
 
 
 

 
 
 
 

 
 
 
 
 
 

Indole arylation in tryptophan residues: 
development of new chemical methodologies, 

synthetic studies and biological evaluation  
of modified peptides 

 
Lorena Mendive Tapia 

 
 
 
 
 

 
 
 
 
 
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB 
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos 
privados enmarcados en actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro 
ni su difusión y puesta a disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza 
la presentación de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta 
reserva de derechos afecta tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de 
partes de la tesis es obligado indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the 
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the 
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative 
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital 
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not 
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or 
citation of parts of the thesis it’s obliged to indicate the name of the author. 



 
  



 
 

 
 

 
  



 
 

Programa de Doctorado de Química Orgánica 
 

Tesis Doctoral  
 
 
 

Indole arylation in tryptophan residues: 
development of new chemical methodologies, 
synthetic studies and biological evaluation of 

modified peptides 
 

 
 
 

Memoria presentada por  
Lorena Mendive Tapia 

 
 
 
 
 
 
 

Dirigida y revisada por: 
 
 
 
 
 
 
 

      Prof. Rodolfo Lavilla Grifols                                          Prof. Fernando Albericio Palomera 
(Universidad de Barcelona)                                                  (Universidad de Barcelona) 

   
 
 

 
 
 

Universidad de Barcelona 
Barcelona, 2016 

 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

The present thesis has been developed at the Institute for Research in Biomedicine (IRB) 
located in the Parc Científic de Barcelona (PCB) (January 2013-December 2015) and in the 
Parc Científic de Barcelona (January 2016-December 2016). This work was supported by 
DGICYT—Spain (projects BQU-CTQ2012-30930 and CTQ2015-67870-P), Generalitat de 
Cataluña (2014 SGR 137) and Institute for Research in Biomedicine Barcelona (Spain). The 
PhD student has been supported by a “Formación de Profesorado Universitario” (FPU) 
fellowship from the Ministerio de Educación, Cultura y Deporte–Spain (MECD). 



 
 

UNIVERSITAT DE BARCELONA 
 

FACULTAT DE QUÍMICA  
DEPARTAMENT DE QUÍMICA ORGÀNICA 

 
 
 
 
 

Indole arylation in tryptophan residues: 
development of new chemical methodologies, 
synthetic studies and biological evaluation of 

modified peptides 
 

 
 
 
 

Lorena Mendive Tapia 
 

2016 
 
 
 
 
 
 
 
 
 
 
 

 

   
 



 
 

 
 

 
 

 
 
 
 
 
 
   



 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

A mi familia  
  



 
 

 
 

 
 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We had a lot of sorrow, a lot of fear, and a lot of shame.  
But I never regretted it, and I never envied anyone…And if we  

haven’t had our misfortunes, we wouldn’t have been better off.   
It would have been worse. Because in that case, there wouldn’t  

have been any happiness. And there wouldn’t have been any hope. 
 

Andrej Tarkovsky (Stalker, 1979) 



 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  



Agradecimientos 

 
 

Ya por fin llegando al final de este trayecto llamado Tesis doctoral es inevitable echar un vistazo 

atrás para ver el recorrido. Partiendo de un objetivo inicial específico, este trabajo se ha ido 

conformando y creciendo en base a su entorno e inevitablemente ha ido adoptando las huellas de 

todos los que han pasado por ella. Rodolfo y Fernando, mis directores de tesis, y Marc Vendrell, 

supervisor durante mi estancia en Edimburgo, fueron los que marcaron el camino con su experiencia 

y buenas indicaciones. Agradecer al Instituto de Investigación Biomédica (IRB) y al Parque Científico 

de Barcelona (en especial a Eva Poca, Esther Zurita, Marta Vilaseca, Mª del Mar Vilanova, Jesús 

García y miembros de la administración IRB) y al Queen's Medical Research Institute (University of 

Edinburgh) por su apoyo para realizar este trabajo. 

Gracias a mis compañeros de mi primer laboratorio durante la tesis  (Miriam, Marta, Iván, Vida, 

Ximena, Juan, Gerardo, Lidia, Ramón, Hortensia, Sveta, Ramón, Pau), de Biosyner-UQC (Unai, Marta 

M., Marta B., Sergi, Jose, Charo, Ulduz, Marc, Nicola, Kranti, Sara, Sandra, Arantxa, Esther, 

Samantha), del nuevo ChemBiolab (Helena, Laia, Jesús, Álex) y de alrededores (Alejandro, Patricia y 

Júlia) por aportarme siempre buenos consejos, risas y apoyo cuando lo necesité, y también a Marc V. 

y Antonio por darme ese soplo de aire fresco edimburgués. Gabriela, Jordi, Óscar, Albert, gracias por 

todo lo compartido y por siempre estar allí, llueve o truene.  

Familia, sois la constante que rige todos mis senderos, un maravilloso microcosmos que siempre 

está presente en mis pensamientos y al que debo agradecer cada paso que doy. Benji, gracias por ser 

mi guía, mi compañero de juegos, en este y en los nuevos caminos que nos vienen por delante. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 
 
 
 
 
 

 

 
 

  



 

 

INDEX 
 

Annex 1. Abbreviations and acronyms ............................................................................... 1 

Annex 2. Tables of reagents for solid-phase peptide synthesis ........................................... 3 

Introduction and objectives ............................................................................................... 7 
General introduction ...................................................................................................................................... 9 
C-2 arylation of indole through metal-catalyzed C-H activation .................................................................. 17 
Peptide-based imaging probes ..................................................................................................................... 19 
Biaryl peptidic topologies. Stapled peptides ................................................................................................ 23 
C-H oxidative modification of Trp-based DKPs ............................................................................................. 26 
Objectives ..................................................................................................................................................... 29 
References .................................................................................................................................................... 31 

Chapter 1. C-2 arylation of Trp amino acids through Pd-catalyzed C-H activation ............. 37 
Publication I. Synthesis and biological evaluation of a postsynthetically modified Trp-based 
diketopiperazine ........................................................................................................................................... 39 
Publication II. Synthesis of C-2 arylated tryptophan amino acids and related............................................. 53 
compounds through palladium-catalyzed C−H activation ........................................................................... 53 
Publication III. Enhanced antimicrobial activity of a peptide derived from human lysozyme by arylation of 
its tryptophan residues ................................................................................................................................ 71 

Chapter 2. Spacer-free Trp-BODIPY fluorogen for peptide-based imaging probes ............. 85 
Publication IV. Spacer-free BODIPY fluorogens in antimicrobial .................................................................. 87 
peptides for direct imaging of fungal infection in human tissue ................................................................. 87 
Publication V. A Trp-BODIPY cyclic peptide for fluorescence labelling of apoptotic bodies ...................... 109 
Publication VI. A Trp-BODIPY fluorogenic amino acid to label peptides for enhanced live-cell fluorescence 
imaging ....................................................................................................................................................... 127 

Chapter 3. Biaryl peptidic topologies through Pd-catalyzed C-H activation reactions 
between Trp and Phe/Tyr residues ................................................................................. 177 

Publication VII. New peptide architectures through C–H activation stapling between tryptophan–
phenylalanine/tyrosine residues ................................................................................................................ 179 
Publication VIII. Constrained cyclopeptides: biaryl formation through Pd-catalyzed C-H activation in 
peptides—structural control of the cyclization vs. cyclodimerization outcome ........................................ 213 

Chapter 4. Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs ........................... 231 
Publication IX. Oxidative transformations on tryptophan-based diketopiperazines through cross 
dehydrogenative couplings ........................................................................................................................ 233 

Results and discussion .................................................................................................... 247 
Chapter 1. C-2 arylation of Trp amino acids through Pd-catalyzed C-H activation .................................... 249 
Chapter 2. Spacer-free Trp-BODIPY fluorogen for peptide-based imaging probes .................................... 254 
Chapter 3. Biaryl peptidic topologies through Pd-catalyzed C-H activation reactions between Trp and 
Phe/Tyr residues ........................................................................................................................................ 261 
Chapter 4. Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs .................................................... 271 
References .................................................................................................................................................. 275 

Conclusions (in Spanish) ................................................................................................. 277 

Personal contribution to the publications (in Spanish) .................................................... 283 

Annex 3. Summary of introduction and objectives (in Spanish) ....................................... 289 

Annex 4. Summary of results and discussion (in Spanish) ................................................ 305 
 

 



 
 

 
 

  



 

1 
 

Annex 1. Abbreviations and acronyms 
 

 
AA Amino acid MDM2 Mouse double minute 2 homolog 

ACN Acetonitrile Met Metal 

Act Activator MIC Minimal inhibitory concentration 

Ar Aryl MRI Magnetic resonance imaging 

BL2 Burkitt’s lymphoma cells MW Microwave 

BODIPY 4,4-Difluoro-4-bora-3a,4a-diaza-s-
indacene 

NMA N-methylaniline 

BQ Benzoquinone NMM N-methylmorpholine 

CD Circular dichroism NMR Nuclear magnetic resonance 

CDC Cross-dehydrogenative coupling 2-NO2BzOH 2-nitrobenzoic acid 

CMD Concerted metallation-deprotonation NOE Nuclear Overhauser effect 

DCM Dichloromethane NOTA 2-[4,7-bis(carboxymethyl)-1,4,7-
triazonan-1-yl]acetic acid 

DDC Sodium diethyldithiocarbamate PBS Phosphate buffered saline 

DDQ 2,3-Dichloro-5,6-dicyano-1,4 
benzoquinone 

PC Phosphatidylcholine 

DIEA N,N-diisopropylethylamine PEG Polyethylene glycol 

DKP Diketopiperazine PET Positron emission tomography 

DLP Dilauroyl peroxide PG Protecting group 

DMF N,N-Dimethylformamide PIFA Bis(trifluoroacetoxy)iodobenzene 

DMSO Dimethyl sulfoxide PPI Protein-protein interaction 

DOTA 2-[4,7,10-tris(carboxymethyl)-1,4,7,10-
tetrazacyclododec-1-yl]acetic acid 

PS Phosphatidylserine 

DTBP Di-tert-butyl peroxide QY Quantum yield 

DTPA Diethylenetriaminepentaacetic acid RCM Ring-closing metathesis 

 Molar extinction coefficient RFP Red fluorescent protein 

EC50 Half maximal effective concentration SNAr Aromatic nucleophilic 
substitution 

Emac Macrocyclization efficiency index SPECT Single-photon emission 
computed tomography 

Eq Equivalent SPPS Solid-phase peptide synthesis 

FDA Food and drug administration TIS Triisopropylsilane 

GUV Giant unilamellar vesicle TBHP Tert-butyl hydroperoxide 

HPLC High performance liquid 
chromatography 

TEA Triethylamine 

HPLC-MS High performance liquid 
chromatography-mass spectrometry 

TFA Trifluoroacetic acid 

HUVEC Human umbilical vein endothelial cells THF Tetrahydrofuran 

IPA Invasive pulmonary aspergillosis tRNA Transfer ribonucleic acid 

KDa Kilodalton   

    



 
 

 
 

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 

3 
 

Annex 2. Tables of reagents for solid-phase peptide synthesis 
 

Table 1. Amino acid structures and nomenclatures 
  

 

   

   

  
 

  
 

  
 

 
  

 

 

 

 
 
 
 
 
 



 
 

 
 

 

Table 2. Protecting groups 
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Table 3. Coupling reagents and additives 
  

 

 

  

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Resins and linkers 
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General introduction 
 

Peptides are naturally occurring biopolymeric chains comprised of 100 or less amino acid 

monomers that play key roles in the regulation and function of a plethora of physiological and 

biochemical processes (e.g. hormones, neurotransmitters, cytokines, growth factors, etc.) and 

represent important scaffolds in organic and medicinal chemistry.1,2 Each residue contains an amine 

and a carboxylic acid function, along with a side-chain (R group) specific to each amino acid, and are 

linked together through amide bonds (Fig. 1). Basically, proteinogenic peptides and proteins are 

comprised of 20 different -(L)-amino acids, which are designated by one/three letter codes, 

whereas synthetic peptides and many secondary metabolites of peptidic nature do not have this 

restriction. Thus, linear peptides are normally described with an NC abbreviation code sequence 

and, if necessary, side-chain functionalities are also displayed in brackets.  

 

 

Figure 1.  General representation of peptides (left) and illustrative example (right). 

 
The use of peptides as therapeutics has emerged as a field in continuous expansion and a valuable 

source of new drugs.3,4 The interest of peptides as therapeutic agents relies on their protein-like 

molecular topology and dimensions, which confer them great specificity, tolerability and potency 

towards biological targets (e.g. protein-protein interactions, receptors, etc.). Since its outburst in the 

late 1990s and 2000s, the peptide market is growing steadily (Fig. 2, left). Thus, the global peptide 

therapeutic market was valued at US$ 20.0 billion in 2015 and is estimated to reach US$ 23.7 billion 

in 2020.5 In 2015, more than 60 US Food and Drug Administration (FDA)-approved peptide medicines 

were launched on the market, with other many in clinical and preclinical phases, being metabolic 

diseases and oncology the main therapeutic areas (Fig. 2, right). Some representative commercialized 

peptide drugs are disclosed in Table 1.6,7   
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 Figure 2.  Average number of peptides entering clinical study per year (left) and commercialized 
peptide drugs distributed by therapeutic areas from a 2012 report (right).4 

 
 

Table 1. Selection of commercialized peptide drugs (1984-2014). 

Company 
Brand 
name 

Generic 
name 

Mechanism of 
action 

FDA 
approval 

Approved indication 
Administration 

route 

GlaxoSmithKline Tanzeum® Albiglutide 
GLP-1 

receptor 
agonist 

2014 Type 2 diabetes Subcutaneous 

Novartis Signifor® Pasireotide 
Somatostatin 

receptor 
agonist 

2012 Cushing’s desease 
Subcutaneous, 
intramuscular 

Ironwood 
Pharmaceuticals 

Linzess® Linaclotide 
GC-C receptor 

agonist 
2012 Chronic constipation Oral 

Novo Nordisk Victoza® Liraglutide 
GLP-1 

receptor 
agonist 

2010 Type 2 diabetes Subcutaneous 

Beaufour Ipsen 
Somatuline 

Depot® 
Lanreotide 

Somatostain 
receptors 
inhibition 

2007 
Acromegaly, 

Neuroendocrine 
tumors 

Subcutaneous 

Amylin Symlin® Pramlintide 
Amylin 

analogue 
2005 Type 1 and 2 diabetes Subcutaneous 

Roche/Trimeris Fuzeon® Enfuvirtide 
HIV-1 fusion 
inhibithion 

2003 
Antiretroviral (HIV-1 

infection) 
Subcutaneous 

Ferring Minirin® 
Desmopressin 

 

AVPR2 
receptor 
agonist 

2002 Antidiuretic Oral/nasal 

Sanofi Lantus® 
Insulin 

glargine 

Insulin 
receptor 
agonist 

2002 
Lowering  of  glucose 

levels 
Subcutaneous 

Medicines Co. Angiomax® Bivalirudin 
Thrombin 
inhibitor 

2000 Anticoagulant Intravenous 

Schering Integrilin® Eptifibatide 
Integrin-IIb3 

inhibitor 
1998 

Platelet aggregation 
inhibition 

Intravenous 

Sandoz Neoral® Cyclosporine 
Lymphocytes 

inhibition 
1995 Immunosuppressant Oral 

Abbott 
Laboratories 

Lupron® Leuprolide GnRH agonist 1985 
Prostate cancer 

symptoms 
Subcutaneous, 
intramuscular 

GLP: glucagon-like peptide; GC-C: guanylate cyclase-C; HIV: human immunodeficiency virus; AVPR: arginine vasopressin 
receptor; GnRH: gonadotropin-releasing hormone. 
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The use of peptides as drugs has been hampered by their propensity to be degraded by proteases 

and then eliminated by the kidneys or liver (short circulating plasma half-life), also often displaying 

aggregation and low permeability to cross-membranes (the vast majority of peptides are directed 

towards extracellular targets). Indeed, few oral administrated peptide drugs are present in the 

market, being intravenous, subcutaneous or intramuscular administrations the preferential routes in 

order to avoid hepatic or gastrointestinal enzymatic early degradation.8 Nevertheless, peptide drugs 

are progressively being more sophisticated and new approaches and strategies are emerging in order 

to overcome these problems.   

The production of therapeutic peptides is achieved through chemical synthesis, recombinant 

microorganisms or by extraction from their natural sources. Particularly, the chemical synthesis of 

peptides can be performed on solution, solid-phase or though hybrid approaches.  

Solid-phase peptide synthesis (SPPS) is a methodology first described by Robert Bruce Merrifield in 

1963,9 which consists on the covalent anchoring of a growing peptide sequence through its C-

terminus carboxylic group to an insoluble polymeric resin via a linker functionality (Fig. 3). To form 

the amide bond, the nucleophilic amino function of the residue anchored to the resin needs to be 

deprotected in order to react with the carboxylic group of the second amino acid component, which 

is previously activated. In this manner, the anchored sequence is elongated by a series of 

Ndeprotection-coupling cycles. At the end of the synthesis, the peptide is cleaved form the resin 

with concomitant removal of the existing side-chain protecting groups labile to the cleavage 

conditions. Depending on the N protecting group used, two main strategies of SPPS are described: 

Fmoc- (9-bluorenylmethoxycarbonyl-) and Boc- (tert-butyloxycarbonyl-) based SPPS. For Fmoc-SPPS, 

piperidine is applied to remove the Fmoc-protecting group, whereas acidic conditions with 

trifluoroacetic acid (TFA) are used for the final peptide scission. Reactive side-chain functionalities 

are temporary protected with compatible or orthogonal groups10 capable to remain unaltered under 

Fmoc-protecting group removals, couplings conditions and, in some cases, cleavage of the peptide 

from the resin. The main advantage of solid-phase protocols over solution synthesis is the avoidance 

of purification steps during peptide elongation, as the excess of reagents and by-products are 

removed by simple elution. Besides, these syntheses can be performed manually or on automated 

solid-phase synthesizers.  

The enhancement of the therapeutic utility of peptides and proteins can tackled by a wide range 

of different strategies, based on specific modifications (e.g. alterations based on metal 

coordination)11 in order to tune their functional or pharmacokinetic properties. Among other 

purposes, these changes are performed in order to increase the potency and/or selectivity for a 

specific substrate, modulate protein-protein interactions, design multifunctional peptides, target 
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biological entities or visualize biological processes (bioimaging). In general, these alterations can be 

performed on the amino and carboxylic terminal functions, side-chain positions, peptide backbone or 

by the entire replacement of specific amino acids. The site and method selection will be determined 

by the polipeptidic structure, function and specific purpose.   

 

Figure 3.  Schematic representation of SPPS. PGs: protecting groups; Act: activator. 

 
The increase of stability of peptides is normally correlated with better resistance to enzymatic 

degradation by minimizing peptidic bond cleavages. Strategies to increase stability include:  

- Conformational restriction by cyclization, evolved from linkages between C-terminus to N-

terminus, side-chain to N/C-terminus or side-chain to side-chain positions.  

- Restriction of individual amino acid conformations that can favor the formation of turn 

structures by N-methylation, -disubstitution or use of ,-dehydro or cyclic (e.g. proline) 

amino acids. 

- Conjugation to polymers (e.g. PEG) or polypeptide chains (e.g. XTEN).  

- Innovative formulations (e.g. additives, encapsulation, implantable devices). 
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- Others: Hydrogen bond surrogates, D-amino acids, olefinic substitution, peptide mimetics, N-

acetylation, C-amidation, carbonyl reduction, etc. 

 
Selective modifications are also performed in order to modulate protein-protein interactions or 

increase the potency and/or selectivity by enhancing the molecular recognition for a specific 

receptor or substrate. Some approaches involve: 

- Rigidification of a bioactive conformation for a specific target by the above mentioned 

cyclization modes. Particularly, stapled peptides, which are originated from selective non-

amide bond connections between side-chains, have emerged as a breakthrough in the drug 

modulation field and several companies such as Aileron Therapeutics have developed 

therapeutic peptides based on this technique.  

- Modification of the polipeptidic chain extension or sequence of residues. 

- Replacement or modification of certain amino acids. 

 
Regarding the use of unnatural amino acids, diverse strategies for the direct incorporation 

(genetically or chemically) of non-standard residues into peptides or proteins have been developed. 

Approaches focused on genetic code expansion in proteins are based on the site-specifically 

incorporation of a non-proteinogenic amino acid (not genetically encoded) into a protein. This tool is 

based on the specific recognition of the unnatural amino acid in the cell by an orthologonal 

tRNA/aminoacyl tRNA synthase pair (from phylogenetically distant organisms) that directs its 

incorporation into a defined position in the encoded polypeptide chain, normally in response to a 

nonsense or frameshift codon located in the gene of interest. Numerous applications of this 

methodology have been reported regarding the exploration of protein structure and function as well 

as the regulation or change of protein activity.12–15 Other methods for protein modification that do 

not alter the genetic code include: in vitro (cell-free) translation syntheses or the synthesis of 

proteins evolved from the replacement of a coded natural amino acid during translation by a similar 

non-proteinogenic amino acid via the cell incubation of this latter in the absence of the coded one.16 

Site-specific chemical modifications on peptides can also be achieved by the direct incorporation of 

non-standard amino acids or site-selective modifications through chemical peptide syntheses in 

solution or solid-phase. Particularly, side-chain modification is carried out through different 

methodologies according to the functional group reactivity involved.    

Indoles are π–excessive aromatic heterocyclic ring topologies present in many natural systems.17 

Moreover, indole-containing molecules are valuable scaffolds widely found in drug discovery and in 

many other industrial applications (e.g. dyes, herbicides, fungicides, perfumes, etc.).18 Particularly, 



Introduction and objectives 

 

14 
 

tryptophan (Trp) is an essential indole-containing amino acid with key functional roles, present in 

many alkaloids, peptides and proteins (Fig. 4).19–21 Although Trp is the lowest abundant member of 

the 20 canonical amino acids (around 1% in peptides and proteins), the high hydrophobicity and 

hydrogen-bond donor features of its side-chain enables interactions by non-covalent forces (e.g. 

aromatic-aromatic, cation-π, etc.) with key roles in protein stability and recognition.22 Furthermore, 

the inherent reactivity of the indole moiety (e.g. to electrophilic aromatic substitutions, oxidations, 

enzymatic modifications, etc.) makes Trp an interesting scaffold for chemical diversification.  

 

Figure 4.  Representative examples of biologically active peptidic structures displaying Trp. 

 
Over the past decades, the development of methodologies based on transition metal-catalyzed 

cross-couplings for the formation of carbon–carbon or carbon–heteroatom bonds have brought 

significant advances in synthetic organic chemistry.23 Classical cross-coupling methods for aryl-aryl 

bond formation rely on the reaction of an organometallic reagent (nucleophilic component) with a 

second compound containing an halide (or surrogate) substituent (electrophilic component). 

According to the transition metal source and the functional groups involved, different cross-coupling 

methods have been reported, including Stille, Suzuki, Kumada, Negishi and Hiyama reactions (Fig. 

5a). These cross-couplings are frequently catalyzed by palladium (Ni, Ru and Ir, etc. are also reported) 

and in some cases in junction with a base (Suzuki and Hiyama couplings). The mechanism of these 

processes generally involves three main stages: oxidative addition, transmetallation (+isomerization) 

and reductive elimination (Fig. 6). First, the organic halide (R-X) coordinates the metal center through 

an oxidative addition to yield intermediate I, then the second coupling partner undergoes 
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transmetallation to form intermediate II. Finally, reductive elimination of the two coupling reagents 

renders the R-R’ product with concomitant regeneration of the catalyst. In some cases, an 

isomerization prior the reductive elimination occurs. 

In the last decades, transition metal-catalyzed carbon–hydrogen (C–H) bond activation (or C-H 

functionalization) processes have undergone an explosive growth. In contrast to traditional methods, 

these reactions are based on the coupling of only one functionalized component, being the other 

partner a molecule reacting through a C-H bond.24 To overcome the ubiquity of C-H bonds, metal 

catalysis enables the selective activation of one C–H bond via the metal coordination (C-metal) and 

further functionalization by reaction with the electrophile (Fig. 5b). Thus, the chemical waste and the 

number of synthetic steps required for the C-C bond formation is reduced as the prefunctionalization 

of one coupling component is avoided. Moreover, double C-H activation processes (or cross-

dehydrogenative couplings) rely on the selective construction of C−C linkages directly from two 

different C−H bonds under oxidative conditions (Fig. 5c). The main challenge of these methodologies 

again deals with the ubiquity of C-H bonds. 

 

Figure 5. Reported transition metal-catalyzed cross-coupling strategies for aryl-aryl bond formation. 

 

 

Figure 6. General mechanism for traditional transition metal-catalyzed cross-coupling reactions. 



Introduction and objectives 

 

16 
 

C-H functionalization is a continuously growing field with remarkable applications in late-stage 

diversification and for the synthesis of biologically active compounds and other functional materials. 

Thus, since the first contributions reported in the end of the last century, the number of publications 

concerning C-H functionalization has significantly increased.25–27 Particularly, C-H arylations with Cu, 

Rh, Ru and Pd transition metals are reported, being the latter the most widely explored.28 Regarding 

the catalytic species involved and the reaction conditions (e.g. substrate, solvent, ligands), there are 

three main general mechanisms reported for Pd-catalyzed C-H arylations (Fig. 7). The first 

mechanism shown in Fig. 7 is based on a Pd(0)/Pd(II) catalytic cycle. First, the cycle starts with the 

oxidative addition of R-X organic halide into the Pd(0) species to form Pd(II) intermediate I. Next, C-H 

bond activation of R’-H takes place at the previous intermediate I by palladium coordination. Finally, 

C-C bond formation by reductive elimination from Pd(II) centre affords the R-R’ compound with the 

recovery of Pd(0) species (Fig. 7a). The second catalytic cycle involves a Pd(II)/Pd(IV) mechanism (Fig. 

7b). In this case, the electrophilic C-H bond activation of R’-H takes place first, followed by the 

oxidative addition of the organic halide to Pd(II) intermediate I to form the corresponding Pd(IV) 

species (II) and subsequent reductive elimination.  

 

 
Figure 7. General catalytic cycles for Pd-catalyzed C-H arylation reactions involving a) Pd(0)/Pd(II), b) 

Pd(II)/Pd(IV) or c) Pd(II)/Pd(0) species. 
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Additives such as Ag(I)-salts are reported to function as oxidants or halide scavengers to promote 

the reaction. Moreover, recently Larrosa and co-workers propose that Ag(I)-salts could carry out the 

C-H activation in Pd-catalyzed C-H functionalization reactions.29 Finally, the Pd(II)/Pd(0) catalytic cycle 

(Fig. 7c), mainly reported with boronic acids, includes an oxidant and is initiated by the electrophilic 

C-H bond activation of R’-H by the Pd(II) species, followed by a transmetallation with a metallic R-M 

derivative and subsequent reductive elimination to yield R-R’ and Pd(0) species, which is oxidized to 

close the catalytic cycle.  

In this context, we focused on the study of the following main topics: 

 

C-2 arylation of indole through metal-catalyzed C-H activation 
 

Indole ring constitutes a class of nitrogen-containing heterocycle present in wide range of natural 

products and drugs. Therefore, the derivatization of this core arises as a powerful strategy for the 

modulation of the structure and bioactivity of potential pharmaceutical agents. 

 In this sense, 2-aryl indole derivatives appear as privileged scaffolds. As an alternative to standard 

methods, in the past few decades several strategies have been reported for the metal-catalyzed C-H 

arylation of indoles.30,24 According to the nature of the indole precursor, the coupling partner and the 

transition metal applied, the reported methodologies on this field can be classified in the following 

main groups: aryl halides (Rh, Pd), arenes (Pd), diaryliodonium salts (Pd), arylboron reagents (Pd, Rh, 

Ru), arylsilanes (Rh, Pd) and aromatic carboxylic acids (Rh) (Fig. 8). 

 

 

Figure 8. Reported strategies of metal-catalyzed C-H arylation of indoles. 
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Some of the first pioneering work regarding the C-H activation of indoles appeared in the 80’s with 

the work of Genet (1978)31 and Ohta (1989),32 among others (Fig. 9). Then, Grigg and co-workers 

disclosed in 1990 the first transition-metal catalyzed direct arylation of an indole with an aryl halide 

in an intramolecular mode using Pd(OAc)2 and PPh3 as a ligand.33  

Nonetheless, it was not until the 2000s when this methodology showed a relevant progress (Fig. 

9). Hence, in 2006 Sanford’s group displayed a protocol under mild conditions with hypervalent 

iodine aryl iodonium salts and Pd(II) catalysis.34 Next, in 2007 Sames and co-workers presented a new 

arylation method for indoles with aryl halides, Pd(OAc)2 as the catalyst and CsOAc as a base under 

ligandless conditions.35 Interestingly, they evidenced a C-2/C-3 site-selectivity for the indole position 

according to the nature of the halide. Analogously to these results, in the same year Fagnou showed 

an oxidative methodology based on Pd(TFA)2 as catalyst directly connecting arenes to indoles.36 

Moreover, in 2008 Gaunt described a copper(II) triflate-based arylation protocol of indoles with 

diaryliodonium triflates, where the protection of the NH-indole determines the C-2/C-3 indole 

selectivity.37 

Alternative coupling partners have also been published in the arylation of indole systems. Hence, 

Shi and co-workers (2008) arylated a series of indole derivatives with aryl boronic acids under 

Pd(OAc)2 catalysis, in an oxygen atmosphere in acetic acid.38 The same year, Cheng’s group showed 

the use of aryltrifluoroborate salts in the presence of Pd(OAC)2 and Cu(OAc)2 in air.39 Overall, direct 

C-H activation protocols have emerged as a breakthrough in the field since these methodologies 

circumvent the use of prefunctionalized organometallic precursors. 

 

 

Figure 9. Historic diagram of the most illustrative intermolecular precedents on the C-H arylation of 
indoles. 

 
Importantly, indole ring is present as part of the side-chain of Trp amino acid, which appears as a 

key amino acid due to its specific biological interactions together with its limited presence in 

peptides and proteins (around 1%) and its photo-electronic properties. By the time where the 

present project thesis was developed, very few precedents on the direct C-2-arylation of Trp amino 

acid had been disclosed. The synthesis of 2-aryl-Trp derivatives by direct arylation was only reported 

by classical Pd-mediated cross-coupling methods using Suzuki–Miyaura type reactions or through Ru-
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based catalytic C-H bond formation processes;40,41 none of them being ideal in terms of applicability 

and experimental requirements, since these protocols demanded the use of protected Trp amino 

acid under harsh coupling conditions. 

 

Peptide-based imaging probes 
 

Peptides are chemical entities allocated in a privileged chemical space, lying between small 

molecules and biopolymers. This fact renders them medium-size molecules with high specificity and 

potency to their respective targets, and then stressing the needs for a diversified and practical 

synthetic access. Moreover, peptides possess low intrinsic toxicity and immunogenicity and can be 

structurally modified to modulate their pharmacokinetics properties. Yet, in the vast majority of 

cases, only sequences displaying natural amino acids are prepared through SPPS. 

Particularly, bioimaging based on peptides has established as valuable tool to target biological 

entities and visualize biological processes. To date, a largely variety of imaging agents have been 

developed using a range of different labeling techniques:42,43 radioisotopes (e.g. 99mTc, 18F, 64Cu, 111In, 

123I, 68Ga, etc.) for PET and SPECT tomography techniques attaching a radiolabeled chelating 

polyaminopolycarboxylic group (e.g. DOTA, NOTA, DTPA, etc.), organic fluorophores or quantum dots 

(fluorescent semiconductor nanocristals) for optical imaging, and magnetic nanoparticles (iron oxide 

nanoparticles) for MRI (Fig. 10). These different modalities can be used as complementary tools, and 

can be conveniently combined in multimodal techniques based on dual-labeled imaging agents. 

 

Figure 10. Common peptide-based imaging strategies upon labeling of a) radioisotopes , b) 
fluorophores , c) quantum-dots, d) iron-oxide nanoparticles. 

 
Among them, fluorophore based optical imaging has emerged as a valuable technique due to its 

highly sensitive and nonradioactive features. A fluorophore is a molecule, typically an aromatic ring 

system with extended π conjugation, which absorbs photons of a specific wavelength and emits the 

energy at a longer range in the spectrum. It is characterized by several indices, including the molar 

extinction coefficient (ε) and the quantum yield (QY), associated with absortion and fluorescence, 

respectively. The most popularly employed fluorophores are coumarin, fluorescein, BODIPY, 

rhodamine, and cyanine type dyes (Fig. 11), attached by different chemical tools to the selected 
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molecule. In this respect, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) scaffold has been 

extensively studied and a wide range of BODIPY derivatives have been described44–46 in numerous 

fluorescent imaging applications due to its excellent permeability and photophysical properties.47  

Figure 11.  Commonly used fluorophores. 

 
Whereas in long peptides and proteins, many preparation methods are usually based on the direct 

conjugation of the selected peptide to an adequate fluorophore via a chemical spacer,48,49 in short 

peptides this linkage can most probably affect important chemical sites and, as a result, alter the 

peptide molecular recognition properties. Therefore, there is a need for new approaches to 

incorporate fluorophores into peptides in a site-specific manner and without disrupting their 

inherent properties and activity. In the past few years it has been reported the use of unnatural 

amino acids as building blocks for the synthesis of fluorescent peptides or proteins. In these 

strategies, the fluorophore group can be introduced via the coupling to a modified chemical 

orthogonal residue of the sequence (and in a second step the excess labeling agent is removed prior 

to the visualization) or by the preparation of a fluorogenic amino acid and then incorporation of this 

building block into the sequence through chemical synthesis or other biosynthetic methods.50–52 

Particularly relevant is the work of the Imperiali’s group on the development of environmentally-

sensitive fluorescent amino acids for its incorporation in peptides or proteins.53–55  

In this context, we propose to study the following projects: 
  
- Antifungal peptide PAF26 

PAF2656 is a synthetic peptide which is known to act against invasive pulmonary aspergillosis (IPA), 

a fatal pulmonary infection with high mortality rates caused by the Aspergillus Fumigatus fungal 

pathogen (Fig. 12). Current diagnostic tools rely on culture analysis from different fluidic body 

samples but these methods can be hampered by co-lateral difficulties (e.g. airway contamination and 

diagnostic delays). For these reason, there has been an increasing demand on imaging probes that 

can afford in situ and real-time knowledge of the course of the infection. Antimicrobial peptides are a 

group of therapeutic agents that are active against a diverse spectrum of microorganisms. Many of 

them tend to accumulate in lipophilic intracellular compartments of microbial cell membranes. In the 

present case study, PAF26 is a hexapeptide formed by C-terminal hydrophobic (Trp–Phe–Trp) and N-
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terminal cationic (Arg–Lys–Lys) domains and this amphipaticity is closely related with its antifungal 

role as is crucial for the interaction with the fungal cell membrane, its internalization and transport 

inside the cell where it exert its function.57  

 
Figure 12.  Antimicrobial peptide PAF26. 

 
- Apoptotic cell death processes 

Cell death is a functional mechanism in organisms that can be originated by natural or external 

factors (e.g. infections or injuries). According to the morphological aspects and function, three main 

modes can be distinguished:58 apoptosis, autophagy and necrosis (Fig. 13). While necrosis is a non-

programmed inflammatory cell death characterized by the loss of cell membrane integrity and 

release of the cellular contents to the exterior, apoptosis and autophagy are both programmed and 

regulated events which take place under specific signaling events. Autophagy features the 

degradation and recycling of cellular components within the dying cell in autophagic vacuoles. 

Apoptosis is characterized by the nuclear fragmentation and chromatin condensation. Besides, in 

early phases of apoptosis, membrane blebs are formed and subcellular structures (i.e. apoptotic 

bodies) are released to the extracellular space in order to communicate with other cells. There is 

evidence that phosphatidylserine (PS) aminophospholipids are externalized to the outer face from 

the cell membrane and are also found in released apoptotic bodies. The recognition of these units by 

other molecules can be used to detect apoptotic processes. 
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Figure 13.  Different modes of cell death. 

 
 In this sense, Annexin V is a 36-KDa protein well-reported as a marker of apoptosis.59 Despite its 

popularity and extensive use, its high molecular weight, moderate permeability and dependence to 

high Ca2+ concentrations are limitations to have into consideration. 

Lactadherin is a 47-KDa glycoprotein which mediates the phagocytosis of apoptotic cells by 

recognizing surface-exposed PS with a nanomolar affinity, in a Ca2+-independent manner. Recently, 

Zheng and co-workers disclosed the synthesis of cyclic lactadherin mimics (cLacs) which recreate the 

disposition of the key amino acids involved on the lactadherin-PS interaction with Gly as linker 

spacers (Fig. 14).60  

 

 

Figure 14.  cLac mimic reported by Zheng’s group.  
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Biaryl peptidic topologies. Stapled peptides 
 

Peptides possess intrinsic properties (e.g. protein-like molecular topology and dimensions) which 

make them a group of synthetically accessible entities with high selectivity, potency and low toxicity, 

qualities highly valuable for therapeutic agents. Nevertheless, their success in the drug market has 

been hampered by their poor pharmacokinetic properties (metabolic instability and low 

permeability). In this regard, different constraining strategies are applied to generate more rigidified 

structures with improved metabolic stability and membrane permeability as well as stabilized 

secondary structure motives.61 According to the elements involved in the cyclization, the type of 

constraining can be distinguished in four subdivisions: i) N-terminus to C-terminus, ii) side-chain to 

one of their termini, iii) side-chain to side-chain and iv) complex cyclic compounds which are formed 

by a mixture of the previous linkages (Fig. 15).  

 

Figure 15. Common peptide cyclization strategies. 

 
Macrocyclic drugs are large ring structures widely used for infectious diseases and in oncology,62 

capable to modulate protein-protein interactions that are out of range for small molecules.63 

Moreover, these molecular entities are big enough to encapsulate compounds inside their cavities in 

a molecular recognition process based on non-covalent forces such as hydrophobic interactions.64 

Nowadays, new techniques and computational tools65 are being developed for the generation of 

peptide-based macrocyles. In order to control the macrocycle-to-oligomer ratio, a series of key 

factors have to be considered when planning the strategy macrocyclization.66,67 On these systems, 

kinetic and thermodynamic factors are pivotal for the cyclization outcome. Thus, the use of high- or 

pseudo-high dilution conditions, on solution or the immobilization of the precursors on functional 

resins, will kinetically favor intramolecular processes vs. the formation of oligomer/polymeric 

products; alternatively, under thermodynamic control, the formation of the more stable species will 

be more energetically favored. Other intrinsic parameters such as the ring size or the proper 

conformational/configurational pre-organization that orientates the two reactive sites in a proper 

disposition, as well as specific intramolecular interactions (e.g. hydrogen bonds) and experimental 
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conditions (e.g. solvent, reagents, temperature, etc.) can play a critical role in the cyclization. In this 

regard, James and Collins recently reported a quantitative index for the macrocyclization efficiency 

(Emac), which is proportional to the concentration and the yield of the reaction.68 

Biaryl and biaryl ether bismacrocyclic peptide-derived natural products69 such as vancomycin70 and 

complestatin71 are prominent examples of the wide range of naturally-occurring constrained 

bioactive peptides with potent bioactivity and prospective great value in drug discovery (Fig. 16).  

 

Figure 16. Examples of biaryl and biaryl ether bismacrocyclic peptidic natural products. 

 
These compounds exhibit relevant biological activities, including proteasome inhibition, and 

antimicrobial or cytotoxic activities among others. Even so, the complexity of these structures has led 

to synthetically challenging syntheses where the biaryl or biaryl ether moiety formation rely on the 

preparation of diphenyl intermediates, intramolecular reactions involving Suzuky, Negishi and Stille 

cross-coupling reactions or SNAr reactions. Therefore, the access to simplified scaffolds in order to 

access structural diversification to modulate their activity is of great relevance. 

 
Stapled peptides72,73 are a type of constrained architectures that have recently emerged as a 

breakthrough in the peptide drug modulation. The stapled bond formation, formed by a non-amide 

side-chain to a side-chain covalent linkage, has been reported to confer improvements of the 

pharmacokinetic profile and conformational behavior in relevant peptides (Table 2).74,75 
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Table 2. Conventional peptide stapling techniques. 

 

Stapling linkage 
Stapling 
reaction 

Precursors Stapling form 
Natural 

AAs 
Chemical 
stability 

Structural 
versatility 

olefine or 
hidrocarbon 

RCM 
  

X √ √ 

disulfide   oxidation 
  

√ 
 

X 

oxyme  
oxidation + 

condensation 

 
 

X 
  

thioether 
nucleophilic 
substitution 

  

X √ X 

biaryl 
Suzuki cross-

coupling 

 
 

X √ √ 

triazole 
1,3-dipolar  

cicloaddition 
(click)   

X √ √ 

thioether (two-
component 

stapling) 

nucleophilic 
substitution 

  

√ √ 
 

thioether (two-
component 

stapling) 

nucleophilic 
substitution 

  

√ √ X 

 
 
 One of the first reports of the enhancement of the helicity and metabolic stability of a peptide by 

an stapling approach was firstly disclosed by Verdine and co-workers,76 who presented a RCM-

stapling approach based on the pioneering studies previously reported by Grubbs et.al.77 on olefin 

metathesis reaction with O-allyl serine/homoserine residues. This hydrocarbon-type stapling 

technique has been widely applied for PPI targets. One of the first examples of hydrocarbon stapling 

applied to a biological system was reported by Walensky and co-workers.78 On this work, stapled 

peptide variants of a BCL-2 domain, which is an apoptosis regulator protein, led to improvements on 

the pharmacokinetic and conformational behavior of these peptides. Other stapling approaches 

reported over the past several years with high potential include: disulfide bridges arising from 
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natural cysteine side-chains,79 oxyme linkages from hydroxylamine and 1,2-aminoalcohol groups,80 

thioether bond formation through the crosslinking between a Cys residue and -bromo amide side-

chain,81 biaryl linkages involving borylated phenylalanine derivatives82–85 and azide–alkyne 

cycloadditions (click reaction).86 Additionally, two-component stapling techniques involve a 

bifunctional linker compound. Among them, thioether bond formation has also been reported from 

the crosslinking between two Cys and dibromo-linkers (e.g. ,’-dibromo-m-xylene)87 or through 

aromatic nucleophilic substitutions with perfluoroaromatic reactants.88 In another example of 

stapling application to biological targets, Lin and co-workers modulated the tumor suppressor 

activity of p53 protein by the inhibition of MDM2, which is a negative regulator protein of p53, 

overexpressed in cancer cells.89 Thus, they reported a cysteine crosslinked peptide derivative based 

on a stapling with aryl linkers for the inhibition of the MDM2-p53 interaction. 

Each methodology has its own specific advantages and handicaps and the choice of the stapling 

method depends on the particularities of the case. Some of their drawbacks include: requirement of 

chemically modified de novo amino acids, chemical instability (that is the case of disulfide bridges) or 

difficult modulation to improve the structural versatility of the compounds generated. For this 

reason, peptide stapling is an emerging field of continuous growing. 

 

C-H oxidative modification of Trp-based DKPs 
 

2,5-Diketopiperazines (DKPs), formed by the cyclocondensation of two -amino acids, are the 

smallest cyclic peptide derivatives found in nature. Their well-defined three-dimensional structure, 

their resistance to proteolysis, the presence of donor and acceptor groups for hydrogen bonding that 

favors their interaction with biological targets and their high structural diversity are valuable features 

for drug discovery.90,91 Is not surprising, therefore, that this core is widespread in biologically active 

natural products with a wide spectrum of biological properties.92 Some representative examples 

include: DNA-binding agents (e.g. spirodiketopiperazines), cell-cycle inhibitors (e.g. tryprostatin B), 

tubulin depolymerizing agents (e.g. phenylahistin), metalloproteinases inhibitors (e.g. thiol DKPs), 

antibiotics and antibacterials (e.g. cairomycin B), antifungal agents [e.g. c(L-Arg-D-Pro)] and anti-

inflamatory inhibitors (e.g. FR106969) (Fig. 17). 
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Figure 17.  Representative examples of biologically active DKPs. 

 
Besides Tryprostatin derivatives (Fig. 17), Trp residue is commonly found in a wide range of natural 

cyclo (AA-Trp) DKPs,93–95 including brevianamide F [c(L-Pro-L-Trp)], which has antibacterial and 

antifungal properties,96 5-bromodipodazine which display antifouling activity97 and also echinulins, 

thaxtomins, c(L-Phe-L-Trp), c(D-Leu-L-Trp) and annulated Trp-containing derivatives (e.g. 

brevicompanines) which have been shown to be phytotoxins or plant-growth regulators (Fig. 18).92 

 

Figure 18. Examples of biologically active cyclo (AA-Trp) DKPs. 

 
Thanks to their innate reactivity, DKPs are privileged building blocks for diversification to access to 

structurally varied frameworks.98 In this regard, although bridged and polycyclic natural DKPs are 

extensively present in nature and constitute highly valuable scaffolds (Fig. 19), the synthesis of these 

cores represents a challenging issue and few precedents of direct DKPs cyclization approaches have 

been reported.99–103 

 

Figure 19.  Examples of biologically active bridged and polycyclic natural DKPs. 
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The selective C-H oxidative modification of amino acids and peptides to form new C-C and C-N 

bonds appears an attractive and challenging tool for structural modification. Particularly inspiring to 

us, were the work of White and co-workers,104 who reported an iron catalyzed process based on the 

C(5)-H oxidative hydroxylation of proline derivatives via an iminium intermediate as a valuable 

precursor for further derivatization by the generation of C-C bonds; and the amidation process of Yu 

an co-workers105 based on oxidative palladium catalysis for the formation of new C-N bonds (Fig. 20).  

 
Figure 20.  Examples of C-H oxidations. a) Iron catalyzed C(5)-H oxidation of proline, b) amidation by 

oxidative Pd catalysis  

 
Within the recent years, the selective construction of C−C linkages directly from two different C−H 

bonds under oxidative conditions, known as cross-dehydrogenative coupling (CDC), has attracted 

much attention.106,107 These double C-H activation processes do not rely on the use of pre-

functionalized starting materials, which reduces the number of synthetic steps required, and it is 

beneficial for the atom economy of the process. The main challenge of this methodology deals with 

the ubiquity of C-H bonds, being the selective functionalization of one type of C-H bond the major 

goal. Typically, CDCs involve the use of an oxidant (e.g. O2, peroxides TBHP, DDQ, PIFA, etc.) and, in 

many cases, are catalyzed by transition metals (e.g. Cu Pd, Fe, Ag, Ru, etc.) for the connection of Csp–

H, Csp2–H, and even Csp3-H bonds with each other. 
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Objectives 
 

In the present thesis we investigated the development of new methodologies for the selective and 

straightforward chemical modification of Trp amino acid either alone or in peptides. Specifically, we 

proposed the following main goals: 

 

1) C-2 arylation of Trp amino acids through Pd-catalyzed C-H activation 

We want to develop a methodology based on a C-H activation protocol catalyzed by palladium to 

enable an intermolecular chemoselective C-arylation of Trp amino acid in the C-2 position of the free 

indole ring. Specifically, we proposed to: 

- Undertake a previous optimization of the reaction conditions of a C-H activation process 

previously initiated in our group. 

- Apply these conditions to the preparation of arylated analogues of brevianamide F. 

- Study the direct C-arylation of tryptophan amino acid and related indole systems for the 

preparation of a small library of arylated indole compounds (Scheme 1, left). 

- Study the applicability of C-2 arylated tryptophan residues in model peptide sequences 

(Scheme 1, right). 

- Apply the methodology to selected bioactive peptides suitable for preparing libraries and 

evaluate their pharmacological activity against therapeutic targets.  

 

Scheme 1. Study regarding the Pd-catalyzed C-H arylation of the C-2 indole position of Trp amino acid 
and other related indole-containing structures. 

 

2) Spacer-free Trp-BODIPY fluorogen for peptide-based imaging probes 

As no precedents of BODIPY-based Trp amino acids had been described in the literature, we 

envisioned the attachment of a BODIPY core directly into the C-2 indole position of the Trp amino 

acid, via the C-H activation protocol developed in chapter 1, for the synthesis of fluorophore-labeled 

relevant peptides for bioimaging applications. In particular, we planned to accomplish the following 

objectives: 

- Synthesize a BODIPY-antifungal PAF26 derivative for cell imaging fungal infections.  

We hypothesized that the replacement of a Trp residue with the fluorogenic Trp-BODIPY unit 

could render a novel probe for imaging fungal infections as it would not alter the chemical 
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features of PAF26 (i.e. charge balance, overall polarity, hydrogen bonding pattern) key for its 

activity (Scheme 2).  

 
Scheme 2.  Strategy for imaging IPA fungal infection by a BODIPY-labeled PAF26 peptide. 

 
- Synthesize a BODIPY-cyclic cLac mimic for cell imaging apoptosis.  

Taking into account the recognition of cLac peptide to PS units disposed in apoptotic cell 

surfaces, it was proposed to replace the natural Trp of a cLac mimic with a Trp-BODIPY unit to 

exert the minimal impact on the original structure and obtain a synthetic noninvasive reagent for 

imaging apoptosis in a Ca2+-independent manner (Scheme 3).   

 
Scheme 3.  Strategy for imaging apoptotic cells based on the recognition of externalized PS units by a 

BODIPY-labeled cLac mimic.  

 
3) Biaryl peptidic topologies through Pd-catalyzed C-H activation reactions between Trp 

and Phe/Tyr residues 

The third main goal of this work discloses the cyclization of peptides via the developed C-H 

activation protocol in chapter 1 (Scheme 4). Specifically, the pursued objectives in this section are the 

following: 
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- Undertake a systematic evaluation of the structural factors that determine the cyclization in 

peptides through the C-H activation process. 

- Apply this methodology for the constraining of selected bioactive peptides suitable for 

preparing libraries and evaluate their pharmacological activity against therapeutic targets. 

- Explore the access to novel complex peptide architectures. 

 
Scheme 4. Study of the peptide constraining between Phe/Tyr and Trp residues through C-H 

activation. 

 
4) Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs 

The fourth main goal of the present thesis focuses on the study of intramolecular double C-H 

activation processes on Trp-containing peptides (Scheme 5). Specifically, we wanted to explore the 

following issues: 

- The study of cross-dehydrogenative processes on Trp-containing diketopiperazines by a 

systematic screening of oxidants and reaction conditions. 

 

Scheme 5. Cross-dehydrogenative couplings of Trp-containing peptides. 
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Synthesis and biological evaluation of a post-
synthetically modified Trp-based diketopiperazine†

Sara Preciado,a Lorena Mendive-Tapia,b Carolina Torres-Garćıa,c Rub́ı Zamudio-
Vázquez,bd Vanessa Soto-Cerrato,e Ricardo Pérez-Tomás,e Fernando Albericio,*bcdf

Ernesto Nicolás*c and Rodolfo Lavilla*ag

A series of C2-arylated analogues of the diketopiperazine brevianamide F has been synthesized using a

mild Pd-catalyzed CH-activation procedure. Biological evaluation of the new derivatives in different cell

lines shows that this modification is responsible for the remarkable change in activity, turning a mild

antibiotic and antifungal natural product (brevianamide F) into novel antitumoral compounds.

Furthermore, the approach stated represents a new straightforward and versatile methodology with

promising applications in peptidomimetics and medicinal chemistry.

2,5-Diketopiperazines (DKPs) are the smallest cyclic peptides
known. Their characteristic heterocyclic system is present in
several natural products with biological properties such as
antitumor, antimicrobial, and antiviral activities, as well as
modulation of enzymes, receptors and biochemical mediators.1

Regarding their chemical and physical properties, worth noting
are their resistance to proteolysis, conformational rigidity and
the presence of donor and acceptor groups for hydrogen
bonding which favours the interaction with biological targets.
The abovementioned features oen result in suitable pharma-
cokinetic proles, converting these structures into promising
scaffolds for the development of new drugs.2 On the other hand,
the indole ring is one of the most commonly found heterocycles
in medicinal chemistry, being present also in many natural
products, especially as tryptophan (Trp) derivatives, and is
considered a privileged substructure.3

A relevant example, where these two important substructures
coexist, is brevianamide F [1, cyclo-(L-Trp-L-Pro), Fig. 1],4 which

has antibacterial and antifungal properties, and it has been used
in the treatment of cardiovascular dysfunction5 and in cognitive
enhancement.6 In addition, the structurally related tryprostatins
A and B (2 and 3 respectively, Fig. 1), diketopiperazines featuring
a prenyl moiety at C2 of the indole ring, exhibit cytotoxicity
towards various cancer cell lines, the latter residue being
essential for their biological activity.7 In this context, we explored
the chemical modications of DKP 1 to prepare arylated
compounds 4 and determine the impact of the aryl group on the
biological activity of the derivatized brevianamides (Fig. 1).

The development of new synthetic methodologies for the
selective and straightforward chemical modication of peptides
and natural products is a scientic challenge. Particularly, the
introduction of aromatic rings into the indole nucleus to
modulate the structure and bioactivity of selected peptides is
becoming an important issue.8 In this context, two strategies
have been developed to date: preliminary preparation of ary-
lated-Trp residues by standard methods, and metal-catalyzed
couplings from derivatized indole precursors, none of them
being ideal in terms of feasibility and atom-step economies.
Recently, a new synthetic methodology has been developed,
which can solve these problems if properly applied: the metal-
catalyzed C–C coupling through direct C–H activation.9,10 These

Fig. 1 Tryptophan containing diketopiperazines.
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reactions allow the straightforward linkage of aryl groups (from
haloarenes) to unsubstituted positions of aromatic rings, and
have revolutionized the design and preparation of a wide range
of organic compounds.

Aiming to confer eithernewor enhancedbiological properties
with respect to the parent compound, we have designed and
synthesized a variety of DKPs 4 arylated at C2 of the indole ring
(Fig. 1). The proposed route involves an efficient access to bre-
vianamide F followed by a mild Pd-catalyzed C–H activation
procedure. DKP 1 is a suitable probe to performmodications at
the indole system, as it is a small molecule that features stereo-
genic centres and bears amide groups, known to stabilize
palladium intermediates. Ideally, the new derivatives should be
obtained in a short and versatile synthetic sequence, allowing in
principle the preparation of libraries of analogues by introduc-
tion of diverse structural, electronic and functional group vari-
ations on a single presynthesized peptide. In sharp contrast,
strategies described in the literature to obtain a related collection
of tryprostatin derivatives require longmultistep approaches.7,11

Brevianamide F (1, Scheme 1) was prepared following a solid-
phase approach recently developed in our laboratory12 that
consists of anchoring Fmoc-Trp-OAllyl through its side chain to
an aminomethyl resin previously functionalized with dihydro-
pyranyl groups using 4-[(3,4-dihydro-2H-pyran-2-yl)methoxy]-
benzoic acid (PPTS in DCE at 80 �C), deprotection of the
C-terminal carboxylic group [Pd(PPh3)4/PhSiH3 in DMF],
coupling of H-Pro-OMe (PyBOP/DIEA in DMF), deprotection of
the N-terminal amino functionwith piperidine inDMF, resulting
in the concomitant DKP formation. Final cleavage of the peptide
from the resin (TFA–mDMB–DCM [5 : 5 : 90 v/v]) conveniently
affords the desired DKP 1 in a 56% overall yield (Scheme 1).

With respect to the arylation reaction of indoles, modern
fundamental discoveries have paved the way to robust and
reliable methodologies.13 Recently, this technique has also been
used for the arylation of Trp and peptides containing this amino
acid.14 Although solid-phase arylations tested upon resin-linked
brevianamide (see structures in Scheme 1) were unproductive,
the solution phase approach was successful. Aer exploring
different conditions (combinations of solvents, additives,
temperatures and reaction times), the C2 arylated compounds 4
were obtained through palladium-catalyzed reaction with

iodoarenes. Surprisingly, the rst experiments under our stan-
dard conditions14 (Pd(OAc)2, AgBF4, o-NO2Bz in DMF) showed a
considerable degree of epimerization. This problem was
conveniently suppressed with the use of microwave irradiation
as the heat source, and the combination of PBS–DMF (1 : 1) as
the solvent, carrying the transformation at 80 �C in only 15 min,
with total conversion and stereochemical purity. The partici-
pation of other solvents or combinations thereof (DMF, DMSO,
PBS), the use of higher temperatures or longer reaction times
led to different degrees of epimerization, as shown in their
respective HPLC proles. Incidentally, in an elegant work, Cook
et al. showed that the natural stereochemistry in tryprostatins is
a requisite for antitumoral activity.7 In this way, both electron-
donor and electron-withdrawing substituents at ortho,meta and
para positions on the aryl iodide allowed the reaction, leading to
the corresponding arylated compounds 4a–o cleanly and in
convenient yields through this mild Pd-catalyzed C–H activation
protocol (Table 1). Transformations involving p-iodoarenes
were more efficient than the correspondingm- and o-substrates,
where the electron-donor substituents lead to higher yields. A
low reactivity was noticed when the highly deactivated m,m-bis-
CF3-iodoaryl group was tested, although the desired adduct
could be isolated in a 13% yield (entry 13, Table 1). Also when a
double C–H activation was attempted using two equivalents of 1
and p-diiodobenzene, the expected disubstituted product was
obtained in the same range as the monosubstituted 4n (7%
yield, entry 14, Table 1). Furthermore, the use of heterocyclic
arenes such as 2-iodothiophene was explored, affording
compound 4o with the usual high conversion, however diffi-
culties in the purication resulted in an isolated yield of 9%

Scheme 1 Solid-phase synthesis of brevianamide F. Reagents and conditions: (a)
(i) 4-[(3,4-dihydro-2H-pyran-2-yl)methoxy] benzoic acid (3 eq.), DIPCDI (3 eq.),
Oxyma� (3 eq.), DCM, 1 h; (ii) Fmoc-(S)-Trp-OAllyl (1.5 eq.), PPTS (2.3 eq.), DCE,
80 �C, 16 h (76%, two steps); (b) (i) Pd(PPh3)4 (0.4 eq.), PhSiH3 (48 eq.), DCM, 30
min (2�), (ii) H-Pro-OMe$HCl (3 eq.), PyBOP (3 eq.), DIEA (9 eq.), DCM, 1 h (3�), (iii)
20% piperidine in DMF, 10 min (2�); (c) TFA/mDMB/DCM (0.5/0.5/9) (3�). 74%
overall yield from the amino-acyl resin.

Table 1 Arylation of brevianamide F (1)

Entry Ar–I Compound Yielda (%)

1 p-I–C6H4–CH3 4a 84
2 p-I–C6H4–OCH3 4b 86
3 p-I–C6H4–CF3 4c 73
4 p-I–C6H4–Cl 4d 72
5 p-I–C6H4–CO2CH3 4e 95
6 o-I–C6H4–OCH3 4f 70
7 o-I–C6H4–CF3 4g 45b

8 o-I–C6H4–Cl 4h 54
9 m-I–C6H4–OCH3 4i 73
10 m-I–C6H4–CF3 4j 51
11 m-I–C6H4–Cl 4k 71
12 m-I–C6H4–CO2CH3 4l 40
13 m,m-I–C6H4–(CF3)2 4m 13b

14 p-I–C6H4–I 4n 7
15 2-Iodothiophene 4o 9

a Isolated yield. b An additional irradiation cycle was performed.
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(entry 15, Table 1). In this way a combinatorial set of C2 arylated
brevianamide F derivatives was readily prepared (Fig. 2).

Regarding the biological studies, rst the antiproliferative
activity of the p-substituted compounds 4a–e was evaluated
against four human cancer cell lines: lung carcinoma A-549
cells, breast adenocarcinoma SK-BR-3 cells, colon adenocarci-
noma HT-29 cells and cervical adenocarcinoma HeLa cells (see
ESI†). Although low or moderate activity was determined for all
compounds against the rst three cell lines, a remarkable
cytotoxicity in HeLa cells is observed for compounds 4c (26 �
4 mM) and 4d (52 � 9 mM), in comparison with brevianamide
F (1), which is almost inactive (>200 mM) (Fig. 3).

These initial results were followed by the activity determi-
nation of the rest of the derivatives, in analogous experiments
using puromycin as a citotoxic control. Thus, the anti-
proliferative activity of compounds 4f–o was tested in HeLa and
HT-29 cells. Compounds bearing an ortho-substituent (4f–h)
were in the same range of activity as compounds 4c and 4d. In
addition, the m,m-disubstituted compound 4m shows also
moderate cytotoxic activity in HT-29 cells, in the mM range.
Futhermore, to assess the impact of the diketopiperazine
stereochemistry on the biological activity,7 three stereoisomers
of 4c arising from D-amino acids were prepared by standard
arylation of the corresponding NH-diketopiperazine precursors.
These new compounds (4c0 and 4c0 00, Fig. 4) were generated

selectively as the Pd-mediated C–H activation proceeds without
epimerization of the a-hydrogens. Only, DKP 4c0 0 showed anti-
tumoral activity, comparable to the parent analogue 4c. With
respect to the mechanism of action, it was determined that
neither 4c nor 4c00 had effects on cell cycle arrest (see ESI†),
therefore excluding cytostatic activity.15

Conclusions

Some of the novel C2-arylated brevianamide F analogues
synthesized through our methodology showed antitumoral
activity in the mM range, dramatically changing the properties of
the parent compound. In spite of the moderate potency
observed, our ndings constitute a proof of concept since a
structural modication upon an indole moiety modies the
bioactivity prole of the Trp-containing biomolecule. Thus, a
mild antibiotic DKP is converted into a series of antitumoral
compounds through a single-step straightforward trans-
formation. The reported methodology enables the ensuing SAR
studies, as the introduction of different substituents at distinct
positions of the phenyl ring is feasible. Our approach is useful
to generate active compounds in a combinatorial fashion and,
therefore, can be appropriate for drug discovery purposes,
opening the door to similar approaches involvingmore complex
peptides. Remarkably, the synthetic access to these tryprostatin
A mimetics is much shorter than reported syntheses. Work
along this line is being carried out in our laboratories.

Experimental section
General procedure for the C2 arylation of the tryptophan
residue in brevianamide F

Brevianamide 1 (ref. 12) (214 mg, 1 eq.), aryl iodide (3 eq.),
AgBF4 (1 eq.), 2-nitrobenzoic acid (1.5 eq.) and Pd(OAc)2 (5%Fig. 2 C2-arylated brevianamide F derivatives.

Fig. 3 Cytotoxicity evaluation of compounds 4c and 4d compared with bre-
vianamide F (1). IC50 (mM) in different cell lines for each compound.

Fig. 4 Stereoisomeric 4c-derivatives.
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mol) were placed in a microwave reactor vessel in a 1 : 1 mixture
of PBS–DMF (total volume of 1200 mL). The mixture was heated
under microwave irradiation (80W) at 80 �C for 15 min. In some
cases, an additional irradiation cycle, adding AgBF4 (1 eq.) and
Pd(OAc)2 (5% eq.), was necessary in order to obtain a good
conversion. Ethyl acetate (60 mL) was added and the resulting
suspension was ltered through Celite. The ltrate was
successively washed with aqueous saturated solutions of NH4Cl
(3 � 20 mL), NaHCO3 (3 � 20 mL) and brine (3 � 20 mL), then
the organic phase was dried over Na2SO4, ltered and the
solvent was removed under vacuum. The crude extract was
puried by ash chromatography on silica gel to obtain 4 as a
pure product.
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Experimental procedures and characterization data for selected compounds 

 
Solid-Phase Synthesis of Brevianamide F (1) 

Aminomethyl-polystyrene resin (0.37 mmolg-1, 5 g, 1.85 mmol) was 

introduced into a polypropylene syringe fitted with a porous 

polystyrene frit and was washed successively with DCM (10×30s), TFA 

(40% v/v) in DCM (1×1 min and 2×10 min), DCM (5×30s), DIEA (5% v/v) 

in DCM (6×2 min), DCM (5×30s), DMF (5×30s) and DCM (5×30s). 4-

[(3,4-Dihydro-2H-pyran-2-yl)methoxy]benzoic acid (1.30 g, 5.55 mmol), 

DIPCDI (0.85 mL, 5.49 mmol) and ethyl cyanoglyoxyl-2-oxime (0.7 g, 

5.55 mmol) in DCM (40 mL) were then added and the mixture was 

allowed to stand for 1 h at rt with occasional manual stirring. The resin was then washed with 

DCM (5×30s). Fmoc-Trp-OAl (1.3 g, 2.79 mmol) and PPTS (1.1 g, 4.38 mmol) in DCE were then 

added to the handle-resin and the suspension was shaken at 80 °C for 16 h in an Advanced 

Chemtech PLS 4x4 organic synthesizer. After cooling to rt the aminoacyl-resin was washed 

successively with DCM (5×30s), DMF (5×30s) and MeOH (5×30s). Spectrophotometric 

quantification of the dibenzofulvene-piperidine adduct indicated a 76% yield for amino acid 

coupling. After washing with DMF (5×30s) and DCM (5×30s) this resin was placed under Ar and 

Pd(PPh3)4 (0.86 g, 0.74 mmol) and PhSiH3 (11 mL, 89.24 mmol) in DCM (40 mL) were added. 

The mixture was shaken for 30 min at rt, filtered and washed with DCM (8×30s). A second 

treatment with Pd(PPh3)4 and PhSiH3 in DCM was then carried out. After filtration the resin 

was washed successively with DCM (8×30s), diethyl dithiocarbamate (5% v/v) in DMF (2×5 

min), DMF (5×1 min), DCM (5×30s) and DMF (5×30s). The resin was then treated with H-Pro-

OMe·HCl (0.72 g, 5.57 mmol), PyBOP (2.90 g, 5.57 mmol) and DIEA (3 mL, 17.22 mmol) in DMF 

(40 mL) for 60 min with occasional manual stirring. The resin was washed with DCM (5×30s) 

and DMF (5×30s). This coupling reaction and washing cycle was then repeated twice using the 

same quantities of reagents and solvents. The resulting resin was treated with piperidine (20% 

v/v) in DMF (2×10 min), was washed with DMF (5×30s) and DCM (5×30s) and dried. Cleavage 

of the product from the resin was brought about by treatment with TFA/mDMB/DCM (5:5:90 

v/v) (3×10 min) and the collected washings were submitted to solvent removal. The crude 

product was washed with hexanes and the remaining solid was centrifuged (10 min at 6000 

rpm) and filtered, affording 1 as a foamy white solid (0.37 g, 71 %). 

 1H-NMR (400 MHz, DMSO-d6) δ 1.37 (m, 1H), 1.64 (m, 2H), 1.95 (m, 1H), 3.08 (dd, J = 14.9, 5.7 

Hz, 1H), 3.26 (m, 2H), 3.39 (m, 1H), 4.04 (bt, J = 8.3 Hz, 1H), 4.29 (bt, J = 4.9 Hz, 1H), 6.95 (bt, J 

= 7.5 Hz, 1H), 7.05 (bt, J = 7.5 Hz, 1H), 7.18 (d, J = 2.1 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.56 (d, J 

= 7.9 Hz, 1H), 7.72 (s, 1H), 10.9 (s, 1H) ppm. 13C-NMR (100 MHz, DMSO-d6): δ 21.9, 25.8, 27.7, 

44.6, 55.3, 58.4, 109.3, 111.2, 118.2, 118.7, 120.9, 124.4, 127.4, 136.0, 165.5, 169.1 ppm. IR 

(KBr, cm-1) ν = 3290.93, 3262, 2873.42, 1675.84, 1654.62, 1620.88, 1457.92, 1451.17, 1428.99, 

1341.25, 1301.72, 1242.9, 1223.61, 1109.83, 738.60, 693.28, 681.71, 642.18, 563.11, 431.98 

cm-1.   HRMS (ESI) calcd for C16H18N3O2 (M+H)+ 284.1399, found 284.1394.  
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General procedure for the C2 arylation of the indole residue in brevianamide F: 

Unless stated otherwise, Brevianamide F (1 equiv), aryl iodide (3 equiv), AgBF4 (1 equiv), 2-

nitrobenzoic acid (1.5 equiv) and Pd(OAc)2 (5 % equiv) were placed in a microwave reactor 

vessel in a 1:1 mixture of DMF:PBS (total volume of 1200 µL). The mixture was heated under 

microwave irradiation (80 W) at 80°C for 15 min. When detailed, a second irradiation cycle (15 

min) was performed, adding extra AgBF4 (1 equiv) and Pd(OAc)2 (5 % equiv). Ethyl acetate (60 

mL) was added and the resulting suspension was filtered through Celite. The filtrate was 

successively washed with aqueous saturated solutions of NH4Clsat (3x20 mL), NaHCO3 sat (3x20 

mL) and brine (3x20 mL), then the organic phase was dried over Na2SO4, filtered and the 

solvent was removed under vacuum. Unless otherwise quoted, the crude extract was purified 

by flash chromatography on silica gel (hexane/ethyl acetate) to obtain 4 as a pure product. 

 
(3S,8aS)-3-((2-(p-Tolyl)-1H-indol-3-yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (4a) 

Compound 4a was prepared according to the general procedure 

using 1-iodo-4-methylbenzene (492.8 mg, 2.26 mmol). The crude 

product was purified by flash chromatography on silica using 

methyl tert-butyl ether (MTBE) to obtain 4a as a white solid 

(235.3 mg, 84 %).  

1H-NMR (400 MHz, CDCl3): δ 8.26 (s, 1H), 7.59 (d, J = 7.9 Hz, 1H), 

7.45 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.1 Hz, 1H), 7.28 (s, 1H), 7.23 

(dd, J = 8.1, 1.1 Hz, 1H), 7.19 – 7.13 (m, 1H), 5.46 (s, 1H), 4.36 (d, J 

= 9.3 Hz, 1H), 3.98 (s, 1H), 3.88 (dd, J = 15.2, 3.7 Hz, 1H), 3.58 (tt, 

J = 11.5, 10.3 Hz, 2H), 3.21 (dd, J = 15.2, 11.6 Hz, 1H), 2.40 (s, 3H), 2.31 – 2.24 (m, 1H), 2.00 (dd, 

J = 14.3, 7.8 Hz, 2H), 1.91 – 1.82 (m, 1H) ppm. 13C-NMR (100 MHz, CDCl3): 169.33, 165.74, 

138.21, 136.75, 136.04, 129.79, 129.23, 128.32, 128.21, 122.66, 120.12, 118.39, 111.35, 

105.67, 59.10, 54.54, 45.35, 28.14, 25.50, 22.57, 21.23 ppm. IR (Film, cm-1) ν =3365.84, 

3282.56, 3051.96, 2975.09, 2949.47, 2923.84, 2879.00, 1668.33, 1463.35, 1424.91, 1303.20, 

1258.36, 1104.63, 1014.95, 912.46, 829.18, 739.50, 656.23 cm-1. HRMS (ESI) m/z calcd 

374,1790 (C23H24N3O2) found 374.1873 (M+H)+. 
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Spectroscopic data for selected compounds 

NMR spectra are available in the supporting information in electronic format. 

Brevianamide F (1)  
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(3S,8aS)-3-((2-(p-Tolyl)-1H-indol-3-yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (4a) 
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Biological Evaluation.  

Cytotoxicity assay for compounds 4a-o 

Table 1.  Cytotoxicity evaluation (IC50, M  SD
1
) of compounds 4a-e and a reference compound 

(brevianamide F, 1) against selected tumor cell lines. 

Cell line 4a 4b 4c 4d 4e 1 

HeLa 135.0  9.0 157.2  12.7 25.8  4.2 52.2  9.2 >200 >200 

A-549 149.7  24.4 >200 104.6  33.2 167.2  26.3 >200 >200 

SK-BR-3 >200 >200 127.2  43.7 >200 >200 >200 

HT-29 >200 191.3  24.4 80.4  16.2 152.1  32.9 >200 >200 

1 SD: standard deviation. All experiments were independently performed at least three times. 

Table 2.  Cytotoxicity evaluation (IC50, M  SD
1
) of compounds 4a-o and a reference compound 

(puromycin) against selected tumor cell lines. 

Compound HeLa cells HT-29 cells 

4a 160.2  9.2 214.9  10.0 

4b 193.8  10.7 205.3  7.0 

4c 62.0  11.5 118.5  7.7 

4d 81.8  12.0 184.3  7.8 

4e 208.7  17.8 204.1  10.5 

4f 82.2  12.0 143.0  15.7 

4g 82.4  18.6 153.7  12.4 

4h 66.7  17.4 144.2  13.2 

4i 172.1  25.8 200.3  9.9 

4j 255.4  11.8 187.8  6.9 

4k 174.6  18.5 200.3  12.7 

4l 190.3  19.6 177.6  14.2 

4m 160.3  23.7 64.2  15.8 

4n 146.6  13.3 170.8  8.6 

4o 170.1  11.5 177.6  15.2 

Puromycin 0.7  0.1 3.6  1.2 

1 SD: standard deviation. All experiments were independently performed at least three times. 

 

 



52 
 

Cell Viability Assay for compounds 4c-4c’’’ 

Table 3.  Cell viability assay (IC50, M  SD
1
) for compounds 4c-4c’’’ at 72h treatment (µM). 

 
Compound MDA-MB-231 Cal27 A549 

4c 161.27 ± 10.53 182.14 ± 7.7 179.61 ± 8.34 

4c’ >200 µM >200 µM >200 µM 

4c’’ 161.35 ± 8.24 137.72 ± 29.20 185.92 ± 12.75 

4c’’’ >200 µM >200 µM >200 µM 
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ABSTRACT: Tryptophan (Trp) and tryptophan derivatives are C2-
arylated. A C−H activation process allows the preparation of both
protected and unprotected arylated-Trp amino acids, directly from
the amino acid precursor and aryl iodides. The obtained compounds
are suitable for standard solid-phase peptide synthesis.

Although tryptophan (Trp) shows a low relative abundance
in peptide and protein sequences (around 1% of the

overall amino acids), its presence is of crucial importance for
the activity of these molecules. Furthermore, Trp is a common
precursor to a wide range of biologically active compounds
(natural products and drugs), and its structural, chemical, and
biological roles make it an ideal site for selective chemical
modifications. The access to modified Trp peptides would
provide novel and useful applications in organic chemistry, drug
discovery, and medicinal chemistry.1 Furthermore, it would
open the possibility of preparing new chemically modified
peptides that are potentially useful in chemical biology. Right
now, this goal is only achievable through de novo synthesis of
the non-natural amino acid, by means of long stepwise
syntheses,2 with the exception of C- and N-allylations, which
have been reported through Pd-catalyzed transformations.3

Indole, the heterocyclic residue of Trp, is probably one of the
most abundant heterocycles in nature. Owing to the great
structural diversity of biologically active indoles, it is not
surprising that this ring system has become an important
structural component in many pharmaceutical agents. Sub-
stituted indoles have been referred to as “privileged
substructures” since they appear in many scaffolds capable of
binding a variety of different receptors with high affinity.4

Incidentally, the 2-arylindole moiety has gained relevance in
medicinal chemistry and is considered a common scaffold.5

Interestingly, the synthetic access to related drugs relies on its
previous preparation. For well over a hundred years, the
synthesis and functionalization of indoles has been a major area
of focus for synthetic organic chemists, and numerous methods
for the preparation of indoles have been described.6

Thus, the development of new synthetic methodologies for
the selective chemical modification of Trp is of major
importance. Particularly, the introduction of aromatic moieties
into the indole ring of the Trp to modulate the structure and
bioactivity of the selected biomolecules might be a challenging
issue. Recently, the metal-catalyzed C−C coupling through
direct C−H activation7 for the functionalization of indoles has
been extensively studied.8

Particularly relevant to our research was Larrosa’s method-
ology for indole arylation using Pd(OAc)2, Ag2O, and o-
nitrobenzoic acid (2-NO2BzOH) in DMF.8c In this context, we
described C-2 arylation of indoles in Trp derivatives and
peptides through a Pd-catalyzed C−H activation protocol,
allowing the preparation of a variety of peptide sequences with
modified Trp moieties (Figure 1a).9,10 In this work, it was
determined that unprotected Trp was not reactive under the
original conditions, and only the Nα-acetyl tryptophan methyl
ester (Ac-Trp-OMe) could be properly arylated, using high-
temperature microwave (MW) activation.11 As the Ac is not a
friendly group to mask the amino function, applicability of that
methodology for the preparation of some peptides containing
modified Trp units was restricted and, therefore, prompted us
to tackle this problem (Figure 1b). Thus, a more convenient N-
protecting group was tested next, and the Nα-trifluoroacetyl
(Tfa) Trp 1a could be successfully arylated (Table 1, entry 1).
Although this group can be hydrolytically removed in solution,
it was reluctant to standard deprotection methods in the solid
phase,12 which is the method of choice for the preparation of
peptides.
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As a starting point, we analyzed the reaction of native Trp 1b
using our standard conditions (2-NO2BzOH, 150 °C, MW),
but the arylated product was obtained just in traces in a
complex mixture (Table 1, entry 2). Satisfactorily, the use of
TFA alone (1 equiv) afforded 75% in 20 min (Table 1, entry
3). This result encouraged us to optimize the process using this
acid, which apparently removes the incompatibility of a free
amino group. In this regard, TFA is more convenient than
other carboxylic acids, as it is water-soluble, has a low boiling
point, and, therefore, can be conveniently removed, not
hampering the stability and purification of the final products.
Although traces of the acid could remain in the crude residue
after standard evaporation, the use of TFA constitutes a
practical improvement for this transformation, as it does not
require chromatographic methods for the removal of the acid
input. Also, it is evident that working at temperatures well
below 150 °C is essential to keep the integrity of the Trp amino
acids. Working at 90 °C under the same conditions allowed us
to reduce the amount of aryl iodide while slightly increasing the
conversion (87%, Table 1, entry 4). However, a slighltly higher
temperature (100 °C) resulted in a less efficient transformation

(Table 1, entry 5), probably fixing the practical limit of this
reaction. Interestingly, the absence of an external acidic source
still allowed the arylation process, although in lower conversion
(Table 1, entry 6). Interestingly, a key parameter was the
amount of Ag+ salt present. Thus, using an excess of the Ag+

salt (Table 1, entry 7) gave a practically quantitative reaction.
Next, the Fmoc-Trp-OH derivative 1c, which can be used
directly in a solid-phase peptide synthesis, was assayed to be
arylated (Table 1, entry 8), and again the use of 2 equiv of
AgBF4 afforded a quantitative transformation.13 Incidentally,
these optimized conditions lead to a total conversion of Tfa-
Trp-OH derivative 1a into 3 (Table 1, entry 9). Excess of TFA
(up to 4 equiv) did not improve the yields, whereas the use of
Ag2CO3 or different Pd sources [Pd(TFA)2] was not beneficial.
On the other hand, the presence of additives (LiCl, Cs2CO3,
K2CO3) was detrimental to the reaction, leading to lower
conversions.
A hypothetical mechanism for this C−H activation may

proceed through a catalytic cycle involving Pd(II)/Pd(IV)
species, taking into account the intramolecular coordination of
the carboxylic acid moiety and the facilitated formation of the
putative palladacycle (Scheme 1).7a,14 However, alternative
Pd(0)/Pd(II) pathways could also be considered in this
context, starting with the Pd insertion into the C−I bond,
the C−H activation taking place upon the metalated
intermediate.7c,8c The role of silver salts and carboxylic acids
seems to be critical for the fate of the catalytic cycle. First,
coordination of Trp derivative 1 to the PdII species may evolve
through indole palladation, presumably by a concerted
metalation deprotonation mechanism15 to generate PdII

complex I. Insertion of this intermediate upon the C−I bond
of the aryl halide by oxidative addition yields the palladium(IV)
complex II, and then silver cation (I) acts as a halide scavenger,
removing the iodide and setting up the reductive elimination to
release the arylated products 3−5 and regenerate the Pd(II)
catalyst.16 Additionally, TFA is acidic enough (pKa = 0.23) to
protonate the amino group of the unprotected Trp, avoiding in
this way an unproductive amino acid coordination.17

Figure 1. Arylation of indole in Trp derivatives.

Table 1. Selected Optimization Results for the Arylation of Tryptophans (1) under Microwave Irradiationa

entry R T (°C) time (min) acidb AgBF4 (equiv) I-Ar (equiv) conv (%)c

1 Tfad 150 5 2-NO2BzOH 1.0 4.0 76
2 H 150 15 2-NO2BzOH 1.0 4.0 <5
3 H 80 20 TFA 1.0 3.0 75
4e H 90 20 TFA 1.0 1.5 87
5 H 100 20 TFA 1.0 1.5 78
6 H 100 20 1.0 1.5 49
7 H 90 20 TFA 2.0 1.5 >99
8 Fmoc 90 20 TFA 2.0 1.5 >99
9 Tfa 90 20 TFA 2.0 1.5 >99

aUnless otherwise noted, all reactions were carried out using 5 mol % Pd(OAc)2 and 1.0 equiv of Trp in a 0.2 M solution. b1.5 equiv of 2-NO2BzOH
(entries 1 and 2) and 1.0 equiv of TFA were used. cConversion measured by HPLC. dTfa = trifluoroacetyl. eThese reactions were also tested using
PBS/DMF (1:1) as a solvent, and other silver salts, without any relevant improvement.
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Furthermore, the trifluoroacetate anion can also coordinate
with the metal to render it more electrophilic and also take part
in the deprotonation and proton transfer steps. DMF seems to
be very suitable for this process as it dissolves all the reactants
involved and is also a ligand, capable to stabilize palladium
intermediates as well.
We next examined the scope of the reaction with a variety of

differently substituted aryl iodides. As shown in Table 2,

excellent yields are obtained in the reaction of Fmoc-Trp-OH
with several aryl iodides. Both electron-withdrawing (5b−5f)
and electron-donating substitutents (5g−5h) are suitable
groups for this transformation. Furthermore, a rather hindered
pyrenyl fluorophore was introduced (5i), which would allow
the synthesis of labeled Trp-containing peptides.18 With respect
to heterocyclic iodides, although an α-thienyl resiue can be
attached to the Trp-2 position, the reactivity was low and
purification problems precluded the isolation of the corre-
sponding adduct (Table 2, entry 11). In this way, an array of

arylated Fmoc-Trp derivatives were prepared in a direct manner
with useful yields (Table 2) in scalable procedures (up to 500
mg of the Fmoc-Trp-OH was successfully arylated). Interest-
ingly, the mild conditions allowed us to preserve the
stereochemical integrity of the parent amino acid. Thus, the S
and R enantiomers of the Fmoc-Trp-OH were separatedly
subjected to the arylation reaction to yield compounds 5a and
5a′, respectively (entries 1 and 2, Table 2), whose chromato-
graphic behavior (chiral HPLC, see the Supporting Informa-
tion) confirmed the conservation of the initial absolute
stereochemistry.19

To prove the suitability for standard solid-phase peptide
synthesis of the arylated-Trp amino acids, two peptide
sequences were chosen as proof of principle (Table 3). The

syntheses were performed using Fmoc-based SPPS on a 2-
chlorotrityl chloride resin and standard coupling protocol. N-
Terminal peptide chain elongation was carried out by
anchoring the Na-Fmoc protected amino acids with DIC/
OxymaPure, followed by Fmoc deprotection in an iterative
manner. Finally, sequences 6−7 were cleaved from the resin
with 5% TFA in DCM, affording the corresponding peptides in
high yield and purity (more than 99%), as determined by
integration of the chromatographic peak areas of RP-HPLC-
ESMS. The direct introduction of the Fmoc-arylated amino
acid 5f on the solid phase is very efficient and also overcomes
the limitation encountered in previous studies regarding
sequences containing sulfur-amino acids (Met or Cys). It also
allows the selective preparation of arylated Trp peptides in
sequences with multiple Trp units.9

As the carboxylic acid moiety in Trp seems to actively
promote the arylation by coordination with the palladium
species, we extended this methodology to a series of indole-
carboxylic acids having the CO2H linked to the heteroaromatic
ring by spacers of different lengths (1−4 bonds, Table 4). In
this way, the corresponding arylated compounds 8−12 were
obtained in high yields. However, remarkably, the indole 3-

Scheme 1. Proposed Mechanism for the Reaction of Trp
Amino Acid with Aryl Iodides

Table 2. C-2 Arylation of Fmoc-Trp-OH Amino Acid 1c

entry I-Ar compound yield (%)a

1 C6H5− 5a 56
2b C6H5− 5a′ 51
3 p-NO2-C6H4− 5b 91
4 p-MeO2C-C6H4− 5c 68
5 p-Br-C6H4− 5d 62
6 m-CF3-C6H4− 5e 59
7 o-F-C6H4− 5f 77
8 p-Me-C6H4− 5g 81
9 p-MeO-C6H4− 5h 63
10 1-pyrenyl 5i 66
11 2-thienyl c

aYields are of the isolated pure material. bOpposite absolute
stereochemistry (R). cConversion lower than 15%; the thienyl-Trp
was detected (1H NMR, HPLC-MS) but not purified.

Table 3. Solid-Phase Synthesis of Peptide Sequences
Containing Arylated-Trp Amino Acids

entry peptide compound

1 H-Met-Gly-Trp(C2-p-methylphenyl)-Ala-OH 6
2 H-Trp-Gly-Trp(C2-p-methylphenyl)-Ala-OH 7

Table 4. C-2 Arylation of Indole-Carboxylic Acids and
Tryptamines

entry R compound yield (%)a

1 CO2H
2 CH2CO2H 8 79
3 CH2CH2CO2H 9 75
4 CH2CH2CH2CO2H 10 74
5 CH2CH2NH2 11 48b

6 CH2CH2NHAc 12 73

aYields are of the isolated pure material. bThe reaction was carried out
using two MW cycles, without adding TFA.
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carboxylic acid was not reactive under these conditions, and the
expected adduct was not detected. Incidentally, indoleacetic
acid is a natural plant hormone involved in growth and
development, and indolebutyric acid is a synthetic and
metabolically more stable analogue.20 Taking into account the
potential bioactivity of derivatives 8−10, it is relevant to note
the easy access to these compounds. Furthermore, compound
10 is also a patented IL-8 receptor antagonist,21,22 whereas the
other two phenyl-indole carboxylic acids 8 and 9 also showed
interesting biological properties.23 Interestingly, their prepara-
tion is reported through long stepwise synthetic sequences.
Using our methodology, a more direct synthetic approach to
this family of compounds can be feasible using cheap common
indole precursors and a variety of commercially available aryl
iodides in just one step.
Analogously, tryptamine was arylated under these acidic

conditions (1 equiv TFA) to yield compound 11, as expected in
a low conversion (16%). However, when operating in the
absence of TFA, an improved transformation (48%, Table 4,
entry 5) was determined, suggesting that, in this case, the
aminopalladacycle was an intermediate en route of the final
compound.24 In agreement with previous results,9 the N-
acetyltryptamine was satisfactorily arylated to yield derivative
12 (73%). This compound was prepared in higher yields and
under much milder conditions than previously reported in a
distinct C−H activation protocol.25 Overall, the process is
effective upon Trp, indole carboxylic acids, indole amines and
amides. It has to be stated that, although different coordination
modes are feasible depending on the substrate, TFA
protonation allows the arylation of the free amino acids,
which was not possible in the previous protocol.9 Presumably,
the formation of palladium−amino acid complexes is inhibited
in these conditions, leading to productive catalytic cycles.
In conclusion, we have developed a synthetic methodology

to α-arylated indoles in Trp, tryptamines, and β-substituted
indole carboxylic acids, which is simple, high-yielding, versatile,
and mild enough to allow the efficient transformation of
biomolecules. Remarkably, the intramolecular ligand effect of
the carboxylic acid seems to facilitate the process, as the
conditions are milder than many C−H arylations previously
reported upon 3-substituted indoles. Application of the newly
synthesized amino acid derivatives to the preparation of
modified Trp-containing peptides through solid-phase method-
ology has shown to be efficient.

■ EXPERIMENTAL SECTION
Reactions were monitored by RP-HPLC-ESMS at 220 nm and thin-
layer chromatography using Merck silica gel 60 F254 TLC glass plates
and visualized with UV at 254 nm. Chromatographic purification was
performed with flash chromatography on silica 60A, 35−70 nm from
SDS. Yields refer to chromatographically pure compounds. NMR
spectra were recorded on a 400 spectrometer, operating at 400 MHz
for 1H, 100 MHz for 13C, and 376 MHz for 19F. Chemical shifts (δ)
are reported in parts per million. Multiplicities refer to the following
abbreviations: s = singlet, d = doublet, t = triplet, dd = double doublet,
dt = double triplet, q = quartet, p = pentuplet, and m = multiplet. IR
spectra were obtained with an FTIR spectrometer and are reported in
cm−1. HRMS (ESI positive) were obtained with a linear ion trap mass
analyzer. Optical rotation was performed using MeOH as solvent. All
microwave reactions were carried out in 10 mL sealed glass tubes in a
focused monomode microwave oven (“Discover” by CEM Corpo-
ration) featured with a surface sensor for internal temperature
determination. Cooling was provided by compressed air ventilating
the microwave chamber S3 during the reaction. The chiral
chromatography was performed in a linear gradient of CH3CN

(+0.1% TFA) into H2O (+0.1% TFA) from 50% to 90% CH3CN, and
a chiral HPLC column (Chiralpak ia, Amylose tris(3,5-dimethyl-
phenylcarbamate) immobilized on 5 μm silica gel, 250 × 2 mm).

Preparation of (S)-3-(1H-Indol-3-yl)-2-(2,2,2-trifluoroacet-
amido)propanoic Acid (1a).26 Compound 1a was prepared using
amino acid 1b (1.0 g, 5.0 mmol). The system was purged with N2, and
the amino acid was dissolved in anhydrous MeOH (4.5 mL). With
stirring, NEt3 (696.5 μL, 5.0 mmol) was added, followed by ethyl
trifluoroacetate (1.5 mL, 12.8 mmol) after 5 min. The reaction was left
under vigorous agitation at r.t for 24 h. The solvent was removed
under vacuum, and the crude product was dissolved in H2O (46 mL)
and acidified with concentrated HCl (1 mL). The precipitate was
filtered by a filter plate, leaving 1a as a white solid (1.22 g, 81%). 1H
NMR (400 MHz, DMSO): δ 10.84 (d, J = 2.5 Hz, 1H), 9.74 (d, J =
8.1 Hz, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.12
(d, J = 2.3 Hz, 1H), 7.08−7.02 (m, 1H), 6.97 (t, J = 7.4 Hz, 1H), 4.49
(ddd, J = 10.3, 7.9, 4.3 Hz, 1H), 3.30 (dd, J = 14.8, 4.4 Hz, 3H), 3.14
(dd, J = 14.8, 10.3 Hz, 1H) ppm. 13C NMR (100 MHz, DMSO): δ
172.2, 157.3−156.6 (m), 136.5, 127.4, 124.0, 121.5, 120.5, 118.9,
118.4, 117.6, 114.8, 111.9, 110.1, 110.0, 54.1, 26.4 ppm.

Preparation of 1-Iodopyrene (2b).27 Compound 2b was
prepared using 1-aminopyrene (973 mg, 4.47 mmol), which was
suspended in aqueous HCl solution (3 M, 25 mL) with vigorous
stirring at 0 °C. A solution of NaNO2 (308.4 mg, 4.47 mmol) in H2O
(1.5 mL) was added in small portions. After 5 min, a solution of KI
(742.4 mg, 4.47 mmol) in H2O (3 mL) was added to the reaction
mixture. The ice bath was removed, and the reaction mixture was
stirred for 2 h at r.t and then heated to 60 °C for 1 h. The crude
product was separated by filtration, dissolved in ether, and washed
with a concentrated solution of Na2SO3. The ether solution was dried
with MgSO4 and concentrated under vacuum. The resulting product
was purified by flash chromatography on silica gel (hexane/ethyl
acetate) to obtain 1-iodopyrene 2b as a white yellowish solid (598.8
mg, 41%). 1H NMR (400 MHz, CDCl3): δ 8.37 (d, J = 8.1 Hz, 1H),
8.16 (d, J = 9.2 Hz, 1H), 8.11−8.06 (m, 2H), 8.01−7.94 (m, 2H),
7.93−7.85 (m, 2H), 7.72 (d, J = 8.1 Hz, 1H) ppm.

General Procedure for the C2 Arylation of Trp Amino Acids
(3−5). Unless stated otherwise, Trp amino acid (1a−1c) (0.117
mmol, 1 equiv), aryl iodide (1.5 equiv), AgBF4 (2 equiv), TFA (1.0
equiv), and Pd(OAc)2 (5% mol) were placed in a microwave reactor
vessel in dry DMF (600 μL). The mixture was heated under
microwave irradiation (250 W) at 90 °C for 20 min. Ethyl acetate (20
mL) was added, the resulting suspension was filtered through Celite,
and the solvent was removed under vacuum. Unless otherwise quoted,
the crude extract was purified by flash chromatography on silica gel
(hexane/ethyl acetate) to obtain 3−5 as a pure product. Fractions
containing the arylated tryptophans were collected, and the solvent
was removed under reduced pressure. The residue was dissolved in
CH3CN/H2O and lyophilized for 24 h to yield the pure product.

(S)-3-(2-(p-Tolyl)-1H-indol-3-yl)-2-(2,2,2-trifluoroacetamido)-
propanoic Acid (3). Starting from amino acid 1a (100 mg, 0.333
mmol) and 4-iodotoluene (110 mg, 0.500 mmol). Pale oil (65.9 mg,
51%). 1H NMR (400 MHz, DMSO): δ 11.16 (s, 1H), 9.77 (d, J = 8.2
Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.54−7.51 (m, 2H), 7.30 (td, J =
7.9, 0.9 Hz, 3H), 7.06 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 6.96 (ddd, J =
8.0, 7.0, 1.0 Hz, 1H), 4.51 (td, J = 8.7, 5.1 Hz, 1H), 3.47 (dd, J = 14.7,
5.1 Hz, 1H), 3.32−3.23 (m, 1H), 2.35 (s, 3H) ppm. 13C NMR (100
MHz, DMSO): δ 171.3, 156.0, 155.7, 136.6, 135.5, 135.1, 129.6, 129.0,
128.6, 127.6, 121.1, 118.5, 118.4, 116.9, 114.0, 110.8, 106.7, 53.8, 25.8,
20.6 ppm. IR (film, cm−1): ν = 3378.65, 3301.78, 2930.25, 1693.95
cm−1. HRMS (ESI): m/z calcd 391.12640 (C20H18F3N2O3), found
391.12592 (M + H)+.

(S)-2-Amino-3-(2-(p-tolyl)-1H-indol-3-yl)propanoic Acid (4). Start-
ing from amino acid 1b (50.0 mg, 0.245 mmol) and 4-iodotoluene
(80.2 mg, 0.368 mmol). The crude product was purified by flash
chromatography on silica using hexane/ethyl acetate and then DCM/
EtOH. Pale oil (39.9 mg, 56%). 1H NMR (400 MHz, DMSO): δ 11.20
(s, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 7.8 Hz, 2H), 7.34 (d, J =
8.0 Hz, 1H), 7.27 (d, J = 7.8 Hz, 2H), 7.08 (t, J = 7.5 Hz, 1H), 6.99 (t,
J = 7.4 Hz, 1H), 3.68 (t, J = 7.2 Hz, 1H), 3.44 (dd, J = 14.9, 6.2 Hz,
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1H), 3.10 (dd, J = 14.8, 8.4 Hz, 1H), 2.34 (s, 3H) ppm. 13C NMR
(100 MHz, DMSO): δ 170.9, 137.2, 136.4, 136.1, 130.2, 129.6, 129.1,
128.5, 121.8, 119.2, 119.0, 111.5, 106.5, 54.7, 27.5, 21.3 ppm. IR (film,
cm−1): ν = 3404.27, 3231.32, 3051.96, 2962.28, 2923.84, 1706.76
cm−1. HRMS (ESI): m/z calcd 295.14410 (C18H19N2O2), found
295.14381 (M + H)+.
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-phenyl-

1H-indol-3-yl)propanoic Acid (5a). Starting from amino acid 1c (50.0
mg, 0.117 mmol) and iodobenzene (26.2 μL, 0.234 mmol). Pale oil
(32.9 mg, 56%). Scale-up: Starting from amino acid 1c (0.5 g, 1.17
mmol) and iodobenzene (200 μL, 1.75 mmol) in dry DMF (2 mL).
The general microwave process was performed six times, all the
reaction mixtures were collected altogether, and the resulting crude
was treated according to the general procedure. Pale oil (1.98 g, 56%).
1H NMR (400 MHz, DMSO): δ 12.62 (s, 1H), 11.20 (s, 1H), 7.88−
7.84 (m, 2H), 7.78 (d, J = 8.6 Hz, 1H), 7.72−7.60 (m, 5H), 7.47 (t, J =
7.7 Hz, 2H), 7.41−7.32 (m, 4H), 7.28 (td, J = 7.4, 1.1 Hz, 1H), 7.23
(td, J = 7.5, 1.1 Hz, 1H), 7.10−7.05 (m, 1H), 6.97 (ddd, J = 8.0, 6.9,
1.0 Hz, 1H), 4.31 (td, J = 8.6, 5.8 Hz, 1H), 4.15−4.06 (m, 3H), 3.40−
3.34 (m, 1H), 3.18 (dd, J = 14.6, 8.7 Hz, 1H) ppm. IR (film, cm−1): ν
= 3372.24, 3321.00, 3051.96, 2955.87, 1693.95 cm−1. RP-HPLC-
ESMS: m/z (%) 503.22 (M + H)+. [α]D

20 −5.9 (c 0.48, MeOH).
(R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-phenyl-

1H-indol-3-yl)propanoic Acid (5a′). Starting from amino acid 1c
(50.0 mg, 0.117 mmol) and iodobenzene (26.2 μL, 0.234 mmol). Pale
oil (29.9 mg, 51%). 1H NMR (400 MHz, DMSO): δ 12.64 (s, 1H),
11.20 (s, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.78 (d, J = 8.6 Hz, 1H), 7.72−
7.60 (m, 5H), 7.47 (t, J = 7.7 Hz, 2H), 7.41−7.32 (m, 4H), 7.28 (td, J
= 7.5, 1.2 Hz, 1H), 7.23 (td, J = 7.5, 1.2 Hz, 1H), 7.10−7.05 (m, 1H),
6.98 (t, J = 7.4 Hz, 1H), 4.31 (td, J = 8.5, 5.7 Hz, 1H), 4.15−4.06 (m,
3H), 3.37 (dd, J = 14.5, 5.8 Hz, 1H), 3.19 (dd, J = 14.6, 8.7 Hz, 1H)
ppm. 13C NMR (100 MHz, DMSO): δ 174.0, 156.3, 144.2, 144.12,
141.07, 136.3, 135.6, 133.2, 129.4, 129.1, 128.4, 128.05, 128.03, 127.8,
127.5, 125.8, 121.9, 120.5, 119.5, 119.2, 111.5, 108.4, 66.2, 55.7, 47.0,
27.4 ppm. IR (film, cm−1): ν = 3372.24, 3321.00, 3051.96, 2955.87,
1693.95 cm−1. HRMS (ESI): m/z calcd 503.19653 (C32H26N2O4),
found 503.19761 (M + H)+. [α]D

20 +13.2 (c 0.27, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(4-nitro-

phenyl)-1H-indol-3-yl)propanoic Acid (5b). Starting from amino acid
1c (100 mg, 0.234 mmol) and 1-iodo-4-nitrobenzene (89.4 mg, 0.352
mmol). Pale oil (116.7 mg, 91%). 1H NMR (400 MHz, DMSO-d6): δ
11.50 (s, 1H), 8.31−8.26 (m, 2H), 7.96−7.92 (m, 2H), 7.86 (d, J = 7.6
Hz, 2H), 7.79 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.60 (dd, J
= 7.5, 4.5 Hz, 2H), 7.41−7.36 (m, 3H), 7.29−7.20 (m, 2H), 7.19−7.13
(m, 1H), 7.03 (t, J = 7.5 Hz, 1H), 4.31 (td, J = 8.8, 5.3 Hz, 1H), 4.17−
4.00 (m, 3H), 3.51−3.39 (m, 2H) ppm. 13C NMR (100 MHz, DMSO-
d6): δ 173.31, 155.87, 145.92, 143.76, 143.65, 140.65, 139.32, 136.56,
132.78, 128.85, 128.52, 127.62, 127.01, 125.28, 123.87, 122.81, 120.07,
119.52, 119.34, 111.48, 111.10, 65.73, 54.99, 46.50, 26.92 ppm. IR
(film, cm−1): ν = 3404.27, 3327.40, 3058.36, 2943.06, 2917.44,
1700.36, 1508.19, 1348.04, 848.40, 733.10 cm−1. RP-HPLC-ESMS: m/
z (%): calcd 548.1816 (C32H26N3O6), found 548.18268 (M + H)+.
[α]D

20 −21.8 (c 0.50, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(4-

(methoxycarbonyl)phenyl)-1H-indol-3-yl)propanoic Acid (5c). Start-
ing from amino acid 1c (50 mg, 0.117 mmol) and methyl 4-
iodobenzoate (46.1 mg, 0.176 mmol). Pale oil (44.8 mg, 68%). 1H
NMR (400 MHz, CDCl3): δ 8.00 (s, 1H), 7.63 (dd, J = 33.5, 7.4 Hz,
3H), 7.43−7.28 (m, 7H), 7.23−7.17 (m, 2H), 7.16−7.11 (m, 1H),
7.10−7.05 (m, 1H), 6.88−6.83 (m, 2H), 5.04 (d, J = 7.9 Hz, 1H), 4.55
(q, J = 6.8 Hz, 1H), 4.18−4.07 (m, 2H), 4.01 (t, J = 7.3 Hz, 1H), 3.70
(s, 3H), 3.43 (qd, J = 14.9, 6.3 Hz, 2H) ppm. 13C NMR (100 MHz,
CDCl3): δ 175.9, 166.8, 159.5, 143.8, 143.79, 143.72, 141.2, 136.0,
135.5, 135.0, 130.2, 129.7, 129.3, 128.1, 127.7, 127.0, 125.1, 123.2,
122.3, 120.5, 120.2, 119.91, 119.89, 119.2, 114.5, 111.1, 110.9, 108.2,
106.1, 67.1, 55.3, 54.4, 52.3, 47.0 ppm. IR (film, cm−1): ν = 3410.68,
3340.21, 3058.36, 2949.47, 1713.17, 1693.95 cm−1. HRMS (ESI): m/z
calcd 561.20201 (C34H28N2O6), found 561.20365 (M + H)+. [α]D

20

−15.9 (c 0.51, MeOH).

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(4-
bromophenyl)-1H-indol-3-yl)propanoic Acid (5d). Starting from
amino acid 1c (50.0 mg, 0.117 mmol) and 1-bromo-4-iodobenzene
(50.8 mg, 0.176 mmol). Pale oil (42.5 mg, 62%). 1H NMR (400 MHz,
CDCl3): δ 8.02 (s, 1H), 7.72−7.65 (m, 2H), 7.64−7.57 (m, 1H),
7.44−7.36 (m, 4H), 7.37−7.27 (m, 2H), 7.29−7.21 (m, 3H), 7.26−
7.17 (m, 2H), 7.16 (d, J = 7.9 Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H), 5.04
(d, J = 8.0 Hz, 1H), 4.57 (q, J = 6.5 Hz, 1H), 4.22−4.00 (m, 3H), 3.45
(qd, J = 14.9, 6.0 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ
176.1, 155.7, 143.73, 143.67, 141.25, 141.23, 135.7, 135.2, 132.2,
131.6, 129.9, 129.0, 127.7, 127.0, 125.2, 122.9, 122.3, 120.4, 119.9,
119.0, 111.1, 107.2, 67.1, 54.3, 46.9, 26.8 ppm. IR (film, cm−1): ν =
3378.65, 3314.59, 3058.36, 2949.47, 1687.54 cm−1. HRMS (ESI): m/z
calcd 581.10705 (C32H25BrN2O4), found 581.10888 (M + H)+. [α]D

20

−8.1 (c 0.50, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(3-(tri-

fluoromethyl)phenyl)-1H-indol-3-yl)propanoic Acid (5e). Starting
from amino acid 1c (50.0 mg, 0.117 mmol) and 1-iodo-3-
trifluoromethylbenzene (25.9 μL, 0.176 mmol). Pale oil (39.4 mg,
59%). 1H NMR (400 MHz, DMSO): δ 12.67 (s, 1H), 11.39 (s, 1H),
8.01−7.95 (m, 2H), 7.89−7.79 (m, 3H), 7.74 (d, J = 8.1 Hz, 1H),
7.72−7.69 (m, 2H), 7.61 (dd, J = 11.1, 7.5 Hz, 2H), 7.41−7.35 (m,
3H), 7.30−7.20 (m, 2H), 7.12 (t, J = 7.8 Hz, 1H), 7.00 (t, J = 7.5 Hz,
1H), 4.30 (td, J = 8.6, 5.6 Hz, 1H), 4.15−4.04 (m, 3H), 3.40 (dd, J =
14.6, 5.7 Hz, 2H), 3.23 (dd, J = 14.7, 8.7 Hz, 1H) ppm. 19F NMR (376
MHz, DMSO): δ −61.07 ppm. 13C NMR (100 MHz, DMSO): δ
173.8, 156.3, 144.2, 144.1, 141.1, 136.5, 134.1, 133.7, 132.2, 130.22,
130.16, 129.3, 128.05, 128.03, 127.5, 125.7, 124.60, 124.56, 124.3,
122.5, 120.5, 119.8, 119.5, 111.7, 109.7, 66.2, 55.5, 46.9, 27.3 ppm. IR
(film, cm−1): ν = 3391.46, 3314.59, 3064.77, 2949.47, 1706.76 cm−1.
HRMS (ESI): m/z calcd 571.18392 (C33H25F3N2O4), found
571.18559 (M + H)+. [α]D

20 −12.1 (c 0.50, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(2-

fluorophenyl)-1H-indol-3-yl)propanoic Acid (5f). Starting from
amino acid 1c (100 mg, 0.234 mmol) and 2-fluoroiodobenzene
(41.4 μL, 0.351 mmol). Pale oil (121.8 mg, 77%). 1H NMR (400
MHz, CDCl3): δ 8.16 (s, 1H), 7.68 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.9
Hz, 1H), 7.44−7.25 (m, 8H), 7.24−7.20 (m, 1H), 7.17−7.04 (m, 4H),
5.07 (d, J = 8.1 Hz, 1H), 4.63−4.53 (m, 1H), 4.21−4.06 (m, 2H), 4.03
(t, J = 7.4 Hz, 1H), 3.48− 3.30 (m, 2H) ppm. 19F NMR (376 MHz,
CDCl3): δ −114.0 to −114.2 (m) ppm. 13C NMR (100 MHz,
CDCl3): δ 175.8, 158.7, 155.9, 144.0, 141.4, 136.1, 131.5, 130.6, 130.5,
130.3, 127.8, 127.2, 125.3, 124.84, 124.81, 123.1, 120.4, 120.1, 119.1,
116.6, 116.4, 111.2, 108.9, 67.3, 54.3, 47.1, 27.2. IR (film, cm−1): ν =
3415.92, 3334.19, 3062.16, 2924.47, 1715.77 cm−1. HRMS (ESI): m/z
calcd 521.18711 (C32H25FN2O4), found 521.18728 (M + H)+. [α]D

20

−2.9 (c 0.50, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(p-tolyl)-

1H-indol-3-yl)propanoic Acid (5g). Starting from amino acid 1c (100
mg, 0.234 mmol) and 4-iodotoluene (76.7 mg, 0.351 mmol). Pale oil
(97.4 mg, 81%). 1H NMR (400 MHz, CDCl3): δ 8.03 (s, 1H), 7.69−
7.65 (m, 2H), 7.59 (d, J = 7.9 Hz, 1H), 7.41−7.27 (m, 8H), 7.21−7.19
(m, 1H), 7.16−7.08 (m, 3H), 7.09−7.05 (m, 1H), 5.02 (d, J = 7.9 Hz,
1H), 4.54 (q, J = 6.9 Hz, 1H), 4.16−4.05 (m, 2H), 4.00 (t, J = 7.2 Hz,
1H), 3.54−3.35 (m, 2H), 2.26 (s, 3H) ppm. 13C NMR (100 MHz,
CDCl3): δ 175.8, 155.8, 143.8, 143.7, 141.2, 138.2, 136.64, 135.60,
129.7, 129.6, 129.0, 128.3, 127.7, 127.6, 127.1, 127.0, 125.2, 122.5,
120.2, 120.0, 119.9, 118.7, 110.9, 106.4, 67.1, 54.5, 47.0, 26.8, 21.2
ppm. IR (film, cm−1): ν = 3385.05, 3314.59, 3051.96, 2949.47, 1693.95
cm−1. HRMS (ESI): m/z calcd 517.21218 (C33H28N2O4), found
517.21356 (M + H)+. [α]D

20 −9.9 (c 0.50, MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(4-

methoxyphenyl)-1H-indol-3-yl)propanoic Acid (5h). Starting from
amino acid 1c (50.0 mg, 0.117 mmol) and 4-iodoanisole (41.2 mg,
0.176 mmol). Pale oil (39.0 mg, 63%). 1H NMR (400 MHz, CDCl3):
δ 8.18 (s, 1H), 7.98−7.94 (m, 2H), 7.71−7.61 (m, 3H), 7.48 (d, J =
8.3 Hz, 2H), 7.42−7.28 (m, 5H), 7.23−7.16 (m, 3H), 7.09 (t, J = 7.5
Hz, 1H), 5.15 (d, J = 8.4 Hz, 1H), 4.60 (q, J = 6.6, 6.1 Hz, 1H), 4.18−
4.07 (m, 2H), 3.99 (t, J = 7.3 Hz, 1H), 3.80 (s, 3H), 3.59−3.42 (m,
2H) ppm. 13C NMR (100 MHz, CDCl3): δ 175.2, 158.5, 154.8, 142.8,
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142.7, 140.19, 140.17, 134.5, 129.2, 128.7, 127.1, 126.6, 126.0, 124.2,
123.9, 121.3, 119.1, 118.90, 118.87, 117.6, 113.5, 109.9, 107.1, 105.1,
66.1, 54.2, 53.5, 51.2, 46.0 ppm. IR (film, cm−1): ν = 3365.84, 3308.19,
3051.96, 2923.84, 1693.95 cm−1. HRMS (ESI): m/z calcd 533.20710
(C33H28N2O5), found 533.20867 (M + H)+. [α]D

20 −9.8 (c 0.45,
MeOH).
(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(pyren-

1-yl)-1H-indol-3-yl)propanoic Acid (5i). Starting from amino acid 1c
(100 mg, 0.234 mmol) and 1-iodopyrene 2b (115 mg, 0.352 mmol).
Pale oil (94.2 mg, 66%). 1H NMR (400 MHz, DMSO): δ 12.36 (s,
1H), 11.46 (s, 1H), 8.36−8.21 (m, 6H), 8.17−8.07 (m, 4H), 7.95 (d, J
= 9.2 Hz, 1H), 7.86 (d, J = 7.6 Hz, 2H), 7.79 (d, J = 7.9 Hz, 1H), 7.52
(t, J = 7.1 Hz, 2H), 7.44−7.35 (m, 4H), 7.27−7.15 (m, 3H), 7.09 (t, J
= 7.4 Hz, 1H), 4.13 (q, J = 7.8 Hz, 1H), 4.01−3.78 (m, 3H), 3.12 (s,
2H) ppm. 13C NMR (100 MHz, DMSO): δ 173.2, 155.5, 143.7, 140.6,
136.2, 134.8, 130.8, 130.7, 130.4, 129.4, 128.8, 128.2, 128.0, 127.8,
127.7, 127.5, 127.3, 127.0, 126.4, 125.4, 125.3, 125.2, 124.5, 124.0,
123.8, 121.3, 120.0, 118.89, 118.86, 111.1, 109.8, 65.5, 54.8, 46.4, 26.8
ppm. IR (film, cm−1): ν = 3417.33, 3308.19, 3043.35, 2923.54, 1714.91
cm−1. HRMS (ESI): m/z calcd 627.22783 (C42H30N2O4), found
627.23025 (M + H)+. [α]D

20 +7.6 (c 0.13, MeOH).
2-(2-Phenyl-1H-indol-3-yl)acetic Acid (8).28 Starting from 2-

(1H-indol-3-yl)acetic acid (42.0 mg, 0.240 mmol) and iodobenzene
(40.3 μL, 0.360 mmol). Pale oil (47.8 mg, 79%). 1H NMR (400 MHz,
CDCl3): δ 8.10 (s, 1H), 7.60 (ddt, J = 7.8, 1.5, 0.7 Hz, 1H), 7.57−7.54
(m, 2H), 7.46−7.36 (m, 2H), 7.35−7.30 (m, 2H), 7.21−7.12 (m, 1H),
7.14−7.05 (m, 1H), 3.80 (s, 2H) ppm. HRMS (ESI): m/z calcd
252.10191 (C16H13NO2), found 252.10168 (M + H)+.
3-(2-Phenyl-1H-indol-3-yl)propanoic Acid (9).29 Starting from

3-(1H-indol-3-yl)propanoic acid (45.4 mg, 0.240 mmol) and
iodobenzene (41.1 μL, 0.360 mmol). Pale oil (47.6 mg, 75%). 1H
NMR (400 MHz, CDCl3): δ 7.96 (s, 1H), 7.58−7.55 (m, 1H), 7.48−
7.45 (m, 2H), 7.43−7.38 (m, 2H), 7.33−7.28 (m, 2H), 7.15 (ddd, J =
8.1, 7.1, 1.2 Hz, 1H), 7.08 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 3.21−3.16
(m, 2H), 2.68−2.63 (m, 2H) ppm. HRMS (ESI): m/z calcd
266.11756 (C17H15NO2), found 266.11729 (M + H)+.
4-(2-Phenyl-1H-indol-3-yl)butanoic Acid (10).30 Starting from

4-(1H-indol-3-yl)butanoic acid (83.7 mg, 0.412 mmol) and
iodobenzene (69.2 μL, 0.618 mmol). Pale oil (84.8 mg, 74%). 1H
NMR (400 MHz, CDCl3): δ 7.97 (s, 1H), 7.57 (ddt, J = 7.8, 1.2, 0.7
Hz, 1H), 7.49−7.46 (m, 2H), 7.41−7.35 (m, 2H), 7.31−7.25 (m, 2H),
7.16−7.10 (m, 1H), 7.07 (ddt, J = 7.9, 6.9, 0.7 Hz, 1H), 2.91−2.87 (m,
2H), 2.33 (t, J = 7.3 Hz, 2H), 2.03−1.94 (m, 2H) ppm. HRMS (ESI):
m/z calcd 280.13321 (C18H17NO2), found 280.13287 (M + H)+.
2-(2-Phenyl-1H-indol-3-yl)ethanamine (11).31 Tryptamine

(76.9 mg, 0.480 mmol), iodobenzene (80.6 μL, 0.720 mmol),
AgBF4 (186.9 mg, 0.960 mmol), and Pd(OAc)2 (5.4 mg, 0.024
mmol) were placed in a microwave reactor vessel in dry DMF (2.4
mL). The mixture was heated under microwave irradiation (250 W) at
90 °C for 20 min. HPLC/MS analysis showed 29% of compound 11.
Incidentally, iodobenzene (80.6 μL, 0.720 mmol) and Pd(OAc)2 (5.4
mg, 0.024 mmol) were added, and a second irradiation cycle was
performed (250 W) at 90 °C for 20 min, thus increasing the
conversion up to 89%, as shown in the HPLC/MS. Ethyl acetate (30
mL) was added, the resulting suspension was filtered through Celite,
and the solvent was removed under vacuum. The crude product was
purified by flash chromatography on silica using hexane/ethyl acetate
and then DCM/MeOH to obtain 11 as an oil (54.4 mg, 48%). 1H
NMR (400 MHz, DMSO): δ 11.30 (s, 1H), 7.79 (s, 2H), 7.63−7.59
(m, 3H), 7.52 (t, J = 7.6 Hz, 2H), 7.44−7.35 (m, 2H), 7.15−7.10 (m,
1H), 7.08−7.02 (m, 1H), 3.15−3.09 (m, 2H), 3.09−2.98 (m, 2H)
ppm. RP-HPLC-ESMS: m/z (%) 237.12 (M + H)+.
N-(2-(2-Phenyl-1H-indol-3-yl)ethyl)acetamide (12).32 Starting

from N-(2-(1H-indol-3-yl)ethyl)acetamide (98.0 mg, 0.485 mmol)
and iodobenzene (80.6 μL, 0.720 mmol). Yellow solid (103.1 mg,
73%). 1H NMR (400 MHz, CDCl3): δ 8.28 (s, 1H), 7.56 (d, J = 7.9
Hz, 1H), 7.52−7.45 (m, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.33−7.26 (m,
2H), 7.17−7.12 (m, 1H), 7.09−7.05 (m, 1H), 5.41 (s, 1H), 3.46 (q, J
= 6.5 Hz, 2H), 3.04 (t, J = 6.8 Hz, 2H), 1.67 (s, 3H) ppm. RP-HPLC-
ESMS: 279.12 (M + H)+.

General Procedure for SPPS. All peptides were manually
synthesized in polystyrene syringes fitted with a polyethylene porous
disc. The synthesis of the peptides were performed using Fmoc-based
SPPS on a 2-chlorotrityl chloride resin. Solvents and soluble reagents
were removed by suction. The Fmoc group was removed with
piperidine-DMF (1:4, v/v) (1 × 1 min, 2 × 5 min). Peptide synthesis
transformations and washes were performed at r.t.

Resin Loading. Fmoc-XX-OH (1 equiv) was attached to the resin
(1 equiv) with DIPEA (3 equiv) in DCM at r.t for 10 min and then
DIPEA (7 equiv) for 40 min. The remaining trityl groups were capped,
adding 0.8 μL of MeOH/mg resin for 10 min. After that, the resin was
filtered and washed with DCM (4 × 1 min) and DMF (4 × 1 min).
The loading of the resin was determined by titration of the Fmoc
group.33

Peptide Elongation. After the Fmoc group was eliminated, the resin
was washed with DMF (4 × 1 min), DCM (3 × 1 min), and DMF (4
× 1 min). Amino acid coupling: Fmoc-XX-OH (3 equiv) was
incorporated with a 5 min preactivation with DIPCDI (3 equiv) and
OxymaPure (3 equiv) in DMF for 1h. The completion of the coupling
was monitored with the ninhydrin test (free amine group).34 The resin
was then filtered and washed with DCM (4 × 1 min) and DMF (4 × 1
min), and the Fmoc group was eliminated.

Final Cleavage. The resin bound peptide was treated with 5% TFA
in DCM (5 × 1 min). The resin was washed with DCM, and the
combined eluates were evaporated under vacuum. The residue was
then dissolved in ACN/H2O and lyophilized, furnishing the
corresponding peptide.

H-Met-Gly-Trp(C2-p-methylphenyl)-Ala-OH (6). Starting from
150 mg of 2-chlorotrityl resin (0.92 mmol/g). Pale solid (purity >
99%, HPLC). 1H NMR (400 MHz, DMSO d6): δ 12.51 (s, 1H), 11.09
(s, 1H), 8.53 (t, J = 5.6 Hz, 1H), 8.20−8.07 (m, 5H), 7.74 (d, J = 7.9
Hz, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.31−7.28 (m, 2H), 7.10−7.02 (m,
1H), 6.97 (t, J = 7.5 Hz, 1H), 4.76 (q, J = 7.6 Hz, 1H), 4.13 (p, J = 7.2
Hz, 1H), 3.85 (m, 1H), 3.78 (dd, J = 16.8, 5.4 Hz, 1H), 3.60 (dd, J =
16.8, 5.7 Hz, 1H), 3.26 (dd, J = 14.5, 5.7 Hz, 1H), 3.05 (dd, J = 14.5,
7.9 Hz, 1H), 2.48 (m, 2H), 2.37 (s, 3H), 2.03 (s, 3H), 1.99−1.88 (m,
2H), 1.22 (d, J = 7.2 Hz, 3H) ppm. 13C NMR (100 MHz, DMSO): δ
173.6, 170.7, 168.2, 167.5, 136.6, 135.8, 135.5, 129.9, 129.2, 129.0,
128.1, 121.2, 119.2, 118.5, 110.9, 107.0, 53.7, 51.5, 47.5, 41.6, 30.9,
28.3, 28.0, 20.8, 17.3, 14.4 ppm. HRMS (ESI): m/z calcd 554.2432
(C28H35N5O5S), found 554.2429 (M + H)+.

H-Trp-Gly-Trp(C2-p-methylphenyl)-Ala-OH (7). Starting from
150 mg of 2-chlorotrityl resin (0.92 mmol/g). Pale solid (purity >
99%, HPLC). 1H NMR (400 MHz, DMSO d6): δ 11.10 (s, 1H), 10.98
(d, J = 2.5 Hz, 1H), 8.72 (t, J = 5.5 Hz, 1H), 8.16 (dd, J = 8.0, 5.8 Hz,
2H), 7.97 (m, 3H), 7.75 (d, J = 7.9 Hz, 1H), 7.68−7.63 (m, 1H),
7.60−7.54 (m, 2H), 7.36 (d, J = 8.1, 1H), 7.29 (d, J = 7.8 Hz, 2H),
7.19 (m, 1H), 7.08 (dddd, J = 8.1, 6.9, 5.8, 1.2 Hz, 2H), 6.98 (dddd, J
= 8.0, 7.0, 4.4, 1.1 Hz, 2H), 4.79 (td, J = 8.3, 5.6 Hz, 1H), 4.14 (p, J =
7.2 Hz, 1H), 4.00 (m, 1H), 3.90 (dd, J = 16.9, 5.9 Hz, 1H), 3.45 (dd, J
= 16.9, 5.0 Hz, 1H), 3.23 (ddd, J = 35.5, 14.7, 5.2 Hz, 2H), 3.04 (m,
2H), 2.36 (s, 3H), 1.22 (d, J = 7.3 Hz, 3H) ppm. 13C NMR (100 MHz,
DMSO): δ 173.6, 170.8, 168.6, 167.5, 136.6, 136.3, 135.8, 135.6, 130.0,
129.2, 129.0, 128.1, 127.0, 125.0, 121.2, 119.2, 118.5, 118.4, 111.5,
110.9, 107.0, 106.8, 53.6, 52.5, 47.6, 41.8, 27.52 (2 C), 20.8, 17.3 ppm.
HRMS (ESI): m/z calcd 609.2820 (C34H36N6O5), found 609.2820 (M
+ H)+.
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Synthesis of C-2 Arylated Tryptophan Amino Acids and 

Related Compounds through Palladium Catalyzed C-H 

Activation  

The following data is a selection of the content of the Supporting Information. Full 

supplementry information including NMR spectra and chromatographic analysis is 

available in the Supporting Information in electronic format.   
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NMR spectra for selected compounds 

(R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-phenyl-1H-indol-3-yl)propanoic 

acid (5a’)  
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H-Met-Gly-Trp(C2-p-methylphenyl)-Ala-OH (6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

4-(2-Phenyl-1H-indol-3-yl)butanoic acid (10) 
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Enhanced antimicrobial activity of a
peptide derived from human lysozyme
by arylation of its tryptophan residues

Rodrigo González,a Lorena Mendive-Tapia,b,c,d María B Pastrian,a

Fernando Albericio,b,c,d,e Rodolfo Lavilla,f* Osvaldo Casconea*
and Nancy B Iannuccia

Antimicrobial peptides are valuable agents to fight antibiotic resistance. These amphipatic species display positively charged and
hydrophobic amino acids. Here, we enhance the local hydrophobicity of a model peptide derived from human lysozyme
(107RKWVWWRNR115) by arylation of its tryptophan (Trp) residues, which renders a positive effect on Staphylococcus aureus
and Staphylococcus epidermidis growth inhibition. This site-selective modification was accessed by solid-phase peptide synthesis
using the non-proteinogenic amino acid 2-aryltryptophan, generated by direct C-H activation from protected Trp. The modifica-
tion brought about a relevant increase in growth inhibition: S. aureuswas fully inhibited by arylation of Trp 112 and by only 10%
by arylation of Trp 109 or 111, respect to the non-arylated peptide. On the other hand, S. epidermidis was fully inhibited by the
three arylated peptides and the parent peptide. The minimum inhibitory concentration was significantly reduced for S. aureus
depending on the arylation site. Copyright © 2016 European Peptide Society and John Wiley & Sons, Ltd.

Additional Supporting information may be found in the online version of this article at the publisher’s website.

Keywords: peptide; human lysozyme; arylation; tryptophan; antimicrobial activity

Introduction

According to the World Health Organization priority programs, mi-
crobial resistance is a threat for public health because of the possi-
ble re-emergence of past diseases. The therapeuticmanagement of
infections caused by resistantmicroorganisms is a challenging issue
in medicine, mainly because of the exhaustion of the classical anti-
biotic arsenal. In this way, the development of new entities
targeting cell components difficult tomodify to generate resistance
(such as the cell membrane) represents a strategic approach for the
pharmaceutical industry [1].
In this context, the fragment 107–115 of the C-terminus of the

human lysozyme possesses a relevant antimicrobial activity [2,3].
The attributes of antimicrobial peptides are the presence of pos-
itively charged and hydrophobic amino acids and an amphiphilic
helical conformation. There are many precedents in the litera-
ture, which illustrate that these features give rise to antimicrobial
peptide–membrane interactions with subsequent bacterial mem-
brane disruption [4]. They exert their destructive power by vari-
ety of mechanisms including the generation of pores; therefore
arguably, the development of microbial resistance should be
extremely difficult. The anchorage of an antimicrobial peptide
to the bacterial membrane depends on its amphipatic character
[1,5]. The substitution of amino acids in a peptide with known
antimicrobial activity can dramatically affect its biological activity
[6]. Consequently, when alanine in positions 108 and 111 of this
peptide are replaced by lysine and tryptophan (Trp), respec-
tively, the antimicrobial activity against Escherichia coli and

Staphylococcus aureus is enhanced by fourfold and 20-fold,
respectively [7,8]. Accordingly, its bioactivity could be enhanced
by locally increasing its hydrophobicity.
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In this respect, the site-selective arylation of hydrophobic resi-
dues appears as the method of choice to perform such modifica-
tion. Using state of the art C-H activation transformations [9]
upon indole substrates via palladium-catalyzed processes [10], we
have recently developed methods for the selective arylation of
Trp residues in peptides at C-2indole [11]. This protocol has been
extended to a new stapling technique for Trp-Phe peptides [12].
In these transformations, we can introduce a variety of diversely
substituted aryl groups in N-protected Trp, and the ensuing
adducts are suitable for solid-phase peptide synthesis [13]. This for-
mal post-synthetic modification has important structural conse-
quences, directly altering the physicochemical properties and,
more importantly, the biological activity of the adducts [14]. In this
context, it has recently been described that the antifungal activity
of the natural product aureobasidin can be improved through the
functionalization of phenylalanine residues by iridium-catalyzed
borylation [15].

The aim of this paper was to enhance the hydrophobicity of the
antimicrobial peptide RKWVWWRNR by programmed and selective
arylation of its Trp residues directly from the leader sequence. We
planned to assess this effect on the antimicrobial activity against
two microorganisms of clinical relevance (S. aureus and Staphylo-
coccus epidermidis). 2-Arylated Trp was prepared in a protected
form, amenable to solid-phase peptide synthesis as previously de-
scribed through Pd-catalyzed C-H activation from Fmoc-Trp and
2-iodobenzene [13] and directly used to synthesize three peptides,
each with an aryl-Trp residue at positions 109, 111 or 112,
respectively.

Materials and Methods

Reagents and microorganisms

Nα-Fmoc-Trp, iodobenzene, palladium (II) acetate and N,
N-dimethylformamide anhydrous (DMF) were from Aldrich. Fmoc-
Rink-Amide AM resin was from Iris-Biotech. O-benzotriazole-N,N,N’,
N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) and 2-(1H-7-
azabenzotriazol-1-yl)-1,1,3,3,-tetramethyluroniumhexafluorophosphate
(HATU) were from Fluorochem. N,N-dimethylformamide was from
Panreac AppliChem. N,N-diisopropylethylamine (DIEA) and silicagel
were from Merck Biosciences. Müller-Hinton culture medium
was from Oxoid. Bacterial strains S. aureus ATCC 29213 and S.
epidermidis ATCC 12228 were from The American Type Culture
Collection (Manassas, VA, USA).

Tryptophan arylation

The arylation of the indolic C2 of Trpwas carried out by activation of
this carbon catalyzed by palladium as described by Ruiz-Rodríguez
et al. [11] and Preciado et al. [13]. Briefly, the Nα-Fmoc-Trp, activated
with Pd(OAc)2 was treated with iodobenzene in a microwave at
90° C and purified by flash chromatography on silicagel as de-
scribed by Preciado et al. [14]. The product was identified by nu-
clear magnetic resonance and electrospray mass spectrometry,
and the yield was 56% (see Supporting Information for details).

Synthesis of arylated peptides

The preparation of 2-aryl-Nα-Fmoc-Trp was performed as described
from 4-iodobenzene and Nα-Fmoc-Trp [1]. The resulting arylated
amino acid was used in solid-phase peptide synthesis without any
special requirement. The solid-phase method was performed

according to Kates and Albericio [16]. Fmoc chemistry and Fmoc-
Rink-Amide AM resin were used. HBTU and DIEA were used as
coupling reagents for arginine, alanine, Trp, valine and asparagine.
According to previous observations, HATU and DIEA were used for
aryl Trp coupling to ensure its total incorporation. After side-chains
removal, peptides were cleaved from the resin with trifluoroacetic
acid/water/triisopropylsilane. Purification of peptides was per-
formed by RP-HPLC. Identification was carried out by MALDI-MS
and MALDI-MS/MS (see Supporting Information for details).

Scanning electron microscopy

Samples were fixed with 1% glutaraldehyde in 0.1M cacodylate
buffer, pH7.0, for 10min, thenwere dehydratedwith ethanol washes
(50–100% ethanol) and immersed in ethanol/hexamethyldisilazane
(1 : 1) and 100% hexamethyldisilazane for 60min. Afterwards,
samples were dried, mounted on scanning electron micro-
scope (SEM) stubs and coated immediately in a sputter coater
with gold/palladium (Cressington Scientific Instruments). The
micrographies were obtained with a Zeiss Supra 40 scanning
electron microscope.

Growth inhibition assay

Bacteria from �80 °C frozen glycerol stock were grown in Müller-
Hinton (MH) agar plates for 16 h at 37 °C. Individual colonies were
inoculated in Erlenmeyer flasks containing 50ml MA broth and in-
cubated at 37 °C and 200 RPM until a density of 1 ×108 CFU/ml
was reached. Bacteria suspensions were diluted to 2.0×105CFU/ml
with 2X MA broth for the assay.
The 0.5ml peptide solutions were twofold diluted with water

from 2.50 to 0.16mg/ml and filter sterilized through 0.22μm filters.
Sterile peptide dilutions were then mixed with the same volume of
2X MHmedium containing 2.0× 105 CFU/ml and incubated at 37 °C
for 21h in sterile capped glass tubes. Bacterial growth was deter-
mined by measuring the absorbance at 600 nm. Positive control
(100% growth) was performed in absence of peptide (0.5ml of
sterile water), and negative control was carried out in absence of
bacteria (0.5ml 2X MH broth).

Minimum inhibitory concentration (MIC) determination

Minimum inhibitory concentration determination was performed
based on a micro-dilution assay [17]. Briefly, 100μl of 2.0mg/ml
peptide sterile solution in water was diluted twofold with 2X MH
broth in well 1 and twofold serially diluted with MH broth up
to well 12.
One-hundred microliter of bacterial suspension containing

2.0× 105 CFU/ml in MH broth was added to each well, and plates
were incubated for 16–20h at 37 °C. Growth was measured at
600 nm in a FlexStation 3 Multi-Mode Microplate Reader. A positive
control without peptide (100% growth) and a negative control
without bacteria (0% growth) were included in the assay.
Minimum inhibitory concentration is defined as the minimum

concentration of peptide producing total inhibition of the growth
under these conditions. Each peptide was assayed in triplicate.

Hemolysis assay

Hemolysis was performed using human red blood cells (RBC), basi-
cally as described byHelmerhorst et al. [18]. Briefly, RBC fromheparin-
ized blood were washed three times with phosphate-buffered saline
(PBS) and resuspended at 0.5% in the same buffer. 500μl of peptide
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solution in concentrations of 15, 50 and 125μg/ml was added to
equal volume of RBC suspension. After 1h at 37 °C, the mixture was
centrifuged at 2800 rpm for 5min, and the absorbance of the super-
natant at 414nm was measured. PBS and 1% Triton X-100 in water
were the negative and positive controls, respectively. The hemolysis
percentage was calculated by the formula:

Apeptide-APBS

� �
=ATriton-APBS

� ���100

Results and Discussion

We efficiently synthesized all three peptides selectively mono-
phenylated at indole position 2 of each Trp (see Figure 1). Once
the peptides were prepared, the purification and spectroscopic
analyses confirmed the expected structures (see Supporting
Information).
Table 1 shows the sequences of the leader peptide, the

K108-W111 intermediary sequence 1 and the three aryl-peptides
2, 3 and 4, each with one phenyl-Trp respectively.

Table 2 shows the results of the characterization by RP-HPLC and
MALDI-MS for the intermediary peptide and the three aryl-
peptides.

The retention time of the aryl-peptides 2, 3 and 4 in RP-HPLC
was longer than that of the non-arylated intermediary peptide
1, thus evidencing the increase in hydrophobicity because of
the addition of a phenyl group. Besides, the experimental
molecular weight matched with that of the theoretical one, and
the sequence analysis by MALDI-MS/MS allowed identifying un-
ambiguously the Trp in the preselected position. Next, we tackled
the biological assays of the antimicrobial activity of these com-
pounds. To this end, we performed growth inhibition assays
and MIC determination of each arylated peptide and compared
the results with those obtained with the parent non-arylated
peptide 1 (Figure 1).

Figure 2 shows the results of the inhibition assays performed on
the microorganisms studied, where different degrees of inhibition
are evident. Full inhibition of S. epidermidis growth was evidenced
regardless of which Trp was arylated. Moreover, the non-arylated
intermediary peptide 1 was almost equally active. In contrast, for
the more pathogenic S. aureus, the arylation of Trp 109 or 111 (pep-
tides 2 and 3, respectively) caused little effect on the antimicrobial
activity of the intermediary peptide, whereas arylation at position
112 (peptide 4) brought about a relevant increase in the antimicro-
bial activity of the intermediary peptide 1.

Preliminary calculations showed that the molecular mechan-
ics optimized geometries (Merck Molecular Force Field
implemented in a Spartan’14 suite) of the arylated peptides
display a common conserved structure, similar to that of the
native peptide, sharing relatively close hydrogen bond
networks and helical motifs (see Supporting Information).
The newly incorporated phenyl group does not seem to mod-
ify the preferred conformation of the biomolecules drastically,
but rather is preferentially located outward in the periphery in
all three arylated peptides. Simultaneously, the incorporated
hydrophobic aryl moiety should moderately increase the LogP,
thus partially justifying the observed effects. Although more
refined computational approaches, for instance Molecular
Dynamics, may bring a better understanding of the structural
features of the aryl-peptides, at this point, it may be risky to
rely mainly on conformational factors taking into account the
variety of mechanisms of action for antimicrobial peptides, as
stated earlier [1,4,5]. We took an empirical approach as the
starting point and future experimentation (polyarylated peptides,
exploration of other sequences/residues, and Molecular Dynamic
simulations) will shed more light in these issues.

Figure 3 shows the SEM pictures of S. aureus and S. epidermidis
treated with the phenyl-peptides synthesized, where the damage
in the microbial membrane due to the treatment can be seen.

Table 1. Peptides used in this work

Sequencea Formulab Name

RAWVAWRNR-NH2 107–115 hLz Leader

RKWVWWRNR-NH2 [K108W111] 107–115 hLz 1

RKW(Ar)VWWRNR-NH2 [K108W(Ar)109W111] 107–115 hLz 2

RKWVW(Ar)WRNR-NH2 [K108W(Ar)111] 107–115 hLz 3

RKWVWW(Ar)RNR-NH2 [K108W111W(Ar)112] 107–115 hLz 4

aR, arginine; A, alanine; W, tryptophan; W(Ar), 2-phenyltryptophan;V,
valine; N, asparagine; -NH2, amidated C-terminal group.

bhLz, human lysozyme.

Table 2. Characterization of the peptides used in this work

Peptidea RTb (min) Experimental MWc (theoretical)

1 4.7 1384.79 (1384.76)

2 5.2 1461.05 (1460.86)

3 5.2 1461.02 (1460.86)

4 5.2 1461.07 (1460.86)

aPurities of the pure peptides are around 94-98% according to HPLC
profiles (see SI).

bRT, retention time.
cMW, molecular mass weight.

Figure 1. Synthetic approach for the selective arylation of the antimicrobial peptide RKWVWWRNR.
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A similar membrane disruption effect was demonstrated by Tan
et al. [19] working with Gram negative bacteria and peptides with
positive charge and different hydrophobicity degree.

Table 3 shows the MICs of the phenyl-peptides compared with
those of the leader peptide and peptide 1, against the twomicroor-
ganisms studied. In S. aureus ATCC 29213, the MIC decreased two-
fold with peptide 2 and fourfold with peptides 3 and 4 respect to
peptide1. In S. epidermidis, the arylation of Trp 109 (peptide 2)
brought about no changes in the MIC, while arylation of Trp 111
or Trp 112 (peptides 3 and 4, respectively) decreased it by twofold
respect to peptide 1. In all cases, arylation of Trp of peptide 1
brought about a significant decrease in the MIC, but the inhibition
degree was different if the arylated Trp was in positions 109 or
111–112. Moreover, the arylation of Trp in these peptides increased
their antimicrobial activity, reaching MICs compatible with an
effective therapeutic window and evidencing their excellent
possibilities as active pharmaceutical ingredients for renovation of
antimicrobial agents.
The results of the hemolysis assay shown in Table 4 are similar to

those obtained with the intermediary peptide and become signifi-
cant only at concentrations higher than tenfold their MICs, thus

Figure 2. Inhibition assay at 0.1mg/ml of the non-arylated intermediary
peptide 1 and aryl-peptides at tryptophan (Trp) 109, Trp 111 and Trp 112
(peptides 2, 3 and 4, respectively) on Staphylococcus aureus and
Staphylococcus epidermidis. Results are expressed as percentage.

Figure 3. Pictures of microorganisms treated with the antimicrobial peptides assayed in this work. (A) Staphylococcus aureus ATCC 29213. a) Control without
peptide; b) Peptide 1; c) Peptide 2; d) Peptide 3; e) Peptide 4. (B) Staphylococcus epidermidisATCC 12228. f) Control without peptide; g) Peptide 1; h) Peptide 2;
i) Peptide 3; j) Peptide 4. All experimentation was performed at a peptide concentration of 60μM (see Supporting Information).
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evidencing the safety of the arylated peptides towards human red
blood cells.
There are some relevant precedents in the literature regarding

the effect of arylated histidines in antimicrobial peptides [20,21];
herein, we disclose a new methodology based on the preparation
of an arylated Trp-peptide through C-H activation, leading to en-
hancement of its antimicrobial activity. This may open the door to
further transformations of this type, aimed to improve the pharma-
cological action without disrupting the existing amphipatic nature
of the peptide, but locally increasing the lipophilicity of specific res-
idues. Although the herein described proof of concept has only ex-
plored the introduction of a naked phenyl group, access to
peptides displaying diversely substituted aryl groups using the
same methodology is open. To date, most biomolecule modifica-
tions of this type involve conjugation reactions that severely de-
crease the polarity of the original peptide by generating amide
bonds from amino and acid groups present in the precursor
peptide.

Conclusions

We have shown that the arylation of Trp-containing microbial
peptides results in meaningful improvements of their biological
activity, while keeping the hemolysis low. It is remarkable that a
slight increment in the molecular weight (~5%) results in a four-
fold decrease in the MIC, suggesting additional interactions be-
tween the extra aromatic group and the target. Importantly,
because the microbial membranes are the biological targets of
aryl-peptides, the possibility of generating resistance is seriously
compromised. Thus, the eventual therapeutic use of these
agents may display relevant advantages over conventional anti-
biotics to combat resistance. This proof of concept can open
new avenues in the development of novel amphipatic peptides
based on differently arylated Trp residues.
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Synthesis of arylated peptides 

The preparation of 2-aryl-Nα-Fmoc-tryptophan was performed as described from 4-

iodobenzene and Nα-Fmoc-tryptophan (Preciado et al., 2013).1 The resulting arylated amino 

acid was used in solid-phase peptide synthesis without any special requirement. 

The solid-phase method was performed according to Kates and Albericio, (2000).4 Fmoc 

chemistry and Fmoc-Rink-Amide AM resin were used. O-Benzotriazole-N,N,N’,N’-tetramethyl-

uronium-hexafluoro-phosphate (HBTU) and N,N-diisopropylethylamine (DIEA) were used as 

coupling reagents for arginine, alanine, tryptophan, valine and asparagine, while 2-(1H-7-

azabenzotriazol-1-yl)-1,1,3,3,-tetramethyl uronium hexafluorophosphate (HATU) and DIEA 

were used for aryl tryptophan. After side-chains removal, peptides were cleaved from the resin 

with trifluoroacetic acid (TFA)/water/triisopropylsilane (TIS). Purification of peptides was 

performed by RP-HPLC. Identification was carried out by MALDI-MS and MALDI-MS/MS. 
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RP-HPLC chromatograms of pure arylated peptides 1-4 

H-Arg-Lys-Trp-Val-Trp-Trp-Arg-Asn-Arg-NH2 (1) 

 

H-Arg-Lys-Trp(C2-Ph)-Val-Trp-Trp-Arg-Asn-Arg-NH2 (2) 

 

H-Arg-Lys-Trp-Val-Trp(C2-Ph)-Trp-Arg-Asn-Arg-NH2 (3) 

 

H-Arg-Lys-Trp-Val-Trp-Trp(C2-Ph)-Arg-Asn-Arg-NH2 (4) 

 

Gradient was 5-60% of B. Solvent A (0.045 % TFA in H2O) and solvent B (0.036 % TFA in ACN), in 
8 min. Elution was monitored at 254 nm and the flow rate was 1.0 mL/min. 
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Minimized geometries of the native peptide and the arylated derivatives 
generated by the Spartan ’14 suite (molecular mechanics, MMFF94)7 

 

1- Native Peptide: RKWVWWRNR-NH2 

 

 
 
 
 
 
 
 
 

2- W1Ar:  RKW(Ar)VWWRNR-NH2 
 

 

 

 

 

 

 

3-W2Ar: RKWVW(Ar)WRNR-NH2 
 

 

 

 

 

 

 

4- W3-Ar: RKWVWW(Ar)RNR-NH2 

 

 

 

 

 

Hydrogens omitted for clarity. Left section: hydrogen bonds shown in yellow. Right section: 
ribbons in green.  No significant changes were observed when the optimization was done with 
semi-empirical methods. 
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Fluorescent antimicrobial peptides are promising structures for in situ, real-time imaging of

fungal infection. Here we report a fluorogenic probe to image Aspergillus fumigatus directly in

human pulmonary tissue. We have developed a fluorogenic Trp-BODIPY amino acid with a

spacer-free C-C linkage between Trp and a BODIPY fluorogen, which shows remarkable

fluorescence enhancement in hydrophobic microenvironments. The incorporation of our

fluorogenic amino acid in short antimicrobial peptides does not impair their selectivity for

fungal cells, and enables rapid and direct fungal imaging without any washing steps. We have

optimized the stability of our probes in human samples to perform multi-photon imaging of

A. fumigatus in ex vivo human tissue. The incorporation of our unique BODIPY fluorogen in

biologically relevant peptides will accelerate the development of novel imaging probes with

high sensitivity and specificity.

DOI: 10.1038/ncomms10940 OPEN

1 Institute for Research in Biomedicine, Barcelona Science Park, Baldiri Reixac 10-12, Barcelona 08028, Spain. 2 Manchester Fungal Infection Group, Institute of
Inflammation and Repair, University of Manchester, CTF Building, Grafton St, Manchester M13 9NT, UK. 3 MRC/UoE Centre for Inflammation Research,
University of Edinburgh, 47 Little France Crescent, Edinburgh EH16 4TJ, UK. 4 Department Organic Chemistry, University of Barcelona, Martı́ i Franqués 1-11,
Barcelona 08028, Spain. 5 CIBER-BBN, Networking Centre for Bioengineering, Biomaterials and Nanomedicine, Baldiri Reixac 10-12, Barcelona 08028,
Spain. 6 School of Chemistry, University of KwaZulu-Natal, Durban 4001, South Africa. 7 Edinburgh Cancer Research Centre, University of Edinburgh,
Crewe South Road, Edinburgh EH4 2XR, UK. 8 Laboratory of Organic Chemistry, Faculty of Pharmacy, University of Barcelona, Barcelona Science Park, Baldiri
Reixac 10-12, Barcelona 08028, Spain. Correspondence and requests for materials should be addressed to R.L. (email: rlavilla@pcb.ub.es) or to M.V.
(email: mvendrel@staffmail.ed.ac.uk).

NATURE COMMUNICATIONS | 7:10940 | DOI: 10.1038/ncomms10940 | www.nature.com/naturecommunications 1

89

mailto:rlavilla@pcb.ub.es
mailto:mvendrel@staffmail.ed.ac.uk
http://www.nature.com/naturecommunications


I
nvasive pulmonary aspergillosis (IPA) is a highly fatal disease
in immunocompromised patients. IPA results from the
infection with the fungal pathogen Aspergillus fumigatus,

and it is a frequent cause of fungal pneumonia with mortality
rates up to 40% (ref. 1). Current diagnostic approaches for IPA
rely on histological analysis, cultures from bronchoalveolar lavage
fluid and sampling peripheral blood2. These methods are fraught
with problems of upper airway contamination and diagnostic
delays, by which time the disease may have progressed or been
treated empirically with inappropriate drugs. Moreover, blood
markers are unlikely to provide useful information about events
deep in pulmonary tissue, especially in patients with multi-system
disease, such as immunosuppressed patients affected by IPA.
These limitations of current diagnostic tools have prompted the
development of imaging probes that can provide in situ and real-
time information on the progression of infection3–6. Fluorescent
probes based on antibiotics and antimicrobial peptides are
chemical entities with enormous potential for imaging infection
sites due to their high selectivity for microbial cell structures over
mammalian cells7–11. van Oosten et al.12 recently reported a
near-infrared fluorescently labelled vancomycin for real-time
in vivo imaging of bacterial infections in a mouse myocitis model.
Similarly, Thiberville and co-workers have described
fluorescein-conjugated peptides to visualize fungal biofilms in
immunosupressed rats using fibre-based microendoscopy13.
These probes have been prepared by conjugating peptides of
interest to suitable fluorophores via chemical spacers. While such
approaches have been useful to functionalise long peptides or
proteins14, alternative strategies are needed for shorter peptides,
where relevant modifications can compromise their specificity.
Our group and others have studied the mechanism of action of
Peptide AntiFungal 26 (PAF26), a synthetic antimicrobial
hexapeptide with high affinity for fungal cells and selectivity
over bacterial and mammalian cells15,16. We envisaged that
fluorescent analogues of PAF26 would enable imaging of fungal
infection sites provided that the main recognition features of
PAF26 remained unaffected after labelling. However, the
incorporation of fluorophores in short antimicrobial peptides is
challenging as chemical modifications are likely to alter the
distribution of positive charges as well as their amphipathic
character. PAF26 has a highly conserved sequence with a
C-terminal hydrophobic domain (Trp–Phe–Trp) and an
N-terminal cationic domain (Arg–Lys–Lys) that are essential
to exert its antifungal action. Site-specific peptide labelling
can be achieved by incorporation of amino acids with bio-
orthogonal17–20 or fluorogenic groups21–23. Fluorogenic amino
acids are advantageous in that they provide high signal-to-noise
ratios without the need for washing or additional labelling steps.
A number of fluorogenic amino acids have been reported24–26,
but most exhibit inherent limitations as fluorophores
(for example, short emission wavelengths, low extinction
coefficients and compromised cell permeability). We have
developed a spacer-free fluorogenic amino acid based on the
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) scaffold,
and incorporated it in the hydrophobic domain of PAF26 to
maintain the recognition features of the peptide while providing
an excellent reporter of the interaction with fungal cells. This
innovative approach has rendered fluorogenic BODIPY-labelled
antimicrobial peptides as highly stable probes to image
A. fumigatus directly in ex vivo human tissue.

Results
Design and synthesis of a Trp-BODIPY fluorogenic amino acid.
BODIPY is a fluorescent structure with excellent cell
permeability and photophysical properties27,28. Moreover, the

BODIPY scaffold can be derivatized with radioisotopes to prepare
multimodal agents for both optical imaging and positron
emission tomography29,30, enabling quantitative whole-body
imaging with high sensitivity31,32. Multimodal agents, which are
designed to be compatible with complementary imaging
modalities, are excellent tools to achieve good spatial resolution
and specificity without compromising high sensitivity33. Despite
the numerous BODIPY derivatives described to date34–38, there
are no reports of BODIPY-based fluorogenic amino acids.
Environmentally sensitive fluorogens can be prepared by direct
conjugation of the BODIPY core to electron-rich groups leading
to photo-induced electron transfer quenching39–41. We envisaged
that the direct coupling of the indole group of Trp to the BODIPY
core would render a fluorogenic amino acid with potential to
replace Trp in the preparation of fluorogenic antimicrobial
peptides. Our group has recently described some Pd-catalysed
C-H activation42–44 as an efficient way to arylate the indole C2

position45 of Trp and prepare Trp-derivatized peptides and
peptidomimetics46–48. In this way, we synthesized two BODIPY
iodide derivatives (1 and 2, Fig. 1a) in good yields using our
recently developed procedures and assessed their reactivity in
Pd-catalysed C2-arylation of Fmoc-Trp-OH. Notably, only the
conjugate 3 was obtained from the m-iodophenyl-BODIPY (2)49,
while the corresponding p-iodophenyl 1 was unreactive, reflecting
electronic preferences (Fig. 1a and Supplementary Discussion).
We further optimized the gram-scale synthesis of 3 using
microwave-assisted irradiation to readily isolate the fluorogenic
amino acid as a solid stable compound with 74% yield,
suitably protected to be directly used in solid-phase peptide
synthesis (SPPS).

Synthesis and evaluation of fluorogenic antifungal peptides.
The amino acid 3 displayed characteristic absorption and
emission wavelengths of BODIPY probes as well as very high
extinction coefficients (Fig. 1a, Supplementary Figs 1,2). Next we
evaluated the properties of 3 as a fluorogenic probe and its
potential to report interactions of antimicrobial peptides with
fungal cells. Many antimicrobial peptides, including PAF26,
recognize molecular components of the microbial cell membrane
and accumulate in lipophilic intracellular compartments.
Therefore, we examined the fluorescence spectra of 3 in phos-
pholipid bilayer membranes that mimic such microenvironments.
As shown in Fig. 1b, the BODIPY core embedded in 3 displayed
remarkable fluorogenic behaviour with strong fluorescence
emission upon binding to phospholipid membranes. In view of
the properties of 3 as a fluorogenic surrogate of Trp, we prepared
fluorogenic derivatives of PAF26 by SPPS. Since the sequence of
PAF26 (4, Fig. 2a) contains two Trp residues, we synthesized all
three possible combinations (5–7, Fig. 2a) to assess the impact of
the amino acid 3 at different positions of the antimicrobial
peptide. The amino acid 3 proved to be fully compatible with
SPPS as it tolerates standard Fmoc deprotection and coupling
conditions as well as mildly acidic (that is, 1% trifluoroacetic acid)
cleavage cocktails for acid-labile solid supports (for example,
Sieber amide and chlorotrityl-based polystyrene resins) without
observing any degradation (Supplementary Methods and
Supplementary Fig. 20). Being mildly acidic conditions harmless
to the BODIPY core50, peptides 5–7 were prepared using
conventional SPPS protocols in a Sieber amide polystyrene
resin. Molecular simulation models of both labelled and
non-labelled peptides corroborated that the introduction of
BODIPY scaffolds in the hydrophobic domain of PAF26 did
not disrupt the conformation and hydrogen bonding pattern of
the original peptide (Supplementary Fig. 3). Next we determined
the activity of the peptides 4–7 in A. fumigatus as well as in
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bacterial strains and human RBCs as an indication of their
affinity for both microbial and human cells. We included
Klebsiella pneumoniae, Escherichia coli and Pseudomonas
aeruginosa as clinically relevant bacterial strains commonly
found in hospitalized pulmonary infections51. Likewise, we
tested the activity of 4–7 in human RBCs, because positively
charged peptides are potential haemolytic agents52. Remarkably,
the incorporation of 3 in the hydrophobic domain of PAF26
rendered peptides (5–7) with slightly higher affinity for
A. fumigatus than the non-labelled PAF26 peptide (4) (Fig. 2b
and Supplementary Fig. 4). The marginal activity of PAF26 in
bacterial and human cells was also maintained in all fluorogenic
analogues (Fig. 2b, Supplementary Figs 5,6). Altogether, these
results validate the direct C-C conjugation of BODIPY fluorogens
to the C2 position of the indole ring of Trp as a novel labelling
approach with minimal interference in the molecular recognition
properties of PAF26 while providing a suitable tag to report the
interaction with A. fumigatus.

Imaging Aspergillus fumigatus in co-culture with human cells.
Peptides 5–7 exhibited similar spectral properties to 3 with an
equally strong fluorogenic behaviour in phospholipid membranes
(Fig. 2c and Supplementary Fig. 7). Double-labelled peptide 7
displayed a weaker fluorescence response than mono-labelled
peptides (5, 6), partially due to the self-quenching derived from
two neighbouring BODIPY fluorophores. In view of the excellent
properties of 5-7 as fungi-targeting fluorogenic peptides, we
evaluated them as live cell imaging agents of A. fumigatus.
Peptides 5 and 6 brightly stained fungal cells, whereas 7 showed
significantly weaker fluorescence, in accordance with its lower
fluorogenicity (Fig. 2c). As negative controls, we assessed the
activity and imaging properties of fluorogenic derivatives of
PAF26 replacing some of the key residues for their interaction
with fungal cells53. Peptide 5a, which lacks the hydrophilic
domain of PAF26, showed poor activity and staining in
A. fumigatus (Supplementary Fig. 8). Similar results were
obtained when we examined the activity and staining properties
of the single BODIPY amino acid 3 (Supplementary Fig. 8).
We also synthesized peptide 5b, including less non-polar residues
in the hydrophobic domain, which exhibited reduced activity
and brightness in A. fumigatus (Supplementary Fig. 8).
These observations confirmed the importance of embedding

the amino acid 3 within the full amphipathic sequence of
PAF26 in order to efficiently interact with the cell membrane of
A. fumigatus.

We further used peptide 5 to image live A. fumigatus in
co-cultures with human lung epithelial cells. As shown in Fig. 2d,
the fluorogenic properties of 5 enabled direct live fungal cell
imaging without the need of any washing steps. Furthermore, we
counterstained lung epithelial cells with the red fluorescent dye
Syto82 and performed plot profile analysis to confirm that 5
specifically labelled A. fumigatus without staining human lung
epithelial cells (Fig. 2d).

Probe optimization for direct ex vivo tissue imaging. Direct
tissue imaging of infection sites is often hampered by the high
concentration of proteolytic enzymes54, which can compromise
the integrity of imaging agents. Hence, we decided to examine the
chemical stability of peptide 5 in human bronchoalveolar lavages
from patients with acute respiratory dystress syndrome to assess
the potential for ex vivo human tissue imaging. The linear peptide
5 was rapidly degraded in human lavages with a half-life shorter
than 60 min (Fig. 3a, Supplementary Figs 9,10). To enhance the
stability required for direct ex vivo imaging in human pulmonary
tissue, we synthesized 8 as the corresponding BODIPY-labelled
cyclic analogue (Fig. 3b). Cyclic peptides do not contain free
N- and C-terminal groups, leading to increased resistance to
degradation by proteases55,56. We synthesized compound 8 using
2-chlorotrityl polystyrene resin, which enabled the preparation
and subsequent cleavage of the protected linear peptide under
mild acidic conditions (Supplementary Fig. 11). Head-to-tail
cyclization was performed in solution with 87% yield using
HATU as the coupling reagent. We optimized the reaction
conditions to remove all the protecting groups without affecting
the BODIPY scaffold. Reduction of the protected peptide in H2

atmosphere with Pd(OH)2/C using mild acidic conditions led to
the desired product with yields around 60% and purities over
90%. The peptide 8 showed around two-fold enhanced affinity for
fungal cells compared with peptide 5, and maintained very high
selectivity over bacteria and human cells (Fig. 2b). A similar
activity profile was observed for peptide 9, the non-labelled
analogue of peptide 8 (Supplementary Fig. 8). Peptide 9 showed
slightly enhanced affinity for A. fumigatus when compared with

H
yd

ro
ph

ob
ic

ity

a b

20,000

15,000

10,000

5,000

0
480

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 (R

F
U

)

510 540

Wavelength (nm)

570 600

HN

N
H

OHO

Fmoc N
H

NH

OH

O

Fmoc

N
B

N

F F

N
B

N

F F

I

N
B

N
+

+

+

–

–

–

F F

I

1

2

3

� abs./em.: 503/517 nm
QY (PBS): 0.03

QY (membranes): 0.22
�: 121,000 M–1 cm–1

Pd(OAc)2 (0.05 eq)
AgBF4 (1.0 eq)

TFA (1.0 eq), DMF
MW 80 °C, 20'

X NR

Figure 1 | A Trp-BODIPY fluorogenic amino acid. (a) Synthetic scheme and spectral properties of the Trp-BODIPY fluorogenic amino acid 3 (NR: no

reaction). (b) The amino acid 3 displays strong fluorogenic behaviour in phospholipid membranes. Spectra of compound 3 (10mM) were recorded after

incubation with PC:cholesterol (7:1) liposome suspensions in PBS ranging from 3.75 to 0.004 mg ml� 1 of PC in two-fold serial dilutions, lexc.: 450 nm. PBS

alone was used as a negative control for a non-hydrophobic environment. On the right-hand side, pictures of the fluorescence emission of 3 under excitation

with a 365 nm UV-lamp in PC:cholesterol liposome suspensions with increasing PC content (from top to bottom: 3.75, 1.88, 0.94, 0.47, 0.23 and 0 (only PBS)

mg ml� 1 of PC).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10940 ARTICLE

NATURE COMMUNICATIONS | 7:10940 | DOI: 10.1038/ncomms10940 | www.nature.com/naturecommunications 3

91

http://www.nature.com/naturecommunications


the linear PAF26 sequence (4), and maintained high selectivity
over bacteria and human RBCs (Supplementary Fig. 8). These
observations are in line with the fact that peptide cyclization can
restrict conformational flexibity, which often leads to enhanced
affinity and activity57. Preliminar NMR analysis of 8 showed no
evidence of relevant structural modifications with respect to the
non-labelled peptide 9, in agreement with molecular simulations
(Supplementary Fig. 3). Importantly, the peptide 8 remained
intact after 24 h in human bronchoalveolar lavages from patients
with acute respiratory dystress syndrome (Fig. 3a, Supplementary
Figs 9,10). The peptide 8 also displayed stronger fluorogenic
response than the linear peptides (5,6) and remarkable
fluorescence emission in phospholipid membranes with
quantum yields reaching 30% (Supplementary Figs 12,13). In
addition to A. fumigatus, we examined the ability of peptide 8 to
stain different fungal strains (Supplementary Fig. 14). While we
observed slight differences in fluorescence intensity between
strains, peptide 8 stained most fungal cells, indicating its potential
as a probe for imaging fungal infection sites of variable origin. We
also employed 8 to image A. fumigatus that had been pre-treated
or not with an excess of non-labelled PAF26 (4) (Supplementary

Fig. 15 and Supplementary Movies 1,2). Cells that were
pre-treated with compound 4 showed significantly lower
staining when exposed to the same concentration of peptide 8,
confirming the specificity of our fluorogenic cyclic structure. We
also confimed that the peptide 8 brightly stained A. fumigatus in
co-cultures with human lung epithelial cells (Supplementary
Fig. 16). All these observations assert the cyclic peptide 8 as a
fluorogenic probe with high stability in lavage samples from
patients with multi-system respiratory disease and potential for
direct ex vivo imaging of A. fumigatus in human pulmonary
tissue.

Ex vivo imaging of Aspergillus fumigatus in human tissue. Next
we employed the peptide 8 for high-resolution imaging of
A. fumigatus. Time-lapse imaging showed the fluorogenic
response of 8 upon interaction with the fungal cell membrane and
after being internalized and accumulated in lipid-rich
intracellular compartments (Fig. 3d and Supplementary Movie 3).
The kinetic analysis shows that the peptide 8 labelled fungal cells
very rapidly, within few minutes after addition of the probe and
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Figure 2 | Fluorogenic peptides for live cell imaging of A.fumigatus in co-culture with human lung epithelial cells. (a) Chemical structures of non-

labelled and fluorogenic linear peptides (4-7), highlighting the two conserved hydrophilic (grey) and hydrophobic (black) domains of Peptide Antifungal 26

(PAF26). (b) Activity of antimicrobial peptides in A. fumigatus, several bacterial strains and in human RBCs.[1] IC50 (mM) values represented as

means±s.e.m. from n¼ 3, [2] cell viability upon 16 h incubation with 4–8 at their respective IC50 concentrations (n¼ 3), [3] cell viability upon 1 h

incubation with 4–8 at their respective IC50 concentrations (n¼ 3). (c) Fluorogenic behaviour of 5–7 (10mM) in phosphatidylcoline (PC):cholesterol (7:1)

liposome suspensions in PBS ranging from 3.75 to 0.004 mg ml� 1 of PC in two-fold serial dilutions (lexc.: 450 nm), and wash-free live cell images of A.

fumigatus at 37 �C using fluorescence confocal microscopy after incubation with peptides 5–7 (5 mM). Scale bar, 20mm. (d) Peptide 5 (5mM, green) and

Syto82 (2.5 mM, red counterstain for lung epithelial cells) were incubated in co-cultures of A. fumigatus and human lung A549 epithelial cells and imaged

under a fluorescence confocal microscope at 37 �C without any washing steps. Fluorescence staining of 5 (A), Syto82 (B), merged (C) and plot profile

analysis (D) of peptide 5 (green) and Syto82 (red) from image C. Scale bar, 10mm.
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without requiring any washing steps (Fig. 3c). Moreover, the
peptide 8 showed no cytotoxicity in lung epithelial cells, even at
high concentrations (Supplementary Fig. 17). In view of these
properties, we employed the peptide 8 for direct imaging of

A. fumigatus in human pulmonary tissue using multi-photon
microscopy. In order to confirm the specific staning of 8, we
employed a transgenic strain of A. fumigatus expressing red
fluorescent protein (RFP) in the cytoplasm. As shown in Fig. 4a,
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Figure 4 | Multi-photon fluorescence microscopy of ex vivo human pulmonary tissue after incubation with RFP-expressing A. fumigatus. (a) Multi-
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the peptide 8 (green) clearly stained RFP-expressing A. fumigatus
(red), which confirmed the selectivity of our probe. Multi-photon
excitation enabled the acquisition of second harmonic generation
(cyan) from the collagen structures of the fibrilar network
of human pulmonary tissue. Furthermore, the examination of
these samples by fluorescence lifetime imaging revealed that
autofluorescent human tissue structures (for example, collagen
and elastin)58, which could potentially overlap with the emission
of BODIPY fluorogens, are readily distinguished from 8-stained
A. fumigatus by their fluorescence lifetimes (Fig. 4b). Altogether,
these results validate our fluorogenic BODIPY-labelled cyclic
peptide 8 as a highly stable imaging agent for direct and
straightforward visualization of A. fumigatus in human tissue.

Discussion
Peptides are excellent scaffolds for the development of imaging
agents due to the highly specific molecular interactions with their
respective targets. Since most peptides do not contain chemical
groups that enable their direct visualization, they often need to be
modified with reporters (for example, fluorophores) or reactive
groups (for example, aldehydes, azides, alkynes and tetrazines) for
further derivatization59. Unnatural amino acids containing bio-
orthogonal tags can be incorporated at specific sites of peptide
sequences by SPPS60. Likewise, the incorporation of genetically
encoded unnatural amino acids in response to nonsense or
frameshift codons has opened the possibility to synthesize protein
and peptide structures with reactive groups for subsequent
modification61. Bio-orthogonal approaches typically involve
two-step labelling processes including a conjugation reaction
(for example, ‘click’ chemistry) followed by the removal of excess
labelling agent. Recent advances in bio-orthogonal chemistry
have led to fluorogenic labelling agents that emit a signal only
after conjugation, thus reducing background fluorescence and
washing steps62,63. Alternatively, and most commonly, peptides
are derivatized by incorporation of fluorophores into their
sequence so they can be directly used for imaging. Since
fluorophores are typically bulkier structures, it is imperative
that they are introduced at specific positions of the sequence
without impairing the molecular recognition properties of the
peptide. Many conjugation methods to attach fluorophores to
peptides involve a chemical spacer and rely on the reactivity of
polar groups (that is, amines, carboxylic acids, thiols, alcohols);
however, these modifications often disrupt the hydrogen bonding
pattern of the original peptide, having a detrimental effect on its
biological properties.

In the present work, we have engineered a methodology to
prepare fluorogenic peptides that relies on a unique Trp-BODIPY
derivative (3, Fig. 1), which mimics the molecular interactions of
the native Trp. The incorporation of a BODIPY group into the C2

position of Trp via a spacer-free C-C linkage does not affect the
conformation and molecular interactions of the native amino
acid, and introduces a fluorogenic tag that emits only in
hydrophobic environments (Fig. 1). To assess the compatibility
of our approach with SPPS and validate its utility to prepare
peptide-based agents for imaging of fungal infection, we
derivatized the antimicrobial hexapeptide PAF26, which shows
high affinity for the membrane of fungal cells. PAF26 is
an amphipathic peptide with highly conserved C-terminal
hydrophobic and N-terminal cationic domains that are essential
to exert its antifungal action16. Therefore, the derivatization of
PAF26 is not straightforward since conventional labelling might
alter the distribution of positive charges or its amphipathic
character, resulting in a loss of activity and selectivity.

Analogues of PAF26 incorporating the fluorogenic amino acid
3 at specific sites in their sequence were prepared by SPPS and
showed no impairment of the affinity and selectivity of the

original peptide for fungal cells (Fig. 2). Our fluorogenic peptides
were used for real-time imaging of several fungal pathogens,
namely Fusarium oxysporum, Candida albicans, Cryptococcus
neoformans and A. fumigatus, suggesting a potential common
target for different fungal strains (Supplementary Fig. 14). Given
that A. fumigatus is the fungal pathogen responsible for IPA, a
highly fatal disease in immunocompromised patients, we focused
our imaging studies in this fungal strain.

Notably, the minimal fluorescence background in aqueous
media and strong fluorogenic behaviour of our probes enabled
their use for direct and wash-free imaging of A. fumigatus (Fig. 2).
Competition experiments with the corresponding non-labelled
analogues and comparative studies with non-antifungal
negative controls—lacking key residues for the interaction at
fungal cells—confirmed the specificity of our PAF26-derived
fluorogenic peptides (Supplementary Figs 8,15).

A major advantage of our methodology is its wide applicability
to bioconjugation and peptide chemistry. The fluorogenic amino
acid 3 and its peptide derivatives are compatible with most
Fmoc-based SPPS protocols as they tolerate standard
deprotection and coupling conditions as well as mildly acidic
(that is, 1% trifluoroacetic acid) cleavage cocktails without
observing any degradation. Whereas the precise impact of the
amino acid 3 in the molecular recognition properties of labelled
sequences needs to be examined on a case-by-case basis, we
observed similar activities for labelled and non-labelled peptides
in a relatively broad range of short antimicrobial sequences,
which confirms the ability of the Trp-BODIPY amino acid 3 to
behave as a Trp surrogate (Fig. 2 and Supplementary Fig. 8).

With these peptides being promising imaging agents for in situ
detection of fungal pathogens in clinically relevant samples, we
optimized their chemical stability to image A. fumigatus in ex vivo
human pulmonary tissue. Our optimization studies yielded
peptide 8 as a highly fluorogenic cyclic structure with bright
fluorescence emission in fungal cells and excellent chemical
integrity in samples with high proteolytic activity (Fig. 3 and
Supplementary Figs 9,16). The excellent properties of 8 enabled
its use in multi-photon and lifetime imaging for the direct
visualization of A. fumigatus in ex vivo human tissue and its
discrimination from autofluorescent tissue structures (Fig. 4).

Given that the fluorogenic amino acid 3 can be readily
incorporated and has general applicability to both linear and
cyclic peptides, we envisage that the introduction of our
spacer-free BODIPY fluorogen in relevant peptides will become
a transformative methodology to develop peptide-based imaging
probes with high sensitivity and specificity. Furthermore, the
extension of our methodology to other aromatic amino acids will
create numerous opportunities for minimally invasive peptide
tagging using synthetically available building blocks.

Methods
Chemical synthesis and characterization. Synthetic procedures and chemical
characterization (NMR and high-performance liquid chromatography analysis) for
all the probes are included in the Supplementary Information (Supplementary
Figs 18–25).

In vitro spectral measurements. Spectroscopic and quantum yield data were
recorded on a Synergy HT spectrophotometer (Biotek). Compounds were dissolved
at the indicated concentrations and spectra were recorded at room temperature.
Spectra are represented as means from at least two independent experiments with
n¼ 3. Quantum yields were calculated by measuring the integrated emission area
of the fluorescence spectra and comparing it to the area measured for fluorescein in
basic ethanol as reference (QY: 0.97). Phosphatidylcoline (PC)-based liposome
suspensions were purchased from Clodronateliposomes (Netherlands) and were
prepared as previously reported64.

IC50 determination in Aspergillus fumigatus. The A. fumigatus (strain CEA10,
source: FGSC A1163) was grown on Vogel’s medium at 37 �C for 5 days before

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms10940

6 NATURE COMMUNICATIONS | 7:10940 | DOI: 10.1038/ncomms10940 | www.nature.com/naturecommunications

94

http://www.nature.com/naturecommunications


the spores (conidia) were harvested. Peptides 4–8 were incubated at different
concentrations with A. fumigatus conidia to reach a final volume of 100 ml per well.
The final conidia concentration was 5� 105 cells ml� 1 in 10% Vogel’s medium.
After 24 h incubation at 37 �C in 96 well-plates, fungal growth was determined by
measuring OD610nm in a spectrophotometer. IC50 values were determined using
four parameter logistic regression. Data is represented as means±s.e.m from at
least three independent experiments with n¼ 3.

Cell culture of fungal strains. Neurospora crassa (strain 74-OR23-1VA, source:
FGSC 2489) was grown on standard Vogel’s agar (Vogel, 1956) at 25 �C under
constant artificial light for 5 days. Conidia were collected using sterile dH2O and
then diluted in 20% Vogel’s liquid medium for imaging. F. oxysporum (strain 4287,
source: FGSC 9935) was grown in liquid potato dextrose broth (PDB) at 28 �C with
shaking. Conidia were re-suspended in 20% Vogel’s liquid medium and imaged
after incubation for 12 h at 30 �C. Can. albicans (strain SC5314, source: ATCC
MYA-2876) was grown on yeast peptone dextrose liquid medium at 30 �C for 12 h
with shaking and then diluted using minimal medium (0.7% yeast nitrogen base
plus 2% glucose) before imaging. Cry. neoformans (strain H99, source: FGSC 9487)
was grown on yeast peptone dextrose agar at 30 �C for 3 days. To collect the cells
for imaging, a single colony 1-2 mm in diameter was re-suspended in PBS and
washed once with fresh PBS before imaging.

In vitro measurements of antimicrobial activity. P. aeruginosa (ATCC 47085),
K. pneumoniae (ATCC BAA1706) and E. coli (ATCC 25922) were grown on
Lysogeny Broth (LB) agar plates and stored at 4 �C. For assays, a single colony of
bacteria was taken into 10 mL liquid broth and incubated at 37 �C for 16 h.
Cultures were centrifuged at 4,000 r.p.m. for 5 min and the pellet was re-suspended
in 1 ml of fresh PBS and washed three times. Cultures were reconstituted to 1.0
OD595 nm, then diluted 1:1,000 and incubated with compounds 4–8 at the indicated
concentrations (that is, concentrations matching the IC50 values in A. fumigatus for
all compounds, except for compounds 3 and 5a where a top concentration of
20mM was used). Cell viability was monitored over 16 h by measuring OD600 nm in
a spectrophotometer. Data is represented as % of cell viability as means from at
least two independent experiments with n¼ 3.

Determination of haemolytic activity. Erythrocytes were isolated from freshly
drawn, anticoagulated human blood and diluted in PBS (1:5). An amount of 50 ml
of erythrocyte suspension was added to 50 ml of compounds 4–8 at the indicated
concentrations (that is, concentrations matching the IC50 values in A. fumigatus for
all compounds, except for compounds 3 and 5a where a top concentration of
20mM was used). 0.2% Triton X-100 was used as positive control and PBS as
negative control. The plate was incubated at 37 �C for 1 h, each well was diluted
with 150 ml of PBS and the plate was centrifuged at 1,200g for 15 min. A total of
100ml of the supernatant from each well was transferred to a fresh plate, and the
absorbance at 350 nm was measured in a microplate reader. Data is represented as
% of cell viability as means from three independent experiments with n¼ 3.

Confocal microscopy of Aspergillus fumigatus and human cells. Human lung
A549 epithelial cells (ATCC CCL-185) were grown using DMEM supplemented
with 10% fetal bovine serum (FBS), antibiotics (100 U ml� 1 penicillin and
100 mg ml� 1 streptomycin) and 2 mM L-glutamine in a humidified atmosphere at
37 �C with 5% CO2. A549 cells were regularly passaged in T-75 cell culture flasks.
A. fumigatus was grown on standard Vogel’s agar at 37 �C for 5 days. Conidia were
collected using 0.05% Tween 80, re-suspended in 20% Vogel’s liquid medium and
incubated for 12 h at 25 �C. For co-cultures, human lung epithelial cells were plated
on glass chamber slides Lab-Tek II (Nunc) 2 days before imaging and incubated for
16 h with A. fumigatus conidia reaching 75–90% confluence on the day of the
experiment. For imaging experiments, cells were incubated for 15 min at 37 �C with
compounds 5–8 (5 mM for compounds 5–7 and 2 mM for compound 8) and imaged
without washing in phenol red-free DMEM under a Zeiss LSM 510 META
fluorescence confocal microscope equipped with a live cell imaging stage.
Fluorescence and bright-field images were acquired using � 40 or � 63 oil
objectives. Fluorescent probes were excited with 488 nm (compounds 5–8) or
543 nm (Syto82) lasers. Confocal microscopy images were analysed and processed
with ImageJ. Quantitative analysis of mean fluorescence intensities in competition
experiments was performed with Imaris by calculating the mean intensity of each
hyphae as independent regions of interests. For competition assays, all images were
acquired and analysed using exactly the same conditions.

Chemical stability in human bronchoalveolar lavages. Peptides 5 and 8 (20 mM)
were dissolved in human bronchoalveolar lavage samples (total volume: 100 ml) and
incubated at 37 �C for the indicated times. Samples were injected into an
high-performance liquid chromatography Agilent 1100 separations module
connected to a UV detector with a Discovery C18 column (5mm, 4.6� 50 mm).
Matrix-assisted laser desorption/ionization data was recorded on a Bruker Ultraflex
mass spectrometer using sinapinic acid as the matrix.

Multi-photon imaging in ex vivo human tissue. Ex vivo human lung tissue
experiments were approved by the NHS Lothian Tissue Governance Committee
and Regional Ethics Committee (REC reference: ref. 13/ES/0126). Human lung
tissue was obtained from the periphery (non-cancerous) region of patients
undergoing resection for lung cancer. A 1 cm3 tissue was inflated with optimum
cutting temperature formulation and stored at � 80 �C. Embedded tissue was
cryosectioned at 10mm intervals and fixed onto glass slides for imaging.
RFP-expressing A. fumigatus conidia were grown overnight at 37 �C the day before
the experiments and incubated with human lung tissue sections for 2–3 h before
imaging. For multi-photon imaging experiments, the cyclic peptide 8 was used at a
concentration of 5 mM. A custom-built multi-photon microscope was used to
acquire second harmonic generation (SHG) and two-photon fluorescence images.
Briefly, a picoEmerald (APE) laser provided both a tunable pump laser
(720–990 nm, 7 ps, 80 MHz repetition rate) and a spatially overlapped Stokes laser
(1064 nm, 5–6 ps and 80 MHz repetition rate). GFP two-photon fluorescence
signals were filtered using the following series of filters: FF520-Di02, FF483/
639-Di01 and ET500/40m. RFP two-photon fluorescence signals were filtered using
FF520-Di02, FF757-Di01 and FF01-609/181, and SHG signals were filtered using
FF520-Di02, FF483/639-Di01 and FF01-466/40. Fluorescence lifetime images were
acquired by connecting the relevant detector to a PicoHarp 300 (Picoquant, Berlin)
and configuring the PMT for photon counting mode for TCSPC-FLIM. SHG and
GFP images were taken with the laser tuned to 950 nm and RFP images were
recorded using a 1,064 nm laser. Lifetime images were recorded at 20 mW with a
10 ms pixel dwell using the SymPhoTime software (Picoquant). All images were
analysed and processed using ImageJ.
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Selected Supplementary Figures 
 

Spectral properties of compound 3.  
 

 

Supplementary Figure 1. Spectral characterisation of 3. A) Absorbance and B) emission spectra 

(exc.: 450 nm) of compound 3. 

 

 

Supplementary Figure 2. Determination of extinction coefficient of 3. Solutions of 3 were prepared in ethanol 

and their optical densities were measured at 500 nm in a NanoDrop 1000 spectrophotometer. Data 

represented as means ± s.e.m. (n=3). 
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Molecular simulation models of labelled and non-labelled peptides. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplementary Figure 3. A) Optimised geometries of fluorogenic linear peptides 5-7 and the 

corresponding non-labelled linear peptide 4. B) Optimised geometries of the fluorogenic cyclic peptide 

8 and the corresponding non-labelled cyclic peptide 9 (for structure see Supplementary Fig. 8). All 

simulations were generated by the Spartan ’14 suite using Molecular Mechanics (MMFF94) and 

Semi-Empirical (AM1) methods.* 

 
 
 
 
 
 
 
 
 
 
 
 

* Spartan’14 for Windows, Macintosh and Linux, version 1.1.4, wavefunction, inc. www.wavefun.com. 
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Antimicrobial and haemolysis assays.  

 

Supplementary Figure 4. Determination of IC50 values of BODIPY-labelled peptides 5-8 in A. 

fumigatus. Cell viability plots and non-linear regressions for peptides 5 (A), 6 (B), 7 (C) and 8 (D). 

Peptides were incubated at different concentrations with A. fumigatus conidia to reach a final volume 

of 100 μL per well. The final conidia concentration was 5 × 10
5
 cells/mL in 10% Vogel’s medium. After 

24 h incubation at 37 
o
C in 96 well-plates, fungal growth was determined by measuring the optical 

density at 610 nm. The IC50 values were determined using four parameter logistic regression. Data 

represented as means ± s.e.m (n=3). 

 

Supplementary Figure 6. Haemolytic activity of peptides 4-8 in human red blood cells (RBCs). 

Peptides 4-8 and Triton X-100 (0.2% as positive control) were incubated with human RBCs at 37 ºC 

and their viability was assessed after 1 h. Data represented as means ± s.d. (n=3). *** for p < 0.001 
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was determined as a statistically significant difference between the cell viabilities in PBS (phosphate 

buffer saline) and in Triton X-100. 

 

Stability assays.  
 

 
 

Supplementary Figure 9. Stability of cyclic (8) and linear (5) mono-BODIPY labelled peptides in 

human bronchoalveolar lavage samples from patients with acute respiratory distress 

syndrome. Peptides were incubated in human bronchoalveolar lavage samples at 37 ºC and 

analysed by HPLC at the time points indicated. Arrows point at the peaks corresponding to the intact 

linear peptide. 
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Fluorescence emission of peptides upon incubation with A. fumigatus 
 

 

Supplementary Figure 13. Fluorescence emission of mono-BODIPY labelled peptides 5, 6 

(linear) and 8 (cyclic) upon incubation with A. fumigatus. Peptides 5, 6, and 8 were incubated in 

PBS (phosphate buffer saline) alone or in suspensions of A. fumigatus in PBS (exc.: 485 nm; em.: 

515 nm). Data represented as means ± s.d. (n=3). ** for p < 0.01 and *** for p < 0.005 were 

determined as statistically significant differences between the fluorescence emission values in PBS 

and in suspensions of A. fumigatus in PBS. 

 
 

Competition experiments between 8 and PAF26 (4). 
 

 
Supplementary Figure 15. Fluorescence images of A. fumigatus after incubation with the 

peptide 8 without and with pre-treatment of PAF26 (4). Peptide 8 (2 M) was incubated for 15 min 

in A. fumigatus that had been not pre-treated (a) or pre-treated with PAF26 (3 M) for 30 min (b). 

Images were taken under a confocal microscope at 37 °C. For 3D representations, see 

Supplementary Movies 1 and 2. Scale bar: 10 m. c) Mean fluorescence intensity values were 

determined using the software Imaris (for details, see Methods) and represented as means ± SD. * for 

p < 0.05 was determined as a statistically significant difference between PAF26 pre-treated and not 

pre-treated A. fumigatus. 
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Cell viability assays. 
 
Cell viability was determined with a TACS® MTT Cell Proliferation assay (Trevigen) according to the 

manufacturer’s instructions. Briefly, human lung A549 epithelial cells were plated on 96-well plates the 

day before the experiment, reaching 90-95% confluence on the day of the experiment. The peptide 8 

was added to the cells at different concentrations (0, 1.25, 2.5, 5 and 10 M) and incubated at 37 ºC 

for 4 h. After 4 h, cells were washed, treated according to the manufacturer’s instructions and their 

absorbance values (570 nm) were measured in a Synergy HT spectrophotometer (Biotek). Cell 

viability data was normalised to the proliferation of cells without addition of the peptide 8. 

 

Supplementary Figure 17. Cell proliferation assays. Viability of human lung A549 epithelial cells 

after incubation with different concentrations of the peptide 8. Data represented as means ± s.d. with 

n=4. No significant differences (p > 0.05) were determined between the control and any of the 

treatments. 
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Selected Supplementary Methods 
 

Experimental procedures and characterisation data of selected compounds. 

 

4,4-Difluoro-8-(3-iodophenyl)-1,3,5,7-tetramethyl -4-bora-3a,4a-diaza-s-indacene (2). 

3-iodobenzaldehyde (500 mg, 2.2 mmol) was dissolved in anhydride DCM (50 mL) under N2. Then, 

2,4-dimethylpyrrole (492 μL, 4.8 mmol) and three drops of TFA were added and the reaction was 

stirred overnight at r.t in N2 atmosphere or until the consumption of the aldehyde was complete (TLC). 

DDQ (490 mg, 2.2 mmol) dissolved in DCM (20 mL) was added dropwise (10-15 min) to the reaction 

mixture and the reaction was stirred for 15 min at r.t. Finally, TEA (4 mL, 45 mmol) and BF3OEt2 (4 

mL, 30 mmol) were added and the mixture stirred for 3 h. Workup was done by diluting with DCM (50 

mL) and washing with H2O (4 x 100 mL). The organic layers were combined, dried over sodium 

sulfate, filtered and concentrated under vacuum. The crude was purified via flash column 

chromatography using and DCM/hexane gradient on silica gel. The expected compound was isolated 

as a red amorphous solid (401 mg, 41%). 

Characterisation data: 
1
H NMR (400 MHz, CDCl3): δ 7.76 (dt, J = 7.7, 1.5 Hz, 1H), 7.62 (t, J = 1.6 Hz, 

1H), 7.24 – 7.20 (m, 1H), 7.19 – 7.14 (m, 1H), 5.92 (s, 2H), 2.48 (d, J = 1.3 Hz, 6H), 1.36 (s, 6H); 
13

C 

NMR (100 MHz, CDCl3): δ 155.9, 142.9, 139.3, 138.0, 137.1, 136.8, 130.7, 127.3, 121.5, 94.3, 14.7, 

14.6 (one quaternary carbon signal not seen); HRMS (m/z): [M+H]+ calcd. for C19H18BF2IN2, 

451.0654; found, 451.0651. 

 

Fmoc-Trp(C2-BODIPY)-OH (3). 
 
Fmoc-Trp-OH (100 mg, 0.234 mmol), 2 (1.5 eq., 158 mg, 0.352 mmol), AgBF4 (1.0 eq., 46 mg, 0.234 

mmol), TFA (1.0 eq., 18 μL, 0.234 mmol) and Pd(OAc)2 (0.05 eq., 2.6 mg, 0.0117 mmol) were placed 

in a microwave reactor vessel in 1.8 mL DMF. The mixture was heated under microwave irradiation 

(250 W) at 80°C for 20 min. EtOAc was added and the resulting suspension was filtered through 

Celite and concentrated under vacuum. The resulting crude was purified by flash column 

chromatography using and EtOAc/hexane gradient on silica gel. The expected adduct was isolated as 

a red solid (130 mg, 74%). 
 
Characterisation data: 

1
H NMR (400 MHz, CDCl3): δ 8.12 (s, 1H), 7.69 – 7.56 (m, 4H), 7.48 (t, J = 

7.7 Hz, 1H), 7.41 (t, J = 1.7 Hz, 1H), 7.37 (d, J = 4.9 Hz, 2H), 7.30 (t, J = 8.0 Hz, 3H), 7.25 – 7.21 (m, 

1H), 7.20 – 7.13 (m, 3H), 7.07 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 5.90 (s, 1H), 5.87 (s, 1H), 5.09 (d, J = 

8.0 Hz, 1H), 4.55 (d, J = 7.5 Hz, 1H), 4.17 (q, J = 10.3, 9.4 Hz, 2H), 4.01 (s, 1H), 3.44 – 3.37 (m, 1H), 

3.37 – 3.28 (m, 1H), 2.47 (s, 3H), 2.46 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H); 
13

C NMR (100 MHz, CDCl3): 

δ 174.8, 163.1, 156.0, 155.9, 143.9, 143.2, 141.4, 140.7, 136.1, 136.0, 135.1, 133.9, 131.5, 130.1, 

129.1, 128.8, 127.9, 127.8, 127.2, 125.2, 123.2, 121.6, 120.5, 120.1, 119.3, 111.2, 108.2, 67.2, 47.2, 

36.9, 28.0, 14.8, 14.7; HRMS (m/z): [M+Na]
+
 calcd. for C45H39BF2N4O4, 771.2930; found, 771.2925. 

 

General procedures for SPPS.
  
All peptides were manually synthesized in polystyrene syringes fitted 

with a polyethylene porous disc using Fmoc-based SPPS. Solvents and soluble reagents were 

removed by suction. The Fmoc group was removed with piperidine-DMF (1:4) (1 × 1 min, 2 × 5 min). 

Peptide synthesis transformations and washings were performed at r.t.  
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Resin loading (only for 2-chlorotrityl polystyrene resin). Fmoc-AA-OH (1 eq.) was attached to the resin 

(1 eq.) with DIPEA (3 eq.) in DCM at r.t for 10 min and then DIPEA (7.0 eq.) for 40 min. The 

remaining trityl groups were capped adding 0.8 μL MeOH/mg resin for 10 minutes. After that, the resin 

was filtered and washed with DCM (4 x 1 min), DMF (4 x 1 min). The loading of the resin was 

determined by titration of the Fmoc group. Peptide elongation. After the Fmoc group was removed, 

the resin was washed with DMF (4 x 1 min), DCM (3 x 1 min), DMF (4 x 1 min). Unless otherwise 

noted, standard coupling procedures used DIC (3 eq.) and OxymaPure (3 eq.) in DMF for 1 h and 5-

min of pre-activation. The completion of the coupling was monitored by the Kaiser test. Then, the 

resin was filtered and washed with DCM (4 x 1 min) and DMF (4 x 1 min). Final cleavage (for Sieber 

amide and for 2-chlorotrityl polystyrene resins). The resin bound peptide was treated for 5 times with 

1% TFA in DCM (1 min in each treatment) and washed with DCM. The combined filtered mixtures 

were poured over DCM and evaporated under vacuum. Then, the residue was dissolved in ACN:H2O 

and liophilised.  

Cyclo(Arg-Lys-Lys-Trp(C2-BODIPY)-Phe-Trp-Gly) (8). The synthesis was performed on 91 mg of 

2-chlorotrityl polystyrene resin (0.94 mmol/g). Amino acid 3 (1.5 eq.) was incorporated with PyBOP 

(1.5 eq.), HOBt (1.5 eq.) and DIPEA (2.0 eq.) in DMF for 1 h. Other Fmoc amino acids (3 eq.) were 

incorporated with a 5 min pre-activation with DIC (3 eq.) and OxymaPure (3 eq.) in DMF for 1 h. After 

cleavage as described above, the protected linear peptide (119 mg, 0.073 mmol) was dissolved in 1.3 

mL of DMF (0.055 M). DIPEA (2.5 eq., 32 μL, 0.182 mmol) and HATU (1.0 eq., 28 mg, 0.073 mmol) 

were added. The solution was stirred at r.t. until the cyclisation was complete (approx. 2 h). The cyclic 

peptide was precipitated by adding H2O to the solution. The precipitate was washed with H2O, 

decanted and dried, obtaining 109 mg of crude protected cyclic peptide (87% yield). The crude 

protected macrocycle (108 mg, 0.067 mmol) and 20% Pd(OH)2-C (54 mg) were dissolved in 5% 

HCOOH/MeOH (10.8 mL), previously purged with Ar. Then, the reaction flask was flushed again with 

Ar, evacuated and filled with H2. The reaction mixture was stirred under H2 for 72 h (H2 balloons were 

refilled periodically during the reaction along with re-addition of Pd(OH)2-C (4 times). The catalyst was 

removed by filtration and the filtrate was evaporated to afford 46 mg of the crude deprotected peptide. 

The final peptide was purified by PoraPak Rxn RP 60 cc reverse phase column. Mobile phase: ACN 

(0.1% HCOOH)/H2O (0.1% HCOOH). Pure fractions were lyophilised furnishing the corresponding 

peptide. 
 
Red powder (30 mg). 
 
Characterisation data: 

1
H NMR (600 MHz, CD3OD): δ 8.55 (s, 3H), 7.89 – 7.84 (m, 1H), 7.71 (t, J = 

7.7 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.60 – 7.55 (m, 2H), 7.42 (dt, J = 8.1, 0.9 Hz, 1H), 7.40 – 7.36 

(m, 2H), 7.18 – 7.12 (m, 5H), 7.11 (s, 1H), 7.06 (m, 3H), 6.94 (m, 1H), 6.10 (s, 1H), 6.06 (s, 1H), 4.45 

(t, J = 7.4 Hz, 1H), 4.32 (d, J = 10.5 Hz, 1H), 4.25 (m, 1H), 4.17 – 4.07 (m, 2H), 4.04 (d, J = 16.5 Hz, 

1H), 4.00 (m, 1H), 3.63 (dd, J = 14.9, 9.5 Hz, 1H), 3.51 – 3.45 (m, 1H), 3.38 (m, 1H), 3.30 (1H), 3.27 – 

3.23 (m, 2H), 3.15 (dd, J = 14.2, 7.5 Hz, 1H), 3.10 (dd, J = 14.0, 5.9 Hz, 1H), 2.90 (td, J = 8.6, 4.2 Hz, 

2H), 2.72 (t, J = 7.7 Hz, 2H), 2.63 (dd, J = 14.2, 8.5 Hz, 1H), 2.51 (s, 3H), 2.50 (s, 3H), 2.09 – 1.88 (m, 

4H), 1.76 (m, 1H), 1.67 (m, 3H), 1.52 (m, 7H), 1.48 – 1.41 (m, 4H), 1.37 (m, 2H), 1.26 – 1.14 (m, 2H); 

HPLC: tR: 4.45 min (98% purity); HRMS (m/z): [M+H]
+
 calcd. for C70H86BF2N16O7, 1311.6926; found, 

1311.6864. 
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A Trp-BODIPY cyclic peptide for fluorescence labelling of 
apoptotic bodies  

Ramon Subiros-Funosas,
a,‡

 Lorena Mendive-Tapia,
b,‡

 Jesus Sot,
c
 John D. Pound,

a
 Felix M. Goñi,

c
 

Margaret Paterson,
a
 Christopher D. Gregory,

a
 Fernando Albericio,

b,d
 Ian Dransfield,

a
 Rodolfo 

Lavilla,
d,e,

* Marc Vendrell
a,

*

The rational design and synthesis of a Trp-BODIPY cyclic peptide 

for the fluorescent labelling of apoptotic bodies is described. 

Affinity assays, confocal microscopy and flow cytometry analysis 

confirmed the binding of the peptide to negatively-charged 

phospholipids associated with apoptosis, and its applicability for 

the detection and characterisation of subcellular structures 

released by apoptotic cells. 

Apoptosis is a process of programmed cell death taking place 

after severe cellular damage following specific signalling 

events. In early stages of apoptosis, molecules of 

phosphatidylserine (PS) are translocated to the outer face of 

the plasma membrane. Recent studies provide evidence that 

apoptotic cells release subcellular structures to the 

extracellular space in order to communicate with other cells.
1-5

 

These structures are membranous components that can be 

classified as exosomes, apoptotic vesicles and apoptotic 

bodies. Whereas exosomes, which range in size from 20-100 

nm, are secreted by multivesicular endosomes upon fusion 

with the plasma membrane, apoptotic vesicles (100-1000 nm) 

and apoptotic bodies (> 1000 nm) are expelled directly from 

the plasma membrane to the extracellular space. Although 

their precise mechanisms of action remain elusive, these 

structures play critical roles in many biological processes, such 

as coagulation, inflammation, tumour progression, cell 

adhesion or transfer of signalling components and genetic 

information. For instance, recent studies have validated 

tumour exosomes as important mediators in defining pre-

metastastic niches.
6,7

 As a result, subcellular vesicles secreted 

by apoptotic cells might become valuable biomarkers for 

monitoring and diagnosing several pathological conditions, 

which has prompted the development of novel methods for 

their detection and characterisation.
8
 One defining 

characteristic of apoptotic bodies is the presentation of 

negatively-charged phospholipids, such as PS, in high amounts. 

This feature has been exploited to design chemical reagents to 

monitor apoptosis in cells.
9-10

 Annexin V, a 36 kDa protein with 

high binding affinity to PS, has been widely used to monitor 

cell death in vitro.
11

 However, Annexin V-based labelling is 

limited by its high molecular weight, the formation of 

membrane lattices and its dependence on high concentrations 

of Ca
2+

, which are incompatible with many physiological 

environments. We envisaged that the development of probes 

for labelling apoptotic bodies in a Ca
2+

-independent manner 

would represent a significant advancement in the field. 

 
Figure 1 Chemical structures of peptide-based lactadherin mimics 
related to previous and the current work. 
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Scheme 1 Chemical synthetic approach for the solid-phase synthesis of the cLac-BODIPY.  

Lactadherin is a β sheet-rich glycoprotein (43 kDa) that acts as 

a bridge between phagocytic receptors (e.g. V5) and 

apoptotic cells by binding at externalised PS in a Ca
2+

-

independent manner. Based on the disposition of lactadherin 

residues upon binding to PS, Zheng and co-workers condensed 

the fundamental amino acids of the protein to prepare 

lactadherin-like small cyclic peptides (cLac-1, Fig 1).
12

 We 

envisioned that fluorescent probes of the cLac family might be 

useful tools for labelling PS-rich apoptotic bodies, given their 

high sensitivity and suitability for imaging assays.
13-14

 However, 

tagging small peptides can alter their biomolecular properties 

as most labelling methods lead to modifications in the charge 

and hydrogen bond pattern of the original sequences. Our 

group has recently optimized C-H activation synthetic 

methodologies
15-18

 to develop Trp-based BODIPY fluorogenic 

amino acids and incorporate them in bioactive peptides with 

marginal impact in their molecular recognition properties.
19

 

Since the cLac family contains one Trp residue in its original 

sequence, we designed the generation of a fluorescent cyclic 

peptide (cLac-BODIPY) for binding to PS-rich vesicles by 

replacing the natural Trp of cLac-1 with the Trp-BODIPY amino 

acid (Fig 1). Using this approach, we examined cLac-BODIPY as 

a novel probe to fluorescently label apoptotic bodies in a Ca
2+

-

independent manner.  

 

We designed the synthesis of cLac-BODIPY in solid-phase by 

selecting appropriate orthogonal protecting groups and using 

2-chlorotritylchloride polystyrene resin as the solid support, in 

order to cleave the peptide under mild acidic conditions 

without affecting the BODIPY core (Scheme 1).
20,21

 We used 

Mmt as the protective group for His and the NO2 group for Arg 

because they can be removed by mild acidic treatment and 

hydrogenation respectively,
22

 and Gln was introduced without 

any side-chain protection. Furthermore, in order to maximize 

the efficiency of the cyclisation, we designed a head-to-tail 

solid-phase approach by anchoring the peptide through the 

side chain of the Asp residue, while protecting the C-terminal 

carboxylic acid as an allylic ester. The peptide elongation was 

performed using standard conditions,
23-25

 followed by on-bead 

cyclisation. The partially-protected peptide was isolated after 

treatment with TFA: DCM (1: 99), and cLac-BODIPY was 

obtained in very high purities (> 99 %) after catalytic 

hydrogenation and reverse-phase HPLC purification [Figures 

S1-S2 in Electronic Supplementary Information (ESI)].  

 

In order to assess the properties of cLac-BODIPY and its 

affinity for PS, we measured the fluorescence spectra of cLac-

BODIPY upon incubation with layers of constant lipid content 

and different ratios of PS and phosphatidylcholine (PC). As 

shown in Figure 2, cLac-BODIPY displayed a dose-dependent 

increase of the fluorescence emission after interaction with PS, 

with very low emission in films containing only PC. 

 
Figure 2 a) Fluorescence spectra of cLac-BODIPY in films with constant lipid 
content and increasing PS: PC ratios. QY (100% PS): 0.46, QY (100% PC): 
0.08. b) Fluorescence emission of cLac-BODIPY under 365 nm in PBS 
solutions with 1 mg mL-1 PS or PC and blank. c) Ca2+-independent binding 
between cLac-BODIPY and PS ([CaCl2]: 2 mM, [EDTA]: 2.5 mM). *** for p < 
0.001, ns for p > 0.05. 
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cLac-BODIPY showed a remarkable fluorescence quantum 

yield upon binding to PS (0.46) due to the fluorogenic 

behaviour of the Trp-BODIPY reporter. Furthermore, we 

assessed the fluorescence emission of cLac-BODIPY after 

incubation with PS-containing lipid layers in the presence and 

absence of Ca
2+

. Unlike Annexin V, the interaction between 

cLac-BODIPY and PS did not show any dependence on Ca
2+

, 

which confirms the applicability of cLac-BODIPY to recognise 

PS-rich vesicles under most physiological conditions (Figure 2 

and Figure S3 in ESI).   

 

In view of the excellent features of cLac-BODIPY as a 

fluorescent reporter for PS-rich environments, we examined its 

physicochemical properties in lipid-aqueous interfaces. First, 

we determined the tensioactive potential of cLac-BODIPY by 

measuring the surface pressure of lipid-aqueous mixtures at 

different concentrations of the probe. cLac-BODIPY displayed 

remarkable tensioactivity and was able to form monolayers in 

the air-water interphase with a saturation pressure (πs) of 20.4 

mN m
-1

 (Table 1 and Fig S4 in ESI). We compared the 

behaviour of cLac-BODIPY with the non-labelled peptide cLac-

1 under the same experimental conditions, and observed that 

cLac-BODIPY displayed significantly stronger tensioactivity (Fig 

S4 in ESI), suggesting its suitability to monitor biomolecular 

changes in these interphases. These results also confirm that 

the BODIPY fluorophore is an optimal scaffold for reporting 

molecular events associated with lipid-rich environments.
26-28

 

 
Table 1 Critical surface pressure quantification assays in lipid monolayers. 

 
a
 Relative decrease in πc values when comparing PC:PS (7:3) 

monolayers (PS) to PC monolayers (PC) or PC:PG (7:3) monolayers (PG: 
phosphatidylglycine). 

 

Next we quantified the binding affinity of cLac-BODIPY for 

different phospholipids by determining the critical surface 

pressure of cLac-BODIPY in lipid monolayers with different 

composition. cLac-BODIPY incorporated into PS-containing 

monolayers (PC: PS, 7: 3) with a critical pressure of 42 mN m
-1

, 

with 15% lower affinity (36 mM m
-1

) in PC-only monolayers 

(Table 1 and Fig S5 in ESI). We extended the analysis to other 

negatively-charged phospholipids (e.g. phosphatidylglycine 

(PG), cardiolipin) that are associated with apoptotic 

processes,
29

 and observed the increased binding of cLac-

BODIPY for monolayers containing these lipids over PC-only 

monolayers (Figures S5 in ESI). This pattern suggests the 

preferential binding of cLac-BODIPY to labelling subcellular 

structures derived from apoptotic cells. We also examined the 

specificity of these interactions by analysing the behaviour of 

the non-labelled peptide cLac-1. Notably, the relative binding 

pattern of cLac-1 to the different phospholipids closely 

correlated with that observed for cLac-BODIPY (Table 1 and 

Figure S6 in ESI). This minimal impairment in the lipid 

recognition ability of the cLac-1 peptide indicates that the 

BODIPY fluorogen is optimally positioned within the cLac 

peptide sequence. Altogether, these results confirm the 

preferential binding of cLac-BODIPY to lipid domains found in 

structures released by apoptotic cells. 

 

We employed cLac-BODIPY in fluorescence microscopy 

experiments with PS-containing vesicles as well as other 

lipidated vesicles. We prepared giant unilamellar vesicles 

(GUVs) containing PC-only or PC: PS (7: 3), and incubated them 

with the same concentration of cLac-BODIPY and lissamine-

rhodamine-PE as a generic lipid stain. As shown in Figure 3, 

cLac-BODIPY displayed significantly brighter staining in vesicles 

containing PC: PS (7: 3) than in vesicles with only PC. This 

observation is in agreement with our results from the in vitro 

assays in lipid monolayers and confirms the applicability of 

cLac-BODIPY for the fluorescence labelling of apoptotic bodies.  

 

 
Figure 3 Confocal fluorescence microscopy images of giant unilamellar 
vesicles (GUVs) containing PC-only or PC: PS (7: 3) after co-staining 
with lissamine-rhodamine-PE (red, general lipid stain) and cLac-

BODIPY (green, 2 M). Scale bar: 10 m. 

 

Finally, we examined the application of cLac-BODIPY as a 

fluorescent probe for labelling subcellular structures derived 

from apoptotic human cells. We induced apoptosis in Burkitt’s 

lymphoma (BL2) cells by irradiation with UV light and 

subsequent culture, and isolated the apoptotic bodies. First we 

incubated the apoptotic bodies with different concentrations 

of cLac-BODIPY and analysed the extent of fluorescence 

labelling by flow cytometry (Figures 4a and b). cLac-BODIPY 

showed dose-dependent staining, with significant labelling, 

even at low concentrations (Figure S7 in ESI). Furthermore, we 

incubated apoptotic bodies with cLac-BODIPY and Annexin V 

to corroborate the interaction with PS. Flow cytometry 

confirmed that most apoptotic bodies stained with cLac-

BODIPY were also stained with Annexin V, suggesting that the 

 πs (mN m-1) πc (mN m-1) Decrease πc vs PS a 

  PS PC PG 

cLac-BODIPY 20.4 42.0 15% <1% 

cLac-1 5.0 30.3 16% <1% 
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interaction with PS is responsible for the fluorescence labelling 

of apoptotic bodies using cLac-BODIPY (Figure 4c). 

 

Figure 4 Flow cytometry analysis of apoptotic bodies from BL2 cells. 
Histograms of apoptotic bodies incubated without (a) and with cLac-BODIPY 

(2.5 M) (b). c) Dot plot of apoptotic bodies treated with cLac-BODIPY (X-
axis, green) and Annexin V-PE (Y-axis) showing the double staining. 
 

In summary, we have synthesized a fluorescent cyclic peptide 

(cLac-BODIPY) to label apoptotic bodies by including the 

fluorogenic Trp-BODIPY amino acid into a short lactadherin-

like peptide sequence. cLac-BODIPY shows remarkable 

fluorescence emission only after binding to phosphatidylserine 

and, unlike Annexin V, displays strong binding in a Ca
2+

 

independent-manner. In vitro assays in lipid monolayers 

indicate the suitability of the Trp-BODIPY fluorogen to report 

changes in the composition of lipid-aqueous interphases, and 

validated the selectivity of cLac-BODIPY for PS-rich vesicles 

using fluorescence confocal microscopy. Flow cytometry 

experiments using cLac-BODIPY confirmed the labelling of 

apoptotic bodies from BL2 human lymphoma cells, creating 

new opportunities to monitor, profile and characterise these 

subcellular structures in multiple biological contexts. 
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Selected Experimental Section 

General procedures for SPPS  

All peptides were manually synthesized in polystyrene syringes fitted with a 

polyethylene porous disc using Fmoc-based SPPS. Solvents and soluble 

reagents were removed by suction. The Fmoc group was removed with 

piperidine: DMF (1: 4) (1 × 1 min, 2 × 5 min). Peptide synthesis transformations 

and washings were performed at r.t.  

Resin loading. Fmoc-Asp-OAllyl (1 eq.) was attached to the resin (1 eq.) with 

DIPEA (3 eq.) in DCM at r.t. for 10 min and then DIPEA (7 eq.) for 40 min. The 

remaining trityl groups were capped adding 0.8 μL MeOH mg-1 resin for 10 min. 

The resin was filtered and washed with DCM (4 × 1 min), DMF (4 × 1 min). The 

loading of the resin was determined by titration of the Fmoc group. 

Peptide elongation. After the Fmoc group was removed with piperidine: DMF 

(1: 4) (1 × 1 min, 2 × 5 min), the resin was washed with DMF (4 × 1 min), DCM 

(3 × 1 min), DMF (4 × 1 min). Unless otherwise noted, standard coupling 

procedure with DIC (3 eq.) and OxymaPure (3 eq.) in DMF for 1 h and 5 min of 

pre-activation was carried out. The completion of the coupling was monitored 

with the Kaiser test. Then, the resin was filtered and washed with DCM (4 × 1 

min) and DMF (4 × 1 min) and was ready for the elongation with the next Fmoc 

amino acid. 

Final cleavage. The resin bound peptide was treated repeated times with TFA: 

DCM (1: 99) for 1 min in each treatment and washed with DCM. The combined 

filtered mixtures were poured over DCM and evaporated under vacuum. The 

residue was precipitated in Et2O, dissolved in ACN: H2O and liophilised. 
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cLac-BODIPY. Starting from 750 mg of 2-chlorotrityl PS resin (0.3 mmol g-1). 

Amino acid coupling. Fmoc-Trp(BODIPY)-OH[1] (1.5 eq.) was incorporated with 

HBTU (1.2 eq.), HOBt (1.2 eq.) and DIEA (2.4 eq.) in DMF for 1 h. The other 

amino acids Fmoc-AA-OH (3 eq.) were incorporated with a 5 min pre-activation 

with DIC (3 eq.) and OxymaPure (3 eq.) in DMF for 1 h. Fmoc-AA-OH: Fmoc-

Asp-OAllyl, Fmoc-Gly-OH, Fmoc-Arg(NO2)-OH, Fmoc-Gln-OH, Fmoc-Ile-OH, 

Fmoc-His(Mmt)-OH, Fmoc-Phe-OH. Peptide cyclisation. The C-terminal allyl 

ester group of the aspartic acid was removed after addition of the last amino 

acid with Pd(PPh3)4 (26 mg, 0.023 mmol, 0.1 eq.) and N-methylmorpholine (244 

μL, 2.25 mmol, 10 eq.) in THF for 1 h at r.t (3 x 15 min). The head-to-tail 

cyclization was performed by removal of the N-terminal Fmoc group before 

addition of DIC (96 μL, 0.548 mmol, 3 eq.) and HOBt (75 mg, 0.548 mmol, 3 

eq.) in DMF at r.t. for 5 h. Peptide cleavage. The resin bound peptide was 

treated repeated times with the TFA cocktail obtaining 69 mg of cyclic peptide 

crude (60% purity by HPLC-MS). Removal of nitro group. The crude protected 

peptide (69 mg, 0.041 mmol) and 20% Pd(OH)2-C (34 mg) were dissolved in 

HCO2H: DMF: H2O (5: 47.5: 47.5) (10 mL) and the reaction flask was flushed 

with Ar, evacuated and filled with H2. The reaction mixture was stirred under 

balloon pressure of H2 for 32 h (H2 was refilled periodically during the reaction 

along with re-addition of Pd(OH)2-C (2 X). The catalyst was removed through 

filtration with Celite and the filtrate was evaporated in vacuo to afford 64 mg of 

the crude peptide (70% purity by HPLC-MS, 69% yield). Peptide purification. A 

highly pure fraction of the totally deprotected cyclic peptide was obtained by 

semi-preparative RP-HPLC (XBRIDGETM, C18, 5 μM OBD 19 × 150 mm column. 

The pure fractions were lyophilised rendering the corresponding peptide as a 

red solid (>99% purity by HPLC-MS).  
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1H NMR (600 MHz, DMSO-d6): δ 11.27 (s, 1H), 8.37 – 7.99 (m, 7H), 7.90 – 7.83 

(m, 1H), 7.66 – 7.59 (m, 2H), 7.43 – 7.36 (m, 1H), 7.34 (dd, J = 7.6, 1.5 Hz, 1H), 

7.32 – 7.26 (m, 2H), 7.26 – 7.18 (m, 3H), 7.15 (t, J = 7.2 Hz, 3H), 7.07 (t, J = 7.4 

Hz, 1H), 6.92 (t, J = 8.3 Hz, 1H), 6.79 (s, 1H), 6.19 (d, J = 4.5 Hz, 2H), 4.63 – 

4.44 (m, 2H), 4.40 – 4.29 (m, 1H), 4.28 – 4.18 (m, 3H), 4.17 – 4.05 (m, 1H), 

3.87 – 3.51 (m, 14H), 3.18 – 3.11 (m, 2H), 3.09 – 3.04 (m, 2H), 2.96 – 2.89 (m, 

1H), 2.56 (m, 1H), 2.47 – 2.45 (m, 6H), 2.18 – 2.06 (m, 2H), 1.95 (s, 1H), 1.86 – 

1.65 (m, 3H), 1.60 – 1.47 (m, 3H), 1.43 (d, J = 9.4 Hz, 6H), 1.40 – 1.31 (m, 1H), 

1.29 – 1.24 (m, 2H), 1.04 (m, 1H), 0.81 – 0.73 (m, 6H) ppm. HRMS (ESI) (m/z): 

[M+H]+ calcd. for C78H97O16 N22BF2, 1646.7509; found, 1646.7509.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 
 

 

Selected NMR spectra 

1H-NMR of cLac-BODIPY  
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HSQC-NMR of cLac-BODIPY  
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COSY-NMR of cLac-BODIPY 
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TOCSY-NMR of cLac-BODIPY  
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NOESY-NMR of cLac-BODIPY  
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Selected Supplementary Figures 

 

Figure S4. Determination of the tensioactivity of cLac-1 and cLac-BODIPY. 

cLac-BODIPY shows high tensioactivity with a saturation pressure (πs) of 20.4 

mN m-1 and a saturation concentration (Cs) of 3 µM. The πs for cLac-1 is 5 mN 

m-1. Values represented as means and error bars as SD (n = 3). 
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Figure S5. Quantitative binding assays of cLac-BODIPY to monolayers with 

variable lipid composition. Arrows point at the πc values for every lipid 

composition. PC: phosphatidylcholine, PS: phosphatidylserine, PG: 

phosphatidylglicine, CL: cardiolipin. Values represented as means from n = 3. 

 

Figure S7. Flow cytometry analysis of the fluorescence labelling of apoptotic 

bodies after incubation with different concentrations of cLac-BODIPY. 
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Abstract 

This protocol describes the preparation of the Trp-based fluorogenic amino acid Fmoc-Trp(C2-

BODIPY)-OH (1) and its incorporation into peptides for live-cell fluorescence imaging. The amino 

acid 1 contains a BODIPY core attached to Trp via a spacer-free C-C linkage, mimicking the 

molecular interactions of Trp while introducing a fluorogenic label for wash-free imaging. The 

amino acid 1 can be prepared in 3-4 d, and employed for the solid-phase synthesis of fluorogenic 

peptides (6-7 d). We have used this technology to prepare the fluorogenic antimicrobial peptide 

BODIPY-cPAF26, which shows high chemical stability and minimal disruption of cellular activity 

when compared to the unlabeled sequence (3-4 d). We used BODIPY-cPAF26 for wash-free 

imaging of fungal pathogens, including real-time visualization of Aspergillus fumigatus (5 d 

culturing, 1-2 d imaging). One major advantage of this protocol is the applicability to most 

sequences, enabling the preparation of many peptide-based probes for enhanced fluorescence 

imaging. 

INTRODUCTION 

Peptides are excellent molecular frameworks for the generation of imaging agents because they bind 

with high affinity and specificity to their respective targets. However, most peptides cannot be 

directly visualized using fluorescence imaging as they lack proper reporter groups and need to be 

modified with fluorophores or reactive tags for further derivatization.
1
 A milestone in peptide and 

protein labeling has been the development of genetically encoded unnatural amino acids, which can 

be incorporated in response to nonsense or frameshift codons to embed suitable bioorthogonal 

groups at specific sites of peptides and proteins.
2
 Some of the recent advances in this field towards 

fluorescence imaging applications include the genetic encoding of norbornene amino acids, which 

can rapidly and specifically couple to tetrazine-containing fluorophores for protein labeling,
3
 or the 

optimization of orthogonal variants of the inverse-electron-demand Diels-Alder cycloaddition 

reaction for dual color live-cell imaging and super-resolution microscopy.
4, 5

 

In addition to synthetic biology strategies, many unnatural amino acids are available as building 

blocks to expand the chemical diversity within peptide sequences using solid-phase peptide synthesis 

(SPPS).
6, 7

 These include unnatural amino acids with chemical groups (e.g. azides, alkynes, alkenes) 

amenable for two-step labeling processes. Once peptides containing these amino acids are 

synthesized, they are coupled to a suitable fluorophore (for instance, using ‘click’ chemistry) and 

then the excess labeling agent is washed out prior to image acquisition. This approach has proven 
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useful for many different applications,
8-11

 although the need for washing steps might hamper its 

translation to in vivo and real-time imaging. Recent progress in the preparation of bioorthogonal 

fluorophores has rendered labels with bright fluorescence emission after the conjugation reaction to 

reduce fluorescence background and minimize the washing steps.
12-14

 Moreover, further development 

of synthetic methodologies to diversify amino acids and peptides
15-17

 will create opportunities for 

direct fluorescence labeling and in situ imaging studies.  

Most commonly, peptides are readily labeled by attaching a fluorophore to a residue in the peptide 

sequence, yielding fluorescent conjugates that can be directly used for imaging. However, 

fluorophores are bulky structures and can impair the molecular recognition properties of the native 

peptide, therefore it is important to introduce them at appropriate positions within the sequence. Most 

fluorophores are incorporated into peptides by reaction with terminal or side-chain chemical groups 

(e.g. amines, carboxylic acids, thiols) from polar residues or through chemical spacers.
18-20

 Because 

these modifications can disrupt the hydrogen bonding pattern of the original peptide and have a 

detrimental effect on the biological properties of the fluorescent conjugate,
21

 there is a demand for 

new technologies to incorporate fluorophores into peptides without affecting their inherent activity 

and, ideally, with suitable spectral properties for live-cell imaging applications. 

Overview of the procedure. 

A schematic flowchart outlining the procedures described in this protocol and their expected timing 

is shown in Figure 1. We have developed a new methodology to synthesize fluorogenic peptides that 

relies on a unique Fmoc-Trp(C2-BODIPY)-OH amino acid (1),
22

 which can be prepared by attaching 

a BODIPY fluorophore to the C2 position of Trp via a spacer-free C-C linkage (Steps 1-35). The 

amino acid 1 mimics the molecular interactions of the native Trp while introducing a convenient 

fluorogenic label for live-cell imaging. The fluorogenic amino acid 1 shows high chemical stability 

(Steps 36-37), excitation and emission spectra in the visible range, and remarkable fluorescence 

enhancement in hydrophobic environments (i.e. when the peptide is binding to its target), which 

facilitates wash-free imaging experiments. We have validated the amino acid 1 to prepare peptide-

based imaging probes by derivatizing the antimicrobial peptide PAF26,
23

 which shows high affinity 

and selectivity for fungal cells. We synthesized the fluorogenic analogue of PAF26 (BODIPY-

cPAF26) by conventional SPPS, simply using the amino acid 1 instead of the natural Trp (Steps 38-

89). The BODIPY-cPAF26 peptide shows high resistance to proteolysis (Steps 90-94), strong 

fluorogenic response in hydrophobic environments (Steps 95-106) and no impairment of the activity 

and selectivity of the native peptide in human and fungal cells (Steps 107-131 and 132-162). Finally, 
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we used BODIPY-cPAF26 for fluorescence live-cell imaging of several fungal pathogens (Steps 

163-206) and real-time imaging of Aspergillus fumigatus (Steps 207-219), one of the most life-

threatening human fungal pathogens.  

Figure 1.  

Advantages and limitations of the procedure. 

A major advantage of this procedure is its general applicability as it can be used to prepare 

fluorogenic analogues of most peptide sequences. The amino acid 1 is compatible with Fmoc-based 

SPPS protocols, tolerates standard deprotection and coupling conditions as well as mild acid-based 

deprotection strategy without observing degradation of the BODIPY fluorophore.
24, 25

 Notably, 

careful design of the protecting group scheme is needed to ensure full orthogonality with the 

BODIPY structure [e.g. in the synthesis of BODIPY-cPAF26, we used Fmoc-Lys(Z)-OH instead of 

Fmoc-Lys(Boc)-OH and Fmoc-Arg(NO2)-OH instead of Fmoc-Arg(Pbf)-OH]. Besides, the exact 

impact of the Trp-BODIPY on the biomolecular properties of the labeled peptides needs to be 

examined on a case-by-case basis, although most of the bioactive peptides examined so far have 

shown similar activity patterns between labeled and non-labeled sequences.
22

  

Regarding the spectral properties, the amino acid 1 has both excitation and emission maximum 

wavelengths in the green region of the visible spectra (exc. ~ 500 nm, em. ~ 520 nm), being ideally 

suited for conventional GFP/FITC filters found in most spectrophotometers, flow cytometers, 

confocal microscopes and other imaging equipment. This is an important advantage over 

naphthalene, coumarin and dansyl-based fluorescent amino acids for SPPS,
26-29

 which display shorter 

excitation and emission wavelengths with relatively long Stokes shifts. Extensive work in this field 

has been performed by Imperiali and co-workers, who developed environmentally-sensitive 

fluorescent amino acids as reporters of protein-protein interactions.
30-33

 These amino acids are mostly 

based on the naphthalimide scaffold, with remarkable fluorescence enhancements in hydrophobic 

environments, excitation wavelengths around 400-450 nm and extinction coefficients around 10
3
 to 

10
4
 M

-1
cm

-1
.
34, 35

 Whereas the emission enhancement of the amino acid 1 might be slightly lower 

than for naphthalimide-based amino acids, its high extinction coefficient (i.e. around one order of 

magnitude higher) results in overall stronger brightness. The strong fluorogenic behaviour of the 

amino acid 1 core enables the use of the labeled peptides directly for live-cell imaging in wash-free 

conditions and without any additional labeling steps, unlike peptides containing unnatural amino 
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acids with reactive orthogonal groups. This represents a major advantage for imaging experiments 

where dynamic processes in living cells need to be monitored in real time. 

This procedure is currently limited to preparing fluorogenic peptides or small proteins that are 

accessible via semi-synthetic approaches or by SPPS. Future investigation will be necessary to 

incorporate the amino acid 1 into full-length proteins using the ribosomal machinery (e.g. chemical 

acylation of suppressor tRNA, exploitation of orthogonal tRNA/aminoacyl-tRNA synthetase pairs). 

Experimental design and crucial parameters. 

Fmoc-Trp(C2-BODIPY)-OH: chemical synthesis, fluorescence properties and shelf life. 

We designed the synthesis of the amino acid 1 as the Fmoc-protected compound so that it could be 

readily used for the synthesis of medium-sized peptides by conventional SPPS. The BODIPY 

fluorophore was selected because of its compact structure and excellent spectral photophysical 

properties,
36, 37

 and was incorporated into the C2 position of Trp in a spacer-free C-C linkage to 

maintain the main recognition features of the labeled peptides (e.g. charge balance, overall polarity, 

H-bond pattern). The retrosynthetic analysis of the amino acid 1 involves the arylation of the m-

iodophenyl-BODIPY (3) on the unsubstituted C2 position of Fmoc-Trp-OH (2) by Pd-catalyzed C-H 

activation
38-40

 using our recently developed methodology (Figure 2).
16

 The m-iodophenyl-BODIPY 

(3) can be prepared by acid-catalyzed condensation of the m-iodobenzaldehyde (4) with two 

equivalents of 2,4-dimethylpyrrole (5), followed by DDQ oxidation and BF3 complexation. Notably, 

all the starting materials needed for the synthesis of the amino acid 1 (i.e. compounds 2, 4 and 5) are 

commercially available. 

Figure 2. 

Following similar reported procedures,
41

 compounds 4 and 5 were mixed under TFA catalysis to 

yield the expected adduct with loss of a water molecule after stirring at r.t. for 22 h in anhydrous 

DCM (Note: in our hands, the synthetic yields did not significantly improve in the presence of 

dehydrating agents, such as 4Å molecular sieves). Next, DDQ was added to the crude mixture with 

continuous stirring for 15 min, followed by addition of an excess of Et3N and BF3·Et2O. The 

resulting dark green solution was stirred at r.t. for 4.5 h to render compound 3 as the major product in 

a crude form. Liquid-liquid extraction followed by flash chromatography over silica gel afforded the 

compound 3 with synthetic yields (over the 3 steps) around 30%. Of note, we observed slightly lower 

synthetic yields when this reaction was scaled up over 200 mg scale. Next, the m-iodophenyl-
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BODIPY 3 was subjected to Pd-catalyzed arylation of Fmoc-Trp-OH (2) to afford the desired Fmoc-

Trp(C2-BODIPY)-OH (1) (Figure 3a).
42-44

 The amino acid 2, a slight excess of m-iodophenyl-

BODIPY 3 (1.5 eq.), AgBF4 (1.0 eq.), TFA (1.0 eq.) as the acid source, and catalytic Pd(OAc)2 (0.05 

eq.) were dissolved in DMF and subjected to microwave irradiation for 20 min at 80 ºC. The amino 

acid 1 was isolated by normal-phase chromatography over silica gel with synthetic yields around 70 

%. Initial attempts to scale-up this reaction resulted in decreased recovery yields, however 

parallelization of the procedure is convenient and reproducible. Notably, transformations under 

conventional heating require higher temperatures and lead to more complex crude mixtures, due to 

the limited stability of the Fmoc and BODIPY groups under these conditions. 

Figure 3.  

The amino acid 1 displays excitation and emission maximum wavelengths in the green region of the 

visible spectra (exc.: 503 nm, em.: 517 nm) (Figure 3b). These spectral properties are optimal for its 

use in most spectrophotometers, flow cytometers and confocal microscopes, since these are generally 

equipped with excitation sources and emission filters matching the spectral properties of GFP or 

FITC (exc. ~ 490 nm, em. ~ 520 nm). Furthermore, we examined the chemical integrity of the amino 

acid 1 in different conditions to determine the optimal storage conditions as well as its shelf life 

(Figure 3c and Supplementary Figures 1-2).  The amino acid 1 is completely stable when stored in 

the dark as a solid, even at r.t., for up to 4 months (i.e. this was the longest time point measured at the 

time of submission). We also examined its chemical integrity in DCM, MeOH and DMF as common 

solvents used in peptide synthesis. The amino acid is fully stable in solutions of DCM and MeOH for 

up to 4 months, but loses the Fmoc group when it is stored in DMF for long periods of time at r.t. 

(13% degradation after 1 month, 45% after 2 months and 93% after 4 months), in agreement with 

previous reports on the stability of Fmoc-protected amino acids.
45

 Altogether, these results confirm 

that the amino acid 1 can be shipped and employed as most Fmoc-protected amino acids, and even 

stored for several months in DMF at 4 ºC or 20 ºC. 
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Fluorogenic antimicrobial peptides: solid-phase synthesis, fluorogenic behaviour and biological 

characterization. 

Fluorescent antimicrobial peptides are promising tools for imaging infectious pathogens, given their 

selectivity for microbes over mammalian cells.
46, 47

 Our group and others have studied the 

mechanism of action of Peptide AntiFungal 26 (PAF26), an antimicrobial hexapeptide with high 

affinity for fungal cells. PAF26 (H-RKKWFW-NH2) has a short and conserved sequence with 

hydrophobic and cationic domains that are indispensable for its cellular activity.
48

 We envisioned 

that fluorogenic PAF26 analogues in which the natural Trp was replaced by the amino acid 1 would 

retain the activity and selectivity of the original sequence for fungal cells while incorporating a 

suitable label for fluorescence imaging. Furthermore, since cyclic peptides show increased resistance 

to proteases
49

 (such as those secreted by infective pathogens), we designed the synthesis of a cyclic 

fluorogenic peptide (BODIPY-cPAF26, Figures 4 and 5a) based on the sequence of PAF26. 

BODIPY-cPAF26 was synthesized using 2-chlorotrityl polystyrene resin and Fmoc-based SPPS 

protocols (Figure 4).  

Figure 4. 

As building blocks, we used the amino acid 1 as well as Fmoc-Gly-OH, Fmoc-Phe-OH, Fmoc-Trp-

OH, Fmoc-Lys(Z)-OH and Fmoc-Arg(NO2)-OH, which are fully orthogonal to the mildly acidic 

cleavage conditions [TFA: DCM (1: 99)] and enabled the isolation of the fully protected cyclic 

peptide without damaging the BODIPY core. In the synthesis of BODIPY-cPAF26, we incorporated 

all the amino acids (3 eq.) using conventional DIC and OxymaPure, whereas the amino acid 1 was 

introduced using a moderate excess (1.5 eq.), and PyBOP, HOBt and DIPEA as coupling reagents. 

The acidic cleavage rendered the protected linear peptide, which was cyclized by treatment with 

DIPEA and HATU in DMF with over 80% yields after precipitation in H2O. Final hydrogenolysis 

and purification by semi-preparative HPLC afforded the BODIPY-cPAF26 peptide in very high 

purities (> 99%). Typically, the overall yields for the synthesis of the peptide BODIPY-cPAF26 are 

around 20-25% (~10 mg product per ~45 mg of resin).  

Next, we compared the antimicrobial activity of PAF26 and BODIPY-cPAF26, and determined their 

IC50 values in two different fungal species (Neurospora crassa and Aspergillus fumigatus). N. crassa 

is an experimental model organism for filamentous fungi,
50

 whereas A. fumigatus is a fungal 

pathogen related to multiple human diseases, the most lethal of which is invasive pulmonary 

aspergillosis (IPA) with around 200,000 deaths per year.
51

 Notably, BODIPY-cPAF26 did not 
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impair the antifungal activity of the original sequence, with slightly higher affinity for both fungal 

species than the unlabeled PAF26 peptide (Figure 5b and Supplementary Table 1). We also 

examined the fluorescence response of BODIPY-cPAF26 in phospholipid liposomes mimicking the 

microenvironments in cell membranes. Fluorescence spectra of BODIPY-cPAF26 were recorded 

upon incubation with liposome suspensions of phosphatidylcholine (PC): cholesterol (7: 1) in 

phosphate buffer saline (PBS) with increasing concentrations of PC. As shown in Figure 5c, 

BODIPY-cPAF26 displayed strong fluorogenic behavior, with quantum yields slightly over 30% 

after binding to phospholipid membranes (Supplementary Table 2). Finally, we evaluated the 

cytotoxicity of BODIPY-cPAF26 in A549 lung epithelial cells as an indication of their poor affinity 

for human cells. We did not detect significant differences in the viability of A549 cells with or 

without incubation of BODIPY-cPAF26 for several hours, even at relatively high concentrations 

(Figure 5d). Altogether, these results corroborate the suitability of the fluorogenic amino acid 1 as a 

Trp surrogate with minimal interference in the recognition properties of peptide sequences, while 

providing a suitable reporter to visualize molecular interactions using fluorescence-based techniques. 

Figure 5. 

Because imaging infection sites using peptide-based probes can be hindered by the presence of 

proteolytic enzymes, we examined the chemical integrity of BODIPY-cPAF26 in proteolytic 

environments, and compared its degradation to the unlabeled PAF26. Both peptides were incubated 

at the same concentration in a protease cocktail for over 24 h, and time-course analysis was 

performed by HPLC-MS. Being a cyclic peptide, BODIPY-cPAF26 showed high stability to 

proteases, with marginal degradation after 24 h incubation (Supplementary Figures 3-4). In the same 

experimental conditions, the unlabeled linear peptide PAF26 was mostly degraded with only 20% of 

intact peptide left after 24 h. 

Live-cell fluorescence imaging of fungal pathogens, including A. fumigatus. 

In view of the excellent properties of BODIPY-cPAF26 as a highly stable and fluorogenic peptide to 

report the interaction with fungal cells, we employed it for live-cell imaging in different fungal 

species. In addition to N. crassa and A. fumigatus, we also examined the staining of BODIPY-

cPAF26 in other fungal pathogens, namely Cryptococcus neoformans, Fusarium oxysporum and 

Candida albicans. BODIPY-cPAF26 showed bright staining in all the species, suggesting a 

potential common target for different fungi (Figure 6). Notably, the fluorogenic behaviour of 

BODIPY-cPAF26 enables live-cell imaging by simple incubation with the cells, in a single step and 
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without the need for any washing protocols. This procedure represents an important advantage over 

imaging procedures with fluorescent peptides that are labeled using alternative procedures (e.g. 

‘click’ fluorophores used in two-step labeling procedures, ‘always-on’ fluorophores that require 

washing). 

Figure 6.  

Since A. fumigatus is the fungal pathogen responsible for IPA, a life-threatening disease in 

immunocompromised patients,
51

 we performed further studies to visualize the dynamic interaction 

between BODIPY-cPAF26 and living cells of A. fumigatus. Germlings of A. fumigatus were pre-

incubated with a red fluorescent probe that first stained the whole plasma membrane and then 

intracellular vacuoles. Before the red membrane stain was internalized, we added BODIPY-cPAF26 

to the cells and acquired time-course fluorescence images at high magnification to overlay the green 

signal from BODIPY-cPAF26 and the red signal from the counterstain (Figure 7 and Supplementary 

Video 1). After 20 seconds of its addition, BODIPY-cPAF26 stained the plasma membrane in the 

apical region of the germling cells. In the following minutes, the green fluorescence signal moved 

towards the base of the germling, while the red counterstain started to accumulate in intracellular 

vacuolar organelles. These results validate our procedure using the amino acid Fmoc-Trp(C2-

BODIPY)-OH (1) as an efficient chemical strategy to prepare fluorogenic peptides for enhanced 

fluorescence live-cell imaging without any washing steps. As a proof-of-concept, we have 

synthesized BODIPY-cPAF26 as a stable, cyclic antimicrobial peptide for imaging dynamic 

processes in living fungal pathogens.   

Figure 7.  
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MATERIALS 
! CAUTION All organic solvents and bases are flammable, toxic and harmful by inhalation, ingestion or skin contact. Coupling reagents and additives 
are flammable and irritant. For these and other toxic, corrosive and/or irritant reagents, laboratory coat, gloves and safety goggles should be worn. 
All synthetic operations should be performed in a chemical fume hood. 
 

REAGENTS 
  Deionized water (dH2O) 
  Sterile water (Baxter, cat. no. UKF7114, stored at r.t.) (r.t.: 20-25 °C) 
 Celite (Sigma-Aldrich, cat. no. 22138, stored at r.t.) 
 Silica gel 60 Å (Carlo Erba, cat. no. P2000027, stored at r.t.) 
 2-Chlorotrityl chloride polystyrene resin (2-CTC-PS; Iris Biotech GMBH, cat. no. BR-1060, stored at r.t.) 
 Dichloromethane (DCM; Scharlab, cat. no. CL0331, stored at r.t.)  
 Anhydrous dichloromethane (DCManh; Sigma-Aldrich, cat. no. 494453, stored at r.t.)  
 Hexane (Scharlab, cat. no. HE0228, stored at r.t.) 
 Toluene (J.T. Baker, cat. no. 8078, stored at r.t.) 
 Ethyl acetate (AcOEt; Scharlab, cat. no. AC0143, stored at r.t.) 
 N,N-Dimethylformamide (DMF; Panreac Applichem, cat.no. 161785.1612, stored at r.t.)  
 Anhydrous N,N-Dimethylformamide (DMFanh; Sigma-Aldrich, cat.no. 227056, stored at r.t.)  
 N,N-Diisopropylethylamine (DIPEA; Sigma-Aldrich, cat. no. 496218, stored at r.t) 

 N-(9-Fluorenylmethyloxycarbonyl)-L-glycine (Fmoc-Gly-OH; Iris Biotech GMBH, cat. no. FAA1050, stored at 4 °C) 

 N-(9-Fluorenylmethyloxycarbonyl)-L-tryptophan (Fmoc-Trp-OH; Sigma-Aldrich, cat. no. 47637, stored at 4 °C)  

 N-(9-Fluorenylmethyloxycarbonyl)-L-phenylalanine (Fmoc-Phe-OH; Iris Biotech GMBH, cat. no. FAA1175, stored at 4 °C)  

 N-(9-Fluorenylmethyloxycarbonyl)- N-(benzyloxycarbonyl)-L-lysine (Fmoc-Lys(Z)-OH; Sigma-Aldrich, cat. no. 47577, stored at 4 °C)  

 N-(9-Fluorenylmethyloxycarbonyl)- N-(nitro)-L-arginine (Fmoc-Arg(NO2)-OH; Sigma-Aldrich, cat. no. 47527, stored at 4 °C)  
 Methanol (MeOH; Sigma-Aldrich, cat. no. 65542, stored at r.t.) 
 Acetonitrile (ACN; Scharlab, cat. no. AC0333, stored at r.t.)  
 Formic acid (FA; Merck Millipore, cat. no. 100264, stored at r.t.) 
 Trifluoroacetic acid (TFA; Fluorochem, cat. no. 001271, stored at r.t.) ! CAUTION Toxic and corrosive  
 Piperidine (Carlo Erba; cat. no. P0660216, stored at r.t.)  
 Ethyl (hydroxyimino)cyanoacetate (OxymaPure; Luxembourg Bio Technologies, stored at r.t.) 
 (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP; Novabiochem, cat. no. 8510090, stored at 4 °C) 
 1-Hydroxybenzotriazole (HOBt; Carbosynth, cat. no. FH02087, stored at 4 °C) ! CAUTION Explosive, if dry. Always use as the monohydrate form and 

keep away from heat sources. 
 (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (HATU; Fluorochem, cat. no. 023926, stored at 4 

°C) ! CAUTION Irritant 
 Palladium hydroxide on activated charcoal (Pd(OH)2-C; Sigma-Aldrich, cat. no. 76063, stored at r.t.) 
 3-Iodobenzaldehyde (Apollo Scientific, cat. no. OR8221, stored at 4 °C) ! CAUTION Irritant 
 2,4-Dimethylpyrrole (Sigma-Aldrich, cat. no. 390836, stored at 4 °C) ! CAUTION Irritant  
 2,3-Dichloro-5,6-dicyano-p-benzoquinone (DDQ; Sigma-Aldrich, cat. no. D60400, stored at 4 °C) ! CAUTION Toxic 
 Triethylamine (TEA; Sigma-Aldrich, cat. no. T0886, stored at r.t.) 
 Boron trifluoride diethyl etherate (BF3·OEt2; Sigma-Aldrich, cat. no. 175501, stored at 4 °C) ! CAUTION Flammable, toxic and corrosive 
 Anhydrous sodium sulfate (Na2SO4 anh; Panreac Applichem, cat.no. 191716.1211, stored at r.t.) 
 Palladium acetate (Pd(OAc)2; Sigma-Aldrich, cat. no. 205869, stored at r.t.) ! CAUTION Irritant and causes skin corrosion 
 Silver tetrafluoroborate (AgBF4; Sigma-Aldrich, cat. no. 208361, stored at r.t.) ! CAUTION Corrosive and harmful. 
 Ethanol absolute (VWR, cat. no. 20821.330, stored at r.t.) 
 Sodium phosphate dibasic heptahydrate (Sigma Aldrich, cat. no. S9390, stored at r.t.) 
 Citric acid monohydrate (Sigma Aldrich, cat. no. C-1909, stored at r.t.) 
 Sodium hydroxide (Fisher, cat. no. S/4840/60, stored at r.t.) 
 N,N′-Diisopropylcarbodiimide (DIC; Sigma-Aldrich, cat.no. D125407, stored at 4 °C) 
 Fluorescein (Sigma-Aldrich, cat. no. 32615, stored at r.t.) 
 Protease from Streptomyces Griseus type XIV (Sigma Aldrich, cat. no. P5147, stored at -20 °C) 
 PAF26 peptide (H-RKKWFW-NH2, Genscript, lot no. P10271403, stored at 4 °C) 
 Dimethyl sulfoxide for molecular biology (Sigma Life Sciences, cat. no. D8418, stored at r.t.) 
 Dulbecco’s Phosphate Buffered Saline (DPBS; Gibco, Life Technologies, cat. no. 14040-091, stored at r.t.) 
 MTT reagent (Trevigen, MTT Cell Proliferation assay kit, cat. no. 4890-25-01; stored at. 4 °C) 
 Detergent reagent for MTT assay (Trevigen, MTT Cell Proliferation assay kit, cat. no. 4890-25-02, stored at r.t.) 
 RPMI Cell Media 1640 (Gibco, Life Technologies, cat. no. 31870-025, stored at 4 °C) 
 Phosphatidylcholine: cholesterol (7: 1) liposomes (Clodronate Liposomes, 10 mL PBS liposomes, stored at 4 °C) 
 Heat inactivated Fetal Bovine Serum (FBS; Gibco Life Technologies, cat. no. 10500-064, stored at -20 °C) 
 Penicillin-Streptomycin (Pen Strep; Gibco Life Technologies, cat. no. 15140-122, stored at -20 °C) 
 L-Glutamine (L-Glu; Gibco Life Technologies, cat. no. 25030-024, stored at -20 °C) 
 0.05% (w/v) Trypsin-EDTA (Gibco Life Technologies, cat. no. 25300-054, stored at -20 °C) 
 Sucrose (Sigma-Aldrich, cat. no. S0389, stored at r.t.) 
 Oxoid™ Agar technical (Thermo Fisher Scientific, cat. no. LP0013B, stored at r.t.)  
 Sodium citrate dihydrate (Sigma-Aldrich, cat. no. 71402, stored at r.t.) 
 Potassium phosphate monobasic (KH2PO4; Sigma-Aldrich, cat. no. P5655, stored at r.t.) 
 Ammonium nitrate (NH4NO3; Fluka, cat. no. A9642, stored at r.t.) 
 Magnesium sulfate heptahydrate (MgSO4 · 7 H2O; Sigma-Aldrich, cat. no. M2773, stored at r.t.) 
 Calcium chloride dihydrate  (CaCl2 · 2H2O; Sigma-Aldrich, cat. no. C3306, stored at r.t.) 
 Citric acid (Sigma-Aldrich, cat. no. P5655, stored at r.t) 
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 Zinc sulfate heptahydrate  (ZnSO4 · 7 H2O; Sigma-Aldrich, cat. no. Z0251, stored at r.t.) 
 Ammonium iron (II) sulfate hexahydrate ((NH4)2Fe(SO4)2 · 6 H2O; Sigma-Aldrich, cat. no. 09719, stored at r.t.) 
 Copper (II) sulfate pentahydrate (CuSO4 · 5 H2O; Sigma-Aldrich, cat. no. C8072, stored at r.t.) 
 Manganese (II) sulfate monohydrate (MnSO4 · H2O; Sigma-Aldrich, cat. no. M7899, stored at r.t.) 
 Boric acid (H3BO3; Sigma-Aldrich, cat. no. B6768, stored at r.t.) 
 Sodium molybdate dihydrate (Na2MoO4 · 2 H2O; Sigma-Aldrich, cat. no. M1651, stored at r.t.) 
 D-biotin (SUPELCO, cat. no. 47868, stored at 4 oC) 
 UltraPure™ Glycerol (Thermo Fisher Scientific, cat. no. 15514011, stored at r.t.) 
 Oxoid™ Sabouraud (SAB) dextrose liquid medium (Thermo Fisher Scientific, cat. no. CM0147, stored at r.t.) 
 Oxoid™ Sabouraud dextrose agar (Thermo Fisher Scientific, cat. no. CM0041, stored at r.t.) 
 Oxoid™ Potato dextrose agar (PDA; Thermo Fisher Scientific, cat. no. CM0139, stored at r.t.) 
 Potato dextrose broth (PDB; CONDA, cat. no. 1261, stored at r.t.) 
 Tween80 (Sigma-Aldrich, cat. no. P4780, stored at r.t.) 
 Red counter stain (TMR-PAF96, TAMRA-AAAWFW-NH2; Genscript, stored at 4 °C) 
 High level disinfectant (Chemgene HLD4L, stored at r.t.) 
 A549 cells (ATCC, cat. no. A549-ATCC CCL-185, stocks stored at -80 °C or -125 °C) 
 Fungal cells: Neurospora crassa (strain 74-OR23-1V A, source: FGSC 2489), Aspergillus fumigatus (strain CEA10, source: FGSC A1163), Cryptococcus 

neoformans (strain H99, source: FGSC 9487), Fusarium oxysporum (strain 4287, source: FGSC 9935). 
 

LABWARE AND EQUIPMENT 
  Set of micropipettes (200-1000, 20-200 and 2-20 µL, Gilson) 
  Pipette disposable universal tips (5-200 and 100-1000 µL, Daslab) 
  Teflon stick 
  6 mL polystyrene syringes cartridge with polyethylene porous disc (Agilent technologies) 
  Spatula 
  Timer 
  50 mL polypropylene centrifuge tubes with screwcaps (VWR) 
 15 mL polypropylene conical tubes (Corning) 
 75 cm2 polystyrene cell culture flasks with canted neck (Corning, cat. no. 430720U) 
 50 mL polystyrene disposable pipette basins (Fisherbrand, cat. no. 13-681-502) 
 Pipet aid PIPETBOY acu 2 (Integra, cat. no. 155000) 
  96-well tissue culture plates, black, flat bottom with lid (Falcon, cat. no. 353376) 
  96-well cell culture plates, flat bottom with low-evaporation lid, polystyrene (Costar, cat. no. 3595) 
  Plastic syringes (Terumo or BD Plastipak, hypodermic Syringes without needle) 
  Needles (BD Microlance, 21 G) 
  1.5 mL microcentrifuge tubes (VWR) 
  Plastic (Agilent technologies) and Teflon (Biotage) stopcocks 
  Glass vials (7 x 50 mm, VWR) 
  Filters (0.45 µm, PVDF hydrophilic) (Millipore) 
  Latex (VWR) or nitrile gloves (GEN-X, Kisher Biotech) 
  Plastic septa (Φ 14.9 mm and Φ 30.7 mm, Saint-Gobain Performance Plastics) 
  Parafilm  
  Round-bottom flasks 
  Plastic funnels 
  Separatory funnels 
  Conical flasks 
  Glass Pasteur pipettes (VWR) 
  Plastic Pasteur pipettes (VWR) 
  Cotton 
  Stirring bars 
  Aluminium TLC plates (Silica gel 60 F254 20 × 20 cm, Merck KGaA) 
  Fritted glass funnels (Φ 55 mm, grade 4, Duran) 
  Adapter flask funnels 
  10 mL capped reaction vessels (CEM, cat. no. 19.909050) 
  CEM Discover SP microwave synthesizer with Synergy software (CEM) 
  RediSep Rf frits for RediSep 25 g cartridges (Teledyne ISCO, cat. no. 60-5237-053)  
  Syringe filters (25 mm polypropylene 0.45 µm, Phenex, cat. no. AF7-1101-12) 
  Columns for ISCO flash chromatography: Silica HP RediSep Rf 40 g flash columns, cat. no. 69-2203-347; Silica HP RediSep Rf 30 g  

 flash column, cat. no. 69-2203-345 (Teledyne ISCO) 
  60 mL polystyrene syringe cartridge with polyethylene porous disc for flash chromatography (Agilent technologies) 
  CombiFlash purification system (Teledyne ISCO) 
  Rotary evaporator (Laborota 4003, Heidolph) 
  Analytical balance (AB204-S, Mettler Toledo) 
  Orbital platform shaker (Unimax 1010, Heidolph) 
  Magnetic stirrer (IKA RCT Basic S1 Werke Safety Control Magnetic Hotplate Stirrer) 
  UBD heating block (Grant) 
  pH-meter (CyberScan pH 510, Eutech) 
  Termoblock shaker (Eppendorf Thermomixer) 
  Vortex mixer (BV1000, Benchmark Scientific) 
  Multichannel electronic pipette (Rainin E4 XLS 12-channel, 20-200 µL LTS, Mettler-Toledo) 
  Multichannel electronic pipette tips (Rainin Tips LTS, 200 µL, GP-L200F, Mettler-Toledo) 
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  Cell counter (ChemoMetec A/S, Nucleocounter) 
  Lyophilizer (Virtis Freezemobile) 
  Centrifuge for peptide synthesis (Beckman Allegra 21R) 
  Centrifuge for cell culture (Sanyo Mistral 3000i) 
  Sonicator (Clifton Ultrasonic bath) 
  Water bath (Aqualine AL18, Lauda) 
  Vacuum pump 
  High-performance liquid chromatography system (HPLC): Waters 2695 separations module, Waters 2996 photodiode array detector 
  HPLC system coupled to mass spectrometer (HPLC-MS):  Waters 2695 separations module, Waters 2996 photodiode array detector. The MS 

spectrometer contains an electrospray ionization source (Micromass ZQ) and the MassLynx 4.1 software. 
  Semi-preparative HPLC: Waters 2707 autosampler, Waters 2489 detector, Waters fraction collector III and software   

 ChromeScope. 
  HPLC vials (300 µL polypropylene plastic, Waters) 
  Nuclear Magnetic Resonance spectrometers (NMR): Varian Mercury 400 MHz or Bruker Avance III 600 MHz  
  High-resolution mass spectrometer (HRMS): LTQ-FT Ultra (Thermo Scientific) 
  Class-II microbiological safety cabinet (Biomat2) 
  Synergy H1 hybrid spectrophotometer (Gen5 2.01 analysis software, Biotek). 
  Cell incubator (Panasonic Incusafe)  
  Inverse microscope (Olympus CK2) 
  Cell culture flasks (TC Flask T25 stand, Vent. Cap, SARSTEDT, cat. no. 83.3910.002) 
  Inoculation loop (10 µL, blue, sterile, Greiner bio-one, cat. no. 731171) 

  Glass flat bottom flasks (250 mL, PYREX) 
  Foam plug for flask (50 × 38 mm, King Scientific, cat. no. FS5038) 
  8-well chamber (µ-Slide, ibiTreat, V2.0, sterilized, ibidi GmbH, cat. no. 80826) 
  Miracloth (Merck Calbiochem, cat. no. 475855) 
  Sterile disposable Petri dishes (9 cm, Thermo Scientific, cat. no.101IRR) 
  Haemocytometer (Profondeur, 0.200 mm, 0.0625 mm2, Fuchs-Rosenthal, SUPERIOR MARIENFELD) 
  Lens cleaning tissue (Whatman105, 100 × 150 mm, GE Healthcare, cat. no. 2105-841) 
  Aluminum foil (45 cm, Terinex) 
  3M Micropore surgical-tape (Micropore) 
  TriStar LB941 multimode microplate reader (BertholdTech) 
  Inverted confocal fluorescent microscope (Leica SP8) with temperature control unit (550W, the Cube E5CN-H) and environmental control box 
  Autoclave (AL02-01, Advantage-Lab) 
  Refrigerated incubator (Model MIR-153, 126 L, Sanyo) 
  Shaking incubator (Innova 4400, New Brunswick) 

 

REAGENT SETUP 
Piperidine solution Prepare a minimum of 110 mL of piperidine: DMF (1:4) solution. This should be freshly prepared.  
! CAUTION Piperidine is toxic by inhalation. It must be handled with care inside the fume hood. 
Sample preparation for analytical HPLC and HPLC-MS Dissolve an aliquot of the crude or the final products in ACN: H2O (1:1) or in 
MeOH and then transfer into an HPLC vial. Aliquots containing other organic solvents must be first evaporated and redissolved in 
MeOH. Filter, when appropriate, through a 0.45 µm filter to remove any insoluble material. Typically, 5-50 µL volume injections are 
used for HPLC analysis.  
5 mM DMSO solutions of BODIPY-cPAF26 and PAF26 peptides Dissolve 1.0 mg of each peptide in DMSO (152 μL for BODIPY-
cPAF26, 210 μL for PAF26) and store at -20 °C. In order to avoid several freeze-thaw cycles, DMSO stocks should be ideally stored in 
small multiple aliquots. 
! CAUTION DMSO is highly toxic. Gloves must be worn at all times to avoid contact with skin. 
1 μM fluorescein in 0.1 N NaOH in EtOH Prepare a 10 mM solution of fluorescein in DMSO by weighing 3.3 mg and dissolving them 
in 1 mL of DMSO. Weigh 40 mg NaOH in a 15 mL conical tube and dissolve in 10 mL EtOH. Dilute the 10 mM fluorescein solution in 
0.1 N NaOH in EtOH to a final concentration of 1 μM. This solution can be stored at r.t. in the dark for several days. 
! CAUTION NaOH is very corrosive; hence protective equipment (googles, gloves and lab coat) should be worn when handling this 
chemical. 
Citric acid/phosphate buffer (pH 7.1). Weigh 1 g of citric acid monohydrate in a 50 mL centrifuge tube and dissolve in 50 mL sterile 
H2O. On a separate tube, weigh 2.7 g dibasic sodium phosphate heptahydrate and dissolve in 50 mL sterile H2O. Mix 21.9 mL of 
phosphate solution with 3.1 mL of citric acid solution and dilute to a total of 50 mL with sterile H2O. Adjust pH with the help of a pH 
meter to 7.1. This buffer solution can be stored at 4 ˚C for several months. 
Protease cocktail solutions Weigh 1.5 mg protease type XIV in a 1.5 mL microcentrifuge tube and dissolve in 1.5 mL citric 
acid/phosphate buffer (pH 7.1) to reach a 1 mg mL

-1
 stock solution. Dilute the stock solution in the same buffer to a final 

concentration of 1 μg mL
-1

. The protease cocktail should be prepared freshly before use. 
Cell culture media Mix 500 mL RPMI cell media 1640, 50 mL FBS, 5 mL Pen Strep and 5 mL L-Glu in a sterile environment. The 
resulting media can be filtered using disposable bottle top filters with PES membranes, and stored at 4 °C for 2-3 months. 
      CRITICAL STEP Cell culture experiments must be performed in sterile conditions inside a class-II microbiological safety cabinet. 
Vogel’s sucrose minimal medium Prepare solid Vogel’s sucrose minimal agar medium according to Tables 1-3, adding 2% (w/v) agar 
before autoclaving without any pH adjustment (pH ~ 5.8). To prepare liquid Vogel’s sucrose minimal medium, follow the same recipe 
excluding agar addition (autoclave and store at r.t.).  
SAB dextrose liquid medium Dissolve 30 g of SAB liquid medium in 1 L dH2O (autoclave and store at r.t.). 
SAB dextrose agar Dissolve 65 g of SAB agar in 1 L dH2O (autoclave and store at r.t.).  
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PDA medium Dissolve 40 g of PDA agar in 1 L dH2O (autoclave and store at r.t.). 
PDB medium Dissolve 26.5 g of PDB medium in 1 L dH2O. Mix well and dissolve by heating with frequent agitation until complete 
dissolution. Boil for 1 min if needed (autoclave and store at r.t.). 
! CAUTION Do not place materials that are not autoclave safe in autoclave (non-heat resistant plastics and glass) as they will melt of 
shatter during sterilization cycle. Fill the container up to 2/3 of the maximum volume and always loose the lid of the bottles before 
autoclaving. 
      CRITICAL STEP Autoclave all media on the same day solutions are prepared. 
 
Table 1. 
 
Table 2. 
 
Table 3. 
 
Preparation of agar flasks for culturing fungal cells Sterile solid agar medium is heated up and melted using a conventional 
microwave oven and poured (10 – 15 mL) into sterile T25 cell culture flasks. Tighten the lids, lay the flasks down and let the agar cool 
down at r.t. Store the flasks at 4 

o
C in a sealed plastic bag for future use.  

      CRITICAL STEP This experiment must be performed in sterile conditions inside a class-II microbiological safety cabinet. 
 
EQUIPMENT SETUP 
Manual peptide-synthesis manifold Place a vacuum manifold in the fume hood and connect it to the vacuum line including a trap. 
Use polystyrene syringe cartridges with polyethylene porous discs to retain the resins, and hold them on the manifold with two-way 
stopcocks. Cap all unused inlets with plastic septa. Use a Teflon stick for manual stirring. 
Thermoblock shaker Before incubating samples for protease degradation assays, the thermoblock shaker must be equilibrated at 37 
˚C. Once equilibrated, microcentrifuge tubes containing samples are covered in aluminium foil and shaken at 950 rpm and 37 ˚C for 
the indicated times. 
Spectrophotometer Settings for fluorescence readings: monochromator-based, excitation: 450 nm, emission: 480-600 nm with 1 nm 
resolution, gain: 90-100. Settings for absorbance readings: 420-550 nm with 1 nm resolution or single endpoint measurements. 
HPLC-based analysis and purification See Table 4 and Table 5. 
 

Table 4. 
 
Table 5. 
 
Autoclave Autoclave all samples at 121 

o 
C for 18 min without any drying cycles. Autoclave any lab ware/equipment (pipette tips etc.) 

at 121 
o
C for 15 min with a 15 min drying cycle and fast exhaust.  

! CAUTION Do not place materials that are not autoclave safe in autoclave (non-heat resistant plastics and glass) as they will melt of 
shatter during sterilization cycle. Fill the container up to 2/3 of the maximum volume and always loose the lid of the bottles before 
autoclaving. 
 
Confocal microscopy We used a Leica TCS SP8 laser scanning confocal microscope with a tunable white light laser (WLL, 450-750 
nm), photomultiplier tubes (PMT), hybrid GaAsP (HyD) detectors and a 63× water immersion objective (HC PL APO UVIS CS2, 1.4 
N.A.) for fluorescence live-cell imaging. For live-cell imaging of different fungal species (steps 199-206), we used one excitation 
wavelength (496 nm, laser intensity: 20%) from the WLL source (power level: 70%) and the emission was detected between 505 and 
550 nm. A transmitted light detector was used for brightfield image acquisition (gain 355, offset 0%). 
For time-lapse high resolution imaging (steps 207-219), we used two different excitation wavelengths (i.e. 496 nm (laser intensity: 
25%) and 570 nm (laser intensity: 10 %) from the WLL (power level: 70%) and two emission bands (i.e. 505-550 nm (green) and 585-
650 nm (red)). The transmitted light detector was used with the same settings as above. Images for time-lapse movies were acquired 
at 5 sec intervals. All images were acquired in a 1024 × 1024 pixel format and a scanning speed of 400 Hz. The pixel size of all images 
was 39.95 × 39.95 nm

2
. 
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PROCEDURE 
Synthesis of 4,4-difluoro-8-(3-iodophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (m-iodophenyl-BODIPY 
(3), Figure 8) ● TIMING 32 h 
1| Weigh 500 mg 3-iodobenzaldehyde (1.0 eq., 2.2 mmol) in a 250 mL round-bottom flask containing a magnetic 
stirring bar (egg-shaped stirring bar 25 × 10 mm). 
2| Cap the flask with a plastic septum (Φ 30.7 mm) and add 50 mL of anhydrous DCM with a 60 mL syringe under N2 
stream on a magnetic stirrer (stirring mot.: 70 % of full power). 
3| Add 500 µL 2,4-dimethylpyrrole (2.2 eq., 4.7 mmol) with a 1 mL syringe under N2 stream. 
4| Add 4 drops (15 µL) TFA with a 1-mL syringe under N2 stream. The solution turns orange. 
5| Stir the reaction mixture under N2 stream at r.t. for 30 min (stirring mot.: 70 % of full power).  
6| Remove the N2 stream and stir the reaction mixture under N2 atmosphere at r.t. for 22 h (stirring mot.: 70 % of full 
power). The solution turns dark red. 
7| Monitor the consumption of 3-iodobenzaldehyde and the formation of a new product by sampling an aliquot from 
the reaction mixture and performing analysis by TLC or HPLC.  
8| Weigh 490 mg DDQ (1.0 eq., 2.2 mmol) in a 50 mL conical flask and add 30 mL anhydrous DCM. 
9| Shake and sonicate the resulting yellow suspension until is almost completely dissolved. 
10| Add dropwise (for ~ 10 min) the solution from step 9 to the reaction mixture with a syringe under N2 stream 
(stirring mot.: 80 % of full power). 
11| Rinse the conical flask with 2 mL anhydrous DCM and transfer the solution to the reaction mixture (for ~ 5 min). 
12| Stir the reaction mixture under N2 for 5 min. 
13| Remove the N2 stream and stir the reaction mixture under N2 atmosphere for 10 min. 
14| Add dropwise 4 mL TEA (45.0 eq., 97.0 mmol) with a syringe and under N2 stream. The solution turns dark green. 
15| Add dropwise (for ~ 3 min) 4 mL BF3·OEt2 (30.0 equivalents, 64.7 mmol) with a syringe and under N2 stream. 
16| Stir the reaction mixture under N2 for 3 min; then, remove the stream and stir the reaction mixture under N2 
atmosphere for 4 h 30 min. 
17| Monitor the formation of the new product by sampling the reaction mixture and performing analysis by TLC or 
HPLC (DCM: hexane (1: 1), Rf ~ 0.2-0.3). 
18| Remove the septum and transfer the reaction mixture into a 250 mL separatory funnel containing deionized H2O 
(50 mL). Rinse the reaction flask with 20 mL DCM. 
19| Place a stopper on the separatory funnel and shake vigorously 10 times. Remove the stopper, transfer the organic 
layer into a 250 mL conical flask and discard the aqueous layer into another 250 mL container. Transfer the organic 
layer in the separatory funnel and repeat the step with 50 mL deionized H2O. 
20| Combine the aqueous layers and back-extract with 20 mL of DCM. Combine the organic layers, transfer them into a 
250 mL conical flask and add 4 spatula tips of anhydrous Na2SO4.  
21| Filter the solution into a 250 mL round-bottom flask through a funnel containing a small piece of glass wool at the 
bottom. Rinse the reaction flask with 20 mL DCM. 
22| Remove the solvent under reduced pressure (water bath max. T: 40 °C) using a rotary evaporator. 

 PAUSE POINT For storage, cap the flask and store the crude mixture at 4 °C.  
23| Purify compound 3 (DCM: hexane (1: 1), Rf ~ 0.2) by flash column chromatography (Silica RediSep Rf 40 g flash 
column CV 53.9 mL - 40 mL/min) using DCM: hexane gradient and dual-wavelength detection (254 and 360 nm). For 
loading, dissolve the crude in 10 mL DCM in a round-bottom flask and add two spatula tips of silica. Then, remove the 
solvent under reduced pressure (water bath max. T: 30 °C) using a rotary evaporator. Transfer the silica-adsorbed crude 
mixture into a 60 mL polystyrene syringe cartridge and load into a CombiFlash purification system. Run the flash column 
chromatography with DCM: hexane at 40 mL min

-1
 and collect 12 mL fractions. Typically, compound 3 elutes with DCM: 

hexane (88: 12). The compound 3 might crystallize in some of the collection tubes. 
?  TROUBLESHOOTING 
24| Identify the fractions containing the compound 3 by sampling aliquots from the collected tubes and analyzing them 
by HPLC. 
25| Combine the pure fractions into a 100 mL round-bottom flask and remove the solvent under reduced pressure 
(water bath max. T: 40 °C) using a rotary evaporator to render a red solid. 
?  TROUBLESHOOTING 

 PAUSE POINT For storage, cap the flask and store compound 3 at 4 °C. 
 
Figure 8. 
 
Synthesis of Fmoc-Trp(C2-BODIPY)-OH (1) (Figure 9) ● TIMING 5 h 
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26| Weigh 3.3 mg Pd(OAc)2 (0.05 eq., 0.02 mmol), 57.1 mg AgBF4 (1.0 eq., 0.29 mmol) and 125 mg Fmoc-Trp-OH (1.0 
eq., 0.29 mmol) and transfer them as solids into a 10 mL microwave reaction vessel.  
27| Add a magnetic stirring bar (cylindrical stirring bar 10 × 3 mm). 
28| Place 198 mg compound 3 (1.5 eq., 0.44 mmol) in a 5 mL round-bottom flask and transfer to the microwave 
reaction vessel with DMF (1.2 mL in 100 µL portions) using a micropipette. Shake the resulting solution. 
29| Add 22 µL (0.29 mmol) TFA with a micropipette and close the reaction vessel with a microwave cap. 
30| Sonicate the solution for 10 seconds. 
31| Place the reaction mixture under microwave irradiation (250 W) at 80 °C for 20 min in a CEM Discover microwave. 
Monitor the formation of compound 1 by sampling an aliquot from the crude mixture and performing analysis by HPLC. 
?  TROUBLESHOOTING 
32| Pack a pad of Celite into a fritted glass funnel and wash it twice with 25 mL EtOAc. 
33| Load the crude reaction mixture with a glass pipette. 
34| Rinse the reaction vessel with 25 mL EtOAc and add the solution to the glass funnel. Filter through Celite using 

vacuum and collect the filtrates in a 100 mL round-bottom flask. Wash twice with 17 mL EtOAc. Evaporate the solvent 
under reduced pressure at 43 °C using a rotary evaporator (add portions of toluene to enhance DMF removal). 
 PAUSE POINT For storage, cap the flask and store the crude mixture at 4 °C. 

35| Purify compound 1 (EtOAc, Rf ~ 0.3) by flash column chromatography (Silica RediSep Rf 12 g flash column CV 16.8 
mL - 30 mL min

-1
) using a EtOAC: hexane gradient and dual-wavelength detection (254 and 306 nm). For loading, 

dissolve the crude in 15 mL EtOAc in a round-bottom flask and add two spatula tips of silica. Then, remove the solvent 
under reduced pressure (water bath max. T: 40 °C) using a rotary evaporator. Transfer the silica-adsorbed crude 
mixture into a 60 mL polystyrene syringe cartridge and load into a CombiFlash purification system. Run the flash column 
chromatography with EtOAc: hexane at 30 mL min

-1
 and collect 12 mL fractions. Typically, compound 3 elutes with 

EtOAc: hexane (3: 7). When 40 g columns are used, the product elutes with EtOAc: hexane (1: 1). Compound 1 is 
isolated as a red amorphous solid. 
 
Figure 9. 
 
Stability analysis of the amino acid 1 ● TIMING 1 h (analysis of samples stored for up to 4 months) 
36| For stability analysis as a solid, weigh 5 mg of the amino acid 1 in a 2 mL glass vial and wrap in aluminium foil. For 
stability analysis in solution: weigh 2.2 mg of the amino acid 1 in a 50 mL centrifuge tube and dissolve in 30 mL DCM, 
MeOH or DMF to reach 0.1 M concentration. Aliquot the solution in 3 separate 15 mL conical tubes (10 mL each, for 3 
different T) and wrap them in aluminium foil. 
37| Store samples at r.t., 4 ˚C or -20 ˚C. At the indicated time points, sample aliquots (spatula tip for solid, 50 μL for 
solutions), dilute in MeOH (50 μL) and analyze by HPLC-MS. 
?  TROUBLESHOOTING 
 
Solid-phase peptide synthesis of BODIPY-cPAF26 (Figure 10) ● TIMING 165 h 
Resin preparation ● TIMING 15 min 
38| Weigh 46 mg of 2-CTC-PS resin into a 6 mL polystyrene syringe with polyethylene porous disc. Place it in the 
vacuum manifold using a two-way stopcock. 
39| Swell the resin with DCM with gentle agitation using a Teflon stick (2 × 4 mL × 15 s). 
 
Coupling of the first amino acid to the resin ● TIMING 1.25 h 
40| Calculate the amount of the first amino acid (Fmoc-Gly-OH) to achieve a loading capacity around 1 mmol g

-1 
[i.e. 

mass of resin (g) × 1 mmol g
-1

 × amino acid molecular weight (g mol
-1

)] (Table 6). 
41| Weigh 14 mg of Fmoc-Gly-OH in a 1.5 mL microcentrifuge tube. Add 0.5 mL DCM and 24 µL DIPEA. Shake for a few 
seconds until it dissolves completely and add the solution to the syringe followed by manual stirring using a Teflon stick. 
Wash the microcentrifuge tube with 0.5 mL DCM and add them to the syringe followed by manual stirring using a 
Teflon stick. 
42| Shake the syringe in an orbital shaker for 10 min at 200 rpm (4 g). 
43| Add 55 µL DIPEA without filtering and shake the syringe in an orbital shaker for 40 min (200 rpm). 
44| Add 36 µL MeOH (0.8 µL MeOH per mg resin) to the resin without filtering to cap unreacted groups. Shake the 
syringe in an orbital shaker for 10 min at (200 rpm). 
45| Put the syringe in the vacuum manifold and drain the resin. 
Fmoc removal ● TIMING 15 min 
46| Wash the resin thoroughly with DCM (4 × 3 mL × 10 s) and DMF (4 × 3 mL × 10 s), and apply vacuum to drain the 
resin after each wash. 
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47| Add piperidine: DMF (1: 4) solution to remove the Fmoc protecting group (1 × 5 mL × 1 min + 2 × 5 mL × 5 min). For 
each wash, gently shake with the Teflon stick and the drain the resin under vacuum. 
 
Coupling of second amino acid and subsequent peptide elongation ● TIMING 9 h 
48| Calculate the amount of the second amino acid and the coupling reagents (Fmoc-Trp-OH, DIC and OxymaPure) 
needed on the basis of the amount of resin and functionalization (i.e. mass of resin (g) × 1 mmol g

-1
 × 3 eq. × reagent 

molecular weight (g mol
-1

)) (Table 6). 
49| Weigh the amino acid and OxymaPure as calculated in step 48 in a 1.5 mL microcentrifuge tube. 
50| Wash the resin thoroughly with DCM (4 × 3 mL × 10 s) and DMF (4 × 3 mL × 10 s), and apply vacuum to drain the 
resin after each wash. 
51| Dissolve the reagents from step 49 in 0.5 mL DMF, add 21 µL DIC and shake the resulting solution for 5 min. 
52| Add the resulting activated amino acid solution to the resin and gently shake with the Teflon stick for 4 min. 
53| Shake the syringe in an orbital shaker for 56 min at 200 rpm and then drain the resin. Wash the resin as in step 50. 
54| Run a Kaiser test

52
 to assess the extent of the peptide coupling. 

?  TROUBLESHOOTING 
55| Repeat steps 48-54 for coupling all following amino acid (i.e. Fmoc-Phe-OH) and steps 46-47 for Fmoc removal. 

 PAUSE POINT Peptide elongation can be paused at any point after the incorporation of the third amino acid.  Pausing 
after the incorporation of the second amino acid is not recommended due to the potential formation of 
diketopiperazines.

53 
Storing the peptide as Fmoc-protected is not recommended, because partial Fmoc removal can 

lead to re-incorporation of the fluorenylmethyl moiety to the free amine group giving the corresponding secondary 
amine.  For storage, wash the resin 3 times with DCM or DMF (5 mL each), wrap the syringe in aluminium foil and store 
at r.t. 
 
Coupling of amino acid 1 ● TIMING 1.25 h 
56| Calculate the amount of amino acid and coupling reagents (1, HOBt, PyBOP and DIPEA) needed on the basis of the 
amount of resin and functionalization (i.e. mass of resin (g) × 1 mmol g

-1
 × 1.5 or 2 eq. × reagent molecular weight (g 

mol
-1

)) (Table 6). 
57| Weigh the amino acid and HOBt as calculated in step 56 in a 1.5 mL microcentrifuge tube. Separately, weigh PyBOP 
in a separate 1.5 mL microcentrifuge tube. 
58| Wash the resin thoroughly with DCM (4 × 3 mL × 10 s) and DMF (4 × 3 mL × 10 s), and apply vacuum to drain the 
resin after each wash.  
59| Dissolve PyBOP from step 57 in 0.1 mL DMF. 
60| Dissolve the reagents from step 57 in 0.4 mL DMF. Add 16 µL DIPEA (2 eq.) and the PyBOP solution from step 59. 
Shake the resulting solution for 2 s, add it to the resin and gently shake with the Teflon stick for 4 min. 
61| Shake the syringe in an orbital shaker for 56 min (200 rpm) and then drain the resin. Wash as in step 58. 
62| Run a Kaiser test

52
 to assess the extent of the coupling. 

?  TROUBLESHOOTING 
 PAUSE POINT For storage, wash and drain the resin 3 times with DCM (5 mL each), and wrap the syringe in 

aluminium foil and store at r.t. 
 
Table 6. 
 
Cleavage of the linear protected peptide from the resin ● TIMING  1 h 
63| Wash the resin thoroughly with DCM (4 × 3 mL × 10 s) and DMF (4 × 3 mL × 10 s), and apply vacuum to drain the 
resin after each wash. 
! CAUTION Always use a Teflon two-way stopcock when working with TFA. 
64| Add 3 mL of a freshly prepared TFA: DCM (1: 99) solution to the resin. Shake gently with a Teflon stick for 1 min. 
Collect the filtrates in a 100 mL round-bottom flask with 30 mL DCM. Keep constant stirring of the solution in a 
magnetic stirrer (egg-shaped stirring bar 2 cm × 1 cm, stirring mot.: 60% of full power). Wash the resin with DCM (3 mL 
× 5 s) and collect the filtrates in the same flask. 
65| Repeat step 64 another 4 times with an additional final wash with DCM (3 mL × 5 s), collecting all the filtrates in the 
same flask. 
66| Remove the solvent under reduced pressure (water bath max. T: 40 °C) using a rotary evaporator. 

 CRITICAL STEP Low acidic conditions and short reaction times are critical to preserve the integrity of the BODIPY 
fluorophore. 
67| Dissolve the crude in 14 mL ACN: H2O (1:1), adding first ACN and then H2O in a 50 mL polypropylene centrifuge 
tube.  
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Solvent removal from the crude peptide ● TIMING 24 h 
68| Freeze the crude peptide solution using liquid N2. Lyophilize for 24 h, wrapping the glass container in aluminium 
foil. 
69| Sample a small aliquot of the peptide crude, dissolve in ACN: H2O (1: 1) and analyze by HPLC to check the crude 
purity. 
 
Figure 10. 
 
Cyclization of the protected peptide ● TIMING 3 h 
70| Weigh 14 mg of HATU (1.0 eq., 0.04 mmol) in the 50 mL centrifuge tube from step 68 with 61 mg of linear 
protected peptide (0.04 mmol). 
71| Dissolve the compounds in 0.9 mL DMF and add 16 µL DIPEA (2.5 eq., 0.09 mmol). 
72| Stir the solution for 2 h at r.t. on a magnetic stirrer (cylindrical stirring bar 8 × 3 mm, stirring mot.: 80% of full 
power). Sample a small aliquot of the peptide crude, dissolve in ACN: H2O (1: 1) and analyze by HPLC to confirm the 
reaction is completed. 
73| Add dropwise 12 mL of cold H2O to precipitate the protected peptide. 
74| Vortex the mixture for 1 min, centrifuge for 5 min at 4,000 rpm and carefully decant H2O. 
75| Repeat steps 73-74 another 2 times. 
 
Lyophilization of the cyclic protected peptide ● TIMING 24 h 
76| Re-dissolve the protected peptide in 8 mL ACN: H2O (1: 1). Freeze the crude peptide solution using liquid N2. 
Lyophilize for 24 h, wrapping the glass container in aluminium foil. 
77| Sample a small aliquot of the peptide crude, dissolve in ACN: H2O (1: 1) and analyze by HPLC to check the crude 
purity. 

 PAUSE POINT For storage, wrap the centrifuge tube in aluminium foil and store at 4 °C.  
 
Hydrogenation reaction (Figure 11) ● TIMING 49 h 
78| Weigh 45 mg of protected BODIPY-cPAF26 peptide from step 76 (1.0 eq., 0.03 mmol) and 23 mg of Pd(OH)2-C in a 
25 mL round-bottom flask containing a magnetic stir bar (cylindrical stirring bar 10 × 3 mm). 
?  TROUBLESHOOTING 
79| Cap the flask with a plastic septum (Φ 14.9 mm). Evacuate and backfill the flask with Ar or N2. 
80| Add 4.5 mL of freshly prepared MeOH: FA (95: 5) with a syringe and purge for 5 min. 
81| Connect a balloon filled with H2 to the system through a needle and purge the flask with H2. 
82| Stir the reaction mixture under H2 atmosphere on a magnetic stirrer at r.t. for 48 h (stirring mot.: 80% of full 
power). Refill the H2 balloon periodically along with re-addition of Pd(OH)2-C (3 times overall).  
! CAUTION H2 is a highly flammable gas. H2 gas must be always handled inside a ventilated fume hood.   
83| Filter the solution through a glass Pasteur pipette containing Celite and a tiny piece of cotton at the bottom. Wash 
with 3 mL MeOH to ensure complete elution of the peptide. 
84| Remove the solvent under reduced pressure (water bath max. T: 40 °C) using a rotary evaporator. 
Purification of the BODIPY-cPAF26 peptide ● TIMING 51 h 
85| Dissolve 25 mg of the crude BODIPY-cPAF26 peptide from step 84 in 1.5 mL ACN: H2O (1: 1). Heating for a few 
minutes in a water bath at 40 °C or sonication help to dissolve the sample. 
86| Filter the solution through a 0.45 µm syringe filter into a 3 mL vial for semi-preparative HPLC purification. Rinse the 
round-bottom flask with 0.5 ml ACN: H2O (1: 1), filter and transfer to the same vial. 
87| Inject 500 µL sample to the semi-preparative HPLC. BODIPY-cPAF26 elutes around tR: 12-14 min (ACN: H2O (4:6)). 
Collect the pure BODIPY-cPAF26 peptide in a 50 mL centrifuge tube (~ 30 mL per injection). 
88| Repeat step 87 three times. 
89| Combine all the pure fractions. Freeze them using liquid N2 and lyophilize for 48 h, wrapping the glass container in 
aluminium foil. 
 
Figure 11. 
 
Proteolytic stability of BODIPY-cPAF26 and PAF26 peptides ● TIMING 25 h   
90| Aliquot 20 μL of 5 mM DMSO solutions of BODIPY-cPAF26 and PAF26 peptides in 2 separate 1.5 mL 
microcentrifuge tubes. 
91| Dilute both peptides in 480 μL protease cocktail (1 μg mL

-1
, pH 7.1) to reach 200 μM final concentration. 
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92| Vortex the solutions. Aliquot samples (62 μL) for the first time point (t = 0), precipitate the proteins by 
microcentrifugation (4 ˚C, 13,000 rpm), and analyze the supernatants by HPLC-MS. 
93| Place the solutions in the pre-heated thermoblock shaker at 37 ˚C (see Equipment setup). Shake the tubes at 950 
rpm and take aliquots (62 μL) at the indicated time points (i.e. 0.25 h, 1 h, 4 h, 8 h and 24 h).  
94| Precipitate the proteins by microcentrifugation (4 ˚C, 13,000 rpm), and analyze the supernatants by HPLC-MS. 
?  TROUBLESHOOTING 
 
Fluorogenic behaviour of BODIPY-cPAF26 in phospholipid membranes ● TIMING 1.5 h   
95| Dilute the 5 mM DMSO solution of BODIPY-cPAF26 (40 μL) in DMSO (40 μL) to reach 2.5 mM final concentration. 
96| Vortex the phosphatidylcholine (PC): cholesterol (7: 1) liposome suspension in PBS (7.5 mg mL

-1
 PC) for 10 seconds. 

      CRITICAL STEP Liposome suspensions must be used at r.t. and stored at 4 ˚C, but cannot be frozen. 
97| Dilute the 7.5 mg mL

-1
 PC liposome suspension in 2-fold serial dilutions (495 μL in 1.5 mL microcentrifuge tubes) 

using DPBS. 10 serial dilutions are prepared, ranging from 3.75 mg mL
-1

 PC (2-fold dilution) to 0.007 mg mL
-1

 PC (1024-
fold dilution). Prepare a blank sample with only DPBS (495 μL in 1.5 mL microcentrifuge tube). 
98| Add 5 μL of 2.5 mM BODIPY-cPAF26 to all liposome suspensions and also to the DPBS blank to reach 25 μM final 
concentrations. 
99| Vortex all the liposome suspensions and the DPBS blank for 10 seconds. 
100| Transfer 150 μL (× 3) from every suspension onto separate wells of a 96-well black plate with flat bottom and lid. 
Include 3 wells (150 μL each) of 1 μM fluorescein in 0.1 N basic EtOH as a reference for the quantum yield 
measurements. 
101| Incubate the plate for 15 min at r.t. in the dark.  
      CRITICAL STEP Do not incubate BODIPY-cPAF26 with liposomes for longer than 30 min as sedimentation can lead to 
inaccurate measurements. 
102| Measure fluorescence emission spectra for the 96-well black plate using a Synergy H1 spectrophotometer. 
Excitation wavelength: 450 nm, emission range: 480-600 nm (every 1 nm). 
103| Transfer samples to a 96-well polystyrene transparent plate using a multichannel pipette. Include 3 wells (150 μL 
each) of DPBS as a reference for background measurements. 
104| Measure absorbance spectra of the 96-well transparent plate using a Synergy H1 spectrophotometer. Absorbance 
range: 420-550 nm (every 1 nm).  
105| Transfer BODIPY-cPAF26 suspensions with high liposome content, low liposome content, DPBS blank as well as 
fluorescein in basic EtOH into 2 mL glass vials. 
106| Irradiate the glass vials with 365 nm light using a hand-held UV-lamp. Differences in fluorescence intensity of 
BODIPY-cPAF26 can be detected by naked eye (Figure 12). 
! CAUTION Exposure to UV radiation can cause skin or eye burns; hence protective equipment (googles, gloves and lab 
coat) should be worn. 
?  TROUBLESHOOTING 
 
Figure 12. 
 
Cytotoxicity of BODIPY-cPAF26 in A549 human lung epithelial cells ● TIMING 42 h   
      CRITICAL STEP Cell culture experiments must be performed in sterile conditions using a class-II microbiological 
safety cabinet. All reagents (media, DPBS, Trypsin-EDTA) and pipette tips must be sterile. 
107| Use a running culture of A549 cells, typically one T-75 cell culture flask with 25 mL full media (see Reagent setup) 
incubated at 37 ˚C in 5% CO2. 
108| Check confluency and morphology of the cells under a microscope. 
      CRITICAL STEP Live A549 cells should be adhered to the flask. If most cells are floating or with signs of 
contamination (e.g. bacteria, cloudy media), discard culture and use a new batch.   
109| Remove and discard media with a 25 mL plastic pipette. 
110| Gently add 10 mL Ca

2+
-free DPBS to wash the cells and discard with a 10 mL plastic pipette. 

111| Add 1 mL Trypsin-EDTA to the flask, rock gently to cover all the surface and incubate for 3 min at 37 ˚C in 5% CO2. 
?  TROUBLESHOOTING 
112| Take the flask out of the incubator, tap gently to detach cells, add 10 mL media to the flask and transfer the cell 
suspension to a 50 mL centrifuge tube. 
113| Sample a 50 μL aliquot for cell counting. 
114| Determine the number of cells using a cell counter. In fully confluent flasks of A549 cells, counts are typically ~ 
0.5-2 × 10

6
 cells mL

-1
, depending on their manipulation.  

115| Centrifuge the cell suspension (5 min, 20 ˚C, 350 rpm). 
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116| Discard the supernatant and resuspend the cell pellet in 1 mL media. Calculate the amount of cells needed for the 
cytotoxicity assay depending on the wells to be used (25,000 cells/well). In a standard assay with 6 different conditions 
and 4 replicates (total 24 wells), around 6 × 10

5
 cells are needed. 

117| Dilute the cell suspension in media to achieve a final concentration of 2.5 × 10
5
 cells mL

-1
, and place the cell 

suspension in a 50 mL pipette basin.  
118| Plate cells (100 μL/well) in sterile 96-well flat bottom polystyrene clear plates with lid using a multichannel 
pipette. Discard remaining cells following biological waste disposal regulations. 
119| Incubate the plate(s) for 16 h at 37 ˚C in 5% CO2. 
120| Check confluency and morphology of the cells under a microscope. 
?  TROUBLESHOOTING 
121| Dilute 5 mM BODIPY-cPAF26 solution in DMSO to 1 mM in a 1.5 mL microcentrifuge tube (4 μL of 5 mM solution 
plus 16 μL DMSO). 
122| Prepare another 3 dilutions from 1 mM BODIPY-cPAF26 in DMSO (2-fold serial dilutions) in separate 1.5 mL 
microcentrifuge tubes to obtain 0.5 mM, 0.25 mM and 0.125 mM DMSO solutions. 
123| Dilute the 4 DMSO solutions in cell culture media (9 μL of DMSO solutions plus 90 μL media) to obtain 90 μM, 45 
μM, 22.5 μM, and 11.25 μM solutions of BODIPY-cPAF26. Prepare an additional blank solution with 9 μL of DPBS plus 
90 μL media.   
124| Add 12.4 μL of the solutions to the cells in the 96-well plate to reach a final concentration of BODIPY-cPAF26 of 10 
μM, 5 μM, 2.5 μM, and 1.25 μM. As negative controls add 12.4 μL of DPBS solution, and for positive controls, remove 
media from the wells and 112 μL DMSO to the cells. 
125| Rock the plate(s) gently and incubate the cells for 4 h at 37 ˚C in 5% CO2. 
126| Dilute an appropriate volume of MTT reagent with media (2.3-fold dilution, a minimum of 30 μL solution/well is 
required), and place the solution in a 50 mL pipette basin.  
127| Add 30 μL MTT solution in media to each well using a multichannel pipette. 
128| Rock the plate(s) gently and incubate the cells for 4 h at 37 ˚C in 5% CO2. 
      CRITICAL STEP Under the microscope, check the progression of the MTT reaction by observing the precipitation of a 
dark solid in the cells.  
?  TROUBLESHOOTING 
129| Place detergent reagent in a 50 mL pipette basin (a minimum of 100 μL detergent/well is required). 
130| Add 100 μL detergent to each well using a multichannel pipette. Rock gently the plate, wrap it in aluminium foil 
and keep at r.t. for a minimum of 2 h. 

 PAUSE POINT At this point, the experiment can be paused and the plate can be kept at r.t. overnight.  
      CRITICAL STEP Typically, 2-4 h incubation with detergent are enough but overnight incubation is recommended to 
ensure full solubilization. 
131| Measure absorbance at 570 nm and 650 nm (background signal) of the 96-well transparent plate using a Synergy 
H1 spectrophotometer. Wells with high cell viability values (DPBS negative control) are dark-colored while wells with 
low cell viability (full DMSO positive control) are yellow-colored (Figure 13). Absorbance values should be between 0.5 
and 1.5 AU. 
?  TROUBLESHOOTING 
 
Figure 13. 
 
Culture of fungal species ● TIMING 121 h 
Culture of N. crassa ● TIMING 121 h 
       CRITICAL STEP  Culturing of the 5 different fungal species (steps 132-151) must be performed under sterile 
conditions using a class-II microbiological safety cabinet. All reagents and pipette tips must be sterile. Cultures of the 
multiple species can be performed in parallel to maximize time efficiency. 
132| Streak N. crassa spores from a stock culture (stored at -20 ˚C) using a sterile inoculation loop onto the surface of 
solid Vogel’s sucrose minimal agar medium within a T25 cell culture flask. 
133| Incubate the flask at 25 ˚C in the refrigerated incubator under 15 W ‘warm white’ light for 5 days. 
?  TROUBLESHOOTING 
134| Add 1.5 mL sterile dH2O to the flask, shake gently and recover the suspension containing fungal cells with a P1000 
micropipette. Filter the suspension through folded Miracloth (4 layers) into a sterile 1.5 mL microcentrifuge tube. 

135| Remove a 4 L-aliquot of the cell suspension and transfer to a haemocytometer to count the spores. 
   PAUSE POINT The N. crassa conidial suspension in sterile dH2O can be stored for up to 4 days at 4 ˚C. 



148 

 

        CRITICAL STEP After 4 days, N. crassa conidia must be discarded following biological waste disposal regulations. All 
inoculations should be performed from original stock cultures and not from sub-cultures to reduce the possibility of 
cultures acquiring new mutations. 
 
Culture of A. fumigatus ● TIMING 73 h 
136| Vortex the stock suspension of A. fumigatus conidia (stored at 4 ˚C) to produce a homogeneous cell suspension. 
137| Add 50 µL of the homogeneous cell suspension onto the surface of solid Vogel’s sucrose minimal agar medium 
within a T25 cell culture flasks and spread the conidia over the agar surface with a sterile inoculation loop. 
138| Incubate the flask at 37 ˚C in the dark for 3 days. 
?  TROUBLESHOOTING 
139| Prepare 0.05 % (v/v) Tween 80 in sterile dH2O and add 1.5 mL of it to the flask, shake gently and recover the 
suspension with a P1000 micropipette. 

140| Remove a 4 L-aliquot of the cell suspension and transfer to a haemocytometer to count the spores. 
  PAUSE POINT A. fumigatus conidial suspension in sterile dH2O can be stored for up to one month at 4 ˚C. 

        CRITICAL STEP After one month, A. fumigatus conidia must be discarded following biological waste disposal 
regulations. All inoculations should be performed from original stock cultures and not from sub-cultures to reduce the 
possibility of cultures acquiring new mutations. 
 
Culture of C. neoformans ● TIMING 73 h 
141| Thaw an aliquot of C. neoformans stock suspension (stored at -80 ˚C) and gently streak onto 15 mL SAB agar 
medium within a 9 cm Petri dish. 
142| Seal the plate with Micropore tape, and place it inverted in an incubator at 30 ˚C for 3 days. 
?  TROUBLESHOOTING 

  PAUSE POINT Petri dishes containing C. neoformans colonies can be stored for up to one month at 4 ˚C. 
        CRITICAL STEP After one month, C. neoformans colonies must be discarded following biological waste disposal 
regulations. All inoculations should be performed from original stock cultures and not from sub-cultures to reduce the 
possibility of cultures acquiring new mutations. 
 
Culture of F. oxysporum ● TIMING 121 h 
143| Vortex the stock suspension of F. oxysporum microconidia (stored at -80 ˚C) to produce a homogeneous cell 
suspension. 
144| Add 50 µL of the homogeneous cell suspension to a sterile glass flat-bottom flask with 20 mL liquid PDB medium. 
145| Plug the flask with a sterile foam plug and seal the flask with aluminium foil. Incubate the flask on a shaking 
incubator at 28 ˚C for 5 days (170 rpm). 
?  TROUBLESHOOTING 
146| Filter the cell suspension through folded Miracloth (4 layers) and transfer into a sterile 50 mL centrifuge tube. 
147| Centrifuge the suspension (10 min, r.t., 4,000 rpm) and discard the supernatant. 
148| Re-suspend the pellet in 2 mL sterile dH2O and transfer with a P1000 micropipette into a 2 mL microcentrifuge 
tube. 

149| Remove a 4 L-aliquot of the cell suspension and transfer to a haemocytometer to count the spores. 
  PAUSE POINT F. oxysporum conidia suspension in sterile dH2O can be stored for up to one month at 4 ˚C. 

        CRITICAL STEP After one month, F. oxysporum conidia must be discarded following biological waste disposal 
regulations. All inoculations should be performed from original stock cultures and not from sub-cultures to reduce the 
possibility of cultures acquiring new mutations. 
 
Culture of C. albicans ● TIMING 73 h 
150| Thaw an aliquot of C. albicans stock suspension (stored at -80 ˚C) and gently streak onto 15 mL PDA medium 
within a 9 cm Petri dish. 
151| Seal the plate, and place it inverted in an incubator at 30 ˚C for 3 days. 
?  TROUBLESHOOTING 

  PAUSE POINT Petri dishes containing C. albicans colonies can be stored for up to one month at 4 ˚C. 
        CRITICAL STEP After one month, C. albicans colonies must be discarded following biological waste disposal 
regulations. All inoculations should be performed from original stock cultures and not from sub-cultures to reduce the 
possibility of cultures acquiring new mutations. 
 
Antifungal activity measurements of BODIPY-cPAF26 and PAF26 peptides in N. crassa and A. fumigatus ● TIMING 26 
h 
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152| Dilute 5 mM BODIPY-cPAF26 or PAF26 solution in DMSO to 1 mM in a 1.5 mL microcentrifuge tube (20 μL of 5 
mM solution plus 80 μL DMSO). 
153| Prepare another 2 dilutions from 1 mM BODIPY-cPAF26 or PAF26 in DMSO in separate 1.5 mL microcentrifuge 
tubes to obtain 30 μM (30 μL of 1 mM peptide and 970 μL dH2O) and 25 μM (25 μL of 1 mM peptide and 975 μL dH2O) 
solutions. 
154| Add 100 μL of 30 μM peptide into each of the wells (A1-G1) of a transparent U-bottom 96-well plate (Figure 14a). 
155| Add 100 μL of 25 μM peptide into each of the wells (A2-G2) of a transparent U-bottom 96-well plate (Figure 14a).  
156| Add 100 μL of sterile dH2O into each of the wells (D1, H1, D2 and H2) and 50 μL of sterile dH2O into each of the 
rest of the wells. 
157| Perform 2-fold serial dilutions of 30 μM peptide (step 153) using a multichannel electronic pipette by transferring 
50 μL from column 1 into column 3 and then 5 and so on. Discard the 50 μL taken from column 11 (Figure 14b). 
158| Perform 2-fold serial dilutions of 25 μM peptide (step 153) using a multichannel electronic pipette by transferring 
50 μL from column 2 into column 4 and then 6 and so on. Discard the 50 μL taken from column 10. (Figure 14c). 
159| Dilute an appropriate volume of conidial suspension from step 134 (N. crassa) or step 139 (A. fumigatus) with 5 
mL solution of liquid Vogel’s sucrose minimal medium in dH2O (1: 4).  Vortex the suspension and place in a 50 mL 
pipette basin.  
160| Add 50 μL conidial suspension into each well using a multichannel pipette (excluding wells in rows D and H). For 
the wells that are considered as ‘blanks’, add 50 μL of a solution of liquid Vogel’s sucrose minimal medium in dH2O (1: 
4) to wells in row D and H and achieve a final volume of 100 μL/well (Figure 14d).  
      CRITICAL STEP The addition of the conidia to the wells of the 96-well plate must be performed quickly to avoid any 
settlement of the conidia in the pipette basin.  
161| Put the lid on the plate and wrap it in aluminium foil. Incubate for 24 h at 37 ˚C (A. fumigatus) or at 25˚C (N. 
crassa). 
 
Figure 14. 
 

 PAUSE POINT At this point, the experiment can be paused as the plate(s) needs to be incubated overnight.  
162| Measure optical density at 610 nm using a spectrophotometer. Optical density values for the control group 
(conidia alone) should be ~ 0.1-0.2 AU. IC50 values are determined by four-parameter logistic regression analysis. 
?  TROUBLESHOOTING 
 
Preparation of fungal cells for live-cell fluorescence imaging ● TIMING 21.5 h 
Preparing N. crassa conidial germlings for imaging ● TIMING 4.5 h 
       CRITICAL STEP The preparation of fungal cells for imaging (steps 163-189) must be performed under sterile 
conditions using a class-II microbiological safety cabinet. All reagents and pipette tips must be sterile. Preparation of 
the multiple species can be performed in parallel to maximize time efficiency. 
163| Vortex the cell suspension of N. crassa conidia from step 134. 
164| Dilute N. crassa conidia to 10

5
 cells mL

-1
 with 2 mL of solution of liquid Vogel’s sucrose minimal medium in dH2O 

(1: 4). 
165| Vortex the diluted suspension and transfer with a P200 micropipette to an 8-well chamber (200 µL/well). 
166| Place the chamber in a refrigerated incubator for 4 h at 25 ˚C in the dark. 
      CRITICAL STEP A dilution of liquid Vogel’s sucrose minimal medium in dH2O (1: 4) must be used instead of 100% 
liquid Vogel’s sucrose minimal medium to produce N. crassa as conidial germlings and avoid the formation of mature 
hyphae, which are not suitable for single cell imaging. 
 
Preparing A. fumigatus conidial germlings for imaging● TIMING 25 h 
167| Vortex the cell suspension of A. fumigatus conidia from step 139. 
168| Dilute A. fumigatus conidia to 10

5
 cells mL

-1
 with 2 mL of solution of liquid Vogel’s sucrose minimal medium in 

dH2O (1: 4). 
169| Vortex the diluted suspension and transfer with a P200 micropipette to an 8-well chamber (200 µL/well). 
170| Place the chamber in a refrigerated incubator for 24 h at 25 ˚C in the dark. 
        CRITICAL STEP A dilution of liquid Vogel’s sucrose minimal medium in dH2O (1: 4) must be used instead of 100% 
liquid Vogel’s sucrose minimal medium to produce A. fumigatus as conidial germlings and avoid the formation of 
mature hyphae, which are not suitable for single cell imaging. 
 
Preparing C. neoformans cells for imaging ● TIMING 21.5 h 
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171| Transfer 3-4 colonies of C. neoformans from step 142 into a sterile glass flat-bottom flask with 10 mL liquid SAB 
medium. 
172| Plug the flask with a sterile foam plug and seal the flask with aluminium foil. Incubate the flask on a shaking 
incubator at 37 ˚C for 20 h (170 rpm). 
173| Filter the cell suspension through folded Miracloth (4 layers) and transfer into a sterile 50 mL centrifuge tube. 
174| Centrifuge the suspension (5 min, r.t., 4,000 rpm) and discard the supernatant. 
175| Re-suspend the pellet in 2 mL sterile dH2O and transfer into a 2 mL microcentrifuge tube. 

176| Remove a 4 L-aliquot of the cell suspension and transfer to a haemocytometer to count the spores. 
177| Dilute C. neoformans conidia to 5 × 10

5
 cells mL

-1
 in sterile dH2O.  

178| Vortex the diluted suspension and transfer with a P200 micropipette to an 8-well chamber (200 µL/well). 
179| Incubate the chamber at r.t. for 30 min before use. 
        CRITICAL STEP The chamber containing C. neoformans cells must be handled carefully as they will not adhere to 
the bottom of the 8-well chamber as well as the other fungal species. 
?  TROUBLESHOOTING 
 
Preparing F. oxysporum cells for imaging ● TIMING 9 h 
180| Dilute F. oxysporum microconidial suspension from step 148 to 5 × 10

5
 cells mL

-1
 with 2 mL 1% (v/v) PDB medium. 

181| Vortex the diluted cell suspension and transfer with a P200 micropipette to an 8-well chamber (200 µL/well). 
182| Place the chamber in a refrigerated incubator at 25 ˚C under 15 W ‘warm white’ light for 8 h before use. 
 
Preparing C. albicans cells for imaging ● TIMING 13.5 h 
183| Transfer one single colony of C. albicans from step 151 into a sterile glass flat-bottom flask containing 15 mL PDB 
medium. 
184| Plug the flask with a sterile foam plug and seal the flask with aluminium foil. Incubate the flask on a shaking 
incubator at 30 ˚C for 12 h (170 rpm). 
185| Filter the suspension through folded Miracloth (4 layers) and transfer into a sterile 50 mL centrifuge tube. 

186| Remove a 4 L-aliquot of the cell suspension and transfer to a haemocytometer to count the yeast cells. 
187| Dilute the C. albicans cells to 5 × 10

5
 cells mL

-1
 in PDB medium.  

188| Vortex the diluted cell suspension and transfer with a P200 micropipette to an 8-well chamber (200 µL/well). 
189| Incubate the chamber at r.t. for 30 min before use. 
        CRITICAL STEP The chamber containing C. albicans cells must be handled carefully as they will not adhere to the 
bottom of the 8-well chamber as well as the other fungal species. 
?  TROUBLESHOOTING 
 
General setup of the fluorescence confocal microscope for live-cell imaging ● TIMING 30 min 
190| Switch on the laser(s) and set the stage temperature as required. 
191| Adjust the WLL laser power to 70 %. 
192| Clean the 63× water immersion objective with lens cleaning tissue. 
193| Set the excitation beam wavelength(s), laser intensity(ies) and emission wavelength(s) as required. 
        CRITICAL STEP Due to the high sensitivity of HyD detectors, it is important to set the laser intensity at a low level 
(~10 %) to avoid damaging to the detectors. 
194| During imaging experiments, place the 8-well chamber on the microscope stage, focus the sample using the 
eyepieces and select the region of interest to image. 
?  TROUBLESHOOTING  
195| Adjust the Z-position as well as gain and offset for each channel. 
196| At this point, individual images can be captured or successive images can be recorded in a time course by setting 
the interval time between image capture and the overall length of the imaging period as appropriate. 
197| Save the experimental data to appropriate folders and export images as .tif images. 
198| Remove the sample and clean the objective. Cool down the laser(s) and switch them off. 
 
Live-cell fluorescence imaging of fungal cells using BODIPY-cPAF26 ● TIMING 45 min 
199| Prepare samples as described in steps 163-166 (N. crassa), 167-170 (A. fumigatus), 171-179 (C. neoformans), 180-
182 (F. oxysporum) and 183-189 (C. albicans). 

200| Dilute 5 mM BODIPY-cPAF26 DMSO stock in sterile dH2O to achieve a final 10 M solution using a 1.5 mL 
microcentrifuge tube (2 μL of 5 mM solution and 998 μL dH2O). 
201| Using a P200 micropipette, carefully remove 40 µL of the 200 µL medium from one well of the 8-well chamber. 
202| Add 40 µL of the solution prepared in step 200 to achieve a 2 µM final concentration of BODIPY-cPAF26. 
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203| Incubate the cells with BODIPY-cPAF26 for 10 min at r.t. 
        CRITICAL STEP Cells must be handled carefully to minimize cell detachment from the bottom of the well. 
204| Acquire images as required. Live-cell imaging can be performed up to 60 min without causing obvious deleterious 
effects to the cells. However, immediate imaging following BODIPY-cPAF26 treatment is highly recommended.  
205| After acquisition, save the files to an appropriate location and subsequently back up the files at an appropriate 
time to prevent any data loss. 
206| Discard cells following biological waste disposal regulations. 

  PAUSE POINT After acquisition, images can be analyzed at any time. 
 
Real-time fluorescence imaging of A. fumigatus using BODIPY-cPAF26 ● TIMING 1 h 
207| Prepare samples as described in steps 167-170. 
208| Prepare a 5 mM DMSO stock solution of the red counterstain (TAMRA-PAF96) using a 1.5 mL microcentrifuge tube 
(4.8 mg in 1 mL DMSO). 

209| Dilute the 5 mM red counterstain DMSO stock solution in sterile dH2O to achieve a final 20 M solution in a 1.5 
mL microcentrifuge tube (4 μL of 5 mM solution and 996 μL dH2O). 
210| Using a P200 micropipette, carefully remove 40 µL of the 200 µL medium from a well of the 8-well chamber. 
211| Add 40 µL of the solution prepared in step 208 to achieve a 5 µM final concentration of the red counterstain. 
212| Incubate the cells with 5 µM red counterstain for 10 min at r.t. 
       CRITICAL STEP To maximize the cell membrane localization of the red counterstain with minimal internalization at 
the time of addition of BODIPY-cPAF26, we recommend performing steps 201-212 one well at a time.  
213| Using a P200 micropipette, carefully remove 160 µL of the 200 µL medium from the well of the 8-well chamber 
and add 160 µL of a fresh solution of liquid Vogel’s sucrose minimal medium in dH2O (1: 4). 
        CRITICAL STEP Cells must be handled carefully to minimize any cell detachment from the bottom of the well. 
214| Using a P200 micropipette, carefully remove 40 µL of the 200 µL medium from the well of the 8-well chamber and 
place the chamber on the stage of the confocal microscope. 
215| Identify a region of interest containing one or more red-stained cells. Re-adjust the Z-position for optimal focus. 
216| Using a P200 micropipette, gently add 40 µL of the solution prepared in step 200 to achieve a 2 µM final 
concentration of BODIPY-cPAF26.  
217| Acquire a series of images in a time course (recommended interval time between images: 5 sec).  
?  TROUBLESHOOTING 
218| After acquisition, back up the files to prevent any data loss. 
219| Discard cells following biological waste disposal regulations. 

  PAUSE POINT After acquisition, images can be analyzed at any time. 
 
?  TROUBLESHOOTING 
Troubleshooting advice can be found in Table 7. 
 
Table 7. 
 
● TIMING 
Synthesis of m-iodophenyl-BODIPY (3): Steps 1-25 
Steps 1-7, Condensation of 3-iodobenzaldehyde and 2,4-dimethylpyrrole: 23 h 
Steps 8-13, Oxidation: 1 h 
Steps 14-17, BF3·Et2O coordination: 5 h 
Steps 18-22, Work-up: 1 h 
Steps 23-25, Purification: 2 h 
Synthesis of Fmoc-Trp(C2-BODIPY)-OH (1): Steps 26-35 
Steps 26-31, Fmoc-Trp-OH arylation with compound 3: 1 h 
Steps 32-34, Work-up: 1 h 
Steps 35, Purification: 3 h 
Stability analysis of the amino acid 1: Steps 36-37 
Steps 36-37, HPLC analysis: 1 h 
Solid-phase peptide synthesis of BODIPY-cPAF26: Steps 38-69 
Steps 38-39, Resin preparation: 15 min 
Steps 40-45, Coupling of the first amino acid to the resin: 1.25 h 
Steps 46-47, Fmoc removal: 15 min 
Steps 48-55, Coupling of second amino acid and peptide elongation: 9 h 
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Steps 56-62, Coupling of amino acid 1: 1.25 h 
Steps 63-67, Cleavage of the linear protected peptide from the resin: 1 h 
Steps 68-69, Solvent removal from the crude peptide: 24 h 
Peptide cyclization: Steps 70-77 
Steps 70-75, Cyclization of the protected peptide: 3 h 
Steps 76-77, Lyophilization of the cyclic protected peptide: 24 h 
Hydrogenation reaction: Steps 78-84 
Steps 78-82, Hydrogenation reaction: 48 h 
Steps 83-84, Work-up: 1 h 
Purification of the BODIPY-cPAF26 peptide: Steps 85-89 
Steps 85-88, HPLC purification: 3 h 
Step 89, Solvent removal and isolation of BODIPY-cPAF26: 48 h 
Proteolytic stability of BODIPY-cPAF26 and PAF26 peptides: Steps 90-94 
Steps 90-92, Sample preparation: 1 h 
Steps 93-94, Incubation and HPLC analysis: 24 h 
Fluorogenic response of BODIPY-cPAF26 in phospholipid membranes: Steps 95-106 
Steps 95-101, Sample preparation: 1 h 
Steps 102-106, Spectroscopic measurements: 30 min 
Cytotoxicity of BODIPY-cPAF26 in A549 human lung epithelial cells: Steps 107-131 
Steps 107-118, Cell counting and plating: 1 h 
Steps 119-120, Overnight cell incubation: 16 h 
Steps 121-123, Preparation of BODIPY-cPAF26 and control solutions: 1 h 
Steps 124-125, Incubation of cells with compounds: 4 h 
Steps 126-131, MTT cell viability assay: 20 h 
Culture of fungal species: Steps 132-151 (can be performed in parallel) 
Steps 132-135, Culture of N. crassa: 121 h 
Steps 136-140, Culture of A. fumigatus: 73 h 
Steps 141-142, Culture of C. neoformans: 73 h 
Steps 143-149, Culture of F. oxysporum: 121 h 
Steps 150-151, Culture of C. albicans: 73 h 
Antifungal activity measurements of BODIPY-cPAF26 and PAF26 peptides in N. crassa and A. fumigatus: Steps 152-
162 
Steps 152-153, Peptide dilutions: 30 min 
Steps 154-160, Plate preparation: 1 h 
Steps 161-162, Overnight incubation and measurements: 24.5 h 
Preparation of fungal cells for live-cell fluorescence imaging: Steps 163-189 (can be performed in parallel) 
Steps 163-166, Preparation of N. crassa cells: 4.5 h 
Steps 167-170, Preparation of A. fumigatus cells: 25 h 
Steps 171-179, Preparation of C. neoformans cells: 21.5 h 
Steps 180-182, Preparation of F. oxysporum cells: 9 h 
Steps 183-189, Preparation of C. albicans cells: 13.5 h 
General setup of the fluorescence confocal microscope for live-cell imaging: Steps 190-198 
Steps 190-198, Microscope set-up: 30 min 
Live-cell fluorescence imaging of fungal cells using BODIPY-cPAF26: Steps 199-206 
Steps 199-202, Sample preparation: 15 min 
Steps 203-206, Incubation of BODIPY-cPAF26 and image acquisition: 30 min 
Real-time fluorescence imaging of A. fumigatus using BODIPY-cPAF26: Steps 207-219 
Steps 207-213, Sample preparation and incubation of counterstain: 30 min 
Steps 214-219, Incubation of BODIPY-cPAF26 and image acquisition: 30 min 
 
ANTICIPATED RESULTS 
 
Fluorescence properties of the amino acid 1 and the peptide BODIPY-cPAF26. Both the amino acid 1 and the peptide 

BODIPY-cPAF26 display excitation and emission maximum wavelengths in the green region of the visible spectra (exc. ~ 

500 nm, em. ~ 520 nm), making them compatible with GFP/FITC filters in most equipments (Figure 3). BODIPY-cPAF26 
displays strong fluorogenic behavior, with quantum yields over 30 % in phospholipid membranes and negligible 
fluorescence in aqueous media (Figures 5 and 12). 
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Fluorescence live-cell imaging of fungal cells and real-time imaging of A. fumigatus using the peptide BODIPY-
cPAF26. We employed the peptide BODIPY-cPAF26 for confocal fluorescence imaging of several fungal pathogens, 
including N. crassa, A. fumigatus, C. neoformans, F. oxysporum and C. albicans. The fluorogenic behavior of BODIPY-
cPAF26 enables direct live-cell imaging by simple incubation of the peptide with the fungal cells, in a single step and 
without the need for any washing (Figure 6). We also performed real-time imaging experiments using BODIPY-cPAF26 
in A. fumigatus (Figure 7). Time-course fluorescence imaging at high magnification show staining of the cells a few 
seconds after the addition of BODIPY-cPAF26 to the media, and its preferential localization in the fungal cell 
membranes.  
 
Characterization data for m-iodophenyl-BODIPY (3). 
Red powder, 234 mg (98 % purity, 24 % yield). HPLC tR = 8.0 min (Gradient_2, Table 4). 
1
H NMR (CDCl3, 400 MHz): δ 7.76 (dt, J = 7.7, 1.5 Hz, 1H), 7.62 (t, J = 1.6 Hz, 1H), 7.24 – 7.20 (m, 1H), 7.19 – 7.14 (m, 1H), 

5.92 (s, 2H), 2.48 (d, J = 1.3 Hz, 6H), 1.36 (s, 6H).  
13

C NMR (CDCl3, 100 MHz): δ 155.9, 142.9, 139.3, 138.0, 137.1, 136.8, 130.7, 127.3, 121.5, 94.3, 14.7, 14.6 (one 
quaternary carbon signal not seen).  
HRMS (m/z): [M+H]

+
 calcd. for C19H18BF2IN2, 451.0654; found: 451.0651. 

 
Characterization data for Fmoc-Trp(C2-BODIPY)-OH (1). 
Red powder, 122 mg (> 99 % purity, 56% yield). HPLC tR = 7.0 min (Gradient_2, Table 4). 
1
H NMR (CDCl3, 400 MHz): δ 8.12 (s, 1H), 7.69 – 7.56 (m, 4H), 7.48 (t, J = 7.7 Hz, 1H), 7.41 (t, J = 1.7 Hz, 1H), 7.37 (d, J = 

4.9 Hz, 2H), 7.30 (t, J = 8.0 Hz, 3H), 7.25 – 7.21 (m, 1H), 7.20 – 7.13 (m, 3H), 7.07 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 5.90 (s, 
1H), 5.87 (s, 1H), 5.09 (d, J = 8.0 Hz, 1H), 4.55 (d, J = 7.5 Hz, 1H), 4.17 (q, J = 10.3, 9.4 Hz, 2H), 4.01 (s, 1H), 3.44 – 3.37 
(m, 1H), 3.37 – 3.28 (m, 1H), 2.47 (s, 3H), 2.46 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H).  
13

C NMR (CDCl3, 100 MHz): δ 174.8, 163.1, 156.0, 155.9, 143.9, 143.2, 141.4, 140.7, 136.1, 136.0, 135.1, 133.9, 131.5, 
130.1, 129.1, 128.8, 127.9, 127.8, 127.2, 125.2, 123.2, 121.6, 120.5, 120.1, 119.3, 111.2, 108.2, 67.2, 47.2, 36.9, 28.0, 
14.8, 14.7.  
HRMS (m/z): [M+Na]

+
 calcd. for C45H39BF2N4O4, 771.2930; found: 771.2925. 

 
Characterization data for H-Arg(NO2)-Lys(Z)-Lys(Z)-Trp(C2-BODIPY)-Phe-Trp-Gly-OH. 
Red powder, 61 mg (90 % purity, 75 % yield). 
HPLC-MS (m/z): [M+H]

+
 calcd for C86H98BF2N17O14, 1642.6, found 1643.2.  

 
Characterization data for cyclo(Arg(NO2)-Lys(Z)-Lys(Z)-Trp(C2-BODIPY)-Phe-Trp-Gly). 
Red powder, 53 mg (88 % purity, 77 % yield). 
HPLC-MS (m/z): [M+H]

+
 calcd for C86H96BF2N17O13, 1624.6, found 1626.2. 

 
Characterization data for the BODIPY-cPAF26 peptide. 
Crude form: red powder, 25 mg (85 % purity, 58 % yield) 
Pure form: red powder, 9.2 mg (> 99 % purity, 25 % yield). HPLC tR = 5.8 min (Gradient_1, Table 4).  
1
H NMR (CD3OD, 600 MHz): δ 8.55 (s, 3H), 7.89 – 7.84 (m, 1H), 7.71 (t, J = 7.7 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.60 – 7.55 

(m, 2H), 7.42 (dt, J = 8.1, 0.9 Hz, 1H), 7.40 – 7.36 (m, 2H), 7.18 – 7.12 (m, 5H), 7.11 (s, 1H), 7.06 (m, 3H), 6.94 (m, 1H), 
6.10 (s, 1H), 6.06 (s, 1H), 4.45 (t, J = 7.4 Hz, 1H), 4.32 (d, J = 10.5 Hz, 1H), 4.25 (m, 1H), 4.17 – 4.07 (m, 2H), 4.04 (d, J = 
16.5 Hz, 1H), 4.00 (m, 1H), 3.63 (dd, J = 14.9, 9.5 Hz, 1H), 3.51 – 3.45 (m, 1H), 3.38 (m, 1H), 3.30 (1H), 3.27 – 3.23 (m, 
2H), 3.15 (dd, J = 14.2, 7.5 Hz, 1H), 3.10 (dd, J = 14.0, 5.9 Hz, 1H), 2.90 (td, J = 8.6, 4.2 Hz, 2H), 2.72 (t, J = 7.7 Hz, 2H), 
2.63 (dd, J = 14.2, 8.5 Hz, 1H), 2.51 (s, 3H), 2.50 (s, 3H), 2.09 – 1.88 (m, 4H), 1.76 (m, 1H), 1.67 (m, 3H), 1.52 (m, 7H), 
1.48 – 1.41 (m, 4H), 1.37 (m, 2H), 1.26 – 1.14 (m, 2H).  
HRMS (m/z): [M+H]

+
 calcd for C70H85BF2N16O7, 1311.6926, found 1311.6864. 
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Figure 1. Flowchart outlining all the experimental procedures described in this protocol, which 

includes chemical synthesis (yellow), in vitro characterization (blue) and fluorescence imaging 

assays (red). 



156 

 

 

Figure 2. Retrosynthetic analysis of the amino acid Fmoc-Trp(C2-BODIPY)-OH (1). 

 

Figure 3. Synthesis and chemical characterization of amino acid Fmoc-Trp(C2-BODIPY)-OH 

(1). a) Preparation of the amino acid 1 from Fmoc-Trp-OH (2) and m-iodophenyl-BODIPY (3). b) 

Spectral properties of the amino acid 1. c) Long-term stability (as determined by HPLC analysis) of 

the amino acid 1 as solid and in solution (0.1 M) at different temperatures. *: determined after 

redissolving due to solvent evaporation. 
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Figure 4. Synthetic scheme for the preparation of BODIPY-cPAF26 on solid-phase. 

 

Figure 5. BODIPY-cPAF26 is a fluorogenic peptide with high affinity for fungal cells. a) 

Chemical structure of BODIPY-cPAF26. b) Cell viability plots and non-linear regressions for 

BODIPY-cPAF26 and unlabeled PAF26 in N. crassa. Both peptides were incubated at the same 

concentrations with N. crassa conidia, and after 24 h at 25
 
ºC fungal growth was determined by 

measuring the optical density at 610 nm. Data represented as means ± s.d. (n=3). c) Fluorescence 

spectra of BODIPY-cPAF26 after incubation with liposome suspensions of PC: cholesterol (7:1) in 

PBS ranging from 3.75 mg mL
-1

 to 0.007 mg mL
-1

 of PC in 2-fold serial dilutions, exc.: 450 nm. d) 

Viability of human lung A549 epithelial cells after incubation with different concentrations of 
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BODIPY-cPAF26. Data represented as means ± s.d. (n=4). No significant differences (p > 0.05) 

were found between untreated cells and any of the treatments. 

 

 

Figure 6. BODIPY-cPAF26 stains various fungal species, including several fungal pathogens. 

Confocal live-cell images (top: fluorescence, bottom: bright field) of different fungal species after 

incubation with BODIPY-cPAF26 (2 M for a-d, 10 M for e,) for 10 min, without any washing 

steps. a) N. crassa, b) A. fumigatus, c) C. neoformans, d) F. oxysporum and e) C. albicans. Scale bar: 

10 m. 

 

Figure 7. Time-course fluorescence imaging of A. fumigatus with BODIPY-cPAF26. High-

resolution fluorescence confocal images of the fungal pathogen A. fumigatus after incubation with a 

cell membrane counterstain (red) and following direct addition of BODIPY-cPAF26 (2 M, green) 

without any washing steps. BODIPY-cPAF26 initially interacts rapidly with the apical plasma 
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membrane of A. fumigatus, then its staining moves towards the base of the germling cell within a few 

minutes (see Supplementary Video 1). Scale bar: 5 m. 

 

Figure 8. Time-course illustration of the reaction set-up for the synthesis of compound 3 under 

N2. a) Addition of anhydrous DCM, b) addition of 2,4-dimethylpyrrole, c) resulting solution after 

addition of TFA, d) slow addition of DDQ, e) addition of BF3·OEt2 to the TEA-containing mixture, 

f) isolated pure compound 3. 

 

Figure 9. Time-course illustration of the reaction set-up for the synthesis of the amino acid 1. a) 

Reaction vessel after microwave irradiation, b) filtration of the crude reaction through Celite under 

vacuum, c) crude mixture prior to purification, d) isolated pure amino acid 1. 
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Figure 10. Setup for the solid-phase synthesis of BODIPY-cPAF26. a) Manifold for manual 

SPPS, b) experimental set-up for cleavage of the resin, c) crude protected peptide after 

lyophilization. 

 

Figure 11. Experimental setup for the hydrogenation of the cyclic protected peptide. a) Purge 

under N2 stream, b) hydrogenation reaction under H2 at atmospheric pressure, c) filtration of crude 

solution through a glass Pasteur pipette, d) final pure BODIPY-cPAF26 after semi-preparative 

HPLC purification. 

 

Figure 12. Pictograms of BODIPY-cPAF26 and fluorescein under excitation with 365 nm light 

using a hand-held UV lamp. 1) BODIPY-cPAF26 (10 μM) in high concentration of liposomes, 2) 

BODIPY-cPAF26 (10 μM) in low concentration of liposomes, 3) BODIPY-cPAF26 (10 μM) in 

DPBS, 4) fluorescein (4 μM) in basic EtOH. 
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Figure 13. Pictogram of A549 cells in a 96-well plate after detergent incubation. Cells were 

incubated in 4 replicates with different concentrations of BODIPY-cPAF26 (rows B-E) as well as 

full DMSO (row F) and DPBS (row G) for positive and negative controls, respectively. 

 

Figure 14. Plate layout for the antifungal activity assays. a) Steps 154-156, b) step 157, c) step 

158, and d) step 160. Conidia are incubated in 6 replicates with different concentrations of peptide 

(rows A-C and E-G) and controls without peptide (column 12). In addition, ‘blank’ wells contain 

Vogel’s sucrose minimal medium only (rows D and H). 
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Tables 

Table 1. Composition of Vogel’s trace element solution (store at 4 
o
C).  

Citric acid · H2O 5 g 

ZnSO4 · 7 H2O 5 g 

(NH4)2Fe(SO4)2 · 6 H2O 1 g 

CuSO4 · 5 H2O 250 mg 

MnSO4 · H2O 50 mg 

H3BO3 50 mg 

Na2MoO4 · 2H2O 50 mg 

dH2O 1 L 

 

Table 2| Composition of Vogel’s salts 50X stock solution (store at 4 
o
C).  

Sodium citrate · 2 H2O 127 g 

KH2PO4 250 g 

NH4NO3 100 g 

MgSO4 · 7 H2O 10 g 

CaCl2 · 2 H2O 5 g 

Vogel’s trace element solution 
(see Table 1) 

5 mL 

Biotin solution (0.5 % (w/v) of 
d-biotin in dH2O) 

5 mL 

dH2O 1 L 

 
Table 3| Composition of solid Vogel’s sucrose minimal agar medium.  

Vogel’s salts 50X stock 
solution (see Table 2) 

20 mL 

Sucrose 20 g 

Agar 20 g 

dH2O 1 L 

 

Table 4| HPLC conditions for the analysis of crude mixtures and purified compounds. 

Equipment HPLC HPLC-MS 

Column XBridge BEH 130 C18 reverse-phase column 

4.6 × 100 mm (3.5 µm) 

Phenomenex Gemini C18 110A reverse-phase column 

4.6 x 50 mm (particle size 3.5 µm) 

Solvents A: H2O (0.045 % TFA (v/v)) 

B: ACN (0.036 % TFA (v/v)) 

A: H2O (0.1 % FA (v/v)) 

B: ACN (0.1 % FA (v/v)) 

Flow rate 1 mL min-1 1 mL min-1 

Gradient_1 5-100% (v/v) B over 8 min; 100% (v/v) B over 3 min; 
100-5% (v/v) B over 0.5 min; 5% (v/v) B over 3 min 

0-100% (v/v) B over 8 min; 100 %(v/v) over 3 min; 100–
0% (v/v) B over 0.5 min; 0% (v/v) B over 2.5 min 

Gradient_2 50-100% (v/v) B over 8 min; 100% (v/v) (v/v) B over 
3 min; 100–50% (v/v) B over 0.5 min; 50% (v/v) B 

over 3 min 

- 

Injection volume 2-15 µL 10-50 µL 

Detection wavelengths 210-400 nm 210-600 nm 
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Table 5| Semi-preparative HPLC conditions for the purification of compounds. 

Column Jupiter C12 reverse-phase column 

21.2 × 100 mm (10 µm), Proteo 90 Å, Ax (Phenomenex) 

Solvents A: H2O (0.1 % TFA (v/v)) 

B: ACN (0.05 % TFA (v/v)) 

Flow rate 16 mL min-1 

Gradient 0-35% (v/v) B over 5 min; 35-55% (v/v) B over 18 min; 100–0% (v/v) B 
over 1 min; 0% (v/v) B over 1 min 

Injection volume 500 µL 

Detection wavelengths 220 and 310 nm 

 

 

Table 6| Reagents needed for the solid-phase peptide synthesis of BODIPY-cPAF26. 

Resin weight: 45.0 mg Loading capacity: 1 mmol g-1    

Reagent Equivalents Molecular weight Density Quantity 

Fmoc-Gly-OH 1.0 297.3 g mol-1 - 13 mg 

DIPEA 3.0 129.2 g mol-1 0.742 g mL-1 24 µL 

DIPEA 7.0 129.2 g mol-1 0.742 g mL-1 55 µL 

Fmoc-Trp-OH 3.0 426.5 g mol-1 - 57 mg 

Fmoc-Phe-OH 3.0 387.4 g mol-1 - 52 mg 

Fmoc-Lys(Z)-OH 3.0 502.6 g mol-1 - 68 mg 

Fmoc-Arg(NO2)-OH 3.0 441.4 g mol-1 - 60 mg 

DIC 3.0 126.2 g mol-1 0.815 g mL-1 21 µL 

OxymaPure 3.0 142.1 g mol-1 - 19 mg 

Fmoc-Trp(C2-BODIPY)-OH 1.5 748.6 g mol-1 - 51 mg 

PyBOP 1.5 520.4 g mol-1 - 35 mg 

HOBt (hydrate) 1.5 153.1 g mol-1 - 10 mg 

DIPEA 2.0 129.2 g mol-1 0.742 g mL-1 16 µL 

 

Table 7 | Troubleshooting. 

 

Step(s) Problem Possible reason Possible solution 

23 Compound 3 is eluted with 
only hexane during column 
chromatography 

Incorrect equilibration of 
the purification system or 
traces of DCM remaining 
after evaporation 

Combine all fractions in a 
round-bottom flask to 
remove the solvent and 
repeat the purification steps 

25 Low recovery yield after 
column chromatography  

Compound 3 co-elutes 
with some byproducts 

Combine impure fractions in 
a round-bottom flask, remove 
the solvent and crystallize 
compound 3 in DCM: hexane 
(1: 6) 

31 Low conversion in the Crude impurities or large 
scale may decrease the 

Add more Pd(OAc)2 and 
AgBF4 and perform an 
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formation of compound 1 synthetic yield additional microwave 
irradiation cycle 

37 Samples of amino acid 1 in 
solution dry out 

Low boiling point of the 
solvent used 

Re-dissolve the dry sample in 
MeOH and analyze by HPLC-
MS 

54 Positive Kaiser test  Partial amino acid 
incorporation  

Repeat the coupling. 
Alternatively, employ longer 
reaction times (16 h) or 
reaction conditions from 
steps 48-52  

54, 62 Unclear result in Kaiser 
test  

Partial amino acid 
incorporation or too 
many resin beads used 
for the test  

Repeat the test with less resin 
beads. If still unclear, cleave a 
small portion of the resin and 
analyze it by HPLC. If the 
incorporation of the amino 
acid is partial, repeat the 
coupling. 

62 Positive Kaiser test  Partial amino acid 
incorporation  

Repeat the coupling using 0.5 
eq. of amino acid 1, HOBt and 
PyBOP and 1 eq. DIPEA  

62 Abnormal color in Kaiser 
test  

The BODIPY fluorophore 
gives intense yellow color 

Repeat the test with less resin 
beads 

82 BODIPY-cPAF26 peptide 
not formed and/or 
formation of byproducts 

Low catalyst efficiency Repeat the hydrogenation 
reaction with a different 
source/batch of Pd(OH)2-C 

82 BODIPY-cPAF26 peptide 
not detected 

Incomplete removal of 
the NO2 protecting group  

Repeat the hydrogenation for 
a longer time, refilling the H2 
balloon and with re-addition 
of Pd(OH)2-C 

94 Minor degradation 
observed for PAF26 

Low protease 
concentration 

Increase the pH of the buffer 
to 7.5-7.8 with sodium dibasic 
phosphate to speed up the 
degradation 

106 No differences in 
fluorescence between 
different liposome 
suspensions  

Wrong concentration of 
BODIPY-cPAF26 or 
liposome suspensions  

Repeat the preparation of the 
liposome dilutions in DPBS, 
ensuring all samples are 
properly vortexed 

106 Fluorescein shows little 
fluorescence emission 

pH of the solution is not 
adequate 

Basify the solution with basic 
EtOH (0.1 N NaOH) or repeat 
the sample preparation  

111 A549 cells do not detach 
from cell culture flask 

The proteolytic activity of 
trypsin is reduced 

Incubate for longer time (5 
min). Alternatively, wash the 
cells again with 10 mL Ca

2+
-

free DPBS and use a fresh 
batch of Trypsin-EDTA 
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120 A549 cells are not adhered 
to the bottom of the 
plate(s) or there are signs 
of contamination 

Inadequate manipulation 
of the cells 

Discard plate(s) and use a 
fresh batch of cells and 
reagents (i.e. media, DPBS, 
Trypsin-EDTA) 

128 Dark precipitate is not 
observed in the cells 

The MTT reaction is slow Incubate the cells for longer 
time, typically another 2 h 

131 Absorbance values are too 
low 

Cell number per cell is too 
low or incubation times 
are too short 

Repeat the experiment with 
more cells/well or increase 
the MTT reagent and 
detergent incubation times 

131 Absorbance values are too 
high 

Cell number per well is 
too high 

Decrease cell density when 
plating 

131 High standard deviation 
between replicates 

Inaccurate plating or 
pipetting 

Increase accuracy of cell 
plating and check the 
performance of pipettes 

133, 138, 
142, 145, 
151 

Fungal cells do not grow 
properly or there are signs 
of contamination 

Fungus in stock culture is 
dead or mutated. Poor 
microbiological technique 
or growth medium recipe 
was not followed 
correctly  

Discard flasks. Prepare new 
cultures using a new batch of 
medium. Inoculate with a 
fresh stock culture. Check 
that the temperature of 
incubation is correct 

162 High variability in 
absorbance values 
between replicates  

Inaccurate preparation of 
the 96 well-plate  

Confirm the multichannel 
pipette is working well for all 
the channels  

162 Absorbance values are too 
low 

Not enough cells have 
been transferred to the 
96 well-plate 

Gently homogenize the cell 
suspension during the plating 
to avoid any cell settlement in 
the pipette basin 

179,189 C. neorformans or C. 
albicans detach from the 
bottom of the chamber 

Sudden movement of the 
chamber  

Discard cells if they have 
been treated with peptide. If 
untreated, leave them in the 
incubator for further 30 min 
and avoid sudden movements 

194 Fluorescence is not 
detected during image 
acquisition 

Laser intensity is too low 
or laser is switched off 

Check the laser is switched on 
and adjust its intensity 
appropriately 

217 Red-stained cell(s) have 
disappeared from the field 
of view after the addition 
of BODIPY-cPAF26 

Cells have detached 
during the addition of 
BODIPY-cPAF26 

Move to another well and, 
when gently adding BODIPY-
cPAF26, place the pipette tip 
close to the media surface to 
minimize any movement 
generated by impact of the 
droplet 
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Additional information 

Supplementary Information is available in the online version of the paper. 
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A Trp-BODIPY fluorogenic amino acid to label peptides for 
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Supplementary Information 

 

Supplementary Figure 1. Analysis of the long-term stability of the amino acid 1 when stored as 

a solid at different temperatures. HPLC-MS traces of the amino acid 1 after being stored in the dark 

for 4 months at r.t., 4 ºC, and -20 ºC. UV detection: 500 nm. 
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Supplementary Figure 2. Analysis of the long-term stability of the amino acid 1 when dissolved 

in organic solvents at different temperatures. HPLC-MS traces of the amino acid 1 after being 

stored in the dark for 4 months in: a) DCM at -20 ºC, b) MeOH at 4 ºC, c) DMF at r.t. In c), the green 

arrow points at the remaining amino acid 1 and the main peaks correspond to Fmoc-deprotection side 

products. UV detection: 500 nm. 
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Supplementary Table 1. Cellular activity of BODIPY-cPAF26 and PAF26 in different fungal 

species. Cell viability was measured after 16 h incubation with different concentrations of BODIPY-

cPAF26 or PAF26 peptides at 25 ˚C for N. crassa or 37 ˚C for A. fumigatus. IC50 values (µM) are 

represented as means ± s.d. (n=3). 

 IC50 (N. crassa) IC50 (A. fumigatus) 

BODIPY-cPAF26 1.4 ± 0.1 2.2 ± 0.1 

PAF26 3.7 ± 0.1 7.9 ± 0.3 

 

Supplementary Table 2. Fluorescence quantum yields of BODIPY-cPAF26 in PC: cholesterol 

(7: 1) liposome suspensions in PBS with increasing hydrophobicity. PBS alone was used as a 

negative control. Quantum yields were determined by comparing the integrated emission area of the 

fluorescence spectra to the emission area of fluorescein in basic EtOH (QY: 0.97), exc.: 450 nm. Data 

represented as means ± s.d. (n=3). 

PC (mg mL
-1

) content on liposomes Quantum yield 

3.75 0.32 ± 0.04 

1.88 0.27 ± 0.04 

0.94 0.20 ± 0.02 

0.47 0.14 ± 0.02 

0.23 0.09 ± 0.01 

0.12 0.06 ± 0.01 

0.06 0.04 ± 0.01 

0.03 0.02 ± 0.004 

0.02 0.02 ± 0.003 

0.007 0.01 ± 0.002 

PBS 0.01 ± 0.002 
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Time (h) 

Purity (% of intact peptide left) 

BODIPY-cPAF26 Unlabeled PAF26 

0.25 99% 83% 

1 99% 79% 

4 99% 73% 

8 99% 63% 

24 98% 20% 

Supplementary Figure 3. Time-course analysis of the chemical integrity of BODIPY-cPAF26 

and unlabeled linear PAF26 in proteolytic environments. HPLC traces of BODIPY-cPAF26 (a) 

and unlabeled PAF26 (b) before incubation (top) and after incubation (bottom) at a concentration of 

200 M in a protease cocktail (1 mg L
-1

). Green arrows point at the peaks of intact BODIPY-cPAF26 

and red arrows point at intact PAF26. UV detection: 280 nm. Purities were determined by integration 

of the peak areas in respective HPLC chromatograms at 280 nm.  
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Supplementary Figure 4. Electrospray analysis of BODIPY-cPAF26 and unlabeled PAF26 after 

24 h incubation in a protease cocktail. Both peptides (200 M) were incubated in 1 mg L
-1

 of the 

protease cocktail, and their respective mass spectra were recorded on a Waters Micromass ZQ mass 

spectrometer (ESI positive mode). a) MS analysis of BODIPY-cPAF26 (exact mass: 1311 Da); b) MS 

analysis of unlabeled PAF26 (exact mass: 949 Da). 
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Supplementary Video 1. Time-course high-resolution imaging of A. fumigatus upon treatment 

with BODIPY-cPAF26. A. fumigatus were pre-treated with a cell membrane counterstain (red) and 

imaged under the confocal microscope. Cells were then treated with BODIPY-cPAF26 (2 µM, green) 

and further imaged without any washing steps. The movie shows the rapid fluorogenic response of 

BODIPY-cPAF26 upon interaction with the cell membrane of A. fumigatus. Scale bar: 5 µm. 
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Natural peptides show high degrees of specificity in their biological action. However, their

therapeutical profile is severely limited by their conformational freedom and metabolic

instability. Stapled peptides constitute a solution to these problems and access to these

structures lies on a limited number of reactions involving the use of non-natural amino acids.

Here, we describe a synthetic strategy for the preparation of unique constrained peptides

featuring a covalent bond between tryptophan and phenylalanine or tyrosine residues. The

preparation of such peptides is achieved in solution and on solid phase directly from

the corresponding sequences having an iodo-aryl amino acid through an intramolecular

palladium-catalysed C–H activation process. Moreover, complex topologies arise from the

internal stapling of cyclopeptides and double intramolecular arylations within a linear peptide.

Finally, as a proof of principle, we report the application to this new stapling method to

relevant biologically active compounds.

DOI: 10.1038/ncomms8160 OPEN

1 Institute for Research in Biomedicine, Barcelona Science Park, Baldiri Reixac 10-12, 08028 Barcelona, Spain. 2 Department of Organic Chemistry, University
of Barcelona, Martı́ i Franqués 1-11, 08028 Barcelona, Spain. 3 CIBER-BBN, Networking Centre on Bioengineering, Biomaterials and Nanomedicine. 4 Barcelona
Science Park, Baldiri Reixac 10-12, 08028 Barcelona, Spain. 5 School of Chemistry, Yachay Tech, Yachay City of Knowledge, 100119 Urcuqui, Ecuador.
6 Laboratory of Organic Chemistry, Faculty of Pharmacy, University of Barcelona, Avda. Joan XXII s.n., 08028 Barcelona, Spain. Correspondence and requests
for materials should be addressed to F.A. (email: albericio@irbbarcelona.org) or to R.L. (email: rlavilla@pcb.ub.es).

NATURE COMMUNICATIONS | 6:7160 | DOI: 10.1038/ncomms8160 | www.nature.com/naturecommunications 1

& 2015 Macmillan Publishers Limited. All rights reserved. 181

mailto:albericio@irbbarcelona.org
mailto:rlavilla@pcb.ub.es
http://www.nature.com/naturecommunications


P
eptides are attracting great attention as therapeutics since
they combine the high selectivity, potency and low toxicity
of biologics with advantages such as the conformational

restrictions and the reduced costs characteristic of small
molecular entities1,2. In addition to the large number of
commercialized peptides, many others are also found in clinical
phases, thereby demonstrating their validity and application as
active pharmaceutical ingredients3. However, the general use of
peptides as drugs is severely hampered by their poor
pharmacokinetic features. In this regard, it is widely believed
that the characterization of protein–protein interactions, a
fundamental issue in deciphering biological pathways, is better
tackled through structurally defined small peptides with specific
sequences. Therefore, there is a need for peptides with new
topological architectures; however, these are difficult to obtain
even using modern synthetic procedures4,5. To address these
problems, general strategies for peptide macrocyclization have
been developed to improve the properties (cell penetration,
stability, selectivity and so on) and enhance the potential of
peptides as therapeutics and bioprobes, with a special focus on
poorly tractable targets6–8. In this context, peptides constrained
via a non-amide sidechain-to-sidechain linkage (stapled peptides)
provide a new structural paradigm because the conformational
stabilized species display remarkably stronger biological activity.
In this regard, the pioneering work of Verdine et al.9,10 on the

basis of all-hydrocarbon staples through olefin metathesis
represents a breakthrough in the field.

So far, stapled peptides are generated through a variety of
strategies11, the main being the use of cysteine side chains to form
disulfide bridges12 and thioether formation (crosslinking with
a,a’-dibromo-m-xylene13 or aromatic nucleophilic substitutions
with perfluoroaromatic reactants14); or with functionalized
non-natural amino acids by means of biaryl linkages involving
the borylated phenylalanine derivatives15–18, ring-closing
metathesis19 and azide–alkyne cycloadditions (click chemistry)20,
and so on, usually in expensive and long stepwise syntheses.
A comparative table summarizes the major strengths and
weaknesses of the main conventional stapling strategies (Fig. 1a).
Owing to the increasing interest in stapled peptides and other
conformationally restricted structures, many efforts have been
made to develop new practical and general preparative methods for
their generation.

There is a considerable concern regarding the efficiency of
synthetic aspects with respect to the preparation of complex
bioactive compounds. In this context, the function-oriented
synthesis approach to target simplified, although biologically
meaningful, fragments of complex chemical entities is relevant, as
it leads to practical syntheses of new specific drugs and probes,
also in the field of peptides21.

Tryptophan (Trp) has a low relative abundance in peptide and
protein sequences (E1% of the amino acids); however, its
presence is critical for the activity of these biomolecules.
Therefore, the development of new synthetic methods for the
selective and straightforward chemical modification of Trp is
highly significant22.

Recently, metal-catalysed C–C coupling through direct C–H
activation23–29 has become a fundamental process in modern
organic syntheses, allowing the straightforward preparation
of a plethora of new structural types. In this respect, the
functionalization of indoles using this approach has been
extensively examined30,31, including studies described in (refs
28, 32–35) among others. Particularly relevant to our research
was the methodology of Larrosa for indole arylation using
Pd(OAc)2 in acidic media36. In particular, although the
Pd-mediated C-2 arylation of Trp has been reported37–39, it has
not yet been applied to staple true peptides. We recently disclosed
the direct C-2 arylation of indoles in Trp-containing peptidic
sequences in an intermolecular manner, without additional
requierements37. Although the alternative N-arylation processes
are conceivable, such Ullmann-type reactions take place normally
with Cu and Pd catalysts, in the latter case usually requiring
strong bases40. No experimental evidence of these
transformations have been recorded in our systems. The main
restriction is that lower conversions are obtained for sequences
that comprise methionine, cysteine or histidine residues,
presumably because of selective hydrolysis of the peptide bond
catalysed by bidentate palladium coordination; on-going
experiments along this line show that working in nonaqueous
solvents allows reasonable arylations (unpublished results). Later
we reported on the arylation of Trp-diketopiperazines41 and
related transformations of Trp derivatives, leading to the
generation of Fmoc-protected arylated Trps that are amenable
to direct incorporation in solid-phase peptide synthesis (SPPS)42.
These processes work well with N-protected peptides in
dimethylformamide (DMF) or in aqueous environments.

In this work, we present a new stapling methodology involving
Trp and Phe(Tyr) through a Pd-catalysed C–H activation process.
The method is versatile, allowing the formation of constrained
peptides of different ring sizes, amenable to solution- and solid-
phase synthesis and can lead to the direct preparation of
biologically meaningful peptide derivatives.

Previous work: conventional stapling strategies

This work: direct C–C coupling through C–H activation
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Figure 1 | Formation of stapled peptides. (a) Conventional stapling

methods. (b) Phe/Tyr–Trp stapling via a selective Pd-catalysed C–H

arylation process.
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Results
Preliminary studies. Here we present a one-step process for the
synthesis of Trp–Phe(Tyr)-stapled peptides directly from com-
mercially available precursors. The method is based on an
intramolecular Pd-catalysed C–H activation reaction between a
Trp residue and an iodo-phenylalanine (or tyrosine) unit
(Fig. 1b).

After a preliminary modelling study, we established the
structural features for the intramolecular C–H arylation, placing
the iodo-substituent for Phe or Tyr amino acids in the meta
position. The preferential distances between these latter residues
and Trp ranged from one to three amino acids in a series of linear
N-terminal-acetylated sequences.

The initial experiments were carried out using the conditions
previously applied in the arylation of the Trp diketopiperazine:41

Overall, 5 mol% Pd(OAc)2, AgBF4 (1.0 eq.) and o-nitrobenzoic
acid (2-NO2BzOH) (1.5 eq.) in PBS:DMF (1:1) under microwave
(MW) irradiation at 80 �C for 15 min (Table 1, entries 1–6).
These preliminary observations suggested that these
arrangements are suitable for stapled peptide formation,
affording good to excellent conversions for Trp–Phe(Tyr)
staples located at i� iþ 2, i� iþ 3 and i� iþ 4 positions
(Table 1, entries 1–6). Furthermore, a series of representative
sequences displaying from one to three amino acids between
Trp and m-iodinated Phe were constrained in useful yields
(Table 1, entries 7–10; Fig. 2; see Supplementary Fig. 1), in an

Table 1 | Results for the stapled bond formation of peptides 1 under microwave irradiation.

R′
R′′

R′′
R′

Pd(OAc)2
AgBF4, acid

AA AA

1 2

AA AA

DMF,
T(°C), time, MW

R′: H-, Ac-; R′′: -COOH, -NH2

Trp
Trp

HNH
N
H

(AA)n

(AA)n
I-Phe
/Tyr

I-Phe
/Tyr

R: H
I-Phe

R: OAc
I-Tyr

R

RI

Entry n Linear peptide (1) Coupling conditions* Stapled peptide Conv (%)w

1 1 Ac-Ala-m-I-Phe-Ala-Trp-Ala-OH (1a) A 2a 38
2 2 Ac-Ala-m-I-Phe-Ala-Ala-Trp-Ala-OH (1b) A 2b 100
3 3 Ac-Ala-m-I-Phe-Ala-Ala-Ala-Trp-Ala-OH (1c) A 2c 100
4 1 Ac-Ala-m-I-Tyr-Ala-Trp-Ala-OH (1d) A 2d 100
5 2 Ac-Ala-m-I-Tyr-Ala-Ala-Trp-Ala-OH (1e) A 2e 100
6 3 Ac-Ala-m-I-Tyr-Ala-Ala-Ala-Trp-Ala-OH (1f) A 2f 100
7 3 Ac-m-I-Phe-Asn-Gly-Arg-Trp-NH2 (1g) B 2g 77
8 3 Ac-m-I-Phe-Arg-Gly-Asp-Trp-NH2 (1h) B 2h 70
9 2 H-Ala-m-I-Phe-Ser-Ala-Trp-Ala-OH (1i) B 2i 39z
10 1 Ac-Ala-m-I-Phe-Val-Trp-Ala-OH (1j) B 2j 71
11 0 Ac-Ala-p-I-Phe-Trp-Ala-OH (1k) B 2ky 60

Conv, conversion; HPLC–MS, high-performance liquid chromatography–mass spectrometry; MW, microwave.
*Coupling conditions (A): 5 mol % Pd(OAc)2, 1.0 eq. of AgBF4, 1.5 eq. of 2-NO2BzOH in DMF:PBS (1:1), MW 80 �C, 15 min. (B) 5 mol % Pd(OAc)2, 2.0 eq. of AgBF4, 1.0 eq. of TFA in DMF, MW 90 �C,
20 min.
wConversion: estimated yield (HPLC-MS).
zAdditional MW irradiation cycles were necessary to obtain the desired product as the main compound (HPLC-MS).
yCyclodimer 2k was obtained in place of the putative monomeric structure 2k0 .
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anhydrous medium using trifluoroacetic acid (TFA) as the acid,
applying the optimized conditions previously reported for the
preparation of Fmoc-protected arylated Trps42. Although these
transformations may lead to atropoisomeric diastereomers, only
one stereochemically defined structure was observed in each case.
Of note is the successful application of this technique to stapled
peptides containing the Asn-Gly-Arg (-NGR-) and Arg-Gly-Asp
(-RGD-) tumour-homing signalling sequences (2g and 2h,
Table 1, entries 7 and 8, respectively).

Preliminary studies on the capacity of the RGD-containing
compound 2h and its linear precursor 1h to inhibit cellular
adhesion showed that these substances act selectively as
antagonists for the anb3 in front of anb5 integrin receptors;
compound 2h showing a moderate EC50 (6 mM) is more active
than its linear precursor (1h, 26 mM, see Biochemical and Cellular
Studies in Supplementary Methods). Compound 2h is consider-
ably less potent than cilengitide, not surprisingly as this drug has
been thoroughly optimized. However, it has to be considered that
even linear analogues display a much lower potency (10–103

times, depending on the targeted integrin) than the parent
cilengitide43,44. These preliminary results clearly show that this
stapling technique preserves the activity of the natural sequence,
while improving its potency, in line with pioneering experiments
in macrocyclization techniques for medchem peptide
development45,46.

We next tackled the preparation of the more challenging
locked peptide i� iþ 1. Three sequences with adjacent Trp—
(ortho-, meta- or para)-I-Phe were synthesized. A constrained
C–C linked structure was obtained for the meta-derivative (60%),

although it could not be properly characterized. With respect to
the ortho analogue, only the reduced peptide was detected.
Interestingly, the para-I-Phe peptide 1k was successfully reacted
under the usual conditions to yield cyclodimer 2k (60%, Table 1,
entry 11; see Supplementary Figs 2 and 3). Presumably, the
putative monomeric structure 2k0 would be highly strained
(molecular models display a nonplanar phenyl ring, see
Supplementary Fig. 4) and the process evolves through a ditopic
pathway, in a remarkable demonstration of the process versatility.

A detailed nuclear magnetic resonance (NMR) study was
performed on dimethylsulphoxide to analyse the conformational
behaviour of the peptides synthesized. The NMR spectra of linear
sequences 1g–1j were indicative of flexible, unstructured peptides.
Ha and 13Ca chemical shifts displayed values typical for random
coil, and the NH temperature coefficients and 3J(HaNH) couplings
were within the range expected for unstructured peptides47.

Staple bond formation caused a substantial modification of the
peptide NMR spectra. Compared with their linear precursors,
peptides 2g–2j showed larger Ha chemical shift dispersion
(Fig. 3a and Supplementary Figs 5–7), indicating less conforma-
tional flexibility. However, broad resonances were observed at
25 �C for some backbone NH protons, suggesting that peptides
2g–2j show some flexibility. Significant differences in 13Ca
chemical shifts were observed between stapled peptides 2g–2j
and their linear counterparts 1g–1j (Fig. 3b and Supplementary
Figs 5–7). The temperature dependence of the amide NH groups
was also significantly affected by staple formation (Fig. 3c and
Supplementary Figs 5–7). Stapled peptides showed a wider
distribution of Dd/DT values within the amino-acid sequence and
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Figure 3 | Peptide NMR spectra comparison between stapled peptide 2i and its linear counterpart 1i. (a) NMR Ha region of peptide 2i and its

linear precursor 1i. (b) Plot of the 13Ca chemical shift differences (13Ca Ddcyclic–linear) between stapled peptide 2i and its linear counterpart 1i.
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also featured values characteristic of solvent-shielded NH groups
(lower than � 3 ppb/K). NOE connectivity was also affected by
staple formation. In the case of peptides 2h, 2i and 2j, several
nonsequential NOEs indicated that the peptides were constrained
by intramolecular cyclization (Fig. 3c and Supplementary Figs 6
and 7). Incidentally, we detect all Nindole–H atoms, and also we
find the corresponding indole Ca positions consequently
substituted, therefore ruling out any interference by N-arylation
processes. The aryl–aryl moieties show NOE correlations
consistent with a defined single configuration in each case, which
matches with the arrangement predicted from molecular
modelling.

Moreover, circular dichroism measurements of stapled pep-
tides 2g and 2h were performed in order to detect evidence of
secondary structure and were then compared with their linear
precursors 1g and 1h, respectively (See Supplementary Figs
8–11). Stapled peptides 2 show a positive maximum at B190 nm
and minimum peaks at 206 nm, which indicate some levels of
structuring. In contrast, linear peptides exhibit a more flattened
profile typical of a flexible unfolded structure.

Extension to biologically relevant peptides. To further explore
the potential of the methodology, we planned to make the stapled
analogues of known linear bioactive peptides, and at the same
time test the influence of new features, such as the presence of
proline (Pro) in the sequence, the overall length of the chain
(up to nine amino acids) and the possibility of performing the
C–H arylation on the solid phase, which enables the transfor-
mation of unprotected N-terminal peptides. In this way, we
prepared the stapled version of an active valorphin analogue48,
which is a potent dipeptidyl peptidase III inhibitor, displaying
Pro in a five amino-acid sequence containing also Trp and
Tyr (see Supplementary Fig. 12). Interestingly, this peptide is
closely related to spinorphin, an endogenous antinociceptive
peptide, a potent and noncompetitive antagonist at the
ATP-activated human P2X3 receptor49. The SPPS method was
used to synthesize the Fmoc-protected sequence, which was
intramolecularly arylated on resin. Subsequent N-terminal

deprotection and cleavage, successfully afforded the stapled
peptide 2l (Fig. 4a). This solid-phase protocol is fully com-
patible with the Pd chemistry involved and, interestingly, allows
the preparation of arylated sequences having unprotected
terminal amino groups. Futhermore, baratin50, a neuro-
stimulating peptide, was stapled following a related procedure.
In this way, the standard SPPS protocol was interrupted to
perform the on-resin C–H activation step, to be continued
with the incorporation of the final four amino acids. Afterwards,
deprotection and cleavage afforded the desired derivative 2m
(Fig. 4a, see Supplementary Methods and Supplementary Fig. 12).

Next, we determined the proteolytic stability of a couple of
meaningful stapled peptides, in comparison with their respective
linear counterparts. We followed a chymotrypsin-based protocol,
previously used to evaluate stapled peptides51. Plotting the
HPLC-MS profiles of the couples 2g/1g and 2h/1h (Fig. 4b,
also Supplementary Figs 13–15) clearly shows an almost total
protection of the stapled peptides towards enzymatic degradation,
after 5–6 h, whereas the linear precursors suffered a rapid
hydrolytic cleavage to remove the N-terminal amino acid, and
completely disappeared after this time lapse.

Finally, we studied the controlled labelling of the stapled
peptides. The goal was to selectively attach a fluorophore to the
C-terminal amino acid to trace cellular permeabilization and
localization. Thus, we linked a Bodipy residue to cyclopeptide 2j
through an amino spacer (the novel Bodipy construct was
designed and prepared for this purpose, see Supplementary
Fig. 16 and Supplementary Methods), to get the desired labelled-
stapled peptide 2j Bodipy (Fig. 4c) in a convenient manner. This
compound exhibits low cytotoxicity at 750 nM after 24 h of
incubation in SH-SY5Y cells (MTT assay; see Supplementary
Fig. 17), and this concentration was used for the cell penetration
studies. In a preliminary flow cytometry experiment
(fluorescence-activated cell sorting assay), SH-SY5Y cells resulted
in brightly stained sections on incubation for 30 min (see
Supplementary Fig. 18). The cells treated in this manner were
analysed using confocal microscopy. The stapled peptide
2j Bodipy was localized both in the membrane and in the
cytoplasmatic region (Fig. 4c). Incidentally, the Bodipy-labelled
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linear precursor 1j Bodipy also penetrates into cells in a
comparable extent; however, there are appreciable differences in
toxicity and cell permeability with respect to the stapled analogue
(see Supplementary Figs 19 and 20). Overall, these results enable
the performance of systematic bioimaging studies on these
compounds.

Intermolecular peptide conjugation through C–H activation.
Chemical conjugation can effectively link drugs to carriers,
and this technique is routinely used to modify biologics,
especially antibodies with therapeutic indications52. We next
explored peptide–peptide conjugation via C–H activation to
achieve bismacrocyclic peptide constructs linked through a
nonhydrolysable bond.

Peptides that inhibit the new blood vessel growth (angiogen-
esis) have become a promising tool for treating cancer. In this
context, it has been reported that cyclic forms of NGR-containing
sequences (tumour-homing peptides) lead to an improvement of
the anticancer activity of an associated drug53. We selected the
previously studied Asn-Gly-Arg (NGR) array and synthesized the
corresponding Trp-containing macrocycle 3 to be conjugated
to a synthetic p-I-Phe-cyclopeptide derivative of the cyclic
depsipeptide sansalvamide A (4, Fig. 5a), a natural product
whose synthetic analogues have demonstrated significant
anticancer activity54. Using a standard Pd-catalysed reaction in
an aqueous medium of PBS–DMF, the two partners were
successfully coupled to yield the C–C conjugate 5 (Fig. 5a).

In a second example, the conjugation of two units of the
NGR Trp-containing cyclopeptide 3 with a 1,4-diiodobenzene
connector via a double C–H arylation was achieved. Again, the
process yielded the expected bis-NGR-adduct 6 in a single step
(Fig. 5b).

To evaluate the effects of macrocyclic conjugation, the NMR
spectra of conjugated peptide 5 and its cyclic precursors 3 and 4
were compared (see Supplementary Fig. 21). After conjugation,
small shifts were observed in the Ha resonances of the
sansalvamide A analogue 4. In contrast, the Ha chemical shifts
of the NGR-containing cycle were almost identical in peptides
5 and 3. Comparison of 13Ca chemical shifts showed that in both
cycles the larger 13Ca chemical shift change corresponded to the
residue involved in the intermolecular bond formation: Trp
(1.2 p.p.m.) in the NGR-containing cycle and Phe (0.6 p.p.m.)
in the sansalvamide A derivative. More modest changes were
observed in the 13Ca of the remaining amino acids. The
resemblance of the Ha and 13Ca chemical shifts, which are
highly sensitive to conformational changes, suggests that
conjugation provided a minimal perturbation of the overall
structures of peptides 3 and 4. The NMR analysis was extended to
peptide 6 and its precursor 3. The effects of conjugation in the
Ha and Ca resonances are shown in Supplementary Fig. 22.

Unfortunately, in preliminary biological studies evaluating the
conjugated peptide 5 and its macrocycle precursors 3 and 4
against several cancer cell lines, only the cyclopeptide 4 showed
activity (IC50o10 mM). Nevertheless, the protocol seems general
and offers new possibilities for peptide-based conjugation.

Stapled cyclopeptides. We then explored access to complex
topologies, focusing on the synthesis of bicyclic peptide chemo-
types. In a first approach, the synthesis of a stapled cyclopeptide
was attempted by promoting the usual C–H arylation through
an intramolecular Trp-I–Phe interaction. Preliminary studies
showed that alanine (Ala) hexapeptides containing a m-I-Phe and
Trp units, respectively, placed at positions i� iþ 2 and i� iþ 3
afforded the corresponding macrocycles after routine amide
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coupling in quantitative yields; however, the subsequent intra-
molecular C–H arylations did not take place under the standard
conditions, probably because of a highly restricted conformation.
Remarkably, when the stapling on the linear sequence anchored
to the resin 7 was carried out first on the solid phase, we obtained
the corresponding NH-free amino terminal-stapled peptide 9
after cleavage from resin. Finally, we isolated the desired bicyclic
compound 10 by amide cyclization (Fig. 6a,b). Furthermore, in
this way, we overcame the relative limitation of irreversible pro-
tection of the N-terminal amino group, as previously reported37.
Incidentally, preliminary results showed that increasing the
Pd(OAc)2 amount up to 0.2 eq. gave acceptable intermolecular
arylations for NH-free amino terminal sequences (data not
shown). The stapled cyclopeptide 10 was prepared in a suitable
manner, involving a solid-phase arylation, thus facilitating the
purification step, followed by a routine peptide coupling. This
protocol may enable the synthesis of further derivatives of this
attractive and unexplored structural class.

The 1H NMR spectrum of the linear stapled peptide 9 was
characterized by a large chemical shift dispersion of the NH and
Ha resonances. Bicyclopeptide 10 showed a slightly larger
chemical shift range for the Ha protons, as expected for a more
rigid and structured peptide. Backbone cyclization was also
reflected in a large splitting of the methylene Ha atoms of Gly-1
and Hb atoms of Phe. In the case of peptide 9, the chemical shift
difference between the two geminal protons was o0.2 (Ha,
Gly-1) and 0.1 (Hb, Phe) p.p.m., whereas for peptide 10 this
difference increased to 40.9 (Ha, Gly-1) and 40.7 (Hb, Phe)
p.p.m. Backbone cyclization was further evidenced by significant
changes in 13Ca chemical shifts and in the temperature
coefficients of amide NH (Supplementary Fig. 23).

Double stapling of linear peptides. Biaryl bismacrocyclic
peptide-derived natural products such as vancomycin55 and
complestatin56 display very interesting bioactivity profiles and

as synthetic targets they are extremely difficult to prepare57.
Thus, the development of new methodologies to access
simplified scaffolds is crucial to enable structural diversification,
thereby allowing practical medicinal chemistry and biological
studies. Hence, it was envisioned that intramolecular double
C–H arylation of a sequence containing a diiodinated Tyr
(commercially available) flanked by two Trp units would give
raise to bicyclic peptide topologies with adjancent biaryl moieties
in a straightforward manner. In order to establish the conditions
for this transformation, we performed some preliminary
experiments where the intermolecular C–H activation of a
Ac-m,m0-I,I-Tyr(OAc)-OH unit with 2.0 eq. of Ac-Trp-OH was
tested. An increase in the amount of the Pd catalyst (40%) and
AgBF4 (6.0 eq.)58 and use of a mild excess of pivalic acid resulted
in a productive reaction (see Supplementary Methods). Next, we
designed the linear peptide sequence 11 (Fig. 6c), which was
synthesized in a straightforward manner on the solid phase.
Using the previous C–H activation conditions for the diodoTyr,
we successfully obtained the double stapled peptide 12 directly
from the corresponding linear precursor in one step in a 25%
HPLC conversion, together with monoarylated cycles and
dehalogenated derivatives, which were probably produced in
competitive processes (Fig. 6c). This remarkable result is the
proof of principle that even these complex peptidic topologies are
accessible through the present methodology. The 1H NMR
spectrum of the double stapled peptide 12 is characterized by a
wide chemical shift range for the NH and Ha protons (see
Supplementary Fig. 134). The observed pattern of NOEs,
summarized in Fig. 6d, indicates that each side of the Tyr
aromatic ring faces a distinct Trp-Ala-Gly motif.

As an optimization of this methodology, we have developed the
exclusive use of standard proteinogenic amino acids (Tyr), which,
once coupled, are modified in situ, thus simplifying the protocol
and rendering it considerably more affordable. In this way, the
corresponding linear precursor of peptide 11 can be obtained
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geometry of compound 10 generated by the Spartan ’14 suite. Hydrogens omitted for clarity. (c) Double C–H arylation to cyclic biaryl 12 (25% conversion,

estimated by HPLC). Reaction conditions: (iv) 40 mol %Pd(OAc)2, AgBF4 (6.0 eq.), pivalic ac. (1.5 eq.), DMF, MW 90 �C, 20 min. (d) Minimized geometry

of compound 12 generated by Spartan ‘14 suite showing the diagnostic NOE correlations (blue arrows).
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through routine amide couplings followed by on-resin iodination
of the Tyr residue to yield derivative 11 (41% conversion,
unoptimized, see Supplementary Fig. 24)59. This remarkable
result enables the direct synthesis of bicyclopeptide 12 to be
performed on solid-phase from commercially available reagents
in a single sequence.

Discussion
Metal-catalysed arylations through C–H activation are suitable
processes to gain access to minimalistic staples (two-electron) in
relevant Trp-containing peptide sequences directly from Trp
and iodo-phenylalanine (-tyrosine) precursors. The validation of
the methodology includes the analysis of the scope of the
transformation, compatibility with other amino acids and the
applicability to SPPS. This approach has also been applied to
constrain biologically active signalling sequences. In an intermole-
cular mode, the process efficiently links two Trp peptides to a
benzene connector and is also useful to conjugate peptides through
a C–C bond. All compounds showed a structured nature, as
revealed by spectroscopic characterization. Finally, we have
developed a simple protocol for the straightforward access to novel
peptide topologies such as dimeric macrocycles, stapled bicyclopep-
tides and biaryl–biaryl species (see Supplementary Figs 4 and 25)
from the corresponding linear precursors in only one step. These
findings open up general access to a variety of novel constrained
peptidic chemotypes, and we believe that this breakthrough will
make a significant contribution to the development of a broad range
of applications for peptides in biological and medicinal chemistry.

Methods
General. For abbreviations and detailed experimental procedures see
Supplementary Methods. For NMR analysis of the compounds, see Supplementary
Figs 26–148 and Supplementary Tables 1–40.

Peptide synthesis. All peptides were manually synthesized on a 2-Chlorotrityl,
H-Rink-Amide Chemmatrix or TentaGel S NH2 resin using standard Fmoc
chemistry for SPPS.

Linear peptide cyclization. The free-amine free-acid linear peptide (1.0 eq.) was
dissolved in ACN/DMF or DMF (0.001–0.003 M) and N,N-diisopropylethylamine
(DIEA) (6.0 eq.) and the corresponding coupling agents (1.5–3.0 eq., benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) with hydro-
xybenzotriazole (HOBt) or 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU) and O-(benzotriazol-1-yl)-
N,N,N0 ,N0-tetramethyluronium tetrafluoroborate (TBTU) or (7-azabenzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP)) were added. The
solution was stirred at r.t until the cyclization was complete (1–3 h). Workup was
performed by extraction with aqueous solutions of NH4Clsat and NaHCO3sat.
Organic layers were combined, dried over anhydrous sodium sulfate, filtered and
concentrated under vacuum. When remaining protecting groups were present, the
macrocycle was treated with a 95% TFA, 2.5% triisopropylsilane (TIS) and 2.5% H2O
cocktail (3 h), washed with Et2O, dissolved in ACN:H2O and lyophilized to furnish
the corresponding deprotected peptide. When necessary, the macrocycle was pur-
ified by flash column chromatography on silica gel or semipreparative RP-HPLC.

General protocol for the stapled bond formation in solution. The linear peptide
(50 mg), AgBF4 (2.0 eq.), trifluoroacetic acid (1.0 eq.) and Pd(OAc)2 (0.05 eq.) were
placed in a MW reactor vessel in DMF (1.2 ml). The mixture was heated under MW
irradiation (250 W) at 90 �C for 20 min. The residue was filtered and purified using
semipreparative RP-HPLC. This process was scaled up to 0.907 mmol of peptide,
affording the stapled/locked peptides 2g–2k in isolated yields ranging from 1 to 32%.

Procedure for the single macrocycle conjugation. Cyclopeptide 4 (40.0 mg,
0.056 mmol), cyclopeptide 3 (55.3 mg, 0.084 mmol, 1.5 eq.), AgBF4 (43.8 mg,
0.225 mmol, 4.0 eq.), pivalic acid (5.7 mg, 0.056 mmol, 1.0 eq.) and Pd(OAc)2

(1.4 mg, 0.077 mmol, 0.1 eq.) were placed in a MW reactor vessel in 2 ml of
PBS:DMF (1:1). The mixture was heated under MW irradiation (250 W) at 90 �C
for 20 min. The irradiation cycle was repeated after adding a new portion of
Pd(OAc)2 and AgBF4. The residue was filtered and partially purified in a PoraPak
Rxn reverse phase column (1.63 mg, 2% estimated using HPLC-MS). A pure
fraction was obtained using analytic RP-HPLC to yield pure conjugate 5.

Procedure for the double macrocycle conjugation. 1,4-diiodobenzene (35 mg,
0.106 mmol), macrocycle 3 (209 mg, 0.318 mmol, 3.0 eq.), AgBF4 (124 mg,
0.637 mmol, 6.0 eq.), pivalic acid (16.3 mg, 0.159 mmol, 1.5 eq.) and Pd(OAc)2

(9.5 mg, 0.042 mmol, 0.4 eq.) were placed in a MW reactor vessel in 2 ml of
PBS:DMF (1:1). The mixture was heated under MW irradiation (250 W) at 90 �C
for 20 min. The crude product was filtered, and the workup was carried out by
washing with AcOEt and then precipitating by adding ACN to the aqueous phase.
The resulting precipitate was washed with ACN, decanted and dried, obtaining
159 mg of crude product (pale solid, 42% estimated using HPLC-MS). A pure
fraction was obtained with semipreparative RP-HPLC to yield pure conjugate 6.

Typical procedure for the stapled cyclopeptide formation on the solid phase.
Once sequence 7 was synthesized on a TentaGel S NH2 resin via an AB linker, the
peptide anchored to the resin (139 mg, 0.145 mmol), AgBF4 (28 mg, 0.144 mmol,
1.0 eq.), 2-nitrobenzoic acid (36 mg, 0.215 mmol, 1.5 eq.) and Pd(OAc)2 (1.6 mg,
7.1 mmol, 0.05 eq.) in DMF (2 ml) was placed in a MW reactor vessel. The mixture
was heated under MW irradiation (250 W) at 90 �C for 20 min. Eight more batches
were carried out following the same procedure and were then combined. The resin
was treated with 1% DDC in DMF and the Fmoc group was removed. The peptide
was cleaved from the resin with a 95% TFA, 2.5% TIS and 2.5% H2O cocktail (1 h),
yielding the stapled sequence 9 (85% purity, estimated using HPLC-MS). Finally,
the stapled peptide 9 was cyclized (see above for standard cyclization procedure)
and the crude product was purified using semipreparative RP-HPLC to yield
bicyclopeptide 10 (pale solid, 18% unoptimized).

One-step double arylation to biaryl–biaryl stapled peptide. Linear peptide 11
(50 mg, 0.044 mmol), AgBF4 (51 mg, 0.262 mmol, 6.0 eq.), pivalic acid (6.7 mg,
0.066 mmol, 1.5 eq.) and Pd(OAc)2 (3.9 mg, 0.018 mmol, 0.4 eq.) were placed in
a MW reactor vessel in DMF (500 ml). The mixture was heated under MW
irradiation (250 W) at 90 �C for 20 min. Three more batches were carried out
following the same procedure and then filtered and combined (25% conversion,
estimated using HPLC-MS). A pure fraction of bicyclopeptide 12 was isolated
using semipreparative RP-HPLC.
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12. Góngora-Benı́tez, M., Tulla-Puche, J. & Albericio, F. Multifaceted roles of
disulfide bonds. Peptides as therapeutics. Chem. Rev. 114, 901–926 (2014).

13. Jo, H. et al. Development of a-helical calpain probes by mimicking a natural
protein-protein interaction. J. Am. Chem. Soc. 134, 17704–17713 (2012).

14. Spokoyny, A. M. et al. A perfluoroaryl-cysteine SNAr chemistry approach to
unprotected peptide stapling. J. Am. Chem. Soc. 135, 5946–5949 (2013).

15. Bois-Choussy, M., Cristau, P. & Zhu, J. Total synthesis of an atropdiastereomer
of RP-66453 and determination of its absolute configuration. Angew. Chem. Int.
Ed. 42, 4238–4241 (2003).

16. Carbonnelle, A.-C. & Zhu, J. A novel synthesis of biaryl-containing macrocycles
by a domino miyaura arylboronate formation: intramolecular suzuki reaction.
Org. Lett. 2, 3477–3480 (2000).

17. Afonso, A., Feliu, L. & Planas, M. Solid-phase synthesis of biaryl cyclic peptides
by borylation and microwave-assisted intramolecular Suzuki–Miyaura reaction.
Tetrahedron 67, 2238–2245 (2011).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8160

8 NATURE COMMUNICATIONS | 6:7160 | DOI: 10.1038/ncomms8160 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved. 188

http://www.nature.com/naturecommunications


18. Meyer, F.-M. et al. Biaryl-bridged macrocyclic peptides: conformational
constraint via carbogenic fusion of natural amino acid side chains. J. Org.
Chem. 77, 3099–3114 (2012).

19. Blackwell, H. E. & Grubbs, R. H. Highly efficient synthesis of covalently cross-
linked peptide helices by ring-closing metathesis. Angew. Chem. Int. Ed. 37,
3281–3284 (1998).

20. Dharanipragada, R. New modalities in conformationally constrained peptides
for potency, selectivity and cell permeation. Future Med. Chem. 5, 831–849
(2013).

21. Wender, P. A. Toward the ideal synthesis and molecular function through
synthesis-informed design. Nat. Prod. Rep. 31, 433–440 (2014).

22. Sletten, E. M. & Bertozzi, C. R. Bioorthogonal chemistry: fishing for selectivity
in a sea of functionality. Angew. Chem. Int. Ed. 48, 6974–6998 (2009).

23. Yu, J.-Q. & Shi, Z. Topics in Current Chemistry 384 (Springer, 2010).
24. Seechurn, C. C. C. J., Kitching, M. O., Colacot, T. J. & Snieckus, V.

Palladium-catalyzed cross-coupling: a historical contextual perspective to the
2010 Nobel Prize. Angew. Chem. Int. Ed. 51, 5062–5086 (2012).

25. Ackermann, L. Carboxylate-assisted transition-metal-catalyzed C-H bond
functionalizations: mechanism and scope. Chem. Rev. 111, 1315–1345 (2011).

26. McMurray, L., O’Hara, F. & Gaunt, M. J. Recent developments in natural
product synthesis using metal-catalysed C-H bond functionalisation. Chem.
Soc. Rev. 40, 1885–1898 (2011).
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Supplementary Figure 1  Minimized geometries of compounds 2h-j generated by the Spartan ’14 suite 
(molecular mechanics, MMFF94).8 
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Supplementary Figure 7  Peptide NMR spectra comparison between compounds 2j and 1j. a, NMR Hregion 

of peptide 2j and its linear precursor 1j. b, Plot of the 13C chemical shift differences (13C ∆cyclic-linear) between 
stapled peptide 2j and its linear counterpart 1j. c, Summary of NOE connectivities and temperature coefficients 

of the NH amide protons (∆/∆T) of peptide 1j (bottom left) and 2j (bottom right). The thickness of the bars 
reflects the intensity of the NOEs, i.e. weak ( ), medium ( ) and strong ( ). I-F: m-iodophenylalanine. 
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Supplementary Figure 74  1H NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). 

 

 

Supplementary Figure 75  13C NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). 
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Supplementary Figure 76  1H-13C HSQC NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH 
(2j). 

 

 

Supplementary Figure 77  COSY NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). 
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Supplementary Figure 78  TOCSY NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). 

 

 

Supplementary Figure 79  NOESY NMR spectrum of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). 
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Supplementary Figure 117  1H NMR spectrum of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-OH (9). 

 

Supplementary Figure 118  1H-13C HSQC NMR spectrum of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-

OH (9). 
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Supplementary Figure 119  COSY NMR spectrum of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-OH (9). 

 

Supplementary Figure 120  TOCSY NMR spectrum of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-OH 

(9). 
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Supplementary Figure 121  NOESY NMR spectrum of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-OH 

(9). 

 

Supplementary Figure 122  1H NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] 

(10). 
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Supplementary Figure 123  13C NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] 

(10). 

 

Supplementary Figure 124  1H-13C HSQC NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-

Gly-] (10). 
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Supplementary Figure 125  COSY NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] 

(10). 

 

Supplementary Figure 126  TOCSY NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] 

(10). 
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Supplementary Figure 127  NOESY NMR spectrum of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] 

(10). 

 

Supplementary Figure 134  1H NMR spectrum of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-Tyr(OAc)]-

[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 
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Supplementary Figure 135  1H-13C HSQC NMR spectrum of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-

Tyr(OAc)]-[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 

 

Supplementary Figure 136  COSY NMR spectrum of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-Tyr(OAc)]-

[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 
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Supplementary Figure 137  TOCSY NMR spectrum of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-Tyr(OAc)]-

[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 

 

Supplementary Figure 138  NOESY NMR spectrum of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-Tyr(OAc)]-

[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 
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Supplementary Table 15  1H chemical shifts assignments of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-
OH (2j). 

 

Supplementary Table 16  13C chemical shifts assignments of compound Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-
OH (2j). 
 
 
 
 

 

 

 

Supplementary Table 33  1H chemical shifts assignments of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-

Gly-OH (9). 

 

 

 

Supplementary Table 34  13C chemical shifts assignments of compound H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-

Gly-OH (9). 

2j (1H) δ (ppm) 

AA NH α β δ1 δ2 ε2 ζ ε1 ζ2 η2 ζ3 ε3 γ 
Ala1 8.09 4.31 1.16 - - - - - - - - - - 

m-I-Phe 7.60 4.60 2.93 7.29 7.16 7.37 7.33 - - - - - - 
Val 8.09 4.07 1.75 - - - - - - - - - 0.72 
Trp 7.67 4.65 3.34/3.20 - - - - 11.19 7.33 7.08 6.95 7.42 - 

Ala2 7.56 4.24 0.99 - - - - - - - - - - 

2j (13C) δ (ppm) 

AA α β δ1 δ2 ε2 ζ ζ2 η2 ζ3 ε3 γ 
Ala1 47.7 17.7 - - - - - - - - - 

m-I-Phe 53.4 38.0 129.1 128.9 128.1 126.8 - - - - - 
Val 57.4 30.1 - - - - - - - - 18.5 
Trp 52.0 26.2 - - - - 110.5 120.9 118.0 119.2 - 

Ala2 47.4 16.4 - - - - - - - - - 

9 (1H) δ (ppm) 

AA NH α β δ1 δ2 ε2 ζ ε1 ζ2 η2 ζ3 ε3 
Ala1 - 3.71 1.28 - - - - - - - - - 

m-I-Phe 9.14 4.79 3.14/3.03 7.50 7.14 7.35 7.40 - - - - - 
Gly1 8.43 3.76/3.57 - - - - - - - - - - 
Ala2 7.84 3.83 0.80 - - - - - - - - - 
Trp 6.80 4.55 3.56/3.32 - - - - 11.15 7.34 7.11 7.01 7.59 

Gly2 7.38 3.55/3.38 - - - - - - - - - - 

9 (13C) δ (ppm) 

AA α β δ1 δ2 ε2 ζ ζ2 η2 ζ3 ε3 
Ala1 49.2 18.3 - - - - - - - - 

m-I-Phe 52.7 36.8 129.0 128.9 128.0 128.7 - - - - 
Gly1 43.1 - - - - - - - - - 
Ala2 49.3 15.8 - - - - - - - - 
Trp 52.4 26.6 - - - - 110.9 121.3 118.5 118.2 

Gly2 42.1 - - - - - - - - - 
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10 (1H) δ (ppm) 

AA NH α β δ1 δ2 ε2 ζ ε1 ζ2 η2 ζ3 ε3 
Ala1 8.53 4.14 1.28 - - - - - - - - - 

m-I-Phe 6.77 4.63 3.57/2.83 7.42 7.17 7.38 7.44 - - - - - 
Gly1 7.39 4.09/3.15 - - - - - - - - - - 
Ala2 8.19 3.47 0.34 - - - - - - - - - 
Trp 6.46 4.55 3.50 - - - - 11.2 7.32 7.06 6.96 7.41 

Gly2 7.38 3.54/3.35 - - - - - - - - - - 

Supplementary Table 35  1H chemical shifts assignments of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-

Trp]-Gly-] (10). 

 
10 (13C) δ (ppm) 

AA α β δ1 δ2 ε2 ζ ζ2 η2 ζ3 ε3 
Ala1 49.2 16.2 - - - - - - - - 

m-I-Phe 51.0 35.6 129.9 129.8 128.0 126.5 - - - - 
Gly1 42.9 - - - - - - - - - 
Ala2 50.9 15.0 - - - - - - - - 
Trp 48.5 24.8 - - - - 110.8 121.0 118.2 118.2 

Gly2 43.1 - - - - - - - - - 

Supplementary Table 36  13C chemical shifts assignments of compound Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-

Trp]-Gly-] (10). 
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12 (1H) δ (ppm) 

AA NH α β δ1 δ2 ε1 ζ2 η2 ζ3 ε3 
Trp1 8.03 4.94 3.04 - - 10.87 7.34 7.09 7.03 7.98 
Ala1 6.79 4.19 1.03 - - - - - - - 
Gly1 8.50 3.90/3.47 - - - - - - - - 
Tyr 7.22 4.75 3.30/3.19 7.43 7.36 - - - - - 

Ala2 8.71 4.39 1.21 - - - - - - - 
Gly2 8.24 3.58/3.24 - - - - - - - - 
Trp2 6.79 5.04 3.38/2.83 - - 10.87 7.25 7.03 6.96 7.58 

Supplementary Table 39  1H chemical shifts assignments of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-
Tyr(OAc)]-[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 
 
 

12 (13C) δ (ppm) 

AA α β δ1 δ2 ζ2 η2 ζ3 ε3 
Trp1 51.5 29.2 - - 111.0 120.9 118.1 119.2 
Ala1 47.8 18.2 - - - - - - 
Gly1 42.4 - - - - - - - 
Tyr 51.2 36.6 132.8 133.4 - - - - 

Ala2 47.6 18.4 - - - - - - 
Gly2 42.4 - - - - - - - 
Trp2 50.6 26.7 - - 110.8 120.7 118.0 118.7 

Supplementary Table 40  13C chemical shifts assignments of compound Ac-(bicyclo-m,m)-[Trp-Ala-Gly-
Tyr(OAc)]-[Tyr(OAc)-Ala-Gly-Trp]-OH (12). 
 

 

 

 

 

 

 

 

 

 



209 
 

Selected supplementary methods 

 

General procedure for the C-H activation process of peptides 2g-2k 

Unless stated otherwise, the linear peptide (50 mg), AgBF4 (2.0 eq.), trifluoroacetic acid (1.0 eq.) 

and Pd(OAc)2 (0.05 eq.) were placed in a microwave reactor vessel in DMF. The mixture was heated 

under microwave irradiation (250 W) at 90 °C for 20 min. The residue was filtered and purified by 

semi-preparative RP-HPLC (XBRIDGETM BEH 130, C18, 5μM OBD 19x50 mm column) [solvent A 

(0.1% FA in H2O) and solvent B (0.1% FA in ACN)], in 10 min, flux: 20 mL·min-1, detection at 

λ=220 nm. 

Ac-Ala-(Cyclo-m)-[Phe-Val-Trp]-Ala-OH (2j). Starting from peptide 1j (207 mg, 0.374 mmol) 

(71% conversion, estimated by HPLC-MS). Semi-preparative RP-

HPLC gradient: 20-40% of B. Pale solid (55.2 mg, 32%). 1H NMR 

(600 MHz, DMSO-d6): δ 11.19 (s, 1H), 8.09 (m, 2H), 7.67 (d, J = 

9.6 Hz, 1H), 7.60 (d, J = 7.3 Hz, 1H), 7.56 (d, J = 7.0 Hz, 1H), 7.42 

(d, J = 8.0 Hz, 1H), 7.37 (t, J = 7.5 Hz, 1H), 7.33 (dd, J = 7.9, 1.3 Hz, 2H), 7.29 (t, J = 1.7 Hz, 1H), 

7.16 (dt, J = 7.5, 1.5 Hz, 1H), 7.08 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 6.95 (ddd, J = 7.9, 6.9, 1.1 Hz, 1H), 

4.65 (ddd, J = 9.7, 6.4, 3.2 Hz, 1H), 4.60 (ddd, J = 8.8, 7.2, 4.4 Hz, 1H), 4.31 (p, J = 7.2 Hz, 1H), 4.24 

(p, J = 7.3 Hz, 1H), 4.07 (t, J = 9.5 Hz, 1H), 3,34 (1H), 3.20 (dd, J = 14.7, 6.6 Hz, 1H), 3.01 – 2.85 (m, 

2H), 1.84 (s, 3H), 1.75 (m, 1H), 1.16 (d, J = 7.1 Hz, 3H), 0.99 (d, J = 7.3 Hz, 3H), 0.72 (dd, J = 6.7, 

4.3 Hz, 6H) ppm. 13C NMR (151 MHz, DMSO-d6): δ 173.66, 171.79, 171.26, 169.91, 169.79, 168.93, 

137.29, 136.51, 135.78, 132.48, 129.45, 129.29, 128.56, 128.46, 127.18, 121.23, 119.51, 118.40, 

110.83, 105.92, 57.69, 53.78, 52.32, 48.02, 47.76, 38.33, 30.44, 26.59, 22.45, 18.87, 18.53, 17.95, 

16.67 ppm. IR (Film, cm-1) ν = 3295.37, 3051.96, 2962.28, 1642.70, 1617.08, 1514.59 cm-1. HRMS 

(ESI) (m/z): [M+H]+ calcd. for C33H40N6O7, 633.30312; found, 633.30487. 

 
 

H-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-OH (9). AB linker incorporation for TentaGel S NH2 

resin. AB linker (3.0 eq.) was attached to the resin (1.0 eq.) with 

DIPCDI (3.0 eq.), OxymaPure (3.0 eq.) in DMF at r.t for 1h. First 
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amino acid incorporation. Fmoc-Gly-OH (4.0 eq.) was attached to the resin (1.0 eq.) with DIPCDI 

(2.0 eq.), DMAP (0.4 eq.) in DCM at r.t (1 x 2h, 1 x 16h). End-capping of resin to block any 

remaining unreacted active resin sites.Anhydride acetic (5.0 eq.) and DIEA (5.0 eq.) in DMF were 

added for 30 min. Peptide elongation. Fmoc-XX-OH (3.0 eq.) were incorporated with a 5-min pre-

activation with DIPCDI (3.0 eq.) and OxymaPure (3.0 eq.) in DMF for 1h. Fmoc-XX-OH: Fmoc-Trp-

OH, Fmoc-Ala-OH, Fmoc-Gly-OH. Fmoc-m-I-Phe-OH (1.5 eq.) was incorporated with HBTU (1.5 

eq.), HOBt (1.5 eq.) and DIEA (3.0 eq.) in DMF for 1h. Stapled bond formation on solid-phase. The 

resulting peptide 7 anchored to the resin (139 mg, 0.145 mmol), AgBF4 (28 mg, 0.144 mmol, 1.0 eq.), 

2-nitrobenzoic acid (36 mg, 0.215 mmol, 1.5 eq.) and Pd(OAc)2 (1.6 mg, 7.1 μmol, 0.05 eq.) were 

placed in a microwave reactor vessel in 2 mL of DMF. The mixture was heated under microwave 

irradiation (250 W) at 90 °C for 20 min. Eight more batches were carried out following the same 

procedure and were combined. The peptide 8 anchored to the resin was treated with 1% DDC in DMF 

and after removing the Fmoc group it was cleaved from the resin with a 95% TFA, 2.5% TIS, 2.5% 

H2O cocktail (1h). (85% purity, estimated by HPLC-MS). 1H NMR (500 MHz, DMSO-d6): δ 11.15 (s, 

1H), 8.43 (t, J = 5.1 Hz, 1H), 7.84 (s, 1H), 7.59 (d, J = 7.9 Hz, 1H), 7.50 (s, 1H), 7.41-7.35 (m, 4H), 

7.17 – 7.08 (m, 2H), 7.01 (t, J = 7.4 Hz, 1H), 6.80 (d, J = 8.4 Hz, 1H), 4.83 – 4.74 (m, 1H), 4.55 (q, J 

= 8.2 Hz, 1H), 3.83 (m, 1H), 3.76 (m, 1H), 3.71 (m, 1H), 3.57 – 3.53 (m, 3H), 3.38-3.32 (m, 2H), 3.14 

– 3.11 (m, 1H), 3.03 (dd, J = 13.5, 8.8 Hz, 1H), 1.28 (d, J = 6.9 Hz, 3H), 0.80 (d, J = 7.2 Hz, 3H) ppm. 

IR (Film, cm-1) ν = 3288.97, 3051.96, 2923.84, 1649.11, 1527.40 cm-1. HRMS (ESI) (m/z): [M+H]+ 

calcd. for C30H35N7O7, 606.26707; found, 606.26754. 

 

Cyclo[-Ala-(Cyclo-m)-[Phe-Gly-Ala-Trp]-Gly-] (10). The free-amine free-acid stapled peptide 9 

(92.2 mg, 0.152 mmol) was dissolved in 152 mL of DMF (0.001 M) and 

DIEA (6.0 eq.) and PyAOP (2.0 eq.) were added. The solution was stirred at 

r.t until the cyclization was complete (1.5h). DMF was removed under 

vacuum, and the crude was dissolved in EtOAc and extracted with NH4Clsat 

and NaHCO3sat. Organic layers were combined, dried over sodium sulfate, filtered and concentrated 

under vacuum. The crude was purified by semi-preparative RP-HPLC (XBRIDGETM BEH 130, C18, 
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5μM OBD 19x50 mm column) [solvent A (0.1% FA in H2O) and solvent B (0.1% FA in ACN)], in 10 

min, flux: 20 mL·min-1, detection at λ=220 nm (gradient: 20-30% of B). Pale solid (16.0 mg, 18%). 

1H NMR (600 MHz, DMSO-d6): δ 11.23 (s, 1H), 8.53 (s, 1H), 8.19 (s, 1H), 7.49 – 7.35 (m, 6H), 7.32 

(d, J = 8.0 Hz, 1H), 7.17 (dt, J = 7.7, 1.4 Hz, 1H), 7.06 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 6.96 (ddd, J = 

8.0, 6.8, 1.0 Hz, 1H), 6.77 (d, J = 8.9 Hz, 1H), 6.46 (s, 1H), 4.72 – 4.60 (m, 1H), 4.55 (dt, J = 8.6, 6.7 

Hz, 1H), 4.14 (m, 1H), 4.11 – 4.05 (m, 1H), 3.57 (dd, J = 13.4, 1.9 Hz, 1H), 3.54 (d, J = 4.9 Hz, 1H), 

3.50 (m, 2H), 3.49 – 3.43 (m, 1H), 3.37 – 3.34 (m, 1H), 3.15 (dd, J = 14.1, 2.6 Hz, 1H), 2.83 (dd, J = 

13.7, 6.7 Hz, 1H), 1.28 (d, J = 7.4 Hz, 3H), 0.34 (d, J = 7.3 Hz, 3H) ppm. 13C NMR (151 MHz, 

DMSO-d6): δ 171.42, 171.41, 170.82, 170.71, 169.08, 168.56, 136.02, 135.69, 135.66, 133.76, 130.16, 

130.11, 129.65, 128.24, 126.79, 121.22, 118.51, 118.45, 111.02, 105.66, 51.27, 51.18, 49.44, 48.72, 

43.31, 43.18, 35.90, 25.07, 16.43, 15.23 ppm. IR (Film, cm-1) ν = 3378.65, 3301.78, 3051.96, 2930.25, 

1649.11, 1533.81 cm-1. HRMS (ESI) (m/z): [M+H]+ calcd. for C30H33N7O6, 588.25651; found, 

588.25770. 

 

Ac-(bicyclo-m,m)-[Trp-Ala-Gly-Tyr(OAc)]-[Tyr(OAc)-Ala-Gly-Trp]-OH (12). The linear 

peptide 11 (50 mg, 0.044 mmol), AgBF4 (51 mg, 0.262 mmol, 6.0 

eq.), pivalic acid (6.7 mg, 0.066 mmol, 1.5 eq.) and Pd(OAc)2 (3.9 

mg, 0.018 mmol, 0.4 eq.) were placed in a microwave reactor vessel 

in 500 μL of DMF. The mixture was heated under microwave 

irradiation (250 W) at 90 °C for 20 min. Three more batches were carried out following the same 

procedure. All the crudes were filtered and combined (25% conversion, estimated by HPLC-MS).  The 

crude was purified by semi-preparative RP-HPLC (XBRIDGETM BEH 130, C18, 5μM OBD 19x50 

mm column, [solvent A (0.1% FA in H2O) and solvent B (0.1% FA in ACN)], in 10 min, flux: 20 

mL·min-1, detection at λ=220 nm, gradient: 25-30% of B. 1H NMR (600 MHz, DMSO-d6): δ 10.87 

(d, J = 12.6 Hz, 2H), 8.71 (d, J = 8.0 Hz, 1H), 8.50 (s, 1H), 8.24 (s, 1H), 8.03 (m, 1H), 7.98 (d, J = 8.0 

Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.43 (s, 1H), 7.38 – 7.32 (m, 2H), 7.25 (d, J = 8.2 Hz, 1H), 7.22 (d, 

J = 7.0 Hz, 1H), 7.09 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.03 (dt, J = 15.7, 7.6 Hz, 2H), 6.96 (t, J = 7.8 

Hz, 1H), 6.79 (2H), 5.04 (m, 1H), 4.94 (q, J = 7.4 Hz, 1H), 4.75 (m, 1H), 4.43 – 4.35 (m, 1H), 4.19 (p, 
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J = 6.9 Hz, 1H), 3.90 (dd, J = 17.0, 7.1 Hz, 1H), 3.58 (dd, J = 16.7, 7.0 Hz, 1H), 3.51 – 3.44 (m, 1H), 

3.38 (1H), 3.30 (1H), 3.24 (1H), 3.19 (m, 1H), 3.04 (s, 2H), 2.83 (t, J = 13.2 Hz, 1H), 1.94 (s, 3H), 

1.49 (s, 3H), 1.21 (d, J = 7.2 Hz, 3H), 1.03 (d, J = 7.0 Hz, 3H) ppm. HRMS (ESI) (m/z): [M+H]+ 

calcd. for C45H47N9O11, 890.34678; found, 890.34796.  
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&Macrocycles

Constrained Cyclopeptides: Biaryl Formation through
Pd-Catalyzed C¢H Activation in Peptides—Structural Control
of the Cyclization vs. Cyclodimerization Outcome

Lorena Mendive-Tapia,[a] Alexandra Bertran,[a] Jesffls Garc�a,[a] Gerardo Acosta,[b]

Fernando Albericio,[b, c, d] and Rodolfo Lavilla*[b, e]

Abstract: A series of short tryptophan-phenylalanine pep-

tides containing an iodo substituent on the phenyl ring was
subjected to Pd-catalyzed CH activation reactions to give
the corresponding aryl-indole coupled products. Two types

of adducts were generated: cyclomonomer and cyclodimeric
peptides; no evidence of oligo- or polymerization products

was detected. Contrary to standard peptide macrocycliza-

tions, the factors controlling the fate of the reaction are the

number of amino acids between the aromatic residues and
the regiochemistry of the parent iodo derivative, independ-

ent of both the concentration and the cyclization mode. The

method is general and allows access to novel biaryl peptidic
topologies, which have been fully characterized.

Introduction

Peptides display ideal features for exploring the biological

space associated with complex biomolecules such as chemical
diversity, molecular topology and dimensions, and high selec-
tivity is often achieved with these chemical entities. However,

their metabolic stability is generally low, which limits their use
as drugs, and their conformational flexibility normally leads to

reduced affinity to the target. Cyclopeptides are naturally oc-
curring substances displaying large rings often exhibiting im-
proved properties.[1] Recently, the groups of Heinis[2] and
Whitty[3] have reviewed the ways peptide-based macrocycles

bind to proteins and the development of new techniques and
computational tools for the generation of these macrocycles.
There is a wide range of different strategies to perform the

macrocyclization,[4] in which competing poly(oligo)merization[5]

may be limited through high-dilution conditions or solid-phase
cyclization. The efficiency of the process is determined by sev-

eral key parameters, such as concentration, structure and pre-
organization of the linear precursors, solvent and ring size,

which can all play a critical role in the control of the macrocy-
cle-to-oligomer ratio.[6] In this respect, Kappe studied the influ-
ence of the ring size in a copper-catalyzed dipolar cycloaddi-

tion (CuAAC) macrocyclization of linear peptoids.[7] In addition,
the concept of stapled peptides has recently emerged as
a breakthrough in their use as drugs. The intramolecular con-
striction in these modified biomolecules normally improves the

pharmacokinetic profile and the conformational behavior.[8]

The main stapling methods so far described include cysteine
modification, ring-closing metathesis and click chemistry.[9] Al-
though efficient, these approaches require the use of two
chemically modified de novo amino acids. On the other hand,

peptides containing biaryl linkages constitute attractive targets
because they display potent bioactivities; however, they are

synthetically challenging.[10] In this context, we have disclosed
an alternative constraining method involving the coupling of
an iodo-phenylalanine/tyrosine (Phe/Tyr) moiety with the 2-po-

sition of the indole nucleus of a neighboring tryptophan (Trp)
residue, to yield an aryl–aryl peptidic adduct in a palladium-

catalyzed C¢H activation reaction.[11–13] The scope of the reac-
tion is general with the exception of peptidic sequences con-
taining metal-coordinating amino acids (cysteine, methionine,

histidine) as we reported.[12a] Recently, Ackermann and co-
workers developed a new arylation method that proceeds at

much lower temperatures using aryliodonium species, which is
particularly suitable for intermolecular arylations.[14] By follow-

ing our protocol, a variety of peptidic macrocycles of several
lengths and topologies have been prepared. These studies
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have involved meta-regiochemistry in the aryl iodide, render-
ing almost exclusively the cyclic peptide through an intramo-

lecular C¢H arylation reaction. Here, with the aim of obtaining
highly constrained cyclic peptides and determining the factors

controlling the fate of the chemical transformation, we report
a systematic study of I-Phe/Trp coupling processes involving

shorter spacers and also alternative regiochemistries for the
aryl iodide unit. The main factors determining the outcome of

the reaction and novel chemotypes arising from these transfor-

mations are discussed (Scheme 1).

Results and Discussion

ortho-Regiochemistry

We first evaluated the impact of an ortho-regiochemistry in the

aryl iodide residue in the outcome of the C¢H coupling. For
this purpose, linear sequences were first manually prepared by

solid-phase peptide synthesis (SPPS) with either none or one
alanine (Ala) residue between the Trp and o-iodo-Phe amino

acids. When the C¢H coupling was attempted under our stan-

dard conditions, only reduction of the carbon¢halogen bond
was observed. This behavior may reflect the high strain that

would arise in an ortho-biarylcyclopeptide, with the conse-
quent difficulty in the cyclization. Interestingly, the intermolec-

ular reaction between the single residues Fmoc-o-I-Phe-OH
and Ac-Trp-OH successfully yielded the corresponding Trp-Phe

adduct 1 a, as seen in previous work on meta/para-aryl iodide
derivatives, although the process proceeds with a slightly
lower reactivity than that observed for those described deriva-
tives.[12a] This is probably due to steric hindrance associated
with the ortho-disposition; consistently, the para-derivative an-

alogue 1 b (Scheme 2 a) was produced in higher yield.

meta-Regiochemistry

We recently reported access to a variety of biarylcyclic pep-
tides ranging from one to three amino acids between m-I-Phe
and Trp residues through a selective intramolecular C¢H acti-
vation reaction.[12c] In an analogous manner, we tackled the
chemistry of adjacent Phe-Trp residues. In this way, an Ala con-
taining tetrapeptide featuring contiguous m-I-Phe and Trp

units was reacted under the usual conditions. Consistently, the
arylation evolved to yield the cyclodimeric structure 3 (28 % es-

timated yield based on the HPLC profile, Scheme 2 b), with no
trace of either the putative cyclic peptide or oligo(poly)meriza-

tion species being detected. Furthermore, we have not detect-

ed any racemization on the peptide stereogenic centers, and
neither was atropoisomerism related to the new aryl¢aryl

bond observed, which is a trend always seen throughout the
rest of the studies. Detailed high-resolution mass spectrometry

analyses were performed to unambiguously distinguish the
cyclic monomer from the cyclic dimer products (see the Sup-

porting Information).

para-Regiochemistry

Peptides 4, with an increasing number of amino acids between
Trp and p-I-Phe units, were prepared by using SPPS. As previ-

ously reported by our group, reaction of the adjacent Phe and
Trp containing sequence (4 a) again resulted in the exclusive

formation of the cyclodimeric peptide 5 a (Table 1, entry 1;

Scheme 1. Palladium-catalyzed cyclization between Phe-Trp containing pep-
tides.

Scheme 2. Intermolecular C¢H arylation of a) (o/p-I)Phe unit and b) cyclodimer formation from adjacent (m-I)Phe-Trp. [a] Estimated yield based on the HPLC-
MS profile.
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Figure 1).[15] The inclusion of one amino acid residue between

the Trp and Phe units (4 b) did not alter this tendency, and the

corresponding cyclodimer 5 b was selectively generated
(Table 1, entry 2; Figure 1). Remarkably, when the chain length

was increased up to two residues (peptide 4 c), both cyclodi-
meric 5 c (23 % estimated conversion based on HPLC analysis)

and cyclic 5 c’ (51 %) species were formed in meaningful ex-
tents (Table 1, entry 3; Figure 1). Furthermore, the presence of

three amino acids (peptide 4 d) resulted in the exclusive gener-

ation of the corresponding cyclic derivative 5 d’ (Table 1,
entry 4; Figure 1) after Pd-catalyzed arylation.

Incidentally, in some cases when the reactions evolve pre-
dominantly through the cyclodimeric pathway, traces of cyclo-

trimeric species were also detected by HPLC-MS analysis. Nev-
ertheless, no evidence of polymerization was observed.

Likely, the first intermolecular process leads to intermediate

species, which may be preorganized through Pd-to-amide co-
ordination thus favoring the subsequent cyclization by an in-

tramolecular C¢H arylation, then leading to cyclodimers.
Typically, standard peptide macrocyclizations have to be car-

ried out at high dilution conditions (<1 mm), which is a draw-
back in terms of solvent economy. However, in all of our ex-

periments, the cyclodimer-to-cyclic peptide ratio seems to be

independent of the concentration, which is moderately high
(0.10–0.25 m) ; the structure of the parent peptide and the re-

giochemistry of the I-Phe unit tend to control the fate of the
reaction. Additional experiments carried out at lower concen-
trations (1 mm) gave essentially unreacted substrates. With re-
spect to solid-phase cyclizations (the alternative way to ach-
ieve high dilution conditions, then favoring intramolecular in-

teractions), a series of I-Phe-(Ala)n-Trp sequences were subject-
ed to analogous Pd-catalyzed couplings on low functionalized

TentaGel resins. The same trends were observed, with cyclodi-
merization being the only outcome of the reaction (see the

Supporting Information).
We then focused our attention in 2,5-diketopiperazines

(DKPs), the smallest cyclopeptides, which are present in nu-

merous natural products and constitute attractive scaffolds for
the development of new drugs.[16] For the synthesis of these

compounds, we reacted the commercially available H-Trp-
OMe·HCl and Fmoc-x-I-Phe-OH (x: o, m, p) through a standard

amide coupling with HBTU (1.0 equiv) and DIEA (2.0 equiv) to
form the corresponding dipeptide, with the iodo substituent

placed at ortho, meta or para positions, respectively. This sub-

strate was then suspended in 20 % piperidine/ACN solution to
remove the N-terminal Fmoc protecting group with subse-

quent spontaneous DKP formation. Finally, the resulting DKPs

6 a–c were subjected to our reported Pd-catalyzed C¢H activa-
tion protocol to yield the corresponding cyclodimeric products

7 b–c from the m,p-regiochemistries (24 and 28 % yield, respec-
tively; Scheme 3), whereas the o-derivative afforded only re-

duction of the carbon¢halogen bond and neither cyclodimeric
nor cyclic products could be detected.

Table 1. Influence of the number of residues between p-I-Phe and Trp
residues in the palladium-catalyzed C¢H arylation[a]

Entry Peptide sequence[b] Cyclodimeric peptide[c] Cyclicpeptide[c]

1 A-(p-I)F-W-A (4 a) (5 a) (60 %) n.d.[d]

2 (p-I)F-A-W-K (4 b) (5 b) (54 %) n.d.
3 A-(p-I)F-K-G-W-A (4 c) (5 c) (23 %) (5 c’) (51 %)
4 A-(p-I)F-R-K-G-W-A (4 d)[e] n.d (5 d’) (81 %)

[a] Coupling conditions: 20 mol % Pd(OAc)2, AgBF4 (2.0 equiv), TFA
(1.0 equiv) in DMF (0.10–0.25 m peptide concentration), MW 90 8C, 20 min.
[b] A: alanine, F: phenylalanine, G: glycine, K: lysine, R: arginine, W: tryp-
tophan. [c] Conversions estimated based on HPLC-MS analysis. [d] n.d. :
not detected. [e] A second irradiation cycle was performed.

Figure 1. C¢C linked structures resulted from C¢H arylations of linear pep-
tides containing p-I-Phe and Trp residues located at different distances
a) i,i + 1; b) i,i + 2; c) i,i + 3; d) i,i + 4.

Chem. Eur. J. 2016, 22, 13114 – 13119 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13116

Full Paper

217

http://www.chemeurj.org


James and Collins recently reported a quantitative index for

the macrocyclization efficiency (Emac), which is proportional to

the concentration and the yield of the reaction.[17] To assess
the practicality of our macrocyclization protocol, we calculated

the Emac values for a range of representative macrocyclic pep-
tides disclosed so far with our methodology. The calculated in-

dexes (between 6.5 and 7.7, see the Supporting Information)
are within the range of the previously reported Emac dataset[17]

and rank among the most productive processes of these types.

All the synthesized cyclopeptides were unequivocally charac-
terized by HRMS and NMR spectroscopy. Most compounds

show well-defined signals compatible with flexible conforma-
tions. Cyclodimeric peptides 5 a–c were fully assigned by NMR

spectroscopic analysis and showed a C2-symmetric structure.
Aromatic ring flipping was observed for Phe residues in all

peptides. Rapid reorientation around the Cb¢Cg bond renders

the Hd1/Hd2 protons on one side and the He1/He2 protons on
the other side, being equivalent on the NMR timescale.

On the other hand, peptide 5 a displayed sharp peaks at
298 K whereas many resonances of peptides 5 b and 5 c ap-

peared as broad signals at this temperature. On increasing the
temperature, a clear sharpening on the 1H resonances of cyclo-

dimers5 b and 5 c was observed. This behavior is indicative of

exchange broadening effects, suggesting that backbone flexi-
bility increases with the size of the polypeptide chain. The
1H NMR spectra of macrocycles5 c’ and 5 d’ were characterized
by a significant chemical shift dispersion of the amide NH (in

some cases resonating around 8.0 ppm or higher) and Ha res-
onances. As in the case of peptides 5 a–c, ring flipping is rapid

on the NMR timescale, resulting in chemical shift averaging,
yielding only two resonances for the four Phe aromatic pro-
tons, one for the two Hd1/Hd2 protons and the second one

for the two He1/He2 protons (see the Supporting Information).
Finally, the 1H NMR spectra of DKP cyclodimers7 b and 7 c were

well resolved and consistent with the symmetric and rigid
nature of these molecules. Cyclodimer formation was charac-

terized by a large diastereotopic splitting of geminal Hb pro-

tons (for additional comments on this section see the Support-
ing Information).

Interestingly, the small cyclodimeric DKPs 7 b and 7 c display
two different topologies (square and rhomboid, respectively)

defined by the regioisomeric pattern of the phenyl moiety
(Figure 2 a). On the other hand, cyclodimers 5 b and 5 c possess

larger cavity diameters in the range of known macrocycles
such as cyclodextrins (Figure 2 b). These cyclic oligosaccharides

can encapsulate a broad range of compounds inside their hy-

drophobic cavity.[18] Consequently, our novel peptidic architec-
tures could be envisioned as possible host compounds for flat
guests. In preliminary experiments, estradiol was selected as
potential guest. Modest increments of host absorbance were

detected with a progressive increase of the estradiol molar
fraction and, importantly, a typical saturation curve was ob-

tained for both compounds at high molar guest fractions, sug-

gesting the existence of molecular recognition events (see the
Supporting Information).[19]

The controlled formation of cyclopeptides or cyclodimers,
depending on the structure of the parent peptides, prompted

us to rationalize this remarkable behavior. In this respect, we
have to mention the recent work of Houk, James, and co-work-

ers, in which a related system was analyzed.[5a] They clearly re-

lated the ease of formation of the macrocyclic structures with
their strain energy. With these results in mind, we performed

a preliminary assessment of the relative stability of meaningful
models of the smaller cyclic/cyclodimer pairs (n = 0, 1).[20]After

the optimization of the geometries for a series of representa-
tive Phe-Trp derivatives by molecular mechanics (MMFF) and

Scheme 3. Synthesis of dimeric Phe-Trp DKPs 7 b and 7 c. [a] Isolated yields. [b] Estimated yields based on HPLC-MS analysis. [c] A second irradiation cycle was
performed.

Figure 2. Minimized geometries of compounds a) 7 b and 7 c b) 5 b and 5 c
generated by using the Spartan ‘14 suite (Molecular Mechanics + Semiem-
pirical methods).
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semiempirical methods (PM3, see the Supporting Information),
we had a rough qualitative estimation of the stabilities for

these compounds.
We noticed the following trends: (i) ortho-derivatives always

gave strained cyclic species. (ii) meta-regiochemistries led, in
the adjacent Trp-Phe construct, to highly strained cyclic spe-

cies, and to an energetically more reasonable cyclodimer; only
the latter was experimentally obtained. In a larger substrate

with a glycine spacer between the Phe and Trp units, the cy-

clopeptides and the cyclodimer are comparable in energy, with
the former being isolated, whereas the latter is not observed.

In cases in which the enthalpy barrier to formation of both
species are in the same range, it may be considered that with

the cyclopeptide being energetically accessible, its formation
may be faster (in a single irreversible process) than the step-
wise ring closure leading to a larger macrocycle (cyclodimer).

(iii) Regarding the para-isomers, for both directly linked Trp-
Phe systems and those featuring one Gly spacer, the cyclic spe-

cies are highly unstable, displaying distorted nonplanar ben-
zene rings, whereas the cyclodimeric structure is energetically
favorable and its formation is thus justified. Overall, this rough
estimation seems to be in line with previous findings,[19] and

accounts for the experimental observations. A more detailed

study involving larger substrates and the reaction barriers lead-
ing to the cyclized compounds is expected to be extremely

challenging, taking into consideration the conformational land-
scape of the cyclopeptides and the complexity of the Pd-cata-

lyzed process.

Conclusion

We have established the structural factors controlling the fate
of intramolecular C¢H arylation in a series of Phe-Trp peptides

leading to cycles or to cyclodimers. Overall, short spacers lead
to cyclodimers (i, i + 1-meta/para ; i, i + 2-para) and longer link-
ages (i, i + 4-meta/para) or intermediate meta substrates render

cyclopeptides, whereas in one case (i, i + 3-para) both species
are produced to similar extents. These practical rules conven-

iently chart the synthesis of these species. Furthermore, novel
chemotypes of the highly constrained biarylcyclic and cyclodi-
meric peptides have been disclosed. Overall, these studies
clearly show that in biaryl peptidic sequences, the fate of the
cyclization or cyclodimerization is mainly due to structural fea-

tures rather than regulated by experimental factors. The prepa-
ration of new biaryl cyclopeptides could be achieved by fol-

lowing these lines.

Experimental Section

General information

Reactions were monitored by HPLC-MS at 220 nm with a HPLC
Waters Alliance HT comprising a pump (Edwards RV12) with degas-
ser, an autosampler and a diode array detector. Flow from the
column was split to a MS spectrometer. The MS detector was con-
figured with an eletrospray ionization source (micromass ZQ4000)
and nitrogen was used as the nebulizer gas. Mass scans were ac-
quired in positive ion mode, and linear gradients of ACN (+ 0.05 %

formic acid) into H2O (+ 0.1 % formic acid) were run at a flow rate
of 1.6 mL min¢1 over 3.5 min. Data acquisition was performed with
MassLynx software. High-resolution mass spectrometry analyses
were conducted with an LTQ-FT Ultra (Thermo Scientific) spectrom-
eter with a NanoESI positive ionization. Data was acquired with
Xcalibur software, vs.2.0SR2 (ThermoScientific) and elemental com-
positions from experimental exact mass monoisotopic values were
obtained with a dedicated algorithm integrated in Xcalibur. All mi-
crowave reactions were carried out in 10 mL sealed glass tubes in
a focused mono-mode microwave oven (“Discover” by CEM Corpo-
ration) with a surface sensor for internal temperature determina-
tion. Cooling was provided by compressed air ventilating the mi-
crowave chamber during the reaction. When stated, final crude
material was purified with a semipreparative RP-HPLC with a RP-
HPLC XBRIDGETM Prep C18, 5 mm OBD 19 Õ 50 mm column,
a Waters Delta 600 system comprising a sample manager (Waters
2700), a controller (Waters 600), a dual l absorbance detector
(Waters 2487), a fraction collector II, and a software system control-
ler (MassLynx). Linear gradients of ACN (+ 0.05 % formic acid) into
H2O (+ 0.1 % formic acid) were run at a flow rate of 16 mL min¢1

over 20 min. Otherwise, the final crude material was purified by
flash column chromatography Combi Flash ISCO RF provided with
dual UV detection. Normal mode: crude residue and silica media
were suspended in DCM, concentrated, and the resultant solid
samples were eluded on a RediSepRf silica column. Reverse mode:
crude residues and Celite were suspended in DCM, concentrated,
and the resultant solid samples were eluded on a RediSepRf GOLD
C18 column. NMR spectra of peptides in [D6]DMSO were acquired
with a Varian Mercury 400 MHz, Bruker DMX-500 MHz, or Bruker
Avance III 600 MHz spectrometer, with the latter equipped with
a TCI cryoprobe. The spectra were referenced relative to the resid-
ual DMSO signal (1H, 2.49 ppm; 13C, 39.5 ppm). For peptides 5 a–
c and 7 b–c, 1H resonances were unequivocally assigned by two-di-
mensional NMR experiments (COSY, TOCSY and NOESY and/or
ROESY). The 13C resonances were straightforwardly assigned on the
basis of the cross-correlations observed in the 1H-13C HSQC spectra.
Mixing times for TOCSY spectra were 70 ms, for NOESY spectra
300–450 ms and for ROESY experiments were 200 ms. Chemical
shifts (d) are reported in ppm. Multiplicities are abbreviated: s =
singlet, d = doublet, t = triplet, dd = double doublet, dt = double
triplet, q = quartet and m = multiplet. HRMS (ESI positive) were ob-
tained with a LTQ-FT Ultra (Thermo Scientific) mass Spectrometer.
IR spectra were obtained with a Thermo Nicolet NEXUS.

General procedure for the synthesis of compounds 1a–b

Fmoc-Phe(x-I)-OH (x: o or p) (1.0 equiv), Ac-Trp-OH (1.0 equiv),
AgBF4 (2.0 equiv), trifluoroacetic acid (1.0 equiv) and Pd(OAc)2

(0.20 equiv) were placed in a microwave reactor vessel in DMF. The
mixture was heated under microwave irradiation (250 W) at 90 8C
for 20 min. Then, further Pd(OAc)2 (0.20 equiv) and AgBF4

(2.0 equiv) were added and a second irradiation cycle was per-
formed. The resulting suspension was filtered through Celite and
the filtrate was evaporated under vacuum. The crude residue was
purified by flash chromatography on Silica using DCM/EtOH to
obtain the final product 1 (37–63 % isolated yield) as a pale solid.

General procedure for the C¢H arylation process of peptides
3 and 5

The linear peptide (1.0 equiv), AgBF4 (2.0 equiv), trifluoroacetic acid
(1.0 equiv) and Pd(OAc)2 (0.20 equiv) were placed in a microwave
reactor vessel in DMF. The mixture was heated under microwave ir-
radiation (250 W) at 90 8C for 20 min. The resulting suspension was
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filtered through Celite and the filtrate was evaporated under
vacuum (23–81 % HPLC-MS conversions). An analytically pure
sample was obtained by purification of the crude residue by semi-
preparative RP-HPLC to properly characterize the products 3 and 5
(XBRIDGETM Prep C18, 5 mm OBD 19 Õ 50 mm column) [solvent A
(0.1 % formic acid in H2O) and solvent B (0.1 % formic acid in
ACN)], in 10 min, flux: 20 mL min¢1, detection at l= 220 nm.

General procedure for the synthesis of DKPs 6a–c

Compounds 6 a–c were prepared by using Fmoc-Phe(x-I)-OH (x: o,
m or p) (1.0 equiv), H-Trp-OMe·HCl (1.0 equiv), HBTU (1.0 equiv)
and DIEA (2.0 equiv), which were dissolved in DMF. The pale-yellow
solution was stirred at r.t. for 24 h followed by evaporation under
vacuum. The obtained suspension was dissolved in ethyl acetate
and washed with sat. aq NaHCO3 (Õ 3). The organic phase was then
dried over Na2SO4, filtered and the solvent was removed under
vacuum to give the desired dipeptide. The resulting white solid
was suspended in 20 % piperidine/ACN and stirred for 20 h. The re-
sulting suspension was concentrated under vacuum and diethyl
ether was added over the solid. The suspension was stirred for
10 min, filtered and washed with diethyl ether (Õ 3). The white
solid obtained was dried to yield the corresponding pure product
6 (81–92 % isolated yield).

General procedure for the synthesis of cyclodimeric DKPs
7b–c

Compound 6 b–c (1.0 equiv), AgBF4 (2.0 equiv), trifluoroacetic acid
(1.0 equiv) and Pd(OAc)2 (0.05 equiv) were dissolved in DMF and
placed in a microwave reactor vessel. The mixture was heated
under microwave irradiation (250W) at 90 8C for 20 min. The result-
ing suspension was filtered through Celite and the filtrate was
evaporated under vacuum (24–28 % HPLC-MS conversions). An an-
alytically pure sample was obtained by purification of the crude
residue by semipreparative RP-HPLC or flash chromatography on
Celite using H2O (0.1 % formic acid)/ACN (0.1 % formic acid) to
properly characterize the products 7 b–c.
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Selected experimental procedures and peptide characterization 
 

General procedure for the C-H activation process of peptides 3 and 5 

Unless stated otherwise, the linear peptide, AgBF4 (2.0 eq.), trifluoroacetic acid (1.0 eq.) and 

Pd(OAc)2 (0.20 eq.) were placed in a microwave reactor vessel in DMF. The mixture was heated 

under microwave irradiation (250 W) at 90 °C for 20 min. The resulting suspension was filtered 

through Celite and the filtrate was evaporated under vacuum. The crude residue was purified by 

semi-preparative RP-HPLC (XBRIDGETM Prep C18, 5μM OBD 19 x 50 mm column) *solvent A (0.1% FA 

in H2O) and solvent B (0.1% FA in ACN)], in 10 min, flux: 20 mL·min-1, detection at λ=220 nm. 

 

(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a). Starting from peptide 4a (600 mg, 0.907 

mmol) (60% conversion estimated by HPLC-MS). An 

analytically pure sample was obtained by semi-preparative 

RP-HPLC purification. Gradient: 25-30% of B (pale solid). 1H 

NMR (800 MHz, [D6]DMSO): δ 11.20 (s, 1H), 8.13 (d, J = 7.7 Hz, 

1H), 7.93 (d, J = 7.3 Hz, 1H), 7.90 (d, J = 7.0 Hz, 1H), 7.67 (d, J = 

7.9 Hz, 1H), 7.61 (d, J = 7.6 Hz, 2H), 7.34 (d, J = 7.9 Hz, 1H), 

7.25 (d, J = 7.7 Hz, 2H), 7.11 (t, J = 7.5 Hz, 1H), 7.03 (t, J = 7.5 

Hz, 1H), 6.82 (d, J = 6.9 Hz, 1H), 4.24 – 4.15 (dp, J = 28.2, 7.1 

Hz, 2H), 4.07 (ddd, J = 10.4, 6.9, 3.8 Hz, 1H), 3.96 (m, 1H), 3.43 (dd, J = 15.1, 3.7 Hz, 1H), 3.23 (dd, J = 

15.2, 9.4 Hz, 1H), 2.64 (dd, J = 15.1, 10.6 Hz, 1H), 2.48 (m, 1H), 1.78 (s, 3H), 1.28 (d, J = 7.3 Hz, 3H), 

1.08 (d, J = 7.0 Hz, 3H) ppm. IR (Film, cm-1): ν = 3404.27, 2911.03, 1655.52 cm-1. HPLC-MS: tR 2.32 min 

(gradient 5-100% ACN). HRMS (ESI) (m/z): [M+H]+ calcd. for C56H62N10O12, 1067.4621; found, 

1067.4624. 

 

 

 

  



224 
 

Selected NMR spectra  
 

(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a) 1H NMR 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



225 
 

(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a) 1H-13C HSQC NMR 
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(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a) COSY NMR 
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(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a) TOCSY NMR 
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(Cyclo-p,p)bis-[Phe-Trp]-(Ac-Ala-Phe-Trp-Ala-OH) (5a) NOESY NMR 
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Selected 1H and 13C chemical shifts assignments 
 

Due to the symmetric nature of dimeric peptides, both peptide moieties are chemically equivalent 

and have identical NMR signals. 
 

 

 

 

 

 

 

 

5a (
1
H) δ (ppm) 

AA NH α β δ 1 δ2 ε2 ε1 ζ2 η2 ζ3 ε3 
Ala1 7.93 4.18 1.08 - - - - - - - - 

p-I-Phe 8.13 3.96 2.64/2.48 7.25 7.25 7.61 7.61 - - - - 
Trp 6.82 4.07 3.43/3.43 - - - 11.20 7.34 7.11 7.03 7.67 

Ala2 7.90 4.21 1.28 - - - - - - - - 

 

5a (
13

C) δ (ppm) 

AA α β δ1 δ2 ε2 ε1 ζ2 η2 ζ3 ε3 
Ala1 47.7 17.8 - - - - - - - - 

p-I-Phe 52.9 35.2 128.8 128.8 127.9 127.9 - - - - 
Trp 54.9 25.6 - - - - 110.9 121.4 118.5 118.3 

Ala2 47.5 17.0 - - - - - - - - 
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Preliminary calculations on the relative stabilities of the cyclic/cyclodimeric 
peptides after the Pd-catalyzed CH activation reaction 
 

Estimation of the stabilities of the putative cyclic and cyclodimeric peptides arising from the Pd-

catalyzed C-H activation upon the parent Trp-(Gly)n-(I)Phe peptides, displaying different spacer 

lengths (n= 0 or 1) and regiochemistries (ortho, meta and para). 

 

 

Data referring to the equilibrium geometries of the products, optimized through molecular 

mechanics (MMFF) and semiempirical methods (PM3), implemented in a Spartan suite.4 For the sake 

of comparison, and as a rule of thumb, the cyclodimers may account for twice the enthalpy barrier to 

formation of their cyclic counterparts. 

 

SIZE/Regio CYCLOMONOMER calc. CYCLOMONOMER exp. CYCLODIMER calc. CYCLODIMER exp. 

 

Enthaply barrier to fomation 
(kJ/mol)  Detection 

Enthalpy barrier to 
formation (kJ/mol)  Detection 

0-ortho -58.451 × -222.670 × 

0-meta -74.395 × -283.809 ISOLATED 

0-para -26.863 × -286.967 ISOLATED 

     1-ortho -237.066 × -709.951 × 

1-meta -273.213 ISOLATED -708.951 × 

1-para -251.280 × -737.138 ISOLATED 
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Chapter 4. Cu(II) cross-dehydrogenative 

cyclization of Trp-based DKPs 
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Oxidative transformations on tryptophan-based diketopiperazines 
through cross dehydrogenative couplings    

Lorena Mendive-Tapia,
a
 Arantxa Albornoz Grados,

a
 Alexandra Bertran,

a 
Fernando Albericio,

a,b,c
 

Rodolfo Lavilla 
b,d,

* 

Here, we report the direct access to two structurally disctinct 

Trytophan-based diketopiperazine scaffolds trough selective C-C 

or C-N intramolecular dehydrogenative couplings. The outcome of 

the reaction can be modulated by the selection of the appropiate 

oxidant source.  

2,5-Diketopiperazines (DKPs), formed by the 

cyclocondensation of two -amino acids, are the smallest 

cyclic peptide derivatives found in nature. Their well-defined 

three-dimensional structure, their resistance to proteolysis, 

the presence of donor and acceptor groups for hydrogen 

bonding that favors their interaction with biological targets 

and their high structural diversity have fueled its presence in 

many drug discovery programs.
1,2

 Furthermore, this core is 

widespread in biologically active natural products with a wide 

spectrum of biological properties.
3
 Specifically, Trp residue is 

commonly found in a wide range of natural cyclo (Trp-Xaa) 

DKPs exhibiting antibacterial, antifungal phytotoxins or plant-

growth regulators (Fig. 1).
4–8

 

The selective C-H oxidative modification of amino acids and 

peptides to form new C-C
9
 and C-N bonds appears an 

attractive and challenging tool for structural modification. 

Particularly inspiring to us, was the work of White and co-

workers,
10

 who reported an iron catalyzed process based on 

the C(5)-H oxidative hydroxylation of proline derivatives via an 

iminium intermediate as a valuable precursor for further 

derivatization by the generation of C-C bonds. Also interesting 

is the amidation process of Yu an co-workers
11

 based on 

oxidative palladium catalysis for the formation of new C-N 

bonds. Within the recent years, the selective construction of 

C−C linkages directly from two different C−H bonds under 

oxidative conditions, known as cross-dehydrogenative 

coupling (CDC), has attracted much attention.
12,13

 These 

double C-H activation processes do not rely on the use of pre-

functionalized starting materials, which reduces the number of 

synthetic steps required, and it is beneficial for the atom 

economy of the process. The main challenge of this 

methodology deals with the ubiquity of C-H bonds, being the 

selectivity the major goal.  

Recently, we have developed a Pd-catalyzed C-H activation 

protocol for the inter- or intramolecular arylation of Trp amino 

acid in peptides via the coupling of iodoarenes (e.g. I-

phenylalanine residue) to the C-2 indole position of Trp 

(Scheme 1a).
14–16

 Particularly, the DKP functionalization with 

this methodology has been explored in our group. 

Interestingly, when ortho iodinated Phe-Trp DKP was 

subjected to the developed C-H activation protocol, these 

conditions afforded the reduction of the carbon-halogen bond 

as the main product, in junction with an unknown highly 

oxidized by-product detectable by HPLC-MS. This intriguing 

result prompted us to further investigate the nature of this 

new, presumably, CDC process (Scheme 1b). 

In order to isolate the by-product and assign its structure, a 

screening of different oxidative conditions upon the simple 

scaffold c(Phe-Trp) DKP 1a was initiated (see SI, Table S1). 

 

 

 
Figure 1 Representative examples of biologically active natural DKPs. 
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Scheme 1 C2-H indole modification of Trp. a) Previous work on the Pd 
catalyzed C-C bond formation trough C-H activation, b) direct C-C or C-N 
coupling through CDC. 

 

The use of stoichiometric amounts of different oxidant sources 

(i.e. TBH, FeCl3, PIFA or BQ, DLP, MnO2, DTBP), from r.t to 

170°C, in different solvents and reaction times, led only to 

detectable product traces by HPLC-MS. Gratifyingly, DDQ 

probed to be the best oxidant (25% HPLC-MS conversion), and 

the desired product was successfully isolated and 

characterized. HRMS and NMR experiments were in 

agreement with a structure of a polycyclic highly conjugated 

DKP (2a) showing a triply oxidation. This was originated from a 

double C-C dehydrogenation (Trp and Phe) and a C-N bond 

formation between the C-2 indole position and the N group 

from the same Trp moiety. Analogous results were obtained 

with the ortho iodinated c(o-I-Phe-Trp) DKP derivative 1b (Fig. 

2). The synthesis of ,–dehydroamino acid derivatives
17,18

 

and, in general, enamides
19

 from amino acid/amine precursors 

has previously been disclosed, although often involving multi-

step procedures. Although the overall yields are modest, this 

remarkable transformation involving a tandem C-N 

cyclization/,–dehydrogenation reaction affords a 

constrained previously unknown pyrroloindol DKPs chemotype 

in just one step. The containing-fused heteroaromatic scaffold, 

previously reported in synthesis with elaborated precursors, is 

an attracting core as it is found in pyrroindomycin antibiotics
20

 

and in several patents dealing with materials science. 

Taking into account other C-N cyclization processes disclosed 

in the literature,
21–25 

mainly based on Cu(II), Pd(II) or I(III)-type 

oxidants, a new series of oxidative conditions were tested with 

the aim to optimize this new cyclization (Table 1). Treatment 

 
 

 
Figure 2  a) c(Phe-Trp) DKP (1a-b) oxidative coupling with DDQ. b) Minimized 
geometry of the oxidized product 2a generated by Spartan ‘14 suite. Red 
Bonds mark the oxidative transformations. 

 

 
Table 1 Oxidative screening upon c(Phe-Trp) diketopiperazine 1b.a 

 
Entry Oxidant (eq) Additive (eq) 2ab  3a  4a 

 1b PhI(OAc)2 (1.1) - - - - 

2 PdCl2
 
(3.0) 

2,5-lutidine (6.0) 
Ag2CO3 (3.0) - 19 5 

3 CuCl2
 
(6.0) - - - - 

4 Cu(OAc)2
 
(6.0) - 14 59 3 

5 Cu(OCOCF3)2
 
(6.0) - 1 42 28 

6 Cu(OSO2CF3)2
 
(6.0) - - 4 71 

a 30 mg of DKP (0.09 mmol), C:0.2-0.3M, DMF, T: 200 °C, 4h. b T: r.t, HFIP. b 
Values are given in (%). 

 

with PhI(OAc)2 hypervalent iodine (Table 1, entry 1), PdCl2 with 

2,5-lutidine and Ag2CO3 (Table 1, entry 2) or CuCl2 (Table 1, 

entry 3)  led to complex mixtures with no formation of 

compound 2a. Interestingly, when other Cu(II)-based 

oxidants
26

 were employed in DMF as the solvent at 200 °C for 

4h, in addition of the triply (2a) oxidized, the double (3a) and 

the single (4a) oxidized arised in different proportions, 

depending on the ligand. Hence, the 4a(%)/3a(%) ratio 

increased with the electron-withdrawing character of the 

ligand (acetate < trifluoroacetate < triflate) and only small 

amounts of compound 2a were detected (Table 1, entries 3-6). 

The screening of different cooxidants or reaction conditions by 

adding acid or 2,5-lutidine additive did not led to any 

improvement (see Table S2 in SI). The oxidative treatment with 

Cu(OSO2CF3)2 (Table 1, entry 6) enabled the isolation and 

characterization of the mono-oxidized product. Interestingly, 

these conditions led to the isolation and characterization of an 

alternative bicylic compound (4a), evolved from the selective 

dehydrogenative C-C intramolecular cyclization between the C-

2 indole of Trp and the C of Phe (Fig. 3). 

 

 

 
Figure 3 a) c(Phe-Trp) DKP (1a) oxidative coupling with Cu(OSO2CF3)2 to 
afford compound 4a. b) Minimized geometry of the product generated by 
Spartan ‘14 suite. 
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Very few examples are reported of these highly C-C strained 

DKP architectures, only obtained from isolation as metabolites 

from fungal cultures or through long-stepwise synthesis.
27–31

 

Recently, an intermolecular copper(I) chloride-catalyzed 

aerobic oxidative arylation of N-arylglycine derivatives with 

indoles was reported;
32

 nonetheless, these non-

stereocontrolled conditions resulted unproductive for our DKP 

system. In view of this promising result, a final optimization 

was undertaken upon the more simplified c(Gly-Trp) DKP 1c 

(see SI, Table S3). With these latter optimized conditions [that 

is Cu(OCOCF3)2 (4.0 eq), TFA (4.0 eq) in DMF, under  MW 

irradiation at 120 °C in 30 min], the scope of the cross-

dehydrogenative reaction was studied in other Trp-containing 

DKPs. Hence, a variety of c(AA-Trp) DKPs resulted compatible, 

including aromatic, non-polar and polar residues, showing 

variable conversions by HPLC-MS (Table 2, Fig. 4).   

Interestingly, Asp(
t
Bu)-containing DKP 1e underwent 

decarboxylation to yield the oxidized c(Ala-Trp) 4d, in a higher 

 

Table 2 Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs.a 

 
Entry c(AA-Trp) DKP AA-Trpb Oxidized DKP Yield (%) 

1 1a Phe-Trp 4a 30 

2 1c Gly-Trp 4c 30 

3 1d Ala-Trp 4d not isolated 

4 1e Asp(tBu)-Trpc 4d 43 

5 1f Pro-Trp 4f 60 

6 1g D-Pro-D-Trp 4g 71 

7 1h L-Pro-D-Trp 4h 17 

8 1i Leu-Trp 4i 20 

9 1j Lys(z)-Trpd 4j 32 

a DKP (C:0.2M) .b Unless stated, (L) configuration. c It suffers a 
decarboxylation rendering the Ala derivative. d Cu(OSO2CF3)2 source was 

used instead to reduce the extent of competitive C-C dehydrogenations. 

 
Figure 4 Cu(II) cross-dehydrogenative oxidized bicyclic DKPs 4a-j. 

conversion than the corresponding Ala-containing-DKP 1d 

(Table 2, entries 3-4; Fig. 4, see Fig. S2 in SI).  

Additionally, different configurations of the relevant 

Brevianamide F [c(L-Pro-L-Trp)] were conveniently oxidized, 

showing slightly different reactivities. Thus, the stereoisomers 

with the same configuration for both residues (L-Pro-L-Trp and 

D-Pro-D-Trp) showed better conversions than the counterpart 

displaying and alternative L-D configuration (Table 2, entries 5-

7; Fig. 4). The CDC resulted also compatible with Phe, Leu and 

protected Lys residues, although in lower extension due to 

competitive secondary side-oxidations such as C-C 

dehydrogenations (Table 2, entries 1, 8 and 9; Fig. 4). Trp-DKPs 

having other amino acid partners (i.e. Met, Ser, Tyr, Glu, Arg, 

Asn) resulted unproductive. Remarkably, model linear 

dipeptidic systems decomposed likely due to oxidative 

hydrolytic processes (HPLC-MS evidences). 

A mechanistic proposal for the dehydrogenative oxidative 

coupling was proposed (Scheme 2). This hypothesis was based 

on the formation of an N-iminium intermediate generated 

from the oxidation by two equivalents of Cu(II), and 

subsequent cyclization by the nucleophilic attack of the Trp 

indole ring.
‡
 As a consequence, stereoisomers 1-A and 1-B, 

having opposite configuration at the variable amino acid -C 

stereogenic center (AA), would provide the same iminium 

species (I) therefore leading to the same oxidized product (4-

A). Alternatively, this product would be enantiomeric with that 

arising from stereoisomer 1-C, having an opposite 

configuration for the Trp center (product 4-C). In the particular 

case of pro-containing DKPs 4f-h, the C-H abstraction occurs at 

the weakest -C(2) rather than the C(5) position. This is in 

agreement with their bond dissociation enthalpies (86-88 and 

90 Kcal/mol, respectively).
33

 White and co-workers revert this 

preferential trend by the selection of a bulky-iron catalyst to 

deactivate both sterically and electronically the C2 position.
10

 

To reinforce the mechanistic hypothesis, additional 

experiments were carried out to the oxidized c(Pro-Trp) DKPs 

stereoisomers 4f-h.  

 
 

 
Scheme 2 Mechanistic proposal for Cu(II) cross-dehydrogenative 
cyclization of DKPs. 
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Figure 5 Circular dichroism spectra of oxidized c(Pro-Trp) DKPs 4f-h at 0.3 
mM in MeOH. 

 
In circular dichroism measurements in MeOH (Fig. 5), the 

stereoisomer with L-Pro-L-Trp configuration (4f) showed a 

positive Cotton effect, whereas the counterparts D-Pro-D-Trp 

and L-Pro-D-Trp (4g and 4h, respectively) displayed identical 

profiles, opposite to compound 4f (Fig. 5). Polarimetry data 

corroborated the enantiomeric relation between compounds 

4f and 4g (α: +24.6 and -26.0, respectively). Additional chiral 

HPLC analysis (Fig. 6, see SI for details) positively showed this 

relationship and added further evidence backing the 

mechanistic proposal. 

 

 

 
Figure 6 Chiral chromatograms of compounds a) 4f, b) 4g, c) co-elution of 4f 
and 4g, d) 4h.  

 

In summary we have disclosed novel dehydrogenative coupling 

processes for the selective formation of C-C and C-N linkages 

on Trp-DKPs in a straightforward manner. Although the overall 

yields are modest, the cyclization step prevails in theses 

substrates over the routine dehydrogenations or hydrolytic 

degradations and serves as a valuable approach to access 

fused and bridged DKPs frameworks with potential biological 

activity features. 

Notes and references 
‡ Taking into consideration that two N-iminium intermediates are possible, the C-C 
bond selectivity in this reaction may be attributed to a 1,4-hydride shift within the 
two iminium forms (see the SI for a more detailed comment on this respect).  
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Oxidative transformations on tryptophan-based 

diketopiperazines through cross dehydrogenative 

couplings    

 
The following data is a selection of the content of the Supporting Information. Full 

supplementary information including general experimentation, procedures and 

compound characterization is available in the Supporting Information in electronic 

format.   
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Selected experimental procedures and peptide characterization 

General procedure for the synthesis of 2,5-Diketopiperazines 1a-j 

Unless stated otherwise, all DKPs were synthesized using the following procedure. Fmoc-AA-

OH (1.0 eq), H-Trp-OMe·HCl (1.0 eq), HBTU (1.0 eq) and DIEA (2.0 eq) were dissolved in DMF 

and the solution was stirred at r.t. for 24 h followed by evaporation under vacuum. The 

resulting suspension was dissolved in ethyl acetate and washed with saturated aqueous 

solution of NaHCO3 (×5). Then, the organic phase was dried over Na2SO4, filtered and the 

solvent was removed under vacuum obtaining the desired dipeptide. The resulting white solid 

was suspended in 20% piperidine/ACN and stirred for 16 h. The resulting suspension was 

concentrated under vacuum and washed with diethyl ether (×5). The white solid obtained was 

dried to yield the corresponding pure product (66-93% isolated yields). Cyclo(Pro-Trp) 

stereoisomers  1f-h were prepared according to a previously published procedure on 

brevianamide arylation disclosed by the group.1 

 
Cyclo[Asp(tBu)-Trp] (1e). Compound 1e was prepared using Fmoc-Asp(tBu)-OH (2.47 g, 6.00 

mmol, 1.0 eq), following the general procedure for the synthesis of DKPs to 

obtain the desired product as a pale yellow solid (2.18 g, 66%). 1H NMR (400 

MHz, DMSO-d6): δ 10.92 (s, 1H), 7.98 (s, 1H), 7.76 (s, 1H), 7.55 (d, J = 7.9 Hz, 

1H), 7.33 (d, J = 8.1 Hz, 1H), 7.10 (d, J = 2.3 Hz, 1H), 7.05 (t, J = 7.1 Hz, 1H), 6.94 

(t, J = 7.1 Hz, 1H), 4.16 (t, J = 4.2 Hz, 1H), 3.97 (t, J = 6.2 Hz, 1H), 3.22 (dd, J = 

14.5, 4.9 Hz, 1H), 3.08 (dd, J = 14.6, 4.5 Hz, 1H), 1.95 (dd, J = 16.4, 5.5 Hz, 1H), 

1.50 (dd, J = 16.4, 6.9 Hz, 1H), 1.32 (s, J = 4.3 Hz, 9H) ppm. 13C NMR (100 MHz, 

DMSO-d6): δ 169.1, 167.3, 166.6, 135.9, 127.5, 124.5, 120.9, 118.8, 118.4, 

111.2, 108.6, 80.1, 55.1, 51.0, 44.3, 27.7, 23.1 ppm. 

 
General procedure for the oxidative cross-dehydrogenative coupling (CDC) of DKPs 1b-j 

Unless stated otherwise, cyclo(AA-Trp) (0.2 mmol, 1.0 eq) and Cu(OCOCF3)2 (4.0 eq) were 

placed in a microwave reactor vessel and dissolved in DMF (1 mL). Afterwards, TFA (4.0 eq) 

was added to the solution and the mixture was heated under microwave irradiation (250 W) at 

120 °C for 30 min. The resulting crude was diluted in ethyl acetate, filtered through Celite and 

evaporated under vacuum. Then, the crude was dissolved again in ethyl acetate and washed 

with NaCl (×3); the aqueous solution was back-extracted. Then, all the organic layers were 

mixed, dried over Mg2SO4, filtered and concentrated under vacuum. The crude was purified by 

flash chromatography on silica using DCM/DCM:MeOH (8:2) to yield the pure products 1b-j.  
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Oxidized cyclo[Asp(tBu)-Trp] (4d). Compound 4d was prepared using compound 1e (73 mg, 

0.204 mmol, 1.0 eq), following the general procedure for the synthesis of 

oxidized DKPs to obtain the pure product 4d as a brown-orange solid (15.2 mg, 

43%). 1H NMR (400 MHz, DMSO-d6): δ 11.02 (s, 1H), 8.91 (s, 1H), 8.42 (d, J = 

5.1 Hz, 1H), 7.42 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.1, 1H), 7.12 (ddd, J = 8.2, 7.0, 

1.2 Hz, 1H), 7.01 (ddd, J = 7.9, 7.1, 1.1 Hz, 1H), 4.07 (m, 1H), 3.14 (dd, J = 16.9, 

2.5 Hz, 1H), 2.97 (dd, J = 16.9, 4.6 Hz, 1H), 1.69 (s, 3H) ppm. 13C NMR (100 

MHz, DMSO-d6): δ 171.8, 170.8, 134.6, 134.3, 127.9, 121.9, 119.2, 117.9, 

111.7, 106.2, 54.6, 54.5, 27.5, 17.1 ppm. HRMS (ESI): (M: C14H13O2N3) m/z calcd 256.1086, 

found 256.1085 (M+H)+. 
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Oxidized cyclo[Asp(tBu)-Trp] (4d) 1H NMR 

 

Oxidized cyclo[Asp(tBu)-Trp] (4d) 13C NMR 
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Oxidized cyclo[Asp(tBu)-Trp] (4d) DEPT NMR 
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Oxidative screening experiments. Supplementary tables 

Table S1. First oxidative screening upon c(Phe-Trp) diketopiperazine 1a. 

 

T (°C) Oxidant (eq) Solvent Time (h) 2a (HPLC-MS 
conversion %) 120  TBH (3.0)  1-buthanol  26  -  

RT  FeCl3(3.0)  CH2Cl2  24  - 

RT  PIFA (3.0)  DMSO  23  - 

120  BQ  (3.0) DMF  25  - 

reflux  DLP (3.0)  CH2Cl2:H2O (1:0.2)  30  - 

170  DLP (3.0)  DMSO  24  < 5  

77 MnO2 (100) AcOEt 20 < 5 

70  DTBP (3.0)  CHCl3:DMF (1:0.1)  18  - 

140  DTBP (4.0)  DMF  48  < 5  

140  DTBP:FeCl3 (4.0:0.2)  DMF  24  - 

120  DDQ:FeCl3 (3.0:0.1)  DMF  37  16  

80  DDQ (3.0)  
t
BuOH  27  - 

120  DDQ (3.0)  DMF  39  25  
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Table S2. Oxidative screening upon c(Phe-Trp) diketopiperazine 1a.a 

 
Entry Oxidant (eq) Additive (eq) Time 2a

b
  3a  4a 

 1
b
 PhI(OAc)2 (1.1) - 4 h - - - 

2 PdCl2
 
(3.0) 

2,5-lutidine (6.0) 
Ag2CO3 (3.0) 4 h - 19 5 

3 CuCl2
 
(6.0) - 4 h - - - 

4 Cu(OAc)2
 
(6.0) - 4 h 14 59 3 

5 Cu(OCOCF3)2
 

(6.0) 
- 4 h 1 42 28 

6 Cu(OSO2CF3)2
 

(6.0) 
- 4 h - 4 71 

7 Cu(OAc)2
 
(6.0) DDQ (1.0) 4 h 3 45 4 

8 Mn(OAc)3
 
(6.0) DDQ (1.0) 4 h - 12 4 

9 Mn(OAc)3
 
(6.0) Cu(OAc)2 (1.0) 4 h - 6 20 

10 MnO2 (6.0) Cu(OAc)2 (1.0) 4 h - - - 

11 Cu(OAc)2 (6.0) TFA (3.0) 4 h - 32 31 

12 Cu(OAc)2
 
(6.0) 2,5-lutidine (6.0) 4 h 1 44 4 

a 30 mg of DKP (0.09 mmol), C:0.2-0.3M, DMF, T: 200 °C, b T: r.t, HFIP. b Values are given in (%). 
 

Table S3. Optimization of Cu(II)-based oxidation upon c(Gly-Trp) diketopiperazine 1c.a 

 

T (°C) Oxidant (eq) Additive (eq) Solvent Time Product (%)
b
 

200 Cu(OCOCF3)2 (6.0) - DMF 4 h 90 

200 Cu(OAc)2 (6.0) - DMF 4 h 75 

200 Cu(OSO2CF3)2 (6.0) - DMF 4 h 40 

200 Cu(OCOCF3)2 (6.0) - DMF 2 h 74 

200 Cu(OCOCF3)2 (4.0) - DMF 4 h 70 

150 Cu(OCOCF3)2 (6.0) - DMF 16 h 68 

150 (MW) Cu(OCOCF3)2 (6.0) - DMF 30 min 49 

150 (MW) Cu(OCOCF3)2 (2.0) TFA (4.0) DMF 30 min 66 

150 (MW) Cu(OCOCF3)2 (2.0) - DMF 30 min 54 

120 (MW) Cu(OCOCF3)2 (2.0) TFA (4.0) DMF 30 min 69 

120 (MW) Cu(OCOCF3)2 (4.0) TFA (4.0) DMF 30 min 92 

120 (MW) Cu(OCOCF3)2 (4.0) TFA (2.0) DMF 30 min 86 
a
 30 mg of DKP (0.12 mmol) , C: 0.2 M. 

b
 Conversion estimated by HPLC-MS. 

c
 C: 0.4 M. 
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Chapter 1. C-2 arylation of Trp amino acids through Pd-catalyzed C-H 
activation 

 
Particularly inspiring to our research was Larrosa’s methodology using Pd(OAc)2 Ag2O, and o-

nitrobenzoic acid (2-NO2BzOH) in DMF for the coupling of aryl iodides to indoles.1 Based on these 

precedents, some preliminary studies on the C-2 arylation of Trp amino acid were undertaken in our 

group by Dr. Javier Ruíz.2 On these experiments, N-acetyl tryptophan methyl ester (Ac-Trp-OMe) (1) 

was conveniently arylated with several aryl iodides in moderate to high yields (Fig. 21). The process 

took place under MW irradiation with I-Ar (4.0 eq), Pd(PAc)2 (0.05 eq), AgBF4 (1.0 eq), 2-NO2BzOH (1.5 

eq) in DMF at 150 °C.  Incidentally, unprotected Trp resulted not reactive under these conditions, and 

only use of acetyl protecting group for the N-terminal amino function under drastic conditions 

enabled efficient arylations.  

 
Figure 21. C-2 arylation of Trp amino acid through a C-H activation process catalyzed by palladium. 

 
In collaboration with Dr. Sara Preciado, we explored different conditions (combinations of 

solvents, additives, temperatures and reaction times) and employed an optimized protocol for the 

arylation of Trp-Pro diketopiperazines (brevianamide F). This modification afforded a series of 

arylated derivatives with low or moderate antitumoral activity against four human cancer cell lines in 

comparison with brevianamide F, which is almost inactive. 

Next, we initiated a new project in order to expand the scope of this C-H activation protocol. For 

this purpose, unprotected Trp amino acid was employed as starting point to optimize the process. 

After an exhaustive screening of the conditions, the unprotected amino acid was successfully 

arylated with different aryl halides (i.e. 4-iodotoluene, 4-iodoanisole, methyl-4-iodobenzoate), under 

MW irradiation with I-Ar (1.5 eq), Pd(PAc)2 (0.05 eq), AgBF4 (2.0 eq), TFA (1.0 eq) in DMF at 90 °C in 

good conversions (higher than 75%). Afterwards, alternative N protecting groups for Trp (-Fmoc, -

Tfa) were tested under the new conditions. Hence, the commercially available Fmoc-Trp-OH (3) was 

arylated with a range of different aryl iodides with both electron-withdrawing and electron-donating 

substituents in useful yields (Fig. 22). It is noticeable that the location of the iodine atom can be 

programmed, giving rise to ortho, meta and para aryl derivatives. Remarkably, the insertion of the 



Results and discussion 

 

250 
 

hindered pyrenyl fluorophore was achieved through this methodology, enabling potential 

applications in peptide labeling (Fig. 22, compound 4h).  

Figure 22. C-2 arylation of Trp amino acid through a C-H activation process catalyzed by palladium.  

 
To confirm that the mild conditions applied suitably preserved the stereochemical integrity of the 

parent amino acid, the chromatographic behavior of the corresponding arylated products of (S) and 

(R) Fmoc-Trp amino acid (4a and 4a’, respectively) was analyzed by chiral HPLC. 

Based on the reported literature and the experimental observations, a hypothetic mechanism 

based on a Pd(II)/Pd(IV) catalytic cycle was proposed (Fig. 23). First, the intramolecular ligand effect 

of the carboxylic function would promote the indole palladation to form a Pd(II) complex I through a 

concerted metallation-deprotonation pathway (CMD). This CMD was based on numerous precedents 

of metal/base-promoted C-H bond functionalization,3 including the mechanistic studies disclosed by 

Echavarren on catalytic direct functionalization of arenes.4 Then, subsequent Insertion of this 

intermediate upon the C−I bond of the aryl halide by oxidative addition would yield the Pd(IV) 

complex II. Finally, silver cation (I) would act as an halide scavenger, removing the iodide and setting 

up the reductive elimination to release the corresponding arylated product IV and regenerate the 

Pd(II) catalyst. Remarkably, the intramolecular ligand effect of the carboxylic acid seems to facilitate 

the process. 



Results and discussion 

 
 

251 
 

 

Figure 23.  Proposed mechanism for the reaction of Trp amino acid with aryl iodides. 

 
In the initial stages of the project, one of the main drawbacks of the C-H arylation processes based 

on Pd catalysis was the restriction of using metal-coordinating amino acids (methionine, cysteine or 

histidine), as the bidentate palladium coordination to these nucleophilic residues catalyses the 

selective hydrolysis of peptide bonds.5-6 To deal with this limitation, the intermolecular C-H arylation 

of Trp in linear peptides containing metal-coordinating amino acids was attempted using different 

solvents and protecting groups for these residues: cys (-Mob, -Dpm, StBu, -Acm, -tBu), His (-Trt, -3-

Bom), but only traces of the corresponding arylated products, with concomitant partial or total 

elimination of the protecting groups, could be afforded. Only in the case of Met, significant 

proportions of arylation after two irradiation cycles were detected by HPLC-MS (54% of arylated 

product). Nevertheless, the direct incorporation of Fmoc-Trp(C2-Ar)-OH 4 in SPPS, enabled the 

straightforward preparation of Trp-arylated peptide sequences containing problematic amino acids 

(5 and 6), overcoming in this way this previous limitation. Furthermore, this protocol enabled the 

synthesis of model N-terminal unprotected peptide sequences containing multiple Trp amino acids 

(Fig. 24).   

 
Figure 24.  Solid-phase synthesis of peptide sequences 5 and 6 containing arylated-Trp Amino Acids. 

 
To further demonstrate the potential applicability of the process, a series of tryptamines and 

indole-carboxylic acids (7) having the acidic functionality linked to the heteroaromatic ring by 

different length spacers were C-2 arylated in good yields (Fig. 25).  
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Figure 25. C-2 arylation of indole-carboxylic acids and tryptamines. 

 
Worthy of note is the potential bioactivity of these new arylated derivatives whose precursors 

possess valuable biological functions as they constitute natural plant hormones or analogues 

involved in growth and development.7-10 In preliminary assays, the arylated compounds were tested 

as plant hormone agonists in calluses. Despite initial growth evidences were observed for some 

analogues, these results could not be maintained in the following generations. 

 

At present, antimicrobial peptides have emerged as potentially valuable therapeutic agents due to 

the progressive increase antibiotic resistance. This class of peptides includes both positively charged 

and hydrophobic amino acids and this amphipaticity is believed to be the cause of their bioactivity as 

it allows peptide-membrane interactions that eventually lead to the bacterial membrane disruption. 

In this sense, site-selective modifications in order to locally enhance the hydrophobicity of these 

species can have a positive impact on their potency. Specifically, the methodology developed in the 

present thesis provides an alternative tool for the site-selective arylation of hydrophobic residues 

such as Trp.  

As proof of concept, it was proposed to enhance the antimicrobial activity of a peptide derived 

from the fragment 107–115 of the C-terminus of the human lysozyme (107RKWVWWRNR115) by 

arylation of its tryptophan residues. Fmoc-Trp(C2-phenyl)-OH 4a was prepared by direct arylation of 

Fmoc-Trp-OH with iodobenzene and directly used to synthesize through standard SPPS the three 

possible arylated peptides 9-11, each with an aryl-Trp residue at positions 109, 111 or 112, 

respectively (Fig. 26).  
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Figure 26. Synthetic approach for the selective arylation of the antimicrobial peptide RKWVWWRNR. 

 
Then, growth inhibition assays against Staphylococcus aureus and Staphylococcus epidermidis 

microorganisms were carried out (Fig. 27). Overall, S. aureus was fully inhibited by arylation of Trp 

112 (11) and by only 10% by arylation of Trp 109 (9) or 111 (10), respect to the non-arylated peptide. 

On the other hand, S. epidermidis was fully inhibited by the three arylated peptides and the parent 

native peptide. The minimum inhibitory concentration (MIC) was significantly reduced for S. Aureus 

(up to four-fold) depending on the arylation site and hemolysis percentage become significant only at 

concentrations higher than ten-fold their MICs, indicating their safety towards red blood cells. These 

results open the door to the evaluation of further modifications by the incorporation of other Fmoc-

Trp(C2-Ar)-OH having different substituents on the phenyl ring. 

  
Figure 27. Inhibition assay at 0.1 mg/ml of the non-arylated intermediary peptide (native peptide) 

and aryl-peptides at Trp 109, Trp 111 and Trp 112 (peptides 9, 10 and 11, respectively) on 
Staphylococcus aureus and Staphylococcus epidermidis.  
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Chapter 2. Spacer-free Trp-BODIPY fluorogen for peptide-based imaging 
probes 

 
Based on related BODIPY syntheses reported in the literature, two novel BODIPY iodide derivatives 

were synthesized via the condensation of iodobenzaldehyde having the halogen group in meta (12a) 

or para (12b) positions, respectively, with two units of 2,4-dimethylpirrole 13 followed by DDQ 

oxidation and BF3 complexation to afford compounds 14a and 14b. Next, these iodide derivatives 

were reacted with the commercially available N
 Fmoc-protected Trp amino acid through the C-H 

arylation process disclosed by our group (Fig. 28). Interestingly, the m-iodophenyl derivative 14a led 

to the corresponding arylated Trp amino acid 15a in a 74% yield, whereas the p-iodophenyl analogue 

14b resulted unreactive. Presumably, when the insertion of the electrophilic indole-Pd(II) 

intermediate into the C-I bond takes place, the electron-withdrawing BODIPY group exerts a stronger 

deactivacting effect when is located in the para position, thus difficulting the interaction.  

Spectroscopic experiments showed a strong fluorescence emission of Fmoc-Trp(C2-BODIPY)-OH 

15a in hydrophobic environments that could mimic phospholipid bilayer membranes. Having this 

environmentally sensitive fluorescence behavior in mind, the direct application of this new 

fluorogenic amino acid in the labeling of relevant peptides was studied. 

Figure 28.  Synthesis of Fmoc-Trp(C2-BODIPY)-OH 15a. 

 
- Spacer-free BODIPY-antimicrobial peptide PAF26 for cell imaging of fungal infections 

The preparation of a novel BODIPY-containing antifungal PAF26 peptide was achieved via the 

direct incorporation of Fmoc-(C2-BODIPY)-OH fluorogenic amino acid 15a in SPPS synthesis (Fig. 29). 

Importantly, the instability of the BODIPY core to acidic media was a critical point which had to be 

carefully contemplated during the synthetic design. As a carboxamide group was desired at the C-

terminal end of the peptide, the synthesis was performed on Sieber amide and the amino acids were 

introduced through standard conditions using DIC and OxymaPure coupling reagents. Arg and Lys 

amino acids are normally employed with Pbf and Boc side-chain protecting groups, respectively. 

Nonetheless, due to the strong acidic conditions required to remove these groups (>50% TFA) 

alternative conditions and protecting groups were required. In the case of Arg, the non-protected 

side-chain version (Fmoc-Arg-OH) was used and several coupling treatments with DIC and HOBt 
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without pre-activation were necessary for a quantitative coupling. Regarding the Lys residues, in a 

first attempt, Alloc protecting group was used to protect the side-chains but the reductive conditions 

necessary to eliminate this group [Pd(PPh3)4, PhSiH3 in DCM] compromised the integrity of the 

BODIPY core. Alternatively, Mtt enabled the use of low acidic conditions sufficient to ensure the 

integrity of the BODIPY group. After elongation of the Mtt-containing peptide sequence 16, the 

scission of the peptide from the resin was carried out under mild acidic conditions (that is 1% TFA) 

with concomitant removal of Mtt groups. In this manner, the three possible BODIPY-labeled 

sequences (BODIPY-Trp1, Trp2; Trp1, BODIPY-Trp2; BODIPY-Trp1, BODIPY-Trp2) 17a-c could be 

obtained, allowing the selective labeling of a fluorescent probe with no need of chemical spacers and 

maintaining unaltered the amphipatic character necessary for the peptide antifungal activity (Fig. 

29). 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 29.  Solid-phase synthesis of fluorescent linear peptide analogues 17a-c of PAF26. 

 
In order to enhance the stability towards proteases, the preparation of a BODIPY-labeled cyclic 

analogue was also carried out (Fig. 30). The synthesis was performed on 2-CTC resin in order to 

cleave the peptide form resin under mild TFA conditions and perform the subsequent cyclization in 

solution. To avoid side-reactions during the head-to-tail ring-closing, Arg and Lys side-chains were 

introduced with nitro and carboxybenzyl orthogonal protecting groups, respectively. The fully 

elongated linear sequence 18 was cleaved from the resin with 1% of TFA and the resulting protected 

linear peptide 19 was cyclized in solution using HATU as the coupling reagent. Then, reduction in H2 

atmosphere with Pd(OH)2/C and formic acid yielded the corresponding final cyclic version of PAF26 

peptide 20. 

 

AA PG Removal conditions BODIPY stability 

Arg Pbf > 50% TFA X 

  - √ 

Lys Boc > 50% TFA X 

 Alloc Pd(PPh3)4, PhSiH3  X 

 Mtt  < 5% TFA √ 
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Figure 30.  Solid-phase synthesis of fluorescent cyclic peptide PAF26 analogue 20. 

 
The cytotoxic activity of derivatives 17a-c and 20 was assayed in Aspergillus Fumigatus fungus as 

well as in several bacterial strains commonly found in pulmonary infections and in human mature red 

blood cells. Notably, both linear and cyclic BODIPY-labeled peptides displayed affinity for A. 

Fumigatus, even slightly higher than the non-labeled derivatives. Furthermore, only a marginal 

activity in bacterial and human cells was displayed by all fluorogenic analogues.  

In vitro imaging of A. Fumigatus in co-cultures with human lung epithelial cells showed that the 

peptides specifically labeled A. Fumigatus without staining human cells (Fig. 31). Remarkably, there is 

no need of any washing steps as the fluorogenic behavior of these BODIPY-labeled peptides is 

dependent of hydrophobic environments and, therefore, the strong fluorescence emission only 

appears upon binding to phospholipid fungal membranes. Additionally, the fluorescent cyclic peptide 

analogue 20 was also tested against other fungal strains, demonstrating its versatility to stain fungal 

infections of different origin. 

 

Figure 31.  Fluorescence confocal microscopy of co-cultures of A. fumigatus and human lung A549 
epithelial cells. Fluorescence staining of a) linear BODIPY-labeled peptide analogue 17a, b) Syto82 

lung, c) merged and d) plot profile analysis from image c. 
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Moreover, a high-resolution time-lapse imaging experiment with compound 20 showed the mode 

of action of the peptide in fungal cells. After the interaction with the fungal cell membrane, the 

peptide internalizes and accumulates in lipid-rich intracellular compartments of cell membrane 

within few minutes after the addition. Incidentally, other BODIPY-labeled PAF26 analogues lacking 

key-containing amino acids were tested as negative controls to prove the importance of the nature 

and amphipatic character of PAF26 for the interaction with the fungal cell membrane. Furthermore, 

the cyclic version 20 was also used for direct and selective ex vivo imaging using multi-photon 

microscopy in human pulmonary tissue of a transgenic strain of A. Fumigatus expressing red 

fluorescent protein (RFP) as a control in the cytoplasm. 

Recently, a more exhaustive examination of the experimental procedure, including the cell 

fluorescence imaging experiments, was carried out for the elaboration of a detailed protocol (under 

revision) that describes the synthesis of the Fmoc-Trp(C2-BODIPY)-OH to label the corresponding 

fluorogenic PAF26 and other relevant sequences.  

 
- Apoptotic cell imaging with a Spacer-free BODIPY-lactadherin mimic 

In the context of labeling the lactadherin mimic peptide (see above), and having in mind the 

instability of BODIPY core to acidic medium, two approaches were attempted to find the most 

appropriate cyclization mode and combination of orthogonal protecting groups for the mildy acidic 

cleavage conditions (Fig. 32). 

The first strategy (A) was based on a head-to-tail cyclization in solution between the Asp and the 

adjacent Gly residue, anchoring the linear peptide sequence 21 to a 2-CTC resin through this latter 

residue. Side-chains were protected with the Mmt group for His, the nitro group for Arg and the 

benzyl group for Asp, which are removed by mild acidic treatment (Mmt) and catalytic hydrogenation 

(nitro, benzyl), respectively. Once the linear protected sequence 21 was fully elongated, a mild TFA 

solution enabled to cleave the peptide from resin with concomitant Mmt protecting group removal 

from His residue. Attempts to carry out the cyclization of the resulting linear peptide in solution with 

several coupling reagents (i.e. HATU, PyAOP) resulted unproductive. 

The second strategy (B) involved a head-to-tail cyclization on solid-phase between the Asp and the 

adjacent Trp(BODIPY) residue. The peptide 22 was anchored to a 2-CTC resin through the side-chain 

of Asp amino acid, protecting the C-terminal carboxylic acid as an allylic ester. As in the first strategy, 

His and Arg side-chains were protected with Mmt and nitro protecting groups, respectively, and the 

peptide sequence was elongated through standard solid-phase couplings. 
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Figure 32. Synthetic approaches for the solid-phase synthesis of the BODIPY-labeled cLac mimic. 

 
Taking into consideration that in the previous reported synthesis of BODIPY-labeled PAF26 for 

fungal infection detection, the reductive conditions necessary to eliminate the Alloc protecting group 

(Pd(PPh3)4, PhSiH3 in DCM) compromised the integrity of the BODIPY core, different nucleophiles (i.e. 

N-methylmorpholine, N-methylaniline, water) had to be tested for the palladium-catalyzed removal 

of the allyl group. Finally, palladium catalysis with N-methylaniline in THF resulted fully compatible 

for the BODIPY group (Table 3). 



Results and discussion 

 
 

259 
 

Table 3. Reductive removal conditions for side-chain protecting groups.  

 

 

 

 

 

Once allyl and Fmoc protecting groups were eliminated from the terminal residues, the cyclization 

on solid-phase was carried out with DIC coupling reagent in DMF (other attempts with other coupling 

reagents under basic conditions were unsuccessful). Afterwards, cleavage of the cyclic peptide form 

resin under mild acidic conditions and subsequent catalytic hydrogenation to remove the nitro group 

afforded the desired BODIPY-cLac derivative 23 (78% purity prior to semi-preparative HPLC 

purification). 

Next, studies focused on the validation of this new fluorophore-labeled cLac derivative as a non-

invasive reagent for imaging apoptotic bodies were performed.  

With the aim to evaluate its affinity to PS, preliminary in vitro spectroscopic experiments 

incubating the labeled peptide 23 with PS/PC (phosphatidylcholine)-containing lipid films evidenced 

that the peptide fluorescence emission is sensitive to PS, showing a very low emission only with PC. 

Importantly, unlike Annexin V, this recognition is Ca2+-independent. This lipid affinity was also 

supported in parallel tensioactivity measurement experiments by the determination of the surface 

pressure in lipid-aqueous interfaces at different peptide concentrations. Incidentally, this recognition 

trend has also been determined in other negatively-charged phospholipids directly related to 

apoptotic processes.  

In view of these promising results, confocal fluorescence imaging and flow cytometry experiments 

were undertaken. Flow cytometry assays confirmed the peptide specificity for exposed PS in 

apoptotic bodies isolated from apoptotic human Burkitt lymphoma (BL2) cells in a dose-dependent 

manner and showing the same staining profile in co-stained experiments with Annexin V (Fig. 33). 

 

AA PG Removal conditions BODIPY stability 

Lys Alloc Pd(PPh3)4, PhSiH3 X 

Asp Allyl Pd(PPh3)4, H2O X 

  Pd(PPh3)4, NMM  X 

  Pd(PPh3)4, NMA √ 
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Figure 33. Flow cytometry analysis of apoptotic bodies from BL2 cells. a) Histograms of apoptotic 
bodies without (top) and with peptide (2.5 µM) (bottom), c) Dot plot chart of apoptotic bodies after 
co-staining with peptide (X-axis) and Annexin V-PE (Y-axis) showing the double staining. 

 
In additional confocal microscopy experiments, incubation of the BODIPY-cLac peptide 23 with 

prepared PS-containing giant unilamellar vesicles (GUVs) showed a brighter staining than vesicles 

with only PC (Fig. 34).  

 

 
 

Figure 34. Confocal fluorescence microscopy images of giant unilamellar vesicles (GUVs) containing 
PC-only or PC:PS (7:3) after incubation with peptide (2 µM).  

Interestingly, although no selective staining could be observed on partially apoptotic neutrophil 

cells, the BODIPY-antimicrobial peptide analogue 20 synthesized for the previously commented cell 

imaging application to fungal infections (Fig. 30) did allow selective detection of apoptosis in 

neutrophil experiments, with no-binding to viable cells. On-going studies to elucidate the structural 

factors and the mechanism of action which determine this selective staining for apoptotic bodies are 

being carried out.  
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Chapter 3. Biaryl peptidic topologies through Pd-catalyzed C-H activation 
reactions between Trp and Phe/Tyr residues  

 
A few years ago initial studies of an alternative peptide constraining were undertaken in the 

group. Thus, model Ala-containing linear peptide sequences (24) were directly constrained by a 

linkage of a Trp residue and a m-I-Phe or –I-Tyr unit via an intramolecular C-H activation process with 

Pd(OAc)2, AgBF4 and o-2-NO2BzOH in PBS:DMF (1:1) under MW irradiation (Fig. 35). Good to 

excellent conversions were obtained for Trp (i)–Phe(Tyr) staples located at (i,i+2), (i,i+3) and (i,i+4) 

positions (25). Although preliminary NMR studies confirmed the peptide cyclization, the similarity of 

the amino acids, the high insolubility and the low amount of isolated product avoided any further 

structural characterization. 

 

Figure 35. C-H activation stapling in Ala-containing linear peptides between Trp and m-I-Phe or –I-Tyr 
residues. 

 
In order to further continue the initial experiments on the C-H arylation applied on peptides, a 

more exhaustive evaluation of the structural factors (i.e. peptide length, number of spacers between 

Trp and I-Phe/Tyr residues, regiochemistry of the aryl iodide unit, amino acid sequence and 

concentration) that dictate the outcome of the cyclization was initiated. Thus, the optimized protocol 

disclosed in chapter 1 was examined in a representative set of peptides sequences containing diverse 

amino acids (Scheme 6). 

 
Scheme 6. Study of the cyclization between Phe-Trp containing peptides through C-H activation. 
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Meta-Regiochemistry 

First, linear peptide sequences (26) with an increasing number of amino acids (n) between the Trp 

and m-I-Phe residues were prepared through standard SPPS protocols on 2-CTC resin (Table 4, Fig. 

36). When Ala containing tetrapeptide 26a featuring contiguous m-I-Phe and Trp residues was tested 

(Table 4, entry 1), the corresponding cyclodimeric product 27a was formed in a double 

intermolecular C-H arylation process with no traces of racemization or oligo(poly)merization species 

(Table 4, entry 1; Fig. 36a). Presumably, the corresponding putative monomeric structure would be 

highly strained (molecular models generated by Spartan program display a non-planar phenyl ring). 

On the contrary, for linear sequences 26b-e featuring one to three amino acids between Trp and m-

iodinated Phe residues (Table 4, entries 2-5), the C-H arylation reaction yielded selectively the 

stapled peptide bond formation to afford compounds 27b-e in an intramolecular process (Table 4, 

entries 2-5; Fig. 36b-d). In all cases, only one stereochemically defined structure was obtained. 

 
Table 4. Influence of the number of residues (n) between m-I-Phe and Trp residues in the palladium-

catalyzed C-H arylationa. 

Entry i,i+n Linear peptide (26) 
Cyclodimeric 

peptide 
Stapled 
peptide 

HPLC-MS 
conversion (%) 

1 i, i+1 Ac-Ala-m-I-Phe-Trp-Ala-OH (26a) 27a n.db 48 

2 i, i+2 Ac-Ala-m-I-Phe-Val-Trp-Ala-OH (26b) n.d 27b 71 

3 i, i+3 H-Ala-m-I-Phe-Ser-Ala-Trp-Ala-OH (26c) n.d 27c  39c  

4 i, i+4 Ac-m-I-Phe-Asn-Gly-Arg-Trp-NH2 (26d) n.d 27d 77 

5 i, i+4 Ac-m-I-Phe-Arg-Gly-Asp-Trp-NH2 (26e) n.d 27e 70 

a 5 mol % Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20 min. b n.d: not detected. c Additional 
MW irradiation cycles were necessary to obtain the desired compound as the main product (HPLC-MS). 

 
Figure 36.  C-C linked structures resulted from C-H arylations of linear peptides 26a-e containing m-I-

Phe and Trp residues located at different distances a) i,i+1; b) i,i+2; c) i,i+3; d) i,i+4. 
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It is worthy to highlight the successful application of this technique to prepare stapled peptides 

containing the NGR- and RGD- tumor homing signaling sequences (27d and 27e, respectively). In 

cellular adhesion inhibition assays in HUVEC cells, the stapled form of RGD-containing compound 

resulted a selective antagonist for the 3 (in front of 5) integrin receptor with a moderate EC50 

(6 µM), being more active than its linear precursor 26e (26 µM). 

To further explore the potential of the methodology, the stapling of known linear bioactive 

peptides was carried out directly on solid-phase (Fig. 37). In this way, the constrained version of an 

active valorphin analogue, which is a potent dipeptidyl peptidase III inhibitor,11 was accomplished 

though the intramolecular C-H arylation on resin between 3-I-Tyr and Trp residues once the peptide 

sequence was fully elongated on a TentaGel S-NH2 type resin. Afterwards, the stapled product was 

cleaved form resin applying a standard protocol to afford peptide 28. Furthermore, baratin,12 a 

neurostimulating peptide, was stapled following a related procedure to yield compound 29. In this 

case, the incorporation of four additional amino acids after the stapled bond formation enabled the 

extension of the chain up to 9 residues. In this manner, the previous limitation regarding the 

preparation of unprotected N-terminal peptides could be overcome. 

 
Figure 37.  Cyclic derivatives of valorphin (left) and baratin (right) bioactive peptides originated from 

direct C-H activation on solid-phase. 

 
A detailed NMR study was performed on dimethylsulphoxide (DMSO-d6) to corroborate the 

selective C-C linkage and analyze the conformational behavior of the synthesized peptides. The NMR 

spectra of stapled peptides 27b-e were in agreement with the existence of a defined single 

conformation. Moreover, these stapled peptides showed larger H chemical shift dispersions 

compared with their linear counterparts 26b-e, indicating less conformational flexibility. Several non-

sequential NOEs confirmed the intramolecular cyclization. Additionally, circular dichroism (CD) 

measurements of stapled peptides 27d and 27e showed profiles clearly indicative of some level of 

structuring. In contrast, linear peptides 26d and 26e exhibited a more flattened profile typical of a 

flexible unfolded structure. As a preliminary evaluation of the application of these stapled peptides in 

biological systems, the proteolytic stability of stapled peptides 27d and 27e was evaluated following 

a chymotrypsin-based protocol. HPLC-MS analysis showed a remarkable stability of the stapled 
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forms, whereas the corresponding linear analogues suffered from a rapid hydrolytic cleavage in a few 

hours.  

Next, the labeling of stapled peptide 27b with a novel bodipy fluorophore 33 thorough an amino 

spacer to the terminal amino acid was carried out (Fig. 38a). In SH-SY5Y cells, the labeled stapled 

peptide 35 displayed low citotoxicity at 750 nM after 24 h of incubation. Besides, flow cytometry and 

confocal experiments in these cells, the peptide 35 stained both the membrane and the 

cytoplasmatic region (Fig. 38b). 

Figure 38. a) Synthesis of labeled-stapled peptide 35, b) structure of  peptide 35 (left) and the 
corresponding confocal microscopy image of SH-SY5Y cells treated with compound 35 (750 nM). 

Scale bar, 25 mm (right). 

 
To further demonstrate the feasibility and applicability of the methodology, the preparation of a 

couple of macrocyclic conjugates was tackled (Fig. 39). As a proof of concept, the intermolecular 

connection of a p-I-Phe-containing derivative of a drug (Sansalvamide A depsipeptide13) (36) with a 

signaling peptide (37) to yield the macrocyclic conjugate 38 (Fig. 39a) was studied and successfully 

achieved. Unfortunately, the conjugate 38 was not biologically active. Next, the conjugation of Trp-

containing macrocycles 37 (cyclic NGR signaling peptide) via a double C-H arylation process with a 

1,4-diiodobenzene unit (Fig. 39b) led to conjugate 39, suggesting the potential of this technique in 

biological multivalency.  
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Figure 39.  Macrocyclic conjugation via C–H activation. (a) Intermolecular conjugation of NGR 
cyclopeptide 37 with the sansalvamide derivative 36 via C–H activation. (b) Double conjugation of the 

NGR cyclopeptide 37 with 1,4-diodobenzene.  

In the light of these results, the access to more complex topologies was explored. Hence, the novel 

bicyclic bridged peptide 43 was generated from an internal stapling of the linear sequence 40 on 

solid-phase (85% purity, estimated by HPLC-MS, after the C-H arylation) and subsequent N-terminal 

C-terminal amide cyclization on solution (Fig. 40). Incidentally, the stapling to the directly cyclized 

forms with meta and para iodinated-Phe (i) and the Trp residue at (i,i+3) and (i,i+4), respectively, 

resulted totally unproductive, presumably because of conformational restrictions.  
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Figure 40.  Synthesis of macrobicyclic peptide 43 through solid-phase stapling and its minimized 
geometry (bottom right) generated by Spartan ‘14 suite. 

 
Regarding the complex vancomycin-like structures, an alternative bicyclic chemotype was also 

tackled from a double intramolecular C-H arylation within a linear peptide containing a commercially 

available diiodinated Tyr and two Trp units (Fig. 41). The optimization of the conditions was 

performed on a model system, involving Ac-m,m-I,I-Tyr(OAc)-OH unit and two equivalents of Ac-Trp-

OH, and led to an increase of the palladium catalyst (40 mol %) and AgBF4 (6.0 eq) and also to the use 

of mild excess of pivalic acid (1.5 eq). With these conditions, different linear peptide sequences 

modifying the relative position of Tyr and Trps were tested. Finally, the corresponding diarylated 

bicyclic product 45 evolved from a double (i,i+3) stapling of the linear peptide 44 (25% HPLC-MS 

conversion). This strategy could open the door to the access of simplified bismacrocyclic structural 

analogues of biologically relevant compounds in a straightforward manner from simple linear 

peptidic sequences prepared through SPPS out of commercially available amino acids. 
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Figure 41.  Double C–H arylation to form cyclic biaryl 45 and its minimized geometry (bottom right) 
generated by Spartan ‘14 suite. 

 

Ortho-Regiochemistry 

 Next, linear peptide sequences 46 with either one or none Ala units between the Trp and o-I-Phe 

residues were prepared as usual through standard SPPS protocols on 2-CTC resin. Disappointingly, 

when the C-H activation protocol was attempted on solution to the cleaved N-terminal acetylated 

sequences, only reduction of the carbon-halogen bond was detected (Table 5, entries 1-2). 

Minimized geometries generated by Spartan computational program supported this experimental 

observation as high strained cyclic peptides would arise from these geometries.  

 
Table 5. Palladium-catalyzed C-H arylation attempt to linear peptides with (n) residues between o-I-

Phe and Trp residuesa. 

Entry i,i+n Linear peptide (46) 
Cyclodimeric 

peptide 
Cyclic 

peptide 

1 i, i+1 Ac-Ala-o-I-Phe-Trp-Ala-OH (46a) n.db n.d 

2 i, i+2 Ac-Ala-o-I-Phe-Ala-Trp-Ala-OH (46b) n.d n.d 

a 20 mol % Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20 min. b n.d: not detected. 

 

Interestingly, the intermolecular reaction between the commercially available Fmoc-o-I-Phe-OH 

47a and Ac-Trp-OH 1 successfully yielded the corresponding Trp-Phe adduct 48a, although with a 

lower reactivity than the parent para-aryl iodide derivative 48c (Fig. 42).  
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Figure 42.  Intermolecular C-H arylation of Ac-Trp-OH (1) with Fmoc-(o/p-I)Phe-OH (47a/c). [a] 

Estimated yield based on the HPLC-MS profile. 

 
Para-Regiochemistry 

To further complete the evaluation of the structural factors that determine the 

cyclization/cylodimerization outcome of the C-H activation, a series of p-iodinated peptide sequences 

(49a-d), with an increasing number of amino acids (n) between Trp and p-I-Phe units, were prepared 

by using SPPS (Table 6, Fig. 43). 

Hence, adjacent Phe and Trp residues led exclusively to the cyclodimeric formation (50a) in an 

analogous manner than the parent meta-iodinated peptide (Table 6, entry 1; Fig. 43a). The inclusion 

of one residue did not alter the cyclodimeric outcome of the reaction (Table 6, entry 2; Fig. 43b). 

Interestingly, when the number was increased up to two residues, both cyclodimeric (50c) and 

stapled (50c’) species were generated in meaningful extension (Table 6, entry 3; Fig. 43c). 

Furthermore, the presence of three residues resulted in the exclusive generation of the 

corresponding stapled bond derivative 50d (Table 6, entry 4; Fig. 43d). Rough estimations of the 

stabilities by Spartan molecular modeling software were in agreement with the experimental 

observations. Importantly, high-resolution mass spectrometry analyses were pivotal to distinguish 

cyclic monomers from the cyclic dimer products. Incidentally, parallel C-H arylations performed 

directly on low-functionalized TentaGel S-NH2 resin led to the same cylodimerization trends, ruling 

out concentration effects. 

 
Table 6. Influence of the number of residues (n) between p-I-Phe and Trp residues in the palladium-

catalyzed C-H arylation. 

Entry i,i+n Linear peptide (49) 
Cyclodimeric 

peptide 
Stapled 
peptide 

HPLC-MS 
conversion (%) 

1 i,i+1 Ac-Ala-p-I-Phe-Trp-Ala-OH (49a) 50a  n.da 60 

2 i,i+2 Ac-p-I-Phe-Ala-Trp-Lys-OH (49b) 50b n.d 54 

3 i,i+3 Ac-Ala-p-I-Phe-Lys-Gly-Trp-Ala-OH (49c) 50c 50c’  23 / 51 

4 i,i+4 Ac-Ala-p-I-Phe-Arg-Lys-Gly-Trp-Ala-OH (49d) n.d 50d 81c 

a 20 mol % Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20 min. b n.d: not detected. c Additional 
MW irradiation cycle. 
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Figure 43.  C-C linked structures resulted from C-H arylations of linear peptides 49a-d containing p-I-

Phe and Trp residues located at different distances a) i,i+1; b) i,i+2; c) i,i+3; d) i,i+4. 

 
All the para-derivatives 50a-d were characterized by NMR. Remarkably, an aromatic ring flipping 

was observed for Phe residues in all peptides; as a consequence, a chemical shift averaging yields 

only two resonances for the four Phe aromatic protons on the NMR timescale. Additionally, 

compounds 50b and 50c exhibit wide signals at 298K, due to exchange broadening effects, which 

become sharper as the temperature increases, suggesting that the backbone flexibility increases with 

the size of the cyclodimer. 

Cyclodimers 50b and 50c were envisioned as possible host compounds for flat guests due to their 

large cavity diameters. In preliminary experiments undertaken in MeOH, the model steroid estradiol 

was selected as possible guest. Modest increments of host absorbance were measured upon 

progressively increase of the guest molar fraction. A saturation curve was obtained at high molar 

guest fractions, showing evidence of molecular recognition.  

Overall, cyclodimer-to-cyclic peptide ratio is independent of the concentration, which is 

considerably high (0.10-0.25 M). To assess the practicality of the macrocyclization protocol, the Emac 

values for a range of representative macrocyclic peptides were determined (between 6.5 and 7.7) 

and found to be within the range of previously reported Emac dataset for related reactions. 
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Finally, special interest was devoted to a singular case-study: the selective coupling of the smallest 

cyclopeptides known as 2,5-diketopiperazines (DKPs), which are natural products with a potential 

value as scaffolds in drug discovery.14 First, commercially available H-Trp-OMe·HCl and Fmoc-x-I-Phe-

OH (x: o, m, p) were reacted through a standard amide coupling with HBTU and DIEA and then 

suspended in 20% piperidine/ACN solution to yield the corresponding o,m,p-iodinated DKPs 51a-c. 

Then, the DKPs were subjected to the Pd-catalyzed C-H activation to yield the corresponding 

cyclodimeric products 52b-c from the m,p-regiochemistries, whereas the o-derivative 51a afforded 

only reduction of the carbon-halogen bond (Fig. 44). 

 

Figure 44.  Synthesis of dimeric Phe-Trp DKPs 52b and 52c. [a] Estimated yields based on HPLC-MS 
analysis. [b] A second irradiation cycle was performed. 
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Chapter 4. Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs 
 

Recently, the DKP functionalization has been explored in our group. In 2013, we employed the C-H 

activation protocol disclosed in the present thesis for the arylation of Trp-DKP brevianamide F in the 

C-2 indole position of Trp (chapter 1). Besides, in the previous disclosed chapter 3, o,m,p-iodinated 

DKPs 51a-c were subjected to the developed Pd-catalyzed C-H activation process to yield the 

corresponding cyclodimeric products 52b-c from the m,p-regiochemistries. Interestingly, the o-

derivative 51a afforded the reduction of the carbon-halogen bond as the main product, together 

with an unknown highly oxidized by-product detectable by HPLC-MS (Fig. 45). This intriguing result 

prompted us to further investigate the nature of this new process. 

 

Figure 45.  Synthesis of dimeric Phe-Trp DKPs 52b-c (chapter 3). C-H activation conditions: 5-20 mol 
% Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20-60 min. 

 

In order to isolate the by-product and assign its structure, a screening of different oxidative 

conditions upon the simple scaffold c(Phe-Trp) DKP 51d was initiated. The use of stoichiometric 

amounts of different oxidant sources (i.e. TBHP, FeCl3, PIFA or BQ, DLP, MnO2, DTBP), from r.t to 

170°C, in different solvents and reaction times, led only to detectable product traces by HPLC-MS. 

Gratifyingly, DDQ probed to be the best oxidant (25% HPLC-MS conversion) and, with these 

conditions in hand, the desired product was successfully isolated and characterized. HRMS and NMR 

experiments were in agreement with a structure of a polycyclic highly conjugated DKP (53d) showing 

a triply oxidation. This was originated from a double C-C dehydrogenation (Trp and Phe) and a C-N 
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bond formation between the C-2 indole position and the N group from the same Trp moiety. 

Analogous results were obtained with the ortho iodinated c(o-I-Phe-Trp) DKP derivative 51a (Fig. 46). 

 

Figure 46. c(Phe-Trp) DKP oxidative coupling with DDQ and minimized geometry of the oxidized 
chemotype 53a (right) generated by Spartan ‘14 suite. 

 

The synthesis of ,–dehydroamino acid derivatives15,16 and, in general, enamides17 from amino 

acid/amine precursors has previously been disclosed, although often involving multi-step 

procedures. This remarkable transformation involving a tandem C-N cyclization/,–

dehydrogenation reaction affords a constrained previously unknown pyrroloindol DKPs chemotype in 

just one step. Although the reaction is unprecedented, this process presents some serious limitations 

in terms of scope, isolation and yields. Taking into account other C-N cyclization processes disclosed 

in the literature,18-22 mainly based on Cu(II), Pd(II) or I(III)-type oxidants, a new series of oxidative 

conditions were tested with the aim to optimize this new cyclization. Interestingly, the oxidative 

treatment with Cu(OSO2CF3)2 enabled the isolation and characterization of an alternative mono-

oxidized bicylic compound (54d), evolved from the dehydrogenative C-C cyclization between the C-2 

indole of Trp and the C of Phe (Fig. 47).  

 

Figure 47. c(Phe-Trp) DKP oxidative coupling with Cu(OSO2CF3)2 and the minimized geometry of 
product 54d (right) generated by Spartan ‘14 suite. 

 
Very few, but remarkable examples are reported of these highly C-C strained DKP architectures, 

only obtained from isolation as metabolites from fungal cultures or through long-stepwise 

synthesis.23-27 Notably, an intermolecular copper(I) chloride-catalyzed aerobic oxidative arylation of 

glycine derivatives with indoles was previously reported;28 nonetheless, these conditions resulted 

unproductive for our DKP system.  

In view of this promising result, a final optimization was undertaken upon the more simplified 

c(Gly-Trp) DKP 51e. With these latter optimized conditions [that is Cu(OCOCF3)2 (4.0 eq), TFA (4.0 eq) 
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in DMF, under  MW irradiation at 120 °C in 30 min], the scope of the cross-dehydrogenative coupling 

reaction was studied in other Trp-containing DKPs, which were synthesized following an analogous 

procedure to the previously disclosed in chapter 3. Hence, a variety of c(AA-Trp) DKPs (51d-l) 

resulted compatible, including aromatic, non-polar and polar residues, showing variable conversions 

by HPLC-MS (Table 7, Fig. 48).  

 
Table 7. Cu(II) cross-dehydrogenative cyclization of Trp-based DKPs.a 

 

Entry c(AA-Trp) DKP AA-Trpb Oxidized DKP Yield (%) 

1 51d Phe-Trp 54d 30 

2 51e Gly-Trp 54e 30 

3 51f Ala-Trp 54f not isolated 

4 51g Asp(tBu)-Trp 54f 43 

5 51h Pro-Trp 54h 60 

6 51i D-Pro-D-Trp 54i 71 

7 51j L-Pro-D-Trp 54j 17 

8 51k Leu-Trp 54k 20 

9 51l Lys(z)-Trpc 54l 32 

a DKP (C:0.2M) .b Unless stated, (L) configuration. c Cu(OSO2CF3)2 source was used instead to reduce the 

extent of competitive C-C dehydrogenations. 

 

 

Figure 48. Cu(II) cross-dehydrogenations to yield bicyclic DKPs 54d-l. 
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Interestingly, Asp(tBu)-containing DKP 51g underwent decarboxylation to yield the oxidized c(Ala-

Trp) 54f, in a higher conversion than the corresponding Ala-containing-DKP 51f (Table 7, entries 3 

and 4; Fig. 48). Additionally, different configurations of the relevant brevianamide F [c(L-Pro-L-Trp)] 

were conveniently oxidized, showing similar (although not identical) reactivities. Thus, the 

stereoisomers with the same configuration for both residues [L-Pro-L-Trp (51h) and D-Pro-D-Trp (51i)] 

showed better conversions than the counterpart displaying and alternative L-D configuration (51j) 

(Table 7, entries 5-7; Fig. 48). The CDC resulted also compatible with Phe, Leu and protected Lys 

residues, although in lower extension due to competitive secondary side-oxidations such as C-C 

dehydrogenations (Table 7, entries 1, 8 and 9; Fig. 48). Remarkably, Trp-DKPs having other amino 

acid partners (i.e. Met, Ser, Tyr, Glu, Arg, Asn) resulted unproductive for the CDC transformation. 

A mechanistic proposal for the dehydrogenative coupling was envisioned (scheme 7). This 

mechanism is based on the formation of an N-iminium intermediate generated from the oxidation by 

two equivalents of Cu(II), and subsequent cyclization by the nucleophilic attack of the Trp indole ring 

(single-electron transfer processes to form radicalary intermediates may be involved). As a 

consequence, stereoisomers 51-A and 51-B, having opposite configuration at the variable amino acid 

-C stereogenic center (AA), would provide the same iminium species (I) therefore leading to the 

same oxidized product (54-A). Alternatively, this product would be enantiomeric with that arising 

from the stereoisomer 51-C, having an opposite configuration for the Trp center (product 54-C).  

 

Scheme 7. Mechanistic proposal for Cu(II) cross-dehydrogenative cyclization of DKPs. 

 
To reinforce this hypothesis, additional experiments based on circular dichroism measurements, 

polarimetry and chiral chromatography analysis were carried out to the oxidized c(Pro-Trp) DKPs 

stereoisomers 54h-j. Prenylated indole-based natural products, widely spread in terrestrial and 

marine organisms, display diverse biological activities which are directly related with their prenyl 

moiety.29 In a preliminary experiment, with the aim to explore the chemical derivatization of these 



Results and discussion 

 
 

275 
 

novel constrained DKPs, oxidized cyclo(ProL-TrpL) (54h) was prenylated by N-H deprotonation with 

NaH (4.5 eq) and subsequent addition of allyl bromide (5.0 eq) under an Ar atmosphere in DMF, 

affording a mixture of mono (55h) and diprenylated (56h) products (Fig. 49).  

 

Figure 49. Prenylation of oxidized cyclo(ProL-TrpL) 54h. 

 
Overall, this study has led to dehydrogenative coupling processes for the selective formation of C-

C and C-N linkages on Trp-DKPs in a straightforward manner. Despite the limited scope of the 

reaction, this method can serve as a valuable approach to access fused and bridged DKPs frameworks 

with potential biological activity features.  
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Conclusiones 
 

En esta tesis se ha investigado el desarrollo de nuevas metodologías para la modificación post-

sintética del aminoácido Trp. De acuerdo a los resultados obtenidos, se pueden extraer las siguientes 

conclusiones:  

 
Capítulo 1. Arilación en C-2 del aminoácido Trp a través de activación C-H catalizada por paladio. 

- Se ha optimizado un método de arilación en C-2 del grupo indol, basado en un proceso de 

activación C-H catalizado por paladio. Esta metodología es versátil; así se han podido arilar indoles de 

Trp, triptaminas y ácidos carboxílicos de indol –substituidos. En especial, se ha arilado de manera 

directa el aminoácido comercial Fmoc-Trp-OH con diferentes iodoarilos sustituidos con grupos tanto 

electrón-dadores como electrón-atrayentes. 

- Se ha llevado a cabo la arilación selectiva en C-2 de indol de la dicetopiperazina natural 

brevianamida F, obteniendo así una serie de miméticos de triprostatina con moderada actividad 

antitumoral. 

- Se ha propuesto un posible mecanismo basado en un ciclo catalítico Pd(II)/Pd(IV), en el que un 

efecto de coordinación intramolecular del ácido del Trp parece favorecer el proceso con la formación 

del correspondiente paladaciclo. La presencia de ácidos carboxílicos y sales de plata Ag+ parecen ser 

claves para la reacción. 

- Los derivados arilados de Trp preparados, Fmoc-Trp(C2-Ar)-OH, se pueden aplicar directamente 

en síntesis en fase sólida. Así, se han podido preparar péptidos modificados a través de síntesis 

rutinarias con agentes de acoplamiento y condiciones estándar, pudiendo dirigir la arilación selectiva 

del residuo en secuencias con diversas unidades de Trp presentes y de acuerdo a la disposición del 

sustituyente ioduro en el anillo (orto, meta o para).  

- Como prueba de concepto, uno de los Trp arilados sintetizados se ha aplicado en fase sólida para 

la selectiva arilación de residuos de Trp de un péptido antimicrobiano, obteniendo así mejoras en su 

actividad biológica.  

 
Capítulo 2. Aminoácido fluorógenico Trp-BODIPY para sondas de visualización basadas en péptidos. 

- Se ha sintetizado un triptófano fluorogénico basado en el grupo BODIPY, vía el proceso de 

activación C-H desarrollado en el capítulo 1, con el fin de preparar agentes peptídicos para visualizar 

procesos biológicos. De este modo, se ofrece una alternativa a otros métodos de conjugación 

existentes basados en el uso de espaciadores químicos y en modificaciones de funciones químicas de 

aminoácidos, las cuales pueden ser clave para la actividad del péptido. Así, este aminoácido se ha 
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aplicado directamente en fase sólida para la síntesis de dos péptidos fluorogénicos con interés 

terapéutico. 

- Se ha sintetizado una serie de derivados fluorogénicos del péptido antifúngico PAF26 con la 

finalidad de visualizar infecciones fúngicas de diversos patógenos. El correspondiente análogo cíclico 

y fluorogénico de PAF26 ha permitido la visualización ex vivo del patógeno A. Fumigatus en tejido 

pulmonar humano. Esta estrategia permite mantener la amfipaticidad y distribución de cargas del 

péptido PAF26, esencial para su actividad y selectividad, ya que la incorporación del fluoróforo 

BODIPY no afecta a la conformación ni a las interacciones moleculares del Trp. Además, PAF26-

BODIPY sólo emite señal de fluorescencia en entornos hidrofóbicos; ello permite la visualización 

directa (imaging) sin la necesidad de llevar a cabo lavados previos.  

- Se ha sintetizado el péptido cíclico fluorescente cLac-BODIPY para la detección de apoptosis, 

basado en la incorporación del grupo BODIPY a una secuencia peptídica simplificada de lactaderina. 

Experimentos de citometría de flujo y microscopía confocal han descartado la selectiva afinidad de 

este compuesto por células apoptóticas pero sí se ha confirmado el reconocimiento de cuerpos 

apoptóticos producidos por células tipo BL2. cLac-BODIPY solo muestra emisión de fluorescencia 

cuando se une a unidades de PS presentes en cuerpos apoptóticos. Esta fluorescencia es 

independiente de Ca2+, lo cual es una mejora respecto a Annexin V, una proteína ampliamente 

utilizada para monitorizar apoptosis celular. 

 
Capítulo 3. Topologías biaril-peptídicas a través de reacciones C-H catalizadas por paladio entre 

residuos de Trp y Phe/Tyr. 

- Se ha aplicado la metodología desarrollada en el capítulo 1 para el acceso a estructuras tipo 

grapa (staple), directamente a partir de secuencias lineales precursoras que contengan Trp y I-Phe/I-

Tyr en un proceso de activación C-H. Este protocolo se ha podido aplicar tanto en solución como en 

fase sólida, obteniendo resultados análogos, y sobre un rango diverso de aminoácidos con cadenas 

laterales de diferente naturaleza. De este modo, se han sintetizado péptidos grapados de secuencias 

con interés biológico. 

- Se han determinado los factores que determinan la ciclación/ciclodimerización de la reacción, los 

cuales son básicamente estructurales. En líneas generales, espaciadores cortos dan lugar a 

estructuras ciclodiméricas (i, i+1-meta/para; i,i+2-para) y espaciadores más largos (i,i+4-meta/para) o 

sustratos intermedios en meta dan lugar a ciclopéptidos en un proceso intramolecular. En un caso, 

(i,i+3-para) se producen ambas formas en una extensión similar. 

- Esta metodología permite obtener un amplio rango de diferentes topologías. Así, se han 

obtenido péptidos grapa, conjugados macrocíclicos, macrociclos diméricos, biciclopéptidos que 
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incluyen una ciclación tipo grapa y otra ciclación N-terminal/C-terminal y biciclopéptidos formados 

por dos ciclaciones tipo grapa en una sola etapa sintética. Estos métodos pueden servir de base para 

futuras aproximaciones con el fin de acceder en pocas etapas sintéticas a análogos estructurales 

simplificados de compuestos cíclicos o bicíclicos biológicamente relevantes, a partir de secuencias 

lineales preparadas en fase sólida con aminoácidos comercialmente asequibles.     

 
Capítulo 4. Ciclación de acoplamiento cruzado deshidrogenativa mediada por Cu(II) de 

dicetopiperazinas basadas en Trp.  

- Se ha desarrollado una metodología basada en reacciones de acoplamiento deshidrogenativo 

para la formación selectiva de enlaces C-C o C-N en dicetopiperazinas que contengan Trp. 

Concretamente, se ha accedido a dos tipos de topologías a partir de la correspondiente 

dicetopiperazina en un solo paso, de acuerdo a la naturaleza del oxidante utilizado. La formación del 

nuevo enlace tiene lugar vía una ciclación deshidrogenativa entre el C-2 de indol de Trp y el grupo N 

del mismo Trp o el C del aminoácido adyacente; dicha ciclación es favorable respecto otras 

deshidrogenaciones o degradaciones hidrolíticas que podrían esperarse en estas condiciones.  

- Respecto la reacción deshidrogenativa para la ciclación a través de un nuevo enlace C-C, se ha 

planteado un mecanismo hipotético que evolucionaría a través de un intermedio de iminio, el cual se 

ha contrastado con experimentos de polarimetría, DC y HPLC quiral.  

- Pese al restringido alcance de estas reacciones, las topologías formadas constituyen arquetipos 

con potencial interés terapéutico. 

  





 

283 
 

 

 
 
 

 
 
 

Personal contribution to the publications 
(in Spanish) 

 
  



 

284 
 

 



Contribución personal a las publicaciones presentadas 

 

285 
 

Contribución personal a las publicaciones presentadas 
 
Publicación I. Synthesis and biological evaluation of a postsynthetically modified Trp-based 

diketopiperazine.  

Sara Preciado, Lorena Mendive-Tapia, Carolina Torres-García, Rubí Zamudio-Vázquez, Vanessa Soto-

Cerrato, Ricardo Pérez-Tomás, Fernando Albericio, Ernesto Nicolás, Rodolfo Lavilla. 

Medicinal Chemical Communications, 2013, 4, 1171-1174.  

 
En este trabajo he colaborado en el estudio y diseño de los compuestos que constituyen la 

publicación y he sintetizado la mayor parte de los compuestos finales a través de la reacción de 

arilación C-H sobre brevianamida F. Así mismo, he llevado a cabo la caracterización de los productos 

sintetizados por mi parte así como la elucidación estructural de los mismos por métodos 

espectroscópicos. He participado en la escritura del manuscrito.   

 
Publicación II. Synthesis of C-2 arylated tryptophan amino acids and related compounds through 

palladium-catalyzed C−H activation. 

Sara Preciado, Lorena Mendive-Tapia, Fernando Albericio, Rodolfo Lavilla.  Ambos investigadores 

han contribuido de manera similar a este trabajo. 

The Journal of Organic Chemistry, 2013, 78, 8129-8135. 

 
En este trabajo he colaborado en el estudio y diseño de los compuestos que constituyen la 

publicación. He realizado gran parte de los experimentos de optimización y síntesis de la reacción de 

arilación C-H sobre el aminoácido Trp y otros indoles y he ejecutado los correspondientes 

experimentos en fase solida. Así mismo, he llevado a cabo la caracterización de los productos 

sintetizados por mi parte así como la elucidación estructural de los mismos por métodos 

espectroscópicos. He participado en la escritura del manuscrito.   

 
Publicación III. Enhanced antimicrobial activity of a peptide derived from human lysozyme by 

arylation of its tryptophan residues.  

Rodrigo González, Lorena Mendive-Tapia, María B. Pastrian, Fernando Albericio, Rodolfo Lavilla, 

Osvaldo Cascone, Nancy B. Iannucci. 

Journal of Peptide Science, 2016, 22, 123-128.  

 
Mi aportación en este trabajo ha consistido en la realización del precursor arilado de Trp a gran 

escala para su uso directo en la síntesis en fase sólida de las secuencias peptídicas. Así mismo, he 



Contribución personal a las publicaciones presentadas 

 

286 
 

llevado a cabo la caracterización del Trp arilado así como la elucidación estructural del mismo por 

métodos espectroscópicos. He participado en la escritura del manuscrito.   

 
Publicación IV. Spacer-free BODIPY fluorogens in antimicrobial peptides for direct imaging of 

fungal infection in human tissue.  

Lorena Mendive-Tapia, Can Zhao, Ahsan R. Akram, Sara Preciado, Fernando Albericio, Martin Lee, 

Alan Serrels, Nicola Kielland, Nick D. Read, Rodolfo Lavilla, Marc Vendrell. 

Nature Communications, 2016, 7:10940. DOI: 10.1038/ncomms10940. 

En este trabajo he llevado a cabo el diseño, exploración y ejecución de las síntesis químicas 

correspondientes a la preparación del aminoácido fluorescente Fmoc-Trp(C2-BODIPY)-OH y de todos 

los péptidos del trabajo. Así mismo, he realizado la caracterización de los productos sintetizados así 

como la elucidación estructural de los mismos por métodos espectroscópicos. He participado en la 

escritura del manuscrito.   

 
Publicación V. A Trp-BODIPY cyclic peptide for fluorescence labeling of apoptotic bodies.  

Ramon Subiros-Funosas, Lorena Mendive-Tapia, Jesus Sot, John D. Pound, Felix M. Goñi, Margaret 

Paterson, Christopher D. Gregory, Fernando Albericio, Ian Dransfield, Rodolfo Lavilla, Marc Vendrell.  

Ambos investigadores han contribuido de manera similar a este trabajo. 

Chemical Communications, 2016, manuscrito en fase de revisión. 

 
Mi contribución ha consistido en el diseño y ejecución de las propuestas sintéticas para la 

preparación del péptido cíclico fluorescente BODIPY-cLac, presentado en este trabajo, y su 

correspondiente análogo no fluorescente. Así mismo, he llevado a cabo sus correspondientes 

caracterizaciones y elucidaciones estructurales por métodos espectroscópicos. He ejecutado los 

primeros experimentos in vitro para la evaluación de las propiedades de BODIPY-cLac (variación de la 

fluorescencia respecto la concentración o entornos hidrofóbicos y determinación del rendimiento 

cuántico) y de su afinidad por PS. He efectuado estudios preliminares por citometría de flujo y 

microscopía de fluorescencia con células y vesículas aisladas. He participado en la escritura del 

manuscrito.   

 

 

 

 

 



Contribución personal a las publicaciones presentadas 

 

287 
 

Publicación VI. A Trp-BODIPY fluorogenic amino acid to label peptides for enhanced live-cell 

fluorescence imaging.  

Lorena Mendive-Tapia, Ramon Subiros-Funosas, Can Zhao, Fernando Albericio, Nick D. Read, 

Rodolfo Lavilla, Marc Vendrell.  Ambos investigadores han contribuido de manera similar a este 

trabajo. 

Nature Protocols, 2016, manuscrito en fase de revisión. 

 
En relación a la parte experimental, he elaborado un análisis más exhaustivo de la síntesis de 

Fmoc-Trp(C2-BODIPY)-OH y de péptidos que contienen este residuo fluorogénico para así reportar 

dichos procedimientos en forma de protocolo. He participado en la escritura del manuscrito.   

 
Adicionalmente este trabajo también ha dado lugar a una patente: 

Patente. Fluorogenic compounds, process of preparation thereof and methods of use. 

Ramón Subiros-Funosas, Lorena Mendive-Tapia, Fernando Albericio, Nick D. Read, Rodolfo Lavilla, 

Marc Vendrell. PCT application number: PCT/GB2016/051864. 

 

Publicación VII. New peptide architectures through C–H activation stapling between tryptophan 

phenylalanine/tyrosine residues.  

Lorena Mendive-Tapia, Sara Preciado, Jesús García, Rosario Ramón, Nicola Kielland, Fernando 

Albericio, Rodolfo Lavilla. 

Nature Communications, 2015, 6:7160. DOI: 10.1038/ncomms8160. 

 
Tras el descubrimiento inicial por parte de la Dra. Sara Preciado de la aplicabilidad de la 

metodología de arilación C-H en secuencias peptídicas modelo, mi contribución en este trabajo ha 

consistido en el estudio, diseño y ejecución de las síntesis de los compuestos que constituyen el 

trabajo. He realizado la síntesis de todos los compuestos a excepción del único péptido modelo 

fluorescente presentado en este trabajo. Así mismo, los correspondientes experimentos in vitro 

sobre este último compuesto los llevé a cabo en colaboración con Dr. Nicola Kielland. He llevado a 

cabo la caracterización de todos los productos sintetizados así como la elucidación estructural de los 

mismos por métodos espectroscópicos. También he realizado los ensayos de degradación 

proteolítica sobre los péptidos grapados, los experimentos de dicroísmo circular y el análisis 

computacional de las estructuras. He participado en la escritura del manuscrito.   

 
 

 



Contribución personal a las publicaciones presentadas 

 

288 
 

Publicación VIII. Constrained cyclopeptides: biaryl formation through Pd-catalyzed C-H activation in 

peptides—structural control of the cyclization vs. cyclodimerization outcome.  

Lorena Mendive-Tapia, Alexandra Bertran, Jesús García, Gerardo Acosta, Fernando Albericio, Rodolfo 

Lavilla. 

Chemistry – A European Journal, 2016, 22, 13114-13119. 

 
Mi aportación en este trabajo ha consistido en el diseño y ejecución de las síntesis de todos los 

compuestos que constituyen el artículo a excepción de los compuestos formados por 

dicetopiperazinas. He llevado a cabo la caracterización de todos los productos sintetizados así como 

la elucidación estructural de los mismos por métodos espectroscópicos y de análisis computacional, y 

he realizado los estudios preliminares de reconocimiento molecular sobre estructuras diméricas. He 

participado en la escritura del manuscrito.   

 
Publicación IX. Oxidative transformations on tryptophan-diketopiperazines through cross 

dehydrogenative couplings.  

Lorena Mendive-Tapia, Arantxa Albornoz Grados, Alexandra Bertran, Fernando Albericio, Rodolfo 

Lavilla. 

Manuscrito en preparación. 

 
En este trabajo he llevado a cabo el diseño y ejecución de las síntesis de todos los compuestos que 

constituyen el trabajo a excepción del derivado de dicetopiperazina compuesto por Trp y Leu. He 

llevado a cabo la optimización de las condiciones de reacción para la obtención de las 

dicetopiperazinas cicladas a través del nuevo enlace C-C y he efectuado la caracterización de todos 

los productos sintetizados así como la elucidación estructural de los mismos por métodos 

espectroscópicos y de análisis computacional. Además, he realizado los experimentos de dicroísmo 

circular y resolución por HPLC quiral para el estudio del mecanismo propuesto. He participado en la 

escritura del manuscrito.   
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Introducción general 
 

Se definen los péptidos como cadenas naturales biopoliméricas de hasta unos 100 aminoácidos o 

menos, que juegan papeles cruciales en la regulación y función de una gran variedad de procesos 

fisiológicos (ej. hormonas, neurotransmisores, factores de crecimiento, etc.), y representan 

arquetipos importantes en química orgánica y médica.1,2 Cada residuo contiene un grupo funcional 

amino y un grupo ácido carboxílico, junto con una cadena lateral específica para cada aminoácido, y 

están conectados entre sí a través de enlaces tipo amida.  

El uso de péptidos como agentes terapéuticos es un campo en continuo crecimiento y una fuente 

valiosa de nuevos fármacos.3,4 Este interés se debe en parte a sus dimensiones y topología molecular, 

cercanas a las de proteínas, las cuales les confieren elevada especificidad, tolerabilidad y potencia 

frente a objetivos biológicos (ej. interacciones proteína-proteína, receptores, etc.). El mercado de 

agentes peptídicos se halla en continuo crecimiento. Así, en 2015 el mercado global de péptidos 

terapéuticos alcanzó los 20.000 millones de dólares y se estima que este valor alcance los 23.700 

millones en 2020.5 En 2015, más de 60 péptidos aprobados por la Agencia de Alimentos y 

Medicamentos FDA llegaron al mercado (con otros muchos en fases clínicas y preclínicas), siendo las 

enfermedades metabólicas y oncología sus principales áreas terapéuticas. El uso de péptidos como 

fármacos, sin embargo, se ha visto dificultado por su tendencia a ser degradados por enzimas para 

posteriormente ser eliminados a través de los riñones o el hígado, mostrando también agregación o 

baja permeabilidad para cruzar membranas. Muy pocos son los fármacos peptídicos en el marcado 

que se administran oralmente, siendo las rutas preferentes de administración intravenosa, 

subcutánea o intramuscular para así evitar la prematura degradación enzimática.6 No obstante, los 

fármacos basados en péptidos se van optimizando progresivamente y están emergiendo nuevas 

estrategias con el fin de superar estas limitaciones.  

La producción de péptidos terapéuticos se puede realizar a través de síntesis química, 

microorganismos recombinantes o mediante extracción de fuentes naturales. En particular, la 

síntesis química de péptidos se puede efectuar en solución, en fase sólida o a través de estrategias 

que combinen las dos anteriores.  

El aumento de la utilidad terapéutica de péptidos y proteínas se puede llevar a cabo a través de un 

amplio repertorio de diferentes estrategias basadas en modificaciones específicas para modular sus 

propiedades funcionales o farmacocinéticas. Entre otros propósitos, estos cambios se efectúan con el 

fin de incrementar la potencia y/o selectividad para un sustrato específico, modular interacciones 

tipo proteína-proteína, diseñar péptidos multifuncionales, reconocer entidades biológicas o visualizar 

procesos biológicos. En general, estas modificaciones se pueden realizar sobre los grupos funcionales 
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terminales amino o ácido, las cadenas laterales, el esqueleto peptídico o por medio de la sustitución 

de un aminoácido específico. La ubicación de este cambio y el método de selección estarán 

determinados por la estructura polipeptídica, la función biológica y el objetivo concreto que se 

persigue. Respecto al uso de aminoácidos no naturales, existen diversas estrategias para su 

incorporación directa (genética o químicamente) en péptidos o proteínas. Las aproximaciones 

basadas en la expansión del código genético consisten en la incorporación selectiva de un 

aminoácido no proteinogénico (no codificado genéticamente) en un péptido o proteína.7–11 La 

modificación selectiva en péptidos también se puede efectuar a través de síntesis química para lograr 

la introducción directa de aminoácidos no estándares o con alteraciones específicas.  

 
Los indoles son heterociclos aromáticos π excedentes presentes en muchos sistemas naturales.12 

Muchas moléculas que contienen anillos de indol representan arquetipos estructurales de gran 

interés, con gran repercusión en el desarrollo de fármacos y en otras aplicaciones industriales (ej. 

colorantes, herbicidas, fungicidas, perfumes, etc.)13 En particular, el triptófano (Trp) es un 

aminoácido esencial que contiene un anillo de indol en su cadena lateral con papeles funcionales 

clave, presente en muchos alcaloides, péptidos y proteínas.14–16 Pese a que Trp es el menos 

abundante de los 20 aminoácidos canónicos (alrededor de un 1% en péptidos y proteínas), su 

elevada hidrofobicidad y características dadoras de puentes de hidrógeno de su cadena lateral 

permiten interacciones por fuerzas no covalentes (ej. aromático-aromático, π-catión, etc.) con 

funciones clave en el reconocimiento y estabilización de proteínas.17 Además, la inherente 

reactividad del grupo indol (ej. a sustituciones electrofílicas aromáticas, oxidaciones, modificaciones 

enzimáticas, etc.) hacen del Trp un sustrato interesante para su diversificación química.  

En las últimas décadas, el desarrollo de metodologías basadas en acoplamientos cruzados 

catalizados por metales de transición para la formación de enlaces carbono-carbono o carbono-

heteroátomo ha aportado avances significativos a la química orgánica sintética.18 Los métodos 

clásicos de acoplamiento cruzado para la formación de enlaces arilo-arilo consisten en la reacción de 

un agente organometálico (componente nucleofílico) con un segundo compuesto que contenga un 

sustituyente haluro o similar (componente electrofílico, Fig. 50a). De acuerdo al metal de transición y 

a los grupos funcionales involucrados, se han descrito diferentes métodos, incluyendo reacciones de 

Stille, Suzuki, Kumada, Negishi y Hiyama. Estos acoplamientos son usualmente catalizados por Pd (Ni, 

Ru, Ir, etc. también se han reportado) y en algunos casos en conjunción con una base. 

Recientemente, los procesos de activación de enlace carbono-hidrógeno (C-H) (o funcionalización 

C-H) catalizados por metal han experimentado un rápido crecimiento. En contraste  con los métodos 

tradicionales, estos procesos se basan en el acoplamiento de solo un componente funcionalizado, 
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siendo el otro componente una molécula que reacciona a través de un enlace C-H.19 Con el fin de 

lidiar con la ubicuidad de los enlaces C-H, la catálisis por metales permite la activación selectiva de un 

enlace C-H vía coordinación del metal (C-metal) y posterior funcionalización a través de la reacción 

con un electrófilo (Fig. 50b). De este modo, se reducen los residuos contaminantes químicos y el 

número de etapas sintéticas necesarias para la formación del enlace C-C ya que se evita la 

funcionalización de uno de los componentes. Adicionalmente, los procesos de doble activación C-H 

(o reacciones de acoplamiento deshidrogenativo) se fundamentan en la construcción selectiva de 

uniones  C-C, directamente a partir de dos enlaces C-H diferentes, bajo condiciones oxidantes (Fig. 

50c). El principal problema en estos procesos es, de nuevo, la ubicuidad de los enlaces C-H. 

 

 

Figura 50. Estrategias descritas para la formación de uniones arilo-arilo a través de reacciones de 
acoplamiento cruzado catalizadas por metales. 

 
La funcionalización C-H es un campo en continuo crecimiento con aplicaciones destacadas en la 

síntesis de compuestos biológicamente activos y otros materiales funcionales. Así, desde las primeras 

contribuciones reportadas a finales del siglo pasado, el número de publicaciones concernientes a la 

funcionalización C-H se ha incrementado significativamente.20–22 En particular, se han reportado 

arilaciones C-H con Cu, Rh, Ru y Pd, siendo éste último el más ampliamente explorado.23  

 

En este contexto, en la presente tesis nos centramos en el estudio de los siguientes temas 

principales: 

 

 

 

 



Resumen de  introducción y objetivos 

 

294 
 

Arilación en C-2 de indol a través de activación C-H catalizada por metales  
 

La derivatización a través de la arilación en C-2 de indol constituye una estrategia atractiva para la 

modulación de la estructura y la bioactividad de potenciales agentes farmacológicos. En 

contraposición a métodos estándar, en las últimas décadas se han reportado diversas estrategias 

para la arilación de indoles a través de activación C-H catalizada por metales.24,19  

Algunos de los trabajos pioneros referentes a la activación C-H de indoles aparecieron en la década 

de los 80 con el trabajo de Genet (1978)25 y Ohta (1989),26 entre otros. Posteriormente, Grigg y 

colaboradores presentaron en 1990 la primera arilación directa catalizada por metales con un 

iodoarilo en un proceso intramolecular usando Pd(OAc)2 y PPh3 como ligando.27 No obstante, no fue 

hasta la década de los 2000 cuando esta metodología realmente mostró un progreso relevante. Así, 

en 2006 el grupo de Sanford describió un protocolo bajo condiciones suaves con sales de aril yodonio 

y catálisis con Pd(II).28 Después, en 2007 Sames y colaboradores presentaron un nuevo método de 

arilación para indoles con iodoarilos, mediado por Pd(OAc)2 como catalizador y CsOAc como base, en 

las que evidenciaron una selectividad de la posiciones C-2/C-3 indólicas en función del tipo de 

ligando utilizado.29 De manera análoga, el mismo año el grupo de Fagnou mostró una metodología 

oxidativa basada en el uso de Pd(TFA)2 como catalizador para la conexión directa de arenos a 

indoles.30 En 2008, Gaunt describió un protocolo basado en Cu(OTf)2 para la arilación de indoles con 

triflatos diarilyodonio, donde la protección del NH-indólico determina la selectividad C-2/C-3 de 

indol.31 Alternativamente, también se han publicado otros agentes de acoplamiento para la arilación 

de sistemas indólicos. Así, Shi y colaboradores (2008) arilaron una serie de derivados de indol con 

ácidos aril borónicos bajo catálisis con Pd(OAc)2, en presencia de atmósfera de oxígeno y ácido 

acético.32 El mismo año, el grupo de Cheng describió el uso de sales de ariltrifluoroboronato en 

presencia de Pd(OAC)2, Cu(OAc)2 y aire.33  

En el momento en el que el presente proyecto se empezó a desarrollar se habían reportado 

escasos precedentes referentes a la directa arilación en C-2 de indol en Trp. La síntesis de derivados 

2-aril-Trp por arilación directa solo se había descrito mediante metodologías clásicas de 

acoplamiento cruzado mediadas por paladio a través de reacciones de Suzuki–Miyaura o procesos de 

formación de enlace C-H catalizados por Ru;34,35 aunque ninguna de ellas era ideal en términos de 

aplicabilidad y condiciones experimentales, ya que dichos protocolos requerían el uso de Trp 

protegido y condiciones de reacción drásticas.  
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Sondas de visualización basadas en péptidos 
 

Los péptidos son entidades químicas que ocupan un espacio químico privilegiado, localizado entre 

moléculas pequeñas y biopolímeros. Esto confiere moléculas de tamaño medio con gran 

especificidad y potencia respecto dianas moleculares. Además, los péptidos poseen de manera  

inherente baja toxicidad e immunogenicidad y pueden ser estructuralmente modificados para 

modular sus propiedades farmacocinéticas.  

En particular, las sondas de visualización basadas en péptidos se han establecido como 

herramientas de gran interés para dirigirse a entidades biológicas y así visualizar procesos. Entre las 

diferentes aproximaciones de visualización, las sondas basadas en agentes fluorogénicos han 

emergido como técnicas de gran interés debido a sus propiedades no radioactivas y altamente 

sensibles. En este sentido, el grupo 4,4-difluoro-4-bora-3a,4a-diaza-s-indaceno (BODIPY) ha sido 

extensamente estudiado y se han descrito un amplio rango de derivados basados en este grupo en 

numerosas aplicaciones de visualización36–38 debido a sus excelentes propiedades fotofísicas y de 

permeabilidad.39 

Actualmente, existe la necesidad de nuevas aproximaciones para la incorporación de fluoróforos 

en péptidos, de una manera específica y sin alterar sus propiedades intrínsecas ni su actividad. En los 

últimos años, se ha reportado el uso de aminoácidos no naturales como precursores para la síntesis 

de péptidos o proteínas fluorescentes. En dichas estrategias, el grupo fluorogénico puede ser 

introducido mediante acoplamiento a un residuo modificado de la secuencia con una funcionalidad 

química ortogonal o por medio de la preparación de un aminoácido fluorogénico y posterior 

incorporación de éste en la secuencia a través de síntesis química o por otros métodos 

biosintéticos.40–42 Particularmente relevante es el trabajo del grupo de Imperiali sobre el desarrollo 

de aminoácidos fluorescentes sensibles al entorno para su incorporación en péptidos o proteínas.43–

45 

  
En este contexto, nos propusimos estudiar los siguientes proyectos: 

 
  
- Péptido antifúngico PAF26 

PAF2646 es un péptido sintético que actúa contra la aspergilosis pulmonar invasiva, una infección 

pulmonar grave con tasas de mortalidad elevadas causada por el patógeno fúngico Aspergillus 

Fumigatus  (Fig. 51). Las herramientas diagnósticas utilizadas actualmente consisten en análisis de 

cultivos de diferentes muestras de fluidos biológicos, pero estos métodos pueden verse 

obstaculizados por dificultades colaterales (ej. contaminación de las vías respiratorias, crecimiento 
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lento del microorganismo, etc.). Por esta razón, existe la demanda de sondas que permitan el 

conocimiento in situ y a tiempo real del curso de la infección. Por otra parte, la amfipaticidad de 

PAF26 está estrechamente relacionada con su papel antifúngico, ya que es crucial para la interacción 

con la membrana celular fúngica, su internalización y transporte dentro de la célula donde ejerce su 

función.47 

 
Figura 51.  Péptido antimicrobiano PAF26. 

 
- Procesos de muerte celular apoptóticos.  

La muerte celular es un mecanismo funcional en organismos que puede ser originado por factores 

naturales o externos (ej. infecciones o daños estructurales). De acuerdo a los aspectos morfológicos y 

función, se pueden diferenciar tres grandes modos de muerte celular:48 apoptosis, autofagia y 

necrosis.  

En estadios tempranos de apoptosis, se forman protuberancias y se liberan estructuras 

subcelulares (cuerpos apoptóticos) al espacio extracelular con el fin de establecer comunicación con 

otras células. Además, existe la evidencia que unidades de fosfatidilserina (PS) son externalizadas en 

la cara externa de la membrana celular y también en cuerpos apoptóticos secretados por la misma 

célula. El reconocimiento de estas unidades por otras moléculas puede ser utilizado para la detección 

de procesos apoptóticos. Anexina V es una proteína de 36-KDa reportada como marcador de 

apoptosis.49 Pese a su popularidad y extenso uso, su elevado peso molecular, permeabilidad 

moderada y dependencia a concentraciones elevadas de Ca2+ son limitaciones que tienen que ser 

consideradas. 

 
La lactaderina es una glicoproteína de 47-KDa que media la fagocitosis de células apoptóticas a 

través del reconocimiento de unidades de PS expuestas superficialmente, con una afinidad 

nanomolar y de manera independiente a Ca2+. Recientemente, el grupo de Zheng describió la 

preparación de un mimético cíclico de lactaderina (cLac), el cual recrea la disposición de los 

aminoácidos clave involucrados en la interacción lactaderina-PS (Fig. 52).50 
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Figura 52.  Mimético cíclico de lactaderina reportado por el grupo de Zheng.  

 

Topologías biaril peptídicas. Péptidos grapa  
 

Los péptidos poseen una serie de propiedades intrínsecas que hacen de ellos un grupo de 

entidades moleculares sintéticamente accesibles con elevada selectividad, potencia y baja toxicidad, 

cualidades muy valoradas en la generación de agentes terapéuticos. No obstante, su éxito en el 

mercado farmacéutico se ha visto dificultado por sus pobres propiedades farmacocinéticas 

(inestabilidad metabólica y baja permeabilidad). En este sentido, se aplican diferentes estrategias de 

constreñimiento con el fin de generar estructuras más rígidas con mejoras en su estabilidad 

metabólica y permeabilidad. En función de los elementos involucrados en la ciclación, el tipo de 

constricción se puede clasificar en cuatro categorías: i) N-terminal con C-terminal, ii) cadena lateral 

con uno de los extremos, iii) cadena lateral con cadena lateral y iv)  compuestos cíclicos formados por 

dos o más de los anteriores modos de ciclación.  

Los productos naturales peptídicos derivados de bismacrociclos biaril y biaril éter,51 tales como 

vancomicina52 y complestatina,53 son ejemplos destacados del amplio rango de ciclopéptidos 

presentes en la naturaleza con elevada bioactividad y valor para el descubrimiento de nuevos 

fármacos. Aún así, la complejidad de estas estructuras conlleva preparaciones sintéticamente 

desafiantes donde la formación de las subestructuras de biaril o biaril éter se fundamentan en la 

preparación de intermedios biarílicos a través de reacciones intramoleculares tipo Suzuki, Negishi o 

Stille o bien mediante sustituciones nucleofílicas aromáticas. Así pues, el acceso a topologías 

simplificadas con el fin de explorar la diversificación estructural para modular su actividad constituye 

un campo de gran interés. 
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Los péptidos grapa54,55 son un tipo de arquitecturas restringidas estructuralmente que han 

emergido recientemente en la modulación de fármacos peptídicos. Se ha reportado que la formación 

de la grapa, formada por un enlace no amídico entre cadenas laterales, puede conferir mejoras en 

aspectos conformacionales y farmacocinético de péptidos relevantes.56,57 

Una de las primeras referencias sobre el aumento de la helicidad y estabilidad metabólica de un 

péptido gracias a esta aproximación fue reportada por el grupo de Verdine,58 el cual presentó una 

metodología basada en RCM, inspirada en los estudios pioneros previamente reportados por el 

grupo de Grubbs,59 y ampliamente aplicada en interacciones proteína-proteína. Otras técnicas para la 

formación de péptidos grapa reportadas incluyen: puentes disulfuro a partir de cadenas laterales de 

cisteínas naturales,60 uniones tipo oxima a través de la reacción de grupos hidroxilamina con 1,2-

aminoalcoholes previamente oxidados a los correspondientes glioxil aldehídos,61 formación de 

enlaces tioéter vía la conexión entre unidades de Cys y cadenas laterales -bromo amida,62 

conectividades biarílicas que involucran derivados borilados de fenilalanina63–66 y cicloadiciones 

azida-alquino (click).67 Cada metodología tiene sus ventajas y desventajas específicas; la elección del 

método dependerá de las particularidades de cada caso. Algunos de los inconvenientes incluyen: 

síntesis de aminoácidos químicamente modificados, inestabilidad química, o difícil modulación 

estructural para mejorar la versatilidad de los compuestos generados. Por esta razón, la formación 

de péptidos grapa es un campo emergente en continuo crecimiento y desarrollo. 

 

Modificación oxidativa C-H de DKPs basadas en Trp 
 

2,5-Dicetopiperazinas (DKPs), formadas por la ciclocondensación de dos -aminoácidos, 

constituyen los derivados cíclicos peptídicos más pequeños en la naturaleza. Su estructura 

tridimensional bien definida, su resistencia a proteólisis, la presencia de grupos dadores y aceptores 

para la formación de puentes hidrógeno que favorece su interacción con objetivos biológicos y su 

elevada diversidad estructural son características valiosas para el desarrollo de fármacos.68,69 Es 

lógico, pues, que este arquetipo se encuentre ampliamente extendido en productos naturales con un 

diverso espectro de propiedades biológicas.70  

Trp es un residuo que comúnmente se encuentra en DKPs c(AA-Trp) naturales,71–73 incluyendo 

brevianamida F  [c(L-Pro-L-Trp)], la cual posee propiedades antibacterianas y antifúngicas.74 Gracias a 

su inherente reactividad, las DKPs son sustratos privilegiados para acceder a topologías 

estructuralmente diversas.75 En este sentido, aunque las DKPs naturales policíclicas se encuentran 

ampliamente presentes en la naturaleza y constituyen estructuras de potencial interés, su síntesis 
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representa un desafío sintético y  se han descrito muy pocos precedentes de metodologías para la 

directa ciclación de DKPs.76–80 

La modificación oxidativa C-H de aminoácidos y péptidos para formar nuevos enlaces C-C o C-N es 

una herramienta atractiva para su diversificación estructural. Recientemente, la construcción 

selectiva de uniones C-C directamente a partir de dos enlaces C-H bajo condiciones oxidativas, 

conocido como reacciones de acoplamiento deshidrogenativo, ha atraído mucho interés.81,82  Estas 

reacciones no requieren el uso de materiales de partida prefuncionalizados, lo cual reduce el número 

de etapas sintéticas necesarias, y también es beneficioso para la economía atómica del proceso. El 

principal reto de estas metodologías concierne la ubicuidad de los enlaces C-H, siendo la selectiva 

funcionalización de un enlace C-H el principal objetivo. Típicamente, estas reacciones implican el uso 

de un oxidante (ej. O2, peróxidos, DDQ, etc.) y, en muchos casos, están catalizadas por metales de 

transición (ej. Cu Pd, Fe, Ag, Ru, etc.) para la conexión de carbonos tipo Csp–H, Csp2–H, e incluso 

Csp3-H.  
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Objetivos  
 

En la presente tesis hemos investigado el desarrollo de nuevas metodologías para la modificación 

(arilación)  selectiva del aminoácido Trp ya sea aislado o en secuencias péptidicas. Específicamente, 

nos propusimos los siguientes objetivos: 

 

1) Arilación en C-2 del aminoácido Trp a través de un proceso de activación C-H mediado 

por paladio 

Queremos desarrollar una metodología basada en un protocolo de activación C-H catalizado por 

paladio que permita la selectiva arilación intermolecular del aminoácido Trp en la posición C-2 del 

anillo de indol desprotegido. En concreto, pretendemos estudiar:  

- Llevar a cabo una adaptación al Trp de las condiciones de reacción del proceso de activación 

C-H desarrolladas para el indol.  

- Aplicar estas condiciones a la preparación de análogos arilados de brevianamida F.  

- Estudiar la arilación directa del aminoácido Trp y de otros sistemas de indol relacionados 

para la preparación de una pequeña librería de compuestos. 

- Estudiar la incorporación de aminoácidos de Trp arilados en C-2 de indol en secuencias 

peptídicas modelo. 

- Aplicar la metodología a péptidos bioactivos y evaluar su actividad farmacológica contra 

determinadas dianas terapéuticas. 

 

2) Aminoácido fluorógenico Trp-BODIPY para sondas de visualización basadas en péptidos  

Al no haber precedentes en la literatura de aminoácidos de Trp basados en BODIPY, nos 

planteamos la unión de este grupo en la posición C-2 de indol, mediante el protocolo de activación C-

H desarrollado en el capítulo 1, para la síntesis de péptidos fluorogénicos relevantes. En particular, 

abordamos los siguientes objetivos: 

- Sintetizar un derivado con BODIPY del péptido antifúngico PAF26 para visualizar infecciones 

fúngicas en células.   

Propusimos que el reemplazo de un residuo de Trp por el fluorogénico Trp-BODIPY podría dar 

lugar a una nueva sonda para visualizar infecciones fúngicas, puesto que no alteraría las 

propiedades químicas de PAF26 (ej. balance de cargas, polaridad global, patrón de puentes de 

hidrógeno, etc.) claves para su actividad. 

- Sintetizar un mimético cíclico de lactaderina con BODIPY para visualizar apoptosis en células. 

Basándonos en la reportada interacción del péptido cLac por unidades de PS localizadas en la 

superficie de células apoptóticas, se propuso reemplazar el residuo de Trp por Trp-BODIPY para 
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así ejercer el mínimo impacto en la estructura original y obtener un agente no invasivo para 

visualizar apoptosis con independencia de Ca2+.  

 
3) Topologías biaril peptídicas a través de reacciones de activación C-H mediadas por 

paladio entre residuos de Trp y Phe/Tyr  

El tercer principal objetivo de este trabajo se basa en la ciclación de péptidos a través del 

protocolo de activación C-H desarrollado en el capítulo 1. Específicamente, se planteó: 

- Realizar una evaluación sistemática de los factores estructurales que determinan la ciclación 

en péptidos mediante el proceso de activación C-H. 

- Aplicar esta metodología para ciclar péptidos bioactivos y evaluar su actividad farmacológica 

frente a determinadas dianas terapéuticas.  

- Explorar el acceso a nuevas y complejas arquitecturas peptídicas. 

 
4) Ciclación de acoplamiento cruzado deshidrogenativa mediada por Cu(II) de 

dicetopiperazinas basadas en Trp 

El cuarto principal objetivo de la presente tesis se centra en el estudio de procesos 

intramoleculares de doble activación C-H sobre péptidos con Trp. En particular, queremos explorar 

procesos de acoplamiento cruzado deshidrogenativo en dicetopiperazinas que contengan Trp a 

través de un análisis sistemático de oxidantes y condiciones de reacción.  
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Capítulo 1. Arilación en C-2 del aminoácido Trp a través de activación C-H 
catalizada por paladio 

 
En base a los precedentes establecidos, previamente se llevaron a cabo una serie de estudios 

preliminares de arilación en C-2 de indol del aminoácido Trp por el Dr. Javier Ruíz. En estos 

experimentos, el trptófano en forma de éster metílico y protegido en el extremo amino terminal con 

el grupo acetilo (Ac-Trp-OMe) (1) fue convenientemente arilado con diversos iodoarilos en 

rendimientos moderados o altos. Este proceso se llevó a cabo bajo irradiación de microondas con I-

Ar (4.0 eq), Pd(PAc)2 (0.05 eq), AgBF4 (1.0 eq), 2-NO2BzOH (1.5 eq) en DMF a 150 °C. El triptófano en 

su forma totalmente desprotegida resultó no ser apto para estas condiciones. 

En colaboración con la Dra. Sara Preciado, exploramos diferentes condiciones (combinaciones de 

disolventes, aditivos, temperaturas y tiempos de reacción) y aplicamos un protocolo optimizado para 

la arilación de dicetopierazinas Trp-Pro (brevianamida F). Esta modificación dio lugar a una serie de 

derivados arilados con baja o moderada actividad antitumoral en cuatro líneas celulares de cáncer 

humano en comparación con brevianamida F, la cual resultó ser casi inactiva. 

A continuación, iniciamos un nuevo proyecto con el fin de expandir el alcance de este protocolo de 

activación C-H. Así, el Fmoc-Trp-OH (3), comercialmente asequible, fue arilado con un amplio rango 

de diferentes iodoarilos tanto sustituidos con grupos electrón-dadores como electrón-atrayentes en 

rendimientos útiles (Fig. 53).  

 

Figura 53. Arilación en C-2 de aminoácido mediante activación C-H catalizada por paladio.  
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Es de destacar que la localización del sustituyente de iodo puede ser programada, dando lugar a 

orto, meta o para derivados arilados. Además, la incorporación de Fmoc-Trp(C2-Ar)-OH directamente 

en fase sólida permite la preparación de secuencias peptídicas con un Trp arilado que estén 

desprotegidas en su extremo N-terminal y que contengan diversos residuos de Trp. Con el fin de 

demostrar la potencial aplicabilidad del proceso, se arilaron en la posición C-2 de indol una serie de 

triptaminas y ácidos carboxílicos de indol (7), con la función ácida unida al anillo heteroaromático por 

diferentes espaciadores con buenos rendimientos (Fig. 54). Es de destacar la potencial bioactividad 

de estos nuevos derivados, cuyos precursores constituyen hormonas de plantas naturales o análogos 

involucrados en el crecimiento y desarrollo.7-10 En ensayos preliminares, los compuestos arilados se 

analizaron como agonistas de hormonas de plantas en callos. Pese a las evidencias iniciales de 

crecimiento que se observaron para algunos análogos, estos resultados no se mantuvieron en las 

siguientes generaciones.  

 

 
Figura 54. Arilación en C-2 de indol de ácidos carboxílicos de indol y triptaminas. 

 
Como prueba de concepto, se propuso aumentar la actividad antimicrobiana de un péptido 

derivado del fragmento 107-115 del extremo C-terminal de la lisozima humana 

(107RKWVWWRNR115) mediante la arilación de sus residuos de Trp. El  Fmoc-Trp(C2-phenyl)-OH (4a) 

fue preparado a través de la arilación de Fmoc-Trp-OH con iodobenceno y su posterior incorporación 

en fase sólida permitió la síntesis de los tres posibles péptidos arilados en Trp (9-11) (Fig. 55). A 

continuación, se realizaron ensayos de inhibición de crecimiento en los microorganismos 

Staphylococcus aureus y Staphylococcus epidermidis. S. aureus fue totalmente inhibido en el caso del 

péptido arilado en la posición 112 (11), y solo un 10% cuando la arilación se realizó en los Trps 109 

(9) o 111 (10), respecto al péptido no arilado. Por otro lado, S. epidermidis fue totalmente inhibido 

por los tres péptidos arilados así como por el péptido nativo. 
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Figura 55. Estrategia sintética para la arilación selectiva del péptido antimicrobiano RKWVWWRNR. 

 

Capítulo 2. Aminoácido fluorógenico Trp-BODIPY para sondas de visualización 
basadas en péptidos 

 
En base a las síntesis de compuestos con BODIPY descritas en la literatura, se sintetizaron dos 

derivados con iodo-BODIPY a través la condensación de iodobenzaldehido con el sustituyente de 

iodo posicionado en meta (12a) o para (12b), respectivamente, con dos unidades de 2,4-dimetilpirrol 

(13), seguidos de la oxidación con DDQ y la complejación con BF3 para dar lugar a los compuestos 14a 

y 14b. A continuación, estos derivados iodados se hicieron reaccionar con el Trp protegido en su 

extremo N-terminal con el grupo Fmoc, comercialmente asequible, a través del proceso de arilación 

C-H desarrollado por nuestro grupo (Fig. 56). Es de destacar que el derivado m-iodofenilo (14a) dio 

lugar al correspondiente Trp arilado con un rendimiento del 74%, mientras que la reacción con el 

análogo con el iodo posicionado en para (14b) resulto ser improductiva.  

Experimentos espectroscópicos mostraron una fuerte emisión de fluorescencia de Fmoc-Trp(C2-

BODIPY)-OH 15a en ambientes hidrofóbicos que podrían emular membranas de bicapas de 

fosfolípidos. Teniendo esta consideración en mente, se estudió la aplicación directa de este 

aminoácido fluorogénico para el marcaje de péptidos relevantes.  
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Figura 56.  Síntesis de Fmoc-Trp(C2-BODIPY)-OH 15a. 

 
- Derivados fluorogénicos del péptido antimicrobiano PAF26 para visualizar infecciones 

fúngicas  

La preparación del péptido antifúngico PAF26-BODIPY se llevó a cabo mediante la incorporación 

directa del aminoácido fluorogénico Fmoc-(C2-BODIPY)-OH (15a) en la síntesis en fase sólida (Fig. 57, 

izquierda). La inestabilidad del grupo BODIPY a medios ácidos fue un punto clave que fue 

cuidadosamente contemplado durante el diseño sintético. Con el fin de aumentar la estabilidad 

frente a proteasas, también se llevó a cabo la preparación de un análogo cíclico (Fig. 57, derecha). 

Figura 57.  Síntesis en fase sólida de los análogos fluorescentes lineales (17a-c) y cíclico (20) del 
péptido PAF26.  

 
La actividad citotóxica de los derivados 17a-c y 20 se ensayó frente al hongo Aspergillus Fumigatus 

así como en diversas cepas bacterianas comúnmente encontradas en infecciones pulmonares y en 

glóbulos rojos humanos. Notablemente, tanto los derivados lineales como el cíclico mostraron 

afinidad por A. Fumigatus, incluso ligeramente superior a la del análogo no etiquetado con el grupo 

fluorescente. Es más, sólo se observó una actividad marginal en células humanas o bacterianas para 

todos los derivados fluorogénicos. 
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La visualización in vitro de A. Fumigatus en co-cultivos con células epiteliales de pulmón mostró 

que los péptidos sintetizados espcíficamente marcan A. Fumigatus sin marcar las células humanas. 

No hay necesidad de etapas previas de lavado para la visualización ya que el comportamiento 

fluorogénico de estos péptidos es dependiente del entorno hidrofóbico y, en consecuencia, la 

intensa emisión por fluorescencia solo aparece tras la interacción con las membranas fosfolipídicas 

de hongos. Adicionalmente, el análogo cíclico fluorescente 20 fue también analizado frente otras 

cepas fúngicas, demostrando su versatilidad para marcar infecciones fúngicas de diferente origen, y 

también se usó para la visualización directa y selectiva ex vivo usando microscopia multifotónica en 

tejido pulmonar humano de una cepa transgénica de A. Fumigatus. 

 
- Visualización de apoptosis con un mimético fluorescente cíclico de lactaderina 

En el contexto de marcaje del mimético peptídico de lactaderina, y teniendo presente la 

inestabilidad del grupo BODIPY a medios ácidos, se probaron diversas estrategias para encontrar el 

modo de ciclación y la combinación de grupos protectores ortogonales apropiados a las condiciones 

de escisión del péptido de la resina. Finalmente, se obtuvo el derivado fluorogénico de cLac a través 

de la ruta sintética mostrada en la Figura 58.   

Figura 58. Síntesis en fase sólida del derivado fluorogénico de cLac. 
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Con el objetivo de evaluar su afinidad con PS, en experimentos in vitro incubando el péptido 

fluorescente 23 en láminas lipídicas con diferentes proporciones de PS/PC se determinó que la 

emisión de fluorescencia del péptido es sensible a PS, mostrando una emisión muy baja soólo con PC. 

A diferencia de Anexina V, este reconocimiento es independiente de Ca2+. La afinidad lipídica 

también fue corroborada en experimentos de medida de tensoactividad mediante la determinación 

de la presión superficial en interfases lípido-acuosas a diferentes concentraciones del péptido. 

Ensayos de citometría de flujo confirmaron la especificidad del péptido por unidades de PS expuestas 

en cuerpos apoptóticos aislados de células humanas tipo BL2, mostrando el mismo tipo de perfil que 

Anexina V.  También, en experimentos de microscopía confocal incubando el péptido BODIPY-cLac 23 

con vesículas con PS se observó una mayor fluorescencia que en vesículas con sólo PC. 

 

Capítulo 3. Topologías biaril-peptídicas a través de reacciones C-H catalizadas 
por paladio entre residuos de Trp y Phe/Tyr 

 
Con la finalidad de estudiar la arilación C-H en péptidos, se llevó a cabo una evaluación sistemática 

de los factores estructurales (longitud del péptido, número de aminoácidos entre Trp y I-Phe/Tyr, 

regioquímica de la unidad de iodoarilo, secuencia y concentración) que dictan el resultado de la 

ciclación. Así, el protocolo optimizado desarrollado en el capítulo 1 fue examinado en una serie 

representativa de secuencias peptídicas que contuvieran diversos aminoácidos (tabla 8). 

 
Tabla 8. Influencia del número de residuos (n) entre los residuos de m-I-Phe y Trp en la arilación C-H 

mediada por paladioa. 

i,i+n Péptido lineal (26) 
Péptido 

ciclodímero 
Péptido 
grapado 

Conversión 
HPLC-MS (%) 

i, i+1 Ac-Ala-m-I-Phe-Trp-Ala-OH (26a) 27a n.db 48 

i, i+2 Ac-Ala-m-I-Phe-Val-Trp-Ala-OH (26b) n.d 27b 71 

i, i+3 H-Ala-m-I-Phe-Ser-Ala-Trp-Ala-OH (26c) n.d 27c  39c  

i, i+4 Ac-m-I-Phe-Asn-Gly-Arg-Trp-NH2 (26d) n.d 27d 77 

i, i+4 Ac-m-I-Phe-Arg-Gly-Asp-Trp-NH2 (26e) n.d 27e 70 

a 5 mol % Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20 min. b n.d: no detectado. c Ciclo adicional 
de irradiación por microondas. 

 
Cuando el protocolo de activación C-H se aplicó a secuencias con el sustituyente yodo localizado 

en la posición orto, solo se detectó reducción del enlace carbono-halógeno. Cabe destacar la exitosa 

aplicación de esta técnica para preparar péptidos grapa que contengan las secuencias de señalización 

tumoral de NGR y RGD (27d y 27e, respectivamente). En ensayos de inhibición de adhesión celular en 

células HUVEC, la correspondiente forma grapada del péptido con NGR resultó ser un agonista 
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selectivo para el receptor de integrina 3 (frente a 5), con una actividad EC50 moderada (6 

µM) y siendo más potente que su precursor lineal 26e (26 µM). Adicionalmente, también se 

prepararon las correspondientes formas grapadas en fase sólida de dos péptidos con relevancia 

biológica y se abordó la preparación de compuestos peptídicos más complejos. Como prueba de 

concepto, se llevó a cabo la conexión intermolecular de un derivado del depsipéptido sansalvamida A 

(36), que tuviera un residuo de p-I-Phe, con un péptido de señalización (37) para dar el macrociclo 

conjugado 38 (Fig. 59a). Este conjugado, no obstante, resultó inactivo. También se conjugaron dos 

péptidos de señalización (37) a través de una doble arilación C-H con una unidad de 1,4-

diiodobenceno (Fig. 59b) para formar el compuesto 39 (Fig. 59b). A la luz de estos resultados, se 

exploró el acceso a topologías más complejas. Así, se generó el péptido puente bicíclico 43 aplicando 

directamente el proceso de activación C-H en fase sólida sobre la correspondiente secuencia 

precursora lineal seguido de una ciclación de los extremos terminales en solución (Fig. 59c).  

 

 

Figura 59.  Proceso de activación C-H para la (a) conjugación intermolecular del ciclopéptido NGR 
(37) con un derivado de sansalvamida (36), (b) doble conjugación del ciclopéptido (37) con una 
unidad de 1,4-diodobenceno, (c) síntesis del péptido macrobicíclico (43), (d) síntesis del péptido 

macrobicíclico (45).  
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También, se preparó un quemotipo bicíclico fusionado a partir de una doble arilación C-H 

intramolecular sobre una secuencia precursora lineal que contenía un residuo de tirosina diiodada y 

dos unidades de triptófano (Fig. 59d).  

Para completar la evaluación de los factores estructurales que determinan la ciclación o 

ciclodimerización de la reacción de activación C-H, se aplicó el protocolo sobre una serie de 

secuencias peptídicas para-iodadas (49a-d) con un número creciente de residuos (n) entre las 

unidades de Trp y p-I-Phe (Tabla 9) y se determinaron los requerimientos para una u otra evolución. 

 
Tabla 9. Influencia del número de residuos (n) entre los residuos de p-I-Phe y Trp en la arilación C-H 

mediada por paladioa. 

i,i+n Péptido lineal (49) 
Péptido 

ciclodímero 
Péptido 
grapado 

Conversión 
HPLC-MS (%) 

i,i+1 Ac-Ala-p-I-Phe-Trp-Ala-OH (49a) 50a  n.da 60 

i,i+2 Ac-p-I-Phe-Ala-Trp-Lys-OH (49b) 50b n.d 54 

i,i+3 Ac-Ala-p-I-Phe-Lys-Gly-Trp-Ala-OH (49c) 50c 50c’  23 / 51 

i,i+4 Ac-Ala-p-I-Phe-Arg-Lys-Gly-Trp-Ala-OH (49d) n.d 50d 81c 

a 20 mol % Pd(OAc)2, AgBF4 (2.0 eq), TFA (1.0 eq), DMF, MW 90 °C, 20 min. b n.d: no detectado. c Ciclo 
adicional de irradiación de microondas. 

 
 

Recientemente, se ha explorado la funcionalización de DKPs en nuestro grupo (Fig. 60). Así, varias 

DKPs o,m,p-yodadas 51a-c se hicieron reaccionar en condiciones de la  activación C-H desarrollada en 

el capítulo 1 para dar lugar a los correspondientes productos ciclodiméricos 52b-c a partir de las 

regioquímicas meta y para, respectivamente. En este contexto, la reacción con el orto-derivado 51a 

dio lugar a la reducción del enlace carbono-halógeno como principal producto junto con otra especie 

altamente oxidada detectable por espectrometría de masas. Este intrigante resultado nos empujó a 

investigar la naturaleza de este nuevo proceso en último capítulo de la presente tesis. 

 

 

Figura 60.  Síntesis de DKPs diméricas 52b y 52c. [a] Rendimientos estimados en base al análisis de 
HPLC-MS. [b] Se efectuó un segundo ciclo de irradiación. 
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Capítulo 4. Ciclación de acoplamiento cruzado deshidrogenativa mediada por 
Cu(II) de dicetopiperazinas basadas en Trp 

 

Para poder aislar el subproducto y asignar la estructura del producto altamente oxidado detectado 

en la anterior reacción, se efectuó un estudio de diferentes condiciones oxidativas sobre el sustrato 

de DKP c(Phe-Trp) 51d. El oxidante DDQ demostró ser el reactivo de elección y, con estas 

condiciones, el producto deseado fue convenientemente aislado y caracterizado. Los experimentos 

de espectrometría de masas y resonancia magnética permitieron la asignación estructural de la DKP 

polícíclica altamente conjugada (53d) mostrando una triple oxidación (Fig. 61). Esta estructura se 

origina a través de una doble deshidrogenación C-C (Trp y Phe) y la formación de un enlace C-N 

entre la posición C-2 de indol y el grupo N del mismo residuo de Trp. Resultados análogos se 

obtuvieron con el derivado de DKP orto iodado c(o-I-Phe-Trp) 51a (Fig. 61).   

 

Figura 61. Tratamiento oxidativo sobre la DKP c(Phe-Trp) con DDQ. 

 
Teniendo en cuenta otros procesos de ciclación C-N descritos en la literatura, principalmente 

referidos al uso de oxidantes basados en Cu(II), Pd(II) o I(III), se ensayaron una serie de nuevas 

condiciones con el objetivo de optimizar esta nueva ciclación. El tratamiento oxidativo con Cu(OTf)2 

permitió el aislamiento y caracterización de un compuesto bicíclico diferente (54d), originado de una 

ciclación C-C deshidrogenativa entre la posición C-2 de indol de Trp y el C de Phe (Fig. 62). 

 

 

Figura 62. Tratamiento oxidativo sobre la DPC c(Phe-Trp) con Cu(OSO2CF3)2. 

 
En vista de este resultado prometedor, se llevó a cabo una última optimización sobre la DKP c(Gly-

Trp) 51e. Con estas condiciones [Cu(OCOCF3)2 (4.0 eq), TFA (4.0 eq) en DMF, irradiación de 

microondas a 120 °C en 30 min], el alcance de esta reacción se extendió a otras DKPs conteniendo 

Trp. Así, una variedad de DKPs c(AA-Trp) (51d-l) resultaron reactivas en el proceso, incluyendo 
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sustratos con residuos aromáticos, no-polares y polares, conduciendo a los correspondientes 

derivados oxidados 54 (Fig. 63).  

 

 

Figura 63. Ciclación de acoplamiento cruzado deshidrogenativa para obtener las DKPs 54d-l. 
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