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List of abbrevia�ons

Amino acids

Ala  Alanine
Alg  Allylglycine
Asp  Aspar�c acid
Cys  Cysteine
Hyp   Hydroxyproline
HSe  Homoserine
hSec  Selenohomocysteine
 hTyr  Homotyrosine
Lys  Lysine
Orn  Ornithine
Thr  Threonine
VGly  Vinylglycine

General

A.  Aspergillus
Ac  acetyl
AccuTOF  accurate �me of flight
AcOH  ace�c acid
AmB  Amphotericin B
APT  a�ached proton test
Ar  aroma�c
Boc  tert-butyloxycarbonyl
BOP  benzotriazol-1-yl-oxy- 
  tris-(dimethylamino)- 
  phosphonium   
  hexaflurophosphate
tBu  tert-butyl
C.  Candida 
cat  cataly�c
CBS   centraalbureau voor  
  Schimmelcultures
Cbz  benzyloxycarbonyl
CD  circular dichroism
Cfu  colony forming unit
CNS  central nervous system
COSY  correla�on spectroscopy
δ  chemical shi�
d  doublet
dd  double doublet
DART  direct analysis in real �me

DCBC  2,6-dichlorobenzoyl  
  chloride
DCC  N,N-dicyclohexyl-  
  carbodiimide
DCM  dichloromethane
DCU  N,N-dicyclohexylurea
DIBAL  diisobutylaluminium  
  hydride
DiPEA  N,N-diisopropylethyl- 
  amine
DMA  dimethylacetal
DMAP  4-dimethylaminopyridine
DMF  N,N-dimethylformamide
DMSO  dimethylsulfoxide 
DMT-Myr (10R,12S)-dimethyl- 
  myristoyl
DNA  deoxyribonucleic acid
ECBN  Echinocandin B
ESI-MS  electro spray ioniza�on  
  mass spectrometry
EtOAc  ethyl acetate
EtOH  ethanol
5-FC  5-fluorouracil
FDA  food and drug   
  administra�on
Fmoc  9-fluorenylmethyl- 
  oxycarbonyl 
GS  glucan synthase
h  hour
HATU  O-(7-azabenzotriazol-
  1-yl)-N,N,N’,N’-  
  tetramethyluronium  
  hexafluorophosphate 
HFIP  hexafluoro-isopropanol
HOBt  N-hydroxy-benzotriazole
HONSu  hydroxy succinimide
HPLC  high pressure liquid  
  chromatography
HRMS  high resolu�on mass  
  spectrometry
HSQC  heteronuclear single  
  quantum correla�on
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IvDde  1-(4,4-dimethyl-2,6- 
  dioxocyclohex-1-ylidene)- 
  3-methylbutyl
KDa  kilo dalton
LDA  lithium diisopropylamide
LHMDS  lithium hexamethyl  
  disilazide
m  mul�plet
MALDI-TOF matrix-assisted laser  
  desorp�on ionisa�on  
  �me of flight
MeCN  acetonitrile
MeOH  methanol
Me-Myr  (12S)-methyl-myristoyl
mg  milligram
MHz  megahertz
MIC  minimum inhibitory  
  concentra�on
min  minutes
mL  milliliter
mmol  millimol
MeOH  methanol
MS  mass spectrometry
MTBE  tert-butyl methyl ether
M�   4-methyltrityl
MW  microwave
Myr  myristoyl 
m/z  mass to charge ra�o
nm  nanometer
NMI  N-methylimidazole
NMO  N-methylmorpholine N- 
  oxide
NMP  N-methyl-2-pyrrolidine
NMR  nuclear magne�c  
  resonance
NOE   nuclear Overhauser effect
NOESY  nuclear Overhauser effect  
  spectroscopy
µM  micromolar
Palm  palmitoyl
PIFA  phenyliodine   
  bistrifluoroacetate
Pkc1  protein kinase C
ppm  parts per million
Psoc  (2-phenyl-2-trimethylsilyl)  
  ethoxycarbonyl

q  quartet
RCM  ring closing metathesis
Rf  retarda�on factor
RNA  ribonucleic acid
ROESY  rota�ng-frame   
  Overhauser effect  
  spectroscopy
Rt  reten�on �me
s  singlet
SAR  structure ac�vity   
  rela�onship
S.   Saccharomyces
spp  species 
SPPS  solid phase pep�de  
  synthesis
Su  succinimide
t  triplet
TEA  triethylamine
Ter  terphenyl
TFA  trifluoroace�c acid
TFE  trifluoroethanol
THF  tetrahydrofuran
THP  tetrahydropyran
TIS  triisopropylsilane
TLC  thin layer   
  chromatography
TMS  tetramethylsilane (NMR)
TMS   trimethylsilyl 
TOCSY  total correla�on   
  spectroscopy
TOF  �me of flight
Tol  toluene
UV  ultra violet
YPD  yeast extract peptone  
  dextrose
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Invasive fungal infec�ons represent a growing threat and over the past two decades the 
incidence and diversity of fungal infec�ons has increased enormously, especially among 
immunocompromised pa�ents and pa�ents hospitalized with serious underlying diseases.1,2,3 
Despite advances in an�fungal therapies, the morbidity and mortality associated with 
these severe opportunis�c fungal infec�ons is substan�al.2-4 The s�ll expanding popula�on 
of immunocompromised pa�ents as well as resistance against and toxicity of the current 
an�fungal agents underscores the urgent need for development of new an�fungal 
compounds preferen�ally ac�ng on novel targets.5,6

Fungal infec�ons, also called mycoses, are classified as superficial, subcutaneous and 
systemic infec�ons depending on the type and degree of �ssue involvement and the host 
response to the pathogen.7,8 Superficial and subcutaneous fungal infec�ons affect the skin, 
kera�nous �ssues (e.g. nails) or mucous membranes. These infec�ons include some of the 
most frequently occurring skin diseases. Most of them are easily diagnosed and treated. 
However, systemic infec�ons, affec�ng deeper �ssues and organs, can be life threatening and 
are associated with high morbidity and mortality. Opportunis�c systemic fungal pathogens 
require a compromised host in order to establish infec�on.7,8 The number of pa�ents having 
this condi�on is increasing because of the complica�ons of advanced HIV infec�on but also 
due to developments in modern medicine, such as intensive chemotherapy and the use of 
immunosuppressive drugs for organ transplant recipients.2

There are two kinds of fungi: yeasts and moulds (Figure 1). Most moulds and higher fungi 
are filamentous forms known as hyphae. Hyphae grow by elonga�on at their �ps. At the 
end of some of these hyphae are conidia or spores that can be compared to seeds, which 
may develop into new fungi. Examples of filamentous fungi are Aspergillus spp., Fusarium 
spp. and Zygomycota. Yeasts (e.g. Candida spp.) are small rounded forms that reproduce by 
budding (or fission). Also, some species of Candida can develop into different forms, such 
as yeast and hyphae, depending on infec�on sites or different culture condi�ons. These so-
called dimorphic fungi can assume both morphological forms.9

Figure 1. Le�: Microscopic view of conidia of Aspergillus flavus mould, with the budding conidiospores and the 
releasing conidia. Right: Microscopical view of budding yeast Candida albicans.

1.1 Fungal infec�ons



13

General Introduc�on

Candida spp. and Aspergillus spp. account for most of the life-threatening systemic 
infec�ons.2,7,8 Candidiasis is a fungal infec�on of any of the Candida species, of which 
Candida albican is the most common. An emergence of non-albicans Candida spp., such as 
C. krusei, C. parapsilosis, C. tropicalis and C. glabrata has been seen in recent years.10 These 
Candida species represent the most common cause of invasive fungal infec�on in humans, 
producing infec�ons that range from non-life threatening mucocutaneous disorders to 
invasive diseases that can involve any organ. Blood stream infec�on is the most common 
clinical manifesta�on of invasive candidiases.2 

The incidence of invasive aspergillosis has increased significantly in highly immuno-
compromised pa�ents.2 The most common cause is Aspergillus fumigatus, accoun�ng for 
approximately 90% of infec�ons.11 Aspergillus fumigatus is widely distributed in nature 
and the hospital environment and its main portal is the respiratory tract. This filamentous 
fungus is inhaled as unicellular conidia and can develop into branching hyphae in the lungs. 
However, injuries to the skin may also introduce the organism into suscep�ble hosts.7,8 
Healthy individuals are naturally immune and do not develop disease against Aspergillus. In 
addi�on to Candida and Aspergillus spp., Cryoptococcus neoformans, Pneumocys�s carinii 
and Histoplasma capsulatum are becoming a growing danger to human health.10 Moreover, 
other newly discovered moulds such as Fusarium spp., Scedosporium spp., and Zygomycetes 
have emerged as leading causes of various myco�c infec�ons.11 Limited treatment is only 
possible with currently available an�fungal compounds.2

1.2 An�fungal agents

Herein, both systemic and superficial fungicides, which have been or are currently under 
evalua�on for use in comba�ng invasive fungal pathogens, are broadly classified into sterol 
inhibitors (polyenes, azoles and allylamines), DNA synthesis inhibitors (fluoropyrimidines) 
and β-glucan synthase inhibitors (e.g. echinocandins). An overview of the targets of these 
inhibitors is presented in Figure 2.12-14

Figure 2. Main targets of an�fungal agents.15
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1.2.1 Sterol inhibitors

The polyenes, azoles and allylamines all owe their an�fungal ac�vi�es to inhibi�on of the 
biosynthesis of ergosterol, the predominant component of the fungal cell wall, or direct an 
interac�on with it (Figure 3).13

Figure 3. Inhibi�on and interac�on sites of the sterol inhibitors in the ergosterol biosynthesis pathway.

Polyenes
The polyenes cons�tute the major class of fungal an�bio�cs. The first member of the polyene 
family, nysta�n was discovered in 1950.16 Like many other an�fungals and an�bio�cs, 
nysta�n is of bacterial origin and it was isolated from Streptomyces noursei. A broad 
screening of streptomycete cultures for an�fungal ac�vity was therefore ins�tuted and led 
to the discovery of Amphotericin B (AmB), a drug produced by Streptomyces nodosus, in 
1956.17 Although many polyenes have been isolated from Streptomyces species, only AmB 
and nysta�n are currently widespread used.14 

Figure 4. Structures of the polyenes nysta�n and Amphotericin B.
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Polyene an�bio�cs display an atypical mode of ac�on for an an�microbial molecule: instead 
of inhibi�ng an enzyme, they bind to ergosterol, the principal sterol in fungal membranes. 
This interac�on leads to the forma�on of a complex of the polyene with the hydrophobic 
outer core of the fungal membrane. The inner core of the polyene-sterol complex is 
hydrophilic due to the presence of hydroxyl groups, and provides an aqueous pore, thereby 
making the fungal cell membranes permeable to ions and other small molecules. This finally 
results in fungal cell death.18

Figure 5. Chemical structures of the sterols in fungi (ergosterol) and in mammalian cells (cholesterol).

Unfortunately, as predicted on the basis of its mechanism of ac�on, polyenes are toxic to 
mammalian cells due to a considerable interac�on of this drug with cholesterol containing 
membranes (Figure 5).19 In general, the polyene macrolides may cause such serious side-
effects as acute renail failure20 and thrombophlebi�s (inflamma�on of a vein caused by a 
blood clot)21, especially upon intravenous administra�on. Despite these side effects, broad 
spectrum of ac�vity and low frequency of appearance of resistant pathogens make polyene 
an�bio�cs, like Amphotericin B, the drugs of choice when dealing with life-threatening 
systemic fungal infec�ons. To reduce these unwanted side-effects, Amphotericin B has been 
formulated in liposomes resul�ng in reduced toxicity and therefore larger doses can be 
administered.22,14 

Azoles
The azoles represent the second largest class of compounds ac�ve against fungal infec�ons.14 

In the late 1960s the first imidazole-based drugs, such as clotrimazole and miconazole, were 
introduced.23 Ketoconazole (Figure 6), the first available compound for the oral treatment 
of systemic fungal infec�ons, was discovered in the late 1970s.24 The limita�ons of these 
imidazoles, such as their toxicity and limited efficacy, led to the development of a second 
chemical group of azole deriva�ves, the triazole containing an�fungal compounds. There 
are currently four commercially available triazoles: fluconazole, itraconazole, voriconazole, 
and posaconazole (Figure 6).25,26

Fluconazole and itraconazole were the first triazoles introduced into clinical prac�ce. They 
displayed a broader spectrum of ac�vity than the imidazoles and a considerably improved 
safety profile compared to Amphotericin B.27 Unfortunately, fluconazole lacks ac�vity against 
filamentous fungi (e.g. Aspergillus) and itraconazole has been hindered by poor absorp�on. 
These clinically important limita�ons related to their subop�mal range of ac�vity, but also 
the development of resistance and some toxicity has led to a search for new analogues and a 
so-called ‘second genera�on’ of triazoles, including voriconazole and posaconazole, has been 
developed.14 The structure of voriconazole is related to fluconazole, whereas posaconazole 
is structurally similar to itraconazole (Figure 6). Voriconazole was approved by the FDA in 
2002 and revolu�onized the treatment of aspergillosis in severely immunocompromised 
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pa�ents.14 However, its use is hampered by complicated pharmacokine�cs, notable drug 
interac�ons, and rela�vely significant side-effects.25 Finally, posaconazole is the last 
addi�on to the azole armamentarium, approved by the FDA in 2006.28 As was the case with 
voriconazole, it also showed interac�on with other drugs, but to a lesser degree rela�ve to 
other triazoles. Moreover, it displayed a broader an�fungal spectrum, significant ac�vity 
against the Zygomycetes, and an op�mal safety profile. However, mul�ple daily dosing, 
a need for fa�y foods to assure adequate bioavailability, and absence of an intravenous 
formula�on restricted its use to selected popula�ons of pa�ents.25,28

Figure 6. The azole class of an�fungal agents.

Azole an�fungal drugs inhibit the enzyme lanosterol 14α-demethylase; the enzyme 
necessary to convert lanosterol to ergosterol (Figure 3). Deple�on of ergosterol coupled 
with an accumula�on of sterol precursors, including 14α-methyl sterols, results in impaired 
fungal cell growth. The triazoles owe their an�fungal ac�vity mainly to inhibi�on of P450-
dependent 14α sterol demethylase.12-14 Their ability to interact with the heme of many host 
cytochrome P450 enzymes, par�cularly mammalian CYP3A4, makes the an�fungal agents 
poten�ally toxic.29 In humans, CYP3A comprises the largest frac�on of the total CYP content 
and is responsible for the metabolism of a broad range of drugs, such as immunosuppressive 
and chemotherapeu�c drugs. Thus, azoles exhibit a wide range and variety of drug-drug 
interac�ons that limit their use.30,31

Allylamines
Allylamines such as na�ifine and terbinafine (Figure 7) are synthe�c fungicidal inhibitors and 
inhibit ergosterol synthesis at the level of squalene epoxidase.12-14 This is another enzyme in 
the biosynthe�c pathway leading to ergosterol; together with squalene cyclase it converts 
squalene to lanosterol, the precursor of ergosterol in the fungal cell (Figure 3).32 So the 
ac�vity of the an�fungal allylamines is conceptually related to that of the azole an�fungal 
agents.
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Figure 7. The allylamine an�fungal agents na�ifine and terbinafine.

The first member of the allylamines, na�ifine, was discovered by chance while the scien�sts 
were working on spironaphthalenones with the aim of finding compounds that acted on the 
central nervous system (CNS).32,34 A screening programme in the Sandoz Research Ins�tute 
(Vienna, Austria) revealed the an�fungal ac�vity of this compound.35 Intensive structure 
ac�vity rela�onship studies aimed at modifica�on of the allylamine side chain led to the 
discovery of terbinafine.34

These agents are highly selec�ve for the fungal enzyme and have a minimal effect on 
mammalian cholesterol biosynthesis.36 They show ac�vity against many filamentous fungi 
but they are not very effec�ve against pathogenic yeasts involved in invasive aspergillosis 
and systemic candidiasis. However, terbinafine was found to be very effec�ve against species 
of Candida, Aspergillus and Zygomycota, and even against Candida isolates with resistance 
to fluconazole as well as effec�ve against itraconazole-resistant Aspergillus strains, when 
administrated with azoles and Amphotericin B.37

1.2.2 DNA synthesis inhibitor

Flucytosine, a fluorinated pyrimidine analogue, was first synthesized in 195738 but its 
an�fungal proper�es were discovered in 1963. Several years later flucytosine was successfully 
used for the treatment of systemic candidiasis and of cryptococcal meningi�s.39 It is the 
only available an�metabolite type of an an�myco�c drug. Its mode of ac�on is very unique 
within the an�fungal agents. Flucytosine is taken up into fungal cells by a cytosine permease 
and is converted to its an�metabolite 5-fluorouracil (Figure 8) by cytosine deaminase 
(CD).40 The absence of CD in mammalian cells makes flucytosine non-toxic for humans. The 
an�metabolite fluorouracil is then incorporated in fungal RNA by replacing uracil with 5-
flurouracil, thereby disrup�ng protein synthesis. Moreover, it inhibits thymidylate synthetase 
via 5-fluorodeoxy-uridine monophosphate and thus interferes with fungal DNA synthesis.40

Figure 8. Pyrimidine class of an�fungal agents, flucytosine and the an�metabolite 5-fluorouracil.

This mechanism of ac�on requires the presence of several enzymes in the target cells; 
cytosine permease to internalize the flucytosine molecule, cytosine deaminase to convert 
it to 5-fluorouracil, and uracil phosphoribosyltransferase to convert 5-fluorouracil into 
a substrate for nucleic acid synthesis. Most filamentous fungi lack these enzymes, and 
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hence the useful spectrum of this drug is limited to pathogenic yeast (Candida spp. and 
Cryptococcus neoformans).14 5-fluorouracil itself cannot be used as an an�myco�c drug due 
to its high toxicity to mammalian cells and also because it has a poor adsorp�on profile by 
fungal cells.39

The use of flucytosine alone in treatment frequently resulted in the emergence of resistance 
owing to the mul�tude of enzymes involved in the metabolic pathway.39 Thus, flucytosine is 
never used as monotherapy but always in combina�on with another an�fungal compound 
and usually combined with Amphotericin B or fluconazole or with both as combina�on 
therapy.39 

Side effects in the form of gastrointes�nal intolerance and bone marrow depression 
have been observed. Rash, hepatoxicity, headache, confusion, hallucina�ons, seda�on 
and euphoria have also been reported.14 Since flucytosine is commonly combined with 
amphotericin B, the renal impairment caused by amphotericin B may further increase 
flucytosine hepatoxicity. The toxicity of flucytosine is presumably due to 5-fluorouracil which 
is produced from flucytosine by bacteria in gut lumen. Therefore 5-FC is more o�en used in 
combina�on therapy with azole drugs.39

1.2.3 β-glucan synthase inhibitors

The most recent addi�ons to the arsenal of an�fungal compounds are the β-glucan synthase 
inhibitors. β-(1,3)-glucan is a major component of the framework of the fungal cell wall. 
There are several families of an�fungal drugs that interfere with β-(1,3)-glucan synthesis 
by inhibi�ng the β-(1,3)-glucan synthase enzyme (Figure 2).9 These inhibitors include the 
papulacandins, echinocandins and the acidic terpenoids. To date, only the echinocandin 
compounds caspofungin, micafungin and anidulafungin have been approved for treatment 
of invasive fungal infec�ons.

Papulacandins
The papulacandins (Figure 9), first described in 1977, are a series of naturally occurring 
glycolipid an�fungal agents. This group consists of five members, i.e., papulacandins A, B, C, 
D and E and is isolated from the fermenta�on broths of Papularia sphaerosperma.41 These 
amphipa�c compounds have a unique structure, described as a spirocyclic diglycoside.42 
Here, the lactose disaccharide has its gluco-sugar converted to a spirocyclic arylglycoside. 
The spirocyclic diglycoside is esterified by two long-chain unsaturated fa�y acids. With the 
excep�on of papulacandin D, the compounds only differ from another in the nature of the 
unsaturated fa�y acid side chains. Papulacandin D, the simplest member of the family, 
contains only one carbohydrate residue and one fa�y acid side chain.42

The papulacandins have demonstrated potent in vitro an�fungal ac�vity against pathogens 
such as Candida albicans and Saccharomyes cerivisiae43, Pneumocys�s carinii etc. However, 
they are largely inac�ve against filamentous fungi, bacteria and protozoa. Although the 
papulacandins showed acceptable in vitro inhibi�on of β-1,3-glucan synthase, li�le or no 
efficacy in animal models was found.41 The high degree of selec�ve ac�vity towards fungi 
and the fascina�ng structure of the papulacandins have led to several a�empts to develop 
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papulacandin deriva�ves as drugs either by chemical modifica�on or by total synthesis 
approaches.44,45 Despite these efforts, the papulacandins have not yet been developed for 
treatment of invasive fungal infec�ons because they showed limited potency in animal 
models.

Figure 9. Structures of the Papulacandin family.

Echinocandins
The echinocandins represent the most recent class of an�fungal drugs that have reached 
the market in the last decade. These fungal secondary metabolites are composed of a 
complex cyclic hexapep�de core whose N-terminus is acetylated by a lipid side chain.46 An 
echinocandin compound is grouped into one of the three families of these an�fungal agents 
(i.e. echinocandins, aculeacins and pneumocandins) based on the type of fa�y acid side 
chain that is present in the compound (Table 1). 

The first group of the echinocandin family consists of a group of related cyclic pep�des, 
isolated from Aspergillus nidulans and A. Rugulosus each possessing an N-linoleyol side chain 
but having different hydroxyla�on pa�erns.47,48 The second group consists of the aculeacins 
from Aspergillus aculeatus, which have the same pep�de nucleus as echinocandin B but 
an N-palmitoyl side chain.49 The closely related lipopep�des isolated from Coleophoma 
empetri (e.g. WF 11899) also differ from the echinocandins by having a sulphate moiety on 
the homotyrosine residue (R7, Table 1) thus rendering them more soluble than the other 
echinocandins.50 In addi�on the la�er group has a different amino acid at posi�on R5.50 The 
third group is that of the pneumocandins from Zalerion arboricula, having a dimethylmyristoyl 
side chain a�ached to the pep�de ring.51
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Table 1. Echinocandin family

None of these natural echinocandins have been used clinically. Their limita�ons for human 
therapeu�cs were lack of oral bioavailability, poor water solubility and toxicity problems 
such as haemolysis.46 Due to the encountered limita�ons, extensive semisynthe�c structure-
ac�vity rela�onship (SAR) studies have been carried out on the natural echinocandins to 
improve their pharmacokine�c profiles and tolerability.52 Lipophilic side chain replacement 
has been employed primarily to improve potency and reduce the haemoly�c proper�es 
associated with some members of the echinocandin class.53-57 This work demonstrated that 
the en�re intact echinocandin molecule is necessary for inhibi�on of an�fungal growth, 
neither solely the cyclic pep�de nucleus nor the fa�y acid chain or a mixture thereof showed 
significant an�fungal ac�vity.55 Altera�on of the cyclic pep�de core affects chemical stability, 
aqueous solubility, pharmacokine�c profile, potency and in vivo efficacy.52 Among sites for 
chemical altera�ons of the cyclic pep�de structure, the ornithine hemiaminal func�on has 
been the most successful. The hemiaminal group of the echinocandins is responsible for its 
instability and results in a ring opened, inac�ve product (3, Figure 10).59,60 With respect to 
this part of the structure, several studies have reported on deriva�za�on (e.g. reduc�on, 
subs�tu�on and alkyla�on) of the hemiaminal to improve stability and water solubility.61-65 

Year  R1 R2 R3 R4 R5 R6 R7

1974 Echinocandin B OH OH Linoleoyl OH Me Me H
1979 Echinocandin C OH OH Linoleoyl H Me Me H

1979 Echinocandin D H H Linoleoyl H Me Me H

1977 Aculeacine A OH OH Palmitoyl OH Me Me H

1993 WF11899A OH OH Palmitoyl OH CH2CONH2 Me OSO3H

(FR901379)

1993 WF11899B OH OH Palmitoyl H CH2CONH2 Me OSO3H

1993 WF11899C OH H Palmitoyl H CH2CONH2 Me OSO3H

1989 Pneumocandin A OH OH DiMe-Myr OH CH2CONH2 Me H
1989 Pneumocandin B OH OH DiMe-Myr OH CH2CONH2 H H
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Figure 10. Base catalyzed ring-opening reac�on of an echinocandin (1), providing an aldehyde intermediate (2) 
wich recyclizes to a thermodynamically more favourable five-membered N-acyl hemiaminal (3) incorpora�ng the 
side chain amide.

Figure 11. Acyl hydrazides prepared using an ornithine excision/replacement strategy.

These medicinal chemistry efforts have led to the discovery of the first genera�on of clinically 
used echinocandins, resul�ng from either side chain (micafungin67 and anidulafungin60) or 
cyclic pep�de core (caspofungin68) modifica�on (Figure 12). The development of another 
semi-synthe�c deriva�ve of echinocandin with an altered fa�y acid side chain, cilofungin53-

55, was abandoned a�er Phase II clinical trials due to toxicity of the vehicle that was used 
to dissolve the compound, as well as low oral efficacy and a narrow spectrum of ac�vity.46 
A new genera�on of echinocandin analogues (e.g. aminocandin) bearing modifica�ons of 
both core and side chain is currently under clinical inves�ga�on (Figure 12).69,70
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Figure 12. The semi-synthe�c echinocandin class of an�fungal drugs.
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Caspofungin, the first approved agent from this class in 2001, is a semisynthe�c deriva�ve 
of pneumocandin B prepared by chemical modifica�on at two sites of the pep�de core, 
a reduc�on of the primary amide of the hydroxyglutamine residue to an amine and 
condensa�on of the hemiaminal moiety with ethylenediamine (Figure 13).68 It is a well-
tolerated an�fungal compound ac�ve against invasive candidiasis, oesophageal candidiasis 
and invasive aspergillosis.79 In 2005, the second an�fungal agent of the echinocandin class 
was approved, that is micafungin in 2005, a water soluble semisynthe�c deriva�ve of the 
natural occurring FR901379.80 Enzyma�c deacetyla�on of the natural sulphated echinocandin 
deriva�ve and reacetyla�on of the pep�de nucleus, with an isoxazole containing benzoyl like 
side chain,81 provided micafungin (Figure 14).67 The third approved echinocandin deriva�ve 
is anidulafungin in 2006.82 It is a semisynthe�c deriva�ve of echinocandin B in which the 
lineoyl side chain was replaced by a terphenyl head and a C5 alkyl tail (Figure 14).60 

Figure 13. Prepara�on of caspofungin from pneumocandin B by chemical modifica�on at two sites of the pep�de 
core.

All three an�fungal compounds are used intravenously and approved for treatment of 
oesophageal candidiasis, candidaemia and other forms of invasive candidiasis. They are 
fungicidal in vitro and in vivo against a broad range of Candida spp. and fungista�c against 
Aspergillus spp., where they block the growing �ps of hyphae.83 Despite the occurrence of 
spontaneous resistance to echinocandins of Candida spp. in vitro, the clinical resistance 
remains rare.83 In combina�on with their unique mode of ac�on and thereby their safety 
profile they present a valuable addi�on to the arsenal of an�fungal compounds.
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Figure 14. Semisynthe�c approach to micafungin and anidulafungin

To date, only a few studies have been focused on the total synthesis of echinocandin 
deriva�ves. The first total synthesis of echinocandin D was reported in the mid 1980s.71-73 
Further a�empts on the synthesis of echinocandin C have failed due to problems with the 
hemiaminal bond forma�on (Figure 15).71,73 For their a�empted synthesis of echinocandin 
C, linear hexapep�de 7 containing a fully oxygenated ornithine residue with a terminal 
dimethoxy acetal was synthesized. Unmasking this protected aldehyde was expected 
to ini�ate macrocycliza�on, thereby genera�ng the desired hemiaminal func�on of 
echinocandin C. Instead the uncyclized aldehyde was obtained as its hydrate (8) and all 
further a�empts failed yielding the pyrrolidine 9 instead.

Figure 15. A�empted ring-closing reac�on to form echinocandin C.

Later, poten�al issues surrounding the hemiaminal linkage were avoided by preparing 
simplified analogues with a stable amide connec�on between proline and ornithine.74-76 
In 1992 the first total synthesis of simplified echinocandin analogues (10, Figure 16) using 
solid-phase techniques was reported by Zambias et al.74 In this work, the 4-octyloxybenzoyl 
side chain of Cilofungin was combined with cyclic hexapep�des of varying complexity. The 
unusual amino acids present in the echinocandins were replaced with more readily accessible 
natural amino acids. Structure ac�vity rela�onship (SAR) data from this work showed that 
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several of the func�onal groups, primarily the hydroxyl groups, were not necessary for 
an�fungal ac�vity. In addi�on, the L-homotyrosine residue turned out to be crucial for 
an�fungal ac�vity. Notably, analogues bearing a tyrosine residue (10) were inac�ve while 
analogues bearing homotyrosine retained an�fungal ac�vity.74 

Figure 16. Simplified analogues of Cilofungin. 

Klein et al. reported a similar study in 2000. They extended the approach of Zambias et al. 
in a more comprehensive manner toward simplifica�on of the hexapep�de nucleus. The 
effects on an�fungal ac�vity was explored by further modifica�ons of several amino acid 
residues in the pep�de nucleus (A-C, Figure 17) and the lipophilic side chain (G, Figure 17). 
Here, solid phase synthesis of the analogues was u�lized for ini�al stages of their work 
and a solu�on phase approach (‘3 + 3’ format) to obtain larger quan��es of analogues 
for biological tes�ng. SAR data from this work showed that the (2S, 3S, 4S)-3-hydroxy-4-
methyl proline residue can be replaced with 4β-amino proline. Related analogues, such as 
4-guanidino proline, possess improved solubility and good ac�vity.75 From this study the 
op�mal groups were chosen and combined in a new analogue A199930, which displayed 
excellent an�-Candida ac�vity in vitro and in vivo in a mouse chronic candidiasis model 
(Figure 17).77 Unfortunately, subsequent pre-clinical safety evalua�ons of A199930 showed 
undesirable cardiovascular (CV) effects in rat and monkey that were linked to a histamine 
releasing effect. It was found that this effect was associated with clustered basic sites (e.g. 
neighbouring guanidine and amino groups). Further chemical op�miza�on made in light 
of these findings led to the improved analogue A192411 (Figure 17).77 Here the basic site 
of ornithine is replaced by threonine and an addi�onal basic amine is introduced at the 
3’ posi�on of the homotyrosine aroma�c ring. Efficacy was demonstrated against Candida 
albicans and an improved CV safety profile in both rodents and monkeys.78 

More recently, Yao et al. reported a SAR study on Caspofungin in 2012 (Figure 18).76 The 
strategy employed was similar to work presented by Klein et al. The effects on an�fungal 
ac�vity were explored by modifica�on of six parts of the molecule (A, B, D, E, G; Figure 18). 
Again a [3+3] coupling strategy for the prepara�on of analogues was used. The findings 
in this work indicated that hydrophilic amino acids were favoured for the ‘le�’ tripep�de 
fragment (A-C), whereas the ‘right’ lipotripep�de segment (D-G) was preferred as a 
hydrophobic core.
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Figure 17. SAR studies of Klein et al. and the op�mized analogues A199930 and A192411.

Figure 18. Design of the caspofungin analogues and the [3+3] coupling strategy.
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Unfortunately, although these syntheses gave valuable SAR informa�on (Figure 19) that 
could not be provided by direct chemical modifica�on of the natural product, none of the 
synthesized analogues have been used clinically so far.

Figure 19. Summary of Structure-Ac�vity Rela�onships studies of the echinocandins. Le�: based on total synthesis; 
Right: based on semisynthe�c work.

Acidic terpenoids
Despite their advantages, the echinocandin class of compounds show low oral absorp�on. 
Therefore, screening efforts for new chemical en��es that inhibit (1,3)-β-glucan synthase 
with improved pharmacokine�c proper�es as compared to those of the papulacandins 
and the lipopep�des have been performed in several laboratories.84 These natural-product 
screening efforts have resulted in a new class of inhibitors, the acidic terpenoids.

Figure 20. Structures of the acidic terpenoids.

Members of this new class of an�fungal triterpenes with a polar (-acidic-) moiety include 
the glycosidic triterpene ascosteroside A85 and the related glycoside, enfumafungin.86 Other 
members are arundifungin87 containing a succinate moiety and Ergokonin A88, a sulfate-
deriva�zed amino acid containing terpenoid (Figure 20). 
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Studies on the mode of ac�on of these compounds have shown that they do inhibit glucan 
synthesis in whole cells and in (1,3)-β-glucan synthase assays. The in vitro an�fungal ac�vity 
of enfumafungin, is comparable to that of the echinocandin class of compounds.84 Because of 
their good solubility in water, the acidic terpenoids represent new promising lead structures 
for the development of oral ac�ve an�fungal drugs.

1.3 Mechanism of ac�on - Target

Considering the mode of ac�on, pharmacological, and toxicological profiles of the an�fungal 
agents described here, the echinocandin class of the an�fungals exhibit the most promising 
target selec�vity, as β-(1,3)-glucan is only found in fungi not in mammalian cells. This 
imminently results in less toxic effects, as compared to the other classes.89

Fungal cell walls consist of glycoproteins and polysaccharides, mainly glucan and chi�n.90 
The chains of the glucans and chi�n are interconnected by covalent cross-links and form 
a strong three-dimensional matrix, which gives the cell wall its shape and mechanical 
strength.91,92 Glucan is the major structural polysaccharide of the fungal cell wall, cons�tu�ng 
approximately 50-60% of the wall by dry weight. Polymers of glucan are composed by 
repea�ng glucose residues that are assembled into chains through a variety of chemical 
linkages.91 Chi�n, a long linear homopolymer of β-1,4-linked N-acetyl glucosamine accounts 
for only 1-2% of the yeast cell wall by dry weight,93 whereas the cell walls of filamentous 
fungi, such as Aspergillus, are reported to contain 10-20% chi�n.90

Different fungi have varying amounts of chi�n and glycoproteins. Therefore, some species 
are more suscep�ble to the echinocandins than others. Since β-(1,3)-D-glucan is a major 
cell wall component of Candida and Aspergillus species, these species are more sensi�ve to 
echinocandins. In general, between 65% and 90% of the cell wall glucan is β-1,3-glucan.91 

However, in Cryptococcus neoformans, β-(1,3)-linked glucose units may not have a structural 
role in the cell wall because they only occur as side chains on β-(1,6)-glucan polymers.94 
Studies in the yeast S. cerivisiae and Candida albicans demonstrated that the glycosyl units 
within their cell walls are arranged as long coiling chains of β-(1,3)-linked residues, with 
occasional side chains that involve β-(1,6)-linkage.95,96 Cell walls of many filamentous fungi, 
including A. fumigatus, do not contain β-1,6-glucan.97

β-1,3-Glucans are synthesized by the plasma membrane-bound protein complex glucan 
synthase. This enzyme complex uses UDP-glucose on its intracellular side as a substrate 
for polymeriza�on to glucan fibrils, followed by extrusion of the linear β-1,3-glucan chains 
through the membrane into the cell wall space.98,99 When synthesis of β-(1,3)-D-glucan is 
inhibited, the resul�ng disorganiza�on of the fungal cell wall leads to a weakened cell wall, 
which is the cause of lysis of the cells by osmo�c pressure. Another effect is that by blockade 
of the cell wall synthesis, fungal growth is reduced.89 

The glucan synthase protein complex contains both cataly�c and regulatory subunits. 
The puta�ve cataly�c subunit of the GS-complex (>200 KDa) is encoded by either of two 
homologue genes designated FKS1 and FKS2 (>200 KDa). The resul�ng proteins of both genes 
are targets of an�fungal lipopep�des. The cell cycle-regulated FKS1 gene is expressed during 
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normal vegeta�ve growth and linked to cell-wall remodelling, while FKS2 is transcrip�onally 
regulated by calcineurin and is preferen�ally expressed during sporula�on.89  

FKS proteins are an essen�al component of the GS-complex, their large size and integral 
membrane character may explain why β-1,3-D-glucan synthase has been so difficult to 
purify. The glucan synthesis complex in yeast (e.g. S. cerevisiae100, C. albicans101 and A. 
fumigatus102) has been par�ally purified via product entrapment. The product entrapment 
procedure consists of incuba�ng the dissolved glucan synthesis complex with substrate 
under condi�ons that allow synthesis of the insoluble glucan product. The enzyme is trapped 
within the microfibril network and is recovered by differen�al centrifuga�on.101 In this way 
the polypep�des that are components of the complex were iden�fied.

Figure 21. Model of FKS1p and Fks2p regula�on of the glucan synthase protein complex.

The key regulatory subunit is Rho, which interacts not only with FKS proteins but also with 
protein kinase C (Pkc1) (Figure 21). Pkc1 is a known regulator of the MAPK cascade and 
ac�n cytoskeleton assembly pathway in yeast.98 Because of the interac�on with mul�ple 
proteins, Rho is thought to be a key switch, driving or arres�ng the synthesis of β-1,3-
glucan.89 It switches between a GDP-bound inac�ve state and a GTP-bound ac�ve state via 
conforma�onal changes.92

Reduced suscep�bility to echinocandins has been a�ributed to muta�ons in either FKS1 
or FKS2. Predominantly FKS1 muta�ons decrease the sensi�vity of glucan synthase for 
echinocandin drugs by 1000-fold or more.103 This resistance is associated with amino acid 
subs�tu�ons in two ‘hot-spot’ regions of FKS1. FKS1 muta�ons confer resistance in both 
yeasts and moulds.103,104 Therefore, it was suggested that the echinocandin class of inhibitors 
interact with the FKS1 protein. However, photoaffinity studies with a photoac�vatable cross 
linking analog of Anidulafungin demonstrated that the echinocandins interact directly 
with at least two proteins (40 and 18-kDa) in C. Albicans, and neither one is the Candida 
FKS homolog.105 These findings led to a further diminishment of understanding of the 
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exact mechanism of ac�on of the echinocandin class of compounds. In addi�on to point 
muta�ons in FKS1, exposure to echinocandins can induce a salvage mechanism involving 
the up regula�on of chi�n synthesis. This physiological adap�on enables a fungus to survive 
at otherwise lethal-concentra�ons of echinocandins.104,106 

In conclusion, targe�ng the synthesis of β-(1,3)-glucan, the major structural polysaccharide 
of the fungal cell wall, s�ll provides the most promising mechanism of ac�on for current 
an�fungal treatments. To date, only the echinocandins have been approved for treatment 
of invasive fungal infec�ons by this unique mechanism of ac�on. Although, substan�al 
work has been devoted to a�empts for understanding of the binding sites of the an�fungal 
lipopep�des to the glucan synthase complex, so far this has not been very successful. 

1.4 Aim and outline of this Thesis

From these paragraphs it is may be clear that very few an�fungal agents can be used for 
life-threatening fungal infec�ons. Despite the introduc�on of more effec�ve, less toxic 
triazole agents and new formula�ons of Amphotericin B the need for new an�fungal agents 
with a novel mode of ac�on remains. A substan�al number of pa�ents fail to respond to 
either therapy and the broad clinical applica�on of the few an�fungal agents has resulted 
in severe drug resistance. The development of echinocandin related cyclic lipohexapep�des 
for the treatment of invasive fungal infec�ons represented a breakthrough in an�fungal 
chemotherapy. Considering the mode of ac�on, pharmacological, and toxicological profiles 
of the described classes of compounds, the echinocandins exhibit the most promising target 
selec�vity, as β-1,3-glucan is only found in fungi not in mammalian cells. As a consequence 
fewer toxic side effects are observed, as compared to the other classes of an�fungal 
agents. Moreover, the clinically approved agents for this class have rarely shown fungal 
resistance selec�on. Despite these advantages, the echinocandin class of compounds has 
its own limita�ons. Firstly, due to their semisynthe�c nature, they are costly. Secondly their 
mechanism of ac�on is s�ll unknown. The interac�on site of FKs1p/FKs2p with echinocandins 
has not yet been determined. Elucida�ng the mode of ac�on of echinocandins on β-(1,3)-
glucan synthase will efficiently lead to the development of improved drugs.

The aim of the research described in this thesis was therefore to explore the crucial 
structural features necessary for the an�fungal ac�vity of the echinocandin compounds, 
by synthesizing new deriva�ves for evalua�on of their an�fungal ac�vity. This informa�on 
can be used for the development of improved drugs and can help in the elucida�on of their 
mode of ac�on. Efforts to obtain new echinocandins are relevant, since these compounds 
are ac�ve against a dis�nc�ve target.

The chemistry to synthesize new echinocandin deriva�ves was developed and is described in 
chapter 2 of this thesis. The newly designed echinocandin mimics by ring closing metathesis 
or disulfide forma�on have been synthesized on the solid support and their an�fungal 
ac�vity has been evaluated by determining their minimum inhibitory concentra�on. It was 
found that ring size is an important factor for an�fungal ac�vity. 
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Next, the scope and limita�ons of the use of vinylglycine for the prepara�on of echinocandin 
deriva�ves is explored in chapter 3. The synthesis of vinylglycine and its tendency to 
isomerize to the conjugated α,β-unsaturated deriva�ve is described herein. Therefore, the 
direct incorpora�on of vinylglycine into pep�des turned out to be problema�c. Alterna�vely, 
facile, site-specific and chemoselec�ve incorpora�on of vinylglycine into pep�des could be 
achieved via a ‘masked’ amino acid. 

The research described in chapter 4 entails an approach to echinocandin based photoaffinity 
analogues. Due to the structural importance of the cyclic hexapep�de nucleus of the 
echinocandins, the chemical probe was constructed as part of the fa�y acid side chain. The 
synthesis of photoreac�ve side chains and its applica�on in the prepara�on of echinocandin 
analogues is described.

Chapter 5 reports on the role of methyl groups in the lipophilic tail of analogues of caspofungin. 
Based on findings described in chapter 2 regarding the low ac�vity of palmitoyl containing 
analogues, a simplified analog of caspofungin, containing its natural dimethylmyristoyl chain, 
was synthesized and evaluated for its an�fungal ac�vity. Also analogues were included with 
either one or no methyl groups. The results of this inves�ga�on suggest that the top-le� 
proline residue somehow plays an important role in the bio-ac�ve conforma�on of the 
macrocyclic pep�de ring structure. 

In chapter 6 the conforma�onal behaviour of the echinocandin analogues was evaluated. In 
the previous chapters it became clear that the size, choice of the fa�y acid side chain as well 
as crucial subs�tuents are determining factors for an�fungal ac�vity. Here, it was a�empted 
to evaluate the conforma�onal behaviour and possible ensuing influence of ring size on 
an�fungal ac�vity. To elucidate solu�on conforma�ons of the analogues described earlier in 
this thesis nuclear magne�c resonance (NMR) and circular dichroism (CD) techniques were 
applied. Moreover, a�empts were made for the crystalliza�on of our analogues.
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2.1 Introduc�on 

There is currently an urgent need for the development of new an�fungal agents. The 
echinocandins represent the most recent class of an�fungal drugs that reached the market 
in the last decade1 and act on a novel target 2.

As was described in chapter 1 only three echinocandins have been approved by the Food 
and Drug Administra�on (FDA). These echinocandins are all semisynthe�c deriva�ves of 
the natural fermenta�on products.3-5 Due to the large number of hydroxyl groups in these 
lipopep�des, total synthesis of the echinocandins is extremely challenging. In addi�on 
these synthe�c limita�ons led to a semi-synthe�c approach in which isola�on of the natural 
echinocandin was followed by synthe�c modifica�ons. These deriva�ves were used for 
most of the structure ac�vity rela�onship (SAR) studies.6 However, in 1992 the first total 
synthesis of simplified echinocandin analogues was described by Zambias et al.7 These 
structure ac�vity rela�onship data showed that several of the func�onal groups, primarily 
the hydroxyl groups, were not essen�al for an�fungal ac�vity. Klein et al. reported a similar 
study in 2000.8 Both papers described deriva�ves that were obtained by pep�de head-to-
tail cycliza�on. Inspired by these reports, we became interested in the synthesis of novel 
echinocandin analogues by employing alterna�ve pep�de cycliza�on approaches. 

In this chapter the synthesis and ac�vity of novel echinocandin analogues (Figure 1) 
obtained by ring closing metathesis (6) and disulfide forma�on (7) is described. Using these 
approaches, the impact of the size and character of the macrocyclic pep�de backbone on 
an�fungal ac�vity can be inves�gated more extensively. In addi�on, these new mimics may 
be a�rac�ve alterna�ves since they also contain a posi�on for further modifica�on (i.e. the 
C-terminus; subs�tuent R2). Moreover the analogues obtained by ring closing metathesis (6) 
possess an addi�onal site for modifica�on, namely the double bond.

Figure 1. Structures of the designed synthe�c echinocandin analogues compared to caspofungin (1).
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In comparison to caspofungin 1, mimics 6 and 7 were designed to contain several 
modifica�ons (Figure 1). Consistent with SAR studies7,8 a number of func�onal groups which 
are not necessary for an�fungal ac�vity, were omi�ed. Moreover, the lipophilic chain (R1 

in 1) was replaced by a palmitoyl group (R3 in 6a, 6b and 7), which closely mimics the fa�y 
acid tail of caspofungin. Earlier SAR studies showed that a C12-C18 fa�y acid chain gave an 
op�mal ac�vity.9 In addi�on, the ornithine derived residue at the top of the caspofungin 
structure (1) was replaced by an allylglycine residue together with introduc�on of an 
allylglycine residue at the C-terminus leading to precursor 8. Similarly, replacement by a 
cysteine residue at these posi�ons gave precursor 11. Cycliza�on of these precursors slightly 
enlarged the ring to a 23-membered ring as compared to the original 21-membered ring of 
caspofungin. According to the literature10 there was room for altera�ons at this site of the 
molecule. Borromeo et al. reported an approach in which the ring of the hexapep�de was 
opened at the hemiaminal func�on and the ornithine residue was replaced to generate new 
cyclic hexapep�des.10 

2.2 Results and Discussion

Ring-closing metathesis (RCM) reac�ons have been previously carried out on pep�des linked 
to a solid support.11 However, these RCM reac�ons required long reac�on �mes (18-48h). 
Recently, Robinson et al. reported large accelera�on of RCM on resin-bound pep�des by 
microwave hea�ng in the presence of chaotropic reagents.12 This procedure was also applied 
to the prepara�on of our mimic 6. As shown in Scheme 1, linear precursors were prepared 
by SPPS using either the Rink or Wang resin, ul�mately providing the pep�de amide (6a) or 
carboxylic acid (6b), respec�vely. 

Scheme 1. Reagents and condi�ons: (i) Rink resin: (1) 20% piperidine in NMP; (2) Fmoc-Alg-OH, BOP, DIPEA, 
NMP; Wang resin: (1) Fmoc-Alg-OH, pyridine, DCBC, DMF; (2) Ac2O/NMI/DiPEA/DMF (2/1/1/6, v/v/v); (ii-vi) (1) 
20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) Grubbs II (15 mol%), 10 vol% LiCl/DMA (0.4M), 
MW, 75 min, 100 °C, DCM; (viii) (1) 20% piperidine in NMP; (2) palmi�c acid, HATU, DiPEA, NMP; (ix) TFA/TIS/H2O 
(95/2.5/2.5, v/v/v); (x) H2, 10% Pd/C, EtOH, rt, 36h.
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Then, RCM reac�on of resin-bound pep�de 8 was performed using a 15 mol% solu�on of 
Grubbs II in DCM (containing 10 vol% LiCl/DMA 0.4M) and microwave irradia�on to provide 
the ring-closed product 9. Removal of the Fmoc group, coupling of palmi�c acid, and acidoly�c 
cleavage from the resin with concomitant removal of the side chain protec�ng groups, 
gave the cyclic pep�de 6 as a mixture of cis/trans isomers (Figure 2a) in an overall yield of 
11% a�er purifica�on by prepara�ve HPLC. A�empted RCM reac�ons without microwave 
irradia�on were less successful. For example, treatment of the linear resin-bound pep�de 
with second genera�on Grubbs catalyst (20 mol%) in DCM containing 10 vol% LiCl/DMA 
(0.4M) at 50 °C for 24h gave only trace amounts of the cyclized product. A�er reduc�on of 
unsaturated pep�des 6a and 6b macrocyclic pep�des 10a and 10b were obtained.

Figure 2. Analysis of 6a and 10a. (a) HPLC of 6a (220 nm); (c) ESI-MS 6a; (b) HPLC of 10a (220 nm); (d) ESI-MS 10a.

For the synthesis of disulfide mimic 7 the synthesis strategy outlined in scheme 2 was applied. 
The linear precursor was prepared by SPPS on the Rink resin. Removal of the Fmoc group 
followed by introduc�on of the palmitoyl chain and cleavage from the resin yielded the 
deprotected pep�de 11, which was then cyclized via disulfide forma�on by oxida�on with 
aq. DMSO13 yielding pep�de 7 in an overall yield of 22% a�er purifica�on by prepara�ve 
HPLC. 

The an�fungal ac�vity of each macrocyclic pep�de analogue was evaluated by broth 
microdilu�on using Caspofungin 114 as a reference compound. Minimum inhibitory 
concentra�ons (MICs) were determined visually and thereby quan�fied as the lowest 
concentra�on of compound resul�ng in inhibi�on of yeast growth a�er overnight incuba�on 
at 30 °C (Table 1). Unfortunately, mimics 6, 7 and 10 did not show an�fungal ac�vity up to 
100 µg/mL (corresponding to 96 µM).

+

+

a

b

c

d

1040.60 [M+H]

1042.60 [M+H]
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Scheme 2. Reagents and condi�ons: (i) (1) 20% piperidine in NMP; (2)  Fmoc-Cys(Trt)-OH, BOP, DiPEA, NMP; (ii-vi) 
(1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) (1) 20% piperidine in NMP; (2) palmi�c acid, 
HATU, DiPEA, NMP; (viii) TFA/TIS/H2O (95/2.5/2.5, v/v/v); (x) H2O, NH4OAc, DMSO, pH 6.

    Candida albicans
 R1 X R2 CBS 9975

Caspofungin (1) 0.025
6a C(O)NH2 CH=CH Palm >100
6b C(O)OH CH=CH Palm >100

7 C(O)NH2 S-S Palm >100

10a C(O)NH2 CH2CH2 Palm >100
10b C(O)OH CH2CH2 Palm >100

Table 1. An�fungal ac�vity of analogues
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To obtain a be�er understanding of the observed lack of an�fungal ac�vity, further 
inves�ga�ons were performed by varying the lipophilic “tail” (subs�tuent R2, Figure 3A), 
introduc�on of modifica�ons at the C-terminus (Figure 3B) and at the double bond (Figure 
3C) and changing the pep�de ring size (Figure 3D).

Figure 3. Structural varia�ons for study of their influence on an�fungal ac�vity.

2.2.1 Influence of the lipophilic “Tail”

The nature of the fa�y acid chain and its influence on the ac�vity of the echinocandins 
has been studied extensively. Several reports have described the prepara�on of semi-
synthe�c echinocandin analogues by enzyma�c de-acyla�on and chemical re-acyla�on with 
alterna�ve fa�y acids.9,15-19 It has been shown that neither the macrocyclic pep�de itself, 
the fa�y acid, nor a mixture of both show significant an�fungal ac�vity. These results clearly 
demonstrated that the intact echinocandin molecule is required for inhibi�on of an�fungal 
growth.16 Moreover, the nature of the fa�y acid side chain plays a very important role in the 
biological ac�vity (see chapter 5). In this regard, side chain length, overall lipophilicity, and 
other geometric factors such as rigidity, contribute to the SAR of these analogues.

These previous studies have shown that the lipophilic chain in the echinocandins is a crucial 
determinant for an�fungal potency. To determine if the choice of the lipophilic tail for mimics 
6, 7 and 10 might be partly responsible for the loss of an�fungal ac�vity, a series of fa�y 
acid deriva�ves (12a,b and 13a,b; Scheme 5), based on previous work by Klein et al., were 
prepared.8 Their work established that head-to-tail backbone mimics bearing a terphenyl 
(“Ter”) chain showed considerable biological ac�vity. 
 
The required terphenyl acid building block 14, was synthesized as outlined in Scheme 3.17 
First the alkoxy tail of 16 was introduced in 87% yield by a Williamson ether synthesis using 
1-bromopentane. Then, the organolithium deriva�ve was prepared with n-butyllithium, 
reacted with triisopropyl borate and subsequently hydrolyzed to boronic acid 17 in 78% 
yield. In a Suzuki reac�on, 4-iodobenzoic acid was coupled to boronic acid 17 in the presence 
of Pd(PPh3)4 to give the terphenyl side chain containing “fa�y” acid deriva�ve 14.
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Scheme 3.  Reagents and condi�ons: (i) 1-bromopentane, K2CO3, KI, DMF, 87%;  (ii) (1) nBuLi, B[OCH(CH3)2]3, THF; 
(2) H2O, 78%; (iii) 4-iodobenzoic acid (18), Na2CO3, Pd(PPh3)4, Tol/EtOH (3/1, v/v), ∆, 25-43%.

This synthesis proceeded smoothly un�l the Suzuki reac�on.20 The product of this reac�on 
had a grey color and was not soluble in any pro�c (e.g. ethanol, methanol, ace�c acid) 
or apro�c (e.g. DCM, DMF, MeCN, DMSO) solvent. Characteriza�on by NMR and ESI-MS 
was not possible for this product.  However, a simple test coupling reac�on with DCC of 14 
and H-Ala-OtBu was successful, indica�ng that 14 had been indeed obtained. In a further 
a�empt to characterize our product a rela�vely new mass spectrometry technique was 
used. The DART (Direct Analysis in Real Time) has been developed in 200321 and works by 
simply placing a sample, in its na�ve form, between the atmospheric DART ion source and 
the AccuTOF mass spectrometer inlet (Figure 4) measuring high-resolu�on mass spectra.

Figure 4. DART mass spectrum and mass table of 14 (insert). Picture of the sample, on a glass rod, being analyzed is 
held in the sample chamber between the DART ion source (right) and the spectrometer inlet (cone on le�).
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This allowed us to measure neat 14 since solvents or sample prepara�ons were not required 
(Figure 4). The presence of the [M+H]+ ion in the DART mass spectrum clearly showed 
that the product was formed. Nevertheless, the reproducibility of the Suzuki reac�on was 
problema�c. Op�miza�on a�empts with different bases, solvent systems and Pd catalysts 
were unsuccessful. In addi�on, possibly Pd is complexed by 14, explaining its grey color and 
insolubility. Therefore, the route of Scherer et al.22 as is shown in scheme 4 was used for a 
larger scale produc�on of 14. Boronic acid 21 was prepared from 4-bromophenol 19. Thus, 
Williamson etherifica�on of 19 with 1-bromopentane afforded 20 in 92% yield, followed 
by synthesis of the boronic acid 21 in 63% yield similar to the prepara�on of 17. For the 
prepara�on of the biphenyl iodide 23, the biphenyl carboxylic acid 22 was treated with 
iodine and the  hypervalent iodine reagent phenyliodine bistrifluoroacetate (PIFA) affording 
23 in 83% yield. Finally, Suzuki coupling, in the presence of PdCl2(PPh3)2, of boronic acid 21 
and iodide 23 gave 14 as a white solid in 42% yield.

Scheme 4. Reagents and condi�ons: (i) 1-bromopentane, K2CO3, KI, DMF, 92%;  (ii) (1) nBuLi, B[OCH(CH3)2]3, THF; 
(2) H2O, 63%; (iii) Phenyliodine bistrifluoroacetate (PIFA), I2, CCl4, 83%; (iv) biphenyl-4-carboxylic acid, Na2CO3, 
PdCl2(PPh3)2, DMSO, 80°C, 42%.

Despite the poor solubility of terphenyl carboxylic acid 14 characteriza�on by NMR in 
DMSO was feasible, for product 14 obtained through this op�mized route, next to DART-MS 
(Figure 5). Although the la�er Suzuki coupling gave a modest yield, this method proved to 
be reproducible and could be performed on a larger scale.  In addi�on, in the spectra of 14 
obtained by the method of Scherer et al. (Figure 5) star�ng material was absent and lower 
intensi�es of ions were found between m/z 250-400. Thus, the purity of 14 was higher than 
when using the former synthesis method, as was also apparent from the white color of the 
product.

Now that we had terphenyl carboxylic acid 14 in hand, the a�en�on was turned to the 
synthesis of the head-to-tail mimics with the palmitoyl (12) and the terphenyl (13) fa�y acid 
chain. The synthesis of these mimics proceeded readily and is outlined in Scheme 5 for mimic 
12b. Linear precursor 24 was prepared by SPPS using the trityl resin. Removal of the ε-Fmoc 
group from ornithine, followed by mild acidoly�c cleavage of the protected pep�de from the 
resin followed by cycliza�on gave the protected macrocyclic pep�de 25 in an overall yield of 
90%. Removal of the IvDde-group23 from ornithine with hydrazine and subsequent coupling 
of the fa�y acid chain, followed by global deprotec�on and purifica�on, gave cyclic pep�des 
12 and 13 in overall yields of 17-23% corresponding to 87 % on the average per step.
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Figure 5. DART mass spectrum and mass table of 14 (insert) obtained by the route of Scherer et al.

Scheme 5. Reagents and condi�ons: (i) (1) Fmoc-Hyp(tBu)-OH, DIPEA, DCM; (2) DCM/MeOH/DiPEA (17/2/1, v/v/v); 
(ii-vi) (1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) 20% piperidine in NMP; (viii) HFIP/DCM 
(1/1, v/v); (ix) BOP, DiPEA, DMF; (x) NH2NH2/DMF (5 vol%); (xi) for 12: palmi�c acid, DCC, HOBt, DCM; for 13 Ter 
chain, DCC, HOBt, DCM; (xii) TFA/TIS/H2O (95/2.5/2.5, v/v/v).
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Minimum inhibitory concentra�ons (MICs) were evaluated and are given in Table 2. These 
results showed that mimic 13a with a terphenyl lipophilic tail is 50-fold more ac�ve than 12a 
with a palmitoyl chain. Moreover, mimics containing an ornithine (12b, 13b) residue were 
5-fold more ac�ve than the mimics containing a threonine (12a, 13a) residue at this posi�on 
as is consistent with previously described results by Klein et al.8

Table 2. An�fungal ac�vity of head-to-tail analogues.

Thus, compounds 12 and 13 having a terphenyl tail gave us a clue about the high importance 
of the lipophilic tail in general. This finding en�ced us to synthesize from thereon all 
compounds with a terphenyl chain. For example 6b containing terphenyl chain became 26. 
For the synthesis of RCM mimic 26 with a terphenyl chain, the used RCM condi�ons required 
op�miza�on. Employing Hoveyda-Grubbs II catalyst, longer reac�on �mes, and adding the 
catalyst in por�ons did not improve the rate of conversion to the ring-closed product. The 
results are summarized in Table 3.

Table 3. A�empted condi�ons for op�miza�on of the RCM reac�on. 

a Conversion is assessed by analy�cal HPLC. b RCM was not performed with Fmoc precursor 8 as for entry’s 1-5, but 
with the linear pep�de with a Ter side chain. 

However, we found that changing the sequence of the reac�ons led to success in the RCM 
step (entry 6, Table 3). Thus, RCM was performed a�er coupling of the fa�y acid chain 
instead of using the Fmoc precursor 8 as in Scheme 1 (step vii and viii were switched). Linear 
precursor 8 was prepared by SPPS on the Wang resin. Removal of the N-terminal Fmoc 
group, coupling of the terphenyl chain followed by RCM reac�on of the resin-bound pep�de 
using a 10 mol% solu�on of Grubbs II in DCM (containing 10 vol% 0.4M LiCl in DMA) under 
microwave irradia�on resulted in the ring-closed product. Cleavage from the resin with 
concomitant removal of side chain protec�ng groups gave cyclic pep�de 26 as a mixture of 

   Candida albicans
 R1 R2 CBS 9975

Caspofungin (1) - - 0.025
12a Threonine Palm 25
12b Ornithine Palm 4.38

13a Threonine Ter 0.47

13b Ornithine Ter 0.14

    Conversion rates a

Entry Catalyst mol % Time Linear E/Z

1 Grubbs II 15 1 h 40% 60%

2 Grubbs II 10 1 h 42% 58%

3 Hoveyda 
Grubbs II 10 1 h 38% 62%

4 Grubbs II 2 x 5 2 x 30 min 45% 55%

5 Grubbs II 10 2 h 41% 59%

6b Grubbs II 10 1 h 22% 78%



47

Synthesis and Evalua�on of Novel Macrocyclic An�fungal Pep�des

cis/trans isomers in an overall yield of 15% a�er purifica�on by prepara�ve HPLC. A�er Pd/C 
assisted reduc�on of the double bond macrocyclic pep�de 27 was obtained.

The disulfide mimic 7 was also synthesized with a terphenyl chain, leading to 28. Synthesis 
of this mimic 28 proceeded analogously to the synthesis of mimic 7 in Scheme 2. For the 
prepara�on of 28 terphenyl carboxylic acid 14 was coupled in step vii instead of palmi�c 
acid as shown in Scheme 2. The minimum inhibitory concentra�ons (MICs) were evaluated 
and are shown in Table 4.

Although these results showed that mimics 26 - 28 with a terphenyl chain did not reach their 
MIC-values at 100 µg/mL (corresponding to 87 µM), a difference in growth of C. albicans 
cells was visible star�ng at 5 µg/mL (Figure 6).

Further inves�ga�on of this observa�on by light microscopy has led to a clearer view of 
the difference in growth that was observed (Figure 7). A clear-dose-dependent effect of 
our compounds in the growth pa�ern of C. albicans cells was visible. Higher concentra�ons 
of 26 resulted in enlarged rounded cells that agglu�nated, showing large vacuoles and 
distorted cytoplasms. There was a clear reduc�on in the number of budding cells and when 
these appeared more buds were formed simultaneously. Although 26 was not fully ac�ve 
at concentra�ons up to 100 µg/mL a clear effect on yeast growth was observed. At first 
glance the micro�ter plate (Figure 6) may show the presence of more cells present at higher 
concentra�on of compound. However, this is not the case since the agglu�nated, deformed 
cells are more spread out.

Table 4. An�fungal ac�vity of analogues

    Candida albicans
 R1 X R2 CBS 9975

Caspofungin (1) - - - 0.025

26 C(O)OH CH=CH Ter >100

27 C(O)OH CH2CH2 Ter >100

28 C(O)NH2 S-S Ter >100
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Figure 6. Minimum Inhibitory concentra�on (MIC) determina�on of 26 by microbroth dilu�on technique, in a 96-
well micro�ter plate. A clear dose-dependent change in the growth pa�ern of C. albicans cells is visible for the first 
five columns.

Figure 7 Visualiza�on of yeast cells, in micro�ter plate of 26, by light microscopy. (a)-(b): Control, healthy yeast 
cells (well E-12); (c)-(d): yeast cells in well E-5; (e)-(j): yeast cells in well B1. In all images the same magnifica�on is 
used. 
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2.2.2 Influence of C-terminal modifica�ons

RCM mimic 26 contains a C-terminal moiety allowing for modifica�on, which is convenient 
for the prepara�on of addi�onal analogues. This moiety replaces the site of the hemiaminal 
group present in most echinocandins (Figure 1, R1 = OH), which is known to be unstable at 
pH>7.24,25,5 The instability of the hemiaminal hydroxyl group at the C-5 posi�on of ornithine at 
pH>7 results in a facile base catalyzed ring opening and rearrangement to the 5-membered 
ring hemiaminal isomer with substan�al loss in ac�vity25 (Figure 10, chapter 1). This has 
led to several studies on deriva�za�on of the hemiaminal moiety to improve stability.26-32 
In par�cular, these studies showed that aminoalkylethers (e.g. R1 = OCH2CH2NH2) bearing 
a basic amino group had enhanced an�fungal proper�es.26 Further op�miza�on led to the 
closely related N-alkylamino aminal series32 including clinically used caspofungin 1.

In view of the importance of this part of the structure two C-terminally modified analogues 
incorpora�ng basic groups 32 and 34 were synthesized (Scheme 6). Moreover, a few other 
rela�vely easy accessible mimics were prepared (30 and 33). Synthesis of these mimics 
proceeded largely as described for mimic 26, except for the last step. The resin-bound 
ring-closed product was cleaved from the resin with KCN in MeOH to give the fully tBu/
Boc protected methylester 29. Saponifica�on of 29 gave carboxylic acid 31, which was 
coupled to Boc-protected ethylene diamine followed by acidolysis affording 32. Reduc�on 
of methylester 29 followed by removal of the protec�ng groups gave macrocyclic pep�de 
alcohol 33. Reac�ng 29 with hydrazine followed by acidolysis afforded 34 (Scheme 6). For the 
acidolysis of the hydrazine mimic we used different cleavage condi�ons. When the pep�de 
was treated with the standard TFA condi�ons, the TFA adduct of the hydrazine mimic (35) 
was formed. By employing HCl/Et2O condi�ons this side reac�on was circumvented.

Scheme 6. Reagents and condi�ons: (i) KCN, MeOH; (ii) LiOH, THF; (iii) N-Boc-ethylene-diamine, HATU, DiPEA, 
NMP; (iv) TFA/TIS/H2O (95/2.5/2.5, v/v/v); (v) LiBH4, THF; (vi) N2H4.H2O, DMF; (vii) HCl/Et2O. 
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The minimum inhibitory concentra�ons (MICs) of mimics 30, 32, 33 and 34 were evaluated 
and are shown in Table 5. Although these results showed that these mimics did not reach 
their MIC-values at 100 µg/mL, the same dose-dependent change in the growth pa�ern of 
the C. albicans cells was observed for mimics 32, 33 and 34 as was the case for 26. 

Table 5. An�fungal ac�vity of analogues

2.2.3 Oxida�on of the double bond

The double bond resul�ng from the RCM approach presented an addi�onal site for 
deriva�za�on. Therefore we decided to study modifica�ons at this site. Beside the 
hydrogenated mimics, like 27, we were interested in an oxidized mimic. These oxidized 
mimics would have more similari�es with the highly oxidized echinocandins. Hydroxyla�on 
of the double bond of the RCM mimic 29 is shown in Scheme 7.

Hydroxyla�on was carried out by treatment with NMO and OsO4. Par�al saponifica�on was 
observed and therefore the methyl ester was completely saponified followed by acidolysis 
affording the oxidized mimic 36 as a mixture of diastereoisomers. The minimum inhibitory 
concentra�on (MIC) of these analogues was evaluated and turned out to be >100 µg/mL. 
Due to the absence of ac�vity, no a�empts were undertaken to separate diastereoisomers.

    Candida albicans
 R1 X R2 CBS 9975

Caspofungin (1) - - - 0.025
30 C(O)OCH3 CH=CH Ter >100

32 C(O)NHCH2CH2NH2 CH=CH Ter >100

33 CH2OH CH=CH Ter >100

34 C(O)NHNH2 CH=CH Ter >100
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Scheme 7. Reagents and condi�ons: (i) OsO4, NMO, t-BuOH/H2O; (ii) LiOH/THF; (iii) TFA/TIS/H2O (95/2.5/2.5, v/v/
v).

2.2.4 The ring size is crucial

The ring size of the RCM compounds (23-membered rings) is slightly larger than that of 
the natural echinocandins (21-membered rings). However, the resul�ng compounds were 
completely devoid of biological ac�vity. This somewhat unexpected finding en�ced us to 
inves�gate the influence of ring size on ac�vity, and a 22-membered ring containing analogue 
39 of echinocandin was synthesized by head-to-tail cycliza�on as is outlined in Scheme 8.

Scheme 8. Reagents and condi�ons: (i) Fmoc-Hyp(tBu)-OH, DIPEA, DCM; (ii-vi) (1) 20% piperidine in NMP; (2) 
Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) (1) 20% piperidine in NMP; (2) ter tail, HATU, DiPEA, NMP; (viii) TBAF.H2O, 
DCM; (ix) HFIP/DCM (1/1; v/v); (x) BOP, DiPEA, DMF; (xi) TFA/TIS/H2O (95/2.5/2.5, v/v/v).
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Linear precursor 37 was prepared by SPPS on the trityl resin. Removal of the Fmoc group 
on lysine, coupling of the Ter chain, removal of the Psoc-protec�ng group33 and mild acid 
cleavage from the resin gave protected linear pep�de 38. Solu�on-phase cycliza�on followed 
by protec�ng group removal afforded the macrocyclic pep�de 39 in an overall yield of 21%. 
The minimum inhibitory concentra�on (MIC) of this echinocandin homolog was evaluated 
and turned out to be >100 µg/mL. 

Even expansion of the pep�de macrocycle by just one carbon atom completely abolished 
an�fungal ac�vity which we had not expected in view of the limited added flexibility to the 
pep�de macrocycle. 
To assure that the low ac�vi�es of our compounds are not strain dependent and hence the 
conclusions regarding the importance of the ring size are more general, we have tested a 
representa�ve selec�on of the compounds against a panel of common Candida species.34 
This panel included C. dubliensis, C. glabrata, C. tropicalis, C. parapsilosis, C. krusei and two 
strains of C. albicans. The results were in the same order of magnitude as shown in Table 6.

Table 6.  Screen against a panel of candida strains. (MIC value in µg/mL).

2.3 Conclusions

A series of new echinocandin analogues were synthesized by RCM and disulfide bond 
forma�on to explore the influence of the macrocyclic pep�de ring structure of the 
echinocandins on an�fungal ac�vity. Evalua�on of the an�fungal proper�es of the resul�ng 
compounds showed no measurable ac�vity for mimics 6, 7 and 10. It is also known that the 
fa�y acid chain plays a crucial role in rela�on to an�fungal potency, therefore analogues 
26-28, bearing a terphenyl lipophilic chain, were synthesized. These analogues showed a 
dose-dependent effect on an�fungal growth at concentra�ons star�ng at 5 µg/mL. The 
C-terminus and double bond represent other sites for modifica�on. The corresponding 
analogues (32-34) with a modified C-terminus and analog 36 with an oxidized double bond 
were prepared and had the same dose-dependent effect on fungal growth. Remarkably, 
a slight enlargement of the macrocyclic pep�de ring from a 21- (13b) to a 22-membered 

 Candida Candida Candida Candida Candida Candida Candida
albicans albicans dubliniensis glabrata krusei parapsilosis tropicalis
CBS9975 CBS8758 CBS7987 CBS138 CBS573 CBS604 CBS94

Caspofungin 0.025 0.039 0.013 0.023 0.004 0.281 0.006
6b >100 >100 >100 >100 >100 >100 >100

13b 0.14 0.156 0.063 0.188 0.078 >4 0.063

26 >100 >100 >100 >100 >100 >100 >100

28 >100 >100 >100 >100 >100 >100 >100

32 >100 >100 >100 >100 >100 >100 >100

33 >100 >100 >100 >100 >100 >100 >100

36 >100 >100 >100 >100 >100 >100 >100
39 >100 >100 >100 >100 >100 >100 >100
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2.4 Experimental sec�on

2.4.1  Reagents, materials and analysis methods

Unless stated otherwise, all chemicals were obtained from commercial sources and used as 
supplied, with the excep�on of DMF, NMP and DCM, which were dried on molecular sieves 
(4Å) prior to use. HPLC grade solvents were purchased from Biosolve B.V. (Valkenswaard, 
The Netherlands). Fmoc protected amino acids were purchased from GL Biochem Ltd. 
(Shanghai, China). The tert-butyl side chain protected homotyrosine (H-hTyr(tBu)-OH) was 
purchased from Advanced Chemtech (Louisville, United States) and subsequently protected 
with the Fmoc group. The 2-chlorotritylchloride PS resin was purchased from Hecheng 
Chemicals (Shanghai, China). Tentagel S PHB and Rink resin were purchased from RAPP 
Polymere (Tübingen, Germany). All other reagents were purchased from Merck (Darmstadt, 
Germany), Sigma-Aldrich (Munich, Germany) and Acros (Geel, Belgium) and were used 
without further purifica�on.

All Reac�ons were carried out at room temperature unless stated otherwise. Solid phase 
synthesis was performed in plas�c syringes with a polyethylene frit. Microwave reac�ons 
were carried out on a Biotage Ini�ator system. Reac�ons in solu�on were monitored by TLC 
on Merck pre-coated Silica 60 plates. Spots were visualized by UV light, ninhydrin or K2CO3/
KMnO4. Solid phase reac�ons were monitored with the chloranil test35 in case of secondary 
amines or with the Kaiser test36 in case of primary amines. Column chromatography was 
performed using Silicycle UltraPure silicagel (40-63 µm).

1H NMR spectra were recorded on a Varian G-300 (300 MHz) spectrometer and chemical 
shi�s are given in ppm rela�ve to TMS (0.00 ppm). 13C NMR spectra were recorded using 
the a�ached proton test (APT) sequence on  a Varian G-300 (75.5 MHz) spectrometer and 
chemical shi�s are given in ppm rela�ve to CDCl3 (77.0 ppm). For the pep�des 1H NMR, TOCSY, 
1H-13C HSQC and ROESY spectra were recorded using a Varian INOVA-500 spectrometer (500 
MHz); chemical shi�s (δ) were obtained in ppm rela�ve to TMS. For measurements in DMSO, 
the residual solvent peak was used as a reference. 

Analy�cal HPLC was performed on a Shimadzu automated HPLC system equipped with 
an evapora�ve light sca�ering detector (PL-ELS 1000) and a UV/Vis detector operated at 
220/254 nm. Prepara�ve HPLC runs were performed on an Applied Biosystems 400 solvent 
delivery system with an Applied Biosystems 757 UV/VIS absorbance detector. Two buffer 
systems were used for HPLC. The first will be referred to as TFA MeCN/H2O buffer and 
consists out of buffer A: 0.1 % TFA in MeCN/H2O, 5/95, v/v and buffer B: 0.1% TFA in MeCN/

system (39) completely abolishes an�fungal ac�vity. Therefore, the prepara�on of other 
larger deriva�ves by either RCM or disulfide forma�on seems an una�rac�ve avenue. 
A�empts towards the prepara�on of smaller RCM mimics will be described in chapter 3. 

The mimics described in this chapter comprise a novel set of echinocandin-based analogues. 
The possible influence of ring size on the conforma�on(s) of the macrocyclic lipopep�des 
and impact on an�fungal ac�vity will be described in chapter 6. 
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H2O, 95/5, v/v. For analy�cal HPLC a flow rate of 1.0 mL/min with a linear gradient of buffer 
B (100% in 20 min) from 100% buffer A was used. Prepara�ve runs used a flow rate of 12 
ml/min with a linear gradient of buffer B (100% in 40 min) from 100% buffer A. The second 
will be referred to as i-PrOH/MeOH/H2O buffer and consists out of buffer A: 0.1 % TFA in 
i-PrOH/MeOH/H2O, 5/5/90, v/v/v and buffer B: 0.1% TFA in i-PrOH/MeOH/H2O, 45/50/5, 
v/v/v. For analy�cal HPLC a flow rate of 0.5 mL/min with a linear gradient of buffer B (100% 
in 40 min) from 100% buffer A was used. Prepara�ve runs used a flow rate of 6 ml/min with 
a linear gradient of buffer B (100% in 80 min) from 100% buffer A.

ESI-MS spectra were obtained in the posi�ve ion mode on a Shimadzu QP8000 single 
quadrupole mass spectrometer. DART mass spectra were obtained in the posi�ve mode 
on a JEOL AccuTOF JMS-T100LP with DART interface. Pep�des were characterized by high 
resolu�on mass spectrometry (HRMS) analyses performed on a MALDI TOF/TOF (Applied 
Biosystems). 

2.4.2 Chemistry

General Procedures
Solid phase pep�de synthesis: Pep�des were synthesized manually. Each synthe�c cycle 
consisted of the following steps:
Fmoc removal: The resin was treated with a 20% solu�on of piperidine in NMP (3×, each 10 
min). The solu�on was removed by filtra�on and the resin was washed with NMP (3×, each 
3 min) and DCM (3×, each 3 min). 
Coupling step: A mixture of Fmoc-Xxx-OH (3 equiv.), BOP (3 equiv.) and DiPEA (6 equiv.) in 
NMP (10 mL/mmol)) was added to the resin and N2 was bubbled through the mixture for 
2h. The solu�on was removed by filtra�on and the resin washed with NMP (3×, each 3 min) 
and DCM (3×, each 3 min). Comple�on of the coupling was checked with Kaiser or chloranil 
test.
Capping of the remaining free amines: Capping solu�on [Ac2O (50 mmol, 4.7 mL), HOBt (1.9 
mmol, 220 mg), DiPEA (12.5 mmol, 2.2 mL) in 100 mL NMP] was added to the resin and N2 
was bubbled through the mixture for 20 min The solu�on was removed by filtra�on and the 
resin was washed with NMP (3×, each 3 min) and DCM (3×, each 3 min).

TFA cleavage: The resin was shaken in a mixture of TFA/TIS/H2O (95/2.5/2.5, v/v/v) for 2h. 
The pep�de was precipitated in MTBE/hexane (1/1), the supernatant was removed and the 
crude pep�de was washed twice with MTBE/hexane (1/1) and lyophilized from tert-BuOH/
H2O (1/1, v/v). The isolated pep�de was analyzed by HPLC and characterized by MS.

Microwave-assisted RCM: A microwave vessel containing a magne�c s�rrer bead was loaded 
under argon with resin pep�de, catalyst and solvent. The vessel was capped and irradiated 
at 100 °C. At the end of the reac�on period the resin-bound pep�de was washed with DMF 
(3× 3 mL, each 3 min) DCM (3× 3 mL, each 3 min) and MeOH (3× 3 mL, each 3 min).

Hydrogena�on: To a solu�on of the olefenic pep�de in tBuOH/H2O (1 mL, 3/1, v/v) 10% Pd/C 
was added. The reac�on mixture was s�rred under H2 at atmospheric pressure overnight. 
The mixture was then filtered through a path of celite and washed extensively with tBuOH. 
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The mixture was concentrated and lyophilized from tert-BuOH/H2O (1/1, v/v).

Head-to-tail cycliza�on: The pep�de was dissolved in dry DMF (2 mL/µmol) and BOP (4 
equiv.) and DiPEA (8 equiv.) were added. The mixture was s�rred overnight followed by 
evapora�on in vacuo. The product was redissolved in EtOAc and washed with 1M KHSO4 
(2×), NaHCO3 (2×) and H2O (2×). The organic layer was dried over Na2SO4, filtered and 
concentrated in vacuo. 

Cleavage IvDde group: The pep�de was dissolved in dry DMF (70 mL/mmol) and N2H4.
H2O/DMF (5 v/v%) was added. The mixture was s�rred for 2 h. Followed by the addi�on of 
brine and extrac�on with EtOAc (2×). The organic layer was washed with H2O, dried over 
Na2SO4, filtered and concentrated in vacuo. The crude pep�de was purified by column 
chromatography (DCM/MeOH 20/1, v/v/v).

Cyclo[-(Palm)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-NH2 (6a)
The linear pep�de Fmoc-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg-NH2 (8a) was synthesized on Fmoc-
Rink-Tentagel resin (1 g; 0.25 mmol) according to the general procedure for solid phase 
pep�de synthesis. ESI-MS calcd for TFA deprotected 8a C54H69N9O13: 1051.50, found: 
m/z 1052.20 [M+H]+. The resul�ng resin-bound pep�de 8a was subjected to the general 
microwave-assisted RCM procedure under the following condi�ons: Resin-bound pep�de 
(421 mg; 105.2 µmol), DCM (3.8 mL), LiCl/DMA (degassed; 0.4M; 0.38 mL), Grubbs II 
(15 mol%; 13.4 mg; 15.8 µmol), 100 °C for 75 min. ESI-MS calcd for TFA deprotected 9a 
C52H65N9O13: 1023.47, found: m/z 1024.15 [M+H]+. The Fmoc group was cleaved and palmi�c 
acid (108 mg; 421 µmol) was coupled overnight in the presence of HATU (160 mg; 421 
µmol) and DIPEA (147 µL; 842 µmol) in NMP (3 mL). The resin was washed with NMP (3× 
3 mL, each 3 min) and DCM (3× 3 mL, each 3 min) and subjected to the TFA-mediated 
cleavage procedure followed by lyophiliza�on. The crude pep�de was purified by column 
chromatography (i-PrOH/NH4OH/H2O, 15/1/1, v/v/v). A�er lyophiliza�on pep�de 6a (12 mg; 
11%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC (Adsorbosphere 
C8, 40 min run, TFA MeCN/H2O buffers) and was found to be higher than 95% for a mixture of 
E/Z stereoisomers (Rt = 22.6 min and 22.8 min). ESI-MS calcd for C53H85N9O12: 1039.63, found: 
m/z 1040.61 [M+H]+; HRMS calcd for C53H85N9O12 [M+H]+ 1040.6396, found 1040.6403; 1H-
NMR (DMSO, 500 MHz): δ Alg-1: 8.05 (NH), 4.16 (αCH), 2.36/2.16 (βCH), 5.74 (γCH); Thr-2: 
7.354 (NH), 4.61 (αCH), 4.32 (βCH), 1.09 (γCH); Hyp-3: 4.43 (αCH), 2.13/1.79 (βCH), 4.30 
(γCH), 3.64/3.56 (δCH); hTyr-4: 7.75 (NH), 6.95/6.65 (Ar-H); 4.00 (αCH), 2.04/1.90 (βCH), 
2.46/2.36 (γCH); Orn-5: 7.23 (NH), 4.49 (αCH), 1.65/1.53 (βCH), 1.47 (γCH), 2.75 (δCH); Hyp-
6: 4.46 (αCH), 2.02/1.87 (βCH), 4.37 (γCH), 3.78/3.66 (δCH); Alg-7: 7.93 (NH), 4.093 (αCH), 
2.29 (βCH), 5.74 (γCH); Palm: 2.11 (CH2), 1.45 (CH2), 1.26 (CH2), 1.23 (CH2), 0.86 (CH3) ppm. 
13C-NMR (DMSO, 125 MHz): δ Alg-1: 52.2 (αCH), 34.5 (βCH), 126.2 (γCH); Thr-2: 56.6 (αCH), 
66.0 (βCH), 19.4 (γCH); Hyp-3: 58.3 (αCH), 37.3 (βCH), 68.7 (γCH), 55.7 (δCH); hTyr-4: 52.4 
(αCH), 32.6 (βCH), 31.1 (γCH); 115.5 (Ar-H), 129.8 (Ar-H); Orn-5: 52.8 (αCH), 28.0 (βCH), 24.0 
(γCH), 39.0 (δCH); Hyp-6: 59.3 (αCH), 37.9 (βCH), 69.2 (γCH), 55.7 (δCH); Alg-7: 52.9 (αCH), 
33.8 (βCH), 126.2 (γCH); Palm: 35.2 (CH2), 28.9 (CH2), 25.4 (CH2), 22.2 (CH2), 14.0 (CH3).

Cyclo[-(Palm)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (6b) 
Pep�de 6b was obtained analogous to pep�de 6a, on Wang-Tentagel resin (1 g; 0.26 mmol), 
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except for the loading step. For that Tentagel S PHB (1.0 g, 0.26 mmol) and Fmoc-Alg-OH 
(364 mg, 1.04 mmol) were dried in vacuo overnight over P2O5. DMF (5 mL) and pyridine 
(114 µL, 1.42 mmol) were added and the resin was shaken for 10 min un�ll total dissolu�on. 
DCBC (149 µL, 1.04 mmol) was added and the resin was shaken over the weekend. The 
resin was drained and washed with DMF (5× 3 mL, each 2min) and DCM (5× 3 mL, each 2 
min). Subsequently, unreacted hydroxyl func�ons of the resin were acetylated by treatment 
with Ac2O/NMI/DiPEA/DMF (5 mL; 2/1/1/6; v/v/v) for 30 min. The resin was drained 
and washed with DMF (3× 3 mL, each 2 min) and DCM (3× 3 mL, each 2 min). Hyp was 
coupled as the dipep�de Fmoc-Orn(Boc)-Hyp(tBu)-OH. ESI-MS calcd for TFA deprotected 
8b C54H68N8O14: 1052.49, found: m/z 1053.10 [M+H]+. ESI-MS calcd for TFA deprotected 
9b C52H64N8O14: 1024.45, found: m/z 1025.00 [M+H]+.  The crude pep�de was purified by 
column chromatography (i-PrOH/NH4OH/H2O, 10/1/1, v/v/v). A�er lyophiliza�on pep�de 
6b (12.2 mg; 11%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
(Adsorbosphere C8, 40 min run, TFA MeCN/H2O buffers) and was found to be higher than 
95% for a mixture of E/Z stereoisomers (Rt = 22.60 min and 22.81 min). ESI-MS calcd for 
C53H84N8O13: 1040.62, found: m/z 1041.15 [M+H]+; HRMS calcd for C53H84N8O13 [M+H]+ 
1041.6236, found 1041.6243; 1H-NMR (CD3OH, 500 MHz): δ Alg-1: 7.87 (NH), 4.17 (αCH), 
2.60/2.13 (βCH), 5.48 (γCH); Thr-2: 7.95 (NH), 4.70 (αCH), 4.32 (βCH), 1.14 (γCH); Hyp-3: 
4.37 (αCH), 2.18/1.73 (βCH), 4.40 (γCH), 3.68/3.61 (δCH); hTyr-4: 7.64 (NH), 6.91/6.56 (Ar-
H); 4.02 (αCH), 2.14/1.93 (βCH), 2.48 (γCH); Orn-5: 7.64 (NH), 4.62 (αCH), 2.00/1.52 (βCH), 
1.58 (γCH), 2.86 (δCH); Hyp-6: 4.51 (αCH), 2.20/1.99 (βCH), 4.34 (γCH), 3.68/3.42 (δCH); 
Alg-7: 8.23 (NH), 2.47/2.18 (βCH), 5.48 (γCH) ppm. 13C-NMR (CD3OH, 125 MHz): δ Alg-1: 54.1 
(αCH), 35.4 (βCH), 128.9 (γCH); Thr-2: 56.8 (αCH), 67.8 (βCH), 18.7 (γCH); Hyp-3: 61.1 (αCH), 
37.2 (βCH), 70.2 (γCH), 55.7 (δCH); hTyr-4: 54.3 (αCH), 32.3 (βCH), 31.7 (γCH); 115.5 (Ar-H), 
129.8 (Ar-H); Orn-5: 50.8 (αCH), 28.5 (βCH), 23.7 (γCH), 39.2 (δCH); Hyp-6: 59.3 (αCH), 37.9 
(βCH), 69.8 (γCH), 55.5 (δCH); Alg-7: 54.7 (αCH), 34.3 (βCH), 128.9 (γCH).

Cyclo[-(Palm)-Cys-Thr-Hyp-hTyr-Orn-Hyp-Cys]-NH2 (7)
The linear pep�de Fmoc-Cys-Thr-Hyp-hTyr-Orn-Hyp-Cys-NH2 was synthesized on Fmoc-
Rink-Tentagel resin (211 mg; 50.6 µmol) according to the general procedure for solid phase 
pep�de synthesis. The Fmoc group was cleaved and palmi�c acid (52 mg; 202.6 µmol) was 
coupled overnight in the presence of HATU (77 mg; 202.6 µmol) and DiPEA (71 µL; 405.2 
µmol) in NMP (2 mL). The resin was washed with NMP (3× 2 mL, each 3 min) and DCM 
(3× 2 mL, each 3 min) and subjected to the TFA cleavage procedure and lyophilized. Mass 
spectral analysis (ESI-MS calcd for 11 C51H85N9O12S2: 1079.58, found: m/z 1079.90 [M+H]+) 
confirmed the forma�on of the linear pep�de 11 and the pep�de was cyclized by oxida�on 
with DMSO. Pep�de 11 (43.2 mg; 40 µmol) was dissolved in aq. 2.5% AcOH (50 mL). The pH 
was adjusted to 6 with aq. NH4OH (25%). To this solu�on DMSO (10 mL) was added. A�er 
s�rring at RT overnight, the solu�on was par�ally concentrated in vacuo and remaining 
DMSO was removed by a speedvac apparatus (42 °C, overnight). A�er prepara�ve HPLC and 
lyophiliza�on, pep�de 7 (12.2 mg; 22%) was obtained as a white solid. Purity was confirmed 
by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to 
be higher than 99% (Rt = 40.71 min). ESI-MS calcd for C51H83N9O12S2: 1077.56, found: m/z 
1078.35 [M+H]+; HRMS calcd for C51H83N9O12S2 [M+H]+ 1078.5681, found 1078.5721; 1H-NMR 
(DMSO, 500 MHz): δ Cys-1: 8.18 (NH), 4.76 (αCH), 3.29/2.85 (βCH); Thr-2: 7.63 (NH), 4.70 
(αCH), 4.29 (βCH), 1.05 (γCH); Hyp-3: 4.24 (αCH), 2.12/1.80 (βCH), 4.37 (γCH), 3.80/3.59 
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(δCH); hTyr-4: 7.34 (NH), 6.96/6.66 (Ar-H); 3.90 (αCH), 1.96/1.89 (βCH), 2.52/2.47 (γCH); 
Orn-5: 7.25 (NH), 7.24 (εNH), 4.45 (αCH), 1.80/1.61 (βCH), 1.51 (γCH), 2.80 (δCH);  Hyp-
6: 4.55 (αCH), 1.94 (βCH), 4.28 (γCH), 3.56/3.18 (δCH); Cys-7: 8.25 (NH), 4.30 (αCH), 2.85 
(βCH); Palm: 2.11 (CH2), 1.47 (CH2), 1.26 (CH2), 1.23 (CH2), 0.86 (CH3) ppm. 13C-NMR (DMSO, 
125 MHz): δ Cys-1: 51.1 (αCH), 43.4 (βCH); Thr-2: 56.1 (αCH), 66.7 (βCH), 19.3 (γCH); Hyp-3: 
61.0 (αCH), 37.1 (βCH), 69.3 (γCH), 55.9 (δCH); hTyr-4: 53.5 (αCH), 32.4 (βCH), 31.2 (γCH); 
115.5 (Ar-H), 129.9 (Ar-H); Orn-5: 49.6 (αCH), 27.6 (βCH), 23.5 (γCH), 38.5 (δCH); Hyp-6: 59.0 
(αCH), 37.8 (βCH), 68.5 (γCH), 53.5 (δCH); Cys-7: 51.5 (αCH), 43.4 (βCH); Palm: 35.3 (CH2), 
29.0 (CH2), 25.4 (CH2), 22.1 (CH2), 14.0 (CH3).

Cyclo[-(Palm)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-NH2 (10a)
Hydrogena�on of the cyclic unsaturated pep�de 6a (3.2 mg; 3.07 µmol) was carried out 
using the hydrogena�on procedure in the presence of 3 mg 10% Pd/C. The saturated pep�de 
10a (3.1 mg; quant) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
(Adsorbosphere C8, 40 min run, TFA MeCN/H2O buffers) and was found to be higher than 
99% (Rt = 22.62 min). ESI-MS calcd for C53H87N9O12: 1041.65, found: m/z 1042.59 [M+H]+; 
HRMS calcd for C53H87N9O12 [M+H]+ 1042.6552, found 1042.6530.

Cyclo[-(Palm)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (10b)
Hydrogena�on of the cyclic unsaturated pep�de 6b (4.7mg; 4.52 µmol) was carried out 
using the hydrogena�on procedure in the presence of 5 mg 10% Pd/C. The saturated pep�de 
10b (4.6 mg; quant.) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
(Adsorbosphere C8, 40 min run, TFA MeCN/H2O buffers) and was found to be higher than 
95% (Rt = 22.57 min). ESI-MS calcd for C53H86N8O13: 1042.63, found: m/z 1043.59 [M+H]+; 
HRMS calcd for C53H86N8O13 [M+H]+ 1043.6393, found 1043.6416.

Cyclo[-(Palm)-Orn-Thr-Hyp-hTyr-Thr-Hyp] (12a)
A polystyrene resin func�onalized with a 2-chloro Trityl linker (600 mg; ini�al loading: 1.1 
mmol/g) was loaded with Fmoc-Hyp(tBu)-OH (810.8 mg; 1.98 mmol) in DCM (5 mL) in the 
presence of DiPEA (690 µL; 3.96 mmol) for 16h. Subsequently, unreacted tritylchloride 
moie�es were capped with methanol (DCM/MeOH/DiPEA; 3× 5 mL, each 2 min; 17/2/1; v/
v/v). A�er drying in vacuo overnight, the amount of Fmoc-Hyp(tBu)-OH coupled to the resin 
was determined by a Fmoc determina�on according to Meienhofer37 and was found to be 
0.536 mmol/g. The pep�de sequence was synthesized according to the general procedure 
for solid phase pep�de synthesis. The Fmoc group was cleaved and the linear pep�de was 
released from the resin by treatment of the resin with HFIP/DCM (6 mL, 1/1, v/v) for 2h. 
This treatment was repeated once for 1h. The mixture was concentrated to obtain the linear 
pep�de. A por�on of the linear pep�de (187 mg; 0.15 mmol) was subjected to head-to-tail 
cycliza�on and the IvDde group was cleaved following the general procedures. The free 
amine of the linear pep�de (54.2 mg; 54.2 µmol) was coupled with palmi�c acid by dissolving 
the pep�de in dry DCM (4 mL) and adding palmi�c acid (15.3 mg; 59.6 µmol), DCC (12.3 mg; 
59.6 µmol) and HOBt (8.0 mg; 59.6 µmol). The mixture was s�rred overnight and the DCU 
filtered off over celite. The crude pep�de was purified by column chromatography (DCM/
MeOH 30/1, v/v/v), Followed by treatment with a mixture of TFA/TIS/H2O (3 mL, 95/2.5/2.5, 
v/v/v) for 2h. The mixture was concentrated in vacuo, redissolved in a small amount of 
TFA and precipitated in MTBE/hexane (1/1). The supernatant was removed and the crude 
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pep�de washed twice with MTBE/hexane (1/1). A�er lyophiliza�on, pep�de 12a (15.6 mg; 
19%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 
min run, i-PrOH/MeOH/H2O buffers) and was found to be higher than 99% (Rt = 42.18 min). 
ESI-MS calcd for C49H79N7O12: 957.58, found: m/z 958.95 [M+H]+; HRMS calcd for C49H79N7O12 
[M+H]+ 958.5865, found 958.5819; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 7.80 (NH), 4.30 
(αCH), 1.69/1.38 (βCH), 1.39 (γCH), 2.98 (δCH); Thr-2: 7.88 (NH), 4.23 (αCH), 4.01 (βCH), 
1.21 (γCH); Hyp-3: 4.42 (αCH), 2.11/1.82 (βCH), 4.40 (γCH), 3.76 (δCH); hTyr-4: 8.46 (NH), 
6.93/6.65 (Ar-H), 3.62 (αCH), 2.19/2.11 (βCH), 2.43/2.34 (γCH); Thr-5: 7.45 (NH), 4.12 (βCH), 
1.02 (γCH); Hyp-6: 2.11/1.82 (βCH), 4.27 (γCH), 3.61 (δCH); Palm: 0.85 (CH3), 1.26 (CH2), 1.24 
(CH2), 1.44 (CH2), 2.07 (CH2) ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-1: 50.9 (αCH), 28.9 
(βCH), 24.0 (γCH), 37.9 (δCH); Thr-2: 58.5 (αCH), 66.5 (βCH), 19.1 (γCH); Hyp-3: 60.0 (αCH), 
37.7 (βCH), 69.1 (γCH), 56.4 (δCH); hTyr-4: 53.7 (αCH), 31.0 (βCH), 31.2 (γCH), 129.8, 115.5 
(Ar-H); Thr-5: 56.5 (αCH), 67.3 (βCH), 18.9 (γCH); Hyp-6: 59.3 (αCH), 37.7 (βCH), 69.0 (γCH), 
56.2 (δCH); Palm: 13.9 (CH3), 22.0 (CH2), 25.3 (CH2), 29.0 (CH2), 31.4 (CH2), 35.1 (CH2).

Cyclo[-(Palm)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (12b)
Pep�de 13a was obtained analogously to pep�de 12a except for the amino acid sequence. 
The second amino acid coupled was Fmoc-Orn(Boc)-OH instead of Fmoc-Thr(tBu)-OH. The 
loading of the resin determined a�er first coupling was 0.543 mmol/g. A�er lyophiliza�on, 
pep�de 12b (18.5 mg; 22%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC (All�ma C8, 40 min run, TFA MeCN/H2O buffers) and was found to be higher than 99% 
(Rt = 23.18 min). ESI-MS calcd for C50H82N8O11: 970.61, found: m/z 971.20 [M+H]+; HRMS 
calcd for C50H82N8O11 [M+H]+ 971.6181, found 971.6187; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 
7.92 (NH), 7.67 (εNH), 4.14 (αCH), 1.64/1.56 (βCH), 1.54 (γCH), 2.79 (δCH); Thr-2: 8.27 (NH), 
4.74 (αCH), 4.36 (βCH), 1.09 (γCH); Hyp-3: 4.39 (αCH); hTyr-4: 7.59 (NH), 6.95/6.66 (Ar-H), 
4.03 (αCH), 1.86/1.75 (βCH), 2.43/2.37 (γCH); Orn-5: 7.70 (NH), 7.59 (εNH), 4.52 (αCH), 
1.89/1.62 (βCH), 1.56 (γCH), 3.40/2.66 (δCH); Hyp-6: 4.40 (γCH), 3.76/3.51 (δCH); Palm: 2.02 
(CH2), 1.46 (CH2), 1.32 (CH2), 1.26 (CH2), 0.86 (CH3) ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-
1: 50.6 (αCH), 28.3 (βCH), 23.5 (γCH), 38.3 (δCH); Thr-2: 56.1 (αCH), 66.2 (βCH), 20.4 (γCH); 
Hyp-3: 60.8 (αCH); hTyr-4: 53.2 (αCH), 28.1 (βCH), 30.9 (γCH); 115.2 (Ar-H), 129.5 (Ar-H); 
Orn-5: 50.6 (αCH), 28.4 (βCH), 22.2 (γCH), 35.2 (δCH); Hyp-6: 69.3 (γCH), 55.4 (δCH); Palm: 
35.2 (CH2), 27.8 (CH2), 25.9 (CH2), 25.0 (CH2), 13.6 (CH3).

Cyclo[-(Ter)-Orn-Thr-Hyp-hTyr-Thr-Hyp] (13a)
Pep�de 13a was obtained analogously to pep�de 12a un�l the coupling of the tail. Loading 
of the resin determined a�er first coupling: 0.536 mmol/g. The free amine of the linear 
pep�de (34.7 mg; 34.7 µmol) was coupled with the Ter chain by dissolving the pep�de in 
DCM (4 mL) and adding terphenyl acid 14 (13.8 mg; 38.2 µmol), DCC (7.9 mg; 38.2 µmol) 
and HOBt (5.2 mg; 38.2 µmol). The mixture was s�rred overnight and then the DCU was 
filtered off over celite. The crude pep�de was purified by column chromatography (DCM/
MeOH 30/1, v/v/v), Followed by treatment with a mixture of TFA/TIS/H2O (95/2.5/2.5; 3 mL) 
for 1h. The mixture was concentrated in vacuo, redissolved in a small amount of TFA and 
precipitated in MTBE/hexane (1/1). The supernatant was removed and the crude pep�de 
washed twice with MTBE/hexane (1/1). A�er lyophiliza�on, pep�de 13a (13.1 mg; 23%) 
was obtained as a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min 
run, i-PrOH/MeOH/H2O buffers) and was found to be higher than 99% (Rt = 39.72 min). ESI-
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MS calcd for C57H71N7O13: 1061.51, found: m/z 1062.65 [M+H]+; HRMS calcd for C57H71N7O13 
[M+H]+ 1062.5188, found 1062.5227; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 8.38 (NH), 7.46 
(εNH), 4.53 (αCH), 1.91/1.54 (βCH), 1.53 (γCH), 3.09/3.02 (δCH); Thr-2: 7.95 (NH), 4.32 
(αCH), 4.08 (βCH), 1.25 (γCH); Hyp-3: 4.43 (αCH), 2.14/1.84 (βCH), 4.40 (γCH), 3.77 (δCH); 
hTyr-4: 8.40 (NH), 6.95/6.66 (Ar-H), 3.68 (αCH), 2.18/2.13 (βCH), 2.44/2.36 (γCH); Thr-5: 
7.48 (NH), 4.80 (αCH), 4.16 (βCH), 1.06 (γCH); Hyp-6: 4.38 (αCH), 2.11/1.84 (βCH), 4.29 
(γCH), 3.64 (δCH); Ter: 0.91 (CH3), 1.37 (CH2), 1.42 (CH2), 1.74 (CH2), 4.01 (OCH2) 7.66/7.04 
(Ar-H Ph-3), 7.80/7.74 (Ar-H Ph-2), 7.99/7.81 (Ar-H Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): 
δ Orn-1: 52.1 (αCH), 28.2 (βCH), 24.1 (γCH), 38.0 (δCH); Thr-2: 58.4 (αCH), 66.6 (βCH), 19.2 
(γCH); Hyp-3: 60.1 (αCH), 37.6 (βCH), 69.2 (γCH), 56.4 (δCH); hTyr-4: 53.6 (αCH), 31.2 (βCH), 
31.2 (γCH), 129.8/ 115.5 (Ar-H); Thr-5: 56.5 (αCH), 67.3 (βCH), 19.0 (γCH); Hyp-6: 59.3 (αCH), 
37.6 (βCH), 69.1 (γCH), 56.2 (δCH); Ter: 13.8 (CH3), 21.9 (CH2), 27.7 (CH2), 28.4 (CH2), 67.7 
(OCH2), 128.2/115.4 (Ar-C Ph-3), 127.8/127.2 (Ar-C Ph-2), 128.8/126.6 (Ar-C Ph-1).

Cyclo[-(Ter)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (13b)
Pep�de 13b was obtained analogously to pep�de 13a except for the amino acid sequence. 
The second amino acid coupled was Fmoc-Orn(Boc)-OH instead of Fmoc-Thr(tBu)-OH. 
Loading of the resin determined a�er first coupling: 0.543 mmol/g. A�er lyophiliza�on, 
pep�de 13b (9.4 mg; 17%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to be 90% (Rt = 
38.95 min). ESI-MS calcd for C58H74N8O12: 1074.54, found: m/z 1075.69 [M+H]+; HRMS calcd 
for C58H74N8O12 [M+H]+ 1075.5504, found 1075.5529; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 
8.62 (NH), 8.01 (εNH), 4.60 (αCH), 1.83/1.65 (βCH), 1.60 (γCH), 3.47/2.72 (δCH); Thr-2: 8.34 
(NH), 4.78 (αCH), 4.39 (βCH), 1.13 (γCH); Hyp-3: 4.34 (αCH), 2.00/1.86 (βCH), 4.38 (γCH), 
3.75/3.69 (δCH); hTyr-4: 7.60 (NH), 6.95/6.66 (Ar-H), 4.07 (αCH), 2.09/1.87 (βCH), 2.46/2.38 
(γCH); Orn-5: 7.50 (NH), 4.69 (αCH), 1.83/1.65 (βCH), 1.60 (γCH), 2.90/2.84 (δCH); Hyp-6: 
4.38 (αCH), 2.16/1.77 (βCH), 4.37 (γCH), 3.72/3.49 (δCH); Ter: 0.91 (CH3), 1.37 (CH2), 1.42 
(CH2), 1.75 (CH2), 4.02 (OCH2) 7.66/7.04 (Ar-H Ph-3), 7.81/7.75 (Ar-H Ph-2), 8.03/7.82 (Ar-H 
Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-1: 51.8 (αCH), 29.0 (βCH), 22.9 (γCH), 35.7 
(δCH); Thr-2: 56.5 (αCH), 66.5 (βCH), 19.5 (γCH); Hyp-3: 60.9 (αCH), 37.7 (βCH), 69.2 (γCH), 
55.9 (δCH); hTyr-4: 52.2 (αCH), 33.4 (βCH), 31.1 (γCH), 129.9/ 115.5 (Ar-H); Orn-5: 49.7 
(αCH), 29.0 (βCH), 22.9 (γCH), 38.9 (δCH); Hyp-6: 59.2 (αCH), 37.3 (βCH), 69.2 (γCH), 56.1 
(δCH); Ter: 13.9 (CH3), 21.9 (CH2), 27.7 (CH2), 28.4 (CH2), 67.7 (OCH2), 128.2/115.4 (Ar-C Ph-
3), 127.9/127.2 (Ar-C Ph-2), 128.9/126.6 (Ar-C Ph-1).

4-bromo-4’-(pentyloxy)biphenyl (16)
4-(4-bromophenyl)phenol (15)(3.44 g; 13.81 mmol), 1-bromopentane (2.50 g; 16.57 mmol), 
K2CO3 (3.82 g; 27.62 mmol) and KI (458 mg; 2.76 mmol) were s�rred in dry DMF (34 mL) at 
150°C for 3.5h. The reac�on was cooled and filtered. Subsequently, the solid was washed 
with acetone. The amount of DMF was reduced by evapora�on to ~25% of the volume. The 
concentrated solu�on was precipitated by aqueous 1M HCl and extracted with DCM (2x 50 
mL). The combined organic layers were washed with 1N HCl (2x 50 mL) and H2O (2x 50 mL),  
dried (Na2SO4), filtered and concentrated in vacuo, yielding a brownish solid. Product 16 
(3.95 g; 90%) was obtained a�er recrystalliza�on from EtOH as an off-white solid. Rf = 0.93 
(DCM/MeOH), 50/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.53-7.38 (m, 6H, Ar-H), 6.95 (d, 2H, 
Ar-H), 3.98 (t, J=6.6 Hz, 2H, OCH2), 1.85-1.76 (m, 2H, CH2CH3), 1.48-1.38 (m, 4H, OCH2CH2, 
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OCH2CH2CH2), 0.94 (t, J= 7.0 Hz, 3H, CH3) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 159.2 (CO), 
140.0 and 132.4 (Ar-C), 132.0, 128.5, 128.1 and 115.1 (Ar-CH), 120.9 (C-Br), 68.3 (OCH2), 
29.2, 28.4 and 22.7 (CH2), 14.2 (CH3) ppm.

4’-(pentyloxy)biphenyl-4-ylboronic acid (17)
To a solu�on of 16 (3.93 g; 12.31 mmol) in freshly dis�lled THF (50 mL), flushed with nitrogen 
and cooled to -78°C, a solu�on of sec-BuLi (1.4 M in cyclohexane, 10.55 mL, 14.77 mmol) 
was added dropwise. The obtained reac�on mixture was s�rred at -78°C for 20 min. Then, 
triisopropylborate (5.68 mL; 24.62 mmol) was added and this reac�on mixture was s�rred 
for 2h and then slowly warmed to room temperature. The reac�on mixture was diluted 
with Et2O (100 mL) and washed with 2N HCl (100 mL) and H2O (100 mL). The organic layer 
was dried (Na2SO4), filtered and evaporated to dryness. The residue was precipitated in Et2O 
yielding the boronic acid 17 (2.52 g; 72%) as a white solid. Rf = 0.54 (DCM/MeOH), 50/1, 
v/v); 1H-NMR (CD3OD, 300 MHz): δ = 7.79 (d, J= 7.7 Hz, 1H, Ar-H), 7.65 (d, J= 7.7 Hz, 1H, Ar-
H), 7.54 (d, J= 8.8 Hz, 4H, Ar-H), 6.96 (d, J= 8.8 Hz, 2H, Ar-H), 3.98 (t, J=6.5 Hz, 2H, OCH2), 
1.80-1.73 (m, 2H, CH2CH3), 1.49-1.37 (m, 4H, OCH2CH2, OCH2CH2CH2), 0.95 (t, J= 7.0 Hz, 3H, 
CH3) ppm.

4-(4”-pentyloxy-1,1’:4’,1”-terphenyl)-carboxylic acid (14)
A schlenk vessel, flushed with argon, was loaded with boronic acid 17 (568 mg; 2 mmol) 
and 4-iodobenzoic acid 18 (451 mg; 1.82 mmol). Subsequently, degassed toluene and EtOH 
(16 mL; 3/1; v/v) were added followed by aqueous 2M Na2CO3 (1.82 mL; 3.64 mmol) and 
Pd(PPh3)4 (105.2 mg; 9.1 µmol). The obtained reac�on mixture was heated at 100°C for 
20 hours. Then, the reac�on mixture was acidified with 1N HCl. The reac�on mixture was 
diluted with H2O (20 mL) and the water layer was extracted with EtOAc (3x 20 mL). The 
combined organic layer was washed with H2O and brine. In the organic layer a grey solid 
was present. This was filtered off and the organic layer was dried (Na2SO4), filtered and 
concentrated in vacuo. The organic layer showed to contain only star�ng material and DART 
analysis of the grey solid confirmed the presence of desired 14 (278.8 mg; 43%), in addi�on 
to the presence of star�ng material 4-iodobenzoic acid 18. DART MS calcd for C24H24O3: 
361.1804, found: m/z 361.1809 [M+H]+. 

1-bromo-4-(pentyloxy)benzene (20)
The reac�on was carried out following the procedure for the prepara�on of 16, using 10 
g of bromophenol 19 (57.8 mmol), 8.6 mL of bromopentane (69.4 mmol), 15.98 g K2CO3 
(115.6 mmol)  and 1.92 g KI (11.56 mmol) in 150 mL dry DMF. Pure product 20 (12.98 g; 
92%) was obtained a�er column chromatography (DCM/ MeOH, 200/1, v/v) as a clear oil. 
Rf = 0.95 (DCM/MeOH), 100/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.38-7.32 (m, 2H, Ar-H), 
6.78-6.75 (m, 2H, Ar-H), 3.90 (t, J=6.5 Hz, 2H, OCH2), 1.81-1.72 (m, 2H, CH2CH3), 1.45-1.34 
(m, 4H, OCH2CH2, OCH2CH2CH2), 0.93 (t, J= 7.0 Hz, 3H, CH3) ppm; 13C-NMR (CDCl3, 75.5 MHz): 
δ = 158.5 (CO), 132.4 and 116.5 (Ar-CH), 112.7 (C-Br), 68.5 (OCH2), 29.1, 28.4 and 22.7 (CH2), 
14.2 (CH3) ppm.

hydroxy(4-(pentyloxy)phenyl)borane (21)
The reac�on was carried out following the procedure for the prepara�on of 17, using 11.89 
g of 20 (48.90 mmol), 41.9 mL of secBuLi (58.68 mmol) and 22.57 mL triisopropylborate 
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(97.80 mmol) in 200 mL freshly dis�lled THF. Pure product 21 (6.41 g; 63%) was obtained 
as  a white solid a�er precipita�on in hexane. Rf = 0.27 (DCM/MeOH), 100/1, v/v); 1H-NMR 
(CDCl3, 300 MHz): δ = 8.14 (d, J= 8.5 Hz, 2H, Ar-H), 7.0 (d, J= 8.5 Hz, 2H, Ar-H), 4.03 (t, J=6.6 
Hz, 2H, OCH2), 1.87-1.78 (m, 2H, CH2CH3), 1.54-1.37 (m, 4H, OCH2CH2, OCH2CH2CH2), 0.95 (t, 
J= 7.0 Hz, 3H, CH3) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 163.0 (CO), 137.7 and 114.2 (Ar-CH), 
68.1 (OCH2), 29.2, 28.4 and 22.7 (CH2), 14.3 (CH3) ppm.

4’-iodobiphenyl-4-carboxylic acid (23)
To a suspension of biphenyl carboxylic acid (22) (10 g; 50.45 mmol) in CCl4 (100 mL) PIFA 
(23.86 g; 55.49 mmol) was added and the color of the suspension changed to pink. Then, 
finely ground molecular iodine (12.80 g; 50.45 mmol) was added and the color changed 
to purple. A�er ca 35 min of s�rring, a gel was formed and more CCl4 (50 mL) was added. 
S�rring was con�nued for another hour. The suspension was filtered and the solids were 
washed extensively with Et2O to yield pure product 23 (13.54 g; 83%) as a yellowish solid. 1H-
NMR (DMSO, 300 MHz): δ = 8.04 (d, J= 7.7 Hz, 2H, Ar-H), 7.87 (d, J= 8.0 Hz, 2H, Ar-H), 7.80 (d, 
J = 7.7 Hz, 2H, Ar-H), 7.55 (d, J= 7.7 Hz, 2H, Ar-H) ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 167.0 
(COOH), 143.1  and 138.5 (Ar-C), 137.8, 130.0, 129.1 and 126.6 (Ar-CH), 94.9 (CI)  ppm.

Route 2: 4-(4”-pentyloxy-1,1’:4’,1”-terphenyl)-carboxylic acid (14)
A schlenk vessel, flushed with argon, was loaded with boronic acid 21 (1.58 g; 7.6 mmol) 
4-iodobiphenyl carboxylic acid 23 (1.97 g; 6.08 mmol), Na2CO3 (966 mg; 9.11 mmol) and 
Pd(Cl2(PPh3)2 (4.21 mg; 6 µmol). Subsequently, degassed DMSO (19 mL) was added and the 
obtained reac�on mixture was heated at 80°C for 20 hours. Then, the reac�on mixture was 
filtered and the solid resuspended in H2O (20 mL). The suspension was acidified with H2SO4 
and heated to 95°C for 30 min a�er which the solid was filtered off. The solid was then 
resuspended in DMF (20 mL), heated to 100°C and cooled. Final filtra�on of the solid and 
drying in vacuo yielded pure product 14 (924 mg; 42%) as a white solid. DART MS calcd for 
C24H24O3: 361.1804, found: m/z 361.1796 [M+H]+; 1H-NMR (DMSO, 300 MHz): δ = 8.03 (d, 
J= 8.3 Hz, 2H, Ar-H), 7.85-7.73 (m, 4H, Ar-H), 7.66 (d, J=8.5 Hz, 2H, Ar-H), 7.04 (d, J= 8.5 Hz, 
2H, Ar-H), 4.01 (t, J=6.2 Hz, 2H, OCH2), 1.74-1.72 (m, 2H, CH2CH3), 1.39 (m, 4H, OCH2CH2, 
OCH2CH2CH2), 0.91 (t, J= 6.6 Hz, 3H, CH3) ppm.

Cyclo[-(Ter)-Alg-Thr(tBu)-Hyp(tBu)-hTyr(tBu)-Orn(Boc)-Hyp(tBu)-Alg]-OMe (29) 
Wang-Tentagel S PHB resin (4 g; 1.04 mmol) and Fmoc-Alg-OH (1.09 g, 4.16 mmol) were dried 
in vacuo overnight over P2O5. DMF (20 mL) and pyridine (555 µL, 6.86 mmol) were added 
and the resin was shaken for 10 min un�l total dissolu�on. DCBC (596 µL, 4.16 mmol) was 
added and the resin was shaken for two days. The resin was drained and washed with DMF 
(5× 30 mL, each 2 min) and DCM (5× 30 mL, each 2 min). Subsequently, unreacted hydroxyl 
func�ons of the resin were acetylated by treatment with Ac2O/NMI/DiPEA/DMF (30 mL; 
2/1/1/6; v/v/v) for 30 min. The resin was drained and washed with DMF (3× 30 mL, each 
2 min) and DCM (3× 30 mL, each 2 min). The pep�de sequence was synthesized according 
to the general procedure for solid phase pep�de synthesis. Hyp was coupled as part of the 
dipep�de Fmoc-Orn(Boc)-Hyp(tBu)-OH. ESI-MS calcd for TFA deprotected 8b C54H68N8O14: 
1052.49, found: m/z 1053.52 [M+H]+. Removal of the Fmoc group was followed by coupling 
overnight of the ter tail (1.44 g; 4 mmol) in the presence of HATU (1.52 g; 4 mmol) and 
DIPEA (1.39 mL; 8 mmol) in NMP (30 mL). The resin was washed with NMP (3× 30 mL, each 
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3 min) and DCM (3× 30 mL, each 3 min). The resin-bound pep�de was subjected to the 
microwave-assisted RCM procedure under the following condi�ons: Resin pep�de (3.3 g; 
0.86 mmol), DCM (27.5 mL), LiCl/DMA (degassed; 0.4M; 2.7 mL), Grubbs II (9 mol%; 64 mg; 
75.4 µmol), 100 °C for 60 min (performed in three batches due to the size (10 mL) of the 
microwave vessel). The fully protected pep�de 29 was obtained by cleavage from the resin 
by treatment with a cataly�c amount of KCN in MeOH (20 mL) for 16h. The resin was filtered 
and washed with MeOH (3× 15 mL) and the filtrate was concentrated in vacuo to yield the 
crude pep�de. The pep�de was purified by column chromatography (DCM/MeOH, 50/1, v/
v). A�er lyophiliza�on pep�de 29 (191.5 mg; 15%) was obtained as a white solid. Purity was 
confirmed by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was 
found to be higher than 99% (Rt = 50.05 min). ESI-MS calcd for C83H118N8O16: 1482.87, found: 
m/z 1483.79 [M+H]+; HRMS calcd for C83H118N8O16 [M+H]+ 1483.8744, found 1483.8715; 
1H-NMR (CDCl3, 500 MHz): δ tBu: 1.53-1.37 (CH3), 1.25-1.11(CH3); hTyr-4: 7.57/7.00 (Ar-H); 
Me ester: 3.71 (OCH3); Ter: 0.95 (CH3), 1.31 (CH2), 1.41 (CH2), 1.82 (CH2), 4.01 (OCH2) ppm. 
13C-NMR (CDCl3, 125 MHz): δ tBu: 28.6 (CH3), 28.2 (CH3); hTyr-4: 128.7/115.5 (Ar-H); Me 
ester: 52.7 (OCH3); Ter: 14.1 (CH3), 22.6 (CH2), 28.9 (CH2), 29.2 (CH2), 68.5 (OCH2). Full NMR 
characteriza�on of the protected pep�de 29 was not possible due to the high intensity of the 
tBu/Boc signals and the broadened amino acid signals. However, full NMR characteriza�on 
of the deprotected pep�de can be found at the experimental details of cyclic pep�de 30.

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (26)  
Pep�de 26 was obtained analogous to pep�de 29 except for the last step and obtained by 
using the TFA cleavage procedure for a small aliquot of resin. A�er prepara�ve HPLC and 
lyophiliza�on, pep�de 26 was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to be higher 
than 95% for a mixture of E/Z stereoisomers (Rt = 40.25 min and 40.43 min). ESI-MS calcd 
for C61H76N8O14: 1144.55, found: m/z 1145.67 [M+H]+; HRMS calcd for C61H76N8O14 [M+H]+ 
1145.5559, found 1145.5547; 1H-NMR (DMSO, 500 MHz): δ Alg-1: 8.15 (NH), 4.19 (αCH), 
2.35 (βCH), 5.46 (γCH); Thr-2: 7.66 (NH), 4.68 (αCH), 4.26 (βCH), 1.09 (γCH); Hyp-3: 4.23 
(αCH), 1.79 (βCH), 4.36 (γCH), 3.78/3.58 (δCH); hTyr-4: 7.33 (NH), 6.95/6.65 (Ar-H), 3.87 
(αCH), 1.95/1.88 (βCH), 2.52/2.47 (γCH); Orn-5: 7.62 (εNH), 7.21 (NH), 4.46 (αCH), 1.83/1.56 
(βCH), 1.51 (γCH), 2.83 (δCH); Hyp-6: 4.28 (αCH), 1.91 (βCH), 4.53 (γCH), 3.58/3.16 (δCH); 
Alg-7: 8.62 (NH), 4.73 (αCH), 2.88/2.55 (βCH), 5.46 (γCH); Ter: 0.89 (CH3), 1.21 (CH2), 1.39 
(CH2), 1.73 (CH2), 4.01 (OCH2), 7.65/7.03 (Ar-H Ph-3), 7.79/7.73 (Ar-H Ph-2), 7.98/7.81 (Ar-H 
Ph-1) ppm.

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (27)
Hydrogena�on of the cyclic unsaturated pep�de 26 (3.5 mg; 3.06 µmol) was carried out 
using the hydrogena�on procedure in the presence of 3 mg of 10% Pd/C. The saturated 
pep�de 27 (quant.) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
(All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to be higher than 95% 
(Rt = 41.99 min). ESI-MS calcd for C61H78N8O14: 1146.56, found: m/z 1147.53 [M+H]+; HRMS 
calcd for C61H78N8O14 [M+H]+ 1147.5710, found 1147.5707; 1H-NMR (DMSO, 500 MHz): δ Alg-
1: 8.60 (NH), 4.55 (αCH), 1.76 (βCH), 1.35 (γCH); Thr-2: 7.44 (NH), 4.64 (αCH), 4.30 (βCH), 
1.14 (γCH); Hyp-3: 4.37 (αCH), 2.17/1.81 (βCH), 4.32 (γCH), 3.67/3.44 (δCH); hTyr-4: 7.68 
(NH), 6.95/6.67 (Ar-H), 3.97 (αCH), 2.11/1.89 (βCH), 2.47/2.38 (γCH); Orn-5: 7.65 (εNH), 
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7.64 (NH), 4.64 (αCH), 1.89/1.62 (βCH), 1.54 (γCH), 2.57/2.83 (δCH); Hyp-6: 4.47 (αCH), 
2.46/1.85 (βCH), 4.38 (γCH), 3.73 (δCH); Alg-7: 8.33 (NH), 4.32 (αCH), 1.80/1.60 (βCH), 1.376 
(γCH); Ter: 0.91 (CH3), 1.36 (CH2), 1.42 (CH2), 1.75 (CH2), 4.02 (OCH2), 7.67/7.05 (Ar-H Ph-3), 
7.81/7.76 (Ar-H Ph-2), 8.04/7.83 (Ar-H Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): δ Alg-1: 54.0 
(αCH), 31.4 (βCH), 24.0 (γCH); Thr-2: 56.1 (αCH), 66.3 (βCH), 19.1 (γCH); Hyp-3: 60.5 (αCH), 
37.1 (βCH), 68.4 (γCH), 55.2 (δCH); hTyr-4: 52.1 (αCH), 32.2 (βCH), 30.7 (γCH), 129.6/115.2 
(Ar-H); Orn-5: 49.3 (αCH), 28.6 (βCH), 23.2 (γCH), 38.4 (δCH); Hyp-6: 58.0 (αCH), 37.6 (βCH), 
68.9 (γCH), 55.5 (δCH); Alg-7: 49.5 (αCH), 29.6 (βCH), 24.2 (γCH); Ter: 13.6 (CH3), 21.6 (CH2), 
27.4 (CH2), 28.1 (CH2), 67.4 (OCH2), 127.9/115.1 (Ar-H Ph-3), 127.6/126.9 (Ar-H Ph-2), 
128.6/126.3 (Ar-H Ph-1) ppm.

Cyclo[-(Ter)-Cys-Thr-Hyp-hTyr-Orn-Hyp-Cys]-NH2 (28)
Pep�de 28 was prepared analogously to pep�de 7 except for the coupling step of the fa�y 
acid a�er Fmoc cleavage. Resin bound linear pep�de (280 mg; 67.2 µmol) was subjected to 
the Fmoc cleavage procedure. Then, the free amine was coupled with terphenyl acid 14 (97 
mg; 269 µmol) overnight in the presence of HATU (102.2 mg; 269 µmol) and DiPEA (94 µL; 
538 µmol) in NMP (2 mL). The resin was washed with NMP (3× 2 mL, each 3 min) and DCM 
(3× 2 mL, each 3 min) and subjected to the TFA cleavage procedure and lyophilized. Then, 
the linear pep�de (33.6 mg; 28.4 µmol) was cyclized by oxida�on with DMSO analogously 
to 7. A�er prepara�ve HPLC and lyophiliza�on, pep�de 28 (6 mg; 18%) was obtained as 
a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/
MeOH/H2O buffers) and was found to be higher than 99% (Rt = 41.12 min). ESI-MS calcd for 
C59H75N9O13S2: 1181.49, found: m/z 1182.72 [M+H]+; HRMS calcd for C59H75N9O13S2 [M+H]+ 
1182.5004, found 1182.5013; 1H-NMR (DMSO, 500 MHz): δ Cys-1: 8.74 (NH), 4.98 (αCH), 
3.43/3.16 (βCH); Thr-2: 7.73 (NH), 4.73 (αCH), 4.29 (βCH), 1.05 (γCH); Hyp-3: 4.25 (αCH), 
2.11/1.81 (βCH), 4.37 (γCH), 3.80/3.61 (δCH); hTyr-4: 7.35 (NH), 6.95/6.65 (Ar-H); 3.90 (αCH), 
1.96/1.89 (βCH), 2.52/2.46 (γCH); Orn-5: 7.28 (NH), 4.48 (αCH), 1.80/1.61 (βCH), 1.51 (γCH), 
2.77 (δCH);  Hyp-6: 4.60 (αCH), 2.00 (βCH), 4.30 (γCH), 3.59/3.21 (δCH); Cys-7: 8.36 (NH), 
4.35 (αCH), 3.31/2.90 (βCH); Ter: 0.90 (CH3), 1.36 (CH2), 1.41 (CH2), 1.74 (CH2), 4.01 (OCH2), 
7.66/7.04 (Ar-H Ph-3), 7.81/7.75 (Ar-H Ph-2), 8.01/7.83 (Ar-H Ph-1) ppm. 13C-NMR (DMSO, 
125 MHz): δ Cys-1: 51.9 (αCH), 43.4 (βCH); Thr-2: 56.0 (αCH), 66.5 (βCH), 19.0 (γCH); Hyp-3: 
60.8 (αCH), 36.9 (βCH), 69.2 (γCH), 55.8 (δCH); hTyr-4: 53.4 (αCH), 32.4 (βCH), 31.2 (γCH); 
115.5 (Ar-H), 129.9 (Ar-H); Orn-5: 49.5 (αCH), 27.2 (βCH), 23.2 (γCH), 38.2 (δCH); Hyp-6: 59.0 
(αCH), 37.8 (βCH), 68.5 (γCH), 53.5 (δCH); Cys-7: 51.4 (αCH), 43.4 (βCH); Ter: 13.8 (CH3), 21.8 
(CH2), 27.6 (CH2), 28.2 (CH2), 67.6 (OCH2), 128.1/115.3 (Ar-H Ph-3), 127.8/127.1 (Ar-H Ph-2), 
128.7/126.6 (Ar-H Ph-1).

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OMe (30)
Fully protected pep�de 29 (19.9 mg; 13.41 µmol) was treated with a mixture of TFA/TIS/H2O 
(2 mL, 95/2.5/2.5, v/v/v) for 2h. The mixture was concentrated in vacuo, re-dissolved in a 
small amount of TFA and precipitated in MTBE/hexane (1/1). The supernatant was removed 
and the crude pep�de washed twice with MTBE/hexane (1/1). A�er prepara�ve HPLC 
(All�ma C8 semiprep, 120 min run, i-PrOH/MeOH/H2O buffers) and lyophiliza�on, pep�de 
30 (9.3 mg; 60%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
(All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to be higher than 99% (Rt 
= 42.62 min). ESI-MS calcd for C62H78N8O14: 1158.56, found: m/z 1159.52 [M+H]+; HRMS calcd 
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for C62H78N8O14 [M+H]+ 1159.5716, found 1159.5750; 1H-NMR (DMSO, 500 MHz): δ Alg-1: 
8.62 (NH), 4.73 (αCH), 2.88/2.55 (βCH), 5.46 (γCH); Thr-2: 7.65 (NH), 4.68 (αCH), 4.26 (βCH), 
1.09 (γCH); Hyp-3: 4.22 (αCH), 2.02/1.83 (βCH), 4.36 (γCH), 3.79/3.59 (δCH); hTyr-4: 7.33 
(NH), 6.94/6.64 (Ar-H), 3.88 (αCH), 1.94/1.88 (βCH), 2.52/2.46 (γCH); Orn-5: 7.63 (εNH), 
7.21 (NH), 4.46 (αCH), 1.82/1.57 (βCH), 1.51 (γCH), 2.82 (δCH); Hyp-6: 4.53 (αCH), 1.93/1.88 
(βCH), 4.28 (γCH), 3.58/3.17 (δCH); Alg-7: 8.27 (NH), 4.29 (αCH), 2.35 (βCH), 5.46 (γCH); Me 
ester: 3.61 (CH3); Ter: 0.89 (CH3), 1.22 (CH2), 1.38 (CH2), 1.72 (CH2), 4.00 (OCH2), 7.64/7.03 
(Ar-H Ph-3), 7.79/7.73 (Ar-H Ph-2), 7.98/7.81 (Ar-H Ph-1) ppm.

Cyclo[-(Ter)-Alg-Thr(tBu)-Hyp(tBu)-hTyr(tBu)-Orn(Boc)-Hyp(tBu)-Alg]-OH (31) 
A solu�on of 0.2N LiOH (0.6 mL) was added drop-wise to a cooled (0 °C) solu�on of 
pep�de 29 (61.8 mg; 41.7 µmol) in THF (1.5 mL). The reac�on mixture was s�rred at room 
temperature for 16h followed by evapora�on in vacuo. The product was re-dissolved in 
H2O and neutralized with 1N HCl, followed by lyophiliza�on yielding pep�de 31 (67 mg; 
quant.) as a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min run, 
i-PrOH/MeOH/H2O buffers) and was found to be higher than 95% (Rt = 49.63 min). ESI-MS 
calcd for C82H116N8O16: 1468.85, found: m/z 1469.75 [M+H]+; HRMS calcd for C82H116N8O16 
[M+H]+ 1469.8588, found 1469.8579; 1H-NMR (CDCl3, 500 MHz): δ tBu: 1.48-1.33 (CH3), 
1.22-1.08(CH3); hTyr-4: 7.53/6.96 (Ar-H); Ter: 0.92 (CH3), 1.38 (CH2), 1.28 (CH2), 1.79 
(CH2), 3.98 (OCH2) ppm. 13C-NMR (CDCl3, 125 MHz): δ tBu: 28.1 (CH3), 28.0 (CH3); hTyr-4: 
128.3/115.1 (Ar-H); Ter: 13.7 (CH3), 22.2 (CH2), 28.5 (CH2), 28.7 (CH2), 68.0 (OCH2). Full NMR 
characteriza�on of the protected pep�de 31 was not possible due to the high intensity of the 
tBu/Boc signals and the broadened amino acid signals. However, full NMR characteriza�on 
of the deprotected pep�de can be found at the experimental details of cyclic pep�de 26.

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-NHCH2CH2NH2 (32)
To a solu�on of pep�de 31 (12.3 mg; 8.37 µmol), N-boc-ethylene-diamine (2.68 mg; 16.74 
µmol) and HATU (3.18 mg; 8.37 µmol) in DCM (1 mL) DIPEA (2.92 µL; 16.74 µmol) was added 
and the reac�on mixture was s�rred for 48h. As the reac�on was not finished according to 
TLC (DCM/MeOH/AcOH, 19/1/0.1) another por�on of N-boc-ethylene-diamine (2.7 mg; 17 
µmol), HATU (3.2 mg; 8.4 µmol) and DIPEA (2.92 µL; 16.74 µmol) was added and the mixture 
was s�rred for an addi�onal 24h. The mixture was concentrated in vacuo, the residue re-
dissolved in EtOAc (5 mL) and washed with 1N KHSO4 (3× 5 mL), 5% NaHCO3 (3× 5 mL) and 
brine (5 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo. The crude 
pep�de was purified by column chromatography (DCM/MeOH/AcOH, 30/1/0.1, v/v/v) 
yielding the protected pep�de (8.0 mg; 59%) as a white solid. ESI-MS calcd for C89H130N10O17: 
1610.96, found: m/z 1611.53 [M+H]+. The protected pep�de (12.7 mg; 7.8 µmol) was 
treated with a mixture of TFA/TIS/H2O (1 mL, 95/2.5/2.5, v/v/v) for 2h. The mixture was 
concentrated in vacuo, the residue re-dissolved in a small amount of TFA and precipitated 
in MTBE/hexane (1/1). The supernatant was removed and the crude pep�de washed twice 
with MTBE/hexane (1/1). A�er prepara�ve HPLC (All�ma C8 semiprep, 120 min run, i-PrOH/
MeOH/H2O buffers) and lyophiliza�on, pep�de 32 (7.2 mg; 78%) was obtained as a white 
solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O 
buffers) and was found to be higher than 99% for a mixture of E/Z stereoisomers (Rt = 39.20 
min and 39.48 min). ESI-MS calcd for C63H82N10O13: 1186.61, found: m/z 1187.65 [M+H]+; 
HRMS calcd for C61H78N10O13 [M+H]+ 1187.6141, found 1187.6152; 1H-NMR (DMSO, 500 
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MHz): δ Alg-1: 8.15 (NH), 4.25 (αCH), 2.40/2.19 (βCH), 5.61 (γCH); Thr-2: 7.67 (NH), 4.65 
(αCH), 4.31 (βCH), 1.14 (γCH); Hyp-3: 4.35 (αCH), 2.16/1.83 (βCH), 4.41 (γCH), 3.77/3.72 
(δCH); hTyr-4: 7.74 (NH), 6.96/6.67 (Ar-H), 3.96 (αCH), 2.11/1.95 (βCH), 2.48/2.37 (γCH); 
Orn-5: 7.71 (εNH), 7.46 (NH), 4.66 (αCH), 1.84/1.68 (βCH), 1.54 (γCH), 2.87 (δCH); Hyp-6: 
4.48 (αCH), 2.06/1.89 (βCH), 4.32 (γCH), 3.67/3.44 (δCH); Alg-7: 7.99 (NH), 4.23 (αCH), 2.34 
(βCH), 5.47 (γCH); NHCH2CH2NH2 amide: 3.32/3.23 (CH2), 2.86/2.82 (CH2); Ter: 0.92 (CH3), 
1.38 (CH2), 1.43 (CH2), 1.75 (CH2), 4.03 (OCH2), 7.67/7.06 (Ar-H Ph-3), 7.82/7.76 (Ar-H Ph-2), 
8.01/7.84 (Ar-H Ph-1) ppm.

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-Ψ[CH2OH] (33)
A LiBH4 (11 µL; 22.17 µmol) solu�on (2.0 M in THF) was added to a solu�on of pep�de 29 
(18.8 mg; 12.67 µmol) in dry THF (2 mL) and the reac�on mixture was s�rred for 5h. The 
reac�on mixture was quenched by addi�on of sat. aq. NaHCO3 and s�rred for an addi�onal 
10 min. The aqueous layer was extracted with Et2O (10 mL) and EtOAc (10 mL). The combined 
organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude pep�de 
was purified by column chromatography (DCM/MeOH/AcOH, 20/1/0.1, v/v/v) yielding the 
protected pep�de alcohol (10.2 mg; 55%) as a white solid. ESI-MS calcd for C82H118N8NaO15: 
1477.86, found: m/z 1477.82 [M+Na]+. The pep�de (10 mg; 6.9 µmol) was treated with a 
mixture of TFA/TIS/H2O (2 mL; 95/2.5/2.5; v/v/v) for 2h. The mixture was concentrated in 
vacuo, re-dissolved in a small amount of TFA and precipitated in MTBE/hexane (1/1). The 
supernatant was removed and the crude pep�de washed twice with MTBE/hexane (1/1). 
A�er prepara�ve HPLC (All�ma C8 semiprep, 120 min run, i-PrOH/MeOH/H2O buffers) and 
lyophiliza�on, pep�de 33 (3.7 mg; 26%) was obtained as a white solid. Purity was confirmed 
by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O buffers) and was found to be 
higher than 99% (Rt = 41.83 min). ESI-MS calcd for C61H78N8O13: 1130.57, found: m/z 1131.57 
[M+H]+; HRMS calcd for C61H78N8O13 [M+H]+ 1131.5767, found 1131.5795; 1H-NMR (DMSO, 
500 MHz): δ Alg-1: 8.67 (NH), 4.63 (αCH), 2.55/2.43 (βCH), 5.58 (γCH); Thr-2: 7.70 (NH), 4.64 
(αCH), 4.28 (βCH), 1.13 (γCH); Hyp-3: 4.32 (αCH), 2.13/1.81 (βCH), 4.31 (γCH), 3.66/3.41 
(δCH); hTyr-4: 7.75 (NH), 6.95/6.66 (Ar-H), 3.91 (αCH), 2.08/1.93 (βCH), 2.46/2.38 (γCH); 
Orn-5: 7.64 (εNH), 7.45 (NH), 4.63 (αCH), 1.91/1.61 (βCH), 1.55 (γCH), 2.94/2.83 (δCH); Hyp-
6: 4.39 (αCH), 2.00/1.82 (βCH), 4.39 (γCH), 3.74/3.71 (δCH); Alg-7: 7.69 (NH), 3.71 (αCH), 
2.29/1.94 (βCH), 5.54 (γCH); alcohol: 3.28/3.13 (CH2OH); Ter: 0.91 (CH3), 1.37 (CH2), 1.42 
(CH2), 1.75 (CH2), 4.02 (OCH2), 7.67/7.05 (Ar-H Ph-3), 7.82/7.75 (Ar-H Ph-2), 8.01/7.83 (Ar-H 
Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): δ Alg-1: 54.0 (αCH), 34.0 (βCH), 128.9 (γCH); Thr-2: 
56.2 (αCH), 66.3 (βCH), 19.1 (γCH); Hyp-3: 60.5 (αCH), 36.9 (βCH), 68.4 (γCH), 55.1 (δCH); 
hTyr-4: 52.4 (αCH), 32.0 (βCH), 30.7 (γCH), 129.6/115.2 (Ar-H); Orn-5: 49.5 (αCH), 28.5 
(βCH), 23.3 (γCH), 38.4 (δCH); Hyp-6: 58.2 (αCH), 38.0 (βCH), 69.0 (γCH), 55.5 (δCH); Alg-7: 
50.0 (αCH), 33.0 (βCH), 127.7 (γCH); alcohol: 63.8 (CH2OH); Ter: 13.6 (CH3), 21.6 (CH2), 27.4 
(CH2), 28.1 (CH2), 67.4 (OCH2), 127.9/115.1 (Ar-H Ph-3), 127.5/126.9 (Ar-H Ph-2), 128.5/126.3 
(Ar-H Ph-1) ppm.

Cyclo[-(Ter)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-NHNH2 (34)
To a solu�on of pep�de 29 (9.0 mg; 6.06 µmol) in dry DMF (1 mL) N2H4.H2O (0.2 mL) was added 
and the reac�on mixture was s�rred for 24h. The vola�les were removed by evapora�on 
in vacuo and coevapora�on with MeOH (3×). Lyophiliza�on yielded the protected pep�de 
hydrazide (8.0 mg; 89%) as a white solid. ESI-MS calcd for C82H118N10NaO15: 1505.87, found: 
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m/z 1505.80 [M+Na]. The protected pep�de (8.0 mg; 5.4 µmol) was treated with HCl/Et2O38 
for 2h. The mixture was concentrated in vacuo, re-dissolved in a small amount of MeOH and 
precipitated in MTBE/hexane (1/1). The supernatant was removed and the crude pep�de 
washed twice with MTBE/hexane (1/1). A�er prepara�ve HPLC (All�ma C8 semiprep, 120 
min run, i-PrOH/MeOH/H2O buffers) and lyophiliza�on, pep�de hydrazide 34 (3 mg; 48%) 
was obtained as a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min 
run, i-PrOH/MeOH/H2O buffers) and was found to be higher than 95% (Rt = 39.50 min). ESI-
MS calcd for C61H78N10O13: 1158.57, found: m/z 1159.80 [M+H]+; HRMS calcd for C61H78N10O13 
[M+H]+ 1159.5828, found 1159.5845; 1H-NMR (DMSO, 500 MHz): δ Alg-1: 8.72 (NH), 4.62 
(αCH), 2.52/2.46 (βCH), 5.62 (γCH); Thr-2: 7.57 (NH), 4.65 (αCH), 4.30 (βCH), 1.13 (γCH); 
Hyp-3: 4.46 (αCH), 2.21/2.32 (βCH), 4.40 (γCH), 3.66/3.42 (δCH); hTyr-4: 7.71 (NH), 6.95/6.66 
(Ar-H), 3.95 (αCH), 2.10/1.92 (βCH), 2.47/2.37 (γCH); Orn-5: 7.67 (εNH), 7.45 (NH), 4.65 
(αCH), 1.85/1.65 (βCH), 1.52 (γCH), 2.92/2.83 (δCH); Hyp-6: 4.34 (αCH), 2.03/1.83 (βCH), 
4.30 (γCH), 3.74 (δCH); Alg-7: 8.30 (NH), 4.31 (αCH), 2.15 (βCH), 5.63 (γCH); Ter: 0.91 (CH3), 
1.37 (CH2), 1.42 (CH2), 1.74 (CH2), 4.02 (OCH2), 7.76/7.05 (Ar-H Ph-3), 7.84/7.67 (Ar-H Ph-2), 
8.02/7.82 (Ar-H Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): δ Alg-1: 54.0 (αCH), 33.9 (βCH), 
127.3 (γCH); Thr-2: 56.2 (αCH), 66.2 (βCH), 19.1 (γCH); Hyp-3: 58.0 (αCH), 34.1 (βCH), 69.0 
(γCH), 55.1 (δCH); hTyr-4: 52.2 (αCH), 32.2 (βCH), 30.7 (γCH), 129.6/115.2 (Ar-H); Orn-5: 
49.3 (αCH), 28.6 (βCH), 23.2 (γCH), 38.4 (δCH); Hyp-6: 60.6 (αCH), 37.6 (βCH), 68.4 (γCH), 
55.5 (δCH); Alg-7: 50.5 (αCH), 37.0 (βCH), 129.3 (γCH); Ter: 13.5 (CH3), 21.6 (CH2), 27.4 (CH2), 
28.0 (CH2), 67.4 (OCH2), 126.9/115.1 (Ar-H Ph-3), 126.4/127.9 (Ar-H Ph-2), 128.5/127.5 (Ar-
H Ph-1) ppm.

Hydroxylated caspofungin deriva�ve (36) 
To a solu�on of NMO (1.05 g; 779 µmol) and OsO4 (7.3 µL; 22.9 µmol) in H2O (5 mL), a 
solu�on of fully protected pep�de 29 (34 mg; 22.9 µmol) in MeCN (5 mL) was added and the 
reac�on mixture was s�rred for 24h. The reac�on was poured into an aqueous saturated 
Na2S2O3 solu�on (20 mL) and extracted with EtOAc (2x 20 mL). The combined organic layers 
were dried (Na2SO4), filtered and concentrated in vacuo. The pep�de was lyophilized. Then, 
the pep�de was dissolved in MeOH (2 mL) and treated with aqeous 0.2 N LiOH (500 µL). 
The reac�on mixture was s�rred for 24h and concentrated in vacuo. Subsequently, the 
residue was treated with a mixture of TFA/TIS/H2O (2 mL; 95/2.5/2.5; v/v/v) for 2h. The 
mixture was concentrated in vacuo, re-dissolved in a small amount of TFA and precipitated 
in MTBE/hexane (1/1). The supernatant was removed and the crude pep�de washed twice 
with MTBE/hexane (1/1). A�er prepara�ve HPLC (All�ma C8 semiprep, 120 min run, i-PrOH/
MeOH/H2O buffers) and lyophiliza�on, pep�de 36 (5 mg; 19% overall yield) was obtained 
as a white solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/
MeOH/H2O buffers) and was found to be higher than 99% (Rt = 39.77 min). ESI-MS calcd 
for C61H78N8O16: 1178.55, found: m/z 1179.76 [M+H]+; HRMS calcd for C61H78N8O16 [M+H]+ 
1179.5614, found 1179.5646.

Cyclo[-(Τer)-Lys-Thr-Hyp-hTyr-Orn-Hyp] (39)
Linear pep�de Fmoc-Lys(Psoc)-Thr(tBu)-Hyp(tBu)-hTyr(tBu)-Orn(Boc)-Hyp(tBu)-OH (37) was 
synthesized on trityl resin (200 mg; 93.8 µmol) according to the general procedure for solid 
phase pep�de synthesis. The Fmoc group was cleaved and the Ter tail (101.4 mg; 281.4 
µmol) was coupled overnight in the presence of HATU (107 mg; 281.4 µmol) and DiPEA 
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(98 µL; 562.8 µmol) in NMP (2 mL). The resin was washed with NMP (3× 3 mL, each 3 min) 
and DCM (3× 3 mL, each 3 min). The Psoc group was cleaved by treatment with TBAF.3 H2O 
(88.8 mg; 281 µmol) for 15 min in DCM (2 mL). Pep�de 38 was obtained by treatment of 
the resin with HFIP/DCM (3 mL, 1/1, v/v) for 3h. This was repeated once for 1h. The mixture 
was concentrated to obtain crude pep�de 38 (121.4 mg; 90%) as a foam. Characteriza�on 
was carried out by ESI-MS (calcd for C80H118N8O15: 1430.87, found: m/z 1431.89 [M+H]+).
Then, the crude linear pep�de Ter-Lys-Thr(tBu)-Hyp(tBu)-hTyr(tBu)-Orn(Boc)-Hyp(tBu)-
OH (38) was subjected to the head-to-tail cycliza�on according to the general procedure, 
followed by treatment with a mixture of TFA/TIS/H2O (10 mL, 95/2.5/2.5, v/v/v) for 1h. The 
mixture was concentrated in vacuo, re-dissolved in a small amount of TFA and precipitated 
in MTBE/hexane (1/1). The supernatant was removed and the crude pep�de washed twice 
with MTBE/hexane (1/1). A�er prepara�ve HPLC (All�ma C8 semiprep, 120 min run, i-PrOH/
MeOH/H2O buffers) and lyophiliza�on, pep�de 39 (20.4 mg; 23%) was obtained as a white 
solid. Purity was confirmed by analy�cal HPLC (All�ma C8, 65 min run, i-PrOH/MeOH/H2O 
buffers) and was found to be higher than 99% (Rt = 41.05 min). ESI-MS calcd for C59H76N8O12: 
1088.56, found: m/z 1089.82 [M+H]+; HRMS calcd for C59H76N8O12 [M+H]+ 1089.5661, found 
1089.5656; 1H-NMR (DMSO, 500 MHz): δ Lys-1: 8.53 (NH), 7.90 (εNH), 4.66 (αCH), 2.14/1.72 
(βCH), 1.60/1.33 (γCH), 1.58/1.32 (δCH), 3.56/2.71 (εCH); Thr-2: 7.79 (NH), 4.71 (αCH), 1.09 
(βCH), 1.09 (γCH); Hyp-3: 4.23 (αCH), 2.12/1.78 (βCH), 4.37 (γCH), 3.80/3.59 (δCH); hTyr-
4: 7.43 (NH), 6.96/6.66 (Ar-H), 3.98 (αCH), 1.99/1.87 (βCH), 2.52/2.46 (γCH); Orn-5: 7.69 
(εNH), 7.33 (NH), 4.51 (αCH), 1.87/1.63 (βCH), 1.56 (γCH), 2.89 (δCH); Hyp-6: 4.40 (αCH), 
1.98/1.77 (βCH), 4.30 (γCH), 3.66/3.31 (δCH); Ter: 0.91 (CH3), 1.36 (CH2), 1.41 (CH2), 1.74 
(CH2), 4.01 (OCH2) 7.65/7.03 (Ar-H Ph-3), 7.80/7.74 (Ar-H Ph-2), 8.03/7.81 (Ar-H Ph-1) ppm. 
13C-NMR (DMSO, 125 MHz): δ Lys-1: 53.4 (αCH), 31.0 (βCH), 23.3 (γCH), 26.9 (δCH), 38.4 
(εCH); Thr-2: 55.7 (αCH), 66.4 (βCH), 19.2 (γCH); Hyp-3: 60.7 (αCH), 36.7 (βCH), 68.9 (γCH), 
55.2 (δCH); hTyr-4: 53.0 (αCH), 32.3 (βCH), 30.7 (γCH), 129.1/ 114.6 (Ar-H); Orn-5: 49.4 
(αCH), 27.7 (βCH), 23.3 (γCH), 38.3 (δCH); Hyp-6: 59.2 (αCH), 37.6 (βCH), 68.4 (γCH), 54.5 
(δCH); Ter: 13.7 (CH3), 21.6 (CH2), 27.5 (CH2), 28.1 (CH2), 67.2 (OCH2), 127.4/114.7 (Ar-C Ph-
3), 127.1/126.4 (Ar-C Ph-2), 128.1/125.8 (Ar-C Ph-1).

2.4.3 Biology

Candida MIC Assay
An�fungal ac�vity was evaluated by broth microdilu�on. The media used in this assay was 
Yeast Extract Peptone Dextrose (YPD) containing 1% yeast extract, 2% peptone, 1% dextrose 
in dis�lled water. Test compounds were dissolved in dis�lled water or 10% DMSO, depending 
on the solubility characteris�cs of the compounds, to a concentra�on of 1 mg/mL. A�er 
dissolving each compound solu�on was diluted 5 �mes in YPD medium rendering a stock 
solu�on of 200 µg/mL. Caspofungin14, purchased from Merck Sharp & Dohme B.V. (Haarlem, 
Netherlands), was included as a reference. Serial 2-fold dilu�ons of the test compounds in 
YPD medium were prepared as followed. To each well of a sterile Greiner bio-one CellStar 
96 well, U bo�omed micro�ter plate 100 µl of YPD was dispensed. Manually, 100 µl of 
stock compounds was delivered to each well in column 1. Then using a 8-channel pipe�e, 
compounds in column 1 were serially diluted 2-fold over the micro�ter plate un�l column 
11. The last column of the plate contained drug-free wells dedicated for growth and sterility 
controls for each organism tested.
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the hydrazine amide was formed. Characteriza�on of the TFA adduct was carried out by 
ESI-MS (calcd for C63H77F3N10O14: 1254.56, found: m/z 1255.64 [M+H]+).
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3.1 Introduc�on

In the previous chapter it was found that a slight enlargement of the macrocyclic pep�de 
backbone of the echinocandins has a tremendous influence on the an�fungal ac�vity. 
Even expansion of the pep�de macrocycle by just one carbon atom completely abolished 
an�fungal ac�vity which was not expected in view of the resul�ng limited added flexibility 
to the pep�de macrocycle.1 This somewhat unexpected finding en�ced us to inves�gate the 
synthesis of smaller RCM-derived mimics (2, Figure 1). 

Figure 1. Previously described 23-membered RCM mimic (1)1 and the new smaller 21-membered RCM mimic (2).

In mimic 2 the op�mal 21-membered ring size is maintained. This new mimic (2) may be 
an a�rac�ve alterna�ve since it s�ll contains a posi�on for further modifica�on (i.e. the 
C-terminus; subs�tuent R1). This posi�on could be interes�ng for the introduc�on of 
photolabels and as such these compounds can give more clues about the mechanism of 
ac�on of the echinocandins. 

To realize the synthesis of this mimic, RCM using vinylglycine containing precursors is 
envisioned. In this chapter a�empts will be discussed towards the use vinylglycine in RCM 
reac�ons.

3.2 Results and Discussion

Several methods for the synthesis of vinylglycine (3) are available. Three years a�er the 
first racemic synthesis2, the first synthesis producing the enan�omer 3 was published by 
Afzaliardakani and Rapoport3. In this approach, methionine was used as star�ng material for 
the synthesis of vinylglycine.3-5 Many other syntheses of vinylglycine using op�cally ac�ve 
amino acids as star�ng chiral compound have been reported since then. Besides amino 
acids, such as homoserine6,7, glutamic acid8-10 and serine11,12, also mannitol13 and xylose14 
have been used as chiral building blocks for the synthesis of 3.

The protocol of Rapoport et al.3-5 was the first choice for the synthesis of vinylglycine (3) 
because it is short, efficient and more importantly, it avoids the use of poisonous reagents 
and heavy metal salts (Scheme 1) of other procedures.6,7,10,14
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Scheme 1. Reagents and condi�ons: (i) Me2C(COMe)2, HCl, 87%; (ii) CbzCl, NaHCO3, 88%; (iii) NaIO4,MeOH, 0 °C, 
99%; (iv) mesitylene, ∆, 65%; (v) 6 N HCl, ∆, 65%; (vi) FmocOSu, Et3N, 74%.

Thus, L-methionine 4 was converted to its methyl ester and subsequent treatment with 
benzyl chloroformate under Scho�en-Bauman condi�ons afforded the fully protected 
intermediate 5. Then, oxida�on of 5 was accomplished in quan�ta�ve yield to afford the 
sulfoxide 6. Pyrolysis of sulfoxide 6 leading to elimina�on of methyl sulfenic acid gave the 
desired bond in 7 accompanied by the forma�on of Z and E isomers 8 and 9 by rearrangement 
of the double bond. The extent of this rearrangement could be limited by carrying out the 
elimina�on reac�on in a solvent15 rather than neat3,4, to give the desired product in 65% 
yield a�er tedious separa�on by chromatography. Acid hydrolysis of 7 gave vinylglycine 
(VGly) 3 as its hydrochloride salt and final Fmoc protec�on afforded 10.

Next, the obtained Fmoc-VGly-OH 10 was loaded onto the trityl resin. Unexpectedly, during 
the synthesis of our pep�de 2 by SPPS it was found that the Kaiser test16 was invariably 
posi�ve when vinylglycine was incorporated into the sequence. As the resin sample has to 
be heated during the Kaiser test a possible explana�on is migra�on of the double bond of 
vinylglycine 11 as is shown in Scheme 2. Then imine 13 is formed and will decompose to 
give carbamate 14 which will decompose to ammonia and react with ninhydrin in the Kaiser 
test.

Scheme 2. Possible explana�on of the false posi�ve Kaiser test.

To verify if this migra�on occurs during SPPS or under Kaiser test condi�ons (Scheme 2), 
vinylglycine was coupled to the trityl resin (Scheme 3). Then the Fmoc group was cleaved, the 
N-terminus acetylated and the product cleaved from the resin. Subsequently the carboxylic 
acid was esterified and the product evaluated by NMR.

Scheme 3. Test reac�on vinylglycine on trityl resin.  Reagents and condi�ons: (i) Fmoc-VGly-OH (8), DIPEA, DCM; 
(ii) (1) 20% piperidine in NMP; (2) Capping solu�on: Ac2O/HOBt/DiPEA/NMP; (iii) HFIP/DCM (1/4, v/v); (iv) MeOH, 
TMS-diazomethane. 
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By NMR the conjugated product 15 was found. Apparently the basic condi�ons used in the 
solid phase synthesis resulted in rearrangement of the double bond to the α,β-posi�on. The 
rapid isomeriza�on of the double bond can be explained by removal of the acidic Cα proton 
(Figure 2).

Figure 2. Base induced rearrangement of the double bond in vinylglycine.

To avoid this migra�on of the double bond and to avoid racemiza�on vinylglycine was 
coupled as an amide to the rink resin and as a second residue on the trityl resin as is shown 
in Scheme 4. Since the α-proton is less acidic in amide, the amide of vinylglycine should be 
less sensi�ve to racemiza�on and rearrangement of the double should be less likely to occur. 
In these cases predominantly (ca 60%) of the desired compounds 18 and 21 were formed.

Scheme 4. Evalua�on of effect on the migra�on of double bond when vinylglycine was coupled as an amide on 
solid phase.  
A): As amide on the rink resin. Reagents and condi�ons: (i) (1) 20% piperidine in NMP; (2) Fmoc-VGly-OH (8), BOP, 
DiPEA, NMP; (ii) (1) 20% piperidine in NMP; (2) Fmoc-Ala-OH, BOP, DiPEA, NMP; (iii) (1) 20% piperidine in NMP; (2) 
Capping solu�on: Ac2O/HOBt/DiPEA/NMP; (iv) TFA/TIS/H2O (95/2.5/2.5; v/v/v). 
B): As amide on the trityl resin. Reagents and condi�ons: (i) Fmoc-Ala-OH,  DiPEA, DCM; (ii) (1) 20% piperidine in 
NMP; (2) Fmoc-VGly-OH (8), BOP, DiPEA, NMP; (iii) (1) 20% piperidine in NMP; (2) Capping solu�on: Ac2O/HOBt/
DiPEA/NMP; (iv) HFIP/DCM (1/4, v/v); (v) MeOH, TMS-diazomethane.

However, the tendency of vinylglycine to isomerize to the conjugated α,β unsaturated 
deriva�ve complicated the synthesis of the echinocandin mimics severely. Therefore, a 
strategy was a�empted in which the vinylglycine moiety is generated just before applica�on 
of the metathesis condi�ons.

As discussed previously several methods exist for the synthesis of vinylglycine. For the 
‘masked’ vinylglycine approach homoserine7 was used as a star�ng chiral compound. 
Here o-nitrophenyl selenide 22 was used as a precursor for a terminal double bond as in 
vinylglycine. The o-nitrophenylselenoethyl func�onality has proven to be a useful vinyl 
protec�ng group in other systems.17,18 Moreover, deprotec�on can easily be accomplished 
under mild, non-basic condi�ons.19,20 Therefore, o-nitrophenyl selenide 22 was used as a 
‘masked’ vinylglycine deriva�ve in solid phase synthesis. Problems with migra�on of the 
double bond in vinylglycine should be avoided and on resin selenium oxide elimina�on 
using H2O2 will give the olefin.

The ‘masked’ amino acid Fmoc-L-(2-nitro)phenylselenohomocysteine (Fmoc-hSec(oNO2)Ph-
OH) 22 could be easily prepared in three steps as shown in Scheme 5. In the first step, 
sodiumborohydride reduc�on of the isobutoxycarbonyl mixed anhydride of Boc-Asp-OtBu 
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(23) proceeded smoothly and gave Boc-HSe-OtBu (24) in 78% yield.21 Subsequent treatment 
with Bu3P, followed by addi�on of o-nitrophenyl selenocyanate of alcohol 24 afforded 
selenide 2520 in 74% yield by a Mitsunobu like reac�on. Final deprotec�on of the Boc/tBu 
protec�ng groups and subsequent protec�on with a Fmoc group gave ‘masked’ vinylglycine 
22.

Scheme 5. Reagents and condi�ons: (i) ClCO2Bu-i, NMM, THF; (ii) NaBH4, MeOH, 0°C, 78%; (iii) 2-nitrophenylseleno-
cyanate, Bu3P, THF, 74%; (iv) TFA/DCM (1/1, v/v), 80%; (v) FmocOSu, Et3N, 74%.

Scheme 6. Reagents and condi�ons: (i) (1) 20% piperidine in NMP; (2) Fmoc-Alg-OH, BOP, DiPEA, NMP; (ii) (1) 
20% piperidine in NMP; (2) Fmoc-VGly(oNO2PhSe)-OH (22), BOP, DiPEA, NMP; (iii) (1) 20% piperidine in NMP; (2) 
Capping solu�on: Ac2O/HOBt/DiPEA/NMP; (iv) H2O2; (v) TFA/TIS/H2O (95/2.5/2.5; v/v/v).

To test the use of ‘masked vinylglycine’ 22 in solid phase synthesis a dipep�de was synthesized 
on the rink resin as shown in Scheme 6. On Rink resin a dipep�de consis�ng of Fmoc-Alg-OH 
and ‘masked’ vinylglycine 22 was synthesized using SPPS. This resulted in a bright yellow 
coloured resin a�er the coupling of 22 to the resin. Then, the N-terminus was acetylated 
and the selenide oxidized with hydrogen peroxide to a selenoxide and elimina�on takes 
place with expulsion of o-nitrophenylselenol. This reac�on can be easily monitored by the 
disappearance of the yellow colour from the resin a�er a few washing steps. Final cleavage 
from the resin gave the desired dipep�de 27. None of the conjugated α,β unsaturated 
deriva�ve was found proving that vinylglycine can be succesfully incorparated in a pep�de 
sequence by using a ‘masked’ vinylglycine deriva�ve (22).

For synthesis of pep�de 2 the expensive building block homotyrosine needs to be used 
and therefore it was decided to use a different vinylglycine containing pep�de test system 
for evalua�on of the RCM condi�ons. For that the alkene-bridged B ring mimic of Nisin, 
which involved using a precursor containing two L-allylglycine residues, was choosen 
(Scheme 7).22 Ring B of nisin is a cyclic pentapep�de with a Pro residue, which is known to 
induce β-turns. First, a precursor of a mimic of the Nisin ring B was synthesized having two 
Alg residues.22 Second, a precursor of the Nisin B mimic was synthesized in which one Alg 
residue was replaced by a ‘masked’ vinylglycine 22 and a third Nisin B ring mimic precursor 
was synthesized with both Alg residues replaced by masked vinyl glycine deriva�ve 22 as 
outlined in Scheme 7.
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Scheme 7. Reagents and condi�ons: (i) (1) 20% piperidine in NMP; (2) Fmoc-Lys(Boc)-OH, BOP, DIPEA, NMP; (ii-
v) (1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vi) (1) 20% piperidine in NMP; (2) Capping 
solu�on: Ac2O/HOBt/DiPEA/NMP; (vii) Grubbs II (10 mol%), 10 vol% LiCl/DMA (0.4M), MW, 60 min, 100 °C, DCM; 
(viii) (1) TFA/TIS/H2O (95/2.5/2.5, v/v/v); (ix) H2O2; (x) Grubbs II (10 mol%), 10 vol% LiCl/DMA (0.4M), MW, 75 min, 
100 °C, DCM.

All three linear precursors (28-30) were synthesized on the rink resin by SPPS. Then, the two 
Nisin ring B mimics precursors 29 and 30 with ‘masked’ vinylglycine residues were treated 
with H2O2 to achieve libera�on of vinylglycine. Subsequently, the three resin-bound pep�des 
were treated with RCM condi�ons using a 10 mol% solu�on of Grubbs II in DCM (containing 
10 vol% LiCl/DMA 0.4M) and exposed to microwave irradia�on.23 Finally, cleavage from 
the resin by acidolysis with concomitant removal of the side chain protec�ng groups, gave 
the desired cyclic pep�de 31 as a mixture of cis/trans isomers and linear pep�des 32 and 
33, which were not cyclized. Apparently, on resin RCM condi�ons for pep�des containing 
VGly residues were unsuccessful. Employment of longer reac�on �mes, larger amounts of 
catalyst and different catalysts (Grubbs I and Hoveyda Grubbs) did not lead to any cyclized 
product.

The lower reac�vity of vinylglycine is probably due to steric effects. The sterically bulky 
amino acid moiety is hindering the approach of the cataly�c ruthenium species to the double 
bond of the substrate.24 This unreac�vity in metathesis reac�ons of VGly residues was o�en 
a�ributed to the acidic Cα proton of the vinylglycine residue, leading to the forma�on of 
only α,β unsaturated compounds a�er exposure to the ruthenium based catalyst.25 However, 
here in the NMR spectra this migra�on of the double bond in pep�des 32 and 33 was not 
observed, as is apparent from Figure 3 showing the 500 MHz NMR spectrum of pep�de 33.
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Figure 3. 500 MHz 1H-NMR spectrum of the Nisin ring B precursor mimic 33 containing two VGly residues. 

Due to these problems with RCM of vinylglycine residues we envisaged that our mimics might 
be prepared involving a cross metathesis reac�on. Boons et al26 have reported the cross 
metathesis reac�on between a readily available allyl and vinyl glycine deriva�ve (Scheme 
8). This will give acces to a product (37) required for a 22-membered echinocandin mimic. 
For our desired 21-membered echinocandin mimic a cross metathesis reac�on between 
two vinylglycine deriva�ves had to be performed. Due to the problems encountered earlier 
with vinylglycine residues the literature procedure of Boons leading to 37 (scheme 8) 
was followed first, a�er which the synthesis of a cross metathesis product between two 
vinylglycine residues was a�empted.

Scheme 8. Reagents and condi�ons: (i) H2O2, THF, 77%; (ii) BnBr, NaHCO3, DMF, 91%; (iii) Grubbs II (10 mol%), DCM, 
45%.
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Boc-VGly-OtBu 34 was obtained by an oxida�on/elimina�on step of 25. Subsequently 
Fmoc-Alg-OH 35 was protected with a benzyl ester to afford 36. Then, a reac�on of Fmoc-
Alg-OBn (36) with a two-fold excess of Boc-VGly-OtBu (34) in the presence of Grubbs II was 
a�empted. Unfortunately, no product was found, only the homo-dimerized allylglycine and 
star�ng material 34. A�er several unsuccessful a�empts the group of Boons was contacted 
and it was found that the star�ng materials had to be very pure, especially vinylglycine 
34. Therefore, an addi�onal purifica�on was performed with column chromatography for 
compound 34. The reac�on now gave the expected cross coupling product 37 in 45% yield. 
Apart from the desired compound, unreacted vinylglycine was s�ll present and homo-
dimerized allylglycine was formed which could be easily separated from the product by 
column chromatography. 

Now that the cross metathesis reac�on described by Boons was moderately successful the 
desired cross metathesis reac�on between two vinylglycine residues was carried out as is 
depicted in Scheme 9.

Scheme 9. Reagents and condi�ons: (i) Grubbs II (10 mol %), DCM.

As was already observed in the previous described cross metathesis reac�on between Fmoc-
Alg-OBn (36) and Boc-VGly-OtBu (34), the VGly residue was much less reac�ve than the Alg 
residue. Despite several a�empts no desired compound (39) was obtained and only star�ng 
materials 34 and 38 were recovered. Employment of longer reac�on �mes, larger amounts 
of catalyst and increasing reac�on temperatures did not lead to any desired product.

Unfortunately the cross metathesis approach only gave access to a product (37) required 
for the synthesis of 22-membered echinocandin mimics. All a�empts of cross metathesis 
reac�ons between two vinylglycine residues failed. In the previous chapter 2 it was shown 
that the ring size is crucial for ac�vity and therefore further a�empts to smaller echinocandin 
constructs by incorpora�ng VGly in the sequence was terminated.  

3.3 Conclusions

In summary, the use of vinylglycine for the construc�on of smaller caspofungin mimics 
involving RCM was studied. It was found that vinylglycine has a tendency to isomerize to 
the conjugated α,β-unsaturated deriva�ve due to its acidic Cα proton. Therefore, the direct 
incorpora�on of vinylglycine into pep�des turned out to be problema�c. Alterna�vely, 
facile, site-specific and chemoselec�ve incorpora�on of vinylglycine can be achieved via 
oxida�ve elimina�on of (2-nitro)-phenylselenohomocysteine. This ‘masked’’ amino acid was 
readily prepared in three steps and conveniently incorporated into pep�des through SPPS. 
Convenient libera�on of vinylglycine was accomplished by employing a chemoselec�ve mild 
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oxida�on with hydrogen peroxide. The reac�on proved easy to monitor by a colour change 
from yellow to colorless upon oxida�on of the resin bound pep�de.

Although a successful strategy for the synthesis of vinylglycine containing pep�des was 
described, their use in metathesis reac�ons, for the construc�on of smaller RCM echinocandin 
mimics by RCM, proved to be unsuccessful. It was found that the vinylglycine deriva�ves 
were not or less reac�ve under RCM and cross metathesis condi�ons as compared to 
allylglycine deriva�ves. Further a�empts for the synthesis of 21-membered mimics by RCM 
were discon�nued.

3.4 Experimental sec�on

3.4.1 Reagents, materials and analysis methods

Unless stated otherwise, all chemicals were obtained from commercial sources and used 
as supplied, with the excep�on of DMF, NMP and DCM, which were dried on molecular 
sieves (4Å) prior to use. Fmoc protected amino acids were purchased from GL Biochem 
Ltd. (Shanghai, China). Rink resin was purchased from RAPP Polymere (Tübingen, Germany) 
and the 2-chlorotritylchloride PS resin was purchased from Hecheng Chemicals (Shanghai, 
China). All other reagents were purchased from Merck (Darmstadt, Germany), Sigma-Aldrich 
(Munich, Germany) and Acros (Geel, Belgium) and were used without further purifica�on.

All Reac�ons were carried out at room temperature unless stated otherwise. Solid phase 
synthesis was performed in plas�c syringes with a polyethylene frit. Microwave reac�ons 
were carried out on a Biotage Ini�ator system. Reac�ons in solu�on were monitored by TLC 
on Merck pre-coated Silica 60 plates. Spots were visualized by UV light, ninhydrin and K2CO3/
KMnO4. Solid phase reac�ons were monitored with the chloranil test27 in case of secondary 
amines or with the Kaiser test16 in case of primary amines. Column chromatography was 
performed using Silicycle UltraPure silicagel (40-63 µm).

1H NMR spectra were recorded on a Varian G-300 (300 MHz) spectrometer and chemical 
shi�s are given in ppm rela�ve to TMS (0.00 ppm). 13C NMR spectra were recorded using 
the a�ached proton test (APT) sequence on  a Varian G-300 (75.5 MHz) spectrometer and 
chemical shi�s are given in ppm rela�ve to CDCl3 (77.0 ppm). For measurements in DMSO, 
the residual solvent peak was used as a reference. 

ESI-MS spectra were obtained in the posi�ve ion mode on a Shimadzu QP8000 single 
quadrupole mass spectrometer. 

3.4.2 Chemistry

General Procedures
Solid phase pep�de synthesis: Pep�des were synthesized manually. Each synthe�c cycle 
consisted of the following steps:
Fmoc removal: The resin was treated with a 20% solu�on of piperidine in NMP (3×, each 10 
min). The solu�on was removed by filtra�on and the resin was washed with NMP (3×, each 
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3 min) and DCM (3×, each 3 min). 
Coupling step: A mixture of Fmoc-Xxx-OH (3 equiv.), BOP (3 equiv.) and DiPEA (6 equiv.) 
in NMP (10 mL/mmol resin bound pep�de deriva�ve)) was added to the resin and N2 was 
bubbled through the mixture for 2h. The solu�on was removed by filtra�on and the resin 
washed with NMP (3×, each 3 min) and DCM (3×, each 3 min). Comple�on of the coupling 
reac�on was verified with the Kaiser or chloranil test.
Capping of the remaining free amines: Capping solu�on [Ac2O (50 mmol, 4.7 mL), HOBt (1.9 
mmol, 220 mg), DiPEA (12.5 mmol, 2.2 mL) in 100 mL NMP] was added to the resin and N2 
was bubbled through the mixture for 20 min The solu�on was removed by filtra�on and the 
resin was washed with NMP (3×, each 3 min) and DCM (3×, each 3 min).

Microwave-assisted RCM: A microwave vessel containing a magne�c s�rrer bead was loaded 
under argon with resin pep�de, catalyst and solvent. The vessel was capped and irradiated 
at 100 °C. At the end of the reac�on period the resin-bound pep�de was washed with DMF 
(3× 3 mL, each 3 min) DCM (3× 3 mL, each 3 min) and MeOH (3× 3 mL, each 3 min).

Cbz-(S)-methionine methyl ester (5)3

To a suspension of (S)-methionine 4 (17 g; 113.9 mmol) in 2,2-dimethoxypropane 
(575 mL) conc. aq. HCl (115 mL) was added. The solu�on was s�rred over the 
weekend and concentrated in vacuo. Then, the crude product was dissolved in 

a minimal amount of MeOH and Et2O was added un�l the product precipitated from the 
solu�on to afford pure methionine methyl ester hydrochloride (19.77 g; 87%). Rf = 0.47 
(DCM/MeOH, 9/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 8.80 (bd, 1H, NH), 4.40 (t, J=6.2 Hz, 
1H, αCH),  3.84 (s, 3H, OCH3), 2.86-2.71 (m, 2H, γCH2), 2.44-2.35 (m, 2H, βCH2), 2.13 (s, 3H, 
SCH3) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 170.0 (MeO-CO), 53.5 (αCH), 52.2 (OCH3), 29.7 
and 29.5 (CH2), 15.2 (SCH3).
Subsequently, to an ice-cold solu�on of (S)-methionine methyl ester hydrochloride (19 g; 
95.14 mmol), NaHCO3 (48 g; 570.84 mmol) in H2O (500 mL) and EtOAc (500 mL) was added 
dropwise benzyl chloroformate (17 g; 99.9 mmol). The reac�on mixture was s�rred for 4h at 
RT, the organic layer was seperated, washed with 2M HCl (500 mL) and H2O (500 mL), dried 
(Na2SO4) and concentrated. Crystallisa�on from petroleum ether afforded pure product 5 
(24.78 g; 88%) as a white solid. Rf = 0.72 (DCM/MeOH, 50/1, v/v); 1H-NMR (CDCl3, 300 MHz): 
δ = 7.33 (m. 5H, Ar-H), 5.63 (d, J=8.0 Hz, 1H, NH), 5.10 (s, 2H, OCH2Ar), 4.50-4.46 (m, 1H, 
αCH), 3.72 (s, 3H, OCH3), 2.51 (t, J= 7.4 Hz, 2H, γCH2), 2.15-2.01 (m, 1H, βCH2), 2.06 (s, 
3H, SCH3), 2.0-1.91 (m, 1H, βCH2) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 172.6 (MeO-CO), 
156.0 (NHCO), 136.2 (Ar-C), 128.6, 128.2 and 128.1 (Ar-CH), 67.1 (OCH2Ar), 53.2 (αCH), 52.5 
(OCH3), 31.9 and 29.9 (CH2), 15.4 (SCH3).

(S)-methyl-2-(benzyloxycarbonylamino)-4-(methylsulfinyl)butanoate (6)3,4

A solu�on of NaIO4 (19 g; 88.78 mmol) in H2O (100 mL) was added dropwise to 
an ice cooled solu�on of 5 (24 g; 80.71 mmol) in MeOH (250 mL). The cooling 
bath was removed and the foamy mixture s�rred for 3 h. The precipitated 

sodiumiodate was filtered off and washed with MeOH, and the filtrate was par�ally 
concentrated in vacuo. Then, the mixture was extracted with DCM (3× 200 mL), the organic 
layer washed with H2O (400 mL) and brine (400 mL), dried (Na2SO4), filtered and concentrated 
in vacuo. The resul�ng oil was dried, yielding sulfoxide 6 (25 g; 99%) as a waxy solid. Rf = 
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0.24 (DCM/MeOH, 50/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.35 (m. 5H, Ar-H), 5.85-5.76 
(m, 1H, NH), 5.11 (s, 2H, OCH2Ar), 4.51-4.47 (m, 1H, αCH), 3.76 (s, 3H, OCH3), 2.79-2.66 (m, 
2H, γCH2), 2.54 (s, 3H, SCH3), 2.44-2.32 (m, 1H, βCH2), 2.20-2.09 (m, 1H, βCH2) ppm; 13C-NMR 
(CDCl3, 75.5 MHz): δ = 171.9 (MeO-CO), 156.2 (NHCO), 136.2 (Ar-C), 128.6, 128.2 and 128.1 
(Ar-CH), 67.2 (OCH2Ar), 53.2 (αCH), 52.8 (OCH3), 50.2 (γCH2), 38.5 (SCH3), 25.7 (βCH2).

Cbz-(S)-vinylglycine methyl ester (7)15

A solu�on of sulfoxide 6 (15.7 g; 50.2 mmol) was refluxed in mesitylene (50 mL) 
for 20 h. A�er cooling to RT, the en�re reac�on was directly loaded onto a silica 

gel column and eluted with hexanes to remove mesitylene and then Hexane/EtOAc (4/1, 
v/v) to elute the product. Pure product 7 (8.11 g; 65%) was obtained as a yellowish oil. Rf = 
0.33 (Hexane/EtOAc, 4/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.36 (m, 5H, Ar-H), 6.00-5.85 
(m, 1H, βCH=), 5.45 (br d, 1H, NH), 5.36 (dd, J=17.1 Hz, 1H, CH=CHtrans), 5.28 (dd, J=10.2 Hz, 
1H, CH=CHcis), 5.13 (s, 2H, OCH2Ar), 4.99-4.89 (m, 1H, αCH), 3.77 (s, 3H, OCH3) ppm; 13C-NMR 
(CDCl3, 75.5 MHz): δ = 171.9 (MeO-CO), 155.9 (NHCO), 136.2 (Ar-C), 132.4 (βCH=), 128.7, 
128.3 and 128.2 (Ar-CH), 117.9 (γCH2=), 67.2 (OCH2Ar), 56.2 (αCH), 52.9 (OCH3).

(S)-Vinylglycine (3)3

A mixture of Cbz-(S)-vinylglycine methyl ester 7 (8.11 g; 32.54 mmol) in 6 M 
HCl (165 mL) was refluxed for 1.5 h. The solu�on was cooled, extracted with 

DCM (2× 100 mL) and evaporated to dryness. Crystalliza�on of the residue was achieved by 
refluxing in acetone (165 mL) to give vinylglycine 3 (2.89 g; 65%). 1H-NMR (D2O, 300 MHz): δ 
= 6.00-5.85 (m, 1H, βCH=), 5.58 (dd, J=13.2 Hz, 1H, γCH2=), 4.60 (d, J=7.4 Hz, 1H, αCH) ppm; 
13C-NMR (D2O, 75.5 MHz): δ = 173.8 (CO), 130.8 (βCH=), 125.6 (γCH2=), 57.9 (αCH).

Fmoc-(S)-vinylglycine (10)
Vinylglycine 3 (3.58 g; 26 mmol) was dissolved in H2O (150 mL) and the pH of the 
solu�on was adjusted to 9 with Et3N. A solu�on of Fmoc-OSu (8.78 g; 26 mmol) 

in MeCN (150 mL) was added to this mixture. S�rring was con�nued for 2 h, and the pH 
was kept between 8 and 8.5 by adding Et3N. Acetonitrile was removed and the residue was 
acidified to pH of 1-2 with 1M KHSO4. The product precipitated from the mixture and was 
collected by filtra�on to afford 10 as white solid (6.25 g, 74 %). Rf = 0.33 (DCM/MeOH/AcOH, 
20/1/0.1, v/v/v); 1H-NMR (CDCl3, 300 MHz): δ = 10.42 (bs, 1H, OH), 7.44 (d, J=7.4 Hz, 2H, Ar-
H), 7.60-7.52 (m. 2H, Ar-H), 7.38 (t, J=7.3 Hz, 2H, Ar-H), 7.29 (t, J=7.3 Hz, 2H, Ar-H), 6.01-5.89 
(m, 1H, βCH=), 5.32 (dd, J=17.8 Hz, 1H, CH=CHtrans), 5.24 (dd, J=9.1 Hz, 1H, CH=CHcis), 5.0 (m, 
1H, αCH), 4.64 (m, 1H, NH), 4.47-4.39 (m, 2H, CH2Fmoc), 4.21 (t, J=6.5 Hz, 1H, CH Fmoc) 
ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 175.1 (CO), 156.0 (CO Fmoc), 143.8 and 141.5 (Ar-C), 
131.9 (βCH=), 128.0, 127.3, 125.2 and 120.2 (Ar-CH), 118.5 (γCH2=), 67.5 (CH2 Fmoc), 56.2 
(αCH), 47.3 (CH Fmoc).

(E)-methyl 2-acetamidobut-2-enoate (15) 
Polystyrene resin func�onalized with a 2-chlorotrityl chloride linker (1.10 
mmol/g; 1g; 1.10 mmol) was loaded with Fmoc-VGly-OH 10 (711.35 mg; 1.10 

mmol) in DCM (10 mL) in the presence of DiPEA (766 µL; 4.4 mmol) for 16h. A�er drying in 
vacuo overnight, the amount of Fmoc-VGly-OH coupled to the resin was determined by an 
Fmoc determina�on according to Meienhofer et al.28 and was found to be 0.485 mmol/g. 
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Subsequently, unreacted tritylchloride moie�es were capped with methanol (DCM/MeOH/
DiPEA; 3× 5 mL, each 2 min; 17/2/1; v/v/v). The Fmoc group was cleaved and the free amines 
were acetylated by treatment with capping reagent according to the general procedure for 
solid phase pep�de synthesis. The linear pep�de was released from the resin by treatment 
of the resin with HFIP/DCM (6 mL, 1/1, v/v) for 2h and concentrated. The pep�de was then 
dissolved in MeOH (2 mL) and TMS-diazomethane (1 mL) was added un�l the reac�on 
mixture remained yellow. The reac�on mixture was purified by column chromatography 
(DCM/MeOH/AcOH, 9/1/0.1, v/v/v) to afford pep�de 15 (78.4 mg; 45%). Rf = 0.62 (DCM/
MeOH/AcOH, 9/1/0.1, v/v/v); 1H-NMR (CDCl3, 300 MHz): δ = 6.79-6.72 (m, 1H, C=CHCH3), 
Ar-H), 3.69 (s, 3H, OCH3), 2.05 (s, 3H, CH3 Ac), 1.70 (d, J=7.2 Hz, 3H, C=CHCH3) ppm.

Ac-Ala-VGly-NH2 (18)   
Fmoc-Rink-Tentagel resin (1 g; 0.24 mmol) was loaded with Fmoc-VGly-OH (155.2 mg; 0.48 
mmol) according to the general procedure for solid phase pep�de synthesis. A�er drying 
in vacuo overnight, the amount of Fmoc-VGly-OH coupled to the resin was determined by 
an Fmoc determina�on according to Meienhofer28 and was found to be 0.21 mmol/g. The 
dipep�de was synthesized further following the general procedure for solid phase pep�de 
synthesis and released from the resin by treatment with TFA/TIS/H2O (3 mL, 95/2.5/2.5, 
v/v/v) for 2h. The pep�de was precipitated in MTBE/hexane (1/1), the supernatant was 
removed and the crude pep�de was washed twice with MTBE/hexane (1/1) and dried in 
vacuo. According to NMR a mixture of 17 and 18.

Ac-VGly-Ala-OMe (21)   
A polystyrene resin func�onalized with a 2-chlorotrityl chloride linker (1.10 mmol/g; 1g; 
1.10 mmol) was loaded with Fmoc-Ala-OH (684.9 mg; 1.10 mmol) in DCM (10 mL) in the 
presence of DiPEA (766 µL; 4.4 mmol) for 16h. A�er drying in vacuo overnight, the amount 
of Fmoc-Ala-OH coupled to the resin was determined by an Fmoc determina�on according 
to Meienhofer28 and was found to be 0.428 mmol/g. Subsequently, unreacted tritylchloride 
moie�es were capped with methanol (DCM/MeOH/DiPEA; 3× 5 mL, each 2 min; 17/2/1; 
v/v/v). Then, following the general procedure for solid phase pep�de synthesis, the Fmoc 
group was cleaved, Fmoc-VGly-OH coupled, followed by again cleavage of the Fmoc and 
acetyla�on of the free amines by treatment with capping reagent. The linear pep�de was 
released from the resin by treatment of the resin with HFIP/DCM (6 mL, 1/1, v/v) for 2h 
and concentrated. The pep�de was then dissolved in MeOH (2 mL) and TMS-diazomethane 
(1.15 mL) was added un�l the reac�on mixture remained yellow. The reac�on mixture was 
purified by column chromatography to afford the conjugated product 20 (49.2 mg; 27%) and 
the desired dipep�de 21 (67.8 mg; 20%). Rf 20= 0.53 (DCM/MeOH/AcOH, 9/1/0.1, v/v/v); 
1H-NMR (CDCl3, 300 MHz): δ = 7.78 (s, 1H, NH), 7.05 (d, J=6.9 Hz, 1H, NH Ala), 6.46-6.39 (q, 
1H, C=CHCH3), 4.62-4.54 (m, 1H, αCH Ala), 3.75 (s, 3H, OCH3), 2.10 (s, 3H, CH3 Ac), 1.70 (d, 
J=7.2 Hz, 3H, C=CHCH3), 1.42 (d, J=7.2 Hz, 3H, CH3 Ala) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ 
= 173.9, 169.7 and 165.3 (CO), 130.1 (C=CHCH3), 129.1 (C=CHCH3), 52.6 (OCH3), 48.6 (αCH 
Ala) 23.2 (CH3 Ac), 18.0 (CH3 Ala), 13.8 (C=CHCH3). Rf 21= 0.57 (DCM/MeOH/AcOH, 9/1/0.1, 
v/v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.49 (d, J=7.2 Hz, 1H, NH Ala), 7.14 (d, J=7.7 Hz, 1H, NH 
VGly), 5.92-5.81 (m, 1H, βCH= VGly), 5.39 (dd, J=16.2 Hz, 1h, CH=CHtrans), 5.26 (dd, J=11.2 Hz, 
1H, CH=CHcis), 5.23-5.19 (m, 1H, αCH Vgly), 4.58-4.48 (m, 1H, αCH Ala), 3.74 (s, 3H, OCH3), 
2.04 (s, 3H, CH3 Ac), 1.42 (d, J=7.2 Hz, 3H, CH3 Ala) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 
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173.1, 170.2 and 170.0 (C=O), 133.6 (βCH= VGly), 118.2 (γCH2= VGly), 55.5 (αCH Vgly), 52.5 
(OCH3), 48.5 (αCH Ala), 23.1 (CH3 Ac), 17.9 (CH3 Ala).

Boc-(S)-homoserine t-butyl ester (24)21

To a cooled solu�on of Boc-Asp-OtBu 23 (10.81 g; 37.35 mmol) in THF (40 mL) 
at -15°C NMM (4.11 mL; 37.35 mmol) and isobutylchloroformate (4.84 mL; 
37.35 mmol) were added. A�er an ac�va�on period of 10 min, the precipitate 

NMM.HCl was removed by filtra�on and the solid washed with cold THF. NaBH4 (2.83 g; 
74.70 mmol) was added to the solu�on in one por�on followed by the dropwise addi�on 
of MeOH (40 mL) at 0°C over 1h. A solu�on of 1 N HCl (50 mL) was added and the mixture 
was extracted with Et2O (3× 100 mL). The combined organic layer was washed with 1 N HCl 
(3× 100 mL), 5% NaHCO3 (3× 100 mL), and H2O (3× 100 mL). The organic layer was dried 
(Na2SO4), filtered and concentrated in vacuo yielding product 24 (8.05 g; 78%) as a clear oil. 
Rf = 0.52 (Hexane/acetone, 7/3, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 5.38 (d, J=7.7 Hz, 1H, 
NH), 4.39-4.32 (m, 1H, αCH), 3.76-3.60 (m, 2H, γCH), 2.20-2.09 (m, 1H, βCH2), 1.59-1.49 (m, 
1H, βCH2), 1.47 (s, 9H, tBu), 1.45 (s, 9H, tBu) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 172.2 (CO 
tBu), 156.8 (CO Boc), 82.5 and 80.5 (C tBu), 58.4 (γCH2), 51.0 (αCH), 36.7 (βCH2), 28.4 and 
28.2 (CH3).

(S)-tert-Butyl 2-Boc-amino-4-(2-nitrophenylselenyl)butanoate (25)7

To a solu�on of 2-NO2PhSeCN (19.92 g; 87.71 mmol) and homoserine deriva�ve 
24 (8.05 g; 29.24 mmol) in THF (dis�lled over LiAlH4, 350 mL) under N2 a solu�on 
of Bu3P (8.87 g; 43.85 mmol) in THF (dis�lled over LiAlH4, 250 mL) was added 
dropwise over 30 min. The reac�on was s�rred for 16h and the mixture was 

concentrated in vacuo. The residue was redissolved in Et2O (350 mL) and washed with 
brine (2× 350 mL) and H2O (350 mL). The combined organic layers were dried (Na2SO4), 
filtered and concentrated in vacuo. Pure product 25 (9.9 g; 74%) was obtained a�er column 
chromatography (Hexanes/Et2O, 9/1, v/v) as a yellow solid. Rf = 0.23 (Hexane/Et2O, 7/3, v/v); 
1H-NMR (CDCl3, 300 MHz): δ = 8.31-8.28 (m, 1H, Ar-H), 7.56-7.46 (m, 2H, Ar-H), 7.35-7.27 
(m, 1H, Ar-H), 5.23 (bs, 1H, NH), 4.31 (bs, 1H, αCH), 3.03-2.85 (m, 2H, γCH2), 2.33-2.25 (m, 
1H, βCH), 2.12-2.02 (m, 1H, βCH), 1.49 (s, 9H, tBu), 1.47 (s, 9H, tBu) ppm; 13C-NMR (CDCl3, 
75.5 MHz): δ = 171.0 (CO tBu), 155.6 (CO Boc), 147.0 and 133.2 (Ar-C), 133.9, 128.9, 126.7 
and 125.7 (Ar-CH), 82.8 and 80.2 (C tBu), 54.6 (αCH), 32.5 (γCH2), 28.5 and 28.2 (CH3), 21.5 
(βCH2).

(S)-2-Fmoc-amino-4-(2-nitrophenylselenyl)butanoate (22)
A mixture of DCM/TFA (2/1, v/v, 50 mL) was added dropwise to a solu�on of 
25 (2.68 g; 5.83 mmol) in dry DCM (30 mL). The mixture was s�rred overnight 
and concentrated. H2O (100 mL) was added and washed with Et2O (100 mL) to 
remove the tert-butyl impuri�es. The H2O layer was concentrated to a minimal 

amount and stored at 4 °C overnight. The yellow precipitate was filtered off to afford pure 
product (1.41 g; 80%) as a yellow solid. Rf = 0.29 (DCM/MeOH/AcOH, 9/1/0.1, v/ v/v). To a 
suspension of the unprotected hSec(oNO2)Ph (1.41 g; 4.65 mmol) was in H2O (20 mL) Et3N 
was added un�ll the pH of the solu�on was 9. A solu�on of Fmoc-OSu (1.57 g; 4.65 mmol) in 
MeCN (10 mL) was added to this mixture. The suspension was s�rred overnight. Acetonitrile 
was removed and the residue was acidified to a pH of 1-2 with 1M HCl and extracted with 
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EtOAc (3× 20 mL). The combined organic layers were dried (Na2SO4), filtered and concentrated 
in vacuo. Pure Fmoc-deriva�ve 22 (1.81 g; 74%) was obtained by crystalliza�on in EtOAc. Rf = 
0.62 (DCM/MeOH/AcOH, 9/1/0.1, v/v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.28 (dd, J=8.3 Hz, 
1H, Ar-H), 7.90 (d, J=7.7 Hz, 1H, Ar-H), 7.80-7.64 (m, 5H, Ar-H + NH), 7.50-7.29 (m, 5H, Ar-H), 
4.34-4.11 (m, 4H, CH + CH2 Fmoc, αCH), 3.04 (t, J=7.6 Hz, 2H, γCH2), 2.10-2.04 (m, 2H, βCH2) 
ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 173.2 and 156.2 (CO), 146.5, 143.7, 140.7 and 131.6 
(Ar-C), 134.5, 129.5, 127.6, 127.0, 126.4, 126.2, 125.2 and 120.1 (Ar-CH), 65.6 (CH2 Fmoc), 
53.8 (αCH), 46.7 (CH Fmoc), 30.2 and 22.1 (CH2).

Ac-VGly-Alg-NH2 (27)
Linear pep�de Ac-[oNO2PhSe]VGly-Alg-NH2 (26) was synthesized on Fmoc-Rink-Tentagel 
resin (1 g; 0.25 mmol) according to the general procedure for solid phase pep�de synthesis. 
A trial cleavage of 26 and analysis on TLC showed an Rf value of 0.50 (DCM/MeOH/AcOH, 
9/1/0.1,v/ v/v). Subsequently, the resul�ng yellow resin-bound pep�de 26 (200 mg; 50 
µmol) in THF (2 mL) was cooled to -2°C and treated with H2O2 (30%; 0.5 mL). The mixture 
was shaken overnight and the resin was washed with THF (6×) and DCM (6×). The yellow 
color of the resin disappeared during these washing steps. The pep�de was cleaved from 
the resin by treatment with TFA/TIS/H2O (2 mL, 95/2.5/2.5, v/v/v) for 2h. The pep�de was 
precipitated in MTBE/hexane (1/1), the supernatant was removed and pep�de 27 was 
washed twice with MTBE/hexane (1/1) and dried in vacuo.
Rf = 0.21 (DCM/MeOH/AcOH, 9/1/0.1,v/ v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.20 (d, J=7.7 
Hz, 1H, NH VGly), 7.98 (d, J=8.0 Hz, 1H, NH Alg), 7.30 (s, 1H, NH2), 7.07 (s, 1H, NH2), 5.90-
5.81 (m, 1H, βCH= VGly), 5.79-5.64 (m, 1H, γCH= Alg), 5.30-5.00 (m, 4H, δCH2= Alg, γCH2= 
VGly),  4.89 (t, J=6.0 Hz, 1H, αCH VGly), 4.27-4.21 (m, 1H, αCH Alg), 2.45-2.25 (m, 2H, βCH2 

Alg), 1.88 (s, 3H, CH3 Ac) ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 172.5, 169.3 and 169.1 (C=O), 
134.5 and 134.1 (CH=), 117.4 and 116.4 (CH2=), 55.2 and 52.0 (αCH), 36.2 (βCH Alg), 22.4 
(CH3 Ac).

Ac-Cyclo[Alg-Pro-Gly-Alg]-Lys-NH2 (31)   
The linear pep�de Ac-Alg-Pro-Gly-Alg-Lys-NH2 (28) was synthesized on Fmoc-Rink-Tentagel 
resin (1 g; 0.25 mmol) according to the general procedure for solid phase pep�de synthesis. 
ESI-MS calcd for TFA deprotected 28 C25H41N7O6: 535.31, found: m/z 538.85 [M+H]+; Rf = 0.67 
(CHCl3/MeOH/NH3, 60/45/20, v/v/v). The resul�ng resin-bound pep�de 28 was subjected 
to the general microwave-assisted RCM procedure under the following condi�ons: Resin-
bound pep�de (200 mg; 50 µmol), DCM (2 mL), LiCl/DMA (degassed; 0.4M; 0.18 mL), Grubbs 
II (10 mol%; 4.2 mg; 5 µmol), 100 °C for 60 min.23 The pep�de was cleaved from the resin by 
treatment with TFA/TIS/H2O (2 mL, 95/2.5/2.5, v/v/v) for 2h. The pep�de was precipitated 
in MTBE/hexane (1/1), the supernatant was removed and pep�de 31 was washed twice 
with MTBE/hexane (1/1) and dried in vacuo. ESI-MS calcd for 31 C23H37N7O6: 507.28, found: 
m/z 508.30 [M+H]+; Rf = 0.49 (CHCl3/MeOH/NH3, 60/45/20, v/v/v).

Ac-VGly-Pro-Gly-Alg-Lys-NH2 (32)
The linear pep�de Ac-[oNO2PhSe]VGly-Pro-Gly-Alg-Lys-NH2 (29) was synthesized on Fmoc-
Rink-Tentagel resin (1 g; 0.25 mmol) according to the general procedure for solid phase 
pep�de synthesis. ESI-MS calcd for TFA deprotected 29 C30H44N8O8Se: 724.24, found: m/
z 725.20 [M+H]+. Subsequently, the resul�ng yellow resin-bound pep�de 29 (200 mg; 50 
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µmol) in THF (2 mL) was cooled to -2°C and treated with H2O2 (30%; 0.5 mL). The mixture 
was shaken overnight and the resin was washed with THF (6×) and DCM (6×). The yellow 
color of the resin disappeared during these washing steps. And the resin bound pep�de was 
subjected to the general microwave-assisted RCM procedure under the following condi�ons: 
Resin-bound pep�de (200 mg; 50 µmol), DCM (2 mL), LiCl/DMA (degassed; 0.4M; 0.18 mL), 
Grubbs II (10 mol%; 4.2 mg; 5 µmol), 100 °C for 60 min. The pep�de was released from 
the resin by treatment with TFA/TIS/H2O (2 mL, 95/2.5/2.5, v/v/v) for 2h. The pep�de was 
precipitated in MTBE/hexane (1/1), the supernatant was removed and pep�de 32 was 
washed twice with MTBE/hexane (1/1) and dried in vacuo. ESI-MS calcd for 32 C24H39N7O6: 
521.30, found: m/z 523.20 [M+H]+.

Ac-VGly-Pro-Gly-VGly-Lys-NH2 (33)
Pep�de 33 was obtained analogous to pep�de 32. Only during the oxida�on step the 
resin was treated with a double amount of H2O2 (30%; 1 mL) due to the presence of two 
[oNO2PhSe]VGly residues. ESI-MS calcd for TFA deprotected 30 C35H47N9O10Se2: 913.18, 
found: m/z 913.90 [M+H]+. ESI-MS calcd for 33 C23H37N7O6: 507.28, found: m/z 508.27 
[M+H]+; 1H-NMR (D2O, 500 MHz): δ = 5.99-5.91 (m, 1H, βCH= VGly), 5.91-5.85 (m, 1H, βCH= 
VGly), 5.50-5.38 (m, 4H, 2x, γCH2= VGly), 5.15 (d, J=6.3 Hz, 1H, αCH VGly), 4.91 (d, J=6.3 Hz, 
1H, αCH VGly), 4.48 (t, 1H, αCH Pro), 4.31 (q, 1H, αCH Lys), 3.99 (s, 2H, αCH2 Gly), 3.85-3.80 
(m, 1H, δCH2 Pro), 3.69-3.65 (m, 1H, δCH2 Pro), 3.02 (t, J=7.6 Hz, 2H, εCH2 Lys), 2.37-2.30 
(m, 1H, βCH2 Pro), 2.09-2.03 (m, 2H, δCH2 Lys), 2.06 (s, 3H, CH3 Ac), 2.01-1.96 (m, 1H, βCH2 
Pro), 1.92-1.87 (m, 1H, γCH2 Pro), 1.83-1.76 (m, 1H, γCH2 Pro), 1.74-1.68  (m, 2H, βCH2 Lys), 
1.53-1.44 (m, 2H, γCH2 Lys) ppm; 13C-NMR (D2O, 125 MHz): δ = 131.0 and 130.1 (βCH= VGly), 
120.5 and 120.1 (γCH2= VGly), 60.6 (αCH Pro), 56.1 and 54.3 (αCH VGly), 53.0 (αCH Lys), 
47.3 (δCH2 Pro), 42.0 (αCH2 Gly), 38.7 (εCH2 Lys), 29.7 (γCH2 Pro), 28.7 (βCH2 Pro), 25.6 (βCH2 
Lys), 24.1 (δCH2 Lys), 21.6 (γCH2 Lys), 21.0 (CH3 Ac).

Boc-(S)-vinylglycine tert-butyl ester (34)   
Selenide 25 (4.08 g; 8.88 mmol) was dissolved in THF (300 mL), cooled to -5°C, 
and treated with H2O2 (30%; 75 mL). A�er 30 min the reac�on mixture was 

quenched with Na2S2O3, H2O (200 mL) was added and the solu�on extracted with Et2O (3× 
200 mL). The combined organic layers were dried (Na2SO4), filtered and concentrated in 
vacuo. Pure product 34 (1.78 g; 77%) was obtained a�er column chromatography (Hexane/
Et2O, 7/3, v/v). Rf = 0.56 (Hexane/Et2O, 7/3, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 5.95-5.80 (m, 
1H, βCH=), 5..33 (dd, J=17.1 Hz, 1H, CH=CHtrans), 5.22 (dd, J=10.5 Hz, 1H, CH=CHcis), 4.80-4.68 
(m, 1H, αCH), 1.47 (s, 9H, tBu), 1.45 (s, 9H, tBu) ppm.

Fmoc-(S)-allylglycine benzyl ester (36)   
To a s�rred solu�on of Fmoc-Alg-OH 35 (10 g; 29.6 mmol) in dry DMF (150 mL), 
NaHCO3 (6.23 g; 74.1 mmol) and benzyl bromide (10.6 mL; 88.9 mmol) were 

added. The reac�on mixture was s�rred for 48h, diluted with H2O (200 mL) and extracted 
with DCM (3× 150 mL). The combined organic layer was washed with H2O (2× 150 mL), sat 
NaHCO3 (150 mL) and brine (150 mL) and then dried (Na2SO4), filtered and concentrated in 
vacuo. The product was precipitated by adding cold hexane (250 mL) and s�rring vigourously 
un�ll precipita�on was complete to afford 36 as a white solid (11.47 g, 91 %). Rf = 0.33 
(Hexane/EtOAc, 5/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.75 (d, J=7.4 Hz, 2H, Ar-H), 7.58 
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(d, J=7.2 Hz, 2H, Ar-H), 7.42-7.24 (m. 9H, Ar-H), 5.70-5.59 (m, 1H, γCH=), 5.35 (d, J=7.7 Hz, 
1H, NH), 5.23-5.06 (m, 4H, OCH2Ar, δCH2=), 4.53-4.49 (m, 1H, αCH), 4.38 (d, J=6.9 Hz, 2H, 
CH2Fmoc), 4.22 (t, J=6.6 Hz, 1H, CH Fmoc), 2.61-2.52 (m, 2H, βCH2) ppm; 13C-NMR (CDCl3, 
75.5 MHz): δ = 171.8 (BnO-CO), 155.9 (CO Fmoc), 143.9, 141.5 and 135.4 (Ar-C), 132.1 
(γCH=), 128.8, 128.7, 128.6, 127.9, 127.2, 125.3 and 120.2 (Ar-CH), 119.7 (δCH2=), 67.4 and 
67.3 (CH2 Fmoc and OCH2Ar), 53.5 (αCH), 47.3 (CH Fmoc), 36.9 (βCH2).

(2S,6S,E)-7-benzyl 1-tert-butyl 6-(Fmoc-amino)-2-(Boc-amino)hept-3-ene-
dioate (37)
Grubbs II catalyst (28 mg; 0.033 mmol) was added to a solu�on of Fmoc-Alg-
OBn 36 (140.9 mg; 0.33 mmol) and Boc-VGly-OtBu 34 (169.6 mg; 0.66 mmol) 
in DCM (2 mL). The reac�on mixture was refluxed  overnight and concentrated. 

Pure cross metathesis product 37 (98 mg; 45%) was obtained a�er column chromatography 
(Hexane/EtOAc, 7/1, v/v). 1H-NMR (CDCl3, 300 MHz): δ = 7.75 (d, J=7.4 Hz, 2H, Ar-H), 7.60 
(d, J=7.2 Hz, 2H, Ar-H), 7.42-7.26 (m. 9H, Ar-H), 5.75-5.60 (m, 2H, 2× CH=), 5.55 (d, 1H, 
NH),  5.20 (d, 2H, OCH2Ar), 5.10 (m, 1H, NH), 5.0-4.92 (m, 1H, αCH VGly), 4.45-4.34 (m, 2H, 
CH2Fmoc), 4.32-4.18 (m, 2H, CH Fmoc, αCH Alg), 2.62-2.50 (m, 1H, βCH2 Alg), 2.50-2.38 (m, 
1H, βCH2 Alg), 1.48 (s, 9H, tBu), 1.45 (s, 9H, tBu) ppm.
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4.1 Introduc�on

The echinocandin an�fungal class of compounds are known to bind to the glucan synthase 
cataly�c subunit, however the exact mechanism of inhibi�on is not understood.1 Although 
several genes2,3 have been iden�fied that are involved in resistance to the echinocandins4,5, 
their direct role is s�ll unknown. A synthe�c molecular probe that may bind to the products 
of these genes, leading to their iden�fica�on, may contribute to the elucida�on of the 
mechanism of ac�on of the echinocandin an�fungal compounds.

Scheme 1. Schema�c presenta�on of the synthesis of a photoaffinity probe containing analogue (1) of an aryl azide 
photolabel.

So far only Radding et al have reported the use of a photoaffinity probe containing echinocandin 
analogue (1, Scheme 1).6 This analogue was prepared by coupling the N-hydroxysuccinimide 
ester of 4-azidobenzoic acid to the free amine, resul�ng from aminoethyla�on of the 
aminal hydroxyl group of anidulafungin as shown in Scheme 1. The obtained azidobenzoate 
deriva�ve 1 maintained in vitro microbiological ac�vity against Candida albicans and was 
radiolabeled by solid-phase iodina�on of the homotyrosine residue. The resul�ng 125I-
labeled echinocandin probe was then used in photoaffinity experiments to label membrane 
prepara�ons of C. albicans possessing glucan synthase ac�vity. Two major proteins of 40 
and 18 kDa were specifically labeled by the photoaffinity probe. This labelling could be 
effec�vely suppressed by unlabeled echinocandin analogs. Labelling of the 40-kDa protein 
was sufficient to allow purifica�on but unfortunately the echinocandin-cross-linked 40 kDa 
C. albicans was not further characterized.6

To elucidate in more detail the molecular mechanism of ac�on of the echinocandin an�fungal 
compounds alterna�ve photoaffinity containing analogs may be interes�ng. A chemical 
probe-based method as shown in Figure 1 was envisioned. This requires the construc�on 
of a chemical probe consis�ng of a photoreac�ve group for photoaffinity cross-linking and 
a so called reporter tag (e.g fluorescein) for read out. The idea of this concept is that the 
protein of interest (glucan synthase) is incubated with the chemical probe. Next, the sample 
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is irradiated with UV-light (366 nm), which will cross-link the probe to the target protein. 
Then, a fluorescent reporter is clicked to the alkyne moiety of the chemical probe.7 This two-
step labelling process has been developed because of the hydrophobicity, bulkyness and 
difficult cellular uptake of reporter molecules such as fluorescein.8 Thus, the alkyne moiety 
permits post-labelling readout of captured echinocandin-binding protein targets, thereby 
excluding contribu�ons of the reporter molecule. Introduc�on of a fluorescent label via 
‘click’ chemistry allows the labelled proteins to be visualized in a gel. The whole complex can 
be resolved on SDS-page, and the gel scanned for fluorescence.7

Figure 1. Schema�c representa�on of the use of a chemical probe, consis�ng of a photo reac�ve group and an 
alkyne moiety, in protein labelling.

Due to the structural importance of the cyclic hexapep�de nucleus of the echinocandins, 
it may be advisable to construct the chemical probe as part of the fa�y acid side chain. 
The side chain of the echinocandins has been studied extensively. Several ar�cles have 
described semisynthe�c analogues of the echinocandins by enzyma�c deacetyla�on and 
chemical reacetyla�on of the side chain.9-14 It has been shown that increasing the length of 
the side chain, increased the ac�vity (from C-12 to C-18).9 Moreover, lipophilic aroyl groups 
can replace the natural fa�y acid moie�es.10 In addi�on, inser�on of addi�onal phenyl 
groups in the side chain led to alkoxybiphenyl and terphenoyl analogues with excellent an�-
Candida ac�vity.12 However, these phenylic moie�es have to be near the carbonyl moiety 
at the head of the side chain for the best ac�vity and a rigid geometry of the side chain is 
preferable.12 Finally, it has been shown that the lipophilicity of the side chains was important 
for an�fungal ac�vity. Using ClogP values to describe and compare the lipophilici�es of the 
side chain fragments, it has been shown that values of >3.5 were required for expression of 
an�fungal ac�vity.12

Based on these earlier studies and the requirements of the chemical probe a set of probes 
is proposed, consis�ng of a benzophenone photoaffinity label and alkyn moiety as is shown 
in Figure 2. Next, these probes will be coupled to the cyclic pep�de to obtain a series of 
echinocandin based photoaffinity analogues. These analogues will be tested for their 
biological ac�vity and if ac�ve they can be used in a labelling experiment as illustrated in 
Figure 1.
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Figure 2. Proposed probes (5-7) for the synthesis of a serie of echinocandin based photoaffinity analogues and 
previously described echinocandin analogue (4).

Photoaffinity labels 515,16 and 6 are benzophenone containing labels with different lengths 
of the alkyne moiety. Photoaffinity label 7 was included as a reference, this probe lacks the 
alkyne moiety and instead a 4-pentyloxy group, as in the terphenyl tail of analog 4 (previously 
described in chapter 2, as mimic 13b), was incorporated. When coupled to the pep�de, this 
probe will serve as a reference to inves�gate whether the changes to the rela�vely rigid 
terphenyl side chain of 4 will be detrimental to the ac�vity of the echinocandin pep�de 
analogues. Debono et al12 have shown that introduc�on of a spacer consis�ng of a single 
oxygen or carbon atom between biphenyl aroyl groups resulted in compounds that are less 
ac�ve. One major structural consequence of these modifica�ons is conversion of the linear 
shape of the biphenyl aryl groups to a bent one with angle of ca 120°. However, elonga�ng 
this bridge by yet another atom restored the an�fungal ac�vity back to the same level. This 
elonga�on relaxed the angular shape and permi�ed a more linear orienta�on and thereby 
restored its ac�vity. This result showed that there is some room for altering the linear 
structure of the side chains as in 4. The benzophenone (5-7) containing labels also show a 
more angular rela�onship between the biphenyl aroyl groups. However, these structures 
are more flat than the inac�ve compounds described by Debono et al. In addi�on, probes 6 
and 7 fulfil the criteria of a ClogP value greater than 3.5.17

4.2 Results and discussion

This work started with the synthesis of the photoaffinity label containing side chains, 
followed by the solid phase synthesis of the echinocandin pep�de analogues. 

The prepara�on of the benzophenone containing side chains is summarized in Scheme 2. 
Phenol (8) was alkylated by propargylbromide or 1-bromopentane in the presence of a base 
to give 10 and 12, respec�vely. For the synthesis of 11, phenol 8 was reacted with hex-5-
ynyl methanesulfonate (9). Then, ethers 10-12 were subjected to Friedel-Cra�s acyla�on. 
Terephtalic acid monomethyl ester (13) was converted to its acid chloride 14 and reacted 
with the corresponding ethers 10-12 in the presence of AlCl3 to afford the benzophenone 
esters 15-17. Finally, saponifica�on gave access to the corresponding acids 5-7.
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Scheme 2. Reagents and condi�ons: (i) 10: K2CO3, propargylbromide, acetone, 20h, 70%; 11: (1) NaOH, H2O, 60°C; 
(2) hex-5-ynyl methanesulfonate (9), THF, ∆, 18h, 62%; 12: 1-bromopentane, K2CO3, KI, DMF, 4h, 90%; (ii) SOCl2, ∆, 
6h, quant.; (iii) AlCl3, DCM, ∆, 4h, 15: 32%, 16: 19%, 17: 44%; (iv) LiOH, MeOH, ∆, 18h, 87-95%.

The echinocandin based photoaffinity analogues were synthesized as is outlined in Scheme 3. 
The linear hexapep�de precursor 18 was synthesized by SPPS using the trityl resin. Removal 
of the ε-Fmoc group from ornithine, followed by coupling of the photolabel containing side 
chains 5-7 and mild acidoly�c cleavage of the M� group liberated the pep�de chain from 
the resin to give the linear fully protected pep�de precursor 19. Solu�on-phase cycliza�on 
followed by protec�ng group removal afforded the macrocyclic pep�des 20-22 in overall 
yields of 7-17% a�er purifica�on by prepara�ve HPLC.

Scheme 3. Reagents and condi�ons: (i) Fmoc-Hyp(tBu)-OH, DIPEA, DCM; (ii-vi) (1) 20% piperidine in NMP; (2) 
Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) (1) 20% piperidine in NMP; (2) photolabel containing side chain 5-7, HATU, 
DiPEA, NMP; (viii) TFE/AcOH/DCM (2/1/7; v/v/v); (ix) BOP, DiPEA, DMF; (x) TFA/TIS/H2O (95/2.5/2.5; v/v/v).
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The an�fungal ac�vity of each echinocandin analogue was evaluated by broth microdilu�on 
using Caspofungin18 as a reference compound. Minimum inhibitory concentra�ons (MICs) 
were inspected visually and thereby quan�fied as the lowest concentra�on of compound 
resul�ng in inhibi�on of yeast growth a�er overnight incuba�on at 30 °C (Table 1). In 
addi�on, the MIC value of the previously described head-to-tail mimic 4 with a terphenyl 
chain was included in Table 1.

Table 1. An�fungal ac�vity of the photoaffinity probe echinocandin analogues in µg/mL.

 Candida albicans
 CBS 9975

Caspofungin 0.025
20 >100
21 >100

22 >100

4 0.14

Unfortunately, none of the photoaffinity probe echinocandin analogues showed an�fungal 
ac�vity up to 100 µg/mL. Replacement of the linear terphenyl chain (4) with benzophenone 
based labels (20-22) completely abolished the ac�vity. This might be due to the presence 
of a bent side chain in mimics 20-22 instead of a straight one as in mimic 4. Although our 
mimics, with a ketone spacer between the biphenyl groups are more constrained and rigid, 
in comparison to the freely rotatable oxygen or carbon spacers described by Debono12 the 
an�fungal ac�vity had completely disappeared. These observa�ons further support the 
hypothesis that the side chain has to be straight and rela�vely rigid for op�mal an�fungal 
potency.

4.3 Conclusion 

Novel photoaffinity probe containing echinocandin analogues were synthesized. Fa�y 
acids containing a photoaffinity label were designed and synthesized. Although synthesis 
of the mimics 20-22 was successful, evalua�on of their an�fungal proper�es showed no 
measurable ac�vity. These findings stress the importance of the nature of the fa�y acid side 
chain in rela�on to an�fungal potency.

4.4 Experimental sec�on

4.4.1 Reagents, materials and analysis methods

Unless stated otherwise, all chemicals were obtained from commercial sources and used as 
supplied, with the excep�on of DMF, NMP and DCM, which were dried on molecular sieves 
(4Å) prior to use. HPLC grade solvents were purchased from Biosolve B.V. (Valkenswaard, The 
Netherlands). Fmoc protected amino acids were purchased from GL Biochem Ltd. (Shanghai, 
China). Protected homotyrosine (H-hTyr(tBu)-OH) was purchased from Advanced Chemtech 
(Louisville, United States) and furnished with the Fmoc group. The 2-chlorotritylchloride PS 
resin was purchased from Hecheng Chemicals (Shanghai, China). All other reagents were 
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purchased from Merck (Darmstadt, Germany), Sigma-Aldrich (Munich, Germany) and Acros 
(Geel, Belgium) and were used without further purifica�on.

All Reac�ons were carried out at room temperature unless stated otherwise. Solid phase 
synthesis was performed in plas�c syringes with a polyethylene frit. Reac�ons were 
monitored by TLC on Merck pre-coated Silica 60 plates. Spots were visualized by UV light, 
ninhydrin or K2CO3/KMnO4. Solid phase reac�ons were monitored with the chloranil test19 
in case of secondary amines or with the Kaiser test20 in case of primary amines. Column 
chromatography was performed using Silicycle UltraPure silicagel (40-63 µm).

1H NMR spectra were recorded on a Varian G-300 (300 MHz) spectrometer and chemical 
shi�s are given in ppm rela�ve to TMS (0.00 ppm). 13C NMR spectra were recorded using 
the a�ached proton test (APT) sequence on  a varian G-300 (75.5 MHz) spectrometer and 
chemical shi�s are given in ppm rela�ve to CDCl3 (77.0 ppm). For measurements in DMSO, 
the residual solvent peak was used as a reference. For the pep�des 1H NMR, TOCSY, 1H-
13C HSQC and ROESY spectra were recorded using a Varian INOVA-500 spectrometer (500 
MHz).

The purity of the pep�des was confirmed by analy�cal HPLC using an All�ma C8 column. 
Analy�cal HPLC was performed on a Shimadzu automated HPLC system equipped with 
an evapora�ve light sca�ering detector (PL-ELS 1000) and a UV/Vis detector operated at 
220/254 nm. A flow rate of 0.5 mL/min with a linear gradient of buffer B (100% in 40 min) 
from 100% buffer A was used. Prepara�ve HPLC runs were performed using a C8 Al�ma 
column on an Applied Biosystems 400 solvent delivery system with an Applied Biosystems 
757 UV/VIS absorbance detector. A flow rate of 6 mL/min with a linear gradient of buffer 
B (100% in 80 min) from 100% buffer A was used. The buffer system will be referred to as 
i-PrOH/MeOH/H2O buffer and consists of buffer A: 0.1 % TFA in i-PrOH/MeOH/H2O, 5/5/90, 
v/v/v and buffer B: 0.1% TFA in i-PrOH/MeOH/H2O, 45/50/5, v/v/v.

ESI-MS spectra were obtained in the posi�ve ion mode on a Shimadzu QP8000 single 
quadrupole mass spectrometer. Pep�des were characterized by high resolu�on mass 
spectrometry (HRMS) analyses performed on a MALDI TOF/TOF (Applied Biosystems). 

4.4.2 Chemistry

Hex-5-ynyl methanesulfonate (9)
Methanesulfonyl chloride (1.0 mL; 13.0 mmol) was added dropwise to a 

solu�on of 5-hexyn-1-ol (1.37 mL; 12.4 mmol) and TEA (1.90 mL; 13.7 mmol) in dry DCM (120 
mL). The reac�on mixture was s�rred for 2.5 h. The mixture was washed with 1 M KHSO4 
(150 mL) and H2O (150 mL). The organic layer was dried (Na2SO4), filtered and concentrated 
in vacuo. Pure product 9 (2.17 g; 99%) was obtained a�er column chromatography (DCM/
MeOH, 200/1, v/v) as a clear oil. Rf = 0.15 (DCM/MeOH, 200/1, v/v); 1H-NMR (CDCl3, 300 
MHz): δ = 4.29 (t, J=6.3 Hz, 2H, OCH2), 3.02 (s, 3H, CH3), 2.24-2.29 (m, 2H, CH2C), 1.98 (t, 
J=2.6 Hz, 1H, C≡CH),  1.85-1.92 (m, 2H, CH2), 1.64-1.71 (m, 2H, CH2) ppm; 13C-NMR (CDCl3, 
75.5 MHz): δ = 83.8 (C≡CH), 69.7 (OCH2), 68.2 (≡CH), 37.9 (CH3), 28.1 and 24.4 (CH2), 21.6  
(CH2CH≡CH).
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1-(prop-2-ynoxy)benzene (10)
Phenol (3.0 g; 31.9 mmol) was dissolved in dry acetone (30 mL), K2CO3 (13.2 
g; 95.6 mmol) was added and propargylbromide (4.3 mL; 47.8 mmol) was 

added dropwise to the mixture. The mixture was s�rred overnight and the K2CO3 filtered 
off. Subsequently, the filtrate was co-evaporated with toluene (3×) in vacuo. Pure product 
10 (2.95 g; 70%) was obtained a�er column chromatography (DCM/MeOH, 250/1, v/v) as a 
clear oil. Rf = 0.90 (DCM/MeOH, 200/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 7.30 (t, J=0.8 Hz, 
2H, Ar-H), 7.01-6.96 (m, 3H, Ar-H), 4.68 (d, J=2.2 Hz, 2H, OCH2), 2.50 (d, J=0.8Hz, 1H, C≡CH) 
ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 157.7 (Ar-C), 129.7, 121.8 and 115.1 (Ar-CH), 76.9 
(C≡CH), 75.7 (C≡CH), 56.0 (OCH2).

1-(hex-5-ynoxy)benzene (11)
To a solu�on of NaOH (1.72 g; 43.1 mmol) in H2O (100 mL) phenol (4.06 g; 
43.1 mmol) was added. The mixture was s�rred for 1h, subsequently the 

mixture was heated at 60°C for an addi�onal 3h. A�er filtra�on, pure sodium phenoxide 
(5.11 g; 100%) was obtained by crystalliza�on from EtOH. Hex-5-ynyl methanesulfonate (9) 
(510 mg; 2.89 mmol) was added dropwise to a solu�on of sodium phenoxide (310 mg; 2.63 
mmol) in dry THF (4 mL). The reac�on mixture was refluxed overnight. The mixture was then 
washed with H2O (10 mL) and extracted with Et2O (10 mL). The organic layer was washed 
with H2O (10 mL), brine (10 mL) and then dried (Na2SO4), filtered and concentrated in vacuo. 
Pure product 11 (0.31 g; 62%) was obtained a�er column chromatography (DCM/MeOH, 
300/1, v/v) as a clear oil. Rf = 0.90 (DCM/MeOH, 250/1, v/v); 1H-NMR (CDCl3, 300 MHz): 
δ = 7.27 (t, J=0.8 Hz, 2H, Ar-H), 6.95-6.87 (m, 3H, Ar-H), 3.97 (t, J=6.2 Hz, 2H, OCH2), 2.30-
2.24 (m, 2H, CH2C≡CH), 1.97-1.86 (m, 3H, CH2 and C≡CH), 1.77-1.70 (m, 2H, CH2) ppm; 13C-
NMR (CDCl3, 75.5 MHz): δ = 159.4 (Ar-C), 129.6, 120.8 and 114.7 (Ar-CH), 68.8 (C≡CH), 67.3 
(OCH2), 28.5, 25.3 and 18.4 (CH2).

1-(pentanoxy)benzene (12)
Phenol (0.90 g; 9.13 mmol), 1-bromopentane (2.07 g; 13.7 mmol), K2CO3 
(3.80 g; 27.40 mmol) and KI (317 mg; 1.83 mmol) were s�rred in dry DMF 

(20 mL) at 150°C for 4h. The reac�on was cooled and filtered. Subsequently, the solid was 
washed with acetone. The amount of DMF was reduced to ca 25% by evapora�on. A 1N HCl 
solu�on was added to give a precipitate and the acidified mixture was extracted with DCM 
(2x 50 mL). The combined organic layers were dried (Na2SO4), filtered and concentrated in 
vacuo, yielding a brownish solid. Pure product 12 (1.43 g; 90%) was obtained a�er column 
chromatography (DCM/MeOH, 250/1, v/v) as a clear oil. Rf = 0.98 (DCM/MeOH), 250/1, v/v); 
1H-NMR (CDCl3, 300 MHz): δ = 7.26 (t, J=6.9 Hz, 2H, Ar-H), 6.94-6.87 (m, 3H, Ar-H), 3.94 (t, 
J=6.6 Hz, 2H, OCH2), 1.82-1.73 (m, 2H, CH2CH3), 1.46-1.34 (m, 4H, OCH2CH2, OCH2CH2CH2), 
0.93 (t, J= 6.5 Hz, 3H, CH3) ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 159.4 (Ar-C), 129.6, 120.7 
and 114.7 (Ar-CH), 68.1 (OCH2), 29.3, 28.5 and 22.7 (CH2), 14.3 (CH3) ppm.

Methyl 4-(chlorocarbonyl)benzoate (14)
Terephthalic acid monomethylester 13 (4.55 g; 25.25 mmol) was dissolved 
in SOCl2 (55 mL) and refluxed for 6h. SOCl2 was removed by evapora�on 

followed by coevapora�on with toluene (3×) to afford the acid chloride 14. 1H-NMR (DMSO, 
300 MHz): δ = 8.07 (s, 4H, Ar-H), 3.90 (s, 3H, OCH3) ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 
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166.7 and 165.7 (C=O), 134.9 and 133.2 (Ar-C), 129.7 and 129.5 (Ar-CH), 52.6 (OCH3) ppm.

General procedure of Friedel-Cra�s acyla�on 
To a solu�on of alkylated phenol and acid chloride (1.1 equiv.) in dry DCM (3 mL/mmol) 
AlCl3 (2 equiv.) was added. The reac�on mixture was refluxed for 4 h. Then, the mixture 
was cooled to RT, poured on ice, and extracted with EtOAc. The organic layer was washed 
with aq. NaHCO3 (5%), H2O and brine.  A�er drying over Na2SO4, the solvent was evaporated 
under reduced pressure and the crude product purified by column chromatography (Hex/
EtOAC, 9/1, v/v) to give methyl ester 15, 16 and 17.

Methyl 4-(4-(prop-2-ynoxy)benzoyl)benzoate (15)
Methyl ester 15 was obtained according to the general procedure 
for Friedel-Cra�s acyla�on using phenol 10 (449 mg; 3.40 mmol), 

methyl 4-(chlorocarbonyl)benzoate (14) (728 mg; 3.74 mmol) and AlCl3 (906 mg; 6.80 
mmol). Pure product 15 (320 mg; 32%) was obtained as a white solid. Rf = 0.41 (Hex/EtOAc, 
9/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ = 8.16 (d, J=8.5 Hz, 2H, Ar-H), 7.85-7.78 (m, 4H, Ar-H), 
7.08 (d, J=9.1 Hz, 2H, Ar-H), 4.79 (d, J=2.2 Hz, 2H, OCH2), 3.97 (s, 3H, OCH3), 2.58 (s, 1H, ≡CH) 
ppm; 13C-NMR (CDCl3, 75.5 MHz): δ = 195.2 (C=O), 166.6 (C(O)CH3), 161.6, 142.2 and 132.7 
(Ar-C), 129.7 and 114.8 (Ar-CH), 77.6 (C≡), 76.8 (CH≡), 56.1 (OCH2), 52.7 (OCH3).

Methyl 4-(4-(hex-5-ynoxy)benzoyl)benzoate (16)
Methyl ester 16 was obtained according to the general procedure 
for Friedel-Cra�s acyla�on using phenol 11 (282 mg; 1.49 mmol), 

methyl 4-(chlorocarbonyl)benzoate (14) (435 mg; 2.24 mmol) and AlCl3 (396 mg; 2.97 
mmol). Pure product 16 (93 mg; 19%) was obtained as a white solid. Rf = 0.38 (Hex/EtOAc, 
9/1, v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.12 (d, J=8.5 Hz, 2H, Ar-H), 7.81-7.74 (m, 4H, Ar-
H), 7.12 (d, J=8.8 Hz, 2H, Ar-H), 4.12 (t, J=6.5 Hz, 2H, OCH2), 3.91 (s, 3H, OCH3), 2.51 (t, J= 1.8 
Hz, 1H, ≡CH), 2.28-2.22 (m, 2H, CH2C≡CH), 1.87-1.82 (m, 2H, CH2), 1.64-1.58 (m, 2H, CH2) 
ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 193.9 (C=O), 165.7 (C(O)CH3), 162.8, 141.8, 132.2 and 
128.7 (Ar-C), 132.4, 129.4 and 114.5 (Ar-CH), 84.3 (C≡), 71.5 (CH≡), 67.5 (OCH2), 52.5 (OCH3), 
27.6, 24.5 and 17.4 (CH2).

Methyl 4-(4-(pentanoxy)benzoyl)benzoate (17)
Methyl ester 17 was obtained according to the general procedure 
for Friedel-Cra�s acyla�on using phenol 12 (503 mg; 3.06 mmol), 

methyl 4-(chlorocarbonyl)benzoate (14) (669 mg; 3.37 mmol) and AlCl3 (817 mg; 6.13 
mmol). Pure product 17 (442 mg; 44%) was obtained as a white solid. Rf = 0.34 (Hex/EtOAc, 
9/1, v/v); 1H-NMR (CDCl3, 300 MHz): δ =8.15 (d, J=8.3 Hz, 2H, Ar-H), 7.83-7.77 (m, 4H, Ar-H), 
6.97 (d, J=8.8 Hz, 2H, Ar-H), 4.04 (t, J=6.6 Hz, 2H, OCH2), 3.96 (s, 3H, OCH3), 1.87-1.78 (m, 2H, 
CH2CH3), 1.51-1.36 (m, 4H, OCH2CH2, OCH2CH2CH2), 0.94 (t, J= 6.9 Hz, 3H, CH3) ppm; 13C-NMR 
(CDCl3, 75.5 MHz): δ = 195.0 (C=O), 166.6 (C(O)CH3), 163.5, 142.5 and 132.9 (Ar-C), 132.8, 
129.6 and 114.4 (Ar-CH), 68.6 (OCH2), 52.6 (OCH3), 29.0, 28.3 and 22.6 (CH2), 14.2 (CH3).
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General procedure for saponifica�on of methyl esters (15-17) to carboxylic acids (5-7)
A solu�on of the methyl ester in MeOH/H2O (9/1, v/v) was treated with LiOH (2 equiv.). The 
reac�on mixture was refluxed overnight. The mixture was cooled to RT, acidified with 2M 
HCl, and extracted with EtOAC (3×). The combined organic layers were washed with H2O and 
brine. A�er drying over NaSO4, the solvent was removed in vacuo to afford the free acid.

4-(4-(prop-2-ynoxy)benzoyl)benzoic acid (5)
Acid 5 was obtained following the general procedure for 
saponifica�on using: ester 15 (175 mg; 0.60 mmol) and LiOH (49 

mg; 1.19 mmol). Product 5 (156 mg; 94%) was obtained as an off-white solid. Rf = 0.31 
(DCM/MeOH/AcOH, 97/2/1, v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.10 (d, J=7.7 Hz, 2H, Ar-
H), 7.80 (d, J=8.8 Hz, 4H, Ar-H), 7.17 (d, J=8.3 Hz, 2H, Ar-H), 4.95 (d, J=1.9 Hz, 2H, OCH2), 
3.66 (s, 1H, ≡CH) ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 194.0 (C=O), 166.7 (C(O)CH3), 161.1, 
141.3, 133.6 and 129.6 (Ar-C), 132.2, 129.3 and 114.9 (Ar-CH), 78.8 (CH≡), 55.8 (OCH2).

4-(4-(hex-5-ynoxy)benzoyl)benzoic acid (6)
Acid 6 was obtained following the general procedure for 
saponifica�on using: ester 16 (233 mg; 0.69 mmol) and LiOH (58 

mg; 1.39 mmol). Product 6 (194 mg; 87%) was obtained as an off-white solid. Rf = 0.29 
(DCM/MeOH/AcOH, 97/2/1, v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.11 (d, J=8.5 Hz, 2H, Ar-
H), 7.79-7.75 (m, 4H, Ar-H), 7.11 (d, J=8.8 Hz, 2H, Ar-H), 4.11 (t, J=6.3 Hz, 2H, OCH2), 2.80 (t, 
J= 2.6 Hz, 1H, ≡CH), 2.28-2.23 (m, 2H, CH2C≡CH), 1.87-1.82 (m, 2H, CH2), 1.65-1.60 (m, 2H, 
CH2) ppm; 13C-NMR (DMSO, 75.5 MHz): δ = 193.9 (C=O), 166.7 (C(O)CH3), 162.7, 141.4, 133.4 
and 128.8 (Ar-C), 132.3, 129.2 and 114.4 (Ar-CH), 84.0 (C≡), 71.4 (CH≡), 67.4 (OCH2), 27.6, 
24.5 and 17.4 (CH2).

4-(4-(pentanoxy)benzoyl)benzoic acid (7)
Acid 7 was obtained following the general procedure for 
saponifica�on using: ester 17 (442 mg; 1.35 mmol) and LiOH (112 

mg; 2.70 mmol). Product 7 (401 mg; 95%) was obtained as a white solid. Rf = 0.27 (DCM/
MeOH/AcOH, 97/2/1, v/v); 1H-NMR (DMSO, 300 MHz): δ = 8.11 (d, J=8.5 Hz, 2H, Ar-H), 7.79-
7.74 (m, 4H, Ar-H), 7.10 (d, J=8.8 Hz, 2H, Ar-H), 4.08 (t, J=6.5 Hz, 2H, OCH2), 1.77-1.73 (m, 2H, 
CH2CH3), 1.43-1.32 (m, 4H, OCH2CH2, OCH2CH2CH2), 0.90 (t, J= 7.0 Hz, 3H, CH3) ppm; 13C-NMR 
(DMSO, 75.5 MHz): δ = 193.9 (C=O), 166.7 (C(O)CH3), 162.8, 141.5, 133.5 and 128.7 (Ar-C), 
132.3, 129.3 and 114.4 (Ar-CH), 67.9 (OCH2), 28.2, 27.6 and 21.8 (CH2), 13.9 (CH3).

General Procedure for Solid phase pep�de synthesis 
Pep�des were synthesized manually in 50 mL syringes with polyethylene frit. Each synthe�c 
cycle consisted of the following steps:
Fmoc removal: The resin was treated with a 20% solu�on of piperidine in NMP (3×, each 10 
min). The solu�on was removed by filtra�on and the resin was washed with NMP (3×, each 
3 min) and DCM (3×, each 3 min). 
Coupling step: A mixture of Fmoc-Xxx-OH (3 equiv.), BOP (3 equiv.) and DiPEA (6 equiv.) in 
NMP (10mL/mmol)) was added to the resin and N2 was bubbled through the mixture for 
2h. The solu�on was removed by filtra�on and the resin washed with NMP (3×, each 3 min) 
and DCM (3×, each 3 min). Comple�on of the coupling was checked with Kaiser or chloranil 
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test.
Capping of the remaining free amines: Capping solu�on [Ac2O (50 mmol, 4.7 mL), HOBt (1.9 
mmol, 220 mg), DiPEA (12.5 mmol, 2.2 mL) in 100 mL NMP] was added to the resin and N2 
was bubbled through the mixture for 20 min The solu�on was removed by filtra�on and the 
resin was washed with NMP (3×, each 3 min) and DCM (3×, each 3 min).

General procedure for the prepara�on of the echinocandin analogues (20-22)
A polystyrene resin func�onalized with a 2-chloro Trityl linker (3.0 g; ini�al loading: 1.1 mmol/
g) was loaded with Fmoc-Hyp(tBu)-OH (3.69 g; 9.0 mmol) in DCM (30 mL) in the presence 
of DiPEA (3.14 mL; 18 mmol) for 16h. The solu�on was removed by filtra�on and the resin 
washed with DCM (3× 4 mL, each 3 min). A�er drying in vacuo overnight, the amount of 
Fmoc-Hyp(tBu)-OH coupled to the resin was determined by a Fmoc determina�on according 
to Meienhofer21 and was found to be 0.610 mmol/g. Subsequently, unreacted tritylchloride 
moie�es were capped with methanol (DCM/MeOH/DiPEA; 3× 5 mL, each 2 min; 17/2/1; 
v/v/v). The pep�de sequence was synthesized according to the general procedure for solid 
phase pep�de synthesis. The resin-bound pep�de 18 was divided in por�ons for the synthesis 
of the analogues 20-22. The Fmoc group was cleaved and the photoaffinity label containing 
side chain (5-7) (3 equiv.) was coupled in the presence of HATU (3 equiv.) and DiPEA (6 equiv.) 
in NMP (3 mL). The mixture was shaken overnight. Subsequently the coupling solu�on was 
removed by filtra�on and the resin washed with NMP (3× 4 mL, each 3 min) and DCM (3× 
4 mL, each 3 min). Comple�on of the coupling was checked with the Kaiser test. Then, mild 
acidoly�c cleavage, by treatment with TFE/AcOH/DCM (2/1/7, v/v/v, 5 mL) for 2 hours, of 
the M� group as well as cleavage from the resin gave protected pep�de precursor 19. The 
mixture was concentrated in vacuo and the pep�de was precipitated in MTBE/Hex (3×, 1/1, 
v/v). The linear pep�de was then subjected to head-to-tail cycliza�on by dissolving it in 
dry DMF (2 mL/µmol) followed by the addi�on of BOP (4 equiv.) and DiPEA (4 equiv.). The 
mixture was s�rred for 48h and then evaporated in vacuo. The product was redissolved in 
EtOAc and washed with 1M KHSO4 (2×), NaHCO3 (2×) and H2O (2×). The organic layer was 
dried over Na2SO4, filtered and concentrated in vacuo. Final protec�ng group removal by 
treatment with a mixture of TFA/TIS/H2O (2 mL, 95/2.5/2.5, v/v/v) for 2h and precipita�on 
in MTBE/hexanes (3×, 1/1, v/v) afforded the crude pep�de. A�er lyophiliza�on from tert-
BuOH/H2O (1/1, v/v) the pep�de was purified by prepara�ve HPLC.

Cyclo[-(propynoxy-benzophenone)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (20)
Pep�de 20 was obtained according to the general procedure for the prepara�on of the 
echinocandin analogues, using 5 in the coupling of the side chain. A�er lyophiliza�on, pep�de 
20 (3.5 mg; 7%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC and 
was found to be to be higher than 99% (Rt = 32.15 min). ESI-MS calcd for C50H59N7O14: 981.41, 
found: m/z 982.46 [M+H]+; HRMS calcd for C50H59N7O14 [M+H]+ 982.4198, found 982.4180; 
1H-NMR (DMSO, 500 MHz): δ Orn-1: 8.58 (NH), 4.54 (αCH), 1.91/1.53 (βCH), 1.52 (γCH), 
3.09/3.02 (δCH); Thr-2: 8.04 (NH), 4.31 (αCH), 4.08 (βCH), 1.24 (γCH); Hyp-3: 4.42 (αCH), 
2.12/1.83 (βCH), 4.40 (γCH), 3.77 (δCH); hTyr-4: 8.41 (NH), 3.67 (αCH), 2.17/2.13 (βCH), 
2.43/2.36 (γCH), 6.95/6.66 (Ar-H); Thr-5: 7.48 (NH), 4.79(αCH), 4.15 (βCH), 1.05 (γCH); Hyp-6: 
4.36 (αCH), 2.12/1.83 (βCH), 4.29 (γCH), 3.65 (δCH); Tail: 3.67 (≡CH), 4.95 (OCH2), 7.16/7.76 
(Ar-H Ph-2), 7.78/8.03 (Ar-H Ph-1)  ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-1:52.1 (αCH), 
28.2 (βCH), 24.1 (γCH), 38.0 (δCH); Thr-2: 58.5 (αCH), 66.6 (βCH), 19.3 (γCH); Hyp-3: 60.2 
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(αCH), 37.7 (βCH), 69.2 (γCH), 56.5 (δCH); hTyr-4: 53.6 (αCH), 31.2 (βCH), 31.2 (γCH), 129.9/ 
115.5 (Ar-H); Thr-5: 56.5 (αCH), 67.4 (βCH), 19.0 (γCH); Hyp-6: 59.3 (αCH), 37.7 (βCH), 69.1 
(γCH), 56.2 (δCH); Tail: 56.0 (OCH2), 79.1 (≡CH), 115.3/129.7 (Ar-H Ph-2), 132.7/128.3 (Ar-H 
Ph-1).

Cyclo[-(hexynoxy-benzophenone)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (21)
Pep�de 21 was obtained according to the general procedure for the prepara�on of the 
echinocandin analogues, using 6 in the coupling of the side chain. A�er lyophiliza�on, pep�de 
21 (4.1 mg; 8%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
and was found to be to be higher than 99% (Rt = 35.72 min). ESI-MS calcd for C53H65N7O14: 
1023.46, found: m/z 1024.64 [M+H]+; HRMS calcd for C53H65N7O14 [M+H]+ 1024.4668, found 
1024.4690. 

Cyclo[-(pentanoxy-benzophenone)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (22)
Pep�de 22 was obtained according to the general procedure for the prepara�on of the 
echinocandin analogues, using 7 in the coupling of the side chain. A�er lyophiliza�on, pep�de 
22 (9.0 mg; 17%) was obtained as a white solid. Purity was confirmed by analy�cal HPLC 
and was found to be to be higher than 95% (Rt = 38.68 min). ESI-MS calcd for C52H67N7O14: 
1013.47, found: m/z 1014.50 [M+H]+; HRMS calcd for C52H67N7O14 [M+H]+ 1014.4824, found 
1014.4832; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 8.57 (NH), 4.54 (αCH), 1.90/1.55 (βCH), 
1.51 (γCH), 3.08/3.01 (δCH); Thr-2: 8.02 (NH), 4.36 (αCH), 4.07 (βCH), 1.24 (γCH); Hyp-3: 
4.42 (αCH), 2.11/1.83 (βCH), 4.40 (γCH), 3.77 (δCH); hTyr-4: 8.41 (NH), 3.66 (αCH), 2.18/2.12 
(βCH), 2.44/2.35 (γCH), 6.95/6.66 (Ar-H); Thr-5: 7.47 (NH), 4.79(αCH), 4.15 (βCH), 1.05 (γCH); 
Hyp-6: 4.31 (αCH), 2.11/1.83 (βCH), 4.29 (γCH), 3.64 (δCH); Tail: 0.91 (CH3), 1.37 (CH2), 1.41 
(CH2), 1.75 (CH2), 4.09 (OCH2), 7.10/7.74 (Ar-H Ph-2), 7.75/8.03 (Ar-H Ph-1) ppm. 13C-NMR 
(DMSO, 125 MHz): δ Orn-1:52.1 (αCH), 28.3 (βCH), 24.2 (γCH), 38.0 (δCH); Thr-2: 59.3 (αCH), 
66.6 (βCH), 19.2 (γCH); Hyp-3: 60.2 (αCH), 37.7 (βCH), 69.2 (γCH), 56.5 (δCH); hTyr-4: 53.6 
(αCH), 31.2 (βCH), 31.2 (γCH), 129.8/ 115.5 (Ar-H); Thr-5: 56.6 (αCH), 67.4 (βCH), 19.0 (γCH); 
Hyp-6: 58.5 (αCH), 37.7 (βCH), 69.1 (γCH), 56.2 (δCH); Tail: 13.9 (CH3), 21.9 (CH2), 27.7 (CH2), 
28.3 (CH2), 68.2 (OCH2), 114.9/129.6 (Ar-H Ph-2), 132.9/128.2 (Ar-H Ph-1).

4.4.3 Biology

Candida MIC Assay
An�fungal ac�vity was evaluated by broth microdilu�on. The media used in this assay was 
Yeast Extract Peptone Dextrose (YPD) containing 1% yeast extract, 2% peptone, 1% dextrose 
in dis�lled water. Test compounds were dissolved in 10% DMSO to a concentra�on of 1 
mg/mL. A�er solubiliza�on each compound was diluted 5 �mes in YPD medium rendering 
a stock solu�on of 200 µg/mL. Caspofungin18, purchased from Merck Sharp & Dohme B.V. 
(Haarlem, Netherlands), was included as a reference. Serial 2-fold dilu�ons of the test 
compounds in YPD medium were prepared as follows. To each well of a sterile Greiner bio-
one Cellstar 96 well, U bo�omed micro�ter plate, 100 µl of YPD was dispensed. Manually, 
100 µl of stock compounds was delivered to each well in column 1. Then using a 8-channel 
pipet, compounds in column 1 were serially diluted 2-fold over the micro�ter plate un�l 
column 11. The last column of the plate contained drug-free wells dedicated for growth and 
sterility controls.
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The plates containing the diluted compounds were inoculated with 100 µl of C. albicans 
CBS9975. A stock culture of the C. albicans strain in liquid media (YPD + 15% glycerol) was 
maintained at -80°C. For use in this assay, the yeast culture was streaked on an YPD agar plate 
and incubated for 24h at 30°C. Then, using a sterile disposable loop, cells from a colony were 
suspended in 5 mL of YPD media and aerated for 24h at 30°C on a shaker set at 300 rpm. The 
broth culture was diluted 10 �mes with media and the op�cal density of this suspension was 
measured at a wavelength of 600 nm. The suspension was further diluted to an OD600 of 0.01 
resul�ng in a concentra�on of 3 × 106 cfu/mL.  This suspension was further diluted 1:100 in 
YPD media to yield 3 × 104 cfu/mL. This final dilu�on was used for inocula�ng the plates. The 
final volume/well, including organism and compound was 200 µl. Thus, the final number of 
cells per well is approximately 15x103 cells/mL. Tests were incubated overnight at 30 °C prior 
to recording MICs. The in vitro ac�vity was determined visually at 24h of incuba�on as the 
lowest concentra�on of compound resul�ng in full inhibi�on of yeast growth.
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5.1 Introduc�on

As was described in chapter 1 the echinocandins represent the most recent class of an�fungal 
drugs that has reached the market in the last decade.1 The first licensed echinocandin was 
caspofungin (1, Figure 1), a semi-synthe�c compound based on pneumocandin B0, in 2001. 
Since then, two other semi-synthe�c echinocandins, micafungin (2005) and anidulafungin 
(2006), have been approved by the Food and Drug Administra�on (FDA).2 These clinically 
relevant echinocandins are all semisynthe�c deriva�ves of the natural fermenta�on 
products.3-5

The complex chemical structures of the echinocandins have led to extensive structure 
ac�vity rela�onship (SAR) studies by semisynthe�c modifica�on of the natural product.6 This 
approach relies on the availability of the lipopep�des in large quan��es from fermenta�on 
and of course these semisynthe�c modifica�ons cannot access a complete SAR of the 
echinocandins. With respect to this, synthe�c approaches offer an opportunity to obtain 
valuable addi�onal SAR informa�on.

In 1992 the first total synthesis of simplified echinocandin analogues was described by 
Zambias et al.7 Structure ac�vity rela�onship data of these analogues showed that several 
of the func�onal groups, primarily the hydroxyl groups, were not essen�al for an�fungal 
ac�vity.7 Partly inspired by this work, Klein et al. reported a similar study in 2000.8 The total 
synthesis approach has provided valuable echinocandin SAR data that would be difficult or 
impossible to obtain via modifica�on of the natural products themselves.9

These reports and the results described in chapter 210 showed that the role of the fa�y acid 
tail is very dominant. These observa�ons en�ced us to synthesize simplified analogues of 
caspofungin to inves�gate the role of the methyl groups in the natural dimethylmyristoyl 
chain11 of caspofungin 1, which is described in this chapter.

Our previous analogues (e.g. 3, Figure 1) were designed to contain a palmitoyl chain10, 
instead of the dimethylmyristoyl chain, which is consistent with SAR studies showing that 
a regular C12-C18 fa�y acid side chain gives an op�mal ac�vity.12 Unfortunately, mimics 
equipped with this chain showed low to no ac�vity. Therefore, based on previous work by 
Klein et al8, simplified head-to-tail analogues were synthesized equipped with a terphenyl 
fa�y acid side chain (e.g. 2 Figure 1). Terphenyl lipophilic tail containing analogue 2 was 
30-fold more ac�ve than mimic 3 with a palmitoyl chain.10 Other reports in the literature 
discussed the importance of both the stereochemistry and methyl branching pa�erns of 
fa�y acids in biological recogni�on.13,14 This raised the interest in an inves�ga�on of the 
influence of the presence and stereochemistry of methyl groups in the dimethylmyristoyl 
chain on the an�fungal ac�vity.

Although extensive structure-ac�vity studies have been performed in the past on the nature 
of the fa�y acid side chain and its influence on the ac�vity of the echinocandins,15-19 the role 
of the stereochemistry and number of methyl groups in the natural dimethylmyristoyl chain 
of caspofungin (1) has not been inves�gated so far.
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Figure 1. Structures of caspofungin (1), previously described mimics (2 and 3)10 and the designed synthe�c 
caspofungin analogues (4-7).

In this chapter the synthesis and an�fungal ac�vity is described of a simplified caspofungin 
analogue (4) bearing its natural (10R, 12S)-dimethylmyristoyl chain.20 In addi�on, the 
influence of the methyl groups in this chain on an�fungal ac�vity was determined by 
synthesis of several analogues and evalua�on of their an�fungal ac�vity. Also analogues 
were included with either one (5) or no (6,7) methyl groups (Figure 1).

5.2 Results and Discussion

5.2.1 Chemistry

Both the rela�ve and absolute configura�on of the fa�y acid side chain of caspofungin (1) 
have been elucidated by Leonard et al.20 Their reported stereoselec�ve synthesis of the (R,S)-
enan�omer was conducted in 8 steps, star�ng from (R)-propionyl-2-pyrrolidinemethanol (10), 
and provided (10R,12S)-dimethylmyris�c acid 8 in a 90:10 (syn/an�) ra�o of diastereomers 
(Scheme 1).20 According to the reported synthesis the construc�on of the fa�y acid side 
chain 8 was started with the acyla�on of L-prolinol 9 with propionic anhydride affording 10 
in 71% a�er bulb-to-bulb dis�lla�on.

Scheme 1. Reported synthesis by Leonard et al.15 of the dimethylmyristoyl side chain of caspofungin. Reagents 
and condi�ons: (i) propionic anhydride, 70 °C, 10 min (71%); (ii) 1) LDA, THF, 15 min; 2) HMPA, -67 °C, 135 min; 
(iii) (S)-(+)-1-iodo-2-methylbutane, 65 h;  (iv) 1) 1M HCl, ∆; 2) cinchonidine, H2O/acetone, 70 °C to RT, two �mes; 
(v) Et2O/THF, LiAlH4, 5 °C; (vi) DCM, Swern, -70 to 0 °C; (vii) Br-Ph3P+CH2(CH2)6CO2H, THF, 0 °C, LiHMDS, 30 min; viii) 
Wi�g 0 °C to RT, 4h; (ix) H2, Pd/C.
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The alkyla�on of 10 with op�cally pure 1-iodo-(2S)-methylbutane for obtaining 11 was 
unsuccessful. The reac�on towards 11 was performed several �mes, but did not yield any 
product. In order to synthesize compound 11, pyrrolidine 10 had to be deprotonated with 
LDA in the presence of HMPA, which stabilizes the dianion formed. Then the dianion was 
reacted with (S)-(+)-1-iodo-2-methylbutane. To determine if the dianion had been formed 
at all in the reac�on, several test reac�ons with different bases and also with THP protected 
10 were performed. These test reac�ons were quenched with D2O to iden�fy forma�on of 
dianion by NMR. The results of these test reac�ons are summarized in Table 1.

Table 1. Results test reac�ons for dianion forma�on.
 St. material Base % Dianion % St. material

10a 10 LDA* 5 95
10b 10 LDA** 15 85

10c THP protected 10 LDA** 32 68

10d 10 LHMDS 27 73
10e 10 KHMDS 13 87

 * commercially available
 ** freshly made from diisopropylamine (2.2 eq) and nBuLi (2.1 eq) in THF at 0 °C

As is shown in Table 1, the dianion was formed only in low amounts. Therefore it was 
decided to move on to another route in collabora�on with the group of prof. Minnaard of 
the University of Groningen. In this group an efficient asymmetric synthesis was designed 
using the copper/Josiphos21,22 catalysed addi�on of methylmagnesium bromide for the 
construc�on of the stereogenic centers (Scheme 2).21,22

Scheme 2. Synthesis of (10R,12S)-dimethylmyris�c acid 8. i) EtSH, DCC, DMAP, DCM, 0-21°C, 3h, 95%; ii) MeMgBr, 
CuBr/(S,RFe)-Josiphos, MTBE, –78°C, 16h, 92%; iii) DIBAL-H, DCM, –50°C, 1h; iv) (MeO)2P(O)CH2COSEt, nBuLi, THF, 
0-21°C, 16h, 70%; v) MeMgBr, CuBr/(S,RFe)-Josiphos, MTBE, –78°C, 16h, 80%; vi) DIBAL-H, DCM, –50°C, 1h; vii) Br-
Ph3P+(CH2)6CO2H, LiHMDS, THF, 21°C, 20 min, 47%; viii) NH2NH2.H2O, O2, Cat, EtOH, 21°C, 70%.

Commercially available (E)-pent-2-enoic acid 16 was converted into thioester 17 under 
Steglich condi�ons.23 This thioester underwent copper/Josiphos catalyzed enan�oselec�ve 
conjugate addi�on by MeMgBr smoothly, affording the desired compound 18 in 92% yield 
with a high e.r. (24:1).22 Subsequent DIBAL-H reduc�on followed by Horner-Wadsworth-
Emmons22 reac�on gave the elongated thioester 19 in good yield (80%) with an excellent E:Z 
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ra�o (20:1). A�er separa�on of the unwanted Z-stereoisomer with column chromatography, 
the α,β-unsaturated thioester 19 was subjected to a second conjugate addi�on. This reac�on 
afforded a 20:1 mixture of C3-epimers which was separable again by column chromatography. 
The desired diastereomer 20 was isolated in 80% yield. A�er DIBAL-H reduc�on and Wi�g 
reac�on with a carboxylate func�onalized ylide, a mixture of double bond isomers 15 
in an approximate 3:1 ra�o was obtained in 47% combined yield. In order to avoid any 
epimeriza�on of the nearby stereocenter, the double bond of 15 was subsequently reduced 
by diimide, in situ formed by cataly�c oxida�on of hydrazine,24 affording 8 in 70% yield.

Overall, the side chain 8 of caspofungin was synthesized in a linear 8 step synthesis with 
an overall yield of 16%. The cataly�c enan�oselec�ve conjugate addi�on in combina�on 
with a Wi�g reac�on using a carboxylate func�onalized ylide, represents an efficient 
approach towards methyl-branched fa�y acids. It is important to men�on, that several of 
the intermediates in the synthesis were rather vola�le, which complicated isola�on.

Scheme 3. Synthesis of (12S)-methylmyris�c acid 22. Reagents and condi�ons: i) DIBAL-H, DCM, –50°C, 1h; ii) Br-
Ph3P+(CH2)8CO2H, LiHMDS, THF, 21°C, 20 min, 60% over two steps; iii) NH2NH2.H2O, O2, Cat, EtOH, 21°C, 80%.

The synthesis of the mono methyl analogue 22 was performed in similar manner (Scheme 
3). Thioester (18) was reduced by DIBAL-H and a�er a Wi�g reac�on, a mixture of E and Z 
isomers (21) was isolated in 60% yield. Reduc�on of the resul�ng double bond was achieved 
by in situ generated diimide24 giving 22 in 80% yield.

Now that we had both the (10R,12S)-dimethylmyris�c acid 8 and its mono methyl analogue 
(12S)-methylmyris�c acid 22 in hand, the a�en�on was turned to the synthesis of the head-
to-tail mimics. 

First, the required building block Fmoc-3-Hyp(tBu)-OH25 23 was synthesized star�ng from 
the commercially available (2S,3S)-trans-proline 24. Protec�on of the amino group of 24 
using FmocOSu proceeded smoothly to give Fmoc-protected amino acid deriva�ve 25. Allyl 
ester 26 was prepared under acidic condi�ons using a Dean-Stark apparatus. Subsequently, 
26 was converted to the tert-butyl ether protected analogue 27 a�er which the desired 
Fmoc-3-Hyp(tBu)-OH 23 was obtained by Pd-assisted removal of the allyl group.

Scheme 4. Reagents and condi�ons: i) (1) FmocOSu, H2O/dioxane, NaHCO3, 20h, 99%; ii) allyl alcohol, toluene, p-
toluenesulfonic acid, Dean-Stark, 1h ∆, 75%; iii) isobutene, H2SO4, DCM, 72h, 90%; iv) Pd(PPh3)4, PhSiH3, DCM, 2h, 
52%.
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The synthesis of the head-to-tail mimics proceeded readily and is outlined in Scheme 5 for 
mimic 4. Linear precursor 23 was prepared by SPPS using the trityl resin. Removal of the 
ε-Fmoc group from ornithine was followed by coupling of dimethylmyris�c acid 8. Mild 
acidoly�c cleavage of the M� group liberated the pep�de chain from the resin and gave the 
linear fully protected pep�de precursor 24. Solu�on-phase cycliza�on followed by protec�ng 
group removal afforded the macrocyclic pep�de 4 in an overall yield of 51% a�er purifica�on 
by prepara�ve HPLC. Synthesis of macrocyclic pep�des 5-7 was performed analogously to 
the synthesis of mimic 4 in Scheme 5. For the prepara�on of pep�des 5-7 other fa�y acids 
methylmyris�c acid, palmi�c acid and myris�c acid were coupled, respec�vely in step viii) 
instead of the dimethylmyris�c acid 8 as is shown in Scheme 5. Pep�des 5-7 were obtained 
in overall yields of 48-88% a�er purifica�on by prepara�ve HPLC.

Scheme 5. Reagents and condi�ons: i) (1) Fmoc-3-Hyp(tBu)-OH 23, DIPEA, DCM; (2) DCM/MeOH/DiPEA (17/2/1, 
v/v/v); ii)-vi) (1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; vii) 20% piperidine in NMP; viii) 
dimethylmyris�c acid 8, HATU, DIPEA,  NMP; ix) TFE/AcOH/DCM (2/1/7, v/v/v); x) BOP, DiPEA, DMF; xi) TFA/TIS/H2O 
(95/2.5/2.5, v/v/v).

5.2.2 Structure Ac�vity Rela�onships

The an�fungal ac�vity of each analogue (4-7) was evaluated using a broth microdilu�on 
micro�ter assay against a panel of common Candida species.26 This panel included C. 
dubliniensis, C. glabrata, C. tropicalis, C. parapsilosis, C. krusei and two strains of C. albicans. 
Caspofungin 127 was used as a reference compound and our previous described compounds 
(2 and 3)10 were also included in the test for comparison. The results of these tests are 
expressed as the minimum inhibitory concentra�on (MIC) value, the minimum concentra�on 
of compound which completely inhibits visible fungal growth, and are shown in Table 2.
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 Candida Candida Candida Candida Candida Candida Candida
albicans albicans dubliniensis glabrata krusei parapsilosis tropicalis
CBS9975 CBS8758 CBS7987 CBS138 CBS573 CBS604 CBS94

caspofungin 0.023 0.039 0.014 0.027 0.006 0.281 0.006
2 0.14 0.156 0.063 0.188 0.078 >4.25 0.063

3 4.38 4.38 0.938 3.8 3.8 >10 3.8

4 0.117 0.188 0.07 0.469 2.25 >4.25 0.094

5 0.188 0.281 0.047 0.625 1.875 >4.25 0.188

6 0.313 0.406 0.102 0.234 0.375 3.5 0.109
7 0.203 0.25 0.047 0.438 0.813 >4.25 0.063

Table 2. Screen against a panel of candida strains. (MIC value in µg/mL).

The simplified caspofungin analogue 4, bearing the natural side chain, showed substan�al 
an�fungal ac�vity against the Candida strains (0.07 – 0.19 µg/mL) with a somewhat higher 
MIC value for C. krusei (2.25 µg/mL) and proved to be inac�ve against C. parapsilosis. Only 
a 5-fold decrease in the inhibitory ac�vity of 4, compared with that of caspofungin (1), was 
observed against C. albicans and the closely related C. dubliniensis.28 In addi�on, analogue 4 
proved to have a more selec�ve an�fungal spectrum than caspofungin (1).

In order to assess the contribu�on of the methyl groups in the dimethylmyristoyl chain 
8 of caspofungin (1), the mono methyl deriva�ve methylmyris�c acid 22, as well as non-
methylated palmi�c and myris�c fa�y acid chains were incorporated as a replacement for 8 
in analogue 4 to give analogues 5, 6 and 7, respec�vely.

Remarkably, all of the analogues in the series showed substan�al an�fungal ac�vity against 
Candida. Similar to analogue 4, these analogues were more selec�ve than caspofungin, 
having higher MIC values for C. krusei and showing no ac�vity against C. parapsilosis. These 
results showed that there is no obvious rela�onship between the presence of the methyl 
groups in the dimethylmyristoyl chain 8 of caspofungin (1) and an�fungal ac�vity. Most 
surprisingly, analogue 6 with a palmitoyl chain, as is also present in analogue 3, showed a 
10-35 fold increase in an�fungal ac�vity against Candida. The only difference between these 
analogues is the posi�on of the hydroxyl group in the le�-upper hydroxyproline (residue 
Hyp-6) of the cyclic hexapep�de (R2 and R3 in Figure 1). 

These findings did not jus�fy further inves�ga�on into the role of the methyl groups in the 
fa�y acid side chain for example by prepara�on of addi�onal enan�omers or diastereomers 
deriva�ves. However, the somewhat surprising influence of the hydroxyl posi�on in the 
proline residue warranted the synthesis of three addi�onal analogues. The synthesis of 
these macrocyclic pep�des 30-32 was performed analogously to the synthesis of mimic 4 
in Scheme 5 and their an�fungal ac�vity was evaluated and expressed as MIC values as is 
shown in Table 3.
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Table 3. Screen against a panel of candida strains. (MIC value in µg/mL).

 Candida Candida Candida Candida Candida Candida Candida
albicans albicans dubliniensis glabrata krusei parapsilosis tropicalis
CBS9975 CBS8758 CBS7987 CBS138 CBS573 CBS604 CBS94

30 0.051 0.039 0.031 0.027 0.027 0.75 0.141
31 1.63 3 1.5 2.5 >4.25 >4.25 2.5
32 >4.25 >4.25 3 >4.25 >4.25 >4.25 >4.25

These analogues confirm the finding that the posi�on of the hydroxyl group in the top-le� 
proline residue (R2 and R3 in Hyp-6) is crucial for an�fungal ac�vity. Analogues 3, 31 and 32 
(R2=OH) bearing the same lipophilic tail as analogue 6, 4 and 7 (R3=OH) respec�vely, were 
prac�cally inac�ve or showed a tremendous decrease in an�fungal ac�vity against Candida. 
Clearly R2= OH is only allowed in caspofungin deriva�ve 2 bearing a terphenyl fa�y acid side 
chain. Here analogue 30 with R3= OH and analogue 2 with R2= OH both showed substan�al 
an�fungal ac�vity against Candida. Analogue 30 was even more ac�ve than analogue 2 
and had ac�vi�es comparable to those of caspofungin (1). In addi�on the selec�vity of 
inhibi�on of Candida parapsilosis by 30 was remarkable and was not shown by any of the 
other analogues (See Tables 2 and 3). 

These results suggest that the posi�on of the hydroxyl group in the top-le� hydroxyproline 
of the cyclic hexapep�de backbone (R2 and R3 in Hyp-6, Figure 1) in combina�on with the 
character of the lipophilic fa�y acid chain was a crucial factor for an�fungal ac�vity. In 
a�empts to interpret this finding we evaluated the analogues by circular dichroism (CD) in 
order to probe their conforma�onal proper�es.

5.2.3. Circular dichroism spectroscopy

In addi�on to secondary structure predic�on, circular dichroism spectroscopy can give 
valuable insights into pep�de structure.29 As was described by Ovchinnikov and Ivanov30, 
CD spectra can provide evidence for the perturba�on or altera�on of the conforma�onal 
state in a series of related pep�des.29 Therefore, CD may provide an a�rac�ve technique 
to evaluate our analogues and determine whether the observed an�fungal ac�vity can be 
correlated with the conforma�onal state.

Thus, the secondary structure of caspofungin (1) and analogues (2-7, 30-33) was inves�gated 
by circular dichroism as presented in Figure 2. In addi�on to measurements in MeCN/H2O, 
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CD spectra were measured in TFE/H2O, since TFE is known to enhance secondary structure 
forma� on of pep� des.31

Figure 2. CD spectra of caspofungin and analogues (2-7, 30-32). A) + B) Measured in MeCN/H2O (1/1, v/v); C) + D) 
Measured in TFE/H2O (1/1, v/v). All pep� des were measured at 0.1 mM concentra� on.

As is shown in Figure 2, spectra of the cyclic pep� des 4-7 in both MeCN/H2O and TFE/H2O 
are similar. Pep� des 4-7 are characterized by a nega� ve band at ca. 220 nm and a posi� ve 
band at 205 nm. In general, these pep� des (4-7) showed CD spectra characteris� c for a type 
II β-turn.32-35 However, their pa� ern below 215 nm is clearly diff erent from caspofungin (1). 
This diff erence may be explained by the dele� on of several hydroxyl groups in our analogues. 
Moreover, analogue 30 showed a dis� nctly diff erent pa� ern at wavelengths below 210 
nm and higher ellip� ci� es of the band compared to pep� des 4-7. This observa� on may 
be explained by a large contribu� on of the aroma� c residues present in the side chain of 
analogue 30 as is supported by CD spectra of other analogues (see chapter 6).

Remarkably, cyclic pep� des 3, 32 and 32 (R2=OH; Figure 2B and D) exhibit diff erent spectra 
than series 4-7 (R3=OH; Figure 2A and C). Diff erences are apparent from the ellip� ci� es of 
the bands, which could indicate that these pep� des have a more disordered structure with 
less β-turn character. The only structural diff erence between these analogues is the posi� on 
of the hydroxyl group in the le� -upper hydroxyproline of the hexapep� de ring (R2 and R3 in 
Hyp-6, Figure 1). Apparently, merely the posi� on of the OH-func� on was responsible for the 
largely diff erent CD-spectra and possibly conforma� onal behaviour of the pep� des. 

For further insights into the infl uence of the OH-func� on on the conforma� on of our 
analogues, models were built and superimposed on the reported crystal structure of 
Echinocandin B (ECBN)5 as is shown in Figure 3. Overall, the more ac� ve analogue 6 appeared 
to have a be� er superimposi� on with the crystal structure. Analogue 3 had a more puckered 
structure with the Hyp-6 residue situated more in the back of the molecule as compared 
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to analogue 6. In addi�on, the Orn-5 residue was poin�ng out more to the front of the 
macrocyclic pep�de ring structure in 3, These models support the finding that the posi�on 
of the OH-func�on in Hyp-6 induces subtle changes in the conforma�on of the pep�des. 
Apparently, these add up and were sufficient for a large effect on the biological ac�vity. 

Figure 3. Superimposi�on of ECBN (carbons colored green) with analogues 3 (right) and 6 (le�) (carbons colored 
orange). The backbone atoms have been used for superimposi�on.

5.3 Conclusions

A versa�le approach for the rapid enan�oselec�ve synthesis of the dimethylmyristoyl chain 
of caspofungin and a one-methyl group containing analogue is described. These fa�y acids 
were coupled to simplified analogues of the caspofungin skeleton. In this way access was 
obtained to new fully synthe�c derived caspofungin mimics with high and selec�ve an�fungal 
ac�vi�es against Candida. Unexpectedly, no obvious rela�onship between the presence of 
the methyl groups in the dimethylmyristoyl tail 8 of caspofungin (1) and an�fungal ac�vity 
was observed. The dimethyl containing lipophilic tail deriva�ve 4 did not lead to significant 
improvement of its bioac�vity as compared to that of the non-methylated lipophilic chain. 
In fact the ac�vi�es of non-methylated deriva�ves 6 and 7 and the methylated deriva�ves 4 
and 5 were quite similar in most species. The posi�on of the hydroxyl group in the top-le� 
proline residue (R2 and R3 in Hyp-6) was apparently more crucial: deriva�ve 3 (R2= OH) having 
the same tail as deriva�ve 6 (R3= OH) was prac�cally inac�ve. Clearly R2= OH is only allowed 
in caspofungin deriva�ve 2 bearing a terphenyl fa�y acid side chain. Thus, the posi�on of the 
hydroxyl group in the top-le� hydroxyproline of the cyclic hexapep�de backbone (R2 and R3 
in Hyp-6, Figure 1) in combina�on with the character of the lipophilic fa�y acid chain was a 
crucial factor for an�fungal ac�vity. The posi�on of the hydroxy group turned out to be very 
important for the general ac�vity against Candida species as was shown by the higher ac�vity 
of analogue 30 compared to analogue 2, but also for selec�vity of inhibi�on. Compound 30 
was capable of a much more selec�ve inhibi�on of Candida parapsilosis than analogue 2. 

CD measurements showed subtle but dis�nc�ve changes indica�ve of structural changes in 
the conforma�on of these cyclic pep�des. The results of this inves�ga�on suggest that the 
top-le� proline residue somehow plays an important role in the bio-ac�ve conforma�on 
of the macrocyclic pep�de ring structure. Finally, we have observed that the choice of the 
fa�y acid deriva�ve (rigid as in 2 or flexible as in 3) in combina�on with the conforma�onal 
character of the ring may be a determining factor for an�fungal ac�vity. 
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5.4 Experimental sec�on

5.4.1 Reagents, materials and analysis methods

Unless stated otherwise, all chemicals were obtained from commercial suppliers and 
used without further purifica�on. HPLC grade solvents were purchased from Biosolve B.V. 
(Valkenswaard, The Netherlands) and used directly, with the excep�on of DMF, NMP and 
DCM, which were dried on molecular sieves (4Å). Fmoc protected amino acids were purchased 
from GL Biochem Ltd. (Shanghai, China). Protected homotyrosine (H-hTyr(tBu)-OH) was 
purchased from Advanced Chemtech (Louisville, United States) and furnished with the Fmoc 
group. Fmoc-Orn(M�)-OH was obtained from Nova Biochem. The 2-chlorotritylchloride PS 
resin cross-linked with 1% DVB (200-400 mesh) was purchased from Hecheng Chemicals 
(Shanghai, China) (theore�cal loading: 1.10 mmol/g).

All Reac�ons were carried out at room temperature unless stated otherwise. Solid phase 
synthesis was performed in plas�c syringes with a polyethylene frit. Synthesis in solu�on 
was monitored by TLC on Merck pre-coated Silica 60 plates. Spots were visualized by UV 
light, K2CO3/KMnO4, ninhydrin or Seebach stain (phosphomolybdic acid/cerium sulphate).36 
Solid phase reac�ons were monitored with the chloranil test37 in case of secondary amines 
or with the Kaiser test38 in case of primary amines. Column chromatography was performed 
using Silicycle UltraPure silicagel (40-63 µm).

1H NMR spectra were recorded on a Varian AMX 400 MHz spectrometer or Varian G-300 
(300 MHz) spectrometer and chemical shi�s are given in ppm rela�ve to TMS (0.00 ppm). 
13C NMR spectra were recorded using the a�ached proton test (APT) sequence on  a Varian 
AMX 400 (101 MHz) or a Varian G-300 (75.5 MHz) spectrometer and chemical shi�s are 
given in ppm rela�ve to CDCl3 (77.0 ppm). For measurements in DMSO, the residual solvent 
peak was used as a reference. For the pep�des, 1H NMR, TOCSY, 1H-13C HSQC and ROESY 
spectra were recorded using a Varian INOVA-500 spectrometer (500 MHz).

Purity of the pep�des was confirmed by analy�cal HPLC using an All�ma C8 column (4.6 
× 250 mm; 5 µm) at a flow rate of 0.5 mL/min using a linear gradient of buffer B (100% in 
40 min) from 100% buffer A. Analy�cal HPLC was performed on a Shimadzu automated 
HPLC system equipped with an evapora�ve light sca�ering detector (PL-ELS 1000) and a 
UV/Vis detector operated at 220/254 nm. Prepara�ve HPLC runs were performed using an 
All�ma C8 column (22 × 250 mm; 10 µm) at a flow rate of 6 ml/min with a linear gradient of 
buffer B (100% in 80 min) from 100% buffer A on an Applied Biosystems 400 solvent delivery 
system with an Applied Biosystems 757 UV/VIS absorbance detector. The buffer system used 
consists out of buffer A: 0.1 % TFA in MeCN/H2O, 20/80, v/v and buffer B: 0.1% TFA in i-
PrOH/MeCN/H2O, 45/50/5, v/v/v.

ESI-MS spectra were obtained in the posi�ve ion mode on a Shimadzu QP8000 single 
quadrupole mass spectrometer. HRMS analyses were performed on a MALDI TOF/TOF 
(Applied Biosystems).
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CD spectroscopy
CD spectra were recorded at 298 K on a JASCO J-810 spectrometer using 0.1 cm path length 
quartz cells. The CD spectra are an average of four scans, collected at 0.2 nm intervals 
between 190 and 250 nm. The pep�des were prepared at concentra�ons of 0.1 mM in 
MeCN/H2O (1/1, v/v) or 0.1 mM in TFE/H2O (1/1, v/v). Ellip�city is reported as the mean 
residue ellip�city [θ] in degrees.cm2/dmol-1.

YASARA modelling
Modeling of the structures was accomplished using the YASARA Structure 10.5.2.1 so�ware 
package. Structures were energy minimized using the simulated annealing protocol 
employing the AMBER9939 force field. Of each structure a 2500 ps MD-simula�on in water 
was run. A�er an equilibra�on period of 250 ps, the structure with the lowest energy was 
selected from the trajectory between 250-2500 ps and saved as a yob file. Molecules were 
superimposed on the reported crystal structure of ECBN5, by minimizing the rmsd between 
the backbone atoms in the ring.

5.4.2 Chemistry

General Procedures for solid phase synthesis
Pep�des were synthesized manually. Each synthe�c cycle consisted of the following steps:
Fmoc-group removal: The resin was treated with a 20% solu�on of piperidine in NMP (3×, 
each 10 min). The solu�on was removed by filtra�on and the resin was washed with NMP 
(3×, each 3 min) and DCM (3×, each 3 min). 
Coupling step: A mixture of Fmoc-Xxx-OH (3 equiv.), BOP (3 equiv.) and DiPEA (6 equiv.) in 
NMP (10 mL/ mmol)) was added to the resin and N2 was bubbled through the mixture for 
2h. The solu�on was removed by filtra�on and the resin washed with NMP (3×, each 3 min) 
and DCM (3×, each 3 min). Comple�on of the coupling was checked with Kaiser or chloranil 
test.
Capping of the remaining free amines: Capping solu�on [Ac2O (50 mmol, 4.7 mL), HOBt (1.9 
mmol, 220 mg), DiPEA (12.5 mmol, 2.2 mL) in 100 mL NMP] (10 mL/ mmol) was added to 
the resin and N2 was bubbled through the mixture for 20 min. The solu�on was removed by 
filtra�on and the resin was washed with NMP (3×, each 3 min) and DCM (3×, each 3 min).

General procedure for the prepara�on of the caspofungin analogues (4-7)
A polystyrene resin func�onalized with a 2-chloro Trityl chloride linker (550 mg; ini�al 
loading: 1.1 mmol/g) was loaded with Fmoc-3-Hyp(tBu)-OH 23 (999 mg; 2.44 mmol) in DCM 
(5 mL) in the presence of DiPEA (850 µL; 4.88 mmol) for 16h. The solu�on was removed 
by filtra�on and the resin washed with DCM (6× 5 mL, each 3 min). A�er drying in vacuo 
overnight, the amount of Fmoc-3-Hyp(tBu)-OH coupled to the resin was determined by 
a Fmoc determina�on according to Meienhofer40 and was found to be 0.520 mmol/g. 
Subsequently, unreacted tritylchloride moie�es were capped with methanol (DCM/MeOH/
DiPEA; 3× 5 mL, each 2 min; 17/2/1; v/v/v). The pep�de sequence was synthesized according 
to the general procedure for solid phase pep�de synthesis. The resin-bound pep�de 28 was 
divided in por�ons for the synthesis of the analogues 4-7. The Fmoc group was cleaved and 
the fa�y acid side chain was coupled by adding the tail (3 equiv.), HATU (3 equiv.) and DiPEA 
(6 equiv.) in NMP (3 mL) to the resin. The mixture was shaken overnight, subsequently the 
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coupling solu�on was removed by filtra�on and the resin washed with NMP (3× 4 mL, each 
3 min) and DCM (3× 4 mL, each 3 min). Comple�on of the coupling was checked with the 
Kaiser test. Then, mild acidoly�c cleavage, by treatment with TFE/AcOH/DCM (2/1/7, v/v/v, 
5 mL) for 2 hours, of the M� group as well as cleavage from the resin gave protected pep�de 
precursor 29. The mixture was concentrated in vacuo and the pep�de was precipitated 
in MTBE/Hexanes (3×, 1/1, v/v). The linear pep�de was then subjected to head-to-tail 
cycliza�on by dissolving it in dry DMF (2 mL/µmol) followed by the addi�on of BOP (4 
equiv.) and DiPEA (8 equiv.). The mixture was s�rred for 48h and then evaporated in vacuo. 
The product was redissolved in EtOAc and washed with 1M KHSO4 (2×), NaHCO3 (2×) and 
H2O (2×). The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. Final 
protec�ng group removal by treatment with a mixture of TFA/TIS/H2O (2 mL, 95/2.5/2.5, 
v/v/v) for 2h and precipita�on in MTBE/hexanes (3×, 1/1, v/v) afforded the crude pep�de. 
A�er lyophiliza�on from tert-BuOH/H2O (1/1, v/v) the pep�de was purified by prepara�ve 
HPLC.

Cyclo[-(DMT-Myr)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (4)
Pep�de 4 was obtained according to the general procedure for the prepara�on of the 
caspofungin analogues using 149.4 µmol of 28. A�er lyophiliza�on, pep�de 4 (74.5 mg; 51%) 
was obtained as a white solid. Purity was confirmed by analy�cal HPLC and was found to be 
higher than 99% (Rt = 41.28 min). ESI-MS calcd for C50H82N8O11: 970.61, found: m/z 971.90 
[M+H]+; HRMS calcd for C50H82N8O11 [M+H]+ 971.6181, found 971.6124; 1H-NMR (CD3OH, 500 
MHz): δ Orn-1: 8.34 (NH), 4.48 (αCH), 2.31/1.79 (βCH), 1.68 (γCH), 3.60/2.85 (δCH); Thr-2: 
8.73 (NH), 4.90 (αCH), 4.53 (βCH), 1.22 (γCH); Hyp-3: 4.49 (αCH), 2.27/1.97 (βCH), 4.50 (γCH), 
3.78/3.70 (δCH); hTyr-4: 7.62 (NH), 4.81 (αCH), 1.96/1.67 (βCH), 2.98/2.92 (γCH), 6.92/6.69 
(Ar-H); Orn-5: 7.50 (NH), 4.30 (αCH), 2.21/1.92 (βCH), 2.17 (γCH), 2.57 (δCH); Hyp-6: 4.28 
(αCH), 4.08 (βCH), 2.27/1.97 (γCH), 3.78/3.71 (δCH); Tail: 2.25 (C(O)CH2), 1.81/1.75 (CH2), 
1.67/1.61 (CH2), 1.49, 1.42, 1.35, 1.33/1.27, 1.31/1.06, 1.28 (CH2), 1.24/0.92 (CHCH2CH), 
1.09, 0.87 (CH3), 0.85 (CH3) ppm. 13C-NMR (CD3OH, 125 MHz): δ Orn-1: 53.1 (αCH), 38.1 
(βCH), 24.0 (γCH), 37.6 (δCH); Thr-2: 57.9 (αCH), 68.9 (βCH), 19.7 (γCH); Hyp-3: 62.4 (αCH), 
34.2 (βCH), 71.4 (γCH), 56.9 (δCH); hTyr-4: 50.8 (αCH), 30.0 (βCH), 40.6 (γCH), 130.7/ 116.5 
(Ar-H); Orn-5: 54.7 (αCH), 34.4 (βCH), 27.0 (γCH) 32.6 (δCH); Hyp-6: 74.5 (αCH), 69.4 (βCH), 
34.2 (γCH), 46.5 (δCH); Tail: 45.7 (CHCH2CH), 37.8, 36.7 (C(O)CH2), 32.6, 30.9, 30.0, 27.7, 26.9 
(CH2), 23.9 (CH2), 30.8 (CH2), 30.1, 20.05 (CH3), 11.2 (CH3).

Cyclo[-(Me-Myr)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (5)
Pep�de 5 was obtained according to the general procedure for the prepara�on of the 
caspofungin analogues using 38.9 µmol of resin bound pep�de 28. A�er lyophiliza�on, 
pep�de 5 (17.9 mg; 48%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC and was found to be higher than 95% (Rt = 40.48 min). ESI-MS calcd for C49H80N8NaO11: 
979.58, found: m/z 979.85 [M+Na]+; HRMS calcd for C49H80N8O11: [M+H]+ 957.6025, found 
957.6016; 1H-NMR (CD3OH, 500 MHz): δ Orn-1: 8.15 (NH), 8.33 (εNH), 4.48 (αCH), 2.30/1.79 
(βCH), 1.67 (γCH), 3.59/2.84 (δCH); Thr-2: 8.72 (NH), 4.89 (αCH), 4.53 (βCH), 1.22 (γCH); Hyp-
3: 4.48 (αCH), 2.27/1.96 (βCH), 4.49 (γCH), 3.77/3.70 (δCH); hTyr-4: 7.72 (NH), 4.80 (αCH), 
1.95/1.66 (βCH), 2.98/2.91 (γCH), 6.99/6.68 (Ar-H); Orn-5: 7.52 (NH), 4.30 (αCH), 2.20/1.91 
(βCH), 2.17 (γCH), 2.56 (δCH); Hyp-6: 4.28 (αCH), 4.07 (βCH), 2.27/1.96 (γCH), 3.77/3.70 
(δCH); Tail: 2.24 (C(O)CH2), 1.80/1.75 (CH2), 1.66/1.59 (CH2), 1.32 (CH2), 1.30, 1.30/1.27, 
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1.30/1.09, 1.29 (CH2), 1.27 (CH2), 1.13, 0.87 (CH3), 0.85(CH3) ppm. 13C-NMR (CD3OH, 125 
MHz): δ Orn-1: 53.1 (αCH), 38.1 (βCH), 24.0 (γCH), 37.6 (δCH); Thr-2: 57.9 (αCH), 68.9 (βCH), 
19.8 (γCH); Hyp-3: 62.3 (αCH), 34.2 (βCH), 71.3 (γCH), 56.8 (δCH); hTyr-4: 50.8 (αCH), 30.0 
(βCH), 40.6 (γCH), 130.7/ 116.5 (Ar-H); Orn-5: 54.6 (αCH), 34.4 (βCH), 26.9 (γCH) 32.6 (δCH); 
Hyp-6: 74.5 (αCH), 69.4 (βCH), 34.2 (γCH), 46.5 (δCH); Tail: 37.6, 36.6 (C(O)CH2), 35.4, 30.7 
(CH2), 30.3, 30.1 (CH2), 27.9, 26.9 (CH2), 23.9 (CH2), 23.8 (CH2), 19.3 (CH3), 11.4 (CH3).

Cyclo[-(Palm)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (6)
Pep�de 6 was obtained according to the general procedure for the prepara�on of the 
caspofungin analogues using 38.9 µmol of resin bound pep�de 28. A�er lyophiliza�on, 
pep�de 6 (24.5 mg; 65%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC and was found to be higher than 99% (Rt = 42.28 min). ESI-MS calcd for C50H82N8O11: 
971.23, found: m/z 972.45 [M+H]+; HRMS calcd for C50H82N8O11 [M+H]+ 971.6181, found 
971.6197; 1H-NMR (CD3OH, 500 MHz): δ Orn-1: 8.16 (NH), 4.48 (αCH), 2.30/1.78 (βCH), 
1.67 (γCH), 3.59/2.84 (δCH); Thr-2: 8.72 (NH), 4.88 (αCH), 4.52 (βCH), 1.21 (γCH); Hyp-3: 
4.49 (αCH), 2.26/1.96 (βCH), 4.49 (γCH), 3.77/3.70 (δCH); hTyr-4: 7.72 (NH), 4.81 (αCH), 
1.96/1.66 (βCH), 2.97/2.91 (γCH), 6.99/6.68 (Ar-H); Orn-5: 7.52 (NH), 4.30 (αCH), 2.20/1.91 
(βCH), 2.17 (γCH), 2.57 (δCH); Hyp-6: 4.28 (αCH), 4.07 (βCH), 2.26/1.96 (γCH), 3.77/3.71 
(δCH); Tail: 2.24 (C(O)CH2), 1.78/1.75 (CH2), 1.66/1.60 (CH2), 1.31 (CH2), 1.30 (CH2), 1.28 
(CH2), 1.27 (CH2), 0.89 (CH3) ppm. 13C-NMR (CD3OH, 125 MHz): δ Orn-1: 53.1 (αCH), 38.1 
(βCH), 24.0 (γCH), 37.6 (δCH); Thr-2: 58.0 (αCH), 68.9 (βCH), 19.7 (γCH); Hyp-3: 62.3 (αCH), 
34.2 (βCH), 71.3 (γCH), 56.9 (δCH); hTyr-4: 50.8 (αCH), 30.0 (βCH), 40.6 (γCH), 130.7/ 116.5 
(Ar-H); Orn-5: 54.6 (αCH), 34.4 (βCH), 27.0 (γCH) 32.7 (δCH); Hyp-6: 74.5 (αCH), 69.4 (βCH), 
34.2 (γCH), 46.5 (δCH); Tail: 36.7 (C(O)CH2), 32.8 (CH2), 30.5 (CH2), 30.0 (CH2), 27.0 (CH2), 23.9 
(CH2), 23.4 (CH2), 14.1 (CH3).

Cyclo[-(Myr)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (7)
Pep�de 7 was obtained according to the general procedure for the prepara�on of the 
caspofungin analogues using 38.9 µmol of resin bound pep�de 28. A�er lyophiliza�on, 
pep�de 7 (32.4 mg; 88%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC and was found to be higher than 99% (Rt = 39.33 min). ESI-MS calcd for C48H78N8O11: 
942.58, found: m/z 944.00 [M+H]+; HRMS calcd for C48H78N8O11 [M+H]+ 943.5868, found 
943.5867; 1H-NMR (CD3OH, 500 MHz): δ Orn-1: 8.16 (NH), 8.34 (εNH), 4.48 (αCH), 2.31/1.78 
(βCH), 1.67 (γCH), 3.59/2.85 (δCH); Thr-2: 8.72 (NH), 4.89 (αCH), 4.53 (βCH), 1.22 (γCH); 
Hyp-3: 4.49 (αCH), 2.27/1.97 (βCH), 4.50 (γCH), 3.78/3.70 (δCH); hTyr-4: 7.62 (NH), 4.81 
(αCH), 1.96/1.66 (βCH), 2.97/2.92 (γCH), 6.99/6.69 (Ar-H); Orn-5: 7.53 (NH), 4.30 (αCH), 
2.21/1.92 (βCH), 2.17 (γCH), 2.57 (δCH); Hyp-6: 4.28 (αCH), 4.08 (βCH), 2.27/1.96 (γCH), 
3.78/3.71 (δCH); Tail: 2.25 (C(O)CH2), 1.81/1.75 (CH2), 1.66/1.60 (CH2), 1.32 (CH2), 1.31 (CH2), 
1.29 (CH2), 1.27 (CH2), 0.90 (CH3) ppm. 13C-NMR (CD3OH, 125 MHz): δ Orn-1: 53.1 (αCH), 38.1 
(βCH), 24.0 (γCH), 37.6 (δCH); Thr-2: 58.0 (αCH), 69.0 (βCH), 19.7 (γCH); Hyp-3: 62.3 (αCH), 
34.2 (βCH), 71.3 (γCH), 56.9 (δCH); hTyr-4: 50.8 (αCH), 29.9 (βCH), 40.6 (γCH), 130.7/ 116.5 
(Ar-H); Orn-5: 54.7 (αCH), 34.4 (βCH), 27.0 (γCH) 32.7 (δCH); Hyp-6: 74.5 (αCH), 69.4 (βCH), 
34.2 (γCH), 46.5 (δCH); Tail: 36.7 (C(O)CH2), 32.9 (CH2), 30.4 (CH2), 30.0 (CH2), 27.0 (CH2), 23.9 
(CH2), 23.4 (CH2), 14.2 (CH3).
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(R)-Propionyl-2-pyrrolidinemethanol (10)41 

Propionic anhydride (12.6 mL, 98.3 mmol) was added drop wise to L-prolinol 9 (9.0 g, 89.3 
mmol). Then, the mixture was heated at 70°C for 10 min and basified to pH=9 with 2 M 
NaOH. The solu�on was extracted with DCM (3x), the combined organic layers were dried 
over Na2SO4 and concentrated in vacuo. The crude was purified by bulb-to-bulb dis�lla�on 
(1.5 mbar, 139 °C) to afford 10 (9.95 g; 71%) as a colourless liquid. Rf = 0.65 (DCM/MeOH/
AcOH 9/1/0.1, v/v/v); 1H NMR (CDCl3, 300 MHz): δ  1.16 (t, J= 7.4 Hz, 3H, CH3), 1.57-1.65 (m, 
1H, βCH2), 1.83-2.10 (m, 3H, βCH2 and γCH2), 2.33 (q, 2H, CH2), 3.42-3.67 (m, 4H, δCH2 and 
CH2OH), 4.18-4.26 (m, 1H, αCH), 5.46 (bs, 1H, OH) ppm; 13C NMR (CDCl3, 75.5 MHz): δ 9.06 
(CH3), 24.54 (γCH2), 28.43 (βCH2), 48.11 (δCH2), 61.32 (αCH), 67.66 (CH2OH), 175.31 (C=O).
 
General procedure for test reac�ons concerning the forma�on of a dianion of 10.
Glassware was dried in the oven and cooled down under argon prior to use. Syringes were 
dried over P2O5 in a desiccator overnight and put on a flask with nitrogen prior to use. The 
amide (10) was dried overnight at an oil-pump prior to use. Diisopropylamine was dis�lled 
from KOH and degassed with nitrogen. In case of the use of freshly prepared LDA, this was 
prepared first by reac�ng diisopropylamine (2.2 eq) with nBuLi (2.1 eq) in THF at 0 °C. 10 
was dissolved in THF and cooled to -78 °C. Herea�er, the base was added to the solu�on. 
The reac�on mixture was s�rred for 1-2 hours. The reac�on was quenched with D2O (3 
mL/mmol amide) and extracted with Et2O (3x). The combined organic layers were dried over 
Na2SO4 and concentrated in vacuo. 1H NMR (CDCl3, 300 MHz): δ 1.14 (t, J= 7.4 Hz 3H, CH3,), 
1.68-1.73 (m, 1H, βCH2), 1.86-2.05 (m, 3H, βCH2 and γCH2), 2.35 (q, 2H, CH2CH3), 2.41 (m, 
2H, CH2CH3 deuterated product), 3.47-3.53 (m, 2H, δCH2), 3.59 (d, J = 5.5 Hz, 2H, CH2OH), 
3.95 (m, 1H, αCH deuterated product), 4.18 (m, 1H, αCH) ppm; 13C NMR (CDCl3, 75.5 MHz): 
δ 8.5 (CH3), 9.3 (CH3 deuterated product), 21.5 (γCH2 deuterated product), 24.0 (γCH2), 27.3 
(CHDCH3 deuterated product), 27.7 (CH2CH3 and βCH2), 45.4 (δCH2 deuterated product), 47.6 
(δCH2), 58.9 (αCH deuterated product), 60.4 (αCH), 63.0 (CH2OH deuterated product), 65.8 
(CH2OH), 173.0 (C=O deuterated product), 174.4 (C=O).

10a 
Compound 10 (843 mg, 5.4 mmol) and commercially available LDA (2.0 M in THF, 11.8 mL, 
23.6 mmol) were reacted according to the general procedure for test reac�ons concerning 
the forma�on of a dianion over 2 hours. 5% of deuterated product was formed; 95% of 
star�ng material was le�.

10b 
Compound 10 (750 mg, 4.8 mmol) and freshly prepared LDA (10 mmol) were reacted 
according to the general procedure for test reac�ons concerning the forma�on of a dianion 
over 1 hour. 15% of deuterated product was formed; 85% of star�ng material was le�.

THP protected 10c 
To a solu�on of 10 (5.08 g, 50.2 mmol) in dry DCM (100 mL) DHP (6 mL, 66.2 mmol) and 
CSA (152 mg; 0.66 mmol) were added. The solu�on was s�rred overnight and subsequently 
quenched with Na2CO3 (643 mg) while s�rring for an addi�onal 30 min. H2O (100 mL) was 
added and the mixture was extracted with DCM (3× 100 mL). The combined organic layers 
were dried and evaporated and the crude was purified by column chromatography (Hexanes: 
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EtOAC) and afforded the THP protected intermediate 10c (8.48 g, 70%) as a colourless liquid. 
1H NMR (CDCl3, 300MHz): δ 1.08-1.17 (m, 3H, CH3), 1.52-1.55 (m, 1H, βCH2), 1.64-1.80 (m, 
6H, CH2 THP), 1.84-2.10 (m, 3H, βCH2 and γCH2), 2.24-2.30 (m, 2H, CH2CH3), 3.23-3.54 (m, 
2H, CH2 THP), 3.61 (m, 2H, δCH2), 3.82 (m, 2H, CH2OTHP), 4.35 (m, 1H, αCH), 4.82 (m, 1H, 
CH THP) ppm; 13C NMR (CDCl3, 75.5 MHz): δ 8.7 (CH3), 19.7 (CH2 THP), 22.0 (CH2 THP), 25.5 
(γCH2), 27.8 (CH2 THP), 30.7 (CH2CH3 and βCH2), 47.2 (δCH2), 56.7 (αCH), 62.2 (CH2 THP), 67.9 
(CH2OTHP), 99.2 (CH THP), 172.6 (C=O).
Then, the THP deriva�ve 10c (734 mg, 3.0 mmol) and freshly prepared LDA (6.4 mmol) were 
reacted according to the general procedure for test reac�ons concerning the forma�on of 
a dianion over 1 hour. 32% of deuterated product was formed; 68% of star�ng material was 
le�. 1H NMR (CDCl3, 300MHz): δ 1.08-1.16 (m, 3H, CH3), 1.53-1.55 (m, 1H, βCH2), 1.64-1.81 
(m, 6H, CH2 THP), 1.84-2.10 (m, 3H, βCH2 and γCH2), 2.24-2.30 (m, 2H, CH2CH3), 2.32-2.48 
(m, 2H, CH2CH3 deuterated product), 3.23-3.54 (m, 2H, CH2 THP), 3.61 (m, 2H, δCH2), 3.82 
(m, 2H, CH2OTHP), 4.12 (m, 1H, αCH deuterated product), 4.35 (m, 1H, αCH), 4.82 (m, 1H, 
CH THP) ppm; 13C NMR (CDCl3, 75.5 MHz): δ 8.9 (CH3), 19.7 (CH2 THP), 22.0 (CH2 THP), 24.4 
(γCH2 deuterated product), 25.5 (γCH2), 27.8 (CH2 THP), 29.0 (CH2CH3 and βCH2 deuterated 
product), 30.7 (CH2CH3 and βCH2), 45.6 (δCH2 deuterated product), 47.4 (δCH2), 56.7 (αCH), 
62.2 (CH2 THP), 67.9 (CH2OTHP), 69.1 (CH2OTHP deuterated), 99.2 (CH THP), 172.6 (C=O).

10d 
Compound 10 (797 mg, 5.1 mmol) and LHMDS (22.3 mL, 22.3 mmol) were reacted according 
to the general procedure for test reac�ons concerning the forma�on of a dianion over 1.5 
hours. 27% of deuterated product was formed; 73% of star�ng material was le�.

10e 
Compound 10 (708 mg, 4.5 mmol) and KHMDS (2.0 M in THF, 9.9 mL, 19.8 mmol) were 
reacted according to the general procedure for test reac�ons concerning the forma�on of 
a dianion over 1.5 hours. 13% of deuterated product was formed; 87% of star�ng material 
was le�.

(E)-S-ethyl pent-2-enethioate (17)
To a cooled solu�on (0°C) of (E)-pentenoic acid 16 (5.01 g; 50 mmol), DCC (11.35 g; 55 
mmol) and DMAP (611 mg; 5 mmol, 10 mol%) in pentane (500 mL), neat EtSH (7.22 mL; 100 
mmol) was added dropwise. The mixture was allowed to slowly reach room temperature 
and s�rred for 16 h. A�er filtra�on through a short silica pad, vola�les were evaporated. 
The crude residue was dis�lled (Kugelrohr) and afforded product 17 as a colorless liquid 
(6.85 g; 95%). 1H NMR (400 MHz, CDCl3): δ 6.96 – 6.84 (m, 1H), 6.06 (dd, J = 15.5, 1.5 Hz, 
1H), 2.95 – 2.84 (m, 2H), 2.18 (qd, J = 7.2, 3.7 Hz, 2H), 1.28 – 1.01 (m, 3H), 0.99 (s, 3H) ppm. 
13C NMR (101 MHz, CDCl3): δ 190.03 (Cq), 146.46 (CH), 127.79(CH), 25.18(CH2), 22.95 (CH2), 
14.78(CH3), 12.05 (CH3). Spectral data correspond to literature.21

(S)-S-ethyl 3-methylpentanethioate (18)
(S,RFe)-Josiphos.EtOH adduct (43.2 mg; 67 µmol) and CuBr.Me2S (12.8 mg; 62 µmol) 
were s�rred in freshly dis�lled MTBE (56 mL) un�l the mixture remained homogeneous 
(typically 10-30 min). Then the mixture was cooled to –78°C and a�er 10 min a solu�on 
of MeMgBr in Et2O (2.7 mL; 8.1 mmol) was added dropwise during 10 min. A�er 15 min 
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of s�rring a solu�on of thioester 17 (721 mg; 5 mmol) in MTBE (6.2 mL) was added over 
3 h by a syringe pump. The reac�on mixture was s�rred for an addi�onal 16 h at –78°C, 
quenched with EtOH (5 ml) and allowed to reach ambient temperature. Then a solu�on 
of NH4Cl (1 M; 50 mL) was added. The organic layer was separated and the aqueous layer 
extracted with Et2O (3× 20 mL). The combined organic layers were dried over MgSO4 and 
carefully evaporated (the product is vola�le). The residual yellow liquid was purified by flash 
chromatography (Et2O: pentane; 1:4) to afford (S)-S-ethyl 3-methylpentanethioate 18 (800 
mg; 80%) as a colorless liquid. HRMS: calcd for C8H16OS [M+H]+ 161.0994, found 161.0996; 
1H NMR (400 MHz, CDCl3): δ 2.87 (q, J = 7.4 Hz, 2H), 2.53 (dd, J = 14.4, 6.1 Hz, 1H), 2.34 (dd, 
J = 14.4, 8.1 Hz, 1H), 2.17 – 1.72 (m, 1H), 1.45 – 1.30 (m, 1H), 1.24 (t, J = 7.4 Hz, 4H), 1.08 
– 0.72 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ 199.36, 51.01, 32.63, 29.23, 23.24, 19.02, 
14.78, 11.21. NMR spectra contain traces of solvents (≈5%). Spectral data corresponded to 
literature.21 The enan�omeric ra�o was determined on the corresponding methyl ester by 
chiral sta�onary phase gas chromatography on a Chiraldex G-TA column (30 m x 0.25 mm), 
60 °C, reten�on �mes: 5.94 (R) / 6.05 (S) min: 85:1 (e.r.), 97% ee (as reported in literature21) 
[α]D = +8.4 (c=1.0 in CHCl3).
The absolute configura�on was determined on the alcohol21:
[α]D = +7.4 (c=0.95 in CHCl3). 
Literature42 reports the opposite enan�omer with αD= –8.5 (c=1 in CHCl3).

(S,E)-S-ethyl 5-methylhept-2-enethioate (19)
A solu�on of (S)-S-ethyl 3-methylpentanethioate 18 (801 mg; 5 mmol) in DCM (50 mL) was 
cooled to –55 °C and then a solu�on of DIBAL (1 M in DCM; 6 mL; 6 mmol) was added. The 
mixture was s�rred un�l complete conversion of star�ng material (ca 1.5 h). Subsequently, 
the mixture was poured into a saturated Rochelles salt (potassium sodium tartrate) solu�on 
and s�rred un�l the phases separated (mostly within 2 h). Layers were separated and the 
aqueous layer was extracted with DCM (3×15 mL). The combined layers were dried and 
carefully evaporated (the product is vola�le) un�l the weight corresponded to quan�ta�ve 
yield (501 mg). To a cooled solu�on (0 °C) of HWE reagent (1.8 g; 7.5 mmol) in THF (25 
mL) a solu�on of n-BuLi (1.6 M in hexanes; 3.44 mL; 5.55 mmol) was added dropwise. The 
reac�on mixture was s�rred for 20 min at 0 °C. Then (S)-3-methylpentanal (501 mg; 5 mmol) 
in a small amount of THF (0.3 ml) was added and the reac�on mixture was s�rred overnight 
(16 h). The reac�on was quenched with water (10 mL). Layers were separated and the 
aqueous layer extracted with Et2O (3× 15 mL). The combined organic layers were dried over 
MgSO4 and carefully evaporated (the product is vola�le). The residue was purified by flash 
chromatography on SiO2 (MTBE : pentane; 250:1) and afforded (S,E)-S-ethyl 5-methylhept-2-
enethioate 19 (510 mg; 55%) as a colorless liquid. HRMS calcd for C10H18OS [M+H]+ 187.1151, 
found 187.1152; [α]D= +8.2 (c=1.8 in CHCl3); 1H NMR (400 MHz, CDCl3): δ 6.85 (dtd, J = 8.6, 
7.6, 1.2 Hz, 1H), 6.08 (dd, J = 15.5, 1.3 Hz, 1H), 3.05 – 2.83 (m, 2H), 2.17 (ddd, J = 7.2, 6.5, 3.5 
Hz, 1H), 2.09 – 1.91 (m, 1H), 1.53 (dq, J = 13.3, 6.9 Hz, 1H), 1.36 (dt, J = 14.5, 6.8 Hz, 1H), 1.26 
(ddd, J = 7.4, 4.9, 1.2 Hz, 3H), 0.86 (td, J = 7.0, 3.2 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): 
δ 189.95, 144.27, 129.69, 39.21, 34.19, 29.18, 22.99, 19.14, 14.79, 11.34 + 2 peaks at 65.81 
and 15.24 as Et2O residues.
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(3S,5S)-S-ethyl 3,5-dimethylheptanethioate (20)
(S,RFe)-Josiphos-CuBr complex (29.1 mg; 39 µmol) was dissolved in freshly dis�lled MTBE (23.7 
mL) un�l the mixture remained homogeneous (typically 10-30 minutes). Then the mixture 
was cooled to –78°C and a�er 10 min a solu�on of MeMgBr (3 M in Et2O; 1.1 mL; 3.42 mmol) 
was added dropwise.43 A�er 15 min of s�rring, a solu�on of thioester 19 (490 mg; 2.63 
mmol) in MTBE (2.6 mL) was added over 3 h by a syringe pump. The mixture was s�rred for 
an addi�onal 16 h at –78°C. The reac�on was quenched by addi�on of EtOH (2 mL) and the 
mixture was allowed to reach ambient temperature. Then an aqueous solu�on of NH4Cl (1 
M, 30 mL) was added, the organic layer separated and the aqueous layer extracted with Et2O 
(3× 20 mL). The combined organic layers were dried over MgSO4 and carefully evaporated 
(the product is vola�le). The residual yellow liquid was purified by flash chromatography 
(MTBE/pentane, 1/250, v/v) to afford (3S,5S)-S-ethyl 3,5-dimethylheptanethioate 20 (417.7 
mg; 78%) as a colourless liquid. HRMS: calcd for C11H22OS [M+H]+ 203.14, found 203.11; 
[α]D= +4.2 (c=1.4 in CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.86 (q, J = 7.4 Hz, 2H), 2.52 (dd, J = 
14.4, 5.4 Hz, 1H), 2.28 (dd, J = 14.4, 8.5 Hz, 1H), 1.43 – 1.27 (m, 2H), 1.24 (t, J = 7.4 Hz, 4H), 
1.14 – 0.94 (m, 3H), 0.92 (d, J = 6.6 Hz, 3H), 0.85 (d, J = 6.5 Hz, 6H) ppm. 13C NMR (101 MHz, 
CDCl3): δ 199.33, 51.29, 44.07, 31.53 (CH1), 29.00, 28.66 (CH1), 23.23, 20.15 (CH3), 19.48 
(CH3), 14.79 (CH3), 11.07 (CH3).

(10S,12S)-dimethyltetradec-7-enoic acid (15)
A solu�on of (S)-S-ethyl 3-methylpentanethioate (417 mg; 2.06 mmol) in DCM (20 mL) was 
cooled to –55 °C and a solu�on of DIBAL (1 M in DCM; 2.5 mL; 2.5 mmol) was added. The 
mixture was s�rred un�l complete conversion of star�ng material (ca 1.5 h), then poured 
into saturated aqueous Rochelles salt solu�on and s�rred un�l phases separated (mostly 
within 2 h). Layers were separated and the aqueous layer was extracted with DCM (3×15 
mL). The combined layers were dried and carefully evaporated (the product is vola�le) to a 
weight corresponding to quan�ta�ve yield (294 mg). To a s�rred suspension of 7-(bromotrip
henylphosphoranyl) heptanoic acid (1.65 g; 3.5 mmol) in THF (2 mL) at ambient temperature 
a solu�on of LiHMDS (1 M in THF; 6.2 mL; 6.18 mmol) was added dropwise. The mixture 
was s�rred un�l the suspension turned into a deep red solu�on. Then a solu�on of (3S,5S)-
dimethylheptanal (293 mg; 2 mmol) in a small amount of THF (300 µL) was added and the 
reac�on mixture was s�rred un�l complete consump�on of star�ng material (2 h). The 
mixture was acidified to pH=1 by dilute aq. HCl and extracted with Et2O (3× 20 mL). The 
combined organic layers were dried and evaporated. The resul�ng thick liquid was purified 
by column chromatography (Et2O : pentane; 1:4) and afforded 15 (331 mg; 47%) as a colorless 
liquid (a mixture of E and Z isomers). HRMS: calcd for C16H30O2 [M+H]+ 255.2324, found 
255.2347; [α]D= +12.2 (c=1.8 in CHCl3); 1H NMR (400 MHz, CDCl3): δ 5.51 – 5.22 (m, 2H), 2.35 
(t, J = 7.5 Hz, 2H), 2.13 – 0.55 (m, 25H) ppm. 13C NMR (101 MHz, CDCl3): δ 131.22, 130.17, 
129.03, 128.67, 44.23, 44.00, 39.77, 34.26, 34.03, 32.35, 31.61, 31.55, 30.70, 30.42, 29.29, 
29.16, 28.72, 28.49, 27.08, 24.57, 24.51, 20.16, 20.06, 19.68, 11.14. – addi�onal peaks were 
observed due to the inseparable E/Z mixture. Spectral data corresponded to literature.20

(10R,12S)-dimethyltetradecanoic acid (8)
To a vigorously s�rred solu�on of (10R,12S)-dimethyltetradec-7-enoic acid 15 (310.1 mg; 
1.2 mmol) and flavine catalyst (49.6 mg; 0.12 mmol, 10 mol%) in EtOH (1 mL) under oxygen 
atmosphere, hydrazine hydrate (1.6 mL; 31.7 mmol) was added in one por�on. Vigorous 
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s�rring con�nued for 16 h. Then the reac�on mixture was acidified to pH=1 by dilute aq. HCl 
and extracted with Et2O (3× 20 mL). The combined organic layers were dried and evaporated. 
The residual red liquid was purified by column chromatography (Et2O : pentane; 1:4) and 
afforded 8 (524 mg; 81%) as a colorless thick liquid. [α]D= +14.1 (c=1.3 in CHCl3); 

1H NMR 
(400 MHz, CDCl3): δ 11.20 (bs, 1H), 2.34 (t, J = 7.5 Hz, 2H), 1.95 – 1.51 (m, 1H), 1.57 – 0.32 (m, 
31H) ppm. 13C NMR (101 MHz, CDCl3): δ 180.15 (Cq), 44.70, 36.85, 34.21, 31.56 (CH), 30.00 
(CH), 29.93, 29.46, 29.24, 29.20, 29.07, 26.86, 24.73, 20.26 (CH3), 19.72 (CH3), 11.17(CH3). 
Spectral data corresponded to literature.20

(S)-12-methyltetradec-9-enoic acid (21)
To a s�rred solu�on of (S)-S-ethyl 3-methylpentanethioate 18 (80 mg; 0.5 mmol) in DCM 
(0.75 mL) at –50°C, DIBAL-H was added. A�er complete conversion of the thioester (2 
h), the reac�on mixture was poured into a saturated solu�on of Rochelle salt. A�er clear 
layer separa�on, the organic layer was separated and the aqueous layer extracted with 
Et2O (3× 10 mL). The combined organic layers were dried and carefully evaporated un�l 
the weight corresponded to a quan�ta�ve yield (43 mg). Then, to a s�rred suspension 
of 9-(bromotriphenyl phosphoranyl)nonanoic acid (425 mg; 0.85 mmol) in THF (0.75 mL) 
a solu�on of LiHMDS (1 M in THF; 1.5 mL; 1.5 mmol) was added un�l the solu�on stayed 
deep red. To this solu�on, 3-methyl-pentanal in a small amount of THF (300 µL) was added. 
The reac�on mixture was s�rred un�l complete conversion of the star�ng material (2 h) and 
acidified to pH=1 by dilute aq. HCl. The resul�ng solu�on was extracted with Et2O (3× 20 mL) 
and the combined organic layers were dried and evaporated. The resul�ng thick liquid was 
purified by column chromatography (Et2O: pentane; 1:4) and afforded 21 (65.9 mg; 55%) as 
a colorless liquid (as a mixture of E and Z isomers). HRMS: calcd for C15H29O2 [M+H]+ 241.216, 
found 241.217; [α]D= +0.3 (c=0.5 in CHCl3); 

1H NMR (400 MHz, CDCl3): δ 5.37 (dt, J = 6.0, 4.6 
Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 2.01 (d, J = 5.4 Hz, 2H), 1.68 – 1.59 (m, 2H), 1.40 – 1.21 (m, 
14H), 0.96 – 0.80 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ 177.89, 130.32, 128.66, 35.11, 
34.13, 33.63, 29.69, 29.46, 29.19, 28.94, 28.88, 27.19, 24.64, 19.11, 11.55.

(S)-12-methyltetradecanoic acid (22)
To a vigorously s�rred solu�on of (12S)-methyltetradec-9-enoic acid 21 (60 mg; 0.25 mmol) 
and flavine catalyst (10 mg; 25 µmol, 10 mol%) in EtOH (1 mL) under oxygen atmosphere, 
hydrazine hydrate (375 µl; 7.5 mmol) was added in one por�on. Vigorous s�rring was 
con�nued for 16 h and the mixture was acidified to pH=1 by dilute aq. HCl and extracted 
with Et2O (3× 20 mL). The combined organic layers were dried and evaporated. The residual 
red liquid was purified by column chromatography (Et2O: pentane; 1:4) and afforded 22 
(50 mg, 83%) as a colourless thick liquid. HRMS: calcd for C15H31O2 [M+H]+ 243.231, found 
243.233; [α]D= +0.3 (c=0.5 in CHCl3); 1H NMR (400 MHz, CDCl3): δ 2.34 (t, J = 7.5 Hz, 2H), 1.65 
– 1.60 (m, 2H), 1.32 – 1.23 (m, 20H), 0.87 – 0.81 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ 
220.66, 36.62, 34.38, 34.07, 29.99, 29.66, 29.58, 29.48, 29.42, 29.23, 29.05, 27.09, 24.66, 
19.20, 11.39.

Fmoc-3-Hyp-OH (25)
trans-3-Hydroxy-L-proline (24) (2.0 g; 15.25 mmol) was added to a vigorously s�rred, ice-
cooled solu�on of NaHCO3 (2.56 g; 30.5 mmol) in H2O (20 mL). A solu�on of FmocOSu 
(5.66 g, 16 mmol) in dioxane (15 mL) was added dropwise over 1h. Then, the ice-cooling 
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was removed and the reac�on mixture s�rred for 20h. Addi�onal H2O (40 mL) was added, 
the reac�on mixture was washed with EtOAc (2× 50 mL) and the combined organic layers 
discarded. Subsequently, the aqueous phase was acidified with 1N HCl to a pH of 2, providing 
a thick opaque mixture. The mixture was extracted with EtOAc (2× 50 mL). The combined 
organic layers were dried and evaporated providing Fmoc-3-Hyp-OH 25 (5.37 g, 99%) as a 
white solid. Rf = 0.49 (DCM/MeOH/AcOH, 19/1/0.1, v/v/v); Analysis by 1H- and 13C-NMR 
showed the presence of rotamers around the 3° amide bond. 1H NMR (300 MHz, DMSO): δ 
7.92-7.88 (m, 2H, Ar-H), 7.69-7.63 (m, 2H, Ar-H), 7.45-7.30 (m, 4H, Ar-H), 5.58/5.51 (2bs, 1H, 
NH), 4.37-4.05 (m, 5H, αCH, βCH, CH2 + CH Fmoc), 3.54-3.49 (m, 2H, δCH2), 1.99-1.84 (m, 2H, 
γCH2) ppm. 13C NMR (75.5 MHz, DMSO): δ 172.1/171.8 (COOH), 154.2/154.0 (NCOO), 143.8 
and 140.7 (Ar-C), 127.8, 127.1, 125.2 and 120.2 (Ar-CH), 73.9/72.7 (βCH), 68.2/67.9 (αCH), 
67.0/66.7 (CH2 Fmoc), 46.6 (CH Fmoc), 44.9/44.3 (δCH2), 31.3/30.8 (γCH2). 

Fmoc-3-Hyp-OAll (26)
Fmoc-3-Hyp-OH 25 (5.35 g; 15.14 mmol) was dissolved in toluene (40 mL) and the flask 
connected to a Dean-Stark apparatus. Allyl alcohol (9.8 mL; 143.8 mmol) was added followed 
by p-toluenesulfonic acid monohydrate (2.94 g; 15.44 mmol). The reac�on mixture was 
refluxed for 1h, cooled and DCM (150 mL) was added. The organic layer was washed with 
NaHCO3 (150 mL), 0.1N HCl (150 mL) and brine (150 mL), then dried and concentrated. The 
crude was purified by column chromatography (Hexanes/ EtOAc; 2/1) and afforded Fmoc-
3-Hyp-OAllyl 26 (4.48 g, 75%) as a colorless oil. Rf= 0.38 (Hexanes/EtOAc, 3/1, v/v); HRMS: 
calcd for C23H23NO5 [M+H]+ 394.1654, found 394.1648; Analysis by 1H- and 13C-NMR showed 
the presence of rotamers around the 3° amide bond. 1H NMR (300 MHz, CDCl3): δ 7.77-7.73 
(m, 2H, Ar-H), 7.63-7.52 (m, 2H, Ar-H), 7.41-7.24 (m, 4H, Ar-H), 5.93-5.79 (m, 1H, CH=), 5.35-
5.18 (m, 2H, CH2=), 4.65-4.10 (m, 7H, αCH, βCH, CH2 + CH Fmoc, CH2 allyl), 3.79-3.68 (m, 2H, 
δCH2), 2.70/2.59 (2bs, 1H, OH), 2.20-1.95 (m, 2H, γCH2) ppm. 13C NMR (75.5 MHz, CDCl3): δ 
170.3 (COOCH2), 155.4/154.9 (NCOO), 144.2 and 141.5 (Ar-C), 131.7 (CH=), 127.9, 127.3, 
125.3 and 120.1 (Ar-CH), 119.0 (CH2=), 75.5 (βCH), 74.3 (αCH), 67.9 (CH2 Fmoc), 66.2 (CH2 
allyl), 47.4 (CH Fmoc), 45.1/44.8 (δCH2), 32.8/32.1 (γCH2).

Fmoc-Hyp(tBu)-OAll (27)
Fmoc-3-Hyp-OAllyl 26 (915 mg; 2.33 mmol) was dissolved in dry DCM (10 mL) in a 20 
mL glass pressure tube and cooled to -20°C. Concentrated H2SO4 (80 µL) was added and 
isobutene (~ 6 mL) was condensed into the solu�on. The tube was sealed and s�rred at 
RT for 92h. The sealed tube was cooled to -20 °C for 16h and vented carefully. Then, the 
mixture was allowed to reach RT while excess of isobutene evaporated from the reac�on 
mixture. DCM (50 mL) was added and the organic layer was washed with saturated NaHCO3 
(3× 50 mL), then brine (50 mL) and dried. The mixture was concentrated to give Fmoc-3-
Hyp(tBu)-OAllyl 27 (936 mg; 90%) as a clear oil. Rf= 0.57 (Hexanes/EtOAc, 2/1, v/v); HRMS: 
calcd for C27H31NO5 [M+H]+ 450.2280, found 450.2295; Analysis by 1H- and 13C-NMR showed 
the presence of rotamers around the 3° amide bond. 1H NMR (300 MHz, CDCl3): δ 7.78-7.70 
(m, 2H, Ar-H), 7.65-7.55 (m, 2H, Ar-H), 7.42-7.28 (m, 4H, Ar-H), 5.95-5.81 (m, 1H, CH=), 5.38-
5.18 (m, 2H, CH2=), 4.72-4.22 (m, 7H, αCH, βCH, CH2 + CH Fmoc, CH2 allyl), 3.77-3.65 (m, 2H, 
δCH2), 2.18-2.01 (m, 1H, γCH2), 1.93-1.84 (m, 1H, γCH2), 1.24 (s, 9H, tBu) ppm. 13C NMR (75.5 
MHz, CDCl3): δ 171.0 (COOCH2), 155.2/154.7 (NCOO), 144.4/144.1 and 141.5 (Ar-C), 131.7 
(CH=), 127.9, 127.2, 125.4 and 120.1 (Ar-CH), 119.0 (CH2=), 75.2 (C tBu), 74.3 (βCH), 68.1 
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(αCH), 67.8 (CH2 Fmoc), 66.0 (CH2 allyl), 47.5 (CH Fmoc), 45.7/45.3 (δCH2), 33.4/32.5 (γCH2), 
28.4 (CH3 tBu).

Fmoc-3-Hyp(tBu)-OH (23)
Fmoc-3-Hyp(tBu)-OAllyl 27 (2.1 g; 4.68 mmol) was dissolved in dry DCM (20 mL). Under 
argon Pd(PPh3)4 (108.1 mg; 0.094 mmol) was added to the s�rred solu�on, followed by 
phenyltrihydrosilane (1.15 mL; 9.36 mmol). A�er 2h, DCM (150 mL) was added and the 
organics washed with 0.01 N HCl (150 mL), brine (150 mL) and dried (Na2SO4). The solvents 
were removed in vacuo and the crude solid was purified by column chromatography 
(Hexanes: EtOAc; 2:1). Fmoc-3-Hyp(tBu)-OH 23 (996 mg; 52%) was obtained as a white solid. 
HRMS: calcd for C24H27NO5 [M+H]+ 410.1967, found 410.1974; Analysis by 1H- and 13C-NMR 
showed the presence of rotamers around the 3° amide bond. 1H NMR (300 MHz, CDCl3): 
δ 7.78-7.64 (m, 2H, Ar-H), 7.62-7.49 (m, 2H, Ar-H), 7.46-7.24 (m, 4H, Ar-H), 4.50-4.14 (m, 
5H, αCH, βCH, CH2 + CH Fmoc), 3.69-3.63 (m, 2H, δCH2), 2.16-2.00 (m, 1H, γCH2), 1.91-1.80 
(m, 1H, γCH2), 1.23 (s, 9H, tBu) ppm. 13C NMR (75.5 MHz, CDCl3): δ 175.9/174.2 (COOH), 
156.4/154.7 (NCOO), 144.3/144.0 and 141.5 (Ar-C), 128.0, 127.3, 125.2 and 120.2 (Ar-CH), 
75.3 (C tBu), 73.7 (βCH), 68.3 (αCH), 67.9 (CH2 Fmoc), 47.3 (CH Fmoc), 45.6 (δCH2), 33.3/32.5 
(γCH2), 28.3 (CH3 tBu).

Cyclo[-(Ter)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (30)
Pep�de 30 was obtained according to the general procedure for the prepara�on of the 
caspofungin analogues using 39 µmol of resin bound pep�de 28. A�er lyophiliza�on, 
pep�de 30 (18 mg; 43%) was obtained as a white solid. Purity was confirmed by analy�cal 
HPLC and was found to be higher than 95% (Rt = 21.55 min). ESI-MS calcd for C58H74N8O12: 
1074.54, found: m/z 1075.85 [M+H]+; HRMS calcd for C58H74N8O12 [M+H]+ 1075.5504, found 
1075.5529; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 8.59 (NH), 7.98 (εNH), 4.53 (αCH), 2.15/1.68 
(βCH), 1.77 (γCH), 3.45/2.73 (δCH); Thr-2: 8.22 (NH), 4.76 (αCH), 4.39 (βCH), 1.13 (γCH); Hyp-
3: 4.33 (αCH), 2.16/1.76 (βCH), 4.38 (γCH), 3.74/3.69 (δCH); hTyr-4: 7.55 (NH), 4.04 (αCH), 
2.08/1.87 (βCH), 2.46/2.37 (γCH), 6.95/6.66 (Ar-H); Orn-5: 7.59 (NH), 4.70 (αCH), 1.84/1.69 
(βCH), 1.59  (γCH), 2.88/2.83 (δCH); Hyp-6: 4.13 (αCH), 4.02 (βCH), 2.12/1.87 (γCH), 3.65 
(δCH); Ter: 0.92 (CH3), 1.37 (CH2), 1.41 (CH2), 1.75 (CH2), 4.00 (OCH2), 7.67/7.05 (Ar-H Ph-
3), 7.83/7.75 (Ar-H Ph-2), 8.03/7.81 (Ar-H Ph-1) ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-1: 
51.1 (αCH), 25.2 (βCH), 22.7 (γCH), 35.1 (δCH); Thr-2: 55.5 (αCH), 65.6 (βCH), 18.7 (γCH); 
Hyp-3: 59.9 (αCH), 36.4 (βCH), 68.4 (γCH), 54.8 (δCH); hTyr-4: 51.4 (αCH), 32.5 (βCH), 30.2 
(γCH), 128.5/ 114.1 (Ar-H); Orn-5: 48.2 (αCH), 28.0 (βCH), 22.1 (γCH), 37.9 (δCH); Hyp-6: 
71.5 (αCH), 66.7 (βCH), 32.5 (γCH), 44.1 (δCH); Ter: 13.2 (CH3), 21.1 (CH2), 26.9 (CH2), 27.6 
(CH2), 67.2 (OCH2), 126.8/114.1 (Ar-H Ph-3), 125.3/125.8 (Ar-H Ph-2), 127.6/126.6 (Ar-H Ph-
1) ppm.

Cyclo[-(DMT-Myr)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (31)
Pep�de 31 was obtained analogously to pep�de 4, except for the amino acid sequence, using 
31 ìmol of resin bound pep�de 28. The first amino acid coupled was Fmoc-Hyp(tBu)-OH 
instead of Fmoc-3-Hyp(tBu)-OH. A�er lyophiliza�on, pep�de 31 (12 mg; 40%) was obtained 
as a white solid. Purity was confirmed by analy�cal HPLC and was found to be higher than 
99% (Rt = 23.25 min). ESI-MS calcd for C50H82N8O11: 970.61, found: m/z 971.75 [M+H]+; HRMS 
calcd for C50H82N8O11 [M+H]+ 971.6181, found 971.6123; 1H-NMR (DMSO, 500 MHz): δ Orn-
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1: 8.07 (NH), 7.91 (εNH), 4.35 (αCH), 2.02/1.43 (βCH), 1.65 (γCH), 3.40/2.66 (δCH); Thr-2: 
8.21 (NH), 4.74 (αCH), 4.38 (βCH), 1.07 (γCH); Hyp-3: 4.31 (αCH), 2.15/1. 75 (βCH), 4.34 
(γCH), 3.72 (δCH); hTyr-4: 7.53 (NH), 4.03 (αCH), 2.06/1.84 (βCH), 2.45/2.36 (γCH), 6.94/6.65 
(Ar-H); Orn-5: 7.61 (εNH), 7.39 (NH), 4.66 (αCH), 1.79/1.59 (βCH), 1.55 (γCH), 2.79 (δCH); 
Hyp-6: 4.34 (αCH), 1.99/1.82 (βCH), 4.36 (γCH), 3.68/3.47 (δCH); Tail: 2.12 (C(O)CH2), 1.47, 
1.45/1.22, 1.39, 1.31/1.06, 1.26/1.21, 1.25/1.02, 1.19/0.89, 0.83 (CH3), 0.82 (CH3) ppm. 13C-
NMR (DMSO, 125 MHz): δ Orn-1: 49.4 (αCH), 25.1 (βCH), 22.2 (γCH), 34.6 (δCH); Thr-2: 55.4 
(αCH), 68.4 (βCH), 18.6 (γCH); Hyp-3: 59.9 (αCH), 36.4 (βCH), 68.0 (γCH), 54.7 (δCH); hTyr-4: 
51.2 (αCH), 32.5 (βCH), 30.2 (γCH), 128.5/ 114.1 (Ar-H); Orn-5: 48.7 (αCH), 27.9 (βCH), 21.8 
(γCH) 37.9 (δCH); Hyp-6: 58.1 (αCH), 36.8 (βCH), 65.5 (γCH), 55.0 (δCH); Tail: 43.3, 35.4, 34.3 
(CHCH2CH), 30.2, 28.6, 27.8, 27.6, 25.5, 24.6, 19.1 (CH3), 10.2 (CH3).

Cyclo[-(Myr)-Orn-Thr-Hyp-hTyr-Orn-Hyp] (32)
Pep�de 32 was obtained analogously to pep�de 7, except for the amino acid sequence, using 
31 ìmol of resin bound pep�de 28. The first amino acid coupled was Fmoc-Hyp(tBu)-OH 
instead of Fmoc-3-Hyp(tBu)-OH. A�er lyophiliza�on, pep�de 32 (6 mg; 20%) was obtained 
as a white solid. Purity was confirmed by analy�cal HPLC and was found to be higher than 
95% (Rt = 22.25 min). ESI-MS calcd for C48H78N8O11: 942.58, found: m/z 943.65 [M+H]+; HRMS 
calcd for C48H78N8O11 [M+H]+ 943.5868, found 943.5870; 1H-NMR (DMSO, 500 MHz): δ Orn-1: 
8.07 (NH), 7.91 (εNH), 4.29 (αCH), 1.96/1.37 (βCH), 1.58 (γCH), 3.34/2.60 (δCH); Thr-2: 8.21 
(NH), 4.68 (αCH), 4.31 (βCH), 1.01 (γCH); Hyp-3: 4.24 (αCH), 2.09/1. 69 (βCH), 4.27 (γCH), 
3.66 (δCH); hTyr-4: 7.57 (NH), 3.97 (αCH), 2.39/2.30 (βCH), 2.00/1.78 (γCH), 6.88/6.69 (Ar-
H); Orn-5: 7.65 (εNH), 7.39 (NH), 4.59 (αCH), 1.72/1.52 (βCH), 1.49 (γCH), 2.73 (δCH); Hyp-6: 
4.27 (αCH), 1.93/1.76 (βCH), 4.30 (γCH), 3.62/3.41 (δCH); Tail: 2.06 (C(O)CH2), 1.41, 1.20, 
1.17/1.01, 1.14, 0.87 (CH3), 0.80 (CH3) ppm. 13C-NMR (DMSO, 125 MHz): δ Orn-1: 49.4 (αCH), 
25.1 (βCH), 22.1 (γCH), 34.6 (δCH); Thr-2: 55.4 (αCH), 68.4 (βCH), 18.6 (γCH); Hyp-3: 59.9 
(αCH), 36.4 (βCH), 67.9 (γCH), 54.7 (δCH); hTyr-4: 51.2 (αCH), 32.5 (βCH), 30.2 (γCH), 128.5/ 
114.1 (Ar-H); Orn-5: 48.6 (αCH), 27.9 (βCH), 21.9 (γCH) 37.9 (δCH); Hyp-6: 58.0 (αCH), 36.8 
(βCH), 65.5 (γCH), 55.1 (δCH); Tail: 34.3 (C(O)CH2), 28.1, 27.5, 24.7, 21.3, 18.0 (CH3), 13.2 
(CH3).

5.4.3 Biology

Candida MIC Assay:
An�fungal ac�vity was evaluated by broth microdilu�on. The media used in this assay was 
Yeast Extract Peptone Dextrose (YPD) containing 1% yeast extract, 2% peptone, 1% dextrose 
in dis�lled water. Test compounds were dissolved in dis�lled water or 10% DMSO, depending 
on the solubility of the compounds, to a concentra�on of 1 mg/mL. A�er dissolving each 
compound was diluted 20 �mes in YPD medium rendering a stock solu�on of 50 µg/mL. 
Caspofungin27, purchased from Merck Sharp & Dohme B.V. (Haarlem, Netherlands), was 
included as a reference. Serial 2-fold dilu�ons of the test compounds in YPD medium were 
prepared as followed. To each well of a sterile Greiner bio-one Cellstar 96 well, U bo�omed 
micro�ter plate 100 µl of YPD was dispensed. Manually, 100 µl of stock compounds was 
delivered to each well in column 1. Then using an 8-channel pipe�e, compounds in column 
1 were serially diluted 2-fold over the micro�ter plate un�l column 11. The last column 
of the plate contained drug-free wells dedicated for growth and sterility controls for each 
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organism tested.

The plates containing the diluted compounds were inoculated with 100 µl of the appropriate 
microorganism. The yeast strains used were isolates obtained from the CBS-KNAW Fungal 
Biodiversity Centre (Utrecht, The Netherlands). The collec�on included C. dubliensis, C. 
glabrata, C. tropicalis, C. parapsilosis, C. krusei and two strains of C. albicans. Stock cultures 
of the yeast strains in liquid media (YPD + 15% glycerol) were maintained at -80°C. For use 
in this assay, yeast cultures were streaked on YPD agar plates and incubated for 24h at 30°C. 
Then, using a sterile disposable loop, cells from a colony were suspended in 5 mL of YPD 
media and aerated for 24h at 30°C on a shaker set at 300 rpm. The broth cultures were 
diluted 10 �mes with media and the op�cal density of this suspension was measured at a 
wavelength of 600 nm. The suspension was further diluted to an OD600 of 0.01 resul�ng in a 
concentra�on of (1-5) × 106 cfu/mL. This suspension was further diluted 1:100 in YPD media 
to yield (1-5) × 104 cfu/mL. This final dilu�on was used for inocula�ng the plates. Plates 
containing the diluted compounds were inoculated with 100 µL/well of the appropriate 
microorganism using an 8-channel pipe�e. The final volume/well, including organism and 
compound was 200 µl. Thus, the final number of cells per well was approximately 5-25 x103 
cfu/mL. Tests were incubated overnight at 30 °C prior to recording MICs. The in vitro ac�vity 
was determined visually at 24h of incuba�on as the lowest concentra�on of compound 
resul�ng in full inhibi�on of yeast growth.
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6.1 Introduc�on

In the previous chapters it became clear that the size and thereby the conforma�onal 
behaviour of the macrocyclic ring structure of the echinocandins in combina�on with the 
choice of the fa�y acid side chain as well as crucial subs�tuents are determining factors 
for an�fungal ac�vity. As is described in chapter 2 even small varia�ons of the size of 
the macrocyclic ring structure can completely abrogate an�fungal ac�vity. In addi�on, 
the results described in chapter 5 also indicate that small varia�ons in the posi�on of a 
(hydroxyl) subs�tuent have a large influence on the an�fungal ac�vity. Even expansion 
of the pep�de macrocycle with just one carbon atom completely abolished an�fungal 
ac�vity. Since this finding was rather unexpected in view of the limited added flexibility to 
the already flexible pep�de 21-membered macrocycle,1 it was a�empted to evaluate the 
conforma�onal behaviour and possible ensuing influence of ring size on an�fungal ac�vity. 
With respect to this, larger ring sizes may disrupt any trans-annular hydrogen bonds that 
may be important for stabilizing bio-ac�ve conforma�ons. To address this hypothesis we 
applied nuclear magne�c resonance (NMR) and circular dichroism (CD) techniques were 
applied in a�empts to elucidate solu�on conforma�ons of the analogues described in the 
previous chapters. In the NMR studies parameters such as temperature coefficients of NH 
protons and NOEs were inves�gated. In the CD studies the Far UV region (250-190 nm), 
which corresponds to pep�de-amide bond absorp�on, was measured to analyze the content 
of secondary structures.

6.2 Results and discussion

6.2.1 NMR studies

Temperature coefficients
Amide proton temperature coefficients are an a�rac�ve and simple way to detect and 
confirm the presence of hydrogen bonds.3 Since the early years of pep�de NMR it has 
been known that the chemical shi�s of amide proton resonances display a temperature 
dependence.4 This can be quan�fied by the temperature coefficient (∆δNH/∆T). The value 
of the amide temperature coefficient has been used to predict hydrogen bond donors, with 
hydrogen-bonded amides generally showing smaller temperature coefficients than non-
hydrogen bonded amides.3,5-8

Generally, the analysis of temperature coefficients is performed in water. Due to solubility 
problems of the analogues bearing a terphenyl side chain these could not be measured. 
Therefore, a first a�empt was made with a simplified mimic of caspofungin with a 
dimethylmyris�c side chain. Although soluble in H2O, NMR measurements showed that 
aggregates were formed and therefore it was impossible to study the structure of this 
pep�de. Probably the lipophilic tail of this analogue is responsible for the aggrega�on effect 
and therefore analogues were used with a shortened acetyl “tail” as are shown in Figure 1. 
Their syntheses are outlined in Scheme 1 and Scheme 2.
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Figure 1. Ring size analogues (1-3) with an acetyl tail.

For the 21- and 22- membered rings the linear hexapep�de precursors 4 and 5 were 
synthesized by SPPS using the trityl resin as shown in Scheme 1. Removal of the ε-Fmoc 
group from ornithine in 4 and lysine in 5, followed by treatment with capping reagent (Ac2O/
HOBt/DiPEA/NMP) and mild acidoly�c cleavage of the M� group liberated the pep�de chain 
from the resin to give the linear fully protected pep�de precursors 6 and 7. Solu�on-phase 
cycliza�on followed by protec�ng group removal resulted in macrocyclic pep�des 1 and 2 in 
overall yields of 20-53% a�er purifica�on by prepara�ve HPLC.

Scheme 1. Reagents and condi�ons: (i) 4: Fmoc-3-Hyp(tBu)-OH, DIPEA, DCM; 5: Fmoc-Hyp(tBu)-OH, DIPEA, DCM; 
(ii-vi) (1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) (1) 20% piperidine in NMP; (2) Capping 
solu�on: Ac2O/HOBt/DiPEA/NMP; (viii) TFE/AcOH/DCM (2/1/7; v/v/v); (ix) BOP, DiPEA, DMF; (x) TFA/TIS/H2O 
(95/2.5/2.5; v/v/v).

As is shown in Scheme 2 the linear precursor 8 of the 23-membered cyclic pep�de 3 was 
prepared by SPPS on the Wang resin. Removal of the N-terminal Fmoc group, treatment 
with capping reagent followed by RCM reac�on of the resin-bound pep�de using a 10 
mol% solu�on of Grubbs II catalyst in DCM (containing 10 vol% 0.4M LiCl in DMA) under 
microwave irradia�on resulted in the ring-closed product. Cleavage from the resin with 
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concomitant removal of side chain protec�ng groups gave cyclic pep�de 9 as a mixture 
of cis/trans isomers in an overall yield of 6% a�er purifica�on by prepara�ve HPLC. A�er 
reduc�on of the double bond in the cis/trans mixture of pep�de 9, macrocyclic pep�de 3 
was obtained.

Scheme 2. Reagents and condi�ons: (i) Wang resin: (1) Fmoc-Alg-OH, pyridine, DCBC, DMF; (2) Ac2O/NMI/DiPEA/
DMF (2/1/1/6, v/v/v); (ii-vi) (1) 20% piperidine in NMP; (2) Fmoc-Xxx-OH, BOP, DiPEA, NMP; (vii) (1) 20% piperidine 
in NMP; (2) Capping solu�on: Ac2O/HOBt/DiPEA/NMP; (viii) Grubbs II (10 mol%), 10 vol% LiCl/DMA (0.4M), MW, 60 
min, 100 °C, DCM; (ix) TFA/TIS/H2O (95/2.5/2.5, v/v/v), (x) H2, 10% Pd/C, EtOH, rt, 36h.

The ring size analogues 1-3 with an acetyl “tail” were studied by NMR spectroscopy (Figure 
2- 4). One- and two- dimensional9 (NOESY10, TOCSY11 and 13C-1H HSQC12) NMR experiments 
were used for the complete proton and carbon resonance assignments of these pep�des.
 
Inspec�on of the amide region in the 1D spectra of the three analogues, showed differences 
in chemical shi� of the amides around the site, which was varied (upper amino acid, O1, K1, 
Alg respec�vely). Most interes�ngly, increasing the ring size from 21 (Figure 2) to 22 (Figure 
3) also showed an effect on the chemical shi� of the homotyrosine amide (Y4), sugges�ng a 
conforma�onal change. This could indicate that the amide proton of Y4 in cyclic pep�de 2 is 
more shielded by the aroma�c ring of this residue.

To analyze changes in the hydrogen bonding network of these cyclic pep�des the amide 
temperature coefficients (∆δNH/∆T) were measured. The temperature dependence of the 
amide proton chemical shi�s was determined with one dimensional 1H NMR experiments 
over the temperature range of 273-318 K. In the 1D-spectra of the 23-membered analogue 
3 the amide protons overlapped (Figure 4). Therefore, two-dimensional TOCSY experiments 
were used, in addi�on to the 1D spectra, to determine the temperature coefficients of these 
amides. The experimental data are presented in Figure 5 and the temperature coefficients 
are listed in Table 1.
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Figure 2. 1H-NMR spectrum at 278K of the 21-membered ring size analogue 1, in the expanded region of the 
spectra are all six NH protons.

Figure 3. 1H-NMR spectrum at 278K of the 22-membered ring size analogue 2, in the expanded region of the 
spectra are all six NH protons.
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Figure 4. 1H-NMR spectrum at 278K of the 23-membered ring size analogue 3, in the expanded region of the 
spectra are all six NH protons.

O1 O1� T2 O5

K1 K1 T2 O5

Alg1 Alg7 T2 O5

Y4

Y4

Y4

Figure 5. Dependence of chemical shi�s on temperature for the amide protons. A) 21-membered ring size analogue 
1; B) 22-membered ring size analogue 2; C) 23-membered ring size analogue 3. The x-axis for each graph displays 
the range 268- 323 K with marks at 5° intervals. The scaling on the y-axis is iden�cal for each plot; the mark interval 
corresponds to 0.2 ppm.
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Most proton chemical shi� s display a linear temperature dependence (Figure 5), although 
it is no� ceable that the amide proton Y4 shows a non-linear behaviour, especially in the 22-
membered analogue 2. This result could indicate that at least two species in this region of 
the pep� de are in fast exchange over the temperature range studied.7

Table 1. Temperature coeffi  cients in ppb/K.

a Amide NH of the side chain in this residue. 

Values of amide proton temperature coeffi  cients measured for the ring size analogues (1-
3), as listed in Table 1, ranged from -9.61 to -0.20 ppb/K. From literature it is known that 
amide protons with temperature coeffi  cients more posi� ve than -4.6 ppb/K are hydrogen 
bonded, whereas high coeffi  cients (i.e. ∆δNH/∆T < -4.6 ppb/K) suggest that the amide is not 
hydrogen-bonded.3,7,8 Analysis of the temperature coeffi  cients of the data sets showed that 
the backbone amides of Y4 and O5 are involved in intramolecular hydrogen bonds. Notably, 
only for the 22-membered analogue 2, the ∆δNH/∆T value indicates that also the backbone 
amide proton of T2 might be involved in hydrogen bonding. 

For comparison purposes the temperature coeffi  cients of the three analogues were depicted 
in a bar diagram as shown in Figure 6. This clearly shows that the ring size has almost no 
eff ect on the temperature coeffi  cients of the amides, except for T2. This may suggest that 
the backbone amide proton of T2 in the 22-membered analogue 2 is involved in hydrogen 
bonding.

Figure 6. Bar diagram showing a comparison in temperature coeffi  cient values of NH resonances in pep� des 1-3. 

1: 21-membered
ring

2: 22-membered
ring  3: 23-membered

ring

Amide-NH Amide-NH Amide-NH
Residue  ∆δ/∆T  Residue ∆δ/∆T  Residue ∆δ/∆T 

O1 -9.61 K1 -9.56 Alg-1 -8.90
O1εa -9.19 K1εa -9.45 Alg-7 -9.10

T2 -6.37 T2 -2.93 T2 -6.60

Y4 -0.76 Y4 -0.72 Y4 -0.20
O5 -0.75  O5 -1.65  O5 -1.20
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NOEs
More detailed structural informa�on can be obtained from NOESY experiments.13 Therefore, 
in addi�on to the temperature coefficients NOE signals were evaluated. As NOEs depends on 
the through-space interac�on they can be directly related to the pep�de conforma�on.14 

While backbone NH(i+1)-Cα(i) and NH(i+1)-side-chain(i) NOEs support the 1H-NMR 
sequen�al assignments and determine the order of the amino acids in the pep�de sequence, 
sequen�al NH(i)-NH(i+1) and non-sequen�al NOEs are an indica�on for non-random coil 
conforma�ons of the poly-pep�de chain.2,5,14

2D NOE spectra of the ring size analogues (1-3) contain predominantly sequen�al NOEs, 
but a few long-range contacts could be iden�fied as well. These are shown in Figure 7.  
Similar NOE pa�erns were observed for all three ring size analogues. Two interes�ng NOE 
connec�vi�es were observed for analogues 1 and 2: between residues T2 and O5 NH(2)-
NH(5) and residues Y4 and O5 NH(4)-NH(5), respec�vely. For analogue 3 only the NOE 
between T2 and O5 NH(2)-NH(5) was observed. A possible NOE between the NHs of Y4 
and O5 is masked by overlap. However, we did observe this NOE in the precursor (9) of this 
mimic. In addi�on, we observed a weak NOE between the Cα of P3 and the NH of O5 in 
analogues 1 and 2. 

The NOE data also demonstrate that all other pep�de bonds than those involving the amine 
of the proline residues are in the trans configura�on.

Discussion
The structure of macrocyclic pep�de echinocandin analogues 1-3 has been characterized by 
NMR spectroscopy. These studies indicate the presence of non-random conforma�ons. 

In general cyclic pep�des are known to form turn-like conforma�ons and the NH(2)-NH(5) 
NOE connec�vity observed in all pep�des (1-3) establishes the presence of a turn at this site 
of our analogues. The presence of two proline residues greatly facilitates the forma�on of 
turns.

Cyclic hexapep�des have long been known to favor the conforma�on of a β-turn.15,16 
Detec�on of a β-turn stabilized by an intramolecular 4  1 hydrogen bond by NMR relies 
upon three types of evidence: (i) A low temperature coefficient for the NH of residue 4 
of the turn, indica�ng the 4  1 backbone amide-carbonyl hydrogen bond; (ii) The chain 
reversal associated with a β-turn results in short proton-proton distance NOE connec�vity 
between residue 3 and 4 of the turn; (iii) Observa�on of a dαN(2,4) NOE connec�vity.2,5,17 

A summary of the observed NOEs and temperature coefficients for the pep�des 1-3 is given 
in Figure 8. Indeed a low temperature coefficient was found for the NH of residue 4 (O5) 
in all three macrocyclic ring size analogues. In addi�on, for cyclic pep�des 1 and 2 a short 
distance NOE connec�vity was observed, between residue 3 (Y4) and 4 (O5) of the turn. This 
NOE was not observed for the 23-membered cyclic pep�de 3, due to overlap of the amide 
signals. Moreover, a weak dαN NOE connec�vity between P3 CHα and NH O5 was observed 
for cyclic pep�des 1 and 2. As was described by Dyson et al.5 this connec�vity was only 
observed for pep�des with the highest popula�on of β-turns.
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Figure 7. NH-NH NOEs observed in ring size analogues (1-3). Le�: Amide region of NOESY spectra of A) 21-
membered analogue (1); B) 22-membered analogue (2); C) 23-membered analogue (3). Right: NOEs are indicated 
in the chemical structures by arrows. 
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Figure 8. Summary of observed non-sequen�al NOEs and temperature coefficients. 21-membered analogue (1); B) 
22-membered analogue (2); C) 23-membered analogue (3). Closed circles correspond to ∆δNH/∆T > -4.6 ppb/K and 
open circles to ∆δNH/∆T < -4.6 ppb/K.

Thus, the NMR data showed comparable conforma�onal behaviour of ring size analogues 
1-3. To corroborate the β-turn like structures observed by NMR, CD spectra were measured 
(vide infra). 

6.2.2 CD studies

Circular dichroism (CD) spectroscopy can give valuable insights into pep�de structure. In 
the Far UV region (250-190 nm), which corresponds to pep�de-amide bond absorp�on, 
the CD spectrum can be analyzed with respect to the content of secondary structures.18 In 
addi�on to secondary structure predic�on changes in CD spectra are indicators of changes 
in conforma�on. As first discussed by Ovchinnikov and Ivanov19, CD spectra may provide 
evidence of perturba�ons or altera�ons of the accessible conforma�onal states in a series of 
related pep�des.18,20 In order to inves�gate the secondary structure and structural changes 
of cyclic pep�des 1-3, CD spectra were recorded (Figure 9). 

In addi�on to measuring in aqueous systems, CD can be measured in organic solvents e.g. 
ethanol21, methanol21, trifluoroethanol (TFE)22. The la�er has the advantage to enhance 
secondary structure forma�on of pep�des. Therefore CD measurements were carried out 
in water and water-TFE (1/1, v/v) mixtures. The data were normalized with respect to the 
amount of amide bonds present (6 in 1 and 2 and 7 in 3, respec�vely) and reported as mean 
residue ellip�ci�es.

Ac-NH-O1 T2 P3 Y4 O5 P6
dNN (i,i+1)
dNN (i,i+3)
dN (i,i+2)
ΔNH/ΔT

A)

Ac-NH-K1 T2 P3 Y4 O5 P6
dNN (i,i+1)
dNN (i,i+3)
dN (i,i+2)
ΔNH/ΔT

B)

Ac-NH-Alg1 T2 P3 Y4 O5 P6 Alg7
dNN (i,i+1)
dNN (i,i+3)
dN (i,i+2)
ΔNH/ΔT

C)
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Figure 9. CD spectra of ring size analogues (1-3). A) Measured in H2O; B) Measured in TFE/H2O (1/1, v/v). All 
pep� des were measured at 0.1 mM concentra� on.

The CD spectra of cyclic pep� des 1-3 are almost iden� cal in water and water-TFE mixtures. 
While the CD spectra of cyclic pep� des 1 and 2 were similar, the spectra of cyclic pep� de 3 
were very diff erent from those of 1 and 2.

The CD spectrum of cyclic pep� de 3, with a very low ellip� city above 210 nm and a nega� ve 
band at 195 nm, resembled the spectrum of a random coil conforma� on.17,18 The CD spectra 
of cyclic pep� de 1 showed characteris� cs for mixtures of conformers with a considerable 
turn popula� on. For 1 nega� ve ellip� city maxima at ca 220 nm and posi� ve bands at ca 
205 nm were observed sugges� ng that the cyclic pep� de formed a signifi cant propor� on 
of a folded structure with an absorp� on profi le reminiscent of a β-turn (type II).17,20-24 The 
CD curve of cyclic pep� de 2 exhibited a more pronounced nega� ve molar ellip� city curve 
combined with a broader nega� ve band compared to 1, which can indicate a diff erent 
backbone conforma� on. 

In chapter 5 it was men� oned, that  the posi� on of the OH func� on in the le�  upper 
hydroxyproline of the cyclic hexapep� de ring (residue Hyp-6) infl uenced the shape of the CD 
spectra of these compounds.25 To exclude this possible addi� onal structural eff ect on the CD 
spectra of the 21- and 22-membered cyclic pep� des 1 and 2 CD spectra of cyclic pep� des 10 
and 11 (Figure 10) were measured (Figure 11). These cyclic pep� des 10 and 11 only diff ered 
in ring size, thereby allowing a comparison of merely the eff ect of size on CD. 

As is shown in Figure 11, cyclic pep� des 10 and 11 exhibited similar CD spectra as cyclic 
pep� des 1 and 2, with a more nega� ve molar ellip� city curve for pep� de 11. In addi� on, a 
dis� nctly diff erent pa� ern in the CD spectra of these analogues was observed, at wavelenghts 
below 210 nm, compared to ring size analogues 1 and 2 in Figure 9. This agrees with the 
observa� on discussed in chapter 5 regarding the considerable infl uence of the terphenyl 
side chain on CD spectra, possibly caused by the aroma� c residues.
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Figure 10. 21-membered ring size analogue 10 and 22- membered analogue 11 with terphenyl side chain.

Figure 11. CD spectra of ring size analogues 10 and 11 bearing a terphenyl side chain. A) Measured in MeCN/H2O 
(1/1, v/v); B) Measured in TFE/H2O (1/1, v/v). All pep� des were measured at 0.1 mM concentra� on.

6.2.3 Modeling

Recently, a single crystal X-ray structure of the cyclic pep� de nucleus 13 (ECBN.HCl) of 
echinocandin B (12) has been reported.26 Echinocandin B (12) was deacylated enzyma� cally, 
to remove the linoleoyl func� on from the α-amino group of the dihydroxyornithine residue 
to yield cyclic pep� de 13, isolated as the hydrochloride salt (Scheme 3). 

Scheme 3. Enzyma� c cleavage of the linoleoyl tail of Echinocandin B (12). (i) ECB deacylase; (ii) aq. HCl. R= linoleoyl 
side chain. Single crystal X-Ray data were obtained directly from crystals selected from bulk material produced by 
recovery from the fermenta� on process biomass.26

Single crystal X-Ray data were obtained directly from crystals selected from bulk material 
produced by recovery from the fermenta� on process biomass.26
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In addi� on to the NMR and CD measurements previously described, models of the cyclic 
pep� des described in this chapter were constructed and superimposed on the reported 
crystal structure of 13. These models may provide further insights into the infl uence of the 
ring size on the conforma� on(s) of the macrocyclic lipopep� des.

Thus, molecular models of the cyclic pep� des (1-3) were constructed using the YASARA 
program.27 Molecular dynamics (MD) simula� ons were carried out for each structure in a 
box fi lled with water. The lowest energy conforma� on of each pep� de 1-3 was superimposed 
with the crystal structure of 13 (Figure 12).with the crystal structure of 13 (Figure 12).

Figure 12. Superimposi� on of 1326 (ECBN, carbons colored green) with cyclic pep� des 1-3 (carbons colored 
orange).27 A) 21-membered ring cyclic pep� de (1); B) 22-membered ring cyclic pep� de (2); C) 23-membered ring 
cyclic pep� de (3). The backbone atoms have been used as fi xed coordinates for superimposi� on.

It appears that cyclic pep� de 1 and 2 resemble the structure of 13, while analogue 3 is more 
diff erent.

6.2.4  Crystalliza� on a� empts

So far no crystal structure of any semisynthe� c or synthe� c echinocandin analogue has been 
reported. The only available crystal structure is that of cyclic pep� de part 13 (ECBN.HCl).26

In an a� empt to obtain further structural informa� on on our echinocandin mimics several 
analogues were sent to the University of San� ago de Compostela in Spain where they 
were included in a crystalliza� on assay.28 The approach used was microbatch crystalliza� on 
under oil.29 This allows the use of small samples which are protected from evapora� on, 
contamina� on and physical shock by the oil and generates a rapid screening to determine 
solubility proper� es. 

Very thin colorless needle-shaped crystals were obtained with cyclic pep� de 14 in the well 
where 20% dimethylsulfoxide in methanol crystalliza� on solu� on was added (Figure 13). 
Unfortunately, these crystals did not diff ract with the laboratory X-ray source and did not 
grow further a� er slow evapora� on performed during several months. The other cyclic 
pep� des included in this assay did not show any crystal growth.
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Figure 13. Crystals obtained for cyclic pep�de 14.

6.3 Conclusions

In this chapter an a�empt was made to ra�onalize the complete loss in ac�vity as a result of 
increasing the ring size of echinocandin analogues. Even expansion of the pep�de macrocycle 
by merely one carbon atom completely abolished an�fungal ac�vity. It was hypothesized 
that larger ring sizes may disrupt the transannular hydrogen bonds that are thought to be 
important for adop�on of the biologically ac�ve conforma�on. Therefore the 21-membered 
analogue 1, having the same ring size as echinocandin as well as the 22-membered analogue 
2 and 23-membered analogue 3 were prepared. To facilitate the NMR studies these cyclic 
pep�des contained an acetyl group instead of the long lipophilic tail.

NMR studies showed comparable conforma�onal behaviour of all three macrocyclic pep�des. 
Non-sequen�al NOEs and low NH temperature coefficients were all indica�ve of β-turn like 
structures in the T2-O5 regions of these pep�des. CD spectroscopy confirmed the similari�es 
in secondary structure preferences of ring size analogues 1 and 2 and showed characteris�cs 
for mixtures of conformers with a considerable amount of turn-like popula�ons. In contrast, 
the spectrum of analogue 3 seemed characteris�c of a more disordered structure. These 
findings were in agreement with molecular modeling studies. 

These results seem to indicate that the 23-membered ring contains a smaller popula�on 
of turn conforma�on compared to the na�ve 21-membered ring. However, the slightly 
larger ring of the 22-membered analogue 2 displays the same characteris�c conforma�onal 
features as the 21-membered ring. 

These findings suggest that apart from the backbone conforma�on of the echinocandin ring 
also other features contribute to efficient an�fungal ac�vity.
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6.4 Experimental sec�on

6.4.1 Reagents, materials and methods:

Unless stated otherwise, all chemicals were obtained from commercial sources and used as 
supplied, with the excep�on of DMF, NMP and DCM, which were dried on molecular sieves 
(4Å) prior to use. HPLC grade solvents were purchased from Biosolve B.V. (Valkenswaard, 
The Netherlands). Fmoc protected amino acids were purchased from GL Biochem Ltd. 
(Shanghai, China). Fmoc-Orn(M�)-OH was obtained from Nova Biochem. The tert-butyl 
side chain protected homotyrosine (H-hTyr(tBu)-OH) was purchased from Advanced 
Chemtech (Louisville, United States) and subsequently protected with the Fmoc group. The 
2-chlorotritylchloride PS resin was purchased from Hecheng Chemicals (Shanghai, China). 
Tentagel S PHB was purchased from RAPP Polymere (Tübingen, Germany). All other reagents 
were purchased from Merck (Darmstadt, Germany), Sigma-Aldrich (Munich, Germany) and 
Acros (Geel, Belgium) and were used without further purifica�on.

Solid phase synthesis was performed in plas�c syringes with a polyethylene frit. Reac�ons 
were monitored with the chloranil test30 in case of secondary amines or with the Kaiser test31 
in case of primary amines. 

Purity of the pep�des was confirmed by analy�cal HPLC using a Prosphere C18 column at a 
flow rate of 1 mL/min using a linear gradient of buffer B (100% in 20 min) from 100% buffer 
A. Analy�cal HPLC was performed on a Shimadzu automated HPLC system equipped with 
an evapora�ve light sca�ering detector (PL-ELS 1000) and a UV/Vis detector operated at 
220/254 nm. Prepara�ve HPLC runs were performed using a Prosphere C18 column at a flow 
rate of 12 ml/min with a linear gradient of buffer B (100% in 80 min) from 100% buffer A on 
an Applied Biosystems 400 solvent delivery system with an Applied Biosystems 757 UV/VIS 
absorbance detector. The buffer system used consists out of buffer A: 0.1 % TFA in H2O and 
buffer B: 0.1% TFA in MeCN/H2O, 80/20, v/v.

HRMS analyses were performed on a MALDI TOF/TOF (Applied Biosystems).

NMR spectroscopy
1H NMR, TOCSY, 1H-13C HSQC and ROESY spectra were recorded on a Varian INOVA-500 
spectrometer (500 MHz) at 278K. Data were processed with NMRpipe32 and chemical shi�s 
were assigned using the Sparky program (T. D. Goddard and D. G. Kneller, University of 
California, San Francisco). Chemical shi�s are given in ppm rela�ve to dioxane (1H 3.75 ppm; 
13C 69.3 ppm)33, which was used as an internal reference in the mixed H2O/D2O solu�ons. 

YASARA modelling
Modeling of the structures was accomplished using the YASARA Structure 10.5.2.1 so�ware 
package.27 Structures were energy minimized using the simulated annealing protocol 
employing the AMBER9934 force field. Of each structure a 2500 ps MD-simula�on in water 
was run. A�er an equilibra�on period of 250 ps, the structure with the lowest energy was 
selected from the trajectory between 250-2500 ps and saved as a yob file. Molecules were 
superimposed by minimizing the rmsd between the backbone atoms in the ring. 
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CD spectroscopy
CD spectra were recorded at 298 K on a JASCO J-810 spectrometer using 0.1 cm path 
length quartz cells. The CD spectra are an average of four scans, collected at 0.2 nm 
intervals between 190 and 250 nm. The pep�des were prepared at concentra�ons of 0.1 
mM in MeCN/H2O (1/1, v/v) or 0.1 mM in TFE/H2O (1/1, v/v). Ellip�city is reported as the 
mean residue ellip�city [θ] in degrees.cm2/dmol calculated from the following equa�on: 
[θ]=(100*θobs)/(CMR*l), where θobs is the observed ellip�city in degrees, CMR is the mean 
residue molar concentra�on, and l the op�cal path length of the cell in cm. The mean residue 
concentra�on CMR is the concentra�on of pep�de (c) in molar mul�plied by the number of 
amino acids (N) in the pep�de: CMR= c*N. The factor of 100 converts to a pathlength in m.

Microbatch Crystalliza�on28

Droplets (72 x 2 µL) of a solu�on of each compound in methanol (5-20 mg/mL) were placed 
in a 72 wells Terasaki plate filled with decane (8 mL). To each well, 2 µl of one of the 72 
crystalliza�on condi�ons of a homemade crystalliza�on screening kit (made with a variety 
of concentra�ons in methanol of water, ethanol, i-propanol, n-butanol, dimethylsulfoxide, 
dimethylformamide, polyethylene glycol 600, hexylene glycol, sodium acetatate or tris-
hydroxymethyl-aminomethane hydrochloride) were added; the decane was removed and 
the plate was filled with mineral oil (8 mL). Slow evapora�on of solvents were performed at 
296 K in a temperature controlled chamber. Very narrow colorless needle-shaped crystals 
were obtained with compound 14 in the well where 20% dimethylsulfoxide in methanol 
crystalliza�on solu�on was added. These crystals did not diffract with a laboratory X-ray 
source and did not grow a�er slow evapora�on performed during several months.

6.4.2 Chemistry

General Procedures
Solid phase pep�de synthesis: Pep�des were synthesized manually. Each synthe�c cycle 
consisted of the following steps:
Fmoc removal: The resin was treated with a 20% solu�on of piperidine in NMP (3×, each 10 
min). The solu�on was removed by filtra�on and the resin was washed with NMP (3×, each 
3 min) and DCM (3×, each 3 min). 
Coupling step: A mixture of Fmoc-Xxx-OH (3 equiv.), BOP (3 equiv.) and DiPEA (6 equiv.) 
in NMP (10mL/mmol resin bound pep�de deriva�ve) was added to the resin and N2 was 
bubbled through the mixture for 2h. The solu�on was removed by filtra�on and the resin 
washed with NMP (3×, each 3 min) and DCM (3×, each 3 min). Comple�on of the coupling 
was checked with Kaiser or chloranil test.
Capping of the remaining free amines: Capping solu�on [Ac2O (50 mmol, 4.7 mL), HOBt (1.9 
mmol, 220 mg), DiPEA (12.5 mmol, 2.2 mL) in 100 mL NMP] was added to the resin and N2 
was bubbled through the mixture for 20 min The solu�on was removed by filtra�on and the 
resin was washed with NMP (3×, each 3 min) and DCM (3×, each 3 min).

Head-to-tail cycliza�on: The pep�de was dissolved in dry DMF (2 mL/µmol) and BOP (4 
equiv.) and DiPEA (8 equiv.) were added. The mixture was s�rred overnight followed by 
evapora�on in vacuo. The product was redissolved in EtOAc and washed with 1M KHSO4 
(2×), NaHCO3 (2×) and H2O (2×). The organic layer was dried over Na2SO4, filtered and 
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concentrated in vacuo. 

Microwave-assisted RCM: A microwave vessel containing a magne�c s�rrer bead was loaded 
under argon with resin pep�de, catalyst and solvent. The vessel was capped and irradiated 
at 100 °C. At the end of the reac�on period the resin-bound pep�de was washed with DMF 
(3× 3 mL, each 3 min) DCM (3× 3 mL, each 3 min) and MeOH (3× 3 mL, each 3 min).

Hydrogena�on: To a solu�on of the olefenic pep�de in tBuOH/H2O (1 mL, 3/1, v/v) 10% Pd/C 
was added. The reac�on mixture was s�rred under H2 at atmospheric pressure overnight. 
The mixture was then filtered through a path of celite and washed extensively with tert-
BuOH. The mixture was concentrated and lyophilized from tert-BuOH/H2O (1/1, v/v).

General procedure for the prepara�on of the cyclic pep�de analogues (1-2)
The linear pep�des 4 and 5 were synthesized on trityl resin according to the general 
procedure for solid phase pep�de synthesis. Then, the Fmoc group was cleaved and the 
resin was treated with capping solu�on Ac2O/HOBt/DiPEA/NMP as described in the general 
procedures. Subsequently the capping solu�on was removed by filtra�on and the resin 
washed with DMF (3× 4 mL, each 3 min) and DCM (3× 4 mL, each 3 min). Comple�on of the 
coupling was checked with the Kaiser test. Then, mild acidoly�c cleavage, by treatment with 
TFE/AcOH/DCM (2/1/7, v/v/v, 5 mL) for 2 hours, of the M� group as well as cleavage from 
the resin gave protected pep�de precursors 6 and 7. The mixture was concentrated in vacuo 
and the pep�des were precipitated in MTBE/Hexanes (3×, 1/1, v/v).
The linear pep�de was then subjected to head-to-tail cycliza�on by dissolving it in dry DMF 
(2 mL/µmol) followed by the addi�on of BOP (4 equiv.) and DiPEA (4 equiv.). The mixture 
was s�rred for 48h and then evaporated in vacuo. The product was redissolved in EtOAc and 
washed with 1M KHSO4 (2×), NaHCO3 (2×) and H2O (2×). The organic layer was dried over 
Na2SO4, filtered and concentrated in vacuo. Final protec�ng group removal by treatment 
with a mixture of TFA/TIS/H2O (2 mL, 95/2.5/2.5, v/v/v) for 2h and precipita�on in MTBE/
hexanes (3×, 1/1, v/v) afforded the crude pep�de. A�er lyophiliza�on from tert-BuOH/H2O 
(1/1, v/v) the pep�de was purified by prepara�ve HPLC.

Cyclo[-(Ac)-Orn-Thr-Hyp-hTyr-Orn-3-Hyp] (1)
Cyclic pep�de 1 was obtained according to the general procedure for the prepara�on of 
the ring size analogues using 33 µmol of 4. A�er lyophiliza�on, pep�de 1 (13.5 mg; 53%) 
was obtained as a white solid. Purity was confirmed by analy�cal HPLC and was found to 
be to be higher than 99% (Rt = 15.53 min). HRMS calcd for C36H54N8O11 [M+H]+ 775.3990, 
found 775.3986; 1H-NMR (H2O/D2O, 500 MHz): δ Orn-1: 8.56 (εNH), 8.54 (NH), 4.33 (αCH), 
2.06/1.69 (βCH), 1.81 (γCH), 3.52/3.00 (δCH); Thr-2: 8.73 (NH), 4.91 (αCH), 4.45 (βCH), 1.23 
(γCH); Hyp-3: 4.42 (αCH), 2.30/1.68 (βCH), 4.55 (γCH), 3.76/3.60 (δCH); hTyr-4: 7.39 (NH), 
4.26 (αCH), 2.26/2.01 (βCH), 2.77/2.62 (γCH), 7.12/6.86 (Ar-H); Orn-5: 7.68 (εNH), 7.61 
(NH), 4.81 (αCH), 1.86/1.70 (βCH), 1.63 (γCH), 3.00 (δCH); Hyp-6: 4.09 (αCH), 4.34 (βCH), 
2.32/2.01 (γCH), 3.80/3.72 (δCH); Ac: 2.04 ppm. 13C-NMR (H2O/D2O, 125 MHz): δ Orn-1: 
55.2 (αCH), 28.5 (βCH), 24.8 (γCH), 39.2 (δCH); Thr-2: 59.6 (αCH), 70.2 (βCH), 21.0 (γCH); 
Hyp-3: 63.2 (αCH), 38.8 (βCH), 72.9 (γCH), 57.9 (δCH); hTyr-4: 57.2 (αCH), 34.8 (βCH), 34.2 
(γCH), 132.8/ 118.4 (Ar-H); Orn-5: 52.1 (αCH), 31.5 (βCH), 25.4 (γCH) 41.8 (δCH); Hyp-6: 70.1 
(αCH), 75.6 (βCH), 34.6 (γCH), 48.1 (δCH); Ac: 23.9.
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Cyclo[-(Ac)-Lys-Thr-Hyp-hTyr-Orn-Hyp] (2)
Pep�de 2 was obtained according to the general procedure for the prepara�on of the ring 
size analogues using 45 µmol of 5. A�er lyophiliza�on, pep�de 2 (7 mg; 20%) was obtained 
as a white solid. Purity was confirmed by analy�cal HPLC and was found to be to be higher 
than 99% (Rt = 15.93 min). HRMS calcd for C37H56N8O11 [M+H]+ 789.4147, found 789.4153; 
1H-NMR (H2O/D2O, 500 MHz): δ Lys-1: 8.58 (εNH), 8.47 (NH), 4.54 (αCH), 2.06/1.68 (βCH), 
1.72/1.42 (γCH), 1.71/1.46 (δCH), 3.71/2.92 (εCH); Thr-2: 8.18 (NH), 4.89 (αCH), 4.32 (βCH), 
1.19 (γCH); Hyp-3: 4.31 (αCH), 2.28/1.67 (βCH), 4.54 (γCH), 3.70/3.53 (δCH); hTyr-4: 7.01 
(NH), 4.24 (αCH), 2.85/2.61 (βCH), 2.22/1.97 (γCH), 7.14/6.87 (Ar-H); Orn-5: 7.45 (εNH), 
7.56 (NH), 4.61 (αCH), 1.91/1.69 (βCH), 1.61 (γCH), 3.00 (δCH); Hyp-6: 4.52 (αCH), 2.21/1.97 
(βCH), 4.53 (γCH), 3.82/3.36 (δCH); Ac: 2.02 ppm. 13C-NMR (H2O/D2O, 125 MHz): δ Lys-1: 
56.4 (αCH), 33.4 (βCH), 26.5 (γCH), 27.9 (δCH), 43.2 (εCH); Thr-2: 59.3 (αCH), 70.6 (βCH), 
20.9 (γCH); Hyp-3: 63.2 (αCH), 38.8 (βCH), 72.9 (γCH), 57.9 (δCH); hTyr-4: 58.2 (αCH), 34.3 
(βCH), 34.6 (γCH), 132.9/ 118.5 (Ar-H); Orn-5: 53.0 (αCH), 30.2 (βCH), 25.8 (γCH) 41.8 (δCH); 
Hyp-6: 62.6(αCH), 39.5 (βCH), 72.4 (γCH), 57.9 (δCH); Ac: 24.0.

Cyclo[-(Ac)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (9) 
Wang-Tentagel S PHB resin (4 g; 1.04 mmol) and Fmoc-Alg-OH (1.09 g, 4.16 mmol) were dried 
in vacuo overnight over P2O5. DMF (20 mL) and pyridine (555 µL, 6.86 mmol) were added and 
the resin was shaken for 10 min un�ll total dissolu�on of the reagents. DCBC (596 µL, 4.16 
mmol) was added and the resin was shaken for two days. The resin was drained and washed 
with DMF (5× 30 mL, each 2 min) and DCM (5× 30 mL, each 2 min). Subsequently, unreacted 
hydroxyl func�ons of the resin were acetylated by treatment with Ac2O/NMI/DiPEA/DMF 
(30 mL; 2/1/1/6; v/v/v) for 30 min. The resin was drained and washed with DMF (3× 30 
mL, each 2 min) and DCM (3× 30 mL, each 2 min). The pep�de sequence was synthesized 
according to the general procedure for solid phase pep�de synthesis. Hyp was coupled as 
part of the dipep�de Fmoc-Orn(Boc)-Hyp(tBu)-OH. Part of the resin bound pep�de (0.58 
mmol) was used in the next steps. Removal of the Fmoc group was followed by treatment 
with capping solu�on Ac2O/HOBt/DiPEA/NMP as described in the general procedures. 
Subsequently the capping solu�on was removed by filtra�on and the resin was washed with 
NMP (3× 15 mL, each 3 min) and DCM (3× 15 mL, each 3 min). The resin-bound pep�de 8 
was subjected to the microwave-assisted RCM procedure under the following condi�ons: 
Resin pep�de (0.58 mmol), DCM (20 mL), LiCl/DMA (degassed; 0.4M; 2.0 mL), Grubbs II (10 
mol%; 49 mg; 58 µmol), 100 °C for 60 min (performed in two batches due to the size (20 mL) 
of the microwave vessel). Final treatment with a mixture of TFA/TIS/H2O (4 mL, 95/2.5/2.5, 
v/v/v) for 2h and precipita�on in MTBE/hexanes (3×, 1/1, v/v) afforded the crude pep�de. 
A�er lyophiliza�on from tert-BuOH/H2O (1/1, v/v) the pep�de was purified by prepara�ve 
HPLC. A�er prepara�ve HPLC and lyophiliza�on, pep�de 9 (28 mg; 6%) was obtained as a 
white solid. Purity of this mixture of E/Z stereoisomers was confirmed by analy�cal HPLC 
and was found to be higher than 95% (Rt = 15.63 min). HRMS calcd for C39H56N8O13 [M+H]+ 
845.4045, found 845.4064; 1H-NMR (H2O/D2O, 500 MHz): δ Alg-1: 8.60 (NH), 4.58 (αCH), 
2.76/2.44 (βCH), 5.71 (γCH); Thr-2: 8.29 (NH), 4.85 (αCH), 4.40 (βCH), 1.25 (γCH); Hyp-3: 
4.40 (αCH), 2.30/1.73 (βCH), 4.57 (γCH), 3.78/3.64 (δCH); hTyr-4: 7.52 (NH), 7.12/6.84 (Ar-
H), 4.17 (αCH), 2.28/2.02 (βCH), 2.73/2.63 (γCH); Orn-5: 7.68 (εNH), 7.65 (NH), 4.78 (αCH), 
1.92/1.70 (βCH), 1.60 (γCH), 3.00 (δCH); Hyp-6: 4.61 (αCH), 2.38/2.05 (βCH), 4.55 (γCH), 
3.81/3.59 (δCH); Alg-7: 8.81 (NH), 4.36 (αCH), 2.76/2.44 (βCH), 5.71 (γCH); Ac: 2.01 ppm. 
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13C-NMR (H2O/D2O, 125 MHz): δ Alg-1: 56.3 (αCH); Thr-2: 59.3 (αCH), 70.0 (βCH), 21.0 (γCH); 
Hyp-3: 63.0 (αCH), 38.9 (βCH), 72.7 (γCH), 57.9 (δCH); hTyr-4: 57.1 (αCH), 34.2 (βCH), 34.0 
(γCH), 132.9/118.4 (Ar-H); Orn-5: 53.1 (αCH), 30.9 (βCH), 25.6 (γCH) 41.6 (δCH); Hyp-6: 61.2 
(αCH), 39.5 (βCH), 72.5 (γCH), 58.1 (δCH); Alg-7: 55.7 (αCH); Ac: 23.9.

Cyclo[-(Ac)-Alg-Thr-Hyp-hTyr-Orn-Hyp-Alg]-OH (3)
Hydrogena�on of the cyclic unsaturated pep�de 9 (21.9 mg; 25.9 µmol) was carried out using 
the hydrogena�on procedure in the presence of 10 mg 10% Pd/C. A�er lyophiliza�on from 
tert-BuOH/H2O (1/1, v/v) the pep�de was purified by prepara�ve HPLC. A�er prepara�ve 
HPLC and lyophiliza�on, saturated pep�de 3 (8.9 mg; 48%) was obtained as a white solid. 
Purity was confirmed by analy�cal HPLC and was found to be higher than 99% (Rt = 15.67 
min). HRMS calcd for C39H58N8O13 [M+H]+ 847.4202, found 847.4197; 1H-NMR (H2O/D2O, 
500 MHz): δ Alg-1: 8.79 (NH), 4.38 (αCH), 1.99 (βCH), 1.44 (γCH); Thr-2: 8.47 (NH), 4.84 
(αCH), 4.32 (βCH), 1.25 (γCH); Hyp-3: 4.43 (αCH), 2.32/1.76 (βCH), 4.57 (γCH), 3.81/3.62 
(δCH); hTyr-4: 7.56 (NH), 4.06 (αCH), 2.26/2.03 (βCH), 2.74/2.64 (γCH), 7.12/6.84 (Ar-H); 
Orn-5: 7.67 (εNH), 7.59 (NH), 4.81 (αCH), 1.90/1.74 (βCH), 1.64 (γCH), 3.00 (δCH); Hyp-6: 
4.60 (αCH), 2.37/2.04 (βCH), 4.57 (γCH), 3.81/3.68 (δCH); Alg-7: 8.48 (NH), 4.42 (αCH), 1.71 
(βCH), 1.53 (γCH); Ac: 2.02 ppm. 13C-NMR (H2O/D2O, 125 MHz): δ Alg-1: 54.5 (αCH), 31.8 
(βCH), 26.0 (γCH); Thr-2: 59.4 (αCH), 70.1 (βCH), 20.9 (γCH); Hyp-3: 62.7 (αCH), 39.1 (βCH), 
72.6 (γCH), 58.2 (δCH); hTyr-4: 57.7 (αCH), 34.2 (βCH), 34.4 (γCH), 133.0/ 118.5 (Ar-H); Orn-
5: 53.3 (αCH), 31.4 (βCH), 25.5 (γCH) 41.8 (δCH); Hyp-6: 61.6(αCH), 39.6 (βCH), 72.6 (γCH), 
58.2 (δCH); Alg-7: 56.9 (αCH), 34.1 (βCH), 27.1 (γCH); Ac: 23.8.
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Summary

Fungi are increasingly recognised as major addi�onal pathogens in already cri�cally ill 
pa�ents. Invasive fungal infec�ons represent a growing threat and over the past two 
decades the incidence and diversity of fungal infec�ons has increased enormously, especially 
among immunocompromised pa�ents and pa�ents hospitalized with serious underlying 
diseases. Candida spp. and Cryptococcus spp. are the yeasts most frequently isolated in 
clinical prac�ce. The most frequent filamentous fungi (moulds) isolated are Aspergillus spp., 
but Fusarium spp., Scedosporium spp., and Zygomycetes are increasingly seen. Despite 
advances in an�fungal therapies, the morbidity and mortality associated with these severe 
opportunis�c fungal infec�ons is substan�al. Several reasons have been proposed for the 
increase in invasive fungal infec�ons, including the wide use of broad-spectrum an�bio�cs 
and the s�ll expanding popula�on of immunocompromised pa�ents. Resistance against and 
toxicity of the current an�fungal agents underscores the urgent need for development of 
new an�fungal compounds preferen�ally ac�ng on novel targets.

The echinocandins represent the most recent contribu�on to the arsenal of an�fungal 
compounds that have reached the market in the last decade and act on a novel target. These 
fungal secondary metabolites are composed of a complex cyclic hexapep�de core whose N-
terminus is acylated by a lipid side chain. The echinocandins interfere with the synthesis of 
β-(1,3)-glucan, the major component of the framework of the fungal cell wall, by inhibi�ng 
the β-(1,3)-glucan synthase enzyme. They exhibit the most promising pharmacological, 
and toxicological profiles of the current arsenal of an�fungal agents, as β-1,3-glucan is only 
found in fungi and not in mammalian cells. As a consequence fewer toxic side effects are 
observed, as compared to the other classes of an�fungal agents. Moreover, the clinically 
approved agents for this class have rarely shown fungal resistance selec�on. Despite these 
advantages, the echinocandin class of compounds has its own limita�ons. Firstly, due to their 
semisynthe�c nature, they are costly. Secondly their mechanism of ac�on is s�ll unknown 
and the interac�on site of FKs1p/FKs2p with echinocandins has not yet been determined. 

The research described in this Thesis aims at the explora�on of the crucial structural features 
necessary for the an�fungal ac�vity of the echinocandin compounds, by synthesizing new 
deriva�ves for structure ac�vity studies. This informa�on can be used for the development 
of improved drugs and may contribute to elucida�on of the mode of ac�on.

In chapter 1 a general introduc�on to this thesis is presented in which an overview of the 
current available an�fungal agents is given. Addi�onally, an overview is offered of previous 
SAR studies on the echinocandins and their mode of ac�on.

In chapter 2 the development of a convenient strategy for the solid phase synthesis of new 
echinocandin deriva�ves (2, Figure 1) was described. In order to probe the influence of the 
cyclic pep�de backbone on the an�fungal ac�vity novel echinocandins analogues by on-resin 
ring closing metathesis or disulfide bond forma�on were synthesized. The specific minimum 
inhibitory ac�vity of each mimic was determined against Candida albicans. It was found 
that the analogues were not ac�ve at concentra�ons up to 100 µg/mL. However, analogues 
bearing a terphenyl side chain did show a dose-dependent effect on an�fungal growth at 
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concentra�ons star�ng at 5 µg/mL. Remarkably, a slight enlargement of the macrocyclic 
pep�de ring from a 21- to a 22-membered system completely abolishes an�fungal ac�vity, 
which was not expected in view of the resul�ng limited added flexibility to the pep�de 
macrocycle. These results indicated that ring size is an crucial factor for an�fungal ac�vity.

Figure 1. Structures of the semi-synthe�c echinocandin Caspofungin (1) and the designed RCM mimics 2 and 3.

Therefore, the prepara�on of other larger deriva�ves by either RCM or disulfide forma�on 
seemed an una�rac�ve avenue. This somewhat unexpected finding en�ced us to inves�gate 
the synthesis of smaller RCM-derived mimics (3, Figure 1). A�empts towards the prepara�on 
of smaller RCM mimics were outlined in chapter 3. The synthesis of vinylglycine and its 
applica�on in the prepara�on of smaller caspofungin mimics involving RCM was described 
herein. It was demonstrated that vinylglycine had a tendency to isomerize to the conjugated 
α,β-unsaturated deriva�ve due to its acidic Cα proton. Therefore, the direct incorpora�on 
of vinylglycine into pep�des turned out to be problema�c. Alterna�vely, facile, site-specific 
and chemoselec�ve incorpora�on of vinylglycine can be achieved via oxida�ve elimina�on 
of (2-nitro)-phenylselenohomocysteine. This ‘masked’’ amino acid was readily prepared 
in three steps and conveniently incorporated into pep�des through SPPS. Although a 
successful strategy for the synthesis of vinylglycine containing pep�des was described, their 
use in metathesis reac�ons, for the construc�on of smaller RCM echinocandin mimics by 
RCM, proved to be unsuccessful. It was found that the vinylglycine deriva�ves were not 
or less reac�ve under RCM and cross metathesis condi�ons as compared to allylglycine 
deriva�ves. 

Chapter 4 reported an approach to echinocandin based photoaffinity analogues. To 
elucidate in more detail the molecular mechanism of ac�on of the echinocandin an�fungal 
compounds photoaffinity containing analogues were interes�ng. Due to the structural 
importance of the cyclic hexapep�de nucleus of the echinocandins, the chemical probe was 
constructed as part of the fa�y acid side chain. A set of benzophenone containing labels (4-
6, Figure 2) was prepared and novel photoaffinity probe containing echinocandin analogues 
were synthesized. Although synthesis of these mimics was successful, evalua�on of their 
an�fungal proper�es showed no measurable ac�vity. These findings stress the importance 
of the nature of the fa�y acid side chain in rela�on to an�fungal potency. These observa�ons 
further supported the hypothesis that the side chain has to be straight and rela�vely rigid 
for op�mal an�fungal potency.
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Figure 2. Structures of side chains 4-9 used for the synthesis of echinocandin mimics. The set of benzophenone 
containing labels (4-6) lead to echinocandin based photoaffinity analogues. Tails 7 and 8 lead to new fully synthe�c 
derived caspofungin mimics 10.

The research described in chapter 5 entailed the study on the role of methyl groups 
in the lipophilic tail of analogues of caspofungin. A successful strategy for the rapid 
enan�oselec�ve synthesis of the branched fa�y acid chain (7) of caspofungin and analogues 
(e.g. 8) was developed (Figure 2). These fa�y acids were coupled to simplified analogues 
of the caspofungin skeleton. In this way access was obtained to new fully synthe�c 
derived caspofungin mimics with high and selec�ve an�fungal ac�vi�es against Candida. 
Unexpectedly, no obvious rela�onship between the presence of the methyl groups in the 
dimethylmyristoyl tail of caspofungin and an�fungal ac�vity was observed. The posi�on 
of the hydroxyl group in the top-le� proline residue (R2 and R3 in Hyp-6 of analogue 10, 
Figure 2) was apparently more crucial. The results of this inves�ga�on, in combina�on 
with the obtained CD spectra, suggest that the top-le� proline residue somehow plays an 
important role in the bio-ac�ve conforma�on of the macrocyclic pep�de ring structure. It 
was observed that the choice of the fa�y acid deriva�ve (rigid as in 9 or flexible as in 7 and 
8) in combina�on with the conforma�onal character of the ring was a determining factor 
for an�fungal ac�vity. 

In chapter 6 the conforma�onal behaviour of the echinocandin analogues was evaluated. 
In the previous chapters it became clear that the size, choice of the fa�y acid side chain as 
well as crucial subs�tuents were determining factors for an�fungal ac�vity. Here, it was 
a�empted to ra�onalize the complete loss in ac�vity as a result of increasing the ring size 
of echinocandin analogues. To elucidate solu�on conforma�ons of the analogues described 
earlier in this thesis nuclear magne�c resonance (NMR) and circular dichroism (CD) 
techniques were applied. In the NMR studies parameters such as temperature coefficients 
of NH protons and NOEs were inves�gated. In the CD studies the Far UV region (250-190 
nm), which corresponds to pep�de-amide bond absorp�on, was measured to analyze 
the content of secondary structures. These studies showed comparable conforma�onal 
behaviour of all three macrocyclic pep�des. However, the 23-membered ring seemed to 
contain a smaller popula�on of turn conforma�ons compared to the na�ve 21-membered 
ring. The slightly larger ring of the 22-membered analogue displayed the same characteris�c 
conforma�onal features as the 21-membered ring. 



153

Nederlandse samenva�ng

Schimmels worden steeds meer gezien als belangrijke addi�onele ziekteverwekkers bij 
reeds erns�g zieke pa�ënten. Invasieve schimmelinfec�es vormen een toenemend gevaar 
en in de afgelopen twee decennia is de inciden�e en de diversiteit van schimmelinfec�es, 
vooral bij immuungecompromi�eerde pa�ënten, enorm toegenomen. De gisten Candida 
spp. en Cryptococcus spp. worden het meest geïsoleerd in de klinische prak�jk. De 
meest voorkomende geïsoleerde filamenteuze schimmels zijn Aspergillus spp., echter 
Fusarium spp., Scedosporium spp. en Zygomycetes worden steeds meer aangetroffen. 
Ondanks de vooruitgang in an�schimmelbehandelingen, is het risico op morbiditeit 
en mortaliteit ten gevolge van deze erns�ge opportunis�sche schimmelinfec�es nog 
al�jd aanzienlijk. Verschillende redenen kunnen hiervoor worden aangegeven, o.a het 
veelvuldig gebruik van breed-spectrum an�bio�ca en de nog steeds groeiende popula�e 
van immuungecompromi�eerde pa�ënten. Resisten�e tegen en de toxiciteit van de huidige 
an�schimmelmiddelen onderstrepen de dringende noodzaak voor de ontwikkeling van 
nieuwe an�schimmelverbindingen bij voorkeur werkend op nieuwe targets.

De echinocandinen vertegenwoordigen de meest recente bijdrage aan het arsenaal van 
an�schimmelverbindingen die de markt hebben bereikt in het laatste decennium en 
aangrijpen op een nieuw target. Deze secundaire metabolieten van schimmels bestaan 
uit een complex cyclisch hexapep�de kern met een geacyleerde N-terminus voorzien 
van een lipide zijketen. De echinocandinen verhinderen de synthese van β-(1,3)-glucan, 
de belangrijkste component van de schimmel celwand, door het inhiberen van het 
enzym β-(1,3)-glucansynthase. Zij vertonen de meest veelbelovende farmacologische en 
toxicologische profielen van het huidige arsenaal aan an�schimmelmiddelen, aangezien β-
1,3-glucan alleen te vinden is in de celwand van schimmels en niet in humane cellen. Als 
gevolg worden, in vergelijking met de andere klassen van an�schimmelmiddelen, minder 
toxische bijwerkingen waargenomen. Bovendien tonen de schimmels tegen de klinisch 
goedgekeurde middelen van deze klasse zelden resisten�e. Ondanks deze voordelen kent 
ook de echinocandin klasse van verbindingen zijn beperkingen. Ten eerste is de produc�e 
van deze middelen erg duur door het semisynthe�sche karakter van deze verbindingen. Ten 
tweede is hun mechanisme van werking nog onbekend. De plaats van interac�e van FKs1p/
FKs2p met de echinocandinen is nog niet gevonden.

Het in dit proefschri� beschreven onderzoek rich�e zich op het bepalen van cruciale 
structurele kenmerken van de echinocandin verbindingen die nodig zijn voor een op�male 
an�schimmelac�viteit. Dit werd bewerkstelligd door het synthe�seren van nieuwe derivaten 
en de evalua�e van hun an�schimmelac�viteit. Deze informa�e kan gebruikt worden voor 
het ontwikkelen van verbeterde geneesmiddelen en kan helpen bij het ophelderen van het 
werkingsmechanisme.

In hoofdstuk 1 is een algemene inleiding tot dit proefschri� beschreven en is er een 
overzicht gegeven van de huidige beschikbare an�schimmelmiddelen. Daarnaast werden 
eerdere structuur ac�viteits studies van de echinocandinen beschreven en werd het 
werkingsmechanisme besproken.
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In hoofdstuk 2 is de ontwikkeling van een strategie voor de synthese van nieuwe echinocandin 
derivaten (2, Figuur 1) op de vaste drager beschreven. De invloed van de cyclische pep�de 
basisstructuur op de an�schimmelac�viteit werd geëvalueerd door synthese van nieuwe 
echinocandin analoga op de hars met behulp van een ringslui�ng metathese (RCM) reac�e 
of vorming van een disulfidebrug. De minimaal inhiberende concentra�e (MIC) van elk 
derivaat werd bepaald tegen Candida albicans. De derivaten bleken niet ac�ef te zijn in 
concentra�es tot 100 µg/mL. Echter, analoga met een terfenyl zijketen toonden een dosis-
a�ankelijk effect op an�schimmelgroei bij concentra�es vanaf 5 µg/mL. Opmerkelijk is dat 
de an�schimmelac�viteit volledig verdwijnt bij een kleine vergro�ng van de macrocyclische 
pep�de ring van een 21- naar een 22-atomige systeem. Dit was onverwacht, gezien de 
geringe extra flexibiliteit van het grotere cyclische pep�de. Deze resultaten gaven aan dat 
ringgroo�e een essen�ële factor is voor an�schimmelac�viteit.

Figuur 1. Structuren van de semisynthe�sche echinocandin Caspofungin (1) en de ontworpen RCM analoga 2 en 
3.

De synthese van andere grotere derivaten via  RCM of door disulfide-vorming bleek een 
onaantrekkelijke strategie en leidde daarom  tot onderzoek naar de synthese van kleinere 
analoga (3, Figuur 1) die met behulp van RCM verkregen zouden kunnen worden. Pogingen 
tot de synthese van deze analoga werden beschreven in hoofdstuk 3. De synthese en 
toepassingen van vinylglycine in deze synthese werd hier beschreven. Er werd aangetoond 
dat vinylglycine isomeriseerde naar het geconjugeerde α,β-onverzadigde derivaat. Daarom 
was het direct inbouwen van vinylglycine in pep�den problema�sch. Site-specifieke en 
chemoselec�eve inbouw van vinylglycine residuen werd bereikt door het inbouwen van 2-
nitro-phenylselenohomocysteine en oxida�eve verwijdering van de seleen beschermgroep. 
Dit ‘gemaskeerde’ aminozuur kon  gemakkelijk bereid worden in drie stappen en werd 
m.b.v. SPPS ingebouwd in pep�den. Hoewel een succesvolle strategie voor de synthese van 
pep�den met vinylglycine residuen in de sequen�e werd beschreven bleek het gebruik er 
van in metathesereac�es geen succes voor de construc�e van kleinere RCM echinocandin 
analoga. De vinylglycine derivaten bleken minder reac�ef in RCM en cross metathese 
reac�es ten opzichte van allylglycine derivaten.

In hoofdstuk 4 werd een strategie voor foto-affiniteit derivaten van echinocandin 
beschreven. Foto-affiniteit analoga zijn interessant om in meer detail het mechanisme 
van inhibi�e van de echinocandinen te kunnen onderzoeken. De chemische fotolabel 
werd geïntroduceerd als deel van de vetzuur zijketen, aangezien het belang van de juiste 
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structuur van de cyclische hexapep�de kern van de echinocandinen al aangetoond was. 
Een set van labels met benzofenon groep (4-6, Figuur 2) werd gesynthe�seerd en nieuwe 
fotoaffiniteit analoga van echinocandin werden opgebouwd. Hoewel de synthese van deze 
derivaten succesvol bleek, vertoonden ze geen van allen meetbare an�schimmelac�viteit. 
Deze resultaten benadrukken het belang van de aard van de vetzuur zijketen met betrekking 
tot an�schimmelac�viteit. Deze bevindingen ondersteunden de hypothese dat de zijketen 
een rela�ef rigide en lineaire structuur moet bezi�en voor een op�male ac�viteit.

Figuur 2. Structuren van zijketens 4-9 gebruikt voor de synthese van echinocandin analoga. De set van labels met 
benzofenon (4-6) leiden tot foto-affiniteit derivaten van echinocandin. Staarten 7 en 8 leiden tot nieuwe, volledig 
synthe�sche caspofungin mime�ca (10).

Het onderzoek beschreven in hoofdstuk 5 omvat een studie over de rol van methylgroepen 
in de lipofiele staart van caspofungin derivaten. Een succesvolle strategie voor de snelle 
enan�oselec�eve synthese van de vertakte vetzuurketen (7) van caspofungin en analoga 
(bijv. 8) werd ontwikkeld (Figuur 2). Deze vetzuren zijn gekoppeld aan het skelet van 
vereenvoudigde analoga van caspofungin. Op deze manier werd toegang verkregen tot 
nieuwe, volledig synthe�sche caspofungin derivaten met een hoge en selec�eve an�-
schimmelac�viteit tegen Candida. Onverwacht werd er geen duidelijk verband tussen de 
aanwezigheid van de methylgroepen in de dimethylmyristoyl staart van caspofungin en 
an�schimmelac�viteit waargenomen. De posi�e van de hydroxylgroep in het  proline residue 
(R2 en R3 in Hyp-6 van analoog 10, Figuur 2) was blijkbaar belangrijker. Het proline residue 
aan de linkerkant van het molecuul bleek een belangrijke rol te spelen in de bio-ac�eve 
conforma�e van de macrocyclische pep�de ringstructuur. De keuze van het vetzuurderivaat 
(met rigide structuur zoals in 9 of een meer flexibele structuur zoals in 7 en 8) in combina�e 
met het conforma�onele karakter van de ring leek bepalend te zijn voor an�schimmel-
ac�viteit.

In hoofdstuk 6 werd het conforma�onele gedrag van de echinocandin analoga geëvalueerd. 
In de voorgaande hoofdstukken was gebleken dat de groo�e, de keuze van de vetzuur zijketen, 
evenals cruciale subs�tuenten een belangrijke rol speelden in de an�schimmelac�viteit van 
de analoga. In dit hoofdstuk werd getracht het volledige verlies van de ac�viteit als gevolg van 
de grotere ringgroo�e van echinocandin analoga te verklaren. Hiervoor werden nucleaire 
magne�sche resonan�e (NMR) en circulaire dichroïsme (CD) technieken toegepast. In het 
NMR onderzoek werden factoren als de temperatuur coëfficiënten van de amide protonen 
en NOE’s onderzocht. In de CD werd het verre UV gebied (250-190 nm), met daarin de 
pep�de-amidebinding absorp�e, gemeten om de secundaire structuur te bestuderen. Deze 
studies toonden vergelijkbaar conforma�oneel gedrag aan van de drie macrocyclische 
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pep�den. Echter lijkt de 23-atomige ring een geringere popula�e van ‘β-turn’ conforma�es 
te beva�en in vergelijking met de oorspronkelijke 21-atomige ring. Terwijl voor de 22-ring 
analogon dezelfde karakteris�eke conforma�onele ‘β-turn’ eigenschappen als voor de 21-
ledige ring gevonden werden.
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Samenva�ng voor de geïnteresseerde leek

In deze sec�e heb ik mijn promo�eonderzoek in lekentaal samengevat. Deze samenva�ng 
is vooral bedoeld voor mensen die minder bekend zijn met mijn vakgebied. 

Jaarlijks sterven in Nederlandse ziekenhuizen �entallen pa�ënten met een verzwakt 
immuunsysteem aan de gevolgen van agressieve schimmelinfec�es. Deze schimmels zijn 
steeds vaker niet of nauwelijks te bestrijden, omdat ze veroorzaakt worden door schimmels 
die resistent zijn voor het huidige arsenaal aan an�schimmel medicijnen.

Iedereen kent wel de oppervlakkige schimmelinfec�es die de huid of nagels aantasten. 
Denk daarbij maar aan de reclames met ‘schimpie de schimmel’. Daarnaast ademen we 
allemaal dagelijks de sporen in van aspergillus schimmelsoorten. Deze schimmels vormen 
voor gezonde mensen geen gevaar. Echter kunnen ze bij pa�ënten met een verzwakt 
immuunsysteem diepe, zogeheten invasieve (inwendige) schimmelinfec�es veroorzaken die 
levensbedreigend kunnen zijn. 

Pa�ënten met leukemie, en binnen die groep vooral de pa�ënten die beenmergtransplanta�e 
of stamceltherapie hebben gehad, lopen het grootste risico om een dergelijke schimmelinfec�e 
op te lopen. Ook pa�ënten die een orgaantransplanta�e hebben ondergaan en behandeld 
worden met cor�costeroïden lopen een verhoogd risico op invasieve schimmelinfec�es. 
Datzelfde geldt voor mensen die hiv-posi�ef zijn en pa�ënten met aids.

Problemen als resisten�e (ongevoeligheid) en toxiciteit (gi�igheid) van de huidige 
geneesmiddelen onderstrepen de dringende noodzaak voor nieuwe an�schimmelmedicijnen. 
Een ideaal geneesmiddel grijpt aan op een specifiek punt dat de schimmel wel hee� en de 
gastheer (de mens) niet.

De echinocandinen vertegenwoordigen de meest recente bijdrage aan het arsenaal van 
an�schimmelmedicijnen die de markt hebben bereikt. Ze werken op een ander specifiek punt 
(target) van de schimmel dan de andere medicijnen. Zij vertonen de meest veelbelovende 
eigenschappen van de huidige geneesmiddelen aangezien hun target, in tegenstelling tot 
die van de andere medicijnen, alleen te vinden is in de celwand van schimmels en niet in 
menselijke cellen. Als gevolg daarvan worden er bij het gebruik van echinocandinen minder 
toxische bijwerkingen waargenomen. Bovendien tonen de schimmels zelden resisten�e bij 
deze nieuwe klasse van medicijnen.

Het onderzoek waar ik de afgelopen jaren aan heb gewerkt rich�e zich op het bepalen van 
de belangrijke structurele eigenschappen van de echinocandin verbindingen die nodig zijn 
voor het bestrijden van schimmels. Dit werd bereikt door het maken (synthe�seren) van 
nieuwe varianten van deze verbindingen en de evalua�e van hun an�schimmelac�viteit. De 
verkregen kennis kan gebruikt worden voor het ontwikkelen van verbeterde geneesmiddelen 
en het ophelderen van het exacte werkingsmechanisme van deze middelen. Hieronder zal ik 
meer uitleggen over hoe ik dit bereikt heb.
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Figuur 1. De structuur van een echinocandin en de representa�e als ke�ng.

De echinocandinen zijn cyclische pep�des met een vetstaart (zie figuur 1). De bouwstenen 
van deze pep�des zijn aminozuren. Het maken van deze cyclische pep�des kun je vergelijken 
met het maken van een kralenke�ng. Voor het maken van een pep�de voeg je steeds een 
aminozuur toe, zoals je bij een ke�ng een kraal toevoegt. De ke�ng van aminozuren die 
je aan het eind krijgt heet een pep�de. Vervolgens willen we deze pep�de cyclisch maken. 
Hier kunnen we verschillende ‘slui�ngen’ gebruiken van onze ke�ng. De uiteindes van het 
pep�de kunnen op verschillende manieren aan elkaar gebonden worden. Elke ‘slui�ng’ 
hee� zijn eigen kenmerken. Het maken van deze eerste serie echinocandin derivaten wordt 
beschreven in hoofdstuk 2. Hieruit bleek dat de ‘lengte van de ke�ng’ erg belangrijk is voor 
de ac�viteit (effec�viteit van het medicijn). Wanneer de ke�ng te groot wordt verliest deze 
zijn an�schimmelac�viteit. 

Na dit resultaat wordt in hoofdstuk 3 een poging beschreven tot het inbouwen van een 
‘kleinere’ kraal. Hiermee proberen we wel de ‘slui�ng’ te gebruiken die we beschreven 
hebben in hoofdstuk 2, maar dan wel zonder de ke�ng te groot te maken. Hiermee zouden 
we dan de an�schimmelac�viteit kunnen behouden. De synthese van dit aminozuur was 
succesvol, maar helaas is het niet mogelijk gebleken om met deze nieuwe kraal een cyclisch 
pep�de te maken.

Vervolgens wordt in hoofdstuk 4 een strategie beschreven waarmee we meer informa�e 
wilden verkrijgen over de manier waarop de echinocandinen precies werken. Er is een poging 
gedaan om de chemische structuur van de echinocandinen zo aan te passen zodat deze, na 
het binden aan hun target, fluorescerend gemaakt konden worden. De lichtgevende target-
echinocandinen combina�es zouden dan vervolgens apart bekeken en geïden�ficeerd 
kunnen worden. Deze poging was niet geslaagd omdat de aangepaste echinocandinen niet 
ac�ef waren en dus niet bonden met hun target op de schimmel.

In hoofdstuk 5 bekijken we een ander deel van de structuur van de echinocandinen, 
namelijk de vetstaart, in meer detail. Deze vetstaart kan vergeleken worden met de hanger 
aan onze ke�ng (zie figuur 1). Zoals eerder beschreven is de samenstelling van het pep�de, 
dus de kralen aan de ke�ng, erg belangrijk voor de ac�viteit van de echinocandinen. In 
dit hoofdstuk zijn we gaan kijken hoe belangrijk de hanger aan de ke�ng is voor ac�viteit. 
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In het vorig hoofdstuk is al gebleken dat deze staart een rela�ef stevige (niet flexibele) en 
rechte structuur moet hebben voor een goede ac�viteit van de echinocandinen. Uit andere 
onderzoeken bleek de lengte van de vetstaart al belangrijk te zijn. Wij zijn gaan kijken hoe 
belangrijk de vertakkingen zijn die in deze vetstaarten voorkomen.  Er zijn verschillende 
vetstaarten gemaakt en gekoppeld aan de pep�des, waarna ze getest zijn voor hun 
an�schimmelac�viteit. Hieruit bleek dat vooral de combina�e van de hanger en één van 
de kralen in de ke�ng zeer belangrijk was voor de ac�viteit. Wanneer deze kraal vervangen 
werd voor een ander was de vetstaart niet ac�ef. Terwijl als we de goede kraal in de ke�ng 
hadden onze hanger wel ac�ef was.

De bevindingen uit voorgaande hoofdstukken dat de lengte van de ke�ng evenals de keuze 
van hanger in combina�e met de juiste kraal in de ke�ng erg belangrijk zijn voor de ac�viteit 
van de echinocandinen zorgden voor nieuwe vraagtekens. Deze resultaten suggereerde 
namelijk dat de conforma�e van de echinocandinen erg belangrijk is voor de ac�viteit. Met 
de conforma�e bedoelen we de ‘vorm’ van de ke�ng. Immers als de ke�ng groter wordt of 
als we andere kralen gebruiken kan de ke�ng een hele andere vorm krijgen. Om te kijken 
of dit dan ook het geval is voor onze aangepaste echinocandinen hebben we in hoofdstuk 
6 het conforma�onele gedrag (‘de vorm’) van deze verbindingen onderzocht. Hier zijn 
verschillende technieken voor gebruikt, waarbij we de 3D-structuur van onze verbindingen 
hebben geprobeerd op te helderen. Hierbij blijkt inderdaad dat de grotere pep�des andere 
conforma�onele eigenschappen hebben, ofwel dat deze ke�ng een iets andere ruimtelijke 
vorm hee�.
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