a constant need for 

new therapeutics to overcome uprising resistances and to reduce unwanted side effects. As 

inspired by the reported biological activities of the Argyrins, our attention regarding the 

biological evaluation of Zelkovamyvin (3) was drawn to cancer treatment. The biological 

evaluation of Argyrin A (9) by Nickeleit et al. revealed the proteasome as a target.[49] The 

proteasome plays a pivotal role within the ubiquitin-proteasome system (UPS), and represents 

a very important target in anticancer chemotherapy. 

The two most prominent proteolytic pathways to eliminate proteins from cells are the 

ubiquitin-proteasome system,[51] first described by W. Matthews et al.[52] and the lysosomal 

pathway.[53] In the UPS, proteins are marked for degradation by polyubiquitination via an 

enzymatic cascade (E1-E3). The number and position of the attached ubiquitin tags at the 

protein either mark proteins for specific transport pathways[54] or function as recognition tags 

for the proteasome which degrades the ubiquitinated protein down to small peptides with an 

average length of 6-9 amino acids[55] (Figure 5). 

The proteasome itself is a large 2000 kDa multiprotein complex known as the 26S proteasome 

that is built up from two main units:[56] The main parts of the proteasome are the barrel-shaped 

20S core structure containing the different proteolytic active sites and the 19S caps with 

regulatory and recognition functionalities.[57] The combined complex of one 20S core and two 

19S regulatory caps form the 26S eukaryotic proteasome system. The regulatory particle 

consists out of two subunits, a lid-like unit and a base unit constructed out of smaller particles. 

The lid-like unit controls the access of ubiquitinated proteins by recognising and cleaving the 

installed ubiquitin tags. The function of the base unit is the unfolding of such recognised 

proteins and the regulation of the access to the proteolytic inner active core of the 20S unit.[58] 

The core unit itself consists out of four stacked rings, two α-rings and β-rings. The outer α-rings 

consists out of seven different α-subunits (α1-7). 
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Figure 5. Schematic overview of the ubiquitin-proteasome system (UPS).  

The ubiquitin-proteasome system consists of various factors that either overtake ubiquitination of target proteins 

(enzymes E1 – E3) or proteolysis of ubiquitin-marked proteins (proteasome) (modified from Tisdale et al.[55]). 

 

The α-rings are providing stability for the 20S core, play a major role during the maturation 

process of the proteasome and work in combination with the base unit of the regulatory cap for 

translocating the unfolded proteins into the catalytic active β-rings. The inner two β-rings, 

similar to the α-rings, are also composed out of seven subunits (β1-7). The β-units harbour the 

proteolytic activities which are located on the inner side of the assembled 20S barrel.[59]  

 

 

Figure 6. Overview on the architecture of the eukaryotic proteasome. 

A) Schematic layout of the 26S proteasome. B) Schematic construction of the 19S and 20S units.[60]  
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In total, the β-units contain three different peptide bonds cleaving catalytic activities. A 

caspase-like (cleaving after acidic amino acids, Asp or Glu) activity is localised at the β1 unit, 

a trypsin-like (after Lys or Arg) at β2 and a chymotrypsin-like (cleaving after hydrophobic 

residues, Trp, Tyr, Phe) is found at β5. A schematic construction of the 26S proteasome and its 

subunits are shown in Figure 6.[60] 

The ubiquitin-proteasome system is involved in almost all metabolic processes. It plays a role 

in inflammatory processes,[61] immune responses,[62] cell cycle control,[63] the response to 

cellular stress,[64] apoptosis,[65] regulation of gene expression,[66] DNA repair[67] and is of 

particular interest in cancer research.[68-71]  

Inhibition of the ubiquitin-proteasome system, e.g. by inhibiting the proteasome is an 

established strategy for the development of certain chemotherapies. The direct inhibition of the 

proteasome activity has become of particular interest and turned the proteasome into a 

promising drug target for novel anticancer therapies. Proteasome inhibitors have proven to be 

effective anticancer drugs, like Bortezomib (18), a peptide boronic acid and the first approved 

and commercialised proteasome inhibitor for  human treatment in chemotherapy in 2003.[72] 

Since 2003 several other proteasome inhibitors besides Bortezomib (18) have been proved for 

human treatment or are currently in clinical trials like Carfilzomib (19), Oprozomib (20), 

Ixazomib (21) or Marizomib (22) (Figure 7).[73] 

 

 

Figure 7. Chemical structures of proteasome inhibitors currently in clinical trials or already approved.  

 

So far, mainly nine subclasses of proteasome inhibitors have been identified: Syrbactins, 

peptide aldehydes, boronates, epoxyketones, α-ketoaldehydes, vinyl sulfones, β-lactones, 

macrocyclic vinyl ketones, flavonoids and cyclic peptides.[74-75] Despite these advances, 

alternative proteasome inhibitors are still highly sought. Natural products have proven to be a 
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very fruitful source of new proteasome inhibitors. A small selection of nature-derived 

proteasome inhibitors which are recently evaluated or in experimental use is shown in Figure 

8. The displayed examples are representing the classes of the Syrbactins with Syringolin A 

(23)[76] and Glidobactin A (24)[77] but also the epoxyketone epoxomicin (25)[78] and the β-

lactone Belactosin A (26).[79]  

 

Figure 8. Chemical structures of proteasome inhibitors of natural origin.  

 

Although naturally-derived molecules are often of higher complexity, they often have superior 

pharmacological properties, in particular those natural products based on a macrocyclic 

structure. Accordingly, macrocyclic nature-derived proteasome inhibitors appear as molecules 

of particular interest for drug development and might offer the opportunity to overcome some 

clinical limitations for actually applied drugs in cancer treatment.[80] Some macrocyclic natural 

products with a biological effect at the proteasome are for example Cyclosporin A (27),[81] 

Argyrin A (9)[49] or the highly complex natural product Thiostrepton (4)[82] (Figure 9). 

 

 

Figure 9. Macrocyclic natural products with an inhibitory effect on the proteasome. 
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2.3 Chemical synthesis of macrocyclic peptides 

 

2.3.1 Peptide chemistry in total synthesis 

Peptide chemistry plays an important role in the total synthesis of natural products. A broad 

variety of fungi,[83] bacteria,[84] plants,[85] animals[86] and marine organism like tunicates[87] or 

sponges[88] produce innumerable bioactive peptides. These natural products have become of 

particular interest in drug discovery and therapeutic applications.[9] 

More than a few of this nature-derived compounds are macrocyclic, complex peptides 

containing all sorts of amino acids, from canonical to non-canonical analogues, including 

D-configured amino acids or α, β-dehydro amino acids.  

This vast variety of possible amino acids results in a broad structural diversity that translates 

into different biological functions of the compounds. Non-canonical or D-variants of amino 

acids, for example, increase the stability against degradative enzymes,[89] while dehydro amino 

acids can reduce the entropic cost of target binding (via rigidification of the small molecule) 

and may stabilise unusual conformations which may lead to higher and more specific target 

affinity.[90] Sterically hindered amino acids, like α-methyl amino acids with a saturated α-sp3 

centre, can have a major impact on the structure of the peptide. Particularly in macrocyclic 

compounds, α-methyl amino acids have remarkable effects on the twisting and rigidity of the 

macrocyclic backbone.[40] 

Besides the synthesis of these unusual amino acids which if often underestimated and can be 

quite complex, efficient peptide coupling strategies are inevitable. Quite frequently, the 

incorporation of such unusual amino acids leads to a dramatic decrease of the peptide coupling 

efficiency.  

To achieve acceptable coupling yields in these cases, an elaborated coupling strategy involving 

problem-specific coupling and activation reagents are needed. In addition, non-canonical amino 

acids often have specific relativities or functionalities which have to be integrated into a 

practical synthesis strategy, including the establishment of an orthogonal protecting group 

scheme.  

 

2.3.1.1 Amide bond formation 

The most important reaction in peptide synthesis is the formation of an amide bond between 

two single amino acids. The corresponding peptide coupling reaction is a condensation reaction 



2. THEORETICAL BACKGROUND 13 
 

 

which fuses two reaction partners to a single product by releasing one equivalent of water for 

each coupling reaction (Figure 10). 

To carry out a peptide coupling reaction within a chemical synthesis strategy, several 

preparations are required: The starting amino acids have to be protected at the non-participating 

functional groups. As shown in Figure 10, amino acid B has to this end a protected carboxylic 

acid moiety, usually in the form of an ester residue. Likewise, amino acid A harbours an 

N-terminal, orthogonal protection group, such as a Boc- or Fmoc-group. In addition, the 

carboxylic acid of amino acid A has to be activated prior to the coupling reaction. The peptide 

bond formation itself is characterised by an addition/elimination mechanism in which the 

unprotected N-terminal amine of amino acid B attacks the activated carbonyl group of A’, 

followed by an elimination of the leaving group, thus forming the C- and N-terminal protected 

dipeptide A-B. Further selective deblocking of the protecting groups of A-B offers the 

possibility to carry out additional peptide couplings to generate more complex polypeptides.[91] 

 

 

Figure 10. Peptide coupling procedure (in solution synthesis) of amino acid A & B with prior activation of the 

carboxylic acid of amino acid A, thus generating the protected dipeptide A-B. 

 

The activation of the carboxylic acid can be carried out with a broad variety of activation 

methods, e.g. via mixed anhydrides,[92] acyl azides[93] or halides,[94] carbodiimides,[95] or most 

commonly by active esters.[96]  

A widely used coupling reagent combination for solution peptide synthesis is EDC (28) and 

HOBt (29). EDC (28) as well as the urea EDU (30) that is formed during the reaction are easily 

protonated in aqueous acidic solutions and can thus straightforwardly removed during an 

aqueous workup. In the first step of the activation, the carbodiimide EDC (28) reacts with the 

carboxylic acid and forms an O-acylisourea species as an intermediate which directly reacts 

with HOBt (29) to the corresponding HOBt-active ester and the urea derivative EDU (30) as a 
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side product. The nucleophilic attack of the amine of the second amino acid then forms the 

amide bond under release of HOBt (29) (Figure 11). 

 

 

Figure 11. Mechanism of peptide bond formation using the carbodiimide EDC (28) and HOBt (29) to form the 

reacting active ester of amino acid A reacting with amino acid B to the dipeptide A-B. 

 
A demanding problem during peptide couplings is the risk of racemization (Figure 12). The 

formed O-acylisourea easter is sensitive to epimerization. The addition of HOBt (29) helps to 

overcome this issue because of a very fast formation of a corresponding active ester which is 

no longer prone to racemization. In addition, HOBt (29) is slightly acidic, which also assists in 

preventing racemization. 

 

Figure 12. Base induced racemization mechanism via oxazolone-formation as a slow concurrent reaction to the 

formation of active esters.[91] 

 

Another problem during peptide synthesis is the possible formation of diketopiperazines. The 

formation of these cyclic compounds will be addressed later within the discussion of amino 

acid syntheses (2.3.2.1.1). 
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2.3.1.2 Coupling reagents 

A broad variety of different coupling reagents featuring diverse properties are available 

nowadays and are individually applied to various coupling problems such as peptide couplings 

on N-methylated, unusual or sterically hindered amino acids. A selection of coupling reagents 

frequently used in peptide coupling reactions is shown in Figure 13. 

 

 

Figure 13. Representatives of different coupling reagent classes.

 

2.3.2 Amino acid syntheses 

Diverse protocols for the syntheses of amino acids have been published in the past. These 

syntheses still remain very often the only access to unusual or non-proteinogenic amino acids. 

Typical examples are the Erlenmeyer azlactone synthesis,[97] Gabriel-,[98] Strecker-[99] or the 

Bucherer-Bergs hydantoin synthesis.[100] 

During this work, the main attention was drawn onto the synthesis of α-methyl amino acids and 

diversely substituted tryptophans. Accordingly, a few illustrative examples of these syntheses 

are presented in more detail.  

 

2.3.2.1 α-Methyl amino acid syntheses 

α-Methyl amino acids are relatively rare, unusual, non-proteinogenic amino acids, in contrast 

to their quite common N-methylated counterparts. α-Methyl amino acids provide a quaternary 

α-sp3 centre which rigidifies the backbone of macrocyclic peptides and increases their stability 

against proteolysis.[40] Zelkovamycin contains an α-methylthreonine derivative which is, due to 

its uniqueness, of particular interest and represents one of the synthetical challenges in the 

synthesis of Zelkovamycin.  

Reagent Class 

NHS-Ester Active esters 

CC Chlorinating reagents 

CIP Aminium reagent 

HDmPyODC Oxyma uranium salts 

BEMT Pyridinium reagent 

DIC Carbodiimide 

HBTU Tetramethyl aminium salts 

HATU Tetramethyl aminium salt 

PyBOP Phosphonium salts 

BTFFH Fluorinating reagents 
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Several approaches to afford α-substituted amino acids have already been reported and are here 

shortly discussed. 

 

2.3.2.1.1 Synthesis of α-methyl amino acids via diketopiperazines 

A convenient synthesis of α-methyl amino acids with remarkable atom-economy was published 

in 2009 by Balducci et al..[101] Balducci and coworkers used the diketopiperazine route towards 

α-methyl amino acids that delivered two equivalents of the desired α-methyl amino acid from 

one equivalent of diketopiperazine (Scheme 1). 

To this end, chloroacetyl chloride (31) was coupled with (S)-phenyl ethylamine to (32). Basic 

reaction conditions then yielded the diketopiperazine (33). Subsequent alkylation furnished a 

diastereomeric mixture of (34) and (35), with the (3S) compound (35) produced in slight excess. 

A second alkylation gave the dialkylated diketopiperazine (36). This key compound was 

subsequently alkylated again twice in a one-pot reaction to obtain the tetra-alkylated 

diketopiperazine (37). Hydrolytic cleavage of (37) afforded the α-methyl amino acid (38) as the 

final product. For every equivalent of (37), two equivalents of the desired amino acid were 

obtained. 

 

Scheme 1. Synthesis of α-methyl amino acids from Balducci et al.: (a) Na2CO3, H2O/acetone; (b) NaOH, CH3CN; 

(c) metalation with 1 M LHMDS, THF, R-X; (d) metalation with 1 M LHMDS, THF, R-X; (e) metalation with 

1 M LHMDS, THF, CH3I; (f) HI, reflux.[101] 
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2.3.2.1.2 α-Methyl amino acids via oxazoles 

Watts et al.[102] optimised in 2004 a synthesis procedure of α-methylthreonine via an oxazole 

(Scheme 2); a similar approach was initially reported by Seebach et al.[103] in 1987. 

In the first step of this synthesis, H-(L)-Thr-OMe hydrochloride salt (39) was reacted with ethyl 

benzimidate hydrochloride (40) to generate a dihydrooxazole (41). A subsequent 

stereo-controlled methylation afforded (42). The methylated dihydrooxazole was hydrolyzed 

under acidic conditions and the corresponding α-methylthreonine ester (43) was obtained as the 

final product. 

 

Scheme 2. α-Methyl threonine synthesis: (a) Et2O, H2O, rt; (b) Li(i-Pr)2N, THF, hexane, CH3I; (c) 6 M HCl, 

purification, recrystallization (H2O/EtOH/Et2O).[102] 

 

2.3.2.1.3 α-Methyl amino acids via tricyclic iminolactones 

A rather new synthesis of α-methyl amino acids was published in 2011 by Lu and Lin.[104] They 

used carane-based alanine-equivalent tricyclic iminolactones to synthesise various α-methyl 

amino acids (Scheme 3). 

Starting with (1S)-(+)-3-carene (44), first an osmium tetroxide-mediated dihydroxylation was 

carried out and afforded the corresponding diol (45). In the next step, they oxidised 

regioselectively one of the two hydroxyl groups utilising IBX in the presence of a stoichiometric 

amount of acetic acid, thereby yielding compound (46). (46) Has an auxiliary-like character 

which played a significant role during the further synthesis. Subsequent esterification of the 

remaining hydroxyl group with Z-DL-Ala-OH, followed by deprotection and spontaneous 

cyclisation afforded iminolactone (47). Iminolactone (47) was further alkylated to obtain (48). 

Basic hydrolysis of (48) then yielded the desired α-methyl amino acid derivative (38) in very 

good yield and excellent ee. 
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Scheme 3. α-Methyl amino acid synthesis by Lu and Lin: (a) 1% OsO4, Me3NO, THF/H2O/acetone, reflux; 

(b) IBX, HOAc, MeCN, rt; (c) i. Z-DL-Ala-OH, DCC, DMAP, DCM, rt; ii. H2, Pd/C, MeOH, rt. (d) i. 50% KOH(aq), 

TBAB, PhMe, rt; ii. R-Br, rt. (e) 8 N HCl, 90 °C.[104] 

 

2.3.2.1.4 Shao’s enantioselective synthesis of α-methylthreonine  

Shao et al. presented in 1997 a suitable enantioselective synthesis protocol to afford 

α-methylthreonine (Scheme 4).[105]  

They started their synthesis from benzyl tiglate (49) and performed an asymmetric Sharpless 

dihydroxylation to obtain the corresponding diol (50). The diol (50) was subsequently 

transformed into the cyclic sulphate (51) via a cyclic sulphite generated with thionyl chloride 

and a RuCl3 mediated oxidation utilising NaIO4. The corresponding cyclic sulphate was opened 

by a nucleophilic attack of NaN3 at the α-carbon. This reaction occurred under an inversion of 

the chirality at the α-centre. Acidic hydrolysis subsequently yielded an α-azido ester (52) that 

was catalytically hydrogenated resulting in the optical pure α-methylthreonine (53) as the 

desired product. 

 

 

Scheme 4. α-Methylthreonine synthesis by Shao et al.: (a) Sharpless AD, (AD-mix-α); (b) i. SOCl2, DCM; 

ii. NaIO4, RuCl3; (c) i. NaN3, acetone, H2O ii. 20% H2SO4, ether; (d) H2, MeOH, Pd-C.[105] 
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2.3.2.2 Tryptophan syntheses  

Besides the α-methylthreonine analogue, Zelkovamycin harbours an elaborated methoxy 

tryptophan which also had to be generated by chemical synthesis. Accordingly, a selection of 

versatile tryptophan syntheses is here shortly summarised. 

 

2.3.2.2.1 Strecker synthesis of methoxy tryptophans 

Chen et al. developed a convenient synthesis route to substituted tryptophans for their total 

synthesis of Argyrin analogues in 2014.[42] The Chan group achieved a robust Strecker amino 

acid synthesis strategy which enables access to several substituted tryptophans. The synthesis 

tolerates various substituents at the aromatic core of the tryptophan (e.g. methoxy-, methyl-, 

ethyl groups and halogens) and gives the desired products after seven synthetic steps (Scheme 

5). The synthesis starts with a Vielsmeier-Haack formylation of an indole (54) that features the 

corresponding substitution and constitution pattern of the desired final tryptophan. The 

resulting 3-formyl indole (55) was used in a Wittig homologation reaction to extend the 

installed formyl side chain by one carbon atom. The in-situ formed enol ether was thereby 

directly transferred into the corresponding homologous aldehyde (56) by acid-catalysed 

hydrolysis. Subsequent application of Strecker-conditions yielded the corresponding α-amino 

nitrile (57). For obtaining stereoselectivity, a chiral auxiliary was used that resulted in the 

formation of the favoured diastereomer in a ratio of 2-3:1.  

 

Scheme 5. Synthesis of methoxy tryptophans by Chen et al.: (a) POCl3, DMF; (b) i. Ph3PCH2OCH3, 0 °C, n-BuLi, 

0 °C, rt; ii. HCl, THF, reflux; (c) Chiral Auxiliary NaCN, AcOH, MeOH, rt; (d) H2O2, K2CO3, DMSO, rt; (e) 

separation of diastereomers; (f) Pd/C, HCO2NH4, MeOH, reflux; (g) 1M HCl, reflux.[42] 
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Conversion of the obtained mixture (58) to the corresponding α-amino amides, followed by 

separation of the diastereoisomers led to the desired tryptophan precursor (59). Final deblocking 

of the N-terminus and conversion of the amide (60) under acidic conditions yielded the final 

tryptophan derivative (61). Despite the possible variability and robustness, the synthesis also 

has crucial drawbacks. For example, the route suffers from its fairly long linear strategy 

combined with several steps of moderate yields, the formation of undesired side products and 

labor-intensive separation procedures. 

 

2.3.2.2.2 Mannich-like synthesis of 4-methoxy tryptophans  

During the total synthesis of Argyrin B, Ley et al. developed in 2002 a 4-methoxy tryptophan 

synthesis via an enzymatic resolution route using penicillin G acylase.[44] 

The established synthesis yielded 4-methoxy tryptophan within six steps and was carried out 

exclusively for this tryptophan derivative (Scheme 6). 

Similar to Chen, Ley started with a methoxy substituted indole (62) which was transferred in a 

Mannich-like reaction to the analogous garmine derivative (63) followed by methylation and 

quenching with the corresponding enolate of 2-phenylacetylaminomalonic acid diethyl ester, 

thereby yielding (64). The saponification of the obtained diester, followed by a decarboxylation 

then led to the racemic mixture of the desired phenylacetamide derivative (65). This 

intermediate (65) was treated with penicillin G acylase affording, after workup and attachment 

of the Cbz group, the desired Cbz-protected 4-methoxy tryptophan (66). 

 

 

Scheme 6. Synthesis Cbz-protected 4-methoxy tryptophan by Ley et al.: (a) CH2NMe2I, MeCN, rt; 

(b) i. (C2H5O2C)2CHNHCOCH2Ph, EtONa ii. Me2SO4, EtOH, rt; (c) i. NaOH, MeOH/dioxane, 50 °C; ii. dioxane, 

100 °C; iii. NaOH, MeOH/dioxane, 50 °C; (d) immobilised penicillin G acylase, MeOH/H2O, rt; (e) Cbz-Cl, 

NaHCO3, THF/H2O, rt.[44] 
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2.3.2.2.3 Mori-Ban-Hegedus approach to 4-methoxy tryptophan  

In 2009 Ma et al. published a modified version of their synthesis towards methoxy-substituted 

indole alkaloids which also offers a versatile access to 4-methoxy tryptophans.[106] This 

synthesis combines the Mori-Ban-Hegedus indole synthesis,[107] a hetero annulation reaction, 

and the Schöllkopf-synthesis of amino acids leading to a 4-methoxy tryptophan in five steps 

(Scheme 7). 

The synthesis started with an aryl iodide (67) which was alkylated and subsequently 

transformed by the Mori-Ban-Hegedus indole synthesis to the corresponding 

3-methylindoline (68), followed by a radical bromination yielding the analogous 

3-bromomethly indole (69). Subsequent coupling with the Schöllkopf chiral auxiliary produced 

the bislactim (70). The Schöllkopf reagent and the Boc-protection were removed under acidic 

conditions yielding 4-methoxy tryptophan ethyl ester (72) as the final product.  

 

 

Scheme 7. Synthesis 4-methoxy tryptophan ethyl ester by Ma et al.: (a) i. NaH, DMF, allyl bromide, 0 °C to rt; 

ii. Pd(OAc)2, PPh3, Ag2CO3, DMF, rt; (b) AIBN, NBS, CH, reflux; (c) BuLi, THF, -78 °C; (d) 2N HCl, rt; 

(e) HCl/CHCl3.[106] 

 

2.3.2.2.4 Larock synthesis of 7-methoxy-D-tryptophan 

In 2006, the Cook group established a 7-methoxy-D-tryptophan synthesis for their synthesis of 

12-methoxy-substituted Sarpagine indole alkaloids.[108] 

For this approach, the Larock heteroannulation[109] was used, again in combination with the 

Schöllkopf amino acids synthesis (Scheme 8). 

As starting material, 2-iodo-6-methoxyaniline (77) was reacted with the previously prepared 

propargyl-substituted Schöllkopf auxiliary (75) under Larock conditions to form the 
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TES-protected bislactim (78). After cleavage of the Schöllkopf auxiliary, the corresponding 

7-methoxy-D-tryptophan (79) was obtained in excellent yields (Scheme 8). 

 

 

Scheme 8. Synthesis of 7-methoxy tryptophan by Zhou et al.: (a) n-BuLi, THF, -78 °C; (b) Pd(OAc)2, K2CO3, 

LiCl, DMF, 100 °C; (c) 2 N HCl, THF, rt.[108] 

 

2.3.2.2.5 Synthesis of functionalized tryptophans via heteroannulation 

Jia and Zhu published in 2006 a synthesis protocol of highly functionalized indoles and 

tryptophans.[110] In their approach, a direct one-pot heteroannulation reaction of a glutamic acid 

derived aldehyde (80) with diverse ortho-haloanilines was the key step in the  synthesis of 

substituted tryptophans (Scheme 9). 

Variable substituted o-iodoanilines (81) were used as starting materials and directly reacted in 

a one-pot reaction converted with the prior prepared aldehyde (80) to the corresponding 

di-Boc-protected tryptophan derivatives (86).  

The synthesis developed by Jia and Zhu represents one of the most versatile and flexible 

synthesis routes for generating substituted tryptophans available so far. A very broad variety of 

methoxy tryptophans is accessible by simply varying the aniline derived starting material and 

can be carried out in one step. 

By slight adaptation of the reaction conditions even chloro- and bromo-substituted anilines are 

tolerated as starting materials. 

Because of the broad flexibility and the versatile synthesis protocol, this synthesis was chosen 

to synthesise the methoxy tryptophan residues present in Zelkovamycin. 
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Scheme 9. Synthesis of several methoxy tryptophans by Jia and Zhu: (a) Pd(OAc)2, DABCO, DMF, 85 °C.[110] 

 

2.3.3 Peptide macrocyclization 

More than a few total syntheses of natural product-derived cyclopeptides require a 

macrocyclization at a very late stage of the synthesis, not uncommonly as the last step. This 

turns the cyclisation step into a key step in most syntheses and has to be planned and carried 

out carefully. In fact, a low-yielding cyclisation step has a major impact on the success and 

overall yield of the total synthesis. 

Accordingly, peptide macrocyclizations have been widely investigated and extensively 

reported in the literature.[111-115] 

An important factor for a successful macrocyclization is the ring closure site that needs to be 

planned carefully and incorporated wisely into the envisioned synthesis strategy. An unsuitable 

disconnection site may lead to slow cyclisation rates, unwanted dimerization or epimerization 

of the C-terminal residue. All these factors inevitably will lead to low yields.[116] 
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Humphrey et al. summarised several guidelines for macrocyclization and outlined them in four 

versatile rules:[116]   

 

I. Cyclisation side should not be sterically hindered. 

- No N-alkyl, α-α-disubstituted or β-branched amino acids like Val, Ile (an 

exception to this rule is a cyclisation at proline). 

II. Cyclisation should be carried out between a D- and an L-residue. 

- Faster cyclisation than the corresponding cyclisation between two 

residues of the same configuration. 

- Ideal is a D-residue at the N-terminus. 

III. Intrachain hydrogen bonds can support cyclisation. 

- Useful if assigned and investigated by X-ray studies prior to the total 

synthesis. 

IV. Turn-inducing structures such as Gly or secondary amides support a cyclisation. 

- The turn-inducing moiety should reside midway along the cyclisation 

precursor, if possible. 

 

Schmidt and Beutler could illustrate the dramatic effect of choosing different ring closure 

positions during their synthesis of the cancerostatic peptide WF-3161 (87) and a model peptide 

thereof (88) (Figure 14).[117] 

 

Figure 14. Chemical structure of WF-3161 (87) and its corresponding model peptide (88). Different ring closure 

points and the corresponding cyclisation yield for a specific position.[117] 
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3. AIMS OF THE PHD PROJECT 

Within this PhD thesis, several chemical biology investigations on the cyclopeptide natural 

product Zelkovamycin were undertaken.  

The first aim was to fully assign the structure of Zelkovamycin. This structure assignment 

should include the stereochemical configuration of all amino acids of Zelkovamycin as well as 

a simultaneous validation or revision of the proposed constitution of Zelkovamycin.[1]  

The second goal was the development of a versatile synthetic route to Zelkovamycin that allows 

the complete total synthesis of this natural product.  

The third object of this work was to chemically and biologically compare Zelkovamycin with 

the members of the natural product family of the Argyrins.[41] Such a comparison should allow 

proposing Zelkovamycin as a member or non-member of the Argyrin natural product family.  

The fourth target of the project was a first biological evaluation of Zelkovamycin in human 

cancer cell cultures. This should allow first insights into a potential biological application of 

this compound class.[49] 

Finally, the fifth aim of this thesis was the total synthesis of several derivatives of Zelkovamycin 

as a starting point for further biological evaluations and for deducing the structural determinants 

of bioactivity. 

 

4. RESULTS AND DISCUSSION 

 

4.1 Structure assignment of Zelkovamycin 

The first structure assignment of Zelkovamycin was published in 1999 by Tabata et al..[1] 

Tabata and coworkers achieved their structure elucidation of the isolated natural compound by 

the use of various 1D & 2D NMR experiments. Their work resulted in a structure proposal in 

which Zelkovamycin is a cyclic heptapeptide similar to the structures of two other, previously 

reported natural product families, i.e. the Argyrins[41] and the antibiotics A21459 A and B[118] 

(Figure 15). Vollbrecht et al.[41] could show in 2002 during their intense work at the structure 

elucidation and stereochemical assignment of the Argyrins that the experimental NMR data of 

the previously by Ferrari et al.[118] reported peptide antibiotics A21459 A and B are identical to 

those of Argyrin A and B. These findings led to a revision of the proposed structure of these 

two compounds, i.e. the originally proposed 5-methoxy tryptophan residue was revised to a 
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4-methoxy tryptophan. This demonstrates the difficulties of a precise assignment of a methoxy 

tryptophan without a comparison sample available for NMR analysis.  

The stereochemistry of the chiral centres of Zelkovamycin could not be assigned by 

Tabata et al..[1] Until now, no assignment of the stereochemistry of Zelkovamycin has been 

published.  

 

 

                                                   

Figure 15. Structure comparison of Zelkovamycin with similar natural products. A) Structure of Zelkovamycin 

with undefined stereochemistry, as reported by Tabata et al..[1] B) Structures of Argyrin A-H.[41] C) First reported 

structures of A21459 A-B by Ferrari et al.[118], later revised by Vollbrecht et al. as equal to Argyrin  A-B.[41] 

 

4.1.1 Sequence analysis of Zelkovamycin by mass spectrometry 

The first investigations of the structure of Zelkovamycin were performed via mass 

spectrometry. A structural comparison of Zelkovamycin with the different members of the 

natural product family of the Argyrins raises the question if the position of the methoxy 

tryptophan incorporated in Zelkovamycin is really located at the proposed position.  

The structure assignment of the Argyrins by Vollbrecht et al.[41] reported that the methoxy 

tryptophan of the Argyrins is located at the position occupied within the structure of 

Zelkovamycin by the α-methylthreonine residue. In addition, the position of the methoxy 

tryptophan in Zelkovamycin is accommodated with a unmodified tryptophan residue in the 

Argyrins. 

 

Argyrin R1 R2 R3 R4 

A (9) CH3 H OCH3 H 

B (10) CH3 H OCH3 CH3 

C (11) CH3 CH3 OCH3 H 

D (13) CH3 CH3 OCH3 CH3 

E (14) CH3 H H H 

F (15) CH2OH H OCH3 H 

G (16) CH2OH H OCH3 CH3 

H (17) H H OCH3 H 

 

A21459 R5 

A (89) CH3 

B (90) CH3 
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These findings raised the question if the position of the methoxy tryptophan and the 

α-methylthreonine within Zelkovamycin could have been misassigned and are indeed swapped, 

as a change of their positions in Zelkovamycin would lead to a more ‘Argyrin-like’ structure 

(Figure 16). 

 

 

Figure 16. A direct structure comparison of Argyrin A (9) and Zelkovamycin (3) as assigned by Tabata et al.[1] 

raised doubts about the position of the methoxy tryptophan and the α-methylthreonine residue. Indeed, a 

transposition of both moieties would lead to a more ‘Argyrin-like’ Zelkovamycin derivative (91). 

 

To clarify this question, a sequence analysis of isolated Zelkovamycin was carried out to 

confirm or to revise the positions of the individual amino acids within Zelkovamycin via a set 

of MSn fragmentation experiments. 

The fragmentation pathways of linear peptides are very well understood and enable a rapid 

interpretation of the underlying sequence.[119] For cyclic peptides, this is, however, more 

difficult due to a more complex fragmentation.[120] 

The fragmentation of a macrocyclic peptide starts with the initial cleavage of a random peptide 

bond and leads to several linear peptide sequences with varying C- & N-termini, predominantly 

with a free N-terminus and an oxazolone C-terminus (b-ions).[119] Because of this, the 

sequencing of a peptide macrocycle without a free N-terminus is depending on the detection of 

b-ions.[121] The most dominant dissociation pathway of cyclic peptides, as proposed by Jegorov 

et al.,[122-123] is the bn → bn-1 (n-1 loss of one amino acid of the predecessor sequence, 

n = number of monomers of the cyclic peptide), while the bx → yz route occurs very 

infrequently. In addition, the formation of a-ions by bn → an (neutral loss of CO) finally results 

in the designation of b-ions again.[121] 

In summary, the key for sequencing of macrocyclic peptides is the bn → bn-1 route. One possible 

fragmentation of Zelkovamycin, following this pathway is illustrated in (Figure 17). 
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Figure 17. One possible fragmentation route of Zelkovamycin, following the bn → bn-1 pathway, thereby forming 

hypothetic b-ions. 

 

Formed b-ions can undergo further fragmentations like neutral losses (-COCH2, -H2O, -NH3, 

etc.) or even addition reactions that contribute to the complexity of the fragment 

spectra.[119, 124-125] Furthermore, opened cyclic peptides and generated bn-x-ions thereof, tend to 

recyclize after fragmentation. These newly formed smaller rings can open up again and undergo 

the same fragmentation pathways. Because of this, the resulting b-ions belonging to the smaller 

macrocycles do have predominantly scrambled sequences compared to the original cyclic 

compound of interest (Figure 19). This further complicates the fragmentation spectra.  

To overcome several of these issues, Niedermayer and Strohalm reported in 2012 a functional 

procedure for annotating cyclic peptides by tandem mass spectrometry, using the software 

mMass.[119] The application of this procedure to cyclic peptides such as Zelkovamcin that 

harbours many highly functional and modified non-proteinogenic amino acids is however not 

trivial. These unusual amino acids cause very complex fragmentation patterns that are hard to 

predict via in silico methodologies.[126] A full interpretation of all fragment signals is therefore 

currently not possible.  
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Figure 18. Scrambling of macrocyclic peptides during fragmentation.  

A) Initial random ring opening of the cyclic peptide of interest. B) Possible resulting linear peptide sequences as 

b-ions and exemplary loss of amino acid A within the highlighted sequence, due to fragmentation. 

C) Recyclization of highlighted and fragmented sequence to a smaller macrocycle. D) Ring opening of smaller 

cyclic compound leads to additional fragments with scrambled sequences. Amino acids G-B were not directly 

connected in the initial cyclic peptide.  

 

Despite these limitations in methodology, such a fragmentation approach was performed to gain 

insights into the sequence of Zelkovamycin. To this end, isolated Zellkovamycin was 

fragmented by CID (Collision Induced Dissociation, NCE 35) or HCD (Higher-energy 

Collision Dissociation, NCE 35) via direct injection utilising an Orbitrap Elite mass 

spectrometer. The recorded MS2 spectra were analysed using the software mMass.[119]  

To this end, the software settings had to be adapted. The sequence of the α-methylthreonine 

residue ((2-Me)αThr) was not present in the NORINE database and was amended 

(C5H7NO2; 113.0477). Furthermore, two additional neutral losses were defined: (2-Me)αThr, 

loss of COCH2 and for the methoxy tryptophan ((MeO)Trp), loss of C10H9NO. 

A dissection of Zelkovamycin into its corresponding fragments suitable for MS-annotation and 

in accordance with the NORINE database is shown in Figure 19. 
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Figure 19. Zelkovamycin (3), dissected into its respective monomers for MS fragmentation analysis.

 

Next, a theoretical fragment annotation based on the amino acid sequence 

(AlaThz|(MeO)Trp|(2-Me)αThr|Gly|Abu|Dhb|Sar; cyclic) reported by Tabata et al. was 

performed.[1] 

Because only the position of the individual amino acids was of interest, the annotation was 

restricted, in accordance with the proposed fragmentation pathway, to only b-ions. 

Furthermore, the consideration of sequence scrambling was restricted at the program settings 

of mMass. This leads to set of various, linear b-ions. mMass annotated 65% of the total 

intensity, allowing neutral losses regarding the reported sequence of Zelkovamycin. 

Additionally, the same annotation was carried out with the more Argyrin-like, hypothetic 

sequence, (AlaThz|2MeαThr|(MeO)Trp|Gly|Abu|Dhb|Sar; cyclic), where the methoxy 

tryptophan and the α-methylthreonine changed place. Using this sequence as a template only 

57% of total intensity could be matched. 

Intriguingly, most of the unassigned peaks were intense b2 and b3 ions corresponding to 

AlaThz|(MeO)Trp and Sar-AlaThz|(MeO)Trp (Δ mass smaller than 0.001 ppm). Both 

fragments cannot be explained using an Argyrin-like sequence as a template and without 

sequence scrambling. 

In conclusion, the MS-analysis supports the reported sequence connectivity from 

Tabata et al..[1] These experiments, however, did not allow to differentiate between 

(4-MeO)Trp and (7-MeO)Trp residues due to their equal m/z value.  
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4.1.2 Marfey’s analysis of Zelkovamycin 

In 1984 Peter Marfey published a method to separate derivatised DL-amino acids by HPLC 

using a non-chiral separation column.[127] To this end, he developed a reagent that reacts 

preferably and very efficiently with free primary amines of amino acids. This reagent, 

1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (FDAA), later named Marfey’s reagent (92), can 

be considered as a chiral derivative of the closely related Sanger’s reagent (93),[128] developed 

by Frederick Sanger in 1945 (Figure 21). The Marfey’s reagent reacts under mild conditions 

with the amino group of amino acids by a nucleophilic substitution of the aromatic fluorine. 

 

 
 

Figure 20. Structures of Marfey’s reagent (92) and Sanger’s reagent (93). 

 

Since Marfey’s original report on the application of his reagent for separating and assigning the 

stereochemistry of a set of five DL-amino acids out of a single mixture, this method and 

improved variants have found wide application in the determination of the stereochemistry of 

canonical or non-canonical amino acids in isolated natural products such as Colisporifungin[129] 

or Aspergillicins A-E,[130] physiological samples or in biologically relevant synthetic 

peptides.[131] Nowadays, highly efficient and specialised variants of Marfey’s method such as 

the ‘advanced Marfey’s analysis’[132] and the ‘C3 Marfey’s analysis’[130] are available. A 

Marfey’s analysis therefore expands the available tools to determine the unknown 

stereochemistry of chemical compounds and can support other methods like NMR-based 

approaches utilising chiral solvating agents[133] or other chiral derivatization methods such as 

NMR analysis of Mosher’s ester.[134] 

Despite these advances, all Marfey variants are still based on the same derivatization process, 

i.e. turning the DL-enantiomers of a specific amino acid into a mixture of diastereomers, which 

can be separated using a standard HPLC system (Figure 22).  

Due to significant differences in the intramolecular interactions between the Marfey’s modified 

D- and L-derivatives, the diastereomeric Marfey products display substantial dissimilar 

interactions with commonly used reversed phase column materials leading to remarkably 

different retention times. Marfey’s derivatives of L-amino acids build up an intramolecular 
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hydrogen bond between the carboxy and carboxyamide group. In comparison, derivatives of 

D-amino acids develop weaker or even no interactions (Figure 21).[135] 

Nonexistent or weaker interactions dramatically reduce the polarity compared to the 

corresponding L-amino acid derivatives. If reverse-phase HPLC chromatography is used for 

separation, the D-Marfey’s derivatives elute at later retention times than the corresponding 

L-derivatives. 

 

Figure 21. Marfey derivatization. Formation of diastereomers out of DL-amino acids. Generation of L-Marfey’s 

(S,S) & D-Marfey’s (S,R) derivatives which can be separated by reversed-phase HPLC. Illustration of stronger 

intramolecular hydrogen bond formation in L-Marfey’s derivatives.[135] 

To assign the stereochemistry of Zelkovamycin, a Marfey’s analysis was therefore next 

performed. Due to the structural similarities between Zelkovamycin and the Argyrins, we 

assumed that most (if not all) amino acids would display a similar stereochemistry (Figure 23). 

We therefore did not generate all Marfey control derivatives as internal standards for LC-MS 

separation experiments but for the more complex amino acids only the corresponding 

L-derivatives. 

 

 

Figure 22. Adaptation of the stereochemistry of the Argyrins to the structural information of Zelkovamycin (3) to 

generate a hypothetic fully assigned Zelkovamycin (3a) as a starting point for total synthesis and final structural 

clarification of natural Zelkovamycin. 
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4.1.2.1 Total hydrolysis of Zelkovamycin 

To perform a Marfey’s analysis of a natural product, access to its free amino acids is essential. 

Therefore, a total hydrolysis of the compound is indispensable (Scheme 10). Due to the different 

stability of amino acids during hydrolysis,[136] a specific hydrolysis method or a set of methods 

has to be chosen to preserve, at least in combination, all amino acids of the molecule of interest.  

Zelkovamycin contains several amino acids reported to be labile under hydrolyses such as an 

oxidised threonine derivative,[136] a (Z)-Dhb residue and a methoxy tryptophan residue.[137] 

Correspondingly, three different hydrolysis methods were applied to break Zelkovamycin down 

to its amino acid level. 

For all three methods, a general experimental workflow was applied. In the first step, an aliquot 

of Zelkovamycin was hydrolyzed according to the chosen hydrolysis method. The obtained 

hydrolysate was converted into the corresponding Marfey’s derivatives and analysed by 

LC-MS. In addition, an unmodified sample of the lysate was also analysed by LC-MS. 

The first method was a standard hydrolysis procedure utilising 6 N HCl. To this end, isolated 

Zelkovamycin (1 mg) was treated with 6 N HCl (sequencing grade) in a sealed tube at 130 °C 

for 5 h according to the procedure described by Eveleigh and Winter.[138] With this procedure, 

it was possible to identify the amino acids sarcosine, 2-amino butyric acid and glycine. Also, 

the corresponding Marfey’s derivative of the AlaThz building block could be determined as a 

single subunit. This finding is in accordance with the previously reported resistance of 

AlaThz-OH against HCl hydrolysis conditions.[139] The other amino acids could not be detected, 

neither as Marfey’s derivatives nor as unmodified free amino acids. This was expected for the 

methoxy tryptophan and the (Z)-Dhb residue due to their limited stability against HCl. The lack 

of an α-methylthreonine Marfey’s derivative can be explained because of its low reactivity as 

a result of its quaternary sp3-centre at the α-position. 

In the second hydrolysis approach, an aliquot of Zelkovamycin was incubated with 3 N TsOH 

in the presence of 2% thioglycolic acid at 110 °C for 18 h. This mild hydrolysis procedure was 

developed by Liu and Chang to determine the presence of tryptophanes in proteins.[140] This 

procedure revealed the presence of a methoxy tryptophan residue. Besides this major additional 

information, the previously identified amino acids were also found again. The presence of a 

(Z)-Dhb and an α-methylthreonine residue could again not be confirmed due to the previously 

discussed issues. In the third approach, an aliquot of Zelkovamycin was hydrolyzed using a 3 N 

solution of mercaptoethanesulfonic acid. The mixture was stirred at 110 °C for 22 h according 

to the procedure reported by Penke et al..[137] 
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This approach again confirmed the presence of amino acids already identified by the two 

previously performed hydrolysis. It was however still not possible to confirm the presence of 

(Z)-Dhb and α-methylthreonine. As this hydrolysis procedure did not deliver more insights than 

the previous two, a more thorough identification of the amino acid residues was carried out with 

the first two hydrolysis procedures.   
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Scheme 10. Experimental overview on the hydrolysis of Zelkovamycin, showing expected fragments, further 

Marfey’s derivatization and outlined MS-identification. 

 

4.1.2.2 Marfey LC-MS setup 

To perform a reliable Marfey’s analysis, a defined experimental setup is necessary that enables 

to robustly measure the different retention times between (D)- and (L)-amino acids. To identify 

the stereochemistry of an amino acid of interest, it is essential to develop a LC-MS setup which 

separates the differently formed diastereomers as far as possible and guarantees a high 

reproducibility. To achieve this goal, two experimental standards were synthesised. The amino 

acids, H-(L)-Phe-OH as well as H-(D)-Phe-OH and H-(L)-Trp-OH as well as H-(D)-Trp-OH 

were transformed into their corresponding diastereomeric Marfey’s analogues and used to 

develop two standard LC-MS methods, named G1[pos] and G2[pos], that were subsequently used 

in all Marfey’s analyses.  

Method G1[pos] was designed to gain a general overview and enables the separation of 

compounds over a wide range of polarities. In contrast, method G2[pos] was established to 

achieve a better separation of polar compounds as the resulting Marfey’s derivatives of the 
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amino acids of Zelkovamycin are rather polar. In addition, G2[pos] has an extended experimental 

runtime which significantly increases the retention time difference of the analysed pairs of 

diastereomers. The gradient G2[pos] can thus be used as a control for analyses performed with 

the shorter method G1[pos] and also provides the possibility to separate pairs of diastereomers 

with very similar retention times. A notable disadvantage of G2[pos] is however the risk of 

undesirable peak broadenings due to the extended runtime, flattened gradient and limitations of 

the used LC-MS system. 

If used in combination, G1[pos] and G2[pos] however represent a reliable setup for Marfey’s 

analysis. The corresponding instrumental setups, gradients and the sample preparation are 

presented in the experimental part in detail. 

 

The scope of method G1[pos] was tested with the Marfey’s derivatives Marf-(L)-Phe-OH (94) 

and Marf-(D)-Phe-OH (95). Phenylalanine was chosen due to its lack of other functional groups 

like thiol-, hydroxyl-, amine- or an additional carboxyl group which are often found in amino 

acids. Such polar substituents can easily be protonated or deprotonated which leads to shorter 

retention times. In addition, phenylalanine bears an aromatic ring system which is beneficial 

for UV detection.  

To test the feasibility of G1[pos], either a single injection of Marf-(L)-Phe-OH (94) or 

Marf-(D)-Phe-OH (95) as well as a coinjection with both compounds were carried out. The 

diastereomers of Marf-(D)- and Marf-(L)-Phe-OH were easily identified, separated and eluted 

as well defined and sharp single peaks. Between both peaks, a retention time difference of 

0.38 min was observed. In accordance with the theory, the (D)-diastereomer eluted at later 

retention times (7.56 min) compared to the corresponding (L)-diastereomer (7.18) (Figure 23). 

To establish the scope of method G2[pos], the diastereomeric pair of Marfey’s derivatives 

Marf-(L)-Trp-OH (96) and Marf-(D)-Trp-OH (97) was used.  

The standard amino acid H-Trp-OH is readily available and should display similar properties 

as the related methoxy tryptophan found in Zelkovamycin. This qualifies H-Trp-OH as a 

suitable starting candidate to establish an experimental setup for investigating the constitution 

and stereochemistry of the methoxy tryptophan residue of Zelkovamycin. 
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Figure 23. A) Chemical structures of Marf-(L)-Phe-OH (94), Marf-(D)-Phe-OH (95) and a mixture of both. 

B) to D) show the relevant parts of the extracted-ion chromatograms of Marf-(L/D)-Phe-OH (mass range m/z as 

indicated; corresponding to the [M+H]+ signal of Marf-Phe-OH). B) EIC of synthetic Marf-(L)-Phe-OH (94). 

C) EIC of synthetic Marf-(D)-Phe-OH (95). D) EIC of coinjection of Marf-(L)-Phe-OH (94),  and 

Marf-(D)-Phe-OH (95). 

 

For testing G2[pos], single injection experiments of Marf-(L)-Trp-OH (96) and 

Marf-(D)-Trp-OH (97) were undertaken as well as a direct comparison to single injections using 

the G1[pos] setup. The results are shown in Figure 24. G2[pos] enabled the separation of the two 

different diastereomeric Marfey’s derivatives of tryptophan with good chromatographic 

resolution. Marf-(L)-Trp-OH (96) eluted at a retention time of 27.54 min and 

Marf-(D)-Trp-OH (97) as expected at a later retention time of 29.30 min. In total, a retention 

time difference of 1.76 min was observed between both diastereomers, while if G1[pos] was  

used, only a retention time difference of 0.23 min was achieved. A slight peak broadening for 

Marf-(D)-Trp-OH (97), according to stronger interactions with the column material, was also 

observed.  
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Figure 24. A) Chemical structure of Marf-(L)-Trp-OH (96). B) to C) and E) to F) show the relevant parts of the 

extracted-ion chromatograms of Marf-(L/D)-Trp-OH (mass range m/z as indicated; corresponding to the [M+H]+ 

signal of Marf-Trp-OH). B) EIC of synthetic Marf-(L)-Trp-OH (96) carried out using experimental setup G1[pos]. 

C) EIC of synthetic Marf-(L)-Trp-OH (96) conducted using experimental setup G2[pos]. D) Chemical structure of 

Marf-(D)-Trp-OH (97). E) EIC of synthetic Marf-(D)-Trp-OH (97) carried out using experimental setup G1[pos]. 

F) EIC of synthetic Marf-(D)-Trp-OH (97) performed using experimental setup G2[pos]. 

 

4.1.2.3 Identification & stereochemical assignment of Zelkovamycin’s 

amino acids 

In the first step of the assignment of Zelkovamycin, the hydrolysate of the natural compound 

was transferred according to the Marfey's Derivatization General Procedure into the 

corresponding mixture of Marfey’s derivatives and analysed by LC-MS using the previously 

established methods and machine setups.  
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4.1.2.3.1 Glycine 

Glycine, as the smallest and structurally simplest α-amino acid is an achiral proteinogenic 

amino acid and a distinct separation of diastereomers is therefore not possible. To confirm the 

presence of H-Gly-OH in Zelkovamycin, the corresponding Marfey’s analysis was nevertheless 

undertaken. To this end, the hydrolysate of Zelkovamycin obtained by treatment with 6 N HCl 

was converted into a Marfey’s derivative and analysed via the G1[pos] method. This peak was 

compared to a run with a synthetic Marf-Gly-OH (98) and by a coinjection experiment.  

The comparison of the extracted-ion chromatograms of a synthesised Marf-Gly-OH (98) 

standard, the Marfey-derivatised hydrolysate mixture and a coinjection experiment of both 

proved the presence of a glycine in the natural compound. In all three experiments a single peak 

at a retention time of 5.81 min was identified (Figure 25). 

 

Figure 25. A) Chemical structure of Marf-Gly-OH (98). B) to D) show the relevant parts of the extracted-ion 

chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of Marf-Gly-OH) (98). B) EIC 

of synthetic Marf-Gly-OH (98) with experimental setup G1[pos]. C) EIC of Marfey’s modified lysate of 

Zelkovamycin (HCl) using experimental setup G1[pos]. D) EIC of coinjection of Marf-Gly-OH (98) and the 

Marfey’s modified Zelkovamycin hydrolysate. 

 

4.1.2.3.2 Sarcosine 

H-Sar-OH as glycine bears no chiral centre and a stereochemical assignment is thus not 

possible. Nevertheless, the Marfey’s analysis can be used to validate the presence of 

N-methylglycine in Zelkovamycin. To this end, the same experimental setup as for glycine was 

chosen.  

The corresponding analysis confirmed sarcosine as one of Zelkovamycin’s amino acids. 

Comparison of the extracted-ion chromatograms revealed one single peak at a retention time of 

5.75 min which was identical to the synthetic Marf-Sar-OH (99) standard; the 
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Marfey’s-derivatised hydrolysate of Zelkovamycin and the coinjection experiment displayed 

identical retention times (Figure 26). 

 

Figure 26. A) Chemical structure of Marf-Sar-OH (99). B) to D) show the relevant parts of the extracted-ion 

chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of Marf-Sar-OH) (99). B) EIC 

of synthetic Marf-Sar-OH (99) with experimental setup G1[pos]. C) EIC of Marfey’s-modified lysate of 

Zelkovamycin (HCl) using experimental setup G1[pos]. D) EIC of coinjection of Marf-Sar-OH (99) and the 

Marfey’s modified Zelkovamycin hydrolysate. 

 

4.1.2.3.3 α-Aminobutyric acid 

α-Aminobutyric acid, sometimes also referred to as homoalanine, is a non-proteinogenic 

α-amino acid supposed to be present in Zelkovamycin. This amino acid is chiral and may thus 

occur as two enantiomers, H-(L)-Abu-OH or H-(D)-Abu-OH, in Zelkovamycin. To prove the 

previously made assumption that Zelkovamycin contains a H-(D)-Abu-OH such as several 

Argyrins (B, D, G), an unbiased Marfey’s analysis was carried out. 

The analysis was divided into two parts. In the first analysis series, the Zelkovamycin 

hydrolysate was converted into a Marfey’s derivative and compared to synthetically synthesised 

Marf-(L)-Abu-OH (100). For analysis, either the G1[pos] and G2[pos] gradient were used. In both 

gradients, a mismatch of peaks in relation to synthetic Marf-(L)-Abu-OH (100) became visible. 

If G1[pos] was used, the synthetic standard eluted at a retention time of 6.38 min in the 

extracted-ion chromatogram. In the chromatogram of the Marfey’s-modified Zelkovamycin 

lysate, the mass of to Marf-Abu-OH-related peak was however observed at 6.77 min. In 

conclusion, the coinjection experiment showed two different peaks, one related to the synthetic 

standard at 6.38 min and a second of a mass related compound out of the Zelkovamycin lysate 

at 6.77 min. G2[pos] delivered similar results. The synthetic standard Marf-(L)-Abu-OH (100) 

eluted at a retention time of 22.32 min; the corresponding peak from the Zelkovamycin lysate 
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eluted at 25.23 min. In addition, the coinjection experiment resulted in the two corresponding 

peaks at 22.25 min and 25.23 min (Figure 28). In conclusion, this set of experiments showed 

that Zelkovamycin is not bearing a H-(L)-Abu-OH residue. 
 

 

 

Figure 27. A) Chemical structure of Marf-(L)-Abu-OH (100). B) to G) show the relevant parts of the extracted-ion 

chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of Marf-Abu-OH). B) EIC of 

synthetic Marf-(L)-Abu-OH (100) with experimental setup G1[pos]. C) EIC of Marfey’s modified lysate of 

Zelkovamycin (HCl) using experimental setup G1[pos]. D) EIC of coinjection of Marf-(L)-Abu-OH (100) and the 

Marfey’s-modified Zelkovamycin hydrolysate using experimental setup G1[pos].  E) EIC of synthetic 

Marf-(L)-Abu-OH (100) with experimental setup G1[pos]. F) EIC of Marfey’s modified lysate of Zelkovamycin 

(HCl) using experimental setup G1[pos]. G) EIC of coinjection of Marf-(L)-Abu-OH (100) and the 

Marfey’s-modified Zelkovamycin hydrolysate using experimental setup G2[pos]. 

 

Consequently, to determine if Zelkovamycin instead contains a H-(D)-Abu-OH residue, the 

corresponding experiment series with a synthetic Marf-(D)-Abu-OH (101) standard were next 

performed. This experiment series this time revealed matching retention times of the 

synthesised standard and the extracted-ion chromatogram of the Marfey’s-modified 

Zelkovamycin hydrolysate. In addition, the coinjection experiment also disclosed a destined 

single peak. With the G1[pos] gradient, the synthetic Marf-(D)-Abu-OH (101) eluted at a 
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retention time of 6.76 min, almost identical to the extracted-ion chromatogram of the 

Marfey’s-modified Zelkovamycin lysate with a retention time of 6.77 min; the coinjection 

experiment reported a single peak at 6.77 min.  

The control experiment utilising G2[pos] conditions revealed the same result. Synthetic 

Marf-(D)-Abu-OH (101), Marfey’s-modified lysate and the coinjection experiment revealed in 

each case a single peak at a retention time of 25.23 (Figure 28). 

These findings confirm that Zelkovamycin harbours a H-(D)-Abu-OH in its structure and thus 

its similarity to Argyrins which also harbour a H-(D)-Abu-OH in their structure. 
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Figure 28. A) Chemical structure of Marf-(D)-Abu-OH (101). B) to G) show the relevant parts of the extracted-ion 

chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of Marf-(D)-Abu-OH) (101). 

B) EIC of synthetic Marf-(D)-Abu-OH (101) with experimental setup G1[pos]. C) EIC of Marfey’s modified lysate 

of Zelkovamycin (HCl) using experimental setup G1[pos]. D) EIC of coinjection of Marf-(D)-Abu-OH (101) and 

the Marfey’s modified Zelkovamycin hydrolysate using experimental setup G1[pos]. E) EIC of synthetic 

Marf-(D)-Abu-OH (101) with experimental setup G2[pos]. F) EIC of Marfey’s modified lysate of Zelkovamycin 

(HCl) using experimental setup G2[pos]. G) EIC of coinjection of Marf-(D)-Abu-OH (101) and Marfey’s modified 

Zelkovamycin hydrolysate using experimental setup G2[pos]. 
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4.1.2.3.4 H-AlaThz-OH building block 

Besides -amino acids, Zelkovamycin also contains an alanine-thiazole subunit (formally 

formed from an alanine and a cysteine residue) with a chiral centre at the alanine moiety. Due 

to the fact that all Argyrins harbour a similar thiazole subunit with a stereochemistry determined 

as (D) at this centre, it is reasonable to assume that also Zelkovamycin contains a (D)-alanine at 

this position.  

To prove this, a chemical synthesis of a (D)-configured H-AlaThz-OH building block was 

carried out and transformed to the corresponding Marfey’s derivative for a subsequent Marfey’s 

analysis. The corresponding Marfey’s analysis with the G1[pos] setup showed a clear single peak 

with a retention time of 6.57 min for the injection of synthetic Marf-(D)-AlaThz-OH (102) as 

well as in the extracted-ion chromatogram of the Marfey’s modified Zelkovamycin hydrolysate 

and in the coinjection experiment (Figure 29). 

To reduce the synthetic efforts (i.e. the synthesis of H-(L)-AlaThz-OH), the corresponding 

control experiments with H-(L)-AlaThz-OH were not undertaken. 

 

Figure 29. A) Chemical structure of Marf-(D)-AlaThz-OH (102). B) to D) show the relevant parts of the 

extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

Marf-AlaThz-OH (102). B) EIC of synthetic Marf-(D)-AlaThz-OH (102) with experimental setup G1[pos]. C) EIC 

of Marfey’s modified lysate of Zelkovamycin (HCl) using experimental setup G1[pos]. D) EIC of coinjection of 

Marf-(D)-AlaThz-OH (102) and the Marfey’s modified Zelkovamycin hydrolysate using experimental 

setup G1[pos]. 

 

4.1.2.3.5 Unrevealed amino acids of Zelkovamycin 

The remaining amino acids of Zelkovamycin could not be identified using the Marfey’s 

approach. The (Z)-Dhb residue represents an amino acid that is unstable under acidic hydrolysis 

conditions. The hydrolysis releases (Z)-Dhb as a free amino acid by cleaving the C- and 
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N-terminal peptide bonds. Due to the direct vicinity of the (Z)-double bond to the N-terminus, 

the free (Z)-Dhb amino acid transforms into a primary ketimine which might be further 

modified by the reaction conditions. In any case, the resulting product will not react with the 

Marfey’s reagent to a Marf-(Z)-Dhb-OH residue. The missing Marfey’s modified 

α-methylthreonine derivative can be explained by the low reactivity of α-methylthreonine (as a 

result of its quaternary centre at the α-position) vs. the Marfey’s reagent. In fact, it was not even 

possible to transform synthetic α-methylthreonine into the corresponding Marfey’s derivative 

(data not shown).  

Moreover, it was also not possible to generate a detectable Marfey’s derivative of a methoxy 

tryptophan out of the TsOH-hydrolysate of Zelkovamycin under the used reaction conditions. 

However, it was possible to identify a methoxy tryptophan residue within the unmodified lysate 

itself. In contrast to the α-methylthreonine residue, it was chemically feasible to transfer 

synthetic methoxy tryptophans into the corresponding Marfey’s derivatives in the absence of 

TsOH, following the standard Marfey's Derivatization General Procedure. This indicates that 

the remaining excess of TsOH may interfere with the Marfey’s derivatization process of 

tryptophans. 

Accordingly, an LC-MS based identification using unmodified TsOH-hydrolysate of 

Zelkovamycin and synthetic methoxy tryptophans was subsequently performed to directly 

differentiate between a (4-MeO)Trp and (7-MeO)Trp. The corresponding results are discussed 

in 4.1.3.1.  
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4.1.2.4 Marfey’s analysis; - an overview of results 

So far, the Marfey’s analysis confirmed H-Gly-OH, H-Sar-OH, H-(D)-Abu-OH and 

H-(D)-AlaThz-OH as amino acid building blocks of the natural compound Zelkovamycin. A 

summary of the results of the performed Marfey’s analysis is given in Table 1.  

 

Table 1. Marfey-based identification and assignment of the stereochemistry of building blocks 
and amino acids of Zelkovamycin. 

  
amino acid 
MS-experiment 

    tR (EIC) 
spot-1   spot-2 

m/z 
calcd. 

m/z found 
spot-1    spot-2 

hydrolysis 
method 

gradient 

Marf-Gly-OH[Std] 5.79  328.08 327.92  - G1[pos] 
Marf-Gly-OH[Ex] 5.81  328.08 328.00  HCl G1[pos] 
Marf-Gly-OH[CoIn] 5.81  328.08 327.88  HCl G1[pos] 
Marf-Sar-OH[Std] 5.75  342.10 341.96  - G1[pos] 
Marf-Sar-OH[Ex] 5.74  342.10 341.97  HCl G1[pos] 
Marf-Sar-OH[CoIn] 5.74  342.10 341.97  HCl G1[pos] 
Marf-(L)-Abu-OH[Std] 6.38  356.12 355.99  - G1[pos] 
Marf-(⁎)-Abu-OH[Ex] 6.77  356.12 355.88  HCl G1[pos] 
Marf-(L)-Abu-OH[CoIn] 6.36 6.77 356.12 355.92 356.00 HCl G1[pos] 
Marf-(L)-Abu-OH[Std] 22.32  356.12 356.03  - G2[pos] 
Marf-(⁎)-Abu-OH[Ex] 25.23  356.12 355.92  HCl G2[pos] 
Marf-(L)-Abu-OH[CoIn] 22.25 25.23 356.12 355.97 355.90 HCl G2[pos] 
Marf-(D)-Abu-OH[Std] 6.75  356.12 355.94  - G1[pos] 
Marf-(D)-Abu-OH[CoIn] 6.77  356.12 355.97  HCl G1[pos] 
Marf-(D)-Abu-OH[Std] 25.25  356.12 355.97  - G2[pos] 
Marf-(D)-Abu-OH[CoIn] 25.22  356.12 355.99  HCl G2[pos] 
Marf-(D)-AlaThz-OH[Std] 6.57  425.10 424.97  - G1[pos] 
Marf-(D)-AlaThz-OH[Ex] 6.57  425.10 429.99  HCl G1[pos] 
Marf-(D)-AlaThz-OH[CoIn] 6.57  425.10 425.01  HCl G1[pos] 

 [Std]Synthesised standard; [Ex]extracted total ion experiment of amino acid of interest out of a Zelkovamycin 
hydrolysate; [CoIn]coinjection experiment of synthesised standard of amino acid of interest with a 
Zelkovamycin hydrolysate. 

 

4.1.3 Assignment of Zelkovamycin’s methoxy tryptophan  

The identification of Zelkovamycin’s methoxy tryptophan residue constituted to be a major 

challenge. Tabata et al.[1] proposed the presence of a 7-methoxy tryptophan in Zelkovamycin 

from NMR-based structural elucidations. This assignment stands in contrast to the natural 

product family of the Argyrins which exclusively contain 4-methoxy tryptophans.[41] Moreover, 

Chen et al. could show that the biological activity of the Argyrins critically relies on the 

presence of the 4-methoxy tryptophan subunit as other methoxy derivatives were less active or 

even inactive.[42] Correspondingly, the proposed presence of a 7-methoxy tryptophan in 

Zelkovamycin needs to be clarified. This is particularly true because the assignment of the 

substitution pattern of a methoxy tryptophan via NMR in a complex molecule like 
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Zelkovamycin is a challenging task. The corresponding NMR chemical shifts of substituents of 

a highly folded molecule such as Zelkovamycin are influenced by various intramolecular effects 

such as shielding, deshielding or induced ring currents that may occur through space in the 

folded molecule. 

In fact, the first structure elucidation of the antibiotics A21459 A & B by Ferrari et al.[118] 

reflects this challenge very well. In their original structure elucidation, they proposed the 

presence of a 5-methoxy tryptophan. Later Vollbrecht et al.[41] revised the structure to a 

4-methoxy tryptophan residue and revealed that both antibiotics are indeed analogues of the 

Argyrin natural product family.  

As the previously performed Marfey’s analysis however failed to directly confirm the presence 

of a 7-methoxy tryptophan (or other methoxy tryptophan moiety) a different experimental 

approach comprising LC-MS and NMR analysis was subsequently followed.  

 

4.1.3.1 Methoxy tryptophan constitution assignment by LC-MS  

To determine the constitution pattern of the methoxy tryptophan present in Zelkovamycin, a 

LC-MS-based approach was first performed. With carefully planned LC-MS experiments it is 

possible to identify different constitutional isomers.[141-142] This can for example be achieved 

by using a suitable internal standard or a defined control sample. Similar to the retention time 

differences of diastereomers, constitutional isomers also have slightly different retention times 

due to their different physicochemical properties. To separate constitutional isomers by LC-MS, 

a setup that enables to resolve even slight retention time differences is required. 

We therefore used the previously established gradients G1[pos] and G2[pos] to elucidate the 

methoxy tryptophan residue in Zelkovamycin. 

Accordingly, a synthetic sample of H-(L)-(7-MeO)-Trp-OH (103) was used as a standard and 

analysed by LC-MS using both the gradients G1[pos] and G2[pos]. Next, an unmodified 

hydrolysate of Zelkovamycin (TsOH) was analysed with the same settings, and the 

corresponding extracted-ion chromatograms were compared with those of 

H-(L)-(7-MeO)-Trp-OH (103). Finally, a coinjection experiment of the unmodified hydrolysate 

and synthetic H-(L)-(7-MeO)-Trp-OH (103) was performed. 

The results of the different experiments revealed a clear mismatch of peaks, especially evident 

in the coinjection experiments. Using the G1[pos] setup, synthetic H-(L)-(7-MeO)-Trp-OH (103) 

eluted at a retention time of 3.97 min compared to the extracted-ion chromatogram of the 

Zelkovamycin lysate which reveals a single peak at 4.14 min for the mass range of a methoxy 
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tryptophan. In addition, the coinjection experiment shows two clear peaks at 3.96 min and 

4.14 min. The corresponding results for the G2[pos] gradient showed a single peak related to 

synthetic H-(L)-(7-MeO)-Trp-OH (103) at a retention time of 7.85 min. The analysed 

Zelkovamycin hydrolysate revealed a corresponding peak at 8.95 min, and in the coinjection 

experiment, two single peaks at 7.82 min and 8.95 min were observed (Figure 30). 

These results therefore strongly indicate that Zelkovamycin is not harbouring a 7-methoxy 

tryptophan in its structure. 

 

N
H

O

NH2

O
OH

H-(L)-(7-MeO)Trp-OH (103)

Chemical Formula: C12H14N2O3

Exact Mass: 234.10

EIC m/z range: 234.00-235.50

(S)

synthetic

H-(L)-(7-MeO)Trp-OH

G1[pos]

Zelkovamycin

hydrolysate

G1[pos]

coinjection

G1[pos]

synthetic

H-(L)-(7-MeO)Trp-OH

G2[pos]
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hydrolysate

G2[pos]

coinjection
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Figure 30. A) Chemical structure of H-(L)-(7-MeO)Trp-OH (103). B) to G) show the relevant parts of the 

extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

H-(L)-(7-MeO)Trp-OH) (103). B) EIC of synthetic H-(L)-(7-MeO)Trp-OH (103) with experimental setup G1[pos]. 

C) EIC of Zelkovamycin hydrolysate (TsOH) using experimental setup G1[pos]. D) EIC of a coinjection of 

H-(L)-(7-MeO)Trp-OH (103) and Zelkovamycin hydrolysate using experimental setup G1[pos]. E) EIC of synthetic 

H-(L)-(7-MeO)Trp-OH (103) carried out using experimental setup G2[pos]. F) EIC of Zelkovamycin hydrolysate 

(TsOH) using experimental setup G2[pos]. G) EIC of a coinjection of H-(L)-(7-MeO)Trp-OH (103) and 

Zelkovamycin hydrolysate using experimental setup G2[pos]. 

The experiments were therefore repeated with a synthesised H-(L)-(4-MeO)-Trp-OH (104) as 

the standard. These analyses revealed a clear matching between the synthetic standard and the 

extracted methoxy tryptophan moiety from the Zelkovamycin hydrolysate. 
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For the shorter run time gradient G1[pos], synthetic H-(L)-(4-MeO)-Trp-OH (104) was identified 

at a retention time of 4.14 min. This retention time matched to the retention time of the peak of 

the extracted-ion chromatogram of the Zelkovamycin hydrolysate and was also observed as a 

defined single peak within the coinjection experiment. Results for setup G2[pos] revealed the 

synthetic standard at 9.00 min as a slightly broadened peak, while the extracted-ion 

chromatogram of the unmodified lysate peak was observed at 8.95 min and the final coinjection 

experiment revealed one sharp peak at 8.94 min (Figure 31). 

Accordingly, these experiments reveal that Zelkovamycin harbours a 4-methoxy tryptophan 

residue and not a 7-methoxy tryptophan. 

 

 

Figure 31. A) Chemical structure of H-(L)-(4-MeO)Trp-OH (104). B) to G) show the relevant parts of the 

extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

H-(L)-(4-MeO)Trp-OH) (104). B) EIC of synthetic H-(L)-(4-MeO)Trp-OH (104) with experimental setup G1[pos]. 

C) EIC of a Zelkovamycin hydrolysate (TsOH) using experimental setup G1[pos]. D) EIC of a coinjection of 

H-(L)-(4-MeO)Trp-OH (104) and Zelkovamycin hydrolysate using experimental setup G1[pos]. E) EIC of synthetic 

H-(L)-(4-MeO)Trp-OH (104) with experimental setup G2[pos]. F) EIC of a Zelkovamycin hydrolysate (TsOH) 

using experimental setup G2[pos]. G) EIC of a coinjection of H-(L)-(4-MeO)Trp-OH (104) and Zelkovamycin 

hydrolysate using experimental setup G2[pos]. 
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The corresponding results of all LC-MS experiments for identifying the constitution of the 

methoxy tryptophan residue in Zelkovamycin are summarised in Table 2. 

 

Table 2. MS-based identification of the constitution of the methoxy tryptophan residue of 

Zelkovamycin. 

  
amino acid 
MS-experiment 

   tR (EIC) 
spot-1   spot-2 

m/z 
calcd. 

m/z found 
spot-1    spot-2 

hydrolysis 
method 

gradient 

(⁎)-(⁎)-OMe-Trp[Ex] 4.14  235.11 235.00  TsOH G1[pos] 
(L)-(4-OMe)Trp-OH[Std] 4.14  235.11 235.06  - G1[pos] 
(L)-(4-OMe)Trp-OH[CoIn] 4.14  235.11 235.08  TsOH G1[pos] 
(L)-(7-OMe)Trp-OH[Std] 3.97  235.11 234.89  - G1[pos] 
(L)-(7-OMe)Trp-OH[CoIn] 3.96 4.14 235.11 235.97 235.01 TsOH G1[pos] 
(⁎)-(⁎)-OMe-Trp[Ex] 8.95  235.11 234.07  TsOH G2[pos] 
(L)-(4-OMe)Trp-OH[Std] 9.01  235.11 235.02  - G2[pos] 
(L)-(4-OMe)Trp-OH[CoIn] 8.95  235.11 235.00  TsOH G2[pos] 
(L)-(7-OMe)Trp-OH[Std] 7.85  235.11 234.92  TsOH G2[pos] 
(L)-(7-OMe)Trp-OH[CoIn] 7.82 8.94 235.11 234.92 235.03 TsOH G2[pos] 

 [Std]Synthesised standard; [Ex]extracted total ion experiment of amino acid of interest out of a Zelkovamycin 
hydrolysate; [CoIn]co-injection experiment of synthesised standard of amino acid of interest with a 
Zelkovamycin hydrolysate. 

 

At a late stage of this work, further optimisations of the Marfey's derivatization procedure 

finally enabled the direct synthesis of a methoxy tryptophan Marfey's derivative out of the 

TsOH hydrolysate of Zelkovamycin. 

The Marfey's analyses were therefore extended by a comparison of synthetic 

Marf-(L)-(4-MeO)Trp-OH (105) with the Marfey's modified hydrolysate of Zelkovamycine 

according to the previously described experimentally procedure. The results of this analyses 

confirmed the presence of (4-MeO)Trp and proved its stereochemistry as a 

(L)-(4MeO)-Trp-OH (105), due to a clear match within a coinjection experiment (Figure 32). 

In the G1[pos] setup, a single peak with a retention time of 7.11 min for the injection of synthetic 

Marf-(L)-(4-MeO)Trp-OH (105) as well as in the extracted-ion chromatogram of the Marfey’s 

modified TsOH hydrolysate of Zelkovamycin was observed. The final coinjection experiment 

of both revealed a clear signal matching with a single signal at 7.11 min.  
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Figure 32. A) Chemical structure of Marf-(L)-(4-MeO)Trp-OH (105). B) to D) show the relevant parts of the 

extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

Marf-(L)-(4-MeO)Trp-OH) (105). B) EIC of synthetic Marf-(L)-(4-MeO)Trp-OH (105) with experimental setup 

G1[pos]. C) EIC of a Zelkovamycin hydrolysate (TsOH) using experimental setup G1[pos]. D) EIC of a coinjection 

of Marf-(L)-(4-MeO)Trp-OH (105) and Zelkovamycin hydrolysate using experimental setup G1[pos]. 

 

4.1.3.2 Methoxy tryptophan constitution assignment by NMR  

In addition to LC-MS based analysis, NMR can be a very powerful tool to investigate the 

substitution pattern of the methoxy tryptophan moiety. The previous LC-MS approach already 

revealed that a 4-methoxy tryptophan is the most likely methoxy tryptophan constitutional 

isomer present in Zelkovamycin. 

Based on the previously made analyses on the constitution of the methoxy tryptophan residue 

of Zelkovamycin, an NMR-based analysis was additionally performed to decide if either 

7-methoxy tryptophan or more likely 4-methoxy tryptophan is present in Zelkovamycin.  

To this end, Boc-(L)-(7-MeO)Trp-OMe (106) and Boc-(L)-(4-MeO)Trp-OMe (107) were 

synthesised as standards and analysed by 1H-NMR. The resulting signals in the aromatic region 

were then compared to those of different synthetic intermediates of Zelkovamycin bearing 

either a 4- or a 7-methoxy tryptophan (the syntheses of these derivatives is described in the 

corresponding Zelkovamycin synthesis section). 

The analyses of the spectra demonstrated a match between the corresponding aromatic signals 

of 4-methoxy tryptophan and a cyclic Zelkovamycin intermediate containing a 4-methoxy 

tryptophan derivative. A similar matching of the signals was observed for the 7-methoxy 

tryptophan and the corresponding 7-methoxy tryptophan-containing Zelkovamycin derivative 

(Figure 33). 
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Figure 33. A) Chemical structure of synthetic Boc-(L)-(7-MeO)Trp-OMe (106). B) Shows relevant part of 

1H-NMR of synthetic Boc-(L)-(7-MeO)Trp-OMe (106). C) Shows relevant part of 1H-NMR of a synthetic 

Zelkovamycin intermediate harbouring a 7-methoxy tryptophan residue (108). D) Chemical structure of a synthetic 

Zelkovamycin intermediate harbouring a 7-methoxy tryptophan residue (108). E) Chemical structure of synthetic 

Boc-(L)-(4-MeO)Trp-OMe (107). F) Shows relevant part of 1H-NMR of synthetic Boc-(L)-(4-MeO)Trp-OMe 

(107). G) Shows relevant part of 1H-NMR of a synthetic Zelkovamycin intermediate harbouring a 4-methoxy 

tryptophan (109). H) Chemical structure of a synthetic Zelkovamycin intermediate harbouring a 4-methoxy 

tryptophan (109). 
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In order to assign the constitution of the methoxy tryptophan in Zelkovamycin, the observed 

signal patterns for the ‘benzene part’ of the methoxy-substituted tryptophan rings were 

investigated in detail. 

The 7-methoxy tryptophan protons split into a doublet, triplet, doublet pattern (from low to 

high field): 

 

7-Trp (stnd.) δ 7.16 (d, J = 8.0, 1H, C-6), 7.03 (t, J = 7.8, 1H, C-5), 6.64 (d, J = 7.6, 1H, C-4) 

7-Trp-cycle δ 7.21 (d, J = 6.3, 2H, C-6’), 7.06 (t, J = 7.8, 1H, C-5’), 6.60 (d, J = 7.7, 1H, C-4’) 

 

In comparison, the 4-methoxy tryptophan split into a triplet, doublet, doublet pattern (from low 

to high field): 

 

4-Trp (stnd.) δ 7.09 (t, J = 8.0, 1H, C-6), 6.97 (d, J = 8.1, 1H, C-5), 6.51 (d, J = 7.8, 1H, C-7) 

4-Trp-cycle  δ 7.04 (t, J = 8.1, 1H, C-6’), 6.82 (d, J = 8.1, 1H, C-5’), 6.50 (d, J = 7.8, 1H, C-7’) 

 

In the next step, the identified signal patterns, characteristic for the two different methoxy 

tryptophans, were compared with the NMR data of Zelkovamycin reported in literature: 

 

Zelko. (lit.)[1] δ 7.02 (t, J = 8.0, 1H), 6.77 (d, J = 8.0, 1H), 6.14 (d, J = 8.0, 1H) 

4-Trp (stnd.) δ 7.09 (t, J = 8.0, 1H), 6.97 (d, J = 8.1, 1H), 6.51 (d, J = 7.8, 1H) 

7-Trp (stnd.) δ 7.16 (d, J = 8.0, 1H), 7.03 (t, J = 7.8, 1H), 6.64 (d, J = 7.6, 1H) 

 

The direct comparison of the NMR signals with those reported in the literature thus again 

indicates the presence of a 4-methoxy tryptophan residue as the previously identified signal 

pattern (triplet, doublet, doublet) could also be identified within the NMR data of 

Zelkovamycin.  

 

In a final proving experiment, the NMR spectra of isolated Zelkovamycin and synthetic 

Zelkovamycin (110), harbouring a 4-methoxy tryptophan was carried out (Figure 34). 
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Figure 34. A) Supposed chemical structure of isolated Zelkovamycin harbouring a proposed 7-methoxy 

tryptophan. B) Shows relevant part of 1H-NMR of isolated Zelkovamycin C) Shows relevant part of 1H-NMR of 

synthetic Zelkovamycin harbouring a 4-methoxy tryptophan. D) Chemical structure of synthetic Zelkovamycin 

harbouring a 4-methoxy tryptophan (110).  

 

The direct comparison of synthetic Zelkovamycin with a 4-methoxy tryptophan in its ring 

structure and isolated Zelkovamycin showed matching NMR signals within the region of 

interest, thus again proving the presence of a 4-methoxy tryptophan residue in Zelkovamycin. 

The corresponding relevant signals are listed below: 

 

Zelko. (lit.)[1] δ 7.02 (t, J = 8.0, 1H), 6.77 (d, J = 8.0, 1H), 6.14 (d, J = 8.0, 1H) 

Zelko. (iso.) δ 7.01 (t, J = 7.9, 1H), 6.78 (d, J = 8.3, 1H), 6.42 (d, J = 7.8, 1H) 

Zelko. (synth.) δ 7.04 (t, J = 8.1, 1H), 6.82 (d, J = 8.1, 1H), 6.50 (d, J = 7.8, 1H) 

 

It has to be mentioned that the NMR experiment gives only indirect evidence for the 

configuration of 4-methoxy tryptophan. As the synthetic Zelkovamycin however was built up 

from a (L)-(4-MeO)Trp building block and the resulting NMR spectrum matched to the NMR 

spectrum of isolated Zelkovamycin and as the Marfey’s analysis also revealed a presence of 

H-(L)-(4-MeO)Trp-OH (104), the presence of a (L)-(4-MeO)Trp residue in Zelkovamycin is 

highly probable.  

 

4.1.4 Final confirmation of structural assignments 

A chemical reduction of isolated Zelkovamycin was used as an alternative approach to prove 

the correctness of the stereochemistry of the unassigned α-methylthreonine residue. Although 

the NMR analysis of the synthesised Zelkovamycin matched to the one of the isolated 
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Zelkovamycin, an alternative approach to unambiguously define the stereochemistry at this site 

was pursued. To this end, a non-stereoselective reduction with sodium borohydride was 

performed as outlined in Scheme 11.[143-144] Sodium borohydride chemoselectively reduces the 

ketone at the α-methylthreonine subunit into an epimeric mixture of secondary alcohols. This 

reaction led to both (R)- and (S)-stereoisomers at the hydroxyl group and due to the presence of 

the other stereogenic centres of Zelkovamycin results in a diastereomeric product. These 

diastereomers can be separated by an adequate LC-MS protocol. 

 

Scheme 11. Non-stereoselective, sodium borohydride-mediated, reduction of isolated Zelkovamycin. 

 

4.1.5 HPLC separation of reduced Zelkovamycin isomers 

The NaBH4-mediated reduction of Zelkovamycin generated in an excellent yield and without 

any notable side products or degradation the desired alcohols. As the overall structural impact 

of this diastereoselective reduction in relation to the whole structure of Zelkovamycin is only 

weak, the chemical characteristics of both isomers are very similar. The required HPLC 

separation therefore proved to be challenging. Figure 35 A) shows the relevant part of the 

reaction mixture of the NaBH4-mediated reduction of Zelkovamycin. As expected, the 

reduction led to both isomers which were separated by LC-MS but with only marginal retention 

time difference. Nevertheless, purification by semi-preparative HPLC enabled the separation 

of both diastereomers without any remaining cross contamination, as shown in Figure 35 C) 

and D). A stereochemical assignment of each isomer however was not possible at this point. 
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Figure 35. HPLC separation of the (S)- and (R)-isomers of reduced Zelkovamycin. A) Chemical structure of 

reduced Zelkovamycin isomers. On top of B) to D) are displayed UV-absorption-based (214 nm) chromatograms. 

At the bottom of the figure are shown the corresponding relevant parts of extracted-ion chromatograms (mass 

range m/z as indicated; corresponding to the [M+H]+ signal of reduced Zelkovamycin). B) HPLC of the reaction 

mixture of Zelkovamycin reduction, containing a mixture of (S)- and (R)-isomer. C) Isolated isomer. D) Isolated 

corresponding isomer. For all experiments, HPLC method G1[pos] was used. 

 

4.1.5.1 Assignment of reduced Zelkovamycin by LC-MS  

The chemical synthesis of Zelkovamycin also delivered an intermediate, i.e. the nonoxidized 

macrolactam (109) that enabled the assignment of the reduced Zelkovamycin derivatives. In 

fact, the chemical synthesized derivative should match with the reduced derivative harbouring 

an (S)-alcohol at the β-position of the α-methylthreonine subunit but only if it also matches in 

all other structural features, i.e. the constitution and configuration of the methoxy tryptophan 

residue as well as the stereochemistry at the -centre of the 2-methyl threonine residue.  

To this end, an LC-MS based analysis was performed. Again, the previously established LC-MS 

method G1[pos] proved to be capable of separating the diastereomers via LC-MS. First, a single 

injection experiment of the synthetic cycle (109) bearing an (S)-alcohol at the β-position of the 

α-methylthreonine that was incorporated by chemical synthesis was performed to generate a 

suitable standard for comparison with the isolated (S)- and (R)-isomers of the reduced 
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Zelkovamycin. The macrolactam (109) eluted at a retention time of 6.52 min observed at the 

extracted-ion chromatogram (6.48 min UV) (Figure 37 B). The second part of the experiment 

was a coinjection experiment of (109) with the isolated reduced isomer which was eluting first 

during the HPLC separation. The outcome of the experiment is shown in Figure 37 C. 

The coinjection experiment revealed a match between both compounds by the presence of a 

distinct, single peak at a retention time of 6.51 min in the extracted-ion chromatogram 

(6.48 min UV). This finding proved the identity of both cyclic compounds. Next, the 

coinjection experiment was repeated with the reduced Zelkovamycin isomer which originally 

eluted at a slightly later retention time. In this experiment, two non-identical peaks were 

observed. The first peak eluting at a retention time of 6.51 min (EIC) and 6.48 (UV) represented 

the synthetic (S)-macrocycle (109) while the second peak eluting at 6.59 min (EIC) and 

6.55 min (UV) corresponded to the second isolated isomer (109a) (Figure 37). 

 
 

Figure 37. Identification of the (S)-isomers of reduced Zelkovamycin (109).  

On top B) to D) of the figure are UV-detections indicated at 214 nm. At the bottom of the figure are the relevant 

parts of the extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

reduced Zelkovamycin). A) Chemical structure of the (S)-isomer of reduced Zelkovamycin (109). B) Coinjection 

of isolated spot 1 of reduced Zelkovamycin with synthetic cycle (109). C) Coinjection of isolated spot 2 of reduced 

Zelkovamycin with synthetic cycle (109). D) Isolated corresponding isomer. For all experiments, methods G1[pos] 

was used. 
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The coinjection experiment therefore enabled to assign the first eluting compound from the 

chemical reduction of isolated Zelkovamycin as the corresponding (S)-isomer which is identical 

to the synthetic nonoxidized Zelkovamycin (109) derivative of which the stereochemistry is 

known from the chemical synthesis. Accordingly, the second reduction isomer eluting at a later 

retention time has to be the (R)-isomer (109a). 

Moreover, this coinjection experiment furthermore validated the high sensitivity of an LC-MS 

setup for identifying even small structural differences in a complex natural product such as the 

Zelkovamycin analogues in the present example. 

Overall, the whole series of experiments performed in this study all led to the same conclusion, 

i.e. that the stereochemical assignment proposed in this study is indeed correct. The originally 

arbitrarily (S)-assigned stereocenter at the α-position of the α-methylthreonine subunit is 

therefore also correct as well as the proposal of the presence of a H-(L)-(4-MeO)-Trp-OH (104)  

residue in the structure of Zelkovamycin.  

 

4.1.6 Revised structure and assigned stereochemistry of Zelkovamycin 

In conclusion, all performed experiments to assign the structure and the stereochemistry of 

Zelkovamycin indicate that a revision to the originally proposed structure is required because 

Zelkovamycin harbours a 4-methoxy tryptophan residue and not a 7-methoxy tryptophan 

moiety. In addition, the experiments allowed a clarification of the stereochemical properties of 

Zelkovamycin. A summarised overview of the workflow for the stereochemical assignment and 

the revision of the structure is shown in Figure 36.  



4. RESULTS AND DISCUSSION 57 
 

 
 

 

Figure 36. Overview on the workflow for full assignment of the structure of Zelkovamycin  

A) Chemical structure of Zelkovamycin elucidated by Tabata et al..[1] B) Assignment of the stereochemistry by 

Marfey’s analysis and fragmentation-based sequence analysis. C) Structure revision of the methoxy tryptophan 

moiety by LC-MS and NMR. D) Revised chemical structure of Zelkovamycin and total assignment and 

confirmation of the stereochemistry by total synthesis. 

 

4.2 Total synthesis of Zelkovamycin 

 

4.2.1 Retrosynthetic analysis of Zelkovamycin 

The synthesis of Zelkovamycin should be based on a sophisticated synthetic route relying on a 

fragment assembly approach. Such an approach allows the synthesis of fragments with 

moderate chemical complexity and it also usually features high variability. In fact, variability 

was considered as one of the most important factors in the development of the Zelkovamycin 

synthesis plan because the established synthesis route should also enable the generation of 

Zelkovamycin derivatives. This aim could only be achieved if the chemical effort for derivative 

synthesis was kept as low as possible. Accordingly, in light of the chemical complexity of 

Zelkovamycin, the establishment of a convergent solution phase-based synthetic approach 

seemed to be most feasible.  

A convergent strategy, in contrast to a linear synthesis plan, is frequently used in the total 

synthesis of natural products.[145-146] In this strategy, the target molecule is divided into 
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fragments of ideally similar size and complexity,[147] resulting in an overall more efficient and 

economical synthetic route that delivers the desired target molecule with generally better overall 

yields. Besides these advantages, a convergent synthesis approach also allows a parallel 

synthesis of different building blocks (and may thus be time-saving) and can more easily be 

divided into a conjoint synthesis project in which fragments are synthesised by different 

people.[145] An expressive example of such an approach represents the total synthesis of vitamin 

B12 accomplished by an intensive collaboration between the group of A. Eschenmoser and 

R. B. Woodward.[148-150] 

The envisaged retrosynthetic plan dividing Zelkovamycin into three peptidic fragments 

(fragment A-C) is represented in Figure 37.  

 

 

Figure 37. Retrosynthetic analysis of Zelkovamycin.  

The retrosynthetic analysis results in a fragment-based approach consisting of the generation of three fragments 

with similar chemical complexity that are assembled into the final Zelkovamycin scaffold. 
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All three fragments are of comparable structural complexity and offer an ample opportunity of 

chemical derivatization at the level of each fragment. The outlined strategy enables a facile 

assembly to the Zelkovamycin core structure by peptide coupling without racemization because 

all three peptidic fragments feature a C-terminal amino acid resistant to racemization upon 

activation by the peptide coupling reagent.[151] The outlined fragments could be fused to a linear 

peptide precursor and finally cyclized by a major late-stage peptide macrolactamization step 

via a peptide coupling.[152]  

As the presence of the carbonyl moiety at the α-methylthreonine residue was considered as a 

potential reactive group and may thus cause problems during synthesis, a late stage installation 

of the ketone moiety by oxidation of the corresponding alcohol at the final step of the synthesis 

was chosen. 

 

4.2.2 Fragment synthesis 

The envisioned total synthesis of Zelkovamycin required, according to the outlined synthesis 

plan, the preparation of the three selected peptidic fragments A-C. These fragments were of 

similar size and comparable structural complexity. 

Fragment C thereby was considered as the first-rate candidate fragment for generating 

Zelkovamycin derivatives. In total, four variants of fragment C (fragment C-(1-4)) were 

synthesised, resulting in overall four different Zelkovamycin derivatives that were generated 

during this thesis. 

 

4.2.2.1 Synthesis of fragment A 

The synthesis of fragment A (121) was performed via several modified protocols present in 

literature and is outlined in Scheme 12. In the first step, the starting material 

H-Cys(Trt)-OH (111) was transferred into the corresponding methyl ester (112). This was 

followed by a copper catalysed diazo transfer with freshly prepared trifluoromethanesulfonyl 

azide, analogously to the procedure of Wong et al.,[153-154] to obtain the analogue α-azido methyl 

ester (113). Cleavage of the triphenylmethyl group using TFA/DCM (1:1) and triethyl silane as 

a scavenger delivered the azido thiol (114).[155] The unprotected thiol group was coupled with 

Boc-protected (D)-alanine (115) using DIC/HOBt and DMAP to the corresponding 

thioester (116). The synthesised thioester (116) served as the precursor for the subsequent 

Aza-Wittig reaction.[156] Under Staudinger conditions, the thioester was transferred into the 
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corresponding in situ generated iminophosphorane which cyclised directly to the desired 

thiazoline (117).[157] The final thiazole core (118) was obtained by oxidation of the 

thiazoline (117) with bromotrichloromethane and DBU. The synthesis of fragment A (121) was 

then completed by removal of the Boc-protecting group from Boc-(D)-AlaThz-OMe (118) with 

4 M HCl in dioxane, resulting in the amino thiazole derivative (119). In the next step, (119) 

was reacted with Boc-Sar-OH by an EDC/HOBt-mediated peptide coupling to gain the 

Boc-protected version of fragment A (120). As the final synthesis step of the generation of 

fragment A, a cleavage of the Boc-group using HCl was carried out, leading to the final 

fragment A, i.e. the hydrochloride salt of H-Sar-(D)-AlaThz-OMe (121). 

 

 

Scheme 12. Overview on the chemical synthesis of fragment A. 
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4.2.2.2 Synthesis of fragment B 

The second fragment synthesized during the total synthesis of Zelkovamycin was the 

(Z)-dehydrobutyrine-bearing fragment B. This compound was synthesised starting from 

commercially available H-(D)-Abu-OH (122). (122) Was first Boc-protected to yield 

Boc-(D)-Abu-OH (123), followed by an EDC/HOBt-mediated peptide coupling with previously 

prepared H-Thr-OMe hydrochloride salt (39), resulting in the corresponding dipeptide (124). 

This dipeptide was transformed into Boc-(D)-Abu-(Z)-Dhb-OMe (125) by elimination of water 

using EDC and copper(I) chloride according to a modified procedure of the Albericio 

group.[158-159] The synthesis of fragment B was completed by saponification of the methyl ester 

with LiOH in MeOH/H2O (1:1) leading to Boc-(D)-Abu-(Z)-Dhb-OH (126) (Scheme 13). 

 

 

Scheme 13. Overview on the chemical synthesis of fragment B (126). 

 

4.2.2.3 Synthesis of fragment C 

In comparison to fragment A and B, fragment C represents the most complex structure as a 

result of its two unusual amino acids, i.e. a 4-methoxy tryptophan and an α-methylthreonine 

residue. In addition, fragment C offers various opportunities for synthetic modifications leading 
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to diverse Zelkovamycin derivatives. The most obvious point for modification is the methoxy 

tryptophan residue. This involves the generation of a fragment C analogue with a 4-methoxy 

tryptophan residue as well as a 7-methoxy tryptophan as originally proposed by Tabatha et al..[1] 

These two derivatives would allow to directly compare the 7-methoxy tryptophan derivative of 

Zelkovamycin with the 4-methoxy tryptophan analogue for proving the correctness of the 

structure revision performed during this work. 

Furthermore, it would be of interest to elucidate the influence of the methoxy tryptophan 

substitution pattern on the biological activity of Zelkovamycin considering the findings of 

Chen et al. that only the 4-methoxy tryptophan derivatives of Argyrin showed significant 

biological activity.[42]  

Besides, analogues of the unusual α-methylthreonine residue would also be of particular interest 

for determining the impact of this residue on the biological activity. In fact, previous studies 

e.g. by Thansandote et al.[40] showed that α-methylations of amino acids do have a substantial 

impact on the conformation of cyclic molecules and thus bioactivity of cyclic hexa- and 

hepta-peptides. Accordingly, fragment C was chosen as the starting point for Zelkovamycin 

derivatization, resulting in a set of four distinct fragment C variants selected for synthesis. The 

chemical structures of the fragment C-(1-4) are shown in Scheme 14. 

 

 

Scheme 14. Overview of the chemical structures of fragments C-(1-4). 

 

The set contains fragment C-1 (127), bearing a 4-methoxy tryptophan and the 

α-methylthreonine subunit, as the building block leading to the natural product Zelkovamycin. 

Fragment C-2 (128) is an analogue to fragment C-1 (127) but harbours a 7-methoxy tryptophan 

instead of a 4-methoxy tryptophan residue. Fragment C-3 (129) delineates a structural 
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simplification of C-1 (127) by exchanging the methoxy tryptophan residue with an 

unsubstituted tryptophan moiety. The last fragment C-4 (130) is an even more simplified 

analogue of C-1 (127), wherein besides the incorporation of a tryptophan residue also the 

α-methylthreonine is replaced by a (L)-threonine moiety. 

For achieving the synthesis of the four fragment C variants, chemical syntheses of the unusual 

amino acids found in these fragments were first required.  

 

4.2.2.3.1 Synthesis of α-methylthreonine  

According to the retrosynthetic analysis, the last step of the total synthesis of Zelkovamycin 

requires an oxidative step of a threonine precursor for transforming the -alcohol into a ketone 

residue. This oxidation is associated with a loss of the -hydroxyl stereocenter which allows to 

freely choose the stereochemistry of the precursor at this chiral centre. Therefore, a 

(2S,3S) 2-methylthreonine was selected as a synthesis target for this position because of the 

availability of a feasible synthesis procedure from Shao et al. (Scheme 15).[105] 

 

 

Scheme 15. Overview on the synthesis of α-methylthreonine (136). 

The synthesis of this amino acid started from methyl tiglate (131) which was converted via an 

asymmetric Sharpless dihydroxylation, utilising Sharpless AD-mix α, into the corresponding 

(2R,3S)-diol (132) in good yields and excellent ee. A reaction of (132) with thionyl chloride 

yielded a 2,3-cyclic sulphite analogue (133a) which without further purification was directly 

transferred with RuO4 into a cyclic sulphate (133). Due to its excellent leaving group properties 

and a remarkable regioselectivity towards nucleophiles as for example shown by 
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Lohray et al.[160] and Berridge et al.,[161] sodium azide addition resulted in an addition of the 

azide residue to the α-carbon of the cyclic sulphate (133) under concomitant ring opening. The 

overall reaction occurred under inversion of the stereochemical information at this centre, 

yielding the corresponding α-(azido-methyl) ester (134). In the next step, the α-azido group was 

transferred into an amino group by hydrogenation leading to compound (135). The sulphate 

group was removed by acidic hydrolysis using H2SO4/MeOH (1:1). For isolation of the final 

product, an excess of 1 N HCl was added to the organic phase. The organic solvent was removed 

and the remaining aqueous phase was dried by lyophilisation to obtain 

(2S,3S) 2-methylthreonine methyl ester hydrochloride (136) as the final product. 

 

4.2.2.3.2 Synthesis of methoxy tryptophans 

The synthesis of the required substituted methoxy tryptophans was based on a Pd-catalysed 

heteroannulation reaction established by Jai and Zhu.[110] This synthetic approach relies on two 

precursors which had to be synthesised prior to the tryptophan formation. 

The first precursor, a glutamic acid-derived aldehyde was used for all chemically synthesised 

tryptophans. In contrast, the second precursor, i.e. an aniline bearing the methoxy substituent 

at the specific position of interest, had to be synthesised individually for the desired methoxy 

tryptophan derivative.  

 

4.2.2.3.3 Synthesis of the aldehyde precursor (Boc)2-(L)-Glu(COH)-OMe 

The synthesis of the required aldehyde precursor (80) was carried out according to a modified 

protocol from Kokotos et al.[162] (cf. Scheme 16). Accordingly, the synthesis started from 

H-(L)-Glu-OH (137). In the first step, (137) was dimethylated using TMS-Cl in methanol 

leading to H-(L)-Glu(OMe)-OMe (137a) which was subsequently transferred to 

Boc-(L)-Glu(OMe)-OMe (138). This compound was converted into a dimethylated 

N,N-di-Boc-glutamate (139) via Boc2O and DMAP. Finally, (139) was reduced with DIBAL-H 

at -78 °C to aldehyde (80). Due to temperature and reaction time control (-78 °C, 15 min), 

selective reduction of the side chain methyl ester was achieved in excellent yields.  
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Scheme 16. Overview on the synthesis of the aldehyde precursor (Boc)2-(L)-Glu(CHO)-OMe (80). 

 

4.2.2.3.4 Synthesis of the required methoxy anilines 

For the synthesis of the 4-methoxy or 7-methoxy tryptophan residue, two different iodoanilines 

as precursors were also required. Both were synthesised following the synthesis pathway 

reported by Kondo et al..[163] 

For the synthesis of the 4-methoxy tryptophan, a 2-iodo-3-methoxyphenylamine (142) was 

required. The synthesis started from m-anisidine (140) which was first Boc-protected to 

generate the corresponding Boc-m-anisidine (141). At the next step, the Boc-protected 

anisidine (141) was selectively deprotonated at -20 °C in ortho-position with tert-butyllithium 

and in situ directly ortho-lithiated at very low temperature (-100 °C) with molecular iodine 

producing tert-butyl (2-iodo-3-methoxyphenyl)carbamate (67) in an acceptable yield of 63%. 

The final HCl-mediated cleavage of the Boc-group delivered the desired 

2-iodo-3-methoxyphenylamine hydrochloride salt (142) ready for use in the heteroannulation 

reaction for the synthesis of 4-methoxy tryptophan (Scheme 17). 

 

 

Scheme 17. Overview on the synthesis of 2-iodo-3-methoxyphenylamine hydrochloride salt (142). 

 

The synthesis of 7-methoxy tryptophan required an iodoaniline with a methoxy group in 

ortho-position. Accordingly, this requires a 2-iodo-6-methoxyphenylamine (77) as the desired 

intermediate for the tryptophan synthesis.  
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2-Iodo-6-methoxyphenylamine hydrochloride salt (77) was synthesised analogously to the 

corresponding meta-iodoaniline (142) following the previously described procedure. The 

performed synthesis of (77) is outlined in Scheme 18. 

 

Scheme 18. Overview on the synthesis of 2-iodo-6-methoxyphenylamine hydrochloride salt (77). 

 

4.2.2.3.5 Methoxy tryptophan synthesis via heteroannulation 

The synthesis of the methoxy tryptophans was carried out according to a synthesis protocol 

established by Jia and Zhu.[110, 164] Following this protocol, the previously synthesised 

precursors were used in a one-pot palladium-catalyzed heteroannulation reaction.  

The performed synthesis for the generation of both methoxy tryptophans, i.e. the 7- and 

4-methoxy tryptophan, is presented in Scheme 19. 

 

 

Scheme 19. Overview on the chemical synthesis of 4-methoxy tryptophan (148) and 7-methoxy tryptophan (149). 

 

The tryptophan synthesis started from the corresponding aryl iodine, i.e. (77) as starting 

material for the synthesis of the 7-methoxy tryptophan and (142) for generation of the 

4-methoxy tryptophan. These compounds were reacted in both cases with aldehyde (80) in an 
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heteroannulation reaction using Zhu’s reaction conditions consisting of Pd(OAc)2 as the 

catalyst, DABCO as the base in DMF, a reaction temperature of 85 °C and a reaction time of 

usually 12 h.[164] Both methoxy tryptophans were obtained in acceptable yields. In the next step, 

a selective mono Boc-deprotection with Mg(ClO4)2 was carried out which worked in excellent 

yields for the 7-methoxy tryptophan (106) residue, but surprisingly in much lower yields for 

the 4-methoxy tryptophan (107) moiety. The last step of the synthesis involved a lithium 

hydroxide-mediated saponification of the methyl esters to obtain the analogous desired 

4-methoxy tryptophan (148) and 7-methoxy tryptophan (149) bearing free carboxylic acids. 

 

4.2.2.4 Synthesis of fragments C-1, C-2 and C-3 

With all amino acid building blocks in hands, it was now possible to assemble the individual 

amino acids to the different fragment C derivatives. To this end, two different synthesis 

strategies were required, i.e. one for those derivatives featuring an α-methylthreonine building 

block and a modified approach for the fragment C-4 (130) that is built up from a standard 

threonine residue. Here, the strategy for the synthesis of fragment C-(1-3) is shortly described. 

The α-methylthreonine residue contains a quaternary centre at the α-position which 

significantly reduces its reactivity in peptide coupling reactions, mostly due to steric hindrances. 

Accordingly, all tested peptide coupling reactions with an α-methylthreonine and standard 

peptide coupling conditions did not result in significant product formation. Therefore, stronger 

peptide coupling conditions were tested. The use of stronger coupling reagents was however 

also not successful and afforded, e.g. in the case of PyBOP or HATU, an additional protection 

of the secondary alcohol group at the β-position of the threonine derivative to prevent 

undesirable modification of the hydroxyl group. To minimise the required synthetic effort for 

the protection of this group, a strategy of a TMS-activated peptide coupling was chosen. This 

strategy offered several advantages with only minimal additional synthetic effort that consisted 

of an additional activation step and the use of dry reaction conditions (that are not required in a 

standard peptide coupling reaction). The first advantage of this approach is a significant 

activation of the amine for a peptide coupling reaction by silylation of the amino group. In fact, 

the TMS-group significantly increases the nucleophilicity of the amine which favours the 

peptide coupling reaction. Moreover, the TMS-activation step also protects the secondary 

alcohol group in β-position by a temporary protection as a TMS-ether. The TMS-activation 

process thus provides protection for the hydroxyl group and simultaneous activation of the 

amino group and offers the possibility to directly use strong coupling reagents.  
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This strategy was applied to fragment C-(1-3), and the synthesis was carried out as shown in 

Scheme 20.  

 

Scheme 20. Overview on the synthesis strategy for the assembly of fragment C-(1-3). 

 

The α-methylthreonine residue (136) was TMS-activated and protected under dry conditions in 

one step, thereby generating in situ the water-labile intermediate (150). Subsequently, the 

required tryptophan building block was added as a pre-activated HOAt active ester obtained in 

a pot reaction from a mixture of HATU, HOAt and DIPEA in dry DMF. 4-Methoxy 

tryptophan (148) was used for the synthesis of (152) towards fragment C-1, 7-methoxy 

tryptophan (149) for the synthesis of (153) and an unsubstituted Boc-(L)-Trp-OH (151) for the 

synthesis of (154) as an intermediate of the synthesis of fragment C-3. The peptide coupling 

step was followed in all cases by a lithium hydroxide-mediated hydrolysis of the methyl esters 

leading to the analogues dipeptides (155), (156) and (157), respectively. Next, all dipeptides 

were modified by a standard peptide coupling reaction using EDC/HOBt and 

H-Gly-OMe (158). The last step in the assembly of fragment C-(1-3) involved a Boc-cleavage 

under acidic conditions. HCl was found to be unsuitable for cleavage of the Boc-group at this 

stage for all fragments containing an α-methylthreonine residue as its use resulted in dramatic 

losses; yields were generally below 5% and LC-MS analyses of the reaction product identified 

several products with lower masses indicating partial and uncontrolled degradation. In addition, 

NMR analyses of the in low yield isolated desired product revealed a double set of peaks in the 

NMR spectra. One possible explanation for this finding could be a nucleophilic attack of a 

chloride ion from HCl inducing a substitution reaction of the β-hydroxyl group of the 
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α-methylthreonine. This chloride could subsequently again be substituted by a nucleophilic 

attack of a water molecule, leading back to a hydroxyl group at the initial position. Due to this 

SN1 substitution mechanism, a racemization would occur at this chiral centre, resulting in a 

diastereomeric mixture of the final fragment. This would explain the slightly shifted double-set 

of signals in the NMR spectra and is in accordance with the observed LC-MS data. The dramatic 

drop in yield may be explained by a degradation of the peptide under these reaction conditions. 

To overcome this limitation, TFA was therefore used to remove the Boc protecting group. After 

addition of TFA at a low temperature, the reaction mixtures containing methoxy tryptophan 

peptides adopted a characteristic green colour; nevertheless, the Boc-group could be removed 

in good yields leading to the final fragments C-(1-3); (127), (128) and (129). 

 

4.2.2.5 Synthesis of fragment C-4 

The synthesis of fragment C-4 required a second synthesis strategy for the assembly. As 

fragment C-4 does not contain any unusual or challenging amino acids, i.e. neither a methoxy 

tryptophan nor an α-methylthreonine residue, a basic and straight forward peptide coupling 

strategy was chosen. 

To this end, H-(L)-Thr-OMe (39) was coupled with Boc-(L)-Trp-OH (151) using EDC and 

HOBt to obtain the corresponding dipeptide (162). The coupling was followed by a 

saponification of the methyl ester to deprotect the carboxylic acid leading to compound (163). 

The next step was again a EDC/HOBt-mediated peptide coupling of a glycine methyl ester 

hydrochloride (158). The resulting tripeptide (164) was finally deprotected with HCl to yield 

the desired fragment C-4 (130). For this peptide, the HCl-mediated Boc-cleavage proceeded 

without any side reactions or loss of yield. The complete synthesis of fragment C-4 is shown in 

Scheme 21. 
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Scheme 21. Overview on the chemical synthesis of fragment C-4 (130). 

 

4.2.3 Fragment assembly 

With all required fragments in hands and according to the retrosynthesis plan shown in Figure 

3737, the assembly of the fragments to Zelkovamycin and derivatives thereof was next pursued. 

To this end, a EDC/HOBt-mediated peptide coupling of the thiazole bearing fragment A (121) 

with the dehydrobutyrine containing fragment B (126) was performed, resulting in product 

(165). The second step was a lithium hydroxide-mediated saponification of the methyl ester at 

the thiazole moiety of compound (165). The deprotection of the carboxylic acid was carried out 

with excellent yield and led to (166). (166) Represents an important intermediate in the 

Zelkovamycin syntheses because all desired Zelkovamycin derivatives could be synthesised 

from this compound by varying the final fragment C. As outlined in the synthesis strategy 

(Scheme 22), the different fragments C-(1-3) were installed via peptide couplings. The use of 

EDC/HOBt coupling of fragment C-1 (127) led to the linear peptide precursor of the natural 

product Zelkovamycin (167), while the coupling of fragment C-2 (128) resulted in the 

corresponding 7-methoxy tryptophan derivative (168). Fragment C-3 (129) yielded precursor 

(169) for a Zelkovamycin derivative without any methoxy- modification at the tryptophan. All 

three couplings delivered comparable and acceptable yields, taking into account the complexity 

of the coupling partners. Prior to the cyclisation of these three linear peptides, a two stage 

deprotection step was carried out. First, the methyl esters at the former C-fragments were 

hydrolysed using lithium hydroxide. A short work up after the saponification consisting of 
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removal of the organic solvent, acidification of the remaining aqueous phase with KHSO4 and 

an intensive DCM extraction of the hydrolyzed products was established to ensure high overall 

yields. The second stage of deprotection was the cleavage of the remaining Boc-group at the N-

termini of the individual peptides. Deprotection was carried out using 50% TFA in DCM at low 

temperature and short reaction time. It was found fundamental to add an excess of toluene 

directly to the reaction mixture before removal of the cleavage cocktail. All deprotected linear 

peptides were used without further purification in the subsequent late-stage peptide 

macrolactamization step. The corresponding cyclisation was carried out using EDC/HOBt, high 

dilution conditions[165] and a slightly increased reaction temperature (40 °C). The cyclisation of 

all three linear peptides was achieved at comparable moderate yields. All tested conditions, e.g. 

a change of reaction temperature, reagent concentrations or the use of stronger coupling agents 

did not improve the obtained cyclisation yields. 

With the non-oxidized cyclic Zelkovamycin precursor (109), harbouring an α-methylthreonine 

and 4-methoxy tryptophan, and two derivatives, bearing either a 7-methoxy tryptophan (108) 

or an unsubstituted methoxy tryptophan (173), in hands, the final oxidation step to the natural 

compound and its derivatives was carried out next. 

The oxidation of the β-hydroxy group of the incorporated α-methylthreonine however proved 

to be very difficult, especially for those macrocycles containing a methoxy tryptophan.  

Tryptophans are known to be sensitive to oxidising conditions and are easily oxidised, e.g. to 

oxindole derivatives.[166-167] This issue afforded an optimised oxidation procedure for the last 

step of the total synthesis. In fact, most oxidation conditions led to an ‘overoxidation’ of the 

macrocycles directly followed by a degradation of the compounds. From all tested oxidation 

reagents, the Dess-Martin oxidation proved to be superior. The alternatively used oxidation 

reactions were Swern-,[168] Corey-Kim-,[169] or Jones-oxidation.[170] 

Accordingly, the Dess-Martin oxidation became the method of choice. For optimisation of 

reaction conditions, various trials were performed. For example, the addition of Dess-Martin 

periodinane to a macrocycle dissolved in DCM resulted in no conversion at low or room 

temperature. The increase of the reaction temperature resulted in minimal product formation 

followed by product degradation. Additional careful investigations and optimisations of the 

oxidation process revealed very limited possibilities to fine-tune the outcome of the oxidation 

and revealed that all conditions led to product formation accompanied by overoxidation and 

degradation. A significant improvement in the outcome of the oxidation reaction was made by 

using a freshly prepared DMP-solution in dry DCM under inert reaction conditions. These 

optimised reaction conditions led to a fast conversion of the starting material into the desired 
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product, subsequently followed by degradation. However, conversion of the starting material 

slowed down after a few minutes and could not be re-accelerated by adding further Dess-Martin 

periodinane reagent. On the contrary, the addition of further DMP only increased the 

degradation of the already formed product.  

These findings indicate that the oxidation reaction has a tight reaction time optimum and the 

last oxidation step was therefore carried out carefully by dividing the starting material into small 

portions for performing the oxidation on small individual batches. In addition, the oxidation 

reaction was carefully monitored and stopped upon a considerable product conversion. These 

reaction conditions led to synthetic Zelkovamycin (110) and two oxidised Zelkovamycin 

analogues (3a) and (174) in 53% to 75% yield.  
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(110) R1 = OMe, R2 = H, (76%)

(3a) R1 = H, R2 = OMe, (55%)

(174) R1 = H, R2 = H, (53%)  

Scheme 22. Overview on the fragment assembly to Zelkovamycin (110) and derivatives (3a), (174). 
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4.2.4 Fragment assembly II 

The assembly of the fourth derivative of Zelkovamycin, bearing an unsubstituted tryptophan 

and a standard threonine residue was carried out with the same synthesis procedure as described 

before for the synthesis of the natural product Zelkovamycin. The outlined synthesis plan is 

shown in Scheme 23.  

 

 

Scheme 23. Overview on the chemical synthesis of simplified Zelkovamycin derivative (178). 

 

The assembly started from the linear key peptide (166) and fragment C-4 (130). Both molecules 

were linked via an EDC/HOBt-mediated peptide coupling resulting in the fully protected 

precursor peptide (175). Consecutive saponification of the methyl ester using lithium hydroxide 

and cleavage of the Boc-group under acidic conditions led to the corresponding unprotected 

linear peptide (176). The next step was the late-stage peptide macrolactamization and was 

performed under high dilution conditions and EDC/HOBt, yielding the cyclic compound (177). 

The final oxidation step was performed analogously to the oxidation of Zelkovamycin and the 
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other derivatives, applying the optimised Dess-Martin conditions. Subsequent HPLC 

purification afforded the final oxidised macrocycle (178). 

 

4.3 Zelkovamycin and derivatives thereof  

The outlined synthesis plan resulted in the first total synthesis of Zelkovamycin (110) and 

offered a suitable derivatization strategy which allowed the further synthesis of three additional 

Zelkovamycin analogues (3a), (174) and (178) (Figure 38). 

The initially unclear stereochemistry of the α-methylthreonine residue and the correctness of 

the configuration of the dehydrobutyrine building block of the natural product Zelkovamycin 

could be proven by direct comparison of synthetic and isolated Zelkovamycin. NMR analysis 

as well as LC-MS coinjection experiments confirmed the match between both compounds.  

Total synthesis still remains a very powerful tool in chemistry and analytics. A total synthesis 

is not only granting access to a molecule of interest, as here Zelkovamycin, but it also provides 

a not to be underestimated tool to assign the complete structure of a natural product, consisting 

of sequence, substitution- and/or constitution pattern and the full stereochemistry of the 

compound. 

 

Figure 38. Chemical structures of synthesised Zelkovamycin and derivatives thereof. 
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4.4 Comparison of synthetic and isolated Zelkovamycin 

4.4.1 LC-MS comparison 

The comparison of isolated and synthetic Zelkovamycin (110) was performed using a similar 

LC-MS identification approach as described previously during this work. 

To this end, isolated and synthetic Zelkovamycin (110) were first analysed independently by 

LC-MS and second via a coinjection experiment of both compounds. These analyses revealed 

that both compounds were indeed identical. The corresponding experimental results are shown 

in Figure 41. 

 
 

Figure 39. LC-MS-comparison of isolated and synthetic Zelkovamycin (110).  

On top of the figure B) to D) are UV-detections indicated at 214 nm. At the bottom of the figure are the relevant 

parts of the extracted-ion chromatograms (mass range m/z as indicated; corresponding to the [M+H]+ signal of 

isolated Zelkovamycin). A) Chemical structure of Zelkovamycin (110). B) LC-MS analysis of isolated 

Zelkovamycin. C) LC-MS analysis of synthetic Zelkovamycin (110). D) LC-MS analysis of the coinjection of 

isolated and synthetic Zelkovamycin (110). For all experiments, methods G1[pos] was used. 

The natural compound Zelkovamycin eluted at a retention time of 7.25 min (UV channel 

detection). The corresponding extracted-ion chromatogram identified the isolated 

Zelkovamycin as a single peak at 7.30 min. Identical retention times were observed for synthetic 



4. RESULTS AND DISCUSSION 76 
 

 
 

Zelkovamycin (110) (7.26 min UV, 7.29 min EIC). Ultimately, the coinjection experiment of 

isolated and synthetic Zelkovamycin (110) revealed a distinct, single peak with equal retention 

times (7.26 min UV, 7.29 min EIC). 

This experiment thus clearly demonstrated that both compounds are identical and thereby prove 

the assignment of the chemical structure of the natural product. 

 

4.4.2 NMR comparison 

With synthetic Zelkovamycin (110) in hands, a direct comparison of isolated natural 

Zelkovamycin with its synthetic counterpart was possible.  

The comparison was carried out by NMR, using a Bruker Avance II NMR system at 700 MHz 

(for proton NMR) and at 176 MHz (for 13C-NMR). 

First, a 1H-NMR of isolated Zelkovamycin and one of synthetic Zelkovamycin (110) was 

measured. Both spectra were measured in CDCl3 and at a measuring temperature of 20 °C. 

Then, a (1:1) mixture of synthetic and natural Zelkovamycin was measured and compared with 

both single compound measurements. In addition, all spectra were compared to those values 

published in the literature for Zelkovamycin by Tabata et al..[1] 

The same measuring procedure was repeated to collect a similar set of 13C-carbon NMRs for 

an additional comparison. 

 

4.4.2.1 Proton NMR  

To carry out a reliable 1H-NMR comparison, first a proton NMR of isolated Zelkovamycin was 

measured as a standard reference spectrum (Figure 41 A). This spectrum was used to confirm 

the data reported by Tabata et al..[1] Most of the relevant C-H signals (according to the atom 

numbering indicated in Figure 40) were very well matching to the reported data. Minor 

differences were found at the following signals: C1-H signal, indicated in literature as 

δ 3.61 (1H, d, m) was observed at δ 3.63-3.58 (1H, m). The reported multiplet for 

C4-H2 (2H, m) could be split into two individual multiplets at δ 2.06-2.00 (1H, m) and 

δ 2.00-1.93 (1H, m). The signal of C5-H reported as a doublet at δ 0.91 (3H, d, J = 7.3 Hz) was 

identified, in accordance with the theoretical expectation, as a triplet at 

δ 0.91 (3H, t, J = 7.4 Hz). C14-H, reported as δ 5.50 (1H, dq, J = 8.4 Hz), was observed as a 

multiplet δ 5.53-5.46 (1H, m). In addition, both proton signals reported for C21-H2, the first at 

δ 3.55 (1H, m) and the second at δ 4.18 (1H, dd, J = 15.9 Hz), should appear as a doublet of 
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doublets according to the theoretical multiplicity. The first signal, announced as a multiplet, 

could be identified as the fitting doublet of doublets at δ 3.58 (1H, dd, J = 16.9 Hz). The last 

varying signal was C22-H reported as δ 6.97 (1H, d, J = 2.7 Hz). C22-H was identified at 

δ 6.96 (1H, s). Considering the theoretical background of multiplicity of proton signals in 

NMR, the identification and the following assignment as a singlet appears to be more likely. 

The last modification made at the completed, combined data set was swapping of signal C25-H, 

reported by Tabata et al.[1] at δ 6.77 (1H, d, J = 8.0 Hz) by assuming a 7-methoxy tryptophan 

to position C28-H in accordance to a 4-methoxy tryptophan. 

The observed N-H signals identified within the measured reference spectra of isolated 

Zelkovamycin fitted the reported signals, if the differences of the chemical shifts due to an 

altered protonation state of N-H signals were also considered.[171] In fact, protonation or 

deprotonation of N-H signals has a major impact on the chemical shift of these signals which 

makes an exact identification within two independent samples more complicated.[172-173] 

After the refinement of the NMR data of Zelkovamycin by comparing the in literature published 

data with the re-measured data of isolated Zelkovamycin, a direct comparison with synthetic 

Zelkovamycin (110) was next performed.  

To this end, a 1H-NMR spectrum of synthetic Zelkovamycin was measured using the same 

experimental setup (Figure 41 B) and compared with the previously recorded reference spectra 

of isolated Zelkovamycin. The comparison of both spectra revealed only minor differences for 

C-H signals but some shifts of N-H signal pairs. The observed differences of the N-H signals 

can be explained by a different protonation state, as indicated before, as synthesised 

Zelkovamycin (110) was purified by HPLC with TFA as an additive. Accordingly, the synthetic 

Zelkovamycin sample contained residual TFA, while isolated Zelkovamycin according to the 

supplier instructions was TFA-free. 

The minor divergences of some C-H signals may be the result of H-H interactions due to the 

coordination of the TFA counterion at specific sides of the macrocycle of Zelkovamycin.[174-175] 

An example was observed for both proton signals of C12-H2, i.e. a signal from the sarcosine 

moiety. Within the sample of isolated, TFA-free Zelkovamycin, the C12-H2 signals were 

present at δ 3.40 (1H, d, J = 17.0 Hz) and δ 4.99 (1H, d, J = 17.0 Hz) but within the 

corresponding synthetic Zelkovamycin, in the presence of TFA, the signals were observed at 

δ 3.57 (1H, d, J = 17.0 Hz) and δ 5.02 (1H, d, J = 17.0 Hz). Accordingly, in particular the first 

signal shifted quite extensively, with a total low field shift of approximately 0.17 ppm.  

In light of these results and to prove that the signals of isolated and synthetic 

Zelkovamycin (110) were indeed identic, a mixed NMR sample containing a (1:1) mixture of 
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both compounds, i.e. isolated and synthetic Zelkovamycin, was measured using the same 

experimental setup (Figure 41 C). If the synthetic and isolated Zelkovamycin were not identical, 

a double set of signals would be observed in the proton spectra. In the case of both molecules 

being identical, a complete match of all signals would be expected. 

The mixed 1H-NMR revealed isolated and synthesised Zelkovamycin (110) as identical. A 

double set of signals was not observed, but instead a clear matching of the signals was found. 

The observed C-H signals which in the direct comparison of isolated, TFA-free Zelkovamycin 

and synthetic Zelkovamycin containing residual TFA were observed as signals at different 

chemical shifts, now appeared as single signals fitting the theoretically expected multiplicity.  

For example, the two signals mentioned before for the sarcosine moiety here appeared as 

distinct signals at δ 3.55 (1H, d, J = 17.5 Hz) and δ 5.02 (1H, d, J = 17.1 Hz). No additional 

signal at δ 3.43 (isolated TFA-free Zelkovamycin) was observed. These findings strongly 

indicated that the NMR shift effect might be caused by interaction with residual TFA.  

In light of all these facts and the signal matching between isolated and synthetic 

Zelkovamycin (110), both molecules were therefore unambiguously identified as being identic. 

The 1H-NMR analysis furthermore proved the structure assignment as correct and synthetic 

Zelkovamycin as identical to the natural product Zelkovamycin. 

The corresponding proton NMR data of isolated, synthetic and mixed Zelkovamycin are listed 

in Table 3. A summary of the obtained 1H-NMR spectra is shown in Figure 41. 
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Table 3. 1H-NMR data comparison of Zelkovamycin. 

Atom 
No. 

as reported by Tabata  
et al.[1] 

isolated Zelkovamycin synthetic Zelkovamycin 
(110) 

Co-NMR of isolated & 
synthetic Zelkovamycin 

(110) 

1 1.57 (1H, d, J = 5.4 Hz) 1.56 (1H, d, J = 5.3 Hz) 1.57 (1H, d, J = 5.2 Hz) 1.58 (1H, d, J = 5.4 Hz) 
1 3.61 (1H, d, m) 3.63-3.59 (1H, m) 3.61-3.58 (1H, m) 3.60-3.56 (1H, m) 
2 - - - - 

2.1 6.90 (1H, d, J = 6.5 Hz) 6.91 (1H, d, J = 6.5 Hz) 7.04 (1H, d, J = 6.3 Hz) 7.00 (1H, d, J = 7.0 Hz) 
3 4.06 (1H, m) 4.10-4.04 (1H, m) 4.12-4.06 (1H, m) 4.11-4.06 (1H, m) 
4 2.00 (2H, m) 2.06-2.00 (1H, m) 2.05-1.99 (1H, m) 2.04-2.00 (1H, m) 
4  2.00-1.93 (1H, m) 1.99-1.93 (1H, m) 1.99-1.94 (1H, m) 
5 0.91 (3H, d, J = 7.3 Hz) 0.91 (3H, t, J = 7.4 Hz) 0.91 (3H, t, J = 7.4 Hz) 0.91 (3H, t, J = 7.4 Hz) 
6 - - - - 

6.1 9.31 (1H, s) 9.30 (1H, s) 9.16 (1H, s) 9.21 (1H, s) 
7 - - - - 
8 5.17 (1H, q, J = 7.3 Hz) 5.19 (1H, q, J = 7.1 Hz) 5.22 (1H, q, J = 6.8 Hz) 5.21 (1H, q, J = 7.0 Hz) 
9 1.87 (3H, d, J = 7.3 Hz) 1.88 (3H, d, J = 7.1 Hz) 1.87 (3H, d, J = 7.1 Hz) 1.88 (3H, d, J = 7.0 Hz) 
10 - - - - 
11 3.09 (3H, s) 3.10 (3H, s) 3.11 (3H, s) 3.11 (3H, s) 
12 3.40 (1H, d, J = 16.7 Hz) 3.43 (1H, d, J = 17.0 Hz) 3.57 (1H, d, J = 16.8 Hz) 3.55 (1H, d, J = 17.5 Hz) 
12 4.99 (1H, d, J = 16.7 Hz) 5.00 (1H, d, J = 17.0 Hz) 5.02 (1H, d, J = 17.0 Hz) 5.02 (1H, d, J = 17.1 Hz) 
13 - - - - 

13.1 8.89 (1H, d, J = 8.4 Hz) 8.95 (1H, d, J = 8.6 Hz) 9.19 (1H, d, J = 8.5 Hz) 9.15 (1H, d, J = 8.4 Hz) 
14 5.50 (1H, dq, J = 8.4 Hz) 5.53-5.46 (1H, m) 5.53-5.46 (1H, m) 5.52-5.46 (1H, m) 
15 1.72 (3H, d, J = 3.0 Hz) 1.73 (3H, d, J = 7.1 Hz) 1.76 (3H, d, J = 7.1 Hz) 1.75 (3H, d, J = 7.1 Hz) 
16 - - - - 
17 8.09 (1H, s) 8.08 (1H, s) 8.17 (1H, s) 8.15 (1H, s) 
18 - - - - 
19 - - - - 

19.1 8.55 (1H, d, J = 7.6 Hz) 8.57 (1H, d, J = 7.5 Hz) 8.72 (1H, d, J = 7.5 Hz) 8.68 (1H, d, J = 7.5 Hz) 
20 5.20 (1H, m) 5.19-5.15 (1H, m) 5.25-5.20 (1H, m) 5.24-5.18 (1H, m) 
21 3.55 (1H, m) 3.58 (1H, dd, J = 16.9 Hz) 3.63 (1H, dd, J = 17.4 Hz) 3.62 (1H, dd, J = 17.3 Hz) 
21 4.18 (1H, dd, J = 15.9 Hz) 4.17 (1H, dd, J = 15.5 Hz) 4.20 (1H, dd, J = 15.7 Hz) 4.19 (1H, dd, J = 15.7 Hz) 
22 6.97 (1H, d, J = 2.7 Hz) 6.96 (1H, s) 6.93 (1H, s) 6.94 (1H, s) 
23 - - - - 
24 - - - - 
25 6.77 (1H, d, J = 8.0 Hz) - - - 
26 7.02 (1H, t, J = 8.0 Hz) 7.01 (1H, t, J = 7.9 Hz) 7.02 (1H, t, J = 8.0 Hz) 7.02 (1H, t, J = 7.9 Hz) 
27 6.41 (1H, d, J = 8.0 Hz) 6.42 (1H, d, J = 7.8 Hz) 6.44 (1H, d, J = 7.7 Hz) 6.43 (1H, d, J = 7.7 Hz) 
28 - 6.78 (1H, d, J = 8.3 Hz) 6.78 (1H, d, J = 8.1 Hz) 6.78 (1H, d, J = 8.1 Hz) 
29 - - - - 

29.1 10.86 (1H, s) 10.84 (1H, s) 10.76 (1H, s) 10.78 (1H, s) 
30 3.87 (3H, s) 3.88 (3H, s) 3.88 (3H, s) 3.88 (3H, s) 
31 - - - - 

31.1 7.98 (1H, s) 7.92 (1H, s) 7.96 (1H, s) 7.95 (1H, s) 
32 - - - - 
33 1.70 (3H, s) 1.71 (3H, s) 1.70 (3H, s) 1.70 (3H, s) 
34 - - - - 
35 2.24 (3H, s) 2.24 (3H, s) 2.24 (3H, s) 2.24 (3H, s) 
36 - - - - 

36.1 5.68 (1H, m) 5.70-5.65 (1H, m) 5.74-5.69 (1H, m) 5.73-5.68 (1H, m) 

Comparison of 1H-NMR data of isolated, synthetic and in literature published Zelkovamycin, as well as co-NMR data of 
isolated & synthetic Zelkovamycin. All signals are given as chemical shifts in ppm. 

 

Figure 40. Atom numbering of 
Zelkovamycin for NMR analysis. 
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4.4.2.2 Carbon NMR  

A comparison of Zelkovamycin- 

derived carbon 13C-NMRs was also 

carried out, as described for the 

1H-NMR spectra before. The in 

literature reported carbon NMR 

data of Zelkovamycin were 

compared with a new measured 

reference sample of isolated 

Zelkovamycin (Figure 42 A), 

synthetic Zelkovamycin (110) 

(Figure 42 B) and a (1:1) mixture of 

isolated and synthetic 

Zelkovamycin (Figure 42 C). 

All carbon spectra were measured 

in CDCl3 as the solvent. A direct 

comparison of the measured 

reference spectra of isolated 

Zelkovamycin with data reported 

by Tabata et al.[1] confirmed their 

data. A slight shift of approximately 

+0.2 ppm for most of the carbon 

signals was observed in the 

reference spectra of isolated 

Zelkovamycin. The constancy of 

this deviation indicates an 

NMR system derived intrinsic 

variance.  

The direct comparison of isolated 

with synthetic Zelkovamycin 

revealed slight differences for two 

observed carbon signals. The first 

was indicated at C8. C8 was 

 

Table 4. 13C-NMR data comparison of Zelkovamycin. 

Atom 
No. 

Tabata et 
al.[1] 

Isolated 
Zelko. 

Synthetic 
Zelko. (110) 

Co-NMR 
isolated  

& synthetic  
Zelko (110). 

1 42.3 42.5 42.4 42.4 
2 170.7 170.9 170.6 170.6 

2.1 - - - - 
3 54.6 54.8 55.0 54.9 
4 21.0 21.3 21.3 21.3 
5 10.2 10.4 10.3 10.4 
6 169.1 169.3 169.2 169.1 

6.1 - - - - 
7 130.4 130.5 130.0 130.1 
8 110.4 110.7 111.4 111.2 
9 11.3 11.5 11.4 11.4 
10 169.0 169.2 169.1 169.2 
11 37.4 37.6 37.7 37.7 
12 51.1 51.2 50.7 50.8 
13 167.0 167.0 167.2 167.1 

13.1 - - - - 
14 45.2 45.5 45.9 45.8 
15 20.6 20.8 20.6 20.6 
16 170.9 171.0 171.0 171.1 
17 122.8 122.6 122.8 122.8 
18 150.4 150.4 149.6 149.8 
19 159.7 160.0 160.5 160.4 

19.1 - - - - 
20 52.4 52.7 52.8 52.8 
21 28.0 28.2 28.2 28.2 
21 - - - - 
22 124.9 125.1 124.9 125.0 
23 106.2 106.3 106.2 106.2 
24 116.0 116.2 116.1 116.1 
25 105.5 105.7 105.7 105.7 
26 122.4 123.2 124.3 124.0 
27 99.1 99.3 99.5 99.5 
28 153.4 153.6 153.5 153.5 
29 136.6 136.8 136.7 136.7 

29.1 - - - - 
30 55.2 55.4 55.5 55.5 
31 171.2 171.3 171.8 171.6 

31.1 - - - - 
32 69.7 69.9 69.9 69.9 
33 19.8 19.9 19.9 19.9 
34 200.5 200.6 200.3 200.4 
35 23.1 23.3 23.3 23.3 
36 166.9 167.6 169.0 168.8 

36.1 - - - - 

Comparison of 13C-NMR data of isolated, synthetic and in literature 
published Zelkovamycin, as well as co-NMR data of isolated & 
synthetic Zelkovamycin. All signals are given as chemical shifts in 
ppm. 
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observed in the spectra of isolated Zelkovamycin at δ 100.7. For synthetic Zelkovamycin (110), 

the corresponding C8 signal was observed at δ 111.2 which in total is a low field shift of 

0.5 ppm. The second slightly shifted signal was the C18 carbon of the thiazole moiety. For 

isolated Zelkovamycin, C18 was observed at δ 150.4, while it appeared for synthetic 

Zelkovamycin (110) at δ 149.8 which corresponds to a total signal shift of -0.6 ppm to the high 

field. The final comparison of 13C spectra was carried out analogously to the previous 1H-NMR 

experiment. Accordingly, a (1:1) mixture of isolated and synthetic Zelkovamycin (110) in 

CDCl3 was measured and compared to the different single carbon spectra already analysed. 

The mixed sample revealed, in agreement with the corresponding proton experiment, a single 

set of peaks and did not show a double set of signals. The 13C-signals mentioned before as being 

slightly shifted in the comparison of synthetic and isolated Zelkovamycin, now appeared as 

single carbon signals. C8, observed in the spectra of isolated Zelkovamycin at δ 110.7, found 

in synthetic Zelkovamycin at δ 111.4, was now found as one distinct peak at δ 111.2. A similar 

behaviour was observed for the C18 signal (isolated Zelkovamycin δ 150.4, synthetic 

Zelkovamycin (110) δ 149.6) that was now found as a single peak at δ 149.8. 

In conclusion, also the comparison of the carbon spectra of Zelkovamycin revealed that isolated 

and synthetic Zelkovamycin are identical. This result confirmed the outcome of the proton 

NMR comparison and was also in agreement with the obtained LC-MS results.  

All carbon NMR data of isolated, synthetic and mixed Zelkovamycin are listed in Table 4, and 

a summary of all measured 13C-NMR spectra are shown in Figure 42. 
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4.5 Biological evaluation of Zelkovamycin 

Besides the total synthesis of Zelkovamycin, also a first focused biological evaluation of this 

natural compound was performed within this project. The only biological effect known so far 

is an antimicrobial activity against Xanthomonas oryzae, Acholeplasma laidlawii, Pyriculari 

oryzae and Staphylococcus aureus as reported by the Ōmura group.[30] Further biological 

investigations of the activity of Zelkovamycin against, for example, cancer cell lines or other 

biological targets are not present in the literature so far. 

Inspired by the known biological activities of the Argyrins, a focused investigation of 

Zelkovamycin’s potential biological activities against cancer cell lines was therefore carried 

out. For several Argyrins, an inhibitory effect against the proteasome is reported.[41, 43, 47, 49] Due 

to the structural similarities of Zelkovamycin to the Argyrin natural product family, the effect 

of Zelkovamcin versus the proteasome was also tested. Accordingly, in vitro and in vivo 

proteasome assays were carried out and the results of those will be discussed in 4.5.5. 

 

4.5.1 Cell viability as a measure for cytotoxicity of Zelkovamycin 

Cell viability plays a major role in all cell types and is of particular interest in the biological 

evaluation of synthetic and natural compounds. A broad variety of cell viability assays are 

available and offer the possibility to correlate the metabolic behaviour of cells in the presence 

of a compound of interest. The vast diversity of these assays, from very general to highly 

specific, offer a powerful toolbox for a first evaluation of the biological activity of a compound 

of synthetic or natural origin. 

Of particular interest during drug discovery is the evaluation of the cytotoxicity of a substance 

against specific cell types. In cancer research, for example, the cytotoxicity of a compound 

against cancer cell lines in comparison to its cytotoxicity against normal cells plays an important 

role.[176] Measurements of cell viabilities are thereby often used as a proxy for the cytotoxicity 

of a compound.  

 

4.5.2 MTT assay 

To investigate the effect of Zelkovamycin on living cells, a simple MTT assay setup was 

chosen. An MTT assay represents a versatile way to evaluate the metabolic activity of cells.[177] 

The MTT assay is a colorimetric assay in which an often water-soluble colourless or slightly 

coloured tetrazole salt[178] is reduced by the metabolic activity of a living cell into a formazan 
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with a characteristic and intense colour.[179] This makes a quantitative readout via simple 

UV measurements feasible and allows a direct correlation to the metabolic activity of cells. The 

produced formazans are usually only poorly water soluble. They therefore remain inside the 

cells which makes the assay more reliable by preventing loss of coloured formazan due to 

experimental washing procedures or efflux processes of the cells.[177] Prior to a UV readout, the 

insoluble formazan needs to be dissolved, usually by the addition of DMSO to obtain a 

homogeneously coloured sample. 

Besides, there are also water-soluble MTT alternatives such as XTT-[180] or WST-1[181]-based 

assays. These alternative experimental approaches work without the final solubilization step; 

such a setting may be advantageous for certain specific experimental setups.[182] 

The tetrazole salt used in the assays of this thesis was MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (179), which is still one of the most commonly used dyes in this 

type of experiments. MTT (179) changes its colour upon reduction from pale yellow to an 

intense blue-violet indicating the formation of the corresponding formazan (180) (Figure 43). 

 

 

Figure 43. Schematic overview on the MTT colour reaction.  

Metabolic reduction of pale yellow MTT (179) to its corresponding blue-violet formazan (180) that can be read 

out via UV measurements. 

 

In addition, an MTT assay can be easily modified to investigate the cytotoxicity or cytostatic 

effect of a bioactive compound. Within this experimental modification, the change of the 

metabolic activity of cells exposed to the compound of interest is analysed. The systematic 

differences of the experimental, colorimetric readouts compared to an untreated sample can be 

directly correlated to a metabolic effect of the compound on the cells. 

The current mechanistic understanding of the reductive processes of tetrazolium dyes indicates 

the mitochondrial succinate dehydrogenase as the most relevant reducing enzyme and is thought 

to be responsible for the occurring change in colour.[177, 183] New studies however have revealed 

NADH- and NADPH-dependent oxidoreductase enzymes localised at the endoplasmic 

reticulum as the most relevant enzymes for the reductive processes.[184] According to these 

recent findings, the metabolic activity measured with an MTT assay is stronger correlated with 
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the rate of glycolysis than to cellular respiration. Nevertheless, also in this theory, the partial 

reduction of tetrazole salts by succinate-dehydrogenase within the mitochondrial complex II[185] 

still contributes to the reductive processes leading to formazan formation. 

 

Within this work, the effect of Zelkovamycin at the metabolic activity of different cell lines 

was investigated. In total, four different cell types were incubated with various concentrations 

of Zelkovamycin according to the MTT assay procedure described in detail in the experimental 

part. The four evaluated cell lines were all human-derived cancer cell lines. These were 

HeLa cells[186-187] (cervical cancer), Hep G2 cells[188] (liver cancer), HCT 116 cells[189] (colon 

cancer) and 293T cells[190] (kidney cancer).[191] 

All cell cultures were incubated with Zelkovamycin for 48 h prior to the determination of the 

cell viability via a colorimetric MTT readout. 

The obtained and visualised results are shown in Figure 44. 

 

 

Figure 44. Overview on the results of the MTT assays.  

The MTT assays were performed under the influence of different concentrations of Zelkovamycin on the cell 

viability of various cancer cell lines (normalised to 0.1% DMSO) after 48 h incubation with Zelkovamycin 

(4 replicates each). 
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The assays revealed a moderate influence of Zelkovamycin on the metabolic rate of the tested 

cancer cell lines. No significant influence on the cell viability was observed for Zelkovamycin 

at lower concentrations (0.1-5 µM) used in this assay. Compared to the control sample 

containing 1% DMSO, no significant effect was observed in 293T and HeLa cells for this 

concentration range. For HCT 116 cells, a slight increase in metabolic activity of ca. 14% was 

found. A moderate impact of Zelkovamycin on cell viability was found at higher concentrations 

of around 5-10 µM for all tested cell lines, except Hep G2 cells, for which a minor decrease of 

cell viability of around 5% was already observed at 2.5 µM. At a concentration of 5 µM, 

Zelkovamycin reduced the metabolic activity of all cancer cell lines. The strongest effect was 

observed for all samples at the highest concentration of 100 µM. At this concentration, the cell 

viability of Hep G2 cells was reduced about 36%, for HeLa cells about 33%, HCT 116 cells 

36% and for HeLa cells about 47% which is the strongest observed effect for all cell lines. 

Of note, the used control samples displayed the expected low cell variability for all different 

cell lines (< 10% if 5% DMSO was used and < 5% for 10 µM and 20 µM Puromycin 

treatments). The performed MTT assay showed that Zelkovamycin moderately decreased the 

metabolic activity of the tested cancer cell lines. In conclusion, the cytotoxicity of 

Zelkovamycin against cancer cells was only low for concentrations up to 5 µM and moderate 

for higher concentrations. These findings are opposite to the high cytotoxicity of the members 

of the Argyrin natural product family.  

A complementary microscopic examination of Zelkovamycin-treated cells showed a similar 

behaviour for all tested cell lines. Before the addition of Zelkovamycin, a partly confluent 

monolayer was observed. After incubation (24 h) with Zelkovamycin, the cells started to detach 

from the surface of the well plates and partly aggregated. This was accompanied by a 

morphological change as cells rounded up upon compound treatment. This effect was observed 

at concentrations starting from 20 µM for 293T, Hep G2 and HeLa cells. For HCT cells, this 

effect was clearly observable after 48 h already at concentrations higher than 5 µM.  

More intriguingly, Zelkovamcin resulted in an acidification of the cell medium for all cell 

cultures. The effect was thereby dependent on Zelkovamycin concentration and incubation 

time. The observation was possible as the mainly used cell medium DMEM contains phenol 

red as a pH indicator.[192] The DMEM growth medium features a pH of 7.4 for optimal cell 

growth. Due to the presence of phenol red, the initial colour of DMEM medium is pink to red. 

During the Zelkovamycin incubation of the cells, the colour of the medium turned yellow which 

indicates a pH of < 6.0 (indication limit of phenol red). This change of pH is exemplarily shown 

for HeLa cells in Figure 45. In addition, this effect was not observed with the reduced 
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Zelkovamycin isomers (109) and (109a), bearing the corresponding (S)- or (R)-alcohol instead 

of the keto-group. This strongly indicated that the keto-group is vital for this biological effect 

of Zelkovamycin (110).  

 

 

 

Figure 45. The impact of Zelkovamycin treatment on cell medium pH.  

A) Effect of Zelkovamycin on medium (DMEM) acidification after 48 h incubation of HeLa cells with 20 µM 

Zelkovamycin. B) Control experiments without untreated cells in DMEM: Zelkovamycin (110), DMSO and pure 

DMEM. C) Effect of reduced Zelkovamycin (109) on medium (DMEM) acidification after 48 h incubation of 

HeLa cells with 20 µM Zelkovamycin. D) Effect of reduced Zelkovamycin (109a) on medium (DMEM) 

acidification after 48 h incubation of HeLa cells with 20 µM Zelkovamycin. E) Concentration-dependent effect of 

Zelkovamycin on HeLa cells after 48 h of incubation at the indicated concentrations (picture 

concentration-dependent effect elaborated by Geronimo Heilmann). 
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4.5.3 SH5Y cells 

Preliminary results from Geronimo Heilmann (AG Kaiser) showed a much higher effect of 

Zelkovamycin on neuronal cell lines. In fact, first tests with SH5Y cells[193] 

(human neuroblastoma cells) with 20 µM Zelkovamycin already reduced the cell viability by 

more than 50%. 

 

4.5.4 Zelkovamycin presumably affects mitochondrial function 

The observed acidification of the cell growth medium during the MTT assay might be caused 

by a higher level of Zelkovamycin-mediated production of lactate released by the cells into the 

medium. A higher lactate level could thus indicate an interaction of Zelkovamycin within the 

metabolic pathway of the cell. The L-lactate metabolism plays a major role in mitochondrial 

biology[194] and an elevated level of lactate is known to be a product of extra-mitochondrial 

glucose metabolism and is commonly linked to mitochondrial dysfunctions.[195] Moreover, it is 

reported that several cancer cell types switch their energy metabolism from mitochondrial 

respiration to cytosolic glycolysis under hypoxic culture conditions.[196-199]  

Similar acidification symptoms are also very common for lactic acidosis.[200-202] Regenold et al. 

could show that an elevated level of lactate within cerebrospinal fluid directly implicates 

mitochondrial malfunction in neuronal cells.[203] This indicates that further investigations of the 

effect of Zelkovamycin on neuronal cells are warranted in the future. 

Finally, Nyfeler et al.[50] could show that Argyrin B, a structurally related natural compound to 

Zelkovamycin, impairs mitochondrial biosynthesis via inhibition of mitochondrial elongation 

factor G1 (mtEFG1) (Figure 46). This leads to a shutdown of protein synthesis and to reduced 

or even stop of cell growth. Again, these findings indicate that further investigations on the 

effect of Zelkovamycin on mitochondrial biology would be desirable in the future.[50] 
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Figure 46. Schematic overview on the biological effect of the Argyrins on mitochondrial biosynthesis by inhibiting 

the mitochondrial elongation factor EFG1.  

Inhibition of mitochondrial biosynthesis affects the metabolism in mitochondria. The absence of essential products 

of mitochondrial biosynthesis is supposed to induce a shutdown of the mitochondrial respiratory cycle via 

impairment of mitochondrial function. A similar effect could be caused by Zelkovamycin. 

 

4.5.5 Proteasome inhibition 

 

4.5.5.1 Biochemical proteasome inhibition assay 

Based on the reported proteasome-inhibitory effect of the natural product family of the 

Argyrins[41, 43, 47, 49] the impact of Zelkovamycin (110), on the proteasome was investigated. To 

this end, a biochemical proteasome inhibition assay was carried out.  
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Accordingly, commercially available isolated human erythrocyte 20S proteasome was used in 

combination with fluorogenic peptide substrates, specific for three different catalytic activities 

of the proteasome. The assay was performed according to the 20S Proteasome inhibition assay 

(in vitro) procedure described in the experimental part. Besides Zelkovamycin, a non-probe 

control, Epoxomicin (25) as a positive inhibitor control and a comparative sample of 

Argyrin A (9) was used. 

Degradation of the fluorogenic substrate leads to an increase in the observable fluorescence 

signal. Accordingly, an inhibitory effect would suppress the increase in fluorescence.  

First, the effect of the compounds on the chymotrypsin-like proteasome activity was tested. To 

this end, Suc-LLVY-AMC was used as a substrate. The isolated proteasome was preincubated 

with the different test compounds, then the substrate was added. Directly after addition of the 

fluorogenic substrate, the resulting fluorescence signal was monitored over a time period of 2 h. 

The results are presented in Figure 47. 

 

  

Figure 47. The impact of various compounds on proteasome inhibition.  

A proteasome inhibitory assay as described in 8.2 was performed with 30 µM Zelkovamycin, 3 µM Argyrin, a 

no-inhibitor and an inhibitor (Epoxomicin 0.5 µM) control and Suc-LLVY-AMC as a substrate. No significant 

inhibition was observed for Argyrin or Zelkovamycin.  

 

The results show that Zelkovamycin did not display a significant effect on the 

chymotrypsin-like proteasome activity. In fact, 30 µM Zelkovamycin showed nearly the same 

effect as the no-inhibitor control sample. Nevertheless, the inhibition control carried out with 
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Epoxomicin (25) (0.5 µM) inhibited the chymotrypsin-like activity completely, thereby 

confirming that the assay worked in principle. 

Surprisingly, the reported inhibitory effect of Argyrin A (9) at the chymotrypsin-like activity 

of the proteasome could also not be reproduced.[47, 49] Compared to Zelkovamycin and the 

non-probe control, the Argyrin A (9) containing sample showed an only slight inhibitory effect 

but not as strong as expected. This effect was however not further investigated due to the 

negative result for Zelkovamycin.  

Unfortunately, the biochemical inhibition assays with substrates for the trypsin- and 

caspase-like activity of the proteasome also did not reveal any significant inhibitory potential 

of Zelkovamycin for these proteolytic sites. 

 

In conclusion, the biochemical experiments showed that Zelkovamycin does not directly inhibit 

the proteasome.  

 

4.5.5.2 In vivo proteasome inhibition assay 

An effect on the ubiquitin-proteasome system could however also be caused by interaction with 

other factors of the UPS. Accordingly, the group of Prof. Dr. Hemmo Meyer at the University 

of Duisburg-Essen used an alternative approach to evaluate the biological influence of 

Zelkovamycin on the ubiquitin-proteasome system.  

The inhibition of the ubiquitin-proteasome system was investigated in an in vivo assay using an 

established protein degradation assay in HeLa cells.  

To this end, an assay system developed by Dantuma and coworkers was used. They developed 

a convenient GFP-fusion protein reporter system that allows investigating the rate of ubiquitin 

or proteasome-dependent proteolysis in living cells.[204] In this approach, a GFP-based substrate 

that is degraded by the ubiquitin-proteasome system is expressed inside the cell and used for 

rapid quantification of the activity of the ubiquitin-proteasome system. 

Accordingly, inhibition of the ubiquitin-proteasome system results in a lower degradation of 

the GFP-based substrate and thus accumulation of the fluorescent peptide that can be read out 

in a quantitative manner. 

The corresponding substrate, i.e. Ub-G76V-GFP, was constitutively expressed in Hela cells, 

according to the Dantuma procedure[204] and the resulting fluorescence was detected via gel 

analysis in combination with a cycloheximide chase analysis.[205] In parallel, the influence of 
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Zelkovamycin at the p97-system by monitoring the ODD-Luciferase was analysed. The results 

of this experiment are shown in Figure 48. 

 

 

Figure 48. In vivo inhibition assay of the ubiquitin-proteasome system.  

A The effect of tested compounds on the p97-system. B monitored accumulated of the fluorogenic substrate 

Ub-G76V-GFP, degraded over time by an intact ubiquitin-proteasome system. C protein expression control, using 

tubulin, not involved in the ubiquitin-proteasome system. D Ponceau staining as a loading control. 

 

The assays thereby revealed no significant effect of Zelkovamycin on the ubiquitin proteasome 

system in vivo as no accumulation of Ub-G76V-GFP or ODD-Luciferase was observed after 

Zelkovamycin application. Interestingly, a similar effect was seen for Argyrin treatment which 

however might be caused by the low concentration (0.3 µM) of Argyrin in the assay. As the 

corresponding controls all worked as expected, this experiment therefore again indicates that 

Zelkovamycin displays no activity on the UPS.  
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5. OUTLOOK 

With the establishment of the first total synthesis of Zelkovamycin, synthetic access to a novel 

and complex natural product with interesting biological activities was gained. Also, the first set 

of Zelkovamycin derivatives was synthesised. Finally, initial biological evaluations were 

carried out with promising results.  

These findings have opened new avenues for further research regarding Zelkovamycin that are 

shortly illustrated as followed. 

 

5.1 Future research possibilities 

5.1.1 Defining the mode-of-action of Zelkovamycin 

Surprisingly, the first biological investigations indicated that Zelkovamycin does not display 

any effect on the UPS. A direct interaction with the proteasome or at least the proteasomal 

degradation pathway was expected due to structural relationship of Zelkovamycin with the 

natural product family of the Argyrins which are reported to inhibit the proteasome.  

Instead, an ‘acidifying’ effect of Zelkovamycin was found. The molecular basis of this effect, 

however, is so far unknown and might implicate changes in mitochondrial biology.  

Clearly, further investigations in understanding the molecular basis of this interesting 

phenotype are warranted. These studies could be greatly complemented by an elucidation of 

the so far missing direct protein target of Zelkovamycin. The identification of Zelkovamycin’s 

molecular target could be a key point for understanding its mode of action within the 

mitochondrial system, leading to the observed, unknown phenotype. 

 

5.1.2 Turning Zelkovamycin into a chemical probe for biological 

experiments 

As outlined, the identification of Zelkovamycin’s molecular target is of very high interest. 

However, a target identification of a chemical compound within a biological system is a 

challenging task. A feasible approach could be a series of pull-down[206] experiments utilising 

immobilised Zelkovamycin on a solid support or the use of the activity-based protein profiling 

(ABPP) technique.[207] Briefly, within an ABPP-approach a chemical probe is incubated in vitro 

or in vivo with a sample or the biological system of interest. The probe reacts covalently or 
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non-covalently with a present target and offers, due to the characteristic of the probe, various 

readout options to identify or to monitor the specific target of the probe (Figure 49).  

 

 

Figure 49. General strategy for ABPP. 

Proteomes are incubated with a chemical probe, leading to labelled active enzymes which can be further analysed 

using various additional experiments like an SDS-PAGE or mass spectrometry.   

 

The key to this approach is a suitable chemical probe, consisting out of a reactive part (warhead) 

and a usable reporter for the outlined experiment, e.g. a fluorophore, a biotin or a further 

modifiable linker.  

To this end, turning Zelkovamycin into a suitable chemical probe appears to be a very 

straightforward approach for target identification. Nevertheless converting a natural compound 

into a probe is a challenge.[8] 

In the case of Zelkovamycin, a flexible total synthesis has been made available with this thesis. 

From this starting point, chemical modifications to obtain a suitable probe would be possible. 

One option is the modification of fragment A (121). The incorporation of a chemical linker 

could be achieved by an adapted thiazole synthesis finally leading to a linker-modified 

Zelkovamycin (181) as outlined in Figure 50. The chosen alkyne modification can be used to 

install a suitable reporter via click chemistry.  

 

Figure 50. Possible chemical modification of fragment A towards a hypothetic Zelkovamycin-like probe (182). 

Modification of the synthesis route of fragment A (121) could lead to a hypothetic fragment A* (181). 
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A more versatile approach towards a Zelkovamycin-like probe could be late-stage 

functionalization (LSF). Recent developments in the LSF field provide a powerful toolbox for 

the modification of highly functionalised molecules. The Baran group developed a method to 

install an azide linker onto complex molecules at a very late stage of synthesis.[208] This 

procedure could also lead to a suitable Zelkovamycin probe and has the advantage that 

commercially available Zelkovamycin can be used as starting material (Figure 51). 

 

Figure 51. Hypothetic late-stage modification of Zelkovamycin (110) utilising the Baran Diversinate™ DAAS-Na 

to attach an azide linker (183). Further installation of a reporter, via click chemistry, would lead to a fully functional 

Zelkovamycin-like probe, here exemplary represented as a BODIPY-probe (184). 

 

5.1.3 Testing of Zelkovamycin in other biological systems 

With sufficient Zelkovamycin in hands, granted by our developed total synthesis, it also 

becomes possible to screen other biological systems beyond cancer cell lines for further 

biological effects. This would be of particular interest with a Zelkovamycin-like probe 

available. Such a probe would rapidly speed up and simplify the screening and target 

identification process. Moreover, it would also be interesting to evaluate possible effects of 

Zelkovamcyin in other, unrelated organisms like plants. Complex molecules like Zelkovamycin 

a very rarely applied in plants but could display interesting effects which are worth to be 

investigated. 

 

5.1.4 Establishment of a solid phase synthesis of Zelkovamycin 

After establishing an in solution synthesis of Zelkovamycin, the next step to improve and 

facilitate the synthesis could be the development of an analogues solid phase-supported route. 

Due to the structural complexity of Zelkovamycin, the establishment of such a solid 

phase-based approach represents a major challenge. However, it could open up a versatile and 

rapid way to an even larger Zelkovamycin derived compound library and may thus open the 
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avenue for a more detailed investigation of the structure-activity relationships of this interesting 

compound class.  

 

5.1.5 Further synthetic modification & evaluation of derivatives 

Within this work, the natural product Zelkovamycin and three derivatives thereof were 

synthesised. These compounds represent a so far small natural product derived library, proving 

the established convergent synthesis route as very flexible and reliable. Besides the already 

synthesised Zelkovamycin analogues, the accomplished synthesis protocol still offers various, 

convenient opportunities to generate further related derivatives.  

To better explore the structure-activity relationships of Zelkovamycin and to potentially 

generate more active compounds, a systematic synthesis of Zelkovamycin analogues should be 

fostered in the future. In combination with a successful target identification, this would 

represent a versatile starting point for a synthetic optimisation of Zelkovamycin towards its 

targets. 
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6. SUMMARY 

The natural product Zelkovamycin originally raised our interest due to its close structural 

relation to the Argyrin natural product family. Inspired by their interesting bioactivities, we 

assumed that Zelkovamycin could also display compelling biological effects. 

Furthermore, the very unique amino acids found in Zelkovamycin also triggered our synthetic 

interest. In fact, Zelkovamycin was supposed to contain a 7-methoxy tryptophan residue, which 

is a rare tryptophan analogue for a natural product. Moreover, the oxidised α-methyl threonine 

building block represented a so far unknown moiety for a macrocyclic natural compound. 

Encouraged by these structural peculiarities, we established a structural elucidation and a total 

synthesis of Zelkovamycin. 

As the first step towards the total synthesis of this natural compound, a full structure assignment 

was inevitable. A structural comparison of Zelkovamycin with the Argyrins put doubts on the 

sequence and proposed constitution of the methoxy tryptophan of Zelkovamycin. To investigate 

Zelkovamycin’s amino acid sequence, a fragmentation-based sequence analysis via mass 

spectrometry was performed. Using the software mMass, designed for the complex 

fragmentation of macrocyclic natural products, it was possible to identify the particular 

connections of Zelkovamycins amino acids and this sequence analysis confirmed the proposed 

connectivity of Zelkovamycin. To elucidate the unknown stereochemistry of the individual 

amino acids of Zelkovamycin, a Marfey's analysis was therefore next performed. To this end, 

a hydrolysis of isolated Zelkovamycin was carried out, followed by a transformation of the now 

accessible amino acids into the corresponding Marfey's derivatives.  

 

 

Figure 52. Structure revision and stereochemical assignment of Zelkovamycin (110). 

 

This approach enabled the assignment of various stereocenters. As the next step of the 

assignment of Zelkovamycin, a focus was put on the methoxy tryptophan moiety to clarify if 

this natural product indeed contains a 7-methoxy derivative. To this end, intense NMR and 

LC-MS studies were carried out, also using several synthesised standards like a synthetic 

4-methoxy or 7-methoxy tryptophan derivative. These studies revealed a 4-methoxy tryptophan 
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as the correct tryptophan present in Zelkovamycin. Overall, the structural elucidations thus led 

to a revision of the proposed structure and a full assignment of all present stereocenters 

(Figure 54). With this information at hand, the total synthesis of four macrocyclic compounds, 

with one of them being Zelkovamycin and three other structural analogues, was next pursued. 

To this end, a convergent synthesis route was established in which Zelkovamycin was 

retrosynthetically divided into three fragments of comparable complexity. These fragments 

were chemically synthesised which also required a prior synthesis of all unusual amino acids 

found in Zelkovamycin. After successful generation of the fragments, they were assembled to 

a linear precursor, which was converted by a peptide macrolactamization to the desired 

macrocyclic compound. The final step of the total synthesis of Zelkovamycin was the 

installation of the ketone moiety of the -methylthreonine residue via a Dess-Martin oxidation. 

With this flexible total synthesis at hand, it was possible to generate in total four Zelkovamycin 

analogues within this work via a simple variation of one of the three fragments (Figure 55).  
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Besides the structural and synthetic investigations, the first biological evaluation of 

Zelkovamycin was also performed during this thesis and revealed that Zelkovamycin affects 

mitochondrial function in various cancer cell lines. Moreover, a so far unknown 'acidifying' 

effect of with a yet unidentified molecular basis was found and might also implicate changes in 

mitochondrial biology. 

The biological evaluation furthermore revealed the ketone moiety of the α-methylthreonine 

residue as vital for this effect. 

In comparison to the biological effects of the Argyrins, an assumed inhibitory effect of 

Zelkovamycin on the proteasome or the ubiquitin-proteasome system (UPS) was not found. 

Further biological evaluations of Zelkovamycin and the synthesised analogues aiming at 

elucidating the molecular basis of Zelkovamycin’s biological effects will be pursued in the 

future.  
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7. ZUSAMMENFASSUNG 

Der in dieser Arbeit im Focus stehende Naturstoff Zelkovamycin zog aufgrund seiner 

strukturellen Ähnlichkeit zur Naturstofffamilie der Argyrine unser Interesse auf sich. Inspiriert 

durch die biologischen Effekte der Argyrine vermuteten wir, dass Zelkovamycin ebenfalls 

interessante biologische Aktivitäten aufweisen könnte. 

Des Weiteren stellten die einzigartigen in Zelkovamycin enthaltenen Aminosäuren auch 

synthetisch eine interessante Herausforderung dar. Aufgrund der vor Beginn der Arbeiten 

vorliegenden Strukturaufklärung des Zelkovamycins wurde ein 7-Methoxytryptophan in 

diesem Naturstoff vermutet. Ein derartig substituiertes Tryptophan ist überaus selten in 

Naturstoffen zu finden. Zusätzlich enthält Zelkovamycin mit einem oxidierten 

α-Methylthreonin-Baustein auch noch ein einzigartiges, bisher unbeschriebenes 

Strukturelement, der diesen makrozyklischen Naturstoff als außergewöhnlich herausstellt. 

Ermutigt durch diese strukturellen Besonderheiten sollte das Ziel dieser Arbeit eine 

vollständige Strukturaufklärung sowie die erste Totalsynthese des Zelkovamycins sein. 

Auf dem Weg zur Totalsynthese des Zelkovamycins war eine exakte Strukturaufklärung des 

Naturstoffs als erster Schritt unvermeidbar. Ein struktureller Vergleich des Zelkovamycins mit 

der Naturstofffamilie der Argyrine ließ Zweifel über die Position und auch Konstitution des 

Methoxytryptophans innerhalb des Makrozyklus aufkommen. Zur Aufklärung der exakten 

Positionen der einzelnen Aminosäuren wurde eine fragmentations-basierte Sequenzanalyse 

mittels Massenspektrometrie durchgeführt. Unter Verwendung der Software mMass, die zur 

Aufklärung komplexer Fragmentationsmuster von makrozyklischen Naturstoffen entwickelt 

wurde, war es möglich, die Konnektivität der Aminosäuren präzise zu bestimmen. 

Zur Aufklärung der, bis zu dieser Arbeit, unbekannten stereochemischen Eigenschaften des 

Zelkovamycins wurde eine Marfey-Analyse durchgeführt. Zu diesem Zweck wurde isoliertes 

Zelkovamycin vollständig hydrolysiert, um Zugang zu den einzelnen, unmodifizierten 

Aminosäuren zu erhalten. Im weiteren Verlauf wurden diese in die korrespondierenden 

Marfey-Derivate überführt und analysiert. Auf diese Weise konnten verschiedene 

Stereozentren des Naturstoffs bestimmt werden. 

Im nächsten Schritt der Strukturaufklärung stand das Substitutionsmuster des 

Methoxytryptophans im Focus. Um herauszufinden, ob Zelkovamycin tatsächlich ein 

7-Methoxytryptophan enthält, wurden intensive NMR und LC-MS Untersuchungen 



7. ZUSAMMENFASSUNG 102 
 

 
 

durchgeführt. Hierzu wurden speziell-synthetisierte Standards, wie beispielsweise 

synthetisches 4-Methoxy- und 7-Methoxytryptophan, eingesetzt. Die Kombination dieser 

Analysen offenbarte, dass Zelkovamycin ein 4-Methoxytryptophan anstatt des vermuteten 

7-Methoxytryptophans enthält. 

Insgesamt führte die Strukturaufklärung zu einer Strukturrevision, sowie zu einer vollständigen 

Bestimmung aller Stereozentren des Zelkovamycins (Abb. 54).  

 

 

Abbildung 54. Strukturrevision und stereochemische Eigenschaften Zelkovamycins (110). 

 

Nach erfolgreicher, vollständiger Strukturaufklärung konnte eine Totalsynthese des Naturstoffs 

sowie die Synthese verschiedener Derivate geplant und durchgeführt werden. Zu diesem Zweck 

wurde ein konvergenter Syntheseansatz gewählt und Zelkovamycin retrosynthetisch in drei 

Fragmente mit vergleichbarer Komplexität zerlegt. Diese Fragmente, als auch die 

erforderlichen ungewöhnlichen Aminosäuren, wurden synthetisiert und im Anschluss zu einem 

entsprechendem linearen Vorläufermolekül zusammengefügt. Dieser Vorläufer wurde durch 

eine peptidische Makrolactamisierung in den gewünschten Makrozyklus überführt. Im 

Folgenden finalen Schritt der Totalsynthese wurde durch eine Dess-Martin Oxidation die 

Hydroxylgruppe des α-Methylthreonins in die entsprechende Ketofunktion überführt. 

Mit diesem etablierten und flexiblen Syntheseansatz war es zusätzlich möglich, durch Variation 

eines der drei Fragmente insgesamt vier Zelkovamycin-Analoga synthetisch darzustellen 

(Abb. 55). 

Neben den strukturellen und synthetischen Untersuchungen wurde während dieser Arbeit 

zusätzlich eine erste biologische Evaluation des Zelkovamycins durchgeführt. Diese enthüllte 

eine Beeinträchtigung der mitochondrialen Funktion in verschiedenen Krebszelllinien und 

führte zur Entdeckung eines bisher unbekannten „Azidifizierungseffekts“ mit noch ungeklärter 

molekularer Basis, der möglicherweise aufgrund von Änderungen in der mitochondrialen 

Biosynthese auftritt. 

Darüber hinaus konnte gezeigt werden, dass die Ketofunktion des α-Methylthreonins für den 

„Azidifizierungseffekt“ essentiell ist.  
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Abbildung 55. Chemische Strukturen der synthetisierten Fragmente sowie resultierender Zelkovamycin-Analoga. 

 

Im Vergleich zu den biologischen Effekten der Argyrine konnte die Annahme, dass 

Zelkovamycin einen ähnlichen Proteasom-inhibitorischen Effekt zeigt, nicht bestätigt werden. 

Alle durchgeführten Untersuchungen zeigten, dass Zelkovamycin keinen direkten Effekt auf 

das Proteasom oder das Ubiquitin-Proteasom-System ausübt. 

Weiterführende biologische Untersuchungen des Zelkovamycins und der synthetisierten 

Derivate zur Aufklärung der molekularen Grundlagen der beobachteten Effekte sind jedoch 

noch notwendig und werden aktuell in weiterführenden Projekten durchgeführt.  
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8. EXPERIMENTAL PART 

8.1 Machines & Setups 

Chemicals & Solvents 

All chemicals, solvents, reagents, substrates and media were purchased from the following 

companies:  

 

Abcam, ABCR, Acros Organics, Alfa Aesar, Bachem, Biomol, Carl Roth, Fluka, TCI 

Chemicals, Merck, Novabiochem, Iris Biotech, Sigma-Aldrich, VWR and were used without 

any further purification. Anhydrous solvents in the highest available quality were purchased 

from the same suppliers. 

 

Reactions under inert atmosphere 

To perform reactions sensitive to air or moisture, all glassware was dried in an oven at 125 °C 

for 12 h. Prior to the reaction, the flasks were evacuated under high vacuum, dried additionally 

using a heat gun and flushed with argon gas. This was carried out using a two-way vacuum line 

or by an argon-filled balloon. An argon-filled balloon was attached to the flask via a septum 

and a cannula as a pressure equilibration device and to prevent the undesired entrance of air and 

moisture into the reaction vessel. 

 

TLC, thin layer chromatography 

TLC was carried out on Merck aluminium pre-coated silica gel plates (20 × 20 cm, 60F254) and 

reversed-phase TLC was performed on Merck aluminium pre-coated silica gel plates 

(60 RP-18 F254S). Spots were detected using UV irradiation at 254 nm or by staining with a 

developing solution. After staining, the TLC plates were heated (heat gun 190 °C) to visualise 

stained compounds. Determined Rf values of specific compounds are given in the experimental 

part. 

 

Developing solution: 1.5 g KMnO4, 10 g K2CO3 and 1.25 mL of 10% NaOH (aq.) in 200 mL 

water. 
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Flash column chromatography 

All flash column chromatography purifications were performed with commercially available 

silica gel (particle size 35-70 μm, Acros). Reversed-phase flash column chromatography was 

carried out with LiChroprep RP-18 (particle size 40-63 µm, Merck). 

 

Prep HPLC, preparative reversed-phase high-performance liquid chromatography 

HPLC purifications were performed on a Prominence UFLC HPLC system from Shimadzu. 

Depending on the amount of available crude product, the HPLC purification was carried out 

using a preparative (quantity of crude product >10 mg) or a semi-preparative (amount of crude 

product <10 mg) HPLC column. 

 Preparative HPLC setup: 

A Phenomenex Luna® 5 µm C18(2), 100 x 21.20 mm RP-C18-column with an applied 

flow rate of 25 mL/min was used. 

 Semi-preparative HPLC setup: 

A Phenomenex Luna® 5 µm C18(2), 100A, 100 x 10.00 mm RP-C18-column with an 

applied flow rate of 10 mL/min was used. 

 

In both setups, peaks were detected at 210 and 254 nm UV wavelengths and a linear gradient 

of solvent B in solvent A (acid supported purification) or of solvent D in solvent C (base 

supported purification) was applied.  

 Solvent systems for product elution: 

A (0.1% TFA in water)  

B (0.1% TFA in acetonitrile)  

C (5 mM NH4OAc in water)  

D (5 mM NH4OAc in acetonitrile) 

 

CDI and HCD fragmentation mass spectrometry 

All fragmentation experiments were carried out on a Thermo Scientific Orbitrap Elite™ 1000 

system equipped with a Thermo Nanospray Flex ion source and a Thermo Easy-nLC 1000 LC 

device. In both cases the collisional energy was within a range for 30-35. 
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ESI-MS, electrospray ionisation mass spectrometry 

All ESI-MS analyses were performed at a Bruker amaZon SL ESI-spectrometer using the direct 

flow-injection method. All mass detections carried out at the amaZon SL ESI-Spectrometer are 

indicated with x[*SL] at the relevant mass. 

 

LC-MS, reversed-phase liquid chromatography-electrospray ionisation mass 

spectrometry 

LC-MS analyses were performed on a Thermo Scientific LCQ Fleet™ ESI-spectrometer 

equipped with an Eclipse XDB-C18 (5 μm) column from Agilent (peak detection at 210 nm 

and/or 280 nm). Positive mode measurements were performed with a linear gradient of solvent 

B (0.1% formic acid in acetonitrile) in solvent A (0.1% formic acid in water) and a flow rate of 

1 mL/min. Negative mode measurements were performed with a linear gradient of 

solvent C (5 mM NH4OAc in acetonitrile) in solvent D (5 mM NH4OAc in H2O) at 1 mL/min 

flow rate. All mass detections carried out at the LCQ Fleet™ ESI-spectrometer are indicated 

with x[*F] at the relevant mass. 

 

 Positive mode gradients:  

(G1[pos]): 0 min / 10% B → 1 min / 10% B → 10 min / 100% B → 12 min / 100% B → 

12.1 min / 10% B → 15 min / 10% B. 

(G2[pos]): 0 min / 5% B → 35 min / 50% B → 36 min / 100% B → 40 min / 100% B. 

 

 Negative mode gradients: 

(G3[neg]): 0 min / 10% C → 1 min / 10% C → 10 min / 100% C → 12 min / 100% C → 

12.1 min / 10% C → 15 min / 10% C. 

(G4[neg]): 0 min / 5% C → 35 min / 50% C → 36 min / 100% C → 40 min / 100% C. 

 

LC-MS Setup for Marfey's Analysis 

Due to the different intermolecular interactions of Marfey’s derivatives containing a (D)- or a 

(L)-amino acid, it is possible to separate them on a non-chiral, reversed-phase analytical HPLC 

column. Stronger intramolecular interactions between (D)-amino acid and the Marfey’s reagent 
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affect the polarity relative to the (L)-derivatives. Therefore, (D)-derivatives elute at later 

retention times than the corresponding (L)-derivatives. 

For analysis of the Marfey’s amino acid derivatives, two different elution gradients were used.  

The setup of the used gradients, the LC-MS system and the column types are listed in the 

LC-MS description and the sample preparation for Marfey’s analysis is described in the 

Marfey’s Derivatization General Procedure. 

The short gradient program (G1[pos]) was generally used to measure the retention times of the 

different Marfey’s derivatives in single- and co-injection experiments. A longer control gradient 

program (G2[pos]) was used to verify the analysis in which the difference in the retention time 

between both isomers was not significant.  

 

HRMS, high-resolution mass spectrometry 

All HRMS analysis were performed at a Bruker maXis 4G Q-TOF ESI-spectrometer using the 

direct flow-injection method.  

 

NMR, nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance spectra were recorded on a Bruker Avance II 400 system with 

400 MHz for 1H- and 100 MHz for 13C-NMR and/or a Bruker Avance II 700 MHz system with 

700 MHz for 1H and 176 MHz for 13C-NMR.  

 The NMR spectra are reported as followed: 

1H NMR: chemical shifts (δ) in ppm calculated with reference to the residual signals of 

undeuterated solvent, multiplicity (s, singlet; d, doublet; t, triplet; dd, doublet of doublet; 

dt, doublet of triplet; m, multiplet; b, broad signal), coupling constants (J) in Hertz (Hz), 

and number of protons (H). 

13C NMR: chemical shifts (δ) in ppm calculated with reference to the residual signals 

of undeuterated solvent. 

 

Optical rotation 

Optical rotations were determined at a polartronic universal polarimeter from Schmidt & 

Haensch. Individual concentrations (in g/100 mL), temperatures and solvents for each 
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measurement are given in the experimental section. Optical rotations were measured at the 

wavelength of 589 nm (the sodium D line). 

[α]�
� =

�

� � �
 

c  =  concentration (g/100 ml) 
l   =  length of measuring-cuvette (in decimeter) 
T  =  temperature (in °C) 
λ  =  wavelength (589 nm) 

 
 

Fluorescence readouts 

All fluorescence readouts were performed in 96-well microplates using a SpectraMax M5 

Microplate Reader. 

 

8.2 Biological Assays and Procedures 

MTT assay  

Prepared, revitalised cell lines (HeLa, HCT 116, 293T and Hep G2) were seeded as a confluent 

cell monolayer into 96 well plates (two of each).  

Used cell densities cells/mL: HeLa 1x 105, HCT 116 2x 105, Hep G2 1x 105 and 293T 2x 105. 

The prepared 96 well plates were incubated with different concentrations of Zelkovamycin 

(0.1 µM, 0.25 µM, 0.5 µM, 5 µM, 10 µM, 20 µM, 50 µM and 100 µM, three wells of each 

concentration) for 48 h at 37 °C (5% CO2). As controls, cells were incubated with 

DMSO (1%, 5%), Puromycin (10 µM, 20 µM) and medium for the specific cell line (DMEM, 

RPMI) were used. After incubation, the supernatant was removed and MTT (final well 

concentration of 10 µM) dissolved in medium (corresponding to cell line, DMEM, RPMI) was 

added, and the cells were incubated again for 4 h at 37 °C (5% CO2). 

The supernatant was removed and 100 µL DMSO was added to each well, followed by an 

additional incubation for 10 min in darkness. Afterwards, the well plate was shaken for 20 min 

at room temperature in darkness, to ensure homogeneously coloured samples. The final 

colorimetric readout was carried out using an ELISA plate reader at a wavelength of 540 nm 

(three readouts per sample). After measurement, obtained results were normalised to the 

corresponding medium or the 1% DMSO control. 
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20S Proteasome inhibition assay (in vitro) 

Proteasome inhibition assays were performed using the Proteasome 20S assay kit AK-740 by 

Biomol. The inhibition assays were executed as biochemical in vitro assays, using isolated, 

human erythrocyte 20S proteasome in combination with specific substrates and carried out as 

substrate conversion assays. All assays were performed using 96 well plates with a final 

reaction volume of 100 µL, containing 2 µg/mL 20S proteasome and either Suc-LLVY-AMC, 

Boc-LRR-AMC or Z-LLE-AMC as substrates with a concentration of 100 µM. Incubations and 

proteasome activity monitoring were carried out at a temperature of 37 °C. Resulting 

fluorescence was monitored using a SpectraMax M5 Microplate Reader at 360 nm (excitation) 

and 460 nm (emission). For the determination of the inhibitory potential of tested compounds, 

isolated 20S proteasome was first preincubated with either Zelkovamycin, Argyrin A as well 

as Epoxomicin as a positive inhibition control and DMSO as a no probe control at 37 °C for 

8 min. After subsequent addition of the specific substrate, the resulting fluorescent signal was 

monitored over a 2 h time period. 

 

Proteasome inhibition assay (in vivo) 

In vivo proteasome inhibition assays were carried out as protein degradation assays in 

HeLa cells. Ub-G76V-GFP was continuously expressed in HeLa cells, following the protocol 

of Dantuma et al.[204] The used HeLa cells were seeded in 12 well plates and grown for 24 h. 

Ub-G76V-GFP was used as an observable reporter in combination with a cycloheximide chase 

analysis[205] to monitor the activity or inactivity of the ubiquitin-proteasome system in the 

presence of a test compound. 

A sample of prepared HeLa cells was taken as no-treatment control. In addition, a sample of 

HeLa cells was incubated with MG132 at a concentration of 4 µM for 1 h to generate a 

proteasome inhibition control sample. To such prepared cells was added DMEM containing 

10% FBS, cycloheximide (50 µg/mL) and the corresponding test compounds. Individual 

samples containing Argyrin A (0.2 µM), MG132 10 (µM) and Zelkovamycin (10 µM) were 

prepared. 

After incubation, the cells were harvested, trypsinized and centrifugated (5000 xg, 4 min 4 °C). 

The obtained pellets were resuspended in 750 µL cold PBS, centrifuged again and finally lysed 

in cold lysis buffer and the concentration of obtained protein was determined (BSA assay). The 

obtained cell lysate was mixed with SDS-sample buffer (6x) and heated for 5 min up to 90 °C. 
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After centrifugation of the samples (3000 xg, 30 sec.), 50 µg of a sample was loaded onto an 

SDS-PAGE (10%). 

Proteins were transferred to nitrocellulose membranes and visualised with a Ponceau staining.  

The GFP-based reporter was detected using an anti-GFP antibody.  

To control the loading, the membrane was incubated with a specific α-Tubulin antibody. 

 

8.3 General Procedures 

Esterification General Procedure (SOCl2) 

 

 

 

To a cooled suspension (0 °C, ice bath) of the carboxylic acid (1.0 eq.) in methanol (or the 

corresponding alcohol of the desired ester), thionyl chloride (2 eq.) was added slowly, using a 

droplet funnel. The resulting reaction mixture was stirred for 15 min at room temperature. The 

mixture was heated to reflux until TLC indicated a complete conversion (usually 4 h for methyl 

esters). The solvent was removed under reduced pressure, and the crude product was dried 

under high vacuum overnight. Usually, no further purification was necessary, and the desired 

ester was obtained as a colourless oil, or in the case of methyl esters of amino acids as a 

colourless hydrochloride salt. 

 

Ester Hydrolysis General Procedure (LiOH) 

 

 

 

The ester was dissolved in a mixture of methanol and water (1:1). To this solution was added 

lithium hydroxide (3.0 eq.) and the resulting reaction mixture was stirred at room temperature 

until TLC indicated complete conversion. If the starting material did not dissolve completely in 

methanol and water, a few drops of tetrahydrofuran were added to the mixture until a clear 

solution was obtained. 

Methanol (and if added, also tetrahydrofuran) was removed under reduced pressure and the 

remaining aqueous phase was acidified by the addition of potassium bisulfate (sat., aq.). The 
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aqueous phase was diluted with water and extracted with dichloromethane (5x). The combined 

organic phases were dried over MgSO4 and concentrated under reduced pressure to afford the 

desired carboxylic acid. If necessary, further purifications were performed as described in the 

corresponding synthesis procedure. 

 

Boc-Protection General Procedure 

 

 

 

To a solution of di-tert-butyl dicarbonate (1.2 eq.) in acetonitrile and methanol (1:1), 

triethylamine (2.0 eq.) was added and the mixture was stirred for 15 min at room temperature. 

The compound containing the primary amine, dissolved in acetonitrile and methanol (1:1), was 

added dropwise, using a droplet funnel, to the preactivated solution of di-tert-butyl dicarbonate 

over a time period of 2 h. The resulting mixture was stirred for additional 15 min.  

The solvent was removed under reduced pressure and the crude product was taken up in ethyl 

acetate and washed with water (2x) and brine (1x). The organic layer was dried over MgSO4 

and concentrated under reduced pressure to afford the desired Boc-protected amine. If 

necessary, further purifications were performed as described in the corresponding synthesis 

procedure. 

 

Boc-Deprotection General Procedure (HCl) 

 

 

 

To the Boc-protected amine was added hydrogen chloride solution (4.0 M in 1,4-dioxane) and 

the suspension was stirred for 1 h at room temperature.  

The solvent was removed under reduced pressure, and the remaining precipitate was dried under 

high vacuum for additional 3 h to yield the unprotected amine as the hydrochloride salt.  
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Boc-Deprotection General Procedure (TFA) 

 

 

 

The Boc-protected amine was dissolved in dichloromethane and cooled down to 0 °C (ice bath) 

and trifluoroacetic acid was added slowly (final mixture DCM/TFA (1:1)). The resulting 

suspension was warmed up to room temperature and stirred for 30 min.  

Toluene was added and the solvent was removed under reduced pressure. To remove remaining 

TFA, co-evaporation was repeated three times. The obtained product was dried under high 

vacuum to yield the unprotected amine as the TFA salt.  

 

Peptide-Coupling General Procedure (EDC) 

 

 

 

The amine (usually as the hydrochloride salt, 1.2 eq.) and 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 3 eq.) were dissolved in 

dichloromethane. To this mixture was dropwise added a solution of the carboxylic acid 

(1.0 eq.), hydroxybenzotriazole (HOBt, 3 eq.) and N,N-diisopropylethylamine (DIPEA, 5 eq.) 

in dichloromethane. The resulting reaction mixture was stirred at room temperature until TLC 

analysis indicated a complete conversion. If the starting material did not dissolve completely in 

dichloromethane, a few drops of dimethylformamide were added until a clear solution was 

obtained. 

The reaction mixture was diluted with dichloromethane and washed with sodium bicarbonate 

(sat., aq., 2x). The combined aqueous layers were re-extracted with dichloromethane (1x). The 

combined organic layers were washed with potassium bisulfate (sat., aq., 2x) and again the 

combined aqueous layers were re-extracted with dichloromethane (1x). Finally, the combined 

organic layers were washed with brine (1x), dried over MgSO4 and concentrated under reduced 

pressure. If necessary, further purification of the obtained product was performed as described 

in the corresponding synthesis procedure. 
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Peptide-Coupling General Procedure (TMS-Activation) 

 

 
 

The amine (1.0 eq.) was suspended under an argon atmosphere in dry dichloromethane. Dry 

N,N-diisopropylethylamine (5 eq.) was added and the mixture was stirred for 10 min until the 

starting material was dissolved completely (if necessary, some drops of dry dimethylformamide 

were added to obtain a clear solution). The solution was cooled down (0 °C, ice bath) and 

trimethylsilyl chloride (TMSCl, 2 eq.) was slowly added. The resulting mixture was stirred for 

10 min at 0 °C and for additional 15 min at room temperature. The reaction mixture was cooled 

down again (0 °C, ice bath) and a prepared solution of the carboxylic acid (1.2 eq.), 

1-hydroxy-7-azabenzotriazole (HOAt, 3 eq.), 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU, 2 eq.) and  dry 

N,N-diisopropylethylamine (DIPEA, 3 eq.) in dry dichloromethane was added dropwise (if 

necessary, some drops of dry dimethylformamide were added to obtain a clear solution). The 

reaction mixture was stirred overnight while being allowed to warm up to room temperature. 

The reaction mixture was diluted with dichloromethane and washed with sodium bicarbonate 

(sat., aq., 2x). The combined aqueous layers were re-extracted with dichloromethane (1x). The 

combined organic layers were washed with potassium bisulfate (sat., aq., 2x) and the combined 

aqueous layers were re-extracted with dichloromethane (1x). The combined organic layers were 

washed with brine (1x), dried over MgSO4 and concentrated under reduced pressure. If 

necessary, further purifications were performed as described in the corresponding synthesis 

procedure. 
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Dehydrobutyrine Synthesis General Procedure 

 

 

 

The threonine derivative (1 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 5 eq.) 

and copper(I) chloride (2.7 eq.) were dissolved in dimethylformamide and the reaction mixture 

was warmed to 55 °C for 3 h. 

The mixture was concentrated to dryness under reduced pressure and redissolved in 

dichloromethane. The solution was washed with sodium bicarbonate (sat., aq., 2x), potassium 

bisulfate (sat., aq., 2x) and brine (1x). The organic layer was dried over MgSO4 and 

concentrated to dryness under reduced pressure. If necessary, further purifications were 

performed as described in the corresponding synthesis procedure. 

 

Dess-Martin Oxidation General Procedure 

 

 

 

The compounds containing the secondary alcohol were dissolved under an argon atmosphere 

in dry DCM. The solution was cooled down to 0 °C (ice bath) and Dess-Martin periodinane 

was added (freshly prepared solution, 0.3 M in dry DCM). The mixture was stirred for 15 min 

at 0 °C and afterwards warmed up to room temperature. The progress of the reaction was 

monitored by LC-MS. Complete consumption of the starting material was usually achieved 

after stirring for 45 min at room temperature. 

The reaction mixture was filtered through a micro filter; the filter was washed with DCM (2x), 

and the organic solvent was removed under reduced pressure at room temperature. The obtained 

crude product was purified by HPLC.  
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Marfey's Derivatization General Procedure 

 

 
 

The synthesis of the different Marfey’s derivatives was performed according to a modified 

version of the instruction sheet 48895 by Thermo Scientific. 

The corresponding amino acid (2.5 µmol) was placed in an Eppendorf tube and dissolved in 

H2O (50 µl). Marfey’s reagent (FDAA, 3.5 µmol) dissolved in acetone (100 µl) was added. The 

mixture was vortexed, NaHCO3 (aq., 1 M, 20 µl) was added and the resulting mixture was 

vortexed again. The Eppendorf tube was placed in a pre-heated heat block and gently shaken 

for 1 h at 40 °C. 

The mixture was cooled down to room temperature, HCl (aq., 1 M, 80 µl) was added, and the 

resulting mixture was vortexed. The solvent was removed under high vacuum and the residue 

was taken up in a mixture of MeCN/H2O (the ratio was adapted to ensure solubility) and filtered 

through a micro filter. The obtained sample was used without further purification for LC-MS 

analysis. If required, the solution was further diluted with MeCN/H2O (1:1) prior to LC-MS 

analysis. 

 

Marfey's Derivatization of Zelkovamycin hydrolysate 

According to the Marfey's Derivatization General Procedure, the corresponding derivatization 

of hydrolysed Zelkovamycin (HCl hydrolysis) was performed in the same manner. 

In the case of the total hydrolysis of Zelkovamycin using TsOH, the general procedure needed 

to be adapted slightly to compensate the presence of TsOH. Accordingly, instead of a 1 M 

solution of NaHCO3 (aq., 20 µl), a 6 N solution of NaHCO3 (aq., 60 µl) was used. 
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8.4 Total synthesis of Zelkovamycin 

8.4.1 Synthesis of fragment A  

Synthesis of H-(L)-Cys(Trt)-OMe hydrochloride salt (112) 

 

 

H-(L)-Cys(Trt)-OMe hydrochloride salt (112) was synthesised following the Esterification 

General Procedure (SOCl2) utilising H-(L)-Cys(Trt)-OH (111) (3.00 g, 8.25 mmol, 1.0 eq.), 

thionyl chloride (1.96 g, 16.51 mmol, 1.2 mL, 2.0 eq.) and methanol (75 mL). 

H-(L)-Cys(Trt)-OMe hydrochloride salt (112) was obtained as a colourless solid. 

 

Yield: 3.31 g (8.00 mmol, 97%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.18. 

HPLC (G1[pos]):  tR = 6.60 min (C18). 

LC-MS (ESI): m/z = calcd for NaC23H23NO2S+ [M+Na]+ 400.13, found 400.11[*SL]. 

HRMS (ESI):  m/z = calcd for C23H24NO2S+ [M+H]+ 378.1522 found 378.1522, calcd for 

NaC23H23NO2S+ [M+Na]+ 400.1342, found 400.1347. 

[∝]�
�� ([c] = 1 in CHCl3): +82. 

1H NMR (400 MHz, CDCl3):  δ 8.48 (br, 1H), 7.42-7.39 (m, 6H), 7.30-7.23 (m, 6H), 

7.20-7.16 (m, 3H), 3.58 (s, 3H), 3.42 (s, 1H), 2.98-2.87 (m, 2H). 

13C NMR (100 MHz, CDCl3): δ 168.1, 144.0, 129.7, 128.5, 127.3, 67.8, 53.6, 52.5, 31.9. 

 

Synthesis of methyl (R)-2-azido-3-(tritylthio)propanoate (113)  

 

 

Sodium azide (1.72 g, 26.81 mmol, 6 eq.) was dissolved in water (5 mL) and cooled down to 

0 °C (ice bath). To this solution, trifluoromethanesulfonic anhydride (3.78 g, 14.41 mmol, 

2.26 mL, 3 eq.) in dichloromethane (5 mL) was slowly added and the mixture was stirred 

vigorously for 2 h at 0 °C (ice bath). 
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Potassium carbonate (sat., aq., 15 mL) was added and the mixture was transferred to a 

separatory funnel and extracted with dichloromethane (3x, 10 mL). The organic phases were 

combined and used without further purification. 

H-(L)-Cys(Trt)-OMe hydrochloride salt (112) (1.85 g, 4.47 mmol, 1 eq.) and 

copper(II) sulphate pentahydrate (112 mg, 0.45 mmol, 0.1 eq.) were dissolved in water (30 mL). 

Potassium carbonate (1.85 g, 13.41 mmol, 3 eq.) was added and the mixture was cooled down 

to 0 °C (ice bath). The previously prepared triflyl azide solution was added. Methanol (~50 mL) 

was added slowly until a homogenous mixture was obtained. The ice bath was removed and the 

reaction mixture was stirred overnight at room temperature.  

The organic solvents were removed under reduced pressure and the remaining aqueous layer 

was extracted with dichloromethane (5x 15 mL). The combined organic layers were dried over 

MgSO4, concentrated under reduced pressure and purified by flash column chromatography 

(5% ethyl acetate in cyclohexane) to afford methyl (R)-2-azido-3-(tritylthio)propanoate (113) 

as a pale yellow solid. 

 

Yield: 1.46 g (3.62 mmol, 81%, pale yellow solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.79, 

(15% ethyl acetate in cyclohexane): Rf = 0.66. 

HPLC (G1[pos]):  tR = 1.39 min (C18). 

LC-MS (ESI): m/z = calcd for NaC23H21N3O2S+ [M+Na]+ 426.12, found 426.08[*SL]. 

HRMS (ESI):  m/z = calcd for NaC23H21N3O2S+ [M+Na]+ 426.1247, found 426.1247. 

[∝]�
�� ([c] = 1 in CHCl3): -9. 

1H NMR (400 MHz, CDCl3):  δ 7.46-7.43 (m, 6H), 7.33-7.28 (m, 6H), 7.26-7.21 (m, 3H), 

3.71 (s, 3H), 3.20 (dd, J = 5.9, 8.1, 1H), 

2.69 (dd, J = 5.9, 13.4, 1H), 2.56 (dd, J = 8.1, 13.4, 1H). 

13C NMR (100 MHz, CDCl3): δ 169.5, 144.4, 129.7, 128.3, 127.2, 67.5, 61.5, 53.0, 33.3. 

 

The analytical data are in agreement with the literature.[209] 

Method adapted from P.T. Nyffeler et al.[154] 
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Synthesis of azido-(L)-cysteine methyl ester (114) 

 

 

Methyl (R)-2-azido-3-(tritylthio)propanoate (113) (365 mg, 0.90 mmol, 1 eq.) and triethylsilane 

(210 mg, 1.81 mmol, 289 µL, 2 eq.) were dissolved in dichloromethane (1.5 mL) and cooled 

down to 0 °C (ice bath). Trifluoroacetic acid (1.5 mL) was slowly added, the mixture was 

warmed up to room temperature and stirred for 2 h. 

The solvent was removed under reduced pressure and the remaining crude product was 

co-evaporated with toluene (3x 7 mL) to remove most of the remaining trifluoroacetic acid. 

Due to the high volatility of the product, evaporation and drying under high vacuum was 

performed carefully. The crude azido-(L)-cysteine methyl ester (114) was obtained as a 

colourless oil and was used directly without further purification. 

 

Yield: 128 mg (0.79 mmol, 88%, colorless oil). 

TLC (5% ethyl acetate in cyclohexane): Rf = 0.29. 

HPLC (G1[pos]):  tR = 10.40 min (C18) no mass detection. 

LC-MS (ESI):  m/z = calcd for H(C4H7N3O2S)4
+ [4M+H]+ 645.11, found 644.93[*SL]. 

[∝]�
�� ([c] = 2 in CHCl3): -11.5. 

1H NMR (400 MHz, CDCl3):  δ 3.83 (s, 3H), 2.96-2.81 (m, 2H), 1.73 (t, J = 8.8, 1H). 

13C NMR (100 MHz, CDCl3): δ 169.2, 64.3, 53.1, 26.4. 

 

Method adapted from D. A. Perason et al.[155] 

 

Synthesis of Boc-(D)-Ala-OH (115) 

 

 

Boc-(D)-Ala-OH (115) was synthesized following the Boc-Protection General Procedure 

utilizing H-(D)-Ala-OH (100 mg, 1.12 mmol, 1 eq.), di-tert-butyl dicarbonate (294 mg, 
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1.35 mmol, 309 mL, 1.2 eq.) triethylamine (227 mg, 2.24 mmol, 313 mL, 2 eq.), acetonitrile 

(10 mL) and methanol (10 mL).  Boc-(D)-Ala-OH (115) was obtained as a colourless oil. 

 

Yield: 199 mg (1.05 mmol, 94%, colorless oil). 

TLC (10% methanol in dichloromethane): Rf = 0.35. 

HPLC (G1[pos]):  tR = 5.66 min (C18). 

LC-MS (ESI): m/z = calcd for C8H14NO4
- [M-H]- 188.09, found 188.11[*SL], calcd for 

C3H8NO2
+ [M-Boc+H]+ 90.10, found 89.89[*F], calcd for NaC8H15NO4

+ 

[M+Na]+ 212.09, found 212.05[*SL]. 

HRMS (ESI):  m/z = calcd for C8H14NO4
- [M-H]- 188.0917, found 188.0922, calcd for 

NaC8H15NO4
+ [M+Na]+ 212.0893, found 212.0895. 

[∝]�
�� ([c] = 1 in MeOH): +24. 

1H NMR (400 MHz, CDCl3): δ 9.80 (br, 1H), 5.08 (s, 1H), 4.35-4.32 (m, 1H), 1.44 (s, 9H), 

1.42 (s, 3H). 

13C NMR (100 MHz, CDCl3): δ 178.1, 155.7, 80.5, 49.3, 28.5, 18.6. 

 

The analytical data are in agreement with those previously reported in the literature.[210] 

 

Synthesis of Boc-(D)-Ala-OMe (115a) 

 

 

To a cooled solution (0 °C, ice bath) of Boc-(D)-Ala-OH (1,00 g, 5.29 mmol, 1 eq.) and 

potassium bicarbonate (794 mg, 7.93 mmol, 1.5 eq.) in dry dimethylformamide (10 mL) under 

an argon atmosphere was added slowly iodomethane (900 mg, 6.34 mmol, 395 µl, 1.2 eq.). The 

reaction mixture was slowly warmed to room temperature and stirred overnight. 

Ammonium chloride (sat., aq., 10 mL) was added and stirring was continued for additional 

10 min. The mixture was extracted with dichloromethane (5x, 15 mL) and the combined organic 

phases were washed with sodium bicarbonate (sat., aq., 1x, 40 mL), potassium bisulfate (sat., 

aq., 1x, 40 mL) and brine (1x, 40 mL). The organic layer was dried over MgSO4 and 

concentrated to dryness under reduced pressure.  Boc-(D)-Ala-OMe (115a) was obtained as a 

colourless oil.  
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Yield: 1.00 g (4.92 mmol, 93%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.5. 

HPLC (G1[pos]):  tR = 7.03 min (C18). 

LC-MS (ESI): m/z = calcd for C9H18NO4
+ [M+H]+, 204.12, found 203.70[*F], calcd for 

NaC9H17NO4
+ [M+Na]+ 226.10, found 226.06[*SL], calcd for C13H27N2O6

+ 

[2M-Boc+H]+ 307.17, found 306.68[*F]. 

HRMS (ESI):  m/z = calcd for NaC9H17NO4
+ [M+Na]+ 226.1050, found 226.1041. 

[∝]�
�� ([c] = 4.1 in CHCl3): +11. 

1H NMR (400 MHz, CDCl3):  δ 5.08 (s, 1H), 4.30 (t, J = 6.6 Hz, 1H), 3.72 (s, 3H), 1.42 (s, 9H), 

1.4 (d, J = 7.22, 3H). 

13C NMR (100 MHz, CDCl3): δ 174.0, 155.3, 80.0, 52.4, 49.3, 28.5, 18.8. 

 

The analytical data are in agreement with the literature.[211] 

 

Synthesis methyl (R)-2-azido-3-(((tert-butoxycarbonyl)-(D)-alanyl)thio)propanoate (116) 

 

 

Boc-(D)-Ala-OH (115) (39 mg, 0.20 mmol, 1.1 eq.), HOBt (38 mg, 0.28 mmol, 1.5 eq.) and 

DMAP (2 mg, 0.02 mmol, 0.1 eq.) were suspended in dichloromethane and cooled down to 

0 °C (ice bath). To this mixture, DIC (35 mg, 0.28 mmol, 43 µL, 1.5 eq.) and DIPEA (72 mg, 

0.56 mmol, 97 µL, 3.0 eq.) were added and the mixture was stirred for 30 min at 0 °C. 

Azido-(L)-cysteine methyl ester (114) (30 mg, 0.19 mmol, 1 eq.) was added slowly and the 

resulting reactions mixture was stirred overnight and allowed to warm up to room temperature 

slowly. 

The solvent was removed under reduced pressure, and the crude product was purified by flash 

column chromatography (5% ethyl acetate in cyclohexane) to yield methyl 

(R)-2-azido-3-(((tert-butoxycarbonyl)-(D)-alanyl)thio)propanoate (116) as a colourless oil.  

 

Yield: 55 mg (0.17 mmol, 89%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.31,  

(5% ethyl acetate in cyclohexane):  Rf = 0.14. 
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HPLC (G1[pos]):  tR = 8.58 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H12N4O3S+ [M-Boc+H]+ 232.06, found 232.75[*F], calcd for 

C19H33N8O8S2
+ [2M-Boc+H]+ 565.19, found 564.58[*F], calcd for 

NaC12H20N4O5S+ [M+Na]+ 355.10, found 355.09.[*SL] 

HRMS (ESI): m/z = calcd for NaC12H20N4O5S+ [M+Na]+ 355.1047, found 355.1077. 

[∝]�
�� ([c] = 1 in CHCl3): -18.  

1H NMR (400 MHz, CDCl3):  δ 4.96 (d, J = 7.0, 1H), 4.37 (t, J = 7.2, 1H), 4.09-4.04 (m, 1H), 

3.80 (s, 3H), 3.38-3.31 (m, 1H), 3.21-3.11 (m, 1H), 1.44 (s, 9H), 

1.36 (d, J = 7.3, 3H). 

13C NMR (100 MHz, CDCl3): δ 201.3, 169.2, 155.1, 80.7, 61.5, 56.5, 53.2, 30.1, 28.5, 18.6. 

 

The analytical data are in agreement with the literature.[209, 212]  

 

Synthesis methyl (R)-2-((R)-1-((tert-butoxycarbonyl)amino)ethyl)-4,5-dihydrothiazole-4-

carboxylate (117) 

 

 

Methyl (R)-2-azido-3-(((tert-butoxycarbonyl)-(D)-alanyl)thio)propanoate (116) (24 mg, 

0.07 mmol, 1 eq.) was dissolved in tetrahydrofuran (3 mL) and cooled down to -20 °C (acetone, 

ice bath). To this solution was added triphenylphosphine (28 mg, 0.11 mmol, 1.5 eq.) dissolved 

in tetrahydrofuran (2 mL). After complete addition, the mixture was stirred for 15 min at -20 °C 

followed by warming up to 40 °C and continuous stirring overnight.  

The solvent was removed under reduced pressure and the crude product was used directly 

without further purification. Methyl (R)-2-((R)-1-((tert-butoxycarbonyl)amino)ethyl)-4,5-

dihydrothiazole-4-carboxylate (117) was obtained as a colorless solid. 

 

Yield: 17 mg (0.06 mmol, 81%, colorless solid). 

TLC (50% ethyl acetate in cyclohexane): Rf = 0.39. 

HPLC (G1[pos]):  tR = 7.14 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H13N2O2S+ [M-Boc+H]+ 189.07 found 188.99[*F], calcd for 

C12H21N2O4S+ [M+H]+, 289.12, found 289.08[*SL], calcd for NaC12H20N2O4S+ 

[M+Na]+ 311.10, found 311.06[*SL]. 
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HRMS (ESI):  m/z = calcd for NaC12H20N2O4S+ [M+Na]+ 311.1036, found 311.1031. 

[∝]�
�� ([c] = 1 in CHCl3): +17. 

1H NMR (400 MHz, CDCl3): δ 5.30 (br, 1H), 5.20-5.10 (m, 1H), 4.60 (br, 1H), 3.80 (s, 3H), 

3.64-3.51 (m, 2H), 1.45 (s, 9H), 1.25 (br, 3H). 

13C NMR (100 MHz, CDCl3): δ 180.3, 171.2, 155.3, 79.3, 77.5, 53.2, 48.9, 35.4, 28.6, 20.5. 

 

The analytical data are in agreement with the literature.[209, 212]  

 

Synthesis methyl (R)-2-(1-((tert-butoxycarbonyl)amino)ethyl)thiazole-4-carboxylate (118) 

 

 

Thiazoline (117) (24 mg, 0.08 mmol, 1 eq.) was dissolved in dichloromethane (3 mL) and 

cooled down to -10 °C (acetone, ice bath). DBU (27 mg, 0.17 mmol, 13 µL, 2.1 eq.) was added 

slowly and the mixture was stirred for 10 min at -10 °C. Bromotrichloromethane (17 mg, 

0.09 mmol, 9 µL, 1.1 eq.) was added and stirring was continued for further 10 minutes at -10 °C, 

followed by warming up to room temperature and continuous stirring for additional 3 h.   

The solvent was removed under reduced pressure and the crude product was purified by flash 

column chromatography (33% ethyl acetate in cyclohexane) to yield methyl (R)-2-(1-((tert-

butoxycarbonyl)amino)ethyl)thiazole-4-carboxylate (118) as a colourless solid. 

 

Yield: 19 mg (0.07 mmol, 81%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.27. 

HPLC (G1[pos]):  tR = 7.34 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H10N2O2S+ [M-Boc+H]+ 186.05 found 186.88[*F], calcd for 

C12H19N2O4S+ [M+H]+, 287.11, found 287.07[*SL], calcd for NaC12H18N2O4S+ 

[M+Na]+ 309.09, found 309.05[*SL], calcd for Na(C12H18N2O4S)2
+ [2M+Na]+ 

595.19, found 595.07[*F]. 

HRMS (ESI):   m/z = calcd for C12H19N2O4S+ [M+H]+, 287.1060, found 287.1061, calcd for 

NaC12H18N2O4S+ [M+Na]+ 309.0879, found 309.0896, calcd for 

Na(C12H18N2O4S)2
+ [2M+Na]+ 595.1867,  found 595.1870. 

[∝]�
�� ([c] = 1 in CHCl3): +5. 
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1H NMR (400 MHz, CDCl3):  δ 8.10 (s, 1H), 5.19 (br, 1H), 5.10 (br, 1H), 3.94 (s, 3H), 

1.61 (d, J = 6.8, 3H), 1.44 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 175.3, 162.0, 155.1, 147.0, 127.6, 80.5, 52.6, 49.1, 28.5, 21.9. 

 

The analytical data are in agreement with the literature.[209, 212]  

 

Synthesis methyl (R)-2-(1-aminoethyl)thiazole-4-carboxylate hydrochloride salt (119) 

 

 

Methyl (R)-2-(1-aminoethyl)thiazole-4-carboxylate hydrochloride salt (119) was synthesized 

following the Boc-Deprotection General Procedure utilizing methyl (R)-2-(1-((tert-

butoxycarbonyl)amino)ethyl)thiazole-4-carboxylate (118) (30 mg, 0.1 mmol, 1 eq.) and 

hydrogen chloride solution (1 mL, 4.0 M in 1,4-dioxane) to afford methyl (R)-2-(1-

aminoethyl)thiazole-4-carboxylate hydrochloride salt (119) as a colorless solid. 

 

Yield: 19 mg (0.07 mmol, 82%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.70. 

HPLC (G1[pos]):  tR = 1.64 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H11N2O2S+ [M+H]+, 187.05, found 186.98[*SL], calcd for 

NaC7H10N2O2S + [M+Na]+ 209.04, found 209.03[*SL]. 

HRMS (ESI):  m/z = calcd for C7H11N2O2S + [M+H]+, 187.0536, found 187.0525, calcd for 

NaC7H10N2O2S + [M+Na]+ 209.0355, found 209.0351. 

[∝]�
�� ([c] = 1 in CHCl3): -1. 

1H NMR (400 MHz, MeOD):  δ 8.50 (s, 1H), 7.96-7.76 (m, 1H), 3.93 (s, 3H), 

3.69-3.66 (m, 1H), 1.76 (d, J = 6.8, 3H). 

13C NMR (100 MHz, MeOD): δ 169.0, 162.9, 147.6, 131.0, 52.96, 49.0, 20.3.  
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Synthesis H-Sar-OMe hydrochloride salt (119a) 

 

 

H-Sar-OMe hydrochloride salt (119a) was synthesised following the Esterification General 

Procedure (SOCl2) utilising H-Sar-OH (5.00 g, 56.12 mmol, 1.0 eq.), thionyl chloride (13.35 g, 

112.24 mmol, 8.12 mL, 2.0 eq.) and methanol (100 mL). H-Sar-OMe hydrochloride salt (119a) 

was obtained as a colourless solid. 

 

Yield: 7.60 g (54.46 mmol, 97%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.39. 

HPLC (G1[pos]): tR = 1.44 min (C18). 

LC-MS (ESI): m/z = calcd for C4H10NO2 [M+H]+ 104.07, found 104.12, calcd for 

H(C4H9NO2)2 [2M+H]+ 207.13, found 206.62[m*], calcd for NaC4H9NO2 

[M+Na]+ 126.05, found 125.98. 

HRMS (ESI):   m/z = calcd for C4H10NO2 [M+H]+ 104.0706, found 104.0707, calcd for 

NaC4H9NO2 [M+Na]+ 126.0525, found 125.0527. 

1H NMR (400 MHz, D2O): δ 4.03 (s, 2H), 3.86 (s, 3H), 2.82 (s, 3H). 

13C NMR (100 MHz, 5% MeOD in CDCl3): δ 166.8, 53.4, 49.0, 33.5. 

 

Synthesis Boc-(D)-Ala-Thz-OMe (120) 

 

 

Boc-(D)-Ala-Thz-OMe (120) was synthesized following the Peptide-Coupling General 

Procedure (EDC) utilizing methyl (R)-2-(1-aminoethyl)thiazole-4-carboxylate hydrochloride 

salt (119) (25 mg, 11 mmol, 1 eq.), Boc-Sar-OH (25 mg, 13 mmol, 1.2 eq.), EDC (65 mg, 

0.34 mmol, 3.0 eq.), HOBt (46 mg, 34 mmol, 3 eq.), DIPEA (73 mg, 56 mmol, 98 µL, 5.0 eq.) 

and dichloromethane (5 mL). 

The crude product was purified by reversed-phase flash column chromatography 

(40% acetonitrile in water) to afford methyl Boc-(D)-Ala-Thz-OMe (120) as a colourless solid. 
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Yield: 38 mg (0.07 mmol, 95%, colorless solid). 

TLC (50% ethyl acetate in cyclohexane): Rf = 0.13, 

 (66% ethyl acetate in cyclohexane): Rf = 0.21. 

HPLC (G1[pos]):  tR = 6.45 min (C18). 

LC-MS (ESI):  m/z = calcd for C15H22N3O5S- [M-H]- 356.13 found 356.15[*SL], calcd for 

C10H16N3O3S+ [M-Boc+H]+ 258.08 found 258.01[*F], calcd for C15H24N3O5S+ 

[M+H]+, 358.14, found 358.10[*F], calcd for NaC15H23N3O5S + [M+Na]+ 

380.13, found 380.06[*F], calcd for Na(C15H23N3O5S)2
+ [2M+Na]+ 737.26, 

found  736.94[*SL]. 

HRMS (ESI):  m/z = calcd for C15H22N3O5S- [M-H]- 356.1275 found 356.1284, calcd for 

C15H24N3O5S+ [M+H]+, 358.1431, found 358.1428, calcd for NaC15H23N3O5S 

+ [M+Na]+ 380.1251, found 380.1269. 

[∝]�
�� ([c] = 1 in CHCl3): -1. 

1H NMR (400 MHz, CDCl3): δ 8.05 (s, 1H), 7.00 (br, 1H), 5.37 (br, 1H), 3.87 (s, 3H), 

3.79 (d, J = 16.3, 3H), 2.90 (s, 3H), 1.58 (d, J = 6.96, 3H), 

1.39 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ174.0, 173.6, 169.2, 161.8, 146.9, 127.7, 80.9, 53.1, 52.5, 47.4, 

36.1, 28.4, 21.4. 

 

Synthesis H-(D)-Ala-Thz-OMe (121) 

 

 

H-(D)-Ala-Thz-OMe hydrochloride salt (121) was synthesised following the Boc-Deprotection 

General Procedure utilising Boc-(D)-Ala-Thz-OMe (120) (48 mg, 0.13 mmol, 1 eq.) and 

hydrogen chloride solution (1 mL, 4.0 M in 1,4-dioxane). The crude product was purified by 

flash column chromatography (20% methanol in dichloromethane) to afford 

H-(D)-Ala-Thz-OMe hydrochloride salt (121) as a colourless solid. 

 

Yield: 32 mg (0.11 mmol, 81%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.15, 

TLC (20% methanol in dichloromethane): Rf = 0.33. 
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HPLC (G1[pos]):  tR = 1.76 min (C18). 

LC-MS (ESI):  m/z = Calcd for C7H11N2O2S [M-Sar+H]+ 187.05, found 186.96[*F], calcd for 

C10H16N3O3S [M+H]+ 258.09, found 258.04[*F], calcd for NaC10H15N3O3S 

[M+Na]+ 280.07, found 280.01[*SL], calcd for H(C10H15N3O3S)2 [2M+H]+ 

515.17, found 515.09[*SL], calcd for Na(C10H15N3O3S)2 [2M+Na]+ 537.16, 

found 537.07[*SL]. 

HRMS (ESI):  m/z = calcd for C10H16N3O3S [M+H]+ 258.0907, found 258.0911, calcd for 

NaC10H15N3O3S [M+Na]+ 280.0726, found 280.0730. 

[∝]�
�� ([c] = 1 in MeOH): +2. 

1H NMR (400 MHz, MeOD):  δ 8.33 (s, 1H), 5.43 (q, J = 7.0, 1H), 3.92 (s, 3H), 3.56 (s, 2H), 

2.55 (s, 3H), 1.64 (d, J = 7.0, 3H). 

13C NMR (100 MHz, MeOD): δ 176.6, 170.5, 163.3, 147.5, 129.5, 53.0, 52.9(6), 52.9, 35.2, 

21.1. 

 

8.4.2 Synthesis of fragment B  

Synthesis of Boc-(D)-Abu-OH (123) 

 

 

Boc-(D)-Abu-OH (123) was synthesized by following the Boc-Protection General Procedure 

utilizing H-(D)-Abu-OH (1.00 g, 9.70 mmol, 1 eq.), di-tert-butyl dicarbonate (2.77 g, 

11.64 mmol, 2.64 mL, 1.2 eq.), triethylamine (2.51 g, 19.39 mmol, 3.45 mL, 2.0 eq.), 

acetonitrile (30 mL) and methanol (30 mL). Boc-(D)-Abu-OH (123) was obtained as a 

colourless oil. 

 

Yield: 1.90 g (9.35 mmol, 96%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.28. 

HPLC (G3[neg]):  tR = 6.90 (C18). 

LC-MS (ESI):  m/z = calcd for C9H16NO4 [M-H]- 202.11, found 202.14[*SL], calcd for 

C9H18NO4 [M+H]+ 204.12, found 203.92[*F], calcd for NaC9H17NO4 [M+Na]+ 

226.10, found 226.12[*SL]. 
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HRMS (ESI): m/z = calcd for C9H16NO4 [M-H]- 202.1074, found 202.1091, calcd for 

NaC9H17NO4  [M+Na]+ 226.1050, found 226.1041. 

[∝]�
�� 1 ([c] = 2 in CHCl3): -14. 

1H NMR (400 MHz, CDCl3):  δ 4.26 (m, 1H), 1.97-1.81 (m, 1H), 1.80-1.66 (m, 1H), 

1.44 (s, 9H), 0.96 (t, J = 7.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 175.5, 163.2, 79.8, 53.5, 28.5, 25.8, 9.6.  

 

The analytical data are in agreement with the literature.[110] 

 

Synthesis of H-Thr-OMe hydrochloride salt (39) 

 

 

H-Thr-OMe hydrochloride salt (39) was synthesised following the Esterification General 

Procedure (SOCl2) utilising H-Thr-OH (10.00 g, 83.95 mmol, 1.0 eq.), thionyl chloride 

(19.98 g, 167.90 mmol, 12.18 mL, 2.0 eq.) and methanol (200 mL). H-Thr-OMe hydrochloride 

salt (39) was obtained as a colourless solid. 

 

Yield: 11.93 g (70.34 mmol, 84%, colorless oil). 

TLC (10% methanol in dichloromethane): Rf = 0.34. 

HPLC (G1[pos]):  tR = 1.46 min (C18). 

LC-MS (ESI): m/z = calcd for C5H12NO3 [M+H]+ 134.08, found 134.06[*SL], calcd for 

NaC5H11NO3 [M+Na]+ 156.06, found 156.03[*SL]. 

HRMS (ESI):  m/z = calcd for C5H12NO3 [M+H]+ 134.0812, found 134.023, calcd for  

NaC5H11NO3 [M+Na]+ 156.0631, found 156.0644. 

1H NMR (400 MHz, MeOD):  δ 4.30-4.26 (m, 1H), 3.94 (d, J = 7.2, 1H), 3.85 (s, 3H), 

1.32 (d, J = 7.4, 3H). 

13C NMR (100 MHz, 5% MeOD in CDCl3): δ 169.1, 66.3, 59.8, 53.7, 20.5. 
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Synthesis of Boc-(D)-Abu-Thr-OMe (124) 

 

 

Boc-(D)-Abu-Thr-OMe (124) was synthesized following the Peptide-Coupling General 

Procedure (EDC) utilizing Boc-(D)-Abu-OH (123) (1.00 g, 4.92 mmol, 1.0 eq.), 

H-(L)-Thr-OMe hydrochloride salt (39) (998 mg, 5.90 mmol, 1.2 eq.), EDC (2.83 g, 

14.76 mmol, 3.0 eq.), HOBT (2.00 g, 14.76 mmol, 3 eq.), DIPEA (3.18 g, 24.60 mmol, 

4.29 mL, 5 eq.) and dichloromethane (30 mL). 

The crude product was purified by flash column chromatography (50% ethyl acetate in 

cyclohexane) to afford Boc-(D)-Abu-Thr-OMe (124) as a colourless solid. 

 

Yield: 954 mg (3.00 mmol, 60%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.09, 

          (66% ethyl acetate in cyclohexane): Rf = 0.42. 

HPLC (G3[neg]):  tR = 5.99 (C18). 

LC-MS (ESI):  m/z = calcd for C9H18N2O4 [M-Boc+H]+ 219.34, found 219.06[*SL], calcd for 

C14H25N2O6 [M-H]+ 317.17, found 317.17[*SL], calcd for H(C14H26N2O6)2 

[2M+H]+ 637.37, found 637.07[*SL], calcd for NaC14H27N2O6 [M+Na]+ 

341.17, found 341.13[*SL], calcd for  Na(C14H26N2O6)2 [2M+Na]+ 659.35, 

found 659.27[*SL]. 

HRMS (ESI):  m/z = calcd for C14H25N2O6 [M-H]+ 317.1707, found 317.1711, calcd for 

C14H27N2O6 [M+H]+ 319.1864, found 319.1870, calcd for NaC14H27N2O6 

[M+Na]+ 341.1683, found 341.1700, calcd for Na(C14H26N2O6)2 [2M+Na]+ 

659.3474, found 658.3480. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +16. 

1H NMR (400 MHz, CDCl3):  δ 6.98 (d, J = 8.9, 1H), 5.16 (br, 1H), 4.57 (dd, J = 2.6, 8.9, 1H), 

4.37-4.32 (m, 1H), 4.12 (br, 1H), 3.75 (s, 3H), 2.54 (br, 1H), 

1.95-1.84 (m, 1H), 1.75-1.60 (m, 1H), 1.44 (s, 9H), 

1.22 (d, J = 6.4, 3H), 0.97 (t, J = 7.43, 3H). 

13C NMR (100 MHz, CDCl3): δ 171.7, 171.7, 156.0, 68.1, 68.1, 57.5, 52.8, 28.5, 26.0, 20.2, 

10.1. 

The analytical data are in agreement with the literature.[213]  
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Synthesis of Boc-(D)-Abu-(Z)-Dhb-OMe (125) 

 
 

Boc-(D)-Abu-(Z)-Dhb-OMe (125) was synthesized by following the Dehydrobutyrine Synthesis 

General Procedure utilizing Boc-(D)-Abu-(L)-Thr-OMe (124) (287 mg, 0.90 mmol, 1 eq.), 

EDC (0.864 mg, 4.51 mmol, 5 eq.), copper(I) chloride (241 mg g, 2.43 mmol, 2.7 eq.) and 

dimethylformamide (10 mL).  

The obtained crude product was purified by flash column chromatography (20% ethyl acetate 

in cyclohexane) to afford Boc-(D)-Abu-(Z)-Dhb-OMe (125) as a colourless oil. 

 

Yield: 188 mg (0.63 mmol, 69%, colorless oil). 

TLC (50% ethyl acetate in cyclohexane): Rf = 0.51. 

HPLC (G1[pos]):  tR = 6.82 (C18). 

LC-MS (ESI):  m/z = calcd for C9H16N2O3 [M-Boc+H]+ 200.12, found 200.97[*F], calcd for 

C14H23N2O5 [M-H]- 299.16, found 299.14[*SL], calcd for C14H25N2O5 [M+H]+ 

301.18, found 301.03[*SL], calcd for H(C14H24N2O5)2 [2M+H]+ 601.34, found 

601.19[*SL], calcd for NaC14H24N2O5 [M+Na]+ 323.16, found 323.12[*SL], 

calcd for Na2C14H24N2O5 [M+2Na]+ 346.15, found 346.87[*F], 

Na(C14H24N2O5)2 [2M+Na]+ 623.33, found 623.20[*SL]. 

HRMS (ESI):  m/z = calcd for C14H23N2O5 [M-H]- 299.1601, found 299.1615, calcd for 

C14H25N2O5 [M+H]+ 301.1758, found 301.1763, calcd for NaC14H24N2O5 

[M+Na]+ 323.1577, found 323.1596, Na(C14H24N2O5)2 [2M+Na]+ 623.3263, 

found 623.3263. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +37. 

1H NMR (400 MHz, CDCl3): δ 7.62 (br, 1H), 6.79 (q, J = 7.2, 1H), 5.17 (d, J = 7.3, 1H), 

4.17 (br, 1H), 3.73 (s, 3H), 1.96-1.86 (m, 1H), 

1.74 (d, J = 7.2, 3H), 1.71-1.66 (m, 1H), 1.42 (s, 9H), 

0.98 (t, J = 7.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 170.8, 165.0, 156.0, 134.7, 100.2, 80.3, 56.1, 52.4, 28.5, 25.8, 

14.7, 10.0. 

 

The analytical data are in agreement with the literature.[213]  
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Synthesis of Boc-(D)-Abu-(Z)-Dhb-OH (126) 

 

 

Boc-(D)-Abu-(Z)-Dhb-OH (126) was synthesised following the Ester Hydrolysis General 

Procedure (LiOH) utilising Boc-(D)-Abu-(Z)-Dhb-OMe (125) (128 mg, 0.43 mmol, 1.0 eq.), 

lithium hydroxide (20 mg, 0.85 mmol, 2.0 eq.), methanol (3.00 mL) and water (3.00 mL). 

Boc-(D)-Abu-(Z)-Dhb-OH (126) was obtained as a colourless oil. 

 

Yield: 113 mg (0.40 mmol, 93%, colorless oil). 

TLC (10% methanol in dichloromethane): Rf = 0.48. 

HPLC (G3[neg]):  tR = 5.83 (C18). 

LC-MS (ESI):  m/z = calcd for C8H14N2O3 [M-Boc+H]+ 186.10, found 186.97[*F], calcd for 

C13H21N2O5 [M-H]+ 285.14, found 285.16[*SL], calcd for C13H23N2O5 [M+H]+ 

287.16, found 287.18[*SL], calcd for NaC13H22N2O5 [M+Na]+ 309.14, found 

309.06[*SL], calcd for H(C13H22N2O5)2 [2M+H]+ 573.31, found 573.27[*SL], 

calcd for Na(C13H22N2O5)2 [2M+Na]+ 595.30, found 595.26[*SL]. 

HRMS (ESI):  m/z = calcd for C13H21N2O5 [M-H]+ 285.1445, found 285.1452, calcd for 

C13H23N2O5 [M+H]+ 287.1601, found 287.1602, calcd for NaC13H22N2O5 

[M+Na]+ 309.1421, found 309.1428, calcd for H(C13H22N2O5)2 [2M+H]+ 

573.3130, found 573.3177, calcd for Na(C13H22N2O5)2 [2M+Na]+ 595.3950, 

found 595.2946. 

[∝]�
�� 1 ([c] = 1 in MeOH): +19. 

1H NMR (400 MHz, CDCl3): δ 6.84 (d, J = 7.1, 1H), 4.07-4.03 (m, 1H), 1.91-1.81 (m, 1H), 

1.75 (d, J = 7.1, 3H), 1.72-1.64 (m, 1H), 1.45 (s, 9H), 

1.02 (t, J = 7.5, 3H). 

13C NMR (100 MHz, MeOD): δ 174.4, 167.4, 158.1, 136.7, 128.7, 80.7, 57.8, 28.8, 26.8, 14.3, 

10.8. 

 

The analytical data are in agreement with the literature.[213]  
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8.4.3 Synthesis of fragment C(1-4) 

8.4.3.1 Synthesis of α-methylthreonine 

Synthesis of (2R,3S)-methyl-2,3-dihydroxy-2-methylbutanoate (132) 

 

 

To a cooled solution (0 °C, ice bath) of AD-mix α (23.97 g, 17.13 mmol, 1 eq.) and 

methanesulfonamide (326 mg, 3.43 mmol, 0.2 eq.) in tert-butyl alcohol (90 mL) and water 

(90 mL) was added methyl tiglate (1.96 g, 17,13 mmol, 1 eq.). The resulting reaction mixture 

was slowly warmed to 10 °C and stirred for two days. 

Solid sodium sulphite (27 g) was added and the mixture was stirred for 20 min at room 

temperature. Diethyl ether (350 mL) was added, the phases were separated and the aqueous 

layer was extracted with diethyl ether (1x, 50 mL). The combined organic phases were washed 

with water (2x, 40 mL) and brine (1x, 40 mL). The organic layer was dried over MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (33% ethyl acetate in cyclohexane) to afford pure (2R,3S)-methyl-2,3-

dihydroxy-2-methylbutanoate (132) as a colourless oil.  

 

Yield: 1.79 g (12.1 mmol, 71%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.47. 

HPLC (G1[pos]):  tR = 2.88 min (C18). 

LC-MS (ESI):  m/z = calcd for C6H11O4
- [M-H]- 147.07, found 147.06[*SL], calcd for 

C6H13O4
+ [M+H]+ 149.08, found 148.86[*F], calcd for H(C6H12O4)2

+ [2M+H]+ 

297.15, found 296.74[*F], calcd for NaC6H12O4
+ [M+Na]+ 171.06, found 

171.03[*SL]. 

HRMS (ESI):  m/z = calcd for NaC6H12O4
+ [M+Na]+ 171.0633, found 171.0663. 

[∝]�
�� 1 ([c] = 1 in CHCl3): -1. 

1H NMR (400 MHz, CDCl3): δ 3.90 (q, J = 6.5, 1H), 3.74 (s, 3H), 1.25 (s, 3H), 

1.16 (d, J = 6.5, 3H). 

13C NMR (100 MHz, CDCl3): δ 176.8, 71.8, 53.0, 21.7, 16.6. 

 

The analytical data are in agreement with the literature.[105]  
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Synthesis of (4R,5S)-methyl-4,5-dimethyl-1,3,2-dioxathiolane-4-carboxylate-2,2-dioxide 

(133) 

 

 

To a cooled solution (0 °C, ice bath) of (2R,3S)-methyl-2,3-dihydroxy-2-methylbutanoate (132) 

(1.1 g, 7.32 mmol, 1 eq.) in dichloromethane (10 mL) was added thionyl chloride (1.74 g, 

1.06 mL, 18.29 mmol, 2.5 eq.) and the reaction mixture was heated to reflux for 3 h.  

The mixture was concentrated to dryness under reduced pressure. To remove the aroused 

hydrogen chloride and remaining thionyl chloride, the crude mixture was kept under high 

vacuum overnight. After drying, pure (4R,5S)-methyl-4,5-dimethyl-1,3,2-dioxathiolane-4-

carboxylate-2-oxide (133a) could be obtained in a quantitative yield and was used without 

further purification. 

 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.5. 

HPLC (G1[pos]):  tR = 6.70 (C18). 

LC-MS (ESI):  m/z = calcd for C6H11O5S+ [M+H]+ 195.03, found 195.08[*F]. 

 

The cyclic sulphite (133a) was dissolved in a (1.5:1:1) mixture of water (15 mL), acetonitrile 

(10 mL) and carbon tetrachloride (10 mL). Sodium periodate (3.13 g, 14.63 mmol, 2 eq.) and 

ruthenium(III) chloride hydrate (25 mg, 0.12 mmol, 0.02 eq.) were added and the resulting 

reaction mixture was warmed up to 40 °C and stirred for 4 h. 

The mixture was cooled to room temperature and extracted with diethyl ether (3x). A small 

amount of activated carbon was added to the combined organic phases to remove the occurring 

brown colour. The organic layer was dried over MgSO4 and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography (33% ethyl acetate 

in cyclohexane) to afford pure (4R,5S)-methyl-4,5-dimethyl-1,3,2-dioxathiolane-4-

carboxylate-2,2-dioxide (133) as a colorless oil. The oil turned into a colourless solid after 

storing at -80 °C overnight. 

 

Yield: 1.3 g (6.19 mmol, 85%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.34. 

HPLC (G3[neg]):  tR = 7.05 (C18). 
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LC-MS (ESI):  m/z = calcd for C6H9O6S- [M-H]- 209.01, found 209.01[*SL], calcd for  

C6H11O6S+ [M+H]+ 211.03, found 211.00[*SL], calcd for NaC6H10O6S+ 

[M+Na]+ 233.01, found 232.96[*SL]. 

HRMS (ESI):  m/z = calcd for C6H9O6S- [M-H]- 209.0119, found 209.0147, calcd for 

NaC6H10O6S+ [M+Na]+ 233.0096, found 233.0090. 

[∝]�
�� 1 ([c] = 1 in CHCl3): -3.1. 

1H NMR (400 MHz, CDCl3):  δ 5.23 (q, J = 6.5, 1H), 3.87 (s, 3H), 1.70 (s, 3H), 

1.60 (d,  J = 6.49, 3H). 

13C NMR (100 MHz, CDCl3): δ 168.2, 89.4, 82.8, 54.0, 18.3, 14.6. 

 

The analytical data are in agreement with the literature.[105]  

 

Synthesis of (2S,3S)-methyl-2-azido-2-methyl-3-(sulfooxy)butanoate (134) 

 

 

To a solution of (4R,5S)-methyl-4,5-dimethyl-1,3,2-dioxathiolane-4-carboxylate-2,2-

dioxide (133) (518 mg, 2.47 mmol, 1 eq.) in a (6:1) mixture of acetone (6 mL) and water (1 mL) 

was added sodium azide (401 mg, 6.17 mmol, 2.5 eq.). The reaction mixture was warmed to 

50 °C for 4 h. 

The solution was cooled to room temperature and the solvent was removed under reduced 

pressure. The residue was re-dissolved in a small amount of water and dried by lyophilisation. 

(2S,3S)-methyl-2-azido-2-methyl-3-(sulfooxy)butanoate (134) could be obtained as a 

colourless powder. 

 

Yield: 609 mg (2.4 mmol, 97%, colorless solid). 

TLC (66% ethyl acetate in cyclohexane): Rf = 0.39. 

HPLC (G3[neg]):  tR = 4.13 (C18). 

LC-MS (ESI):  m/z = calcd for C6H10N3O6S- [M-H]- 252.03, found 251.99[*SL]. 

HRMS (ESI):  m/z = calcd for C6H10N3O6S- [M-H]- 252.0285, found 252.0289. 

[∝]�
�� 1 ([c] = 1 in MeOH): -1.0. 
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1H NMR (400 MHz, MeOD):  δ 4.70 (q, J = 6.3, 1H), 3.79 (s, 3H), 1.60 (s, 3H), 

1.31 (d, J = 6.4, 3H). 

13C NMR (100 MHz, MeOD): δ 173.0, 78.2, 70.7, 53.6, 19.8, 16.4. 

 

Synthesis of (2S,3S)-methyl 2-amino-2-methyl-3-(sulfooxy)butanoate (135) 

 

 

To a solution of (2S,3S)-methyl-2-azido-2-methyl-3-(sulfooxy)butanoate (134) (1.95 g, 

7.72 mmol, 1 eq.) in dry methanol (20 mL) under a hydrogen atmosphere was added a 

suspension of a small amount of Pd/C in dry methanol (3 mL). The reaction mixture was stirred 

overnight at room temperature. 

The Pd/C was removed by filtering over Celite® 545. The remaining methanol was removed 

under reduced pressure. (2S,3S)-methyl 2-amino-2-methyl-3-(sulfooxy)butanoate (135) was 

obtained as a pale yellow oil. 

 

Yield: 1.74 g (7.64 mmol, 99%, pale yellow oil). 

TLC (10% methanol in dichloromethane): Rf = 0.33. 

HPLC (G3[neg]):  tR = 1.60 (C18). 

LC-MS (ESI):  m/z = calcd for C6H12NO6S - [M-H]- 226.04, found 226.03[*SL], calcd for 

C6H14NO6S+ [M+H]+ 228.05, found 228.02[*SL], calcd for NaC6H13NO6S+ 

[M+Na]+ 250.04, found 250.02[*SL]. 

HRMS (ESI):  m/z = calcd for C6H14NO6S+ [M+H]+ 228.0536, found 228.0523, calcd for 

NaC6H13NO6S+ [M+Na]+ 250.0356, found 250.0347. 

[∝]�
�� 1 ([c] = 1 in MeOH): +2.1. 

1H NMR (400 MHz, MeOD):  δ 4.66 (q, J = 6.6, 1H), 3.87 (s, 3H), 1.62 (s, 3H), 

1,42 (d, J = 6.6, 3H). 

13C NMR (100 MHz, MeOD): δ 170.7, 77.2, 64.8, 54.3, 20.6, 16.3. 
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Synthesis of (2S,3S) 2-methylthreonine methyl ester hydrochloride (136) 

 

 

(2S,3S)-methyl 2-amino-2-methyl-3-(sulfooxy)butanoate (550 mg, 2.17 mmol, 1eq.) (135) was 

dissolved in a (1:1) mixture of methanol (3 mL) and concentrated sulfuric acid (3 mL). The 

mixture was stirred vigorously at room temperature for two days. 

The reaction mixture was diluted with methanol (5 mL) and adjusted to pH 8-9 by the addition 

of solid sodium hydrogen carbonate. Water (15 mL) was added and the methanol was removed 

under reduced pressure. The remaining aqueous phase was extracted with ethyl acetate 

(3x 15 mL). The combined organic layers were dried over MgSO4. Finally, 1 N hydrochloric 

acid (15 mL) was added and the mixture was shaken vigorously. The organic solvents were 

removed under reduced pressure and the remaining aqueous phases were dried by lyophilization 

to yield (2S,3S) 2-methylthreonine methyl ester hydrochloride (136) as a colourless powder. 

 

Yield: 356 mg (1.94 mmol, 89%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.62. 

HPLC (G1[pos]):  tR = 1.46. 

LC-MS (ESI):  m/z = calcd for C6H14NO3
+ [M+H]+ 148.10, found 148.04[*SL], calcd for 

NaC6H13NO3
+ [M+Na]+ 170.08, found 170.04[*SL]. 

HRMS (ESI):  m/z = calcd for C6H14NO3
+ [M+H]+ 148.0968, found 148.0942, calcd for 

NaC6H13NO3
+ [M+Na]+ 170.0788, found 170.0773. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +7. 

1H NMR (400 MHz, CDCl3):  δ 3.98 (q, J = 6.5, 1H), 3.85 (s, 3H), 1.56 (s, 3H), 

1.23 (d, J = 6.5, 3H). 

13C NMR (100 MHz, MeOD): δ 171.5, 70.7, 65.5, 53.9, 20.4, 18.3. 

 

The analytical data are in agreement with the literature.[105]  
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8.4.3.2 Synthesis of methoxy-tryptophanes 

8.4.3.2.1 Synthesis of Glu-Aldehyde 

Synthesis of Boc-(L)-Glu(Me)-OMe (138) 

(138)

O

O O

O

NHBoc

 

 

H-(L)-Glu-OH (137) (10.00 g, 68.00 mmol, 1.0 eq.) was suspended under an argon atmosphere 

in dry methanol (100 mL) and cooled down to 0 °C (ice bath). To this suspension, 

TMSCl (32.51 g, 299.21 mmol, 37.98 mL, 4.4 eq.) was slowly added. The mixture was slowly 

warmed up to room temperature and stirred overnight.  

Dry DIPEA (35.16 g, 272.01 mmol, 47.38, 4 eq.) and Boc2O (17.81 g, 81.60 mmol, 18.75 mL, 

1.2 eq.) were added and stirring was continued for 6 h. 

The organic solvent was removed under reduced pressure and the residue was taken up in 

potassium sulphate (sat., aq., 50 mL) and extracted with diethyl ether (3x 35 mL). 

The combined organic layers were dried over MgSO4, concentrated under reduced pressure and 

the obtained crude product was purified by flash column chromatography (15% ethyl acetate in 

cyclohexane) to afford Boc-(L)-Glu(Me)-OMe (138) as a colourless oil. 

 

Yield: 18.27 (66.42 mmol, 98%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.64. 

HPLC (G1[pos]):  tR = 7.30 min (C18). 

LC-MS (ESI): m/z = calcd for C19H34N2O10
+

 [2M-Boc+H]+ 450.22, found 450.89[*F], 

NaC12H21NO6
+ [M+Na]+ 298.13, found 298.12[*SL], Na(C12H21NO6)2

+ 

[2M+Na]+ 573.26, found 573.17[*SL]. 

HRMS (ESI):  m/z = calcd for NaC12H21NO6
+ [M+Na]+ 298.1261, found 298.1270, 

Na(C12H21NO6)2
+ [2M+Na]+ 573.2635, found 573.2636. 

[∝]�
�� ([c] = 1 in CHCl3): +10. 

1H NMR (400 MHz, CDCl3):  δ 5.14 (br, 1H), 4.29 (m, 1H), 3.70 (s, 3H), 3.64 (s, 3H), 

2.44-2.30 (m, 2H), 2.19-2.10 (m, 1H), 1.96-1.86 (m, 1H), 

1.39 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 173.3, 172.8, 155.5, 80.1, 53.0, 52.5, 51.9, 30.2, 28.4, 27.9.  
 

The analytical data are in agreement with those previously reported in the literature.[162] 
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Synthesis of (Boc)2-(L)-Glu(Me)-OMe (139) 

(139)

O

O O

O

N(Boc)2

 

 

Boc-(L)-Glu(Me)-OMe (138) (18.00 g, 65.38 mmol, 1 eq.) and DMAP (2.00 g, 16.35 mmol, 

0.25 eq.) were dissolved in acetonitrile (215 mL) and di-tert-butyl dicarbonate (17.11 g, 

78.46 mmol, 18.92 mL, 1.2 eq.) was added slowly. After complete addition, the mixture was 

stirred overnight at room temperature. 

The solvent was removed under reduced pressure and the obtained crude product was purified 

by flash column chromatography (15% ethyl acetate in cyclohexane) to afford 

(Boc)2-(L)-Glu(Me)-OMe (139) as colourless solid. 

 

Yield: 19.60 (52.20 mmol, 80%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.53. 

HPLC (G1[pos]):  tR = 9.39 min (C18). 

LC-MS (ESI):  m/z = calcd for NaC17H29NO8
+ [M+Na]+ 398.12, found 398.12[*F], calcd for 

Na(C17H29NO8)2
+ [2M+Na]+ 773.37, found 772.83[*F]. 

HRMS (ESI):  m/z = calcd for C17H30NO8
+ [M+H]+ 376.1966, found 376.1966, calcd for 

NaC17H29NO8
+ [M+Na]+ 398.1785, found 398.1788, calcd for 

Na(C17H29NO8)2
+ [2M+Na]+ 773.3684, found 773.3699. 

[∝]�
�� ([c] = 1 in CHCl3): -34. 

1H NMR (400 MHz, CDCl3):  δ 4.93-4.90 (m, 1H), 3.70 (s, 3H), 3.65 (s, 3H), 

2.51-2.45 (m, 1H), 2.42-2.32 (m, 2H), 2.21-2.12 (m, 1H), 

1.47 (s, 18H). 

13C NMR (100 MHz, CDCl3): δ 173.3, 171.0, 152.1, 83.5, 57.5, 52.4, 51.8, 30.8, 28.1, 25.4. 

 

The analytical data are in agreement with the literature.[162]  
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Synthesis of methyl (S)-2-di-tert-butoxycarbonylamino-5-oxopentanoate (80) 

 

 

(Boc)2-(L)-Glu(Me)-OMe (139) (1.00 g, 2.66 mmol, 1 eq.) was dissolved in dry diethyl ether 

(27 mL) under an argon atmosphere. The solution was cooled down to -78 °C (dry ice, acetone 

bath) and DIBAL-H (2.66 mmol, 1 eq., 2.66 mL, 1 M in toluene) was added slowly. The mixture 

was stirred 15 min at this temperature and the reaction was stopped by the addition of water 

(400 µL). Stirring of the quenched reactions was continued for 30 min.  

MgSO4 was added to remove residual water and the mixture was filtered. The remaining 

organic layer was concentrated under reduced pressure and the obtained crude product was 

purified by flash column chromatography (15% ethyl acetate in cyclohexane) to yield 

methyl (S)-2-di-tert-butoxycarbonylamino-5-oxopentanoate (80) as a colourless oil. 

 

Yield: 772 mg (2.24 mmol, 84%, colorless oil). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.61. 

HPLC (G1[pos]):  tR = 8.96 min (C18). 

LC-MS (ESI):  m/z = calcd for NaC11H19NO5
+ [M-Boc+Na]+ 268.12, found 268.88[*F], calcd 

for NaC16H27NO7
+ [M+Na]+ 368.17, found 386.06[*F]. 

HRMS (ESI):  m/z = calcd for C16H28NO7
+ [M+H]+ 346.1860, found 346.1836, 

NaC16H27NO7
+ [M+Na]+ 368.1680, found 368.1655. 

[∝]�
�� ([c] = 1 in CHCl3): -28. 

1H NMR (400 MHz, CDCl3):  δ 9.76 (t, J = 1.0, 1H), 4.89-4.85 (m, 1H), 3.71 (s, 3H), 

2.63-2.44 (m, 3H), 2.20-2.10 (m, 1H), 1.48 (S, 18H). 

13C NMR (100 MHz, CDCl3): δ 201.1, 170.9, 152.2, 83.6, 57.4, 52.4, 40.7, 28.2, 22.7.  

 

The analytical data are in agreement with the literature.[162]  
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8.4.3.2.2 Synthesis of Boc-(L)-(4-MeO)Trp-OH 

Synthesis of Boc-m-anisidine (141) 

 

 

Boc-m-anisidine (141) was synthesized following the Boc-Protection General Procedure 

utilizing m-anisidine (140) (10 g, 81.2 mmol, 9.17 mL, 1 eq.), di-tert-butyl dicarbonate (23.2 g, 

97.44 mmol, 24.42 mL, 1.2 eq.) triethylamine (20.99 g, 162.4 mmol, 28.91 mL, 2 eq.), 

acetonitrile (95 mL) and methanol (95 mL).   

The crude product was purified by flash column chromatography (2% ethyl acetate in 

cyclohexane). Boc-m-anisidine (141) was obtained as a colourless oil. 

 

Yield: 11.36 g (50.88 mmol, 64%, colorless oil). 

TLC (5% ethyl acetate in cyclohexane):  Rf = 0.41, 

        (33% ethyl acetate in cyclohexane):  Rf = 0.72. 

HPLC (G1[pos]):  tR = 9.81min (C18).  

LC-MS (ESI):  m/z = calcd for Na2C7H8NO+ [2Na+M]+
 168.04, found 168.57[*F]. 

HRMS (ESI):  m/z = calcd for NaC12H17NO3
+ [Na+M]+ 246.1101, found 246.1098. 

1H NMR (400 MHz, CDCl3):  δ 7.17 (t, J = 8.2, 1H), 7.10 (br, 1H), 6.83 (dd, J = 1.3, 8.0, 1H), 

6.58 (dd, J = 2.5, 8.3, 1H), 6.46 (br, 1H), 3.80 (s, 3H), 

1.52 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 160.5, 152.8, 139.9, 129.9, 110.9, 109.1, 104.4, 80.8, 55.5, 

28.6.  

 

The analytical data are in agreement with the literature.[214] 

 

  



8. EXPERIMENTAL PART 140 
 

 
 

Synthesis of tert-Butyl (2-iodo-3-methoxyphenyl)carbamate (67)  

 

 

Boc-m-anisidine (141) (3,00 g, 13.44 mmol, 1 eq.) was dissolved under an argon atmosphere 

in dry diethyl ether (80 mL) and cooled down to -20 °C (acetone, ice bath). 

tert-Butyllithium (1.81 g, 28.22 mmol, 2.1 eq., 1.7 M in pentane, 16.60 mL) was added and the 

mixture was stirred for 3 h at -20 °C. The mixture was cooled down to -100 °C (pentane, dry 

ice, liquid nitrogen) and iodine (4.10 g, 16.12 mmol, 1.2 eq.) dissolved in dry diethyl 

ether (35 mL) was added slowly. After complete addition, the mixture was stirred and gradually 

warmed up to room temperature overnight.  

Sodium thiosulfate (sat., aq., 100 mL) was added and stirring was continued for 15 min. The 

phases were separated and the aqueous phase was extracted with diethyl ether (50 mL, 3x). The 

combined organic phases were washed with brine, dried over MgSO4 and concentrated under 

reduced pressure. The obtained crude product was purified by flash column chromatography 

(15% ethyl acetate in cyclohexane) to afford tert-butyl (2-iodo-3-

methoxyphenyl)carbamate (67) as a colourless solid. 

 

Yield: 2.95 g, (8.46 mmol, 63%, colourless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.65. 

HPLC (G1[pos]):  tR = 10.37 min (C18). 

LC-MS (ESI):  m/z = calcd for C12H15INO3
- [M-H]- 348.01, found 348.04[*SL], calcd for 

C7H9INO+ [M-Boc+H]+ 249.97, found 250.32[*F], calcd for NaC12H16INO3
+ 

[M+Na]+ 372.01, found 371.96[*SL], calcd for Na(C12H16INO3)2
+ [2M+Na]+ 

721.02, found 720.93[*SL]. 

HRMS (ESI):  m/z = calcd for C12H15INO3
- [M-H]- 348.0091, found 348.0103, calcd for 

NaC12H16INO3
+ [M+Na]+ 372.0067, found 372.0093, calcd for 

Na(C12H16INO3)2
+ [2M+Na]+ 721.0242, found 721.0253. 

1H NMR (400 MHz, CDCl3):  δ 7.74 (d, J = 8.3, 1H), 7.25 (t, J = 5.8, 1H), 7.04 (br, 1H), 

6.53 (d, J = 8.2, 1H), 3.88 (s, 3H), 1.54 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 158.5, 152.8, 140.5, 129.9, 112.8, 105.7, 81.3, 81.2, 56.7, 28.5.  

 

The analytical data are in agreement with the literature.[163]  
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Synthesis of 2-Iodo-3-methoxyphenylamine hydrochloride salt (142) 

 

 

2-Iodo-3-methoxyphenylamine hydrochloride salt (142) was synthesised following the 

Boc-Deprotection General Procedure utilising tert-butyl (2-iodo-3-

methoxyphenyl)carbamate (67) (325 mg, 0.93 mmol, 1 eq.) and hydrogen chloride 

solution (3 mL, 4.0 M in 1,4-dioxane) to afford 2-iodo-6-methoxyphenylamine hydrochloride 

salt (142) as a colourless solid. 

 

Yield: 251 mg (0.88 mmol, 94%, colorless solid). 

TLC (50% ethyl acetate in cyclohexane): Rf = 0.83. 

HPLC (G1[pos]):  tR = 7.73 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H7INO- [M-H]- 247.96, found 247.98, calcd for C7H9INO+ 

[M+H]+ 249.97, found 249.91[*SL]. 

HRMS (ESI):  m/z = calcd for C7H7INO- [M-H]- 247.9567, found 247.9570, calcd for 

C7H9INO+ [M+H]+ 249.9723, found 249.9735. 

1H NMR (400 MHz, MeOD):  δ 7.49 (t, J = 8.1, 1H), 7.09 (dd, J = 8.0, 1.0, 1H), 

7.04 (dd, J = 7.6, 1, 1H), 3.94 (s, 3H). 

13C NMR (100 MHz, MeOD): δ 161.5, 136.4, 132.2, 117.0, 112.2, 84.7, 57.6.  

 

The analytical data are in agreement with the literature.[48]  
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Synthesis of (Boc)2-(L)-(4-MeO)Trp-OMe (146) 

 

 

Methyl (S)-2-di-tert-butoxycarbonylamino-5-oxopentanoate (80) (242 mg, 0.7 mmol, 1 eq.), 

2-iodo-3-methoxyphenylamine hydrochloride salt (142) (200 mg, 0.7 mmol, 1 eq.) and 

DABCO (236 mg, 2.1 mmol, 3 eq.) were dissolved under argon atmosphere in dry DMF 

(25 mL). This mixture was degassed in a sonication bath for 20 min. During that time argon 

was bubbled through the solution. Palladium(II) acetate (16 mg, 0.07 mmol, 0.1 eq.) dissolved 

in dry, degassed DMF (5 mL) was added and the reaction mixture was heated to 85 °C and 

stirred overnight. 

The mixture was cooled down to room temperature, diluted with water (30 mL) and extracted 

with ethyl acetate (3x 50 mL). The combined organic phases were washed with brine, dried 

over MgSO4 and concentrated under reduced pressure. The obtained crude product was purified 

by flash column chromatography (15% ethyl acetate in cyclohexane) to yield (Boc)2-(L)-(4-

MeO)Trp-OMe (146) as a yellow solid. 

 

Yield: 172 mg (0.38 mmol, 55%, yellow solid). 

TLC (15% ethyl acetate in cyclohexane): Rf = 0.25, 

         (33% ethyl acetate in cyclohexane): Rf = 0.38. 

HPLC (G1[pos]):  tR = 9.82 min (C18). 

LC-MS (ESI):  m/z = calcd for C18H25N2O5
+ [M-Boc+H]+ 349.18, found 348.79[*F], calcd for 

C23H31N2O7
- [M-H]- 447.21, found 447.28[*SL], calcd for NaC23H32N2O7

+ 

[M+Na]+ 471.21, found 471.18[*SL], calcd for Na(C23H32N2O7)2
+ [2M+Na]+ 

919.43, found 918.83[*F]. 

HRMS (ESI):  m/z = calcd for C23H31N2O7
- [M-H]- 447.2126, found 447.2127, calcd for 

NaC23H32N2O7
+ [M+Na]+ 471.2107, found 471.2102, calcd for 

Na(C23H32N2O7)2
+ [2M+Na]+ 919.4317, found 919.4300. 

[∝]�
�� ([c] = 0.5 in CHCl3): -79. 

1H NMR (400 MHz, CDCl3):  δ 8.16 (br, 1H), 7.03 (t, J = 8.0, 1H), 6.92 (d, J = 8.0, 1H), 

6.79 (d, J = 1.9, 1H), 6.45 (d, J = 7.7, 1H), 
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5.39 (dd, J = 4.0, 10.8, 1H), 3.89 (s, 3H), 3.88-3.83 (m, 1H), 

3.77 (s, 3H), 3.28 (dd, J = 10.8, 14.3, 1H), 1.23 (s, 18H). 

13C NMR (100 MHz, CDCl3): δ 171.7, 155.0, 151.7, 138.3, 122.9, 122.3, 117.6, 112.1, 104.8, 

99.6, 82.7, 59.9, 55.3, 52.2, 27.8, 27.1. 

 

The analytical data are in agreement with the literature.[110]  

 

Synthesis of (Boc)-(L)-(4-MeO)Trp-OMe (107) 

(107)

N
H

NHBoc

O
O

O

 

 

(Boc)-(L)-(4-MeO)Trp-OMe (107) was synthesised following the Mono Boc Deprotection 

General Procedure utilising (Boc)2-(L)-(4-MeO)Trp-OMe (146) (400 mg, 0.89 mmol, 1.0 eq.), 

magnesium perchlorate (10 mg, 0.04 mmol, 0.05 eq.) and acetonitrile (50.00 mL). 

(Boc)-(L)-(4-MeO)Trp-OMe (107) was obtained as a pale yellow solid.  

 

Yield: 183 mg (0.89 mmol, 60%, pale yellow solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.31, 

       (20% ethyl acetate in cyclohexane): Rf = 0.14. 

HPLC (G1[pos]):  tR = 8.53 min (C18). 

LC-MS (ESI):  m/z = calcd for C13H16N2O3
+ [M-Boc+H]+ 249.01, found 248.90[*F], calcd for 

C18H23N2O5
+ [M-H]+ 347.16 found 347.05[*SL],  calcd for C18H24N2O5

+ 

[M+H]+ 349.18 found 348.71[*F], calcd for NaC18H24N2O5
+ [M+Na]+ 371.16, 

found 371.18[*SL], calcd for H(C18H23N2O5)2
+  [2M+H]+ 697.35, found 

696.63[*F], calcd for Na(C18H23N2O5)2
+ [2M+Na]+ 719.33, found 718.57[*F]. 

HRMS (ESI):  m/z = calcd for C18H23N2O5
+ [M-H]+ 347.1601 found 347.1611, calcd for 

C18H25N2O5
+ [M+H]+ 349.1758 found 349.1757, calcd for NaC18H24N2O5

+ 

[M+Na]+ 371.1577, found 371.1580. 

[∝]�
�� ([c] = 1 in CHCl3): -139. 

1H NMR (400 MHz, CDCl3):  δ 8.11 (s, 1H), 7.09 (t, J = 8.0, 1H), 6.90 (s, 1H), 

6.97 (d, J = 8.1, 1H), 6.52 (d, J = 7.8, 1H), 5.72 (br, 1H), 
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4.49 (m, 1H), 3.97 (s, 3H), 3.70 (s, 3H), 3.40 (m, 1H), 

3.25 (m, 1H), 1.33 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 173.7, 155.8, 154.3, 138.2, 123.1, 122.1, 117.6, 111.2, 105.0, 

99.8, 79.5, 55.9, 55.2, 52.2, 28.4, 27.1. 

 

The analytical data are in agreement with the literature.[110]  

 

Synthesis of (Boc)-(L)-(4-MeO)Trp-OH (148) 

 

 

(Boc)-(L)-(4-MeO)Trp-OH (148) was synthesized following the Ester Hydrolysis General 

Procedure (LiOH) utilizing (Boc)-(4-MeO)Trp-OMe (107) (83 mg, 0.24 mmol, 1.0 eq.), 

lithium hydroxide (17 mg, 0.71 mmol, 3.0 eq.), methanol (8.00 mL), water (8.00 mL) and 

tetrahydrofuran (2 mL). (Boc)-(L)-(4-MeO)Trp-OH (148) was obtained as a pale yellow solid.  

 

Yield: 72 mg (0.22 mmol, 90%, pale yellow solid). 

TLC (50% ethyl acetate in cyclohexane):  Rf = 0.12, 

        (10% methanol in dichloromethane):  Rf = 0.40. 

HPLC (G1[pos]):  tR = 7.36 min (C18).  

LC-MS (ESI):  m/z = calcd for C17H21N2O5
- [M-H]- 333.14, found 333.19[*SL], calcd for 

C12H14N2O3
+ [M-Boc+H]+ 234.10 found 234.96[*F], calcd for C17H23N2O5

+ 

[M+H]+ 335.16 found 334.79[*F], calcd for NaC17H22N2O5
+ [M+Na]+ 357.14 

found 357.11[*SL], calcd for H(C17H22N2O5)2
+ [2M+H]+ 669.31 found 

668.46[*F], calcd for Na(C17H22N2O5)2
+ [2M+Na]+ 690.30 found 690.67[*F], 

calcd for C29H36N4O8
+ [2M-Boc+H]+ 568.25 found 568.62[*F]. 

HRMS (ESI):  m/z = calcd for C17H21N2O5
- [M-H]- 333.1445, found 333.1302. 

[∝]�
�� ([c] = 1 in CHCl3): -44. 

1H NMR (400 MHz, CDCl3):  δ 8.19 (br, 1H), 7.10 (t, J = 7.8, 1H), 7.00 (s, 3H), 

6.96 (d, J = 6.9, 1H), 6.52 (d, J = 7.7, 1H), 6.09 (br, 1H), 
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4.45 (br, 1H), 3.97 (s, 3H), 3.89-3.83 (m, 1H), 

3.75-3.72 (m, 1H), 1.36 (s, 9H).   

13C NMR (100 MHz, CDCl3): δ 176.9, 156.6, 154.0, 138.2, 123.0, 117.5, 110.3, 105.3, 99.7, 

80.1, 56.0, 55.2, 53.6, 29.9, 28.5. 

 

8.4.3.2.3 Synthesis of Boc-(L)-(7-MeO)Trp-OH 

Synthesis of Boc-o-anisidine (144) 

 

 

Boc-o-anisidine (144) was synthesized following the Boc-Protection General Procedure 

utilizing o-anisidine (143) (10 g, 81.2 mmol, 9.17 mL, 1 eq.), di-tert-butyl dicarbonate (23.2 g, 

97.44 mmol, 24.42 mL, 1.2 eq.), triethylamine (20.99 g, 162.4 mmol, 28.91 mL, 2 eq.), 

acetonitrile (95 mL) and methanol (95 mL).   

The crude product was purified by flash column chromatography (2% ethyl acetate in 

cyclohexane). Boc-o-anisidine (144) was obtained as a colourless oil. 

 

Yield: 11.33 g (50.73 mmol, 62%, colorless oil). 

TLC (2% ethyl acetate in cyclohexane):  Rf = 0.35, 

 (33% ethyl acetate in cyclohexane):  Rf = 0.80. 

HPLC (G1[pos]):  tR = 8.86 min (C18). 

LC-MS (ESI):  m/z = calcd for C12H18NO3
+ [M+H]+ 224.13, found 224.42[*F], calcd for 

NaC12H17NO3
+ [M+Na]+ 246.11, found 246.04[*SL], calcd for 

Na(C12H17NO3)2
+ [2M+Na]+ 469.23, found 469.16[*SL]. 

HRMS (ESI):  m/z = calcd for NaC12H17NO3
+ [M+Na]+ 246.1101, found 224.1103. 

1H NMR (400 MHz, CDCl3):  δ 8.07 (br, 1H), 7.10 (br, 1H), 6.98-6.91 (m, 2H), 

6.84-6.82 (m, 1H), 3.84 (S, 3H), 1.53 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 152.9, 147.6, 128.2, 122.4, 121.2, 118.2, 110.0, 80.3, 55.7, 

28.5.  

 

The analytical data are in agreement with the literature.[163] 
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Synthesis of tert-Butyl (2-iodo-6-methoxyphenyl)carbamate (145) 

 

 

tert-Butyl (2-methoxyphenyl)carbamate (144) (500 mg, 2.24 mmol, 1 eq.) was dissolved under 

an argon atmosphere in dry diethyl ether (15 mL) and cooled down to -20 °C (acetone, ice bath). 

To this solution was added tert-butyllithium (316 mg, 4.93 mmol, 2.2 eq., 1 M in pentane, 

4.93 mL) and the mixture was stirred for 3 h at -20 °C. The mixture was cooled down to -100 °C 

(pentane, dry ice, liquid nitrogen) and iodine (682 mg, 2.69 mmol, 1.2 eq.) dissolved in dry 

diethyl ether (15 mL) was added slowly. Stirring was continued and the mixture was allowed 

to warm up to room temperature overnight.  

Sodium thiosulfate (sat., aq., 25 mL) was added and stirring was continued for further 15 min. 

The phases were separated and the aqueous phase was extracted with diethyl ether (15 mL, 3x). 

The combined organic phases were washed with brine, dried over MgSO4 and concentrated 

under reduced pressure. The obtained crude product was purified by flash column 

chromatography (15% ethyl acetate in cyclohexane) to afford tert-butyl (2-iodo-6-

methoxyphenyl)carbamate (145) as colourless solid. 

 

Yield: 556 mg, (1.59 mmol, 71%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.59. 

HPLC (G1[pos]):  tR = 8.90 min (C18). 

LC-MS (ESI):  m/z = calcd for C12H15INO3
- [M-H]- 348.01, found 348.02[*SL], calcd for 

C7H9INO+ [M-Boc+H]+ 249.97, found 250.04[*F], calcd for NaC12H16INO3
+ 

[M+Na]+ 372.01, found 371.97[*SL], calcd for Na(C12H16INO3)2
+ [2M+Na]+ 

721.02, found 720.96[*SL]. 

HRMS (ESI):  m/z = calcd for C12H17INO3
+ [M+H]+ 350.0248, found 350.0249, calcd for 

NaC12H16INO3
+ [M+Na]+ 372.0067, found 372.0084. 

1H NMR (400 MHz, CDCl3):  δ 7.43 (d, J = 7.8, 1H), 6.93 (t, J = 8.2, 1H), 6.88-6.86 (m, 1H), 

5.98 (br, 1H), 3.82 (s, 3H), 1.5 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 155.6, 153.6, 131.0, 129.2, 128.8, 111.7, 100.5, 80.6, 56.2, 

28.5.  
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The analytical data are in agreement with those reported in the literature previously.[163]
 

Synthesis of 2-Iodo-6-methoxyphenylamine hydrochloride salt (77) 

 

 

2-Iodo-6-methoxyphenylamine hydrochloride salt (77) was synthesised following the 

Boc-Deprotection General Procedure utilising tert-butyl (2-iodo-6-methoxyphenyl)carbamate 

(145) (1.03 g, 2.95 mmol, 1 eq.) and hydrogen chloride solution (5 mL, 4.0 M in 1,4-dioxane) 

to afford 2-iodo-6-methoxyphenylamine hydrochloride salt (77)  as a colourless solid. 

 

Yield: 824 mg (2.89 mmol, 98%, colorless solid). 

TLC (33% ethyl acetate in cyclohexane): Rf = 0.77, 

 (15% ethyl acetate in cyclohexane):  Rf = 0.65. 

HPLC (G1[pos]):  tR = 8.67 min (C18). 

LC-MS (ESI):  m/z = calcd for C7H9INO+ [M+H]+ 249.97, found 250.08[*F], calcd for 

NaC7H9INO+ [M+Na]+ 271.95, found 272.01[*SL]. 

HRMS (ESI):  m/z = calcd for C7H9INO+ [M+H]+ 249.9723, found 249.9724. 

1H NMR (400 MHz, MeOD):  δ 7.53 (dd, J = 5.9, 1.6, 1H), 7.25-7.23 (m, 1H), 

7.22-7.18 (m, 1H), 3.99 (s, 3H). 

13C NMR (100 MHz, MeOD): δ 154.6, 133.0, 132.6, 123.8, 113.6, 92.43, 57.5.  

 

Synthesis of (Boc)2-(L)-(7-MeO)Trp-OMe (147) 

 

 

Methyl (S)-2-di-tert-butoxycarbonylamino-5-oxopentanoate (80) (1.39 g, 4.02 mmol, 1 eq.), 

2-iodo-6-methoxyphenylamine hydrochloride salt (77) (1.00 g, 4.02 mmol, 1 eq.) and 

DABCO (1.35 g, 12.05 mmol, 3 eq.) were dissolved under an argon atmosphere in dry DMF 
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(15 mL). The mixture was degassed in a sonication bath for 20 min. During that time argon was 

bubbled through the solution. Palladium(II) acetate (40 mg, 0.40 mmol, 0.1 eq.) dissolved in 

dry, degassed DMF (5 mL) was added, the reaction mixture was heated up to 85 °C and stirred 

overnight. 

The mixture was cooled down to room temperature, diluted with water (30 mL) and extracted 

with ethyl acetate (3x 30 mL). The combined organic phases were washed with brine, dried 

over MgSO4 and concentrated under reduced pressure. The obtained crude product was purified 

by flash column chromatography (15% ethyl acetate in cyclohexane) to yield 

(Boc)2-(L)-(7MeO)Trp-OMe (147) as a pale yellow solid. 

 

Yield: 267 mg (0.60 mmol, 59%, pale yellow solid). 

TLC (15% ethyl acetate in cyclohexane): Rf = 0.09. 

HPLC (G1[pos]):  tR = 9.96 min (C18). 

LC-MS (ESI):  m/z = calcd for C18H25N2O5
+ [M-Boc+H]+ 349.18, found 349.98[*F], calcd for 

NaC23H32N2O7
+ [M+Na]+ 471.21, found 471.55[*F], calcd for 

Na(C23H32N2O7)2
+ [2M+Na]+ 919.43, found 918.75[*F]. 

HRMS (ESI):  m/z = calcd for NaC23H32N2O7
+ [M+Na]+ 471.2107, found 471.2109, calcd 

for Na(C23H32N2O7)2
+ [2M+Na]+ 919.4317, found 919.4323. 

[∝]�
�� ([c] = 1 in CHCl3): -68. 

1H NMR (400 MHz, CDCl3):  δ 8.18 (br, 1H), 7.19 (d, J = 8.0, 1H), 7.01 (d, J = 7.8, 1H), 

6.99 (s, 1H), 6.62 (d, J = 7.7, 1H), 5.17 (dd, J = 4.8, 10.1, 1H), 

3.93 (s, 3H), 3.76 (s, 3H), 3.58 (dd, J = 4.8, 15.0, 1H), 

3.37 (dd, J = 10.1, 14.9, 1H), 1.30 (s, 18H). 

13C NMR (100 MHz, CDCl3): δ 171.4, 151.9, 146.4, 129.2, 126.9, 122.8, 120.1, 112.5, 111.9, 

102.1, 83.0, 59.3, 55.6, 52.4, 27.9, 26.2.  

 

The analytical data are in agreement with those previously reported in the literature.[110] 
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Synthesis of Boc-(L)-(7-MeO)Trp-OMe (106) 

 

 

Boc-(L)-(7-OMe)Trp-OMe (106) was synthesized following the Mono Boc Deprotection 

General Procedure utilizing (Boc)2-(L)-(7-OMe)Trp-OMe (147) (100 mg, 0.22 mmol, 1.0 eq.), 

magnesium perchlorate (2 mg, 0.01 mmol, 0.05 eq.) and acetonitrile (50.00 mL). 

Boc-(L)-(7-OMe)Trp-OMe (106) was obtained as a pale yellow solid.  

 

Yield: 78 mg (0.22 mmol, 99%, pale yellow solid). 

TLC (33% ethyl acetate in cyclohexane):  Rf = 0.45, 

        (20% ethyl acetate in cyclohexane):  Rf = 0.13. 

HPLC (G1[pos]):  tR = 8.71 min (C18). 

LC-MS (ESI):  m/z = calcd for C13H16N2O3
+ [M-Boc+H]+ 248.12, found 248.90[*F], calcd for 

C18H24N2O5
+ [M+H]+ 349.18 found 348.66[*F], calcd for NaC18H24N2O5

+ 

[M+Na]+ 371.16, found 371.08[*SL], calcd for C31H40N4O8
+ [2M-Boc+H]+ 

596.28, found 596.56[*F], calcd for H(C18H23N2O5)2
+  [2M+H]+ 697.35, found 

696.25[*F]. 

HRMS (ESI):  m/z = calcd for C18H22N2O5
- [M-H]- 347.1601, found 347.1607, calcd for 

C18H24N2O5
+ [M+H]+ 349.1758 found 349.1757, calcd for NaC18H24N2O5

+ 

[M+Na]+ 371.1577, found 371.1583. 

[∝]�
�� ([c] = 1 in CHCl3): +28. 

1H NMR (400 MHz, CDCl3):  δ 8.39 (s, 1H), 7.15 (d, J = 8.0, 1H), 7.03 (t, J = 7.8, 1H), 

6.95 (s, 1H), 6.63 (d, J = 7.6, 1H), 5.09 (d, J = 7.5, 1H), 

4.64 (d, J = 7.3, 1H), 3.94 (s, 3H), 3.68 (s, 3H), 

3.27 (d, J = 4.8, 2H), 1.43 (s, 9H). 

13C NMR (100 MHz, CDCl3): δ 173.1, 155.5, 146.4, 129.3, 126.9, 122.6, 120.2, 111.7, 110.7, 

102.3, 79.9, 55.6, 54.5, 52.5, 28.6, 27.2.  
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Synthesis of Boc-(L)-(7-OMe)Trp-OH (149) 

 

 

Boc-(L)-(7-OMe)Trp-OH (149) was synthesized following the Ester Hydrolysis General 

Procedure (LiOH) utilizing Boc-(L)-(7-OMe)Trp-OMe (106) (150 mg, 0.43 mmol, 1.0 eq.), 

potassium hydroxide (72 mg, 1.29 mmol, 3.0 eq.), methanol (8.00 mL), water (8.00 mL) and 

tetrahydrofuran (2 mL). Boc-(L)-(7-OMe)Trp-OH (149) was obtained as a pale yellow solid.  

 

Yield: 126 mg (0.38 mmol, 88%, pale yellow solid). 

TLC (50% ethyl acetate in cyclohexane):   Rf = 0.27, 

         (10% methanol in dichloromethane):  Rf = 0.76. 

HPLC (G1[pos]):  tR = 7.47 min (C18). 

LC-MS (ESI):  m/z = calcd for C17H21N2O5
- [M-H]- 333.14, found 333.06[*SL], calcd for 

C12H14N2O3
+ [M-Boc+H]+ 234.10 found 234.78[*F], calcd for C17H23N2O5

+ 

[M+H]+ 335.16 found 334.62[*F], calcd for C29H36N4O8
+ [2M-Boc+H]+ 

568.25 found 568.53[*F]. 

HRMS (ESI):  m/z = calcd for C17H21N2O5
- [M-H]- 333.1445, found 333.1464. 

[∝]�
�� ([c] = 1 in CHCl3): +15. 

1H NMR (400 MHz, CDCl3):  δ 8.53 (s, 1H), 7.22 (d, J = 8.0, 1H), 7.03 (t, J = 7.8, 1H), 

6.94 (s, 1H), 6.64 (d, J = 7.6, 1H), 5.17 (d, J = 7.6, 1H), 

4.17 (d, J = 5.9, 1H), 3.94 (s, 3H), 3.32 (m, 2H), 1.44 (s, 9H).   

13C NMR (100 MHz, CDCl3): δ 177.1, 155.8, 146.3, 129.4, 126.8, 122.9, 120.2, 111.9, 110.4, 

102.14, 80.3, 55.5, 54.5, 53.6, 28.5. 
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8.4.4 Synthesis of fragment C-1 (Zelkovamycin) 

Synthesis of Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-OMe (152) 

 

 

Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-OMe (152) was synthesized following the 

Peptide-Coupling General Procedure (TMS-Activation) utilizing (2S,3S)-2-methylthreonine 

methyl ester hydrochloride (136) (95 mg, 0.52 mmol, 1.0 eq.), TMSCl (197 mg, 1.81 mmol, 

229 µL, 3.5 eq.), DIPEA (334 mg, 2.59 mmol, 451 µL 5.0 eq.) and dichloromethane (15 mL). 

Boc-(L)-(4-MeO)Trp-OH (148) (138 mg, 0.41 mmol, 0.8 eq.), HOAt (211 mg, 1.55 mmol, 

3 eq.), HATU (590 mg, 1.55 mmol, 3.0 eq.), DIPEA (451 mg, 2.59 mmol, 451 µL, 5 eq.) and 

dichloromethane (15 mL). 

The crude product was purified by flash column chromatography (50% ethyl acetate in 

cyclohexane) to afford Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-OMe (152) as a colourless 

solid. Although the compound turned red upon storage in CDCl3, no change in the analytical 

data occurred. 

 

Yield: 142 mg (0.13 mmol, 59%, colorless solid). 

TLC (50% ethyl acetate in cyclohexane):  Rf = 0.22,  

          (66% ethyl acetate in cyclohexane):  Rf = 0.40. 

HPLC (G1[pos]):  tR = 7.74 (C18). 

LC-MS (ESI):  m/z = calcd for C23H32N3O7
- [M-H]- 462.22, found 462.20[*SL], calcd for 

C18H25N3O5
+ [M-Boc+H]+ 363.18, found 364.20[*F], calcd for C23H34N3O7

+ 

[M+H]+ 464.24, found 464.20[*SL], calcd for NaC23H33N3O7
+ [M+Na]+ 

486.22, found 486.20[*SL], calcd for Na(C23H33N3O7)2
+ [2M+Na]+, 949.45 

found 949.40[*SL]. 

HRMS (ESI):  m/z = calcd for C23H32N3O7
- [M-H]- 462.2235, found 462.2218, calcd for 

C23H34N3O7
+ [M+H]+ 464.2391, found 464.2394, calcd for NaC23H33N3O7

+ 

[M+Na]+ 486.2211, found 486.2217, calcd for Na(C23H33N3O7)2
+ [2M+Na]+, 

949.4535 found 949.4545. 

1H NMR (400 MHz, CDCl3):  δ 8.21 (s, 1H), 7.39 (s, 1H), 7.10 (t, J = 7.9, 1H), 

6.99 (d, J = 8.1, 1H), 6.96 (s, 1H), 6.55 (d, J = 7.7, 1H), 
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6.16 (s, 1H), 5.53 (s, 1H), 4.45 (q, J = 6.5, 1H), 

4.37 (q, J = 6.2, 1H), 4.02 (s, 3H), 3.73 (s, 3H), 

3.39-3.27 (m, 2H), 1.36 (s, 9H), 1.34 (s, 3H), 

0.89 (d, J = 6.5, 3H).  

13C NMR (100 MHz, CDCl3): δ 173.8, 173.7, 153.7, 138.2, 123.2, 122.9, 117.3, 110.4, 107.3, 

105.3, 99.7, 83.2, 71.1, 65.7, 60.5, 55.2, 53.3, 30.2, 28.3, 25.8, 

23.8. 

 

Synthesis Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-OH (155) 

 

 

Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-OH (155) was synthesized following the Ester 

Hydrolysis General Procedure (LiOH) utilizing Boc-(L)-(4-MeO)Trp-(2S,3R-

α-Me)Thr-OMe (152) (45 mg, 0.10 mmol, 1.0 eq.), lithium hydroxide (7 mg, 0.29 mmol, 3.0 

eq.), methanol (1.50 mL), water (1.50 mL) and tetrahydrofuran (0.5 mL).  

The crude product was purified by HPLC to obtain pure Boc-(L)-(4-MeO)Trp-(2S,3S-α-

Me)Thr-OH (155) as a pale yellow solid. 

 

Yield: 38 mg (0.08 mmol, 86%, pale yellow solid). 

TLC (10% methanol in dichloromethane): Rf = 0.18.  

HPLC (G1[pos]):  tR = 7.02 (C18). 

LC-MS (ESI):  m/z = calcd for C22H30N3O7
- [M-H]- 448.21, found 448.20[*SL], calcd for 

C17H23N3O5
+ [M-Boc+H]+ 349.16, found 350.23[*F], calcd for C22H32N3O7

+ 

[M+H]+ 450.22, found 450.2[*SL], calcd for NaC22H31N3O7
+ [M+Na]+ 472.21, 

found 472.23[*F], calcd for H(C22H31N3O7)2
+ [2M+Na]+ 899.44, found 

898.65[*F], calcd for Na(C22H31N3O7)2
+ [2M+Na]+ 921.42, found 920.83[*F]. 

HRMS (ESI):  m/z = calcd for C22H30N3O7
- [M-H]- 448.2078, found 448.2059, calcd for 

C22H32N3O7
+ [M+H]+ 450.2235, found 450.2229, calcd for NaC22H31N3O7

+ 

[M+Na]+ 472.2054, found 472.2134. 

[∝]�
�� 1 ([c] = 1 in CHCl3): -4. 

1H NMR (400 MHz, CDCl3):  δ 9.48 (s, 1H), 7.03 (t, J = 7.9, 1H), 6.97 (d, J = 8.2, 1H), 
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6.92 (s, 1H), 6.68 (s, 1H), 6.47 (d, J = 7.8, 1H), 4.22 (s, 1H), 

3.93 (s, 3H), 3.82 (s, 1H), 3.26 (s, 3H), 1.34 (s, 9H), 1.17 (s, 3H), 

0.96 (d, J = 6.4, 3H).  

13C NMR (100 MHz, CDCl3): δ 178.2, 173.0, 156.9, 153.4, 138.4, 124.5, 122.4, 117.3, 109.0, 

105.8, 99.4, 80.4, 71.0, 64.4, 57.8, 55.1, 29.0, 28.4, 19.6, 18.1. 

 

Synthesis of H-Gly-OMe hydrochloride salt (158)  

 

 

H-Gly-OMe hydrochloride salt (158) was synthesised following the Esterification General 

Procedure (SOCl2) utilising H-Gly-OH (10.00 g, 112.24 mmol, 1.0 eq.), thionyl chloride 

(26.71 g, 224.48 mmol, 16.29 mL, 2.0 eq.) and methanol (250 mL). H-Gly-OMe hydrochloride 

salt (158) was obtained as a colourless solid. 

 

Yield: 13.40 g (106.73 mmol, 95%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.3. 

HPLC (G1[pos]):  tR = 1.33 (C18). 

LC-MS (ESI):  m/z = calcd for C3H8NO2 [M+H]+ 90.05, found 90.04[*SL]. 

HRMS (ESI):  m/z = calcd for C3H8NO2 [M+H]+ 90.0550, found 90.0546, calcd for 

NaC3H7NO2 [M+Na]+ 112.0369, found 112.0367. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +1. 

1H NMR (400 MHz, MeOD):  δ 3.86 (s, 2H), 3.84 (s, 3H). 

13C NMR (100 MHz, MeOD): δ 169.1, 53.6, 41.1. 

 

The analytical data are in agreement with the literature.[215] 
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Synthesis of Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (159) 

 

 

Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (159) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing Boc-(L)-(4-MeO)Trp-(2S,3S-

α-Me)Thr-OH (155) (63 mg, 0.14 mmol, 1.0 eq.), H-Gly-OMe hydrochloride salt (158) (26 mg, 

0.21 mmol, 1.5 eq.), EDC (81 mg, 0.42 mmol, 3.0 eq.), HOBt (57 mg, 0.42 mmol, 3.0 eq.), 

DIPEA (91 mg, 0.70 mmol, 122 µL, 5 eq.) and dichloromethane (3 mL). 

The crude product was purified by flash column chromatography (5% methanol in 

dichloromethane) to afford Boc-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (159) as a 

colourless solid.  

 

Yield: 68 mg (0.13 mmol, 93%, colourless solid). 

TLC (5% methanol in dichloromethane): Rf = 0.43. 

HPLC (G1[pos]):  tR = 7.45 (C18). 

LC-MS (ESI):  m/z = calcd for C20H28N4O6
+ [M-Boc+H]+ 421.21, found 421.13[*F], calcd for 

C25H37N4O8
+ [M+H]+ 521.26, found 521.30[*SL], calcd for NaC25H36N4O8

+ 

[M+Na]+ 543.24, found 521.30[*SL], calcd for H(C25H36N4O8)2
+ [2M+H]+ 

1041.51, found 1040.66[*F], calcd for Na(C25H36N4O8)2
+ [2M+Na]+ 1063.50, 

found 1062.97[*F]. 

HRMS (ESI):  m/z = calcd for C25H35N4O8
- [M-H]- 519.2449, found 519.2436, calcd for 

C25H37N4O8
+ [M+H]+ 521.2606, found 521.2606, calcd for NaC25H36N4O8

+ 

[M+Na]+ 543.2425, found 543.2434, calcd for Na(C25H36N4O8)2
+ [2M+Na]+ 

1063.4964, found 1063.4955. 

[∝]�
�� 1 ([c] = 1 in CHCl3): -9. 

1H NMR (400 MHz, CDCl3):  δ 8.31 (s, 1H), 8.02 (s, 1H), 7.81 (br, 1H), 7.13 (t, J = 8.0, 1H), 

7.04 (d, J = 8.0, 1H), 6.94 (s, 2H), 6.58 (d, J = 7.7, 1H), 

4.49-4.36 (m, 1H), 4.12-4.06 (m, 1H), 4.05-4.01 (m, 1H), 

4.02 (s, 3H), 3.70 (s, 3H), 3.68-3.60 (m, 1H), 3.41-3.36 (m, 1H), 

3.32-3.19 (m, 1H), 1.51 (s, 3H), 1.36 (s, 8H), 

1.12 (d, J = 6.3, 3H). 
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13C NMR (100 MHz, CDCl3): δ 172.6, 171.9, 171.8, 157.7, 153.3, 138.2, 123.6, 123.1, 117.3, 

109.9, 105.7, 100.0, 80.6, 73.1, 64.0, 58.8, 55.2, 52.7, 41.4, 28.4, 

28.1, 18.6, 17.3. 

 

Synthesis of H-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (127) 

 

 

H-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (127) was synthesized 

following the Boc-Deprotection General Procedure (TFA) utilizing Boc-(4-MeO)Trp-(2S,3S-

α-Me)Thr-Gly-OMe (159) (63 mg, 0.12 mmol, 1 eq.), dichloromethane (2 mL) and 

trifluoroacetic acid (1 mL) to afford H-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe 

trifluoroacetate salt (127) as a pale green solid. 

 

Yield: 54 mg (0.1 mmol, 84%, pale green solid). 

TLC (5% methanol in dichloromethane): Rf = 0.34. 

HPLC (G1[pos]):  tR = 4.33 (C18). 

LC-MS (ESI):  m/z = calcd for C20H29N4O6
+ [M+H]+ 421.21, found 421.20[*SL], calcd for 

NaC20H28N4O6
+ [M+Na]+ 443.19, found 443.20[*SL]. 

HRMS (ESI):  m/z = calcd for C20H27N4O6
-
 [M-H]- 419.1925, found 419.1902, calcd for 

C20H29N4O6
+ [M+H]+ 421.2082, found 421.2082, calcd for NaC20H28N4O6

+ 

[M+Na]+ 443.1901, found 443.1896. 

[∝]�
�� 1 ([c] = 1 in MeOH): -11. 

1H NMR (700 MHz, MeOD):  δ 7.07 (s, 1H), 7.06 (t, J = 4.0, 1H), 6.99 (d, J = 8.1, 1H), 

6.57 (d, J = 7.7, 1H), 4.32 (t, J = 7.4, 1H), 4.16-4.09 (m, 1H), 

4.01 (s, 3H), 3.97-3.92 (m, 1H), 3.89-3.84 (m, 1H), 3.73 (s, 3H), 

3.51-3.45 (m, 1H), 3.24-3.18 (m, 1H), 1.29 (s, 3H), 

0.98 (d, J = 6.4, 3H). 

13C NMR (176 MHz, MeOD): δ 174.9, 171.7, 169.9, 155.3, 140.2, 124.4, 124.0, 117.8, 108.5, 

106.4, 100.5, 70.7, 64.9, 56.2, 55.8, 52.6, 42.2, 30.6, 18.8, 17.9. 
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8.4.5 Synthesis of fragment C-2  

Synthesis of Boc-(L)-(7-MeO)Trp-(2S,3R-α-Me)Thr-OMe (153) 

 

 

Boc-(L)-(7-MeO)Trp-(2S,3R-α-Me)Thr-OMe (153) was synthesized following the 

Peptide-Coupling General Procedure (TMS-Activation) utilizing (2S,3S)-2-methylthreonine 

methyl ester hydrochloride (136) (82 mg, 0.45 mmol, 1.0 eq.), TMSCl (170 mg, 1.56 mmol, 

197 µL, 3.5 eq.), DIPEA (389 mg, 2.23 mmol, 389 µL 5.0 eq.) and dichloromethane (50 mL). 

Boc-(L)-(7-MeO)Trp-OH (149) (149 mg, 0.45 mmol, 1.0 eq.), HOAt (182 mg, 1.34 mmol, 

3 eq.), HATU (509 mg, 1.34 mmol, 3.0 eq.), DIPEA (289 mg, 2.23 mmol, 389 µL, 5.0 eq.) and 

dichloromethane (50 mL). 

The crude product was purified by flash column chromatography (50% ethyl acetate in 

cyclohexane) to afford Boc-(L)-(7-MeO)Trp-(2S,3R-α-Me)Thr-OMe (153) as a pale yellow 

solid. Although the compound turned red upon storage in CDCl3, no change in the analytical 

data occurred. 

 

Yield: 104 mg (0.18 mmol, 41%, pale yellow solid). 

TLC (50% ethyl acetate in cyclohexane):  Rf = 0.23,  

         (66% ethyl acetate in cyclohexane):  Rf = 0.43. 

HPLC (G1[pos]):  tR = 7.69 (C18). 

LC-MS (ESI):  m/z = calcd for C23H32N3O7
- [M-H]- 462.22, found 462.13[*SL], calcd for 

C18H25N3O5
+ [M-Boc+H]+ 363.18, found 364.08[*F], calcd for C23H34N3O7

+ 

[M+H]+ 464.24, found 464.20[*SL], calcd for NaC23H33N3O7
+ [M+Na]+ 

486.22, found 486.14[*SL], calcd for Na(C23H33N3O7)2
+ [2M+Na]+, 949.45 

found 949.36[*SL]. 

HRMS (ESI):  m/z = calcd for C23H34N3O7
+ [M+H]+ 464.2391, found 464.2381, calcd for 

NaC23H33N3O7
+ [M+Na]+ 486.2211, found 486.2219, calcd for 

Na(C23H33N3O7)2
+ [2M+Na]+, 949.4535 found 949.4542. 

[∝]�
�� 1 ([c] = 1 in CHCl3): -6. 
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1H NMR (400 MHz, CDCl3):  δ 8.39 (br, 1H), 7.24 (d, J = 6.5, 1H), 7.12 (br, 1H), 

7.06 (t, J = 7.8, 1H), 7.04 (s, 1H), 6.66 (d, J = 7.6, 1H), 

5.10 (br, 1H), 4.45 (br, 1H), 4.13-4.05 (m, 1H), 3.95 (s, 3H), 

3.70 (s, 3H), 3.30-3.25 (m, 1H), 3.21-3.14 (m, 1H) 1.44 (s, 3H), 

1.43 (s, 9H), 0.93 (d, J = 6.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 173.8, 172.8, 146.4, 128.9, 127.0, 123.0, 120.5, 111.7, 110.8, 

102.4, 77.4, 71.0, 65.7, 64.6, 55.5, 53.3, 28.5, 19.9, 19.3, 18.7. 

 

Synthesis Boc-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-OH (156) 

 

 

Boc-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-OH (156) was synthesized following the Ester 

Hydrolysis General Procedure (LiOH) utilizing Boc-(L)-(7-MeO)Trp-(2S,3R-α-

Me)Thr-OMe (153) (100 mg, 0.22 mmol, 1.0 eq.), lithium hydroxide (16 mg, 0.65 mmol, 

3.0 eq.), methanol (8.0 mL), water (8.0 mL) and tetrahydrofuran (0.5 mL). Boc-(L)-(7-

MeO)Trp-(2S,3S-α-Me)Thr-OH (156) was obtained as a pale yellow solid. 

 

Yield: 86.2 mg (0.19 mmol, 89%, pale yellow solid). 

TLC (10% methanol in dichloromethane): Rf = 0.44.  

HPLC (G1[pos]):  tR = 6.96 (C18). 

LC-MS (ESI):  m/z = calcd for C22H30N3O7
- [M-H]- 448.21, found 448.13[*SL], calcd for 

C17H23N3O5
+ [M-Boc+H]+ 349.16, found 350.02[*F], calcd for C22H32N3O7

+ 

[M+H]+ 450.22, found 449.69[*F], calcd for NaC22H31N3O7
+ [M+Na]+ 472.21, 

found 472.10[*SL], calcd for Na(C22H31N3O7)2
+ [2M+Na]+ 921.42, found 

920.50[*F]. 

HRMS (ESI):  m/z = calcd for C22H30N3O7
- [M-H]- 448.2078, found 448.2118, calcd for 

C22H32N3O7
+ [M+H]+ 450.2235, found 450.2222, calcd for NaC22H31N3O7

+ 

[M+Na]+ 472.2054, found 472.2044. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +8. 
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1H NMR (400 MHz, CDCl3):  δ 8.66 (br, 1H), 7.32 (br, 1H), 7.22 (d, J = 7.9, 1H), 7.0 (m, 2H), 

6.81 (d, J = 7.7, 1H), 5.41 (br, 1H), 4.68 (br, 1H), 4.17 (m, 1H), 

3.90 (s, 3H), 3.18 (br, 2H), 1.39 (br, 12H), 0.96 (d, J = 5.9, 3H). 

13C NMR (100 MHz, CDCl3): δ 175.2, 173.3, 146.4, 129.0, 126.9, 123.2, 120.3, 111.7, 110.5, 

120.3, 77.2, 70.8, 65.5, 55.5, 53.6, 38.9, 28.4, 19.8, 18.5. 

 

Synthesis of Boc-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (160) 

 

 

Boc-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (160) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing Boc-(7-MeO)Trp-

(2S,3S-α-Me)Thr-OH (156) (87 mg, 0.19 mmol, 1.0 eq.), H-Gly-OMe hydrochloride salt (158)  

(36 mg, 0.29 mmol, 1.5 eq.), EDC (111 mg, 0.58 mmol, 3.0 eq.), HOBt (78 mg, 0.58 mmol, 3.0 

eq.), DIPEA (125 mg, 0.97 mmol, 169 µL, 5 eq.) and dichloromethane (10 mL). 

The crude product was purified by flash column chromatography (2% methanol in 

dichloromethane) to afford Boc-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe (160) as a 

colourless solid.  

 

Yield: 67.8 mg (0.12 mmol, 67%, colourless solid). 

TLC (5% methanol in dichloromethane): Rf = 0.42.  

HPLC (G1[pos]):  tR = 7.25 (C18). 

LC-MS (ESI):  m/z = calcd for C20H28N4O6
+ [M-Boc+H]+ 421.21, found 420.99[*F], calcd for 

C25H37N4O8
+ [M+H]+ 521.26, found 520.90[*F], calcd for H(C25H36N4O8)2

+ 

[2M+H]+ 1041.51, found 1040.67[*F], calcd for Na(C25H36N4O8)2
+ [2M+Na]+ 

1063.50, found 1062.48[*F]. 

HRMS (ESI):  m/z = calcd for C25H35N4O8
- [M-H]- 519.2449, found 519.2447, calcd for 

C20H28N4O6
+ [M-Boc+H]+ 421.2087, found 421.2071, calcd for C25H37N4O8

+ 

[M+H]+ 521.2606, found 521.2593, calcd for Na(C25H36N4O8)2
+ [2M+Na]+ 

1063.4964, found 1063.4963. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +6. 
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1H NMR (400 MHz, CDCl3):  δ 8.57 (s, 1H), 7.37 (br, 1H), 7.24 (d, J = 7.9, 1H), 

7.07-7.03 (m, 2H), 6.66 (d, J = 7.5, 1H), 5.18 (br, 1H), 

4.28 (br, 1H), 4.11 (q, J = 7.0, 1H), 3.94 (s, 3H), 3.70 (s, 3H), 

3.59-3.54 (m, 1H), 3.30-3.26 (m, 1H), 3.19-3.13 (m, 1H), 

2.04 (s, 3H), 1.55 (s, 9H), 1.36 (s, 9H), 1.12 (d, J = 5.3, 3H). 

13C NMR (100 MHz, CDCl3): δ 172.1, 172.0, 171.5, 156.9, 146.6, 128.8, 127.2, 123.1, 120.8, 

111.8, 110.7, 102.6, 81.3, 77.4, 72.9, 64.3, 60.7, 55.8, 41.5, 28.5, 

27.9, 18.82, 17.4. 

 

Synthesis of H-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (128) 

 

 

H-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (128) was synthesized 

following the Boc-Deprotection General Procedure (TFA) utilizing Boc-(L)-(7-MeO)Trp-

(2S,3S-α-Me)Thr-Gly-OMe (160) (84 mg, 0.60 mmol, 1 eq.), dichloromethane (1 mL) and 

trifluoroacetic acid (1 mL) to afford H-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe 

trifluoroacetate salt (128) as a colorless solid. 

 

Yield: 67 mg (0.15 mmol, 90%, colorless solid). 

TLC (5% methanol in dichloromethane): Rf = 0.38. 

HPLC (G1[pos]):  tR = 4.25 (C18). 

LC-MS (ESI):  m/z = calcd for C20H29N4O6
+ [M+H]+ 421.21, found 421.23[*SL], calcd for 

NaC20H28N4O6
+ [M+Na]+ 443.19, found 443.25[*SL], calcd for 

H(C20H28N4O6)2
+ [2M+H]+ 841.41, found 840.81[*F], calcd for 

Na(C20H28N4O6)2
+ [2M+Na]+ 863.39, found 862.63[*F]. 

HRMS (ESI):  m/z = calcd for C20H27N4O6
-
 [M-H]- 419.1925, found 419.1922, calcd for 

C20H29N4O6
+ [M+H]+ 421.2082, found 421.2080, calcd for NaC20H28N4O6

+ 

[M+Na]+ 443.1901, found 443.1897. 

[∝]�
�� 1 ([c] = 1 in MeOH): +7. 
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1H NMR (400 MHz, MeOD):  δ 7.28 (d, J = 7.9, 1H), 7.22 (s, 1H), 7.01 (t, J = 7.8, 1H), 

6.67 (d, J = 7.7, 1H), 4.26 (t, J = 7.7, 1H), 4.16-4.10 (m, 1H), 

3.94 (s, 3H), 3.71 (s, 3H), 3.42-3.47 (m, 1H), 3.23-3.17 (m, 1H), 

3.06 (s, 2H), 1.39 (s, 3H), 0.94 (d, J = 6.4, 3H). 

13C NMR (100 MHz, MeOD): δ 175.4, 172.0, 169.8, 148.2, 129.8, 128.6, 125.3, 121.2, 112.2, 

108.7, 103.2, 70.4, 64.7, 55.9, 55.0, 52.8, 42.4, 28.7, 18.5, 17.6. 

 

8.4.6 Synthesis of fragment C-3  

Synthesis of Boc-Trp-(L)-(2S,3S-α-Me)Thr-OMe (154) 

 

 

Boc-(L)-Trp-(2S,3S-α-Me)Thr-OMe (154) was synthesized following the Peptide-Coupling 

General Procedure (TMS-Activation) utilizing (2S,3S)-2-methylthreonine methyl ester 

hydrochloride (136) (100 mg, 0.68 mmol, 1.0 eq.), TMSCl (148 mg, 1.36 mmol, 172 µL, 2 eq.), 

DIPEA (439 mg, 3.4 mmol, 592 µL 5.0 eq.) and dichloromethane (15 mL). 

Boc-(L)-Trp-OH (151) (248 mg, 0.82 mmol, 1.2 eq.), HOAt (277 mg, 2.04 mmol, 3 eq.), 

HATU (310 mg, 0.82 mmol, 1.2 eq.), DIPEA (263 mg, 2.04 mmol, 355 µL, 3 eq.) and 

dichloromethane (15 mL). 

The crude product was purified by flash column chromatography (33% ethyl acetate in 

cyclohexane) to afford Boc-(L)-Trp-(2S,3S-α-Me)Thr-OMe (154) as a colourless solid. 

Although the compound turned red upon storage in CDCl3, no change in the analytical data 

occurred. 

 

Yield: 176 mg (0.42 mmol, 62%, colorless solid). 

TLC (50% ethyl acetate in cyclohexane):  Rf = 0.31,  

         (66% ethyl acetate in cyclohexane):  Rf = 0.60. 

HPLC (G1[pos]):  tR = 7.61 (C18). 

LC-MS (ESI):  m/z = calcd for C22H30N3O6
- [M-H]- 432.21, found 432.25[*SL], calcd for 

C17H23N3O4
+ [M-Boc+H]+ 333,17, found 334.05[*F], calcd for C22H32N3O6

+ 

[M+H]+ 434.23, found 434.18[*SL], calcd for NaC22H31N3O6
+ [M+Na]+ 
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456.21, found 456.17[*SL], calcd for Na(C22H31N3O6)2
+ [2M+Na]+ 889.43, 

found 889.34[*SL]. 

HRMS (ESI):  m/z = calcd for C22H32N3O6
+ [M+H]+ 434.2286, found 434.2291, calcd for 

NaC22H31N3O6
+ [M+Na]+ 456.2105, found 456.2125, calcd for 

Na(C22H31N3O6)2
+ [2M+Na]+ 889.4323, found 889.4326.  

[∝]�
�� 1 ([c] = 1 in CHCl3): +2. 

1H NMR (400 MHz, CDCl3):  δ 8.30 (br, 1H), 7.66 (d, J = 7.8, 1H), 7.36 (d, J = 8.0, 1H), 

7.20 (t, J = 7.0, 1H), 7.14 (t, J = 6.9, 1H), 7.10 (m, 1H), 

7.02 (s, 1H), 5.12 (br, 1H), 4.48 (br, 1H), 4.15-4.04 (m, 2H), 

3.70 (s, 3H), 3.31-3.16 (m, 2H), 1.43 (s, 9H), 1.42 (s, 3H), 

0.92 (d, J = 6.4, 2H). 

13C NMR (100 MHz, CDCl3): δ 173.8, 172.8, 171.4, 155.7, 136.5, 127.5, 122.5, 120.0, 118.9, 

111.5, 110.35, 70.9, 65.7, 60.6, 53.3, 28.4, 21.2, 19.9, 18.7, 14.4. 

 

Synthesis Boc-(L)-Trp-(2S,3S-α-Me)Thr-OH (157) 

 

 

Boc-(L)-Trp-(2S,3S-α-Me)Thr-OH (157) was synthesized following the Ester Hydrolysis 

General Procedure (LiOH) utilizing Boc-(L)-Trp-(2S,3S-α-Me)Thr-OMe (154) (50 mg, 

0.12 mmol, 1.0 eq.), lithium hydroxide (8 mg, 0.35 mmol, 3.0 eq.), methanol (1.50 mL), 

water (1.50 mL) and tetrahydrofuran (0.5 mL). Boc-Trp-(2S,3S-α-Me)Thr-OH (157) was 

obtained as a colourless solid. 

 

Yield: 44 mg (0.1 mmol, 91%, colourless solid). 

TLC (50% ethyl acetate in cyclohexane):   Rf = 0.20,  

        (10% methanol in dichloromethane):  Rf = 0.27. 

HPLC (G1[pos]):  tR = 6.83 (C18). 

LC-MS (ESI):  m/z = calcd for C21H28N3O6
- [M-H]- 418.20, found 418.23[*SL], calcd for 

C16H22N3O4
+ [M-Boc+H]+ 320.16, found 320.08[*F], calcd for C21H30N3O6

+ 

[M+H]+ 420.21, found 420.23[*SL], calcd for NaC21H29N3O6
+ [M+Na]+ 
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442.19, found 442.21[*SL], calcd for Na(C21H29N3O6)2
+ [2M+Na]+ 860.40, 

found 860.80[*F]. 

HRMS (ESI):  m/z = calcd for C21H28N3O6
- [M-H]- 418.1973, found 418.1983, calcd for 

NaC21H29N3O6
+ [M+Na]+ 442.1949, found 442.1952.  

[∝]�
�� 1 ([c] = 1 in CHCl3): -1. 

1H NMR (400 MHz, CDCl3):  δ 8.41 (br, 1H), 7.61 (d, J = 7.7, 1H), 7.32 (d, J = 8.0, 1H), 

7.24 (br, 1H), 7.15 (t, J = 7.1, 1H), 7.11 (t, J = 7.2, 1H), 

7.03 (s, 1H), 5.39 (br, 1H), 4.71 (br, 1H), 4.10 (br, 1H), 

3.19 (br, 2H), 1.40 (s, 9H), 1.39 (s, 3H), 0.95 (d, J = 6.3, 3H). 

13C NMR (100 MHz, CDCl3): δ 175.3, 173.3, 163.0, 150.0, 136.5, 122.4, 119.9, 118.9, 118.4, 

111.5, 101.2, 70.9, 65.4, 65.3, 53.2, 28.4, 19.8, 19.7, 18.5. 

 

Synthesis of Boc-(L)-Trp-(2S,3S-α-Me)Thr-Gly-OMe (161) 

 

 

Boc-(L)-Trp-(2S,3R-α-Me)Thr-Gly-OMe (161) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing Boc-(L)-Trp-(2S,3R-α-

Me)Thr-OH (157) (46 mg, 0.11 mmol, 1.0 eq.), H-Gly-OMe hydrochloride salt (158) (21 mg, 

0.16 mmol, 1.5 eq.), EDC (63 mg, 0.33 mmol, 3.0 eq.), HOBt (44 mg, 0.33 mmol, 3.0 eq.), 

DIPEA (71 mg, 0.55 mmol, 96 µL, 5 eq.) and dichloromethane (3 mL). 

The crude product was purified by flash column chromatography (5% methanol in 

dichloromethane) to afford Boc-(L)-Trp-(2S,3R-α-Me)Thr-Gly-OMe (161) as a colourless 

solid.  

 

Yield: 48 mg (0.10 mmol, 88%, colourless solid). 

TLC (5% methanol in dichloromethane):  Rf = 0.35,  

        (2% methanol in dichloromethane):  Rf = 0.10. 

HPLC (G1[pos]):  tR = 7.14 (C18). 

LC-MS (ESI):  m/z = calcd for C24H33N4O7
- [M-H]- 489.23, found 489.37[*SL], calcd for 

C19H26N4O5
+ [M-Boc+H]+ 391.19, found 391.09[*F], calcd for C24H34N4O7

+ 

[M+H]+ 491.25, found 491.23[*SL], calcd for NaC24H33N4O7
+ [M+Na]+ 
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513.23, found 513.20[*SL], calcd for H(C22H31N3O6)2
+ [2M+Na]+ 981.49, 

found 980.57[*F]. 

HRMS (ESI):  m/z = calcd for C24H33N4O7
- [M-H]- 489.2344, found 489.2351, calcd for 

C24H34N4O7
+ [M+H]+ 491.2500, found 491.2496, calcd for NaC24H33N4O7

+ 

[M+Na]+ 513.2320, found 513.2319. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +9. 

1H NMR (400 MHz, CDCl3):  δ 8.95 (br, 1H), 7.60 (d, J = 7.9, 1H), 7.35 (d, J = 8.1, 1H), 

7.17 (t, J = 7.1, 1H), 7.12-7.11 (m, 1H), 7.10-7.08 (m, 1H), 

5.23 (d, J = 4.4, 1H), 4.31-4.19 (m, 2H), 3.67 (s, 3H), 

3.58-3.52 (m, 1H), 3.33-3.32 (m, 1H), 3.19-3.14 (m, 1H), 

1.52 (s, 3H), 1.36 (s, 9H), 1.09 (d, J = 6.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 172.2, 172.0, 156.7, 136.6, 127.3, 122.7, 119.8, 118.8, 111.7, 

109.8, 81.1, 72.5, 64.1, 56.6, 52.6, 41.3, 38.8, 31.6, 28.3, 27.67, 

18.7, 17.3. 

 

Synthesis of H-(L)-Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (129) 

 

 

H-(L)-Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (129) was synthesized following the 

Boc-Deprotection General Procedure (TFA) utilizing tert-butyl Boc-(L)-Trp-(2S,3S-α-Me)Thr-

Gly-OMe (161) (90 mg, 0.18 mmol, 1 eq.), dichloromethane (1 mL) and trifluoroacetic 

acid (1 mL) to afford H-(L)-Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (129) as a 

colourless solid. 

 

Yield: 76 mg (0.18 mmol, 97%, colourless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.16. 

HPLC (G1[pos]):  tR = 3.97 (C18). 

LC-MS (ESI):  m/z = calcd for C19H25N4O5
-
 [M-H]- 389.18, found 389.23[*SL], calcd for 

C19H25N4O5Cl- [M-H+HCl]- 425.16, found 425.22[*SL], calcd for C19H27N4O5 

[M+H]+ 391.20, found 391.15[*SL], calcd for NaC19H26N4O5
+ [M+Na]+ 
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413.18, found 413.13[*SL], calcd for H(C19H26N4O5)+ [2M+H]+ 781.34, found 

781.34[*SL]. 

HRMS (ESI):  m/z = calcd for C19H25N4O5
-
 [M-H]- 389.1819, found 389.1824, calcd for 

C19H25N4O5Cl- [M-H+HCl]- 425.1586, found 425.1595, calcd for 

C19H27N4O5 [M+H]+ 391.1976, found 391.1988, calcd for NaC19H26N4O5
+ 

[M+Na]+ 413.1795, found 413.1796, calcd for H(C19H26N4O5)+ [2M+H]+ 

781.3885, found 781.3864, calcd for Na(C19H26N4O5)2
+ [2M+Na]+ 803.3699, 

found 803.3672. 

[∝]�
�� 1 ([c] = 1 in MeOH): +41. 

1H NMR (400 MHz, MeOD):  δ 7.67 (d, J = 7.8, 1H), 7.41 (d, J = 8.0, 1H), 7.27 (s, 1H), 

7.18-7.12 (m, 1H), 7.10-7.08 (m, 1H), 5.39 (q, J = 6.5, 1H), 

4.5 (t, J = 6.1, 1H), 4.11-4.02 (m, 1H), 3.92-3.88 (m, 1H), 

3.73 (s, 3H), 3.60 (s, 2H), 3.40-3.37 (m, 1H), 1.42 (s, 3H), 

1.38 (d, J = 6.6, 3H). 

13C NMR (100 MHz, MeOD): δ 171.4, 170.0, 169.6, 138.5, 128.3, 158.9, 123.2, 120.6, 119.3, 

112.9, 107.5, 75.4, 64.4, 54.9, 52.9, 42.2, 27.9, 20.1, 14.8. 

 

 

8.4.7 Synthesis of fragment C-4  

Synthesis of Boc-(L)-Trp-(L)-Thr-OMe (162) 

 

 

Boc-(L)-Trp-(L)-Thr-OMe (162) was synthesized following the Peptide-Coupling General 

Procedure (EDC) utilizing Boc-(L)-Trp-OH (151) (550 mg, 1.81 mmol, 1.0 eq.), 

H-(L)-Thr-OMe hydrochloride salt (39) (368 mg, 2.17 mmol, 1.2 eq.), EDC (520 mg, 

2.71 mmol, 1.5 eq.), HOBt (366 mg, 2.71 mmol, 1.5 eq.), DIPEA (1.17 g, 9.04 mmol, 1.57 mL, 

5 eq.) and dichloromethane (15 mL). The crude product was purified by flash column 

chromatography (50% ethyl acetate in cyclohexane) to afford Boc-(L)-Trp-(L)-Thr-OMe (162) 

as a colourless solid. 
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Yield: 629 mg (7.64 mmol, 83%, colorless solid). 

TLC (66% ethyl acetate in cyclohexane): Rf = 0.24. 

HPLC (G1[pos]):  tR = 7.20 (C18). 

LC-MS (ESI):  m/z = calcd for C21H28N3O6
- [M-H]- 418.20, found 418.26[*SL], calcd for 

C16H22N3O4
+ [M-Boc+H]+ 320.16, found 320.03[*F], calcd for C21H30N3O6

+ 

[M+H]+ 420.21, found 420.17[*SL], calcd for NaC21H29N3O6
+ [M+Na]+ 

442.19, found 442.18[*SL], calcd for  Na(C21H30N3O6)2
+ [2M+Na]+ 861.40, 

found 860.56[*F]. 

HRMS (ESI):  m/z = calcd for C21H30N3O6
+ [M+H]+ 420.2129, found 420.2132, calcd for 

NaC21H29N3O6
+ [M+Na]+ 442.1949, found 442.1966.  

[∝]�
�� 1 ([c] = 1 in MeOH): +21. 

1H NMR (400 MHz, CDCl3):  δ 8.34 (s, 1H), 7.63 (d, J = 7.9, 1H), 7.33 (d, J = 8.0, 1H), 

7.17 (t, J = 7.0, 1H), 7.10 (t, J = 7.0, 1H), 7.08 (s, 1H), 

6.66 (d, J = 8.2, 1H), 5.27 (d, J = 7.8, 1H), 4.52 (d, J = 2.9, 1H), 

4.50 (d, J = 2.9, 1H), 4.23-4.17 (m, 1H), 3.64 (s, 3H), 

3.25 (d, J = 6.1, 2H), 1.41 (s, 9H), 1.07 (d, J = 6.0, 3H). 

13C NMR (100 MHz, CDCl3): δ 172.6, 171.4, 171.2, 155.9, 136.4, 127.8, 122.3, 119.8, 119.0, 

111.4, 110.6, 80.5, 68.4, 60.6, 57.7, 52.7, 28.5, 19.9, 14.4. 

 

Synthesis of Boc-(L)-Trp-(L)-Thr-OH (163) 

 

 

Boc-(L)-Trp-(L)-Thr-OH (163) was synthesized following the Ester Hydrolysis General 

Procedure (LiOH) utilizing Boc-(L)-Trp-(L)-Thr-OMe (162) (563 mg, 1.34 mmol, 1.0 eq.), 

lithium hydroxide (97 mg, 4.03 mmol, 3.0 eq.), methanol (3.00 mL), water (3.00 mL) and 

tetrahydrofuran (1 mL). Boc-(L)-Trp-(L)-Thr-OH (163) was obtained as a colourless solid. 

 

Yield: 531 mg (1.31 mmol, 98%, colourless solid). 

TLC (66% ethyl acetate in cyclohexane): Rf = 0.21.  

HPLC (G1[pos]):  tR = 6.52 (C18). 
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LC-MS (ESI):  m/z = calcd for C20H26N3O6
- [M-H]- 404.18, found 404.21[*SL], calcd for 

C40H54N6O12
- [2M-H]- 810.34, found 809.41[*SL], calcd for C15H20N3O4

+ 

[M-Boc+H]+ 306.15, found 306.00[*F], calcd for C35H46N6O10
+ [2M-Boc+H] 

710.33, found 710.71[*F], calcd for C20H28N3O6
+ [M+H]+ 406.20, found 

406.16[*SL], calcd for NaC20H27N3O6
+ [M+Na]+ 428.18, found 428.17[*SL], 

calcd for Na(C20H27N3O6)2
+ [2M+Na]+ 833.37, found 832.64[*F]. 

HRMS (ESI):  m/z = calcd for NaC20H27N3O6
+ [M+Na]+ 428.1792, found 428.1792.  

[∝]�
�� 1 ([c] = 1 in CHCl3): +8. 

1H NMR (400 MHz, CDCl3):  δ 8.67-8.60 (br, 1H), 7.55 (d, J = 7.3, 1H), 7.23 (d, J = 7.7, 1H), 

7.18 (d, J = 7.1, 1H), 7.10 (t, J = 7.7, 1H), 7.04 (t, J = 7.2, 1H), 

6.98 (s, 1H), 5.49 (d, J = 6.8, 1H), 4.54 (d, J =5.4, 1H), 

4.47 (d, J = 8.7, 1H), 4.28 (d, J = 6.3, 1H), 3.21-3.16 (br, 2H), 

1.38 (s, 9H), 1,00 (d, J = 4.1, 3H). 

13C NMR (100 MHz, CDCl3): δ 173.5, 173.3, 156.3, 136.4, 127.7, 122.1, 119.6, 118.7, 111.6, 

109.9, 80.9, 77.4, 68.1, 57.6, 53.6, 28.5, 28.2, 19.4. 

 

Synthesis of Boc-(L)-Trp-(L)-Thr-Gly-OMe (164) 

 

 

Boc-(L)-Trp-(L)-Thr-Gly-OMe (164) was synthesized following the Peptide-Coupling General 

Procedure (EDC) utilizing Boc-(L)-Trp-(L)-Thr-OH (163) (375 mg, 0.93 mmol, 1.0 eq.), 

H-Gly-OMe hydrochloride salt (158) (139 mg, 1.11 mmol, 1.2 eq.), EDC (266 mg, 1.39 mmol, 

1.5 eq.), HOBt (188 mg, 1.39 mmol, 1.5 eq.), DIPEA (598 mg, 4.63 mmol, 806 µL, 5 eq.) and 

dichloromethane (10 mL). 

The crude product was purified by flash column chromatography (50% ethyl acetate in 

cyclohexane) to afford Boc-(L)-Trp-(L)-Thr-Gly-OMe (164) as a colourless solid. 

 

Yield: 342 mg (0.72 mmol, 78%, colourless solid). 

TLC (66% ethyl acetate in cyclohexane):  Rf = 0.24,  

       (10% methanol in dichloromethane):  Rf = 0.68.  

HPLC (G1[pos]):  tR = 6.83 (C18). 
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LC-MS (ESI):  m/z = calcd for C23H31N4O7
- [M-H]- 475.22, found 475.29[*SL], calcd for 

C18H24N4O5
+ [M-Boc+H]+ 376.17, found 377.10[*F], calcd for C23H33N4O7

+ 

[M+H]+ 477.23, found 477.21[*SL], calcd for NaC23H32N4O7
+ [M+Na]+ 

499.22, found 499.18[*SL], calcd for Na(C23H32N4O7)2
+ [2M+Na]+ 975.44, 

found 974.33[*F]. 

HRMS (ESI):  m/z = calcd for C23H33N4O7
+ [M+H]+ 477.2344, found 477.2341, calcd for 

NaC23H32N4O7
+ [M+Na]+ 499.2163, found 499.2172, calcd for 

Na(C23H32N4O7)2
+ [2M+Na]+ 975.4440, found 975.4416.  

[∝]�
�� 1 ([c] = 10 in CHCl3): -6. 

1H NMR (400 MHz, CDCl3): δ 8.49 (br, 1H), 7.63 (d, J = 7.9, 1H), 7.34 (d, J = 8.1, 1H), 

7.20-7.18 (m, 1H), 7.15-7.13 (m, 1H), 7.12-7.10 (m, 1H), 

6.87 (d, J = 7.8, 1H), 5.26 (d, J = 4.2, 1H), 4.46 (q, J = 6.1, 1H), 

4.34 (d, J = 6.1, 1H), 4.28 (d, J = 7.7, 1H), 4.03-3.97 (m, 1H), 

3.69 (s, 3H), 3.67-3.62 (m, 1H), 3.31 (s, 2H), 

3.23 (t, J = 7.5,  1H), 2.78 (br, 1H), 1.39 (s, 9H), 

0.92 (d, J = 6.5, 3H). 

13C NMR (100 MHz, CDCl3): δ 172.8, 171.8, 171.2, 170.9, 156.4, 136.5, 127.4, 122.5, 119.0, 

118.8, 111.5, 110.2, 81.1, 67.2, 58.2, 56.1, 52.6, 41.3, 28.4, 28.0, 

18.5. 

 

Synthesis of H-(L)-Trp-(L)-Thr-Gly-OMe hydrochloride salt (130) 

 

 

H-(L)-Trp-(L)-Thr-Gly-OMe (130) was synthesized following the Boc-Deprotection General 

Procedure utilizing tert-butyl Boc-(L)-Trp-(L)-Thr-Gly-OMe (164) (50 mg, 0.10 mmol, 1 eq.) 

and hydrogen chloride solution (2 mL, 4.0 M in 1,4-dioxane) to afford H-(L)-Trp-(L)-

Thr-Gly-OMe hydrochloride salt (130) as a colourless solid. 

 

Yield: 42 mg (0.10 mmol, 97%, colourless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.22. 
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HPLC (G1[pos]):  tR = 3.87 (C18). 

LC-MS (ESI):  m/z = calcd for C18H25N4O5
+ [M+H]+ 377.19, found 377.09[*F], calcd for 

NaC18H24N4O5
+ [M+Na]+ 399.16, found 399.13[*SL], calcd for 

H(C18H24N4O5)2
+ [2M+H]+ 753.36, found 752.86[*F]. 

HRMS (ESI):  m/z = calcd for C18H25N4O5
+ [M+H]+ 377.1819, found 377.1831, calcd for 

NaC18H24N4O5
+ [M+Na]+ 399.1639, found 399.1646, calcd for 

H(C18H24N4O5)2
+ [2M+H]+ 753.3566, found 753.3555, calcd for 

Na(C18H24N4O5)2
+ [2M+Na]+ 775.3386, found 775.3375. 

[∝]�
�� 1 ([c] = 1 in MeOH): +1. 

1H NMR (400 MHz, CDCl3):  δ 7.67 (d, J = 7.9, 1H), 7.38 (d, J = 8.7, 1H), 7.24 (s, 1H), 

7.18-7.12 (m, 1H), 7.08-7.04 (m, 1H), 4.39 (d, J = 3.9, 1H), 

4.27 (t, J = 6.4, 1H), 4.14-4.10 (m, 1H), 3.96-3.88 (m, 2H), 

3.73 (s, 3H), 3.48-3.43 (m, 1H), 3.28-3.22 (m, 1H), 

1.23 (d, J = 6.2, 3H). 

13C NMR (100 MHz, CDCl3): δ 172.3, 171.7, 170.5, 128.5, 125.9, 123.1, 120.5, 119.3, 112.7, 

108.0, 101.6, 68.7, 60.4, 55.1, 52.8, 42.0, 28.9, 20.0. 

 

8.4.8 Assembly of fragments A & B 

Synthesis of methyl 2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-

tetraoxo-3-oxa-5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-carboxylate (165)  

 

 

Methyl 2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-

5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-carboxylate (165) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing H-(D)-Ala-Thz-OMe hydrochloride salt 

(121) (92 mg, 0.31 mmol, 1.2 eq.), Boc-(D)-Abu-(Z)-Dhb-OH (126) (75 mg, 0.26 mmol, 

1.0 eq.), EDC (151 mg, 0.79 mmol, 3.0 eq.), HOBt (106 mg, 0.79 mmol, 3.0 eq.), 

DIPEA (169 mg, 1.31 mmol, 228 µL, 5.0 eq.) and dichloromethane (10 mL). 
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The crude product was purified by flash column chromatography (5% MeOH in DCM) to afford 

methyl 2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-

5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-carboxylate (165) as a colourless solid. 

Yield: 105 mg (0.2 mmol, 76%, colourless solid). 

TLC (5% methanol in dichloromethane):  Rf = 0.27, 

       (10% methanol in dichloromethane):  Rf = 0.62. 

HPLC (G1[pos]):  tR = 6.68 min (C18). 

LC-MS (ESI):  m/z = Calcd for C23H34N5O7S [M-H]- 524.22, found 524.31[*SL], calcd for 

NaC23H35N5O7S  [M+Na]+ 548.21, found 548.19[*SL], calcd for C23H36N5O7S 

[M+H]+ 526.23, found 526.19[*SL], calcd for H(C23H35N5O7S)2 [2M+H]+ 

1051.46, found 1050.12[*SL]. 

HRMS (ESI):  m/z = Calcd for C23H34N5O7S [M-H]- 524.2173, found 524.2203, calcd for 

C23H35N5O7S [M+H]+ 526.2330, found 526.2327, calcd for NaC23H35N5O7S 

[M+Na]+ 548.2149, found 548.2158. 

[∝]�
�� ([c] = 1 in CDCl3): +47. 

1H NMR (400 MHz, CDCl3):  δ 9.05 (br, 1H), 8.11 (s, 1H), 7.96 (s, 1H), 7.89 (s, 1H), 

5.36-5.29 (m, 1H), 5.25-5.18 (m, 1H), 4.04-3.98 (m, 1H), 

3.80 (s, 3H), 3.05 (s, 2H), 2.84 (s, 2H), 2.74 (s, 2H), 

1.61 (d, J = 7.1, 3H), 1.57 (d, J = 7.0, 3H), 1.29 (s, 9H), 

0.76 (t, J = 7.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 175.6, 171.4, 168.3, 162.5, 161.8, 155.8, 146.5, 129.3, 127.4, 

116.6, 80.1, 52.2, 51.3, 47.8, 38.2, 36.4, 31.4, 28.2, 20.5, 11.6, 

9.8. 

 

Synthesis of 2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-

oxa-5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-carboxylic acid (166) 

 

 

2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-

tetraazahexadecan-15-yl)thiazole-4-carboxylic acid (166) was synthesized following the Ester 



8. EXPERIMENTAL PART 170 
 

 
 

Hydrolysis General Procedure (LiOH) utilizing methyl 2-((6R,15R,E)-6-ethyl-9-ethylidene-

2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-

carboxylate (165) (80 mg, 0.15 mmol, 1.0 eq.), lithium hydroxide (11 mg, 0.46 mmol, 1.5 eq.), 

methanol (3.20 mL) and water (3.20 mL). The reaction was carried out at 40 °C for 3 h. 

2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-

tetraazahexadecan-15-yl)thiazole-4-carboxylic acid (166) was obtained as a colourless solid. 

 

Yield: 71 mg (0.14 mmol, 92%, colourless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.31. 

HPLC (G1[pos]):  tR = 5.86 min (C18). 

LC-MS (ESI):  m/z = Calcd for C22H32N5O7S [M-H]- 510.20, found 510.32[*SL], calcd for 

C22H34N5O7S [M+H]+ 512.22, found 511.75[*F], calcd for H(C22H33N5O7S)2 

[2M+H]+ 1023.43, found 1022.44[*F], calcd for NaC22H33N5O7S [M+Na]+ 

534.20, found 534.18[*SL]. 

HRMS (ESI):  m/z = Calcd for C22H32N5O7S [M-H]- 510.2017, found 510.2040, calcd for 

C22H34N5O7S [M+H]+ 512.2173, found 512.2159, calcd for NaC22H33N5O7S 

[M+Na]+ 534.1993, found 534.1982, calcd for Na(C22H33N5O7S)2 [2M+Na]+ 

1045.4094, found 1045.4100. 

[∝]�
�� ([c] = 1 in MeOH): -53. 

1H NMR (400 MHz, MeOD):  δ 8.24 (s, 1H), 5.49-5.48 (m, 1H), 5.36-5.34 (m, 1H), 

4.39-4.18 (m, 1H), 4.13-3.93 (m, 2H), 3.18 (s, 3H), 

1.80 (d, J = 7.0, 3H), 1.66 (d, J = 6.9, 3H), 1.74-1.69 (m, 1H), 

1.64-1.57 (m, 1H), 1.40 (s, 9H), 0.95 (t, J = 6.7, 3H). 

13C NMR (100 MHz, MeOD): δ 177.1, 173.9, 170.8, 164.2, 158.1, 148.6, 130.8, 129.1, 119.7, 

80.8, 61.7, 57.1, 52.4, 39.3, 28.8, 26.6, 21.0, 12.1, 10.8. 
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8.4.9 Assembly of Zelkovamycin (4-Trp-α-Me-Thr derivative) 

 

Synthesis of methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-

4-carboxamido)-3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (167) 

 

 

Methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (167) was synthesized following the modified Peptide-Coupling 

General Procedure (EDC) utilizing H-(L)-(4-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe 

trifluoroacetate salt (127) (9 mg, 0.02 mmol, 1.0 eq.), 2-((6R,15R,E)-6-ethyl-9-ethylidene-

2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-

carboxylic acid (166) (9 mg, 0.02 mmol, 1.0 eq.), EDC (10 mg, 0.05 mmol, 3.0 eq.), 

HOBt (7 mg, 0.05 mmol, 3.0 eq.), DIPEA (11 mg, 0.09 mmol, 15 µL, 5.0 eq.) and 

dichloromethane (5 mL). 

The crude product was purified by flash column chromatography (6% methanol in 

dichloromethane) to afford methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (167) as a colorless solid. 

 

Yield: 11.1 mg (0.02 mmol, 69%, colorless solid). 

TLC (10% methanol in dichloromethane): Rf = 0.62. 

HPLC (G1[pos]):  tR = 7.08 (C18),  

 (G3[neg]):  tR = 7.19 (C18). 
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LC-MS (ESI):  m/z = Calcd for C42H58N9O12S- [M-H]- 912.39, found 912.79[*F], calcd for 

C42H60N9O12S+ [M+H]+ 914.41, found 914.13[*F], calcd for NaC42H60N9O12S+ 

[M+Na]+ 936.39, found 936.32[*F], calcd for H(C42H59N9O12S)2
+ [2M+Na]+ 

1849.79, found 1849.89[*F]. 

HRMS (ESI):  m/z = Calcd for C42H58N9O12S- [M-H]- 912.3920, found 912.3888, calcd for 

C42H60N9O12S+ [M+H]+ 914.4077, found 914.4076, calcd for 

NaC42H60N9O12S+  [M+Na]+ 936.3896, found 936.3893. 

[∝]�
�� 1 ([c] = 1 in MeOH): -2.  

1H NMR (700 MHz, MeOD):  δ 8.04 (s, 1H), 7.05 (s, 1H), 7.02 (t, J = 8.0, 1H), 

6.95 (d, J = 8.0, 1H), 6.55 (d, J = 7.7, 1H), 5.52-5.44 (m, 1H), 

5.38-5.32 (m, 1H), 4.70-4.64 (m, 1H), 4.57 (s, 2H), 

4.24-4.13 (m, 1H), 4.08-4.04 (m, 1H), 4.01 (s, 3H), 

3.94 (d, J = 17.5, 1H), 3.85 (d, J = 17.4, 1H), 3.70 (s, 3H), 

3.50-3.45 (m, 1H), 3.44-3.38 (m, 1H), 3.15 (s, 3H), 

1.79 (d, J = 7.1, 3H), 1.71-1.63 (m, 2H), 1.60 (d, J = 7.1, 3H), 

1.47 (s, 3H), 1.36 (s, 9H), 1.03 (d, J = 6.4, 3H), 

0.85 (t, J = 7.6, 3H). 

13C NMR (176 MHz, MeOD): δ 176.66, 176.18, 175.43, 174.07, 173.79, 171.89, 170.75, 

170.62, 163.89, 157.90, 155.40, 149.97, 139.79, 130.65, 125.27, 

123.83, 123.53, 118.47, 110.67, 106.14, 100.21, 80.68, 71.39, 

64.44, 58.33, 55.74, 54.79, 52.60, 52.27, 46.14, 42.14, 29.54, 

28.68, 26.29, 21.74, 21.12, 19.12, 17.56, 11.97, 10.57. 
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Synthesis of ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-

2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine trifluroacetate (170) 

 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine trifluroacetate (170) was synthesized 

over two steps: 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-

methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (170a) was synthesized following the 

Ester Hydrolysis General Procedure (LiOH) utilizing methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-

((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycinate (167) (7 mg, 0.01 mmol, 1.0 eq.), 

lithium hydroxide (1 mg, 0.02 mmol, 3.0 eq.), methanol (2.00 mL) and water (2.00 mL). 

The acidified aqueous layer was extracted with DCM (10x).  

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-

methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (170a), was obtained as a colorless 

solid and used without further purification. 

 

TLC (10% methanol in dichloromethane): Rf = 0.09.  

HPLC (G1[pos]):  tR = 6.75 (C18). 

LC-MS (ESI):   m/z = Calcd for C41H58N9O12S+ [M+H]+ 900.39, found 900.11[*F], calcd for   
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NaC41H57N9O12S+ [M+Na]+ 922.37, found 922.18[*F], calcd for 

Na(C41H57N9O12S)2
+ [2M+Na]+ 1821.76, found 1821.26[*F]. 

HRMS (ESI):  m/z = Calcd for C41H56N9O12S- [M-H]- 898.3775, found 898.3637, calcd for  

C41H58N9O12S+ [M+H]+ 900.3920, found 900.3911, calcd for 

NaC41H57N9O12S+ [M+Na]+ 922.3740, found 922.3744.   

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (TFA salt) (170) was synthesized 

following the Boc-Deprotection General Procedure (TFA) utilizing ((2S,3S)-2-((S)-2-(2-((R)-

1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(4-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (170a), as crude product of the previous 

step (7 mg, 0.01 mmol, 1 eq.) and  TFA (10% in DCM). ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-aminobutanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-

3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine 

trifluroacetate (170) was obtained as a colorless solid and was used in the next step without 

further purification. 

 

Yield: 7 mg (0.01 mmol, 97%, colorless solid). 

TLC (25% methanol in dichloromethane): Rf = 0.04.  

HPLC (G1[pos]):  tR = 4.85 (C18).  

LC-MS (ESI):  m/z = Calcd for C36H50N9O10S+ [M+H]+ 800.34, found 800.26[*F], calcd for   

                          NaC35H50N9O10S+ [M+Na]+ 822.32, found 822.30[*F]. 

HRMS (ESI):  m/z = Calcd for C36H49N9O10S- [M-H]- 798.3250, found 798.3201, calcd for  

C36H50N9O10S+ [M+H]+ 800.3396, found 800.3399, calcd for 

NaC35H50N9O10S+ [M+Na]+ 822.3215, found 822.3369. 
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Synthesis of (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-hydroxyethyl)-4-

((4-methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (109) 

 

 

(12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-hydroxyethyl)-4-((4-methoxy-1H-

indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (109) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-aminobutanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-

3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine 

trifluroacetate (170) (48 mg, 0.06 mmol, 1.0 eq.), EDC (33 mg, 0.17 mmol, 3.0 eq.), 

HOBt (23 mg, 0.17 mmol, 3.0 eq.), DIPEA (37 mg, 0.29 mmol, 50 µL, 5.0 eq.), 

dichloromethane (300 mL) and DMF (10 mL) at 45 °C (oil bath temperature) and stirred 

overnight.  

The complete organic solvent was removed under reduced pressure and the crude product was 

dried under high vacuum for 1 h before the standard workup procedure was applied. 

The crude product was purified by HPLC to afford (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-

ethylidene-7-((S)-1-hydroxyethyl)-4-((4-methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-

3,6,9,12,15,18,21-heptaaza-1(2,4)-thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone 

(109) as a colorless solid. 

 

Yield: 27 mg (0.03 mmol, 59%, colorless solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.56, 

 (6% methanol in dichloromethane):  Rf = 0.38. 

HPLC (G1[pos]):  tR = 6.48 (C18), 

           (G3[neg]):  tR = 6.46 (C18). 
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LC-MS (ESI):  m/z = calcd for C36H46N9O9S- [M-H]- 780.3, found 780.4[*SL], calcd for  

C36H48N9O9S+ [M+H]+ 782.3, found 782.4[*SL], calcd for NaC36H47N9O9S+ 

[M+Na]+ 804.3, found 804.3[*SL]. 

HRMS (ESI):  m/z = calcd for C36H46N9O9S- [M-H]- 780.3134, found 780.3100, calcd for  

C36H48N9O9S+ [M+H]+ 782.3290, found 782.3306, calcd for 

NaC36H47N9O9S+ [M+Na]+ 804.3110, found 804.3124. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +8. 

1H NMR (700 MHz, CDCl3):  δ 10.71 (s, 1H), 9.30 (s, 1H), 9.14 (d, J = 7.5, 1H), 

9.10 (d, J = 8.3, 1H), 8.13 (s, 1H), 7.98 (s, 1H), 

7.43 (d, J = 6.6, 1H), 7.05 (s, 1H), 7.04 (t, J = 8.1, 1H), 

6.82 (d, J = 8.1, 1H), 6.50 (d, J = 7.8, 1H), 5.70 (t, J = 6.2, 1H), 

5.49 (t, J = 7.5, 1H), 5.24 (t, J = 6.8, 2H), 5.00 (d, J = 17.3, 1H), 

4.52 (d, J = 14.7, 1H), 4.13 (m, 1H), 3.87 (s, 3H), 

3.75-3.70 (m, 1H), 3.71-3.64 (m, 1H), 3.54 (d, J = 17.3, 1H), 

3.15 (s, 3H), 2.03 (m, 2H), 1.91 (d, J = 7.1, 3H), 

1.79 (d, J = 7.1, 3H), 1.60 (d, J = 14.2, 1H), 1.49 (s, 3H), 

1.24 (d, J = 6.3, 3H), 0.92 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 172.3, 171.6, 171.5, 170.5, 169.5, 169.4, 168.8, 161.0, 153.8,  

149.5, 136.7, 129.9, 124.3, 123.7, 123.0, 116.5, 111.7, 106.3, 

105.7, 100.3, 71.8, 65.5, 55.8, 54.9, 53.3, 51.0, 45.9, 42.0, 37.9, 

29.4, 21.3, 20.5, 20.0, 17.4, 11.5, 10.4. 

 

Synthesis of Zelkovamycin (110) 

 

 

Zelkovamycin (110) was synthesized following the Dess-Martin Oxidation General Procedure 

utilizing (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-hydroxyethyl)-4-((4-

methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (109) (1 mg, 12.8 µmol, 1.0 eq.), 
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Dess-Martin periodinane (freshly prepared solution, 0.3 M in dry DCM, 43 µL, 12.8 µmol, 

1.0 eq.) in dry DCM (3 mL). This procedure was repeated five times and the pooled crude 

products were purified together in one HPLC run. After HPLC purification, Zelkovamycin 

(110) was obtained as a pale yellow solid.  

 

Yield: 3.8 mg (4.86 µmol, 76%, pale yellow solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.52, 

 (5% methanol in dichloromethane):  Rf = 0.19. 

HPLC (G1[pos]):  tR = 7.29 (C18). 

LC-MS (ESI):  m/z = calcd for C36H44N9O9S- [M-H]- 778.3, found 778.3[*SL], calcd for 

C36H46N9O9S+ [M+H]+ 780.3, found 780.3[*SL], calcd for NaC36H45N9O9S+ 

[M+Na]+ 802.3, found 802.3[*SL], calcd for H(C36H45N9O9S)2
+ [2M+H]+ 

1559.6, found 1558.3[*F], calcd for Na(C36H45N9O9S)2
+ [M+Na]+ 1581.6, 

found 1580.3[*F]. 

HRMS (ESI):  m/z = calcd for C36H44N9O9S- [M-H]- 778.2977, found 778.3002, calcd for 

C36H46N9O9S+ [M+H]+ 780.3134, found 780.3137, calcd for 

NaC36H45N9O9S+ [M+Na]+ 802.2953, found 802.2956. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +10. 

1H NMR (700 MHz, CDCl3):  δ 10.76 (s, 1H), 9.19 (d, J = 8.5, 1H), 9.16 (s, 1H), 

8.72 (d, J = 7.5, 1H), 8.17 (s, 1H), 7.96 (s, 1H), 

7.04 (d, J = 6.3, 1H), 7.02 (t, J = 8.0, 1H), 6.93 (s, 1H), 

6.78 (d, J = 8.1, 1H), 6.44 (d, J = 7.7, 1H), 5.74-5.69 (m, 1H), 

5.53-5.46 (m, 1H), 5.25-5.20 (m, 1H), 5.22 (q, J = 6.8, 1H), 

5.02 (d, J = 17.2, 1H), 4.20 (dd, J = 15.7, 3.6, 1H), 

4.12-4.06 (m, 1H), 3.88 (s, 3H), 3.63 (dd, J = 17.4, 7.4, 1H), 

3.61-3.58 (m, 1H), 3.57 (d, J = 16.8, 1H), 3.11 (s, 3H), 

2.24 (s, 3H), 2.05-1.99 (m, 1H), 1.99-1.93 (m, 1H), 

1.87 (d, J = 7.1, 3H), 1.76 (d, J = 7.1, 3H), 1.70 (s, 3H), 

1.57 (d, J = 5.2, 1H) , 0.91 (t, J = 7.4, 3H). 

13C NMR (100 MHz, CDCl3): δ 200.3, 171.8, 171.0, 170.6, 169.2, 169.1, 169.0, 167.2, 160.5, 

153.5, 149.6, 136.7, 130.0, 124.9, 124.3, 122.8, 116.1, 111.4, 

106.2, 105.7, 99.5, 69.9, 55.5, 55.0, 52.8, 50.7, 45.9, 42.4, 37.7, 

28.2, 23.3, 21.3, 20.6, 19.9, 11.4, 10.3. 

 

The analytical data are in agreement with the literature.[1] 
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Zelkovamycin-Isolated 

TLC (10% methanol in dichloromethane):  Rf = 0.51, 

 (5% methanol in dichloromethane):  Rf = 0.18. 

HPLC (G1[pos]):  tR = 7.29 (C18). 

LC-MS (ESI):  m/z = calcd for C36H46N9O9S+ [M+H]+ 780.87, found 780.39[*F], calcd for  

NaC36H45N9O9S+ [M+Na]+ 802.3o, found 802.40[*F], calcd for 

H(C36H45N9O9S)2
+ [2M+H]+ 1559.62, found 1558.49[*F]. 

HRMS (ESI):  m/z = calcd for C36H44N9O9S- [M-H]- 778.2977, found 778.2953, calcd for 

C36H46N9O9S+ [M+H]+ 780.3134, found 780.3105, calcd for 

NaC36H45N9O9S+ [M+Na]+ 802.2953, found 802.2936. 

1H NMR (700 MHz, CDCl3): δ 10.84 (s, 1H), 9.30 (s, 1H), 8.95 (d, J = 8.6, 1H), 

8.57 (d, J = 7.5, 1H), 8.08 (s, 1H), 7.92 (s, 1H), 

7.01 (t, J = 7.9, 1H), 6.96 (s, 1H), 6.91 (d, J = 6.5, 1H), 

6.78 (d, J = 8.3, 1H), 6.42 (d, J = 7.8, 1H), 5.70-5.65 (m, 1H), 

5.53-5.46 (m, 1H), 5.19 (q, J = 7.1), 1H), 5.19-5.15 (m, 1H), 

5.00 (d, J = 17.0, 1H), 4.17 (dd, J = 15.5, 3.5, 1H), 

4.10-4.04 (m, 1H), 3.88 (s, 3H), 3.63-3.59 (m, 1H), 

3.58 (dd, J = 16.9, 1H), 3.43 (d, J = 17.0, 1H), 3.10 (s, 3H), 

2.24 (s, 3H), 2.06-2.00 (m, 1H), 2.00-1.93 (m, 1H), 

1.88 (d, J = 7.1, 3H), 1.73 (d, J = 7.1, 3H), 1.71 (s, 3H), 

1.56 (d, J = 5.3, 1H), 0.91 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 200.6, 171.3, 171.0, 170.9, 169.3, 169.2, 167.6, 167.0, 160.0,  

153.6, 150.4, 136.8, 130.5, 125.1, 123.2, 122.6, 116.2, 110.7, 

106.3, 105.7, 99.3, 69.9, 55.4, 54.8, 52.7, 51.2, 45.5, 42.5, 37.6, 

28.2, 23.3, 21.3, 20.8, 19.9, 11.5, 10.4. 

 

Zelkovamycin-Isolated & Zelkovamycin-Synthetic Co-NMR 

1H NMR (700 MHz, CDCl3):  δ 10.78 (s, 1H), 9.21 (s, 1H), 9.15 (d, J = 8.4, 1H), 

8.68 (d, J = 7.5, 1H), 8.15 (s, 1H), 7.95 (s, 1H), 

7.02 (t, J = 7.9 Hz, 1H), 7.00 (d, J = 7.0, 1H), 6.94 (s, 1H), 

6.78 (d, J = 8.1, 1H), 6.43 (d, J = 7.7, 1H), 5.73-5.68 (m, 1H), 

5.52-5.46 (m, 1H), 5.24-5.18 (m, 1H), 5.21 (q, J = 7.0, 1H), 

5.02 (d, J = 17.1, 1H), 4.19 (dd, J = 15.7, 3.6, 1H), 
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4.11-4.06 (m, 1H), 3.88 (s, 3H), 3.62 (dd, J = 17.3, 7.4, 1H), 

3.60-3.56 (m, 1H), 3.55 (d, J = 17.5, 1H), 3.11 (s, 3H), 

2.24 (s, 3H), 2.04-2.00 (m, 1H), 1.99-1.94 (m, 1H), 

1.88 (d, J = 7.0, 3H), 1.75 (d, J = 7.1, 3H), 1.70 (s, 3H), 

1.58 (d, J = 5.4, 1H), 0.91 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 200.4, 171.6, 171.1, 170.6, 169.2, 169.1, 168.8, 167.1, 160.4,  

153.5, 149.8, 136.7, 130.1, 125.0, 124.0, 122.8, 116.1, 111.2, 

106.2, 105.7, 99.5, 69.9, 55.5, 54.9, 52.8, 50.8, 45.8, 42.4, 37.7, 

28.2, 23.3, 21.3, 20.6, 19.9, 11.4, 10.4. 

 

8.4.10 Assembly of the 7-Trp-α-Me-Thr derivative (3a) 

Synthesis of methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-

4-carboxamido)-3-(7-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (168) 

 

 

Methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(7-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (168) was synthesized following the modified Peptide-Coupling 

General Procedure (EDC) utilizing H-(L)-(7-MeO)Trp-(2S,3S-α-Me)Thr-Gly-OMe 

trifluoroacetate salt (128) (21 mg, 0.05 mmol, 1.2 eq.), 2-((6R,15R,E)-6-ethyl-9-ethylidene-

2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-tetraazahexadecan-15-yl)thiazole-4-

carboxylic acid (166) (70 mg, 0.14 mmol, 1.0 eq.), EDC (79 mg, 0.41 mmol, 3 eq.), 

HOBt (55 mg, 0.41 mmol, 3 eq.), DIPEA (88 mg, 0.68 mmol, 119 µL, 5.0 eq.) and 

dichloromethane (3 mL). 
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The crude product was purified by flash column chromatography (6% methanol in 

dichloromethane) to afford ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(7-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-

methylbutanoyl)glycinate (168) as a colorless solid. 

 

Yield: 53.4 mg (0.06 mmol, 44%, colorless solid). 

TLC (10% methanol in dichloromethane):   Rf = 0.68,  

        (6.25% methanol in dichloromethane):  Rf = 0.26.  

HPLC (G1[pos]):  tR = 7.20 (C18).  

LC-MS (ESI):  m/z calcd for C42H58N9O12S- [M-H]- 912.39, found 912.59[*SL], calcd for 

C42H60N9O12S+ [M+H]+ 914.41, found 914.46[*SL], calcd for 

NaC42H59N9O12S+ [M+Na]+ 936.39, found 936.46[*SL], calcd for 

H(C42H59N9O12S)2
+ [2M+H]+ 1827.81, found 1826.58[*F], calcd for 

Na(C42H59N9O12S)2
+ [2M+Na]+ 1849.79, found 1848.78[*F]. 

HRMS (ESI):  m/z calcd for C42H58N9O12S- [M-H]- 912.3920, found 912.3910, calcd for 

C42H60N9O12S+ [M+H]+ 914.4077, found 914.4059 calcd for 

NaC42H59N9O12S+ [M+Na]+ 936.3896, found 936.3889. 

[∝]�
�� 1 ([c] = 1 in MeOH): -11. 

1H NMR (400 MHz, MeOD):  δ 8.08 (s, 1H), 7.26 (d, J = 8.0, 1H), 7.18 (s, 1H), 

6.95 (t, J = 7.9, 1H), 6.63 (d, J = 7.7, 1H), 5.48 (s, 1H), 

5.34 (q, J = 6.8, 1H), 4.78 (t, J = 6.9, 1H), 4.22-4.11 (m, 1H), 

4.10-3.96 (m, 3H), 3.92 (s, 3H), 3.88 (s, 1H), 3.84 (s, 1H), 

3.68 (s, 3H), 3.38 (d, J = 7.0, 1H), 3.33 (s, 1H), 

3.31-3.20 (m, 1H), 3.14 (s, 3H), 2.96 (s, 1H), 

1.79 (d, J = 7.1, 3H), 1.71-1.59 (m, 5H), 1.42 (s, 3H), 

1.37 (s, 9H), 0.96 (d, J = 6.5, 3H), 0.89-0.82 (m, 3H). 

13C NMR (100 MHz, MeOD): δ 176.0, 175.5, 174.2, 173.9, 173.6, 172.0, 170.8, 163.5, 158.0, 

150.0, 148.1, 130.8, 130.3, 128.4, 125.5, 124.6, 120.9, 119.9, 

112.5, 110.9, 102.9, 80.8, 71.3, 64.6, 57.2, 56.3, 55.9, 52.7, 50.0, 

42.4, 42.1, 39.3, 28.8, 26.4, 25.7, 21.0, 19.1, 17.5, 12.1, 10.7. 
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Synthesis of ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-

2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine trifluroacetate (171) 

 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine trifluroacetate (171) was synthesized 

over two steps: 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-Butoxycarbonyl)amino)butanamido)-N-

methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (171a) was synthesized following the 

Ester Hydrolysis General Procedure (LiOH) utilizing ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycinate (168) (41 mg, 0.04 mmol, 1.0 eq.), 

lithium hydroxide (3 mg, 0.13 mmol, 3 eq.), methanol (2.00 mL) and water (2.00 mL). The 

mixture was acidified and the aqueous layer was extracted with DCM (10x). ((2S,3S)-2-((S)-2-

(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (171a) was obtained as as a colorless 

solid and used without further purification. (171a) was re-suspended in DCM (3 mL) and cooled 

down to 0 °C (ice bath). To this mixture TFA (3 mL) was added slowly (final mixture 

DCM/TFA 1:1) and the reaction mixture was stirred 30 min at room temperature. 

The TFA was removed under reduced pressure, the remaining solution was co-evaporated with 

toluene (3x) and concentrated to dryness under high vacuum. 
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((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-Aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(7-methoxy-1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine trifluoroacetate (171) was obtained as a 

pale yellow crude product and was used without further purification. 

 

(171a) 

TLC (17% methanol in dichloromethane): Rf = 0.33.  

HPLC (G1[pos]):  tR = 6.71 (C18). 

LC-MS (ESI):  m/z = calcd for C41H56N9O12
- [M-H]- 898.38, found 898.53[*SL]

, calcd for 

C41H58N9O12
+ [M+H]+ 900.39, found 900.42[*SL], calcd for NaC41H57N9O12

+ 

[M+Na]+ 922.37, found 922.45[*SL], calcd for H(C41H57N9O12)2
+ [2M+H]+ 

1798.77, found 1798.37[*F], calcd for Na(C41H57N9O12)2
+ [2M+Na]+ 1821.76, 

found 1821.46[*F]. 

HRMS (ESI):  m/z = calcd for C41H56N9O12
- [M-H]- 898.3764, found 898.3772, calcd for 

C41H58N9O12
+ [M+H]+ 900.3920, found 900.3898, calcd for NaC41H57N9O12

+ 

[M+Na]+ 922.3740, found 922.3725. 

 

(171) 

Yield: 39 mg (0.04 mmol, 92%, colorless solid). 

TLC (17% ethyl acetate in cyclohexane): Rf = 0.18.  

HPLC (G1[pos]):  tR = 4.73 (C18). 

LC-MS (ESI):  m/z = calcd for C36H48N9O10S- [M-H]- 798.32, found 798.45[*SL], calcd for 

C36H50N9O10S + [M+H]+ 800.34, found 800.36[*SL], calcd for 

NaC36H49N9O10S + [M+Na]+ 822.32, found 822.34[*SL], calcd for 

H(C36H49N9O10S)2
+ [2M+H]+ 1798.77, found 1798.37[*F]. 

HRMS (ESI):  m/z = calcd for C36H48N9O10S- [M-H]- 798.3239, found 798.3219, calcd for 

C36H50N9O10S + [M+H]+ 800.3396, found 800.3387, calcd for 

NaC36H49N9O10S+ [M+Na]+ 822.3215, found 822.3195. 
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Synthesis of (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-hydroxyethyl)-4-

((7-methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (108) 

 

 

(12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-hydroxyethyl)-4-((7-methoxy-1H-

indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (108) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-aminobutanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-

3-(7-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine 

trifluroacetate (171) (41 mg, 0.05 mmol, 1.0 eq.), EDC (30 mg, 0.16 mmol, 3.0 eq.), 

HOBt (21 mg, 0.16 mmol, 3.0 eq.), DIPEA (34 mg, 0.26 mmol, 46 µL, 5.0 eq.), 

dichloromethane (300 mL) and DMF (30 mL) at 40 °C (oil bath temperature) and stirred 

overnight.  

The complete organic solvent was removed under reduced pressure and the crude product was 

dried under high vacuum (1 h) before the standard workup procedure was applied. 

The crude product was purified by HPLC to afford (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-

ethylidene-7-((S)-1-hydroxyethyl)-4-((7-methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-

3,6,9,12,15,18,21-heptaaza-1(2,4)-thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone 

(108) as a colorless solid. 

 

Yield: 20.4 mg (0.02 mmol, 53%, pale yellow solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.55,  

      (5% methanol in dichloromethane):  Rf = 0.17.  

HPLC (G1[pos]):  tR = 6.68 (C18).  

LC-MS (ESI):  m/z calcd for C36H46N9O9S- [M-H]- 780.31, found 780.47 [*SL], calcd for 

C36H48N9O9S + [M+H]+ 782.33, found 782.31[*SL]
, calcd for NaC36H47N9O9S+ 

[M+Na]+ 804.31, found 804.34[*SL], calcd for H(C36H47N9O9S)2
+ [2M+H]+ 
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1562.64, found 1562.46[*F], calcd for Na(C36H47N9O9S)2
+ [2M+Na]+ 1585.63, 

found 1584.36[*F]. 

HRMS (ESI):  m/z calcd for C36H46N9O9S- [M-H]- 780.3134, found 780.3116[*SL], calcd for 

C36H48N9O9S+ [M+H]+ 782.3290, found 782.3272[*SL], calcd for 

NaC36H47N9O9S+ [M+Na]+ 804.3110, found 804.3093[*SL]. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +13. 

1H NMR (700 MHz, CDCl3): δ 10.95 (s, 1H), 9.27 (s, 1H), 9.08 (d, J = 8.2, 1H), 

9.00 (d, J = 7.6, 1H), 8.16 (s, 1H), 7.71 (s, 1H), 

7.21 (d, J = 6.3, 2H), 7.20 (s, 1H), 7.14 (s, 1H), 

7.06 (t, J = 7.8, 1H), 6.60 (d, J = 7.7, 1H), 5.56-5.51 (m, 1H), 

5.50-5.45 (m, 1H), 5.28-5.24 (m, 1H), 5.24-5.21 (m, 1H), 

4.97 (d, J = 17.3, 1H), 4.13-4.08 (m, 1H), 3.87 (s, 3H), 

3.71-3.68 (m, 1H), 3.68-3.65 (m, 2H), 3.52 (d, J = 17.2, 1H), 

3.16 (s, 3H), 2.09-2.02 (m, 1H), 2.01-1.94 (m, 1H), 

1.89 (d, J = 7.0, 3H), 1.79 (d, J = 7.1, 3H), 1.62-1.56 (m, 1H), 

1.46 (s, 3H), 1.24 (d, J = 6.6, 3H), 0.91 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 172.3, 171.4, 171.3, 170.0, 169.7, 169.4, 168.7, 161.1, 149.4, 

147.3, 129.8, 128.6, 125.8, 125.0, 124.0, 120.7, 115.8, 111.6, 

109.7, 106.2, 71.9, 65.1, 55.7, 55.1, 52.8, 50.9, 45.9, 41.9, 38.1, 

28.5, 21.4, 20.3, 20.1, 18.2, 11.4, 10.4. 
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Synthesis of (12Z,4S,7S,13R,16Z,22R)-7-acetyl-13-ethyl-16-ethylidene-4-((7-methoxy-1H-

indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (3a) 

 

 

The Zelkovamycin derivative (3a) was synthesized following the Dess-Martin Oxidation 

General Procedure utilizing (12Z,4S,7S,13R,16Z,22R)-13-ethyl-16-ethylidene-7-((S)-1-

hydroxyethyl)-4-((7-methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-

heptaaza-1(2,4)-thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (108) (0.6 mg, 

0.77 µmol, 1.0 eq.), Dess-Martin periodinane (freshly prepared solution, 0.15 M in dry DCM, 

6 µL, 0.77 µmol, 1.0 eq.) in dry DCM (3 mL). 

This procedure was repeated six times and the pooled crude products were purified together in 

one HPLC run. 

After HPLC purification (12Z,4S,7S,13R,16Z,22R)-7-acetyl-13-ethyl-16-ethylidene-4-((7-

methoxy-1H-indol-3-yl)methyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (3a) was obtained as a pale yellow solid.  

 

Yield: 0.34 mg (0.44 µmol, 55%, pale yellow solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.51,  

        (5% methanol in dichloromethane):  Rf = 0.19.  

HPLC (G1[pos]):  tR = 7.46 (C18).  

LC-MS (ESI):  m/z = calcd for C36H44N9O9S- [M-H]- 778.3, found 778.4[*SL], calcd for 

C36H46N9O9S+ [M+H]+ 780.3, found 780.4[*SL], calcd for NaC36H45N9O9S+ 

[M+Na]+ 802.3, found 802.4[*SL], calcd for H(C36H45N9O9S)2
+ [2M+H]+ 

1559.6, found 1559.0[*F]. 

HRMS (ESI):  m/z = calcd for C36H44N9O9S- [M-H]- 778.2977, found 778.2936, calcd for 

C36H46N9O9S+ [M+H]+ 780.3134, found 780.3115, calcd for 

NaC36H45N9O9S+ [M+Na]+ 802.2953, found 802.2955. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +12.  
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8.4.11 Assembly of the Trp-Thr Derivative (178) 

Synthesis of methyl (2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-

N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophyl-(L)-

threonylglycinate (175) 

 

 

Methyl (2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophyl-(L)-threonylglycinate (175) was 

synthesized following the modified Peptide-Coupling General Procedure (EDC) utilizing H-

(L)-Trp-(L)-Thr-Gly-OMe hydrochloride salt (130) (97 mg, 0.23 mmol, 1.2 eq.), 2-((6R,15R,E)-

6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-tetraazahexadecan-

15-yl)thiazole-4-carboxylic acid (166) (100 mg, 0.20 mmol, 1.0 eq.), EDC (112 mg, 0.59 mmol, 

3.0 eq.), HOBt (79 mg, 0.59 mmol, 3.0 eq.), DIPEA (126 mg, 0.98 mmol, 170 µL, 5.0 eq.) and 

dichloromethane (5 mL). 

The crude product was purified by flash column chromatography (6% methanol in 

dichloromethane) to afford methyl (2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carbonyl)-(L)-tryptophyl-(L)-threonylglycinate (175) as a colorless solid. 

 

Yield: 94.2 mg (0.20 mmol, 55%, colorless solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.54,  

      (6.25% methanol in dichloromethane):  Rf = 0.44, 

       (4.75% methanol in dichloromethane):  Rf = 0.20. 

HPLC (G1[pos]):  tR = 6.83 (C18).  

LC-MS (ESI):  m/z = calcd for C40H54N9O11S- [M-H]- 868.37, found 868.49[*SL], calcd for 

C40H56N9O11S- [M+H]+ 870.38[*SL], found 870.37 calcd for NaC40H55N9O11S+ 

[M+Na]+ 892.36, found 892.33[*SL], calcd for H(C40H55N9O11S)2
+ [2M+H]+ 
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1739.75, found 1738.52[*F], calcd for Na(C40H55N9O11S)2
+ [2M+Na]+ 

1760,74, found 1760.66[*F]. 

HRMS (ESI):  m/z = calcd for C40H54N9O11S- [M-H]- 868.3658, found 868.3634, calcd for 

C40H56N9O11S- [M+H]+ 870.3815, found 870.3792 calcd for 

NaC40H55N9O11S+ [M+Na]+ 892.3634, found 892.3626. 

[∝]�
�� 1 ([c] = 1 in MeOH): +4. 

1H NMR (400 MHz, MeOD): δ 8.08 (s, 1H), 7.61 (d, J = 7.9, 1H), 7.32 (d, J = 8.1, 1H), 

7.20 (s, 1H), 7.07 (t, J = 7.1, 1H), 6.98 (t, J = 7.3, 1H), 

5.48 (s, 1H), 5.33 (q, J = 6.9, 1H), 4.90 (t, J = 6.5, 1H), 

4.37 (d, J = 4.0, 1H), 4.19-4.16 (m, 1H), 4.07-4.03 (m, 1H), 

4.01-3.98 (m, 1H), 3.88 (s, 2H), 3.71 (s, 3H), 3.44-3.34 (m, 2H), 

3.12 (s, 2H), 1.78 (d, J = 7.0, 3H), 1.65 (d, J = 7.0, 3H), 

1.60-1.52 (m, 2H), 1.39 (s, 9H), 1.10 (d, J = 6.4, 3H), 

0.84 (t, J = 7.1, 3H). 

13C NMR (100 MHz, MeOD): δ 175.9, 174.1, 172.8, 171.8, 171.7, 170.8, 170.7, 163.4, 158.0, 

150.0, 138.2, 130.8, 128.9, 125.5, 125.2, 122.7, 120.2, 119.6, 

112.5, 110.5, 101.5, 80.9, 68.4, 60.1, 57.2, 56.0, 52.8, 52.4, 42.1, 

39.3, 29.1, 28.8, 26.4, 21.0, 20.9, 19.9, 12.1, 10.8. 

 

Synthesis of (2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine 

hydrochloride salt (176) 

 

 

(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine hydrochloride 

salt (176) was synthesized over two steps: 
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(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine (175a) was 

synthesized following the Ester Hydrolysis General Procedure (LiOH) utilizing methyl (2-((R)-

1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycinate (175) (16 mg, 

0.02 mmol, 1.0 eq.), lithium hydroxide (1 mg, 0.03 mmol, 1.5 eq.), methanol (2.00 mL) and 

water (2.00 mL). The acidified aqueous layer was extracted with DCM (10x), dried over MgSO4 

and evaporated to dryness.  

 

TLC (16% methanol in dichloromethane): Rf = 0.09.  

HPLC (G1[pos]):  tR = 6.40 (C18). 

LC-MS (ESI):  m/z = Calcd for C39H52N9O11S- [M-H]- 854.35, found 854.43[*SL], calcd for 

C39H54N9O11S+ [M+H]+ 856.37, found 856.06[*F], calcd for  

NaC39H53N9O11S+ [M+Na]+ 878.35, found 878.32[*SL], calcd for 

H(C39H53N9O11S)2
+ [2M+H]+ 1711.72, found 1710.58[*F]. 

HRMS (ESI):  m/z = Calcd for C39H52N9O11S- [M-H]- 854.3502, found 854.3482, calcd for 

NaC39H53N9O11S+ [M+Na]+ 878.3477, found 878.3454.  

 

(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine hydrochloride 

salt (176) was synthesized following the Boc-Deprotection General Procedure utilizing 

(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine (175a) as crude 

product of the previous step (16 mg, 0.02 mmol, 1 eq.) and hydrogen chloride solution (1 mL, 

4.0 M in 1,4-dioxane). (2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carbonyl)-(L)-tryptophylthreonylglycine hydrochloride 

salt (176) was obtained as a colorless solid and used in the next step without further purification. 

 

TLC (16% methanol in dichloromethane): Rf = 0.02.  

HPLC (G1[pos]):  tR = 4.52 (C18).  

LC-MS (ESI):  m/z = Calcd for C34H44N9O9S- [M-H]- 754.30, found 754.38[*SL], calcd for 

C34H46N9O9S+ [M+H]+ 756.31, found 756.10[*F], calcd for  NaC34H45N9O9S+ 

[M+Na]+ 778.30, found 778.27[*SL], calcd for H(C34H45N9O9S)2
+ [2M+H]+ 

1511.62, found 1510.52[*F]. 
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HRMS (ESI):  m/z = Calcd for C34H44N9O9S- [M-H]- 754.2977, found 754.2989, calcd for 

C34H46N9O9S+ [M+H]+ 756.3134, found 756.3135, calcd for 

NaC39H53N9O11S+ [M+Na]+ 778.2953, found 778.2972. 

 

Synthesis of (1Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-ethylidene-7-

((R)-1-hydroxyethyl)-18,22-dimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (177) 

 

 

(1Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-ethylidene-7-((R)-1-

hydroxyethyl)-18,22-dimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-thiazolacyclodocosaphane-

2,5,8,11,14,17,20-heptaone (177) was synthesized by macrolactamisation utilizing (2-((R)-1-

(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carbonyl)-(L)-tryptophylthreonylglycine hydrochloride salt (176) (85 mg, 0.11 mmol, 1.0 eq.), 

EDC (62 mg, 0.32 mmol, 3.0 eq.), HOBt (43 mg, 0.32 mmol, 3.0 eq.), dichloromethane 

(300 mL) and DMF (30 mL). The mixture was cooled down to 0 °C (ice bath) and 

DIPEA (126 mg, 0.98 mmol, 170 µL, 5.0 eq.) was added. The reaction mixture was stirred for 

3 d while being allowed to warm up to room temperature. 

The solvent was removed under reduced pressure, the crude product was taken up in 

dichloromethane and washed with sodium bicarbonate (sat., aq., 2x, 30 mL). The combined 

aqueous layers were re-extracted with dichloromethane (1x), washed with potassium bisulfate 

(sat., aq., 2x, 30 mL) and again re-extracted with dichloromethane (1x). The combined organic 

layers were washed with brine (1x, 30 mL), dried over MgSO4 and concentrated under reduced 

pressure. The crude product was purified by HPLC to yield (177) as a pale yellow solid. 

 

Yield: 32 mg (0.04 mmol, 37%, pale yellow solid). 

TLC (5% Methanol in Dichloromethane):  Rf = 0.3,  

        (10% Methanol in Dichloromethane):  Rf = 0.88. 

HPLC (G1[pos]):  tR = 5.99 (C18). 
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LC-MS (ESI):  m/z = calcd for C34H42N9O8S- [M-H]- 736.29, found 736.40[*SL], calcd for 

C34H44N9O8S+ [M+H]+ 738.30, found 738.28[*SL], NaC34H43N9O8S + 

[M+Na]+ 760.28, found 760.27[*SL], calcd for H(C34H43N9O8S)2
+ [2M+H]+ 

1475.60, found 1474.03[*F], calcd for Na(C34H43N9O8S)2
+ [2M+Na]+ 1497.58, 

found 1496.28[*F]. 

HRMS (ESI):  m/z = calcd for C34H42N9O8S- [M-H]- 736.2872, found 736.2857, calcd for 

C34H44N9O8S+ [M+H]+ 738.3028, found 738.3013, NaC34H43N9O8S+ 

[M+Na]+ 760.2848, found 760.2824. 

[∝]�
�� 1 ([c] = 0.2 in CHCl3): +3. 

1H NMR (700 MHz, CDCl3): δ 10.71 (s, 1H), 9.32 (s, 1H), 9.00 (d, J = 8.4, 1H), 

8.79 (d, J = 7.4, 1H), 8.15 (s, 1H), 7.61 (d, J = 7.8, 1H), 

7.24 (s, 1H), 7.22 (d, J = 8.0, 1H), 7.19-7.15 (m, 1H), 

7.16-7.14 (m, 1H), 7.12 (d, J = 7.2, 1H), 6.80 (d, J = 6.7, 1H), 

5.63-5.50 (m, 1H), 5.33 (d, J = 5.7, 1H), 5.30 (d, J = 5.0, 1H), 

5.23 (q, J = 7.0, 1H),  5.01 (d, J = 17.2, 1H), 4.25-4.17 (m, 1H), 

4.11-4.04 (m, 1H), 3.88-3.79 (m, 1H), 3.74-3.63 (m, 2H), 

3.57-3.47 (m, 2H), 3.13 (s, 3H), 2.06-1.97 (m, 1H), 

1.91 (d, J = 7.1, 3H), 1.91-1.85 (m, 1H), 1.76 (d, J = 7.1, 3H), 

1.36 (d, J = 6.4, 3H), 0.88 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 173.2, 171.3, 171.1, 169.7, 169.3, 169.2, 168.2, 160.6, 149.8, 

135.2, 130.3, 127.1, 125.9, 123.8, 122.2, 120.2, 116.9, 115.7, 

112.2, 106.3, 67.0, 62.1, 54.8, 52.4, 51.0, 45.8, 41.7, 7.7, 31.1, 

21.4, 21.1, 20.7, 11.5, 10.6. 
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Synthesis of (12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-7-acetyl-13-ethyl-16-

ethylidene-18,22-dimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-thiazolacyclodocosaphane-

2,5,8,11,14,17,20-heptaone (178) 

 

 

The Zelkovamycin derivative (178) was synthesized following the Dess-Martin Oxidation 

General Procedure utilizing (1Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-

ethylidene-7-((R)-1-hydroxyethyl)-18,22-dimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (177) (1 mg, 13.5 µmol, 1.0 eq.), 

Dess-Martin periodinane (freshly prepared solution, 0.3 M in dry DCM, 46 µL, 13.5 µmol, 

1.0 eq.) in dry DCM (3 mL). 

The obtained crude product was purified by HPLC to yield the Zelkovamycin derivative (178) 

as a pale yellow solid.  

 

Yield: 0.5 mg (7.2 µmol, 53%, colorless solid). 

TLC (5% Methanol in Dichloromethane):   Rf = 0.26,  

        (10% Methanol in Dichloromethane):  Rf = 0.40. 

HPLC (G1[pos]):  tR = 6.47 (C18). 

LC-MS (ESI):  m/z = calcd for C34H42N9O8S+ [M+H]+ 736.29, found 736.26[*F], calcd for 

NaC34H41N9O8S+ [M+Na]+ 758.27, found 758.38[*F], calcd for 

Na(C34H41N9O8S)2
+ [2M+Na]+ 1493.55, found 1492.41[*F]. 

HRMS (ESI): m/z = calcd for C34H42N9O8S+ [M+H]+ 736.2872, found 736.2855. 

[∝]�
�� 1 ([c] = 0.3 in CHCl3): +2. 

1H NMR (700 MHz, CDCl3): δ 10.79 (s, 1H), 9.31 (s, 1H), 9.01 (d, J = 9.2 1H), 

8.60 (d, J = 7.2 1H), 8.12 (s, 1H), 7.58 (d, J = 7.9 1H), 

7.20 (d, J = 7.9 1H), 7.19 (s, 1H), 7.18-7.13 (m, 1H), 

7.14-7.09 (m, 1H), 6.63 (d, J = 6.5 1H), 5.52-5.47 (m, 1H), 

5.25-5.20 (m, 1H), 5.02 (d, J = 17.1 1H), 4.83-4.76 (m, 1H), 

4.25-4.19 (m, 1H), 4.09 (d, J = 7.7 1H), 3.98 (s, 1H), 
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3.70-3.63 (m, 2H), 3.63-3.53 (m, 2H), 3.12 (s, 3H), 

1.90 (d, J = 7.0 3H), 1.86-1.81 (m, 1H), 1.75 (d, J = 7.1 3H), 

1.38 (d, J = 7.2 3H), 0.94-0.86 (m, 3H). 

 

8.4.12 Assembly of the Trp-α-Me-Thr Derivative (174) 

Synthesis of methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-

4-carboxamido)-3-(1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycinate 

(169) 

 

 

Methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycinate (169) 

was synthesized following the modified Peptide-Coupling General Procedure (EDC) utilizing 

H-(L)-Trp-(2S,3S-α-Me)Thr-Gly-OMe trifluoroacetate salt (129) (72 mg, 0.7 mmol, 1.2 eq.), 

2-((6R,15R,E)-6-ethyl-9-ethylidene-2,2,11-trimethyl-4,7,10,13-tetraoxo-3-oxa-5,8,11,14-

tetraazahexadecan-15-yl)thiazole-4-carboxylic acid (166) (72 mg, 0.14 mmol, 1.0 eq.),  

EDC (81 mg, 0.42 mmol, 3.0 eq.), HOBt (57 mg, 0.42 mmol, 3.0 eq.), DIPEA (91 mg, 

0.70 mmol, 123 µL, 5.0 eq.) and dichloromethane (5 mL). 

The crude product was purified by flash column chromatography (6% methanol in 

dichloromethane) to afford methyl ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-

butoxycarbonyl)amino)butanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-

carboxamido)-3-(1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycinate (169) 

as a pale yellow solid. 
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Yield: 85 mg (0.1 mmol, 68%, colorless solid). 

TLC (6.25% methanol in dichloromethane):  Rf = 0.38, 

        (10% methanol in dichloromethane):  Rf = 0.60. 

HPLC (G1[pos]):  tR = 7.10 (C18).  

LC-MS (ESI):  m/z = calcd for C41H56N9O11S+ [M-H]- 882.39, found 882.51[*SL], calcd for 

C41H58N9O11S+ [M+H]+ 884.40, found 884.38[*SL], calcd for 

NaC41H57N9O11S+ [M+Na]+ 906.38, found 906.37[*SL], Na(C41H57N9O11S)2
+ 

[2M+Na]+ 1789.77, found 1789.54[*F]. 

HRMS (ESI):  m/z = calcd for C41H56N9O11S+ [M-H]- 882.3815, found 882.3817, calcd for 

C41H58N9O11S+ [M+H]+ 884.3971, found 884.3956, calcd for 

NaC41H57N9O11S+ [M+Na]+ 906.3790, found 906.3782, H(C41H57N9O11S)2
+ 

[2M+H]+ 1767.7869, found 1767.7861, Na(C41H57N9O11S)2
+ [2M+Na]+ 

1789.7689, found 1790.7729.  

[∝]�
�� 1 ([c] = 1 in CHCl3): +39. 

1H NMR (700 MHz, MeOD): δ 8.07 (s, 1H), 7.65 (d, J = 7.9, 1H), 7.33 (d, J = 8.1, 1H), 

7.23 (s, 1H), 7.09 (t, J = 6.3, 1H), 7.02 (t, J = 8.1, 1H), 

5.51-5.42 (m, 1H), 5.37-5.28 (m, 1H), 4.17-4.11 (m, 1H), 

4.05 (q, J = 6.0, 2H), 4.02-3.96 (m, 1H), 3.92-3.86 (m, 1H), 

3.86-3.80 (m, 1H), 3.67 (s, 3H), 3.45-3.34 (m, 1H), 

3.30-3.25 (m, 1H), 3.12 (s, 3H), 1.78 (d, J = 7.1, 3H), 

1.65 (d, J = 6.9, 3H), 1.62-1.55 (m, 2H), 1.44 (d, J = 3.8, 3H), 

1.41 (d, 3H), 1.38 (s, 9H), 0.96 (d, J = 6.5, 3H), 

0.94-0.79 (m, 1H). 

13C NMR (176 MHz, MeOD): δ 176.0, 175.5, 173.9, 173.6, 172.5, 172.0, 171.6, 170.8, 170.7, 

163.5, 158.0, 149.9, 138.2, 130.7, 128.8, 125.1, 122.8, 120.2, 

119.6, 112.6, 110.5, 80.8, 71.2, 64.5, 57.1, 56.2, 52.7, 52.4, 42.1, 

39.3, 28.8, 28.6, 26.4, 21.0, 19.1, 17.5, 15.0, 12.1, 10.7. 
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Synthesis of ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-

2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-yl)propanamido)-3-

hydroxy-2-methylbutanoyl)glycine trifluroacetae (172)   

 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-yl)propanamido)-3-

hydroxy-2-methylbutanoyl)glycine trifluroacetae (172) was synthesized over two steps: 

 

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-

methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (172a) was synthesized following the 

Ester Hydrolysis General Procedure (LiOH) utilizing ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-yl)propanamido)-3-

hydroxy-2-methylbutanoyl)glycinate (169) (100 mg, 0.11 mmol, 1.0 eq.), lithium hydroxide 

(3 mg, 0.14 mmol, 1.2 eq.), methanol (3.00 mL) and water (3.00 mL). 

The acidified aqueous layer was extracted with DCM (10x).  

((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-((tert-butoxycarbonyl)amino)butanamido)-N-

methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-

yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine (172a) was obtained as a colorless solid 

and used without further purification.  

(172a) was re-suspended in DCM (3 mL) and cooled down to 0 °C (ice bath). To this mixture 

TFA (3 mL) was added slowly (final mixture DCM/TFA 1:1) and the reaction mixture was 

stirred 30 min at room temperature. 

The TFA was removed under reduced pressure; the remaining solution was co-evaporated with 

toluene (3x) and concentrated to dryness under high vacuum.  
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((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-((R)-2-aminobutanamido)-N-methylbut-2-

enamido)acetamido)ethyl)thiazole-4-carboxamido)-3-(1H-indol-3-yl)propanamido)-3-

hydroxy-2-methylbutanoyl)glycine trifluoroacetate (172) was obtained as a colourless solid and 

was used without further purification. 

 

(172a) 

TLC (17% methanol in dichloromethane): Rf = 0.33.  

HPLC (G1[pos]):  tR = 6.64 (C18). 

LC-MS (ESI):  m/z = calcd for C40H54N9O11S- [M-H]- 868.37, found 868.48[*SL], calcd for 

C40H56N9O11S+ [M+H]+ 870.38, found 870.35[*SL], calcd for 

NaC40H55N9O11S+ [M+Na]+ 892.36, found 892.35[*SL], calcd for 

H(C40H55N9O11S)2
+ [2M+H]+ 1739.76, found 1739.45[*F]. 

HRMS (ESI):  m/z = calcd for C40H54N9O11S- [M-H]- 868.3658, found 868.3647, calcd for 

C40H56N9O11S+ [M+H]+ 870.3815, found 870.3768, calcd for 

NaC40H55N9O11S+ [M+Na]+ 892.3634, found 892.3587. 

 

(172)  

TLC (17% methanol in dichloromethane): Rf = 0.19.  

HPLC (G1[pos]):  tR = 4.69 (C18). 

LC-MS (ESI):  m/z = calcd for C35H46N9O9S- [M-H]- 768.31, found 768.54[*SL], calcd for 

C35H48N9O9S+ [M+H]+ 770.33, found 770.31[*SL], calcd for NaC35H47N9O9S+ 

[M+Na]+ 792.31, found 792.30[*F]. 

HRMS (ESI):  m/z = calcd for C35H46N9O9S- [M-H]- 768.3134, found 768.3118 calcd for 

C35H48N9O9S+ [M+H]+ 770.3290, found 770.3270, calcd for 

NaC35H47N9O9S+ [M+Na]+ 792.3110, found 792.3087. 
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Synthesis of (12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-ethylidene-7-

((S)-1-hydroxyethyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (173) 

 

 

(12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-ethylidene-7-((S)-1-

hydroxyethyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (173) was synthesized following the 

Peptide-Coupling General Procedure (EDC) utilizing ((2S,3S)-2-((S)-2-(2-((R)-1-(2-((Z)-2-

((R)-2-aminobutanamido)-N-methylbut-2-enamido)acetamido)ethyl)thiazole-4-carboxamido)-

3-(4-methoxy-1H-indol-3-yl)propanamido)-3-hydroxy-2-methylbutanoyl)glycine 

trifluroacetate (172) (21 mg, 0.03 mmol, 1.0 eq.), EDC (15 mg, 0.08 mmol, 3.0 eq.), 

HOBt (11 mg, 0.08 mmol, 3.0 eq.), DIPEA (17 mg, 0.13 mmol, 23 µL, 5.0 eq.) and 

dichloromethane (150 mL) and DMF (2 mL) at 45 °C (oil bath temperature) and stirred 

overnight.  

The complete organic solvent was removed under reduced pressure and the crude product was 

dried under high vacuum for 1 h before the standard workup procedure was applied. 

The crude product was purified by HPLC to afford the Zelkovamycin derivative (173) as a pale 

yellow solid. 

 

Yield: 14.3 mg (0.02 mmol, 71%, pale yellow solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.23,  

        (5% methanol in dichloromethane):  Rf = 0.12.  

HPLC (G1[pos]):  tR = 6.40 (C18).  

LC-MS (ESI):  m/z = calcd for C35H44N9O8S- [M-H]- 750.30, found 750.81[*SL], calcd for 

C35H46N9O8S+ [M+H]+ 752.32, found 752.35[*SL], calcd for NaC35H45N9O8S+ 

[M+Na]+ 774.30, found 774.31[*SL]. 



8. EXPERIMENTAL PART 197 
 

 
 

HRMS (ESI):  m/z = calcd for C35H44N9O8S- [M-H]- 750.3028, found 750.8691, calcd for 

C35H46N9O8S+ [M+H]+ 752.3185, found 752.3161 calcd for NaC35H45N9O8S+ 

[M+Na]+ 774.3004, found 774.2982. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +14. 

1H NMR (700 MHz, CDCl3): δ 10.76 (s, 1H), 9.35 (s, 1H), 9.09 (d, J = 8.3, 1H), 

8.93 (d, J = 7.4, 1H), 8.14 (s, 1H), 7.66 (s, 1H), 

7.64 (d, J = 7.8, 1H), 7.23 (d, J = 6.5, 1H), 7.20 (d, J = 7.9, 1H), 

7.16 (t, J = 7.4, 1H), 7.15-7.11 (m, 1H), 5.54-5.47 (m, 1H), 

5.44 (t, J = 6.2, 1H), 5.26-5.20 (m, 2H), 5.01 (d, J = 17.2, 1H), 

4.12-4.06 (m, 1H), 3.89 (d, J = 6.5, 1H), 3.69-3.64 (m, 2H), 

3.65-3.59 (m, 1H), 3.50 (d, J = 17.2, 1H), 3.13 (s, 3H), 

2.06-1.94 (m, 2H), 1.91 (d, J = 7.1, 3H), 1.77 (d, J = 7.1, 3H), 

1.46 (s, 3H), 1.38 (t, J = 7.2, 3H), 1.24 (d, J = 6.3, 3H), 

0.90 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 172.0, 171.5, 171.4, 170.0, 169.6, 169.3, 168.5, 161.0, 149.7, 

135.2, 130.3, 127.3, 125.8, 123.9, 122.2, 120.0, 117.2, 112.1, 

111.4, 106.0, 72.0, 65.1, 54.9, 52.8, 46.6, 45.9, 41.8, 37.8, 28.1, 

21.4, 20.7, 20.2, 18.3, 11.6, 10.5. 

 

Synthesis of (12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-7-acetyl-13-ethyl-16-

ethylidene-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (174) 

 

 

The Zelkovamycin derivative (174) was synthesized following the Dess-Martin Oxidation 

General Procedure utilizing (12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-13-ethyl-16-

ethylidene-7-((S)-1-hydroxyethyl)-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (173) (1 mg, 13.4 µmol, 1.0 eq.), 

Dess-Martin periodinane (freshly prepared solution, 0.3 M in dry DCM, 45 µL, 13.4 µmol, 
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1.0 eq.) in dry DCM (3 mL).This procedure was repeated five times and the pooled crude 

products were purified together in one HPLC run. 

After HPLC purification the (12Z,4S,7S,13R,16Z,22R)-4-((1H-indol-3-yl)methyl)-7-acetyl-13-

ethyl-16-ethylidene-7,18,22-trimethyl-3,6,9,12,15,18,21-heptaaza-1(2,4)-

thiazolacyclodocosaphane-2,5,8,11,14,17,20-heptaone (174) was obtained as a colorless solid.  

 

Yield: 4.1 mg (55 µmol, 82%, colorless solid). 

TLC (10% methanol in dichloromethane):  Rf = 0.8, 

        (5% methanol in dichloromethane):  Rf = 0.5.  

HPLC (G1[pos]):  tR = 7.00 (C18).  

LC-MS (ESI): m/z calcd for C35H42N9O8S- [M-H]- 748.3, found 748.3[*SL], calcd for 

C35H44N9O8S+ [M+H]+ 750.3, found 750.3[*SL], calcd for NaC35H43N9O8S+ 

[M+Na]+ 772.3, found 772.30[*SL], calcd for H(C35H43N9O8S)2
+ [2M+H]+ 

1499.5, found 1498.2[*F], calcd for Na(C35H43N9O8S)2
+ [2M+Na]+ 1521.1, 

found 150.4[*F]. 

HRMS (ESI):  m/z calcd for C35H42N9O8S+ [M-H]- 748.2883, found 748.2887, calcd for 

C35H44N9O8S+ [M+H]+ 750.3028, found 750.3034, calcd for 

NaC35H43N9O8S+ [M+Na]+ 772.2848, found 772.2846, calcd for 

H(C35H43N9O8S)2
+ [2M+H]+ 1499.5989, found 1499.5984. 

[∝]�
�� 1 ([c] = 1 in CHCl3): +13. 

1H NMR (700 MHz, CDCl3): δ 10.76 (s, 1H), 9.34 (s, 1H), 8.97 (d, J = 8.5, 1H), 

8.54 (d, J = 7.5, 1H), 8.10 (s, 1H), 7.72 (s, 1H), 

7.56 (d, J = 8.3, 1H), 7.20 (d, J = 7.8, 1H), 7.14 (t, J = 7.5, 1H), 

7.12 (s, 1H), 7.12 (s, 1H), 7.10 (t, J = 7.1, 1H), 

6.82 (d, J = 6.4, 1H), 5.53-5.46 (m, 1H), 5.26-5.21 (m, 1H), 

5.23-5.18 (m, 1H), 5.16-5.11 (m, 1H), 5.02 (d, J = 17.1, 1H), 

4.11-4.05 (m, 1H), 3.67-3.62 (m, 1H), 3.61-3.55 (m, 1H), 

3.45 (d, J = 17.5, 2H), 3.12 (s, 3H), 2.23 (s, 3H), 

2.05-1.99 (m, 1H), 1.90 (d, J = 7.0, 3H), 1.74 (d, J = 7.1, 3H), 

1.67 (s, 3H), 1.62 (d, J = 5.3, 1H), 0.90 (t, J = 7.4, 3H). 

13C NMR (176 MHz, CDCl3): δ 201.3, 171.1, 171.1, 171.00, 169.4, 167.9, 166.4, 163.5, 160.2, 

158.9, 150.2, 135.2, 130.4, 126.0, 122.0, 120.3, 116.6, 112.2, 

111.1, 106.2, 100.2, 77.2, 69.8, 54.9, 52.5, 51.1, 45.69, 42.7, 

37.7, 27.6, 23.3, 21.3, 20.8, 19.9, 11.5, 10.4.  
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8.5 Synthesis of Marfey’s derivatives 

Synthesis of Marf-(L)-Phe-OH (94) 

 

 

Marf-(L)-Phe-OH (94) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 

 

HPLC (G1[pos]): tR = 7.14 min (C18). 

LC-MS (ESI):  m/z = calcd for C18H20N5O7
+ [M+H]+ 418.14, found 417.97[*F], calcd for 

H(C18H19N5O7)2
+ [2M+H]+ 835.26, found 834.76[*F], calcd for 

Na(C18H19N5O7)2
+ [2M+Na]+ 857.25, found 856.39[*F]. 

 

Synthesis of Marf-(D)-Phe-OH (95) 

 

 

Marf-(D)-Phe-OH (95) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 

 

HPLC (G1[pos]): tR = 7.53 min (C18). 

LC-MS (ESI):  m/z = calcd for C18H20N5O7
+ [M+H]+ 418.14, found 417.91[*F], calcd for 

H(C18H19N5O7)2
+ [2M+H]+ 835.26, found 834.53[*F], calcd for 

Na(C18H19N5O7)2
+ [2M+Na]+ 857.25, found 856.49[*F]. 
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Synthesis of Marf-Gly-OH (98) 

 

 

Marf-Gly-OH (98) was synthesised following the Marfey's Derivatization General Procedure. 

The obtained product was analysed by LC-MS and without further purification. 

 

HPLC (G1[pos]):  tR = 5.80 min (C18), 

(G3[pos]): tR = 31.51 min (C18). 

LC-MS (ESI):  m/z = calcd for C11H14N5O7
+ [M+H]+ 328.09, found 327.98[*F], calcd for 

H(C11H13N5O7)2
+ [2M+H]+ 655.17, found 654.57[*F]. 

LC-MS (ESI):  m/z = calcd for C11H14N5O7
+ [M+H]+ 328.09, found 328.86[*F]. 

 

Synthesis of Marf-Sar-OH (99) 

 

 

Marf-Sar-OH (99) was synthesised following the Marfey's Derivatization General Procedure. 

The obtained product was analysed by LC-MS and without further purification. 

 

HPLC (G1[pos]): tR = 5.72 min (C18), 

(G3[pos]): tR = 31.39 min (C18). 

LC-MS (ESI):  m/z = calcd for C12H16N5O7
+ [M+H]+ 342.10, found 341.96[*F], calcd for 

Na(C12H15N5O7)2
+ [2M+Na]+ 705.18, found 704.53[*F]. 

LC-MS (ESI):  m/z = calcd for C12H16N5O7
+ [M+H]+ 342.10, found 342.98[*F]. 
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Synthesis of Marf-(D)-Ala-Thz-OH (102) 

 

 

Marf-(D)-Ala-Thz-OH (102) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 

 

HPLC (G1[pos]): tR = 6.57 min (C18). 

LC-MS (ESI):  m/z = calcd for C15H17N6O7S+ [M+H]+ 425.09, found 424.97[*F], calcd for 

H(C15H16N6O7S)2
+ [2M+H]+ 849.17, found 848.38[*F], calcd for 

Na(C15H16N6O7S)2
+ [2M+Na]+ 871.15, found 870.33[*F]. 

 

Synthesis of Marf-(L)-Abu-OH (100) 

 

 

Marf-(L)-Abu-OH (100) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and without further purification. 

 

HPLC (G1[pos]): tR = 6.34 min (C18), 

(G3[pos]): tR = 22.32 min (C18). 

LC-MS (ESI):  m/z = calcd for C13H18N5O7
+ [M+H]+ 356.12, found 355.99[*F], calcd for 

H(C13H17N5O7)2
+ [2M+H]+ 711.23, found 710.76[*F], calcd for 

Na(C13H17N5O7)2
+ [2M+Na]+ 733.22, found 732.51[*F].  
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LC-MS (ESI):  m/z = calcd for C13H18N5O7
+ [M+H]+ 356.12, found 356.03[*F], calcd for 

H(C13H17N5O7)2
+ [2M+H]+ 711.23, found 710.71[*F], calcd for 

Na(C13H17N5O7)2
+ [2M+Na]+ 733.22, found 732.46[*F].  

 

Synthesis of Marf-(D)-Abu-OH (101) 

 

 

Marf-(D)-Abu-OH (101) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and without further purification. 

 

HPLC (G1[pos]): tR = 6.73 min (C18), 

(G3[pos]): tR = 25.21 min (C18). 

LC-MS (ESI):  m/z = calcd for C13H18N5O7
+ [M+H]+ 356.12, found 355.94[*F], calcd for 

H(C13H17N5O7)2
+ [2M+H]+ 711.23, found 710.89[*F], calcd for 

Na(C13H17N5O7)2
+ [2M+Na]+ 733.22, found 732.52[*F].  

LC-MS (ESI):  m/z = calcd for C13H18N5O7
+ [M+H]+ 356.12, found 355.97[*F], calcd for 

H(C13H17N5O7)2
+ [2M+H]+ 711.23, found 710.77[*F], calcd for 

Na(C13H17N5O7)2
+ [2M+Na]+ 733.22, found 732.54[*F].  

 

Synthesis of Marf-(L)-Trp-OH (96) 

 

 

Marf-(L)-Trp-OH (96) was synthesised following the Marfey's Derivatization General 

Procedure. 
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The obtained product was analysed by LC-MS and without further purification. 

 

HPLC (G1[pos]): tR = 6.98 min (C18), 

(G3[pos]): tR = 27.54 min (C18). 

LC-MS (ESI):  m/z = calcd for C20H21N6O7
+ [M+H]+ 457.15, found 457.01[*F], calcd for  

NaC20H20N6O7
+ [M+Na]+ 479.13, found 479.12[*F],  calcd for 

H(C20H20N6O7)2
+ [2M+H]+ 913.29, found 912.65[*F], calcd for 

Na(C20H20N6O7)2
+ [2M+Na]+ 935.27, found 934.51[*F], calcd for 

Na(C20H20N6O7)3
+ [3M+Na]+ 1391.41, found 1389.88[*F].  

LC-MS (ESI):  m/z = calcd for C20H21N6O7
+ [M+H]+ 457.15, found 456.99[*F], calcd for 

NaC20H20N6O7
+ [M+Na]+ 479.13, found 479.17[*F],  calcd for 

H(C20H20N6O7)2
+ [2M+H]+ 913.29, found 912.58[*F], calcd for 

Na(C20H20N6O7)2
+ [2M+Na]+ 935.27, found 934.51[*F]. 

 

Synthesis of Marf-(D)-Trp-OH (97) 

 

 

Marf-(D)-Trp-OH (97) was synthesised following the Marfey's Derivatization General 

Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 

 

HPLC (G1[pos]): tR = 7.19 min (C18), 

(G3[pos]): tR = 29.23 min (C18). 

LC-MS (ESI):  m/z = calcd for C20H21N6O7
+ [M+H]+ 457.15, found 456.93[*F], calcd for 

H(C20H20N6O7)2
+ [2M+H]+ 913.29, found 913.03[*F], calcd for 

H(C20H20N6O7)3
+ [3M+H]+ 1369.43, found 1368.56[*F].  

LC-MS (ESI):  m/z = calcd for C20H21N6O7
+ [M+H]+ 457.15, found 456.92[*F], calcd for 

H(C20H20N6O7)2
+ [2M+H]+ 913.29, found 912.68[*F], calcd for 

H(C20H20N6O7)3
+ [3M+H]+ 1369.43, found 1368.45[*F].  
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Synthesis of Marf-(L)-(4-MeO)Trp-OH (104) 

 

 

Marf-(L)-(4-MeO)Trp-OH (104) was synthesised following the Marfey's Derivatization 

General Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 

 

HPLC (G1[pos]): tR = 7.08 min (C18). 

(G3[pos]): tR = 28.42 min (C18). 

LC-MS (ESI):  m/z = calcd for C21H23N6O8
+ [M+H]+ 487.16, found 486.95[*F], calcd for 

H(C21H22N6O8)2
+ [2M+H]+ 973.31, found 972.49[*F], calcd for 

Na(C21H22N6O8)2
+ [2M+Na]+ 995.29, found 994.34[*F].  

LC-MS (ESI):  m/z = calcd for C21H23N6O8
+ [M+H]+ 487.16, found 486.91[*F], calcd for 

H(C21H22N6O8)2
+ [2M+H]+ 973.31, found 972.40[*F], calcd for 

Na(C21H22N6O8)2
+ [2M+Na]+ 995.29, found 994.33[*F]. 

 

Synthesis of Marf-(L)-(7-MeO)Trp-OH (104a) 

 

 

Marf-(L)-(7-MeO)-Trp-OH (104a) was synthesised following the Marfey's Derivatization 

General Procedure. 

The obtained product was analysed by LC-MS and used without further purification. 
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HPLC (G1[pos]): tR = 7.06 min (C18), 

(G3[pos]): tR = 28.22 min (C18). 

LC-MS (ESI):  m/z = calcd for C21H23N6O8
+ [M+H]+ 487.16, found 486.89[*F], calcd for 

H(C21H22N6O8)2
+ [2M+H]+ 973.31, found 972.41[*F], calcd for 

Na(C21H22N6O8)2
+ [2M+Na]+ 995.29, found 994.41[*F].  

LC-MS (ESI):  m/z = calcd for C21H23N6O8
+ [M+H]+ 487.16, found 486.85[*F], calcd for 

H(C21H22N6O8)2
+ [2M+H]+ 973.31, found 972.36[*F], calcd for 

Na(C21H22N6O8)2
+ [2M+Na]+ 995.29, found 994.53[*F].  
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10. APPENDIX  

10.1 Abbreviations  

 
CoIn coinjection  

°C degrees Celsius  

1D one dimensional (NMR) 

293T human kidney cancer cell line 

2D two-dimensional (NMR) 

Å Ångström 

Ac acyl- 

ACN acetonitrile 

AcOH acetic acid  

AIBN  azobisisobutyronitrile 

Alloc allyloxycarbonyl 

AMC 7-amino-4-methylcoumarin 

aq. aqueous 

atm. standard atmosphere = 1,01325 x 105 Pa 

b broad signal (NMR)  

Bn benzyl 

Boc tert-butoxycarbonyl 

Cbz  benzyloxycarbonyl 

Cbz-Cl benzyl chloroformate 

CDK cyclin-dependent kinase 

CH cyclohexane 

CHX cycloheximide 

CID Collision induced dissociation 

CoA coenzyme A 

d doublet 

DAAS-Na sodium difluoroheptylazidosulfinate 

DABCO  1,4-diazabicyclo[2.2.2]octane 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCC N,N’-dicyclohexyl carbodiimide 

DCM dichloromethane 
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dd doublet of doublets  

DIPEA N,N’-diisopropylethylamine  

DMAP 4-dimethylamino pyridine  

DMEM  Dulbecco's modified eagle medium 

DMF dimethyl formamide  

DMP  Dess-Martin periodinane  

DNA deoxyribonucleic acid 

Dhb  dehydrobutyric acid 

DMSO dimethyl sulfoxide 

dt doublet of triplets 

EA ethyl acetate  

EDC 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide  

EFG1 (or mtEFG1) mitochondrial elongations factor G(1) 

EIC extracted-ion chromatogram 

eq. equivalent(s)  

ESI electrospray ionization  

Et ethyl 

EtOH ethanol 

FA formic acid  

FDAA dinitrophenyl-5-L-alanine amide (Marfey’s reagent) 

Fmoc 9-fluorenylmethoxy carbonyl 

GDP guanosine diphosphate 

GFP green fluorescent protein 

GTP guanosine triphosphate 

h hour(s)  

HATU 2-(1H-azabenzotriazole-1-yl)1,1,3,3-tetramethylaminium 

hexafluorophosphate  

HBTU 2-(1H-benzotriazole-1-yl)1,1,3,3-tetramethylaminium 

hexafluorophosphate  

HCD Higher-energy collision dissociation 

HCT 116  human colon cancer cell line 

HeLa  human cervical cancer cell line 

Hep G2  human liver cancer cell line 

HOBt N-hydroxybenzotriazole  
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HPLC high-performance liquid chromatography 

HRMS high-resolution mass spectrometry 

Hz Hertz 

IBCF isobutyl chloroformate  

iPr iso-propyl 

J coupling constant  

LC-MS liquid chromatography mass spectrometry  

kDa kilodalton 

lit. literature  

iso. isolated 

m multiplet 

m/z mass-to-charge ratio 

M Molar 

Marf- Marfey’s derivative of  

Marfey’s reagent dinitrophenyl-5-L-alanine amide (FDAA) 

Me methyl 

MeOH methanol 

MHz Megahertz 

min minute(s) 

mL milliliter(s) 

MS mass spectrometry 

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 

N normal  

NADH  nicotinamide adenine dinucleotide 

NADPH  nicotinamide adenine dinucleotide phosphate 

NBS  N-bromosuccinimide 

NCE Normalised collision energy 

nm nanometer 

NMM N-methylmorpholine  

NMR nuclear magnetic resonance  

o.n. overnight 

PG protection group 

pH pondus Hydrogenii 
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ppm parts per million  

PyBOP benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium 

hexafluorophosphate quant. quantitative  

Rf retention factor 

rt room temperature  

s singlet 

synth. synthetic 

sat. saturated solution 

SH5Y  Human neuroblastoma cell line 

SPPS solid-phase peptide synthesis  

t triplet 

TBHP tert-butyl hydroperoxide 

tBu tert-butyl 

tBuOH tert-butanol  

TCA tricarboxylic acid cycle, Krebs cycle, citric acid cycle 

TEA triethylamine  

TES triethylsilane 

TFA trifluoroacetic acid  

THF tetrahydrofuran  

TIS triisopropyl silane  

TLC thin layer chromatography  

TMS trimethylsilyl 

TMSCl trimethylsilyl chloride 

tR retention time  

Trt trityl-, triphenylmethyl 

TsOH p-toluenesulfonic acid 

UPS ubiquitin-proteasome system  

UV ultraviolet  

WST-1 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium, monosodium salt 

WSTs water-soluble tetrazolium salts 

x[*F] mass detection carried out using a Thermo Scientific LCQ 

Fleet™ ESI-Spectrometer 
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x[*SL] mass detection performed using a Bruker amaZon SL ESI-

Spectrometer 

x[CoIn] coinjection experiment of synthesised standard of amino 

acid of interest with a Zelkovamycin hydrolysate 

x[Ex] ion-extraction experiment of amino acid of interest out of 

a Zelkovamycin hydrolysate 

x[Std] synthesised standard 

XTT  2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-

Tetrazolium-5-Carboxanilide 

Zelko Zelkovamycin 

δ chemical shift  

ε extinction coefficient  

μ micro- 

CID  Collision Induced Dissociation 

HCD  Heated Capillary Dissociation 

HTS high-throughput screening 

 
 
The amino acids were abbreviated according to the 1-letter or 3-letter code recommended by 

the IUPAC-IUB joint commission on biochemical nomenclature. 

  



10. APPENDIX 217 
 

 
 

10.2 Acknowledgements / Danksagungen 

Mein besonderer Dank gilt meinem Doktorvater Prof. Dr. Markus Kaiser, der es mir ermöglicht 

hat, die Durchführung dieser Arbeit selbstständig und frei zu gestalten. Sowie für seine 

ständige, nie nachlassende Unterstützung in allen Bereichen.   

Vielen Dank für all Deinen fachlichen Rat, Deine vielen Ideen in chemisch „kniffligen“ Lagen 

sowie für die unzähligen wissenschaftlichen und auch nicht wissenschaftlichen Diskussionen 

(so konnten wir ja in Letzteren, in vollkommener Übereinkunft, evaluieren das „Das Phantom-

Kommando“ ein Meilenstein der Filmgeschichte ist). 

Besonders unvergesslich wird mir die Zusammenarbeit auf freundschaftlicher Basis bleiben, 

die mir auch in schwierigen Projektzeiten das „am Ball bleiben“ möglich gemacht hat. 

Markus, es war mit eine Ehre bei Dir promovieren zu dürfen! 

 

Bei Herrn Prof. Dr. Thomas Schrader bedanke ich mich für die bereitwillige Übernahme des 

Zweitgutachtens zu dieser Arbeit. Ebenso möchte ich Herrn Prof. Dr. Roderich Süssmuth 

(TU-Berlin) für die freundliche Übernahme des externen Drittgutachtens meiner Arbeit danken. 

Gleichermaßen möchte ich meinen Dank auch an Herrn PD Dr. Holger Somnitz für die 

Übernahme des Vorsitzes der Promotionsprüfung richten. 

 

An dieser Stelle möchte ich mich auch bei allen aktuellen und ehemaligen Mitgliedern der 

Arbeitsgruppe Kaiser bedanken. 

Geronimo Heilmann möchte ich für seine weiteren biologischen Untersuchungen des 

Zelkovamycins, sowie für seine ständigen Updates über neue spannende Erkenntnisse danken. 

Meinen Bürokollegen Steffen Köcher, Jan Krahn, Timon Mönig und Julian Oeljeklaus möchte 

ich für eine unvergessliche Zeit, eine beispiellose Arbeitsatmosphäre und die unzähligen 

Diskussion, nicht nur über Chemie, danken. Mögen noch viele Weitere folgen. 

Sabrina und Philipp Nickel dürfen nicht unerwähnt bleiben! Danke Euch für die vielen 

kulinarischen Mittagspausen. 

 

Mein Dank gilt auch Jerôme Clerc und Patrick Hauske die mit ihrer ganz speziellen Art einen 

großen Teil dazu beigetragen haben, dass ich unsere gemeinsame Laborzeit niemals vergessen 

werde! 

 



10. APPENDIX 218 
 

 
 

Meine besonders große Dankbarkeit gilt Susanne Zweerink, die mir mit einem Übermaß an 

Hilfsbereitschaft zur Seite stand und so einen großen Anteil am Gelingen des biologischen Teils 

dieser Arbeit hatte. Ich danke Dir für alle die gemeinsamen Stunden in der Zellkultur, in denen 

ich vieles über biologische Systeme gelernt habe. Sowie für die unschätzbaren Gespräche und 

Diskussionen abseits der Biologie. 

 

Ohne das fundierte Fachwissen und den erstaunlichen Ideenreichtum von Farnusch Kaschani 

wären viele massenspektrometrische Experimente ein unüberwindliches Hindernis gewesen. 

Aus diesem Grund gilt auch ihm mein tiefer Dank! 

Besonders beeindruckt mich Dein Enthusiasmus auch nach dem eigentlichen Erreichen des 

Ziels, mit immer neuen Ideen, noch mehr aus einem Projekt „herauszuquetschen“. Es macht 

großen Spaß daran mitzuwirken. 

 

Einen großen Dank möchte ich auch an Svenja Balskowski und Jenny Bormann richten. Ohne 

Eure tatkräftige Unterstützung bei kleinen bis hin zu großen Dingen wäre sicher ein Teil dieser 

Arbeit nicht möglich gewesen. Herzlichen Dank! Es war mir eine Freude mit Euch 

zusammenzuarbeiten! 

Gleiches gilt Svenja Kernchen, die für jede administrative Frage eine passende Antwort und 

hilfreiche Hände hatte! 

 

Yvonne Blass, Silvia Ernst, Marco Hellmert, Stefan Kleine, Marija Mamic, Sabrina Ninck, 

Anna Laura Schmitz, Florian Schulz, Andreas Sprengel, Sara Stolze, Edith Vamos, Zehming 

Wang und Elvan Yilmaz möchte ich für die angenehme Arbeitsatmosphäre sowie für euer stetes 

Interesse an meinen ausschweifenden Projektberichten danken. 

 

Insbesondere möchte ich mich bei meinen Eltern bedanken, ohne deren stete Unterstützung und 

Glauben an mich mein Studium und diese Arbeit nicht möglich gewesen wären. 

 

 

 

 

 

 



10. APPENDIX 219 
 

 
 

10.3 Curriculum Vitae 

 

 

 

 

 

 

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des 

Datenschutzes nicht enthalten. 

  



10. APPENDIX 220 
 

 
 

 

 

 

 

 

 

 

  

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des 

Datenschutzes nicht enthalten. 

 

 

 

 

 

 

 

 

 

 

 

 

 



10. APPENDIX 221 
 

 
 

 

 

 

 

 

 

 

  

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des 

Datenschutzes nicht enthalten. 

 

 

 

 

 

 

 

 

 

 

 

 

  



10. APPENDIX 222 
 

 
 

 

 

 

 

 

 

 

  

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des 

Datenschutzes nicht enthalten. 

 

 

 

 

 

 

 

 

 

 

 

 

 



10. APPENDIX 223 
 

 
 

 

 

 

 

 

 

 

  

 

 

Der Lebenslauf ist in der Online-Version aus Gründen des 

Datenschutzes nicht enthalten. 

 

 

 

 

 

 

 

 

 

 

 

 

 



10. APPENDIX 224 
 

 
 

10.4 Erklärungen 

 

Hiermit versichere ich, dass ich die vorliegende Arbeit mit dem Titel 

 

„Total synthesis and biological evaluation of Zelkovamycin” 

 

selbst verfasst und keine außer den angegebenen Hilfsmitteln und Quellen benutzt habe, und 

dass die Arbeit in dieser oder ähnlicher Form noch bei keiner anderen Universität eingereicht 

wurde. 

 

 

Essen, im März 2017 

 

 

______________________________ 

                                        Daniel Krahn 

 

Hiermit erkläre ich, gem. § 6 Abs. (2) f) der Promotionsordnung der Fakultäten für Biologie, 

Chemie und Mathematik zur Erlangung des Dr. rer. nat., dass ich die Dissertation von Daniel 

Krahn mit dem Thema „Total synthesis and biological evaluation of Zelkovamycin” betreue 

und die Betreuung auch im Falle eines Weggangs, wenn nicht wichtige Gründe dem 

entgegensprechen, weiterführen werde. 

 

 

 

Essen, im März 2017 

 

 

______________________________ 

                         Prof. Dr. Markus Kaiser 

 


	1. Introduction
	2. Theoretical background
	2.1 Nature-derived macrocyclic compounds
	2.1.1 The natural product Zelkovamycin
	2.1.2 The natural product family of the Argyrins

	2.2 Proteasome-targeting natural products and their use in chemotherapy
	2.3 Chemical synthesis of macrocyclic peptides
	2.3.1 Peptide chemistry in total synthesis
	2.3.1.1 Amide bond formation
	2.3.1.2 Coupling reagents

	2.3.2 Amino acid syntheses
	2.3.2.1 α-Methyl amino acid syntheses
	2.3.2.1.1 Synthesis of α-methyl amino acids via diketopiperazines
	2.3.2.1.2 α-Methyl amino acids via oxazoles
	2.3.2.1.3 α-Methyl amino acids via tricyclic iminolactones
	2.3.2.1.4 Shao’s enantioselective synthesis of α-methylthreonine

	2.3.2.2 Tryptophan syntheses
	2.3.2.2.1 Strecker synthesis of methoxy tryptophans
	2.3.2.2.2 Mannich-like synthesis of 4-methoxy tryptophans
	2.3.2.2.3 Mori-Ban-Hegedus approach to 4-methoxy tryptophan
	2.3.2.2.4 Larock synthesis of 7-methoxy-d-tryptophan
	2.3.2.2.5 Synthesis of functionalized tryptophans via heteroannulation


	2.3.3 Peptide macrocyclization


	3. Aims of the PhD project
	4. Results and Discussion
	4.1 Structure assignment of Zelkovamycin
	4.1.1 Sequence analysis of Zelkovamycin by mass spectrometry
	4.1.2 Marfey’s analysis of Zelkovamycin
	4.1.2.1 Total hydrolysis of Zelkovamycin
	4.1.2.2 Marfey LC-MS setup
	4.1.2.3 Identification & stereochemical assignment of Zelkovamycin’s amino acids
	4.1.2.3.1 Glycine
	4.1.2.3.2 Sarcosine
	4.1.2.3.3 α-Aminobutyric acid
	4.1.2.3.4 H-AlaThz-OH building block
	4.1.2.3.5 Unrevealed amino acids of Zelkovamycin

	4.1.2.4 Marfey’s analysis; - an overview of results

	4.1.3 Assignment of Zelkovamycin’s methoxy tryptophan
	4.1.3.1 Methoxy tryptophan constitution assignment by LC-MS
	4.1.3.2 Methoxy tryptophan constitution assignment by NMR

	4.1.4 Final confirmation of structural assignments
	4.1.5 HPLC separation of reduced Zelkovamycin isomers
	4.1.5.1 Assignment of reduced Zelkovamycin by LC-MS

	4.1.6 Revised structure and assigned stereochemistry of Zelkovamycin

	4.2 Total synthesis of Zelkovamycin
	4.2.1 Retrosynthetic analysis of Zelkovamycin
	4.2.2 Fragment synthesis
	4.2.2.1 Synthesis of fragment A
	4.2.2.2 Synthesis of fragment B
	4.2.2.3 Synthesis of fragment C
	4.2.2.3.1 Synthesis of α-methylthreonine
	4.2.2.3.2 Synthesis of methoxy tryptophans
	4.2.2.3.3 Synthesis of the aldehyde precursor (Boc)2-(l)-Glu(COH)-OMe
	4.2.2.3.4 Synthesis of the required methoxy anilines
	4.2.2.3.5 Methoxy tryptophan synthesis via heteroannulation

	4.2.2.4 Synthesis of fragments C-1, C-2 and C-3
	4.2.2.5 Synthesis of fragment C-4

	4.2.3 Fragment assembly
	4.2.4 Fragment assembly II

	4.3 Zelkovamycin and derivatives thereof
	4.4 Comparison of synthetic and isolated Zelkovamycin
	4.4.1 LC-MS comparison
	4.4.2 NMR comparison
	4.4.2.1 Proton NMR
	4.4.2.2  Carbon NMR


	4.5 Biological evaluation of Zelkovamycin
	4.5.1 Cell viability as a measure for cytotoxicity of Zelkovamycin
	4.5.2 MTT assay
	4.5.3 SH5Y cells
	4.5.4 Zelkovamycin presumably affects mitochondrial function
	4.5.5 Proteasome inhibition
	4.5.5.1 Biochemical proteasome inhibition assay
	4.5.5.2 In vivo proteasome inhibition assay



	5. Outlook
	5.1 Future research possibilities
	5.1.1 Defining the mode-of-action of Zelkovamycin
	5.1.2 Turning Zelkovamycin into a chemical probe for biological experiments
	5.1.3 Testing of Zelkovamycin in other biological systems
	5.1.4 Establishment of a solid phase synthesis of Zelkovamycin
	5.1.5 Further synthetic modification & evaluation of derivatives


	6. Summary
	7. Zusammenfassung
	8. Experimental Part
	8.1 Machines & Setups
	8.2 Biological Assays and Procedures
	8.3 General Procedures
	8.4 Total synthesis of Zelkovamycin
	8.4.1 Synthesis of fragment A
	8.4.2 Synthesis of fragment B
	8.4.3 Synthesis of fragment C(1-4)
	8.4.3.1 Synthesis of α-methylthreonine
	8.4.3.2 Synthesis of methoxy-tryptophanes
	8.4.3.2.1 Synthesis of Glu-Aldehyde
	8.4.3.2.2 Synthesis of Boc-(l)-(4-MeO)Trp-OH
	8.4.3.2.3 Synthesis of Boc-(l)-(7-MeO)Trp-OH


	8.4.4 Synthesis of fragment C-1 (Zelkovamycin)
	8.4.5 Synthesis of fragment C-2
	8.4.6 Synthesis of fragment C-3
	8.4.7 Synthesis of fragment C-4
	8.4.8 Assembly of fragments A & B
	8.4.9 Assembly of Zelkovamycin (4-Trp-α-Me-Thr derivative)
	8.4.10 Assembly of the 7-Trp-α-Me-Thr derivative (3a)
	8.4.11 Assembly of the Trp-Thr Derivative (178)
	8.4.12 Assembly of the Trp-α-Me-Thr Derivative (174)

	8.5 Synthesis of Marfey’s derivatives

	9. References
	10. Appendix
	10.1 Abbreviations
	10.2 Acknowledgements / Danksagungen
	10.3 Curriculum Vitae
	10.4 Erklärung




