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1.1 Macrocyclic peptide antibiotics  

The macrocycle as a structural motif has gained an increased importance in 

medicinal chemistry and modern drug design.1 Typical examples of a bioactive 

macrocycle are cyclic peptides and numerous cyclic peptides have been 

successfully used in clinical applications within different therapeutic fields as 

antibiotics,2 antifungal agents,3 anticancer agents4 and immuno-suppressive 

agents.5 The most outstanding example of a class of macrocyclic peptide drugs 

successfully applied in clinical practice is the peptide-based antibiotics, which can 

be chemically subdivided into the glycopeptides like vancomycin6, teicoplanin7 

and ramoplanin8, the polypeptides such as actinomycin4a and the lipopeptides, 

represented here by daptomycin,9 as shown in Figure 1. 

 

 

Figure 1. Examples of macrocyclic peptide antibiotics. 
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1.2 Chemical approaches towards the synthesis of macrocyclic peptides 

Macrocyclization enables peptides to adopt a certain degree of structural 

preorganization and reduces flexibility which in general will result in improved 

binding affinity and selectivity to their natural targets.1 Inspired by the intriguingly 

complexity and synthetically challenging architecture of naturally occurring 

macrocycles, much effort has been devoted to explore highly efficient synthesis 

methods for peptide macrocyclization.10,11 The most often used macrocyclization 

methodologies are, among others, lactonization,12 lactamization,13 transition 

metal-mediated coupling reactions,14 ring-closing metathesis (RCM),15 as well as 

Cu+ and Ru2+ catalyzed azide-alkyne cycloadditions (CuAAC and RuAAC, 

respectively).16 Besides these, some other special approaches such as, 

electrostatically controlled macrocyclizations,17 isocyanide-based multicomponent 

macrocyclizations,18 as well as DNA-templated synthesis,19 provide new synthetic 

tools toward peptide macrocyclization chemistries. 

 

1.3 Vancomycin and its peptidomimetics  

Vancomycin (1, as shown in Figure 1) which is the most well-known member of 

the glycopeptide antibiotics, was first isolated at Eli Lilly Pharmaceutical 

Company in 1956.20 Although vancomycin was already introduced into clinical 

practice in 1958,20 its full structural assignment as well as its mode of action was 

not described until 1982 by Harris and co-workers.21 Since vancomycin has been 

used as a broad spectrum antibiotic against Gram-positive bacteria, it is nowadays 

considered as a last resort antibiotic for the treatment of methicillin-resistant 

Staphylococcus aureus (MRSA) infections.22 Unfortunately, after decades of 

extensive use, vancomycin-resistant Enterococci (VRE)23 and vancomycin 

-resistant Staphylococcus aureus (VRSA)24 have emerged and it is expected that 

the prevalence of vancomycin-resistant bacteria will increase even more in the near 

future. Therefore, the development of new generations vancomycin-derived 

analogues against the reported resistant bacterial strains has become an 

increasingly challenging and important task. 

Vancomycin's mechanism of action involves the inhibition of bacterial cell wall 

biosynthesis25 by binding to the C-terminal D-Ala-D-Ala dipeptide motif of 
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precursor peptidoglycans.26 Extensive NMR studies27 in combination with X-ray 

crystallography28 have identified the strong binding of vancomycin to D-Ala-D-Ala 

by means of five precisely aligned hydrogen bonds, while the hydrophobic binding 

pocket, which is formed by the aromatic and aliphatic amino acid side chains, 

contributes to the enhancement of the hydrogen bonds, as shown in Figure 2. 

However, in vancomycin-resistant bacteria, the cell wall precursor terminus is 

remodeled to D-Ala-D-Lac29. This replacement, which is an example of an isosteric 

replacement, results in the loss of a single hydrogen bond and reduces the binding 

affinity of vancomycin toward D-Ala-D-Lac 1000-fold. Based on this well 

understood mechanism, much effort has been devoted to the preparation of 

vancomycin analogues with dual D-Ala-D-Ala/D-Ala-D-Lac binding affinities 

(vide infra). 

 

 

Figure 2. Vancomycin and its binding interactions with Ac-Lys(Ac)-D-Ala-D-Ala-OH and 

Ac-Lys(Ac)-D-Ala-D-Lac-OH ligands. 

 

Initially, due to the complexity of the total synthesis and structural modification,30 

most vancomycin analogs have been designed and synthesized by simplifying the 

molecular structure of vancomycin (Figure 3). Such DE-ring mimics are much 

easier accessible synthetically and some of these were found to act as 

carboxylate-binding receptor molecules. Hamilton et al. designed mimics of the 

left side of vancomycin as represented by compound 2 with the aim to increase the 
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number of receptor-substrate interactions.31 A series of sixteen a-membered 

DE-ring vancomycin mimics were described by Zhu et al., applying an SNAr-based 

macrocyclization protocol. Within this series, compound 3 showed a KD of 5 Ĭ 10-4 

M toward Ac-D-lactate as determined by NMR.32 Ellman et al. prepared simplified 

analogs that mimic the vancomycin DE-ring carboxylate binding pocket. These 

analogues were C-terminally extended with a short peptide sequence using 

combinatorial chemistry. Within this series, compound 4 showed a significantly 

increased binding affinity toward Ac-Lys(Ac)-D-Ala-D-Lac in comparison to 

vancomycin.33 Arnusch and Pieters developed a solid phase methodology to obtain 

vancomcin DE-ring mimics like 5. In their studies, an on-bead SNAr cyclization 

reaction was successfully applied to form the biaryl ether bridge.34 ten Brink et al. 

reported constrained alkyne-bridged DE-ring mimicking tripeptides like 6 featuring a 

Pd-catalyzed Sonogashira cross-coupling macrocyclization.35 The resulting molecule 

was able to form a cavity-like structure as shown by NMR in combination with 

molecular dynamics. This might hint toward selective binding toward 

Ac-Lys(Ac)-D-Ala-D-Ala, which was however, not determined experimentally. 

 

 

Figure 3. Structures of vancomycin DE-ring peptidomimetics. 

 

Recently, Dale Boger and his coworkers contributed significantly to the design of 

a new class of second-generation antibiotics based on the vancomycin framework 

(Figure 4). They reported that vancomycin analogs with modifications at position X 

(an isosteric replacement of the carbonyl oxygen by S, NH, H2), forming the 

carboxylate binding pocket, among which [Ɋ[CH2NH]Tpg
4]-vancomycin 7 and 
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[Ɋ[C(=NH)NH]Tpg4]-vancomycin 8 represented congeners with the highest 

antimicrobial potency against vancomycin-resistant bacteria while retaining 

activity against vancomycin-sensitive bacteria.36,37 Furthermore, by coupling a 

(4-chlorobiphenyl)methyl (CBP; R1, as shown in Figure 4) functionality to the 

disaccharide of compound 8 the corresponding vancomycin analog 9 showed an 

additional enhancement in antimicrobial activity.36,37 Another analogue 10, which 

was reported as vancomycin 3.0 was synthesized, improving the minimal 

inhibitory concentration (MIC) values to the remarkable levels of 0.01-0.005 

ɛg/mL.38 

 

  

Figure 4. Vancomycin analogues from Bogerôs group. 

 

1.4 Azide-alkyne cycloadditions (click chemistry) and their application in peptide 

macrocyclization  

The 1,2,3-triazole heterocyclic motif has been used recently in peptides and 

peptidomimics since it can serve as an effective isostere for a trans- or cis-amide 

bond.11 The formation of a 1,2,3-triazole moiety from an organic azide and alkyne is a 

so-called 1,3-dipolar cycloaddition and was described for the first time by Huisgen in 

1961. The required reaction conditions were quite harsh and unselective with 

respect to the 1,4 and 1,5 regioisomers and as a result of this, it did not find 
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widespread application in bioconjugate chemistry.39 This, however, changed 

dramatically, since in 2002, Meldal16 and Sharpless40 independently introduced 

mild and efficient methods to access 1,4-disubstituted 1,2,3-triazoles catalyzed by 

Cu(I) species. Soon after its discovery, this robust, mild and selective copper 

catalyzed azide-alkyne cycloaddition (CuAAC) has been widely used as an 

efficient bioconjugation method in general and more specifically, as a feasible 

peptide macrocyclization technique.41 

The original Huisgen reaction afforded mixtures of 1,4- and 1,5-disubstituted 

1,2,3-triazoles while the CuAAC selectively results in the formation of 

1,4-disubstituted 1,2,3-triazoles, which are found to be effective isosteres for the 

trans-amide bond. Alternatively, effective cis-amide bond surrogates were found to 

be 1,5-disubstituted 1,2,3-triazoles, which were accessed by Fokin in 2005,42 by 

exchanging the Cu(I) catalyst for a Ru(II) catalyst. So far, this ruthenium-catalyzed 

azide alkyne cycloaddition (RuAAC) has not been used as commonly as CuAAC 

in bioconjugation and peptide macrocyclization, its application is, however, of 

increasing importance and several small, medium and large (peptide) ring-systems 

have been synthesized successfully.43 

The first application of RuAAC as the macrocyclization step was reported by 

Marcaurelle et al. A number of 11-, and 12-membered macrocycles containing a 

1,5-triazole moiety were successfully synthesized using [Cp*RuCl]4 as the catalyst, 

as shown in Scheme 1.44 A follow-up study by the same group, reported a series of 

48 macrocyclic scaffolds, including 1,5-triazole-containing compound 14 as shown 

in Scheme 2, which was obtained through three different approaches for 

macrocyclization of the linear precursors.45 These 48 scaffolds have been used to 

generate more than 30,000 compounds using SynPhase Lantern technology in an 

attempt to search for new macrocyclic histone deacetylase inhibitors.45 

 

 

Scheme 1. Synthesis of 1,5-triazole bridged macrocycles using RuAAC. 
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Scheme 2. Synthesis of 1,5-triazole bridged macrocyclic scaffold using RuAAC. 

 

Isidro-Llobet et al. described a strategy for the diversity-oriented synthesis 

(DOS) of a small library of fourteen triazole-bridged macrocyclic peptidomimetics 

by using CuAAC as well as RuAAC cyclization chemistries (Scheme 3). For 

further diversification, diketopiperazine (DKP) formation was introduced in these 

macrocycles featuring solid phase bound reagents, e.g. N-methylmorpholine, in 

combination with microwave irradiation for effective heating.46 

 

 

Scheme 3 Synthesis of 1,5-triazole bridged macrocyclic peptidomimetics using RuAAC cyclization 

followed by DKP formation  

 

1,5-Disubstituted 1,2,3-triazoles have also been used as a surrogate of a 

disulfide bond, and this application was first demonstrated by Empting et al. (as 

shown in Scheme 4). RuAAC cyclization was successfully applied on the solid 

phase to achieve an analogue (19) of the sunflower trypsin inhibitor-I. The 

biological activity of this triazole-containing analogue disulfide mimic was tested, 

and more or less to the surprise of the authors, their newly designed inhibitor had 
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the same activity as the original one.47 

 

 

Scheme 4. Synthesis of 1,5-triazole bridged analogue of the sunflower trypsin inhibitor-I using 

RuAAC cyclization on solid phase. 

 

Another macrocyclic analogue was obtained by replacing the tertiary amide 

groups by 1,5-disubstituted 1,2,3-triazole functionalities as shown by Krause et al. 

(Scheme 5). In their approach, RuAAC was utilized in the macrocyclization as 

well as during the synthesis of the linear precursor to obtain a variety of C3 

symmetric macrocyclic pseudohexapeptides.48 

 

 

Scheme 5. Synthesis of 1,5-triazole bridged C3 symmetric macrocyclic pseudohexapeptides using 

RuAAC cyclization. 
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1.5 Ring-closing metathesis and its application in peptide macrocyclization 

Ring-closing metathesis (RCM), the most prevalent type of olefin metathesis, has 

occurred as a powerful synthetic tool for the formation of carbon-carbon double 

bonds.49 Its increasing popularity was facilitated by the development of robust 

metathesis catalysts, as shown in Figure 5, that were compatible with a large 

diversity of functional groups. One of the first well-defined molybdenum-based 

metathesis catalysts was introduced by Schrock and coworkers.50 Subsequently, 

Grubbs and coworkers reported three generations of ruthenium-based metathesis 

catalysts (Grubbsô catalyst,51 Grubbsô GI,52 and Grubbsô GII53) to improve the 

catalytic activity, thermal stability, and functional group tolerability. The latest 

improvement was the replacement of the phosphine ligand of Grubbs GII by a 

bidentate alkylidene to yield the more efficient and robust Hoveyda-Grubbsô GII 

catalyst.54 Due to the development of these highly functional-group tolerant 

ruthenium-based metathesis catalysts, RCM has played a significant role as a 

synthetic tool to obtain functionalized biomolecules such as constrained cyclic 

peptides. 

 

 

Figure 5. Well-defined olefin metathesis catalysts. 

 

Grubbs and co-workers were the first to apply the strategy of RCM in the 
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synthesis of conformationally restricted amino acids and peptides.55 Cyclic amino 

acid derivatives with different ring sizes were obtained using Grubbsô catalyst. In 

the meantime native cysteine residues were replaced by allylglycine functionalities 

to synthesize a constrained tetrapeptide as a functional mimic of a covalently 

disulfide-stabilized ɓ-turn 22 (Scheme 6). This pioneering work was extended to 

perform RCM on the solid support as exemplified by the synthesis of cyclic 

hexapeptide 27, as shown in Scheme 7.56 

 

 

Scheme 6. Synthesis of a mimic of disulfide-stabilized ɓ-turn though RCM using Grubbsô catalyst.  

 

 

Scheme 7. Synthesis of rigidified cyclic hexapeptide on solid support though RCM using Grubbsô GI 

catalyst. 

 

Following the pioneering work of Grubbs, many research groups were also 

successful in discovering bioactive peptides and peptidomimetics applying RCM. 

Among others, Aldrich et al. have reported the use of RCM in the synthesis of 

potent ə opioid receptor agonists as shown in Scheme 8. Six cyclic dynorphin 

A-(1-11)-NH2 analogues were found active agonists (>90% efficacy) at ə opioid 

receptors, like compound 30, and as such they represent interesting lead 

compounds for further optimization.57 

A series of macrocyclic angiotensin IV analogs (H-Val-Tyr-Ile-His-Pro-Phe-OH) 

have been designed and synthesized by Hallberg et al. in order to find drug-like 

Ang IV peptidomimetics as efficient insulin-regulated aminopeptidase inhibitors 
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(IRAP). In their approach, a disulfide cyclization scan was first applied to search 

for efficient and potent cyclic AngIV analogues.58 Then, these disulfide constraints 

were replaced by carbon-carbon double bond isosteres featuring RCM, resulting in 

IRAP-inhibitors that were as effective as their natural congeners however, their 

stability to degradation by metallopeptidases was increased significantly.59 One of 

the newly synthesized dicarba-bridged compounds, represented by macrocycle 33, 

as shown in Scheme 9, displayed a low Ki value of 4.1 nM, and confirmed the 

hypothesis that reducing the conformational freedom will increase the biological 

activity. 

 

 

Scheme 8. Synthesis of potent cyclic k-opioid receptor agonists. 

 

As a final example of successful RCM-based macrocyclization, the design and 

synthesis of peptidomimetics to inhibit the menin-MLL1 interaction as described 

by Wang et al. will be discussed.60 Their most promising molecule, as shown in 

Scheme 10, was found to have a Ki value of 4.7 nM, which was 600 times more 

potent than the corresponding linear peptide.60 
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Scheme 9. Design and synthesis of angiotensin IV-derived macrocyclic peptidomimetics. 

 

 

Scheme 10. The synthesis of a macrocyclic peptidomimetic as an inhibitor of the menin-MLL1 

protein-protein interaction. 
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1.6 Vancomycin mimics accessed by RuAAC macrocyclization and 

ring-closing metathesis 

Previously, it was shown by Zhang et al. that the biaryl ether bridge in vancomycin 

could be effectively mimicked by either 1,4- or 1,5-disubstituted triazole moieties 

using Cu(I)- and Ru(II)-mediated azide-alkyne click cycloaddition chemistries, 

respectively.61 Both 1,4- and 1,5-disubstituted triazole-bridged macrocyclic 

vancomycin DE-ring mimics 39 and 40 showed an excellent structural 

resemblance to the corresponding part of vancomycin as found by molecular 

modeling. Encouraged by these results, another newly designed 

1,5-triazole-bridged vancomycin CDE-ring mimic 42 was successfully synthesized 

featuring RuAAC macrocyclization.62 Bicyclic hexapeptide 42 was found to bind 

D-Ala-D-Ala albeit with a 100-fold less affinity compared to vancomycin, and also 

mimic 42 did not display any antibacterial activity. 

 

 
Scheme 11. Synthesis of vancomycin mimics using click macrocyclization as reported by Zhang. 

 

The strategy of RCM was also applied to arrive at a CDE-ring mimic of 

vancomycin.63 The linear pentapeptide 43 with four allyl functionalities was treated 

with Grubbsô GII as the catalyst and bicyclic pentapeptide 44 was obtained as a 

complex mixture of eight diastereomers. To continue the search for effective 

vancomycin mimics a novel approach was designed in which extra rigidification 

was introduced by combining ruthenium-catalyzed macrocyclization chemistries 
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(vide infra). 

 

 

Scheme 12. Synthesis of bicyclic pentapeptide vancomycin mimics via RCM. 

 

1.7 Aim and outline of this thesis 

The ultimate aim of the research described in this thesis was to synthesize 

biologically active vancomycin-inspired macrocyclic peptidomimetics. Previous 

research showed that both biaryl ether bridges in vancomycin can be mimicked by 

1,5-disubstituted triazole moieties using the RuAAC macrocyclization. Although 

such bicyclic vancomycin CDE-ring mimics, like 45a, showed a relatively good 

structural resemblance with vancomycin, their binding affinity toward 

D-Ala-D-Ala is reduced 100-fold and antibacterial activity is absent. Several 

approaches were followed to explore possibilities to increase affinity and activity 

by either amino acid replacements, introduction of an extra cyclic constraint, or by 

a combination of these two. In a first attempt to improve the binding affinity, 

Chapter 2, describes the design and synthesis of a new CDE-ring mimic 45b in 

which the amino acid at position Xaa1 was phenylglycine instead of leucine while 

at position Xaa2 an asparagine moiety was incorporated to foster binding 

interactions with the amide side chain and the carboxylate of the 

D-Ala-D-Ala/D-Ala-D-Lac dipeptide. It was assumed that these amino acid 

substitutions would be more closely resemble the native peptide sequence of 

vancomycin. The synthesis approach required several optimization steps to cope 

with the racemization-prone phenylglycine and the polar asparagine side chain. It 

turned out that this attempt was unsuccessful since bicyclic mimic 45b displayed 

almost the same binding affinity as 45a, and antibacterial activity could not be 

observed. Although the optimized synthesis route for vancomycin-derived peptides 

is flexible and robust, it is still rather inefficient and time consuming, therefore the 



16 

 

solution phase synthesis was translated into a solid phase approach. 

Chapter 3 describes the solid phase synthesis of CDE-ring mimics as a more 

time-efficient synthesis approach. During the SPPS approach several difficulties 

were encountered since only three analogues were synthesized successfully. First 

of all, the high tendency of racemization of the phenylglycine building block 

during amide bond formation turned out to be problematic and no combination of 

coupling reagents could be found to avoid racemization. Secondly, after cleavage 

from the resin, the low solubility of the protected linear peptides hampered 

efficient purification while protecting group removal proceeded rather sluggishly. 

Finally, the desired compounds were only identified by mass spectrometry. 

Unfortunately, the amounts obtained were too small for further analysis and 

biological evaluation. In hindsight, this chapter was focused to provide a 

proof-of-principle to access the bicyclic 1,5-triazole-bridged CDE-ring mimics of 

vancomycin. 

In Chapter 4, the bicyclic tripeptide 47 as a mimic of the ABC-ring system was 

successfully synthesized following an RCM-coupling-RuAAC strategy.64 After 

RCM, the mixture of double bond isomers could be separated in each individual 

E/Z diastereoisomer by preparative HPLC. Compound 47 is an important building 

block for the synthesis of tricyclic hexapeptide 48 in which the alkene bridge 

serves as an extra constraint to obtain a peptide backbone topology comparable to 

vancomycin. 

Chapter 5 describes the design and synthesis of a tricyclic hexapeptide 48 in 

which the olefinic constraint was installed by RCM and both triazole bridges were 

synthesized featuring RuAAC.65 Hexapeptide 48 represents a structure in which 

the ABC- and CDE-ring systems have been combined to adopt the concave-like 

conformation of the peptide backbone. Based on ITC measurements, hexapeptide 

48 was able to bind D-Ala-D-Ala with a comparable affinity as vancomycin: 1.26 ³ 

104 versus 4.23 ³ 105 M-1, the highest Ka found within this series of vancomycin 

mimics! This clearly showed the important contribution of the alkene bridge in 

maintaining the overall conformation of hexapeptide 48 as a vancomycin mimic. 

Gratifyingly, in line with the results of the ITC measurements, tricyclic mimic 48 

displayed antibacterial activity with a MIC value of 37.5 mg/mL while the MIC 

value of vancomycin was 2 mg/mL. This was the first time that a member of this 

class of vancomycin-inspired mimics showed a reasonable activity as an 
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antimicrobial agent. 

 

 

Scheme 13. Outline of the research described in this thesis. 
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