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I 

 

Abstract 

 

Naturally occurring cyclic peptides are rich sources of bioactive compounds that can be 

developed as novel pharmaceuticals with high selectivity and potency. However, the 

scarcity of their existence in nature impedes their further applications, which make the 

chemical synthesis of these intriguing compounds an imperative task. In this thesis, the 

total syntheses of nine naturally occurring cyclic peptides, along with two of their 

analogues, are described and some of these compounds are also evaluated for potential 

biological activity. 

 

Dianthin I (Chapter 2), pseudostellarin A (Chapter 2), heterophyllin J (Chapter 2) are 

three cyclic pentapeptides consisting of all proteinogenic amino acids. Their total 

syntheses were achieved by preparing the protected linear peptide precursors via 

Fmoc-solid phase synthesis (Fmoc-SPPS) followed by a classic solution-phase peptide 

cyclization. The same strategy was also applied to the syntheses of onychocins and their 

analogues (Chapter 3), which are a series of cyclotetrapeptides featuring the alternative 

presence of NMe-Phe in the peptide sequence. The unusual cyclization reagent, 

2-propanephosphonic acid anhydride, was employed in peptide cyclization, which not 

only furnished the desired cyclic tetrapetides in reasonable yields but also generated 

several unstable cyclic peptide conformers in addition to the stable trans,cis,trans,cis 

cyclopeptides. 

 

Talarolide A (Chapter 4) is a cyclic heptapeptide containing a hydroxamate moiety within 

the peptide backbone. The proposed structure of talarolide A was successfully prepared 

from three different cyclization sites using a similar synthetic strategy as mentioned 

above. Despite the mismatch of the NMR data between the synthetic talarolide A and the 

natural product, a detailed structural analysis using 2D NMR spectroscopy confirmed that 

the synthetic product has the reported structure of talarolide A. The structure of the 



 

II 

 

original natural product is therefore questioned. 

 

In addition, the first synthesis of the anti-TB cyclic peptide callyaerin A (Chapter 5), 

containing a rare (Z)-2,3-diaminoacrylamide (DAA) bridging motif, was also 

accomplished. Fmoc-formylglycine-diethylacetal was used as a masked equivalent of 

formylglycine in the synthesis of the linear precursor. Subsequent intramolecular 

cyclization between the formylglycine residue and the N-terminal amine in the linear 

peptide precursor afforded the macrocyclic natural product in high yield. Synthetic 

callyaerin A possessed potent anti-TB activity (MIC100 = 32 μM) while its all-amide 

congener was inactive. A variable temperature NMR of callyearin A and its all-amide 

counterpart demonstrated the high conformational rigidity imposed by the DAA moiety 

on the peptide structure, thus indicating its potential as a novel conformational constraint 

for peptides.  



 

III 

 

 

 

 

 



 

IV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

V 

 

Acknowledgment 

 

Firstly, I would like to thank my supervisor Distinguished Professor Margaret Brimble for 

giving me the opportunity to study under her guidance. Over the past four years, I have 

learned so much from your scientific knowledge and vision, and your continuous support 

and patience have made my PhD study a pleasant journey.  

 

To Dr. Luis M. De Leon Rodriguez, thanks for your encouragement and support 

throughout my PhD study. Your expertise in peptide synthesis has a significant influence 

on shaping many aspects of my research work. You are an incredible mentor and also a 

reliable friend. I was lucky to have you around when I first came to the lab.  

 

Acknowledgments also go to many present and past colleagues in the Brimble group. 

Thanks to Dr. Paul Harris, Dr. Sunghyun Yang, Dr Harveen Kaur and Dr. Iman 

Kavianinia for your inspiring advice and proof-reading extensive sections of my written 

work. Thanks to Zaid Amso, Buzhe Xu, Lauren Yule, Victor Yim, who have been kind 

and supportive friends since I first joined the lab. To all the rest of Brimble peptide group 

members, namely Dr. Geoff Williams, Dr Louise Stubbing, Dr Alan Cameron, Elyse 

Williams, Aakanksha Rani, Danielle Paterson, Jakob Gaar, Yann Hermant, and Nadia 

Kovalenko, I also would like to say thanks for your help and for creating such a cordial 

working environment. It is quite an enjoyable experience to work with people like you.  

 

I also wish to express my gratitude for all the partners involved in my PhD projects, 

including Dr. Ernest Lacey, Dr. Andrew M. Piggott, Dr. Ivanhoe K. H. Leung and 

Professor Gregory M. Cook. Your professional work and suggestions have tremendously 

contributed to the success of my PhD projects. I am also thankful to Janice, Harveen, 

Freda for sorting out all the administrative matters for me and to Tim for his technical 

support. 



 

VI 

 

Finally, my deep gratitude to my family for their unconditional and unparalleled love, 

help and support. Especially to mum, thanks for taking care of dad and grandpa in my 

absence and thanks for selflessly encouraging me to explore a new life far away from 

home. My journey would not have proceeded so far without you, and I dedicate this 

milestone to you. 

 

 

                                                       Shengping Zhang 

                                                        November 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

VII 

 

Preface 

 

All synthetic work described in this thesis was carried out by the author under the 

supervision of Distinguished Professor Margaret A. Brimble, Dr. Luis M. De Leon 

Rodriguez, Dr. Paul W. R. Harris at the School of Chemical Sciences at the University of 

Auckland. The biological evaluation of onychocins and their analogues was undertaken 

by Dr. Ernest Lacey from Microbial Screening Technologies, Australia and Dr. Andrew M. 

Piggott from Macquarie University. The anti-tuberculosis activity of callyaerin A and its 

amide analogue was assayed by Professor Gregory M. Cook from University of Otago. 

The variable temperature NMR experiments described in this thesis were conducted by Dr. 

Ivanhoe K. H. Leung from the School of Chemical Sciences at the University of 

Auckland. 

 

Some parts of this work have been previously published: 

(1) Zhang, S.; Amso, Z.; De Leon Rodriguez, L. M.; Kaur, H.; Brimble, M. A. J. Nat. 

Prod. 2016, 79, 1769. 

(2) Zhang, S.; De Leon Rodriguez, L. M.; Lacey, E.; Piggott, A. M.; Leung, I. K.; 

Brimble, M. A. Eur. J. Org. Chem. 2017, 2017, 149. 

(3) Zhang, S.; De Leon Rodriguez, L. M.; Harris, P. W. R.; Brimble, M. A. Asian J. 

Org. Chem. 2017, 6, 1180.  

(4) Zhang, S.; De Leon Rodriguez, L. M.; Leung, I. K. H.; Cook, G. M.; Harris, P. W. 

R.; Brimble, M. A. Angew. Chem. Int. Ed. 2018, 57, 3631. 

(5) Zhang, S.; De Leon Rodriguez, L. M.; Huang, R.; Leung, I. K. H.; Harris, P. W. 

R.; Brimble, M. A. Org. Biomol. Chem. 2018, 16, 5286.  

 

 

 



 

VIII 

 

Abbreviations 

 

2-CTC resin 2-chlorotrityl chloride resin 

3-OH-Asp 3-hydroxyl aspartic acid 

4-OH-Pip 4-hydroxy-piperazic acid 

6-APA 6-aminopenicillanate 

6-Cl-HOBt 6-chloro-1-hydroxybenzotriazole 

6-Cl-Trp 6-chloro-tryptophan 

Ac acetyl 

AHB 4-amino-3-hydroxy-butyric acid 

AHDA 4-amino-2,3-dihydroxy-1,7-heptandioic acid 

AHDMHA 2-amino-3-hydroxy-4,5-dimethylhexanoic acid 

Amoya 3-amino-2-methyl-7-octynoic acid 

APTD (7E,9E)-3-amino-10-phenyl-2,4,5-trihydroxy-deca-7,9-dienoic acid 

AviCys 2-aminovinyl-cysteine 

Boc tert-butyloxycarbonyl 

BOP 
benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate 

CD circular dichroism 

CH2Cl2 dichloromethane 

ClTrp 5-chloro-tryptophan 

COMU 
1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylamino 

-morpholinomethylene)]methanaminium hexafluorophosphate 

CSA camphorsulfonic acid 

DAA (Z)-2,3-diaminoacrylamide 

DADHOHA 4,7-diamino-2,3-dihydroxy-7-oxoheptanoic acid 

DCU dicyclohexylurea 

DehydroTrp dehydrotryptophan 



 

IX 

 

DFT density functional theory 

Dha dehydroalanine 

Dhb dehydrobutyrine 

Dhoya (3S)-2,2-dimethyl-3-hydroxy-7-octynoic acid 

DIC N,N’-dicyclohexylcarbodiimide 

DIC N,N’-diisopropylcarbodiimide 

DiMeGln 3,4-dimethylglutamine 

DIPEA N,N-diisopropylethylamine 

DiPrU diisopropylurea 

DKP diketopiperazine 

DMAP 4-dimethylaminopyridine 

Dmb 2,4-dimethoxybenzyl 

DMF dimethylformamide 

DMFDEA N,N-dimethylformamide diethyl acetal 

DMFDMA N,N-dimethylformamide dimethyl acetal 

Dmop 4-amino-2,2-dimethyl-3-oxo-pentanoate 

DMSO dimethyl sulfoxide 

DODT 2,2’-(ethylenedioxy)-diethanethiol 

DPPA diphenylphosphoryl azide 

DS Discovery Studio 3.0 

EDT ethanedithiol 

EMA European Medicines Agency 

ESI-MS electrospray ionisation-mass spectrometry 

Et2O diethyl ether 

EtOAsn 3-ethoxyasparagine 

FDA US Food and Drug Administration 

FGly α-formylglycine 

Fmoc 9-fluorenylmethoxycarbonyl 

GPTM (2S,7aS)-2-amino-3-oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxylic 



 

X 

 

acid 

HATU 
O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate 

HBTU N,N,N’,N’-tetramethyluronium hexafluorophosphate 

HF hydrogen fluoride 

HFIP 1,1,1,3,3,3-hexafluoropropan-2-ol 

Hila 2-hydroxyisoleucic acid 

HIV-1 human immunodeficiency virus-1 

Hiva hydroxyisovaleric acid 

HMBA 4-methylbenzhydrylamine 

HMP 4-(hydroxymethyl)phenoxyacetic acid 

Hmpa 2-hydroxy-3-methylpentanoic acid 

HMPA hexamethylphosphoramide 

HMPB 4-hydroxymethyl-3-methoxyphenoxybutyric acid 

HMPP hydroxymethylphenoxypropionic acid 

Hnb 2-hydroxy-6-nitrobenzaldehyde 

HOAt 1-hydroxy-7-azabenzotriazole 

HOBt 1H-hydroxybenzotriazole 

HRMS high-resolution mass spectrometry 

HSQC Heteronuclear single quantum correlation spectroscopy 

HSV herpes simplex virus 

HTMHA N-terminal 3-hydroxy-2,4,6-trimethylheptanoic acid 

HTMOA 3-hydroxy-2,4,6-trimethyloctanoic acid 

IC50 half maximal inhibitory concentration 

iPr3SiH triisopropylsilane 

IR infrared spectroscopy 

L/D-MeAsp L-/D-3-methyl aspartic acid 

Lab labionin 

L-allo-End L-allo-enduracididine 



 

XI 

 

Lan lanthionine 

LC-MS liquid chromatography-mass spectrometry 

Map 3-amino-2-methylpentanoate 

MBHA p-methylbenzhydrylamine 

MDR multidrug-resistant 

MeDap 2,3-diamino-3-methyl propanoic acid 

MeLan β-methyl-lanthionine 

MePro 4-methylproline 

MgSO4 anhydrous magnesium sulfate 

MIC minimum inhibitory concentration 

MRSA methicillin-resistant Staphylococcus aureus 

MS mass spectrometry 

Mtb Mycobacterium tuberculosis 

NCL native chemical ligation 

N-Me-4-OM

e-Trp 
N-methyl-4-methoxy-L-tryptophan 

N-Me-AA N-methylated amino acids 

NMR nuclear magnetic resonance 

NOESY nuclear overhauser effect spectroscopy 

Oxyma ethyl 2-cyano-2-(hydroxyimino)acetate 

PAM 4-(hydroxymethyl)phenylacetic acid 

Pbf 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl 

PBMC peripheral blood mononuclear cells 

PE potential energy 

Pfp pentafluorophenyl 

PG protecting group 

PhSer phenylserine 

Pip piperazic acid 

p-TsOH p-toluenesulfonic acid 



 

XII 

 

PyAOP 
7-azabenzotriazolyl-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate 

PyBOP 
(benzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate 

Pyrr (4S,5R)-4,6-diamino-5-methoxy-3,6-dioxohexanoic acid 

RCS ring contraction strategy 

RP-HPLC reversed-phase high-performance liquid chromatography 

SAR structure-activity relationship 

SPPS solid phase peptide synthesis 

T3P 2-propanephosphonic acid anhydride 

TB tuberculosis 

TBDMAM tert-butoxybis(dimethylamino)methane 

TBTU N,N,N’,N’-tetramethyluronium tetrafluoroborate 

TC50 toxic concentration 

Tcoeff temperature-chemical shift coefficients 

Tcp 2,4,5-trichlorophenyl 

TFA trifluoroacetic acid 

Thr(OMe) O-methylthreonine 

TLC thin layer chromatography 

Tmob 2,4,6-trimethoxybenzyl 

TMSOTf trimethylsilyl trifluoromethanesulfonate 

Trt trityl 

VEGFA vascular endothelial growth factor A 

VEGFR2 vascular endothelial growth factor receptor 2 

VRE vancomycin-resistant Enterococcus faecalis/faecium 

XDR extensively drug-resistant 

μ dipole moments 

 



 

XIII 

 

Table of Contents 

 
Chapter 1: Introduction ......................................................................................... 1 

1.1 Naturally-occurring cyclic peptides ................................................................... 3 

1.1.1 Antimicrobial cyclic peptides ....................................................................... 8 

1.1.2 Anti-tumor cyclic peptides .......................................................................... 15 

1.1.3 Antifungal cyclic peptides........................................................................... 18 

1.1.4 Antimalarial cyclic peptides ........................................................................ 20 

1.1.5 Antiviral cyclic peptides ............................................................................. 21 

1.2 Aims of current research .................................................................................. 24 

1.3 Overview of peptide synthesis ......................................................................... 26 

1.3.1 Solution and solid phase peptide synthesis ................................................. 26 

1.3.2 Boc- and Fmoc-SPPS .................................................................................. 28 

1.3.3 Amide bond formation ................................................................................ 31 

1.4 Peptide cyclization ........................................................................................... 39 

1.4.1 Solution-phase peptide macrolactamization ............................................... 42 

1.4.2 Solid-phase peptide macrolactamization .................................................... 51 

Chapter 2: Synthesis of Natural Cyclopentapeptides Isolated from Dianthus 

chinensis ................................................................................................................. 59 

2.1 Introduction ........................................................................................................... 61 

2.2 Results and discussion .......................................................................................... 62 

2.3 Conclusions ........................................................................................................... 72 

2.4 Experimental section ............................................................................................. 73 

2.4.1 General information .................................................................................... 73 

2.4.2 General procedure for peptide synthesis ..................................................... 75 

Chapter 3: Cyclization of Linear Tetrapeptides Containing N-Methylated 

Amino Acids Using 2-Propanephosphonic Acid Anhydride ............................. 89 

3.1 Introduction ........................................................................................................... 91 

3.2 Results and discussion .......................................................................................... 94 

3.3 Conclusions ......................................................................................................... 114 

3.4 Experimental Section .......................................................................................... 115 

3.4.1 General information .................................................................................. 115 

3.4.2 General procedure for peptide synthesis ................................................... 117 

3.4.3 Molecular modelling ................................................................................. 143 

3.4.4 Bioassays................................................................................................... 144 

Chapter 4: Total Synthesis of the Proposed Structure of Talarolide A .......... 145 

4.1 Introduction ......................................................................................................... 147 

4.2 Results and discussion ........................................................................................ 149 

4.3 Conclusions ......................................................................................................... 163 

4.4 Experimental section ........................................................................................... 164 

4.4.1 General information .................................................................................. 164 



 

XIV 

 

4.4.2 General procedure for peptide synthesis ................................................... 166 

Chapter 5: Total Synthesis of Callyaerin A ...................................................... 185 

Part one: Synthesis of Enediamino Amino Acids and Peptides .......................... 187 

5. 1 Enediamino amino acids and peptides ............................................................... 189 

5.2 Synthetic routes towards enediamino amino acid and peptides.......................... 192 

5.2.1 From α-formyl glycine (FGly) .................................................................. 192 

5.2.2 From enol tosylates ................................................................................... 195 

5.2.3 From N,N-disubstituted dehydroamino acids ........................................... 198 

5.2.4. From glycine derivatives.......................................................................... 200 

5.2.5 From α-formylglycine acetals ................................................................... 205 

5.3 Conclusion .......................................................................................................... 209 

Part Two: Total Synthesis and Conformational Study of Callyaerin A ............. 211 

5.4 Introduction ......................................................................................................... 213 

5.5 Results and dissusion .......................................................................................... 215 

5.6 Conclusions ......................................................................................................... 225 

5.7 Experimental section ........................................................................................... 226 

5.7.1 General information .................................................................................. 226 

5.7.2 General procedure for peptide synthesis ................................................... 228 

5.7.3 Biological evaluation ................................................................................ 236 

References ............................................................................................................ 237 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

  



 

 

 

 

  



 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

 

1.1 Naturally-occurring cyclic peptides 

The recent two decades have witnessed a revival of interest in peptide-based drug 

discovery. The latest survey of peptide-based drugs shows that more than 60 

peptide-based drugs have been approved on the global market up until 2017, with another 

155 peptides in various stages of clinical development and 200 more in preclinical 

stages.[1] Metabolic diseases and oncology are the two predominating therapeutic areas 

for peptide drugs.[1a] The estimated global revenue of peptide therapeutics reached a sum 

of ca. $28.5 billion in 2017 alone and is expected to continuously grow in the next few 

years.[2] Peptides were traditionally regarded as undesirable candidates for drug 

development due to their poor pharmacokinetic properties. However, the recent successes 

of recombinant biologics (such as insulin, growth factors and antibodies) as blockbuster 

therapeutics, along with the emergence of new technologies that could alleviate the 

metabolic instability of peptides, has ignited a new round of reexamination of peptides as 

potential drugs.[3] 

 

Occupying the sweet middle space between small organic molecules and large proteins, 

peptides have demonstrated several unique advantages as potential drug candidates.  

1. High potency and specificity. Like proteins, peptides contain intricate 

three-dimensional structures which allows them to exploit the flexibility of multiple sp3 

centers to afford large and specific binding surfaces with their biological targets[4];  

2. Low toxicity. Peptides can be readily degraded into amino acids by various proteolytic 

enzymes in the body, hence they do not accumulate in tissues and potential drug-drug 

interactions and non-mechanistic-based toxicology can also be minimized. This is the 

main concern when using small molecule drugs[3a];  

3. Low immunogenicity. Due to their relatively smaller size, peptides have a reduced 

possibility to interact with the immune system when compared to recombinant proteins 

and antibodies[5];  

4. Simplicity of production. The advent of solid phase peptide synthesis (SPPS) has 

enabled the synthesis of peptide therapeutics in a robust manner and also offers access to 
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a broader structural diversity for peptide optimization.[6] 

 

Balanced against the advantages mentioned above are the long-standing drawbacks of 

peptide-based drugs, such as poor oral bioavailability, membrane permeability and 

reduced metabolic stability.[3b] However, these disadvantages can be overcome by 

introducing additional conformational constraints in the peptide sequence.[7] The most 

widely-used strategy for peptide conformational constraint is peptide cyclization. Cyclic 

peptides are a class of structurally rigidified compounds which can be divided into four 

categories based on the mode of ring-closure. First, head-to-tail cyclic peptides are 

peptides of which a covalent linkage is formed between the C- and N-terminus. The 

head-to-side chain and tail-to-side chain peptides are another two categories of cyclic 

peptides which incorporate a bond between a side-chain functional group and the N- or 

C-terminus, respectively.  Finally, peptides that contain two covalently-connected side 

chain functionalities are referred to as side chain-to-side chain cyclic peptides (Figure 

1.1). 

 

Figure 1.1 Four categories of cyclic peptides 

 

The constrained three-dimensional conformation of cyclic peptides enables them to 

pre-organize for effective interaction with biological targets, which reduces the 
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conformational entropy loss upon binding, contributing to improved binding affinity. [8] 

Moreover, the pre-arrangement of cyclic peptide structures can minimize the polar 

surface of the peptide molecule and facilitate the formation of internal hydrogen bonds.[9] 

The overall effect of this has been found to significantly improve their cellular 

permeability.[10] In addition, cyclic peptides are more metabolically stable than their linear 

counterparts. They are resistant to both exopeptidases and endopeptidases, thereby 

demonstrating better oral bioavailability and extended half-life in blood plasma.[11] In 

light of these superior drug-like properties discussed above, cyclic peptides have become 

highly sought-after targets as novel pharmaceuticals. 

 

Between 2008-2018, a total of seven cyclic peptide drugs were approved by the US Food 

and Drug Administration (FDA) and European Medicines Agency (EMA), for use in 

medical treatments such as antimicrobial, antitumor agents etc.[12] (Table 1, Figure 1.2 

and 1.3). Among them, five drugs are analogues or mimetics of natural products. For 

example, romidepsin (approved in 2009) (Figure 1.3), a naturally-occurring bicyclic 

depsipeptide isolated from Chromabacterium violaceum, has been directly used for the 

treatment of T-cell lymphomas.[12-13] Nature, therefore, has proved to be a fruitful source 

of bioactive cyclic peptides, which can be then be developed into novel templates for 

drug discovery. Given the vast number of naturally-occurring bioactive cyclic peptides 

identified so far, the following section highlights several representative compounds, 

discovered in the preceding decade, that exhibit significant activity against 

medically-relevant biological targets. The resulting compounds are categorized according 

to their bioactivity (antimicrobial, cytotoxic, antifungal, antimalarial and antiviral).  

 

 

 

 

 

 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/biochemistry-genetics-and-molecular-biology/t-cell
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Table 1.1. Cyclic peptide drugs approved in the last 10 years.[1a] 

Year of 

approval 

Generic 

name 
Indication 

Route of 

administration 
Company 

2009 Telavancin 

Complicated skin and skin 

structure infections, 

nosocomial pneumonia 

intravenous Theravance 

2009 Romidepsin 

Cutaneous T-cell 

lymphoma and peripheral 

T-cell lymphomas 

intravenous 

Gloucester 

Pharmaceuticals/Ce

lgene 

2012 Peginesatide 
Anemia associated with 

chronic kidney disease 

Intravenous, 

subcutaneous 
Affymax/Takeda 

2012 Linaclotide 

Constipation-predominant 

irritable bowel syndrome  

and chronic idiopathic 

constipation 

oral 

Forest Labs/ 

Ironwood 

Pharmaceuticals  

2012 Pasireotide 

Cushing’s disease, 

acromegaly, 

neuroendocrine tumors 

Intramuscular, 

subcutaneous 
Novartis 

2014 Dalbavancin 
Complicated skin and skin 

structure infections  
intravenous 

Durata 

Therapeutics/Teva 

2014 Oritavancin 
Complicated skin and skin 

structure infections  
intravenous 

The Medicines 

Company 

 

 

 

Figure 1.2 Structures of Dalbavancin and Oritavancin
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Figure 1.3 Structures of Telavancin, Romidepsin, Peginesatide, Linaclotide and Pasireotide. 
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1.1.1 Antimicrobial cyclic peptides 

Teixobactin 

Teixobactin (1.1) (Figure 1.4) is a cyclic depsipeptide firstly isolated from the soil 

microbe Aquabacteria Eleftheria terrae in 2015.[14] This nonribosomal peptide contains a 

cyclic tetrapeptide ring at the C-terminus where an ester bond is present between the side 

chain hydroxyl group of D-Thr8 and the C-terminal carboxylic acid. The structure also 

features several non-canonical amino acids, including N-methyl phenylalanine, four 

D-amino acids and an unusual L-allo-enduracididine (L-allo-End) residue.[15] Biological 

evaluation of 1.1 revealed potent antibacterial activity against a panel of gram-positive 

pathogens, such as Staphylococcus aureus (Minimum Inhibitory Concentration (MIC) = 

0.25 μg‧ mL−1), Enterococcus faecalis (MIC = 0.5 μg‧ mL−1) and Streptococcus 

pneumonia (MIC = 0.06 μg‧ mL−1), and no drug resistance was detected even after 

prolonged treatment at sub-MIC levels. Moreover, it retained the activity against the 

drug-resistant strain of Mycobacterium tuberculosis (Mtb) (MIC = 0.125 μg‧ mL−1), with 

no cytotoxicity against mammalian cells.[14] A mechanism of action study suggested that 

teixobactin (1.1) blocks the biosynthesis of the bacterial cell wall by binding to two 

important precursors of cell wall components, namely lipid II and III. By virtue of this 

unique multi-targeting mode of action, teixobactin (1.1) has a reduced potential to 

develop drug-resistance caused by single gene mutation.[14] Its total synthesis by chemical 

means was achieved using two different strategies.[16] These robust synthetic methods 

enabled an extensive structure-activity relationship (SAR) study of teixobactin (1.1), 

which has laid the foundation for its development as a therapeutic.[17] 

 

Lassomycin 

Lassomycin (1.2) (Figure 1.4) is a novel lasso peptide isolated from the soil bacterium 

Lentzea kentuckyensis.[18] Lasso peptides are an emerging class of post-translationally 

modified peptides containing a head-to-side chain cyclic scaffold. Their distinguishing 

feature is the formation of a unique threaded conformation where the peptide ring is 

threaded by the C-terminal tail, resulting a unprecedented topology that is reminiscent of 

a lariat knot.[19] Similarly, the structure of 1.2 consists of a C-terminal tail (Gln9-Ile16) and 
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a peptide ring formed via an isopeptide bond between the amino group of the N-terminal 

Gly1 and the side chain of Asp8. Although the seminal paper reporting the structure of 

lassomycin (1.2) did not suggest a threaded conformation, a subsequent synthetic study 

established that it is still a threaded-like peptide where the C-terminal tail inserts into the 

ring formed by the N-terminal cyclic octapeptide (Gly1-Asp8).[18, 20] It was proposed that 

this unique conformation of lasso peptides rendered them more stable towards high 

thermal conditions and proteolytic degradation.[19] Biological evaluation of 1.2 

demonstrated efficient inhibition against the growth of a variety of Mtb strains at 

submicromolar level (MIC = 0.8–3 μg‧ mL−1), including the multidrug-resistant (MDR) 

and extensively drug-resistant (XDR) strains, but had minimal effect on human cells. The 

mode of action of 1.2 was determined to be killing Mtb by stimulating the ATPase activity 

of the protease ClpC1 in Mtb cells.[18]‧  

 

Ecumicin 

Ecumicin (1.3) (Figure 1.4) is a cyclic depsipeptide identified from a high-throughput 

screening of the secondary metabolites of Nonomuraea sp. MJM5123.[21] Structurally, 

this tridecapeptide contains a tail-to-side chain cyclic peptide core that features all 

L-amino acids, extensive backbone N-methylation and two non-canonical amino acids, 

namely N-methyl-4-methoxy-L-tryptophan (N-Me-4-OMe-Trp) and phenylserine (PhSer). 

Ecumicin (1.3) was shown to be a highly selective and potent antibacterial agent against 

not only the drug-susceptible H37Rv strain of Mtb (MIC = 0.26 μM)[21] but also 

streptomycin, rifampicin and cycloserine resistant Mtb strains (MIC < 0.19 μM).[22] More 

importantly, an in vivo study has demonstrated that compound 1.3 could completely 

inhibit the growth of Mtb in mice lungs after 12 doses at 20 or 32 mg/kg which makes it a 

promising lead for treatment of tuberculosis (TB).[22] The hexameric ATPase ClpC1 in 

Mtb cells was recently identified as the main target of 1.3. Through the binding with 

ClpC1, ecumicin (1.3) was thought to dissociate the ClpC1-mediated ATP hydrolysis 

from the proteolytic function of ClpC1/ClpP1/ClpP2 complex, thus hampering the 

breakdown of protein substrates in Mtb. This effect would then lead to the accumulation 
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of undesired toxic proteins and eventually the death of Mtb cell.[22] In addition, the first 

total synthesis of 1.3 has recently been reported by Payne’s group,[23] therefore further 

studies to establish its SAR can be foreseen in the near future.   

 

Figure 1.4 Antimicrobial cyclic peptides I. 

 

Pargamicin A 

Pargamicin A (1.4) (Figure 1.5), discovered from the culture broth of a soil actinomycete 

strain Amycolatopsis sp. ML1-hF4, is a cyclic hexapeptide which possesses excellent 

antibacterial activity against Gram-positive bacteria, especially 

methicillin-resistant Staphylococcus aureus (MRSA) and 

vancomycin-resistant Enterococcus faecalis/faecium (VRE) (MIC = 0.39-0.78 

μg‧ mL−1).[24] MRSA and VRE are two of the most notorious pathogens identified in 

hospital acquired infections[25] and only a limited number of current drugs are efficacious 

in the treatment of both infections.[26] Further investigation of 1.4 revealed that its 

bactericidal properties were effected in a relatively short time by disrupting the potential 
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of the cell membrane and leading to loss of membrane function [27] which is distinct from 

the mechanism of daptomycin which also disrupts the membrane potential but not 

membrane permeability.[28] Structurally, 1.4 is a head-to-tail cyclic peptide composed of 

several characteristic non-canonical amino acids, such as piperazic acid (Pip), 

4-hydroxy-piperazic acid (4-OH-Pip), and N-hydroxy and N-methyl amino acids.[24] The 

extraordinary antibacterial activity of 1.4 against multiple drug-resistant bacterial strains 

renders it a new promising antibiotic to treat antibiotic-resistant infections. Unfortunately, 

the total synthesis of 1.4 has not been reported to date. 

 

Lugdunin 

Lugdunin (1.5) (Figure 1.5), produced by nasal Staphylococcus lugdunensis strains, is a 

cyclic heptapeptide featuring an unusual thiazolidine-containing dipeptide moiety in the 

peptide sequence.[29] The thiazolidine moiety, firstly identified in naturally-occurring 

cyclic peptides, was proposed to form through condensation of the thiol and amino group 

of the N-terminal cysteine with a C-terminal valine aldehyde catalyzed by the LugC 

terminal reductase.[29] Inspired by its biosynthesis route, the total synthesis of 1.5 was also 

accomplished by the same group, which confirmed the proposed structure.[29] This cyclic 

peptide was found to be a potent and selective bactericidal agent against a wide spectrum 

of Gram-positive pathogens, including MRSA, VRE and 

glycopeptide-intermediate-resistant Staphylococcus aureus (MIC = 1.5-12 μg‧ mL−1), 

without cytotoxicity to human cells. Notably, 1.5 exhibited low acquired drug resistance 

after prolonged exposure to Staphylococcus aureus at sub-lethal doses, which makes it an 

attractive scaffold for novel anti-bacterial medicines. [29] 

 

Malacidin A 

Very recently, Brady and his colleagues identified a novel cyclic lipopeptide, malacidin A 

(1.6) (Figure 1.5), from soil bacteria.[30] This peptide features a polyunsaturated lipid 

chain, attached to the N-terminus of a tail-to-side chain cyclic peptide core which 

encompasses five non-proteinogenic amino acids (3-hydroxyl aspartic acid (3-OH-Asp), 
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L-and D-3-methyl aspartic acid (L/D-MeAsp), 4-methylproline (MePro) and 

2,3-diamino-3-methyl propanoic acid (MeDap).[30] It is interesting to note that six of ten 

constitute residues are β-branched amino acids, which might be an important structural 

feature that influences its bioactivity. Compound 1.6 exhibits extraordinary antibacterial 

activity, both in vitro and in vivo, against a broad range of multidrug-resistant 

gram-positive bacteria, including MRSA, VRE (MIC = 0.2-2.0 μg‧ mL−1), but shows no 

cytotoxicity in mammalian cells up to 100–250 μg‧ mL−1. Moreover, no malicidin 

A-resistant mutant of Staphylococcus aureus was observed after 20 days treatment at a 

sub-lethal concentration, suggesting a low risk of drug resistance. An extensive study of 

its bactericidal action revealed 1.6 is a calcium-dependent antibiotic which interacts with 

lipid II, the precursor of bacterial cell wall, thus leading to impaired membrane integrity 

and subsequent cell death.[30] However, synthetic report of 1.6 has not been found to date. 

 

Figure 1.5 Antimicrobial cyclic peptides II. 
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Microbisporicin 

Microbisporicin (NAI-107) (Figure 1.6), produced as a complex of two structurally 

related cyclic peptides microbisporicin A1 (1.7) and A2 (1.8) by the actinomycete 

Microbispora sp. 107891, is the most potent bactericidal agent identified in the 

lanthipeptide family.[31] Lanthipeptides are a class of polycyclic peptides containing 

several characteristic post-translational modified amino acids, such as lanthionine (Lan), 

β-methyl-lanthionine (MeLan), dehydroalanine (Dha) and dehydrobutyrine (Dhb).[32] The 

multiple rings in the lanthipeptide structure are formed by thioether bridges within the 

Lan and MeLan residues, which are generated via dehydration of the Ser or Thr to give 

Dha or Dhb respectively, followed by Michael addition of the thiol group in a Cys residue. 

[33] Both 1.7 and 1.8 encompass five intramolecular thioether linkages (three from Lan, 

one from MeLan, one from 2-aminovinyl-cysteine (AviCys)) and two novel amino acid 

residues (5-chloro-tryptophan (ClTrp) and di- (in A1) or mono-hydroxylated proline (in 

A2)) in their structures.[31] Further biological investigation of isolated 1.7 and 1.8 

suggested these two congeners had similar anti-bacterial activity against tested bacterial 

strains with an identical mode of action.  Microbisporicin showed a comparable or even 

superior in vitro activity against the majority of Gram-positive pathogens (MIC = 0.13–

4.0 μg‧ ml-1), including MRSA and VRE, when compared to vancomycin. [31] Moreover, 

its significant bactericidal effect was also demonstrated in vivo by the successful 

treatment of various infections (sepsis, endocarditis and granuloma pouch) caused by 

drug-resistant pathogens.[34] It was proposed that microbisporicin could bind lipid II and 

other bactoprenol-bound cell wall precursors, blocking biosynthesis of the cell wall and 

leading to the rapid death of bacterial cells.[35] In light of its substantial medical 

significance, microbisporicin, has entered the last stage of pre-clinical testing as a 

promising novel antibiotic to treat multi-drug-resistant infections.[32] Unfortunately, due 

to the structural complexity, the synthesis of these two microbisporicin congeners is still 

an unmet demand which deserves sustained efforts.  
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Figure 1.6 Antimicrobial cyclic peptides III. 
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1.1.2 Anti-tumor cyclic peptides 

Coibamide A 

Coibamide A (1.9) (Figure 1.7) is a highly N-methylated cyclodepsipeptide isolated from 

Panamanian Leptolyngbya sp.[36]  It is composed of eleven residues including one 

D-hydroxyisovaleric acid (Hiva) and eight N-methylated amino acids.[37] The presence of 

a high proportion of N-methylated residues reportedly increases the cell permeability and 

metabolic stability of peptides, and has been widely found in naturally-occurring cyclic 

peptides.[38] Peptide 1.9 displayed anti-proliferative activity against a panel of cancer cell 

lines in low nanomolar range, such as MDAMB-231 (IC50 = 2.8 nM), LOX IMVI (IC50 = 

7.4 nM), HL-60(TB) (IC50 = 7.4 nM), and SNB-75 (IC50 = 7.6 nM). Coibamide A (1.9) 

was also shown to have a unique pattern of histological selectivity for breast, central 

nervous system, colon, and ovarian tumor cells, which has not been observed for any 

known anticancer drugs, thus suggesting a new mode of action.[36] In vivo studies 

demonstrated that 1.9 remarkably reduced the tumor volume by inhibiting the expression 

of vascular endothelial growth factor receptor 2 (VEGFR2) and secretion of vascular 

endothelial growth factor A  (VEGFA), which play critical roles in tumor angiogenesis.[39] 

The total synthesis of 1.9 has been accomplished using both solution-phase and 

solid-phase strategies[37, 40], providing valuable tools to further probe its SAR. 

 

Pipecolidepsin A and B 

Two novel cyclic depsipeptides, pipecolidepsin A (1.10) and B (1.11) (Figure 1.7), were 

identified by Cuevas group from a marine sponge Homophymia lamellose.[41] These two 

peptides share a common head-to-side chain scaffold formed via an ester bond between 

the carboxyl group of C-terminal pipecolic acid and the hydroxyl group of the unusual 

amino acid 2-amino-3-hydroxy-4,5-dimethylhexanoic acid (AHDMHA). In addition, 1.10 

and 1.11 also contain several other uncommon amino acids in the sequence, including 

3-ethoxyasparagine (EtOAsn), 3,4-dimethylglutamine (DiMeGln), 

4,7-diamino-2,3-dihydroxy-7-oxoheptanoic acid (DADHOHA), 3-hydroxyl-Asp as well 

as the N-terminal 3-hydroxy-2,4,6-trimethylheptanoic acid (HTMHA).[41]  Compound 

1.10 showed moderate cytotoxicity against three human tumor cell lines, lung (A-549), 
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colon (HT-29) and breast (MDA-MB-231) with the IC50 values ranging from 0.6 to 1.12 

μM, while compound 1.11 was found to be 15 to 100-fold more potent against the same 

cell lines (IC50 = 10-40 nM). The significant difference in their biological activity might 

be due to the minimal structural variation between the two compounds. Specifically, 

compound 1.11, which has an additional hydroxyl group at the β position of D-Asp2, is 

expected to be more hydrophilic than 1.10, which might have a significant impact on cell 

permeability.[41-42] A solid-phase total synthesis of 1.10 has been reported by Cuevas 

group, which might also be applicable to the synthesis of 1.11, a more promising lead for 

anti-tumor therapeutics. [42] 

 

Viequeamide A 

Viequeamide A (1.12) (Figure 1.7) is a cyclic depsipeptide belonging to the kulolide 

family of cyclic depsipeptides superfamily which contain the characteristic 

(3S)-2,2-dimethyl-3-hydroxy-7-octynoic acid (Dhoya) unit.[43] First identified in a marine 

“bottom” cyanobacterium Rivularia sp., 1.12 was characterized as a cycloheptapeptide 

containing four non-proteinogenic amino acids, namely two N-methyl valines, one 

(2R,3S)-2-hydroxy-3-methylpentanoic acid ((2R,3S)-Hmpa) and one Dhoya moiety.[43] 

Compound 1.12 potently inhibited the growth of human lung cancer cell H460 with an 

IC50 of 60 nM while other related analogues identified from the same natural source were 

found to be inactive using the same assays.[43] The synthesis of Viequeamide A (1.12) was 

accomplished by Zhang’s group, but the synthetic 1.12 failed to exhibit the same 

anti-tumor activity against several cancer cell lines probably due to its instability to 

dimethyl sulfoxide (DMSO) used in the assays.[44] 

 

Desmethoxymajusculamide C 

Desmethoxymajusculamide C (1.13) (Figure 1.7) was isolated from a Fijian 

cyanobacterium Lyngbya majuscula.[45] It is a head-to-tail cyclic depsipeptide 

encompassing several uncommon residues in the sequence, including 

(2S,3S)-2-hydroxy-3-methylpentanoic acid ((2S,3S)-Hmpa), 3-amino-2-methylpentanoate 
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(Map), 4-amino-2,2-dimethyl-3-oxo-pentanoate (Dmop) as well as several N-methyl 

amino acids.[45] Initial biological evaluation of 1.13 revealed its remarkable 

anti-proliferative activity against HCT-116 (IC50 = 20 nM), H-460 (IC50 = 63 nM) and 

MDA-MB-435 cells (IC50 = 220 nM). It was proposed that 1.13 could disrupt the 

equilibrium of cellular microfilament networks by inducing actin depolymerization, thus 

leading to cell apoptosis.[45] Unfortunately, the total synthesis of 1.13 has not reported to 

date. 

 

Figure 1.7 Anti-tumor cyclic peptides. 
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1.1.3 Antifungal cyclic peptides 

Tunicyclin D 

Tunicyclin D (1.14) (Figure 1.8) is a member of the tunicyclin family of cyclic peptides 

isolated from the roots of Chinese medicinal herb Psammosilene tunicoides.[46] This 

head-to-tail cyclic octapeptide contains all proteinogenic amino acids in the sequence, 

which is rarely seen in naturally-occurring cyclic peptides.[46]  Notably, compound 1.14 

is the only bioactive compound in this peptide family, exhibiting potent antifungal 

activity against Candida albicans (SC5314 and Y0109), Candida tropicalis, Candida 

parapsilosis and Cryptococcus neoformans (BLS108) with MIC80 values of 4.0, 16.0, 

0.25, 1.0 and 1.0 μg‧ mL-1, respectively.[46] Considering its relatively simple scaffold, the 

synthesis of 1.14 has been achieved by several different groups[47], alongside a series of 

glycosylated derivatives which showed a comparable level of fungicidal ability to that of 

the parent compound.[48] 

 

Pedein A 

Pedein A (1.15) (Figure 1.8) is a cyclic hexapeptide isolated from the cell mass of the 

myxobacterium Chondromyces pediculatus.[49] It has a head-to-tail cyclic peptide scaffold 

consisting of a glycine, sarcosine, 6-chloro-tryptophan (6-Cl-Trp) and a further three 

unusual hydroxy β- and γ-amino acids, namely 

(7E,9E)-3-amino-10-phenyl-2,4,5-trihydroxy-deca-7,9-dienoic acid  (APTD), 

4-amino-3-hydroxy-butyric acid (AHB) and 

(4S,5R)-4,6-diamino-5-methoxy-3,6-dioxohexanoic acid which exists as its hemiacetal 

pyrrolidinone (Pyrr) form in solution.[49] Peptide 1.15 exhibited strong inhibition against a 

panel of fungi and yeasts with MIC values of 0.6 μg‧ mL-1 and 1.6 μg‧ mL-1 for 

Rhodotorula glutinis and C. albicans strains, respectively. Meanwhile the same study also 

suggested its fungicidal effect arose from the disruption of the fungal cell membrane.[49] 

Despite the intriguing antifungal activity, peptide 1.15 has not been chemically 

synthesized to date.  
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Sclerotides A and B 

Sclerotides A (1.16) and B (1.17) (Figure 1.8) are two secondary metabolites isolated 

from the marine-derived halotolerant Aspergillus sclerotiorum PT06-1 in a 

nutrient-limited hypersaline medium.[50] Both compounds share a common head-to-tail 

cyclic hexapeptide core which features both anthranilic acid and dehydrotryptophan in the 

sequence. Their only structural variation resides in the geometric isomerism of the double 

bond in dehydrotryptophan (DehydroTrp) where 1.16 adopts a Z-configuration while an 

E-configuration is found in 1.17.[50] Interestingly, compound 1.16 and 1.17 are 

photointerconvertible and a constant equilibrium (1.16:1.17 = 87:13) can be observed 

after long exposure times to light.[50] Biological evaluation showed both 1.16 and 1.17 

were potent fungicides against Candida albicans with MIC values of 5.0 and 2.5 

μg‧ mL-1, respectively. Only weak cytotoxicity was found for compound 1.17, thus 

indicating a high selectivity against fungi over the host cells.[50] Unfortunately, there is no 

report on the synthesis of 1.16 and 1.17 to date. 

 

Figure 1.8 Anti-fungal cyclic peptides. 
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1.1.4 Antimalarial cyclic peptides 

Companeramides A and B 

Companeramides A (1.18) and B (1.19) (Figure 1.9) are two new cyclodepsipeptides 

identified from a marine cyanobacterial assemblage collected from a reef pinnacle in 

Coiba National Park, Panama.[51] These two compounds, although differing in four 

residues, share a conserved cyclic decapeptide backbone that features two unusual 

residues, namely 3-amino-2-methyl-7-octynoic acid (Amoya) and hydroxy isovaleric acid 

(Hiva).[51] Initial biological evaluations of companeramides A (1.18) and B (1.19) 

demonstrated submicromolar inhibitory activity against a panel of drug-susceptible and 

drug-resistant Plasmodium falciparum cell lines without significant cytotoxicity to 

mammalian cells (IC50 = 0.57-1.1 μM for 1.18; 0.2-0.7 μM for 1.19).[51] However, 

synthetic reports of 1.18 and 1.19 have not been found in the literature.  

 

Lagunamide A 

Lagunamide A (1.20), B (1.21) and C (1.22) (Figure 1.9), isolated from the marine 

cyanobacterium Lyngbya majuscule, are a class of cyclic depsipeptides consisting of one 

2-hydroxyisoleucic acid (Hila), one polyketide moiety, as well as three N-methyl amino 

acid and two proteinogenic amino acids.[52] Their structures differ only in the length of the 

polyketide chain (1.20 and 1.22) and the existence of an additional olefinic functionality 

in the polyketide tail (1.20 and 1.21).[52] All three depsipeptides displayed remarkable 

antimalarial activity against Plasmodium falciparum (IC50 = 0.19-0.91 μM), with 

lagunamide A (1.20) exhibiting the highest potency. [52] Notably, the antimalarial activity 

of 1.20 is comparable to that of dolastatin 15 but weaker than that of dolastatin 10, the 

most potent antimalarial peptide isolated from marine cyanobacteria.[53] In view of their 

prominent bioactivity, the total syntheses of 1.20-1.22 have been intensively carried out 

by several groups[54], which should provide material for their further investigation as 

novel antimalarial drugs. 
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Figure 1.9 Antimalarial cyclic peptides. 

 

1.1.5 Antiviral cyclic peptides 

Homophymine A 

Originating from the marine sponge Homophymia sp., homophymine A (1.23) (Figure 

1.10) is a cyclic depsipeptide containing eleven amino acids and a polyketide-derived 

3-hydroxy-2,4,6-trimethyloctanoic acid (HTMOA) moiety attached to the N-terminus.[55] 

Interestingly, eight of the eleven constituting residues are non-proteinogenic amino acids, 

including ornithine, 3,4-dimethylglutamine (DiMeGln), pipecolic acid, N-methyl 

glutamine, O-methylthreonine (Thr(OMe)), 4-amino-2,3-dihydroxy-1,7-heptanedioic acid 

(ADHA) as well as the AHDMHA moiety which can also be found in the structures of 

pipecolidepsin A (1.10) and B (1.11).[55] Peptide 1.23 potently inhibited the production of 

human immunodeficiency virus-1 (HIV-1) with an IC50 of 75 nM in a test using 

peripheral blood mononuclear cells (PBMC) infected with the III B strain of HIV-1. The 

cytotoxicity of 1.23 against the host cells was also tested and a TC50 (toxic concentration) 

value of 1.19 μM was observed, which suggested a 16-fold selectivity against HIV virus 

over the host cells.[55] Although the total synthesis of 1.23 has not been reported so far, 

methods to prepare its component residues such as ADHA[56], AHDMHA[42], HTMOA[57] 

have been established, which pave the way for its successful synthesis in the future.  
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Labyrinthopeptin A1 

Labyrinthopeptin A1 (1.24) (Figure 1.10), first identified in actinomadura namibiensis 

DSM6313, is a novel lanthipeptide that features the labionin (Lab) residue instead of the 

typical Lan in its polycyclic structure.[58] The Lab moiety is a carbacyclic ring formed via 

a Lan residue covalently connected to another Dha residue via a methylene linkage.[58] In 

addition to the two Lab residues, 1.24 also encompasses a disulfide bond between two 

cysteines, which results in a total of five rings in the structure.[58] Initial biological 

profiling showed 1.24 possessed potent antiviral activity against both HIV (EC50 = 

0.7−3.3 μM) and herpes simplex virus (HSV, EC50 = 0.29−2.8 μM) in vitro and its mode 

of action was determined as inhibiting the cell entry for HIV and HSV as well as 

disrupting the cell-to-cell HIV transmission.[59] Moreover, it was also demonstrated to 

have good synergistic effect when used as a combination with other known anti-viral 

drugs such as tenofovir, acyclovir, saquinavir, raltegravir and enfuvirtide.[59] Therefore, 

the intriguing bioactivity mentioned above has rendered 1.24 a promising lead to prevent 

sexually transmitted diseases. Despite the promising anti-virus activity, the synthesis of 

this novel lanthipeptide 1.24 is still a challenging task due to the complexity of preparing 

the Lab unit.  
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Figure 1.10 Antiviral cyclic peptides. 

 

In summary, naturally-occurring cyclic peptides have provided a vast reservoir of 

bioactive chemical entities which show promising potential in numerous therapeutic 

indications. Given the intriguing biological activity of cyclic peptides outlined above, 

together with their superior drug-like biophysical properties, this thesis describes the total 

synthesis of a series of cyclic peptides derived from natural sources.  
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1.2 Aims of current research 

Chemical synthesis plays a pivotal role in the study of naturally-occurring compounds. It 

not only serves as a valuable tool to confirm the reported structure and bioactivity of 

natural products, but also offer a feasible synthetic route to access analogues, which are 

the prerequisite for further SAR study. The aim of the current study is to execute the total 

syntheses of nine naturally occurring cyclic peptides 1.25-1.31, 1.33, 1.34, as well as two 

structurally related analogues 1.32, 1.35 (Figure 1.11). 

 

Dianthin I (1.25), pseudostellarin A (1.26), and heterophyllin J (1.27) are three 

cyclopentapeptides isolated from medicinal plant Dianthus chinensis.[60] Their primary 

structures consist of all proteinogenic amino acids, which is rarely found in naturally 

occurring cyclic peptides. In chapter 2, total synthesis of these three peptides is described, 

which allowed us to re-examine of their proposed structures and meanwhile establish a 

robust synthetic route toward peptides containing a similar scaffold.     

 

Onychocins, isolated from the extracts of Onychocola sclerotica, are a new series of 

cyclotetrapeptides containing two N-methyl Phe in alternative positions and have been 

reported to possess potent cardiac ion channel blocking activity.[61] Chapter 3 describes 

the synthesis of four onychocin peptides (1.28-1.31) and one analogue 1.32 with the aim 

of developing an efficient cyclization method to access these highly rigid cyclic 

tetrapeptides. Moreover, biological testing of all synthesized onychocins and the analogue 

was carried out to evaluate their therapeutic potential. 

 

Talarolide A (1.33) is naturally occurring cycloheptapeptide featuring a hydroxamate 

moiety within the peptide backbone, along with multiple N-methyl amino acids.[62] 

Despite the limited number discovered from natural sources, cyclic peptides containing 

both N-hydroxy and N-methyl residues exhibit a wide range of bioactivity, such as 

anti-bacterial[24], anti-TB[63], etc. In chapter 4, the total synthesis of talarolide A was 

achieved in order to verify its proposed structure and enable further biological evaluation. 
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Lastly, callyaerin A (1.34) is a cyclic peptide derived from an Indonesian marine sponge. 

It features a rare (Z)-2,3-diaminoacrylamide (DAA) moiety in the peptide cycle and has 

been reported to be a potent inhibitor of Mtb.[64] Prompted by its unique structural 

features and potent anti-TB activity, we performed the total synthesis of 1.34 as the first 

step in the exploration of 1.34 as a new anti-TB agent. 

 

Figure 1.11 Chemical structures of targeted cyclic peptides. 
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1.3 Overview of peptide synthesis 

Due to the recent blossoming of chemical and biological techniques, peptides can be 

produced using either method. Biological methods, such as phage display,[65] allow 

multiple peptides to be prepared in parallel but are restricted to the 20 canonical amino 

acids. Chemical synthesis, on other hand, allows unique access to extend structural 

diversity by facile incorporation of non-natural moieties which can then be used to 

optimize pharmacological properties. The following sections will briefly overview the 

most common strategies that are used in peptide synthesis.  

 

1.3.1 Solution and solid phase peptide synthesis 

Modern peptide synthesis can be achieved by two distinct methods, solution- and 

solid-phase strategies. Generally, solution-phase peptide synthesis is effected through the 

condensation of protected amino acids or peptide fragments, followed by the purification 

and characterization of each intermediate generated (Scheme 1.1). This method is 

relatively simple and effective for short peptides, and can be readily adapted for 

large-scale synthesis. Numerous biologically active peptides have been successfully 

prepared using this technique to date, such as oxytocin, human insulin and porcine 

gastrin-releasing peptide.[66] However, laborious purification after each synthetic step and 

the solubility issues of maximally protected peptides limit extensive application of this 

technique. [67] 

 

Scheme 1.1 Schematic of solution-phase synthesis of dipeptide Tyr-Asp, where PG = protecting 

groups. 
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As a solution to these problems, solid phase peptide synthesis (SPPS) was implemented 

by Bruce Merrifield in 1963, where peptides were synthesized on a solid support.[68] In 

SPPS, an Nα-protected C-terminal amino acid is first attached to a solid support via a 

cleavable linker. Amino acid residues are then sequentially added in the C-terminus 

towards the N-terminus direction using a repetitive amino acid coupling cycle which 

includes i) removal of the Nα-temporary protecting group; ii) condensation with the 

subsequent Nα-protected and Cα-activated amino acid.  Protecting groups on reactive 

amino acid side chains (e.g. NH2, OH, SH) are used to minimize side reactions during the 

entire peptide synthesis. After chain elongation, the peptide is released from the solid 

support with simultaneous removal of side chain protecting groups (Scheme 1.2).[6a, 68] 

 

Scheme 1.2 A simplified flow diagram of solid-phase peptide synthesis. 
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Compared to solution phase peptide synthesis, SPPS overcomes the issues of tedious 

purification steps and poor solubility of peptide substrates by anchoring the peptide to an 

insoluble support. As a result, excess reagents and any by-products generated from each 

reaction step (deprotection or coupling) can be readily removed by washing the resin with 

a suitable solvent and simple filtration. Moreover, a large excess of reagents can be 

applied during solid phase reaction, which drives the reactions to completion and shortens 

the time required for peptide synthesis. Furthermore, SPPS involves the repetitive cycle 

of amino acid coupling and Nα-protecting group removal, thereby making automation 

possible. Due to the abovementioned advantages, SPPS has become the method of choice 

for modern peptide synthesis.  

 

1.3.2 Boc- and Fmoc-SPPS 

There are two main strategies for SPPS, namely tert-butoxycarbonyl-SPPS[69] (Boc-SPPS) 

and 9-fluorenylmethoxycarbonyl-SPPS[70] (Fmoc-SPPS).  

 

Boc-SPPS, introduced by Merrifield, was the first strategy used for SPPS.[68-69] It employs 

Boc group as the temporary Nα-protecting group for each amino acid and benzyl-based 

groups are used for protection of the sidechain functionality for trifunctional amino acids. 

The synthesis protocol commences with attachment of an HF-labile linker to a solid 

support, followed by introduction of an Nα-Boc protected amino acid to the resin-bound 

linker. After removal of the Boc group using neat trifluoroacetic acid (TFA), amino acids 

are then coupled to the resin-bound peptide using a coupling reagent. The elongation of 

peptide chain is achieved by repeating the cycle of Boc deprotection and amino acid 

coupling for the remaining residues. The synthesized peptide is liberated from the solid 

support using anhydrous HF with concurrent removal of all the side chain protecting 

groups.[71] p-Cresol (5% v/v) is frequently added to peptide cleavage solution as a 

scavenger to prevent potential alkylations caused by the highly-reactive carbocations 

generated during removal of the side chain protecting groups.[72] Boc-SPPS is particularly 

favored in the synthesis of aggregation-prone peptides[73] and peptide thioesters[74] which 
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are key intermediates used for native chemical ligation (NCL) during chemical protein 

synthesis. However, the use of HF, a highly toxic and corrosive reagent, limits the 

application of this protocol, as it requires special apparatus to handle. Moreover, peptides 

containing acid-labile functional groups, such as phosphorylated or glycosylated peptides, 

cannot be prepared using standard Boc-SPPS due to the high risk of acid-mediated 

hydrolysis.[75]  

Table 1.2. Summary of key differences between Boc-SPPS and Fmoc-SPPS. 

 Boc-SPPS Fmoc-SPPS 

Reagents for 

Nα-protecting 

group removal 

TFA Piperidine 

Reagents for 

peptide cleavage 

and sidechain 

deprotection 

HF TFA 

Commonly used 

linkers 

 

 
  

Scavengers used 

in cleavage 

cocktail 

p-cresol water, iPr3SiH, EDT, DODT 

Recommended 

applications 

base labile and aggregation-prone 

peptides 

acid sensitive and sidechain 

protected peptides 

 

To avoid the use of toxic HF, an alternative strategy, Fmoc-SPPS, was introduced by 

Sheppard et al. in 1978.[70] Unlike Boc-SPPS which exploits the graduated acid lability of 

Nα-protecting group and side chain protecting groups to achieve selective deprotection, 
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Fmoc-SPPS employs an orthogonal protecting group approach. The Nα-Fmoc group can 

be removed by secondary amine such as piperidine, while peptide cleavage, along with 

concomitant deprotection of the side chain masking groups, is effected by treatment with 

acid, such as TFA. Specifically, after anchoring of the C-terminal amino acid to a solid 

support via an acid-labile linker, the peptide chain assembly is accomplished using a 

repetitive cycle of Nα-Fmoc removal and amino acid coupling.[76] 20% piperidine in DMF 

has been found being the most popular reagent used in Fmoc deprotection as it not only 

abstracts the lone acidic proton of the β-carbon of the electron withdrawing fluorene ring, 

but also traps the generated dibenzofulvene (1.37) to form a stable fulvene-piperidine 

adduct 1.38 (Scheme 1.3).[77] After chain elongation, the synthesized peptide is released 

from the resin using a suitable TFA cocktail with varying amounts of cation scavengers to 

quench the reactive cations. These scavengers include water, triisopropylsilane (iPr3SiH), 

ethanedithiol (EDT), 2,2’-(ethylenedioxy)-diethanethiol (DODT), anisole, thioanisole and 

phenol.[76] The ratio of scavengers used is highly dependent on the amino acid sequence. 

Fmoc-SPPS, which avoids the use of HF, can be used to prepare peptides containing the 

acid-sensitive functionalities such as phosphorylated or glycosylated peptides.[78] 

Moreover, an extended application of Fmoc-SPPS uses hyper-acid-labile linker to allow 

the synthesis of fully sidechain-protected peptides, which can be subjected to further 

modification such as peptide macrocyclization [79] and C-terminal derivatization.[80]  

  

Scheme 1.3 Mechanism of Fmoc removal using piperidine. 
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1.3.3 Amide bond formation 

Amide bond formation, the key step in peptide synthesis, can be achieved using numerous 

coupling reagents. The coupling reagents serves as an activator which transforms the 

carboxylic acid of an amino acid into a more reactive intermediate such as acyl halide, 

symmetric or mixed anhydride or active ester.[81] This active species then reacts with the 

free Nα-amino group of the incoming amino acid to generate the desired amide bond. 

Among all the activated intermediates, acyl halides are the most reactive for amine 

acylation. Acyl chlorides were firstly used in the peptide synthesis by Fischer in 1901[82] 

and have since found wide applications in the formation of amide bonds especially for 

formation of N-substituted amides, which are notoriously difficult to form.[83] However, 

the coupling using acyl chlorides typically suffers from concerns such as hydrolysis, 

racemization and unexpected removal of protecting groups, which limit their adoption in 

peptide synthesis.[84] As a result, amino acid acyl fluorides were developed, which are 

more stable towards moisture and demonstrate improved acylating ability compared to 

acyl chlorides.[84] 

 

Despite the plethora of coupling reagents that mediate amide bond formation in SPPS, 

commonly-used coupling reagents can be divided into three categories, namely 

carbodiimides, phosphonium and uronium salts. Unlike the coupling using acyl halides 

which requires the synthesis of pre-activated species, amino acid coupling with these 

reagents involves in situ formation of the reactive intermediates, thereby enabling direct 

amide bond formation between two un-activated amino acids. Moreover, these reagents 

also allow the rapid formation of amide bonds while maintaining a high chiral integrity of 

the amino acid. 

 

1.3.3.1 Carbodiimide coupling reagents 

N,N’-dicyclohexylcarbodiimide (DCC) was the first carbodiimide coupling reagent 

developed by Sheehan et al. in 1955.[85] Its application in SPPS, however, is hindered due 

to the poor solubility of the generated dicyclohexylurea (DCU) byproduct in organic 
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solvents. As a result, N,N’-diisopropylcarbodiimide (DIC), a derivative of DCC, was later 

conceived which showed full compatibility with SPPS. The resulting byproduct 

diisopropylurea (DiPrU) is soluble in most organic solvents and can be removed by 

simple filtration and washing.[86] The mechanism of DIC (and DCC)-mediated amide 

bond formation is shown in Scheme 1.4.[81] First, the carboxyl group of the amino acid 

1.39 reacts with DIC to afford the highly reactive intermediate O-acylisourea 1.40. This 

active species then undergoes nucleophilic attack by either the free Nα-amine group of the 

amino acid 1.41 to yield the desired amide 1.42 (path A) or the carboxyl group of the 

excess 1.39 to generate a symmetric anhydride 1.43 (path B). The latter product 1.43 can 

also react with the Nα-amine group of 1.41, affording the desired amide 1.42. One of the 

advantages of using carbodiimides coupling reagents is that additional base is not 

required, which is of great value in preparation of base-sensitive peptides.[87]  

 

Scheme 1.4 Mechanism of DIC-mediated amide bond formation. 

 

Two main side reactions that were frequently observed in the DIC-mediated coupling are 

formation of N-acylurea 1.44 (Scheme 1.4, Path C) and epimerization at the Cα of the 

activated amino acid.[84, 88] N-acylurea 1.44 is an inert species which traps the activated 

intermediate O-acylisourea 1.40 but and is unreactive towards the amine. It is thought to 
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form via slow intramolecular O → N acyl migration.[84] On the other hand, racemization 

of the activated amino acid occurs due to formation of an oxazolone intermediate 1.46 

which either undergoes direct aminolysis to give the desired product 1.42 (Scheme 1.5, 

path A), or epimerizes during oxazolone dearomatization, giving the product 1.50 with an 

inversion of configuration after reacting with the amine (Scheme 1.5, path B).[89]  

 

Scheme 1.5 Epimerisation of the O-acylisourea via oxazolone formation.[89] 

 

Fortunately, both of these undesired reaction pathways can be addressed by including 

additives in the coupling reaction. Benzotriazole-based compounds such as 

1H-hydroxybenzotriazole[90] (HOBt), 6-chloro-1-hydroxybenzotriazole[91] (6-Cl-HOBt) 

and 1-hydroxy-7-azabenzotriazole[92] (HOAt), are the most popular additives in 

carbodiimide-mediated amino acid coupling. As shown in Scheme 1.6, HOBt reacts with 

the O-acylisourea intermediate 1.40 to form an active OBt ester 1.51. Nucleophilic attack 

of 1.51 by the amine group of 1.41 then affords the desired amide product 1.42. The 

reaction of HOBt with 1.51 is faster than the other competing reactions, thereby 

preventing the formation of the inactive N-acylurea 1.44 and the epimerization-prone 

oxzolone 1.46.[93]  HOAt is an aza analogue of HOBt. By introducing an additional 

nitrogen atom at position 7 of the benzotriazole ring, HOAt demonstrated an improved 
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efficiency in suppressing epimerization and promoting amine acylation.[84, 92] It is 

proposed that this superior performance of HOAt originates from the additional chelation 

of the pyridine nitrogen to the free amine group of 1.41. This so-called “neighboring 

effect” accelerates the aminolysis of OAt ester, leading to a rapid formation of the amide 

bond.[92, 94] 

 

Scheme 1.6 Amide bond formation using DIC and benzotriazole-based additives. (a) Structures of 

commonly-used benzotriazole-based additives; (b) Mechanism of DIC-mediated coupling in presence 

of HOBt  

 

More recently, a new type of coupling additive, ethyl 2-cyano-2-(hydroxyimino)acetate 

(Oxyma) was reported by Albericio et al.[95] As an alternative to the benzotriazole-based 

additives which due to their hazard classification are becoming difficult to obtain, oxyma 

possesses remarkable racemization-suppressing capability which is superior to HOBt and 

comparable to HOAt.[96] Analogous to the benzotriazole-based additives, oxyma reacts 

with O-acylisourea 1.40 to afford oxyma active ester 1.52 which is then subjected to 

aminolysis to generate the desired amide product 1.42 (Scheme 1.7).[97]  
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Scheme 1.7 Mechanism of amide bond formation using DIC and oxyma. 

 

1.3.3.2 Phosphonium and uronium coupling reagents 

Phosphonium and uronium salts represent another two major classes of coupling reagents, 

which has gained wide popularity in modern peptide synthesis. A variety of phosphonium 

and uronium coupling reagents have been reported to date, among which reagents that 

incorporate the benzotriazole moiety deserve particular attention. 

 

The first phosphonium salt used in peptide synthesis was 

benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) 

introduced by Castro et al. in 1975.[98] This HOBt-derived reagent reacts with the 

carboxylate 1.53 to form acylphosphonium 1.54 under basic conditions. The released 

HOBt then attacks the newly formed acylphosphonium 1.54, affording the highly reactive 

OBt ester 1.51 which, as described before, reacts with the amine group of 1.41 to yield 

the desired amide bond 1.42 (Scheme 1.8).[98] Unfortunately, the coupling reaction using 

this reagent inevitably generates the by-product hexamethylphosphoramide (HMPA), a 

human carcinogen.[99] Consequently, a derivative of BOP, 

(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), was 

later developed which substitutes the dimethylamino groups in BOP with pyrrolidino 

groups (Scheme 1.8).[100] Instead of generating HMPA, this modified reagent produces a 

less toxic phosphoramide by-product while maintaining a similar amine acylation 

capability as BOP.[100] Therefore, PyBOP has become the preferred reagent over BOP in 
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amide bond formation. 

 

Scheme 1.8 Mechanism of amide bond formation using BOP. 

 

Benzotriazole-derived uronium coupling reagents, such as N,N,N’,N’-tetramethyluronium 

hexafluorophosphate[101] (HBTU) and its tetrafluoroborate counterion derivative 

N,N,N’,N’-tetramethyluronium tetrafluoroborate[102] (TBTU), are also widely used in 

peptide synthesis. The mechanism of the uronium-type reagents share many similarities to 

that of the phosphonium salts. Using HBTU as an example, the coupling reaction is 

initiated by deprotonation of the carboxylic acid with base followed by nucleophilic 

attack of the carboxylate 1.53 to HBTU to give the O-acylisourea 1.55.  The HOBt 

generated then displaces the urea affording the activated OBt ester 1.51. Aminolysis of 

1.51 by the amino group of 1.41 furnishes the desired amide product 1.42 (Scheme 

1.9a).[101] It is worth noting that these uronium salts can exist in two different forms, 

namely the aminium and uronium form. The aminium form, which is found to be the 

predominant species in the crystalline state, is a less reactive coupling reagent than the 

uronium form favored in solution.[103] In contrast to the phosphonium-based reagents, 

coupling with uronium reagents can suffer from an additional side reaction: formation of 

unreactive guanidinium side product 1.56 generated from the reaction between the free 

amine 1.41 and the coupling reagent (Scheme 1.9b).[81] This side reaction is particular 

detrimental to long peptide synthesis as it can lead to early termination at different sites of 

the peptide sequence, thereby complicating the following purification. For these reasons, 

when using uronium-based reagents the amino acid is always used in excess to ensure 
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complete reaction with the coupling reagent.  

 

Scheme 1.9 (a) Mechanism of amide bond formation using HBTU; (b) Formation of guanidinium side 

product. 

 

The corresponding HOAt analogues of both PyBOP and HBTU have also been developed 

affording 7-azabenzotriazolyl-1-yloxytripyrrolidinophosphonium hexafluorophosphate[104] 

(PyAOP) and O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HATU)[105]. Both reagents demonstrated improved efficiency in 

amino acid coupling and racemization suppression (Figure 1.12).  

 

Figure 1.12 Structures of PyBOP and HATU. 
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In addition, 1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylamino 

-morpholinomethylene)]methanaminium hexafluorophosphate (COMU) is another 

uronium salt that has been developed to effect amide bond construction.[97] This 

oxyma-derived reagent has been found to be a superior substitute for the 

benzotriazole-based reagents in terms of preserving chiral integrity, coupling efficiency, 

stability, and safety.[106] The proposed mechanism of COMU for amino acid condensation 

is depicted in Scheme 1.10.  Firstly, COMU reacts with the deprotonated amino acid 

1.53 under basic conditions to give intermediate 1.57 which is then displaced by the 

oxyma generated to afford reactive oxyma ester 1.52. The generated oxyma ester acylates 

the amine group of 1.41 to give the desired product 1.42.[107] 

 

Scheme 1.10 Mechanism of amide bond formation using COMU. 

 

Apart from the commonly employed coupling reagents described above, other diverse 

reagents have also been reported, such as carboxylic anhydrides[108], Mukaiyama’s 

reagent,[109] and pentafluorophenol[110], which exhibits remarkable performance for 

certain specific amino acid couplings.  
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1.4  Peptide cyclization  

After completion of peptide elongation, the synthesized linear peptide precursor can be 

subjected to macrocyclization to afford its corresponding cyclic counterpart. Over the 

years, a myriad of strategies have been developed for peptide cyclization. Based on the 

chemical bond formed in the course of macrocyclization, the cyclization strategies can be 

categorized into many different classes such as lactamization[111], lactonization[112], 

disulfide bridge formation,[74] ring-closing metathesis[113], cycloadditions[114] etc. Among 

them, macrolactamization is the most commonly-used strategy in peptide cyclization and 

more importantly, most of the target compounds reported in this work (excluding 1.34) 

are exclusively composed of amide bonds or its variants (N-methyl and N-hydroxyl 

amides). Therefore peptide macrolactamization will be briefly discussed in the following 

section. 

 

Peptide macrolactamization involves an intramolecular amide bond formation within a 

linear peptide precursor. It can take place between an amine and a carboxylic acid group 

in either peptide termini or sidechain positions to give cyclic peptides with varying 

scaffolds (head-to-tail, head or tail-to-side chain and side chain-to-side chain). Like other 

intramolecular reactions, peptide macrolactamization inherently suffers from kinetically 

competing intermolecular bond formation, thus leading to the unwanted oligomerization 

and cyclodimerization of linear peptides.[115] This side reaction can even predominate in 

some specific cases where peptide cyclization proceeds very slowly.[116]  However,  

high dilution conditions (10−4 to 10−3 M) can be used to minimize these intermolecular 

reactions, especially when peptide cyclization is performed in solution.[117] Alternatively, 

peptide macrolactamization on resin is also able to mitigate the occurrence of 

intermolecular side reactions due to the “pseudo-dilution effect” which proposes that 

peptides attached to a solid support are less mobile and diffusive than in solution, thus 

having a lesser chance to encounter each other.[118] This phenomenon can be enhanced 

further when a low loading resin is employed, which further separates peptide molecules 

by the larger physical distance imposed by the resin.[119] 
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In addition to intermolecular reactions, several other factors such as peptide ring size, the 

presence of turn-inducing elements, the steric hindrance of the two reactive ends and the 

propensity of C-terminal epimerization, should also be considered when planning the 

cyclization. First, the ring size of cyclic peptide is a key factor that determines the ability 

of a linear peptide precursor to adopt a ring-like conformation which brings the two 

reactive ends in close spatial proximity and significantly improve the success rate of 

peptide cyclization.[120] For small to medium-sized peptides, this ring-like conformation is 

entropically disfavored as it involves a high transannular strain arising from the clash of 

backbone atom substituents.[121] Therefore the cyclization of peptides containing less than 

five amino acids is challenging and frequently encounters severe oligomerization and 

C-terminal epimerization.[116a, 122]  On the other hand, longer peptides (containing more 

than 6 amino acids) are more likely to adopt the cyclization-conductive conformation as 

the flexibility of the larger ring system is capable of accommodating the multiple 

trans-amide bonds and side chain interactions without incurring high ring strains.[115, 117] 

As a result, macrocyclization of large peptides is relatively straightforward, less 

sequence-dependent, and a higher success rate is observed.[20] 

 

In the case of small and medium-sized peptide cyclizations, additional turn-inducing 

elements need to be incorporated in the peptide sequence in order to direct the folding of 

the linear peptide into the ring-like conformation. The most common turn-inducing 

elements are amino acids that favour a cis-amide bond such as glycine, proline or 

N-methyl amino acids.[115] Moreover, pseudoprolines  (Figure 1.13), a group of 

proline-like modified amino acids which contain either a serine- or threonine-derived 

oxazolidine or a cysteine-derived thiazolidine moiety, are also occasionally used to induce 

the cis-conformation for the preceding amide bond.[123] In addition, a series of backbone 

amide protecting groups, such as  2-hydroxy-4-methoxybenzyl (Hmb), 

2,4-dimethoxybenzyl (Dmb), 2,4,6-trimethoxybenzyl (Tmob) and 

2-hydroxy-6-nitrobenzaldehyde (Hnb), are also found to have the desired turn-inducing 
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effect on peptide conformation (Figure 1.13).[119b] Originally developed to prevent peptide 

aggregation and aspartimide formation[124], these protecting groups substitute the amide 

bond proton with a substituted benzyl group, inducing a β-turn-like backbone 

conformation similar to the effect of N-methyl amino acids.[119b] Last but not least, it has 

been reported that head-to-tail cyclization is favoured when the two residues involved in 

cyclisation possess the opposite stereochemical configuration.[125] Hence the 

incorporation of D-amino acids into a peptide composed of all L-residues can also be 

considered as an effective strategy for peptide turn-inducing and has successfully been 

applied in the synthesis of a number of small or medium-sized cyclic peptides.[126] 

 

Figure 1.13 Examples of turn-inducing residues. 

 

Another factor that should be considered in peptide cyclization is the epimerization of the 

C-terminal residue. Amide bond formation during amino acid coupling is typically rapid 

driven by an excess of reagents, but macrolactamization is a slow progress.  The 

peptides are highly diluted and need to pre-organize into the ring-like conformation 

before being cyclized. During this prolonged reaction time, the activated C-terminal 

amino acid can undergo epimerization via formation of a 5-(4H)-oxazolone 
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intermediate.[107, 127] Therefore a retrosynthetic analysis of cyclic peptides should include 

a disconnection at either glycine or proline as the C-terminal residue of the linear 

precursor whenever possible as these two residues are cannot undergo epimerization. 

However, when neither amino acid is present, the azide-based coupling reagents such as 

diphenylphosphoryl azide (DPPA) should be employed during macrolactamization as the 

generated peptidyl acyl azide intermediate prohibits the formation of 5-(4H)-oxazolone, 

thereby minimizing epimerization.[107, 128]  

 

The steric hindrance of the two residues involved in cyclization should also be considered. 

It has been suggested that macrolactamization can be difficult if the two reactive ends 

encompass sterically bulky residues, such as N-alkyl, α,α-substituted, or β-branched 

amino acids.[115, 117] 

 

With all these factors in mind, a wide variety of synthetic macrolactamizaiton strategies 

have been developed over the years, which will be described in detail in the following 

sections. 

 

1.4.1 Solution-phase peptide macrolactamization 

Macrolactamization in solution commences with the synthesis of a linear peptide 

precursor with all reactive side chains protected to prevent any potential side reactions 

during peptide cyclization. This maximally protected peptide is usually prepared using 

Fmoc-SPPS with a super-acid-labile handle such as 2-chlorotrityl chloride (2-CTC) 

resin[129] or 4-hydroxymethyl-3-methoxyphenoxybutyric acid (HMPB) linker.[130] This 

allows peptide release from the resin without affecting the side chain protection. After 

cleavage from the resin and isolation/purification the linear peptide precursor is subjected 

to cyclization using an assortment of coupling reagents (Scheme 1.11). 

Dimethylformamide (DMF) and dichloromethane are the two most frequently-used 

solvents in peptide cyclization and a submicromolar to micromolar peptide concentration 

is required to minimize the intermolecular side reactions. Finally, a global removal of the 
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side chain protecting groups affords the desired cyclic peptide. 

 

Scheme 1.11 General synthetic route for head‐to‐tail peptide macrolactamization in solution (PG = 

protecting groups).  

 

This commonly-used protocol generally proceeds well in most instances of peptide 

macrolactamization following optimization of the multiple reaction variables such as 

coupling reagents, solvents, bases and reaction concentrations.[115] However, for 

challenging peptide cyclization where the inherent ring strain prohibits the linear peptide 

from adopting a ring-like conformation, additional strategies have to be employed to 

tackle these intractable problems. 

 

1.4.1.1 Ring contraction strategy (RCS) 

Ring contraction strategy is one such solution to macrolactamization of conformationally 

strained cyclic peptides. It is based on the concept that it is less difficult to prepare a 

larger peptide ring which then undergoes an intramolecular ring contraction to give the 

desired smaller cyclic peptide. A classic example of this strategy is the application of 

O-to-N acyl transfer to achieve ring contraction.[131] In the synthetic study reported by 

Amblard et al.[131], an N-Boc-protected serine residue was first attached to a 2-CTC resin 

and the linear peptide precursor 1.58 was synthesized by elongation at the hydroxyl of the 

side chain of serine. After cleavage from the resin under mild acidic conditions, the linear 

peptide precursor was subjected to cyclization using BOP as coupling reagent to afford 

the cyclic depsipeptide 1.59 containing a less-strained peptide ring. After removal of 

the Nα-Boc group of serine, an O-N acyl migration occurred under mildly basic aqueous 

conditions, which restored the all-amide cyclic peptide 1.61 (Scheme 1.12). Using this 
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strategy, a series of head-to-tail penta-, hexa-, and heptapeptides were successfully 

cyclized with an average yield of 40%. This method, however, failed to afford the 

corresponding cyclic tetrapeptides during cyclization.[131]  

 

Scheme 1.12 Synthesis of head‐to‐tail cyclic peptides via O‐to‐N acyl migration. 

 

In order to effect the challenging cyclization of tetrapeptides, the use of auxiliary 

elements is required.[132] One such auxiliary is based on the backbone amide protecting 

group, Hnb.[133] The Hnb group can be attached to the N-terminus of a peptide chain by 

reductive amination, acting as a traceless auxiliary group which participates in the 

macrolactonization and following ring contraction, but can be orthogonally removed 

following the ring formation. Specifically, as shown in Scheme 1.13, the linear peptide 

1.63 containing an Hnb protecting group at N-terminus underwent marcrolactonization 

between the activated C-terminal carboxylic acid and the hydroxyl group of Hnb to afford 

the cyclic nitrophenyl ester intermediate 1.64. This intermediate was then converted to 

corresponding N-Hnb cyclic peptide 1.65 via an O-to-N acyl migration using base. The 
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Hnb group was finally removed by photolysis furnishing the desired cyclotetrapeptide 

1.66. A library of tetrapeptides with a C-terminal glycine were successfully prepared 

using this method in yields of 4-29%.[133] Moreover, the cyclization of several all-L 

tetrapeptides could be accomplished by the incorporation of two Hnb groups with a Hnb 

group in the middle of peptide sequence serving as a turn inducer to facilitate peptide 

cyclization. However, an unexpected transformation back to the linear peptide was noted 

during the removal of Hnb group probably due to the reverse N-to-O acyl transfer and 

subsequent hydrolysis. Methylation of the hydroxyl group of Hnb prior to photolysis 

precluded this side reaction .[134] 

 

Scheme 1.13 Synthesis of cyclotetrapeptide 1.66 via RCS using Hnb as the auxiliary. 

 

(E)-2-(2-Nitrovinyl)phenol (1.68) (Scheme 1.14) is another auxiliary group in RCS which 

has been employed in the synthesis of cyclotetrapeptides.[135] As illustrated in Scheme 

1.14, 1.68 underwent condensation with the C-terminus of the protected peptide 1.67 via 

esterification with its phenol group. Removal of the N-terminal Boc group formed the free 

amine 1.69 which underwent an intramolecular Michael addition with the alkene moiety 
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to generate the cyclic depsipeptide 1.70. A subsequent O-to-N acyl transfer together with 

simultaneous release of the auxiliary group converted intermediate 1.70 to the desired 

cyclic peptide 1.71 and regenerated the auxiliary. Using this method, peptide 

cyclo[Phe-Tyr-Ala-Gly] was prepared in 28% yield, an improvement of the yield (11%) 

obtained when Hnb was used as the auxiliary group.[133, 135] 

 

Scheme 1.14 Synthesis of cyclotetrapeptide 1.71 via RCS using 1.68 as the auxiliary. 

 

More recently, Li et al. reported a new type of RCS requiring a Ser or Thr residue at the 

N-terminus and a 2-phenylcarboxaldehyde ester at the C-terminus.[136] This C-terminal 

peptide ester 1.72 can be prepared without racemization using both Fmoc- and Boc-SPPS 

(Scheme 1.15, a and b respectively).[137]
 The peptide cyclization then proceeds via an 

intramolecular head-to-tail imine formation to give the macrocyclic intermediate 1.73 

which undergoes an O-to-N acyl migration to produce an N,O-benzylidene acetal 1.74. 

Subsequent acidolysis of 1.74 to remove the acetal protecting group restores the natural 

Xaa-Ser/Thr peptidic linkage 1.75 (Scheme 1.15c).[136] The application of this 
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newly-devised approach has been demonstrated in the synthesis of many bioactive cyclic 

peptides, such as daptomycin[138], cyclomontanin B[139], mahafacyclin[137a], and yunnanin 

C.[140] However the preparation of cyclotetrapeptides containing all-L amino acids using 

this procedure suffered from low overall yields and the cyclic dimer was found to be the 

dominating side product .[136]  

 

Scheme 1.15 Peptide macrocyclization using Ser/Thr ligation. (a) Synthesis of peptide 

2-phenylcarboxaldehyde ester using Fmoc-SPPS; (b) Synthesis of peptide 2-phenylcarboxaldehyde 

ester using Boc-SPPS; (c) Synthesis of cyclotetrapeptide 1.75 using Ser ligation. 
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1.4.1.2 Thioester-mediated cyclization 

Inspired by the biosynthesis of naturally-occurring cyclic peptides, activation of peptide 

C-terminus using peptide thioesters has been extensively investigated for peptide 

macrolactamization.[141] In 1997, Tam and colleagues[142] reported the first application of 

NCL in peptide macrolactamization and since then, this method has gained growing 

popularity to prepare peptide macrocycles with different sizes ranging from 

cyclotetrapeptides[143] to large and complex cyclic peptides such as conotoxins.[144] 

Compared to other cyclization strategies, it offers the advantage of using unprotected 

linear peptides in the cyclization, negating the solubility and aggregation issues associated 

with side-chain-protected peptides. One illustrative example of this method is shown in 

Scheme 1.16. The linear peptide thioester 1.76 containing an N-terminal cysteine was 

synthesized using Boc-SPPS on a 4-methylbenzhydrylamine (MBHA) resin. After peptide 

cleavage from the resin using HF, cyclization of 1.76 proceeded via an intramolecular 

transthioesterification between the thiol group of cysteine and the C-terminal thioester, 

affording a cyclic thiodepsipetide intermediate 1.77. This intermediate then underwent an 

irreversible S-N acyl migration to furnish the desired homodetic cyclic peptide 1.78 

(Scheme 1.16).[142]  

 

Scheme 1.16 Synthesis of enkephalin analogue 1.78 using native chemical ligation.[142] 
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As described above, the NCL-based peptide cyclization necessitates the presence of an 

N-terminal cysteine in the peptide sequence, which limits its use in peptides devoid of a 

cysteine residue. In order to extend the scope of this method, a post-cyclization 

desulfurization step has been reported to transform the cysteine residue to the 

corresponding alanine using Raney nickel.[145] Fuelled by this pioneering study, various β- 

or γ- thiolated amino acids were developed expanding the application of the NCL-based 

peptide cyclization to peptides containing Phe, Val, Arg, Leu, Asp, Lys, Thr, Gln, Glu, and 

Pro residues. [146] 

 

An alternative thioester-mediated peptide cyclization strategy used on unprotected 

peptides is the traceless Staudinger ligation.[147] As illustrated in Scheme 1.17, this 

method requires an azidopeptide phosphinothioester 1.80 as the linear peptide precursor 

which can be derived from peptide 1.79 via an DIC-mediated thioesterification with 

diphenylphosphinomethanethiol. Under basic conditions, the linear peptide precursor 1.80 

undergoes an intramolecular ligation between the N-terminal azide and C-terminal 

phosphinothioester to give the cyclic iminophosphorane intermediate 1.81. This resulting 

azide ylide 1.81 then rearranges to the amidophosphonium salt 1.82 which is further 

hydrolyzed to remove the phosphine auxiliary group and restore the native amide linkage 

1.83.[147] Three unprotected undecapeptides were cyclized using the intramolecular 

Staudinger ligation in DMF at a concentration of 6 mM, with moderate yields ranging 

from 20 to 36%.[147] 
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Scheme 1.17 Head-to-tail cyclisation of residues 1-11 of microcin J25 1.83 using the traceless 

Staudinger ligation.[147] 
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1.4.2 Solid-phase peptide macrolactamization 

Despite the wide applicability of solution-phase peptide cyclization demonstrated in the 

examples above, the use of large volumes of solvent to minimize the unwanted 

intermolecular reaction is always required. This becomes a significant problem for 

subsequent purification when large-scale reactions are conducted. Furthermore when 

using DMF as a solvent, removal is difficult due to its high boiling point. In order to 

reduce the volumes of solvent used, and to simplify isolation and purification solid-phase 

peptide macrolactamization strategies have been conceived. These methods utilize the 

“pseudodilution effect” of the resin-bound molecules to mimic the high dilution 

conditions of solution phase cyclization, thereby facilitating the intramolecular 

reaction.[115] Moreover, due to the nature of the solid phase reaction, a high excess of 

reagents can be used to accelerate the reaction,  which can be removed by simple 

washing and filtering.[115] Generally, peptide macrolactamization on resin can be 

performed either in two steps involving on-resin cyclization followed by peptide cleavage 

from the solid support or in one-pot which allows simultaneous peptide cleavage during 

the cyclization reaction.  

 

1.4.2.1 Two-step on-resin macrolactamization  

One of the most common strategies to prepare cyclic peptides on resin is to anchor the 

peptide to the solid support via the reactive side chain groups. This method requires 

attachment of the amino acid to the resin via its side chain while keeping the C-terminal 

carboxylic acid and N-terminal amine protected. After assembly of the linear peptide, 

both of the N- and C-terminal protecting groups are removed sequentially and peptide 

cyclization is initiated using an appropriate coupling reagent. The formed macrocycle is 

then released from the resin with concomitant removal of side chain protecting groups 

(Scheme 1.18).  
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Scheme 1.18 General synthetic route for on-resin peptide macrolactamization using side chain 

anchoring strategy. 

 

One example of this method is the synthesis of an Arg-Gly-Asp-containing cyclic peptide 

1.84.[148] The synthesis commenced with attachment of an N-Fmoc-Asp-OAll residue 

onto Wang resin via esterification of its side chain carboxylic acid. The remaining amino 

acids including one dipeptide isostere 

(2S,7aS)-2-amino-3-oxotetrahydro-1H-pyrrolizine-7a(5H)-carboxylic acid (GPTM) were 

sequentially coupled to resin-bound N-Fmoc-Asp-OAll using standard Fmoc-SPPS. After 

completion of peptide elongation, the C- and N- terminal protecting groups (allyl and 

Fmoc group) were sequentially deprotected by treatment with 

tetrakis(triphenylphosphine)palladium(0) and piperidine, respectively, to give 1.88. 

Peptide cyclization on-resin was then achieved using TBTU as the coupling reagent and 

the resulting resin-bound macrocycle 1.89 was globally deprotected and released from the 

resin by TFA treatment to furnish the final product 1.84 (Scheme 1.19). Other amino acids 

that can also be anchored to the resin via their side chains for the solid-phase peptide 

macrolactamization include Asp, Asn, Glu, Gln, His, Ser, Thr, Lys, Arg and Tyr.[119b] 
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Scheme 1.19 Synthesis of an Arg-Gly-Asp-containing cyclic peptide 1.84 by side-chain anchoring of 

Asp and on-resin cyclisation.[148]  

 

As described above, the sidechain anchoring strategy for on-resin peptide cyclization is 

restricted to peptides encompassing amino acids that possess suitable side chains. To 

achieve general applicability for all amino acids, an alternative method has been 

developed, which is known as the backbone amide linker strategy. In this strategy, the 

cyclic peptide is prepared with its C-terminal amino acid attached to the resin by its 

amino group via an aromatic aldehyde linker.[149] Scytalidamide A (1.85), a 

cycloheptapeptide isolated from a marine fungus, was synthesized utilizing this strategy 

(Scheme 1.20).[150] Specifically, H-PheOMe was first anchored to a resin-bound 

4-methoxybenzaldehyde linker via reductive amination and peptide elongation was then 

performed using Boc-SPPS to give the linear precursor 1.87. After sequential removal of 

the protecting groups at both the C- and N-terminal ends, on-resin peptide cyclization was 

then carried out using PyBOP/DIPEA in NMP, affording the resin-bound cyclic peptide 

1.89. The final cyclic product 1.85 was cleaved from the resin after refluxing in TFA for 3 
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h in an overall 46% yield following purification by flash chromatography.[150] However, 

this method suffers from severe diketopiperazine (DKP) by-product formation after Fmoc 

deprotection of the second amino acid, probably due to the turn-inducing effect of the 

N-substituted amide at the peptide C-terminus, which is similar to the effect of N-methyl 

amides (Scheme 1.21).[151] This side reaction can be prevented by the use of an 

acid-sensitive Nα-protecting group (e.g. Trt) for the second residue[151], or the use of 

Boc-SPPS.[152] Both protocols ensure that following deprotection of the second amino 

acid, the amine remains protonated, and is unable to participate in cyclization, minimizing 

DKP formation.  

 

Scheme 1.20 Synthesis of Scytalidamide A (1.85) using backbone amide linker strategy. 
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Scheme 1.21 Formation of DKP by-product after Fmoc deprotection of the second amino acid using 

backbone amide linker strategy 

 

1.4.2.2 One-pot on-resin macrolactamization  

Initially introduced by Kenner et al., the safety-catch sulphonamide linker has provided 

an alternative way to access on-resin peptide cyclization, allowing simultaneous 

macrocyclization and peptide cleavage from the resin.[153] As demonstrated in the 

synthesis of cherimolacyclopeptide E[154] (1.90), this strategy begins with the coupling of 

the C-terminal amino acid to a 4-sulfamylbutyryl resin using PyBOP as the coupling 

reagent. Peptide elongation was then carried out using standard Fmoc-SPPS followed by 

re-protection of the N-terminal amine with a trityl (Trt) group to give linear peptide 

precursor 1.93. The replacement of Fmoc group with the acid labile trityl (Trt) group is 

needed as Fmoc group is unstable in the following cyanomethylation which is used to 

activate the linker.[155] After cyanomethylation with iodoacetonitrile and deprotection of 

Trt, the activated sulphonamide linker underwent intramolecular aminolysis and 

concomitant peptide release from the solid support. Finally global deprotection of 1.95 

furnished the desired cyclic peptide 1.90 in a yield of 9.8% (Scheme 1.22).[154] In addition 

to this example, peptide cyclization using the safety-catch linker has found wide use in 

the preparation of many other bioactive cyclic homodetic peptides such as phakellistatin 

12[156],  streptocidins A-D[157], and integerrimide A and B[158]. One drawback of this 

method is that the coupling of the first amino acid to the relatively unreactive 

sulphonamide is slow, resulting in racemization which necessitates the use of low 

temperatures and long reaction times. 
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Scheme 1.22 Synthesis of cherimolacyclopeptide E (1.90) using the ‘safety-catch’ linker strategy. 

 

A one-pot peptide cyclization on resin using Kaiser’s oxime method has also been 

reported.[159] By using an oxime-derived linker that is highly stable to acid, this approach 

involves synthesis of cyclic peptides using Boc-SPPS. A practical application of this 

method is described in the synthesis of tyrocidine A (1.96).[159] As shown in Scheme 1.23, 

the C-terminal amino acid Boc-Leu-OH was first attached to the oxime-functionalized 

polystyrene resin via formation of an oxime ester linkage 1.97. After peptide assembly 

using Boc-SPPS, head-to-tail cyclization of 1.98 proceeded under basic conditions via an 

intramolecular aminolysis which was accompanied by simultaneous release of the 

protected cyclic peptide 1.99 from the resin. Removal of side chain protecting groups 

using trimethylsilyl trifluoromethanesulfonate (TMSOTf) afforded the target product 

1.96.[159] Moreover, several other cyclic peptides, such as N-methylated cyclic 
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depsipeptides[160] and the analogues of antibiotic polymyxin B[161], were also successfully 

prepared using this strategy in reasonable yields. 

 

Scheme 1.23 Synthesis of tyrocidine A (1.96) using Kaiser’s oxime method. 

 

In summary, despite the development of diverse range of peptide macrolactamization 

strategies discussed above, the synthesis of a cyclic peptide is still a highly 

sequence-dependent task and no single method is able to uniformly applied to all cases. 

As a result, the judicious selection of a suitable cyclization strategy such as appropriate 

disconnection sites and extensive optimization of reaction conditions plays an important 

role in determining the success of peptide cyclization.  

 

 

 



 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

 

 

 

 

 

 

 

 

Chapter 2 

 

Synthesis of Natural 

Cyclopentapeptides Isolated from 

Dianthus chinensis 
 

 

 

 

 

 

 

 

 



 

60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

61 

 

2.1 Introduction  

Plants of the Caryophyllaceae family are a rich source of cyclic peptides that exhibit 

exceptional and effective biological activities, including estrogen-like, cytotoxic, and cell 

proliferative activities.[111, 162] Dianthus chinensis L., a member of the Caryophyllaceae 

family, is a small herb distributed in the northern part of mainland China, as well as other 

countries including Korea and Mongolia. This plant, known as “Qu mai” in Mandarin, is 

an important traditional Chinese medicine used for the treatment of an array of health 

problems, in particular urinary tract problems and various types of cancer.[163]  

 

Recently, three cyclic peptides, dianthin I (1.25), pseudostellarin A (1.26), and 

heterophyllin J (1.27) (Figure 2.1) were isolated from the aerial parts of Dianthus 

chinensis.[60] Their primary structures and absolute configuration were determined, and 

shown to consist of four amino acids adopting the L-configuration and an achiral glycine 

residue. Cyclopeptapeptides consisting solely of naturally occurring amino acids are 

rarely isolated from nature, and due to the small-to-medium ring size involved, are also 

challenging and seldomly synthesized.[164] Herein, we report the first total synthesis of 

these three naturally occurring cyclopentapeptides along with their structural 

confirmation. 

 

Figure 2.1 Structures of dianthin I (1.25), pseudostellarin A (1.26) and heterophyllin J (1.27). 
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2.2 Results and discussion  

Peptide macrolactamization is an essential strategy when undertaking the preparation of 

cyclic peptides.[165] However, despite abundant reports of methods for the cyclization of 

linear peptides,[166] the effectiveness of an individual process is still highly dependent on 

the peptide sequence. In fact, the success of peptide cyclization is predominantly dictated 

by the propensity of linear peptides to attain a suitable “ring-closure” conformation.[115] 

This conformation is specially favored when the peptide sequence contains residues like 

glycine, proline and N-methylated amino acids that can induce torsion angles similar to 

the ones observed for β-turn structures, thereby bringing the N- and C-termini into a close 

proximity.[167] In addition, side reactions, such as epimerization, dimerization, can also 

occur during the cyclization. These side reactions have a negative impact on the final 

yield, and therefore should be minimized. 

 

Compounds 1.25-1.27 contain proline and glycine residues within their structures, hence 

it was envisaged that cyclization of their linear precursors in solution would not be 

problematic by adopting conventional cyclization protocols. The achiral glycine was 

selected as the C-terminal residue for the cyclization site in order to avoid racemization 

and minimize steric hindrance around the carbonyl activated group.[166d] Peptide 

dimerization is minimized by conducting the macrolactamization reaction at a very dilute 

peptide concentration (less than 1 mM).[115, 117] Importantly, dianthin I (1.25) contains one 

serine residue within its sequence, while both pseudostellarin A (1.26) and heterophyllin J 

(1.27) have one tyrosine residue instead. Given the different pKa values of the hydroxy 

functionality of serine and tyrosine (~16 and 10.4 respectively), one would expect that the 

hydroxy group of tyrosine could be readily deprotonated in the presence of a base, such as 

N,N-diisopropylethylamine (DIPEA), and subsequently undergo undesirable reactions 

with coupling reagents, such as HBTU. We therefore decided to prepare dianthin I (1.25) 

from its unprotected linear precursor 2.1, while pseudostellarin A (1.26) and heterophyllin 

J (1.27) were prepared from their tyrosine hydroxy group-protected linear precursors 2.2 

and 2.3, respectively. 
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The three linear precursors 2.1-2.3 were synthesized on aminomethyl polystyrene resin 

using Fmoc-SPPS (Scheme 2.1). For unprotected dianthin I precursor 2.1, a commercially 

available hydroxymethylphenoxypropionic acid (HMPP) linker bound to Fmoc-glycine 

initially was attached to the resin using DIC, followed by removal of the Fmoc group with 

20% piperidine in DMF. The coupling of the remaining amino acids was carried out using 

HBTU and DIPEA in DMF. Following the final Fmoc deprotection, treatment of the resin 

with 95% TFA released the resin-bound peptide with simultaneous removal of the 

protecting group on serine, giving compound 2.1 in high purity (Scheme 2.1A). On the 

other hand, the super acid-labile HMPB linker was used for the synthesis of linear 

precursors 2.2 and 2.3, respectively, in order to preserve the tBu protecting group on the 

hydroxy group of tyrosine during peptide cleavage. In this case, the HMPB linker was 

first attached to the resin using DIC, which was then followed by the coupling of 

Fmoc-glycine using DIC/4-dimethylaminopyridine (DMAP). After sequence elongation 

the protected linear peptide precursor 2.2 and 2.3 were cleaved from the linker using a 1% 

TFA solution in CH2Cl2 and they were directly used for the following peptide 

macrolactamization without further purification (Scheme 2.1B).  
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Scheme 2.1 Synthesis of dianthin I (1.25) (A), pseudostellarin A (1.26) and heterophyllin J (1.27) (B). 

Reagents and conditions: (i) Fmoc-Gly-HMPP (2 equiv), DIC (2 equiv), CH2Cl2-DMF (1:1), r.t., 5 h; 

(ii) 20% piperidine in DMF, r.t., 2×10 min; (iii) Fmoc-amino acid (4 equiv), HBTU (3.9 equiv), 

DIPEA (8 equiv), DMF, 75 °C, 25 W, 5 min; (iv) 20% piperidine in DMF, 75 °C, 35 W, 1 min, repeat 

once more, 50 W, 3 min; (v) repeat (iii) and (iv) until sequence completion; (vi) TFA-iPr3SiH-H2O 

(95:2.5:2.5), r.t., 2 h (>95% purity); (vii) HBTU (3 equiv), 6-Cl-HOBT (3 equiv), DIPEA (5 equiv), 

CH2Cl2-DMF (4:1), r.t., 22 h; (viii) HMPB linker (2 equiv), DIC (2 equiv), CH2Cl2-DMF (2:1), r.t., 5 h; 

(ix) Fmoc-glycine (3 equiv), DIC (3 equiv), DMAP (0.02 equiv), DMF, r.t., overnight; (x) 1% TFA in 

CH2Cl2, r.t. 4×3 min; (xi) 50% TFA in CH2Cl2, r.t., 20 min. 

 

The cyclization of linear peptide 2.1-2.3 was achieved by addition of a mixture of the 

corresponding linear peptide, HBTU and 6-Cl-HOBt in CH2Cl2-DMF (4:1) at a rate of 10 

mL‧ h-1 to a stirring solution of DIPEA in CH2Cl2 to give a final peptide concentration of 
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0.7-0.8 mM.[111] The reaction was generally complete within 20 h after addition of the 

reagents. HPLC analysis indicated that the cyclic peptides were the major products with 

no detectable linear starting material present. The reaction mixture was then concentrated 

and treated with 50% TFA in CH2Cl2 if side-chain protecting group removal was required. 

Finally, the title cyclopentapeptides 1.25-1.27 were obtained in 71%, 76% and 68% yield, 

respectively, after purification by semi-preparative reversed-phase high performance 

liquid chromatography (RP-HPLC). All three synthetic cyclopeptides were then 

characterized by HPLC, MS, 1H and 13C NMR, IR, optical rotation and circular dichroism 

(CD) spectroscopy. 

 

The spectroscopic data of synthetic compounds 1.25-1.27 were in agreement with those 

reported for the corresponding natural products,[60] thus confirming the elucidated 

structures (Tables 2.1-2.3). Furthermore, the NMR data suggested that the proline residue 

in all three cyclopentapeptides adopted only the trans-conformation, thus indicating a 

relatively high-energy threshold for inter-exchange between the cis and trans 

conformers.[111] The CD spectra of compounds 1.25-1.27 were also recorded in order to 

gain further structural information. Typically, cyclic pentapeptides are known to be 

composed of β and turns in solution.[168] These features were also observed in the CD 

spectra of compounds 1.25-1.27. The CD spectrum of compound 1.25 showed two 

minima at 197 and 215 nm (Figure 2.2), assigned to a random coil and a β turn I 

conformation, respectively. The CD spectrum of compound 1.26 showed a broad negative 

signal with a minimum around 210 nm (Figure 2.3), which suggested a β turn I 

conformation and the CD spectrum of compound 1.27 contains a broad negative signal at 

around 223 nm (Figure 2.4) which is commonly assigned to a turn.[168-169]  

 

Table 2.1 1H and 13C NMR Spectroscopic Data (400 MHz, C5D5N) of Synthetic and Naturally 

Occurring Dianthin I (1.25). 

residue 

 

synthetic dianthin I (1.25)  natural product 

δH (J in Hz) δC δH (J in Hz) δC 

Gly1 -     

α 3.67 (1H, m) 43.9  3.69 (1H, d, 16.1) 43.9 

 4.83 (1H, dd, 16.2, -  4.84 (1H, dd, 16.1, 9.5) - 
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9.5) 

NH 8.16 (1H, d, 7.2) -  8.17 (1H, d, 9.5) - 

C=O - 171.2  - 171.1 

Phe2      

α 5.39 (1H, m) 55.8  5.40 (1H, dd, 13.6, 8.8) 56.1 

β 3.44 (1H, m) 40.3  3.45 (1H, dd, 13.6, 7.5) 40.3 

 3.90 (1H, m) -  3.94 (1H, dd, 13.6, 7.5) - 

γ - 138.8  - 138.7 

δ 7.59 (2H, m) 130.7  7.57 (2H, overlap) 130.5 

ε 7.44 (2H, m) 129.7  7.42 (2H, t, 7.5) 129.2 

ζ 7.27 (1H, m) 128.3  7.25 (1H, overlap) 127.2 

NH 8.67 (1H, d, 8.7) -  8.68 (1H, d, 8.8) - 

C=O - 171.6  - 171.6 

Pro3      

α 4.46 (1H, d, 7.0) 61.9  4.46 (1H, d, 7.6) 62.0 

β 1.76 (1H, m) 32.6  1.75 (1H,overlap) 32.5 

 2.06 (1H, m) -  2.05 (1H, m) - 

γ 1.49 (1H, m) 22.2  1.50 (1H, m) 22.1 

 1.76 (1H, m) -  1.75 (1H,overlap) - 

δ 3.44 (1H, m) 49.1  3.41 (1H,overlap) 49.0 

 3.67 (1H, m) -  3.61 (1H, dd, 10.8, 7.6) - 

C=O - 176.0  - 175.9 

Ser4      

α 5.08 (1H, q, 6.52, 

6.52, 6.51) 

58.2  5.09 (1H, dd, 13.0, 6.5) 58.0 

β 4.26 (2H, d, 6.5) 62.0  4.25 (2H, t, 6.5) 61.9 

NH 8.63 (1H, d, 6.9) -  8.66 (1H, d, 6.5) - 

C=O - 174.2  - 174.1 

Phe5      

α 4.34 (1H, m) 58.4  4.30 (1H,overlap) 58.4 

β 3.73 (1H, m) 35.7  3.76 (1H, d, 11.2) 35.6 

 3.90 (1H, m) -  3.89 (1H, dd, 11.2, 3.7) - 

γ - 140.5  - 140.4 

δ 7.44 (2H, m) 130.5  7.45 (2H, d, 7.5) 130.4 

ε 7.27 (2H, m) 129.1  7.30 (2H, t, 6.5) 129.0 

ζ 7.27 (1H, m) 127.0  7.25 (1H, overlap) 126.9 

NH 10.78 (1H, d, 6.9) -  10.86 (1H, d, 6.9) - 

C=O - 171.8  - 171.7 
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Table 2.2 1H and 13C NMR Spectroscopic Data (400 MHz, C5D5N) of Synthetic and Naturally 

Occurring Pseudostellarin A (1.26) 

residue 

 

synthetic pseudostellarin A 

(1.26) 

 natural product 

δH (J in Hz) δC δH (J in Hz) δC 

Gly1      

α 4.08 (1H, dd, 14.6, 6.7) 42.6  4.06 (1H, br s) 42.6 

 4.30 (1H, dd, 14.0, 4.2) -  4.30 (1H, d, 13.4) - 

NH 9.16 (1H, d, 8.4) -  9.44 (1H, overlap) - 

C=O - 169.7  - 170.0 

Pro2      

α 4.54 (1H, dd, 7.9, 4.5) 62.7  4.52 (1H, br s) 62.7 

β 1.71 (1H, m) 30.3  1.26 (1H, m) 30.3 

 1.93 (1H, m) -  1.90 (1H, overlap) - 

γ 1.71 (1H, m) 25.3  1.60 (1H, overlap) 25.3 

 1.93 (1H, m) -  1.93 (1H, overlap) - 

δ 3.34 (1H, m) 48.1  3.35 (1H, m) 48.2 

 4.20 (1H, br s) -  4.20 (1H, br s) - 

C=O - 172.5  - 172.7 

Tyr3      

α 5.31 (1H, dd, 16.0, 9.0) 57.3  5.32 (1H, dd, 17.5, 

9.8) 

57.4 

β 3.45 (2H, m) 38.3  3.48 (2H, m) 37.8 

γ - 128.9  - 129.1 

δ 7.42 (2H, d, 8.4) 131.3  7.43 (2H, d, 8.0) 131.5 

ε 
 

7.14 (2H, d, 8.4) -  7.14 (2H, d, 8.0) - 

ζ - 158.0  - 158.1 

NH 8.21 (1H, d, 9.1) -  8.41 (1H, br s) - 

C=O - 172.6  - 173.2 

Leu4      

α 4.65 (1H, dd, 15.6, 8.3) 56.2  4.65 (1H, br s) 56.2 

β 1.93 (1H, m) 40.9  1.88 (1H, overlap) 40.4 

 2.23 (1H, m) -  2.26 (1H, m) - 

γ 1.93 (1H, m) 25.6  1.70 (1H, overlap) 25.6 

δ 0.86 (3H, d, 6.5) 22.4  0.83 (3H, d, 6.5) 22.3 

 0.90 (3H, d, 6.5) 23.3  0.85 (3H, d, 6.5) 23.5 

NH 9.30 (1H, d, 8.0) -  9.47 (1H, overlap) - 

C=O - 173.0  - 173.6 

Ala5      

α 5.01 (1H, m) 58.4  4.95 (1H, d, 7.0) 51.1 

β 1.62 (3H, d, 7.1) 18.2  1.59 (3H, d, 7.0) 18.1 

NH 8.97 (1H, d, 4.4) -  9.21 (1H, br s) - 
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C=O - 174.7  - 175.5 

 

Table 2.3 1H and 13C NMR Spectroscopic Data (400 MHz, C5D5N) of Synthetic and Naturally 

Occurring Heterophyllin J (1.27) 

residue 

 

synthetic heterophyllin J (1.27)  natural product 

δH (J in Hz) δC δH (J in Hz) δC 

Gly1      

α 4.06 (1H, dd, 14.7, 5.8) 42.7  3.99 (1H, dd, 12.3, 

3.9) 

42.9 

 4.39 (1H, dd, 14.5, 4.5) -  4.43 (1H, dd, 12.3, 

3.9) 

- 

NH 8.66 (1H, t, 4.8) -  8.84 (1H, br s) - 

C=O - 169.4  - 169.6 

Pro2      

α 4.60 (1H, m) 63.0  4.59 (1H, overlap) 63.1 

β 2.05 (1H, m) 30.4  2.04 (1H, m) 30.4 

 2.16 (1H, m) -  2.12 (1H, m) - 

γ 1.75 (1H, m) 25.5  1.70 (1H, m) 25.6 

 2.05 (1H, m) -  1.98 (1H, m) - 

δ 3.39 (1H, m) 47.7  3.34 (1H, dd, 13.6, 

5.9) 

47.7 

 4.00 (1H, m) -  3.93 (1H, m) - 

C=O - 172.9  - 173.1 

Val3      

α 4.60 (1H, m) 61.6  4.59 (1H, overlap) 61.6 

β 2.38 (1H, m) 31.7  2.40 (1H, m) 31.4 

γ 0.95 (3H, d, 6.7) 19.4  0.95 (3H, d, 5.6) 19.6 

 1.04 (3H, d, 6.7) 20.2  1.03 (3H, d, 5.6) 20.4 

NH 8.01 (1H, d, 9.1) -  8.03 (1H, d, 7.0) - 

C=O - 172.5  - 173.0 

Tyr4      

α 4.87 (1H, m) 59.2  4.84 (1H, overlap) 59.5 

β 3.47 (1H, dd, 13.6, 7.5) 37.6  3.47 (1H, dd, 11.3, 

7.5) 

37.2 

 3.56 (1H, dd, 13.6, 7.5) -  3.59 (1H, dd, 11.3, 

7.5) 

- 

γ - 128.8  - 129.0 

δ 7.35 (2H, d, 8.5) 131.3  7.34 (2H, d,7.0) 131.4 

ε 7.13 (2H, d, 8.5) 116.7  7.14 (2H, d,7.0) 116.8 

ζ - 158.1  - 158.2 

NH 9.37 (1H, d, 8.0) -  9.49 (1H, overlap) - 

C=O - 172.2  - 172.6 

Ala5      
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α 4.87 (1H, m) 50.5  4.84 (1H, overlap) 50.7 

β 1.62 (3H, d, 7.1) 17.5  1.61 (3H, d, 5.9) 17.4 

NH 9.43 (1H, d, 8.3) -  9.51 (1H, overlap) - 

C=O - 174.1  - 174.6 

 

 

Figure.2.2 CD spectrum of dianthin I (1.25). 

 

 

Figure.2.3 CD spectrum of pseudostellarin A (1.26). 
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Figure.2.4 CD spectrum of heterophyllin J (1.27). 

 

While cyclization of the protected linear precursors of 1.26 and 1.27 proceeded smoothly, 

it is often desirable to use unprotected linear peptides in order to eliminate the extra step 

required for protecting group removal. We therefore investigated the cyclization reaction 

using a linear peptide containing an unprotected tyrosine residue.  

 

Accordingly, the unprotected linear precursor 2.4 of pseudostellarin A (1.26) was 

synthesized following the protocol described for the preparation of 2.1. Cyclization of 2.4 

using the conventional HBTU, 6-Cl-HOBt, DIPEA coupling mixture afforded one major 

product for which the molecular mass determined by high-resolution mass spectrometry 

(HRMS) indicated formation of the tetramethyluronium pseudostellarin A derivative 2.5 

(Scheme 2.2). Given that the cyclization reaction was carried out with an excess of 

coupling reagent (HBTU, 3 equiv), the deprotonated phenoxide side chain of tyrosine is 

able to react with HBTU, thus forming the tetramethyluronium derivative. Subsequent 

treatment of this tetramethyluronium derivative with aqueous 0.1 M NaOH solution 

afforded pseudostellarin A (1.26) within 2 h (Figure 2.5). Thus, although pseudostellarin 

A (1.26) can also be prepared from its linear unprotected peptide precursor 2.4, one extra 

step was still required for the conversion of 2.5 to 1.26, which is equal to the number of 

steps required to prepare 1.26 from its protected linear precursor 2.2.  
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Scheme 2.2. Formation of the tetramethyluronium pseudostellarin A derivative 2.5. Reagents and 

conditions: (i) HBTU (3 equiv), 6-Cl-HOBT (3 equiv), DIPEA (5 equiv), CH2Cl2-DMF (4:1), r.t., 22 h. 

 

 

Figure 2.5 HPLC spectrum (210 nm) of (A) synthetic pseudostellarin A (1.26), (B) 

tetramethyluronium by-product (2.5), and (C) the reaction mixture of 2.5 treated with aqueous 0.1 M 

NaOH solution. The HPLC profiles were stacked for clarity. Linear gradient of 5% B-75% B over 35 

min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 
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2.3 Conclusions 

The first syntheses of three naturally occurring cyclic peptides dianthin I (1.25), 

pseudostellarin A (1.26), and heterophyllin J (1.27) were accomplished in good yield. 

Their protected/unprotected linear peptide precursors were prepared efficiently via 

Fmoc-solid phase synthesis and subsequently cyclized in solution under dilute conditions. 

The structures of the synthetic cyclopentapeptides were confirmed by NMR spectroscopy 

and mass spectrometry and were in agreement with the literature data reported for the 

natural products. The biological evaluation of these three peptides will be carried out in 

the near future. 
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2.4 Experimental section 

2.4.1 General information  

All reagents were purchased from commercial sources and used without further 

purification. Solvents for routine peptide synthesis and RP-HPLC were purchased as 

synthesis grade and HPLC grade, respectively. Aminomethyl polystyrene resin was 

purchased from Rapp Polymere (Tuebingen, Germany). 

Fmoc-Gly-O-CH2-Phi-OCH2-CH2-COOH (Fmoc-Gly-HMPP) was purchased from 

Polypeptide Laboratories Group (Limhamn, Sweden). HBTU and 6-Cl-HOBt were 

supplied by GL Biochem (Shanghai, People’s Republic of China). DIC, DIPEA, iPr3SiH 

diethylether (Et2O), and piperidine were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). TFA, acetonitrile (MeCN, HPLC grade) and DMF (AR grade) were provided by 

Scharlau (Barcelona, Spain). CH2Cl2 (AR grade) was purchased from ECP Limited 

(Auckland, New Zealand). HMPB linker was supplied by Novabiochem (Merck, 

Germany). The following Fmoc-amino acids were purchased from GL Biochem: 

Fmoc-Pro-OH, Fmoc-Phe-OH, Fmoc-Ala-OH, Fmoc-Val-OH, Fmoc-Leu-OH, 

Fmoc-Ser(tBu)-OH and Fmoc-Tyr(tBu)-OH . 

 

Optical rotations were measured at the sodium D line (589 nm) at 20 °C using a Perkin 

Elmer 341 instrument. Infrared spectra were recorded on a Perkin Elmer Spectrum 100 

infrared spectrometer and 64 scans were collected for each spectrum at a resolution of 4 

cm-1. Nuclear magnetic resonance (NMR) experiments were performed on a Bruker 

AVANCE 400 spectrometer (1H 400 MHz; 13C 100 MHz) in deuterated pyridine. 

High-resolution mass spectra were obtained on a Bruker micrOTOFQ mass spectrometer. 

All the analytical RP-HPLC experiments were carried out using an analytical column 

(XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm) on a Dionex Ultimate 3000 System 

with a 35 min linear gradient of 5-75% solvent B (where solvent A was 0.1% TFA in 

water and solvent B was 0.1% TFA MeCN) at a flow rate of 1 mL.min-1 and UV signals 

were detected at the wavelengths 210, 225, 254, and 280 nm. Semi-preparative RP-HPLC 

was performed on a Waters 600 system using a semi-preparative column (XTerra MS C18 
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Prep Column, 125 Å, 19 mm × 300 mm, 10 µm) at a flow rate of 5 mL.min-1 with a 

suitable gradient of 5-75% solvent B adjusted according to the elution profiles from 

analytical RP-HPLC chromatography. Liquid chromatography-mass spectrometry 

(LC-MS) were obtained on either an Agilent Technologies 1120 Compact LC equipped 

with a Hewlett-Packard 1100 MSD mass spectrometer or an Agilent Technologies 1260 

Infinity LC equipped with an Agilent Technologies 6120 Quadrupole mass spectrometer 

using an analytical column (Phenomenex Gemini C18, 110 Å, 2 mm × 50 mm, 5 µm) 

with a 35 min linear gradient of 5-75% solvent B at a flow rate of 0.3 mL.min-1. A syringe 

pump (New Era Pump System Inc., Model NE-1000) was used for dropwise addition. All 

CD spectra were recorded using a Pi Star-180 (Applied Photophysics, Surrey, UK) 

spectrometer at 20 °C in 1 mm quartz cuvettes (Hellma Analytics, Mullheim, Germany) 

with a cell of 0.1 cm path length in the range from 190 nm to 300 nm at 0.5 nm intervals 

with a 5 s response time. Each CD spectrum measurement represents the average of three 

scans obtained with a 2 nm optical bandwidth. Baseline spectrum was collected with the 

solvent alone (100% methanol) and then subtracted from the raw peptide spectra. The 

measurements were performed at peptide concentrations of 80 μM in 100% methanol. 

Data are expressed as mean residue ellipticities [θ] in (deg.cm2.dmol-1), and calculated as 

θ = S / (10×c×L×n), where S is the raw CD signal in millidegrees, c is the peptide 

concentration (M), L is the cuvette path length (cm), and n is the number of peptide 

bonds. 
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2.4.2 General procedure for peptide synthesis 

2.4.2.1 Synthesis of linear peptide precursors  

The linear precursors of dianthin I, heterophyllin J and pseudostellarin A, namely, 

peptides 2.1-2.4, were synthesized using a microwave-assisted Fmoc/tBu strategy. The 

unprotected linear precursors 2.1 and 2.4 were prepared on a 0.2 mmol scale using a 

HMPP linker. To the pre-swollen (in CH2Cl2) aminomethyl polystyrene resin was added a 

mixture of Fmoc-Gly-HMPP (2 equiv) and DIC (2 equiv) in CH2Cl2-DMF (1:1) and the 

resulting mixture was agitated for 5 h. A Kaiser test was performed afterward to confirm 

completion of the coupling. After the removal of the first Fmoc group with 20% 

piperidine in DMF (5 mL, 2×10 min), the remaining amino acids in the sequence were 

coupled using a mixture of Fmoc-protected amino acid (4 equiv), HBTU (3.9 equiv) and 

DIPEA (8 equiv) in DMF (4 mL) in a CEM Discover microwave reactor. The couplings 

were performed for 5 min at a microwave power of 25 W with a maximum temperature of 

75 °C. Fmoc-deprotection was also performed under the same temperature by using 5 mL 

of 20% piperidine in DMF at 35 W for 1 min followed by a second deprotection at 50 W 

for 3 min. After the assembly step, the final peptide 2.1 and 2.4 were cleaved from the 

resin with a solution of TFA-iPr3SiH-H2O (95:2.5:2.5) for 2 h at r.t. The resin was then 

filtered and washed with neat TFA (2 x 3 mL). Cold Et2O was added to the combined TFA 

filtrates and the precipitated product was isolated by centrifugation (4000 rpm, 6 min). 

The precipitate was re-dissolved in 50% aqueous acetonitrile and lyophilized.  

 

The fully protected linear peptides 2.2 and 2.3 were synthesized on aminomethyl 

polystyrene resin on a scale of 0.2 mmol using an HMPB linker. At first a mixture of 

HMPB linker (2 equiv) and DIC (2 equiv) in CH2Cl2-DMF (2:1) was added to the 

pre-swollen resin and agitated for 5 h. The resulting HMPB-attached resin was then 

treated with a solution of Fmoc-Gly (3 equiv), DIC (3 equiv), DMAP (0.02 equiv) in 

DMF overnight followed by removal of the Fmoc group using 20% piperidine in DMF (5 

mL, 2×10 min). Peptide elongation was completed using the same method as mentioned 

above. The fully protected linear peptide 2.2 and 2.3 were released from the resin by 
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treatment of 1% TFA in CH2Cl2 (4 x 3 min), followed by removing the resin by filtration. 

The solvent was then evaporated under reduced pressure and the residue was dissolved in 

70% aqueous MeCN and lyophilized. 

 

Linear precursor of dianthin I (2.1). Anal. RP-HPLC: tR = 13.8 min (XTerra MS C18, 

125 Å, 4.6 mm × 150 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 

mL‧ min-1); MS (ESI+): C28H36N5O7 [M+H]+ calcd./found 554.2 /554.2. 

 

Figure 2.6 HPLC-MS profile of the crude linear precursor of dianthin I (2.1). tR = 13.8 min; linear 

gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS C18, 

125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

13.8 min 
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Protected linear precursor of pseudostellarin A (2.2). Anal. RP-HPLC: tR = 16.0 min 

(XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % 

B‧ min-1), 1 mL‧ min-1); MS (ESI+): C29H46N5O7 [M+H]+ calcd./found 576.2/576.4. 

 
Figure 2.7 HPLC-MS profile of the crude protected linear precursor of pseudostellarin A (2.2). tR = 

16.0 min; linear gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters 

XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 

16.0 min 
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Linear precursor of heterophyllin J (2.3). Anal. RP-HPLC: tR = 14.6 min (XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 

mL‧ min-1); MS (ESI+): C28H44N5O7 [M+H]+ calcd./found 562.3/562.4. 

 
Figure 2.8 HPLC-MS profile of the crude linear precursor of heterophyllin J (2.3). tR = 14.6 min; 

linear gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

14.6 min 

 
210 nm 
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Unprotected linear precursor of pseudostellarin A (2.4). Anal. RP-HPLC: tR = 10.0 

min (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % 

B‧ min-1), 1 mL‧ min-1); MS (ESI+): C25H38N5O7 [M+H]+ calcd./found 520.3/520.2. 

 

Figure 2.9 HPLC-MS profile of the crude unprotected linear precursor of pseudostellarin A (2.4). tR = 

10.0 min; linear gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters 

XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

10.0 min 
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2.4.2.2 Synthesis of cyclic peptides 

Dianthin I (1.25). To a stirred solution of DIPEA (200 µL, 1.15 mmol) in CH2Cl2 (230 

mL) was added a mixture of 2.1 (126 mg, 0.23 mmol), HBTU (262 mg, 0.69 mmol) and 

6-Cl-HOBt (117 mg, 0.69 mmol) in CH2Cl2-DMF (4:1, 50 mL) via a syringe pump at r.t. 

for 2 h and the resulting reaction solution was stirred for another 20 h. The reaction 

solution was then concentrated under reduced pressure, diluted with 0.1% (v/v) 

TFA/water and subjected to purification using semi-preparative RP-HPLC to give 1.25 as 

a colorless solid (88 mg, 71%); Anal. RP-HPLC: tR = 14.8 min (Phenomenex Gemini C18, 

110 Å, 2 mm × 50 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 0.3 

mL‧ min-1); [α]D
24 -64.6 (c 0.10, MeOH), lit.4 [α]D

21.4 -153.0 (c 0.10, MeOH); IR(KBr) 

νmax 3280, 2937, 1630, 1529, 1444, 1207, 1174, 746, 700 cm-1, lit.4 IR(KBr) νmax 3423, 

2927, 1644, 1531, 1452, 1204, 1134, 749, 702 cm−1 ; 1H NMR and 13C NMR data, see 

Table 2.1; HREIMS m/z 558.2431 [M+Na]+ (calcd for C28H33N5NaO6, 558.2323).  

 

Figure 2.10. LC-MS profile of synthetic dianthin I (1.25). , tR = 14.8 min (purity ca. 99% as judged by 

peak area of RP-HPLC at 210 nm); linear gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 

0.3 mL‧ min-1, using Phenomenex Gemini C18, 110 Å, 2 mm × 50 mm, 5 µm. 

. 

 

 

14.8 min 
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Figure 2.11 1H NMR spectrum (400 MHz, C5D5N) of synthetic dianthin I (1.25). 

 

 
Figure 2.12 13C NMR (100 MHz, C5D5N) spectrum of synthetic dianthin I (1.25). 
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Figure 2.13 IR spectrum of synthetic dianthin I (1.25). 

 

 

 

Figure 2.14 HRMS profile of synthetic dianthin I (1.25). HREIMS m/z 558.2431 [M+Na]+ (calcd for 

C28H33N5NaO6, 558.2323) 
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Pseudostellarin A (1.26). To a stirred solution of DIPEA (174 µL, 1.0 mmol) in CH2Cl2 

(200 mL) was added a mixture of 2.2 (115 mg, 0.2 mmol), HBTU (228 mg, 0.6 mmol) 

and 6-Cl-HOBT (102 mg, 0.6 mmol) in CH2Cl2-DMF (4:1, 50 mL) via a syringe pump at 

r.t. within 2 h and the resulting reaction solution was allowed to stir for another 20 h. 

After concentration under reduced pressure, the reaction was treated with 50% TFA in 

CH2Cl2 (5 mL) for 20 min followed by TFA removal under nitrogen flow. Further 

purification of the remaining residue using semi-preparative RP-HPLC afforded 1.26 as a 

colorless solid (76 mg, 76%); Anal. RP-HPLC: tR = 13.9 min (Phenomenex Gemini C18, 

110 Å, 2 mm × 50 mm, 5 µm, 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 0.3 

mL‧ min-1); [α]D
24 -66.7 (c 0.075, MeOH), lit.4 [α]D

21.4 -201.0 (c 0.8, MeOH); IR(KBr) 

νmax 3289, 2958, 2870, 1638, 1515, 1447, 1207, 1159, 827, 700 cm-1, lit.4 IR(KBr) νmax 

3428, 2959, 2930, 1664, 1517, 1452, 1203, 1139, 835, 802, 721 cm−1 ; 1H NMR and 13C 

NMR data, see Table 2.2; HREIMS m/z 524.2466 [M+Na]+ (calcd for C28H33N5NaO6, 

524.2587).  

 
Figure 2.15 LC-MS profile of synthetic pseudostellarin A (1.26)., tR = 13.9 min (purity ca. 99% as 

judged by peak area of RP-HPLC at 210 nm); linear gradient of 5% B-75% B over 35 min (ca. 2 % 

B‧ min-1), 0.3 mL‧ min-1, using Phenomenex Gemini C18, 110 Å, 2 mm × 50 mm, 5 µm.  

13.9 min 
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Figure 2.16 1H NMR spectrum (400 MHz, C5D5N) of synthetic pseudostellarin A (1.26). 

 

 

Figure 2.17 13C NMR spectrum (100 MHz, C5D5N) of synthetic pseudostellarin A (1.26). 
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Figure 2.18 IR spectrum of synthetic pseudostellarin A (1.26). 

 

 

Figure 2.19 HRMS profile of synthetic pseudostellarin A (1.26). HREIMS m/z 524.2466 [M+Na]+ 

(calcd for C28H33N5NaO6, 524.2587).  
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Heterophyllin J (1.27). Compound 1.27 was prepared from 2.3 (123 mg, 0.22 mmol) 

using the same method described for the synthesis of 1.26. Purification by 

semi-preparative RP-HPLC gave 1.27 as a colorless solid (73 mg, 68%); Anal. RP-HPLC: 

tR = 12.6 min (Phenomenex Gemini C18, 110 Å, 2 mm × 50 mm, 5 µm, 5% B-75% B over 

35 min (ca. 2 % B‧ min-1), 0.3 mL‧ min-1); [α]D
24 -100.8 (c 0.10, MeOH), lit.4 [α]D

21.6 

-328.4 (c 0.10, MeOH) ; IR(KBr) νmax 3314, 2965, 1652, 1637, 1515, 1449, 1203, 1166, 

828 cm-1, lit.4 IR(KBr) νmax 3387, 2967, 1659, 1516, 1450, 1202, 1137, 834, 721; 1H 

NMR and 13C NMR data, see Table 2.3; HREIMS m/z 510.2322 [M+Na]+ (calcd for 

C28H33N5NaO6, 510.2431).  

 

 

Figure 2.20 LC-MS profile of synthetic heterophyllin J (1.27). tR = 12.6 min (purity ca. 98% as judged 

by peak area of RP-HPLC at 210 nm); linear gradient of 5% B-75% B over 35 min (ca. 2 % B‧ min-1), 

0.3 mL‧ min-1, using Phenomenex Gemini C18, 110 Å, 2 mm × 50 mm, 5 µm.  

 

12.6 min 
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Figure 2.21 1H NMR spectrum (400 MHz, C5D5N) of synthetic heterophyllin J (1.27). 

 

 

Figure 2.22 13C NMR spectrum (100 MHz, C5D5N) of synthetic heterophyllin J (1.27). 
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Figure 2.23 IR spectrum of synthetic heterophyllin J (1.27). 

 

 

Figure 2.24 HRMS profile of synthetic heterophyllin J (1.27). HREIMS m/z 510.2322 [M+Na]+ (calcd 

for C28H33N5NaO6, 510.2431).  
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Chapter 3 

 

Cyclization of Linear Tetrapeptides 

Containing N-Methylated Amino 

Acids Using 2-Propanephosphonic 

Acid Anhydride 
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3.1 Introduction 

Cyclotetrapeptides are an uncommon family of microbial metabolites, with fewer than 

thirty analogues reported in the literature. Despite this chemical “under-representation” in 

nature, cyclotetrapeptides display diverse pharmacology as phytotoxic peptides,[170] an 

inhibitor of lipopolysaccharide-induced nitric oxide production,[171] antibacterial 

peptides,[172] inhibitors of histone deacetylase,[173] inhibitors of glycine transporter type 

1[174] and cardiac calcium channel blockers.[61]  

 

An important class of cyclotetrapeptides involves peptides containing unnatural 

N-methylated amino acids (N-Me-AA) within their sequence. Some examples of these 

type of peptides are briefly described below. Tentoxin (3.1) (Figure 3.1), a phytotoxic 

cyclic tetrapeptide extracted from the fungus Alternaria alternate, contains a pair of 

alternating N-Me-AA, one of which includes a characteristic α,β-dehydro Phe amino 

acid.[175] Hirsutide (3.2) (Figure 3.1), a cyclotetrapeptide containing two NMe-Phe 

residues, was isolated from the entomopathogenic fungus Hirsutella sp. that infected a 

spider.[165b] Additionally, three cyclotetrapeptides (1.28-1.30), structurally related to 

hirsutide, were identified from the crude fermentation extract of the fungus Onychocola 

sclerotica (hereinafter referred to as onychocins),[61] and more recently, onychocin A (1.28) 

and an inseparable complex of onychocins B (1.29) and D (1.31) (Figure 3.1) were found 

as the major metabolites of the fungus, Aspergillus hancockii sp. nov.[176] The onychocins 

showed important activity as cardiac calcium channel blockers. Endolides A and B, which 

contain two units of the unusual NMe-3-(3-furyl)alanine amino acid, isolated from 

Stachylidium sp.[177] and the pseudoxylallemycins, which contain two tyrosines modified 

with an allenic ether C-4 building block, from Pseudoxylaria sp. X802[178] provide more 

examples of the role of rare and non-conventional amino acids in the cyclotetrapeptide 

scaffold. 

 

While our understanding of the function of the cyclotetrapeptides in nature is still 

evolving, there is a pressing need for simple synthetic protocols to produce 
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cyclotetrapeptide scaffolds. 

 

It is well documented that all L-cyclotetrapeptides lacking turn promoting residues (e.g. 

proline, D- or N-Me-aa) are difficult to synthesize given the geometric constraints needed 

to be overcome to form the cyclic structure. This can be exemplified with the tyrosinase 

inhibitor cyclo(Pro-Val-Pro-Tyr),[179] whose synthesis has been elusive to date despite 

containing two Pro residues within its structure. Remarkably, the advent of methodologies 

based on ring contraction strategies or the use of pseudoproline amino acid precursors has 

provided important tools for the synthesis of the highly strained cyclotetrapeptides.[133, 180] 

Moreover, even for linear peptides containing several turn-promoting amino acids, the 

success of cyclization is still sequence-dependent.[166d] For instance, the 

cyclo(DPro-DPro-Pro-Pro) peptide could only be obtained when starting from 

H-DPro-Pro-Pro-DPro-COOH.[181]  

 

Cyclotetrapeptides containing N-Me-AA are particularly attractive pharmacological leads 

given their compliance with Lipinski’s rules, such as not containing more than 5 hydrogen 

bond donors and not more than 10 hydrogen bond acceptors.[182] However, problems 

frequently encountered during the synthesis of peptides containing N-Me-AA are: 

deletions, given the difficult coupling to the secondary amino group of the N-Me-AA; 

peptide bond cleavage (particularly observed for peptides containing consecutive 

N-Me-aa)[183] and diketopiperazine formation.[184] Thus, cyclotetrapeptides containing one 

or two non-consecutive N-Me-AA are expected to be the least problematic from a 

synthetic point of view and the most stable. Moreover, reports on the synthesis of these 

kinds of systems are scarce. In early reports the synthesis of cyclotetrapeptides containing 

N-Me-AA was accomplished by preparing the linear peptide by solution phase protocols 

followed by cyclization of the corresponding 2,4,5-trichlorophenyl (Tcp) or 

pentafluorophenyl (Pfp) peptide ester. Typically, the cyclization step was carried out 

under high dilution conditions in boiling pyridine/solvent mixtures in the presence of base 

(e.g. DIPEA). However, the yields of the cyclization step were usually poor.[185] 
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The cyclization step of the linear peptide precursor of tentoxin (3.1) has been reported 

under a variety of conditions, allowing one to compare the effectiveness of different 

cyclization protocols.[186] Cyclization yields varied from poor (18%) using the Tcp 

peptide ester[186a] to excellent (73% and 81%) when employing the conventional coupling 

agents HBTU and HATU in the presence of base in DMF at room temperature.[186e] 

 

The synthesis of hirsutide (3.2) has been reported.[187] The cyclization of the Pfp ester of 

the linear peptide precursor of 3.2 (H-Phe-NMePhe-Val-NMePhe-OH) was carried out at 

low temperature and high peptide concentration, which gave 3.2 in high yield (81%). 

These conditions contrast those reported for other cyclotetrapeptides which were prepared 

from their corresponding Pfp ester at high temperature under high dilution to minimize 

dimerization.[185a, 185b] 

 

As already noted, the need for new strategies to prepare cyclotetrapeptides is of 

paramount importance. In this work the onychocins were judiciously selected as an 

informative template to provide the natural products (1.28-1.31) and closely related 

analogue (1.32) for biological evaluation (Figure 3.1). 

 

 

Figure 3.1 N-methylated cyclotetrapeptides 
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3.2 Results and discussion 

We were interested in exploring new methodologies for the cyclization of linear 

tetrapeptides and considered that 2-propanephosphonic acid anhydride (T3P) may offer 

advantages over existing condensing reagents. It is known that T3P gives superior results 

compared to HATU with respect to maintaining the stereochemistry of the cyclization site 

of linear pentapeptides containing sterically hindered amino acids.[166a] Additionally, to 

the best of our knowledge, T3P has not been used in the cyclization of linear tetrapeptides. 

Thus, considering the successful reported synthesis of hirsutide (3.2) from its linear 

precursor HPhe-NMePhe-Val-NMePhe-OH,[187] we first proceeded with the cyclization of 

the linear peptide H-Leu-NMePhe-Leu-NMePhe-OH (3.3), the precursor of onychocin 

analogue 1.32 (synthesized by conventional solid phase peptide synthesis protocols on a 

polystyrene resin derivatized with a 2-chlorotrityl chloride linker (Scheme 3.1)), using 5 

equiv. of T3P, 6 equiv. of DIPEA in CH2Cl2/DMF (1:1) for 24 hours at room temperature 

at 1 mmol peptide concentration. Interestingly, the linear peptide dimer and the 

corresponding cyclic dimeric octapeptide were the only products observed by 

RP-HPLC-UV-MS. 

 

 

Scheme 3.1 Initial approach for the synthesis of 1.32. Reagents and conditions: (i) Fmoc-NMePhe-OH, 

CH2Cl2, DIPEA, r.t., 1 h; (ii) Fmoc-SPPS (Fmoc deprotection: 20 % piperidine in DMF, r.t., 2 × 5 min; 

coupling: Fmoc-amino acid, HATU, DIPEA, DMF, r.t., 45 min); (iii) HFIP/CH2Cl2 (1:4), r.t., 1 h; (iv) 

T3P, CH2Cl2/DMF (1:1), DIPEA, r.t., 24 h. HFIP = 1,1,1,3,3,3-hexafluoropropan-2-ol. 
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Upon starting from H-NMePhe-Leu-NMePhe-Leu-OH (3.4) under the same conditions by 

using T3P as the cyclization agent, the desired cyclic tetrapeptide 1.32 was obtained in 

low yield (15 %) together with a small proportion of the cyclopeptide containing 

epimerized C-terminal amino acid 1.32* (Scheme 3.2 and Figure 3.2A). This finding 

seemed to conflict with the reported synthesis of hirsutide (3.2).[187] 

 

 
Scheme 3.2 Products observed during the synthesis of cyclotetrapeptides 1.28-1.31 from their linear 

precursors 3.4-3.8. 
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Figure 3.2 RP-HPLC-UV (210 nm) profiles of T3P-mediated cyclisation of 3.4 at A) room 

temperature, B) 0 °C, C) 45 °C; linear gradient of 5%B-95%B over 45 min (ca. 2 %B‧ min-1), 1 

mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). A = 0.1% TFA in H2O and B = 

0.1 %TFA MeCN. Reaction conditions: 5 equiv. T3P, 6 equiv. DIPEA, DMF/ CH2Cl2 (1:1), 1 day. The 

scale bar shown is equivalent to 300 mUA.  

 

The yield of 1.32 was similar to that reported for analogous systems.[185a, 185c] Furthermore, 

the cyclization was not complete, as linear peptide precursor 3.4 and corresponding 

C-terminal-epimerized linear peptide 3.4* were also detected by RP-HPLC (Scheme 3.2 

and Figure 3.2A). Cyclotetrapeptide 1.32 was fully characterized by RP-HPLC, HRMS, 

NMR (1H, 13C, COSY, HSQC, and NOESY), IR spectroscopy, and optical rotation. 

 

The NOESY spectrum of 1.32 shows a trans configuration for the NMePhe-Leu peptide 

bond (CONH), as evidenced by a correlation between the CαH (N-Me-Phe) and NH (Leu) 

protons (Figures 3.3 and 3.4). Also, a correlation between the CαH protons of N-Me-Phe 

and Leu is observed, which is indicative of a cis configuration for the Leu-N-Me-Phe 

peptide bond (CONCH3) (Figure 3.4) [Note that a correlation between CH3 (N-Me-Phe) 

and CαH (Leu) will indicate a trans configuration].[188] Therefore, we concluded that 1.32 

exists in a trans,cis,trans,cis (tctc) conformation in solution, which corresponds to the 
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most stable structure reported for analogous systems.[189] 

 

Figure 3.3 NOESY (400 MHz, CDCl3) spectrum of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32). 

 

Figure 3.4. NOESY (400 MHz, d6-DMSO) spectrum of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32) 

 

To determine optimal conditions for the cyclization of 3.4 with T3P, the effects of solvent, 

base strength, and peptide concentration were further studied. Cyclization of 3.4 to 1.32 

was observed upon performing the reaction for 24 h in a mixture of CH2Cl2/DMF (1:1) or 

NH (Leu) CαH (N-Me-Phe) 

CαH (N-Me-Phe) 

CαH (N-Me-Phe) 
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in CH2Cl2 at r.t., although the reaction was slower and lower yielding in the latter. 

However, if the reaction was performed in DMF or EtOAc under similar conditions no 

product formation took place, but epimerization of the starting material was observed. 

Similarly, neither cyclization nor C-terminal epimerization of the starting material 

occurred when using weaker bases such as collidine or pyridine and only epimerization of 

the starting material was detected with the use of DMAP. An increase in the number of 

equivalents of T3P or base had no positive effect on the yield of the desired product; 

rather, a decrease in the yield of 1.32 or an increase in the yield of 3.4* was observed, 

respectively. An increase in the peptide concentration (> 2 mM) was detrimental as 

expected, as an increase in the formation of undesired products was determined (e.g., 

linear and cyclic dimers). 

 

The effect of temperature on the cyclization of 3.4 with T3P was next studied. Upon 

performing the reaction for 24 h at low temperature (0-5 °C), a new set of signals (for 

1.32a and 1.32b) were observed by RP-HPLC-UV (Scheme 3.2 and Figure 3.2B) together 

with signals for 3.4 and 3.4* and a small proportion of 1.32. Remarkably, these signals 

(for 1.32a and 1.32b) presented a mass that corresponded to that of cyclized product 1.32 

(found 549.3419 [M+H]+, calcd. 549.3435), but exhibited shorter retention times than 

1.32 or 1.32* (Figure 3.2). Upon performing the reaction at 45 °C for 24 h an increase in 

the proportions of 1.32 (53 % determined from the area of the RP-HPLC-UV peak) and 

1.32* (12 %) was observed (relative to the proportions observed if the reaction was 

performed at r.t.; 15 and 1 % for 1.32 and 1.32*, respectively), but 1.32a and 1.32b were 

not detected (Figure 3.2C). It is important to note that species 1.32a and 1.32b were also 

detected as minor components of the reaction mixture if the cyclization was performed at 

r.t. (Figure 3.2A). This indicates that 1.32a and 1.32b were converted into 1.32 and 1.32*, 

respectively. 

 

Therefore, one can conclude that to drive the reaction to the formation of 1.32 it must be 

performed at either r.t. or higher temperatures. This again conflicts with the reported 
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conditions for the synthesis of hirsutide (3.2) but agrees with previous work for which the 

cyclization of activated esters to linear tetrapeptides was performed at high 

temperature.[185] 

 

We next monitored the cyclization of 3.4 with T3P at 45 °C as a function of time (Figure 

3.5, top). Interestingly, species 1.32a and 1.32b appeared at early reaction times but 

disappeared during the course of the reaction. Moreover, it is worthy to note that the 

reaction was not complete even in an extended reaction time, but an increase in the 

amounts of 1.32* and 3.4* together with the appearance of several unidentified impurities 

was observed. Additional experiments showed that if the cyclization was done at 0-5 °C, 

species 1.32a and 1.32b were already present after 1 h (Figure 3.5, bottom), although the 

ratio of 3.4* to 1.32b was lower than the ratio of 3.4 to 1.32a relative to if the reaction 

was performed for longer times, which thus established a relationship between these pairs 

of species. 

 

Figure 3.5 (Top) RP-HPLC-UV (210 nm) profiles of T3P-mediated cyclisation of 3.4 at 45 °C 

monitored at different times (shown on the right of the HPLC traces). (Bottom) RP-HPLC-UV (210 

nm) profiles of T3P-mediated cyclisation of 3.4 at 5 °C for 3 h then 45 °C for 24 h monitored at 

different times; linear gradient of 5%B-95%B over 45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using 

XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). A = 0.1% TFA in H2O and B = 0.1 %TFA MeCN. 



 

100 

 

Reaction conditions: 5 equiv. T3P, 6 equiv. DIPEA, DMF/ CH2Cl2 (1:1). The scale bar shown is 

equivalent to 500 mUA.  

 

To determine if T3P offered an advantage over HBTU or HATU, the synthesis of 1.32 

starting from 3.4 was performed with the latter reagents under conditions similar to those 

used with T3P, that is, by using 5 equivalents of the coupling reagent and 6 equivalents of 

DIPEA in CH2Cl2/DMF (1:1) for 24 h at r.t. and at 1 mmol peptide concentration (Figure 

3.6). Surprisingly, the reaction with HBTU showed C-terminal epimerized product 1.32* 

as the main cyclic product of the reaction (≈ 40 %, determined from the area of the 

RP-HPLC-UV peak), together with a small amount of 6 (≈ 1 %) and the N-formylated 

linear peptide (Figure 3.6B). Interestingly, in the reaction with HATU, 1.32 was not 

detected but 1.32a and 1.32b were again observed by RP-HPLC (Figure 3.6 C). We then 

performed the reaction with HATU under conditions similar to those stated earlier but at 

45 °C. This time, 1.32* was the major product (≈ 70 %, determined from the area of the 

RP-HPLC-UV peak), and 1.32 was obtained in a lesser amount (≈20 %) (Figure 3.7). 

These results further highlight the advantage of using T3P to maintain stereochemical 

integrity during the cyclization step. 

 

Figure 3.6 RP-HPLC-UV (210 nm) traces of the reaction mixture obtained from the synthesis of 1.32 

from its linear precursor 3.4 mediated by A) T3P, B) HBTU and C) HATU at r.t.; linear gradient of 

5%B-95%B over 45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 

150 mm, 5 µm). A = 0.1% TFA in H2O and B = 0.1 % TFA in MeCN. Reaction conditions: 5 equiv. 
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coupling reagent, 6 equiv. DIPEA, DMF/ CH2Cl2 (1:1), 1 day. The scale bar shown is equivalent to 

300 mUA.  

 

Figure 3.7 RP-HPLC-UV (210 nm) traces of the reaction mixture obtained from the synthesis of 1.32 

from its linear precursor 3.4 mediated by HATU for 24 hr at 45 °C; linear gradient of 5%B-95%B over 

30 min (ca. 3 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). A = 

0.1% TFA in H2O and B = 0.1 % TFA in MeCN. Reaction conditions: 5 equiv. coupling reagent, 6 

equiv. DIPEA, DMF/ CH2Cl2 (1:1), 24 hr. The dashed line corresponds to the profile of a standard of 

1.32. 

 

We next turned our attention to understand the nature of species 1.32a and 1.32b, and for 

this purpose a couple of hypotheses were considered. First, one could argue that 1.32a 

and 1.32b correspond to the linear activated-ester of 3.4 and 3.4* if one assumes that 

1.32a and 1.32b are thermally cyclized in the mass spectrometer[190] but hydrolyzed to 3.4 

and 3.4* during chromatography. However, 1.32a and 1.32b present the same retention 

times and molecular masses when using either T3P or HATU as the activating agent 

during the cyclization of 3.4. One would have expected different retention times for the 

reactive 7-azabenzotriazole ester of 3.4 obtained with HATU relative to the carboxylic 

phosphonic mixed anhydride of 3.4 obtained with T3P,[81] which suggests that the 

hypothesis proposed above is unlikely. 

 

A second explanation for the presence of 1.32a and 1.32b is to consider these species as 

less-stable cyclic conformers of 1.32 and 1.32*. This lower stability can be attributed to a 

highly constrained conformation. This hypothesis is supported by reports of linear 

peptides containing N-Me-AAs are capable of adopting different conformations owing to 
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cis/trans interconversion, and in some cases, such as for peptides containing several 

N-Me-AAs, multiple peaks can be seen by RP-HPLC.[184a, 188] Similar observations have 

rarely been reported with cyclotetrapeptides containing N-Me-AAs; one example is the 

discovery and isolation of two different conformers of the N-Me-D-Ala1-tentoxin 

analogue of 3.1 (Figure 3.1).[191] 

 

Therefore, on the basis of the evidence presented herein we propose that cyclization of 

3.4 and 3.4* with T3P leads to 1.32a and 1.32b, respectively. Peptides 1.32a and 1.32b 

are kinetically unstable cyclic peptides and are conformers of 1.32 and 1.32*, respectively, 

which are the corresponding thermodynamic products. 

 

To prove the latter hypothesis, we proceeded to identify 1.32a and 1.32b by collecting the 

corresponding fractions by preparative RP-HPLC. However, upon resubjecting the 

purified fractions of 1.32a and 1.32b to RP-HPLC-UV-ESIMS analysis, the retention 

times and molecular weights of the purified compounds matched those of linear peptides 

3.4 and 3.4*, respectively. This indicated that 1.32a and 1.32b, presumed to be cyclic 

peptides, were hydrolyzed. While the ring opening of cyclotetrapeptides has been 

reported to occur under relatively mild hydrolytic conditions [TFA/H2O (8:2), 5 h, 

r.t.],[181a] there is no precedent for cyclotetrapeptides to undergo ring opening under 

slightly acidic conditions such as those used in RP-HPLC (mobile phase consisting of 0.1 % 

TFA in H2O/MeCN mixtures). Furthermore, attempts to isolate 1.32a and 1.32b either by 

RP-HPLC under neutral conditions or by silica-gel chromatography failed, even if the 

purification was performed at low temperatures (e.g., 5 °C). In both cases, only the 

structures of linear precursors 3.4 and 3.4* were confirmed after analysis of the collected 

fractions corresponding to 1.32a and 1.32b. 

 

We next proceeded to study the cyclization reaction by NMR spectroscopy. A solution 

containing 3.4 at a 2 mM concentration, T3P (1 equiv.), and DIPEA (2 equiv.) in CD2Cl2 

was prepared. Lowering the amounts of DIPEA and T3P was required to minimize signal 



 

103 

 

overlapping and had no negative effect on the cyclization reaction. The mixture was kept 

at 5 °C for 30 min, and an aliquot was taken and analyzed by RP-HPLC and by HRMS/ 

MS. The reaction mixture was then inserted into the NMR spectrometer and the NMR 

spectra (1H and 1D NOE) were acquired at fixed intervals of time while maintaining the 

reaction temperature at 5 °C for about 30 min, at 27 °C for about 1 h, and at 45 °C for 

about 13.3 h consecutively. Conversion of 1.32a and 1.32b into 1.32 and 1.32* only 

proceeded at 45 °C in CD2Cl2. 

 

As expected, the RP-HPLC trace of the reaction mixture at 5 °C show the presence of 3.4 

and 1.32a as the major species in the reaction mixture, and 3.4* and 1.32b were observed 

in lower proportions (Figure 3.8). The HRMS/MS spectra correspond to those of cyclic 

tetrapeptides (Figures 3.9 and 3.10). Remarkably, the 1H NMR spectrum of the mixture at 

5, 27, and 45 °C does not show trace amounts of linear peptide 3.4, as evidenced by the 

absence of the singlet assigned to the N-methyl protons of the N-terminal HN-Me-Phe1, 

which appears upfield (≈2.42 ppm) relative to the singlet corresponding to the N-methyl 

protons that are part of an amide bond (≈3.08–2.88 ppm) (Figure 3.11 and 3.12). This 

result indicates that 1.32a and 1.32b are hydrolyzed during chromatography, and 

therefore, one can conclude that the RP-HPLC traces do not show a true picture of the 

proportions of 3.4/3.4* and 1.32a/1.32b in the reaction mixture. The 1H NMR spectrum 

of the crude reaction presents several singlets between ≈3.10 and ≈2.88 ppm (Figure 3.11 

and 3.12), which indicates the presence of N-methyl protons that are part of an amide 

bond; this further confirms cyclic structures for 1.32a and 1.32b. 
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Figure 3.8 RP-HPLC-UV (210 nm) profile of the reaction mixture of 3.4, T3P (1 equiv.) and DIPEA 

(2 equiv.) in CD2Cl2 after 30 min. at 5 °C; linear gradient of 5%B-95%B over 45 min (ca. 

2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). A = 0.1% TFA 

in H2O and B = 0.1 % TFA in MeCN.  

 

 

 

 
Figure 3.9 HRMS profile of the reaction mixture of 3.4 (2 mM) with T3P (1 equiv.) and DIPEA (3 

equiv.) at 5 °C. 
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Figure 3.10 HRMS/MS profile of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32a, 1.32b). 

 

7 6 5 4 3 2 1 0
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Figure 3.11 (Top) 1H NMR spectra (500 MHz, CD2Cl2) of the cyclisation of 3.4 (2 mM) with T3P (1 

equiv.) and DIPEA (3 equiv.) at 5, 27 and 45°C. (Bottom) Zoomed in of the above spectrum covering 

the CαH and N-methyl proton regions from left to right.   
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Figure 3.12 1H NMR spectra (500 MHz, CD2Cl2, 27 °C) of (A) the reaction mixture of 3.4 (2 mM), 

T3P (1 equiv.), and DIPEA (2 equiv.) in CD2Cl2 after 30 min at 5 °C; (B) linear peptide 3.4; (C) cyclic 

peptide 1.32; and (D) a mixture of T3P and DIPEA (1:2) in CD2Cl2. 

 

Furthermore, the 1D NOE NMR spectra show a weak NOE correlation between the most 

intense N-methyl protons observed in the 1H NMR spectra of the reaction mixture (≈3.02 

ppm) (Figure 3.12A), which on the basis of the RP-HPLC traces and HRMS-MS spectra, 

corresponds to 1.32a, and a signal in the region of the CαH protons (≈4.88 ppm) (Figure 

3.13). This is indicative of a trans configuration for a Leu-NMePhe peptide bond.[188] The 

1D NOE spectra also show that the same N-methyl protons (≈3.02 ppm) are in slow 

exchange with another set of N-methyl protons (≈2.93 ppm) (Figure 3.13). The 1H NMR 

spectra of the reaction mixture at 45 °C shows the appearance of three new signals in the 

region of the N-methyl protons that increase in intensity as the reaction progresses (Figure 

3.14). Two of these signals correspond with the chemical shifts of isolated peptides 1.32 

and 1.32*. Also, a decrease in the intensity of the signal corresponding to 1.32a and a 

smaller signal is observed. The latter is assigned to 1.32b, considering that 1.32a and 

1.32b are the only two cyclic species that are consumed during the reaction and that are 

observed by RP-HPLC before the reaction mixture is heated to 45 °C. NOE correlations 
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between 1.32b and the CαH protons are not observed, and the CαH protons overlap 

strongly, which makes it difficult to assign correlations among them (Figure 3.15). 

 

Figure 3.13 (A) 1D NOE NMR spectra (500 MHz, CD2Cl2, 27 °C) of the reaction mixture of 3.4 (2 

mM), T3P (1 equiv.) and DIPEA (2 equiv.) in CD2Cl2 after 30 min at 5 °C. (B) Magnified spectrum 

from A. * indicates the irradiating frequency. (C) 1H NMR spectra (500 MHz, CD2Cl2, 27 °C) of the 

reaction mixture of 3.4 (2 mM), T3P (1 equiv.) and DIPEA (2 equiv.) in CD2Cl2 after 30 min at 5 °C 

and (D) of the mixture of T3P and DIPEA (1:2) in CD2Cl2.  
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Figure 3.14 1H NMR spectra (500 MHz, CD2Cl2, 45 °C) of the reaction mixture of 3.4 (2 mM), T3P (1 

equiv.), and DIPEA (2 equiv.) in CD2Cl2 at different time points. The spectra show the region of the 

N-methyl proton signal. * indicates the set of N-methyl protons that are in exchange with the N-methyl 

protons of 3.4a. 

 

Figure 3.15 1H NMR spectra (500 MHz, CD2Cl2, 45 °C) of the reaction mixture of 3.4 (2 mM), T3P (1 

equiv.) and DIPEA (2 equiv.) in CD2Cl2 at different time points. The spectrum shows the CαH proton 

region. 

 

In an attempt to elucidate the possible conformations of 1.32a and 1.32b, we performed 

density functional theory (DFT) calculations and molecular dynamics simulations on 

three different conformers of 1.32: tctc, tttc, and tttt (the cis conformation was assigned to 

the Leu-NMePhe amide bonds, as established by NMR spectroscopy, and the all-cis 

conformer was omitted from this calculation given the known poor stability of the cccc 

conformer in analogous systems).[189] The calculations were performed in vacuum and in 
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Chemical Shift (ppm)
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two solvent systems, namely, DMSO and CH2Cl2, which are available in the Gaussian 

09[192] software (the physicochemical properties of DMSO are similar to those of DMF). 

Our calculations show that in a solvated system the conformer stability decreases as 

follows: tctc > tttc > tttt (Table 3.1). However, there is little energy stabilization between 

the tttc and tttt conformers in CH2Cl2. The most-stable conformer is tctc, in accord with 

our experimental results (Figures 3.3 and 3.4). Additionally, the tttc conformer displays a 

larger dipole moment than either tctc or tttt, which suggests a shorter retention time in 

RP-HPLC. The tttt conformer is more stable than the tttc conformer under vacuum, which 

further highlights the important role of solvent–peptide interactions in conformer stability. 

For comparison purposes, we also performed molecular dynamics simulations and 

subsequent energy calculations using the GBSA implicit solvent model to simulate the 

solvent environment in DMF and CH2Cl2 for the three conformers of 1.32. The potential 

energies (Table 3.2) calculated for the three conformers show the same trend (tctc > tttc > 

tttt) as the DFT calculations, which is in agreement with our experimental results, 

whereby 1.32a and 1.32b are kinetically controlled products and 1.32 is the 

thermodynamic product. These theoretical calculations combined with the NMR 

spectroscopy data indicate that 1.32a adopts either a tttc or tttt unstable conformation 

(Scheme 3.2), both of which are in slow exchange in solution. Similar conclusions could 

be drawn after analyzing the DFT calculations for the four conformers of 1.32*(Table 

3.3). 
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Table 3.1 Optimized structures of the different conformers of 1.32 in a tube representation (top), and 

the potential energy differences (ΔPE) relative to the tctc conformer and dipole moments (μ) of the 

three minimized conformers of 1.32 in vacuum, DMF and CH2Cl2 calculated using DFT model. 

 

Medium 

ΔPE [kcal‧ mol–1]/μ [Debye] 

tttt tttc tctc 

Vacuum 8.36/1.00 10.03/4.55 0a/0.21 

DMSO 12.64/1.38 11.55/7.19 0a/1.33 

CH2Cl2 11.74/1.32 11.35/6.60 0a/0.96 

[a] The absolute potential energies for the tctc conformer under vacuum, DMSO, and CH2Cl2 are –

1108149.20, –1108162.45, and –1108160.10 kcal‧ mol–1, respectively. 

 

Table 3.2 The potential energy (ΔPE) and dipole moments (μ) of the three minimized conformers  

of 1.32 in vacuum, DMF and CH2Cl2 calculated using GBSA implicit solvent model. 

Medium 

ΔPE [kcal‧ mol
–1]/μ [Debye] 

tttt tttc tctc 

Vacuum -56.376/0.80 -58.826/4.66 -65.479/0.34 

DMSO -69.742/0.75 -73.750/4.83 -85.383/0.39 

CH2Cl2 -68.659/0.74 -79.234/4.37 -83.407/0.37 
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Table 3.3 Optimized structures of the different conformers of 1.32* in a tube representation 

(top) and the potential energy differences relative to the tctc conformer (ΔPE) and dipole 

moments (μ) of the three minimized conformers of 1.32* in vacuum, DMSO and CH2Cl2 

calculated using DFT model. 

 

medium 
ΔPE [kcal‧ mol–1]/μ [Debye] 

tctc tttc-1a tttc-2b tttt 

Vacuum 0c/2.20 8.00/1.05 5.08/4.62 5.19/4.49 

DMSO 0c/4.55 9.28/1.65 6.53/7.94 8.61/7.46 

CH2Cl2 0c/4.23 9.43/1.44 7.00/6.95 8.39/6.83 

[a] tttc conformer containing a cis amide bond between D-Leu and NMe-Phe. [b] tttc conformer 

containing a cis amide bond between L-Leu and NMe-Phe. [c] The absolute potential energy for 

tctc conformer in vacuum, DMSO and CH2Cl2 is -1108142.80, -1108158.08 and -1108155.78 

kcal/mol, respectively. 

 

With the knowledge gained on the cyclization of tetrapeptides by using T3P, we were then 

able to prepare 1.32 as the cyclotetrapeptide analogue of onychocins 1.28–1.31 in an 

acceptable yield while obtaining a small quantity of the C-terminal epimerized product 

(Table 3.4) by performing the cyclization in the presence of T3P (5 equiv.) and DIPEA (6 

equiv.) in CH2Cl2/DMF (1:1) for 24 h at 45 °C at a peptide concentration of 1 mM. This 

same protocol was then used to synthesize naturally extracted onychocins 1.28–1.31 

starting from the corresponding linear precursors 3.5-3.8, respectively (Table 3.4). 

However, the cyclization yields varied depending on the peptide sequence. To illustrate 

this point, the peak areas of the chromatographic profiles showing the percent of the 

various products present in the cyclization reaction of 3.4-3.8 at different temperatures are 

summarized in Table 3.4. The data clearly indicate a sequence-dependent product 

distribution. Remarkably, during the synthesis of 1.31 only early eluting conformers 

1.31a and 1.31b were observed at 45 °C. Desired product 1.31 was obtained in moderate 

yield upon increasing the temperature to 60 °C (Table 3.4), but an increase in the 
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proportion of 1.31* was also observed. 

 

Table 3.4. The percentage of the various products present during the cyclization of peptide 3.4-3.8 

determined by RP-HPLC-UV peak (210 nm).a  

 1.28 1.29 1.30 1.32 1.31 

 rt 45°C rt 45°C rt 45°C rt 45°C rt 45°C 60°C 

CMb 19% 50% 10% 36% 3% 36% 15% 53% - 3% 39% 

ECMc 4% 33% - 20% - 24% 1% 12% - 4% 22% 

OCd 58% - 68% - 28% - 3% - 52% 40% - 

LPe 13% 10% 16% 17% 36% 23% 47% 17% 42% 36% 18% 

ELPf 6% 7% 6% 27% 33% 6% 34% 18% 6% 17% 21% 

[a] Linear gradient of 5–95 % B over 45 min (ca. 2 % B min–1), 1 mL‧ min–1, by using an XTerra 

MS C18 column (4.6 mm × 150 mm, 5 μm). A = 0.1 % TFA in H2O and B = 0.1 %TFA in MeCN. 

Reaction conditions: T3P (5 equiv.), DIPEA (6 equiv.), CH2Cl2/DMF (1:1), 1 d. [b] CM: Cyclic 

monomer. [c] ECM: Epimerized cyclic monomer (i.e., 1.28*, 1.29*, 1.30*, 1.32* or 1.31* [d] OC: 

other conformers (i.e., 1.28a/1.28b, 1.29a/1.29b, 1.30a/1.30b, 1.32a/1.32b or 1.31a/1.31b). [e] LP: 

linear precursor (i.e., 3.5, 3.6, 3.7, 3.4, or 3.8, respectively). [f] ELP: Epimerized linear precursor 

(i.e., 3.5*, 3.6*, 3.7*, 3.4*, or 3.8*, respectively). 

 

Finally all the synthetic onychocins reported herein were tested for their antitumor 

activity. All the cyclotetrapeptides (1.28-1.32) moderately inhibit the proliferation of 

mouse myeloma cells in a dose-dependent manner, with IC50 values of 13.8 ± 0.2, 45.5 ± 

2.5, 23.1 ± 1.7, 13.2 ± 0.2 and 17.2 ± 0.4 µg/mL respectively. Notably, there was a 

decrease in the inhibitory activity with a decrease in the size of the side chains of the 

amino acids in the cyclotetrapeptide sequence (as exemplified by the IC50 of compounds 

1.28 and 1.32). This phenomenon might be indicative of the hydrophobic interaction or 

potential physical and geometric requirements for molecular recognition, which could 

serve as a lead for further drug development. 
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Figure 3.16 The dose-dependent inhibition of onychocin 1.28-1.32 against mouse myeloma cells. 
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3.3 Conclusions 

The syntheses of the naturally-occurring cyclotetrapeptides onychocins 1.28-1.31 and an 

analogue 1.32 were successfully accomplished using T3P to effect the key cyclization 

step. Nonetheless, there is a need to further explore options to restrict carboxylate 

epimerization to maximize yields. The cyclization generates unstable cyclic conformers 

(kinetic products) that were detected by RP-HPLC-UV-MS and 1H NMR. The most stable 

tctc conformers are favored using longer reaction times at room temperature or at higher 

temperatures and their structures agree with the corresponding natural compounds. Finally, 

biological evaluation of all the synthetic cyclotetrapeptides revealed moderate antitumor 

activity and further SAR study will be performed to provide clues for structural 

optimization. 
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3.4 Experimental Section 

3.4.1 General information 

All the reagents purchased from commercial sources were reagent grade and were used 

without further purification. Solvents for peptide synthesis and RP-HPLC were purchased 

as synthesis grade and HPLC grade, respectively. 2-Chlorotrityl chloride resin and ethyl 

Oxyma were purchased from Novabiochem (Merck, Germany). HBTU and HOAt were 

acquired from GL Biochem (Shanghai, China), while HATU and 6-Cl-HOBt were 

purchased from Chempep (Wellington, USA) and Aapptec (Louisville, USA), 

respectively. Collidine, pyridine, piperidine, 2-propanephosphonic acid anhydride (T3P) 

solution (50% in ethyl acetate), 2,2,2-trifluoroethanol (TFE), DIPEA and DIC were 

purchased from Sigma-Aldrich (St. Louis, USA). DMAP and HFIP were purchased from 

AK Scientific (Union City, USA).  DMF (AR grade), MeCN (HPLC grade) and TFA 

were purchased from Scharlau (Barcelona, Spain). CH2Cl2 (AR grade) was obtained from 

ECP Limited (Auckland, New Zealand). All the Fmoc-amino acids (Fmoc-Leu-OH, 

Fmoc-Ile-OH and Fmoc-Val-OH) were purchased from GL Biochem except 

Fmoc-N-Me-Phe-OH which was purchased from Aapptec. 

 

Infrared spectra were recorded on a Perkin Elmer Spectrum 100 infrared spectrometer, 

each spectrum was collected with 64 scans at a resolution of 4 cm-1. Optical rotations 

were determined at the sodium D line (589 nm) at 23 °C using a Perkin Elmer 341 

instrument. 1H, 13C and 1D NOE NMR experiments were performed on a Bruker 

AVANCE 400 (1H 400 MHz; 13C 100 MHz) or 500 (1H 500 MHz; 13C 125 MHz) 

spectrometer in deuterated MeOH, CHCl3, CH2Cl2 or DMSO. Chemical shifts were 

recorded in parts per million (ppm) and were referenced to the residual MeOH signal at 

3.31 ppm or the tetramethylsilane signal at 0.00 ppm. The 13C values were also presented 

relative to the signal of residual MeOH or chloroform at 49.0 ppm or 77.0 ppm, 

respectively. 1H NMR spectral data were reported as follows: chemical shift (δH), relative 

integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet 
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of doublets; dq, doublet of quartets; ddd, doublet of doublet of doublets) and coupling 

constant (J in Hz). The 1D NOE were done with 1 sec mixing time. High-resolution mass 

spectra were obtained on a Bruker micrOTOFQ mass spectrometer using electrospray 

ionization (ESI) under positive mode. All the analytical RP-HPLC experiments were 

carried out using an analytical column (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm) 

on a Dionex Ultimate 3000 System with a 45 or 30 min linear gradient of 5-95% solvent 

B (where solvent A was 0.1% TFA in water and solvent B was 0.1% TFA in MeCN) at a 

flow rate of 1 mL‧ min-1 and UV signals were detected at the wavelengths 210, 225, 254 

and 280 nm. Semi-preparative RP-HPLC was carried out on a Waters 600 system using a 

semi-preparative column (XTerra MS C18 Prep Column, 125 Å, 19 mm × 300 mm, 10 µm) 

at a flow rate of 10 mL‧ min-1 using a adjusted gradient of 5-95% solvent B according to 

the elution profiles obtained from analytical RP-HPLC chromatography. 

RP-HPLC-UV-ESIMS analysis was conducted on either an Agilent Technologies 1120 

Compact LC equipped with a Hewlett-Packard 1100 MSD mass spectrometer or an 

Agilent Technologies 1260 Infinity LC equipped with an Agilent Technologies 6120 

Quadrupole mass spectrometer using an analytical column (GraceSmart C18, 120 Å, 4.6 x 

150 mm 5 µm) with a 30 min linear gradient of 5-95% solvent B at a flow rate of 0.3 

mL‧ min-1. Thin layer chromatography (TLC) was performed using F254 0.2 mm silica 

plates, followed by visualization with UV irradiation at 254 nm. Flash column 

chromatography was performed using 63−100 μm silica gel. 
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3.4.2 General procedure for peptide synthesis 

3.4.2.1 Synthesis of linear peptide precurosrs 

All the linear peptides were prepared on 2-chlorotrityl chloride resin in a 0.1 mmol scale 

by using the Fmoc-SPPS strategy. 

 

H-Leu-NMePhe-Leu-NMePhe-OH (3.3): A solution of Fmoc-NMePhe-OH (80 mg, 0.2 

mmol) and DIPEA (64.5mg, 0.5 mmol) in CH2Cl2 (3 mL) was added to the pre-swollen 

2-chlorotrityl chloride resin (in CH2Cl2), and the resulting mixture was agitated at rt for 1 

h. The resin was then treated with a mixture of CH2Cl2:MeOH:DIPEA (16:3:1, 3 mL, 2 × 

15 min) in order to cap the resin unreacted active sites. Fmoc deprotection was achieved 

by using 20% piperidine in DMF (5 mL, 2 × 10 min), followed by amino acid coupling. 

The two Leu residues were coupled to the sequence by treating the resin with a solution 

of Fmoc-Leu-OH (282 mg, 0.8 mmol), HATU (300 mg, 7.9 mmol.) and DIPEA (206 mg, 

1.6 mmol) in 5 mL of DMF at rt for 2h and double couplings were performed. The 

coupling of N-Me-Phe was accomplished using a mixture of Fmoc-N-MePhe-OH (160 

mg, 0.4 mmol), HATU (148 mg, 3.9 mmol) and DIPEA (103 mg, 0.8 mmol) in 3 mL of 

DMF at rt for 45 min. After chain elongation, the linear peptide was cleaved from the 

resin by treatment with HFIP: CH2Cl2 (1:4, 5 mL) at rt for 1h. The resin was filtered and 

washed with CH2Cl2 (2 × 1 mL). The resulting filtrates were combined, followed by 

removal of solvent and volatile HFIP under a dry nitrogen flow. Finally the reaction 

residue was re-dissolved in 50% acetonitrile aqueous solution and lyophilized to afford 

crude 3.3 as a white powder. Anal. RP-HPLC: tR = 15.8 min (Waters XTerra MS C18, 125 

Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): 

C32H46N4O5 [M+H]+  calcd./found 567.3/567.4. 
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Figure 3.17 HPLC-MS profile of the crude H-Leu-NMePhe-Leu-NMePhe-OH (3.3). tR = 15.8 min; 

linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 
210 nm 
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H-NMePhe-Leu-NMePhe-Leu-OH (3.4): The preparation of 3.4 was conducted using a 

similar procedure to that described above for the synthesis of 3.3. Anal. RP-HPLC: tR = 

15.4 min (Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% 

B per min, 1 mL‧ min-1). MS (ESI+): C32H46N4O5 [M+H]+  calcd./found 567.3/567.4. 

 

Figure 3.18 HPLC-MS profile of the crude H-NMePhe-Leu-NMePhe-Leu-OH (3.4). tR = 15.4 min; 

linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 

 

 

15.4 min  

210 nm 
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H-NMePhe-Val-NMePhe-Val-OH (3.5): The preparation of 3.5 was performed using a 

similar procedure to that described above for the synthesis of 3.3. Anal. RP-HPLC: tR = 

13.8 min (Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% 

B per min, 1 mL‧ min-1). MS (ESI+): C30H42N4O5 [M+H]+  calcd./found 539.3/539.2. 

 

 

Figure 3.19 HPLC-MS profile of the crude H-NMePhe-Val-NMePhe-Val-OH (3.5). tR = 13.8 min; 

linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 

 

13.8 min 

 
210 nm 
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H-NMePhe-Ile-NMePhe-Val-OH (3.6): The preparation of 3.6 was performed using a 

similar procedure to that described above for the synthesis of 3.3. Anal. RP-HPLC: tR = 

19.3 min (Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 2% 

B per min, 1 mL‧ min-1). MS (ESI+): C31H44N4O5 [M+H]+  calcd./found 553.3/553.3. 

 

 

Figure 3.20 HPLC-MS profile of the crude H-NMePhe-Ile-NMePhe-Val-OH (3.6). tR = 19.3 min; 

linear gradient of 5% B-95% B over 45 min (ca. 2 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

19.3 min 

210 nm 



 

122 

 

H-NMePhe-Ile-NMePhe-Ile-OH (3.7): The preparation of 3.7 was conducted using a 

similar procedure to that described above for the synthesis of 3.3. Anal. RP-HPLC: tR = 

15.5 min (Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 65% B at 3% 

B per min, 1 mL‧ min-1). MS (ESI+): C32H46N4O5 [M+H]+  calcd./found 567.3/567.4. 

 

 

Figure 3.21 HPLC-MS profile of the crude H-NMePhe-Ile-NMePhe-Ile-OH (3.7). tR = 15.5 min; 

linear gradient of 5% B-65% B over 20 min (ca.3 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 

 

15.5 min 

 
210 nm 
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H-NMePhe-Leu-NMePhe-Val-OH (3.8): The preparation of 3.8 was performed using a 

similar procedure to that described above for the synthesis of 3.3. Anal. RP-HPLC: tR = 

15.0 min (Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% 

B per min, 1 mL‧ min-1). MS (ESI+): C31H44N4O5 [M+H]+  calcd./found 553.2/553.4. 

 

 

Figure 3.22 HPLC-MS profile of the crude H-NMePhe-Leu-NMePhe-Val-OH (3.8). tR = 15.0 min; 

linear gradient of 5% B-95% B over 30 min (ca.3 % B‧ min-1), 1 mL‧ min-1, using Waters XTerra MS 

C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

 

 

 

 

 

 

15.0 min 
 

210 nm 
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3.4.2.2 Synthesis of cyclotetrapeptides 

Cyclo[Leu-NMePhe-Leu-NMePhe] (1.32): To a solution of 3.4 (17.1 mg, 30.2 μmol) 

and T3P (90 μL, 151.0 μmol) in CH2Cl2:DMF (1:1, 30 mL) was added DIPEA (31.6 μL, 

181.2 μmol) and the reaction mixture was stirred at 45 °C for 1 day. After evaporation of 

CH2Cl2 under reduced pressure, the reaction residue was purified by semi-preparative 

RP-HPLC to give 1.32 as a white powder (8.8 mg, 53%). Anal. RP-HPLC: tR = 31.6 min 

(XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 2% B per min, 1 

mL‧ min-1); [α]D
23.2 -218.75 (c 0.08, CH2Cl2); IR (cm-1): 3317, 3064, 3027, 2956, 2927, 

2870, 1655, 1629 1498, 1454, 1402, 1323, 1300, 1172, 1090, 965, 731, 700. 1H NMR 

(400 MHz, CDCl3): δ = 7.31 (t, J=7.4, 4 H, CHAr), 7.24 (d, J=7.2, 6 H, CHAr), 6.99 (d, 

J=9.2, 2 H, 2 × CONH), 4.61 (m, 4 H, 2 × α-CH (Leu) and 2 × α-CH (NMePhe)), 3.77 (d, 

J=13.9, 2 H, 2 × β-CH2a (NMePhe)), 2.89 (d, J=12.0, 2 H, 2 × β-CH2b (NMePhe)), 2.83 (s, 

6 H, 2 × N-CH3), 1.66 (m, 2 H, 2 × β-CH2a (Leu) ), 1.40 (m, 2 H, 2 × γ-CH (Leu) ), 1.29 

(d, J=6.0, 2 H, 2 × β-CH2b (Leu)), 0.84 (d, J=6.5, 6 H, 2 × CHCH3), 0.78 (d, J=6.6, 6 H, 

CHCH3) ppm. 13C NMR (100 MHz, CDCl3): δ = 173.4 (C=O (NMePhe)), 170.1 (C=O 

(Leu)), 137.4 (CAr), 129.6 (CHAr), 128.6 (CHAr), 127.7 (CHAr), 63.8 (α-CH (NMePhe)), 

49.2 (α-CH (Leu)), 41.4 (β-CH2 (Leu)), 34.9 (β-CH2 (NMePhe)), 31.0 (N-CH3), 25.2 

(γ-CH (Leu)), 22.9 (CHCH3), 22.8 (CHCH3) ppm; HRMS (ESI+): C32H44N4O4Na 

[M+Na]+ calcd./found 571.3255/571.3259. 
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Figure 3.23 Analytical RP-HPLC profile of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32); tR = 31.6 min 

(purity ca. 99% as judged by peak area of RP-HPLC at 210 nm), linear gradient of 5%B-95%B over 

45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). 

 

 

Figure 3.24 HRMS profile of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32). HRMS (ESI+): 

C32H44N4O4Na [M+Na]+ calcd./found 571.3255/571.3259. 
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Figure 3.25 1H NMR spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32) 

 

 

Figure 3.26 13C NMR spectrum (100 MHz, CDCl3) of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32) 
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Figure 3.27 COSY spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32). 

 

 

 

Figure 3.28 HSQC spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32). 
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Figure 3.29 IR spectrum of cyclo[Leu-NMePhe-Leu-NMePhe] (1.32) 
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Cyclo[Val-NMePhe-Val-NMePhe] (1.28): 1.28 was obtained as a colorless powder (12.2 

mg, 50%) from its linear precursor 3.5 (25.3 mg, 47.0 μmol) using a similar method to 

that described for 1.32. Anal. RP-HPLC: tR = 28.9 min (XTerra MS C18, 125 Å, 4.6 mm × 

150 mm, 5 µm, 5% B to 95% B at 2% B per min, 1 mL‧ min-1); [α]D
23.2 -205.25 (c 0.08, 

CH2Cl2); IR (cm-1): 3323, 3065, 3031, 2966, 2931, 2875, 1662, 1629, 1497, 1454, 1404, 

1386, 1172, 1089, 978, 733, 699; 1H NMR (400 MHz, MeOD) δ = 7.32 (m, 10 H, CHAr), 

4.50 (dd, J=11.5, 3.0, 2 H, 2 × α-CH (NMePhe)), 4.24 (d, J=8.1, 2 H, 2 × α-CH (Val)), 

3.69 (d, J=12.1, 2 H, 2 × β-CH2a (NMePhe)), 3.03 (dd, J=15.1, 11.3, 2 H, 2 × β-CH2b 

(NMePhe)), 2.87 (s, 6 H, 2 × N-CH3), 2.13 (dd, J=14.1, 6.9, 2 H, 2 × β-CH (Val)), 0.89 (d, 

J=6.8, 6 H, 2 × CHCH3), 0.74 (d, J=6.4, 6 H, 2 × CHCH3).
 13C NMR (100 MHz, MeOD): 

δ = 173.3 (C=O (Val)), 172.1 (C=O (NMePhe)), 138.7 (CAr), 130.0 (CHAr), 129.5 (CHAr), 

128.1 (CHAr), 64.6 (α-CH (NMePhe)), 57.3 (α-CH (Val)), 35.2 (β-CH2 (NMePhe)), 31.2 

(N-CH3), 20.9 (CHCH3), 18.5 (CHCH3) ppm; HRMS (ESI+): C30H40N4O4Na [M+Na]+ 

calcd./found 543.2942/543.2951.  

 
Figure 3.30. Analytical RP-HPLC profile of cyclo[Val-NMePhe-Val-NMePhe] (1.28); tR = 28.9 min 

(purity ca. 97% as judged by peak area of RP-HPLC at 210 nm), linear gradient of 5%B-95%B over 

45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). 

 

28.9 min 
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Figure 3.31 HRMS profile of cyclo[Val-NMePhe-Val-NMePhe] (1.28). HRMS (ESI+): C30H40N4O4Na 

[M+Na]+ calcd./found 543.2942/543.2951.  

 

 

Figure 3.32 1H NMR spectrum (400 MHz, CD3OD) of cyclo[Val-NMePhe-Val-NMePhe] (1.28). 
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Figure 3.33 13C NMR spectrum (100 MHz, CD3OD) of cyclo[Val-NMePhe-Val-NMePhe] (1.28). 

 

 

Figure 3.34 IR spectrum of cyclo[Val-NMePhe-Val-NMePhe] (1.28). 
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Cyclo[Ile-NMePhe-Val-NMePhe] (1.29): 1.29 was obtained as a colorless powder (6.1 

mg, 36%) from its linear precursor 3.6 (18.1 mg, 32.8 μmol) using a similar method to 

that described for 1.32. Anal. RP-HPLC: tR = 30.2 min (XTerra MS C18, 125 Å, 4.6 mm × 

150 mm, 5 µm, 5% B to 95% B at 2% B per min, 1 mL‧ min-1); [α]D
23.2 -149.23 (c 0.1, 

CH2Cl2); IR (cm-1): 3323, 3065, 3031, 2967, 2933, 2877, 1657, 1630, 1498, 1455, 1404, 

1386, 1320, 1169, 1089, 975, 737, 700; 1H NMR (400 MHz, MeOD) δ = 7.31 (m, 10 H, 

CHAr), 4.50 (m, 2 H, 2 × α-CH (NMePhe)), 4.31 (t, J=7.5, 1 H, α-CH (Ile)), 4.25 (t, J=7.5, 

1 H, α-CH (Val)), 3.63 (d, 14.9, 2 H, 2 × β-CH2a (NMePhe)), 3.02 (dd, J=14.9, 11.5, 2 H, 

2 × β-CH2b (NMePhe)), 2.87 (s, 3 H, N-CH3), 2.86 (s, 3 H, N-CH3), 2.12 (dd, J=14.0, 7.0, 

1 H, β-CH (Val)), 1.86 (m, 1 H, β-CH (Ile)), 1.50 (m, 1 H, γ-CH2a (Ile)), 1.01 (m, 1 H, 

γ-CH2b (Ile)), 0.89 (t, J=6.4, 6 H, CH2CH3 (Ile) and CHCH3 (Val)), 0.72 (dd, J=12.4, 6.4, 

6 H, CHCH3 (Val) and CHCH3 (Ile) ) ppm. 13C NMR (125 MHz, MeOD): δ = 173.6 (C=O 

(Val) and C=O (Ile) ), 172.1 (C=O (NMePhe)), 139.0 (CAr), 130.1 (CHAr), 129.7 (CHAr), 

128.3 (CHAr), 64.7 (α-CH (NMePhe)), 57.5 (α-CH (Val)), 56.7 (α-CH (Ile)), 36.9 (β-CH2 

(Ile)), 35.3 (β-CH2 (NMePhe)), 31.4 (N-CH3), 30.4 (β-CH (Val)), 25.8 (γ-CH2(Ile)), 20.9 

(CHCH3 (Val)), 18.7 (CHCH3 (Val)), 17.2 (CHCH3 (Ile)), 12.1 (CH2CH3) ppm; HRMS 

(ESI+): C31H42N4O4Na [M+Na]+ calcd./found 557.3098/557.3092.  
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Figure 3.35 Analytical RP-HPLC profile of cyclo[Ile-NMePhe-Val-NMePhe] (1.29); tR = 30.2 min 

(purity ca. 98% as judged by peak area of RP-HPLC at 210 nm), linear gradient of 5%B-95%B over 

45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). 

 

Figure 3.36 HRMS profile of cyclo[Ile-NMePhe-Val-NMePhe] (1.29). HRMS (ESI+): C31H42N4O4Na 

[M+Na]+ calcd./found 557.3098/557.3092.  

 

30.2 min 
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Figure 3.37 1H NMR spectrum (400 MHz, CD3OD) of cyclo[Ile-NMePhe-Val-NMePhe] (1.29) 

 

 

Figure 3.38 13C NMR spectrum (125 MHz, CD3OD) of cyclo[Ile-NMePhe-Val-NMePhe] (1.29). 
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Figure 3.39 IR spectrum of cyclo[Ile-NMePhe-Val-NMePhe] (1.29). 
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Cyclo[Ile-NMePhe-Ile-NMePhe] (1.30): 1.30 was obtained as a colorless powder (7.7 

mg, 36%) from its linear precursor 3.7 (22.1 mg, 39.0 μmol) using a similar method to 

that described for 1.32. Anal. RP-HPLC: tR = 31.6 min (XTerra MS C18, 125 Å, 4.6 mm × 

150 mm, 5 µm, 5% B to 95% B at 2% B per min, 1 mL‧ min-1); [α]D
23.2 -153.00 (c 0.1, 

CH2Cl2); IR (cm-1): 3328, 3065, 3032, 2967, 2933, 2877, 1652, 1628, 1498, 1455, 1405, 

1321, 1298, 1168, 1089, 973, 738, 700;δ = 1H NMR (400 MHz, MeOD): 1H NMR (400 

MHz, MeOD): δ = 7.32 (m, 10 H, CHAr), 4.51 (m, 2 H, 2 × α-CH (Ile)), 4.32 (t, J=8.7, 2 

H, 2 × α-CH (NMePhe)), 3.69 (d, J=13.3, 2 H, 2 × β-CH2a (NMePhe)), 3.03 (m, 2 H, 2 × 

β-CH2b (NMePhe)), 2.88 (s, 6 H, 2 × N-CH3), 1.87 (m, 2 H, 2 × β-CH (Ile)), 1.52 (dd, 

J=12.7, 7.7, 2 H, 2 × γ-CH2a (Ile)), 1.02 (dt, J=16.2, 6.9, 2 H, 2 × γ-CH2b (Ile)), 0.90 (t, 

J=7.3, 6 H, 2 × CH2CH3), 0.72 (d, J=6.3, 6 H, 2 × CHCH3) ppm. 13C NMR (100 MHz, 

MeOD): δ = 173.5 (C=O (Ile)), 172.2 (C=O (NMePhe)), 138.8 (CAr), 130.1 (CHAr), 129.7 

(CHAr), 128.3 (CHAr), 64.6 (α-CH (NMePhe)), 56.8 (α-CH (Ile)), 37.0 (β-CH (Ile)), 35.1 

(β-CH2 (NMePhe)), 31.5 (N-CH3), 25.6 (γ-CH2 (Ile)), 17.2 (CHCH3 ), 12.0 (CH2CH3) 

ppm; HRMS (ESI+): C32H45N4O4 [M+H]+ calcd./found 549.3435/549.3444.  

 
Figure 3.40 Analytical RP-HPLC profile of cyclo[Ile-NMePhe-Ile-NMePhe] (1.30); tR = 31.6 min 

(purity ca. 98% as judged by peak area of RP-HPLC at 210 nm), linear gradient of 5%B-95%B over 

45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). 

31.6 min 
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Figure 3.41 HRMS profile of synthetic cyclo[Ile-NMePhe-Ile-NMePhe] (1.30). HRMS (ESI+): 

C32H45N4O4 [M+H]+ calcd./found 549.3435/549.3444.  

 

 

Figure 3.42 1H NMR spectrum (400 MHz, CD3OD) of cyclo[Ile-NMePhe-Ile-NMePhe] (1.30). 
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Figure 3.43 13C NMR spectrum (100 MHz, CD3OD) of cyclo[Ile-NMePhe-Ile-NMePhe] (1.30). 

 

 

Figure 3.44 IR spectrum of cyclo[Ile-NMePhe-Ile-NMePhe] (1.30). 
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Cyclo[Leu-NMePhe-Val-NMePhe] (1.31): 1.31 was obtained as a colorless powder (8.8 

mg, 40%) from its linear precursor 3.8 (22.7 mg, 41.1 μmol) using a similar method to 

that described for 1.32 but the reaction was carried out at 60 °C. Anal. RP-HPLC: tR = 

30.4 min (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 2% B per 

min, 1 mL‧ min-1); [α]D
23.2 -173.00 (c 0.2, CH2Cl2); IR (cm-1): 3323, 3063, 3031, 2961, 

2928, 2872, 1654, 1626, 1498, 1455, 1403, 1387, 1322, 1167, 1089, 975, 731, 700; 1H 

NMR (400 MHz, CDCl3) δ = 7.23 (m, 10 H, CHAr), 6.89 (t, 8.5, 2 H, CONH (Leu) and 

CONH (Val)), 4.59 (m, 3 H, 2 × α-CH (NMePhe) and α-CH (Leu)), 4.23 (t, 8.9, 1 H α-CH 

(Val)), 3.77 (t, 13.6, 2 H, 2 × β-CH2a (NMePhe)), 2.90 (m, 2 H, 2 × β-CH2b (NMePhe)), 

2.85 (s, 3 H, N-CH3), 2.81 (s, 3 H, N-CH3), 2.08 (m, 1 H, β-CH (Val)), 1.66 (m, 2 H, 2 × 

β-CH2a (Leu) ), 1.39 (m, 2 H, 2 × γ-CH (Leu) ), 1.25 (m, 2 H, 2 × β-CH2b (Leu)), 0.84 (t, 

J=6.7, 3 H, CHCH3), 0.77 (d, J=6.6, 3 H, CHCH3) ppm.13C NMR (100 MHz, CDCl3): δ = 

173.2 C=O (Val)), 172.5 (C=O (NMePhe)), 169.8 (C=O (Leu)), 137.1 (CAr), 129.2 (CHAr), 

128.4 (CHAr), 127.4 (CHAr), 63.6 (α-CH (NMePhe)), 63.2 (α-CH (NMePhe)), 56.2 (α-CH 

(Val)), 49.0 (α-CH (Leu)), 41.0 (β-CH2 (Leu)), 34.8 (β-CH2 (NMePhe)), 31.0 (N-CH3), 

29.3 (β-CH (Val)), 24.7 (γ-CH(Leu)), 22.7 (CHCH3 (Leu)), 22.5 (CHCH3 (Leu)), 22.2 

(CHCH3 (Val)), 18.3 (CHCH3 (Val)) ppm; HRMS (ESI+): C31H42N4O4Na [M+Na]+ 

calcd./found 557.3098/557.3104. 

 

Figure 3.45 Analytical RP-HPLC profile of cyclo[Leu-NMePhe-Val-NMePhe] (1.31); tR = 30.4 min 

(purity ca. 99% as judged by peak area of RP-HPLC at 210 nm), linear gradient of 5%B-95%B over 

45 min (ca. 2 %B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). 

30.4 min 
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Figure 3.46 HRMS profile of cyclo[Leu-NMePhe-Val-NMePhe] (1.31). C31H42N4O4Na [M+Na]+ 

calcd./found 557.3098/557.3104. 

 

 

 

 

Figure 3.47. 1H NMR spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Val-NMePhe] (1.31). 
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Figure 3.48 13C NMR spectrum (100 MHz, CDCl3) of cyclo[Leu-NMePhe-Val-NMePhe] (1.31). 

 

Figure 3.49 COSY spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Val-NMePhe] (1.31). 
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Figure 3.50 NOESY spectrum (400 MHz, CDCl3) of cyclo[Leu-NMePhe-Val-NMePhe] (1.31) 

 

Figure 3.51 IR spectrum of cyclo[Leu-NMePhe-Val-NMePhe] (1.31). 
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3.4.3 Molecular modelling 

The structures of three different conformers were built in Discovery Studio 3.0 (DS) 

using the Charmm Forcefield.[193] The geometry optimizations and energy calculations of 

the resulting structures were then carried out in Gaussian 09 at the B3LYP/6-31G(d,p) 

level with standard settings. Solvation in CH2Cl2 and DMSO was modelled by a 

polarizable continuum model. For comparison, the three backbone conformers were also 

submitted to a constrained molecular dynamics simulation at a time step of 1 fs. The 

constraints included only the dihedral angle of the two methylated amide bonds with 

values set as 0° or 180° referring to cis and trans conformations respectively, and the 

constant force was set to 0.05 kcal/mol‧ deg. The detailed procedures of molecular 

dynamics are summarized as follows: Minimised structure was heated to 300 K for 20 ps, 

followed by 100 ps equilibration at the same temperature. The production phase was 

performed for 10 ns with samples taken at an interval of 1 ps. The final energy 

minimization of the resulting conformations from MD was achieved by 1000 steps of 

steepest descent followed by another 500 steps of conjugate gradient minimization. The 

GBSA implicit solvent model using the dielectric constant of DMF (38) and CH2Cl2 (9) 

was applied for simulations in DMF and CH2Cl2. 
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3.4.4 Bioassays 

The peptides were dissolved in DMSO to provide 10 mg/mL stock solutions. An aliquot 

of each stock solution was transferred to the first lane of Rows B to G in a 96-well 

microtitre plate and two-fold serially diluted across the 12 lanes of the plate to provide a 

2,048-fold concentration gradient. Bioassay medium was added to an aliquot of each test 

solution to provide a 100-fold dilution into the final bioassay, thus yielding a test range of 

100 to 0.05 g/mL. Row A was used as the positive control (no inhibition) and Row H was 

used as the negative control (complete inhibition). CyTOX is an indicative bioassay 

platform for discovery of antitumour actives. NS-1 (ATCC TIB-18) mouse myeloma cells 

were inoculated in 96-well microtitre plates (190 L) at 50,000 cells/mL in DMEM 

(Dulbecco's Modified Eagle Medium + 10% fetal bovine serum (FBS) + 1% 

penicillin/streptomycin (Life Technologies)) and incubated in 37 °C (5% CO2) incubator. 

At 48 h, resazurin (120 g/mL; 10 L) was added to each well and the plates were incubated 

for a further 48 h. Finally, the absorbance of each well at 605 nm was measured using a 

Spectromax plate reader (Molecular Devices). 
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Chapter 4 

 

Total Synthesis of the Proposed 

Structure of Talarolide A 
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4.1 Introduction  

The N-hydroxylation of peptide backbones is an important strategy for peptide 

post-translational modification which has mainly been found in the metabolites of 

microorganisms.[25b, 194] Naturally-occurring peptides containing the N-hydroxy amide 

moiety have been reported as potential antibacterial and antitumor agents.[25b, 27, 194b, 195] 

Additionally, they can act as siderophores which chelate and transport metal ions essential 

for cell growth and proliferation.[194a] Synthetic peptides containing the N-hydroxy amide 

unit, also exhibit a wide spectrum of bioactivities including inhibition of metalloproteases 

and HIV protease, as well as immune suppression.[196] It is proposed that the N-hydroxy 

amide functionality not only serves as a strong proton donor participating in hydrogen 

bonding and metal chelation but also confers enhanced stability to enzymatic degradation 

compared to its cognate amide counterpart.[197]  

 

Figure 4.1 Structure of talarolide A (1.33) 

 

Talarolide A (1.33) is a cyclic heptapeptide isolated from an Australian marine 

tunicate-associated fungus, Talaromyces sp. (CMB TU011) (Figure 4.1).[62] Its overall 

structural elucidation was recently reported by Capon et al. using de novo spectroscopic 

analysis and a combination of C3, C18, and 2D C3 Marfey’s analyses.[62] The relevant 

structural features of 1.33 are the presence of a characteristic N-hydroxy amide moiety 

within the peptide backbone, along with multiple N-methyl amino acids. Reports on 

naturally derived cyclic peptides containing both N-hydroxy and N-methyl residues are 

scarce and some of these peptides exhibit potent inhibitory activity against Gram-positive 

bacteria,[194b] Mtb[63] and the oxytocin receptor.[194c] More importantly, only one recent 
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account of their synthesis has been published to date, which involved the use of corrosive 

coupling reagents, orthogonal protecting groups and a multi-step synthesis of the 

N-hydroxylated amino acid.[198] We therefore embarked on the first total synthesis of 

talarolide A (1.33) in order to confirm the proposed structure and establish a robust 

synthetic route towards this unusual family of peptides.  
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4.2 Results and discussion 

We envisaged that 1.33 could be constructed employing Fmoc-SPPS to access the linear 

peptide precursor followed by a solution-phase head-to-tail cyclization. Specifically, a 

side-chain-protected linear peptide could be initially assembled on a hyperacid-labile 

resin and the N-hydroxy amide moiety could be introduced by incorporating an 

N-benzyloxy glycine (4.2) building block into the sequence; after releasing the linear 

peptide precursor from the resin, 1.33 can be obtained through a solution-phase 

macrolactamization followed by subsequent final deprotection (Scheme 4.1). Moreover, 

the presence of multiple N-methyl amino acids in the peptide sequence could improve the 

efficiency of the peptide cyclization step by inducing a β-turn conformation that reduces 

the average distance between the C- and N-terminal residues.[115] 

 
Scheme 4.1. First (a) and second (b) retrosynthesis of talarolide A (1.33). 

 

Careful selection of the appropriate cyclization point is the key decision in order to 

successfully synthesize cyclic peptides. In this case, disconnections of 1.33 at sites that 

involved N-hydroxy and N-methyl amide bonds were excluded as it is known that 
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cyclization at those sites is undesirable due to severe C-terminal epimerization and low 

reaction efficiency caused by the steric hindrance and decreased nucleophilicity of the 

terminal amine.[115, 199] Among the three remaining cyclization sites, the junction between 

N-OH-Gly and L-Ala was initially chosen, as the derived linear precursor 4.1 contains an 

achiral N-OH-Gly residue at the C-terminus, thus reducing the risk of epimerization 

during peptide cyclization (see disconnection a in Scheme 4.1).  

 

The synthesis of 4.1 commenced with the attachment of the N-benzyloxy glycine (4.2) 

building block onto a 2-CTC resin (Scheme 4.2). The building block 4.2 was readily 

prepared from bromoacetic acid tert-butyl ester and O-benzylhydroxylamine according to 

reported methods.[83a, 200]  The absence of a protecting group on the benzyloxy amine of 

4.2 did not affect the esterification of the first amino acid with 2-CTC resin due to its 

modified nucleophilicity and steric hindrance compared to unsubstituted amines.[201] 

However, these intrinsic properties of the benzyloxy amine also posed a challenge during 

the following acylation step. Only strong acylating reagents, such as an acid chloride, a 

mixed anhydride, or HATU, were reported to be successful for the formation of an 

N-hydroxy amide bond.[83a, 196d, 201] In this work, the coupling of Fmoc-D-NMe-Leu to the 

resin bound benzyloxy glycine was accomplished using HATU as the coupling reagent for 

24 h. However, a second coupling was necessary to drive the reaction to completion and 

thus obtain 4.6 (Scheme 4.2). Pleasingly, the long reaction time did not give rise to 

significant epimerization which has been frequently observed in the acylation of sterically 

bulky amino acids.[199c, 202]   
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Scheme 4.2 Synthesis of the initial linear peptide precursor 4.1. Reagents and conditions: (i) 4.2 (2 

equiv.), DIPEA (5 equiv.), CH2Cl2, RT, 2 h; (ii) Fmoc-NMe-D-Leu (4 equiv.), HATU (4 equiv.), DIPEA 

(8 equiv.), RT, 2 x 1 day; (iii) iterative Fmoc-SPPS ((a) 20% piperidine in DMF, RT, 2 x 5 min; (b) 

Fmoc-AA-OH (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), DMF, RT, 1h); (iv) 20% piperidine in 

DMF, RT, 2 x 5 min; (v) HFIP/CH2Cl2 (1:4), RT, 1 h. 

 

Subsequent peptide elongation with the remaining amino acids was then performed using 

HATU as the coupling reagent and 20% piperidine in DMF for Nα-Fmoc-deprotection, 

which led to the resin bound peptide 4.7. However, LC-MS analysis of a crude sample 

resulting from the cleavage of 4.1 from the resin showed an unexpected loss of the 

benzyloxyl fragment of the N-hydroxy glycine residue which resulted in the 

corresponding C-terminal glycine derivative 4.8 as the major product (Scheme 4.2). This 

side reaction was attributed to the repetitive treatment with piperidine, given that 

accumulation of the corresponding C-terminal reduced product was observed after each 

amino acid coupling cycle. For instance, while approximately 50% of the reduced 
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tetrapeptide was observed after cleavage of the 

NH2-D-allo-Ile-D-Ala-D-NMe-Leu-(NOBn)Gly-OH peptide from the resin, the reduced 

peptide 4.8 (found 776.4 [M+H]+, calcd 776.5) accounted for ~80% of the final product 

(Figure 4.2, 4.3, Scheme 4.2). The loss of the benzyloxy fragment was attributed to the 

thermal reduction of the N-benzyloxy glycine residue to glycine, which has not been 

reported in previous synthesis of hydroxamate-containing peptides.[83a, 196d] However, it is 

important to note that in those previous syntheses the N-hydroxy residues were located in 

the middle of the peptide sequence rather than in the C-terminal region, as is the case 

presented in Scheme 4.2. We therefore postulated that the ester bond linkage between the 

first amino acid and the resin rendered the N-acyl-N-benzyloxy glycine moiety prone to a 

base-induced elimination to afford the corresponding α-acylimine intermediate 4.9.[201, 203] 

After attack by a “soft nucleophile” such as piperidine, an N-substituted glycine 

derivative 4.10 is generated, which then undergoes further thermal reduction to give the 

corresponding glycine derivative 4.11 (Scheme 4.3). [201, 204] 

 

Figure 4.2 HPLC profile of a crude sample resulting from the cleavage of the 

NH2-D-allo-Ile-D-Ala-D-N(Me)Leu-N(OBn)Gly-OH tetrapeptide from the resin during the synthesis of 

210 nm 
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linear precursor 4.1. Linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 0.3 mL‧ min-1, 

using Agilent ZORBAX C3 column (3.0 mm × 150 mm, 3.5 µm). The two peaks showing the same 

mass of the desired tetrapeptide NH2-D-allo-Ile-D-Ala-D-N(Me)Leu-N(OBn)Gly-OH were attributed 

to conformers rather than epimers as there was only one corresponding reduced side product found in 

the crude mixture. 

 

 

Figure 4.3 Reaction profile of final cleavage of linear precursor 4.1. Linear gradient of 5% B-95% B 

over 30 min (ca. 3 % B‧ min-1), 0.3 mL‧ min-1, using Agilent ZORBAX C3 column (3.0 mm × 150 

mm, 3.5 µm). The two peaks showing the same mass of linear precursor 4.1 were attributed to 

conformers rather than epimers as there was only one corresponding reduced side product found in the 

crude mixture. 

 

 

Scheme 4.3 The proposed mechanism for the reduction of the C-terminal N-acyl-N-benzyloxyl glycine 

residue. 

210 nm 
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Having established that the C-terminal N-acyl-N-benzyloxy glycine ester was not stable 

to repetitive treatment with bases such as DIPEA and piperidine, we decided to change 

the cyclization site to the junction between NMe-Tyr and D-allo-Ile so that the building 

block 4.2 would be repositioned in the middle of peptide sequence (Scheme 4.1, path b). 

The resulting linear precursor 4.3 was then assembled on a 2-CTC resin as shown in 

Scheme 4.4. The coupling of 4.2 to the resin-bound tripeptide 4.14 was performed using a 

mixture of 4.2, DIC and 6-Cl-HOBt in DMF for 24 h as powerful coupling reagents, such 

as HATU, might result in self–condensation of 4.2 during the long reaction time. For the 

Fmoc deprotection of 4.17 we encountered significant diketopiperazine formation which 

could not be alleviated using milder basic conditions (50% morpholine in DMF and 5% 

piperizine in DMF containing 0.1 M 6-Cl-HOBt). Fortunately, this undesirable side 

reaction was minimized using 20% piperidine in DMF and a short deprotection time (2 × 

30 seconds), thereby affording 4.18 in almost quantitative yield (Scheme 4.4).  

 

The protected linear precursor 4.3 (found 882.5 [M+H]+, calcd 882.5) was released from 

the resin upon treatment with 20% HFIP in CH2Cl2 and the crude peptide was taken to the 

next step without further purification. The linear peptide 4.4 was then subjected to peptide 

cyclization in solution using PyBOP as the cyclizing reagent under high dilution 

conditions (0.75 mM).[111, 205] LC-MS analysis of the crude reaction mixture indicated the 

rapid formation of a single product which exhibited the correct mass of the protected 

cyclic peptide 4.20. It is important to note that C-terminal epimerization was not detected 

during the synthesis, which echoed our hypothesis that a ring-closing conformation would 

be favored in a peptide sequence encompassing multiple N-methyl amino acids. 
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Scheme 4.4 The second synthetic route towards talarodlide A (1.33). Reagents and conditions: (i) Fmoc-NMe-Tyr(OtBu)-OH (2 equiv.), DIPEA (5 equiv.), CH2Cl2, 

RT, 1h; (ii)  iterative Fmoc-SPPS ((a) 20% piperidine in DMF, RT, 2 x 5 min; (b) Fmoc-AA-OH (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), DMF, RT, 1 h); (iii) 

20% piperidine in DMF, RT, 2 x 5 min; (iv) 4.2 (4 equiv.), DIC (4 equiv.), 6-Cl-HOBt (4 equiv.), DMF, RT, 24 h; (v) Fmoc-NMe-D-Leu (4 equiv.), HATU (4 equiv.), 

DIPEA (8 equiv.), RT, 2 x 1 day; (vi) 20% piperidine in DMF, RT, 2 x 30 s;  (vii) Fmoc-D-allo-Ile (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), DMF, RT, 1 h; 

(viii) HFIP/CH2Cl2 (1:4), RT, 1 h; (ix) PyBOP (3 equiv.), DIPEA (5 equiv.), DMF, RT, 1 day; (x) 90% formic acid in water, RT, 40 min; (xi) Pd-C, H2, MeOH, RT, 

90 min. 
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Subsequent deprotection of the t-butyl and benzyl group of 4.20, using 90% formic acid 

aqueous solution and palladium-catalyzed hydrogenation respectively, furnished the 

desired final product 1.33 in good yield (16% overall yield based on the determined 

loading of 2-CTC resin (0.48 mmol/g)) (Scheme 4.4).  It is also worth noting that cyclic 

peptide 4.20 was unstable in typical TFA-mediated t-butyl removal conditions, under 

which conditions it underwent a ring opening reaction to generate the corresponding 

linear peptide. 

 

The synthetic talarolide A (1.33) was then characterized by 1H and 13C NMR 

spectroscopy and the obtained data were compared to those reported for the natural 

product. Unfortunately, the 1H and 13C NMR spectra of 1.33 did not match those of the 

natural product. More importantly, two sets of signals with an approximate 1:1 ratio were 

observed in the 1H-NMR spectrum of 1.33, which were attributed to the existence of 

potential conformers as the N-methyl or N-hydroxy amide moieties in talarolide A (1.33) 

are capable of assuming either a cis or trans conformation (Figure 4.4).[206] 

 

In order to support this hypothesis and unambiguously assign all the proton signals in the 

NMR spectrum to each individual conformer, full NMR characterization of the synthetic 

talarolide A (1.33) was carried out. The correct peptide sequences were confirmed for 

both conformers by HMBC. Moreover, the ROESY spectrum of 1.33 rendered a 

comprehensive profile of the spatial relationship between all the protons, from which the 

isomerization state for each N-methyl and N-hydroxy amide bonds can be deduced. As 

shown in Figure 4.4, a correlation between the Hα of N(OH)-Gly and D-NMe-Leu residue 

(b and b’ in Figure 4.4) was found in both conformers, thus indicating a cis conformation 

for the N-hydroxy amide moiety. In addition, all the amide bonds that involved N-methyl 

substitution assumed the trans conformation in both conformers, except the one between 

the D-NMe-Leu and D-Ala residues. The correlation observed between the NCH3 proton 

of D-NMe-Leu and the Hα of D-Ala in conformer 2 (a’ in Figure 4.4) suggested the 

presence of a trans conformation while a cis conformation was identified in conformer 1, 
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which was evidenced by the correlation between the Hα of D-NMe-Leu and D-Ala (a in 

Figure 4.4). This finding pinpointed the position of amide bond where the cis/trans 

isomerization occurred in the synthetic talarolide A (1.33), thus providing deep insight 

into the structural difference between the two conformers observed in the NMR 

experiment. Unfortunately, the published ROESY spectrum of the natural product did not 

provide sufficient information regarding the isomerization state of each amide bond and 

only a trans conformation was determined for the amide bond between D-NMe-Leu and 

D-Ala residue.[62] 

 

 

Figure 4.4. Expanded view of the ROESY spectrum of synthetic talarolide A (1.33). 
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Variable temperature NMR experiments were then carried out. As shown in figure 4.5, the 

proton resonances of these two conformers were well resolved at 27 °C, possibly due to 

the slow interconversion between the cis and trans conformations (see below). As the 

temperature increased, the rate of interconversion increased, leading to peak broadening 

and signal coalescence, as demonstrated by the ratio between the two conformers, which 

went from 1:1 at RT to 1:0.5 at 60 °C (the peaks in the Cα-H region were integrated). 

However, a complete fusion of these two conformers had not been achieved even when 

the temperature reached 60 °C, thus indicating a relatively high energy barrier between 

them. A concentration-dependent NMR experiment was performed to examine the effect 

of peptide concentration on its 1H-NMR spectrum. The obtained 1H-NMR spectra of 1.33 

at three different concentrations did not exhibit significant variation, hence it is concluded 

that peptide concentration was not a factor that could explain the differences observed in 

the NMR spectra of the synthetic and natural talarolide A peptides. (Figure 4.6). 

 

 
Figure 4.5 Cα-H region of the 1H NMR spectra (500 MHz, DMSO-d6) of synthetic talarolide A (1.33) 

at 27 °C, 37 °C, 50 °C and 60 °C. 
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Figure 4.6 Alignment of the expanded 1H-NMR spectra (500 MHz, DMSO-d6) of synthetic talarolide 

A (1.33) at a concentration of 0.5 mg/ml (A), 1 mg/ml (B) and 2 mg/ml (C). The signal of impurity 

was labeled with a red asterisk. 

 

In order to further confirm the validity of our synthesis of 1.33 and to evaluate the impact 

of different cyclizing sites on peptide conformation, we also synthesized 1.33 using two 

different disconnecting points for the synthetic strategy (Scheme 4.5 and Scheme 4.6).  

Both linear precursors 4.28 and 4.35 were successfully prepared on 2-CTC resin using the 

same method as described above for the synthesis of 4.3. Macrolactamization of 4.28 in 

DMF (0.75 mM) proceeded smoothly using PyBOP while cyclization of 4.35 using the 

same conditions failed to give the desired peptide 4.20 probably due to the steric 

hindrance of the N-methylated amine at N-terminus. Linear peptide 4.35 was successfully 

cyclized using HATU, but significant C-terminal epimerization was observed during this 

process. This phenomenon agreed well with previous reports where severe epimerization 

took place during the cyclization of peptides that contained an N-methyl amino acid at the 

N-terminus.[199] After removal of protecting groups, the final product 1.33 derived from 

4.28 and 4.35 was obtained in 7% and 2% overall yield respectively (based on the 



 

160 

 

corresponding loading of 2-CTC resin (0.41 mmol/g and 0.55 mmol/g)). Finally, the 

samples of synthetic talarolide A (1.33) obtained from these two different cyclizing points 

were characterized by 1H-NMR, both of which exhibited the same 1H-NMR spectrum as 

the one we obtained via the synthetic route outlined in Scheme 4.4, thereby ruling out the 

existence of possible epimers in the final product (Figure 4.7). Moreover, given the fact 

that the two conformers were consistently observed in all the 1H-NMR spectra of 1 

(Figure 4.7), it was concluded that the selection of a different cyclization site for 

execution of the synthesis had a negligible effect on the conformation of final peptide.  

 

Scheme 4.5. Re-synthesis of 1.33 from the junction between D-allo-Ile and D-Ala. Reagents and 
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conditions: (i) Fmoc-D-allo-Ile-OH (2 equiv.), DIPEA (5 equiv.), CH2Cl2, RT, 1 h; (ii)  iterative 

Fmoc-SPPS ((a) 20% piperidine in DMF, RT, 2 x 5 min; (b) Fmoc-AA-OH (4 equiv.), HATU (4 

equiv.), DIPEA (8 equiv.), DMF, RT, 1 h); (iii) 20% piperidine in DMF, RT, 2 x 5 min; (iv) 4.2 (4 

equiv.), DIC (4 equiv.), 6-Cl-HOBt (4 equiv.), DMF, RT, 24 h; (v) Fmoc-NMe-D-Leu (4 equiv.), HATU 

(4 equiv.), DIPEA (8 equiv.), RT, 2 x 1 day; (vi) 20% piperidine in DMF, RT, 2 x 30 s;  (vii) 

HFIP/CH2Cl2 (1:4), RT, 1 h; (viii) PyBOP (3 equiv.), DIPEA (5 equiv.), DMF, RT, 1 day; (ix) 90% 

formic acid in water, RT, 40 min; (x) Pd-C, H2, MeOH, RT, 90 min 

 

 
Scheme 4.6 Re-synthesis of 1.33 from the junction between D-Ala and NMe-D-Leu. Reagents and 

conditions: (i) Fmoc-D-Ala (2 equiv.), DIPEA (5 equiv.), CH2Cl2, RT, 1h; (ii)  iterative Fmoc-SPPS 

((a) 20% piperidine in DMF, RT, 2 x 5 min; (b) Fmoc-AA-OH (4 equiv.), HATU (4 equiv.), DIPEA (8 

equiv.), DMF, RT, 1h); (iii) 20% piperidine in DMF, RT, 2 x 5 min; (iv) 4.2 (4 equiv.), DIC (4 equiv.), 

6-Cl-HOBt (8 equiv.), DMF, RT, 24 h; (v) Fmoc-NMe-D-Leu (4 equiv.), HATU (4 equiv.), DIPEA (8 

equiv.), RT, 2 x 1 day; (vi) HFIP/CH2Cl2 (1:4), RT, 1h; (vii) HATU (3 equiv.), HOAt (3 equiv.), DIPEA 

(5 equiv.), DMF, RT, 1 day;  (viii) 90% formic acid in water, RT, 40 min; (ix) Pd-C, H2, MeOH, RT, 

90 min.  
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Figure 4.7 Stacked 1H-NMR (500 MHz, DMSO-d6) spectra of 1.33 prepared from three different 

cyclization sites. (a) 1H-NMR spectrum of 1.33 synthesized via linear peptide 4.3; (b) 1H-NMR 

spectrum of 1.33 synthesized via linear peptide 4.28; (c) 1H-NMR spectrum of 1.33 synthesized via 

linear peptide 4.35. The slight differences in the three spectra are likely due to impurities from the 

purification steps. 
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4.3 Conclusions 

In conclusion, a total synthesis of the proposed structure of talarolide A (1.33) was 

accomplished using a combination of Fmoc-SPPS and solution-phase macrolactamization. 

Interestingly, a novel on-resin reduction of the N-benzyloxy glycine residue was 

identified during the synthesis, which led to a low-yielding synthesis of the initial linear 

peptide. This side reaction was circumvented by repositioning the N-benzyloxy glycine 

residue to the middle of the linear peptide sequence. In this case, after cyclization of the 

linear peptide and removal of protecting groups, 1.33 was successfully obtained in good 

yield. Unfortunately, the 1H and 13C NMR spectra of the synthetic talarolide A (1.33) did 

not match those of the natural product and revealed the existence of two different 

conformers. Subsequent 2D-NMR analysis of 1.33, together with the re-synthesis of 1.33 

using two different cyclization points, fully supported 1.33 as the structure of our 

synthetic talarolide A (1.33) and also pinpointed the structural difference between the two 

coexisting conformers. The work reported herein suggests that further studies are required 

to establish the structural difference between synthetic and natural talarolide A. 
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4.4 Experimental section 

4.4.1 General information 

All the reagents purchased from commercial sources were reagent grade and were used 

without further purification. Solvents for peptide synthesis and RP-HPLC were purchased 

as synthesis grade and HPLC grade, respectively. 2-CTC resin (0.9 mmol/g,) was 

purchased from Novabiochem (Merck, Germany). HATU, HOAt and Fmoc-Gly-OH were 

supplied by GL Biochem (Shanghai, China) while PyBOP, 6-Cl-HOBt, 

Fmoc-NMe-Tyr(tBu)-OH, Fmoc-D-allo-Ile and Fmoc-D-NMe-Leu-OH were obtained 

from Aapptec (Louisville, USA). Fmoc-D-Ala-OH was purchased from PolyPeptide 

laboratories (Torrance, USA). DIC, Et2O, piperidine, DIPEA, formic acid, morpholine 

and piperizine were purchased from Sigma-Aldrich (St. Louis, USA). HFIP, tert-butyl 

bromoacetate, O-benzylhydroxylamine hydrochloride, 10% Pd/C and 

Fmoc-D-NMe-Ala-OH were purchased from AK Scientific (Union City, USA).  DMF 

(AR grade), MeCN (HPLC grade) and TFA were purchased from Scharlau (Barcelona, 

Spain). CH2Cl2was obtained from ECP Limited (Auckland, New Zealand).  

 

1H and 13C NMR experiments were performed on a Bruker (Billerica, MA, USA) 

AVANCE III HD 500 (1H 500 MHz; 13C 125 MHz) spectrometer or a Bruker AVANCE III 

400 (1H 400 MHz; 13C 100 MHz) in deuterated chloroform or DMSO-d6. Chemical shifts 

were recorded in parts per million (ppm). The 1H values were referenced to the residual 

DMSO signal at 2.50 ppm or the tetramethylsilane signal at 0.00 ppm in CDCl3 for the 

RT experiment. The 13C values were presented relative to the signal of residual DMSO at 

39.5 ppm or residual CHCl3 at 77.0 ppm. 1H NMR spectral data were reported as follows: 

chemical shift (δH), relative integral, multiplicity (s, singlet; d, doublet; t, triplet; q, 

quartet; m, multiplet; dd, doublet of doublets; dq, doublet of quartets; ddd, doublet of 

doublet of doublets) and coupling constant (J in Hz). High-resolution mass spectra were 

obtained on a Bruker micrOTOFQ mass spectrometer using (ESI) under positive mode. 

Optical rotations were determined at the sodium D line (589 nm) using a Perkin Elmer 

(Waltham, MA, USA) 341 instrument. The analytical RP-HPLC experiments were carried 
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out using analytical columns (Thermo (Waltham, MA,  USA)  BDS HYPERSIL C18, 

4.6 mm × 150 mm, 5 µm or Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm) on 

a Dionex (Torrance, CA, USA) Ultimate 3000 System with a 30 min linear gradient of 

5-95% solvent B (where solvent A was 0.1% TFA in water and solvent B was 0.1% TFA 

in MeCN) or a 45 min linear gradient of 5-95% solvent B at a flow rate of 1 mL‧ min-1 

and UV signals were detected at the wavelengths 210, 225, 254 and 280 nm. Analytical 

RP-HPLC spectra were also recorded on a Agilent Technologies (Santa Clara, CA) 1120 

Compact LC system using Agilent ZORBAX C3 column (3.0 mm × 150 mm, 3.5 µm) 

with a 30 min linear gradient of 5-95% solvent B (where solvent A was 0.1% TFA in 

water and solvent B was 0.1% TFA in MeCN) at a flow rate of 0.3 mL‧ min-1 and UV 

signals were detected at the wavelengths 210 nm. Semi-preparative RP-HPLC was carried 

out on a Waters 600 system using a semi-preparative column (XTerra MS C18 Prep 

Column, 125 Å, 19 mm × 300 mm, 10 µm) at a flow rate of 10 mL‧ min-1 using an 

adjusted gradient of  5-95% solvent B according to the elution profiles obtained from 

analytical RP-HPLC chromatography. LC-MS analysis was conducted on an Agilent 

Technologies (Santa Clara, CA, USA)1260 Infinity LC equipped with an Agilent 

Technologies 6120 Quadrupole mass spectrometer using an analytical column (Agilent 

ZOBAX C3, 300 Å, 3.0 mm × 150 mm, 3.5 µm) with a 30 min linear gradient of 5-95% 

solvent B at a flow rate of 0.3 mL‧ min-1.  
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4.4.2 General procedure for peptide synthesis 

Determination of the loading of the first amino acid.  

Fmoc-AA-2-CTC resin was washed in CH2Cl2 and dried for 30 min. 1.0 mg of the dried 

resin was weighed in two Starna Scientific Ltd cuvettes, respectively. Fresh 20% 

piperidine in DMF (v/v, 3 mL) was then added to each cuvette and the resulting mixture 

was agitated for 20 min at RT. These two cuvettes were then placed in a SHIMADZU 

UV-1280 UV-VIS spectrophotometer, along with a reference cuvette containing 20% 

piperidine solution in DMF (v/v, 3 mL). After zero calibration based on the blank sample, 

the absorbance of two samples at 290 nm were recorded and the actual loading can be 

calculated based on the following equation.  

Actual Loading (mmol/g) = Absorption/ (mg of resin sample × 1.75)  

The final loading was determined after averaging the values calculated from the two 

samples. 

    

General method 1. Removal of Nα-Fmoc-protecting group using conventional 

protocol 

The peptidyl resin was treated with 20% piperidine in DMF (v/v) (3 mL) for 2 × 5 min, 

followed by resin wash using DMF (6 × 3 mL).  

 

General method 2. Coupling of amino acids (except Fmoc-D-NMe-Leu-OH) using 

HATU during Fmoc-SPPS 

A mixture of Fmoc-AA-OH (4 equiv.), HATU (4 equiv.) and DIPEA (8 equiv.) in DMF (3 

mL) was added to the peptidyl resin. The reaction mixture was agitated for 1 h at RT, 

followed by resin wash with DMF (6 × 3 mL).  

 

General method 3. Coupling of 4.2 using DIC during Fmoc-SPPS  

To the peptidyl resin was added a solution of 4.2 (4 equiv.), DIC (4 equiv.) and 

6-Cl-HOBt (4 equiv.) in DMF (3 mL). The resulting mixture was agitated for 24 h, 

followed by resin wash with DMF (6 × 3 mL). 
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General method 4. Coupling of Fmoc-D-NMe-Leu-OH using HATU during 

Fmoc-SPPS  

A mixture of Fmoc-D-NMe-Leu-OH (4 equiv.), HATU (4 equiv.) and DIPEA (8 equiv.) in 

DMF (3 mL) was added to the resin. The reaction mixture was allowed to shake 24 h at 

RT, followed by resin wash with DMF (6 × 3 mL). This coupling was repeated once more 

for complete reaction. 

 

General method 5. Rapid removal of the Nα-Fmoc-protecting group  

The peptidyl resin was treated with 20% piperidine in DMF (v/v) (3 mL) for 2 × 30 s, 

followed by resin wash using DMF (6 × 3 mL). 

 

H-D-allo-Ile-D-Ala-D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)-OH 

(4.3) 

To pre-swollen (CH2Cl2) 2-CTC resin (104 mg, 0.05 mmol, loading 0.48 mmol/g), was 

added a solution of Fmoc-NMe-Tyr (48 mg, 0.1 mmol) and DIPEA (44 μL, 0.25 mmol), 

the resulting mixture was agitated for 1 h at RT. After removal of the Fmoc group using 

general method 1, all the amino acids were coupled to the resin-bound peptide using 

general method 2, except building block 4.2 and Fmoc-D-NMe-Leu which were attached 

to the resin using general methods 3 and 4, respectively. Nα-Fmoc-deprotection for all the 

amino acids was achieved using general method 1, except for resin-bound Fmoc-D-Ala, 

which was performed using general method 5. After peptide assembly, the linear peptide 

4.3 was released from the resin using 20% HFIP in CH2Cl2 at RT for 1 h. The resin was 

then filtered and washed with CH2Cl2 (2 x 3 mL). The combined filtrates were then 

concentrated under a stream of nitrogen, which was followed by addition of cold Et2O. 

The resulting precipitated product was isolated by centrifugation (4000 rpm, 6 min), 

re-dissolved in 50% aqueous acetonitrile and lyophilized to afford crude 4.3 as a white 

powder (22.8 mg, ca. 52%). Anal. RP-HPLC: tR = 17.0 min (Thermo BDS HYPERSIL 

C18, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS 
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(ESI+): C46H72N7O10 [M+H]+ calcd./found 882.5/882.4. 

 

Figure 4.8. LC-MS profile of crude linear peptide 4.3, tR = 17.0 min; linear gradient of 5% B-95% B 

over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Thermo BDS HYPERSIL C18 column (4.6 mm × 

150 mm, 5 µm). 

 

Cyclo[D-allo-Ile-D-Ala-D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)] 

(4.20) prepared from 4.3 

To a stirred solution of DIPEA (20 μL, 115 μmol) in DMF (26 mL) was added a mixture 

of 4.3 (20 mg, 23 μmol) and PyBOP (35 mg, 69 μmol) in DMF (5 mL) via a syringe 

pump at RT for 90 min and the mixture was stirred for another 20 h. The resulting 

solution was concentrated under high vacuum then diluted with water (ca. 10 mL). 

Purification of the reaction mixture using semi-preparative RP-HPLC afforded 4.20 as a 

white solid (7.1 mg, 36%). Anal. RP-HPLC: tR = 23.2 min (Thermo BDS HYPERSIL C18, 

4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): 

210 nm 
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C46H70N7O9 [M+H]+ calcd./found 864.5/864.4. 

Figure 4.9. LC-MS profile of 4.20, tR = 23.2 min (purity ca. 98% as judged by peak area of RP-HPLC 

at 210 nm); linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using 

Thermo BDS HYPERSIL C18 column (4.6 mm × 150 mm, 5 µm). 

 

H-D-Ala-D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)-D-allo-Ile-OH 

(4.28) 

To pre-swollen (CH2Cl2) 2-CTC resin (122 mg, 0.05 mmol, loading 0.41 mmol/g), was 

added a solution of Fmoc-D-allo-Ile (35 mg, 0.1 mmol) and DIPEA (44 μL, 0.25 mmol), 

the resulting reaction was allowed to shake for 1 h at RT. After removal of the Fmoc 

group using general method 1, peptide chain elongation was performed using the same 

protocols as described for the synthesis of 4.3. Finally, the linear peptide 4.28 was cleaved 

from resin using 20% HFIP in CH2Cl2 at RT for 1 h. After filtration and washing the resin 

with CH2Cl2 (2 x 3 mL), the combined filtrate was concentrated under a stream of 

nitrogen and cold Et2O was then added. The resulting precipitate was further isolated by 

centrifugation (4000 rpm, 6 min), re-dissolved in 50% acetonitrile in water and 

lyophilized to afford the crude linear peptide 4.28 as a white powder (18.1 mg, ca. 41%). 

210 nm 
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Anal. RP-HPLC: tR = 18.1 min (Thermo BDS HYPERSIL C18, 4.6 mm × 150 mm, 5 µm, 

5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): C46H72N7O10 [M+H]+ 

calcd./found 882.5/882.4. 

 

Figure 4.10. LC-MS profile of crude linear peptide 4.28, tR = 18.1 min; linear gradient of 5% B-95% 

B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Thermo BDS HYPERSIL C18 column (4.6 mm 

× 150 mm, 5 µm). 

 

Cyclo[D-Ala-D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)-D-allo-Ile] 

(4.20) prepared from 4.28 

Linear peptide precursor 4.28 (15 mg, 17 μmmol) was cyclized in solution using the same 

method as described in the macrolactamization of 4.3. Compound 4.20 was obtained as a 

white solid (4.1 mg, 29%). Anal. RP-HPLC: tR = 23.2 min (Thermo BDS HYPERSIL C18, 

4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): 

C46H70N7O9 [M+H]+ calcd./found 864.5/864.4. 

210 nm 
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Figure 4.11. LC-MS profile of 4.20 obtained form 4.28, tR = 23.2 min (purity ca. 91% as judged by 

peak area of RP-HPLC at 210 nm); linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 

mL‧ min-1, using Thermo BDS HYPERSIL C18 column (4.6 mm × 150 mm, 5 µm). 

 

H-D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)-D-allo-Ile-D-Ala-OH 

(4.35) 

To pre-swollen (CH2Cl2) 2-CTC resin (91 mg, 0.05 mmol, loading 0.55 mmol/g), was 

added a solution of Fmoc-D-Ala (31 mg, 0.1 mmol) and DIPEA (44 μL, 0.25 mmol), the 

resulting reaction was allow to shake for 1 h at RT. After removal of the Fmoc group 

using general method 1, peptide chain elongation was achieved using the same protocols 

as described in the synthesis of 4.3. After peptide cleavage, the crude linear peptide 4.35 

was obtained as a white powder (24.6 mg, ca. 56%). Anal. RP-HPLC: tR = 17.7 min 

(Thermo BDS HYPERSIL C18, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per 

min, 1 mL‧ min-1). MS (ESI+): C46H72N7O10 [M+H]+ calcd./found 882.5/882.4. 

210 nm 
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Figure 4.12. LC-MS profile of crude linear peptide 4.35, tR = 17.7 min; linear gradient of 5% B-95% 

B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using Thermo BDS HYPERSIL C18 column (4.6 mm 

× 150 mm, 5 µm). 

 

Cyclo[D-NMe-Leu-N(OBn)-Gly-Ala-D-NMe-Ala-NMe-Tyr(OtBu)-D-allo-Ile-D-Ala] 

(4.20) prepared from 4.35 

To a stirred solution of DIPEA (20 μL, 115 μmol) in DMF (26 mL) was added a solution 

of linear peptide 4.35 (20 mg, 23 μmol), HATU (26 mg, 68 μmol) and HOAt (9 mg, 68 

μmol) in DMF (5 mL) using a syringe pump within 90 min. The resulting mixture was 

allowed to stir at RT for 48 h. After completion of the reaction (as monitored by 

RP-HPLC), the mixture was concentrated under high vacuum and then diluted with water 

(ca. 10 mL). Purification of the reaction mixture using semi-preparative RP-HPLC 

furnished 4.20 as a white solid (1.0 mg, 5%). Anal. RP-HPLC: tR = 21.5 min (Waters 

XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm), 5% B to 95% B at 3% B per min, 1 

mL‧ min-1). MS (ESI+): C46H70N7O9 [M+H]+ calcd./found 864.5/864.4.  

210 nm 
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Figure 4.13 LC-MS profile of 4.20 obtained form 4.35, tR = 21.5 min (purity ca. 93% as judged by 

peak area of RP-HPLC at 210 nm); linear gradient of 5% B-95% B over 30 min (ca.3 % B‧ min-1), 1 

mL‧ min-1, using Waters XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm. 

 

Talarolide A (1.33) 

The protected cyclic peptide 4.20 (7 mg, 8 μmol) was treated with 90% aqueous formic 

acid (3 mL) for 40 min. The resulting mixture was diluted with water (27 mL) and loaded 

onto an Alltech C18 solid-phase extraction cartridge (prepared by washing with 3 x 5 mL 

of methanol followed by 3 x 5 mL of water). The cartridge was first washed with 3 x 5 

mL of water, followed by elution using 3 x 5 mL of acetonitrile. The collected acetonitrile 

fraction was then concentrated under reduced pressure and the residue was re-dissolved in 

methanol (7 mL). Subsequent hydrogenation was performed by adding 10% Pd/C (5 mg, 

5 μmol) to the resulting solution in methanol, followed by continuous bubbling of 

hydrogen gas through the solution. After fixing a hydrogen balloon to the reaction system, 

210 nm 
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the mixture was stirred for 90 min at RT. The Pd/C was then removed via filtration 

through a celite pad, the filtrate was combined and concentrated to afford the crude 

product. Further purification of the crude product using semi-preparative RP-HPLC 

furnished 1.33 as a white solid (5.2 mg, 82%). Anal. RP-HPLC: tR = 17.1 min (Thermo 

BDS HYPERSIL C18, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 2% B per min, 1 

mL‧ min-1). [α]D
23.0 25.0 (c 0.04, MeOH), lit.[1] [α]D −13.5 (c 0.05, MeOH); NMR (500 

MHz, DMSO-d6) data see Table 4.1 and 4.2; HRMS (ESI+): C35H55N7O9Na [M+Na]+ 

calcd./found 740.3953/740.3954. 

 

 

Figure 4.14 LC-MS profile of synthetic talarolide A (1.33), tR = 17.1 min (purity ca. 97% as judged by 

peak area of RP-HPLC at 210 nm); linear gradient of 5% B-95% B over 45 min (ca. 2 % B‧ min-1), 1 

mL‧ min-1, 50 °C, using Thermo BDS HYPERSIL C18 column (4.6 mm × 150 mm, 5 µm). 

 

 

Figure 4.15 HRMS profile of synthetic talarolide A (1.33). C35H55N7O9Na [M+Na]+ calcd./found 

740.3953/740.3954. 
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Table 4.1 1H and 13C NMR (500 MHz, DMSO-d6) data for the conformer 1 of synthetic talarolide A 

(1.33). 

 

residue 

 

Conformer A  natural product[62] 

δH (J in Hz) δC  δH (J in Hz) δC 

D-allo-Ile      

1  171.7   169.7 

2 4.25 (dd, J = 7.4, 4.1 Hz, 

1H). 

55.2  4.72 (m, 1H) 53.7 

3 1.83 (m, 1H) 36.4  1.95 (m, 1H) 38.5 

4 1.27 (m, 1H) 25.7   1.42 (m, 1H) 26.2 

 1.05 (m, 1H)    1.07 (m, 1H)  

5 0.81 (d, J = 7.3 Hz, 3H),  11.5  0.94 (dd, J = 7.3, 7.3 

Hz, 3H) 

12.0 

6 0.69 (d, J = 6.8 Hz, 3H). 14.3  0.81 (d, J = 6.9 Hz, 

3H)  

13.7 

NH 6.95 (d, J = 8.4 Hz, 1H)   7.24 (d, J = 9.6 Hz, 

1H) 

 

D-Ala     - 

1  171.8   174.1 

2 4.94 (dd, J = 13.9, 7.3 

Hz, 1H) 

44.7  4.49 (qd, J = 6.8, 4.1 

Hz, 1H) 

45.2 

3 1.23 (d, J = 6.9 Hz, 1H). 16.9  1.19 (d, J = 6.8 Hz, 

3H) 

15.7 

NH 8.52 (d, J = 5.7 Hz, 1H)   8.66 (d, J = 4.1 Hz, 

1H) 

 

NMe-D-Leu      

1  169.1   167.3 

2  5.10 (m, 1H). 51.8  5.05(dd, J = 11.8, 

3.9 Hz, 1H) 

54.5 

3 2.02 – 2.10 (m, 1H). 37.8   1.79 (ddd, J = 14.4, 

10.3, 3.9 Hz, 1H) 

36.0 

 1.23 (d, J = 6.9 Hz, 1H).    1.58 (ddd, J = 14.4, 

11.8, 3.9 Hz, 1H) 

 

4 1.32 – 1.48 (m, 1H). 29.6  1.37 (m, 1H) 24.4 

5 
 

0.91 (d, J = 6.2 Hz, 3H). 21.7  0.77 (d, J = 6.5 Hz, 21.0 
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3H) 

6 0.90 (d, J = 6.2 Hz, 3H). 23.0  0.88 (d, J = 6.5 Hz, 

3H) 

23.3 

NMe 2.68 (s, 3H) 28.2  3.00  (s, 3H) 31.0 

N-OH-Gly      

1  165.6   172.0 

2 4.74 (d, J = 16.3 Hz, 1H) 49.3   4.75 (d, J = 17.1 

Hz, 1H) 

50.2 

 3.64 (d, J = 16.4 Hz, 1H).    3.76 (d, J = 17.1 

Hz, 1H) 

 

N-OH  9.79 (s, 1H).   9.31 (s, 1H)  

L-Ala     - 

1  171.6   171.1 

2 4.88 (m, 1H) 43.4  4.34 (qd, J = 7.1, 5.4 

Hz, 1H) 

45.8 

3 1.16 (d, J = 6.9 Hz, 3H) 17.3  1.12 (d, J = 7.1 Hz, 

3H) 

14.9 

NH 8.45 (d, J = 8.3 Hz, 1H)   8.87 (d, J = 5.4 Hz, 

1H) 

 

N-Me-D-Ala    -  

1  170.4   169.8 

2 5.02 (m, 1H) 49.8  4.71 (q, J = 6.5 Hz, 

1H) 

46.7 

3  0.98 (d, J = 6.5 Hz, 3H) 14.8  0.49 (d, J = 6.5 Hz, 

3H) 

15.1 

NMe 2.96 (s, 3H) 30.2  2.70 (s, 3H) 28.6 

N-Me-L-Tyr    -  

1  169.1   168.2 

2 5.23 (t, J = 7.6 Hz, 1H) 57.9  4.80 (dd, J = 10.5, 

4.9 Hz, 1H) 

56.6 

3 3.05 – 3.09 (m, 1H) 32.4   2.84 (dd, J = 14.3, 

10.5 Hz, 1H) 

34.1 

 2.53 – 2.61 (m, 1H)    2.60 (dd, J = 14.3, 

4.9 Hz, 1H) 

 

4  127.7   126.6 

5/9 6.95 (d, J = 8.4 Hz, 2H)  129.8  6.93 (d, J = 8.4 Hz, 

2H) 

130.8 

6/8 6.61 (d, J = 8.4 Hz, 2H) 115.2  6.64 (d, J = 8.4 Hz, 

2H) 

114.8 

7  155.8   155.9 

7-OH 9.16 (br s, 1H)   9.21 (s, 1H)  

NMe 2.64 (s, 3H) 29.6  2.66 (s, 3H) 28.6 
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Table 4.2 1H and 13C NMR (500 MHz, DMSO-d6) data for the conformer 2 of synthetic talarolide A 

(1.33). 

 

residue 

 

Conformer A  natural product[62] 

δH (J in Hz) δC  δH (J in Hz) δC 

D-allo-Ile      

1  a   169.7 

2  4.04 (m, 1H) 55.2  4.72 (m, 1H) 53.7 

3 1.90 (m, 1H) 33.5  1.95 (m, 1H) 38.5 

4 1.05 (m, 1H) 25.7   1.42 (m, 1H) 26.2 

 0.90 (m, 1H)    1.07 (m, 1H)  

5 0.74 (t, J = 7.3 Hz, 3H). 

 

11.4  0.94 (dd, J = 7.3, 7.3 

Hz, 3H) 

12.0 

6 0.62 (d, J = 6.7 Hz, 3H). 

 

13.6  0.81 (d, J = 6.9 Hz, 

3H)  

13.7 

NH 8.39 (d, J = 8.5 Hz, 1H)   7.24 (d, J = 9.6 Hz, 

1H) 

 

D-Ala     - 

1  171.2   174.1 

2 4.44 (m, 1H) 45.7  4.49 (qd, J = 6.8, 4.1 

Hz, 1H) 

45.2 

3 0.98 (d, J = 6.5 Hz, 3H) 16.6  1.19 (d, J = 6.8 Hz, 

3H) 

15.7 

NH 6.85 (br s, 1H).   8.66 (d, J = 4.1 Hz, 

1H) 

 

NMe-D-Leu      

1  a   167.3 

2 5.17 (m, 1H) 49.5  5.05(dd, J = 11.8, 

3.9 Hz, 1H) 

54.5 

3 1.52 (dd, J = 13.7, 6.5 

Hz, 1H) 

37.8   1.79 (ddd, J = 14.4, 

10.3, 3.9 Hz, 1H) 

36.0 

  1.33 – 1.47 (m, 1H)    1.58 (ddd, J = 14.4, 

11.8, 3.9 Hz, 1H) 

 

4 1.33 – 1.47 (m, 1H) 23.8  1.37 (m, 1H) 24.4 

5 
 

0.86 (m, 3H)  22.8  0.77 (d, J = 6.5 Hz, 21.0 
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3H) 

6 , 0.81 (d, J = 7.3 Hz, 3H). 22.4  0.88 (d, J = 6.5 Hz, 

3H) 

23.3 

NMe 2.84 (s, 3H) 29.3  3.00  (s, 3H) 31.0 

N-OH-Gly      

1  165.3   172.0 

2 4.47 (m, 1H)  52.4   4.75 (d, J = 17.1 

Hz, 1H) 

50.2 

 3.99 (m, 1H)    3.76 (d, J = 17.1 

Hz, 1H) 

 

N-OH a   9.31 (s, 1H)  

L-Ala     - 

1  a   171.1 

2 4.84 (m, 1H) 44.0  4.34 (qd, J = 7.1, 5.4 

Hz, 1H) 

45.8 

3 1.16 (d, J = 6.9 Hz, 3H) 18.9  1.12 (d, J = 7.1 Hz, 

3H) 

14.9 

NH 8.10 (d, J = 8.2 Hz, 1H)   8.87 (d, J = 5.4 Hz, 

1H) 

 

N-Me-D-Ala    -  

1  a   169.8 

2 5.38 (m, 1H) 48.2  4.71 (q, J = 6.5 Hz, 

1H) 

46.7 

3  1.05 (m, 3H) 14.6  0.49 (d, J = 6.5 Hz, 

3H) 

15.1 

NMe 2.92 (s, 3H) 30.0  2.70 (s, 3H) 28.6 

N-Me-L-Tyr    -  

1  169.1   168.2 

2 5.10 (m, 1H) 57.5  4.80 (dd, J = 10.5, 

4.9 Hz, 1H) 

56.6 

3 2.88 (m, 1H),  34.4   2.84 (dd, J = 14.3, 

10.5 Hz, 1H) 

34.1 

 2.53 – 2.61 (m, 1H)    2.60 (dd, J = 14.3, 

4.9 Hz, 1H) 

 

4  127.0   126.6 

5/9 7.01 (d, J = 7.4 Hz, 2H),  129.6  6.93 (d, J = 8.4 Hz, 

2H) 

130.8 

6/8 6.64 (d, J = 8.2 Hz, 2H). 114.8  6.64 (d, J = 8.4 Hz, 

2H) 

114.8 

7  155.8   155.9 

7-OH 9.16 (br s, 1H)   9.21 (s, 1H)  

NMe 3.04 (s, 3H) 30.8  2.66 (s, 3H) 28.6 

      aSignals were not found. 
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Figure 4.16 Alignment of the full 1H NMR spectra (500 MHz, DMSO-d6) of synthetic talarolide A 

(1.33) recorded at a) 60 °C, b) 50 °C, c) 37 °C, d) 27 °C. 
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Figure 4.17 1H NMR spectrum (500 MHz, DMSO-d6) of synthetic talaroldie A (1.33). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 13C NMR spectrum (125 MHz, DMSO-d6) of synthetic talaroldie A (1.33). 
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Figure 4.19 COSY spectrum (500MHz, DMSO-d6) of synthetic talaroldie A (1.33). 

 

Figure 4.20 TOCSY spectrum (500MHz, DMSO-d6) of synthetic talaroldie A (1.33). 
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Figure 4.21 ROESY spectrum (500MHz, DMSO-d6) of synthetic talaroldie A (1.33). 

 

Figure 4.22 HSQC spectrum (500MHz, DMSO-d6) of synthetic talaroldie A (1.33). 
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Figure 4.23 HMBC spectrum (500MHz, DMSO-d6) of synthetic talaroldie A (1.33). 
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Chapter 5 

 

Total Synthesis of Callyaerin A 
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Part One 

 

Synthesis of Enediamino Amino 

Acids and Peptides 
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5. 1 Enediamino amino acids and peptides 

Enediamino amino acids and their corresponding peptides, which feature the 

α-amino-β-aminoacrylamide functionality, are an important group of compounds that are 

biologically active or are key intermediates in the synthesis of nonproteinogenic amino 

acids and heterocycles.[207] It is suggested that the enediamino group originates from the 

condensation of the formyl group of α-formylglycine (FGly) and the amino group of 

another amino acid. It has been reported that FGly, which is generated by oxidation of 

cysteine or serine, is present in the catalytic site of eukaryotic and prokaryotic sulfatases. 

Moreover, FGly hydrate is covalently sulfated or covalently phosphorylated during 

catalysis.[207a] 

 

Natural products containing the enediamino moiety are scarce. Among the few examples 

described, callynormine A (5.1) is a heterodetic cyclic peptide isolated from the Kenyan 

marine sponge Callyspongia abnormis (Table 5.1).[208] Closely related analogues are the 

callyaerin family of peptides (1.34, 5.2-5.13), which have been extracted from the 

Indonesian sponge Callyspongia aerizusa and exhibit potent cytotoxic, antibacterial and 

antifungal properties (Table 5.1).[64, 209] Among them, callyaerin A (1.34) has 

demonstrated remarkable anti-TB activity (MIC90 ~ 2 µM).[7, 64] Other peptides containing 

an exocyclic enediamino functionality are the tuberculostatic cyclic peptide antibiotics, 

capreomycins  (5.14-5.17) isolated from Streptomyces capreolus (Figure 5.1).[87] The 

enediamino group plays a key role in the biological activities of those natural products, as 

it is expected to introduce additional rigidity into their structures and mimic a typical 

β-turn secondary structure, which could be utilized to interfere with protein-protein 

interactions[210] or binding with biological targets.[211] 

 

Enediamino amino acids and their derivatives are also of great value from a synthetic 

perspective. The 2-acylamino-3-(dimethylamino)prop-2-enoates (5.18), have been 

employed for the one-step preparation of various (Z)-β-substituted enediamino amino 

acids, chiral α,β-diaminopropanoic acid derivatives, and heterocycles which incorporate 
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Table 5.1 Structures of callynormine A (5.1) and the callyaerin peptide family (1.34, 5.2-5.13). 

 

 R1 R2 R3 R4 R5 R6 R7 R8 C1 C2 C3 C4 C5 R 

callynormine A (5.1) Ile Hyp Val Leu Pro Pro Leu - Pro Phe Leu - - OH 

callyaerin A (1.34) Ile Hyp Val Ile Leu Pro Pro Leu Pro Ile Phe Gly - NH2 

callyaerin B (5.2) Ile Hyp Ile Ile Leu Pro Pro Leu Pro Ile Ile - - NH2 

callyaerin C (5.3) His Hyp Leu Leu Pro Pro Val - Pro Leu Phe Gly - NH2 

callyaerin D (5.4) Ile Hyp Ile Phe Pro Pro Leu - Pro Ile Asn Ala Ile NH2 

callyaerin E (5.5) Leu Pro Phe Phe Pro Pro Val - Pro Ile Ile Gly - NH2 

callyaerin F (5.6) Val Pro Val Phe Pro Pro Leu - Pro Ile - - - NH2 

callyaerin G (5.7) Leu Pro Phe Phe Pro Pro Leu - Pro Pro Phe Gly - NH2 

callyaerin H (5.8) Val Pro Val Phe Pro Pro Leu - Pro Ile - - - NH2 

callyaerin I (5.9) Leu Pro Phe Phe Pro Pro Val - Pro Leu Phe Gly - NH2 

callyaerin J (5.10) Phe Pro Leu Phe Pro Pro Val - Pro Ile Ile Gly - NH2 

callyaerin K (5.11) Phe Pro Phe Gly Leu Pro Pro Phe Pro Phe Ile Asp - OH 

callyaerin L (5.12) Ile Hyp Glu Ile Val Pro Pro Leu Pro Leu Phe - - NH2 

callyaerin M (5.13) 
AM

P[a] 
Hyp Leu Leu Pro Pro Val - Pro Leu Phe Gly - NH2 

[a]AMP = 2-amino-3-(5-methoxy-2-oxoimidazolidin-4-ylidene)propanoic acid 

 

 

Figure 5.1 Structures of the capreomycins. 
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an α-amino acid structural element (e.g. acylamino-substituted azolo- and azino-fused 

pyridinones, pyrimidinones, pyranones, and their tetrahydro analogues) (Figure 5.2).[212] 

Moreover, diverse biologically active compounds are also accessible from analogues of 

5.18. For instance, 3-(arylamino)alanine derivatives, which present anticancer activity, 

can be prepared from the 3-arylamino-2,3-dehydroalanine ester intermediates.[213] Also 

the 2-(2,2-disubstituted-ethenyl)amino-3-(dimethylamino)propenoates (5.19) are reported 

as the starting materials in the synthesis of aplysinopsins, which exhibit cytotoxicity 

against cancer cells[214] and affect neurotransmission (Figure 5.2).[215] 

 
Figure 5.2. Synthetic applications of 2-acylamino-3-(dimethylamino)prop-2-enoates (5.18). 

 

Encouraged by the intriguing applications mentioned above, significant efforts have been 

devoted towards the syntheses of enediamino amino acid derivatives and peptides. Here, 

we review the reported synthetic strategies to access enediamino amino acids and their 

derivatives, with a particular focus on their application for the synthesis of enediamino 

peptides.  
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5.2 Synthetic routes towards enediamino amino acid and peptides 

5.2.1 From α-formyl glycine (FGly)  

The most straightforward way to synthesize enediamino peptides is from FGly. However, 

FGly is expected to be both chemically and configurationally labile because of the acidic 

proton positioned α to the carbonyl groups, analogous to what is known for α-amino 

aldehydes.[216] One of the first syntheses of FGly was reported in 1904, via the Claisen 

condensation of glycine derivative (5.20) and formate esters.[213, 217] In this case the FGly 

derivative 5.21 was synthesized as an intermediate in the preparation of N-benzoylserine 

ethyl ester (5.22) (Scheme 5.1). 

 

Scheme 5.1 The first synthesis of N-benzoylFGly ethyl ester (5.21) through adol condensation. 

Reagents and conditions: (i) HCOOEt, NaOEt, EtOH, rt; (ii) H2, rt. 

 

The direct oxidation of Ser to FGly has been reported to be problematic (Scheme 5.2).  

For instance, oxidation of Cbz-Ser-OMe (5.23a) with CrO3 in pyridine gave the 

oxalamide derivative 5.24a.[218] Similarly, it has been reported that the oxidation of 

Bz/Cbz-XX-Ser-NH-R (XX = other amino acid or peptide chain, R = H or peptide chain) 

(5.23d, 5.23f) with RuO4 also generates the corresponding oxalamide (α-ketoamide) 

derivatives 5.24b, 5.24c. However, when the same oxidation conditions are used with 

Bz/Cbz-XX-Ser-OMe (XX = other amino acid or peptide chain) (5.23a-c) then scission of 

the C-N bond of Ser occurs to give 5.25a-c.[219]  

 

The lability of the C-N bond can be attributed to a consecutive process involving 

oxidative scission and retroaminal fragmentation (Scheme 5.3). The process starts with 

formation of acylimine 5.28, which is generated by rupture of the Ser/Thr C'-C side-chain 
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bond, via either a cyclic or an open-chain ruthenium intermediate. Formation of  

carbinolamide 5.29 follows as a result of addition of water to acylimine 5.28, which 

further undergoes either oxidative hydrolysis through oxalamido ester 5.30 or direct 

retroaminal fragmentation to give a C-terminal amide 5.25 retaining the Ser/Thr nitrogen 

atom.[219] Similar results have been reported using KMnO4 as the oxidising agent.[220] 

Oxidation of Bz or Cbz protected Ser ethyl esters and Ser dipeptides derivatives 5.23d, 

5.23g and 5.23h with Pb(OAc)4 gave the corresponding glycolic acid and glycolamide 

derivatives 5.26a-c.[221] Additionally, the conversion of N-protected Ser esters and Ser 

containing peptides 5.23c, 5.23d and 5.23f, into α-acetoxyglycyl derivatives 5.27a-c with 

Pb(OAc)4
[222] or hypervalent iodine(III) has been reported.[223]  

 

 
Scheme 5.2 Attempted preparation of FGly via oxidation of serine derivatives. Reagents and 

conditions: (i) CrO3, pyridine/CH2Cl2, rt; (ii) RuO4, CH3CN/CCl4/pH=3 phosphate buffer (1:1:2), rt; 

(iii) Pb(OAc)4, benzene, reflux; (iv) Pb(OAc)4, EtOAc, MS 4Å, reflux; (v) C6F5I(OCOCF3)2, MS 3Å, 

MeCN/MeOH (10:1), reflux. 
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Scheme 5.3 The oxidative scission of serine containing peptides with RuO4.24 

 

A successful oxidation of Ser to the corresponding α-formyl derivative was reported 

during the oxidation of the dipeptide Cbz-Ser-Gly-OMe (5.31) with DMSO/DCC/H3PO4 

(Scheme 5.4).[218b] Under these conditions the α-formyl derivative 5.32 (present in 

equilibrium with its enol tautomer) was obtained in 50% yield. However, formation of the 

hemiacetal 5.33 was also reported resulting from the reaction of the formyl derivative 

5.32 with the unreacted alcohol precursor 5.31. To the best of our knowledge, the use of 

the α-formyl derivative 5.32 to synthesize enediamino peptide derivatives has not been 

reported, which is possibly due to the poor stability of the aldehyde.[216] 

 

 

Scheme 5.4. Oxidation of serine containing dipeptide 5.31. Reagents and conditions: DCC, H3PO4, 

DMSO, 20 °C. 
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5.2.2 From enol tosylates 

In an alternative approach, the oxidation of N- and C-terminal protected Ser derivatives 

5.34a-b using y p-TsCl activated DMSO was reported. In this case p-TsCl not only 

participates in activating DMSO to oxidize the primary alcohol of Ser, but also serves to 

convert the extremely labile α-aldehyde product 5.35 into the more stable enol tosylate 

5.36 (Scheme 5.5).[224] The enol tosylate product consists of a mixture of E/Z isomers in a 

ratio of 2:1 (E:Z isomer) as determined by NMR.[224] 

 

Scheme 5.5. Synthesis of O-tosyl dehydroserine derivatives 5.36a-b. Reagents and conditions: (i) 

p-TsCl, Et3N, DMSO/DMF (1:2), -5 °C.[224]  

 

The introduction of an enol tosylate in a C-terminal serine residue of a linear peptide has 

been used as a strategy for the synthesis of cyclic hexapeptides containing the enediamino 

moiety (5.39) (Scheme 5.6). Cyclization of the peptide enol tosylate 5.38 proceeds via the 

intramolecular attack of the N-terminal amino group onto the β-enol tosylate carbon 

presumably via an addition-elimination mechanism.[224] The corresponding cyclic 

peptides were obtained in good yields and the Z stereochemistry was established by NMR 

(Scheme 5.6).[207a] In contrast, the syntheses of smaller cyclic peptides (tri- and 

tetrapeptides) containing the enediamino unit have been problematic and have resulted in 

dimeric compounds.[207a, 225] In an interesting report cyclic dienediamino hexapeptides 

(5.41) and a byproduct containing an imidazolopyrazine unit (5.42) were obtained from 

linear tripeptides (5.40) that had a β-turn inducing residue (e.g. Pro, NMe-AA) and an 

enol tosylate moiety at the C-terminus (Scheme 5.7). The formation of the 

imidazopyrrolopyrazine ring is suggested to proceed via intramolecular trans annular 

nucleophilic attack within the highly strained cyclic enediamino monomeric peptide.[225] 
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Scheme 5.6. Synthesis of cyclic enediamino hexapeptides (5.39). Reagents and conditions: (i) p-TsCl, 

Et3N, DMSO/DMF (1:1), -5 °C; (ii) (a) TFA/CH2Cl2 (1:10), rt; (b) Et3N, MeOH, rt.[207a]  

 

 

Scheme 5.7 (a) Cyclization of 5.40 to give dienediamino hexapeptides (5.41) and the compound 

containing imidazolopyrazine unit (5.42). Reagents and conditions: (i) TFA/CH2Cl2 (1:4), rt; (ii) Et3N, 

MeOH, rt.; (b) the mechanism of imidazopyrrolopyrazine formation from a peptide tosyl enolate.[225] 
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One exception to the above-mentioned pattern is the formation of cyclic enediamino 

dipeptides. Cyclodipeptide 5.45 could be obtained by first preparing the enediamino 

dipeptide 5.44 from the corresponding enol tosylate intermediate 5.43. Subsequent 

internal amidation between the deprotected amino group of FGly and the ester group of 

the second amino acid takes place, affording the desired cyclic compound 5.45, which 

then can be readily oxidized to pyrazin-2-one derivative 5.46 by air or polymer-bound 

PySO3 (Scheme 5.8).[207a, 226]  

 

Scheme 5.8 Preparation of cyclic enediamino dipeptide 5.45. Reagents and conditions: (i) Et3N, 

p-TsCl, DMSO/DMF (1:1), -40 to 0°C; (ii) L-Ala-OEt·HCl, Et3N, MeOH, rt; (iii) Pd/C, HCOONH4, 

EtOH, rt; (iv) PySO3 (polymer-bound), CH2Cl2, rt.[226]  

 

Interestingly, to the best of our knowledge this serine oxidation, tosyl masking and 

cyclization procedure has not been used for the synthesis of callynormine A (5.1) or the 

callyaerins (1.34, 5.2-5.13). This may be due to the attenuated reactivity of the double 

bond of the enol tosylate towards nucleophiles when the C-terminal FGly ester is 

amidated or the FGly residue is in the middle of the peptide sequence as in the case of 

callynormine A (5.1) and the callyaerins (1.34, 5.2-5.13).[227] 
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5.2.3 From N,N-disubstituted dehydroamino acids 

N,N-Disubstituted dehydroamino acids and peptide derivatives are excellent substrates in 

Michael addition reactions, leading to the synthesis of various compounds with unique 

structures.[228] Specifically, the synthesis of β-substituted dehydroamino acids (5.48a-e) 

has been accomplished by reacting the methyl ester of 

N-(4-toluenesulfonyl)-N-(tert-butyloxycarbonyl)dehydroamino acids (5.47) with several 

types of nucleophiles (nitrogen heterocycles, thiols, carbon nucleophiles and amines).[229] 

For instance, when reacting the corresponding dehydroalanine derivative 5.47 with a 

nitrogen heterocycle in the presence of K2CO3 in acetonitrile, a β-substituted alanine 

5.50a-e is initially obtained, which further undergoes elimination of p-toluenesulfinic acid 

with regeneration of the β-double bond, yielding the corresponding dehydroalanine 

derivatives 5.48a-e.[229a] However, these reactions were frequently hampered by the 

competitive formation of the by-product Boc-∆-Ala(β-Tos)-OMe (5.49), particularly 

when weaker amine nucleophiles such as pyrazole or imidazole were used. A solution to 

this problem was to change the solvent from acetonitrile to chloroform, which facilitated 

selective formation of the β-substituted alanine derivatives 5.50a-e in high yields. The 

addition product can subsequently be converted to the corresponding β-substituted 

dehydroalanine derivatives 5.48a-e by treating the product with K2CO3 in acetonitrile 

(Scheme 5.9).[229a] 

 

Scheme 5.9 Synthesis of β-substituted dehydroamino acid derivatives 5.48a-e. Reagents and 

conditions: (i) K2CO3, MeCN, rt; (ii) K2CO3, CHCl3, rt.[229a]  
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The reactions of N,N-disubstituted dehydroamino acids derivatives with a variety of 

primary amines have also been reported in the literature.[230] Unfortunately, in this case 

the formation of the corresponding β-substituted addition product rather than the 

β-substituted dehydroamino acid was observed. However, this limitation was 

circumvented by formation of the active intermediate, Boc-∆-Ala(1,2,4-triazol-1-yl)-OMe 

(5.51), which reacted with amine-containing compounds, giving the E-isomer of the 

corresponding β-amino dehydroalanine derivatives (5.52a-c) (Scheme 5.10).[230] It is 

worth noting that the natural products containing the enediamino functionality, such as 

callynormine A and the callyaerins, exist as the Z-isomer,[208-209] thus their synthesis 

starting from substituted dehydroamino acids, like the examples shown in Scheme 5.10, 

seems unfeasible. 

 

 
Scheme 5.10 Preparation of β-substituted dehydroalanines 5.52a-c via 

Boc-∆-Ala(1,2,4-triazol-1-yl)-OMe (5.51). Reagents and conditions: (i) K2CO3, MeCN, rt; (ii) R1NH2, 

MeOH, rt.[230]. 
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5.2.4. From glycine derivatives  

N-Protected glycines (5.53) have been used as precursors in the synthesis of 

(Z)-2-acylamino-3-(dimethylamino)propenoates (5.56) via 

4-[(dimethylamino)methylidene]-5(4H)-oxazolone (5.54) using DMF-POCl3 (method A, 

Scheme 5.11 and Table 5.2).[207b, 231] The mechanism of the reaction is indicated in 

Scheme 5.12. The N-protected glycine (5.53) is first cyclized by phosphoryl chloride to 

form an azlactone, which then reacts with the activated iminium ion generated from the 

Vilsmeier reagent, affording the intermediate 

4-[(dimethylamino)methylidene]-2-methyl-5(4H)-oxazolone (5.54). Further alcoholysis 

of 5.54 under basic conditions generates the important synthon 5.56. 

 

Scheme 5.11 Synthesis of (Z)-2-acylamino-3-(dimethylamino)propenoates 5.56a-i. Reagents and 

conditions: (i) DMF-POCl3, 0-45 °C; (ii) MeOH, KOH, rt; (iii) N,N-dimethylformamide dimethyl 

acetal (DMFDMA) or N,N-dimethylformamide diethyl acetal (DMFDEA), toluene, reflux; (iv) 

tert-butoxybis(dimethylamino)methane (TBDMAM), toluene, reflux.  

 

 

Scheme 5.12 Mechanism for the formation of 4-[(dimethylamino) methylidene]-2-methyl-5(4H)- 

oxazolone (5.54).  
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Table 5.2 Structures of (Z)-2-acylamino-3-(dimethylamino)propenoates 5.56a-i. 

 

 

 R1, R2 R3 Yield Method 

5.56a benzoyl, H Me 89% A, B 

5.56b acetyl, H Me 78% A, B 

5.56c 2-chlorobenzoyl, H Me 78% A 

5.56d 4-methoxybenzoyl, H Me 71% B 

5.56e trifluoroacetyl, H Me 66% B 

5.56f C6H5-CH=CH-CO-, H  Me 67% A  

5.56g Cbz, H Me 96% C 

5.56h Boc, H Me 55% C 

5.56i phthaloyl Et 91% C 

 

The 2-acylamino-3-(dimethylamino)propenoate (5.56) has also been directly prepared 

from N-acylglycine (5.53) or its corresponding ethyl or methyl ester (5.55) when reacted 

with commercially available amide acetals, such as N,N-dimethylformamide dimethyl 

acetal (DMFDMA), N,N-dimethylformamide diethyl acetal (DMFDEA) and 

tert-butoxybis(dimethylamino)methane (Bredereck’s reagent, TBDMAM) (methods B 

and C, Scheme 5.11).[231b-e, 232] Generally, this reaction is performed in anhydrous toluene 

at 100-110 °C and the products are obtained in moderate to excellent yields (55-96%) 

(Table 5.2).[233] Further treatment of 5.56 with various alkyl-, aryl- and heteroarylamines 

in acetic acid or in ethanolic HCl affords the corresponding enediamino products 5.57a-o 

through substitution of the dimethylamino group (Table 5.3). 

 

Using this method, a large number of N-protected β-alkylamino, β-arylamino, and 

β-heteroarylamino-α,β-dehydroalanine esters were prepared in good yield. [207b, 232a, 232c] 

Substitution of the dimethylamino group can also occur with amino acids and their 

derivatives, thus leading to the formation of N-(2,2-disubstituted vinyl) amino acids 

(5.58). Since the 2,2-disubstituted vinyl group remains stable under conventional peptide 

coupling conditions, it has been reported that 5.56a can be successfully employed for the 

synthesis of tripeptide 5.59 which contains the enediamino functionality (Scheme 
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5.13).[234] Remarkably, unlike the enediamino group constructed from substituted 

dehydroamino acids, which yields the E-isomer,  the substitution  reaction of the 

dimethyl amino group of 5.56 affords the Z isomer as the major product (Table 5.3), thus 

matching the configuration of the enediamino functionality in the natural products.[233] 

Therefore, this synthetic strategy provides a promising route for the total synthesis of 

naturally occurring enediamino peptides.  

 

Table 5.3 Preparation of (Z)-β-substituted-dehydroalanine esters 5.57a-o from 5.56. Reagents and 

conditions:  R4-NH2٠HCl, EtOH/H2O (1:1), 20 °C or R4-NH2, AcOH, 80 °C. 

 

 
 R1, R2 R3 R4 Yield [a] Z:E 

5.57a acetyl, H Me Ph 73% 91:9 

5.57b acetyl, H Me 2-methylphenyl 88% 100:0 

5.57c acetyl, H Me 2-bromophenyl 81% 91:9 

5.57d acetyl, H Me 1-naphthyl 78% 100:0 

5.57e benzoyl, H Me 3-methoxylphenyl 84% 92:8 

5.57f benzoyl, H Me 2-bromophenyl 81% 80:20 

5.57g Boc, H Me 3-methoxyphenyl 47% 100:0 

5.57h Boc, H Me 4-methoxybenzyl 59% - 

5.57i Boc, H Me 1,3-thiazol-2-yl 41% - 

5.57j Boc, H Me 6-chloropyridazin-3-yl 91% - 

5.57k Boc, H Me 4-methylpyridin-2-yl 32% - 

5.57l phthaloyl Et 4-methylphenyl 80% 83:17 

5.57m phthaloyl Et thiazol-2-yl 22% 88:12 

5.57n phthaloyl Et 4-methylpyridine-2-yl 13% 90:10 

5.57o phthaloyl Et chloropyridazin-3-yl 13% 100:0 

[a] Yields were calculated based on the amounts of purified Z-isomer. 

 

 

 
Scheme 5.13 Synthesis of enediamino tripeptide 5.59. Reagents and conditions: (i) H2NCH2COOH, 

AcOH, 70-80 °C; (ii) H2NCH2COOEt, DCC, CH2Cl2, rt.[234b]  

 



 

203 

 

The synthesis of N-Cbz protected enediamine dipeptides 5.62a-h, starting from the 

corresponding protected dipeptides containing either a glycine ester or an azetedine-2-one 

residue at the C-terminus, has been reported in the literature (Scheme 5.14).[235] In the 

first case (Path A) the glycine ester dipeptide 5.60 is typically heated in toluene in the 

presence of 1-(diethoxymethyl) imidazole and an amine containing compound to give the 

enediamine dipeptides (5.62a and b). However, reported yields are typically low (< 16%). 

In the second case (Path B), reaction of azetedine-2-one peptide 5.61 with an amine 

containing compound at room temperature overnight in a mixture of water and 

acetonitrile affords the corresponding products (5.62c-h) in satisfactory yields (>70%). 

Considering that the azetedine-2-one residue 5.64 can be readily obtained from 

N-protected 6-aminopenicillanate (6-APA) derivatives in a two-step preparation[236] 

(Scheme 5.15), path B appears to possess more advantages over path A as a route to 

prepare enediamine peptides. A series of N-protected dipeptides 5.62a-h containing the 

enediamino moiety were successfully prepared using both methods and some compounds 

exhibited potent inhibitory activity against cysteine proteases.[235] 

 
Scheme 5.14 Synthesis of N-Cbz protected dipeptides containing the enediamine group. Reagents and 

conditions: Path A: R1-NH2, 1-(diethoxymethyl)imidazole, toluene, reflux to afford compounds 

5.62a-b; Path B: R1-NH2, MeCN/H2O (5:1), rt, to afford compounds 5. 62c-h.  
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Scheme 5.15 Preparation of azetedine-2-one intermediates 5.64 Reagents and conditions: (i) 

Hg(OAc)2, AcOH, 70 °C; (ii) KMnO4, AcOH, acetone/H2O (5:3), 0-10 °C.  

 

Lastly the synthesis of enediamino amino acids from Gly derivatives via FGly has also 

been reported.[213] The synthesis commences with an adol condensation of ethyl hippurate 

(5.20) with ethyl formate to give formylhippurate (5.21). Subsequent exposure to 

p-(benzyloxy)aniline furnished the enediamino amino acid, ethyl 

α-benzamido-β-[p-(benzyloxy)anilino]acrylate (5.65) in high yield (Scheme 5.16).[213] 

However, this method lacks stereoselectivity and further separation of the Z and E 

isomers is required, which is a non-trivial process. 

 

Scheme 5.16 Synthesis of enediamino amino acid 5.65 through FGly. Reagents and conditions: (i) 

HCOOEt, NaOEt, EtOH, rt; (ii) p-(benzyloxy)aniline, p-TsOH, benzene, reflux.17 
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5.2.5 From α-formylglycine acetals  

α-Formylglycine diethylacetal ethyl ester (5.68) was prepared as an intermediate during 

the synthesis of capreomycin IB (5.15) (Scheme 5.17 and 5.18).[87] It was reported that 

diethyl acetal 5.68 more readily formed the formyl group in acidic media than the 

corresponding dimethyl acetal analogue.[237] Incorporation of 5.69 (the hydrochloride salt 

of 5.68) into dipeptide 5.70 resulted in an inseparable 2.6:1 mixture of epimers at the 

α-formylglycine diethylacetal center (Scheme 5.18). Remarkably, the integrated 

α-formylglycine diethylacetal moiety is compatible with various reaction conditions, such 

as peptide coupling, hydrogenation and hydrolysis of the ethyl ester. The final removal of 

the acetal group and the formation of the enediamino unit were also achieved smoothly 

using standard methods (Scheme 5.18).[87] 

 

 

Scheme 5.17 Preparation of α-formylglycine diethylacetal ethyl ester (5.69). Reagents and conditions: 

(i) TiCl4, Et3N, (EtO)3CH, CH2Cl2, -78 to 0 °C; (ii) H2 (90 psi)/Pd(OH)2, THF/MeOH (3:1); (iii) 3N 

HCl/EtOH·, reflux. 

 

An Nα-Fmoc protected variant of FGly suitable for solid phase peptide synthesis (SPPS) 

has also been reported.[238] Its synthesis began with protection of commercially available 

D-Ser-OMe·HCl using Fmoc-OSu to provide Fmoc-protected amino acid ester 5.77 

(Scheme 5.19). Exposure to catalytic BF3-Et2O and 2,2-dimethoxypropane afforded 

oxazolidine 5.78 in excellent yield. Sequential reduction with LiBH4 and 

TEMPO-mediated oxidation yielded an Fmoc variant of Garner’s aldehyde 5.80 in 92% 

yield over two steps. Simultaneous protection of the aldehyde and ring opening were 

effected in refluxing EtOH with catalytic CSA to furnish amino alcohol 5.81. Finally, 

TEMPO-mediated oxidation of the primary alcohol provided the desired acetal 5.82. 
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Scheme 5.18 Synthetic route towards capreomycin IB (5.15). Reagents and conditions: (i) 5.69, EDCI, 

HOBt, NMM, CH2Cl2, 0 °C to rt; (ii) (a) H2/Pd(OH)2, EtOH, rt; (b) Boc-Asn-Ala-OH, DIC, HOBt, 

THF/DMF, 0 °C; (iii) PhI(O2CCF3)2, pyridine, DMF/H2O,rt; (iv) N-CBz-capreomycidine, EDCI, 

HOBt, THF/DMF, 0 °C; (v) (a) H2/Pd(OH)2, EtOH, rt; (b) 1N LiOH, EtOH; (c) EDCI, HOAt, 

CH2Cl2/DMF, rt; (vi) (a) 99% formic acid, rt; (b) 2N HCl/acetone, reflux; (c) urea, rt.[87] 

 

 

Scheme 5.19 Preparation of Fmoc-α-formylglycine diethylacetal (5.82). Reagents and conditions: (i) 

Fmoc-OSu, dioxane, NaHCO3, rt; (ii) 2,2-dimethoxypropane, BF3٠Et2O, acetone, rt; (iii) LiBH4, Et2O, 

toluene, rt; (iv) cat. TEMPO, NaOCl, NaHCO3, EtOAc, toluene, H2O, 0 °C to rt; (v) CSA, HC(OEt)3, 

EtOH, reflux; (vi) cat. TEMPO, NaOCl, NaClO2, NaHCO3, MeCN, phosphate buffer, 35 °C.[238] 
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Some important observations made when using 5.82 during SPPS were: 1) coupling of 

the N-protected FGly acetal 5.82 proceeds without racemization at the α-carbon, opposite 

to what was observed with the C-protected FGly acetal 5.69; 2) using anisole and 

thioanisole scavengers for protecting group removal and cleavage of peptides containing 

5.82 from the solid support did not affect the aldehyde functionality. However, silane and 

thiol scavengers resulted in reduction to serine and dithioacetal formation respectively; 3) 

the 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protecting group for Arg is 

not compatible with FGly, attributed to the proposed Friedel-Crafts type of reaction 

occurring between the cleaved electron rich Pbf protecting group and the aldehyde group 

of FGly (Scheme 5.20).[238] 

 

Scheme 5.20 Proposed mechanism for the by-product formation from FGly when Pbf group is used in 

SPPS.[238] 

 

The authors then went on to use 5.82 in the synthesis of the linear tetradecapeptide 5.85 

(Ac-L[FGly]TPSRGSLFTGRK) by incorporating a diBoc protected Arg (5.83). 

Importantly, the aldehyde group in 5.84 (1 mM peptide concentration) reacted with 

MeONH2 at slightly acidic pH giving the corresponding oxime (5.85) (Scheme 5.21).[238] 

This suggests that the FGly residue would also be susceptible to other amine-containing 

nucleophiles so that the different enediamino peptides can also be obtained using this 

method. 
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Scheme 5.21 Formation of peptide oxime 5.85 from an FGly-containing peptide. Reagents and 

conditions: (i) Fmoc-SPPS (Fmoc deprotection: 20% piperidine in DMF, rt, 2 × 5 min; coupling: 

Fmoc-amino acid, DIC, HOBt, DMF, rt, 1 h; capping: 20% acetic anhydride in DMF, rt, 2 h); (ii) 

TFA/thioanisole/anisole/H2O (85:5:5:5), rt; (iii) MeONH2·HCl, pH=4.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

209 

 

5.3 Conclusion 

Enediamino amino acids and peptides are an important class of compounds that have 

demonstrated a wide range of promising applications from both biological and synthetic 

perspectives. However, the efficient synthesis of compounds embodying this unique 

functionality remains to be an arduous task, especially in the case of enediamino peptides. 

Several synthetic approaches have been proposed to address this issue: the enediamino 

moiety within the peptide can be constructed either from a peptide enol tosylate or 

(Z)-2-acylamino-3-(dimethylamino)propenoates in solution with high stereoselectivity. 

Alternatively, FGly-containing peptides, which can be readily prepared on solid phase 

using the corresponding acetal protected serine as the precursor, also provide another 

promising avenue to access these unique structures. 
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Part Two 

 

Total Synthesis and Conformational 

Study of Callyaerin A 
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5.4 Introduction 

Tuberculosis, a highly contagious and airborne disease caused by Mtb, has become one of 

the leading causes of mortality worldwide. According to the WHO, in 2015 alone an 

estimated 10.4 million people were diagnosed with new cases of TB infection, out of 

which 1.8 million people died.[239] The situation is further aggravated by the fast-growing 

cases of multi-drug-resistant (MDR) and extensively drug-resistant (XDR) strains of M. 

tuberculosis, where currently-used standard treatment with first and second line anti-TB 

drugs are ineffective or require long treatment durations (>2 years) to achieve therapeutic 

effect.[240] The development of novel anti-TB drugs, however, has slowed over the past 

decade, with only one drug, bedaquiline, approved for treatment of MDR-TB in the last 

40 years.[241] There is a pressing need for discovery and development of new anti-TB 

therapeutics. 

 

Peptides from natural sources exhibit a wide spectrum of bioactivities including anti-TB 

activity. Compared to their small organic molecule counterparts, peptides are attractive 

drug candidates given their higher target affinities and selectivity and lower off-target 

effects.[3b] Several naturally-occurring peptides which exhibit potent anti-TB activity have 

been reported, including callyaerin A,[209a] trichoderins A[6] and B,[242] lassomycin,[18] 

ecumicin,[22] wollamide A[243] and teixobactin.[7, 172b] Among them, callyaerin A (1.34) 

(Figure 5.3), a proline-rich cyclic peptide derived from the Indonesian marine sponge 

Callyspongia aerizusa,[209a] is a potent inhibitor of M. tuberculosis (MIC100 of 6.0 µM) 

with no cytotoxicity observed in human cells (IC50 > 10 μM).[64, 209a] Callyaerin A (1.34) 

features an unusual (Z)-2,3-diaminoacrylamide (DAA) unit within the cyclic peptide, 

which together with the multiple Pro residues in the sequence, influences the topology of 

the molecule, potentially contributing to its remarkable bioactivity.[64] The frequency of 

hydrophobic residues may also contribute to the specificity of callyaerin A (1.34) against 

bacteria.[209a] Prompted by its unique structural features and potent anti-TB activity, we 

embarked on the total synthesis of callyaerin A (1.34) as the first step to explore its 

potential as a new anti-TB agent. 
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Figure 5.3 The structure of callyaerin A (1.34) 
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5.5 Results and dissusion 

Inspired by the proposed biosynthesis[207a] and previous reports on the imino cyclization 

mediated synthesis of naturally derived and synthetic peptides,[244] we envisaged that the 

rare DAA moiety could be installed by reacting the aldehyde in an α-formyl glycine 

(FGly) residue with an N-terminal amino group to form an imino linkage, then followed 

by double-bond migration (path A, Scheme 5.22). However, the synthesis of 

FGly-containing peptides, such as 5.86, is an arduous task as highlighted in a recent 

review.[245] An amenable approach is to directly oxidize the side chain hydroxyl of Ser to 

an aldehyde. Unfortunately, oxidation of the Ser residue in protected peptide 5.87 could 

not be realized (path A, Scheme 5.22) possibly due to the chemical lability of FGly 

caused by the acidic proton α to the carbonyl groups, similar to α-amino aldehydes.[216] 

Alternatively, Nakazawa et al.[224-225] reported the oxidation of a series of 

serine-containing peptides to corresponding peptidyl tosyl enolates that could further 

react with the N-terminal amine to furnish a cyclic peptide containing a 

diaminoacrylamide moiety. Use of this methodology for the attempted 

oxidation/tosylation of 5.87 to afford the peptidyl tosyl enolate (5.88) was not successful 

(path B, Scheme 5.22).  

 

Scheme 5.22. Initial retrosynthesis of callyaerin A (1.34). 
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The failure of both direct and indirect oxidation protocols to convert Ser into FGly in 

linear peptide 5.87 prompted adoption of a new strategy. A rare building block, 

α-formylglycine diethylacetal ethyl ester (5.68), has been used in the synthesis of 

capreomycin IB, a naturally-occurring antibiotic encompassing an exocyclic enediamino 

functionality.[87] An Nα-Fmoc protected variant of this acetal-protected FGly (5.82) for 

solid phase peptide synthesis (SPPS) has also been reported, highlighting the 

simultaneous hydrolysis of the acetal to afford the FGly residue during peptide 

cleavage.[238] We therefore decided to incorporate 5.82 into Fmoc-SPPS to furnish the 

linear precursor of callyaerin A (5.86) bearing an FGly residue after TFA-mediated 

peptide cleavage. Subsequent cyclization to form the DAA moiety would then afford the 

natural product directly (Scheme5.23).  

 
Scheme 5.23 Synthetic route to callyaerin A (1.34). Reagents and conditions: (i) 20% piperidine in 

DMF (v/v), RT, 2 × 5 min; (ii) iterative Fmoc SPPS (Fmoc-amino acid (4 equiv.), HATU (3.9 equiv.), 

DIPEA (8 equiv.), DMF, RT, 40 min; 20% piperidine in DMF (v/v), RT, 2 × 5 min); (iii) 5.82 (2 equiv.), 

DIC (2 equiv.), 6-Cl-HOBt (2 equiv.), RT, 1 h; (iv) TFA/H2O (95:5), RT, 2× 20 min; (v) 1% formic 

acid (v/v) in MeCN, anhydrous MgSO4(100 equiv.), RT, 10 h. 

 

Peptide 5.86 was thus synthesized on rink amide aminomethyl polystyrene resin using 

Fmoc-SPPS (Scheme 5.23). All the amino acids, except FGly(OEt)2-OH, were coupled 
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using HATU as the coupling reagent. The coupling of FGly(OEt)2-OH, on the other hand, 

was accomplished employing a mixture of 5.82, DIC and 6-Cl-HOBt in DMF. These 

base-free coupling conditions minimized epimerization at the α position of 5.82.[87]  

 

After peptide chain assembly, the linear peptide was released by treating the resin with 95% 

TFA in water (v/v). Commonly-used silanes and thiol-based scavengers, e.g. iPr3SiH and 

1,2-ethanedithiol, are not compatible with the cleavage of peptides containing FGly due 

to the reactivity of aldehydes with nucleophiles.[238] Furthermore, we observed that the 

FGly-containing peptide was surprisingly labile under the acidic conditions used for 

peptide cleavage, resulting in a significant amount of peptide fragment 5.93 (Scheme 5.24, 

found 877.6 [M+H]+, calcd 877.6) resulting from cleavage at the FGly site. This peptide 

bond scission may occur by hydrolysis of the active 4,5-dihydrooxazole intermediate 

(5.92) generated by the nucleophilic attack of the neighbouring carbonyl group on the 

formyl group of FGly (Scheme 5.24). This undesirable peptide fragmentation was 

minimized by reducing the cleavage reaction time (2 × 20 min), affording the desired 

peptide 5.86 in high yield (87%) with less than 5% of by-product 5.93. The crude product 

5.86 was then directly subjected to the subsequent cyclization. 

 

Scheme 5.24 Proposed mechanism for fragmentation at FGly site. 

 

Formation of the rare DAA unit in the cyclic peptide is the key step to access callyaerin A 
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(1.34). Traditionally, formation of an enamine functionality can be achieved through 

acid-catalyzed reaction of an amine with an aldehyde in water.[244c] Moreover, the 

cyclization needs to be performed under high dilution in order to prevent the 

intermolecular reaction. We therefore investigated this reaction using a mixture of linear 

peptide and anhydrous MgSO4 in acetonitrile at a peptide concentration of 0.75 mM with 

several organic acids at different concentrations. Peptides containing FGly were not stable 

in the presence of strong acid (TFA, pKa = 0.3) or moderately strong acid 

(camphorsulfonic acid (CSA), pKa = 1.2) as varying levels of peptide fragment (5.93) 

were obtained (Figure 5.4). A lower concentration of acid (1% TFA vs 10% TFA) 

mitigated this undesirable fragmentation, but the amount of peptide fragment (5.93) still 

increased over an extended reaction time. Fortunately, use of weaker 1% formic acid (pKa 

= 3.7) showed favourable catalysis, shortening the reaction time to 10 h and effecting 

almost quantitative peptide cyclization with little peptide fragmentation. Pleasingly, 

solution-phase peptide cyclization performed using 1% formic acid (v/v) afforded 

callyaerin A (1.34) in 81% yield after isolation by HPLC. 

 
Figure 5.4 Composition of peptide cyclization reaction using acids with different pKa and 

concentration. Data was determined by integration of the HPLC peaks of the corresponding reaction 

mixture at a wavelength of 210 nm; linear gradient of 5%B-95%B over 30 min (ca. 3%B/min), 1 

mL‧ min-1, using an XTerra MS C18 column (4.6 mm × 150 mm, 5 µm). A = 0.1% TFA in H2O and B 

= 0.1%TFA in MeCN.  Reagents and conditions:  5.86 (2 mg, 1.4 μmol), anhydrous MgSO4 (17.5 

mg, 140.5 μmol), MeCN (1.9 mL), acids (19 or 190 μL), RT, 10 h. 
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The 1H and 13C NMR data for synthetic 1.34 agreed with those reported for the natural 

product[209a] (Table 5.4). Moreover, the successful establishment of the Z configuration for 

the DAA unit was confirmed by the identical chemical shift (7.35 ppm) and coupling 

constant (13.2 Hz) for the β proton in the DAA moiety (Table 5.4).[209a]  

 

Table 5.4. 1H and 13C NMR spectroscopic data (500 MHz, DMSO-d6) of synthetic callyaerin A (1.34). 

Residue 
synthetic callyaerin A (1) 

 
natural product[209a] 

δH (J in Hz) δC δH (J in Hz) δC 

DAA      

NH 8.29 (s) -  8.29 (s) - 

CO - 167.7  - 167.7 

α - 98.2  - 98.2 

β 7.35 (d, 13.2) 143.4  7.35 (d, 13.2) 143.4 

R1Ile      

NH 5.87 (dd, 12.2, 10.9) -  5.87 (dd, 13.1, 10.2) - 

CO - 172.0  - 172.0 

α 4.06 (m) 64.4  4.08 (m) 64.4 

β 1.40 (m) 37.8  1.41 (m) 37.8 

γ 1.40 (m), 0.79 (m) 24.0  1.41 (m), 0.79 (m) 24.0 

γ' 0.79 (m) 14.2  0.79 (m) 14.2 

δ 0.43 (t, 7.3) 10.6  0.42 (t, 7.3) 10.5 

R2Hyp      

CO - 173.3  - 173.3 

α 4.26 (m) 55.6  4.26 (m) 55.6 

β 2.08 (m), 1.87 (m) 37.7  2.08 (m), 1.89 (m) 37.7 

γ 4.41 (m) 68.7  4.41 (m) 68.7 

δ 3.78 (m), 3.69 (d, 8.0) 56.7  
3.77 (br d), 3.70 (dd, 11.4, 

3.7) 
56.7 

OH 5.37 (br s) -  5.36 (d, 3.1) - 

R3Val      

NH 9.04 (br s) -  9.03 (br s) - 

CO - 172.0  - 172.0 

α 2.98 (m) 66.1  2.98 (dd, 10.7, 7.1) 66.1 

β 2.64 (m) 37.8  2.65 (m) 37.8 

γ 0.84 (m) 19.5  0.83 (d, 6.6), 19.5 

 0.82 (m) 19.2  0.82 (d, 7.0) 19.2 

R4Ile      

NH 8.81 (br s) -  8.81 (br s) - 

CO - 171.2  - 171.2 

α 3.78 (m) 59.3  3.79 (m) 59.3 

β 1.49 (m) 36.1  1.49 (m) 36.1 

γ 1.40 (m), 1.14 (m) a  1.40 (m), 1.13 (m) a 
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γ' 0.81 (m) 15.2  0.81 (d, 6.9) 15.2 

δ 0.78 (m) 10.2  0.78 (t, 7.4) 10.2 

R5Leu      

NH 7.44 (d, 6.9) -  7.44 (d, 7.0) - 

CO - 172.3  - 172.3 

α 4.61 (m) 49.1  4.61 (m) 49.1 

β 1.75 (m), 1.22 (m) 41.1  1.77 (m), 1.25 (m) 41.1 

γ 1.63 (m) a  1.62 (m) a 

δ 0.88 (m) 21.0  0.87 (d, 6.5) 21.0 

δ' 0.87 (m) 21.0  0.86 (d, 6.6) 21.0 

R6Pro      

CO - 171.4  - 171.4 

α 4.06 (m) 64.0  4.05 (m) 64.0 

β 2.26 (m), 1.87 (m) 26.2  2.30 (m), 1.91 (m) 26.2 

γ 1.98 (m), 1.87 (m) b  1.99 (m), 1.91 (m) b 

δ 3.60 (m), 3.48 (m) 46.1  3.61 (m), 3.47 (m) 46.1 

R7Pro      

CO - 171.4  - 171.4 

α 4.26 (m) 62.5  4.27 (m) 62.5 

β 2.26 (m), 1.63 (m) 28.5  2.25 (m), 1.61 (m) 28.5 

γ 1.93 (m), 1.87 (m) b  1.94 (m), 1.86 (m) b 

δ 3.60 (m), 3.31 (m) 47.0  3.59(m), 3.31 (m) 47.0 

R8Leu      

NH 6.72 (d, 10.0) -  6.72 (d, 10.0) - 

CO - 172.4  - 172.4 

α 4.61 (m) 50.0  4.61 (m) 50.0 

β 1.87 (m), 1.58 (m) 40.5  1.89 (m), 1.57 (m) 40.5 

γ 1.63 (m) a  1.65 (m) a 

δ 0.96 (d, 6.6) 23.2  0.96 (d, 6.6) 23.2 

δ' 0.85 (m) 22.8  0.85 (d, 6.6) 22.8 

C1Pro      

CO - 172.7  - 172.7 

α 4.26 (m) 61.9  4.25 (m) 61.9 

β 2.26 (m), 1.49 (m) 29.4  2.26 (m), 1.50 (m) 29.4 

γ 1.87 (m), 1.75 (m) b  1.83 (m), 1.72 (m) b 

δ 3.48 (m), 3.21 (m) 48.7  3.51 (m), 3.21 (m) 48.7 

C2Ile      

NH 7.47 (d, 8.8) -  7.47 (m) - 

CO - 171.1  - 171.1 

α 3.78 (m) 58.6  3.79 (m) 58.6 

β 1.63 (m) 34.9  1.67 (m) 34.9 

γ 1.14 (m), 1.05 (m) a  1.17 (m), 1.05 (m) a 

γ' 0.39 (d, 6.7) 14.9  0.39 (d, 6.8) 14.9 

δ 0.70 (t, 7.4) 11.0  0.70 (t, 7.3) 11.0 



 

221 

 

C3Phe      

NH 7.26 (d, 8.9) -  7.27 (d, 8.6) - 

CO - 171.5  - 171.5 

α 4.26 (m) 59.3  4.27 (m) 59.3 

β 3.10 (d, 11.4), 2.64 (m) 39.9  
3.09 (dd, 13.9, 2.9), 2.63 (dd, 

14.0, 12.1) 
39.9 

Others 7.11-7.19 (m) 

C1:138.0 

C2,6:129.0 

C3,5:127.7 

C4: 126.1 

 7.11-7.19 (m) 

C1:138.0 

C2,6:129.0 

C3,5:127.7 

C4: 126.1 

C4Gly      

NH 8.17 (t, 6.1) -  8.15 (dd, 6.8, 5.5) - 

CO - 170.8  - 170.8 

α 
3.91 (dd, 16.5, 7.1), 3.48 

(m) 
42.0  

3.91 (dd, 16.5, 7.0), 3.48 (dd, 

16.5, 5.3) 
42.0 

NH2 7.25 br s, 6.98 br s -  7.24 br s, 6.97 br s - 

[a]Overlapping signals at 24.6, 24.7, 24.8, 24.9 ppm. [b]Overlapping signals at 25.0, 25.5, 25.8 ppm. 

 

For comparison purposes, we also prepared a homodetic analogue of callyaerin A (1.35), 

in which the FGly residue was substituted with an Asp enabling formation of a lactam 

linkage with the N-terminus (Scheme 5.25). The linear precursor of 1.35 (5.96) was 

prepared using Fmoc-SPPS and a solution-phase cyclization under high dilution (0.37 

mM) then gave 1.35 in good yield (68%) (Scheme 5.25).  

 

Cyclic peptides 1.34 and 1.35 were tested in vitro for their anti-TB activity in order to 

elucidate the role of the (Z)-2,3-diaminoacrylamide on bioactivity. Callyaerin A (1.34) 

exhibited inhibitory activity against M. tuberculosis (MIC100 = 32 μM), which was 5-fold 

higher than the reported MIC100 data (6 μM).[64] The homodetic analogue (1.35) did not 

exhibit any inhibitory activity up to a concentration of 512 μM. This dramatic difference 

in biological activity may be attributed to subtle variations in peptide conformation, thus 

prompting further investigation of their conformational properties.   
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Scheme 5.25 Synthetic route to the homodetic analogue of callyaerin A (1.35). Reagents and 

conditions: (i) 20% piperidine in DMF (v/v), RT, 2 × 5 min; (ii) iterative Fmoc SPPS (Fmoc-amino 

acid (4 equiv.), HATU (3.9 equiv.), DIPEA (8 equiv.), DMF, RT, 40 min; 20% piperidine in DMF (v/v), 

RT, 2 × 5 min); (iii) TFA/H2O/iPr3SiH (95:2.5:2.5, v/v/v), RT, 1 h; (iv) HBTU (3 equiv.), 6-Cl-HOBt 

(3 equiv.), DIPEA (5 equiv.), CH2Cl2/DMF (9:1) RT, 1 day. 

 

Using variable temperature 1H NMR, we established a comprehensive profile of the 

temperature-chemical shift coefficients (Tcoeff) for all the amide protons in callyaerin A (1. 

34) from which the intramolecular hydrogen-bonding pattern was deduced. The Tcoeff 

index that was proposed by H. Kessler for peptides in DMSO-d6 was used.[246] As 

opposed to the τ chemical shift scale that was used by Kessler[246], the conventional δ 

chemical shift scale was used in this study (i.e. Tcoeff = Δδ/ΔT = -Δτ/ΔT). Figure 5.5a 

shows the aligned 1H NMR spectra of callyaerin A (1.34) recorded from 20 °C to 45 °C 

and the corresponding Tcoeff value calculated for each amide proton. Two amide protons 

exhibit a Tcoeff value that is between -2 and 0 ppb/K (DAA and C2Ile), indicating they 

participate in intramolecular H-bond interactions. In addition, two amide protons exhibit a 

Tcoeff value between −4 and -2 ppb/K (R4Ile and  R5Leu), thus indicating a potential 

tendency to participate in H-bond interactions.[246] Interestingly, the positive Tcoeff values 
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for the amide protons of C3Phe and R8Leu were observed. This may be caused by the 

deshielding effect of the aromatic ring of C3Phe to the R8Leu amide proton. Thus, the 

amide proton of R8Leu may be oriented above the side chain of C3Phe, forming an pseudo 

H-bonding interaction with the π-electron cloud of aromatic ring.[247] 

 

Figure 5.5. Variable temperature 1H NMR (500 MHz, DMSO-d6) analysis of callyaerin A (1.34) and 

its homodetic counterpart (1.35). (a) The 1H NMR spectra of 1.34 recorded between 20 and 45 °C and 

the corresponding Tcoeff values calculated for all the amide protons; (b) The 1H NMR spectra of 1.35 

recorded between 25 and 80 °C. Only the amide region is shown. 

 

By way of contrast, the 1H NMR spectra of the lactam analogue of callyaerin A (1.35) 

recorded at different temperatures were more complex. The number of amide resonances 

exceeded the number of amide protons present in 1.35, which may be attributed to 

multiple exchanging rotamers. The peptide adopted multiple conformations that were in 

slow transition at 298 K (Figure 5.5b). As the temperature increased, the exchange rate 

between the different conformers was accelerated and the peaks became broader, 

indicating that the transition regime switched from slow to slow-intermediate exchange. 

However, the proton signals remained broad even when the temperature increased to 

80 °C. We reasoned that a much higher temperature would be required to force the 
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peptide into fast exchange, which was not available with our instrumentation.  

 

Comparing the spectra of 1.34 and its lactam analogue 1.35, it is clear that 1.34 was 

present as a single conformer in solution, stabilized by a 2-4 intramolecular hydrogen 

bonds, while its lactam counterpart 1.35 existed as multiple conformations in solution 

probably due to the lack of appropriate structural constraints. Furthermore, the 

non-canonical (Z)-2,3-diaminoacrylamide linkage in the cyclic peptide 1.34 conferred 

extraordinary structural rigidity to the peptide conformation that was not evident in the 

homodetic analogue 1.35 and this unusual conformational stabilizing effect may account 

for the large difference in bioactivity between 1.34 and 1.35. 
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5.6 Conclusions 

In summary, we have developed the first efficient route for the synthesis of callyaerin A 

(1.34), a potent anti-tubercular cyclic peptide featuring a rare (Z)-2,3-diaminoacrylamide 

moiety. Fmoc-FGly(OEt)2-OH (5.82) was incorporated into SPSS as a masked form of an 

FGly residue. After careful peptide cleavage using optimized conditions that minimized 

undesired peptide fragmentation, the linear peptide was successfully cyclized using dilute 

acid to effect intramolecular acid-catalyzed enamine formation. The spectroscopic data 

for the synthetic compound was consistent with the reported data for the natural product. 

The potent anti-TB activity of 1.34 contrasted with the homodetic analogue 1.35 which 

was inactive. Finally, a variable temperature NMR study of 1.34 and 1.35 demonstrated 

the high conformational rigidity imposed by the (Z)-2,3-diaminoacrylamide linkage on 

the peptide structure. The significant influence that peptide conformation confers on 

observed bioactivity highlights the potential use of the (Z)-2,3-diaminoacrylamide unit as 

a novel cyclic constraint to complement existing conformational constraining 

methodologies (e.g. amide cyclization, disulfide cyclization and stapling) to improve the 

properties of bioactive peptides.  
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5.7 Experimental section 

5.7.1 General information 

All the reagents purchased from commercial sources were reagent grade and were used 

without further purification. Solvents for peptide synthesis and RP-HPLC were purchased 

as synthesis grade and HPLC grade, respectively. Aminomethyl polystyrene resin was 

purchased from Rapp Polymere (Tuebingen, Germany). Rink amide linker and HBTU 

were acquired from GL Biochem (Shanghai, China).  HATU are supplied by Chempep 

(Wellington, USA) while 6-Cl-HOBt was obtained from Aapptec (Louisville, USA). Et2O, 

CSA, piperidine, DIPEA, iPr3SiH and DIC were purchased from Sigma-Aldrich (St. 

Louis, USA). DMAP was purchased from AK Scientific (Union City, USA).  DMF (AR 

grade), CH3CN (HPLC grade) and TFA were purchased from Scharlau (Barcelona, Spain). 

CH2Cl2 and anhydrous magnesium sulfate (MgSO4) were obtained from ECP Limited 

(Auckland, New Zealand). All the Fmoc-amino acids were purchased from GL Biochem 

except Fmoc-(S)-FGly(OEt)2-OH which was obtained from 3A SpeedChemical Inc 

(Shanghai, China). 

 

1H and 13C NMR experiments were performed on a Bruker AVANCE 500 (1H 500 MHz; 

13C 125 MHz) spectrometer in deuterated DMSO. Chemical shifts were recorded in parts 

per million (ppm). The 1H values were referenced to the residual DMSO signal at 2.50 

ppm for the RT experiment, while the TMS signal at 0 ppm was used to calibrate all the 

spectra obtained from the variable temperature experiment. The 13C values were 

presented relative to the signal of residual DMSO at 39.5 ppm. 1H NMR spectral data 

were reported as follows: chemical shift (δH), relative integral, multiplicity (s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of doublets; dq, doublet of quartets; 

ddd, doublet of doublet of doublets) and coupling constant (J in Hz). High-resolution 

mass spectra were obtained on a Bruker micrOTOFQ mass spectrometer using 

electrospray ionization (ESI) under positive mode. All the analytical RP-HPLC 

experiments were carried out using an analytical column (Waters XTerra MS C18, 125 Å, 

4.6 mm × 150 mm, 5 µm) on a Dionex Ultimate 3000 System with a 30 min linear 



 

227 

 

gradient of 5-95% solvent B (where solvent A was 0.1% TFA in water and solvent B was 

0.1% TFA in MeCN) at a flow rate of 1 mL‧ min-1 and UV signals were detected at the 

wavelengths 210, 225, 254 and 280 nm. Semi-preparative RP-HPLC was carried out on a 

Waters 600 system using a semi-preparative column (Waters XTerra MS C18 Prep Column, 

125 Å, 19 mm × 300 mm, 10 µm) at a flow rate of 10 mL‧ min-1 using an adjusted 

gradient of 5-95% solvent B according to the elution profiles obtained from analytical 

RP-HPLC chromatography. LC-MS analysis was conducted on an Agilent Technologies 

1260 Infinity LC equipped with an Agilent Technologies 6120 Quadrupole mass 

spectrometer using an analytical column (Agilent ZORBAX C3, 300 Å, 3.0 mm × 150 

mm, 3.5 µm) with a 30 min linear gradient of 5-95% solvent B at a flow rate of 0.3 

mL‧ min-1, where A = 0.1% formic acid in water and B = 0.1% formic acid in MeCN).  
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5.7.2 General procedure for peptide synthesis 

Synthesis of linear precursor of callyaerin A (5.86) 

H-Ile-Hyp-Val-Ile-Leu-Pro-Pro-Leu-FGly-Pro-Ile-Phe-Gly-CONH2 (5.86): Linear peptide 

5.86 was prepared on a 0.1 mmol scale using a Rink amide linker. To the pre-swollen 

(CH2Cl2) aminomethyl polystyrene resin was added a solution of Rink amide linker (108 

mg, 0.2 mmol) and DIC (31 µL, 0.2 mmol) in CH2Cl2/DMF (v/v, 1:1, 3 mL) and the 

resulting mixture was agitated overnight. A Kaiser test was conducted to determine the 

completeness of the reaction. After removal of the Fmoc group using 20% piperidine in 

DMF (v/v, 3 mL, 2 × 5 min), all the amino acids, except 5.82, were coupled on resin 

using a mixture of Fmoc-protected amino acid (4 equiv.), HATU (3.9 equiv.) and DIPEA 

(8 equiv.) in DMF (3 mL) at RT for 40 min. 20% piperidine in DMF (v/v) was used for 

the repetitive Fmoc deprotection. Coupling of 5.82 was carried out using a solution of 

5.82 (81.2 mg, 0.2 mmol), DIC (31 µL, 0.2 mmol) and 6-Cl-HOBt (33.9 mg, 0.2 mmol) 

in DMF (3 mL) at RT for 1 h. After peptide assembly, the linear precursor of callyaerin A 

(5.86) was cleaved from the resin using a solution of TFA/H2O (v/v, 95:5, 5 mL) at RT for 

2 × 20 min. The resin was then filtered and washed with neat TFA (2 x 3 mL). Cold Et2O 

was added to the combined TFA filtrates and the precipitated product was isolated by 

centrifugation (4000 rpm, 6 min). The precipitate was dissolved in 50% aqueous 

acetonitrile and lyophilized to afford 5.86 as a white powder (119.9 mg, 87%, 97% purity). 

Anal. RP-HPLC: tR = 14.4 min (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B 

to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): C69H113N14O16 [M+H3O]+  

calcd./found 1393.8/1393.8.  
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Figure 5.6 LC-MS profile of the linear precursor of the linear precursor of callyaerin A (5.86), tR = 

14.4 min (the peak broadness is due to the interconversion equilibrium between 5.86 and its hydrate 

product); linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using XTerra 

MS C18 column (125 Å, 4.6 mm × 150 mm, 5 µm). 
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Synthesis of callyaerin A (1.34) 

Callyaerin A (134): Linear peptide 5.86 (11.7 mg, 8.5 µmol) was dissolved in a solution 

of acetonitrile (11.3 mL, 0.75 mM) containing 1% formic acid (v/v). Anhydrous MgSO4 

(102 mg, 0.85 mmol) was then added to the mixture followed by continuous stirring for 

10 h at RT. When the reaction was complete (as monitored by HPLC), the MgSO4 was 

removed by filtration and the product recovered by lyophilisation. The crude product was 

further purified by semi-preparative RP-HPLC to give 1.34 as a white powder (9.4 mg, 

81%, based on the amount of linear precursor, 95% purity). Anal. RP-HPLC: tR = 24.8 

min (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 

1 mL‧ min-1); [α]D
19.5 −63 (c 0.12, MeOH), lit.[1] [α]D −80 (c 0.12, MeOH); 1H NMR and 

13C NMR data, see Table S1; HRMS (ESI+):  C69H109N14O14 [M+H]+ calcd./found 

1357.8242/1357.8321.  

Figure 5.7 Analytical RP-HPLC profile of callyaerin A (1.34), tR = 24.8 min (purity ca. 95% as judged 

by peak area of RP-HPLC at 210 nm); linear gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 

1 mL‧ min-1, using XTerra MS C18 column (125 Å, 4.6 mm × 150 mm, 5 µm). 

 

Figure 5.8 HRMS profile of callyaerin A (1.34). 
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Figure 5.9 1H NMR spectrum (500 MHz, DMSO-d6) of callyaerin A (1.34). 

 

 

Figure 5.10 13C NMR spectrum (125 MHz, DMSO-d6) of callyaerin A (1.34). 
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Figure 5.11 Alignment of the full 1H NMR spectra (500 MHz, DMSO-d6) of 1.34 recorded between 20 

and 45 °C. 
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Synthesis of the linear precursor of the lactam analogue (5.96) 

H-Ile-Hyp-Val-Ile-Leu-Pro-Pro-Leu-Asp-Pro-Ile-Phe-Gly-CONH2 (5.96): The linear 

precursor of 1.35 (5.96) was prepared on a 0.1 mmol scale using a Rink amide linker. The 

Rink amide linker was firstly coupled to an aminomethyl polystyrene resin using the 

same method described above for the synthesis of 5.86. Peptide assembly was then 

accomplished by repetitive amino acid coupling using a mixture of Fmoc-protected amino 

acid (4 equiv.), HATU (3.9 equiv.), DIPEA (8 equiv.) in DMF at RT for 40 min and Fmoc 

removal using 20% piperidine in DMF (v/v, 3 mL, 2 × 5 min). The linear peptide was 

released from the resin using a solution of TFA-iPr3SiH-H2O (95:2.5:2.5, 5 mL) for 1 h at 

RT. After filtration and TFA washing (2 x 3 mL), the filtrate was concentrated under a 

stream of nitrogen and cold Et2O was then added. The resulting precipitate was further 

isolated by centrifugation (4000 rpm, 6 min), re-dissolved in 50% aqueous acetonitrile 

and lyophilized to afford the linear peptide 5.96 as a white powder (111.3 mg, 79%, 98% 

purity). Anal. RP-HPLC: tR = 14.8 min (XTerra MS C18, 125 Å, 4.6 mm × 150 mm, 5 µm, 

5% B to 95% B at 3% B per min, 1 mL‧ min-1). MS (ESI+): C70H113N14O16 [M+H]+  

calcd./found 1405.8/1405.6. 

Figure 5.12 LC-MS profile of the linear precursor of the lactam analogue (5.96), tR = 14.8 min; linear 

gradient of 5% B-95% B over 30 min (ca. 3 % B‧ min-1), 1 mL‧ min-1, using XTerra MS C18 column 

(125 Å, 4.6 mm × 150 mm, 5 µm). 

 

210 nm 



 

234 

 

Synthesis of the lactam analogue of callyaerin A (1.35) 

Cyclo(Ile-Hyp-Val-Ile-Leu-Pro-Pro-Leu-Asp)-Pro-Ile-Phe-Gly-CONH2 (1.35): To a 

stirred solution of DIPEA (16 µL, 92 µmol) in CH2Cl2 (40 mL) was added a solution of 

the crude linear peptide 5.96 (26 mg, 18.5 µmol), HBTU (21 mg, 55.5 µmol) and 

6-Cl-HOBt (9.3 mg, 55.5 µmol) in DMF/DCM (v/v, 1:1, 10 mL) via a syringe pump at 

RT for 5 h and the resulting reaction mixture was stirred for a further 20 h. The mixture 

was then concentrated under reduced pressure, diluted with 0.1% (v/v) TFA/water and 

subjected to purification using semi-preparative RP-HPLC to give 1.35 as a colourless 

solid (17.5 mg, 68%, 95% purity); Anal. RP-HPLC: tR = 20.7 min (XTerra MS C18, 125 Å, 

4.6 mm × 150 mm, 5 µm, 5% B to 95% B at 3% B per min, 1 mL‧ min-1); HRMS (ESI+): 

C70H110N14O15Na [M+Na]+ calcd./found 1409.8167/1409.8186. 

Figure 5.13 Analytical RP-HPLC profile of the lactam analogue of callyaerin A (1.35), tR = 20.7 min, 

(purity ca. 95% as judged by peak area of RP-HPLC at 210 nm); linear gradient of 5%B-95%B over 

30 min (ca. 3 %B‧ min-1), 1 mL‧ min-1, 55 °C, using XTerra MS C18 column (125 Å, 4.6 mm × 150 

mm, 5 µm). 

Figure 5.14 HRMS profile of the lactam analogue of callyaerin A (1.35). 
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Figure 5.15 Alignment of the full 1H NMR spectra (500 MHz, DMSO-d6) of 1.35 recorded between 

25 and 80 °C. 
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5.7.3 Biological evaluation 

Mtb strain mc26230 was grown in Middlebrook 7H9 medium (Difco, Sparks, MD) 

supplemented with 10% (v/v) OADC enrichment (Difco), 0.2% (v/v) glycerol, 0.05% 

(v/v) tyloxapol, pantothenate (50 µg/ml) and leucine. Cultures were routinely grown at 

37 °C with shaking as previously described.[248] Cultures of M. tuberculosis mc26230 

were harvested by centrifugation at 4,000 rpm for 10 min. The supernatant removed, and 

the cell pellet resuspended in phosphate buffered saline (PBS) to an optical density at 600 

nm of 0.1. The central 80 wells of a 96 well plate were set up to contain in triplicate, a 

2-fold dilution series of test compound in 50 μL 7H9 medium. Culture suspension (50 µL) 

was added to the central 80 wells of the 96 well plates to give a final assay volume of 100 

μL.  Rows A and H contained 200 μL of sterile distilled water to minimise evaporation 

from culture wells during incubation. Wells B-F of column 1 contained 100 μL of PBS. 

Wells B-F of column 12 contained 50 μL of media and 50 μl of resuspended culture with 

no additional compound as positive controls. The plates were then put inside plastic bags 

and double contained inside a plastic box to also help minimise evaporation. The plates 

were then incubated for 7 days at 37 °C with shaking (150 rpm) after which the minimal 

inhibitory concentration (MIC) were determined by observing the concentration of the 

test compound that had no visible pellet.  
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